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We present a semiclassical treatment of one-dimensional many-body quantum systems in equilibrium, where
quantum corrections to the classical field approximation are systematically included by a renormalization of the
classical field parameters. Our semiclassical approximation is reliable in the limit of weak interactions and high
temperatures. As a specific example, we apply our method to the interacting Bose gas and study experimentally
observable quantities, such as correlation functions of bosonic fields and the full counting statistics of the number
of particles in an interval. Where possible, our method is checked against exact results derived from integrability,

showing excellent agreement.
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I. INTRODUCTION

As experimental techniques in the field of ultracold atoms
reach their maturity [1-4], the characterization of these quan-
tum many-body systems in terms of their correlation proper-
ties becomes an important and timely issue. Indeed, in most of
the experiments, the information about the state of the system
and its macroscopic parameters are inferred from one or two-
particle correlation functions: the momentum distribution and
higher momentum correlations [5-7], phase correlations [8],
local density correlations [9-11], or the density-density corre-
lation functions [12]. Recent experiments [13,14] aim to mea-
sure higher-order correlation functions to provide valuable
insight into effects of the interactions and require theoretical
predictions beyond perturbation theory.

Quite expectedly, the studies of many-body correlations
has been especially numerous in one-dimensional interacting
models where, due to kinematic constraints, interaction effects
are always strong and standard perturbative techniques are
thus of limited applicability. On the other hand, there are
several powerful nonperturbative techniques available in 1D.
For low temperatures, the method of bosonization [3,15—
17] using collective hydrodynamic description of the many
particle degrees of freedom proved to be extremely valuable in
characterizing long-distance, long-time asymptotics of corre-
lation functions. However, bosonization breaks down at higher
temperatures and one should revert to other approaches.

Fortunately, certain one-dimensional models offer exact
solutions due to their integrability [18,19]. In these systems,
some experimentally relevant observables can be exactly
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computed for arbitrary temperatures and interactions, both
in [20] and out of equilibrium [21]. An outstanding exam-
ple is the Lieb-Liniger (LL) model [22,23], which describes
bosons with contact pairwise interactions. This model has
proven to be an excellent description of experiments with one-
dimensional bosons [10,24-31] and will be the example of an
interacting many-body system discussed in this publication.

However, despite its appeal, integrability has its limita-
tions: numerous relevant systems are not exactly solvable and,
even when they are, several experimentally relevant quantities
are out of reach of the state-of-the-art integrable techniques.
For instance, two-point correlation functions are only partially
controlled [32-37] and their exact calculation is still an open
problem.

Analytic approaches aside, 1D interacting systems in the
continuum present a challenge for numerical treatments as
well. In contrast with lattice models, the continuum limit
is notoriously hard to be accessed with the density matrix
renormalization group (DMRG) methods [38]. When applica-
ble, integrability-based numerical methods exist [39,40] and
describe the low energy states reliably, but their efficiency is
drastically reduced at higher temperatures.

On the other hand, it is precisely in this regime that quan-
tum systems are amenable to semiclassical methods [6,41—
47]: in the limit of high temperatures and weak interactions,
the modes of the system are macroscopically occupied and
quantum fluctuations can be neglected in favor of thermal
ones. In the context of ultracold atoms, this approach, known
as the classical field method, was pioneered in studies of equi-
librium and nonequilibrium physics of Bose-Einstein con-
densates in higher dimensions [48—50]. It leads to stochastic
Langevin-type equations for bosonic fields, to be simulated
numerically.

©2020 American Physical Society
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For one-dimensional bosons the classical field approach
can be complemented by the transfer matrix method [51]
which allows for the computation of one- and two-point
correlation functions [52] and, more recently, calculation
of the momentum correlations [53] in the LL model. Very
recently, combining the classical field and transfer matrix
approaches allowed two of us to access the entire probability
distribution of the particle number on an interval of arbitrary
length, known as the full counting statistics (FCS) [54]. The
FCS contains much more information than the expectation
values of the moments of an operator, and it attracted a lot of
interest in various contexts [55-75]. Moreover, semiclassical
approximations have been successfully merged together with
integrability in several instances to study in- and out- of
equilibrium protocols [75-78].

However, at any finite temperature quantum fluctuations on
top of the classical result still do matter. So far, the systematic
treatment of such quantum corrections has been absent and
the present work is intended to fill this gap. We show how
deviations from the classical limit can be systematically ac-
counted for through a proper renormalization of the parame-
ters of the classical energy functional and observables. Then,
the observables of such METROPOLIS computed either with
the transfer matrix approach [51,52,79] or the METROPOLIS-
Hastings algorithm [80,81]. This approach offers an easy
interpretation of the effect of quantum fluctuations and their
relative importance in different temperature regimes relevant
to experiments. We emphasize that our approach is essentially
different from the standard mapping of 1D quantum systems
onto two-dimensional classical systems since directly tackling
a 2D problem with Monte Carlo methods, or otherwise, is
challenging, while the effective 1D classical system is ac-
cessed relatively straightforwardly. As we will clarify later
on, the small parameter of the expansion is not the inverse
temperature, despite the expansion being valid in the high-
temperature limit. Rather, we expand in the relative strength
of quantum fluctuations compared to the classical ones. The
effective classical action is extracted from the quantum prob-
lem through the following steps: (i) spotting and isolating the
classical degree of freedom from the quantum fluctuations,
(ii) integrating out the quantum variables in a perturbative
manner, and (iii) properly reorganizing the perturbative series
in an effective action for the classical degree of freedom. The
reader can refer to Ref. [82] for the single-particle physics,
while in this work we generalize this approach to the many-
body case.

The paper is organized as follows. In order to provide
a short pedagogical introduction to our method, in Sec. II,
we present a simple toy model consisting of a single de-
gree of freedom, namely the anharmonic oscillator. Quantum
corrections on top of the classical result are considered and
compared with the first principle exact solution to the quantum
mechanical problem, showing an excellent agreement.

In Sec. III, we move to proper many-body systems and, for
the sake of concreteness, focus on the Lieb-Liniger model.
Before embarking on the semiclassical expansion for this
model we provide a short summary of its integrability: exact
results available for the LL. model can serve as benchmarks
of the semiclassical expansion. It should be noted, however,
that the semiclassical expansion does not rely on integrability

and hence is of wide applicability. The one-particle density
matrix and the FCS of the number of particles, for which no
exact results are available, are studied within our semiclassical
approach. In Sec. IV, we gather our conclusions, outline pos-
sible future research directions and discuss the relevance of
our results for experiments. Details of the numerical methods
used to deal with the 1D effective classical model are given in
two appendices.

II. SEMICLASSICAL APPROACH TO THE ANHARMONIC
OSCILLATOR

Before turning to many-body systems—the main focus of
this paper—it is useful to introduce the semiclassical expan-
sion formalism using a simple toy model, namely, the anhar-
monic oscillator [82]. This will allow to keep technical details
at the bare minimum later on. Let us consider an anharmonic
quantum oscillator in thermal equilibrium at temperature 7T,
described by the density matrix p e PH with B =1/T.The
oscillator is governed by the following quantum Hamiltonian

A L

H=Z+>+,74. e))
where p and § are canonically conjugate Hermitian operators
[4, pl = i. Hereafter, we use i =1, kg = 1 unless stated
otherwise.

