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Abstract

We prove that Gibbs measures of nonlinear Schrodinger equations arise as high-temperature
limits of thermal states in many-body quantum mechanics. Our results hold for defocusing inter-
actions in dimensions d = 1,2,3. The many-body quantum thermal states that we consider are
the grand canonical ensemble for d = 1 and an appropriate modification of the grand canonical
ensemble for d = 2, 3. In dimensions d = 2, 3, the Gibbs measures are supported on singular distri-
butions, and a renormalization of the chemical potential is necessary. On the many-body quantum
side, the need for renormalization is manifested by a rapid growth of the number of particles. We
relate the original many-body quantum problem to a renormalized version obtained by solving a
counterterm problem. Our proof is based on ideas from field theory, using a perturbative expansion
in the interaction, organized by using a diagrammatic representation, and on Borel resummation
of the resulting series.
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1. Introduction

1.1. Overview. An invariant Gibbs measure P of a nonlinear Schrédinger equation (NLS) is, at
least formally, defined as a probability measure on the space of fields ¢ that takes the form

P(d¢) = %e*H(d’) do, (1.1)

where Z is a normalization constant, H is the Hamilton function, and d¢ is the (nonexistent)
Lebesgue measure on the space of fields. We consider fields ¢ : A — C defined on physical
space A, which we take to be either the Euclidean space R? or the torus T¢ = R%/Z? ~ [0,1)¢
with d = 1,2, 3, each endowed with their natural operations of addition and subtraction. We are
interested in Hamilton functions of the form

@) = [ (Vo) + V@lo@)P) + 5 [dedy6@l v -9 ow)P.  (12)

where V' > 0 is a one-body potential and w is an interaction potential. We always assume w to be
repulsive or defocusing, meaning that w or its Fourier transform is nonnegative. Typical examples
for w include bounded continuous functions and the delta function.

Formally, the space of fields ¢ : A — C generates a Poisson algebra with Poisson bracket defined
by

The Hamiltonian equation of motion associated with the Hamilton function (1.2) is then given by
the time-dependent NLS!

09(2) = —Ad(z) + V(@)o(x) + / dy |6(y) 2 w(z — ) 6(z). (1.3)

At least formally, we find that the Gibbs measure (1.1) is invariant under the flow generated by the
NLS (1.3). Such invariant Gibbs measures have been extensively studied as tools to construct global
solutions of time-dependent NLS with rough initial data [8,10,11,13-16,19,22,23,31,60,75,89,90,92].

More precisely, the existence of global solutions is shown for almost all initial data belonging
to the support of (1.1). The measure (1.1) is typically supported on a set of distributions of low
regularity. In this framework, the invariance of (1.1) serves as a substitute for a conservation law
at low regularities.

In this paper, we are interested in deriving invariant Gibbs measures as high-temperature limits
of grand canonical thermal states of many-body quantum mechanics. In the grand canonical high-
temperature limit, the number of particles grows with the temperature. In order to obtain a
nontrivial limit, we need to rescale the strength of the many-body interaction potential with the
temperature. This gives rise to a mean-field limiting regime for the many-body system, which may
be also regarded as a classical limit. Here, the classical system is the (formal) Hamiltonian system
defined by the Hamilton function H(¢) from (1.2).

The study of the classical limit of quantum mechanics is almost as old as quantum mechanics
itself, going back at least to the works of Schrédinger [79,80] and Ehrenfest [34]. The first rigorous
treatment of the classical limit for systems with infinitely many degrees of freedom is due to Hepp,

If w is a bounded interaction potential, this equation is often called Hartree equation.



who recognized in [55] that the time-dependent NLS (1.3) arises as the Hamiltonian equation of
motion approximating the many-body quantum time evolution of coherent states. In his work,
Hepp also proved that the time evolution of the fluctuations around the classical dynamics is
governed by a time-dependent quadratic Hamiltonian on the Fock space (quadratic in the creation
and annihilation operators). The results of Hepp were later extended by Ginibre and Velo [49] to
singular interactions.

A many-body quantum system of n particles has a Hamiltonian of the form

n

H™ = Y (<Ap, + V(@) + XA > wlw — 1), (1.4)

i=1 1<i<j<n

acting on the bosonic Hilbert space consisting of wave functions in L?(A"™) that are symmetric
in their arguments x1,...,2, € A. In (1.4), A > 0 is the interaction strength. In order to
obtain a nontrivial limit as n — oo, we require both terms of (1.4) to be of comparable size,
which leads to the mean-field scaling A = n~!'. The dynamical problem for factorized initial data,
where one analyses the convergence of the many-body dynamics e ## o generated by (1.4) to that
generated by (1.3), has been extensively studied since the work of Hepp [55] mentioned above;
see [1,2,24,25,27,28,35-42,44,46,56,57,59,78,84,86]. Moreover, quantum fluctuations around the
classical dynamics have been considered in [4,18,26,52,53,65]. More recently, fluctuations around
the dynamics generated by the NLS with a local interaction (arising from an interaction potential
converging to the delta function) have been analysed in [7,51,70].

In this paper we focus on the equilibrium state of the many-body quantum system at some
given temperature. At zero temperature, the many-body quantum system is in the ground state of
the Hamiltonian (1.4). The convergence of the ground state energy of (1.4) towards the minimum
of (1.2) has been proved, for different choices of the interaction w, in [3,5, 43,58, 68,69, 76, 86]
and in a more general setting in [63] and in [50, 66, 86], where also the excitation spectrum of
(1.4) has been analysed. Under general assumptions on V,w it is also possible to prove (see [63]
and also [67], for the more subtle Gross-Pitaevskii regime) that the ground state of (1.4) exhibits
complete condensation, meaning that all particles, up to a fraction vanishing in the limit of large
n, occupy the orbital ¢g € L?(R?) minimizing (1.2) (provided the minimizer is unique). Results
on Bose-Einstein condensation of the canonical ensemble for fixed temperature 7 > 0 were proved
in [63,66].

To obtain a nontrivial limiting measure P(d¢), one has to increase the temperature 7 of the
system in tandem with the particle number n. In [61], Lewin, Nam, and Rougerie considered the
thermal states associated with (1.4) in the grand canonical ensemble at temperature 7 and with a
chemical potential fixing the expected number of particles to be 7. They compared the correlation
functions of the grand canonical ensemble at temperature 7 with the correlation functions of the
Gibbs measure (1.1), in the limit 7 — oco. In dimension d = 1, they proved the convergence
of the (relative) partition function (i.e. the ratio between the free and the interacting partition
functions) and of all correlation functions. In [64], they further extended their results to sub-
harmonic trapping. Moreover, in dimension d = 2, 3 they considered a many-body quantum model
with a smooth, non-translation-invariant interaction w : L?(R?) @ L?(R?) — L?(R?) @ L?(RY)
satisfying 0 < w < AP @ 1P (for p > 1 if d = 2 and for p > 3/2 if d = 3). Here h := —A + V is
the one-body Hamiltonian. Finite-rank operators are a typical example of such smooth interactions.
For these models, they established convergence of the (relative) partition function and of the one-
point correlation function towards the corresponding classical limits, where the interaction term of



(1.2) is replaced by the smooth interaction §(¢®?, w¢®?).

The main result of our work is the derivation in dimensions d = 2,3 of the Gibbs measure
(1.1), (1.2) as the high-temperature limit of a modified grand canonical ensemble for a many-
body quantum system. In contrast to the work of Lewin, Nam, and Rougerie [61], we consider
interactions defined by a translation-invariant two-body potential w(z — y) that we choose to be
bounded and of positive type. For technical reasons, the starting point of our derivation is an
appropriate modification of the standard grand canonical many-body quantum thermal states.
This modification enables us to control the remainder term in the perturbative expansion of the
many-body quantum state. It is well known that, unlike in dimension d = 1, in dimensions d = 2,3
the free Gibbs measure (1.1) corresponding to w = 0 is supported on distributions of negative
regularity, i.e. ¢ is P-almost surely not a function but a singular distribution. Thus, some care
is already needed to define the classical probability measure (1.1). Indeed, in order to define the
Gibbs measure (1.1) with a nonzero interaction w, one has to renormalize the interaction term
3 [ dzdy|¢(z)?w(z — y) |¢(y)|*>. This renormalization may be performed by a Wick ordering of
the interaction, whereby it is replaced with a formal expression of the form 3 [dxdy (|¢(z)> —
o) w(z — ) (|¢(y)|?> — o0). Here the infinities are carefully defined by introducing an ultraviolet
truncation parameter in the classical field ¢, and subtracing from |¢|? a function that diverges as
the truncation parameter is sent to infinity.

Our methods also apply to the simpler case d = 1 where no renormalization is necessary, and
provide an alternative approach to the one developed in [61]. Unlike in dimensions d = 2,3, in
dimension d = 1 we do not need to exploit delicate cancellations arising from the renormalization,
and a simple argument using the Feynman-Kac formula may be used to estimate the remainder
term of the perturbative expansion of the quantum state. As a consequence, for d = 1 we do not
need the modification mentioned above and we can consider the usual grand canonical thermal
states.

In the PDE literature, the existence and the invariance under (1.3) of the Gibbs measures
(1.1) was first shown by Bourgain in [8,10,11] (their existence was previously essentially shown by
Lebowitz, Rose, and Speer in [60], for one-dimensional systems with local and focusing interaction,
whereas the defocusing problem was previously considered in the constructive quantum field theory
literature [48,82]). As noted above, the invariance of the measure (1.1) provides a method to
construct global solutions of (1.3) for almost all initial data in the support of (1.1). An alternative
method to study local solutions of nonlinear wave equations with rough random initial data was
developed in [20] and was applied to construct global solutions of the NLS with rough random initial
data in [29], based on the low-high decomposition from [12]. Related ideas have been applied in
various other dispersive models. We refer the reader to [9,21,30,32,47,73,74,88] and the references
therein for further results in this direction.

In [17] it was observed that, in dimensions d > 1, for a focusing local interaction (where w = —¢
in (1.2)) one cannot construct measures (1.1) even if one adds additional truncation assumptions.
For an appropriate focusing nonlocal interaction, it was shown in [11] that for d = 2,3 it is possible
to construct the measure (1.1) provided that one truncates the Wick-ordered (square) L2-norm. In
addition, in [11] invariance of this measure was shown.

Unlike the classical system (1.1), (1.2), the many-body quantum system carries an intrinsic
ultraviolet (i.e. high-frequency) cutoff, which is proportional to the temperature 7. Indeed, our
results may be interpreted as a construction of the Gibbs state of the NLS as a limit of regularized
states, with the temperature 7 playing the role of the regularization parameter. This construction is



very physical, starting from many-body quantum states, unlike the much simpler but less physical
construction by truncation given in Sections 1.3 and 1.6 below.

In the limit 7 — oo, the expected number of particles in the many-body grand canonical
ensemble grows much faster for d = 2,3 than for d = 1; this is the manifestation, on the many-
body quantum level, of the singularity of the limiting classical field. As for the classical system,
we also have to renormalize the chemical potential of the quantum many-body problem. Our main
result, Theorem 1.6 below, is that a modification of the renormalized many-body quantum grand
canonical ensemble converges, as 7 — 00, to the (renormalized) Gibbs measure (1.1). Here the
convergence is in the sense of the relative partition function and all correlation functions. We also
establish the relationship between the original and renormalized many-body quantum problems,
which is governed by the so-called counterterm problem.

Our proof uses a different approach from that Lewin, Nam, and Rougerie [61]. While [61] makes
use of Gibbs’ variational principle and the quantum de Finetti theorem, our approach is based
on ideas from field theory, using a perturbative expansion in the interaction (for both classical
and quantum problems) which is organized using a diagrammatic representation, and on Borel
resummation of the resulting series; we use a version of Borel resummation going back to Sokal [85].
We refer to Section 1.8 below for a more detailed overview of our proof.

Conventions. We use C' to denote a constant that may depend on fixed quantities (such as w).
If a constant depends on some parameter « then we write it as C,. We use the notation N =
{0,1,2,...}. For a separable Hilbert space H and ¢ € [1, 0], the Schatten space G%(H) is the set
of bounded operators A on H satisfying || Al|ga(3) < 0o, where

(Tr|A|D)Ye  if g < 00
supspec |A| if ¢ =00,

lAllgan) = {

and |A| := vV A*A. If there is no risk of confusion, we sometimes omit the argument H in these
norms. We denote by dz the Lebesgue measure on A, and we often abbreviate [ Adr = [ da.
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1.2. The one-body Hamiltonian. We define the one-particle space ) := L?(A; C), whose scalar
product and norm we denote by (-, -) and ||-|| respectively. We always use the convention that scalar
products are linear in the second argument. For p € N, we define the p-particle space $H®) as the
symmetric subspace of the tensor product $®?, i.e. the space of functions in L%(AP;C) that are
symmetric under permutation of their arguments.

It is often convenient to identify a closed operator & on $® with its Schwartz integral kernel,
which we denote by £(z1,...,2p;y1,...,Yp). The latter is in general a tempered distribution (see
e.g. [77, Corollary V.4.4]), and we shall always integrate over the variables x1, ..., 2y, Y1, .., yp with
respect to a sufficiently regular test function. Similarly, for a Schwartz distribution 7" : f — T'(f),
we sometimes use the notation 7'(x) = T'(é,) for the integral kernel of T" in expressions of the form

T(f) = [ daeT(z) f(x).



Let k > 0 be a chemical potential and v : A — [0,00) be a one-body potential. We define the

one-body Hamiltonian
h = -A+k+wv, (1.5)

a densely defined positive operator on $). We assume that h has a compact resolvent and that
Trh*™! < o (1.6)

for some s < 1. We shall mainly focus on the case s = —1, which is relevant in dimensions d = 2, 3,
but the case s = 0 is also of interest for d = 1.
We note that the assumption (1.6) with s = —1 is satisfied when

A =T¢ and v =0
A = R4 and v = [z for r > 2L.

The first claim follows immediately since d < 3. The second claim is a consequence of the Lieb-
Thirring inequality in [33, Theorem 1]; see also [61, Example 3.2]. In particular, on R? the potential
is infinitesimally more confining than the harmonic oscillator.

More generally, we have the following result.

Lemma 1.1. When A = T? and v = 0 (1.6) holds whenever s < 1 — %. Furthermore, when A = R?
(1.6) holds whenever s < 1 — % and the potential v € C®(RY) is chosen such that

k+v > 0, (/i—{—v)g_HSELI(Rd).
Proof. The claim for A = T? follows immediately since W € (2(Z%) and the claim for
A = R? follows from [33, Theorem 1]. O

Throughout the following, we regard x and v as fixed, and do not track the dependence of our
estimates on them.

1.3. The classical system and Gibbs measures. For r € R denote by $), the Hilbert space of
complex-valued Schwartz distributions on A with inner product (f, g)s, := (f,h"g). In particular,
Ho = H. We define the classical free field as the abstract Gaussian process on the Hilbert space
$_1. For completeness and later use, we give an explicit construction.

Consider an infinite sequence of independent standard complex Gaussians. More precisely, we
introduce the probability space (CN, G, 1), where G is the product sigma-algebra and j := X en Mk
with ug(dz) = 7~ le 17z, where dz denotes Lebesgue measure on C. We denote points of the
probability space CN by w = (wy)ren. We use the notation

h = Z)\kukuz (1.7)
keN

for the eigenvalues Ar > 0 and associated normalized eigenfunctions uy € $) of h. For any K € N
we define the truncated classical free field

K
W

) e —% (1.8)
im0 VAk



which is a random element in §). We immediately find, for every f € $_1, that (f, ¢|x]) converges
in L?(i) to a random variable denoted by ¢(f), which is antilinear in f. Under y, the process
(6(f))fes_, is the Gaussian free field with covariance h™1:

/ dude)o(f) = (f.h~1g), / dud(g) 6(f) = / dud()d(f) = 0. (L9)

Moreover, from (1.6) we easily find that ¢x) converges in L?(u; 95) to

Wk
¢ = Z\/—Euk (1.10)

keN

so that for f € H_5 C H_1 we may interpret ¢(f) as the dual pairing of f with a random element
o € 9, the classical free field:

o(f) = {f,0),  of) = (9, /)- (1.11)

(In fact, an application of Wick’s theorem shows that all of the above convergences in L?(y) hold
in L™(u) for any m < o0.)

Next, we define the interaction. Let w be an even function on A and define the classical
interaction

W [ dedylo)P ute - ) 6P (1.12)

Note that W > 0 if w is pointwise nonnegative or if w is of positive type, meaning its Fourier
transform is a positive measure. We shall always make one of these two assumptions. Physically,
they correspond to a repulsive or defocusing interaction. Moreover, a sufficient condition that
W < oo p-almost surely is that w € L*°(A) and (1.6) holds with s = 0, since in that case
|p|> € L'(A) p-almost surely. We make these assumptions for now, later relaxing them in Sections
1.6-1.7.

Next, we define the classical state p(-) associated with the one-body Hamiltonian A and inter-
action potential w as the expectation with respect to the normalized probability measure %e*Wdu.
Explicitly, for a random variable X we set

oW
p(X) = W.

We characterize the classical state p(-) through its moments. To that end, for p € N, we define
the classical p-particle correlation function ,, an operator on H®), through its kernel

Yo(@1, o xpsyt, ) = p((yr) - d(yp)d(x1) - - - () - (1.14)

Remark 1.2. The family of correlation functions (v,)pen determines the moments of the classical
state p(-). Indeed, for fi,..., fp,91,...,9¢ € $H-1, the joint moment is

(1.13)

(1® @ fp, 1 ®---Qgq) ifp=gq
0 ifp+#q.
That the left-hand side vanishes for p # ¢ is a consequence of the gauge invariance of the expectation

p(-): the measure e="dy on (CV,@G) is invariant under the rotation w ~ e'‘w for any t € R, as
follows immediately from the definitions of p and W.

p(d(g1) - 0(gg)o(f1) - d(fp)) = {



Remark 1.3. Instead of the randomized eigenfunction expansion representation (1.10), we can
also characterize the classical field ¢ directly by a measure P on $);. Indeed, as shown above there
is an event Q € G such that (CN\ Q) =0 and ¢(Q) C H;. We define P := (¢]o)«(5e " du) as the
pushforward of the measure %e_wdu on Q under ¢. Thus, we may for instance rewrite (1.14) as

Yp(T1s ey Tpi Yty oo s Yp) = /ﬁ P(d¢)g5(y1)q@(yp)qb(xl)qb(xp)

This provides a rigorous construction of the formal measure (1.1). For our purposes, however, it is
more convenient to use the representation as a randomized eigenfunction expansion from (1.10).

1.4. The quantum system. We now define the many-body quantum Hamiltonian. On the
n-particle space H™, the many-body Hamiltonian reads

=1

1<i<j<n

where h; denotes the operator h acting in the variable x; and A > 0 is the interaction strength. Un-
der the assumptions on h and w from Sections 1.2-1.3, H™ is a densely defined positive self-adjoint
operator on £ . We shall show that the classical state (1.13) arises as the high-temperature limit
of the thermal state associated with the Hamiltonian H(™. Thus, we introduce the fundamental
large parameter of our work, 7, which has the interpretation of the temperature. We shall always
be interested in the limit 7 — oo. The canonical ensemble associated with the Hamiltonian (1.15)
is defined by the density operator PT(n) = e~ H™/T,

As we shall see below (see Section 1.5), in the high-temperature limit 7 — oo, the rescaled
number of particles n corresponds to the square L?-norm

N = /dm|¢(w)|2 (1.16)

of the classical field ¢; see (1.32) below. Since the latter is not fixed in p(-), we need to replace
the canonical ensemble, defined for a single n, with a grand canonical ensemble, which admits a
fluctuating particle number. To that end, we introduce the bosonic Fock space

F=F®) = PHsm.

neN
We then consider the grand canonical density operator Py := @, .y PT(n). This gives rise to the
quantum state pr(-), defined by
Tr(AP;)
= — 1.1

where A is a closed operator on F. We remark that the growth of the number of particles pro-
portionally to the temperature is closely related to the symmetry of $™ imposed by the bosonic
statistics; this relationship is discussed in more detail in [62], where the very different behaviour
for distinguishable Boltzmann statistics is also analysed.

On Fock space we introduce annihilation and creation operators, whose definitions we now
review. We denote vectors of F by U = (¥("), cy. For f € § we define the bosonic annihilation



and creation operators b(f) and b*(f) on F through
()M (@1, 20) = \/n—i—l/dxf(:c) T (2,2, ) (1.18)
* n 1 - n—
BV @ a) = 223 @V @ we g, m) . (L19)
i=1

The operators b(f) and b*(f) are unbounded closed operators on F, and are each other’s adjoints.
They satisfy the canonical commutation relations

(/)0 ()] = {f.9),  [b(f),b(9)] = [b°(f),0"(9)] = 0, (1.20)

where [A, B] := AB — BA denotes the commutator.
For f € §, we define the rescaled annihilation and creation operators

or(f) = TV2(F), GRS = TV (1.21)

In analogy to (1.11), we call ¢, the quantum field. We regard ¢, and ¢¥ as operator-valued
distributions and use the notations

bo(f) = (F.6r) = / Qe f(@) :(x),  65f) = (brrf) = / do f(z)¢i(x).  (122)

The distribution kernels ¢*(z) and ¢, (x) satisfy the canonical commutation relations

1
[#r(2),07()] = —0(@—y),  [br(2), 97 ()] = [¢7(2), P7(y)] = 0. (1.23)
Next, we define the rescaled particle number operator
N = L@N = /dx 6 (z) dr () (1.24)
T'neN

Moreover, we can write the Hamiltonian (1.15), rescaled by % and extended to Fock space, as

H = S @HY = [dedysi(a) haig) 6.)+ 75 [ dodys}@)o} @) (e~ 1) orl@)ory).
neN
(1.25)

With these notations, we may write the grand canonical density operator simply as

P, = P = @ = ot

neN neN

We remark that integrals of operator-valued distribution such as (1.25) are carefully defined in the
weak sense as densely defined quadratic forms, with domain consisting of ¥ € F such that there
exists ng € N such that U™ is a Schwartz function for n < ng and U™ = 0 for n > nq.

Analogously to the classical case, we characterize the quantum state p,(-) using correlation
functions. For p € N, we define the quantum p-particle correlation function v;,, an operator on
H®P) | through its kernel

Yep(@1s @iy, Yp) = pr(OF (Y1) - BT (Yp)br(21) -+ Br(ap)) - (1.26)

10



Remark 1.4. As in the classical case (see Remark 1.2) the quantum state p, () is determined by
its correlation functions (vrp)pen. Indeed, for fi,..., fp, 91,...,94 € 9, we have

(1® @ fp,Yrp1 ®---@gq) ifp=gq

. L (1.27)

pr(07(91) -+ 97 (99)0r (f1) - 92 (fp)) = {

That the left-hand side vanishes for p # ¢ is a consequence of the gauge invariance of the state
pr(-). To see this, we use the rescaled number of particles operator N, from (1.24), and find
Nt ¢ (z)e N = e~ /7¢_(z) for all t € R, by differentiation and using (1.23). Introducing the
identity I = e ™\7e®N7 into p,(-) on the left-hand side of (1.27) and using that p,(e N A) =
pr(Ae™ ™) by definition of H,, we find that the left-hand side of (1.27) vanishes unless p = g.

1.5. The high-temperature limit. In order to understand the limit 7 — oo of the quantum
state pr(-), it is instructive to consider first the simple free case. For f,g € $) and w = 0 we find
from (1.7)

600 = (1 ey = 3 Lt (129

(eh/m —1 = T(eM/T — 1)
By dominated convergence, we find
) . s Uk ) (U _
lim pr(d5(9)ér(f) = D W = (f,h7'g), (1.29)

keN

so that, in the high-temperature limit 7 — oo, the quantum two-point function converges to the
classical two-point function from (1.9). A similar statement holds for arbitrary polynomials in the
rescaled annihilation and creation operators ¢, and ¢. In particular, we find that for the second
term of (1.25) to have a nontrivial limit, we require A7 to be of order one. Hence, from now on we
set

A= = (1.30)

The equations (1.28)—(1.29) hold for general h and in particular explain the choice (1.30) of A
for d = 1,2,3. We may also use them to analyse the expected number of particles. Indeed, writing
N =3 e @5 (ur)dr(ur), we find, again for w = 0, that

1
pr(Nr) = Z? (1.31)
= T(eMe/T — 1)
If Trh~! < 0o, which corresponds to d = 1, we find
lim p,(N;) = Trh™! = p(N), (1.32)

T—00

where N was defined in (1.16). A slightly more involved computation using Lemma B.1 shows that
all moments converge: lim, oo pr (NE) = p(N¥) for all £ € N.

Thus, that the particle number grows like 7 is closely linked to the fact that the classical field
has a finite L2-norm. This is true if and only if (1.6) holds for s = 0, which is generally true for
d=1.

In the higher-dimensional case, where (1.6) only holds for some s < 0, we have p(N) = oo
and the left-hand side of (1.32) diverges. On the classical side, the field ¢ has p-almost surely
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negative regularity (i.e. it is not a function). This singularity of the classical field is manifested on
the quantum side by a diverging rescaled particle number N;. Suppose that A, ~ k¢ for some
a > 0. For example, on the d-dimensional torus A = T? with v = 0, we have a = d/2. Then an
elementary analysis of the right-hand side of (1.31) shows that as 7 — oo

1 ifa<l
pr(N7) ~ Qlogr ifa=1 (1.33)
ol ifa>1,

which corresponds to the dimensions d = 1,2, 3 respectively. Similarly, all moments of N, are finite
in p,(-), but they diverge as 7 — oo unless Tr h~! is finite. This may be interpreted as the quantum
state pr(-) having a natural subexponential cutoff for eigenvalues \; larger than 7, as is apparent
from the right-hand side of (1.31).
In the one-dimensional case Trh~! < oo, the high-temperature limit of p,(-) was understood
in [61], where the authors prove that
lim |7, — '7p||61(5§<p)) =0,

T—00

under very general assumptions on w, which in particular admit w € L (A) as well as the delta
function w = § yielding the local quartic interaction in (1.12).

1.6. Higher dimensions and renormalization. We now move on to the case where Tr A~ = 0o
and Trh~2 < oo, which arises when d = 2,3 and is the main focus of our work. Throughout this
subsection we assume that w € L>(A) is a bounded even function of positive type, and that (1.6)
holds with s = —1.

In this case the classical field ¢ from (1.10) is not in ), so that the interaction (1.12) is ill-
defined. Such divergences are well known in quantum field theory and the theory of stochastic
partial differential equations. It is also well known that they can be dealt with by a Wick ordering
procedure, which involves a truncation and a subtraction of appropriately chosen terms that diverge
as the truncation parameter is removed. Thus, recalling the truncated classical field ¢[x] € $ with
K € N from (1.8), we define the truncated Wick-ordered classical interaction as

Wik = ;/dﬂ? dy (|6x)(@)1* = oy (@) w(z — ) (I (W)1* — o (v)) (1.34)

where we defined the classical density at x as
ouq(a) = [ duloq(@)P.

Note that [ dz o) (z) = Z?:o )\,;1 diverges as K — oo. Moreover, by assumption on w we have

The Wick-ordered classical interaction is then defined as the limit of the truncated Wk, as
K — oo. Its construction is the content of the following result, whose proof is an application of
Wick’s theorem and is given in Section 3 below.

Lemma 1.5 (Definition of W). Suppose that (1.6) holds with s > —1, and that w € L*°(A) is an
even function of positive type. Then the sequence (Wk))ken is a Cauchy sequence in (), L™ (u).
We denote its limit by W.
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We now define the classical state p(-) as in (1.13), with W defined in Lemma 1.5.

