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THE SEMI-CLASSICAL LIMIT OF LARGE FERMIONIC
SYSTEMS

SOREN FOURNAIS, MATHIEU LEWIN, AND JAN PHILIP SOLOVEJ

ABSTRACT. We study a system of N fermions in the regime where the
intensity of the interaction scales as 1/N and with an effective semi-
classical parameter h = N /4 where d is the space dimension. For
a large class of interaction potentials and of external electromagnetic
fields, we prove the convergence to the Thomas-Fermi minimizers in the
limit N — oo. The limit is expressed using many-particle coherent states
and Wigner functions. The method of proof is based on a fermionic de
Finetti-Hewitt-Savage theorem in phase space and on a careful analysis
of the possible lack of compactness at infinity.
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1. INTRODUCTION AND MAIN RESULTS

Large interacting quantum systems are extremely difficult to describe ac-
curately, due to the high complexity of the many-particle Schrédinger equa-
tion. It is therefore useful to derive approximate models that are much easier
to handle and, at the same time, have a proper physical behavior. In the
mean-field model, the real interaction between the particles is replaced by a
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self-consistent effective potential depending on the average density of parti-
cles in the system. It is believed that this model becomes a good approxima-
tion to the true many-particle problem when the system is sufficiently dense
(such that the particles meet very often) and the interactions are weak (for
a law of large numbers to hold). The purpose of this paper is to discuss the
validity of the mean-field model for fermions in a semi-classical-type limit.

The mean-field Hamiltonian for bosons and fermions. The Hamiltonian that
will be the object of our attention describes N spinless quantum particles
in RY where d > 1 is arbitrary (of course physically d = 1,2,3). In units
such that m = 1/2, it takes the form

N

. 1
Hh,N = Z ( — thj + A(:C]))Q + V(xj) + N Z w(mk — :Cg). (1.1)
7=1 1<k<tSN

For bosons this operator must be restricted to the subspace ®i\/ L*(RY)
L?(R) containing all the functions that are symmetric under exchange of
variables, that is,

U(Zo(1)s s To(ny) = ¥(T1, 0, TN)
for every permutation o. For fermions, it must be restricted to the subspace
AN L2(R?) ¢ L2(RN) containing all the functions that are antisymmetric,

V(@5 (1), s To(v)) = sgn(0) ¥ (21, ..., TN).

In ([T, A plays the role of a magnetic vector potential but can have a
different physical origin (e.g. for rotating gases), V' is an external potential
that traps the particles (possibly only in a finite region of space if V' — 0
at infinity), and w is the two-particle interaction potential (that could in
principle depend on N as well, but that will be kept fixed here). The factor
1/N in front of the interaction term is typical of the mean-field scaling and
its role is to make the two sums of the same order IV in the Hamiltonian. In
the limit of large IV, the expectation is that the particles behave indepen-
dently. In that case, the law of large numbers tells us that the jth particle
experiences the mean-field potential

1
¥ 2wl —an) = [ wla; ~)ota) dy
k]
where p is the density of particles in the system.

The validity of the mean-field approximation can be studied in the time-
dependent or in the time-independent case. For the time-dependent equa-
tion, one usually assumes that the particles are independent at the initial
time and then proves the propagation of chaos (that is, of the independence)
for all times in the limit of large N. The situation is slightly different for the
stationary problem where one has to prove that (say, in the ground state)
the particles are independent. This second situation will be the object of
our study.

For bosons, the validity of the mean-field approximation has been studied
in the limit N — oo with £ fixed, first in some specific situations [50} 12
59, 60} 74, [4, 6l 26) 79, 691 80, B9, B3, 51, 72, B4] [73]. The most general
case has been addressed in a recent series of works [44] [45] 46, 48, [71] by
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Nam, Rougerie and the second author of the present article. Under rather
general assumptions on A, V and w, it is possible to prove that the bosonic
ground state energy per particle converges to that of the nonlinear Hartree
functional

Ehitrelt) = [ (1= V) + A@)u(a) + V(@)lu(a)?) do

Hartree

3 [ | wle = pla@Pl)P dedy. (1.2

In mathematical terms, the bottom of the spectrum of Hjp y restricted to

the bosonic subspace @2 L?(RY), divided by N, converges to the infimum
V,A

of &7

Hartree :

inf o N (Hi.N)
. ®, LA(R4) , . V,A
]\}E)Iéo N = fRdlﬁi‘gzl EHartree(u)'

For the convergence of states and the link with the minimizers of EI‘{/ﬁtree’
we refer to [44] and to the discussion below. The link between the time-
dependent Schrodinger equation i¥ = Hj yV and the nonlinear time-dependent

Hartree equation

Z%U = (—ihV + A)zu + Vu+ (Ju* xw)u

has stimulated many works as well [35], 3], [76] [8, 22], 23], 1], 25] 29] [70], [40),
68, [47]. The coupled limit N — oo and & — 0 has been investigated for the
time-dependent problem in [64] B3] [30].

The purpose of this work is to address the case of fermions. The anti-
symmetry (called the Pauli principle) implies that two particles cannot be
at the same place and this usually makes the kinetic energy grow much
faster than N, by the Lieb-Thirring inequality [57, 58, [52]. More precisely,
if W is an N-particle normalized antisymmetric function with support in
a bounded domain QY c R then we have

N

> j/ IV, > ClQ| aN't.
, QN

J=1

In order to ensure that all the terms in the Hamiltonian are of the same
order, it is therefore necessary for fermions to take
1

h:—la
Nd

which means that the mean-field limit is coupled to a semi-classical limit.
We therefore end up with the Hamiltonian

N - 2
Hy = Z <_Zv1j + A(ﬂ@)) + V(m'j) + % Z w(.%'k - .%'g), (13)

=1 \ Nd 1<k<f<N

that will be our main object of interest in this work. Its fermionic ground
state energy (that is, the bottom of the spectrum in the fermionic subspace
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AN L2(R%)) will be denoted by

E(N) = inf O AN Lg(Rd)(HN). (1.4)

A given physical Hamiltonian is not necessarily in the form ([IJ]) but it
can sometimes be recast in that form after an appropriate scaling. This is
for instance the case for atoms [56} [55] (in units of length of the order Z—1/3)
and non-relativistic fermion stars [59, [60], see (LII]) and (LI2) below.

Viasov and Thomas-Fermi theories. The Hamiltonian Hy has been studied
a lot in the time-dependent setting [66], 77, [7, 211, 28], [TT], 9], 5, 67, 10], where its
dynamics is known to converge to the Vlasov time-dependent equation in the
limit N — oco. This is the Hamiltonian dynamics associated with the Viasov
energy, which is the semi-classical equivalent to the Hartree functional (L.2)):

5\‘,/1;1(171) = (2717)d /Rd /Rd |p+A(x)|2m(x,p) dx dp + /Rd V(x)pm(z) dz
1

v // 0T = Y)pn(@) pny) drdy. (1)
Here )
pm(T) = ) o m(z,p) dp.

and m(x,p) is a probability measure on the phase space R? x R? that must
satisfy the additional constraint

‘0 <m(z,p) <1 ae. ‘ (1.6)

This condition says that one cannot put more than one particle at = with a
momentum p and it is inherited from the Pauli principle.

We will look at the ground state problem, that is, we study the minimiza-
tion of the Vlasov energy (LA)). If we minimize in the variable p for any fixed
x without the constraint (LGJ), the ground state measures all have the trivial
momentum distribution do(p + A(z)) and the first term disappears. With
the fermionic constraint (L6]), the Vlasov energy is minimized for measures
of the form

mp(@,p) =1 (Ip+ A@) < ere pla)?'?) (1.7)
where p now minimizes the Thomas-Fermi energy

d 2
e (p) i= £l my) = gere [ pl) i o+ [ Viwola) da

+ % //Rded w(z —y)p(x) ply) dedy  (1.8)

2
d d
_ 2
o = A <|Sd1|) '

The functional is similar to the Hartree energy (L2 with p = |u|? except
that the quantum term [pq |Vu|? has been replaced by the fermionic classical

and

kinetic energy proportional to fRd p'T2/4 and that the magnetic field has
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been discarded (but it appears in the formula (L7]) of the minimizers on
phase space).

We are interested in the link between the many-particle ground state
energy F(N) and that of the Vlasov and Thomas-Fermi energies in the
limit N — oo with A = N~/¢. To this end we introduce the Thomas-Fermi
ground state energy

eXp(N) == inf {ETVF(p) . 0< pe LYRY N LF2ARY), /Rd p= A}

las

= inf {5\‘//”4 (m) : 0<m<1, 2m)7¢ m = )\} ,
R2d

where A = 1 in our case. The equality of the two infima is obtained by
inserting the formula (L7) in the Vlasov energy (L5I).

Convergence of E(N)/N. Our first result is that the leading order of E(NV)
is given by the Thomas-Fermi ground state energy e¥F(1).

Theorem 1.1 (Convergence of the ground state energy). Assume that w is
even, that w, |A|> € L'4/2(RY) + L2 (RY) and that either

V e LM2(RY) + L2°(RY)

or
V_ € L1+d/2(Rd) + L?(Rd)7 V+ € Llloc(Rd)a | 1|1m V+(.%') = +00.
xr|—00
Then we have
. FE(N
Jim % = efp(1). (1.9)

We recall that f € LP(R?) + L°(R?) means that for every ¢ > 0, we can
write f = f, + foo with f, € LP(R?) and |fx|,, < . The assumptions
on the potentials cover most physically interesting systems in this regime.
Our result can easily be generalized in many directions but we do not state
precisely the corresponding theorems. Our two assumptions on V' cover
either systems which are locally confined (the assumption V € L'*4/2(R%) +
L°(RY) essentially means that V — 0 at infinity) or confined (when V; —
+oo at infinity). Our proof works the same if V' has a different limit at
infinity or if V' = 400 outside of a domain €2, which corresponds to Dirichlet
boundary conditions. We could also weaken the assumptions on wy but
we refrain from doing it in order to simplify the next statement. It is also
possible to use a pseudo-relativistic kinetic energy

\/<_]gj + A(xj)>2 +m? (1.10)

instead of the non-relativistic kinetic energy, but this generalization (and the
appropriate modifications on Erp and on the assumptions on the potential)
will not be discussed further. Finally, we notice that the assumption on the
magnetic potential A is probably far from optimal, but it already covers the
physical case of a potential in 3D satisfying V - A = 0 and whose magnetic
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field B = V x A is square-integrable (since then A € L%(R?) by the Sobolev
inequality).

