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Existence of minimizers for the Dirac-Fock model of crystals

Isabelle Catto* Long Meng' Eric Paturel! Eric Séré?

Abstract

Whereas many different models exist in the mathematical and physical literature for ground
states of non-relativistic crystals, the relativistic case has been much less studied and we are not
aware of any mathematical result on a fully relativistic treatment of crystals. In this paper, we
introduce a mean-field relativistic energy for crystals in terms of periodic density matrices. This
model is inspired both from a recent definition of the Dirac-Fock ground state for atoms and
molecules, due to one of us, and from the non-relativistic Hartree-Fock model for crystals. We
prove the existence of a ground state when the number of electrons per cell is not too large.

1 Introduction

For solids with heavy atoms, relativistic shifts may affect the bonding properties and the optical
properties. It is shown in [37] that the yellow color of gold is a result of relativistic effects. Furthermore,
by studying the relativistic band structure in solids, it is shown in [11, 12] that the relativistic shifts
of the 5d bands relative to the s — p bands in gold change the main interband edge by more than leV'.

A natural way to build quantum models for the crystal phase is to consider the so-called thermo-
dynamic limit of quantum molecular models. Roughly speaking it consists in considering a finite but
large piece of an (infinite and neutral) crystal. The thermodynamic law predicts that the ground-state
energy of the obtained large neutral molecule is proportional to the volume of this finite piece (which
turns out to be also proportional to the total number of particles composing the molecule). The energy
for the whole crystal is then identified with the limit — if it exists — of the energy per unit volume (or
equivalently per particle) of the large molecule when the size of the considered piece goes to infinity.
This method was applied successfully by different authors for several well-known models from quantum
chemistry [9, 8, 6, 32] — see also [7] for a review — but always for non-relativistic crystals.

The Dirac-Fock model (DF) was introduced in atomic physics by Swirles [41] in 1935. Tt is widely
used in relativistic quantum chemistry, and gives numerical results on atoms and molecules in excellent
agreement with experimental data [13, 20, 30]. Its relation with QED was investigated by Mittleman
[35]. Mittleman’s approach was studied mathematically in [2-4, 18, 34]. To our knowledge the Dirac-
Fock model has not been extended to crystals: there exist fully relativistic treatments of crystals in
the physics literature, but they use the Kohn—Sham approach (see [15, 28] and the references therein).

The first rigorous existence results for the atomic and molecular Dirac-Fock equations were obtained
in [16, 36]. Compared to the non-relativistic models, the situation is different: the existence of bound
states has only been proved when the total number of protons does not exceed 124, for the physical
value a &~ 1/137 of the fine structure constant. Moreover, the Dirac-Fock energy functional is strongly
indefinite and the notion of ground state has to be handled very carefully [16]. These difficulties
exclude a thermodynamic limit approach to derive the Dirac—Fock model for crystals.

In [17] it was shown that certain solutions of the (relativistic) Dirac—Fock equations converge
towards the energy-minimizing solutions of the (non-relativistic) Hartree—Fock equations when the
speed of light tends to infinity. This validates a posteriori the notions of ground-state solutions and
ground-state energy for the Dirac—Fock equations. In the approach of [17], the multi-electronic state
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is modeled by a Slater determinant of mono-electronic wavefunctions. On the other hand, Huber and
Siedentop use a density matrix formulation and a fixed-point iteration to define and construct ground
states of the Dirac—Fock model [27]. Unfortunately their assumptions do not cover the physical value
of a. Recently, in [39] one of us gave a new definition and an existence proof for the ground state
of the Dirac—Fock model in atoms and molecules, under assumptions covering the physical value of
a, thanks to a density matrix formulation and a retraction technique combined with a minimization
principle. Inspired by this work and by the analysis of the periodic Hartree-Fock model due to Le
Bris, Lions, and one of us [8], we propose a definition for the ground state of the Dirac—Fock model
for crystals which is a relativistic analogue of Lieb’s variational principle for the Hartree—Fock model
[1, 31], and we prove the existence of minimizers. In addition, we show that these minimizers solve
a self-consistent equation. Our method can be used to calculate the ground state of neutral crystals
with at most 17 electrons per cell. However, some estimates used in this paper are not optimal, and
we strongly believe that this limiting bound can be improved.

The minimization problem under consideration in this paper combines several difficulties related
to compactness issues. The Dirac operator, hence the Dirac—Fock energy functional, is not bounded
from below and the kinetic energy term is of the same order as the Coulomb-type potential energy
terms, a standard feature of Coulomb-Dirac-Fock type models. Our proof of existence of minimizers
for crystals is neither a straightforward adaptation of the one for atoms and molecules in [39] nor of the
one for crystals in Hartree-Fock theory in [8]: a major issue arises from the compactness of the density
matrices and of the self-consistent operators in the momentum variable &, resulting from the Bloch
decomposition of the space. Compactness in the momentum variable is crucial to deal with the (non-
linear) exchange term in the DF periodic functional and with the nonlinear constraint ensuring that
the electrons lie in the positive spectral subspace of the self-consistent periodic Dirac—Fock operator.
Our results rely on a careful analysis of the periodic exchange potential. In passing, we have corrected
some wrong estimates on the exchange term in [8] and improved the regularity results therein (see
Appendix B). Furthermore, we provide an asymptotically optimal constant for the Hardy inequality
associated with the periodic Coulomb potential that is new in the literature, as far as we know.

In addition, compared with existing results for crystals’ ground state energy, such as the Hartree—
Fock model [8], we provide a new method to prove the existence of minimizers for crystals: based on
the spectral analysis of the self-consistent periodic DF operator, we build minimizing sequences that
feature both a uniform dependence with respect to the momentum £ and a better regularity in the
space variables, and we rely on it to improve the relative compactness of subsequences in the periodic
energy space.

Before ending this section, let us mention the Dirac-Fock-Bogoliubov (BDF) model proposed by
Chaix and Iracane in [10] as an alternative to Dirac-Fock for heavy atoms and molecules, and later
studied in a series of mathematical works (see the review paper [25] and references therein, see also
the more recent works [21, 22, 24]). Compared with DF, the BDF model has several advantages: the
corresponding energy is bounded from below, so the notion of ground state becomes straightforward;
vacuum polarization effects are taken into account; the derivation of the model as a mean-field ap-
proximation of no-photon QED is more convincing. However the mathematical definition of the BDF
energy involves a rather complex functional framework as well as an ultraviolet regularization, and a
renormalization procedure is needed to interpret the equations. Thus, in the present work we restrict
ourselves to the conceptually simpler DF model, and the study of relativistic crystals in the BDF
approximation is left for future research.

2 General setting of the model and main result

2.1 Preliminaries — Functional framework

Throughout the paper, we choose units for which m = ¢ = A = 1, where m is the mass of the electron,
c the speed of light and A the Planck constant. For the sake of simplicity, we only consider the case
of a cubic crystal with a single point-like nucleus per unit cell, which is located at the center of the
cell. The reader should however keep in mind that the general case could be handled as well. Let
£ > 0 denote the length of the elementary cell Q, = (—%, %]3. The nuclei with positive charge z are
treated as classical particles with infinite mass that are located at each point of the lattice £Z3. The
electrons are treated quantum mechanically through a periodic density matrix. The electronic density

is modeled by a Q-periodic function whose L' norm over the elementary cell equals the “number of



electrons” ¢ — the electrons’ charge per cell being equal to —g. When ¢ = z, electrical neutrality per
cell is ensured.

In this periodic setting, the @Qg-periodic Coulomb potential G, resulting from a distribution of
point particles of charge 1 that are periodically located at the centers of the cubic cells of the lattice
is defined, up to a constant, by

—AGy =4r [—Elg + Z 5%] . (2.1)

keZ3
By convention, we choose Gy such that
Gydx = 0. (2.2)
Qe
The function Gy is actually the Green function of the periodic Laplace operator on ;. The Fourier

series of Gy writes

2im

p-xT

1 ]

Go(x) = 7 Z %, for every = € R3. (2.3)
peZ3\{0}

Under the convention (2.2), the periodic Coulomb potential changes sign, but is bounded from be-

low (see Lemma A.1 below).

Remark 2.1. The size £ of the unit cell does not play a specific role here. It is however involved in
the study of the Hardy-type inequalities for the periodic Coulomb potential (see Section 4.1). When £
goes to infinity, one expects to recover the Dirac—Fock model for atoms.

The free Dirac operator is defined by D? = —i Z§=1 o, 0r + 3, with 4 x 4 complex matrices oy, ag, a3
and 3, whose standard forms are 8 = (102 (i ), oy = ((S %r> where 15 is the 2 x 2 identity matrix
—12 r

and the o,’s, for r € {1,2,3}, are the well-known 2 x 2 Pauli matrices o1 = <0 1> , Oy = (O Z),

1 0 1 0
(10
0'3—0_1.

The operator D° acts on 4—spinors; that is, on functions from R3 to C*. It is self-adjoint in
L?(R?;CY), with domain H'(R?;C*) and form domain H'/?(R?;C*) (denoted by L?, H' and HY? in
the following, when there is no ambiguity). Its spectrum is o(D°) = (—c0, —1] U [+1, +0). Following
the notation in |16, 36], we denote by A™ and A~ = 172 —A™ respectively the two orthogonal projectors
on L?(R3;C*) corresponding to the positive and negative eigenspaces of D?; that is

DOA+ = ATDO = AT —A = T — AA+;
DA~ =A D= A VI—A=-vI_AA.

According to the Floquet theory [38], the underlying Hilbert space L?(R?; C*) is unitarily equivalent to

L*(QF) ® L?(Qe; C*), where QF = -7, %)3 is the so-called reciprocal cell of the lattice, with volume
|Q¥| = (2m)3/£3 (in the physics literature Q is known as the first Brillouin zone). The Floquet unitary
transform U : L?(R3; C*) — L%(QF) ® L*(Q¢; C*) is given by

Up)e = Y, e * (- + LK) (2.4)

keZ3

for every £ € QF and ¢ in L?(R3;C*). For every ¢ € QF, the function (U¢)¢ belongs to the space
LE(QuCY) = {¢ e LY (R* C*) | e ™ *¢ is Q-periodic},

which will be denoted by Lg in the sequel. Functions v of this form are called Bloch waves or Q-
quasi-periodic functions with quasi-momentum § € Q5. They satisfy

(- 4+ Lk) = e F (), for every k e Z3.



For any function ¢¢ € L2, using the definition of Fourier series expansion for Q-periodic functions, we
write

Se(x) = Y. e(k) eHHHIOT ae g eR?, (2.5)
keZ3

with coefficients

~

1 , )
bell) = 5 [ oelye O gy
Qe

The Hilbert space L is endowed with the norm

R 1/2 1/2
I6lz = (63Z|¢g<k>|2) - ([ eras) = e,

keZ3
Here, and in the whole paper, we use the same notation | - | for the canonical Euclidean norm in R™,
C"™ or M,,(C). When applied to self-adjoint operators, |T'| means the absolute value of T'.
We also define
HE(Qe;CY) = LE(Qe; C') n Hipo(R% CY)

for every real number s, endowed with the norm

keZ3

1/2
Il s = (63 S (14 f2mk/e + ) |$g<k>|2) .

To simplify the notation, we simply write here and below H, ¢ when there is no ambiguity.

Operators £ on L?(R3;C*) that commute with the translations of £ Z3 can be decomposed accord-
ingly into a direct integral of operators L acting on L? and defined by

Le(Up)e = (ULY)e for every ¢ € L2(R?;C?), ae. £ € QfF (2.6)

(see |38] for more details). We use the notation £ = f% L¢d€, with the shorthand f, for ﬁ Jo to

refer to this decomposition. In particular, for the free Dirac operator D° we have

@
DY = , De de, (2.7)

where the D¢’s are self-adjoint operators on L? with domains Hg1 and form-domains H ;/ ®. Note that
Dg =1— A¢, where —A = fc% —Ag¢dé. For every function ¢¢ € H}, the operator D is also defined
by
Df ¢§($) = 2 [Z (2_7rkr + fr) sop + ﬂ] (gf(k) ei(#“rf)'l'
14

keZ3 Lr=1

2
(@c|Delde)sz = ¢ 3 \[1+ e+ 2] 130 (2.
keZ3

For every & € Qj, the positive spectrum of D¢ is composed of a non-decreasing sequence of real

eigenvalues (d;r (€))j=1 counted with multiplicity. Each function §{ — d;r (&) is continuous and Q-

periodic, and one has d; (QF) € [c«(j), ¢*(j)] with

In particular,

c«(j) := min d;r(«f) and ¢*(j) := max d;r(f) (2.9)
¢eQf €eQy

Note that

cx(7) =1,  lim c4(j) = +oo.

Jj—+0



In the same manner, the negative spectrum of D¢ is composed of the non-increasing sequence of real
eigenvalues d; (§) = —d;r (€). Finally, one has

U (Do) = | [-e* (), —ex ()] U [ex), * ()] = 0(D°) = (o0, ~1] U [+1, 420).  (2.10)

ceQr i>1

As in the Hartree-Fock model for crystals [8], the electrons will be modeled by an operator on
L?(R3; C*), called the one-particle density matrix, that reflects their periodic distribution in the nuclei
lattice.

We now introduce various functional spaces for linear operators on L?(Q; C*) and for operators on
L?(R3;C*) that commute with translations. Let B (E) be the set of bounded operators from a Banach
space E to itself. We use the shorthand B(Lg) for B(LZ(Q; C*)). The space of bounded operators on

¥ = 0 which commute with the translations o 1s denote . It is
fg) L?dg LQ(QZ“)®L2(Q,(C4) hich ith th lati f 473 is d d by Y. It i
£
isomorphic to L*(QF; B(Lg)) Moreover, for every h = fg* hedé €Y,
e

[hlly := ess sup | hel g2y = A2 (reice)
ceQf

(see [38, Theorem XIII.83]). For s € [1,0) and & € Q}, we define

&,(¢) i= {he € BLZ) | Trpz(lhel*) < o0}

endowed with the norm y
o0 = (Troa(ne) "

We denote by G4 (£) the space of compact operators on Lg, endowed with the norm inherited from
[ - HB(L%)- Similarly, for ¢ € [1, +0], we define

[2e]

@
G, = {h = ]é* he d€ | he € 64(§) ae. £ € QF, HhﬁHGS(i) € Lt(Qz‘)} (2.11)
1
endowed with the norm
1/t
HhHGS,t = <]€2* |h5|’és(£)d£> for 1<t<+w (2.12)
£
and
|hlle.... := ess sup |hells, (e)- (2.13)
£eQ¥

In particular Go, on = L2(QF; 6 (L7)) € Y is endowed with the norm of Y.
In the sequel of this paper, we work with periodic one-particle density matrices belonging to sub-
spaces &1 p, of &1 1, for 1 < p < +00. On such spaces, we can define the trace per unit cell as

Trrz2(h) = ]2 , Trpz(he) de.

