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Abstract

In a previous paper [19], we have developed a general theory of
thermodynamic limits. We apply it here to three different Coulomb
quantum systems, for which we prove the convergence of the free energy
per unit volume.

The first system is the crystal for which the nuclei are classical par-
ticles arranged periodically in space and only the electrons are quantum
particles. We recover and generalize a previous result of Fefferman. In
the second example, both the nuclei and the electrons are quantum
particles, submitted to a periodic magnetic field. We thereby extend
a seminal result of Lieb and Lebowitz. Finally, in our last example we
take again classical nuclei but optimize their position. To our knowl-
edge such a system was never treated before.

The verification of the assumptions introduced in [19] uses several
tools which have been introduced before in the study of large quantum
systems. In particular, an electrostatic inequality of Graf and Schenker
is one main ingredient of our new approach.
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Introduction

In a previous paper! [19], we have developed a general theory of thermody-
namic limits. We have considered an abstract functional £ : Q — E(2) € R
defined on all open bounded subsets of R? and given some general conditions
allowing us to prove that

E(Qn) ~n—oo émn’ (1)

as n — oo for all ‘regular’ sequences {Q,}, such that |Q,| — oo. In the
present work we apply this general theory to three different Coulomb quan-
tum systems. In all cases, we prove a behaviour similar to (1) for both the
grand canonical ground state energy and the free energy at temperature
gt

At first we consider the crystal, which we treat in details. We arrange
classical nuclei periodically in space and only consider the electrons as quan-
tum particles. The system is very rigid as the nuclei are fixed on the periodic
lattice and cannot move.

Property (1) was proved for the crystal by Fefferman in [13]. Our result
is more general concerning the assumptions we put on the sequence {2, },.
It is interesting to note that we are also able to prove the existence of the
limit when the periodic lattice is perturbed locally (by adding defects or
moving some nuclei) or in the Hartree-Fock approximation.

The second system that we treat is the case where nuclei are also consid-
ered as quantum particles. This model was considered by Lieb and Lebowitz
in [27] who where the first to prove the existence of the thermodynamic limit
for a Coulomb quantum system. Thanks to our new method, we are able
to generalize their result by adding a constant (or even periodic) magnetic
field. The system is then no more invariant under rotations, which was a
crucial property used in the proof of [27].

Eventually, we consider a third system where we impose again that the
nuclei are classical particles but we do not fix their positions in space and
rather optimize them. The existence of the thermodynamic limit for this
model seems to be completely new.

In the general framework developed in [19], we have proposed several
general assumptions on the energy E in order to obtain a behavior like

!Equations or results with reference n in the first paper [19] will be denoted as I.n.



(1). They were denoted by (A1l)-(A6), see the details in [19]. In the
three examples treated in the present paper, the difficulty in verifying these
properties can vary significantly.

Assumption (A2) is the stability of matter

(A2) VQ, E(Q)> —r|Q|

which as we have already explained in [19] has been one of the main subject
of investigation in the last decades, see, e.g., the reviews [24, 25, 26, 33, 40].
In this paper we shall give a detailed proof of stability for our three models
although some parts were already known before.

Another important property is a sort of continuity property

(A4) V' C Q, EQ) <EQ)+kQ\ Q]+ error

which essentially says that a small decrease of € will not decrease too much
the energy. A similar property was used and proved in the crystal case by
Fefferman, see [13, Lemma 2]. Verifying (A4) for our two last models is
obvious as the energy is decreasing with respect to Q2 (we simply construct a
trial state for by taking the ground state in ' and the vacuum state in '\
Y). But in the crystal case the verification of (A4) is much more involved.
This difficulty will actually be the source of some regularity assumptions on
our sequence {€,} (like the so-called cone property) which we need for the
crystal and not for our two other models. It is not surprising that we need
more assumptions on domains for the system which is the most ‘rigid’.
A crucial property which was considered in [19] is

(A5) E(Q) > = dR du E(Q2N (RA + u)) — error

1Al Jso) R3
which compares the energy of Q0 with the energy of the reference set A,
averaged over rotations and translations of A inside €). An inequality of
this form was first remarked and used by Conlon, Lieb and Yau [7, 8], for
systems interacting with the Yukawa potential and A being a cube. For
Coulomb interactions, it was proved by Graf and Schenker [17, 16] in which
case A is chosen to be a tetrahedron. This inequality of Graf and Schenker
is recalled below in Theorem 2 as it is the main tool of our new approach.

Actually, to get the existence of the thermodynamic limit for any ‘regu-
lar’ sequence {Q,}, we used in [19] a more precise assumption (A6) which
essentially says that the interaction potential is two-body, as this is the case
in our three examples. In practice the main ideas of the proof of (A5) and
(A6) were essentially already contained in [17] and it is not much more
difficult to prove (A6) than (A5) for our examples.



However, our assumption (A6) in [19] contains the strong subadditivity
of the entropy

(A6.6) S(2UQUQ3)+ 5(22) < S(Q1UQ) + S(Q2U Q)

for all disjoint subsets 1, Q9 and Q3 and this was not considered in [17].
Conjectured by Lanford and Robinson [21] the strong subadditivity (SSA) of
the entropy in the quantum mechanical case was proved by Lieb and Ruskai
in [29, 30]. The fact that SSA is very important in the thermodynamic limit
was first remarked by Robinson and Ruelle in [35], see also Wehrl [41]. In all
these references, SSA is usually stated using the formalism of partial traces
of density matrices. But this is not fully appropriate for the examples we
want to treat. For this reason, we have written a detailed appendix where
we recall how to localize in Fock space and prove the SSA of the entropy
within this formalism. We use this theory in our three examples.

The paper is organized as follows. In the first section, we recall two
important inequalities for classical Coulomb systems. The first was proved
by Lieb and Yau [32], generalizing previous results of Baxter [3] and Onsager
[34]. It essentially allows us to bound from below the full N-body Coulomb
potential by a simple one-body term where each electron only sees its closest
nucleus. We shall use this inequality to prove stability of matter. Notice the
precise estimate of [32] which contains some residual from the interaction
between the nuclei is used in our second and third examples. The second
inequality which is recalled in the first section is the one proved by Graf
and Schenker [17] which plays an important role as explained before. In the
second part of the first section, we state a result concerning the stability of
matter for electrons. We also recall the Lieb-Thirring inequality [31] which
is a useful tool when studying fermions. Finally, we state another inequality
which we will use for bosons.

In the second section, we define our three examples properly and state
our main results. We also give a rather detailed sketch of the proof of the
existence of the thermodynamic limit in the crystal case. We provide this
as an illustration of the techniques used to verify the assumptions of [19].

For the sake of clarity, we have gathered many of the technical proofs in
Section 3. Indeed for the second and third examples, we usually only give
the details which are different from the crystal case.

Lastly, as mentioned above, the last part is an appendix devoted to the
presentation of localization in Fock space and the strong subadditivity of
the entropy in a rather general setting.

Let us mention that the results of this paper and of [19] have been
summarized in [18].
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1 Preliminaries

This section is dedicated to the presentation of preliminary results which
we shall need later. We let G = R3 x SO(3) the group of translations and
rotations which acts on R, and let d\ denote its Haar measure.

1.1 Two inequalities for classical Coulomb systems
We start this section by presenting two inequalities which will be useful
throughout the paper.

1.1.1 The Lieb-Yau inequality

The first is due to Lieb and Yau [32] and it gives a lower bound on the full
many-body Coulomb interaction of classical particles in terms of the nearest
nucleus of each electron. It generalizes a previous result of Baxter [3]. We
shall use it to prove stability of matter, i.e. (A2) as was defined in [19].

Theorem 1 (Lieb-Yau Inequality). Given z > 0 and z1,...zy € R3,
Ry, ...,Rx € R3, we have

1 22
2 > |z — x4 ZZI:EZ Rk| 2 |Rx — Ry

1<i#j<N ;] i>1 k=1 1<k;£k’<K

EN: Z4V22+1/2 22 EK: 1
5R 1‘2 4
i=1 k=1
where §g(z) = inf (|z — R|, R € {Rx}5_, \ {z}).

See [32, Thm. 6] for an even more precise statement. Baxter [3] proved
(2) without the last nuclear repulsion term in (2) and with z + v/2z + 1/2
replaced by 1+ 2z.

1.1.2 The Graf-Schenker inequality

An interesting electrostatic inequality taking the form of (A5) was proved
by Graf and Schenker [17, 16]. Inspired by previous works by Conlon, Lieb



and Yau [7, 8], the Graf-Schenker inequality will be the basis of the proof of
our assumptions (A5) and (A6) in the different applications. In his proof
[13] of the existence of the thermodynamic limit for the crystal, Fefferman
also proved a lower bound on the free energy, but he used balls of different
size to cover a fixed domain, with an average over translations only, and
made a crucial use of the kinetic energy to control error terms. See, e.g. [20]
for another description of Fefferman’s method.
Let A be an open simplex (or tetrahedron), i.e. a set of the form

A={zecR3|a z<c}

for some (ay,...,as) € (R®)* and (cy, ..., c4) € R* such that

Zai =0, |det(a;, aj,a)| =1

for all 1 <i < j < k < 4. The following result is contained in [17, 16]:

Theorem 2 (Graf-Schenker Inequality). Let A be as above. There exists
a constant C' (depending on /) such that for any N € N, z1,...,z2y € R,
21,....,xn € R? and any £ > 0,

ZiZj 1 / ZiZj]lgeA(ﬂfi)]lgéA(l’j)
> dA(g §
2 |z —z5] — LA Jg ) |z —

1<i<j<N 1<i<j<N
N
2
E z;. (3)
i=1

Theorem 2 contains the main idea of the proof of our assumptions (A5)
and (A6) for Coulomb systems. Like in [17], it will however need to be
generalized in order to localize the kinetic energy also, see Lemma 5 below.

~|Q

Remark 1. For the Graf-Schenker inequality (3), it is essential that the
potential is 1/|z| (see the proof in [17]). On the other hand for the Lieb-Yau
inequality (2), it is essential that the potential is the fundamental solution
of the Laplacian. Hence only three-dimensional Coulomb systems will be
considered in the present paper.

1.2 The stability of matter

In this section, we state the stability of matter for electronic systems.



Notation
Let us first fix some notation. If & is an operator on a Hilbert space $) we will
use the notation ) h; (it is often denoted dI'(h)) for its second quantization

to an operator on the fermionic Fock space F($)) := @Py_, /\iv $. More
precisely,

co N
=P 1e-21lehe 111 .
J N=0j=14 _1 terms N — j terms

Likewise if W is an operator on $ A §, we write % ZZ £ W;; for its second
quantization in F(9).
A system of pointwise (classical) nuclei in Q C R is a set

K={(Rg,2k) | k=1,... K} CQ x [0,00)

where Ry and z, are respectively the positions and charges of the nuclei.
For any such K C Q x [0, 00), we define the Coulomb potential acting on the
electronic Fock space as

Geely L gy _m  lss _awm
M | — | — Ry 2 | By = Ry

1<izj J i>1 k=1 k#k/=1
and Vi = +oo if Ry = Ry for some k # k' with 2,z # 0. Then, we
choose some magnetic potential A € L2 (R3) such that divA = 0 in the

loc
distributional sense. We introduce the kinetic operator

T(A) = (—iV + A(z))?

with Dirichlet boundary conditions on 2. We shall use the shorthand no-
tation 7" := T'(0). In the whole paper, we work within a system of units in
which the Planck constant A and the charge of the electron are set to one,
whereas the mass of electrons is set to 1/2. We may define the associated
Coulomb Hamiltonian acting on F(L?(Q)) as

Hox =Y T(A);+ Vk, (5)
J
Since Hgq x commutes with the number operator A, we can also write

o0
N
Hox = €D Hilr
N=0

8



where each Hév « acts on the N-body space /\iv L?(). We do not consider
the spin variable for simplicity. Unless specified, we use the notation ‘tr’ to
denote the trace in the Fock space F(L?(2)).

Remark 2. The Hamiltonian Hq x may be defined as the Friedrichs exten-
sion associated with the quadratic form with form domain F(H{ (Q))ND(N).
The quadratic form is bounded below (by Stability of Matter, a lower bound
is given by —x|Q| as we will see below).

Remark 3. We will always confine all the quantum particles in the domain
Q. For the ground state energy another possibility would be to only consider
nuclei which are in 2 and let the electrons live in the whole space, similarly
to what was done in [6]. However at positive temperature, confining the
quantum particles is mandatory to have a bounded-below free energy. For
this reason, we will always restrict ourselves to the case of confined quantum
particles.

1.2.1 Stability of matter for electrons

We now state and prove the stability of matter for a quantum system con-
fined to a domain 2. The nuclei will be described differently in each appli-
cation and therefore we limit ourselves to classical pointwise nuclei in this
section. Stability of matter was proved first by Dyson and Lenard in [11, 12].
We give a proof based on the simpler proof by Lieb and Thirring in [31],
and the Lieb-Yau inequality (2).

In the whole paper we will denote by

D(Q) = {r € B(F(L*(Q) | T =T* T >0, tr(T') = 1,

tr (NT) < oo, tr (rZ:r,-) < oo} (6)

7

the convex set of all density matrices acting on F(L?*(Q)) and having a
finite kinetic energy and a finite average particle number. We will always
consider normal states w, i.e. states arising from a density matrix I' € D(),
w(A) = tr (AT"). Let us recall that every state I' € D(2) has a corresponding
density pr which is defined as the unique function in L'(Q) such that

VYV e L*°(Q), tr {I‘ (Z VZ>} = /Qpp(:n)V(:L") dx.

9



If T is a pure state, i.e. I' = |[¥)(¥| for some ¥ € F(L3(f)), we use the
notation py = pjy)yp|- As in [19], we denote by M is the set of all the
open and bounded subsets of R3. The following result gives the stability of
matter for a system composed of quantum electrons and an arbitrary number
of classical nuclei with charge < z. We use the notation x4 = max(z,0).