Next, we discuss the quantum problem. Let V' : A — [0, 00) be a one-body potential and v € R
a chemical potential. Our starting point is the many-body Hamiltonian analogous to (1.25), defined
as

iy = [ dodyo}(@) (-2 + v+ V) (@ig)ort) + 5 [ dodydi@é:s) ule - 1) 6r(@)or(y).
(1.35)

As it turns out, in order to obtain a nontrivial high-temperature limit as 7 — oo, the chemical
potential v = v(7) will have to tend to —oo. Heuristically, this can be understood from the fact
that the rescaled quantum density diverges as 7 — oo, as explained in (1.33). To understand how
to choose the chemical potential v as a function of 7, it is convenient to rewrite ﬁT in terms of a
renormalized Hamiltonian, called H,, where the interaction only depends on the fluctuations of the
density around its mean. Let x > 0 and v; : A — [0,00) be a possibly 7-dependent bare one-body
potential, and define, in analogy to (1.5), the corresponding one-body Hamiltonian

hy = =A+K+0;. (1.36)

Then we define the free Hamiltonian as
Heo = [ dedyo(o) heain) or(y). (1.37)

The associated free quantum state p;o(-) is defined as

Tr(A e_HTvO)

pro(A) = Tr(e=Hro0)

(1.38)

and the quantum density at x is defined as
0r(2) 1= pro(¢3(2)g.()) - (1.39)
By definition, the renormalized many-body Hamiltonian is
H, = 7,0 + W, s (1'40)

where we defined the renormalized quantum interaction
1 N *
Wy = 5 /dx dy (¢7(2)dr(2) — or(2)) w(z —y) (67 (W) - (y) — 0r(y)) - (1.41)

Having defined the physical many-body Hamiltonian H, and its renormalized version H,, we
now explain how they are related. It turns out that this relationship is in general nontrivial, and is
related to the so-called counterterm problem. Before discussing the counterterm problem, however,
we focus on the simple case where A = T¢ V = 0, and v > 0, in which case the counterterm
problem can be solved by elementary means.

(i) The case A = T¢, V = 0. By translation invariance, we find that o,(x) = 0,(0) for all 2 € A.
Using (1.23), we therefore find
- 1 0-(0)°

Hy = Hr + |07(0)0(0) = g-w(0) +v = w| Ny = =

w(0), (1.42)
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with v, = 0 and @w(0) := [ dzw(z). Hence, up to an irrelevant (diverging) additive constant,
H. and H, differ by a chemical potential multiplying A;. In order to obtain the renormalized
Hamiltonian (1.40) with some fixed x, we therefore have to ensure that the expression in square
brackets in (1.42) vanishes, so that we have to choose the original chemical potential v = v(7)
in (1.35) to be sufficiently negative, tending to —oco as 7 — oo. Indeed, w(0) > 0 because w
is of positive type, and 0-(0) = [ dzo,(z) = pro(N;), which diverges as 7 — co according to
(1.33). The physical interpretation is that, in order to obtain a well-defined high-temperature
limit, we have to let the chemical potential v = v(7) in (1.35) tend to —oco to compensate the
large repulsive interaction energy arising from the large number of particles.

The general case. In general, H, and H, are not related by a simple shift in the chemical
potential: we also have to change the bare one-body potential v, in a 7-dependent fashion
to recover the original one-body potential V' in (1.35). This is because p,(z) is no longer
independent of x, although it still diverges as 7 — co. However, it turns out that there exists
a constant o, such that g, diverges as 7 — oo and o,(z) — o; converges for all x € A. We
rewrite

H, = H; + éTw(O) - %wa)) tv— /i] NT - % /d.%' dy Q’T(x)w(x - y)Q’T(y) ’ (1'43)

where we imposed the condition
vy = V+wsx (QT_@T)a (1'44)

and * denotes convolution. The condition (1.44) is a self-consistent equation for v,, since o,
by definition also depends on v, (see (1.36)—(1.39)). Hence, as in (i) above, up to an irrelevant
(diverging) constant, H. and H, differ by a chemical potential, equal to the expression in
square brackets in (1.43), multiplying ;. As in (i), we shall see that in order for o, — g, to
remain bounded, we have to choose g, to diverge as 7 — oo, which means that the original
chemical potential v = v(7) has to be chosen to tend to —co as 7 — oo so that the expression
in square brackets in (1.43) vanishes.

Note that now the original one-body potential V' and the bare one-body potential v, are
different. Finding the matching bare potential v, associated with a given V, such that (1.44)
holds, is referred to as the counterterm problem. In general, the counterterm problem is
a nonlinear integral equation for v,, and as such its solution requires a nontrivial analysis.
The general solution of the counterterm problem is given in Section 5 below, where we prove,
under some technical assumptions on V', that there exists a g, (explicitly given in (5.1) below)
such that (1.44) has a unique solution v,, which depends on 7, and that v, converges to some
limiting potential v in the sense that

. -1 -1 _
Tim (|57 = 57 g2y = 0. (1.45)

(Recall (1.5).) See Theorem 5.2 below for the precise statement. The one-body potential
v thus constructed is the limiting bare one-body potential, and choosing it in the definition
(1.5) of the classical one-body potential h yields a classical state (1.13), with W defined in
Lemma 1.5, that is the correct rigorous version of the Gibbs measure formally defined in (1.1).
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Next, we define the thermal states associated with the one-body Hamiltonian h, and interaction
potential w. Instead of considering the usual grand canonical density operator P, = e Hro=Wr a5
in Section 1.4, we introduce a family of modified grand canonical density operators

P;] = eanT,Oe*(I*QTI)HT,O*WTeanTvo (146)

parametrized by n € [0,1/4]. Note that in the free case w = 0, P; does not depend on 7. For
technical reasons explained in Section 1.8 below, it is sometimes more convenient to consider Pj
with 7 > 0 rather than P, = PP.
We define the quantum state pi(-) associated with P/ through
Tr(AP)

PIA) = L Tpr (1.47)

Analogously to (1.26), for p € N we define the quantum p-particle correlation function ~; , by
V(@1 apiys s yp) = (O (Y1) - 7 (Yp)dr (1) - Br(ap)) - (1.48)

The classical p-particle correlation function +, is defined as in (1.14).

Unlike in the one-dimensional case Tr h~! < oo, in the higher-dimensional case Tr h~! = oo the
p-point correlation function 7, does not lie in &(5H®). For simplicity, for the following discussion
we set p = 1 and consider the free case w = 0, where v; = h~!. Thus, Try; = oo, and the
convergence of correlation functions cannot hold in the trace class [|-[|g1(g@)). Instead, under the
assumption Trh~2 < oo we find ‘|71‘|262(f;) = Tr+? = Trh™2 < 0o. We conclude that for higher
dimensions we need to replace the notion of convergence in trace norm ||-||g1 sy With convergence
in the Hilbert-Schmidt norm ||-||g2(¢))-

1.7. Results. We may now state our main result in the higher-dimensional setting.

Theorem 1.6 (Convergence for d = 2,3). Let K > 0 and v : A — [0,00), and define h as in
(1.5). Suppose that Trh=2 < oo. Moreover, suppose that h, satisfies

. | _
Tim |27 = A7 g2y = 0. (1.49)

Let w € L*®(A) be an even function of positive type. Let the classical interaction W be defined as
in Lemma 1.5 and the classical p-particle correlation function vy, be defined as in (1.14) and (1.13).
Moreover, let the quantum p-particle correlation function i, be defined as in (1.48), (1.47), (1.46),
(1.37), and (1.41).

Then for every n € (0,1/4] and p € N we have

TILHC}OH’Yﬂ,p—’Yp||62(g<p)) = 0. (1.50)

Remark 1.7. By a diagonal sequence argument, we find that under the assumptions of Theorem
1.6 there exists a family (7;)r>1 such that lim; e 7, = 0 and lim, s ||777 — 'ypHgg(ﬁ(p)) =0 for all
peN.

In Theorem 1.6, one can of course take h, = h, in which case the assumption (1.49) is trivial.
More generally, starting from a physical (non-renormalized) Hamiltonian of the form (1.35), the
assumption (1.49) is satisfied by solving the counterterm problem, as explained in (1.45); see
Theorem 5.2 below.

Our methods can also be applied to the easier case d = 1, where no renormalization is necessary.
We illustrate this in the following two theorems. The following result was previously proved in [61].
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Theorem 1.8 (Convergence for d = 1). Let K > 0 and v : A — [0,00), and define h as in
(1.5). Suppose that Trh™! < co. Let w € L>®(A) be an even nonnegative function. Let the classical
interaction W be defined as in (1.12) and the classical p-particle correlation function v, be defined
as in (1.14) and (1.13). Moreover, let the quantum p-particle correlation function 7,, be defined
as in (1.26), (1.17), and (1.25).

Then for all p € N we have

1 [l7rp — pllet ) = 0- (151)

We remark that an analogous result also holds if the density operator P, = PB is replaced with
P from (1.46). Moreover, we can also admit the quantum one-body Hamiltonian to depend on
7, replacing h on the right-hand side of (1.25) with h, satisfying lim, ,.o||/h;! — h_1|\61(ﬁ) = 0.
However, for the one-dimensional case there is no natural reason to do so, unlike in the higher-
dimensional case where h, was obtained by solving the counterterm problem.

Up to now, we focused on a nonlocal interaction of the form (1.12). For d = 1, our methods
may also be used to derive Gibbs measures with a local interaction. We illustrate this in the case
A = T! and w = ad for some constant « > 0, in which case the classical interaction (1.12) becomes

W= Z/dx|¢(a:)|4. (1.52)

A physically natural way to obtain a local interaction is to modify the range of the two-body
interaction potential. Recall from Section 1.5 that the typical number of particles in the quantum
system is of order 7, and the scaling A = 1/7 in front of the interaction (1.15) ensures the interaction
potential per particle is of order one. This corresponds to a mean-field scenario, where each particle
interacts with an order 7 other particles and the interaction strength is of order 771.

Instead, we may consider short-range interactions, where w in (1.25) is replaced with w.(x) =
Tw(Tx), where w is an even nonnegative function? with integral a. Physically, using the interaction
w, means that each particle interacts with an order 1 other particles, and the interaction strength
is of order 1. Indeed, because we have an order 7 particles in T!, the typical separation between

neighbouring particles is of order 771.

Theorem 1.9 (Convergence for d = 1 with local interaction). Let A = T, k > 0, v = 0,
and define h as in (1.5). Let w, be an even nonnegative function on A satisfying

[wr][pr < C, [wrllL= < C7, (1.53)

and suppose that w, converges weakly (with respect to bounded continuous functions) to a > 0 times
the delta function at 0. Let the classical interaction W be defined as in (1.52) and the classical
p-particle correlation function vy, be defined as in (1.14) and (1.13). Moreover, let the quantum
p-particle correlation function v, be defined as in (1.26) and (1.17), where the many-body quantum
Hamiltonian (1.25) has interaction potential w, instead of w.

Then for all p € N we have (1.51).

Note that the assumptions on w, in Theorem 1.9 are satisfied if we take w, (z) = 79w (%) for
any (8 € (0,1] and even nonnegative w with integral a.

*More precisely, w is an even nonnegative function in L'(R) and w, : A — R is defined by w, (z) := Tw(r[z]),
where [z] is the unique representative in the set (z +Z) N[-1/2,1/2).
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1.8. Strategy of proof. Our basic approach is a perturbative expansion in the interaction, mo-
tivated by ideas from field theory. Let us first focus on the classical problem. For simplicity, we
explain our strategy for the partition function [ e Vdpu.

Since W > 0, it is easy to see that the function z — [e *"Wdu is analytic in the right half-
plane Rez > 0. However, it is ill-defined for Rez < 0, and therefore its radius of convergence
at z = 0 is zero. Hence, a power series representation in terms of moments [[W™du of W
with respect to p is a hopeless task. This well-known phenomenon is best understood in the toy
example A(z) = (2m)~V2 [ e~ ¢=¥"/2 dz which is obviously analytic for Rez > 0. Moreover,
using Taylor’s theorem and Wick’s theorem for the moments of a Gaussian measure, we find the
asymptotic expansion

M-1
nm - i
A@2) = Y am#™ + Ru(2),  am = . Ru)| <

m=0

(1.54)
for any M € N and Re z > 0. The estimate on the remainder term behaves like (CM|z|)™ for large
M, and in particular diverges as M — oo unless z = 0. Although the power series for A(z) is not
convergent around z = 0, one can neverthless reconstruct A effectively from its coefficients a,, by
Borel summation. This was understood in [91] and [85], building on the previous work [54, 72].

Recall that the Borel transform B(z) of a formal power series A(z) = Y, ~qam2™ is defined
as B(z) = Y042, Then, as formal power series, we may recover A from from its Borel
transform B by

A(z) = /0 T dte ' B(t2). (1.55)

For a,, as in (1.54), the formal power series A(z) has a vanishing radius of convergence, but its
Borel transform B(z) has a positive radius of convergence, and hence defines an analytic function
in a ball around the origin. If we can show that B extends to an analytic function of sufficiently
slow increase defined in some neighbourhood of the positive real axis, we can therefore recover
the function A(z) on the positive real axis from its coefficients a,, via the identity (1.55). This
procedure allows us to obtain control of functions A(z) via the coefficients of their asymptotic
expansions (1.54), although these expansions may have zero radius of convergence. The precise
statement is given in Theorem A.1 below, which shows that two analytic functions A,(z) and A(z)
are close provided that the coefficients of their asymptotic expansions are close. This requires
bounds on the coefficients a; ,, an, and on the remainder terms R, a(2), Ry (z) of the asymptotic
expansions of the form |a, |+ |am| < C™m! and Ry p(2) + Rar(2) < CMM!|2|M | which are much
weaker than bounds needed to obtain a positive radius of convergence for A.

Thus, thanks to Borel summation, we may control the classical partition function A(z) =
i e*W dyu in terms of the coefficients a,, = % JW™dpu. In order to identify these coefficients
as the limits of the corresponding quantum coeflicients, they have to be computed explicitly using
Wick’s theorem for the Gaussmn measure y. To that end, we use the Definition of W from Lemma
1.5 to write a,, = lim KHOO m, f W[ K] dp, and apply Wick’s theorem to the resulting expression.
Thus we get an integral over 2m integration variables, with an integrand that is a product of
expressions of the form w(x; — x;) and G(z4;2;), where we defined the classical Green function
G(x;y) :== [dp¢(y)¢(x), which is nothing but the covariance G = h™! of the classical free field.
A crucial observation is that, thanks to the Wick ordering in (1.34), the arguments x; and x;
are always different integration variables from the list (z;), which allows us to obtain the needed
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estimates for the coefficients a,,. Without the Wick ordering in (1.34), we would get terms of the
form G(z;;x;), which yield, after integration over z;, TrG = Trh~! = oo. The remainder term
Ry (z) of the asymptotic expansion of A(z), which arises from the remainder of Taylor’s theorem
applied to e *"', may be estimated easily in terms of a,, because W > 0.

We remark that the above analysis of the asymptotic expansion of the classical partition function
A(2) = [ e*W du proceeds under much stronger assumptions on the interaction W than has been
considered in the field theory literature. Indeed, our main focus and the key difficulties of the proof
are in the analysis of the quantum problem.

In analogy to the classical partition function A(2) = [ e=*W dp, the (relative) quantum partition
function for the modified grand canonical density operator Py from (1.46) is defined as

n
Ar(z) = m . P(2) = e o= (=2 Hro—2Wr o=nHro (1.56)
Since W is a positive operator, it is not too hard to show that A.(z) is analytic for Rez > 0. Asin
the classical case, we aim to find an asymptotic expansion of the form A,(z) = Z%:_ol rm2™ +
R: p(z). The main work in the proof is

(i) obtain bounds of the form |a;,,| < C™m! and |R,p(2)] < CMM!2|M on the coefficients
and the remainder term of the expansion of A,(z), which are strong enough to control A,(z)
using its Borel transform,;

(ii) prove the convergence of the quantum coefficient a, ,, to the classical coefficient a,, as 7 — o.

Part (i) is in fact the hardest part of the proof; we now outline how these estimates are derived.
The Taylor expansion of A;(z) is obtained from a Duhamel expansion, which arises from a re-
peated application of Duhamel’s formula eXt?Y = X 4 2 fol dt eXA-yet(X+2Y) ¢4 the expression
e~ (=2 Hr0—2Wr = Thig gives an explicit expression for arm in terms of an m-fold time integral
[ dt over an m-dimensional simplex (see (2.10) below), whose integrand consists of the trace of
a product of interaction terms W, and free propagators e~(ti-1—*)Hr0 depending on the times t.
We compute the trace using the quantum Wick theorem (see Appendix B), which says that an

expression of the form

1

Toiemy T (070 9 am)on () 6o gm) e 0) (157)

is given by a sum over all pairings of the labels x1, ..., Zm, y1, . . ., Ym, Where each pairing contributes
a product over pairs of two-point functions of the form

1

Ty (0 @cl) ) = Crlary),

where G, is the quantum Green function. It may be easily computed (see Appendix B) to equal
G, = m Thus, for energies less than the temperature 7, the quantum Green function G,

behaves like the classical Green function G = h™!, whereas for energies above the temperature 7 it
exhibits a subexponential decay.

A major hurdle in the application of the quantum Wick theorem is that the expressions obtained
from the Duhamel expansion are not of the simple form (1.57), but intertwine factors of ¢, and
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@ with free propagators e~ (ti-i—t)Hr0  The quantum Wick theorem remains applicable in this

case, except that the resulting quantum Green functions are time-dependent, and take on the form

. e thr/7T thy/T
GT7t T or(ehr/T—1)

get factors of the form G, with ¢ > —1 and S;; for ¢ > 0. Thus, these time-dependent operators
are no longer uniformly Hilbert-Schmidt. In fact, the only norm under which they are uniformly
bounded in time is the operator norm ||-||ge, which is far too weak for our estimates. (Note that,
here and throughout this paper, time does not refer to physical time, which is the argument of a
unitary one-parameter group, but rather to imaginary physical time, which is the argument of a
contraction semigroup of the form ¢ — e~th/7))

or Syy=e" , depending on the structure of the pair in the pairing. We

It is therefore crucial to exploit the detailed structure of the terms arising from the quantum
Wick theorem and the precise time-dependence of the Green functions. We do this by introducing a
graphical notation, whereby individual terms arising from the quantum Wick theorem are encoded
by graphs. The value of a graph is estimated by using an interplay of GP-norms of the associated
operators and the LP-norms of their operator kernels. In order to go back and forth between
these two pictures, a crucial observation that we make use of is that the operator kernels of all
time-evolved Green functions G,; and S;; are nonnegative. This allows us to rewrite integrals of
absolute values of the operator kernels, obtained after using LP-estimates, as kernels of products
of operators. This interplay lies at the heart of our estimates. Viewed from a slightly different
angle, we work both in physical space x € A, where operators are controlled using LP-norms of
their kernels, and in the eigenfunction or Fourier space k € N, where operators are controlled using
their Schatten norms. The latter space is also often referred to as frequency space (by analogy to
the case A = T? and h = —A + k, where the eigenfunctions are parametrized by frequencies). In
fact, most of our analysis takes place in physical space, in contrast to most previous work on Gibbs
measures of NLS (e.g. [8,10,11]) that operates in eigenfunction space.

More concretely, we estimate a pairing by decomposing its associated graph into disjoint paths,
where a path consists of a string of consecutive Green functions. Paths are connected by interaction
potentials w(x; — ;) whose two arguments may belong to different paths. Using ||w||z~ < oo, we
may estimate the contribution of a pairing by simply dropping the interaction potentials w, at the
cost of a multiplicative constant ||w||7%, to decouple the paths, resulting in a product of integrals
of paths. Using the positivity of the remaining integral kernels, we may rewrite the contribution
of each path as a trace of an operator product of Green functions. This allows us to combine the
time indices ¢ of all Green functions within a path, which always sum to zero for any path, and
ultimately conclude the estimate. This combination of the times within a path is essential for our
estimates, and estimating the LP- or GP-norms of the individual Green functions directly leads to
bounds that are not good enough to conclude the proof.

The upper bound that we obtain for each explicit coefficient ar,, of the quantum expansion
is uniform in the times t and the parameter 7. By dominated convergence, the convergence of
ar,m to the classical coefficient a,, may be proved using rather soft arguments, for each fixed t in
the interior of the simplex, without worrying about uniformity in t. In that case, all time-evolved
Green functions are Hilbert-Schmidt (albeit with norms that may blow up as t approaches the
boundary of the simplex), and the convergence of ar,, may be relatively easily established using
the convergence of G ; to the classical Green function G for all £ > —1 and S;; to the identity I for
t > 0. This shows that a,,,, expressed as a sum over graphs, converges to an explicit expression,
where the contribution of each graph is given as an integral of a monomial in factors of w and G.
It then remains to simply verify that this expression is precisely the one obtained from the classical
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theory using Wick’s theorem, which was outlined above.

As explained above, the classical remainder term Rjps(z) may be trivially estimated in terms
of the M-th explicit term a,M]z]M . This is not the case for the quantum problem, where the
estimate of R, y/(z) is a major source of technical difficulties, and also the reason why we require
n > 0 in Theorem 1.6. The structure of the remainder term R p/(z) is analogous to that of a, ,
outlined above, except that the last free propagator e *Hr0 is replaced with the full propagator
e~tm(Hro+2W) - Hence, the quantum Wick theorem is not applicable. Moreover, estimating the
remainder term in terms of an explicit term (i.e. setting z = 0 to obtain an upper bound), like
in the classical case, does not work owing to the noncommutativity of the interactions W, and
the quantum propagators. On the other hand, owing to the delicate cancellations inherent in the
renormalized interaction W, our only means of estimating factors of W effectively is the quantum
Wick theorem for the quasi-free state p;o(-) from (1.38).

Our approach is to estimate the remainder term by a careful splitting using Holder’s inequality
for the Schatten spaces. To that end, we have to ensure that the total time tj; carried by the full
propagator et Hrot+2W) is hounded away from one, in order to ensure that the remaining free
propagators have a total time bounded away from zero. By an appropriate choice of the splitting,
we may therefore obtain a product of Schatten norms containing either (a) only the full propagator
or (b) a product of free propagators and interaction potentials W,. The former may be estimated
using the Trotter-Kato product formula, using that Rez > 0 and W, is positive. The latter may
be again estimated using Wick’s theorem. A further technical complication in the use of Wick’s
theorem is that, in order to use Wick’s theorem to estimate the Schatten norm in a factor of type
(b), the total times in factors of type (b) have to be inverses of even integers. The existence of such
a splitting is guaranteed by a carefully constructed splitting algorithm. We remark that it is the
requirement that the full propagator have a total time separated away from one that leads to the
requirement 17 > 0 in Theorem 1.6.

In the one-dimensional case, where the interaction potential is not renormalized, the remainder
term may be easily estimated in terms of the explicit term by an application of the Feynman-Kac
formula for the full propagator. (See Proposition 4.5 below.) Hence, in that case we can also set
n = 0. This argument requires taking the absolute value of the integral kernel of the interaction
W, and hence destroys the delicate cancellations arising from the renormalization needed in the
higher-dimensional case.

Putting everything together, we have obtained the necessary estimates to deduce from the Borel
summation result in Theorem A.1 that the relative quantum partition function A, (1) from (1.56)
converges to the classical partition function A(1) = [e=" dy.

Finally, instead of partition functions, we can analyse correlation functions by computing the
expectation of observables, i.e. polynomials in the classical or quantum fields. This leads to a
minor generalization of the approach outlined above, whose essence however remains the same.
The convergence of the correlation function then follows from the convergence of observables by a
simple duality argument.

1.9. Organization of the paper. We conclude the introduction with an outline of the remainder
of the paper. In Section 2 we set up and analyse the perturbative expansion for the quantum
problem. The analogous task for the classical problem is performed in Section 3, where we also
identify the classical expansion as the high-temperature limit of the quantum expansion. In Section
4, we explain the modifications required to apply our results to the one-dimensional problem without
renormalization. In Section 5 we formulate the counterterm problem precisely and solve it. Finally,
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in the appendices we collect various technical tools needed in our proofs. In Appendix A we state
and prove a general result about resummation of asymptotic expansions using Borel summation.
In Appendix B, we collect some standard facts about bosonic quasi-free states. The final Appendix
C collects some basic estimates on the quantum Green function.

2. The quantum problem

Sections 2-3 are devoted to the proof of our main result, Theorem 1.6.

2.1. Preparations. We use the notation h, = ZkeN ArkUr gy . for the eigenvalues A, > 0 and
eigenfunctions u,j, € ) of h,. We abbreviate ¢, := ¢-(ur ). From (1.23) we deduce that

J
[brndid = T5, [drk b = 91k 6L] = 0. (21)

Moreover, we have the eigenfunction expansion

¢T(l‘) = ZUT,kJ(x)QST,k, (22)

keN

and we can write Hrg = > 1oy Ark Ork®h k-

Next, we define the quantum Green function, G, as the one-particle correlation function of the
free state (1.38):

<f7GT.g> = pT,O(gbj—(g)d)T(f)) : (23)
In particular, the quantum density o-(x) = G(x;x) is given by the diagonal of G.. From Lemma
B.1 (i) we find
1 1 e h/7

T(eh/T—1)  T1—eh/T’
Analogously, we define the classical Green function, G, as the covariance of the field ¢ under the
Gaussian measure u:

G, = (2.4)

(f.Gg) = / A lf.8)(6.9) = (f.hlg), (2.5)

ie. G=h"NL
Next, we construct an observable using a self-adjoint operator & on $®. More precisely, for
p € N we denote by

the unit ball of S2(H®)). We define the lift of £ € B, to F through

0,(§) = /dm--'dxpdyl--'dypé(:rh...,:L‘p;y1,...,yp)¢i($1)---¢i($p)¢7(y1)---¢7(yp).

(2.6)
The main work in this section is to compute the expectation of ©,(£) in the state p(-), for arbitrary
self-adjoint £ € B),. In addition, for the Borel summation argument we have to introduce a complex
parameter in front of the interaction potential W.. To that end, we write

TH(O.(&)P))  i(0:(6)

pZ(@T(g)) = TI“(PJ—]) = 5271(1) ) (27)
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where we defined ( i (1—20)Hr 0—2 Wy ,—nH )
Tr(Ae 1H70e~ W2 Hr0=2Wr g =NHr.0

. . ) 2.8

Pr,z(-A) Tr(e—Hf,O) &8

Here z is a free complex parameter with nonnegative real part.

2.2. Duhamel expansion. Define the function
As(z) = p1.(0:(6)). (2.9)

We now perform a Taylor expansion up to order M € N of Ai(z) in the parameter z. This is done
using a Duhamel expansion. The resulting coefficients are

¢ ( ) 1 1-n ty tm—1
R m/ dtl/ dtg---/ dt,
’ (L=2n)™ J, n n

x 0, () e~ (1=t1)Hro W, e~ (ti—t2)Hro W, - e~ (tm—1—tm)Hro W, e—thT,o> / Tr (e— r,o) . (2.10)

and the remainder term is

M 1-2n t1 th—1
REM(z) = Tr (—1)MM/ dtq / dty - - / dtprr ©-(8) o~ (1=n—t1)Hr o W.
’ (1=2mM Jy 0 0
x e~ (1=t2)Hro 7 o=(ta—ta)Hro .y et”f(HT’OJrlzvzWT)e”HT*O)/Tr (efHT’O) . (2.11)

Lemma 2.1. For any M € N we have AS(z) = sM aﬁ,mzm + REM(Z).