The classical limit of Hamiltonian (1) is expected to
emerge from quantum mechanics in the limit of large oc-
cupation numbers, which is achieved at high temperatures.
However, since the typical value of the coordinate scales as
4 ~ /T, a naive increase of temperature enhances the role of
the interactions in Eq. (1) as well, making the problem intrin-
sically quantum. Keeping the nonlinear term of the same order
as the linear ones in the classical limit § — 0, one should
also require ¢ — 0. Thus the classical limit is achieved in
the high-temperature/weak interaction limit. More precisely,
consider the classical anharmonic oscillator
Pz qz Cel 4
H—2+2+4!q, 2)
with p and g being classical conjugated variables (notice the
absence of the operator “hats”) with the “classical interaction
strength” ¢.; = cf -1 =T,

Now let O(x) be an analytic function of its argument, then
let us consider quantum observables in the form O[/B4l,
where the S —dependence is inserted to achieve a well-defined
semiclassical limit. Then, in the high-temperature/weak cou-
pling limit, one has the following correspondence:

el 4

1 ¥ 1 172
. ~,—BHY _ —a2 w4
%Hr}) —qTr[O[\/,Eq]e 1= /dq O[q]e , 3

where Z; and Z are the classical and quantum partition func-
tions, respectively. On the right we recognize the expectation
value in a classical thermal ensemble with classical energy
Eq. (2) (with the momentum contribution having been inte-
grated out, since the focus is on g— dependent observables).
The right-hand side of Eq. (3) becomes accurate only in
the classical field limit: at any finite temperature quantum
corrections will affect the expectation values of the operators.
We are now going to show how this can be captured by
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means of a suitable renormalization of the classical energy
and observables

—Tr[O[f Bale) = = [ dq Oesrlgqle 54 (4)

The effective observable Oy and action Seir are explicitly
temperature-dependent: hereafter we provide the systematic
expansion of these effective quantities around the classical
limit.

As the first step, we need to express the quantum ex-
pectation value in the form Eq. (4): in order to do so, we
consider the path integral formulation of thermal averages.
We introduce a real field gg(r) with 7 € [0, B8] being the
Euclidean time: the left-hand side (1.h.s.) of Eq. (4) can be
exactly rewritten as

/ Dai OLY/Bap(O)le i e Fezaty  (5)

where we neglect an unimportant overall normalization con-
stant and periodic boundary conditions are enforced on
the Matsubara interval t € [0, 8]. Intuitively, in the high-
temperature limit the Matsubara interval shrinks to a point,
hence the oscillations of the field gg(7) are expected to be
suppressed. Indeed, if the r—derivative is neglected in the
expression above, the classical energy functional is recovered.
This statement is made more rigorous by expanding the field
gg in terms of its Fourier components, which we refer to as
Matsubara modes

+ Z i2rnt /B ?L (6)
n#0

As the notation suggests, the n = 0 Matsubara mode can be
interpreted as the emergent classical degree of freedom, while
the modes ¢, are responsible for the quantum fluctuations.
Notice that since the Euclidean field is real by definition we
have g, = g*,. We can now express the path integral Eq. (5)
in terms of the Matsubara modes, isolating the contribution of
the classical field from the rest,

/ dgq e~ Saldl / dqn;eo O|:Z Qn:|e—Sfree[(ln¢o]—51m[q»6/n¢o] (D
n

The Euclidean action above is split into three parts: the
classical part S;; which depends only on the classical degree
of freedom, the free action Sgee for the nonzero Matsubara
modes, and the interacting part. The three terms explicitly read

qe(t) =

Salql = = + S ®)
Streeldn20] = Z[(hnﬂ’ )+ gl ©)
n>0

Swld Grsol = 37 D dnnatindn, — 4,q, (10)
Z?:lni:o

where we used the convention gy = ¢ and the definition ¢ =
Bcl: taking the large temperature limit the classical interac-
tion ¢ is kept fixed. Physical intuition tells us that in the
semiclassical limit the contribution of the quantum fluctua-
tions g, must become negligible. Indeed, for small values of
B the coefficients in Sgee diverge, as a consequence the modes

qn-0 are pinned to zero. At large but finite temperatures the
contributions of g,y are small and a perturbative expansion
of the interacting action Sj, around the free part Sgee can
be attempted. From this perspective, let us define the free
propagator of the nonzero Matsubara modes

/32
" Qmn)? + B2

Hereafter, (... )re. means that the expectation values of the
gnz0 Matsubara components with respect to the action Spee
are taken: the modes g, are treated as Gaussian variables
with zero mean and variance Eq. (11). Within this averaging
procedure g = gy is treated as a fixed parameter. Hence, one
can write

(g qw)ree = 8 (11)

Sl /dCIn;éO Oe_sﬁee_sinl o <Oe—5im)freee—5cl . (12)

In the above an overall g—independent proportionality con-
stant has been neglected, which can be fixed later on by impos-
ing the correct normalization of Eq. (4), and the variables g, g,
have been left out for the sake of lighter notation. Following
the standard perturbation theory procedure the right-hand side
(rh.s.) of Eq. (12) can be conveniently expressed in terms
of connected expectation values. For example, given two
observables A and B, their connected expectation value is

(AB)¢ = (AB) — (A)(B). The r.h.s. of Eq. (12) can be rewritten
in terms of the connected expectation values as
<Oe_sim)freee_sd = (Qeffe_seff (13)
with
S S (=1
et = Sa — Z ((Sin)free » (14)
=
=1y
Octr = Z T (OEw)’ Vfree - (15)

J=0

So far no approximations have been made and the true
quantum expectation value can be recovered from Eq. (4),
provided the exact expressions for Seir and O are available.
Therefore, the exact computation of the effective action and
observable is as hard as the original quantum problem and a
proper truncation scheme is needed. The small parameter of
this perturbative expansion is not the classical interaction cq
itself, which can be arbitrary large, but rather the propagators
of the n = 0 Matsubara modes (11): for 8 — 0, the propaga-
tors are suppressed at least as 2. Therefore, the semiclassical
expansion is organized in terms of how many propagators of
the nonzero Matsubara modes (11) are used: the N order of
the expansion is the sum of all the different terms with N
propagators. It can be easily understood that this truncation
scheme requires the computation of only a finite number of
terms: looking at Sjy (10), in each term of the summation at
least two nonzero Matsubara modes are present. Therefore,
if we now consider the expansion of Ser Eq. (14) and focus
on the jth term, we can conclude this contributes with at
least j nonzero Matsubara propagators. Hence, selecting the
N'™ term in the semiclassical expansion requires one to keep
only terms up to j < N in Eq. (14). However, we stress
once again that the semiclassical expansion is not equivalent
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(a) (b)

Cel
RALE —

FIG. 1. The diagrammatic representation of S Eq. (16) up to
the second order in the quantum corrections. Diagram (a) takes
into account first-order quantum corrections (notice the presence
of a single propagator for the nonzero Matsubara modes), and
diagram (b) describes the second-order correction (two propagators
are present). The functions f(8) and g(B) are defined in Eqs. (17)
and (18), respectively.

to a simple truncation of Eq. (14). This approach is not a
perturbative expansion in the interaction strength: albeit the
gnzo modes are only weakly coupled, the classical mode
remains strongly interacting. Following this general treatment,
we frame the resulting expansion within a set of Feynman
diagrams, compute explicitly the first corrections to natural
observables, and compare the semiclassical expansion with
the first-principles quantum results.

