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Analysis of path integrals at low temperature:
Box formula, occupation time and ergodic approximation

Sébastien Paulin, Angel Alastuey, Thierry Dauxois
Laboratoire de Physique, UMR-CNRS 5672, ENS Lyon, 46 Allée d’italie, 69364 Lyon cédex 07, France
(Dated: October 3, 2006)

We study the low temperature behaviour of path integrals for a simple one-dimensional model.
Starting from the Feynman-Kac formula, we derive a new functional representation of the density
matrix at finite temperature, in terms of the occupation times of Brownian motions constrained to
stay within boxes with finite sizes. From that representation, we infer a kind of ergodic approx-
imation, which only involves double ordinary integrals. As shown by its applications to different
confining potentials, the ergodic approximation turns out to be quite efficient, especially in the
low-temperature regime where other usual approximations fail.

PACS numbers: 05.30.-d Quantum statistical mechanics; 05.40.Jc Brownian motion

I. INTRODUCTION

The knowledge of the density matrix at finite temperature T for few interacting particles, is of paramount impor-
tance for studying equilibrium properties of quantum many-body systems. Indeed, such density matrices occur in
low-fugacity expansions, while they are also key ingredients in quantum Monte Carlo simulations. In this context,
the Feynman-Kac (FK) representation of the density matrix in terms of path integrals , E] is particularly useful.
On the one hand, it has been used for deriving exact (analytical) expressions for simple models [E] On the other
hand, beyond the well-known Wigner-Kirkwood expansion [E, E, E] around the classical limit, various approximations,
non-perturbative in A, have been introduced within that framework: for instance, the celebrated semi-classical ap-
proximation [[ll] (widely used in numerous situations), the variational approach of Feynman and Kleinert [ﬁ], or the

renormalized Wigner-Kirkwood scheme.

The FK representation is described in Sec. @ For the sake of simplicity, we consider the simple case of a single
particle in one dimension submitted to a stationary confining potential. The mean spatial extension of the brownian
paths, which intervene in the FK representation, is controlled by the thermal de Broglie wavelength of the quantum
particle. At high temperatures, since that extension vanishes, exact asymptotic expansions, as well as direct numerical
estimations, become rather straightforward. At the analytical level, Wigner-Kirkwood A%-expansions around the
classical limit, which have been derived long ago in other frameworks, are easily recovered. On the computational
side, functional integration over paths can be replaced, within a good accuracy, by ordinary integrals over a discrete
set of parameters, via the use of either free propagators in Trotter formula ﬁ}, or simple modelizations of brownian
paths [E] However, at low temperatures, similar calculations loose accuracy, while they also become rather time-
consuming. Moreover, the corresponding asymptotic structure of the density matrix, provided by the groundstate
contribution in its spectral expression, does not clearly emerge from its FK representation. In fact, in that temperature
regime, the average extension of paths diverge, whereas the main contribution to the functional integral arises from
paths with a finite extension, of the order of the localization length of the ground state: contributions of such minority
paths are significantly different from the average contribution. Most of our knowledge is negative, i.e. tells us which
trajectories are not important [E], S0, in some sense, we will try to have a positive attitude .

In this paper, we derive a new functional representation of the density matrix, which is more suitable than the genuine
FK formula for tackling the low-temperature regime (see Sec. ) The starting central observations are described
in Sec. IIL.A. First, in the FK functional integral, only marginal paths with finite extensions (i.e. large deviations
with respect to the average) contribute when T goes to zero. Second, many of such paths with quite different jagged
shapes, provide similar contributions, mainly determined by the corresponding local occupation times. Thus, it is
quite natural to collect paths into sets defined by their spatial extension and their local occupation times. That
procedure allows us to transform exactly FK representation ([L0) into the so-called box formula (B3). That formula
is defined via the introduction of paths constrained to stay in a box with size £ and characterized by an intermediate
flight time s (in Bh units with 8 = 1/kgT). It involves a double ordinary integral over £ and s, combined to functional
integrals over local occupation times associated with the constrained paths. As required, box formula ( provides
a better understanding of the low-temperature behaviour of the density matrix than FK representation ([L(}). When
T vanishes, leading contributions obviously arise from typical sizes £ much smaller than de Broglie wavelength. In a
forthcoming paper, we will argue how groundstate quantities emerge from box formula (@), by using scaling properties
of the probability distribution function (PDF) of occupation times at low temperatures.



Beyond its conceptual interest for understanding low-temperature behaviours of path integrals, box formula (@)
also allows us to derive new approximations. This is illustrated in Section E, where we present the so-called ergodic
approximation. That approximation results from the truncation to first order of cumulant expansions of the functional
averages. It amounts to replace each local occupation time associated with a given constrained path, by its average over
the PDF of such occupation times. This can be viewed as some kind of ergodic hypothesis, because the (imaginary)
time average of the potential experienced by the particle along that path, is then replaced by a spatial average with
a measure defined by the previous mean occupation-time. Ergodic expression (@) involves only an ordinary double
integral over ¢ and s. The key ingredient, namely the mean occupation-time (in units of 1/¢), depends on three
dimensionless parameters. Using its low and high temperature behaviours (derived analytically), we propose simple
tractable expressions for that quantity, which turn out to be quite accurate at any temperature.

Section M is devoted to the applications of the ergodic approximation to various simple forms of the confining potential.
First, we determine the asymptotic analytical forms of the approximate density matrices at both low and high
temperatures. When T diverges, Wigner-Kirkwood expansion is partially recovered. When T vanishes, the main
features of the exact behaviours are well reproduced. The approximate density matrices then do factorize as a product
of a Boltzmann factor associated with a given energy, times a function of position only: this provides satisfatory
approximate expressions for the groundstate energy and wavefunction. Second, numerical calculations are performed
at finite intermediate temperatures. As expected from the previous analytical results, the ergodic approximation
turns out to be quite reasonably accurate over the whole range of considered temperatures, and discrepancies with
(numerically) exact results (in part inferred from the spectral representation) do not exceed a few percent. Moreover,
it significantly improves over the well-known semi-classical approximation, which completely fails at low temperatures
(except of course for the harmonic potential where semi-classical calculations become exact).

Further applications and extensions of our approach will be presented elsewhere. In particular, the ergodic approxi-
mation can be applied to unconfining potentials, and it can be straightforwardly extended to higher dimensions and
to systems with several particles. Furthermore, other approximations might be easily introduced by starting from box
formula as argued at the end of Section III.

II. PATH INTEGRAL FRAMEWORK

In this Section, we first define the model and then introduce the FK representation of the corresponding density
matrix. Next, we briefly recall the efficiency of FK formula for describing the high-temperature regime, and we argue
about its drawbacks for analyzing low-temperature behaviours.

A. The model

We consider a quantum non-relativistic particle of mass m in one dimension z, submitted to a confining potential V,
i.e V(z) — oo when |z| — co. Its Hamiltonian reads

H= s +V(2). (1)

2md2?