Proof. By performing a Duhamel expansion of Aﬁ(z) in the parameter z obtained by iterating the
Duhamel formula M times, we find that, for m =0,1,..., M — 1, the m-th coefficient equals

1 S1 Sm—1 n n
Ty (1)m/ ds; / dsg - / dSmGT(é) e—ﬂHT,o e—(1—31)HT’0 W, e—(31—sz)HT’0 W,
0 0 0

e mormsm)Hlo o =smHz e_"HT’(’) / Tr (G_HT’())

where H] = (1 —2n)H,o. We first change variables by dilation as s/ := (1 — 27)s; and then by
translation as ¢; := s} + 7 in order to deduce (2.10). The proof of the formula for the remainder
term is analogous, except that we only perform the first change of variables. O

2.3. The explicit terms I: time-evolved Green function representation. We shall need
time-evolved versions of the creation and annihilation operators with respect to the Hamiltonian
hr/T. We give a precise definition by expanding in the eigenfunctions of h.

Definition 2.2. Given t € R, we define the operator-valued distributions e*7/7¢, and et'/7¢*
respectively as

(/70,) @) = @ (@) = Y@ (212)

keN keN
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These objects arise when we conjugate the creation and annihilation operators by e‘fr0.

Lemma 2.3. Fort € R we have
M g (n) e M = (M) ), T gy = (o) () (2.13)

Proof. Observe first that the identities from (2.13) are equivalent by duality. By using (2.2),
(1.37), and linearity, the first identity of (2.13) follows from

FT(t) — et¢:,k¢r,k ¢:7ke_t¢:’k¢7’k — et/T¢j—7k- (214)

In order to show (2.14), we remark that F(t) is an operator-valued distribution which depends
smoothly on the parameter t. We compute

I (T M )
as a densely defined quadratic form. By (2.1), we therefore get

FLUt) = 77t Omadrr g e T OmR0mE = 1L R ().

Since Fr-(0) = ¢7 ;, it follows that F;(t) = et/ ¢3 i+ as claimed. O
Lemma 2.3 now directly implies the following result for the conjugation of the interaction Wi
by etHro,

Corollary 2.4. Fort € R we have

o, e o = % dady (("/767) @) (¢™/76,) (@) - or(a))
x wiw—y) ("6 ) (o) W)~ 0ry)) . (215)
We denote the renormalized product of two operators A, B that are each linear in ¢, ¢ by
cAB:= AB—pro(AB). (2.16)

We now substitute the result of Corollary 2.4 into (2.10) and use cyclicity of the trace to obtain

1— t e
as, = (—1)’”1/ ndtl/ldmm/ 1 Aty £, (t1, .. tm) (2.17)
s (1_2n)m2m " " " >
where

ff,m(h, coyty) = /dl‘l oo deypdyr - dYmgp

m
(H w(xi - yz)) : f(xm—&-lv - Tmtps Ym+-15 - - aym+p)
=1

pT’()( S ([ (etihT/Td)i)(xi) (eftihf/rng) () :] {: (etihq—/ﬂ'd);k—)(yi) (eftihT/TqST)(yi) : } >

1=

1
x | | o7 (zm+i) quT(ymﬂ-)) : (2.18)

i=1 i=1
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Here we recall the definition of pro from (1.38). In the above formula, and in what follows, when
we write [[, we always take the product of the operators in fixed order of increasing indices from
left to right.

We define an abstract vertex set X of 4m + 2p elements, which encode the ¢, and ¢¥ in (2.18).

Definition 2.5. Let m,p € N be given.

(i) The vertex set X = X(m,p) consists of triples of the form (i,7,9), where i = 1,...,m + 1.
Fori=1,...,m we have r = 1,2, and for i = m+1 we have r = 1,...,p. Finally § = +1. In
what follows, we also denote each such triple (i,7,60) by a. Given o = (i,r,0) € X, we write
its components ¢, 7,0 as iy, 'a, 0o respectively.

(ii) On X, we impose a linear order < by ordering the elements of o = (i,7,d) € X’ in increasing
order as

(1,1,41),(1,1,-1),(1,2,+1),(1,2,-1),...,(m,1,+1), (m, 1, -1), (m, 2, +1), (m, 2, —1),
(m + 17 17+1)7 ceey (’I?’L + 11p7+1)7 (m + 17 17 _1)1 ey (m + 1apa _1) . (219)

Moreover, given a, 8 € X, we say that a < g if a < f and « # .

Before we proceed, let us explain the motivation for this definition. The first component
indexes the operator (w or £) occurring outside of p; in the integrand in (2.18). Furthermore,
for i = 1,...,m, the index r = 1,2 tells us whether we are looking at the factor qbg(xl) or ¢E(yi),
whereas for i = m+1, r = 1,...,p indicates the choice of the factor ¢X (2 4r) O ¢7(Ym4r). Finally,
d = %1 is taken to be +1 for a ¢¥ and —1 for a ¢,. In this way (X, <) encodes the occurrences of
¢ and ¢F in (2.18) in the appropriate order. A graphical interpretation of this encoding is given
in Figure 2.1 below.

Next, to each vertex o = (i,7,0) € X we assign an integration label z, = z;,5. Moreover,
to each i = 1,...,m we assign an index t;, and we also use t;,+1 := 0. For a = (i,7,0), we
interchangeably use the notations z, = z;,s and t, = t;, depending on which form is more
convenient. We also abbreviate

X = (Za)acx € AV, t = (ta)acx € RY. (2.20)

We always consider (1, ..., ty) in the support of the integral in (2.17), in which case we have t € 2,
where we defined the simplex 2 = 2(m) as

A = {tERX3ti7r,5:tiwith0:tm+1<77<tm<tm_1<"'<t2<t1<1—77}. (2.21)

Note that
a<fB = 0<ty—tg<l1. (2.22)

Define a family of operator-valued distributions (B, (x,t))s through

(et“hT/ngSi) (zq) ifda=1

Ba(x,t) = {(etam/r@)(%) if 6o = 1.

Definition 2.6. Let II be a pairing of X, i.e. a one-regular graph on X'. We regard its edges as
ordered pairs («, ) satisfying a < 5. Let B = B (m, p) denote the set of pairings of X such that
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(i) for each i =1,...,m and r = 1,2 we have ((¢,7,+1), (i,7,—1)) ¢ II;
(ii) for each («, 3) € II we have 0,03 = —1.
Definition 2.7. We define the value of II € 3 through

2

IE,H(t) = /AX dx H<w(wi,171 — $i72’1) H 5(.7}1"771 - .1‘@,«7_1))
=1

r=1
X E(Tmg1,1,15 - s Tt Lp,13 T 1,1,—1s - - - s T 1p,—1) H pro(Ba(x,t) Ba(x,t)) . (2.23)
(a,p)€ll
Lemma 2.8. For each m,p € N we have ff}m(t) = ley Ifn(t).

Proof. Analogously to the labels x = (x4)q, We assign to each vertex a = (i,7,9) € X a spectral
index ko = k; 5, and abbreviate k = (kq)a-
Given k > 0, we define

a Ur k; if 6o = +1
u‘r,k =

Ut k if 5a =—1.

Using (2.12) we write

Z o datadr kg /Tug,ka (2a)Aa(K) (2.24)

ko €N

where the family of operators (Aq(k))q is defined by

* if 0o = +1
Ay(k) = { Prha 02 = (2.25)
qﬁﬂ-’ka if (Sa =—1.
As before, we also use the abbreviation A, = A, ;s when a = (i,7,0).
Substituting (2.24) into (2.18), it follows that
m 2
fﬁ,m(t) = / dx H(w(ﬁﬂi,l,ﬂ —Ti241) H O xip 41 — Cﬂi,r,1)>
AY 0 r=1
X E(Tma1,1,41, - - $m+1,p 1 P11~ 15 - > T Lp,—1)
p
X Z Heéata)\r,ka/fuaka gja pT()( H H [ H Ai7r75(k)] : H H Am+1,r,6(k)) ) . (2.26)
k « i=1r=1 o==+1 d=+1r=1

In the above expression, we adopt our previous convention for [] to X in the sense that all the
products are taken in increasing order of the vertices in X. We henceforth use this convention.
Next, we claim that Lemma B.1 implies

m(ﬁﬁ:[n s8] TT TT Amenrati )) ST ool As(1)

i=1r=1 Lé=+1 S=+17r=1 IEP (o,B)€ll

(2.27)
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Indeed, we can multiply out all 2m factors of the form

: [ H Ai,r,é(k)] L= H Ai,r,é(k) - ,OT,0< H Ai,r,é(k)> 5

and apply Lemma B.1 (ii) to each resulting term. The result is a sum of the form (2.27) over all
pairings satisfying property (i) of Definition 2.6. Note that it is precisely the renormalization : [-] :
that gets rid of the pairings violating property (i) of Definition 2.6. Moreover, by Lemma B.1 (i) we
find that if IT contains an edge («, 3) satisfying d,d3 = 1 then its contribution vanishes. Hence, any
pairing with a nonzero contribution to (2.27) satisfies property (ii) of Definition 2.6. This proves
(2.27).

Substituting (2.27) into (2.26) and using (2.24), we deduce the claim. O

Next, in order to compute the factors p;o(-) in (2.23), for ¢ € R we introduce the bounded
operators

Sy = e T (1>0), (2.28)
efth.r/T

Grt = ————— t>—1). 2.29

»t T(ehT/T _ 1) ( ) ( )

In particular, Gro = G-. As usual, we denote the Schwartz operator kernels of S;; and G,; by
Sri(x;y) and Gry(x;y) respectively. In general, the integral kernels S;;(z;y) and Gr;(x;y) are
measures on AZ.

We have the following simple but crucial positivity result for the operator kernels.

Lemma 2.9. For allt > 0 and xz,y € A we have S:(z;y) = Sr(y;x) = 0. Moreover, for all
t>—1and z,y € A we have G (z;y) = Gr4(y;z) > 0.

Proof. Since S;; and G are self-adjoint, the symmetry of their kernels follows from their point-
wise nonnegativity. Using the convergent Neumann series

1
_ = —(t+n)h- /T 92
Gry = - e (2.30)

n=1

and continuity, we find that it suffices to prove that S;(x;y) > 0 for all ¢t > 0 and z,y € A. We do
this using the Feynman-Kac formula. For x € A, denote by W, the Wiener measure on continuous
paths b € C([0,00); A) satisfying b(0) = z, i.e. the law of the A-valued Brownian motion starting
at « with variance [ W, (db) (b(t) — x)? = 2t for ¢t > 0. Then we have

Sri(wy) = /Wx(db) eXp<— /Ot/T ds [k + vf(b(S))]> (b(t/7) —y)

which is manifestly nonnegative. O
Lemma 2.10. Let o, 8 € X satisfy a < .

(i) If 6o = 41, 0g = —1, and t, —tg < 1 then

Pr,0 (Ba (x,t) BB (x, t)) = GT,—(ta—tg)(l'a; x,@) :
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(i1) If 6o = —1, 65 = +1, and to, —tg > 0 then
1
Pr,0 (Ba(x7 t) BB(X, t)) = GT,ta—t/g (:1704; :Z:B) + ;S’r,ta—tg («7304; .Tg) .

(iii) In both cases (i) and (ii) we have
pro(Ba(x,t) Bg(x,t)) > 0.
Proof. We use the spectral representation to write
Sralwsy) = Y e M (2)urp(y)
keN

for ¢t > 0, and
Gra(m;y) = > e (2 ur k(1) pro (S5 kOr)

keN
for t > —1, where we used (2.4).
If 6o = +1,03 = —1 and t, — tg < 1, we compute using (2.24) and (2.25)

pro(Bal(x,t) Ba(x,t)) = Y el T Ty (oYt gy (25)Pr0 Gk, Driks)
k‘a,kﬁEN

= Z et/ TGy (20 )ur g (26) (U g, Gritr ) = G (ta—tg)(Tai ) ,
keN
as was claimed in part (i). In the second step we used (2.3), (2.4), and that G is diagonal in the
basis (ur ).
Likewise, if o = —1,08 = +1 and t, — tg > 0, we compute using (2.1)

—taAr ko /T Ar T _ *
pro(Ba(x,t) Ba(x,t)) = Y etk T Ty (0 )ty (28) pro (G, D)

ka,kﬁeN
4+ = Z ta)\T,k/T+tB)‘T,k/TuT’k(xa)aT7k(xﬁ)

keN

= Y et N Ty (20 )t () (i, Gt

keN

1 i _
+ mezNe (e tp Ak T g (20)Tr o (25)

—_

= GT,ta—tﬂ(xa; mﬁ) + - 7T,ta—tg (xa7xﬁ)

— 3

= Grito—ts(Ta;T8) + ;ST,taftB (Tasz8) -

In the last equality, we used that Gr1,—t,(z;y) and Sy, ¢, (7; y) are real-valued kernels by Lemma
2.9. This proves part (ii).
Part (iii) now follows from Lemma 2.9. O

2.4. The explicit terms II: graphical representation. It is convenient to introduce a graph-
ical representation for the vertex set X and the pairing Il € 3. See Figure 2.1 for an illustration.

Definition 2.11. Fix m,p € N. To each II € 98 we assign an edge-coloured undirected multigraph?®

3This means that the graph may have multiple edges.
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L,1,+1 1,2,+1

1,1,-1 1,2,—1 e R e 75,1, -1 5,4,—1

FicURE 2.1. A graphical depiction of a pairing II € B. Here m = 4 and p = 4. We depict each vertex
a = (i,7,0) € X with a white dot, and each edge of II using a dotted line. We draw vertices with § = +1
on the top and vertices with § = —1 on the bottom. We indicate the names of a few vertices next to the
corresponding dots. If two vertices are connected by a vertical line, this indicates a delta function in (2.23)
that constrains their respective labels in x to coincide, and we connect these vertical lines with a horizontal
wiggly line representing a factor w(-) in (2.23). Finally, we represent the integral kernel of £ in (2.23) with
a grey box. In this picture, the leftmost 4m = 16 vertices are ordered lexicographically according to their
(z,y)-coordinates, and the subsequent 2p = 8 vertices are ordered lexicographically according to their (y, x)-
coordinates, whereby the z-axis is ordered from left to right and the y-axis from top to bottom; see (2.19).

Vi, &, on) = (V, €, 0), with a colouring o : £ — +1, as follows.

(i) On X we introduce the equivalence relation o ~ f if and only if i, = ig < m and ro = 7.
We define the vertex set V := {[a] : @ € X'} as the set of equivalence classes of X'. We use
the notation V = Vs U Vi, where

Vo = {(4,r): 1 <i<m,1<r <2}, Vi = {(m+1,r+1):1<r<p}.

(ii) The set V carries a total order < inherited from X": [«] < [3] whenever a < . It is trivial to
check that < is well-defined on V (i.e. does not depend on the choice of the representatives
a, B eX).

(iii) For a pairing IT € P, each edge (o, 8) € II gives rise to an edge e = {[a],[f]} of €& with
o(e) == dg.

(iv) We denote by conn(€) the set of connected components of &, so that & = [ |pcoonne) P- We
call the connected components P of £ paths.

Since the vertex set V is determined by m and p, we often refer to the multigraph (V, £) simply
as €. An example of such a multigraph is depicted in Figure 2.2. Note that the multigraph £
may contain multiple edges, but it cannot contain loops. This absence of loops is crucial for our
estimates, and is guaranteed by the condition (i) from Definition 2.6, which itself was a consequence
of the renormalization in the interaction W.

The proof of the following lemma is immediate from Definitions 2.6 and 2.11.

Lemma 2.12. For any 11 € 5B the associated graph Eq = £ has the following properties.
(i) Each vertex of Vo has degree 2.
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4,1 42 77 T5,1,-1 5,4,—1

FIGURE 2.2. A graphical depiction of the edge-coloured multigraph £ associated with the pairing II from
Figure 2.1. We depict vertices of V using white dots and edges of £ using dotted or dashed lines: edges e
with colour o(e) = +1 correspond to dotted lines and edges e with colour o(e) = —1 to dashed lines. We
indicate the names of a few vertices next to the corresponding dots. A wiggly line connecting two vertices
a,b € V denotes a factor w(y, — yp») in (2.38). The grey box depicts the integral kernel of £&. Each line
corresponding to an edge e € £ encodes a factor J;. in (2.38). The set of paths conn(€) consists of two
closed paths and four open paths.

(ii) Each vertex of V1 has degree 1.
(i7i) There are no loops (cycles of length one).
In particular, each P € conn(E) is a path of € in the usual graph-theoretic sense.

For the following we fix m,p € N and a pairing IT € 3, and let (V, &, o) denote the associated
graph from Definition 2.11.

With each x = (24)acx € AY and t = (ta)acx € RY we associate integration labels y =
(Ya)acy € AY and time labels s = (s,)qcy € RY defined by

Yo = Za Sla] ‘= 12% (231)

for any a € X'; as explained above (2.20), the definitions given above do not depend on the choice
of representative a. Note also that by (2.22) we have

0<s,—8s,<1 for a<hb. (2.32)
Moreover,
Sq = 8p if and only if i, =4y, (2.33)
where we use the notation ify) := iq-

Definition 2.13. Let P € conn(€). We call P a closed path if it only contains vertices of Vs, and
an open path otherwise.

By Lemma 2.12, we find that any closed path P € conn(€) is a closed path in Vs in the usual
graph-theoretic sense, and any open path P € conn(€) has two distinct end points in Vj, and its
remaining [V(P)| — 2 vertices are in V,. We denote by V(P) := [J,cp e C V the set of vertices of
the path P € conn(€). Moreover, we split V(P) = Vo(P) U Vi (P), where V;(P) := V(P) NV;. Note
that Vi (P) = () whenever P is a closed path.
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Definition 2.14. Let y = (y4)aey € AY and s = (54)qcy € RY satisfy (2.32). Let e = {a,b} € &£
with a < b. We define the labels y, := (yq,ys) € A° and the integral kernels

]_(()-(6)7_:+1)ST,5,1—51) (ya; yb) ) (234)

jT,e (yea S) = GT,O’(E)(Safsb) (ya; yb) . (235)

jT7€ (yev S) = GT,a(e)(safsb) (ya; yb) +

Note that jm is always a Hilbert-Schmidt operator because s, — s, < 1. However, J; . is not
Hilbert-Schmidt when o(e) = +1 and i, = 4, in which case s, — sp = 0.
In the following we use the splitting

y = (¥y1,¥2) (2.36)

where y; := (Ya)aey, for i = 1,2. By a slight abuse of notation, from now on we write

EWYm1,1,415 - Ymt Lp 415 YmA1,1,—15 - - - Ymaip—1) = &(¥1)- (2.37)
Lemma 2.15. With s defined in (2.31), we have
IE,H(t) = /AV dy (Hw(yl,l - yl,2)>§(yl) H jT,e(y67 S) . (238)
i=1 ecl

Proof. We define a mapping L : AY — A% by Ly := (Yja))acx- We note that L is a bijection
mapping AY onto

{x e AV Lip41 = Tip—1 forall 1 <i<m, 1 <r < m} .
Moreover, using Lemma 2.10 and Definition 2.14, it follows that for e = {a,b} with a < b
Tre(¥ers) = pro(Ba(Ly,t) Bs(Ly,t))

where (a, 5) € Il is chosen such that [a] = a, [§] = b. The claim now follows by using the change
of variables x = Ly on the right-hand side of (2.38), and recalling (2.23). O

Corollary 2.16. With s defined in (2.31), we have

2] <l [ | dy 6o [ relrers). (2:39)
AV ee&
Proof. This follows from Lemmas 2.15 and 2.10 (iii). O

2.5. The explicit terms III: upper bound. Recall that for the Hilbert-Schmidt norm ||-||g2(g)
we have the basic identity

1/2
Al = ( [ asay rA<x;y>|2> . (2.40)

Moreover, by spectral decomposition of |A| = v A*A, we easily find

[Allge ) < [ Allga (s) (2.41)
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for all 1 < ¢1 < g2 < oco. Both of these facts extend trivially to the p-particle case where § is
replaced with 5’J(p).

Note also that for any ¢ > —1 we have G,; € &9($) for all ¢ € [1,00), as can be easily seen
by spectral decomposition and the fact that ho! € &2($). It follows that G, e G&l(H) for all
1<g<o0.

In this subsection we fix m,p € N and a pairing II € B, and let (V, &, o) denote the associated
graph from Definition 2.11. The following two results are the key estimates that allow us to integrate
out the variables of a single path P € conn(£). The former bounds, (2.42) and (2.44), are used
; see Proposition 2.19 below. The latter bounds, (2.43) and

(2.45), are used to prove the convergence of If,n (t) for fixed t € 2 in Section 2.6.

to derive an upper bound on ‘Ifn(t)

Lemma 2.17. Suppose that P € conn(E) is a closed path. Then

/AV(P) H dya er,e(yeas) < C|V(P)|7 (242)

acV(P) P

and

/AW) I ( [[ 7reves) - 1 jT,e(ye,S)> ‘ —0 as T—o00. (2.43)

aeV(P) ecP ecP

Lemma 2.18. Suppose that P € conn(E) is an open path with end points by, by € V1(P). Then

‘ / I v [[ Frelyes) < Pl (2.44)
AV2(P)
acVa(P) ecP L?szlyb
and
/V H dya ( H Tre(Yers) — H Tre(Yer s)) —0 as T—o00. (2.45)
AV2(P) a€Va(P) ecP ecP L§b1 by

Proof of Lemma 2.17. We first prove (2.42). Denote by ¢ the length of the path P, and use the
notation P = {ey, e, ..., €4} for the edges of P, whereby e; and e;; are incident for j =1,...,q.
Here, and throughout the proof, the index j is always understood to be modulo ¢g. Denote by a;
the unique vertex in ej_1 Ne;. Without loss of generality, we suppose that a; < a2. Note that we
always have ¢ > 2.

Next, by construction of £ in Definition 2.11, the colour o(e;) of any edge e; € P is determined
by o(e1). Indeed,

o(e;) = oler) ifaj <ajp (2.46)
! —o(er) ifa; >aj41. ‘

This follows immediately from Definition 2.11, and is best understood using Figure 2.3.
Next, for j =1,...,q, we define the vertices a; _ := min{a;, aj+1} and a; 4 := max{a;,a;j;+1}.
From (2.46) we get, for j =1,...,q,

o(e;)(Sa;,— = Sa;4) = o(e1)(Sa; = Sa;1) - (2.47)
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FIGURE 2.3. A closed path P of length 5, with ¢ = 5. The vertices of Vs are ordered from left to right and
depicted using white dots. Edges with colour +1 are depicted with dotted lines and edges with colour —1
with dashed lines. The edge e; is indicated, and has colour o(e;) = —1. Its colour determines the colours of
all other edges.

Substituting (2.47) into (2.34), we get, for j =1,...,q,

1(o(ej) = +1)

T ) (Yayi Yajr) - (248)

jT,ej (ye7 S) = GT,O’(@l)(Saj —sa].+1)(yaj ; yaj+1) + ST,O’(el)(Sa]. —Sajyq
Here we used that the kernels of G; and S;; are symmetric by Lemma 2.9. Note that the time
arguments in (2.48) are always in the corresponding domains from (2.28) and (2.29), as may be easily
seen using (2.32) and (2.47). More precisely, if o(e1) = 1, then o(e;) = 1 implies that a; < aj41
and hence Sa; — Saj4, = 0. Likewise, if o(e1) = —1, then a; > aj41 and hence Sa; — Sa;4 < 0.

We can hence rewrite the expression on the left-hand side of (2.42) as

q

1(o(ej) = +1)
H (GT,O’(el)(saj _Saj+1) + Bl S S A 757‘,0’(61)(80,]- _s‘1j+1) . (249)

j=1

Tr

Note that all operators in the above product commute, so that the order of the product is imma-
terial. We let

= {1<j<q:o(e) =+1}.
By construction, Jp # {1,...,q}. Indeed, by Definition 2.11, the smallest vertex in the path P is

incident to an edge of colour +1 and to an edge of colour —1.
We write (2.49) as

1
Z Tr ( H Gﬂa(el)(saj Sa].Jrl)) ( H ;ST,O'(El)(Suj saj+1))]

ICJp Ge{1,ma\I jEI
I
> T < 11 Gf,o><H STO>] =Y WTr(Gq 1y . (2.50)
ICJp JellL,g\I jel ICJp
In the first equality above, we used Zj 1(8aJ — Sa;_1) = Sags1 — Sap = 0, which holds since

Sagyr = Sag = 0.

By (2.41), we note that if || < ¢— 2 then Tr (GF~ \1\) = HGTHqG_c,Ij‘u G~ Hé;&' Consequently,
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(2.49) is

V(P
< Y GG + Gl < P (1 +11Grlls(s) + inGTnGlm)) -
ICJp:
[I|<q—2
(2.51)
In the last line we used ¢ > 2. Estimate (2.42) now follows from (2.51) by Lemma C.1.

Finally, (2.43) follows by a similar argument. When estimating the right-hand side of (2.43),
the only difference is that we sum over nonempty sets I in (2.50) and (2.51). Recalling (2.49),
Definition 2.14, and using ¢ > 2 we thus obtain an additional factor of % and one power of
(1 + [|Grlle2(s) + %HGTH@(m) less than on the right-hand side of (2.51), and we deduce (2.43)
again by using Lemma C.1. O

Proof of Lemma 2.18. We argue similarly as in the proof of Lemma 2.17. We first prove (2.44).
Let by and by be as in the statement of the lemma. Assume, without loss of generality, that by < bs.
By construction of £ in Definition 2.11, it follows that d,, = +1 and d;, = —1.

Let ¢ := [Vo(P)|. In the case ¢ = 0 we have T 1, 5,1 (U1, Ubs),8) = Gr(yn,;yp,) because
o({b1,b2}) = —1, and the claim follows immediately by Lemma C.1.

For the following we assume ¢ > 1. We write P = {e1,ea,...,€eq,eq41} for the edges of P,
whereby e; and e;41 are incident for j = 1,..., ¢ with the further properties that b1 € ey, b2 € €441,
and a; :=ejNejp1 € Vo(P), for all j =1,...,q. Furthermore, we add the conventions that ag := by

and agy1 = bo.
In this case, by Definition 2.11, the colour o(e;) of any edge e; € P is uniquely determined.
Namely,

~1 ifaj_; <a
o(e;) = SIS (2.52)
+1 ifaj_1>a;;

see Figure 2.4.

FIGURE 2.4. An open path P of length 4, with ¢ = 3. The vertices of Vs, are ordered from left to right and
we draw the two vertices of V; contained in P. Edges with colour 41 are depicted with dotted lines and
edges with colour —1 with dashed lines. The edge e; is indicated, and has colour o(e;) = +1.