Quantum corrections to the classical approximation

The semiclassical expansion can be efficiently presented
in terms of Feynman diagrams. We start by discussing the
computation of the effective action S (14), then the gen-
eralization to O will become clear. First, we associate a
vertex with four departing legs with the interaction Siy, the
legs represent the g, variables. Each vertex carries a factor
cq and a conservation law for the Matsubara frequencies, as
is clear from Eq. (10). At each vertex there are at least two
legs associated with nonzero Matsubara frequencies, and the
computation of %((Sim)f )iree gO€s as follows. Draw j ver-
tices. The propagators (g!g,)see are represented contracting
the external legs of two interaction vertices. Since we are
considering the connected parts of the correlators, the legs
must be contracted in such a way that the final diagram does
not have disconnected parts. Finally the sum over all the
allowed Matsubara frequencies is performed. Noncontracted
legs are generally present and associated with g = ¢g¢. There is
a symmetry factor associated with this diagram which equals
the number of permutations of legs and vertices that leave the
diagram unchanged. In Fig. 1, we show the Feynman diagrams
contributing to the effective action Ser up to the second order
in the semiclassical expansion, which result in the expression

1 C C
Sen(q) = [qu - %q“] + [%qzﬂm]
< 4
- [Eg(ﬂ)q } +... (16)

where each term in brackets is a further order in the
semiclassical expansion (from left to right: the classical
approximation, the first-order, and the second-order quantum

corrections). The auxiliary functions f(8) and g(8) are de-
fined as

_ p 1
fB) = ; Gy T B = 2BeohB/)-2) A7)
ﬁ4
“B)= 2. Grnp + 7
2 o .
_ 448 4.coszh,8 + Bsinh 8 (18)
8sinh“(8/2)

and represent the contributions of the loops in Fig. 1.
For what concerns the observables, a natural choice is
looking at the moments of the operator ¢, hence we define

¢
0“1Y/Bg) = (quﬂ. (19)

The factorial is chosen for symmetry reasons: the Feyn-
man rules for computing Oéff) are simple generalizations of
those for S with the inclusion of a new interaction vertex

associated with O, Up to the second order in the quantum
corrections one finds

T f(ﬂ)qw_l)]
Oerlal = [(2@)1} - [2[2@ i
N [fz(ﬂ)qz“‘z) 1 cag(B)g™ ] L

- (20)
82 —=2)]! 4124 —- D]

As for Eq. (16), each bracket represents a further order in the
semiclassical expansion. Above, we use the convention that
q powers with negative exponents are actually absent: hence,
for £ = 1 the term ocqw’” must be discarded. In Fig. 2, the
semiclassical expansions for the expectation values of O® are
benchmarked with the numerically exact diagonalization of
the quantum problem Eq. (1), showing a good agreement.

In addition to the moments of g, the semiclassical approx-
imation can be used to study its FCS. The FCS is the full
probability distribution of measuring a certain value for an ob-
servable O[+/B4]. For example, in the following, we focus on
the observable O = /B¢ (the rescaling by /B is introduced
for later convenience), its FCS being the probability of finding
the particle at position g. More formally, we are interested in
the probability Py(w) defined as

1 .
Po(w) = ETr[S(w —0)e Pl = s(w—-0). (@1
q
The distribution above is not directly amenable to the semi-
classical analysis, hence we rather define its generating func-
tion Gp(A)

. dr _;
Go(r) = (¢*9), Po(w)=/g€7”“00(?»)- (22)

The generating function in the form Eq. (22) can be treated
within our semiclassical approach since we can set O = ¢
and evaluate this effective observable by means of Eq. (15).
Moreover, due to the exponential form of the observable O
the series defining Ocs Eq. (15) can be further resummed into
a more convenient expression. Indeed, one can establish the
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FIG. 2. Comparisons of the semiclassical expansion results with
the exact expectation values of the observables Eq. (19) for the
anharmonic oscillator, numerically computed by discretizing the
quantum Hamiltonian Eq. (1). We chose the quantum interaction as
¢ = cqf with ¢, = 4!, then the results are plotted as functions of
the inverse temperature. We plot the ratios R = L(O® /((O))" in
order to stress the role of the interactions: for ¢, = 0, the thermal
ensemble is Gaussian, resulting in R® = 1. The fact that R is far
from unity confirms the strongly correlated nature of the system. The
N'™ order is obtained by computing (O®) to the required order in
the quantum fluctuations, then the proper ratio of the observables is
considered.

following identity:

o0

“1y ,
Oeffeiscr( =e o Z ( .') (elAO(Sint)j)(f?ree
O
oo l ]
=exp |y {0 =S | 23)

j=1

The exponentiation of the above series leads to the natural
definition of the effective action

<1 ‘
SHla == 7720 = S

j=1

24

c
free »

which depends on the observable O and the parameter A.
Above, we stress that S g}i’\ [¢] is a function of g, the classical
(n = 0) field. With this definition the generating function is
expressed as

qu 6—53%)‘[‘1]
que* errlg]

Equation (25) is in principle exact: we performed the
semiclassical expansion approximating Eq. (24) with the in-
sertion of a finite number of nonzero Matsubara propagators
(11). More precisely, the Nth order of the expansion contains
all those terms with N propagators of the n # 0 Matsubara
modes. At any order of the expansion the sum in Eq. (24)
is finite with only a finite number of terms to be computed.
A word of caution is in order regarding the behavior of the

Go(\) = (25)

expansion for arbitrary values of A: even though the expansion
induced by truncating Eq. (24) is not perturbative in A (the
interacting action of the classical mode is taken into account
exactly), any approximated truncation of Eq. (24) will even-
tually fail if A is too large. As an example, let us consider
O[+/B4] = +/B§ which, in the path integral language and after
the replacement Eq. (6), states iAO = iA ), g,. Since all the
nonzero Matsubara frequencies are suppressed as g, ~ B,
as it is clear from the propagator (11), this sets a natural
scale x| < A™! with A « B in which we can reasonably
trust the semiclassical expansion of the effective action. With
the ultimate goal of accessing the FCS of the observable we
define a A—regularized FCS P2 by imposing a hard cutoff in
the integral Eq. (22). This is equivalent to the calculation of
the coarse grained FCS defined as

AL
dr _,
Py (w) = —e " Go(
O(w) /;A—l 27Te 0( )

/i -1 /
dw’ sin(A™ (w v Dpow'y.  (26)
b4 w—w
Hence, rather than directly accessing the FCS, the semiclassi-
cal approximation yields a coarse-grained version of it.

