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CLASSICAL FIELD THEORY LIMIT OF 2D MANY-BODY QUANTUM

GIBBS STATES

MATHIEU LEWIN, PHAN THANH NAM, AND NICOLAS ROUGERIE

ABSTRACT. Nonlinear Gibbs measures play an important role in many areas of mathe-
matics, including nonlinear dispersive equations with random initial data and stochastic
partial differential equations. In statistical physics, they are believed to emerge for some
quantum systems at criticality. In space dimensions d > 2, the measures are concentrated
on singular distributions and they have to be be appropriately renormalized.

In this paper we provide the first rigorous derivation of these renormalized nonlinear
Gibbs measures in two space dimensions, starting from a linear quantum system in a
mean-field-type limit. More precisely, we consider the grand-canonical Gibbs state of a
large 2D bosonic quantum system and prove that it converges to the renormalized Gibbs
measure of a nonlinear Schrédinger-type classical field theory. Reduced density matrices
of the quantum Gibbs state converge to their classical analogues. The quantum system
is well defined without any renormalization. By only tuning its chemical potential, we
obtain a counter-term for the diverging repulsive interactions which provides the desired
Wick renormalization of the limit classical theory.
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1. INTRODUCTION

The mean-field (and related) limit(s) of large bosonic systems is a research topic almost
as old as quantum mechanics itself. It has been spectacularly rejuvenated by the birth of
cold atoms physics in the 1990’s, most notably by the landmark experimental observation of
Bose-Einstein condensates in alkali gases [35,[72]. On the mathematical side this gave a new
impetus to the general enterprise of rigorously deriving, from first principles (the many-body
Schrédinger Hamiltonian), the effective models used for the discussion and interpretation
of experimental data.

Following pioneer contributions [65, [49, (0L 125, [43] 12l ©4] 03] 106, I31], the last
two decades have seen a great deal of progress on the derivation of effective non-linear
Schrodinger (NLS) type models:

e for the ground state of interacting Bose gases, see [78 011 [T09] 112] for reviews;

e for the time-evolution of such ground states after an initial perturbation, see [11], (53] [114]
for reviews.

Refinements of the mean-field non-linear Schrédinger description have also been derived,
i.e. the so-called Bogoliubov approximation [133], which can be seen as a second quan-
tization of the Hessian of the NLS energy functional. Recent results bear both on the
low-lying eigenfunctions of the many-body Hamiltonian [117), 56} [88] 99, [40] 17 18] and on

the time-evolution thereof after an initial perturbation [57), 58| [87, [O8] ©7] ©5] 19, 26].
All of this work is of relevance mainly for very low temperature states of the Bose gas,

well below the Bose-Einstein critical temperature. Rigorous mathematical works including
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the effect of temperature seem much scarcer in the literature, a few references being [14],
[115] [1T6) [118] 132], 4T]. In particular, the rigorous derivation of the Bose-Einstein phase
transition in interacting Bose gases still seems way out of reach, except for the trapped case
in the Gross-Pitaevskii limit [41] and for special lattice models [91, Chapter 11].

Recently, a study of the positive temperature case has been initiated [83], 80, [85] (47,
(48| [ITT], whose main feature is the derivation, from positive temperature equilibria (Gibbs
states) of the many-body Bose gas, of nonlinear Gibbs measures based on the mean-field
NLS energy functional. This works in a certain mean-field limit where a transition from
quantum to classical fields occurs. On the physics side we note that such approaches have
been successful around the BEC phase transition, to obtain the leading order corrections
due to interaction effects [6l, @, 10, [67) [71].

So far, the mean-field /semi-classical limit we mentioned has been fully controlled only in
one spatial dimension. The purpose of the present contribution is to give the first solution
for the 2D problem (we announced some of our main results in the note [86]). This involves
a very significant jump in difficulty, both from a conceptual and technical point of view, as
we now briefly explain (see also the introduction to [47]). We suggest readers unfamiliar
with the vocabulary below to jump back and forth between this discussion and the main
definitions, given in Section 2l

The general goal is to connect quantum objects (positive self-adjoint operators with
unit trace on a Hilbert space) to classical ones (probability measures on a function space).
In [47), [48] this is accomplished by comparing term by term perturbative expansions of both
objects, and controling the remainders. Here we shall continue in the direction of [83] 8],
using the so-called de Finetti measure (or Wigner measure, depending on the point of
view) [2} 109 112], a very general tool to associate classical states to essentially generic
many-particles bosonic quantum states. The main difficulty consists in controlling the error
made when introducing the de Finetti measure.

The classical measure we aim at deriving is of the form

(exponential of (— interaction )) x Gaussian measure.

The reference measure, according to which typical classical fields are drawn at random, is a
Gaussian measure with a covariance containing the inverse of the Laplacian. An important
fact is that, in spatial dimensions larger than one, this Gaussian measure is supported on
distributions rather than functions. The mean-field interaction being a nonlinear object
involving products, it is ill-defined on the support of the reference Gaussian measure. This
is a well-know issue in several fields of research, including:

e Constructive quantum field theory (CQFT, see [39] 52 119, 127] for reviews). Here the di-
vergence of the interaction energy reflects small-scale/high-momentum /high-energy physics
not taken into account in the models constructed. It is in this field that the techniques ap-
propriate to the rigorous definition of the nonlinear Gibbs measure (Euclidean field theory
in this context) have been first invented.

e Probabilistic Cauchy theory for nonlinear dispersive equations. It is tempting to expect
that the nonlinear Gibbs measure is invariant under the appropriate NLS flow (and in
particular that one can make sense of the latter on the support of the measure). A rigorous
proof of this (and extensions to other nonlinear dispersive PDEs) has motivated a lot of
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works [77, 21, 22, 27, 28, 29, 10I]. In particular, this approach allows to prove global

well-posedness at regularity levels out of reach of deterministic methods.

e Stochastic nonlinear partial differential equations. The Gibbs measure is the long-time
asymptote of the nonlinear heat equation driven by space-time white noise (see [37), 36} 62,
[76], 96, 108 129] and references therein). The lack of regularity of typical fields drawn from
the measure is related to that of the noise, which is inherited by solutions to the equation
and makes the interpretation of nonlinear terms problematic.

In the above fields, the solution to the measure’s indefiniteness is well-known: renor-
malization. One subtracts infinite counter-terms to the interaction energy to actually
construct a measure of the form

(exponential of (— interaction + counter-terms )) x Gaussian measure. (1.1)

More precisely, one starts from a measure with a ultra-violet/high-frequency cut-off, and
the counter-terms diverge when the latter is removed, so as to compensate the divergence
of the interaction.

This ‘compensating infinities’ scenario is what we need to understand, but for a quantum
problem, with non-commutative fields. The divergences of the classical theory indeed have
quantum analogues that are very difficult to control in the mean-field approximation. The
difficulties we face are (almost) purely of a quantum nature, for the estimates we shall derive
are rather easy in the classical theory, when fields commute.

The quantum problem we start from is the grand-canonical ensemble of the interacting
Bose gas. In this paper we study the case where the gas is essentially trapped to a unit
volume. Infinities occur when the temperature 7" tends to infinity, which makes the average
density diverge. The counter-term allowing to control the limit is provided by tuning the
chemical potential of the theory, thus penalizing too large particle numbers. Note that, by
scaling, it is possible to reformulate this large-7" limit in a fixed box to the more conventional
thermodynamic limit where the size of the box is sent to infinity and T stays fixed.

In this paper, we first deal with the homogeneous case (an interacting Bose gas on the unit
torus). The reference Gaussian measure appearing in (ILI]) is then nothing but that obtained
in the non-interacting case, with an appropriately chosen chemical potential. This is the
renormalization we alluded to: tuning the (divergent) chemical potential appropriately in
the quantum problem gives in the limit the classical measure with any prescribed chemical
potential. This is however very specific to the translation-invariant case.

Then we turn to the more complicated case of a gas trapped by an external potential,
or to a finite domain with any chosen boundary conditions. The absence of translation-
invariance requires to compensate infinities by introducing z-dependent counter-terms. In
this case, the reference Gaussian measure to be used in (1) cannot be a non-interacting
Gaussian and finding it is already a nontrivial task. The procedure is to first identify
the optimal quantum state in a special subclass of Gaussian-type states called quasi-free
states. This optimal quasi-free state solves a nonlinear equation. Passing to the mean-field
limit provides a corresponding classical Gaussian measure, whose covariance also solves a
nonlinear equation, that was first considered in [47]. It is this Gaussian measure which must
be used in ([I.I]) to construct the limiting interacting classical measure. We will indeed prove
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that the total fr ee energy of the quantum system behaves as

quantum free energy = quantum free energy of reference quasi-free state
+ A1 x classical free energy + o(A71)

where A = 1/T — 0 is the parameter used to place the system in a mean-field regime, and
where the quasi-free quantum energy diverges much faster than A~

Our control of the quantum renormalization procedure is based on the rationale that
on high momenta, the interacting and quasi-free Gibbs states almost coincide: particles
going too fast are hardly affected by interactions. The main difficulty we face is to put this
intuition in a rigorous form allowing to get the machinery started. In brief, we approach
this problem as follows.

We first use a classical argument and express the two-body interaction as a sum of
squares of one-body terms. Then we observe that, after subtracting the counter-term, the
expectation of the two-body interaction can be seen as a sum of variances of one-body
terms. We control each such term separately by a fluctuation-dissipation-type argument,
inspired by linear response theoryEl. More precisely we relate the variance (fluctuation) of a
one-body observable A to its linear response (dissipation), calculated by perturbing the
Gibbs state’s Hamiltonian by —eA for a small parameter e, measuring the expectation of
A in the new Gibbs state and differentiating the result with respect to . For a classical
Gibbs state the relation between variance and linear response is an identity. The main
semi-classical insight of our proof is that such an identity almost holds in the mean-field
limit.

What this method (refered to as a variance estimatd] in the sequel) accomplishes is
to reduce estimates of two-body terms (variances) to estimates of one-body terms (linear
responses). Now that the detailed structure of correlations has thus been by-passed, an
estimate of one-body density matrices will be enough to achieve the desired control. This
we obtain via a Feynman-Hellmann-type argument (perturbing the one-body Hamiltonian)
whose upshot is a new inequality of possible independent interest. It relates the difference
between one-body density matrices of the free and interacting states, to the relative en-
tropyﬁ of the states themselves. The latter is ea sily controled by independent, variational,
arguments for it is related to the difference in free energies.

This is as much as we can say of the control of high momentum divergences without
entering the details. For the low-momentum part of our problem, we use our previous
technique [81], [82], [83] B5] based on the de Finetti measure to relate quantum and classical
free-energies/partition functions. Our proof being variational (Gibbs states minimize the
free-energy functional), we then deduce convergence of the states themselves (or rather,
their reduced density matrices) by controls on various relative entropies, byproducts of our
free-energy bounds.

The paper is organized as follows. In the next section we properly define the quantum and
classical models and we give some hints on the relation between the two. Then, in Section

IThere is no time-dependence in our problem, the static part of the response is meant throughout.

20ther types of correlation estimates have been used in the literature previously [7} [55] [115].

3This has a flavor of Pinsker’s inequality, but it is important for us that we handle directly the difference
between density matrices, not the difference between the states themselves.
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we state all our results. Section €l contains a detailed explanation of the strategy of proof,
which is then carried over in the rest of the paper, starting from Section [6l Section
contains some known properties of classical measures, useful for the proof.

Acknowledgements. Insightful discussions with Jiirg Frohlich, Markus Holzmann, Antti
Knowles, Benjamin Schlein, Vedran Sohinger, Robert Seiringer, Laurent Thomann and
Jakob Yngvason are gratefully acknowledged. This project has received funding from the
European Research Council (ERC) under the European Union’s Horizon 2020 Research
and Innovation Programme (Grant agreements MDFT No 725528 and CORFRONMAT No
758620).

2. SETTING AND DEFINITIONS

We recap here all the standard and less-standard notions needed to state and discuss our
main results. Perhaps the acquainted reader will want to jump directly to Section B, and
come back to this one if some notation is unclear later.

2.1. Fock space formalism. Our basic one-body Hilbert space is
H=L*Q) (2.1)

with © an open domain in R%. The reader might think of the two model cases, when € is
either the 2D unit cube (to which we add periodic boundary conditions, which is then the
same as taking 2 = T2, the torus) or the full plane R2.

For the many-body problem we work grand-canonically, i.e. with fluctuating particle
number. The many-body Hilbert space is thus the bosonic Fock space

F=Cono..on"ao.. (2.2)

The symbol ®¢n stands for the n-fold symmetric tensor product, as appropriate for the
n-body configuration space of bosons. Operators acting on finitely many particles are lifted
to the Fock space in the usual way:

Definition 2.1 (Second quantization).
Let Ay, be a self-adjoint operator on $®<¥. We define its action on the Fock space as

Ap:=08--- & @ Z (AL)iy,..in (2.3)

n=k \1<i;<...<ip<n

where (Ay)i, ... i, denotes the operator Ay acting on the variables labeled i1,. .., i in HEs™,
o

When k =1, it is customary to use the notation
[ee]
dr(d):=A=00p ( > Al-) (24)
n=1 \1<i<n

for one-body operators, a tradition that we will also follow throughout. For example, the
particle number operator is

N =dI'(1g) = Pn.
n=0

Next, quantum states are as usual:
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Definition 2.2 (Quantum states and reduced density matrices).

A pure state is an orthogonal projection |¥)(¥| on some normalized vector ¥ of the Fock
space §. A mixed state I" is a convex superposition of pure states, i.e. a positive trace-class
operator on § with unit trace. We denote

S (F) := {T self-adjoint operator on §, I' > 0, Trz[['] = 1} (2.5)

the set of all mixed states.
The reduced k-body density matrix I'®) of a state T is the operator on $H®* defined by
setting

Trgoun [Akﬁ’f)} = Ty [Ay] (2.6)
for any self-adjoint operator A; on %< with Ay the second-quantization (Z3) of Az. o
If T is of the diagonal form
'=lyelhe...el',d...
then the reduced density matrices are equivalently given via partial traces as

n=k
Also recall that the expected particle number of a state is given as
Trg[NT] = T, [1“(”] .
We shall use standard bosonic creation/annihilation operator:
Definition 2.3 (Creation/annihilation operators).
Let f € . The associated annihilation operator acts on the Fock space as specified by
n
a(f)u1 Rg oo Qg Uy, = n71/2 Z(ﬂu])ul R v Uj—1 Dg Ujt1 Dg -+« Dg Unp
j=1
and then extended by linearity. Its formal adjoint, the creation operator af(f) acts as
al(f)ur @s ... @sup = (n+ 1)V f @5 u1 @ ... Dty
The canonical commutation relations (CCR) hold: for all f,g € $
[a(f). alg)] = [a'(f),al(9)] = 0, [a(f),a’(9)] = (f.9)- (2.7)
o

The reduced density matrices of a state I' can alternatively be defined by the relations

(91®. 0 g T f @0 fi) = Tr [al(f) o al(f)alg) . alg)D] . (28)
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2.2. Quantum model. The many-body Hamiltonians we shall study are of the form

[H = dD(h) + AW — v\ + Ey. (2.9)

Here h > 0 is an operator on $) with compact resolvent. The reader might think of the case
when

h = —A + const
on T2 or

h=-A+V

for some confining potential V' on R?. The interaction term W is the second quantization
of the multiplication operator by w(z — %) on the two-body space $®s2 :

W::O@O@é Z w(x; —z;) | - (2.10)

n=2 1<i<y<n

The coupling constant A > 0 models the interaction strength and the chemical potential v
will be tuned to serve as a counter-term. The constant Fj is just an energy shift, which we
use in order that the renormalized interaction

[ AW™ = AW — v + By (2.11)

stays positive.
The quantum Gibbs state associated with the above Hamiltonian is the minimizer of the
free-energy functional (energy minus temperature times entropy)

Far[[] = Tr [H\T] + T T[T log T (2.12)

over all quantum states I" on the Fock space. Explicitly

1 1
I'y = — ——H 2.1
N exp < T )\> (2.13)

Where the par tition function ZA normalizes the State,
Zy =Tr |e 9) ——1 H
r X
A T A )

Fy:= min F)r[l'] = —-Tlog Z,. (2.14)

and satisfies

In the sequel we work in the limit 7' — oo with A, v, Ey appropriately tuned. It turns
our that the appropriate scaling has A proportional to 7! and v — oo faster than 7. Note
that the energy shift Fy does not modify the Gibbs state.
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2.3. Classical model. Let us briefly recap the definitions related to the nonlinear Gibbs
measure. More details are in Section B.]]

We shall denote by o the Gaussian measure with covariance h='. To be precise, from
the spectral decomposition of the one-body operator

h="> " Ajlug)(u;] (2.15)
j=1

we introduce the scale of Sobolev-like spaces

[e.e] o0
= u:Zajuj, Z]ajlz)\jﬂ < 00
j=1 J=1
The Gaussian probability measure is
> [ Ni 2
dpo(u) == ® <?Ze>‘¢°‘i dai> (2.16)
i=1

with o; = (u;,u) and da = dR(a)dS(a) the Lebesgue measure on C ~ R2. The for-
mula (ZI6) must be interpreted in the sense that the cylindrical projection of 1o onto the
finite-dimensional space

Vik = Span{uq, ..., ux }

is given by
dpo k (o, ...a) = ﬁ <ﬁe)‘i°‘i|2 dai> (2.17)
i1 N
for every K > 1. Assuming that for some p > 0
Tr[h™P] < oo, (2.18)

the limit measure g is supported on H!~? [83] Section 3.1]. In the cases of interest to this
paper we have p > 1 and thus pg is supported on negative Sobolev spaces, whence the need
for renormalization in the definition of the interacting measure.

Let Px be the orthogonal projector on V. Consider the interaction energy with local
mass renormalization

Drll =5 [ (1Pku@P = (Peu@)),,) wiw=y) (1Pruts) = (Pruts)?),, ) dady.
(2.19)
Here, for any f € L'(duo),

() = [ Fu)duo(w) (2:20
denotes the expectation in the measure pg. We shall assume that
w(zr) = / w(k)e**dk (2.21)

where the Fourier transform @ satisfies

0 < w(k) € LY. (2.22)
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Here by convention Q* = R?, except if Q = T? then Q* = (27Z)? (and the integral in (22
becomes a sum). Then, as recalled in Lemma below, when @ > 0 the sequence Dy [u]
converges to a limit D[u] in L'(du), hence we may define the renormalized interacting
probability measure by

du(u) == %exp (—=D[u]) dpo(u) (2.23)

with 0 < z < 0o a normalization constant (to make p a probability measure).
Note that the reduced one-body density matrix

AV = / o) (ul () (2.24)

is a priori an operator from $”~! to §17P (since |u)(u| is not any better, u-almost surely).

(1)

However, averaging with respect to p has a regularizing effect, so that 'yul
a compact operator from $) to §). In fact, one can show that

M =nt (2.25)
Similarly, the reduced k-body density matrix

turns out to be

oA = [ W ) = WPE ()P (2.26)

belongs to the p-th Schatten class &P (£:¥), see [83] Lemma 3.3]. In the right-hand side of
([226), P¥ denotes the orthogonal projector on the symmetric subspace.

2.4. Formal quantum/classical correspondence. Our aim is to relate the quantum
Gibbs state ([2I3]) to the classical Gibbs measure (Z23)]).

If we ignore the renormalizing terms for the moment (in particular, think of v = Ey = 0),
the formal correpondance between the two objects can be seen as follows. First, the Gibbs
measure can be interpreted as a rigorous version of the formal

dp(u) = z el gy (2.27)

with &p[u] the nonlinear Hartree energy functional
— 1
ulul = [ W@ )@ de+ 5 [[ @)t -yl dedy.
0 2 JJaxa

Define the quantum fields (operator-valued distributions) a'(z), a(z), creating/annihilating
a particle at position z by the formulae

o) = [a@) @, a'(1) = [al@)f@as (2:29
for all f € $. Inherited from (2.7]) we have the canonical commutation relations

[a(z), a(y)] = [a' (2),a’(y)] = 0, [a(x),a’(y)] = bo=y. (2.29)
These operator-valued distributions allow to rewrite the many-body Hamiltonian as

% = %/ﬂaT(az)hma(:ﬂ) dx + % //QXQQT(QJ)CLT(y)w(x —y)a(z)a(y) dz dy. (2.30)

The formal manipulation relating (2ZI3]) and (2Z27)) is then to replace the quantum fields
a'(z),a(x) by classical fields, i.e. operators by functions. This involves in particular that
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the commutation relations (229) become trivial in some limit, all fields commuting at
any position. How this can come about is further explained in [83] Section 5.2] and the
introduction to [47] (in these works the link between the classical and quantum problems
has been made rigorous in 1D). Basically, the order of magnitude of commutators stays
fixed by definition, but the typical value of the fields a(x) and af(x) is of order v/T when
computing expectations against the quantum Gibbs state. This suggests to introduce new
fields b(z) = a(z)/V/T and b (z) = af(2)/v/T and to choose

1

This is now a clean semi-classical limit, since the commutators of the new fields is of order
1/T — 0.

Let us discuss now the inclusion of counter-terms. It is useful to write the mean-field
interaction, using Fourier variables,

2 L2
JIL P ote =l dody = [ a [P o] ax = [ o] [ aopet]
QxQ
(2.31)
On the other hand, the quantum interaction can be expressed as
1 ' 2 0
W= / (k) ‘dl“(e””) dk — %)N (2.32)

where the second term is typically of lower order and may be ignored. Thus, one formally
obtains the quantum interaction by replacing

/ ()P f (@) ~ dT(f)

with f(x) = e**, identified with the corresponding multiplication operator on $.
To see how to include the renormalization, observe that (2.19) formally leads to

2

Dlu] = % / B(k) dk.