Results of the form of (L9) have been proved for particular models. For
atoms as in the work of Lieb and Simon [54] [55], we have

1
tl’

d=3, A(x) =0, V(z) = (1.11)
where t = lim(NN/Z) is the limiting proportion of electrons and protons.
In [60], Lieb and Yau studied pseudo-relativistic stars but their results also
apply to the simpler non-relativistic model which corresponds to

d=3  A@)=0, V()=0, w(z)=-—

w (1.12)

In Section [B] we provide an elementary proof of Theorem [T which is
very much inspired of [60] and was recently written for bosons in [43].

Coherent states and Wigner functions. The main results of the paper con-
cern the convergence of states, which requires more subtle tools. We will
express it using coherent states and Wigner functions, but other choices are
possible.

Let f be any fixed normalized real-valued function in L?(R?). For every
fixed (z,p) in the phase space R? x RY, we introduce the coherent state

fioy)=h"if <y\;;) i, (1.13)

where we recall that A = N~1/¢. Then we have the resolution of the identity

1 h h
it Loy L VA drdp =1 (114)

in L2(R). A typical choice is f a Gaussian, but any real-valued f can indeed
be used. For any such f and a fermionic N-particle state Wy, we introduce
the corresponding k-particle Husimi function [37] [78] [14]

(k
mf,\I/N('Tl’pl’ "'axk‘apk‘)

= (U@ () @ ()t ) - alfh )W), (L15)

for k=1,..., N, where a and a* are the fermionic annihilation and creation
operators. In practice f is a very well localized function and the measure

(k)

My describes how many particles are in the k£ semi-classical boxes with

length scale V/h, centered at (x1,p1),...,(zx, p) in the phase space R? x R?.
Two equivalent formulas are

(k
mf,\IlN(xl,pl,"'axkapk)
N! \ ,
= 7(N — k)' <\IIN7 (thpl R X® P$k7pk ® ]lek) \I/N>L2(RdN) (116)
N! b . 2
(N — ) U (- > dy (1.17
(N—k?)! /Rd(Nk) < *1,P1 ® ® TksPk’ N( ’y) L2(Rak) y ( )




THE SEMI-CLASSICAL LIMIT OF LARGE FERMIONIC SYSTEMS 7

where Pf,p = f:?,p>< fﬁp| is the orthogonal projection onto f;},p. As will be
proved below in Lemma 2.2] we have

(k)
0< My wy <l

and
1 (k) N(N-1)---(N—-k+1)
—— = — 1
(27T)dk R2dk My NFk Nooo
for all £ > 1.
Next we turn to the k-particle Wigner function which is defined as in [64,
30] by

k ik .
W\Igj\f)(whplw--axkapk) ::/ / € i pe Yex
Rk JRAN—F)

X \IJN(I'l +hy1/2,--- , Tk —i—hyk/Q,karl,...,I'N)X

X \IIN(ml - hy1/2, et T — hyk/Z,mkH, ...,.%'N) dy1 s dyk dm‘kJrl s d.%'N.
(1.18)
Contrary to mgfk\)PN, the Wigner function V/\IEI;) is not necessarily positive, but

(k)

it will have the same positive limit as m Fuy i the semi-classical regime.

Convergence of states: confined case. In our main results about the conver-
gence of states, we for simplicity distinguish the confined and unconfined
situations, which we state in two separate theorems. We start with the
former.

Theorem 1.2 (Convergence of states, confined case). Assume that w is
even, that w, |A|?,V_ € L'42(R%) + L2 (RY) and that

Vi € Lioe(RY), Jim Vi (@) = +oo.
Tr|—00

Let {Uxn} € AV L2(RY) be any sequence such that | Uy =1 and
<\I/N,HN\IJN> :E(N)+0(N) (119)

Then there exists a subsequence {N;} and a probability measure &7 on the
set

M={0<pe E)N LR - [ p=1, eheln) = el
]Rd

of all the minimizers of the Thomas-Fermi functional, such that the following
limit holds:

k
il wroneon)  [ T8 (I Aol < ere pla) d2(p)
; Nj MZ:1

=mp (xe 7]72)

(1.20)
weakly in L*(R?*) and weakly-+ in L>=(R2), for all k > 1 and every real-
valued normalized f € L?>(R%) or, in other words,

(k) ok
woan N, ¥ - /M </Rw (mp) <p> dZ(p) (1.21)
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for every test function ¢ € L'(R?*¥*) 4+ L>°(R?*). For the Wigner function
quk). defined in (LI8)), we have the same limit
J

N.
wik o, ®k ) g2 1.22
v P (mp)“%p (), (1.22)
RQdk J M R2dk

this time for every test function ¢ such that

o9 92kl 9% e L¥(R™F), max(ay, 8;) < L. (1.23)

Tk ~P1

Furthermore, we have the convergence of the k-particle probability density

k
/ / U, (21, N, 2 dgys - dan, _>/ [ rtzj) d2(p) (1.24)
R4 R4 M5

weakly in Ll(Rd)ﬂLH'% (RY) for k = 1, and weakly-+ in the sense of measures
for k > 2. Finally, we have the convergence of the k-particle kinetic energy
density

Lo

2
dpi+41 -+ - dpn;

fﬁ[q/Nj](ph "'7pNj)

— /Mﬁ Hp > ng+A|dc}g/2H dZ(p), (1.25)
=1

weakly-x in the sense of measures for k > 1.

In the statement,

FiA®) = i [, 1@ o (1.26)

is the A-dependent Fourier transform. Later we also use the notation f =
Fi[f] for the unscaled Fourier transform.

The condition max(cy;, 5;) < 1 in (L23) means that all the components
of the d-dimensional multi-indices a; and 8; are < 1. The condition on ¢ is
taken from [38] but it can be replaced by any other for which the Calderon-
Vaillancourt theorem holds true.

The result says that, in the limit N — oo, the many-body approximate
minimizers ¥y become purely semi-classical to leading order and that the
corresponding semi-classical measures are a convex combination of factor-
ized states involving the Vlasov minimizers m, with p € M. Note that if the
Thomas-Fermi energy has a unique minimizer pg, then there is no need to ex-
tract subsequences and the probability measure & has to be a delta measure
at pg. In particular, all the limits are now factorized, which corresponds to
independent probabilities. The convergence of the k-particle densities (L.24))
and kinetic energy densities (L25]) follows easily from the convergence (L.20])
of the Husimi measures and the fact that the system is confined (and from
the Lieb-Thirring inequality [57, 58], 52] for the one-particle density).

The simplest fermionic trial states W are the Slater determinants ¥y =
(ND~™Y2 det(¢);(x;)) (a.k.a. Hartree-Fock states) where 11, ...,4)x form an
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orthonormal system [55, [63], [75]. The one-particle Husimi measure of a Slater
determinant is given by

N
m{ (@.0) = 0 [Wi 2
1=1

It can be proved that Wy satisfies (LI9) if mgfl,sz(x,p) is converging to a
Vlasov minimizer m, with p € M (see Lemma below). For a Slater
determinant, the k-particle semi-classical measures are always factorized in
the semi-classical limit and we then end up with a Dirac delta &2 = §,. Our
proof of the convergence of the energy (Theorem [[L1]) will indeed rely on the
Hartree-Fock problem.

An equivalent way to formulate the limits in Theorem is in terms of
quantization of observables. In other words, for every test function ¢ we
associate an operator Op™"(¢) acting on A" L2(R%) and we look at the
limit of (¥, Op™i(p)w ~). The quantization associated with the coherent
states fﬁp is defined by

N,h L *( rh *( rh
Opf (()0) = /(\Rded)k (P(l'l,...,pk)a (fm1,p1)“'a ( :Bk,Pk)X

X a(fa:kpk) : (f;il,pl)dxl"'dpk-

Similarly, associated with the Wigner function there is an operator defined
in terms of its integral kernel by

N,h
OpWe;l( Ty ooy TN YLy ooy YN)

AR
= (k) Z OPWeyl(SO)(C%, ---,ﬂfz‘k,yn,---,yz‘k)

1<i1 < <ip <N

k,h
OpWeLyl(SD)(‘Tl’ s Ly Y1y +0ey yk‘)

_ 1+ Y1 Tk + Yk ik (i,
=h dk/dk90< ,pl,..,,i,pk> ef 2= 2T dpy - dpy.
R

2 2
Then the theorem gives the limit

NN ok
(wx.0nie @) = [ ([ i) azio

for any fixed ¢ in the function spaces mentioned in the statement.

Convergence of states: unconfined case. In the unconfined case we have a
similar result, except that the limits are a priori local. Since some of the
particles can escape to infinity, our result will involve the minimizers of the
problems e¥(A) for a mass 0 < A < 1

Theorem 1.3 (Convergence of states, unconfined case). Assume that w is
even and that

w, A2,V e LY2(RY) + L(RY).
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Let {Un} € AV L2(RY) be any sequence such that |Uy| =1 and
(‘I’N,HN\I’N> = E(N) + O(N)

Then there exists a subsequence {N;} and a probability measure & on the
set

M = {0 < pe LYRY N LR - / p <1,
R4

5¥F(P) = 6¥F(/Rd P) = €¥F(1) —G%F(l —/de)}

which coincides with the set of all the possible weak limits of minimizing
sequences for the Thomas-Fermi problem, such that
e the limit (LZ1)) for mgc]f\)I,N holds for every o € L'(R?) 4 1,20 (R27F)

J
e the limit (L22) for W\(I,kar holds for every ¢ satisfying (L23) and
tending to zero at mﬁmtyj;
o the limit (L24) for pgc])v holds weakly in Li (R?) N L1+%(Rd) for
J

loc
k =1, and weakly-+ on CJ(R¥*) instead of CO(R¥) for k > 2.

