GROUND STATE PROPERTIES OF GRAPHENE IN
HARTREE-FOCK THEORY
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ABSTRACT. We study the Hartree-Fock approximation of graphene in infi-
nite volume, with instantaneous Coulomb interactions. First we construct its
translation-invariant ground state and we recover the well-known fact that, due
to the exchange term, the effective Fermi velocity is logarithmically divergent
at zero momentum. In a second step we prove the existence of a ground state
in the presence of local defects and we discuss some properties of the linear
response to an external electric field. All our results are non perturbative.
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1. INTRODUCTION

Graphene is a mono-crystalline graphitic film in which electrons behave like 2-
dimensional Dirac fermions without mass. It has attracted a huge interest in the
last decades [46]. The Fermi surface of metals in dimension d is usually (the union
of) (d — 1)-dimensional manifold(s), whereas for gapless semi-conductors it is often
composed of parabolic-like points. Graphene, on the other hand, has a peculiar
quasi-particle dispersion relation which is conical at the degeneracy points, leading
to the effective massless Dirac equation. This is not so exceptional, however. It was
recently shown that conical singularities are generic in (non-relativistic) quantum
crystals having the honeycomb lattice symmetry [14]. The conical dispersion rela-
tion, combined with the fact that the Fermi velocity vg is 300 times smaller than
the speed of light, makes graphene an ideal condensed matter system for testing in
the lab our understanding of 2D massless relativistic particles [47, 55].

Quantum Electrodynamics (QED) is a very powerful theory which, however,
has only been rigorously formulated in a perturbative fashion. The small value of
the Fermi velocity in graphene restricts the validity of perturbation theory and it
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is important to be able to resort to non-perturbative methods. Short range in-
teractions in graphene are well understood [23, 17, 18]. They do not modify the
general properties of the ground state as compared to the free case. The effect
of long range Coulomb interactions, however, is much less clear. For continuous
graphene described by the Dirac operator, it was argued in [22, 44] that instan-
taneous Coulomb interactions lead to an additional logarithmic divergence in the
infrared regime for the interacting Fermi velocity. When the continuous graphene
sheet interacts with the photon field, a careful renormalization group analysis for
retarded interactions with an ultraviolet cut-off [20] indicated that the Fermi veloc-
ity actually has a limit, but that it is in general smaller than the speed of light. On
the other hand, if graphene is rather described by the Hubbard model on the honey-
comb lattice with retarded interactions, then it was proved that the effective Fermi
velocity tends to the speed of light at small momentum [21], with an anomalous
exponent. The fact that the Fermi velocity is modified by the Coulombic interac-
tions has recently been observed in experiment [11]. The authors [11] even noticed
that the observed behavior fits well with the predicted logarithmic divergence at
low momentum.

In this work we shall not consider retardation effects, but instead confirm the
logarithmic divergence in the case of instantaneous Coulomb interactions, in a fully
non-perturbative setting, based on a Hartree-Fock model. Our approach closely
follows the methods developed by Hainzl, Lewin and Solovej in [31] concerning the
Hartree-Fock approximation of 3-dimensional Quantum Electrodynamics, which
relies on earlier work, jointly with E. Séré [27, 28]. All these works, which are
summarized in [30, 13], are purely non-perturbative and hold for all values of the
coupling constant 0 < o < 4/m ~ 1.27 in 3D. For a > 4/, the system is known
to become unstable [7]. In the present work we extend these results to (massless)
electrons in two dimensions. We identify the exact Hartree-Fock ground state of
the system at half filling and zero temperature under the sole assumption that

0<a<a. orequivalently, vp > v,

where the critical effective coupling constant «, (defined below) is such that a, >
0.48637, or equivalently v, < 2.0560. These estimates, however, are rather crude.
Rough numerical calculations indicate for the critical velocity v, a value about 0.5,
which implies for the critical coupling a. a value about 2.

Our methodology is as follows. We consider a Hartree-Fock type model in which
particles interact through the instantaneous Coulomb potential and with a kinetic
energy given by the massless Dirac operator. Since we do not use normal-ordering,
the Hamiltonian is unbounded from below. However, we shall, as a first step,
construct the free Dirac sea (i.e., the absolute minimizer of the energy in the absence
of external fields) by means of a thermodynamic limit. This state corresponds to
filling the negative energies of an effective mean-field translation-invariant operator
of the form veg(p)o - p. Here, vegr(p) denotes an effective Fermi velocity which we
shall compute exactly. We shall show that, for small momentum, it diverges like

1 A
~ —1 —_—
vt (P) p—0 4 o8 Ip|

)

where A is a fixed ultraviolet cut-off. In a second step, we shall introduce an external
electrostatic field and obtain a bounded-below energy by subtracting the (infinite)
energy of the free Dirac sea. This enables us to prove the existence of a ground
state in the presence of the external field, in infinite volume. In other words, we
use the translation-invariant free state as a reference and we describe variations
compared to it.
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In addition, we shall calculate the linear response function B(p) of the density
of charge of graphene to an external electrostatic field, and we shall show that, in
the limit of small momenta,

B p) p:O - AYS
4 log (m>
It is interesting to note that the dielectric behavior of Hartree-Fock graphene is
universal at low momentum, that is, independent of the bare Fermi velocity vg. As
we shall see, this follows from the fact that the effective Fermi velocity veg(p) has
the same property.

As compared to the previously quoted results in 3 dimensions, we deal here with
massless Dirac fermions. Mathematically, this creates a certain lack of control of
the behavior of minimizing sequences in the infrared domain, which complicates the
study of the exchange term. Interestingly, though, our existence proof for ground
states heavily relies on the effective Dirac operator including the logarithmically
effective Fermi velocity, which can be used to get a better control. On the other
hand, the ultraviolet behavior which was problematic in the three dimensional case
is not an issue here. For graphene the limit A — oo would even have no meaning
since the Dirac dispersion relation is only valid for low momentum anyhow. In this
paper we consequently impose a sharp ultraviolet cut-off A which is kept fixed all
along our study and which mimics the presence of the underlying lattice.

The paper is organized as follows. In the next section we properly introduce the
Hartree-Fock approximation of massless 2D QED. Then, in Section 3 we construct
the free Fermi sea of graphene and we discuss the Fermi velocity divergence at
low momentum due to the Coulomb exchange term. In Section 4 we prove the
existence of a ground state in the presence of external fields, like those induced by
defects in graphene. This will allow us to compute the linear response of graphene
in Section 5. Section 6 contains the proof of our main theorem, whereas in the
Appendix we prove a useful localization formula for the massless pseudo-relativistic
kinetic operator v/—A.

Acknowledgment. M.L. acknowledges financial support from the French Ministry
of Research (ANR-10-BLAN-0101) and from the European Research Council under
the European Community’s Seventh Framework Programme (FP7,/2007-2013 Grant
Agreement MNIQS 258023).