Taking, for j = 1,...,¢ + 1, aj - := min{a;_1,a;} and aj := max{a;_1,a;}, (2.52) implies
that, for j=1,...,q+ 1,
O-(ej)(saj,f - SajﬂL) = SCLJ' - Saj,1 . (253)
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In particular, we substitute (2.53) into (2.34) and we get, for j =1,...,¢+ 1,

Hole) =t g o e ie). (254)

jT,ej (YGJ'?S) = GTysa-fsa' (yaj—l;ya‘j) + T J

J j—1
As for (2.48), we used the symmetry of the kernels of G; and S;; from Lemma 2.9. It immediately

follows that the time arguments in (2.54) are always in the corresponding domains from (2.28) and
(2.29). From (2.54) we deduce

q+1
_ 1(o(e;) = +1) |
/sz(p) H dya H \-77'6 Ye7 - [H <GT75ajSaj1 + f‘s’ﬂs%*s“j—l (ybl,yb2) .

ecP j=1
(2.55)
We now define Jp := {1 < j < q+1:0(e;) =+1}. We note that o(e;) = +1 and hence 1 € Jp.
Furthermore, o(eg41) = —1 and hence ¢+ 1 ¢ Jp. Therefore 1 < |Jp| < q.
We write (2.55) as

Z[( [T Gro s, )(H S50, 50, )](yblyyzm)

ICJp je{l,..,g+1}\I Jel

- [< 11 GT’O><HiST’O>](yb1;yb2) =D (G () . (2.56)

1cdp L Nje{l,.. q+1\I jel ICJp

In the first equality above, we used Z; l(saj+1 — Sa;) = Sag.1 — Sap = 0, which holds since

Sagy1 = Sap = 0.
Consequently, (2.55) is

1
< D0 lClE s G llz 1G (s

ICJp:
[7<g—1

< C‘VQ( (1 + ||G ||G2 ﬁ))l 2(P)| (HG (ybu ')||L2 HGT(';ybz)”LQ + GT(ybﬁybz)) . (257)

+(Yby Yby)

In the first inequality we used that, for all [ > 2,

G (yb1 ) ybz = / H dC] ybl ) Cl) (CL CZ) t GT(Q—Q; Cl—l) GT(Cl—].; ybz)

< NG llgite) 1G (s Mizz 1G7 (o3 )l s (2:58)

by the Cauchy-Schwarz inequality. Now (2.44) follows from (2.57) and Lemma C.1.
The proof of (2.45) is similar. The only difference is that we sum over nonempty sets I in (2.56)
and (2.57). We thus obtain an additional factor of 1 and one power of (1 + ”G‘rHG?(i))) less than
on the right-hand side of (2.57). We deduce (2.45) from Lemma C.1. O

Proposition 2.19. For any IT € P and t € A we have ’Ifn(t)‘ < CMP |jw||T .
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Proof. We rewrite (2.39) as
T )] < Jwlpe / dy, [€(yy)| / dy, [ Tre(yers). (2.59)
AV1 AV2 ec&

Introduce the splitting conn(€) = conn.(&) U conn,(€) into closed paths conn.(€) and open paths
conn,(£). Then we have the factorization

/AVQ dyQ H jr,e(yea S) =

ec&

</A<) I dve [ Frelyes) )

acV(P) P

(/A2() H dyaereye, )

Peconnc PEconn,( a€Va( eeP

(2.60)
Substituting (2.60) into (2.59) and using Corollary 2.16 and Lemmas 2.17, it follows that
ZEne)] < lulp [ | dyi el ( [ T T] Tneless ) ,
AT PEconn @© NN vpy eep

The claim now follows by applying Lemma 2.18 and the Cauchy-Schwarz inequality in ¥, for all
b € V1, where we used that |conn,(€)| = p. O

Proposition 2.20. For f.ﬁm(t) defined in (2.17) we have ‘ffm (t)] < (Cp)P (Cm2||w\|Loo)m.
Proof. We use Lemma 2.8, Proposition 2.19 and || < (2m + p)! to deduce

[ fem(t)] < C™P||w]| T (2m + )L,
from which the claim follows. O
Corollary 2.21. For a5, defined in (2.10) we have ‘a§7m| < (Cp)P C™m! w7 -

Proof. This follows immediately from Proposition 2.20 and (2.17), noting that the time integration
on the right-hand side of (2.17) has a volume (1 — 21)™/m!. O

2.6. The explicit terms I'V: convergence. The following definition introduces the limit 7 — oo
of Jre(ye,s) from Definition 2.14.

Definition 2.22. Let y = (y4)acy € AY. We associate an integral kernel J.(y,) := G(va;yp) with
each edge e = {a,b} € £ with a < b.

We note that, in the above definition, the quantity J.(y.) does not depend on time. Moreover,
Je(y.) = 0 by the following lemma.

Lemma 2.23. We have G(z;y) = G(y;x) > 0 for all z,y € A.

Proof. The claim immediately follows from the Feynman-Kac formula applied to G = h™! =

fooo dte=", analogously to the proof of Lemma 2.9. O
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The following definition introduces the limit 7 — oo of Ifn(t) from Definition 2.7; see also
(2.38).

Definition 2.24. For II € B and £ = &y as in Definition 2.11, we define

If = / dy (H w(yin — ylﬂ))f()’l) [[7e)-
AY i=1

eef

Recall the definition (2.21) of 2.
Lemma 2.25. For all fired t € A and 11 € B we have

If.yn(t) — T8 as T— o0 uniformly in £ €B,.
(Note that we do not prove that the convergence is uniform in t € 2.)

Proof. In analogy with (2.38) we define, for any IT € 3 and t € 2

IE(t) = /Av dy (H w(yin — yi,?)) Ey) [ Frelyers). (2.61)
=1

el

Here we recall ;.. defined by (2.35) in Definition 2.14. We observe that
If’n(t) — ffn(t) —0 as 7 —o00 uniformlyin £€%B,. (2.62)

In order to prove (2.62) we first decompose Ifn(t) and ffn(t) as a product over paths as in (2.60).
We then use a telescoping argument for the factor correéponding to each path. We conclude by
using (2.43) from Lemma 2.17 and (2.45) from Lemma 2.18 and by arguing as in the proof of
Proposition 2.19. This yields (2.62).

By (2.62), it suffices to show that

ifn(t) — Iﬁ as T — oo uniformlyin § e B,.

By (2.61) and Definition 2.24, it follows that

I (t) —If = /AV dy (H w(yin — yi,2)>§(y1) [H Tre(yers) — [ [ Je(ye)] : (2.63)

i=1 ec& ec&

By telescoping, we write

[[7eyes)-I[ 70 = 3 [H Tre¥er8) (Freo (Vo 8) = Tea Vo)) T e ye] (2.64)

ect ect eg€l Le€t: ee:
e<eqg e>eq

where we order the elements of £ in some arbitrary fashion.
Substituting (2.64) into (2.63), it follows that

8 ‘ > w7 /AV dy |€(y)| [ I 7e(ver8) | Tro Yeqs )= Teo (veo)| [T Telye ] :

= e<eg e>eq

(2.65)
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Here, we used that J;c(y.,s), Jo(y.) = 0 by Lemmas 2.9 and 2.23 respectively. We denote by
£8 ., (t) the summand in (2.65) corresponding to g € €. It suffices to show that
ré

T,€eQ

(t) >0 as 7 — oo uniformlyin §eB,. (2.66)

For the remainder of the proof, we fix ey € £ and we prove (2.66).
~ Let y = (Ya)aev € AY and s = (84)acy € RY satisfy (2.32). We associate an integral kernel
Tr.e(Ye,s) with each edge e € £ through

Tre(¥e,s) if e < eg
Tre(¥ers) = (| Tre(¥ers) — Te(y.)| ife=eg (2.67)
Te(ye) ife>ep.
In particular
£ () = ol [ ayle)] [T Fretvens). (2.68)
ec&

Before we proceed, we collect several useful estimates on the kernels 7, (y,,s) defined in (2.67).
Here in each case, we write e = {a, b} with a < b.

(i) When e < e, we claim )
[Tre(-s8) o2y < Cs- (2.69)

We use Definition 2.14 to write
jT,e (yev S) = G‘r,o’(e)(safsb) (ya; yb) . (270)

We know from (2.32) that s, — s € [0,1). Hence (2.69) follows from Lemma C.2. We note
that the constant Cs depends on s.

(ii) When e = ¢y we claim

lim |Tre(+58)llg2(s) = 0. (2.71)
By Definitions 2.14 and 2.22, it follows that
jfr,e(y'w S) = (G‘r,a(e)(safsb) - G) (ya; yb) . (272)

We again use that s, — s € [0,1) and apply Lemma C.2.

(iii) If e > eg, then by Definition 2.22 we have

1Tre(- 8)lle2(s) = lIGlle2) < C- (2.73)

Arguing analogously to (2.60), we rewrite (2.68) as

£e®) = Tl [ | avifets) ( [ Tt [[at09))

PEconn &) a€V(P) ecP

</A2<) [T dve I Frelyes) ) (2.74)

7>€conn &) a€Va(P) ecP
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Let P € conn.(€). By the Cauchy-Schwarz inequality in y, for a € V(P) we obtain

Ya T,e yea el 8 S2(9) - .
oo T [T Frelvers) < TT I8 (2.75)

acV(P) ecP ecP

Let P € conn,(E). We recall the notation from the proof of Lemma 2.18:
P:{el,...,eq+1}, Vl(P):{bl,bQ}, VQ(P):{al,...,aq}.

By the Cauchy-Schwarz inequality in y, for a € Va(P) we obtain

o gt

a€Va(P) e€P
q

H "-77' eg HGQ(ﬁ) HJT er ((Yby5 ),8) 22 ‘|j7',61((‘7yb2)7s)”L2 . (2.76)

Substituting (2.75) and (2.76) into (2.74) and applying the Cauchy-Schwarz inequality in the y;
variables we obtain

L5 (®) < Nwllfee €l [T 1re (- 8)lle2(s) - (2.77)
ec&
Recalling (2.69), (2.71), and (2.73), the claim (2.66) now follows from (2.77). O
Next, for m € N we define

(=™

ago’m = W Z Il% . (2-78)
m!
ey

Proposition 2.26. For a?m as defined in (2.10), we have
a?m — aEO’m as T — 00 uniformly in £ €'B,. (2.79)

Proof. From Lemma 2.8, Proposition 2.19, and Lemma C.1 it follows that ff—m (t) defined in (2.18)
is bounded uniformly in 7 > 0, £ € B, and t € 2. Furthermore, from Lemmas 2.8 and 2.25, for
all t € 2 we have

f Z Iﬁ as 7 — oo uniformlyin &€ B,
ey
The claim now follows by using (2.17), (2.78), and the dominated convergence theorem. O

2.7. The remainder term. In this subsection we estimate the remainder term from (2.11).

Proposition 2.27. For RE’M(Z) defined as in (2.11) and Re z > 0 we have

Cp\? [ C|lw |z \ M
el < (5) (L= . (2.80)
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The rest of this subsection is devoted to the proof of Proposition 2.27. We begin by performing
the change of variables u1 =1 —2n —t; and u; = t;_1 —t; for 2 < j < M in the definition (2.11),

and abbreviate u = (ug,...,ups) as well as |u| :=> éil u;. This yields
3 M z I3
R = (-1)" ———— dul 1-2 2.81
wu(2) = (1) (1 =2 M /(071_27])M ul(|ul < 1) 97 (2,0) (2.81)

where we defined
gf y(zu) = Tr (@T(g) e~ tu)Hro yy_euzbro yy_emustro ...

e e—<1—2n—\ul>(Hno+ﬁWf>e—ano) / Tr (e7Hm0) . (2.82)

For the following we fix u € (0,1 — 2n)™ satisfying |u| < 1 — 27.
In order to estimate gf 1 (%,u), we introduce the rescaled Schatten norm

Al = AP VP Mllerer)
SP(F) Tr(e Hr0) N Tr(e—Hro)l/p
for p € [1,00) and HAH@OO(]_.) := || Allgee(F) (the operator norm on F). We note the trivial identity

oo

‘él/t(}') =1 (2.83)

for all ¢ > 0. The following result is an immediate consequence of Hélder’s inequality for Schatten
spaces; see [83].

Lemma 2.28 (Hélder’s inequality). Given pi,ps € [1,00] and A; € &P (F) we have
A1 Azl gp ) < IALll g ) [ A2l 802 () 5

1_ 1,1

where s =t

By cyclicity of the trace and Lemma 2.28, we estimate

o (5 w)| < om0, (€)e /2

He—(1—277—|u‘)(H7—,0+ﬁWT)

&2/30(F) St/(=2n—lul)(F)

(2.84)

Here, and throughout the following estimates, it is crucial to work with norms inside of which the
total time in the exponents add up precisely to the inverse Schatten exponent. If this balance is
broken even slightly, our estimates break down badly. This strong sensitivity to the total time in
the exponents is already apparent in the simplest example ||e~*0 g1 if ¢ # 1. Indeed, by a simple
calculation analogous to the proof of Lemma B.1 (i) one finds

X He*(ﬁ/QJFUI)HT,O W, e*UQHT,O W efuer,O . e*uMHr,o ~

&1/(m/2+u) (F)

e~

1—e 2’

—0 longr(e_tHT’O)|t:1 = Z¢(AT,k/T)a P(x) =
keN
from which we deduce that —d; log Tr(e™*#70)|;—1 ~ 7% with the typical behaviour Mg~ /e,
where a < 2. Hence, for ¢ close to 1 we obtain [le™#70||5; ~ exp(—7(t — 1)), which blows up
rapidly for ¢ < 1.

In the following three lemmas we estimate individually the three factors on the right-hand side
of (2.84).
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Lemma 2.29. Foruc (0,1 —2n0)M satisfying |[u| < 1 — 2n we have

He*(n/2+U1)Hr,o W, e~ u2Hr0 W, e~usHtro  o—umHro W, ’

< 2, -2 - M
Ty @zt F (CM n 7wz )

(2.85)

Proof. We would like to use the tools developed in Sections 2.3-2.5 to estimate the left-hand side
of (2.85). However, looking at the definition of the Schatten norms, this is only possible if the
exponent 1/(n/2 + |ul) is an even integer. Since this is in general false, we need to split up the
left-hand side of (2.85) using Hoélder’s inequality in such a way that every resulting piece has an
exponent in 2N. This splitting has to be with care to avoid overuse of Holder’s inequality, which
would lead to bounds that are not affordable. Indeed, by the quantum Wick theorem we find that
He*tHTﬂOWTHél 1(F) ™ t72, so that a liberal application of Hélder’s inequality with very short times
is a bad idea.

We begin by defining a slightly more general form of the left-hand side of (2.85). Let 0 < T' < 1,
1<m< M, and s = (s1,...,8n) € [0,T]™ be ordered as s; < s3 < -+ < 8y, Define

KT(S) — He—(T—sm)Hr,o WTe_(Sm_Smfl)HT,OWT . .e_(s2_sl)H‘r,0WTe_81HT,0

SUT(F)
Moreover, for m = 0 define K7(s) := [je™"
For the following we fix 1 < m < M as well as T, s satisfying

HT’OH@/T(;) = 1, where we used (2.83).

T >mn/2, s €l[0,T—n/2™. (2.86)

We define the splitting time T := max{t €(0,T):1/te QN}. We now split T = T + T and
m = 1 4 1, where 7 = Y7 1(s; < T). We define the new families § € [0,7 — 7/2]™ and
S¢c [O,T]m by setting §; := s; for 1 < i < m, and §; := S;54; — T for 1 <i <m.

We now apply Holder’s inequality (Lemma 2.28) in the definition of Kp(s), which yields

KT(S) < Kf(g)KT(é) (287)

See Figure 2.5 for an illustration of this splitting. Explicitly, we write

KT(s) = He—(T—sm)Hr,o Wq_e—(sm—smﬂ)Hr,o W, .- e—(SQ—Sl)HﬂU Wq—e_slH‘“O

% e*(T*§m)Hr,oWTe*(gm*§m71)Hr,0WT . e*(§2*§1)Hr,0WTe*§1HT,0

SYT(F)

and split the norm using Holder’s inequality (Lemma 2.28) at the line break.
By definition of 7" we have 1/2T € N, so that

YT = 1 q

K-
Tr(e=Hr0)

T

. 1/2T
% (e—(T—ém)HT,OWT .. ,e—(§2—§1)HT,oWTe—§1HT,o)> ] )
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T T 0
4_|! ....... -0}
TT 0

FIGURE 2.5. An illustration of the splitting algorithm. Each expression K (s) is represented graphically by
a horizontal line. We draw the time axis oriented from right to left to match the ordering in the definition
of Kr(s). We draw a white dot, representing a factor W, at each s;, ¢ = 1,...,m. The interval [0,7] is
split into the two intervals [0,7] and (T,T], where T = T + T. The interval (T',T] is the starting point of
the next step of the algorithm, after a shift by —7" which maps it to (0,T]. The term K (s) is represented
graphically below its parent term Krp(s), and we rename T — T and § — s. At each step, there are /i white
dots in the first interval [O,T] and m dots in the second interval (T, T]. Note that, by construction, there
are never dots in the interval (T — /2, T], which is indicated with a dotted line. The algorithm terminates
when 7 = 0, i.e. there are no dots beyond 7'.

As in Section 2.3, using Corollary 2.4 we conclude that K(8 )M T f(/J ( ) for some immaterial

t o, 1)m/T, where f was defined in (2.18). Here p = 0, which we 1ndlcate by replacing & with (.
From Proposition 2.20 we therefore get

Kp(8) < (C*Tfwlz=)™ < (CM?n 2 fw]lp=)", (2.:88)

where in the last step we used that 7' > T/2 > n/4 and m < m < M.
Going back to (2.87), we deduce the following implication:

1<m<M, T>=n/2, sc[0,T —n/2™ — Kr(s) < (OM?*n?||wl|pe)" Kz (8).
(2.89)
We now iterate this procedure, starting from m(® := M, 7O .= |u|+n/2, and s](fo) = Zi]\iM_k+2 Uj
for k =1,..., M. Hence, the left-hand side of (2.85) is equal to K (s(?)). Note that m(©, 70
and s(©) satisfy the assumptions of (2.89).
We now iterate according to the following rules.

(i) If m® = 0 then stop.
(i) If m® > 1 then set m(+D := m@ T+ .= T and s+ .= 500,

Since 7' > > T/2, we deduce that T0+Y < 70 /2. Moreover, by induction we find that if m® > 1

then we always have T() > s( e T 1 /2 = n/2. We deduce that the algorithm stops after at most

log,(2/n) steps. Denote by i, the time at which the algorithm stops. Then we have 3% 01 () = M.
We therefore conclude using (2.89) that

_ M
Kro (s©) < (CM*n 2 ||wl|=)"

which is the claim. OJ
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Lemma 2.30. For any t € (0,1) and any z with Rez > 0 we have He_t(HT’O‘FZWT)Hél/t(f) <1
Proof. We use the Trotter-Kato product formula, which states that
o (Hrot2We) iy (o~ tHro/ng—tzWe/ny" (2.90)

n—o0

in H-||é1(]_.) and hence also in ||'”é1/t(]-')' (See e.g. the presentation of [71] whose proof may be
adapted to the case Im z # 0.) Using Lemma 2.28 we find

H (eftHT,o/neftzWT/n)n "

i < HeftHT’o/neftzW.,—/n
S/t(F)

—tH,
S

én/t(]_‘)

—tzWr/n ) < He_tHT'O/an -1,

H%n/t(}') e H?EOO(}' &n/t(F)

where in the third step we used Lemma 2.31 below, and in the last step we used (2.83). The claim
now follows from (2.90). O

Lemma 2.31. The operator W, is positive.

Proof. Using the Fourier representation w(z) = [(dk)e**, we find

1 - ik-x * ik- * i
W, = 5 [t ( [ ard (@00 - o) ) ([ e (6 000-0) - 2. )
which is manifestly a positive operator since w is nonnegative by assumption. ]

Lemma 2.32. For £ € B, we have He*”HT’OGT(é)e*”/zHTvOHég/gn(ﬂ < (Cpn~2)P.

Proof. Asin the proof of Lemma 2.29, we use the quantum Wick theorem, which requires an even
Schatten exponent. To that end, let 7} := max{s € (0,n) : 1/s € 2N}. Then by Lemma 2.28 and
(2.83) we have

_WHT,O _77/2 HT,O < _ﬁ/2 HT,O —ﬁ/2 HT,O
o700, (€)e sormry < | O, (&)e . (2.91)
Now we write
N . 1/ 1 q
—1/2Hro —1/2Hrpo = -~ —Hro/q
He Or(e)e &1/4(F) Tr(e=Hro0) Tr[(e @T(f)) } ' (2.92)

where we abbreviated ¢ := 1/7) and used the cyclicity of the trace. Since 7 > /2, we have ¢ < 2/n.
The estimate of the right-hand side of (2.92) is performed using the quantum Wick theorem,
analogously to the argument from Sections 2.3-2.5. Here we only explain the differences, and refer
to Sections 2.3-2.5 for the full details and notations.

Analogously to Definition 2.5, we encode the creation and annihilation operators in the ¢ oper-
ators ©,(§) are using an abstract vertex space X := {1,...,q} x {1,...,p} x {—1,+1}. We again
denote the elements of X with triples o = (i, 7, ), where i = 1, ..., q indexes the g operators ©,(§),
r = 1,...,p the p the creation or annihilation operators in the definition of ©,(¢), and § = +1
means a creation / annihilation operator. We introduce a total order on X that coincides with the
ordering of the creation and annihilation operators: the triples (4,7, d) are lexicographically ordered
according to the string i0r, where the sets {1,...,q} and {1,...,p} carry the natural order and in
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3,2,—1

FIGURE 2.6. The vertex set X with ¢ = 4 and p = 3, represented with white dots. In analogy to Figures 2.1
and 2.2, we also draw grey rectangles to indicate the copy ¢ = 1,...,q of £ that each vertex (i,r,0) belongs
to. For 6 = +1 and 6 = —1 we draw (i,r,0) above and below the grey rectangle respectively. We indicate
the location of the vertex (3,2, —1) as an example.

{=1,+1} we use the order +1 < —1 for the letter §. See Figure 2.6 for a graphical illustration of
X.

The set of pairings 3 is simply given by the set of bipartite pairings II on X, whereby each
block (a, §) € II satisfies 6,08 = —1. Then by the quantum Wick theorem (Lemma B.1) we have

Melwﬂ[(e_m,e/q @T(g))q} - YT, (2.93)

IIep
where we defined
IEH = /AX dx (£®q)(x) H Qaﬂ(an 1‘5) > Qaﬁ(xod xﬂ) = Pro0 (Ba(xvt) BB(Xat)) .
(e, B)€Il

Here we introduced the time labels t, = t; :=1—i/q for a = (i,r,0) € X.
Next, we use Lemma 2.10 to determine the operator kernels Qn3(zo;x3). We consider two cases
for a < .

(i) If 6o = +1 and 63 = —1 then Qup(zq;25) = Gr—t(xq;x3) for some t <1—1/q.
(ii) If 0 = —1 and dg = +1 then Qap(za;3) = Gri(Ta;2s) + LS5 (2a; ) for some t > 1/q.

Indeed, in case (i) we use Lemma 2.10 (i) and the fact that ¢; < 1—1/¢ for all i. In case (ii) we use
that, by definition of the ordering on X, this case can only happen if i, < ig, which implies that
ti=ty —tg > 1/q.

Either way, we deduce from (1.49) and Lemmas C.2 and C.4 that ||Qaslle2(n) < Cg. Plugging

this estimate into the definition of Ifn and using (2.40) and Cauchy-Schwarz, we obtain ]I§H| <
(Cq)P1. Recalling (2.93) and noting that || = (pq)!, we conclude that

1

WTr{(e—HT,O/QGT(é))q] < (Cp?)P.

Recalling (2.92), we find that the left-hand side of (2.91) is bounded by (Cpq?)?, from which the
claim follows using ¢ < 2/7. O

Unleashing Lemmas 2.29-2.32 on (2.84), we obtain the following result.
Proposition 2.33. Foru € (0,1 —2n)M satisfying |u| < 1 —2n and £ € B, we have

_ M _
950z )| < (CMPn 72wl =)™ (Cpn2)P.
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Proposition 2.27 follows immediately from Proposition 2.33 and (2.81).
We conclude this section by proving that AS is analytic in the right half-plane.

Lemma 2.34. The function AS is analytic in {z : Rez > 0}.

Proof. Let P(S™ be the orthogonal projection onto the subspace @Z/ZOS’J(”/) of F. Note that
P(E") commutes with ©-(¢), Hro, and W;. Define

Tr (P(<n) C—)T (é’) e_nH‘r,Oe_(1_277)H‘r,O_ZWTe_77HT,O)

£ -
AS o (2) = Tr(e 7o) (2.94)
Using cyclicity of the trace and Holder’s inequality from Lemma 2.28, we find for Rez > 0
|A§7n(z)| < He_n/2HT’O®T(f)e_nHT’O”62/371(]:) He_(l_%)HT’O_ZWTHél/(l—zn)(]:) He_n/Q Hro ‘éz/n(]—‘)

< (Cpn~?)P,

where in the second step we used Lemmas 2.30 and 2.32.

Next, using that ©,(§) and W, are bounded on the range of PE 4 simple argument using
the Duhamel formula shows that Aﬁ,n is analytic for Rez > 0. Since lim,, o Aﬁ,n (z) = Aﬁ(z) and
Ain(z) is uniformly bounded for Re z > 0, we conclude that A§ is analytic for Rez > 0. O

3. The classical problem

3.1. Construction of W. In addition to the classical Green function from (2.5), we define its
truncated version

K
U.Guag) = [ duf o) o.9) = <f,zjkuw;;g>. (3.1)
k=0

In particular, the classical density o[k = G[k)(z; ) is given by the diagonal of Ggj.

Throughout this section we use the classical (i.e. probabilistic) Wick theorem on polynomials
of Wk and ©(&). The resulting pairings are conveniently described by the abstract vertex set X
from Definition 2.5 (i). Note that, since the classical fields ¢ commute, the ordering from Definition
2.5 (ii) is superfluous in this whole section. As in Section 2.3, each vertex a = (i,7,0) € X encodes
a field ¢ or ¢, with s = 1,...,m+ 1 indexing the operator (w fori =1,...,m and & for i = m+1),
and § = +1 and § = —1 corresponding to ¢ and ¢ respectively. In this section we take over many
notations from Sections 2.3-2.4 without further comment.

Proof of Lemma 1.5. It suffices to prove convergence of W) in L™ (u) for a fixed m € 2N.
Choose K1,...,K,, > K arbitrary sequences indexed by K € N. We claim that as K — oo the
quantity My = [du Wik, -+ Wik,,] converges to a limit that does not depend on the sequences
K = (Ki,...,K,). The proof is an application of Wick’s theorem. To that end, we use the vertex
set X = X(m, 0) from Definition 2.5 (i). Recalling the definition of the set 8 of admissible pairings
II from Definition 2.6, we use Wick’s theorem to write Mg = 2% ZHE% Ik 11, where

m 2
Ixn = /AX dx H(’w(ﬂ?i,m —Ti21) H O(wip1 — Cvi,r,—l)> H Gk nKi,) (Ta; Tp) -
i=1

r=1 (e,B)ell
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Here we used that [du ¢k (z)dp(y) = Ggai)(@;y). Next, fix II € B and use the graph (V,&)
associated with II from Definition 2.11 to write

Tk n —/ dy <Hw(yi,1_yi,2)> H G[Kia/\mﬂ](ya;yﬁ)- (3.2)
AV i=1 {a,B)eE

We denote by Ty the expression obtained from the right-hand side of (3.2) by replacing Gk, rx
with G. We claim that Zy is well-defined. For the proof, we find using Lemma 2.23 that

ig)

Tl < ol [ ay T Glnine).

{a,8}e€

That the right-hand side is finite follows easily from w € L°°(A) and the path decomposition
E = |_|Pec0nn(5) P of £ from Definition 2.11, using that Tr G* < oo for k > 2 by the assumption
s> —1in (1.6).