Introducing inverse temperature 8 = 1/(kpT') with Boltzmann constant kg, we define the Gibbs operator

p = exp[-(H], (2)
the matrix elements of which define the so-called density matrix p(z,y, 3) = (x |p|y). The partition function

—+o0

Z(8) = Trace [p] = / dz p(z, 2, 6) 3)

— 00

is well behaved thanks to the confining nature of potential V' (in other words, integral over z does converge because
p(z,z,03) decays sufficiently fast at large distances). The (normalized) probability density to find the particle at
position = then reduces to

¥ (o) = 1550 0



For further purposes, it is also convenient to introduce the spectral representations of density matrix and partition
function, which read

p(z,y,8) = Zm y) exp (—BEj) (5)
and
+oo
=Y exp(—pEy). (6)
k=0

In such representations, Ej is the k-th eigenvalue of H, while ¢ is its associated eigenfunction which satisfies
Schrodinger equation

h? a2

(=5 g2 T V(R)ek(2) = Budu(2). (7)

B. Feynman-Kac formula

Path integrals were first introduced for representing the matrix elements of the evolution operator exp(—iHt/h)
associated with Schrédinger equation [EI] It was soon realized that a similar path integral representation for matrix
elements of Gibbs operator at inverse temperature 8 can be inferred via the formal substitution ¢ — —iBh. The
latter representation for p(z,y, ) involves an integral over all paths w(-) going from w(0) = z to w(Bh) = y in
a time (h. Moreover, the corresponding integrand is the exponential factor exp[—S(w(-))/A], where S(w(:)) is the
action associated with path w(-). That path integral is proved to be mathematically well defined for a large class
of potentials. Its convergence is indeed ensured, roughly speaking, by the Gaussian-like decay of the kinetic part of
exp[—S(w(-))/h] for large paths (on the contrary, path integrals for exp(—iHt/h) are, in general, ill-defined because
they involve sums of oscillating phase factors).

The genuine path integral representation of p(x, y, 3) can be rewritten within the parametrization w(u) = (1—s)z+sy+
Ap&(s), where s = u/(Bh) is the dimensionless time in S7 units, while £(s) is a Brownian bridge satisfying boundary
conditions £(0) = £(1) = 0 and Ap = (Bh%/m)'/? is the de Broglie wavelength. On the one hand, the kinetic part
of exp[—S(w(-))/h] then provides normalized Wiener measure Dy (§) associated with the Brownian bridge process.
That Gaussian measure is entirely defined by its first two moments

Dw (§) &(s) =0, (8)

Q

. Dw (&) &(s1) £(s2) = min(sy, s2) (1 — max(sy, s2)) . 9)

On the other hand, the potential part of exp[—S(w(-))/h] reduces to the Boltzmann factor associated with time average
of V along path (1 — s)z + sy + Ap&(s). The resulting so-called Feynman-Kac formula reads [J]

exp[—(z —y)*/(2\D)]
V2 Ap

where Q = {£(-)} is the infinite set of realizations of the Brownian bridge process.

p(x,y,[) =

/DW exp( 5/ sV (1 = 8) + sy + Ap&(s ))) (10)

In the Feynman-Kac formula (LJ), the Wiener measure is intrinsic to Brownian motion and does not depend on any
physical parameter. Expression () of the covariance implies that the typical extension of a Brownian bridge is always
of order 1. Mass m of the particle, as well as Planck’s constant & only intervene in the de Broglie wavelength Ap.
That length controls the size of quantum fluctuations, as shown by specifying (E) to diagonal elements, i.e.

plx,z, 8) = \/%AD/DW exp( ﬁ/ dsV (x + A\p&(s ))) (11)

In time-average fo dsV (z + Ap&(s)), particle experiences the potential around position z on a length scale obviously
determined by Ap, as illustrated in Figure I



FIG. 1: Typical path which starts and ends at position x, along which particle experiences potential V. Dashed lines indicate
the two edges of a fictitious box determined by the extremal deviations &; and &2 of the path. Typical sizes of {1 and &2 are
controlled by Ap

Besides its interest for analytical or numerical calculations (see below), Feynman-Kac representation is also quite
useful for mapping a quantum system into a classical one [[12, E, . Indeed, formula (E) can be reinterpreted in
terms of a classical extended object, often called loop or polymer, defined by its position z and its internal shape
parametrized by Ap&(+). Then, the r.h.s. of ([L]) is nothing but the statistical average of a Boltzmann factor for the
loop over its all possible shapes distributed according to Wiener measure. That interpretation, which holds for any
quantum system with an arbitrary number of particles, is the key starting point of above mapping.

C. High and finite temperatures

At high temperatures, the de Broglie wavelength is small, so only paths which remain close to reference position x
contribute significantly to p(z, z, ) in (@) Therefore, the time-average of V along path z+ Ap&(s) can be performed
by replacing V (x + Apé&(s)) by its Taylor series around V (z)

()\Dg(!s))” v (12)

V(z+Ap€(s) = V(z) + > o

n

(we assume that V is infinitely differentiable). If we keep only the first term in (@), which does not depend on £(s),
we immediately recover the familiar classical form of p(z, z, 3)

1
—— exp|[— 8V (2)], 13
S POV (@) (13)
where we have used normalization condition fQ Dw (&) = 1. Since Ap is proportional to A, quantum corrections to
(B) are easily generated by a (formal) cumulant expansion of contributions associated with terms n > 1 in (@) The
resulting moments of Wiener measure are then readily computed by Wick’s theorem which applies thanks to Gaussian
character of Dy (€). This allows us to retrieve the well-known Wigner-Kirkwood expansion in powers of A2

—BV (z) 2£2 12 342 2
o[- g ()] ”

ple,z, B) = V27D 12m dz2 ' 24m \ dz
Expansion (@) involves only even powers of /i, because all odd moments of gaussian Wiener measure vanish by virtue

of (E) That expansion is expected to be only asymptotic. Present derivation within FK representation turns out
to be much easier than usual approaches within Wigner-distribution formalism (see e.g ref. [[]]). It might be used



for calculating higher-order terms beyond A2-correction (terms up to order i have been already determined in the
literature ]) Moreover, it clearly emphasizes that (@) is appropriate when the de Broglie wavelength is much
smaller than the typical length of variation of the potential. Then, truncation of (lE) up to a few terms should
provide accurate values of the density matrix, as checked below.

When the temperature decreases, the de Broglie wavelength increases, so Wigner-Kirkwood expansion is no longer
applicable. At the analytical level, exact evaluations of the corresponding path integrals are not accessible in general,
except for some simple models [H] Non-perturbative effects in i can be partially accounted for through various
methods, among which the celebrated semi-classical approximation described further. The reliability of such methods
remains questionable since they do not involve any small control-parameter like (@) Nonetheless, for numerical
purposes, their accuracy may be satisfactory, at least at not too low temperatures.

If analytic informations on the density matrix become rather difficult to extract from FK representation, accurate
values can be still readily obtained at finite temperatures via direct numerical estimations of FK path integrals. A
first possible route starts with the (exact) convolution relation

N N
plaa ) = [ T[dz ] plesszn, 3/ + 1) (15)

i=1 =0
with zg = zy4+1 = «. For a sufficiently large value of N, each matrix element p(z;, z;1+1,8/(N + 1)) can be evaluated

within FK formula ([L0) by neglecting the corresponding Brownian deviation Ap&(s)/(N +1)'/2 in the argument of V.

The resulting time average fol dsV ((1 — s)z + sy) can be itself replaced, with a similar accuracy, by V((z + y)/2)
(middle-point convention) for instance. The resulting approximate expression

N N N
exp[=(N + 1)(z: = 241)%/(2XD)
/Z];[dzlz];[ omro (N +J{)1/2 D2 exp[—(B8/(N +1) ; V{((z + 2i41)/2)] (16)

turns out to be quite accurate for rather small values of N, provided that Ap/(N + 1)1/ 2 is smaller than the typical

length of variation of the potential. We stress that (E) becomes exact when N — oo. In fact, continuous path
integration with Wiener measure may be precisely defined in the framework of that limit process.

A second route for direct numerical computations relies on the introduction of a set of N simple functions e, (s)
n = 1...N) with e,(0) = e,(1) = 0, such that they define a basis for Brownian bridges £(s) in the limit N — oo
EE]. Numerical evaluations of (ﬁl) are then carried out by replacing the functional integration over paths by ordinary
integrals over coefficients a,, arising in the decomposition £(s) = anpen(s). That method provides satisfactory results
by using only a few number N of basis functions [{]. Similarly to the previous convolution method, it becomes exact
when N — oo.