2. HARTREE-FOCK THEORY OF GRAPHENE

In this section we describe the Hartree-Fock approximation for graphene at half
filling, following [31]. Our (unperturbed) sheet of graphene is seen as an infinite
translation-invariant system of 2D massless electrons interacting through the 3D
instantaneous Coulomb potential. The latter is justified by the fact that while
the electrons in graphene are essentially confined in 2D, the electric field clearly
still acts in all three spatial dimensions. The corresponding formal 2D QED-type
Hamiltonian, written in Coulomb gauge, then reads [22, 23, 4, 46]

V=u (r)o - (—1 x)dz x)p(x
1) B = [ V@ (V¥ dit [ Vi)

X
1
N 7// p()p(y) d dy
2 R2 xR2 |$*y\

with o = (0!, 0?), the first two Pauli-matrices. Here, and in the following, we shall
use the notation
D = —io -V = —io'0,, —i0%0,,
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for the massless 2D Dirac operator.

We are working in atomic units with Planck’s constant and the mass of the
electron normalized to 1, i = m = 1. We also assume that e?/(4wx) = 1 where &
is the dielectric screening constant of the substrate on which our graphene sheet is
placed [46, 45]. In these units, v is of order 1. Thus the electrostatic interaction,
i.e., the last term of (1), and the kinetic part are of the same order. Moreover,
since the effective speed of sound in graphene is much smaller than the speed of
light, the use of instantaneous interactions is justified. The internal variable of the
electrons is a pseudo-spin which describes to which of the two interlaced triangular
lattices of carbon which make up the hexagonal lattice the electron belongs [46]. In
this paper, we have neglected the (regular) spin of the electron for simplicity. The
previous Hamiltonian describes well the electrons with energies about the Fermi
energy of graphene, provided that they live on a much larger scale than the lattice
size. In this regime graphene can be seen as a continuous medium, leading to the
2D QED-type Hamiltonian (1).

Let us now briefly explain the main objects which enter in the definition of
the Hamiltonian (1). In there ¥(x) is the second quantized field operator which
annihilates an electron at x and satisfies the anti-commutation relation

(2) U (2)s U (y), + P (y), ¥ (2)o = 200,,0(x — y),

with o,v € {£1/2} the pseudo-spin variables. The operator p(x) is the density
operator defined by

(3) p(m) _ Z [\I’Z(Z‘)é\l’g(ﬂ})]’
o=1

where [a,b] = ab — ba. Finally, the function V is a local external electrostatic
potential which is applied to the system. It is for instance induced by a set of
defects in the system. The Hamiltonian H" now formally acts on the fermionic
Fock space .# for the electrons. The commutator in the definition (3) of p(z) is
natural at half filling and it ensures charge conjugation invariance [49]. Precisely,
we have
Cp(x)e™ ! = —p(x), cHY ¢ '=H",

where % is the charge conjugation operator acting on the Fock space. The Hamil-
tonian HY is unbounded from below on .# and it is not even a well-defined self-
adjoint operator. However, it is still possible to define it in a box with suitable
boundary conditions and with an ultraviolet cut-off, as was done in [31] (see Sec-
tion 3 below for more details).

We have already neglected photons in our model. We shall now make another
approximation, by restricting our attention to Hartree-Fock states. Let us recall
that the electronic one-body density matriz (two point function) of any electronic
state ) is defined as

1@,Y)o0r = (T (1) ¥ (y)or) -
It is an operator on the one-body space such that 0 < v < 1, due to the anti-
commutation relations. It is an orthogonal projection for (and only for) pure
Hartree-Fock states. In view of (3), it is natural to introduce a renormalized one-

bOdy density matrix
U(x o V] o
'Yren(l'vy)o,g/ = <S! ‘[()Q(y)] “>

By (2), we obtain the simple relation

1

Yren :’7_§a
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where [ is the identity operator on the one-body space.

Electronic Hartree-Fock states form a subset of states which are completely de-
termined by their density matrix v (or equivalently by their renormalized density
matrix Yren = 7 — I/2). The energy of any such Hartree-Fock state reads

(H") = Exp(y = 1/2) + C

where the constant C diverges for infinite volume, and

(4)  ENe(ren) = vp t(D%pen) + / V(@) pyn () da

+ 1// p'Yrcn( )p’Yrcn( dx dy // |’yren )| dxdy
2 J JrzxRr2 |z —y| R2 xR2 |x—y|

with p,,.. () being the density corresponding to Yen. On a formal basis p,,., (z) =
tre2 Yren (2, ). Since, however, Yoy is in general not trace-class this is only formal
and a precise definition is presented in Lemma 4.3. In (4) the reader can recognize
the well-known Hartree-Fock energy [42], but applied to the renormalized density
matrix Yren = v — I/2 instead of the usual density matrix . This is of course a
consequence of our choice of a charge-conjugation invariant density operator p(x)
in (3). The last two terms of the first line of (4) are, respectively, the kinetic
energy and the interaction energy of the electrons with the external potential V.
In the second line appear, respectively, the so-called direct and exchange terms.
In Relativistic Density Functional Theory [12], the latter is approximated by a
function of p, and its derivatives only, a procedure which we shall not follow here.

One of the main goals of this paper is to construct ground states for the Hartree-
Fock energy (4) describing electrons in graphene. This energy is not bounded from
below and it is not well defined as such, because these states always have infinitely
many electrons. But following [27, 28, 31] we shall see in the next section that it is
possible to construct ground states by using a thermodynamic limit procedure.

In this section we have considered generalized (mixed) Hartree-Fock states,
whose density matrix + only fulfills the condition 0 < v < [I. This technique
was first proposed by Lieb [38] and it is very convenient when proving existence
results for ground states. In view of a variational principle from [38], Hartree-Fock
ground states are always pure in the presence of repulsive interactions, i.e. their
density matrix is automatically a projection in the end.

3. FERMI VELOCITY ENHANCEMENT IN HARTREE-FOCK GRAPHENE

In this section we consider a graphene sheet without any external field, V = 0,
and we investigate the effect of the Coulomb interactions among the electrons.
In mean-field theory it is well-known that the effective Fermi dispersion relation
becomes singular at 0. This enhancement of the Fermi velocity has already been
remarked in [22, 36, 53, 4]. Our main contribution in this section is the rigorous
proof that the so-obtained state is actually the true ground state of the system.
The method thereby follows that of [31].