[P (k) = (JuP (k)

o
Thus the appropriate renormalized quantum interaction should be

2

Wyren — % / @(k) ‘dr(e“f'ﬂf) - <dr(e“”)> dk. (2.33)

T'o

After expanding the square, this suggests a natural choice for the chemical potential v and
the energy shift Ey, as we will see. Making the above formal quantum/classical correspon-
dence rigorous is the goal of our paper.

Note that here we use Fourier variables mostly for convenience. What they help accom-
plish is rewriting interactions (two-body terms) as sums of products of one-body terms.
Other methods to accomplish this, such as Fefferman-de la Llave type decompositions [45],
[61] could replace the Fourier transform.
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2.5. Rigorous results. The nonlinear, classical, Gibbs state is a natural candidate for an
invariant measure under the NLS flow

iOu = —Au+ Vu+ (w= [u?) u, (2.34)

or rather, under a suitable renormalization thereof. This idea has been made rigorous in

1291 20}, 211 22] 23], 24, 28, [77, 10T, 128, 130]. In particular, in [211, 22| [I0T], cases where

renormalizations related to that we use are dealt with.

On the other hand, it is known in rather large generality [11] 53| [I14] that the NLS flow
is the mean-field limit of the many-body Schrédinger flow defined by Hamiltonians akin to
those defined in Section But the quantum Gibbs state is obviously invariant under the
many-body Schrodinger flow. Putting these observations together begs for a rigorous proof
that the nonlinear Gibbs measure is in some sense the mean-field limit of the many-body
Gibbs state.

This has been accomplished in 1D in [83] B5], and in [47] by a different method. The
time-dependent problem in 1D is investigated in [48], yielding in particular an alternative

proof of the measure’s invariance under the NLS flow. The 2D and 3D cases are approached
in [47], but the Gibbs state defined above is replaced by the modified

1 1-— A
I = Z_g exp (—%df(h)) exp <—Tndf(h) - ?Wren> exp <—%df(h)> (2.35)
where 0 < 1 < 1 is a parameter held fixed in the mean-field limit. If operators would
commute, the above would coincide with the true Gibbs state. The modification brought by
7 is a significant gain of commutativity used to control some particularly delicate remainder
terms in a perturbative expansion. Note that the modification does not affect the limiting
measure, since all classical objects commute.

In our approach, some commutativity will be gained using the new correlation estimates
of Section [] This allows us to treat the proper Gibbs state, instead of the modified one
in (238). However, we may control the limit only in 2D so far.

In the next two sections we present our main results in the following order:

e Homogeneous case. We consider the emblematic case where Q = T? and h = —A + const.
Modulo an appropriate choice of parameters v, Ey, the many-body interaction in ([ZIT]) can
be made to coincide with ([233]). Theorem Bl provides a rigorous connection between the
classical renormalized and quantum problems. We announced this part in [86].

e Inhomogeneous case. We consider here the case
h=-A+V(x)

where V(z) — +o0o when |z| — oo. The reference Gaussian measure to be found in the
limit and the non-interacting Gaussian measure are in general mutually singular, for every
chemical potential. The correct reference Gaussian measure solves a nonlinear equation.
First we reinterpret the results of [47] on this Gaussian measure, in light of the quasi-free
approximation at the quantum level. Then we state our main result, Theorem B.6l on the
mean-field limit, using the optimal quasi-free quantum energy as a reference.

e Inhomogeneous case, inverse statement. It is also possible to start with a one-particle
Hamiltonian h and modify the interaction as in ([233]). We then do not have to solve any
nonlinear equation and in the limit we end up with the interacting measure based on the
Gaussian measure associated with h. This we call an inverse statement because we have
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to modify the initial quantum model such as to find the desired measure in the limit. This
is less natural from a physical point of view. Nevertheless, it turns out that the previous
direct statement where one starts with h and identifies what the limiting measure is, follows
from our proof of the inverse statement and the results of [47] on the nonlinear equation. So
the proof of the inverse statement is indeed our main new contribution. It occupies most of
the paper. We are able to prove an abstract statement, Theorem [ZI] which co vers a very
large class of one-particle Hamiltonians, including h = —A + V() in R? for a potential V
growing sufficiently fast at infinity, and h = —A + const on a bounded domain.

3. MAIN RESULTS

3.1. Homogeneous gas. Let us consider the case where

QO=T% h=-A+=k

with —A the usual Laplace-Beltrami operator on the torus and x > 0 a fixed constant.
Let

Ty = Zo—le—dl“(h)/T7 Zy=Tr (e—dF(h)/T>

be the non-interacting quantum Gibbs state, namely the state as in (ZI3]) with A = v =
FEy = 0. Its expected particle number is

No(T) i= T [NTol = W), = S

ke@nz)2 e T  —1

This is proportional to T'log T as T' — oo, for fixed positive chemical potential k, see below.
Let

I'y= Z;lefH*/T, Zy="Tr (eiHA/T)

be the interacting Gibbs state with coupling constant A ~ T~! and the choice of chemical
potential and energy reference as

_ 0 w(0
v = A (0)No(T) — A%), By = 22O 2. (3.1)
This choice makes the physical Hamiltonian H) in ([29]) coincide with dI'(h) + AW*" with
Wre? being of the desired form in (Z33]), namely
Hy = dI'(h) + AW — v N + Ey
=dr()+5 Y. @lk) ‘d]_“(e ) — <dF(e )>

ke(2nzZ)?

2

T'o

= AWren
This follows from the fact that, by translation invariance,
(ar(e™)) = 6o No(T),
0

Here (- )1, denotes expectation against the free Gibbs state I'y.
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We will require that the interaction potential decays a bit more than stated in (2.22)). To
be precise, we assume that

w(k) =0, Z w(k) (1 + |k|*) < oo for some a > 0, (3.3)
ke(2nZ)?

with the Fourier expansion

ke(2nzZ)?

Our first result is

Theorem 3.1 (Homogeneous gas in 2D).

Let h = —A + K on the torus T? with a constant x > 0. Let w : T?> — R be an even
function satisfying B3). Let pg be the Gaussian measure with covariance h™' and let p
be the associated interacting Gibbs measure as in (2Z23]). We have, in the limit T — o0,

AT — 1,
@ — —logz = —log </ eD[“]duo(u)> , (3.4)

with Fy\ the free-energy in (ZI4)) for the Hamiltonian Hy as in B2), and z the classical
relative partition function in (2Z23)).
Moreover, the reduced density matrices of the quantum Gibbs state I'y of H) satisfy

e

for every k > 1 and p > 1. For k =1 we have the more precise convergence in trace-class

—0 (3.5)

Tr ‘% (0 1) - / ) () — o)) ‘ 0. (3.6)

Here are some immediate comments on the homogeneous gas.

1. In this case, we have Tr(h™P) for all p > 1, and pg is supported on all negative Sobolev
spaces (), 9’ (but not on § = L*(T?)). This already leads to a big jump in difficulty in
comparison to our previous treatment in 1D [83] [85].

2. The main part of the chemical potential v in (8] is a counter-term compensating the
divergence of the interactions. Physically, the theorem means that classical field theory
becomes exact for chemical potentials in the vicinity of \w(0)No(T), if A is appropriately
tuned. The term Aw(0)/2 is not important and can be removed in the definition of v without
changing our results (see the proof of Theorem below for explanation). The constant
FEy has no effect on the Gibbs state itself.

3. Since Ny(T) itself depends on k, the relationship between the total physical chemical
potential

v=v—k~A0O0)Ny(T) — Kk

and its renormalization k is still somewhat implicit. It is in fact desirable to deduce x from
v rather than the other way around. In that regard, observe that for large T and fixed &

No(T) =TlogT —Tlogk +TKoy+ o(T) (3.7)
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with
dr + 1.

R |
Kozlog(€—1)+[ 61_1

It follows that, if the physical chemical potential is chosen as
v=w(0)logT — 1y (3.8)

with vg fixed, then the limit classical field theory is based on the Gaussian measure with
variance (—A + x)~! with & solving the nonlinear equation

k + w(0)log k = vy + W(0) K. (3.9)

This defines  implicitly but uniquely, for the function on the left-hand side is increasing
on RT. We shall see below that the correspondence between the quantum and classical
parameters is much more involved in the inhomogeneous case.

4. Our proof also shows that, for every k > 2, the difference T’k(I‘g\k) —F(()k)) is not bounded

in trace class, see Remark [[0.41 When & > 2 there is in fact no simple replacement for (3.6))
)

where one would remove from Fg\k combinations of Fé@ for ¢ < k to obtain an operator

converging in trace-class.

5. The corresponding theorem should be true on the 3D torus, but this remains an open
problem. In this case the particle number of the free Gibbs state diverges as

No(T) oy
T

and our proof cannot handle such a strong divergence. In fact, one of our key tools is
the variance estimate in Theorem [, which requires that the one-body operator satisfies
Tr[h~P] < oo for some p < 3/2. The latter condition just barely fails for h = —A + x in T3.

6. In the physics literature, classical field theories [134] are used as effective descrip-
tions at criticality, i.e. around the Bose-Einstein [0} [0} 10 [67) [7T] or Berezinskii-Kosterlitz-
Thouless [16] B11 68, [69] [T05] 104) 123] transition, to obtain the leading order corrections

due to interaction effects. These works argue that the critical densities are related as
P (L) — p(T) o (T — (7).

Note that it is only the difference in critical densities (interacting minus non interacting)
that one can obtain using classical field theory. This is related to our result (B.6]). The
latter implies the convergence of the relative number of particles

<N>F>\ -
T

with M(u) the renormalized mass defined in Lemma This is rather non-trivial, for
the two terms on the left-hand side diverge when taken separately. We note that estimates
on relative one-particle density matrices related to ([B.0]) are recently obtained in [4I], in a
different setting however.

Rty [ MGduta),

7. In our setting, the Bose gas occupies a volume of order 1 and the Gibbs measure
emerges in the large temperature limit. It is possible to reformulate our setting in the more
conventional thermodynamic limit where the system is in the large torus LT? ¢ R% with
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L — oo. By scaling we see that a Bose gas with temperature 7", total chemical potential
v/ and interaction w’ in the large box corresponds in our setting to choosing

T = LT, v—rk=0=L, w(z) = LT (Lx) (3.10)

if we take A = 1/T as before. In the non-interacting case where v = X\ = 0 (hence the
chemical potential equals —x) and T” stay fixed, we obtain v/ = —x/L? — 07, that is, we
are approaching the critical density of the Bose gas from below,

Tr[NTy] 1 1 , +00 ind=1,2

po(l) = —3— =75 ———— = p(T) = '
Ld zﬁkg%weﬁg__l ¢ (T Jgs i dk  ind=3,
(3.11)

simultaneously with L — oco. For the usual thermodynamic limit, this is the regime in
which the quantum problem converges to the effective classical Gaussian measure with co-
variance (—A + )71, in any dimension. One can equivalently fix the density and take the
temperature to its critical value from abowve.

In the interacting case the situation is more involved. In 2D, we obtain from (B8] that
the chemical potential in the box of size L must behave as

log(L*T") vy

L? L?
hence still converges to 0, but more slowly. The constant 1y determines the final value of &
through the nonlinear equation (3.9]). The result therefore allows to quantify the effect of
the interactions at the transition to the Bose-Einstein condensate (i.e. at large densities),
in the coupled limit I — oo with v/ — 0. The system is described by the classical Gibbs
measure, with a renormalized chemical potential k. In 3D we expect similar results, with
however log(L*T") replaced by Lv/T' and p(L) converging to the (non-interacting) finite
critical density p.(T").

Note that the rescaled interaction potential in (10,

w(@) = —7 5
with a fixed potential w, is very long range such as to correlate particles over the whole box
LT, but it has a very small intensity. More physical interactions are much bigger and have

a much shorter range (they should be described by a dilute, rather than mean-field, limit),
but this case is still out of reach of our methods.

V(L) = w(0)

3.2. Inhomogeneous gas: the reference quasi-free state. Here we focus on the case

Q=RY  h=-A+V

where V(z) — 400 when |z| — co. We are typically thinking of V' (z) = |z|*, but we can
work with a larger class:

Asumption 3.2 (The one-body potential).
V e L (RY) is a positive function such that

loc
Clz]® < V(x) (3.12)
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for some constants C > 0 and s > 0. Moreover
Viz+y) <CWV(z)+D(V(y) + 1),

YV ()] < C(V() + 1), (3.13)

All these assumptions are satisfied for V(z) = |z|*. Thanks to the Lieb-Thirring inequal-
ity in [42, Theorem 1],

dx dk
WA < g [ e (3.14)

the growth assumption ([B.I2]) implies that Tr[(—A + V)P] < oo for all p > d/2 + d/s.
As for the interaction potential we shall assume

Asumption 3.3 (The two-body potential).
w € LY(RY) is a real-valued, even function, with nonnegative Fourier transform @ > 0 and

/ (k) (14 K1) dk < oo. (3.15)
RQ
Moreover

/ () [|V (2)2dz < oo. (3.16)
R4

In this subsection we discuss the following issue: if we take as reference state I'g =
(Z0) texp(—dIl'(h/T)) and start with a renormalized Hamiltonian in the same form as (8:2)),
we actually perturb the orginial physical Hamiltonian by an external potential which is z-
dependent. This is physically questionable since it does not correspond to adjusting the
two constants v and Ey. Thus ['g is not a physically good reference to study the limit of
Hy. The determination of the right reference state is discussed next.

Let Vp be a general one-body potential (which will be specified later and can depend
on T). Let Ty be the free Gibbs state associated with —A + Vp(x), namely

~ 1 dl'(-A+V,
To = — exp <M> , (3.17)
o T
and let Q(‘)/T () be its one-body density defined by
~(1 1
e~ 1 —1

where f(()l) (x;y) is the integral kernel of the one-body density matrix fgl) (the diagonal part
f(()l)(x;:c) can be defined properly for instance by the spectral decomposition). Note that

in general QXT (z) depends on x (except of course in the periodic case studied previously).
Following the discussion in Section 2.4, we consider the renormalized Hamiltonian as
in ([233)), but with the reference state I'g. This results in

Hy = dD(—A + Vi) + % /R (k) 'dl“(e“”) . <d1“(eik'm)>f0

:dF( A+ Vi — w0 + Aw(0 )/2)+>\W+ET (3.19)

2
dk
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where E7p is given by

- g//RQXRQ QXT(x)w(m - y)@XT(y)dmdy. (3.20)

This Hamiltonian coincides with the physical Hamiltonian in (29]) with chemical potential
v and energy reference Fy = Ep if Vi solves the nonlinear equation (counter-term problem)

Vr — Aw Q(‘)/T =V - (3.21)

Here we ignore the unimportant term Aw(0)/2 in (I9) to simplify notation, since it will
converge to zero in the limit. The equation ([B.2I)) is of the same spirit as ([B.9) seen before
for k, but where the unknown is now a function. It turns out that the equation ([B.21]) arises
naturally when restricting the problem to a special class of Gaussian-type quantum states,
also called quasi-free states. This is what we discuss next.

We recall that to any one-body density matrix v > 0 one can associate a unique state I'y
on the Fock space, called a quasi-free state, which is entirely characterized by ~ via Wick’s
theorem [8] [124]. Then its energy terms and entropy can be expressed as

—Tr [y logT',] :TT[(1+’Y)10g(1+'y)—'ylog'y]
Tr[dl (A +V —v)T, ] =Tr[(-A+V —v)y],

Ty [WT,] // 2 2)w(z — y)y(y: y) dz dy
= / w(e =yl y) do dy. (3:22)

If we are interested in equilibrium states minimizing the free energy, in the quasi-free class
this leads to the following variational problem

Fil = X 1{/1*f>0 Fi4] (3.23)
where
.7:H[7] =Tr[(-A+V —v)y // zyr)w(z — y)y(y; y) de dy

+ % // w(z — y)|y(z;y)2dedy — T Tr (1 + ) log(1 + ) — vlog 1]

is called the Hartree free energy. When @ > 0, the functional F[] turns out to be strictly
convex. Hence, with the confining potential V' it admits a unique minimizer v, that defines
a unique corresponding quasi-free state in Fock space I'!l (see Lemma B4 below for a related
result). The optimal density matrix solves the nonlinear equation

H{ <—A+V—y+)\pH*w+)\XH> }1
v =< exp T —1

where pf(2) = 1 (z; 2) is the density and X™ is the exchange operator with integral kernel
XM(ayy) = wla =y (z;y).

In the limit T — oo with A" — 1, the quasi-free state I'Hl is rather badly behaved. Its
density p diverges very fast. However, it turns out that, although pH(x) depends on z, its
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growth as T — oo is more or less uniform in z and can be captured by

o 1 1 1
K R
0 & (2 l)d k‘ERd e‘k‘;-kﬂ — 1

e 17 —1

provided that
v =Aw(0)o; — k. (3.25)
Recall from the homogeneous case studied in the previous section that of diverges like
T'log T in dimension d = 2 but it does not depend on x by translation invariance of —A + k.
On the other hand, the exchange term AX™ typically stays bounded, for instance in the
Hilbert-Schmidt norm.
This suggests to simplify things a little bit by removing the exchange term from the
beginning, that is, to consider the simplified minimization problem
Fl = inf  FiH[y] (3.26)
y=7*20

where

FHR = Tr[(-A+V —v)] + % //W(w; )w(z —y)y(y; y) dz dy
—TTr[(1+7)log(l+~v)—~logy] (3.27)

is now called the reduced Hartree free energy. By doing so we will pick as reference state a
quasi-free state which is not the absolute minimizer of the true quantum free energy in the
quasi-free class. However, manipulating states depending only on a potential simplifies the
analysis.

The following lemma is a simple consequence of the convexity of the functional F™H. The
proof is given in Appendix [A ]

Lemma 3.4 (Existence and uniqueness of the reference quasi-free state).
Let T A > 0 and d > 1. Under Asumptions and [Z3, for every v € R, the infimum
in B20) is finite and admits a unique minimizer. This minimizer solves the nonlinear

equation
—A+V —v+ Apyu xw -1
oL - {exp ( - Pyt ) - 1} , (3.28)

and hence its potential Vi := Apsu * w +V — v solves the nonlinear equation ([B.21)).

Solutions V7 of the nonlinear equation ([B.2I)) have been studied in [47, Section 5]. It is
proved herein that, when the chemical potential v is tuned as in ([B.25]) the corresponding
density satisfies the homogeneous divergence mentioned previously in (3:24]) and the poten-
tial Vi converges to a limit V, that we will use as a renormalized potential. The following
statement summarizes part of the results of [47, Section 5]. See Theorem [[T.] below for
more details.

Lemma 3.5 (Limit renormalized potential |47, Section 5]).
Let d < 3. Under Asumptions[3.2 and[3.3, take a constant k > 0 and set

1 1
0= ——dk = Aw(0)o5 — K. 3.29
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Then, if k is large enough (independently of T = 1/X > 1) and s > 2d/(4 — d) in [BI2)

there exists a potential Voo such that
VT - Voo

=0.
V

lim ‘
Lo (R%)

T—oc0

The limiting Voo satisfies
d d
Tr[(—A + V) P] < 00, for any p > 3 + S
and solves the nonlinear equation

Voo =V 4w * poo + K,

poo() = <_A i - —A1+ ﬁ) (5:0). (3.30)

The above is not stated exactly as in [47), Section 5], where the limiting nonlinear equa-
tion (B30) for V was indeed not mentioned. We quickly discuss the link with [47] and the
proof of ([3.30) in Appendix[Al Note that the limiting equation ([B.30) is formally obtained
by replacing the Bose-Einstein entropy Tr(—~log~y+ (1+7)log(1+~)) by Tr(log~) (which
is its leading behavior at large ) in the variational principle (8:27) and then writing the
associated variational equation.

Although in principle it should be possible to derive a result similar to Lemma for
the true quasi-free minimizer I'! with exchange term, handling states depending only on
a potential is much easier technically. The main theorem of the next section will prove
that using the quasi-free reference state minimizing the reduced-Hartree energy without
exchange is sufficient in the mean-field limit. That the minimizing quasi-free state gives
an appropriate reference in renormalization procedures has been used before in several
contexts, for instance in quantum electrodynamics [92] 59].

3.3. Inhomogeneous gas: limit of the quantum problem. We can now state the
main result relating the physical inhomogeneous Hamiltonian to nonlinear Gibbs measure.
In the following we always work under Assumptions and in d = 2 dimensions and
set the chemical potential as in (8:25]). Let V7 be the counter-term potential obtained from
Lemma B.4] with a large constant x > 0 and let V, be its limit when T" — oo defined by
Lemma [3.5 We have

Theorem 3.6 (Inhomogeneous gas in 2D).
Let T'y be the Gibbs state associated with the physical Hamiltonian Hy in (29) with

d=2, h=-A+V, v=XMu(0)g; —r, Eo=Er asin [3.20).

Let pg, p and Dlu] be the free and interacting Gibbs measures and the renormalized classical
interaction associated with (—A + Vo)7L,

Assume that s in [B.I2) is a large enough constant. Then we have, in the limit T — 400,
AT — 1:

(1) Convergence of the relative free-energy:

@ — —logz = —log </ eD[”]d,uo(u)> . (3.31)
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where Fy = —Tlog 2o is the free-energy of the free Gibbs state Ty associated with —A + Vi
in (B17).

(2) Convergence of density matrices: for every k > 1, we have

2

!
Tr‘ﬁl“(f) - / R (u® |dp(u)| — . (3.32)

(8) Convergence of the relative one-body density matriz:

(005 = [ ol ) — do)

Tr —0. (3.33)

Here are our comments on this result.

1. The free-energy convergence ([B.31I]) can be more explicitly rewritten as
— A4V~
Fy,=TTrlog <1—e_ ;T>—T10gz+o(T) (3.34)

where the first energy diverges very fast to —oo with 7T'. Classical field theory then allows to
calculate the remaining part of the interaction energy, minimized jointly with some entropy
relative to the mean-field quasi-free state. The first trace can also be expressed as

—A+Vp

ﬁO:TTrlog(l—e_ T >:F§H+3ET

where F' )\rH is the minimum reduced Hartree free-energy in (3.26]), thanks to Lemma 3.4
Thus to leading order the free energy may be computed in the reference quasi-free state.