If f]Rd p =1 for ZP-almost-every p € M, then these limits hold as in Theo-
rem L2

In the unconfined case some particles may be lost at infinity (if not all),
and the limiting minimizing densities p might not be probability measures.
Nevertheless, the result says that the remaining particles must solve the
minimization problem e¥F( [ p), corresponding to the fraction [p4p of the
N particles which have not escaped to infinity. Furthermore, if no particle
is lost ([za p = 1 on M), then the convergence is the same as in the confined
case.

Note that the weak limit of the k-particle kinetic energy density (I.25]) is
unknown in the unconfined case, due to the lack of control in the z-variable.
However, it follows from ([2I]) that the amount of kinetic energy in the
limit cannot exceed the Vlasov one

Uy, (=AU, 2
liminf< N (4) N]> > /B< d CTF/d,OHd) dP(p).
R

J

Discussion and strategy of proof. Our theorems and [[.3] seem to be the
first dealing with the convergence to the Thomas-Fermi problem for general
potentials A, V,w. Given that the Thomas-Fermi model is at the core of
many approximate models in chemistry and material science [24], this result
is important for applications. For atoms and stars, our result provides the
following information.

Example 1.4 (Large atoms). For the choice (I.T1]), the Thomas-Fermi en-
ergy is

/RB (ngP(x)S/g - %) dx + % /R3 /RB 7p‘(§)_p(yg’/) dx dy
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and the set M consists of a unique p; which has the mass [3 pr = min(1,1/t).
Theorem [[3] therefore provides the strong convergence to m,, for 0 <t <1
and the weak convergence to my, for t > 1. This was proved in [54] [56, 49)].

Example 1.5 (Non-relativistic stars). For stars (I.12), the corresponding
Thomas-Fermi energy is

§CTF/ p(x)‘:’/?’dx—l/ / Mdmdy
) R3 2 R3 JR3 |$—y|

and we have M = {0} U {po(- — 7), 7 € R?} for some unique py with
Jgs po = 1 [3, 2, 27, 61, 62, 60]. Therefore, if we can find a translation of
the system for which the limiting semi-classical measures are non trivial,
the limit can only involve the Thomas-Fermi minimizing density pg. The
convergence of states seems to be new. It was only discussed for a locally
perturbed model in [60, Thm. 6]. As mentioned previously, we have a similar
convergence result for pseudo-relativistic stars.

Our main new tool in this paper is a fermionic (weak) version of the de
Finetti-Hewitt-Savage theorem for classical measures (Theorem 2.7 below),
which implies that the weak limits of the semi-classical measures must always
be a combination of factorized probabilities (Theorem 2.1l below). We follow
here ideas of [44], where a weak version of the quantum de Finetti theorem
was introduced for the mean-field limit of bosons. The fact that we do not
need a quantum version for fermions is of course due to the semi-classical
feature of our model. The Pauli principle only persists in the constraint
that 0 < m < 1. We refer to [71] for a general presentation of classical and
quantum de Finetti theorems, with applications to the mean-field limit for
bosons, and to [32, [I] for the time-dependent problem.

Organization of the paper. The rest of the paper is devoted to the proofs
of our results. In Section [2] we give the main properties of the Husimi and
Wigner measures. The main result there is Theorem [2.1]in which we explain
that a sequence {¥y} has always convergent semi-classical measures (up to
extraction of a subsequence), with a limit that is a convex combination of
factorized ‘fermionic” measures on the phase space:
iy = | oeua #TdPG), VE> 1
Jpza n<(2m)?

Sections [l and [ are then devoted to the proof of Theorems [L.1] and [[L3]
The proof of Theorem [[L1] is based on ideas of Lieb and Yau [60], while
that of Theorem follows easily from our fermionic de Finetti-Hewitt-
Savage theorem. The proof of Theorem [[3]is more tedious and relies on the
techniques introduced in [42] [44].
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2. FERMIONIC SEMI-CLASSICAL MEASURES

This section is devoted to the study of the general properties of the Husimi
measures mgck\)I,N which we have defined in (2.9), and to the relation with the
Wigner measures. The main result of the section is a general theorem about
the properties of the measures obtained in the limit N — oo, whose proof
will be given later in Section

Theorem 2.1 (Convergence to factorized fermionic measures on phase
space). Let ¥ be a sequence of normalized fermionic functions, h = N-Vd

and m;’f\)pw%? be defined as in (LIB) and (LIS). Then, there exists a

subsequence N; and a probability measure P on the set
B:{MGLl(RQd) s 0< <, (27T)_d/ ,uél}
R2d
such that, for every k > 1

/dek m%NW%/ </W M®”“s0) dP(p), (2.1)

for every normalized real-valued function f € L*(R?) and every ¢ € L' (R?%*)+

LSO(RQdk)’ and
o 7/\1; cp—>/ (/dek (p) dP(u) (2.2)

for every function ¢ tending to zero at infinity, satisfying (L23]).
Furthermore, if U satifies the kinetic energy bound

N
<\IIN, PRy \IIN> < ON1F2d, (2.3)
j=1

/B (/uw Ip|*p(, p) da dp> dP (1) < C(2m)¢

(hence [goa |p|*1(x, p) dz dp is finite P-almost surely) and the k-particle den-
sities converge weakly

RAN B \JRdk

(2.4)
for every k > 1 and every U € L' ¥2(R¥) + L2(RY) for k =1 and U €
CY(RI) for k > 2, where

then

pu(z) = @/Rdu(ﬂmp) dp.

The result says that, whatever the sequence {Uy}, the semi-classical
measures always get factorized in the limit N — oo or, more precisely,
they are a convex combination of factorized phase-space measures uniformly
bounded by 1 and with a mass < 1. In the rest of this section, we first derive
some elementary properties of the measures mgck\)lj , then we state a general

convergence theorem in the spirit of the classical de Finetti-Hewitt-Savage
theorem, before we provide the detailed proof of Theorem 2.I]in Section
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2.1. Measures on phase space for N-body states. In this section, we
recall the elementary properties of the measures m;k\)l, Some of the re-
sults of this section are well-known, but we gather them all here for the

convenience of the reader.

Coherent states. As before, we fix a real-valued normalized function f €

L?*(R%) and define

h () =hif <y\;;) ¢ (2.5)

as well as
= fho=r"f(/Vh) and g" = Flf") = YA /VR). (2.6)

We will later have to take h = N1/ but for the moment % could be arbi-
trary. We recall the resolution of the identity

ﬁ /Rd /]Rd Fep)fzpldzdp = 1. (2.7)

The latter follows from the useful formulas
() / Py — wyu(y)e " dy
= 2ah) "2 Fy | (- = 2)u] (p) (2.8)
= [ b= pFlulB)e " b
R

= (@rh)""2Fy |g"(- = p)Falul ] (2)

which imply immediately that

ﬁ/ﬂw y [(f ) 2 dp = /Rd (/Rd ‘-7:)‘1 {fh(- _x)u} (p)‘Q dp) N
B /Rd </Rd (y - m)u(y)r dy) dx

= 2 ey [0ty = lul2 gy -

Semi-classical measures on phase space. Next, we recall the definition (L5
of the k-particle semi-classical (Husimi) measure

Sc\)p (1,D1, s Ty PE)
:<\I}N7 (fmlpl) : (fa:kpk) (ka,pk) ' (fa:lpl)\PN>7 (29)

for k = 1,...,N. Here a*(f) and a(f) are, respectively, the fermionic cre-
ation and annihilation operators, satisfying the Canonical Anticommutation
Relations [17]

f)

{QI(‘;)GEQ) + a(*)a*({) =i9 (2.10)

(fla*(g) +a*(g)a”(f)
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See (LI6) and (LI7)) for two other formulas for mgck\)p The following is a

simple consequence of these formulas and of the fact that ¥ is an antisym-
metric wave function.

Lemma 2.2 (Elementary properties of the phase space measures). Let f €
L*(R%R) and ¥y € /\le L*(R?) be two normalized functions. Then for
every 1 < k < N, the function mgck\)I,N defined in ([2.9)) is symmetric and

satisfies

0<m® <1 ae onR2F (2.11)

1 k
(27T)dk R2dk m;vl)I/N(xl’pl’ (3] xkapk) dml cee dpk

=NN-1)--- (N —k+ 1% (212
and

1

k
(27T)d /1%2(1 mg",\)I/N (xlapla cey -’Ek,pk) d.’Ek dpk‘

k—1
= KN =k + Dl (@1, p1, e mpet, prr). (213)
Proof. The symmetry of mgfk\)I,N follows from the fact that two creation
(resp. annihilation) operators anti-commute due to (2I0) or, equivalently,
from the formula ([I6) and the fact that Uy is anti-symmetric. Simi-
larly, the uniform bound (2.I1]) is a consequence of the operator inequality

0 < a*(f)a(f) < 1. The formulas (213) and ([2.12]) follow from the represen-
tation (IEEZI) and the resolution of the identity (2.7]), which can be rewritten
as (27h) ™ [[gea P pdrdp=1. O

From (2I2)) and (ZI3), the choice i = N~'/? arises naturally, as it makes
o)~k ) 5 probability measure in the limit N — oo for all £k > 1
f¥N

(k)

Remark 2.3. The measures myy, can be defined in a similar manner for
bosons. Only the uniform bound (2.I1)) (which is the expression of Pauli’s
principle here) will be lost.

Link with k-particle densities. For any fixed (normalized) fermionic function
Uy, we denote by

N
Py (1, ey zp) = <k>/ / (WN (@1, 28) [P dEpys - - doy (2.14)
R:  JRd

and

N
tsli)v(pla 7pk) = <k> /Rd\/[‘gd ‘fh[\IlN](ph,pN)‘Q dkarlde

(2.15)
the position and momentum densities for & particles, with 1 < k < N. For
later purposes, we also define the k-particle density matrix of ¥y which is
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(k)

the operator gl with integral kernel

N
yé,kar(xl,...,mk;x'l,...,x;g) = </<:)/ / Un(z1, ., TN) X
R4 R4

X WN (2, oy T Tty o TN ) dTpq1 - - dry. (2.16)

All the physical observables can be expressed in terms of these objects only.
The following gives a link with the semi-classical measures we have defined
in the previous section.