Here, Tr L2 means the usual trace of operators on the Hilbert space Lg(Qg; C*). Tt coincides with the

trace of the operator with kernel Try(he(-,-)) on LE(QZ; C) with Try standing for the trace of a 4 x 4
matrix. The ~ reminds us that ~ is not trace-class on L?(R3).

The trace per unit cell allows to define duality pairings between spaces S, using the classical
duality properties in Schatten’s spaces [40]. More precisely, if (s,s’) and (¢,¢') are in [1, +00]? with
1/s+1/s' =1 and 1/t + 1/t' = 1, then one can define a duality pairing {-,-) between &,, and Sy 4
as follows. For h € &, and h’' € &y, the product hh' is in &1 and one sets

(hy W'y i= Trp[hI].

One has
[<hy WD) < |BH 6,0 < Bl I s, -



We also define
X() = {he BLY) | |De*/2he| De|*2 € &1(6) |

endowed with the norm
hell xarey = HD a2p | D O‘/QH
I f”X €3] | £| £| £| &1(6)

and

®
X = h=][ he d€
QF

endowed with the norm

he € G1(€) ae. £ € QF,[|De|*?he| De|*? || e, e) € Lt(Q?)}

|llxp == I1D°*2h|D%|*| s, .-

For any two functional spaces A and B the norm of the intersected space is defined by

|74~ 5 = max{|y]a, [v]5}-

For future convenience, we use the notation X (¢) for X*(¢). We also set X := X and
Z:={yeXnY | v*=~}.
We endow Z with the norm inherited from X nY’, that is, we take

7]z := max{lvlx, [Vly}, vyeZ.

With this norm, Z is a Banach space. The functional spaces &; 1, X, Y and Z will play an essential
role in the whole paper, while the functional space &; o, and its subspace X2 are mainly used in
Section 6. In addition, we will also use the functional space & ;1 in Section 6 since & o is its dual
space.

Definition 2.2 (Periodic one-particle density matrices). We denote by T' the following set of Q-
periodic one-particle density matrices:

F:={76X|’y*:7; Og'}/gle(Rz)}CZ

Remark 2.3. For v eI and for almost every & in Q}, the operator ¢ is compact on Lg and admits

a complete set of eigenfunctions (un(€,))n=1 in Lg (actually lying in Hg/Q), corresponding to a non-
decreasing sequence of eigenvalues 0 < p,(§) < 1 (counted with their multiplicity). This is expressed
as

Ve = Z tn (&) [un (&) <un(€ )|, (un(€s ) um(§, )>L§ = On,m (2.14)

n=1

where |uy{u| denotes the projector onto the vector space spanned by the function u. Equivalently, for
almost every & in QF and for any (x,y) € R3 x R3, the Hilbert-Schmidt kernel writes

Ye(@,y) = Y pn(Qun(€, 2)ul(Ey). (2.15)

n=1

In the above equation, u,(&,-) is a column vector with four coefficients and the superscript * refers to
transposition composed with complex conjugation of the coefficients. Thus, ve(x,y) is a 4 x 4 complex
matriz, and for every function ¢ € L?,

(vew) (@) =/Q (@, y)e(y) dy = ] un(ﬁ)un(&w)/Q un (& y)e(y) dy.

By definition of the trace of an operator,

TrL%(’YE) = Z fn(§)-

n=1



Definition 2.4 (Integral kernel and electronic density). Let v belong to T'. Then we can define in a
unique way an integral kernel y(-,-) € L?(Qy x R3) n L2(R?® x Q) with v(- + k,- + k) = (-, -) for any
ke Z? and a Q-periodic density p- associated to v by

v(x,y) = ]{g;" ve(z,y) d§ (2.16)
and
() = 72 , Trare(o,0) e (2.17)

The function p- is non-negative and belongs to L*(Q¢; R). Indeed, using the decomposition (2.15), we

have

pl) = 72 S i (€) [ (€, ) 2 (2.18)

*
¢ n=1

and

/Q[ prlw) d = ]{2* i pn(€) d€ = ]faz" Trpz () d€.

¢ n=1
In the physical setting we are interested in, the value of the above integral is the number of electrons

per cell.
By the Cauchy-Schwarz inequality, it is easily checked that

(@ )12 < py(2) py(y),  ace. z,y e R (2.19)

Note that, when h is a Q¢-periodic trace-class operator but is not necessarily a positive operator, we still
may define p, with the help of (2.17), but (2.19) becomes |h(z,y)[* < pp(@)pjn|(y) where |h| = vV h*h.

We can now introduce the periodic Dirac—Fock functional.

2.2 The periodic Dirac—Fock model

For v € Z, we define the periodic Dirac—Fock functional

£ (1) = f ey [Derelde - ax [ Gulalp, (z) da

Q* Qe
+ % // p,y(w)Gg(l‘ — y)P'y(y) dxdy

QexQe

[0

-5 A e | e one W - €0 - g) dody.
QF xQF QexQy

This functional is well-defined on Z (see Remark 4.9 below). In the above definition of the energy
functional, the so-called fine structure constant « is a dimensionless positive constant (the physical
value is approximately 1/137). Note that D¢~y is not a trace-class operator, so Tr L2 [Deye] is not really
a trace, it is just a notation for the rigorous mathematical object Try [|De|Y27¢| De|/?sign(Dg)]. We
will make this abuse of notation throughout the paper.
The last term in (2.20) is called the “exchange term ”. The potential W;° that enters its definition
is given by
etk 47 1 (2zk
WEma)= Y = 2 N () (2.20)
) 3 2
|z + £ k| ¢ o ‘¥ _77’

(see [8] for a formal derivation of the exchange term from its analogue for molecules). It is Q}-periodic
with respect to n and quasi-periodic with quasi-momentum 7 with respect to x. For every v € Z, we
now define the mean-field periodic Dirac operator

@
D, = ]{2* D,¢d§ with Dye:=D¢—az Gy + aV, ¢
¢



where

Vie=pyxGe—Wye. (2.21)
Here,
py * Gelx) = g Gely — ) py(y) dy = Trp2[Ge(- — ) 7] (2.22)
and
W ethe(z) = ][ de' | WF(E =& x—y)ye(,y) e(y) dy. (2.23)
Q¥ Qe

(In (2.22) we keep the notation - * - for the convolution of periodic functions on Q.)

EDF

Let us explain the relation between and D,. The periodic DF energy may be rewritten

~ !
EPT(y) = Tr2[(D° = aG)y + 5 V7).
It is smooth on Z, and its differential at v € Z is the linear form

d€PY(y) : Zah— Tr,

(D, ¢he] d€ = Tr2[D., h].
Qf}‘h

2
g
We introduce the following set of periodic density matrices :

Ly={veT|lyle.. =d}

and
Pgq = {7 € F‘ H7H61,1 < q}'

Here q is a positive real number. The elements of I'y (resp. I',) are Dirac-Fock density matrices with
particle number per unit cell equal to g (resp. at most q).

Our goal is to define the ground state despite the fact that the energy functional £PF is strongly
indefinite on I',, due to the unboundedness of the Dirac operator D°.

2.3 Ground-state energy and main result

We follow Dirac’s interpretation of the negative energy states of Dirac—Fock models: Such states are
supposed to be occupied by virtual electrons that form the Dirac sea. Therefore, by the Pauli exclusion
principle, the states of physical electrons are orthogonal to all the negative energy states. The ground-
energy and state should thus be defined on the positive spectral subspaces of the corresponding Dirac—
Fock operator. Let

Y O s

Note that by definition Poig = 1, (D¢ — azGy). We define the set

@
P* ;=][ Prodé  with  PF:=1g, (D).

I :={yely|y=P P} (2.24)
and the ground-state energy
I, := inf EPF (). (2.25)
Vel

We need the following assumption.

Assumption 2.5. Let ¢* := max{q, 1} and k := a (Cgz + Cppq™). We also introduce the positive

constants eg := (1—r)"'c*([q]) and a :== $Cpp (1— li)fl/Q)\al/Q (well-defined if k < 1). Here we have
used the standard notation [q| ;= min{m € N | m > ¢} and c¢*(-) is given by formula (2.9).

We demand that

1. k<1l-— %CEEq+ ;

2. 2a/max{(1 — k — $Crrqt)Teoq, 1}¢t < 1.



The positive constants Cq, Cgg, Crg and Ao are defined respectively in Lemmas 4.1, 4.7 and 4.11
below.

Our main result is the following.

Theorem 2.6 (Existence of a ground state). When «, q, z and £ satisfy Assumption 2.5, there exists
v« € Tf such that
EPF (v4) = I, = min EPF (v). (2.26)
very

Besides, vy solves the following nonlinear self-consistent equation
v = ]‘[OW) (Dry) ) (227)

where 0 < § < 1g,y(D,) and Ao < v < e, with eq being defined in Assumption 2.5, and o in
Lemma 4.11.

Remark 2.7 (Projectors). According to [1, 19, 31] any ground state of the Hartree—Fock model (both
for the molecules and crystals) is a projector. However we do not know whether the ground states of
Dirac—Fock model are projectors in general.

Remark 2.8. In Solid State Physics, the length of the unit cell is about a few Angstréms. In our

system of units, h =m =c =1, thus a ~ % and £ ~ 1000. Under the condition q = z for electrical
neutrality, Assumption 2.5 is satisfied for ¢ < 17. The proof is detailed in Appendiz D. Our estimates

are far from optimal: The ideas of this paper are expected to apply to higher values of q.

3 Sketch of proof of Theorem 2.6

We are convinced that the constraint set F;r is not convex, and we are not able to prove that it is closed
for the weak-# topology. This is the source of considerable difficulties. Mimicking [39], we shall use a
retraction technique as for the Dirac—Fock model for atoms and molecules. This imposes to search the
ground state in the set I‘;rq defined by

D%, = {1 € Tay |7 = PIAPY).

However, under the above constraint, the minimizers may not be situated in I‘;r. To overcome this

problem, we next subtract a penalization term ep 'ﬁLQ (7), for some parameter ep > 0 to be chosen
later, and first study a minimization problem for the penalized functional with relaxed constraint. We
introduce the infimum

Jegi= inf [5DF(7) — epTrpe (7)] . (3.1)

vel";q

If this infimum is attained at some 7, € F;rq, vs will be called a minimizer for J<,. We are going to
see that for a suitably chosen value of ep, Jg, is attained and that every minimizer for J¢, lies in 1";,
thus is a minimizer for .

For the study of the penalized problem J¢,4, we need an analogue of Assumption 2.5:

Assumption 3.1. Let ¢* = max{q,1}, k := a(Cgz + Cypq’) and a := §Cpp (1 — K)_1/2/\81/2
(well-defined if k < 1). We assume that

1. k<1-— %CEE(]+ N

2. 2ay/max{(1 —k — §Cppq*) lepq,1}¢* < 1.
The relation between assumptions 2.5 and 3.1 is given by the following lemma:

Lemma 3.2 (Choice of ep). Assume that Assumption 2.5 on q and z holds. Then, there is a constant
ep > eg such that Assumption 3.1 is satisfied.

Proof. One just needs to take ep = ey + € with € positive and small enough. O



We now state an existence result:

Theorem 3.3 (Existence of a minimizer for the penalized problem). We suppose that Assumption 3.1
on q,z,ep holds and recall the notation eg := (1 — k)~ 'c¢*([q]). If ep > e, then there exists 5 € TL,
such that

EPT (1) — epTrpa(v4) = J<q- (32)

Besides, ﬁLz (%) = szk TrLg (7#,¢) d€ = q and 74 solves the following nonlinear self-consistent equa-
tion
7= 1) (Dr) +6 (3.3)

where 0 < 6 < 14,,(D,) and v € [N, e0] is the Lagrange multiplier due to the charge constraint
Trr2(y) < g

Theorem 2.6 is a direct consequence of Lemma 3.2 and Theorem 3.3. Indeed, if Assumption 2.5
on ¢, z holds, Lemma 3.2 guarantees the existence of ep such that the assumptions of Theorem 3.3
are satisfied. Then this theorem provides a minimizer ~, for J¢, which lies in Ff{, hence J¢, + €pq =
EPF(v4) = I;. On the other hand, for each v € '} one has the inequality EP¥(v) > J<, + €pg, so
I, = J<q + €pq. As a consequence, we get EPF(v,) = J<; + epq = I, which is the same as (2.26).
Moreover 7, satisfies (3.3) which is the same as (2.27).

Therefore, in the sequel of this paper we focus on the proof of Theorem 3.3. Before going further,
we explain the difficulties we face and the strategy we adopt to solve them, by comparing with the
Hartree—Fock case [8]. The method used in [8] is based on some properties of the Schrédinger operator
—A:

1. This operator is non-negative. Hence the Hartree—Fock model for crystals is well-defined and the
kinetic energy is weakly lower semi-continuous w.r.t. the density matrix ;

2. The exchange potential W;” is rather easily controlled by the Schrédinger operator —A.

In [8], these properties allow to deduce bounds on the minimizing sequence of density matrices w.r.t.
the &, x and y variables, and to pass to the limit in the different terms of the energy functional, in
particular in the exchange term which is the most intricate one. In the proof, the strong convergence
of the density matrix kernels v, (z,y) = JCQ;" Yne(2,y) d€ plays an important role. In addition, the
charge constraint in the periodic Hartree—Fock model is linear with respect to the density, and there
is no possible loss of charge in passing to the limit.

In the Dirac—Fock model for crystals, two additional difficulties occur. First of all, the Dirac opera-
tor does not control the potential energy terms, which are of the same order. Secondly, the convergence
of the nonlinear constraint JCS;" P;L, {ygd& = fQ;" vYed§ requires stronger compactness properties of the

sequence of density matrices with respect to the & variable (of course, this second difficulty does not
exist for the Dirac-Fock model of atoms and molecules, since in that case the £ variable is absent).
Therefore the proof of existence of minimizers in the periodic Hartree-Fock setting cannot be applied
mutatis mutandis. The functional space Z is natural to give a sense to the energy functional and to the
constraints, but the weak convergence of minimizing sequences in Z is not sufficient to deal with the
exchange term and the non-linear constraints. The whole paper (except Section 5 about the retraction)
is devoted to solving the difficulties arising from the integration w.r.t. the £ variable.

Strategy for the proof of Theorem 3.3. Our strategy rather relies on the spectral analysis
of the periodic Dirac-Fock operator, which is new, to our knowledge, for the proof of existence of
minimizers in the periodic case. Thanks to this spectral analysis, in Lemma 4.15 together with Lemma
5.1 (see also Remark 4.16), we can prove that every minimizer for Jg¢, actually lies in &1 o, and is
situated in B, where

B:i={1eZ | |le.. <} (3.4)
and j; is an integer defined in Subsection 4.2.