Note that, although this leading order term is by far the largest in the expansion ([3.34]),
its knowledge is not sufficient to determine the state. Roughly speaking, it only allows to
obtain a limit measure absolutely continuous with respect to the appropriate Gaussian. To
identify the limit fully, we need to evaluate the second, lower order term.

As we have mentioned, it is known in the physics literature [6l, @, 10l 67, [71] that, at the
phase transition, a weakly-interacting Bose gas should be described by mean-field theory at
leading ordefl and a classical nonlinear theory for the next order. This is the spirit of the
theorem above. To our knowledge, it is indeed the first mathematically rigorous statement
of this kind.

2. The assumption that s is large enough implies that Tr[h~P] < oo for p larger but close to
1, which is a technical limitation of our method. The proof actually gives explicit estimates
(see Theorem [L.] below) on the values of s,p we can afford. The free-energy convergence
(B31) and the Hilbert-Schmidt convergence (3.32]) hold if

V673 —1 48
<—— &=  §>—— 50942 (3.35)

24 V673 — 25

whereas the trace-class convergence ([B.33]) requires the more stringent condition

V8449 — 7
P ——o;

31 < s>91+ V8449 ~ 182.918.

4The aforementioned reference deal with the homogeneous case, where the mean-field just amounts to a
shift of the chemical potential, as in Section 311
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3. It will also follow from our proof (see Theorem [L1] below) that for every

s2 —50s — 48

1<k<
1325 + 120

we have the convergence of the density matrices in better Schatten norms

k! ) Qky\ /, Ok P
T _/\u )W |du(u)| — 0 (3.36)

for all p > 1 4+ 2/s. We expect the latter convergence holds for all &k, but are only able to
prove it for small & (except if V' (z) grows faster than any polynomial in |z|). Nevertheless,
for all & we get the Hilbert-Schmidt convergence (3.32]) which is still sufficient to determine
the measure pu.

4. One should expect the previous theorem, together with ([B38]), to hold as soon as the
limiting Gibbs measure makes sense, which only requires p < 2, i.e. s > 2 for V(z) = |z|*
in our two-dimensional setting, see Section Bl below and [47]. Obtaining the optimal s
remains an open problem, as does the extension to 3D where the condition p < 2 leads to
s> 6, cf [83, Example 3.2].

5. Compared to the homogeneous case discussed previously, the above theorem illustrates
that our method (i) does not require translation invariance, (i) can be combined with the
analysis of the counter-term problem (iii) can handle small polynomial divergences, not only
logarithmic ones as in bounded domains. Points (i) and (ii) are those we wish to emphasize.
As dicussed above, improving point (iii) closer to the expected optimal type of divergence
remains an important challenge.

4. PROOF STRATEGY

To make the presentation transparent, we first consider in Section 1] a general inverse
problem, from which the previous (direct) statements will easily follow. The core of the
paper is then the proof of the inverse statement, that we outline in Section

4.1. General “inverse” statement. By “inverse problem” we mean the limit of the quan-
tum model (with an arbitrary one-particle Hamiltonian h), to which we add properly chosen,
x-dependent, counter terms so that the limit measure is absolutely continuous with respect
to the non-interacting gaussian (instead of the mean-field one as in the previous section).

Assume that €2 is an arbitrary domain in R? and h is a positive operator on L%(€2). The
reader might think of the typical case h = —A +V on L?(R?) with a trapping potential V/
diverging fast enough at infinity, as before. However, in order to cover as many practical
situations as possible, we will keep h rather general from now on.

Let I'g be the free Gibbs state, namely the state as in (213]) with A = v = Ey = 0. Its
one-body density go(z) is as before given by

} (z;2). (4.1)
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We then consider the renormalized interaction

1
wren = - / @ (k)
2 Jge

1
:W—dF(w*go)+—/
2 Jr

2

dr(eite) <dr(eik'f)> dk (4.2)

T'o
N

| 2o(@)w(@ —y)eoly)dedy + —-w(0).

We can write the renormalized Hamiltonian as

Hy = dU(h) + AW = dT'(h — Aw * go + Aw(0)/2) + AW + Fy (4.3)

where
Eoi= [ /R . ol — eo(y)dady. (1.4)

Thus instead of varying the chemical potential (we set ¥ = 0 here), we have replaced the
bare one-body operator h by the dressed operator h — Aw * g9 — Aw(0)/2.
We will, for the sake of generality, only assume that

Tr[h™P] < 0o for some p > 1, (4.5)
[h, )12 < C(1 + |k[*)?h, VE e R? (4.6)
e Mz, y) =0, Vt>0. (4.7)

Here besides the natural condition (£3]), some technical difficulties in the proof force us to
require the bound on the commutator of A with the multiplication operator = — € in
([@3). The precise meaning of ([EB) is that we assume e***# stabilizes the domain D(h) of h
for all k£, and that

H[h, eik'm]uHZ <O+ k) u, hu).

for all w € D(h).
Our assumptions on w are the same as in (3.15))

w(z) = / o(k)e*dk, w(k) >0, / (k) (1 + \k:]l/2> dk < . (4.8)
R2 R2
We will prove the following:

Theorem 4.1 (Inhomogeneous gas: inverse statement).
Let h be a positive operator on L?*(QY) satisfying (@5)-(E8)-@ET) with

- V673 -1
24

and let w : R? — R satisfy [@8)). Let uo be the free Gibbs measure with variance h=' and
let p be the associated interacting Gibbs measure as in Section[2.3. We consider the Gibbs
state T'y at temperature T' associated with the renormalized Hamiltonian Hy in (L3]). Then,
i the limit T — +oo, XT' — 1, we have

~ 1.039, (4.9)

(1) Convergence of the relative free-energy: With

F\ = —Tlog Tr(e B/T), Fy = —Tlog Tr(e~ "1y = T Trlog(1 — e~ M/7T)



24 M. LEWIN, P.T. NAM, AND N. ROUGERIE

the free-energies corresponding to interacting and non-interacting states,

@ — —logz = —log (/ e_D[“]d,uo(u)> . (4.10)
(2) Convergence of reduced density matrices: For every k > 1, we have
Tr jlf—irg’“) - / R (| dpu(w) "o (4.11)
with 192
g= P WIsk<go— 1)(11;]) +p18)’ (4.12)

2 otherwise.

(3) Convergence of the relative one-particle density matriz: If the first condition in (LI12])
1s satisfied for k =1, namely if

V8449 — 7
P — g —

~ 1.011
84 ’

then we have
Tr

7 (10 =) = [ 1)l @) = )| 0. (4.13)

Here are our comments on Theorem [4.1]

1. Let us go back to the case h = —A + V(x). When V is not a constant, the renormalized
Hamiltonian (Z3)) is different from the physical Hamiltonian (Z3]) because we have replaced
the bare potential V' by the new potential V' — \w * oo, with gg = gg , instead of simply
shifting a chemical potential. Thus to obtain the Gibbs measure associated with V', we have
started with an ad-hoc, different external potential. In this regard the above is an inverse
statement.

2. The commutator condition (4.6]) is a technical condition needed for the key variance
estimate in Section [7] (more precisely to go from variance to linear response, see Lemmal[7.7)).
For h=—-A+V in Q = R%, it follows immediately from the computation

€™, 1] = [, —A] = — [k + 2ie™ 7k - (4.14)

and the fact that ¢’*** stabilizes the domain of the Friedrichs realization of —A + V (the
latter being included in H'(R?)). The assumption is also satisfied for the Dirichlet Laplacian
in a bounded domain.

3. Our other technical assumption (A7) is well-known to hold for h = —A+V (positivity of
the heat kernel). For —A+V on L?(R?) this is a consequence of the Feynmann-Kac formula
(see for example [122]). But other models are covered, including fractional Laplacian, and
localized versions on bounded domains with various boundary conditions. It is only needed
for the Hilbert-Schmidt convergence in (AI1]). Without (£1) the other claims in Theorem
[41] remain valid. In fact, we will only need this condition at the very end of the proof,
Section[I0.3] to derive a uniform bound on the Hilbert-Schmidt norm of the density matrices.
We conjecture that the limit ({I7]) is valid for ¢ = p without any constraint on k.

In the rest of the paper, we will focus on the proof of Theorem 1], from which our
other results can be deduced. Indeed, Theorem BIlis a particular instance of Theorem [4.1],
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the only small difference being the weaker decay of w(k) in (B3]) (with o > 0 small). As
regards Theorem [3.6] its proof follows exactly that of Theorem Tl replacing V' by Vp in the
original model and using results on the counter-term problem from [47], up to a small issue
involving the constant Aw(0)/2 in (2.9]). Here it is important to mention that all estimates
in our proof of Theorem 1] are quantitative as a function of the growth of V' at infinity,
expressed only via Tr[h~P]. This is finite (uniformly in T") for h = —A + Vp with the same p
as for for h = —A +V, as recalled in Appendix[Al and this ensures that our error estimates
are not altered by the replacement V' — Vp. Further details will be given in Section [T}

4.2. Proof outline. Below we use the notation of Theorem Il We also take A = T~}
throughout.

Our general method is variational, in the same spirit as our previous works [83] [85]. We
shall however rely much more on the Gibbs’ state structure, i.e. on the fact that it is the
exact minimizer (and not just an approximate one) of the free-energy

—Tlog Zy =  inf Tr [HA\I'| + T Tr [I'log ) . 4.15

ogZy= _inf  (Te[E\T]+TTr[logT) (415)

From (4.I5]) and a similar formula for the free Gibbs state I'g, we deduce that I'y is also the
unique minimizer for the relative free energy:

— A : —1 .
log 29 F;O}T?ﬁ r=1 (H(F’PO) +T Tr[(]HI)\ HO)FD

REEE L (H(D,To) + T2 T [(W —dD (w= oy ) + T Eo)T])  (4.16)

Here
H(T,T') = Trz(g) (T(logT —logI")) >0

is the von Neumann relative entropy of two quantum states I' and IV. The simple rewrit-
ing (£I6) is particularly useful, for the left-hand side is nothing but the free-energy differ-
ence, divided by T'. This is the quantity we show converges when T' — oo in ([B8.4]) and (£I0)).
Characterizing the difference directly as an infimum is much more convenient than working
on both terms seen as infima separately.

Similarly, the classical Gibbs measure u defined in Section is the unique minimizer
for the variational problem

—logz = li)nf (’Hcl(u, o) + /D[u] du(u)) (4.17)
v proyéﬁomeas.

where

s dv/! dv’
is the classical relative entropy of two probability measures v and /.

The variational problems (17, (£.16]) and their basic properties will be discussed in Sec-
tion [B.1] and Section [B] respectively. For now, observe that (417]) begs for being interpreted
as a semi-classical version of ({If]). This is the route we follow, using semi-classical-type
measures associated with general states on the Fock space. Before discussing this, we point
out that deriving the Gaussian measure g as the limit of the free Gibbs state 'y is a
straightforward application of Wick’s theorem, see [83], Section 3].

Hatwo/) o= [ S50 og (G500 @/ o
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Assume now that for some reason we could reduce trial states to the form
O~ [ leVTu) e/ Twldut (4.19)

with £(v) the coherent state

£(w) = P12 ) %v@an
n.:

n=0
and p a probability measure over one-body wave-functions. It would follow that

k!

LSS / Y (w dpa(w). (4.19)

Inserting this in the interaction energy

T2 Te[W — dT(w * o ) + T~ Eo)T] =

of (e - )l (dady
R2 xR2

and using the correspondence between the classical and quantum non-interacting states
(obtained by Wick’s theorem) immediately leads to the energetic part of the classical
problem ([AI7T). The relationship between classical and quantum relative entropies is less
straightforward, but it can be deduced from so-called Berezin-Lieb inequalities, see [13] [89)]
[121] for original references, [109, Appendix B]| for review and [83] for the precise version we
use.

Thus, the problem is essentially solved if we know how to vindicate (£I8]) and/or ([@I9).
This is a general theory, not particularly linked to the fact that we consider Gibbs states.
The measure p, called de Finetti or Wigner measure, can be constructed for very general
states, and the precise sense in which it approximates the quantum state made fairly ex-
plicit [3, [4] 8T, 82, 83, 109, 112]. However, the sense in which (£IJ) is known to hold
generally is way too weak to control the errors made by inserting the approximation in the
energy. The main source for this difficulty is that, due to the renormalization procedure
the Hamiltonian must contain terms depending on the large parameter 7. This rules out
the compactness arguments we used previously [83] [85].

As regards estimates on the error made in (£I9), the state-of-the-art results [34] 33|
[63, [82] in this direction require the one-body Hilbert space $) to be finite-dimensional,
and the error depends linearly on the finite dimension. To be able to use these known
bounds we project our states in finite dimensional subspaces using the Fock-space/geometric
localization method [79]. The main novelty of this paper is a new way of controling the
projection error, that we have briefly described at the end of the introduction.
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Let us elaborate a bit more on the main ideas involved. First we write the renormalized
interaction operator as in (2.33]):

2
% @(kﬁ) ‘dr(eik-x) _ <dr(6ik~x)>ro dk =
% @(k) [T (cos(k - 2)) — (dD(cos(k - 2)))p, | dk

+ 573 / @(k) AT (sin(k - 2)) = (dT (sin(k - ))) , |* dk

and deal with each Fourier mode separately. We obtain the projected part of the Hamil-
tonian by replacing

cos(k - x) ~» Pcos(k-xz)P, sin(k-xz)~ Psin(k-x)P

where P is a finite-dimensional projector. Here cos(k - z) and sin(k - z) are understood as
multiplication operators. Let thus

e, = Pcos(k-x)P, ey :=cos(k - x) — Pcos(k - z)P

or the corresponding operator with cos changed to sin. The natural choice for P is to project
on low kinetid] energy modes:

P = ]lth

for some finite but large energy cut-off A = A(T) to be optimized over. Then, we have to
obtain efficient bounds on

2
72 <‘dr(e;) - <dr(eg)>ro‘ > (4.20)
'y
to ascertain that this term is o(1) when A is chosen large enough in dependence on 7'
We use two main estimates to this end. The first one is given in Lemma below and
reads
(1) (1)
B F)\ - FO e
T

Tr < Cq (4.21)

for some small o« > 0 and T-independent C,. This is a convenient way of confirming the
physical intuition that, in the ultraviolet (for large values of h), the free and interacting
Gibbs states do not differ much. We can obtain (£.21]) by using an inequality for the relative
entropy which may be of general interest and is stated in Section Roughly speaking,
it states that the relative entropy controls the trace-class norm of hO‘(I’g\l) - Fél))ho‘ /T for
some « > 0, provided that Tr(h™P) < oo for some p < 2. This is similar to Pinsker’s
inequality for the usual relative entropy, except that it provides a bit of information on the
one-particle density matrices instead of the states themselves. Unfortunately, we have not
been able to use the relative entropy to get good bounds of the same kind on the higher
density matrices.

5Note that in the inhomogeneous case, P does not project on Fourier modes. In the homogenous case it
does, but this has nothing to do with our chosen frequency decomposition of the interaction.
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This point leads us to our second main estimate. For starters, using ([A2]]) jointly
with (2:6]) we can replace the expectation in the free state I'g by that in the interacting
state I'y, which reduces the estimate of ([{20) to one on

-2 <(dr(e;) —{dT(e))y, ‘2>F , (4.22)

which now has the form of a variance. The idea we discussed in the introduction, whose
implementation occupies all of Section [1 is that for large 7" and A

T2 <(dr(e;) - <dr(e;)>m‘2>r ~ %aa ((dl“(e:»m’g)'ezo (4.23)
where
Fye:= Zi,e exp <—% (Hy — adT(e:))> . (4.24)

We shall refer to the right-hand side of ([@23) as the linear response of dI'(e;"). It measures
how the expectation of an observable in the Gibbs state varies to leading order when the
Hamiltonian is perturbed by a small multiple of the observabld] itself. Note that the linear
response is also the second derivative of the free-energy:

0. ((ar(e)y, ) o= TO (08 232) .
This is the Feynman-Hellmann principle, which tells us that the expectation value of dF(e'k")
is the derivative of the free—energyﬁ with respect to e.

The main advantage of ([AL23)) is that it reduces the estimate of a two-body term (left-
hand side) to that of the derivative in ¢ of a one-body term (right-hand side). Modulo the
variations in ¢, the right-hand side will be controlled by employing (4.21]) again.

An estimate such as ([A.23]) is motivated by the fact that the linear response does seem
a sensible way to physically measure the variance of an observable in the Gibbs state. To
explain it further, let us return to (.24 and replace dF(e;:) by A where A commutes with
H). Then we have exactly (this is a fluctuation-dissipation-type result [74] [75])

T = (A)ry o[ Irae = T70: ((Ar,)_,

In the cases of interest to this paper, A = dF(e:) certainly does not commute with Hy, but
since we are dealing with a semi-classical problem, one may hope that the commutators
will be small enough in the limit 7" — oo for some of this structure to survive. Notice
that ([4.23]), unlike our other estimates, is not a variational argument: it deeply relies on
the fact that we consider an exact Gibbs state. We postpone a more detailed discussion to
Section [7

This concludes our sketch of the proofs’ main ideas. Here is how they shall be articulated
in the sequel:

60ne could similarly define the linear response of an observable A to another observable B, and connect
this concept to the covariance of A and B.

"In other words, taking the derivative in ¢ and taking the expectation in the Gibbs state are two com-
muting operations.
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e In Section [ we discuss classical and semi-classical measures. First we go into more
details regarding the construction of the Gibbs measure, then we explain how to introduce
de Finetti measures.

e Section [l contains several preliminary estimates on the free and interacting quantum Gibbs
states. In particular we prove our estimate on the relative entropy there and obtain ([£2]])
as a consequence.

e The technical core of the paper is Section [[l where we discuss correlation estimates of the
form (£23]) in more details, and provide their proofs.

e We bound the (relative) free-energy from below in Section [§] using de Finetti measures
and controling the errors as sketched above.

e A matching free-energy upper bound is derived in Section[d], by a trial state argument and
some finite dimensional semiclassical analysis. This is much easier than the lower bound.
e In Section [I0] the convergence of reduced density matrices is deduced from various esti-
mates developed to prove the free-energy convergence, plus Pinsker inequalities.

e Finally, we conclude the proofs of Theorems Bl and in Section [Tl

e An appendix contains some material on the counter-term problem.

5. CLASSICAL MEASURES

In this section, we collect some useful facts on the classical Gibbs measures we derive
from the quantum problem, and on the semiclassical de Finetti measures that serve as our
main tool.

5.1. Gibbs measures. We do not claim originality for the material below, the methods
having been well-known to constructive quantum field theory experts for a long time. A
related discussion can be found in [47, Section 3] but for pedagogical purposes we follow a
somewhat more pedestrian route.

In this section, we always assume that h satisfies (ZI8]). Let {\;}?2, {u;}32; be the
eigenvalues and the corresponding eigenfunctions of h, as in (Z.I5]). Let us start by recalling
the definition of the free Gibbs measure:

Lemma 5.1 (Free Gibbs measure).
Let h > 0 on $ satisfy

Tr[h™P] < 00 for some p > 1.
The free Gibbs measure pg in ([ZI6]) is the unique probability measure over the negative
Sobolev-type space H'7P such that for every K > 1 its cylindrical projection on Vi =
Span(uy, ..., ux) is

dpio g (u) = ﬁ (ﬁe&'ai2 dai> (5.1)

. s
=1

where a; = {u;,u) and do; = dR(;) dS(v;) is the Lebesgue measure on C ~ R2. Moreover,
the corresponding k-particle density matrix

) i= [ 1) dpo(w) = B () (52)

belongs to the Schatten space &GP (.V)®5k).
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Our convention in (5.2) is to consider the action of 7;(1;) only on the symmetric subspace
$H®*_ On the full space with no symmetry we have

VB = kPE(h )k Pk (5.3)
with Psk the orthogonal projector on the symmetric subspace.

Proof. See [83], Section 3.1]. O

The measure just defined on the space $'77 does not live on any better behaved subspace
if Tr[h 7] = +o0 for p’ < p. This is called Fernique’s theorem and is recalled e.g. in [83,
Equation (3.4)]. The need for renormalization arises from this fact.

In particular, when Tr[h~!] = 400, 1 is supported on a negative Sobolev space and thus
the mass [p [u[? is equal to infinity po-a.e. However, it turns out that when Tr[h™?] <
0o, this infinity “is the same” for pg-almost every u. This allows to define a notion of
renormalized mass. The idea goes back to Nelson [I00] and has been thoroughly studied in
constructive quantum field theory [52] [119].

Lemma 5.2 (Mass renormalization).
Assume that h > 0 satisfies Tr[h=2] < co. For every K > 1, define the truncated renormal-
ized mass

Miclu] = / | Preu(a) 2de — < / yPKu(m)y2dx> (5.4)
Q Q Ho
where Py is the orthogonal projection onto Vi = Span(ui,...,ux). Then the sequence
My converges strongly to a limit M in L?(dpuyg).
More generally, for every operator A with D(A) C D(h) and such that Ah™" is Hilbert-
Schmidt, the renormalized expectation value

Miglu] == (Pgu, APgu) — ({Pgu, APgu)) . (5.5)

converges strongly in L*(duo) to a limit M4, uniformly in the Hilbert-Schmidt norm | Ah™1 le2(s)-
In fact
<\MA[u]|2> = lim <‘M§‘([u]‘2> = Tr[AR AR (5.6)
140 K—o0 o
Proof. Writing u = Zle ajuj, we first recall the simple Gaussian integration formulae
(Wick’s theorem)
1
<O7iaj>ﬂ0 = —(5¢:j, <Olidjdkaf

1
» Oi=jOk—t + ~—~—0i=i0j—- (5.7)
J

) = 1
Ho Nk iy !