Theorem 3. Let us fix some z > 0 and some A € L2 (R3) with divA = 0
in the distributional sense.

e For any Q0 € M, we have the formula

o, oo (o) = it | infogaioy(Han). (O
#K <00 H#K <0

e (Stability of Matter with Nuclear Repulsion). There exists a constant
C > 0 (independent of A) such that the following holds for all @ € M and
al R={R}5, CcQ

9 K
z 1

inf o e (Bl ) 2 ~C100 4 530 :

Fr2@) (Ho,rx{z}) €2 8 ;&R(Rk) ®)

A similar inequality holds true if T(A) is replaced by XT(A) for some A > 0,
with a constant C' depending on A.

e (Stability of Matter for Electronic Free Energy). There exists a constant

C > 0 (independent of A) such that the following holds for allQY € M, 3 >0
and € R

i 1 —B(Ha kN
lcglzriﬁo,z], <_BlOgtrf(L2(Q)) (e Al ))>

H#K <00

>—C (14872 4+ 5%) 10l )

Remark 4. Formula (7) is due to Daubechies and Lieb [9]. It means that
nuclei always prefer to have the highest possible charge.

Remark 5. Estimate (8) was first proved by Dyson and Lenard in [11, 12]
when A = 0 (see Theorem 5 in [11]), without the last nuclear repulsion term.
The proof given by Lieb and Thirring in [31] does not seem to give a lower
bound independent of the number and location of the classical nuclei. To
prove (8), we use instead the Lieb-Yau estimate (2).

10



Remark 6. Of course (7) and (8) imply that

inf  inf H > Q. 1
ccond or2@)(Hox) = —ClQ| (10)
#K<oco

which is the original result of Dyson and Lenard (when A = 0).

As explained in [33], a simple proof of (10) is to use directly stability of
relativistic matter as proved by Lieb and Yau in [32] (it is itself based on
(2)). We give a detailed proof of Theorem 3 in Section 3.1 for the reader’s
convenience and because we shall need the more precise estimate (8).

1.2.2 The Lieb-Thirring inequality

One very important tool which we shall use throughout the paper for Fermions
(and in particular in the proof of Theorem 3 given in Section 3.1) is the Lieb-
Thirring inequality [31]. The usual formulation of this inequality is

tr LZ(Q) (—A + V)_ S CﬁT /Q VE’/z (11)

where we have used the notation z_ = —min(x,0). The constant C{ . does
not depend on the domain Q C R3.

We shall often make use of another version of the same inequality [31].
Let ¥ be a (fermionic) common eigenvector of > . T; and N, N¥ = NV.
The inequality reads

N
< DT \If\lf> > CLT/ pu(2)Pdz > CLT<N5/3\II,\I/>|Q|‘2/3. (12)
Q

j=1
This can also be written

> T > Cur NP8 (13)

J

as operators on the Fock space F(2), since ZJT] and N commute. The
same formulas hold if A # 0, by the diamagnetic inequality [28].
The above inequality (13) will always be used to control terms of the
form —CN, as one has for any u > 0
3/2
) W20

11



1.2.3 An inequality for repelling particles

Next we provide an inequality which will replace the Lieb-Thirring inequality
for bosons, assuming that there is an additional repulsive term (which we
will usually get from the last term of the Lieb-Yau inequality (2)).

Proposition 1 (An inequality for repelling particles). Let € > 0. There
exists a constant ¢ > 0 (depending on €) such that the following inequality
holds for any N >0

N
N N3
) . -1 > 1 -
;:1 <T(A)xz + 61}{12?( |z; — x| > > ¢N min { Tk ’9‘1/3} (14)

as an operator acting on L*(QN,R).

The proof of Proposition 1 is provided in Section 3.2. The estimate (14)
may serve like (13) to control a term of the form —CN, as one has

N N3 #2 #2
Nmind — — L nv>_F 1,2 ) 0l
c mln{|Q|,|Q|1/3} uN > Cmax<,c2>| |

2 Thermodynamic limit of three quantum systems

In this section, we apply the general formalism of [19] to different quantum
systems. Details for the proofs are given in the next section.

2.1 The perturbed crystal case

In this section, we do not consider any magnetic field, A = 0. Let A be a
fixed discrete subgroup of R with bounded and open fundamental domain
W. Let {(Ry,zr) <, C W x [0,00) be a finite set of nuclei in W such that
k # k' = Ry # Ry. We then let

L:={(\+Rp,z), k=1,...,.K, Ae A} CR?x [0, %]

where Z = max z,. The set £ describes our infinite periodic lattice of clas-
sical nuclei.
In the following, we shall allow deformations? of £ and we consider a set

of nuclei of the form
L' :=(Id+ D)L U Lyq (15)

2Qur result was already announced without deformations in [18].

12



Figure 1: The crystal £ without defect.

where D : £ — R? x R is the deformation and Lq = {(R;, z;) }ie; € R? x
[0,00) are some defects (I is any countable set). Essentially our results will
be valid when D and the charges of L4 decay sufficiently fast at infinity
(for instance when they have a bounded support). We will write D(R, z) =
(Dgis(R), Dcen(2)) where Dys is the displacement of the nuclei in £ and Dy,
is the associated change of charge. The precise assumptions which we shall
need are the following:

sup > Da®]p =0 (L), (16)

3
2€R® | (R,2)eL, REB(x,L)

sup Yo lal+ > [Den(2)| p =0 (L),  (17)

2€R% | ier, RieB(x,L) (R,2)eL, ReB(x,L)
sup |D(R,z)| < oo and inf |[R—R'|=4§>0. (18)
(R,Z)EE (sz)e‘clv

(R',2)eL!, R'#R
The function D and the defect set L4 will be fixed in the following but the
thermodynamic limit will be proved to be independent of them. Conditions
(16) and (17) are probably not optimal. We have not tried to optimize them.
We define the Schrédinger ground state energy in the domain 2 € M
with Dirichlet boundary conditions:

Sch .
E (Q) = FEI%EQ) tr F(L2(Q)) (HQJ:/P). (19)

We recall that Hq , is the grand-canonical Schrodinger Coulomb operator
with Dirichlet boundary condition on © and nuclei in £' N (2 x [0,00)),
see (5). We do not consider any magnetic field, A = 0. We define the

13



Schrodinger free energy at temperature 3~ > 0 and chemical potential p
in the domain 2 as

1 - -
FSh(Q, B, ) =~ lostr 2@ <e B(Ha, o1 “N)). (20)

Notice the formula can be written as a minimization problem

1
FR(Q = inf t Hop — pN)T 4+ =T'logT| . 21
(Q, 8, 11) rano, T F@@) [( a0 — pN) + 5l log } (21)

We shall also be able to consider the Hartree-Fock approximation for the
crystal. The Hartree-Fock ground state energy is defined as (see [2])

ERF(Q) = - eigi(?ﬂ) tr £(r2(0)) (Ho,oT). (22)
quasi-free

We recall [2] that a quasi-free state I' is a state in D(Q2) satisfying Wick’s
Theorem, i.e. for any N > 1

tr (Fel cee 62N_1) =0,

/
tr(Tey---ean) = Y _ e(m)tr (Teqn(ryenz) - tr (Ceran_1)enin))-
™
Here the sum is taken over all permutations 7 € &(2N) such that 7(1) <
m(3) <---m(2N —1) and 7(25 — 1) < 7(2j) for all 1 < j < N. The ¢;’s are
either an annihilation operator ¢; or a creation operator c;-r in a chosen basis
of L?(2). In particular, the following equality is assumed to hold

tr (Tejegesey) = tr (Cejeg)tr (Cezeq)—tr (Fejes)tr (Tegeq)+tr (Tejeq)tr (Teges).

When applied to compute the Hartree-Fock energy tr (Hq oI'), the three
terms of the right hand side respectively yield to the direct, the exchange
and the pairing energy. Similarly to (20), the Hartree-Fock free energy at
temperature S~ > 0 and chemical potential ; in the domain € is defined
as [2]

. 1
quasi-free

The following result is easily proved:

14



Theorem 4 (Existence of Ground States). Assume that L' is defined as
above and let Q € M be a bounded open set in R3. Then the above mini-
mization problems (19), (21), (22) and (23) all possess a minimizer.

For the Schrodinger ground state minimizing (19), one can take a pure
state T' = |U)(V| where ¥ is an eigenvector of the number operator:

HopV =EX"Q)W and NU =NU,

ie. W e NN H2(Q) C F(L2(Q)).
The Schrodinger ground state minimizing (21) is unique. It is the Gibbs
state
I'=Z 'exp (—B(Ha,c — pN))
where Z = tr r(12(q))eXP (=B(Hg,zr — pN)).
In the study of the thermodynamic limit, the first step is to prove sta-
bility of matter:

Theorem 5 (Stability in the crystal case). Assume that L' is defined as
above. There exists a real constant k (independent of L', 3 >0 and p € R)
such that the following holds for all € M

BEMQ) > —sl0l,  FENL0,m) > —x (146752 + 1Y) [0,

Proof. This is an obvious consequence of Theorem 3. U

Figure 2: Cone property.

To measure the regularity of the sequence of domains {{2,,} in the ther-
modynamic limit, we shall need the

Definition 1 (Cone property). An open bounded set ) is said to have the
e-cone property if for any x € Q there is a unit vector a; € R3 such that

{yeR | (z—y) a>(1—-eN)z—y| lz—yl<e} CQ.

15



We denote by C. the set of all Q € M such that both Q and R\ Q have the
e-cone property. Note that Q € Cc = VA >1, \Q € ..

Clearly, any open convex set belongs to C. for some small enough & >
0. We recall that R, C M contains all the subsets having the Fisher 7-
regularity property (Definition I.1).

Our main result is the following

Theorem 6 (Thermodynamic limit for the perturbed crystal). There exist
two constants 5" < e and two functions 3 < fHF . (0,00) x R — R,
independent of D and Lq appearing in (15), such that the following holds: for
any sequence {0, }n>1 C RyNCe with || — 0o and diam(Q,,)[Q,| 7Y/ < C,
with n(t) = alt| for some a >0 and ¢ > 0,

lim EE?h(Qn) — éSch7 lim EE’F(QH) — éHF7 (24)

n—oo  |Q] n—oo  |{),]

n—o0 | Q, | n—oo | Qn, |

for all 3 >0, peR.

= (B, 1) (25)

Remark 7. The existence of the thermodynamic limit in the Schrodinger
case and for the periodic case (perfect crystal) was already proved by C. Fef-
ferman in [13]. Our result is more general: we allow any sequence €2, tending
to infinity and which is regular in the sense that {Q,},>1 € R, NC.. In [13],
Q, = 0,(Q + x,) where £, — oo, Q is a fixed convex set with a non-empty
interior and z,, is any sequence in R3. These sets are always in R, NC. for
some 7 and € by Lemma I.1. Moreover, we provide a precise statement for
the case where the nuclei are arranged on a perturbation £’ of a periodic
lattice L.

Remark 8. The thermodynamic limit in the Hartree-Fock case for the
crystal was investigated by I. Catto, C. Le Bris and P.-L. Lions in [6]. There,
a periodic Hartree-Fock energy EII){CE was proposed to describe the infinite
periodic crystal, but only some hints were given in favour of the equality
e = inf{&€!"}. The latter equality was however proven in [6, 5] in the case

where the exchange term is neglected, yielding the so-called [39] reduced
Hartree-Fock model.

Remark 9. As recalled in [19], we know from [27, Appendix A p. 385] and
[14, Lemma 1] that if each set 2,, of the considered sequence is connected,
then automatically diam(Q,)|Q,|~'/3 < C for all n.
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Remark 10. It can be shown that in the thermodynamic limit the system
is essentially neutral, i.e. one has N = Z 4+ o(N) = Z + o(|Q}|) where N is
the number of electrons and Z is the total charge of the nuclei in 2. This
implies that 5 takes the form

fSCh(Baﬂ) = ()0(6) — Pnuct

where ¢ is concave and pp,c is the density of charge of the nuclei, i.e.

Pruc ‘= |W|_1 Z z.

(R,2)eW xR

Remark 11. In Theorem 6, the negatively charged particles are electrons,
i.e. fermions. The same theorem (with slight modifications to the assump-
tions (16), (17) and (18) on the perturbation of the crystal) holds in the
Schrodinger case when the negatively charged particles are assumed to be
bosons. We shall not give a detailed proof of this assertion but we will
mention the necessary adaptations throughout the proof.

Proof of Theorem 6

For the convenience of the reader, we give here the main steps of the proof
of Theorem 6. Details can be found in Section 3.3. We only write the
proof for the Schrodinger case, the arguments being exactly the same for
the Hartree-Fock case.

Step 1. A priori upper bounds.

Notice Theorem 5 implies that the energy and the free energy of the de-
formed crystal satisfy the stability of matter (A2) introduced in [19].

Remark 12. (Bosonic case). For bosons, it is necessary to adapt the
proof of Theorem 5 using Proposition 1.

The following Proposition tells us that the energy and free energy per
unit volume are bounded from above, for regular domains.

Proposition 2 (Upper bound for energy and density). Assume that a,e >
0, n(t) = alt| and that L' is chosen as before. Then there exists a constant
k' such that for all Q@ € Ry, NC.

EFMQ) <HIQ,  FFMNQ, 8,0 < A9 (26)
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Furthermore, consider a set Q@ € R, NCe and let I' € B(F(H(Q))) be a
ground state for FLS,Ch(Q,ﬁ,,u) or for EE?h(Q). Then

/ pr(x)°Pdx < K'|Q| and / pr(z)dz = tr (NT) < &'|Q. (27)
Q 9)

Proposition 2 is proved in Section 3.3.1. This is done by a convenient
choice of a trial state.

Remark 13. Using (8), it can be easily seen that Q € M — EZI(Q)|Q[!
is not bounded from above on the whole class of open bounded sets M. It
suffices to take a very elongated domain containing lots of nuclei.

Remark 14. (Bosonic case). The bound (26) and the second bound in
(27) hold also for bosons.

Step 2. Reduction to the periodic case.

