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Resolving the QCD phase structure

This thesis discusses the quantitative description of the phase structure of Quantum Chromo-
dynamics (QCD). We find that, in strongly correlated theories such as QCD, even a qualitative
investigation of the phase structure can require highly quantitative methods. Hence, the de-
velopment of a method with systematic error control is essential. In the present work, we use
functional renormalisation group (fRG) method to this aim. This work focusses on three ideas:
Firstly, we identify quantitatively dominating and sub-leading scattering-processes in our
approximations. This allows a formulation of low energy effective theories of the four-quark
interaction, as well as the description of gluon condensation. For the former, we present results
for meson and quark masses. The latter provides an estimate of the Yang-Mills mass gap.
Secondly, we further develop the use of highly precise numerical methods from fluid-dynamics
in the fRG. In particular we use Discontinuous Galerkin methods, which are able to capture
shock-development. Shock-waves are found to play a big role in a possible creation-mechanism
of first-order phase transitions. Lastly, we focus on general RG-transformations (gRGt). For
example, they allow a real time formulation of fRG flows and hence give access to spectral
functions. Furthermore, we use them to formulate complex RG-flows, which enables us to
locate Lee-Yang singularities in the complex plane and extrapolate the position of (real) phase
transitions. Finally, we also use gRGts to formulate significant qualitative improvements of
current fRG approximation schemes by means of dynamical field transformations.

Zur Bestimmung der QCD Phasenstruktur

Diese Arbeit befasst sich mit der quantitativen Beschreibung der Phasenstruktur der Quan-
ten Chromodynamik (QCD). Es stellt sich heraus, dass in einer stark korrelierten Theorie,
wie der QCD, sehr prédzise Methoden bereits fiir eine qualitative Erfassung der Phasen-
struktur notwendig sein konnen. Die Entwicklung einer solchen Methode mit systema-
tischer Fehlererfassung ist daher essenziell. Wir nutzen hierfiir Methoden der funktionalen
Renormierungsgruppe (fRG) und verfolgen drei Ansétze in dieser Arbeit: Die Erfassung/Iden-
tifizierung quantitativ dominierender Streuprozesse und solcher, die Korrekturen darstellen.
Dies geschieht im Kontext von effektiven Niedrigenergie-Theorien zu vier-Quark Streu-
prozessen und der Entstehung von Gluon-Kondensaten. Es werden quantitative Ergebnisse fiir
Meson- und Quarkmassen sowie die Yang-Mills Massenliicke présentiert. Weiterhin entwickeln
wir die Verwendung von Methoden aus der Fluid-Dynamik beim Losen der fRG Gleichungen
weiter. Hier verwenden wir insbesondere Diskontinuierliche Galerkin Methoden, welche es
erlauben die Entstehung von Schockwellen zu erfassen. Besonders im Entstehungsmech-
anismus von Phaseniibergidngen erster Ordnung kénnen diese eine wichtige Rolle spielen.
Zuletzt fokussieren wir uns auf verallgemeinerte RG-Transformationen. Diese ermdglichen
zum Beispiel eine Realzeitformulierung der fRG mit Zugriff auf Spektralfunktionen oder
die Formulierung komplexer RG-Fliisse. Letztere werden zur Bestimmung von Lee-Yang
Singularitaten und den damit einhergehenden Phaseniibergéngen sowie kritischer Punkte
genutzt. Verallgemeinerte RG-Transformationen bieten auch die Moglichkeit qualitativer
Verbesserungen der verwendeten Ndherungen durch dynamische Felddefinitionen.
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CHAPTER 1

Introduction

“What is matter made of?” - Particle physics answers this question with an effective description
by the Standard Model. It comprises three of the four known fundamental forces, strong, weak
and electromagnetic, and uses them to describe the interaction of elementary particles. The
answer to our initial question is an interplay of all the above: three generations of fermionic
matter particles, the quarks and leptons, and their interactions in terms of bosonic force carriers.
So instead, we ask a more nuanced question in this thesis: “How, and under which conditions,
is nuclear matter created?”

Heavy-ion collision experiments, such as RHIC, LHC and STAR to name a few, provide
numerous amounts of data on the state of nuclear matter at high temperatures T and high
baryon chemical potential ug. An interpretation and understanding of these experimental
results is provided by the theory of Quantum Chromodynamics (QCD), which describes the
interactions of quarks and the carriers of the strong force, the gluons [17-26]]. QCD has a rich
phase structure, which contains the known states of hadronic matter at low temperatures and
densities and transitions to a quark-gluon-plasma (QGP) with increasing temperatures. Possible
(color-)superconducting states, which might be found in neutron stars, have been predicted at
high densities [27]. The phase transition between hadronic states and the QGP is linked to
two phenomena: color confinement and chiral symmetry breaking. Together they determine a
phase transition line, which starts as a smooth crossover at high temperatures and results in
the conjectured critical endpoint (CEP) with increasing density, after which a first order phase
transition occurs, see the sketch in[Figure 1.1}

Many theoretical, ab initio results for QCD have been obtained from lattice calculations and
allow to map out the crossover region. However, this Monte-Carlo based method begins to
suffer from the sign problem at finite density, and extrapolated results are no longer reliable
for ug/T Z 2—3 [28-37]]. To date, the lattice has only been able to exclude the location of the
CEP up to this bound [38[]. The sparseness of theoretical results at high densities is added to by
the lack of experimental data in this regime, caused by limited detector efficiency in identifying
signatures of phase transitions [39]. The relevance of the CEP arises from its critical long-range
correlations. For example, particle number correlations in heavy-ion experiments are promising
observables for example, see [40].

Due to their non-perturbative nature and lack of a sign problem, functional methods, such as
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Figure 1.1.: A sketch of the QCD phase structure. Figure taken from [41].

the functional renormalisation group (fRG) [|42-51]] or Dyson-Schwinger equations [[19,/52-57]
have added significantly to the prediction of the CEP location and reach as far as ug/T < 6.
The fRG, which is inherently a method suited for physics of different scales, is our tool of choice
to investigate the phase structure of QCD: a theory defined by asymptotic freedom, strong
non-perturbative dynamics at low energies and competing order effects. In this work, we make
use of the flexibility of the fRG, which allows to systematically include (and exclude) degrees of
freedom from a given theory to pave the way for a quantitative computation of the QCD phase
diagram at high densities. We focus on three different ways to qualitatively and quantitatively
improve the current state-of-the-art results.

In principle, the fRG has a one-loop structure which accounts for all quantum effects. In
practice however, one has to chose a truncated ansatz to compute the complex field and
momentum dependencies. Here, we can benefit from the modularity of the fRG, where we can
systematically add (and remove) degrees of freedom (DoF) to test their quantitative relevance
to physical observables. This allows e.g. for a systematic inclusion of four-quark scattering
processes and the construction of low energy effective theories (LEFT) of QCD [[58-60]. We
investigate LEFTs to study the process of spontaneous chiral symmetry breaking caused by
the formation of fermionic bound states, in the present context the mesons, across the phase
structure. The inclusion of higher mesonic scattering orders allows the prediction of the QCD
phase boundary in the area uz /T < 6, beyond this ratio the LEFT needs to include the formation
of e.g. diquark condensates and vector mesons to remain quantitatively accurate [61-64]. The
phase structure is obtained from an order parameter potential, which tracks the formation of
symmetry breaking condensates [1,/10], see for an example in the quark-meson
model. We also apply this procedure to a fRG study of confinement, where we consider
the condensation process of gluons and give a prediction of the gluon mass gap [2]. The

corresponding order parameter potential is shown in|Figure 4.1
An elaborated numerical approach is vital to the quantitative control of the order parameter

potential, especially in the vicinity of the CEP and first order regimes. Here, the strong dynamics
of the RG-flow have the potential to create shocks and discontinuities, which affect the phase
boundary already on a qualitative level and may hint at a hidden mechanism for first order
phase transitions [|1,65], see Hence, our second technical advance within this work
is the computation of fully field dependent order parameter potentials using Discontinuous
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Galerkin (DG) methods, which are able to accurately track shock development and propagation.
In light of highly dynamic, higher dimensional potentials with multiple condensates or the
inclusion of more elaborate momentum dependencies to our truncation, we also focus on
computational improvements of the numerical evaluation of RG-flows, such as runtime speed
ups and the application of different DG schemes.

Thirdly, we investigate possible improvements or extensions of the flow equations. This is
done by investigating general RG-transformations, first proposed by Wegner [[66]], which go
beyond the standard formulation in terms of the Wetterich or Polchinski flows [|67,68]. These
novel technical developments are tested using the O(N) model. Together with the previously
outlined numerical advances, these developments can also be applied in broader context rang-
ing from condensed matter systems at the smallest momentum scales over Standard model
and Beyond Standard Model physics and QCD at high energy scales, to statistical physics
and quantum gravity. We consider an adaption of generalised RG-flows to complex sources,
allowing to identify the Lee-Yang singularities in the complex plane and thereby extrapolating
a real phase transition, see A future application would be an extrapolation of the
CEP in QCD. Furthermore, we use RG-flows which expand the flow about its ground state by
using a RG-adapted reparametrisation of dynamical, flowing fields. Lastly, we also turn our
focus toward real-time applications of the fRG using the CS-flow to compute spectral functions.

This thesis addresses the above points of improvement. Since they are tightly interwoven in
applications, the thesis is structured as follows: we start with methodological developments,
which we later on apply to QCD. We begin with a short introduction to QCD in and
its low energy effective theories. Next, we introduce the functional renormalisation group in
where we also emphasise general RG-reparametrisations of the flow. With these
two ingredients we turn our focus to the computation of a gluon condensate in
which is directly linked to confinement, the corresponding publication is [2[]. Inwe
give a brief introduction to Discontinuous Methods and show results for an order potential
of a simple O(N) model. The chapter corresponds to [5], refers also to [6], and gives insight
to the numerical developments which can be openly accessed on GitHub [[12]. We proceed
with an investigation of complex functional flows for the Wilsonian and 1PI effective actions,
and the construction of an RG-adapted flow in|Chapter 6| These flows are applied to an O(N)
model, which allows to locate (complex) Lee-Yang singularities and their corresponding phase
transition on the real axis. This chapter is based on [4]. It is followed by two more applications
of general RG reparametrisations to the O(N) model in which we hope to use
for QCD calculations in the future. The content of this chapter is based on [8] and [[7]. We
provide a compilation of results on the quark-meson model and its phase structure in[Chapter 8|
compare [[1,10,11]. Finally, a full QCD computation is presented in[Chapter 9] see also [9]].

We close with a summary and outlook in|Chapter 10






CHAPTER 2

Quantum Chromodynamics

The experimental discovery of a many different hadronic particle species in the 1950s suggested
a missing ingredient to the understanding of fundamental particles. In fact, sorting these
particles into groups according to their quantum numbers, such as charge or isospin, suggested
an underlying pattern: the existence of three smaller particles inside the hadrons, the quarks.
Quarks are, to our current understanding, the fundamental, fermionic building blocks of
hadronic matter.

The understanding of quark interactions was furthered by the discoveries of the Q™ hyperion
and the A™" baryon. It suggested an additional quantum number in the description of quarks,
such that the Pauli exclusion principle is satisfied for the quarks within the hadrons. This
additional quantum number N, = 3 is called color charge and arises from the local SU(3)
gauge symmetry of quarks and anti-quarks. Their interactions are carried by an octet of vector
gauge bosons, the gluons. This picture is further complemented by different species of quarks
(u,d,s,c,b,t), which are called flavors.

In the following, we introduce the basic concepts and our notation for a quantum field theory
of quarks and anti-quarks with an SU(N) symmetry in[Section 2.1] Next, we point out two
mechanisms underlying the (known) phase structure of Quantum Chromodynamics (QCD) in
confinement and chiral symmetry breaking. We close in[Section 2.3|by giving an
overview of the current state-of-the-art computations of the QCD phase structure, as well as an
introduction to low energy effective models, such as the quark-meson model.

2.1. Fundamentals of gauge theories

Quantum Chromodynamics captures the invariance of quark color charge under local SU(N,)
gauge transformations. In such a theory, the fermionic (quark) fields v are invariant under
local transformations,

YP(x) > V(x)yY(x), with V(x)=-exp(ia®(x)t?), 2.1

where t® are the N Cz — 1 hermitian generators of the SU(N,) symmetry group and a® are some
arbitrary functions of the spacetime coordinate x. The fermionic fields 1) are given in the
fundamental representation of SU(N,), which is a complex N,-dimensional vector.
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The generators t* form a basis for any infinitesimal group element/transformation of SU(N,),
V(x) - 1+ia%(x)t + 0(a?), (2.2)
which is possible for any Lie group. In explicit calculations we use t* = %a, where A? are the

. a . . . . .
Gell-Mann matrices for SU(3) and t® = <-, with the Pauli matrices o in SU(2). Since the
generators form a basis, we can write their commutator as a linear combination,

[t?, tP] =1if®Pe¢ce, (2.3)

where the sum-convention over indices is implied. The f ¢ are called structure constants. The
structure constants and commutation operation completely define the vector space spanned
by the generators, which forms a Lie Algebra su(N,). In the present work, we chose the
normalisation of the structure constants as

1
try (t2th) = 56“”, (2.4)
in the fundamental representation, with the indicesa,b=1,...,N CZ —1.

2.1.1. Gauge symmetry

All derivations in the present section are performed in Euclidean spacetime. For the construction
of a gauge invariant theory of quarks, we need a derivative that transforms covariantly under
gauge transformations V(x). Hence the concept of a partial derivative J, is extended to the
covariant derivative,

D,=0,—igA,, with A, =AZ(x)ta. (2.5)
The coupling g, to the gauge field is introduced as a simple rescaling for later convenience.
A, is an algebra valued field that arises as a consequence of the local symmetry and is called
comparator. The covariance D, (A) — D, AY) = VDMVT of the derivative is now ensured by the
transformation of the comparator,

A ()t = V(x) (A‘;(x)t“ + éc’}“) V()" (2.6)

Hence, the gauge field effectively removes contributions that arise from gauge group trans-
formations in the difference quotient of the fermionic field and D+ transforms the same as
2.1)

The gauge field A, is a gauge boson and is called gluon in case of SU(3). It is a virtual
particle and the force carriers of the strong interaction. As such, it is part of the algebra and is
commonly indicated in the adjoint representation, which is given by (t d)“b = jfabe,

The gauge invariant Euclidean classical action for the fermions is now simply obtained by
replacing the plain derivative with the covariant one

SD[lp’ IZJ:A] = f 11_0(1-» + mq)lp > (27)

where the integral is performed over d spacetime dimensions f L= f dx.
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The description is completed by adding a kinetic term for the gluons, which also needs to
be gauge invariant. A natural candidate is the commutator of the covariant derivative, which
defines the field-strength tensor,

i .
Fpy = F t0 = g—[Du,Dv], with FJ = 0,A% —0,A% + g f " ADAS,. (2.8)
N

clarifies the difference between Abelian and non-Abelian gauge theories: In
an Abelian symmetry group, the structure constants are all vanishing and the gauge field
cannot interact with itself, such as for example in quantum electrodynamics. However, if the
structure constants are non vanishing, we have a non-Abelian theory, and the theory allows for
self-interactions of the gauge field. This becomes manifest in the last term, which gives rise
to three and four gluon interaction vertices in the classical (Euclidean) action Hence,
in the case of a non-Abelian gauge theory, one can also leave out the quarks and consider the
pure interactions of the gauge field, Yang-Mills theory,

1 1 )
SYM[A] = ZJ Fstﬁv = EJ rfFl“" (29)
pe X

This is particularly interesting, since key features of SU(2) and SU(3) Yang-Mills theory are
asymptotic freedom and confinement, whose qualitative effects translate to QCD. We briefly
outline both features in [Section 2.1.3| and [Section 2.2.1] Moreover we investigate gluon
condensation and its connection to confinement in[Chapter 4| see also the related publication
[2].

2.1.2. Quantisation and gauge fixing

After having established the basic ingredients of the classical action of a gauge theory in the
previous section, we proceed with its quantisation. Unlike the fermionic quark field, we face
immediate problems in the quantisation of virtual particles, due to double counting created
by the gauge symmetry. We illustrate this by a consideration of the naive path integral of
Yang-Mills theory,

J dA exp (—Sym[A]) , (2.10)

where integration over all configurations of the gauge field A are is implied. Due to gauge
invariance, many of these configurations are degenerate and introduce a redundancy to the
counted degrees of freedom in the path integral. More precisely, every configuration belonging
to a gauge orbit {A” }, where V is a transformation of the symmetry group, see , is physically
equivalent and should only be counted once in the path integral. This means, that the Hilbert
space ./ of all field configurations A is too big and not physical. This is also reflected in the fact,
that the naive two-point function is not invertible, since the canonically quantised conjugate
momentum of A is simply

mo = %m _ g

oA,
This redundancy can be removed by singling out an element of the gauge orbit {A”}, which is
achieved by introducing a gauge fixing condition % [A] = 0. This gauge fixing condition might

(2.11)
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suffer from the Gribov-ambiguity. That is, it might not be satisfied by any element of the gauge
orbit, or it might be fulfilled by multiple elements, the Gribov copies. In this case, the problem
is fixed by singling out a specific region [69], but we restrict ourselves to the assumption of a
unique solution for now. The aim is now to reformulate the path integral from a simple integral
over configurations in ./ to an integral over the physical space and an integral over all gauge
transformations.

The integration over gauge transformations V(x) = exp (ia?(x)t?) and the gauge fixing
condition are introduced to the path integral by insertion of a 1, following the procedure of
Faddeev and Popoyv,

= J da(x)5(9[Aa])det(5i[Aa]) (2.12)

where,

(A%)4t% = exp (1at?) A%M@ exp (—ia‘t®) (2.13)
H - p “ g p la b .

S

is the gauge field transformed by|(2.6)|using the definition of a gauge transformation in|(2.1)
Throughout this work, we mostly use variants of the generalised Lorentz gauge,

(ZIAD" =9, Aa —w(x). (2.14)

where w? is a Gaussian weight centered around 0, with some width £. This covariant gauge

is convenient, since it does not single out a single spacetime direction. As long as the gauge
o0 [A ]

fixing condition Z[A] is linear, the functional derivative
make use of this property in the following.

Inserting into the path integral and performing the integration over gauge
transformations a yields,

is independent of a. We will

JdAexp(—SYM[A])=N(§)JdAgf det 5?5[ a])exp( —SymlA]— 2€J(a A“ ), (2.15)

where we now integrate over the physically inequivalent configurations with the gauge fixed
measure dA.s. We remain with some normalisation factor N(&) which stems from the Gaussian
weighting. This factor drops out when considering general local and gauge invariant observables
0 since,

[ daotAlexp(~syu[a])  J dAg det(2FET) oA)exp (—Syla] - 5 [, (8,49)%)

fdAEXP(—SyM[A]) - fdA det(égm )e p( —SymlA]— 2§f (9, A‘1 )
(2.16)

(0) =

The gauge fixing procedure also cures the inversion problem in the propagator and the vanishing
covariant momentum alluded to in|(2.11), since it effectively adds a % f x(8MAZ)2 term to the
classical action.

It remains to investigate the determinant in|(2.15)| Using the expression in|(2.14)|and the
transformation |(2.13)|the derivative can be evaluated to,

S(FIAD _ 1

3,D% . 2.17
Sab g M (2.17)
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From this equation we can see that in a non-Abelian gauge theory, the Fadeev-Popov determinant
introduces an interaction of the virtual particle. For an easier interpretation in terms of Feynman
rules, this determinant is commonly represented as a functional integral over two artificial
Grassman valued fields ¢® and ¢ in the adjoint representation,

det(glaHDH) = f dcdc exp (—f Eaa“ngcb) . (2.18)
s x

The coupling factor is usually absorbed into the ghost and anti-ghost fields ¢ and ¢. The
ghosts should be seen as a tool which fits nicely into the field formalism. Most importantly, as
Grassman-valued Lorentz scalars, they do not agree with the spin-statistics theorem and should
not be considered as particles, hence the name "ghosts".

From|(2.18)| we can infer the last contribution to the gauge fixed action of Yang-Mills theory,
the ghost action,

SenlA, ¢, €] :f c9,D3bcP. (2.19)
X

We close the discussion of the quantisation and gauge fixing of Yang-Mills theory by addressing
the manifestation of gauge invariance in the gauge fixed action. For a sensible quantisation of
Yang-Mills theory a gauge fixing was introduced, which enables one to define covariant momenta
and a propagator for the gauge field. In the process of gauge fixing, the gauge invariance is
broken explicitly. However, we still require gauge invariance of physical observables which are
computed from a gauge fixed action. To achieve this, the n-point correlation functions need
to fulfil the Slavnov-Taylor identities (STIs) in non-Abelian gauge theories [70}/71[]. The STIs
follow by requiring that the effects from carrying out an arbitrary gauge transformation vanish
from the path integral. While these relations encode all information of the gauge symmetry,
the evaluation of the STIs requires the computation of expectation values and is no longer
algebraic on a quantum level. In terms of the action, the remainders of gauge invariance in
the gauge fixed theory are found in BRST-symmetry [[72,73]. The underlying transformation
of BRST-symmetry is a combined transformation of the gauge field A, the gauge fixing and
the ghosts ¢, ¢ and gives a precise relation between the ghosts, anti-ghosts and the unphysical
polarisation states of the virtual particles (gluons). It is a continuous symmetry and is thus, by
Noether’s theorem, linked to a conserved BRST-charge Q. The conservation of Q is then used
to construct the physical Hilbert space, similarly to the physical photon polarisations obtained
from the Gupta-Bleuler formalism in QED.

A rigorous proof of the existence of Yang-Mills theory remains one of the unsolved Millennium
problems to this day [[74]. To our current knowledge there is no proof following the axioms
put forward in [|75] or [[76,77] of the existence of Yang Mills theory on a four dimensional

Euclidean spacetime and its mass gap, which we comment on in|Section 2.2.1
The gauge fixed QCD action consists of the classical actions for the quarks|(2.7)|and gluons

(2.9)} as well as the ghost action |(2.19)|and the gauge fixing term yielding,

28

The fermionic part of the action implies summation over all N, = 3 colors, as well as Ny =6
flavors which are given by the different quark species up, down, strange, charm, beauty and top
(u,d,s,c,b,t). The quark mass m, term changes for different species. This is important, since the

. 1 _ 1
Socp = J {zp(lﬁ +my )y + ZngF;;v + caauDﬁbcb + —(auAZ)Z} ) (2.20)
X
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Figure 2.1.: Running coupling a, of QCD as a function of scattering momentum transfer Q. The figure
was taken from [79]] and is using experimental data from [80-86].

heavy quark flavors (c,b,t) do not contribute to the dynamics in the infrared. Most applications
in the low energy sector of QCD therefore omit the heavy quark flavors (m, > 1 GeV) and focus
the three lighter quarks. The current quark masses of the up and down quark are very small
m, =1.8—2.8 MeV and my = 4.3 —5.2 MeV even in comparison to the next lightest quark,
the strange quark with m; =92 —104MeV [78]]. Therefore, model computations often use a
N¢ = 2 symmetric model considering up and down quarks or a Ny = 2 + 1 computation which
adds the strange quark [51]]. We discuss low energy effective theories of QCD in
after having discussed some more general aspects of the theory.

2.1.3. Asymptotic freedom

At quantum level, the scale invariance of a classical theory is broken by the appearance of a
renormalisation scale u in the couplings. The renormalisation scale is fixed by the renormalisa-
tion conditions, which are in principle arbitrary, but are usually physically motivated and allow
to directly interpret the results. The scale dependence of QCD shows in the running gluonic
coupling ay, which is depicted as a function of scattering momentum transfer in|Figure 2.1 As
we can see from the figure, this effect is accessible both theoretically and from experiment.

Since the renormalisation scale y is not a physical quantity in itself, the renormalised
connected correlation functions G,(x1,...,%,) = (®;(x1)...®;(x;)}|conn., Wwhere the &; are
components of the superfield & = (A,,¢,c,q,q), cannot depend on it. Still, the G, depend
on renormalised masses and couplings, which in turn depend on the renormalisation scale u.
Hence, all these u dependencies must cancel out in the correlation functions. This necessity is
captured by the Callan-Symanzik or renormalisation group equation,

(udu+ B3, +nrd") Gu=0. 2.21)

where we sum over all couplings and masses A;, as well as (super)-fields n = (ny,...). The

(u)

B-functions are given by, /51{ = ud,A; as well as the rescaling of the fields y((p’j ) = %% log Zy,.
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From the Callan-Symanzik equation|(2.21)] one can compute the 3-function perturbatively to
a given loop order by inserting the corresponding expressions for given G,,.

The one-loop -function of the gauge coupling for a SU(N,) gauge theory with Ny quark
flavors follows as,

2
a
ud,as = (2N; — 11NC)6—;, (2.22)

where the renormalisation scale was identified with the energy scale u. In the case of QCD
at high energies u, the running is negative, since N. = 3 and Ny = 6. This implies, that the
(positive) gauge coupling decreases with increasing energies, and that a, — 0 for uy — oo.
This effectively shuts off all interactions and the quarks and gluons become free particles in the
ultraviolet, which is called asymptotic freedom. On the contrary, the gauge coupling increases
with decreasing energy scale u. Once a, > 1 perturbation theory no longer works and we enter
a strongly correlated, non-perturbative regime requiring non-perturbative methods which are
expanded on in

We can conclude from this discussion, that QCD behaves vastly different across different
energy scales, making for a rich phase structure across finite temperatures and particle densities.

2.2. Phases of QCD

For an investigation of QCD phases, and later the phase structure, we take a look at the
symmetries of the QCD action Firstly, we have the SU(N,) gauge symmetry and
secondly we have an additional, approximate symmetry of the fermions, called chiral symmetry.
This symmetry arises in the limit of massless light quarks, the chiral limit, where QCD displays
a global U(Ny); x U(Ny)g flavor symmetry. Even though chiral symmetry is not realised in
nature, due to the small current quark masses, it is a reasonable approximation for the two
light quarks (Ny = 2) and for some applications also the three lightest quarks (Ny = 3).

The (spontaneous) breaking of SU(N,) x U(Ny ), x U(Ny)g at low temperatures and particle
densities describes two interesting phenomena. Firstly, whereas high energy QCD describes
a theory of free quarks and gluons, low energy QCD shows an interesting feature: all color
charges seem to be confined to composite, color-neutral particles. Secondly, the process of
spontaneous chiral symmetry breaking, accounts for a significant mass generation in bound
states near the vacuum. Here we find that the current quark masses only account for ~ 1% of
the total mass of the nucleons.

2.2.1. Confinement

Broadly speaking, color confinement is the phenomenon that color charged particles only appear
within composite particles and do not appear as asymptotic states. To date there is still no
rigorous proof of confinement or an explanation that is generally agreed upon [87]. However,
there are signatures of confinement in terms of order parameters and varying confinement
scenarios that we address in the following.

Let us consider pure Yang-Mills theory with static quark sources in a simplified setting. Here,
we can describe the confinement effect in terms of a free energy/potential V;, between a static
quark and anti-quark pair as a function of their distance r. At large energies, where the coupling
is small and the theory perturbative, a Coulomb-type potential is expected. At small energies
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however, confinement is reflected in the linear potential between the quark-anti-quark pair
when pulled apart, to wit

1
lim Vgz(r)oc =, and lim Vg (r)ocor. (2.23)
T

rAQCD_) rAQC —00

where Agcp is the confinement scale and o the string tension. ]Equation (2.23)‘ implies a
constantly growing force between a separating quark pair. In fact, completely separating a
quark pair would require an infinite amount of energy, which is more than simply creating a
new quark-anti-quark pair from vacuum. Hence, we chose to consider a static quark-anti-quark
pair, where such a process cannot take place. In the case of dynamical quarks, such as for
example in collider experiments, one finds many color neutral particles instead of single colored
particles as a result of so called string breaking. The additionally created quark-anti-quark pairs
shield the color force of the original pair and lead to a levelling off of the potential V;,(r) at
finite r.

The static potential V4,(r) can be computed from the Wilson line, which describes a quark-
anti-quark pair in the infinite quark mass limit, that is created, separated to a distance r and
annihilated at some later time along a world-line %,. The Wilson loop is given by,

<tr9‘ exp {134 dx“A“} > o< exp (—qu(r)) s (2.24)
(gr

where & is the path-ordering operator and 9€ denotes the integration along the world-
line 6,. The main idea behind [(2.24)]is the construction of a parallel transporter of gauge
transformations, which allows to define gauge invariant correlation functions of fermionic
fields. At finite temperature, this idea can be transferred to an integration over two loops in
the periodic imaginary time direction, for more details on the finite temperature formalism see
This defines the Polyakov loop in finite temperature Yang-Mills theory,

C

L= %trf,@ exp{ig, }Ao(x)}, (2.25)

where the integral § is now over xy € [0,1/T] and T denotes the temperature. The expectation
value of the Polyakov loop (L) is commonly used as an order parameter for quark confinement,
to wit,

0, confiningphase,
( L) = (2.26)

#0, deconfiningphase.

Most notably, (L) is not invariant under the center symmetry Zy_ of the gauge group with
L — zL and z € Zy_, whereas the Yang-Mills action is. This symmetry can be restored by
averaging over the symmetry group, see Appendix B.2.1] To conclude, the Polyakov loop
expectation value links the confinement-deconfinement phase transition to the spontaneous
breaking of center symmetry of the gauge group.

Quark confinement can linked to gluon confinement by computing the Polyakov loop potential
from gauge dependent Greens functions of the gluonic (background) field [88,/89]. In this way,
it can be related to the Kugo-Ojima [|90] and Gribov-Zwanziger [[69,91] confinement scenarios.
Since this work mostly focusses on variants of the Lorenz gauge and the Gribov-Zwanziger
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scenario considers the Coulomb gauge, we refer its discussion to the above literature. Kugo and
Ojima formulate a confinement criterion for the wave function renormalisation factors/dressing
functions of the gauge boson in the Lorenz gauge. Using the conservation of BRST charge in
physical states they found that the absence of colored particles requires the gluon propagator
to develop a mass gap, that is,

mgap = pZZAL(p)Ipz_)() >0, (2.27)
where Z j is the transverse part of the gluon dressing function, see Traces of this
mass gap can be found in the correlation functions in the infrared momentum region and are
formulated in terms of the leading momentum behaviour of the dressing functions of the gluon
and ghost, respectively,

Zi(p? - 0)~(p)™, and Z.(p*—0)=~(p?)*, (2.28)

their exact definition follow from the two-point function and we refer to[(4.34)|and [(4.44)|in
where investigate gluon-condensation as a potential mechanism for the creation of
a mass-gap.

The exponents k4 and k. distinguish between different infra-red solutions, consistent with
renormalisation group invariance [92]. They differ by an infrared boundary condition for
Z(0). For the boundary condition Z.(p? — 0) — 0 there is a unique scaling solution [93,94],
which is characterised by the sum rule 0 = k4 + 2k + (4 —d)/2, where d is the spacetime
dimension. Even though the precise value of these parameters may value for specific choices of
truncations and method, most functional approaches use,

Kg~—1.19, and .~ 0.595, (2.29)

see e.g. [95]]. These results allow the aforementioned confinement scenarios of Kugo-Ojima
and Gribov-Zwanziger.

Another set of exponents is given if we ask for finite Z(0). Then|(2.27)] goes to a constant
in the infrared. This solution is named decoupling solution, since the gluon decouples from the
dynamics as would a massive particle [92,96]. In this case, the scaling exponents are given by,

Kg = —1 , and Keg = 0. (2.30)

Both approaches only differ in the deep infrared and are suspected to be linked to different
resolutions of circumventing the occurrence of Gribov copies [92]].

2.2.2. Chiral symmetry (breaking)

In the process of constructing the Lorentz invariant representation of Dirac fermions, another
possible symmetry of (massless) fermionic theories becomes apparent. This is most obvious in
the Weyl or chiral representation of the Dirac algebra, where the four-dimensional generators
of Lorentz boosts and rotations are block diagonal. This hints at the reducibility of the Lorentz
group and the (four-dimensional representation of the) fermionic field . In fact, ¢ can
be understood in terms of two (two-dimensional) objects ¢; and 'y, the left-handed and

right-handed Weyl spinors respectively,
wL)
- . (2.31)
v (wR
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At vanishing fermionic mass, the chiral limit, the dynamics of the left-handed and right-
handed blocks decouple completely. Thus in a massless fermionic gauge theory, the left-handed
and right-handed components can be rotated separately in flavor-space. In the case of Ny
massless fermionic flavors, the action is symmetric under left- and right-handed unitary flavor
transformations U(Ny ), x U(Ny ). These transformations can be divided further into vector-
symmetries, which treat left- and right handed parts equally, as well as axial-symmetries, which
do not.

At this point, we simplify the discussion by setting Ny = 2, which we use throughout this
work. The Ny = 2 flavor case corresponds to the two lightest quarks u and d, which are massless
in good approximation. Heavier quark flavors decouple from the dynamics at low energies.

The flavor rotation symmetry is now written in terms of vector and axial components
U(1)y xU(1)4 x SU(2); x SU(2)g. The U(1), symmetry is broken anomalously by non-trivial
topological effects of the gauge field and is phenomenologically relevant in the three flavor case
to explain 1 — 7’ mixing in the mesonic mass spectrum [97-99]. For the purpose of this work,
we drop this symmetry. The U(1), symmetry is linked to baryon number conservation and can
spontaneously be broken and finally the remaining SU(2); x SU(2)g symmetry is called chiral
symmetry.

At high temperatures and/or particle densities chiral symmetry is approximately realised and
only hampered by the small current quark masses. Near the vacuum, however, chiral symmetry
is spontaneously broken by the formation of a quark-antiquark condensate,

(@q) = (qrqr +4rqL) (2.32)

in which the mixing of handedness becomes apparent. In the process of spontaneous symmetry
breaking the SU(2); x SU(2)g is broken to a remaining SU(2),, symmetry called isospin. The
Goldstone bosons of this process form an isospin triplet and are given by the pions (n*, n°, 7).
Since the original chiral symmetry is only approximate, due to the small current quark mass,
the physical scenario predicts pseudo-Goldstone bosons with massive pions. Before discussing
low energy effective models for chiral symmetry breaking in we close with a
remark on the Ny = 3 case, which also takes the strange quark into account. Here, the
flavor symmetry is spontaneously broken, such that only the SU(3),, symmetry remains. The
Goldstone bosons form an octet of mesons with spin 0, comprising the three pions, as well as
the Kaons (K°,K +,K_,R'O) and 1) mesons. Additionally to the quark-anti-quark condensate,
spontaneous chiral symmetry breaking also comprises the formation of baryons, where the
U(1)y symmetry is broken additionally.

2.3. Low energy effective theories of QCD

This subsection is based in parts on [1]].

Within functional QCD low energy effective theories (LEFT) of bound states emerge naturally
from the momentum scale flow of the theory at momentum or cutoff scales k < 1GeV, [42,
44.45,48,51,59,/102,103]. In this regime, the gluonic degrees of freedom decouple from the
dynamics due to the gluonic mass gap in QCD, for a detailed discussion see [48,51,104].

We have seen in[Figure 2.1] that the strong coupling a; increases towards lower energy scales.
This increase of a, translates into two gluon exchange diagrams generating effective four-quark
interaction channels as I - ko< ai’s. In general, all possible interaction channels, which are
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Figure 2.2.: QCD phase structure computed from functional methods, with a range of validity
ug/T(ug) S 4 of the low energy description in terms of quark-meson interactions. The
figure is taken from [51[], with additional data from [[100,101]].

allowed by the SU(N,) x U(1)y x SU(2); x SU(2)z symmetry, are generated. The interaction
strength of particular channels can diverge at some place in the phase diagram, hinting at a
condensation process and the formation of a bound state. These bound states introduce new
dynamic degrees of freedom, which can be captured by bosonising the four-quark channel
using a Hubbard-Stratonivich transformation [[105,106], for a discussion of the emergent LEFT
see [[103].

In the following, we discuss the validity and emergence of LEFTs in the context of the QCD
phase structure and introduce the basic formalism for the most important one:

the quark-meson model in|Section 2.3.2

2.3.1. Emergent LEFTs and their range of validity

The key ingredient for the emergence of LEFTs is the scale-dependent four-quark scattering,
whose dynamics at large momentum scales is driven by a box diagram with a two-gluon
exchange between quark currents. This box-diagram is represented using a (Fierz-)complete
basis of tensor structures of the allowed SU(N,) x U(1)y x SU(2); x SU(2)z symmetry. For the
discussion of its low-momentum behaviour we restrict ourselves to the momentum-independent
tensor structures, that is 10 tensor structures in Ny = 2 flavor QCD and 28 (32) tensor
structures in Ny = 3 flavor QCD, the relevant cases for the discussion of the phase structure
of QCD. It has been shown in [44,/48] that in the vacuum the scalar-pseudoscalar channel is
dominating the dynamics by far, both above and below the chiral symmetry breaking scale
of k ~ 500 MeV: switching of all other channels leads to negligible effects for most physical
observables. Moreover, in [64] is has been shown for Ny = 2-flavor QCD in the chiral limit, that
qualitatively this dominance persists up to large densities or chemical potentials, ug/T.(0) ~ 6,
where T,(up) is the chiral crossover or phase transition temperature at a given baryon chemical
potential ug. This highly interesting first dominance study in QCD is based on qualitative
approximations, and a conservative error estimate leads us to ug/T.(0) < 4 — 8 for the (total)
dominance regime of the scalar-pseudoscalar channel.
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This supports the computations in [51], where the phase structure of 2- and 2+1-flavor QCD
was computed within a one-channel approximation (scalar-pseudoscalar) to the Fierz-complete
tensor structure for ug/T(ug) S 4, see[Figure 2.2 Then, dynamical hadronisation takes into
account multi-scattering events of the resonant channels (multi-scatterings of pions and the
scalar o-mode) that are relevant for the critical dynamics in a regime with second or first
order transitions, which is the model we introduce in[Section 2.3.2] In summary we estimate
the reliability regime of the present approximations in functional QCD (see also respective
considerations in DSEs ( [19,(56,/100]) to be

ug/T(ug) S 4. (2.33)

The critical end point (CEP) computed both within the most recent fRG-computations, g /T (ug) =
5.59 from [51] and DSE, ug/T(ug) = 5.54 from [100], for the physical case of 2+1-flavor QCD
agree well, which sustains the respective reliability of these estimates. Still it is not within the
regime of quantitative reliability of the current approximation.

Consequently, entails that for a quantitatively sound prediction of the CEP the current
approximation to the full first principle QCD-flow has to be improved systematically in two
directions for chemical potentials ug/T(ug) % 4: Firstly, we need to include at least the
dominant tensor structure at large densities, the color-superconducting (csc) - or diquark-
channel. This extension will be considered elsewhere. Secondly, the self-consistent computation
of the order parameter potential set-up in [[25] is required. This is done in the present work
within a recently developed numerical approach that also allows the inclusion of the formation
and propagation of shocks [[65].

2.3.2. The quark-meson model

The quark-meson model is a Nambu—-Jona-Lasinio (NJL)-type model, describing an effective
theory of quark and meson interactions constructed from fermions with chiral symmetry. A
similar example of an effective theory is used to describe the formation of Cooper pairs from
electrons in the BCS theory of superconductivity. In the following, we briefly recapitulate the
fRG-approach to the (Polyakov-enhanced) quark-meson model (QM model). The inclusion of
the dynamical mesons as low energy effective degrees of freedom has to be seen as an efficient
and convenient book-keeping device for the respective resonant interaction channels. In
particular, this substitutes the rather tedious inclusion of the resonant parts of the higher-order
scattering processes of quarks. Still, if used on a quantitative level, even for large UV-cutoff
scales its effective action does not reduce to a simple local classical actions. For more details
and in particular its quantitative properties as an emergent low energy theory in QCD we refer
to [44,45,/48,/51[]. Validity checks, benchmarks and bounds in comparison to QCD have been
provided in [[103]].
The key ingredient to the QM model is the scalar-pseudo scalar four-quark channel, which is
given by
(s—P)
28D =220’ ~ @rsma), (234
where 79 =1/, /2Ny and T are the normalized generators of flavor U(1) and SU;(Ny) in
the fundamental representation, respectively. A7) is coupling of the (S — P) channel and
Z, the quark wave function renormalisation. During the formation of bound states AS=P)
diverges. This resonance is directly connected to the formation of mesons, as dynamical
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degrees of freedom, which can be captured in an auxiliary field ¢ o< grq. The auxiliary field ¢
is introduced to the action via an exact transformation of the fermionic generating functional,
a Hubbard-Stratonivic transformation,

J@qb eXP{—J [%m2¢2+hq(r-¢)q}} =
1 h_o VY R, o,
P¢ expy— §(m¢+;qfq) —ﬁ(qrq) = A exp ﬁ(qfq) ,

(2.35)

where 4 is the remaining Gaussian integral, which is just a number and drops in the normali-
2

sation. By identifying AS™F) = %, we find that the (S — P) channel can be rewritten as a mass

term and coupling to the gluons of the auxiliary field. By varying ¢ in the first term in|(2.35)}
we find that on a classical level ¢ = %E]Tq, which manifests the structure of ¢ as a quark
bilinear.

For a representation of ¢ in the Ny = 2 case, we make use of the equivalence of SU(2), x
SU(2)g = SO(4) to implement chiral symmetry in the mesonic fields. The simplest representa-
tion of the meson fields is thus the O(4)-vector,

¢ =(o,m), (2.36)

where o corresponds to the scalar sigma meson and 7 to the pseudo-scalar pions. The pions
form an isospin triplet and correspond to the SU(2),, = SO(3) symmetry, which is not broken.
A convenient order parameter for chiral symmetry breaking is thus given by the expectation
value of the sigma meson (o).

The chiral phase transition of the QM model, and by extension two flavor QCD, therefore
lies in the O(4) universality class. Moreover, the dynamics that drive chiral symmetry breaking
are determined by the mesonic field ¢, whereas the fermions only contribute via the fermionic
determinant. This explains also our interest in O(N) models in general: not only are they
a good testing ground for our methods, but they also provide information about the critical
behaviour of the theory.

We continue by defining the chiral invariant p, which is given by,

1 1
p=-¢>==(x?+0?). (2.37)
2 2
All interactions are indicated in terms of p which ensures the chiral symmetry of the ansatz.
Finally, the UV action of the two flavor Quark-Meson model at finite temperature T and quark
density u, = ug/3 is given by

Swla.d,¢] =J {6‘1[6’ +ho (T0 +Tm) —Yolig |q+ % (3,0)* +vw(p)—cao}, (2.38a)

X

and the spatial integration at finite temperature reads

1/T 5 d3p
L:L dtde, L:T%J(zn)g. (2.38b)
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We have also introduced the corresponding momentum integration, fp, for a detailed derivation

of the finite temperature and density formalism see|Appendix B.1, The classical potential V,,,(p)
includes the mesonic mass term and a ¢* interaction,

1
V. (p)= mi o+ EM’ P2, (2.38¢)

where the ¢* term already introduces local higher order quark scatterings. We have also
introduced an explicit symmetry breaking term c,, which is linked to a finite quark mass m, at
the level of the UV action. This mass exists in QCD, see[(2.20)} where we have small current
quark masses for the up and down quarks. The term fx gmyq can be removed by a redefinition
of the field

m
oc—o——2, (2.39)
h
which results in the linear term with
m
Cy = miTq . (2.40)

This term turns the pions from formerly massless Goldstone-bosons into pseudo-Goldstone
bosons and accounts for a small pion mass.

In its most general form, this ansatz for the quantum effective action comprises p and
momentum dependent wave function renormalisations Z; and Z,, as well as a p-dependent
effective potential V(p) and Yukawa coupling h(p). Since the full field and momentum
dependence of this ansatz is very extensive, we will use various approximations and discuss
their validity in the following chapters.



CHAPTER 3

The functional renormalisation group

In the previous chapter we discussed the classical action of Quantum Chromodynamics. In
particular, we found that, like most quantum field theories, QCD behaves vastly different at
differing energy scales, recall [Figure 2.1l The scale dependence of masses and couplings arises
from self-interactions: For example in quantum electrodynamics an electron adds to its effective
mass by emitting and reabsorbing a photon. Similarly, the bare quark masses and couplings
change with energy scale and the theory needs to be renormalised.

Depending on the strength of interaction, we can differentiate between perturbative and
non-perturbative regimes: if the couplings strength a, < 1, a perturbative expansion in the
coupling will converge and we can renormalise by introducing the appropriate counter terms.
However, this is not the case for QCD, where a, > 1 at low energies and we reach a non-
perturbative regime below ~ 1 GeV. The most prominent approach to compute observables in
strongly correlated, non-perturbative systems is the lattice [[107-109]]. Lattice QCD simulations
yield quantitative ab initio results in the vicinity of the finite temperature axis, but face the sign
problem at higher baryon densities [[110]]. For a discussion of the QCD phase diagram using
lattice methods see [[111] and for recent developments see e.g. [[32+35}(37,112+114].

Functional methods stand in contrast with and in addition to the lattice. The sign problem
does not affect functional methods and computations reach up to arbitrarily high densities.
However, to reduce the amount of complexity in order to solve the functional equations,
one needs to chose an approximation/truncation. On one side, this enables us to test which
vertices or dependences are negligible, since they can be readily switched off. On the downside,
one always computes in an approximation and might obtain apparent convergence whilst
neglecting important effects. We expand on systematic expansion schemes and error estimates
in[Section 3.2.2| Thus within functional QCD, we aim at reliably reproducing lattice results at
low densities, see whilst making new predictions in the high density regime where
the critical endpoint is located. For recent works within with Dyson-Schwinger equations (DSE)
see e.g. [[19,/26,53}/55,564/100,115]. For recent results within the functional renormalisation
group (fRG) see e.g. [50}(51,64,104,116+120].

In the following, we introduce our functional method of choice, the functional renormalisation
group (fRG). The fRG uses renormalisation group transformations to establish a link between
different scales of a theory, usually those are momentum scales. The change with the so called
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RG-scale is then tracked in a differential formulation, which we expand on in[Section 3.2} after
introducing the functional formulation in[Section 3.1} We close this chapter with a discussion
of RG-flows in terms of general RG reparametrisations in [Section 3.3} which we use to expand
the functional flow to a complex setting in|Chapter 6|or for a dynamical field definition in
The fRG can also be used in a real time setting in form of the Callan-Symanzik flow,
whose derivation we outline in[Section 3.4] In summary, the fRG is a convenient tool to track
QCD observables from high energies, where we have an essentially free theory, to a strongly
correlated regime!

3.1. Generating functionals

This section is based in parts on [4]and [3].

Following the previous section, we use an Euclidean field theory approach with imaginary
time. In an attempt to keep this derivation as general as possible we use the super-field
formalism with the (super) field & = (®,,...®,,) containing all fields. For example, in an O(N)
theory we have & = (¢4, ..., ¢y). In QCD, the super field is given by, e.g., ® = (4,,¢,¢,q,q)
with gluons A, ghosts ¢, ¢, and quarks g, q. Accordingly, all other quantities are given in terms
of vectors and matrices corresponding to the indices of the super field.

The starting point of our analysis is the path integral or partition function of the theory, Z[J],
with the current J = (Jy,...,J,,) and the fundamental quantum fields ¢ = (¢4,..., ;). All
correlation functions in a Euclidean field theory can be obtained from this generating functional.
It is defined by its derivatives,

! o"Z[J]
(‘Pil(xl)' .. (Pin(xn»J - Z[J] 5Ji1(x1)' . .5Jin(xn) ’

3.1)

which are the full normalised correlation functions including their disconnected parts. Addi-
tionally, it also has a (formal) path integral representation,

Z[J] = %f[d‘f’/]reneXP(_S[(Pl]"‘f

X

J - so’), (3.2)

where S is the classical action, f = fddx implies integration over d Euclidean space-time
dimensions and 4" a normalisation factor that drops out in the computation of correlation
functions, see [d¢’] e the renormalised field measure. In principle this explicit form
of the generating functional is not needed for the formalism. The key assumption is that the
path integral exists and its functional derivatives are finite. However, the formulation using the
generating functional will be quite helpful in illustrating the transition between classical and
quantum regimes by means of the flow equation in the following.

While the generating functional Z[J] in[(3.2)| generates the full correlation functions
including their disconnected parts, its logarithm,

W[J]=1logZ[J], (3.3)
generates the full connected correlation functions,

© _ O"WI[J]
(QPil (Xl) cee (pin(xn»_] - 6Ji1 (X1) o 5Jin(xn) B (3.4)
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for a given background current J. Here, the superscript refers to the connectedness.

Equation (3.4)|includes the external propagators. They can be amputated by using a current
J = 8@, that is proportional to the classical dispersion,

528
5(2)[@0] = 5—902[%], (3.5)

At some (background) field configuration ¢ This leads us to,

Seflp1=—W[J =8P ¢], (3.6)

which defines the Wilsonian effective action and is the generating functional of amputated
connected correlation functions. In[(3.6)| we have suppressed the background ¢,. For scalar
theories it is typically chosen to be the vanishing background, ¢, = 0. Derivatives w.r.t. ¢ lead
to , where each field is multiplied by S, thus removing the classical external propagators.
Moreover, the external current J is now expressed in terms of a background mean field ¢.

Finally, one-particle irreducible (1PI) correlation functions are generated by the Legendre
transform of the Schwinger functional, the effective action I'[®],

I'[®]=sup JJ-@—W[J]
J

=—In J[dcp/]renexp(—s[fb+<p’]+f ga’gi[(g)] (3.7)

X

where & = (¢) is now the mean (super-)field. With this transformation, the degree of re-
dundancy on the correlation functions is decreased by removing those, that can be cut into
correlation functions of the same order. This includes for example successive repetitions of the
same diagram. The 1PI connected correlation functions read,

(p(x1)... ()Y = T[], (3.8)

All generating functionals, (3.2)} [(3.3)] [(3.7)} carry the full information about the theory
under investigation with a decreasing degree of redundancy. Importantly, their functional flow
equations, which we derive in constitute different general diffusion equations
with different properties. This proves advantageous in various applications, since for example,
the effective action is convex by its definition as a Legendre transformation which can create
numerical problems if violated.

By taking a functional derivative with respect to one of the fields ®; of we obtain the
one-point function,

oT[®]

5%;(x)
At vanishing background J = 0,|(3.9)|gives the quantum equations of motion (EOM) in analogy
to the classical equations of motion osle] _

0%;(x)
We note further, that the propagator is given by the full connected two-point correlation

function, which is also the inverse of the 1PI two-point function I'®),

1
G=w®=_— (3.10)

:Ji(x)|J=J (3.9)

sup *

which can be understood as a series expansion of the 1PI two-point correlator.
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3.2. The 1PI flow equation and expansion schemes

We derive the flow of the 1PI generating functional, the Wetterich flow, in[Section 3.2.1l The
1PI formulation is used as an example, since it carries the smallest degree of redundancy and is
closely connected to the classical action. Consequently, it is most commonly used in applications.
We will focus on more general formulations of the RG equations and their benefits in later
sections. We close this section by discussing expansion schemes and systematic errors of the

functional equations and their applicability to QCD in|Section 3.2.2

3.2.1. The functional renormalisation group equation

We have already seen the main idea behind the renormalisation group in the renormalisation
group equation which expresses the scale dependence on a scale u of a given quantum
theory through a differential equation. This is a consequence of the group property: as u
varies, the theory is given by a self similar replica of itself and can be inferred from another
(previous) scale [i. A conceptual understanding of this property was provided in the 'block spin’
renormalisation group by Kardanoff in 1966 [[121]]. Here the change of scale u corresponds
to a grouping of lattice spins into blocks. In this way, an RG transformation (step) allows to
transform a 2D lattice of spins into a coarse grained version of itself with 2 x 2 spin tiles, called
block-spins. After enough RG steps, the system is coarse grained enough to have reached a size
on which we can observe, for example predict the overall magnetisation of the solid. For most
computational applications, a formulation in terms of momentum is preferred and we will also
use this approach in this work. The idea was first introduced by Wilson in [[122]] and consists
of solving the theory via a 'coarse graining’ of momentum shells. In QCD this means that we
start from a free theory at high energies > 1GeV and use the RG to step towards the low
energy regime, where we have a strongly correlated, non-perturbative system. The functional
renormalisation group provides a differential equation, which allows to interpolate between
the classical action of this free theory S at a high momentum scale Ay, and the full quantum
effective action I'. Quantum effects are successively included by considering the differential
change in momentum scale k + 6k — k until k = 0 is reached. The aim is now to define the
interpolating I}, where k € [0, Ayy ], which gives the effective action for a quantum system
at intermediate energy scales k. T} then acts as the classical action for all energy scales lower
than k.

The suppression of lower momentum modes is implemented via an infrared cutoff term,
which acts as an artificial mass term and is added to the classical action,

1

ASle]= Ef YR, (3.11)
X

where the matrix R, is the so called regulator term. The suppression of quantum fluctuations

can be seen from the (formal) path integral,

Z[J] = %J[d@/]ren €xXp ( _ASk[(P/] _S[<P/] + f J- (P/): (312)

which turns into a Gaussian in the limit R, — o0, effectively dropping all quantum fluctuations.
The specific form of regulator is usually chosen to fit the momentum contribution of the two-
point-function and varies with the model. Generally, the regulator needs to fulfil two conditions
to ensure that it does not change the physics of the theory at hand,
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* The introduction of an infrared regularisation, which ensures the suppression of lower
momenta during the interpolation,

R, (p2
lim kg )

2
P
@0

>0. (3.13a)

* The physical limit for vanishing cutoff k or UV momentum scales p, where the regulator
needs to vanish,

R 2
lim 2@ _ o (3.13b)
50 R

Subtleties of regulator optimisation are discussed in|Section 3.2.3

The average effective action I} at scale k is defined via a Legendre transformation, analogously
to|(3.7)| We introduce a slight modification and define T}, + AS;, as the Legendre transformed
of W,.. Thereby, the known cutoff term is removed from the functional

T[®]= sup(JJ’ - ® —Wk[J]) — AS,[®]
J

X

= —1n(f[d¢’]ren exp [ —S[@+¢'1—AS[¢] +J ¢/5Fk[¢] D : (3.14)

o®(x)
X
The flow of T}, is obtained by taking a derivative with respect to the dimensionless RG-scale
(the RG-time) t = In(k/A). This exact renormalisation group equation of the 1PI effective action
is called the Wetterich equation [67],

1 1 1
oi[e] = fr[(m)mk} = ETr[(Gk)atRk], (3.15)

where Gy, is the regularised propagator. The trace implies integration over momentum and
summation over color, flavor, Dirac indices and fields and manifests the one-loop exactness of
the Wetterich equation. By convention, the RG-time is usually defined to flow from 0 to —oo,
but since we use a lot of methods from hydrodynamics this convention changes throughout
this work. A more detailed and general derivation of this equation is discussed in [Section 3.3|
We close by pointing out some features of the Wetterich equation: This equation is exact and
non perturbative. In theory, all quantum effects are contained in the full solution but might
not be contained in the model or approximation used, more details are given in[Section 3.2.2
Unlike the full propagator for physical fields I®), the interpolating I‘,EZ) can be negative at finite
RG-scales, which causes I} to lose its convexity during the RG-scale integration. In these cases
the eigenvalues of F,Ez) + Ry, are still positive. Since the regulator was constructed such that it
vanishes at vanishing cutoff, the flow works to restore the convexity of I}, with each RG step.

3.2.2. Systematic expansions and error estimates

This section is based on [8]].
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The fRG flow for the effective action I'[®] of a given theory, has a simple one-loop form in
terms of the full field- and momentum dependent propagator. The flows of its nth moments,
the one-particle irreducible correlation functions, are derived from this master equation by
taking n field derivatives of the flow of I'[®],

5"T[®]
5®; (p1)---69; (pn)

This leads us to a coupled infinite hierarchy of flows for these moments or correlation functions,
that typically only admits analytical or numerical solutions within a given order of a systematic
expansion scheme of the full system at hand.

One of these systematic expansion schemes is the vertex expansion. Here the effective action
is expanded in terms of its moments, while keeping the full momentum dependences of these
moments,

r% o [@1(p1,pp) =

(3.16)

RM=§%L Jﬂm@Mwwd@%F$Mﬂ{w%%&mﬂ-
3.17)

A complimentary systematic scheme is the derivative expansion, where all moments are taken
into account, but the momentum dependence of I}, [® ] —S[®] is expanded in powers of momenta.
Evidently, these schemes can be combined in a systematic way, leading to mixed schemes.

All expansion schemes have in common, that the respective expansion of the effective
action is linked to an expansion of the theory or its Hilbert space around a state that captures
the essential features of the full ground state. This is most evident within the derivative
expansion where the zeroth order takes into account point like interactions to all orders without
any momentum dependences in form of the effective potential. Then, higher orders include
momentum dependences in powers of p2/ méap of the theory. Evidently, such a scheme fails
(or shows a rather slow convergence) in the presence of intricate momentum dependences of
scattering processes. One such example are complicated Fermi surfaces in interacting theories.

In turn, the vertex expansion is an expansion in the full moments of the theory, starting
with the momentum-dependent (inverse) propagator, the full covariance of the theory. Its
implicit expansion parameter is the phase space suppression of higher order interactions for
local interactions, and the one loop form of the Wetterich flow gives an easy access to the
respective error control. While it is amiable towards intricate momentum dependences of
vertices, the convergence of this scheme is slowed down in the presence of long range resonant
interactions or large couplings. This can be treated in terms of emergent dynamical effective
fields that are introduced for resonant interaction channels within the flow equation. For
four-field interactions such as four-quark scatterings in QCD this has been developed in [123]].
It is tantamount to a flowing self-consistent Hubbard-Stratonovich transformation and are
simple to implement due to the underlying Gauf3ian nature of the field transformation.

Systematic expansions in QCD

For an explanation of the tasks at hand we concentrate on QCD at finite temperature and
density, which features the most advanced computations within mixtures of the two systematic
expansion schemes discussed above: In QCD, mixtures of the vertex and derivative expansion
with emergent dynamical fields for resonant channels of the four-quark interactions have been
applied. In most cases the scalar-pseudoscalar channel has been dynamically hadronised,
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leading to emergent pions and o mesonic fields, see and the literature [|44, 45,
48,51,102,124]]. For an additional dynamical hadronisation of the vector channel, leading
to emergent vector mesons, see [59]]. The complete structure of emergent hadrons has been
discussed in [60]. Augmented with a full effective potential for the respective mesonic fields,
which includes the point-like scattering of the emergent mesonic fields for small momenta, this
is a rather efficient description of QCD at high and low energies as well as at finite temperature
and density or baryon-chemical potential.

The study of QCD within the systematic vertex expansion with full momentum dependences
has been initiated by studying quenched [44] and unquenched [48]] vacuum QCD including
dynamical hadronisation. Dedicated studies in Yang-Mills theory at finite and vanishing tem-
perature, as well as in three dimensions in [47.(49,125]], are concentrating on the confinement
aspects and its systematic. The respective results have also been used in a mixed scheme appli-
cation to the full phase structure of QCD in [[126] and the magnetic equation of state in [117]].
Its systematic improvement in terms of higher vertices with full momentum dependences is
work in progress in the fQCD collaboration [[13], aiming at apparent convergence of the scheme.

This leaves us with an equally important remaining task, which we focus on in this thesis:
one has to control multi-scattering effects of fundamental and emergent degrees of freedom.
In particular QCD at high density with potentially competing order effects, first order regimes
and mixed phases is highly challenging. There, the very efficient vertex expansion scheme with
dynamical hadronisation has to be augmented with elaborate numerical methods to resolve
a (multi-dimensional) effective potential, as well as the complicated momentum structure of
scattering processes in a dense medium. An important recent technical advance has been the
introduction and adaptation of state-of-the art numerical methods for the solution of general
diffusion equations for the computation of the RG-flow of effective potentials [65]], which we
discuss in

We conclude our brief discussion of systematic expansions and their convergence in QCD
with the remark, that the respective structural results and arguments straightforwardly carry
over to general theories.

3.2.3. Regulators and optimisation criteria

This section is based on [11]].

In principle, the flow equation is exact for any regulator that implements the infrared
suppression of lower momentum modes and the ultraviolet renormalisation. The full flow
should not depend on the regulator any more. However, in most cases concrete evaluations
are, with very few exceptions, subject to approximations of the full effective action. If a vertex
structure is omitted in an approximation, the regulators effect on that vertex is also missing and
hence any back-coupling of it to the overall flow. In this way, regulator effects may accumulate
for k — 0 and do not cancel out like they should. Therefore, it is important to chose the an
optimised regulator for a specific approximation. A possible optimisation criterion for operators
in a given truncation is the minimal length of the RG trajectory, compare [[127, 128]. Here, the
optimal regulator R, fulfils

Ip*(G[®,Rope] — G[2, 0]l =R2%i&>”p2(6[‘1”’” —G[®,0Dl, (3.18)

where p is the momentum, the regulators R are taken at the UV scale A of the theory and
G[®,R] is the field dependent propagator. The prefactor p? is chosen to accommodate for
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a dimensionless quantity and access to massless modes at k = 0. [Equation (3.18)|defines a
semblance of length of the RG-flow for a monotonous propagator. The norm || - || is given by
the Sobolev norm for an operator 1

2

, (3.19)
L,

0!"p(p)
op*...0p%

n!
DY (n—laD)la,!... ag!

|a|<n

where a € N4, |a| = Zi a; and n € N is the highest order momentum dependency in the
truncation scheme. The L, operator norm is hence taken over the momentum derivatives of
the propagator in|(3.18)]

The optimisation|(3.18)|takes the contributions of higher momentum derivatives into account.
In contrast, the zeroth order derivative expansion which we will use frequently throughout this
work, only takes the classical momentum dependence into account. Hence, the derivatives in
do not contribute and we can find an optimal, non-analytic regulator [[127,129,130].
However, for truncations beyond LPA the non-analytic structure of the flat regulator shows in
the higher momentum derivatives. By comparison, a smooth regulator function gives a much
smaller contribution in the momentum derivatives and is hence the more optimised choice in a
momentum dependent truncation.

3.3. General functional flows

This section is based on [4].

Previously, we have introduced the fRG via the Wetterich flow[(3.15)} since it is the most
commonly used master equation in QCD applications. In this section, we take a step back and
consider a formulation in terms of general RG transformations, put forward by Wegner in [131].
Wegner’s flow expresses the invariance of fixed points and critical behaviour under a large set
of general differential reparametrisations and RG transformations. In the context of this work,
we use them to optimise our approximation scheme, to simplifying our numerical expressions
and in a real time setting, see|Chapter 6]and Chapter 7| Furthermore we encounter them in
the context of dynamical hadronisation in

For the sake of simplicity, we only consider scalar fields ¢ = (¢,..., ¢,) in the following. All
applications of these concepts are considering scalar O(N) theories. In terms of the Wilsonian
effective action See[¢]in[(3.6)] Wegner’s flow reads

5
6 (x)

The RG-time ¢t is the logarithm of the cutoff scale k,

oP[¢]+

(vlp1PIp1)=0,  Plp]=e Suil¢], (3.20)

t =logk/A, (3.21)

with some reference scale A. The cutoff scale can be both an infrared (IR) or ultraviolet (UV)
cutoff scale or simply the (geodesic) parameter of a general reparametrisation [[127]. In the
present work we consider an infrared cutoff scale k for explicit applications. This means that
quantum fluctuations with p? < k? are suppressed below this cutoff scale and fluctuations with
p2 > k? are integrated out (or in).

The exponential P[ ¢ ] in[(3.20)]is nothing but the path integral measure. General reparametri-
sations induced by|(3.20)|leave the path integral unchanged, which is easily seen by integrating
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(3.20)|over all fields: the integral of the right hand side vanishes as the integrand is a total
g g g
derivative. The RG kernel ¥[¢ ] is typically chosen as

¥191= 361018 g, G2

with the boundary condition that ¥ vanishes at k = 0 if k is an infrared cutoff scale.

The second term on the right hand side of [(3.22)| with a field-independent 7, entails a
rescaling of the field ¢, and has been introduced for convenience. Moreover, a field-dependent
¥ can be considered as a driving term. Both, field-independent and field-dependent anomalous
dimensions are commonly not considered in|(3.22)!

In turn, for k — oo the kernel|(3.22)|should suppress all fluctuations, leading to a simple
initial condition. These two requirements are more easily seen in terms of the flow for S, for
which Wegner’s flow reads

o 1
(at +J ¢ yeff%)seffm = ST 69 SFTo1- (S I8D?]. (3.232)
where the field-independent term Try, was dropped and
_15%le]
2 6¢
In|((3.23a)|we have also used the common notation
) 1 0 'Sesl @]
Se?f [¢]= 5e¢n :
The right-hand side in|(3.23a)|is the trace of the RG kernel 6 ¢ ] contracted with the connected
two-point function of the theory. The left-hand side contains the scale derivative of the

Wilson effective action and a generalised anomalous dimension term. We note that we may
also recast the (S(

YelP1=74 (3.23b)

(3.24)

e;f) [¢]1)? term as part of the generalised anomalous dimension by shifting
D Vet = D Yer +1/ 25&2 [¢] in the first line.

Standard Wilsonian RG transformations are obtained for a field-independent kernel ¢ with
6% /6¢ =0, while field-dependent kernels introduce a reparametrisation of the theory. For
more details and applications, in particular to gauge theories, see [[132,133]], for a respective

review see [134].