Then we compute
K K K K
Ml = Y oy - <Z |ajl2> =D _lagP =3 A7
j=1 ' =

Therefore, for L > K,
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From this and (5.7) we find

'Mb
M=

((Mufu] = M[u])?),, = (g2 =271 (e = A7)

Ho =K 1=K Ho
L L L

21 12 —1y-1 92

=303 (UagPlael),, = A7) = 30 4%

j=K (=K j=K
Since
Y A =Tr(h™?) < o, (5.8)
j=1

we conclude that {M g }5¢_; is a Cauchy sequence in L?(dp) and hence it converges strongly
in L2(dug).

Now consider an operator A such that Ah~! is Hilbert-Schmidt. We check that (5.5]) is
in L?(dug) uniformly in K and leave to the reader the similar proof that it is a Cauchy
sequence. Using (B.7) again we have

(Mg[ul) o= > (azagar),, (ui, Aug) (ug, Aug)

Ko
1<, ),k <K

_ 1 —
- > <0<z'0¢j>,m)\—k(uz‘aAuﬁ@kaAuw
1<i,5, k<K

_ 1 — 1
- > aiay), )\—k@m Auj) (ug, Aug) + ) o (s Avg) (s, Aug)
1<i,j k<K iy i

1

= Z m(ui,AukHui,Auk)

1<, k<K
= Tr [A(Pgh™ ") A*(Pxh™Y)].
which is bounded by assumption. O

In particular we may choose A to be the multiplication operator by some bounded func-
tion f localized around some point z. Thus (.5) implies that not only the global mass,
but also the smeared local mass density |u(z)|? around z, is renormalizable. In fact, in this

case ([B.9) reduces to
(W) =mlsnfon) = [[r@TwicanPad 69
Ho QxQ

with G the Green’s function of h (i.e. the integral kernel of h~!). This function is certainly
square-integrable on Q x Q, for h~! is a Hilbert-Schmidt operator.

Consider now an interaction potential w as in (B.I5]). For the same reasons as the mass,
the interaction energy is not well-defined on the support of pg and it is necessary to in-
troduce a renormalization. In our context, it is in fact sufficient to insert the local mass
renormalization in the interaction’s expression. This leads to

Lemma 5.3 (Renormalized interaction and nonlinear measure).
Assume that h > 0 satisfies Tr[h 2] < co. Letw € L>(Q) be such that its Fourier transform
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satisfies 0 < w € LY(Q*). For every K > 1, define the truncated renormalized interaction

as in (Z19):

D] i= Prcu(e)? — (| Prcu(@)?), ) w(a—y) (1Pruty)? - (| Preuy)?), ) dudy.
2 ax0 o o

Then Dk [u] = 0 and Di[u] converges strongly to a limit D[u] > 0 in L' (duo). Consequently,

the probability measure
1

du(u) = —e PMdpg(u) (5.10)
s well-defined. Moreover, the reduced densz’;y matrices
ot = [ 1 () (511)
belong to SP($Hy) for p as in [2I8]). Finally, the relative one-particle density matriz
A =) =t [ fu)ul (ds (Pacw) — dpo (Prca) (5.12)

18 a trace-class operator, with

< (z) YW Tr[h2]. (5.13)

Tr |y - 7

Proof. We use the Fourier transform
w(r —y) = /ﬁ?(kz)eik'xe_ik'ydkz

and denote e, the multiplication operator by e?*. Then, using the notation of Lemma [5.2]

[
Dilul = 5 [ DMLk
Since w > 0 by assumption, we obtain immediately that Dy [u] > 0.
In order to prove that Dy is a Cauchy sequence in L!(dug), we use the Cauchy-Schwarz
inequality
D[u] = Dilu]| = /@(k) (MR ][ = M [u][?) dk‘
1/2
<

N = N =

/@(k:) | MEE[u] — MG [u]| dk

1/2

« /@(k) (M [ul| + | M [ul])? dk

(5.14)

Averaging over g, using Lemma and recalling that @w € L!, this goes to zero when
L,K — oco. Thus Dglu] is a Cauchy sequence in L'(dyg) and hence it converges strongly
to a limit D[u]. Since D lu] = 0, we have D[u| > 0. It follows that

2p = /e_D[u]dpo(u) (5.15)

is positive, which ensures that (5.10]) is well-defined.
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Averaging with respect to up and using (B.9) we also find after passing to the limit
K — o0

1

0< (Dl =5 [ D) (Mo, d
1

= /w (k) // eF @G (2, y)|Pdady dk
QxQ

- //an z —y)|G(z,y)|* dz dy. (5.16)

That the density matrices (G.1I)) are in &P directly follows from the positivity of the
renormalized interaction and the corresponding statement for the free density matrices (5.2)).
To see that the relative one-particle density matrix (5.12)) is trace-class, note that for any
finite-rank operator A

Tr [A <fy( 'Vuo /.MA Jdp(u
Using Cauchy-Schwarz and the fact that pu < (z,)"!po we find

Tr {A( 1) _ 7180))” < / |MA[uH dp(u)
-1 </MA[U]2d,u0(u)>1/2 < (z) AV Te[R2).

By duality, the relative one-particle density matrix is thus trace-class, with

T *yu) ’7;(10) (r)_1 Tr[h=2].

O

Remark 5.4 (The interaction as an exchange term).
Note that, by Gaussian integrations similar to those appearing in the proof of Lemma [5.2],
we obtain that, formally

<//QQ \u(m)Pw(x—y)!u(y)\2dxdy> = %//ng(x — )Gz, )Gy, y) dz dy

Ho
1
+3 // w(z —y)|G(z,y)|* dvdy”
QxQ

where the first term is called the direct term and the second the exchange term, see Sec-
tion Here the direct term is infinite because lim,_,, G(x,y) = +oo. For instance for
the Laplacian on a bounded domain we have (see e.g. [I13, Lemma 5.4])

1
G(@,y) o~ —g-logle —yl.

From (B.16]) we see that renormalizing the mass density to define the interaction is equivalent
to dropping the direct term from the bare interaction. In fact (B.I0I), proves that the
renormalized interaction is well defined under the sole condition that w satisfies

//M w(z — )| |Gz, )|” dudy < oo
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with G(z,y) = h~!(z,y) the Green function of h. o
o

5.2. De Finetti measure. Here we review how to associate a semiclassical measure (that
we call de Finetti measure) on the one-body Hilbert space to a given sequence of many-
particles bosonic states. This idea has a long history, for it is related to the de Finetti-
Hewitt-Savage theorem used in classical statistical mechanics to approximate a many-
particle state by a statistical mixture of i.i.d. laws. See [110] 109] for review.

The approach we use in this paper is a blend of ideas originating from semi-classical

analysis [3, [4, B 13, B9, 121] and quantum information theory [25] [34] B3] [63] with many-
body localization methods [11, [38], [79] 8], [84], 83].

It will be crucial for us that, once the one-body state-space is projected to finitely many
dimensions, quantitative estimates on the error made by approximating a many-body state
using a classical measure are available [34] [82]. We thus begin by recalling what Fock-space
localization is. Then we continue with the quantitative version of the quantum de Finetti
theorem available after finite dimensional localization. To deal with the entropy term it is
crucial that the de Finetti measure we use is in fact a lower symbol (associated to a coherent
states basis). This allows us to use a Berezin-Lieb-type inequality from [83].

Fock-space localization. In our proof, we will localize the problem to low kinetic energy
mode. For this purpose, let us recall the standard localization method in Fock space. Let P
be an orthogonal projection on $) and let @@ =1 — P. Since $ = (P$H) ® (Q$), we have the
corresponding factorization of Fock spaces

F(9) = F(PH) ® F(QH) (5.17)
in the sense of a unitary equivalence. That is, there is a unitary
U:F(PH®QRHN) — F(PH) @ F(QH) (5.18)
satisfying UU* = 1. Its action on creation operators is
Ua™(fIU" = a*(Pf) @1 +1&a™(Qf) (5.19)

and a similar formula for annihilation operators. We refer to [60, Appendix A] and references
therein for precise definitions and properties.

Definition 5.5 (Fock-space localization).
For any state I on F($)) and any orthogonal projector P, we define its localization T'p as
a state on F () obtained by taking the partial trace over F(Q$):

Fp = TI‘]:(Qyj) [L{FZ/{*] .

The density matrices of I'p can be shown to be equal to
(Tp)k) = pEkpk) pok k> 1, (5.20)
o

The crucial property (5.20) follows immediately from (2.8]) and (E.19]), see again [60, Ap-
pendix A] and references therein for detailed discussions. An equivalent but more pedestrian
definition leading to (.20)) originates in [79] and is reviewed in [I09, Chapter 5].
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Coherent states and lower symbols. The de Finetti measure is in fact a lower symbol
with respect to the over-complete basis of F(P$)) given by coherent states when P is a
finite-dimensional orthogonal projector. Below, the notation

0)=10000@...
stands for the vacuum of Fock space.

Definition 5.6 (Coherent states).
A coherent state is a Weyl-rotation of the vacuum |0) in the Fock space F($)): for u € 9

£(u) 1= W ()]0} = exp(al (u) — a(u))|0) = e 1172 ) ﬁu@m. (5.21)

n=0

o
The Weyl operator W (u) is a unitary operator satisfying the relations

W(f) a ()W (f) =al(g) + (f.g), W(f)*alg)W(f) =alg) + (g, f)- (5.22)

The second equality in ([5.2]]) follows from this. So does the fact that the k-particle density
matrix of the coherent state &(u) is

(e ® = - u=) (], (523)

Definition 5.7 (Lower symbol).
For any state I' on F()) and any scale € > 0, we define the lower symbol (or Husimi
function) of T" on P$) at scale € by

dupr(u) == (€7T)_TY(P)<£(u/\/E),Fpg(u/\/g)>]__(Pﬁ)du. (5.24)
Here du is the usual Lebesgue measure on P§y ~ CTH(P), o

Thanks to the resolution of the identity/closure relation

= () / €(w))(€(u)|du = 7= ™) ( / e'“du) Lrw) = Lr(ps), (5.25)
P9 P

the lower symbol p%-(u) is a probability measure on P$). Moreover, it provides a good

(k)

approximation for the density matrices I';”, as per the following version of the quantum de
Finetti theorem:

Theorem 5.8 (Lower symbols as de Finetti measures).
We have, for all k € N,

k—1
k k
/Pjﬁ ’u®k><u®k‘ d/ﬁ?,l“(u) = k:!gkfgj) + klegF ; <€>I‘(f) R ]l®;;7zpfj. (5.26)
=0

Thus, with d = Tr[P],

k—1 2
Tr <k <k> (k=ttd= Dl [N’frp]. (5.27)

¢ d— 1)

piehr® / [u®*) (W) do (1)
P$
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The result is taken from [83] Lemma 6.2 and Remark 6.4]. It is an elaboration on a
theorem originating on [34] and a proof thereof later provided in [82]. If k is fixed and
Tr [(eN)Tp] = O(1), then the upper bound in (E27) behaves as Cde in the limit & — 0.
This is similar to the bound 4kd/N obtained for N-particle states in the references just
mentioned.

Finally, we recall a Berezin-Lieb type inequality, which links the von Neumann relative
entropy of two quantum states to the classical Boltzmann entropy of their lower symbols.

Theorem 5.9 (Relative entropy: quantum to classical).
Let T' and T be two states on F($). Let popp and phy be the lower symbols defined in
B24). Then we have

H(F7 F/) > H(FP7 F/P) > HC](/’L€P7F7 M?{F’)' (528)

The result is taken from [83, Theorem 7.1}, whose proof goes back to the techniques in [13]
[R9 121]. Note that, to obtain an approximation of density matrices, other constructions
than that based on the lower symbol we just discussed are available [25], [32] [70), 126]. Most
of those do not give quantitative estimates, but the main reason for us to rely on lower
symbols (a.k.a. Husimi functions, covariant symbols, anti-Wick symbols) is that (5.28]) is
heavily based on their properties.

6. QUANTUM GIBBS STATES: A-PRIORI ESTIMATES

In this section we collect several estimates on the free and interacting quantum Gibbs
states that we shall use throughout the paper. The most crucial and novel estimate is that
bearing on the relative one-particle density matrix, which we present first in Section in
an abstract setting. It is the seed for the analysis of correlations and variances in Section [7

6.1. General estimates on the entropy relative to a quasi-free state. In this section
we derive some estimates of general interest on the relative entropy
H(T',To) = Tryg I'(logI' = T)

of two states over the Fock space F(8) of an arbitrary Hilbert space &, under the assumption

that
o—dl(h)

N Tr £ () (=0

is a quasi-free Gibbs state, with A > 0 and Trg(e™") < oo. We recall (see e.g. [83, Appen-
dix A]) that the partition function of the free Gibbs state satisfies

Iy

—log Zp = —log Tr]_-(ﬁ)(efdr(h)) = Trg (log(l — eih)> =— (6.1)
where the free-energy
Fy = Fo[l'o] = min FI'] = min {Tr (d['(h)I") + T Tr (I'logI") }

is the infimum over all states of the free-energy functional associated with I'g.
We shall use the explicit expression of the one-particle density matrix of I'g

1
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and also recall that the entropy of a state I' relative to I'y is given by
H(T,To) = Trr s, (Faogrv—logIb))

— Trr () (dF(h)(F - r0)> + Trreg (TlogT) — Trrg (Tolog To)
= Fo[L] — Fo[To]

It is well known that H(I',I'g) vanishes if and only if I' = I'y. Pinsker’s inequality indeed
states that

1 2
%axm)>§(ﬂ¢mﬂr—rd) (6.2)
(see [3I] and [64, Section 5.4]). Our goal here is to deduce some bounds on the difference

r@— I’(()l) of the one-particle density matrices, instead of the difference I' — I'y of the states
in Fock space.

Theorem 6.1 (From relative entropy to reduced density matrices).
Let h > 0 be a positive self-adjoint operator on a separable Hilbert space R, such that
Tr(e™") < 0o and consider the associated quasi-free state

—dI(h)
- Tr () (e~ (M)

on the Fock space F(R). Let I be any other state on F(R). Then we have, for the corre-
sponding one-particle density matrices,

[pe e —rine| , < 20mtie (VEVAHT T + ML) (63)
for all 0 < a < 1/2. If in addition Tr(h™P) < oo for some 1 < p < 2, then we have
(0@ =)o | < 22/ H(T Do) + 2|7 [T HT, L) (64)
for all

Iy

Ogagz;p‘

4

The constants in the above inequalities are not optimal and are displayed only for con-
creteness. The trace-class bound (6.4)) is one of our most crucial estimate, and the seed for
most of the analysis in Section [l It starts exploiting the fact that quantities calculated rel-
ative to the free state are much better behaved than bare ones, provided that Tr(h™2) < oo.

Remark 6.2 (Bosonic relative entropy of reduced density matrices).
If we take I' a quasi-free state with one-particle density matrix v, then Proposition
furnishes lower bounds on the Bose-Einstein relative entropy

Hi(7.70) = Tra (7(logy —log10) = (1+7) (log(1+7) ~log(1+5)) ) (6.5)
which coincides with H(I'y,I'g) when I' is quasi-free. See [4Il, Lemma 4.1} for other recent
lower bounds on this quantity. o

The proof of Theorem (6.1)) is a Feynman-Hellmann-like agument, i.e. a perturbation of
the variational principle defining I'g. The following lemma, consequence of Klein’s inequal-
ity, allows to estimate the effect the perturbation:
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Lemma 6.3 (Perturbed free Gibbs state).
Let A be a self-adjoint operator with A < ch for a constant 0 < ¢ < 1. We have

1 1 1 1.1
0<Tr(A - <—Tr | -A-A). 6.6
r( (eh_“‘—l eh—1>> 1-c r(h h > (6.6)

Proof. The function

1 1
-1 =z
is increasing on R™, whereas x g 18 decreamng Thus, for all z,y > 0 we have

Oé(w—y)<ey1_1—e$1_1> <(z—y) (é—%)

Using Klein’s matrix inequality [102] Proposition 3.16] this implies that, for any positive
self-adjoint operators C, D

0<Tr [(C_D) (eD1_1 _ e(f_l)] < Tr [(C—D) (%—é)}

Applying this with D = (h — A)/T and C = h/T yields

A 1 1 1 1
Ot [f (e(hA)/T Ty 1)] s [A <h—A - E)] '

There remains to use the resolvant expansion
1 1 1 1
h—A nta'h—4
and observe that by the assumption A < ch,
1 1 1 1 1 1 1 .1 1
Tr [hAh AA] =Tr [h1/2Ah — AAhl/J < - Tr [hl/zAﬁAhl/z}
to conclude the proof. O

Proof of Theorem[6 1. Let A be an arbitrary finite rank self-adjoint operator on &, such
that A < h and let

1
s = —exp(—dl'(h — A))
Za

be the associated quasi-free state, with one-particle density matrix

!
VA= AT

Recall that I' 4 minimizes the free-energy
Tr (d(h — A)T) — TS(T)
with the entropy denoted by S(T') = — TrFlogF Hence, we find

H(T,To) — Tr (ATW) = Tr (dT(h ) — S(I') = Tr (dT(h)To) + S(I'o)
> Tr (dl(h — A)T4) — S(T'a) — Tr (dL'(R)Lg) + S(To)
> —Tr (dF )
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Therefore we have shown that
1
Tr (ATM) < H(T, Do)+ Tr (A—F—— 6.7
(Ar®) < (e r) + 1 (45— ) ©
for any A < h. From this we deduce in particular that
1 (1) 1 1
Tr (A(F( ) _ Iy )) < H(D,Ty) + Tr <A <ehA o 1)) . (6.8)

Inserting Lemma gives

1 2

1—c¢

1 1
A
Vi Vh
for any A < ch with 0 < ¢ < 1. The last term on the right-hand side will appear many

times in the following, see for instance Lemma below.
Let us now take

(6.9)

Tr (A(r® = 1Y) ) <H(T,To) +

62.

A= £ b Bh®

where A\; = ||h~!|| 7! is the first eigenvalue of h, 0 < & < 1,0 < a < 1/2 and B is a bounded
finite rank self-adjoint operator with ||B|| < 1 and range in D(A). Our choice ensures that
A < h/2 for all 0 < e < 1. Then we obtain

21 (T, Ty)

1—2«
- +eN
e)\} 2a

1 112
h® 2Bh% 2 (6.10)
&2

Tx (B (r® - 1§")ne)

<

Proof of (6.3]). To prove (6.3)), we assume that || B||g2 < 1, which implies as required that
|B|| < 1. We find

[ (r® — e

_ am@® _ pDya
o ||Brﬁ1§2X<1Tr <Bh (F I )h >

H(F, FO)
6)\%*20‘

1 <2H(F,F0) +€> .

~ —
)\% 2a €

<2

tepl2e ‘ha71/2H4

Optimizing over € gives

‘ < )\}%20‘ min <2\/§\/7-l(1“,1“0) L 2H(T,To) + 1)

which is bounded above by the right-hand side of (6.3)).

Proof of (G4]). To prove (G4]), we assume in addition that Tr(h™?) < oo for some p < 2
and obtain, using ||B]| < 1 and Holder’s inequality in Schatten spaces

he (0@ —rype

am@® _ pWypal am@® _ pDyra
T e (00 = T{)A% | = o T (B (0@ —r{)n)
2H(FaF0) 1-2a || pa—1 4
<arm e
_ 2H(F’F0)

1-2 —2-+4
rE AT,
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This gives ([6.4]) and concludes the proof of Theorem O

6.2. Free Gibbs state in the limit 7' — co. Now we introduce the temperature 1" and
study the limit T" — co. We start by stating some simple properties of the free Gibbs state.
Let h > 0 satisfy Tr(h™P) < oo for some p > 1. Then, Tr[e "] < oo for all 8 > 0 and we
may define the associated free Gibbs state by

1 Hy Hy
T'yg= Z exp <—?> , Ho=dl'(h), Zo=Trzg) [exp (—?>} )
We collect some of its first properties in the

Lemma 6.4 (Free Gibbs state).
Let h > 0 satisfy

Tr(h™P) < 00 for some p > 1. (6.11)
The k-particle density matriz of the free Gibbs state is given by
() 1 ok k(1 —1\®k
Ty’ = (W) < TFR(h )", (6.12)
Consequently, for every k >
k!
—r““) L kIR / Y (4 dpo () (6.13)

strongly in the Schatten space GP(H*). Moreover,

Tr [rg’“)] - <<j]\€/ >> < CFPE, (6.14)
0

1 )] _
Jim Ty [1“0 } —0. (6.15)

Here N is the particle number operator and (-)o is the expectation against T.

and, if in addition p > 1,

Regarding ([6.12]) we recall the notational convention discussed around Equation (5.3]). To
illustrate the bounds on the particle number (G.I4)-([6.I5]), recall that in the homogeneous
case where h = —A + k on a box with peridiodic boundary conditions we have that

in 1D (GII) holds with p =1 and (N), ~T
in 2D (6.I1I) holds with any p > 1 and (N), ~ T'logT
in 3D (GII) holds with any p > 3/2 and (N), ~ T%/2

Proof. Formula (6.12) is taken from [83, Lemma 2.1]. Formula (6I3) follows from the
monotone convergence of operators and the fact that h~! belongs to the Schatten space
GP($) by the assumption ([2I8]). Finally, (€14 holds true because

v [f]=((})), <awi=a(r [h/%l])k < Ci (e [(TYRY))*.

We have used here that

1 c,
. W=l (6.16)

em—l<
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Here in the first estimate we have used Wick’s formula for the quasi-free state I'y. We then
remark that

1 1 1
P D et
j=1

so the limit (GI5]) follows from the dominated convergence theorem, since

1 o 1 G
— < min{ =———, —2—
Tr(eN/T —1) TN (AP
by (6I6) and 1/(7P~1\;) — 0 when p > 1. O

The following result is the counterpart of Lemma It shows in particular that the
renormalized mass is also bounded independently of T" for the quantum Gibbs state (take
A =1 in the statement).