The second step consists in proving that the thermodynamic limit of the
perturbed crystal £ is the same as the one for the perfect crystal £ (i.e.
with L4 =0 and D = 0).

Proposition 3 (Reduction to the periodic case). Assume that a,e > 0,
n(t) = alt| and that L' is chosen as before. Assume that {Q,}n>1 is a
sequence of R, NC. such that |Qy,| — oo. Then

EE () = B () + o(|nl),

FS’Ch(Qnaﬂaﬂ) = LSCh(Qnaﬂaﬂ) + O(IQnD
for any fized B > 0 and p € R.

The proof of Proposition 3, given in Section 3.3.2. It is mainly based on
the Lieb-Thirring estimates on the density of the electrons in Proposition 2.

Step 3. Introduction of an auxiliary problem and proof of (A4).

From now on, we take D = 0 and £q = (), i.e. we prove the existence of
the thermodynamic limit for the periodic crystal £. However, because of
some localization issues, the proof that EECh and F ESCh satisfy assumptions
(A5) and (A6) is a bit tedious. Hence, for the sake of simplicity we shall
introduce an auxiliary problem for which this task will be easier.

Consider a set @ € M and let K = {(Rg, 2) |, = LN (2 x R) be the
collection of all the nuclei of the periodic lattice £ which are inside 2. Fix
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a small enough positive real number ¢ < min{|R — R/|, (R,z2),(R,7') €
L, R # R'}/10. Reordering the indices of the nuclei if necessary, we can
assume that d(Rg, 0Q) > ¢’ forall k = 1...K’ < K and d(Rg, 9Q) < ¢’ for all
k=K' +1...K. We now define auxiliary problems consisting in optimizing
the charges of the nuclei which are at a distance less than ¢’ of the boundary
of (U

E(Q):= inf inf tr(Hox,I),
z,.€[0,2,], TeD(Q) #
k=K'+1..K
E(Q):= sup inf tr(Hox I),
2z}, €[0,21], reD(Q) ?
k=K'+1..K

K,y = {(Rk,zk), k= 1...K,} U {(Rk,sz), k=K + 1K}

We introduce similar definitions for the non-zero temperature case, F (2, 3, u)
and F(Q, 8, ). Tt is clear that

E(Q) < EFYQ) <E(Q) and E(Q,8,u4) < FZMQ, 8, 1) < F(Q,8,p).

The idea of the proof is now to show that E and F(-, 3, u) satisfy (A1)-
(A6) introduced in [19].

Let us split the unit cube C' = [~1/2,1/2]® of R? in 24 open tetrahedrons
by considering all the planes passing through the center of C' and an edge or
a diagonal of a face. We denote by A’ one of the so-obtained simplices. The
other 23 simplices can be obtained as w/\’ where w € O, the group of order
24 consisting of the pure rotations of the octahedral (or hexahedral) group,
i.e. the symmetry group of the cube. We then fix some vector v such that
0€A:=A"+vandlet I := g, 1(Z3 x O)g, with g, = (v, Id) € G. Clearly
I is a discrete subgroup of G with compact quotient G/T" and A defines a
I-tiling of R3, as defined in [19, Section 1.3].

We have defined our reference set A. Next we fix n(t) = alt|, ¢ > 0 and
choose R := (R, NC:). We will assume that a is large enough and that ¢
is small enough such that A € R. Hence (P1) and (P3) are fulfilled. We
define R’ as R’ := R,y N Co, where i’ = mi}, m > 1 being the constant
given by Proposition I.2. Since any union of simplices of the tiling obviously
satisfies the £’-cone property when ¢’ is chosen small enough, it is then clear
that (P5) is satisfied.

Also it is very easy to generalize Theorem 5 and Proposition 2 to E
and F(-, 3, 1), giving that (A2) and (26) are satisfied. It remains to prove
that (A3)—(A6) are true. Here we start by stating the following proposi-
tion, which in particular implies that E and F(-, 3, u) satisfy the continuity
property (A4):
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Proposition 4 (Controlling charge variations at the boundary). Fiz some
n € € with n(t) = alt| and some ¢ > 0. Let Q,Q € R,NC. such that & C Q
and d(09Q,0Q") > 100’". Then there exists a constant C (independent of €
and Q but depending on a, €, 3 >0 and u € R) such that

E(Q) < E(Q) + 12\ Q]+ o(I92]), (28)
F(Q,8,p1) < E(Q, B, 1) + C|Q\ Q[ + o(|2)). (29)

Fefferman already proved in [13, Lemma 2] a similar result. A different
proof based on stability of matter is provided in Section 3.3.3. For the
energy, the main idea of this proof (see Figure 3) is to construct a trial state
in Q by taking the ground state of E(Q') inside ' and by placing radial
electrons around each nucleus in 2\ €' such that their mutual interaction
cancels, yielding only an energy proportional to |2\ €'|. This will not be
possible when a nucleus is too close to the boundary of Q\ €. In this case,
thanks to the e-cone property, we can place a ball close but not on top of
the nucleus, creating a dipole. Notice the cone property is used both inside
the boundary of €2 and outside the one of €. Also for the nuclei close to the
boundary of Q' there is a difference of charge between the problems E({))
and E(Q) which we shall need to compensate by adding electrons outside
), creating also some dipoles. The difficult task compared to the proof of
Theorem 3 is then the estimate of the interaction between the system in €’/
and all the so-defined dipoles. This is done by means of a specific version of
stability of matter, see Lemma 10.

+

Figure 3: Proof of the Continuity Property (A4).

Remark 15. (Bosonic case) Proposition 4 is also true for bosons.
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The generality of Proposition 4 also allows us to prove the existence of
the thermodynamic limit for the original functions EECh and F ESCh(-, B, 1),
assuming we have proved that E and F satisfy (A3)—(A6). We explain that
now. Consider a sequence {2, }n,>1 € R, NC. with |Q,| — oo and choose
some sequence £,, — oo such that £,|Q,|~%/% — 0. By (P5) (or Proposition
1.2), we know that the inner approximation A, := Ag g, 14(2n) of Q, at a
distance 6 = 104’ is a sequence of domains which satisfies {4,} C R’ =
Ry NCor and [Ay| = [Qn] + 0(|Q2,]). Equation (28) gives us that

E(Q,) < E¥Q,) <E(Q,) < E(A,) + o(|Q)).

When E satisfies (A3)—(A6) for any fixed n and €, we have by Theorem
1.2 limy, oo E(92,)|Q0]| 7! = limy, 0o £(A,)|A,|~ = € for some constant eé.
Hence limy, 00 E2(€,,)[2,| ! = €. The argument is the same for F(-, 3, ).

In conclusion, Theorem 6 will be proved provided we can show that F
and F satisfy (A3)—(A6). Notice Proposition 4 already tells us in particular
that £ and F satisfy (A4).

Step 4. Proof of the Translation Invariance in Average (A3).

We prove that E satisfies (A3). Notice that the energy is A-periodic: VA €
A, E(Q+ X)) = E(Q). Let us introduce

EQ+u)
\W\ el

('b

du

where W is the fundamental domain of A. Using that E(Q)|©2|~! is bounded
uniformly for all 2 € R, NCe, it is then easy to prove that

E(Q 4 u)

C
B(0, L —1/ 2T W — ()| < =
Bo.n [ =g @) <7

where C' depends on 7 and . The same holds for the free energy F(-, 3, u)
with the definition

(Q+ u, B, 1)
Fu5.) = |W|/ HE

It now remains to prove that £ and F\(-, 3, u) satisfy (A5) and (A6).
To this end, we shall use a localization method in Fock spaces which is
explained in the Appendix.
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Step 5. Proof of (A5).

We start with the proof of (A5) for the energy E and the free energy
F(-,B,1). Let 0° = (Tyn * 3)1/2, where A is the simplex introduced above
which defines a I'-tiling and j is a smooth non-negative radial function of
compact support in B(0,0'/10) with [ j = 1. It was proved in [17, p. 225]
that #¢ is a C'' function. Note that §° localizes near the simplex /A (at a
distance independent of £) and that [(6°)2 = [¢A|.

We have

1 _
Vz € R3, m/d)\(g)Hg(g lr)? =1

and 0/(g7'x) = (L * §)'/? since j is radial. Thus we obtain by the TMS
localization formula for the kinetic energy on the one-body space

~ o [ (6000 - 1900 )

where we have used the notation gf(x) = f(g~'z). Now

4 02 f’VHZP_ -1
’m’/cu V(9802 = ‘m‘/cu Ngvo' (= e = o)

Hence

ZT > @/M@( ‘ > (909)iTi(96")s ) —C%/- (30)

For the Coulomb potential, we use the following adaptation of Proposition
2, proved in [17, Lemma 6]:

Lemma 5 (Graf-Schenker Inequality with Smooth Localization). Assume
that 6° is defined as above. Then there exists a constant C and a £y > 0
such that, for any N €N, z1,....,z2y € R, z; € R? and any { > /o,

> L / (g 2i2j(90°) (2:)*(99°) ()
1sicren T _:Uj' - |£A| 1<z<]<N i — ;]
+ 7 Z zizjW (z - Z P
1<i<j<N
where W (zx) = m

22



Now, let us consider an Q € M and choose the charges close to the
boundary of €2 to realize the infimum of E(€2). Denoting Hq the so-obtained
Hamiltonian acting on F(L?(Q2)), we obtain

Hgo > IMCI/E/CD‘ Hype + — <ZT+W N) CZK (32)

where K is the number of nuclei in €2, which (by the geometry of the crystal)
is bounded above by a constant times |Q|;, the lowest volume of regular sets
containing €:

Q, =inf{|Q, 2D Q, Qe R, NC.}.
The operator W is the second quantization of the operator W appearing in
Lemma 5, with the appropriate charges of the nuclei. The Hamiltonian H g
is defined as

Ho = Y00 -y, Y M)

i i (Rz)em(mR) o — R
(g0 ()%(g60") (x
+ = E 7 _%')( i)’ + Chpe, (33)
Z#J ’

with Cgge denoting the Coulomb interaction of the nuclei in g6°

(96°)(R)2(g6")(R')?
2 R-R|

ngl - =

(R,2),(R 2" )ELN(QXR),
R#R'

Notice the charges have been changed close to the boundary of Q N (g¢A)
due to the multiplication by the smooth cut-off function. The operator W
satisfies a (weak) version of stability of matter. This is because we know
from [7, Thm A.1] that

| X N K 1
3 Z(‘A)xi — ZszYu(xi — Ry) + 3 ZY,,(J}

i=1 i=1 k=1 i#j

1
+ 53 muY(Ry— R) > —C(N+K) (34)
2 k#£l

where Y, (z) = e ¥I*l|z|~! is the Yukawa potential and C' does not depend
on v. Next, it suffices to remark like in [17, p. 222] that

W) = /0 T ey (). (35)
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Next one can estimate the number of nuclei inside © by C|€|, and obtain

1
§ZT +W—-N>-C|| (36)

where we have used one more time (13) to control —A. We obtain

1-C/t C C|Q,
> + — E P I bl
Hgq TN / d)\(g)ngl 57 < i Tl) 7 (37)

Taking the expectation of this Hamiltonian on a ground state and using
the theory of localization in Fock space as developed in the Appendix, one
can prove the following lemma, whose proof is explained in Section 3.3.4.

Lemma 6. The energy 2 — E(Q) and the free energy Q — F(Q, 5, 1) both
satisfy (AB).

Remark 16. (Bosonic case) Equation (34) is also true for bosons, pro-
vided the nuclei have a smallest distance from each other as this is the case
for the crystal. One may also retain some part of the interaction between
the negatively charged particles by the Lieb-Yau inequality. Next the Lieb-
Thirring inequality used in (36) has to be replaced by Proposition 1.

Step 6. Proof of (A6).

We end the proof of Theorem 6 by proving (A6) for the free energy F (-, 3, ).
We do not write the proof for the energy E(2) for which the argument is
even simpler. Consider a regular set Q € R = (R, NC;) and fix some g € G.
We introduce as before the partition of unity (@gu) per where this time

@f; = (ﬂggA *j)1/2 . (38)

2
Note that (@fm) =1.

Remark 17. Notice £ and g have been exchanged compared to the previous
section to fit to the formalism of (A6). More precisely

(s#'@) = [ talite =y, (05@)" = [ Luallite =y
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Let us choose the charges of the nuclei to minimize F(2, 3, ). By the
IMS localization formula, we have for the global Hamiltonian on €2

1
Ho =) H(gu)+5 D Iopmgv) =Y > IVOy,[; (39)
pel ,u,z;éel" 1 pel
WFEV

where we have introduced the operators acting on the Fock space F(L?(f2))

@Z 2@( ; 2
H(gi) = (05, T6g,)i =3 > : |$ é’f(x)

i (R,z)eEK ¢

1 Ogu(i)®Og,(z)* | 1 Ogu(R)*Og,(R')?
LD D B R R (40)
i#£j (R,2),(R,2")eK,
R#R'
(compare this formula with (33)) and
200, (R)?6,(x:)* + 20, (R)?6},, (2)?
o) =~ Y ot O 10
i (R,z)eEK ¢
ot (x,)2@£ (x)z ot (R)2@£ (R/)2
gu\Ti) Z g\l g gv
41
LT L rr W
1#] (R,2),(R',2")eK,

R#£R'

with I C 2 x R denoting the positions and (optimized) charges of the nuclei
of the lattice £ inside 2. Notice in the above formulas, @ sums over a tiling
whereas ¢ allows to translate and rotate this tiling.

Let us now consider a ground state w (with density matrix I' and density
of charge p,) for F(Q,3,u). For any P C I', we introduce like in the
Appendix, Equation (115),

1/2
gp = (> _(6},)? (42)
peP
and denote by wé’) = wy, the gp-localized state associated with w. The

theory of localization in Fock space is developed in Appendix, Section A.1,
in which the reader will find a precise definition of wgy,. Let us now define
the functions appearing in (A6):

EP(gp) = w (H(gp) — B7'S(w],),

25



I (g, gv) == w (I(gu, gv)),

509, P) =671 [ S(wh) = D S(wi,y)

neP

It is then possible to prove the following lemma. Details are given in
Section 3.3.5.