If the electrostatic interactions between particles are neglected and the system is
confined to a box with periodic boundary conditions, it is obvious that the unique
minimizer is the (non-interacting) free Dirac sea, which converges in the thermo-
dynamic limit to the infinite-volume (non-interacting) free Dirac sea. The latter is
an infinite Hartree-Fock state containing all the negative energy electrons (in ac-
cordance with the old Dirac picture [8, 9]), whose density matrix and renormalized
density matrix are, respectively, given by
(5) P°=1(D°<0) and 0 ——LO—PO =

- —= Yren = 2|D0‘ - =

B |~
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When interactions are taken into account, the free Dirac sea changes but it stills
remains translation invariant. The latter was rigorously proved in the (massive)
3D case in [31], for o < 4/m. The same result will be true here.

The energy per unit volume of a translation-invariant state Jren = fren(p) is
given by

0 S = g (o [ el ppt)an - [ Emtlac).

This energy is bounded from below provided an ultraviolet cut-off A is inserted.
In the context of graphene, the ultraviolet cut-off A mimics the presence of the
carbon lattice in graphene. Its physical value is A ~ 1 A™". The state Yren 1S &
multiplication operator by the 2 x 2 matrix fien(p) in Fourier space, supported in
the ball of radius A. Its kernel in = space is then given by (—27) ™! fyen (2 —y) where
fren is the Fourier inverse of frn. The density of charge of any such translation-
invariant state is found to be constant in space:

Pyren = (27‘-)71 tree fren(o) = (27‘-)72/ tre2 (fren(p)) dp.
B(0,A)
The second term in the energy (6) is the exchange term per unit volume. We have
assumed that our translation-invariant state 7., has no density of charge and thus
there is no direct term in the energy. We will verify below that, indeed, p,,., = 0 for
the minimizer. On physical ground it is clear why this must hold since the Coulomb
energy of a constant density of charge is not proportional to the volume unless it
vanishes identically. Recalling that ven = v — I/2, the constraint 0 <~ < I then
takes the form
Ic2

1
(7) & S fealp) < =5 forace. [p| A,

where Ic2 is the 2 X 2 identity matrix.

Remark 3.1. Let us remark that adding the ultraviolet cut-off A is equivalent to
replacing the one-particle Hilbert space L?(R?,C?) by the Hilbert space

(8) 9a = {p € L*(R?,C?) : supp(@) C B(0,A)}.

In this section we will show that the non-interacting state 75, defined in (5)
and which consists in filling all the negative energies of the free Dirac operator,
is the unique ground state of the interacting energy per unit volume (6). This
surprising fact only occurs because of the absence of a mass. It is not true for
massive particles, for which the interacting ground state depends in a nonlinear
manner on interactions [41, 31].

The renormalized density matrix 4%, is the multiplication operator in the Fourier
domain by the matrix

I

0 og-p
= —_—— = ]]_ oo . _—
ren( ) 2‘p| ( ,0) (0' p) 2

Because the Pauli matrices are trace-less, the charge density of this state vanishes,
ie., pyo =0, as was announced before. The mean-field (Fock) operator of this
state is given by

.froen(m B y)

9 DO = DY — )
®) o 27|z — y|

It is nothing else but the derivative of the energy (6) at £, . The second term on
the right is the exchange term. The following gives the formula of D in Fourier
space.
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Lemma 3.2 (Effective velocity of graphene). With 2 (p) = —o - p/(2|p|), the
mean-field translation-invariant operator (9) can be written as

(10) D°(p) = vt (p) o - p, where Ve (p) := vp + g (G;)

and

cos 6
11 R) = —/ / rdrdf.
(11) 9(F) 2 Jo Jo V1?2 —2rcosf+1
The function g is increasing on [1,00). It satisfies

2G -1

where G =3, <o(=1)"(2n + 1)=2 ~ 0.9160 is Catalan’s constant and

g(r) = 10g4(7") +0(1)r—oo-

~(.1324

We see that the effective Fermi velocity veg(p) is logarithmically divergent at
p=0,ie.

Veft (p) = log‘ | O(1)p—0-

This is the well-known velocity enhancement mentioned in the title of the section
(for comparison see, e.g., [46, Eq. (220)]). Here the O(1) is independent of A.

Remark 3.3. The logarithmic divergence is sometimes called the Kohn anomaly.
It has the effect of reducing the density of states near the Dirac energy [46].

Using that g(A/[p|) > ¢(1), we see that
D°(p)| = (vr +9(1))| D°(p)],

an inequality that will play an important role later when we will show that 7%
is the unique minimizer in the absence of external potentials. But before we shall
state the proof of Lemma 3.2.

Proof. Using that the Fourier transform of |z|~! is exactly |k|~! in 2D, we can
write the translation-invariant operator D defined in (9) in Fourier space as

1 fo ( ) 1 Wi
12) wvpo-p—D° / e~ dk = p0'~/ dk
(12) e #) =5z kj<a P — Kl i k<A lpl [k — wpl

with wy := k/|k|. It is clear that the vector

/ L dk
k<A /lp| [k — wpl

is co-linear to p. Hence we can also write

Wy * WE
_ Yk gk = / —dk
/|k|<A/p |k — wpl P Jzaspl Tk — @yl

which leads to D°(p) = veg(p)o - p with veg(p) as in (10) and
1 Wy * Wk
g(R) = / P dk
4z |k|<R |k5 wpl
2m
/ cos6 rdrdf
~ in 0 Vr2—2rcosf+1

1 (72 1 1
= — / cosf ( — > rdrdf.
21 Jo 0 V2 —2rcos0+1 VrZ+2rcosf+1
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Since the integrand is non-negative, it is now clear that g is increasing on [1,00).
For large R we have

logR [™/? log R
g(R) ~ o8 / cos2fdf = 8
R—o00 s 0 4

For the value of g(1), we integrate first in r and obtain

1
/0 T = L cos(0) log (145071 (0/2)) + 25in(0/2)

and we therefore get

g(1) = % /077 <c052(9) log (1 + sin‘1(9/2)) + 2 cos(6) sin(9/2)) do
= OW cos?(0) log (1 + sin(6/2)) df — % /077 cos?(0) log (sin(0/2)) d6 — %

The result follows by explicit integration, using that

/4 w/4
G=2 / log(2 cos(0)) df = — / log(2sin(0)) do.
0 0

This concludes the proof of the lemma. O

Because DY is equal to the original D° multiplied by vr + g(A/|p|) > g(1) > 0,
we have
DO 1
0 0
VYren = 72‘D0| = ]1(—00,0)(D ) - 5

In other words, the non-interacting free Dirac sea solves the nonlinear equation of
the interacting system. This is in stark contrast with the results of [41, 31] in which
the interacting Dirac sea was found to be very different from the non-interacting
one, as we have already mentioned. With Lemma 3.2 at hand, we are now able to
prove that 72, is indeed the global minimizer of F, for vp larger than a critical
velocity which is related to the best constant in a Hardy-type inequality involving

the mean-field operator |DP|.
Consider the following function
2
[ e
(13) h(vp) := sup R .
pesn\(0} (¢, [Pl (or + 9(1/1PD)¢)