The quality of the semiclassical expansion is estimated by
looking at the typical lengthscale on which the generating
function Go (1) decays: if for |[A| = A~' Go(}) is negligibly
small, the semiclassical approximation is expected to be good.
As a benchmark we compute ng‘ for the operator O[/B4] =

+/B4 up to the second order in the quantum corrections

)\,2
59141 — Serlq] = [~ing] + [_ fz(ﬂ)]
2
+ [ - Ccl)hgT(qu] e 27

As before, each pair of square brackets corresponds to the
next order of the expansion. For consistency, Seg[g] must
be expanded to the same order, see Eq. (16). In Fig. 3,
we compare the semiclassical expansion for the generating
function and the resulting FCS of the position of the particle in
the anharmonic potential with the exact first-principles results.

III. THE 1D INTERACTING BOSE GAS

Having presented the method in the simple case of a single
degree of freedom, we now turn to the main purpose of our in-
vestigation, namely describing many-body quantum systems.
For the sake of concreteness and, later, benchmarking, we
focus on the Lieb-Liniger (LL) model describing 1D bosons
with contact pairwise interactions. In the language of the
second quantization, the Hamiltonian is

- / dx{ﬁaxvzfaxw Lot - MW} @)

where [&(x), 1/}T ()] = 8(x — y). Hereafter we consider only
the repulsive case, ¢ > 0, since the attractive phase is unstable
in thermal equilibrium [83,84].

As it was mentioned before, this model is integrable
[22,23]. Because of integrability its thermodynamics can be
solved exactly by means of the thermodynamic Bethe ansatz
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FIG. 3. We consider the generating function Gy () of the FCS of the observable O = /B4 for different temperatures, comparing the exact
numerically computed values to results of the semiclassical approximation [Eqs. (25) and (27)]. At high temperatures 8 = 0.5, the agreement
is excellent already with the classical prediction. The interaction ¢ = ¢y is chosen as in Fig. 2, i.e., ¢ = 4!. Decreasing the temperature
the classical approximation departs from the quantum value, which is still well described by the next orders of the expansion. Notice that the
discrepancy starts to appear from the tails of the distribution: indeed, as we discuss in the main text, the semiclassical approximation of the
generating function has a natural cutoff [A] < B8~! beyond which it cannot be applied any longer. Increasing 8 the cutoff is decreased and

corrections become more pronounced.

(TBA) [20], and the expectation values of certain observ-
ables can be computed exactly. Focusing on the Lieb-Liniger
model provides an important benchmark for our approach,
however we emphasize that it is fully general and does not
rely on integrability at all. For example, the moments of
the density operator ([1/;T (x)]”[lﬁ(x)]”) in thermal states have
been evaluated exactly in Refs. [72,73] for arbitrary integer
n (see also Refs. [85,86] for previous results for n < 4).
The semiclassical expansion, in addition to being able to
correctly reproduce known results of the LL model, also
provides new insights into quantities that are not accessible
with the state-of-the-art techniques in integrability, the prime
example being the two-point correlator (¥ (x)y/(y)), also
known as the single-particle density matrix, which is routinely
measured in the laboratory through the time-of-flight capture
of the momentum-density distribution [1]. Another quantity
of interest we consider is the FCS of the number of particles
on an interval, which has recently been studied in the classical
limit by two of us [54]. In the following, we will first present
a short summary of the integrability of the LL model and
quote exact results that will be used for benchmarking before
proceeding to the discussion of the semiclassical expansion.

A. The integrability of the Lieb-Liniger model

The integrability of the LL model was established in the
original works of Lieb and Liniger [22,23] which found exact
eigenstates of the model. The eigenstates can be labeled by
collections of quantum numbers |{k}f.\'= 1), called rapidities
or quasimomenta, which generalize the momentum modes
of free bosons/fermions to the interacting case. The set of
quasimomenta can be interpreted as a collection of excitations
which undergo pairwise scatterings, hence the set {k}%, is
left unscathed by the time evolution. Despite being elastic,
the scattering processes are nontrivial and the interactions
are encoded in the two-body scattering matrix, which in
this case is just a complex number S(k) = (k — 2imc)/(k +
2imc). Within the thermodynamic limit, one adopts a coarse-
grained description in terms of a filling function ¢ (k), which
generalizes the mode-density occupation number of free sys-
tems: this is the founding idea of the thermodynamic Bethe

ansatz [20]. A proper introduction to the TBA and, more
generally, integrability goes beyond the scope of the current
work, therefore we simply quote the results of interest for
us. The interested reader can refer to Refs. [19,20] for further
details.

The filling function 9 (k) associated with a given thermal
state is explicitly determined through the following integral
equation:

oo Lm0 T
8 o) _ﬂ[ﬂ_“}

d
+ / 2—%(1« — log(1 — 9(K)., (29)
T

where @ (k) = —idS(k). In general, no analytic solution to
this equation is known, but it can be easily solved numerically.
Once the filling function is determined, this in principle fixes
any local property of the system, as well as the correlation
functions, however actually evaluating them is a hard task on
its own.

Very recently the expectation values of all the density
moments ((1/7T)"(1/;)”) for arbitrary n have been computed
[72,73], the results being expressed in terms of a set of
coupled integral equations as reported below. The density
moments are accessed by expanding the following generating
function in the dummy variable Y around zero,

2 2"2meYt e s 1 &
1+ 3 v EC Gy = exp (; > Y"gn) ,
n=1 n=1

(n!)?
(30
where

2 2n—1
G, = % / dk 9 (k)EE_, (k). 31)

The dressing operation & — &9 is defined as the solution of
the following linear integral equation

d
() = £,(K) + / Lok -@EF@. (D
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The auxiliary functions &,(k) are obtained recursively by
solving the following set of integral equations [below we
define I'(k) = k(2mc) Lo (k)]

d
E(l) = / Lapre - pet o)
— & (p)] - ek — pES (0}, (33)
d
Ean1 (K) = 800 + / Lop{rec - pesip

— ok — pES_ (D)), (34)

where &,_o = 0. The integral equations have a recursive struc-
ture, since the equation for &, requires the knowledge of &, <,:
these can be solved finding the function &y(A ), then the integer
n is progressively increased and the functions &,(}) are recur-
sively determined. Note that extracting the " density moment
requires finding the first 2n — 1 auxiliary functions &,.