Lemma 7. With the above definitions, Assumption (AG) is satisfied.

2.2 Quantum nuclei and electrons in a periodic magnetic
field

In this section we present our second example in which we come back to the
simpler model of quantum nuclei. For simplicity we assume that there is
only one kind of nuclei which are all bosons of charge z with no spin. We
could consider a finite number of different species of particles, each having
its statistics, spin and charge.®> Also we could consider the (generalized)
Hartree-Fock model but we do not write an explicit result.

Let © € M. We define the K-body bosonic space of nuclei and the
N-body fermionic space of the electrons as

K N
Fre=QLMQ),  Fu=N\I*Q), FRe=r5=C
1 1

The subscript s means that we take the symmetric tensor product. The
total Fock space is
Fi= P e rg.
N,K>0

The total, electronic and nucleic number operators read respectively

N= @ (K,N), Ne:= P N, N,:= P K.
N N

N,K>0 JK>0 ,K>0

3The fermionic case is simpler than the bosonic case thanks to the Lieb-Thirring in-
equality. It can be treated using essentially the same method as before. We consider here
bosons to give an illustration of the use of Proposition 1.
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The Coulomb many-body quantum Hamiltonian is defined on F as

Ho = Y T(A), + 17 S T(A)p, DM
; . i ok
2

1 z
4
+Z\xi—%‘!+z\3k—Rz\’ (43)

i<j k<t

where x; and R denote respectively the positions of the electrons and the
nuclei. The number M is (twice) the mass of the nuclei (the mass of the
electrons is normalized to 1/2). The operator T(A) = (—iV + A(x))? is
the Dirichlet magnetic Laplacian on L?(2). As before, we assume that A €
L% (R3) and that div(A) = 0 in the distributional sense. We also assume
that there exists some discrete subgroup I' of R? with compact fundamental
domain W = R3/T', such that B = V x A is a I-periodic distribution.
The most simple example is of course the case of a constant magnetic field
B(x) = By which is I'-periodic for instance for I' = Z3.
The grand-canonical energy is defined as

| E(Q) = inf ox(Ha) |

and the free energy at temperature 3! > 0 and chemical potential yu =
(p1, p2) € R? reads

F(Q,8,p) = —% log <tr]: <e_5(HQ_“'N)>> .

An important result is the stability of matter:

Theorem 7 (Stability of matter for quantum nuclei and electrons in a peri-
odic magnetic field). Let z > 0 and A € L _(R3 R3) be such that div(A) = 0
in the distributional sense and B =V x A is I'-periodic.

Assume that 3 > 0 and p € R? Then there exists a constant k (depending

on 3, pu and z but independent of A) such that for all Q € M,
BQ) = —rQ,  F(Q8,p) = —#lQ).

Whereas the stability of matter for the energy is an obvious consequence
of Theorem 3, the proof for the free energy relies on Proposition 1. It is
explained in Section 3.4.1. Our main result is the
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Theorem 8 (Thermodynamic limit for quantum nuclei and electrons in
a periodic magnetic field). Let z > 0 and A € L (R3 R3) be such that
div(A) = 0 in the distributional sense and B =V x A is I'-periodic.

There exist a constant € and a function f : (0,00) x R? — R such
that the following holds: for any sequence {2, }n>1 € Ry with |Q,| — oo,
diam(92,,)|Q,| "3 < C, and where n(t) = alt|’ € € for some a > 0 and
be (0,1],

lim E() =é and lim 7F(Qn,ﬁ,,u)

n—oo |{),] n—oo |2,

= f(B, ).

We outline a proof based on our new general method in Section 3.4.2.

Remark 18. Theorem 8 was proved by Lieb and Lebowitz in [27] in the
case A = 0. Their proof which is based on the rotation invariance cannot
be adapted when A # 0.

Remark 19. Notice we can prove the existence of the thermodynamic limit
for a larger class of sequences {2, },>1 than for the crystal case: we do not
need the cone property and we do not need that b = 1. In [27], an even
weaker condition is assumed to hold for {2, }n>1.

2.3 Movable classical nuclei

In this section, we state the existence of the thermodynamic limit for our
third and last example, a system composed of quantum electrons and clas-
sical nuclei, whose position is optimized. Surprisingly, this does not seem to
have already been done in the literature. We do not consider any magnetic
field in this section, A = 0.

We recall that for any set of nuclei K = {(Rg,zr)} C 2 x [0,00) in
a domain 2 € M, the associated grand-canonical Coulomb Hamiltonian
acting on F(L?(Q)) is denoted by Hgqx, see (5). We consider a system
where we put arbitrarily many nuclei of charge z in 2 and optimize both
their number and positions. The associated ground state energy is

E(Q) = lcggi)nxf{z}, inf OF(L2(Q)) (HQ’]C). (44)
H#K <0

Another problem consists in optimizing also the charges of the nuclei inside
), limiting their higher value to z. This leads to the following definition

E(Q) = ]ngi)gfi(],z}, inf O’]:(Lz Q) (Hch). (45)
#K<oo
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By (7) in Theorem 3, we know that
E(Q) = E(Q). (46)

We consider a chemical potential p = (u1, u2) € R%. The free energy
corresponding to (44) is

1 1
F(Q,8,u) = —§10g<z ﬁ/gx dRy -+ dRf x

= (47)
Xt F(r2(q)) (e_ﬁ(HQ»{(Ri,z)}_MIN_N2K))> .

Similarly, the free energy corresponding to (45) is

1 1
F( -] — dR1---dRw dz1 - -d
F(Q,8, 1) 3 Og(KZE:oK! /(Qx[o,z})K Ry Ry dz 2K X

(48)
Xtr F(L2(Q)) (e_ﬁ(HQ,{(Ri,zi)}_MlN—ugK))) 7

but we only have F(Q, 3, u) < F(Q, 3, ). As usual, the first step is to prove
stability of matter:

Theorem 9 (Stability of Matter for Optimized Classical Nuclei). Let z > 0,
B >0 and pn € R%. There exists a constant r such that

EQ)=EQ) = -k,  F(Q,8,p) =2 E(Q,8,p) =2 —£|Q (49)
for all Q € M.

Proof. For the energy E(€), this is contained in Theorem 3. For the free
energy, we use (9) for any fixed configuration (Ry, z)X_; of the nuclei:

tr 7 (12()) (e—ﬁ(Hﬂ,{wk»zw}—mN)) < Ll

for some constant C' independent of (Ry, 2)5_,. Hence we obtain

! A2 it (C + zetP2) |
E(Q7ﬁ7,u)2__10g<z Te H2 — _ /3 )
K>0
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For the thermodynamic limit we give in Section 3.5 the proof of the
following result.

Theorem 10 (Thermodynamic limit for movable nuclei). Let be z > 0 and
p € R2. There exists a constant & and two functions f,g: (0,00) x RZ — R
such that the following holds: for any sequence {2,}n>1 C Ry with [Qy,| —
00, diam(Q,)|Q,|71/3 < C, and where n(t) = alt|® € £ for some a > 0 and
b e (0,1],

. E(Qn) = F(anﬁwu) _r : E(Qn’ﬁ’ﬂ) =
lim o = nI%OW = f(B,p) and nh_{goimn‘ = g(B3, ).
3 Proofs

3.1 The stability of matter: proof of Theorem 3

Step 1. Proof of (7). We start by proving (7), following ideas from
Daubechies-Lieb [9]. For simplicity, we use the notation of Section 2.3 and
introduce:

E(Q) = ICgSiII;f{zLinf O’]:(LZ(Q)) (Hch), (50)
#K <00

E(Q) = Kgsil?(f[.o,z},inf O']:(Lz(Q)) (Hch). (51)
H#K <0
It is clear that E(Q2) < E() for all Q € M. Fix now a positive number
K and some positions Rq,...,Rx € Q with Ry # Ry when k # k'. We
introduce the ground state energy when the nuclei have charges (21, ..., 2k ) €
[0, 2]%:
f(Zl, vouy ZK) = infO']:(L2(Q)) (HQ,{(Rk7Zk)}) .

Notice Hq ((Rr;,-;)} depends linearly on each zj separately, hence f is a con-
cave function in each variable separately. By induction, one proves that for
any z1,..., zi € [0,2]%, there exists z}, ..., 2 € {0, 2} such that

flz1, s 2i0) > (200, 200).
Of course taking some charges equal to zero is the same as removing the

associated nuclei, Ho ((r, .1y} = Ho ((R.z) | =20}, therefore F(21, e 2) >
E(Q) which eventually shows that E(Q2) > E(Q).
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Step 2. The stability of matter. We now prove (8). By the Lieb-Yau
inequality (2), we have

Hper > 3 T(A); _ZH\/?——Z“/? %Z
J k

- 5R 15@
i

Lemma 8. There exists a constant C > 0 such that for any R C R3,

:%ZT(A),._Z—”({“/? ZaRRk —clel. (52

Using (52), we obtain

1 z 1

Hpy(zy 2 —C[Qf + 3 S TA)+ : (53)
J k

This clearly yields (8), as >, T(A); > 0

Proof of Lemma 8. Let R ={Ry,..., Rk} be some positions of the nuclei in

R3. We use the notation W (z) := (z + v/2z + 1/2)dr(x)~! and fix some

constant § > 0. For any k, we introduce Dy, := 0g(Ry), the distance to the
closest nucleus. Next we define the following three sets

Xs= |J B@rd), Xj= |J B(Rwd), Y5=R\(X;UX}).
k| Dy<4s k | Dp>46

Then by the definition of W

2

K
T(A z 1
ngE < (zl)_W(]lX‘;—'_]lX,) +§E
J =1

Dy,

T(A); (2+V22+1/2)
+ Zj: . . N. (54)
By the Lieb-Thirring inequality (11) and assuming ¢ < 1, we have
> <@ — W]lX6> >—C [ |W()|?dx
N8 J %5
22 4 1/2)5/2
> _C / (z—l—\/_z+552) de = —C'ny
b | Drcas ! B 18— Bal
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where ng := #{k | D < 46}. Then, by the definition of Xy,

2

T(A) 2 &1 ,  Z
i N > (- el >
Z( - W1X5>j+8ZDk_ C'+ s | 152 0 (55)
j k=1
if we choose § < 22/(32C").
We now estimate »_, (T(A)/B — W]lX:s) . Let 0 < 6 <1 be a smooth
j

radial function which vanishes outside the ball B(0,2) and is equal to 1 in
B(0,1). Let us define 6x(x) = 0((x — Ry)/d), whose support is contained in
B(Ry,20). By definition of X§, all the B(Ry,20) are disjoint when k varies
inZs := {k | Dy, > 46}. Then, let 0 < © < 1 besuch that >, 7. 024+ 0% = 1.
We notice that

1 dz 28
0 0 < — 0r(—A)6
Rk C </B(o,26) \x!3/2) k(=)0

by the critical Sobolev injection of H'(R?) in L5(R3). Hence by the dia-
magnetic inequality [28],

1 d 2/3
XL
9, < C / B 0, T(A)6,.

Thus, we may find a fixed small enough ¢ such that

T(A)

0y, <T _W]lX(’5> 0, >0

O

for any k € Zs. Using that

T(A) > Y 6,T(A)b) + OT(A)O —
keZs

C
5

for some constant C' depending only on 8, we infer

(5w 2 -

J J

where we recall that § is now a fixed constant. Hence we have proved that

Hé?zZ%—CN
J
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for some other constant C' depending on z. Using the Lieb-Thirring inequal-
ity (13) we obtain
Hg > CLTNS/g‘Q’_z/g - CN

which gives (52) when optimized over N. O

Step 3. The stability of matter for the free energy. We end this
section by proving (9). By (10) (with T'(A) replaced by T(A)/2), we have
for any K C Q x [0, 2]

1
Hox > 3 ZT(A)j - C|Q|. (57)
J

Using again the Lieb-Thirring inequality (13), we obtain for any u € R

1
Ho =N > 73 T(4); — O+ u)0] (58)
J

where the constant C' is independent of y. It is then a consequence of Peierls’
inequality [36, Prop. 2.5.5] that

1 _ _ 1 B ‘ _
- B lOg tr F(L2(DQ)) (6 B(Ha,x “’N)> > _B log tr F(L2(Q)) (6 6(21 T(A)J)/4>
—C+EPIRL (59)

Notice the following equality

£ (200 <e—ﬁ<2j T(A>j>/4> - 11 (1 4 e—ﬁ(Ak(A»m) (60)
k>1

where (A;(A)) are the eigenvalues of T'(A) on 2 with Dirichlet boundary
conditions and from which we infer

IOg tr F(L2()) (e_ﬁ(zj T(A)j)/4) =tr Lz(Q)f(T(A)) (61)
with f(t) = log(1 + e~ ?*/4). By the diamagnetic inequality [28, 38] we have
tr pa(o)f (T(A)) < tr pagq) (e7TOA) <tr o (TOM) . (62)

We then prove the following lemma whose proof follows that of an esti-
mate of Li and Yau [23] (see also [28, Thm 12.3]):
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Lemma 9. Let Q2 be a bounded open set in R™, and f : [0,00) — R a convex
function such that t — t"=2/2f(t) is in L'([0,00),R). We use the notation
—A for the Dirichlet Laplacian on Q and —Ay for the free Laplacian acting
on the whole space R3. Then f(—A) is a trace-class operator on L*(Q) and

tr2() (f(=4)) < [Q[(2m)™" /Rn F(IpP)dp = tr r2rs) (La(a) f(—A7)).
(63)

Proof. Let (¢;) be an orthonormal system of eigenfunctions of —A. Then,
using Jensen’s inequality,

ey (F-8) = S 7U-D)ge) = 57 ( [ 10Pa0)ap)
2 ~ N2
< /Rgf(\p!);!%(p)\ .