Note that since g(1/|p|) > g(1) for |p| < 1, we have

@)
L /R o ¥ 1
vr +g(1) pEL2(R?) (e, [plp) vr +g(1) 21‘(3/4)2'

In the last estimate we have used the known value of the best constant in the
Kato-Hardy (also called Hilbert) inequality

_ [(1/4)*
1

< — 1 7
1™ = Sy
in 2D, see [33, 54] and [40, Lemma 8.2]. From all these facts is it obvious that the

function h defined in (13) is decreasing and converging to 0 at infinity. Our main
result is the following

(14)  h(vp) <

(15) V-A
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Theorem 1 (Ground state of free graphene). Fiz any ultraviolet cut-off A > 0. If
vp > v = h1(2),

for instance

1T(1/4)?
vop > LLO/4)

4T(3/4)?
then the minimization problem

min {f(Vren) * Yren = fren(p)a 7]13(0,A)/2 < fren < IlB(O,A)/27 Pren = O}

with F defined in (6), admits the unique minimizer

0 DO DO

(16)

—g(1) ~ 2.0560,

Yren = _2|D0| - —Q‘Dol .
The estimate v, < 2.0560 which comes from the bound (14) is rather crude.
Rough numerical calculations suggest that v, is about 0.5.

Proof. The proof is exactly the same as in the massive case [31], since the argument
of [31] relies on the fact that the Coulomb potential can be estimated by the effective
mean-field operator, which does not require a positive mass.

Going back to Formula (6), we write

F) = F ) = g ([ T 0) U0 20 0)

L (F - Eef)(x)|2d”“">'

Using that —1(c-p < 0) < f(p) — f2.(p) < 1(o - p > 0) exactly as in [31], we see
that

Tre: (D°(p) (F(p) — o (p)) = Trez (ID° ()| (f(p) — fon())?)
> h(vp) ™ /]Rz ||Fx||dm

for a.e. p € B(0,A) and with F':= f — f% . Here we are using that, by scaling, the

ren*

best constant in the Hardy-like inequality is independent of A,

/ e@)?
Bop) = sup 22

pena\{0} (¢, D) .

s (v -3) | e

Since h is decreasing, the right side is non negative for vp > h~%(2). Using the
estimate (14) on h(vp) we conclude that

Hence we conclude that

‘F(’Y) - -7:(7?&1) >

_ 1T(1/4)?
=h71(2) < = — (1) ~ 2.0560
ve=h'@) < S~ 9
and therefore the theorem is valid for v > 2.0560. O

In summary, we have proved that 4/ = PY —I/2 is the unique minimizer of the
energy per unit volume when V' = 0. Arguing exactly as in [31], it is then possible
to prove that 72, is also the thermodynamic limit of the true ground states of the
Hartree-Fock energy, without the translation-invariance ansatz. The proof is even
much easier than in [31] since 7, is known exactly and solves the self-consistent
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equation in a box as well. Instead of pursuing this route in detail, we accept that
79 . is the actual free Dirac sea, and we now study local perturbations of it, in the
spirit of [6, 27, 28].

4. GROUND STATES OF HARTREE-FOCK GRAPHENE IN LOCAL EXTERNAL
POTENTIALS

Let us now come back to the Hartree-Fock energy (4) and assume that the
external field V' does not vanish. We will always make the assumption that V is
local in a sense to be made precise below, which puts us in a situation where we
can think of the sought-after Hartree-Fock ground state as a local perturbation of
the free Dirac sea.

We consider any Hartree-Fock state described by its density matrix v (or equiv-
alently by Yren = v — /2, its renormalized density matrix) and which we assume to
be “sufficiently close” to P°. The infinite volume Hartree-Fock energy of Yyen is of
course infinite, it is asymptotically proportional to the surface volume like the one
of ¥, = P% — I /2. However we can, at least formally, subtract the (infinite) con-
stant EXp(1,) = E3r(15,) and obtain a perfectly well-defined energy. A formal
computation yields

EI‘{/F (Yren) — SP‘fF(’YEen) = 51‘3/DF(Q)7
where
Q:'Yren_r}/?en:ry_Pg
and where £Yp is the so-called Bogoliubov-Dirac-Fock energy, formally defined by

(1) E4oe(@ = ('@ + [ Viwpoloydo+ 5 [[ 2P gy

|z =y

2
// Q@ 9P . dy.
R2 xR2 |33*?J|

with pg being the density corresponding to @ (see Lemma 4.3 for a precise defini-
tion). Again the energy functional looks like the usual Hartree-Fock energy, with
the difference that D° now appears instead of D® and that it is applied to the op-
erator () which is a difference of two Hartree-Fock density matrices. The operator
Q satisfies the constraint

0 0 0
—PY<Q<1-P° =P

Remark 4.1. To our knowledge, the idea of subtracting the infinite energy of the
free Dirac sea in order to get a bounded below energy, was used for the first time
in [31]. This was generalized to positive temperature in [26]. In previous works [6,
27] dealing with the Hartree-Fock approximation of QED, another justification
based on normal ordering was employed.

Remark 4.2. Let us mention that the perturbed state 7 can always be seen as a
Bogoliubov rotation of the free Dirac sea in its Fock representation, which is why
Chaix and Iracane used the name ‘Bogoliubov’ for the energy (17). We could as well
call it a relative Hartree-Fock energy but we prefer to keep the name Bogoliubov-
Dirac-Fock (BDF) for historical reasons.

Our tasks in this section are then to prove that:

(a) @ = 0 is the unique minimizer of &3y for V' = 0, which is a “local”
version of the fact that the free Dirac sea PO is the unique ground state of
the system without external field;

(b) if V' # 0, then there exists a ground state for €5 which solves the self-
consistent Hartree-Fock equation.
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Before turning to these problems, we however have to properly define the BDF
energy. It is now well understood that the Hartree-Fock ground state v of an
infinite Coulomb system can in general behave badly. Usually Q = v — P° is not
a trace-class operator and its density is sometimes not in L', see [24, 5]. It has
long-range oscillations which are not integrable at infinity in some cases. For these
reasons, it is not fully obvious to give a clear meaning to the BDF energy (17)
and to find a suitable class of states in which minimizers will be. Following ideas
from [27], we introduce the correct functional analysis setting in the next section.