The key point in the proof of the existence of minimizers for J¢, is that for any minimizing sequence
(vn) for J<g, we are able to construct another minimizing sequence (7,,) satisfying the same regularity
estimate as the minimizers, that is, 5,, € B. This is the content of Lemma 6.2. This estimate helps
considerably to solve the problem of passing to the limit in the constraint fgzk P,;f gva,:f Edg = f% Yed§.
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Organization of the paper. The next sections are devoted to the proof of Theorem 3.3. Our
paper is organized as follows.

In Section 4, we collect some fundamental estimates on the potentials Gy and W;°, that ensure in
particular that the DF periodic energy functional is well-defined and smooth on Z. In Subsection 4.2,
we study the spectral properties of the Dirac-Fock operators D ¢ for every £ € Q. Relying on them,
we study in Subsection 4.3 the properties of minimizers for a linearized Dirac-Fock energy. Finally,
we collect the first estimates on minimizing sequences for J¢,.

In Section 5, we study the Euler-Lagrange equation associated to J<,. We conclude that each
minimizer for J¢, is in F;r and solves a self-consistent equation (it is a ground state of its own mean-
field Hamiltonian) and that minimizing sequences are approximate solutions. In Hartree-Fock type
models for molecules [33] or crystals [19], it is a standard fact that the approximate minimizers are also
approximate ground states of their mean-field Hamiltonian, and the proof relies on the convexity of
the constraint set. However, in the Dirac-Fock model (both for molecules and crystals), the constraint
set 1"2 o does not seem to be convex. By using a retraction technique, a similar difficulty was recently
overcome by one of us for the Dirac-Fock model of molecules [39]. Adapting the method of [39],
we define a set V which is relatively open in I'¢, for the norm of Z, and we build a regular map
0:V —->Vn I‘;rq such that 6(y) = v, ¥y e V n qu. Here, V is the closure of V in Z. Under our

assumptions, there exist minimizing sequences for J¢, lying in V n qu, hence the equality

Jeq = inf {EPF(0(y)) — epTrr2[6(1)] |
~eV

which allows us to prove that the terms of minimizing sequences are approximate ground states of

their mean-field Hamiltonian.

Then, in Section 6, we build modified minimizing sequences lying in B. Finally, we prove the
convergence of such sequences to a minimizer for J<g4, and this ends the proof of Theorem 3.3.

Assumption 2.5 involves optimal constants in Hardy-type inequalities introduced in Subsection 4.1.
Therefore, in Appendix A-C, we prove Lemma 4.1, Lemma 4.5 and Lemma 4.7 respectively. Finally,
in Appendix D, we calculate the maximum number of electrons per cell allowed by the model, relying
on approximate values of the constants obtained in Appendices A-C.

4 Fundamental estimates

In this section, we give Hardy-type inequalities for the periodic Coulomb potential and provide esti-
mates on the interaction potential between electrons in crystals. Then we study the spectrum of the
periodic self-consistent Dirac—Fock operators. Finally, using this spectral analysis, we derive properties
of the minimizers for a linearized problem, and a priori bounds on minimizing sequences for J, .

4.1 Hardy-type estimates on the periodic Coulomb potential

First of all, and this is a major difference with the usual Coulomb potential |71‘ in R3, the periodic
Coulomb potential Gy may not be positive, since it is defined up to constant, but it is bounded from
below (see Lemma A.1). Nevertheless, the operator of convolution with Gy is positive on L?(Q,) in
virtue of (2.3). Moreover, we have the following Hardy-type estimates concerning the operator of
multiplication by the periodic potential Gy.

Lemma 4.1 (Hardy-type inequalities for the periodic Coulomb potential). There exist positive con-
stants Cy = Cy (L) > 0 that only depends on £ and such that

Go < |G| < Cy |D°| (4.1)

in the sense of operators on L*(QF) X L?(Qe; C).
Moreover, there exists a positive constant Co = Cg(£) with Cq = Cy that only depends on £ and
such that
|Ge|D°|7H ]y = Ce- (4.2)
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Remark 4.2. In (4.1), the inequality A < B is equivalent to : For almost every £ € Q}, A¢ < Bg in
the sense of operators on Lg.

Remark 4.3. The constant Cg(€) is estimated in (A.4) in Appendiz A below. While it is far from
optimal when £ is small, it converges to 2 when £ goes to infinity; that is, to the value of the optimal
constant for the Coulomb potential on the whole space. By interpolation,

Ch < Cg. (4.3)

Therefore, (4.1) holds with Cy being replaced by C. However, Cy is expected to converge to w/2 as {
goes to infinity; that is, to the best constant in the Kato—Herbst inequality on the whole space [26, 29].

A by-product of Lemma 4.1 is the following.
Corollary 4.4 (Estimates on the direct term). For any v € X, we have

loy = Gelly < Cr |[vlx (4.4)
and

[(py = Ge) ID°| My < Ce s - (4.5)
Proof. For every x € R? and v € X, we have
19 % Ge(@)| = |Trpa[Gelw = ) ]|
= [Tpa[1D° |26 (w — | DO 72 DO 24 DO 2]
< ID°[721Gola = DIy 1D 241 D12 sy < Ot 7] x-
Indeed, the bound (4.1) in Lemma 4.1 yields
[Gol- =) D02 < (C) 2

uniformly in z.
We now turn to the proof of (4.5). For every § € Q) and ¢ in L?, we have

(o Go) Dl e 1. </Q oy @) [Gel = 2) |Del "o | 0
14

< sup |Go(- — ) |D5|_190£HL2/ oy ()| dz < Ca [Ylle: 1 el rz- (4.6)
zeR3 £ JQe

In (4.6), we have used the bound (4.2) of Lemma 4.1 and the obvious fact that it remains true for
Gy(- — z) for any = € R3.
O

Now, we consider the operator W, := fQ@* W, ¢ d¢ which enters the definition of the exchange term.
2

The operators W, ¢ have been defined in Formula (2.23), which involves the integral kernel W given
in (2.20). We can separate the singularities of W;* with respect to n € 2Q} and x € 2Q), as follows

Wfo(n, 1‘) = W§m7é(na 1‘) + Wzom7é(7], ZL'), VYme N7m > 27 (47)
with . 1
™ amk Y.
;Om,l(nax) = A Z ﬁez( wk—n)-z
ez |55 = 1]
kez3
and . 1
T amk N
fm,@(”%z) = 6_3 Z ﬁez( Z 77) z
em |25 — )|
kez3

where |k|o 1= max{|k1], |ka|,|ks|}. It is easy to see that the singularity of W, ¢ behaves like # We
will show in Appendix B that the singularity of Ws,, ¢(n, ) behaves like |71‘ or equivalently Gy(z),
and will obtain the following estimates on the operator W.,.

12



Lemma 4.5 (Estimates on Wy). If v € Z, then W, € Y and there exist positive constants Cyy =
Cw (), Cly = Ciy(£), Clyy = Cy,(£) that only depend on £, such that

W,y < Cw [z ifyez (4.8)
3/4 1/4 .

IWally < G (Ivlx + IS IS ) ifyeX 6oy, (4.9)

Wy ID°|7Hly < Ciy IVl @11y ifvyeGi1nY. (4.10)

Remark 4.6. The constants Cyw, Cyy, and Cy, are estimated in (B.24).

Gathering together Lemma 4.1, Corollary 4.4 and Lemma 4.5 we can get some rough estimates on
the self-consistent potential V,, ¢ defined in (2.21). In Appendix C we obtain much better estimates by

a careful study of the structure of the operator V,, = JCS* Ve dg:
2

Lemma 4.7 (Estimates on V). There exist positive constants Cpp = Crprp({) > 0 and Chp =
Crp(f) > 0 that only depend on £ and such that, for every vy € Z,

Vily < Crelvlz (4.11)
and
V5 ID° 7y < Chi 7lle1any- (4.12)
For every £ € QF and any ¢ € H, /
(e, Vagte) 12 CEEH'YH61,1AY|"‘/J£H§{§1/2 : (4.13)
Furthermore, if v = 0, for any ¢ € Lg,
~Chplleiny [Veliz < (e Vaete) - (4.14)

Remark 4.8. The constants Cpg, Crp and Chy are estimated in (C.7), (C.5) and (C.8) of Appendiz
C' respectively.

Remark 4.9. Using Lemma 4.1 and Lemma 4.7, it is easily checked that Z 3 v — E(7) is well-defined.

4.2 Spectral properties of the mean-field Dirac—Fock operator
Recall that k := « (CGz + Chpq® ) We start with the following.
Lemma 4.10. Let v € Z. We assume that Cgz + Chplv|e, .~y < 1/a, then D¢ is a self-adjoint

operator on Lg with domain Hg and form-domain Hg/Q. In addition, the following holds

H|D 112 pO| - WH (1+a(Caz+ Chplle,ar))” (4.15)

and
—1/2

H'DO 1/2|D I 1/2” (1-a(Caz+ Chplvleny)) (4.16)

In particular, if v € I'<q and k < 1, we have
(1—&)|D° < |D,| < (1+k)|DY. (4.17)
Proof. Recall ¢t = max{1,q}. By Lemma 4.1 and Lemma 4.7, we obtain

[(~azGe+aVy) D)y < a(Coz + Ol e, any)- (4.18)

In particular, D, is self-adjoint on fg* H} d¢ by the Rellich-Kato theorem if Coz + Chp|v]e, 1 ny <
£ s
1/a (see [38, Theorem XIII-85]). Let now & € QF and ug € H{(Qq). We have

|Dscuelrz: < (1+aCoz + aChplle,ny) |De uelre, (4.19)
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which implies (4.15). On the other hand,
| De ugllLz < [(Dy,¢ = De) uglpz + | Dy guel 2
o (Co + Chpa®) IDeuel s + |Dyeuel 2

Hence,
| D¢ uelz < (1= a(Caz + Cpplile, 1av)) ™ [ Dy.c uel 2 (4.20)

which implies (4.16). Since v € I'<q, |V[&, .~y < ¢*. Thus (4.19) and (4.20) together give (4.17).
This concludes the proof. ([l

As a consequence of (4.20), we deduce that the spectrum of D, (and of any D, ¢) is included in
R\[-1+ &;1—k]. In order to allow for as many electrons as possible per cell, we need a more accurate
estimate on the bottom of |o(D,)|.

Lemma 4.11 (Further properties of the bottom of the spectrum of D.,). Let ve I'<,. Then
inf [o(D4)] = Ao = 1 — &,

with Ao := 1 — amax{Cyz + Chpqt, %z + Crrqt}, the constant Cy being defined in Lemma A.1 in
Appendiz A below.

Proof. Let wg = Agwg and ¢ = Agve. Notice that Dy e = D¢ — azGy + aV, ¢ and V, ¢ satisfies
(4.13) and (4.14). Now, combining with (A.1) we have
(v&.Drev) vy > (1= alCirz o+ Chplley o) 97 15

and

Co
(wg ) ’Yafwg ) 1/2 g1/2 = (1 —Q (7’2 + CEE|/7|G1,1F\Y)> ng”?ﬁlgﬂ

We get

|‘1/}E‘|H£1/2 HD’Y»fi/}HHgl/Q >R (’l/)g_ - ’l/)g_’ D’va’l/)f)Hglprglp

- - 2
(wg ) 7,5% ) 1/2 51/2 - (1/15 aDwﬁwg )H;/ZXHEI/‘Z = )\OHwSHH;/z.

Further spectral properties of the self-consistent operator D, are collected in the following.

Lemma 4.12 (Properties of positive eigenvalues of D, ¢). Assume that k < 1 and let v € T'¢,. We
denote by \;(€), for j = 1, the j-th positive eigenvalue (counted with multiplicity) of the mean-field
operator D.,¢. Then \;(€) is situated in the interval [c4(§)(1 — k), c*(4)(1 — k)] where ¢*(j) and
c«(j) are the constants of formula (2.9).

In addition, every eigenfunction uj ¢ associated to A\;(§) lies in Hg1 and satisfies

HUJ',EHHg < () (1= 8) 72 Juzel 2. (4.21)

Proof. We rely on a variational characterization of eigenvalues in spectral gaps (see [14] and references
therein). Let

1 D
Af =1 (De) = = + ——
¢l D=5 a7y

and ) D
A7 = 1p-(De) = = — —*—

14



One has Ag—rH§1 c H}, that is, the domain H} of the self-adjoint operator D, ¢ satisfies Condition (H1)
of [14]. To each integer j = 0 we associate the min-max level

“ D
Aj(§) = inf sup (Dr.e g, ue) ”3“5) . (4.22)
V subspace ofA;ngl uge(V@AgHg)\{O} HU§HL§
dim V=

Let ue € (V(—DAEH;)\{O} We write ug = ug + ug with
ug' = Ag'u§ eV, wug = Agu§ € AgHg1
By definition of A¥,
(Dgug',ug') = (|D§|u2—ﬂug_)ﬂ (Dfug_ﬂug_) = *(|D§|u£—,u£—) and (Dgug_,ug) =0.
Therefore,
(Dygug, ug) = (Deug, ug) + ((Dy,g — De)ue, ug)
= (|D5|u2,ug) — (|D5|ug,ug) + ((D%5 — Dg)ug,ug) + ((D%§ — D¢) ug,ug)
+ 2R ((Dmg — De)uy, ug) . (4.23)

We observe that for j > 1,

) (D%5 ug, ug)

(&) = inf su
/ (5) - V subspace ong+ H% ut eVI\){O} H’u’gr H%z
dim V =j ¢ ¢

By (4.23), (4.2) in Lemma 4.1 and (4.12) in Lemma 4.7, for any ug € AZHSI’

(D%f ug',ug') = (|D£|u2',u2') + ((fozng + oszyg)ug',ug') = (1—-k) (|D£|u2',u2') .

Thus,
A | (el .t )
Aj(€) = (1 —k) inf ., .sup —
V subspace ofA5 Hg uZEV\{O} Hu§ HL%
dim V=j

(-0 (©)
> (1 —kK)ex ().

In particular, A;(€) > (1—k)cx(1) > 0. On the other hand, (Dygug,ug ) < —(1—r)(|Defug ,ug ) <0
for every u, € AgHg, whenever x < 1. This implies that \(€) < 0, so Conditions (H2) and (H3) of
[14] are satisfied, and we can conclude that

A(© =X, Yiz1, (4.24)
hence the lower bound \;(§) = (1 — &)e«(j)-
For the upper bound, we proceed as follows. Eqns. (4.18) and (4.23) together yield
(D~ ,cue, ug) = <|D§| ug',ug') + ((fozzGe +aV,e) uz,ug') + 2R ((fozng +aVye) ug', ug)
+ ((D%5 — D¢) ug,ug) - (|D5| ug,ug)
< (1+8) (IDeluf uf) = (=) (1Delug,ug ) + 26 1Del2uf |1z |1Delug | 2
= (L+ )IIDel*uf 172 + 25 || Del" P [ 12 1| Del"Pug |22 — (1= m)[[[DelPug |72

< (L= w) D2 |2,
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by Young’s inequality. Moreover, HUZ HL% < HUEHL? so, recalling (4.22) and (4.24) we see that

+ o
(|D5|u§ ,ug)

NEOSA—RT s
V subspace ofA5 Hg ugEV\{O} HUE HL2
dim V=j ¢

= (1= )" ()
< (1-R) ().