Now, introducing e,(z) = (27)""/2eP*1g(x), we have
YIGPP =Y Kenep < llepliz = 2m) 710
which ends the proof of Lemma 9. O
We now use this to finish the proof of (9). We have

log tr (12 (qy) (e—ﬁ %, T(O)j/4> < 52(2m)3 Q| /R gy
and therefore, by (59), (61) and (62)

1

- log tI‘]:(LQ(Q)) (e_B(HQ”C_MN)> > -C (1 + 6_5/2 + Mi_m) ‘Q’

g

This ends the proof of Theorem 3. O

3.2 Proof of Proposition 1: an estimate for repelling parti-
cles

We cut the space into cubes @, j € Z3 of side length a > 0 (to be cho-
sen below), and get a lower bound on the energy by introducing Neumann
boundary conditions on the boundaries of the @;.
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Let us consider a specific cube ) and the intersection QQ N 2. Assume
that we have N’ particles in this cube. Consider the operator (14)

N/
> (T(A)xi + emax |wi — :ck|‘1> (64)

1=1

restricted to the cube @) with Neumann boundary conditions on 9@ and
Dirichlet boundary conditions on 9€). The ground state energy of this so-
defined operator is bounded below by 0 if N’ = 0 and if N’ > 0 by

N'AA) + (N — Dea™!
where A\(A) is the lowest eigenvalue of T(A) on @ N Q. By the diamagnetic

inequality, we have A(A) > A(0).
We now estimate A(0). For all functions u we have a Sobolev inequality

1/3
( / \urf") <ar [ 1w+ alQr [ .
Q Q Q

Using Holder’s inequality, we get if u has its support in €2 that

1/3
/Q uf? < ( /Q \urﬁ) QnaRs.

Thus if |Q N Q| < (1/2C0)%/?|Q| then

B B QQQ2/3
Cl I\Qﬁﬂ\ 2/3< 0‘ ]QP/‘?’ /‘ ’2

/ |Vul?.
Q

Hence we conclude that if |Q N Q| < (1/2C)%/?|Q| then

IN

(20)1Q a8 / u?
Q

IN

A(A) > A(0) > (20)7HQ N Q723 > (201)7HQI7Y? = (2C1)ta"2. (65)

We therefore have two cases. If [QNQ| > (1/2C;)%/?|Q| then we estimate
A(A) > 0 and find that the energy in the cube is bounded below by

((V'a™! —a) > e (N~ - C(Q N /IQl)a”)
=e(Na!'-ClQNQa™).
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On the other hand if |Q N Q| < (1/2Cy)*?|Q| we use (65) and obtain that
the energy in the cube is bounded below by

(N' = 1)y min{ea™ ", (2C1)'a™} > ¢ N'min{a"',a"?}.
If we sum these estimates over all cubes we obtain the total lower bound
dNmin{a™t a2} — C|Qa™".

Optimizing in a gives the claimed result. O

3.3 The crystal case: details for the proof of Theorem 6
3.3.1 Proof of Proposition 2: upper bounds

We start by proving (26) for the energy. Let be Q € R, NC. and consider
r = min(d/10,¢/10), where we recall that 6 was defined in (18). We use
the notation £'NQ x R := {(Ry, z) }_, with d(Ry, R}) > ¢ for all k # k.
Since 2 has the e-cone property, we know that each point Ry € €, has a
ball By, of radius r located at a distance at most 6/3 which is completely
contained in 2. When the ball centered at Ry is already contained in (2,
B(Ry,r) C Q, we simply choose this ball: By = B(Rg,r). We denote by K
the set of all the k’s which satisfy this property and by Ky = {1,..., K} \ K3
its complementary. By definition of r, none of the balls By intersect. Since
Q has an 7-regular boundary, it is clear that r3#K, < C |Q|2/ 37 and on the
other hand r*#K; < C|Q|.

Let ¥ be a normalized eigenvector of >.;Tj in F(H}(B(0,r))) with
total momentum zero and such that N = ([z] + 1)¥. In each Fock space
F(L?(Byg)), we can then consider the following state of total charge 2y,

= (1= 7 ) 10000 + P19~ RO - R
where |0y) is the vacuum of F(L?(By)).

By the definition of the balls By's, we have L*(UyBy) = @, L*(B)
which translates on the Fock spaces as

F(L*(Q)) D F(L*(UxBy)) ®]~' L*(By))

Thus we can formally take I' = @, I';, as a test state for Hg 0 in Q. By
Newton’s theorem, the energy is then the sum of the energies in each ball,
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plus the interaction energy between classical dipoles placed at each Ry with
k€ Ky, ie.

C

Sch o p 13
EXM(Q) < tr (HQL’F) < C1Q+ Z |Ri — Ry |3

kK €Ky

for some constant C. For any fixed k, the last term attains its minimum if
all the other R are distributed regularly in a ball of radius proportional to
(#K5)'/3. Thus

1 dr
s < Ok [ dr
k#kZ’E:KQ | Ri — R [? () B(6/3,(#12)1/%) [T]?

< C'(#K,)log(#K2) < C"1Q* log(19]), (66)

which proves (26) for the energy.
We now prove (27). By Theorem 3, we have

1
Hop > 5 ZTj -9
J
Hence any ground state I' of Hq o satisfies
1
St Y T | T = Cl9| < tr(HooT) < 9. (67)
J
By the Lieb-Thirring inequality (13),
Crrtr (NT)?/3)Q7%/3 < tr ZTJ I'| and / pr = tr (NT) < C'|Q|
, Q
J
for some constant C’. This finishes the proof for the energy since by (67)

CLT/p?‘/g <tr ZT] r §C”’Q‘.

J

For the free energy, since xlogz < 0 for all € [0,1], we can use a
ground state I' for EXM(Q) as trial state to obtain

30, B, 1) < BEMQ) — ptr (NT) < (€' — min(u, 0))|9)

by Theorem 3. The proof of (27) is the same as for the energy. O
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3.3.2 Proof of Proposition 3: reduction to periodic case
For the energy, we only prove the inequality

EFMN Q) > B () + o(|)), (68)
the other one being obtained by the same argument. Let ¥,, be a ground

state of Heng, xr in F(HE(Q,)). By (27), we know that there exists a
constant C independent of n such that

Then, we write

Ho,r = Ho, oo+ Y (Wale:) + Wi(2:) + e (69)

where

D, (2 2
Wale)= > ]a:i(]%)]+ 2 ow]

(R,2)€LNQy xR (R!,2")eLaq

/ 1 1
Wy (z) = > (+Da) <]a:—R—Ddis(R)\ - ’w_R’>

(R,2)€LNQ, xR

and

Cn = Z (24 Den(2)) (2" + Den(2')) %

(R,2)eL, (R ,2")eL
R#R'

- )
|IR—R'| |R— R+ Dais(R) — Dais(R')|
B Z 2Dy (2") + (2 + Den(2')) Den(2)

R — R

(R2)eL, (R ,2")eL
R#R/

z2! 22!

o Z |R—R’|_ Z |R—R’|'
(R,z)EL, (R',2")ELy (R,z)ELy, (R,Z")ELg

Applied on ¥,,, this gives

E3NQ,) > EXR(Q,) + / (W + W) pw, + cn.
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Notice that for any R € R3,

pw,, () / pw, (7) / pv, (7)
dr = dx + dx
/ |z — R le—R|<x [T — R e—R|>x [T — R

3/5
< (27T)2/5)\1/5 (/ pi/j)) + fﬁ;\@n

< COMYPIQ,[3° + 1,27 < O, [7?

by (27) and optimizing over . By assumption, we know that the smallest
ball B,, containing €, satisfies |$2,|/|By| > ¢’ for some ¢’ > 0 independent
of n. Thus, by (17),

/ Wapw, < 12 Y Dal+ Y
(R,2)ELNQn xR (R',2')eLq
< 12 B0(1BalV3) < of|]).

We argue similarly for W) : let A be small enough such that all the balls
of radius A centered at R with (R, z) € L (resp. R+ Dg;s(R)) never intersect
(we shall actually take A — 0 later on). We compute

1 1

— dx
|r — R — Dgis(R)| |z — R|

pw, (2)

/B(R,)\)UB(R-FDdis(R)v)‘)

3/5 p 2/5
<4 / s / ——
B(RA)UB(R+Dgis(R),\) B(rN |z — R /

12
S—Yﬁ./ £f+/ o) + S emas
5 B(R)) B(R+Dais(R),N) 5

(70)

where we have used Young’s inequality. Then we notice that there exists a
constant such that (see, e.g., the proof of [22, Lemma 9])

1 _ 1 ‘ < C’de(R)’ (71)
|t — R — Dgis(R)| |z —R|| ~ |z — R— Dgis(R)| X |z — R)|
_ CIDa(R)

1 1
-2 <Iw—RI2 e R Dan(RP
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hence

/ pw, () ! ! dx
v, -
le— R[>\, [o—R—Dagia(R)|>A |z — R— Dgis(R)| |z — R|

< C/D A 5/3 3/5 OO@ 2/5 < CIID . )\—1/5 Q 3/5
< C'|Dais(R)| o P, N < C"[Dais(R)| €27

(72)

Summing (70) and (72) over R and using both (27) and that the number of
nuclei inside €, is proportional to |2,| (by the regularity properties of 2,
and the fact that there is a smallest distance between the nuclei), we find

/ W pa, < Ol (A + (|2, )A~1/) (73)

where « is some function satisfying lim; o, a(t) = 0. Choosing for instance
A5 = /a(]Qy,]) which converges to 0 as n — oo, we obtain that the right
hand side of (73) is a o(|2y])-

The proof that ¢, = o(|,|) is much simpler thanks to the estimates

1 1

7<CQn2/3 7<09n1/3

>, e SOt Y g <ol

(R,z")eLNQ2, xR (R',2)elnQn xR
R'#R R'#R

(74)

for any R such that (R, z) € L for some z. This ends the proof of (68).

The proof of the same estimate for the free energy

FRMQ, B, 1) > FEM™(Q, B, 1) + o(|Q0))

is an easy adaptation of the above arguments, thanks to (27). O

3.3.3 Proof of Proposition 4: dipole argument

Let us consider two sets ' C  in R,,NC. with d(92,0Q") > § := 104". This
clearly implies that Q \ Q' satisfies the e-cone property for & small enough.
We assume that the nuclei in €’ which are at a distance less than ¢ from
09 all have a charge which realizes the minimum in the definition of E().
Similarly we choose the charges of the nuclei in 2 at a distance less than
§" from O to realize the supremum in E(£2). We can do this because the
boundaries of ' and € are far enough such that the two sets of nuclei whose
charges are optimized are disjoint.
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Because Q\ ' satisfies the e-cone property, we know that for any nucleus
Rin Q\(, there exists a ball B(R+ag, r) with small radius r < §’, contained
in Q\ ', with |ag| < e, such that none of these balls intersect, and such
that R is the closest nucleus from R + ar. Whenever possible, we simply
take the ball centered at the nucleus, agp = 0. This is not possible for the
nuclei which are a distance less than r to the boundary of Q\ '. Let us
denote by J; the set of all these nuclei. Because €',Q € R,, we know that
#T1 < C|9Q/3.

Now, denote by J» the set of nuclei whose charge was optimized to realize
the minimum of E(Q'), i.e. those which are inside €', at a distance at most
0" to the boundary of €. Their charge 2’ differs from the charge z > 2’ of
the original nucleus in £. Any such nucleus is at a distance at most §’ to
a point on the boundary of ¥, at which there is a cone of size € pointing
in Q\ . Thus we can find a ball B(R+ ar,r) with |ag| < 20" and small
radius 7 < ¢’ contained in 2\ Q" and such that R is the closest nucleus of the
center of this ball (since 8 was chosen small enough). Also #J < C|€V|*/3.

Then, let TV := |¥/)(¥'| with U/ € F(H}(')) be a pure ground state of
E(). For each nucleus (R, z) in Q\ ', we can choose a state ' of the Fock
space F(H}(B(R+ ag,r)) with total momentum zero and charge qg := —2
like in the proof of Theorem 3. For each nucleus (R, 2’) with R € J> and
(R, z) € L, we also choose a state I'r of the Fock space F(H}(B(R+ag,7))
with total momentum zero and charge —qr = z — 2’. Doing so, we create
(see Figure 3)

e O(|Q\ €]) neutral systems of size r;

e O(|Q|?/3) dipoles of size |ag| < max{e, 26}, all located at a distance at
most 7 to the boundary of Q\ ', of charges qg < zZ = max{z, (R,z2) €
L}.

Following the proof of Theorem 3, we can choose as a trial state the
tensor product I' := F’®(R7z) I'(R,z), the full Fock space being the tensor
product of the local Fock spaces,

F(L? (' Ugg,zy B(R+ag,r))) = F (L)) Q) F (L*(B(R+ ag,7))) .
(R.2)

The energy of our trial state for F(£2) (with the nuclear charges optimized
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at the boundary of Q) can then be estimated by

E(Q) +&|Q\ Q|+ C|Q*? + <\1/', <Z W,-) \1/'>
- > 2W(R) +o(Q]). (75)

(R,z)eQY xRNL

The second term is an estimate of the energy of all the radial electrons inside
O\ €, whereas the third term is the kinetic energy of the electrons used
to create the dipoles at the boundary of Q\ €. The fourth term is the
interaction between the electrons of the ground state ¥’ inside Q' and the
dipoles created at the boundary (by Newton’s theorem, a classical dipole is
seen by the particles in '):

W(z) = — Z Wr(x), Wg(z) =qr < ! 1 >

ReT U, |IR—2z| |R+agr— x|

with the convention that Wg(R) = —qr|ag|~!. The fifth term of (75) is the
interaction energy between the dipoles and the nuclei inside €. The last
term of (75) contains the self-interaction of the dipoles which is a o(|€2|) as
already shown in the proof of Theorem 3, see (66).