D. Low temperatures

When temperature goes to zero, A\p diverges, so most paths explore a rather large region not restricted to the
neighbourhood of reference position z. A direct analysis of FK expression (@) then becomes quite cumbersome. In
particular, p(z, x, 3) must behave as

p(x, 2, 8) 72 | go(x)]? exp [~ BEo), (17)

which immediately follows from spectral representation of density matrix (E) Indeed, the groundstate obviously
provides the leading contribution in the r.h.s. of (E) The factorization of position and temperature dependences
in (E) does not come out easily from FK formula (EI), where both position and temperature are coupled in an
absolutely non-trivial way. By the way, notice that spectral representation (E) is not well suited at intermediate or
high temperatures, because one has then to sum a large number of contributions associated with various eigenstates
(in particular, classical behaviour () cannot be straightforwardly recovered by using (E))

When temperature becomes too small, previous computational methods become more difficult to handle accurately.
Even if some algorithmic tricks ] may significantly reduce calculation-times within a satisfactory accuracy, they do
not provide a better understanding of low-temperature behaviours.



III. BOX FORMULA
A. The central observations

Let us consider a symmetric confining potential V(z) with a minimum located at z = 0. On the one hand, low-
temperature behaviour (@) of the corresponding density matrix is mainly determined by the local shape of V' (z) over
finite length scale ag, which characterizes the spatial extension of the groundstate wave function ¢g(z). On the other
hand, for typical paths with size of order \p, time-average potential fol dsV (z 4+ Ap&(s)) becomes, roughly speaking,

of order fo)‘D dzV (2) /Ap when Ap is sufficiently large. At low temperatures, their contribution to the r.h.s. of (EI)
is then controlled by the large-distance behaviour of V(z). Thus, low-temperature behaviour (E) is not provided
by typical paths. That argument can be implemented through semi-quantitative estimations for specific cases. If
V(z) diverges as || (n > 0), contributions of typical paths to ([L1]) behave (discarding multiplicative powers of /3)
as exp [—C(B)H”/ 2} with some positive constant ¢: they are exponentially smaller than leading Boltzmann factor
exp [~ B

The previous analysis suggests that, at low temperatures, leading contributions to the r.h.s. of (EI) arise from paths
with a spatial extension of order ag, i.e. from quite small Brownian bridges with size |{(s)| of order ag/Ap. For

such paths, time-average potential fol dsV (z 4+ Ap&(s)) is of order V(ag), so the corresponding Boltzmann factor
indeed is of order exp [-BEp]. Notice that, paths with very different shapes give raise to similar contributions, since
the Wiener weights of the associated Brownian bridges remain of order (roughly speaking) exp(— fol ds(£(s))2/2) ~
exp(—a3/\%) ~ 1. Consequently, when the temperature decreases, only a very tiny subset of paths gives a relevant
contribution to the r.h.s. of () In other words, important paths are not any more typical but, on the contrary, they
can be viewed as large deviations. This explains why direct numerical evaluations of (@) become rather difficult: the
subset of important paths remains, in some sense, hidden in the entire configurational space.

In order to extract from (E) the relevant contributions at low temperatures, it is tempting to collect all paths with
the same finite spatial extension, and then to sum over all possible extensions. That procedure is not easy to carry
out directly in the r.h.s. of ), within a suitable partition of functional integration space over Brownian bridges.
As described below, it is more convenient to transform first the density matrix within the operator representation, by
introducing an auxiliary Hamiltonian which confines the particle inside a box with size £.

B. The auxiliary Hamiltonian approach

Let us introduce the auxiliary Hamiltonian
Hy = H'+V +V, (18)
where H? denotes the kinetic Hamiltonian. The additional potential V; is defined by
Vi(z) = M1 -0 (=+0)+0(z-1)], (19)

where © is the Heavyside function, while V; denotes barrier height (Vo > 0). That potential tends to confine the
particle inside a box with extension ¢. Expression ([[§) reduces to Hamiltonian (f[) when ¢ goes to infinity. In that
limit, for x kept fixed, diagonal part (z|p¢|x) of density matrix p, = exp [-FH/| goes to (z|p|x).

The identity,

(z|plz) = <w|pL|w>+/:o At (x| [pe] |) (20)

which is valid for any reference extension L and for any height Vj of the confining potential is quite useful for our
purpose. We set L = |z|, and we consider an infinitely high potential barrier V5. Under that limit, the contact density
goes to zero,

li Lz) =0, 21
i (z]pjz|e) (21)
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because the probability for the particle to stay on the boundary vanishes for infinitely high walls. Thus, identity (@)
is rewritten as

oo

(zlplr) = lim [ de (2ldy [od |2). (22)

Vo—o0 |z|

The right hand side can be transformed by applying Dyson formula

1
o] = [ st gy a0 e (23)
0
valid for any operatorA(¢) which depends on ¢. This provides
1 —+00
O [pe] = —5/ ds/ dz e PO |2 (2] 0y [Hy] e~ 7o (24)
0 —o0
1 “+ o0
= BVO/ ds/ dz e PA=He ) [5(2 — 0) + 6(2 + £)] (2] PsHe (25)
0 —o0
1
= BVO/ ds (675(175)H1|£) (f)le=PsHe 4 o=AU=8)He| _ f)(—f|eiﬁSH") , (26)
0

from which we infer

p(l‘,l’,ﬁ) = lim ﬁ% /loo dﬂ/o ds [Pé (.T,E,ﬁ[l—s])pg (f,x,ﬁs)—i—pg (m,—f,ﬁ[l—s])pg (—f,x,ﬁs)]. (27)

Vo—oo z|

That expression must be considered with some caution because when V; diverges the different integrands vanishes.
Therefore, additional work is necessary to control limit Vy — oc.

For that purpose, we rewrite the integrands in terms of constrained density matrix p§ of the free particle submitted
to confining potential V. According to the obvious equality

Pe (:sz'rfvﬂ)
PeTi, T aﬁ = PO Ty T 56)75 28
and since py/pY remains finite when Vy — oo, we define
gi(x,&s,ﬁ) = _lim (27T)1/2)‘D(5V0)p2 (m,if,ﬁs)pg (if,l’,ﬁ(l _S)) (29)

Vo—o0

After using Feynman-Kac formula for both p, and p in ratio py/p?, we transform (R7) into
+oo 1 - 1 1
9 (x,0,s,0)
p(z, z, B) :/ dl [ ds =———— <exp {ﬂs/ du V (z(u))} > <exp [6(1 - s)/ du V (z(u))} >
|| 0 V2TADp 0 Q; 0 Q1

+/|:|oodz Olds % <exp [—ﬁs/ol du Vv (z(u))] >Qj<eXp [—5(1 ) /O1 du v (z(u))} >Q+ (30)

1-s

Notation (.), denotes an average over a constrained Brownian process which belongs to a set w. Paths z(u) are
expressed in terms of Brownian bridges according to z(u) = x(1 — u) & uf + /sAp&(u) for QF. Moreover those paths
must stay inside the box [—¢, +/], so that constraint defines the corresponding sets Q. The statistical weight of a
path in such a constrained average is its associated Wiener measure Dy (§). For the sake of notational convenience,
we do not explicitly write the dependences on both = and ¢ of QF.

The physical interpretation of functions g+ clearly emerges from (), if we specify that general formula to the
particular case V(z) = 0. Such functions are the (normalized) statistical weights of the constrained sets QF =
ary Qis, i.e. the sum of statistical weights of all paths touching the boundaries of the box at time s (see Figure
E) Therefore, in the following, we set g¥(z, ¢, s, 3) = g(2%). Analytical calculations of those weights are performed
in Appendix A, by using the spectral representation of p{.