3.3.1. Standard flow for the Wilsonian effective action

Now we briefly describe how the standard Polchinski-type flow [|68]] for the Wilsonian effective

action is derived from|(3.20)| Its derivation from the path integral is described in|/Appendix B.5.1

In short, we add an infrared cutoff function to the classical action of the theory, analogously to
Note, that in [[68] an ultraviolet regulator was considered, but the structure of the
flow is identical. Then, the RG kernel is given by

[P0l = G [po]13:R G [ o], (3.25)

where the propagator G]EO) is the classical propagator of the theory, including the regulator
correction,
1 1

(0)
G b0l = —5 = :
KT s s@go] +Ry

(3.26)



38 3. The functional renormalisation group

In the path integral this kernel is derived with the current

J= (G]EO))_l [P0l (3.27)

in the Schwinger functional W[J] = log Z[J ], see|(B.69)|in|Appendix B.5.1] Accordingly the
anomalous dimension follows as

_ @) ©
ro=—(25)Gc>. (3.28)

When inserting the kernel and the anomalous dimension in the general flow |(3.23)] the
right-hand side line is simply the trace of —1/20,R; Gi[¢ ] with the full propagator

Gl 1(x, y) = {p(x)e(y)) — ()P (¥), (3.29)

with the mean field ¢ = (), for more details we refer to|Appendix B.5.1] In most applications
one separates the full two-point function from the Wilsonian effective action,

sl 81 = sl 6, b1 — 3 f ¢ 56019 (3.302)

This split eliminates the trivial running of S®[¢,] from the flow and makes numerical compu-

tations more convenient. Inserting the split|(3.30a)|and the kernel |(3.25)|into the Polchinski
flow (3.23a) leads to the flow of the interaction part S, ;[ ¢ ]

2
OcSimcil 1= %Tr 8,682,161 (s5ule1) |, (3.30b)
where we have dropped the ¢-independent term 1/2 Gl((o) ats,(f) on the right hand side, see
also|(B.75)| The standard Polchinski equation is given by|(3.30)| with an ultraviolet regulator.
We emphasise again, that the use of either UV or IR regulators makes no structural difference,
while it does conceptually and practically.

Finally, it can easily be shown that for infrared cutoff kernels such as the Polchinski kernel
((3.25)] the decay properties of the infrared regulator ensure a finite UV effective
action as the initial condition. The flow of the UV relevant vertices is then governed by RG
consistency, [|61,127,(128]].

3.3.2. General functional flows for the effective action

The 1PI analogue of Wegner’s flow equation|(3.20)|for the Wilsonian effective action or effective
Hamiltonians was derived in [|[127]. There, the starting point was the partition function with a
source f Jg @[] with the fundamental field ¢, as well as a cutoff term for the composite field

S[e] —>S[90]+§J Ple]RPLe], (3.31)

for the composite field (f), and possibly also cutoff terms for the fundamental fields. Then the
Legendre transform is taken with respect to all the currents, including J,

Fk[¢]=S}1P(J J¢¢_log2k[‘]¢])_%f¢Rk¢; (3.32)
0
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where we suppressed the potential Legendre transform w.r.t. the original field ¢ for the sake
of simplicity. For example, this general setup includes two-particle irreducible (2PI) actions
(for ¢(x,y) = p(x)e(y)), and nPI actions, or density functionals (for ¢ (x) = @(x)p(x)),
see [127]. The general flow equation for such a 1PI effective action I}.[¢ ] with ¢ = (qAS) reads

.5 1 5

(8t+L¢%)Fk[¢)]= ETI' Gk[¢] (3t+2£)Rk, (3333)

where G, is now the full propagator of the composite field ¢,
Gild10x,y) = () (1)) — ()P (1), (3.33)

that is related to the inverse of the two-point function
1
G == 3.33

k[®] TO[p]T R, (3.330)

The differential change ¢[¢], is related to the expectation value of the differential variable
transformation of the integration field ¢ with

Plp1= (3, d1)¢]. (3.33d)

[Equation (3.33d)|defines the change of the composite field basis with the RG-flow. We emphasise
that ¢ itself does not depend on the RG-scale k, as it is the field/variable of the effective action.
The change of the implicit dependence of the effective field qf) on the fundamental field ¢ with
the scale is defined via a given function ¢[¢ ], for more details see [[127], or a discussion of the
special role of field zero modes and respective modifications see [51]].

We remark that a variant of [(3.33)| has been derived in [[135], based on without
regulators for the composite fields. Then the flow equation is simply the rotation of the
standard flow equation in terms of the propagators of the composite fields, and hence the
Jacobian of the transformation is accompanying all propagators. It can be seen as a special
case of

Wegner’s flow equation for the Wilson effective action|(3.23)]and the general 1PI flow|(3.33)]
are connected via the relation

U=¢), (3.34)

with an additional RG kernel ¥. This can readily be checked with a Legendre transform, see
also [[136].

Standard flow for the 1PI effective action

We can reduce the general flow |(3.33)|to the standard flow equation of the 1PI effective action
by using ¢ = 0. This choice entails that ¢ = () is the mean value of the fundamental field.

Inserting this choice in|(3.33)|leads us to the Wetterich equation|(3.15)}
1
onfel= ETI' Gi[¢ 1Ry (3.35)

see also [137,138]].

In summary, Wegner’s flow [(3.20)|for the Wilson effective action|(3.23)|and its 1PI analogue
constitute the general functional flow framework that accommodates an adaptive setup
of functional flows: the kernel 4 or the transformation field ¢ can be adapted to the structure
of the theory at hand.
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3.3.3. Applications of general functional flows: Flowing fields

This section is based on [8]].

In the following we discuss two qualitatively different examples of how flowing fields ¢ # 0
(recall|(3.33)) can be used for an RG-adapted expansion scheme. In this context it is convenient
to distinguish three different construction principles behind the choice of flowing fields:

(i) Firstly, we can use flowing fields to adapt the field basis ¢ to the phase (symmetric or
broken) the theory is in, at a given cutoff scale k. This application of [127] has been
put forward in [139] in an O(N)-theory, and is called Goldstonisation. Naturally, this
optimises a given expansion scheme.

(i) Flowing fields can be used to enforce the expansion of the effective action about the full
two-point function or covariance of the theory. This powerful idea has been put forward
in [[140], for a recent application to complex effective actions see [4], which is included
in[Chapter 6| This choice is also enforced by full functional optimisation as put forward
in [127], and is also obtained within the implementation of optimal transport [[141],
applied to the Wegner flow [[131].

(iii) On the other hand, we can use flowing fields for simplifying the effective action, which
is at the root of the essential RG put forward in [[136]. There, these simplifications are
classified in terms of essential and inessential couplings [131]. An explicit application to

an O(N) theory was put forward in [8], and is featured in This application
also implicitly enforces (ii).

In all these cases, a reparametrisation with flowing fields allows us to expand the theory, or
rather its effective action, about a dynamically adjusted expansion point that is as close as
possible to the scale-dependent ground state of the theory. Note also, that a generic use of
flowing fields, that aims at optimal expansions, is almost inevitably a mixture of (i)-(iii).

The differential flow ¢ in is now at our disposal: For example, we may choose and
explicit field transformation in the class (i), as put forward in [|[139}142]]. Alternatively we may
enforce the class (ii) or (iii) with constraints on the flow, e.g. that of the two-point function or
a specific momentum channel of a four-point function. Structurally, this is given by

bl ) —  aI[elp) =0, (3.36)

for a specific n and ¢ € .4, p € ¢, take values in some intervals or sets . and .#, respectively.
[Equation (3.36)|entails the differential form of the transformation from the microscopic funda-
mental fields to emergent effective fields. So far, it has been considered for n = 2 in the context
of functional optimisation in [127] and [92]] with p > k, in [|[140] for keeping the covariance of
the theory fixed, and in [[136,/143] (for p = 0) in the context of essential fRG flows. For n = 4
is has been used in QCD for dynamical hadronisation of momentum channels of the four-quark
scattering vertex, for an application within this work see or [51,[144]. Moreover, it
has been used for dynamical composite dimers in applications to ultracold gases in [|[145]]. We
proceed by illustrating this general framework by discussing two examples in the low-energy
sector of QCD.

For the remainder of this section, we distinguish two different sets of fields (in a slight abuse
of notation). Firstly, we have the untransformed field ¢, which is directly linked to the mean
value of the fundamental field () with ¢ = 0 from , and accordingly p, = ©2/2 as




3.3 General functional flows 41

defined below in|(3.37)} Secondly, we consider the flowing field ¢ with the corresponding
invariant p = ¢2/2. In this notation we have ¢ = ¢, if ¢ = 0 as stated in the derivation of
(3.35)

Flowing fields at work in QCD

We recall the combined expansion scheme for QCD, which was described in[Section 3.2.2] There
momentum dependence of scatterings is taken into account within the vertex expansion. This
expansion has been shown to converge rapidly, if all the resonant channels are treated within
dynamical hadronisation: the phase space suppression is very effective and in the absence of
a small parameter this is called apparent convergence. In turn, multi-scattering events get
important in the presence of close massless modes. Prominent examples in QCD are the pion
in the chiral limit or the o and density modes close a potential critical end point. The slowing
down of the convergence in the chiral limit has been studied in [117]]: while for physical pion
masses, m, ~ 140 MeV a Taylor expansion of the meson potential V¢(p,,) with

1
Py = B (02 + 7r2) , and ¢! =(0,m,m,,m3), (3.37)

converges rapidly within 5 - 7 orders of p, see also [44, 45,48, 51], far more orders are
required for pion masses m, S 1 MeV, where also critical scaling sets in. The critical part of
QCD in this regime is the mesonic sector, which is simply described by a (non-local) O(4)-model
after integrating out all other degrees of freedom. This was already outlined in
where we also introduced the effective mesonic potential V(o).

The pivotal correlation function in these regimes is the full two-point function T®[.](p)
for constant backgrounds .. Space-time or rather momentum-dependent backgrounds are
covered by the higher order correlation functions I'™[¢,1(p, ..., p,)- In the vertex expansion
their importance drops rapidly due to phase space suppression. Moreover, evaluated on the
constant solution of the equations of motion ¢ ,, with

=0, (3.38)
P=PEom

the two point function I'®[ g 1(p) in the mixed expansion converges rapidly towards that of
the ground state of the theory, the optimal expansion point.

The full two point function for constant fields is obtained by taking the second ;-derivative
at vanishing = = 0. It reads

I [91(p)=Z,(py.p) [p2 +m2(p,)] . (3.39)

with the pole mass m(p,,) defined by the on-shell condition Fg%l[cp](pz =-—my,(p,)) =0.

The wave function Z,(p,, p) is the coefficient of the operator (autp)z in the effective action
and the evaluation of the derivatives at w = 0 eliminates terms proportional to ¢-derivatives
of Z, and mi(pw).

[Equation (3.39)|leaves us with the particular task of determining the field- and momentum-
dependent wave function Z,(p, p). Importantly, if the latter is non-trivial, this hints at the
field ¢ not being the physical field that leads to a simple description of the ground state and
hence the theory. Moreover, its resolution is then a non-trivial numerical task. This suggests to




42 3. The functional renormalisation group

dynamically change the field with the momentum scale such that the dispersion|(3.39)|takes a
simple classical form, ¢ — ¢ (p, ¢), leading to the dispersion

I, [61(p) = [p* +m3 ()87, (3.40)

or variants of it. This transformation can be included in terms of an fRG flow, where the
transformation ¢ — ¢ (¢, p) can be implemented and monitored successively as a function of
the infrared cutoff scale k with ¢ — ¢ (¢, p). However, instead of using ¢ — ¢ (¢, p), one is
using the successive field transformation from the RG-adapted field basis ¢ at a given scale
k to the RG-adapted field basis at the scale k — Ak, encoded in the flow ¢ «(¢,Dp). Here, the
argument of ¢ is the flowing field ¢ at the scale k.

We emphasise that within this transformation the fields ¢ are the mean fields in the effective
action and carry no k-dependence. Their relation to the fundamental fields is solely carried by
the k-dependent function ¢ (¢, p).

* As a first example for (iii), we now choose an RG-adapted field basis with Z p=1 for all
cutoff scales,

bi(¢,k) — Zyk(p,p) =1, (3.41)

for all k, see [|136]. IEquation (3.41)\ entails the differential form of the transformation
from the microscopic fundamental fields to emergent effective fields with a classical

dispersion. A momentum independent implementation of |(3.41)|is given in

* A second example is an application of (i) to scalar O(N) theories, which can be found
in [139]. Here the reparametrisation of the theory in terms of flowing fields has been
used to flow the fundamental fields ¢” = (¢, ..., py) in a Cartesian basis into polar
coordinates

pT =(p,0), ¢ =420 s (3.42)
0

Here, the t* with a = 1,...,N — 1 are the generators of the quotient O(N)/O(N-1), and
the subgroup O(N-1) leaves the vacuum vector (1,0, ...,0) invariant.

The field p = p2/2 inis the radial field, and the phase fields 6¢ are the Goldstone fields.
In the broken phase, the basis is advantageous, because the phase fields describe the
Goldstone fields or rather their fluctuations for all values of the field, while in the Cartesian
basis this only holds true at the expansion point ¢! = (p; = ¢,0). In turn, the polar basis
has a parametrisation singularity for o — 0 and hence in the symmetric phase the Cartesian
basis is more natural. Accordingly; it is suggestive to define a basis that interpolates between
the Cartesian basis in the symmetric phase (or small field values p) and the polar basis in the
broken phase (or large field values of p). This is linked to an expansion scheme of the theory
about the ground state of the theory, and has been called Goldstonisation in [139]. Notably, in
the large N limit, the flow equation of the effective potential only depends on the Goldstone
wave function Zy. The compatibility of the results within the interpolating flowing fields with
that in the standard Cartesian basis has been explicitly shown in [139]. The setup, notation and
results have been also used in [142] for an application to the thermodynamics of a Bose gases.
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There are many more applications including non-relativistic theories in and out of equilibrium,
e.g. [[146], where a formulation in phase fields is better adapted to the physics phenomena at
play, as one is setting up an expansion in the (dynamical) physical degrees of freedom.

The two examples are complimentary: while defining flowing fields that are adapted to
the different phases of the theory, the formulation in [[139,142[] does not aim for a classical
dispersion. On the contrary, in the large N limit the whole effective potential is generated from
the field-dependent wave function Z(p, p) of the Goldstone modes.

A more recent and intriguing application, directly aiming at[(3.40)} has been put forward
in terms of the essential renormalisation group [136,(143] for critical scaling in scalar models
and quantum gravity. In particular, the choice[(3.41)| has been suggested in [[136] and used in
the three-dimensional O(1) model for a refined analysis of the Wilson-Fischer fixed point. In
terms of the essential renormalisation group put forward in [136] the wave function Z, is an
inessential coupling that can be absorbed in a redefinition of the field. As discussed above in
the context of the O(N) application in [139], in the large N limit the essential effective potential
originates from the inessential wave function alone. This interesting structure and potential
simplifications ask for a more detailed analysis.

All these applications as well as that in [139,/142]] are guided by the search for the optimal
expansion and parametrisation of the theory about and in terms of the ground state, see
also [[140]. This expansion about the full propagator, or covariance of the theory, is also is at
the core of the RG-adapted expansion of the Wilson effective action and the 1PI effective action
put forward in [[4] for fRG flows for complex actions. The respective functional optimisation
setting is discussed in [[127]], and is related but not identical to a distinction of essential and
inessential couplings. For a recent perspective of such a functional optimisation in terms of
optimal transport [[141].

The above considerations and in particular the relation of optimal expansions to that about
the ground state or full covariance of the theory also emphasise the importance of physical
constraints for this general reparametrisation setup. For instance, instead of the form (3.40)|of
the reparametrised kinetic operator or covariance obtained from Z, = 1 but unchanged mass
function (in terms of the new field variable ¢), we may have chosen with mi (p)=0o0r

any other mass function mi (p) = 0. While such transformations exist and seemingly remove
a relevant or marginal parameters (in d > 2) from the theory, they encode the expansion of
a theory with pole mass mi (p) about theories with the pole mass mi (p) = 0 or any other
choice. Within the present Euclidean setting this is a smooth transformation. However, while
possible, it is certainly not optimal and functional optimisation in [|[127]] for the full two-point
function shows this manifestly. Moreover, in the real-time or Minkowski version of the O(N)
model, the respective transformation maps the spectrum of a given theory to a different one.
Such a transformation necessarily moves pole and cut positions of correlation functions and
has to be taken with a grain of salt. In any case it is hardly optimal. This concludes our brief
discussion of general reparametrisations and flowing fields.

3.4. Real time fRG

This section is taken from [3|].

In this section, we turn our focus toward real-time applications of the fRG. These are required
for the investigation of timelike phenomena, ranging from scattering processes, the formation
and spectrum of bound states to the time evolution of quantum systems close and far from
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equilibrium. For real-time applications of the fRG in a broad variety of research fields, see,
e.g., [1474167].

We begin by discussing the issue of finding a Lorentz invariant, causality preserving cutoff
function for fRG flows in[Section 3.4.1] Such a cutoff comes at the prize of the built in finiteness
of the method, hence we present a novel finite renormalised fRG approach in[Section 3.4.2| The
renormalisation is transported along with the flow and hence is called flowing renormalisation.
One of its advantages is its manifest finiteness, also for regulators or regularisation schemes
that do not directly implement a UV decay in the loops of the flow equation. This allows for its
application to general non-perturbative truncation schemes.

In particular, this novel fRG setup can be used to derive a spectral fRG approach in real
time, the spectral fRG, which we consider in Our approach is based on the
spectral representation of correlation functions, and is manifestly finite as well as Lorentz (or
Galilei/Schrodinger) invariant. It builds on the novel functional spectral approach setup [168,
169[] which has already been used in [[166].

3.4.1. Infrared regularisation and symmetries

To apply the functional flow equation|(3.35)|in a real-time setting, we first need to discuss
some properties of the flow linked to the choice of regulator.

Firstly, we saw in|[(3.13)|that the regulator implements an IR regularisation through an, in
general momentum-dependent, mass term that effectively suppresses quantum fluctuations
of field modes with momenta p? < k2. The second property of the regulator is a suppression
of modes with p? = k? in the momentum-loop integrals, rendering the flow and all its field
derivatives UV finite.

In addition to these conditions, which guarantee the finiteness of fRG flows, we might want to
impose additional, physically motivated conditions onto the regulators. For relativistic theories
it is desirable that the regulators do not spoil Lorentz/Poincaré invariance. Furthermore, for
studies of real-time properties, i.e. in Minkowski space, causality should also not be violated.
The latter is directly related to the existence of a spectral representation for the propagator of
o.

To maintain Lorentz invariance, the regulator should be a function of the four-momentum
squared, Rf (p?). However, as discussed, e.g., in [149], such regulators might spoil causality
through unphysical poles or cuts in the complex frequency plane. Typically, such regulators
either do not admit a spectral representation or generate fictitious mass poles that only disappear
in the vanishing cutoff limit, for a discussion of the latter see [149,152,(156].

A further common choice are regulators that only depend on the spatial momenta, R;f 2.
Clearly, these regulators do not lead to additional poles in the complex frequency plane, but
merely modify the dispersion of the fields. Thus, they admit a spectral representations at the
cost of violating Lorentz invariance. If the system is in a medium, explicit Lorentz symmetry
breaking might seem innocuous, as it is broken anyway. While this has been confirmed in
specific examples [[156,170], it is a priori unclear in general. Especially when considering
limiting cases of a phase diagram such as T — 0, the question becomes much more intricate
than the comparisons in the aforementioned works.

Hence, effectively we either violate (or at least complicate) causality, or we violate Lorentz
invariance. All known examples of regulators rely on the regularisation conditions in
However, by relaxing at least one of these conditions, there is a natural choice for a regulator
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which preserves both causality and Lorentz invariance,

Rr?

kcs = 2 K, res(x) =1, (3.43)

which we refer to as the Callan-Symanzik (CS) regulator. It implements IR regularisation
through an explicit mass Ami = Zs k*. In this case the flow equation has been derived
in[[171]. To our knowledge, it is indeed the first occurrence of such a closed (and one loop) exact
functional equation for the effective action. The insertion of the CS regulator in[(3.35)|leads
us to the (inhomogeneous) functional CS equation. However, it violates the second condition
in The CS regulator only lowers the UV degree of divergence by two, for example,
quadratically divergent diagrams such as the tadpole diagram in the two point function of the
¢* theory in d = 4 leads to logarithmically divergent tadpole diagrams in the CS equation.
In short, at each k in the flow, all loop momenta contribute. To render the flow finite, an
additional UV regularisation is required in general.

The structural similarity of the Wetterich equation [(3.35)| with regulators obeying|(3.13)|and
the flow with the CS regulator (3.43)|is misleading. While the former equation implements
a Wilson-type momentum-shell integration in a fixed underlying quantum field theory, the
CS flow constitutes a flow in the space of theories. To be specific, the need for additional UV
regularisation at different cutoff scales k implies that we have different theories which require
a different renormalisation. Hence, the flow must be re-renormalised; only specifying the
initial effective action I}, does not necessarily lead to a finite renormalised solution of the flow
equation. This renormalisation is typically done with an RG transformation, leading to finite
renormalised loops as well as the $-function and anomalous dimension terms in[(3.44)| This
can be achieved instead by the introduction of explicit counter terms to the flow, supplemented
with renormalisation conditions which are fixed at a, in general k-dependent, renormalisation
scale u, as has been done in [|3].

3.4.2. Functional flows with flowing renormalisation

In this section we discuss the finiteness of infrared flows and the finiteness of the ultraviolet
limit of the effective action. Both properties are related to the UV renormalisation that is
implicitly or explicitly implemented in the flow equation. This leads us to the concept of flowing
renormalisation.

RG consistency and UV scaling

The underlying RG invariance of the theory at k = 0 implies that the full effective action T’ = [}
obeys the homogeneous renormalisation group equation [127], see also|(2.21)] This entails the
invariance of the underlying quantum field theory under self-similarity transformations of the
theory. In the presence of RG-adapted regulators the scale invariance, udz—zﬂ = 0, of the theory
is maintained [3,127]. As a consequence we obtain the general flow equation that comprises
the change of a cutoff scale, here k, as well as an accompanying general RG transformation.
These general reparametrisations (self-similarity transformations) also involve non-linear field

transformations, ®; — ¢;[®], which we have seen in|Section 3.3

Thus a flow equation with reparametrisations at each flow step can be derived [127],

o 1
(s&‘s + B0, + f Y&f}@jg) L[e]= STrGl®] (6 +2ra)R},  (3.44)
X J
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where we consider k(s) and u(s) with
$0s = ud, + 0. (3.45)

The B-functions ) and anomalous dimensions y*) then encode the full s-scaling of a combined
cutoff (k-) and RG (u-) flow, including a reparametrisation of the theory,

) de ) dA
b=5—1, =5s—. 3.46
T s ds ﬁl ¥ ds ( )
Furthermore yg) = }ffb“ )+y¢, andye = —% 0, log Z occurs due to the standard linear reparametri-

sations of the fields. [Equation (3.44)|including the field-dependent generalisation yg is the
general fRG setup for the effective action, see

For regulators with the second property (UV decay), general reparametrisations encoded
in the anomalous dimensions and f-functions may facilitate the computations or implement
functional optimisation schemes. It is simply a convenience for infrared flows with finite flow
equations, but is a necessity in the absence of ultraviolet finite loops, as is the case for the
CS regulator, Then, the rescalings implement the required UV renormalisation via
multiplicative renormalisation. While this is a formally correct procedure, the implementation
of multiplicative renormalisation within non-perturbative truncation schemes is intricate. This
intricacy is present for all diagrammatic methods such as DSEs or 2PI methods, a detailed
discussion is provided in [172].

Functional RG with flowing renormalisation

The generalised flow equation can be used with an infrared regulator and an additional
ultraviolet one to derive a flow equation which also incorporates an explicit UV renormalisation
in a manifestly finite approach. This is implemented in terms of a generalised BPHZ scheme
with the subtraction of a flowing counter term action. In contradistinction to multiplicative
schemes this leads to finite loop diagrams by subtraction. Such a construction has the benefit
of a simple and robust numerical implementation.

The flowing (UV) renormalisation of the flow is introduced by tracking a UV scale A = A(k)
alongside with the infrared flow and subsequently taking the limit A — oo. This novel flow
equation, with flowing renormalisation, is derived in [3] and reads,

8591 = STrGy[$18.R? 2. [9]. (3.47)

Here, the flow of the counter term action |(3.48)|accounts for the flow of the renormalisation
conditions, as well as the finiteness of the flow itself for infrared regulators R? such as the CS
regulator. The counter term action is given by,

. 1
osals)i=— lim (310GP, 2,0,k ). (3.48)
where the factor 2 is a relative measure of RG steps in the k- and A-direction,

P, = 0, log A(k), (3.49)

where t, =log(A/k..), with a reference scale k. R;i A

of the UV-scale A. We recover the infrared regulator for lim,_, R(,f A= R®.

is the UV-regulator term as a function
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In the case of UV-finite regulators R? the ﬂowreduces to the standard momentum-flow,
since lim, _, o, (8tARf A) = 0. In general however, this naive limit can only be taken for infrared
momentum cutoffs that decay sufficiently fast in the ultraviolet. Most importantly, we can
identify the terms o< 9, as UV-cutoff flows that can be used for a flowing renormalisation
scheme.

The derivation, put forward in [|3]], holds true for general infrared regulators. For our specific

real time applications we consider regulators Rf A with
o p?
RiaP)=Zykr(xp),  xp="3, (3.50)

where we have used a spatial momentum regulator in order to retain causality in a simple
mannet, as discussed in the previous section. For A — 0o we require

lim RY =2, k%, (3.51)

to recover the CS regulator. [Equation (3.51)] defines a set of possible shape functions r(x)

The counter term action depends on a finite set of renormalisation parameters and removes
all terms with positive powers A" as well as logarithms log A/k,.¢ from the flow. This renders
the infinite UV cutoff limit finite,

Jlim_ |8 Al@]] < o0 (3.52)

Accordingly, the amount of renormalisation parameters is equivalent to the number of UV
relevant and marginal directions. Moreover, in the limit A — oo the counter term action takes
a local form for approximations with local vertices that reduce to the classical ones for large
momenta. It can be augmented with general reparametrisations of the theory, leading to a
generalisation of We defer this to [3].

This general setup also allows us to monitor and change the renormalisation conditions within
the infrared flow. This generalises the standard fRG setup, in which the (UV) renormalisation
and the respective renormalisation conditions are implicit in the choice of the finite initial
action.

Finite CS flows and flowing renormalisation conditions

In we use this flow to set up spectral functional flows with the finite CS flows
derived from|(3.47)| For the CS flow the general equation reduces to

O Ti[p1=TrGylp1k*>—3,S.[], (3.53)

where a CS regulator in a manifestly UV finite setting is assumed and the finite limit A — oo
can be safely taken. As for the general equation|(3.47)|the novelty of[(3.53)|is not its finiteness
per se. Indeed, already the original functional CS equation as derived in [[171] can be shown
to be finite order by order in perturbation theory. However, is manifestly finite in
general perturbative and non-perturbative truncation schemes with a manifestly finite effective
action. Moreover, the present setup allows for a direct computation of the flow of the counter
term action, only dependent on a set of renormalisation parameters which are in one-to-one
correspondence to the coefficients of the UV marginal and relevant operators.
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The general flow[(3.47)|and its finite CS limit[(3.53)|seemingly imply that we are left with
the task of computing the non-trivial scaling factor 2 as well as the A-trajectory at each RG
step. This would exact a heavy price for the finiteness It is therefore noteworthy that
we do not have to compute J,S.[¢ ] from the flow of A(k), since we can fix it completely by
choosing a set of renormalisation conditions. Then, the subtraction J,S.[¢ ] is determined
such that the flow of these conditions vanishes. This choice is practically implemented by
subtracting the t-flow of the correlation functions l"lgn)(p2 = u?), that is the renormalisation
condition from the full t-flow. This renders the functional t-flow finite (if one also subtracts
the zero point function) and guarantees the RG conditions to hold.



CHAPTER 4

Gluon condensation and mass gap

This chapter is based on [2|], text and figures are taken from the publication. We begin by investi-
gating the gluon mass gap, which is linked to gluon confinement via the Kugo-Ojima confinement
criterion, see The publication studies mechanisms for the creation of a gluon con-
densate and makes a prediction for the gluon mass gap.

Yang-Mills theory exhibits a mass gap, in spite of the fact that the fundamental degrees of
freedom are massless at the level of the classical action. While perturbation theory is based
on massless gluons, non-perturbative quantum fluctuations lead to exponentially decaying
correlation functions for gauge invariant observables, which are characteristic of massive
excitations. The lightest excitations are glueballs [[173,(174], and the lightest glueball mass sets
the mass gap or confinement scale. This dynamical emergence of a mass gap in the gauge sector
of QCD has been established by numerous lattice studies, see e.g. [175-179], and continuum
studies, see e.g. [180-188].

In a gauge fixed version of QCD the effects of the mass gap manifest themselves through the
appearance of distinctive patterns in the infrared momentum region of correlation functions.
Most of the related investigations have been performed in Landau gauge QCD. In particular
the infrared behaviour of the gluon propagator in Landau gauge has been explored within
large-volume lattice simulations [189-197] and non-perturbative functional methods, such as
Dyson-Schwinger equations (DSEs) [92,198-201] and the functional renormalisation group
(fRG) [95,(104,202,/203]. In combination, these investigations have led to a coherent picture:
with exception of the deep infrared regime far below the confinement scale Agcp, the results
obtained for the gluon propagator in the non-perturbative domain are in excellent agreement.
In particular, they are found to be well compatible with a description in terms of an effective
gluon mass. Put differently, they show the dynamical emergence of a mass gap in the gluon
propagator, as well as in higher order correlation functions.

The precise relation between the gluon mass in gauge fixed QCD and the physical mass gap
in Yang-Mills theory is still an open question. Nonetheless, in covariant gauges a mass gap in
the gluon propagator is required for quark confinement to occur. This has been established
through the study of the Polyakov loop expectation value in [88,89].

This situation asks for the identification and investigation of potential mechanisms which are
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able to create an effective gluon mass term. Commonly, gauge boson masses are generated by
the formation of condensates, even in the absence of fundamental scalar fields. The textbook
implementation of such a scenario is realised within the theory of superconductivity. There,
the massive photon associated with the Meissner effect is linked to the condensation of the
Cooper pairs, see e.g. [204,205], and references therein. In pure Yang-Mills theory, a potential
connection between the effective gluon mass and gluon condensates of dimension four has
mostly been discussed within the operator product expansion (OPE) [96,206,207]. It has
been argued in [208] that a non-perturbative condensate of composite color octets in QCD
leads to a simple description of gluon masses by the Higgs mechanism. In this scenario, the
massive gluons can be identified with the lowest mass vector mesons, with a rather successful
phenomenology [209,210].

The chapter is a first fRG study of a potential dynamical emergence of the effective mass in
the gauge fixed gluon propagator in QCD color condensates. This condensate is computed from
the Euclidean effective potential of a constant field strength F,, as in [211], with precision
ghost and gluon propagators obtained within the fRG [47]]. We find minima and saddle points
for finite non-zero F,,,. The minimum value of F,, is related to an effective gluon mass, and
the final color blind result is obtained from an average over color directions. Our computation
of the effective gluon mass agrees very well with lattice results and results obtained from
alternative dynamical scenarios within the error bars, despite the qualitative nature of the
computation. The present study serves as a promising starting point for a systematic exploration
of the connection between gluon condensates and gluon mass gap.

4.1. Gluon condensates

Gluon condensation can be described by non-vanishing expectation values of composite opera-
tors, such as the field strength squared, F,,F,,, being a scalar under Lorentz transformations.
In terms of the free energy or effective action of QCD, this entails that quantum effects would
trigger a non-trivial potential in these condensates, with the possibility of capturing also the
dynamics of the respective interaction channel. In this context, the classical action of Yang-Mills

theory, as introduced in|(2.9)} is the first (trivial) term of such a non-trivial potential.

4.1.1. Color condensates

Color condensates [208,212-214] could render the gluons massive through a dynamical
realisation of the Higgs mechanism. Note that, strictly speaking, a local gauge symmetry cannot
be broken spontaneously. Nonetheless, as is well-known from the description of the electroweak
sector of the Standard Model, the language of spontaneous symmetry breaking in a fixed gauge
can be particularly useful, and will be employed in what follows.

Below we discuss a color condensate operator, derived from F,, in the case of the physical
gauge group SU(3). Generally, a possible condensate operator of dimension four is given by
the traceless hermitian N, x N, matrices

1
AB _ [ pACCB _ 1 CDDC<AB
= (FWFW N F, F & ) , 4.1)
where A,B,C,D =1, ..., N, are color indices in the fundamental representation, F;:‘f =F ﬁv(t“)AB.
The subtraction of the diagonal term makes the operator traceless, y** = 0, and for N, = 3 this
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is an octet operator. In terms of the field strength components Fﬁ ,» the condensate in ((4.1)
reads,
AB 1 a b a b1AB 1 ab <AB
2= 51~*M1:W({t Y= 68 ), (4.2)

We note in passing that the above operator is only present for N, > 3. It vanishes in SU(2), as
the symmetric group invariant vanishes, d%*¢ = trt2{t?, t°} = 0. This suggests already that, in
a realistic condensation scenario leading to a gluon mass gap, should be augmented with
further color condensate operators.

Introducing the composite color condensate field y“B, the quantum effective action I' will
typically contain an induced kinetic term,

T, =2, J (Dux Y (D), (4.3)

with a wave function renormalisation Z,. For a non-zero expectation value ( 2”B), this induces
a mass term for some of the gluons,

mioczxgsz(x)z. (4.4)

Mass terms for all gluons in SU(3) require condensates of more than one octet in different
directions since at least a U(1) x U(1)-subgroup remains unbroken, as for example in [208,
212-214]. This argument also applies to higher gauge groups, N, > 3, and we have already
pointed out in this context that the color condensate operator[(4.2)|vanishes for N, = 2. Besides
different mass terms, octet condensates can also induce different effective gauge couplings for
different gluons, due to terms in the effective action, see e.g. [215,216],

AB . BC 1;CA
f FaByBCFCA. (4.5)
X
This closes our discussion of the color condensation in Yang-Mills theories.

4.1.2. Color condensates and the field strength tensor

The investigation of flow equations with dynamical composite fields such as the color condensate
field discussed in the last section is well understood. It has been introduced and discussed
in [51,{123,/127,(131,/136,217-221], for applications to QCD see [42}/45\48,51,59,(102] and
the review [104]. However, full computations including the composite field y*2 require a
substantial effort, and will be considered elsewhere.

In the present work we restrict ourselves to a qualitative study, whose principal aim is to
gather insights on the possible role of non-singlet condensates in the confining dynamics. This
is done by building on results for the condensation of the field strength tensor within functional
renormalisation group investigations in [211,222}223]. Such a colored expectation value of
F,,, is linked to non-vanishing expectation values of the color condensate operator y in
as well as potential non-vanishing expectation values of further color condensate operators.
Hence, (F,,) can be used to describe the dynamical emergence of the effective gluon mass via
color condensates, for details see

We emphasise that a description in terms of F,,, and its expectation value makes it difficult
to include the full dynamics of the color condensate sector as well as the condensation pattern,
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as this requires the computation of the dynamics of higher order terms in F,, and covariant
derivatives. We also note that such an expansion about (F,,,) works naturally for observables
or more generally, expectation values of gauge invariant operators. There, singling out a color
direction is simply a means of computation. In turn, for gauge-variant expressions the expansion
about a non-trivial configuration mixes with the gauge fixing, and it is difficult to undo the color
selection quantitatively. This can be done with an additional color averaging (-),,, which can
be implemented systematically. As this concerns the understanding and underlying structure of
our work, we further explain this with two simple examples. While important, it is not in our
main line of reasoning and hence is deferred to[Appendix B.2.1]

In any case, while such an averaging is to date always implied in lattice simulations of
gauge fixed correlation functions as well as in most computations in functional QCD using an
expansion about (F,,) =0, it is difficult to implement quantitatively in an expansion about a
colored background. It is this current lack of a quantitatively reliable averaging step that makes
the current investigation qualitative and it constitutes our largest source for the systematic
error.

In the present work, we compute the respective gauge invariant effective potential #(F,,,)
for constant field strength F,,, from the effective action I'[A],

1
Wett(Fpp) = ;Fk [A(F,,)], (4.6)

with the space time volume . Specifically, we choose gauge fields with the following constant
self-dual field strengths:
The components F,,=0 for uv # 01,10, 23, 32 vanish, and we have

F¢ F¢
t*, Fy,=—-——, F®=Fn", (4.7a)
28; 28;
with a constant vector n® with n®n® = 1. The field strength|(4.7a)|can be generated from the
gauge fields

For =Fyp =

1
a_ _ —ra
A =—TFjx,. (4.7b)

Evidently, the configuration is self-dual,

1

EE.U«VPO'F

F,,=F,,, with F, = o> (4.7¢)
and is covariantly constant, [D,, F,,] = 0.
The classical action and the classical potential #, as well as the color condensate (4.1)|is

obtained from the field strength squared, which reads for the configuration|(4.7),

F? 1
FuyFuy = — (),  FFS =—F%. (4.8)
&; &s

For example, for the configuration [(4.7)|with [(4.8)] the classical potential reduces to

1 1
W (FY) = = tr; FAF? t9¢b = —F2, 4.9
cl( ) 2 f 4852 ( )

where tr; stands for the group trace in the fundamental representation. From now on we only
consider configurations of the type|(4.7), and hence #,; will be written as a function of Fn?,
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that is #(F?) instead of # (F,,,). The factor 1/ gs2 inreﬂects the RG-scaling of the
field strength, and has been introduced for convenience. Moreover, as both the gauge fields
and the field strength in[(4.7b)| point in direction n® of the algebra, they can be rotated into
the Cartan subalgebra without loss of generality.

Below, we briefly discuss SU(2) and SU(3) gauge groups, the former case as the simplest
example, the latter case for its physical relevance:

In the SU(2) gauge group, the Cartan subalgebra is generated by t> = o-3/2 and the self-dual
field strength |(4.7)|is given by

F
2g

S

3. (4.10)

Fop =Fy3 =

We have already discussed above that in SU(2) the symmetric group invariant d*° vanishes,

and hence Xlsqg(z) = 0, implying (F WFW)AB =1/2F SVF ﬁv5AB for all configurations. For|(4.10)
we find

F2
(FuyFu ) = ng(sAB. (4.11)
S

The explicit computation in this work is done for the physical gauge group SU(3) with the
Cartan generators t°,t®. These are related to the Gell-Mann matrices by t¢ = A9/2, the
respective vector n has the components n® = 0 for a # 3, 8. A self-dual field strength |(4.7)|is
given by

F
FOl :F23 - g(n3t3+n8t8). (4.12)
S

The octet condensate operator|(4.1)|for the configuration |(4.12) reads

2

F 1 F?

AB _ a,bfra ,b\AB 1 <AB] AB [ <Al A2 A3

x ——zgsz[nn {t?, "} 35 ]——2&25 [5 v, +06™v_+6 V3:|, (4.13)
where
2
1( n® 1 2 1

== —=xn®| —= =-(n®)?-=. 4.14
Vi 2(@ n) 3> V3 B(n) 3 ( )

where the trace(less) condition, y = 0, translates into v, + v_+ v5 = 0 with (n%)? +(n®)? = 1.

Non-vanishing octet condensate expectation values are in one to one correspondence to
non-trivial expectation values of its corresponding gauge-invariant eigenvalues. Hence, a
non-trivial expectation value of the field strength triggers one for the octet condensate y and
other color condensate operators. Therefore, in[Section 4.3 we compute the effective potential
for covariantly constant field strength or rather #.4[Fn?] for the field strength amplitude Fn®
defined in[(4.7a)] and the constant algebra element nt“ is rotated into the Cartan subalgebra.
The respective effective potential is shown in[Figure 4.1]for the physical SU(3) case with the
two Cartan components Fy;n® and Fo;n®. The absolute minima are related by Weyl reflections.

Our explicit computation of the effective gluon mass is based on an expansion about the
minimum (F)(n?) in the three-direction with n® = §93. In SU(2) this is the Cartan direction,
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Figure 4.1.: Effective potential #,(F®) in the plane spanned by the Cartan subalgebras. The position
of the non-trivial global minimum is highlighted in red.

and in SU(3) one of the absolute minima points in the three-direction, see|Figure 4.1} Then,
the expansion about the minimum reads

F) 53 4 p(a), (4.15)
28

s

a _ pa _
FOl_F23_

for both gauge groups, where a, is the gauge field, that carries the fluctuations about the field
strength expectation value. Note that the gauge field, that generates|(4.16)|also points in the
Cartan direction. We find with|(4.7b)
(F)

AZ = 4—8-5(](05#1—X15#0+X25H3—x:35”2)+a#. (4.16)
The fluctuation field a,, that carries the dynamics of the gauge field, leading to the &(a)-terms
in|(4.15)| Within this setting we shall derive our estimates for the effective gluon mass as well
as discussing constraints and bounds for this mass.

4.1.3. Condensates and the gluon mass gap

It is left to discuss the emergence of an effective gluon mass term in the presence of gluon
condensates via the expectation value {Fﬁ ) o< t2 in|(4.15)| or any other algebra direction.
This expectation value is computed from the effective potential #/(F®) discussed in

Expanding the effective potential in terms of the gauge field a, leads to contributions of
the effective potential to the n-point functions of the gauge field, including the two-point
function. However, no contribution to the mass operator in the a-direction, A* A%, is generated.
In particular no mass contribution in the Cartan a = 3 direction is induced, as is readily shown
for SU(2). In the following, we will concentrate on the latter contribution and obtain the color
blind mass by a color average discussed in[Appendix B.2.1}

While the effective potential does not contribute to the effective mass term, the latter receives
contributions from other terms in the full, gauge invariant quantum effective action I'[A]. Such
an action can be defined within the background field approach, which will be detailed in
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Section 4.2| For the time being we simply assume its existence and consider the higher order
term

Z
l—‘F[A] = :Ff (Dp,va)a(D,u,va)a 5 (4.17)

where Z is the wave function renormalisation of the condensate term. IEquation (4.17)\ is the
lowest order term that generates an effective gluon mass term within an expansion about the
condensate (F). An obvious generalisation of |(4.17)|is provided by

J (DuFop)’ Zpor g (Fus)(D)Fap)?, (4.18)
with Zp¢ boap (0)=Zp6540,56 @ In the following we will use the approximation

poaﬁ(< ,uv)) ~ ZFpo'aﬁ(O) (4.19)

hence only considering the term

[Equation (4.17)|leads to an effective gluon mass, but does not contribute to (covariantly
constant) solutions of the equations of motions as its first field derivative vanishes for covariantly
constant field strengths. The relevant contribution to the effective gluon mass term is obtained
by expanding|(4.17)|in powers of the gauge field, while treating the field strength within the

expansion|(4.15)| To that end we conveniently recast|(4.17)|into the form

I[A] = — Zz f FCB(DZ)BAFVP, (4.20)

where the factor 1/2 in|(4.17)|is now carried by the trace in the fundamental representation.
The 0(A?) term is given by

Tp[ J(FVPFVP)AB(A AP+ (4.21)

and we expand (F,,F ,,p)“‘B about the field strength expectation value|(4.15), This implies a
non-vanishing condensate expectation value for|(4.1)|as well as non-vanishing values for other
color condensate operators. The expansion about|(4.15)|leads us to

(FypFpp Y = P Y[(n" )1 + 0(A). (4.22)

N

We drop the higher order terms in ((4.22)|and insert it in |(4.21)} to wit,

T [A] ~ Z—ZF(F)ZJ trf(tB)ZAi 4+, (4.23)

X

Now we evaluate|(4.23)|for the configurations which leads to our final expression for the
effective gluon mass triggered by an expectation value of the field strength proportional to t°.

We first discuss the simple example of an SU(2) gauge group. There, the configuration|(4.15)]
leads to an F If , that is proportional to the identity tensor 1 in the algebra, as 4(t%)? = 1. Indeed,
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as discussed below |(4.10), general field strength tensors lead to diagonal F 51}. In summary, in
SU(2), a field strength condensate in the t3-direction leads to

1
FF[A]zimngZAZ+-~, m3 = ==(F)?, (4.24)
X

with a uniform mass for all gluons. The subscript 5 indicates that, while uniform, the mass
is generated by (Fﬁv) o< 6%, Importantly, entails that a color condensate leads to
gluons with an effective mass. However, the current procedure with an expansion about a non-
vanishing field strength does not allow to directly infer the full effective gluon mass obtained in
a color blind computation from m% in At this state we only can offer estimates, whose
derivation is deferred to the end of the present section.

Before we come to these estimates, we proceed with the SU(3) example. There, we also use
the Cartan-valued conﬁguration (with n® = 0), as one of the absolute minima in the full
effective potential #,¢ points in this direction, see In contradistinction to SU(2),
the square 4(t3)? is not the identity matrix in the algebra, but a projection onto the first two
colors,

(%)% = %5/*3(5/“ +642). (4.25)

As expected, the expansion about a minimum of the field strength, tantamount to one about
the octet condensate breaks color, and indeed, the gluon with the third color is massless
if only considering contributions from I. Hence, while the present expansion shows, that the
gluons acquire an effective mass term o< 5%, the relation of its necessarily color blind strength
mf‘ to the color-sensitive masses derived here is not straightforward.

Therefore, in the present work we simply deduce self-consistency constraints for the effective
mass mi starting with the gluon mass m%, inferred from a field strength in the t> direction. To
begin with, color symmetry can be restored by averaging over global color rotations as always
implied in lattice simulations as well as in most computations in functional QCD. After this
averaging, all masses are identical and non-vanishing. A color average of[(4.23)|leads us to

Z
Do [A] = ?Ffav(Nc)(F)z f AZAZ 5 (4.26)

with f,,(N,) encodes the color average of the factor (t3)? in|(4.23),

Fae(ND = (3 oy - (4.27)

The color average in necessarily leads to a color insensitive sum over all generators
squared in the fundamental representation, which is simply the second Casimir C,(N.) =
(N Cz —1)/(2N.) in the fundamental representation times the identity matrix. Moreover, there is
an undetermined prefactor c,,(N,), which leads us to

2
N2-1

() =caND) D (692 = cay (NG (N1 (4.28)
a=1

In the present work we will only provide constraints for c,,(N.) and hence for f,,(N.) in|(4.27)
For example, a 'natural’ bound for the averaging factor is unity, c,,(N,) < 1.
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In summary we arrive at
2 _ ZF 2
m, = ?fav(Nc) <F> 5 (4.29)
In we will show, that self-consistency of the averaging in the large N, limit entails that in

this limit f,,(N,) o< N.. Indeed, this limit holds true for N.-independent c,,. In particular this
includes the case, where we saturate the 'natural’ bound c,, = 1, leading to

fav=(NZ=1)/(2N,). (4.30)
For this saturation f,, we obtain
Zp N2—1
2 F "¢ 2
= F)*, 4.31
M= N, (F) (4.31)

[Equation (4.31)|will eventually yield our value of the gluon mass. In[Section 4.2} we present the
formalism employed for working with the constant field strength configurations in The
computation of the minimum position F* = (F) n® is detailed in[Section 4.3] and an estimate
of the wave function of the condensate together with the result for the mass gap is presented
n|Section 4.4

4.2. Background field approach

The condensate (F) for the field strength configuration of is given by the minimum
of an effective potential #,¢(F n®), derived from a gauge invariant effective action I'[A], see
Such an action is defined in the background field approach [224], building on a linear
decomposition of the full gauge field A, into a fluctuating and background field. This linear split
is given by A, = A, + a,,, where q,, denotes the fluctuation field and A, the background field.
On the quantum level, this relation has to be augmented with the respective wave function
renormalisations Zz = Z_ 2 for the background field A and Z, for the fluctuation field a,, as
the two fields carry different RG scalings: As 1nd1cated above, the background field scales
inversely to the strong coupling, while the fluctuation field carries the RG-scaling of the gauge
field in the underlying gauge without background field. The gauge fixing condition involves
the background field,

D,a, =0, (4.32)

with the background covariant derivative D = D(A), see|(2.5). Note, that|(4.32)|is invariant
under background gauge transformations,
_ 1 -

a—a+ilw,a], A—A+—Dw, (4.33)
8&s

implying a standard gauge transformation for the full gauge field: A, — A, + (1/g,)Dw.
Consequently, the full gauge-fixed classical action is invariant under|[(4.33)} and so is the full
effective action I'[A, a]. Moreover, the single-field background effective action I'[A] := I'[A, 0]
is gauge invariant and can be expanded in gauge invariant operators. For this reason, it also
allows for a more direct access to observables. In what follows we use the potential condensate

background|(4.7)
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4.2.1. The background effective action and condensates

The gauge invariance of the background effective action allows us to embed the momentum-
dependent kinetic terms and vertices in an expansion about a vanishing gauge field in full
gauge invariant terms that reduce to the original ones for A, — 0. An important example is
given by the (transverse) kinetic term of the gauge field, see e.g. [|88,89,211],

I[A] oc % f AL(P) Za(p*) p? 1, (p) A (—p), (4.34)
p

with the abbreviation fp = f d*p/(2n)*, and the transverse and longitudinal projection opera-
tors

PubPv PuPv
1 _ u _fu
0, (P) = 8,r == 5~ ml,(p)= > (4.35)

The kinetic operator Z,(p?)p? is identified as the A, — 0 limit of the second field derivative
of a gauge invariant term in the effective action I'[A]. This leads us straightforwardly to the
parametrisation

1
I'[A] = 5 f trFyy fauvpo(D)Fpg + 70, (4.36a)

with the split

1
fA,Mvpo(D) = EZA(AS)(S[,LP5VO' - 5ua5vp)

+ FyéfA,}/E,u,vpcr(D) . (4.36]3)
In|(4.36b), we have introduced the spin-s Laplacians

Ag=—D?, Ay yy =D,y =—D?5,,+2igF,,, (4.36¢)

see also|(B.20)| [Equation (4.36b)|represents the most general parametrisation for a covariant
function coupled to two field strengths. Since f .5,y is @ function of the Laplacian D, higher
order terms in the field strength tensor are contained in the second term of|(4.36b)} For A, =0,
all these decompositions reduce to their the momentum-dependent versions. In particular, the
kinetic term(4.34)]is obtained from|(4.36b)| by taking two gauge field derivatives at A= 0.

A further relevant example is the sum of the classical action and the term I in[(4.17)| that
generates the effective gluon mass. This combination is obtained with

Zy(—D*)=Z,—ZpD*,  fa,5uvpo =0. (4.37)

Here, Z, is the constant background wave function renormalisation multiplying the classical
action, which also entails Z, = Z_2.

The example given in is central for two reasons: Firstly, it demonstrates how the
condensate studied in this work emerges from the general, gauge-invariant form of the effective
action which is defined in the next section within the background field formalism.
Secondly, it establishes a link between the wave function renormalisation of the condensate
and the kinetic operator of the gluon field Z,(A;). More explicitly, due to the generality of the

split|(4.36b)} |(4.37)| entails that the wave function renormalisation of the condensate|(4.17)|is
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simply given by the D2-coefficient of the dressing function of the gluon propagator. In the limit
of vanishing background, this simply corresponds to the p*-term in the gluon propagator.
Note that the use of different A, in the split[(4.36b)|leads to different forms for f, ..., thus
modifying the parametrisation of the kinetic term. Still, the different field modes carry different
spin, and the use of the respective Laplacians makes the split in|(4.36b)|to be the most natural.
Typically, higher order terms within this split are suppressed in the effective action. For example,
the second derivative of the classical Yang-Mills action is given by A; = 9, multiplied by a
covariant transverse projection operator. For covariantly constant fields with [D, F] = 0, we get

5% 1 ) N
1A 2 f trFy, = D1,y 11, (D), (4.38)
P g X
where the trace is taken in the fundamental representation. Above, we introduced the covariant
transverse and longitudinal projections,
1

Lim—s _nl I —p -
M;,(D) = 6, — Tl (D), HW(D)—DHDZD,,. (4.39)

IEquation (4.39)|deﬁnes a decomposition in a covariantly transverse subspace with DMHL(D) =0.
It is complete, IT+(D) + n'l(p) =1, and trivially orthogonal. Finally, the operators have the
projection property (II+(D))? = (D) and (11'(D))? = 11(D).

4.2.2. Gluon and ghost two-point functions

When supplemented by a wave function renormalisation Z,(%2r), provides a very good
approximation of the full two-point function of the background gluon. This suggests the split
in [(4.36b)| with the spin one Laplacian A; = @y for the transverse two-point function, and
with the second term being subleading,

T[4, 01 = Zy(P1) D1 o Tz (D) + Fy5 Afa 50 (D) 15 (D), (4.40)

where Afy .5, is @ combination of derivatives of f, ,,,. fully contracted with powers of the
field strength, see and A = A. The transversality of follows from the gauge
invariance of the background effective action, as does its covariance. In|(4.40)|we have used
the notation
- I'A
F’ég;z)w@m A ¢]l= % . ¢ =(a,c,c), (4.41)

with ¢ denoting the ghost and gluon fluctuation field. We shall use the split[(4.36b)|leading
to and similar natural splits for the covariant versions of the momentum dependent
two-point functions, thus going from the Landau gauge to the Landau-DeWitt gauge.

In particular one finds, that a similar line of arguments holds true for the kinetic operator
Z,(p?)p? of the fluctuation field ay,

1
I [0,0] = Z,(p*) p°IT;,(p) + £P

where ((4.35)| was employed, and a diagonal form in the algebra, 1%* = §%°, is implied.
Background gauge invariance entails that ['®?)[A, 0] is a covariant operator under the back-

ground gauge transformations|(4.32)l In consequence, the transverse part of Fég’z)[A, 0] can be

il (p), (4.42)
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parametrised by the generic form of a background gauge covariant function already employed

in|(4.36b)} i.e.,
1
T2 [A,01=Z4(27) D10 T, (D) — e’ M), (D) + Fys Afayus (D)5, (D). (4.43)

In|[(4.43)|we have used the spin-1 Laplacian A; = 9 defined in[(4.36¢)|in the wave function
renormalisation Z,, since the transverse fluctuating gluon is a spin-1 field. For two-flavour QCD,
the validity of such covariant expansions has been confirmed explicitly for the quark-gluon
vertex, whose non-classical tensor structure can be related to higher order gauge-invariant
terms GIp"q [48].

Finally, in the case of the ghost two-point function we parametrise

Ffao 2[A,0] = —D?Z,(-D?) + Fy Afeuv(D), (4.44)

where the use of the spin zero Laplacian in[(4.44)]is suggested by the ghost being a spin zero
field. For A, = 0, the ghost two point function inreduces to that in standard covariant
gauges.

The infrared behaviour of Z,(p) in the Landau gauge is an extensively studied subject, both
on the lattice as well as with functional approaches, see e.g. [92,(104,197,198,200,201]. In
particular, two types of solutions have emerged:

(1) The scaling solution [90] has an infrared vanishing gluon propagator and a scaling infrared
behaviour,

Zor o< (=D*)™*,  Z g o< (—=D?). (4.45)

with k & 0.6. In[(4.45)|we have dropped terms proportional to the field strength. Note that in
this IR solution the ghost is infrared divergent. For the present computations we shall use the
fRG results from [[47] within a quantitatively reliable approximation, for respective DSE results
see [[225]].

(ii) An entire family of decoupling or massive solutions [96], where the gluon propagator and
the ghost dressing function saturate at finite non-vanishing values at the origin, in agreement
with the IR behaviour found in large-volume lattice simulations. Specifically, we have

1 +caD210g(;2D2 )

—D2

Zg R OC , Z, g < Cc. (4.46)
Note that the fluctuating propagator can be mapped to the background one by means of an exact
identity, characteristic of the Batalin-Vilkoviski formalism, which involves a special two-point
function, see e.g. [200,(226].

We emphasise that both types of solutions agree quantitatively for momenta p? 2 AéCD, with

Aqcp related to the infrared mass gap. As a result, the deviations induced to phenomenological
observables by the use of either type are quantitatively minimal, see e.g. [48,227]. In fact,
in the present work we will cover all potential solutions listed above, and show that their IR
differences are immaterial to the central question of dynamical condensate formation.

Both types of solutions, |(4.45)\ and|(4.46)L are infrared irregular, and do not admit a Taylor
expansion about —D? = 0. Instead, we can expand the wave function renormalisations about
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the infrared asymptotics. Making use of the relation between the condensate and gluon wave
function renormalisation established in|(4.37)| we arrive at

Zoja(—D*) =Zyja1r(—D*) + (=D*) Zy o p + 0(DY), (4.47)

for both Z, and Z, with Z, g defined in[(4.45)|and|(4.46)} and Z,,  is the wave function Zg
for fluctuation field and background field respectively. The first term Z, 4 1 carries the irregular
infrared asymptotic behaviour, and Z,,  is the (uniquely defined) constant prefactor of the
linear term in —D?2. The expansion makes explicit that scaling and decoupling solutions
only differ in the IR leading term Z, 4 1z, while coinciding in the expansion in powers of —D?.
This in particular entails that the overlap between gluon propagator and the condensate
is independent of the leading IR behaviour of the respective solution, scaling or decoupling.

We are ultimately interested in the physical mass gap mg,,, of the fluctuation field a,, resulting
from the condensate term[(4.17)|in the full field A=A+ a. The derivation of the fluctuation
field mass gap works analogously to that of (4.29)|in[Section 4.1.3|leads to a contribution Ty,
in the effective action with

1
Tyap = Eméapf aﬁaz , (4.48)
X

where the effective gluon mass of the fluctuation gluon a,, is given by

Zcond
mZ, = C;n Fav(N(F)?. (4.49)
with Z.nq = Z, r and the averaging factor f,,(N.) introduced in|(4.26)|and discussed there. In
particular we have Zp = Z, p # Zonq- The wavfunction Z is used in|(4.29)|for the mass term

in a gauge invariant effective action, and in the present approach this is the background field
effective action. The difference between the wave functions is the ratio of the respective wave
functions of the background and fluctuation gluons.

In|(4.37)|we observed that the wave function renormalisation Z.,,q of the condensate studied
here generally appears in the dressing function of the respective gluon propagator, cf.
This connection will be utilised in to determine Z,,q from the input gluon
propagators [47]] employed in the computation of the background effective potential # g (F?).
Supplemented with the non-trivial effective potential minimum (F), this procedure eventually
lead to our heuristic estimate of the gluon mass gap in Landau gauge Yang-Mills theory.

4.3. Background effective potential

Now we compute the value of the field strength condensate (F,,) discussed in|Section 4.1.2
For this purpose, we update the fRG computation done in [211] to a self-consistent one with

fRG precision gluon and ghost propagators from [47]. In|Section 4.3.1|we briefly review the
approach, and in|Section 4.3.3|we report on the results for the condensate.

4.3.1. Flow of the background effective potential

For the full computation we resort to the functional renormalisation group approach, for QCD-
related reviews see [104,127,202,203,228,229]. In this approach, an infrared regulator R;(p)
is added to the classical dispersion. In the infrared, that is p/k — 0, the regulator endows all
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Figure 4.2.: Depicition of the flow equation for the effective action, Spiralling orange lines depict
the full field-dependent gluon propagator (AA), = G,,[A, ¢ ], dashed back lines depicted
the full field-dependent ghost propagator {(cc). = G.:[A, ¢ ], where the subscript stands for
connected part. The circled cross stands for the regulator insertions d,R, (gluon loop) and
I,R. (ghost loop).

fields with a mass, typically proportional to the cutoff scale k. In addition, the regulator R, (p)
vanishes rapidly as p/k — oo, and the ultraviolet physics is not modified. The change of the
scale dependent effective action, I}, under a variation of the cutoff scale k is described by the
flow equation. In the background field approach it reads

at Fk [A: ¢] = % Tr Ra [A] Gaa [A: ¢] —Tr Rc [A] GCE [A: ¢] B (450)

where t = logk/A is the (negative) RG-time, and G,, G, are the fluctuation propagators of
gluon and ghost respectively,

1
rP[4, ¢ 1+ R[A]

Gg,g,[A 1= (4.51)

1¢2

The traces in sum over momenta, Lorentz and gauge group indices, details can be
found in[Appendix B.2.4} The regulator function R = (R, R.) transforms covariantly under
background gauge transformations, which preserve the background gauge invariance of the
effective action. The current work utilises the propagator data from [47]], which requires the
use of the same regulators for our computation of the background effective potential. For
details on the regulators see [Appendix B.2.3|

For the derivation of the (background) field strength condensate we solve the equation of
motion stemming from the effective potential #,¢(F® of covariantly constant field strength
defined in|[(4.6)| In the fRG approach it is obtained from its scale-dependent analogue,

1
Wi (F) = ;Fk [A(F?),0], (4.52a)
with the full effective potential being defined at vanishing cutoff scale k = 0,
Weit(F) = Wi=o(F?). (4.52b)

The effective potential # is obtained by integrating the flow equation of the background
effective action J,T}[A(F), 0], derived from |(4.50)|from the initial ultraviolet scale kyy to the
running cutoff scale k. The only input in this flow are the two-point functions Fég’z)[A(F ),0]

and I‘C(EO 2) [A(F),0], which we can infer from Landau gauge results. This is the background
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Landau-deWitt gauge with A = 0. For vanishing background the two-point functions only
depend on momenta, F(O’z)(p). We use the results from [47]], with

(0 2)

102(0) = Zos (P 0) + 7| 420,67 | 1),

£
r®2p) =p?Z. (p?), (4.53)

with the transverse and longitudinal projection operators introduced in [(4.35)| In[(4.53)]
ﬂab

5P is implied in both two-point functions. The longitudinal dressing Z, I . Signals the
breaking of BRST invariance due to the presence of the regulators, and vanlshes in the limit
k — 0. There, the gluon two-point function in |(4.53)|reduces to that of[(4.42)| Moreover it is
absent in the gluon propagator for the Landau gauge, £ — 0,

Now we switch on the background field and use the decomposition [(4.43)|for the transverse
gluon two-point function. Moreover, we drop the second line proportional to Af, comprising
higher order terms. They are associated with non-classical tensor structures and can be shown
to be small in the perturbative and semi-perturbative regimes. In the Landau-DeWitt gauge, only
the gauge-fixing survives in the longitudinal propagator and we can drop the cutoff contribution

Z I, For the ghost we use |(4.44)|, where we drop the second term proportional to Af.. This
leads us to

Fégi)(P)“’@T Zoi(Zr)TTH(— D)_EDMDV,

r®(p)~ —D*Z ,(-D?), (4.54)

valid for covariantly constant field strength with [D,F]=0. For these configurations, the
transverse projection operator commutes with functions of the Laplacians Ay and A;.

4.3.2. RG-consistent initial condition

The flow equation [(4.52a)|of the effective potential #;(F?) is readily obtained by inserting the
approximations of into the flow|(4.50)| The flow is evaluated for the generic condensate
background The details can be found in|Appendix B.2.3| Finally, the effective potential
Weit(F?) of Yang-Mills theory is obtained from the integrated flow. We arrive at

k

k/
— 0y Wi (FY), (4.55)

WF) = H, (F) +f .

kUV
where #,, is well approximated by the classical potential for a large initial cutoff scale
k. Perturbation theory is valid for these scales, and the background field effective action
I;., [A] reduces to the classical Yang-Mills action of augmented with a wave function
renormalisation Z, . . . All other terms are suppressed by inverse powers of kyy. This amounts
to

Zak F2
W, (FY)=—2F%= 4.56
ko ()= 4g2 16ma,(kyy)’ ( )
where
1 g
S( ) = 5 with ZA(kUV) =1 B (4.57)

4m Zp(k)’
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Figure 4.3.: Effective Potential as a function of F? with a field strength pointing in the t*-direction:
(n®,n®) =(1,0), and the cutoff scale k. The dashed line singles out the absolute minimum
of W(F), see|(4.59)| The substructure of the potential at cutoff scale k = 0.5 GeV is related
to the regulator used, seelAppendix C.1.1| It leaves no trace in the potential for k — 0.

and gs2 is the running coupling at the initial scale k.

The onset of this asymptotic UV regime for cutoff scales k 2 k,, depends on the chosen
regulator or rather its shape. Roughly speaking, the sharper the regulator drops of in momenta
at about the cutoff scale, the larger is the onset scale k,. For the ghost and gluon regulators
underlying the computation of the propagators in , we choose an initial scale
kyv = 20GeV. This is safely in the asymptotic UV regime of the regulators as is also
explicitly discussed in|Appendix C.1.1| In summary, the computation is initialised at

a,(kyy) = 0.184 with kyy = 20GeV, (4.58)

and the running coupling data are also taken from [[47]], which ensures the self-consistency of
the computation.

Inwe have used that the background wave function renormalisation Z, satisfies
Z_ a consequence of background gauge invariance. Moreover, RG-consistency, see
e.g. .h enforces |(4.57)) m the flow of the initial effective action with an infinitesimal
change of the initial cutoff scale is given by the flow equation. Phrased in terms of the effective
potential in this is the simple requirement that #/} and in particular #,¢ = #/ is
independent of k. Then, differentiation of:@with respect to kg readily leads to
More details are deferred to[Appendix C.1.1

4.3.3. Results

The above derivation allows the numerical computation of the scale dependent effective
potential #.(F) by performing the integration in up to the respective RG-scale k. The
result is shown ir1 which shows the k-dependent effective potential as a function
of F2, with a field strength pointing in the t3-direction: (n*,n®) = (1,0). The condensate (F)
is given by the solution of the equation of motion (EoM) for the effective potential #,(F®),
given by

OWoge(F?)