We want to prove that

<x1u', <Z WZ-) qu> - > 2W(R) <o) (76)
7 (R,z)

e’ xRNL
To this end, we shall use the following

Lemma 10 (Stability of Matter with K nuclei and M dipoles). Assume that
we have K + M nuclei, located at {Rx}5_| and {y;5}M_, on a lattice, where
each Ry has a positive charge 0 < 2z, < z and each y,i’b a charge 0 < q:,CL <gq.
Assume that close to each v\, there is a negative point charge 0 > q,, > —q
located at vy, with the property that yt is closer to yf than to any other
fized Ry, or yét. Let E(M, K, N) denote the ground state of N electrons and

the above classical charges. Then
E(N7K7M) > _C(l + 22)N — Z2K — C(l —|—Z2 + qz)M _ Cq5/2M

where C depends on the the smallest distance between the classical charges
but not on q and z.
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Before proving the lemma, we show how to use it to derive (76). We
have for all 0 < e <1

eE(QY) — <x1/ (Z W,) \I/> + Y R =-<U
i (R.2)

ceLNY xR

+€<\II, Ho —et (ZWZ->+€_1 > dW(R) 47U x1f>

(R,2)€LNQY xR

where Hq is the Coulomb Hamiltonian in €’ with charges realizing the infi-
mum of E(Q') and U is the total Coulomb interaction between the dipoles,
which is a o(|Q?]) as already mentioned before. Note that the operator

Hy — et (Z Wz) et Z sW(R) +e2U

(R,2)€LN(QY XR)

corresponds to the system in Q with the dipoles added with —e~! times
their original charges. Using the lemma and the fact that M = O(|Q[*/?),
K = O(|?]) by the regularity properties of Q and €', we conclude that this
operator is bounded below by

inf {0N5/3|Q|—2/3 —CN-ClQ|-C(1+ 5—5/2)M}
> —C|Q| — Ce?21Q)*3. (77)

Returning to our estimate above and using E()) < C|Q|, we find that

(50} 5, e

)EQ xR
< CelQ| 4 Ce321Q)23 4 71 # B 10g | (78)
where we have used the estimate on the self-interaction between the dipoles,
see (66). It is clear that we can choose ¢ such that this is o(|€]).

For the free energy, the proof of (A4) follows exactly the same lines: T'¢y
is chosen to be a ground state for FSCh(Q’ , B, 1) and the other I'g are kept
the same. The only additional ingredient which is needed is the additivity
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of the entropy for tensor products, which reads

tr F(L2(Q) (P log F) = ftr F(L2(Y)) (PQ/ log PQ/)
+ >t E12Bs., ) (Tr108TR)
(R,z)
< ftr F(L2(Q)) (FQ/ log FQ/).
Proof of Lemma 10. The importance in this version of stability of matter is
that we keep track of the dependence of the charges ¢ and z. Unfortunately,
as far as we can see, the lemma does not follow from known versions of

stability of matter. We shall prove it using a comparison with the Yukawa
potential. More precisely, we have for all v > 0

1 1 1 eVl
—2_ﬁ20 and hi)Tl ——e— =V,
> Ipl+v a=0 \ |z |z]
hence for any z; € R? and any ¢; € R,
qi4q; v

> T — > gV —x) — 5 > g (79)
. |$z - 33]| .. 2 X
1<) 1<J 1

Let us use this inequality to estimate the the total Coulomb potential Vi of
our system of electrons, nuclei and dipoles. We denote by x; the positions
of the electrons.

1<i<j<N
N K N M
— Z Z 2Y,(x; — Ry) — Z Z Y (zi = y,)
i— — i=1 m=1
Ml kKl 1M M
— Z Zqu,,(y;L — Ry) — Z Z(fyu(y% - y;).
m=1k=1 m=1 (=1

On the right we have ignored several positive terms. Next we note that since
the nuclei are placed on a lattice £, we have for all x and with a constant
C' depending on the lattice and of v

K
Y, (z — Ry) < —R|!
Z;WE k) < maxlz — R|™H+

C

V2

(80)
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where C' is independent of v but depends on the smallest distance ' between
the nuclei of the lattice £. Indeed let us define 6 = ¢’/10. We have assuming
yeLand |y—z| >

/ R ] dz > 1/ o v(ly=zl=ly=al) 7,
B(y,5) |z — 2] 2 JB(y,5)

Next it is clear that |y — z| < |y — x| for z in a subset of B(y,d) of non zero
measure. Hence we obtain the estimate

Y(x —y) <C Y, (v —2)dz
B(y,9)

whenever |y — 2| > 6. Summing over £ we infer
Z Y,(x — R )<max\x—R[1—|—C/ (81)
(R,z)EL

which yields (80).
We may argue like in the proof of Theorem 3, Eq. (56), using the Sobolev
inequality in small balls around each nucleus to get

Z szaxm Ry|™' > —CZ*N.
=1 i=1
Using Y, (z) > ﬁ — v by the convexity of r — e¢™*" and choosing for instance
v =1 we arrive at
N N N
zi + Vo > AL max |T; — Tj -1

- 0(1 + 22)N — 22K -C(+ 22+ )M

N M
- Z Z qYu(fni - y;:b) (82)

i=1 m=1

Remark 20. We shall not need the repulsive term Zf\il maXy, g, |z;—;] 7t
in this proof but we highlight it as it is useful for bosons.

Let us introduce the following potential

M
= Z Y, (z;
m=1
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Denoting by daip(2) := min |z — y;;| the closest distance of z to the dipoles,
we have similarly to (81)

M
> Y@ —yh) < Coap(x) sy (y<1 + C Y, (r)dris, (o)1
|T|26dip(x)

< Cédip(x)_l]lcihp(m)gl + Ce_édip(x)]l(gdip(m)Zl.

m=1

Hence it is clear that W € L%2(R?) and that
/ W2 < CM
R3

for a constant C independent of M. By the Lieb-Thirring inequality we
infer

E(N,K,M) > —-C(1+4 2>)N — 22K — C(1 + 2> + ¢*)M — C¢°/*M. (83)
O

Remark 21. Let us denote by E, (N, K) the ground state energy of N
particles (fermions or bosons) interacting via the Yukawa potential Y, with
K nuclei located at a distance at least ¢ with each other. We have proved
the estimate

E,(N,K) > — <u + %z + 022> N —v2’K

where C' depends only on §'. This v-dependent estimate is sufficient to get
the stability of matter in the crystal case for the potential W defined in (35)
and which is used in the Graf-Schenker estimate with smooth localization.

Remark 22. (Bosonic case). For bosons, an estimate similar to (83) is
true. One needs to use Proposition 1 and the repulsion term in (82), instead
of the Lieb-Thirring inequality.

3.3.4 Proof of (A5) and Lemma 6

Let w be a ground state for E(2), with one-body (resp. two-body) density
matrix 1 (resp. 72). We have by (37)

E(Q) =w(Hg) > ‘ eg\/ ¢ / d\(g C’?‘r. (84)
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Remark

2 l 2
w(Hgge) = tr ((T > (gf)f)) (gHZ)'n(g@é))
(R.2)

,2)ELN(2XR)
1 1
tatr ((QQZ) ® (g0 )y2(g0") ® (QQZ)H> + Cypr
= wgel (ﬁggl) N

where wgge is the localized state as defined in the Appendix and

2(g0°)(R)* | 1 1

i (R,z)eLN(2XR)

Notice wyqe lives over QN gl'A where ¢’ = £ 4 6" where 0" is chosen such
that Supp(#’) C ¢’A. The support of j was chosen small enough to ensure
that V6 has its support at a distance at most ¢ of the boundary of ¢/A.
Hence only the charges of the nuclei close to the boundary are changed and
we have

%Nggazgmmﬂuy

Now (84) gives

_1—a(t) L ClQl,
N /d)\ E@Qngt'A) - 5=

" \° C
o) =1- <1+£ a~> (“m)

which proves (A5) for the energy.
For the free energy, choose w a ground state for F'(2, 3, u) with density

matrix I' and entropy S(w) = —tr z(z2(q))(I'log ). Estimate (37) and the
above computation show that

with

FQ.5.0) = w(Ho—p)—5'SW)
> (-0 (%M | @ () —ﬁ—ls<w>>

—I—% <%w <§Z:TZ —MN) —ﬁ_ls(w)> - %
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We have seen in the proof of Theorem 5 that

Lo (Zn —;w) —BS(W) = —~C9

hence
1 ~ _ ClQ|,
E@.6.0 2 1=/ (5 [ M) - 571500 ) - S
(86)
Lemma 11. One has the subadditivity property of the entropy:
1
S(w) < A dA(9)S(wgpr)- (87)
Using Lemma 11, we deduce that
1—a(l) C 9,
E(Q7 /87 N) 2 |€/A| /C; ( g@e 15(“{(]0‘)) - é/ _ 5//
1—- oz(é’) I C |9l

> /
> Al /Gcw) CLYONCIEL

hence that F(-, 3, u) satisfies condition (A5) which was defined in [19].

Proof of Lemma 11. Recall that there is a subgroup I' of G such that (A
defines a I-tiling of R? and G/ is compact. Then

1 5
\mw/ P9)Eg0r) = [T f e D (stguee))

pel’

and
— dX\(g) = 1. (88)

Fix now some [g] € G/I" and consider the family (u6),er with 05(z) =
6‘(g'z). By construction Zuer(,uﬁg)Q = 1. Hence we are within the for-
malism of the Appendix, Section A.2.1, with ¢, := u@é. The subadditivity
of the entropy (117) implies

V[g] € G/T, ) <D S(Wgpe).
pel’
Thus (87) is obtained integrating over G/I'" and using (88). O
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3.3.5 Proof of (A6) and Lemma 7

Recall that by Proposition 2 there exists a constant such that

[P <cal o (Z T) < cla). (89)

It is clear that (A6.4) and (A6.5) hold true. We know from Proposition
14 in the Appendix that 8?(') satisfies the strong subadditivity property
(A6.6). We have by (39)

F(Q.8,p1) = w(Ha) =Y E{(gp) Z I (g, gv) + s (T)
pel /w/el“
MFV

2. IVOl:

i pel
Recall #¢ # @gw see Remark 17 above. Notice
S IVeLE ) = [ 3 IvelF
i pel pel
2/5
Q
< CI9P*5 [Supp [ Y IVOL1* | nQ 0’22/’5 (90)
pel

where we have used the Lieb-Thirring estimate (89) and the fact that since
Q) is regular, the number of simplices intersecting {2 can be estimated by a
constant times |Q|/[¢A]. This shows that F(-, 3, 1) satisfies (A6.1).

Fix now some P C I' and recall that

1/2

P = Z (@f;u)z

neP

was defined in (42). The IMS formula reads

> 0L.T0,, =apTap + Y [VOLI> — [Vap|*
neP neP
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Then, notice that

S ep 04,76

gl"‘ 2
Vap|* = <> IVey,l
SO < VO

Hence we have

> 05 T04, > arTap.
peP

We obtain

ST + 5 Y Iomgv) + s2P) = w(H (e, P)) — 57 S(wh), (91)
HeEP wEP
N2

where we have defined

z X 2
H(g,P):=> (apTqp)i— > > ar(R _qz‘ J

i it (R,z)ek

. ZM+ ) DI IR I i B

] Y
1#] Ti =y (R,z),(};’,z’)EIC, |R R |
R#AR'

Compare Formula (92) with (40): we have H(g,{u}) = H(gp). Notice as
before

w(H(g,P)) = wh(H(g, P))
where H (9, P) is the Coulomb Hamiltonian defined on Supp(gp) with the

charges close to its boundary changed due to the multiplication by ¢p(R)?,
similarly to (85). Hence

w(H(g,P)) = 7' S(w )>F<QﬁUfgu 1+d"/O)A 8, u)

pel

Therefore we obtain (A6.2) without any error:

> Ef(gp) + % > I (gp.gv) + sE(P)

HEP w,VEP
N

>F (Qﬂ U topa+d"/00, 3, u) . (93)

pel
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Let us now prove (A6.3). Lemma 5 gives

: < c ol

deA(g)%I?(gu,g) > —M/ch(g)fg?(g,g) +w(w) - =
p#0

(94)

where we have used that € is regular to estimate the number of nuclei inside
Q by a constant times |€2|. Then we have by (89) and the fact that W satisfies
a version of stability of matter, see (36),

w (W) > —C|Q| —w (ZT> > Q).
Also by (86) in the proof of (A5)
D@I09) < 7 [ @ (60) < P B +a(0]0] < .
N / ¢ =14l

Hence we obtain (A6.3) from (94):

7 M) S 1 ang) > ~F ol (95)
pel
p#0
This finishes the proof that F(-, 3, u) satisfies (A6). O

3.4 Quantum nuclei: proof of Theorems 7 and 8
3.4.1 Proof of Theorem 7: stability of matter

For the energy, this is an obvious consequence of Theorem 3. We only
write the proof for the free energy. By Theorem 3, Equation (8) with T'(A)
replaced by T'(A)/4, we have the following inequality

2
ngﬁzk:T(A)Rk+zzj:T( o+ = <3 (1R) (96)

Now we use Proposition 1. Using (96) and (14), we obtain that

Ho—poN' > £ 3" T(A)yy+ o 57 T(A) g, —ClQ +eK min { LS
P TR s M £ R Tl Jos [
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where we have used the Lieb-Thirring estimate (13) to infer

1
I T (A, — N > ~Clg.

Clearly
K K1/3
) KK > _
K <cmln{|Q|, ’Q‘l/i’,} u1> > —C1Q
hence ! !
Ho—p-N >3 ;T(A)xi + 517 %:T(A)Rk — 9. (97)

By Peierls’ inequality [36, Prop. 2.5.5]

F(Q,B,p) > —%log <trf (e_g(zl' T+ 2 T(A)Rk/M))> - C'|Q|

= 1 log (tr Fel (e‘g X T(A)zi))

g
_% log (tr Fnuc (e_% 2 T(A)Rk>> - C/‘Q’

We have for fermions and bosons respectively

tr e (e—ézi T(Am) ~TI (1 n e—mj(Aw) 7

j=1
tr e (e—% S T<A>Rk) ~11 <1 _ e—ﬁxj(A>/(2M)) !
j=1

where (A;(A)) are the eigenvalues of T'(A) with Dirichlet boundary condition
on ). Hence

F(Q, 6, 1) > —%tr L2y F(T(A)) — €'

where
F(t) = log(1 + e~Bt/2) _log(1 — ¢=Bt/2M)),

By the diamagnetic inequality [28, 38|, we have

tr p2(q) log(1 4+ e ATA2) <ty o) e T2 <ty s ) PTO)/2
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and

~ tr o e P TDT(A)/(2M)
—tr 12() log(1 — e BT(A)/EM)y = Z )
n>0

e~ Bln+1)T(0)/(2M)

tr 2. _
Pt — = —tr () log(1 — e PO/ M)y
n>0

n+1

Hence
tr r2() f(T'(A)) < tr 12(0)9(T'(0))

with g(t) = e P2 — log (1 — e_ﬁt/(zM)). As ¢ is convex, we can apply
Lemma 9 to obtain

tr 2oa(T(0) < 12127 [ (),

and finally get the desired bound

3.4.2 Proof of Theorem 8: thermodynamic limit

As announced in the introduction, we only outline briefly the proof, which
is much easier than for the crystal.

