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Abstract

We investigate the off-equilibrium dynamics of spin systems with O(N) symmetry
arising by the presence of slowly varying time-dependent external fields. We show the
general theory and then focus on two different cases: a time-dependent magnetic field
h(t,ts) = t/ts, ts is a time scale, at the critical temperature and the temperature
deviations T'(t,ts)/T. — 1 = —t/t, in the absence of magnetic fields. We demonstrate
the off-equilibrium scaling behaviours and formally compute the correlation functions
in the limit of large N. We study the first deviations from the equilibrium in the
correlation functions and prove that the matching occurs exponentially fast. We also
consider analogous phenomena at the first-order transition which occurs in the ordered
phase T' < T, along the line of zero magnetic field.
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Figure 1: The liquid-vapor phase diagram of the water. This picture has been taken from
the book [].

Figure 2: The phenomenon of the critical opalescence in a liquid-vapor phase transition:
the fluctuation of the density in the fluid becomes of the same order of the light wavelength.
The photons are therefore scattered and the sample appears opalescent.

Introduction.

Statistical systems are described in terms of macroscopic variables such as the mass density,
the energy density, the magnetization and many others. The value of these quantities is
generally fixed by the external fields. These ones characterize the reservoir with which the
system is in contact. Some example of external fields are the temperature, the magnetic
field or the pressure. However, there are some special values of the external fields such that
the observables are not uniquely determined and can take different values. Let us give a
concrete example: a sample of water at fixed pressure to the atmosferic value. We know
that it presents different phases for different values of the temperature. The macroscopic
phase (and therefore the macroscopic variables) of this system is the result of essentially
two competiting effects: the interactions among the water molecules which tend to bring
them closely and the temperature which increases the kinetic energy of the particles and
consequently tends to decrease the mass density. There is a particular value of the temper-
ature called critical temperature T, where these two effects are of the same strenght. At the
critical temperature the mass density can assume a lower value (vapor) or an higher value
(liquid); thus, there is a coexistence of the two phases of the water. Transitions like this are
called continuous because the two phases can be continuously connected crossing the critical
temperature. The situation is illustrated in the phase diagram of fig[2]

We define the correlation length as the length-scale above which the correlations between
two particles are suppressed. Continuous phase transitions are characterized by a divergent
correlation length. This causes peculiar phenomena such as the critical opalescence in the
case of the liquid-vapor phase transition: the fluid has a cloudy appearance due to density
fluctuations at all orders of magnitude [see ﬁg. Since the correlations occur to all length
scales close to a continuous phase transition, the macroscopic behaviour of the system re-
flects its microscopic structure. This feature is commonly called scale invariance. The scale
invariance implies the existence of scaling relations for the statistical observables: they obey
to power-law relations in terms of the external fields with certain non-integer exponents
called critical exponents. These ones are universal and do not depend on the details of the



In-trap .
cooling Free expansion

MHT>T,

(iNT=T, eoo
(DT<T, = UD
(iv)

| T—> (V)U

z

Figure 3: An example of cold-atoms experiment: a sample of atoms of sodium with elonged
shape is driven to the BEC by opportune thermal variations. After crossing the transition,
BEC is locally achieved forming several isles each with own phase. Further cooling makes
the isles grow towards each other forming solitons. The number of solitons counted in the
system is in agreement with the theoretical precitions. The figure and the example have
been taken from the ref.[2].

microscopic interactions. The existence of such scaling relations was firstly supported by
strong phenomenological evidences. Then, it was deeply understood in the renormalization
group framewor

Real statistical systems have a dynamical evolution which can be thought as a stochastic
process. The thermodynamic observables presents fluctuations over their equilibrium values.
Close to the critical point, the divergence of the correlation length causes a divergence in
the relaxation times of these fluctuations. If we consider the water example, there are a lot
of minor processes such as interactions with the recipient or with possible impurities which
give rise to a macroscopic noise. The value of the mass density presents random fluctuations
whose relaxation time become macroscopically measurable close to the transition. This phe-
nomenon is called critical slowing down.

Phase transitions generally occur in nature by varying the external fields across their criti-
cal values. When statistical systems are driven through a critical point by time-dependent
external fields, they show off-equilibrium behaviours. The emergences of these behaviours
are related to the phenomenon of critical slowing down i.e. to the presence of large-scale
modes which cannot adapt themselves to the changes of the external parameters, even in
the limit of slow passage t; — oo.

The study of phase transitions induced by slow variations of the external fields is generally
called Kibble-Zurek (KZ) problem. One of the most important prediction of this theory is
the Kibble-Zurek mechanism (KZM) which explains the formation and the density of topo-
logical defects in an off-equilibrium phase transition slowly driven by temperature [see the
appendix [A]. The Kibble-Zurek approach well describes the off-equilibrium dynamics near
the transition and leads to a non-trivial scaling theory of the observables in terms of appro-
priate length and time scales, different from those at the equilibrium. The scaling relations
depend on the equilibrium critical exponents and also on some general features of the time-
dependence of the external fields. In the limit of quasi-adiabatic time-variations t;, — oo,
the results are universal.

Several experiments have investigated these off-equilibrium phenomena, in particular check-
ing the predictions for the abundance of topological defects arising from the off-equilibrium
conditions across the critical temperature, as predicted by the KZM. The first experiments

IThe simple postulate of the existence of a fixed point for the renormalization flows is sufficient to explain
the emergence of the scaling relations.
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Figure 4: The evolution of the Universe in the Big Bang theory. It undergoes to a series
of phase transition with time-dependent temperature. In this scenario, the Kibble-Zurek
mechanism gives a possible explanation to the formation of the early structures in the
Universe as results of off-equilibrium phase transitions.

meanly involved superfluids and superconductors. Modern proves of these behaviours prin-
cipally come from cold-atoms experiments, ion crystals and from improved experiments still
based on superfluids or superconductors [see for example [2], [3] and [4]]. In particular,
Bose—Einstein condensates in trapped cold gases are extremely controllable systems and
therefore an ideal platform to check the KZ mechanisms. An example of such experiments
is shown in fig[3]

The study of the off-equilibrium behaviours at continuous phase transitions has also cosmo-
logical implications. Nowdays there are theoretical models and observationsEl that support
the Universe expansion and its consequent cooling. In this expansion, the Universe may have
undergone a series of phase transitions very early in its history. The electroweak transition,
at about 100 GeV, where the W and Z particles acquire a mass through the Higgs mecha-
nism, occurred when the age of the Universe was around 10~ !%s. There was probably a later
transition, the quark-hadron transition at which the soup of quarks and gluons separated
into individual hadrons. More interesting from a cosmological point of view, however, are
the hypothetical transitions at even earlier times. If the idea of grand unification is correct,
there would have been a phase transition of some kind at an energy scale of around 10'®
GeV, corresponding to a time about 1073%s after the Big Bang.

These phase transitions happened in the off-equilibrium regime because the temperature
changes in time as effects of the expansiorﬂ Naturally, it is impossible to perform cosmo-
logical experiments in order to corroborate these speculations. However, one of the clearest
signatures of these transitions would be the formation of stable topological defects which
the Kibble-Zurek mechanism predicts and several condensed matter experiments have been
checked, as we have seen above.

There exist also phase transitions in which the macroscopic properties of the system abruptly
vary across the critical point and present discontinuity. These are called first-order phase
transitions. Off-equilibrium behaviours characterize also the first-order phase transitions.
In particular, one of the early off-equilibrium phenomena observed was the hysteresis. Hys-
teresis arises in ferromagnetic systems when there is an external magnetic field with a time-
dependence such as h(t,ts) =~ t/ts at fixed temperature. The magnetic field changes its
direction crossing the transition at h = 0; it follows that also the magnetization has to
change direction according with h. However, it has been observed that the system reacts in
late to the external perturbation developing metastable states for a certain interval of time.

2For example, the measurement of the properties of the cosmic microwave background radiation or the
nucleosinthesis of the light atoms support the Big Bang theory.
31n the radiation domain i.e. before ¢t ~ 300000y the temperature varies as T(t) ~ 1/+/t.
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Figure 5: The characteristic curve of response of a system which presents hysteresis. The
picture shows a family of hysteresis loops for various value of the external field in Permalloy.
It has been taken from the ref.[5].

If we vary the external magnetic field from ¢; < 0 to ¢y > 0 across the first-order transition
and then back from t; to t;, these memory effects lead the system to dissipate a non-zero
value of energy. The magnetic work done by the system can be valuated as ¢ dh(t,t)-X(t, ts)
where Y is the magnetization. This integral is called hysteresis loop area. An example of
hysteresis loop area is reported in Fig[j] It is clear that the hysteresis is related to the
off-equilibrium: the equilibrium behaviour of the magnetization at a first-order transition is
a jump at h = 0 from its initial direction to the reversed one. If the magnetization presents
its equilibrium behaviour, the hysteresis curve is shrinked to a single line and the system
does not spend energy in the cycle.

Overview.

In this thesis we study the off-equilibrium behaviours of the O(NN) vector-models coupled to
time-dependent external fields, arising near the critical point and below it. The analysis of
such phenomena is made in the limit of large N which allows analytical computations. The
dynamics given to the system reproduces the effects of an heat-bath and satisfies a purely
dissipative Langevin equation. The external parameters are slowly varied and in such a
way that they might drive the system across the critical point. In particular, two types of
passage are eximined:

-The case in which the system is at the critical temperature and is coupled to a time-
dependent magnetic field. The magnetic field is slowly quenched and then is turned on
again in the opposite direction.

-The case in which the system starts above the critical temperature and is slowly cooled
in the absence of magnetic fields.

For both these cases, scaling relations are derived and scaling functions for the correla-
tors formally computed. The value of these scaling functions depend on the value of the
effective mass of the system. The knowledge of this mass term at all times is sufficient to
describe the time evolution of the correlation functions in the enteire off-equilibrium regime.
However, an explicit expression cannot be easly achieved and is known only for the case of
thermal variations at zero magnetic field. Therefore, we investigate the first deviations from



the equilibrium proposing an ansatz for the leading off-equilibrium corrections to the scaling
behaviour in terms of the effective mass. Under the assumption of exponential approach to
the equilibrium, we show that the correlation functions present deviations from their equi-
librium behaviour in agreement with the numerical evidences [see ref.[6]]. Two interesting
phenomena related to the off-equilibrium physics are briefly discussed for the underlying
model:

-The coarsening regime which occurs in the case of thermal variation without magnetic
fields after crossing the critical point. It describes the development and the growth of do-
mains characterized by different realizations of the ordered phase.

-The hysteresis phenomenon which occurs when the magnetic field is varied along a closed
path.

Similiar off-equilibrium phenomena are shown by the system below the critical tempera-
ture, where it undergoes a first-order phase transition along the line of zero magnetic field.
We also study the passage through this phase transition in the presence of a time-dependent
magnetic field. In this case, the equations predict a rigid rotation of the magnetization in
the off-equilibrium region.

The work is organized as follows. In the Sec[l] critical phenomena are presented and well
known features are derived using the machinery of the field theories. The Sec[2)is dedicated
to the dynamics. After a briefly introduction to the stochastic equations and their imple-
mentation in a field theory, we assume a relaxational dynamics for the model. In Sec[3| we
present the O(N) vector-model in the limit of large N. Saddle point equations and critical
exponents are derived. The Sec[d]is an introduction to the off-equilibrium behaviours. We
formalize the passage through the transition with time-dependent external field introducing
the protocols. The off-equilibrium scaling limit is defined, the finite-size effects are briefly
discussed and the thermodynamic infinite-volume limit justified. In this section we also
discuss the asymptotic behaviours i.e. what happens when the system approaches the off-
equilibrium regime. If the system reaches the equilibrium asymptotically, it is expected that
the first deviations from the equilibrium background are exponentially damped. A general
ansatz in terms of the effective mass of the fields is formulated and reproduces the exponen-
tial decay of the off-equilibrium physics in the correlation functions asympotically. Within
this ansatz, quantitative prediction on the leading corrections to the equilibrium behaviours
of the correlators can be performed. In particular, in the Sec[f] we study the emergence of
such phenomena in the O(NN) vector model at large N. We first solve the Langevin equa-
tion with time-dependent external fields and compute the correlation functions. Then, we
consider two different protocols separately: the thermal protocol in the absence of magnetic
fields r(t,ts) — 7. = —t/ts where r is the thermal coupling and r. is its value at the crit-
ical temperature, and the magnetic field protocol which occur at the critical temperature
varying the magnetic field h(t,t;) ~ t/t,. The Sec[f] and Sec[7] concern the study of the
first-order transition which occurs in the O(N') vector model below the critical temperature.
In Sec[6] we report the general scaling theory appropriate to describe the off-equilibrium and
we consider the effects of a relaxational dynamics below the critical temperature. In the
Sec[7] a magnetic field protocol at T < T is considered and the off-equilibrium behaviour in
O(N) vector models investigated. Finally, in Sec[§| we draw some conclusion.

The details of the analytical computations for Sec[3] [}l and [7] can be found in the appendices
and [F] respectively.
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1 Critical Phenomena.

1.1 Introduction.

In the first section we discuss the continuous phase transitions. The general features of such
transitions are shown with the concrete example of a spin system. Let us introduce the Ising

model:
2= Y exp( ~ Hign/T) (1)
{S;=+1}
where
HIsing =J Z Sz : Sj (2)

%,] are n.n.

It describes a lattice of spins with ferromagnetic (J < 0) interactions among the nearest
neighbour (n.n.) sites S;. At high temperatures the directions of such spins are randomly
distribuited and the system presents a macroscopic paramagnetic behaviour. When it is
cooled, the macroscopic behaviour of the material changes continuously; below a certain
value of the temperature that we call the critical temperature, the directions of the spins
are no longer casual and the system presents a tendency to create large domains of aligned
spins: it becomes a ferromagnet. The change in the behaviour of the system at the con-
tinuous phase transition can be related to a change in the symmetry of the model. In the
Ising model, above the critical temperature if we flip the spins, all the observables are not
modified and the system appears macroscopically the same. Below the critical temperature
this is not true: if we flip a domain of aligned spins, the value of the magnetization of the
system is flipped too. The system loses the Zy symmetry crossing the transition.

More interesting magnetic systems with continuous symmetry can be obtained by a straight-
foward extension of the Ising model: let us consider a lattice where in each site there is an
N-component vector spin of unit length which interacts through a short-range ferromagnetic
hamiltonian, qualitatively equivalent to the Ising one:

Z:/Hdsi-a(sfq) e HN/T (3)

where

Hy = —ZVm(Si-Sj) (4)

and V; ; is a short range ferromagnetic O(N) symmetric two-body interaction. The direction
of such spins is again random above the critical temperature and this means that the vector
posses an O(N) symmetry. Below the critical temperature this symmetry has to change
because the direction of the spins is now fixed and no more arbitrary: the group O(N) is
reduced to O(N — 1) which is the group of the rotation around a fixed axis.

Since the phase transition occurs continuosly, the state of the system at the critical point is
characterized by the coexistence of the two phases. Thus, it must respect the symmetry of
both the phases at the critical point. It followsE| that the change in symmetry which occurs
at a continuous phase transition reduces a certain group of symmetry to one of its subgroups.
Generally, the phase of higher symmetry is related to higher temperatures and when the
system is cooled loses some generators undergoing a state with reduced symmetryﬂ

The change in the symmetry at a continuous phase transition can be related macroscopi-
cally to a change of the order in the material. One may consider a lattice where each site
is characterized by a probability to find the microscopic variable in a certain realization of
the symmetry. Above the critical temperature the probabilities for all the realization of the

4If we assume that the system has a certain symmetry at the critical point it can be shown that one of
the two phases has the same symmetry and the other a lower symmetry. This is the only way in which two
phases with different symmetries can be connected continuously.

5This can be shown more formally by using a group-theoretical approach. See ref.[S].
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Figure 6: The behaviour of the order parameter (magnetization) in a spin system. A
continuous phase transition occurs at T'= T, and H = 0. This picture has been taken from
the book [7].

symmetry are the same. Thus, the phase of the material is disordered. Below the critical
temperature these probabilities changes and the system presents a type of order. To describe
quantitatively the change of order of the system when it passes through a critical point, an
order parameter can be defined such that it takes non-zero values only if the system is in
the ordered phase. The physical meaning of the order parameter is very different in different
systems. In the magnetic language the order parameter can be identified with the sponta-
neous magnetization.

It is well-known that the thermodynamic observables can be obtained from a thermody-
namic potential which is a function of the external variables and of the order parameterﬁ
The continuous behaviour of the system near the transition can be mathematically trans-
lated in the analiticy of the thermodynamic potential close to the critical point. It follows
that this thermodynamic potential V(@) can be expressed as a power series in terms of the
order parameter ¢

V(®) =V, +a®? +bd* + - - (5)

in which the odd terms have been neglected assuming Zs symmetry. The external variables
are fixed and determines the coefficients of the expansion. In contrast, the value of the order
parameter is determined by the minimum of the potential, so it depends on the external
variables. The expression for the thermodynamic potential is a regular series and does
not consider the singular behaviour of the system at the critical point. The conditions of
applicability for such expansion are discussed in the ref. [S]D Above the critical point the
shape of the thermodynamical potential is like a well whose global minimum is in zero [see
ﬁg. Thus, the equilibrium value of the order parameter is zero and macroscopically the
system presents a disordered phase. In the spin system example, even if a group of spins
align themselves because of their ferromagnetic tendency, this microscopic order is distructed
by the thermal fluctuations. When the system approaches to the transition, the shape of
the well becomes weaker, i.e. growing local domains of aligned spins born but then are
distructed by the thermal fluctuations. At the transition, thermal fluctuations and ordering
tendency have the same strenght: a new stable configuration with ordered spins is allowed.
The new phase is characterized by a non-zero value of the order parameter. Below the crit-
ical point, the thermodynamic potential presents a modified shape where only the ordered
phase is admitted as stable configuration. In other words, the thermal fluctuations are no
longer able to disorder the spins. We connect these concepts with the correlation length

6Crossing the transition, the macroscopic behaviour of the system changes. Thus, the order parameter
reflects the changing in the structure of the system at the transition and must be taken into account in the
expression of the thermodynamic potential.

Tt is required that 67 = |T — T.| < Te. However when 6T — 0 there must be a value 67" such that
for 8T < 6T’ the expansion breaks down. The singularity in the specific heat can be reproduced by the
Landau theory only considering the difference of the values of the specific heat at §7” before and after the
transition.
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V(®) T>T

Figure 7: The shape of the thermodynamic potential V' (®) as function of the order parameter
® when the temperature is descreased at zero magnetic field.

of the material. We know that statistical systems have macroscopic properties determined
by the weighted averages of all the possible local configurations. Local configuration means
a region in which there are correlations among the sites. We call the size of this region
correlation length. Away from the continuous phase transitions, the correlation length is of
the order of some lattice spacings. Thus, a local configuration consists in a collection of a
few spins. But when the system undergoes a continuous transition, the amount of the local
fluctuations of the order parameter i.e. the correlation length of the system diverges causing
a macroscopic variation in the properties of the material. Since the spins are correlated over
an infinite length-scale, the system presents a scale invariance.

Note that an infinite value of the correlation length is found only at the critical point. In the
neighbourhood of the critical point i.e. when the external variables are very close to their
critical values (we call this regime critical domain), it can be shown that the correlation
length has a power law behaviour as oc |T' — T.|™” where v is a certain positive exponent
determined by the specific critical point under consideration. From the divergence of the
correlation length, the divergences of some statistical observables follow. This means that
the divergences of the statistical observables lie behind the scale invariance and therefore
scaling relations in terms of the correlation length can be derived.

The continuous phase transitions are characterized by diverging correlation length and by
the following divergences in some statistical observables. For this reasons the behaviours of
systems near a continuous phase transitions are called critical phenomena.

The introduction above reports the Landau approach to the critical phenomena. Landau was
the first one proposing a general framework that provided a unified explanation of several
different phenomena (such as the Andrews critical opalescence or the Curie ferromagnetism)
in terms of changes in the symmetry of the system. His model corresponds to the mean-field
approximation and gives a good qualitative description of these phenomena. Even if it is not
quantitative correct, the Landau ideas resume in a direct and simple way all the features of
critical phenomena. Nowdays the modern theory of the critical phenomena is based on the
use of the renormalization group.
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1.2 Field Theories and renormalization approach.

A way to understand the critical phenomena is through a renormalization group analysis.
A connection between statistical systems with short-range interactions and regularized local
euclidean field theory can be established. Infact, these two branches of theoretical physics
are both essentially based on the symmetry group of the model and on the use of renormal-
izatiorﬁ Our purpose is to find all the empirical stuff about critical phenomena by using
the formalism of field theory. We follow the discussion of the ref.[9] and [I0].

Let us consider an hamiltonian functional H which is a function of the fundamental degrees
of fredoom of the system. The correspondent field theory has to be chosen by respecting all
the symmetry of the microscopic hamiltonian. Then, one considers the continuous limit for
the space and for the degrees of freedom. The discrete lattice becomes an euclidean space
in which the variables are fields ¢(z), z € R?. The resulting hamiltonian (local field theory)
H() plays the role of an euclidean action. Suppose that we can expand this hamiltonian in
powers of the field,

H(¢) = Z%/dd‘xl "'ddxn ~'Hn($1,"' >x”); (6)
n=0 "

In general this expansion contains an infinite number of terms. To the hamiltonian corre-
sponds a set of (connected) correlation functions

< ¢(1‘1) T ¢(-rn) >conn. = W(n) (331’ T 71'11) = /D¢ : (b(xl) T ¢(xn) : e_H(¢) conn (7)
The correlation length £ can be defined as the inverse of the smallest decay rate of the corre-
lation functions (the smallest physical mass of the system). From the two-point correlation
function one can define

& o W ()]0 (8)
where W®) is the connected two-point correlation function in the Fourier representation.
We want to study the long distance properties of these correlations: let us introduce a
dilatation parameter A, the behaviour of correlators at large distances is therefore given by
W) (Az1,--+ ,Az,) when A — oo. This is the basic idea of the renormalization group: we
consider correlation functions as functions of the dilatation parameter A acting on the space
variables x. In this way one constructs a set of a scale-dependent effective hamiltonians Hy;
each of these has the same correlation functions at fixed space. Thus, we can interpretate
H as a flow in terms of the dilatation parameter which connect the same model viewed at
different scales. Let us construct H, such that its correlation functions satisfy

W (@1, ) — Z7POWD ey, - Aey) = R (@1, -+, 20) (9)

where RE\") is a function that decrease faster of any powes of A in the limit A — oo and
therefore can be set to zero in the following lines. Z(\) is the scale-factor of the fields which
has to be fixed consistently.

If we assume that the model has invariance under spatial translations, the previous relation
can be written in the Fourier space too and becomes

W (1, pn1) = Z7 2O DE WO (py A 1 /A). (10)

We define as RG-transformation the mapping H — H and we fix Hy—1 = H the microscopic
"bare" hamiltonian. The renormalization group can be constructed in several forms and
these differ only for the definition of R{"™ and Z(\).
We are interested to the limit A — co. We wonder if H have a limit for large A\. Suppose
that the answer is yes. In other case this discussion becomes meaningless.
Let us assume that exist a configuration #, such that

lim Hy = H.. (11)

A—00

8Which leads to different conclusions depending on the spatial dimension of the theory.
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We call this configuration fized point. Even the correlation functions admit as limit their
value at fixed point

W Az, Aay) "2 Z2720) - W (2, 2). (12)

If we consider another scale of dilatation p and compute the rescaled correlation functions
W) (uz;), we obtain

but also
W (- pan) ~ 202 () - W (@, ) (14)

which implies that the scale-factor of the fields at fixed point can be defined as

JMim Z(uA)/Z(A) = Zi () Vp. (15)
the previous relation states that Z, has a semi-group representation

Z (A1) - Ziu(A2) = Zu( M1 A2). (16)

it is satisfied if we assume that
Zo(\) = A2 (17)

which is resonable: it tells to us that each field ¢ is scaled by A at a certain exponent which
we call the scaling dimension of the field and which is fixed by the specific properties of the
fixed point under consideration.

Note that implies a power-law behaviour of the correlation functions

W Ay, An) ~ AW (g, 2y). (18)

The long-distance behaviour of the system is characterized by the fixed point of the RG flow
in which the effective hamiltonian is driven to. The connection with critical phenomena lies
behind the identification of the RG fixed points with the critical points. The correlation
functions of different microscopic hamiltonians which flows into the same fixed point have
the same critical properties. Universality is recovered and relies upon the exsistence of
an infrared fixed points in the space of the hamiltonians. This space can be divided into
subspaces and each subspace can be defined by the hamiltonians which have the same fixed
point. The subspaces are the universality classes: the critical theory does not depend on
the specific bare model we choose into a certain universality class.

From the equation , by considering the two-point correlation function in the Fourier
space, we obtain

WE(p/A) ~ A72XT W (p); (19)

thus, the correlation length is infinite whenever the fixed point is characterized by dy < d/2
because,
2 x WO (p=0) ~ A2t 7 (0) - o0 (20)

The field theory at the fixed point (with d, < d/2) is therefore critical because it is charac-
terized by an infinite correlation length.

Let us understand a little bit more the situation. We now consider the dilatation parameter
A as a continuous variable in order to write equations which describes the flow of renormal-
ization. These ones can be written as follows:

d

A

Hx = T[HA, (21)

A log Z(0) =2~ d — n[H), (22)
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where 7 is a map from the space of the hamiltonians into itself and 7 is a real function
defined on the space of the hamiltonians. It is quite obvious to define a critical point H, as
a solution of such that

T[H.] = 0.

From the other relation 7 with we obtain the scaling dimension of the field

dy = 5(d— 2+ n[H.]). (23)

1.2.1 Linearized renormalization group.

We consider the hamiltonian #, very close to a fixed point, where we can write H) =~
Hi + AHy. The equation becomes

d

/\E(AHA) = L.[AH,] (24)

where L, is a linear operator independent on A. This version of renormalization group which
works only in the neighbourhood of a fixed point is sometime called linearized RG. Since
L, is linear, it can be decomposed into some eigenoperators y; (we sometimes call them
scaling fields) with specific eigenvalues ¢; (we often refer to them as scaling dimensions of
the operators). AH, can be expanded in this base

and it follows that (24]) becomes
d
— N =l - - 2
AT hi(X) = Li - hi(A) (26)

it admits as solution h;(\) = A% - h;(1). This means that an hamiltonian H, close to a fixed
point can be described through the decomposition into the scaling fields. These fields can
be classified as follows:

-if £; > 0 then the scaling fields are relevant and thus if H, contains these operators,
they grow with A driving the system away from the critical point;

-if £; < 0 then the operator is irrelevant: its effects goes to zero when the dilatation param-
eter increases;

-if ¢; = 0 the scaling operator is marginal and remains finite in the RG flow.

The classification of fixed points is related to their local stability properties. A fixed point
is locally stable if all the relevant operator are fixed to their critical values. The number
of relevant parameters classifies a critical point and gives us the dimension of the critical
surface. The critical surface of a critical point is a surface in the space of hamiltonians
characterized by having all the relevant scaling fields fixed to their critical values. Thus, an
hamiltonian which lies on the critical surface, presents a critical behaviour (or in other word
it converges to H. if we perform a scale transformation with A — 00). The dimension of the
critical surface is given by the co-dimension of the number of the relevant parameters.

As we have seen, the hamiltonian can be parametrized through its couplings {h()\)} close to
the fixed point. The rescaled correlation functions can be written as function of the rescaled
couplings
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We differentiate the relation @ with respect to A

AT (2PN (R L1/, /) =0 (28)

and expliciting the action of the derivative we obtain

(- sza% + Zﬂ(h»a‘z + 3 52— d=n(h) )W (AN} @) =0 (29)
l i v i

where we have introduced the beta-function

d

5(he) = A () (30)
and n(h;) is given by
2—d—nh;) = )\%log Z(N). (31)

A fixed point, in this notation, is the configuration {h*} such that S(h}) =0 Vi.

1.2.2 Gaussian fixed point.

We have seen how universality and critical behaviour follows if we assume that an IR fixed
point exist and it is reached by the RG flow. In practise is not obvious how to find a fixed
point starting from a specific bare model. Let us start with a free theory which is quadratic
in fields. We want to construct a scale transformation such that a fixed point is allowed.

A generic quadratic hamiltonian is of the form

Holé) =5 [ ' Y00 o(a) (32)
r=0

where the box operator [, is a two-fields coupling constant containing 2r derivatives; the
Oy = m? is the mass term. We perform a scale transformation

¢ = Z(N)o,

T AT,
The effective hamiltonian becomes
1 )
Hor =5 / Ndlz - Z(0)Y  é()0A " ¢(x) (33)
r=0

therefore it can be viewed as a quadratic coupling which is transformed as

O, — O,.(\) = Z(\)\270,.(1),

where 0,.(1) = O,. When the dilatation parameters becomes large A — 0o, the term which
contains the smallest number of derivative becomes the most important. A critical theory
requires that (0%(\) = 0 = Z(A\)A4~2"00%: it is satisfied if,

e We choose Z(A\) = A~¢ if m? # 0 and O,-¢ = 0. This is commonly called trivial fized
point,

He = %mZ/dda: - (). (34)

The scaling dimension of the field ¢ is dy = d/2: the theory is not critical because the cor-
relation length £ tends to zero. The two-point correlation function becomes a d-propagator.
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e We choose Z(\) = A~(?=2) if m? = 0 and [J; # 0 (all the other terms with higher deriva-
tives are no relevant even in d > 4). The scaling dimension of the field ¢ is dy = (d —2)/2
which is often called canonical scaling dimension of the fields. Infact, looking at , the 7
function is defined as a correction to this canonical dimension and therefore is zero in this
case. The underlying case is the gaussian fixed point. The theory is critical and characterized
by an infinite value of the correlation length. The critical hamiltonian is given by

= % / e - 3(z)Thé(z). (35)

Let us perform a linearization of the RG near the gaussian fixed point: the effective hamil-
tonian can be decomposed into scaling fields

AN =Hx—HE =D > > 4" (A ¢) (36)

n=2r=0 1

where
yr" (N, @) = ZM ANy () (37)

Thus, we learn by the previous relation that scaling fields have scaling dimensions ¢, , =
d — §(d —2) — r. The gaussian fixed point can be classified and its local stability can be
related to the spatial dimension d of the critical theory. In particular,

-the operator n = 2, r = 0 that is a mass term is always relevant and correspond to a
deviation from the critical temperature.