The first step of our rewriting of Feynman-Kac representation, is achieved through formula ) Paths are indeed
collected together according to their extension +¢. Notice that the touching time, s, is also crucial for defining the
corresponding proper partition of the genuine integration space over all unconstrained paths.



u=0 u=s u=1

FIG. 2: Typical paths which start and end at position z. Solid and dashed lines represent paths which belong to Q% and to
Q)™ respectively.

C. Introduction of averages over occupation times

In a second step, we introduce the so-called occupation time, defined for each given path z(u) in QF by

0,(x") = /0 dud (z' — 2(u)). (31)

The quantity 6, (z’)da’ is the total time passed in a neighborhood dz’ of position z’ by the particle when it follows
Brownian path z(u). Of course, the total time passed in the whole box is always equal to 1, i.e.

+
/ dz' 0, (2') = 1. (32)
—

Time-averaged potential along path z(u) is then expressed in terms of occupation time via the obvious identity
1 +¢
/ duV (z(u)) = / dz’ 0, (2" V (2'), (33)
0 —

valid for any path z(u).

According to identity (BJ), Boltzmann factors involved in averages

<eXp {—53 /O ' du V(z(u))} >Qi, (34)

only depend on the occupation time 6, (z'). As illustrated in Fig. E, various different paths may provide the same
occupation time. As quoted in Section [IIA|, their statistical weights are close together, so their contributions to
average (@) are almost identical. Thus, it is now tempting to collect all paths which provide the same occupation
time 6(2'), via the introduction of the corresponding density measure Dy« [0]. After expressing averages B4) over



Az(s)
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u=0 u=1

FIG. 3: Three different paths which start at  and end at +¢, while the corresponding occupation times are identical.

constrained paths, as averages over occupation times with (normalized) measure Doz [0], we eventually obtain the
box formula

oz, 2, 6) /lde ds \9/% L/DQ[ ]eXpl 55/+§$’9(:c’)x/(x’) i

/lecw 1 \/_)\D/DQ+ eXp[ BS/ C /Dm GXP[ ﬁ(l—s)/Jrcelx 0(z' )V (')

If statistical weights g(QF) are analytically known (see Appendix A), explicit expressions for density measures D, [0]
are not available. Such probability densities result from the summation of Wiener measures over all Brownian pasuths
inside QF which provide the same occupation time. That procedure is quite difficult to handle in closed analytical
forms, and only the moments of D+ [0] can be computed explicitly. Nevertheless, box formula (@) turns out to be
quite useful for various purposes, as suggested by the following simple comments and arguments.

+¢
/ Dy (6] eXplﬂ(l ) / da/0(a')V (')

(35)

Contrary to the case of the genuine Feynman-Kac representation, leading contributions at low temperature merely
emerge from box formula (@) Indeed, for x of order ag, boxes with size ¢ of order a few ag do provide contributions of
order exp(—fBFEy), because weight factors g(Q2%) are of order exp(—3h?/(2mf?)) for £ < Ap (see Appendix A), while

products of averages of Boltzmann factors over occupation times are of order exp(—f foe dz'V (2’) /¢). That rough
analysis will be implemented in a forthcoming paper, where we show more precisely how low temperature behaviour
([7) arises from scaling properties of distributions Dg«[6] in the regime £ < Ap.

If Brownian paths are quite noisy, the corresponding occupation times may have rather regular shapes. This is
illustrated in Fig. Ea which shows a regular path on the one hand, an a very jagged one on the other hand: both
paths provide occupation times with regular shapes displayed in Fig. @b notice that the corresponding contributions
to Boltzmann factors are of course different). That observation leads to a first type of approximations based on
simple modelizations of distributions Dy [f] within restricted sets of elementary functions which represent the various
occupation times (they will be described elsewhere). A second type of approximations is based on the truncation of
cumulant expansions, where key ingredients do exhibit regular behaviours with respect to spatial positions. One of
them is presented further in Section m

Eventually, notice that box formula (@) can be immediately extended to any potential V' (z), not necessarily confining.
Similar formula can be derived in higher dimensions or for systems with more than one particle. Those various
extensions may include different box shapes or different confining potentials Vg (z).
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FIG. 4: Panel (a) presents two different paths which start at position x at time v = 0 and end at £ for time u = 1. Panel (b)

shows their corresponding occupation times 6, (z').

IV. ERGODIC APPROXIMATION
A. Truncation of the cumulant expansion

Formally, averages over distributions D+ [¢] involved in the r.h.s. of box formula (BH) can be represented by their
infinite cumulant expansions. A natural approximation consists in truncating that expansion up to its first term, i.e.
(36)

we replace the averages
+¢

/ Dy, [0] exp[ﬂs L edx’@(:c’)v (z)

(37)

by
—0

+
exp <ﬂs/ dz’ < 0(z') >+ V(x')).

We call that lowest order approximation ergodic, since it would be exact if paths were experiencing all parts of the
potential with a probability independent of time. It amounts to replace (imaginary) time averages of the potential by

spatial averages with a measure defined by mean occupation-time
< 0(z") >E= /D(zét (6] 0("). (38)

Inserting (@) into (@), we obtain the subsequent ergodic approximation for density matrix,

Perg(T,2,3) /|I|doZ/01d5 % exp [6 /:e da’ (s <0(2') >q- +[1 -] < 0(a') >Qis) V(')

+
oot g(QJr) +l / ’ ’ ’
+/d£ Ods mexp —B/J dz (s<9(x)>95+ +[1 — 5] <9($)>QI¢75)V($)

||

(39)

B. Mean occupation time in terms of Brownian Green functions

The average occupation time can be obtained within two different methods: either by using operator algebra (see
Appendix B) or, in a more physical way, by using Brownian motion properties, as shown below. First we compute
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the mean occupation time around position z’, over Brownian paths at inverse temperature 8’ which start from z; at
time v = 0 and end at x; for time w = 1. Those Brownian paths are constrained within the interval [—¢, +¢], and
they define a set w = {z(u) = z;(1 — u) + zyu + AE(u)} with A% = B'A?/m.

Introducing the constrained probability density f,(z,u) to find the Brownian particle at the position z for time wu,
the mean occupation time reads

(9(x/)>w = /0 du fo(2',u). (40)

The probability density f,,(2',u) can be generated by using the Green function Gy, (z, t|z0, to) of the diffusion equation,
solved with Dirichlet boundary conditions Gy, (%, t|z0,tp) = 0 and initial condition G, (z, to|z0,t0) = 6(z — 2z0). That
Green function reduces to

2.2
Ame

Gu(2,t]z0,t0) = % Z (20/€)n(2/€) exp { (t— )g—ggn ) (41)

with ¢, (2/€) = sin[n7(z + £)/(2¢)]. Since Brownian motion is a Markov process, the constrained probability density
fu(2',u) is then

Gu (ZL'/, ’U,|SCZ', 0) Gw(va 1-— ’U,|.CC/, 0)

/ _
fola',u) = Go(as,1|z:,0)

(42)

Now, we focus on the specific case w = Q (i.e. 25 = —¢, z; =  and 8’ = 3s). According to ([t]]), the Green function

G- (2',u|z,0) can be rewritten as

, 1 z 2’ Apy/s
GQ;(z,uL’c,O) M\ v (43)

where 7, is a dimensionless function depending on four dimensionless variables. Similarly, we find

GQ;(*£,17U|1}/,0) z )\D\/_u (44)
Go- (=0, 1]z,0) e )