Consider some function 7(t) = a|t|* with a > 0 and b € (0, 1]. Increasing
a if necessary, we may assume that the simplex defined before A € R, and
we simply define R = R,. Take also R’ = R. Clearly (P1)-(P5) are
satisfied. Also (A1) holds true by convention.

As the magnetic field B = V x A is periodic with respect to some group
I', we have that E and F are also I'-periodic. Hence (A3) is obviously
satisfied, see Step 4 in the proof for the crystal case. The stability property
(A2) was already proved in Theorem 7.

The continuity property (A4) is easily verified as one has for any Q',Q €
M,

Q' CO= EQ) < E).

Hence only (A5) and (A6) are not obvious. They are proved by fol-
lowing closely the localization method of the proof for the crystal in the
previous section. There is only one difference: for the crystal we were using
a localization at the boundary of the simplices gf/\, at a finite distance.
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Here we use a localization at a distance v//. The reason is that for the
bosons we cannot use the Lieb-Thirring inequality to get a bound on the
error coming from the localization in the IMS formula as we did in (90). A
localization at a larger scale allows to control this error easily?. First we
need the

Lemma 12 (Upper bound on the number of particles). There exists a con-
stant C" such that for any Q € M and any ground state T' for E(Q) or for

F(©
( 7/37 M)) 5/3 ,
tr (M?/3T) + tr (N,T) < €[, (98)

where we recall that N and N,, give respectively the number of electrons and
nucle.

Proof. The estimate on the number of electrons is obtained as usual by
means of the Lieb-Thirring inequality. For the number of nuclei in the case
of the free energy, we just use Theorem 7

0= F(Q,0,1) = F(,8,p+ (1,0)) + tr (Npl) = —x[Q[ + tr (MT). (99)
For E(f2), we use similarly (97) and obtain 0 > E(Q2) > tr (N,[') - C|Q|. O

Remark 23. Notice contrarily to the crystal case, we have a bound on the
particle number for any domain 2, not only regular domains.

We now prove (A5) for the energy E(Q2). The proof is the same for
the free energy. Let ¢ = (1ya * j¢)'/2, where A is the simplex introduced
above which defines a I-tiling and j,(x) = £=3/*j(x/\/{), with as for the
crystal case j being a smooth non-negative radial function of compact sup-
port in B(0,1) with [ j = 1. By the IMS localization formula, estimate (30)
becomes

1 1
ZZ:T(A)QM + M Zk:T(A)Rk > m/ (ZZ:(QQZT(A)QQZ)M) d)\(g)

e f (L (7)) w2

k

4Notice this choice of a localization at a distance /¢ cannot be used for the crystal
because we would change the charges of two many classical nuclei close to the boundary.
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Following [17], Lemma 5 becomes

Y A _1-o/Ve d\g) Y 22;(g0%) (2:)%(90%) (;)*

1<i<j<N o —aj| = A G I<ici<N |z; — ;]
+ < > wnW, T 22 (101)
2 125 VV p— 1/2 — ] Z
\/Z 1<i<j<N €

where this time W, (z) = - Similarly to (32), we obtain

S S
&I +Ala]
- C/Vi 1
Ho > 1 C/VE A /dA Hype + — <ZT M;T(A)R

+ W1 — CW) (102)

The operator W, is the second quantization of the operator W,. We remark
as in [17, p. 222] that Wy(z) = [i¥ e Y (x). Hence using again the
stability of matter (34) for the Yukawa potential (uniformly in the coefficient
of the exponential), we get like in (36)

> T(A)a, + Wy 2 —C(Ne + Np). (103)

Taking the expectation value of (102) on a ground state and using both
(103) and (98), we easily obtain (A5)°.

The proof of (A6) is similar to the crystal case. Of course (38) is replaced
by

0 = (Lggn * jo)'/? (104)
and (90) is replaced by
C C|Q
w D D IveLE | < TwWNe+ ;) < % (105)

i pel

where we have used that the localization is done on the scale v/¢. Notice also
for the strong subadditivity of the entropy, we need to use a generalization
to the case of several kinds of particles of different symmetries, as explained
in Appendix, Section A.2.1.

®Notice we even have an error depending on || and not on |€],.
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3.5 Movable classical nuclei: proof of Theorem 10

The proof of Theorem 10 is similar to that of Theorem 8 and we shall not
give all the details. In particular, for the energy thanks to equality (46)
it suffices to prove the existence of the limit for E(-). This avoids some
localization problems which were encountered in the crystal case.

Consider some function 7(t) = a|t|® with a > 0 and b € (0, 1]. Define like
in the previous section the set of regular domains as R = R, U {glA, g €
G, ¢ > 1}, where A is the simplex as defined before. Take also R’ = R.
Clearly (P1)—(P5) are satisfied. Also (A1) holds true by convention.

It is clear that E(= E), F and F are all translation-invariant. Hence
(A3) is obviously satisfied. The stability property (A2) was already proved
in Theorem 9. The continuity property (A4) is easily verified as one has
for any Q. Q € M,

A CO= EQ) <EX)
and a similar property for F' and F'.
We turn to the proof of (A5) and (A6). First we notice that

F(Q,8, 1)

. 1
= mf{ Z ﬁ /QK de ‘o dRK tr]_—(Lz(Q)) |: (HQ,{(Rk,Z)} — /,LlN— MQK) X
K>0 "

1
x pr(R1,...,Ri) + BPK(Rly s Rc) log pc (R, ..., RK)] ,

1
pi € Ly (5, S (F(L* (), Y Il /QK tr F(12(Q)PK = 1} (106)
K>0 "

where S ($)) denotes the cone of positive semi-definite self-adjoint operators
acting on $ and the subscript s on L! means that we restrict ourselves to
symmetric functions. A similar formula holds for /. An adequate formalism
is provided in Appendix, Section A.2.2, for such functionals. For F', an
optimal state p = (pg) is given by the (R-dependent) Gibbs state

pr(Ri,..,RK) = Z_leXP[ — B (Ho{(Ry.2), k=1.. i} — N — oK) },

1
= S —B(Ha, ((r; =)} —mN —p2K)
VA KE;Q I /QK dR; dRKtI"]:(Lz(Q)) [e } .

The average number of nuclei is given by the formula

1
(Kp) =) w1 /QK tr 72 [P (R, ., Ric)ldRy - - - dRk,
K>1 ’
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whereas the average number of electrons is given by
1
Np) =" K1 Jox tr r(r2() N pr (R1, ..., Rx)|dRy - - - dRc.
K>1
The same formulas hold for F'. Next we need a result similar to Lemma 12.

Lemma 13 (Upper bound on the number of particles). There ezists a con-
stant C' such that for any Q € M the following holds: any ground state
U e /\iv L2(Q) and any configuration {(Ry,z), k = 1..K} for the nuclei
optimizing E(QY) satisfy

N +/ PP+ K < )9, (107)
Q
Similarly any ground state p for F(Q, B, ) or F(Q, B, 1) satisfies
(N2p) + (Kp) < C'[9). (108)

Proof. The proof of (108) is exactly similar to the proof of Lemma 12,

Equation (99). The estimate on the number of electrons and [ PE&// % is as
usual derived by means of the Lieb-Thirring inequality. For (107), we use
(8) and E(€2) <0 to get

Let us denote by K; = #{k | 0r(Rx) < 1} and Ky = K — K;. The above
estimate shows that K7 < 8C/2%|)|. On the other hand we can place a ball
of radius 1/2 at the center Ry of each nucleus which satisfies 0p(Ry) > 1.
These balls are disjoint and they all intersect €2, hence clearly Ko < CQ|;.
This gives (107). O

Remark 24. Like for the crystal case and contrary to the previous section,
the number of nuclei for a ground state of E(2) can only be estimated by a
constant times ||, when € is not a regular set. This is because we do not
have any kinetic energy for the nuclei which would have allowed us to use
Proposition 1.

Then, using Lemma 13 and following the proof of the previous section,
one can prove that the energy E satisfies (A5) and (A6). Localization
induces a change of the charges of the nuclei which are at a distance /¢
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to the boundary of each g¢A (like for the crystal case), but this is not a
problem thanks to equality (46), E = E. For the free energies F' or F, we
need a localization method for both the nuclei and the electrons and the
associated strong subadditivity of the entropy, as this is explained in details
in Appendix, Section A.2.2.

A Localization of states in Fock spaces and strong
subadditivity of entropy

The purpose of this appendix is to provide an adequate setting for local-
ization in Fock spaces, and use this to state the strong subadditivity of the
entropy.

A.1 Localization in Fock space

In this section, we recall the concept of localization in Fock space, as was
introduced for bosons by Dereziniski and Gérard in [10] and generalized to
fermions by Ammari in [1]. We consider one Hilbert space H and denote by
F(H) the associated (fermionic or bosonic) Fock space.

A.1.1 Restriction and extension of states

We will use the important isomorphism between Fock spaces
F(H1 ® Ha) ~ F(H1) @ F(Ha2), (109)

where H;, and Hs are Hilbert spaces. In the fermionic case, the map is
simply®:

N M N M
FH)®@F(Ha) > Nei@ N\ = N\ein \ v € F(H1 & Hy).
i=1 J=1 i=1 j=1

It is similarly defined in the bosonic case.
Given a state w on F(H1 @ Hs) we can define the restriction wy to F(H;y)
by the partial trace i.e.,

wi(A) = w(A® Lrm,)),

6Note we have ordered the tensor product to have all ¢; € H; on the left and all
v; € H2 on the right.
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for bounded operators A on F(H;). If w is given by a density matrix I, i.e.
w(B) = tr £7(3,@m.)(I'B), then the density matrix I'; of wy is obtained by
taking the partial trace of I', T'y = tr z(34,) ().

Conversely, given a state wy on F(H1) we can extend it to a state w on
F(H1 ® Hz) by

w(A) = wl(ZfAfl),

for all bounded operators A on F(H; & Ha). Here Z; : F(H1) — F(H1 &
Ha) = F(H1) ® F(Hz) is the inclusion map Zi(p) = ¢ @ [0)£(3,), where
|0) 7(3,) is the vacuum state on F(Hz). Alternatively, Z; is the second
quantization of the inclusion map i; : Hy — Hi @& Ha, i.e., Z1 = Y(i1). We
say that a state on F(H1 @ Ha) lives over H; if it is equal to the extension
of its restriction to F(H1).

A.1.2 Localization of states

Consider now an operator 0 < ¢ < 1 on the Hilbert space H. We may define
a partial isometry

Q:HBgot—>q<,0€B(1—q2)1/2<p€H@H.

Using that F(H & H) ~ F(H) ® F(H) we may lift this isometry to a partial
isometry of Fock spaces

T(Q): F(H) — F(H) @ F(H)

where Y(Q) is a notation for the second quantization of Q). Note it satisfies
T(Q)*Y(Q) = Lx@y-

Let us denote by a'(f) the usual creation operator acting on F(H) which
creates a particle in the state f € H. Similarly, we may define

() =al(f) @ 1rpy and d'(f) = (1@ @al(f)

which are creation operators on F(H) ® F(H), with ¢ = 0 for bosons [10]
and € = 1 for fermions [1].

It can be shown that the operator T(Q) satisfies the following intertwin-
ning properties (see Lemma 2.14 and 2.15 in [10])

T(Qa'(f) = (caf) +at (VI=f) )1(@), (110)
T@Qoa(f) = (claf) +d (VI=¢f) ) T(@). (111)
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T(Qa(ef) = e(HTQ): TQa(VI=@f) =dHT@).  (112)
a' @) TQ) = T@Qre(f), ol (VI=aF) 1@ = 1(@Q)d'(f). (113)

Notice if |¥) is a pure state in F(H) which is a linear combination of prod-
ucts of creation operators acting on the vacuum, then (110) shows that
Y(Q)|¥) is simply obtained by replacing af(f) by ¢/ (¢f) +df (1 — ¢*)'/?f)
everywhere, and of course the vacuum of F(H) by the corresponding vac-
uum in F(H) ® F(H). For bosons ¢ (f) and d'(g) commute for any f and
g. For fermions, one may use that they anticommute to lift all the d' to the
right and use that (—1f(H))EN\O> = |0).

If w is a general state on F(H) we define the g-extension @, of w to
F(H) ® F(H) by

@e(B) = w(T(Q)"BY(Q)).

When w arises from a density matrix I' which is expressed as a linear com-
bination of terms of the form

a'(fi) -+~ al (fiu)I0)Olalf) -+~ alfjy,0)

(where for shortness we have denoted by |0) the vacuum in F(H)), then the
density matrix T, of &, is obtained by simply replacing af(f) by cf(qf) +
dt (1 — ¢?)Y/2f) and a(f) by c(qf) +d ((1 — ¢*)'/2f) everywhere as before.