4.1. Function spaces and definition of the density. Given an operator ), we
define Q°' := POQPY where €,¢’ € {+}. Our starting point is the remark that, for
a nice-enough operator @) (say finite rank),

tr(P°Q) = tr (IP°|(QTF — Q7)) > tr|D°|Q>.
Here we have used that P9 commutes with D° and that
PP <Q<P) = Q<Q"t-Q

as was remarked first in [1]. We see that a state will have a finite relative kinetic
energy when |D°|1/2Q**|DC|'/2 are trace-class, but we cannot gain any other in-
formation on Q*¥F than |D°|/2Q*F being Hilbert-Schmidt. Thus we shall assume
that

(18) |D0|1/2Q:|::|:|D0|1/2 c 61 and Q:ﬁ:?'rDO‘l/Q c 62
where &P denotes the usual p-th Schatten space (&' and &2 are respectively the
spaces of trace-class and Hilbert-Schmidt operators). This enables us to properly
define

tr(D()Q) — tr (|D()|1/2(Q++ _ Q*f)|«DO|1/2)'
Our next task is to give a clear definition of the density pg under the very weak
assumptions (18) on Q. To simplify our exposition we introduce the Banach space

x:={QeB®Y) : @ =Q P e &', Q' € &7,

where we recall from (8) that £, is the Hilbert space of L? functions with compact
support in B(0,A) in the Fourier domain. The set of bounded operators on this
space is then denoted by B(£,). We also introduce

= {QeBHn) : Q" =Q, D2QH D2 c &', QID'[? e &%) c ¥,

since |D°| > (v + g(1))|D°| = (vr + g(1))|p|, as we have shown before. For what
follows it will be convenient to work with states in X. By doing so, we ignore the
logarithmic divergence at 0 of D°(p), which is an additional information for us to
be used in due time. Let us remark that X contains elements which are not even
compact. This makes the mathematics more involved than in the situation where
the particles have nonzero mass.

Next, we shall show that any ) € X indeed has a well defined density pg. We
start by remarking that pg is locally well defined.

Lemma 4.3 (Definition of the density pg). Any Q € X is locally trace class, i.e.,
for all x(z) € L*(R?) with compact support, xQx € &'. Moreover, the density pg
is in L>°(R?).

Proof. Due to the cut-off we have

XQx = xIIAQIIA X

where II, = 1(|p| < A). Since x € L?, then clearly xII, € &2, such that together
with the boundedness of Q we get xQx € &', as stated. This proves that pg is a
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well defined function in L{. .. To see that it is actually uniformly bounded, we use
that @ is self-adjoint and the ultraviolet cut-off A, to infer —||Q|TIx < Q < ||Q]|HA.
On the diagonal we get |po()] < [Qllom, () = |QIIA%/(4r). O

Remark 4.4. Any bounded sequence (@) in X has a weakly—x% convergent sub-
sequence, (p, — @ in the sense that

tr(AQ,,) — tr(AQ), VAec &',

wr (K [pY Q5 pl %) — tr(K|pl|/2Q**|p['/?), VK compact,
and
tr(BQu, [p|'/?) — tr(BQIp|'?), VB € &
Using that xIIy € &2 when y € L, it is then elementary to verify that xQp,x —

X@x strongly in the trace-class. This implies that pg, — pq strongly in Ll

loc
hence strongly in L?

ber P (R?) for all 1 < p < oo, since Q. is uniformly bounded in

Next, we introduce the so-called Coulomb space:

Ci= {cp . D(p, ) = 27T/RQ |¢|(:|)|2 dk < oo}

which is the natural energy space for the density pg. If we decompose the density
of @ into

PQ = po++ t po-- + po+- + po-+,
then we can deduce the following properties for the elements of X'.

Lemma 4.5 (The density isin C). Assume that Q € X is such that —P° < Q < PY.
Then po++ € LP(R?) for 3/2 < p < oo and pg++ € C, which particularly implies
that pg € C.

Proof. Since 0 < £Q** < 1, the Lieb-Thirring inequality in 2D for the relativistic
kinetic energy [40] immediately yields

s (@) 2 ¢ [ Jpges (a)fda,
]RZ

Since we already know that poz: € L®(R?), pot+ € C now follows from the
Hardy-Littlewood-Sobolev inequality in 2D, see, e.g., [39]. The second part of the
statement follows by a duality argument, provided that we can show

1/2
Q™ = g por < e [ IMIERPar)
for all £ € C2°(R?). To this end we first estimate

PO P° PO PO
- _ + = 111/4)(1/4 + =
tré@ ‘“‘“(|p|1/4€|p|1/4’" Qlpl )3Hp|1/45|p|1/4

lplQlle2-
S2

Using
_ Wy Wy
pllq]

Trez P (p) P2 (q)

)
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we can compute

2

Il

_ // - )P Tree PP ),
2m)2 J i) 1a1<a |p[1/2]q|*/?

// e EE R = k/2 — (4 k/D) - (= k/2) o
(27)2 RngQ |0+ K /203720 — k/2[3/2

PPN [0+ wy /2|10 —wi /2| — (£ +wi/2) - (€ —wi/2)
/R? dk|f(k)| |k|/ ‘£+wk/2|3/2|giwk/2|a/2 df

<o / E(R)I2 K] dk.

Here wy, := k/|k| and we have used the fact that

1 |€+wk/2\|€—wk/2|f(€+wk/2)-(€—wk/2)dgzc
(2m)? €+ w /213/2]0 — wi [2]3/2 ’
is a finite integral, independent of the direction w; € S!. (]

4.2. Stability of the free Dirac sea. We have shown that the density pg is in
the Coulomb space C whenever Q € X and —P° < Q < Pfﬂ. Thus we see that the
direct term is well defined for all such @ with finite relative kinetic energy. We can
now define the (free) BDF energy as

ERpr(Q) = tr(D°Q) + DpQ rQ) // - dxdy
R2 xR2 |$ y|

where we recall that

0= o e

is the so-called Coulomb scalar product.

The following lemma shows that the exchange term is also well defined and that
the BDF energy £3pp is non-negative with @ = 0 being its unique minimizer.
Recalling that ESpp is the relative energy counted with respect to the free state
PY and that Q = v — P, this consequently shows that the free ground state P°
is stable under local deformations. Here ‘local’ refers to perturbations such that
@ € X but not necessarily small in norm.

Lemma 4.6 (Stability of P°). For any fived ultraviolet cut-off A, the mapping
Q — E%pp(Q) is well defined and continuous on X. If vp satisfies

10(1/4)

1 > K2 j > 2 _
(19) vp > h™(2), hence for instance wvp > 1T (3/4)2 g(1),

then we have
0 S E]g,DF(Q) < 0,

for all =P° < Q < P with |D°|*/2Q**|D°|1/2 € & . Furthermore, E3pp(Q) =0
if and only if Q = 0.

Proof. Using the definition of h we infer, following [1] and similarly as in the proof

of Theorem 1,
h
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which is well-defined due to our assumption that Q|DO|1/ 2 € 2. In addition, since
—P% <@ < P{, we have tr(|D°|Q?) < tr(D°Q) and therefore

(20) %// dedy < @tr(p‘)@).