Lemma 2.4 (Particle densities and fermionic semi-classical measures). Let
f be any normalized function in L*(R%,R) and f", g" be defined as in (Z0).
Then we have

1 k k 112\ @k
o o e o121 ) o = RS 5 (1)
(2.17)
and
1 k k 112y K
(2m)Hk /(Rd)k mgqx)I/N(xl,pl, oo @k, pi) dy -+ day = KR tgpj)v * (")

(2.18)
for any (normalized) fermionic function Wy .

Proof. As in (Z8), we start by noticing that, for every fixed y € (R%)N—F,
h h
<fx1,p1 X ® fl’lmpk’ \IIN("Y)>L2((RUZ)I€)
= (27Th)dk]:h |:f£170 ®-® f£k70\I]N(,y):| (pl, apk‘)
= (2rh)™* [g{}pl ® - @ gop FrlUN] y)] (@1, ey Th)-

Next we compute the integral of m;k\)l, over the p;’s, using (LI6]):

/(\Rd)k mgl‘]j;\)I/N(xlapl, --.7.%'k7pk) dpl L. dpk

N 2
= k! dpq---d d ‘ h h (- ‘
<k> /(Rf’l)’C pl Pk /Rd(zvk) Y < w1 @ O Ty py N Y)>

N
:(27rh)dk/<:!< ) / dpi - - - dpy, / dy
k (R RAN—F)

x (fﬁ [ff?l,o ®® fﬁk,o\IfN(-,y)] (P1, - Pk)

N 2
= <2wh)d‘%!< k) /R ) e = 2 e ()| dyn - dyy
= (2rh)%* k! 'OEIZ)V * (|fﬁ|2)®k(az1, ey TR
The proof of (2I8)) is similar. O

‘ 2

A simple consequence of (2.18]) is the well-known formula for the kinetic
energy and its generalization with magnetic field (see, e.g., [49, Eq. (5.20)]):
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Corollary 2.5 (Kinetic energy). If f € H'(R3,R) and |A|?> € L'*4/2(R%) +
LE(RY), we have

N
<\1/N, (Z(—mvj + A(xj))2> qu>
j=1

1

_ 2, (1) o 2
= i fo LI+ AP, @) dedp—n [ 19

+ 2§R<\I/N, (Z(A — Ax \fﬁ]2)(xj) . (—ihvj)> \I/N>
n N
+ <\IJN, (2042 - 4P rfh12><xj>)w>. (2.19)

Proof. By density we may assume that ¥ and A are regular enough, which
allows us to make the following calculation. By definition, we have

N
<wN, 3 -rA wN>: /R dt&};(p)\pr?dp

Jj=1

(z,p)|p|* dz dp

R4 Rd

/ [ 80,006 = pPoP - ) dp
R4
27Th /Rd/Rd (@, p)|p|* dz dp
/ / p)lg" (¢ — p)PPlq — p|* dpdg
R4
—2</ pt(wl])v(p)dp> : (/ plgh(p)Ide>-
Rd R

The last term vanishes since f is real, hence ¢" is even, and we obtain

N
<qu,< —hZAj>szN>
j=1
ot o [Py, ) dedp = b [ 952 220)

With magnetic field, we expand the square

| —ihV + A(2)]? = —R2A + A(z) - (—ihV) + (—ihV) - A(z) + |A(z)[?
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and apply (I7) for the term with |A|?> and (Z20) for the term with —A.
The cross term is calculated using (28] as follows:

ﬁ //Rdxmp-fl(w)!w, FRN? da dp
N // p- A@)|Fi(fLow)(p)|* dx dp
R4 xR
:/ Ale) / PIFu(f2ou) (p)|? dp dz
R4 R
— h/Rd A(x) - %/Rd fﬁ,O(y)@V(fgou)(y) dy da

—n | A / Py — 2)PS () Vauly)) dy da
Rd Rd

h / (A [/')(y) - S(uly) Vuly)) dy.
]Rd

O

2.2. Structure of the limiting measures: tight case. For an arbi-
trary sequence ¥y with N — oo, the functions (mgfk\)I,N) N>k are bounded in

LY(R%k) 0 L>°(R2) for every fixed k, by Lemma It is therefore clear

that we can find a subsequence such that mgck\)I,N — mgfk)

k > 1, in the sense that

weakly for every

(k) (k)
/RM Miwy® = my¥

R2dk

for every ¢ € L'(R?¥) + L°(R?¥). In the limit we obtain a hierarchy
of symmetric functions (mgck))k;l. The purpose of this section and of the
following is to study the properties of these limiting hierarchies. In general,
the limiting functions mgfk) are not probability densities because some mass

can be lost at infinity. However, if the sequence (mgfl’\)I,N) is tight, that is,

lim lim sup/ mgcll)I,N(x,p) dxdp =0,
|lz|+[pI=R

R—oo Nooo ’

then the m*)  are also tight for £ > 2 and the limiting m'® are all probabil-
) F¥n ) L o T )

ity measures. We consider this simpler case in this section. The tightness of
the sequence also implies that the compatibility relation (2.I3]) is preserved

in the limit:
1
(27T)d R2d

m(k)(fﬁl,pl, seey xk‘apk‘) dﬂ?k dpk; = m(kil) ('Ilaply ceey xk‘—lapk‘—l)

(2.21)
for all kK > 1. The famous de Finetti-Hewitt-Savage theorem deals with the
structure of such infinite sequences of symmetric probability measures [15,
16, 19], 36, [18]. In our situation, the result can be stated as follows.
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Theorem 2.6 (Fermionic semi-classical measures on phase space). Let m®*)
be a family of symmetric positive densities in L'(M¥), with M C RP, sat-
1sfying
C/ m(k)(§17 7§k)d§k = m(kil)(é.h'"aé.kfl) (222)
M

with m© =1 and 0 < mk) < 1 for all k > 1. Then there exists a Borel
probability measure P on the set

S = {,uELl(M) :0< <, c/ ,uzl}
M
such that
m® /8 W dP (), (2:23)
forallk > 1.

In our case M = R?? and ¢ = (27)~% but the result is actually true for any
Borel set M in R? and any ¢ > 0. The theorem says that infinite exchange-
able (i.e. symmetric) fermionic systems are always convex combination of
independent ones.

Proof. A very similar theorem is proved in [I3, p. 510-511] (see also [65),
Lemma 4]). The usual theorem from [36] furnishes a probability measure P €
P(P(M)) such that (223 holds with S replaced by P(M). The condition
0 < p < 1 can be characterized by the property that p(A) < |A] for all A in
a countable set of balls, showing that S is a measurable set in P(M). We
therefore only have to prove that this measure P is concentrated on S. Now,
the assumption that 0 < m®*) < 1 implies m®*) (A*) < |AJ* for any Borel set

A C M, and this gives
A k
/ <M> dP(p) <1
pon \ 4]

for every k > 1. Taking k£ — oo proves that P is concentrated on the subset
of P(M) containing all the probability measures p such that p(A) < |A4|
for all A. These measures are absolutely continuous with respect to the
Lebesgue measure and the corresponding density is between 0 and 1. U

2.3. Structure of the limiting measures: general case. As we have
said, in general the limiting functions mgck) need not be probability measures,
and they need not satisfy the compatibility condition (Z2I]). The idea that
a de Finetti theorem nevertheless holds true in this case as well seems to
have been advertized for the first time in the quantum case in [44]. A similar
result with a different interpretation had been published before by Ammari

and Nier in [I]. The following is inspired of [44, Thm 2.2].

Theorem 2.7 (Weak fermionic semi-classical measures on phase space).
Let mg\][\/) be a sequence of symmetric positive densities in L'(M™Y), with
M C RP, and let mg\l;) be its marginals defined recursively as in (2.22)). We
assume that m(©) = 1, that 0 < mgl\;) < 1 for every 1 < k < N and that

mg\l;) — m®) weakly in L'(M¥) and weakly-+ in L>°(M¥) for every fired
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k>1, as N — oco. Then there exists a Borel probability measure P on the
set B:={pe LY (M) : 0< <1, cfy,pn<1} such that

m) :/B,u®de(u), (2.24)

forallk >1

The theorem says that the natural object obtained in the semi-classical
limit of large fermionic systems (with possible lack of compactness) is a
Borel probability measure P on the set of all the functions 0 < p <1 on M
such that [, n < 1/c.

Proof. The proof follows step by step that of [44) Thm 2.2] in the quantum
case and we only outline it. We fix a ball B = {{ € M : |¢| < R}
in the space M, with R an arbitrary positive integer. We then look at the
probability measures for the particles to be in Bg. In particular, we will need
to know the exact number of particles in Br, which leads us to introduce
the functions

JN,R0 = CN/ mg\jfv)(fla n&N)dEL - dEN
(M\Br)N
and

gN,R,n(é-l, ,gn)
- N - ’ (N) ...
<n> ]1:11 ]lBR (5]) \/(‘M\BR)N’” mN (517 (RS §N)d§n+1 dé.N

for n = 1,..., N, and where £ € M is the phase space variable. In words,
JN,R,n is the probability density for n particles in Bg, under the constraint
that the other N — n are all outside of Bg. Note that

N
e /(B N A= Nom\V =1 (2.25)
n=0 Rr)"

MN

and that the k-particle density in Br can be written as

N (N—k)
H]IBR §] 517' 7516) = Z (]:7) NRn(§17"'7§ )
n=~k n

_Z gNRn 51’ agk)

where 9](\];)1% ,, denotes the kth marginal of the function gy g -

It is useful to think of the fraction n/N of particles in Br as an additional
variable 0 < ¢ < 1. For fixed N this new parameter takes values in Z/N N
[0,1]. In the limit N — oo, the whole interval [0,1] is filled and ¢ will
correspond to the radial integration in the ball B. We therefore introduce
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the probability measure

dg](\l;;7)R(t7§17' 7§k ZgNRn 517' 75]6) n/N( )

n=k
k-1
+’BR’7k ch/ JN,R.n do(t) (2.26)
n—=0 (Br)¥

on the compact set [0,1] x (Bg)*. Extracting subsequences, we may assume
that g%}R converges weakly to a probability measure g%) on [0,1] x (Bg)*,
for every k > 1. Since R is an integer by assumption, the weak convergence
can be assumed for every R as well.