=0 .S
OF , (4.59)

F=(F)
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for the generic field strengths of The emergence of a non-trivial minimum is clearly
visible in the non-perturbative regime < 1 GeV, and its position indicated with the black dashed
line in

The gauge invariant information of the field strength F,, is stored in its eigenvalues, which
do not change under (unitary) gauge transformations. In the present case, only the Fy; = Fos
components and their anti-symmetric counterparts are non-vanishing, and they are proportional
to a combination of the Cartan generators, see|(4.12)| The traces in the flow equation are in
the adjoint representation, and the six non-vanishing eigenvalues of n®t> +n®t® are given by

T$)=:l:n3, Tf)=i(%n3+§n8), TS)=:|:(%H3—§H8), (4.60)
for more details see e.g. [230,231]. The global, degenerate minima in [Figure 4.1]are located
in the direction of the eigenvectors. The underlying Weyl symmetry maps the different minima
into each other, and is seen in[Figure 4.1}

From we determine the expectation values or rather saddle point position of the
condensate in both directions. We find that the expectation value in n3-direction is a global
minimum, while in the n8-direction the EoM singles out a saddle point. Both points are indicated
by the red and blue dots respectively in[Figure 4.1] We determine the value of the minimum by
interpolation,

(F)is =0.98(11) GeV*, (4.61)

where the error is obtained by a variation of 2% in the initial coupling a,. More details on the
RG-consistency of this procedure are provided in|Appendix C.1.1} [Equation (4.61)|is the result
of an SU(3) computation without the N, rescaling.

As discussed below[(4.12)] the minimum in is composed by the condensates of both
F? and FF. In that sense, the value quoted should be interpreted as an upper
estimate for the colorless condensate (F2). The present first-principle Yang-Mills result
corroborates the phenomenological estimates, i.e. (F2) = 0.854(16)GeV* [232], as already
remarked in [[211]]. Indeed, the normalisation procedure used here is similar to that in the
phenomenological computation. In contrast, both[(4.61)|and the phenomenological estimates
disagree with the lattice estimate (F2) = 3.0(3)GeV* [233]]. The latter value is extracted
from (G2) = 0.077(7) in [233], and applying (F?2) = 472(G?). In this context we remark that
the total normalisation may differ, even though all procedures provide RG-invariant results:
for example, one may multiply the respective result by the RG-invariant ratio of couplings at
different momenta, a, (p%) /a (p%), resulting in a global factor. This amounts to mapping the
factor a, from one momentum scale to another. While we lack a comprehensive interpretation,
we simply point out that the lattice definition involves a, at a low momentum scale, conversely
to the present procedure, and that used in phenomenological applications.

For comparison we also provide the saddle point value,

(F)i8 =0.85(11) GeV*, (4.62)

which may be used for a further error estimate of the relation between octet and colorless
condensates, as the octet condensate should be averaged over all color directions.

4.4. Gluon mass gap

The aim of this section is to use|(4.49)\ and|(4.61)|for an estimate of the mass gap. Evidently,
to accomplish this, the determination of the wave function renormalisation Z,,4 is required.
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Inspecting the condensate generating kinetic term, see ((4.17), one finds that its analogue
for the fluctuating gluon also contains contributions of the type

% L al(3)*IL:,(3)a% + ... (4.63)
Hence, the kinetic term for the field strength not only gives rise to the condensate, but also
overlaps with the gluon propagator. More specifically, as can be read off the p*-term of
the fluctuation gluon two-point function carries the wave function renormalisation Z.,.4 as a
prefactor, as made explicit in[(4.47)}

Note that by means of |(4.36a)| and|(4.37)L the p*-term must be solely given by as Zy
implicitly defined in[(4.36b)|encodes the full gluon propagator dressing function, see[(4.34)] In
terms of an operator product expansion, Z..4 can be extracted by determining the p*-coefficient
in the origin of the inverse input gluon propagator data from [47], used in the calculation
of the condensate effective potential in[Section 4.3| Utilising the knowledge of the analytic
structure in IR for scaling and decoupling scenarios, the p*-coefficient is extracted via a fit.
These fits are given by

Zﬁt(pz) = Zas(pz) + Zp2 *+ Zcond p2 5 (4.64)

where only the infrared asymptotes Z,,(p?) distinguish different solutions. A detailed discussion

(scal) (scal)
fit and Zfit

of the fitting procedure is provided in|Appendix C.1.2} and the respective fits Z
in comparison to the propagator data from [47] are depicted in[Figure 4.4|

[Equation (4.64) makes it apparent that scaling and decoupling solutions differ only in the
infrared, where the p* term is subleading. Hence, determining Z.,,q from both data sets
separately amounts to two different ways of determining the same quantity. Therefore, we
combine both input propagators to determine the value of Z_,4. In doing so, we arrive at the
value for the wave function renormalisation

Zeond = 0.162(7) GeV 2. (4.65)

Now we us the wave function renormalisation from (4.65), the condensate value (F 2/(4.30)as
well as the saturation bound |(4.30)|for the averaging factor f,, in the relation for the effective

gluon mass|(4.49)l This leads us to

Mgap = 0.325(20) GeV . (4.66)

[Equation (4.66)|is the main result of the present work and provides an estimate for the
effective gluon mass in the Landau gauge. The relatively large uncertainty in[(4.66)|originates
predominantly from the error for Z,, 4 in In particular, it does not include a systematic
error estimate, and is solely rooted in the small amount of data points for the gluon propagator
of [47] in the deep IR.

A large source for the systematic error is the current lack of a quantitative color average
as discussed in detail in[Appendix B.2.1| Moreover, the field strength condensate also
receives contributions from the topological condensate (FF), see the discussion there and below
Accordingly, we simply note that inserting the literature value from phenomenological
(F2) estimates [232] reduces the value in mgap = 0.304(25) GeV. The same value is

(4.62)

obtained by the use of the saddle point value |(4.62)} which we use as an error estimate.
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Figure 4.4.: Gluon propagators from [47] in the scaling (red) and decoupling (blue) scenario. Colored
markers show the data. Solid lines show the respective fits from which the wave function
renormalisation Z,,q (cf.[(4.63)) is computed, plotted over the fit interval. The fit Ansétze

are given in|(C.7)} see also[Appendix C.1.2|for details of the fitting procedure. The lattice
data are that from [|234] and [|192]/194].

We can compare our result for the gluon mass gap|(4.66)|to that of the lattice data [|234]
shown in|Figure 4.4| given by the value of the inverse lattice propagator in the origin. From
the data point with smallest momentum we extract

m{aie®) = 0.3427(8) GeV. (4.67)

which agrees with our estimate|(4.66)|within the error bars.

A further direct test of the present results is provided by the comparison with the effective
gluon mass inobtained via the Schwinger mechanism with mg,, = 0.320(35) GeV. This
is an alternative approach for the dynamical emergence of a gluon mass gap in the Landau
gauge, for details see{Appendix C.1.3| The results compare very well, which is to be expected
as our propagator with the gluon mass gap agrees well with the lattice results, as does the
propagator obtained with the Schwinger mechanism.

We emphasise again, that the investigation put forward here makes use of a colorless
condensate and the key assumption of its direct relation to the color octet condensate, as
discussed in[Section 4.1.1] Therefore, our study should be understood as a qualitative one,
proposing a possible mechanism for mass generation that yields a mass gap estimate with
the right order of magnitude. In fact, the non-trivial compatibility of the present results
for the effective gluon mass with that obtained from lattice propagators corroborates the
aforementioned key assumption.

We close this section with the remark that, while the effective gluon mass or rather the
gluon mass gap in the Landau or Landau-DeWitt gauge is a gauge variant quantity, its size is
directly related to physical scales such as the string tension and the confinement-deconfinement
temperature, see [88}/89]. Still, its value varies with the gauge as does its precise relation to
the physical scales and mechanisms. Consequently, the numerical estimates of its value are
rather disparate, ranging from a few hundred MeV up to 1 GeV, depending on the details of the
approach and the definition employed, see e.g. [[79,/96,180,196,(235+245]]. Nonetheless, all
these determinations convey information about the same gauge-invariant physical information,
namely the Yang-Mills mass gap.
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4.5. Summary and outlook

In the present work we have explored the dynamical emergence of a mass gap in the Yang-Mills
correlation functions via the formation of color condensates, in the physical case with the SU(3)
gauge group one of these condensates is the octet condensate, see Such a condensate
may be triggered by a Higgs-type mechanism in low energy QCD, similar and potentially related
to dynamical chiral symmetry breaking in QCD with the pion as pseudo-Goldstone bosons.

In the current work we have carried out a qualitative analysis within the fRG approach to
QCD by computing the minimum (F) of the effective potential W (F?) in the three direction
of the Cartan sub group. This non-vanishing field strength is related to non-vanishing color
condensates as discussed in[Section 4.1.2] We have computed the effective potential # (F¢) for
covariantly constant field strength which develops a non-trivial minimum if quantum fluctua-
tions are successively taken into account with the fRG flow, see The condensate
value is in good agreement with phenomenological estimates, but both disagree with
lattice results. As discussed in[Section 4.3.3] this latter discrepancy may be due to a difference
in the normalisations employed.

The relation between the condensate and the effective mass gap is given by[(4.49)| We em-
phasise that the mass gap|(4.49)| triggered by the condensate depends on the RG-condition and
naturally has the RG-properties of a mass function: while the condensate itself is independent
of the RG-condition, the condensate wave function is not and carries the RG-properties of the
inverse gluon propagator. Consequently, the mass gap derived from[(4.49)| has the RG scaling
of the inverse gluon propagator, as it should. Accordingly, for a comparison of the results for
the mass gap obtained here with that in the literature the potentially different RG-schemes and
conditions have to be taken into account. Most fRG-computations including the present one
are done in MOM?, for a detailed discussion see [227].

These considerations result in our estimate of the gluon mass gap, mg,, = 322(34) MeV,
which compares very well to the lattice estimate mg;lgtice) =0.3427(8) MeV from [|192//194,234]
obtained after matching the momentum scales and the renormalisation point. We have also
compared our result for the mass gap with that obtained with the longitudinal Schwinger
mechanism within the framework of the pinch technique [200], see[Appendix C.1.3|and the
very recent analysis see [246]]. This analysis leads to méi;hwmger) = 320(35) MeV which is in
excellent agreement with our estimate.

In summary, the findings of the present work suggest that the gluon condensation as a
mechanism for mass generation works well, and the key assumption in the present work, the
direct relation between colorless and octet condensate holds. Beyond improving the systematic
error of the numerical estimate, on theoretical grounds it would be desirable to establish a
deeper connection between the Schwinger mechanism and the condensate formation.

As an outlook, the present computation can be upgraded with the dynamical inclusion of the
composite octet condensate operator, discussed in[Section 4.1.1] Then, the octet condensate is
taken into account as an effective low energy degree of freedom, which resolves the underlying
assumption of the current approximation, the equivalence of octet condensate and colorless
condensate. It also allows us to study the relevance of a potentially non-trivial condensate
dynamics. We hope to report on respective results in the near future.




CHAPTER b

Discontinuous Galerkin methods in the fRG

This chapter is a compilation of [1], [5] and [10]. The general concept of solving RG-flows within
a numerical fluid dynamics setting is introduced at the example of the O(N) model. We discuss
challenges of this formulation and report on technical improvements that were made along the
way.

In this chapter we introduce the computational tools, which we use to investigate the chiral
phase structure of QCD within the fRG. Whilst keeping this specific purpose in mind, we find
that these tools can be used in a much more general context: charting the phase structure of
theories with competing order effects, (multi-)critical endpoints and lines of first and second
order as well as crossover regimes. Even a qualitative access to some of the most eminent
physics of phase transitions requires a firm quantitative grip on the non-trivial dynamics in the
respective regimes. To chart the location of phase boundaries as well as their nature, the task
turns out to be two-fold, with both aspects being deeply interconnected on a technical level:

The first task concerns first order phase transitions, which have recently been linked to
shock formation in field space [65,247]. This implies, that the occurrence of first order phase
transitions or their absence can only be reliably predicted within a numerical implementation
of the fRG approach that captures the emergence and evolution of shocks.

The second task concerns competing order effects, where even small changes in the flow can
have qualitative impact on the resulting ground state. Accordingly, these challenges require
both the resolution of momentum dependences of higher scattering kernels and a quantitative
resolution of full field dependences in the fRG.

Consequently, for an access to the phase structure of generic theories ranging from highest
to lowest momentum momentum scales within a numerical fRG approach, a numerically fully
reliable and versatile framework, that captures the intricacies discussed above, is required.

A common truncation scheme in this case is the derivative expansion, which was briefly
introduced in[Section 3.2.2] or for a review see [104] and references therein. In this truncation
scheme, the effective action is expanded in gradients of the field. To leading order, the dynamics
is then encoded by the effective potential, whose flow is governed by a second order PDE,
which we derive as an example in[Section 5.1l Hence, solving Partial Differential equations
(PDE) is an important task in the context of phase transitions within the fRG.
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In recent years, this task has been approached by employing a variety of numerical methods
for solving increasingly complex models and approximations. For example, the application of
numerical fluid dynamics to FRG equations has been thoroughly investigated in zero-dimensions
[2481250]).

The dynamics of spontaneous symmetry breaking and convexity restoration in dimensions
d > 2 has been tackled by introducing Discontinuous Galerkin methods (DG) in the large-
N limit [65]]. An application of its naive extension to higher order derivatives, the direct
DG (dDG) method, to the quark meson model at finite N has provided results for the phase
structure at high temperatures and around the critical point [1], see also in this
thesis. Moreover, these investigations found the potential for the creation of shock-waves in the
RG-flows, emphasizing the advantage of using inherently discontinuous numerical methods. It
was also found that the dDG, and hence all derived finite element methods, without further
derivative reconstruction, fail to solve the RG-flows at high densities.

At high densities, the dominance of the o-mode at finite N introduces strong non-linear
diffusive effects to the flow. Such effects lie beyond the scope of dDG methods and necessitate
the introduction of higher order accurate schemes. Thus, the Local Discontinuous Galerkin
(LDG) methods [251]] were introduced to the fRG. They properly handle the more subtle
structure of the second order derivatives in these equations, leading to enhanced numerical
stability. Since the implementation of these schemes becomes increasingly complex, we provide
a simple application to an O(N) model, see also [|5]. Furthermore, we an open source version
of the code is openly accessible at https://github.com/satfra/dune-FRGDG, combined with a
detailed explanation of the code. The code is written as a module for the high performance
PDE framework DUNE [252].

In the following we introduce the fRG flows for a scalar O(N) model in[Section 5.1 These
equations are then used to explain the Discontinuous Galerkin discretisation in[Section 5.2, We
close this section by performing some benchmark checks in[Section 5.3}

5.1. The O(N) model

This section is based loosely on [5]].

In this section we derive the RG-flow of the O(N)-model in vacuum as an example for all
future calculations using the O(N) model and related models. The model is a common test
subject when first considering new methods due to its simplicity. Simultaneously, it has a
large range of applications, ranging from condensed matter physics over cosmology to QCD,
see [[104] and references therein.

The O(N) model has been studied extensively within the fRG [|130}(253-270]], ranging from
fixed points to its RG-time evolution in physical systems. Therefore, it constitutes an excellent
toy-model for our purpose. Particularly, it features second order phase transitions and allows,
in principle, for first-order phase transitions.

5.1.1. Model and flow equation

We begin the derivation by introducing an appropriate expansion scheme, the derivative
expansion, see (Section 3.2.2, For the O(N)-model, the average effective action reads at first
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order,
n{¢]= j a3 {3 20)G0 P+ vilp) o0 | (5.1

where d is the space-time dimension and ¢ = (o, )" is an N-component vector. The potential
V only depends on the O(N) invariant p = UZ;”Z and takes all momentum-independent higher
scattering orders into account. This notation follows the usual applications of the O(N) model
to QCD, see also|Section 2.3.2] In a QCD setting, the factor —c, o corresponds to the explicit
symmetry breaking induced by bare quark masses and decouples from the RG-flow, since it is a
term linear in the field. It only enters when solving the equation of motion after performing
the RG integration and can therefore be ignored in the following. To simplify even further, we
restrict ourselves to the Local Potential Approximation (LPA) and set Z(p) = 1. Thereby our
ansatz only retains the classical momentum dependency.

The RG-flow is derived from the Wetterich equation|(3.15)] by inserting our ansatz for the
effective action[(5.1)] The flow is evaluated at constant fields ¢(x) = ¢, since momentum
dependent quantum corrections are not taken into account within LPA. At constant fields, the
spatial integration on the left-had side of the Wetterich equation simplifies to a volume factor,

whereas on the other hand

1 1 . 1 .
ETr[(Gk)atRk] =3 f (2m)?5(0) Gy.;(p)3,RL = 3 J ¥4 Gix(p)O.R,, (5.3)
p p

where fp = f (ngI))d and the trace sums over the field components i € {1,...,N} and integrates
the momentum loop. The propagator, together with the Regulator derivative, generate a volume
factor, due to their momentum structures at constant fields G(p,q) = G(p)(21)?5(p + ¢q) and
3:Ri(p,q) = 3.Ri(p)d(p + q) respectively. This conveniently cancels with the left-hand side
(5.2)

It remains to evaluate the momentum loop in|[(5.3)] which generates one of the standardised
loop-threshold functions. For a simple scalar (bosonic) loop with a single propagator it is a
function of the mass and reads (in vacuum),

O.R O.R
B, (mZ):J (tz)k(p) :J _ Ri(p) -, (5.4)
p 0 +Re  Jp Zkp? tRi(p) +m

where we insert the approximation of the effective action|(5.1)|to obtain the propagator. The
mass m is generally p dependent and follows from the truncation, see The threshold
functions are given for a specific choice of regulator Ry(p). The current example we uses the
flat (or Litim regulator) [129], which is given by,

1
R =2p PR, and a0 =(3-1)00-0).  65)
where r(y) is called the shape-function. The non-analytic flat regulator is a convenient (and

the optimal) choice in LPA, since it results in analytic threshold functions. We have commented
on the importance of the regulator-choice for specific approximations of the effective action in
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Generally, the flow equations of higher correlation functions will contain loops
with multiple propagators of different field-species and regulator choices. Their definitions are
given in[Appendix B.7.2] usually in a finite temperature and density setting, see[Appendix B.1]
We use various regulators throughout this work, which are given in|[Appendix B.7.1]

We complete our derivation by evaluating the scalar field at the ground state ¢, = (o, 0).
With this parametrisation, the curvature masses are given by

m2 = 3, Vi(p) +2p 32Vi(p),
m2 =3,Vi(p). (5.6)

Finally, the resulting flow of the effective potential follows as

AV )__vdkd+2 N-1 1 5.7)
SRR T e [ ,Vilp) T K2+ 3,Vi(p) + 20 32Vi(p) |’ '

. . . . a/2 .
where the angular integration gives rise to the factor v; = F%IW‘ Equation (5.7)| uses the

(non-standard) convention for the positive RG-time t = In(A/k), since this chapter explicitly
focusses on the parallels to numerical hydrodynamics, where time progresses positively.

5.1.2. A fluid dynamics perspective

With very few exceptions, fully field dependent RG-flows can only be solved numerically. To
find an appropriate method, we look at[(5.7)] from a numerical hydrodynamics perspective in
terms of convection and diffusion. This idea was first introduced in [65]. First, we observe that
the right-hand side is not dependent on the potential itself, but only on its derivatives. Hence
we eliminate the potential from the equation and introduce its first derivative,

u(p)=27,v(p), (5.8)

as a new variable. The RG-flow of u is obtained by taking an additional p-derivative of|(5.7)|
which yields

:  Agk?
ou=29, [fN_l(u) + fi(u+ 2p3pu)] . with fi)=1i k2d+ < (5.9)
and Ay = % . Formally, this is a second-order partial differential equation (PDE) with a

highly non-linear flow. fy_;(u) is a purely convective term. Its effects correspond to a wave-like
transportation of information, albeit non-linear in its propagation amplitude. f;(u+203,u)
has a derivative contribution, which creates non-linear diffusive effects of varying strength.
The convective and diffusive contributions to the flow are unbounded from below, due to
having poles at u = —k? and u + 2p dpu= —k?, which is linked to the convexity restoration of
the potential. For specific initial conditions, or driven systems (for example the quark-meson
model), the combination of wave-propagation and convexity restoration has the potential
to create very strong dynamics and shock-waves. Their numerical treatment requires the
utilisation of inherently discontinuous and higher order accurate methods. A very promising
candidate for such an endeavour are the Discontinuous Galerkin methods, which we briefly
introduce in the following section.
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5.2. The Discontinious Galerkin method

Discontinuous Galerkin methods (DGM) have been used for a wide range of hyperbolic, elliptic
and parabolic partial differential equations, for applications see e.g. [271~273]], for an introduc-
tion e.g. [274]. In a sense, they combine the main features of finite element (FEM) and finite
volume methods (FVM) and thus compensate for shortcomings of both methods. These features
are the parallelisability, geometric flexibility and inherent discontinuity of FVMs and the higher
order accuracy of FEMs. For specific parameter choices DGMs can be reduced simple to FEMs
or FVMs. Therefore, all converged results obtained by such methods are reproducible with
DGMs. If the DGMs do not converge for a specific computation, one must question if FEMs or
FVMs might only achieve apparent convergence. Examples are pseudo-spectral methods, which
are applicable to FRG equations in the absence of shocks, and have been used successfully
in e.g. [262,275-278]], as well as finite difference methods, which were used, with slight
modifications, in [279-283].

We proceed by introducing the DG discretisation in This is followed by a
discussion of local Discontinious Galerkin methods in which are a necessary
improvement for higher order accuracy in presence of strong diffusive effects. Throughout both
sections, we comment on our implementation within the open source DUNE (Distributed and
Unified Numerics Environment) library [284-289]. For more extensive details on the numerical

implementation see also|Appendix A

5.2.1. Weak formulation and discrete problem

This subsection is based on the initial publication using the DUNE framework [1|] and conveys the
basic idea and advantages of DGMs.

Let us first consider a simple conservative partial differential equation given by,
diu(x) =0, F(u,x) +s(u,x), (5.10)

where t is the time variable and x the spatial coordinate. We call F the (conservative) flux and
s a source term. This equation is solved on a computational domain €2, which is composed of
K disjoint elements, called cells, D¥ such that

K
Q=~q,=| JDF. (5.11)
k=1

Making for the inherently discontinuous nature of the method. For calculations in this work,
we used the Dune-grid YaspGrid, which is contained in the module dune-grid and allows for
n-dimensional cubic grids and parallelised computation. In the case of a one dimensional
grid, the grid-cells are simply disjoint intervals D* of possibly differing lengths. In a more
general formulation the domain 2, would be given as an n-dimensional rectangular grid and
the elements D* would be implemented as cubic grid cells.

The solution in each cell DX is approximated by a polynomial,

K
u(t,x) ~uy(t,x)= @uﬁ(t,x). (5.12)
k=1



74 5. Discontinuous Galerkin methods in the fRG

Then u’fl(t, x) is the local solution in each cell and the index h denotes the approximation. The
local solution is approximated by a polynomial of degree P = N, — 1 such that,

Ny

uk(t,x) =D (O, (x), (5.13)

p=1

in each element D¥. The local approximation uﬁ(t, x) is given by a modal expansion, where
{¢,} is a local polynomial basis with time dependent expansion coefficients ﬁﬁ(t). Thus
the global solution consists of K local polynomial solutions of order P. If we set P = 0, we
obtain a basic FVM, whereas K = 1 corresponds to a spectral method, a one cell FEM. An
intermediate choice of both parameters P and K allows for the parallel computation of FEM
solutions within each cell K, which allows a significant speed-up in large grids. The local
approximation was implemented using the dune-pdelab module, specifically using the class
QkDGLocalFiniteElementMap. In the one-dimensional case, basis functions g,, are given by the
Legendre-Polynomials up to order N,,. For the purpose of higher dimensional computations the
basis functions are taken from the polynomial space Q; of the Legendre-Polynomials, i.e. they
are given by a tensorial product of one-dimensional bases.

For the convergence of the DG method, we require that the integral over a cell D vanishes
for each component v, of the polynomial basis. We use a locally defined weak formulation of
this requirement,

f ((3tuh+sh)1pp+Fh8x1/)p)dx=—J o (f*7)dx, (5.14)
Dk 2Dk

which is obtained via an integration by parts of the original equation The right hand
side of the equation is modified to contain the numerical flux f*, which ensures communication
across interfaces. 7 is the outward pointing normal vector. We chose to use the local Lax-
Friedrichs flux for f*, which averages the flux on both sides of boundary and adds an additional
diffusion term smoothing out jumps across the boundary:

£ ) = 2 + ) + 5 [funl], (5.15)

where and the indices + and - denote the outside (neighbouring) and interior element at the
boundary. The brackets denote a jump across the boundary,

[[u]] = (ﬁ_u_ + 'h,+u+) .

C is the local maximal wave speed, which corresponds to the speed of the fastest propagating
mode across the boundary. In one dimensions this corresponds to

C> max |d,f(u)l. (5.16)
o Dli,i+1}
The local Lax-Friedrichs flux is the most natural extension from the analytic solution of linear
conservation laws to the non-linear case. It relies on the so called Roe condition, which reflects
the assumption that the system is dominated by one strong wave.

This concludes the setup of a direct Discontinuous Galerkin discretisation, which was success-
fully applied to the large-N limit of the O(N) flow in[(4.50)|and showed impressive convergence
properties [65]. Note, that[(5.10)|does not contain any second derivatives of u and convergence
is not necessarily maintained if d, u is fed back into the flow.
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5.2.2. Local Discontinuous Galerkin

This subsection is based on [5|], where we introduce the LDG method with a code example [12].

Originally developed for purely convective hyperbolic equations, such as the DG
method has later been adapted for PDEs which are convection-dominated but have a diffusive
component.

In [1[] a direct DG extension has been applied to the problem of a quark-meson model, which
gets a non-linear diffusive component through the massive mode that arises when the theory
exhibits spontaneous symmetry breaking. The direct extension consisted of obtaining necessary
derivative terms directly from the solution. This means that the numerical approximation of
the derivative is given by,

P+1

Beuf(t,x) = Y uk(t)d,p,(x). (5.17)

p=1

However, this direct definition of a numerical derivative is problematic. In [290]] it has been
shown that this formulation may yield errors of O(1) even if it is stable. In the case of [1],
this method has also shown itself to be unstable in the vicinity of the first order regime of the
quark-meson model.

To remedy the shortcomings of this naive extension, we will use the local Discontinuous
Galerkin (LDG) method. It has become one of the most widely used extension of the DG method
in this direction and is particularly suited to solve convection-diffusion equations with possibly
discontinuous solutions, retaining its stability and convergence [291].

The main idea of the LDG method is to reduce a higher order operator, i.e. the flux o, F (u, d,u),
to a system of two equations of first order. We will now present a simple example of an LDG
method based on the formulation in [251]], which assumes a term linear in the derivative J,u
with a diffusion coefficient a(u) = 0,

Btu—c’ix(a(u)é’xu) =0. (5.18)

We chose this formulation, because the linear diffusion term allows for an interpretation in
terms of diffusive effects in fluid dynamics. With a bit of additional effort, the Wetterich RG-
flows can be reduced to such a structure by taking additional derivatives of the flow equation,
see|Appendix B.3.1} The condition a(u) > 0 assures the smoothing effect of the diffusion. We
will see examples of RG-flows with negative diffusion in which are inherently
numerically unstable. The main idea in solving this system is a stationary equation which
captures the additional derivative term by rewriting q = v/ a(u) J,u,

Jiu— Bx( a(u)q) =0,
q—0,j(u)=0. (5.19)

Supplemented by some initial condition for u(t = 0, x). The system now contains an instationary
equation for the RG-time evolution of u and a stationary equation for q. The conservative flux
of the stationary equation given by

j(s) = f a(u/)du’, (5.20)
0
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which follows simply from applying the chain rule
a(u)o,u=3,j(u)d,u=29,ju). (5.21)

The specific mould of the equation given in|(5.18)|is only applicable to the O(1) model. For
arbitrary N the system is extended by another equation and we refer to|Appendix A} as well as
the code example in|Appendix A.3.2|or the respective github repository [12].

5.3. Computations and convergence

This section is based on [5]], all figures are taken from the publication.

We start in by investigating the zero dimensional case, which provides a
good testing ground for new methods, as it is conceptually rather simple and suits the mould
[Equation (5.18)| Furthermore, this limit has recently been thoroughly investigated [4,248-250].
It provides an excellent testing ground for method development, since benchmark results can
easily be obtained from a direct evaluation of the generating functional |(3.2), Simply put, it
is a simple variant of the O(N)-model, with N = 1 and d = 0, where d is the dimension of
space-time. The flow of the full O(N)-model will be solved in[Section 5.3.2] Here, the system
of equations is a bit more extensive, as specified in We benchmark results by
comparing to the (analytic) O(1) case in zero dimensions and the large N limit, where the
system can be solved with the DG method.

5.3.1. Zero dimensional model

For d =0 and N =1 it makes sense to rewrite the equations in term of the single scalar field

¢ = +/2p. The ﬂow then simplifies to,
k2

o Vi(¢) = —W .

(5.22)

Here k2 + 0 ij(d)) is the regularized propagator, which must be a positive quantity for the
equation. In the current case, this property is conserved [[292]. Furthermore, with standard
initial conditions the resulting effective potential is strictly convex for k — 0 even if m? < 0.
This is in contrast to higher dimensions, where the resulting effective potential is still convex but
not necessarily strictly convex. This is linked to the absence of spontaneous symmetry breaking
in low dimensions. As a consequence, the minimum of the effective potential is ¢ = 0, while
otherwise a non-zero value would be possible. Due to the convexity of effective potential, a flat
region can emerge Vi.—o(¢ < ¢o) = 0. The absence of such a regime simplifies the numerical
effort considerably. Nevertheless, discretizing the system proceeds in the same fashion, making
lower dimensional systems very attractive to benchmark numerical methods in QFT.

A simple diffusive system

To apply the LDG method from |Section 5.2.2|to the formulation in ¢, the equation must be
reformulated such that it is a closed expression of the second derivative of the potential, which
we rename v(¢p) =2 ij(¢). Similarly to the procedure in [[1,65]], we take two derivatives with

respect to ¢ of the flow(5.22)|to close the formulation in v(¢) = ajvk(qb). All information
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(a) Riemann Problem for v, = 0: The jump smoothes out, (b) Riemann Problem for v, = —0.5: The jump travels
but does not travel. The diffusion flow vanishes, while with ongoing RG-time and leaves the grid. The dif-
flattening out around the jump. fusion flow vanishes eventually at k = 0, but travels

shock-like with the jump towards higher grid values.

Figure 5.1.: RG-time evolution of the Riemann problem in d = 0. We plot the stationary diffusion flux
q = J4j(¢) and the second derivative of the potential a;vk(@, which are the numerical
solutions to the system given in|(5.23)| [Figure 5.1a|shows a freezing in of the jump position,
whereasshows the jump travelling to higher field values before vanishing. In
both cases the sharp jump is flattened out, as expected of a diffusive system.

generated by the flow is contained within the second derivative. This can already be inferred
from the fact that the fundamental object in functional formulations is the propagator and
therefore the two-point function, which is by definition a (functional) derivative. Therefore,
we introduce the schematic flow equation

0v =33 (v) = 35(a.f (v) 34v). (5.23)

We can now make use of the formalism given in|(5.19)|and indicate the (square root of the)
diffusion coefficient,

k
=—. 5.24
a(v) k2 +v (5.24)
By performing the (analytic) integrationwe obtain the stationary flux,
j() =klog(k*+v). (5.25)

Note, that we dropped a constant term in (5.25)[ which would arise from the integration
boundaries in the original definition|(5.20)| This term does not contribute here because the

flow f(v) in does not explicitly depend on ¢.

The Riemann Problem

We study the behaviour of this simple diffusive system in a first order regime. This is not only
a common check for how the scheme deals with jumps in the solution, but is also interesting
for physical systems in critical regions. For example, it was found in that the quark-meson
model in the large-N limit displays shock development at high densities . With the following
investigation we can now expand on how the addition of diffusion would affect these systems.

We consider initial conditions that contain a single jump in the solution. This is also known
as the Riemann-problem

V(@)lr=o =vo + 0(¢ —5)A, (5.26)
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(a) Numerical solution to the flow of the initial condi- (b) Comparison of the flow of the first derivative of the
tions given in|(5.27)| in terms of the second derivative initial conditions given in|(5.27)| The LDG result is

v(¢) = 5£V(¢). The singularity in the initial condi- obtained by integrating the numerical solution. The
tions is projected onto the polynomial basis|(5.13) finite volume result is taken from [[249|.

Figure 5.2.: RG-time dependence of the potential in|(5.27)|in terms of its derivatives.

where the jump is situated in the middle of the numerical grid ¢ € {0,10}, v; is the initial
value in the regime ¢ < 5 and |A| = 1 the height of the jump. All computations start at an
RG-scale of A = 2. For clarification on the implementation and the numerical intricacies see
Appendix A.3

shows that the diffusive contribution to the flux may or may not travel with the
RG-time, depending on the initial value v,. shows a scenario with little dynamics:
The diffusion is smoothing out the jump until it vanishes with k — 0. Throughout this process
the diffusion-peak-position, and therefore also the position of the steepest slope in the potential
derivative, are barely moving. In contrast to this, [Figure 5.1b|shows the dynamical case where
the diffusion flux is first smoothing out the jump and subsequently pushing the original jump
to higher values of the spatial coordinate ¢. In this dynamical scenario the diffusive flux is
developing a discontinuity at intermediate RG-times, which eventually vanishes again in the
limit k — 0.

The result of this simple consideration is already remarkable. The jumps do not get flattened
away like in usual diffusion equations. The width freezes to a finite value, demonstrating
support for almost shock like structures throughout the RG-flow. In comparison to ordinary
dispersive shock waves, no ringing arises in the vicinity of the jump.

Non-Analytic 1st derivative

In the spirit of [249]] (Sec. VA: Test case I), we study a UV-potential with kinks. The initial
potential is given by

_%¢2 » ¢ < 2;
Vip)=1{ -2, 2<¢p <2, (5.27)

3(92-13), 3<9¢,
at an initial UV-cutoff scale A = 10°. In order to match the calculation in [249] we adapt
the same regulator R,(p) = Ae™ ", which modifies the flow equations only slightly. Previous

studies [|1,/65/248}249] focus on solving fRG flow equations in terms of the first potential
derivative u = 9, V. Hence,|(5.27)|was designed with the Riemann problem in mind, since kinks
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Figure 5.3.: Graphical comparison of the second derivative of the effective potential V as a function
of p. We compare data from a numerical evaluation of the path integral|(3.2)| the purely
diffusive system|Section 5.3.1|and the convective diffusive system

in the potential translate to a discontinuity in u. The LDG framework is formulated in terms of
the second derivative v = dyu, which requires us to resolve delta-peaks at |¢| =2, 3. In the
weak formulationthis amounts to a projection of the initial data onto the polynomial
basis at hand.

The solution to the flow is shown in The computational domain Q = [—6,6]
is divided in K = 101 equally sized cells. The chosen value for K ensures that the initial
singularities at A are not situated on cell interfaces. Within cells, we use a polynomial order
of P = 4. This choice demonstrates nicely, how the flux-formulation of the LDG scheme is
able to deal with oscillatory behaviour around discontinuities. We compare our solution to the
calculation of [[249]], shown in where this initial potential was first considered. The
results are nicely in agreement, as expected. shows the direct numerical solution of
in terms of the second derivative v = dyu. Here, oscillations appear at early RG-times
due to the projection of delta-peaks on a polynomial basis.

5.3.2. A convection-diffusion system

In this section, we perform some benchmark checks. For this purpose we compare to the
zero dimensional example from as well as the large-N limit, which has been
investigated in various contexts in [1}/65,(250]]. Both examples test different features of
the presented scheme. The zero dimensional case, formulated in terms of the field ¢, is a
diffusive system. Recovering the results fromtherefore checks convergence of
the convection-diffusion system in the diffusion dominated scenario. On the other hand, the
large-N limit is a purely convective system, since the second derivative term (i.e. the diffusion
term) drops out in the limit N — oo. Performing computations at a very large N therefore
allows to check convergence features in a convection dominated scenario. However, at this
point we would like to remark that the solution of the equation for N — oo does not necessarily
coincide with the solution at N = oo, see [250,(293+295]] for a critical discussion.
For computations we use a simple ¢* potential as initial condition, to wit

Vi(p)=m?p + %Apz. (5.28)

We chose m? =

A=0.5.

—0.5, so that we recover a symmetry breaking scenario in d > 2, as well as
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Figure 5.4.: L? error with respect to a reference computation u,.;. The reference computation is given
by the solution with K = 250 and P = 4, whereas u;, is the numerical solution for the O(N)
computation using different polynomial orders and numbers of cells K.

Comparison to the purely diffusive system

Let us preface the comparison to the purely diffusive scenario with a general discussion of the
O(1) case. In many applications, the O(N) model uses a formulation in the chiral invariant
p= %2 This choice of variable imposes the Z, symmetry of the potential and raises the
question of which boundary conditions to use at p — 0. By comparison, the formulation in
is given in terms of ¢. Here, the symmetry of the potential needs to be checked
explicitly. For a throughout investigation of the coordinate choice see [|248]].

In particular for N = 1 the formulation in p is not ideal. In dimensions d > 2, where
we have a spontaneous symmetry breaking, the flow is strongly governed by the convexity
restoring property. This property requires ”+k22pv > —1 for the massive mode (N = 1) and
additionally 15 > —1 for the massless modes (N > 1), such that the pole in the flow equation
is not reached at finite k > 0. This requirement demands increasingly high numerical
precision as k — 0 in the broken phase and presents a big challenge for all numerical schemes
which attempt to resolve the effective potential in the broken phase, see e.g. [[65,(260]. In the
standard example of ¢* initial conditions, convexity restoration is driven by the massless modes.

At N =1 or for more intricate initial conditions, where d,u < 0 for some p, the dynamics are

governed by the massive mode such that the relation u+k2fv > —1 has to be fulfilled. While this
property is, in principle, enforced by the flow, it requires precision in two distinct expressions
u, v as opposed to one in the purely diffusive case A prominent example for the
scenarios with d > 2 and d,u < 0 is the high density regime of the quark-meson model, or
more generally, of QCD. These ingredients to the flow equations cause strong dynamics and

potentially shock development [[1]. Numerical intricacies connected to shock development and

convexity restoration are discussed in[Appendix C.2]

In this sense, a comparison tois somewhat trivial, since it is simply an O(N)
model with N = 1 and d = 0. There is no spontaneous symmetry breaking process and the
result for a simple ¢* theory can also be obtained from a numerical evaluation of the path
integral Thus, the full effective potential V,_y(p) is computed in d = 0 by a direct
numerical evaluation of Z[J] with the classical action specified by the initial conditions in
following the steps of the derivation in In order to capture the full result
with the fRG, the computation is started at an initial cutoff scale of A = 20, where the numerical
result of the regulator modified path integral Z,[J] corresponds to the initial conditions V,(p)
(5.28)
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(a) Graphical comparison of the first derivative of the (b) Graphical comparison of the second derivative of the
effective potential u = g, V. effective potential v = d,u = G:V.

Figure 5.5.: Graphical comparison of the purely convective large-N limit and the convection-diffusion
system at N = 100. We consider the broken symmetry phase in d = 3 using the initial
conditions from[(5.28)] In the large-N limit, the derivative is obtained by interpolation of
the numerical data. This interpolation struggles with the resolution of the kink within the
first derivative in (b).

We now perform a benchmark check between the numerical path integral result, the purely
diffusive system in [Section 5.3.1} and the current convection-diffusion driven system. A
graphical comparison is given in @ To further showcase the convergence of the
convective-diffusive LDG scheme we compute a reference solution u,.¢(0). This computation
uses a grid with K = 250 cells and a polynomial order N = 4 for values of p € [0,8]. The
integration is performed up to an RG-scale k = 0.002. This reference solution is compared
to numerical solutions u using varying polynomial orders P = 2, 3, 4 and cell numbers
K €[20,220]. For the quantitative comparison we make use of the L2 norm

3.5
2
“uh _uref“LZ,ﬂ = f (uh(p) _uref(p)) dp .
0

Results are given in|Figure 5.4] We do not see the expected linear behaviour from [|65]], since
the error saturates at 10~ "= due to the finite floating point precision of the calculation.

Comparison to the Large-N limit

In a second benchmark test we recover the large-N limit in the broken symmetry phase. In
the limit N — oo the massive mode m, = u + 2pd,u drops out of the flow completely,
resulting in a purely convective system. Previous work investigated the large-N limit from this
perspective [[1]/65]]. Using the initial conditions in[(5.28)] we compute in d =3 and N = 100.
This computation is compared to the results from [65] in|Figure 5.5} which confirms that the
large-N limit is recovered by comparing the first potential derivative u = 3, V. Furthermore, the
LDG scheme allows to precisely resolve the second derivative of the potential v = d,u = a%v,
see The feed back of v to the flow of u is suppressed by a factor of 1/99. Still, v is
computed separately and provided with a numerical flux which allows to get rid of numerical
oscillations of the dDG method around the clearly visible jump in the limit k — 0 at p ~ 1.0.
dernonstrates the limitations of the dDG scheme at finite N. Even though dDG is
able to provide higher derivative terms due to the polynomial basis the formulation
lacks a numerical flux for explicit higher derivative operators. If the solution u is flat, the
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missing numerical flux to the finite N flow([(5.7)|is negligible and computations retain their
convergence properties [1]. However, in case of non analyticities, the numerical flux of higher
derivative operators can no longer be neglected, which becomes apparent from the oscillations
around the jump in the large-N computation for k — 0.

5.4. Outlook

This section is based on [5|].

The formulation of the LDG method presented here, which has been adapted from [251]], is
of course only one of many. For example, in the case of higher-dimensional systems, replacing
q— 0, j(u) =0 with g — d,u = 0 and using an alternating flux definition may be desired for a
lower performance impact and simplification of the implementation. This alternative method is
based on [[296] and explained in[Appendix A.3| It should be noted that usually the integration in
the definition of j(s) can not be performed analytically and thus requires numerical integration.
Hence, other LDG methods may also be desirable, e.g. methods that directly infer Vw by giving
a numerically sensible definition of this quantity, see e.g. [296]], thus making the rewriting into
u and v we had to perform in|Appendix B.3.1|superfluous. This of course has its drawbacks, as
the stability of the method may become suboptimal.

Additionally, fRG flows seem to be strongly dominated by certain substructures of the
equations. The regulator derivative in the equations forces all changes to be in a narrow region
in momentum space. This property is translated directly to field space, with the exception of
the convexity restoring regime, resulting in the convection dominated nature of the equations.
One direct consequence is the large asymmetry of the diffusive flux, which lead to a breakdown
of the scheme in [1]. This reflects simply the fact that the RG-flow evolves from the UV to
the IR and information gets propagated along these trajectories, c.f. [65}(249]] for an extensive
discussion. LDG resolves this elegantly, by taking precisely this structural property of the
flow into account. From a physics perspective, this is not the end of the line for potentially
exploitable structures within these equation. One prominent example is the convexity restoring
regime, where the solution approaches zero for a finite domain. In the present equations, its
this is driven by a singularity in the analytically continued equation [292]. Computationally,
this is tightly linked to time-stepping.

Not very surprisingly, for more complex and computationally intensive problems more
elaborate time-stepping schemes must be considered. For example, the fRG flows in the
symmetry-broken phase become stiff and explicit time stepping becomes highly inefficient. A
possible remedy for this problem are implicit time-stepping schemes, see also[Appendix A.2!

Most applications in the following chapters make use of different DG methods and time-
integrators of varying elaborateness, since this thesis is a compilation of multiple years with
ever increasing technical developments. Numerical details of specific applications are outlined

in|Appendix Aland are referred to in the next chapters.



CHAPTER 6

Complex effective actions and phase transitions

This chapter is based entirely on [4], all figures are taken from the publication. It sets up a
formalism to compute complex effective action from the fRG and has the aim to determine the
location of Lee-Yang singularities in the complex plane. We hope to report on an application to
QCD and an extrapolation of the critical endpoint in future works.

The phase structure of interesting relativistic quantum theories such as QCD, or non-
relativistic ones in atomic and condensed matter physics such as graphene or spin-imbalanced
fermionic gases, exhibits many interesting physics phenomena, ranging from critical end points
to competing order regimes. In many cases these phenomena are related to the task of resolving
complex structures in the theories at hand. Most prominently, this concerns partition functions
with complex actions or Hamiltonians that typically lead to sign problems in a statistical ap-
proach. Moreover, constraints for the phase structure can be derived by considering complex
external fields or parameters such as a complex magnetic field in spin systems. The latter
extension gives rise to Lee-Yang zeros [297,298]] in the complex (magnetisation) plane. These
singularities restrict the radius of convergence of expansion schemes as well as providing at
the same time much wanted information about the location of singularities on the real axis
such as critical end points. For related works on the lattice, see [[299-303]], with the functional
renormalisation group this has been studied in [304-307]. A further exciting possibility is the
expansion of quantum field theories in trans series based on the expansion about complex
saddle points.

These investigations require the computation of the partition function or free energy of the
theories at hand at complex couplings or sources. In the present work we discuss functional
renormalisation group approaches to complex action problems. We argue that this task is best
formulated in terms of Wegner’s flow equation [[131], see also[Chapter 3| for general flows of an
effective Hamiltonian or Wilsonian effective action, or in terms of the general flow for the 1PI
effective action derived in [127]. These flows encompass the standard Polchinski equation [68]
for the Wilsonian effective action and the Wetterich equation [67] for the 1PI effective action
as specific cases. The generality is pivotal for setting up complex action flows adapted to the
theory at hand.

In theories with complex actions and an intricate phase structure as discussed above, the
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solution of functional flows requires the use of advanced numerical methods. Moreover, different
representations of functional flows may have advantages over others for specific problems,
as they yield different types of parabolic equations. More specifically, we obtain parabolic
partial differential equations reminiscent of convective heat equations for Wegner’s flow [131]],
reaction-diffusion equations for the Polchinski flow [68]], and hyperbolic equations in case of
the Wetterich equation [[67]]. We solve this broad range of PDEs with the Discontinuous Galerkin
methods which we introduced in This work now expands these considerations not
only to a more general RG-context, but also to a complex setting.

Specifically we study the flow equation for scalar field theories in d = 0 to 4 dimensions
with a complex source term. The d = 0 case can be solved exactly by other means and hence
offers benchmark tests for our functional flows. We consider flows for the complex one particle
irreducible (1PI) effective action, standard Polchinski flows for the Wilsonian effective action,
as well as RG-adapted flows for the Wilsonian effective action derived from Wegner’s flow
equation. With the present formulation of these approaches, we find that the RG-adapted
flows show best convergence in the complex plane. For the complex 1PI effective action we
set up and discuss a complex Legendre transform. We show that the results obtained from the
complex 1PI flows pass the benchmark tests in d = 0. In higher dimensions it is compatible
with the results for the Wilsonian effective action.

With the results for the effective potential for complex fields we determine the location of
the Lee-Yang zeros as a function of the coupling parameters. We follow these locations towards
their intersection with the real axis at the phase transition of the real theory.

We close this chapter with a discussion of extensions and further applications of the present
setup for complex functional flows, in particular to QCD and the location of its critical end
point.

6.1. Complex functional flows

The phase structure of theories with complex action parameters is quite intricate. In particular,
the partition function may vanish at Lee-Yang zeros or exhibits cuts in the complex plane that
start at the Lee-Yang zeros. As discussed in the introduction, in the present work we aim at
setting up a functional approach that is flexible enough to generically deal with these structures.

While the derivations in this section and the following one, apply to general
theories, they are formulated in terms of a real scalar ¢# theory in d dimensions for the sake
of simplicity. The numerical results in[Section 6.2|are also achieved for this theory in zero to
four dimensions. In the smallest dimension, d = 0, the generating functional collapses to a
simple one-dimensional integral and serves as a benchmark case. In turn, d = 4 is the critical
dimension of the theory.

The classical action of the real scalar ¢* theory in d dimensions is given by

S[tp]=f {%w(X)[—aj+m2]<p(X)+%w(ﬂ“}, (6.1)

with the real scalar field ¢ € R, and the real mass and coupling m, A € R. The d-dimensional
space-time integral in|(6.1)|is abbreviated with

f = f dix. (6.2)
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The present formulation allows for the computation of complex effective actions deduced from
complex masses and couplings, m, A as well as complex sources J in the source term f Je-
For the numerical application in the present work we consider consider complex sources J and
keep real masses and couplings.This allows for some numerical simplifications and covers the
interesting case of Lee-Yang zeros. The more general situation will be discussed elsewhere.

In the present work we shall consider complex currents J, which may be interpreted as a
complex magnetic background field. In the presence of such a current and more generally also
complex m, A, the generating functional Z[J] is also complex, as is the expectation value of the
field and the higher correlation functions. However, it is a function of the complex variable J,
and does not depend on its complex conjugate J. Moreover, for real m, A, the complex-valued
generating functional Z[J] and hence also the correlation functions are real functions of the
complex variable J,

Z[J]=2[J], m,A€R. (6.3)

This property of the generating functional Z[J] translates to all derived functionals discussed
in Here, we make use of the the property that their functional flow equations
constitute different general diffusion equations with different properties. This can be used to
our advantage for the present task of solving them for complex effective actions.

6.1.1. RG-adapted flows

We now employ general RG kernels, introduced in for the construction of RG-
adapted flows. To begin with, we remark that the kernel of functional flows is given by the
full field-dependent propagator G, [¢ ], and hence any expansion scheme always implies also
an expansion about Gi[¢ ]. This property has been exploited in [[140], and within conceptual
considerations and applications on optimisation in functional flows, see [129,/130,(308]. In
particular this led to functional optimisation as set up in [127,/128] as well as the recent
development of essential RG-flows [[136, 309, 310]. This idea has also been picked up for
Machine Learning applications to functional renormalisation in [141]].

The above suggests to use RG kernels and currents that are constructed from the full field-
dependent propagator. Here we briefly discuss a natural choice: In analogy to[(3.27)|we are
led to the implicit definition,

Je1=G.' 91, (6.4a)
and generalisations thereof. A respective RG kernel|[(3.20)|is defined by
ClPl=—Grl P10 R [P ]G] (6.4b)

and generalisations thereof. The latter generalisations are deduced from further optimisation
conditions, that take into account the complex structure of the theory. Such an RG-adapted
choice is very similar in spirit to the dynamical RG setup in [140]. The fully developed conceptual
framework there will be very useful for the computational implementation, which is deferred
to future work.

In this context we remark, that the implicit definition in with the field-dependent
propagator introduces a non-linear relation between the current and the field and requires an
iterative solution of the flow. While it is precisely the non-linearity which is at the root of the
optimisation, its practical use asks for a more comprehensive analysis. Hence, a full discussion
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of general optimised RG-flows is deferred to a future publication. There we will also examine
choices of|(3.33d)| and [(6.4)] that trigger stabilising positive diffusion terms (see|Section 6.2)
in either the flow of the Wilson effective action or the 1PI effective action.

6.1.2. RG-adapted expansion

In the current work we resort to a ready-to-use variant of |(6.4): the theory is expanded about
the full propagator on a fixed background. This leaves us with a linear relation between the
current and the field,

J[¢, ol = Gy '[¢ol$, (6.5)
with a field-independent infrared regulator R;, and the respective RG kernel
Gkl Po] = —Gil Pl Ry Gi[ o] (6.5b)

For the background ¢, in[(6.5a)|a convenient choice is a solution to the equations of motion
(EoM). The above definition (6.5)|can be understood as an RG-improvement of|(3.27): at each
RG-step the respective full propagator is used to define the field ¢. This is an RG-adapted
definition of the current or rather an RG-adapted expansion of the field.

With [(6.5)| we are led to the RG-adapted Wilsonian effective action

Saakl®, ol =—Wi[ G 019 |, (6.6)

with the fluctuation field ¢, being the difference to ¢, for more details see [Appendix B.5.2|
From now on we suppress the dependence on the expansion point ¢, in[(6.6)|and simply write
Sada k[ ¢ ]. This definition entails an expansion of correlation functions and their flow about the
full two-point function, and can be understood as an improvement in the sense of functional
optimisation in [127].

The flow equation for the Wilsonian effective action S,q ; reads

o 1 2
(at +J P Tak %)sad,k[qb] =T 6 [sQLe1-(sls1) . 67
X
with %6 provided in|(6.5a)|and the anomalous dimension

YadklPol=— (atG;1[¢o]) Grlpol =3, 10g Gy [do]. (6.8)

The generalised anomalous dimensions y,qx[¢¢] is an operator and carries the change of
the full (inverse) propagator with the cutoff scale. In any case, the flow equation is
well-defined for all complex fields ¢.

The RG-adapted setup with the ﬂow admits a natural split of S,4 ;. in the kinetic part
and the dynamical interaction part with

1
Saak[#] =den,k[¢]_§f ¢ G [P0l d + Fldol, (6.9)
with the constant part
k
1 ([ dK’ @)
Sl ol = > FTratRka[qbo] +Sad’k[0]-terms. (6.10)

A
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With the choice|(6.10) we have Sy, [0] = 0. Moreover, the RG-adapted field expansion entails
that S;?k[qﬁo] is (minus) the full inverse propagator in this background, see also|(B.77)| Hence,

it follows from (6.9)|that,

@ o1
Sinc[01=0. (6.11)

Consequently, if we choose ¢ as a solution to the equation of motion with

Sinl01=0,  for  ¢o= gy, (6.12)
the dynamical interaction part Sgyp [ ¢ ] is of order ¢> and indeed only carries interactions in
an expansion about ¢ = 0, and is an expansion about the physical mean field () = ¢, the
full field being ¢ + ¢.

By inserting the split|(6.9)|into[(6.7)| we are led to the final form of the RG-adapted flow,
which is also used for most of the numerical results in the present work. The flow for the
dynamical part of the RG-adapted Wilsonian effective action reads,

(at +f P Tem %)smk[qﬂ + f ¢ 20 [90] ¢

1 2
=3 G [ Signul#1= (S]], (6.132)
with
Yamil@o] = =20 (901Gl bo]. (6.13b)

where 0, I‘,Ez)[¢>0] is the flow of the two-point function at ¢ = ¢. This flow can be disentangled

from that of the correlation functions Sé’;z), see|Appendix B.5.2

6.2. Numerical approach

In[Section 3.1]and [Section 6.1.1|we have discussed general flows for generating functionals.
They are reminiscent of different types of (functional) partial differential equations (PDE),
i.e. of parabolic and hyperbolic types. In the following, we will use this analogy to those
types of PDEs to better understand the behaviour of the equations. We shall consider the flow
of the generating functional or path integral measure the Wilsonian effective action,
[(3.30)| and [(6.13)] and the 1PI effective action Our main results are achieved with
the RG-adapted flow|(6.13))for the Wilsonian effective action. We show in that
within the current approximation and the lack of RG-adapted reparametrisations for the 1PI
effective action, the RG-adapted flow for the Wilsonian effective action is the most stable one
for computing complex effective actions that originate from a complex source term. Thus we
evaluate the stability of the other flows with this as a benchmark.

While the following considerations concerning the type of PDE are independent of the
approximation, it is instructive to consider a simple approximation as a showcase example, the
Oth order of the derivative expansion or local potential approximation (LPA). For a detailed
discussion of this approximation scheme see e.g. [104]. This is also the approximation we will
use in the numerics in[Section 6.2 In short, the LPA only considers the classical dispersion in
the generating functional under investigation and includes a full effective potential.
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We start with the RG-adapted Wilsonian effective action, which is predominantly used for
the numerical results in the present work. It is given by

Saal¢] =J [—%¢(X)(—3Mz +m?+ Ry ) (x) + den,k]> (6.14)

where the dynamical part Vg, . of the effective potential only contains interaction terms, that
is ¢™ with n > 3 in a Taylor expansion about ¢ = 0.

The standard Wilsonian effective action in LPA is a variant of where the full mass
term with mi is frozen at k = A, and hence the remnant effective potential Vi, ; also contains
©? terms,

Settk[P] =J [—%ﬂp(x)(—a,f +mjy +Rk)<P(X) + Vim,k]- (6.15)

For the Wegner flow of the path integral measure we consider exp{—S,q4/efrx[¢ ]} with the
approximations|(6.14)|and[(6.15)|for the exponent. However, the complex Wegner flow has
the issue of highly oscillatory initial conditions at high imaginary fields, see for
more details.

The 1PI effective action in LPA reads

Ll¢]= f [—§¢(x)a,f¢(x)+veff,k} : (6.16)

We emphasise again, that T}, is the Legendre transform of the Wilsonian effective action.
Therefore, the two effective potentials are not identical but are related by a Legendre transform.
Hence, a given approximation of the respective generating functionals does not necessarily
constitute the same approximation for the flows:

The d = 0 dimensional theory lacks the momentum dependence, and the LPA is exact. Hence,
all flows have to agree with the full integral (after the Legendre transform is taken into account),
if the initial conditions describe the same theory.

In turn, for d > 0 the LPA drops the non-trivial momentum-dependence of all terms. Accord-
ingly, in LPA the Wilsonian effective action and the 1PI effective action differ genuinely.

In all cases the flow equations for the effective potential considered, [(3.20)}[(3.30)}[(6.13)]
can be formulated as convection-diffusion equations for the ¢-derivative of the effective
potential or its interaction part,

av, int/e
u(p) = —dy“/aqb/ @) 6.17)

With |(6.17)|the generic form of the functional flows is given by
dru(z) — 6, [F (t,3,u(z)) —a(t,z,u(z)) d,u(z)] =0, (6.18)

where t € R is the (negative) RG-time and z € C is the complex field, triggered by a complex
current or magnetisation in the path integral|(3.2)l In contrast to most of the DG literature,
see [251,274,311,312], our formulation picks up an additional minus sign, due to the negative
RG-time integration. As discussed there, all the generating functionals and hence their flows
are real functions of a complex (field) variable z. The RG-adapted flow in LPA is derived in
[Section 6.2} see[(6.29)|and[(6.30)} The Polchinski flow and Wetterich flow in LPA can be found
in[Appendix B.5.1]and [Appendix C.3.3|respectively.




6.2 Numerical approach 89

The convection functional F and the diffusion coefficient a in[(6.18)|are structurally different
in the functional flows considered here. Hence, already for real generating functionals, each of
these systems of partial differential equations offers different numerical as well as conceptual
challenges. Flows for complex generating functionals and the ensuing numerical evaluation of
real generating functionals for complex fields add yet another layer of complexity.

In [Section 6.2.1|we discuss the different types of partial differential equations encountered
for the flows of the different generating functionals. In[Section 6.2.2]we provide some details
on the numerical approach with Discontinuous Galerkin (DG) methods. Finally, in[Section 6.2.3]
we discuss some features of the formation of DG for complex effective actions which allow to
simplify the computation significantly.

6.2.1. Parabolic- and hyperbolic-type functional flows

Here we discuss the different types of partial differential equations (PDEs) we encounter for the
three classes of functional flows put forward inSection 3.1)and Section 6.1.1| The emergent
structure of singularities present in the different types of PDEs not only depends on the given
type but also on the initial conditions. In the case of functional flows the set of allowed initial
conditions is determined by RG-consistency [61,127] and the physics at hand. This is discussed

further in|(Section 6.3.1

The flow of the path integral measure |(3.20)|is discussed in|Section 6.2.1, that of the Wilson
effective action |(3.30)|and the RG-adapted flow|(6.13)|are discussed in|Section 6.2.1} and the
flow for the 1PI effective action |(3.35)|is discussed in|Section 6.2.1

Parabolic-type flow I: Flow of the path integral measure

The Wegner flow of the path integral measure with the typical RG kernel is
reminiscent of a linear-parabolic equation. Parabolic differential equations are common in
heat conduction or particle diffusion processes. Generally speaking, real linear heat equations
are well behaved. An initial solution u(x, t,) is smoothened out as the RG-time progresses
and solutions exist for all times t > t;. In an RG context, the diffusion coefficient is usually
dependent on the RG-scale. Thus, the smoothing can freeze out at a certain RG-scale and a
final structure survives. The amount of smoothing is therefore decided by the physical scales in
the system which are introduced via the initial conditions.

Functional flows for the path integral measure on the real axis are showcased in
[pendix C.3.4]as a consistency check. In a complex setting, we find that the main intricacy in this
formulation are the initial conditions. As the complex part increases, the exponential function
shows the characteristic oscillations which need to be resolved at a high numerical cost.

Parabolic-type flow Il: Flow of the Wilsonian effective action

General flows for the Wilsonian effective action, and specifically the standard Polchinski flow for
the effective action[(3.30)|and the RG-adapted flow|[(6.13)|derived in|[Section 6.1.1]structurally
resemble non-linear parabolic equations of the reaction-diffusion type. Subject to their specific
form and the initial conditions, non-linear parabolic equations can generate so called blow-
ups [|311,(312]. These blow-ups may result in singularities, shocks or jumps at some finite time
tog < t; < 00. A prominent example for this flow is the Ricci-flow [313]], which has been used
to prove the Poincaré-conjecture.
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We find that the initial conditions within the RG-setting belong to the class of initial conditions
that potentially produce these blow-ups. Again, the RG-scale dependence of coefficients can
prevent the blow up by freezing out the system. Therefore, their occurrence or absence depends
on the the details of the setup, in other words on the physics at hand. For a numerical
investigation of blow-ups within the equations see|[Appendix C.3.1}

In the complex plane, this formulation is very similar to two-component reaction—diffusion
systems. These types of systems are most prominently used to describe biological pattern
formation, for a review see [314]. An interplay of differing diffusive contributions, as well
additional source terms, can destabilise a homogeneous system, resulting in the formation of a
periodic, static pattern [|315]. This effect is primarily found in activator-inhibitor systems [316]],
which do not contain any convective contributions. However, these convective contributions
can be found in RG-flows and are given by F in[(6.18)] We therefore do not expect any static
pattern formation.

Blow-ups in the lower dimensional (d < 2) solutions are directly related to the Lee-Yang
zeroes [297,298]]. They are expected to show up as divergences in the Wilsonian effective
action, simply by their definition as zeroes or cuts of the exponential. We demonstrate in
‘Appendix C.3.1] that our RG-adapted flow [(6.13)]allows us to narrow down the position of
the blow-up and leads to a quantitative estimate. Our present numerical scheme is not fully
adapted for resolving such a singularity, and the resolution of this intricacy is subject of ongoing
work in a fully RG-adapted setup.

In higher dimensions, d > 2, the Lee-Yang singularity is directly linked to a physical phase
transition. Here, the singularity is related to a cut in the complex plane, which we cannot
resolve in the present setup, as in the present approximation we enforce holomorphicity within
the flow, see[Section 6.2.2] Still, we are able to infer the position of the Lee-Yang in[Section 6.4.2]
since it lies at the beginning of the cut. This information is not tainted by our enforcement of
holomorphicity. Numerical inaccuracies linked to a potential smudging out of a cut are also
subject to further investigations.

Hyperbolic-type flow: Flow of the 1Pl effective action

General flows for the 1PI effective action including the Wetterich flow are
qualitatively very different from the previously discussed parabolic equation lookalikes. This
qualitative difference is induced by the Legendre transform that connects the 1PI flows to that
of the Wilsonian effective action and the path integral measure.

The 1PI flows are mostly dominated by strong convective movements and display character-
istics of hyperbolic equations. Specifically, the information flows with a wave-like behaviour
towards the infrared as has been studied in [|1,/5,65]. This structure of the information flow
induces stabilising properties as does the dependence on the inverse 1PI two-point function.
These stabilising properties are one of the main reasons why to date 1PI flows are used in most
numerical applications. However, 1PI flows display non-linear and even negative diffusive
contributions, which appear at high densities, or large complex fields in the present setting.
For an in depth analysis we refer to|Appendix C.3.3|

Wrapup

The above investigation of the properties of the PDEs for the different functional flows suggests
that the RG-adapted flows derived in [Section 6.1.1| are very well-suited for the numerical
computation of complex flows. The advantage is a combination of the structure of the PDE and
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the simple implementation of RG-adapted variable changes. We rush to add that this evaluation
is based on the current state of the investigation of functional flows for complex effective
actions. A full comprehensive investigation is deferred to a future work. The general setup
put forward in the present work suggests that it is rather a combination of well-chosen initial
condition and RG-adaptation that is important. We expect that within such a combination all
different functional flows can be used equally well.

In summary, we will predominantly show numerical results obtained with the flow|(6.13a)|

derived in|Section 6.1.1|with the PDE-type discussed in|Section 6.2.1, These results are also

used as benchmark for the numerical results obtained with the other functional flows.

6.2.2. Discontinuous Galerkin

Our numerics is done with Discontinuous Galerkin methods, which have been applied in the
context of parabolic blow-ups, e.g. [317]]. Therefore, we use the Local Discontinuous Galerkin
method (LDG) [251] and implicit time stepping. This method has been set up for the fRG, and
the corresponding numerical framework using the DUNE-project has been set up in|Chapter 5|

In the present chapter we extend this method to complex systems of flow equations. The
explicit form of each of these equations has already been displayed in[(6.18)l There we have
introduced the complex field variable z = x +1iy, which can be interpreted as a ’spatial’ variable
for the given type of PDEs. The form|(6.18)]is essential for the convergence of the LDG method.
Importantly, u, F € C are real functions of a complex variable z. This leaves us with a two
component system of PDEs for two one-dimensional variables t,z. It is discussed in detail
in how this property facilitates the numerical implementation. In short, the
one-dimensional spatial coordinate is resolved within a numerical approximation, while the
time dependence is integrated via an implicit time stepping scheme.

The requirement a > 0 ensures a strictly positive diffusion, which is a necessary requirement
for the convergence of the LDG method [251]]. Positive diffusion is a very restrictive requirement
on the general form of a system of PDEs. In particular, this requirement is not always met in
the complex 1PI flows. In|Appendix C.3.3|the instability of a naive implementation of the 1PI
flow in a complex setting is demonstrated numerically. In turn, the RG-adapted flow[(6.13)|
was constructed with this property in mind.

6.2.3. Complex structure

The present set-up and in particular the final flow equation[(6.18)|can be readily applied to
complex action problems with general complex couplings. Then, is a partial differential
equation for a general complex function u(z) of a complex variable z. For complex classical
couplings we find

u(z) # u(z). (6.19)

Accordingly, [(6.18)has to be solved for its imaginary and real part, while also implementing
the holomorphicity constraint d;u(z) = 0.