B. The semiclassical expansion

The semiclassical expansion of the 1D interacting Bose
gas closely follows the study of the anharmonic oscillator
presented in Sec. II, therefore we limit the discussion to
the key points of the analysis. We start with a path integral
representation of the thermal state and introduce a complex-
valued field ¥g (7, x) governed by the action

B 1
SE=/O dr/dx{iwgafw—wafw;)

1 2 2 4
+t5 10:VEl” — wlVel” +clvel” (35)
m

with periodic boundary conditions in the Euclidean time t €
[0, B]. Similarly to the anharmonic oscillator, the field is split
into the Matsubara modes,

Y (x) i2nt /B Y (x)
,X) = + —_— . 36
VE(T, x) 7B E&O e NG (36)

Since g is complex, the modes , are independent complex
fields: this is in contrast to the anharmonic oscillator case. The
field v (x) can be identified as the classical variable, the action
of which is renormalized by the integration over the nonzero
frequency Matsubara modes. To this end, we split the action
into three parts Sg = S¢i + Stree + Sint

Oy 2
de]=/dx{'2””' +cd|w|“—u|x/f|2}, (37
m

Sixeltzal = [ d { S li2ng !

n

8x n 2
+(4ccld—m]|1/fn|2+—' 2‘/" } (38)
m

Sim[‘ﬂ» wn;ﬁO] = /dx{ Z Cclw:l 1/f::2 Wtzg wm

ny+ny =
n3 +ny

—caly|* +4cad ) |¢n|2}. (39)
n#0

The classical interaction strength is defined as ¢, = cpt,
same as before. The classical limit is attained by sending
B — 0 while keeping ¢ and w constant. Indeed, each term
in the interacting part of the action Sj, contains at least two
n # 0 Matsubara modes and the prefactor in Sge. diverges
as B — 0. Hence, in the high-temperature limit the modes
Ynzo are pinned to zero and only the field ¥ (x) = o(x)
is free to fluctuate. In the splitting of the action above, we
included a parameter d which does not appear in the original
action Sg. Indeed, summing back the three terms of the action
the d dependence is canceled out. Naively one could pose
d = 0 in such a way to simplify the interacting part of the
action, but this choice is problematic when p > 0: this would
lead to an action Sgee Which is unbounded from below and
cannot serve as a starting point of the perturbation theory any
longer. Indeed, whereas in the LL model both positive and
negative values of p are allowed, the noninteracting bosons
are well-defined only for u < O and the interactions play a
crucial role in making the case of positive chemical potential
a well-defined ensemble. We choose the free parameter d to be
the density evaluated in the classical limit, d = (| |?)q, thus
neglecting the n # 0 Matsubara modes. This choice is inspired
by the Gaussian approximation of the interaction: keeping
only up to two nonzero frequency Matsubara modes in the
interacting term (which will dominate the high-temperature
limit), one has

ca Y UnUmVn ¥, = cal¥lt +ca Y Wallv

n+ny=n3+ny n#0

(40)

Treating the above in perturbation theory under the assump-
tion that |v,|? is small, but first integrating out the classical
mode, one replaces ||> — (|¥|?), which in first approx-
imation can be computed with the classical action. It is
numerically verified that 4cqd — u > 0, making Spe. well
defined, and we stress that the Gaussian approximation is only
used to justify a convenient value for the parameter d, but
then we apply our method to systematically include quantum
corrections on top of the classical approximation.

The expectation values of quantum observables O can
now be computed in an effective one-dimensional classical
field theory, similarly to how it was done for the quantum
anharmonic oscillator,

1 N 5 1
gTr[O[\/Bw]e‘ﬁ”] == / Dy Oce[le >V (41)
q

The effective action and observables are defined as per
Egs. (14) and (15) where S;y is now Eq. (39), and the free
expectation value are computed with respect to Eq. (38).
Therefore the basic ingredient we need is the free propagator
of the n # 0 Matsubara modes,

, o [dk_ e
(an (x)l//n/(y»free = On,n / E i27‘[l’lﬁ71 TR+ O

exp[—|x — y|v/Q + 2rnB~1]
2/ + 2nnp! ’

= S

(42)
where we defined 2 = 4cqd — 1.
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When performing the quantum expansion, we often need
> 7r£0(w;f(x)lﬂn(x))free. This quantity is ill-defined unless
the point-splitting regularization is imposed: the limit of
equal positions is taken only after the summation has been
performed. For later convenience, we define C(x —y) =
> 20{¥ ()Y (¥))tree, Which can be written as

_ [ 4k iy p !
C(x—y)—/ge o] eral (43)

Notice that the limit lim,_,o C(x) is well defined.

We can now expand S. by including the quantum correc-
tions. Analogously to what was done in Sec. II, we organize
the expansion in terms of the number of the propagators
of the nonzero frequency Matsubara modes. The expansion
can be efficiently described in terms of Feynman diagrams
with minor modifications compared to those presented for the
anharmonic oscillator. The effective action up to the second
order in the quantum fluctuations is readily computed,

Serel ]

= [Sal¥ 1]+ [4ch<0) / dx |w<x)|2}
+ [16dc§1/dyF(y)/dx|I/f(x)|2
— 8¢ / dxdy |1y ) * |y ()PF (x — )

— 230 ( / dxdy ™ O™ ()Y (Y ()R — y))}

+... (44)

Above we used the square brackets to point out the different
orders in the expansion, as we already did in Sec. II. The
auxiliary functions F'(x) and R(x) are defined as

F) =Y (W )Yn(0))sree (¥ (00 () ree

n#0
1 exp[—2|x|/ + i2rnB1] 43)
4 pors Q+i2nnp-! ’
R(x) = Z(Wn(x)lﬂ:(()»free(W—n(x)lﬁfn(o))free
n#0
_ l Z exp[—|x|2R/Q + i27nB~1] 46)

42 Q2+ Qranp )

The effective action resulting from the semiclassical expan-
sion is strictly local up to the first order correction, which
simply consists of a renormalization of the chemical potential.
Classical expectation values in thermal ensembles with local
actions can be efficiently computed with a transfer matrix
approach (see Appendix A) which transforms the classical
field problem into a quantum system with a finite number of
degrees of freedom.

Beyond the first-order terms the effective action develops
nonlocal terms and the transfer matrix approach is not appli-
cable any longer, hence we revert to the METROPOLIS-Hastings
algorithm [81] (see Appendix B). Long-range interactions

are challenging, but this is not the case at hand: as can be
seen from the auxiliary functions F(x) Eq. (45) and R(x)
Eq. (46), the nonlocal terms appearing in the effective action
are short-ranged and do not undermine the efficiency of the
algorithm. In particular, the range of the interaction is reduced
as the temperature is increased.

Having computed the effective action, we now revert to the
observables. In view of the integrability-based exact results
presented in Sec. Il A, the moments of the density operator
O(Z)[\/Elﬁ] = ﬂe[lﬁT(x)]Z[lﬁ(x)]l are natural candidates. The
expansion up to the second-order is

O] = v 1*] + [£2CO)y ']
20p _ 1\2(2

[Z : 12)—C Oy e — cgece - o

x (|w|2<f—2><w>2 / de(xw*(x)w*(x))

—4z2cc1|w|2“—”/dxF(xmw/f(x)F—d)] +...
(47)

For the sake of brevity, the coordinate label is omitted when
the field is evaluated at the origin, ¥ = ¢ (0). As usual, each
bracket is a further order in the expansion. In the above, we
used the convention that terms with negative powers of the
fields are actually absent, e.g., the term |¢|2<e’2) must be
dropped for £ = 1. As for the effective action, the first-order
corrections are strictly local, while the following orders carry
nonlocal (short-ranged) corrections mediated by F(x) and
R(x). In Fig. 4, we compare the semiclassical expansion of the
local observables with the exact results presented in Sec. III A,
finding excellent agreement.