Now, from the inequality

e ) (k1)
0<(N> _(—]Sf)gN—lH—l

(see [44, Eq.(2.13)]) and the normalization ([2:25]), we deduce that

/(BR)

5‘7 mN (515' ,gk)

_/ (t,& &) dt| de déx < M
. QNR Ly Gk 1 ES N ka1
from which we conclude that

155 m®) = /O 5 dg\¥ (1, ) (2.27)

for every k, R > 1
Next we remark that

k
t <C/B dg(k+1 (s &p1) — dg](\]f’)R> — t5/n (1) gl(\lfc,)R _ N(Sk/N(t) g](@R
R

where the right side converges to 0 in the sense of measures. Passing to the
weak limit N — oo, we deduce that the limiting hierarchy is consistent for
all0 <t < 1t

Ct/B dg(kJrl ( "aék-ﬁ-l) = tdgg)(ta )
R

At t = 0 this equation tells us nothing. However, we can always change the
value of the limit dgg) as we want since the point t = 0 does not contribute
in ([2.27). Similarly to (228]), we choose it to be the constant that makes it
a probability measure and the consistency at ¢ = 0 is then obvious. From
the de Finetti-Hewitt-Savage theorem (or, rather, a simple one-parameter
version of it which can be proved similarly as sketched in [44]), we conclude

that there exists a probability measure P on [0,1] x P(Bg) such that

dg@(t,") :/’P(B )p®kd§1~z(t,p)-
R
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Inserting in (2.27]), we get the representation formula

(L) m®) = / (tp)®* dP g(t, p).
[0,1]xP(Br)

Using that 0 <~m(k) < 1 we can show similarly as in the proof of The-
orem [0 that Pr concentrates on [0,1] x §. The right side can then be
uniquely interpreted as an integral for a measure Pr on B := {0 < p <
1p, : [ B, 1 < 1/c}, with ¢ playing the role of the radial variable:

(1)) = /B HE* AP R ().
R

Since the previous equality holds for every positive integer R, the measure
P is the cylindrical projection of P/ for every R’ > R and the family (Pg)
defines uniquely a measure P over B. We get the result by passing to the
limit R — oo. O

2.4. Link with Wigner functions. It is well known that the Wigner func-
tions converge to the same limit as the Husimi measures and we quickly recall
this here. It is indeed a general principle that all regular quantizations are
equivalent in the semi-classical limit.

First, we recall that when f = (W)_d/46_|$|2/2, the Husimi and Wigner
measures are related by a convolution:

(k) _N(N—l)---(N—k+l)

k
my' = NF “//\IE)*%E,

where 9" (21, ...,px) = (7h)~% exp(—h~! 29?21 lzj|2 + |p;|?) is a Gaussian
in phase space (see, e.g. [14, Prop. 21]). It is then clear that the two se-
quences must have the same weak limits. On the other hand, the Calderon-
Vaillancourt theorem from [38] states that

e - 9ok . 06’“@”

T ~P1

|ovtituto] <c s

)
max a,f3 <1 Lee (RQdk)

for any function ¢ for which the right side is finite. This bound is useful for
showing that quk) has weak limits. From this we obtain the estimate

|opiAi(2) - Op) ()

<C sup oo aakaﬁl--agg(<p—<p*gﬁ)”

Tk ~P1
max(o,[)<1

Loo(RQdk)
k2
+C— sup
max(a,B)<1

Qi | o 9f1 | e
811 81156171 -0 k(PHLoo(RQdk) )
The term ¢ — p* %" can be estimated uniformly by the gradient of ¢, using
the fundamental theorem of calculus, leading to

HOpWeyl ) — Op}"(¢) H

< CwWh  sup

max(a,B)<2

8?11 ) 851531?11 ’ aﬁk(pHLoo(ka)'
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One more derivative of ¢ is necessary to prove that the limit of the Wigner
function coincides with that of the Husimi measure, but the limit of Wy
nevertheless holds with only max(a, ) < 1, using the density of smooth
test functions.

As a conclusion, these estimates give the convergence of the Wigner
functions when tested against any ¢ satisfying 03} ---8%:8511 . --aglfgp €
L= (R%*) for max(c, 8) < 1, provided that the convergence of the Husimi
measures has been established in the special case f = (7)~% 41212 1f the
weak convergence for the Husimi measures only holds in L (R%), then in
addition ¢ has to tend to zero at infinity.

2.5. Proof of Theorem [2.11 We are now able to write the proof of Theo-
rem 2.1

Let f € C(R?) be a real-valued L2normalized function. As we have
already explained in the beginning of Section 2.2 up to extraction of a
subsequence, we have

k k
" mEt,\)I,Ngo — /MC mgc )gp (2.28)

for every k > 1 and every ¢ € LY(M*) + L>°(M*). By Theorem 7] there
exists a probability measure P on B such that

m® = /B R

and therefore the convergence (2.1]) follows for this f.
Next we establish the independence of the weak convergence with respect
to f. This is the content of the following

Lemma 2.8 (The limiting measures do not depend on f). Let ¥ be a
sequence of normalized fermionic functions and let f € L*(R?) be a nor-

(k) (k)

malized function such that mey, — My weakly as N — oo in the sense

of 1)), for every k > 1. Then mg?\)l,N — m;k) weakly, for every normalized
g € L*(RY).
Proof of Lemma[2.8. Tt clearly suffices to prove that
: (k) (k) _
J\;gnoo Ak ¢(€) (mf,qu(f) - mg7\IIN(£)) d¢=0

for all functions ¢ in a dense set. It will be convenient to take ¢ of the form

O(T1, P15 s Th, D) = ur(w1)v1(p1) - - - wpe (1) v (Pi)

with u;,v; in the Schwartz class.
First we remark that we can assume that f and g are smooth with compact

support. Indeed, using the definition of mgck\)I,N and that |la(f — f)| =

la*(f — DIl = |f = fllz2, we find that

(k)

[t =5 |y < 281 = Tl

Therefore we can approximate f and g by smooth functions f and ¢ in
L?(R%), at the expense of an error which is uniform in N. Then it suffices
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to prove the result for fand g. For simplicity, we just assume that f and g
are smooth for the rest of the proof.
By definition of the phase space measure mgck\)I,N, we have

— N(N — 1) (N— k+ 1)<\I/N,Op];’h((p) QR Ay_p \I/N>

where
kb 1
Op;"(p) = ) /Mk @(x1,p1, ooy Thy D) Pl @ - @ Pl day -+ dpy.
(2.29)
We now claim that
|ov}" () — Opl ()| < CHVR = N TR (2.30)

where C' depends on the regularity of f, g, ¢ and on k, but not on N. This
will imply

‘/Mk #(¢) (my?‘)I’N(g) - mgf\)IfN(g)) dg‘ <OVh=CN 2

and finish the argument. The proof of (Z30) is based on well-known tech-
niques from semi-classical analysis. It consists in estimating the difference
between the above quantization (2.29]) of ¢ and another quantization which
is independent of f. We provide the full proof here for the convenience of
the reader.

First we remark that for our specific function ¢ we can write

k,h
Opy"(p) = Bf @ --- @ B,

where
1
By = gt [ w0l )] da d.

Since by (2.7 we have ||B?,j|| < A |y ||L00(Rd) Jvj ||L00(Rd) and the same esti-

mate for B"

i We deduce that

k
k,h -
[op}" () — 0pb ()| < W4 ST 1B = Bl T el o ey el o ey -
j=1 t#j

Therefore we only have to prove that

1B~ Bl < OtV

il
for all 7 =1,...,k. We will actually prove that

1B} ; — huj(@)v; (—ihV)| < ChVR (2.31)
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which will of course imply the previous bound. We ignore the index j for
simplicity and Compute the kernel

y—T y —x plu= y")
Bi(y,v) //ua:v < )f( >e dx dp
f( (2m)d % Rd JRd Vi Vi

Wf(y i) L ()1 ()

where ¥ is the inverse Fourier transform of the function v. Now the idea
is to replace u(z) by u(y) and f((y — x)/h) by f((y' — z)/h) and to then
use that [pq f% = 1. Assuming that © and f have their support in a ball of
radius R, we find

B}(y,y) — (2m) "2 uly) o (y ;L?/> ‘

@ﬂ> ( n )‘Wvﬂhw+WVwaHﬂuWuhwy

The operator with kernel [0((y—y') /)| has the operator norm [3(-/ )| 11 (gay =
ne || 1 (rd) and this concludes the proof of (Z.3I)), hence of the lemma. [

Together with the content of Section [2.4] dealing with the link between
the Husimi and Wigner measures, this concludes the proof of the first part
of Theorem 2.1l If now the kinetic energy of Wy satisfies the semi-classical

bound (Z.3]), then by (220) we have
20 [ Pl e dedp < C NV
M ’ Rd

Therefore the sequence is tight in the p variables and the weak-limit (2.])
remains valid for functions ¢(z1, ..., Tk, p1, ..., Pk) = U(x1,...,x) with U €
L (R9). By definition this is the weak convergence

k
P (k) A/P
My B a

for every k > 1. Now, pggl)v /N* is bounded in L'(R%) and satisfies

k!
P, —NkP\pN (|1

by Lemma 24l Since |f|?> — 6, this proves that

() Sk
AT A/BP;L dP(p)

weakly-+ on CJ(R%).
For k = 1, the Lieb-Thirring inequality [57, 58, [52] gives us

N
1
/I‘%d pEI/])\,(x)1+2/d dr < C<\I/NZ(_A)J:J-\I/N> < CN1+2/d

J=1

and, therefore, pEI}J)V/N is bounded in L' N L'*%/4 It must thus converge
weakly in that space. This concludes the proof of Theorem 2.1 O
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3. CONVERGENCE OF THE ENERGY: PROOF OF THEOREM [I.]]