Finally, using (4.20) in Lemma 4.10, we obtain

Aj () el

12 = [Dyetjellez = (1= /)| Deujelrz = (1 = %) [ujel my

hence (4.21). The lemma is thus proved.
O

Recall that B := {y€ Z | |y|s,, <1} where ji is an integer that has not been defined yet. In
the rest of this paper, assuming that x < 1 and recalling our notation eg := (1 — k) ~*c*([q]) , we take

Ji:=min{j 20| (1 — K)cx(j + 1) > eo}. (4.25)
This integer is well-defined, since lim;_,o ¢4 (j) = +0. We also introduce the energy level
e1:=(1—K)ex(j1 +1). (4.26)

By construction, one has 0 < ep < e1 an j; = [¢]. Moreover, Lemma 4.12 has an immediate conse-
quence, which will be very useful in the sequel.

Corollary 4.13. Assuming that k < 1, with the above notation, for every v in I'<q:
o The projector (g ¢1(D~.¢) has rank at least [q] for a.e. £ € QF.
e The projector 1jg c,\(D~.¢) has rank at most jy for a.e. £ € Q.
e Ify €Z and 0 <+ <1y, (D), thenv' € B.
We end this subsection with the following proposition.
Proposition 4.14. Assume that k < 1. Let v,~' € ', such that
0<7 <1p,(Ds)

with v > 0. Then,
|7z < max{(1 — &) "' quv,1}.

Proof. By Lemma 4.10, we have
F (Dl ds = £ TonalIDyehilde > (1= 0L
Q¥ Qf
Since ' € I'<q, we obtain
/ /
][ Trrz [Dye7e] d§ < l/][ Trrz [ve]ld€ < qu.
Q¥ Qf

Then |v'|x < (1 — &)"tqv. We deduce the desired bound since ||y < 1. O
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4.3 Properties of the minimizers for a linearized problem
The following lemma will be used in the next sections.

Lemma 4.15. Let g € 'y be given, and assume k < 1. Then for each ep > 0, the minimization
problem

inf 7[* TrLg [(Dg75 — ep)vf] d€
y=PfyPf
admits a minimizer. FEvery minimizer § is of the form ¢ = fg)* L1o,0)(Dyg,e) d§ + 3, with 0 < § <
14
fq% 1y (Dg.e) dé for some v € (0,min(ep, eq)], and one has j € B.

If ep > eq, the set of minimizers is independent of ep, and every minimizer satisfies ﬁL2 (9) =¢
and v = Xg.

Proof. The proof is inspired of [5]. For any & € Q} we can choose an orthonormal eigenbasis
{1;j(€,-)}j=1 of Dy Pt ¢+ such that

DygePle = Y N(€) [ () (W;(8)I

j=1
with A;(§) = 0. According to Lemma 4.12, for every { € Q} and for every j > 1
(L= r)ex(d) < X(6) < (1 —r)"e* ().

Let us introduce as in [5, 19] the non-decreasing function

C:Ryss— Aj(€) < s}

]>1

By Lemma 4.12, for 0 < s < (1 — k)c«([¢]) one has C(¢t) < [¢g] =1 < ¢. On the other hand,
C(ep) = [q] = q. Thus, there exists vy with

1-r<(1—r)ex([q]) <1< e (4.27)

such that

lim C(s) < ¢ < lim C(s). (4.28)

s—v] s—v;]
Equivalently,

F , Trpllo (Docllde <
‘

and

]é* Trrz[10,,1(Dg.e)] dE = g.

e

Therefore, there exists 0 < 8§ < fg)* 14,3 (Dy,¢) d€, such that the density matrix
I3

@ -
g:= ][ L0,1)(Dg,e) d§ + 0
Q*

12

satisfies ,\,
Trr2(9) = q.
We first consider the case vy < ep. For any vy € T'<, with v = PfyPf, we write

F T2l(Doe - en)e - B0 de

e

=][ Trr2[(Dg.e —v1)(ve — Ge)l d€ +][ Trrz[(v1 —ep)(ve — Ge)l d€
QF
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—f  Tal(Doe - e - 3 + (01— en) (Tora) - a)
Qp

> TPy~ m)la ~ B0l de (4.29)
£
On the other hand, we have

F  Tral(Doe — m)oe - 9ol de

14

- ][* Trpz[(Dg.e = 1) (% = Ljo,1)(Dg,))] d€

=]{2 ST () — wal (et (€), 5 (6)) — 1 de
VADN

‘ 5 (§)<v1
LS O - (ens(©.6,(©) de >0, (4.30
Q7 x;(©)>n
since 0 < v < 1p2rsy. Thus ¢ is a minimizer. Conversely, if § is a minimizer, then it must be
of the form fgj}‘ Lj0,0)(Dg,e) d§ + 6 with 0 < § < fgj}‘ Ly (Dye)dE, v = v1 € [A\o,min{ep,eo}] and
Tr2(j) = q since all inequalities in (4.29) and (4.30) above have to be equalities for g = §.
For the case ep < vy, we prove that ¢’ := fg* TrLg [1[0,e)(Dg,e)] d is a minimizer with ﬁLQ (¢') <
£
g, thanks to a modified version of (4.30) with 24 (resp. §) being replaced by ep (resp. ¢’). As in the
previous case, every minimizer § satisfies § = fg* Lio,ep)(Dg,e) dE+0, with 0 < § < fg* Licpy(Dye) dE.
4 £
Note that in the case €, < v1, the inequality Try2(g) < ¢ automatically holds for any such §.
In both cases, thanks to (4.27) we have v = min{vi,ep} < ep < ey, hence 0 < § < 1, )(Dy) .
Thus, Corollary 4.13 implies that § € B. O

Remark 4.16. Actually, it follows from Corollary 4.13 that for every minimizer § and a.e. § € QF,
one has Rank(ge) < j1-

4.4 First properties of minimizing sequences for J,

We introduce the sublevel set

S = {7 Tz, ‘ EPF () — epTrrs(7) < o} . (4.31)
Note that the operator 0 belongs to I‘;rq and satisfies £P¥(0) — epﬁLz (0) = 0. Thus,
J<q = inf [EDF(V) — epTrpe (’y)] (4.32)
yeS

and from now on we will only consider minimizing sequences for J<, lying in the sublevel set S. These
sequences satisfy a priori estimates gathered in the following lemma.

Lemma 4.17 (Boundedness of S). Assume that k < 1. If K <1 — §$Cgrq™*, then, for every v € S,

« _
Iz < max {(1 -k = SCppg")"erq,1} (4.33)
and
0|1/2 k2 +)-1 +
max | [YID°[ e [Vlly p < g fmax (1 —& —SCppq*)"ep g, 17 q*. (4.34)
Proof. As D~y = |D,|vy for any ~y € qu, we get, by (4.13) and (4.17),
~ ~ o ~ e
EPT(y) = epTrpz(v) = Trpe[(Dy, — ep = 5V3)7] = Trpa[(|D5] = ep = S V)]

~ [0
> Trp2[((1 = #)| D] —ep — 5Vl
«
= (1 - H)H’YHX - §CEEH’7H611ﬂYH7HX - GPH’yHGl,l

«
>(1-r- §C’EEQ+)H7HX —€pq.
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Hence, for any v € S,
@
(1-—k-— ECEE(]Jr)H’YHX —epq<0.

Whenever 1 — k — $Cppqt > 0, (4.33) holds since ||y[y < 1.
The estimate (4.34) follows from Hoélder’s inequality and the fact that v > 0; namely

1/2 1/2
Iy 1Dl s < 7262z V21D 26, < IS, NI

5 Approximation by a linearized problem

The aim of this section is to show the link between a minimizing sequence (v,)n>1 in S and the
linearized Dirac—Fock problem introduced in Lemma 4.15.

Proposition 5.1 (Link with the linearized problem). Under Assumption 3.1, let (,)n=1 € SN be a
minimizing sequence for J<q. Then, as n goes to infinity,

][ Trrz [(Dy,.c —€p)ne]dé—  inf ][ Trrz [(D,.c — €p)ve] d€ — 0. (5.1)
QF QF

v€l<q
_p+ +
’Y*P'anp'm

This property is used in Lemma 6.2 below to build a new minimizing sequence with further reg-
ularity, and it is also used at the end of Section 6 to show some properties of the minimizers for
J<q-

As mentioned at the end of Section 3, the main difficulty in the proof of Proposition 5.1 is to
deal with the nonconvex constraint set 1"2 q- To do so, we adapt to our setting a retraction technique
introduced in [39]. We are going to build an open subset U of Z stable under the continuous map
T: v~ Pj VPer and such that the sequence (Tp)p>1 converges uniformly on U/ to a surjective map

0: U — U n Fix(T). Here, U is the closure of ¢ in Z and Fix(T) is the set of fixed points of T'. The
map 6 will be uniformly continuous and such that # o0 = . Following a classical terminology we call it
a retraction of U onto U N Fix(T'). The restriction of 6 to U will be of class C, the differential map df
being itself uniformly continuous and bounded from U to the space B(Z) of bounded linear operators
on Z.

Then we will consider the subset V := U n F;rq, which is relatively open in I‘;rq for the topology
of Z. We will see that 6(V) ¢ V nTL, and V n Fix(d) = V nT'Z,, so § may be considered as a

retraction of ¥V onto ¥V n 1"2 - Under our assumptions, we will prove the inclusion &  V which implies,
in combination with (4.32), the equality

Jeg = nf {EP7(0)) — epTez[0(1)]}

It will even turn out that U is a uniform neighborhood of § in Z, that is,
S+ Bz(0,p) cU

for some positive constant p. This property, combined with a formula for the differential of 8, will
allow us to prove Proposition 5.1.

Before giving the definition of U, we take r > 0 very small and we introduce the following set, as
in [39]:

P<gri= {'y e”Z | diste, , Ay (7, '<q) < T}.
Then analogously to Lemma 4.10 and Lemma 4.11, we have for any v € I'<q 1,
(1 - &,)|D% < |Dy| < (1 + K,)| D (5.2)
and

inf [o(Dy)] = Aoy = 1 — Ky, (5.3)
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where £, := a (Cgz + Cg(gt + 2r)) and

C
Mo =1 = amax {Chz + Cper + Chpl” +7). 702 + Cpulg™ +1)}.

Definition 5.2 (Admissible set for the retraction). Assume that k, < 1. Let a, := §Cpgp (1 —
nr)fl/Q)\(Ii/Q. Given 0 < 7 < %, let M := max (2+ar(2q++r) L ) We then define

? 1-2a,1

u = {’y € ng,’!‘

max([51 0 2. 111y} + MIT() =2l < 7).

We have the following result:

Proposition 5.3 (Existence and differentiability of the retraction). Take k., a,,7,U as in Definition
5.2. Letk :=2a,7 andV :=U ml"zq. Then the sequence of iterated maps (T'?)p=1 converges uniformly
on U to a limit 6 with OU) = Fix(T) nU, 0(V) =TL, AV and 60 = 6. We have the estimate

kP

Vel 1000) = (2 < ——IT() = 7. (54)

Moreover 6 € CH "™ (U, Z) and dO(TP) converges uniformly to df on U.
In this way we obtain a continuous retraction 6 of U onto qu NU whose restriction to U is of class

CYvif - This map and its differential are bounded and uniformly continuous on U.
For any v € Fix(T) nU and & € QF, the linear operator h — df¢(y)h satisfies

+ + _ p+ + - - _
PTedO()hP], = PTche PT, and P dO¢(v)hP . =0,

where 6(y) = fg* O (v)d€, according to the Floguet-Bloch decomposition. In other words, the splitting
£
L? = Pngg @P;ng gives a block decomposition of dfe(v)h of the form

P hePT, by e(h)*
dOe(v)h = ( 7,6 e Yt 55

5( ) b'y,g(h) 0 ( )
The proof of Proposition 5.3 is postponed to the end of this section.

To apply Proposition 5.3 to the proof of Proposition 5.1, we need to find 7 € (0, %) such that U

is a uniform neighborhood of §. From Lemma 4.17 and the definition of I/, we can observe that if

T > \/max{(l — K- %C’EEQJF)’lqu, gt

then there is p > 0 such that for every v € S, one has the inclusion Bz(y, p) < U. Thus, we have

Lemma 5.4. Assume that k <1 — %CEEqu, and let a, be as above. Assume in addition that

2a, \/max{(l — K- %CEE(]+)_1€PQa l}gt <1

Then there exist T € (0, 5) and p > 0 such that S + Bz(0,p) < U.
We are now in a position to prove the main result of this section.

Proof of Proposition 5.1 (as a consequence of Proposition 5.3). Under Assumption 3.1, we may choose
r > 0 so small that the assumption of Lemma 5.4 holds true. Then we may take 7 € (0, ﬁ) and p >0
satisfying the conclusion of this lemma. To prove (5.1), we argue by contradiction. Otherwise, there
would be an ¢y > 0 such that, for n large enough,

Trrz[(Dy,c — €p)mel d§ > inf ][ Trp2 (D6 — €p)vel d€ + €o.
v€l'<q sz €

QF
y=P] v
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By Lemma 4.15, there exists an operator 7, € I'<; which solves the following minimization problem:

][Q* Trp2[(Dy, 6 = €p)ine] d€ = min ]2* Trpz[(Dy, ¢ — €p)ve] d€.
¢ V=P ¢

From Lemma 4.15 and Proposition 4.14, |7,z is uniformly bounded. So according to Corollary 5.4,
there is o > 0 such that for any n large enough and any s € [0, o], (1—8)vn+ 570 € T<¢n Bz (Vn, p) < V.
Then, from Proposition 5.3, the function f, : [0,0] 3 s > (EPF — epTr12)(0[(1 — 8)yn + $9n]) is of
class C! and the sequence of derivatives (f}) is equicontinuous on [0,¢]. From (5.5), we infer

J2(0) = Tepa[(Ds, =€) (3 — )] < =3

So there is 0 < s9 < o independent of n such that for any s € [0, so] we have f} (s) < —<. Hence,

(P = epTrpe) (011 = s0)9u + 503u]) = fuls0) < £a(0) = 02 = (€77 = epTrza)(7) - 2.

Recalling that (EPF — ePﬁLz)(’yn) converges to J<,, we conclude that (EPF — ePﬁLz)(Q[(l —80)Vn +
509n]) < J<q when n is large enough. This contradicts the definition of J<4, since 6[(1 — s)y, + s9,] €
I‘;rq. Hence the proposition. O

It remains to prove Proposition 5.3, but before that, we need some preliminary results. Recall that
Py = 1g+ (D° — azGy). We have the following lemma.