-the odd operator n = 1, r = 0 which breaks explicitly the invariance under O(N) symmetry,
is always relevant and has dimension I3 o = (d+2)/2. It can be interpreted, in spin systems,
as an external magnetic field.

-if the spatial dimension d > 4 all the other operator are irrelevant and the gaussian fixed
point is stable.

-If d = 4 only n = 4, r = 0 becomes marginal and logarithmic corrections are expected.

-if d < 4 the gaussian fixed point is certainly unstable because many operators are no
longer irrelevant and move the system away from the gaussian critical point.

The gaussian fixed point has been obtaneid starting from free theories and it has no a
particular physical interest. We want to find another fixed point which allows interactions.
As we can see in the last few lines, this can be done only below four spatial dimensions. The
impossibility to construct a theory which flows to an interacting fixed point above dimension
four is called triviality problem.

1.2.3 Wilson-Fisher fixed point and the e-expansion.

Below dimension four, the main difficult in RG approach is to construct an explicit scale
transformation which drives H to a fixed point. The question of the existence of another
non-trivial fixed point is non-perturbative and cannot be easily answered. Some results
were obtained thanks to Wilson and Fisher. They assume that the spatial dimension and
the scaling dimensions of the operators are continuous functions and developed a theory in
the neighbourhood of four dimension, d = 4 — €. If € is small, the critical hamiltonian gains
only the quartic coupling constant u and all the other operators still remain irrelevant. The
constant u is small and remains small under the dilation trasformation because its evolution
is very slow. Under these assumption one can perform a double perturbation expansion in
terms of the coupling constant u and of € = 4 — d. The flow of u(A) is determined only by
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u(A) itself and it is well-described by the function beta

)\C%\u(/\) = B(u(N) = —eu(N) + B2u(A) + O(u?(N)). (38)

B2 is a constant which depends on the spatial dimension 4 — € but, at leading order, can
be computed in d = 4. The previous line tells to us that another non-trivial fixed point is
emerged

Bu) = 0= u = /B2 + O(u?); (39)

The sign of p5 plays a crucial role and gives a direction to the RG flow

-if B2 < 0 and d < 4 then w()\) increases: the e-expansion loses its meaning. In d > 4
the previous fixed point becomes repulsive. The destiny of the system depends on the bare
value of u: if u(1) = u < u, the system comes again to the gaussian fixed point; if u = w,
it still remains at the critical point and finally in the case of u > u,, the running coupling
constant u(A) will increase with A and any fixed point is reached.

-if B3 = 0 one needs the u? term of the perturbation expansion to make conclusions.

-if B2 > 0 and d < 4 the Wilson-Fisher fixed point is stable thus if v < (>)u. then u()\)
decreases (increase) and goes to the fixed point value; w(A) remains equal to the critical
value if © = u,. Above dimension four is already known that the gaussian fixed point is the
only stable fixed point which exists.

The explicit computation of the beta function can be performed only by fixing a specific
model.

1.2.4 Effective ¢* model.

Let us consider a ¢* model. In the next sections we focus our attention on spin systems
with O(N) symmetry: this symmetry does not allow terms with odd power of the fields.
Therefore the microscopic short-range statistical system can be reduced to a local regularized
¢*-field theory in 4 — e spatial dimension. The microscopic hamiltonian is

W) = [ d'a- [5e(VoP + Jas*(w) + 5 (6 @)?], (40)

where a, b and c¢ are regular functions of the temperature T close to the critical temperature
T.. One can consider a more general hamiltonian, that can be expanded in powers of the
field ¢ and derivatives

H(o) = [ dto- [3eer + 3 1i(0)]. (1)

where H;(¢) is an O(N) symmetric monomial in ¢ of degree n; and containing r; derivative.
However, by the previous discussion we know that the effective hamiltonian near dimension
4 cointain almost the quartic term and all the others cannot survive in the flow. Thus, we
consider as bare field theory a local ¢*-model. Let us perform the rescaling of the field ¢(z)
in such a way that the coefficient of (V¢)? becomes the standard 1/2:

x— Az, (42)

¢(x) = (o (x); (43)

After this rescaling all quantities have a dimension in units of A. Our choice of normalization
for the gradient term implies,
C:C_l/Q'A(Q_d)/Q, (44)
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which shows that ¢ now has in terms of A its canonical dimension dy = (d — 2)/2. A term
H;(¢) then is multiplied by

H(g) - AT D23y ) (45)

For large A all operators except (¢?)? should remain irrelevant. After the rescaling the
hamiltnian H(¢) then becomes

(o) = [ dla [5(V6(@)? + 5ré*(a) + AU @) (46)

with 7 = aA?/c , u = b/c%.

We choose (46]) as the bare model of the critical theory. This hamiltonian generates a
perturbative expansion of field theory type which can be described in terms of Feynman
diagrams. These have to be calculated with a momentum cut-off of order A, reflection of
the initial microscopic structure. The corresponding theory is thus analogous to regularized
quantum field theory. However, in constrast with the conventional quantum field theory,
where the bare coupling constant are adjustable parameters and have not well-defined phys-
ical meaning, here the quartic coupling constant has a dependence in A given a priori. In
terms of the microscopic length scale A~!, the critical domain is given at large distances
> A~! in which €71 ~ physical mass < A.

1.2.5 Renormalization near four dimension.

Let us find a non-trivial fixed point in perturbation theory: we perform a series expansion
in powers of the coupling constant u and of the distance e from dimension four. We want
to study the large cut-off limit: we introduce a new scale of energy p < A and define renor-
malized correlation functions. In order to give a meaning to the renormalization procedure,
one has to declare what are the values of the physical parameters in the renormalized field
theory. In the case of the hamiltonian we impose for the proper vertices:

F(2) (pa Uren. s s A)|p2=0 = 07 (47)

ren.
which states that the theory is critical. For normalization of the fields

9 e

8])2 I‘Cl)l. (pv Uren. s My A)|P2:/l =1 (48)

and we declare what is the renormalized quartic coupling constant:

Fggzl (pa Uren.s Uy A)'{p,-:u@,yﬂi eRrR} = /ffeuren. (49)
These renormalized correlation functions are related to the original ones (bare) by the rela-
tion

DL (0 tren. 1, A) = 2 (tren s A/ )T (p, u, A) (50)

ren.

The scale-factor of the fields Z contain a gaussian normalization which is already performed.
From this relation one can write down the bare RG equation

[+ B M) = S, A ) [ 0, 4) = 0 G

where the function] p

Blu, M) = Blu) = A

u (52)

Uren, b fix.

9We have neglected the dependence on the ratio A/u because these function can be obtained also by
solving the equation (51)) in terms of correlation functions which do not know the new scale p.
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WA/ =) = —Ae|  logZ(g.A/p) (53)

The equation is satisfied in the limit of large A by the bare correlation functions of the
microscopic model. We want to describe the long distance properties of the theory when
the dilatation parameter /A = A becomes very small. We are looking for u(\), Z(\) which
satisfy

A2 2000 (), M) = (A4 () au(?x) = GO )T (. u(0), M) =0
(54)

with d
Bu(N) = Aru() (55)

u(A) is a running coupling constant which changes as the scale of the theory is dilatated
A — AA. Tt follows that u(1) = u. Note that this relation has the same meaning of
because the running coupling constant u(\) full characterizes the hamiltonian Hy in 4 — e
dimensions. The scale-factor of the fields also becomes a running coupling with Z(1) = 1
and satisfies the flow equation

A(u(N) = A5 Jog Z(\) (56)

which is equivalent to the relation with a gaussian normalization of Z. The correlation
functions after the dilatation are related to the original ones by the equation

L0 (p,u, A) = Z7"2(OF (p, u(N), A0), (57)

which has the same meaning of but considering running couplings. Formally the con-
struction has solution
u(A) d
/ 29— log A (58)

B(g)

A
/1 © p(u(s)) = tog 20\ (59)

These relations can be solved in perturbation theory. In particular, the beta-function follows
from the relation which relates the bare coupling constant to the renormalized one and
then by its definition (52)). If we perform the computation [see ref.[10]]

N +38
Blu,€) = —eu + 152 u? 4+ O(u?, u?e). (60)

where N is the number of components of the field ¢ in the O(N) symmetric hamiltonian
. Looking to the beta-function, we note that S > 0 so the new fixed point is IR stable
below four dimension. We are interested to the behaviour near the fixed point u, where we
can linearize the beta-function 8(u) = w(u — u), w = B'(us) = € + O(e?). By substituting
the linearized beta-function in we obtain

[u(A) = u.] *<° O() (61)
Thus, the effect of renormalization is to bring the quartic coupling constant more and more
close to the critical value.
1.2.6 Scaling behaviours at the critical point.

Let us assume that the function 1 and the correlation functions are finite at the critical point.
This is consistently with the results which one can obtain order by order in e-expansion.
The equation can be approximately solved near the fixed point (in the limit of small )

log Z(\) 30 n(u) log A (62)
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and we call as critical exponent 1 the number n(u,) = n. It is very important because
describes the scaling behaviour of the correlation function at the critical point

T (p,u(X), AL) ~ X200 (p u,, A) (63)

but the gaussian normalization states that a rescaling performed over the momenta obey to
the scaling relation
T (Ap, 1, M) ~ XIT2EIT) (0, A) (64)

Thus, the scaling behaviour of correlation functions close to the Wilson-Fisher critical point
is

T (Ap, u(A), AA) ~ NI=n/2@=2EmDm) () g, A) (65)

We conclude that dy is now different from the canonical value (at the gaussian fixed point).
It has aquired anoumalus dimension 7

dy = 3(d—2+7) (66)

Finally, we derive the weak-scaling statement: the two-point correlation function at the
critical point diverges with a specific power-law when the momenta go to zero. From the
general relation we consider the case n = 2 and use the momentum Ap = & as scale of
dilatation

@ (\p) = I3 (k) ’“§° |2 (67)
p fix.
W® (k) *20 1/k2n (68)

We have found a scaling-behaviour for the correlation functions looking at long distances
below four dimension by using the e-expansion technique. This behaviour is universal in
the sense that it is governed only by the properties of the fixed point and, for small e, it
does not depend on the value of the bare coupling constant. The critical phenomena are
universal depending only on the symmetry of the field theory and on the spatial dimension
(which characterize the fixed point).

1.2.7 Scaling behaviours above the critical point.

We are interested to the scaling properties of the system where the correlation length is large
with respect to the microscopic scale A~! but finite. This region is called critical domain.
Let us define this region formally.

Consider a variation in the temperature T from the critical value T.. It moves all the
relevant couplings away from the critical point. However, in 4 — € spatial dimensions, the
most important contribution is given by the ¢? operator. Thus, we can consieder into (46])
the coupling r = r(T') and close to the critical point

T-T,

c

r(T) +re =747, (69)

re = r(T.) a constant. By dimensional analysis, the bare correlation functions have a scale
relation

T (p,7,u,A) = A3 @2TM (p /A 7/A% 0, 1) (70)

We define the critical domain as the region in which the system presents small thermal
variations with respect to the critical temperature

7| < A® (71)

Since in the critical domain 7 # 0, to the renormalization conditions given before one has
to add the conditions at zero momentum

Fgr)l(p =0, Tren., uren‘) = Tren. (72)
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Fggr)l(p =0, Tren., Urcn.) = T;enurcn. (73)
The renormalized correlation functions are related to the bare correlations by
FEQ (}% Tren. uren‘) A:)/OO Zn/2 (TYE‘n./Au uren.)r(n) (pa T, U, A) (74)

Note that the renormalized quadratic coupling has dimension of a mass Tyen. = Myen.- S0, if
we perform a rescaling in the renormalized correlation functions through myey.
d—2(d—2) (s

Fggg (p7 Mren., uren.) ~ mren.2 ( )Fl(ngg (p/mren.7 17 uren.) (75)
This rescaling, applied to the case n = 2 tells to us that the two-point correlation function
decays with a power-law of a characteristic length-scale ¢ = m,,. which is the correla-
tion length. Let us perform a dilatation transformation of the correlation functions with a
parameter A = Myey, /A: from we obtain the flow equation

/\d% (272000 ® (p, 7(0),u(0), AN) | = 0 (76)
‘We introduce the functions p
— Au(N) = Bu(V) (77)
A log Z(3) = n(u() (78)
AL 1ogr(A) = m(u(V)) (79)

X
which describe the flow of the running coupling constant. We set u(1) = u, Z(1) = 1,
7(1) = 7. The RG equation becomes

25— BN sy + 5 — w70 5.

2
The critical region is defined by , so we can impose as upper limit that the running
coupling constant 7(\) = A?A? after the rescaling. From (79) we obtain

T(A) =T -exp ( - /1/\ % : 7y(u1<8>)> (81)

where v is a real function of u. For A\ — 0 we can substitute v(u(A)) ~ v(u.) = v and the
upper limit becomes

}rw (p, 7(\), u(A), AA) = 0; (80)

log(7/A?) ~ = log A (82)

1
v
It follows that

Tox AV o mlV = g~ T (83)

ren.

v is the critical exponent that drives the scaling behaviour of the correlation length into the
critical domain. The correlation functions are related in the way we know

T (Ap, A27, AA) ~ AT 2@=248M) () 7 4y A) (84)

but, from this discussion, a new property arises: since 7 #* 0 the correlation functions at
zero momenta are finite and present a scaling behaviour given by

™ (p = 0,27, u, A) o 7@~ 5 (d=2+n) (85)

this is commonly called strong scaling law. In particular the two-point correlation function
at zero momenta, often called susceptibility, has a behaviour

X = W(2)(p =0,7,u,A) x r—v(@=m) (86)

we define as critical exponent v = v(2 — 1) which describes the power-law behaviour of
the susceptibility. Other thermodinamic critical exponents can be defined but they are all
reducible to a certain combination of v and 7. These last two exponents directly follow from
scaling properties of the critical system and therefore lead to the scaling relations in the
thermodinamic observables.
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1.2.8 Symmetry breaking and scaling behaviours below the critical point.

The system is invariant under global O(NN) transformations. The infinitesimal variation
of the field ¢ is

5p(x)a = Thpdp(x) - v; (87)

where T, 3 are the generators of the group and v; are the space-independent parameters of
the specific transformation ¢ = 1 + v € O(NN) close to the identity. In order to connect
continuosly the state of the system above and below the critical point, we need a spontaneus
symmetry breaking. A standard way to proceed is to couple the hamiltonian with an external
magnetic field which explicitly brokes O(N) symmetry into O(N — 1). Then, if the system
is not physically coupled to a magnetic field, one takes the limit in which this field goes to
zero. The hamiltonian becomes

H(@) = [ dia- [5(Vo@)? - 51rl6*(@) + 5red*(@) + A UG @) ~ o 6ulo)] (55)

— Hegn(9) = [ % ha du(o).
where the magnetic field has a fixed direction
ha = 61,04 - h. (89)

The field ¢ has a non-trivial expectation value o that we call order parameter or, more
physically, the magnetization. We parametrize the field as a fluctuation over the background
¢(z) = 0+ p(x). To the hamiltonian are associated correlation functions which are no
longer O(NV)-symmetric. These satisfiy the Ward identities, that state

i [T (p(x) +0) o
[t (255 4o (op(0) +0) =0 (90)

where T'(¢) is the effective action, the functional generator of the proper vertices of the
theory. In particular, two important relations follow from the Ward identities. The first is
obtained by consider ¢ =0

T shaop =0 (91)

The magnetization has the same direction of the external magnetic field and are both left
invariant under O(N —1) rotations around the direction of 0. The second important relation
involves the two-point correlation function: if we differentiate once with respect to ¢, (y)
and then set ¢ = 0 we obtain

T (p(x) +0) i _
/dm opTlgs - o (2500 o + T 585, 0% y)aa]_

/dd:v : [ TZBF%) (x,y) + T(i,yéd(x - y)aa} = 0;

In the Fourier space, ' '
08T T (p=0) + T yhe =0 (92)

If we consider the limit in which A — 0 this relation tells to us that the matrix F(QZJ(O)
has N — 1 zero-modes: they are commonly called Nambu-Goldstone bosons and can be in-
terpreted as massless particles (because the eigenvalue of the operator I'?)(0) is a square
mass).

Since the magnetic field and the magnetization define a direction in the space we can dis-
tinguish the correlation functions as transverse and longitudinal to ¢. The N — 1 transverse
two-point correlation functions at zero momenta are proportional to the magnetic field and
goes to zero (Nambu-Goldstone bosons formation) when it is removed

P2 (0) =x" = h/o (93)
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The longitudinal two-point function F(L2)(p) is dressed by the transverse propagators too
as one can easly see by computing the one-loop order contribution in perturbation theory.
Thus, when the magnetic field is turned-off, the Wf)(p = 0) operator has IR divergences.
These are due to the Goldstone-waves and not to the critical fluctuations. Therefore, be-
low the critical point and when the magnetic field goes to zero, it is expected a cross-over
behaviour in the momentum: there is a value of momentum p°® ~ £~ ! which divedes the
critical behaviour from the Goldstone-waves behaviour at large distances. Below the critical
point (where the correlation length is finite) the long distance behaviour is dominated by
Goldstone waves. When 7 — 0, 7 < 0 or, in other words, when we are into the critical
domain below the critical point, the correlation length becomes large with respect to the
microscopic scale 71 < A~! but it is still finite. Thus, there is a regime of universal critical
behaviour at length scales of order ~ & and at larger length scales a regime dominated by
Goldstone modes.

The correlation functions present a scaling behaviour also in the low temperature phase.
Here we can construct a thermodinamic potential density functional F as function of the
magnetization as follows

F(o,m,u,A) = Z % T (p=0,7,u,A) (94)
n=0

and it follows that F generates the proper vertices at zero momenta. The magnetic field
can be obtained by diffentiate once F with respect to o

A n
o7 ) = TOTUR) 52T p = 0,7, (99)
n=1 "

By dimensional analysis we observe

h(o,7,u, A) ~ AT/ 2 (g /AE=D/2 7772 4, 1) (96)
Let us perform a dilatation transformation A — AA on the magnetic field

h(o,m,u, A) = Z7Y2(N)h(a(N), 7(A), u(N), AA) (97)
By this relation follows the RG equation

d

A—
dA

2712 (0n((N), 7(N), u(X), A1) | = 0 (98)
it can be written as

s ) (Lo (0 5 ) () ()

)
ar(\)

}h(a(A),T(A),u(A), M) =0

(99)
where we have introduced the function 5, n and 7y as in , and . The running
coupling constant o () satisfies the flow equation

0
)

A log o (N) =~ gn(u(Y) (100)
with (1) = ¢. Comparing and (100) we read that
o(\) =aZ7 2 (N); (101)

The choice of A is arbitrary and its value is set to
o(A) = (AA)4=2/2 (102)
The equation ((100]) has solution

A
log(a(0)/a) = =3 [ 2 nfus) (103)

S
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Using ((102)) one finds

(@22 _ 1 [*ds
log(o/ (M) @D/ = = [* Zla— 2+ y(u(s)) (104)
1
in the critical domain the magnetization has very small values
o< Ad=D/2 (105)

Thus, in (104) we can consider, for small values of A, u(\) close to u,. In this limit the
magnetization presents a scaling law

oAld=2)/2  \(d=2+n)/2 (106)

We have already seen that in the critical domain 7(\)/A? ~ 7A~Y" and Z()\) ~ A\". We can
replace in the asymptotic forms for the running coupling constants in order to eliminate
the parameter A

h(o,7,u,1) ~ o f(ro/F) (107)
and for h=0,7 <0

oo (=1)P (108)

This is the scaling behaviour of the equation of state of the system. We have introduced the
critical exponent 6 = (d+2—17)/(d—2+n) and 8 =v/2(d—2+ 7). As we can see they are
a combination of the critical exponents v and 7 related to renormalization. The function f
is an example of scaling function. A scaling function depends on a specific combination of
its variables and is universal.
Finally we note that the strong scaling statement is still valid below the critical point into
the critical domain p < A, |7| < A%, 0 < Al4=2)/2, The correlation functions stastisfy the
RG equation

[Aa% + ﬂ(u)aﬁu - %(n + JE%) — T]Q(U)T%] F(")(p7 T,0,u,A) =0 (109)
where we can note that here the correlation functions depends on ¢ too. Using the same
arguments of before (one looks to and its solution )7 we can find a solution to this
equation
L™ (p,7,0,u, A) ~ md=d=24M/2p0) () 1y 7y =1/Y) (110)
where m = ¢/# and f(") is a scaling function. If we set the magnetic field A = 0, below the
critical point, the magnetization does not vanish and becomes a spontaneus magnetization.
The spontaneus magnetization can be expressed in terms of 7 by . Thus, the previous
solution becomes
T (p, 7,u, A) ~ md—n(d=2+m)/2 p(") (p/m) (111)

F(”)(p =0,7,u,A) md—n(d—2+n)/2 (112)
which is equivalent to with the same critical exponents but with different amplitudeﬂ

1.3 Static equilibrium scaling behaviours.

The model does not know time: all the stuff are derived for time-independent fields and
parameters. The only variation of the coupling constants of the system is due to change of
the scale A\. The system, at a fixed scale, remains itself at all times. We refer to this situation
as static equilibrium and call the previous relations static equilibrium scaling forms. By the
previous discussion, we define the static equilibrum scaling behaviour for a generic operator
O with scaling dimension A to be the limit in which the correlation length £ goes to infinity
keeping z /¢ fixed such that

Tl T2

< O(z1,9,--) >= Go(w1,13,---) ~ £ - Gt ( ¢ 7z,---) (113)
where GJ' is a scaling function. The expectation value of the operator O is a generic
observable. For instance, one can consider O as the product of several fields O(z1, -+, zp) ~

¢(x1) - - - () having scaling dimension A = ndy.

100r if p # 0 with different scaling functions Fy # F_. The amplitude ratio is a universal quantity.
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2 Critical dynamics.

Up to now, we considered only the static equilibrium properties of critical systems. We
shall now study the time evolution of the fields. The dynamics of a statistical system is
the effect of several processes and complicated interactions which can be summarized in
a stochastic equation. Close to the critical point, the divergence of the correlation length
causes the emergence of modes with large relaxation times. This phenomenon is called crit-
ical slowing down and leads to universal scaling behaviour for time-dependent quantities.
The scaling behaviour of the system depends on the type of dynamics: we assume that
the time evolution of the fields satisfies a purely dissipative Langevin equation. In order to
use the machinery of field theory, we implement the stochastic equation in the field theory
itself. Then, we extract the dynamical exponent z from the Langevin equation and define
the dynamical equilibrium scaling behaviour.

2.1 Stochastic field equations.

We report a briefly discussion on the stochastic field equation following the ref. [1I], [12]
and [13]. A stochastic partial differential field equation is

D¢(x,t) = Flo(x,t)] + ¢(x, 1) (114)

where ¢ is a random function of its argument which describes the macroscopic noise affecting
the system. We consider a field-independent type of noise. D is a differential operator which

-,

does not involve fields explicitly and F[¢] is a forcing term. Some standard example are:
D = 9/0t — wV? diffusion operator,

D = 9?/0t* — V? wave operator,

D = 9/t Langevin operator;

and for the forcing term,

F[plo = —%57—[(@ /8 purely dissipative equation,

Fl¢] = g(ﬁ - $)2 Kadar-Parisi equation, and so on.

We assume that the stochastic equation admits a unique solution ¢gs(z, t|s). For any func-
tion of the field Q(¢) we can define the averages on noise distribution as

< Q) >= / Ds- P(6) - Q(ban) (115)

where P(¢) is the noise distribution, normalized to 1. Even if the solution is not known, the
expectation values can be computed by using a trick. We start from the identity

Geo(, 1<) = / Do-o(z.1):3(6(z, )~ dunz.115) ) = / Do-5( Do, 1) Flo(a, 1))~ (x.1)) det M.

(116)
where det M = det ( D — 5?—?) is the jacobian associated to the transformation. Using the
relation above in (115]), we obtain:

< Q) >= /Dg-D¢~P(<)~Q(¢) -6(Do(w,t) — Flo(w,t)] — <(2,1)) - det M. (117)
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At this point we define the generating functional of correlation functions as

Q(¢p) = exp (fddac fdt-J(x,t) ~¢)(x,t)>. More precisely,
Z[J] =< exp (/dda; . /dt < J(z,t) - qb(x,t)) >c= (118)

/Dg-D¢~P(g)-6(D¢(a:,t)—F[¢(x,t)]—g(x,t))~detM-exp(/ddx-/dtJ(x,t)-d)(x,t)).
All the correlation functions are given by

1 5nZ[J]

T Z 6JQ1)---6J(n) )J:O (119)

o D Do-P)exp (T-6) 0(6— dua)
5J(1)-0J(n) [Ds-Dé - P(s) - 5<¢ _ ¢sol> ‘J:O

where we have introduced a compact notatiorﬂ If the solution of the stochastic field
equation is known, the relation is simplified because we can integrate over the field ¢

5 [ Ds- P(s) - exp (J : ¢s01)
< ¢sol(1)"'¢sol(n) >e= (SJ(l)(SJ(Tl) . f’D§P(§) ‘J:O
5’ﬂ
T 5J(1) - 0J(n) /DC P exp (‘] ' ¢S°1> ’J:O (120)

Gaussian noise distribution.

Let us assume that the noise distribution is gaussian. Without loss of generality we can
take the noise to have zero mean: if the mean is not zero, we can redefine the forcing term
F[¢] in such a way to have zero mean. This implies that the only non-zero cumulant is the
variance. Therefore, the distribution of the noise can be written as

P(o) = m-/m.exp(—;/dt./ddx./ddy-cmt)-Q(x,yrl-<<y,t>). (121)

If we look to ([118)), the integration over the noise becomes gaussian and can be performed.
The result is:

210 = [ Doexp (~; [ de [ ate- [ aly(Do(w. 0~ Floe. ) 00w 0) (Dol O~ Flow. )

+/dt-/dda:-J(x,t)-¢(m,t)) - det M. (122)

The previous relation can be viewed as a dynamical action

spmiel = [de [t [ty (Dote.t) = Flo(w0])2 (@) (Dola.0) ~ Flotw.1).

(123)
Only for completeness, we conclude this discussion introducing the ghosts fields. These
are not related to physical quantities. They implement a constraint in the field theory, in
this case, the stochastic equation. We can write the determinant as a gaussian integral of
Grassmann anticommuting scalar particles

det M = det( — M;E;M)

H¥For instance, ¢(i) = ¢(z;,t) and so on and so forth.
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-/DBDCoexp(—%/dt-/dd:c-E(x,t)(D—5F[¢]/6¢)’lc(x,t));

~ det(2x)

and the partition function becomes

Z:/D¢-DE-Dc-exp{—%/dt-/ddx-/ddy-

(Dg(a,t) = Flo(z, )™ (z,y)(Dd(y, ) + Flo(y, t)])

——/dt /ddazE DJsF— /dt /dd:rJ:rt (wt)} (124)

The dynamical action can be written as the previous term plus a term which is commonly
called Fadeev Popov action and it expresses the constraint in our theory

Sayn.[6] = 53" [¢] + Sax[0] =

5 [ [t [ty (Dote.t) = Fiole,)2 o) (Dolw.0) ~ Flotw.)

/dt /ddm ¢z, t)( —M;Efﬂ)(mt):

{%/dt-/dd:c-/dy~D¢(x,t "(z,y)Do(y,t /dt /ddx &, ) (D™ )e (x’t)}Jr

{ [a- [ @z [ @ (-Dotw.09 @) Flotw ) + 3Fibla, )0 (o,0)Flo(y. o)

—5 [t [ s etwn @ yetnn} = s o)+ sig ol

From this action, one can derive the Feynman rules for propagators and vertices [see ref.[11]].

Note.
The dynamical action has a BRS symmetry. It is related to the invariance of the measure:

[[ldga] - 6(Ea[g]) - det(E), (125)

[e%

under traslation that takes E,[¢] — Eq[¢] + <o, where E is a general constraint applied to
fields. The infinitesimal transformation of fields is

8¢a(z,t) = [Eld(z,t)]|55 - a2, ). (126)

Introducing auxiliary fields and ghosts fields, it’s simple to demonstrate that this symmetry
of the action is BRY

2.2 Langevin dynamics with gaussian noise.

We assume that dynamical evolution of the system is driven by a purely dissipative Langevin
equation

5‘¢a (z,t) / d / d
~ 5 =~ 3 d%x d%y - ————— - Qz,y) + sa(z, ). 127
o ) sl (127)
We also assume gaussian noise distribution with cumulants
<oz, t) >=0; (128)
< g(x(xa t) . gﬁ(xlv t/) >¢= Q(x7 J)/) ! 504,6’ : 6(t - t/)7 (129)

12The BRS transformation and the proof of the statement above can be found in [9].
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The previous equation of motion, written in Fourier space, becomes

9¢a(k,t) _ Q(k) 5S[g(k, )]
ot 2 oouthy Bl (130)

We are interested to the long-distances properties of the system i.e. to the small-k behaviour
of Q(k). One may note that, since Q(x,y) is a short-range function, Q(k) is an analytic
function. At this point there are two possibilities: the underlying dynamics may converve
or not the order parameter of the transition. We follows the discussion of the ref.[I4].