If we introduce the dimensionless function ® defined as

1
B (ol a,y) = / du mr (o @y, Wl oy, ), (45)
0

we obtain

e = 32 (5.5 225). (46)

s

Furthermore, thanks to the symmetry properties of Green functions, G (z,t|20,t0) = Guw(z0,t|2,t0) = Gu(—2,t| —
20, t0), (0(2"))q+ is also given by

O Nar = o (515 225). )

Inserting those expressions of mean occupation times for various sets QF into (E), the ergodic form of the density
matrix is rewritten as

Perg(T, x, 3) /I /d g\/’_’)\;ﬂ) exp <6/1do/ {s@ <%,o/, wAgg\/E) +[1 - s]® (%,o/, 7”\1727‘/;—5)] V(a’€)>
/| /d g \/Z%Zﬂ) exp( ﬂ/da {s@( ; o “;’E\[> F[1— 8@ <Tzo/“D27V;—S>} V(a'(@gs)

with g(z, ¢, s,58) = g(7). In (@), all quantities are explicitly known in terms of simple series involving Gaussian and
trigonometrlc functlons Box weight g(z, ¢, s, 3) is computed in Appendix A, while a similar expression is derived for
® in the next subsection (see formula (E)) Within the ergodic approximation, we are left with the evaluation of two
ordinary integrals, which is of course much easier than a direct evaluation of the genuine functional integrals.
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C. Analytical estimations for & at low and high temperatures

1. General expression for ®

First, we derive a general expression for ®, valid at any temperature. The spectral expressions of 71 and 7y are

2

m (o y,u) = an ulalyexp |~ (49)

Z V(e )nexp [—y—;n2[1 - u]}

72 (Oé,Oé/,y,u) = . (50)

;ww)nexp [%n}

Inserting those expressions into formula @), we find the general expression for @,

2

exp [fy;nQ] — exp [f%kﬂ

Z% nexp [—;n ] + 5 S (@Yl s

n#k,1
> n(ojnesp [5}
n=1

Normalization condition [~ i ®(a,a’,y) = 1, which follows from (BJ), is indeed satisfied by (BI]) thanks to the

orthogonality of the i,,’s, i.e f dz ¢ (2)r(z) = Ok,n. Within simple algebra, that last expression can be rewritten
as a simple sum -

@ (a,d,y) = (51)

Z P [ }wn( ) {nwn(a)wn(a’) + %An(a, o/):|
g v (@)n exp [_y;nﬂ

(o, ,y) = , (52)

with
An(a, ') = g [(1 —a— 2a/)sin [ng(a o+ 2)] + <1 ta—2d - 270‘/) sin [ng(a - a’)H . (53)

o — o

In formula @), third variable y of the function ® is proportional to Ap/¢. Thus the low and high temperature regimes
correspond to the limits y — oo and y — 0 respectively. In the next subsections, we derive asymptotic formulas for
® in those two limits.

2. Low temperature regime

The asymptotic form of ® when y — oo limit is obtained by keeping only terms n = 1 in formula (@) This leads to
2 Ao, «a
Blactsy) = vie) (14 50D 40 fexp 22 (54)
/
5 [T
=cos < 5 ) [1+ F(a - 1)tan(2 )}

y? Yr(a)vn (o)
+ cos? <7T;/) [(Ma_,a/ — 1) tan (gMa_,a/) + (1 + ma,o ) tan (gmaﬂ/)} 1y — +0 (exp[ 2/2]) , (55)

where mg o = min(a, o) and M, o = max(a, ). Notice that the leading the term is normalized to unity (in other
words, the leading term satisfies the normalization condition of ®). Fig. E shows the comparison between asymptotic
expression (@) and the exact formula (@) evaluated numerically. Asymptotic formula is really accurate for any «,
even for y close to unity.
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FIG. 5: Dimensionless function ®(a, o’,2) for o = —0.99 (circles), o = 0 (plus signs) and o = 0.99 (squares). Solid lines follow
from the numerical calculation of expression (@), while points correspond to asymptotic formula (pq).

8. High temperature regime

In order to obtain the small-y behaviour of ®, the Poisson transform (pQ) is applied to (p3). We find

(1—a)+(1—a))> exp [—Z—jn@n— o — 1)}

1 1 n
(I)(aaa/ay) = §+§ 70 7T2
(1+a)+2(1+a+4n)exp {En(1+a+2n)}
n#0

Y ne JT—Q( ‘fa-2m)(a —1-2n)| - ne 7”2( ' a—2m)(1+a —2n)

;ﬁon Xp 27 o +a—2n)(a n ;éon Xp 27 o —a—2n o —2n
+ 2 (56)

(1+a)+2(1+a+4n)exp [——Zn(l—i—a—i—Qn)}
n#0 Yy
for o/ < a, while
w2 w2
(14+a)—2exp {F(o/ a)(lJro/)} + (1+a)Zexp {—271(27104 1)}
1 1 y n Y
@(O&,O/,y) = 575 2 -
7T
(1+a)+2(1+a+4n)exp [——Qn(l—i—a—i—Qn)}
n#0 Yy
Znex —ﬂ-—2(a'—|—a—2n)(a'—1—2n) +Z(1—n)ex —W—Q(O/—a—Qn)(l—i—a'—Qn)
n#0 ’ 2y2 n#0 ’ 2y2
+ 2 t57)
(1+o¢)+2(1+a+4n)exp [En(1+a+2n)}

n#0

for &/ > a. For y small, numerical estimates of those expressions are obtained by truncating all sums to terms
n = *x1. They are compared with exact formulas (@)—(@) in Fig. E and are quite accurate for any «, and even for y
close to unity. Let us notice that, in the very high temperature regime and for almost all values of «, ® is close to
O(a—a)/(1+ ).
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FIG. 6: Dimensionless function ®(«,a’,1.5) (left panel) and ®(«, o’,0.5) (right panel) for & = —0.99 (square) , & = 0 (cross)
and a = 0.5 (circle). The solid lines follow from numerical calculations of formulas (p6])-(p7), while symbols correspond to
small-y asymptotic formula.

V. APPLICATIONS OF THE ERGODIC APPROXIMATION FOR CONFINING POTENTIALS

In the remainder of the paper, we will restrict ourselves to a symmetric confining potential. Let us focus at first on
the following question: does the ergodic approximation lead to reliable estimates in the low temperature regime 7
Fully analytical results will be presented for the simplest potentials, namely the harmonic potential and the infinite
square well. For more complicated potentials, we combine both analytical and numerical methods.

A. Low temperature regime
1. General asymptotic formula

Inserting the asymptotic expressions (5) and (BY) for ® and g (respectively) into formula (i§), we find the low-
temperature behaviour of the ergodic density matrix,

— 00 Foo 2)\2 g
perg(SC,xvﬁ)ﬁN / dgﬁ D gip? [M

] exp [-BE(0)] (exp [—¢" (¢, 2/0)] +exp [—¢~ (£, —x/0)]) , (58)

|| 804 20
with
252 +1 /
B(l) = gm 5+ / 1 do’ cos? (Wg‘ > V(a'0), (59)
ome? [t ™ ived
+ _ v no 2 ’
el a) = s [1 do’ (« 1)tan(2a)cos < 5 )V(:l:ozﬁ)

ome? (o, , 5 (T T T
+ s /_1 da'V(£a'l) cos ( 5 > {(Maﬂ/ — 1) tan (§Ma,a/) + (1 +ma,o ) tan (Ema’o‘/)}