Next, we claim that Zix i1 — Zi1 as K — oo. This follows analogously to the above argument,
by telescoping on the right-hand side of

T =Tnl <l [ ay| T] Gi,nmaivs) — T Glonins)

{a,8}c€ {a,B}e€

and using that HG[KM/\K%}
s> —1in (1.6). }
We may now easily conclude the proof. For K — co with K > K we have

— Gllg2(n) — 0 as K — oo, by definition of G|g) and the assumption

: m m _ : - [ m m—Ilyr/sl
2 Wiy~ Wil = Jim 30 (7) fanwizw

- . = (m m—lyxsl _

as claimed. n

3.2. Expansion. We proceed analogously to Section 2, except that in the classical case the ex-
pansion and its control is much easier because we are dealing with commuting random variables.
For a self-adjoint observable ¢ € B,,, we define the random variable

o) = /dfrl---dxpdyl---dypf(:vl,---,wp;yl,u-,yp)é(wl)-'-i(wpw(yl)---qﬁ(yp), (3-3)

which is the classical analogue of (2.6). We write the expectation of ©(&) in the state p(-) as

e())

ol
p(O(E)) = ) (3.4)
where we defined
= / Xe*Wdp (3.5)
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—zW

for Rez > 0. Performing a Taylor expansion of the exponential e up to order M, we get

M—
AS(z) = pu( ab, 2™ + RS, (2), (3.6)

m=0

|_|

where we defined

m M M
as, = (_Wll? /@(f) W™ du, Rﬁ/l(z) = (_1]34"2/@(5) WMe=*W 4y  for some Z € [0, 2] .

Lemma 3.1. Recall the definition of aﬁom from (2.78). For any m,p € N and { € B, we have

as, = agqm : (3.7)
Proof. Since ¢ € &2(H®) and G € &2($), we find using Wick’s theorem, the Cauchy-Schwarz
inequality, and (2.40) that ©(¢) € L?(u). Using Lemma 1.5 and Hélder’s inequality, we therefore
write 1ym

& = TV i O Wi dp.

m! K—oo

Using Wick’s theorem, we rewrite the right-hand side as a sum over pairings. To that end, let
X = X(m,p) be the vertex set from Definition 2.5, and B = P(m, p) be the set of pairings from
Definition 2.6. Then we get from Wick’s theorem that

a, = (=1 lim ZIﬁ

m)! 2m K—o0

where we defined

Iﬁrq,n = /Av dy (H w(yi1 — yi,2)>§(3’1) I 7w (o)

i=1 ec&
and
G (Ya; Yb) if e = {a, b} with a,b € V;
\7[K},6(Ye) = G . . . .
(&) (Ya; yp) if e ={a,b} witha €V orbels.

Here (V, ) is the multigraph associated with II from Definition 2.11. See also Definitions 2.22 and
2.24. Here we used that

E¢(2) i) (y) = Edig)(2)d(y) = Ex)(x)dw)(y) = Giry(z:y),

as follows from the definition of ¢ g
Next, by spectral decomposition, we immediately find that |G g — G|lg2(5) — 0 as K — oo.

Recalling Definitions 2.22 and 2.24, by a simple telescoping argument on the deﬁmtlon of I[ KL

using (2.40), w € L*>(A), and the Cauchy-Schwarz inequality, we find that I[K] o= IH as K — oo.
Now the claim follows by (2.78). O

From Lemma 3.1, Corollary 2.21, and Proposition 2.26, we deduce the following result. (For
conciseness, we obtain the upper bound from the corresponding quantum result that we have
already established, Corollary 2.21, but such an upper bound could also be easily derived using
Wick’s theorem without passing by the quantum problem.)
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Corollary 3.2. For each m € N we have
|af| < (CP)P (Cllw]pee)™ m. (3.8)
Next, we estimate the remainder term R?W(z)
Lemma 3.3. For each M € N and Rez > 0 we have
(=) < (©pp(C M 3.9
|R3(2)] < (Cp) (Cllwlpee2]) ™ M. (3.9)

Proof. Asin Lemma 2.31, we easily find that W > 0. Hence, using the Cauchy-Schwarz inequality

we find
M M 1/2 1/2
01 < E otonwran < B2 foreran) ™ (fwvan) ™

Using ¢ € 62(5®)), we find using Wick’s theorem, the Cauchy-Schwarz inequality, and (2.40), that
[O(£)?du < (Cp)?P. Moreover, using Corollary 3.2 we find [ W?2M dy < ||w||22(CM)*™M. The
claim now follows. O

Finally, a simple application of Wick’s theorem and the Cauchy-Schwarz inequality yields the
following result.

Lemma 3.4. The function AS from (3.6) is analytic for Rez > 0.

3.3. Proof of Theorem 1.6. We now have all the necessary ingredients to conclude the proof
of Theorem 1.6.
Using the duality G2(H®)) = &2(HP))* (sce e.g. [83]), we write

07, =l = sup|Tr(7,€ — 7€) = sup [oL(O-(€)) — H(O(€)], (3.10)
§EBy £eB,

where we recall that 98, denotes the unit ball of G2($®).

Let the functions A, and A% be defined as in (3.6) and (2.9) respectively. We now verify the

assumptions of Theorem A.1, with v = (%) and o = C||17U7||L<>° That A and A% are analytic in

Cg follows from Lemmas 3.4 and 2.34. The asymptotic expansions (A.2) are given in (3.6) and
Lemma 2.1. The bound (A.3) follows from Corollaries 3.2 and 2.21. The bound (A.4) follows from
Lemma 3.3 and Proposition 2.27. Finally, the convergence (A.5) follows from Proposition 2.26 and
Lemma 3.1. Setting z =1 and R = 2 in Theorem A.1, we therefore obtain from (A.6) that

pl1(0:(6)) — p1(O(8)) uniformly in § € B,,.
Since p1(1) # 0, we conclude from (3.4) and (2.7) that
p1(0-(8))) — p(©(§))  uniformly in & € B,

The claim now follows using (3.10). This concludes the proof of Theorem 1.6.
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4. The one-dimensional problem

In this section we consider the case d = 1 and prove Theorems 1.8 and 1.9. Thus, throughout this
section we assume (1.6) holds for s = 0. The main difference between this section and Sections
2-3 is that, because ¢ € L?(A) p-almost surely, for d = 1 there is no need to renormalize the
interaction. This simplifies the argument considerably, and the proofs of Theorems 1.8 and 1.9 are

easier than that of Theorem 1.6.
1

In this section we take h; = h, so that the quantum Green function (2.4) is G, := PP In
particular, using Lemma 2.9 we have
IGrllermy = TrGr = S ———— < S = Teh ! < oo (4.1)
= T(eM/T — 1) = Ak

4.1. Proof of Theorem 1.8, I: convergence in Hilbert-Schmidt norm.

Proposition 4.1. Under the assumptions of Theorem 1.8 we have im;_o||vrp — fypH@Q(ﬁ(p)) =0
for all p e N.

This subsection is devoted to the proof of Proposition 4.1. The proof is similar to that of
Theorem 1.6, but we we do not renormalize the interaction and we set n = 0. The absence of
renormalization requires us to work with a different graph structure, which allows for the presence
of loops. Moreover, we are able to estimate the remainder term by using the Feynman-Kac formula,
thus circumventing the more complicated estimates of Section 2.7 which require n > 0. The rest of
the proof proceeds analogously to that of Theorem 1.6.

We first focus on the quantum case. We begin by setting up the Duhamel expansion analogously
to Section 2.2, with the splitting of (1.25) as H; = H; o+ W;, where we defined

* 1 * *
Hoo = [dedyoi@ b)), W= 5 [ dodyol(@)orw) wle ) 6.)o,0).
(4.2)
Given § € B, we perform a Taylor expansion up to order M € N of AS(2) = pr2(©-(§)) in the

parameter z by using a Duhamel expansion. Here Rez > 0 and p,. = pY _ is defined as in (2.8)

with W, given by (4.2) and n = 0. By the same argument as in Lemma 2.1, the coefficients a?m

of the expansion are given by (2.10) and the remainder term RE (%) by (2.11), where W is given
by (4.2) and n = 0. Given m,p € N, we recall the set X = X(Tﬁ,p) from Definition 2.5. Since W,
is now normal-ordered, we need to modify the order on X = X(m,p). The vertices (i,7,d) of X
are now ordered according to the lexicographical order of the string ¢dr, whereby the value of J is
ordered as +1 < —1. We slightly abuse notation by also denoting this new order as <. For the
remainder of this section, we adapt all of the definitions from Section 2.3, but by using the above
lexicographical order instead of (2.19) and setting n = 0 without further comment. Owing to the
absence of renormalization, we consider a larger set of pairings than 3 from Definition 2.6.

Definition 4.2. We define ;8 = %R(m,p) to be the set of pairings II of X such that for each
(o, B) € IT we have d,65 = —1.

We now extend the Definition 2.11 to the class of all II € fR. In particular, we assign to each
IT € R an edge-coloured multigraph (Vi1, &, o11) = (V, €, o) satisfying points (i)—(iv) of Definition
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2.11. By contruction of R, the new graph can have loops. They have to be of the form e = {a,a}
for some a € Va. Here, we recall the definition of the sets V; and Vs in point (i) of Definition 2.11.

Given II € R, we define its value Iﬁjn(t) at t € 2 = A(m) as in Definition 2.7. Note that
Tre(Yers) is defined as in Definition 2.14, with the index o(e) defined using the above lexicograph-
ical order on V. Here we recall that we are taking n = 0 in (2.21). Note that this definition makes
sense for II € K. By minor modifications of the proof of Lemma 2.8, we deduce that the coefficients
ag,m of the Taylor expansion of Aﬁ(z) are given by

i€, = (;}n)m /91 dt 3¢ (t). (4.3)

Imer

Note that we now sum over pairings II € R. The additional pairings II € R \ ‘P were forbidden in
Section 2 by the renormalization.

For the following we fix m,p € N and a pairing II € 3. We can estimate all of the integrands
on the right-hand side of (4.3) uniformly in t € 2 and 7 > 1.

Proposition 4.3. For any Il € R, t € A, we have the estimate
+2
IZ8 1) < C™P [Jwl|P (14 (Gl )™ (4.4)

This result is an analogue of Proposition 2.19 in the current setting. We prove Proposition
4.3 in several steps, following the proof of Proposition 2.19. An important difference is that now
the associated graph (V,&,0) can have loops, which requires an appropriate modification in the
argument. Moreover, we need to take into account the change of the order from (2.19) to the
lexicographical order. The latter point is a minor one. It is manifested in replacing for each
1 < ¢ < m every occurrence of the factor

1
pro(Bii1—1)(%, ) Bio11)(x,t)) = Gr(z1,-1); G241)) + ;Sr,o($(i,1,—1);$(¢,2,+1))

by
pr0(Bii241)(%:t) Bua,—1)(%,t) = Gr(2(2,41) %1,-1) = Gr(T(1,-1); T2,41)) -

Note that this only subtracts the term %ST,Q(I‘(Z-’L_D; T(;2,+1)) and that there is no time evolution
applied to the Green function in either formula. All of the other factors of pro(Ba(x,t) Bs(x,t))
remain the same. The analysis now proceeds as with the order given by (2.19) and we do not
emphasize this point in the sequel.

With y,s as in (2.31), Jre as in (2.34), and £(y;) as in (2.37), we have that (2.39) holds for
II, which now belongs to fR. Moreover, we adapt the terminology from Definition 2.13 and the
discussion that immediately follows to the current setting.

Instead of Lemma 2.17, we have the following result.

Lemma 4.4. Suppose that P € conn (&) is a closed path. Then

[ T 00 T Zretys) < €V, (45)
AV(P) '

acV(P) ecP

Moreover, with Jy.. as in (2.35), the convergence (2.43) holds.
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Proof. We first prove (4.5). We consider the cases when [V(P)| = 1 and when |V(P)| > 2
separately. In the first case, P is a loop of the form e = {a,a} for some a € V5. In particular, the
expression on the left-hand side of (4.5) equals [, dya G+(Ya; ¥a) = [|Grlle1(g), S0 that the claim
holds by (4.1). Here we used Lemma 2.9 and that there is no time evolution applied to G,. In
the second case P does not contain any loops so we can use the proof of Lemma 2.17 to obtain
the same bound as on the right-hand side of (2.42). The convergence (2.43) in this context follows
from the proof of Lemma 2.17. The only difference that we have to note is that when |V(P)| = 1,
the claim holds trivially since J, . = jm whenever e is a loop. O

Furthermore, if P € conn(€) is an open path, then it cannot have any loops. Hence the proof
of Lemma 2.18 implies that (2.44) and (2.45) still hold in this setting. Putting this observation
together with Lemma 4.4 and (2.41), and arguing as in the proof of Proposition 2.19, we deduce
Proposition 4.3.

Combining Proposition 4.3 and (4.1), we deduce that Corollary 2.21 holds in this setting.

Next, for II € R and t € 2, we define Iﬁ(t) as in Definition 2.23. Analogously to (2.78), we
define

- (_1)77: > Iy (4.6)

oo, m 2m m
IIeR

A modification of the proof of Proposition 2.26 shows that (2.79) still holds with a%m given by
(4.3) and aS.m given by (4.6). More precisely, (2.62) still holds by (2.43) and (2.45) applied in this
setting. In the telescoping argument, we need to take into consideration that e can be a loop. If
this is the case, we define jm as in (2.67).

The convergence (2.79) then follows by using the arguments in the discussion following (2.64)
with the estimates

{||jT,e<-,s>||61 <C if e # eo (4.7)

i, oo || Tre(-8)|lgt = 0 ife=ep.

Indeed, if e # eq, then Hjm(-,s)Hgl~ < |IG-||lst + |Gllgr and the bound in (4.7) holds by (4.1) and

Trh™! < co. For e = eq, we use || Jre(+,8)||et = ||Gr — G|/, which converges to zero as 7 — oo,
by spectral decomposition and dominated convergence.

Next, we estimate the remainder term. Owing to the absence of renormalization, we can in

fact show that it is possible to estimate the remainder term in terms of the explicit term. The key
ingredient here is the Feynman-Kac formula.

Proposition 4.5. Given t € A(M) with n =0 and Rez > 0, we let
R(t,2) = O,(¢) e~ (1=t1)Hro W, e~ (ti—t2)Hr o W, ... e~ (tar—1—tar)Hr o W, e~ tm(Hro+zWr) (4.8)

Then we have
< (Cp)P(CM)M ||wl|7h . (4.9)

Proof. Let P(™ be the orthogonal projection onto the subspace ™ of F. For an operator A on
F, we denote A := P AP All of the operators A that we consider in the following leave
the subspace $(™ invariant, in which case we have A = Y oneN A Define the operator

S(t) — @T(f) e—(l—t1)HT,0 W, e—(t1—t2)HT,o W, e_(t2_t3)H‘r,0 . e_(thlfl_tM)H‘r,O W, , (4‘10)
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so that we may write
= 3T (R(£,2)" = 3 Tr (S(t) et (Hro+zn)y 00 (4.11)
neN neN

For any n € N we have
Tr (S(t) e—tM(Hr,o-I—zWr))(”) — / dX/ dy (S(t))(”) (y:x) (e—tM(H-r,o—l—sz))(") (x:y).

We now estimate each of the factors (et (Hro+zWr)) ) (y;x) and (S(t)) ) (x;y) separately in
absolute value.

We first estimate (e_tM(HTvOJFZWT))(n) (y;x). Given x € A", we denote by Wx the law of the
A"-valued Brownian motion b starting at x with variance [ Wx(db) (b(t) — x)? = 2t for t > 0. By
the Feynman-Kac formula, we have

(e*tM(HT o+zWT /W (db)e e Jo M dsz( & Yicicj<n wij(b(s))) 5(b(t) —y).

Here we used the identity (W,)™ (u;v) = ﬁ Zl<i<j<n w(u; —uj) [1;2; 6(u; —v;) and the notation
wij(u) = w(u; —uj) for u = (uy,...,uy) € H™ and 1 <i < j < n. In other words, on H™ the
operator W, acts as multiplication by 7 D 1cicj<n Wij(0). Since Rez > 0 and w > 0, we have

| (¢~ tar(Hrot=Wo)y (n /W (db)e™F 3(b(t) —y) = (e T0)W(xy),  (412)

where in the second step we used the Feynman-Kac formula again.
Next, we estimate (S(t))(n) (y;x). In particular, we note that

‘ (S(t))(n) (y; X)‘ < (@T(g) ef(lftl)HT,o W, ef(t1*t2)HT,o W, - e*(thl*tM)Hﬂg WT) (n) (y; X) '

. (4.13)

Here € is defined to be the operator whose integral kernel is equal to the absolute value of the kernel
of £. We note that :

£e€'B,. (4.14)

The estimate (4.13) follows by writing

2M
(8(6) W (yix) = (H /. dvj> (0:(6)™ (yiva) (=)D (v v) (Wr) ™ (vas )

j=1

(e_(tl_tQ)HT’O)(n)(w;V4) (e_(tj‘“l_tM)HT’O)(n)(VzM—1;VzM) (WT)(n)(VQM;X)

and noting that ‘(@T(ﬁ))(n)‘ < (@T(é))(n), (e_(tj—tj—l)Hno)(n) > 0, and (WT)(n) > 0 in the sense
of operator kernels. Substituting (4.12) and (4.13) into (4.11), we obtain

’ Tr R(t, Z)| < Tr (@T(g) e_(l_tl)H‘r,O W, e_(tl_t2)HT,0 W, - e_(tlel—t]vI)HT,O W, e_tJ\/IHT,O) ]
We now recall (4.14) and argue as in the proof of Proposition 4.3 with £ replaced by ¢. In addition,

we sum over all pairings II € SR. There are at most (2M + p)! < C?M+p pp M2M guch pairings. The
claim now follows. O
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Recalling the formula (2.11) for the remainder term Rgm and using Proposition 4.5 we deduce
that the following result holds in this setting.

M
Corollary 4.6. For all M € N and Rez > 0 we have ‘RE’M(z)’ < (Cp)? (C||wl|zoe2])™ M.

In addition, we note that Proposition 4.5 and the proof of Lemma 2.34 imply that A is analytic
in {z:Rez > 0}.

We now consider the classical case. Let a5, denote the coefficients of j,(0(¢)), where j, is
defined for Rez > 0 as in (3.5) and where W is given by (1.12) for a pointwise nonnegative w.
Furthermore, let Rﬁ/[(z) denote the remainder term in the Taylor expansion up to order M. A
simple modification of the proof of Lemma 3.1 yields that (3.7) holds in this setting. In particular,
adapting the proof of Corollary 3.2 implies (3.8) in this setting. Finally, the proofs of Lemmas 3.3
and 3.4 carry over and imply that (3.9) holds and that A¢ is analytic for Rez > 0.

We now finish the proof of Proposition 4.1 by using the duality argument given in the proof of
Theorem 1.6. Note that combining all of the results of this subsection, it follows that the assump-
tions of Proposition A.1 are satisfied with v = (Cp)P, 0 = C||w||re. The result of Proposition 4.1
now follows as in the proof of Theorem 1.6; see Section 3.3.

4.2. Proof of Theorem 1.8, II: convergence of the traces.

Proposition 4.7. Under the assumptions of Theorem 1.8 we have lim; o Try,, = Tr-y, for all
p € N.

This subsection is devoted to the proof of Proposition 4.7. This is done in several steps, using
arguments similar to those used in the proof of Proposition 4.1. The main difference is that we
have to work with a different type of observable, and, consequently, with a different graph structure
from the one used in Subsection 4.1. More precisely, we fix throughout this section p € N and we
define £ = &, to be the identity operator on $H®)_ with integral kernel

p
g(xla"'axp;yla"'ayp) = H(S(xjiy]) (415)
7=1

Note that £ ¢ B,. Nevertheless, we can extend the definitions (2.9) and (3.6) of A$ and A for ¢
as in (4.15). Note that here we again take n = 0. With this definition, we have

Try,, = ©5(1),  Try, = ©5(1). (4.16)

With the same notation as in the preceding subsection, we set up the Duhamel expansion of A%p(z)

and Ag(z) in Rez > 0. We first focus on the quantum case. For fixed m € N we work again with
the set X = X'(m,p) from Definition 2.5 and the set of partitions 8 = 9 (m, p) from Definition 4.2.
We need to modify the graph structure in Definition 2.11 for the current setting.

Definition 4.8. Fix m,p € N. To each II € R we assign an edge-coloured undirected multigraph
(Vm, &, 0n) = (V,€,6), with a colouring 6 : £ — +1, as follows.

(i) On & we introduce the equivalence relation o ~ 3 if and only if ip, = ig and ro = rg. We define
the vertex set V := {[a] : @ € X'} as the set of equivalence classes of X'. We use the notation
V =V, UVy, where Vo := {(i,7) : 1 <i<m,1 <r<2and Vy :={(m+1,r): 1 <r < p}l
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(ii) The set V carries a total order < inherited from X: [a] < [3] whenever a < 3. Note that
here we use the lexicographic order on X introduced in Section 4.1.

(iii) For a pairing II € R, each edge (a, ) € II gives rise to an edge e = {[a], [8]} of € with
g(e) := dg.

(iv) We denote by conn(€) the set of connected components of £, so that £ = Llpc conn(&) P We

call the connected components P of € paths.

Note that in point (i) of Definition (2.11), we in particular view « and § as equivalent when
iq = i3 = m+1 and r, = rg. This is the main difference with the graph structure from Definition
2.11. By a slight abuse of notation, we denote both the equivalence relation from Definition 2.11
and from Definition 4.8 by ~. From context, it will be clear to which equivalence relation we are
referring. From Definitions 4.2 and 4.8, we deduce that each vertex of ¥ has degree 2. Therefore V
factorizes as a product of closed paths. In particular, these closed paths can be loops. Moreover,
all elements of conn(€) are closed paths.

For the following we fix m,p € N and a pairing II € R, and let (f), g, &) denote the associated

graph from Definition 4.8. Given t € 2( = 2((m), we appropriately modify Definition 2.7 and define

If,n(t) = /AD dy (H w(yi,1 — yi,2)> H Tre(YesS) -
ec€

=1

Note that (4.3) holds in this setting.
With each x = (To)acx € AY and t = (fa)aex € 2 we associate integration labels y =
(Ya)gep € AY and time labels s = (sq),.p € RY as in (2.31), except that we now take the vertex

set V and the equivalence relation ~ to be the one from Definition 4.8. In addition we adapt the
splitting (2.36) to this context, where now y; := (ya),ey,- Given P € conn(€) we denote by V(P)
the set of vertices of P. Moreover, we let V;(P) := V(P) NV, for i = 1,2. Given e € £, we define
Jr.e as In Definition 2.14. (Here we replace each occurrence of V and £ in Definition 2.14 by Y and

& respectively.)

Lemma 4.9. Suppose that P € conn(£). Then

/Af)(p) H dya H j‘r,e(ye,S) < C|f}(73)| . (417)

a€V(P) ecP

Proof. We consider two cases: (i) V(P) C Vo and (ii) V1(P) # 0. In case (i), all of the vertices in
‘P belong to Vs, and the claim follows by arguing as in the proof of Lemma 4.4.

Let us therefore focus on case (ii). If V(P) = 1, then P is a loop in V; and so the left-hand side
of (4.17) equals |G+ | g1, which satisfies the claimed bound.

We henceforth assume V(P) > 2. Since P is a closed path, there exists [ € N and distinct
elements by,...,b; € Vq such that P = U§:1 Pj, where for each j = 1,...,l the path P; is of
the form P; = {e{,eg,...,egj} for some ¢; € N and edges ei such that b; € e{,ij € egj and
epNep € Vo, for all k = 1,...,q; — 1. Here we set bjy1 := by. (It is possible to have ¢; = 1 in
which case P; is the path of length 1 joining b; and bj;.)
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We now write the left-hand side of (4.17) as

/ dyp, - - - dyp, <H/Av2(73) H dy. H Tre(Yers ) . (4.18)

a€Va(P;) e€P;

Arguing as in (2.55)-(2.56) we can get rid of all the time evolutions in the j-th factor of the integrand
in (4.18) for all j = 1,...,l. In particular, the proof of (2.57) (in the proof of Lemma 2.18) implies
that the j-th factor is

Y . Va(Pj)
< VPN (14 11Gr o)™ (1G5 )Mo 1G53m0l + Gl 0,14 -

The estimate (4.17) now follows by applying the Cauchy-Schwarz inequality in y,, . .., ¥, and using
Lemma C.1. n

From Lemma 4.9 and (4.1) we deduce that, for any II € R, t € 2, the estimate (4.4) holds
when ¢ is given by (4.15). In particular, it follows that Corollary 2.21 holds in this setting. Next,

for Il € R, we define
Iﬁ = /A{; dy (H w(yi1 — y¢,2)> H Te(ye) -

=1 eeé

We define ago,m as in (4.6). With this notation, (2.79) still holds in this setting by using the same
telescoping proof adapted to the one-dimensional setting as in Section 4.1. For the remainder term,
we note that for R(t,z) by (4.8) we have that (4.9) holds even if we take £ as in (4.15). The proof
is a minor modification of the proof of Proposition 4.5. More precisely, we note that for S(t) given

by (4.10), (4.13) holds if we take & := &. Namely, in this case (@T(f))(n) > 0 for all n € N in
the sense of operator kernels. The proof now proceeds as in Section 4.1. We hence deduce that
Corollary 4.6 holds in this setting. As in the previous subsection, we deduce that the function A§
is analytic in {z : Rez > 0}

We now consider the classical case. The identity (3.7) holds when ¢ is given by (4.15). Arguing
as earlier, we obtain (3.8) in this setting. As in the proof of Lemma 3.3, we reduce the estimate of the

remainder term to that of the explicit term by the trivial estimate |Rg < du.
We deduce that Lemma 3.3 holds in this setting. Note that now we cannot use Cauchy—Schwarz as
earlier. Moreover, the same proof allows us to deduce that the function A¢ is analytic for Re z > 0.

We now conclude the proof of Proposition 4.7. Combining all of the results of this subsection, it
follows that the assumptions of Proposition A.1 are satisfied with v = (Cp)?, 0 = C||w|| . Hence,
it follows that, for Re z > 0 we have A%(z) — Af(z) as 7 — oo. In particular, setting z = 1 and
recalling (4.16), we obtain Proposition 4.7.

4.3. Proof of Theorem 1.8, III: conclusion. In order to conclude the proof of Theorem 1.8
we need the following lemma.

Lemma 4.10. Let p € N be fized. Suppose that, for all 7 > 0, v, € &1(HP)) is positive and
v e &1 (HP)) is positive. Moreover, suppose that
() lim e~y = 0, () lm Teq, = Trq.

T—00

Then we have im0 |7 — 7”61(5(,3)) =0.
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Proof. The proof is analogous to arguments in [83, Section 2|; see in particular the proof of [83,
Lemma 2.20]. For simplicity of notation, throughout the proof we abbreviate &2($®)) and &' ($®))
as G2 and &' respectively. All of the operators we consider act on ). By scaling, we can assume
without loss of generality that Tr~vy = 1.