In other words, if |D°|}/2Q**|D°|*/2 € &' and if the Fermi velocity vp satisfies (19),
the exchange term is controlled by the kinetic energy. We have already seen that
po € C. Using then that D(pg, pg) > 0, we see that E3pp(Q) > 0 and that Q@ =0
is the unique minimizer of £3pp, as stated. O

4.3. Existence of minimizers for graphene in an external field. In the next
step, we shall submit our graphene sheet to an external electrostatic field of the
form

V=-rv+—
||

with v the density of charge of the defect. The corresponding BDF energy now
reads

g]‘S/DF(Q) = gl%DF(Q) = D(pq,v).
Using our estimate (20) on the exchange term and that D(-,-) defines a scalar
product, we immediately get the lower bound

1
Expr(Q) > _§D(V7 v),

provided that v satisfies (19). Therefore the BDF energy is bounded from below
when v € C which is our way of measuring the locality of the potential V. This
enables us to consider the minimization problem

(21) E]‘S/DF := inf {51‘3/DF(Q) :
Q c B(ﬁA)7 _PE < Q — Q* < P_(,’)_, |D0|1/2Q:|::|:|D0|1/2 c 61}

We shall prove the existence of a corresponding minimizer, which is the Hartree-
Fock ground state of interacting graphene in the presence of defects. This existence
result is non-trivial for the simple reason that we have no mass.

Theorem 2 (Existence of a ground state for infinite volume graphene with defects).
Fixz A > 0 and let vp be such that

1T(1/4)2

4T(3/4)

For any v in the Coulomb space C, the problem (21) admits at least one minimizer
Q, satisfying the self-consistent equation

(22) vp >

1
(23) Q+P2:111<DO—V*|QC+[)Q*

1 Qx y)>
[ [z =yl

where T = (—00,0) or T = (—00,0]. Equivalently, with v = Q + P° denoting the
density matriz of the optimal HF state, we have

1 1 (7—1/2)(96,1/)).

7=1I<UFU'(—iV)_V*+P1 9% T —
72T ] [z —y]

Ed
Remark that HF ground states of graphene in the presence of a defect can be
chosen pure and with the Fermi level either filled or unfilled completely, as is usual
for Hartree-Fock theories. This follows from Lieb’s variational principle [38] and
the no-unfilled shell theorem of Bach, Lieb, Loss and Solovej [2]. Note that we are
only able to prove the existence of a ground state for vp > 2.0560, and not for the
more natural condition vp > v.. There are probably also ground states up to the



GROUND STATE PROPERTIES OF GRAPHENE IN HARTREE-FOCK THEORY 15

critical velocity but our proof does not apply as such, as it consists of replacing
|D°| by (vr + g(1))|p| in a lower bound.

The proof of theorem 2 is a bit long and it will be given in Section 6 below. The
method is similar to the one in [28], but several modifications are needed due to
the absence of the mass. One important additional input is a localization estimate
inspired by [37] and which is detailed in the Appendix. In contrast to [28] we shall
use that the kinetic energy has an infinite velocity for p = 0, which induces a better
control of the exchange term. Our method does not seem to apply otherwise.

Remark 4.7. We do not know if the optimal state @ has a finite (relative) num-
ber of particles, that is, @** might be not trace-class and the charge tr(Q) :=
tr(QTT 4+ Q) could be ill defined. The operator @ could even be non compact in
general, because of the absence of a gap. This would mean that the corresponding
minimizers @ live in a Fock representation which is not equivalent to that of P2,
even if the relative energy is itself finite, by the Shale-Stinespring theorem [52].
In [29] another minimization problem consisting in fixing the relative charge tr(Q)
was considered. Because there is no gap and tr(Q) can be infinite, an analogous
approach does not seem to make sense in our context. Bound states with finitely
many electrons have been constructed in a projected Dirac-Fock-type model in [10]
but there a magnetic field is used to confine the particles and create a gap.

5. LINEAR RESPONSE TO AN APPLIED EXTERNAL FIELD

In this section we consider a small external field

1
Via==-Avsx —, A1
||

and discuss the linear response of graphene within our Hartree-Fock theory. To this
end, we denote by @) a chosen minimizer for each A and note that 6']‘3/]31;(@)\) <0,
which is seen by using Q = 0 as a trial state. From this we deduce that

Q/\ 2 )\2 )\2
wprQu—y [ LD g gy T g < S 2
R2 xR?2 | 2 2

z =yl
with py == A"1pg,. Assuming the strict inequality

17(1/4)
1T(3/4)2 —9(D),

which allows to control the exchange term, in view of (20), we deduce that

(24)

2
tr|DO‘Q)\+// (@, y)| EADT drdy + M2 px — v]2 = O(A2).
R2 xR2 |$ |

This confirms that Qy is of order X in X.
Recall from Theorem 2 that Q) satisfies the self-consistent equation

Qx = 1(-000)(Dgy) = P2 = L(—00,0)(D@y,) — L(~00,0)(D”):
For simplicity we assume here that ker(Dg, ) = {0} for all A\. Denoting

1 1
Do, ZDO—)\<V*+p>\*—Q/\($7y)) =D% — ¢y — Ry,
|| [ Je -yl
with oy = A (V * Im’\ — P * ﬁ) ;and Ry = A\71Qx(x,y)/|r—yl|, we can write, using
a formula of Kato, that

1 e 1 1
=—— - dn.
D=5 ) [%H‘n Dom} K
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In view of the resolvent formula we deduce that
1 > |: 1

1 2
D dn 4+ O(X\*).

Qh=Q1p+Qi1,x = (px + Ry)

2 J_ o DO +in
The remainder O(\?) has to be estimated carefully, but for convenience we remain
formal in this discussion. Because ¢y and R) are themselves affine in @, the first
order term for @)y is obtained by inverting these linear maps. There is no simple
expression for it. However, following [32, 27|, it is possible to compute explicitly
the density coming from the term involving ¢y, as will be explained now:

We look at the density associated with the operator stemming from the direct

term
1 > 1 1
Q1p = _7/ — A —dn.
2 J_oo DO+in " " DO +4n

In Fourier variables this reads

Q1,p(p,q) = ! -

1 [ A
~ (27)? /_oo D) i P Vpogg) g™

Using

L/~ 1 1 !
Mp.o)=2 /_Oo Do) + i D) i E) + B(@)

with
E(p) = o) ( o (@)) 7

Q1.0(p.0) = =920~ )M (p, ).