2.2.1 Gaussian model.

We consider first the simplest case: the free theory, described by the euclidean action

Stol = [ dis- 500,00 + mte?(a,t)]. (131)

The equation (130) becomes

6¢aa(f,t) _ _Q(;?) (kz —|—m2)¢a(l€,t) +§a(/€,t) (132)

We consider expectation value of the field:

0= 0albl) 2 _ O (2 4 ) < gulht) > (133)

e If the order parameter is conserved, % < ¢a(0,t) >.= 0, this implies Q(k = 0) = 0. The
expansion for k — 0 of Q(k) starts as Q(k) ~ k? - Q, where Q is a constant. It corresponds

to fields which can have only self-interactions. This type of dynamecs is called model B. The

equation (133)), in the limit of small momenta Q(k) o~ k2Q, becomes

0< d)a(kvt) >¢ k~0 7@

2 -2
5% 2 (k% 4+ &77) < ¢palk,t) > (134)

Each mode has a relaxation time given by 7, ~ Q7 k=2(k? + ¢72)~1. When k — 0, the
relaxation times diverge like £#. This phenomenon is called critical slowing down. From the
previous relation we fix the dynamical exponent z = 4 for the gaussian model.

e If the order parameter is not conserved, fields can have interactions also with external
fields. In this case the expansion of Q(k) starts with a constant Q(k = 0) = Q. This
type of dynamics sometimes is called relazational because reproduces the effects of an heat-

bath which absorbs the fluctuations. The underlying situation is known as model A. As

Q(k) o~ Q, the equation (133]) becomes

0 < ¢a(k,t) >c ko O _

9 < @alkt) >¢ ko — (R4 €72) < po(k,t) >, (135)
ot 2

The relaxation time is 7, ~ Q(k?+¢72)7L. Thus, we read a value of the dynamical exponent

z = 2 for the gaussian model.

2.2.2 ¢* model.

We want to extract the value of the dynamical critical exponent z in the case of an interacting
theory. In particular we consider an interacting O(N) symmetric model, which can be
reduced near dimension four to the (¢?)? theory without loss of generality. Thus, we consider

the action:
Slol = [ dia- [5@u0(@)? + 576 @) + 16 @) (136)
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The equation (130]) describes the dynamics of the system:
Poulkt) ),

ot 2

where §S[¢]/d¢ = L[¢] = (k% + 1 + u/6(¢?(k,t)))da(k,t). To the dynamical model (([136]
plus (I37)) is associated a set of dynamical correlation functions W™ (z;, ).

In particular, the connected two-point correlation function, at the critical point and in the
limit of small momenta has a scaling behaviour

[p(k,8)] + a(k,t) (137)

W (k,t) *2° k2t g (k) (138)

where we have taken into account the scaling also for the time variable through the dynamic
critical exponent z and W is a scaling function. But if we compute the connected two-point
correlation function from (137)), we expect that:

W@ (k1) "2 Q (139)

for the model A and
W (k1) "2 k2 (140)

for the model B. Comparing the relations above, we conclude that the critical exponent
z = 2 — 7 for the model A and z = 4 — 7 for the model B.

2.3 Relaxational dynamics.

We assume that the dynamics of the fields occurs through a relazational dynamics which
means to consider a purely dissapative Langevin equation with a white gaussian noise dis-
trubution:

/D§'P(C) = \/detl(TQ)-/eXp<—;/ddx~/ddy-g(x)-Q_léd(gc—y)-g(y)) =1. (141)

The cumulants of the noise distribution are fixed to

< cala,t) >c=0; (142)
< alm,t) - p(@ t >c= Q- 5050%(x — 2")5(t —t'); (143)
The dynamical action becomes
spiel= gt fare [ e [(o+ ol 1)) o 1)) (144)
such that s g o
soemn ~ 0= (05 €[¢(x,t)]>¢a(x,t). (145)

where 05[¢]/d¢ = L[¢] = {[¢] - ¢.

Since we consider a white gaussian type of noise, Q(k) = € thus we have a model A type
of dynamics. Model A is the dynamical universality class is characterized by the dynamic
scaling exponent z = 2 — 1.

The equilibrium scaling behaviour now takes into account also the time-variable. We
define therefore the dynamical equilibrium scaling behaviour to be the limit in which £ — oo
keeping x/¢ and t/&* fixed such that an operator O with scaling dimension A sastisfies

X1 T2 t
£ ¢ ¢
This statement completely defines the framework in which the off-equilibrium scaling theory
will be developed.

< O(x1,22, -+ ,t) >= Go(x1, 22, - , 1) ~ E 2 - G( ). (146)
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Finally, there is one thing that must be point out. Why a relaxational dynamics might be
a good dynamical model for our system? Let us consider the probability distribution of the
system

P(6,1) =< 3((w,1) = 6(a)) > (147)

It satisfies the Fokker-Planck equation [see, for example, ref. [9] and [12]]

P(¢,t) = —QHpp P(6,1); (148)

where Hpp is called Fokker-Planck Hamiltonian

Hew (9, %) ——5 [ qux) [Mf@) + L)) (149)

We write the Fokker-Planck equation as an equation of continuity for the distribution of

probabibility
OP(p,t) Q@ [ 4 0
ot 2 /d 5o @

where the current is defined as

3P (o,1)
6¢(x)

The first term of the current reproduces the diffusion process and the second one the dissi-
pations. After long times we expect that the system does not depend on time and all the
dynamical effects are relaxed through the damping mechanisms: in other words we want
that the probability distribution tends to a steady state

OP(é,1) 0 5 .

J(x) = + L{p(2)]P(¢, 1); (150)

and this implies

5P(4,t) | 65[¢]
+
op(z) — do(x)
The last equation is satisfied if the distribution of probability is like

P(¢,t) = 0;

P(¢,t) ox e~ 59! (151)

that is the Boltzmann distribution of probability in our notations. Real statistical systems,
even in the presence of off-equilibrium phenomena at the transition, approaches the equi-
librium after long times. This physical requirement justifies the assumption of relaxational
dynamics.
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3 O(N) vector model in the large N limit.

In this section we present the O(N) vector model in the limit of large N. The limit N — oo
may be rather unphysical but it turns out to be exactly solvable.

3.1 O(N) vector model.

The N-vector model is a lattice model described in terms of N-vector spin variables S; of
unit length on each lattice site ¢, interacting through a short range ferromagnetic O(N)
symmetric two-body interaction V; ;. The partition function of such a model can be written

as
z- /HdSi OS2 — 1) =T, (152)

in which the configuration energy ¢ is

() ==Y Vij(Si- ;) (153)

This model has a second order phase transition between a disordered phase at high tem-
perature, and a low temperature ordered phase where the O(N) symmetry is spontaneously
broken, and the order parameter S; has a non-vanishing expectation value. One can add to
(S) a linear coupling

() ==Y Vij(Si-S)+ Y h-S; (154)

which can be interpreted as a uniform external magnetic field. The presence of a non-zero
magnetic field leads to a first-order transition in the low-temperature phase along the line
of h = 0. At the continuous transition the correlation length diverges and therefore a non-
trivial long distance physics emerges. As we have already seen in the first section, the long
distance physics of can be described through an effective ¢* model

St6) = [ (5000 + 576%(a) + {6 @) ~ hatalz)] - . (155)

In the following sections we consider this model when the number of components N of the
vector become very large.

3.2 Statics of O(N) vector model for large N.

We present the static model and derive its critical properties [see ref. [9], [I0] and [I5] |.
The system is described by the partition function

Z = /D¢ - exp ( - S[¢]> (156)
where the action functional is

Stél = [ ' (50,0 + N - U(@*(a)/N) - hat(o)] (157)

where the magnetic field has a fixed direction hy = 61,4 - h. The potential U is a general
polynomial. However, if we look to the long-distance properties, we know that a general spin
system with O(IV) symmetry can be reduced to a ¢* model below dimension four. Thus, we
fix the shape of the potential to:

U (@)/N) = 5ord (@) + s (67())? (158)
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where v ~ O(1/N) is a coupling constant with dimensions A¢. The large N limit makes the
system exactly solvable. The main simplification lies behind the following idea. One may
observe that, by the central limit theorem, the square field ¢?(z) = Zgzl #2 (z) should have
a normal distribution as N — oco. Thus, it is expected that the averages of several fields can
be reduced to

< P (x) - 2 (y) > RT< g (x) > - < ¢A(y) > (159)

This idea suggest us to introduce a new density field Np(z) = ¢?(z) which satisfies the
condition

1= [ Dp-6(Npla) - 6*(a)); (160)

This constraint can be implemented in our model by introducing another field A(x)
2 N Ao
L=N [ Dp-3(Np(a) = (@) = - | Dp-DAr-exp (= 5(¢*(a) = Np(x))) ~ (161)

A field integration runs over imaginary axis in the complex plane because the field A is not
related to any physical quantity; it tells us which is the relation between ¢? and p, nothing
more. By inserting the identity (L61]), the partition function can be written as

z:/D¢-Dp-m-exp(—5[¢,p,A}) (162)

with
1 1 uN? 1
S[é, p, ] = / @'+ |5 (0u(@))2 + 5N 1o+ o p 4+ A @) (6%(w) = Np(w) = h- 6n(a)] -
(163)
We note that the new action is quadratic in ¢ integration, thus we are able to perform the
integral (162). The field has N components, ¢ = (¢1 = 0, Po>1 = 7). We perform the
integration over the N — 1 transverse components

Z= /Da -Dp- DA - exp ( — Sn[o,p, )\]) (164)

The action is
Slop A = [ [0 @)+, Nt U g2 4 N@) (0%(2) - Nolw) o (@)] (165)
+%(N 1) Trlog(=8,0, + A())

It may be useful to rescale all the quantities with N,

$(x) = VNo(x), (166)
w i u/N, (167)
he — VNhg,. (168)

After such rescaling, the action above becomes explicitly of order N:

L (VNG(2))?)? = VNhaVNoo(2)] - dia
(169)

Svl6] = [ [3(0.VN6()? + 5rNe*(@) + 4

u

N [1506(0)) + 576w+ H(S@))? ~ hadala)] ' = N - ST

and therefore the expression (165) becomes:

Svlop Al = N- [ e [0, ()4 5rp+ 17+ 50 @) (2 (0) = Np(a)) ~h-o(a)] (170)
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1
+§Tr log(—0,0,, + A(-)) = N - S[o, p, A].

If we consider the limit of the large IV, the partition function (164]) can be computed by the
steepest descend method. We perform a saddle point expansion of the action S in terms
of 1/N and we keep only the zero order@ Further developments are made by using the N
scaled action S ~ O(1) valuated at the leading order in 1/N.

3.2.1 Saddle Point Equations.

Defining the action density £ as

Slos pA] = /dd:c €0, p Al (175)

we look for an uniform space-independent saddle point X = {o(x), p(z), A(x)} = {0, p, m?}
in which £ has a minima:

o0& _0-— o0& ‘ _0& ‘
(SO'(Z‘) o(z)=0 5p($) p(x)=p 5)\(33) )\(x):mQ.
At saddle point the action density is
1 u o, 1 o 1 /A Ak s
== — = —p)—h- = 1 . 1
£ 2rp+4!p +2m (a p) h 0'+2 an) og(k* + m?) (176)

From the last relations, we extract the saddle point equations:
m?c —h=0 (177)

this equation implies that the magnetic field breaks O(N) symmetry explicitly and gives to
the system an induced magnetization, that is

o= h/m? (178)

The second saddle point equation tells to us

1
U,(p) - 7m2 = 07
2
By fixing the potential as (158) we have
m277'7%p20 (179)
this leads to the results )
6 _
o= 6(m” — 1) (180)
u

131et us parametrize the deviation from the saddle point value of the field as

$(z) = X + ¢(2)/VN (171)

the action can be written as

~ ~

52519] ) + Rx(3); (172)

1 ~
Slg] = S[X] + 5¢(ﬂf)m‘¢:x

where y
o0
~ (1/N)F2 —1 §*5[¢]
Rn(¢) = Z " : ‘
g 5(x1) - () lo=
The corrections to the system valuated at its saddle point generate an 1/N expansion and they are negligible
because

@) ). (173)

Jim Ry () =0. (174)
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The third saddle point equation is
o> —p—Q(m)=0
which can be written, using (180)), as

rt (0% + Qm) =m? (181)

where (2 is defined as

o - [ o] (182)

(27)d ' P2+ m?

If we turn off the magnetic field h = 0 the saddle point equations becomes:

m?.o=0; (183)
T+%p:m2; (184)
0% —p—Q(m)=0. (185)

Note.
The choice of the quartic potential (158)) makes the system quadratic in the p field. After
its integration the action ((170) becomes:

1 1 3 3 1
Slo, A = / %z b(8Ha)2+§)\(33)02($)—2—)\2(x)+fr>\(x)—h-a(x)}—|—§’Hlog(—8uc')u+)\(-))
u u
(186)
The result of the integration is equivalent to the substitution in (170)) of the p field with the
solution of the classical equation

Ma) =1+ %p(x). (187)

It can be shown that the square field can be replaced by its expectation value ¢?(x) ~ p
at the leading order in 1/N|E It follows that A(z) ~ r + u/6p = m?. The action above
becomes:

Slo, A] = /dda:~ [%(3M0)2+1m202(a:)—h-a(m)+const.} +%Trlog(—8,tﬁu+>\(-))+O(1/N).

2
(188)
The theory seems to be gaussian at order O(1). The connected two-point correlation function
is given by:
1
w@(p) = —— 189
0) = (189)
Let us derive the critical properties of the system. We investigate the two phases and
compute the specific values of some critical exponents.

3.2.2 Low Temperature Phase.

In the absence of magnetic fields, the low-temperature phase presents the spontaneus sym-
metry breaking O(N) — O(N —1). The expectation value of the field o is not zero, thus the
saddle point equation states that m? = 0: the 7 components of ¢ become Goldstone
bosons. The full symmetry loses N — 1 generators. From the second saddle point equation
we obtain
2
p= S =) b, (190)

u u

14 At leading order, it is reasonable to consider subleading the variation of the square field ¢?(z) with
respect to those of ¢(x). Thus, one can replace ¢2(z) ~< ¢p?(x) >= p. A formal proof of this statement can
be found in [I5]. This property still remain true in critical dynamics where the Langevin equation can be
linearized by the substution ¢2(z,t) ~< ¢?(x,t) >c.
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it follows that 6
0% =p=pe=(re—m) (191)
with the definitions p. = Q(0) and r. = —(u/6)p. < 0. We can study the departure from

critical temperature by defining:
(r—re) (192)

T =

gl

that implies
6
0'2 = E(Tc — ’I“) = —T (193)

Using the last expression we are able to extract the critical exponent g for the behaviour of
order parameter close to the critical point

o~V =(-7)=p=1/2 (194)

We find for O(N) vector model in the large N limit a gaussian exponent /3, in all spatial
dimensions.

3.2.3 High Temperature Phase.

We consider again the case h = 0. The expectation value 0 = 0 because of the full O(N)
symmetry. The saddle point equation now leads to m? # 0: the system has a typical
mass and therefore a finite length scale of correlation. The value of the physical mass can
be also read in the poles of the two-point correlation function . From the saddle point
equation with o = 0 we can write p = Q(m) that implies

dp _(=2m) [N dp
om  (2m)d / (p%2 +m?)?

<0 (195)

The thermal coupling r is an increasing function of m? and it has minimum in r. where
m? = 0. From (184) using definitions p. = 2(0), r. = —u/6p., T = 6/u(r — r.), we obtain

m? = Z(p = pe+ 7). (196)
Let us introduce the notation
p— pe = —m>Dy(m) (197)
where A ;
1 1 d*p
D E— ) —0Q0)] = . 198
d(m) m2 [ (m) ( )] (27T)d / pg (pg + m2) ( )

The value of this integral depends on the spatial dimension of the system.
We develop our results in d = 4 — ¢ where, moving to the critical point we can expand the
function Dgy(m) for m << A as

Dy(m) =~ C(d) -m®* — a(d) - A + O(m? - A47F) (199)

where C(d) = (1/(4m)¥?)T'(1 — d/2) and a(d) is a constant that depends on regularization
method chooserﬂ At the leading order of this expansion we find

v=1/(2—¢) =1/(d—2) (200)

Below dimension four the theory presents a critical exponent v different from those at the
gaussian fixed point. This reflects the presence of a non-trivial interaction behind the defi-
nition of m?2.

15 For instance, using dimensional regularization:

_ m=2 dip _ dd7p _geq 1 dip _ pd—a 1 _
Dalm) = (5 </ (2 +m2) / p? ) - e / P2 +1) (47r)d/2r(1 4/2)-




38

3.2.4 Critical Point.

We have two relevant variables that characterize the critical point now: the thermal coupling
and the magnetic field. The general critical surface for a ferromagnetic system is described by

o 7 =0 : The temperature is at its critical value so the thermal coupling is fixed to

r=r.=—(u/6)2(0).

o he = 0 : The continuous transition occurs at null magnetic field.

We can extract the critical exponent 7 recalling the weak scaling statement : since
the theory is massless we read from (189) that

W®(p) ~1/p* =9 =0 (201)

This is a very remarkable result: for all spatial dimensions the anomalous dimensions of the
fields are zero in the large N limit. It follows that the scaling dimension of the fields is set
to the canonical value

d¢:%(d72+n):(d72)/2 (202)

For an external source which linearly couples the field (as will be magnetic field), the scaling
dimension is

dh:d—d¢:%(d+2—n):(d+2)/2 (203)

It is possible to verify that the scaling exponents found before satisfy the relation 5 = vd,.
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3.3 Equilibrium relaxational dynamics of O(N) vector model for
large N.

We consider the action (169) when the fields becomes time-dependent:

o = e [0 00 + 5ré(wt) + 5 (@@ 0P ~ hadalet)]. (200

4

where the magnetic field has a fixed direction h, = 01 4 - h. We assume that the dynamical
evolution of the system is driven by a purely dissipative Langevin equation:

O¢a(z,t)  Q 045[¢]

En BECRTNEE) + Salz, ) (205)
The parameters of the noise distribution are fixed to:
< oz, t) >c=0; (206)
< alm,t) - p(@ t >c= Q- 5050%(x — 2")5(t —t'); (207)
We write explicitly the stochastic field equation
bolz,1) = 2( Oudy+7+ S (@) )dala, ) + %ha talz,t);  (208)

In the large N limit the Langevin equation can be linearized replacing the square field with
its expectation value

(2, 1) VRO< 2 (w,t) > (209)
It follows that the mass term, defined by the saddle point equation (179) is a constant

P g @) vt g <@ t) o= m? (210)

Since we consider the leading order of the saddle point expansion, this approximation is
consistent. The Langevin equation becomes:

Ba(.1) = — 5 (0D + )6, 1) + T ho + Sl ) (211)

In the Fourier space this equation becomes:

B (k1) = —%(kQ +m?)alk,t) + % -(2m) 464 (k) - ho + <a(k,1); (212)
The cumulants of noise distribution, written in Fourier space, are:
<ok t) >c=0 (213)
< Galk, t)gg(k’ ') >c= Q- 6a52m) 0%k 4+ K )5(t —t') (214)
The solution of the equation (212) is [see app-

ha

Q e
2 k2 4+ m?

bl ) = 8505, 1) + (2m) 6% (k) (1 = exp (= 5 (K2 +m)(t — t0)) )

+ /t dt’ - exp ( - %(k2 +m?)(t - t’)) call,t)). (215)

to

with @0 (k,t) = 81.a(2m) %8 (k) - o exp ( — 22+ m?) - (t - t0)>.
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3.4 Correlation functions.

We conclude this section by computing the dynamical correlation functions. We remember
that, in the large N limit, the O(NV) vector-model is exactly solvable in terms of one and two-
point correlation functions. All higher-order correlators can be computed by using Wick’s
theorem. The solution permits us to make easly averages on noise distribution by

using relation (120)).

3.4.1 One-point Correlator.

From solution (215]), exploiting the noise characteristics (213), we obtain the one-point
correlation function:

Q h
_ dgd _ _ 2 N o
< Balk,1) >= dan(k,t) + (20 8/ (k) (1 = exp (= 5 +m*)(t ~10) ) 575
We define the magnetization X to be
(2m) 6% (k) S0 (t) =< Palk,t) >c (216)

By integrating over the momenta in the previous relation we obtain
Q Q 014 h
Ya(t) =61 00 exp ( - Emz (t— to)) + (1 —exp < - Emz(t - to))> 10‘72 = 01,40.
m

Thus, we learn that the transverse magnetization ¥ = ¥,~1 is equal to zero and the
longitudinal component Xy = ¥ is
Yr(t) =o. (217)

The longitudinal magnetization is fixed to its equilibrium value given by (177). Since the
transverse components are zero, we call the longitudinal magnetization X, (t) = X(¢).

3.4.2 Two-point Correlator.
At zero magnetic field the two-point correlation function Gg4 is defined to be:
< Ok, t)ad(K' 1) >c= 60p(2m) 6% (k + k') - Gy (k. 1) (218)

where the d,3 makes equivalents all the spatial directions. In the presence of a symmetry
breaking the space is no longer isotropic. Therefore we define a transverse two point function

< ¢k, t)ad(k' t)g >c= Sap(2m) 6%k + k') - Gr(k,1) (219)
with «, § > 1 and a longitudinal two point function
< Gk, ho(K' 1)1 >o= (2m) 6% (k + k') - Gr(k, t) (220)

Thus, we consider the expectation value of two fields over the noise distribution [see app.

B.2]
< ¢(ka t)a¢(kla t)ﬁ >¢=

L (1—eXp (—Q(k2+m2)-(t—to))>} (221)

dsd dsd 2
(2m)“s (k+k5l)(5a)5{(277) 3 (k)o +§m
It follows that the two-point correlation functions are:

Gr(k,t) = % : m (1 ~exp ( — Q2 +m?) - (t — to))) +(@2m)il (ke (222)
and
Gr(k,t) = % : ﬁ(l—exp(—ﬁ(lﬁjuwﬂ)~(t—t0))) (223)
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after long times ¢t > tg

Q 1
GL(]{J, t) = 5 . m + (27T)d5d(k')0'2 (224)
and Q .
Gr(k,t) = 5 15y = Wi (k) (225)

We recover the static two-point correlation functions if we set () = 2.
Finally we note that the equilibrium dynamical correlation functions satisfy the constraint
relation (181]) which becomes:

rt %(22(15) + / ) (gjr];d Gr(k,t)) = m?. (226)



42

4 Introduction to the scaling behaviours
out of equilibrium.

This section provides an introduction to the off-equilibrium scenario. The results of the
previous sections apply in the equilibrium framework. Now we want to investigate the
off-equilibrium behaviours emerging when the system approaches the transition with time-
dependent parameters.

Thus, we start with a system at equilibrium and we change the parameters in such a way
that the system is driven to the transition at t = 0. At the critical point, the fluctuations of
the system have diverging relaxation times, therefore it is expected that there is a time in
which the system goes out of equilibrium. This remains true even in the limit of slow time
variations t; — oo: even if the parameters slowly change in time, the system cannot adapt
itself to the external variations.

Very close to the transition, the dynamics is described in terms of new length and time
scales. These ones can be defined through the equilibrium correlation length and time and
are called Kibble-Zurek scales. The observables present a non-trivial rescaling in terms of
these scales.

4.1 Protocols.

We define the protocols 6(¢,ts) as paths in the parameters space of the system that cross the
critical point at ¢ = 0 [see ref.[I6]]. Protocols are essentially characterized by their symmetry
and by the leading order behaviour a near the transition. For ¢ ~ 0 the protocol can be
written as

3(t,ts) "X 80 - (/) (227)

where §p is a constant and t, is the scale of time-variations. Since the protocol takes the
system across the critical point, the leading order behaviour around the transition is an
odd number. The most general protocol for a ferromagnetic critical point involve both
temperature and magnetic field and can be expressed as

g(t,ts) = (fl(t,ts),T(t,ts) - Tc) (228)

If we consider a protocol in which both the parameters have a proper time-evolution, the
system undergoes a multicritical phase-transition and therefore the previous results should
be reviewed. We restrict our attention to the following two protocols:

4.1.1 Magnetic field protocol.

-

0(t, ts) = (ha(t,ts),0). (229)

It is a protocol along the magnetic field at the critical temperature (the thermal coupling is
fixed to its critical value r = r.). The magnetic field has a fixed direction

ha(t,ts) = 010 - h(t,ts). (230)

This is a symmetry-breaking protocol because there is an explicit symmetry-breaking term
in the system due to external magnetic field. The dependence of the magnetic field on time
is 0(t,ts) = h(t,ts) = tanh(t/ts) and we will investigate the area near the transition in the
limit of slow-variations t; — oo where we write §(¢,ts) = h(t,ts) ~ t/ts as linear ramp
protocol.
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4.1.2 Thermal protocol.

5(t,ts) = (0,7t ts) —7e) (231)
It is a protocol at zero magnetic field h, = 0 moving along the thermal direction with a law
o(t,ts) = r(t,ts) — r.. Even if we do not specify the time-dependence of the thermal cou-
pling at all times, we assume that near the transition the protocol can be written as in .
Thus, we assume that near the transition 6(¢,¢s) ~ —t/ts. This protocol is non-symmetry
breaking because the most relevant operator along this path respect all the symmetries of
the model.

4.1.3 Round-trip protocols.

We define the round-trip protocol associated to §(¢,ts) to be the protocol such that it has
the same time-dependence of the external fields of § but occurs along a closed path: it starts
at a time t; = —oo, goes to ty = 400 crossing the transition at ¢ = 0 and then comes back
from ty to ¢;. It follows that the initial and the final values of the external fields are the
same along a round-trip protocol.

4.1.4 Strong scaling behaviour.

We define &(¢,ts) and &(,ts) to be the instantaneous correlation length and time if the
system is at the equilibrium at 0(¢,ts). We also define for all kind of protocols the critical
exponent v, as follows:

vy =1/(d—A) (232)
where A is the scaling dimension of the most relevant operator along the path near § = 0.
For small value of the protocol the correlation length diverges as

f(tats) ~ |6(t7ts)|_ug' (233)

The quantity v, plays the role of a generalized critical exponent ﬂ Let us consider in par-

ticular the two protocols (229)) and (231)):

-Magnetic field protocol.

The magnetic field has scaling dimension d, = d + 2/2 and couples the field ¢ having
scaling dimension dy = d —2/2 = A . It follows that
1 2 1

— — g = — 234
Vg Vh d— @ d+2 dh7 ( )

-Thermal protocol.

In Sec[3] we have already derived the exponent v related to the thermal coupling constant

[200). Thus,
1

-2

in 2 < d < 4. This result can be viewed (looking at relation (196)) as a coupling
U U u e e

= 5o pe) =m®+ Z(m*Da(m)) = m® + 2(C(d)m* ™) ~m*™",  (236)

at leading order. This term couples an operator having scaling dimension A =d — 2+ ¢ =
d—2+ (4—d)=2. It follows that

V=

(235)

r—r.=m

1 1 1
S d-A  d-2 2,
16As we have seen in Sec the critical exponent v is used to describe the power-law with which the

correlation length diverges along the thermal protocol. Here we extend this idea by defining the an exponent
vy for generic type of protocols [see ref.[16].

(237)

Vg =V
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Figure 8: The Kibble-Zurek time for the thermal (left) and the magnetic field (right) protocol
at fixed t5 = 20 in three spatial dimensions.

4.2 Kibble-Zurek scales.

There are two competiting effects which characterize the system while it approaches the
critical point: the divergence of the correlation length and the phenomenon of the critical
slowing down. One considers an instantaneous value of the protocol §(¢,ts): if the system
is at the equilibrium, the correlation length diverges as

§(t,ts) ~ [0(t,ts)[ 770 ~ |60 - (/)77 (238)

We define the quench-time as the time which the system needs to adapt itself to the variations
of the external fields:

Tqucnch(t> ts) = f(t, ts)/g(ta ts)- (239)

Since the instantaneous relaxation time of the system & (¢,ts) < Tquench(t,ts) the system
remains at the equilibrium.
But the relaxation time diverges at the transition as

&t ts) ~ E3 (L ts) ~ |0(t,ts)| V9% ~ |0 - (/ts)*| 7797 (240)

Thus, there must be a time in which &;(¢,ts) > Tquench(f,ts) and therefore the system goes
out of the equilibrium. We consider the instant of time ¢{g such that

ft(tQ7ts) = Tquench(tQﬂfs); (241)

For times |t| < tg the correlation length and time differ from their equilibrium value and
are no longer able to describe the scaling behaviour of the system. By the previous relations
follow that

to = (ts/|60| "/ @) (avaz)/ (avez+1) (242)

We call this quantity Kibble-Zurek time. One may note that {g depends on the protocol
through the leading order behaviour a and the exponent v, which is related to the most rele-
vant scaling field along the path. We define also a length-scale describing the off-equilibrium
dynamics as
1/z a\(av avgz
ZQ — tQ/ — (t5/|50|1/ )( 9)/(avgz+1) (243)

that is generally called Kibble-Zurek length. We compute the specific values of the Kibble-
Zurek length and time along the protocols (229) and (231)):

-Magnetic field protocol.

For a linear ramp protocol a = 1, §g = 1 with v, = v, = 1/dp, the K7 time is:

t = (t,)Y/¢+9 (244)
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Figure 9: The figure show how the KZ time increase with ¢5. It has been made in d = 3 and
for the magnetic field protocol. The thermal protocol shows the same feature.

and the KZ length
lo = tgf* = (1) (245)

where we have used a value z = 2 of the dynamic critical exponent.
For instance, in three spatial dimension d = 3 we have: dj, = 5/2, dy = 1/2, v = 2/5 and
tq = (t8)4/97 lg= (t8)2/9~

-Thermal protocol.

the Kibble-Zurek time for a linear thermal protocol v, = v = 1/(d — 2) with |6y = 1
is

tg = ()% (246)

The Kibble-Zurek length for z = 2 is
lg =t = ()" (247)

In d = 3 we have: dj, = 5/2, dy = 1/2, v =1 and tg = (t5)?/3, lg = (t5)'/3.