Lemma 6.5 (Variance estimate for the free Gibbs state).
Assume that h > 0 satisfies Tr[h=2] < co. For every bounded self-adjoint operator A, we
have

lim T2 <(dr(A) _ <dr(A)>0(2> — Tr[Ah~ AR, (6.17)

T—oc0 0

Proof. Pick an orthonormal basis (u;) of ) and denote a,a; the associated creation and
annihilation operators. Since I'g is a quasi-free state and it commutes with A/, we can
compute explicitly, using the CCR and Wick’s theorem:

o

(l0P) = 37 (s Awa) (up, Aug{alyanazag)o

m,n,p,q=1
o

= Z (U, Aun) (up, Aug) ((a;‘nan>0<a;§aq>0 + (a7q)00np + <afnaq>o(a;§an>o)
m,n,p,q=1

= <dP(A)>Z + Tr [42r()] + T [ArgP ar()] .

Then using ([6.I3]) and (6.14]), we conclude that

72 <(dr(A) - <dr(A)>o(2> =77 (<!dF(A)\2>O - <dF<A)>3)

0
=720 (AP (] + 72T [ Argd ar(!|
— Tr[AR'AR7Y). (6.18)
T—o0
In the last line we have used that
1 o] < IAIP 1 )
T arri] < g — 0
by (6I4) for p < 2 and by (615 for p = 2. O

An important consequence of the previous lemma is that the quantum Gibbs state has a
bounded renormalized interaction energy:
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Lemma 6.6 (Interaction energy of the free Gibbs state).
Assume that h > 0 satisfies Tr[h™2] < oo and that w € L>(Q) has a Fourier transform
satisfying 0 < @ € LY(Q*). For the interaction operator defined as in ([@E2)), namely

pyren — % / @(k) ‘dl“(e““'x) - <d1“(e““'“”)> de, (6.19)

To

we have

T—2(Wmp, < CTr[h™2). (6.20)
Proof. Let us write
ren 1 o~ 2
wren = 3 /w(kz) |dT(cos(k - x)) — (dI'(cos(k - x))),|” dk

+ % /{E(kz) |dT(sin(k - x)) — (dI'(sin(k - x))>0|2 dk.

Next, we take the expectation against I'g and use (6.17]) with A = cos(k - ) or sin(k - x)
since [|A|| <1 in this case ([6.20) follows immediately:

T2 (W, < ¢ / G(k) Te[h~2]dk < CTY[h~2).
O

6.3. Interacting Gibbs state: first bounds. In this section let us consider the interact-
ing Hamiltonian

Hy = dI'(h) + AW (6.21)
with the interaction W*" defined in (G.I9]). Recall that the interacting Gibbs state
1 1 1
Iy := N exp <_TH>‘> , Zy=Tr <exp (—?HA>> , (6.22)

is the unique minimizer for the variational problem (ZI0):

Z
—log—’\:

1 _2 ren
Zy F;O,%l;r:1(%(r’r0)+T Tr(W™"Ty)) .

We can first control the relative free energy, or equivalently the ratio of the free and inter-
acting partition functions:

Lemma 6.7 (Bound on relative partition function).

We have
0< —log 2—2 < CTe[h 2. (6.23)
In particular, we deduce that
H(D,Ty) < CTr[h™?] (6.24)
and
Tr[W™Ty] < CT? Tr[h 2], (6.25)

uniformly in T.

Proof. For the upper bound in ([6:23)) we take the trial state I' = T'g in (£16]) and use (G20)).
Then ([6.24) and ([6.25)) follow immediately, and since both these quanities are positive, we
also get the lower bound in (6.23]). O
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The relative entropy bound (6.24]) immediately implies a control on the difference of the
one-particle density matrices, by Theorem

Lemma 6.8 (Bounds on the one-particle density matrix).
Assume that h > 0 satisfies Tr(h™P) < oo for some 1 < p < 2. We have the operator bound

r _ O 1)

0< < 6.26
T - (6.26)
Moreover, for any 0 < 5 <1
v (R0 ] C (T Te[h 2] + TP Tr[h_p]> . (6.27)
Finally, for any 0 < a < % we have

1 1
he Fg\)_r((]) he
T

Proof. Take o = 1/2 in (63]) and replace h by h/T. Then we deduce that
_ 1 _
HT Lpt/2p(Dp1/2 1” < HT L 1/20() 1/2 _ 1H62 < 22/ H(Tx, Tg) + 2H (T, Tp)

which is bounded by C(1 + Tr[h~2]) by (6.24]). This proves that
hl/zl‘f\l)hl/Q
T

which is ([€26]). Similarly, (28] follows immediately from (6.4]).
For (627) it is simpler to go back to (7)), with A = Al PR /(2T) < h/2, which yields

< C<\/Hh}’ 2140 Tr(h—P)\/Tr(h-2) + |~ |1 -2 Tr(h_2)>.

61
(6.28)

<C(1+Te[h %)

A8 1-8

1
T (WTW) < H(T,To) n?

AT 6h5/2
e

oA
< H(T,To) + —2—T7" ' Tr -
2 (h— Al 5h5/2)p+6

1-5

A
<CTr(h™2) + cﬁ,pr%—llT Tr(h7P). (6.29)
This concludes the proof of Lemma O

Accessing higher-order density matrices is not as easy. We however have an immediate
consequence of Lemma

Lemma 6.9 (Moments of the particle number).
Assume that h > 0 satisfies Tr(h™P) < oo for some 1 < p < 2. For every k > 1, we have

Tr [rg’“ } < (NFYy < CRTP* exp(C Tr[h™2)) (6.30)

where () is the expectation against T'y.
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Proof. Using H, > Hy and the fact that A/ commutes with the Hamiltonians, we have
Tr [Nke—HA/T} Ty [eklog/\/—H,\/T] <Tr [eklog/\/—Ho/T] — Ty [Nke—Ho/T]

because (see e.g. [30, Section 2.2]) for an increasing function f : R — R and self-adjoint
operators A, B

A< B=Tr[f(4) < Tt [f(B)].

Therefore,
Z
V) < (o (6.31)
A
and the conclusion follows from ([6.23]) and (6.14]). O

In a slightly more subtle manner, we can combine the arguments of the two previous
proofs to obtain

Lemma 6.10 (Joint kinetic and number bounds).
Assume that h > 0 satisfies Tr(h™P) < oo for some 1 < p < 2. For any k > 1 and every
0 < B <1, we have

(NEAD(hP)) s < O gTP*HDHB oxpp(C Tr(h7P)). (6.32)

Proof. We consider an auxiliary normalized Gibbs state

1
Iy = geXp(—HA/T—i— klogN).
A

The convention here is that Iy = 0 on the Fock space vacuum. Then, since the particle
number commutes with all the relevant operators

Z/
WFAT(W)x = T [ar (WINPT | = 22 T [ar()ry | = (M) T [ared)ry .
Z)\ A
On the other hand, by a variant of the proof of (6.8]),
¢Tr [dr(hﬁ)rg] <HTY,TH) + e Tr (dr(hﬁ)rg]’)
for a small constant ¢ > 1 such that ch® < h/2 and with

1
L = 2 exp (~dr(h = ch?)/T + klog N') .
0

Next, taking I') as a trial state in the variational principle defining I\ and using that
0 < W™ < C (N2 + (N?),)
yields

<C <Nk+2>0 + C’<N2>O
<Nk>0 =2 <_/\/'k>0 T2
An application of Wick’s theorem then shows that

H(DY,TH) < CRT~2(N?), = CR T2,

ren Nkwren
H(I), T) < Tr (W—r’> Bl ol
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By the same token
A T (dD(hP)N* exp (—dD(h — ch?)/T))
T (Ar(O)Tg) = —o (N* exp (—dT(h — ch?)/T)

(NEAD(R)), (N2 1/2
T W o <Nk>o(?; <dr(hﬁ)2>o,/3

with the perturbed quasi-free state

1
. B
Lops = exp ( dI'(h — ch )/T) .

0,h
Another calculation using Wick’s theorem and the use of Lemma yield
Tr (AT (h)Tg) < CpT? .
In that regard observe that
dar(?? =arp?) + @ > nlen.

n>2 1<i#j<n
Collecting all the preceding estimates and using ([6.30) gives
<def(h6)>>\ < Ck,BTp‘H’k‘FB + O, T2 tPk=2,
For g >0, p < 2 and T large, the main term is the first one. ]

7. CORRELATION ESTIMATES FOR HIGH MOMENTA

In this section we prove the main estimate allowing us to control errors when localizing
to low-momentum modes. We denote by (-), the expectation against the interacting Gibbs

state in (G.22)):
Iy := 1 exp (—lHA> ,  Hy =dI'(h) + AWre"
Zy T
with W™ as in ([6I9]). Define the spectral projections associated to the energy cut-off A,

P=1pcp,,Q=1-P. (7.1)

The cut-off shall be optimized over later, for the moment we only assume that A, — o
when T" — oo. Let ej denote the multiplication operator either by cos(k - z) or sin(k - x)
and

e; =e, — Peip P = QerQ + PepQ + Qe P. (7.2)
The main result of this section is

Theorem 7.1 (Variance estimates for interactions at high momenta).
Assume that h > 0 satisfies Tr(h™P) < oo for some 1 < p < 3/2. and let w satisfy B.I5]).
We have, for any k, for \=' ~ T sufficiently large,

= p=2
72 <\dr(eg) - <dF(e:)>)\|2>/\ <C ((1 4 R22TPE L THEEALE 4AL? ) . (7.3)

Here the constant C depends on h only via Tr[h™P].
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Note that the left side involves the expectation <dI‘(e,‘l‘)> ), in the interacting state I'y
instead of that in the non-interacting state I'g, as in the definition of the renormalized
interaction W*". However, we will use later that the difference between these two constants
is small, by Lemma [G.8]

Our proof relies on the important fact that the left-hand side of (73] is the quantum
variance of the observable dF(e;: /T) in the state I'y, that we shall relate to a notion of
linear response. In order to explain the general strategy, we first need to recall some general
properties of quantum variance.

7.1. Quantum variance(s). Here we provide some simple properties of the quantum vari-
ance. We work in a general setting, since our observations could be useful in other contexts.

Let I' be a general quantum (mixed) state on a Hilbert space K. For a self-adjoint operator
A on R, the quantum variance is usually defined [44] by

Varlgo) (A) :=Tr <(A — Tr(AF))zf) = Tr (4°T) — (Tr(AF))z. (7.4)

For the formula to make sense it is only required that VTA e &2, in which case the first term
on the right side is understood as Tr(A%T") = Tr(vTA*VT) = H\/fAHéQ For simplicity of
exposition, we will most of the time assume that A is bounded.

When A does not commute with I', one might be interested in other, non-equivalent,
possibilities for the definition of the variance:

Definition 7.2 (Quantum s-variance, averaged quantum variance).
Let A be a self-adjoint operator and I' a quantum state. For 0 < s < 1 we define the
quantum s-variance as

Var%s)(A) =Tr ((A — Tr(AI‘))Fs(A . TT(AF))F1_5>

. 2
= [r# (4 - Te(ar))r':
— Tr (AT®AI'=%) — (Tr(AD))>. (7.5)
We call . .
Varf¥ (A) := / Var%s)(A) ds = / Tr (ATPAT' %) ds — (Tr (AD))? (7.6)
0 0
the averaged quantum s-variance. o

Since A is assumed to be self-adjoint, we clearly have Var%?9 ) (A) = Varg_s) (A), with the
usual quantum variance (Z4)) obtained for s = 0 and s = 1. The following says that the
s-variance in fact attains its maximum at s = 0 and s = 1, and set bounds on the possible
discrepancy at different values of s:

Lemma 7.3 (Quantum s-variance as a function s).
Let I' > 0 be a positive state on a separable Hilbert space R. For any bounded self-adjoint
operator A, we have

0< Varl(f)(A) < Var%o)(A) (7.7)
for all 0 < s < 1. Also, if AD(logT') C D(logT"), we have

s 1 2
Var{(4) > Var(” (4) - 5 |[4, log T T2 . (7.8)
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Note that the two variances coincide if (the proof shows this is actually a “if and only
if”) A and logT" (hence I") commute. The bound (Z.8)) is crucial for the sequel: it allows to
make rigorous the intuition that all the s-variances coincide in a semi-classical limit, where
commutators ought to disappear.

Proof. The estimate (7)) follows from Holder’s inequality in Schatten spaces [120] and
the matrix Lieb-Thirring inequality (see [93, Theorem 9] and [90, Theorem 4.5] or [I5]
Section IX.2]). We use the polar decomposition A = |A|U = U|A| where U = sgn(A) and
estimate, using that 0 < s < 1 for the last inequality,

. 2
Tr [ATS AT ] = Hr5|A|SU|A|1*SrlT
S2
1—s
2

2

’A‘lfsl-w

2
Sl-s

<[

2
2
Ss

2s

(e (0 \Ay2(ls>r125)11—s)2(ls)

= (T (rjari) )
< Tr (TV247T12) = T (47T) (7.9)
Next, we claim that, denoting H = —logT,
Var” (4)

1,1
_ Var%o) (4) — % / / Tr < (A, H] pstit1—s)t2 (A, H Ps(17t1)+(1—s)(17t2)> dty dty
0 JO
vt @4y L[ [ gt
= Var.’(A) 5 Vary. (i[A, H)) dty dto (7.10)
0 JO
In the right side one should understand

)

T ([4, H)T® (A, H] V) = |0% 4,175 ?

where a = st; + (1 — s)ta. For a € (0,1), logD is always multiplied by some I'* with
t > 0, which defines a bounded operator and gives a clear meaning to the commutator. It
follows from (7.7) that the integral in the second line of (7.I0]) is finite. To express it as an
s-variance, we have used in the last line of (ZI0) that Tr([A,log I'T") = 0.

To obtain the first equality (ZI0) we remark that

Tr (Ae_SHAB_(l_S)H) = Tr (AZB_H) + %TI' ([A, G_SH] [A, e—(l—s)H]) ]

Inserting the formula

1 1
[X,e] = - / 3t(etYXe(1_t)Y>dt: / eV [X, Y]e0DY gt (7.11)
0 0

in the last term and using the cyclicity of the trace gives (ZI0)). Finally, applying (7))
with A ~~ [A, H] in the second line of (ZI0) and recalling that

Tr([A, H]T') = — Tr([A,logT|T") =0
yields the lower bound in (Z.8]). O
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H

It turns out that Var{(A) appears naturally when I' = e is a Gibbs state and we

consider the family of states
—H+eA
e
Tr(ewaLsA)
obtained by perturbing the underlying Hamiltonian H by —eA for a small . In that
respect, Varf'(A) is a (static) response function, and the following lemma is the form of the
fluctuation/dissipation theorem appropriate for quantum systems:

I, :=

Lemma 7.4 (Averaged quantum s-variance = linear response).
Let H be a self-adjoint operator on a separable Hilbert space & such that Trle "] < oo for
any s > 0. Let A be another self-adjoint operator, which we assume to be H—-bounded. Then
the function

Ty ( A efH +€A)

e Tr(Al) = W (7.12)
is C' in a neighborhood of the origin and we have
% Tr(Al.) = Varf (A), (7.13)
the averaged variance introduced in (L8). In particular,
4 Tr(AT:)|c—g = Varf' (A) (7.14)

de

Remark 7.5 (Linear response function).
The result (CI4]) is well-known in linear response theory, see [T, Chapter 4] or [74]. Hints
in this direction also are in [46], Section 2.10]. Note that what we call “averaged quantum
variance” is exactly the “canonical correlation” of [75].
We also have, from the Feynman-Hellmann principle, that Var{'(A) is the second deriv-
ative of minus the free-energy:
2

Varf¥ (4) = log Tr(e~HFe4)

de2

e=0
but this is not going to be useful in our proof. Also note that the positivity of Var{'(A)
(which we have just derived by other means) is a consequence of the simple fact that ([C.12)
is an increasing function of ¢, as follows from using Gibbs’variational principle. o

Proof. Under the assumption that A is H-bounded, that is A? < aH? + b, we have by the
Kato-Rellich theorem D(H —eA) = D(H) for € small enough. In addition, A and H are
(H — eA)-bounded. In particular, we deduce that H —eA > oH — 3 for a small constant
«. This proves that

Tr (efs(erA)) <COTr (efsaH)
is finite for all s > 0. Then,

Tr (AQe_H+6A) < Tr ( aH2 +0b) _H+EA)
< Tr ( + b/) —H+eA
<CTr( ) C/Tr( 7%H>
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is finite as well. The claim (ZI3)) is a consequence of Duhamel’s formula
1
dexe = [[exalZl) (©) 1-x(@) g, (7.15)
de 0 de

Indeed, we have

1
diTr(equLsA) _ / Tr <673(H75A)A67(1fs)(H75A)> ds — Tr(AefHJreA)
€ 0

by the cyclicity of the trace and

1
i Tr(Ae—H—f—aA) — / Tr <Ae—s(H—5A)Ae—(l—s)(H—eA)) ds.
de 0

The formula (ZI3]) follows. 0

We can now describe the main ideas of the proof of Theorem [[Jl We introduce the
perturbed state

1 1
Iy, = exp <—?HA7€> , Hy . = Hy —edl(e}) (7.16)

where the partition function Z). normalizes the trace. This is well-defined when ¢ is
sufficiently small, by Lemma [.4] beause dI’(eg) is N-bounded, hence Hy—bounded. Our
idea is to first prove that

T2 (|d0(ef) = (dr(ef)),[*) | = Varf, (dD(ef /7)) = Vet (dL(ef /1))

namely, to replace s = 0 by the uniform average over all s € [0,1]. This amounts to
estimating the remainder in the left side of (Z8]). It being small reflects the semi-classical
nature of the regime we study: it will carry a prefactor 1/ T* and, importantly, it involves
a commutator [dF(e;),HA], ensuring that the estimate does not deteriorate too fast with
the particle number (see Lemma [[J]).

Now, by Lemma [Tl the averaged variance Varf' (dT(ef /T)) is the e-derivative of a
one-body term, amenable to Feynman-Hellmann-based estimates. Using Lemma [6.8 we can
prove that for the observables of interest (living on high momenta), the function that gets
differentiated is almost constant. That the function is close to a constant pointwise does
not guarantee that its derivative is small, but we can conclude the proof using a rather
rough bound bearing on the second derivative.

Remark 7.6. Note that dF(e,j) is not a bounded operator. However, like H, it commutes
with A/ and on each n-particle sector, dF(e;j)‘ f@sn is indeed bounded. The results of this
section are therefore easily applicable to A = dI’(eZ), after summing over n. o

7.2. From variance to linear response. Here is the first main ingredient of the proof of
Theorem [Z11

Lemma 7.7 (High momenta variance ~ linear response).
Let e; be as in Theorem [T 1. Assume that h > 0 satisfies Tr(h™P) < oo for some 1 < p < 2.
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Define ' . as in (ZI6) with A = dT'(e}}), and denote by (). the corresponding expectation
values. Then for \™' ~ T sufficiently large, we have

o <‘A B <A>>\’0‘2>)\,0 71, (<A>>\,€> ezl S

Note that the result also holds for non-zero, small enough &, but we shall not need it.
Also, for p < 3/2 as in the statement of Theorem [} the term 7?3 is dominant. As
anticipated, our main task is to estimate the commutator appearing in the left side of (Z.8]).
This is the only place where we use the commutator condition in (£.0)).

C(1+ k)2 <T2p*3 + T2<2p*3>) . (7.17)

Lemma 7.8 (Commutator estimate).
Assume that h > 0 satisfies [A6]) and Tr(h™P) < oo for some 1 < p < 2. We have

[0 (e} ), B[ < O(1L + [K[%)? (dF(h)/\/ TN szfzj\p)
Proof. By the Cauchy-Schwarz inequality we have

0 < |[d0(ef), Hy[* = —[d (e ), HyJ? = —[dT(ef)), dD(h) + AW'e"2
—=2[dl(eff), dT'(R)]* — 2X2[dT (e} ), Wre")2.

To bound the commutator with W™"  we use that operators acting on different variables
commute: recalling the expression (4.2])-(ZL3])

[dD(e)}), W] = [dF(e;:) W] — 2 [dl(e;f), dT(w * 00)]
=3 @ > ((eh)wlas — x) — wla; — x;)(ef);)

nGN 1<27é]<n

—2@2 (e3);(w % 0o)(w5) — (w * 00) () (e);) -

neN j=1

Since w is bounded and
lw ol e < lwlpee loolpr = Jwlpee (M) < CT”
by (6I4]), we deduce that
+i [dD(ef), W] < C (N + TPN).
Then since N’ commutes with i [df(eg), Wren] , we can square the latter estimate and obtain
—M2[dD(ef), W2 < O (T2N* + T 72N?)
Next, observe that for any pair of one-body observables
[dT'(A),dT(B)] = dI' ([A, B])

and moreover, by Cauchy-Schwarz,

Ar(AP? =dr(A) + @ D A4,

n>2 1<i#£j<n

@ > (A7 + A3) = Ndr(4?).

n>2 1<i#j<n
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Thus
2
0 < — [dD(e} ), dD(h)]? < NdD(~[ef, h]?).