Let € > 0 be given. Since v € &, it is possible to find an operator P of finite rank such that
for Q :=1— P we have

TrQ~vQ < e. (4.19)

In particular, we can choose P to be the projection onto the span of a sufficiently large set of
eigenvectors of ~.
Using cyclicity of the trace and P? = P, we obtain

TrQ(yr —7Q = (Try; —Try) — (Tr Py, — Tr Pr). (4.20)

By assumption (ii), the first term on the right-hand side of (4.20) converges to zero as 7 — 0.
Moreover, by the Cauchy-Schwarz inequality we have

| Tt Py = Tr Py| < [|Plle2lnr —lle2
which converges to zero as 7 — oo by assumption (i). By (4.19) and (4.20), we deduce
TrQ~vQ < 2¢ (4.21)

for 7 sufficiently large. We henceforth consider such 7.
Since 7 and 7, are positive, we obtain from (4.19) and (4.21)

[@VQller <&, Q% Qller < 2. (4.22)

We estimate

v =ller < [1Q(Y —=77)Qller + IP(v —77)@Qller + 1Q(y — v7) Pllgr + [[P(y —v-) Pller - (4.23)

The first term on the right-hand side of (4.23) is bounded by 3¢ by (4.22). By the Cauchy-Schwarz
inequality, the second and third term are

< lQ(y = wlle2llPlle < [v — ezl Plle
which converges to zero as 7 — oo by assumption (i). Similarly, the fourth term is
< [P(y = )lle2lPllez < v = rlle2 (| Pllez -

In particular, for 7 sufficiently large we have ||y — v;||g1 < 4e. Since ¢ is arbitrary, the result
follows. O

Theorem 1.8 now follows from Propositions 4.1 and 4.7 and Lemma 4.10 with v, = ~;, and
Y = Yp-
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4.4. Proof of Theorem 1.9. The proof of Theorem 1.9 is similar to that of Theorem 1.8, but
since the interaction is no longer uniformly bounded, some modifications in the proof are needed.
We first explain several changes in the setup of the problem. Instead of the nonlocal W from (1.12),
we consider the local W from (1.52). Instead of W, as in (4.2), we consider

W = 5 [ dedy 3 @)03 W) wr o~ 1) 6, )or (o). (120

For simplicity, throughout the proof we suppose that a = lim;_, [ w; is equal to 1.

Let us first consider the quantum case. For fixed p € N we consider the observable ¢ that either
belongs to B, or is the identity £, = I on H®) with kernel (4.15). Given such a &, we again perform
a Taylor expansion up to order M € N of A$(z) := pr2(0-(§)) in the parameter z with Rez > 0.
Here p. = p?, is defined as in (2.8) with W, given by (4.24) and 5 = 0. The coefficients ag,m of
the expansion are given by (2.10) and the remainder term Rf’ 1 (2) by (2.11), where W is given by
(4.24) and n = 0. Furthermore, given m € N and IT € R = %(m) we define If_’n(t) att € A =2A(m)

by
If,n(t) = /AV dy (H wr(Yi1 — yi,2)> £(y1) H Tre(Yers) (4.25)
i=1

ecf
it £ € B, and by

IE,H(t) = //;9 dy (H wT(yi,l - yi,2)> ij,e(Yeas) (4'26)

ecé

if € = ¢,. The order < (used in the definition of ¢(-)) on the sets V and V is the lexicographical
order from Sections 4.1-4.2. The order < (used in the definition of ¢(-)) on the sets V and V is the
lexicographical order from Sections 4.1-4.2. Note that, as in Sections 4.1 and 4.2, we take n = 0 in
the definition of 2((m). Arguing as in the proof of Corollary 2.21, the needed upper bounds on the
explicit terms are a consequence of the following result.

Throughout the following, we use positive constants Cy, C,Co > 0 that may only depend on &
and the constant C' from (1.53).

Proposition 4.11. For any I € R, t € A and for Ifn(t) as defined in (4.25)—(4.26) we have
I ()] < o
| T,H( ‘

Before proving Proposition 4.11 we introduce some basic tools. Recalling S-; and G, given by
(2.28) and (2.29), we define Q,; for t € (—1,1) by

Gri+ 15, ifte(0,1
Qry = T 7ot ! (0,1) (4.27)
GT,t ift e (—1, 0] .
Note that for ¢ € (—1,0) we can write
—(t+1)h/T 1 —{t}h/T
e Va4 S S o {tHh/T 4.98
Ore = Z@mr—1 T 7° T 1) + (4.28)
where {z} := z — |x] € [0,1) denotes the fractional part of 2. We adopt this notation from now
on. From (4.2 ) and (4.28) we note for t € (—1, 1) the splitting
1
Qra = QU +- Q. (4.29)
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where

—{t}h/T —{tth/7 _
o . 0 {S if t € (~1,1)\ {0} (430)

T (eh T — 1) @ri = ift=0.

A splitting of the form (4.29) valid for all ¢ € (—1,1) is a key ingredient of our proof. From Lemma
2.9 it follows that for all ¢t € (—1,1) and z,y € A we have

Q@) = Q) > 0. Q@) = Q) > 0. (4.31)
We note the following result.

Lemma 4.12. With Q(T]t) given by (4.30) and Q-+ given by (4.27) we have the following estimates.
(i) HQTtHLOO (a2) S C1 forallt € (—1,1).
(i1) fdyQTt x;y) fdyQ(TQt) (y;2) <1 forallt € (—1,1) and x € A.

(iii) HQrtHLoo 2y < Ci7 if {t} > 1/4.

() Qri(x;y) = Co for allt € (—1,1) and x,y € A.

Proof. Since we are working in one dimension and since v = 0, we change our earlier indexing
convention and we index the eigenvalues of h as A\, = (27k)? + K, where k € Z.
We first prove (i). Note that

—dtI\ /T
Z e~ (Aw/ e27rik(a:—y)
7(eM/T — 1)

kEZ

o (P /7

1
S ZT(eAk/T_l) S Z)Tk < 0.

Loo(A2) keZ

1Q% a2y =

Part (iii) is proved in the same way.

We now prove (ii). If ¢t = 0 the claim immediately holds since Q 0=0. We therefore consider
€ (—1,1) \ {0}. The two integrals in the claim are indeed equal by (4 31). Note that

/dyQS_?g(l‘ y /dy Ze {t})\k/T 2mik(z—y) _ Z/dye {t})\k/T 2mik(z—y) __ e—{t}Ao/T <1.

kEZ keZ
The interchanging of the integration in y and the summation in k is justified by the decay of
—{t}\e/T
e .
Finally we prove (iv). It suffices to prove that G.:(x;y) > Cs. First, we observe that there
exists a constant ¢ > 0 such that for all s > 1 and z,y € A we have e*®(z;y) > c¢; this can be

proved either using the Feynman-Kac formula or the Poisson summation formula. The claim (iv)
then easily follows from the Neumann series representation (2.30) and Lemma 2.9, which yield

27+1
1
Gra(my) = = Y e Hs/TelHmA/T (). D
n=7+1

We now have all the necessary ingredients to prove Proposition 4.11.
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Proof of Proposition 4.11. Let us first consider the case when §{ € 9%5,. We decompose the
multigraph &g = £ into paths. We order these paths as Py, ..., Ps in an arbitrary fashion. Using
the nonnegativity of J; . we obtain the estimate

m k
‘If,n(t)} < /AV dy <er(yi,1 —%,2)) £(y1)| (H H jT,e(ye7s)) : (4.32)

i=1 j=1 e€P;

Note that, due to the structure of the interaction we cannot automatically decouple the paths in
(4.32) by arguing as in (2.59)-(2.60). Indeed, arguing in this way would give us a factor of ||w;||7%,
which we only know is bounded by (C7)™. Such a rough upper bound is not affordable. Therefore
we need to carefully distribute the factors of wr(y;1 — vi2) among the paths.

Before we proceed we introduce some notation. Given a = (iq,7,) € Vo we define a* € Vs, by
a* := (ig,3 — 1r4). Since r, = 1,2 for all a € V,, we have (a*)* = a. Note that we always have
a # a*. Moreover we define for a € V, the function W? by

N

wy fa€Pj,a"€Pforsomel <j<I<Ek
Wa 1 ifaecPj,a*cPforsomel <I<j<k (4.33)
wy ifa,a* € Pjforsomel <j<kandr, =1
<k

1 if a,a® € P; for some 1 < j and 7, = 2.

In particular, we can write

1w @i —vi2) = [ WeWa —var) - (4.34)
=1

a€Vs

Moreover, from (1.53) we deduce
el < €, W < O (4.35)

Given P € conn(€) we define V*(P) := {a* : a € Vo(P)} \ Vo(P). Graphically, V*(P) corresponds
to all of the vertices in V which are connected to some vertex in P by an interaction w,, but which
do not belong to Vo (P).

We shall integrate out the variables y, by integrating successively the y,-variables in the paths
Pi,...,Py. Given 1 < j < k+1, we define Vs ; := Vg\ (U{:_l1 VQ(P[)), which indexes the variables
left after having integrated out the paths Pi,...,Pj_i. In particular, Vo1 = Vs and Va1 = 0.
For a subset A C V we abbreviate y 4 := (Ya)aca and for r € [1, 00] we write L for the space L
with the corresponding norm. We also use the splitting y = (y;,y5), which, in the above notation,
is shorthand for y = (yy,,yy,)-

Using (4.34) we note that the right-hand side of (4.32) equals

/Adyl\gyl\/ dy2H<HJTeye,) T W )>

ecP; a€Va(P;j)
g /V dYQ H ( H jﬂ'e Y(i7 ) H Wa )) (436)
A¥2 c€P; a€Va(P;) L

yi
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Here we used an L'-L>°-Holder inequality in y; and ”§HL§,1 < ||5HL32,1 <1
We shall show that for all 1 <1<k

/szz yVQl H(H \7‘1’6 Yev ) H Wa ya*)>
< o

Jj=l \e€P; a€Va(Pj)

v 11
/A/\VQ,lJrl 2 J+1

Jj=l+1

0o J,00
LYl LVZ\VQJ

(H Trelyes) |1 Wﬁ(ya—ya*)>

ecP; a€Va(Pj)

(4.37)

LR LSy
Y1 VQ\VQl 1

The claim of Proposition 4.11 follows from (4.36) by iteratively applying (4.37).
What remains is the proof of (4.37). Fix 1 <1 < k. Note that

Vo, = Vo (Pp) U Voit1 = VQ(P[) LJ (VQ,I+]_ N V*(Pl)) LJ (V27l+1 \ V*(Pl)) . (4.38)
Using (4.38) we rewrite the left-hand side of (4.37) as
dy * / jTe y@ Wg Ya — Ya*
‘ /szvlJrlm]*(Pl) VeV (P) AV2(P1) VQ(PI e];[’z ) aG)]ng(:Pl) ( )

k
{ /AV2,Z+1\V*(P1) dyV2,l+1\V*(7’l) H < H Tre(Yers) H W2 (Ya — y“*)> }

Jj=I+1 \e€P; acVa(Pj)

(4.39)

0o J,00
L)’l LVQ\VQJ

We first integrate in yy, p,). In doing so we note that, by construction, the yy, ,  \y«(p,) integral in

(4.39) does not depend on yy,(p,). After this we use an L*°-L'-Holder inequality in Y Vo1 i1nV*(P)-
Finally we take the supremum in the remaining variables. We therefore deduce that (4.39) is

I Feves) I Wi — var)

e aVa(P) L L3 o vy mp
X /Vzl ) d Vg A1 H < H j‘re ye7 ) H Wg(ya - ya*)> (4‘40)
AT ‘7 l+1 eEPJ GGVQ(P]') [,oo o0

Y1 VQ\V2‘l+1

For the first factor we used that the function which we are estimating depends only ony, yy, p,juv+(p,)-
From (4.40) we note that (4.37) follows if we prove

H J’r,e(ym S) H W—,C-L(ya - yll*)

e€P; acVs (731)

< oVl (4.41)

1
L L (ppy vy ey

We now prove (4.41) by induction on n := |V(P;)|. In the sequel we use the same notation for the
vertices, edges, and associated times as in the proof of Lemma 2.17 if P; is a closed path and as in
the proof of Lemma 2.18 in P; is an open path. Suppose that P; is a closed path. For 1 < j < n,
we write the time associated with the edge e; as (j := o(e1)(sa; — Sa;,,). The sum of the times in
Py is

Zgj = Z e1)(Sa; — Sa;,) = 0. (4.42)

7j=1
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Moreover, for all 1 <¢<nand 1 < ¢ <n—1 we have

i+q i+q
Z Cj = Za(el)(saj - Saj+1) = 0'(61)(8% - Sai+q+1) € (_17 1) : (443)
=i =i

In the above calculations all the indices are understood to be modulo n. Analogous results with
obvious modifications hold for open paths P; as well. We use these identities tacitly throughout
the following.

Our goal is to estimate J(P;), where

3P = [y [[ Treloes) [T Wit~ ),
ecP a€Va(P)
which in general is a function of (y1, yy«(p))-

Induction base: n =1 andn =2. If n =1 then P is a loop at a; € V». In particular, a; # a] and
(1 =0, so that

IP) = /dyal W2 (Yar = Ya;) @r.0(Yars Yar) < 1 @rolloeazy Wty < C-

Here we used Lemma 4.12 (i) and (4.35).
If n = 2 we consider three cases.

(A) P is a closed path with vertices aj,as € Vo satisfying aa = aj. In this case (1 = (2 = 0.
Let us assume without loss of generality that r,, = 1. Then, by (4.33) we have W22 =
Consequently

—_

I(P) = /dyal AYa, Wit (Yar — Yaz) Qr.0(Yar; Yaz) @r.0(Yas; Yay) < ||QT,0”%<X>(A2)||W$1 ”Ll(A) .

By Lemma 4.12 (i) and (4.35) this is bounded by a constant.

(B) P is a closed path with vertices a1, a2 € Vo, where ag # aj.
In this case (1 = o(e1)(sq; — Say) € (—1,1) \ {0}, and (a2 = —(1. It follows that

I(P) = / AYay AYay Wi (Yay — Va2 ) Wi Waz — Yaz) @rci Yar s Yaz) Qr,—¢y (Yaz Yay ) -

We now apply the decomposition (4.29) to Qr¢, and Q, _¢, and write

~ a a 1 1
J(P) = /dyal dYao Wt (Ya, — ya{) W2 (Yay — ya%) Q‘(I',21 (Yas; Yas) Q‘(f',)*Cl (Yas3 Yar)
[ s dyas W2 (s = ) W s = 05) Q2 (s ) Q2 (s i)
J Yar WYay VVr \Ya1 — Ya3 7 Yaz = Yaz) Wi ¢, Yars Yaz) Wi _ ¢ Yaos Yaq
2 g o W s = ) WE s = 5 QU () @, (i i)
- Ya1 QYay YV \Ya1 — Yai 7 Yaz = Yaz ) &7 ¢y Yars Yaz ) W7 ¢ Yazs Yas
1

+ = /dya1 dYa, Wit (Yay — ya’{) W2 (Yay — yag) Q(T?gl (Yay s Yasz) QS—?)_Cl (Yas3 Yay ) -

\]
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We need to estimate each term separately.

The first term is

1 1 a a
< NQUL 1z (azy 1Q8 ¢, llzoe a2y / Yy Ao W (Yar — Yaz) W (Y — Yas)
= 11QY Nl a2y QW ¢, oo azy VA I ay V2| L1y

which is bounded by Lemma 4.12 (i) and (4.35).

The second term is estimated, using Lemma 4.12 (ii), as

1 a 1 a 2

< IV e 198 ¢ sy | o W2 oy = i) [ s Q2 ()
1 o 1 “

< ; HW7'2||L°°(A) ”QS—’)_QHLOO(A% /dya1 WTl(yal - ya’{)
1

a 1 a
== W22 Lo (A) HQ(T,)_QHLOOW) Wt L1y »

which is bounded by a constant, by Lemma 4.12 (i) and (4.35). The third term is estimated
analogously.

When estimating the fourth term we consider two cases.

(i) ¢1 € (—3/4,0)U[1/4,1). We estimate the fourth term using Lemma 4.12 (ii)

L ye 2 a 2
< ﬁ HWTQHLOO(A) HQS—,()jl HL"O(AQ) /dym WTl(yal - yaf) /dym QS—’)_Q (y(m; yal)

1 a a 2
< S Il IVl a) Q5 e aey

which by (4.35) and Lemma 4.12 (iii) is bounded by a constant.
(i) ¢1 € (—1,-3/4]U(0,1/4). We then estimate the fourth term using Lemma 4.12 (ii) by

1 a 2 a 2
< 2 ||W7—2HL°°(A) ||Q7(-7),<1 ”LOO(AQ) /dyal Wi (Yay — ya{) /dyag QS—EI (Ya3 Yas) »

and we conclude the argument as in (i).

(C) P is an open path with vertices bi,bo € V. In this case J(P) = Qr0(Yp,; Yp,), Which is
bounded by a constant by Lemma 4.12 (i) .

Summarizing the base step, we have proved that J(P) is bounded by a constant when n =
V(P <2
Induction step. Suppose that J(P) < C'(l)V(P)| whenever |V(P)| < n— 1 with n > 3. We want to
show that the bound holds if [V(P)| = n. We do this by integrating a vertex in Vo(P) and reducing
the path P to a new path with one fewer vertex, satisfying the same properties.

We pick an arbitrary vertex a € V,(P), subject to the restriction that if a* € Vo(P) then
rqe = 1. It is easy to see that such a vertex always exists. For definiteness, we assume without loss
of generality that a = as.
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By construction, the only dependence on y, = y,, in the integrand defining J(P) is

Wg2 (yaQ - yag) Q’DCI (ya1 ; yaz) Q77C2 (yaz; yag) .

In what follows we prove

/ AYa, Wi (Yaz — Yaz) Qr.ci (Yar; Yaz) Qr.ca (Yazi Yas) < Co Qr¢i+¢2(Yars Yas) - (4.44)

Note that (4.44) implies that J(P) < Co J(P), where P is the path (open or closed) obtained from
P by deleting the vertex az and replacing the edges {a1,a2} and {ag,as} with the edge {ai,as}
carrying the time (; 4+ C2. We observe that the path P still satisfies the conditions (4.42) and (4.43)
by construction.

Assuming (4.44) is proved, we can complete the induction. Together with the induction base,
this will conclude the proof of Proposition 4.11.

What remains is the proof of (4.44). Using (4.29) it follows that the left-hand side of (4.44) is

a 1 1
/ dya2 WT2 (yag - yaé) QS—EI (yal ; yaz) Qié (yaz; yag)
1
+ ; / dyaz W (yag - yaQ) QT (1 (yala yaz) QT Ca (yaga yad)
1 2
/ Yar W (Yay — Ya3) QUL War Yas) QY (Yans Yas)

2 2
+ = /dyaz yaz - yaQ) QS—EI (yal ; yaz) Q~(,-722 (ya2§ yag) .

We need to estimate each term separately.
The first term is

a 1 1 a
< QYL Iz (az) QYL Il =2y / Ya, W2 (Yay—Ya3) = QN2 e (a2) 1QVL ez V2 1y

which is bounded by a constant, by Lemma 4.12 (i) and (4.35).
The second term is

1 “ 2
< W oo 1Q5 e n2) / Aoy Q, (Y Ya)

which is bounded by a constant, by Lemma 4.12 (i) and (ii) and (4.35). The third term is estimated
analogously.
The fourth term is

2 2
< 3 HW Nz / AYa Q7 (Yars Yaz) Q2 (Yo' Yas)

which by (4.35) is

C
< ? / dyaZ Qf(r?g)“l (yal; ya2) Qq(—i)“z (ya2§ yag) . (4.45)
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We now estimate (4.45). First note that, if (; = 0 or (o = 0, this expression equals to zero by
(4.30). We henceforth consider the case when (1,2 € (—1,1) \ {0}. In particular, we can rewrite
the expression in (4.45) as

C — T — T C — T
T/dytue {Gath/ (ya1;ya2)e {G23h/ (ya2§ya3) - ?e Herrtepn/ (ya1;ya3>' (4'46)

If {¢1} +{¢2} > 1, then the expression in (4.46) is < C for some constant C' by the proof of Lemma
4.12 (iii). Otherwise, if {¢1} + {2} < 1, we have {(1} + {¢2} = {1 + (2} > 0. Therefore, in this
case, the expression in (4.46) is

(2)

c ] c
— e eI Ty yay) = = Q7 e WariUas) < C Qrivca (Yar i Yas) -

T

Putting everything together, it follows that the expression on the left-hand side of (4.44) is

< C+C QT,C1+CQ (yal ) ya3) :

The claim (4.44) now follows from Lemma 4.12 (iv). This concludes the proof of the induction
step.

We can now deduce Proposition 4.11 when £ € B,,. The proof of Proposition 4.11 when £ = ¢,
proceeds analogously. The only difference is that we now work with (V, ) instead of (V, £) and we
note that all of the connected components of £ are closed paths. (Recall that (4.36) was estimated
in terms of the L!-norm of ¢.) O

From Proposition 4.11 we deduce that Corollary 2.21 holds in this setting. Next, for I € R, we

define
Iy = /AV dy (H 6(yi,1 —yi,2)>§(y1)HJe(ye)

i=1 ec&
if £ € B, and

Iﬁ = /A dy (H d(yin — yi,Z)) };[éje(Ye)-

%
=1

if £ = £p. In other words, we replace w by 4 in Definition 2.24. With Iﬁ given in this way we define

aéo,m by (4.6). We want to show that (2.79) still holds in this setting. The following analogue of
Lemma 2.25 holds in this setting.

Lemma 4.13. For all fired t € A and 11 € R we have
If’n(t) — Iﬁ as T — oo uniformly in &€ B, U{}).

Proof. Since we are working in one dimension, it follows from the definition of 7., J. and from
a telescoping argument that

lim H H Tre(Yers) — H Je(ye)

T—00
ecé ecé

=0, (4.47)

Ly
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where € stands for € if z € B, or ife = &p- Note that this convergence is not uniform in s. In the
telescoping step of the proof of (4.47) we use %||ST¢HL00(A2) — 0 as 7 — oo as well as the estimate

S if A, <7
T(eM/T—1)] T 7 | LemUOM/T i N > 7,

for all ¢ < 1. The latter allows us to apply the dominated convergence theorem and deduce that

[Tre(yers) = Te(ye)llpg — 0 as 7 — oo
We consider first the case when £ € B,. We compute

I (t) — Ty = /AV dy (H Wy (yi1 — yi,2)> £(y1) ( [[7elves) - 1] Je(ye))

=1 ecé ec
+ /sz dy, [/Avl dy, gje(ye)é(yl)] <}_[1 we(Yin — Yi2) — }_11:5(3/1‘,1 —~ yi,2)> . (4.48)

The first line on the right-hand side of (4.48) is bounded in absolute value by

Lg /Av dy (}:[1 wr(Yin = yﬂ)) [€(y1)l
S H H ;77-76(}’6,5) - H jﬁ(Ye)

ecé ec&

H [ 7eers) =[] Zlye)
ecf ecf

el

where we used that [ w; =1 and that the arguments y; 1, y; 2 of each w; are in y,. This converges
to zero as T — oo by (4.48), uniformly in £ € B,,. Furthermore, we note that by (4.48), £ € L?,l and
the dominated convergence theorem we find that the expression in square brackets on the second
line of (4.48) is a bounded continuous function of y,. Therefore, the second line on the right-hand
side of (4.48) also converges to zero as 7 — oo by the assumption that w, converges weakly to
the delta function at 0. The claim when ¢ € B, follows, and the argument for the case £ = §, is
analogous. O

Since w; > 0 pointwise, we can apply the Feynman-Kac formula as in the proof of Proposition
4.5 and reduce the estimates on the remainder term to those on the explicit terms, as we did in
Sections 4.1 and 4.2. In particular, from Proposition 4.11 we obtain that for all M € Nand Rez > 0
we have

RS 1, (2)] < (CCop)? (CCol=l)" M,

for the constant Cy from Proposition 4.11. Moreover, for fixed 7 > 0, the function w, € L>®(A)
and hence the function A% is analytic in {z : Rez > 0} by the same arguments as in Sections 4.1
and 4.2.

We now consider the classical case. Let a5, denote the Taylor coefficients and R?w(z) the
remainder term of A%(z) := j,(©(€)), where p, is defined for Rez > 0 as in (3.5), except that now
W is given by (1.52). The identity s, = ago,m follows from Wick’s theorem. Proposition 4.11 and
Lemma 4.13 imply that for all m € N we have

a

m

‘ < (CC()p)p (CCo)mm', (4.49)
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for the constant Cp from Proposition 4.11. If £ € B, then the proof of Lemma 3.4 carries over this
setting and shows that the R%/[(z) satisfies

|RS,(2)| < (CCop)? (CColz))™ M1, (4.50)

and that the function A¢ is analytic for Rez > 0. If ¢ = §p we argue as in Section 4.2 and we
reduce the estimate of the remainder term to that of the explicit term and so for § = £, we obtain
(4.50) from (4.49). Furthermore, we deduce that the function A¢ is analytic for Re z > 0.

Putting everything together we deduce Theorem 1.9 by using the same duality arguments as in
the proof of Theorem 1.8 in Section 4.3. This concludes the proof of Theorem 1.9.

5. The counterterm problem

In this section we formulate the counterterm problem from (1.44) precisely, and solve it. We fix
the spatial domain A = R%, with d = 2,3. Throughout this section, we use the convention

fo) = [dopayer

for the Fourier transform, in order to avoid factors of 27 in the calculations below. Note that this
is a slightly different convention from the one used earlier.
For a nonnegative function v : A — [0, 00) we use the abbreviations
1

GZ = T(e(*AJr’U«)/T _ 1) ) Q:.L(l') = Gz(aj?l‘)

Thus, in the notation (2.4) and (1.39) we have G, = G£1"" and g, = ™" (recall the remark after
(2.3)). For given k > 0 we now make the choice

or = 07 = of(ziw), (5.1)
which is independent of x by translation invariance of the operator —A + k.
With these notations, we may write the counterterm problem (1.44) as

vr = VAws(of™ —5f), (5.2)

where the dependence of the right-hand side on v, is now made explicit.

The main result of this section, Theorem 5.2 below, states that, for a general class of external
potentials V', for sufficiently large x > 0 and for all 7 > 0, the counterterm problem (5.2) has a
unique solution v;. Since the solution v, of (5.2) depends on 7, we also show that v, approaches a
limit v as 7 — oo. This one-body potential v is the one-body potential in the classical one-particle
Hamiltonian (1.5) that yields the correct rigorous construction of the formal measure (1.2) with
external potential V.

We start by imposing some conditions on the external potential V' in the original Hamiltonian
(1.35). We require that V' € LS (A) satisfies V(z) > 0 for all x € A, that hy = —A+ Kk +V
satisfies ||hy!||g2 < 0o, and that there exists a constant C' > 0 such that

Viz+y) < CV(x)V(y) (5-3)
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for all z,y € A. Moreover, for some of our results, we also need the additional assumption V €
CY (M), with ||VV/V||1~ < oo; see the statement of Theorem 5.2 below.

Note that by the condition ||hy'||g2 < 0o we have V # 0. Hence, (5.3) implies that V(z) > 0
for all z € A. (In fact, since we have the freedom of choosing the constant x, we can always assume
that V(x) > ¢ for some constant ¢.) Moreover, (5.3) implies that V' grows at most exponentially
at infinity. In particular, the following result holds.

Lemma 5.1. For V > 0 satisfying (5.3) there exists a constant Cy > 0 such that
Viz) < eColei+D) (5.4)
for all x € A.