(- wpo -wy —1),

we can write

Using D°(p)/|E(p)| = o - wy, we see that the corresponding density reads
1

AT k21 <A, Ip—k /2] <A

= - OEIKIBE) = (5(8) — pa () B,

where we have used that in 2D

A prp(k) Tre2Q1,p(p + k/2,p — k/2)dp

o —

1 1
pr (k) = 2mp(k)
|| ||
and we denote
_ 1 (p+k/2)-(p—k/2) — |p+k/2|]p — k/2]
B(k) = ——— dp
2w Jiretrzi<h Tpo+ /2] Ip = kP2I(E -+ K/2) + B — k/2)
p—Fk/2|<
_ 1 (Pt wn/2) - (p—wi/2) + |p+ wi/2llp —wr/2]
+wi [2|<A/|k _
B sy =
1
X dp.

Ip + wi /2] (UF—i-g (W\W)) + |p — wk/2| (UF +9g (m))

Remark 5.1. In the case of three spatial dimensions there is a similar function
B(k) playing an important role. In this case, the value B(0) > 0 is logarithmically
divergent with respect to A, which is the reason for the requirement of charge
renormalization, giving rise to the Uehling potential, see [32, 28, 24, 25].
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In Fourier space, we can write the self-consistent equation as in [28]
pa(k) = B(k)(D(k) — px(k)) + p1.x (k) + O(N?),

where p; x = O(\) is the first-order density coming from the exchange term

1 [ 1 1
Qix = —*/ R dn.

21 Joo DO +in )‘Do—i—z’r]
We see that B(k) 51 x (k)
k) = —2 Sy A1 LR g0,

It is therefore natural to ask about the behavior of B(k) for low momenta. If we
neglect the density p; x stemming from the exchange term, this will determine the
decay in x space of the Coulomb potential of the (first order) polarized graphene
in presence of the external density v.

In order to answer this question, we simplify the expression of the function B(k).
First we remark that B(k) is obviously radial, hence we can take wy = e; = e,
such that

1 2l |p—e/2| —p* +1/4
(25) B(k) = %/PJFS/QKA/\M |p+e|/p |—||—pe/2Té)|—e;)2|+ / x
[p—e/2|<A/|k]|
1

Ip+e/2| {UF+9 (m)} +|p —e/2] {UF+9 (MPA_@/Q)}dp

As in [48, 24], we use the following change of variables,
el e/t e/
2 ’ 2 '
Denoting p = (z,y), this reads
V41727 +y° = (z - 1/2)° + ¢

X

2 )
V@ 122+ 2+ (2 —1/2)% + 2
= 5 )
The corresponding Jacobian is
ov,w)| _ y _ el
ANz,y) | 2/(x+1/22+ 42/ (z —1/2)2+y2  2lp+e/2[|p—e/2|

We collect the following relations
2w? + 20% = (w+v)? + (w —v)? = 2(p* + 1/4),
dow = (w +v)? — (w—v)? =2p-e = 2p, =2,
and
lyl = Ip2| = VP2 — (0~ €)2 = Vu? — 1/4 — 402 (w? — 1/4)
= 2y/w? — 1/4\/1/4 — 2.

Observe that
[(p+e/2) + (p—e/2)|
2

((p+e/2) = (p—e/2)]
2

Our constraints on p, i.e., [p+wy /2| < A/|k| and |p—wy /2| < A/|k| can be expressed

in terms of w, v as follows

w<A/|k| and |v] <w—A/|k|

w >

=1/2,

and

v| < =1/2.
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such that
{ 1/2 <w < A/|k],
|[v] < min{1/2,A/|k| — w}.
Changing variables we find
Ip+e/2llp—e/2|—p* +1/4
Ip+e/2[lp—e/2]
(v+w)(w—v) — (V2 +w?—1/4)+1/4 2]p+e/2|lp — /2|

dx dy

= dv dw
lp+e/2||lp — /2| lyl
—v? 2\/1/4 —v?
= 2(1/4 - v7) dvdw = #dvdw.
\/w2—1/4\/1/4—v2 w?—1/4

On the other hand we can express

Ip+ wi/2| {UF+9 <|k||p+Awk/2|>} +Ip — wr/2| {vF +g (M)}

:(v+w){UF+9(|]€|(1}/\_~_U))>}+(w_v){UF+g<]ﬂ(:)\%)}

to arrive at

o (A/IK min{1/2,A/[k|—w} 74— o2
(26) B(k) = f/ dw/ o VA=V
™ Ji/2 0 w? —1/4
1
X

2upw + (v + w)g (m) +(w—v)g (m> |

Remark 5.2 (The no-exchange case). If we discard the exchange term, then we
have exactly the same calculation with g replaced by 0 everywhere. In this case the
linear response involves the modified function

A/IK| min{1/2,A/|kl-w} /T74— o2
(27) BO(k) = —— dw / VA
0 wy/w? —1/4

TUR 1/2
Let now w = t/2, and v = (cos)/2, such that 0 < cosf < min{1,2A/|k| — t}.

Then
0 1 2A/ k| arccos[min{1,2A/|k|—t}] 1 )
B (k) = / dt/ ———=sin"6d#.
( ) 27T’UF 1 0 tv t2 -1

Since 2A/|k| — ¢t < 1 is equivalent to t > 2A/|k| — 1 we can decompose it into two
integrals

. 1 20/ k| -1 /2 1 210
B (k) = dt ———sin®0d
) 2o /1 /0 V2 —1

2A/ k| /2 1 )
+/ dt/ ————sin” 6df
2A/|k|—1 arccos[2A/|k|—t] tv/ 2 -1

1 T 1 2A/|k| 1
= ———arccos(1/(2A/|k| — 1)) + / dt———= X%
2mup 4 (1/(2A/1K] ) 2mur Jonjk—1 4EVE2 —1

A . A
X | —2arccos 2m—t + 7 + sin |2 arccos QW_t .

This immediately shows that

lim BO(k) = ——,
k—0 16vp

which obviously depends on vg in contrast to what we will find for B(k) below.
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Let us now come back to the function B(k). The following lemma says that the
function B(k) vanishes at k = 0. However, it only vanishes logarithmically.

Lemma 5.3. We have that
T

Proof. In (26), we split the integral in w as follows:

A/ k| log?(A/|kl) A/lk|
/ dw :/ dw+/ dw.
1/2 1/2 log?(A/|kl)

By doing so we can write B(k) = Bj(k) + Bz2(k) with an obvious definition. For
w € [log?(A/|k|), A/|k|] we just use that g > g(1) and we obtain

Bo(k) < —— / Y / AT VA
m(vr +9(1)) Jiog2 (A 1K) 0 wy/w? —1/4
Using the computation of Remark 5.2 we see that the right hand side behaves like
1 s 1 1
8(vr + 9(1) (2 . <1og2<A/k|>>> k=0 8(vr + g(1)) log” (A/[k])

In particular,

B(k)

Tim log(A/ [k]) Ba(k) = 0.
Now for w € [1/2,1log?(A/|k|)], we can safely expand the terms involving g. Indeed,
we have w + v < log?(A/|k|) + 1/2, hence
A A
Z p
[kl (w £ ) k| (log™(A/[K]) +1/2)

By the dominated convergence theorem we find that

4 [log?(A/IK)  pmin{1/2.A/[k—w} -
Tim Log(A/[]) By (k) = | / av LAV

— OQ.
k—0

im — dw .