Lemma 5.5. Toke k., a, as in Definition 5.2 and consider the map

Q:V’—)P{/‘_*Pdkv

that is, Q(v) := fgjzg Qe () d€ with Qg(v) := P — Py
Then Q is in CVVP (D<qr; |D°|7Y2Y) and we have the estimates

VyeT<gr, VheZ, |ID°]V2dQ(y)h|y < ar|hlz (5.6)
and
V7,9 €T<qr,  [ID°]72[dQ(7)h — dQ(+")R]ID°|*2y < Ky = ' 2| z, (5.7)

where K is a positive constant depending only on k, which remains bounded when k., stays away from
1.

Remark 5.6. In (5.6), if v € I'<q one can replace a, by the constant a introduced in Assumption 2.5,
since lim,_,g a, = a.

Proof of Lemma 5.5. By Lemma 4.10, for every £ € Q} and for all v € I'<y, D, ¢ is a self-adjoint
operator, and 0 is in its resolvent set. Then by Taylor’s formula [29, Chapter V1.5, Lemma 5.6] or [23],
we have

pro_ly 1 +OO(D —iz) ldz = 1,1 +OOD (ID,¢]* + 2%) 712 (5.8)
76T 9T or Y 7€ 21 7,6\ H,€ :
and, by the second resolvent identity,
a [T
Qe(v) = —5— (D —i2)"'Vy (Do — i2) ™ dz.
—o0

Hence, for every h € Z, we deduce from (5.8) and the second resolvent formula again, that
a +000
dQe(y)h = dP} h = f%/ (Dye —i2) Wi e(Dy e —i2) Hdz. (5.9)
—0

Besides, for any u¢ € Lg(Qz) and any v € I'<q.», we have

+00
/ (e 1D e[ 2(1D5 2 + 2) 71Dy el V2ue) |, dz = mue3. (5.10)
—o0 &
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We infer from (5.3) that
[1D5 "My < Ag- (5.11)

Thus, gathering (5.9), (5.10), (5.11) with Lemma 4.7, for any ¢, ¢ € L? we may write

(V. 1Del2(dQs(1))se) .

+0
-2 (w IDe|V2(Dy e — i2)" Vi e(D —iz)_lqﬁ) dz
27 |/ & 1E 7€ 2\, 3 L2
o +00 9 1/2 +oo ) 1/2
< soliellsn ([ |@ne—io D), o) ([ 100l )
—0o0 i3 —0o0
(6% _ —
< SVagllisa) I1Del 21Dyl ™2 1Dy el ™2 sz el 22 0¢ ] 22
2 € € € 3 €
(6% _ —1/2
< 5Ce(1— k)TNGBl 2 el 2 |91z
(5.12)

hence we obtain (5.6); namely,
a _1/2y—1/2
[1D°)2dQ(v)hly < 5CEE(l — k) Y2702 k] 2.

For the second inequality, we write

a2 +0o0 o o o
dQe(y)h = dQe(v')h = — o (Drg = i2) " Voo e(Dyrg = i2) " Vi e(Dye —i2) dz
—o0
o [F* 1 1 1
T o (Dyg —i2)" Vhe(Dyg —i2)” Vyye(Dye —i2)” dz.
—00

Proceeding as above, we get (5.7). The fact that Q € CV1"P (I'<,,; [D°|7Y/2Y) follows from (5.6) and
(5.7). 0

Lemma 5.7. Take k., a, as in Definition 5.2. Then the map T : v — P,;WP,;r is well-defined and of
class CY' on Ty, with values in U<y, < Z. Moreover, for any v € T<y.r,

I72(7) = T(y)]lz < 2ar(max{HT(V)IDOIU2 [ 1Ty}

ar(gt +7)

+ T2y = T2 IT() =l 2 (5.13)

Moreover, there are two positive constants Cy, ., L, , such that
VyeTagr, [dT(W)sz) < Cur (1 +max{|y[D°["?|s, . [vv}), (5.14)
and
V7,7 € T<grs [dT(Y) = dT(V)8(z) < Lier(1+ max{[4| D |s, ., [VIy DY = llz- (5.15)

Proof. If v € T'<yr, there is 79 € I'<q such that |y —olle, ,~y < 7. Then PfyPf eTgy, T(v) € Z
and

IT(y) = PP e, ny = |PF (v —=70) Py le1.ny < v —0lerny <7,
so T(y) € Tgq,r-

Let 7,7 € T'<,,. Then P} — PJ, can be written as
T EL<q, g R

1
Pf—P) = /O dQ( +t(y —~")(y —+')dt.
From (5.6),

[ID°2(ES =PIy < arlly =7lz.
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For the estimate (5.13), we write

T2(y) = T(7) = (P = POT() (Phy) = P+ P ) + PET() (P, = PF)

= (P;(v) - PJF)T(V) + T('Y)(P;(V) - P;r) + (P']T('y) - PVJF)T('V)(P;(W) - P;r)
Then
I7*(7) = Tz < W(Pfy = PHT () x Ay
FITO) By — PDlxey + (P, — BT (P, — Pz
We have
IT)(Pryy = Py < DB = Py max{ [ T()ID ey 1T}
and

I(Pf ) = POTO(PL,, = POz < IID°1V2(PF ) = PHIFIT (N eramy-

Notice that [|T'(7)]|e,,~y < [[V]le,.~y < ¢t +7. Gathering together these estimates, we obtain (5.13).
We now turn to the proof of (5.14) and (5.15). From Lemma 5.5, T' is in C!(T'g,,) with

dT(y)h = (dQyh)yPy + Pyy(dQyh) + PyhP;.
Notice that for any v € I'<q,r,

(1+ k)2

011/2 p+| 0 [—1/2 —1/2 1/2 p+| 0| —1/2
H|D|/P7|D| /|\Y<(1*"”vr) /H|D’Y|/P’y|D| /\|Y<m-

(5.16)

Thus, using (5.6), one finds a constant Cj, , such that for any h € Z,

[T (v)R] 2

< maX{2| D2 dQy k) ly [71 D12 e INDO1 2 B IDO |72y + |IDOI2 P IDO 725 1A x 5

2|v[yldQyhlly + Ihly}

< O (1 + max{[y[D°[V2[e, 1, [vIy DR,

so (5.14) is proved. Finally, for the term dT'(y') — dT'(7y), we have

dTe(y')h — dTe(y)h = (dQ~,eh) Ve Py g + Py e7e(dQn ch) + Py che Py ¢
- (dQv’,ﬁh)’YéPv’,ﬁ - Pv’,&’Yé(dQ%&h) — Py che Py e

Proceeding in the same way as for (5.14), we can get (5.15). O

We now show that &/ and T satisfy all the assumptions in [39, Proposition 2.2| in the Banach space
Z.

Proposition 5.8. Let ., a,, T, U be as in Definition 5.2. Then T is in CO(U)nCY¥ (U, Z). Moreover
T(U) cU and the following estimates are satisfied:

sup [dT'(7)[s(z) <0, sup|T(7) =7z <o
~yeu yeU

and

Voyeld, |T%(y)=TM)lz <kIT(y) =z

with k := 2a,7 < 1.
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Proof. For any v € U, we have
TP [e, < VD126 + 1(v = TONID 610 < MDY 61 + Iy = T()l1x
and
1Ty < ]y

As a result, as M > %’M, (5.13) implies that

IT?(v) =T ()| z < kIT () =7z

Moreover, using the inequality M > we get

1
1—2a,71°?

max{[T (1) D12 ey 1, IT() v} + MIT?() = T(+)]z
< max{|[y D[, [y} + (1 + ME)T(7) =~z <7,

soT(y)eU.

The fact that sup,ey, [dT(7)[sz) < o and that dT' is Lipschitz continuous on U follows from
(5.14) and (5.15). Besides, for v € U, we have |T'(y) — 7|z < 77. This ends the proof of Proposition
5.8. O

We can now prove Proposition 5.3, which implies Proposition 5.1, as we have seen.

Proof of Proposition 5.3. By Proposition 5.8, we may apply [39, Proposition 2.2] to our map T and
our open set U in the Banach space Z. This allows us to construct 8 € CO(U, Z) n CH™E(Y, Z) with
the properties 0(U) = Fix(T) nU, 6 0 = 0 and the convergence estimate (5.4). By our definition of
T, we have T(I'<y) © I'<q and 'L, = Fix(T) n <y, hence the additional property 0(V) = T'L, n V.
The proof of (5.5) is exactly the same as in [39, Theorem 2.10]. This ends the proof of Proposition
5.3. O

6 Proof of Theorem 3.3

Throughout this section, we assume that Assumption 3.1 is satisfied and that ep > eg. Let (yn)n>1
be a minimizing sequence for J¢4 lying in S. According to Lemma 4.17, this sequence is uniformly
bounded in Z. We split (75)n>1 into two parts: (Y, )n>1 and (v, — Yn)n>1 where, for each n,

Vn 1= PnYnPn With pp = 1[0,61)(D’yn) (61)

where e; has been defined in Formula (4.26). Thanks to Corollary 4.13, for almost every £ € QF the
rank of p, ¢, and therefore of 7, ¢, is at most j1, so that ¥, € B.

Actually, we prove in Lemma 6.1 that, for each n > 1, ¥, € X2 whereas v, € X; roughly speaking,
we reach a L*(QF; H (Qr)) regularity instead of a L2(Q2‘;H§1/2(Q¢)) regularity for the associated
eigenfunctions. Moreover 7, is close to 7, in X (Lemma 6.2), so (¥,)r>1 is a modified minimizing
sequence with higher regularity than (v,,)n>1.

The structure of the proof of Theorem 3.3 is as follows. In Subsection 6.1, we will show that
[vn —nllx — 0 when n goes to infinity. In Subsection 6.2, we first study the convergence of the kernel
of (W5, ¢)n>1. Then we deduce the strong convergence of (V5 ¢)n>1. As a result, | P, — P%J; |y — 0.

On the other hand, for any v € T'<,, we also have (P} — P,N:;)yﬂgm < OY|z)|¥n — vnlx — 0. Hence
in Subsection 6.3, we can pass to the limit in the energy and in the constraints.

6.1 Decomposition of minimizing sequences

We start with some regularity bounds on 7,, that will be needed in the sequel.
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Lemma 6.1. The sequence (Yn)nz1 and the sequence of kernels (Y (-, -))n=1 are uniformly bounded
in X2 and in L®(QF; H (Qe x Qu)), respectively. More precisely, we have the following, for every
n =1 and for almost every & in QF,

[Fnllxz <g1(1— k)"t (1) (6.2)

and
[T e Cs M (@exae < 201(1 = &) e (1) (6.3)

Proof. We first prove that ||p,|xz is bounded. Let (un ;(§));j>1 be the normalized eigenfunctions of
the operator D,,, ¢ with the corresponding eigenvalues A, ;(§) counted with multiplicity. Hence,

png—Zén] ) [, (€)) (i (€)]

with 6, ;(§) =1if 0 < A\, ;(§) < e1 and 6, ;(€) = 0 otherwise.

By Corollary 4.13, we know that |{j € N* |4, ;(¢) = 1}| < j1. By (4.21), for any eigenfunction
Un,;(§), we have 5n,j(§)“un,j(§)“§{§1(Ql) < (1 —r)~*c*(j1)?, for every & € Q5. Now,

[Pngllxz) = Z S, te () |[wn, k()72 < 15D G (€) [, (€) 171
3 =1 £

Hence,
[pnllxz, < 51(1 = &)1 ().

Since Pn = p37 '771 = pn%npn and 0 < '771 < 1L2(]R3)a we have

[Fnllxz, = [1D°10nFnpal DOl 61 < Fnllylpnlxz
< pnllxz <11 —r)"1e* (1)

In terms of kernels, this implies that

[1De.a T (5 )l L2(@ex@e) = | o <1l —r) e ()?,

the same holding for [Dg¢ y|[Vn.¢(-,-). Thus, Fne(-,-) € LP(QF; H (Qe x Q¢)) and (6.3) holds.
O

We begin the proof of Theorem 3.3 by showing the following result as in the case of molecules [39,
Lemma 3.4].

Lemma 6.2. Under Assumption 3.1, whenever ep > eq, for any minimizing sequence (Yn)ns1 of (3.1)
in qu we have

Trpe ['Yn] —4q and H'Yn - %n“X — 0.

Proof. According to Proposition 5.1, any minimizing sequence (7, )n>1 in qu satisfies (5.1) ; namely

72 (Do erbnelde— it f TlD,, 6 - enhiel s — o,
£

1€l<q b
+
= P ’YP’Yn

By Lemma 4.15, for every n, minimizers of the above minimization problem are of the form ) :=
fg)zk 110,0,) (D, ,¢) d€ + &, for some v, € [N, eo] and some 0 < 6, < fg)? 1,, (D, .¢)d¢ such that

'ﬁLQ (75,) = g. In particular, limsup,,_,, , v» < €p, for every n. We define

@ @ @
Ty 1= ][ Liey o) (Dy, 6) dE, 7, = ][ Ly er) (D 6) dE, o= ][ 10,0, (Dn,.¢) d§.
Q¥ QF :

4
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We can write p,, = 7, + 7/, and we observe that ~/, = 7/~ 7. Proceeding as for (4.29) and (4.30),
and since v, € qu we have
Trr2[(Dy, = €p)vn] = Trr2[(Ds, — ep)]
= ﬁLZ [(Ds,, = vn)Tnynmn] + ﬁLZ (D, = v) T 0]
+ T12[(Ds, = va) (W = Lo,y (Do, D] + (ep = va) (4= Trr2 (1))

We observe that the four terms in the right-hand side of the above equation are non-negative whereas,
from Proposition 5.1, their sum goes to 0 as n goes to infinity. Therefore,

Trr2[v] — q and 'ﬁLz[(D% — Up)TnYnTn] — 0,

since liminf,, .1 (ep —vpn) = €p —eg > 0. But m, (D, — vp)mn = (€1 — Vp)Tn = (61 — eg) T, and
T (Dy,, — Vn)Tn = (| D+, | — €0)mn. Thus, taking a convex combination of these two estimates leads

to
€1

Tn(Dry, = Vn)Tn = Tn| Dy, |
€1 — €0

Hence
|7mnynmnlx = Trpe [”n|DO|7rn7n] <(1- ’i)_lTrL2 [7Tn|D'yn|7Tn'Yn] — 0.

by (4.17). Tt remains to study the limit of A, := m,7,pn as n goes to infinity. Since (v,)? < vn, we
have
(7Tn’7n7rn)2 + hnh: = 7Tn(’7n)27rn < T YnTn-

Hence N
Trp2(|Dy, [Y2hoh¥| D, |Y?) — 0.