2m? ! !
= — [2/ da'V (a'l) sin(ﬂ'a')a'—/ da'V(a'0) sin(ﬂ'a')]
s 0 a

2mi? T v 5 (T 1 [“ , 5 [T
+ 3 atan(?) [/0 da'V (a/0) cos ( 5 )_5/0 dzV(a'¥) cos ( 5 )} (60)
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Positivity of pF enforces the convergence of the integral in the r.h.s. of (@) (contributions from boxes with large sizes
¢ do vanish in an integrable way). Expression (@) can still be simplified in the low temperature regime (8 — c0),
by using the saddle point method. The divergence of potential V' (z) for z large ensures the existence of a value £y
which minimizes the function E(¢). We emphasize that ¢y, depends, of course, on the potential, and is attained in
integral (5g) only for values of = such that |z| < £y. Assuming that the second derivative of F is well defined at £,
we can apply the saddle point method for || < ¢y. This provides the general result

B—o00
perg (@, 2, B)" ~ " n(z) L(B) (61)
for |z| < £o. In (1), n(z) is the (unnormalized) density

m(x + loy)

_ 1o
n(x) = —sin [ T

} (exp [ (Fo, 2/40)] + exp [~ 0~ (bo, —2/40)]) (62)

while the temperature dependence is entirely embedded into

2 Ap 2mh?
M) = T2\ s e [ B (63)

We stress that temperature and position dependences are factorized in formula (@), like in the exact low-temperature
behaviour (@) Although the temperature dependence of the ergodic density matrix is not entirely correct (because
of the presence of factor Ap in I'(3)), the quantity E(¢y) can be identified as the ergodic groundstate energy: indeed,
it controls the exponential decay of perg(z, 2, 5) when § — co. Below, we show, through several examples, that E(¢y)
is a good approximation for the real groundstate energy.

For || > £p, the saddle point £, is outside the integration range of (5§). In that case, perq(z, x, 3) could be evaluated
by expanding the involved integrand for ¢ close to |z|. Of course, for a given (3, if x becomes sufficiently large,
Perg(x, x, B) tends to the classical Boltzmann factor (which, by the way, vanishes exponentially fast).

2. Infinite square potential

First, let us consider the infinite square well potential

B Vo if z2< |£p|
Viz) = { oo if 2> |4, (64)

which is the simplest symmetric and confining potential. Identity

/H da’ cos? <ﬂ§/> {(Maﬂ/ — 1) tan (gMa,a’) + (14 mq o) tan (ima,a/) + (/' — 1) tan (ga’)} =0 (65)

-1 2
allows us to recast expression @) as

(x+4y)

perat.9) " 00ty ) - [P xpiavi e [T, (66)
p p

8m€}2,

Therefore, the ergodic approximation gives the exact groundstate properties of an infinite square well. That exact
results cannot be retrieved within usual approximations, like the semi-classical one.

8. Harmonic potential

For the harmonic potential V (z) = mw?22/2, we find

m2h? 5 o (T2 —6)
T 8me2 +mt 6m2

E(0)
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The minimum of that expression is reached for

2y 5 1/2

T

lo = L

0 <2mw w2 — 6) ’ (68)

and it reduces to

ho [72—6]"? hw
E = ~1.14—.
) = 5 |5 - (69)

Since the second derivative E”(£y) = 4mw?(7? — 6)/(372) is well defined, it is possible to apply formula (f1) for
|z| < €o. Using

ot (b, £ /by) = m [24+7r2 <1 - ﬁ—;) <3+7r%tan (%)ﬂ , (70)

we eventually obtain for |z| < £y,

- et B [ (5 ) ()]

I = ;P [=BE(lo)]. (72)

The normalized groundstate probability density, ¥(z) = n(z)/ [ dzn(z) is compared in Fig. fl with the exact Gaussian
groundstate wavefunction.

] Zaa\
0, 57
0, 4
0,31
V(23]
0, 2]
0, H
0:o°° °°o
rT 17T 17T 1T 17T 17T 17T 17T 17T 17T T T 71T T T T T T 1771
-2 -1 0 1 2
av(imu//‘z)l/2

FIG. 7: Probability density of the ground state for the harmonic oscillator. The solid line represents the exact solution while
points correspond to the ergodic approximation (@)

4. Anharmonic potentials

Now, we consider more complicated potentials V(z) = a,2™/n, where n is an even integer. The associated Schrédinger
equation depends only on the two parameters A?/m and a,. Only one typical energy e, = (h?/ m)™/ (”+2)a721/ (n+2)

and one typical length ¢, = [h?/(ma,)]*/("*2) can be built in terms of those parameters. Therefore, the energy and
the spatial extension of the ground state are proportional to those typical energy and length respectively. Again,
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TABLE I: Comparison of the ergodic groundstate energy F(fo) derived by using formula ( ), to the exact result Ey (obtained
by numerically solving Schrodinger equation). Integer n is the exponent of the anharmonic potential

formula (@) can be used to compute the ergodic density matrix elements in the low temperature regime and for
|z| < £o. First, the function E () reads

m2h2 a

El)=——
=20+ 2 g, (73)
where R(n) = fildzcosz(wzﬂ)z" depends on n. The minimum of above expression, reached for ¢, =
. (772/4R(n))1/(n+2), is
1 1
E(ty) = anly"R(n) [— + —} . (74)
2 n
We also find
. - 1 1
o by, z/ly) = ——— 2/ dz sin(ﬂz)z"+1—/ dz sin(mz)z"
0 0 27’LR(7’L) 0 xz /Loy

1 z /Lo
L £ E 2 E n _ E_O 2 E n
+ 27’LR(7’L) <€0> tan (2[0) [/O dz cos ( 2 ) z x /0 dz cos ( 2 ) < ‘| (75)

which provides n(z).

Two important comments are in order. The scaling properties of the groundstate energy and extension are indeed re-
covered within the ergodic approximation. Table m presents a comparison with the numerical resolution of Schrodinger
equation. The agreement, already good for low values of the exponent n, becomes better when n increases. On the
contrary, the semi-classical approximation completely fails, since it provides a vanishing ground state energy (see
Appendix C). Comparisons for the groundstate pdf are presented in Fig. E: the agreement is impressive.

B. High temperature regime

Either the Wigner-Kirkwood expansion or the semi-classical approximation become well-suited when the temperature
increases. Does the ergodic approximation provides satisfactory results in the high temperature regime? More pre-
cisely, what part of the Wigner-Kirkwood expansion is accounted for within that approximation? The corresponding
calculations are carried out in Appendix D. We obtain

— 3V (x) d2[/ )\2 dv 2 )\2
Bs—0 € D D A 2 76
Per ) aﬁ ~ 1 ﬁ ﬁ +o (A s
g(-r v ) V 271)\[) [ dz? 12 ( dzx ) 24 0 ( D) ( )

where Ag is a numerical factor close to 0.8. Thus, the leading classical term is indeed recovered, while part of the
h2-correction is also correctly reproduced. At that order h?, the discrepancy of (@) with exact expansion (),
arises from correlations between occupation times which are not taken into account in the ergodic approximation.
Nevertheless, that approximation turns out to be also quite reasonable at high temperatures.

C. Intermediate temperature regime

In this last section, we present results obtained trough the numerical implementation of formula @) at intermediate
temperatures. As shown below, the ergodic approximation is particularly efficient in that regime, or in other words,
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FIG. 8: Probability density function of the ground state for anharmonic oscillators. The solid line is obtained through a
numerical resolution of Schrédinger equation, while points correspond to the ergodic approximation obtained from ()

it provides a good interpolation between the exact behaviours at high and low temperatures. Here, we consider
thermodynamics quantities, i.e the internal energy U = —03 (log (Z(5)) and the probability density function (PDF)
U(z,8) = p(x,z,08)/Z (8). Comparisons are made with either exact results or other familiar approximations.