The off-equilibrium physics is observed for an interval of size tg ~ (t5)¢ around the tran-
sition, with e = (avyz)/(avgz +1). When we take the limit of very slow time-variations
ts — 00, this interval become very large:

tq ~ (ts/180] /) "= 0o (248)

Since e < 1, the focus on the off-equilibrium scenario is related to a very small values of the
external fields: near the transition a generic protocol can be written as §(¢,ts) /= do - (t/ts)?,
so if we express the protocol in terms of the KZ time:

St ts) ~ E(t/tQ)" - (ts/|00]Y/@)2 (e~ 3% (249)

where the two signs are related to the sign of the constant dg. In the limit of very slow
passage the system is arbitrarily close to the critical point.

4.3 Kibble-Zurek scaling limit.

We assume the existence of a non-trivial scaling behaviour for §(¢,ts) ~ 0 in terms of the
variables:

t= t/tQ.
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T = x/lQ
The protocol §(t, ts) can be expressed in terms of the new scaling variables near the transi-
tion: y
-a — 1%
Ot ts) ~ g - (t/ts)* ~ £t - lg"™ (250)

We formally define the off-equilibrium scaling limit (also called Kibble-Zurek scaling limit)
to be the limit t; — co when time and length scales are measured in units of the diverging
KZ scales, tg and lg.

Let us consider an operator O with scaling dimension A: the KZ scaling for its correlation
functions is the limit t; — oo holding ¢ and T fixed, such that:

1 _
< O(z,t,ts,0) >c= Golt, ts,0) ~ B Go(1); (251)
Q

for one-point correlator, and
1 o
< O(z,t,ts,0)0(0,t,ts,0) >c= Goo(l‘, t,ts,0) ~ @ -Goo (T, 1), (252)

for two-point correlation functions and so on and so forth.

The dynamics across the transition present a wuniversal scaling behaviour in the limit of
slow passage. Infact, it does not depends on the choice of the initial and final values of the
external fields because the off-equilibrium scaling occurs in a range of values of the proto-
col that shrinks near zero when t; — oo. Very slow-dynamics provides to universalty; the
off-equilibrium scaling behaviours depend only on a few things: the static and the dynamic
class of universalityE plus the leading order behaviour a of the protocol near the transition.

4.4 Finite-size effects.

We study the off-equilibrium scaling relations arising by the presence of time-dependent
parameters coupled to a system of finite-size L which approaches the critical point [see ref.
[6]@ Thus, we consider a protocol §(¢,ts) associated to the system and we investigate the
limit of very slow passage ts — co. Assuming the existence of a non-trivial scaling behaviour
for §(t,ts) ~ 0, we expect that the off-equilibrium behaviour to be controlled by the scaling
variables:

t= t/tQ,
z=uz/lg,
t=lg/L;

We also assume that the dynamics across the transition present a universal scaling behaviour
when ¢, and L becomes large keeping the variables ¢, T and ¢ fixed. The protocol can be
written in terms of the scaling variables close to the critical point:

8(t,ts) - LMVe ~ g - (t/t5) - LMVe o 1% 471/ Vs (253)

Let us derive more quantitative predicitions, considering first the equilibrium scaling be-
haviour of statistical observables. The two-point correlation function of an operator O with
scaling dimension A, obey to the relation °}

t

5. LY. 254
7LZ’ )7 ( )

< O(a,t,L,8)0(0,t,L,8) >c= Goola,t,L,8) ~ L™22 . ggqo(%

17 Which means the symmetry of the model and the spatial dimensions plus the type of equilibrium-
dynamics

18Up to now we have considered the scaling relation for an infinite-volume system. However, it is not
obvious to understand why the infinite-volume off-equilibrium behaviour is well-defined. Thus, let us consider
the effects of a finite-size L. Then, we consider again the infinite-volume limit of the system.

197t is an extension of the equilibrium scaling behaviour with finite-size effects. See for instance
ref.[19]
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close to the critical point. In the infinite-volume limid§|7 for [0] — 0 at z/&, t/£% fixed:
Tz t
£’ ¢
Goo is the equilibrium scaling function and the exponent vy is defined by (234). The protocol

4 resume in a compact notation all the informations about the relevant external ﬁelds{ﬂ We
require that the equilibrium finite size-scaling matches the infinite-volume scaling behaviour:

< O(x,1,8)0(0,1,8) >~ €22 - G ( ) = (81222 - G (ald] 7, t8|*2);  (255)

t =
Gty (T zs0 - LM¥0) PR3 LM vo 2o Gl (a2 1)), (256)
when § - L'/?s — 0o. Let us give a concrete example: the equilibrium scaling behaviour of
the magnetization at the critical point for small values of the magnetic field is

t
S(, LT ~ L% @8 (- 1), (257)
where ©°? is the equilibrium scaling function of the magnetization. In the infinite-volume
limit
S(t, L = 00, h,T,) ~ +alh|%/, (258)
since |h| — qﬂ Thus, the scaling function obey to the relation

t =00
O (£ h- L™) L2 dalh - Lon |/ dn (259)
when h - L% — oo.
In order to describe the off-equilibrium regime around the transition where §(t,ts) = do -

(t/ts)®, we generalize the relation (254):
Goo(x,t, ts,L,5) ~ L72A. Goo(w,t,0) (260)

Goo is a general function of the off-equilibrium scaling variables. The off-equilibrium scaling
limit in the infinite-volume limit has been already discussed in the previous subsection [see
Eq. (251) and ref.[I6]]. We report the result:

Gool(x,t,ts,6) ~ 15> - Goo (T, T). (261)

The infinite-volume limit can be formally obtained by performing the limit £ — 0 keeping ,

7 fixed

Goo(T,1,0) 'R* 172 - Goo (7,1) = (lo/L)** - Goo (T, 1) (262)

4.5 Asymptotic behaviours.

We investigate the first deviations from the equilibrium behaviour in the correlation func-
tions occuring at a time |t| ~ tg before the transition. In terms of the rescaled time, the
equilibrium has to be recovered in the asymptotic limit £ — —oo.

4.5.1 Matching of the scaling behaviours.

By costruction, it is possible to connect the off-equilibrium scaling with the equilibrium one,
in the appropriate limit £ — —oo. Within the notation of the previous subsection, in the
infinite-volume limit

g™ - Go(®) ~ 18" - G&" (F o) (263)

20The volume tends to infinity at fixed density of the spins variables.

21 At the equilibrium the protocol § does not depends on time: it is a fixed configuration.

22The constant a > 0; the two signs reflects the fact that 3 aligns itself with the direction of the magnetic
field and therefore changes sign if h — —h.
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Figure 10: A qualitatively picture shows the region around the transition before and after
the KZ scaling limit. In this figure, we assumed that the system approaches the equilibrium
also after the transition.
Using the relation (250)) one finds El
Gol(t) ~ [E|*2 - Gor (- [iI**). (264)
For the two-point correlation function:
Goo (T, 1) ~ [U[**2 - Gglp (@ - [1]"*, T - [1|**"); (265)

We consider the particular case of a spin system which crosses the ferromagnetic critical
point. One can find for the one-point correlation function:

Go(t) oc [£|*7a> (266)

because spin systems present a constant magnetization at the equilibrium. The equilibrium
two-point correlation function decays exponentially:

gOO(fy Z) ~ |ﬂ2au9A . e*lf|~‘f|’/ga; (267)
In the Fourier space the last relation becomes:
Goolk,t,8) ~ 22 - Goo (k- €,/€7) (268)
Thus,

|f|7aug

Goo (k,7) ~ [t[72%+2 - Ggp (k- [E| 77, T+ [{[77) ~ [7] 7272 (269)

E2 . |i|—2al/g +1 ’

Let us consider also the finite-size effects. In a finite geometry, a necessary condition to
obtain equilibrium results is that t; > 7 i.e. t5 -7 — 00, where 7 is the slowest time-scale
of the system at the equilibrium given by 7 ~ L?. Since ts — oo at fixed ¢ we have:

te - L% = gz/e . Lz(lfe)/z (270)

This condition is satisfied only if L — oco.
The previous relations implies that the matching occur at a time in which £(¢,¢s) < L. Thus,

23Tt can be viewed also as a comparation of the two length scales:

z/l E(t, ts o . - Cav
Q80 ) (e, 1)) 151 ~ [0 (/20)2 1 15~ [t/tg1 .

z/&(t,ts) lg
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the limit £ — oo at fixed ¢ is expected to lead to the infinite-volume equilibrium behaviour.
Using the relation (253]), we find the link between the two scalings regimes:

Goo (T, 1, 0) ~ [I* - 71/ve [2a - GEl (@ - [i] 7, - [T]7*) (271)

The asymptotic behaviour of a finite-size system matches the infinite-volume equilibrium
scaling relations because occurs in a region with a finite correlation length. Further devel-
opments are made in the infinite-volume limit.

4.5.2 Leading correction to the asymptotic equilibrium scaling.

We discuss the leading off-equilibrium corrections to the equilibrium scaling behaviour in
the correlation functions. Let us consider, for instance, the two-point correlator. At the
equilibrium it presents an exponential decay

Gty (w/€,1/67) ~ e IH/E7(0E) (272)
From the equation (267)), we can write the last relation in terms of the KZ scales
Goo (@, ) ~ [[Pers - eI (273)

Approaching the equilibrium, the scaling function Goo presents small fluctuations whose
lifetime 7, is of the order of the ratio between the two competing time-scales

7o ~ Gt 1) [t ~ [8(t, )| "7 -t ~ [ (274)
We assume that these fluctuations are exponentially damped
{Goo(@1) — Gl @ [11"», - [+ } 7= Gglo @ [F["*2, - [{*+*) - K(F) - e~/

gOO (f7 E)
Go6(T - [t|7s, T - [E[*97)

7c‘f|1+azu5]

1~ K@) e (275)

where K is a regular function and c is a positive constant. This ansatz can be generalized
to the other observables and has been numerically checked in the ref.[6] for the O(N) vector
models.
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5 Off-equilibrium scaling behaviours for O(/N) vector model
at large N.

We study the off-equilibrium physics arising in the O(N) vector model at large N. The
dynamics of the system now depends also on the external fields: therefore we consider again
the Langevin equation with variable parameters and we solve it. We find that the correla-
tion functions depends on the external fields and on the effective mass term m?(t,t,) of the
O(N) model. A constraint-equation defines the mass term at all times.

Since the correlation functions and the constraint-equation are different for different proto-
cols, we divide the discussion for the thermal protocol and for the magnetic field protocol.
For both the protocols, the scaling relations are derived and the analysis of the asymptotic
behaviours of the system computed.

5.1 Dynamics with time-dependent external fields.

Let us insert a time-dependence of the parameters in the action (204])

Sto) = [ s [5(0u8(0.0)* + 5r(t. )6 w.0) + 16 (@0 = halt t)ba(w,1)]. (270

The dynamical evolution of the system at large N is driven by the linearized Langevin

equation (211)):

. Q 9 Q

ba(@.1) = =5 (= 0u0u0a(@,t) + M2 (6, 1)0a(@,0)) + Shaltits) +ala ) (277)
Writing the Fourier transform of the equation (277), we obtain

y Q9 2 Q dsd

Balk, 1) = 5 (7 + m2(1,1)6a (k) + 5 - Qr)SUR) halt, 1) +salk ) (278)
The cumulants of noise distribution in the Fourier space are (213)) and (214).

The set of equation which defines the dynamics are [see ref. [20] and [21]]

S(t, ) = f%m%t,m - B(t b)) + %h(t,ts) (279)
Gkt ty) = —Q(k2 + m2(t,t,)) - Gr(k, t,ts) + (280)
and finally the relation which defines the mass term [see ref.[16]]:
A d
2 _ U (52 ATk
m2(t, 1) = r(tts) + (z (t,ts) +/ Gy GT(k,t,ts)). (281)

The first two equations directly follow from the equation of motion by considering expec-
tation values over the noise distribution [see app. |. The equation is the saddle
point equation expressed in terms of the dynamical fields and parameters.

The dynamical evolution of the field ¢ is written in the solution of . The detail of the
computation are reported in the appendix The final result is:

Goul, 1) = ¢g(k,t)—|—/tt it -exp (—% /; dt”-(k2+m2(t”,ts)))-{%-(%)déd(k)ha(t’,ts)—i—ga(k,t’)}

(282)
where we have defined the term proportional to the original condition as

¢ (k,t) = exp ( - % /t 0 dt’ - (k% + mQ(t/,ts)))(2w)d5d(k)51,a 0. (283)
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5.2 Correlation functions.

From the general solution above, using relation (120]), we are able to compute the dynamical
correlation functions when the system is coupled to time-dependent external fields.

5.2.1 One-point Correlator.

From solution (282)), exploiting the noise characteristics (213]), we get the one-point corre-
lation function:

< Palk,t) >c=

¢g(/€,t)+/t dtexp (—% //t dt”~(k2+m2(t”,ts)))~{%-(2w)d§d(k)ha(t’7ts)+ < calk,t') > } -

to t

t t
(27T)d§d(k)51,a-20(t7ts)—l—%/ dt’-exp (—%/ dtll'(k2+m2(t”,t5)))'(27'(—)d6d(k)61’ah(tl,ts)

to t!

Integrating over the delta function in momenta we obtain the magnetization

Q [t Q [t
S(1) = Sl 1) = S0 1) + 5 / ' -exp ( - 5/ " (m?(1".1,))) - h(t'.1,) (284)
to t’
where we’ve defined the term proportional to the original condition as
0 t
YO(t) = o - exp ( -3 / dt' - m2(t’,ts)). (285)
to
Note that the N — 1 transverse components of the magnetization ¥,~1 =37 =0 E|

5.2.2 Two-point Correlator.

The expectation value of two fields can be computed starting from the expression of the
dynamical fields (282]), using the cumulants of the noise distribution (213 and (214]). The
result is [see app. |

< ball, )b (K 1) >c= bap(2m) 0%k + k) - [5l,a(2w)2d5d(k){(20(t, t5))?

t t
+220(t,ts)-%/ dt’-exp(—%/ dt”.(k2+m2(t”,ts))>h(t’,ts)+22(t,ts)}
t t’

0

t t
+ Q/ dt' - exp ( - Q/ at’ - (k* + m2(t”,ts))>]. (286)

to v
It follows that the transverse two-point correlation function a, § > 1 is

t t
Gr(k,t,ts) = Q dt'-exp(—ﬂ dt".(k2+m2(t",ts))):Wﬁ)(k,t,ts). (287)

to t!

Note that the transverse two-point correlation function is connected because ¥ = 0. The
longitudinal two-point correlation function is:

t t
Gr(k,t,ts) = GOk, t,ts)+Q dt’~exp(—Q dt”-(k2+m2(t”,ts)))+(27r)d5d(k)22(t,ts)

to t
(288)
where we have defined the term proportional to the initial condition as

GOk, t,t,) = (2m)246%(k) [(Zo(t,ts))Q (289)

24Protocols with high frequency 8(t,ts) = h(t,ts) = sin(t/ts) admit the existence of a transverse mag-
netization as was found by [2I]. We investigate only protocols with quasi-adiabatic variations where the
transverse magnetization is zero.
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Q [t Q [t
$200(1,1) - 5 / ' exp (— 3 / " (k2 + m? (1", 1)) h(t'1,)].
to #
These relations for the dynamic correlation functions are valid for generic protocols. Natu-
rally, if we consider a non symmetry-breaking protocol like the thermal protocol (231)), the
distinction between transverse and longitudinal directions becomes meaningless and we have

GL=Gr = Gyy.

Note.

If we consider the long-time limit ¢ — +oo in which the action (and its parameters) comes
back to be time-independent, the standard form of the two-point correlation function has
to be recovered. Thus, from the results of Sec[23.4.2 we set Q = 2.

5.3 The constraint-equation.

The correlators , found in the last subsection are function of the external fields and
of the mass term m?(¢, ). Since the external fields are specified by the protocol §(t,ts), the
knowledge of the mass term determines the explicit expression of the correlation functions
at all times. As we have seen, it is defined by the equation :

d'k
(2m)4

The equation above is the best self-consistency relation of our model. In the next discussions
we refer to this relation as constraint-equation.

We obtain the KZ scaling relation of the mass term using dimensional argument: for t; — oo
at fixed ¢

r(t,ts) + %(22(t,ts) + /A : GT(k,ms)) =m?(t,t,) (290)

m?(t,ts) ~ 157 - MP(D); (291)

where M? is a scaling function. In the following, we discuss the thermal protocol (229)) and
magnetic field protocol (229)) separately.

5.4 Thermal protocol.

Let us consider first the off-equilibrium dynamics arising by a time variations of the tem-
perature in the absence of magnetic fields:

3(t, 1) = 1t ts) — re ~ 1/t (292)

For this protocol, the exponent v, = v = 1/2d,.

5.4.1 Correlation functions for thermal protocol.

Let us derive the specific form of the correlation functions for this protocol. The value of
the magnetization is:

Yot ts) =0; (293)

because the value of the spontaneous magnetization at tq is zero, since the protocol start
above the critical temperature. Since the system posses the full-symmetry before the tran-
sition, we do not have to distinguish between transverse and longitudinal directions. Thus,
the two-point correlation function is:

t t
Gopolk,t,ts) = 2/ dt' - exp ( - 2/ dt” - (k* + m2(t”,ts))). (294)
to t
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5.4.2 Off-equilibrium scaling behaviours.
Let us write the constraint-equation (290)) in this specific case:

2(t:5) = r(t,t) + o bk (k, t,t;,m?) (295)
m-(t;ts) =1, s = Tod yUs s, 7).

’ 6/ (md T

In order to have the protocol explicitly, we write r(t,ts) = 0(t,ts) + r.. The critical value of
the thermal coupling 7. can be written agd>|

A
re = —%/ (;lj:;d Gy, t,ty,m? = 0). (296)
Thus, the constraint-equation becomes
u (A dlk
m?(t;ts) = 0(t,ts) + g/ i (G¢¢(k,t, ts,m?) — Gyg(k, t; L, 0)>. (297)

By dimensional analysis we can check the consistence of the constraint-equation before tak-
ing scaling limit. Remember that the dimension of terms are [m?] = 2, [Gye] = —2 and
[u] =4 —d, so, we have: 2=4—d+d— 2.

We consider the off-equilibrium scaling limit ¢, — oo keeping ¢ = t/tq, k=k- lg fixed. The
scaling hypotesis are:

o m2(t;ts) ~ M2(%) - léz, for dimensional arguments.

0 Gyg(k,t,ts) ~ Goo(k,T) - 13-
0 8(tts) m —(t/ts) = —E- (tg/ts) = —F- (t) 1 = —T/1" = /157
ot ts) ~ —1. 16—22d“> as we read in the relation (250) with Vg =V = 1/(d—2).

where M? and G are scaling functions. It might be useful to define the quantity:

t
Ak, 1, ¢) = / " (K2 +m2 (7 1,); (298)
tl
In the KZ scaling limit:
t " "
Ak, t,t) = / (K2 + m2(t";t,)) - di” L) (299)
t/
g -2 =1/ 7! d -2 =1/ 7!/ ¥ 7 7/
[ (F 12+ MP(E) - 15%) - dE -t = / (" 4+ M) -dt" = Ak, 1,T).
t' ¥
(tq =13)
We verify the scaling ansatz for the two-point correlation function starting from (294))
t t
Goo(k,t,ts) = 2/ dt’ - exp ( - 2/ ar’ - (k* + m2(t”,ts))) (300)
to t/

Taking the scaling limit and using the relation (299))
i S — _
Goollstty) ~ 2 / i -tg - e 2ARE) Z 2 .G, (F 1), (301)
The scaling function is:
- g ! g 1,52 11
G (o t12) ~ 1) Gy (R T) = 12, - 2/ 4t -exp ( - 2/ a5+ M), (302)
—oc0 T

255ee Sec
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At this point we can consider the KZ scaling limit in the constraint equation (295)):

o S R Ll L - — -
Mz(t)~lQ2~0:ft'lQ1/ +g/ W'le'lé(%M L M) — G ,t,O))

u +oo  gd7. _ —
t= 6/ % (Goo (T, M?) = Gy (R, 1,0) ); (303)

in which we have neglected the subleading terms M? ~ 0. We will refer to the equation
above as the scaling constraint-equation for the thermal protocol.

We have explicitly computed the off-equilibrium scaling function for the system: these quan-
tities depends on the scaling function of the mass term M?2. The scaling function of the
mass term is formally defined at all times as the solution of the scaling-constraint equation:

u [T 4% t ., o (T g T t B B B
u ) o2 fhdtE _ " 271 _ _7
- / Gy / & - e [exp( 2 /t dt’" M2 )) 1} E (304)

— 00

In this relation the integral over momenta is gaussian and it can be easly performed

t )4/ T , > B
2/ dt’ - (27r)d((22t)2t/)d/2 . [exp(—?/z/ ai' - M) - 1) =1

— 00

The scaling-constraint equation can be rewritten in terms of the function f, defined as

{ —
F(@) = exp (2 / M2(z’)df’) o M2(E) = 122 (305)
0
instead of M?2. With a little bit of algebra

T T '
Q¢¢(E,%,M2):/ d?~exp(—2/ (E2+M2(i”))df”).exp(+2/ (& + M2 )i =
0 0

— 00

/ { ( D)) -t / L)
— e -f(t))-dt = = e () -dt
—oo N f(?) f®) Joo
Thus, the scaling constraint-equation is@
7 - —
o JO—FE) o s
di - L = f(R). 306
[ = (306)

The theory is completely solved in this case because the scaling constraint-equation has a
solution in term of the function f [see ref. [16]]. The solution in three spatial dimensions is:

F@) =2 =3131(13) - 23 (T AIT) + AT (@)). (307)
where Ai is the convergent Airy functiorF_YI and T is the Euler’s Gamma function.
A comment.
In the constraint-equation (297)), the cutoff A appears as the upper limit on the momentum

integral. In the scaling limit, the upper limit ~ A-lg — oo so the scaling constraint-equation
(303) is cutoff independent. This statement is true for general protocols.

26The value of the quartic coupling constant u is set to 1/3(47)%/2 in order to have a simplified result.
27 A brief description of the Airy function is reported into the appendix
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5.4.3 A proof of the scaling relations.

We investigate the limit t, — oo keeping # = t/(t,)¢ and k = k(t,)¢/* fixed. We show that

there is only a value of e and of z which lead to a non-trivial rescaling of all the quantities

and these are in agreement with the previous definitions.

In order to be general, we consider the thermal protocol with a generic leading order

behaviour 6(,ts) =~ —(t/ts)® near ¢t ~ 0; then we fix a = 1 as before. The general rescaling

of the two-point correlation function is:

t t

Goolh,t,ts) =2 / i’ (t,)" - exp (2 / di" - (B + M) = (8)° - Goo(R 1) (308)
—00 t’

where we have rescaled the mass term as m2(t,t,) ~ M?>(f) - (t;)~2¢/* by dimensional

analysis. There is only a choice of z which make the exponential a scaling quantity:

—2e/z+e=0=2=2

which is the dynamical exponent of the O(N) model in the large N limit under a model A
dynamics. Taking the KZ scaling limit into the constraint-equation (281)):

_ ale— wy d%
t- (ts) (=) — 7((27T)d

- ()T (1) | Goo(RE MP) = Gp(RT0)] ) (309)

The only value of e which satisfies the scaling constraint-equation is:

de
a(efl):7?+e:>e:m.

z

If we consider a = 1, d = 3 and z = 2 we obtain e = 2/3. This result is in agreement with
the definition of the Kibble-Zurek time

? e a/(a z—
tg = (ts)“”yz/(“”y”l) = (t5)¢ = (ts) /(a+d/z-1) (310)
only if
-2 1 (311)
YoV T 9@ —2)  2d,

The definition of the Kibble-Zurek scales has a physical meaning: thus, we first have in-
troduced these scales and then performed the rescaling of the correlation function with tg
and lg. We have found a non-trivial off-equilibrium scaling behaviour. One might think
that off-equilibrium scaling relations can be obtained also with the definition of other scales
instead of the KZ ones. The previous lines demonstrate that the KZ scaling is the only one
that the system admits.

5.4.4 Asymptotic behaviours

In Sec[£:5.2] we discussed the leading off-equilibrium corrections in the correlators. These
correlation functions are uniquely determined at all times by the value of the scaling function
of the mass term M?2.

We propose a general ansatz in terms of this function that is sufficient to reproduce asymp-
totically the exponential damping of the off-equilibrium fluctuations in the observables. In
the limit £ — —oco we can write the scaling function:

M2(T) = MC(T) + M3(D), (312)

as an equilibrium term plus a very small off-equilibrium deviation M2 ~ 0. At the equilib-
rium, we can relate the effective mass of the system with the inverse of the instantaneous
correlation length:

m2(t,ts) ~ E2(t, ts) ~ |6(t, ts)[*; (313)
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In the KZ scaling limit
ME(E) ~ [E[*s. (314)

€

Under the assumption of asymptotic exponential approach to the equilibrium, we write M?
as:

M2(T) ~ [T (b(i) : e—cm”“g). (315)

Thus, the scaling function of the mass term can be written close to the equilibrium ¢ — —oo
as

M2(T) ~ [F)?s - (1 + () - e—cm”“g) (316)

where b is a regular function and ¢ is a constant. The ansatz (316]) applies, close to the
equilibrium, for general protocols. In the case of thermal protocol: v, = v = 1/2d,.

Equilibrium asymptotic forms.

In first approximation, we consider the mass term equal to the equilibrium value i.e. we
set the term M?2 = 0. This means that we look at the earliest rescaled times, when the
off-equilibrium physics does not appear yet. Thus, we assume that

M3 () = [¢]M/ % (317)

With this relation the scaling functions of the Sec[5.4.2] can be computed explicitly. In
particular, we consider the susceptibility x(t,ts) of the system, defined to be the two-point
correlation function at zero momenta:

t t
X(tts) = Gop(k = 0,t,t5) = 2/ dt' - exp ( - 2/ dt" - mz(t",ts)> (318)

to t

It has a scaling relation:

t t
Xt ts) ~ 1 - G(D) :zéa/ d%’.exp(—2[ df"~/\/l2(%")); (319)
—0o0 t

where G denotes the scaling function of the susceptibility. Using (312)) in the scaling function
above [see the appendix

t t _ t t
G =2 / dt’-exp (—2 M2(z”).dz”) TS 9 / dt -exp (—2 / |f”\2V.df”) ~ [t~
T —oco ¥

— o M2 M2
(320)
We find that the M? reproduces the equilibrium value of the susceptibility:
G (£) ~ [672 = [( 71/ (321)

The critical exponent v which describes the power-law behaviour of the susceptibility at the
equilibrium is recovered:
y=v(2-1n)=2v (322)

because 7 is zero in the large N limit. This relation is also in agreement with (269)) valuated
at zero momentum setting ¢ = 1, v = 1 and A = dy in three spatial dimensions d = 3.

Leading correction to the asymptotic equilibrium scaling.

We consider the leading off-equilibrium corrections to the equilibrium scaling behaviour
given by (316]):
M?(E) t%ﬁ:oo |¥|21/(1 4 b(ﬁl) 3 e—c\f|1+zu) (323)
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Under this assumption, we investigate the first deviations of the susceptibility from the
equilibrium behaviour

t t t _
G() =2 / d'- exp / MAE d% =2 / dt' -exp (—2 / (Mg(i”)+M§(E”))-d$”) 7o
_ ¥

t
2/ exp / M2 dt” 1—2/ M2 - dE )
TIK t —, T/ K t — — — —,
7 — 4e2l /K/ d7 - =21/ (/ i’ [ () - exp( el ) ):
—0o0 t

where kK = 14 zv = 1+ 1/d,. We assume that the function b(|¢]) is in the form of a
power-law:
b(t) ~b-[t]* (324)

Thus, we have three free parameters a, b and ¢ (constants) into (316]). The previous expres-
sion becomes

IR Z — Ik — —_ - —
G(D) ~ [E2 — 421 /n/ df - e—2IF 1" /% ( dt’ 7> b |t/,|“-exp(—c|t//|1+zy>); (325)
After the computation [see app. [D.5.2], the result for the transverse susceptibility is
G(7) ~ 772 (1 + KR e—clﬂ”z”). (326)

where K’ = —2b/(2+ck). This relation is in agreement with (275)): the ansatz of exponential
approach for the scaling function of the mass term M? is sufficient to reproduce the same
approach in the susceptibility.

We note that the mass term and the two-point correlation function are related by the relation
(1280]) at all timeﬂ In the KZ scaling limit, this relation becomes:

%9@ )= 20"+ M2(D) - G(k,T) + 2; (327)
at zero momenta: Ld i .
MA(t) = -5 gg( (K + 08 (328)

The last equation gives us a constraint between the scaling functions which has to be satisfied
at all times. In particular, we check the consistence of the result (380) taking the limit
t — —oo in the this equation:

1

_ - 7|m - 1 - HE
[ bl e S (1= T = SR = Rl el

_%CHK/|E|H—1+¢1 . e—c\ﬂ" + lﬂn—l _ K/|E|K—l+a . e—cﬁ\“ + O(e—2c|ﬂ");

The equilibrium terms satisfy the equation.

28The equation (280) is written for the transverse two-point correlator because it has been introduced
for general protocols. In the absence of magnetic fields, we can remove the restriction to the transverse
components.
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The off-equilibrium leading terms are:

blﬂm—l—i—a i e—c\fl" ~ _%CKK/mn—l-i—a . e—clﬂ" _ K/|ﬂm—1+a . e—clfl"';

These terms satisfy the equation only if K’ = —2b/(2 + ck), which is in agreement with our

result 29

29The details of the computation are reported in the following table. The asymptotic contribution of the
three terms into (328]) in the limit £ — —oo is:

o M2(T) ~ [E]5—1 + b|f|r—1+a B
0 GB) ~ 872 (14 KAl - el ™) = [{1 o 4 KL el
G
0 G(D) ~ ~(1 = W7 = K'(1 = s+ a)f| =5 emell” — K[t a(—en)[f]< =1 - emelfl”
¢ G) - Gr(D "~ —(1—w)[f| 7+ K/ (1= m)[f| 7+ el — K/(1 - g)[E| e emeltl”

+CI{K/B|K_1+O’ N e—c|f|N + O(e—Qcﬁ\’i);

The time-derivatives have been computed using the relation:

d

d -\ T —o00
——F([t]) "~ —m

F(JeD

with F' a generic function.
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scaling function of the mass term

equilibrium behaviour

exact behaviour

Figure 11: The asymptotic behaviour of the scaling function M?(%). In the limit # — —oo,
the solution (329)) approaches the equilibrium behaviour (317).