This section is devoted to the proof of Theorem [Tl and to the derivation
of some a priori estimates that will be useful in the remaining of the article.

1. Upper bound on E(N) using Hartree-Fock theory.

Proposition 3.1 (Upper bound). Assume that w is even, that w, |A|*,V_ €
LY42(RY) + L2(RY) and that

V+ € Llloc(Rd)'

We have
E(N
lim sup E\f ) < eXp(1).

N—oo

Proof. Taking a Hartree-Fock state ¥ = (N!)~!/2 det(f;(x;)) and introduc-
ing the corresponding density matrix

N
v =Y Il
j=1

with p, = Z;Vzl | f;]?, we see that

E(N) < inf {Tr(—ihV+A)2’y+/ Vo,
R4

“/;=“/=]'\yf*
LN //Rded w(z = y) (py @)y (y) — V(2. y)[?) da dy},

ry=
We first estimate the exchange term (the last term in the previous for-
mula). We write w = w; + wy with w; € L™%2(R%) and wy € L®(RY).
Then
// w2z — )| [y(2,y)* de dy < wal e Tr (4%) = |wa] oo N
RdxR4

We have used here that Try? = Try = N. For the term involving w1, we
use the Holder and Gagliardo-Nirenberg-Sobolev inequalities to obtain

L T @l @) do < ol groarsen 1o

C
< onlsearsuey (2197 B + 2z e

for all € > 0. Applying this in the variable x with y fixed, this gives

CN
//R e =) ) dedy < ooy (eTr (—A)y + —6d/2> .
X

Combining the two inequalities, we have shown that

€ _ —d/2
o L e - P dsdy| < 5T (-A) 4 O 0
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for all € > 0. In dimensions d > 3, we can simply take € = 1. In dimensions
d =1 and d = 2 we take for instance ¢ = N9"2(log N)~!. In all cases, we
arrive at

! 2 EN
_ < N B
‘2N [ =0 | < T () New

for some ey — 0 which is independent on «. Finally, in order to relate
Tr (—A)y to the magnetic kinetic energy, we may use that

2
| —ihV + A = —B*A —ihV - A —ihA -V + |A]* > —%A — A% (3.1)

from which we deduce the final upper bound

E(N 142
lim sup (V) < limsup inf Toen Tr| —ihV + A*y
N—o0 N—oo 7Vi=y=y* N
Try=N
b [ rzenaPo, 4o [ wle -y @) dedy
N R4 7 2N2 Rd xRd 7 7 '

(3.2)

By using semi-classical analysis, we now construct an appropriate trial
state for the variational problem on the right side, based on the classical
probability density on phase space.

Lemma 3.2 (Semi-classical analysis in a compact domain). Let p > 0 be
a fived function in C°(RY) with support in the cube Cp = (—R/2, R/2)%,
such that p > 0 and fCR p=1. Let A € L**(CR) be a magnetic vector
potential. Define

=1 <(—ihV + A)2CR — crpp(z)¥? < 0)

where (—ihV + A)%R s the magnetic Dirichlet Laplacian in the cube and
crp = 4n2(d/|ST )2/, Then we have

lim N7'Tr (—ihV + A)*yy =

1+2/d

and
lim N~ !'Tryy :/ p(x)dz. (3.4)
N—o0 Rd

Furthermore, py /N — p weakly in L*(R?) and weakly-+ in L>°(R?).
The same properties all hold true if vn is replaced by the projection yn
onto the N lowest eigenvectors of (—ihV + A)QCR — crpp(z)?/?,

Remark 3.3. The lemma is true under much weaker assumptions on A, but
we have used the same hypothesis as in the rest of the paper for convenience.

The lemma is proved in Appendix[A]land the proof of Proposition B.Ilnow
follows immediately. Indeed, let p € C°(RY) and Jy be as in the lemma
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(extended by zero outside of C'r). Then, by (3.2)

E(N
lim sup (V)
N—o0 N

142 - 1
< lim + 8NTr|—z'hV+A|27N+—/ (V + 2en|AP)psy
N N Jpa

N—o0
5 dz d
2N //RdXRd p’YN( )pny (y) y}

B d 4 2 d 2/d 1+2/d_|_ vV
o d+2 T ’Sdil‘ de Rd p

+ % //Rded w(z —y)p(x)p(y) dz dy.

Here we have used that

N—l/ Vpsx :N—l/ Vpsy —>/ Vp,
Rd Cr Cr

that [ |A|?pz, is uniformly bounded and that

N2 //CRXcR w(@—y)p3y (2)p3y (y) dz dy — //CRXcR w(z—y)p(z)p(y) dv dy

since ps, /N converges weakly in L'(R?) and weakly-+ in L*°(R%), and
V,w,|A> € LL (R?) by assumption. O

3.2. A priori estimates. We now derive some a priori bounds on any (nor-
malized) sequence {Ux} of N-particle states with (U, Hy¥y) = O(N),
which will be useful for the lower bound.

Lemma 3.4 (Lieb-Thirring). There exists a constant C' such that

N
A,
Hy>>_ <_4Nj% (xj)> —CN > —CN. (3.5)

j=1

In particular, any {Un} such that (¥, HvV ) = O(N) must satisfy

(1) 1+3 (1)

Py (%) / Py ()
< .
+/Rd< N ) dz + Rdv+ N dz < C, (3.6)

with pg) the one-particle densities defined in [214)). In addition, for any
potential 0 < f = fi + fo € L'TY2(RY) + L®(R?), we have

5 L @i @det 5z [ | @ 0o) @) daay

C (Ifilpsaagga + Lol po(aay) - (3:7)
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Proof. First we get rid of the magnetic field at the expense of a factor in
front of the kinetic energy, by using the simple bound

h2
| —ihV + A > —TA- | A

as in (3I). Our assumption on A implies that |A|? € L'+t%/2(R?) + L>(RY),
just as for V_. We may therefore write V_ + |A|? = V] + Vo € LIT42(R?) +
L>®(RY). The estimate on V5 being obvious, we use the Lieb-Thirring in-
equality [57) 58, [52] to obtain

N
A 1 A
Z <_ ]2 _ V1(9€j)> = —ZTr ( ]2 ) > -CN 9 V11+d/2.

= 8Na Na
(3.8)

In a similar manner, we note that |¥|? is symmetric and rewrite, following
Lévy-Leblond [41],

<\If, % Z w_(xg — x¢) \If>:¥(\lf,w(x1—x2)\lf>

1<k<tSN
1
:5 \I/, Z w,(ml—xj) v ).
2N

We now use that W(zq,-) is antisymmetric in the remaining N — 1 variables
and the above Lieb-Thirring estimate in those variables. Since w_ = w; +
wy € L/2(RY) 4+ L°(RY), we obtain as before

N
1+d/2
SRt S wmmaz oV ([l )
j=1 d 1<k<f<N R?
(3.9)

This concludes the proof of (3.5]). The estimate ([B.4]) follows from the Lieb-

Thirring inequality written in terms of the density

N
<x1w, PIEAY \I'N> c/ )y (3.10)
j=1

which is dual to (3:8)). In (B1), the one-body part follows directly from (B.0)
and Hélder’s inequality. For the two-body estimate, we use (3.9) with w_
replaced by f/e and obtain

DR N B S —on (= [ A1),

j=1 8N 1<k<Z<N

Taking the expectation value in the state ¥y and using ([3.6), we find (3.7
after optimizing over e. U

3.3. Lower bound and end of the proof of Theorem [I.J. Here we
establish the lower bound, which concludes the proof of Theorem [Tl
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Proposition 3.5 (Lower bound). Under the assumptions of Theorem [1.1],
we have

EWN) > efp(1), (3.11)

lim inf

N—o00
Proof. The first step is to regularize the interaction potential w. For every
e > 0, we may write w = f + g with f € L™%2(R%) and ||g||p~ < e. We
then consider the problem E’(N) in which w has been replaced by another
potential w’, and a state ¥y such that (U, HyUy) = E(N)+o(N). Then
by (B.7), we obtain

<\I/N, Z w(xj —mk)\I/N>

1<j<k<N
N -1
> <\I/N, Z w'(zj — xk)\I/N> - CN||f - w,HLHd/Q(Rd) -——c
1<j<k<N
and, therefore,
/ , N -1
E(N) 2 E'(N) = CN |f =o' preajoay = —5—= (3.12)

A similar bound holds for the Thomas-Fermi model and we conclude by an
‘e/2 argument’ that it suffices to prove ([BII)) for a smooth interaction po-
tential w’ which approximates f. For simplicity of notation, we will assume
for the rest of the proof that w is itself smooth enough. The exact property
we need is that @ € L'(R%), which implies that w is a continuous bounded
function that tends to zero at infinity.