The ergodic approximation appears to be rather accurate for estimating the considered thermodynamic quantities.
For an harmonic potential, it is well-known that the semi-classical approximation turns out to be exact. As shown
in figure E, even in that case, the ergodic quantities are then close to the exact ones. For anharmonic potentials,
there always exists a large-temperature domain where the ergodic approximation is significantly better than other
considered approximations. Figure E shows results for the potential V (x) = x'°. Above temperature domain becomes
larger when the anharmonicity of the potential increases.
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panel), as functions of the temperature for the harmonic potential. Circles correspond to the ergodic approximation, square
refers to Wigner-Kirkwood expansion truncated up to order /> and diamonds are the classical values. Quantity Ap, is the
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Appendix A: Statistical weights of boxes

Eigenstates and eigenvalues of the auxiliary Hamiltonian H{ given in formula (@) are obtained by solving the
Schrodinger equation
d?¢)  2mVj
dz2 A2

1-0(z+0+6(z— )—— 0y (2). (79)

The solutions are obtained by distinguishing three different regions. After introducing dimensionless function ¥ (z) =

VI¢)(2) we obtain

Aexp[K(z+0)], if 2 < 4
Y(x) = ¢ Bsin[k(z+€)+60], Vze[-L,+(] . (80)
Cexp[-K(z—10)], ifz>/(

The continuity of the wave function and its first derivative in ¢ leads to the following four conditions
k
A = Bsin(§0) = EB cos (60) , (81)
. k
C = Bsin[2kl+ 0] = _EB cos [2kL + 66 , (82)

where we have introduced both wavevectors k = (2mE)Y/2/h and K = k(Vy/E — 1)'/2. Rather than deriving the
general expression for A, C, k, 0 as a function of B, it is sufficient to determine the asymptotic expression for large
values of potential barrier V. In the infinite-V; limit, the dominant terms are 66 ~ k/K, A ~ Bk/K, k ~ nn/(2()
and C ~ (—1)»~Y Bk/K. Finally, the value B = 1 is obtained through the normalization condition.

Once those results are introduced in (B(]), if we define the eigenvalues E, = m2h*n?/(8ml?) = E1n? of the n-th
eigenstates in the large-V{-limit, we then obtain the dimensionless eigenfunctions of the system in that asymptotic
case

‘E/ if z=—4
Vo—oo
Un(z) R [ (240, vzel-6+ . (83)
FEy
(— 1)(" l)ﬂvon, if 2z =14

By using the spectral decomposition (E), we obtain the density matrix elements of the free particle constrained to
stay in the box [—£, 4]

o (. 0) = (e, —0,8) VR 7y [T Zn sin [ 57 (2 + )| exp [~AEn?], (84)

— 00 E
o (L, 0) = ot (a0, 9) R [T Z )" ~tnsin | 22 (= 4 0] exp [-BEin?], (85)
which leads to the following expression for the statistical weight functions

N, L [z mApy/s x TApV1—s
g+ (z,0,50) = Vor 8£4DSg <€ i >Sg (Z’T)’ (86)

where
Sty = 3 n(F) sin [0 2 (a+ D] exp | Ln? 1)
a,y) = n sin [n—(« exp | —=n”|.
g Y — + D) p B
Those two functions satisfy the equality g™ (x, ¢, s, ) = g~ (—x,4, s, 3), the normalization condition

[ee) 1
/ dﬂ/ ds g~ (z,0,5,8) + gt (z,0,5,8)] =1, (88)
|| 0
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and they take a simple asymptotic form in the small-temperature regime

2 {W} exp [— ”;22%’] . (89)

The asymptotic expression of g+ in the high-temperature regime is obtained by taking the Poisson transform of
expression (@) According to Poisson formula, if the Fourier transform of a function f exists, then, for all values of

Ay

+ (ZC,E,S,,@)

+oo 400
Ay Z f(nAy) = Z / dz f(z) e im2m2/Ay, (90)

Application of that transformation to expression (@) provides
+ T\ & m 2
Sy (a,y) = (2_y2) m;m(1$a—4m)exp [—8—y2(1$a—4m) } . (91)

Therefore, in the high temperature regime, g+ reads

g (x,0,5,8) =g (~x,¢,5,5) At \/gﬁ L (1+2/0) exp { e (IJHE/@Q]. (92)

AL /s(I—s) s(1—s) 204 s(1—s)

Appendix B: Derivation of the mean occupation time by using the operator method

Expression (fJ) for the averaged occupation time (f(z')),, can be alternatively computed by introducing the effective
Hamiltonian H, = H{ + V,, with (z|V,» = ed(x — 2')(z|. Indeed, using a Taylor expansion of the exponential, the
density matrix elements associated to that hamiltonian can be first written as

(-Tz| exp [_ﬁHz’fo) _ <z1| exp [*6}[(9} |zf> + 5<$i|a€ [eXp [*6Hz’]]5:0 |$f> +0 (52)
(e oxp [—BHiz ) el oxp [~ BITa)
(w0 [exp [—BH)_ol2r) - o

e By O E): o4

The Dyson derivation formula () and the introduction of a closure relation lead to

=1l+¢

(25| exp [ BHL |z ) /0 ds/dz (x;| exp [—6(1 — s)Hﬂ |2)8(z — 2") (2] exp [—BSH?] |z f)
(rilexp [“BH]lzs) — (wil exp [—BHY ]| y)
[ s Gilexp [-500 = ) 10)1a!) o exp [ 3512 fay)
= 1— 56 0 5

(x| exp [ BH}]|zy)

+ 0 (£%) (95)

+0 (¢%). (96)

Above relation can be further simplified by introducing the wave functions ¢ (x) = £~/%4,,(x), given in Eq. (§]), of
the constrained Hamiltonian H?, and its associated eigenvalues E,, = E1n?. We obtain

f (Zwk@i)wzw’)e‘ﬂ“_sm) (anu')w;(xf)e‘ﬁsm)
k n

(il exp [-fHu]|zy) | PBelo
(@il exp [-BH}]|zy) ¢ D n(wi)y (wp)e PP

+ 0 (%) (97)

—BE, _ ,—BE,
S e S el e )
. n#k O (¢89)
e an zi )y, (x5) exp [ BE,]
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The left-hand-side can be rewritten by using the Feynman-Kac formula as

(z;] exp [~ BHy ]|z ) / Dw () exp [—ﬁ&/o ds §(z' —2;(1 —s) — sxy — )\d«f(s))]
(x| exp [-BH|zf) / D (®) }

(99)

(The effect of part Hy of the Hamiltonian is to restrict the integration domain to the subset w.) Finally, using a
Taylor expansion of the exponential leads to

(z: exp [~ BHD|s) / Diw ()

/DW(E)/O ds §(z" — z;(1 — 5) — sz — Aaé(s))

/w Dw ()

= 1-p(0(z)), + 0 (). (102)
Combining Eq. (Pg) and ([L0J) leads to the final result (5J).

1—pe

+0 (¢?) (101)

Appendix C: Semi-classical approximation for potentials V(z) = a,z" in the low-temperature regime

In this appendix, we present the semi-classical analysis for potentials V(z) = a,,2", where n is an even integer and a,,
a positive real constant. The semi-classical density matrix elements are given by Dashen Formula ]

1/2

1 Sc[-]] ’c’fPo(w, zy) (103)

psc(xaxaﬁ) = \/ﬁ eXp |:_ A aSCf

(wy==)

where S.[.] is the classical Euclidian action of the trajectory starting from the initial point z and coming back to that
point in a time SA, and Py(x;, xy) is its initial momenta.