5.4.5 Analysis of the solution.

We discuss the asymptotic limits of the system starting from the solution of the scaling
constraint-equation ([303]):

FE) S =3120(1/3) - P (F AN(E) + AL (E));
From this result, using (305)), we compute the scaling function of the mass term:
G [Ai(#) + 28 AN + 287 Ai’(iz)]
2(f) [i CAi(P) + AT (f)}

(329)

We first investigate the limit £ — —oo using the asymptotic expansions of the Airy functions

[see the appendix |C|>"]

M2(F) 17 9f (330)
which is in agreement with (317) in three spatial dimensions. The exact solution for M?

matches the equilibrium in the appropriate limit [see ﬁg.
Since we know a solution at all times, we are able to compute also the tail ¢ — 4-o00:

2

M2(T) ~ (331)

4t
The asymptotic behaviour after the transition differs from the equilibrium prediction. The

two-point correlation function at ¢ — +oo with effective mass (331)) is known in literature
[see ref.[I6] and [22]]:

Goo (7, B) TR P2 2R (332)

In the following, we argue that the asymptotic regime after the transition is the coarsening.

5.4.6 Coarsening physics.

When a system is quenched to the ordered phase with multiple vacua, it generally under-
goes coarsening [see ref. [I3], [I6] and [22]]. Coarsen physics means that a system, with
no explicit symmetry-breaking terms before transition, realizes different orientation of lo-
cal broken symmetry. Infact, it has no reasons to prefer one vacuum to another. Each

30The relations (504) and (505) work in both the limit # — Zo0o because z = P erRt, & |z| = 7% and

{0}
|Arg(2)| = 0.
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Figure 12: The asymptotic behaviour of the scaling function M?(%). In the limit # — +oo,
the system approaches the coarsening regime.

local symmetry-breaking region also grows in time with a typical length scale called coars-
ening length l.,(t) >> ¢ and appears self-similiar over this scale. The system approaches
the equilibrium into each single domain, over a scale £ that is, the equilibrium correlation
length but, among the domains, the equilibrium regime is exponentially suppressed. For
late times [., >> £ the domains grow but the correlation length does not reach to take the
system to the equilibrium in whole: there are no competitor with the scale due to coarsening.

Coarsening scaling limit.

The coarsening scaling limit can be defined as the limit ¢,# — oo in which the two-point
correlation function of an operator O, with scaling dimension A, has a behaviour@

T T

leo(t) Leo(t)

< O(2,1,8)0(0,t',8) >~ €722 . G55 ( ) (333)
We define the coarsening length as
Leo(t) = It]° (334)

where the exponent
0 = —avy + (avgz +1)/2q (335)

and zg is the specific coarsening dynamical exponent. For the O(N) vector-model at large
N with relaxational dynamics we have z4 = z = 2 [see ref. [22]].

The scaling function of the two-point correlator in the coarsening regime has a behaviour
[see ref.[22]]

G (leo(t)) ~ 172 exp (= 20k Leo(1))?) (336)

We match the Kibble-Zurek scaling behaviour with the coarsening one [see Ref. [I6]]. Com-
paring the two length scales:

0
lco(t) ~ |t| ~ |E|9 .teQ*(l/Z); (337)
lQ tl/z
Q

3198’0 is the scaling function in the coarsen regime.
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Since z4 = z follows that § —1/z = 0. Taking the limit { — +oo at fixed z/l.,(¢), the scaling
relation for the two-point correlation functions is
x

Goo (T, T) ~ [E*™e2 - G ( C )i (338)

|

If we consider the thermal protocol (¢ =1, v, = v =1 in d = 3), the coarsening length is
leo(t) = [t]° ~ /[t]. (339)
We compare the relation with using ind=3:
Goo (R T) ~ /% - exp ( - 2E2¥) ~ TP exp ( - 2@\/%)2)} ~E G (R [17). (340)

The expression (332) for the two-point correlator agrees with the coarsening prediction.

5.5 Magnetic field protocol.

We also investigate the slow passage across the critical point of the system driven by a
time-dependent magnetic field at the critical temperature

] St ts) = 010 - h(t,ts) ~ t/t, (341)

For this protocol, the thermal coupling is fixed to the critical value r = r, and the exponent
Vg =Vh = 1/dh

5.5.1 Correlation functions for magnetic field protocol.

Let us write explicitly the correlation functions along the magnetic field protocol. The value
of the longitudinal magnetization is:

Z(t,ts)EL(t,ts)Eo(t)+/tdt’~exp(/tdt”-(mQ(t”,ts))) Rt (342)

and the transverse components
Yot ts) = 0; (343)

The longitudinal two-point correlation function is given by

t t
Golh 1) :Go(k,t,ts)+2/ dt’-exp(—?/ At (R m2 (1", 1,))) + (275 (RS2 1)

to t
(344)
while the transverse components
t t
Gr(k,t,t,) = 2/ dt’ - exp ( - 2/ dt" - (K + mQ(t”,ts))). (345)
to t

There is an important thing to point out: the role of the initial conditions in the KZ
scaling limit. Since the scaling behaviours turn out to be universal in the limit of slow
variations, it is expected that the initial state of the system at ¢y does not influence the
critical theory. However, the correlation above depend on ¢° through X° and G°. If we
consider the expression of ¢°:

@0 (k,t) = (2m)46% (k) - 81,00 - exp ( — /t dt’ - (k* + m?(t, t5)>;

to

When we consider the off-equilibrium scaling limit ¢ — oo

t
O ) ~ Uy - (2m) 6 () - 61,00 - exp ((— / (& + M2(F")) - di’

— 00

)—>o
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The focus on the off-equilibrium scenario enlarge the small area ¢ ~ 0 near the critical point
[see ﬁg. In the KZ scaling limit, the starting time becomes very far in time tg ~ —o0
and the term ¢ is therefore driven exponentially to zerﬂ The sensibility of the system to
the initial conditions disappears in the scaling limit. This confirms that the details of the
protocol are not important and the dynamics in the off-equilibrium region depends only on
the leading order behaviour near the critical point.

5.5.2 Off-equilibrium scaling behaviour.

The thermal coupling is fixed to the critical value and can be written using the relation
(296)). The constraint-equation (290) for the magnetic protocol is:

m2(t,t,) = Z(/A (;li];d : {GT(k,t,tS7m2) - GT(k,t,t&O)} + EQ(t;ts)>; (346)

By dymensional analysis 2 =4 —d+d —2=4—d+2(d —2/2).
Let us consider the KZ scaling limit ¢, — co keeping ¢ and k fixed. We make the following
scaling hypotesis:

m2(t;ts) ~ M>(T) - 152 using dimensional arguments, as before.
o Gyp(k,t,ts) ~ Goo(k, 1) - 13
o S(t,t,) ~ O(F) - 15"
0 0(t,ts) = t/ts ~ f~lédh as we read in with vy = vy, = 1/d.

O is the scaling function of the magnetization. We verify the scaling hypotesis for the
correlation functions starting from their deﬁnition@ Firstly, we consider the longitudinal
two-point correlation function:

t t 2

GL(k,t,ts) N 2/ dt/~672f:’ dt”~(k2+m2(t",ts))+(27T)d5d(k,)(/ dt' e~ M dt”-(mQ(t”,tS))'h(tl))
- - (347)
In the scaling limit, using the relation (299)

7 . B T o 9

Grlk, t,t,) ~ 2/ df/-tQ e 2ARLT) (2m)45% (%) - lg. (/ dr o o~ ARTLT) 'tl'l(_gdh)
7 , . _ T ., 2 _

—13(2 / i’ 2ARED ) g G720 (9 ) ( / dr - AFED.T) T = 136, (R, D).

The result for the longitudinal two-point correlation function is
Gulk,t,ts) ~ 1B GusD) = 13 (G5 (B,7) + (2m) "5 (R)O (D) ). (348)

where the first term is the scaling function of the connected part of the longitudinal two-point
function
t

T
Wﬁ(k,t,ts):zg).gzonn-(,f):zgg.g/ df/~exp(—2[ df”.(E2+M2(z”))). (349)
[e%s} t

32The momenta are set to zero by the delta function and the scaling function of the mass term at —oo is
equal to |£|?¥s. Thus, ¢° — 0.

33We do not consider in the following the terms proportional to the initial state of the system because, as
we have seen before, they do not influence the dynamics in the off-equilibrium region.
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We already read, in the scaling limit of the disconnected part of the longitudinal two-point
correlator, the scaling function of the magnetization. However, it can be obtained starting

from (284):

t t .,
E(t,ts)=/ dt' e~ I dt’/'m2(t"’ts>-h(t’):/ di' - tg - e AOT 7ot = 10091,

R (350)
Thus,

@(t):/t dt/-t/~exp(—/t/tdt"~M2(t")). (351)

— 00
The transverse two-point correlation function is equal to the connected part of the longitu-
dinal two-point correlation functiorﬁ Thus, its scaling function is:

T T
GT(k,t,ts):zg.gT(E,i):zg-z/ df’-exp(—?[ (M) (352)
—00 t

Let us derive the scaling constraint-equation for the magnetic field protocol:
o n oo gl - - - - ,—2d
M2(D)-15% = 6</ amila 5 - [gT(k, £, M2) = Gr (k. 0)} +02(D) -1, ¢); (353)

+oo ddk

MQ(E)-léQNO:lé(d_Q).%</ 5y 2[00 (1, M) - Gr(8,1,0)] + 02 );

We have set m? to zero because it is a subleading term in the scaling limit. The problem is
formally solved in this case too: the scaling functions for the correlators are computed and
the function M? is defined by

+oo ddE f —/ ) T g T2 Z ., —
. o f?, dt’ -k _ U . 2 ! _ _
/ Gn) 2/ dt -e [exp( 2/? dt - M=(t )) 1}

— 00

- (/t dt’-exp(—/jdt”.W(t”)))z (354)

— 00

This equation can be expressed in terms of the function f: the left hand side has already
been computed. The magnetization, in terms of f, is:

t
@2(%7/\42) _ (/ e f (M2(@@")dE") df)

= ( /_; [6‘ JEMP @) | g+ ff/(MQ(wd?/)} 'f/‘ﬁ/)Q N (/ Z ?ii)) - d%/)Q;

— 00

Thus, the scaling constraint equation becomes

ﬁ ( /_too dt'- f|(t) ‘d/z / F T dt ) (355)

It might be a useful because the relation (354]), in terms of f, becomes more compact.
However, in this form, the scaling constraint-equation loses its physical meaning. Therefore
we prefer to work with the relation

/ o (dd’; (QT(k: 7M2)—QT(E,%,O)) = —02(F, M?). (356)

Unfortunately, the scaling constraint-equation for the magnetic field protocol does not have
known solution.

34Gee ([345) and -
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5.5.3 A proof of the scaling relations.

We investigate the limit ¢, — oo keeping £ = t/(t,)¢ and k = k(t,)¢/? fixed with e, z free
numbers. As in the thermal protocol, we demonstrate that a scaling behviour is allowed in
the off-equilibrium regime only if e and z are fixed respectively to the KZ value and to the
dynamical critical exponent of the system at the equilibrium.

We consider a generic leading order behaviour for the magnetic field h(t,t;) ~ (¢/ts)
t ~ 0. The rescaling of magnetization iﬂ

% near

St = [ t dt’-<ts>€~exp(‘/t/tdt”~<ts>€-M2<t”>-<ts>‘2€/z)-t’“-<ts>a<e-“ (357)

— 00

The rescaling of the mass term m?(t,ts) ~ M?2(%) - (t5)72¢/# fixes the value of z as in the
previous case:
—2e/z+e=0=2=2

It follows that
Nt ts) ~ (tg)@HDema . (F) (358)

The transverse two-point correlation function rescales as

Grlhtot) =2 [ () e (-2 / 4 ME)) = ()G (359)

— 00

Performing the KZ scaling limit in the constraint-equation

_ - oo gdk — _
(1) MP@) = G (20020 [ ) (1) 0 (R M) G (R 1.0))
(360)
The mass term is subleading. The scaling constraint-equation is satisfied only if
d
——e+e=2(a+1)e—2a
z
Thus,
-2
e= az (361)

(—d+2z—-2z(a+1))

if we set a = 1, d = 3 and we insert the previous result z = 2 we obtain e = 4/9. This result
is in agreement with the definition:

? e —zaz — z—zazla
tQ _ (ts)augz/(aungrl) S (ts) _ (ts) 2az/(—d+z—2z(a+1)) (362)
setting
1
vy =vn= o (363)

5.5.4 Asymptotic behaviours.

For symmetry-breaking protocols like the magnetic field one, there are no reasons to think
about coarsening phenomena asymptotically.

We assume that the system approaches the equilibrium also after the transition and therefore
the ansatz (316)):

MQ(E) f*}r\:.i‘:oo |ﬂ2/dh . (1 + b(%) . e—c|f|1+z/dh>
applies in both the asymptotic limit ¢ — Zoo, maybe with different values of b, c. The

exponent 1+ z/d}, is expected to be the same.
However, memory effects make us unable to investigate the limit £ — 400 because it needs to

35We do not consider the term proportional to initial condition into the relations: for all values of e and
z it is exponentially damped.
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know a complete solution of the scaling constraint-equation : the analytical expressions
for the correlators involve integrals which start from ¢y up to the current time ¢t. When we
try to compute the limit ¢ — +oo, we also consider instant of time 7' around zero where
the asymptotic ansatz for the scaling function M? breaks down. We focus therefore on the
asymptote t — —oo only.

Equilibrium asymptotic forms.

Firstly, we look to the equilibrium term of (316) setting M2 = 0. For the magnetic field
protocol the equilibrium contribution to the mass term is given by

M () = [¢]*/ (364)

The expression above give us the possibility to write explicitly the scaling functions of the
correlators. In particular, using (364)) in the scaling relation of the magnetization (351) [see

app

t t _ t t
o) ~ / 7' 7 exp (- / ' M) T / 7' 7 esp (- / T E 21 ) e
- 7 MEME J o 7
(365)
We learn that the equilibrium asymptotic contribution of magnetization for ¢ — —oo is:

O(t) ~ —[t| e/ (366)

the equilibrium scaling behaviour has been recovered. The result is in agreement with the
well-known relations among the equilibrium critical exponents:

5:l/g~d¢:l/h~d¢:d¢/dh. (367)

The matching with the equilibrium scaling behaviour is consistent with the general predic-
tions given by , where A =dy, vy =v =1/dp and a = 1.

If we consider the system at the equilibrium at all times, we can consider the limit ¢ — 400
in the scaling function using . After the computation, we obtain [see app.

T € _ t T
N 7 7 _ 7 A 427" t—= oo 7 7 _ 7712/ dn Nqus/dh
o(f) /_Oodt exp ( A di" M (T")) v /_Oodt exp ( /t ar’ {0 ) ~
(368)

In agreement with the equilibrium predictions as above. The scaling function of magnetiza-
tion can be expressed in terms of the magnetic field:

S(tt,) ~ 1™ - O0) = ) - (5™ /™ = H(O(F) - [/ « B[4/ = S(F) - |h[/ .
(369)
The relation between the two scaling function is:
O(f) = £O(7) - [f[ s/ (370)
The new scaling function can be computed in the asymptotic limit # — —oo [see app. [D.5.1]

N 7 T _
O(F) = —[f|~de/dn / di/.f'.exp(f /t MQ({")~d¥") ;:fx —1. (371)

and if we assume that the system is at the equilibrium at all times, é(f) ~ +1 in the limit
t — +oo. Thus,
S(t,ts) ~ £|h|%e/dn (372)

where we read the critical exponen@

§=dy/dy (373)

36We never use this notation again because the symbol ¢ indicates the protocols.
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Figure 13: The equilibrium scaling function of the magnetization O(f) ~ +[f|%/% as func-
tion of rescaled time ¢ in three spatial dimensions d = 3.

which is the well-known scaling relation at the equilibrium. Let us consider also the trans-
verse susceptibility:

Xr(tts) = Gp(k = 0,t,t,) ~ lg - G (D). (374)

The equilibrium result is already known: one may note that the transverse two-point cor-
relation function in the magnetic field protocol has the same analytical expression of
the two-point correlation function of the thermal case (294)). Thus, using another definition
of the exponent v,, we conclude from that

Gr(8) ~ [f72" = [¢| 7>/ (375)

which is in agreement with the general predictions (269) and with the definition of the equi-
librium critical exponents, as we have discussed in the thermal case.

Leading corrections to the asymptotic equilibrium scaling.
We consider the leading off-equilibrium corrections to the equilibrium scaling behaviour
given by (316) plus (324):

MQ(E) Z—t:oo |g|2yh (1 +b- |ﬂa . efcml‘*'z”h) (376)

Within this ansatz, we investigate the first deviations of the correlation functions from their
equilibrium behaviour. Let us start with the magnetization

T - )
o(t) = / dt -7 - exp ( — / MQ(Z'/) . df”) f—oc0
Zl

— o0

/t dt/-t/~exp(—//t/\/l§(t")-dt”) : (1—//tdt"~/\/l§(t”)) =
t t

TR ? Ik — z — — — —
— [E|de /O — el /H/ dt e 1F 1 /s 7 ([ dt’ TP b ‘t//|a’.exp(_c‘t//|1+zyh)); (377)
—o0 t’

where kK = 1+ 2-v, = 142/d},. The details of the computation are reported in the appendix
The final result for the magnetization is

OF) ~ — [T/ (14 K - [ 7™ ), (378)
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Figure 14: The leading off-equilibrium correction for the scaling function of the magnetiza-
tion given by with respect to the equilibrium behaviour. This plot shows qualitatively
the deviations from the equilibrium: it has been made by fixing the parameters to d = 3,
c=rk"1=5/9,a=0,b=1.

with K = —b/(ck + 1). The relation above is a remarkable result: if we assume that the
scaling function of the mass term has an exponential approach to the equilibrium, the same
type of approach is reproduced in the scaling function of the magnetization.

The mass term and the magnetization are linked at all times by the equation . If we
take the KZ scaling limit of this relation:

_ de(t)/dt t
M2(t) — _ ( Z/ + _

o(t) o()

We have derived a constraint between the scaling function of the mass term and the scaling
function of the magnetization. In particular, in the asymptotic limit, the expression (316)

and (378 must satisfies the equation above. Thus, the equation ([379)), in the limit ¢ — —o0,
becomes Pk

(379)

[F e pff e e g e el
+(2=r)[I| T =K 2—r)[E* e L K (2—kta) [f]* e e K[T]7 e eIt 1O (e 2™,
The equilibrium terms satisfy the relation. The off-equilibrium leading terms are:

b|ﬂn71+a . efcm” -~ 7K|ﬂnfl+a . eiclﬂﬁ o CHK|i|nfl+a . eiclﬂﬁ;

37The details of the computation are:

o M)~ [{2/0 - (14 b [ el T ) < gt g pfg e el
0 O() ~ — [/ - (14 K[t emellT ) — _ffj2on — g2t el
0 ©71() ~ —[I]"2 4+ K[f|< 2t . c~elfl",
« 1/0(1) ~ —[fl/0(F) = [~ — K[fr1+e el
0 O®) ~ (2= R)[IF + K(2 -k +a)[f|'=5te . emelfl” 4 K[f|2=rta . (—exffr—1)eell";

e O -0 B ~—2 -k + K@ —r)[fe el — K(2— K+ a)[fo1 - eclH”

+erK [t 7elH" 4 O(e—2eltl™y;
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The equation is satisfied if K = —b/(ck + 1), in agreement with the results.

We consider also the leading off-equilibrium correction of the asymptotic equilibrium be-
haviour in the transverse susceptibility. In this case we can read the final result in the

relation (326]) using vy = v, = 1/d),
Gr(@) ~ 172/ (14 K[ - e, (380)
where K’ = —2b/(2 + ¢k) and k = 1 4 zvp, = 1 4 z/d},. The exponential approach is found

also in the transverse susceptibility. The mass term and the transverse two-point correlation
function are linked by the relation (280) at all times. In the KZ scaling limit:

oy Ldgr(/d 1
MO==5"00 " ad

The consistence of (380) in the asymptotic limit follows from the result of Sec using
vy = vy = 1/dy, instead of v.

(381)

A comment.

The previous results for the magnetization and for the transverse susceptibility cannot be
used as a demonstration of the ansatz (316)) because and are equivalent to the
definition of the correlators and (352)). Thus, they give only a check of consistence.
The ansatz has to be validated in the scaling constraint-equation. We recall the scaling
constraint-equation for the magnetic field protocol

+oo ddE o o _

/ g (07 (R, EM?) = Gr(R7,0)) = —62(F, M?).
(2m)?

The integration over the momenta makes the relation above not writable in terms of special

functionﬂ Thus, we are not able to proceed further. However, a different ansatz for M?

does not lead to consistence among the relations. Let us consider, for instance

M2(T) T (72 (1 + b/|¥|°‘) (382)

with a > 0 big enough. The asymptotic scaling function of the magnetization, in the limit

{ — —o0, using (382), is [see app/D.5.3]
O(f) ~ [7|%/ ™, (383)
The off-equilibrium leading corrections cancels themselves. The equation becomes:
e e N O | e (7

The equilibrium term is satisfied but the off-equilibrium leading terms do not satisfy the
relation above.

The assumption of the exponential approach to the equilibrium for the mass term ensures
consistence. In addition, the ansatz has the remarkable property to reproduces itself
in the correlation functions.

The approach to the equilibrium for the scaling function of the correlators, has been numeri-
cally studied by [6] in the O(3) vector-model of finite size L. The numerical simulation shows
that the behaviour of the correlators, and in particular of the magnetization, tends to the
equilibrium exponentially. It is expected that qualitatively similiar behaviours are shown by
O(N) vector-models at finite N = 3. Thus, a scaling relation for the magnetization can be

38For more details, see the appendix
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Figure 15: The off-equilibrium dynamics of the scaling function of the magnetization ©(t)
driven by the magnetic field protocol for different values of £ = L/lg. The numerical
simulations have been made for an Heisenberg ferromagnet N = 3 in three spatial dimen-
sions. The system has a cubic finite-size V' = L3. This picture has been taken from the ref.

I6].

estimated starting from (351)) and using the exponents of the Heinsenberg universality class

SV=3)(t,t,, L) ~ 15" - @V (T, 0) ~ (£,) 701 0N =3)(F, ) (384)

The behaviour of the scaling funtion ©(N=3)(Z, £) is shown in Fig One may note that the
asymptotic behaviour of the scaling function does not depend on the size of the system and
matches the infinite-volume equilibrium scaling, as it has been discussed in Sec[4.5]

39For an Heisenberg ferromagnet dy = (1 +1)/2, dp, = (5 — 1)/2, in three spatial dimensions. The value
of the critical exponent is n =~ 0.03(7) from the ref. [18],[19].
It follows that dy =~ 0.52, dj, > 2.3, and z =~ 2.02 [see ref. [6]]. Thus the exponent e = (z/dy)/((z/dn)+1) ~
0.45: the Kibble-Zurek scales are tg =~ (t5)°4° and g ~ (¢5)0-22.
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5.5.5 Hysteresis phenomena.

We define the hysteresis loop area A as the area beetween the two cuves described by
the magnetization X(¢,¢s) going from ¢; = —oo to t; = +oo and coming back (round-
trip protocol v) when the dynamics of the system is driven by the magnetic field protocol
8(t,ts) = h(t,ts) = t/ts [see ref. [6]]

A= %dt - X(t, ts) (385)
¥
We note that the magnetization (342) has a symmetry with respect to a reflection of the
magnetific field: if we reverse the direction of the magnetic field h — —h, it follows
NIV (¢ t) = —(—t, ts); (386)

The vaue of the magnetization with reversed time is:

—t —t t t
Y(—t,ts) = / dt'-exp (—/ dt”-mz(t”,ts))-t’/ts :/ dt'-exp (+/ dt”-m2(t";ts))-t’/t5.
+00 t/ —00 4
(387)
Thus, the hysteresis loop area can be also written as

A= ?{dt (L ty) = /:_m dt - (E(t,ts) + 2(—t,ts)) (388)

because the integral of the magnetization over v is equivalent to an integral over a unique
trip from ¢; = —oo to ty = 400 considering the magnetization, given by , plus the
magnetization with reversed time.

The hysteresis loop area can be easly connected with the magnetic work W which the system
performs over ~y

W= fdh(ms) St =t A (389)

Therefore the hysteresis loop area has a direct physical meaning. Let us explicitly compute
its expression:

A= /+oo dt'/t dt’-(t'/ts)- {exp (—/tmz(t”;ts).dt”)JreXp <+/tm2(t”;t5)~dt”)} _
o - y ;

+o00 t t
:/ dt-/ dt’.(t’/ts)-2cosh(/ m2(t”,ts).dt”).
—00 —00 t’

In the KZ scaling limit

—+oo t t
A= / g -t / 07 -t T 15" - 2cosh (/ M) 132 1) (390)
—oc0 —oc0 T
Thus, the scaling relation of the hysteresis loop area is
A~y s=15"% 2 (391)

The amplitude = of hysteresis loop area is a constant which depends on the scaling function

M?2:
+o00 t T
=9 / i / a7 -cosh ([ M) -dl"): (392)
—o0 —0o0 7
It follows that the magnetic work has a scaling relation:
W (t)723 .2 (393)

in three spatial dimensions. This means that the energy spent by the system in a cycle
decrease if the time-scale of the variation of the magnetic field occur very-slow. In the limit
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coercitive times

O(t/t,) / -10 e

Figure 16: Qualitatively picture of the hysteresis loop area which the spin system presents
at T =T, as effects of an external perturbation h(t,ts) & t/ts.

of quasi-adiabatic protocol t; — oo, the magnetic work becomes zero. We note that the
hysteresis is an off-equilibrium phenomenon: since the system is at the equilibriun@

+oo
A= %dt YO () ~ zé‘%/ dt - (|f|d¢/dh - \ﬂ%/dh) = 0; (394)

The central area is shrinked to a single line as fig[T3] shows. The system does not spend
energy over the cycle.

The hysteresis loop area differs from zero when the time-evolution of the system is char-
acterized also by off-equilibrium regimes: when the system is coupled to a time-dependent
magnetic field, it needs a finite time to readjust itself and adapt to the external perturbation.
Therefore the magnetization crosses the zero at a certain time ¢, # 0 that we call coercitive
time and it corresponds to a value of h called coercitive magnetic field. A qualitatively
picture of the hysteresis loop area is shown in fig[T]

Since we do not know the behaviour of M? at all times, we are not able to compute the
coercitive times and the integral of the hysteresis. However, one may note that the asymp-
totic exponential approach to the equilibrium of the scaling function of the magnetization
makes the amplitude = finite. Since the tails of the magnetization are exponentially
damped and since the Zs symmetry of the magnetization makes the hysteresis loop area a
closed curve, we can conclude from the ansatz that

== /+°o @t - (6(7) +6(-)) < oo (395)

— 00

Physically speaking, the variations of the external magnetic field tend to modify the value
of the magnetization of the system. Because of the memory effects, the value of the mag-
netization is not instantaneously modified and the system develops a metastable state for
a time . before that it agrees with the reservoir. When the external pertubation becomes
large, the system presents a saturation and does not respond to the magnetic field anymore.
Hysteresis phenomena have been numerically studied in O(3) vector-model with a finite
size L by [0]. Using the Heisenberg universality class critical exponents in d = 3, we find a

scaling relation:
A~ il 5V=8) o (1,)038 . 5(V=9) (396)

40We use the expression for the scaling function of the magnetization at the equilibrium (366))

©°% (%) = £[t|4e/n
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Figure 17: The hysteresis loop area for an Heisenberg ferromagnet N = 3 of finite-size
system with cubic shape in three spatial dimension. The numerical simulations has been
done with ¢ = L/lg fixed. The round-trip protocol moves from t; < 0 to ¢y > 0 at the
critical temperature along the magnetic field §(¢,ts) = h(t,ts) = t/ts. Then, it comes back
from t; to ¢;. This picture has been taken from the ref.[6].

The rescaled hysteresis loop area Z(V=3) is reported in ﬁg It is expected that the
hysteresis loop area at large N is qualitatively similiar to the case N = 3 and that the
finite-size does not modify the asymptotic tails because the matching with the equilibrium
occur always with the infinite-volume behaviour.

The discussion above predicts that the magnetic work done by the system in a round-trip
protocol for an O(3) Heisenberg ferromagnet in d = 3 scales as

W~ (tg) 7006 . 5(V=3), (397)
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6 First-order transition in the low-temperature phase.

In the last sections we want to show how off-equilibrium behaviours emerge crossing the first-
order transitions. We investigate the low-temperature phase at fixed temperature T' < T, in
which a transition is driven by magnetic field around h = 0. Firstly, we construct a scaling
theory for the first-order transition using the renormalization group. Then, we investigate
the effects of a relaxational dynamics in a finite-size spin system below the critical temper-
ature and extract the dynamical exponents.

6.1 Renormalization approach to first-order transitions.

In the RG approach to statistical physics, the singularities of thermodynamic functions asso-
ciated with phase transitions are located on critical surfaces determined by the fixed points
of the renormalization transformation. The properties of the fixed points which give rise to
continuous phase transitions and critical phenomena have been already discussed in Sec[l]
The corresponding properties associated with first-order phase transitions, i.e. discontinu-
ous change in an order parameter are shown in the following [see ref. [23], [24], [25] and [26]].

Let us consider the hamiltionian functional H(¢) of O(N) symmetric spin-sytems. It de-
pends on a set of external fields {h,} = {h, K,} and h is the field conjugate to the order
parameter o. A first-order phase transition for temperatures T' below the critical tempera-
ture T,, can be described by a discontinuity in ¢ as a function of h which can be taken to
occur at h = 0.