Now, we write w = w; — wy where w1 = (0)4 and wy = (@)_ which are
also in L'(R9). Note that w; and wy are in addition both even since @ is
real. We will use the fact that

<‘1’N, Z wy2(xj — l“k)‘I’N> = WN’N,U)L%W —Zp)¥YN)
1< <k<N

(3.13)
for any ¢ # m, by the symmetry of |¥|2. The idea is now to split the N
particles into two groups of, respectively M and L particles, with L = L\/ﬁ |.
The first group will just be z1,...,x); whereas the second (smaller) group
will be denoted for convenience as y1 = xpr41, ...,y = n. Then, we express
the repulsive part w; of the potential w using only the particles in the first
group and write the attractive part we as an interaction between the two
groups. This means that we rewrite, using (3.13)),

<\IIN, Z wl(xj—xk)\IfN>

1<G<k<N
N(N —1)
Y T \I] m m,\I]
M(M—1)< N Do wiom — o) N>

1<m<m/ <M
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on one hand, and

_ <\I’N, Z wa(x; — xk)\I’N>
1<j<k<N
< <w2 Y1 — y2) — wy(zy — y1)> ‘I’N>

<\IJN, Z wa(ye — yz/)‘I’N>

1<t/ L
M L
NNV -
4 ><qu, S5 sl — wN>
=1¢=1
on the other hand. Expressing the one-particle terms in a similar manner

using only the M particles of the first group, we deduce that

(Uy, HvUN) <\I]N’ H\IIN>

N M
where
M
~ 1-1/N
_ . 2
H=> | =iV + Al@m) [+ V(zm) + ST > wi@m— )
m=1 1<m<m/<M
M(1—1/N) (1-1/N) L &
+ﬁ Z WZ(W_Z/Z’)_TZZU)Q(xm—
1<l<l'<L m=1 ¢=1

This new Hamiltonian corresponds to a system with M ~ N quantum par-
ticles which repel through the potential wy and L ~ v/N classical particles
that repel through the potential wy, with an additional attraction between
the two species given by —ws. In other words, we have transformed the
attractive part ws of w into an interaction with an auxiliary system of
L particles that repel each other. A similar approach was used by Lieb-
Thirring [59] and Lieb-Yau [60] and it was in turm inspired by arguments
of Levy-Leblond [41] and Dyson-Lenard [20]. For bosons the argument was
explained in [43] (there one can take M and L of the order N, which sim-
plifies a bit the argument). From the antisymmetry of Wy in the M first
variables, we conclude that
(Uy HyOn) inf o pa pogay (H)
N - yl}-r-l-vyL M

and it therefore remains to estimate the bottom of the spectrum of H for M
fermions, uniformly with respect to the positions y1, ..., yr, of the L classical
particles. The rest of the argument will then be based on the following well-
known lemma, which allows to bound from below the two-body interaction
by a one-particle term.
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Lemma 3.6 (Estimating the two-body potential by a one-particle term).
Let f be a function such that f is in L'(R?) and non-negative, and denote

[NIS8

[ 150 Fk) k>0

Dy(g,9) = /Rd /Rdg(x)g(y)f(w —y)dzdy = (27)

Then we have

K
Stz LUK fen) - Lo (310
k=1

2
I<k<k'<K

for every n € LY(R?) and every 21, ..., zx € R, and

<<I77 > f<zk—zk,>\i>> IOk + Lo/ o). 319)

- 92 T 7[)\1/
1<k<k'<K

for every K-particle state 0.

Proof of LemmalZ48. Use that Df(g,g) > 0 for g = Zszl 0, —n and then

(1) O

take n = Py

Now, let ¥ be any fermionic M-particle state. Using (8.15]) with f = wy,
we get

%<\i, Z w1 (Tm —xm/)\i>

1<m<m/<M

1-1/N © o, MA-1/N)

= Q(M— 1) w1(p\fj ’p\i ) Q(M— 1) wl(o)
1 m ) M

> — b ) .

Using now B.14) with f = wy and n = p(l)(L —1)/M, we find

v
% > walye—ve)
( ) 1<t/ L
M L
R ()
m=1 ¢=1

1) Wy _ M((l - 1/§V)w2(0)
2(L—-1
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Recall that ¥ only depends on the x,,’s. We have therefore proved the
following lower bound, independent of the y,’s,

(U, HU) _ 1 . 2 (1) 1 1)
e [(\ — iRV + AP + V)0 ] + 5375 Du(0y) )
1
oM = 1)”1(0) L - 1)”2(0)
1 , 9 (1) 1 L @
ZMTr (] —ihV + A —i—V)’y\i + me(p@ Py, )
@l
(ZW)d/z\/ﬁ7

where we recall that M = N — |v/N| and that h = N~V ~ M~1/4 The
term on the right is (up to the last constant) the reduced Hartree-Fock (rHF)
energy of the M particles, that is well-known to converge to the Thomas-
Fermi problem in the limit M ~ N — oo [54] 55, [49]. Even if we only need
the lower bound, we state and prove the full convergence.

Lemma 3.7 (Reduced-Hartree-Fock model). Under the same assumptions
onV, A and w as in Theorem [, we have

. . 1 ) 2 1 |4
A}gnoo 0%321 {NTT (| —ih*V + A| +V)'Y+WDw(PV,P7)} = eqp(l).
ENY4 1 Tr (v)=N

(3.16)

Proof of Lemma [3.7. The upper bound follows from Lemma By BJ)
and the Lieb-Thirring inequality expressed in terms of the one-particle den-
sity matrix
1+2
Tr(-Aqy=C [ py?,  YVO<y<1
R4

we deduce that any appropriate minimizing sequence yy satisfies
d d d
N? /R Vb + /R ) pAI2d 4 T (= A)yy < CNTH/A, (3.17)

Under the assumption that V € L'*%/2(R9) 4 L2°(RY), these estimates can
be used to replace the potentials V, A and w by functions in C°(R9).
When V. — +o0 at infinity, we first bound from below V. by the truncated
potential

VM = VAV < M) + MA(V; | > M)
and take M — oo at the very end of the argument, using that

VM_y_
1i + 1) = eXp(1).
Mlinoo €TR ( ) = err( )

The previous estimates then allow to replace A and w by functions in
C>®(R%) and Vjs by a function in C*®(R%), which is equal to M outside
of a sufficiently large ball.
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We now fix a real-valued normalized function f € L?(R%) and use formu-

las (219) and (2I7)) to obtain

Te (| — B2 + A2 + V)py = / (Ip+ A@)? + V(2))mn (. p) dz dp

(27h)4 JRr2a
N[ (VS 2T (A A | (i)
]Rd

+ [ AP = AP <174V =V x| P

and
—2d
Dus(pyys Prvag) = B2 Das(pimgs Py ) + Dog—aoe 112112 (P Pyae)

where my(x,p) = <f£,p,7Nf£p> and pp,, = (2m)7¢ Jga mn(z,p) dp. Note
that 0 < my < 1 and (27)~¢ [[ my(z,p)dzdp = 1, hence my is a suitable
trial function for the Vlasov problem. Using the bound ([BI7) we have

Te (A — Ax[f'2) - (=ihV)y > — (=ihV)y/ANls, | VAN (A — A% |f2)

&2
- —M\/ [ A= as s,

> _CN HA— A \fﬁﬂ

L2+d(R4)

We can argue similarly for the other terms (when V € C®(R%) is equal
to M outside of a large ball Bg, we have to use that V — V x |f]> =
(V—M)—(V — M)x|f"? has compact support and converges to 0 strongly
in L'*4/2(R%)). We obtain

1 ) 1
NTY (‘ - ZhQV + A’2 + V)'YN + WDw(p’YN7p'YN)
1

> (2m)INR /R?d (Ip + A()|* + V(z))mn(z, p) dz dp

1
+ WDw(pmNapmN) +o(1).

Since Nh% — 1, we obtain the Vlasov energy on the right and the proof of
Lemma [3.7is complete. O

This now concludes the proof of the lower bound (B.I1]), hence of Theo-
rem [L1] O

4. CONVERGENCE OF STATES: PROOF OF THEOREMS AND [L3

Let {¥xn} be as in the statement, that is, such that (U, Hy¥y) =
E(N) + o(N). By the estimates in Lemma [3.4] we know that Wy satisfies
the semi-classical kinetic energy bound

N
<¢1N, PIEAY \IIN> < ON'F2/4, (4.1)
j=1
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This implies by Theorem 2] that, after extraction of a (not displayed)
subsequence,

k k
miy, = /B pE AP (), WY — /B pEr dP (1), (4.2)

Nk ,%N - / Ok JP (1 (4.3)

weakly for all & > 1, where P is a probability measure on

B:{ueLl(de) c0< <, (QW)—d/ u<1}-
R2d

Therefore, there only remains to show that P has its support in the set
of minimizers of the Vlasov energy (in the confined case) and in the set of
weak limits of minimizing sequences (in the unconfined case).

4.1. Confined case: proof of Theorem[@.2l We start with the much sim-
pler confined case where V; — 400 at infinity. In that case, the argument

below actually gives directly the energy lower bound, and the arguments of
Section [3.3] are not needed. From the bound (B.6]) we have

1 1
N |, V@ (@) do

N
N m //Rw (V_,.(x) + V+(y))ﬂgl)\,($,y) dx dy < C

and infer that pspl])v /N and pgj)v /N? are tight at infinity. From this we infer
that there is no loss of mass at infinity and that P has its support on

1
S = L'R?) : 0<pu<l —/ :/ =1,
{MG (R™) WS G fean = [P

Using (43]) and the tightness property at infinity, we are able to pass to the
limit in the interaction term:

, 1
&@mm 2, i —“>‘I’N>
1<j<k<N
2)

. Py (2,Y) 1
= lim w(a —y)—" g dvdy = 5/817(/),“/)“) dP ().

N—oo Jp2d

In order to pass from the second to the third line, one must first use the
bound (B.7)) to replace the interaction potential w by a bounded function,

and then use the weak convergence of pg ) in L'((R%)2). By Fatou’s lemma

for V; and the weak convergence of pEI,) for V_, we also deduce that

(1)

- Py
1}?3?;<‘1’N’ ZV (x5) \I’N> _hmalgof/Rd VTN > /S </]Rd Vpu> dP(p).
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Finally, using the same argument as in the proof of Lemma [3.7] for the
magnetic kinetic energy, we also deduce from Fatou’s lemma that

N—oo

N
1
lim inf <x11N, — Z | —hV; + A(l"j)|2‘1’N>

—hmmf // Ip+ Az \)I/ (z,p)dxdp

N—oo

> [ <W //R y |p+A<w>|2u<x,p>dxdp) P (1)

Therefore, we have proved that

E(N
eXp(1) > lim L: lim

(YN, HnU N) VA
- 5 dP .
N—soo N N—oo N ( )

Vla

The minimum of the Vlasov energy is precisely €¥F(1) and since P is a
probability, we have

[t et = [ (5 - () e + el

=0

and there must be equality everywhere. This implies that P is supported on
the minimizers of 5\‘//1 These are all of the form m,(z,p) = 1(|p+ A(z)* <
crrp(x)?/4) where p minimizes the Thomas-Fermi energy. Hence, P induces
a probability density &?(p) on the set of minimizers of the Thomas-Fermi
energy and this concludes the proof of Theorem O

4.2. Unconfined case: proof of Theorem The proof in the uncon-
fined situation is much more subtle and we will follow here ideas from [44],
based on localization methods in Fock space [42].