From now on we restrict ourselves to the case of complex currents. Then, is a partial
differential equation in the RG-time t and the complex spatial variable z. In principle, one
could simply use the split of z into its real and imaginary part, z = x +1i y, and the respective
split of the derivative, J, = %(8)( —id,), for solving the equation on a two-dimensional grid.
However, this is a two-dimensional representation of a one-dimensional system, additionally
necessitating the implementation of the holomorphicity constraint.
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Naturally, it is much more efficient for the numerical implementation to utilise the complex
structure: the generating functional[(3.2)]and all derived quantities are defined for real field
variables ¢. They become complex with ¢ € R — ¢ € C. Thus, we can exploit the fact, that
we compute real functions of a single complex variable z. For the generating function this leads
t0[(6.3)} For a general real function f (z) this simply reads

(=) =£(2). (6.20)

with the real and imaginary part satisfying
1
Re[£ (x, )] = 5 (F(x. ) + £ (e, =),

£ (. )] = - (F () = £ (2, ). (621)

The Cauchy-Riemann differential equations allow to reformulate the z derivative as a derivative
of only the real variable x,

aRe[f(2)] = 2 (£ + FTO —i (0D —FOD)) = (094 700,

amlf ()] = 2 (F1O—FAD - (O + FODY) = — (0.0 - FGD),

where we used J, = %(@( —id) ). The validity of the Cauchy-Riemann equations is assumed
on the computational grid, which does not contain the blow-ups. Note that this assumption
artificially smoothens out non-analyticities (cuts) around critical regions, since it enforces
holomorphicity.

In summary we can replace d, — J, without loss of generality if the solution is holomorphic.
After this replacement does not contain any dependency on J),, which allows for the
computation at constant y. Therefore, the complex plane can be resolved on slices of constant
y, i.e. a one-dimensional numerical grid in x-direction. The y-slices are then put together
after the computation and we interpolate between them. Note that this procedure allows to
resolve the entire RG-time and x dependence for Im[z] # Im[z,], where 2. is the position of
the blow-up, whereas the computation of the Im[z,] slice freezes in at t; < oo. This separation
also illustrates nicely how the extension of the formalism to the complex plane does not affect
the computation on the real axis.

6.2.4. Separating the equations

The real and complex part of are now separated, and we use the replacement J, — J,
as suggested by the previous section. Here, we solely focus on parabolic-type flows, where the
diffusive contribution is completely independent of z and thus a real function a(t) € R. In the
LDG formulation, this translates to system of two instationary and two stationary equations,

i, — O, (Re [F (t,z, ux,uy)] —al(t) qx) =0,
Gy, — Oy (Im [F (t,z, ux,uy)] —a(t) qy) =0, (6.22)
and

Qx = Oxllx,  qy =Oxly, (6.23)
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where we used the notation u =u, +iu, and a negative RG-time t. Alternatively, one could
have used the replacement J, — —id, . The proof for this replacement works analogously to
This procedure maps 97 — —37, effectively changing the sign of the diffusion
term.

In principle, a mapping of J, to a mixed expression of d, and 9, is also possible. In this case
the computation would be performed on certain trajectories in the complex plane instead of
straight lines.

Applying the LDG formulation to the 1PI flow is much more challenging. The diffusion
coefficient a(t,z,u(z)) is not only field-dependent and thus requires an additional numerical
flux, but it is also complex and hence creates mixing terms. For a formulation of the 1PI LDG

formulation in a real setting see [|5]. The complex LDG 1PI setup is outlined in|Appendix C.3.3

6.3. Convergence in the complex plane

In this section we present numerical results for the effective potential of the ¢* theory with
a (classical) real scalar field and the action The RG-adapted flow equation for the
dynamical part Vgy, of the effective potential is derived in including a discussion
of the initial conditions. The derivation of the standard Polchinski flow and the 1PI Wetterich
flow are deferred to[Appendix C.3.2|and [Appendix C.3.3|respectively. These appendices also
include further numerical details and results.

A first benchmark test is given by the computation of the effective potential in d = 0 in
In zero dimensions the effective action agrees with the effective potential and LPA
gives the full result. Hence, this analysis provides us with a non-trivial numerical benchmark for
the convergence of the different flows. As a next step, the RG-adapted scheme is investigated
on the real axis and compared with flows for the effective Wilsonian action, as well as the 1PI
results.

6.3.1. Flow of the dynamical potential

As already discussed before, we consider the Oth order derivative expansion or local potential
approximation (LPA), in which the full effective action is approximated by a classical dispersion
term and a full effective potential. This is a low momentum approximation and is well-tested,
see e.g. the recent review [104] for a comprehensive overview. In LPA the Wilsonian and 1PI

effective action take the form|(6.14),((6.15)|(Wilsonian), and |(6.16)|(1PI). For the convenience

of the reader we have provided a tabular summary of the different schemes, and where to find

them, in|Table 6.1

Flow equation

In this section we apply the RG-adapted scheme from |Section 6.1.1|to the real scalar field
theory in d-dimensions. Solving|(6.13a) for a single current J = Gy [¢]¢ requires knowledge
of the full propagator at the expansion point ¢, which is given by

Geldo] =(TP[o)p) + Re@D)) = (m2+p? +R, (D) ", (6:24)

where the regulator R, is given by a flat cutoff, that is optimised for the Oth order in the
derivative expansion, [127,129,/130], see|Appendix B.7.1}
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Scheme Effective Action (EA) | Effective Potential Flow eq. Current
RG-adapted || RG-adapted EA|(6.6)| | Vgyn|(6.14) mi (6.25)| | |(6.29),((6.26)| | |(6.4b)
Polchinski Wilsonian EA|(3.6) Vine|(6.15) (C.20) (3.27)
1PI 1PI FA[(3.7) Veg¢|(6.16) (5.22) (B.88)

Table 6.1.: Summary of the different schemes used throughout this work. We indicate the Effective
Action (EA), the Effective Potential which is used, as well as the respective flow equation,
and definition of the current.

In the RG-adapted scheme, the two-point contribution at the expansion point ¢, is separated
from the field-dependent dynamical potential Vgy, see also Thus, in the RG-
adapted scheme we have to solve two distinct equations. At every RG-time step, we first compute
the two-point contribution at the expansion point, which is just the RG-time dependent mass
mi. Secondly, we solve the field-dependent flow of the dynamical potential Vyy,. To derive the
flow of RG-time dependent mass, we use its direct link to the 1PI two-point function,

m2 =T [¢61(p)lp=o> (6.25)

which in turn can be inferred from the flow of the RG-adapted effective action. This is evaluated
in/Appendix B.5.2|by using the relations for the two-point functions, and the flow of
FIEZ) in terms of the RG-adapted effective action, The latter is now used to obtain the
flow of the RG-time dependent mass,

3)y,(1) _ ;@ 2
om?=1 (denvdyn VdYH)aﬁRk(p) _ v(d)kd+ (V(B)V(l)_v(4)) 6.26)
T2 24 2 NG _(m2+k2)2 dyn"dyn  “dyn)> '
p [mk+p +Ri(p )] k
where
2md/2
d) = - (2m)™. 6.2
M= i ma (6.27)
In|(6.26)| the nth derivatives
(n) _ ,(m)
den - den,k|:¢0:| > (6.28)

are the corresponding n-point function of the RG-adapted effective action at the expansion point
$o- The full solution of Vyy, ; is computed within the Local Discontinuous Galerkin method.
This method captures the field dependence on ¢ using non-overlapping cells. Within each cell
Vayn,k is then projected onto a higher order polynomial basis N > 4 (where N is the polynomial
order) around the expansion point. This basis ensures a precise computation of derivatives.
Hence we can infer all vertices up to the four-point functions from the field-dependent potential
with a very high numerical precision. The extraction of higher order derivatives from the full
solution is expanded on in[Appendix A.1.3|

The dynamical potential is a real function of a complex variable. We pick ¢y = 0 on the real
axis, in order to ensure that this property is not spoiled by out choice of expansion point ¢,.
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(a) Graphical comparison of the real part of Vd(;g. (b) Graphical comparison of the imaginary part of Vd(;g

Figure 6.1.: Numerical convergence in the complex plane for the different expansion schemes. The
results of all flows (red: 1PI, green: Polchinski (V,), blue: RG-adapted (Vg,,)) agree with
the results of the numerical integration, and for a better visualisation the different data
are shown with a slight offset. We show results for the first derivative of the dynamical
potential Vd(;]z, which is raw output of the numerical computation in|(6.29)| Definitions and
fluxes of the different schemes are summarised in All units are given in terms of
the UV mass m = 1 with an initial cutoff A =5.

Thus all vertices Vd(;z are also real, implying mi € R. This reasoning can be extended even

further by making use of the Z, symmetry of the effective dynamical potential Vgy, 1 (¢). We
deduce that Re[Vyyy, x(¢)] is an even function in the real variable ¢, whereas Im[ Vg, . (¢)] is

. . 1 — 3 4

odd in ¢ . Furthermore, we find that Re[Vd(yik(qb)], Im[G; '[¢]1], Re[Vd(yik(d))], Im[Vd(yik(d))]
are odd in ¢, as well. This implies purely real or imaginary values, for even and odd vertices
respectively, if the expansion point is chosen at ¢, = 0. Since odd vertices only appear as a
product, we find that choosing any expansion point along the imaginary axis does not introduce
any complex parts in the flow equation. By also choosing ¢ = 0, we deduce Vd(;)l = Vd(;r)l =0.
Accordingly, the respective terms in the equations are dropped in the following.

Next, we derive the field-dependent flow of the dynamical potential Vyy,,. For this purpose,

(6.14)|is inserted in the flow|(6.13a)| Using the expression for the propagator in|(6.24)(with

the flat cutoff, we arrive at

V(l)(¢)]2 _V(2)(¢) V(4) 9 V(4)
_ 2+d [ dyn dyn dm 7 Tdm )
A Vayn(@) = v(d)k (2 +k2)2 + (2 +k2)2 2 (2 +k2)3 Vagn i (9)¢

(6.29)

We now proceed to adjust this equation to the numerical framework presented in|Section 6.2.2
and map J, — 9y . |Equati0n (6.29)|can be reformulated as a one-dimensional non-linear
diffusion equation by taking an additional ¢, -derivative. In a complex framework we make

use of With u = 0, Vgyn(¢) as defined in|(6.17)} we obtain

Bou=A(k,d, ¢o) 9. (F[u, b, b, k]1— 3¢xu) . (6.30a)
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The real, positive diffusion coefficient is given by

1

Alk,d, ) = v(d)k*H ———, (6.30b)
(mg +k2)
and the complex valued convective flux
2
Flu, ¢, do. K] =+ (30)| £~ ug (6.300
> ¥ Y0 0 2 (mi + k2)

This highlights a convenient property of the RG-adapted expansion for the evaluation of complex
effective potentials or even effective actions: for any expansion point along the imaginary axis
the propagator remains real, i.e. positive diffusion is ensured.

Initial conditions

All dimensionful quantities are measured in powers of the mass at the initial UV scale k = A, in
particular implying m = 1. The initial or bare classical coupling at k = A is also set to unity, to
wit

m2=1, A=1. (6.31)

The initial conditions are obtained via the Legendre transformation of the classical action, which
is the initial condition for the 1PI flow. Details of this derivation are given in|Appendix B.5.3|
Furthermore, the choice of the initial cutoff scale A in the UV requires special care: the algebraic
structure of the Wilsonian effective action flow has no built-in suppression at high field values,
as present for the 1PI flows. In fact, the flow of couplings and the mass increases at larger
field values. Moreover, the structure of the flow is such that for d > 2 potential numerical
inaccuracies in this fine-tuning problem are enhanced by powers of the cutoff scale.

In this work, an initial cutoff scale A =5 is used, for which we find coinciding results from

various methods for dimensions d =0, ..., 4, see|Section 6.3.3

6.3.2. Benchmark results in d=0

In this section, the numerical convergence of the different functional flows towards the full
result is tested. For this purpose we use the zero-dimensional theory, where the partition
function|(3.2)|is a simple one-dimensional integral. This integral can be solved numerically,
and in some limiting cases even analytically. For related works for real-valued effective actions
and flows see [248-250]]. We remark, that in d = O the partition function indeed develops
zeros that are particularly difficult to resolve. In turn, in higher dimensions we expect cuts
which may facilitate the numerical treatment. This has been already observed within lattice
simulations with complex Langevin dynamics [299].

The dynamical potential Vg, is computed using the flow of the RG-adapted scheme, the
Polchinski flow and the 1PI flow, see for a summary of relevant equations in the
different schemes. Detailed derivations of the latter two flows are found inAppendix C.3.2|and
‘Appendix C.3.3|respectively. Computations are, as discussed in[Section 6.2.3] performed on
slices of constant ¢, using 1d-numerical grid, ranging from ¢, € [—3,3]. On each slice a grid
of K = 60 cells is used with a polynomial of order N = 2 in each cell. Afterwards, results need
to be mapped from the fields to the current ¢ — J. In the RG-adapted scheme, this is done via
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Figure 6.2.: Absolute value of the numerical error of Vd(;i computed with the RG-adapted flow. The

error is measured by subtraction from the numerically performed integral, the definition is
given in|(6.32)| The pole position is inferred from the numerical evaluation of the integral

and situated at at J, = 3. The flow is solved on the slices along the black dashed lines,

remaining values are interpolated. The red line is drawn in as a reference. It indicates the

last convergent computation using the Polchinski flow, see|Appendix C.3.2| All units are

given in terms of the UV mass m = 1 at an initial cutoff A = 5.

the definition of the current in the approximation of the propagator in[(6.24)|and the
contained mass term mi (6.25)| The mass term is computed from|(6.26)| This computation is
explained further in the following|Section 6.3.3| see also

shows results up to their maximal J,, value, where the computation still converges.
We find that the RG-adapted scheme retains a very high numerical accuracy in a very close
proximity of the pole in comparison to the Polchinski flow and the 1PI flow. The convergence
pattern is shown inand we find satisfying numerical accuracy of the RG-adapted
scheme up to J,, = 2.8. The numerical error is given by the absolute value of AV;;i(d)[J D
with,

AV(@) = VL) (6) = AV (). (6.32)

|Equation (6.32)|is the difference of the numerical result for the first derivative of Viayn obtained
from the direct numerical evaluation of the integral in Viyn,in» and the integration of the
RG-adapted flow, Vayn flow-

From the numerical integration of the pole position is found at

J=3i. (6.33)

A computation of the Polchinski ﬂowon the same numerical grid, only converges up to
J, = 2.4, which is indicated by the red line in This significant increase in accuracy
between the RG-adapted scheme and the Polchinski flow supports the expansion about ¢.

Within the current scheme, the 1PI flow is only convergent in the symmetric phase, i.e. for
¢, < 1, where Vié?k > 0 with our initial conditions discussed in [Section 6.3.1] A detailed
discussion is given in|Appendix C.3.3| an alternative formulation of the IPI flow is subject to
further investigation.
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(a) Real pa.rt of Vd(;g = 2 Viign from the RG-aflapted flow (b) The imaginary part of —Vd{;g =—0, Vign from the RG-
(6.30)|in comparison to the exact numerical result. adapted flow|(6.30)|in comparison to the exact nu-
merical result.

Figure 6.3.: The plots show the first derivative of the dynamical potential Vd(;r)l(qb) in d = 0 dimensions in
the vicinity of the first Lee-Yang singularity. We compare results generated by the RG-adapted

flow|(6.29)|(6.30)|to the numerically integrated expression in|(3.2)| The numerical data

has a slight offset which allows for a better graphical presentation. Both calculations are in
agreement for ¢, smaller than the black line. The absolute difference between both results

is shown in|Figure 6.2| At the Lee-Yang singularity the RG-adapted flow freezes in and we
see an un-physical continuation of the singularity. All units are given in terms of the UV

mass m = 1 at an initial cutoff A = 5.

Beyond the Lee-Yang zero, an expansion about ¢ is no longer feasible. For all values
¢, > ¢, where ¢, is the position of the Lee-Yang singularity, the flow runs into a blow-up, i.e.
a singularity, compare to the raw data in A detailed discussion of the blow-up is
given in[Appendix C.3.1| The use of possible expansion points beyond the first pole are subject
of ongoing investigations.

6.3.3. Convergence for d = 0 on the real axis

For higher dimensions, d> 0, the local potential approximation is indeed an approximation.
Moreover, the LPA differs for the different schemes and we expect small deviations in the

effective potentials.

Within a first application of the RG-adapted scheme to a quantum-field theory, i.e. d > 0,
we investigate its behaviour on the real axis in comparison to established methods such as the
Polchinski flow and the 1PI flow.

The raw LPA data in the RG-adapted scheme is converted by using the relations in[Table 6.1
It provides us with the density of the Schwinger functional w[J ],

wlJ]1=W[J]/¥, and ¥, = f dix. (6.34a)
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functional w[J ]as a function of the real current functional w, in relation to the RG-adapted result

J. w,4. Where x indicates the result from the Polchinski
and 1P1 flow as indicated by the legend.

Figure 6.4.: Full potential of the Schwinger functional|(6.34)|on the real axis for different dimensions
d=0,...,4. We compare numerical results from the RG-adapted flow (Vy,), the Polchinski
flow (V,,,) and the 1PI flow. The data was then used to compute the density of the Schwinger

functional w[J ] using|(6.34)|and the information linked in|Table 6.1} The results ind =0

are exact, whereas the solutions for d > 0 start differing more strongly with increasing field
values. All units are given in terms of the UV mass m = 1 at an initial cutoff A = 5.

It follows,
1L 5 2
wlJ 1= omio 7 = Vay(@)lp=c,16,1

1
— Eqbz — th(¢)|¢,:(3(z))‘lj

=J ¢) - Veff(¢)|¢ (aveff)* (6.34b)

_ W ](J) .
The first, second and third line are given in terms of the RG-adapted result, the result of the
Polchinski flow and the 1PI flow respectively. The different definitions of the current make use
of the RG-adapted propagator G,[¢] and the classical dispersion $@). The coordinate change
in the 1PI scheme follows directly from the Legendre transformation. The results from the
different flows agree remarkably well, as is shown in the results agree necessarily
ind = 0. In d > 0 we notice a deviation in the percent range for currents J < 0.8, which keeps
increasing for even higher fields. Interestingly, we find that the results obtained from the 1PI
flow, are in better agreement with that from the RG-adapted scheme for currents J < 0.7. This
is likely related to the similar definition of RG-adapted currents, since in the 1PI case we have

av,
J = aTsz +k2p =V +k2) ¢, (6.35)

due to the Z, symmetry of the potential. In this picture, the 1PI effective action is related to
the RG-adaptation the current suggested in|(6.5)} using the full field-dependent propagator.

Hence it is suggestive, that an RG-adapted scheme using the fixed field value ¢y compares well
at small fields.

The behaviour shown in[Figure 6.4|also suggests to compare the two-point function at the
m

origin, the mass parameter .25)|as it constitutes the defining difference in the presented
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Figure 6.5.: RG-scale dependence of the mass mi at the expansion point, as it is defined in
for dimensions d =0, ..., 4. Results are obtained from computations of Vy,, (RG-adapted
scheme), V;,,, (Polchinski flow) and the 1PI flow, see All units are given in terms
of the UV mass m = 1 at an initial cutoff A =5.

schemes. In the RG-adapted scheme, it is computed in a separate equation from the potential
using|(6.26)} whereas it can be read off of Vift)[O] (Polchinski) and Ve(f?[O] (1PI). The results
compare well for all dimension and are shown in This check shows that physical
values can be extracted consistently from the various schemes in all dimensions.

6.4. Complex effective potential and Lee-Yang zeroes in
d=4

We now proceed with a comprehensive analysis of results for the complex effective potential and
the properties of the Lee-Yang zeros in the d = 4 dimensional scalar field theory. As mentioned
before, this theory or rather its O(4) variant is (part of the) scalar-pseudoscalar meson sector
in the fRG approach to QCD with dynamical hadronisation, see [|44}45|/49}/51[]. Roughly
speaking, its embedding in QCD leads to additional driving forces in the present setup and
hence this extension is covered by the general discussion of the types of differential equations in
Finally we are interested in such a QCD analysis at finite temperature and density.
There the respective phase transitions and Lee-Yang zeros are related to the O(4) theory in
d = 3 dimensions. We have performed such a numerical analysis alsoind =3 and d = 1, 2.
However, a discussion of the location of the Lee-Yang zeros, their parameter dependence and
the critical physics goes beyond the scope of the present paper, and will be presented elsewhere.
Here we only state, that the present numerical analysis is also convergingin d =1, 2, 3.

In[Section 6.4.1|we initiate the analysis with the discussion of the effective potential and its
scaling properties. In|Section 6.4.2|we evaluate the properties of the Lee-Yang singularity. In
particular we compute the mass dependence of its location and the intersection point with the
real axis at the phase transition point of the real scalar theory.

6.4.1. Scaling properties and Lee-Yang singularities

For the evaluation of the scaling properties in the vicinity of the Lee-Yang singularities we
evaluate the full effective potential in the complex plane. The computations are performed on
¢ slices with constant imaginary part ¢, with a spacing of 0.1 until ¢, = 3.2. At ¢, =3.2 we
are in the proximity of the blow-up, investigated in|Appendix C.3.1| Furthermore, we increase
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Figure 6.6.: Real part of the density of the Schwinger functional w[J]. The data is obtained from the
RG-adapted scheme. The raw data was computed in:Section 6.4|and integrated using the
path described in|Appendix B.5.5|and|(6.34)| The black dotted line indicates the expectation
value for the magnetisation, compare and is evaluated for all ¢, using with
H = 0. The critical value for the spontaneous breaking of symmetry is clearly visible at
Jo & 1.37. All units are given in terms of the UV mass m = 1 at an initial cutoff A = 5.

the resolution in the critical area between ¢, €[1.3,1.4] to 0.01. The slices are interpolated
in ¢, direction after the evaluation. Lastly, the effective potential is computed from the raw
data, following the integration procedure described in|{Appendix B.5.5|

Performing calculations in the complex plane is tantamount to scanning the theory for

. o . $2 . .
different initial masses, since m>[0, ¢,]= m? — —- on each slice. In d = 4, the ¢* theory is
evaluated in its critical dimension, and hence we expect mean field scaling at the Lee-Yang
singularity.

In the present case, mean field scaling occurs in a relatively big scaling regime, which allows
for very accurate fits. Once the scaling amplitudes are determined, the location of the Lee-

Yang singularity is estimated in|Section 6.4.2| The order parameter is given by the average
magnetisation M which is the solution of the equation of motion (EoM),

M(¢y;H) = quOM . (6363)
The solution to the EoM, ¢y ,, is determined from

IwlJ (s, py)]

20, =H. (6.36b)

¢'x:¢'x,EOM

The solution ¢,y in depends on the effective mass m2[0, ¢, ] of the corresponding
¢ -slice and the external field H. The rnagnetisationfollows the minimum of the density
w and is depicted in[Figure 6.6] There, the critical value J, ~ 1.37 is clearly visible as the
bifurcation point of the minimum.

For the extraction of the scaling exponents we use the scaling relations in the vicinity of the
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Figure 6.7.: Real part of the average magnetisation M as a function of the imaginary part ¢, of the field
(left) and the real part Re H of the external field (right). The fits are based on the scaling
functionswith the fit parameters in Both branches of the magnetisation
are fitted separately, and the overall error of the fit parameters is obtained by averaging
over both branches and taking the fit error into account. All units are given in terms of the
UV mass m = 1 at an initial cutoff A = 5.

critical ¢, -slice

A\
Re[M(qby,H:O)]:B(%) ,

Re[M(¢, = ¢.,H)]=BH", (6.37)

where ¢, is the critical field that signals the onset of symmetry breaking. The amplitudes B, B,
are used later for computing universal quantities.

A y-squared fit is performed separately on both branches and the difference between fits is
used for an error estimate of the numerical error.

The fit parameters are given in|Table 6.2|and the result is plotted in|Figure 6.7| From the

scaling fits we obtain

B =0.505(23), &=2.992(18), (6.38)

which corresponds well to the expected mean field scaling parameters 1/2 and 3 respectively.
The error is estimated by dropping the last five data-points. Since we do not aim at a precise
estimate of the scaling parameters in this work, we refrain from an in-depth error analysis. Pos-
sible sources of error are the interpolation of data in ¢, -direction, as well as the determination
of the minimum.

A further,derived, scaling exponent is given by,

y=p(6—-1), (6.39)
and governs the scaling of the susceptibility y.
oM
X(éy,HZO): ﬁ(qby;H)lH:O (640)

We include an additional subleading quadratic term in our fit to allow for a bigger fit-interval
and a better fit to the data. The fit function reads

_ _ 2N\~Y
x(¢,,H=0)=Cs (% +D(¥) ) ) (6.41)
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Figure 6.8.: Inverse of the susceptibility y as a function of field ¢, = Im ¢ . Fits to the data are performed

with |(6.41)| where we use y = 1. The resulting scaling amplitudes are given in|(6.42)
Small wiggles in the data-points originate from an 2D-interpolation of the raw data. All

units are given in terms of the UV mass m = 1 at an initial cutoff A = 5.

where y = (6 — 1) = 1 is the mean field scaling exponent. C, are the scaling amplitudes in
the symmetric and spontaneously broken phase respectively. The susceptibility is obtained
from 6(§x Vayn(@y, @), for details see|Appendix B.5.4

We have applied a y-squared fit to the inverse of the susceptibility y(¢,,H = 0)~L. The fit
withand the data-points are shown in The overall amplitudes C,. and the

relative factor D of the subleading term from the fits are given by

C, =—0.4369(11), C_= 0.2025(21),
D, =—0.256(20) , D_= 0.6117(88). (6.42)

In mean field, the amplitudes C, are related with |C,| = 2|C_|. This relation is violated by
approximately 8%. The deviation in C, also persists for smaller fit-intervals. The numerical
errors may be caused by a small true scaling regime as well as the interpolation of ¢, slices.
This behaviour may also be linked to a faulty smoothing out of an cut for ¢, > ¢ . All these
potential sources are currently investigated.

Gathering all scaling parameters, we obtain the universal scaling amplitude

X Bf

R =1.035(25), (6.43)

This agrees well with the expected value in mean field computations R, = 1. Computing R,
from C_ yields R, = 0.931(22). This result also suggests, that the potential smoothing out

B o |B| |B.| Po

Gy rom > 0 || 0.5050(40) | 2.9830(88) | 2.520(20) | 1.408(40) | 1.331
brrom <O || 0.5060(43) | 3.000(11) | 2.526(22) | 1.3933(55) | 1.331

Table 6.2.: Fit parameters for the fit|(6.37)|applied to the data-set in|Figure 6.7| The error is the y*

error of the fit. We keep fits of both branches to get an estimate for the error of the overall
scaling. The error on T, is < 10> and not indicated.
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Figure 6.9.: Real and imaginary part of the average magnetisation M, defined in at ¢, = ¢ as
a function of the imaginary part Im H of the external field. The magnetisation is shown for
different values of the real part Re H =0, 0.15, 0.30 of the external field. The dashed lines
highlight the position of the cusp at M = 1.33i and Im H = 0.9448. The Lee-Yang singularity
is clearly visible at Re H = 0 and is increasingly smudged out for higher values of the real
external field. All units are given in terms of the UV mass m = 1 at an initial cutoff A = 5.

of the cut does not strongly affect the solution of the equations of motion. The fit result also
provides an error for the critical field with

¢, = 1.3340(10), (6.44)

where we have taken the mean of both fits|(6.42)|and their respective error.

6.4.2. The Lee-Yang singularity

Finally, we discuss the location of the Lee-Yang edge singularity. This is chiefly important for an
application of the current approach to QCD: the extrapolation of the location of the Lee-Yang
singularity in QCD as a function of baryon chemical potential onto the real axis constrains the
location of a potential critical end point. More generally it constrains the location of the onset
of new physics.

In the present ¢* model case, the edge singularity in d = 4 corresponds to a kink in the
magnetisation. As an example, we use the data-set from the previous section with the initial
conditions frornwith a UV-mass m? = 1. We evaluate the magnetisation M defined
inat critical ¢, = ¢, and imaginary external field H. Both the real and imaginary

part of the magnetisation are shown in|Figure 6.9| The exact position of the Lee-Yang edge
singularity is located at M,,;, = 1.3320(20)i and Im H = 0.9448. It can be identified by the

2
A m? A

1.4969(66) | —0.03943(17) | 0.913(12)

Table 6.3.: Fit parameters to the scaling fit of the Lee-Yang location in|(6.45)|and plotted with the
data-set in|Figure 6.10a| The error to the fit is obtained by removing the last data point.
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the initial UV-mass m? and the critical mass squared, with the parameters|Table 6.3| The first few data-

mf =—0.03943(17). Fits are perfomed separately on points are exempt from the plot, since their absolute
the red, blue and green data-points with the (mean value is smaller than the fit-accuracy. The red, blue
field) leading scaling form The red data- and green color corresponds to that of the data-points
points show the expected scaling-behaviour and yield in[Figure 6.10a] The noise is linked to a numerical
a critical initial mass for the real phase transition. The error on the data, whose absolute value is smaller
corresponding fit data is given in The blue than 10~°. We find a subleading behaviour to the
and green data-points contain a small subleading con- scaling for initial masses m? 2 0.14.

tribution to the scaling, see|Figure 6.10b|and thus

result in higher estimates of m?.

Figure 6.10.: Location of the phase transition on the real axis from an extrapolation of the location of
the Lee-Yang zeros. All computations use an initial cutoff A = 5.

second order phase transition in the real part Re M, as well as the cusp in the imaginary part
ImM.

We have done a similar analysis in d = 3, where we find the position of the Lee-Yang
edge singularity at M, = 1.3136(31)i and ImH = 0.9589 for an UV-mass m?> = 1. For a
comprehensive analysis of the theory in d = 3, including also a discussion of the size of the
(small) scaling regime is deferred to a work in preparation.

More generally, for initial masses m? > mf and fixed initial self coupling A = 1, the expecta-
tion value of the real field ¢, vanishes, ¢, (m? > mf) = 0. Accordingly, the Z, symmetry is
preserved on the real axis. In turn, for smaller m?, the Z, symmetry is spontaneously broken,
¢ (m? < mf) # 0. The critical value mf determines the location of the second order phase
transition.

This allows us to determine the m-dependence of the critical field value ¢.(m), and in
particular its endpoint with ¢.(m,) = 0. The result is shown in were we show
the value of the imaginary part of the magnetisation or solution of the equation of motion,
¢, =ImM, at the Lee-Yang singularity as a function of the initial UV-mass squared. We extract
the critical UV-mass mc2 by fitting the universal scaling behaviour,

ImH = A(m* —m?)*. (6.45)

The scaling fit with the fit parameters inis based on the data-points with initial masses
mc2 < m? < 0.1. We recover a critical UV-mass mf = —0.03943(17). For all UV-input masses
higher than mf, we are in the symmetric phase, which can be seen from the IR-mass on the real
axis. For example, performing a computation at a UV-mass of m? = —0.039, yields an IR-mass
m% =4.2 10~*. We also recover the mean-field scaling A = 36 = 3/2 remarkably well with
our estimate given by A = 1.4969(66).
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Finally, we investigate the size of the scaling regime. Scaling fits to data-points from initial
masses m? > 0.09 yield a higher estimate for mf, which hints at a small subleading contribution
to the scaling behaviour (blue and green curves in[Figure 6.10a). The relative error between the
scaling-fit and the data-points is depicted in [Figure 6.10b| We find a subleading contribution to
the scaling for m? > 0.14 which grows in importance for higher initial masses m?. At m? =1
the relative fit error on the Lee-Yang location is only ~ 3%. Hence, we deduce a large scaling
regime in d = 4.

6.5. Summary and outlook

In the present work we have set up general fRG approaches for computing complex actions.
To that end we have compared different general fRG flows for the Wilsonian effective action
and the 1PI effective action, based on the general flows for both, [(3.20)] and [(3.33)] The
analysis suggests that the construction of adapted fRGs is key to constructing systems of partial
differential equations whose types support flows towards the infrared, see[Section 6.2]

The present conceptual results allow for a systematic construction of these flows within the
theory and truncation at hand. Our explicit numerical computations of the effective potential
in scalar theories in zero to four dimensions have aimed at resolving Lee-Yang zeroes, and are
based on the RG-adapted flow for the Wilsonian effective action constructed here. The setup
allowed us to compute the full effective potential in the complex magnetisation plane, see in
particular [Figure 6.6 These results give access to the position as well as the mass-dependence
of the Lee-Yang zeroes, see

This evaluation of the mass dependence allowed us to predict the location m? of the phase
transition from the symmetric into the broken phase in terms of an extrapolation of the Lee-
Yang singularity and its intersection point with the real axis. It can be seen as a precursor of
a respective computation in QCD, where the present scalar potential or rather scalar sector
is linked to the scalar-pseudoscalar meson sector obtained via dynamical hadronisation in
functional QCD. Then, the dependence of the location of the Lee-Yang zero on the chemical
potential can be used to constrain the location of the critical end point or the onset of new
physics within first principle QCD. We hope to report on the respective investigation in the near
future.




CHAPTER 7

Applications of general RG transformations

In[Chapter 3|we have outlined some of the computational challenges of the fRG. Firstly, we
have addressed the issue finding an approximation scheme for the intricate momentum and
field dependence of the generating functional I'[ ¢ ], which allows for a quantitative description
of physics, recall[Section 3.2.2] This issue goes hand in hand with finding a regulator that is
optimised for the truncation, see The second challenge becomes apparent in
real-time applications. Ideally, one would like to find a regulator which implements a causal,
Lorentz-covariant theory. Until now, the only regulator which has been found to allow this, fails
to implement UV-finiteness in the RG-flows. This has been discussed in [3] or in[Section 3.4}

In this chapter we present two applications of the generalised RG-flow to scalar
theories, which address these challenges. The respective works represent an important step in
method development of the fRG. Whilst they are aimed at a quantitative description of QCD,
these developments can also be applied in a broader context.

aims at an expansion of the theory about the ground state of the theory by
an RG-scale dependent redefinition of the effective mean field ¢. This way we are able to
reduce the complexity of the approximation scheme by absorbing part of the RG-flow into the
definition of the field.

Section 7.2|presents an application of the CS-flow introduced in[(7.45)| Here, the RG-flow
was adapted for the computation of spectral functions.

Previously, in|[Chapter 6, we have already applied generalised flows to implement an RG-
adapted flow of the Wilsonian effective action, which showed great numerical stability for
computations with complex external fields.

7.1. Optimal RG-flows and flowing fields

This section is based on [8]. We make use of the generalised RG-flow derived in|(3.33)|to compute
the full wave function renormalisation.

Renormalisation group approaches are ideally suited for resolving the intricate phase struc-
ture of physical systems, ranging from condensed matter and statistical systems over Quantum
Chromodynamics, particle physics, cosmology to quantum gravity. They are set-up for mon-
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itoring the change of physical phenomena and degrees of freedom under changing intrinsic
scales such as mass and more generally couplings, as well as external parameters such as
temperature, density or external fields. Renormalisation group approaches provide a relatively
easy access to the mechanisms or dynamics behind intricate physical phenomena already in
simple approximations of the system at hand, even for strongly correlated systems. Often,
simple approximations already lead to semi-quantitative results.

In turn, fully quantitative results and, equally important, a small systematic error estimate
require far more effort. Moreover, the phase structure of many systems, including many
condensed matter systems and QCD, exhibits regimes with competing order effects. There,
quantitative precision as well as the inclusion of the full vacuum structure is mandatory for
obtaining even qualitative results. Accordingly, the quest for quantitative precision and small
systematic error estimates is of vital importance for the reliability of the RG-approach, and the
present work aims at adding to this important endeavour.

A specifically appealing feature of RG-approaches is their adaptive flexibility that originates in
the successive resolution of the theory at hand, and Wilsonian fRG approaches are tailor made
in this respect. In the present work we aim at a description of the one particle irreducible (1PI)
effective action of free energy I' in terms of the emergent dynamical degrees of freedom. This
corresponds to an expansion of the theory about its ground state, and in terms of the effective
action this is tantamount to an expansion about the full covariance or inverse propagator. In
the fRG approach this idea is implemented within a successive RG-adapted reparametrisation
of the dynamical field, which evolves from the microscopic field at large momentum scales
to the emergent dynamical field at low momentum scale. This requires an fRG flow equation
for the effective action that encompasses general reparametrisations, which has been set-up
in [127,140], and was discussed in Section 3.3.2. The underlying idea dates back to [131] and
has recently also been used for the construction of the essential fRG, [136,143].

In the current section we use the flowing field approach to reduce the full dispersion of the
field to a classical one at each RG-step. In Section 7.1.2 we briefly describe our numerical
setup, and we present numerical results for the three-dimensional O(4)-theory in the broken
phase (in Section 7.1.3) as well as for the thermal phase transition of the O(4)-theory in four
dimensions (in Section 7.1.4). We summarise our findings in Section 7.1.5.

7.1.1. Flowing fields for scalar O(N) theories

In the following we explore the thermal phase transition in a scalar O(N) theory with the scalar
field ¢ = (¢1, ..., ¢y). This model has a thermal phase transition from a symmetric phase at
high temperatures T > T, to a spontaneously broken phase for low temperatures T < T, with
one radial mode and N — 1 massless Goldstone modes.

As discussed in Section 3.3.3, we use the reparametrisation freedom stored in the flowing
fields (3.41) to transform the full dispersion into a classical one for all field values, while
keeping the pole mass fixed. To that end we consider the following approximation of the
effective action in the presence of an infrared cutoff scale,

f‘k[(p]zf [%Z(p(P@)(aMSD)Z-I-Vk(P(p)]: (7.1)

B 2 a, .a
f - f def d3x, p<p = (’; = (p SO > (7'2)
x 0 R3 2 2

with the notation
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where 3 = 1/T with the temperature T, and a =1, ...,N. corresponds to the
first order of the derivative expansion for the O(N) model.

For N = 4 this model is a simple low energy effective theory for the chiral dynamics in
QCD, and the phase transition is that of strong chiral symmetry breaking, as also discussed in
the last section. The radial scalar o-mode is obtained from the quark bilinear gq. The three
(peudo-)Goldstone bosons are related to the three pseudoscalar pions 7 obtained from qysoq
with the Pauli matrices & = (0!, 02, 0%). The masses m,, ~ 140 MeV of the latter are generated
by an explicit symmetry breaking term linear in the radial field. This simple model emerges
dynamically as part of the full QCD effective action within the fRG approach to first principle
QCD with dynamical hadronisation, for recent works see [51,60] and the reviews [|[104,/126].
While we will use the results of this specific application in a forthcoming QCD related work,
the approach and results here are far more general.

Now we use a transformation, that maps the effective action [';[¢] to one with a classical
dispersion in terms of the transformed field ¢ with

Fk[¢]=f [%(auqﬁ)%vk(p)—cao], (7.3)
where
2 2 2
(3) pegeme

and w7 = (74, ..., ty_1). In|[(7.3)| we have introduced an explicit linear breaking term for the
radial mode o. Note that such a term drops out of the flow and only shifts the (constant)
solution ¢ of the equation of motion,

03, Vi(po) = ¢4 - (7.5)

Accordingly, this linear term is only a spectator in the following derivations and computations.
We emphasise that the form of|(7.3)|does not signal an approximation with the assumption
Z4 ~ 1, but a formulation with flowing fields with the constraint

Zy(p)=1, (7.6)

which is the momentum-independent reduction of|(3.41)

We also envisage [(7.3)| with[(7.6)|as the intermediate reparametrisation of the theory, before
the Goldstonisation of [[139,/142] is applied. This combined application is deferred to future
work.

RG-adapted field transformations

It is left to derive the flowing fields ¢, that absorbs the full field dependence of Z i into the
field ¢ and leads to

8,24(p) =0, (7.7)

where we have dropped the subscript ;. indicating the k-dependence. To begin with, both
actions, [(7.1)| and |(7.3)] are invariant under linear O(N) transformations, so we only have
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to consider field transformations that carry a linear representation of O(N). Consequently, a
general parametrisation of ¢ is given by

¢ =—%n¢(p)¢, (7.8)

with a general p-dependent function n4(p), which is indeed absorbing the anomalous dimen-
sion of the field, hence the notation.

In order to determine we compute the flow of Z, from that of the two-point function,
atl"lfz)[gi)](p), the second field derivative of the functional flow with flowing fields,
The wave function is directly extracted from the two-point function of the Goldstone fields at
7 = 0. The general form of the Goldstone two-point function for constant fields ¢ = (o, 0)
and p = 02/2 is given by

,Ezf)rn[qb](p) Zy(p,p) [p*+my(p)] 67 (7.9)

It is diagonal in field space and the mass parameter m (o) is the pole mass of the theory. While
the pole mass can be accessed within the fRG approach, in particular within spectral flows, see
e.g. [3], we will use an additional approximation in the present work with

Zg(p,p)~Zy(p)- (7.10)
With|(7.10) the flow of Zy(p) is computed by taking a p? derivative of J, FIEZ)[qb](p) atp =0,

as all mass terms drop from the flow of |(7.9) In combination we arrive at

)
8,.Z4(p) = =5, (7.11)

op 2 ay k,

T= 0

The details of the explicit computation are deferred to Appendix B.4.1] and the final flow for
p =0and 7w =0 reads

10 5 5 .

where Z/, = 0 »Zg and G(thl stands for the second derivative of the propagator w.r.t. the
Goldstone 7, and we have in general

G
ngm;) - (D1 ooos Prrsn) = ¢i¢j(P1,P2) .
Pny 5¢n(p3)"'6¢m(pm+2)

(7.13)

We shall also use the short-hand notation G, bt Gij,nm 3S well as G 4 4 and extensions
to more derivatives for the sake of readability.

Using Z4 = 1, due to the constraint imposed in at any given k, all derivatives of Z,
vanish. Moreover, for the choice

5° 1 0 5¢
--9 )
5n15n1(¢ ¢)= 23p r[Gmlﬂ1 (a +25¢)Rk] (7.14)

for p =0 and m = 0 we obtain J,Zy4 = 0 and hence (7.6)|is sustained for all k. In((7.14), we

have used the short hand notation G(ﬁz _ where we have dropped the indices that are involved
in the trace.
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Comparing|(7.14) with the 7;-derivative of|(7.8)|at p =0 and 7 = 0 leads us to

10
g +pNy = —Ea—pzTr[Gfﬁzm(at —ns =20 Ry ], (7.15)

where 1/, = 3,m,. It is worth noting that|(7.15)|with 0/, = 0 is also obtained, if R, in the
¢ — “ple ) L ¢ : .

standard fRG approach without flowing fields is augmented with a field-dependent wave

function,

Ri(p,p) = Z4 (PR (p). (7.16)

[Equation (7.16)|is at the root of the background approximation in scalar theories, gauge
theories and gravity. However, leads to higher loop terms in the flow equation. In the
background approximation the higher loop terms are simply dropped. Then we are led to[(7.15))
as well as the flow (3.33)‘with (7.8)¥ where we consistently approximate n:i) ~ 0. This holds
true in the limit of slowly varying 7,4, which is analogous to the local density approximation.
Note that while the validity regime of this approximation is difficult to estimate, as the size of
n;) is not the relevant quantity, but rather its impact if fed back to the flow. The latter impact
can be estimated in the fRG within a (linear) self-consistency analysis: we can feed back the
n;’ obtained in the nip ~ 0 approximation into the right hand side of the flow and use the
difference as an error estimate.

Consequently, the fRG approach with flowing fields supports the background field approxima-
tion within the approximation in the limit of slowly varying 7. Importantly, within the
approach with flowing fields, this approximation can be systematically lifted without leading
to higher order loop terms. In particular, momentum-dependent Z,(p, p) can be implemented
straightforwardly.

The full RG-adapted reparametrisation of the theory in terms of a non-linear transformation
in field space|(7.14)|is linked to linear ones, if further approximations are used. Already in the
derivation of we have dropped the momentum dependence of the wave function. While
not necessary, it simplifies the final transformation significantly. A further significant
simplification is achieved if we drop the field dependence in which linearises the
RG-adapted transformation and reduces it to a cutoff-dependent rescaling of the field. This
approximation is a commonly used one, the local potential approximation (LPA) with cutoff-
dependent but field-independent wave functions, called LPA’. In contrast, the full RG-adapted
fields with[(7.14)|encode the full first order of the derivative expansion. However, the flows in
the latter depend on derivatives of Z,(p) which are absent here, due to the RG-adaptation.

The LPA’ approximation is obtained bywith Z,(py) = Z,(po) with a specific p,

F;;PA/[(P]:J I:%Zga(pO)(au(P)z+Vk(p(p)_coo-]' (717)

Typically, pg x is chosen as the cutoff-dependent solution of the equations of motion |(6.36b)
The rescaling of the field is then given by,

ng(Po) 9Z(Po)

¢=—¢ : M6(Pos) =— : (7.18)
2 P 2, (pog)
In short, in LPA’ the flowing fields leading to|(7.6) are simply implementing the rescaling ¢ =

Z g/ 2(po)y. Conceptually, the difference between the full field-dependent reparametrisation
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and the LPA’ one is the additional assumption, that the field dependence of Z, is negligible,
Bpw Z, ~ 0. This is the analogue of a local density approximation in density functional theory.
This relation of the fRG flows with flowing fields to the well-studied LPA’ approximation
allows us to gauge the impact of fully field-dependent reparametrisations. Consequently, in

Section 7.1.3|we shall compare the full results with that obtained in LPA’.

Flow equations

In the present approximation we are left with two flow equations, one for the effective potential
and that for the flowing field. With the underlying O(N) symmetry we can formulate the flows
in terms of p instead of ¢. Here we provide the explicit forms of the two flows in the present
setting of a thermal O(N) model. In comparison to the flow of the effective potential in LPA,
the flow carries additional terms proportional to n4(p) and its p-derivative,

ng +2p 17, coth (52 (N —1)coth( <z
3th—n¢PV/=kd+1Ad[(1_ ¢ ¢) (2T)+(1 N ) (2T):|,

1+d 2¢e, C1+d 2e€,
(7.19)
with V/'=9,V, V" =38V, 0}y = 8,1, and
2md/2
Ajj1=————7—. 7.20
17 (2m)dr(d/2)d (7.20)
The dispersion relations €, are given by
€njo = K2+m2, | (7.21)
and the radial and Goldstone masses
mi=V', m2=m2+2pV”. (7.22)

The RG-adapted flow of the field basis is given by|(7.15)|and has the explicit form in terms of
7)4»

) iy Mg +2pM,
Ny + PNy =44 p(V')" | 1— —1+d BB(32), (7.23)

with the dimensionless threshold function BB, 5y defined in Appendix B.7.2¥ and dimensionless

fields p = k?2p and potential V = k? V. Note that the the right hand side of|(7.23)|tends
towards zero in the large N limit with N— oo. This is consistent with the vanishing anomalous
dimension in this limit.

We close this analysis with the comment that this setup can be used as a starting point for an
additional transformation of the field basis into polar coordinates in the broken phase, with or
without a consequent absorption of the emergent wave function Zy(p). Such a set-up is fully
adapted to the ground state or covariance of the O(N) theory.
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(a) Anomalous dimension in the broken phase for T = (b) Anomalous dimension in the symmetric phase for
0.100 deep in the broken phase. T = 0.270 close to the critical temperature.

Figure 7.1.: Field and RG-time dependence of the anomalous dimension in the broken phase,
and in the symmetric phase, in four dimensions at finite temperature. The
critical temperature is T, ~ 0.260 and the initial conditions are given in [Section 7.1.4]
All units are given in terms of the UV-cutoff A = 1, and the dashed black line indicates
the equations of motion in the limit of massless Goldstone bosons. The solution of the
differential equation [(7.23)]|for 714 depends on a boundary condition that is in general
k-dependent. The kink at about k a 0.2 in originates in a strong k-dependence
of the boundary condition when entering the broken phase, see|Appendix B.4.4| The figure
does not show negative values of 1, (p), which appear in the unphysical part of the potential
in the broken phase.

7.1.2. Numerical setup

With the introduction of the RG-adapted, field-dependent flow of the anomalous dimension
urs «(p),[(7.23)] we add an additional ordinary differential equation to the RG-time integration
of the field-dependent effective potential V}.(p). We solve this system numerically: The RG-time
evolution is started at a UV-scale k = A and we use small, discrete RG-steps k — k — Ak until
the final RG-scale k = kg, ~ 0 is reached. At every RG-step the computation is then separated
into two stages, where we consider the field dependency of both functions on an interval
p € (0, pyv].

At first, we solve the evolution equation of the flowing fields for 1 k(p), using the
effective potential Vi.(p). The second stage then computes the flow of the field-dependent
potential ,V; (p), using a Discontinuous Galerkin discretisation and prepares the next
RG-step, i.e. Vi(p) = Vi_ar(p).

Solving the RG-adapted flow

We solve the RG-adapted ﬂow at each RG-step. The flow is a first order ordinary
differential equation (ODE). As such, we obtain a general solution to this ODE by the variation
of constants method, see|Appendix B.4.2| From this general solution we derive a particular
solution by specifying a boundary condition.

The choice of this condition requires some care when computing on a finite numerical interval
p € (0,pyy]. We recall, that the anomalous dimension 74(p), i.e. the solution to
is a non-linear reparametrisation of the field. In terms of a numerical interval with a fixed
length pyy, this implies a changing coordinate interpretation in terms of the initial field p,.
Or differently said, the numerical interval zooms in/out of, or moves through, specific regions
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Figure 7.2.: Comparison of the RG-scale dependence of the (1PI) effective potential derivative u = 8,V
(a) and the flowing field ¢, (b). Results are shown in the broken phase ind =3 at T = 0.05
for the initial conditions specified in We compare results of the approximation
with field-dependent Z,(p) to LPA’ (dashed lines) and indicate the field dependence in
terms of p, = p . All units are given in terms of the UV-cutoff A = 1.

of the initial field dependency. This is depicted at a later point in where we show
the transformation of the flowing field ¢, in terms of the initial field ¢, at the UV-cutoff scale.
The subtlety lies in fixing the integration constant such, that the numerical interval zooms
into the physically interesting regions, which we discuss in[Appendix B.4.4} A solution for the
anomalous dimension 7 (o) for d = 4 dimensions for temperatures T > T, in the symmetric
and T < T, in broken phase is depicted in The figure shows the particular solution
for n4(p), which is used in the computation.

RG-time integration of the effective potential

After solving the RG-adapted flow, we can proceed to use 7 ; in the computation of the effective
potential Vi.(p). The flow of the potentialdeﬁnes a second order differential equation,
which is dependent on its first and second derivatives d,V(p) and 3V(p) respectively. It
can be rewritten as a convection-diffusion equation along the lines of , by taking a p
derivative. Hence we solve for u = GPV(,O), with,

d,u=29, (pn¢ u+ F) R (7.24)

where the flow F(u,u’, p, N n;ﬁ) is given by the right hand side of

[Equation (7.24)|is solved numerically using Discontinuous Galerkin methods. We build on
the dune-FRGDG framework put forward in , more specifically we make use of the local-DG
scheme put forward in [E[] For further applications and convergence tests in the fRG see also

e.g. [46].

7.1.3. Flowing fields in the broken phase

In this section we present results in d = 3 dimensions, where the flow is initiated deep in the
broken phase. The initial conditions of the RG-time integration are given by a ¢*-potential at
an initial RG-scale of A = 1, to wit

u(p) =38,V(p)=pA+m>. (7.25)
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Figure 7.3.: Anomalous dimension in d = 1 + 2 deep in the broken phase (T = 0.05). With the onset of
strong, convexity restoring dynamics at k ~ 0.85, it diverges as p — 0. The divergence is
situated in the unphysical (flat) part of the potential p < p,, where the latter is the solution

to the equations of motion ((7.5)), and does not affect the results in the physical regime
P > po- The numerical treatment of this divergence is discussed in|Appendix B.4.3| The

dashed black line indicates p, in the limit of massless Goldstone bosons. All units are given
in terms of the UV-cutoff A = 1.

with 2 =1 and m? =—0.25.

We depict the RG-scale dependence of the solution to the flow of the potential derivative
(the Goldstone mass) [(7.24)|in[Figure 7.2a| This result is compared to an LPA’ computation
with the same initial conditions. In comparison to the LPA” computation we see deviations in
the unphysical regime of the effective potential during the flow, i.e. for p < pg, where py is
the solution to the equations of rnotionin the chiral limit ¢, — 0. These are caused by
the strong field dependence of the anomalous dimension in the flat part of the potential, see
[Appendix B.4.4} These deviations are further impacted by the implementation of a numerical
cut-off of the anomalous dimension in this regime, see|Appendix B.4.3}

Now we turn our focus to the regime p > p, at small RG-scales in Here,
the deviations emphasise the improvement that comes with the flowing fields formulation or
rather its more complete field-dependences: while LPA’ results match the flowing fields on the
equations of motion (EoM), we see a deviation away from p,. In summary, the current result,
in a qualitatively improved approximation, validates the use of the LPA” approximation for the
physics questions under investigation: both methods agree on the EoM, where the physical
correlation functions are obtained. This is not surprising, as the anomalous dimension on the
EoM is relatively small and flat in the vicinity of pg, see We expect this to change
for increasingly more dynamical settings, such as e.g. fermionic models with finite density.
Note also, that the deviations away from the EoM indicate, that higher correlation functions
may differ even on the EoM.

The ﬂ field formalism introduces a k-dependence to the coordinate space via the
_7.8)

relation The underlying transformation ¢,[¢] is obtained by integrating the flow ¢,
" dk
Pr=pt ok Nk P (7.26)
k

with ¢ = ¢,. The anomalous dimension 7y is maximal on the equations of motion, see



116 7. Applications of general RG transformations

® T=0.259

oo
0.050 ® T=0.262

& @ T=0.263

0.010
0.005)

000h 66~ 001 002 003 004 005

Figure 7.4.: RG-scale dependence of the anomalous dimension 1, (p,) on the equations of motion
(7.5)} in the vicinity of the critical temperature 0.260 < T, < 0.261. The current result is
compatible with a scaling solution 1, . ~ 0.042.

[Figure 7.3} This increases the resolution in its vicinity, which is discussed in more detail in
Appendix B.4.4| In|Figure 7.2b| we show the integrated flowing fields as a function of the
initial UV-fields. The emergent regime with a steep drop about the EoM entails * that a rather
small interval in the UV field ¢ stretches over a large interval in the emergent composite field
¢ . This zooming-in on the equations of motion is a numerically very welcome feature in the
presence of symmetry breaking:

Within LPA or LPA” we find the formation of a non-analyticity or kink at py. The formation
of this structure in &,V is smoothened out significantly in the flowing field approach, as the
non-analyticity is at least partially stored in the map to the dynamical fields.

We close this discussion with a comment on the flattening of the coordinate transformation
in ¢,(¢,) at small values of ¢. It is linked to the divergence of the anomalous dimension
14 (p — 0) in|Figure 7.1al which indicates a coordinate singularity. This is discussed in detail in
[Appendix B.4.4| Note that the converse of the magnification of the regime around the solution
¢ of the EoM with magnification point ¢ is the compression of the interval p < pg. There
the flowing fields describe the reparametrisation

Prooly) =0, for ¢ e[0,+4/2p5—€) (7.27)

with some small € > 0. In fact, with each RG-step Ak a new coordinate ¢, is set to O when it
reaches the singularity of the flow. In the numerical implementation, the singular reduction
¢1-o(w) = 0is only achieved with an accuracy of

¢)k—>0(30)|num < 10_9: for ¢A ?é 0: (7-28)

which is due to the numerical cut-off for the anomalous dimension, see|Appendix B.4.3|

7.1.4. Thermal phase transition in d =4 dimensions

In this section we apply the flowing field approach to the thermal phase transition in the
four-dimensional ¢* theory. The effective action at the initial scale A = 1 is given by the
classical potentialwith the coupling A = 1 and the mass parameter m? = —0.025. All
units are measured in terms of the UV-cutoff scale A.

Note that this choice of the initial effective action as the classical one is not fully RG-
consistent [[61}/127]] due to the relatively large coupling. However, the second order thermal
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Figure 7.5.: Temperature dependence of the dynamical fields as a function of the UV-field at k = 0.01.
All units are given in terms of the UV-cutoff A = 1.

phase transition in this theory occurs at sufficiently low temperature T, ~ A/4, and hence
potential ultraviolet effects due to the choice of the classical action as the initial effective action
have decoupled. Moreover, in low energy effective theories of QCD the initial ¢* coupling is
typically even larger.

Phase transition regime

We have computed the effective potential around the phase transition with a temperature
spacing of AT = 1072 for both the full Z »(p,) dependence and in LPA’ down to a minimal
RG-scale of k.,;, = 0.005. From this investigation we can determine the location T. of the
phase transition in the chiral limit in the present approach with flowing fields in comparison to
the location T, jps/ in LPA’,

T. = 0.2605(05),
TC,LPA" = 0.2605(05). (7.29)

The critical temperatures in both approximations agree within their error, which again provides
a much desired systematic error estimate for a T,-predictions in T ;p,’ in the current model
class. The fine temperature resolution AT = 107> or rather AT /T, ~ 0.0038 used in the
present computation allows for a crude estimate of the size of the critical region. To begin
with, we find that the used temperature spacing is not small enough for a reliable extraction of
the critical exponents. Note that AT is readily reduced without problems given the numerical
accuracy of the present framework. However, the present numerical approach is set-up for
computing the effective potential in the phase structure, and is not tailor made for the extraction
of critical exponents, which is best done within a fixed point analysis. When determining the
scaling of mi o< |T —T,|", our estimate of the region that is dominated by critical scaling, is

T
‘1—?6 <5x1079, (7.30)

Note that a fit with sub-leading scaling terms and regular terms may be compatible with our
results for a far larger regime, but still the extraction of the critical exponents from [1—T./T| >
5 102 requires a rapidly increasing precision as the scaling contributions get suppressed. In any
case we remark, that the critical exponent obtained from a naive interpolation of the potential
in the regime is compatible with v ~ 0.7 — 0.8. Finally, we consider the anomalous
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(a) Wave function Z¢(50) at k = 0.005. (b) Potential for different temperatures at k = 0.005.

Figure 7.6.: Transformation of the field basis and potential in d = 1 + 3 at different temperatures. We
show results in terms of the coordinates at the initial cut-off scale A. The solution to the
equation of motionis indicated by the dashed lines. The critical temperature is
given by T, a2 0.26. Hence the (purple) line is located in the broken phase. All units are
given in terms of the UV-cutoff A = 1.

dimension 714(p() on the equations of motion py, in the vicinity of the phase transition, see
Here, we have plotted the regular solution, see|Appendix B.4.2| Our computations
support a critical value 1, (po) & 0.042. Again, it is very apparent frorn|Append1'X B.4.2i that
a determination of the critical exponents, rather than the present crude estimate, requires a far
higher resolution of the scaling regime.

Consistency of flowing fields

We close the discussion of the thermal properties of the O(4) model within the flowing field
approach with a discussion of the field transformation ¢ (i) and the self-consistency of the
approach. The anomalous dimension in the symmetric phase at T = 0.270 and in the broken
phase at T = 0.100 is depicted in In the symmetric phase the map to the flowing
fields encounters no coordinate singularity for k — 0 as the latter originates in the non-convexity
of the effective potential only present in the broken phase for k — 0. shows the field
transformation at k — 0 for different temperatures. The field-dependent wave function can be
obtained from the coordinate reparametrisation at k — 0 using

b =Z,(py)"%0, (7.31)

and is depicted for various temperatures in Most notably, Z, increases as we near
the phase transition from the broken phase. By construction, it is maximal on the equations of
motion ¢p,y and thus 8,7 |z, = O in the broken phase, as suggested by the finite density
approximation. shows the potential at k — 0 for various temperatures. Here we
can see the the transformation of UV coordinates onto zero in the flat region (i.e. to the left of
the EoMs).

Finally we discuss the self-consistency and stability of our explicit solutions for the flowing
fields. We have explained in that the anomalous dimension is given by a
solution to an ODE. We then identified a particular solution for our numerical computation in

Appendix B.4.4| which is displayed in|Figure 7.1a} This particular choice of boundary condition

is a hybrid-scheme which allows to resolve phase transitions.
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(a) Wave function renormalisation Z.\D(np): The absolute (b) Potential: We use a shift Z, — Z,* AZ_, where

difference of both solutions is indicated in (orange), AZ, =0.0011 Z,, on the (blue) (+) and (red) (-)

it is & 0.03 on the equations of motion. solution to obtain coinciding potentials at p,, = 0.03.
This shift serves also as an error estimate for Z,,.

Figure 7.7.: Potential and wave function renormalisation at k = 0.01 for different boundary conditions

of the anomalous dimension: The hybrid scheme in (red), see |Appendix B.4.4[and and
additionally the UV-boundary conditions in (blue). The solution for the potential

deviates genuinely in the un-physical domain to the left of the minimum. As k — 0 the
negative part of the potential will flatten out and we expect agreement within numerical
errors for the physical part of the potential, whereas the Z, genuinely differ for ¢ > @pu:
By definition the (red) solution is > 1 and (blue) < 1. All units are given in terms of the
UV-cutoff A = 1.

To confirm that the physical quantities do not depend on the specific choice of boundary
condition, we solve the flow at T = 0.10 up to an RG-scale k,;, = 0.01 for both the hybrid-
scheme and another particular solution, given by the boundary condition

ng(Puy) =0, (7.32)

where pyy = 0.05 is the right boundary of the numerical grid.

In we compare the wave function Z,, at the final RG-scale for both the hybrid
boundary conditions and On the equations of motion we find relative deviation of ~ 3%
and a deviation of & 2% at pyy. Quantitatively, these solutions do not deviate much from one
another to the right of the solution to the equations of motion, since the numerical stability of
our scheme only allows for a small set of boundary conditions, see|{Appendix B.4.4| However,
the deviation is still significant and qualitative:

¢ The hybrid scheme, with ‘*?;S(Po,k) = 0 as k — 0 in the broken phase, has a positive
anomalous dimension to the right of the equations of motion, i.e. Z, > 1 at all RG-scales

k < A. See also the (red) solution in|Figure 7.7

* The UV-boundary conditions|(7.32)|have a negative anomalous dimension for all field
values p and all RG-times k. Hence Z,<1lat all RG-scales k < A. See the (blue) solution

in|Figure 7.7

shows the effective potential at k = 0.01 for both initial conditions, as a function
of the shared initial field ¢ = ¢,. We require the solutions for the effective potential to be
identical at large values of the field p = 0.03. From this requirement we infer a global error
estimate on Z,(p,) at k = 0.01 of

AZ,=#0.0011Z,. (7.33)
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This error accumulates during the integration|(7.26)|and is of numerical origin. [Figure 7.7b

also shows that the potential V is identical within this error estimate, whenever V > 0.

7.1.5. Summary and outlook

In this work we put forward an application of the generalised flow equation to an
O(4) theory, which implements the idea of an expansion of the effective action about the
ground state of the theory. Technically, this is done by reducing the full dispersion with a
field-dependent wave function Z,[¢] of the fundamental scalar field ¢ to a classical one at
each flow step. This is achieved by a dynamical reparametrisation of the field ¢ — ¢, (),
introducing an emergent composite or flowing field via the differential reparametrisation ¢[¢ ]
with Z, — Z4 =1 at each RG-step. We have shown that the constraint of a trivial dispersion
does not fix this reparametrisation completely, and we are left with a one-parameter family of
field-reparametrisations. This freedom is used to optimise the numerical implementation of
the flowing fields.

As a first application we have computed the effective potential in the three-dimensional
theory in the broken phase within this optimised expansion scheme. The results have been
compared to the commonly used LPA’ approximation scheme, in which the wave function Z @
is only computed on the cutoff-dependent solution of the equation of motion. Our results
provide a non-trivial reliability check of the LPA’ approximation in the broken phase, which
turns out to be quantitatively reliable in the present setup. However, the sizeable deviations of
the solutions away from the equation of motion depicted in [Figure 7.2 indicate, that higher
correlation functions may differ in LPA’. For this reasons we also expect inaccuracies of the
LPA’ scheme in the presence of highly dynamical flows. For instance, we hope to report in the
near future on an application of flowing fields to shock-development processes, as e.g. present
at large densities and low temperatures in the QCD phase diagram.

Finally, we have applied the flowing field approach to the thermal phase transition of the four-
dimensional ¢# theory. As for the three-dimensional case we found an impressive reliability of
the LPA’ approximation for the observables considered. For example, the critical temperatures
agreed in both approximations agree within their small respective error. This result has an
immediate consequence for the systematic error estimate of state of the art fRG computations
for the chiral phase transition up to ug/T ~ 4: the current work supports the quantitative
accuracy of the LPA’ scheme used e.g. in [51] for the chiral part of QCD.

Moreover, we found that the field-dependence of the wave function Z,, increases towards the
phase transition temperature, see This highlights its importance for quantitative
accuracy for critical exponents and other universal properties, for a respective application
to the O(1) model see [136]. As a self-consistency check of the present approach we have
checked that different field-reparametrisations Z, — Z4 = 1 implement the same effective
potential, with slight deviations in the unphysical regime at finite RG-scale k. This is yet another
self-consistency check of the sub-leading nature of truncation artefacts.

The present approach can be readily implemented in the fRG approach to first principles
QCD, leading to a flowing optimised expansion scheme around the cutoff-dependent ground
state in the mesonic sector. This improves the truncation scheme at finite temperature and
density in the quest for quantitative precision for high density QCD. The latter application also
has to take into account potential spatial inhomogeneities such as a moat regime [318,(319].
This requires momentum-dependent wave functions, and hence the implementation of a
momentum-dependent flowing field transformation.
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7.2. The spectral functional renormalisation group

This section is based on [7]]. We make use of the CS-flow derived in to compute spectral
functions.