We assume that exsists an RG transformation for # such that the fields {h, K} are mapped
into new fields 2'(h, K) and K/ (h, K) which are analytic functions of the original fields
{h, K,}. Note that this transformation has to preserve the origin and the sign near the origin
of the field h@ Thus, the new fields must satisfy h'(h = 0, K) = 0 while 9h'(0, K')/0h # 0.
As we have seen in Sec[I] the RG approach to the critical behavior of spin-systems is de-
termined by a fixed point {h, K.} = {0, KX}, with relevant eigenvalues associated to the
ordering field h, ¢, = Oh'(0, K*)/Oh and to the other ﬁeldﬁ which can be obtained by
diagonalizing the matix T3 = 0K/ (0, K*)/0Kg. From these eigenvalues of the RG flow
near the fixed point all the stuff about the critical behaviour (critical exponents, scaling
behaviour) can be determined.

We want to state some conditions which are sufficient for the occurence of a discontinu-
ity in the order parameter across the first-order transition:

e There exists another fixed point for the spin-system at h = 0 and K, = K}* such that the
configurations {0, K, } of the system which belong to a domain D (corresponding to T' < T¢.)
bounded on one the side of the critical surface, are mapped by many iterations of the RG
transformation into this fixed point. We refer to this fixed point as discontinuous fixed point.

e At this fixed point, the eigenvalue ¢, = Oh'(0, K**)/0h associated with the ordering
field h is given by L? where L% is the change in the scale of volume under the renormaliza-
tion transformation

e The discontinuity of the order parameter Ac(K )@ does not vanish when we consider
the limit K — K** i.e. Ac*™ = Ac(K**) # 0.

41Tt determines the discontinuous fixed point.

42For the underlying model the relevant operator are magnetic field and temperature only.

43In the first-order transitions the size of the system is very important. We will recover the infinite-volume
limit but we begin with a finite-size spin-system.

44Tt can be defined by considering the equilibrium value in the low temperature phase given by .
Since the magnetic field reverse the direction of the order parameter, Ac(T) = o) (T) — o(=)(T) = 20(T).
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We prove that the second condition is necessary for a discontinuity Ac at h = 0 K, € D
Let us consider the thermodynamic potential F (o, h, K ﬂ it is well known that it scales
with the volume of the system [see for instance [I4]]:

1
]-"(a,h,K)NgL(a,h,K)—Fﬁ-]:(a,h’,K’). (398)
The order parameter can be obtained by
_ O0F(o,h, K)
and OF (0, h, K)
(i) — o, n,
oK) = lm =, (400)
Thus,
Ac(K) = R(K)-Ac(K") (401)

where R(K) = L=10n/(h,K)/0h o Since the second condition is satisfied, R(K**) =1

and therefore Ac** # 0 after many iterations. The second condition also implies that the
non-scaling part of the thermodynamic potential g7, has a behaviour dgr (0, K**)/0h = 0
and this makes ¢(¥) not logharitmically divergent at the discontinuous fixed point.

We consider the effects of many iterations of the RG transformation. From the last equation

(401)) we obtain:
Ao(K) =[] R(K™) - Ao* (402)

n=0

where Kén) is the mapping of the field K, after n iterations of the RG transformations and
K = K,. A sufficient condition to have a finite product of the R(K (™) is:

i R(K(nJrl)) -1 )
P = i R(KM) -1 < b
Since the critical value of the fields K}* are ﬁnitﬂ p is equal to the largest eigenvalue ¢/
associated to the external fields close to the discontinuous fixed point. If the system € D,
we expect that successive RG mappings drive the system closer to the discontinuous fixed
point i.e. it is a stable fixed point. Thus, we have necessary ¢’ < 1. If the system ¢ D i.e.
T > T,, it is mapped toward a different fixed point. In general, it is expected that R < 1
there so there is no discontinuity in the order parameter.

6.2 Scaling hypotesis for first-order transitions.

From the previous discussion about RG approach to first-order transitions, a scaling be-
haviour of the observables follows. Our purpose is to extract the scaling dimensions of the
fields and the power-law exponentﬂ related to the discontinuous fixed point. In the follow-
ing we proceed making a scaling hypotesis on the behaviour of the order parameter. Then,
we check the consistence with the RG formalism above.

Let us consider a first-order transition in which the system switches from one non-critical
phase, with finite correlation length, to another non-critical phase. This is the case of a
spin-system below the critical temperature [see fig. .

We postulate that the phenomenological power-law used for the critical phase transitions is
still valid for the discontinuous fixed point [see ref.[25]]:

o ~ =+alh|'/° (403)

455ee Sec.

46 A similiar proof for K2* infinite can be found in the work [24].
4TThey are the equivalent of the critical exponent for a first-order phase transition,



(0]

Positive
Magnetization

. T
Negative €
Magnetization

Figure 18: The phase diagram of a ferromagnetic spin-system. This picture has been taken
from the ref. [19].

A first-order transition is described by 6 — oo @ which leads to a discontinuity in the
behaviour of o at the fixed point. It follows that a = |o].

Let us connect the scaling hypotesis with the RG formalism: a generic RG transformation
maps the ordering field ﬁ

hs b/ =0, -h =)\ (404)
and for the scaling part of the thermodynamic potential:
F(h)— F(H') =" F(h) (405)

where we have neglected the dependece of F on other relevant operators K, because we
are considering a spin-system at fixed temperature T < T, m We fix the scale of the RG
transformation as

A = |p|~Y/dn (406)

and therefore the thermodynamic potential scales as
F(h') = Fy - [h]*% (407)

where Fy = F(£1). Since the magnetization is given by (399)), we obtain from the scaling

hypotesis (403) the relation:
dfdn =1 (1/5); (108)

but since a first-order transition is characterized by § — oo, we conclude that the scaling di-
mension of the magntic field is dj, = d. This result is in agreement with the assumption made
before to construct the discontinuous fixed point. From the general result § = dj,/dgy = oo
we can conclude, since dj, = d, that dy = 0 [see ref.[25]].

Let us consider the equilibrium correlation length £ for the system below the critical tem-
perature. Since the temperature is fixed, £ is finite and the theory is not critical. When we
make an RG transformation in the neighbourhood of a discontinuous fixed point we expect
that

e & =2 g() (409)

Using the relation (406]) we obtain
¢ =As |7 (410)

with Ay = &(£1). Thus, when the system undergoes a first-order transition h — 0, the
correlation length diverges like

1 1
~ ~Vh = — = -
£~ BT = 1y 411

) =5 (1)
185 — dg /dp, is the critical exponent extended to the first-order transition. Then, we consider the protocols.
49Note that A% = ¢;,. Thus, we already know from the previous subsection that dj, = d. We check this

result in order to check the scaling hypotesis too.

50Tn addition to the ordering field, only the temperature is relevant but we keep it fixed




76

However, the relation above must be interpreted. We know that the ordered phases con-
nected through the first-order transition are both non-critical, so what does the last result
mean?

Physically speaking, the system below the critical temperature is in the ordered phase where
the spins are aligned with the external field. When h — 0, we consider the phase transition
between two different ordered phases which coexists at the discontinuous fixed point. Let
us consider the longitudinal two-point correlation function: it is composed by a connected
part W(2)(p) plus the square of the magnetization o (non-connected). The connected part
defines the correlation length of the system and remains finite. Infact, when we consider
< #(0)1¢(x)1 > with |z| — oo, the two-point correlation function approaches the value of
the square of the spontaneous magnetization. Thus, W) — 0 which means that spins are
connected over a finite length.

But, when the system undergoes the first-order transition, a long-range order arises because
the system does not distinguish the ordered phases anymore. Even if the correlation length
is still finite, £ can be interpreted as coherence or persistence length for the coexisting phases.
This interpretation is also quite consistent with the standard hyperscaling relations [see for
instance ref.[I]] 2 —n = d(6 — 1)/(6 + 1) = 2/v}, — d which, when § — oo yield the decay
exponent dg = d — 2 + 1 = 0 corresponding to no decay, i.e. to long-range order.

6.3 Relaxational dynamics at 7' < T..

We derive the dynamical exponents of the O(N) vector model below the critical temperature
by following the discussion of the ref. [6]. We assume that the dynamics of the fields occurs
through a purely dissipative Langevin equation. It is useful to consider a system of finite-size
L with a cubic shape V = L in order to extract the dynamical critical exponent z. For
simplicity, we investigate the case N = 2. However, as will be more clear late the results
hold for any N > 2. The equation of motion, in the absence of external magnetic fields, is:

op(x,t U

DT (0 ot B16?) - ol ) + (1) (112
where ¢(z,t) is a two-real-components field and ¢(x,t¢) is a random variable with white
gaussian distribution. In the low-temperature phase, the spontaneous magnetization is given

by [see eq. (T90) of Sec[52]:
6r
o=1/——>0
u

Thus, the field can be represented as a one-component complex field:
(b(xa t) =0 (1 + Q(iﬂ, t)) : eiG(z,t)7 (413)

where p is a real field which takes into account the possibility of radial fluctuation of |¢|.
Let us insert the parametrization into the equation of motion:
0

. 13}
zaﬁ(m, t) + ag(m, t) = (414)

(7 VN (1 + o 1)} = Irle(a, (1 + ol 1)) - (2 + o(x, 1)) ) + €= Ds(a,1) o

Separating real and imaginary parts we obtain:

L0001 + of, 1)) = (V200,01 + ol 1) + 2V0(z,1) - Vol 1)) +o(a,1); - (415)

51The shape of the system determines the dynamic scaling of the system at first-order transitions, See
Ref.[6]. We consider a cubic shape in order to take, then, the infinite-volume limit.

52The mainly dynamics occurs into a plane for every N > 2. Thus, the O(N) vector-model, even in the
limit of large N, can be reduced to a planar model. See @
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and

& of,1) = (V0,12 (ol )~V o(a, )+ Irlo(e, 1)1+ o(e, 1) (2ol 1))+l 1)
(416)

We have ridefined the distribution of the noise for the phase degree of fredoom ¢y according

to
2
P(sp) /D§9 - exp ( . ;—Q /dt/ddx~ |§9(x,t)|2). (417)
The variance of the new noise distribution is rescaled: Q = 2 + 2/02, the mean value is
zero. The radial fluctuations are affected by the noise ¢, which has the same distribution of
Gp. We focus on the phase degree of fredoom 6 under the following approximations:
-The radial fluctuations are very small and therefore we neglect them: (1 + p) ~ 1.

-o and 6 spatial variations are uncorrelated i.e. < V8- -Vp >.=0.

These approximations decouple the radial fluctuations of the modulus from its angular
precession. Thus, the previous equation results simplified:

%Q(m,t) = V20(x,t) + co(x,t); (418)

in the Fourier space it becomes:

%Q(k, t) = —k?0(k,t) + <ok, t); (419)

Note that in a finite-size system the Fourier transform of the field is given by:
0(k,t) = / dix - e* T . f(x,t) (420)
La

and the inverse )
0(z.t) = 75 > e m (k). (421)
k

The distribution of the noise in the Fourier space is
o2
P(sp) /Dg9 . exp ( ~5vg | At zk: |g9(k:,t)|2). (422)
The solution of the equation of motion (419) is:
0(k,t) = e—kzt/ot dt’ - ¥ gk, t). (423)

where we have assumed ty = qﬂ 0(k,to) = 0 without loss of generality. Let us consider the
spatial average angle of the system:

~

1
B(t) = E/ddasﬂ(x,t); (424)
It follows that < 5(7&) >, = 0 and the two-point correlation function is [see ref.[6]]:

< O)0(s) >, = ﬁ(t—i—s— It — s)); (425)

53Gince the system is at the equilibrium, the initial time can be chosen arbitrarily.
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The average angle changes over a time-scale of the order of the volume ~ L¢.
Let us now consider the two-point correlation function of single fields not spatially averaged:

< 0k, 1)0(k, s) >c,= (e*kg\H\ - e*k2<f+8>) (426)

o2k?

We consider a "wall quantity" in three spatial dimensions x = (x1, x2, x3) defined as
1 ~
0 (3,1) = 7 / ey - des - [0z, 1) — 0(1)] (427)
L2

The two-point function of the previous quantity is:

< 607 (3,1)007 (25, 8) >c= (428)
—k2|t—s —4r?|t—s|/L?
1 Z e Hiltl .eiks(IS*x,s) — 1 Z ¢ el . eiQﬂn(%*mé)/L
o2Ld k2 4m202[2 n?
k30 3 n#£0

where in the last computation the two-point correlation function for the wall quantity has
been written in the limit ¢, s — oo helding |t — s| fixed, where the system is at the equilib-
rium. This fluctuations are small and have a typical time scale of the order of L2.

We compute the autocorrelation function for the magnetization:

2

1 : !’
/ddm cdY <z, t)p(2 ) 8) >= % /ddx Cd - < et 0@D=0EN) 5 o (429)

T2d
the angle 0(x,t) ~ E(t) + O(1/+/L), thus we approximate the last relation:

~ 0% < exp (iZ(t) - 2'5(5))) >.= o2 B<(EH=0()*> (430)

9 1
= exp (= gl =)

The time-scale of the autocorrelation is 7 ~ L. We have considered a spin system without
magnetic fields: in this case the magnetization has fixed modulus but there are no con-
straint on its direction. The random orientation of the vector magnetization into the space
is expected to be the slowest dynamics of the system and has a dynamical exponent z = d
because requires a variation in the enteire volume of the system. Note that there is also a
motion in the transverse planes due to the spin-waves with a time-scale z = 2. However, it
is faster and thermalizes over larger time-scales ~ L%.

In the presence of a magnetic field, the magnetization has a fixed direction. The only
degrees of freedom of the system are the spin-waves propagating along the transverse direc-
tions. Since the system is non-critical, the spin-waves is expected to be non-interacting, so
the dynamic exponent of the system is gaussian z = 2.
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7 Off-equilibrium scaling behaviour
at the first-order transition in O(/N) vector models.

In this section we focus on the off-equilibrium dynamics arising in the O(NN) vector-model at
large N, when this system is at fixed temperature T' < T, and is coupled to a time-dependent
magnetic field. Thus, we consider a magnetic field protocol

’5(75) ts) - 51,04 : h(tvts) ~ 51,o¢ : t/ts

(431)

with T < T, fixed which means that the thermal coupling r is a constant. Note that the
general constraint-equation is still valid below the critical temperature because related
to the large IV limit and not to the specific protocol. Since we assume a relaxational dynamics
of the fields, we can use the relations (279)), (280) and the results for the correlation functions
with time-dependent parameters hese are function of the mass term which is
defined at all times by . In particular, the constraint-equation for the protocol
(431)) is
2(x2 QEALINPR = m? 432
r+2( (t7ts)+/ amy Gl b)) = mA(tty). (432)
Let us consider the off-equilibrium scaling limit in the constraint-equation above: we take
the limit ¢, — oo keeping T = t/(t,)¢ and k = k(t,)/? fixed. Since the thermal coupling r
is a constant, it scales as 7 ~ 7 - (t5)°. Thus, from the rescaling of the magnetization :

a

2 l)e — 2a = =
(a+1l)e—2a=0=¢ @+ D)

. Vd.

The exponent e in the low-temperature phase does not depend on the spatial dimension of
the system. If we consider a linear ramp protocol a = 1, it follows that e = 1/2. Thus, we
can define the off-equilibrium time-scale tg as

to = (ts)° = V5. (433)

The off-equilibrium scaling limit of the constraint-equation requires that the magnetization
scales has (t5)° i.e. its scaling dimension is dg = 0 and therefore the scaling dimension of
the magnetic field is dj, = d — dy = d, in agreement with the general results shown before.

Since e < 1, the off-equilibrium dynamics arises for very small values of the magnetic field:

h(t,ts) = t/ts = (t/V/Es) - (ts) /2 2 0. (434)

Therefore the slowest dynamics of the system in the off-equilibrium region is expected to be
a change in direction of the vector-magnetization whose time-scale is given by a dynamical
exponent z = d. Other types of dynamics occur with faster time-scales and can be neglected.
It follows that the off-equilibrium length scale can be defined as:

lg =ty =t = (ts)"/* (435)

For the transverse two-point correlation function, we read into (359)) that

A d ik
[ GGttt ~ (099 [ £ G R (136)

—(d—2)/z=0=>2=d

The transverse two-point correlation function is not subleading in the off-equilibrium scaling
limit only if we consider the slowest dynamics of the system.
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Let us show that the definition of the off-equilibrium length and time scales are also in
agreement with the definition of the Kibble-Zurek scales

tQ _ (ts)auhz/(auhz-i-l) :7 (ts)e — (ts)a/(a—i-l) (437)
the definitions are equivalent only if
Vh:1/dh:1/d. (438)

The name "Kibble-Zurek" is generally related to continuous phase transitions. We will call
tg KZ time in order to emphasize the analogies between this case and the continuous phase
transistion treated in the first part.

The mass term satisfies the equation also below the critical temperature:

m2(t,1,) = —ﬁ (S(t.1) — h(t.1,)) (439)

When we take the off-equilibrium scaling limit
o) Poa_ 00 T

M2() - (1g)* " = “o o' + 60 @ T em @ o e

Therefore the scaling relation of the mass term is given by
m?(t,ts) ~ M?(2) - 157, (440)

Note that the transverse two-point correlation function generally has a critical behaviour in
the limit of zero momenta. In this case the transverse correalation function remains finite
at all times because the mass term is:

m?(t,ts) ~ 0157 + M>(@) - 15* (441)

the presence of a small magnetic field makes the transverse susceptibility not IR-divergent.
Let us discuss the rescaling of the momenta. Below the critical temperature the degrees of
freedom of the system are essentially given by the spin-waves. The short-wavelength modes
can be considered at the equilibrium for all times and therefore the off-equilibrium behaviour
depends only on the long-wavelength modes. In the KZ scaling limit, it can be shown that
only the zero-momentum modes are relevant. A more detailed discussion is remanded to the
appendix [E]

We define the quantity:

S(t,ts) /A(gj:;(fGT(kﬁO,t,ts) ~ 19 - S(1) (442)

The scaling constraint-equation below the critical temperature is:
u _ -
rlg+ (62(75) 10+ S(D) - zg) =0 (443)

The mass term is subleading also below the critical temperature. Thus, the result is simpli-
fied:

rt o (@2(%) + S(f)) —0; (444)
6
The previous result can be written also as
0%(t) + S(t) = o*. (445)

where ¢ = /—6r/u. The scaling constraint-equation states that the vector mag-
netization performs a rigid rotation with fixed length equal to o. Infact, the equilibrium
behaviour of the longitudinal magnetization has to be recovered in the appropriate limits:
it makes a jump from —o to +o, crossing the transition. We expect therefore that the
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longitudinal component of the magnetization, in the off-equilibrium region, first decreases
dissipating into the transverse modes and then increases going to +o¢ at +00. Note that the
transverse magnetization is zero because of the O(N — 1) symmetry@ but the correlations
among the transverse components (resumed in the function S) rotate the vector in one of
the N — 1 planes transverse to the longitudinal direction.

It is useful to write the longitudinal magnetization ¥; = ¥ as
S(t,ts) = o - cos(V(t,ts)) (446)

where the angle 9 € [0, 7] is the azimut with respect to the longitudinal direction into the
N-dimensional sphere. It follows from (342) that

t t
cos(V(t, ts)) = %/t dt' - h(t',ts) - exp ( — /t dt" - m2(t”,t8)). (447)
0

In the KZ scaling limit

cos(9(t, 1)) ~ I -cos(9(7) = ~

t t
/ dt tq-T -t5' exp (—/z d%”-tQ.M2(E”).t51). (448)
— o0

where 9(%) is the scaling function of 9(¢, ¢s)P°} In the following, we want to demonstrate the
conjecture about the off-equilibrium dynamics: we first check the asymptotic equilibrium
behaviour and then demonstrate that the longitudinal projection decreases.

Finite-size effects.

It has been considered the system in the infinite-volume limit. The infinite-volume limit is
well defined also below the critical temperature and can be obtained starting from a system
with a finite size L taking the limit £ = lg/L — 0 at fixed k, t in the correlation functions.
In addition, the matching with the equilibrium behaviour in the limit ¢ — Zco requires
that t; - L% — oo i.e. L — oco. Since we are able to investigate only the firstly deviations
from the asymptotic equilibrium, the presence of a finite size does not modify the discussion.

7.1 Asymptotic behaviours.

At the equilibrium, the mass term of the system can be related to the inverse of the coherence
length of the system. In particular, since the scaling relation of the mass term is , it
follows that:
m?(t,ts) ~ £t t,) (449)
and in the KZ scaling limit
ME(E) ~ [ (450)

in the asymptotic limits ¢ — +oco. Since the scaling functions of the correlators (342)-(345)
depend on the value of the scaling function of the mass term M?, this relation permits to
recover their equilibrium behaviour.

We investigate the first deviations from the equilibrium assuming that the exponential ansatz
(316]), with appropriate exponents, applies in the case of first-order phase transition too [see
ref.[6]]:

M2(F) = g (1 +b[E* - e—cm“”h) (451)

where a, b, ¢ are free parameters and vy, = 1/d, z = d. In the following, we show that this
assumption leads to an exponential approach to the equilibrium in the correlation functions.

541t is an average quantity: all the transverse directions are equivalent and their average value is zero.
55Gince dg = 0, the rescaling is only a change of variables.
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Figure 19: The equilibrium behaviour of the magnetization below the critical temperature.

We expect that the ansatz (451) is correct for both the asymptotic limits, maybe with
different values of the free parameters. However, since we do not know the general expression
for M2, Ewe are not able to investigate the limit ¢ — +oo because of memory effects. Thus,
we will investigate the off-equilibrium leading correction for ¢ — —oo only.

7.1.1 Equilibrium asymptotic forms.

We want to recover the equilibrium behaviour of the correlators in the asymptotic limits ¢ —
+o00. At the equilibrium the magnetization has fixed direction and lies in the longitudinal
direction. Thus, we can assume that

t—doo

S(t,ts)  ~ +o. (452)
From the equation (279)), using the last relation, follows that

m2(t,ts) = im (453)

g

that is the equation (177) valid at the equilibrium. In the KZ scaling limit, it becomes

t

2 d

m*(t,tg) ~+— -1 454
(a ) Q ( )

In other words, the equilibrium contribution to the scaling function M? is

M) TEE L I M2(D). (455)
o o
which is in agreement with . Note that this relation makes us able to compute the
equilibrium contribution of the correlation function and .
We start from the magnetization: the general expression for the correlator has to reduce to
the relat when ¢ — —oo. We check the consistence in terms of the azimut angle ¥
F.1.1

[see app
cos(9(F)) = + / " T e (- / tdt"~/\/l2(t”)> Bl (456)
o) o P o M2om2

That is in agreement with 6(¢y) = 7 such that X(tg) = o cos(6(tg)) = —o. If we consider the
system at the equilibrium for all times, similiar computations leads to cos(J(f — +00)) ~ +1.

56Formally, it is the solution of the scaling constrain-equation (@45) by expressing the correlators as
functions of M2.
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The behaviour of the magnetization at the equilibrium is shown in fig[T9
We compute the equilibrium contribution for the transverse susceptibility using the relation

(455) in (345) at zero momenta [see applF.1.2

T T _
N = . - =1 . 2 7 t—)r:oo 7l — 2/7\\—1
QT(t)—Q[mdt esp 2/? ai’ - M) el = ) (s
In other words,
_ h(t,t,
Xz (t,ts) ~ — (O_ ) (458)

in agreement with the general prediction for the transverse susceptibility below the critical
temperature at the equilibrium [see Sec.

We note that the scaling constraint-equation is satisfied at the equilibrium: since we assume
that the vector magnetization has a fixed direction i.e. ¥ ~ —o, the transverse correlation

function is negligiblﬂ Thus, from (432):
N2
o2 = JQ(COS(ﬁ(t))) ~ o (459)

7.1.2 Phase dynamics.

We want to understand the effects of the transverse correlations on the value of the vector
magnetization at early times. From the scaling constraint-equation we learn that the
longitudinal component of the vector magnetization rotates into one of the N — 1 transverse
planes. Thus, the O(N) vector-model can be reduced to a planar X-Y model by considering
the longitudinal direction plus one of the N — 1 transverse oneﬂThe N-dimensional vector
¢ obey to the equation of motion:

b (@ t) = —(V2 +m2(t,1.))ba (2, 1) + 61,0 - h(E ) + (@, 1) (460)

fora =1,---,N. Let us consider a polar coordinates for the components of ¢:
o1(x,t) = o(1 4 o(x,t)) cos(by(z,1));

da(x,t) = o(1 + o(x,t)) cos(Oa(x,t)) - sin(0 (x,1));

on—1(z,t) = (1 + o(x,t)) cos(On—1(x,t)) - - - sin(b1 (z,t));
on(z,t) =o(1+ o(x,t))sin(@n_1(x,t)) - sin(b1(x, t));
We have parametrized the vector on a N-dimensional spherﬂ Since the O(N) vector-

model can be reduced to a planar one [see ref.[28] and [29]], we integrate N — 2 transverse
degrees of freedom and we consider the 2-dimensional vector ¢ in the complex plane:

$(w,t) = o(1+ o(x,1)) - 1"V (461)

In the following we refer to the phase ; = 6 € [0, 27]°’l We can obtain an equation for the
phase dynamics using the parametrization (461]) in (460) and then separating the real and

57If the magnetization has a fixed direction, the dynamics of the spin-waves turns out to be gaussian z = 2.

58This justifies the computation of the subsection , where we have considered the N = 2 case.

59We have inserted also a radial fluctuation ¢ to be general. Then, we neglect the radial fluctuations.

60Since we are on a N-dimensional sphere, 6 is the azimut and thus 0 < § < 7. When we consider a planar
model the phase takes values in the enteire unitary circle.
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the imaginay part. The detail of the computation are reported in the appendix [F.2.1] The
final result is:

O0(z,t)(1 + o(z, 1)) = V20(z,t)(1 + o(z, 1)) + 2V(z,t) - Vo(z, 1)
t

h(t, ts)

sin (0(z,1)) - “%J sin(6(z, 1)) + Q(jJ cos(6(x, 1)) (462)

for the phase dynamics, and

h(t, ts)
g

o, 1) = (VO(x,1)) (1 + ofx, 1)) — m*(t, £,) (1 + 0) + cos ((x,1))  (463)

+

os(0(z,t)) + sin(0(x,t)).

for the dynamics of the radial fluctuations. This system of equations full describes the time-
evolution of the field but it is very hard to solve analitically. Thus, we solve the equation
for the phase dynamics under some approximations:

aet) (.1
g g

-The radial fluctuations of the field are very small so (1 + o(z,t)) =~ 1. The off-equilibrium
physics is related to very small values of the magnetic field which do not lead to significative
length-variations of the vector magnetization.

-The spatial variations of angular and radial fluctuations are uncorrelated: < Vé(z,t) -
Vo(z,t) >.=0.

We want to study the time-evolution of the phase by solving the equation of motion .
Since we are interested to the off-equilibrium behaviour we have seen that the momenta are
subleading terms [see applE] and ref. [28]].

Thus, we write the equation of motion in the Fourier space

O(k,t) = —k*0(k,t) — ho(t,ts)/o - sin(0(k;t)) + co(k, t)

and we consider the zero-momentum case [[1}

0(t) = —ha(t, 1) /o - sin(0()) + s(t) (464)

where we have called ¢y = —¢;8in(f) + ¢2 cos(d). We have started with a white gaussian
noise distribution proportional to

P(c) /D§~exp <f$/dt~/ddx~|§(z,t)|2) = /D<~exp (—%/dt~/ddx~{§12(w,t)+§22(z,t)})
(

465)
with zero mean and variance (207). The new noise variable ¢y has distribution

P(sp) x /D§9 -exp(— ;;/dt/d‘%- \gg(x,t)|2) (466)

The variance of the new noise distribution is rescaled: Q = 2 + 2/02, the mean value is
zero. The solution at zero-momenta for the phase 0(t) is [see applF.2.2]

0(t) = 2 arctan { tan(6p/2)-exp (/t dt’-h(t', ts)/(T) Jr/t dt"-exp (//t dt"-h(t", ts)/a) 'cé(t’)}

to to t
(467)
where we have ridefined the distribution of the noise ¢j = ¢5/2 cos?(6/2) having the same
cumulants of ¢5. We investigate the dynamics for small angles:

0t)=m—0(t) (468)

61We denote 6(k = 0,t) = 6(t).
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Figure 20: The effects of the transverse correlation functions on the value of the phase 0 at
early times.

with 6'(t) very small. It follows that
sin(0(t)) = sin(m — 0'(t)) = —sin('(t)) ~ —0'(¢).
The initial condition for # is 6, = 0. In this approximation we can linearize the equation of
motion (464):
0/(t) = h(t,ts)/o - 0'(t) + sh (£) (469)
and the solution become@

t t
0'(t) = / at - exp ([t (e 1)) -5 (1) (470)
to t’

Let us now compute the expectation values of the phase. We remember that the cumulants
of the noise distribution ¢, are:

<<pr(t) >, = 0; (471)
and
2
<sp(t) o (t') >q,= §6(t —t'); (472)

A
Thus, the average value of the phase 6 at small angles follows from (470))

A

0(t,ts) =< 0'(t)) >¢;,= 0 (473)
The variance of the phase distribution 2 (t,t,) is [see app
2 / A 2 / 2 2 t?/too \/77
At t) =< (9 (t)—@(t,ts)) > =< (0/(1)2 >~ 5t/ ~{7-\/70ts~Erfc(|t\/\/7crts)}
7 (474)

In the KZ scaling limit and looking at early times ¢ — —oco, where the approximation for
small angles hold, we obtain:

f) f—)N—oo 1 - ;Q(E)
alt| o2

VA(tts) ~ g 7 (475)

62The term proportional to the initial state
t
04 (t) = 0] - exp (/ dt’ - h(t',ts)/a) =0,
to

because 6} = 0.
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The Fokker-Planck equation for the phase distribution (near 6y) P(#’,t) can be obtained

directly from m[see ref. [28]]:

%P(G’,t) = —2Hrp - P(0,t);

The Fokker-Planck hamiltonian is:

Hep = _% /dd” 59?(95) <59f(x) " Lwl(w)]) - _%(5(52 + (=0 h(t:;tS)))'

It follows that the Fokker-Planck equation is

O Lo o O (bt ts)
2 p@,t) = (9 -

52
~ = PO 1)) + o PO ) (476)

562
with P(¢’,t9) = 6(6’). This equation admits a gaussian solution in the form:

P = o 477
1) = ;
( V2my(t, ts) 477)

We learn that the effect of the spin-waves fluctuations along the transverse direction give
rise to a variance in the distribution of the phase close to the equilibrium. However, the
vector magnetization still remains fixed along the longitudinal direction at early times.