Having checked the one-point functions, we now revert
to quantities where no integrability results are available.
One prominent example it the one-particle density matrix,
O /B = B(¥T(x)¥ (v)), its expansion up to the second
order being

O[] = [Y* )Y I+[Cx—y)] + [— dea(|W? — d)

x /sz(W)}—i—... (48)

As usual, square brackets are used to separate different orders
of the expansion. In Fig. 5, we plot the semiclassical expan-
sion results for (O™ [ /B V1), since there are no analytical or
numerical exact results to be used as benchmarks, comparing
different orders of the expansion is of utmost importance for
checking the reliability of the approximation.

Quantum corrections are particularly important for the
short-distance behavior of the one-body density matrix. In-
deed, the classical result is not differentiable at the origin. In
other words, considering the momentum distribution n(k) =
[ dxe=™ (4 (x)y (0)), in the classical limit one finds n(k) ~
k2 for large k. These “fat tails” of the momentum distribution
eventually cause the UV catastrophe, similarly to the famous
example of the black body radiation: the classical expectation
value of the energy density is UV-divergent. On the other
hand, the large k behavior of the momentum density n(k)
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FIG. 4. Above we compare the semiclassical expansions of the expectation values of the moments of the local density with the exact results
presented in Sec. IIT A. More specifically, we consider O©[ /By = B[W (0)1[¥ (x)]¢ and R© = (O©) /[£!1((OD))¢]. The normalization of
R® is chosen in such a way that, in the absence of interactions, we would have had R®> = 1: thus, any deviation from unity signals the strongly
correlated nature of the model. In the LL. Hamiltonian (28), we choose m = 1/2, ¢ = ¢y with ¢ = 1 and = 1 and then vary T = B
We see that the exact prediction (solid line) in the high-temperature limit clearly approaches the classical result (dashed line), but corrections
are important and they are nicely captured by the first-order (red triangles) and second-order (blue circles) quantum corrections. The classical
results and the first-order corrections are computed with the transfer matrix method (see Appendix A), while the second-order corrections are

obtained with the METROPOLIS-Hastings algorithm (Appendix B).

in the quantum model is known to decay as n(k) ~ C/k*
[87-90]; furthermore the power law decay is linked to the
average of the interaction term C = mc? (¥ " "), Within
our expansion, the first-order correction in Eq. (48) is crucial
in converting the classical result n(k) ~ k=2 into the quantum
behavior. Indeed, in the Fourier space the function C (43)
exhibits the ~k~2 decay with the opposite sign when com-
pared to the classical “fat tails”” arising from (¥*(x)¥ (y)),
leading to cancellation. From the computational point of view,
a short distance study of the one-body density matrix is
greatly affected by the finite lattice space in the numerical
implementation. Therefore a careful extrapolation is needed
for the continuum model. Such an extensive study would go
beyond the purpose of the current work, hence we simply
point out that inclusion of the quantum corrections smooths
the one-body density matrix.

Finally, we apply the semiclassical expansion to study the
FCS of the number of particles on an interval. So far some
results for the FCS of the number operator in the LL model
have been obtained only in the classical limit [54] (see also
Ref. [75] for FCS of the density operator in the classical
limit and out-of-equilibrium), in the quantum case for very
small intervals [72,73]. A related problem of emptiness for-
mation probability in the LL model was investigated using
the Luttinger liquid techniques in [91,92]. Let us consider the

observable N[ /B1] defined as

L
NOL/BY1 = % /O dx [Y T () (x) — (PP ()]
(49)

We define the FCS as Pyw(w) = (8(w — NOLJ/BY),
and use the semiclassical expansion to access its generating
function, Gy (A) = (e™V “IVBY1) i .e. the Fourier transform
of the FCS. The particular normalization of N'©) is chosen
by considering the limit of large intervals. Indeed, for inter-
vals much larger than the correlation length the central limit
theorem is expected to hold with the FCS approaching the

Gaussian distribution, lim;_, s Pyo(w) = ﬁe_zuﬁ, with
o depending on both the temperature and the chemical
potential.

Our semiclassical expansion formalism utilizes the path
integral representations of thermal states, therefore quantum
expressions must be properly normal-ordered before being fed
into the semiclassical formalism as observables. In the case of
the number operator normal ordering simply gives [93-96]

Gy (h) = e—iwﬁa&w})( . e(eiwﬁ—l)foL dx iy @Y (o) . > (50)
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FIG. 5. We consider the semiclassical expansion of the one-body
density matrix S (W’ (x)mﬁ(O)) (which is real and symmetric with
the respect to x — —x) for two illustrative different temperatures
T = 50 and 200. While appreciable corrections to the classical result
(dashed line) are introduced including the first-order quantum correc-
tions (solid lines), considering the second-order quantum corrections
(symbols) does not change the result on an appreciable scale. This
suggests that the first-order corrections are sufficient to approach the
true quantum expectation values with good precision. As discussed
in the text, quantum corrections are essential to smoothen the nonan-
alyticity at the origin (inset).

Notice that the number of particles on an interval is an
integer number, hence the operator A'™ (49) has a discrete
spectrum. This is reflected into a periodic structure of the gen-
erating function, Gyw (A 4 27v/L/B) = e NG yruy (1),
which, after taking the Fourier transform, results in a Dirac
comb in the FCS

Py (w) = 27 8(e VLW _ By w),  (51)

with Pyra) (w) being the smooth part

_ LB gy
Pyo(w) = / _eilAwGN(L) A). (52)
—nJIp-t 2T
Analogously to the anharmonic oscillator of Sec. II, the
generating function can be represented as

L)
Dy s

_ —iMBVLGT
Gpo()=e [ Dy e=Sarlvl (53)

where S;\f?(“”\[l/f] is defined as

iv C

: N !
Sé\f_? )'A[W] = _ZF<<eTN(L) —Sim> > .
’ free

j=1

(54)
Notice that, in comparison with Eq. (24), we replaced ix —
Bl (P! VL _ 1) due to the normal ordering. The effective

L
action Sé}f LA [¥] can be now systematically expanded in
the quantum corrections. For the sake of simplicity, we only

consider the first order of the expansion

SN My — Selwr]

irB/VL _
= [— — IJ\/(L)W]]
B
MBINL _ | HBINE 1\’
+| - ———LCO)— | ————
|- eo g

L
X/O dxdym[C(x—y)W(x)w(y)]]+... (55)

Square brackets are used to point out the zeroth and the
first orders, respectively, and Se[v] Eq. (44) and (1&*@&)
appearing in Eq. (53) must be expanded to the same order for
consistency. The expansion of the generating function above
is not expected to be valid for arbitrary values of A, but it has
a natural cutoff [A| < A~' « B~'+/L. Notice that in the limit
of small temperatures and large intervals the A—domain where
the semiclassical expansion is valid is expected to grow: since
Gy, 1s a fast decaying function (see Fig. 6), this ultimately
implies that the role of the cutoff A becomes negligible.
As was discussed in the case of the anharmonic oscillator
(26), imposing a hard cutoff on the generating function is
equivalent to coarse-graining the FCS on an interval ~A. In
Fig. 6, we present the FCS for different temperatures and
sizes of the interval, comparing the classical result with the
first-order quantum corrections. In particular, we focus on
the real part of the generating function (first row) for A > 0
(the function is symmetric). Appreciable differences between
the quantum corrections and the classical approximation are
visible (see insets). Then, we consider the Fourier transform of
the generating function and access the full counting statistics.
We consider a hard cut-off in the Fourier space, A~ = 20,
computing the associated smoothed version of the FCS, ac-
cording with Eq. (26). As expected, increasing L the FCS
approaches a Gaussian. Notice that the smoothed FCS Pg,),
contrary to the Pyrw), is not guaranteed to be positive due to the
presence of the oscillating kernel (26). Indeed, we observe the
presence of small negative values (see inset). Such oscillations
observed in P/\Aﬂu are consequences of the hard cut-off rather
than a true feature of the FCS.