Moreover, from Assumption ([4.6) and the fact that A commutes with the projections P, Q,
we have the one-body inequality

0< —[ef,h]* < C(+ |k*)*h
Thus
— [dT(ef),dT(R)]” < (1 + [K|?)2dT(h)N .
This ends the proof. O

We now have all the ingredients to complete the

Proof of Lemma[7.7]. By (Z8) we have

(ool a0, e

To be precise, the results of Section [Tl were for simplicity stated for a bounded observable.
Following Remark [.6] we can however apply the estimate (Z.8]) in each n-particle sector
separately and then sum over n. By Lemma [7.8], we have

[AHL]|? < C(1+ |k[%)? (VAT (R) + T 72N + TP 72N2) (7.18)

Taking the expectation value in the Gibbs state and inserting the a-priori estimates of
Lemma [6.10] give

- <‘A B <A>)\’0‘2>)\70 B T*16€ (<A>)\’E) le=0

1

o (A H2),

2\2
_ CO+[kP)

T4 (T2p+1 + T4p72) )

O

7.3. Rough estimates on higher order correlations. Now we turn to the second in-
gredient of the proof of Theorem [Z.1], namely a rough bound on some sort of “higher-order
correlation”. In our approach, this will refer (perhaps improperly) to the second derivatived

in € of <dF ek>>\€

Lemma 7.9 (Bound on a higher-order correlation).
Assume that h > 0 satisfies Tr(h™P) < 0o for some 1 < p < 2. For any € > 0 small enough
(independently of T) and \™' ~ T sufficiently large,

(T—lag (dr(e})), | < crse-n. (7.19)

Ae
Proof. Recall that

Zy.=Tr {e_%HNE} . Hh.=Hy—cA, A=dI(e).
From the Feynman-Hellmann principle we get

T~ (A), . = —0-log 2.

8Thus the third derivative of the free energy.
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and thus

AT (A),,) = &2

£

(3,32&5) _ BB 0:20)%220) (020 (7.20)

2 3
Z)\,s ZA,E Z)\ﬁ Z)\,E

where, by (.15,
0:2Z)c = T 'Tr {Aef%H“} ,

1
s (1—s
0225 = T2/ Ir [Ae*THA’EAe’ T )HA’E] ds,
0

1 1
s s(1—t) (1—s)
B2\ =273 / / Tr [Ae*%HMAe* T e pem T Hw] dsdl.
0 0

We shall estimate separately the absolute value of each term on the right side of (Z.20)). Let
us discuss for instance the first one. Since N’ commutes with A and H) ., we can write

_ st _s(1—¢t) _(=s)
Tr [Ae THxe e T Hrcpe™ 7T H“}

s(1

Ty [(M—l)N3ste—%’5H,\,5(M—l)N?)s(l—t)e— O H,, (M—l)Ni{(l—s)e—(l;s)HA’g

Here we have used
st+s(1—t)+(1—s)=1.
Then using the Holder inequality in Schatten spaces as in (Z.9]) we have

s(1—t) (1—s)
‘TI' [Aei%HA’EAei T H)MEAe* T H)\,E:|

< [[an e Fi | (A

X

Gé S s(1-1)

x| (aar O S

ST-s
A3s(1—t) ,— U,

e 1

ST—s

< HAN71H3 HNB,“G*%HA’E

‘Ns(ks) —Oosly,

G% G s(1-t)

< Tr[N?’e*%HA’E].
We also used that [[AN ! < 1 and [V,H, ] = 0 in the last step. The bounds on moments

of the particle number from Lemma extend straightforwardly to the perturbed Gibbs
state (for € small enough), and it follows that

2z
@ < QT_3<N3>>\,€ < o731,
Z)\,e
This concludes the estimate for the first term of (Z.20). Using the same method for the
other terms completes the proof of the lemma. ]

7.4. Proof of Theorem [T.1l Let us denote
fle) =171 <dF(ez")>>\’6 .
From Lemma [7.7] we have

T2 (Jar(ef) — (are), ), = 7O <+ kPP,
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To control f/(0) we will use Taylor’s expansion

2
€
F(e) = 1(0) = ef'(0) + 5 f"(0),  be € [0.e]. (7.21)
The second derivative is controlled by Lemma [[.7]
11" (6e)] < oT*P7Y)

for e > 0 sufficiently small. The left side of (Z2]]) can be bounded using Lemma First
observe that

Ih="el k™| < ClQR™|| < CAZ?, (7.22)

where A, is the cut-off entering in ((ZI]). Picking @ = (2 — p)/4 and using the bound from
Lemma (which holds uniformly in ¢ for ¢ small) we can write

[£(&) = T AT (e o] = T[T [ef (0! — )|

_ Iheefhe
= T

2
e [ (@) — rV)pe| < cact (7.23)

On the other hand, since <dI’(ez)>0,8 is an expectation in a free Gibbs state, we may compute
explicitly, then use Lemma [6.3] and (Z.22]) to obtain

1 1
T [(dT (] —(dI'(ef =777 + -
|< (ek )>0,6 < (ek )>070| € r <€ek <6(h—eez_)/T 1 eh/T — 1>>

Thus
f(e) = £(0)] < C(AP=2/4 4 cAlP=2/2)

for ¢ > 0 sufficiently small. In summary, we conclude from (Z21]) that
PO <TFE) = FO)] + 517" (0:)] < CeT AP/ 4 0?0 4 CA=212,

Optimizing over £ > 0 we obtain

1£/(0)] < CT3P=D/2AP-2)/8 | cpAP-2)/2,

2>
A\E

)

as desired. ]

Thus we conclude that

T <‘df(ez) —(dT(¢e))), . < C(1+ |k[2)2T%3 4 OT3P-D/2\P-2/8 | oAP-2)/2
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8. FREE ENERGY LOWER BOUND

We are now ready to prove the free energy lower bound leading to ([34]). As usual in
variational approaches, the lower bound on the free energy is the harder part. A matching
upper bound will be obtained in the next section by a trial state argument.

Consider Hy = Hg + AW, Recall that we can write directly the relative free-energy as
an infimum:

P\ — F Z
M — _1og _)\ — H(P)\,Po) + T*? Tr[wrenr)\]
T Z
= inf r,T T2 Te[WrerT,]) .
r>0,¥&~lfr=1 (H( To) + r AD

where H is the von Neumann relative entropy. We shall relate this variational principle to
its classical analogue (cf. Section [(.1))

—logz = mf{/f Yo /f Vlog(f (u))dpuo(u) | f € LM (do), /f dm()—l}-

This section is devoted to the proof of the following

Proposition 8.1 (Free-energy lower bound).
Let h > 0 satisfy (£8) and Tr(h™P) < oo with p as in [@I), that is,

V673 -1
24

Let z, be the classical relative partition function defined in Lemma[2.3. In the limit T —
00, XT' — 1 we have

1<p<p.=

F\ — Iy
T

Note that the last exponent is negative under the stated condition on p.

We split the proof in two parts, occupying a subsection each. The core novelty with
respect to our previous papers [83] [85] is to be found in Section [RI] where the correlation
estimates of Section [ are used. We project the energy (together with counter-terms) on low
momentum modes and estimate the error thus made. Combining with the quantitative de
Finetti Theorem 5.8 this leads to a quantitative energy lower bound in terms of the projected
classical energy of a de Finetti measure. The proof is then concluded in Section where
we

Z
= —log = Z —log z + o(1). (8.1)

e rely on Theorem to control the relative entropy as in our previous papers, ob-
taining a projected classical free-energy as a lower bound;
e remove the localization in the so-obtained classical problem.

8.1. Localization and energy lower bound. Recall the projections on low or high ki-
netic energy modes from Section [

P=1pcp,, Q=1-P. (8.2)
Note that we have
K :=dim (P$) = Tr P < Tr[(Ae/h)P] < CAL. (8.3)

Our energy lower bound is as follows:



CLASSICAL FIELD THEORY LIMIT OF 2D MANY-BODY QUANTUM GIBBS STATES 55

Lemma 8.2 (Renormalized energy lower bound).
Let h > 0 satisfy

Tr(h™?) < oo, for1<p<3/2
and let 1 < Ao <T. Then we have

1
T2 Te[W''Ty] > 5 | Drluldupx(u)
P

-C (T—lAgp—l +T

61p—65
3

-p 3(p—1)  —2-p 3(p—1) _T12=p)
P} A6128 _|_T 4 Ae 16 +T_TA6 16 (84)

where ppy is the lower symbol/Husimi function of I'y associated with the projection P and
the scale e = T~ (as in Definition[5.7) as in (5.24)), and D is the truncated renormalized
interaction from Lemma [2.3.

We have made all error terms in (84]) explicit for convenience. The worst error term will
turn out to be T3(p*1)/4Ae_(2_p)/16.

Proof. We write the renormalized interaction as in ([£.2]) and estimate each Fourier compo-
nent separately.

Step 1: Localization. As in Section [7, denote e; the multiplication operator by either
cos(k - x) or sin(k - z), and let

e, = PeiP, e,j =ep— ¢ -
We write
dI'(er) — (dl'(ex))y = A+ A1 + Ay (8.5)
with
A=dl(e,) - <dI’(e,;)>0, Ay =dl(e)) — <dI’(e§)>>\, Ay = <dI’(e§)>>\ - <dI’(e;)>0
and use the Cauchy-Schwarz inequality
(1+e)(A+ AL+ Ag)? > A2 — 27142 — 271 A2

for all € > 0. Then we take the expectation value in the interacting Gibbs state. We have,
using Theorem [T.1]

T2 Te[AIDN] < C(L+ [k[*)* T3 4 T3P V2AP—2)/8
and, by arguing as in (Z.23)),

2
T2 4,2 = 772 | T [e;;@gw - rg”)} ‘ < CAP-2/2,

Thus
_ — — — 2
(14772 (|d0(ex) — (dA0(er))ol*) > T2 ([dr(e) = (d(e;)), ")
_ et [(1 1 k22728 4 T3e-D2\p-D/8 AgH)/Z} . (8.6)

If we integrate over k and assume that [,,. |@(k)|(1+ |k[*)? dk < oo, then we get a similar
error term for the interaction energy. It turns out that (after optimizing over A.) the
coefficient T2P~3 is much smaller than the other error terms, so we will use a slightly more
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convolved argument and separate low and large momenta with a parameter L. This will
allow us to relax a bit the assumption on w to (£8]) used in the main theorem, that is,

/ )] (1 kY2 dk < oo,
Q*

Integrating (8.0 against w(k) for |k| < L, then using ([£2]) for the left side and using the
last condition in (3.I5)) for the right side, we obtain

(1+5)T2/*@(k)<]dl“(ek) — (AT (er)l) dk > 2;2 /k|<L@(/<:)<‘dF(e,;)—<d1“(e];)>0‘2>/\dk
—Ce ! (L7/2T2p—3 + T3P=D2\P=2)/8 4 Aép—2)/2> (8.7)

for
[ 1@l Ry av< oz [
k|>L
On the other hand, by (8I5) again and Lemma [6.9]
1 _ . S\ (2
— k) (|dT —(dr’ dk
o2 /k|>Lw( )<‘ () = (dT(ex)) >>\

_ k)2 o
i/ﬂ w(k) (M) (NI + (NV2),) dk < CT?2L712 (8.8)

G (k)] (1 + \W?) dk

*

S 272 L
Putting (871) and (8] together we get
(14T W3] > o [ @k) (|ar(ey) — (dT(ep), ) ak
_ C6—1<L7/2T2p—3 +T3(p—1)/2Agp—2)/8 +A£p—2)/2> _oT?2r-l2. (8.9)

Then choosing L = (T)"/* we arrive at

(14 )T 2 Te[W™T )] > —— / ‘dI‘ €) <dI‘(e,;)>0‘2>>\ dk
_Oe! (67/8T(16p—17)/8 + T30-D/27(P-2)/8 | Agp—z)/2> (8.10)

for all € € (0,1). From (&I6) and ([6.23) we see that T2 Tr[W'I',] is bounded. Conse-
quently,

T2 TR [W T, ] > 2;2 (k) {|dr(e) = (AT (e ), |, db

e — e <€7/8T(16p—17)/8 4 3P=D2A-2/8 Agp—z>/2)
for all £ € (0,1). We optimize over ¢ the sum of the smallest and largest error terms

—Ce — Cet3P=/2\(p=2)/8
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. _ -2)/1
finding e = T3 1)/4Aép )16 Hence

T2 Te[WT] > %/@(k) (Jar(e;) - <df(€/§)>o\2>Adk

61p—65 2-P 3(p—1) _2=p _3(p—1) _T2=p)
—C(T 72 A= +T 7 A, 6 +T T A, 1 )

(8.11)

. 3(p—1)  P=2 .
The worse error term will be 7~ 7 A . The last error already tends to 0 since p < 2.

Step 2: Use of the de Finetti theorem. Now we turn to the low-momentum part of
the interaction. For any self-adjoint one-body operator A we have

dr(AP? =2 )  Ai®A;+dI(4%).

n>2 1<i<j<n

Hence
- S 2 . 2 —p@ _n(
<{df(ek) — (dl(e;)),| >)\ =2Tr ((ek )®2Fg\ )> —2Tr (ek Fg\ )> Tr <ek F(() ))
2

+ <Tr (e,;rg”)) + Tr((e )20, (8.12)
The last term Tr((e,;)zfg\l)) > 0 can be omitted for a lower bound. From the explicit
formulas ([6.12]) and (5.2]), the operator bound
1 T‘

T — 1  h

DO | =

~X

and ([83), it follows that
1
T T () =T T (e
r (e, T r\er ur

=Tr(eh™ )+ T ' Tr (e; (W% - %))
- < (u, ex u) > o+ O(T~A?) (8.13)

On the other hand, using ([6.26)), (2.I8]) and Hélder’s inequality in Schatten spaces we get

i

T (e TS) < OTe (PRTY) < CAZTU T (077) (8.14)
Thus [8I2) gives
T2 <‘df(e,;) - <dF(eI;)>O‘2>>\ > 272 Tr <(e,;)®2fg\2)> — 2T 1 Tr (egfg\l)> < (u, e u) >M0
(o)) —C@IAPTLTIAR). (815)
Ho

Note that, for A, < T the last error term is of lower order.
Next, let ;1py be the lower symbol of I'y associated with the projection P and the scale
e =T"!asin (5.24). We apply (5.26) to obtain the density matrices of the P-projected
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state I'y p:
2 1

_ _ 1 _
1), = 5 /Pﬁ [0 (| dpup(u) — 27T ) @, P — 2T 2P @, P,

), :/ ) (u| dppr(u) — TP,
PH
Recalling (B.20) we have
FE\@: — P®krg\k)P®k
and using (8I4]), we deduce that

1

T2Tr [(e;)@ﬂfg)] = —/ |{u, e;u>|2d,up7>\(u) +0 (T_lAgp_l) ,
P$H

2
T 'Tr [egfg\l)] = / (u, e wydppr(u) + O (TﬁlAg) .
PH

Inserting the latter formulas in (815 and using (814]) again we obtain

_ . S\ (2 . . 2
T2 <|dI‘(ek) — (dl(e;))y] >)\ > /Pyg ‘(u, e u) — {(u, e u>>ﬂ0‘ dppa(u)
—CT'A?P~1 (8.16)
Integrating (8I6]) against w(k) and comparing with (811]) yields our final bound
1
T2Te[W'T,] > = | Dgluldup(u)

2 /ps

61p—65 3(p—1) 3(p—1)  _7(2-p)

2-p _2-p
—C<T1A§P1+T 82 A 4T 4 A ' 4T 1 A, 6 ) (8.17)

where Dy is the truncated renormalized interaction as in Lemma This concludes the
proof of Lemma O

8.2. Removing the localization and concluding. Now let us denote by ppo the lower
symbol of the free Gibbs state I'y associated with P and the scale ¢ = T~ as in (5.24)). By
the Berezin-Lieb inequality (0.28]), we have

H(T\,To) = H((TA)p, (To)p) = Halp 1ro)- (8.18)

Putting (84 and (BIS]) together, we conclude by the classical variational principle (EI7)
that

Z
—log f = H(T'\,To) + T2 Tr[W™T,]

0
1
> HCl(MP7>\7/J’P,O) + 5 b DK[U]d,lI/p,)\(u) — Err
)
> —log </ e~ Pxlul dupp(u)) — Err (8.19)
P

where Err is the error term in (8.4)).
In order to estimate further the right side of (819]) from below, our task is now to compare
the lower symbol ppg of I'g with the cylindrical projection jig i of the free Gibbs measure
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o on P$ in Lemma[BIl In this direction we prove the following lemma. For its statement,
recall that both measures we are interested in are absolutely continuous with respect to the
Lebesgue measure on PS$).

Lemma 8.3 (Further comparisons for the projected free state).
Assume that h > 0 satisfies Tr(h™P) < oo for some p > 1. Then,

lepo = po,xl i pgy < 2T [P T T AR (8.20)
Proof. Recall that
Koy K
1 2
dpo kg (u) = H (ﬁe#‘j'o‘j ) doj, with w= Zajuj.
j=1 j=1

On the other hand, by Definition B.7, and the explicit action of Fock-space localization on
quasi-free states [79, Example 12]

duro(w) = (T/m) (€(VTw)|(To)p|¢ (VTu) )du
= (T/m)& {Tr (e_dF(Ph)/Tﬂ o <£(\/Tu)

Using the Peierls-Bogoliubov inequality <x, eAx> > e{®4%) and the coherent states’ defini-

tion (B5.21]), we have
((VTu)|[em TP |(VTu)) > exp [—<s<ﬁu>1dr<Ph/T>1£<ﬁu>>]

e_dF(Ph)/T‘ﬁ(\/Tu)>du.

= exp [—(u, Phu)] = exp Z)\ la |

Combining with the explicit formula for the free partition function (c.f. ©10), we arrive at

fpo(u H [ eAj/T)} po,x (u)- (8.21)
7j=1
Using
1—et t
€ >1-1 Wi>0
t 2
and Bernoulli’s inequality, recalling (83]) we can estimate
K _ +1
T _ AK Tr[h~P]AL
—(1—e /T 1- 2L - —=—>1-—_r° 8.22
1 B (O e
Thus
upo(u) > (1= Tep )T~ AL ) o i (), (8.23)

which implies
(1po — po,x)_ (u) < Te[ ") T AL g g (u)
where f_ = max(—f,0) is the negative part. Integrating over u € P$) we find

/ (kpo — pox)_ < Te[hPIT T AT,
P
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Notice then that

0= / (1po — pox) = / (1po — Ho,i) 4 — / (1Po — HoK)
P§H P9 P$H

so we get as announced that

/ lupo — pox| < 2Te[h P]T T AR
P

With the above lemma we now conclude the

Proof of Proposition [8l. Using Lemma B3] and the fact that D [u] > 0, we can estimate

/ e Pl dppo(u) < 2Te(h™P) T~ AP +/ e Pl dpug g (u). (8.24)
P9 P
Inserting this bound in the right side of (8I9), we arrive at the lower bound
Z
“log 22 > “log (/ e Pxll dpg g (u) + CTlAg“) — Err (8.25)
2 P$

where Err is the error term in (8I7). Moreover, note that when 7" — oo, we have K — oo
since A, — 0o, and hence Dy [u] — D[u] in L' (1) by Lemma 53l Consequently,

lim ¢~ Pxlul dpo,x (u) = /e_D[U] dpio(u) (8.26)
T—o00 P$H

by the dominated convergence Theorem. Using the fact that log(1+t¢) = O(¢) for |t| small,
we obtain

—log (/ o~ Dxu] dpio i (u) + CTlAngl) > —log (/ e~ DPklu] dMO,K(U)> — CT AP,
P$H P$H
Thus our final lower bound is

Z
—log 22 > —log / e Pl dpg g (u)
A P

61p—65 3(p—1) 3(p—1) _12-p)

2-p _2=p
—C(T—1A§+1+T—1A§P—1+T 32 AT AT 1 A © 4T "1 A ° > (8.27)

After inspection one sees that the smallest and largest terms to optimize are

3(p—1) _2-p

TN T A

)

which provides the value

4(3p+1)

Ao = T 15r+18 (8.28)
and an error term going to zero under the condition that
43p+1)
15p + 18
which is equivalent to 12p? +p — 14 < 0, or

vV -1
P < Pe= 6727:1 ~ 1.039.

p+1)<1
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This is the condition ([£9). For this choice of A, and this constraint on p, all the other
terms are negligible, which yields the final inequality

Z
—log 22 > —log </ e~ Pxlul duovK(u)> -CcT" (8.29)
Zy P
with
14 —12p> —p
=———>0 8.30
g Bp+18 (8.30)
under the stated condition on p .The desired lower bound (81]) follows. O

9. FREE ENERGY UPPER BOUND

Now we complete the proof of ([8.4) by providing a free-energy upper bound which com-
plements Proposition

Proposition 9.1 (Free-energy upper bound).
Let h satisfy [@H)-(E8) with p as in [@I). Let z, be the classical relative partition function
defined in Lemmal5.3. Provided

V673 -1

1 =—
<p <DPc o4 >
we have, in the limit T — oo, \T — 1,
Z F\ — F
— 10g§2 = % < —log 2z, + o(1). (9.1)

This part is easier than the free-energy lower bound. We rely on the variational principle
and simply evaluate the free-energy of a suitable trial state. We split the proof into two
main steps:

e Reduction to a finite-dimensional estimate, Section [I1. Our trial state coincides
with the free Gibbs states on high kinetic energy modes, and with a projected finite-
dimensional interacting Gibbs state on low modes. We prove that the calculation of
its free-energy reduces to that of the projected state, up to affordable errors. This
is fairly similar to the analysis in Sections [ and [R.I] but somewhat simpler. Some
details will thus be skipped.

e [inite-dimensional semi-classics, Section [0.2. Once we are reduced to treating a
problem posed in a finite dimensional one-particle space, we are on more familiar
terrain [89, 121, [73] [54], see e.g. [109, 110, Appendix B]. We provide a proof of the
needed free-energy upper bound for self-containedness and because we need to keep
track of the dependence on the finite, but large, dimension.

9.1. Reduction to a finite-dimensional estimate. We use similar low- and high-kinetic
energy projectors as previously:

P=1pcp, Q=1-P A given by (823).
Let us define the interacting Gibbs state in F(P$)):
o— (AT (PR)+AWSS™) /T

Top o (AT (PR) T AWE™) /T (9.2)

N Tr]:(Pjﬁ)
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where WS" is the localized interactionlg

1 . ) 2
yyren — 1 / a(k) [ar(Pe=p) — (dr(petep)) [ d
2 R2 0

= % / w(k) |dT(P cos(k - x)P) — (dI'(P cos(k - x)P)>O|2 dk
RQ

+3 / @(k) |dD(Psin(k - )P) — (dD(Psin(k - 2)P)),|? dk. 9.3)
]RQ

Note that I'y p does not coincide with the state (I'y)p obtained by P-localizing the full
interacting Gibbs state, except in the non-interacting case

Cy—o,p = (T'o)p.
Let
Ff = T log (Tx (e @@EH75/TY )

be the free-energy of the P-localized problem.
In this subsection we prove the following, which reduces the proof of Proposition to
an estimate on the corresponding problem of finite dimensional sets in PS$).