7.1.3 Leading correction to the asymptotic equilibrium scaling.

Our purpose is to understand how the magnetization starts its departure from the initial
position. We consider the leading order correction to the asymptotic equilibrium behaviour
in the scaling function of the mass term:

27y oo [f] 70—l _ [t Fa . p—clil?
M2 (F) - <1+b|t\ e )7 - (1+b|t| e ) (478)
where a, b > 0, ¢ > 0 free parameters. Let us insert this ansatz in the equation (279):
_ o) t - _ t fo—oco |t - 72
M2(F) = == 4 — = =) -tan (9(F) ) + ———=~ "~ = (14bfF[*-e ). (479
®) O(t) + () ® an( ( )) + o cos(V(t)) o ( ol e ) (479)

The equilibrium behaviour of the mass term consists in the zero-order of the Taylor expansion
of ¥ around m. If we consider the first-order expansion:

_ = _ t t _ :
M2(E) ~ —9(F) - 9(F) + LN U(1 + bJE|* - e‘c‘t'z); (480)
o o
We can find an approximate solution for the time-evolution of ¥ by solving the previous
equation:
I (%) T b, v
/ ﬁ-dﬁ:—/ —[E e et dr
s — 00 o
Thus,

[y _7T2 b —a/2—-1 121 [F
S0 =5+ (- e L2+ a)/2, )| )

Using the asymptotic expansion (502|) we obtain

n b 7la —cl|t|?
9(7) =~ 7r(1 Sl R ) (481)

the Kramers-Moyal expansion. However, in the approximation scheme (468]), it is sufficient to keep the
Fokker-Planck truncation.

63 A more detailed computation has to start with the equation of motion (464) and then has to consider
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05+

asymptotic leading off-
equilibrium correction

Figure 21: The leading off-equilibrium correction for the scaling function of the magnetiza-
tion X(¢) /o = cos(¥(t)) given by (482)) with respect to the equilibrium behaviour. This plot
has been made withd =3, c=0"1 =1, a =0.

This solution tells to us that the average azimut angle decreases under the ansatz (478).
The computation above neglects the quadratic terms O(9¥2). Thus, it cannot be used to
estimate correctly the leading off-equilibrium correction into the longitudinal magnetization
R

The correct result can be obtained using the ansatz directly in [see app.

cos (19(%)) ~-1 (1 +K[Ee e*CW) (482)

with K = (=b/(1 + 2co)). The exponential approach to the equilibrium has been found
also for the longitudinal magnetization. Note that the relation tells to us that the
projection of the vector magnetization 5 along the longitudinal direction decreases.

We can check the consistence of this result using the relation in the scaling limit.
It has to be satisfied at all times also below the critical temperature; in particular, in the
asymptotic limit ¥ — —oo, we obtainf}

mJr g 71T et o —aK|f*? e~clt? —2cK[t|**! el m K

; K s et o2,

64 At the same order of the approximation cos(9) = —1 and it gives the equilibrium results.
65The detail of the computation are reported in the following table:

o M2(T) ~ [t| /o - (1 b g .efc\f|2) o+ L e,
o cos(9(D) ~ —1(1+ K[ - e<T*);
o (cos(#(D)) " ~ —1(1 — K[fje - e~<lT);
o 1/ cos(9(@)) ~ —[tl/ cos (9(0)) = [il /o — Lo+ el

o & cos(9()) ~ — 5k cos(¥(®) ~ —aK[F+~ et _ ock[f|atl . e—cltl?

o Lcos(9(D)) - (cos(W(D) " ~ aK[Eo~t - e~el 4 2cK[fott . el 4 O(e2elT);
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Figure 22: The behaviour of the scaling function of the relative magnetization ©/c as
function of the rescaled time along protocol , below the critical temperature. The
numerical simulations are made for an Heisenberg ferromagnet N = 3 in three spatial
dimensions. The system has a cubic finite-size V' = L3. This picture has been taken from
the ref.[6].

The equilibrium terms satisfy the relation. The leading off-equilibrium terms are:
b - ; _ P K _ ;
;|t|1+a . 67c|t\2 ~ —2CK|t|a+1 . efc\t|2 _ ;|t|1+a . efc|t\2;

The last equation is satisfied if K = (=b/(1 + 2¢o)), in agreement with the result.
We investigate the first correction to the asymptotic equilibrium behaviour also in the trans-
verse susceptibility. Under the assumption (478)), the result is an exponential deviation [see

app(F.3.2);

o
i
with K’ = (=b/(1 + co)). We can check the consistence of this result using the relation

(381) in the limit 7 — —od®}

m+9|f|1+a-6_clﬂ2 ~ _% |:|E|_1—K/|f|a_1-€_clﬂz—(a—l)K’ma_l~6_C|ﬂ2+2€K’|ﬂa+l-€_c‘ﬂ2]
g ag

Gr (@) (1 + K[| - e*CW) (483)

it K

_’_7 -

o o

The equilibrium terms satisfy the relation. The off-equilibrium leading terms are:

_ 72 _9n7|2
|t|1+a~6 c|t] +O(e 2clt] );

!
Dlgbe . ool o ot . ool _ K e e,
7 o

66The detail of the computation are given in the following table:

e M) ~ [t| /o - <1 +b- 5o e_sz) il + B et
o Gr(t) ~ a/lt| (1 T K'[Ee e_cmz);
« Gr(®) 1~ [il/o (1= K[ - e el
OAigTﬁ)NAij%gT@)Nwﬂﬂ_z‘““a"UK7ﬁP‘2-e—dﬂzAfaKﬂfp-(fzdib-e—qﬂi

¢ Gr() - Gr(D) ' ~[E7 — K'[Eje=1 et — (a — D)K[Eo 1 - el 4 2cK![Ejatt . e—elT® 4 O(e—2¢T);




89

The expression is satisfied only if K’ = (—b/(1+c0o)), in agreement with the previous result.

We have found that the ansatz for the leading off-equilibrium correction of the scaling
function M? is sufficient to have an asymptotic exponential approach to the equilibrium
in the correlation functions. In particular, the longitudinal component of the magnetiza-
tion slowly decreases as exponential according to the rigid rotation conjecture. In order to
demonstrate the ansatz one should insert the asymptotic expression of the correlators
in the scaling constraint-equation . The results above are only check of consistence.
We are not able to compute analytically the function S(¢,ts) because of the integration over
the momenta. Even in the asymptotic limit ¢ — —oo and keeping k& — 0 is not obvious
how to make approximation to arise a qualitatively correct result. However, as in the case
T =T, it can be demonstrated that different ansatzs do not lead to consistence.

The approach to the equilibrium in finite-size O(3) vector-models at the first-order transi-
tion has been numerically studied by [6] in three spatial dimensions.

We have shown that the off-equilibrium dynamics occur into one of the NV — 1 transverse
planes, so we expect that our results are valid for each NV > 2. Thus,

o L RVt L) ~ (t)° - cosVER(E, 0). (484)

The presence of a finite size does not modify the asymptotic matching which always occur
with the infinite-volume equilibrium scaling behaviour. The numerical result for cosV=3) (%, ¢)
is shown in the fig2]
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Figure 23: A qualitatively picture of the hysteresis loop area below the critical temperature.

7.2 Hysteresis phenomena.

When we consider a round-trip protocol i.e. when the magnetic field h(¢,ts) = t/t, is varied
along a closed path, the system shows hysteresis also below the critical temperature. The
hysteresis loop area can be defined in the same way of the case T = T, [see eq. (385))]:

+o0 +oo
A= / dt - (E(t,ts) + E(—t,ts)) - a/ dt - (cos(ﬁ(t)) - cos(ﬁ(—t))). (485)
The scaling relation of the hysteresis loop area is:
too B B
Ano / - tq - ((cos(9() + cos(9(~)) ~ 1 - E. (486)

where

oo { / ! Z 1! 1!
5:2/ d¥~/ df-%.cosh(/ ' M(E)). (487)
—o0 —00 T

The energy spent by the system in a cycle is:
W:fdh(t,ts).z(t,ts) =ty A~ (t,)" V2 E (488)

Hysteresis phenomena are related to the off-equilibrium: since the system is at the equilib-
rium, the magnetic work is zero as fig[T9] shown. In contrast, when the system is coupled
to a time-dependent magnetic field, it develops metastable because it cannot reach to adapt
instantaneously to the external variations. A qualitatively picture of the hysteresis loop area
below the critical temperature is shown in fig[23]

Since we do not have an explicit solution for M?, we cannot compute the amplitude =.
Neverthless, the ansatz (478]) ensures the finitess of this amplitude =.

A roughly approximation of the value of the hysteresis loop area can be obtained assuming
that the system is at the equilibrium up to the coercitive time. Then, the magnetization
jumps from —1 to +1 and the same for the return. Thus, the coercitive time ¢, can be
estimated as the time in which the contribute of the transverse correlations are of the same
order of the magnetization. These can be valueted through the function:

S(t,ts) ~ width - peak
The peak of the distribution S(¢, ¢,) is given by the zero momenta contribution [see Sec/462]:

PPt ~ e (VT BT (14 Exf(e)/vT)) ) (489)



91

S ISl
IR
ITI*

* 0o b

0.5f

10

Figure 24: The hysteresis loop area for an Heisenberg ferromagnet N = 3 of finite-size
system with cubic shape in three spatial dimension. The numerical simulations has been
done with ¢ = L/lg fixed. The round-trip protocol moves from t; < 0 to ¢ty > 0 below the
critical temperature along the magnetic field h(t,ts) = t/t;. Then, it comes back from ¢; to
t;. This picture has been taken from the ref.[6].

the width of the distribution S(t,¢,) can be approximated with the value k° = (1/t,0)"/*
such that k < k° are relevant [see the appendix . Thus,

Slterts) o VT - ettt (1+ Bl(lt)/Vat) ) - (1/teo)t ~ 1) (490)

53/2

It follows that

te = \/ts o - \/Iog (0(6+d)/4 : (ts)(d*2)/4) + A; (491)

where A is a constant. In the squarish approximation, the hysteresis loop area is given by

At -0~ - o372 . \/log (U(6+d)/4 . (ts)(d—2)/4> + A; (492)

and the magnetic work

W (t,) Y2 03/2. \/ log (o(G+0/4 (1,)(4-2/) + A; (493)

this results are in agreement with [2I] and [28].

Hysteresis phenomena at the first-order transition have been numerically studied in finite-
size O(3) vector-models by [6]. It has been shown that the off-equilibrium dynamics occurs
in one of the N — 1 transverse planes: we therefore expect that the hysteresis loop area
is almost similiar for any N > 2. In the fig[24] is shown the numerical result for the case
N =3.



92

8 Conclusions.

We study the slow passage through the critical point of a statistical system in the presence of
time-dependent external fields, focusing on a spin system with O(N) symmetry. This model
shows a continuous phase transition occuring at the critical temperature T' = T, and at zero
magnetic field h = 0. Two different protocols §(¢,ts) are investigated for such transition: a
magnetic field with linear time dependence at T' = T, d(t,ts) ~ h(t, ts) = t/ts, where t4 is
a time scale, and the time-variations of the temperature §(¢,ts) ~ T'(¢,ts)/T. — 1 = —t/ts in
the absence of magnetic fields [see Sec. Very close to the critical point §(¢,t5) ~ 0, the
system goes out of the equilibrium because it develops large scale modes which cannot adapt
themselves to the variations of the external parameters, even in the limit of slow passage
ts — oo.

The dynamics of the system shows universal scaling behaviours, which are controlled by
the time ¢ and the time scale t;. In this regime the time dependence of the correlations
can be expressed in terms of universal scaling functions that depend on the scaling vari-
ables t/(t)¢ = t/tg and 2/(ts)*/* = x/lg, where z is the dynamical critical exponent and
0 < e < 1 is a universal exponent depending on the static universality class of the model,
on the type of dynamics and on the behaviour of the specific protocol near the transition
[see Sec. [£.2].

The magnetic field protocol was numerically studied [see ref.[6]]. We provide to analytical
computations in the limit of large N for the magnetic field protocol and we extend the ana-
lytical results in the thermal case. For both the protocols we demonstrate the existence of a
non-trivial rescaling very close to the critical point 0(¢,¢s) ~ 0 and check that the relations
for the O(IV) vector model at large N are satisfied only if the rescaling is made with lg and
to [see Sec. for the thermal protocol and Sec. for the magnetic field
protocol].

The prediction for the scaling relations at large N are in agreement with the numerical
result for the case N = 3 [see ref.[6]]. The large N limit does not modify the qualitatively
off-equilibrium behaviour of the system and the scaling relations apply for finite N with
appropriate exponents.

We also perform the study of the first deviations from the equilibrium scaling behaviour [see
Sec occuring at a time ~ tg before the transition. We expect that the fluctuations over
the equilibrium background in the correlation functions, decay exponentially with a lifetime
of the order of the ratio between the equilibrium relaxation time and the off-equilibrium time
scale. The same behaviour is shown by the system also after the transition if it approaches
again the equilibrium.

In particular, we demonstrate that is sufficient to formulate an ansatz [see eq.(316)] in terms
of the scaling function of the effective mass term M? of the O(N) vector model at large N
to have an exponential decay in the correlation functions. We verify the consistence of this
ansatz in the both the cases [see Sec. and Sec[5.5.4].

We also investigate the off-equilibrium behaviour arising when the system is coupled to a
magnetic field which varies in time from ¢; < 0 to t; > 0 and then back from t; to ¢;.
The system presents hysteresis phenomena related to the off-equilibrium. The area of the
hysteresis obeys to a scaling relation and can be easly connected to the magnetic work done
by the system over a round-trip protocol [see Sec. . We obtained a scaling relation for
the magnetic work in three spatial dimensions:

[1]

W ~ (ts)*2/3 .

)

where = is an amplitude constant which is finite under the assumption of exponential decay
abovementioned. Extending this result to the case N = 3 using the critical exponents of the
Heisenberg universality class, we found that the magnetic work scales as

W(N:?)) ~ (ts)—0.66 . E(N:?))
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which is in agreement with the numerical results [6].

The general features of the off-equilibrium and the ansatz for the asymptotic behaviours
are not specific of the continuous phase transition. Thus, the same scaling theory, with
appropriate exponents, is applied also below the critical temperature, where the O(N) vector
model undergoes a first-order phase transition at h = 0. For a magnetic field protocol
h(t,ts) = t/ts at T < T., we derive the scaling relations and the leading corrections to the
equilibrium scaling, pointing out the analogies with the case T' = T, [see Sec. EII In this case,
a constraint equation of the O(N) vector model at large N predicts that the magnetization
of the system behaves as a rigid spin under the effects of a time-dependent magnetic fields
and makes a slowly rotation in the off-equilibrium region. Hysteresis phenomena are shown
by the system also in the ordered phase when we consider a round-trip protocol. The scaling
relation of the magnetic work is:

W~ (t) 712 5

where = is a finite constant under the assumption of exponential damping for M?2. We also
compute the explicit value of the hysteresis loop area in the squarish approximation: if we
assume that the system is at the equilibrium up to the coercitive time and then jump to the
other realization of the ordered phase, the amount of the magnetic work over a round trip
protocol can be estimated as:

W a (t) 12 032 \/10g (U(6+d)/4 . (ts)(d72)/4> A

where A is a constant and ¢ is the equilibrium value of the magnetization.

The study of the off-equilibrium phase transitions is very interesting because permits to
investigate peculiar phenomena such as the hysteresis or the defects formation and it is also
object of several experiments in condensed matter physics [e.g. [2],[4],[3]]. Furthermore,
they might be important in the study of the early Universe.

Some further developments of this thesis are shown in the following.

e It is possible to investigate a quantum version of our model. Let us consider a quantum
system characterized by a transition rate € and by the energy gap A between the ground state
and the first excited level. The transition rate is the quantum analogue of a temperature and
h/A plays the role of a relaxation time. Thus, if we consider €(¢,t,) ~ —t/ts near the critical
point, it follows that A(¢,¢s) ~ |e|*” ~ |t/ts|*”. Comparing the instantaneous transition rate

€|/]e] ~ 1/|t| with A(t,ts) we can extract the Kibble-Zurek time tg ~ (t4)?*/(**+1). The
validity of the Kibble-Zurek approach to the off-equilibrium dynamics across quantum phase
transitions has been verified in different models [e.g. [30], [31]].

e A particular interest has the study of the spatially inhomogeneities arising as a result
of an external trapping potential [see ref.[32]]. In other words, the protocol now becomes
space-dependent § = §(x,t,ts). Since the external fields have a specific spatial profile, the
system crosses the transition at a given position x g at a time tp satisfying §(zp, tp, ts) = 0.
In the ref.[32], spatially inhomogeneous thermal protocol in BEC are studied. They found
a prediction on the density of the defects in the condensate dependent on the interplay be-
tween causality and geometry of the trap: vortices are formed only when the causality limits
the formation to a small fraction of the cloud. We want to investigate the case of inhomo-
geneous time-dependent magnetic field coupled to the spin system looking, in particular, to
the hysteresis phenomena.

e A straightfoward extension of our discussion can be done considering the interplay be-
tween time-dependent magnetic field and temperature in a spin system. This means to
consider a protocol é(t,ts) = (h(t,ts), T(t,ts)/T. — 1). Multicritical Kibble-Zurek mecha-
nism has been studied in quantum spin system [see ref.[33]]. We want to examine similiar

behaviours in the context of a classical O(NN) vector model in the limit of large N.
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A Appendix: The Kibble-Zurek mechanism.

When a system is cooled through a critical point, the order parameter acquires a non-zero
expectation value. This value is randomly chosen and therefore widely separeted regions
of the system can present different realization of the broken-symmetry phase. We known
that in a continuous phase transition the equilibrium correlation length varies rapidly and
diverges at the critical point. However, this is not the real world: since a system approaches
the critical point at a finite-rate, the velocity with which the information about the orienta-
tion of each domain of local broken-symmetry cannot grow faster than the speed of light, or
in condensed matter, than the speed of sound. Thus, there is a time in which the correlation
length of the system ceases to be equal to the equilibrium one and the system comes out of
the equilibrium. If we estimate the velocity with which the information about the ordered
phase is transmitted into the system [see ref. [17], [34]]

space

velocity ~ —
time
The equilibrium correlation length diverges like £(T) ~ |T' — T.|™¥ for the strong scaling
statement, and the relaxational time 7(T) ~ &*(t) ~ |T' — T.|~"# for the critical slowing
down phenomena. It follows that
§(T) 1
T) = ~|T — T, |70, 494

o) = 2y ~ IT = T (494)
The informations about the order parameter cannot propagate faster than this velocity.
Thus, at the transition, the largest distance over which informations can propagate is given
by the sonic horizon:

t

h(t) = / dt’ - e(T(t") o |T(t) — T, ==, (495)
0

Widely separated regions means that their distance is more than the upper limit in which

informations can be propagated into the system. The sonic horizon becomes equal to the

equilibrium correlation length at a time which we call Kibble-Zurek time tg

§(T(tq)) = h(T(te)) (496)

If we assume that the variations in the temperature are linear in time |T'(t)/T. — 1| = |¢|/ts
where t¢ is the time-scale of the thermal variations or "quench-rate" of the transition, it
follows that the KZ time is:

tg ~ v/ (Fav) (497)

A Kibble-Zurek length can be defined as £(T'(tg)) ~ lg ~ gy (AFvz)
Thus, systems driven to a phase transition with a finite rate are well-described by the equi-
librium correlation length up to the Kibble-Zurek time. It marks the boundary of a region
around the transition in which these systems are no longer at the equilibrium.
By these arguments, the Kibble-Zurek mechanism predicts the density per volume of topo-
logical defect{®'}

density of defects ~ (1/1g)? (498)

where we have considered a system in three spatial dimension and topological defects as
string@

Several experiments have been tested the validity of the Kibble-Zurek mechanism. In the
following we consider one of the early experiments made with superfluid helium.

67The topological defects formation is a common feature of symmetry-breaking phase transitions. For
instance, one may think about the broken U(1) group and the formation of abelian vortices in a superfluid.
Non symmetry-breaking phase transition i.e. system which undergoes to the transition with explicit terms
of symmetry-breaking does not realize topological defects.

68The topological defects separations scale as (I/ZQ)d_P where d are the spatial dimensions of the under-
lying system and p is the dimensions of these defects in the coarsening regime. See ref.[16].
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Figure 25: On the left: The expansion cell of the *He improved experiment. On the right:
Time-evolution of the second sound amplitude S. Sy is the signal amplitude in the absence
of vortices. The curves refer to calculated signal evolutions for different initial vortex line
densities, from the bottom, of 10'2, 10!, 10'® - m~2 . The density expected is 4-10'2 . m~2.
These pictures have been taken from the ref. [34].

A.1 Liquid helium-4.

A sample of He I is contained in a small chamber that could be rapidly expanded to lower
the pressure, driving the system through the lambda transition into the superfluid phase.
The number of vortices produced can be found by measuring the attenuation of a second
sound signal.

The first results were approximatively in agreement with the theoretical predictions. How-
ever, vorticity might have been produced by hydrodinamical effects at the walls. Another
problem was that it was not possible to measure the second-sound attenuation during the
first 50 ms after the transition, so that later readings had to be extrapolated back to the
relevant time. Further improved experiments minimize the hydrodinamical production of
vortices in the sample but leads to a trivial result: no vorticity was detected in the improved
apparatus.

Why the Kibble-Zurek mechanism predictions work in several systems such as helium-3,
liquid crystals or Josephson junction and not in helium-4 is still unknowrﬂ

This experiment borns as a gedankment experiment [see ref. [35]], later it becomes a real
experiment. Even if the real experiment does not have a particular interest, it has been
reported for its historical relevance.

69There are some explanations of this phenomenon such as the possibility that vortices decay to fast to
be observed or that the thermal fluctuations tends to unwind the order parameter close to the transition.
The situation is unclear.
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B Algebraic computations of Sec.

B.1 Solution of the dynamics equation.
The dynamics of the fields satisfies the equation:

Go(k,t) = —%(k“' +m?)pa(k,t) + % - (2m) 6% (k) - ha + sk, 1);
The cumulants of noise distribution, written in Fourier space, are:

< u(k,t) >=0
< alk,t)sp (K 1)) >c= Q- ,05(2m) 6% (k + K')S(t — t')

Let us solve the equation starting from the homogeneous case. Its solution is

L
2

bl t) = @ (k) exp (= 5 (K +m?) - (t— o) ).

with ¢4 (k,t9) = ¢2(k) is the value of the field at the time o where the system is at the
equilibrium. From the equilibrium value of the magnetization (183)), (177) follows:

bu(k,to) = @2 (k) = 61,0 (2m) 4% (k) - o
If h = 0, the previous term is zero above the critical temperature. A particular solution can

be found in the form ¢, (z,t) = ¢2 exp(—A(t — to)) - w(t) with A = (k? + m?). If we insert
this guess into the complete equation:

Ga(,1) = =A™ M0G0 () - w(t) + (t) - ¢ (k)e A1) =

—AG R w(t) 4 5 2m) 5 (R + s, )

It follows that

1 b Aty [0 dsd / .

Therefore the solution is:

w(t) =

Q
Galh,t) = 93(k)exp (= S (k2 +m?) - (t — o))
t Q Q
/. _ 2 2 AN T dsd /
+/tﬂ at -exp (= 02 4 m?)(t 1) - { @m0 Ko + salk 1))
The previous solution can be written as

h

alk 1) = 83k 0) + )50 (1 - exp (= S02 4wt~ 1)) ) oy

+/t at' - exp (— %(k2 +m2)(t = 1)) - <alh 1),

to

with @0 (k,t) = 81.(2m) %6 (k) - o exp ( — 22+ m?)- (t - to)).
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B.2 Expectation value of two fields.

We consider the expectation value of two fields over the noise distribution:
< ¢(ka t)a(j)(k/, t)ﬁ >c= d)a,O(k; t) . ¢/3,0(k/a t)

i (K% + m?)(t — to)))z(lc2 +m?)72

+(2m) 218 (]) 8 (K Y horhg (1 —exp ( -5

+005(2m) 0%k + K')Q /t dt’ - exp ( — QK> +m?) - (t - t’));

to

Since the magnetic field has a fixed direction we write:
< ¢k, )ap(k' 1) g >c= 00,1051 (2m)%?6% (k)54 (K)o

Q 1

dsd / .
00 (2m) 18k + K)o

(1 — exp ( —Qk* 4+ m?) - (t - to)))

The term (27)295%(k)6% (k') tell to us that, after integration, both the momenta must be
zero. This condition can

be written also as (2m)2%6¢(k + k")6%(k). Thus,

Q 1
< 6k )ad (K 1)5 >c= (20 8 (k-+K)b0 o { (2) 8" (R)0*+ 5 15—

(1—exp (fQ(k2+m2)~(t7to))) }
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C Appendix: Asymptotic behaviours of special functions.

The definitions and the relations for the functions are taken from functions.wolfram.com.

C.1 Incomplete Gamma function.

The Incomplete Gamma function is defined as

Iw,z] = / dt -tv=1. et (499)

where w, z € C. The Incomplete Gamma function’s value at infinities is zero
Iw, z = o0] = 0; (500)

and if Re(w) > 0
Tw,z =0] =T(w) (501)

where I'(w) is the Euler’s Gamma function. It admits a known asymptotic expansion:

Tw, 2] ~ e~ - 201 (1 1 _zw G “’igl —w 0(z-3)); 2| — 0. (502)

C.2 Airy functions.
The Airy function Ai or Airy function of the first type is defined by

1 [ 3
Ai(z) = ;/o cos (% + xy) dy (503)

where © € R. Tt is a well-known convergent solution of differential equation 3" (z) —z-y(x) =
0.
The asymptotic behaviour of Airy functions can be written in the complex plane as

2,3/2

e s 5 385 1
SOy R N T
2y/mz1/4 ( 18572 " q6088 T (29/2)

The derivative of Airy function Ai’ (called sometimes also as Airy Prime function) has a
known asymptotic behaviour too

Ai(z) );z € C,|z] = oo, |Arg(2)| < . (504)

AV e 3 . 7 455 1 c A
i'(2) ~ — NG -z ( +W—W+ (WD’ZG Lzl = o0, |Arg(2)| < .

(505)

C.3 Erf functions.
The Error function Erf is defined to be

2

2 z
Erf(z) = —/ dw - e (506)
VT Jo
For small values of the argument, the Erf function admit a Taylor expansion
3 5

Erf(z) ~ % (z - ’% + % - 0(27)) (507)



The asymptotic expansion of the Erf function is

V22 e

+O(Z—12); z€C, |z]| 5

The complementary error function Erfc is defined as

2 oo
Erfe(z) = ﬁ/z dw-e™ =1-— Erf(z).
Its values at infinities are
Erfc(z = 00) = 0;

and from the expansion of the Erf function we read

for small values of its argument. The asymptotic expansion is:

V22 e
Erfe(z) ~ 1 — (? — Py

)—O(Ziz); z€C, |z| > x

and since the argument is real

2
6712

Erfe(x) ~ o

1
—O(—Q); rEeER, x — o0
x
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(508)

(509)

(510)

(511)

(512)

(513)
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D Algebraic computations of Sec.

D.1 About the equations (279)) and (280) .
The equations (279) and (280) follow from the equation of motion (278). For (279) we

consider the expectation value of one field:

% < Ga(k,t) > = f%(kj +m%(t,ts)) < da(k,t) >, +% - (2m) 264 (k) - ha(t,ts);

Thus,
(27)461 0 0% (k)N(t, t,) = —%(/c2+m2(t,ts))(zw)d(sl,aad(k)z(t,ts)+%-(2w)d5d(k).51,ah(t,ts).

For the relation (280) we consider the expectation value of two transverse components «,

8> 1in 273):

d . )
% < Galk,t)pp (K t) > =< ¢, (k, t)pp(kK',t) > + < da(k,t)ps(k' 1) >=

—%(k2 +m2(t,ts)) < da(k,t)pp(K 1) > —%(k’2 +m2(t,t)) < bk, t)pp(K 1) >
+ < alk,t)sp(K' 1) > .
Thus,
2m)64(k + K )0apGr(k, t,t,) =
—Q(k* + m?(t, t,))(2m)64(k + k' )0apGr(k, t, s) + Q(2m) 64 (k + k') dagp.

D.2 Solution of the dynamics equation with time-dependent pa-
rameters.

The equation of the dynamics is:
y Q5 2 0 dgd
Pa(k,t) = =5 (k" +m (t,t))¢alk,t) + 5 - (2m)70%(K) - ha(t, ts) + <alk, 1);

It is a linear inhomogeneus differential equation with non-constant coefficients like y'(t) =
—a(t) -y + f(¢t). Firstly, we consider the homogeneous case y'(t) + a(t)y = 0. Its solution is

vdy ! NS —A(t)
—=— [ a(t)dt' = -A(t) = y(t) =yo e .
v Y to
Now we try to find a particular solution for the complete equation by making an ansatz

y(t) = w(t) - e 4,
If we substitute our ansatz inside the equation, we find

w' (t)e 20 — a(t)w(t)e 2D + a(t)w(t)e 2D = f(1);

w'(t) = f(t) - e = w(t) = /t £ at + wy.