Several comments are due when comparing the result of
Ref. [54] with the zeroth order of the semiclassical expansion
here presented. Apart from the global rescaling and the shift in
the definition of the number operator (49), the classical field
result of Ref. [54] is obtained from Eq. (55) by keeping only

the zeroth-order term of the expansion, and with the further

. . irB/VL _ . . . .
approximation LI~ / +/L, which is the dominant con-

tribution in the high-temperature limit. Because of this further
approximation the classical field result of Ref. [54] does not
exactly coincide with the zeroth order of Eq. (55), but they do
agree in the high-temperature limit.

IV. CONCLUSIONS

We presented a semiclassical approach to one-dimensional
quantum many-body systems in thermal equilibrium. The
classical limit is achieved in the high-temperature and weak
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FIG. 6. We consider the generating functions and the FCS of the number of particles Eq. (49) for different interval sizes and temperatures,
comparing the semiclassical approximation results (solid lines) to the first-order quantum corrections (symbols). (Top) Real parts of the
generating functions. (Insets) Zoom to appreciate the differences between the classical results and the first-order corrections. (Bottom) FCS
Eq. (52) smoothened according to Eq. (26) with A~! = 20. (Insets) Zooms on particular regions. The finite cutoff causes the appearance of
negative values due to the nonconstant sign of the kernel Eq. (26). The presence of negative values of pﬁ/(u is particularly evident in the case
of the smallest interval L = 2, where the hard cut-off on the generating function matters the most.

interactions regime, but at any finite temperature quantum
mechanics affects the classical approximation. We show how
quantum corrections can be systematically taken into account
by means of a renormalization of the energy and observables
of the classical model. For the sake of concreteness we
focused on the 1D Bose gas with contact interactions; we
benchmarked our approach using exact results obtained from
the integrability.

In particular, quantum corrections correctly capture the
expectation values of the moments of the density operator,
((yTy"y™), in the high-temperature regime. We show how
quantum corrections account for important deviations from
the classical result with a rapid convergence to the exact
value, which in turn is poorly approximated by the classical
computation at any large, but finite, temperature. We then
applied our method to study experimentally relevant quantities
which are not accessible by means of the state-of-the-art
integrable techniques, namely the one-body density matrix
(¥T(x)¥ (y)) and the full counting statistics of the number of
particles on an interval. Our method is completely general and
does not rely on the specific form of the interactions, hence it
can be easily generalized to, e.g., finite-range interactions, or
multicomponent gases.

The current study is immediately suitable for comparison
with experimental and theoretical works studying 1D bosons
with contact interactions from the ultracold atom perspec-
tive: the connections of our parameters and those in the

experiments can be easily obtained. Going back to the dimen-
sional units, the condition that ¢T = ¢, and p are kept fixed
translates into keeping the following dimensionless quantity

constant:
BNl
— e 56
<2mlul> PT (56)

In the classical limit, the quantity (F*n2 - || /2m)" 2 kT is
a constant as well, meaning that the average density n scales
linearly with temperature. Approaching the limit, the density n
is still expected to scale almost linearly with 7', the deviations
being determined by the quantum corrections. For example,
the average density for the range of temperatures considered
in this work is given by (7*n? |i|/2m)"/? JkgT ~ 0.55, as can
be read from Fig. 4. Hence, one can easily pinpoint physical
regimes of the gas as discussed in Ref. [97] by calculating
the 1D interaction parameter y = mc/h’n ~ 0.9(|u|/ksT)*
and the dimensionless ratio T = mk;_z;T/hzn2 ~ 1.7(||/ksT)
of T' and the temperature of quantum degeneracy. In Fig. 7, we
schematically represent the validity region of the semiclassi-
cal expansion in the interacting Bose gas parameter space.

By further computing the coherence length of the gas, [, =
hzn/kaT, direct comparisons with Ref. [54] can be made.
For example, the case discussed on Fig. 6 corresponds to the
weakly interacting gas in the decoherent quantum regime, in
the limit of large interval sizes L/ly > 1.
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FIG. 7. Regions of 1D Bose gas marked on the 7-y plane, where
T is the ratio of T and the temperature of quantum degeneracy,
T =T/T; = mkgT/l*n?, and y = mc/R*n is the 1D interaction
parameter. The regimes are classified according to Ref. [97], with
the relevant regimes being decoherent quantum (DQ), 1 < 1, y K
72; weakly interacting (WI - hight 7), y < 7 < /7 and weakly
interacting (WI - low T'), T < y < 1. The classical field limit is
attained at the origin, y, T — 0 by approaching it from either the
high-T" WI or DQ regions. The semiclassical expansion is expected
to be valid for small but finite values of the parameters y and t, which
is schematically represented by gradient color filling. As an example,
the red solid line is shown, corresponding to the exact Lieb-Liniger
solution for the u = 1, ¢, = 1, and m = 1/2 case, for which the data
is plotted on Fig. 4. The red arrow shows the direction of the classical
field limit.

Several interesting directions remain open for the future.
First of all, it would be interesting to compare our findings
with actual experimental data: for instance, in Ref. [13] two
tunneling-coupled Bose gas are effectively described by the
sine-Gordon model, classical treatment of which proved to be
in good agreement with experimental observations. Studying
the effects of quantum corrections is extremely interesting.