In this section, we set up the spectral functional renormalisation group (fRG) for a scalar
¢*-theory in three spacetime dimensions. The spectral fRG is a non-perturbative functional
real-time approach for the direct computation of correlation functions in Minkowski spacetime.
It is based on the general functional real-time setup introduced in [[168}/169,320,/321]], first
applied to Dyson-Schwinger equations (DSE). The approach is based on the Killén-Lehmann
spectral representation [|322323]] for the two-point function, which allows to analytically access
the momentum structure of functional diagrammatic expressions. The setup has been extended
to the fRG approach by using a masslike Callan-Symanzik (CS) regulator in [3] and has been
applied to gravity in [[166]. The CS regulator sustains spectral representations alongside with
Lorentz invariance, and allows for a spectral renormalisation consistent with all symmetries at
hand; for more details see [[3,/168]]. Moreover, in [3] the concept of flowing renormalisation
has been introduced, which allows for an on-shell renormalisation at each renormalisation
group scale. For further real-time applications of the fRG in a broad variety of research fields,
see e.g., [147-152}/154-156,158-167,324].

In the present work, we accompany the conceptual progress made in [3] with a non-
perturbative application to spectral functions in the three dimensional ¢*-theory. This al-
lows to directly compare our results with those obtained in [168]] within the spectral DSE
approach. Both functional approaches implement different resummation schemes for the
correlators of the given theory through infinite towers of one-loop (fRG) or two-loop (DSE)
exact diagrammatic relations. Within an fRG implementation, the successive momentum-shell
integration of loop momenta p? ~ k? with the infrared cutoff scale k, already provides an
average momentum dependence within simple approximations. Due to their intricate spectral
representation, this is particularly beneficial for including non-trivial vertices into the flow, e.g.,
via momentum-independent but cutoff-dependent approximations.

The organisation is as follows: In[Section 7.2.1} we briefly discuss the spectral functional
approach. In[Section 7.2.2|we set up its application to the functional renormalisation group for
a scalar theory. We present our results in[Section 7.2.3| This includes a detailed comparison to
those obtained with the spectral DSE in [168]]. Our findings are summarised in[Section 7.2.4|

For technical details we defer to |Appendix B.4|and the corresponding publication [[7].

7.2.1. Spectral functions and functional equations

One of our main motivations for using the CS flow is that Lorentz invariance and the existence
of spectral representations are manifest, see[Section 3.4.1} We exploit in particular the latter
property for defining spectral, Lorentz invariant fRG flows in real time, based on the CS flow
(3.53)

Most of the relations in the present section can be generalised other field theories. For the
sake of simplicity we restrict ourselves to a ¢ *-theory in (1 + 2) dimensions. Its classical action
reads

5[¢]=Jd3x{%¢(—az+u)¢+i—f¢4}. (7.34)
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For p > 0, the minimum of the classical potential is at vanishing field. Then, the mass parameter
can be identified with the classical mass squared, mé = u. For u < 0, the full potential exhibits

non-trivial minima, and the classical mass of the theory is given by mé =—-2U.

Spectral representation of the propagator

The basic ingredients of spectral fRG flows are the spectral representations of the correlation
functions, and foremost the Kéllén-Lehmann (KL) spectral representation of the propagator,

oo
. dA Ap (A,P)
G(po,p) = —_—— 7.35
(po,P) J;)_ T A2 p? (7.35a)

where 0_ ensures that massless poles are integrated over. The spectral function p(A) is the
probability density of creating a Fock state with energy A from the vacuum in the presence of
the quantum field ¢. It is related to the propagator via

p(w,p)=2Im G (py = —i(w +i07),B ) . (7.35b)

where p, denotes the Euclidean and w the Minkowski frequency. In this application, the
propagator is a function of p? due to Lorentz symmetry. Hence we drop any explicit P -
dependence from now on and identify pg = p2. The spectral function is defined bybut
the relation [(7.35a)| does not always hold.

For the two-point function of asymptotic states, the spectral function is positive semidefinite
and normalised to unity, if the states are normalised. In general this is not the case, since|(7.35b)|
and|(7.35a)|are mere statements about the causal propagation of the associated operator. In
the absence of higher order resonances, the spectral function of the ¢ *-theory is given by

2
p(w)= %5(& —m? )+ 0(w? —m2_)p(w), (7.36)

with p(w) = p(w,0), and p(w) = p(w, 0) for the scattering continuum p. The mass m e in
is the pole mass of the full quantum theory, defined by G~!(£m poles 0) = 0.

The scattering continuum begins at A2 = mzscat. In the case of a non-vanishing background
field, the theory admits 1 — 2 scattering (broken phase), and we have m g, = 2m pe.
shows the full scattering tail of the propagator as a function of the frequency w and
spatial momentum |p| in the broken phase. Higher thresholds of 1 — N scattering processes
lead to further discontinuities of the scattering tail and are strongly suppressed.

If the spectral representation holds, all non-analyticities of the propagator lie on the
real frequency axis. These non-analyticities are given by either poles or cuts. Poles originate
from asymptotic states that overlap with the propagator of the field ¢, while cuts represent
scattering states.

From the normalisation condition we also obtain the relation,

1 * da
_:1_J ZABAB). (7.37)
Z¢ TT

m scat

which implies Z, > 1 on shell, since the scattering tail carries part of the total probability.
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(a) Scattering tail of the propagator spectral function (b) Spectrum of the resummed four-vertex in an s-

as a function of frequency and spatial momentum channel approximation as a function of frequency
in the (1 + 2)-dimensional ¢*-theory in the broken and spatial momentum. It features Lorentz invari-
phase. It features a sharp onset at the 1 — 2 par- ance and exhibits a sharp onset at the two-particle
ticle onset and explicit Lorentz invariance. Higher threshold. The scattering spectrum also has a visible
scattering onsets are strongly suppressed. three-particle onset at 3m ..

Figure 7.8.: Propagator and vertex scattering spectra in a (1 + 2)-dimensional ¢*-theory in the broken
phase. All quantities are measured in units of the pole mass, with a coupling strength
?L/m pole = 20.

Spectral properties of the four-point function

Vertices also admit spectral representations, which get increasingly complicated for higher
order correlation functions. In the present case, we consider an s-channel approximation of the
full one-particle irreducible (1PI) four-point function or vertex. It is given by the fourth field
derivative of the effective action I'[¢ ], whose n™ field derivatives T[] are the 1PI n-point
functions. We use a spectral representation for this s-channel vertex ,

- p4(l’p’)
I (py,p) =2 +f =,
¢ 5 A2 +p§
palw,p) =2ImI'(py = —i(w +i0%),7), (7.38)

where A(P is the classical vertex in|(7.34)|and

f:f da, (7.39)
a o T

The spatial momentum dependence of spectral function p4(e, p ) follows from a Lorentz boost
of py(w) = ps(w,0).

shows the spectrum of the four-point function in the s-channel approximation
discussed in |Append1'x B.4.6| It shows the 2 — 2 scattering onset at twice the pole mass m
of the field ¢. The next threshold from the 2 — 3 scattering is also visible, but the result also
contains the strongly suppressed threshold of higher order scattering processes.

Structural properties of diagrams

In the spectral functional approach, spectral representations are used to rewrite diagrams
in terms of momentum loop integrals over classical propagators with spectral masses and
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residual spectral integrals; for a general discussion see [168]]. In the present work, we apply
this approach to the functional renormalisation group using the CS-flow[(3.53)] This leads to
one-loop exact relations for correlation functions in terms of full propagators and vertices. In
addition, we use a one-loop closed, resummed Bethe-Salpeter kernel to compute the four-point
function.

As discussed above, the spectral fRG leads to perturbative one-loop momentum integrals in
diagrams, which can be solved analytically. The non-perturbative information of the diagrams
such as pole masses and thresholds is stored in the remaining spectral integrals. For the present
purpose, it is sufficient to consider a single external momentum argument, which is either
that of the propagator or the s-channel momentum of the four-point function. However, the
generalisation to diagrams with several external momenta is straightforward.

We consider diagrams of the general form

N
D[p]:gLVert(p,q)l_[G(lj) with f J(27‘c)d’ (7.40)

j=1

and where [; = q,q+p are the momenta of the N propagators. Vert(p, q) carries the momentum
dependence of all vertices, which we assume to be either a polynomial or rational function of
p and the [;, or to admit a spectral representation. All prefactors are collected in the overall
prefactor g. By inserting the spectral representation|(7.35)|for each propagator, the momentum
integrals acquire a standard perturbative form, where the masses are the respective spectral
parameters squared, ll.z. Finally, the spectral parameters are integrated over and weighted by
the respective spectral function,

N
12,
with
I(Aq, - Ans P) = J Vert(p, q)]_[ /12+12 , (7.42)

The momentum integral in is readily solved and the resulting analytic expression
holds true for p € C. This gives us access to the spectral function|(7.35)|via the limit p —
—i(w +1i0%). We remark that in the present spectral fRG approach to the (1+2)-dimensional
scalar theory, all integrals are finite, and we can safely change the order of integration even
prior to renormalisation. In general the interchange of momentum and spectral integration
performed in|[(7.41)|assumes a suitable regularisation of the full integral, which can be done
with spectral renormalisation [168]].

The spectral structure of the diagrams allows for a simple discussion of the emergent scattering
thresholds that can be easily tracked within spectral functional approaches. An illustrative
example is given by the contribution of the vacuum polarisation diagram to the spectral function
of a single scalar field: It features a branch cut that opens at the sum of the spectral masses of
the two propagators. The spectral function entering the diagram consists of a mass pole at m e
and a sum of scattering continua p starting at Nm . with N > 2. It follows straightforwardly
from the analytic structure of that diagram that substituting scattering contributions p, and
pu for the two internal lines directly yields a contribution to py, . This demonstrates how
any scattering structure, once seeded, gives rise to higher scattering contributions.



7.2 The spectral functional renormalisation group 125
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(a) Scattering tail p, for vanishing spatial momentum (b) Amplitude 1/Z; of the pole contribution of the spec-
P = 0 as a function of the spectral value w and the tral function as a function of the pole mass
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Figure 7.9.: Spectral function p,|(7.52)| for different pole masses m ,;./A4, measured in the fixed
coupling 4.

7.2.2. The CS-flow at work
In the spectral fRG approach put-forward in [[3/[166]] and summarised in the

quantum effective action of the theory at hand is obtained by starting with a theory with an
asymptotically large classical pole mass my — o0, and then lowering the mass successively
until the physical point is reached. The respective classical action is given by|(7.34)|with

5[¢]=fd3x{%¢(—az+z¢ u)o +1—f¢4}, (7.43)

with positive or negative u. The wave function Z,; has been introduced for convenience,
anticipating the emergence of a wave function. For asymptotically large pole masses we have

Zy — 1, see Then,|(7.43)|reduces to|(7.34)} and the pole mass is given by
mi =u—3ul(—u), (7.44)

capturing both the symmetric and broken phase. This setup captures both, theories deep in the
symmetric phase with u — +0o0 and theories deep in the broken phase with 4 — —oo.

Functional Callan-Symanzik equation

The infinitesimal change of the quantum effective action I'[¢ ] under a change of the mass u is
governed by the manifestly finite renormalised Callan-Symanzik equation, |(3.53)| or ,

1 n 1
ua,rle] =5 (1- =) Zgu e[ 6lo 1+ 6% ] S u8,54l9 ), (7.450)
with the anomalous dimension
0,7
Ny =—22120 (7.45b)

Zy
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Figure 7.10.: Schematic phase diagram with respect to the mass-parameter p. The phase boundary
is located at u = 0. The flow is initiated in the deep UV, i.e. |u| = k* — oo with the
respective (classical) initial effective potential.

The factor 2 intakes into account that ¢ has mass dimension 2, and the anomalous
dimension ’counts’ dimensions and not 1/2 dimensions. The argument ¢ inis the mean
field. The term ud,S.[¢] in the second line of is the flow of the counter terms that
renders the flow equation finite, where the factor 1/2 was added for convenience. The loop
term on the right-hand side depends on the full field-dependent propagator. In the momentum
basis it is given by

GLd1p, 9) = {99)e(p,0) = ————(p. ), (7.450)

r@re]

where the subscript , refers to the connected part of the two-point function and the mean field ¢
is given by the expectation value of the quantum field ¢, i.e., ¢ = (¢). In the momentum basis,
the trace in[(7.45a)|corresponds to a momentum integral. Note that the effective action T'¢ ]
in (7.45)|inc1udes the full mass term 1/2 f M ¢? in contradistinction to the effective action
used in standard fRG momentum-shell flows. There, the momentum dependent regulator part
of the mass term is subtracted, and the physical theory is reached when it vanishes. In the
present setup, the u-dependent effective action is that of a physical theory with mass parameter
u, and the flow is one in (physical) theory space.

Moreover, compared to the Wetterich equation [|67] with a momentum-dependent infrared
regularisation, the novel ingredient in the functional Callan-Symanzik equationis the
explicit counter term flow 16, S.[¢]. The counter term flow has been derived in a manifestly
finite limit of standard momentum cutoff flow equations as discussed in detail in [|3[]. The
derivation entails that the flow of the counter term originates from a closed one-loop expression
such as the trace initself, i.e., ud,S[¢]~ diagramms. Accordingly, the counter term
flow contains no tree-level contributions to the respective correlation functions. This entails
that classical values of the correlation functions are solely given by the respective choice of
tree-level values specified in the classical action and in particular cannot be further
changed by specification of renormalisation conditions. In consequence, the latter can only
be used to renormalise the flow contributions, but not the initial conditions of the flow. This
excludes, for example, that the counter term flow rearranges the theory from the symmetric
into the broken phase or vice versa by ud,S. o< +const. u f ¢ 2. However, the counter term
can contain similar terms proportional to A, /m poje = Aeg-

In particular, the counter term flow allows for flowing renormalisation conditions, and we shall
use it to adjust a flowing on-shell renormalisation, based on the spectral on-shell renormalisation
put forward in [[168]]. Then, the pole mass m . is identified with m,, inin both phases,
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mzp ole = 4 —3u O(—u). In this physical RG scheme the phase transition between the symmetric

and broken phase happens for mi = 0. Hence, we approach the phase transition both from the
broken and the symmetric phase in the limit u — 0, and the flows are taking place in the one
or the other phase, see This also avoids flows through the phase transition as are
present in momentum cutoff flows.

In the present work, we consider the flow of the inverse propagator within the spectral
representation. The flow is given by

n 1 n 1
ua, ) = (1= ) 2y [ Dou(p?) — 30.aa0?) | + (12 ) Zgu— S 08,82, 7.46)

where Di,q and Dy, refer to the tadpole and polarisation diagram, for more details see [7].
Moreover, all quantities in[(7.46)|depend on the chosen background ¢. For general space-time
dependent backgrounds ¢ (x) this would lead to T®[¢](p, q). In the explicit computations we
consider the background ¢, which is the constant solution of the equation of motion

6r[¢]’
5¢ P=do

With this physical choice for the background, the general field-dependent propagator |(7.45c)
reduces to the physical propagator G(p?) in the absence of source terms,

=0. (7.47)

G(p*) = (7.48)

1
T@[¢el(p?)
In the symmetric phase, we have ¢, = 0, while ¢ # 0 signals the broken phase. At constant
fields the propagator reduces to G(p,q) = G(p?)(2m)¢6(p + q). Similarly we have
I@[$o1(p,q) = P[] (p2)(2m) 5 (p + ).

In three dimensions the two phases are separated by a second order phase transition in the
Ising universality class. From now on we drop the field argument ¢,. It is implicitly understood
that all correlation functions are evaluated at ¢ = ¢,.

In a final step, we substitute u with £k?, to keep the relations to standard fRG flows with
momentum cutoffs simple, where k is commonly used. This facilitates the comparison and
benchmarking of the real-time results obtained with the spectral fRG. For example, the three-
dimensional ¢*-theory has been studied abundantly within the Euclidean fRG, including
systematic studies of the convergence of approximation schemes, for a recent review see [104].
These results carry over straightforwardly to the present approach, and the Euclidean correlation
functions obtained from the spectral functions can be directly compared. This substitution
leads us to

kK2=ul, 8, =ko, =2ud,, (7.49)

where the (negative) RG-time t = log(k/k..¢) is measured relatively to a suitable reference
scale or mass.

Spectral on-shell renormalisation

We proceed with discussing the on-shell spectral renormalisation, using the direct access
to Minkowskian momenta. In (1+2)-dimensions, both diagrams in the CS flow |(7.46) are
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manifestly finite, and the flow of the counter term action ud,S. only guarantees the imple-
mentation of the chosen renormalisation conditions. The (1+2)-dimensional ¢4-theory is
super-renormalisable, and one only has the renormalisation condition for the mass. Now we
use on-shell renormalisation to keep the full pole mass on the classical input mass|(7.44)| with

m2p 4o = k? in the symmetric phase, and m2p ole = 2k in the broken phase. This leads us to
1. symmetric phase:
Mgl =0, (7.50)
2. broken phase:
T[] e = 0. (7.51)

In the symmetric phase the first allowed scattering process is the 1 — 3 scattering, and the
onset of the scattering continuum is located at three times the pole mass. In turn, in the broken
phase with 1 — 2 scattering, the onset of the scattering continuum of the spectral function is
located at twice the pole mass. Thus, the spectral function [(7.36)|reads

27 ~
p(A) = 56(12 — mzpole) +0(A%— mzscat)p A, (7.52)

with m g5 = 3m pgle (symmetric phase) and m o = 2m o1 (broken phase). In|Figure 7.9} we
Figure 7.92

show the scale evolution of the spectral function p in the broken phase: in Figure 7.9a we
depict the scattering tail p, and in[Figure 7.9bwe depict the amplitude of the pole contribution.
All quantities are measured relative to the coupling 2.

The spectral tail is rising towards smaller pole masses for a fixed classical coupling, and
in turn the amplitude 1/Z of the pole contribution is decreasing. In combination the sum
rule holds during the evolution. The growing importance of the scattering processes can be
understood from the fact that the dynamics of the theory only depends on the dimensionless
ratio A4 /mg with my o< k. Hence, the effective coupling grows strong for smaller pole masses
and on the other hand the dynamics of the theory are vanishing for asymptotically large pole
masses.

In contrast to the Callan-Symanzik or mass regulator used here, commonly used regulators
in Euclidean flows decay for momenta larger than the IR cutoff k. This provides manifestly
finite flows without the need of further renormalisation. Moreover, for Euclidean momenta,
the respective flows of lower order correlation functions decay faster than for a CS regulator.
In Minkowski space, however, the CS or mass regulator has the welcoming property, that the
one-loop flow of p(w) contains only classical correlation functions and is maximally local.
While this is trivial in the symmetric phase where the one-loop flow only shifts the pole mass
and does not generate a scattering continuum, it is non-trivial in the broken phase. There, the
flow of the scattering continuum is given by a single delta function at the onset of the scattering
spectrum, which originates from 8, InT'® oc §(w? — 4m2p ole)- Since the mass pole constitutes
the dominant part of the propagator, the flow of the spectral function at spectral values larger
than the flowing onset 2m i, which is solely induced by the scattering tail, is sub-leading.
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Propagator spectral function in the symmetric phase
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Figure 7.11.: Spectral functions for vanishing field value as a function of the frequency. All quantities
are measured in units of the pole mass. 1 — 3 and 1 — 5 onsets are indicated in grey.

7.2.3. Results

In this section, we present results for the non-perturbative spectral functions of the scalar
propagator in the symmetric and broken phase. The discussion of the numerical implementation
is deferred to The results allow for an investigation of the scattering processes in
both phases. The present results are in remarkable quantitative agreement with that obtained
with the spectral DSE in [168]. This agreement of the spectral functions from these two
different functional approaches hold true for a large range of effective couplings 1, /m,, see

Figure 7.12a| In this coupling regime this agreement provides a non-trivial reliability check for
both functional approaches, thus decreasing the respective systematic error.

Symmetric phase

In the symmetric phase with ¢, = 0 we are left with the tadpole diagram in the flow of
the two-point function The resummationintroduces a non-trivial momentum
dependence to the four-point function and, in consequence, also to the tadpole diagram. This
allows to calculate the propagator spectral function in the symmetric phase, i. e., at vanishing
field value, where the polarisation diagram is absent. For the respective flow equation on the
real frequency axes see[(B.53)] The resulting spectral function is shown in[Figure 7.11] In the
symmetric phase, the scattering continuum starts at 3m 4. As mentioned above, the dynamic
tadpole contribution carries the momentum structure of the polarisation diagram, resembling
the s-channel structure of the four-vertex. Still, the onset of its imaginary part is at thrice the
pole mass, since the bubble resummed vertex represents a series of 2 — 2 scatterings which
leads to a generic two-particle onset of p,. The quantum corrections to the symmetric phase
propagator are small compared to the broken phase. The amplitude on the mass pole is close

Ag/Mpote | 1/Zy (RG) | 1/Zy (DSE) | 1/Z4 (o = 0)
5 0.971 0.969 0.9998
10 0.950 0.945 0.9995
20 0.921 0.907 0.9986

Table 7.1.: Amplitudes 1/Z; of the pole contribution for given effective couplings, corresponding to the
scattering tails displayed in|Figure 7.12aland [Figure 7.11}
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Propagator spectral function in the broken phase
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(a) Spectral function of the propagator. The 1 — 2 and
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(b) Spectral function of the four-point function. The
2 — 2 and 2 — 3 particle scattering onsets are
indicated in grey.

Figure 7.12.: Spectral functions as a function of Minkowski frequency in comparison to DSE results
from [[168]. In contrast to|Figure 7.9| all quantities are measured in units of the pole mass
to facilitate the comparison with the DSE results.

to one compared to the respective values in the broken phase, see This is expected,
since the first dynamic contribution is of two-loop order and corresponds to the sunset topology.

Broken phase

In the broken phase the condensate is non-vanishing, ¢, # 0. To compute the spectral function,
the flow equation is evaluated on the real frequency axes see

The N -particle onset positions of the spectral scattering tail are governed by the imaginary
part of For the polarisation diagrams, where only propagators come into play, the flow
exhibits an onset at the sum of the two mass-poles. In contrast, the contribution of the tadpole
leads to an onset at thrice the pole-mass, as the four-point spectral function only consists of a
scattering continuum starting at 2m poje, cf.

In the spectral function from the current fRG approach is compared to spectral
DSE results from [168]]. Every quantity is measured relative to the respective pole mass to
facilitate comparison with the DSE results. This allows to compare the relative magnitude of
the scattering continua for different coupling strengths. For effective couplings A4/m p,e < 20,
the spectral weight of the scattering continuum is sub-leading, as can be inferred from the

combination of [Figure 7.9b|and the sum rule|(7.37)} The amplitudes of the pole contributions
are listed in[Table 7.1]

We find a remarkable agreement of both methods in the tested coupling range. For effective
couplings A, /m e & 20, the deviations start growing, specifically at the thresholds. Deviations
between both methods arise due to differences in the resummation structure of the two
functional equations in the current truncation. The convergence of functional techniques for a
large range of couplings is non-trivial and strengthens our confidence in spectral functional
approaches.

In general, the tail of the propagator spectral function is enhanced for stronger couplings,
while the residue of the mass pole decreases as the scattering states become more accessible
due to the rising dimensionless interaction strength. The three- and higher N -particle onsets
are graphically not visible in the full spectral functions of but present in the data.
In the limit of large couplings we expect the three-particle onset to become more pronounced
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Figure 7.13.: Propagator as function of Euclidean frequency. This result serves as a cross-check between
a direct computation via the flow and a calculation using the spectral functions.

as the tadpole contribution becomes large.

The four-point spectral function shown inconsists of only a negative scattering
tail corresponding to a 2 — 2 scattering process. For higher couplings, the three-particle onset
becomes visible. The different suppression of higher N-particle thresholds in the propagator-
and four-point spectrum are explained by dimensional analysis. While for the propagator
spectral function, higher N-particle onsets are suppressed by their squared energy threshold,
the four-point spectral function decays only with A~!, leading to a suppression linear in
their respective energy thresholds. In both cases, four-particle or higher onsets are strongly
suppressed, since they come with at least one additional loop each.

shows the Euclidean propagators corresponding to the spectral functions of
As a cross-check, we compare the Euclidean propagator calculated from the spectral
representation to the propagator directly obtained from the integrated Euclidean flow. We find
the spectral representation to hold.

7.2.4. Conclusion

In the present work, we computed single particle spectral functions of a scalar ¢ *-theory within
the spectral functional renormalisation group approach, put forward in [|3[]. This approach
leads to renormalised spectral flows with flowing renormalisation, and facilitates a fully self-
consistent computation of non-perturbative spectral functions. We derived full flow equations
for the inverse propagator in both, the symmetric and broken regime of the theory, for a detailed
discussion see|Appendices B.4.5|and(B.4.6}

Our setup is manifestly Lorentz invariant and sustains the causal properties of the theory
throughout the flow. Every point on the Callan-Symanzik RG trajectory is a physical theory of
scale k. Trajectories in the symmetric and broken regime each start from an infinitely heavy
theory in the respective phase and meet at the phase boundary in the strongly interacting
massless limit of the theory, see|Section 7.2.2|and [Figure 7.10} Thereby, our setup avoids
flows through the strongly interacting phase transition regime, which are usually present
in momentum cutoff flows. This minimises the systematic error stemming from the strong
dynamics in the vicinity of a phase transition, where the flows are highly sensitive to truncation
artefacts. Furthermore, the implementation of a flowing renormalisation condition eliminates
the need of fine-tuned initial conditions and allows for monotonous mass flows.

The explicit results in the broken phase are in impressive agreement with those obtained
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in [[168]] within the spectral DSE, see This affirms the reliability of the spectral
functional approach for the non-perturbative computation of fundamental Minkowski spacetime
correlation functions.

In contrast to DSE, the fRG approach captures average momentum dependencies of vertices
via their scale dependence. This allows to include non-trivial vertex dynamics without resorting
to intricate spectral representations of higher correlation functions. Furthermore, the current
spectral fRG approach is straightforwardly and easily extended to include the flow of the full
effective potential. This work represents an important step towards unravelling real-time
correlations in QCD from first principles with spectral functional approaches. We hope to report
on respective results in the near future.



CHAPTER 8

The quark-meson model

This chapter we investigate the quark-meson model, which is essential to a quantitative description
of QCD within functional methods. We present a compilation of results from [1,/10,/]11]. Figures
are taken from [1 ] unless indicated differently in the respective (sub)section.

In|Chapter 2| we pointed out the importance of a Fierz-complete basis of the four-quark
scattering vertex and the importance of quantitative access to the respective order parameter
potentials for homogeneous and inhomogeneous condensates. The latter allows to locate phase
transition lines and discuss the question of the symmetry breaking pattern and the order of
phase transitions. It has been shown in the past decade that functional QCD flows towards QCD-
assisted low energy effective models for energy scales below 1 GeV for a detailed discussion
see in particular the recent works [51,[104] and also With dynamical hadronisation
[102}/123}(127,219] the low energy effective theory is the (Polyakov-loop enhanced) quark-
meson model (QM model), see[Section 2.3] or more generally the quark-hadron model. For
recent fRG-works with the (P)QM model on the phase structure of QCD relevant for the
present work see e.g. [46,/58,/118,(279, 280,306, 325-344], for a recent overview see [[104].
This emergence of LEFTs from first principle QCD flows is well understood and quantitatively
explored in the vacuum, see [|42,44145,48,102,103]. It entails that the infrared critical dynamics
is dominated by the low energy fluctuations of quarks and hadrons. For small baryon-chemical
potentials, ug/T S 4, the relevant hadronic degrees of freedom are simply the pseudo-scalar
pions and the sigma mode, see [19,/51}/56,64,100]. In turn, for baryon-chemical potentials
up S 4/T the situation is less clear, but we expect sizeable diquark contributions, see [[64].

In the following we present results which combine two important technical advances from
the past years: The first one was the development of self-consistent approximations for the
computation of order parameter potentials, [58]. The second one was the development of a
numerical approach for solving flow equations that also enables us to discuss discontinuities in
the flows such as shocks that are potentially relevant for the correct description of first and
second order phase transitions, [65] see also[Chapter 5| In the present chapter we compute the
phase structure of the quark-meson model (QM model) at finite temperature and density.

An important benchmark is already provided in the large-N; limit with an infinite number of
flavors. It is argued that within an 't Hooft-type limit we can mimic the two-flavor QM model
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well (or any other flavor), and in particular reproduce well it’s non-universal properties such as
the location of the phase boundary. Moreover, in this limit the numerical approach also allows
for a full computation of higher quark-mesonic scattering processes and allows to gauge therir
quantitative importance in QCD. The respective results are compared with the currently most
advanced approximation (including shocks) to the self-consistent approximation including
the order parameter potentials in [58] for the Ny = 2-flavor quark-meson model. The results
include also the regime ug/T 2 4.

In[Section 8.1|we discuss the QM model in an {RG setting and how this low energy effective
model relates to QCD. This is followed by an investigation of the results, considering only
higher mesonic scattering orders in [Section 8.2| Here, we investigate the phase structure and
scaling parameters for both the large-N; limit and at finite Ny. The former also sets up the
investigation of higher quark-mesonic scattering orders in[Section 8.3| We give a brief summary
in|Section 8.4

8.1. The quark-meson model within the functional
renormalisation group

This section is based on [1,11]. All figures are taken from [1].

We briefly recapitulate the fRG-approach to the (Polyakov-enhanced) quark-meson model
(QM model). In the present chapter, the inclusion of dynamical mesons as low energy effective
degrees of freedom has to be seen as an efficient and convenient book-keeping device for
the respective resonant interaction channels. In particular, this substitutes the rather tedious
inclusion of the resonant parts of the higher-order scattering processes of quarks. Still, if used
on a quantitative level, even for large UV-cutoff scales its effective action does not reduce to
a simple local classical actions. For more details and in particular its quantitative properties
as an emergent low energy theory in QCD we refer to [44//45//48//51] and [Chapter 9, Validity
checks, benchmarks and bounds in comparison to QCD have been provided in [[103]].

Here, we restrict ourselves to qualitative approximations to the effective action. We are
predominantly concerned with the quantitative access to the effective potential of the chiral
order parameter. The systematic inclusion of the present quantitative setup within functional
QCD flows is straightforward due to the modular nature of the fRG-approach and is considered
in Chapter 9

A careful study of QCD correlation functions, as done in [51,(103}(345[], reveals that the QM
model incorporates QCD fluctuations only below a momentum scale of k, ~ 300 MeV: for this
analysis one uses QCD results at a given momentum scale k, as the UV effective action of the
QM model and compares the results from the model and QCD in the deep infrared. Evidently,
the QM model only incorporates QCD fluctuations if the results agree.

In turn, initiating the QM model at a larger UV scale k,, the effective action at this scale
has to include part of the QCD gluon fluctuation still present for lower scales. Typically, this
is done in the vacuum at T, ug = 0, and one may estimate that the model can be used as a
low energy effective model for momentum scales k,, &~ 700 MeV, hence roughly of the order of
1 GeV. However, one has to be aware of the fact that the model does not match full quantitative
QCD even for temperatures and densities that are well below 1 GeV: gluonic fluctuations are
present above k ~ 300 MeV and they are only modelled well in the vacuum and their thermal
and density modifications are missing. In summary, the QM model gradually looses quantitative
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precision, if T, ug-fluctuations significantly modify the momentum dependence above k ~ 300
MeV. We shall use these considerations for our evaluation of the regime of validity of the results
obtained here.

The scales of the present (qualitative) LEFT are gauged by the pion decay constant in the
chiral limit. We use f , = 88 MeV and measure all other scales with these units. We choose
the UV-cutoff scale of the QM model as A ~ 700 MeV. We consider this to be a good compromise
between integrating-out as many momentum-fluctuations as possible and stretching the validity-
bound of the LEFT. The momentum fluctuations with momentum scales k < A are included
with the functional renormalisation group (fRG). This approach has been used intensively in
the past 25 years for the inclusion of low energy dynamics of the QM model. For the setup of
the flow equation for the effective action, and the derivation of the respective flow equations
for (field-dependent) couplings we refer to the fRG-reviews see [[104,202,203,(229,346].
Applications relevant for the present work can be found in [58,/64,347], the derivations and
flows for the present approximation can be found in [[58].

8.1.1. The local potential approximation

In the zeroth order derivative expansion the effective action I}[q,q, ¢ ] of the N¢-flavor QM
model is given by,

1
Toparld. 4, 1= J {208, —vou)a + 5(8,9) + hi(p)a(x%0 + 7m)q + Vilp) ¢, 0}
(8.1)

with 7/ being related to the Pauli matrices, T = 1/2(1,iys0), and the quark-meson coupling
incorporates the SU(2) = SO(3) symmetry of the pseudoscalar subgroup. The O(4)-scalar field
¢ and the respective O(4)-invariant p are given in[(2.36)|and |(2.37)|respectively. We have
1/T 3 . . s .

also fx =], dxo f d”x as an abbreviation for the finite temperature spatial integration.

Here, the Yuakwa coupling h;(p) is indicated with a full field dependence. It multiplies
the O(4)-invariant operator q T¢ g, hence it only depends on the O(4)-invariant p. The field-
dependence of the Yukawa-coupling takes into account higher-order point-like scatterings of
the resonant scalar-pseudoscalar channels with the quark—anti-quark pair. The inclusion of
these processes is necessary for a fully consistent zeroth order derivative expansion, and has
been introduced in [|58]]. For further works in Yukawa models with field-dependent Yukawa
coupling see [341,348-351]. This necessity is easily seen by performing a perturbative one-
loop computation within the QM model. Then, the quark loop with h(p) contributes to the
full effective potential. Of course higher terms in the derivative expansion also contribute
to the effective potential, but the Yukawa-term contains no derivatives. Accordingly, its full
field-dependence should be accounted for in a consistent lowest order derivative expansion.

Finally, the scalar effective potential V;.(p) takes into account the remaining part of the
higher scattering orders of the mesons. The linear term c, o introduces explicit chiral symmetry
breaking. Evidently, it drops out on the right hand side of the flow equation and does not run
with the RG-scale. Consequently, the full flow and hence the full effective potential V; does not
know anything about explicit chiral symmetry breaking.

In the zeroth order derivative expansion, the wave function renormalisations Z,(¢), Z4(¢)
for quarks and mesons are dropped. Here, we concentrate on the quantitative discussion of the
full effective potential. Hence, with|(8.1)|we assume implicitly,

Zax(P)=1=2Z4(p). (8.2)
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The flow equation for the complete set of couplings, h;(p), Vi(p), and wave function renormal-
isations, can be found in [[58]]. We use the same setup here, including the choice of regulators,
three-dimensional flat or Litim regulators, [308]] or see|Appendix B.7.1]

For the effective potential we simply evaluate the flow for I.[g, G, ¢ ] for constant scalar fields

¢ and vanishing quark fields, q,q = 0, similarly to the procedure in|Section 5.1.1, This leads
us to,

k> 4N¢N,
2 Vi(p) =m|: - e—q(l —ng(eq +p) —ng(ey —M))
k
NZ—1 1
+ fe“ (1+ 2nB(e;§)) + 6—0(1 + 2nB(eg))], (8.3)
k k

with p-dependent quark- and meson-dispersion relations,

ef(p)=[k2+m2 (p), €l(p)= /k2+m2,(p), (8.4)

and the (negative) RG-time t = Ink/A. The RG-time involves a reference scale in the logarithm,
which we have set to be the initial scale. The masses my, m, are obtained by evaluating the
respective two-point functions at constant fields. Note that mg, m, are the curvature and not
the pole or screening masses of quarks and mesons, for respective definitions and discussions
see [[333].

The meson curvature masses are defined with

mZ (p) =3, Vi(p),
m2 (0) =3, Vi(p) +2p32Vi(p), (8.5a)

and hence are curvature-coefficients of the effective potentials. In turn, the quark mass is
proportional to the Yukawa-coupling,

m; (p) =2h(p)’p . (8.5b)

It is left to discuss the flow equation for the field-dependent Yukawa coupling, for details we
again refer to [58]. We can project the flow for I} onto the Yukawa coupling h(p) by evaluating
the quark two-point function at vanishing quark and pion fields, q,q, 7w = 0, and constant o.
With|(8.1)|we arrive at

@ _ 6°Tlq,q,¢1] o 1 B
qu,k[cr](p)ép)p/ = 54530 Jao ~ ip—you+ 2hk(p)a Cs0, (8.6)
where we have dropped the momentum conservation 6, in the last line with 6, ,, =
(2m)*8(p —p’) in the vacuum.

reflects the fact that the Yukawa term simply is the p-dependent mass quark
term, my 1 (0) = hi(p)o /2. Accordingly, the flow of the Yukawa coupling h;(p) can be derived
from that of the scalar part of the quark two-point function: it is simply o /2 d,h;(p) as d,c, =0
by definition. Thus we get,

L LRerr® [0](p=0). 8.7)

Ouhy(p) =~ S RETA T
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Figure 8.1.: Diagrammatic representation of the flow of the Yukawa coupling. The circled cross ® depicts
the regulator insertion 6,R,(p*) and the gray dots denote full vertices. The double lines
depict the mesons, whereas the single line indicates the quark content. The arrows depict
the quark number flow.

In|(8.7)|we have used that p = 0?/2 for w=0. The flow|(8.7)|is depicted in From
(8.7)|and the approximation |(8.1)|we finally get,

athk(p) :4V3hi(p)[ 1 1)(mq k> O'k’ T ‘u’) (Nz_l) 1 1)(mq k> nk’T Au’)]
+16v3hi (0 (p)p [Fe () + pHi(p)] x LY, (m2 ,m2 5 T, )

—2v3k2[ 3k} (p) + 20 R (NI D(m? 15 T) + V2 — Dy (eI (m2 15 T)].

ok’
with
1

_— . 8.8
2120 () o

Va-1 =

The threshold functions 153’4) originate in the bosonic loops in 4 dimensions. The LE1)1) originate
in the mixed fermionic and bosonic contributions, again in 4 dimensions. Both functions
are defined in [Appendix B.7.2| The two four lines from are contributions of the first
two diagrams with mixed fermionic and bosonic loops in whereas the last line
corresponds to the bosonic loop with the four-vertex.

Similarly to the flow of the effective potential the flow of the Yukawa coupling|(8.8)|
is a non-linear partial differential equation. Contrary to the effective potential however, the
interpretation of the Yukawa flow in terms of fluid-dynamics, compare[Section 5.1.2} is not easy.
In fact, we were not able to find a conservative formulation for[(8.8)|and defer a full solution
of this equation to future work. Hence, we only solve the flow of the Yukawa coupling in the

large-Ny limit, see Appendix B.6.1, where we are able to find a stable numerical discretisation

of |(8.8)]in terms of non-conservative fluxes, see[Appendix B.6.1]

Beyond LPA

This subsection is taken from [11].

The reliability of the QM model is not only influenced by its overlap or lack thereof with
full QCD, it also depends on the truncation used. At very low momentum scales p? < mi we
enter the realm of chiral perturbation theory and expansions in orders of k?/ mi work. For that
reason QCD physics in the deep infrared can be systematically accessed within a derivative
expansion in p?/ mi, to lowest order this corresponds to LPA.
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Observable | Value [MeV] || Parameter at Ayy = 0.65 GeV

m, 317.1 Ay =716

m 310.8 hga=3.6

q

Table 8.1.: Low energy observables and related EFT couplings at the initial cutoff scale Ay = 0.65 GeV.
The scales are fixed with the pion decay constant in the chiral limit f, , = 88 MeV, that is
Mg/ fr, ~ 3.603 and my/f, , ~ 3.532. In the present approximation we have f , = o,
and in the model the dimensionless ratios are simply m, /o, and m,/c,. In the chiral limit
we also have m, =0.

Within the fRG approach, discussed in[Chapter 3} LPA still captures an average momentum
dependence for momenta p < k;, &~ 700 MeV, but a full momentum resolution of the scalar-
pseudoscalar interaction channel is missing. The momentum truncation could be improved on,
by considering the s-channel momentum dependence of the scalar-pseudoscalar interaction,
which is fully encoded in the momentum dependence of the mesonic two-point functions. The
respective truncation of the effective action I'[g, q, ¢ ] has been suggested in [|333]]. In summary
the truncation contains two additional independent coefficients, the two momentum dependent
meson dressings. This addition goes in hand with an introduction of smooth regulator functions,
which also allow an analytic continuation to the complex plane and hence access to real-time
physics and spectral functions. This approach is investigated in upcoming work [[11]].

The inclusion of fully momentum dependent wave function renormalisation can also be
considered in the context of flowing fields, as we have outlined in

8.1.2. Initial conditions and numerical setup

The field dependent flow equations and their large-N; limit) are solved using
Discontinuous Galerkin methods. The numerical procedure is analogous to[Chapter 5, where
we solve for the first p derivative of the potential u(p) = 9,V (p), which corresponds to the pion
mass Additionally, we solve for the quark mass w(p) = 2ph?. Details on the derivation
of the large-N; limit of the flows, and the numerical procedure are provided in [Appendix B.6]

We initiate the flow at a cutoff scale k = A &~ 0.650 GeV with the classical action of the QM
model, see Then, the parameter in the initial effective action T, is the ¢ *-coupling in

the classical potential |(2.38a)),
A
un(p)="p  walp)=2h3p. (8.9)

as well as the Yukawa coupling h,. For the sake of simplicity we use a initial meson quark mass,
mi = 0. All our scales are measured in the pion decay constant in the chiral limit f, , = 88 MeV.
Within the present approximation of the QM model we have f, ~ 0, and hence we define
0o = 88MeV. Here 0, is the solution to the equations of motion in the chiral limit, i.e.

OV (P)lp—o2/2=0. (8.10)

which corresponds to the minimum of the effective potential V(p) for vanishing quark masses
at the initial scale A. By definition, the pion mass|(8.5)| on the equations of motion in the
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Figure 8.2.: RG-scale evolution of the field-dependent pion mass mi(p) in LPA (constant Yukawa
coupling) in the vacuum. We compare results for Ny =2, and the large-N; limit with 3 and

4 degrees of freedom, see|/Appendix B.6.1

chiral limitis always 0 in the symmetry broken phase. They are massless Goldstone-
bosons in this case. In we discuss the physical equations of motion, where
we introduce an additional explicit symmetry breaking term ¢, # 0, which accounts for the
finite up- and down-quark masses, already at the initial scale. The pions now correspond to
pseudo-Goldstone-bosons with a small, but finite mass m, in comparison to the o-mode m,,.

Unless explicitly stated otherwise, we investigate the QM model in the chiral limit ¢, = 0.
Then, the two model parameters A5, h, are fixed such that they lead to a 'physical’ constituent
quark mass hoy/+/2, and a ’physical’ mass of the sigma resonance, m,,. The parameters for the

couplings of the effective theory and their relation to physical observables are summarised in
The dimensionless ratios in the models at k = 0 are given by

m m
—% ~3.605, —1 ~3.532, (8.11)
Tp o]

and follow from the initial parameters in|Table 8.1

8.2. Higher mesonic scattering orders

In this section we present and discuss our results for the phase structure of the QM model.
Specifically we only consider a field dependent order parameter potential V(p) and constant h.
We have chosen our initial conditions such that the quark mass and the pion decay constant
reproduce physical values in the vacuum, see[Section 8.1.2] Note however, that it is not the
main objective of the present work to produce quantitatively reliable results. The vacuum
benchmark simply facilitates the understanding of our results. In the present work we focus on
the qualitative behaviour of the matter sector of QCD at large densities, quantitatively reliable
results require full QCD flows and will be considered in Such a set-up entails, that
while we compute and present a phase structure at large densities, the low energy effective
theory gradually looses predictability for larger uz/T. An estimate in functional QCD leads
to a predictability bound of ug/T < 4, if the currently existing state of the art computations
are combined, [|51(56,{100] and estimates for missing channels and effects are considered as
well, [51}{64,352]]. In the present class of low energy effective theories (QM, NJL-type, PQM,
PNJL), a respective estimate leads to ug/T < 2.

We proceed to investigate the QM model at finite Ny = 2 and the large-N; limit with three
and four degrees of freedom (DoF). Those DoFs correspond to the effective number of pions
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Figure 8.3.: Linear extrapolation of the expectation value . The corresponding fit parameters to|(8.12)

can be found in

and allow to approximate if the sigma meson drops out of the flow (3 DoF) or behaves as a pion
(4 DoFs). The large-N, limit serves as a benchmark for the more advanced approximations
discussed in Furthermore, the finite N; = 2 computations also serve as benchmark
for results in the literature within the QM- and Polyakov loop-enhanced QM models, in particular
at large density, where DG-methods or similar numerical approaches are mandatory for reliable
results.

We first discuss the asymptotic regimes: vacuum, large temperatures, and large chemical

potential, Then we show that the chiral phase transition, or rather its non-
universal properties, agree quantitatively for all rnodels, In investigation of the
crossover regime in the presence of an explicit symmetry breaking term is done in
The shock-development at large chemical potential is discussed in[Section 8.2.4] Finally, we

compare the phase structure for all three cases in|Section 8.2.5

8.2.1. Asymptotic regimes

We begin with an evaluation of the asymptotic regimes: the vacuum with yg, T = 0, large
temperatures with u, = 0, and large chemical potentials with T = 0. For these cases we show
the field-dependence of the pion mass m ;(p) = J, Vi(p). This resolves the effective potential,
obtained from an integration over p, in terms of a physical observable.

The benchmark case is the vacuum, where the present models are anchored, see[Section 8.1.2]
The field-dependence of the pion mass is shown in For the initial cutoff k = A, the
pion mass is simply a straight line, m, 5(p) = A,p /2, where the slope is determined by the
initial mesonic self-coupling, A,. With decreasing cutoff scale, the pion mass develops a flat
regime, which is related to the emergence of non-trivial minima py = 0y/2 in the potential,
indicating chiral symmetry breaking.

We also conclude, from the comparison of the pion masses in the different models, that the
cutoff-dependence of the physical two-flavor case is best mimicked by the large-N; limit with
four degrees of freedom: most of the dynamics takes place in the symmetric regime or close to
it. Technically, this regime is described with 1+ m?2 (p,)/k? ~ 1+ mi(po)/kz, owing to the
fact that the total mass of the respective modes is k= + mi /o

Finally, we determine the relative values of the pion decay constants in the chiral limit, f, , =
O, in the different models. All scales are measured in the pion decay constant f, = 88 MeV in
the two-flavor case. The expectation value o, or py = O'S /2 follows fromas the maximal
field value with m(p,) = 0. However, since we stop the numerics at a small but finite cutoff
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(a) Pion mass at zero density and high temperature (T = (b) Pion mass at zero temperature and high density (@ =
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Figure 8.4.: RG-scale evolution of the field dependent pion mass m’. in the symmetric phase. In this

figure we compare results for the finite Ny case and the large-N; limit with 3 and 4 degrees
of freedom respectively. The Yukawa coupling is kept at a constant value.

value, k,,;, = 50 MeV we extrapolate the expectation value ¢q(kp,;,) to ¢o(0) within a linear
fit: we use data from 10 equally spaced RG-scales from k = 90 MeV to k = 50 MeV, and fit

Ok =0p+const k. (8.12)

The self-consistency of this linear fit is checked by the perfect agreement of the linear fit with

the data, see[Figure 8.3| The respective values for o are given in|Table 8.2| The mass m,, of

the scalar mode is extrapolated to k = 0 from the same data. Note however, that once the kink
enters the cell in which o is located, the precise determination of the derivative is difficult.
Therefore, the flattening of the potential most likely causes an underestimation of m.

For large temperatures we safely stay in the symmetric regime and the mesons simply acquire

a thermal Debye mass. This is seen in[Figure 8.4a| In the symmetric regime we have four
mesonic degrees of freedom in the two-flavor case. This is consistent with our expectations: the

cutoff-dependence of the pion mass in the model with four degrees of freedom in the large-N
limit has the best agreement with the two-flavor case.

We close with a discussion of the large chemical potential asymptotics. The respective pion
mass (squared) is depicted in The sudden increase of the pion mass for k < kg,
with k., ~ 1 inis related to the Silver Blaze property, , for the discussion in

oo [MeV] const mg [Mev]

Ny — o0, 3DoF || 89.8(17) | 0.0755(32) | 335(15)
Ny — 00, 4DoF || 85.7(18) | 0.0752(35) | 311(10)
Ny =2 88.0(20) | 0.0360(26) | 317(12)

Table 8.2.: Expectation value o, for the three models obtained by a fit ofto the zero point at 5
equally spaced RG-scales k =90 MeV to k = 50 MeV. The error is computed from the grid
resolution and the error to the fit parameters. The mass m, is extrapolated from the same
data points as the fit. The error of m, is obtained analogously to the one of o, it might be
underestimated due to the kink developing at &,.
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the fRG-approach see [46,354,(355]. This property entails that correlation functions below the
density onset are simply functions of p, F iy, for quark and anti-quark frequencies respectively.
Accordingly, observables do not depend on the chemical potential for u, < ug on, where ug o,
is the onset chemical potential. For u, > g o, the medium leads to deformations of the
quark-meson scattering processes, comprised in medium meson-dispersions. In the presence of
thermal fluctuations this onset is washed out with increasing temperature.

Note also, that the onset cutoff scale depends on the field value, as in the present approxima-
tion the onset chemical potential is given by ,uCZL on = k2 +m?2.

In summary, the results in the asymptotic regimes show the expected physics phenomena.
Moreover, the comparison of the large-N; models with the two-flavor case quantifies the

similarities between the large-N; limit models and the physical two-flavor model.

8.2.2. Chiral phase transition at vanishing density

These similarities are furthered by a study of the chiral phase transition at vanishing density,
tg = 0. In particular we present a detailed comparison of the temperature-dependence of the
chiral order parameter o, in the Ny = 2-flavor case with the large-N limits with 3 and 4 degrees
of freedom. The numerical results for o((T) are displayed in [Figure 8.5a and [Figure 8.5b|

The order parameter o is obtained by a linear extrapolation as described in[Equation (8.12)]
The data in proximity of the transition point are compatible with the scaling law,

Ccr| T— Tcritlﬁ: T< Tcrit
o(T) = ) (8.13)
0; T= Tcrit

where in the large-N; limit we have 3 = 1/2, the mean field critical exponent. In turn, for
the present LPA-study of the Yuakwa model with the O(4)-universality class we have used the
three-dimensional spatial flat or Litim regulator, [|308][], for both quarks and mesons. See also
‘Appendix B.7.2}[(B.113)}[(B.114)| This leads us to 3 & 0.40, see [282] with [356,/357] and in
particular the recent work in the QM model, [120]. Note, that more advanced approximations
of the fRG provide 8 &~ 0.39 consistent with conformal bootstrap and Monte-Carlo results. For
a recent compilation see [268], for the QM model see [[120] that also includes an investigation
of the Z,-universality class.

The respective scaling regimes are already very small in the O(4)-model and even shrink in
the presence of the (driving) fermion loop, see the discussion in [120]]. While possible, we
do not aim at a precision estimate of critical exponents here, as we focus on the location of
the phase boundaries. Accordingly, we have simply checked the consistency of the scaling
lawwith p~04 (Nf =2)and B =1/2 (Nf — 00) for small reduced temperatures
1—T/T. — O_. This also allows us to determine the respective scaling regimes. Consistent
with the observation above that they should be even smaller as the already small scaling regime
in O(N)-models we find scaling for

0<1-T/T,$21071 . (8.14)

Moreover, a scaling fit with[(8.13)]in the regime allows us to determine T, as well as
the prefactor c,.

We see from Table 8.3] that the two-flavor critical temperature agrees well with the large-N;
limit with four degrees of freedom. This is expected from the theoretical analysis and our results

on the asymptotics in [Section 8.2.1. This good agreement extends to the full temperature
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Figure 8.5.: Temperature dependence of the mesonic field expectation value o. The figure shows a
second order phase transition at fixed chemical potential 4 = 0 GeV. We compare the case
for finite Ny and the large-N limit with 3 and 4 degrees of freedom with a constant Yukawa
coupling. Fittingto the data gives values for the critical temperatures and exponents
of the transition, with the parameters given in Deviations to the fit values are
due to the low resolution in the extrapolation of the zero point on the numerical grid.

dependence, as can be seen from In turn, the order parameter from the large-Ny
limit with three degrees of freedom seemingly shows a slightly different behaviour.

However, the two large-N; models are obtained by a simple rescaling of the fields and hence
are identical to each other. They can be mapped onto each other by the relative rescaling.
Put differently, the temperature dependence of the order parameters should agree if plotted
in dimensionless units, o(T)/o(0) and T/T,.. This comparison is shown in as
expected, the temperature-dependence of the order parameter of the large-N; models agree.
More importantly, also the two-flavor case agrees quantitatively, though with small deviations.
Trivially, the non-trivial critical scaling of the two-flavor case does not agree with the trivial
mean-field scaling for Ny — 00, but the scaling regimes are very small, see

In summary, the thermal properties of the models in the large-N; limit and the physics case
Ny = 2 agree very impressively.

8.2.3. A crossover transition

The presence of finite quark masses in the UV-action explicitly breaks chiral symmetry. This
manifests in the presence of a linear term —c, o in the effective action, and has been discussed

Model Cer T i

Ny — oo: 3 DoF || 0.2985(24) | 0.18929(11)
Ny — co: 4 DoF || 0.3010(33) | 0.16139(10)
Finite Ny 0.2126(61) | 0.16618(19)

Table 8.3.: Parameters obtained from a y *-fit of|(8.13)|to the mean field expectation values in[Figure 8.5a

which are underlined by the transition scaling. The error in the data is expected to be higher,
since the numerical precision is limited by the grid resolution.
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Figure 8.6.: Solution to the equations of motion & as a function of the explicit chiral symmetry
breaking parameter c,. The scaling function [(8.16)]is fit in the highlighted area (blue
background). We indicate curves for different temperatures around T, in the chiral limit.
The indicated dashed lines visualise the small scaling regime, which was already pointed out
in o is given in terms of its value in the chiral limit in the vacuum o, = 88 MeV,
¢, is given in units of the cutoff.

in|Section 2.3.2| This term does not factor into the RG-flow|(8.3)] since the latter only depends

on the two-point functions. It comes into play at a later stage when evaluating the physical
equations of motion (EoM), which lie at the minimum of the effective potential V(p). In the
current approximation scheme of the effective action, the equations of motion, away from the
chiral limit, are given by

03,V(p)lo=c, = Co - (8.15)

with ¢, # 0. As a direct consequence of|[(8.15)] we obtain finite pion masses m, # 0.
In the presence of an explicit symmetry breaking term, we can fit another scaling law to the
finite Ny data, where we evaluate the EoMs on the critical temperature T,

olcodlr—r, o< ¢°. 1og(M) =A+1/8 log(cq/A°). (8.16)
Orao /1T=1
with oy, = 0.088GeV and the fit coefficients
A=1.112(10), 6 =5.029(50), (8.17)

where we obtain an error estimate by fitting for T. = AT,, which is indicated in The
fit parameters agree well with the O(4)-model in LPA, i.e. 6 ~ 5, see [[358]]. We show the
fit in The figure also shows deviations from the scaling relation for T # T.. This
highlights the very small scaling regime already discussed in

8.2.4. Phase transitions at high densities

In this section we discuss shock development and propagation at intermediate densities and
very low temperatures. This is also used to discuss the first order regime.

We first note, that the running of the pion mass stops quickly below the onset RG-time
to, =InA: the RG-flow is proportional to the Fermi-distribution. Hence it stops at k,, at T = 0,
for finite T the Fermi-distribution is softer but for small temperatures there is still a strong
exponential suppression for k < k,,. This suppression leads to two competing effects at finite
densities:
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At high densities the suppression of the quark-contribution creates positive meson masses
mi (p) and determines the value of mi(po) in the symmetric phase (compare to
ure 8.4b). The quark contribution dominates initially, but due to the constant Yukawa
coupling it is quickly suppressed with k>, decreasing the effect of the suppression at lower
densities.

* For field values with positive meson masses mi (p) the meson loop in the flow is

suppressed with k°. In turn, for negative meson masses the meson loop is suppressed
with k*. Additionally the flow increases with decreasing values of mi e which is closely
linked to the restoration of convexity. The mesonic flow contribution is reminiscent of the
spreading of waves in hydrodynamics, where its value corresponds to the wave velocity:
if we consider the solution mi(p) as a wave packet, it flows with the RG-time in the

direction of smaller field values with a p-dependent propagation velocity.

The interplay of both effects leads to the creation of shocks and a first order phase transition
at low temperatures. The increased propagation speed of negative modes is blocked by the
slowed propagation of positive modes. The shock travels towards smaller field values during the
RG-time evolution, but eventually freezes when the shock amplitude is too high. An illustration
of this process can be found in

Naturally, the occurrence of shock development depends on the choice of initial conditions,
specifically those that trigger stronger dynamics of the system, for a respective discussion in
the O(1)-model see [[65[]. With physical initial conditions we find shock development in the
large-Ny limit with 3 DoF, whereas the dynamics for 4 DoFs are not strong enough to generate
a shock at finite temperature T > 10 MeV. This is an important observation: we have used the
same initial conditions for all models, fixed within the two-flavor case. As discussed before,
the two models in the large-N; limit only differ by a rescaling of the fields and parameters.
Accordingly, they can be interpreted as the same model with different initial conditions, as we
do not apply any rescaling to the initial condition. However, these changes are marginal, as
can be seen from the small variation of the pion decay constants and o-masses in the vacuum,
see In conclusion the physical case is very close to the situation where shocks may
form during the RG-time evolution. Whether or not this also occurs in QCD requires further
investigation:

(i) The embedding of the present model as part of the matter sector will lead to additional
driving forces in the flow. This may be mimicked with a T, u-dependent change of the
initial conditions here. naturally these changes can go either way, they may support the
shock development or soften it.

(ii) The additional diffusion terms in the ﬁnite-Nf case structurally soften the RG-time
evolution and remove any shock development from the pion mass m% = 0, V. However,
an O(N) model study shows that shock development may be transported to higher

derivatives |Appendix C.2| Then, the shock appears in the mass of the sigma meson
m2 =3,V +2p3d}V.

The resolution of these aspects is crucial for an access to the QCD phase boundary at large
chemical potential and low temperatures. Especially the observation that shock development is
strongly connected to initial conditions, recall the 3 DoF and 4DoF large-N; comparison, hints
at the importance of (i).
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Figure 8.7.: Density dependence of the mesonic field expectation value o, at T ~ O for the large-N¢
model with 3 DoFs in LPA (constant Yukawa coupling). The figure shows a first order phase
transition of the field expectation value at zero temperature. The solution now contains
a local outer minimum and shock development between the outer local and inner global
minimum. The extrapolated shock position at k = 0 GeV is plotted at different densities.
We find that the shock position, in the vicinity of the first order transition, obeys the scaling

law in|(8.18)| The parameters of a scaling fit, see|(8.18)| are given in|Table 8.4

In the following, we analyse shock development in the 3 DoF large-N; case and its connection
to the first order transition. We then proceed to investigate the high density phase transition at
finite Ny. Here we find that the initial conditions are not strong enough to generate shocks.

Shock development as a mechanism for first order phase transitions

In the large-N; limit with 3 DoFs we can use the shock development at low temperatures for
an accurate determination of the phase transition line. The shock position g, at k = 0 is
extrapolated by fit, utilizing the exponential decay of the flows,

E(t) = Efpa +conste .
We use the shock position at 6 equally spaced time steps between RG-times t = 3 and t = 3.5.
We expect the same power law behaviour as in [|65]] for the final shock position as a function of
chemical potential,

_ {ﬁllu' —lu,cm|c, U = Werie (8.18)

Sfinal = :
e 0, M= Merit

As an explicit example we concentrate on T = 10 MeV. The coefficients of the y2-fit are provided
in Next to the first order phase transition at small temperatures the position of the
shock as function of the control parameter, the chemical potential, is well approximated by
the function in This scaling form is the same used to describe the order parameter

Parameter || Prefactor f | Crit. exponent { | Crit. density e

¥ 2-Fit 0.391(45) 0.524(31) 0.30460(33)

Table 8.4.: Parameters obtained from a y *-fit of{(8.18)|to the shock positions in|Figure C.6



8.2 Higher mesonic scattering orders 147
100 40 40
X X Hg[MeV] A 3 S TSIV IV X Hg[MeV]

80 kivevy | >° 80 X kivevy | ¥°

30 30
- A LY 25 =
< 60 Xoe S < 60 >
) Ko [} v v
= K 20 = = 205
= 5 = = =
o 40 e ¥ 15 X & 40 Is =
%%
X 10 10
20 % 20
\ 5 5
0 0 0 0
280 290 300 310 320 330 340 350 280 290 300 310 320 330 340 350
g [MeV] Hq [MeV]
() T=2MeV (b) T=30MeV

Figure 8.8.: Density dependence of the mesonic field expectation value o at low temperatures at finite-
Ny in LPA (constant Yukawa coupling). The figures show a phase transition of the field
expectation value: At T = 30MeV we can see a first order phase transition. Lowering the
temperatures further yields a combination of both, a jump indicating a first order transition
and a subsequent second order transition. The convergence of our results by indicating the
final RG-scale k of each point.

next to a second order phase transition. In this sense the shock position behaves like an order
parameter of a second order phase transition when the system experiences a first order phase
transition. From the scaling form of the shock positionwe obtain an accurate estimate
for the critical chemical potential of i ; = 0.30460 £+ 0.00033 GeV. The phase transition and
shock positions are depicted in Shock formation occurs only in a relatively small
area of the (T, u) plane, being confined to intermediate densities 290 MeV < 360 MeV and
small temperatures up to T = 20 MeV.

Phase transition at finite N

This section and its figures are taken from [10|].

In the finite-N; case we do not find shock development using the present initial conditions.
The presence of the sigma-loop in the flow introduces a diffusion term to the flow of the pion
mass mi = 0, V, recall|Section 5.1.2| Hence shocks in the first derivative d,V are smoothed
out by the diffusion. Curiously, they can now appear in the second derivative 6PZV, as was
found in an O(N) model computation

In the current setting, however, the interplay between the positive and negative modes (or
meson masses) is not strong enough to create a shock, even in the second derivative. Instead
we find a simple first order transition without shock development at temperatures below the
critical point. This transition is plotted for T = 30 MeV in We find a first order
phase transition followed by a second order transition at very low temperatures T = 2 MeV,
see This curious behaviour has already been found in similar studies of the
quark-meson model [151}347].

In the absence of a shock a very fine grid has to be used to pin down the phase transition
line for low temperatures. In the present work we have simply narrowed down the location of
the phase transition to a small interval. We refrain from an in-depth analysis, since the present
expansion scheme and regulator used are not adjusted to physics in the high density regime:
In this area, momentum dependent quantum fluctuations become relevant and the current LPA
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Figure 8.9.: The phase diagram of the QM model in the chiral limit (a) and with explicit chiral symmetry
breaking c, = 1.89-107% GeV® (b). We show the condensate expectation value o in MeV.The
critical endpoints are indicated by small black dots. The extrapolated phase transition line
as k — 0 is also indicated in black.

setting is not a good approximation any more. Additionally, the sharp onset of density effects,
c.f. |Figure 8.4b| suggests the use of smooth regulator functions. Lastly, we recall that the QM
model alone is not an accurate description of the matter sector of QCD at high densities.

8.2.5. Phase diagrams

This section and its figures are taken from [10|].

Finally, we display phase diagrams at finite temperature T and quark density u, in|Figure 8.9
We show results both in the chiral limit and for physical pion masses m, = 138.1 MeV. The

latter results is obtained by setting the explicit symmetry break term ¢, = 1.89 - 1072 GeV>.

The chiral limit (¢, = 0) shows a second order phase transition until the critical endpoint is
reached. This is followed by a short first order regime at high densities around T = 30 MeV and
we see the splitting into a first and second order transition at very low temperatures, which
was already commented on in

Away from the chiral limit (c,, # 0) the phase transition is softened and we recover a crossover
regime at high temperatures, which is similar to the high temperature transition in QCD. As we
go to higher densities we can identify a critical endpoint, but the jump in the order parameter
is much smaller.

The respective critical endpoints are indicated in the figure and are located at

CEP. _o: (T,u)=(58,305)MeV,

CEP. .o: (T,u)=(32,347.5) MeV. (8.19)

Again, we note that the location of the CEP in QCD is expected to be heavily influenced by
other resonances in the matter sector.
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Figure 8.10.: RG-scale evolution of the field-dependent quark and pion masses in approximate vacuum
in the large-N; limit with 4 DoE

8.3. Higher quark-meson scattering orders

The discussion of the results in LPA with a constant Yukawa coupling have revealed a very
intricate structure at about onset chemical potentials and low temperatures. In particular the
occurrence of shocks is very sensitive to the details of the dynamics. Moreover, we expect
quark-meson scatterings to be important in the vicinity of a potential critical end point in QCD.

We now present our results for the QM model with a field-dependent Yukawa coupling in
the large-Ny limit with four DoFs, based on the combined numerical solution of the flows in
[Appendix B.6.1|

8.3.1. Dynamics in the vacuum

depicts the solutions of the pion and quark masses in approximate vacuum, the pion
mass in comparison to the case with constant Yukawa coupling. We can see that in approximate
vacuum the pion mass remains unchanged for both models. An exponential fit is performed on
the position of the zero point of d,Vi(p) using 5 equidistant RG-scales from k = 65 MeV to
k = 25 MeV and we obtain

0o =87.4(17)MeV. (8.20)

This is consistent with the results in the previous sections with a constant Yukawa coupling
(LPA). Consequently, this confirms previous findings in [[58]], that LPA or rather higher orders in
the derivative expansion are a good approximation for vacuum QCD.