Proof. We let f(z) := logV(z) and note that (5.3) implies f(z +y) — f(z) — f(y) < C for all
x,y € A. Hence f(2x) < C + 2f(z) for all x € A. Iterating this inequality, we find

n—1
flo) < D PC+2f(x/2") < 2"C+ 2" f(z/2"). (5.5)
j=0

For a given € A with |z| > 1, we find a unique n € N\ {0} such that 2"~! < || < 2". From
(5.5) we conclude that f(z) < 2|z[C + 2|z[supjy<; f(y) < Colz| for all z € A with [z] > 1. Here
we defined Cp := max{2C + 2supy,<; log V' (y),0} > 0. Since trivially f(z) < Co for all z € A with
|z| < 1, we conclude that f(x) < Cy(|z|+ 1) for all z € A, which implies (5.4). O

To prove the existence and uniqueness of v, satisfying (5.2), we regard (5.2) as a fixed point
equation on an appropriate metric space. This allows us to apply Banach’s fixed point theorem.
We fix V € L (A) with V' > 0 satisfying (5.3). For f € L (A), we set

loc loc

Ifllv = sup|f(z)/V(z)].
z€A

Then we define the Banach space B := {f € LY (A) : ||f|lv < oo}. For r > 0, we denote by

loc
B.(V) == {feB:|f-Vlv<r}

the closed ball of radius » around V in the space B. This is a complete metric space with respect
to the metric inherited from B.
The main result of this section is that the counterterm problem

u =V +wsx (" — o), u€ Bp(V), (5.6)

T

has a unique solution u, which we call v,, and that this solution is continuous in 7 in an appropriate
topology.

Theorem 5.2. Let V € L (A) satisfy V(z) =0 for allz € A, [-A+x+ V]t € &2, and (5.3).

loc

Let w € L*°(A) be an even function such that

/yw(y)|(1+v2(y)) dy < oo. (5.7)
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Then for every r € (0,1) there exists kg = ko(r) > 0 with the following properties. For all
Kk > ko and for all T > 0 there exists a unique solution u =: vy of the counterterm problem (5.6).
Furthermore, for all k > kg there exists v = v(k) € Bp(V) such that lim,_, ||v; —v|ly = 0. Under
the additional assumption V € C*(A) with |[VV||y < 0o, we also have

m [[[~A+k&+v] " = [“A+ k40 g = 0. (5.8)

T—00

Remark 5.3. The condition v € B,(V), for a r € (0, 1), implies that
1=r)V(z) < ulz) < 1+7)V(x).
In particular, u(z) > 0 for all z € A and the Hamiltonian h, = —A + k + u is such that
(1—=r)hy < hy < (1+7)hy. (5.9)
This also implies that [|h;!||g2 < (1 —7)7Y|hy! le2 < oo for all u € B,.(V).

In order to prove Theorem 5.2, we need some basic properties of the translation invariant
Gibbs states associated with hg = —A + k. Similar properties for the Gibbs state associated with
h, = hg + v, for a potential v € B,.(V) follow from the Feynman-Kac representation of e=*"v.

Lemma 5.4. (a) For every a € [0,2) there exists a constant Co > 0 such that

[ 1 e(—A+r) /T

72 (e(=A+r)/T 1)2] (x;2) < Ok~ 2=4/2)

The constant C,, diverges as o approaches 2. Because of translation invariance, the left-hand
side is actually independent of x.

(b) There ezists a constant C' > 0 such that

1 ea(=A+r)/T
7 e(=At+r)/T _q

forall x,y € A with |x —y| > 1, allk > 1 and all 0 < o < 1. The constant C can be chosen
independently of a, for a € [0,1). In the sense of distributions, the bound continues to hold
for o = 1, with the convention that the Dirac d-function satisfies §(x —y) =0, if |x —y| > 1.

Proof. (a) In Fourier space, we find

2
oladotr

1 ea(fAer)/T 1 e =
[7‘2 (e(=A+r)/T _1)2 (5 2) /dq ) (elq\i-‘rr@ - 1)2 (5.10)

To estimate the integral we observe, first of all, that the function 2 — e**/(e® —1)? is monotonically
decreasing in x, for x > 0. In fact

ax a—2)x

(
€ _ € _ —(n+l—a)x
(ex _ 1)2 - (1 _671)2 - Zne ( ) )

n=1
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which is a sum of positive and monotonically decreasing functions (since a < 2 by assumption).
We divide the integral in (5.10) in two parts. For |q|? < &, we bound |g|?> + & > k. For |¢|?> > k we
use |q|? + & > |q|?. We find

i e(—A+r)/T (2:2) < Ord/2  eor/T +i eolal?/T d
P2 A =1 | S T R T e G =i G.11)
5.11
- C z2e® . 1 / eolal® d
< su ———dgq.
2—d/2 z>%) (er —1)2 ' 72-4/2 >/ (el —1)2 q
If kK < 47, we have
1 / eclal® C 1 1 eelal®
e e dg < / Aot s [ e da
P o @ 1P S TS e T TR g P 12
1 1 c
<0 [ﬁ2—d/2 + Td/2—2:| = d/2—2
for a constant C' depending on « (being finite, for all fixed o < 2). If K > 47, we obtain
1 / eclal® C a2 c C
N dqg/ e~ gy < e-onir o O
7d/2—2 /T (el —1)2 ) /ol 72—d/2 o 2—d/2

Also here, C' depends on a.. From (5.11), we conclude that

1 e(—Atr)/T ' _ C
72 (eCAFR)/T —1)2 (z32) < 2—d/2’

as claimed.
(b) We have
1 6()4(—A+H)/T 1 1
- 7 _ 2 (a=1)(-A+k)/T —n(—A+kr)/7 _ —(n+1—a)(—A+k)/T
Te(=A+R)/T 1 ¢ Ze a TZe '

n=0 n=0

Since exp(—(n + 1 — a)(p? + k)/7) has a positive Fourier transform, for all n € N, o € [0,1), we
conclude that

1 e(—A+r)/T
[ - (z;y) = 0

7 e(=A+r)/T _q

for all x,y € A (the kernel depends only on x — y). To show the upper bound, we compute

1 ea(fAJrn)/T 1 _ 3 o
LWM (@) = 23 [ dgemtrrimela e tey

n=0
4/270/2-1 3 ! e =
=T T ——— <€ e n —a
(n+1—a)d/?

n20 . (5.12)
1 _z—yl?r
R e lEa Y ————C L =
-7 (nJrl—oz)d/2e e e

I

lz—y|7

+ a2y <+11>/<+”<>
n —
1T
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where )| denotes the sum over all n € N with 2(n + 1 — «) > 7|z — y|/v/k and >, indicates
the sum over all n € N with 2(n + 1 — «) < 7|z — y|/+/k. In the first sum, we neglect the factor
exp(—|z — y>7/4(n + 1 — a)) and we estimate (comparing the sum of a monotone sequence with
the corresponding integral)

le—y|27

1 e—yl?r
V2pap1y L iee/r i
o nt1—a)i2’ SRR e

—zK/T

< Crd/2-1o—VRle—yl/4 / e L
el rla—yl/vE 22 (5.13)

< C’/id/Q_le_\/aI_y/‘l/ ed—ﬂdz
2> V/Rlz—y| #

for all K > 1 and | —y| > 1. In the second sum on the right-hand side of (5.12), we neglect the
factor exp(—(n + 1 — a)k/7). Furthermore, we introduce a new index ¢ € N and we sum first over
all n € N such that

Tz — yl

((+1)r

and then over all £ € N\ {0}. Since there are at most

7|z — 9

0k

< 2n+1—-a) < (5.14)

lx —y|T |z —ylr  |z—ylT lx —y|7

Wk 20+1)r 22U+ 202k

indices n € N satisfying (5.14), we conclude that

lz—y|27

1
d/2 d/2 1 —(n+l1-a)k/T Fl—a
Z(n—i—l—a)d/? e e

< Clid/4_1/2‘33 ‘1 d/QZ

>1

11
VTN 21 g Rls—y/4
02— Cop2—dj2

for all z,y € A with |x —y| > 1 and all k > 1. Together with (5.12) and (5.13), the last equation
implies that there exists a constant C' > 0 such that

1 ea(—A—H{)/T
Te(-A+R)/T _ 1

](x,y) < Cr¥2=leVrle=yl/4 (5.15)

for all z,y € A with |z —y| > 1 and all kK > 1

Notice that the same computation holds for a = 1. In this case, however, the term with n =0
on the first line in the right-hand side of (5.12) has to be handled differently; it gives precisely the
contribution 77'§(x — y) which, in the sense of distributions, vanishes for |z —y| > 1. All other
terms in the sum over n can be handled as above. O

We are now ready to proceed with the proof of Theorem 5.2.
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Proof of Theorem 5.2. For 7 > 0 and © € B we define
r(u) = Vo ws (5~ ).

We claim, first of all, that for fixed r € (0,1) there exists k¢ such that ®,(u) € B,(V) for all
u€ B.(V), 7>0and k > kg. In fact

ot (y) — o = GETM(ysy) — GE(ysw)

1 1 1 )
T \e(CAtrtu)/r — 1 o(-Atr)/T _q (¥:9)

1 1 1
_ = (=A+r)/T _ (—A+r+u)/T .
T <e(—A+n+u)/7— -1 (e ¢ )e(—A“rH)/T _ 1> (y’ y)

1 1 et(=A+r+u)/T eI=t)(=A+r)/T
- / dt <e( Atrtuw)/r _ 1 1 e( AtR)/T 1 ) (y:9)

Atrtu)/T 1 (1= (=A+k)/T
= / dt/dz <’7’e( A+H+u)/T_1>(y; Z) U(Z) (TWM) (Z,y) (516)
In the third equality, we used the resolvent identity and in the fourth equality a Duhamel expansion.
Now we split the integral in two parts. In the region with |y — z| < 1, we estimate

0 < uz) < ullvV(z) < CllullyV(y).
In the last estimate we used V' € L{¥ (A) and the assumption (5.3) to deduce

V(z) = Vy+(2—y)) < CV(y)sup V(z) < CV(y).

lz|<1

We observe that

—A+k+u)/T
oAt (1) (~Atrtu)/r 1
e(—At+rtu)/T _ 7 1 — e~ (=A+k+u)/

Ze—(n-f—l t)(— Atrtu)/T

n=0

For all ¢ < 1, we have n+ 1 — ¢t > 0. Using the Feynman-Kac representation for the heat kernel
exp(—(n+1—1t)(—A+k+u)/7) and u(z) > 0 for all z € A, we find that

_ 1 et(—At+stu)/T _ 1 et(—A+r)/7
0 <\ Famrmrar —1 ) W2 < | socamr 1) B9)- (5.17)
Hence, by (5.17), u > 0, and (5.3) we have

_ ld 1 1 el(—At+stu)/T 1 eIt (=A+x)/T
o< fraf (i) o) () )

< c v 1 e(=A+r)/T
= HU’HV (y) 72 (6(_A+”)/T — 1)2 (y, y) )
(5.18)
which by part (a) of Lemma 5.4 is
< Cr7272ullv V (y). (5.19)
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Next, we consider the integral in the region |y — z| > 1. Using part (b) of Lemma 5.4, (5.17), and
u > 0 we obtain

_ ld q 1 et(fA+n+u)/T 1e(17t)(7A+li)/T
0 o e o () o
< Cr72|ully / e VEIV=21/2y/ (2) dz

ly—2>1 (5.20)
<Ok uly Vi) [ VY () da

lz|>1

< Cr272|u||yV (y)

for k large enough. In the second inequality, we used (5.3) and the change of variables z =y — z.
In the third inequality, we used Lemma 5.1 and integrated over the region |z| > 1. We conclude
from (5.16), (5.18), (5.19), and (5.20) that

0 < —(ef™ () —af) < Cr*?|lullvV(y) (5.21)

for all y € A and all k > 0 large enough, depending on the constant C in the exponential bound
(5.4) for V. Using (5.3), we find

s (5 — g5)()| < x> 2|Jully / )|V ( — 3) dy
< CRY 2y V() / W)V () dy < CRIZ2ully V (),

where we used (5.7). We therefore obtain

Jw = (5T — a8, < Ck¥*2||ully < CkY?72|ju—V]ly + CrY?2 (5.22)
because [|[V]|yy = 1. Hence, since d/2 — 2 < 0, it follows that for every r € (0,1), there exists
ko = Kko(r) > 0 such that ¢, : B, (V) — B,(V) for all k > ko and all 7 > 0.

Furthermore, if uy,us € B,(V), we find ®,(u1) — @, (ug) = w x (0T — ofT42). Now we have

o5 (y) — o2 (y)

1 1 1
— = (—A4r4ur) /T (—A—l—n—i—ug)/T] .
T e(—Atrrun)/T _ | [e € o(—Atrtus)/r _ 1 (¥:9)

1 1 et (=A+rtu) /7 Uy — Uz e(1=t)(=Atrtuz)/7
— dt (y;9)
( A+I€+’LL1)/T _ 1 T 6(*A+N+u2)/7- — 1

(—A+r4ur) /7 1 e(lft)(fA+n+u2)/T
= / dt/dz - 6( Atrtun)/T _ 1 (y; 2)(u1(2) — u2(2)) 7 e(—Atrtu2)/T _ | (z39).

Similarly as before, dividing the integral in two parts, we obtain

|Qn+u1 (y) — Q/;—Hu( )| < Cﬁd/2_2\|u1 —u|lvV(y),

which implies that
19 (u1) = 7 (ug)lly < CrY*2||ug — usllv-
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Hence, for k large enough and for all 7 > 0, &, : B.(V) — B, (V) is a contraction on B,(V'). Since
B, (V) is complete, there exists a unique fixed point v, € B,(V') such that (5.2) holds..

Next, we show that the sequence of fixed points v, has a limit in B,(V), as 7 — oco. For 7 > 0,
let hy = —A + k +v,. We find

Vr — Uy = q)T(UT) - (I)T’(’UT’) = w* ((Qi‘H}‘r - éﬁ) - (Q:/JFUT/ o §¢/> ’ (523)
We have
[o7™ (y) — @] — [QT y) - @T'}

I O L iy)— |21 : (:9)

T Teh/r —1 rearmir — 1| WY T T T T et — 1| WY (5.24)
1 1 B 1 1 (y;
;eh'r/T, -1 ;ehH/T’ —1 y7y)

= A(y) + B(y) )

where A(y) and B(y) denote the contributions of the first and second lines respectively. We start
with the term B. We obtain, by using the resolvent identity and a Duhamel expansion as in (5.16),

11 11 _
H:;ehT/T, _ 1 B ;eh_,.//T’ _ 1j|(y’y)‘

1 1 ethT/T’ 1 e(l—t)h,,_//T’
/Odt/dz T oehi /T 1 (y; 2)(vr — vp)(2) T oeh T 1 (z39)

T |\ 0 7_/ eh-r/T, — 1 Y; 7_, ehT//Tl 1 'Y

< ORI o, — oy V().

(5.25)

N

The last bound can be proved similarly to (5.21), integrating first over the region |y — z| < 1
using part (a) of Lemma 5.4 and then over |y — z| > 1 by using

1 ehe /T 1 ex(=A+r)/ d
— . < | = . < /2—1 ,—/kly—=z|/4
[7’/ ehrr /T — 1] (y:2) < [T’ e(=A+r)/T" _ 1 (y;2) < Ox ‘

for all |y — z| > 1, uniformly in o € [0, 1), which follows from Part (b) of Lemma 5.4 (the same
estimate holds if we replace h,» with h;). We conclude that

1 1 1 1 _
JRCEVIE - i as] < Ok 20—ty Vo).

! eh.,-/T’ —1 peh,,_//'r’ —1

Here we again used (5.3) and (5.7). The estimate (5.25) now follows. From (5.23), (5.24), and
(5.25) we find

(1= CRP2) o, —vnlly < w Ally . (5.26)
Next, we consider the contribution of the term A, defined in (5.24). We claim that ||w x Ay — 0
as 7,7 — oo. By (5.26), this also implies that ||[v, — v/||y — 0, as 7,7/ — oo, if K > 0 is large
enough. Writing

A( ) 1 " l ethe /T vie(lft)(fA+l-c)/T l ethr /T ,Uie(lft)(fA+/-c)/T’ ( ' )

L A TehilT — 1 7 eCATR/T _1 gl ehi/m —1 1 e(-Armir —1 | WY
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we remark that

[w * Ally

1
</dt
0

Proceeding similarly as in the derivation of (5.22), the integrand of t-integral is
1 ethT/T vy e(l—t)(—A“rK)/T

‘/dyw(' —y) [T ohi/T — 1 7 e—AtR)/T _ 1 (y; )
1 ethT/T/ vy e(l—t)(—A—l—m)/T'

/dy w( —y) [7_, ohr /T _ 1 ) c(—ATR) /T _ | (yay)

Since the right-hand side is clearly integrable over t € [0, 1], the convergence ||w * Al|y — 0 follows
from the dominated convergence theorem if we can prove that

Tehr /T —1 7 eCATR)/T — 1 gleh /T — 1 7 (FA+R)/T ]

1 ethr/T v, e(1=t)(=A+k)/T 1 ethe/7 v, e(1=t)(=A+k)/7'
/dyw(- -y Y y)

v

<

< 2CKY272 |||y
y

+

1 ethe/T vy e(1=t)(=A+r)/T 1 ethe/T vy e(1=t)(=A+r)/T!
/dyw(' -y Tt — 1 1 eATRIT — 1 e /T — 1 1 e(—AtR)T _q (¥:9) y -0
(5.27)
as 7,7 — oo, for every fixed t € (0,1). To this end, we decompose
1 ethr/T vy e(I=t)(=A+k)/T 1 ethe/7 vy e(I=t)(=A+r) /7
e S R T W e g | A
1 ethe/T 1 ethT/T’ v, e(1=t)(=A+r)/T
= ;ehT/T -1 - ;ehT/Tl 1 7 6(7A+N)/T 1 (y, y) (528)

1 ethe/T [16(1—t)(—A+H)/T 1 e(1=t(=A+r)/7"]
1

7 ehe [T _ T oAt/ — 1 1 e(—AtR)/T _q (y39)-

The absolute value of the first term is

1 ethr/T 1 eth,—/f’ 1 (1=t (=A+r)/T
/dZ [ “hlr 1 7_1 (%z)vﬂ'(z) AN Y (Z;y)

Teh /T — 1 1l ehr/T T e(=A+R)/T _ 1
(1=t)(=A+r)/7
o/ (R

7 e(=A+R)/T _ 1
for an arbitrary a > 0. On the one hand, using part (a) of Lemma 5.4 and arguing as in the proof
of (5.19), we have

/ dzv?(z)
ly—=z|<1

2

2
—I—oz_l/dzvz(z)

1 ethT /T 1 ethT /T
s 1 e 1| %2

(5.29)

2

1 20-0)(=A+r)/7
< Cllor 3V (y)?

T (ATR)/T 1)2] (:9) (5.30)

< R 2o |[BV (y)?

1 0=8(=A4n)/7
e AL )
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for a constant C' > 0 depending on ¢, finite for all fixed 0 < ¢ < 1. On the other hand, by using
part (b) of Lemma 5.4 and arguing as in the proof of (5.20), we find

2
1 e(l*t)(*A‘i’li)/T
2 il .
/L_z>1dsz@» [764—A+nw7__1 (=)

< Okt 2 urlfy [ VA VR g

(5.31)
< CRP2 v, |IF V(y)?
for k large enough. By (5.29), (5.30), and (5.31), we conclude that
4 1 ethe/T 1 ethT/T’ v, e(1=t)(=A+r)/T
/ yole =y) | S T T w1 | 7 oAt WY
2
1 BthT /T 1 ethT /T
< —1,.d/2—2 2 _ 2 - _ =
< CaT ™ Al [tV -+ ablim | 255 - ST
With the assumptions (5.3) and (5.7) and with the optimal choice
V(z) k41
- 1 eth-r/T 1 ethq—/‘r/ ’
| ;ehT/T—l - ?@h‘r/T/_l }62
we obtain the bound
4 1 ethr/T 1 ethT/Tl v, e(1=t)(=A+k)/T
/ y’UJ(ﬂf - y) ;ehT/T 1 - ;eh‘r/T/ 1 ? e(—A+R)/T _q (y,y) y
1 th/T 1 th: /7'
< ORI oy || 2o =
o B A |
62
Since
1 thr /T 1 th /T’ 1 th:/T 1 1 ths /T 1
e ol |G| - 632
Tehr/T—1  1leh/T —1 Tel/lT—1  h, Thehe/T -1  h,
G2 G2
it follows from Lemma C.3 that
1 ethe/T 1 eth-r/T’ v, e(I=t)(=A+r)/T
H/dyw( - y) [Teh/T 1 - ;ehﬂ'/T/ 1 7 6(7A+/~c)/7' 1 (y,y) § -0 (533)

as 7,7 — oo. The application of Lemma C.3 is justified by the assumption that v, € B, (V) and
Remark 5.3. Note that, for the second term on the right-hand side of (5.32), we first let 7/ — oo
and we apply Lemma C.3 with the parameter 7/ and the operator h, which is constant in the
parameter 7. Next, we consider the second term on the right-hand side of (5.28), which is

. 1 ethe/7 1 (1=D(=A+r)/T | J(A-t)(=A+r)/7’
= [ || 0O | s e | Y

2
+a_1/dz
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1 eth-r/r/ 2

(y;2)

S T AR/ _1 1 AR/

< oz/dzvz(z)

[16(11‘,)(A+n)/‘r le(lt)(AJrn)/T’] )
z




for every a > 0. Proceeding as above (considering separately the regions with |y — z| < 1 and
ly — z| > 1, and using the results of Lemma 5.4), this quantity is

] 1-0D+R)/T 1 ((0-t)(=A4n)/7

2
d/2—2 2 2 -1 |t _ .
g COZK‘ HUTHVV(y) + CO[ T e(—A-‘rK])/T o 1 7_/ e(_A‘i‘K?)/T/ o 1] (07 O) *

With the optimal choice

T (FAFR)/T_1 T o(—A+r)/TT_q
o = N

[orllv V(y)

1 e(1—t)(=A+r)/T 1 (=) (—A+r)/7’ —d/4
[76 £ (0;0) g4

we find

1 eth/m lle(l—t)(—A+n)/T 1 e(=(=A+r)/7'
1

' eh/m — Te(CATR/T 1 7l e(-AtR)/T _ ]

] (y; )
1/2

< Ce¥ 7o, lvV (y)

L I-D(=A+r)/T 1 g1=t)(-Atr)/r]?
7 e(=A+R)/T _ 1 e(-Atr)/T _ 1 (0;0)

We conclude that
oth/™’ 1 eA=-(=A+r)/T 1 A=) (=A+k)/T’
/dyw

eh/r Tl P e y e _7-16(—A+n)/r’_1] (y:9) y
(1=t)(—A+r)/ (1=t)(—A+r)/ i
1 e(I-t)(=A+r)/T 1 (1=t} (=A+r)/T!
< O oy [Te - ] (0;0)

6(7A+n)/7' —1 7! 6(7A+n)/7" -1

(5.34)
To prove that the right-hand side converges to zero, as 7,7 — oo, we show that
[ o(1-0)(~Atr) /7 1 2 y M (1= (02 +r) /7 E
B o7 S s | B B N U P T R e
(5.35)
Since
1 et(p2+/i)/7— 1 C
J— - < -
T e@*+r)/T _ 1 p2 +r| T p2 +k

for an appropriate constant C' > 0, since (p? + x)~? is integrable (in dimensions d < 3), and since

1 et@+r)/7 1

Jim [T 1 p2rm| Y

pointwise, for all p € A, the dominated convergence theorem implies (5.35). From (5.34), we obtain
that

—0
v

q eth/™ 1 (1=t (=A+r)/T 1 e(I=t)(=A+r)/7’
/ yw(- Teh/T — 17 |1 e(CA+R) /T — 1 1 o(-A+r)/T _q (y;y)
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as 7,7 — 0o. Together with (5.33) and (5.28), we conclude that (5.27) holds, for all fixed ¢ € (0, 1).
This shows that ||v; — v||y — 0, for 7,7 — co. Hence v, is a Cauchy sequence in the complete
metric space B, (V). As a consequence, there exists v € B.(V) with v, — v, as 7 — 0.

Finally, we prove (5.8). As before, we use the notation h,; = —A + k + v,. Moreover, we set
h = —A 4 k +v. From the resolvent identity we get

Iht =B = s o — )b M2 = Tr (v, — o)A (0, — v)h; !
< B Ve VA e R sz 1A ez llor — lff -
By Remark 5.3, it follows that the above expression is
< Ch7 Ve~ VA e [|h %2 lvr — vl (5.36)

Since |lv, — v|ly — 0, as T — oo, to prove that ||h-! — h~!||g2 — 0 it is enough to show that
the operator norms |-V ||gx, ||[Vh™!||g= are bounded, uniformly in 7. To this end, we observe
that, for all 1 € L?(A),

I Vel = (Ve h? V)
_ <V1/2¢, {hT—1V1/2 n [Vl/Q’hT—l} } {Vl/th—1 i [h;l,Vl/ﬂ } V1/2¢>

< 2(VIRp RTVRIV ) 4 2 (V2 Tt [—a, VIR 2 (VI Al sy 2y
VV o, VV
< 2(VY2yp, h vV 1/? +2<V1/2 et vy SR v/ il >
(v ‘) PNt v
vV vV
+2( VP h = VRV ——h V2 >
(o v

(5.37)

where we used the Cauchy-Schwarz inequality in the form (z, (A + B)(A* + B*)z) < 2(z, AA*z) +
2(x, BB*z), as well as the identities [A, B~!] = B~'[B, A]B~! and [-A, V1/?] = V-ﬂ ~-YV.v.
We observe that

ST = (V2 h V20) < IV rllellel® < el

since vy (z) = (1 — r)V(z) for all 7 > 0 (because v; € B,(V)). This implies that

1
1—7r"

2V g = V2RI le <

Similarly,

T

vV
S0 1—7r

Moreover, ||V h;1/2||600 = ||hs 1/ZVH600 <L
From (5.37), we find

H B2

Iz Vl? < [ﬂh?”?‘/l/zléw+4Hh21/2V1/2H2eoo\IVh¥1/2|!2eoo Niikd

Hhil\leoo] 112

Goe

4 _
S m(l + w22 VYD) 1P

76



This proves that ||h-1V]|g~ < oo, uniformly in 7 > 0. Analogously, we find ||~V ||g=~ < oco.
Hence, (5.36) implies lim, o ||kt — A7 Y|g2 = 0. O

A. Borel summation

The following result is the key tool that allows us to deduce the convergence of analytic functions
from the convergence of the coefficients of their asymptotic expansions. For its statement, for R > 1
we introduce the open ball

Cr = {z€C:Rez"! >R}, (A.1)

Theorem A.1l. Let (A%)¢ and (Aﬁ)gj be families of functions that are analytic in Cr. The first
family is indexed by a parameter £ in some arbitrary set and the second one is, in addition, indexed
by T > 0. Suppose that, for all M € N, AS and AS are given by the asymptotic expansions

M-1 M—1
Ab(2) = afnzm%—R?W(z) and AS(z) = aﬁ’mzm—FRf,M(z) in Cgr, (A.2)

where the explicit terms satisfy

sup ‘a%} + sup ‘aﬁ’m‘ < vo"m! (A.3)
3 3

T,

and the remainder terms satisfy
sup ‘wa(z)‘ + sup ‘REM(Z)‘ < voMM M for all z€Cr (A.4)
3 7€ ’
for some constants v > 0 and o > 1, which are independent of m and M.
Moreover, suppose that the differences of the explicit terms satisfy
sup’aﬁvm—afn‘ -0 as 7T—00. (A.5)
£

Then
sup }A§ — A£’ — 0 pointwise in Cr as T — 00.
13

The proof of Theorem A.1 is based on Borel summation techniques inspired by the following
result of Sokal from [85].