A natural direction is to address out-of-equilibrium setups,
for example including quantum corrections to the stochas-
tic Gross-Pitaevskii approach [50,98,99]. Another interesting
challenge at the interface of out-of-equilibrium and integra-
bility is determining the steady-state after a quantum quench
[100]. In principle, in integrable models, the steady-state
is completely determined by the expectation value of the
conserved charges (or their generating function) in the initial
state. However, in most of cases this problem is extremely
hard to solve [21]: very recently an efficient numerical method
has been devised for the classical limit, allowing to extract the
steady state directly from the prequench state [75]. It would
be extremely interesting to put quantum corrections back in
the game in the spirit of the present work.
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APPENDIX A: THE TRANSFER MATRIX APPROACH

One-dimensional classical field theories with lo cal actions
can be equivalently formulated in terms of single-particle
quantum mechanics, this is known as the transfer matrix (TM)
method [51,52,79]. By omitting the n % 0 Matsubara modes
in the expansion of ¥g(x), which is equivalent to neglecting
the Euclidean time dependence of the fields in the quantum
action Eq. (35), directly yields the classical field action

v|?
Sal¥] =/dx{' 2‘”'
m

while the quantum corrections are being ignored. Relabelling
the dummy integration variable having the meaning of imagi-
nary time ¢t = x, and making further suggestive identifications,

+cc1|w|4—m1/f|2}, (A1)

y=re?,  Yr=re?, (A2)

where r and ¢ are the polar coordinates of a two-dimensional
particle. makes it obvious that the classical field action (A1)
also describes a quantum particle of mass M = 1/m moving
in the 2D quartic potential,

Scl[W]

M (dr\*  Mr?(d$\’ PR
:/dl‘{;(z) —f—T(Z) —i—cdr — MFr .
(A3)

For macroscopically large systems the interval of ¢ integration
can be taken (—o0, 00), corresponding to quantum statistical
physics at zero temperature, which is entirely determined by
the low-energy quantum states.

The Hamiltonian of the effective quantum problem is

N 1
H=- 2M< 0,(ro,) + 8¢>+V(r)

(A4)
V(r)= cart — ;u"z.

The corresponding 2D Schrodinger’s equation is separable,
and by introducing the angular momentum quantum number
[ =0, +£1,...,x00, such that

(r,¢|nl) = Wnl(”s ¢)

results in a 1D eigenvalue problem

1
|: P 8(r8)+

Ru(r)e'?, (AS5)

2
+ V(r)i| nl(r) = Eannl(r)a

(A6)

wheren = 0, 1, 2, ... enumerates the discrete spectrum of the
bounded potential for the given /. The essence of the TM
method is finding the classical field-theoretic correlators by
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solving for the low energy eigenvalues and eigenstates of
Eq. (A6), numerically or otherwise.

In particular, field-theoretic observables such as correlation
functions of the fields are found by expressing them in terms
of the eigenstates and eigenvalues of Eq. (A6). For example,
the partition function is expressed as

Z = /Dw e~ Salvl — Ze— D
nl

where D is the total length of the system, and the over-
all normalization factor has been omitted as irrelevant. For
macroscopic systems, Z & ¢~£0P with exponential accuracy,
where Eq is the energy of the ground state of Eq. (All).
Similarly, one-particle correlation function is given by

(W @w () = > 1(00]r|n) e~ En—Ewkd,

(A7)

(A8)

again with exponential accuracy in D.

Moreover the classical field FCS can be accessed as well
by evaluating its coarse-grained generating function (53).
Within the classical field approximation, the effective action
Sé}fm (55) is a strictly local object, hence it is amenable to
the transfer matrix treatment. As described in Ref. [54], the
generating function of the FCS can be accessed by mean of
the identity

fDW e*‘seijN)A vl

L — (00 (Ew)L|0)
wa e—Seit[V]

(A9)
which is then fed into Eq. (53). Above, the modified, non-
Hermitian Hamiltonian H, is obtained from the transfer-

matrix representation of the zeroth-order effective action
Eq. (55), namely

N 1

H, = 2M< 3,(ro,) + a¢> +Vi(r) (A10)
with
Vi(#) = car® + <& - M)ﬂ (A11)
BVL

In other words, the classical field probability generating
function is calculated by evolving the original ground state
of the equivalent quantum-mechanical problem with the mod-
ified Hamiltonian H; over “time” L, and then calculating
the overlap with the original ground state. This approach
not only provides an alternative formulation for numerical
computation of the generating function, but also serves as a
convenient starting point for various approximations which
result in analytic expressions for FCS in various regimes of
temperature and interval size.

APPENDIX B: THE METROPOLIS-HASTINGS
ALGORITHM

The METROPOLIS-Hastings algorithm [80] allows for a sys-
tematic sampling of the phase-space density of the classical
theory in equilibrium. The idea is to construct a suitable

ergodic random walk in the phase space, then the thermal
expectation values of the observables can be replaced with the
averages along the evolution. The interested reader can refer
to Ref. [81] for a detailed discussion of the method, here we
provide a short summary of the algorithm, then apply it to
our case of interest. Let us assume that we are interested in a
system of M complex variables {w,}M , (which later on will be
a lattice discretization of the classical field), let us also assume
the probability for a certain field configuration p[{;}*,]is of
the form

| Y
Pl ] = g Sevits,

B1)
where the partition function Z is needed for normalization
reasons, but its actual value is not important. We will refer
to Segr as the METROPOLIS energy Then, we give a dynamics
to the system {y;}}1, — {y/}!, through the following rules.
(1) Randomly choose a lattice site j with equal probability.
(2) Update the field configuration modifying the field on
the chosen site ¥; — ¥; + §v;, the shift in the field can
be chosen as random complex Gaussian variable of zero
mean and variance x = (|81/fj|2). The variance x is a free
parameter to be adjusted, as we discuss below. (3) Then, the
new field configuration is accepted or rejected with some
probability. This is determined computing the energy shift
SE = Serrl{y 3,1 — Seel{yi}™, 1. If SE < 0 the new config-
uration is accepted, otherwise it is randomly accepted with
probability e%F.

The above steps together constitute the fundamental update
of the METROPOLIS evolution, which is then repeated. The
variance y must be tuned in such a way that, on average,
the acceptance rate is roughly 0.5. Apart from exceptional
cases, any initial field configuration will converge towards the
desired ensemble that is then sampled averaging the desired
observables along the METROPOLIS evolution. The most time-
consuming step of the algorithm is computing the energy
difference SE: the more degrees of freedom are coupled to
the updated field ¥;, the more demanding the computation
of §E is. From this perspective, including nonlocal terms in
Sefr slows down the METROPOLIS evolution as the range of the
interaction is increased.

In our case of interest, we discretize the continuum theory
on a lattice ¥ (x = ja) — ;, with a being the lattice spacing.
Integrals are represented by discrete summations and deriva-
tives are replaced with the first-order increments, 0¥ (x =
ja) — a’l(ij — ;). The lattice spacing is chosen small
enough to attain convergence (within the statistical fluctua-
tions intrinsic to the method) and the system large enough
in order to avoid finite-size effects. In our simulations, we
used a = 0.03 and M = 2000, since this choice guaranteed
us convergence both to the continuum and thermodynamic
limits. The error bars are estimated with the variance obtained
from four independent samplings for each set of data.

For what concerns the generating function of the FCS, it is
straightforwardly computed as per Eq. (53) and noticing

[dMy;e A (AL

= (St 1= SN 9
fdei e—Sel{vi}iL;]

(B2)

245157-13



BASTIANELLO, ARZAMASOVS, AND GANGARDT

PHYSICAL REVIEW B 101, 245157 (2020)

where the Lh.s. is the discretized version of the analog ex-
pression in Eq. (53), on the r.h.s. with {...), we denote the
average with respect to the probability distribution Eq. (B1).

. N D), .
Then, the function eSelVilL1=S5 " [0iL1] is regarded as a A

and L dependent observable and its value is sampled along the
METROPOLIS evolution.
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