Let x be a smooth function on R with 0 < x < 1, Xjjo,) = 1 and

X|[2,00) = 0. Denote xr(z) = x(|z|/R) and nr = (1 — X2)Y2. Let

G = (ﬂf ) () T o ()Y ) (W (7)) ()

be the projection onto the n-particle space of the many-particle state local-
ized using xr [42], and, in a similar fashion,

G = () " oo ()00 (] () ) )

We remark that
TrGh, =TrGyy_, (4.4)

and that the k-particle density matrices are localized in the usual sense:

(xr) ) (xr)® Z’y o O )25 S (ng)® Zv
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Next we split the N-body quantum energy using a partition of unity in the
one-particle state as follows

(Un, HN ¥ )

_ . 1 — 1
= = N7'Tr | — iV + APAy) + N 1/pg;v

N2 [ wte =) e dody

= N 'Tr| — ihV + AJ? XRV\I/N Xr+ N~ /,O\I,NXRV

e8]l — Gl (o) dedy
R4 JRd
+ N7 | — ihV + A| 7737\1,) MR

+ N~ /Rd/ (x — y)nk(x)ng (y)p()(wy)dﬂcdyﬂzvm

with the localization error

o 1 / 2 1 (1) 1,2
EN,R ‘= W/X (lz|/R) qu(l)(:v) d$+N/P\pNV77R

t 52 /Rd /Rd w(z — )nR(y)p( ) (2,y) dx dy.

From the known weak convergence of the densities one has

0= lim (limsup |€N7R|> = lim ep
R—o0 N—00 R—o00

(the term involving w is treated by first replacing w by a bounded function

of compact support, using (37)), and then by using the weak convergence of

(2) )

Py )- On the other hand, the terms involving nr may be rewritten using
the property (4.5) as

! 2)
Nirza (= A)URW\pN??R+ / /Rd z—y)nk()ng(Y)py (2,y) do dy

N 0
_Z Tr( NnG+ >> %MTT(GEM’

n
n=1

where HJOV ,, is the n-body Hamiltonian
- 1
HY =Y | =N~V 4 Aday)]” + N > w(wy — k)
j=1 1<j<k<n

with ground state energy E°(n,n/N). Passing to the weak limit for the
terms involving x g, we obtain as before

. (Un, HyUy) vA(
A}l_r)nOOT 5V1a (xF(z)m) dP(m)
N
E° N
+ lim inf %MTMGE,”)—F&R. (4.6)

N—oo n
n=1
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When n — oo and n/N — X\ > 0, then a simple adaptation of Theorem [L]
states that

EY N
o LEOIN) e [ e, / pi2/d
n—o0o N n p=0 | d+2 R4
n/N—)A fRd p=1
A
+5 w(z —y)p(x)p(y) de dy
R4 JR4
= erp(N).
Arguing as in [44], p. 613-614], it is not difficult to see that
N
| n Bn,n/N) L
]\}I—I}éo ;:1 <N - —erp(n/N) ) Tr (Gg,,) = 0.

Finally, using (4.4]) we find that
N—-1

ZeTF( )T (Gl = D e (1- 1) T (Gr).

Now the proof can be concluded based on the following Lemma, inspired
of |44 Thm. 2.6].

Lemma 4.1. For every continuous function f on [0,1], we have

J;gnmif (%) T (Cra) = /B f ( / Xk pm) dP(m).  (47)

Indeed, the lemma implies that
N-1

Am ety (1 - N) Tr (Gg,) = /BeTF (1 - /Rd X%Pm) dP(m)

and therefore we have proved that

. (¥N,HNnUN)
hm _——
N—oo N

> /B {Evvl.f(x%(w)m) + ehp (1 - /Rd X pm>} dP(m) + &g

Taking finally the limit R — oo gives the final estimate

ete(r) = Jim BN o [ el e (1= [ o) | apn),

N—o00
(4.8)

Since Egif(m) > eXp (Jga pm) and since eXp(1) < eXp(A) + efp(l — A) for
every 0 < A < 1, we conclude that P must be supported on the set

R4

Eyia (m )—6¥F</dem) = erp(l) — eTF(l_/dem)}

which can easily be seen to be the set of weak limits of minimizing sequences
for the variational problem e\‘;’l’:(l). The probability measure P induces a
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probability measure &2 on the set M of the corresponding p’s and the proof
of Theorem [[3]is finished. O

Proof of Lemma[{.1. The proof is the same as [44, Thm. 2.6]. For k > 1,
we have by (435])

N
1 n _ 1 &
n=k

k
1 k
~ NF /de H XR(%)%&,L(Q:I, vy ) dy - - - day,
j=1

1 ) k
(L)

from the local convergence of psli)v /N*. Now

N N
]];—L Z <Z> Tr (Gz_z,n) = Z nn—1). Nin —k+ 1)Tr (Gl_;g,n)
n=k

n=k

has the same limit as 32 (n/N)*Tr (GR.,,)- Therefore we have proved the

n
lemma for f(x) = x*, for all k > 1. The result for any continuous function f
follows from the density of polynomials on [0, 1], together with the fact that

ery:o Tr (G ,,) = 1 for every N, by definition of the localized state. O

APPENDIX A. PROOF OF LEMMA
We first get a uniform estimate on p,,. Indeed, using that
v = LNV 4 A2 — erpp < 0) < e—ﬁ((—iN_l/dV-‘rA)%R—CTFP),
for any 8 > 0, we deduce that

pow (@) < e

From the Feynman-Kac formula and the diamagnetic inequality, we have

(—iN~VIVHAE  —cTrp) (2,7)].
‘675((*iN*1/dV+A)2CR*CTFP) (x,y)‘ < eCTFﬁﬂpHLoo eNiQ/dﬁACR (x,y),
where A¢,, is the (non-magnetic) Dirichlet Laplacian on Cg, and hence
d
p»yN (,I) < <%> eCTFﬁup"Loo Z e—N*Q/dﬁZ?:I ‘kj|2>(
k1,....kq€(m/R)N\{0}
d
x [T sin (ks (e — R/2)
j=1

d

d
2\ crrBlolLe —BIk|?
<<§) | S

TN\ {0}

RN1/d

d
< eCTFﬁHpHLOO Nﬂ'idﬂid/2 </ €7|k‘2 dk) .
R
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Optimizing over § gives

2ecm a/2 d/2

We have therefore shown that p,, /N is bounded in L*>(Cg). Up to
extraction of a subsequence, we may assume that p,, /N — p weakly. Now
we use that

1
0> —NTr ((—iNﬁl/dV + A)2CR — cTFp)_

1 R
= I ((=iN VIV 4+ A)? = crrp) v

1 AT—1/d 2 1

from which we deduce that
1 ol 1 d/2
NI N+ erey [ oo <Clolua loli2
Cr

due to the uniform upper bound on p,, /N. We then introduce the semi-
classical measure my(x,p) = <f£,p,7fo7p> and call its weak limit m. Ar-
guing as before, we obtain

N—oo

1 1
liminf ( —Tr (—iN"V4V + A2y — —/
im in <N r(—i V A+ A)op W = etry CRPPWN

1
> @y /Rd /Rd (Ip + A(2)|* — crrp(z))m(z, p) dp dz.

We now use the well-known Weyl asymptotics for the energy, i.e.

lim —%Tr ((—z’N*I/dV + A)2CR — crrp()) _

N—oo
- _ﬁ /R /R (Ip+ A@)]* = crpp()) _dvdp.  (A.2)

The result (A2)) is standard for smooth vector potentials A. Let A. be a
smooth approximation of A in L?. Using the inequality
(1 =68)(—iNTYIV + A)? —672|A— A)? < (—iN7YIV 4 A)?
S (14 0)(=iN"VIV + A +67%|A - A,

and the uniform upper bound on p,, /N, the result follows for general A.
So we consider the Weyl asymptotics,

. 1 r—1/d
]\}gnoo—NTr ((—iN 1dg 4 A)2CR — crrp(z)) _
1

~ (@) /Rd /Rd (Ip + A@@)[* = crep(x)) _ dzdp

_ : L 2 /
=it s [+ AP = emp(@) e p) do dp

with unique minimizer m/(z,p) = 1(|p + A(x)|? — etrp(x) < 0) in L®°(R? x
R9), we conclude that m = 1(|p + A(z)|> — crrp(z) < 0) a.e. This gives in
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particular that
_ 1
N7y (@) = (o) = g [ 1llo-+ A = enep(w) dp = p(a)
weakly in L' N L, hence that
N7'Tr (yy) = N1 Py — / p=1. (A.3)
Cr Cr

The latter says that (—iN~Y4V + A)%R — crrp has N + o(N) negative
eigenvalues. From the above limits we also have as desired

. 1 ar—1/d 2 1 2 2
lim NTr(—zN / V+ Ao v = W/Rd /]Rd p|*1(|p|* — crrp(z)) da dp

N—oo
d d 2/d
_ A2 1+2/d g,
it2" <\Sd—1!> /Rd’”m !

Finally, the results are all the same for an orthogonal projection v on N
first eigenfunctions of (—iN 14V + A)QCR — erpp since Tr |[yy — x| = o(NV)
by (A3) and therefore ||pyy — pyy Lt = o(IV). For N large we have

1((—iN"VIV+ AR, < p(z)—c) < v < L((—iNTVIVH AR, < pla)+e)
since, by the above arguments with p replaced by p + ¢,
Tr]l((—iNfl/dV + A, <plx)+e) ~(1+ eRY)N.

From the above estimates we conclude that p5, /N is bounded in L>, and
therefore pz, /N has the same weak limit as p,, in L' N L. We also have

Tr ((—iN~YIV + A)Z,, — crrp)(yw — ) = o(N)
which implies that
Te (—iN VAV £ A%, (= ) = o N1 +2/4)
and concludes the proof of Lemma [3.2] O
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