Figure 8.10b|depicts the field-dependent quark mass msgk(p) for different RG-times. As

argued in [58]], the quark mass flattens for meson fields p < po. The computation in the
present work puts these conceptual and preliminary numerical findings on a sound numerical
footing. In summary, at vanishing cutoff scale k = 0, this leaves us with a field-dependent
quark mass mé (p) with

ma(p) = ma(pq).- (8.21)

Note that while conceptually the field value pg 4, below which the mass function flattens, has
to agree with p,, the solution of the EoM, numerically this is not fully guaranteed. Hence,
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Figure 8.11.: Phase diagram for the quark-meson model in the large-N limit with four DoFs with field
dependent Yukawa coupling. The gray box indicates the points that did not converge. The
mesh indicates the discrete data points.

this provides a further consistency check of the present scheme. For performing the respective
reliability check, we have determined the position of the kink by subtracting —p from the
solution and taking the minimum. An exponential fit gives,

Opq = 86.0(17)MeV, (8.22)

which coincides within its error o in The error is computed from the grid resolution
and the error to the fit parameters.

The quark mass in the flattened area inis computed as follows: one computes
the average value of the quark mass up to the kink for the previously mentioned 5 RG-scales
and performs an exponential fit. This leads to the physical quark mass,

mq(po) = 309.635(85) MeV . (8.23)

The linear p-dependence of ms(p) in[Figure 8.10b|for p > p, entails, that the Yukawa coupling
is constant with d,h(p) ~ 0, already observed in [58] for finite Ny. The constant approximation
for these field values works so well, that we can use the input Yukawa coupling h, to confirm
o with the consistency relation oy = my(c)/hs. This leads us to oy = 86.01(24) MeV,
where we take the error from the fit and the mean deviation in the flattened region.

In summary the present numerical analysis quantitatively confirms the conceptual and
preliminary numerical analysis in : In the broken phase, the flattening-out of the field-
dependent quark-mass mé(p) is triggered by the flattening of the effective potential. In turn,
in the symmetric phase the field dependent quark mass does not flatten-out and the quark
mass vanishes on the solution of the equation of motion, pg = 0. Importantly, apart from
the flattening of the quark mass, they do not deviate significantly from the results in LPA. In
particular this applies to their values on the equations of motion. Note however, that this is
bound to change for finite N¢.

8.3.2. Phase structure

As in LPA with a constant Yukawa coupling, we finally present our results on the phase diagram
of the QM model in the large-N; limit including quark-meson scatterings via a field-dependent
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Figure 8.12.: Chiral order parameter oo(T) in the large-N; limit with four DoFs as a function of tem-
perature and quark chemical potential. We compare the LPA results with quark-meson
scatterings encoded in m, (o) for different densities. The data is interpolated from the
phase diagrams.

quark mass or Yukawa coupling, see The computations did not complete the time
integration for u > 0.3 GeV] respective numerical upgrades are currently investigated.

As already discussed in the last section, in the phase with chiral symmetry
breaking the field-dependent quark-mass m* is necessarily flattened for p < pg. In turn, The
quark mass function does not flatten in the symmetric phase, and the quark mass is found to
be zero in the symmetric phase. The field dependence of the quark mass m? and pion mass mi
for high values of temperature and density do not significantly deviate from the results with a
constant Yukawa coupling.

We close this section with a comparison of the phase structure inwith that of a
constant Yukawa coupling, in the same setting: large-N limit with four DoFs. While the phase
boundaries do not change significantly, the crossover gets softened, if quark-meson scatterings
are taken into account. This is clearly visible in where we depict the chiral
order parameter as a function of temperature for different densities with u, = 0,100, 150 MeV.
This entails, that the quark-meson scatterings considered here give sizeable contributions to
important observables measured in heavy ion collisions. First of all, fluctuation observables will
be sensitive to such a widening of the crossover. These effects may be even more prominent
at large chemical potential where the freeze-out line most probably deviates from the chiral
crossover line. Moreover, it can also be deduced frorn that the quark-meson
scatterings may have a sizeable delaying effect on a possible critical end point. We conclude,
that these scatterings have to be taken into account for a quantitative prediction for the location
of the CEP

8.4. Conclusions

We have presented a study of the QM model with an emphasis on quantitative access to order
parameter potentials at finite temperature and chemical potential using Discontinuous Galerkin
methods. We discussed the location of phase transition lines and recovered scaling exponents
of the O(4) universality class.

We have used the large-Ny limit with an infinite number of flavors as an important benchmark.
We argued that within an 't Hooft-type limit we can mimic the two-flavor QM model well (or
any other flavor), and in particular reproduce its non-universal properties such as the location
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of the phase boundary.

In this limit we found shock-development and propagation in the order parameter potential
in the vicinity of the first order regime at high chemical potential. Since the QM model is an
important ingredient to a functional description of QCD matter even low densities, we cannot
exclude the occurrence of shocks in QCD. Hence it is essential to use numerical methods which
are adapted to shock development in a quantitative study of the QCD phase structure, see

Furthermore, we investigated the importance of higher orders of quark mesonic scatterings.
We found that they give already sizeable contributions in the vicinity of the second order regime
and cannot be neglected in the computation of observables.

However, already for smaller ratios u,/T close to the crossover line we have to also improve
the current approximation of the matter sector of QCD. This follows already from [51, 64].
The results there indicate the potential relevance of non-trivial meson dispersions as well as
the diquark channel at larger chemical potentials, u,/T X 4/3. Moreover, in the vicinity of a
potential critical end point we also have to take into account the density channel, that mixed
with the critical o-mode. This is work in progress and we hope to report on it in the near
future.



CHAPTER 9

Towards quantitative precision in QCD

This chapter is taken from [9|]. It is a first application of the technical developments and insights
of Chapter 5|and [Chapter 8|to a full computation in QCD.

In the past two decades, functional QCD has been established as a versatile approach for
the description of QCD. Its particular strength is its universal applicability to all research areas
of QCD, ranging from first principle studies of the hadron spectrum over scattering processes
and decays to the phase structure of QCD at finite temperature and density as well as its
non-equilibrium dynamics. This universal applicability is rooted in its diagrammatic, modular
structure. As an analytic method, it does not suffer from the sign problems on the lattice, which
are present for the description of QCD at finite density, as well as real-time processes. This
advantage is paid for with an intricate systematic error control present in all diagrammatic
approaches for strongly correlated systems. The most successful and most used systematic
expansion scheme to date is a combination of the vertex expansion and the derivative expansion,
recall[Section 3.2.2] In the vertex expansion, QCD scattering processes are expanded in the
number of single scatterings, including the full momentum dependent distribution functions
of the respective scattering process. In the derivative expansion part, all scattering orders are
taken into account, but their momentum distribution is expanded in powers of momenta. In
the fRG approach this scheme is sustained by the fact, that the theory is solved by integrating
out scattering events momentum-shell by momentum-shell, and momenta can be measured in
the respective infrared cutoff k, the expansion being one in p?/k?.

Both expansion schemes come with their own systematics, which has been tested in a
plethora of different models with intricate dynamics, covering that present in QCD. Moreover,
the combination allows for an almost full scan of the convergence properties.

In the present work we make progress towards the completion of the derivative expansion part
of this combined scheme. Analogously to[Chapter 8| we take the full meson field-dependence
of all considered vertices into account using Discontinuous Galerkin methods (DG methods). In
contrast, the momentum dependence is limited to that required for semi-quantitative accuracy.
This was tested and proven in a comparison of functional QCD with full momentum dependences,
[44147,48], and functional QCD with an emphasis on meson field dependences [42}43,45|/51,
59,(102,/117].
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In this first implementation within the Discontinuous Galerkin framework, recall
we implement the vertices analogously to the local density approximation of the wave function,
i.e. we neglect the respective mesonic field derivatives. This approximation will be lifted in
a subsequent work. In the following we use this local density approximation to obtain an
estimate on the importance of higher (quark-meson) scattering orders in a full QCD setting.
This is benchmarked with a computation which only considers simple scatterings, i.e. uses
constant couplings, to emphasise quantitative changes.

In we introduce the derivative expansion part of this combined scheme and
discuss the relevant approximations and quantities. The model and derivations of the flows are
based on [51]. Hence, we refrain from giving a detailed derivation and briefly introduce the
relevant definitions and quantities. We proceed to discuss the novelties of our field dependent
implementation with DG methods in and present results taking higher quark-
mesonic scattering orders into account. This is benchmarked with a computation at constant
couplings. Finally we close in[Section 9.3|with a brief summary and a discussion of the next
steps towards a full quantitative description of the QCD phase structure.

9.1. A functional description of QCD

The classical action of QCD was introduced in|(2.20)] in terms of the gluon field A, the ghost
fields c,c and 6 species of quarks q,q with N. = 3 color charges. This was followed by a
discussion in[Section 2.3.2} where we found that the gluonic dynamics decouple at low energies
and the emergence of composite particles, created by resonances of the four-quark interaction,
become the relevant dynamic degrees of freedom.

We identified the scalar-pseudoscalar four-quark scattering, as the dominating process.
Its resonance corresponds to the creation of mesons, and consequently the breaking of the
(approximate) chiral symmetry of the two light quark flavors. This scattering was found to
be the dominant and decisive process for chiral symmetry breaking throughout the majority
of temperatures T and baryonic chemical potential up = 3, until approximately ug/T < 6.
Hence, for a quantitative investigation of the chiral phase structure within this region, we need
to combine the low energy dynamics of the lightest quark flavors, which we previously studied
in[Chapter 8| with the gluonic interactions. In the present setting we consider the superfield &
consisting of

o=(2,¢), ¢ =@Accq3, ¢=(0,m), ©.1)

where the & contains the fundamental fields and ¢ is the scalar-pseudoscalar mesonic field.
Its introduction is done by dynamical hadronisation and follows along the lines of The
current approximation considers the Ny = 2 flavor case, which describes (approximate) chiral
symmetry breaking for the two lightest quark flavors. As a next step towards quantitative
precision, future work will consider a Ny = 2 + 1 study, where chiral symmetry is investigated
for the light quarks u and d (i.e. a SU(2) flavor symmetry) and the heavier strange quark is only
considered in the flow, but not for the symmetry investigations and formation of condensates.
Since the gluons decouple from the low energy dynamics, we can make use of quantitative
vacuum QCD results for the gluon and ghost propagators [44]], which are used as an input to
set the stage for the dynamics in the low energy regime.



9.1 A functional description of QCD 155

Finally, the Euclidean scale dependent effective action of QCD is approximated by

1 1 2 1 (2)ab L cab. 2 4b
o= [ e o () + 3 | o (S 0=z, 67) )
X p

+2.(8,8%) D c? + 42, (1,Du —voltg) 4 — 2q(0) [ (37%)" + (G79)?]
1
+h(p)g (TOO'+T'7T)q+§Z¢ (8H¢)2+V(p)—c00}. (9.2)

With the integration fx = f 01 & dxg f d3x, where T is the temperature and fi the finite (quark)
density, see also[Appendix B.1| The ghost and gluon dynamics are computed in Landau gauge.
They correspond to the first four terms on the left-hand side in and contain the field
strength F,,, a gauge fixing term, the ghost and gluon two-point functions and the respective
dressing functions Z. and Z,. They are purely input in the present work and are part of the
vertex expansion part of the combined scheme. Their adaption to the current setting follows
along the lines of [45]]. This setting was further verified in [|51]], which already provided results
for vacuum masses in agreement with [44].

The last five terms in[(9.2)introduce the mesons to the effective action. In the two flavor
case we have 7 = 1/2(1,iys0). ¢, # 0 is an explicit chiral symmetry breaking term and
corresponds to a finite current quark mass and physical pion masses, recall[Section 2.3.2] The
derivative expansion translates to a field dependence of the effective mesonic potential V and
the couplings on the mesonic fields. It is given in terms of the chiral invariant p = M,
following the argumentation in[Section 2.3.2, We distinguish between the massive-mode, the
o-meson and the pseudo-Goldstone bosons, the pions 7r. In the current approximation, all
couplings to the quarks, i.e. the Yukawa coupling h(p), the four-quark coupling A,(p) and the
quark-gluon coupling gga,(p) have this field dependency within a local density approximation,
which neglects higher scattering orders of the mesons in the diagrams. This is commented
on in the following. Lastly, we consider the wave function renormalisations of quarks and
mesons Z, and Z, which are evaluated at a constant mesonic field p, and are outfitted with
an appropriate momentum dependency specified below|(9.12)|and [(9.13)|respectively. In this
approximation we assume 9,Z4(p) = 0 and hence Z, = Z, = Z,. The higher derivatives of
the wave function renormalisation account for momentum dependent mesonic-self scatterings.
We drop them in this calculation, since these momentum dependent scatterings are heavily
suppressed at low energy scales and at high energies the mesonic dynamics do not factor in at
all.

In the following we comment on the derivation flows in the matter sector and the implications
of the gluonic input within this truncation of the effective action.

9.1.1. Quarks, mesons and dynamical hadronisation

For the derivation of RG-flows in the matter sector, we make use of the generalised flow equation
(3.33)| For completeness we state the generalised flow in terms of the super-field & and the
RG-transformation ¢ of the emergent mesonic field ¢,

o,T; [®] +J é (5?(][;1)] + c05i0) - %Tr[Gk[é]atRk] + Tr[G(pq,]_[@]%Rd)] , (9.3)
i J

where t = In(A/k) is the RG-time, G, the propagator and R; the standard, block-diagonal
regulator matrix, see Appendix B.7.1|for the regulator choice in this work. [Equation (9.3)|is
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completely ¢, independent, which is ensured by the subtraction in the second term on the
left-hand side.

We use the generalised RG-transformations ¢ into implement dynamical hadronisation,
analogously to [51}/144]. In contrast to the application to purely scalar theories in|Chapter 7,
the dynamical hadronisation relation for ¢ is given in terms of the ¢ and the condensate gtq,
which has the same transformation properties,

¢ =Adtq+Bro. 9.4

The hadronisation functions A, and By can, in principle, be chosen freely. Here, they are
used to absorb the flow of the quark four-point 4, and the wave function renormalisation Z
respectively. In this way, momentum channel of the scalar-pseudoscalar four-quark vertex is
captured entirely by the momentum dependence of the emergent effective field ¢. This is done
using constraints on the flow as given in and briefly outlined below in[(9.21)]

By is used to absorb the wave function renormalisation Zg k» At an average momentum
p* ~ k?, into the field via the anomalous dimension 74 x, which is derived at a later point in
It follows

. 1
Bk :—Eﬂd)’k. (95)

This effectively implements Z, = 1, for more detail see and in particular|(7.18)| for
wave function renormalisations without field dependence.

With the definition of the effective field ¢ we are finally able to specify the propagator matrix
Gy in|(9.3)} which is given by

-1
Gilel= (T[] +Re) , Gaa, = (Gil@Daa,- 9.6)

The two point functions Flgz) for the quarks and mesons are derived from the full effective
action (9.2)| They are evaluated at constant field configuration ¢ = (4/2p,0) = (o,0) and

d =q =0, along the lines of and are given by
L2l 1p) = 2,() (p+hlp)o) ,
r® [91(p) = 55 p*+ 3,V (p)]
r2[¢1(p) =p* +38,V(p) +2p32V(p), (9.7)

with the four momentum that already contains the density p = (py +iu, p). We note that due to
(9.5)} Z, is completely absorbed into the field ¢» and does not appear in the two-point function
of the mesons any more. We have also introduced the renormalised Yukawa coupling

- h
(o) =2, ©8)
Zq
where we have already used Zy = 1. The current setup includes the full field dependency of
the mesonic potential V(p). This allows to take all orders of momentum independent mesonic
self-scatterings into account. Specific vertices can be computed from the derivatives of the

potential. For example, the mesonic masses are given by
mi =0d,V(p), and mfy = apV(p)+2p85V(p). (9.9)

Equation (9.9)|already indicates renormalised masses, due to the redefinition of fields|(9.4)

However, the definition of physical mesonic masses (pole masses) requires an closer look at the
momentum dependence of the anomalous dimension |(9.5)} which follows suit.
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Wave function renormalisations and anomalous dimensions

The wave function renormalisations, or their absorption into fields|(9.5), are computed from
their anomalous dimensions, which is usually defined by

8thI’i,k(p0’ p)

5 (9.10)
Z<1>i,k(Po,P)

Mg, k(00 P) =—

for any super-field component ®; or, in case of an absorption into flowing fields, recall
Generally the 1 _; carry a RG-scale dependence, as well as a momentum and field
dependence. The latter is dropped in the current setting: the quality of this approximation was
verified in an O(N) model in[Section 7.1] Here, the wave function renormalisation is evaluated
on the scale dependent solution to the equations of motion p , which is given by

(00,V(P) = o) lo=pyx = 0> (9.11a)
where the RG-scale dependence of the explicit symmetry breaking term is given by

Nk
OrCo k= —; Cok> (9.11b)

and the anomalous dimension 74  is defined in[(9.13)}

We proceed by discussing the momentum dependences of the anomalous dimensions. The
quark anomalous dimension only carries a small momentum dependence [|19,/44,48,359] and
we use 1qx ~ Nqr(Po,0), where p, is a small, non-vanishing frequency accounting for the
lowest fermionic Matsubara mode, see [|51]] Appendix J. From this we can project onto the flow
of Z, \ via

3
Ngk(Po,0) = Re [i—trv-patF(Z) [qb](p)} . (9.12)

4Zqk p? dok p=0

The full expression of the flow is also given in [|51] Appendix J.
Next, we consider the anomalous dimension of the mesons: its full momentum dependence
is given by

5 T, [01(0,p)— 3T, [$1(0,0)

3Z¢,k p2

N¢x(0,p) =— (9.13)

During the flow, the full momentum dependence of the mesonic wave function renormalisation is
approximated with the averaged momentum dependence p? ~ k2. This is a good approximation
during the flow with our current choice of a flat 3d regulator, see|Appendix B.7.1|

However, for the evaluation of physical meson masses, we need to introduce a correction
AZg, which accounts for the momentum dependence of the anomalous dimension at the pole of
the propagator. The physical pole mass is situated on the real time axis, hence in an Euclidean
setting it is defined by an extension to the complex plane

T2 [$1(B° = imy pet, 0) = 0. (9.14)

The current truncation scheme is not equipped for a continuation of momentum dependencies
to the complex plane. Hence, we use p, = 0O as an approximation, since the momentum
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dependence of the anomalous dimension is found to be very small at low momentum scales
Ip|> S m? [333]. The corrective factor is then obtained from an integration of

7,pol’
O AZy = Mg k(0,0) = AZy1Ng k(0 P)lp2niez - (9.15)

The explicit expressions for 1 1 (0,0) and 14 (0, p) are again indicated in [51] Appendix I.
Using|(9.15), the mesonic pole masses are evaluated on the equations of motion|(9.11)|and
are given by

3,V(p)
AZg

pV(p)+2p03V(p)
B and 7n(r,polN A7
¢

(9.16)

My bol ~

P=Po P=Po

Yukawa interaction

The constituent quark mass is directly linked to the mesonic field o, which couples to the
quarks though the Yukawa coupling. In our truncation, its definition can be read off|(9.7)|and
is given by

my = v2ph(p) = ch(p). (9.17)
Consequently, the flow of the Yukawa coupling is derived from the quark two-point function,
analogously to[(8.7)} For a detailed derivation and the full expressions for the flows see [51]].
Here we only state the essential steps in the derivation within the current approximation and
discuss the dynamical hadronisation process in the context of
The generalised ﬂow is projected onto the scalar part §7°q, which corresponds to the
renormalised quark mass, and obtain
3th —"r)q’kh+th+m721Ak e m%tr[aﬁg)] . (918)
In contrast tothe flow now also contains the (renormalised and dimensionful) hadroni-
sation function A; and B. In contrast tothe flow on the right-hand side of now
contains loops with mesonic and gluonic interactions. Furthermore, the field dependency is
evaluated in a local density approximation, hence we use 3pfl = 0 in the derivation of the
equations. The flow of the quark-two point function is indicated in [51] Appendix K.
Similarly, we deduce the flow for the four-quark coupling, by projecting onto the quark-
bilinear (§Gtq)(Gtq),
-

0 2q(p) =2 (1+ng) Aq(p) —hA, = Flowz oy aeq) - (9.19)
The renormalised and dimensionless quantities are given by
1/2
Ak . Z k2
_'q = T . 49 (4) _ 4)
Aq = 7 y Ak = Z—quk y and FIOW(QTq)(QTq) = ?Flow(qrq)(qm) B (920)
q q

and the projected flow can be found in [51] Appendix L. We recall the flowing fields[Section 7.1,
where we chose ¢ such that the flow of the wave function is cancelled out. Now we make a

similarly choice for A, i.e. we chose it such, that Aq =0 at all RG-scales. It follows that

= 1 4

which effectively absorbs the momentum dependence of the quark-bilinear (§7q)(gtq) into
kinetic term (8qu)2 of the emergent field ¢.
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9.1.2. Gluonic interactions

For the purely gluonic interactions we resort to the efficient expansion scheme that has been set-
up and used in [51,117]. At its heart lies the advantageous flexibility of functional approaches,
that one can use external results as input. This input can either be obtained from other functional
computations or from lattice results. In short, one can outsource part of the computation without
loss of reliability. This external input comes with its own systematic and, in the case of lattice
results, with an additional statistical error. Consequently, the statistical and systematic errors of
such a mixed approach then depend on the quantitative precision and statistical and systematic
errors of the external input as well as the intrinsic systematic error of the given expansion order
of the fRG computation. This scheme has been extended, tested and used in Dyson-Schwinger
equations. In [56,57,(100,227]], for related earlier work see also [360].

The most straightforward use of external input is to simply substitute correlation functions in
the loops on the right hand side of functional relations by that obtained from other computations.
In the past decades this has often been done with low order lattice correlation functions, mostly
in Yang-Mills theory in the vacuum. Evidently, if the systematic and statistical error of the input
is significantly smaller than that of the approximation level used in the computation at hand,
one does not have to consider it in the error analysis.

Quark-gluon interactions

The flow equation of the coupling g4, of the classical tensor structure of the quark-gluon
vertex shows a direct p-dependence via that of the quark-meson Yukawa coupling and quark
mass function. We will take into account the meson field dependences in all couplings, except
for the Yukawa coupling and the purely mesonic couplings, in the analogue of the local density
approximation: while all couplings such as gz4, are taken to be p-dependent we shall neglect
all derivatives, pd,ggaq ~ 0. This approximation certainly holds true for mildly varying p-
dependences which is present for most p and k. Furthermore, even for pd,gz4, # O the
respective diagrams are sub-leading or negligible for all cutoff scales and p.

It has been discussed in detail in [[51], that the current approximation allows for semi-
quantitative accuracy. Key to full quantitative precision is the inclusion of the relevant tensor
structures of the quark-gluon vertex, for a detailed analysis see the fRG and DSE-analyses
in [|48,227]. In short, the quark-gluon vertex accommodates three relevant tensor structures,
the chirally symmetric classical one and a further chirally symmetric one as well as one that
breaks chiral symmetry and is only present for a non-vanishing value of the quark mass function.
Importantly, in the fRG approach the dynamics of the non-classical tensor structures is partially
taken into account via the four-quark interactions, and the dominant contribution of the latter is
comprised in the scalar-pseudo-scalar channel. This entails that dropping the direct contribution
from the non-classical tensor structure as well as further four-quark interaction channels is
leading to a small drop in the strength of chiral symmetry breaking. In the present work
we compensate this with a minor infrared enhancement by a few precent of the quark-gluon
coupling strength a,,; in the deep infrared.

This approach follows those used in [45,/51] and consists of a phenomenological infrared
enhancement of the classical tensor structure. The flow is enhanced by

athIAq(p) _)quq(p)atCa,b(k)
+Ca,p(K)2:83aq(P) s (9.22a)
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where the infrared enhancing function is given by

(k/b)*
exp[(k/b)2]—1"

Lap()=1+a (9.22b)

and the enhancement factors a and b are fitted to suit the constituent quark mass. They depend
on the truncation used and will be indicated with the result. The strength of the enhancement,
encoded in a, lies in the percent range.

In contradistinction, in the DSE-approach the direct contributions to chiral symmetry breaking
from the non-classical parts of the quark-gluon vertex dominate by far, and dropping them
leads to a qualitative drop of the strength of chiral symmetry breaking or even the lack thereof.
Compensating these missing dynamics by an enhancement of the couplings strength gg4, of
the classical tensor structure requires enhancement factors larger than two. Note however,
that including the two most relevant tensor structures in the computation already provides full
quantitative results both in the vacuum and at finite temperature and density, see [57,/100].

This qualitative difference between DSE and fRG approaches in the given approximations
originates in the very different resummation schemes both offer in rather similar approximations
to the effective action. Indeed, this fact offers a further systematic error control: if the results
within theses two functional approaches agree quantitatively, this is a highly non-trivial self-
consistency check.

9.2. Systematic errors in QCD computations

The current work has two aims, necessitating differing approximations which are easily imple-
mented in the current setting.

Firstly, we give an estimate for the constituent quark mass in vacuum, using an improved
approximation of the effective action by taking higher quark-mesonic scattering orders
into account in a finite density approximation, recall[(9.18)} Secondly, we provide a numerical
benchmark for computations which only consider the lowest quark-mesonic scattering order.
This benchmark also provides an error estimate for state of the art computations of the QCD
phase structure [[51]].

These two implementations are discussed in and we present results for the
pole masses in[Section 9.2.2]and for the field dependent couplings in[Section 9.2.3] Currently,
we only present results in the broken phase, at low temperatures T = 1MeV and vanishing
density fi, = 0. A study of the full phase structure is deferred to future work.

9.2.1. Implementation

In the previous section we outlined our current truncation, with an emphasis on notation and
the relevant definitions. Firstly, introduced flows in the matter sector, i.e. the
mesonic masses, the Yukawa coupling to the quarks and their anomalous dimensions. Secondly
gave a brief outline of the gluonic-overhead. The gluon dynamics are completely
input, with the exception of the quark-gluon vertex gz,,, whose field dependence plays a
sub-leading, but important role for quantitative accuracy. To summarise, we give an overview
of all quantities within the current truncation and discuss their numerical implementation.
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Implementation of the mesonic potential V(p)

The mesonic potential V(p) is used to derive the mesonic masses, see Its full field
dependence is implemented using the Discontinuous Galerkin (DG) framework put forward
in[Chapter 5| more precisely the local DG method outlined in[Appendix A.1.2] By computing
the full field dependence, the current truncation takes all higher purely mesonic scattering
orders into account. This is of great importance for quantitative precision in the chiral limit and
later on in even the qualitative access to the phase structure at high densities. In this regime,
non-analyticities appear in the RG-flow of the potential, as well as in the potential itself at
k — 0, see e.g. [[1] or[Chapter 8|for an investigation in the quark-meson model. Thus higher
derivatives of the potential - which correspond to higher mesonic scattering orders - cannot be
neglected. Following the reasoning of the RG-flow is computed in terms of its
first derivative u = mf[ =3,V(p). To wit

k* B4)( - B4), -
=2, (m[(Nﬁ—l)zg D2 0 T +HIPPE L1 T)
—AN N2 g Toug) ]+ 0 o) - (9.23)

where the threshold-functions l(()B’4) and l(()F’4) perform the momentum integration and Matsubara
summation and are given by[(B.125)|and|(B.126)in[Appendix B.7.2] The dimensionless masses
are given by m; = m; /k.

Implementation: Field dependent couplings

To make a quantitative statement about the importance of higher quark-mesonic scattering
orders in a full QCD setting we consider two different implementations of the Yukawa coupling
h and the quark-gluon vertex gga,.

(i) Field dependent couplings h(p), g54,(p0) in a finite density approximation, i.e. J,h ~
0 and J,g544 ~ 0: This approximation allows for different coupling strengths at different
mesonic field values, but does not explicitly take higher scattering processes (diagrams)
into account in the flows. The finite density approximation allows to implement a field
dependence without adding instabilities by introducing a second partial differential equa-
tion. We implement the field dependence by using a Discontinuous Galerkin discretisation,

consisting only of a source term, recall|{(5.10)

(i) Couplings constant in the field p: Couplings are evaluated on the solution to the
physical equations of motion[(9.11)} analogously to the anomalous dimensions. This
implementation is identical to state of the art results of the QCD phase structure, see [|51]],
and is numerically very efficient and stable.

Both approximations are contrasted by the study of the full field dependence of the Yukawa
coupling within the low energy effective model in

Inarguably, the main, novel result in this work is obtained from (i), but we emphasise again,
that (ii) provides an important benchmark to existing results. Furthermore (ii) may be a
desired approximation for computations considering multiple condensates, such as diquarks
and vector-mesons.
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(a) Pion, sigma and quark masses in the chiral limit, (b) Pion, sigma and quark masses on the physical equa-
where we use ¢, =0. tions of motion.

Figure 9.1.: RG-time dependence of pion, sigma and quark masses in the IR. Results and tuning param-
eters for the masses are indicated in[Table 9.2]for the computation with field dependent
couplings (i) and in|Table 9.1]at constant couplings (ii). Fits to extrapolate the masses at
k — 0 are indicated by the dashed lines.

Initialisation of flows

The computation is initialised at an RG-scale of k = 20GeV. At this scale, the important input
parameters are those of the gluonic sector, which need to match the input data [[48]]. Hence
the quark-gluon coupling at k = 20 GeV is set to g4, = 0.21 for the present two flavour case.
To fix the initial conditions in the mesonic sector, we make use of the pseudo-fixed point
behaviour of the flow at intermediate RG-scales [[102]]. The pseudo-fixed point ensures that
results at k — 0 are independent of the initial mesonic masses and Yukawa coupling, as long as
the initial four-fermi coupling A, is smaller than the strong coupling a; [45]). For completeness
we state the initial values in our computation: the potential is simply given by a mass term

Valp) = pm} . (9.24)

where my = 4 x 10° GeV is initiated at a very high value to ensure that all mesonic loops
are additionally suppressed. The Yukawa coupling at the initial scale is set constant, to
h = 1. Furthermore, the mesonic and quark wave function renormalisations are initialised at
Zy=2,=1.

9.2.2. Masses

As a first result in our investigation, we compute the quark mass as well as the mesonic
masses Results converge up to an RG-scale k;;, = 0.03 GeV. A linear extrapolation is
used to extract the values at k — 0, a similar procedure was applied in The explicit
symmetry breaking term c,, is used to fix the pion mass to its physical value and is indicated
with the respective results, see|Table 9.1|or[Table 9.2 Similarly we adjust the IR-enhancement
of the quark-gluon vertex, which allows to tune the strength of chiral symmetry breaking, recall
(9.22a)| to obtain a physical constituent quark mass. The initial parameters for the computation
using constant couplings, as well as the corresponding quark and mesonic pole masses are
given in Results and initial parameters using field dependent couplings are indicated
in[Table 9.2]
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Benchmark results

gives results for the mesonic and quark masses in both the chiral limit and the physical
case for the benchmark computation (ii) at constant couplings. We use the values of the tuning
parameters from [51[], to obtain an estimate on the improvement obtained by using a fully
field dependent potential V(p) instead of a Taylor expansion about the equations of motion.
The physical pion mass is nearly identical at m,, = 136 MeV, whereas the quark mass is slightly
increased to m, = 372 MeV. The biggest deviation is in an decreased mass of the sigma meson,
which is at m, = 490MeV in a fully field dependent setting. This is unsurprising, because
the full field dependent potential is expected to be more precise in the computation of higher
derivatives. In conclusion, this analysis supports the Taylor expansion scheme of the potential
in vacuum. However, it also calls for a more cautious investigation in regimes of the phase
structure where the sigma mode becomes more important, i.e. in the vicinity of the conjectured
critical point.

An additional computation in the chiral limit, i.e. ¢, = O yields the expected decrease in
masses. In such a scenario, the pion is a real Goldstone boson with m, = 0MeV, the quark
mass m, = 364 MeV as well as a sigma meson at m, = 392MeV. The study of the chiral limit is
especially interesting when investigating scaling properties in critical regions and in the context
of chiral expansion schemes of the magnetic equation of state [57]].

Full truncation

We now consider results for field dependent couplings, outlined in (i). We tune the initial
parameters to obtain physical masses [78]. We increase the explicit symmetry breaking term to
¢y = 3.7GeV® and increase the strength of the IR-enhancement of the quark-gluon coupling
to a = 0.012. We discuss the IR-enhancement at a later point in connection with the field
dependent couplings. With this we obtain the physical pion mass m, = 137 MeV, sigma mass
m, =499 MeV, as well as the quark mass m, = 365MeV. In the chiral limit we obtain a lowered
quark mass m, = 347 MeV as well as a bigger sigma meson at m, = 404 MeV in comparison to
the evaluation at constant couplings. For a condensed summary of the results see[Table 9.2}

The most significant difference between calculations with constant and fully field dependent
couplings is the shift of the onset-scale of chiral symmetry breaking k. This is visualised for
both the chiral limit and physical observables in [Figure 9.1] An earlier onset of chiral symmetry
breaking in the flow will have a significant effect on the location of the crossover transition at
high temperatures and we suspect to report on an increase of the critical temperature T, in
future publications.

Observable || chiral limit | physical EoM | Ref. [[51]] Parameter in T’y
m, o [MeV] 0 136.0 137 ¢y = 3.6GeV®
Mg [MeV] 392.0 490.0 531 ;

mg [MeV] 364.4 371.9 367 a=0.008 b =2GeV

Table 9.1.: IR-Observables and adjustable parameters for the computation with constant couplings.
Parameters in I}, are used to adjust the pole masses [(9.16)] and [(9.17)] on the physical
equations of motion[(9.11)| The quark mass is adjusted using an enhancement of the quark-
gluon vertex which is indicated in[Equation (9.22a)| The results correspond to a calculation
in a comparable truncation from [[51].
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Figure 9.2.: Couplings as a function of RG-scale k on the equations of motion. We compare both
calculations on the physical equations of motion as well as in the chiral limit. Furthermore,
we consider calculations within the truncations (i) and (ii). The light blue area indicates
values for the field-dependent couplings at higher field values p, < p < pyy where pyy =
0.015 &~ 2pg s, is the length of the numerical computation interval.

9.2.3. Field dependent couplings

The field dependence of the couplings is almost vanishing up until k & 2.5 GeV. Then, it gains
importance around k ~ 3k,, where k, ~ 0.4GeV is the approximate scale at which chiral
symmetry breaks.

We have already established that this field dependence of couplings has a quantitative effect
on the meson masses. The difference between truncations becomes apparent, when considering
the RG-scale dependence of the couplings themselves: shows a comparison between
the computations at constant fields and the field dependent results. Firstly one can see the
difference in IR-enhancement between the computation of type (i) and (ii), by the difference
in maximum value reached by the quark-gluon vertex gg,, around 0.6 GeV.

In spite of the stronger IR-enhancement of the coupling, the physical quark mass m, is smaller
in (i). This effect is linked to the couplings generally decreasing towards higher field values p,
which is discernible from the light blue tube in This quantitatively relevant effect
cannot be captured with truncation (ii).

Observable || chiral limit | physical EoM Parameter in I,
m, o [MeV] 0 137.0 ¢, =3.7GeV’
mg o [MeV] 404.3 499.0 -

my [MeV] 347.1 364.9 a=0.012 b =2GeV

Table 9.2.: IR-Observables and adjustable parameters for the computation with field dependent couplings
couplings. Parameters in A are used to adjust the pole masses[(9.16)]and[(9.17)|on the
physical equations of rnotion The quark mass is adjusted using an enhancement of
the quark-gluon vertex which is indicated in[Equation (9.22a)| in comparison to[Table 9.1]
the IR-enhancement is slightly bigger.
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9.3. Conclusion and outlook

In this chapter, we investigated the dynamics of chiral symmetry breaking in QCD in at low
temperatures and densities. To this aim we used input data for the gluonic interactions from [|44]],
which were used to compute an order parameter potential in terms of a quark-condensate,
formed by a resonance in the scalar-pseudoscalar four-quark interaction. From this effective
potential we were able to obtain quantitative masses for the mesons and the current quark mass
of the light quarks, see The field dependence of the order parameter potential was
computed using the Discontinuous Galerkin (DG) framework put forward in|Chapter 5| Using
the DG methods, we were able to reproduce the vacuum results from [|51] with an improved
truncation scheme.

The result for the current quark mass in vacuum was adjusted by the introduction of an
IR-enhancement of the quark-gluon vertex, to match the Particle data group [|78]]. This IR-
enhancement accounts for non-classical tensor structures of the quark-gluon vertex, which
were neglected in the current approximation. We plan to include them in future applications
and thereby remove the artificial IR-enhancement.

Furthermore, we considered the quantitative error caused by neglecting higher quark-mesonic
scattering orders, as investigated for the quark-meson model in|[Chapter 8| In the current work
we make use of a local density approximation for the couplings and find significant quantitative
deviations, most notably a shift in the onset scale for chiral symmetry breaking in comparison
to a computation with constant couplings: In the presence of field dependent couplings, onset
of chiral symmetry breaking occurs at an earlier RG-time in the vacuum, see [Figure 9.1 A naive
extrapolation of this argument to the finite temperature transition at low densities, predicts
a higher critical temperature than the one computed in current functional state of the art

computations using constant couplings, see [51]] or Figure 2.2

The current work did not consider computations at finite temperature. To do so in a quanti-
tative way, it remains to include the temperature dependence of the gluonic dynamics, as well
as the interactions with the strange quark, see [[51]].

The introduction of Discontinuous Galerkin methods was an important step towards the
computation of the QCD phase structure at finite densities. However, there is still a long
path ahead: First and foremost, the current truncation needs to be improved, since the scalar-
pseudoscalar interaction is no longer the dominant four-quark interaction at high densities. We
have discussed this issue in[Section 2.3] We aim to include the computation of order parameter
potentials in term of diquark and vector-meson condensates.






CHAPTER 10

Summary, conclusion and outlook

In this work, we investigated nuclear matter and other possible phases of quark-matter. This
was motivated by the interpretation of heavy ion collisions, the physics of the early universe or
neutron stars. To this end, various approaches towards a systematic, quantitative computation of
the underlying first-principle theory Quantum Chromodynamics (QCD) and its phase structure
were explored. In doing so, we have made many methodological developments within the
functional renormalisation group (fRG) which also find application in a broader quantum field
theory context.

In|Chapter 2| we gave a brief introduction to QCD and outlined its distinctive features. We
considered the perturbative nature of QCD at high energies, linked to asymptotic freedom.
This stands in contrast to the low energy regime, in which the strong interaction of quarks and
gluons makes for an interesting phase structure across different temperatures and densities.
The phase structure is determined by the confinement/deconfinement transition, as well as
the process of chiral symmetry breaking, both of which we set out to investigate throughout
this thesis. For this purpose, we proceeded to discuss the range of validity of common low
energy effective theories for the four-quark scattering processes. Importantly, we introduced
an effective description of the dynamics in the matter sector of QCD in terms of a scalar O(4)
model. This also explains our general interest in the O(N) model for QCD computations.

The functional renormalisation group was put forward as our method of choice for non-
perturbative computations in the low energy regime of QCD. The general idea behind a
functional formulation in terms of the effective action I'[®] was outlined in together
with the commonly used functional flows, the Wetterich and Polchinski flows. We commented
on appropriate expansion schemes of the effective action in QCD, also in the context of an
optimisation of the RG-flow. We proceeded with a discussion of general RG reparametrisations in
terms of dynamical flowing’ fields in[Section 3.3and possible applications thereof to the process
of Goldstonisation, the improvement of expansion schemes and in the context of dynamical
hadronisation. Lastly, we considered the CS-flow as an important real-time application of
generalised RG-flows in [Section 3.4|

A first computation was presented in[Chapter 4] where we explored the dynamical emergence
of the Yang-Mills mass gap in terms of spontaneous symmetry breaking. We used the fRG to
compute an effective potential of a colourless gluon condensate. From this we obtained an



168 10. Summary, conclusion and outlook

estimate for the mass gap of mg,, = 322(34) MeV, which compares very well to the lattice
estimate mg:gice) = 0.3427(8) MeV from [|192,(194,234]. This estimate should be understood
as an incentive to further investigate this promising mechanism for mass (gap) generation
in Yang-Mills theory. It also highlights a very important feature of the fRG, which we have
continued to explore throughout this thesis: its modular structure, which allows to use external
results for gluonic correlation functions in the computation of an order parameter potential. In
this case, the order parameter was the expectation value of a gluon condensate which indicated
confinement.

We continued to explore the concept of order parameter potentials in[Chapter 5| in the context
of scalar O(N) theories and spontaneous symmetry breaking. This chapter developed a rigorous
numerical approach, which was applied to investigate chiral symmetry breaking in [Chapter 8]
and The derivative expansion was used to translate the renormalisation group flow
of an effective potential, in terms of the (locally constant) scalar field ¢ and RG-scale k, into the
language of fluid dynamics and partial differential equations (PDE). To solve the ensuing highly
non-linear PDEs, we introduced the Discontinuous Galerkin method (DGM) to discretise the
field dependence in ¢ and proceeded to investigate the creation of non-analyticities and shock
waves in the RG-flow of the effective potential. Their occurrence implies the importance of
higher scattering orders of the scalar field and emphasises the necessity of advanced numerical
discretisation schemes in the fRG. This applies not only to achieve quantitative accuracy but
already for qualitative aspects! For this reason, all results in the following chapters of the main
text, with the exception of make use of DGMs. We also point out the wide range of
applicability of fluid dynamical methods in the context of derivative expansions in the fRG. The
introduction of DGMs in is accompanied by[Appendix A] which discusses technical
details, such as efficient (RG-)time-integration algorithms, and containes a guide to a freely
available implementation on github [12].

In|Chapter 6|and [Chapter 7|we discussed applications of generalised RG transformations to
O(N) theories. We have not applied them to the matter sector of QCD yet, but aspire to do so
in the future. These chapters contain novel technical developments, which can also be used
in a condensed matter, cosmology or beyond the standard model context, to name a few. In
(Chapter 6|we set up functional flows for complex effective actions and compared results for
different formulations in terms of the Wilsonian effective action and the 1PI effective action. We
made use of generalised RG transformations to construct an RG-adapted flow which allowed
to compute the effective potential of an O(1) model in the presence of complex sources, for
example magnetisations. In this setting, we were able to locate Lee-Yang singularities in the
complex magnetisation plane and to investigate their scaling behaviour. We were also able to
precisely extrapolate the phase transition on the real axis from the location of the Lee-Yang
singularities in the complex plane and found a very large scaling regime in our study within
four dimensions. We hope to apply this procedure to the QCD phase structure in the future,
possibly for an extrapolation of the critical endpoint of QCD.[Section 7.1|discusses an expansion
scheme of the effective action about its ground state and an application of the
CS-flow to spectral functions.

The last two chapters focussed on the investigation of chiral symmetry breaking. We studied
the quark-meson phase structure in[Chapter 8| using DGMs. We were able to precisely resolve
the competing order effects, which are decisive for the location of phase transition lines within
this low-energy effective theory of QCD. This study provides further proof of the relevance of
higher scattering orders in an investigation of the large-N; limit: We found shock development
in the first order regime at high densities, hinting at the relevance of higher mesonic scattering
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orders. Furthermore, this full implementation of quark-mesonic scatterings emphasised their
quantitative significance in the vicinity of phase transitions.

Lastly, the qualitative improvement by the DGMs was also applied to a full QCD computation
of the mesonic part of the matter sector in approximate vacuum. In|Chapter 9| we provided
estimates for the mesonic masses and current quark mass of the light quarks and investigated
the importance of higher quark-mesonic scatterings in this context. Though technically our
estimates are in agreement with the known masses from e.g. the Particle Data group [|78]], the
computation still contains tuning parameters which are included in the truncation to compensate
for scattering processes that are not accounted for in the truncation yet. Nevertheless, this
tuned vacuum-framework can be applied to make predictions about the phase-structure, as
was done in [[51].

The next tasks are obvious: to achieve quantitative precision and predictability, the QCD
setup from[Chapter 2| needs to be upgraded with quantitative corrections provided by e.g. the
contributions of non-classical tensor structures of the quark-gluon vertex, which removes the
tuning parameter for the quark mass. Moving away from approximate vacuum, we hope to
use the modular structure of the fRG to extend the QCD setup beyond the mesonic part of the
matter sector at high densities, such as the formation of vector mesons, diquark-condensates
and baryons. The foundation for such an investigation has been laid in this thesis, by the
improvement of the derivative expansion scheme via the general RG transformations and by
an intensive development of the numerical method: DGMs, and fluid dynamical methods
in general, are well suited to solve higher dimensional PDEs, which are inevitable in the
computation of order parameter potentials of multiple condensates. With such a setup, we
are excited to gain insights on the connection between shock-development, first order phase
transitions and the formation of quark-matter at high densities in upcoming years.
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APPENDIX A

Details on Discontinuous Galerkin

In this chapter of the appendix, we outline some numerical details. focusses
on different DG methods or extensions of the ones presented in|Chapter 5| that were used for
specific problems in other chapters. focusses different time-integration schemes
we have used in this work. Finally we give detailed instructions to a simplified version of our
numerical framework in[Appendix A.3] at the example of the LDG implementation discussed in
the main text, accompanied by a code which is accessible in [[12]].

A.1. DG methods: Misc

A.1.1. Non-conservative product

This Appendix is taken from [1 ].

In this section the extension of direct DG-methods to non-conservative flow equations is set
up. To this end we consider a system of differential equations of the form,

atui + axfi(u: X, t) + aij(u’ X, t)axuj = si(u: X, t)’ (Al)

where u = (uj,u,)" and i,j € {1,2}. The s; are source terms and f; conservative fluxes. In
[(A.1)|we also allow for non-conservative terms ;.

In the full quark-meson model the flux f; is additionally separated into a convective and
a diffusive contribution depending also on J,u;. We note that the splitting into conservative
and non-conservative terms is not unique in these equations. Here, we need an additional
expression for d,u;. We obtain this expression by taking another x derivative of the polynomial

basis functions v, compare|(5.13)

The presence of the diffusion modifies the numerical flux significantly and is discussed in
Section 5.2.2| However, in the convection dominated regime, and in the absence of a disconti-
nuity, it is possible to neglect this diffusion numerical fluxes and formulate the Discontinuous
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Galerkin method for this equation as follows,

J ) ((3tui,h +a; 0o +5i )Y +fi,h3x1/)p) dx = —f ) wp(fi*ﬂ + D(u{h,uzh, ﬁ)) dx.
D oD
(A.2)

where q; 1, s;, and f; , are computed form the field u; and their local approximation of the
derivative, no other numerical fluxes are introduced into the numerical scheme. The absence
of numerical fluxes for the extra derivative present in the equation at finite Ny, corresponds
to the assumption of continuity of this field and the DG scheme reduces to a pseudo spectral
method. This approximation is acceptable, whenever the flow is rather smooth and no shock
or rarefaction wave are generated during the simulation. In turn, this scheme will fail in the
vicinity of a first order phase transition. There we expect shock-formation and propagation in
the flow equation. In conclusion, for the rest of the phase diagram the present approximation
can be considered as a sufficiently accurate solution of the flow equation due to the local high
order accuracy of the DG scheme.

The additional non-conservative flux across a boundary is given by D. The theory of non-
conservative fluxes was developed in [361,362] and is applied in the context of Finite Volume
and Discontinuous Galerkin schemes [271,363-370]. To compute this quantity we need to
consider the general form of a flux across an interface. For this purpose we consider a path ¢;(s)
along the solution u;, with start and endpoint ul.L and uf respectively and the parameters € [0, 1].
The formal definition of the flux along this path for a non-conservative flux contribution a;3,u;

(see is then given by:
1
fine = J a;(¢i(s), i(s),s)0,p;(s)ds . (A.3)
0

We remark that in the non-conservative case the flux is dependent on the chosen path.

By choosing the right and left sides of a boundary u? = u* and u* = u~ we are able to
compute the flux from one cell to another. Similar to the numerical flux, D has to satisfy the
jump property for consistency,

' 2
D, u", )+ D", u,—n)= J a(q’)(s))ﬁa—fds ,
0
which implies D(u,u, ) = 0 when there is no jump.

This condition can be obtained by integrating the equation around a discontinuity. It gener-
alizes the so called Ranking Huginot Condition for non-conservative systems of equations. The
numerical fluxes are,

1 1

D(u",u~,n) zlf a(d)(s))ﬁ@ds + lf |a(¢(s))ﬁ|@ds . (A.4)
2 J, s 2 J, Js

la(¢(s))7| is intended as the absolute value of the matrix namely |a| = U~ 'diag(|A1],- -, [Ax U,

with A; the eigenvalue of the matrix. It is possible to prove that this choice of flux reduces to

the Lax-Friedrichs flux in the conservative case. If the dominant convection part of the equation

is given by the conservative flux this extra term can be neglected. The non-conservative flux

under this assumption can therefore be computed from

1

D(ut,u, ) = %f a(qb(s))ﬁ%ds. (A5)

0
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The last remaining degree of freedom are the boundary conditions for the outer boundary of
Q. In our case they are given by the in- /out-flowing flux, which is implemented by setting
u;th =u;, at the outer boundaries, effectively adding an imaginary additional cell. It follows
that the non-conservative flux is not fit for flux-boundary conditions, since the non-conservative
flux vanishes at the outer boundaries due to the jump property. Therefore the equations need
to be reformulated such that the boundary-conditions can be met using the conservative flux.

This is done in|Appendix B.6.1]

A.1.2. An alternative LDG formulation
This Appendix is taken from [10].

In contrast and/or in addition to the LDG method presented in[Section 5.2.2} this section
focuses on a LDG method using left- and right-sided derivatives as detailed in [371]. The
stability and correctness of the solution has been checked in [371] on the example of various
higher-order convection-diffusion equations. It is a variation of the standard LDG method put
forward in [372], which has already been successfully applied to the fRG in [|5]. In contrast
to the standard LDG method, the current method is specifically designed to stabilize second
order derivatives and allows for the computation of large diffusive flows which may be highly
non-linear also in the derivatives. Furthermore, is allows for a more flexible structure of the
equations.

The main idea is to replace the higher-order object F(u, d,u, p) with a mathematical operator
F (U, gy, Wye, p) which behaves in a more controlled way. We introduce the right and left
derivatives g; and g, via the respective numerical flux. From g; and g, we can then reconstruct
d,u in order to get a well-conditioned derivative. Similarly we use the four second-derivative

terms from the left and right, w, ¢, for the second derivative and also to correct errors in J,u.

Spatial discretisation

We introduce additional stationary equations to the standard dDG discretisation |(5.14)|for new
variables g, and w,  accompanying the instationary one,

ou+0,7 =0,
&y = Opll,
Woe = 0,8y, (A.6)

with n, & € {1,2} and the operator & dependent on all variables and to be specified later. We
choose g, and w,; to be projections of first and second order derivatives of u respectively. The
aim is then to build projections which are in analogy to right- and left-side derivatives and use
them to reconstruct the (continuum) derivative by averaging.

Next, we apply the standard DG spatial discretization to|(A.6)} i.e. we integrate|(A.6)|against
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local test functions v, on each cell and perform a partial integration. From this we obtain

f ((atuh +Sh)¢p + <g.(uh: (gn)h) axwp) = _J rg\.(u;: u;{) : f”,bp 5
f (gn)hwp_f uhaxqabp :J /g\n(u;;u;)'ﬁkwp=07 TIE{LZ},
Dk Dk aDk

f (Wn&:)hwp_J‘ (gn)haxlsz :f wng((gn);:(gn);)'ﬁkwp =0, 775{1,2}
(A7)

for each grid cell D, separately. Here we have introduced the outward-facing normal vector

on the cell surface 9Dy as well as the value of u;, on the cell surface from the inside, u, and

from the outside u;;. We proceed by specifying the numerical fluxes Z, g, and w, s, which
connect solution variables across cell boundaries and are a crucial ingredient to formulating a
consistent DG method.

In order to get analogons of right- and left-derivatives, the choice of fluxes g, is to use up-
and downwind fluxes, respectively, and similarly for the second derivatives w, ¢, i.e.

/g-\l(u;J u]-:) = u; B) /g\Z(u;) u;) = u; b)
W1 (g0 (€)= (&n)i > Wia((&n)y> (8)7) = (84}, - (A.8)

Effectively, this means that g, is a right-sided derivative and g, a left-handed one, whereas
the w, ¢ give all combinations of two either right- or left-sided derivatives. In doing this, we
provide the instationary equation with information on all possible jumps in derivatives between
cell borders. We can now go on to devise a scheme on how to introduce this information to the
flow in a consistent, stabilizing manner.

For the collective flux of &, i.e. 7 , we utilize the standard Lax-Friedrichs flux,

F = (P} + 5 [u]], (A9

where c is the local wavespeed in the system, i.e. the largest eigenvalue of g—i.
The only thing to complete the picture, is the definition of &. In order to get a non-oscillatory
derivative contribution to the flow, set it to

811t & Wipt+ Wy
2 2

Z =F (u, ,p)+a(W11—W12—W21 +W22). (A.].O)

This choice of derivative d,u =~ g+J2rg_ is elaborated on in [|371], where one sees that it can
be viewed as analogous to the central difference derivative operator on a Cartesian grid. The
convergence and stability of this method has been shown and tested in [372] for a set of toy
problems.

The correction term

a(Wu — W13 — Wy +sz); (A.11)
that has been added to|(A.10)|in order to define the numerical operator can be viewed as

B2 (w1 —wiz —way + W)
a 2

— ahzap“u, (A.12)
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in the limit of small h. Effectively, this is a source term added to the flow of u which exerts a
force that pushes the second derivatives w, s onto each other, leading to (local) continuity in
the first and second derivatives of u.

Framed differently, we are approximating our parabolic problem by a fourth-order problem
which reduces to the original equation in the limit of h — 0. This has been shown to work
well for certain classes of non-linear second-order equations [373]], stabilizing their high-order
contributions in a controlled manner. Additionally, implements a penalty for jumps in
g*, g7, thus stabilizing the solution at the cell borders.

The choice of a should be such, that a > I% |. We will however define it to be constant in
time and by choosing it through experiment: Opne wants it to be as small as possible, but large
enough to suppress oscillations in the derivatives. We comment that a choice of a = C|#§u)|

with some constant ¢ > 1 is possible, but works in numerical experiments worse than choosing
a globally constant.

A.1.3. Higher derivatives around expansion points

This Appendix is taken from [4].

In this section we explain how to extract quantitatively precise higher order derivatives of
the solution, evaluated at an expansion point x,. These terms are directly evaluated from the
solution by taking the n-th derivative of the functional basis,

P+1

MUk (6, 3) |y, = D KB, () o, » (A.13)
p=1

and feed back into the flow in a trivial manner. All computations generating data at the
expansion point are therefore preformed using an appropriately high polynomial order P >
n. For specific, strongly dynamical scenarios, the second procedure may lead to apparent
convergence towards a false solution. In|Chapter 6] we test convergence of the derivatives
by making use of some known symmetry properties. The Z, symmetry of the potential V
requires 0;'V|,_,, = 0 for odd n, thus we track the numerical values of 3, V|,_,, and B3V |y X
throughout the d = 0 computation, which displays the highest dynamics and generates the
highest numerical error for this check. We find that

1.02476e —13 < [8, V], =y, | < 2.18304e — 12,

2.7792e —10 < |32V |,— | < 9.13647¢ —09, (A.14)

for a polynomial order P = 6.

A.2. Time stepping

Throughout this thesis we have used various time-stepping schemes, which have continuously
been improved and fitted to the purpose. We begin with a brief explanation of our explicit
time-stepping implementation, before discussing implicit steppers which are more adapted to
the fRG.
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Figure A.1.: Comparison of the maximal information propagation speed f,,,, for constant and field
dependent Yukawa couplings at different places in the phase diagram. Both computations
were performed with K = 100 cells and a local approximation order N, = 2.

A.2.1. Explicit stepper and CFL-conditions
This Appendix is taken from [1|].

The solution is computed by an explicit third-order time-stepping scheme from the dune-
pdelab module, where we additionally implemented Courant-Friedrichs-Lewy (CFL-)conditions.
The time step At is thus limited by the propagation speed of the flow,

AXx 1

At < ma, (A.15)

where Ax is the size of the grid cell, P the polynomial degree used in the computation, such
that the denominator indicates the total amount of grid points within the respective cell. f,,,
is the maximal propagation speed of the information and was defined in This quantity
is plotted in[Figure A.T|for a computation in the quark-meson model (compare Chapter 8) and
in approximate vacuum in the broken symmetry phase and for high temperatures and chemical
potential in the symmetric phase.

Approaching convexity in the broken symmetry phase

It can be observed from [Figure A.1|that the broken symmetry phase has a steadily increasing
maximum wave speed. This corresponds to steadily decreasing time steps and leads to long
computation times. This behaviour is caused by the time-steps inverse proportionality to the
flux,

At o< (k% +u)"?,

for some positive integer value of n. The two-point function I'?) can have negative eigenvalues
during the RG-flow, which is what happens to the computed function u = mi = 1"7(57)“, the pion
mass, in approximate vacuum. The flow is self-regulating, ensuring that the expression in
the square root in the proportionality remains positive: The closer the root gets to becoming
negative, the stronger the flow increases u, causing the modulo |u| to always be slightly smaller
than k2. This must hold for k — 0 from which it follows that u — 0, such that I'?) = 0 at
infinite RG-time and convexity is restored. |u| teeters on the edge of becoming bigger than
k during the entire integration which results in a big flux between grid cells and very small
explicit time steps.
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Convexity in the symmetric phase

The pion mass becomes positive at some point during the computation in the symmetric phase
and convexity is restored before k = 0. Positive values of u also significantly decrease the flux
between grid cells as can be seen from |[Figure A.1|and increase the size of time steps.

A.2.2. The necessity for implicit steppers

This Appendix is taken from [6]. In this work, a plethora of implicit time-stepping schemes was
tested in a simple finite difference implementation using Julia. Here, we only present a brief
summary of the most significant results in the context of this thesis.

The problem concerning the exponential decay of the time-step we outlined in the previous
section, can be solved with a vast landscape of implicit algorithms. In the following, we
benchmark the accuracy and efficiency of different time-stepping schemes for future applications.
For a detailed introduction see e.g., [374,375], here we only state their rough features.

The popular family of Runge-Kutta schemes splits into two different classes. The first and most
commonly used class of algorithms are the Diagonally Implicit Runge-Kutta (DIRK) methods,
it includes well-known algorithms such as Implicit Euler or the Trapezoid/Implicit Midpoint
algorithm used in the Crank-Nicolson scheme. The second class contains the Fully Implicit
Runge-Kutta (FIRK) schemes. While in DIRK schemes for each internal stage the system of
equations can be solved subsequently, in FIRK schemes a coupled system of equations has to
be solved. To be more precise, in explicit RK schemes each stage is obtained from previous
stages only, while in DIRK methods the right-hand side of each stage can contain itself. In FIRK
methods, the right-hand side may contain all stages. As a direct consequence, DIRK schemes
are a lot easier and cheaper to implement and are typically also faster, if they capture the
stiffness of the system. Consequently, DIRK methods are the most commonly implemented
implicit methods in toolboxes for PDEs.

The next big class of algorithms under investigation in this work are the Rosenbrock methods,
including their derived Rosenbrock-W extensions. They incorporate the Jacobian directly in the
timestep update, essentially performing the step of a Newton iteration, and they can be seen
as an extension of the DIRK methods. As a consequence, for non-autonomous equations also
the RG-time gradient of the flux appears in the formula. They show impressive stability and
accuracy properties for a wide range of problems, but their implementation is comparatively
tedious. In schemes collected as Rosenbrock-W, the Jacobian and time gradient are not updated
at every step, but in a lazy manner, depending on the algorithm.

The last big class of implicit algorithms are the implicit multistep schemes. Compared to the
RK schemes, no internal stages are evaluated, but the information from previous steps is used
in the update step. Some of the most used libraries to solve stiff systems of ODEs, including
the SUNDIALS library [376,(377] or the ODEPACK package [378]], focus on implicit multistep
methods. Both of the aforementioned libraries are also included via their Julia interface [[379]].
A big advantage of implicit multistep methods is that they easily allow for adaptive choice of
order, greatly improving performance.

Error norms

Both for the purpose of checking if a Newton solver has converged, as well for choosing the
size of an adaptive time-step, an error norm of the residual is used. For large problems, where
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a LU decomposition is not feasible, such a norm is also needed to check if an iterative algorithm
has converged.

To be more explicit, consider absolute and relative precision limits s,;,, and s,. For a residual
vector r and a solution vector before the iteration (u) and after (1) on a grid of size N, we
could define the normalized error using an l,-norm as,

Il

e, =n poyTRE (A.16)
2 2Sabs + Stel maX(HUHZJ ||u||z)

with n, =N b Generically, this is the standard kind of error norm implemented in many
discretisation frameworks for finite difference and finite elements. However, such a definition
can allow locally large errors in cases where locally strong dynamics occur, which quickly
destabilize the system.

Therefore, an error-norm which evaluates the relative precision locally is more pertinent,

Ty

€loc = 1y (A.17)

p

Sabs T Srel max(|ui|, |ﬁi|) p .
InDifferentialEquations. j1 and in the SUNDIALS suite, the error norm |(A.17)|is imple-
mented with p = 2, which is sufficient for the problems considered in this work. However,
we would like to comment that in the presence of spatially localized phenomena with fast
dynamics we found it necessary to choose p = oo in order to ensure stability of the evolution.

Work-precision

For solving flow equations in everyday applications, the most important quantity measuring the
performance is the work-precision relation, i.e., how does the accuracy behave with computing
time. Beforehand, a reference solution was generated using the KenCarp58 algorithm. For
this reference solution, the absolute and relative accuracy goals were chosen as 107'°, the
highest accuracy feasible with double-precision floating-point numbers. By comparing different
algorithms, i.e., RadauIIA5, QNDF and Rodas4, at this target accuracy, we found the maximally
actual achievable accuracy to be roughly 10~'2, measured in the {,-norm. Therefore, we
excluded all results in the survey with ||a; — a:ef lle, < 1.25-107'2. Slight remnants of the
resulting saturation effect when investigating the work-precision relation are still visible.

In order to investigate the work-precision relation, we scanned all possible combinations of
absolute and relative target accuracies in the range 1078... 1072 in steps of one (log;, scale).
We excluded all runs that did not reach the final RG-time t = 6, which was mostly the case at
lower accuracy goals and explains the lower scan range of 10~8. The DIRK algorithms, here we
show the TRBDF2 algorithm, are looking very promising, considering that they are low-order
methods. It is also noteworthy that the popular choices ImplicitEuler and Trapezoid
performed extremely poor.

The Rosenbrock methods are relatively independent of the specific choice of algorithm. While
they do require significantly more time to push the high precision boundary, they shine through
their remarkable stability and over-performance in actually achieved accuracy.

We turn to implicit multistep methods, for the purpose of this discussion, including SUNDIALS’
CVODE_BDF and ODEPACK’s 1soda. While being unable to push toward really small accuracies,
the variable order BDF implementations, i.e., QBDF, QNDF and CVODE_BDF, are attractive due
to their very short run-times. FBDF performed similar, but performed worse than QBDF and
QNDF due to reduced stability, i.e., requiring a significantly smaller minimal allowed step size.
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(a) Work-precision diagram. Noteworthy are the very (b) RG-time stability. Noteworthy is the notion of

efficient nature of the Implicit Multistep algorithm pseudo stability, visible from the jump in final RG-
QUDF, the high accuracy of the Rosenbrock al- time around 107>,

gorithm Rodas4 and the poor performance of

ImplicitEuler.

Figure A.2.: RG-time integration survey for different time-steppers in the O(1) model, using the flow
(5.7)| The computation uses a finite difference implementation in Julia. For more details
see the corresponding publication [6].

Turning towards the FIRK methods, we found RadauIIA5 to be very stable and well-
performing, while RadauIIA3 was one of the worst performing algorithms that still managed
to solve the system. We could not find an obvious explanation for the drastic difference between
the two very similar algorithms. We suspect it to be related to the lack of a pseudo-stability
region for RadauIIA3, which will be discussed next.

Finally, the family of implicit extrapolation algorithms performed significantly worse than
the other families of algorithms, rendering them irrelevant for normal applications to flow
equations.

For the reader’s convenience, a collection of well performing algorithms, and ImplicitEuler
for reference, is shown in The depicted algorithms, i.e., QNDF, TRBDF2, Rodas4,
RadauIIA5 and CVODE_BDF, can be considered excellent choices when being confronted with
a novel problem/equation in the context of derivative expansions in flow equations.

Stability in the infinite RG-time limit

There is another aspect when solving fRG equations in everyday applications that is highly
relevant: The long RG-time stability of the RG-time integration. In order to test this faithfully,
we switch to fixed RG-timestep size evolution, where the step size is denoted by At. The flow
is integrated until we detect an inconsistency/instability in the flow, i.e., either the solution
becomes non-monotonic or the positivity bound is violated. The last successful RG-timestep
then determines t,,,,. Ideally, there would be some maximal step size At,,, for which all
smaller RG-timesteps At < At,., provide stable evolution, i.e., t,,,, — ©<. In practice, we
cannot integrate until t,,,, — ©0. Therefore, we chose the maximal cutoff at t = 50, which is
the same for all practical purposes. The external libraries are excluded for technical reasons in
this survey, we do not expect them to perform as well as the pure Julia implementations, due
to the lack of auto differentiation in the calculation of the Jacobian.

The selection of algorithms is depicted in There is an immediate observation:
The simulation does not exceed t,,,, &~ 20...25, i.e., is does not feature stability. However,



182 A. Details on Discontinuous Galerkin

there is a sharp increase in t,,,, at a step-size At ~ 10~°. This sharp increase precisely makes
the difference between breaking down during the flatting of the potential and being able to
properly resolving this essential part of the evolution. We call this notion pseudo stability.
Luckily, a large part of the investigated algorithms, particularly the Rosenbrock and implicit
multistep methods, posses this property. The final RG-time reached by most algorithms in
the standard and mass formulation is limited by double precision in the (non-)linear solver
part. This can be easily seen by estimating the relevant orders of magnitude in their discrete
equations.

Furthermore, for the method RadauIIA5 the jump in the final RG-time is so large, that we
cannot differentiate between pseudo stability and proper stability of the algorithm. One might
suspect that the method is stable, but limited by finite numerical precision.