The classical Euclidian action for the particle moving in potential —V/,

S.[2] /Oﬂhdt [%zux/(z(t))}, (104)

can be rewritten, if one introduces the classical energy E = (mz?)/2 — V(z) and uses that the exponent n is even, as
Bh
Su[2] = BHE + 2/ AtV (=(2). (105)
0

For negative energy values F, we introduce characteristic lengths z,, = (—E/a,)"/™ and ¢, = [h?/(ma,)]"/"*?) and
characteristic energy €, = an ;. This leads to

- ()" (@)

Expression ([L0J) can thus be rewritten as
2
—1+2/—
Bep

with F,(y) = y~(**t2/2) foy duu”/v/u™ —1. The turning point z,, is determined through the constraint that the
duration of the motion from z,, to x is precisely Gh/2.

Zm

Seclz] = Phep (;—m> o
P

<€_p> " <i> R (x/m] | (107)

Zm Zm
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In the more general case, if z; = 2(0) is the starting point of the trajectory and z; = z(8h) is it’s ending point, the
constrain over time is

Zm d If d
571:/ —.Z+/ = (108)
X z Zm z
Using expression ([L0), that constrain can be rewritten as
Lo 5 ! n/2
@) = |32 (£2) " tnaifm) + s 2 (109
>\D Zm
with I, ( fo du /v/u™ — 1. In the low temperature regime (i.e. when Sh tends to infinity), we can derive the

asymptotlc expression of the characteristic length z,,. Setting 2o = 2, (%, z) the solution of implicit equation ([L0Y)
for z; = zy = x, we calculate z,,(z,zy) = 20+ 0z if £y = 2+ dx is very close to x. The linearization of equation ([L0Y)
then leads to
0z o 1
= = - 7z (110)
0 T 24 (n-2) () Lu(o/z20) [(@/20)" ~ 1

The quadratic case n = 2 is singled out since equation (@) can be analytically solve for all values of 3. We obtain

_ T B 9 @ Bh [2as
20 = 3 and Se[.] = max — tanh ( 5 \|— — (111)

cosh | 252,/

which ultimately provides the exact density matrix. The non-quadratic cases (n > 2) are more interesting. At low
temperatures, we find

ZmNp

5 p 11/(n—2)
QInﬂp2 and
PepAg

n/2
S]] ~ 2l /2mz, ('Ei') F, (112)
p

where I,, = lim, o I, (y) and F,, = lim,_, F,,(y) are numbers of order 1, estimated numerically (see table [IT)).

n| 4|6 | 8|10
F,(0.33]0.25|0.20|0.16
I, (1.31] 0.7 |0.48|0.37

TABLE II: Value of F;, and I, for different even exponents n of the potential V' (z) = anz".

To achieve the calculation of formula (@), we have to compute the partial derivative of the initial momenta with
respect to the ending point of the classical path. Energy conservation reads

P2(z,2¢) = (2me,) (Zg—’:)n [(%)n - 1] . (113)

For zp, close to zy, we linearize Py(z,z¢) = Po(x,x) + 6 Py(z, x ), with the result

o) (n/2la]) /e, (z0/4,)"/2 s
o 1/2 Zo ’
0% N@i=a)  2[(2/20)" — 1"* + (n — 2) 2L (x/20) [(2/20)" — 1]

T
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In the quadratic case, we find

‘8]30(:0, x5) B 2mag (116)
Oxy (¢;=z) Sinh [(BR/m)\/2maz]
For non-quadratic cases (n > 2), we have the low-temperature behaviours
. (n+2)/(2n—4)
‘apo(x,xf) on <e_p) L, [2r2]U T )
025 uyoay =2\ ) (@023 |Beph?
Finally, by combining ([L03), () and ([L11)), we obtain the exact density matrix for the harmonic potential
(2maz)1/4 XP {fsz 292 tanh (%\/27’)@@2)} s
pac( 2 ) = T sinh [(Bh/m)/2mas)] ' (118)
For anharmonic potentials, the semi-classical density matrix behaves as
(n+2)/(4n—8)
L[ (b )/( Lty )”2 2120, (| |)
se(z,,0) ~ —, | —— | — —_ exp |—2|z|\/2me,/h? (119

When 8 — 0 that expression does not reproduce the expected exponential decay with respect to temperature.

Appendix D: Ergodic density matrix at high temperatures.

Let us focus on the calculation of perg(z, z, 5) in the high-temperature regime. We obtain it’s the asymptotical form
for values of z such that |z|/Ap > 1. For simplification purposes, we restrict our analysis to negative values of z. In
that case, using asymptotic expression @), we realize that we can omit the paths taken into account by the density
of measure g7 (z, ¢, s, 3) since their contributions are negligible (on the contrary, for positive values of z, we can omit
the contribution of paths implied in g~ (z, ¢, s, 3)).Thus, expression (@) reduces to

(x,z,0) o O/ / (¢t )" ex —7(64—@2
Perg 7r)\‘11)s3/2 —5)3/2 P 2202 s(1 — s)

y exp( B/da {5@ (6 / M;J/) +1- 8D (%a%\/;j)] V(o/e)). (120)

That expression clearly shows that paths with extension larger than Ap with respect to z give a vanishing contribution
to the integrals. Since we are interested in the limit |z|/Ap > 1, we see that for leading paths z/¢ = —1 + A« with
Aa < 1. By starting from (E)—(@), we find the asymptotic form of the function ®(«a, o/, y) in that parameter range,

1 2
@y (Aa, Ad,y) = s [1 — exp (—2—y2(Aa' + Aa)Ao/)} , VA < Aa

(1 + Aa, —1+ Ad,y) & (121)
By (A, A, y) = - ™ A0 ) sinh (T Aada’) | VAG > A
a, Aa = —exp | —==Aa” | sinh | —AcAa«a @ @
2 ) 'Y Ao p 2y2 2y2 )
Then, the integral appearing in the exponential of () can be calculated by using a Taylor expansion of the potential
around the position x. We obtain

/1?0/ [5@ (%a “g/g) F[-s)® (%a “Df\/;—s)] V(o) = V(z)+ g Vi, s) + V(6,1 — 5)] (122)

with

¢k dkv
Vie(lyu) = k/’!@/o dz@<1+Aa,1+z,

“;’/ﬂ> (z — Aa)k. (123)
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The explicit forms of the first terms are

Vi(l,u) — 71% [u(eﬂ)u3/2\/§ADexp<(é;xf)e ( fre ﬂ (124)

142V 1 509 3/2 (£+ )2 l+z
_ 1 _ f
and Va(4,u) S e [3 (¢ +x)? +5u Ap—u )\D(€+z)exp 2224 erfc ovzn) ]

where erfe(z) is the complementary error function. Expression ([[2() can be formally rewritten as

+oo ol ds ([ + $)2 (€+ .’L')2
perg(xawvﬁ) /df 7T)\éllj83/2(1 _ 8)3/2 _m

—X

— BV (= ﬁi Vi(€,8) + V(4,1 — s)]) .(125)
k=1

Since the temperature is high, part of the exponential implying derivatives of the potential can be expanded in power
series. The truncation of these series up to second order with respect to A\p provides

e PV (L +x) (0 + x)?
Perg(T, 2, 3) = \/%AD / \/7>\3 $32(1 — 5)3/2 exp (m) (126)
BVl s) + Vil 1= 5)] = B[Va(l,5) + Va(f,1 = 5)]

5 Vi(ls) + Vit 1 - )P +0(3) ).

After computing the remaining integrals over s and ¢ we eventually obtain

—BV(x) d?v 2% dV\“© A2
Perg (2,2, B) = i/Q_TD [ 67— + (BE) DAO +0 (A} )] (127)

with

Aoz—— + 3\/_/ ds(1s)3/2/0 dz 22erfc? (\/—_) ( %)

3\/_/ ds/ dz 2 erfc< >erfc<\/f7> (128)

a numerical factor close 0.8 (estimated numerically to 0.796).