Theorem A.2 (after [85]). Given R > 1, let A be an analytic function on the ball (A.1). Suppose
that for all M € N the function A is given by the asymptotic expansion

M—-1
A(z) = Z amz™ + Ry(2) in Cgr (A.6)
m=0
where the explicit terms satisfy
lam| < vo™ml! (A.7)
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and the remainder term satisfies
|Rm(2)] < vo™ MM forall z€Cp (A.8)

for some constants v > 0 and o > 1, which are independent of m and M.
Then, the following statements hold.

(i) The series

B(t) := iamtm/m! (A.9)
m=0

converges absolutely for all |t| < % and it has an analytic extension to the region

o

S, = {t:dist(t,R+) < 1}. (A.10)

(i3) In the region Sy = {t s dist(¢, RT) < %}, the function B(t) satisfies the bound

|B(t)| < CoRe Eyg (A.11)
for some universal constant Cy > 0.
(iii) We have
A(z) = i/(:oo e V*B(t)dt forall zeCg. (A.12)

The proof of Theorem A.2 was outlined in [85] which, in turn, is based on the methods used in
the proof of [54, Theorem 136] and it rediscovers and extends the work of [72]. The proof in [54]
is based on the work [91], in which the function A is assumed to be analytic in a larger domain.
For completeness and with applications to the proof of Theorem A.1 below in mind, we give a full
proof of Theorem A.2. Theorem A.1 itself is proved at the end of this appendix, using tools from
the proof of Theorem A.2.

Proof of Theorem A.2. The fact that the series B(t), defined in (A.9) converges absolutely for
all [t| < L follows immediately from the assumption (A.7). We now explain how to extend B
analytically to the whole region S,. Following [85], we define for £ € N,r € (0,R),t > 0 the
quantities

k
bi(t) == ap + 2% / etéch-t (A(g—l) -> amC_k) dc¢. (A.13)
Re C=r—1 m=0

Note that the above integrals are absolutely convergent for ¢ > 0 and independent of  for 0 < r < R.
In order to deduce the absolute convergence, we note that by (A.6) and (A.8), for Re¢ = r~!
we have

k
A = a7 < vt .
m=0
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Hence

/Reg—r—l

k
ef<c'f-1(A<<-1>—Zamc-m)\\dcr< [ il oo e+ 1 jag
m=0

Re(=r—1
= Motk + 1) / I¢|72|d¢] = vare!/To" T (k + 1)!
Re(=r—1
In the last equality, we used the identity
¢I72|d¢| = . (A.14)

Re(=r—1

Absolute convergence now follows.
In order to see that each by(t) is independent of r for 0 < r < R, we note that the function

Q) = E (A~ 3 ane ™)
m=0

is analytic in the region Re( > 0, and that for ¢ = r~!, it satisfies the bound

15(0)] < et/ruakﬂ(k—i—l)!KlP.

The claim that by, (¢) is independent of r follows from Cauchy’s theorem and the fact that, for fixed
O<ra<m<R

r2 1 131
R N T
/1/1“1 |s + Li|? ° ro 1/ L? o >

In particular, we can take r to be arbitrarily close to R.
In the following we use the identity

1 tm
— / e=mDge = — forall meN, (A.15)
2mi m!

Re(=r—1

which follows easily from the residue theorem. Recalling (A.13), we write, for M € N

bo(t) = a5 [ eC(AC ~ an) ¢

2mi
Re(=r—1
1 M—-1
_ - t¢ —1 -1y -m
= a0+ 5 / eft¢ <A(g )= > amd /m!> d¢
Re(=r—1 m=0
1 M-1
- t¢ -—1 -m |
+ 5 / eft¢ ( > amd /m.) dc¢,
Re(=r—1 m=1

79



which by (A.6) and (A.15) is equal to

M-1

1
<a0 + amtm/m!> +— / e CTIRy (¢ dC. (A.16)

27

m=1 Re(=r—1

Let t > 0. We choose M > % in (A.16), and we let
- b (A.17)
roa=ogr .

For parameters chosen in this way, we need to estimate the remainder term in (A.16). We use (A.8)
in order to deduce that

1 1
o / e “C Ru(CTNA¢) < o / Ty M MICIm MY |
2mi 2m
Re¢=r—1 Re¢=r—1
L owr Moy M-1 1 Lo MapM
< —e"voe™ Mr —d¢ = =eTve M!Ir" | (A.18)
on A

Re(=r—1
where we used (A.14). In particular, by (A.17) and by Stirling’s formula, the right-hand side of
(A.18) is
MN\M /¢ \M
< CeMI/UMvM<—> (M) < C’V\/M(Jt)M,
e
which converges to zero as M — oo provided that ¢ < % In particular, we note that

bo(t) = iamtm/m! = B(t) (A.19)
m=0

for all 0 <t < 2.

In order to show that the function B has the desired analytic continuation property, we relate
the functions by defined in (A.13) with by. Moreover, we show upper bounds on |bg(¢)|. In order to
address the first point, we show that, for all k € Nand ¢t > 0

B (1) = bi(t). (A.20)
In particular, using (A.19) in (A.20), we deduce that, for all £ € N
be(0) = ay. (A.21)

We show the identity (A.20) inductively. The claim when k = 0 holds by definition.
We compute

i) = 5 [ e<(a —a) dc

271
Re(=r—1

— i t¢, —1 L t¢ -1 -1
—agn [ oectacr g [ (A a-mc )4

Re(=r—1 Re(=r—1

1
= a1+~ / etC(A(g—l)—ao—alg—l) d¢ = b (1),

¢=r—1
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where in the last step we used (A.15). We know from the discussion immediately following (A.13)
that the obtained integral is absolutely convergent, which justified the differentiation under the
integral. We iterate this procedure in order to obtain the identity (A.20).

In order to obtain a good bound on |by(t)|, we first estimate

o [T R A (A.22)

27i
Re¢=r—1

bk (t) — ai| =

By (A.8), the expression in (A.22) is bounded by

1 _ _
o[ eI e e e g
Re(=r—1

1
= eyt (k4 1)! / ——d¢ = reTve (k4 1)1,

27
Re¢=r—1

where we again used (A.14). In particular, we can let r — R and deduce that
b (t) — ax| < Re'/Fuo™ 1 (k+ 1)l
Using (A.7) and R, o > 1, it follows that
e (t)| < 2R Fuah (K + 1) (A.23)

for all t > 0.
For fixed tg > 0, define the function

B(t) = ) bi(to)(t —to)"/k!. (A.24)
k=0

By using (A.23), it follows that the series in (A.24) is absolutely convergent for ¢ € C with [t —tp| <

1 Hence, it defines an analytic function in this domain. From (A.21), it follows that B® = B.

[

Suppose that 0 < tg < t; are such that t; — typ < 1/0. Then, using (A.20), (A.23), and Taylor’s
theorem, it follows that for all ¢ € (to, 1)

S bulto)t — to) /R = 3" bu(ea)(t — 1)KL = bofe).

k=0 k=0

In particular, the functions B and B! agree on the interval (¢, #). By analyticity, it follows that
they agree on the whole intersection of their domains of definition, i.e. on the intersection of the
balls of radius 1/0 centred at to and at t; respectively. Consequently, we can extend B = B to
the whole strip S, by letting

B(t) = B%(t) (A.25)

for some t; > 0 with [t — t;| < 1/0. This is a well-defined analytic function in S,. Part (i) now
follows.
We now prove part (i), i.e. the bound on |B(t)| given by (A.11).
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Let t € Sy, be given. We can find ¢y > 0 such that |t — ¢y| < 1/(20). By the construction in
(A.25), we know that B(t) = B'(t). We substitute (A.23) into (A.24) in order to deduce that

|B(t)| < 2Ret0/Rl/Z(k+1)a(%>k — CRel/Ey s
k=0

for some universal constant C' > 0. Moreover,

elo/B — oltol/R o o(t+t=to)/R _ ftl/Relt=tol/R < olt/Ro1/(20R)  oftl/Rel/2
Here we used that R,0 > 1. Consequently,
Hence, (A.11) follows.

We now prove part (iii), i.e. (A.12), which allows us to write f in terms of B. In the proof of
part (i), we saw that, for all £ > 0,

B (t)’ < CoRe"Pyg for some universal constant Cl.

1

BO) = ) = aot 5 [

Re¢=r—1

etCA(C_IC)_aO dc.

Here r € (0, R) is arbitrary. We then compute, for z € Cg, the right-hand side of (A.12)

! / o e tFB()dt = ao—i-—— = / e S ) - 9 qcdt. (A.26)
2 Jo 2 2mi ¢ ’
Rel=r—

By (A.8), we know that ‘W’ < C/[¢|? for some universal constant C' > 0; this is integrable
over Re¢ = r~! for all » € (0,R). Furthermore, choose r > 0 in the integral in (A.26) such
that Rez~! > r—! > R~!. This is possible to do since z € Cgr. In particular, for all t > 0 we
have Re(—% + tC) < 0. Hence, the integral in (A.26) is absolutely convergent. Therefore, we can
interchange the orders of integration and deduce that

+o00 +o0 -1\ _
1/ eft/ZB(t) dt = ag+ li / / et/ertCA(CC)aO dtd¢
0 0

z z 27
Re(=r—1
_ 11 1 ACYH—a0,, 11 A(CY) —ag
~ T o / 1-¢ < =00 2on / (C—1) ‘
Re(=r—1 Re(=r—1
Note that A(Cil)
P— _aO
Q= ="1¢

is a meromorphic function in Re ¢ > R~!'. We now evaluate the above integral by using the residue
theorem. For fixed L > 0, we let @7, be the rectangular path in C whose top and bottom sides
are Im = L and Im = —L respectively. The left side of ®; is Re = r~! and the right side is
Re = r~! + L. We orient ®;, clockwise. For L large enough, % lies within ®7. We henceforth
assume that this is the case.

The only pole of f inside @, is at 2, which is a simple pole. We know that [A(¢™1) —ag
for some universal constant C' > 0. Consequently, for || > |71‘, it follows that |f(¢)|

< /I

< |C|3 for
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some universal constant C' > 0. Therefore, if we take L > ﬁ, then the top, right, and bottom

contributions are O(%) = O(L—) Hence, putting everything together, it follows from the residue
theorem that

1/0+O°e_t/zB(t)dt — ao—i(—l)ReS<A(C_l)1_a0;1>

Z (C—=2)¢ =
1A(z) —
=at; (Zl)/z %= g+ (A() —ap) = A(2)
The factor of —1 in the above calculation came from the fact that ®;, is oriented clockwise. ]

Proof of Theorem A.1. By translation, we can assume, without loss of generality, that A¢ =0,
i.e. a5, = 0 for all m and &. Define

= Z aﬁjmtm/m! . (A.27)

m=0

By using the bounds (A.3) and (A.4) and by the proof of Theorem A.2, it follows that Bt converges
absolutely as a series for all [¢| < é and that it has an analytic extension to the region S,. Moreover,
the bound
sup ‘Bf.(t)‘ < CoRell Byq (A.28)
s

holds in S, for some universal constant Cy > 0. Finally, for all 7, ¢,

1 +o0
AS(z) = Z/O e V*B(t)dt forall zeCg. (A.29)

Given a non-negative integer j, let t; := % and let S; := B(t, 55 L) be the closed ball of radius —a
centred at ¢;. Again, using the proof of Theorem A.2, it follows that, on S; one can write

Z b (t5)(t — t;)" k! (A.30)

where the coefficients bi i (t;) satisfy

sup |b§7k(tj)‘ < Cjo"k! (A.31)

T,

for some C; > 0 which depends on j, R,o,v. Namely, for the latter bound, we are using (A.23)
applied in this context.
We now show that for all j

sup sup ‘Bg )] =0 as 7—o0. (A.32)
ces; ¢

We show (A.32) by induction.

83



For the base case j = 0, we consider ¢t € Sp, which means that |¢| < % In particular, we can

use (A.27) and deduce that

- > 11
Sgp‘Bﬁ( Z (SUP}aTm‘)|t|m/m! < (sgp‘aﬂn‘) o)l

The latter expression converges to zero as 7 — oo by using (A.3), (A.5) and the dominated con-
vergence theorem. This proves the base case.

We now prove the induction step. Namely, we suppose that (A.32) holds for some 7. We now
show that it holds for j 4+ 1. Let I'j;1 denote the circle centred at ¢;,1 of radius 10 . We note that
then I'j 1 is contained in the ball S;. We give I';j11 the positive orientation. By Cauchy’s integral
formula,

k! B&(0)
b§ t. _ T—d .
wellit) = o P g
Fjtr
In particular,
1
¢ k! supE}B Q)| k! 27 (152) ¢
sup [0, (tj+1)| < == ¢ ——— 21 1d¢| < ———29% sup sup|B5()
¢ ‘ N AN ‘ X ot |<—_t ‘k;—&-l 2T (ﬁ)k—&-l Celj1 € ‘ T |

Lj+1

< 100" k! sup sup ‘Bﬁ(g)‘ —0 as 7—o00. (A.33)
QESJ' &

In order to deduce the last step, we used the induction assumption. Furthermore, by (A.30) applied
on S;11, we note that, for ¢ € 51

b 1 1
sup|B§_( Z(SUP|brk JH)D (20)’“?'
3 k=0 '

The quantity on the right-hand side converges to zero as 7 — oo by using (A.31), (A.33), and the
dominated convergence theorem. In particular, we deduce that

sup sup‘B5 ‘%O as T — 00.
CeSjt1

This finishes the induction.
From (A.32), we deduce that

‘Bﬁ‘ — 0 pointwise on Sy, as T — 0. (A.34)

Now, (A.29) implies that, for all z € Cp
1 [T -1
sup‘Aﬁ(z)} < / e tRez (sup‘Bﬁ(t)D dt,
¢ |21 Jo ¢

which converges to zero as 7 — oo by (A.28), (A.34), and the dominated convergence theorem. [J
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B. The quantum Wick theorem

In this appendix we review some standard facts about bosonic quasi-free states. Throughout this
appendix, let A > 0 be a positive self-adjoint operator on §) satisfying Tre ™" < co. We write
h =) >0 Akuruy, and abbreviate by := b(ug). We define the quasi-free state

Tr(A e Zk )‘kb;‘;bk>

h -
po(A) = Tr(e™ > Akbibr)

Lemma B.1 (Quantum Wick theorem). With the above notations, the following holds.

(i) We have

and

forall f,g e $H.
(ii) Let Ay,..., A, be operators of the form A; = b(f;) or A; = b*(fi), where fi,...,fn € 9.

Then we have
Po( Z H /)0 (AiA;) (B.3)

IT (4,5)€ll
where the sum ranges over all pairings of {1,...,n}, and we label the edges of II using ordered
pairs (i,7) with i < j.
Before we proceed with the proof of Lemma B.1, we record three auxiliary results. First, using
(1.20), we get
Tr(A e bkbr)
Tr (e bibr)

whenever A is a polynomial in the variables b, and bj. Second, we have the following factorization
property.

Pi(A) = (B.4)

Lemma B.2. Let Ay,..., A, be operators of the form A; = by, or A; = by for ki,...,k, € N.

Then we have
/00( H Po( H Ai) 5

k>0 itk;=k

where the ordering of the operators in the product is always increasing in .
Proof. This is immediate from the definition of p}(-) and (1.20). O

Lemma B.3 (Gauge invariance). Let Ay,..., A, be as in Lemma B.2. Given k € N, we define

N, = ‘{lgién:fli—

Nj::‘{lgién:Ay—*

Then we have p}(A; -+ Ap) = 0 unless N, = N, for all k € N.
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Proof of Lemma B.3. By Lemma B.2, the claim follows if we show that, for fixed k£ € N we have

p{;< 1T Al) = Tr( 1T Aie)‘kbzbk>/Tr(e)"“bzb’“) =0

itk;=k itk =k

unless N = N, ,:r . This, in turn, is a consequence of the identity

p8< 1T Az) = WiV >Akp’3( 1T Ai), (B.5)

itk =k itk =k

which follows by a repeated application of e'’kb b e thibr = ¢t by, which follows from (2.14) by
setting 7 = 1. [

Proof of Lemma B.1. (i) The claim (B.2) follows immediately by Lemma B.3. We now show
the claim (B.1). By linearity and Lemma B.3 it suffices to prove

1

h (1% _
pO(bk bk:) - e — 1 (B6)

We prove (B.6) by using the occupation state basis (¥)m)menv, an orthonormal basis of F
defined by ¥m = [[;ey % Q, where Q = (1,0,0,...) € F is the vacuum state and m = (m;);en
ranges over NN, Using b,Q = 0 and (1.20) we easily find

bk Ym = /M Y for m; = my — g (B.7)
bz Ym = vVmg + 1Ym  for my=my+ 6k -
Here we use the convention that ¥y, = 0 if an entry of m is negative. In particular, we have
b bk Ym = Mk YPm - (B.8)

Substituting (B.8) into (B.4), we obtain

—Axm

h (1% _ _
Po (bk bk) - ka e~ Ak T oM — 1

as was claimed.
(i) We prove this part of the Lemma by first considering several special cases and by then
deducing the general result. In what follows, we denote for fixed k € N

1

c(k) = Pg(blt be) = a1 (B.9)

Moreover, we abbreviate A := A; --- A,.

(1) Suppose that n = 2r and, for a fixed k € N, A; = b} for 1 < i < r and A; = b for

r+1 < i < n. In other words, the operators Ay,..., A, are normal-ordered: all creation
operators are to the left of all annihilation operators. In this case we have
pa(A) = 7l (c(k))". (B.10)
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We note that, by Lemma B.3 and (B.9), the expression on the right-hand side of (B.10) indeed
equals to 3 iy [T jyem ph(A;A;) in this case. We prove (B.10) by again using the occupation
state basis. Namely, using (B.4) and (B.7), we have

pg((bZ)T (bk:)T) _ ka mk(mk_1)-..Emk—'r+]_)e—>\kmk . (1>r’

ka e Apmy

as was claimed.

Suppose that, for a fixed k£ € N and for all 1 <1i < n, A; = b} or A; = by.

Now the operators are no longer normal-ordered. By Lemma B.3, it follows that
po(A Z H Pg AiAj)

unless n = 2r is even and that there are exactly r values of i for which A; = b;. Let us now
assume that this is the case.

If By, ..., B, are operators each of which is by, or b}, then we write

P

H = b* N+ (bk)p_NJr
for the normal-ordering of H 1 Bj, where N'* is the number of 1 < j < p such that B; = b}.
(This is a slight abuse of notatlon since, in (2.16), we used : - : to denote the renormahzed

product of two operators that are linear in by, b;. Since we never use these two operations
simultaneously, it will be clear from context to which one we are referring.)

Given the sequence A = (Aj,...,.A,) as in the assumptions, we say that the pair (i,7) is
an inversion if 1 < i < j < n and A; = by, Aj = b;. We denote the set of all inversions
by J = J(A). Furthermore, for 0 < s < r, we say that M = {(i1,j1),...,(is,Js)} is an
s-matching if

(i) 41y...,1s,71,.--,]s are distinct elements of {1,...,n}.

(ii) (iq,4q) €T forallg=1,...,s
Finally, given an s-matching M, we write

AM = Ay Ay Ay -

'An7

where we have omitted the factors A;,,..., A, A;,,..., Aj, from the product and we have
kept the original ordering which was increasing in i. We denote the set of all s-matchings by
M, = M(A).

We then have .
=D > saAM. (B.11)
s=0 MeM,

This claim is proved by induction on the number of inversions.
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3)

(4)

Namely, in the base case, where there are zero inversions, the operator A is already normal-
ordered and the identity (B.11) immediately follows. For the induction step, we assume that
the claim holds when there are ¢ > 0 inversions. Suppose that A = (A;,...,A,) has ¢+ 1
inversions. Then, we can find 1 < i < n such that (¢,7+ 1) is an inversion. We choose i to be
minimal. We note that by (1.20) we have

A=A A1 AipiAiAipe - A+ A A1 Aie - A (B.12)
Furthermore, we note that, in the sequences
A = (A A, A, A Aia, 5 A, Ag = (Aiy Ao Aiga, - An)

there are exactly ¢ inversions. Therefore, we can apply the induction hypotheses to them.
We can now deduce (B.11). The contribution from A; corresponds to the sum over all M
with (¢,7 + 1) ¢ M and the contribution from Ay corresponds to the sum over all M with
(i,1+1) e M.

Using (1.20), we can write the right-hand side of (B.3) as > i [](; jen (c(k) +15(i,5)). Here
15(i,7) = 1if (4,5) € J and it is 0 otherwise. Multiplying everything out, recalling the result
of case (1), and using (B.11) we obtain the claim in this case.

Suppose that A, ..., A, are operators of the form A; = by, or A; = by for ki,..., &k, € N.

The claim in this case follows from case (2) and from Lemma B.2.

The general case follows from case (3) and linearity. O

C. Estimates on the quantum Green function

Lemma C.1. Suppose that h, hy > 0 satisfy h™', byt € &*(9) and lim, o0 [|h;7 ! — b7 |g2(4) = 0.

Then

and

1
li S — =0 C.1
S T R (G-1)
lim S Tr——— — 0. (C.2)

oo T r(ehr/T — 1)

Proof. We begin with (C.1). Note first that

Tr(

he? =072 < bt (het =7 les) + (7 = DA e1(s)
< (Ip7 s + 1P ez 1t = Hls2gm) = 0. (C.3)

Let (Ax) and (A ) denote the eigenvalues of h and h, respectively. We order the eigenvalues in a
nondecreasing fashion. Then we have that

Hm Arp = A (C.4)

T—00

for all k. Here we used the infinite-dimensional version of the Hoffman-Wielandt inequality [6,
Theorem 2] applied to the operators h;! and h~!. (Note that, since the eigenvalues are ordered
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in a nondecreasing fashion, there is no permutation of the indices. Moreover, even though the
spectrum of A~! has a limit point at zero, we always consider the convergence in (C.4) for a fixed,
finite k. Therefore, the additional subtlety arising from working with extended enumerations of the
eigenvalues as in [6] is not present.)

Next, let e > 0 and pick K = K (¢) such that >, - A\, ? < e. From (C.3) and (C.4) we deduce

that )

T—00
k>K Tk

Using 7(e7 — 1) > A for all 7, A > 0 we get the estimate

1 2 1 \2
- _ - - (C.6)
T(eh'r/ — 1) 62(3')) ICGZN< "k/ — 1) )\‘r,k)
K 2
1 1 1
< Z( —~ ) +y 5 (C.7)
Ark/T _ 2 0
—\7(e KT 1) A eyt A2k
from which we deduce, together with (C.4) and (C.5) that
li ! ht 2 <
msup||—————~ — N, X €
roo || T(eM/T —1) &2(9)
Since € > 0 was arbitrary, (C.1) follows.
Next, we prove (C.2). We write
1 1 7' 1 Ark > T
;’I‘rm - 22 Tk/T_ 2; ‘rk/T—l
C 1()‘7'k <7—) 1()‘7'k >7—)
< = ~ o = O — . (C.8

Using (C.4), limg_ o0 A = 00, and (C.5), we easily find that the second term on the right-hand side
of (C.8) vanishes in the limit 7 — oo.

In order to estimate the first term on the right-hand side of (C.8), we introduce the probability
measure

1 1
Vy = ZZ)\T’C&)\ﬂk 3 (Cg)
k T,
where Z, > 0 is a normalization constant. Hence, the first term of (C.8) is equal to
Ccz
T vp(dr)z1(z < 7).
-

y (C.3), we know that Z, converges to some Z > 0 as 7 — o0, so that it suffices to prove that

1
lim /VT(dx):ﬂl(xéT) = 0.

T—00 T

We argue by contradiction and suppose that there exists an € > 0 and a sequence 7; — oo such
that

1/V7—i(dl‘)$‘1($ <T) = € (C.10)
Ti
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for all 7. By the convergence Z, — Z, (C.4), limy_, oo A\ = 00, and (C.5), we find that there exists
a x, > 0 such that v, ([x«,00)) < €/2 for all i. Suppose without loss of generality that 7; > z, for
all 2. Then we get

1 1
/VTi(dJZ).T].(CESTi) = /VT (dz)zl(z < zy) + — /VT(dx)xl(a:*<a:< i)
Ti

< f+— < e

for large enough ¢. This is the desired contradiction to (C.10). This concludes the proof of (C.2). O

Lemma C.2. With the notations and assumptions as in Lemma C.1, we have that uniformly in

€ (—1,1)

e—thT/T
lim (1+1t)||————~ —h;" = 0. C.11
S RSV W e
Proof. By (C.1), the claim (C.11) is equivalent to
—th. /T
lim (1+ t)||— — ! =0 (C.12)
T—00 T(ehT/T — ].) T(ehT/T — 1) 62(5’3)

uniformly in ¢ € (—1,1). We write

e—thT/T 1
T(ehr/m — 1) T(ehr/T —1)

(1+1)?

t)\T k/T — 2
= > (1+1) <m_1)> : (C.13)
k
and split the sum into the parts A, < 7 and A;j > 7. The first piece is estimated by

Clt]Are/T\> _ C C=10\ ;<7
Zl()\T,kﬁT)(l—i-ty(‘)\];k/) < ﬁZmﬂk@) < TZ(A’kk)’
T, k‘ k,‘ T,

k

which goes to zero as T — 00, as shown after (C.8).
The second piece of (C.13) is estimated as

7t)\7-yk/7' 2 1
Z 1A\ >7)(1+ t)2 <1+e) < CZ W(l + t)2(e—2)\7—,k/7' i e—2(1+t)>\7—,k/7')

P’ Te)\T’k/T A
1 1 k> T)
< C k> 7)1+ t)2< + > C A
Z N (027, Z R
which goes to zero as 7 — oo, as shown after (C.8). This concludes the proof. O

An analogous result to Lemma C.2 holds under slightly different assumptions.

Lemma C.3. Suppose that h, > 0 is such that h-' € &%($)). Furthermore, suppose that there
exists 7 € (0,1) and a sequence (i) of positive real numbers such that

(I—T))\k < )\7-7]€ < (1+T>)\k (C.14)

for all 7,k, where A}, denote the eigenvalues of h.. Then (C.11) holds uniformly in t € (—1,1).
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Proof. By (C.14) and h;! € &2($) we deduce that
1
> 2 < e (C.15)
k k

Moreover, since by (C.14)

1 1

c _c
_ <
T(rH/T —1)  Ark

<
S Ak A

the dominated convergence theorem implies (C.1). Therefore, we reduce the claim to proving (C.12)
uniformly in ¢ € (—1,1). Arguing as after (C.13), we need to show that I, := 1 Zk T’“<T) and

Tk

IL =", 1(/\/\T2k>7 converge to zero as 7 — o0. By (C.14), we have

1 1 1A < (147)7)
I < - )
T (I—7r)7 Z Ak
which converges to zero as 7 — oo by considering the probability measure v := % Dok )\%5 A, for an
k
appropriate normalization constant Z > 0 and using the argument following (C.8). Furthermore,

1 1 1 T
I, < —-— A — ),
(1—7’)27%:)\2 <k>(1+7“)>

k
which converges to zero as 7 — oo by (C.15). O

Lemma C.4. With the notations and assumptions as in Lemma C.1, we have uniformly int € (0,1)
that

ot hyy _
T 2™ M lgesy = 0-

Proof. We compute

Eoltheir2,  — N e o o E 0T t* )
-2 e HGZ(f)) -2 Z Z 2t A k Z 2t2)\2 Arge > 7
keN i
C 1()\71.3\7') 1()\Tk>7‘)
< _ - C 7 )
iy
which tends to zero as 7 — o0, as shown after (C.8). O
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