We would like to note that the generalisation thereof to more complicated theories, e.g.,
a O(N)-theory with N > 1, is ambiguous and has to be worked out. In general, the notion
of pseudo stability hints towards the existence of two different stability criteria. One being
related to stability with respect to non-analyticities, i.e., the kink in the current example. The
other one being related to the existence of a singularity bound and can be circumvented by, for
example, a log formulation, see [6].

A.3. Local Discontinuous Galerkin: An implementation

This section is based entirely on [5], all figures are taken from the publication.

In this section of the Appendix, we describe how to reformulate the O(N) model flow, derived
in[Section 5.1 and [Appendix B.3.1} such that can be solved with the LDG method of [251]].
The numerical discretisation is outlined in|[Appendix A.3.1l An in depth description of the
implementation is given inAppendix A.3.2| accompanying the Github repository [[12]].

A.3.1. Assumptions on the form of equations

As a guiding example, let us examine the flow equation for an O(N) system, which we will keep
in mind when explaining the LDG method. An inherent property of the flow is its dependence on
the second derivative of the effective action. This translates to a system of equations containing
convection, as well as diffusion. Instead of directly looking at the effective potential V(x) of
the theory, we take its first derivative and note that the two unknowns of the system are linked
by another derivative

u=2a.V, and v=232V. (A.18)
Thus we introduce d,u as a further unknown, apart from u
du=v. (A.19)
Having established these definitions we allow for the following general form of the equations
oiu—0,F(u,v)=0,
ov— ax(Gt(u, v)+ at(s)axslszwb(x)v) =0, (A.20)

where u = u(t, x), v = v(x, t) are the sought after solutions and we have some initial conditions
at t = 0 which we evolve in time. This specific form is motivated by the expressions derived in
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[Section 5.3.1]and|Section 5.1 It is given at this point to construct the numerical framework in a
general way. u(t, x) is the solution to a purely convective equation with a Lipschitz conservative,
RG-time-dependent flux F,, whereas the equation for v(t, x) has a convective (Lipschitz) flux
G, and allows for a diffusive term linear in 8, v, which inherently depends on the combination
s = u + b(x)v, with a positive prefactor a,. For simplicity we drop the (-), subscript from
now on, which indicates the RG-time dependence of the terms. The diffusive term in J, v
prevents the use of direct DG methods discussed previously in [1,65], since there is no sensible
formulation of a numerical flux for higher derivative terms. In general the direct DG method is
still applicable but has possibly non-negligible errors, as discussed above, if its contribution to
the numerical flux is small.

The LDG method, as developed in [251], presents a formulation for this additional diffusive
flux, by solving a second, stationary equation. Afterwards, we discuss the introduction of the
appropriate numerical fluxes. Note, that introducing v = J, u as an independent unknown does
not remedy the problem of having a second-order PDE, but it enables us to fit the framework
given by the LDG method and thus construct a convergent and stable scheme for the fRG
equations of such systems. The price to pay is a potentially reduced order of convergence due
to promoting a dependent quantity into an independent one. However, this effect is practically
mitigated by the high order of accuracy the LDG method. Its error is of order O(Ax)? +%, where
Ax is the grid spacing and P is the maximal order of the trial functions.

The stationary Equation

We will now present the LDG formulation for the system given in|(A.20), The main idea here is
to introduce a stationary equation which captures the additional derivative term by rewriting it

as g = v a(u+ b(x)v) d,(u+ b(x)v)

Ju+ 9, (F(u,v))=0,

ov+ EX(G(u, v)—+alu+ b(x)v)q) =0,
q—0,j(u+b(x)v)=0. (A.21)

Supplemented by some initial condition for u(t = 0,x) and v(t = 0,x). Hence the system
now contains two instationary equations for the RG-time evolution of u and v and one
additional stationary equation for q. The flux of the stationary equation is in a conservative
form and given by

j(s) = f a(s")ds’, (A.22)

0

which follows simply from applying the chain rule

a(s)dys = 0,j(s)0,s = A, j(s), (A.23)
with s = u+ b(x)v. We note that this particular formulation is insofar different from its original
formulation in [|251] as g is dependent on two variables through s, u and v.
Numerical fluxes

In order to numerically solve the system of conservation equations given in|(A.21)|over an
interval 2, we introduce a one-dimensional grid over a computational interval ;. £ is
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separated into K non-overlapping elements D¥, following the notation from [65]. Consider the
full solution to be given by w = (u, v, q)", then the local, approximate solution w}’f = (u}’j, v,’;, q}f)t
is described by a polynomial of degree P in every cell D,

P+1

wi(t,x) = Y wk(E,(x). (A.24)
p=1

Here we also introduce standard notation from the DG literature for the average w and the
jump [w] across a cell boundary. Supposing some solution w}’f on the cell DX, we label w™ as
the solution inside the cell and w* as the solution in the neighbour cell.

A solution to is only defined in a weak sense, and the resulting system of equations

for w,’f(t,x) reads

( X
J ((3tu,§)¢p—F;f(u,’§)8x¢p)dx = hconv,l 'nwp dx,
Dk J oDk
k ke, k Lk kc, k k ky Lk _ r‘ Y
(@i, — (Gh, vy = el + BECVD af ) B, ) dx = o (heony,2 + haitr2) - e, dox,
Dk oDk
) [ ,
J (g4, + 15+ BV, ) dx =— [ haga - Avspdx,
Dk J Dk

(A.25)

where f1 is the outwards facing unit normal vector at a cell boundary.
The numerical fluxes, at the right-hand side of |(A.25)|have been separated into convective
and diffusive contributions

h(w~, w+) = h'conv(w_; w+) + hdiff('w_: w+) . (A.26)

For the convective flux we choose the standard LLF-flux, which has already been used in the
direct DG implementations [[1,/65]], given by

- @[w]. (A.27)

h’conv(w_: 'w+) = B

O QT

Ceonv corresponds to the speed of information propagation across the interface and is chosen as
the largest eigenvalue (or an approximation thereof) of the Jacobian

8, F 8,F
J= (3W1G aWjG) . (A.28)

It produces an additional diffusive smoothing factor, which enforces the continuity of the
solution between cells.

The diffusive numerical flux, which ensures continuity when a diffusive flow is present, is
given by

0

_ i(utb _ Caifr
hgig(w™, w") = _% ———[w], (A.29)

—j(u+b(x)v)
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Here a smoothing across cell boundaries is being applied using a diffusive wave-speed, for
which

0 0
Cdiff =10 cl, (ABO)
0 0

is chosen to emulate the LLF-flux|(A.27)and we use the approximate wave-speed ¢ = 4/a.

A.3.2. DUNE and the dune-FRGDG module

All results obtained from DG methods have been computed by using DUNE, the Distributed
and Unified Numerics Environment [252]], which provides a wide range of tools to solve PDEs
numerically. The method detailed in this work has been implemented within the dune-FRGDG
module, an extension of DUNE specially for solving fRG flows using discontinuous Galerkin
methods. A build containing the models showcased in this work can be freely accessed on the
web [[12]]. Firstly, we give detailed instructions on the installation of the framework. Next,
the general structure of the module is outlined. This is followed by a discussion of different
components: The simulation set, which allows to specify the general numerical settings of the
calculation, such as the numerical grid or the choice of numerical fluxes. The implementation of
physical models within the framework is discussed next, and we give some additional remarks
on the parameters that can be changed with the . ini files after compiling the programs.

Installation

In the following we give step-by-step instructions to install the dune-FRGDG module:
Before setting up the framework, all dependences of dune-FRGDG need to be available. These
dependences are:

* CMake > 3.13

* Open MPI

* GCC with support for C++17
* pkg-config

* GSL - GNU Scientific Library

The framework itself can be cloned from the public github repository [12],

$ git clone https://github.com/satfra/dune-FRGDG. git

Next, the user should run an automatic setup script and to build the framework itself:

$ cd dune—frgdg
$ bash ./setup.sh
$ bash ./build—release.sh

The setup script will clone and modify all necessary DUNE modules for the framework. The
script build-release. sh will run CMake and make on all modules to produce a release
build of the code. Alternatively, if a debug build of dune-FRGDG is needed, the user can run
build-debug.sh instead. The header files, where most of the code is contained in, can be




186 A. Details on Discontinuous Galerkin

dune-FRGDG

—
v v v

dune src build-cmake

l oo

FRGDG CMakelists.txt src

l l

models all executable files

l

All model header files

Figure A.3.: Folder structure of the dune-FRGDG module after initial setup.

found at dune-FRGDG/dune/FRGDG. All source files are at dune-FRGDG/src. After building
the project, the binary executable files can be found in dune-FRGDG/build-cmake/src.
These can be either called single-threaded like

$ ./anharmonicOscillator

or using MPI with

$ mpirun —n 4 ./anharmonicOscillator

where one can replace the number 4 used here by the amount of desired MPI nodes.

Implementation in DUNE

The basic design of the computational framework is outlined. The general structure is built
on the basis of the dune-project [252[], more precisely the dune-pdelab module [286]]. The
framework is devised such that an end-user is only required to specify equations and some
properties of the DG setup in a template. These specifications are then pieced together and
used by the backend of the code to perform the simulation.

The general structure of the framework itself is shown in[Figure A.4a] the folder structure of
the installed module can be seen in[Figure A.3| Any simulation consists of the user-specified
simulation set (frontend) where all specifics of the simulation are abstracted, and the driver class
(backend) where the actual simulation is performed. The simulation set contains information
about the chosen grid, finite element space, solver algorithms and the actual DG equations in
the form of the numerical fluxes and a model class. The driver class uses a specified scheme
that defines the way the equations are handled (in our case, the DG scheme and the LDG
scheme) to do time-stepping. Within the schemes the way time-stepping is done is defined, i.e.
for the DG scheme one uses a RK scheme to directly solve one instationary PDE, while the LDG
scheme incorporates the solving of additional stationary equations into the RK scheme.
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main.cc
Simulation
—
v v FRGDG.hh
Simulation Set Driver
| l l
v v v v simulationmgr.hh
Num. Fluxes Model Grid FE Funct. Space Scheme l
l l simulation.hh
Inst. PDE  Stat. PDE l
driver.hh
(a) Logical structure of a simulation using the DUNE-FRGDG framework. (b) The execution ﬂow of a typi-
The Simulation Set contains user-specifics, while the Driver performs cal program using the DUNE'
the execution of all backend code. FRGDG framework, starting

from a file main.cc which con-
tains the main function.

In practice, as any C++ program, the simulation starts with a main-function. Here, we first
define a simulation which uses a specific simulation set (here for a large N-model) and then
start the backend code execution flow by calling Dune: : startFRGSimulation.

using SIM = Simulation<largeN :: SimSet>;
Dune:: startFRGSimulation<SIM>(argc, argv,"largeN.ini");

The function Dune: : startFRGSimulation is found in the header file FRGDG.hh and does
some MPI setup, as well as reading the supplied initialisation file before calling the simulation
manager SimulationMgr:

SimulationMgr<SIM> mgr(ptree , helper);
mgr.run ();

In the simulation manager a simulation is created and started from the supplied simulation
template and initialisation parameters:

SIM sim(ptree ,mpihelper.getCommunication(),0,log);
sim.start ();
sim. finish ();

Finally, the simulation itself invokes the driver, which goes on to construct the DG system
and solve it:

DRV<N> driver (gv,fem,pP, ptree ,mpicomm, log);
driver .Run();

The execution flow is shown in [Figure A.4b| Although the step through the SimulationMgr
may seem superfluous, the structure is designed to allow extending the SimulationMgr to do
massive parallelisation of simulations and their management.
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Numerical settings

Before implementing a physical model we must specify the numerical setting, i.e. the grid,
the integration scheme or the numerical fluxes. This is done in the SimSet class in the
models /ON.hh header file, which also contains the physical equations.

Generally, LDG methods are defined on a domain of arbitrary dimension composed of K cells,
Q= Ulzf:oDk- Therefore, we must chose an appropriate grid-implementation:

using RF = double;
static constexpr unsigned dim = 1;
using GridConstructor = CubicYaspGridConstructor<RF, dim>;

Here, we first set all computations to be performed with double precision and then specify
a one-dimensional grid to be used. In principle the grid dimension can be set to any integer
number. Currently, our computations use cubic grids, i.e. rectangular grid cells.

The next step is to specify the test-function space within each grid cell D,. A numerical
approximation using test-functions v)’,,, compare to the exact solution w of
reduces the degrees of freedom of w}lj to a finite number. This test function space is set up in
the following way:

template<int order>

using FEM = Dune::PDELab:: QkDGLocalFiniteElementMap<RF, double,
order, dim, Dune::PDELab:: QkDGBasisPolynomial ::legendre>;

static constexpr std::array<int,4> orders {1,2,3,4};

The module dune-pdelab [286] provides the polynomial space Qy, which is spanned by all poly-
nomials up to order k in the according number of dimensions, for example Q; = {1, x, y, xy} if
dim=2. The Legendre polynomials are chosen as a basis of this test-function space. Also, when
increasing the dimensionality of the grid, an appropriate tensor-product of one-dimensional
function spaces is used. Furthermore the polynomial orders {1,2,3,4} are precompiled into
the program and are available to chose from in the .ini file. We note here that the code can be
used for finite volume computations if the polynomial order is set to 0. Similarly, we recover a
finite element method (FEM) if continuity is enforced between cells.

The numerical approximation from is inserted in and projected onto the test
function space. This formulation does not account for possible discontinuities at the cell borders.
Worse, the solution is effectively double-valued at the cell borders xf_l = xlk. This necessitates
the introduction of a numerical flux:

using Numflux = utils ::static_switch <idx , LLFfluxLDG<Model<idx>>,
LLFfluxLDG<Model<idx >>>;

This example uses our standard choice of numerical flux, which is the LLF-flux. Other possible
choices are implemented and can be found in the numericalflux folder, such as up- and
down-winding fluxes, as well as a central flux.

Now, the inside of each cell reduces to a finite element problem where the boundary conditions
are given by the numerical flux. An appropriate solver is the key ingredient to FEMs and is
provided by the dune-istl module [287]]. Here we distinguish the solvers given by the LS_stat
and the LS_instat types, for the stationary and instationary equations respectively, in the
LDG setting. The correct interplay of both solvers is ensured by the LDGScheme.
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Model definitions

The DUNE framework, as well as dune-FRGDG, use an object-oriented approach to structuring
the code. Thus, a system of LDG equations is represented by classes which contain methods
and member variables corresponding to the ingredients detailed in|[Appendix A.3.1]

When setting up the computation of a specific system of equations, we distinguish between
the instationary and stationary equations, contained in the model classes iModel and sModel
respectively. Every model class is derived from a template class, which is contained in the
file models/modelinterface.hh. There, every implemented building block of a model is
predefined and set to fill the equations with zeros. This way the user can redefine all methods
that are needed for a specific physical model in the derived class, whilst everything else defaults
to do nothing. Therefore, first of all, we need to choose the correct template from which we
derive the model class. The signatures of the two model classes thus read

class iModel: public ModellnterfaceLDGinstat<GV,2,1>;
class sModel: public ModellnterfaceLDGstat<GV,2,1>;

where also the number of components in each class is specified. iModel contains the flow
for the two-component vector Range0 u = (u,v)" and sModel specifies the equation for the
single component vector Rangel q = (q)" - there are two instationary components and one
stationary one, corresponding to the LDG system of the O(N) model in[Section 5.1} We will
use the O(N) model from here on as an implementation example. The model can be found
in models/0N.hh. The methods in the model-classes are called for every single element and
interface separately. This enables the parallelisation of the code: if the grid is split into several
sub-grids these only need to communicate on a few interfaces, since in general every cell only
depends directly on its Neighbors due to the numerical fluxes.
Let us focus first on the instationary equations in the iModel class:

First, we implement the initial conditions. The initial parameters in the UV are determined in
the constructor of the model-class, where they are directly pulled from the initialisation file via
ptree (cf. [Appendix A.3.2)):

iModel (Dune:: ParameterTree ptree ): MI(ptree )

{
12 = ptree.get("param.12", RF(0));
14 = ptree.get("param.14", RF(71.6));
18 = ptree.get("param.18", RF(71.6));
}

The method u0 specifies the initial conditions at the beginning of the simulation, as set in
(5.28)

Range0 uO(const E &e, const X &x) const
{
const X xg = e.geometry (). global(x);
Range0 u(0.0);
uf[0] =12 + xg[0] 14 + powr<3>(xg[0]) 18;
u[1] = 14 + 3. powr<2>(xg[0]) 18;
return u;

}

In this example e is a grid parameter, indicating the specific grid cell on which the method is
evaluated, whereas x gives the position within the cell. From this we get the global position
xg, which is a vector in the dimension of the grid.
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To get the code formulation of the flow we insert the ingredients from the physical model

into the weak formulation of the equations|(A.25)] after which ingredient in|(A.25)

corresponds to a method in the model class. [Appendix A.3.1|specified the equations that can be
solved within this framework and we will now identify the components of the general mould

(5.19)|and show their counterpart in the model-classes. The following code-snippets abbreviate
the parameter lists of the methods by ’...’, as they become too lengthy to show here and do not
contain important information. We recapitulate the first line of the general mould |(5.19)

Jiu+9,F(u,v)=0. (A.31)

The DG discretisation of this equation is the first line in |(A.25), The only thing we need here is
the definition of the flux F and the numerical flux at the interfaces F*.

void flux (...) const

{

const X xg e.geometry (). global (x);
const RF F = f<N-1>([0]) + f<I>[0] + 2. xg[0]u[1l]);

const RF G = u[1] f<N—-1,1>(u[0]);
Flux[0][0] = F;
Flux[1][0] = G;

}

RF is the type of floating point numbers we wish to use - this is aliased to double in the
implementation shown here.

The numerical flux is implemented in a separate file; the choice is done within the Simulation
Set where all general parameters of the simulation are fixed (e.g. the grid, basis functions,
etc). For specific fluxes one needs additional methods, e.g. for F* being an LLF-flux we need
to implement a method maxeigenvalues whose signature can be found in the base class. In
the above code snippet, we have also implemented the first part of the second instationary
equation, i.e. for the second variable v, as it is also discretized in the standard DG way

ov+ ax(G(u, v)— a(s)q) =0. (A.32)

Next, we need to implement the diffusive component —+/a(s)q of the flow of v. This is done in
the following snippet

void diffFlux (...) const

{

const X xg = e.geometry (). global(x);
const RF s = u[0] + 2. xg[0]u[1];

A[1][0] = —std::sqrt(A d()) k/(k2 + s) q[0];
}

The variable A corresponds to the diffusive component, where the first index of A labels the
respective component of w = (u, v)" and the second one the ’spatial’ direction of the diffusion.
As we only solve equations on one-dimensional intervals in this work, the second index is
always 0.

The numerical flux (i.e. the flow between neighbouring elements) of the diffusive part is
implemented in the following.
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void numericalDiffFlux (...) const

{
const X xg s = inside.geometry (). global(x_inside);
const X xg n = outside.geometry (). global(x_outside);
const RF s s = u_s[0] + 2. xg s[0] u s[1];
const RF s n = u n[0] + 2. xg n[0]un[1];
const RF diffusion = std::sqrt(A d()) k0.5(1/(k2 + s n)+1/(k2 + s_s));
if (lutils::isEqual(s_s, s n))
A[1][0] = —std::sqrt(A_d()) k std::log((k2+s_s)
/(k2+s n))/(s_s—s n) 0.5 (q_s[0] + q n[0]);
else
A[1][0] = — diffusion 0.5 (q_s[0] + q n[0]);
beta[1][0] = diffusion (q n[0] — q_s[0]);
}

Here, the method is given the information of the inside and outside cell at the border on which
it is being called. The first few lines just calculate the quantities at the inside and outside
of the cell border. A now plays the role of the first contribution to the diffusive numerical
flux in[(A.29)| whereas beta implements the additional smoothing in the numerical flux and
corresponds to Cyi[w]. A distinction is made for the case when s is identical on both sides of
the cell border, in which case we replace % with the derivative g—i. Since there is no diffusive
flux in the first component u, the entries at A[0] [0] and beta[0] [0] remain zero.

Lastly, it remains to implement the stationary equation
q— 0 jlu+v)=0. (A.33)

This is done in the second model class sModel within the same file. First, we need to implement
the flux, analogous to the implementation of the instationary flux

void flux (...) const

{
const X xg = e.geometry (). global(x);
const RF s = u[0] + 2. xg[0]u[1];
if (s> 0)
F[O][0] = —std::sqrt(A d()) k std::log(k2 + s);
else
F[O][0] = std::sqrt(A d()) k std::log(l./(k2 + s));
}

One more thing is missing: The numerical flux of the stationary equation also contains a
smoothing term. This is implemented in the following

void numericalDiffFlux (...) const

{

const X xg s inside . geometry (). global(x_inside);
const X xg n = outside.geometry (). global(x_outside);

const RF s_s u s[0] + 2. xg s[0]u s[1];
const RF s n = u n[0] + 2. xg n[0] un[1];
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const RF diffusion = std::sqrt(A d()) k0.5(1/(k2 + s n) + 1/(k2 + s_s)};

beta[0][0] = — diffusion (un[l1] — u_s[1]);
}

Here, beta corresponds to the stationary, i.e. third, component of Cg;g[w].

In general, the code is designed to be easily adaptable and can be fitted to any similar
problem. For example, adding another instationary equation for a variable to the system is as
easy as increasing the first index of the class signature by one and adding in the flow of this
third variable in the equations shown here.

The initialisation file

In this subsection we comment on the parameters which can be specified after compiling the
program, in the initialisation file. The initialisation file is a source file and can be found in the
ini folder. Running a build script will automatically copy the initialisation files to the location
of the corresponding executable. The file is divided into several sections, firstly we start with
the grid. Here, it remains to specify the length of the grid, as well as the cell density:

[grid]

origin = 0

L = 0.03

N = 30
localRefinement = 0

All grid parameters need to be specified for each grid dimension, i.e. the input for a two
dimensional grid should be given as N = 30 30. origin specifies the lower left corner of the
grid. L and N denote the grid length and the number of cells respectively.

The localRefinement parameter allows for a finer cell spacing in certain areas of the grid
by bisecting all cells n = localRefinement times. This feature can be used by setting
localRefinement to n > 0 and specifying the additional parameters localRefinement n,

e.g.

[grid]
localRefinement = 2
localRefinement0 = 15
localRefinementl = 10

In this example, all evenly spaced cells of the original grid up to cell 15 are bisected once and
afterwards the cells up to (the original) cell 10 are bisected once again.
Next, the finite element properties, i.e. the inside of single cells, are specified:

[fem]
degree = 2
torder = 3

degree sets the polynomial order in each cell. Here, the only available options are those
previously specified in the simulation set. The order for the Runge-Kutta time-stepping method
is set by the torder parameter. The currently available options range from first to fourth order
RK methods.

All input parameters for the physical model are specified within the param section:
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[param ]
Lambda = 0.65
1 =1

Here, all initial UV-parameters, such as the initial cutoff-scale k;;; = Lambda or classical values
of the couplings, can be added.
Another important element of the computation is the RG-time integration:

[time]

maxTime = 3
maxTimeStep = 3e—3
minTimeStep = 1le—15
safetyfactor = 0.001
timeGrid = le-2

Starting from ty;; = O one would ideally like to integrate up to tg, — log(%) = inf. Since this is
impractical we usually set a maxTime up to which the equations are solved. The final RG-scale
is then given by k;p = A exp(—maxTime). We limit the maximal step size by maxTimeStep as a
safety precaution. Similarly, we specify a minimal time step (minTimeStep), which causes the
computation to abort if the step-size goes below this value. Usually, uncharacteristically small
time-steps are caused by non-converging solutions. Therefore, we abort the program to avoid
spending a lot of computation time on these computations. Ideally, the code limits the time
step using the Courant-Friedrichs-Lewy (CFL) conditions [380]. In case of diffusive systems the
condition is usually enforced with an additional safety-factor of about safetyfactora 0.001.
Furthermore, we specify the rate at which the computed data should be saved by timeGrid.
Lastly, it is specified how the data should be saved:

[output]
name = IN
subsampling = 0

name is prepended to the computation-specific details, which are added to the name of the
output-file in the model class. The subsampling option allows to increase the amount of data
points saved. When setting this to zero, the saved data-points in the output files are minimally
sampled according to the polynomial order. For smoother output this option can be increased.

Simulation Results

The results of any simulation are saved in VTK-files at times specified by the user. These can be
displayed and examined either using the open-source vtk file viewer ParaView, or read into
python or Mathematica scripts using openly available vtk libraries. All results in this thesis
have been processed using Mathematica.







APPENDIX B

Definitions and analytical relations

In this Appendix we discuss formulas and technical derivations which do not fit in the main text.
Sections are sorted by the corresponding publication.

B.1. Finite temperatures and densities

A main focus point of this work is to get insight into the (chiral) phase structure of QCD at
finite temperatures and densities. Therefore we briefly review the concepts behind thermal
quantum field theory and use the close connection of the euclidean path integral in quantum
field theory to statistical mechanics.

The partition function of the grand canonical ensemble is given by,

Zecg = Trexp (—ﬁ (- ,uN)) , (B.1)

which looks very similar to the euclidean path integral in quantum field theory if one can identify
the right operators for the Hamiltonian H and the particle number operator N. Furthermore,
one needs to introduce the right formulation to include the inverse temperature = 1/T to
the theory.

Looking at the grand canonical ensemble from an euclidean (imaginary time) setting, one
can directly link the inverse temperature to an imaginary time evolution. Furthermore, the
Wick-rotated Lagrangian density becomes an energy density and can be identified with the
Hamiltonian H from the statistical mechanics picture. Hence, the finite temperature corresponds
to a finite imaginary time evolution in a euclidean path integral with t € [0, ]. For a correct
inclusion of the spin-statistics the periodicity and anti-periodicity of the bosonic (¢) and
fermionic (1) correlation functions, respectively, is used. They read,

(p(x1)...(t; + B, %) ... p(x,)) = (P (x1)... p(t;, %)) ... (X)),
(W(x1). . (e + B, 5. p(x)) = = (xy) .. Pt 1) .. P (x)) - (B.2)

The finite spatial integration together with the boundary conditions translates to discrete
frequencies p,, and an infinite sum in momentum space. Bosonic frequencies are even

Pon = 27nT, fermionic ones odd with p, , = 27t(n + %)T and n € Z.
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Secondly, we include a fermionic chemical potential to our euclidean field theory. This is
achieved, analogously to the grand canonical ensemble, by adding a term proportional to the

fermionic density u,, times the particle number .4}, to the generating functional (partition

function). Then, the number of particles simply follows as A, = %ﬁow‘]. Furthermore, the

number of fermionic particles follows from the integral A7, = fx 10y, which is just the quark
number operator. By a comparison with the classical fermionic action in|(2.7)} it is evident, that
this can be understood as a frequency shift of the time-like momentum to the complex plane,

Po = Do = Po +ilky - (B.3)

To conclude, the finite temperature and density action for the fermions in d + 1 dimensions is
given by,

B
SD,T[QP]Zif dtfddx[ﬂ)(x)-(&’+m¢—)/ou)-1/)(x)]. (B.4)
0

We note that the euclidean setting with imaginary time does not describe a real time evolution.
All computations in this thesis investigate physics in equilibrium.

B.2. Formulae: Gluon condensation

This section is taken from [2|] and provides analytic relations.

B.2.1. Expansions around condensates and color averages

In this Appendix we discuss the implementation of expansions around non-trivial condensates,
and comment on the subtleties of the color-averaging procedure associated with the central
mass formula in[(4.31)] In order to illustrates the properties and subtleties, we employ two
simple examples: spontaneous symmetry breaking in a scalar O(N) theory, and (color) center
symmetry breaking in finite temperature Yang-Mills theory.

Let us first consider a scalar field theory with an O(N) field ¢ (including the discrete Z,
symmetry when N = 1) in the symmetric phase. In the symmetric phase, both the effective
action, I'[¢ ], as well as expectation values of observables, are typically expanded around
¢ = ¢y, where

Y —00

2= lim ﬂ ($()$(0)), ®.5)
vV

is defined by the order parameter of the theory. The order parameter|(B.5)|can also be obtained
from

J—0
where J indicates an external current (or magnetisation) coupled to the field, lim;_,, f J o,
which is finally removed. Alternatively, within a finite volume one may use boundary conditions
that break the symmetry, and then take the infinite volume limit.
Either way, the effective action T is invariant under the full symmetry group of the underlying

theory by definition, whereas the vacuum state (the solution of the equations of motion) breaks
the symmetry.
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Thus, quite importantly, the apparent symmetry breaking in I', seemingly induced by the
expansion point, is absent for the full effective action. In turn, a given approximation scheme
may break this symmetry (for example a finite order of a Taylor expansion about ¢ = ¢). This
symmetry can be restored subsequently by averaging the approximated effective action I,,[ ¢ ]
over the symmetry group, I'[¢] = ([,,p[¢1)ay. Note in this context, that in our example case
of an O(N) theory the averaged expectation value of the field vanishes, (¢),, = 0, as it must.
Moreover, the operator in|(B.5)|has the full symmetry and hence does not change under the
averaging procedure, while (¢ ) does.

In the case of the effective gluon mass, the underlying symmetry is a gauge-symmetry. For
this reason we also consider a second, closer, example, the expectation value of the Polyakov
loop (L) in finite temperature Yang-Mills theory,

L= I%trf?)’ exp{ig, §A0(x)}, (B.7)

C

where the integral f in|(B.7)|is over x, € [0,1/T]. Here, T denotes the temperature and & is
the path ordering operator. The underlying symmetry is the center symmetry Zy_of the gauge
group with L — z L and z € Zy_. We have the order parameter

L= lim %J (L(O)LT(x)), (B.8)
v

Y —00

which is non-vanishing in the confining disordered low temperature phase. Typically, both in
functional approaches as well as on the lattice, is obtained by an infinitesimal explicit
center symmetry breaking in the Cartan direction 2, similar to introducing an infinitesimal
explicit breaking of O(N) symmetry described above. In the t* direction the Polyakov loop
takes real values and we get

Lo =(L(x)), (B.9)

with a real positive L, which is a non-trivial solution of the equation of motion (of Ay) at finite
temperature. The expectation value of the order parameter serves as a physical expansion point
for observables as well as the effective action in functional approaches, both in first principle
QCD computation and low energy effective theories of QCD. In quantitative approximations
the results for observables agree very well with lattice simulations, for the Polyakov loop itself
see [231]: The observables are either color blind in the first place and hence do not require a
color average and are insensitive to it, or, as in the case of the Polyakov loop, a color direction
was singled out for the computation in the first place.

However, the comparison of gauge fixed correlation functions or parts of it is more intricate,
as then the averaging is required and may also affect the gauge fixing, for more details and
further literature see in particular [48,381[] and the recent review [|[104]. This intricacy also
applies in the present situation and makes a direct comparison of the effective gluon mass
difficult.

The lack of a quantitative averaging procedure has forced us to introduce the averaging
factor f,,(N.) in our results, see the definition[(4.26)|and the definition of the effective gluon
mass [(4.29)|and[(4.49)] In the present work we have only determined its N.-dependence by
resorting to consistency arguments of the large N, scaling. As mentioned in the main text, the
value of f,,(N,) is the largest source of systematic error for the effective gluon mass.
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B.2.2. Large N,-scaling and self-consistency

The effective gluon masses mf‘ in|(4.29)|and mg ap in|(4.49)|show an explicit 1/N,-scaling, while
no N,-scaling is present in the large N, limit, if the theory is formulated in the 't Hooft coupling

A=N.g?2. (B.10)

This property serves as a self-consistency check of our computation and specifically our group
average used to derive[(4.29)] and entailed in f,,(N,)

An illustrative and relevant example are the functional relations of the two-point function
Fég’z)(p). Cast in a relation for the wave function Z,(p), they read

Z(p®) = Z;, + g2 N Diags, + O(N?), (B.11)

where the right hand side stands for the typical loop diagrams of e.g. (integrated) fRG flows or
Dyson-Schwinger equations. Here, Z;, stands for the input dressing, either the one at the initial
UV cutoff scale (fRG) or the classical dressing (DSE). In most cases the & (NCO) term is dropped,
for an exception as well as a respective discussion see [125]. The term Diags; stands for the
loop integral that depends on the wave functions of all the fields and the full vertex dressings.
Importantly, the functional relations for all other vertex dressings and wave functions have
the same form as Accordingly, if dropping the subleading term of the order O(N CO),
all functional relations only depend on the ’t Hooft coupling|(B.13)} and so do all correlation
functions. Respective lattice studies also reveal that the large N,-limit is achieved already for
N, Z 3 for most correlation functions, for a review see [|382].

In summary we deduce, that in the large N,-limit the only N.-dependence of the effective
gluon masses mf\ in and mgap in is implicit in the dependence on the 't Hooft
coupling|(B.13)| This concludes our brief discussion of the N,-scaling of correlation functions.

The relations for the effective gluon mass, show an even more direct scaling
consistency: Zy is an expansion term in the two-point function of the fluctuating gluon. More-
over, in the presence of the condensate this two-point function approaches the effective gluon
for vanishing momentum,

117133) Htv(p)l"(ggji)v(p) =3m?,. (B.12)

Accordingly, both Z,,q and mg,, have the same N_-scaling (only dependent on the ’t Hooft
coupling in the large N, -limit) as well as the same RG-scaling. In conclusion, the ratio Z.,,q/ mgap
is manifestly RG-invariant as well as N,-independent in the large N,-limit. This implies already;,
that the RG-invariant information in the effective gluon mass is given by f,,(N,) (F)2. The
value of the mass itself depends on the RG-condition and should not be confused with the gluon
mass gap. The latter can be defined as the inverse screening length of the gluon propagator
which is indeed RG-invariant.

In summary, f,,(N,)(F)? should be N.-independent in the large N,-limit. This fixes the
N_-scaling of f,,(N.), given that of (F)2. The N,-scaling of the latter is obtained by an N.-
analysis of the effective potential, whose explicit computation is detailed in|Section 4.3|and
Appendix C.1.1] Here we only need that it consists out of an ultraviolet classical piece of the
forml@[ and a term that depends on N_F?,

1
Wege(FY) = rngZ + AW (N F?), (B.13)

N
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see |Section 4.3.2L In’(B.lB)L gs2 is the strong coupling at a large momentum scale ky,, and we
will use kyy = 20 GeV for this scale later on. We now absorb N, into the field strength squared

amplitude F2, i.e. F* = N,F2. With|(B.10)|this leads us to

1 - _
Weg(F) = 47F2 + AW(F?), (B.14)

and consequently

(F)=Fon(d)  —  (F) = ——Fpn(A). (B.15)

VN
The 1/N.-scaling for (F)? derived in , is confirmed numerically in|Appendix C.1.1} There,

the effective potential and its minimum is computed in a leading order N, approximation and
hence shows the asymptotic 1/N, scaling even for N, = 2. This N,-scaling is rooted in the
adjoint representation trace of n“t® appearing the definition of the covariantly constant field
strength in|(4.7)L cf. |(B.22)L We have confirmed its numerical presence in a comparison of
N, =2,3.

B.2.3. Flow equation for the effective potential

Here we provide some details of the computation of the integrated flow|(4.55)|of the effective

potential, |(4.52a)| from the flow equation [(4.50)|and the propagators|(4.53), Inserting the
latter into|(4.50)|yields,

OR(2r) 1. AR (D)
D1Zaj(21)+REH(Zr) 2 _p24Rl(—p2)

3, W, (F) =;Tr

s ;R4 (—D?) . 3,R.(—D?)
2 °—D2Z,,(—D2)+RL(—D?)  —D2Z ;(—D?)+ Ry (—D?)
(3L OR) 1 ARG 8:R.(p?)
2 p*Z,(p)+R;(PY) 2 p2z (p2)+RI(p2)  P?Zcx(p?)+ Ry (p?)

(B.16)

where the contributions in the first line are the glue contributions, and P, denotes the projection
on the zero-mode. The traces in|(B.16)| sum over momenta or space-time, as well as internal
and Lorentz indices of the respective field modes. We have three covariant transverse modes
and one covariant longitudinal mode, the trivial gauge mode. The term in the second line is
the ghost contribution, and the field-independent subtraction in the third line normalises the
potential to #;.(F® = 0) = 0. We choose the regulator in consistency with the input data. The
regulators in [47] are defined as,

Rax(p) =p?r(x) (Z () + 11l (p)) ,
Rox(p)=p*r(x)Z.,. (B.17)

with the projection operators 1141 defined in|(4.35)L Inl(B.17)L x is the dimensionless momen-
tum variable, x = p?/k2, and the shape function r(x) used in [47] is given by,

1 1
r(x) = (— - 1) —, a=2x1072. (B.18)
X 1+e
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The shape function|(B.18)|is a smoothened version of the Litim shape function, [129]. The
cutoff dependent prefactors Z,, Jc are given by

Zor=Za K"+ KTV, Zo=2(K), (B.19)

with k = 1 GeV. The choice ensures that the regulators have the same (average) momen-
tum scaling as the two-point functions, regulators proportional to the respective wave function
renormalisations of the fields are RG-adapted, see [127]. Moreover, the scale k = 1 GeV is
introduced for computations convenience; it leads to a gluon regulator, that does not diverge
at p =0 for k — 0. While even a singular regulator choice at p = 0 does not contribute to the
momentum integral, it complicates the numerics.

In [48] the regulator was used as it optimises fully momentum dependent approximations,
see [127]]. However, the resolution of requires the computation of Tr.#(—D?) and
Tr Z(—Dy) in terms of the discrete Eigenvalues or spectrum of the Laplacians —D? and Dy.
The spectral properties of the Laplacians are discussed in|Appendix B.2.4| see also [211].

The optimisation of the approximation in terms of its momentum dependence as used in [48]
comes at the price that soft but sharp regulators delay the onset of the asymptotic ultraviolet
scaling in the presence of a discrete momentum spectrum, see [383[]. Here, asymptotic UV
scaling entails, that the effective action reduces to the classical one with a running prefactor, see
Indeed, for non-analytic regulators such as the Litim regulator or the sharp regulator
the asymptotic UV scaling. In|Appendix C.1.1|we investigate the asymptotic UV scaling in the
present set up as well as the regulator (in)dependence of our results.

B.2.4. Spectral properties of Laplace-type operators

In this section we will comment on the background-covariant Laplacians, which were used
for the momentum dependence of the Landau-gauge propagators in [(4.50)|and [(B.16)| Their
explicit form follows from the gauge-invariant background field effective action [384] and is
given by

@T,u,v:_D25uv+2ing,v: @L,uv:_D,uDv: (B-ZO)

and Zg, = —D?. The transverse Laplacian also contains the spin-1 coupling to the background
field.

The traces over the Laplace-type operators in |(B.16)|can be evaluated upon introduction
of Laplace transforms using standard heat-kernel techniques. The subtleties arising from the
presence of a self-dual background are discussed in-depth in e.g. [[222/385,386]]. Here, we just
quote the relevant spectra in self-dual backgrounds from [|211]],

Spec{ —D?} = Fi(n+m+1), n,m=0,1,2,...

_ | Fi(n+m+2) , multiplicity 2
Spec{@T}— { F;(n+m) , multiplicity 2 ’

(B.21)

where F; = |v,|F /+/2, where dividing by +2 accounts for the multiplicity in a self-dual formu-
lation of F,, and v; are the eigenvalues to the adjoint color matrix n“t®. The covariant spin-1
Laplacian 2 has a double zero mode for n = m = 0 which is due to the symmetry between
colour-electric and colour-magnetic field. The spectral problem of the longitudinal Laplacian
9;, can be mapped onto that of —D?, such that|(B.21)| is sufficient for the calculation in the
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main part of the paper, see e.g. [222,385,386]. The trace Tr’ is defined as that without the
zero mode, and for a general function & we get,

N2-1 0o 0o oo 0o
17 (9n) =2 Z (%)2{ Z Q(Fl(n—km+2))+ZZ$(F1(n+m))+Zﬂ'(nFl)}

=1 n,m=0 n=0m=1 n=1
NZ—1 B2 &
l 2
=4 — F(FFn+m+1))=4Tr,.%(—D"), B.22
2 (4) 2 Eormen)=em.s o) 522

where the trace Tr sums over momentum or space-time, internal indices and Lorentz indices
of the respective field mode. IEquation (B.ZZ)\ displays an isospectrality relation between —D?
and the non-zero eigenvalues of 27. As a consequence, all gluon and ghost modes except for
the two zero modes couple in the same fashion to the selfdual background. This allows us to

compute |(B.16)

B.3. Formulae: O(N) model in LDG

This section is taken from [[5|] and provides the reformulation of the flow to fit the LDG-scheme.

B.3.1. Linearising the diffusion

The flow equation of the O(N) model is a highly non-linear convection diffusion equa-
tion. Therefore, an application of the LDG method presented in|[Section 5.2.2) requires a few
manipulations of the equation. Linearity in the second derivative is achieved by computing
the RG-flow of the first potential derivative J,Vi(p) and separately of the second 8pZVk(p ),
introducing artificially a second instationary equation. An according manipulation of the flow
is detailed in the following.

Starting from the flow of the O(N) model we obtain the flow of the pion mass
u=29,Vi(p) = mi by taking a p derivative

Oeu=0,(fy—1(u) + fr(u+2pv)), (B.23a)

. d
where the bosonic flux is given by f;(x) =A4 ﬁ and the prefactor A; = % . The diffusive
k2

contribution is captured in v =0 jvk(p), which appears in|(B.23a)|in a non-linear way. We can
solve this issue by deriving a flow equation for v explicitly. Taking an additional p derivative of

(B23) yields
0v =0,0u= ap(ap(fN—l(u) + f1lu+2pv))

=3, (v Aufn—1() + 8,53, f1()s=urapv) - (B.23b)

The last line now contains a simple convective flux and a second term which suits the LDG
scheme presented in[Section 5.2.2 Furthermore, the correct diffusive behaviour, i.e. a flattening
and not a steepening of slopes, is ensured by the requirement 0 > 2p 3, f;(s). For a more
throughout discussion see [|387]] and in a fRG context [4]. In our case, the fulfilment of this
requirement is always given since

Agk?

9 f1(s) = —m .

(B.24)
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We continue by computing the flux of the stationary equation in|(5.20)| where the integral can
be computed analytically

u+2pv Al/ 2

ju+2pv) =L ds(k;—+s) =A(11/2k10g(k2 + (u+2pv))—const. (B.25)

The constant drops out, since j is a flux. Hence only the derivative, or differences of j are
evaluated in the computation. The argument of the logarithm in|(B.25)|is always positive, due
to the convexity restoring properties of the equation and therefore k% + (u + 2pv) > 0 at all
times during the flow [292].

B.4. Formulae: Applications to general RG-flows

The following section gives technical details for|Chapter 7|and are taken from [7,/8]].

B.4.1. Diagrammatics of the modified flow equation

In this section we outline the derivation of the modified flow of the wave function. The full

flow of the two-point function reads with Ry ;; =R 6;;,

atl—‘ij = at]'—‘ijl(i)zo + [Gnm,ij¢n,m + Gnm,i¢m,nj + Gnm,j¢m,ni + Gnm¢m,rij]R

_((.ﬁnrnij—i_(.ﬁn,irnj+¢n,j1—‘ni+q.sn,ijrn) > (B~26)

where we used the short-hand notation introduced for the propagator derivatives in|(7.13)|and
below as well as

. (m) 5,

X == B.2
¢1,¢n1-~~¢nm En, 6P, ? (B.27)

as well as the short hand notation d)i,nl,,,nm. In we have dropped the momentum
arguments. Note also that all quantities in[(B.26)|depend on k.

The first contribution is the standard 1PI Wetterich flow of the two-point function. The next
line can also be thought of in terms of diagrams: the terms correspond to the 2-, 1- point-
function and potential flows respectively, but the regulator term is replaced by J,R; — <;5(m)Rk,

where the superscript denoted the derivative and m = 1,2, 3. db(z) has one outer leg, d)(s)

two. We can use this picture to drop some of the terms. Since the reparametrisation ¢

has no external momentum dependence, the diagram containing 45(3) drops after taking the
momentum derivative.

Furthermore, all (]5’¢ni contributions drop when evaluated at the expansion point ¢, =
(4/P,0). We can see this by a symmetry argument: The left hand side of is a function

of the invariant p. Thus the right hand side is necessarily too, which implies that 45(1) isa

function of p, whereas ¢ and ql)(z) are odd in ¢. Using the relation

25,F ()= $: 3, (), (B.28)
for an arbitrary function f (p), we find that

. 54)
P o= = T 9p%|¢:¢0 =0. (B.29)
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B.4.2. Evaluation of the RG-adapted flow ¢

The p—dependent anomalous dimension is obtained from|(7.23)|by integration. However, in
order to highlight the sole occurrence of p n4(p), we rewrite |(7.23)|accordingly,

(P%) =1 =l
"=(p+ Z, (V,V'p,T), B.30
(png) (p 111 1 p,T) (B.30)
where 7, . (\_//, \7//; p, T) is the resummed threshold function
. 4A,(V")?BB
7, (V7" p) = —— 2 (B.31)
1+8A;p(V )ZBB(Z’Z)
with the threshold function BB(z,z)(ﬁl(Q;}, Tﬁi; T) defined in ’Appendix B.7.2‘ and
m2=V'(p), m2=m2+2pV’p), (B.32)

the dimensionless versions of the masses with the dimensionless fields p = k%2p and
potential V =k V. Solving for p ng instead of solvingfor n¢ also reduces the
error on the numerical integration. Both equations can be solved by using the variation of
constants method as[(7.23)|and [(B.30)| have the form,

&y(p)=c(p)y(p)+d(p). (B.33)
The solutions of are given by
y(p)=%(p)lco+2(p)], (B.34a)
with the integrated 'constants’
p o =/
_ ) oy _ _, d
€(5) = exp J 45’ (6}, 9(5)= f ap 22 (8.34b)
0 0 c(p’)

and the integration constant ¢,. The constant c, can be used to tune boundary conditions for
N4 (p), for example for p = 0 or for p = c0.
For the solution of|(B.30)|we read off the three functions y(p),c(p), d(p) with

1
y(P)=png(p), C(ﬁ)=d—+19n¢, d(p)=p T, (B.35)

with the resummed threshold function 97’ . (\_//, \7”, p) defined in|(B.31)| Then,|(B.35)|is inserted
in|(B.34b), leads to the solution|(B.34a)|for 5 14(p).

The boundary condition ¢, in |(B.34a)|can now be used for different purposes. Below we
discuss some prominent choices.

LPA’ from flowing fields

Firstly, we could use the equation to obtain LPA’ within the current approximation with n¢(p):
in LPA’ the wave function or rather the anomalous dimension is taken to be constant and is
evaluated at the flowing expansion point, the solution of the equation of motion p ;. Now we
chose c( j such that

ﬂ;)(Po,k) =0, (B.36)

which implies that corrections to a constant Zy are of order (p — po,k)z. With the choice|(B.36)|
the flows |(7.23)‘ andl(B.BO)lreduce to the flow of the standard LPA’ scheme at p = p k,0-
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Figure B.1.: Anomalous dimension (multiplied by p) in d =1 + 2 deep in the broken phase (T = 0.05).
We can infer from pn,|,—¢ # O that the anomalous dimension 7, diverges as p — 0,

necessitating the numerical correction|Appendix B.4.3| Since the numerical simulation uses

the cut-off solution, the reconstruction of the anomalous dimension at small p displays
some numerical artefacts.

Regular flowing fields

The implicit choice of ¢, leading toor similar conditions is beneficial for approximations
that use expansion about a given p. For global p-dependent solutions it is more important to
take care of potential reparametrisation singularities. These singularities occur in a similar
fashion as coordinate singularities in a stereographic projection, and hence they do not imply
or even indicate the failure of the field reparametrisation. Still, they make a numerical solution
more intricate. To see the latter fact we consider two different singularities, one for p — 0 and
one for p > py and k — 0.

The generic occurrence of a singularity for o — 0 is easily explained in terms of a solution
for y(p) = pn¢(p). Evidently, for y(0) # 0, the anomalous dimension diverges for p — 0.
This singularity is avoided by choosing ¢, such that

Ing(p = 0)|<oc0, — =0, (B.37)

The unique solution ¢, = 0 in|(B.37)|follows from 6 (0) = 1 and 2(0) = 0 as long as (f/”)ZBB(zgz)
does not diverge for p — 0. However, with ¢y =0, the flow of the field coordinate 74 (p) stays
finite and positive within the regime p < p,, i.e. in the broken phase, even as k — 0. Then
the definition of the anomalous dimension, directly manifests how the weight of the
coordinate range is pushed onto zero. This emergent coordinate singularity for k — 0 cannot
be avoided for but is well-controlled.

To avoid such an emergent coordinate singularity for k — 0 in the regime with p > 0 we have
to ensure that |1, | decays at least linearly with the cutoff scale k. However, for p > p,, both
masses m, and m_, are larger than zero and stay finite in the limit k — 0. Hence, m,, m, — ©0
and ng(p > po)/k? stays finite for k — 0.

B.4.3. A numerical cut-off

In our discussion of possible solutions to the anomalous dimension, we have seen a family
of solutions with |ny| — oo as p — 0. In this section, we argue that these solutions can
nevertheless be used in the flow.

We have seen in[(B.30)|that the RG-flow of the anomalous dimension is best solved in terms
of y = png. Hence, we expect the second family of solutions (compare |Appendix B.4.2p to
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Figure B.2.: Different solutions to the RG-adapted ﬂowin the d =1 + 2 calculation at k = 0.001.
All units are given in terms of the UV-cutoff A = 1. We depict the regular solution 7, ,
(green), specified inlAppendix B.4.Zl as well as the LPA"-like solution 14 , (red), which is
used in the computation, from|Appendix B.4.2} The solution to the equations of motion py, is
indicated for reference, as well as the respective focus points of the other 7, . Irregularities
inn, , at small p are caused by the numerical cut-of The other solutions are
for illustrative purposes, the dashed solutions are unusable for our application: (grey) zoom
into a numerically unstable coordinate range (n4 < 0) or produce non-monotonous fields
¢ (Nglp—0 = 09), (blue) can be numerically implemented but has all of the drawbacks of
N¢,1 and 7, , and none of the benefits.

diverge with at least [n4| o< %. To circumvent this issue numerically we cut off 4 at some
point. This is implemented by choosing p i, < po, Where pg is the solution to the equations of

motion|(6.36b)} and multiplying y with

(2— £ )@(Pmin—ﬁ))- (B.38)

min

flp)=

min

Thereby we obtain a finite maximal value for our numerical anomalous dimension ), to wit

715(0) = 1o (0)f (P)lpso = 222 (B.39)

min

and a smooth transition to the real solution at p,;,, since f () =1 and f'(pyy,) = 0.
We find that for small enough cut-off 2p.,;, < g, the solution of the potential on the
equations of motion is not influenced (within the numerical accuracy of the DG-scheme) if the

cut-off is varied between p i, € [%, %] We depict the cut-off solution in terms of y = pny

in|Figure B.1| We emphasise that the plotted full result in[Figure B.1|is computed using the
numerical cut-off and is hence faulty for p < p,;,, but does not affect the equations of motion
in the broken phase.

B.4.4. Coordinate resolution and magnification points

Since the RG-adapted flow of the field basisis described by an ODE, we can find a set of
coordinate transformations {14} which implement Z;(p) = 1. Every solution corresponds to
different boundary conditions, see also|Appendix B.4.2| In (B.30)|we have seen, that (n ¢p)’ is
proportional to the (resummed) threshold-function|(B.31)} and hence is vanishing for large
©. An integration of (n¢p)’ ~ 0 implies 4 o< p L ie. Mg — 0 for p — ©0 is build into the
structure of the flow. A depiction of possible solutions is shown in We immediately
exclude solutions of type ng — 00 for p — 0, since they produce non-monotonous field bases
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Figure B.3.: RG-time dependence of the anomalous dimension in d =2+ 1 at T = 0.05. The (purple)

solution is regular and of type 7 , (see[Appendix B.4.2), the others are of type Ny (see
Appendix B.4.2) and diverge as p — 0. The dashed lines indicate the solution to the

equations of motion p,, which corresponds to the magnification point in solutions of type
Ng,2:

¢ In the following we have a closer look at the remaining solutions {n4}, so that we can
identify which boundary conditions are easiest to implement numerically.

With our deﬁnition the anomalous dimension 74 (o) corresponds to a non-linear
reparametrisation of the field basis ¢, at every RG-time step Ak. One can think of it as
effectively zooming in (out) of specific regions of the field basis and increasing (decreasing)
the resolution of the potential V,.(p). The resolution of a region, in terms of the initial field
basis ¢, € [a, b], is

* increased (zoomed in) by the RG-step Ak if n, > 0 for ¢, € [a, b], that is
|$1(b) — ¢r(@)] < [Pr_ar(b) — _arlall. (B.40)

This is apparent in[Figure 7.2b|for the interval ¢, €[0.55,0.8].
* decreased (zoomed out) by the RG-step Ak if ng . <O for ¢, €[a,b], that is

|$1(b) — dr(@)] > [Pr_ar(b) — _arlall. (B.41)
As an extreme example, we indicate the interval ¢, € [0.,0.5] in which is

projected onto a single point as k — 0.

To ensure numerical stability and precision, we require an increasing of the resolution for
physical field values p = p,, where p, is the solution to the equations of motion (EoM)
Choosing a zooming out solution, in an evaluation with a fixed numerical interval
|@r—ak(b) — Pr_ar(a)|, would require non-trivial information about the solution, that is not
contained in |¢,(b) — ¢, (a)|. Numerically, this translates to unstable boundary conditions.
This excludes completely negative solutions 7, ; < 0 in the numerical evaluation.

To get an intuition for the remaining solutions 74, we introduce the concept of a scale-
dependent focus point. This point is given by the maximum of 1, ;(p), and we denote it as
Pmax in the following. By its definition as maximum, the resolution of its immediate vicinity,
(Pmax — €> Pmax + €) for some € > 0, is increased maximally in comparison to all other intervals
of the same length (2¢). The location of the focus point decides which regions of the field basis
are zoomed into and which ones are pushed out of the computational interval (0, oy ]

The discussion in|Appendix B.4.2|points out two specific solutions which are of interest to
the numerical implementation,
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1. mg,1 is the only solution which remains finite at p = 0 ((green) in [Figure B.2). Its focus
point P, 1 is dependent on k and decreases monotonously during the integration after
starting at very high field values at k = A. Most importantly, oy, ; enters the flat regime
of the potential, i.e. the unphysical field values p, where 9,V <0, for computations
in the broken phase. Here, the flow remains finite as k — 0 and the flat region around
Pmax,1 is infinitely zoomed in.

2. mg 2 is the solution which focusses the region around the equations of motion, i.e.
Pmax2 = Po in[(6.36b)| ((red) in[Figure B.2). By focussing on the equations of motion
we smooth out the well known non-analyticity of the potential at V(p,) as k — 0. This
comes at the cost of g , — —00 as p — 0, which can be understood as a coordinate
singularity, see|Appendix B.4.2|

Neither 14 ; nor ng , are optimal for every computation: 7 ; has an infinite magnification of
the unphysical region in the broken phase, whereas 7  is difficult to implement numerically
and cannot resolve p = 0 due to a diverging flow. The (blue) solution in [Figure B.2/combines
both of these issues. In practice we use a hybrid of both 14 ; and 14 »: 141 is used whenever
Pmax1 > Po, this comprises the entirety of computations which result in the symmetric phase at
k — 0, see[Figure 7.1b| A continuous transition to 7 5 is implemented once Py 1 < pos i-e.
once the focus point pp,y 1 0f N ; slips into the flat regime, we switch to 7 5 and continue
to zoom in on the equations of motion ., 5 = Po. This switch occurs in the broken phase
and shows up as a kink in the k dependence of 7,4, compare For a numerical
implementation of 14 , we cut off the diverging flow around p = 0, this procedure is described
in[Appendix B.4.3| The RG-time dependence of the anomalous dimension, together with its
magnification point on the equations of motion is p, is visualised in[Figure B.3|

B.4.5. Flowing with the minimum

In general, the CS-flow equation|(7.45a)|can be evaluated for arbitrary values of the external
field ¢, which requires the computation of the full effective potential. Here, we simply evaluate
the flow on the solution ¢ of the equation of motion. This is a commonly used truncation and
gives access to the physical correlation functions. In the broken phase, the minimum of the full
effective potential depends on k, and the total mass flow of the two-point function is given by
the flow diagrams originating from the CS equation, 3,I®[¢,](p) and a term proportional to
the mass flow of ¢,

L@y 1(p) = 8T [30)(P) + (b0 T Lh0]) (). (B.42)

dt
The novel ingredient in the present setup originates in the tree-level k-dependence of ¢y ~
v/ 6k?/A s + O(Ay k), where the second term comprises the loop contributions. This tree-level
dependence is usually absent in the flow of the minimum of standard momentum-shell flows.
There, 0, ¢ only comprises the effects of the momentum shell integration and is inherently
one-loop and beyond. The tree-level k-dependence of ¢ in the present case triggers a tree-
level k-dependence of 3,¢,I'®(p) and the tree-level flow of the physical two-point function
considered here reads

4 1@ = 22+ 3,008 P ] = 4K2, (B.43)

dt tree-level
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A td A

Figure B.4.: Truncated DSE for the three-point function in the skeleton expansion. Lines indicate full
propagators, small black dots classical vertices, and larger blue dots full vertices.

| =

where the classical three-point function is given by S [¢] = Ag@. Note that only the combi-
nation of both terms leads to the expected positive flow of the physical mass, while the flow of
the mass parameter —k? has a negative sign.

To obtain the full momentum structure of the second term in of|[(B.42)] we first note that the
additional leg of the three-point function is always augmented with an incoming momentum
of zero, as it is contracted with the scale derivative of a constant field. The full momentum
dependence can then be incorporated via the DSE of the three-point function, which allows for
an exact diagrammatic flow of the two-point function on the physical minimum. In the presence
of approximations, a fully self-consistent treatment would require us to use the integrated
flow of I'®)[¢1(p, 0). However, also the flow of I'®)[ ¢ ] includes a similar additional term
as in which is proportional to the four-point function. To avoid solving the flow of
the three- and four-point function, we resort to the DSE to include the leading momentum
dependence of the (contracted) three-point function. To ensure the correct RG-scaling of the
flow equation, we further employ the skeleton expansion in the DSE, where every vertex is
dressed. Approximating I'™*) a 0 and dropping the remaining two-loop diagrams, we arrive
at the simple diagrammatic structure of the three-point function depicted in

Additionally, using the DSE for ') indemonstrates the structure of the flow as a
total derivative. To make this explicit, we choose the vertical leg into be contracted
with &,¢,. Then, the three-point functions connected to this leg carry only internal momenta,
and we approximate them as constant. With that, the first fish- and the triangle diagram in
[Figure B.4Jare proportional to the tadpole and polarisation diagram respectively, and the second
term on the RHS of the flow[(B.42)|reads

(80 T@Lb0])(P) = 2,56 (5(3)[4350] — 216010 1g(P)— D (p) + r(B)[qso]Dpol(p)).
(B.44)

Note that the explicit three-point functions on the right-hand side are now momentum inde-
pendent. We discuss our approximations for the remaining vertices in|Appendix B.4.6)

Substituting|(7.46)|and|(B.44)|into|(B.42)| we arrive at the full flow equation of the two-point
function. The full equation reads

d . 1
Z1D0401(p) = (@uh0)S Vb0l (2- 1) 24K + % ~3D aa + D |~ 80D =S ol o)
(B.45a)

where
2 = (89T o] —(2—mp) Zyk*) . (B.45b)

Note the appearance of a relative minus sign in front of the mass derivative contribution (second

term) to|(B.45b)|due to u = —k? in the broken phase. The first line in |(B.45a)|carries the
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trivial, tree-level running of inverse propagator. It consists of the running of the mass parameter
and the classical part of the three-point function, connected to the flow of the minimum. Its
mean-field value cannot be altered by the renormalisation condition and is, analogue to the
respective term in 2, crucial to recover the correct sign of the flow, see A detailed
evaluation of can be found in Appendix B of [[7]].

B.4.6. Approximations and real-time flows in the symmetric and broken
phase

In the following section, we discuss the approximations used for the higher correlation functions,
which lead to non-trivial spectral flow-equations in both phases. This enables us to write down
the renormalised flow equations for the two-point function and evaluate them on the real
frequency axes.

In the ¢*-theory, correlation functions of an odd number of fields, T*"*1[ ¢ ], are proportional
to the mean field ¢. In the present approximation we only consider three- and four-point
functions, setting all the higher correlation functions to zero:

>4 0. (B.46)

Then, the three-point function is proportional to a product of the four-point function and ¢,.
This closes our approximation.

For constant vertices, the tadpole diagram only provides a constant contribution to the flow of
the two-point function. This contribution is absorbed completely in the on-shell renormalisation
condition|(7.51)|and|(7.50)} for the broken and symmetric phase respectively. In the symmetric
phase of the theory with ¢, = 0, the tadpole is the only contribution to the flow of the two-point
function. Hence, the scattering tail originates only from the non-trivial momentum dependence
of the four-point function. In a first but important step towards the full momentum dependence
of T (py, ..., P4) we use an s-channel resummation of the full four-point function,

Ao

r(p?) = :
1+% [ 6(p+)G(g)

(B.47)

In p? =s=(p; + p,)? is the s-channel momentum, and we choose vanishing t and u
channels to perform the resummation: (p3 — p;)? = (p; — p4)? = 0. This approximation admits
the simple spectral representation [(7.38)] of the four-point function, see also [168].

We emphasise that[(B.47)|only holds true in the symmetric phase. In contrast, in the broken
phase the flow or BSE for the four-point function contains additional diagrams with two or four
three-point vertices. Their combined contributions are readily estimated and are suppressed by
a factor 1/8. Hence, they are dropped in the following computation. Accordingly, we use[(B.47)|
in both phases.

Note also, that the four-point function exhibits a bound state pole below 2m . close to
the phase transition. This is discussed for example in [388]] in terms of a Bethe-Salpeter
equation, and indeed seen in lattice and fRG calculations, see [389-391[]. The present s-
channel resummation for the four-vertex does not include the resonant channel. A full bound
state analysis and the systematic inclusion of other channels will be considered elsewhere.

It is left to specify the three-point function I'®)(py, p,, p3) in In contrast to the pivotal
importance of the momentum dependence of the four-point function, that of the three-point
function is averaged out in the vacuum polarisation and the fish diagram. For the sake of
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simplicity, we therefore approximate the full vertex by its value at vanishing momenta, p; = 0
for i =1,2,3. There, the three-point function is given by the third derivative of the effective
potential on the equations of motion, Ve(frz)(qbo). The effective potential V g(¢) is the quantum
analogue of the classical potential, and is nothing but the effective action I'[ ¢ ], evaluated for
constant fields ¢,

Vesr(Pc) = %F[Cﬁc]; V= J d*x. (B.48)

Due to the Z,-symmetry of the ¢*-theory under ¢ — —¢, the effective potential is symmetric,
Ver(—¢) = Voge(¢). Moreover, it admits an expansion about the solution to the equation of
motion, ¢ = ¢2, which is valid for ¢> > ¢2. The latter constraint on the modulus of (¢*—p3)
originates from the fact that the classical effective potential is the double Legendre transform
of the classical potential. In the case of a non-convex potential it is simply the convex hull.
We shall consider the expansion up to (¢ — qﬁg)z, dropping higher order terms in accordance
with[(B.46)] and discuss the symmetric and broken phase separately in[Appendix B.4.6/and
‘Appendix B.4.6 below.

Symmetric phase

In the symmetric phase with ¢y = 0 in|(7.47), we use a Taylor expansion about ¢2 = 0 for the
effective potential,

o A

v, => ¢, B.49

(@)= 2" (B.49)
n=1

The first two couplings, A, and A, are related to the correlation functions I'® and I'® consid-

ered here. Hence, the coupling A, agrees with the curvature mass squared in the symmetric

phase, where the curvature mass is defined as

My = Ve(f?(%) =T@[$,1(p =0), (B.50)

in both phases. Moreover, the coupling A, is nothing but the full four-point function, evaluated
at vanishing momentum. In summary we have

M=m2 ., A, =TW(p=0). (B.51)
For the initial UV pole mass m .. = A, the curvature mass and the pole mass agree, A; = A2,

and the initial coupling is the classical one, A, = A,. Hence, the initial effective potential
Vyv(¢) at k = A reads

1 1

With the above approximations, all higher correlation functions are fixed and the flow equation
of the two-point function on the real frequency axes reads

&(2)

Zy(2—mny) k>
Z—MD@H(@Q—FZI{Z—@S“ ,

atl—‘(Z)(c‘)+) 2 tad

(B.53)
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where the retarded limit is given by w, = —i(w +i0™). §((j)

is given schematically by
1y @ _ diagramms (p2 = —kz) (B.54)
o . .

We denoted the counterterm action with a tilde since we already dropped constant terms in
the flow of order A4 k. Hence, only the dynamic part of the tadpole D i}én contributes. It arises
from the scattering tail of I¥(p) and carries the spectral structure of the polarisation diagram.

Broken phase

In the broken phase with ¢, # 0 we use a Taylor expansion about ¢2 = qbg for the effective
potential,

o0 A "
Veit(P) = Z 2—;, (0> —93)" . (B.55)
n=2 :

At vanishing momentum and constant fields, the correlation functions derived from the effective
action I'[ ¢ ] coincide with the moments of the effective potential. We consider n-point functions
for n < 4 with

r@[go](p = 0) = 27,97,
A
TG [pol(p=0)= A, o + 1_; o5

2 1
T [¢o]1(p=0)= 2, + = P2+ Tos M og, (B.56)

In contrast to the symmetric phase discussed in[Appendix B.4.6| also higher order terms up
to order n with couplings A,, contribute due to ¢, # 0. For this reason we have indicated
the ¢,-dependence of I'™ in We generically drop the ¢,-dependence for the sake of
readability, it is implicitly assumed that all expressions are evaluated at ¢.