Lemma 9.2 (Reduction to low kinetic energy modes).
Let h > 0 satisfy Tr(h™P) < oo with p as in (£9) and A given by 828). Then

Zy - F

—log = = = < H(Dyp, (To)p) + T Tr[WE'T) p] + CTAP=DIANP=2/16,
0
FP _ FP
2 - 0 + CT3(p71)/4Agp72)/16. (94)

Before proving this we interject the

Lemma 9.3 (Entropy relative to a product state).
Let $51 and $Ho be two complex separable Hilbert spaces. Let A be a state on $1 @ $Ho with
the partial traces Ay = Trg, A, Ao = Try, A and let By, By be states on $1,92. Then

H(A, By ® Ba) = H(A, Ay ® Ag) + H(A1, B1) + H(A2, Ba).
Proof. Writing the spectral decompositions of By, By one can easily see that
log(B1 ® Bp) = log(B1) ® 1 + 1 ® log(B>)
and thus we can write
H(A, B1 ® By) = Tr (A(log A — log(B1 ® By)))
= Tr (A(log A —log(A; ® A2))) + Tr (A(log(A1) ® 1 — log(B1) @ 1)))
+ Tr (A(1 ® log(A2) — 1 ® log(B2)))
=H(A, A1 ® A2) + H(A1, B1) + H(A2, Ba).

INote that the expectation (dI'(Pe’™*P))o in Ty is the same as that in (o) p.
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Proof of LemmalZ2 In the last identity of ([@.4) we use fact that (I'g)p and I'y p are the
free and interacting Gibbs states in F(PS$)), similarly as in (£I6]). The inequality is proved
by a trial state argument.

Step 1: Trial state. Using the unitary (5.I8]), we define
T =UTyp® (To)oU (9.5)

where I'y p is as in (@2]) and (I'g)g is the Q-localization of the free Gibbs state, cf Defini-
tion 8l Importantly, from (BI9]) and (28] one shows that

0 = pri P+ Qriq (9.6)
and
r® = pe2p) pe? 4 =P Qe? + (r(;} QI+ QriQw r&f}p) . (9.7)

Also, since the relative entropy is unaffected by the partial isometry and the free Gibbs
state is factorized,
Lo =U"(To)p @ (I'o)oU,
we obtain from Lemma that
H(T,To) = Tr[T p @ (To)g (log (T, p @ (To)q) — log ((To) p ® (To)@))]
=H(Txp, (To)p).
Hence, by the variational principle (£.16])

Z — —_ ~
—log zﬁ S H(L,To) + T2 Te[WT] = H(Cy p, (Do) p) + T~ Te[W™ T

and there remains to evaluate the energy of the trial state.

Step 2: Bound on the renormalized energy. We finish the proof of (9.4) with the
following claim:

T2 Te[W''T] < T2 Te[WiS Ty p] + CT3E~D/AAP=2/16, (9.8)

This is very similar in spirit to Lemma and we shall skip some details for brevity. In
particular, since (I'g)p and I'y p are the free and the interacting Gibbs states in the Fock
space F(P$)), we can adapt to them (with the same proofs) most of the bounds on I'y and
I"\ we used previously.

First, using (@6 and arguing as for the proof of (628]), we have

Te [h(TW — 1§ = Tr [ (T, — (To)p)he| < OT (9.9)

with a = (2 — p)/4 as in Lemma Consequently, if we use again the notation
e, = PepP, eg =ep — €
with ex being either cos(k - z) or sin(k - x), then similarly to (Z23]) we have
T Ty [dr(e;)(f - ro)] =T Tl (MO — )] < oAze. (9.10)

Also, following the proof of Theorem [.I], we obtain the variance estimate

T2Tr [

2~
dr'(e}) — Tr[dl“(e;)l‘]‘ F} < O(1+ k22723 4 CT3-1/2\0-2)/8
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and hence, by combining with (@.10]),
T2Tr [\dr(e;:) - <dr(e;)>o|2f] < C(1+ k2123 4 T3P=D2A\P=2/8  (9.11)
By using the Cauchy-Schwarz inequality

[aP(er) — {a0er))o | < (0 + )[arteg) — (ar(ep), |+ (1467 |ar(ed) - @aref), |
we find that
T2 Ty [|dr(ek) - (dI‘(ek)>0|2f] <(1+6)T 2T Udr(e,;) - <dr(e,;)>0|2ﬂ (9.12)

Lo+ Y <(1 + k)28 +T3(p—1)/2Agp—2)/8) _
Next, we integrate (QI2]) against w(k) for |k| < L, then use ([@2]) for the left side and use
[ @0 T [Jar(e;) = (Ar(e )| T b = Twr o)
for the right side, and finally optimize over L similarly as in (8I0). We conclude that
T2 Ty [ernf} < (14 6)T 2 Tr [WISPTy p] + CT3(P-D/2\(-2)/8 (9.13)

There only remains to note that 72 Tr [WiS"T' p| is bounded uniformly in 7. This
follows by inserting the trial state (I'g)p in a variational formula similar to (£I6]), and the
fact that WS" > 0. The desired result ([@.8)) thus follows from (@I3]) by optimizing over
0> 0. U

9.2. Finite-dimensional semi-classics. The missing ingredient for the proof of Proposi-
tion ([@.J)) is the analysis of the partition functions in F(PS$)) appearing in the right-hand
side of (@.4]). We have

Lemma 9.4 (Finite-dimensional semi-classics).
Let h > 0 satisfy Tr(h™P) < oo with p as in [@I) and A. given by (828). Then
i
ATO < —log (/ eDK[“}d,uo,K(u)> +OT AP (9.14)
PH

where Dy is the truncated renormalized interaction from Lemma [03.

Proof. Recall that (6] yields

K

1
—dI'(Ph)/T __ | |
i=1

where {); }JK:1 are the eigenvalues of PhP and that

P _ P Tr ef(dF(Ph)wL)\W‘;?n)/T
A 0o _ _ og
T Ty e—dl'(Ph)/T

To estimate the interacting partition function in the right-hand side, we use (a rescaled
version of) the coherent-state resolution of the identity (5.25):

e [ e/ Tuy) (¢ (VTu) du =10
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(z,Ax)

and the Peierls-Bogoliubov inequality <x, eAx> >e to obtain

Tr e~ (ATPR)FAWE) /T _ (T/?T)K/ Tr [e_(dF(PhH)‘WSDeH)/T ‘5 (\/Tu>> <§ <\/Tu> H du

P9

_ (T/W)K/ <£ <\/Tu) e~ (AN (PR-+XWE) /T <\/Tu)>du
P5
> (T/m)& /Pjﬁ exp [—<£ (\/Tu) , dr(Ph) + Awgng <\/Tu>>} du.

T

Then, for u € P$), similarly as in the proof of Lemma

(& (vru) TE2e (VEu) ) = fut,

Moreover, calculating as in (812]) and recalling (5:23]), (R13]) we have

<5 (\/Tu) , |dT(e;,) — <dT(€1§)>o125 (\/Tu)>

T2

= (u, e u)? — 27 Hu, e, u) Tr [egfgl)} + 1772 (Tr [egfél)]y + T Hu, (e )u)

_ _ 2 _
< ((u, e u) — (u, eg w)y)” + Cllul*TAe. (9.17)
Since @ € L', we find that
)\Wren
<5 (\/Tu) = (ﬁu)> < Dic[u] + Cllu|*TA.. (9.18)

Inserting the latter bound in (@.I6) we arrive at

Tr e~ (ANPRRAWEN/T > (7 /) K / exp [—(u, hu) — Di[u] — Cl|u|* T Ac] du.  (9.19)
P$H

Combining with ([@.I5]), we find

Ty e~ (AT (PR)+AWE®) /T K
> —(1—eN/T / exp [—Dx[u] — C||lu|*T A dpo x (u
Tr e—dL(Ph)/T ]1;[1)‘3'( ) o [~ Dk [u] [[ull | dpo, i (u)

(9.20)

where dpg i is the cylindrical projection of duy on PS$), defined in (5I). Then, recall
from (8.22]) that

ST
11 [—(1 - eAJ'/T)] >1-—CT AP
=1 L
Using that Dglu] > 0 by Lemma B3] we have

exp [~ Diclu] — ClulPTA] = exp [~Dicu]] exp [~Cllul 2T 1A,
exp [~ Dr[u]] (1 = Cllul*T~"Ac)

2
> exp [~ Dr[u]] = Cllul* T~ A

@
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Moreover, by (£.2]) and (ZI6) we can bound
/Pﬁ [ull*dpoxc (u) = Tr[Ph™'] < Tr[(Ae/h)P~ R < CAETL.
Thus we infer
[ exp [-Dilul = CllPT A duocw)
P$
> [ exp [=Dilul) = ClulPT A do e

>/ exp [~ D [ul] dpo i (u) — CT 1AL,
P

Therefore, it follows from ([@20]) that

Ty e~ (A0 (PR)+AWiS™) /T

> (1—CT 'APH! / ~Prlulg — CT AP
Tr e—dL(Ph)/T ( e ) |: Pﬁe MO,K(U) e

2/ e*DKMd,uo,K(u) — T AP
PH

Taking the log and using the fact that log(1+¢) = O(t) for |t| small concludes the proof. [
Now we can conclude the

Proof of Proposition [91]. Inserting (O.14]) in ([@4]) we get
—log 2 < —log (/ e_DK[u}duo K(u)) + C[T_lAg‘H + T?’(p_l)/4A£p_2)/16].
Zy P$ ’

and conclude that

Z
—log 22 < —log (/ eDK[”]dMQK(u)) +CT" (9.21)
2y P
with 7 given in (830). When p is as in (£9), then n > 0, and the desired upper bound (@.1])
follows from (@.2I)) and (824]).
The proof of Proposition [0.1] hence that of ([B.4]) is complete. O

10. CONVERGENCE OF DENSITY MATRICES

In this section we prove the convergence of reduced density matrices stated in our main
results. We will always take A, as in (828]) and denote

P:]lh<AeaQ:]l_P’

10.1. Collecting useful bounds. First, we collect several positive terms previously dropped
in our analysis, and use them to derive some new information.

Lemma 10.1 (Trace-class estimates for projected states).
Let h satisfy (LD)-(L0) with p as in [@9) and let n be as in B30). For the P and Q



CLASSICAL FIELD THEORY LIMIT OF 2D MANY-BODY QUANTUM GIBBS STATES 67

localized states, we have

Tr [(Dy)o — (rO)Q‘ < T2 (10.1)
Tr|Ty = (Ty)p® (FA)Q‘ <CTM2, (10.2)
Moreover, we have
||MP,A - ﬁ”Ll(Pjﬁ) < CT*W/2, (10.3)
where u
—DK u d
dji(u) = — Hox(v) (10.4)

Ty P dpig e (0)

Here ppy is the lower symbol of the Gibbs state I'y associated with P and the scale ¢ =
Tt as in (524), por is the cylindrical free Gibbs measure and Dlu] is the truncated
renormalized interaction (all defined in Section[]).

Note that (I0.I)-(I0.2]) precisely confirm the expectation that the interacting and free
Gibbs states almost coincide on high kinetic energy modes, whereas (I0.3]) quantifies the
precision of the mean-field /semi-classical approximation on low kinetic energy modes.

Proof of Lemma 10l After conjugating by the unitary (5.I8]), the free Gibbs state is fac-
torized:

Fo=U"To)p® To)gU. (10.5)
Hence we may apply the previous lemma to deduce
H(x, To) = H(Tx, (Ta)p @ (Ta)@) + H((TA)p, (To) p) + H((T'x)@: (To)Q)- (10.6)

Here (I'y) p and (I'y)q are the localized states in F(P$)) and F(QS$)), respectively, obtained
by the localization method in Section Combining (I0.6]) with (84]) we obtain
zZ
—log ?A = H(Tx, L) + T2 Te[W™T,]
0
=M, (Ta)p @ (TA)Q) + H((TA)p: (To)p) + H((TA)e: (o))
+ [ Dkluldppi(u) +O(T™"). (10.7)
P$H
Here recall that ppy is the lower symbol of (I'y) p. By the Berezin-Lieb inequality (8IS
and the classical variational principle ([4LI7), we refine (8I9]) to

H((TA)p, (To)p) + [  Drluldppr(u)
Ps

= Halpupp, ppo) + / Drc[uldppx(u)
P$
= Hatr i) ~1ox ([ PR dupg(a). (108)
P$
where pipg is the corresponding lower symbol of (I'g) p and

e*DK [u] dMP,O (u)
Jpg e P dppo(v)

dp (u) = (10.9)



68 M. LEWIN, P.T. NAM, AND N. ROUGERIE

We have already proved in (824]) that

—log </ ¢~ Dx|u] dﬂP,O(“)) > —log (/ ¢~ Dxu] dMQK(U)) — o7, (10.10)
P$ P$
Putting (I0.7), (I0.8) and (I0.I0) together, we find that

“log i—g > H(Ts, (Ta)p © (T2)g) + H((Ta)as (o)) + Halipa, i)

— log (/ ¢ Prlul d,uQK(u)) — T, (10.11)
P$H

On the other hand, we have the upper bound (@.21)):

Z
—log 22 < —log / e Prluldng e(u) ) + 0T,
2y P9 ’

so that
Hea (s 1) +H <(FA)Q , (rO)Q) TH (rA, Ty p ® (rA)Q) <CT. (10.12)

Thanks to the (quantum and classical) Pinsker inequalities,
1 1 2
H(A,B) > 5(Te|A= B, Haluv) > 5 (In—vI®)

the bound (I0:I2) implies the desired estimates (I0.1)), (I0.2) and
iy — 11l (pg) < CT2.
Finally, from (820) it follows that
17 = 1|l sy < CT 2.
Thus ([I03)) follows by the triangle inequality. O

10.2. Lower density matrices in optimal norms. In this subsection we prove the con-

vergence in the optimal p-Schatten space of the lower density matrices 1 < k < ﬁ. For

convenience we restate the result (this corresponds to Theorem F] Ttems 3 and part of 2):

Lemma 10.2 (Optimal convergence for low density matrices).
Let h satisfy [@A)-(L0). Assume that the first case in [@II2]) holds, namely

B
2(p—1)
with n > 0 in B30). Then in the limit T — oo, \T' — 1, we have ([{I1),

k!
2 = [ 1) 0

1<k< (10.13)

strongly in the Schatten space SP. Moreover, if (I0I3) holds for k =1, then

1 7 (10 = 107) = )l dota) — )| — 0.
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In particular, this concludes the proof of Theorem Bl because in the homogeneous case
h satisfies ([@A)-(.4) for all p > 1. Note that so far we have not used the condition ([L.7]).

Lemma [I0.J] gives some information on the states themselves. To exploit the above
consequences on reduced density matrices, the following observation is helpful.

Lemma 10.3 (From states to density matrices, trace-class estimate).
Let T, T’ be two states on Fock space that commute with the number operator N'. Then for
all g, ¢' > 1 with 1/qg+1/¢' =1 we have

Te|0®) — )| < (v |0 — 1)) V7 (Tr[./\/qk(l“ + r’)]) e (10.14)
Proof. We write
o0 o0
r=ac. r=gea,
n=0 n=0
where G,,, G}, are operators on the n-particle sectors, and denote

G1(1k) = Trk-l—l—)n [Gn] .

By Holder’s inequality we may estimate

Te[0® — 0 < S nf 1P - 6|

n=~k

() 1/q 00
<(Sme o) (St o)
n=0 n=0
() 1/q 0 1/q
< (Z Tr |G, — G'n|> (Z nd*(Tr G, + Tr G'n)>
n=0

n=0
1/q

1/q

< (Te[r — )Y (T 4 1))

We may now provide the
Proof of Lemma 112 For convenience, denote
Ty =U"(Typ@Trg)U. (10.15)

Under the condition (I0I3]) we can choose ¢ > 1 such that —1/(2¢') + k(p — 1) < 0. Then
from (I0.14), (I02) and (630) it follows that

T |0 - T < o0 kD S, (10.16)

Next, from the action (5.I9]) of the partial isometry U on creation/annihilation operators
one can compute that

T — porp®) pek L @@k Q®k 4 Cross (10.17)
where Cross is a sum of finite coefficients (depending only on k) times terms of the form

Cross; = A?lef\jl)A?jl ®...0 A?jlfgfl)A;@j’ (10.18)
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where zlizl ji = k and A; = P or Q, but not all A; are simultaneously equal to P or Q.
The precise expression does not matter for us, but we have already used the expressions for
k=1,2, so let us write them explicitly once more:

@ _ pp) 1

V= priVp + QriVg,

I = pe2rP pe? 4 o2 1®*? L priVpP o QriVQ + ri’Q e PriVp. (10.19)
The rest of the proof is as follows. After dividing everything by 7%, the main claim is
that the P-localized term (first term in (I0.IT)) converges to the desired limit strongly
in &!. Next, the Q-localized term (second term in ([0.I7) is close in trace-class to the
corresponding free term, which converges to 0 strongly in & as per (6.12]). Combining these

two facts, the cross-terms must also converge to 0 strongly in &P, which will conclude the
proof of ([B.5]). We obtain (B.0]) because for the first density matrix there are no cross-terms.

Analysis of P-localized terms. We use the quantitative quantum de Finetti theorem B8]
Recalling the lower symbol pp ) of (I'y)p, we have from (G26])

k—1
k! k! k
/ W) ] dpp n(n) = e PO Pk 4 TS ( €>P®€r“)P®f Dl ity (10.20)
P9 /=0

Using Lemma [6.9] (83)), (I0.I3]) and the choice of A, in (828]), we can estimate

Tr |17~ pEFT(P) pok — / @) (WEF| dppa(u)| < CRT*PD"PAP 5 0. (10.21)
PH
Consequently
/ a2 dpp(u) < CTH®Y), (10.22)
PH
An estimate similar to (I0.22]) holds with dpp x(u) replaced by dp(u) in (I04]) because
/ WY Wk < C [ [ @ do e = CRI(PR-Y)PE, (10.23)
P$H P

Then using Holder’s inequality and (I0.3)), with 1/¢ + 1/¢' = 1 we have

Tr

/ [ (u®H| (dMP,A(U)—dﬁ(U))‘ </ lull**|dpp — diil (u)
P P

~ 1/q' - N /g
S R 10) R e [0
P$ P

< CpT M ROHRE=1) (10.24)

Here again, thanks to (I0.I3) we can choose ¢’ > 1 such that —n/(2¢’) + k(p — 1) < 0.
In summary, putting (I0.2T]) and ([I024]) together we get by the triangle inequality,

Tr — 0. (10.25)

le—kp@kf&k)P@)k _ / |u®k><u®k|dﬂ(u)
P9
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Analysis of (Q-localized terms. Now we use (I0LI4)) with (I'y)g and (I'g)g, then combine
with (I0J), (614]) and ([@30). This gives

1 (1 — 1) Q| = T | (r) ) — (r)| < cr @b g,
(10.26)
On the other hand, it follows from (612]) and (2.I8) that
(k)
strongly in &P($);). Combining with (II(I?EI), we also have
)
Q®’“ 2_Q%F =0 (10.27)

strongly in &P(Hy).

Conclusion. We first prove [3.5). Use (I0.186]), then multiply (I0I7) by k!7*. The first
term has the desired limit, for (I0.25]) holds in the trace-class, a fortiori in &P. The second
term goes to 0 as per (I0.27)). All cross terms must also vanish in the limit because they
are products of P-localized terms, which are bounded as per ([[0.25]), and of at least one
Q-localized term, whose &P norm vanishes. Thus ([B.3]) is proved.

To obtain ([B.0), note that there are no cross-terms in this case. From ([0.25]) we have
that Since we already have proven that both terms converge separately, we certainly have

F(l (1
Tr | P—2—— /|u (u] (dp(u) — dpo(u))| — 0.

T—o00

Combining with (I0.4]) and the definition (B.12]) yields
@ _p@
A 0
PA_Vp 4Dy
strongly in trace-class norm. Now it follows from either (G.28]) or (I0.26]) that
) _p@)

A 0
0
@ T QT:;

strongly in the trace-class. Combining with (I0.16]), (I0.19) and (I0.5) concludes the proof
of (B.6). This ends the proof of Lemma O

Remark 10.4 (Relative higher density matrices).

It can be seen from the above proof that for every k > 2, the difference T*k(Fg\k) - Fék)) is
not bounded in trace class. For example, when k = 2, using (Iﬂml) we can write

72(1?&2) _ FSZ)) _ T’2P®2(F&2) (2))P®2 LT 2Q®2( F(2 Q%2
+12PrVPery —1i)Q + 72y - 1i")Q @ PP
+12P() 1P Qri’Q+ 772QriVq o P\ — ri")P.

From (I0.25) and ([I0.26]) it follows that the first four terms on the right side converge in

trace class, but the last two terms are unbounded in trace norm (because 7~ ' P(I'} (1) F(l))

converges strongly to a non-zero limit but T~ IQFS Q is unbounded in trace norm). Thus
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T_Z(fg\z) —Féz)) is unbounded in trace norm, and hence (I0.T6]) implies that T_Q(Fg\Q) —F(()Q))
is also unbounded in trace norm. o

10.3. All density matrices in Hilbert-Schmidt norm. In this subsection we are not
assuming that k < n/(p — 1) as in ([@I2]), but instead we derive the Hilbert-Schmidt con-
vergence for all density matrices using condition (£7]). This is the only missing item in the
statement of Theorem [£.1] which we restate for convenience:

Lemma 10.5 (Hilbert-Schmidt convergence of all density matrices). Let h satisfy
D) -(@0) -(@1) with p in (E39) and let w satisfy BID). Then in the limit T — oo, \T' — 1,

for all k > 1 we have

k!
2 = [ 1)

strongly in the Hilbert-Schmidt space &2.