In other words, ||| D, |Y?hy|e,, — 0. Taking any operator A in Y, by the Cauchy-Schwarz inequality,

Tr2[AID,, 201D, 1] =

Tr12[AID,, [/2pa B3 D, V2]
< 1A1D5, ["pal e |1D5,[P2holss . (6.4)

We have already seen that p, ¢ has rank at most j;. Therefore,

| 41D, [V puless < 11Dy, Vpules.lAly <ierlAly,

so we deduce immediately from (6.4) that

1D, 2l Do, V2] =0,

since A is arbitrary. Hence, thanks to (4.15), |h,|x = H|DO|1/2hn|D0|1/2H61 _— 0. Finally, we obtain
that [yn — Vol x < [T ymmnlx + 2 [ha]x — 0. L

By Lemma 6.1, up to the extraction of a subsequence, there is 74 in X2 n'Y, such that

Hn = 4 for the weak *-convergence in X% N, (6.5)

since X2 is a subspace of &1, which is the dual space of G4 1 and Y is the dual space of &1,1. We
immediately get the following.

1/2 /2 .
5, Comverges strongly to py, in

H*5(Qg) with 0 < s < 1, thus in LP(Qy) for every 1 < p < 6. In particular, whenever ep > eg, we have
sz Py d = .

Lemma 6.3 (Strong convergence of the density). The sequence p

Proof. The proof of the strong convergence of piyi % to p#{f in LP(Q,) for every 1 < p < 6 is the same as
in [8, p. 730] and relies on the fact that ¥, € X2 (see the proofs of [8, Eqn. (4.51) and Eqn. (4.55)]).
When ep > ep, by Lemma 6.2, ¥,, — v, converges to 0 in X, thus in & ;, whereas Try2[v,] converges
to g. Thus, Trra[v«] = q. O
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6.2 Convergence of (P*)

n=1

We now study the difference between P and P~ ", and P~ and P separately. We do not know
whether v, — ¥, goes to 0 in Y and we do not even know whether 3 'yn s goes to 0 in &y 1, so we
cannot rely on the continuity of the map @ introduced in Lemma 5.5. The proof is therefore more
involved than in [39].

Convergence of (P:r ) )
Tn n=1

Vi
The main result of this section is Corollary 6.8 which states that the sequence (P,;r — P,;; ) con-
" n=1
verges strongly in Y.
Recall that
Wy =Wem~y +Wepmy, YmeNm=2
where for £ € QF and z, y € Qy, the kernels of Wx,,, 4 ¢ and W, - ¢ are respectively
Wy a0) i= £ W (€ = €2 = ) re (m,0) d€ (6.6)
%
and
W<m,’y,£(za y) = ][ * Wzom,é(gl - ga T — y) 75’(1'5 y) dé., (67)
Qs

We first prove the following.

Lemma 6.4. The two sequences of operators (W<m,%)n and (W>m,%)n are bounded in &3 . Thus,
up to the extraction of a subsequence, we may assume that

* * .
Wemin - Wemny and  Wepms = Wepmae  in G (6.8)

Note that saying that the operator A = fg* A¢ d€ belongs to Ga, with 1 < p < +00 is equivalent
£
to saying that the family of kernels & — A¢(-,-) is in LP(QF; L*(Qe x Qo).

Proof. The first claim follows from (B.23) and (B.17) in Appendix B, thanks to (6.2). Let g =
f% ge d€ € G31. From (B.23), we know that Wy, g € Ga,1. Then, by (6.5), and since 6%, = Sa,,
we get

Trr2(gWem 5,1 = TrL2 (W, g n] — Trpe [Wi,mg Vi) = Trr2[g Wem )

The argument is similar for Wx,, 5, . Let g = JCS* ge d€ € Go1. Notice that by (B.17), W, 5, € G2 1.
£
Then we write

Trpe [W>mﬁn g] = Trp» [Wzm,g Ynl = TrL2[|DO|71W>m,g|DO|71 |DO|'~Yn|DO|]v

with |D°|7,,|D°| converging to |D°|y,| D] for the -weak topology of &1 o, thanks to (6.5). Therefore,
it remains to show that the operator |D°|~1Ws,, ,|D°|~! belongs to G4 1 whenever g € Ga 1. Actually,
we prove that Wsp, o|D°|7! € Y, which gives |D?|~'Wxp, o|D°|71 € Sy o0 since ||D°| s, < 1.
We conclude since &y oo © S4,1. We use Proposition B.1 on W;om , and focus on the singularity
introduced by the potential Gy, the difference being easy to deal with. For every £ € Q and every ¢
and ¢¢ in LZ(Qe) with [¥ellr2 = 1, we have

‘// VE(x) Go(x —y) ger (2, ) |De| ™" pe (y) dadydg’
QexQ J Q¥

1/2 1/2
<f e (Jf oot aa) ([ e e - 1 s iy

< Cc lgllen. el oz ez,

thanks to (4.2). Hence the result. O
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We are now proving stronger convergence results in (6.8), by improving the bounds on the kernels
of W’Nynyf'

Lemma 6.5 (Convergence of the sequence (Wxy, 5, )n>1). The sequence of kernels Ws,, 5, ¢ is bounded
in WHh*(Q¥; L*(Q¢ x Q). Therefore, up to the extraction of a subsequence, we have

I[DO[Y2 W 5, ID° 72|, — 0.

l&s..0

Proof. Let us start with the boundedness of the sequence. We already proved in Lemma 6.4 that
Wsm 5, is bounded in &g o.which follows from (B.17). Let us now check that the sequence of norms
IVeWsim 5, (s .)“Lw(Qf;LQ(QMQm is also bounded. Thanks to (B.5), for every § € QF,

Ww&wmhmmmw<C£J%Mww@<cmmm,
4

and we conclude with the help of (6.2). Therefore, the kernels |D¢|™Y2Ws,, 5, ¢|De|7Y2(-, ) are also
bounded in Wh*(Q#; L*(Q¢ x Q) since ||D°| 7|y < 1. Next, according to the Rellich-Kondrachov
and the Ascoli-Arzela theorems, up to the extraction of a subsequence,

W>mﬁn,f(" ) - W?’mﬁ*,f(" ')’ in LOO(Q?; H71/2(Q4) X Hil/Q(Qf))'
This is equivalent to
[De ol ™21 Dey | TP Wapm g6 () = Womsgel) i LP(QF L*(Qr x Q).

Notice that the function |Dg¢ .| 7V/2|Dg | "V?Wsp 5, (-, ) is the kernel of |Dg|™V2Ws,, 5. | De| 712
Thus,

D[P Wz, 6l Del 72(,0) = IDel ™2 Wamz el Del72(,) in LP(QF LA(Qe x Q)
which yields |[D°|~Y2Ws, 5, —v, | D°|7Y?|s,.. — 0, whence the lemma. O

Lemma 6.6 (Convergence of the sequence (W.y, 5, )n=1). The sequence of kernels (Wep, 5, ¢)n 15
bounded in CO’“(Qz‘; Hg(Qe x Qp)). In particular, up to the extraction of a subsequence,

HW<m,’7n*’Y* H62,oo — 0.

Proof. Let us first show the uniform boundedness of W, 5, ¢ in CO*(QF; H'(Q¢ x Q¢)). It is based
on Lemma 6.1, particularly (6.3). Recall that

47T 1 2nk .y
Wiom,l(nvz) = 6_3 Z 7|2 e’ ( £ 77) .

|27rk
|k\gc<m
kez?

Thus,

W<z = Wem g 51 (@ox Q)

4 i( 258 —(n—¢')) - (z—v) i( 25k —(n'—¢))-(z—)
g X d Gagds —f © e €
03 * |m_(_/)|2 |M_(,_,)|2 ’
|k|oo <m—1 ¢ 7 n—¢ 7 n =< HY(QexQe)
kez?
For each term on the right-hand side, we have
(35 =(=€)) (a=y) o ][ ot (25— =€) (z—y) o
Y& - Fn, 3
Tk 2 ok 2
5 = (=& |55 = (r = &) H1(Qux Q)
<][ 1 _ 1 (=) )y, /
|| - - 1ZE-m-of "l @ixan

(T ~r=))-Gr=u) _ (35~ =) (-0
; ][ Foer de’

* |22k (g — )|

HY(QexQr)
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As 1, ¢ € QF, according to (6.3), we get

PP =) @)y,

< C|Ane <2051 —r)"1e*(51)?,
H1(Qux Q) H'Ynf HH;,(QMQ@) ]1( “) c (]1)

where here and below C' is a positive constant which depends only on m and ¢. By the Holder continuity
of the function 1 — fQ* M%]W’ there is a 0 < p < 1 such that
2

fo

For the last term, note that

1 1
Y 2 N s

- = [ - =9

<2051 (1= K) 7 (1) |n — o |1

ei(z’if’“f(nff’))-(r*y)%yg,

5 d
HE(QexQp)

|72 — e E < Ve o waq I — 11 < Cln =17

and |V, (e~"1% — e="2)| < Cln — 1/|. We get

(B +E) (2—y) (et (@=y) _g=in'-(=y)) )
][* ok 1 en|? Tn.gr S
Qy |T - =¢ )|

<2Cj1(1=r)"* e () In—1'|.

HY(QexQe)

We finally get that there is p € (0,1) such that
|\W<mﬁn,gHco,u(Qf}‘;Hg(Qgng)) <2C5:(1 - k)2 ()%

Finally, thanks to the Arzela—Ascoli theorem and the Rellich—-Kondrachov theorem, the sequence of
kernels converges strongly in L®(QF; L*(Q¢ x Q¢)), up to the extraction of a subsequence, and the
limit is the operator W, -, thanks to (6.8). This concludes the proof of the lemma. ([l

Then we have the following.
Lemma 6.7 (Strong convergence of the electron-electron interaction). As n goes to infinity, we have
[[D°[ 2V, [ DO 72y — 0.
Proof. As V., = Gy * py — W,,, we have
[[D° 712V, o [ DO 712y

<[P 2Ge # (p3, = pay ) D72y + (1D 2 (W5,

= W )ID° 2y

Notice that, from Lemma 6.3, we infer p5, — p,, in L?(Q). This, together with the fact that
G e L2(Qy), yield

|Ge* (P35, = Pl L@y = O-
Then, using |D°|~! < 1, we infer
[1D°1712 G # (py,, = pau)ID°| T2y — 0. (6.9)

We consider now the second term that we split into two parts. We already proved in Lemma 6.5 that
H|D0|71/2W>m7,7n,7* |DO|71/2H62,30 — 0, which implies the strong convergence in Y. The proof for the
other term is even simpler, since

D2 Wi 3= D™ 00 < W =i 02,0
for ||| D%~y < 1. We conclude by Lemma 6.6. Finally, we infer
[D 72 W, —, | D’ 72|y — 0. (6.10)

The lemma follows gathering together (6.9) and (6.10). O
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As a result, we have the following.

Corollary 6.8 (Strong convergence of the spectral projectors). As n goes to infinity, we have
HP;; — P:;: ly — 0.

Proof. For any ¢¢ and ¢ € L2, by (5.8) and the second resolvent identity, we obtain

‘(wg, (P»;;,g - P»”:;yg)(bf)’

1 +00 o o
<o ‘(% (Dryg = 12) 7' V5, 6 (D5, 6 = 2) 7 6c) 1| d
T J_ o €
1 0(—1/2 01—1/2
< o D72V, | DO T2y
+0 1/2 +o0 1/2
- \—1 1/2 2 - \—1 1/2 2
([ D= i D el as) ([ NDse i 0 el )
—00 —0o0
1 _ _ -
< S (=) TP T 2Vs o ID T2y e 2 el 2 (6.11)
in virtue of (4.16). Therefore,
1 _ _ _
[P, = Py < 5= k) IO 2 Vs, |DO] 2y

The right-hand side goes to 0 by Lemma 6.7. (|

Relationship between P,;; and P,?;
It remains to analyze the behaviour of P,?; — P,;:L , as n goes to infinity. Our main result is the following.

Lemma 6.9 (Relationship between P::; and PA;:) For every v € Z and for some C' > 0 independent
of n and Z, there holds

~ 12
IB, = P lern < Cllz lm =Tl
Proof. We first observe that |G * (p, — p5,.)|y — 0, thanks to Lemma 6.2 and (4.4) in Lemma 4.4.

Next, thanks to the bound (B.10), the sequence of operators (W, ., -5, )n converges strongly to 0 in
Y. Therefore, proceeding as for (5.12), we have

1

% <CVH’Yn*’NYnHXv

Y

+o0
/ (D, = i2) (G * (py, = p3,) = Wam g, —n,) (D5, —i2) 7' d2

—00

with the right-hand side going to 0. We now focus on the term involving W.,, . —5,. For every
he G171 nY, proceeding as for (6.11), we have

1

+00
o / (D, —i2) "Wz, . (D5, —iz) " hdz

—0o0

S
1 +00 o o
(D, —i2) "W 5, -, (D5, —iz) 1hH61,1 dz

< —
2 J_ o

<C Weansmrle,, e,y [

—0

+00
[(Ds,, —i2) "My (D5, — i)~ ydz

<C H'Yn - ’?nHGZ,Q HhH62,2

<C v — '?nHGM I = Anlly

61’1 Y
~ 1/2
<Clm =FaldZ, 1012
thanks to (B.23) and in virtue of |v, — |y < 2. O
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6.3 Existence and properties of minimizers for J,

The existence of minimizers for J<, now follows by passing to the limit in the constraint and in the
energy. The proof is separated into the following two lemmas.

Lemma 6.10. The limit v, lies in T'} .

Proof. As
An s in X2 NY,
we get
[yelly < Tliminf [y <1
n—o0
and

Fslxs < liminf 3 xz < 1(1— 8) 74 (a)?.

Thus, v, € I'. Since ep > e, ﬁLz [7+] = ¢ thanks to Lemma 6.3.