As a consequence of all expansion coefficients A, with n > 3 vanish. The three and
four-point couplings are then given by

r®0)=1%(0)¢y, A, =T"(0). (B.57)

With|(B.50)|we can express the minimum of the effective potential in terms of the curvature
mass and A,, yielding

3m?2
2 curv
¢0 - l_.(4)(0) ’ (B.58)

Using|(B.58), the three-point function is expressed in terms of the full two- and four-point
functions at vanishing momentum,

Ir®(0) = /3T®(0) M wyy - (B.59)

Evidently, in the classical limit with Z, =1 and p; = 0, the curvature mass agrees with the
pole mass. This limit is approached for asymptotically large pole masses, where the effective
coupling A, /m e tends towards zero. Hence, the ultraviolet effective potential Vy(¢) with
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k = A — oo is augmented with a classical dispersion with u = —A? and the initial (classical)
coupling A, = A4,

1 9 22 ,  6A?
V() = de) (¢ - 4)0) > b5 = K ) (B.60)
for ¢2 > ¢§. The initial curvature and pole mass are given by
M2 e = My = 2A%. (B.61)

With these approximations, the real-time flow of the two-point function in the broken phase
reads.

. 1 g &(2)
o (w}) =% (Dpol(wi) - thJJ‘wi)) TADp(w}) +4K* =38, (B.62)
The prefactors are given in Appendix B of [7] and § g) is given by
8 = diagramms (p? = —2k?) (B.63)
ct : )

Additionally to the polarisation topology, we note that flow equation in the broken phase differs
from that in the symmetric phase. The constant part of carries an additional factor of 2.
This resembles the additional factor 2 of the squared pole-mass in the broken phase compared
to its symmetric phase counterpart. Also the prefactor of the tadpole diagram deviates from the
symmetric case, since it includes the implicit k-dependence of the internal lines via the flowing
physical minimum.

Resumé

In both phases, we have a positive curvature mass m ., > 0 on the equation of motion ¢. Its
value is related to the pole mass m 4. = k in the symmetric, and m 4 = 2k in the broken
phase. The difference between the flows is the existence of vertices I'®"*1 in the broken
phase. They are proportional to sums of powers of ¢, see and hence vanish in the
symmetric phase. Specifically, the flow of the two-point function in the broken phase contains
the diagrammatic topology of a vacuum polarisation.

This leads us to the following structure: the CS flows are initiated deep in the symmetric
and deep in the broken phase for large pole masses and a given classical coupling A4, see
[(B.52)]and |(B.60)| respectively. For the broken phase this entails, that also the field expectation
value at the initial scale is large as it scales with A, see[(B.58)|and [(B.60)| Then, the pole
mass is successively lowered and for k = 0 one reaches the phase transition point from both
sides. In particular, the flows do not leave the broken or symmetric phase. This is in seeming
contradiction to the standard fRG picture in a scalar theory, where flows in the broken phase
may end up in the symmetric phase, and those in the symmetric phase end up deeper in the
symmetric phase. This apparent contradiction is resolved by the fact, that ¢ in the standard
fRG is defined from the subtracted EoM. There, the trivial cutoff flow, which is o< kzgi), is
subtracted from the effective potential, and one recovers physics only in the limit k — 0.
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B.5. Formulae: Functional flows for complex effective
actions

This section is taken from [4] and provides additional technical details which compliment the main
text.

B.5.1. The Polchinski flow

In this Appendix we briefly recapitulate the derivation of the Polchinski equation [68] for a
scalar theory. All correlation functions in Euclidean field theory can be obtained from the

generating functional. The generating functional is defined by its derivatives, see|Equation (3.1)
It can, however, also be linked to an explicit path integral representation;

Z[J]= f dey e—S[Sﬁ]_% Jx tka¢+fo(x)<p(x)’ (B.64)

for a given theory of the real scalar field, ¢ € R. In accordance with the general procedure of
the functional renormalisation group, we have already introduced the (infrared) cutoff term
in The cutoff term R, suppresses all contributions with p? < k? to the generating
functional. The correlation functions, derived from the generating functional Z[J ], are the full
ones including their disconnected parts. The connected parts are derived from the Schwinger
functional

W, [J]=logZ[J]. (B.65)

Important examples are given by the mean field in a given background current,

SWi[J]
J]=—"7 B.66
BT =, (B.66)
and the propagator,

G = (e = W21, (B.67)

where the subscript . stands for connected. The flow of Wi [J] is given by

1 2

B WilJ] =~ Tt 3R, [(WOLT+ (WD)’ . (B.68)

[Equation (B.68)|and its generalisations are the master equations for the derivation of flow
equations for the Wilsonian effective action (generating functional of amputated connected
correlation functions), the 1PI effective action (generating functional of one particle irreducible
correlation functions), functional symmetry identities, and further generating functions.

The derivation of the Wilsonian effective action continues, by using the inverse classical
propagator in the current. This removes (amputates) the external legs from the Schwinger
functional W [J],

J=5P¢, with s =5P[¢,]+R,, (B.69)

with a given background ¢, which can be chosen conveniently. The respective generating
functional,

Setex[$1=—Wi[SPp1, (B.70)
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is the generating functional of amputated connected correlation functions. This amputation is
elucidated at the example of the one- and two-point functions,

@ OWilJ] _  OSeirkl @]

S
2 2
@8 WilJ] 2y 07 Sessil®]
S o K T T g B.71)

The flow equation for the Wilsonian effective action S [¢] can be obtained by inserting

(B.70)|or rather|(B.71)|into the master-equation |(B.68)| It is given by

(a +J ?5 2,6y 5¢)seff,k[¢1 = 1560 [s2061-(sQ101) ], @72

with the classical propagator

) 1 1
£ 5@ S@Igo]+Ry

This is Wegner’s flow [(3.20)| with the kernel|(3.25)| and the anomalous dimension|(3.28)|as
discussed in

Note that for cutoff-dependent (evolving) backgrounds ¢, the t-derivative in J, also
hits the field. When expanding the Wilsonian effective action about its classical (or rather
UV) counter part Si[¢ ], the trivial flow for the cutoff term is apparent. Already in the case

of real external fields, we find some inconveniences with this formulation. For example in
(0)

(2)
Sk

the investigation of chiral symmetry breaking, G, runs into a singularity at some k > 0, thus
necessitating a formulation in evolving backgrounds. This observation motivates the choice of

an expansion about an RG-adapted propagator (see|Section 6.1.1)), already in a real setting.
Continuing with the derivation of the classical expansion of the Polchinski flow, we separate

the full two-point function from the effective action,

sl 8] = sl b0l - 3 f ¢ 5 ¢01d. (B.74)

This split eliminates the trivial running of S®[¢,] from the flow and makes numerical compu-
tations more convenient. Inserting (B.74)|into the Polchinski flow (B.72)|leads us to the flow
of the interaction part S;, x[¢ ]

int nt.

1 2 1
0:Simil@]= 5 Tr .G (52,161 (s0101) | + 560 as?, (B.75)
where the second line is ¢-independent, but ¢-dependent.
B.5.2. Field expansion and flows of n-point functions of the RG-adapted
flow

This Appendix contains some technical details of the derivation of the RG-adapted flow derived
in[Section 6.1.2] With[(6.6)} the one-point function is simply

¢ =—Gil$olSy,[0], with ¢ = (). (B.76)
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This entails that the one-point function encodes the information about the expectation value ¢
of the field (up to the propagator). The latter is given by the two-point function,

S0, ¢o] = Gy [do] = — (TCdo] + Ry ) . (.77)

with the 1PI effective action I [ ¢ ]. We emphasise that|(B.77)|entails that the argument ¢ of
(2)
S

ad  1s the difference field to ¢, the possibly k-dependent expansion point. We have

Saal1=—3 J (¢ +@)G; [$ol( + )+ ASerld, 6] (8.78)

Finally, the higher n-point functions S (ff .~ encode the interactions. We now disentangle the

flow of the latter from that of the propagator Gi[¢,] or rather 1"152)[¢0]. This is the crucial
ingredient of the RG-adapted flow for Sqyp, [(6.13a)]in Section 6.1.2, and reads

1
81790l = 5 Tr 6 [S) ,[0]—25()) [01S) 0] (B.79)

In|(B.79) the vertices Séi’:i[O] enter as well as the one-point function. The latter is given by
(B.76)|with the flow

1
(8 +Yayni) Siyn i [0] = ETrcékSé‘:’;’k[O]. (B.80)

Finally, the flow of the interaction part,

Sinek[ 1= Sayni[$1— S50 [018 (B.81)

is given by

(3t+f[¢Ydynk+@k]5¢)sim,k[¢]:%Tr(gk [8imil1- (Sfjﬁk[qs])z], (B.82)

with
D = 6S4yn [0,
§® 2) 3 @ 2
1ntk|:¢:| Slntk[¢] Slntk[o].qb ZSmtk[O:l'q5 : (B’83)

The definition of the Schwinger functional in the complex plane suggests an ambiguity in the
definition of the complex part of|(B.82)|due to the complex logarithm.

B.5.3. Large cutoff limit

To begin with, one can easily convince oneself that for R, — oo in the limit k — oo, where
the path integral gets approximately Gauf3ian, to wit

Serel#] =5 — f ¢ (& +Re) ¢ +0(9°). (B.84)
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The Wilsonian effective action tends towards the classical Wilsonian action, including the cutoff
term, in the UV, This property is essential in deriving the initial conditions. Strictly speaking
it tends towards the UV-relevant part of the Wilsonian effective action. This holds true for
sufficiently small fields.

The case of general fields is resolved in a indirect way. We utilise that the flow of the effective
action Ty, decays for large fields and only the primitively divergent terms in the action flow.
This leaves us with the limit

Fk—>oo[¢_)] Hscl[(i)] (B85)

This implies that the relation between the current and the (mean 1PI) field ¢ is given by

51"k
J= +R (B.86
5% k- )
For the classical action
e 1 (- o A -
Sale]= EJ ¢SP + Z¢4’ (B.87)

we arrive at

>

J=(sP+R)d+2¢°, (B.88)

which entails that the 1PI mean field ¢ and the Wilsonian field ¢ in |(B.69)|agree up to the
interaction piece. We have

-2 -
b=+ EGI({O)qSB . (B.89)

Evidently, for sufficiently small field we have ¢ ~ ¢ and the Wilsonian action tends|(B.84)| In
turn, for large fields ¢ — oo we have

(b%%GIEO)qBB — q‘w( S(Z)qﬁ) . (B.90)

In any case we have for k — oo,

1 - - A -
IAREE EJ $sP + gf ”, (B.91)
and hence
1 - - A _
Sest k[ @] _)_Ef ¢S;(<2)¢—§J ¢, (B.92)

where ¢[¢] solves
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Figure B.5.: Path choices for an integration of the holomorphic function f at some coordinate z, in the
complex plane. Both the red and blue lines are convenient choices, since the computation
gives . Re[f ] and &.Im[f ] as an output.

B.5.4. Analytic relations for the susceptibility

The susceptibility indicates the response of the magnetisation M to the application of an external
field H and is given by

oM
x(¢y)H:O): _H(¢y7H)|H=O' (B-93)

d
The magnetisation is expected to diverge at the phase transition following|(6.41)| Hence, a
direct, numerical evaluation of this expression is impractical. Therefore, we make use of the
following analytic relation. We start from the definition of the magnetisation, via the equation

of motion|(6.36b)| by taking a derivative with respect to the external field H.

12 g, PMI@N] _ 2%uu BWI()] .94

3 ¢) ¢=¢rom 3H 3 ¢2 ¢=¢rom ’

where ¢, = M is simply the magnetisation, see|(6.36b)| Furthermore, 62den is directly

evaluated in the LDG-scheme (see(Section 6.2.4) and relates to the effective potential of the
Schwinger functional via[(6.34)| Putting everything together, the susceptibility can be evaluated
via

ol
(m2_y = 82Vayn(®)) s =ppn

where mi:o is the RG-time dependent mass at k = 0, depicted ianigure 6.5l ‘Equation (B.95)|

forgoes taking a difficult numerical derivative with respect to H. An additional benefit is easy
access to the divergence, via the zeroes of the enumerator.

x(¢p,,H=0)= (B.95)

B.5.5. Complex integration and holomorphicity

In this section we discuss how we obtain the full potential from the numerical data. For an

explicit complex integration a convenient path in the complex plane can, and should, be chosen
due to holomorphicity, which we implemented in|Section 6.2.3] Possible path choices are

indicated in|Figure B.5
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First, we check if our results are holomorphic: to this aim we integrate along the red and
blue path in|Figure B.5|and compute their relative error given by

Aq = frea " Toiue (B.96)
I red
The Cauchy-Riemann equations are used to obtain the respective y derivatives. The relative
error remains below 1072 for all schemes up until ¢ = 2. From there on, a small numerical
error is generated, which stems from the interpolation of steep structures in post-processing.
Generally, all integrated results are obtained by integration along the red path. Although
ideally both paths should yield the same result, the numerical precision along the red path is
superior: The numerical grid, and thus the high numerical precision, follows the real direction.
Therefore, the biggest contribution to the path should follow from a horizontal line, whereas
the vertical contribution should, preferably, be small. The red path is now favoured by two
observations:

* Symmetry dictates, that either the real or imaginary part of the function f is zero on the
imaginary axis, i.e. the vertical red path.

* The imaginary part on the real axis is zero, i.e the horizontal, imaginary blue path does
not contribute at all.

B.6. Formulae: The quark-meson model

This section is taken from [[1 ] and provides additional technical details which compliment the main
text.

B.6.1. The large-N; limit

Some of the numerical results in [Chapter 8|are obtained in the large-N; limit of the flows, as it
simplifies the numerical treatment significantly: it eliminates the second derivative terms in
the sigma meson mass term. We are left with only the pion loops as well as the quark loop.
The pion loops constitute the flow of a pure O(N)-theory in the large-Ny limit as considered
in [65] with discontinuous Galerkin methods. Such a non-linear first order system is solved
using approximate Riemann solvers. These solvers rely on the assumption that the solution is
dominated by one strong wave, for more details see[Appendix A] This assumption holds if the
flow is dominated by contributions of the pion and quark loops, which is always ensured in the
large-Ny limit.

This simplification is also helpful when considering systems of multiple differential equations.
However, it will also be instructive to make a comparison between both the finite N case and
the large-N; limit in the case with constant Yukawa coupling. Moreover, we can simulate the
physics case, Ny = 2 and N, = 3, with a suitable chosen large-N; limit:

To begin with we keep the ratio of color and flavour fixed to that of the Ny = 2 quark-meson

model in QCD,
N, 3
— == (B.97a)
Ny 2

With [(B.97a)|we keep the flavour-colour balance of QCD intact. This ensures that the contri-
butions of the quark-loop are not suppressed by 1/N;. Moreover, the flavour-colour ratio is
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certainly of crucial importance for e.g. the question of the existence and size of a quarkyonic
phase. Finally, we consider the following generic rescaling of p, Vi.(p) and hi(p),

N2—-1 N2—-1
f f N,
PN P Vilp) — N Vi(p), hi(p) = 4 Nz—lhk(p)' (B.97b)
TT T
f

The factor N, in|(B.97b)|is introduced to simulate the flows of a quark-meson model with N,
pions instead of one sigma meson and three pions. Both cases are relevant for the physics of
two-flavor QCD or the two-flavour QM-model.

In the chirally symmetric phase for large temperatures and cutoff scales, the pions and the
sigma are degenerate on-shell at p = 0. The second derivative term vanishes 2p V" (p) |p:0 =0,
and the on-shell o-propagator agrees with the pion one, and the (on-shell) flow equation
resembles that with four pions.

In turn, in the broken phase, the o-mode develops a mass and quickly decouples from the
dynamics of the system. Then, the (on-shell) dynamics of the theory is driven by the three
(massless or light) pions. From previous fRG investigations of the quark-meson model as well
as QCD we know that the mesonic dynamics in the broken phase is of sub-dominant importance
for not too large chemical potential. This suggests that the N = 4 case should mimic the
two-flavour case best. A full discussion of the comparison is provided in and
Section 8.2.2

With the limit Ny — oo and we derive the flow equations for large-N; Yukawa
coupling, h}(N(p), and effective potential, VklN(p),

k> (N 4%x2x%x3
INf .y _ n n q q
3V, (p)_lznz{el’f(lJran(ek))_ GZ (1—nf(ek+u)—nf(ek—,u))}, (B.98)
and

By (p) = = ANvs (B ()Y LT (i o2, 4 T, ) = 2Nvsk* (i ()Y 1P (m?, 7).

(B.99)

This concludes our derivation of the set of flow equations in LPA. Numerical results for finite

Ny and the large-N; limit are presented in

Flows in the large-N; limit

In this section the quark-meson model flows in the large-N; limit are reformulated to simplify
their numerical treatment. [Equation (8.3)|and [(B.98)|are rearranged following the idea of
Here, the dependency on the first derivative can be eliminated by introducing it
as a new variable, which coincides with the pion mass squared,

ue(p) = 3, Vi(p) =m?2 ;.. (B.100)

The flow of the Yukawa coupling at finite N is given by a highly non-linear equation of second
order. Since it can not be made to fit the form given in[(A.1)] it is not solved within the direct
DG framework. However, the expression simplifies significantly in the large-N limit and|(B.99)
can be written to suit the formalism. [Equation (B.99)|is rewritten in terms of the quark mass
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squared mg(p), as we are primarily interested in physical observables. Thus, a new variable is
introduced,

wi(p) =2k (p)*p = mc21,k . (B.101)

Appendix B.6.1|explains how the ambiguity in splitting the conservative and non-conservative
contributions to the flux are used to accommodate boundary conditions. For completeness the

final form of the equations is stated,

Gty = 0p fu(uwie, wi),

I wy =0, (a(wwi) — (Wi d,a(ur)) 0, u + s (wg, wy) .- (B.102)
This version of the equation has the advantage that the non-conservative product is rather
small in comparison to the conservative part.
Explicit equations

The flow equation of the pion mass is obtained by taking a p derivative of the effective potential.
In case of the large-Ny model this is given by,

k¥ (N . 4x2x3
o (p) =3, [—12 . {—:[Han(ek)] - —q[l—nf<ei+m—nf(ez—m]}] -
T ek Ek

(B.103)

The flow equation of the Yukawa coupling in|(B.99)|is rewritten in terms of the quark mass
squared mg(p). To this aim, we multiply the original flow equation by 4h(p)p, which gives

Owy =4hpAluy ), hy + 4ph£B(Wk, u) = 2pA(uk)3phi + 4ph£B(wk, ug)
=A(ug)dpwyi — ZhiA(uk) + 4ph;lB(wk, ug) (B.104)
w
=A(ur)d,wi + Fk[WkB(Wk; u) —A(uk)] ,

where

A(m?2 T, 1) = —2N, k2P D (m?2 5 7)), (B.105)

m,k?

corresponds to the contribution of the pion tadpole diagram and

4
B(mg 3. 1 T, p) = —4Nvs Ly (m2 o m2 5 T, ), (B.106)

to the mixed contribution in|Figure 8.1| The explicit form of the threshold functions is given in
‘Appendix B.7.2]

Calculation of the non-conservative numerical Flux

The flow equation for the Yukawa coupling|(B.99)|was reformulated in|Appendix B.6.1/to suit the

general form of the partial differential equations given in|(A.1)|and contains a non-conservative
flux term and a source term s,

O wi =A(uk)3ka + s (g, W) . (B.107)



B.6 Formulae: The quark-meson model 221

The exact definition and derivation of the appearing terms is given in|(B.104)

The formulation requires the computation of a non-conservative flux, using the integral
derived by the jump condition in [Appendix A]in[(A.5)] We chose a straight path across an
interface,

w(s)=w +swm—w7),
u(s)=u +s(ut—u).

We note again that this is a path along the solutions u and w and not a path in the ’spatial’
coordinate p. The straight path was chosen because it is often the simplest choice for the
evaluation of the integral. In our case the expression simplifies so much that it can be evaluated
analytically, due to the explicit form of the equations, where the non-conservative flux is given

by
AE)) = 8,8 (u(s)) = ———2g (u(s)) (B.108)

This gives

D(ut,u,wh,w™ n)_Z(u+—u )f 3g(u(5))3g/§5) ds + C[[w]

nguH—gw) .
= - +C , B.109

AT w"—w7) [[w]] ( )
where we used in the last equality that J,w is a constant expression. Instead, the constant C is

simply the absolute value of the jacobian matrix.

1
:f |A(u(s))n| ds. (B.110)
0

Often, it can be approximated as the maximal characteristic speed of the non conservative
product. Note that for constant u across the interface M A(u), such that we recover
a conservative flux for constant u. There is a large set of paths across the interface that lead
to the same value in the integral, due to the fact that A can be written as a derivative of u.
This hints at the possibility that there might be a conservative formulation for the system of
equations.

Since this formulation only allows flux boundary conditions for conservative fluxes a partial

integration is performed,
A(uk)apwk = 8p(A(uk)Wk)—Wk8pA(uk). (B].].].)

We now have a conservative flux A(u; )w, the proper in-/out-flow boundary conditions for w;
and a very small non-conservative flux contribution D’ accounting for jumps in u,

D’ = D —[A@w)w; —A(u; )wi 1. (B.112)

This contribution is very small when u; is smooth and only contains small jumps across
interfaces. It obviously vanishes at the outer boundary since there we have u; = u;". Thanks to
this formulation of the equation the maximal wave speed of the non conservative product is
rather small and can be neglected in practice. In the general case however the inclusion of this
term is important especially if the non conservative product are the only convective term in the
equation, since it introduce the necessary numerical dissipation to make the numerical scheme
stable.
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B.7. Expressions for the flat regulator
This section is taken in parts from [1]and [9].

Many of the current applications use a 3d or 4d flat cutoff, since it is the optimal choice in the
commonly used local potential approximation. In the following, we summarise the expressions

for the regulator |Appendix B.7.1|and give the explicit expressions for the momentum integrated
loop-diagrams in [Appendix B.7.2|for this explicit regulator.

B.7.1. Regulators

In the present work we often use the flat or Litim regulator, see [308]. The flat bosonic regulator
is given by,

1
Rp(p) =Zpp? 1(x), rp(x)= (; - 1) 6(1—x), (B.113)
with x = p2/k?, and the fermionic one reads
1
Rp =Zppre(x), rF(x):(ﬁ_l) 0(1—x). (B.114)

Zg 1 and Zp indicate the wave functions evaluated on some background, for the corresponding
particles. The specific choice is indicated with the application. For example in LPA we set Z = 1.
Furthermore the gluon regulator is given by

2
(D), G0 ) = Zaspo)a? o (/) (8,0= 25 )+ (@) (L), 1)
in the Landau gauge with & — 0.

At finite temperatures, we resort to a spatial cutoff (usually three-dimensional), where
we replace the p = (py, p) dependence in the regulator with a purely spatial momentum
dependence p and accordingly x = p?/k? — p?/k>.

The flat cutoff is optimised for the Oth order in the derivative expansion, which is used
throughout this work, [127,129,/130].

B.7.2. Common threshold functions

This section is a compilation of threshold functions. First we perform the Matsubara summation
and secondly we perform the momentum integration. Since we are surrently considering a
flat regulator, the momentum dependence drops from the denominator and both steps can be
neatly separated. This is different when smooth regulators are used.

Matsubara summation

The threshold functions are computed in terms of the scalar parts of the propagators with the
flat cutoff, see[Appendix B.7.1l The bosonic and fermionic ones are given by,

1
(qo/k)?+1+m2’
1

((Go + iuq)/k)2 r14+m2

Gy(g,m*) =

(B.116)

Gs(q,m*) = (B.117)
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respectively. The Matsubara frequencies read qy = 2jnT, with j € Z for the Bosons and
4o = (2j + 1)nT, with j € Z for the Fermions. With renormalised dimensionless masses
m=m/k.

The threshold functions, in which we perform the Matsubara summation, are defined in the
standard way. Firstly, we consider fermionic and bosonic loops that contain n, n,, ... fermionic
and bosonic particles, that is

T

By (m*; T) = m Z (Gyp(g, m®)",
j
T n
Finy (3 T, pg) = E > (Grlg, )", (B.118)
j

for loops with a single particle. For multiple particle loops they follow the scheme

T
FB(u, ) (R, 5 Toig) = 1 2 (G5 (a. D) (Golg, )™

J
. T _ _
BB, 1) (M3, M55 T) = zZ(Gb(q,mbl))’“ (Gplg,m2,))"™ . (B.119)
J

The n + 1-th function can be inferred from the n-th by taking a derivative with respect to m?
=2 1 =2
P(n+1)(m ) = —;aﬁlzp(n)(m ), (B].ZO)

where P € {B, F}. Naturally, generalises to multiple particle loops, i.e. FB(ny,n,) are
obtained in a similar fashion. This follows simply by taking the structure of the scalar part of
the propagator [(B.116)|into account. Therefore it suffices to compute the lowest threshold
function with n = 1 for which the Matsubara summation reads

coth(E—k
B mz; T) = ety ,
a( ) o5
tanh ( (E_;;q)k) + tanh ( (EJ;‘;q)k)
Foy(?; T, pg) = : (B.121)

4E

where the dispersion relation is given by E, = 4/1 + ﬁii. We note, that we chose to indicate
the threshold functions in terms of hyperbolic functions instead of the conventional choice of
thermodynamic distributions. The definitions are equivalent to the expressions used in [51,58].
The notation is changed to accommodate the need for higher numerical precision in a field
dependent formulation. The loops containing a fermionic and a bosonic species each are
evaluated to

FB(y,1)(1f, m3; T, ug) = k2 /4

Ef k—pu Ef k+u,
( tanh( L q)/Ef N tanh( L q)/Ef
kz(mlz)—m}%)+(nT+i,uq)2—2kiEf(7TT+i,uq) kz(m%—m?)+(nT+i,uq)2+2kiEf(nT+i,uq)

coth(EzLTk)/Eb coth(EzLTk)/Eb )
—kz(mi—m)%)+(rrT+i,uq)2+2kiEb(nT+iuq) —kz(mi—mjzc)—i-(nT+i,uq)2—2kiEb(TrT+i,uq) '
(B.122)
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Furthermore, we have loops with two boson species, with masses mb and m?2,, and one fermion

given by,

b2’

FBB(l,l,l)(rh)ZfJ ﬁlip ﬁliz; T, .qu) = k2/4

( kztanh( 2T“")/Ef
+
[G(RT +ipg) + kEp)2 —k2E2 |[(((nT + ipy) + kEf)2 — k2E2, |
K> tanh (57 /E;
+
[G(RT +ipg) —kEf)2—k2E2) | [((nT +ipy) —kEf)? — k2E2,) |
COth( ) /Ebl [ 1 1 ]
+
my —m?, | (=i(nT +iuy) +kEp;)? — sz)% (—i(nT +ipg) —kEp )2 — sz)% |
COth( ) /Eb2 [ 1 1 ] )
+ + :
m%z m%l | (—i(nT +iug) + kEpy)? — k2E)% (—i(nT +iug) —kEpy)? — sz)% ]
(B.123)
Loops containing only bosons from different species are evaluated to
, o 1 coth ( KEpy ) coth (kEbz )
BB (M2, ,m2.:T)=— B.124

Momentum integration

With the flat regulator function the momentum integrations ia somewhat trivial, since the
denominator of the propagators is completely momentum independent. In the presence of
an anomalous dimension however, we obtain differing prefactors. To this aim we define the
threshold functions Z(()B/ B in q space-time dimensions. They are related to bosonic/fermionic

loops and are defined as follows

i 2 Mgk _
PO enes D= (g Poien. e
and
1 Ny .k _
K02 oy T = —— (1= =25 ) Fy (72, s T, (B.126)

where the Matsubara sums By, F(7) are given in|(B.121)| Higher threshold functions lle/ Ed)
are again obtained by the respective derivatives|(B.120)
Similarly, the momentum integration over mixed fermionic/bosonic loops yields

(d) _9 _9 . _ 2 T)d),k T)lp,k
Lo (g0 0% o Mg M g T 1) = 1-1 [(1 T I+l )FB(LZ) +(1 i )FB(z,n] :
(B.127)



APPENDIX C

Side notes

C.1. Additional material: Gluon condensate

C.1.1. UV Asymptotics of the effective potential and regulator
independence

The present work utilises the ghost and gluon propagators from [[47]; which has been obtained
within a quantitative approximation to the full Yang-Mills system. There, and in respective
works in QCD, [[44,48,125]] it has been checked that the choice of the regulator is of subleading
importance for the propagators at vanishing cutoff scale, which is one of the self-consistency
checks that goes into an estimate of the systematic error.

As mentioned at the end of [Appendix B.2.3] the relatively sharp regulator here delays the
onset of UV asymptotics and hence the onset cutoff scale k 2 k,, of the regime in which the
effective potential reduces to the classical form|(4.56)] For the sake of convenience we recall it,

2
k2kon — F? 1 &

7 = e Wz m

(C.1)

In this regime the flow is simply a linear function in F2? with the slope 8,1/(16ma;). Hence, for

large cutoff scales we have,

_ at as (k) ]- F2
a,(k) 16may(k)

ath(Fa) - (C.2)
The coupling a, in|(C.1)|is the background coupling which has the same (two-loop) universal
B-function as the fluctuation coupling o g, = gs2 /(4nZ, ZCZ) computed in [|47]. However,
the equivalence of the perturbative -functions still allows for a global rescaling a; = ¥ a; gy
whose value is checked by comparing the two flows for k — kyy,

16na, 5.
7= lim — sfue %k 0. (C.3)

F250 0,0y F?

This fixes our initial condition, and in |[Figure C.1bjwe show both, the respective integrated
flow, [Figure C.1a} and the full cutoff dependent effective potential that also involves the initial
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F2 [GeVY

(a) Integrated UV Flow of the effective potential, (b) Effective Potential #;(F®), defined i for F® =
Wi (F*)— W, (F"), defined in@ for F* =F5 F& as a function of F? in the regime 0 < k < kyy =

as a function of F2. Here, ki, = 20 GeV. The substruc- 20 GeV. The substructure for k,, 2 k 2 1 GeV resolves
ture for k,, 2 k = 1GeV resolves the shape of the the shape of the regulator|(B.18)| For k = 0 see also
regulator|(B.18) Figure 4.1

Figure C.1.: Cutoff dependence of the effective potential.

condition, |Figure C.1b| The integrated flow from the UV scale kyy = 20 GeV to a general cutoff
scale k is given by

v gk
W(F?) — #y, (FF) :_f SO (C.4)
ke

One clearly sees the linear dependence on F? for k — kyy. At lower scales k — k,, with
kon A& 14 GeV the transition regime sets in, in which the integrated flow resolves the shape
function. Finally, for physical cutoff scales k < 1GeV, the form of the shape function gets
irrelevant and the integrated flow is getting smooth again. This shows very impressively that
the information about the shape function is integrated out and disappears in the physical limit
k— 0.

We have also checked that the effective potential #,4(F“) is RG-consistent . This is
the simple requirement that #,4(F“) does not vary if the flow is initiated at another cutoff scale

5 : : :
= ) =20 GeV &
Ol == kyy=18 GeV
= k=15 GeV o
-5+ b ,-"r.

Eff. Potential ‘Wes(F°)

I
-
o
<

00 05 10 15 20 25 3.0
Condensate Field F* [GeV?]

Figure C.2.: RG-consistency of the effective potential #,;(F®): It is shown for integrating the initial
effective potential|(C.1)|at different initial cutoff-scales k,, = 20,18,15 GeV to k = 0. The
result is independent of the initial scale (RG-consistency).
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10

5: k [GeV]

F? [GeVY]

Vo
Figure C.3.: Effective Potential #,(F%), defined in|(4.55)| for F* = F6% as a function of F? obtained

from integrating the flow with the regulator|(C.5)} In comparison to |Figure C.1b|the
regulator is much smoother, which translates to the smoothness in k,;, 2 k 2 1 GeV.

kyv. Accordingly, it is a consistency check on the initial effective potential # .
depicts the physical effective potential #,(F?), obtained from computations with kyy =
15, 18, 20 GeV. The initial effective potentials are given by where the scale dependency
of the coupling a, is obtained from the 1-loop beta function of the background coupling. These
computations confirm the quantitative validity of the one-loop estimate for #; _for these large
initial cutoff scales. In turn, for lower cutoff scales, the one-loop form is gradually lost which
can be easily seen by the substructure (in F2) of the flow.

Finally, we also report on results for the effective potential obtained by integrating the flow
with a smoother regulator

R(p)=k2e /¥ (C.5)

Such a regulator decreases the numerical effort considerably. Note that this is not a self-
consistent computation as it also requires cutoff-dependent propagators computed with the
same regulator However, we use this as a stability test of our results, and hence a further
systematic error control. The respective result for the cutoff dependent effective potential is
shown in and one clearly sees that the use of a smoother regulator removes the

substructures in the flow. The minimum value of F? at k = 0 is given by
(F?);, =0.93(14) GeV*, (C.6)

to be compared with|(4.61)| These values compare well, which informs our estimate of the
systematic error.

C.1.2. Fitting procedure

Formally, the coefficient Z,,4 inis defined via an operator product expansion of the
gluon propagator, and stems from the local operator[(4.17)] The present computation of the
effective potential #¢ is detailed in[Appendix C.1.1}|Appendix B.2.4}|Appendix B.2.3|and uses
the scaling propagator from . The latter is obtained within a quantitative approximation
of the coupled set of functional equations for Yang-Mills correlation functions, for respective
DSE results see . In , also decoupling solutions have been computed including a

lattice-type solution, for respective lattice propagators see [192]234].
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r == fRG o Fit results
0.18- == | attice | |=== Linear extrapolation | |

L Zond(Pmin=0)

00 02 04 06 08
Lower fit bound pmin [GeV]

Figure C.4.: Linear extrapolation of Z, 4 to the lower fit interval bound p;, = 0, yielding Z .4 =
0.149(19). The explicit fit results for Z 4 are obtained via a fit ofto the scaling fRG
data of [47] (blue squares), and to the lattice data of [[194}234] (green squares). Z. 4,
being defined as the operator product expansion coefficient should be extracted at p = 0: we
extract this information from an extrapolation of the fit results towards p = 0 (red squares),
and use as a minimal p,;, & 0.8 GeV, below which the details of the implementation of the
IR dynamics begin to matter. The triangular data points mark fit results for p,;, below the
fit regime for the interpolation. The final estimate for Z 4 {(C.11)]and [(4.65)) is obtained
as the mean of the lattice and scaling fRG results for Z_,, 4, whose numerical values can be

found in

The extraction of the p*-coefficient stemming from requires the distinction of the
infrared dynamics in the propagator, which in the present approach relates to the emergence
of the color condensates, from the coefficients of the local operators. This mixing for small
momenta makes it impossible to extract the p*-coefficient in an expansion about p = 0 without
further information on the momentum dependence of the condensate. Instead we shall evaluate
the propagator for sufficiently large momentum scales, for which the condensate vanishes,
(F) — 0. The cutoff scale resembles the momentum scale p, indeed it is introduced in the two-

point function itself as a momentum cutoff. Hence, we deduce from the flow of the minimum
of #  depicted in[Figure 4.3| that the condensate vanishes for p 2 1/2 GeV. Accordingly we
determine Z.,,q from fits

, Z
Zi(p?) = p—g + Zy2 + Zoond P (C.7)

Zeond [GeV_z]
scaling (fRG) 0.168(31)
decoupling (lattice) 0.129(19)
decoupling (fRG) 0.1147(22)
Estimate 0.149(19)

Table C.1.: Extrapolation results for the wave function renormalisation Z,.,4 at p = 0 based on the fit
results for Zyqnq(Pmin) as a function of the lower fit interval bound p,yy,, see[Figure C.4} The
final estimate is obtained as the average of the scaling fRG and decoupling lattice data. In
order to conservatively estimate possible systematic uncertainties (see text), we use the
separate scaling fRG and lattice results as error bars.
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to the gluon wave function Z,(p?) in the momentum regime

pE [pmin s pmax] s (C-8)
with
Pmin € [0.77,1.27]1GeV,  poay € [1.95,2.23]GeV, (C.9)

where the range of values for p.;, is adapted to the data points of the sparse fRG data.

The upper bound p.,., is chosen such, that the interval sustains a Taylor expansion while
containing a sufficient amount of data points for fitting, also adapted to the fRG data points.
Its maximum value is further constrained by the UV boundary of the lattice data from [234]],
which are used for comparison as well as the error estimate, together with the lattice data
from [[194].

The constants Z,,, Z,2 and Z¢,nq in are fit parameters. Here Z,, takes care of the infrared
gapping dynamics, and Z, related to a standard (infrared) wave function renormalisation.
Both parts carry the details of the IR behaviour of the propagator and may vary largely for
different solutions. In turn, the coefficient Z,,4 should not.

We perform the fits for different values of the lower fitting interval bound p,;,. For every fit,
Pmax iS varied between the points in the p,,,, interval, comp. In addition, we transform the
lattice and fRG data sets into the respective (inverse) dressing function and inverse propagator,
and fit those with the respective fit functions corresponding to This provides us with a
Zcond(Pmin) given as the average over the single fit results for the different values of p,,, and
representations of the data set, with uncertainty given by the standard deviation.

Eventually, we extract the wave function renormalisation Z.,,q at p = 0 via a limiting
procedure as

Zcond = » hIE)O Zcond(pmin) . (C~10)

The limit is obtained within an extrapolation of the Z ,,q(Pmi,) discussed below. We extract
Zond from both the scaling fRG data of [47] as well as the lattice solution [234], see[Figure C.4]
and[Table C.1/for the numerical values. We also provide Z,,q from a lattice-type fRG decoupling
solution for comparison in[Table C.1} When lowering the lower fit interval bound p,;,, the
results for Z,,q differ more and more. This can be attributed to the different infrared behaviour
of the two data sets. Accordingly, we exclude as many incompatible data points as possible
from the extrapolation fit regime while keeping enough data for a meaningful prediction of
Zeond(p =0).

As the data from [47] are relatively sparse and hence the respective Z ,,q(Pmin) and the
extrapolation show large error bars, we support this extrapolation with one obtained from
dense fRG data provided in [[392]. While the approximation used in the latter computations is
not as sophisticated as that used in [[47], it allows for a relatively quick production of dense
data. The scaling solution yields Z_,,q = 0.166(33), which agrees extremely well with the

scaling solution estimate of [47[], comp. Table C.1

Our final estimate for Z_,4 is obtained by averaging the scaling fRG and lattice result, yielding
Zeond = 0.149(19). (C.11D)

The error bars are given by the separate extrapolation results for scaling fRG and lattice data
in order to incorporate systematic uncertainties such as the influence of the different infrared
behaviours.
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Figure C.5.: Left panel: Diagrammatic representation of|(C.15), Right panel: the momentum depen-
dence of C(q?) and %(q?).

C.1.3. Schwinger mechanism

In order to facilitate the comparison with the literature, in this Appendix we modify the notation
employed in the main body of the article, denoting by A(g?) and D(g?) the gluon and ghost
propagators, respectively, and by %(q?) and F(g?) their dressing functions: %(q?) := q>A(q?)
and F(q*) := ¢°D(¢?).

According to one of the main approaches put forth in a number of works [|246,(393-396],
the generation of an effective gluon mass proceeds through the non-Abelian implementation
of the well-known Schwinger mechanism [[397-400[]. Within this scenario, the fundamental
vertices that enter in the DSE of the gluon propagator, A(g?), contain longitudinally coupled

massless poles, which eventually trigger the result A~1(0) := mgap.

In particular, the three-gluon vertex, IT},,5(q, 7, p), and the ghost-gluon vertex, I, (q,7,p) ,
are composed by two distinct types of terms, namely

q
]I‘Ma[j(qs r:p) :F;,La[j(qa r:p) + q_‘;ga[jcl(q’ r,P) +ey,

q
I, (q,7,p) =T,(r,p,q) + —C(q,1,p), (C.12)
q

where the terms T},,5(q, 7, p) and T},(q,r, p) contain all pole-free contributions, which may
diverge at most logarithmically as ¢ — 0 [401]. The ellipses in the first relation of [(C.12)|
denote terms proportional to r,/r? or p g/ p?, which are annihilated when contracted with the
transverse (Landau gauge) gluon propagators inside the relevant diagrams of the DSEs, or
tensorial structures that are subleading in the limit ¢ — O.

A detailed analysis [402] based on the Slavnov-Taylor identities satisfied by the above vertices
reveals that

c,(0,r,—r)=C(0,r,—r)=0. (C.13)
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Therefore, the Taylor expansion of C;(q, 1, p) and C(q, 1, p) around q = O yields
9Ci(g,1,p)
op?

C(r2)
9C(q,1,p)
dp2

€(r2)
Thus, inserting the vertices of|(C.12)|into the DSE of the gluon propagator and taking the limit
q — 0, one arrives at (see|Appendix C.1.2) [395]

;lg(l) Ci(q,,p)=2(q- r)[

~

} +0(q?), (C.14)
q=0

lim C(q, r,p)=2(q-r)[ ] +0(q%).
q—0 q=0

3Cha; [ Caa, [
Meap =ﬁf dy %Z(y)[6ﬂasCAY(y)—1]<C(y)+ﬁf dy F2(y)4(y). (C.15)
0 0

In the above formula, a, = gs2 /4, defined at the renormalisation point u where the ingredients
of [(C.15)| have been renormalised, within the momentum subtraction (MOM) scheme; the
renormalisation point has been chosen at y = 4.3 GeV. Moreover, C, is the Casimir eigenvalue
of the adjoint representation with C, = N, for SU(N). Finally, Z(y) and F(y) denote the
dressing functions of the gluon and ghost, respectively, and Y (k?) is an appropriately projected
contribution of the sub-diagram shown in[Appendix C.1.2|

The functional form of the pole residues C(k?) and ¢(k?) is determined from the linear
homogeneous system of coupled Bethe-Salpeter equations that they satisfy. This system is
derived from the corresponding DSEs governing the dynamics of I},,4(q, 1, p) and I;,(q, 1, p),
in the limit ¢ — 0; for further details, see [395].

The resulting eigenvalue problem yields non-trivial solutions for C(k?) and % (k?), for a
specific value of the coupling a,, which depends on the details of the ingredients that enter in
the kernels of the Bethe-Salpeter system. It is important to emphasise that the homogeneity and
linearity of the equations leaves the overall scale of the corresponding solutions undetermined.
The scale setting is implemented by solving the vertex DSEs for general kinematics, using as
input the particular a, that was singled out by the eigenvalue condition. Then, from the general
3-D solution the particular slice that corresponds to C(k?) and ¢ (k?) is identified, furnishing
precisely the correctly rescaled version of the solutions obtained from the system. The final
form of the scale-fixed pole residues is shown in|/Appendix C.1.2|

The next step consists in substituting into |(C.15)| the scale-fixed C(k?) and 4 (k?), and
use refined lattice data [234] for the gluon and ghost dressing functions, %(k?) and F(k?).
The lattice propagators have been normalised at the point u = 4.3 GeV, namely the highest
momentum scale available in this simulation. For the purpose of the comparison with the
results computed in the present work we match the scales of the lattice data in [[234] with that
in [47], which leads us to

mSchwingen — (.320(35) GeV . (C.16)

gap

|Equation (C.16)|is in excellent agreement with the estimate Mgap = 0.322(34) GeV obtained
in the present work, see Both compare rather favourably to the central lattice value
A™Y2(0) = 0.354 GeV. The predominant source of error in the calculation using the Schwinger
mechanism originates from the uncertainties in the non-perturbative structure of the pole-free
vertex I,,5(q, 1, p), which affects both the determination of the function Y (k?) in as
well as the kernels of the Bethe-Salpeter equations that determine the functions C(k“) and

% (k2).
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Figure C.6.: Shock development in the O(N) model at finite N. Shocks can appear in the massive mode
o and translate to kinks in the massless mode 7. The initial conditions for this computation
are given inwith an initial cutoff A = 1. The equation is terminated at k = 0.5 due
to a very small step-size.

C.2. Additional material: On shock development

We investigate the possibility of shock development in the O(N) model at finite N, in particular
the physical scenario N = 4. Shock development can be found in the large-N limit of the O(N)
model for specific sets of initial conditions [|65]]. Furthermore the high density region of the
quark-meson model in the large-N limit also holds the potential for shock development [|1].
Shock development in the quark-meson model is linked to competing order effects at high
densities. Its occurrence is decided by the dynamics and respective strengths of the quark and
bosonic fluxes. In the O(N) model it is much easier to tune the initial conditions such that
shocks develop. The general idea is to create a non trivial minimum in the non-convex initial
potential V,_q(p), which is given by

2 3 4

Vt:o(p)212p+l4% Iy LAy (C.17a)

3 4

We now discuss the requirements of shock formation for different couplings A;. The convective
dynamics of the bosonic/scalar field are such that waves always propagate to the IR, i.e. to
lower field values p. In the absence of diffusion, i.e the large-N limit, a shock builds up in the
massless mode/pion at some position p, # 0 if the flow towards the IR is sufficiently jammed’
at some value p < p,. This translates into the requirement F(p) < F(p,) for some p < py,
where F refers to the pion flux. In the large-N limit of the O(N) model, it is possible to create
shocks in a ¢ potential, i.e only using the couplings A,, A, and Ag, while g =0 in
see [65]]. At finite N, shock development becomes harder to grasp. The dynamics shift towards
the massive mode/sigma. The sigma mass mff =3,V +2pd PZV contains a second derivative
term which acts as a non-linear diffusion term in the pion-flow F. With this additional
diffusive contribution the ¢ initial conditions are no longer able to produce shocks in the
current setting. This scenario changes, if we include higher orders. Using the initial conditions

Ay =025, A, =0, Ag =—0.5 and Ay = 0.25, (C.17b)

at A = 1 we discover the formation of shocks in the massive mode, compare [Figure C.6
Interestingly, the non-linear diffusion term in the pion-flow F allows for the formation of a

kink, but not of a shock in the pion mass mi = 0,,V. |Figure C.8|demonstrates nicely, how a
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Figure C.7.: The effective potential V;(p) in the vicinity of the phase transition at 4 = 0.30 GeV

and p = 0.32 GeV (Figure C.7b) in the large N; limit with N, = 3.
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Figure C.8.: Shock development at high densities. The potential derivative ,V,(p) is plotted in the

vicinity of the phase transition at u = 0.30 GeV (Figure C.8a) and u = 0.32 GeV (Figure C.8b)

in the large Ny limit with N, = 3. The numerical oscillations around the shock were flattened
out by a minmod slope limiter. The figure depicts the grid points on which the computation
was carried out.

kink in the massless mode 7 translates to a shock in the massive mode ¢. Due to the high
numerical cost in the precise evaluation of shock development in convexity restoring flows, we
terminate the computation in at k = 0.5 with a RG-time step-size < 107'°, Further
investigations in this direction are deferred to further work and require technical improvements,
such as the correct limiting procedures or improved time stepping schemes.

In summary, we can report on the appearance of shocks and non-analyticities in the O(N)
model. The development of a shock is tightly linked to the form of the potential and requires
the formation of a non-trivial minimum at finite RG-scale k, as well as higher order scattering
processes at the UV cutoff. These conditions cannot be excluded in more elaborate models, for
example low energy effective models of QCD at high densities. Hence, we hope to present an
in depth analysis of shock development at finite N in connection to first order phase transitions
in future work. A similar studies have been done in for the large-N limit.
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Figure C.9.: Plots for the computations on the position of the numerical blow-up. The blow-ups are
located at J, = 3.3659(42)i (and J, = 3.002(1)i) ind = 4 (and d = 0). We show the
raw data in d = 4, which is directly obtained from the RG-adapted flow|((6.29)| From
this we compute the full potential and fit the exact position of the singularity. The

fit-function is indicated in|(C.18)|and the fitted parameters are given in|Table C.2| All units

are given in terms of the UV mass m = 1 with an initial cutoff A = 5.

C.2.1. Shock development at large-N;

In this section we illustrate the dynamics of shock development in the large-Ny model. In
Section 8.2|we distinguished two scenarios of shock development which are both illustrated in
Figure C.8) |[Figure C.8a[shows the pion mass/the potential derivative in the broken symmetry
phase, where the shock eventually proceeds to move to unphysical values for p. This leads to
the creation of a temporary maximum in the potential, depicted in which flattens
out again for k — 0. shows the typical form of a potential in the broken symmetry
phase with a degenerate global minimum at k = 0. Inthe shock freezes at some
positive finite value. The temporary maximum still vanishes due to convexity restoration,
however it remains at a positive value such that the potential in the symmetric phase has a
unique global minimum at oy, = 0 GeV. The shock-position and the position of the temporary
maximum coincide in the deep infrared.

C.3. Additional material: Functional flows for complex
effective actions

These appendices are taken from We provide additional material on the parabolic blow up of
the RG-adapted flow. Furthermore we give results and the flow equations of different generating
functionals.
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C.3.1. The parabolic blow-up

In|Section 6.3.2‘ and|Section 6.4‘ we compute the dynamical potential Vyyy, 1 (¢), and thus the
Schwinger functional W[J ], in the complex plane. Convergence is achieved until some critical
value of the current J.. For |J, | > J, the numerical solution displays a blow-up, i.e. it develops
a singularity at some finite k > 0. This possibility was discussed in[Section 6.2.1] The existence
of complex poles in the potential of the Schwinger functional follows from the analytic structure
of the equation, see [264,403]. In d = O the blow up can directly be associated with the
zero of the generating functional. In any case, the numerical blow-up is the final slice, for
which the expansion around ¢ in the RG-adapted scheme still applies. The last converging
computation in d =4 is at ¢, = 3.25 (J ~ 3.35). Although we are not at the pole position yet,
there is a premature blow up in the equations due to the numerical approximation scheme.
The occurrence of oscillations around discontinuities is expected in numerical schemes using
polynomials and is generally accounted for in the numerical fluxes. In the close proximity of
a blow up, the arising oscillations create negative diffusion, which causes an instant failure
of the computation, or prematurely triggers a blow-up. These issues can be dealt with using
positivity preserving LDG-schemes, see [317]], but is not within the scope of this work.

The converged slices are interpolated in ¢, direction. To resolve the real direction we use a
grid from ¢, €[—3,3] with a polynomial order N = 2 and a cell number K = 200, to further
reduce the occurrence of oscillatory behaviour. In[Figure C.9|we show the raw data from the
evaluation of the RG-adapted flow[(6.29)l The build up of the singularity is clearly visible, all
other structures of the potential vanish in comparison.

We are now interested in obtaining the exact position of the divergence from the derivative
of the effective interaction potential. We make use of the Cauchy-Riemann equations to obtain
the expression for the real part of the dynamical potential,

by ’ aRel:den] , 2 , alm[den]
Re[vdyn(oz ¢y)] = J;) d¢y T%/(O, ¢y) = —JO d¢y Tﬂc

/
0,¢)).
Furthermore, we obtain the full potential of the Schwinger functional from|(6.34)} Since we
are investigating a zero of the generating functional, we use a logarithm as a fit function.
To accommodate the overall structure of the potential, we add a mass parameter c, which
significantly improves the stability of the fit. This choice is further supported by previous

Fit param. a b J, c

d=0 0.388(90) | 1.0008(55) | 3.002104(65) | —0.281(12)
d=4 9.7(88) | 1.24(41) | 3.3659(42) | —0.99(91)

Table C.2.: Fit parameters to the fit in and plotted with the data-set in The error to
the fit parameters in d = 4 is given by removing/adding the last 10 data-points from/to
the fit. The d = O fit only uses the data-points left of the singularity. Here, errors were
obtained by adding 25 data-points to the fit interval (generated from the numerical integral).
Surprisingly, we find that the fit allows for big deviations in the parameters a, b and c. The

position of the singularity, however, is barely affected by adding/removing data points from
the fit.



236 C. Side notes

analyses [403], which suggest a simple, purely imaginary pole in the first derivative of the
potential. The fit-function is given by,

Re[w(0,J,)] =cJ§+a+blog(Jc—Jy), (C.18)

where J, is the position of the singularity. To check if this function is able to fit the position
correctly, we perform a benchmark check in d = 0, additionally to the d = 4 data. In d =0 we
evaluate the integral (3.2)|directly, as discussed in[Section 6.3.3| The fit parameters are given
in[Table C.2| The fit error is determined by adding/removing data points from the fit-interval,
as indicated in[Figure C.9] The blow-up is located at J, = 3.3659(42)i and contains only a very
small error from the fit.

C.3.2. Polchinski flow

Additionally to the RG-adapted scheme, we explore the approach using a classical propagator
in|Appendix B.5.1} which is simply the Polchinski flow. In this scheme, the effective interaction

2.2
potential also carries the change to the classical mass term Viy, (¢) = Vgyn (@) + z Z!m" 2.

Following the derivation we define the current via the classical propagator at the expansion
point ¢y = 0, to wit

-1
J=(6Pl¢0]) ¢ =(m*+p>+Ri(p?) ¢ (C.19)
The insertion in yields:

| J (VD) -~V (#)) erip?)
p

atVint,k(¢)) = 5 (m2 +p2 TR, (pz))z
2+d
=@ s (@) - whe)] (€20

where the trace is evaluated over momentum space. Additionally, a flat cutoff is used, for
details see[Appendix B.7.1|

The choice ¢, = 0 ensures the prefactor is real and positive, which is not trivial for

k2
(m2+k2)?
arbitrary complex fields ¢. Since it is the simplest numerical scenario, we present results for
the ¢, = 0 case. For the sake of comparison we use the same initial conditions as given in

Section 6.3.1, With the classical mass m? = 1, we have J; = (1 +k?)¢, i.e. Jy= ¢ at k =0.

Computations are performed on slices of constant ¢,. To this aim we use:
* Values of ¢, spaced by 0.1.

* A ld-numerical grid, ranging from ¢, € [—3, 3] containing K = 60 cells and a polynomial
of order N = 2 in each cell.

shows the comparison to the analytic result. The current cell density allows to
resolve the potential up to ¢, = 2.4, the pole is situated at ¢, = 3. Numerical computations
break down due to the pole building up in the numerical expressions for[(6.23)| This can be
improved slightly by increasing the cell density of the grid, but not infinitely.

Naively, we could try to improve the numerical scheme by chose a different expansion point,
closer to the pole position. However, in[Section 6.2/ we discussed the necessity of real, positive
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Figure C.10.: RG-time dependence of the Schwinger functional computed from the 1PI flow and by a
direct numerical evaluation in d = 0. All units are given in terms of the UV mass m =1
with an initial cutoff A = 5.

diffusion a(t) in|(6.18)|to ensure numerical stability and convergence. For arbitrary ¢ this is
no longer ensured. By reading off of|(6.1)|we obtain,

k2 k2

!
0<a(k)= — .
[S,(f)]z (m2+ k2 +22)

(C.21)

2
It follows that (S,((z)) € R restricts the choice of ¢ to the coordinate axes. This is additionally

enforced by the assumption made in [Section 6.2.3] which explicitly prohibits introducing
a dependency on an additional complex variable. Choosing an expansion point along the

- - - - - 2 . -
imaginary axis ¢o =i |¢q| with |qu| > 27 eventually introduces a pole to the flow and is
therefore also impractical for numerical computations.

C.3.3. 1PI flow

In this section we discuss the 1PI flow in a complex setting. This is illustrated by the example of
the numerical test case d = 0, which is also used as a benchmark for numerical convergence of
the Wilsonian effective action flows in[Section 6.3.2] We make use of LPA 1PI effective action
in The full propagator is then given by

Gil@1=p + V1, (#) + Re(p?). (C.22)

This expression is inserted into the 1PI flow|(3.35)|using a flat Regulator, see{Appendix B.7.1|
Evaluating the momentum trace yields the known flow of the effective potential V¢ in an
0(1) theory [65}255]],

d+2

2+ 3§Veff,k(¢) '

O Vesi (@) =v(d) . (C.23)

Equation (C.23)|is rewritten in terms of the second derivative of the potential u(¢) = 3;’ Ve (@),
to suit the numerical framework presented in|Section 6.2.2|and more thoroughly in [|5]

v(d)kd+2 v(d)kd+z
afu:_aqﬁ((kz +u)23¢u) =—8¢( 2+u p)

p =0, (log(1 +u/k?), (C.24)
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Figure C.11.: Real part of the diffusion Re[f ] = f, ina complex setting. The blue line indicates Re[ f ] = 0.
The dotted lines follow the diffusion flux for different g, =0, 0.8, 1.2, 1.6, 1.8 at g, = 1.0
(black) and g, = 1.5 (red). The trajectories start at the right side of the plot and move to
the left as the RG-scale k decreases. Whilst the diffusion is positive to the right of the blue
line, trajectories crossing this line become unstable. The black lines are therefore stable.
The computation of the red lines is numerically unstable and breaks off at k & 0.85, when
the blue line is crossed for a specific ¢, and the diffusion is no longer positive. All units
are given in terms of the UV mass m = 1 with an initial cutoff A = 5.

where p;(¢) is solved in a separate, stationary equation. For an in depth discussion of the
numerical framework in the context of 1PI flows see , in this work we only focus on the
extension to the complex plane. The positivity condition for the real diffusion term follows
from the square in the denominator. Since the equation is exact in d = 0 we can recover the
RG-running of the Schwinger functional by performing the (modified) Legendre transformation
|(3.7)} see|Figure C.10|in the case d = 0.

The complex 1PI flow

Following the arguments in|Section 6.2.3| the 1PI flow is now extended to the complex plane.
For complex values, [(C.24)|is a system of four equations. The substitution &, — &,, where
z = x +1iYy is performed, to wit

ity + 3y (fuBelt — fy B, ) = 0 (C.25)
Bty + 0, (fedou, + f, B, ) = 0, (C.26)

and the flux f = v(d)k%*2/(k? + u)?, compare The direct comparison to
andshows the increased complexity of the equations. Most importantly, the flux f is no
longer necessarily strictly positive in a complex setting.

Before attempting to naively solve this system with the given framework, its stability within
the presented numerical scheme needs to be investigated. General requirements for stability
of complex partial differential equations are known and have been studied in the context of
Schroedinger-type equations, or the image-denoising process . In fact, stability of
numerical schemes can be proven for certain classes of non-linear complex diffusion equations.
The most central elements of this proof are the positivity of f, and finiteness of the flux. The
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Figure C.12.: Absolute, relative error on the Legendre transformed of the 1 PI effective Potential V¢ in
d = 0. The numerical evaluation of the integral in|(3.2)|is used as a reference. All units
are given in terms of the UV mass m = 1 with an initial cutoff A = 5.

second requirement is quite straight-forward, and we briefly explain the former by the example
of a Gaultian: While convection movements will move the mean of the Gauldian, positive
diffusion is known for smoothing out the structure, i.e. increasing the width of the Gauftian
as (RG-)time progresses, see Negative diffusion can be thought of as simply
switching the sign in the time evolution: Instead of increasing the width, it is decreased. As the
(RG-)time evolution progresses, an uncontrollably growing GaulSian develops, which is highly
numerically instable. Nevertheless, systems containing two-way diffusion, i.e. diffusion of
varying sign, have been studied in literature . Numerical solutions to purely diffusive
systems containing two-way diffusion rely on iterative procedures. Such algorithms require
previous knowledge of the solution at the end t; and beginning t; of the time-integration .

In case of the 1PI flow, the finiteness of the diffusive flux is ensured by the convexity restoring
properties of the 1PI flow. The pole in the ﬂow is never reached . However,
frtify = m does not ensure positive diffusion as it does on the real axis, in fact,
it is spoiled by it. To illustrate this we perform a computation at different field values and
track the real diffusion throughout our calculation This plot shows the numerical
limitations when trying to solve the complex 1PI flow. We find that with increasing external
imaginary field, also the trajectories with negative diffusion increase and calculations become
unstable. We have yet to determine if this is caused by a numerical fine-tuning problem or
is a property of the flow itself. Diffusive contributions remain positive until ¢, = 1, which
coincides with the initial UV-mass.

Finally, the full expression for the 1PI effective potential is obtained by the integration
procedure outlined in|Appendix B.5.5|

The complex Legendre transform

In this section we discuss the complex Legendre transformation of a holomorphic function.
The difficulty in defining a general complex Legendre transformation is within the definition
of the derivative. For a holomorphic function this issue is resolved, since derivatives are well
defined. In the present case, we make use of the mapping &, — &, for a derivative with respect
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Figure C.13.: Comparison of the exponential formulations of the Polchinski flow|(C.30)|and the RG-
adapted schemein d = 0. One can clearly see the development of a ¢~ contribution
to the exponential in (a) and the lack thereof in (b), due to the RG-adapted scheme. All
units are given in terms of the UV mass m = 1 with an initial cutoff A = 5.

to the complex number z = x +1i y, which was discussed in|Section 6.2.3| Then, the coordinate
transformation can be inferred from the first derivative, using

_ OVess OVerr\ ™!
= Tgat] = U= (5] L), €27

Now, the Legendre transformation is naturally extended to the complex plane by

W J, 1= (J +id, )¢ (s Jy) —T [ ¢, T))] - (C.28)

The error on the Legendre transformation is computed by a comparison with the direct numerical
evaluation of the integral in|(3.2)| We compute the absolute relative error from,

Wipr — W,
|AW[J]| — ‘ 1PI int

J]. C.29
Wi (/] (C.29)

The result is shown in [Figure C.12i Furthermore, we obtain Vg, from the 1Pl Schwinger

functional W,p; using|(6.15)] It convergence, in comparison to the RG-adapted scheme and
the Polchinski flow is shown in|Figure 6.1} We conclude, that the current numerical evaluation
of the 1PI flow needs further improvement for evaluations in the complex plane.

C.3.4. Alternative formulations

The Polchinski equation is very challenging to resolve numerically. One specific challenge is the
determination of boundary conditions, since the flow of the Wilsonian effective action increases
at higher field values. This is due to many remaining redundancies which are removed in the
1PI effective action.

To circumvent this problem and to quantify the numerical error at the boundaries, we make
use of an alternative formulation in terms of exponentials. Structurally, these new equations
resemble Wegner’s flow whose numerical properties are discussed in[Section 6.2.1] This
has the additional advantage that we can directly solve for the exponentials of Siy; i [¢ ], (B.74)i
and Sqyn [ @ ], instead of using the first derivative. However, using this formulation
is increasingly challenging at higher imaginary field values. A bigger imaginary part of ¢ ia
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accompanied by increasingly strong oscillations. Resolving the initial conditions already requires
a very high cell density. So whilst this formulation is not tailored to perform computations at
big imaginary fields, we find that it makes for a useful check of convergence close to the real
axis.

First we focus on reformulating the Polchinski flow |(B.75)|in terms of exp(—Siyx[¢]).
Multiplying the equation with —exp(—Si, x[¢]) yields

1 52 1
—Sint _ = @]_9 S _ 200 5 c(2) =S,
o,e k[ ] = > Tr 3,G,, [5¢5¢ e ’k[q*,)]] > G, " 0,5 e k[ ]. (C.30)
To simplify the equation further we replace e Sink[p] — Ne Sink[ ], where Ny is an RG-time
dependent constant in ¢. Introducing N;. does not affect physics, since the physical correlation
functions are normalised by definition. This results in

52
55

after dividing by N, and A, B can be read off of Now we discuss possible options to
determine N;: the obvious choice would be fixing some normalisation, i.e. f d¢ Nye Snk[¢p]=
1. Another, numerically much more convenient choice would be to impose J,(In(Ny.)) = —B(k),
and thereby dropping the last line of|[(B.75)] We chose the normalisation Ny such that S, [0] =
0.

Let us now consider the RG-adapted ﬂow Multiplying by e Samk[ ¢ ] yields

o, mk[p] = Ak) [ e ok ¢ ]} —B(k) e *mi[¢]—3,(In(N))e mi[¢],  (C.31)

(at + J P Yen %)e—sdyn,km_ﬂ ¢ 2T Lol de (9]

1y 6, [ 5 e_den:k[qb]] . (C.32)
2 6o
Again, all terms o< e Samk[¢] can be dropped by introducing an appropriate normalising
condition. The RG kernel ¥ is given by the RG-adapted kernel|[(6.4b)]

The flows are now solved in terms of the potentials Vi, and Vyy,,. Their relation to the
interaction part S;,, and the dynamical part Sg,,, of the effective action follows immediately
from their respective definitions|(6.15)|and [(6.14)] to wit

Viine/dyn) = Stin/aymy/Ya - and - ¥y = f dix. (C.33)

Dimension 0 1 2

Classical Prop. 2510% | 3.110* | 4410°*
RG-adapted Prop. || 5.910™° | 5910 | 6.0 107>

Table C.3.: Absolute value of the difference in solutions Ae™"x, computed by the exponential formulation
and the formulation in Vg, ine, See[Section 6.3|and [Appendix C.3.2| The error is computed
using [(C.34)l We take this as an estimate of the error generated by the flux-boundary
conditions.
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In our approximation, the volume ¥; drops out of the equations. Finally, (C.30)|and |(C.32)|are
solved for varying dimensions d = 0, to d = 2 on the real axis. The results in d = 0 are depicted
in ]Figure C.13L IFigure C.13a| clearly shows the development of a ¢2 contribution to V;,, in
the Polchinski flow. In contrast, [Figure C.13b|demonstrates the lack of a ¢2 contribution to
Vayn in the RG-adapted scheme. This is in accordance with F and beautifully emphasises
the reduced degree of redundancy of the scheme. gives the error Ae™"x between
solutions computed by the exponential formulation and the formulation in V;n/dyn) at ¢ = 2,
to wit

Ae Ve = e;Vx(qb) —e x,h(¢)|¢:2’ (C.34)

where x = int/dyn. The index h indicates the numerically computed object. The field value
¢ = 2 is chosen, because it displays the most dynamics in the RG-time evolution and also
generates the biggest overall error. The error values in[Table C.3|are satisfyingly small, with a
slight superiority of the RG-adapted scheme.
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