Therefore we can conclude that the general solution of our equation is
t
y(t) = (yo +wo) - e ) + efA(t)/ F@')- e aqy.
to

Now we come back to our system: if we translate the above soltution as
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y(t) = ¢a(k7t);
a(t) = $(k* + m2(t,t,));
ft) =2 - 2m)46%(k)ha(t, ts) + salk, 1);

The boundary conditions on the equation (278) are fixed by the initial conditions of the
system. At ¢y the system is assumed to be at the equilibrium. Thus,

Yo = dalk,to) = da(k) = (21)76%(k) - 61,0 - 0
We choose a particular solution with the costant wy = 0, or equivently ridefining the term

Yo + wo as original magnetization. It follows that the general solution of the equation above
is:

balk,t) = ¢g(k,t)+/t dt’-exp (f% /t dt"~(l<:2+m2(t”,ts)))~{%~(2w)d5d(k)ha(t’,ts)+§a(k‘,t’)}

to t’

where we have defined the term proportional to the original condition as
Q t
e t) =exp (=5 [ a8+ mi(e.0)) @n) 8RS o
to

D.3 Expectation value of two fields.

The expectation value of two fields can be computed starting from the solution (282)) for
dynamical fields and using the cumulants of the noise distribution (213f), (214):

< Qalk,t)pp(K 1) >c=

t
Q t 1" 2 2401 Q
< (¢g(k,t)+/ e/ -8 S0 At 08 em D L2 (05U (k) - ha () + sa(k, )} )

to

t
(d)%(k/,t) + / dT/ . 67% f:/ dt’/.(k}'2+m2(t”,ts)){% . (27‘—)déd(k/) . hﬁ(T’, tg) —+ ga(k/77-/)}) >< :|

to
t Q rt " 2 2 (411 Q
= (1) [ dr' e IO ) L my AR (7 1)+ < (K1) >, )

to

t
£ 1" " Q
—I—gb%(k/,t)/ e - 6_% [ dt” (K2 4mP (¢ 7t8)){5 . (27T)d5d(k) . ha(tlats)‘F < §a(k,t/) > }

to
t t
A e L
to to

QZ
{Z - (2m)2189 (k) 0N (K') - ho (' 85) - B (', t)+ < salk, t)sa (K, T') > } + ok, t)pz(k',t)
Since the magnetic field has a fixed direction

= 61,001 5(2m) 246 (k)64 (k') (ZO(t, t5)) >+

t
261@51,5(27r)d§d(k’)20(t,ts)% / dtl . 6_% ftt/ dt//‘(k2+m2(t”7t5))(27T)d(5d(k)h(tl,ts)

to

t
+Q§a5(2w)d5d(k + k’)/ At - o= S At (B2 mA (e )

to

t t " 2 27,11 Q 2
+(2w)2d5d(k)5d(k’)él,aél,ﬁ(/ At - o= 3 Il dt (P m3 () §.h(t’,ts)) :
to
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The term (27)245%(k)6% (k') tell to us that, after integration, both the momenta must be
zero. This condition can be written also as (27)2%6%(k + k')6%(k). Thus,

= 805 2m) 8 (k) - [ 31,0 (2m) 26 () { (30 (8, 1,))?

t t
+220(t,ts)~%/ dt'-exp(—%/ dt"~(k2+m2(t”,ts)))h(t’,ts)+E2(t,ts)}
t/

to
t t
+0 [ dt'-exp ( —Q [ at" (2 +m2(t, ts)))]

to t!

where X0 is given by (285).

D.4 Thermal protocol:
D.4.1 Equilibrium contribution of the susceptibility.

We insert the equilibrium part of the functon M2, (312) in the general expression of the
scaling function of the susceptibility (319):

T _
— // =/ t——o0
g(t) = 2/_00 exp / ,/\/l - dt ) sz;Mg

T T
2 / dt’ - exp ( —2 / 712 .d%”>
) T

Since all the variables of integration have a defined sign in the asymptotic limit ¢ — —oo,
we can remove the absolute values into the expression above

o T T . t 7 .
(D) :2/ df’.exp(m/ P dif']) = —2e" /~/ dJf| - e=271" /5
7 —0co

— 00

= 20"/ (o7 (e e 20 ]| )

where k = 14 2v. The function I'[w, 2] is called Incomplete Gamma and its features are
reported into appendi Because of (500]), the previous results becomes

G(F) ~ 2elﬂ"/~( _ 9/ ()R-, r[1/m,2|z|”/ﬁ])
By taking the leading part of the asymptotic expansion (502))

g(%) ~ 72e\t\“/n . 271/5 . (n)l/nfl . 672\t|"’/n . (2|t| /H)I/K 1 |t|1 K o_ |ﬂf2u;

D.4.2 Leading off-equilibrium correction to the asymptotic equilibrium
behaviour of the susceptibility.

We start from the expression (325) and compute the leaging off-equilibrium correction to
the asymptotic equilibrium behaviour under the assumption (316)):

t 7 . )
g(f)~2/ df’-exp(—2/ i’ 72 (14 b - )
E/

— 00

70The variables of time integration are all < 0 in the limit £ — —oco because 7’ € [I',] and ¥’ € (—o0,7]
7"1We have used the following relation into the integral:

[ Fiab d:cf/F<\x| dje| = /F|z\> = dlal = [ sgn(a) - Fa) - dla

where F(|z]) is a generic function.
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T T
=t [ a2 {1 [ e o)
—o0 T

t
2’)

h g o .
_ Iﬂl—x + 421 /H/ df . e 21t /K( — b Lo (atR)/m—1 T[(a+ H)/K,C|t//|'€]

We take the leading order of the expansion (502))

t
|¥|171<a +462\f|”/m/ df’ . 672|f'\'i/n< —b. Rflcf(a%»ﬁ)/nfl . (Cﬁ”|n)(a+n)/nfl . efc\f"\”

— 00

t
)

b. o2l /x

i g o
= { At e [ (a) e

b2 T e
_{_467/ (—d[f'|) - =2 1"/% . [fja . =eIF' }

cK oo

. b. 2l /x o e , 7
=[P4 E el ~|t|“(—2_ /5. /= ~F[1//{,2|t|"/f<a]‘ )
CK —00

b-e2ltl" /s N 7
A (2 o) O RO T 0, (2 e 1] )
CK —0
We consider only the asymptotic leading term of the off-equilibrium:
_ _ b-e2ltl /s — _ i
G() ~ |t|1—m +4 Ceclt™ |t|a( 9~ l/r  L1/r=1, (2|t‘n/l€)1/m—1 . e~ 2It] /5)
CK
b-e2ltl/x _ in im
4 ( — (24 er)~IHO/E G H/ A= (9 4 )[R /i) (/AL gmeltl® L =2 /n)
CK
Thus,

_ _ h.e—cltl™ _ b.e—clt®
eiwa e 4422
K ck(ck +2)

- (g )

. |%|17:<;+a
C

D.5 Magnetic field protocol:

D.5.1 Equilibrium contribution of the magnetization.

We insert the equilibrium term of M? given by (364)) in the scaling function of the magne-
tization (351)):

t T _
— —/ . —/ . o = . 2 5! t—)N—OO
o) /_Oodt 7 exp( /t dF - MA(E )) o

o d AT to d vy =11
dt~t-exp(— a7 ): dt-t-exp(+ 712 - dj |>
—o0 T —00 ¥
s f -, - s TR — {
_ ol / B e (T R NN
= el (= ()2 T2k, [ ]

where k = 2v, + 1 = 2/d), + 1. By taking the leading part of the asymptotic expansion

(602

O(f) ~ elﬂ“/fc( — (k)2 (8] /) @)L e—ﬁl"/n) = [f = —[F]de/ .
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If we assume that the system is at the equilibrium for all times:

t t _ t t
- = 7l !/ 2 5 t—+o00 2 7! =/ 72y
@(t)w/ dt -7 -exp(—/? dF' M2 )) M2ZMz[mdt 7 -exp(—/? ai" - 7| )

—0o0
We divide the integral into two terms in order to have a defined sign of integral variables:

0 T T T
@(z)N/ d|¥'|.ﬁ/|.exp<+/ d|f”|.|¥"|2”>+/ dz’.f’.exp(—/ @i’ )
¥ 0 T

— 00

0 s L ? — — TR
:/ dlf’|-|F]- e TF1"/m 4 et /rc/ dt 1.t /e
—00 0
0 e Ik
= (= (Tl 1] ) e (= (0 re ] )

T
0
Using the relation (500 and (501))

OF) ~ —(k) 1. 10(2/k) — e U /5 (K) DV T2k, T ]+ e /5 ()21 T(2/k)

Thus, by keeping the leading part of the asymptotic expansion (502)):

O(t) ~ (/1)(2/"’)_1 -T(2/k) (1 _ e_g'w‘/,q,) _’_¥27n - +¥2—n _ fdd’/dh_

In terms of the scaling function ©, the asymptotic equilibrium contribution at ¢ — —oo can
be computed using heuristic arguments:

N T
O(F) = L[f| e/ /

— 00

t _
a7 exp (- / M) i) T
t' c

; t
N :t/ df/ . (|¥|/|¥l|>_d¢/dh ¥/|1—d¢/dh - exp ( _/ |f//|2/dn _d%//)
z/

— 00

The ratio |'|/[7] tends to zero for every finite value of 7. Thus, this integral has a non-trivial
contribution only on the tails where we can write |'|/[f] ~ 1. It follows that

o I
o) HP:OO_/ dF - [T de/dn ~exp(—|—|¥|”/l€—|¥/|”/l€)

—00

3
= _e+lfl"/n/ dif’| - [7 1" eI/ = _q,
— 00

If we assume that the system is at the equilibrium for all times, the contribution on the tail

t — 400 can be computed in the same way and gives O(¢) o +1.

D.5.2 Leading off-equilibrium correction to the asymptotic equilibrium
behaviour of the magnetization.

We start from the expression (377) and compute the leaging off-equilibrium correction to
the asymptotic equilibrium behaviour under the assumption (316)):

T Z Ik — z — — —, —
O) ~ ' = /e [l VT ([ ) el 1)
—00 t

t
7

I L )
— _[f2 4 el /n/ g7 T (_b'ﬂflcf(aJrn)/,{.F[a+lﬁ’c|t/,|ﬁ]>
o -
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Using the asympotic expansion (502)) and keeping only the leading term we obtain

t
L B Y e T N O
—o0

t
Z’)

—clt

— TR |r~ — d - A —
ST { _p. el 67 . |t|a/ |- e 11/ |,5’|}+
— 0o

boellts T .
[P [ et e e,
— 00

The integrals in the last expression can be solved in terms of Incomplete Gamma functions
too:

O®f) ~ —[i2 % — b elt"/x. e " |g|a((_,{)2/n—1 T[2/k |g’|n/,€]’? )
CK ’ —0o0
b-eltl™/n 1 ek+1 ck+1, |t
e - BT AN—(24a) /K, "k .
A—— ( R () P2 +a)/k, ——[t]"] _OO),

We keep only the leading asymptotic contribution to the off-equilibrium:

B LA ) o
OF) ~ — [T~ — b el /7 o i (= () (2 ) - )
CR
—[t|"/k
+w ((1 toer) /R g(2ra)/nm ((1 + ) 7]y @Fa)/m=L o[l /x e—cw)
CKR KR
Thus,
_ - boemclfl™ boecltl™
@t'\/—tz_m _ta_t2—/f_ .t2+a—m
(&) ~ =t - [t - [¢] %(%H)II

- _|E|2_K (1 +b- ((cm_i 1)) e e—clf\“).

D.5.3 About the eq.(356]) and the power-law decay ansatz.

Let us consider the scaling constraint-equation (356)). The left hand side of the equation
involves an integral over the momenta of the transverse two-point function. It is gaussian
and can be performed [See Eq.(354)]:

[T T

2 o by —1 e
= | di' (—z/dt M) =1} -
(47)/2 /_Do exp » @) | |
In the asymptotic limit, under the assumption (316):

2 [ df’.{ex (_2 tdf"~(/\/l2(¥")+/\/l2(f"))>—1}-|f—i’|*d/2¥_’_°°
an? ) ., AN ‘ °

2 ¢ =/ t 17 M2 (T g =/ —11 - =
s dt.{*2ff/dt 'Me(t).<1_2/ di’ - M2(t )—1}-t—t —d/2
(4m)/2 [m € o M) ‘ |

If we insert the asymptotic ansatz for the scaling function M?2:

t
e [T ey
™ —o00
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T
saf it [a b e o) )]
z/
2 t 71 7 F—d/2 2t PRI
:_(4)d/2/ dF |- [F— 7|2 [{ 2 =21 )
Tr — 00

-1l

<+

_,_Q{eQIﬂ”/R . e—QI?'\”/R( — bkt @ TR/R L T(q + ,{(/570‘?/';{]

Py

If we consider the leading order of the asymptotic expansion (502)):

T
_ _(42)51/2/ dF |- [F— 7|2 [{ 2 o1 )
7 o0

_ ., L —clt|” . —c|t’|"® .
_2{62\t|‘/~ o2l |“/m<@ e — beeell” |t/|a> _ 1}};
CKR CK

The term due to the integral over the momenta makes the relation above not writable in
terms of special functions.

However, a different ansatz like leads to inconsistences. If we perform the leading
off-equilibrium corrections in the magnetization under the assumption :

7 Z v Z — — —
O) = —[FPP " + o /”/ df e T (—/ v’ [P )
—00 t
b |r-o

)
(k —a) l¥

Z12—kK 15/ b|ﬂnia g =1 7 —17 "5 /K b~e|ﬂn/“ i =1 = —E" )k |7 k—a
= —[7)? +{e‘t| / m/ d|f'|-[7 |- 171"/ }_{W/ At |-[E e T /5| }

i el HHT
(k

o
SRS /n/ diE| - 7] - eI /n(
— 00

t
—o0

oy (e )
m (= KET(2 — 0t Rk, |f’|ﬁ/n}[oo)

We keep only the leading part of the asymptotic expansion (502)):

_ - )% blt|*— _ Zin
@(t) ~ 7|t‘27ﬁ + e\t| /K (IL| . (7 H2/nfl . (|t‘n/l€)2/571 . eilt‘ /n)

_ Oé)
7 7
(oo et i1
R —
Ilk—a 12—«
_ —|ﬂ2_n _ b|t‘ ) |E|2_K i b|t| _ —|E|2_K.
(k — a) (k — )

The off-equilibrium terms cancel themselves and therefore the relation (379)) cannot be sat-
isfied asymptotically.
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E Appendix: Cross-over behaviour in the momenta
below the critical temperature.

We consider the transverse two-point correlation function Gr(k,t,ts) below the critical
temperature. Its general expression is given by the relation (345)):

t t
GT(k,t,ts):Q/ dt’~exp<72/ dt”~k2+m2(t”,ts)).

to t’

Since we consider the asymptotic behaviour of the system, we can roughly approximate the
mass term as:

hit,ts) _ It]
Nt ts)  tso
We already know that this approximation breaks down when ¢ ~ 0 where the magnetization

cannot be considered a constant. However, this relation permits to compute explicitly the
correlation functions. In particular we study the transverse two-point correlation function:

m(t, ts) ~

t t " t
t / 1
Gr(k,t.ty) ~2/ dt’-exp (2 \dt"|.(k2+L7|)) :2/ dt 2" (=1t D-exp(t—(|t\2—|t’|2)>
t g sO

to S to
2 ¢ 1t/]2
9 2K+t /1e0) | / dt’ - exp ( — 2| — 7)
to tso

t

I

otsk? + |t']

otg

= 92K It + (It /ts0) {gvats exp (\/O'tsk‘4) . Erfc(

If we set s = (k*t,0 + |t|)/\/Ts0, the result ism

Gr(k,t,ts) ~ e - \/rot, - {Erfc(s) - Erfc(so)}. (514)

If we take the leading part of the asymptotic expansion (513|) for s largﬂ , we obtain:

Grlssty) ~ ¢ - ot o — Y7 ! -
S ~ e -\motg - e = ~ .
A% 0s M s K2+ |h(t t)]/o k2 +m2(t,ts)

We recover the equilibrium value of the transverse two-point correlation function.

Note that the asymptotic limit which leads to the last expression is s — oo that does not
necessary imply |t — oo. Since we consider large-momenta, the system appear at instant
thermal equilibrium at all the times [see ref.[2I] and [28§]].

Below the critical temperature the fluctuations over the reference ground state are essen-
tially given by the Goldstone-waves p(k,t). We perform a spin-wave approzimation for large
momenta: we distinguish the short and the long-wavelength fluctuations:

o(k,t) = ok < k°,t) + p(k > k°,t) = 0(k,t) + 660(k, ). (515)

In the Fourier space we have differentiated the modes in terms of the momenta: 6(k,t) has
only modes k < k° and 06(k,t) is a short-wave k > k° fluctuation.

The short-distance fluctuations are roughly at instantaneus thermal equillibrium at all times.
Thus, they are quite well-described by the non-interacting spin-wave approximation. The
long-wavelength fluctuations are affected by the non-linearities present in the system and

"2The constant sg = k2tso + to)/\tso
73We have neglected the value of the Erfc at sp because since |tg| is very large [to| > |t|, the value of the
Erfc tends to zero.
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therefore cannot be treated in the same way. In order to investigate the off-equilibrium
behaviour of the system and the following hysteresis phenomena, we are interested only to
the long-wavelength modes 6.
The value of momentum k° defines a cross-over behaviour and separetes the local-fluctuation
regime from the spin-waves as we have qualitatively seen in Sec[IJT.2:8] Its value can be
computed self-consistently: if we assume that the modes d0(k,t) are at the instantaneous
equilibrium for all times, the previous approximation for the mass term remains valid even
when t — 0. Thus, we can identify k° as the value in which s ~ O(1) at ¢ = 0 [see ref.[2]].
It follows that

k® = (1/tyo)/* (516)

When we perform the KZ scaling limit, we enlarge the interval of the small momenta:
k- (ts)'/?4 remains fixed when t, — co. In particular, the rescaled value of k° is:

Lo (ts)l/Qd ~ (1/t30)1/4 . (ts)l/Zd o (ts)f(d72)/4d =0 (517)

because 2 < d < 4. Since we consider very-low frequency protocols t5 — oo, the cross-over
value of the momenta k° tends to zero and this is equivalent to consider the momenta as
subleading terms in the Kibble-Zurek scaling limit.
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F Algebraic computations of Sec/[7]

F.1 Asymptotic equilibrium behaviours:
F.1.1 Magnetization.

We check the consistence of the relation (448) in the asymptotic equilibrium limit i.e. as-
suming that the scaling function of the mass term is given by (455):

cos (¥ / di' ¥ - exp / dt’ ) =g
M2 M2

/ dr - - exp( dt” 7” / df’| - 7] - exp /d\t”| I3 \
[ 1 /0 o 1 P »
_ 7/ dfF'| - 7] - exp {7(|Tc|2 - |t’|2)} - —e‘tlz/%/ df|- 7] e 1720 = 1.
0 J oo 20 o oo

The limit £ — 400 cannot be performed because of memory effects. However, if we consider

the system at the equilibrium for all times, the relation (455 permits to compute also the
asymptotic limit after the transition:

cos(V / dt - - exp / di’ - M 7”) e
M?
1 1 _ (P 1/t
f{/ dt’.t’.exp(——/ T |> /dt’.t’.exp( /dt” ")}
ol J_ o J; 0 o J;

oo

—l{ DA - ex (fi|¥'|2)+ " e (—i(f—%’z))}
ol ) P 20 0 P 20
1 0 - — 712 72 g e 72
:7{/ d|t|-|t|.e—lt\/2o+e—t/%/dt.t.e+t 20}
ol ) 0

The first term represent the value of the magnetization before the transition:

L A 1o
L af) e "
g — 00

The second term represent the value of the magnetization after the transition:

T _
le—?/za/ A T et /20 — le—?/%( 14 e+¥2/2g) =g
0 (o2

g

which is in agreement with our expectations. The computation does not lead to the correct
result because the magnetization present a non-analicity in zero. The correct interpretation
is to divide the two contributes or equivently assume that the value in zero is zero for both
the sides.

F.1.2 Transverse susceptibility.

We consider the transverse two-point correlation function (345]) at zero momenta and we
investigate the asymptotic equilibrium behaviour using (455):

Gr(f) =2 i ex (_2 tdf"~M2(%")) o o [ g e ( dz” v |>
o Y 4 rMeom2 P p

— 00



110

t T
o 1 - - Z . -
= 2/ di’ - exp (*(\tl2 - It’l2) = 2e‘t'2/‘7/ i - e P17 =
o o

—o0
t
—o0

Qemz/”-{g-ﬁ-Erchﬂ/ﬁ)‘ }

The function Erfc is called complementary Error function and its general features are re-

ported into the appendix [C| Using the relations (510) and taking the leading term of the
asymptotic expansion (513)), we find:

- — o 12/0 )
Gr(f) ~2¢"/7 {g Vo W} = o/t

F.2 Phase dynamics:
F.2.1 Equation for the phase dynamics.
The equation of motion for the planar vector follows from (460):

d(x,t) = 0if(x, )"V (1 + o, 1)) + 0@ p(x, ) =

oV? (em(m’t)(l + o(=, t))) —o-m2(t,ts) (1 + o(x; t))ew(z’t) + h(t, ts) +s(x,t)

where the magnetic field is composed only by a real component and acts on the dynamics
of the real part of ¢ which is o(1 + p)cos(f). The noise ¢ is a complex vector ¢(z,t) =

¢1(z,t) + ic2(x,t) with cumulants given by (206) and (207)). Thus,

=0V (iVG(:}C7 1)e? @ (1 4+ o(z,t)) + @V . Vo(x, t))

—0 - mz(t, ts)(1+ o(z; t))ew(m’t) + h(t,ts) + s(z,t)
= o (19200, ) (1t gl 1)) + (V0. )27 (1o 1)) + 20V 8(a, 1)V o(a, 1"

—o-m2(t, ) (14 o(z; )€ @D 4+ h(t, t,) + (. t)
It follows that
i0(z, 1) (1 + o(w, 1)) + (. t) =
iV20(x, t) (1 + oz, t)) + (VO(2, 1)) (1 + o(x,t)) + 2V (x,t) - Vo(z,t)

h(t,ts : b))
2t 4)(1 + ofa: ) + M) e SLBD) i,

We can obtain an equation for the phase dynamics by keeping the immaginary part of the
previous equation:

0(z,t)(1 + o(z, 1)) = V20(z,t)(1 + o(z, 1)) + 2V(z,t) - Vo(z, 1)

_hit.ts) sin (9(96, t)) -

a(@:?) sin(6(z,t)) + @ t)

o g

cos(f(z, 1))
and from the real part
o(z,t) = (VO(z,1))*(1 + o(z, t)) — m*(t, ts) (1 + 0)

hit ts) 1(§’t cos(0(x,t)) + Q(j’ 2

~

N

_|_

cos (0(3:, t)) + sin(6(z,t)).
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F.2.2 Solution for the phase dynamics.
Let us find a solution to the equation (464). Firstly, we solve the homogeneous one:

o(t) ¢ h(t', ts ¢ '/t
:7/dt/. (7):7/dt/,(/);
6o to o to g

It follows that the homogenous solution is:

o(t) 46
/00 i log(tan(6/2))

6(t) = 2 arctan (tan(00/2) . e*(tttg)/ztsg).

Now we try to find a particular solution in the following form:

tan(6(t)/2) = tan(fy/2) - e~ A | w(t);

where A(t) = —(t* — t3)/2ts0. Let us consider again the equation in terms of
tan(6(t)/2)

d 1 0('t) (@63) 1 )
%tan(ﬁ(t)ﬂ) cos2(0(t)/2) (7) T 2c02(0(t)/2) [ (/L) sin(B(1)) +g9(t)}’

We set ¢ = 0(t)/2 and we substitute the guess above in the equation:
E an(q) = tan(09/2) - =40 - [ = o7 4/t )w(t) + ()]

4_ [ ~L(t/ts)2sin(q) cos(q) +<2q(t)} = { L(t/ts) tan(q) + gzqi(t)}

2 0082 2 cos?(q)
Thus,

tan(fy/2)-e~A®. [—a—l(t/ts)w(t)m(t)} - [—a—l(t/ts)tan(90/2).e—A<t>.w(t)+2zzi%};

. _ etA®) Go(t) B o
w(t = tan(90/2) (2008%9@)/2)) — ¢TA®) | ge(t).
1

)= ———— [ dt’ et ;
w(t) = tan(00/2)/ Soralt) w0

where we have redefined again the noise distribution according to,

P(sp) /Dg eXp /dt /dd sl 2).

which has the same cumulants of the distribution (466). It follows that the solution at
zero-momenta for the phase 6(t) is

0(t) = 2arctan { tan(6p/2)-exp (/t dt’~h(t',ts)/cr) Jr/t dt"-exp (//t dt"~h(t”,ts)/a)~§é(t’)}

to to t

F.2.3 Variance of the phase distribution at early times.

Using the solution (470)) and the cumulants of the noise distribution (471)), (472)) we obtain:

t t T t
2(4,1,) :/ dt’-exp( dt”-h(t”,ts)/a)-/ dT-eXp(/ dt”~h(t”,ts)/a)~ < (t)sh(r) >¢
to t’ to T
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9 [t t
= —2/ dt' - exp (2/ dt”-h(t”,ts)/o).
g ’

to t
We perform the integral

2 ! / 2
VAt ts) = —QetQ/tS”/ dt et/ te0 = —2et2/tb‘” . {ﬁ Vot - Erfc(|t’\/\/ats>
o

to o 2

t
to }
If we consider the KZ scaling limit: ¢, — oo keeping ¢ fixed, we obtain:
1 t s —
Pt ts) = tg - —5e /7o Bre([1l/Va ) = tq - 72(D).
o

The approximation (468]) is consistent with the asymptotic limit ¢ — —oco. Thus, the Erfc

can be expanded through (513)). The variance of the phase distribution in the limit ¢ — —oo
is:
I 1
VAR TR =
olt|

F.3 Leading off-equilibrium corrections
to the asymptotic equilibrium behaviour:

F.3.1 Magnetization.

We compute the leading asymptotic deviations of the longitudinal magnetization using the

ansatz (478) in (448):
— 1 i = =/ d —/! |¥N| < a _C|g”|2
cos(ﬁ(t))wf dt -t ~exp(— dt” - — 1+t |*-e ))z
¥ o

0 J-—c0

1 ¢ —! =/ 22 f/2 2 t -1/ b -1 1 E//Q
1 dt.t.e<\|—|\)/o<1+/d|t|,7|t o1 gl |>
0 J_—co 7 g

15 o 7/ b |t
=1+ —e'”Q/Q"/ dt - el /20 . (f —c T2 + a)/2,C|t”H‘,,);
o 20 T

Keeping the leading term of the asymptotic expansion (502):

— 00

t
Z’)

t
cos (ﬁ(f)) ~ —1+lem2/2‘7/ dt' ¥ et /20 (— Qic—aﬂ—l : (C\f//|2)(2+a)/2_1 el
o e o

b 712 — 12 f — —, /12
-1+ { — gl [ el / |- 7] e /20}
co oo

t
+{LQBW/% / df| - [7)e - TP /20 e—c\%’F}
2co oo

_ _ -, B3
C 1= D (P2 g el ( T2 g‘ )
2002 —00

-2 1 2 a/271 _ I3
+Le|t\ /20(_2a/2_ (ﬂ) 'F[(2+G/)/2,(1+2€0’)|tl|2/20']‘ );

2co? o

Using the relation (502)):

_ b - z
cos (ﬁ(t)) ~ =1+ 2—|t\“ ce~eltl’®
co

+Lem2/zo( _ga/2 (ﬂ)m—l . (1 +2c0 |f’|2)(2+“)/2_1 o li?/20 . e*cm?).
2c0? o 20 ’

Thus,

— b — 712 b ag — P b — 712
I(F ) ~ =1 ——[F| @l — ( ).ta. —clt] :_1<1 (_ )ta~ —clt] )
COS( (®) +oeg e 5002 \ 17 20 ) 111" 120 )l
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F.3.2 Transverse susceptibility.
We investigate the first corrections to equilibrium behaviour also in the transverse suscepti-
bility using the ansatz (478|) in the definition (345]) at zero momenta:

i

- i =/ 4 =1/ |t | = E|2
QT(t)~2/ dt -exp<—2/ dt’ - = (1 4 bJg|* - el ) o~
# g

— 00
Z —/ 712 72 Z -1 b -1l 712
2/ g - (=17 >/a.(1+2/ df’|- 2 e el )
—00 Z/ 0'

g t o )
=g e / @t e (- %CG/H T2+ a)/2, ]

t
Z’>;

7
Taking the leading part of the asymptotic expansion (502)), we obtain:
t

T
— g 712 —/ 712 b -1/ 72
D oo T gl /a/ df - o7 /o.(_f a/2-1 | (f"12)(2Fa)/2-1 | el )
Gr(t) o + 4e - e 55¢ (c|t%) e .
W2/0 L ) W2t ) )
N ,M.ma.e—c\tlz 020 (20 e /o 7 e .ol
t| oc oo oc oo
2h . et /o _ _ FINE
_ o Bl g el (ﬁ . ﬁ.Erfc(u)‘ )
I¢] oc 2 o /l-co
2 €l /o 1/1+ co\—(+a)/2 o
=L (-3(=7) TI(1+a)/2, (1 + o)l 2/a]|);
Using (502)) in the last expression:
o 2Pl s (T o—l1%/o
Nee — — 227 Jfe. el (7 77)
Gr(t) ~ oo e > V7 et

712
b-eltl /o . ((1 + Cg)*(1+a)/2 ' (1 + co |ﬂ2>(1+a)/271 ' e_mz/g ' e_cmz);
g

gc (o

Thus,

_ b . ; b\ :
S e L ALt O (R 1 LR
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