To complete the proof, it remains to show that P,;; V¢ = Y%. From Lemma 6.9 and since ||§, —

Ynllx — 0 (Lemma 6.2), we first prove that
|P5 A —Anller, — 0. (6.12)
Indeed, since P,?; Yn = Vn, W€ have

HP% %n - ’771”61,1 < H(P%l - P;r )%nHGM + HP;; (%n - ’771)”61,1 + H'Yn - ﬁnHGm - O’

n

where we also use the fact that | P} |y < 1. Next, by Corollary 6.8,

[(P5, — P3)Anlle.. — 0. (6.13)

*

Let g € Y. Let us show that N
Trye [(P,:k'y* — 'y*)g] = 0.
Notice that

Trra[(P, - P, gl +

Tr2[(P5, 3 = F) 9]

[ Tera[P, (e = Fa) ]| + [Tezel G = ) 91

Trp2 [(P»:k'Y* - 'Y*)g]’ S

The first two terms in the right-hand side goes to 0 thanks to (6.12) and (6.13). For the last two
terms, we use the weak-* convergence of ¥, to 74 in X2 and the fact that |DY|~lg|D° ! and
|D°|=' P g|D°|~! both lie en Gy 1. Hence 74 € T'f. This concludes the proof. O

Lemma 6.11. We have

lim (5DF(%) —epTrpe [%]) = EPF () — ep Trpa[4]. (6.14)

n—-+w
Therefore , vs 1s a minimizer of J<,.
Proof. For the kinetic energy term, we write

Tr2[ D% (9 — )] = Trp2[D° (7 — 3)] + Trp2[D°(Fn — 74 )]-

Since ||yn — Ynllx — 0 thanks to Lemma 6.2, Trz2[D°(y, — Jn)] — 0. On the other hand, by definition
of the weak-* convergence in X2, |D°|(,, — v«)|D°| converges to 0 for the weak-* topology in &1 .
As |D°|71DOID%7t € G 1, we obtain that

T 200G — )] = T [1D°) (5o — ) DD DO D] = 0,
hence

Trr2[D°(yn — )] — 0.
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In addition, thanks again to Lemma 6.3,
ep Trpe [ — v«] — 0.
The proof for the attractive potential is similar. We start with
Trr2(Ge(ya — 7)) = TrraGe(yn — )] + Trr[Ge(Fn — 7))

The second term goes to 0 as n goes to infinity since p3, converges to p,, in L?(Q) and G € L*(Qy)
(Lemma 6.3). For the first term, we use the fact that

Trr2[Ge(vn — Anl| < CH|V¥n —Fnlx — 0

and we conclude by Lemma 6.2.

For the repulsive potential, using the fact that Tr;z (V5] = Trpe [V, 7] whenever v and +/ are in Z,
we have

ﬁrL2 V3 m = Vi vsl

Trze2 [an Tn — V’Nyn '771]

< + | Tr e [V5, 3 — Vsl

Trpe [V%Jr'vn ('Yn - '?n)]’ + ’TrLQ [V’Nyn*'y* ('771 + '7*)]’
< Crg ([3nlz + 17l 2)|An = ¥ulx + 110172 V5, 5 ID° 2y (il x + vl x)

using the bound (4.11) in Lemma 4.7. Finally, the right member in above string of inequalities goes
to 0, according to Lemma 6.2 and Lemma 6.7. The lemma follows. |

Since 7y, is a minimizer of J<4, we may apply Proposition 5.1 to the constant minimizing sequence
equal to 74 , and we obtain that

/ Trpz[(Doyg —ep)rag]dé = inf / Trpz[(Day.c — ep)e] .
QF QF

v€l'<q
—_pt
v=P

We may then apply Lemma 4.15 to conclude that v, = JCS* 110,0) (D ) d6+0 with 0 < 6 < 14,1(Dny,)
14

for some v € [Ag, eg] that is independent of ep. This ends the proof of Theorem 3.3. Thus, Theorem

2.6 holds true.
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A Proof of Lemma 4.1

It suffices to prove (4.2). By interpolation, we can choose Cy = Cg.

To deal with (4.2), the idea is to decompose the potential Gy on Q, into two parts, namely ﬁ and
Gy — ﬁ The first term can be treated as the Hardy inequality on ¢, whereas the second is bounded.

We begin with the second term and prove the following.
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Lemma A.1. There is a constant Cy > 0 independent of { such that

1 Co
sup |Gy(z) — —‘ < =
ey =] ¢
This implies that, for any x € R3,
C
Gy(z) = —70. (A.1)
In particular, we have
1/2 1/2 12
3 21 R? 3 47 R3 47 R3 1
Cyo < inf — + —— 4+ —5—=zmin ( ) ,(1— ) —
o<kR<i | 2R 5 472 R3 { 3 3 ke%“{o} ||+
Proof. As G1(z) = £ Gy(Lx), it suffices to consider the case £ = 1. Let f(z) = G1(x) — |71\ Eqn. (2.1)

yields
—Af=dm(=1+ > ).
keZ3\{0}
Let B(z, R) be a ball of center z and radius R chosen such that (Uzte B(z,R)) n (Z*\{0}) = &
Obviously, we can assume 0 < R < 1/2. By the divergence theorem, for 0 < r < R and z € Q1 we
obtain

d [ 1 1d 1 af(s)
— | — d dw A
dr \ 4mr2 / f(s)ds " Andr f(z + ) T 42 / on / =f(
0B(z,r) 0B(z,r) B(z T)
(A.2)
with S? denoting the unit sphere. On the one hand, for any z € Q1,
1 4
—2/ Azfdzz—/ ldz <—7T7’.
4mr B(z,r) r B(z,r)
where the first equation holds since
( U B(z,r)) A (Z3\{0}) = &, for0<r <R
2€Q1
Therefore, integrating (A.2) with respect to 7,
872 82
—ir2< f(z—l—rw)dw—élﬂf(z)girQ.
3 2 3
Since [, ) f(2)dz = 1% (fs2 f(z + rw) dw) dr, integration over [0, R] leads to
3 21 R? 3 3 1 27 R?
< —— d < —— G d — —d —
FE@l< o /B(z,R) J@)de + =5= < 75 /B(z,R) (@) de| + 7o /B(Z,R) R
On the other hand,
12 1/2
41 R3 1 (47 R? 1
/ Gi(x) dz| < |B(z, R)["?|G1 125,y < < 3 ) 1G1lL2Qu) = = > TP
B(z,R) keZ\{0}
Using (2.2) and by the periodicity of G, we also have
12 1/2
1 41 R3 1
/ Gi(x)dx| = / Gi(x)dzr| < — (1 i ) Z AV
B(z,R) (2+Q1)\B(2,R) & 3 keZ3\{0} K]
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Thus,
1/2

1 {<4WR3>1/2 <1 47rR3>1/2} 5 1
< — min 1= v
T 3 3 keBTN0) ||

1 1
/ —dzx| < / dr = 27 R.
B(z,R) |z B(0,R) |$|

Therefore, the bound holds for £ = 1 and any 0 < R < % with

3 2R 3 dr B3\ dr B3\ 1
Co < = > i (1 L
"SR T T +47r2R3mm{< 3 ) ( 3 ) 2 EE

keZ3\{0}

Furthermore,

1/2

We now consider the Hardy inequality on @, for the potential ﬁ

Lemma A.2. Let ue HY(Q), then

2 40+ 12 24 + 124

u
=] <7HVUHL2(Q£) 7HUHL2(Q5)
Lo

Proof. We start with the relationship:

Oﬁ/
Qe

1 2 1 Viul?-
Oé/ |Vu|2d$+—/ %dm-ﬁ-— LQIdgc.
2 4 Qe || 2 Qe ||

2
lul +) dx, we obtain
[z] ’

Viuf*-z iz |ul? |u|?
7| E dx =/ BE dx—/ Wdac.
Qe z Q. 1T Q¢ 1T

where 77 is the outward pointing unit normal at each point on the boundary 0Q,. To end this proof,

Thus,

By the divergence theorem for | 0. \Y

it suffices to estimate faQe %‘“2‘2
Let
A2’3(:c1)=/ |u|? (1, T2, 23)drodrs.
—5.50?
As |ii-z| = £ and |z| > £ for any x € 0Q, we have
”9U|U| 2 23, ¢ 23t 13, ¢ 13,8 12, ¢ 12,8
dz = = (A% A% A2 D) 4 AVH(E) 4 AV2(— D)+ AB2 (D)) .
| T /|| o= (A2(-5) + AP(G) + A=) 4 AT 4 AT 4 A2(5)
Qe
(A.3)
Let x(o) (— £, £] such that
2,37,.(0) 2,3 1 2,3 1 2
A% (xy) < A% (xq) dxy = - A% (xq) dxy = = |u|* da.
(4,41 EJi-4.4] Lo,
Then we have
A2’3(—£) A23 / / A23d$ +2A23( (0)) <2A23( (0))+/ d —— A23 dxy.
2 (0) ¢ dry 1 (—L.£] dry
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d 0
[ | e <2 | |z < 2l Vel
—g23 ¢
we get
2,3 f 2,3 [ 2 2
A® (*5) + A% (5) < ZHUHLZ(Qg) + 2|ul 2@ VUl L2 (qy)-

Inserting this into (A.3), we can conclude

1 2

0< HVUH%Z(Q,;) 1

u

||

As a result, by the Cauchy-Schwarz inequality

6 6
+ 2z + 71l 2o Vel L2@n)-

L2(Qo)

2 40412 24 + 120

< IVl +
L2(Qe)

u

||

‘UHLZ(Q[)

Actually, Lemma A.2 implies that for any £ € Qj,

24+12€ 4€+ 12
lled el < (ma {25 D)= a2,

o[£ r} i

Thus combining Lemma A.1 and A.2, we know that

Co 6 3 3
|Getelpz < =2 Juel: + 2max{«/£—2 + 21+ z} Juel s

< Colluglay-

Co / 3 /3 6

We now turn to the estimates on the operator W, .

with

B Proof of Lemma 4.5

We first study the properties of W;°, then we prove Lemma 4.5. In passing, we correct Wrong estimates
in [8]. Indeed, contrary to what was claimed, the function W, (n, z) — e~ G(z) — 47 S T |2 introduced

in [8, page 745, Eqn. (5.3)] is not harmonic in (1 + €) @, with respect to the a-variable. Therefore,
some arguments need to be modified.

Properties of W;*

Recall that W;° = WL+ W2 is given by (4.7). We are going to prove the Hardy type inequalities
4 =>m,l <m,l

for W>m ¢ A natural idea is to compare it with the potential G,.

Proposition B.1 (Singularities for the potential WX ). For every m > 2, there exists a positive
constant Cs,, such that, for any ¢ > 0, we have

Com
4

sup Wgom,é(na ZL') - Gl(x) <
ne2Q¥
IEQ@

(B.1)
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with

1/2
O it V3 m?42 D 1) 2n[(2m — 1)% + 1] R?
ZM S o<r<ije | 2(wR)3/2 (m —1)2 i KT 5
1/2
. 3 min{(mﬁ)“ (1 477R3)1/2} 5 1
2 3 ’ - 154
4m2R 3 3 weiioy IR

Proof. The proof is similar to Lemma A.1. Notice that

W (n, ) = \WE (g )\:c) . neR3, zeR3

We therefore take ¢ = 1. Observe, from (2.20), that

—AWF(n,z) =4r Z e~ MRS ().

keZ3
Let f(n,z) = W§m71(n,x) — G1(x). Then
—A,f(n,x) =47 Z (e7™F —1)6k(2) + 47 — 4n Z l2mk—m)-z
k+#0 [kl <m
kezZ? keZ3

Let B(z,R) be a ball of center z and radius R chosen such that (UZEQ1 B(z,R)) n (Z3\{0}) = &.
Obviously, we can assume 0 < R < 1/2. Analogous to (A.2), for 0 < r < R and z € (J; we obtain

d 1 1
— | —= ds | = —= AL f(n,x)dx. B.2
dr (47r7’2 /E)B(z,'r‘) J(n.) S) 42 /B(z,r) f, ) do (B.2)

On the one hand, for any z € @1,

3
_ i / (1 _ Z ei(27rkfn)-x) dz| < 47r[(2m — 1) + 1] r
r? B(z,r) 3 7

kez®
[klo<m—1

1
472

/ A, fdx
B(z,r)

where the first equality holds since
(U BEn)n@\oh=o. foro<r<r
2€Q1

Therefore, integrating (B.2) with respect to r,

82 [(2m —1)3
- 3

= T2</ Pz + ) do — dm fn, ) < O [(Qmsfl)gﬂ]
SZ

Then integration over [0, R] leads to

3

27[(2m — 1)3 + 1] R?
1] < s ml(em = 1) + IR

+
5

/ f(n,2) do
B(z,R)

On the other hand,
1/2

1 dr B3\ dr B3\ V? 1
/ Gi(x)dx <—min{( i ) ,(1— T ) Z T
B(z,R) T 3 3 kez3\{0} |k|

Furthermore, according to the quasi-periodicity of W, 1 with respect to z € R?, for any n € 2Q%,

/ Wgom 1(”?'1') d.’L‘
B(z,R) '

41 R? 1/2
< B R W 2 1oy < ( ) W2 1o

3
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1/2

47TR3>1/2 1
< 477( _
3 klém |27k — |4

12 1/2
47 R3 |27k |2 1
<4 e —
" < 3 > s 2% — 7P |k2> 2kt
7762@?‘ oz
s 1/2
(47TR3) 2 om24 gL
= —1)2 LA
3 m(m —1) ko2 m ||
Therefore, the bound (B.1) holds for £ = 1 with
1/2
2 _ 133 2
o < V3 m?42 3 1 +2ﬂ'[(2m 1) +1]R
2(rR)3/2 (m — 1) K 2m |k|4 5
1/2
3 ar R3\? am R3\? 1
4 keZ\{0} k|
forany 0 < R < % The corresponding result for any ¢ > 0 follows immediately by a scaling argument.
O
We can immediately conclude from Lemma 4.1 and Proposition B.1 the following.
Corollary B.2 (Hardy-type inequalities for the potential WX ,). For m > 2, we have
o (1217 1—1/2 Com
W2, 71Dl ™y < { O + =5 (B.3)
and o
W2 D6l My < (Co+ 52, (B.4)
We also have the following estimate on W;W ‘-
Lemma B.3. Let m = 2. There is a constant C = C(¢, m) such that
sup |[Vy W, o0, )=, < C- (B.5)

ne2Qf
Proof. Take ¢ =1 for simplicity. Note that

AV, WS, 1 (n,x) = —4m 2 ike MRSy () + 4n Z iwel TR
keZA\{0} k] <m
kezZ?

from which we obtain
1AV, WS, 1 (n,2)| < C

>m,1

for any n € 2Q} and x € Q. Following the proof of Lemma B.1, we know
|V7IW;Om,1(77) $)| § C

The corresponding result for any ¢ > 0 follows immediately by a scaling argument as for Lemma
B.1. O
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Estimates for the exchange term

We consider now the exchange term. Let ¢¢ € H, 2 As

W eellrz = sup  [(e, Wy i), (B.6)
decL? ol ;2 =1

we only need to study the inner product (W, ¢e, ¢¢). For m > 2, n€ R? and z € R3,

WZOO (777 Z) = W;Om,l(nv Z) + me,e(n, Z) (B7)

For the term that carries all singularities in the z variable (i.e., WS, ,), we use the decomposition
(2.14) and Corollary B.2. Let v € X with v* = ~. For any & € Q} we have

| D296l Dl 2 = 37 Xa(€) [0a(€,)) Cvn(€, )] (B.8)

n=1

with (v, (&, ), vm (&, ))L§ =0mn and |v]|x = fo D=1 1An(§)] d€. Hence

e = D) Mal6) [un(€, ) ) {unl€, )]

n=1

with u, (¢, ) = |De|"Y?v, (&, -). Now, we have

][ d¢’ // W o6 — g — y)qﬁg‘ (@)ver (@, y) e (y) dedy
QF

QexQy
< F a8 3 ][ W€~ €= ) (€2 € )] o) 6] iy
QF n=1 QexQy
1/2
sf i 5 e (/Q R / | >me<s—s',x—y>||un<«s/,x>|2dw)

1/2
Y ( / b (@) de /Q W2, (6 € —y) |un<§',y>|2dy)

“(f,

£

Com
(o + S 3 (@ 11De 20 ',->|%2<£/>ds'> el el

n=1
Com
L

< (Cr+ %) s 1oeluz el (B.9)

with the help of (B.3). Thus, for every v € X with v = v*, we have
C>m

[Womaly < (Cu + ) Iyl (B.10)

Using the Cauchy—Schwarz inequality and (B.4), we can also argue as follows whenever v € &, 1 with
* .