Next we define the g-localized state w, on F(H) as the restriction of &y
to the first Hilbert space:

wg(A) = 0g(A® 1rp) = w(Y(Q)" A® 173 T(Q)),

for all bounded operators A on F(H). Notice w, is really a state, i.e. is it
positive-semidefinite and normalized:

In fact, wy lives over Ran(q). If w is given by a density matrix I', then w, is
also given by a density matrix which is the partial trace of f‘q: [y:=tr g(f‘q)
(the subscript 2 means that we take the partial trace with respect to the
second Fock space). As T(Q)*Y(Q) = 1 we deduce using (112) and (113)
that

€
Q
/N
S
i
—~
~
N~—
e
—
NS
N~—
N—
I
&

(T(Q)*al (falg) @ 1z T(Q))
(T(Q)* e (£)e(9)Y(Q)) = wlal(af)alqg))

I
S
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(1)

which proves that the one-body density matrix v, of wq is given by

5 = vPa. (114)

The same argument shows that all the k-body density matrices of w, are
given by

W) = g4 Pg®*.
In particular, this easily implies that w, is a quasi-free state when w is a
quasi-free state. If we take ¢ = 0, then we find that wy is just the vacuum
state in F(H). When H = H; @ Hz and ¢ is the orthogonal projector onto

H1, then wy is just the restriction wy of w as defined above.

A.2 Strong subadditivity of entropy
A.2.1 Quantum particles

One species of quantum particles. We consider one Hilbert space ‘H
and the associated (fermionic or bosonic) Fock space F(H). Let (g;)ier be
a countable family of commuting positive-semidefinite operators on H such

that

Z(Qi)z = In.

iel
Consider now a fixed state w on the Fock space F(H), which is assumed to be
given from a density matrix 0 < I' < 1 acting on F(H): w(A) = tr z(3) (L A4).
Its entropy is assumed to be finite:

S(w) == —tr £y (T'log T') < oo.

For any finite set P C I, we introduce the operator

1/2
qp = (Z(qz)2> (115)

ieP
with the convention that gy = 0, and denote by wp := wg, the gp-localized
state as defined in the previous section. It arises from some density matrix
0 < T'p < 1, hence we may denote by S(wp) = —tr g (['plogl'p) its
(possibly infinite) entropy. The main result of this section is

Proposition 14 (Strong subadditivity of entropy). Let Pi, P2 and Ps3 be
disjoint finite subsets of I. Then

S(wpiupaups) + S(wp,) < S(wpiup,) + S(Wp,ups)- (116)
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When the entropy of subsystems is defined via partial traces, strong
subadditivity of the quantum entropy was proved for the first time by Lieb
and Ruskai [29, 30]. Proposition 14 is a consequence of this result, as we
shall see.

Remark 25. If P, = (), then gp, = 0 and wp, is just the vacuum state in
F(H), whose entropy vanishes. Hence, inserting this in (116), one obtains
the subadditivity of the entropy

S(wpupy) < S(wp) + S(emy). (117)
Proof of Proposition 1. We introduce
Qp H2p—aqpp® (1—qp)?peHaH
and Y(Qp) : F(H) — F(H) ® F(H). Now, consider Py, P> and Ps as in

the statement of the proposition and introduce the operator
Q:H — @H
p = qp e Dap,p ©apsp © gp,p
with Py = I\ (P1 U P2 UP3), and its second-quantization Y(Q) : F(H) —
®‘11 F(H). Let us define as before the extension & of w by
@(B) =w (T(Q)"BT(Q))-

Now we define states @193, Wo, W12 and we3, where Wp acts on ®#P F(H)
as the partial traces of &:

W123(A3) = ©(A3 @ 1r()) = w (T(Q) A3 @ 151 T(Q)) ,
Oa(A1) = & (Lrry) © A1 © L) © L))
@12(142) =w (A2 & 1]:(7.[) & 1}-(7.[)) ,

woz(Ag) = w (1]:(7.() R Ay ® 1}'(7—()) .
We have used the convention that A; acts on F(H)®/. By [30, Thm 2], we
know that

S((Z)lgg) + S((Z)g) < S(G)lg) + S(G)Qg).
It rests to prove that” S(@123) = S(wp,up,ups), S(@2) = S(wp,), S(W12) =
S(wp,up,) and S(wa3) = S(wp,ups). This will clearly show (116). Indeed,

"Recall that the gp-localized state wp := wgp Was introduced in the previous section.
It is defined by considering an appropriate extension of w over F(H) ® F(H) and then
taking its restriction to the first component. Here we have defined an extension @ of w
over ®1F(H).
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we only give the proof that

S(w123) = S(wpup,ups), (118)

the other three equalities being proved in the same way. Let us introduce
the following operator:

Q:H — DM
ry Py ars
QP(’DGEQP(’DEBQ’P(’D

(pl—)

with P =P UPy UPs, ie. gp = (q72;1 + q72;2 + q72;3)1/2. Observe that Q isa
(not necessarily injective) partial isometry. Note that
Q= (Q& 1x)Qp.

Thus A

T(Q) = (T(Q) @ 1rp0)) T(Qp)
and we have R R

w123(A) = wWp,UPLUPs (T(Q)*AT(Q)> .

Equality (118) is then a consequence of the following simple lemma:

Lemma 15. Let U : H1 — Hs be a partial isometry between Hilbert spaces
and I' > 0 be a self-adjoint operator on Hy with try,I' = try, UTU*. If
f is a continuous real valued function with f(0) = 0 then try, f(I') =
tr g, (f(UTUY)) if f(I') is traceclass.

Proof. Recall that U is a unitary map from U*(Hz) to U(H;). Since I' > 0
and try, I' = try, UT'U* we conclude that I' vanishes on the orthogonal
complement of U*(H3). Moreover, UI'U* vanishes on the orthogonal com-
plement of U(H;). Thus

tr 34, f(T) = tr e a,) f(T) = tr () (f (UTUY)) = tr o, (f(UTUY)).

This ends the proof of Proposition 14.
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Several species of quantum particles. The previous analysis is easily
extended to the case of several species of particles. This is indeed an obvious
application of the one-species case when all the particles share the same
symmetry, thanks to (109).

If we have two different kinds of particles, the Fock space has the form
F(H1) @ F(Hz2). We can then define for any state w and any operators
q" € B(H1), ¢* € B(Hz) with 0 < ¢',¢* < 1 the wy . localized state
similarly as above. The strong subadditivity is then expressed in the same
way, taking this time two families (¢} )ic; and (q?)ic;. We let the details to
the reader.

A.2.2 Classical and quantum particles

We consider a mixed model containing both classical and quantum particles.
We have in mind the case of quantum electrons and classical nuclei, hence
we treat for simplicity a model with only one species of each kind.

Let H be a Hilbert space and F(H) the associated (fermionic or bosonic)
Fock space. Let © be a bounded subset of RY, which is the configuration
space for the classical particles. A state is a sequence p = (px)x>0 where
each px € LY (QK, SH(F(H))). Here S*($) denotes the cone of self-adjoint
positive semi-definite operators acting on a Hilbert space £ and the sub-
script s on L; means that we restrict ourselves to symmetric functions.
Additionally, we normalize our states by [37, 41]

1
/p = tr]:(H)(p()) + Z ﬁ /QK tr]:(H) (pK(xl,...,xK)) dri---drg = 1.
K>1""

The entropy of such a state is defined by

S(p) = —tr 734y (po log po)

1
- Z ﬁ/QK tr 7o) (P (215 - K ) 10g prc (1, s Thc)) dy -+ - da e
K>1""°

Let g be a self-adjoint operator acting on H such that 0 < ¢ <1 and 8 be a
real function defined on 2 such that 0 < 6 < 1. We define the (g, #)-localized
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state pq¢ as follows [37]:
(Pg,0) g (X15 s i) 7= B(1)? -+ () (pK(m, o TK )T

1
+Z M/QM n(y1)2..-TI(yM)2pK+M($1,...,xK,y1,..,7yM)qdy1...dyM>
M>1

where 7 = v/1 — 2. We recall that the notation -y, is used for the g-localized
state of v defined in the Fock space F(H) as explained in Section A.1.

Next we state the strong subadditivity of the entropy. Let (¢;)icr be a
countable family of commuting positive-semidefinite operators on H such
that >..;(¢:)* = 1x, and (6;);cr a partition of unity on €, i.e. such that
Y icr 9? = 1. For any finite set P C I, we introduce as before

1/2 1/2
qp = (Z(%)2> o bpi= <Z(9i)2> (119)

i€P i€P

with the convention that ¢y = 0 = 6. We also define the associated localized
state pp 1= pgp 05 -

Proposition 16 (Strong subadditivity of entropy for classical and quantum
particles). Let Pi, Py and Ps be disjoint finite subsets of I. Then

S(ppiupaups) + S(pp,) < S(ppiup,) + S(PPoups)- (120)

Notice this result contains both the purely classical case (as was studied
by Robinson and Ruelle in [37], assuming that all the 6; are characteristic
functions) and the purely quantum case treated in Section A.2.1. Indeed
the proof relies on the purely quantum case, as we shall explain.

Proof. As the entropy S is continuous for the norm

1
lo =o'l =37 o lox = Ficll o s, ey
K>0

(we use here that € is a bounded set), we may assume by density that px = 0
for K > Ky, that each pg is smooth and satisfies d(supp(pr ), 9Q%) > 6 for
some 0 > 0 and all K =1,..., Ky. Also we may assume that

VK >2, Y(x,x1) € QXL pr(z,z,23,...,25) = 0.
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Similarly we may assume by density that the localizing classical functions
Op for P = Py, Pa, Ps are smooth.

Now we introduce a quantum model approximating the classical particles
in an appropriate sense. We consider the grid Xy := E 1731 which contains
N points. For simplicity, we denote them by { X } ‘1 = Xp. The associated
Hilbert space Vp is just the space of functions takmg complex values at
these points, i.e. V; ~ CM. As each pg is symmetric and vanishes when
two particles are in the same place, we may consider the associated Fock
space F(Vy) with either the bosonic or the fermionic symmetry. We take
the bosonic one for simplicity. We associate to our state p a state I'* in the
Fock space F(H) ® F(V;) defined by

I’ <,00®|0 0|+Z > NeK,oK Xiyy o X )®

K=1i1<-<ig

® <a;'r1 o a3K|0><0|aiK T ail) ) . (121)

Here |0)(0| is the projector on the vacuum state of F(V}) and a; is the
creation operator of a particle at point X;. The number ¢, is a normalization
factor:

Ko
1
ty = Z Z Wtr [,{)K(Xil,...,XiK) & (ajl "'&IK|0><0|CL¢K ---ail)}

K=0i1<-<if
Ko 1

:Z Z gNgKtr}-(H) [prc (Xiy s oes Xig )] s
K=0i1<-<if

with an obvious convention for K = 0. We have denoted by ‘tr’ the trace
in the full Fock space F(H) ® F(V;). The above formula is a Riemann sum
which converges to

f— 00

1
lim ¢, = tI‘]: H) PO —i—KE_:lF /QK tI‘j:(H) [pK(azl,...,xK)] dry---deg = 1.

Similarly, we may use that the projectors ajl e a3K|0>(0|aiK ---a;, are or-
thogonal for different sets of indices {ix} and different K’s, and that for any
projector P on a Hilbert space, tr [(A® P)log(A® P)] = tr [Alog(A)] x tr [P].
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Denoting by Sy the quantum entropy on F(H) ® F(V;), we obtain

K
o ZO Z tr pK(Xi17-'-7XiK) 10 pK(Xi17-'-7XiK)
F(H) 1 ONK g 1 INeK

K—O’i1< <t

- Z Z gNthrf(H) |:IOK(X217 "'>Xi1<) lngK(Xil’ “"XiK):|
K=0i1<<ig

+logty + Nylog ¢ + <KFZ> log? (122)

where we have introduced the notation

<KPZ> — Z K Z tr]:(H) [PK(le, ...,XZK)]

tgngK

K=0 11 <-<ig

for the total average number of particles in the Fock space F(V;). Formula
(122) is again a Riemann sum hence

Sy(T%) — Nylog £ — <KF£> log ¢ —y—00 S(p).

Next we consider localized states. Let ¢ be an operator acting on H
with 0 < ¢ < 1 and # a function on € such that 0 < 8 < 1. We may
extend 6 to a multiplication operator acting on V. Next we look at the
localized State pg 0- AS explained before it is obtained by replacing each a

by 0(X;) c + 41— alJr where c] = a ® 17, and d = lry,) ® aJr
which are Operators actlng on FVy) @ F (Vg) and then taklng the partlal

trace for the d}’s operators. Introducing n = /1 — 6% for simplicity, we
notice that

K
tro [H (9(Xik)C;rk + n(X; > |0") (0] H X )¢, +n(Xi,)di,)

=izn T 505t 0l

k—
1#]fik]6J rel\J
where I = {iy,...,ix} and aTJ = ;l---ajk when J = {j; < -+ < ji}

a
We have used the notation |0) = |0) ® |
F(Vo) ® f(W). Hence we obtain

QZ S g X Xa) © (al, - al 10 Olas - as,

K=0i1<-<ig
(123)

(=)

) to denote the vacuum state in
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where

K 9 5

ff((Xilv "'aXiK) = H H(sz)2 Z Z ( J )KNZM( ]M) %
k=1 M>0j1<-<jm
Jr @ik}

X PK-i—M(XiU '-'7XiK7Xj17 "'7XjIVI)Q’

We notice that since pg(x,z,...) vanishes, we can remove the constraint
Jr ¢ {ir} in the above sum. As pg is smooth for all K, we see that

lim sup  sup ‘ff}(Y) - pq,e(Y)‘ =0
=00 K=1..Ko Ye(X,)K

This allows to prove similarly as before that
S[(Fg’g) — Nylog l — <KF$79> log £ —¢—00 S(pg.0)-

Notice by (114)

<K Fg,e> =try, [’Yﬁ)

_ 2, (1)
q’J =try, [9 ’yrg ]

,1

where 7%1) is the one-body density matrix of I'. By the strong subadditivity

for the quantum case, we get

0< Zliglo (Sf(pélUPQ) + Sf(p'l;)QU'Pg) - Sf(péz) B Sf(pg%LJ’PQUPS))
= S(ppupy) + S(ppours) — S(pp,) — S(ppyuP,uPrs)

which ends the proof of Proposition 16. O
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