We will follow a similar strategy as in the proof of Lemma [0.2] plus two additional
inputs. The first one is a uniform bound on all density matrices in the Hilbert-Schmidt
norm. This is the only place where we need the condition (£.17).

Lemma 10.6 (Hilbert-Schmidt estimates).
Let h satisfy (&H),[ET) with some p < 2 and let w satisfy BID). Then for every k > 1,

we have

< Ch.

—k(k)
HT T\ ‘62

Proof. From the positivity e *"(z,y) > 0 and AW™ > 0, a standard argument using the
Trotter product formula (see e.g. [I07, Theorem VIIL.30] or [122] Theorem 1.1]) and the
relative bound on partition functions in Lemma [6.7] we obtain the kernel estimate

0 < TM (X1 Vi) < O (X Vi),

See e.g. [85, Lemma 4.3] for a detailed explanation. Consequently, for every k > 1 we have
the Hilbert-Schmidt estimate

—k (k)H < H —k (k)‘ _ 1 < 1k
HT P g2 S Ok [T o g, = O Th(/T —1) || g Cellh™ -
Note that the bound is uniform in 7" and depends on h only via ||h ™| g2. O

Next, we have an adaption of Lemma [10.3] to the Hilbert-Schmidt norm.

Lemma 10.7 (From states to density matrices, Hibert-Schmidt estimate).
Let T',T” be two states on Fock space that commute with the number operator N'. Then for
all k > 1, we have the Hilbert-Schmidt norm estimate on the associated density matrices

2k
Ir® — )2, < oy (T[T - 1)) (Z (g2 + \|r’“>uez)> . (10.28)
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Proof. Let Ay, be a non-negative Hilbert-Schmidt operator on $®¥ and A the associated
second-quantized operator on the Fock space from Definition [Z1]1 Using (2.6]) we have

T [4(0® — 14| (2 = [T [Ax(r = )] ‘
(Tr|F r |) (Tr [ (Ap)?D — r’|D
(Tr r-T \) (Tr [ 20 4T )D (10.29)

On the n-particle sector, we can compute explicitly

2
E (Ak)il,...,ik = E (Ak)lh i (Ak)]l, Tk
1< <...<ip<n 1< <...<ip<n
1< <. <jr<sn
min{2k,n}

- Z Z (Bt)iy o,

1<i1 <. <ip<n

where By is an operator on $%:¢ defined by

(Bo)1,2,....0 = > (Ak)ireenin (AR )1 (10.30)

1<ii <. <ip</t
1< < <Jp<l

{il7---7ik}U{jl7~~~7jk}:{17"'7z}

Therefore we have
2k
AP =) "B
=k

where By is the second quantization of By, as in Definition 2.1] again.
On the other hand, since Ay, is a Hilbert-Schmidt operator on $®*, we can prove that
By is a Hilbert-Schmidt operator on $H®+¢ and

IBelle> < CillAr|g:- (10.31)

To prove ([I0.3]), let us come back to the definition (I0.30). Consider a general ¢-particle
operator of the form

A= (Ay)xyv(Ar)x,z

with (X,Y), (X, Z) are k-particle variables. If the kernel of (A4y) is (Ax)(X,Y; X', Y”), then
the kernel of A is

AX)Y,Z; XY, Z) = /dX”(Ak)(X,Y;X”,Y’)(Ak)(X”,Z;X’,Z’).

By the Cauchy-Schwarz inequality we have

IAX,Y,Z; X" Y' Z|? < (/dX”|(Ak)(X,Y;X”,Y’)|2> </dX”|(Ak)(X”,Z; X’,Z’)|2>.
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Therefore,
1Al = /dXdeZdX’dy’quA(X, Y, 2. XY, 7')?
< / dXdYdZdX'dy'dZ' < / dX”|(Ak)(X,Y;X”,YI)|2> X
( / dX"|(AR) (X", Z; X’,Z’)F)
2
- (/dXdeX/dY'\(Ak)(X,Y;X'7Y/)‘2> = || A||&s.

We thus obtain (I0.31)) immediately from the definition (I0.30).
Using ([I0.31]), we can estimate

2k 2k
Tr |Afr] = ;; [B.T| = ;;Tr [Bir )]
2k 2k
<Y IBelle2 IT9 g2 < Crll Akl D ITY |2 (10.32)
=k 1=k

Inserting (I0.32) and a similar estimate for I in (I0.29)) we arrive at

2k
T [4e0® — 0] | < Ol A (T - 1) (Z (I gz + @ ||62>> - (10.33)

This being true for all k-body Hilbert-Schmidt operator Ay leads to the desired bound

(I02]) by duality. O
Now we are ready to conclude

Proof of Lemma 103 As in the proof of Lemma [[0.2] we can reduce the consideration to
the diagonal terms P®FT'y\ P®*F and Q®*TI\Q%F.

Analysis of P-localized terms. From the lower symbol expression (I0.20]), taking the
Hilbert-Schmidt norm both sides, using the uniform bound in Lemma and the fact
that dim(P$) < CAL < T, we find that for every k > 1,

k!
Hﬁpmﬂk)P@k —/ ) | dppa(u)| 0. (10.34)
P$H &2
Consequently,
[ 0w dupat)| <6 (1035)
P$H &2

A similar estimate with pp ) replaced by g in (I0.4) holds thanks to (I0.23]).
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Next, for every Hilbert-Schmidt operator X > 0 on H®*, we can estimate
Tr [X </ [u®Fy (k| (dppy — dﬁ)(u))]
P$H

/P (0 XU s — d)

< ( / I, X P dﬁ\(ﬂ)) ( / e~ dﬁ\(u))

< (/Pb<u®2k’X ®Xu®2k>(d,up’)\ —|—dﬂ)(u)> \ups — il (P$)

2

2

—m|xox ([ I + )W) )| Inpa ~ 71(PS)

<X @ X[ g2

[ s + i)
PH

< Gyl X &1,
Here in the last inequality we have used (I0.3]) and (I0.35]). By duality we deduce

[npx — Bl (P9)
S2

‘ / [u®EY (| (dppy — di)(u)|| < CLT™"* = 0. (10.36)
P$ G2
Thus, by the triangle inequality,
‘ T~k pekr(F) pek _ / W) (k| dE(u)| < CT 4 = 0. (10.37)
P$H G2

Therefore, for all £ > 1,

— 0. (10.38)

Hk!T’fP@kP(Ak)PQ% _/’u®k><u®k’ dpu(u)
62

Analysis of -localized terms. Using Lemma [[0.7, Lemma and (I0.J) we can
estimate
(k) (k)
Q@k P)\ — I\0 Q@k
Tk

2
k k
(TG = To)y)

Tk
G2 &2
2k '
<G| () — Codal ) Y- (100G lle2 + 1T0) 2
l=k
< CLT? 50 (10.39)

for all £ > 1. From (I0.38) and (I039) we can go back to (I0.IT), control all the cross

terms, and conclude that
—0

‘ S2
for all £ > 1. This ends the proof of Lemma [I0.5] as well as that of Theorem .11 O

KT - / @) (W] dp(u)
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11. CONCLUSION OF THE PROOFS

We now explain how to deduce the main Theorems B.] and from Theorem F.T]

Proof of Theorem[3]. In the homogeneous case we have Tr[h™P] < oo for every p > 1, and
hence Theorem [BIlis a particular instance of Theorem [£.Il The only small difference is that
now we can work under the weaker decay assumption ([B.3]) on w(k) (with a > 0 arbitrarily
small).

To be precise, the only place where the decay of w(k) plays a role is Step 1 of the proof
of Lemma Under the weaker assumption (33)), the error terms L*~Y27%=3 in (87)
and T?~2L~1/2 in [®7) will be replaced by L*~*T%=3 and T? 2L, respectively. Then
optimizing over L > 0 gives the error T?~2-%/* (instead of T(%P~17)/8 in (8IM)). This
error can still be made small if @ > 0, for in the homogeneous case we are at liberty to

insert any p > 1 in the estimate. This is the only difference between the proofs of Theorem
41 and Theorem B.11. O

For Theorem we shall need the following refinement of Lemma

Theorem 11.1 (Limit renormalized potential IT [47, Section 5]).
In dimension d < 3, let 0 <V € Lﬁf’c(Rd) satisfy
([ lim V(z) = 400,

|x|—00
Viz+y) <CV(z)+1)(V(y) +1),

<
IVV(z)| < CV(x)+1,

// dz dk e
S Jrisga ([P + V(@) + 1)P

for some 1 < p <2. Let w € LY(R?) N L>®(R?) be a real-valued, even function satisfying

(11.1)

/Rd lw(z)||V (z)|2dz < co. (11.2)
Take a constant k > 0 and set
1 / 1 ~
o) = —— ——dk, v = w(0)of — kK. 11.3
O 2m)d Jrera 2 (05 (1-3)

Then, if k is large enough (independently of T = 1/X > 1), we have the following statements.
(1) The unique solution Vi obtained in Lemma[3.7] satisfies

v 3

S <Vr—r< (11.4)
(2) There exists some Voo satisfying
Vv 3V
9 S Vo — K < 5
such that
lim ‘ Vr— Voo =0
T—00 V Loo(Rd)
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and
P

lim Tr|(—A + Vp)~! — (—A+Voo)—1( ~0. (11.5)

T—o00

(3) The limiting potential Vi, solves the nonlinear equation

Voo = V 4w * poo + &,
) = (=53 L) @), o

—A+Ve —-A+k
We give some indications on the proof of the above, due to [47], in Appendix [A.2]

Proof of Theorems[Z0. Theorem essentially follows from Theorem [A.] with
h=—-A+ Vr

where Vp is defined by [B2I]). To be precise, the Gibbs state

~ 1 =

Ty = = /T (11.7)

Z)
with
2 - 1
dk, Tg=—=e @WW/T
)

can be treated by following exactly the proof of Theorem (1] (all estimates depend on h
only via Tr[h~P], which is bounded uniformly thanks to the convergence (IT.H])) and we have

dr(e) — {dr(e))

H), = dI'(h) + % / (k) .

R2

F\ — F Z

A0 log 22 = —logar + o(1) = —log /eDT[”]duo r(u) ) +o(1), (11.8)
T 2 '
k! =) Qky\ /, Ok ?

Tr ﬁFA — [ W W |dur(u)] — 0, Vk>=1, (11.9)

L s _ 50
T | (B = T0) = [ utul (dper () — dpsor(w))| = 0. (11.10)
Here po,7 is the free Gibbs measure constructed from h = —A + Vp, Dr, ur, zr the cor-

responding renormalized energy, interacting Gibbs measure and partition function, respec-
tively. We emphasize in the notation that these objects still depend on T'.
However, the analysis in [47, Section 3| shows that

—logzr — —log 2z
T—o00

and
/\u®k><u®k]d,uT(u) . /]u®k><u®k\duoo(u) strongly in &2 (11.11)
— 00
with 2z, and ps the partition function and interacting Gibbs measure associated with
h = —A + V. Indeed, both the partition function and correlation functions (= kernels

of reduced density matrices) based on —A + Vp can be computed from a perturbative
expansion whose coefficients clearly converge to those of the corresponding expansion based
on —A+V,, using (ILH). A similar argument is used at the end of [47, Proof of Lemma 3.1].
On the other hand, the remainder terms of both expansions are controlled using only the
Hilbert-Schmidt norms of (—=A + Vy)™! and (—A + Vo)™! as in 47, Lemma 3.3]. The
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desired convergences then follow from Borel summation as described in [47, Appendix A].
Thus Items (1) and (2) of Theorem are proven. To obtain ([B30) one only needs to
upgrade the convergence ([[I.I]]) to the optimal &GP, which follows from the same arguments
giving ([ILH) for the optimal p, c¢f Appendix[A2l To obtain strong trace-class convergence
of the relative one-particle density matrix, observe first from (5.I3]) that

/ |u) (u] (dpr(uw) — dpo,r + dito,co — dito) (11.12)

is uniformly bounded in trace-class. Hence we can assume that it converges weakly-* in
G&! to 0. Then, testing against a bounded operator A yields a quantity converging to 0
uniformly in the operator norm of A, by the techniques in [47] again. We deduce that the
trace-norm of (III2]) converges to 0, which shows that it must converge to 0 strongly in
trace-norm.

At this stage we know we can replace zp, i by Zoo, fioo in (ILI0). There remains to
transfer the above convergences from (IL7) to the original Gibbs state

_ 1 myr
I'y= Z}\e
with
1, = i, - 220

We denote e = Aw(0)/2 and drop the oo subscripts (as in the statement of the theorem).
We rely on the variational principle ([2.14]), in particular
RN Sl DY Fy

-1
8 T

z = H(Ty,Ty) — %Tr (NT)).

First, we have that CZy > 2y = Tre~9'("=2) Indeed, using H, < H)\ and (IL8) we have
Zy> 2\ > 0712,
Moreover, using ([6.1) and h —e > h/2 (as ¢ = O(T~1)) we get

20 1—e T 1—e /T
—loggo—TI'IOg (m —TI'IOg 1+m

1—ee/T €
- - /R p—2
s <e(h—5)/T . 1) SOTP 7 = 01",

and hence Zy > C~1Z,. Then we can proceed as in Lemma [6.9] to get
Tr (J\/kl“)\> < CkTpk.
Consequently,

F\—F ~ =
0> P S (T ) - S TNTY] > M, Ty - 07772 > -0TP 2 (1113)

The desired free-energy convergence (3.31]) follows from (IT.8)) and (ITI3]). Moreover, from
([ITI3) and Pinsker’s inequality (6.2]) we find that

Tr F)\—f)\‘ < C’T'pT_2
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The latter bound implies that, in trace norm,

T F Ty

) -1 =0
for k small (by Lemma [[0.3]), and, in Hilbert-Schmidt norm
~ 1|2
T 0P - TP 0

for all & (by Lemmas and [[0.7)). The desired convergences ([3.32)) and (B.33]) then follow
from (IT9) and (IT.I0]), respectively. O

APPENDIX A. THE COUNTER-TERM PROBLEM

Here we prove Lemma [B.4] and make some comments on Theorem [I1.11

A.1. Proof of Lemma [3.4l Our proof works in any dimension d > 1 and indeed requires
very general assumptions on V' and w, namely

0<VelLL . RY), e VTeL(RY, weL'®R?Y, 0<delL'(RY.

Then the first eigenvalue of the Friedrichs realization of h = —A + V' is positive. In
addition, we have

Tr[e /7] < (2n)~¢ /

e /T dp/ e V@IT gz < oo,
Rd Rd

by the Golden-Thompson inequality, see [120, Section 8.1]. The same properties hold if we
shift V' by v € R and only keep the positive part. Then we obtain

Tr (A + (V—=v)4)y) = TTr((1+v)log(l + ) — vlog~)

1 A2+ (V=)
> 3 Tr(=Ay)+TTr(log|1—e T (A1)

for all v > 0. The last expression is the minimum free energy associated with —A/2+ (V —
I/)+.

In order to prove that the reduced-Hartree functional F™ is bounded from below, it
therefore remains to show that

A
[ —v)-@da s 5 [ ] wle = o) dody

is bounded from below, uniformly in p > 0, under the assumption that @w > 0 and w # 0 (if
w = 0 then the Lemma holds true trivially). Since w € L'(R%), we can find a ky € R? and
a small radius > 0 such that the continuous non-negative function w is at least equal to
w(ko)/2 on B(kg,r). We then choose ¢ in the Schwartz class such that ¢ > 0 and ¢ > 0
with supp(@) C B(kg,r). Since V' > 0 and V' — +o0 at infinity, the function (V — v)_ has
compact support and is bounded by v. Therefore, we have

(V-v)-<C¢
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for C' = ng_l(V — V)*HLOO(Rd) < oo. After completing the square and using w > 0, we then
deduce

- /Rd(v — u)p+%/Rd /Rdw(fﬂ —y)p(z)p(y) dx dy
C* [ |p(k)? _C2l1z.
| ey >

A
> —C - — dedy > —— — Z T
y wp+2/Rd /Rdw(w y)p()p(y) dedy = o5 ) (ko)

Combining with (A.]) we find as stated that

inf FH[y] > —o00
nf FEh] ;
for all v € R.
Let us now prove the existence of a minimizer. Writing

FHil] = ) + Try > inf FEL Y]+ Te(y),

where we have displayed the parameter v for convenience, we obtain that minimizing se-
quences {v,} for F' are necessarily bounded in the trace-class. In particular, ||y, is also
bounded. In addition, the inequality (Al implies that Tr(—A)y, is bounded. From the
Hoffmann-Ostenhof inequality [66]

2

-8y > [ |9/ do

R4

and the Sobolev inequality, we deduce that p,, is bounded in LP"/2(R%) where p* = 400 in
dimension d = 1, p* < oo arbitrarily in dimension d = 2 and p* = 2d/(d — 2) in dimensions
d > 3. Hence, up to extraction of a subsequence, we have 7,, — ~ weakly-* in &' and P —
p~ weakly in LY (RY)NLP/2(R?). Using Fatou’s lemma and the concavity (hence weak upper
semi-continuity) of the entropy, we obtain that v is a minimizer for F:. The nonlinear
equation (3.28)) follows from classical arguments. Then V7 must solve (3.2I) because 7™ is
the one-body density matrix of the quasi-free state associated with dI'(—A + V). U

A.2. Comments on Theorem [IT.9l Let us briefly discuss Theorem IT.Il In [47, Sec-
tion 5], the existence of the solution Vr to (8:2I]) was established by means of a fixed-point
argument (which requires that d < 3 and that « is sufficiently large). The fixed point is
performed in the (complete) metric space

< 1/2}

for the unknown u = Vp — k and provides the Hilbert-Schmidt convergence

BV) = { € LE R < 1m0y = Hé L

LOO

2
Tr|(—A + V)t = (—A+ voo)*l‘ 0.

Our notation here is slightly different from [47] as we shift potentials by a constant. More-
over, since Vp — k € B(V') we have
Vv
2

%
<VT—K<3§
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Then by the Lieb-Thirring inequality in [42] Theorem 1] and the last assumption in (IT.1]),
we get
Tr(-A+ V)P <G

uniformly in 7. The convergence (L3 follows in &7 for all p < ¢ < 2 by interpolation.
From the inequality Vp > V/2 + k we have pointwise bounds on the operator kernels

(A + Vi) P(aia) < (~A+ V/2 + k) P(a;)

by using the Trotter product formula as in Lemma [T0.6] since
o0
h™P =T(p)~! / e =L dt,
0

Using the Feynman-Kac formula, we also find that (—=A + V) P(z;2) — (A + V)P
almost everywhere. In addition, Tr(—A 4+ V/2 4+ k)P < oo since V/2 satisfies the last
condition in (I1.]]) as well. Hence we can conclude from the dominated convergence theorem
that

lim Tr(—A+ Vp)™? = lim (—A+ Vp) P(x;2) de

T—ro0 T—oo JRrd
= / (A + Vo) P(zs2)de = Tr(—A + Vi) P
R4

The convergence in &GP follows from Griimm’s theorem [120, Chap. 2].
There remains to discuss the nonlinear equation (3.30) for V.., which we can rewrite in
the form

Vee=ws (Vrtp|(-A+Va) = (—a+r)7"]). (A.2)

Here we just need to pass to the limit in the similar equation at 7" > 0

1 1
T (e* . 1) T (e— i 1)

Since we know that Vp/V — Vo /V in L™, we have Vp — Vi in LS, and it suffices to
prove the convergence of the density on the right side, which we denote for simplicity

Vi=wx [ V+r+p

pif )= | e e el

In A7, Eq. (5.21)] it is shown that

VT—KJ

Vr <C d/2—2
1047 (&) < o2 | VI

V(z). (A.3)
Lo

Hence from the dominated convergence theorem and the assumptions on w, it suffices to
prove that

p¥T(x) — <( - A+ Voo)f1 - (- A—i—/ﬁ})il) (z;2)
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almost everywhere. Applying again [47, Eq. (5.21)] we find that

1 1
T <e—7_A¥VT _ 1) T (e— S 1)

which tends to 0 in L{¥, since (Vp—V)/V — 0. Hence we can replace V by V. throughout.
Next we write, following [47, Eq. (5.16)],

y 1 (= A+ Vo) /T o(1=8)(~Atr)/T
pre () = —/0 ds /]Rd dzT (eC Va7 1) (x; z)Voo(z)T (CATT 1) (z;).
Using that Vo, > k, we have the pointwise bound on the operator kernels
o5(—A+Voo) /T o5(—A+R)/T
ST (e-ATV)/T 1) (32) < T (e-A+0)/T 1)
by the same argument as in Lemma [[0.5 and in [47, Eq. (5.17)]. Using [47, Lemma 5.4] we

see that we get a convergent domination. So by the dominated convergence theorem, the
strong local convergence of p¥°° follows from that of the kernels

VT - Voo
\%

(z;2)| < CkY?2 V(x)

(z; 2)

eS(*A‘i’Voo)/T 1
T (e(—A-i-Voo)/T _ 1) (xa Z) - m(xa Z)a
eS(—A-}—H)/T 1
T (e(—AJm)/T — 1) (x;2) — Ak K(m, z).

In fact this convergence is strong in L*(R? x R?) since the corresponding operators converge
in the Hilbert-Schmidt norm, by [47, Lemma C.1]. Passing to the limit, this proves the
strong local convergence

! 1 1
Voo _ : .
pre(z) — ; ds/Rddz_ +Voo(x,z)Voo(z)_ —|—/£(Z’x)

T—o0
= <( - A+ Voo)fl - (-A+ n)fl) (x;2),
where in the last equality we have used the resolvent formula. The uniform bound ([A.3))

then allows to pass to the limit in the equation for Vp and obtain (A.2)). O
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