Fae [ we, (- €0 —0)ot@he e (D00 w) dedy

o QexQe
(@//pwg, ) 6¢()? drdy (@//pwg, 2) [Wea (€~ € — )| 1Del ) ? drdy df’
eXQy
Com
< (Ca+ ) Inlou el el (B.11)
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Thus, for every v € &1 1 with v* = =, since |D°|7! € G, o, we have

_ Com
W Dy < (Ca+ 552 ) Dol (B.12)

Additionally, when v € X7 with v = 7* (which includes the case v € X2), one can prove that Ws,,
belongs to &3,o. Recall that [Wxp, y|e., = [[Wam~( ')HLP(QZ";N(QMQH)' The main ingredient is

that ,/p,| € H'(Q¢) when v € X7. Indeed, analogously to (B.8), for any v € X7, we have

|Delre| Del = 3 1n(€) on (€, ) (onlé, )| € S,y (B.13)

n=1
. » 1/p
with (0 (€, ), vm (€ ) 2 = S and [7l1xz = (fgx (Lo (€))7 dg) . Hence

Ve = Z ,Un |un 57 ><un(§;)|

n=1
with un(€,-) = [De| " vn (€, ) € HE(Qy), from which we deduce, adapting the proof in [8, Eqn. (4.42)],
that )

IvPrila @ < s, (B.14)

since p|,| = szg Yzt ln(©)] un(€,-)|?dE. For every £ € QF, the kernel of W, ¢ writes

W?m,’y,f(l‘ay) = 72* Wgom,é(gl - €,.’L‘ - y) ’75’(‘T’y) dg/ (B15)
[

We now use the bound (B.1) on W, , and split the kernel W, - ¢ in two terms :

Woninclr.0) = £ Gle =016 + f 1€~ —m)retep)de

14

= Gl =) (0) + f HE & =), (B.16)

with f € L®(2QF x 2Q). The second term in (B.16) lies in L*(QF; L*(Q¢ x Q¢)) as soon as v € &g 1.
Therefore, the delicate contribution comes from the term involving the potential Gy that we bound
from above by using (2.19):

//Q 0 Ge(@ =) *ppy () oy (W) dady < [|Gel? 1), ol L2@o ol oz,
e X&p

< HGZH%Z(QZ) H\/Pl'ylH%G(Q[)H\/PMH%L"(QH
<C HGKH%?(Q[) |\\/P|7|HZ}{1(Q[)-

Finally, using (B.14), we have
Wemales .. <Clylxz (B.17)

where C' is a positive constant that depends only on m and /.

We now study the contribution of the term involving W, ¢, that carries the singularities in the n
variable. For this part of the proof, we only need that v € Y. Then, we may write

Fag' [[ W (6-¢on—v)otahe . )vet)dsdy

¥ QexQe

7[ I, T et 0) vl ey
L) Yer\ &, Y Yy)axay
"XQ" kez3 & —¢— #f ¢ ¢ ¢

[klo<m—1
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Ar i€ =€) (z—y)
< — (@) e (x, dadydg’
S EZ ][ //leQ[ e 0 (@) ver () e (y) dwdydg

Ikl <m—1QF

|k\7<mlee ‘

4 2km 2k7r

< Ogme ess sup |y |pez,) [¥elzz |9l ez

&eQf
with
¢ " 2 7[ £ Suck) / “ (B.19)
m — Su _ - -
<m,l = 03 p ) |§/7§|2 ol |§/|2
€EQF |y Slm—1) QF+3= (=112

Thus, for every ye Y, We, , € Y and

Wemylly < (B.20)

We now make a further assumption on 7; namely, v € &1 4. (Actually, weneedy € &1 4 € 611nS1 )
We first observe that

2ikm

Very 2km (x,y) =¢ ¢ (z=y) Yer(x,y) for every & € QF, k€ Z® and z, y € R,

In particular, = p,., forevery ¢ € Q¥ and k € Z3, and the function of & — Tr,2(7e) is
P~ ¢/ 267 Ve 0 L\'re

Q7 -periodic. Next, we write

4 —1(5 —£— 27rk) (z—y)
][dg’ // g_;f 3 € oy OF (@) ver (2, y) Ye (y) dody
2

p I __
¥ QexQe \k|£€£’; 1 ¢r-¢
4 1/2
<% f // oL () ol () e )] 0% ()] dardy
mo’ii%ifl@z‘ﬂ“ o,
1 1/2
- / // oL (@) 012 () 10 (o) dndy
(2m—1)Q* QeXQe
1 Ivells, ) .
<om| / TS | Ivelsg oz (B.21)
(2m-1)Q¥F

where the last estimate follows from the Cauchy-Schwarz inequality. Here and below we use the fact

that
27k &
— — ) d€ = / d - / d /,
]é (¢~ = 3 7[%@2‘ 1€ = o /(%_W 1(&)) dg

ke23 kez?
[k|lo<m—1 [k|lo<m—1
since (QF + 27k/l) N (QF + 2nk’/l) = & whenever k, k' € Z3 with k # k’. We focus on the quantity
inside the brackets in the last inequality. By Holder’s inequality, for v € &1 ., and for some constant
CZ,, ¢» we obtain

1 /
< — esS SU.p/ HW& HGl(f) d€
2 e Jem-1)QF ’ 5‘

H W<m77 | Y
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de’ 3/4 1/4
s Com ( / 7/) ( / e 1, e df’)
eeQf \Jem-1QF |¢/ — ¢ (@2m-1)QF

3/4
de’

= (2m-1)**C (/ 78/3) e, 4
(2m—1)Q* |§’ — §|

3/4 1/4
v\lém\lvl\él,l- (B.22)

Following the lines of the proof of (B.21) and (B.22), we obtain, for every § € QF,

< C/Sm,d

HW<m,'y,§(', ')HLQ(QZXQZ) < C Z H’YE//('a ')HLQ(SFIZI:EQIZ) dfl - C / HFYEI/ H62(§2’) dfl 7
kEZS E3 |§ 7577| E3 |§ 7§|
|kl <m—1Q2 (2m-1)Q}

and, by Young’s convolution inequality, the right-hand side belongs to LP(Q}) as soon as vy € &5 ), with
1 < p < 400 (which is guaranteed whenever v € &, ), where C' is a positive constant which depends
only on m and £. In particular, for every 1 < p < +00,

[Wemn

(&2, < Ces,- (B.23)

Since ||v|s,, < |v]|x and |[D°|7%2 < 1, the statement of the lemma follows : From (B.9) and
(B.18), we obtain (4.8); from (B.9) and (B.22), we obtain (4.9); from (B.11) and (B.18), we obtain
(4.10). More precisely,

Cw=Cu+Ci Cy=Cs+Cy, Cy =Cy+Cy, (B.24)
with
3 CZm /. CZm /
Cy = %Ig\] 7 +Cgm7g>, Cy = 7gg\]( 7 +Clpmi | - (B.25)
m=2 m=2

C Proof of Lemma 4.7
Analogously to (B.6), we have

[V7.eellLz = sup  |(¢e, Vy.ee)l- (C.1)
deeLZ, H¢£HL§ =1

We can rewrite as W;° = W2, + G+ (WX, , — Ge). According to Proposition B.1 and (B.18), the

m
terms associated to Wzoml and (WX, — Gy) are easily bounded. The aim of this section is to get a

=>m,l
better estimate on the following term :

//Qere Gelw =)oy ()9 () e () dedy — ]é? d¢’ //QMQE Gilw = y)o¢ (@)ve (@, y)ve (y) dady.

From now on, for any function f € L?(Qg, C*), we denote f := (f*)1<a<4. We use the decomposition
(2.14) for v € 61,1 nY such that v = v*. Then as G(z) = G(—x), for almost every £ € Q}, we may
write

Gl =0) [pr )08 () () = 2 @ o)) oy
QexQy

= 2 M(€) //Q o, Gl =) (€ )P0 (2) e @) = 07 ()un (€, 2l (€' )e(w) ) dndy

n=1

DN //Q o, Gt (€' 9oL @) — o2 (€' m)

n=11<a,/<4

x (us(€y)0l (@) — w2 (ul(€, 2)) dudy. (C2)
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Estimate for (4.12). By Lemma A.1, we have

Y Geta-w) (€0l @) - @) (s vl @) - el o)) dody
=Pt xQ.
) 1/2
( I (G- )Pz ed @) - i oo ) dxdy>
1<a,8<4 7/ QexQe
) 1/2
(4 B\ _ g ') dzd ) C.3
X (K;@//QMQ[ ‘u (& )L () — u) (¢, )0 (y)‘ x y) (C.3)
Thus according to the Cauchy-Schwarz inequality, we have
|| Gota =) (ui€ 00l @) - W) (u(€ vl @) ~ Ve il 2)) dody
I<o B<4 ox Qe

1/2
( Y 1Gie - u)Plunte’ o) Pleeta |dxdy) (@ A |u:<£cy>|2|¢§<x>|2dxdy)

Isa B<4Q X Qe eXQy
< 206 el |1 Deltel -

Substituting this inequality into (C.2) and using the decomposition (2.15), we get
| Gle =) ()2 @c(o) ~ 6 ahre o)) dac
12857

< Ca D) (@)l el 2l Delvrel 2 = Cale s, el del || Delvre .z,

n=1

from which we get

’//MQ@ Y)p(y )¢g( x) ¢ () daedy — ]2* d¢’' //MQ@ (x — )qﬁg( 2)ve (z, y)e (y) dady
< Calvller I 9elcz | Delvel 2

(C.4)
Combining (C.4) with Proposition B.1 and (B.18), we get for any ¢¢ € L and ¢¢ € H},
(e, Vygvbe)l < (Ca + Co) ey [l 2 | Del e 2,
hence (4.12) with
C}EE =Cq +Cy (0.5)

with Cy given in (B.25).

Estimate for (4.11). As v € Z, we use the decomposition (B.8) for v¢. Analogously to (C.3), we
also have

S Grlo- v (u€ 6@ - Wi 0) (u€ ) @) - bEuE ) dady
ISl xq.
1/2
2(@ || 16t = plln(e wPlocta Fdzdy) (@ /| |Ge(zy>||u::(§',y>|2|¢z‘<x>|2dzdy)
eXQe eXQe

from which by the decomposition (B.8) we get

|//QQ V)oyW)og () (@)dedy - ][ e[| il oine el dedy
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1/2
< (]fgg, df’ 7;1 |An(§’)| //QEXQE |G€(:C — y)”un(g”y)|2|w£(x)|2dzdy>

1/2
x <]é ¢’y IAn(ﬁ’)I//QMQE Go(x = y)llun (&, y)I"[6E ()] dwdy)

14 n=1

< Crrlylx el zlve oz (C.6)

where the last inequality holds by using Lemma 4.1.
Combining (C.6) with Proposition B.1 and estimate (B.18), we get for any ¢¢ € L and ¢ € H{,

(9, Vaeve)l < (Cr + Co)[v] 2l dell 2| | Deldel 1z,

hence (4.12) and
Cegrg = Cy + C,. (C?)

Estimate for (4.13). Combining with Proposition B.1 and estimate (B.18), analogous to (C.6) it
can be derived directly from:

‘ // Gl — 9)py ()0 (@) () dxdy — f e’ / Gl — y) (e (@, y e (y) dedy
QexQe * QexQe

< (][Qs/ dé’ ;1 |An(§/)| //ngQ[ |G€(1' — y)”u"(glvy)|2|7/)§($)|2dzdy>

< Cr e ll1Del vl 7

using the decomposition (2.14) for 7¢. Hence (4.13) and Cgg.

Estimate for (4.14). Notice that |ye (z,y)| < py,, ()24, (y)"/? since v = 0. Thus, according to
Lemma A.1 and the Cauchy-Schwarz inequality,

7[; e’ //Q o, Gl =0 e ) ddy //Q L, Gele =y @) dody

< //Q[XQ[(IGe(:c —y)l = Ge(x =)oy ()|t (2)|* dzdy < 2—%|WH61,1H¢H%§.

Combining with Proposition B.1 and (B.18), we get

C
(e Vi) > = (G4 ) Ilewaov el

hence (4.13) and
2C
= 70 +Cy. (C.8)

D Numerical results about constants

In this section, we will show the numerical results about the constants used in Remark 2.8 under the
condition ¢ = 1000. Next, we show that Assumption 2.5 is satisfied for ¢ < 17 for the neutral systems.
We compute numerically the value of the bound of the potential G, — ﬁ First of all, we calculate

1
Z ——_ A~ 16.512.
4
keZ3\{0} |kl

Thus, Cy ~ 5.019 and we can choose Cyg = Cg ~ 2.011. Concerning the estimates involving the
potential Wy, we set m = 2. When R ~ 1,

|C>2] <20.912, C<2,1000 ~ 0.010.
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Thus, we get Cyw ~ 2.042, and Cj;, ~ 2.042. Then, Cgg ~ 2.052, Cp ~ 2.052 and C%; ~ 0.041.

Finally, we estimate ¢*([q]) which is given by (2.9). Let u, ¢(x) = e@™/+0)% with p e Z°. Then

(Up,¢)pezs is an orthogonal basis on LF(Qy). Obviously, (A*uy¢), is equally an orthogonal basis on
Lg(Qg) Let

‘/[‘ﬂ = Span{A+uPaf($) ‘p = (j,0,0),j € {17 T a[Q]}}

Then

c*([g]) < sup sup

1/2, 42
123 U HLg _ \/1 . 472([q] + 1)2
EeQf ufeViy HUE H%g

[2

Now we can check Assumption 2.5 for z = ¢ = 17. The calculation leads to a ~ 0.010 and ¢*(17) <
1.006. Thus, we have

o K+ %CEEq+ ~ 0.631 < 1,

o 2a/max{(1—x —$Creq*)~1(1—r)~Lc*([q])q, 1}¢T < 0.973 < 1.

Consequently, Assumption 2.5 is satisfied for z = ¢ < 17 whenever ¢ = 1000.
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