—0 T 1/2 0 w\/w271/4
The right hand side is again similar to B°(k) computed in Remark 5.2 and it is
equal to /4. O

Note that, in contrast to the no-exchange function B® which has the vp-dependent
finite limit 7/(16vr) at k = 0, the true function B(k) tends to zero and its behavior
on first order is universal, it does not depend on vg. As we have explained, if we
neglect the exchange density coming from R), then we find that in first order in A

B(k) ™

Folk) ~ A k) ~ A —T (k).
T+ B(k
AELEBI) g os ()

That this density vanishes at k& = 0 means that the response of the graphene sheet
in the presence of v is essentially neutral. This is stark contrast with the massive
3D case, in which there is always (partial) screening, i.e., B(0) > 0. However the
fact that here B(k) — 0 only logarithmically creates some long range oscillations
in x space which induce some weak screening effects. Indeed, if we compute the
first-order polarization charge of graphene in a ball of radius R (using a smooth
localization function x), we get

/RQ p(z)x(z/R) dx ~ ,\/ 7 (k)

R? 4 log |Aﬂ>

T [oo v
V(RE) R?dk ~ N—R
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It goes to zero when R — oo, but very slowly. So in a finite ball of radius R we
might have the impression that [ BRPQ > 0 is not small, i.e., that the external
density v is partially screened by the spontaneaous polarization of graphene.

In this discussion we have neglected the first order density p;, x coming from the
exchange term Rjy. The effect of this additional term is not clear to us.

Remark 5.4. It is reasonable to believe that the dielectric response function B(k)
is related to the conductivity of the graphene sheet. There have been several recent
works concerning the possible value of the conductivity of graphene in the low
energy regime [44, 34, 50, 45, 51, 35, 19]. Investigating this rigorously on our
Hartree-Fock model is interesting and we hope to come back to this question in the
future.

6. PROOF OF THEOREM 2
Let (Qn) be a minimizing sequence for (21). Using the strict inequality (22), it
is easy to see from our estimates that (@) is uniformly bounded in X:
(28) tr (|D°/2QRID°2) < C,
(29) tr (|D°]2(@Qi+ = Qu)IDYY?) < €.
Therefore, up to a subsequence, there exists an element @ € X, such that
Qn — Q weakly-x in X,
similarly as in Remark 4.4. This implies in particular that pg, — pg weakly in C
and strongly in LY (R?), by Lemmas 4.3 and 4.5. Since we also have
(6, @n¢) = (0, Q¥'),  Vo,¢' € a,

it is clear that the comstraint —P? < Q < P_? is satisfied. Therefore @ is an
admissible state for the minimization problem (21).

loc

Step 1: Our goal is to show that the energy is lower semi-continuous, i.e.
(30) liminf £Y(Q,) > EY(Q).
Observe that the function
p—D(p—v,p—v)
is lower semi-continuous. Therefore

liminf D(pq, —v,pq, —v) 2 D(pg —v:pQ —v),

n—oo

using the simple fact that pg, — po weakly in the Coulomb norm C. Since

tr [D|(QF T - @)
= tr (|D°] = |pl(vr + g))(QFT — Q") + (vr + g(1)) tr QT — Q. 7),

and |D°| — |p|(v + g(1)) > 0, we can use Fatou’s Lemma for trace-class operators
to obtain

tr (|D°] = [p|(ve + g(W))(QFF — Q™) = tr [[D°] — [pl(vr + g(1)) (@ —Q77),
and (30) will be achieved by showing

» o Qu(a. )2 )
(31) hn;mf(tr|p|<czn Qi) - vﬁg //RR |$_y| [enl@ 9 g, 4,

> QT - Q) = g | Q@ YE 4. 4,
UF+9 R2 xR2 |x—y|
This inequality will now be proved in Step 2.
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Step 2: The proof of (31) will heavily rely on (29), i.e., the uniform boundedness
of @,, in the energy norm D°. The first ingredient of the proof is to split the space
R? into a region close to the defect v, and another one far away, and to show that
the energy essentially localizes. A similar idea was used in [28] but because of the
absence of a mass, we have to argue differently.

Let us consider two real functions x,n € C*°([0,00); [0, 1]), such that x = 1 on
[0,1] and x = 0 on [2,00) and x? + n? = 1. We define

xr(z) = x(|z|/R), nr(x)=n(|z[/R) Yz € R®.

Now we apply the localization Lemma A.1 given in the Appendix (and which is a
consequence of the localization estimate obtained in [37]) in order to obtain

(32) trlp/(QfT — Q) > trplxr(Q) T — Qp )xr + trplnr(QFT — @, T )nr
_ 1/2 1/2 1/2
— (tr [pl (@i — QN (19l + I Vmall2) 2 (19 xal2e + [Vnrl2e)
Since
1
I9xal3: = IVXIz, 19Xl = 19X,

and analogously for 7z, the uniform boundedness of tr |p|(Q;" ™ — @Q,, ), implies

C

trp[(QF T —Qn7) = trplxr(QF T — Q7 )xr + trlplnr(QF T — Q7 )nr — o

for an n-independent constant C. On the other hand we can write

2 2 2
R2 xR? |33 - Z/| R2 xR2 lz -yl
2 2
R2 xR2 |z — y

QIJ’_ - QT_L_ > Q727,7
as well as Kato’s inequality (15), we obtain, similar to [28], that under the assump-
tions on vg

Using now

_ Qn(z,y
tr |plnr(QFT — Q, " Inr = tr|plnrQang > // MR(@)|@n (@ 91 ) dy.
vr +g(1 |z -yl
In order to conclude Step 2, it remains to show that
(33)
- 1 X5 (2)|@n(z,y)?
lim lim | tr - — / R ot dxd
Jin i (or (@ - Qe = gt [ g,
__ 1 Q(z,y)|?
= tr |p\(Q++ —Q ) - Q(z,y)| dady,

2(vr +9(1)) [z =yl

where it is important to do the limit n — oo first and then the limit R — oo. To
this end we consider the two terms

2 2
tr|plxr(Q T — @, )xr and /XR(w)IQn(x,y)|

lz -yl
separately. First, we observe that, thanks to the cut-off

(34) tr |p|xr(QFT — Qn 7 )xr = tr [p|xrRIIA QT — Q) )aXR.

dxdy,




22 C. HAINZL, M. LEWIN, AND C. SPARBER

As we have already seen, the operator I1j x g is Hilbert-Schmidt. On the other hand

p
IpIxrITA = =i ([P, XrIHA + XRPHA)

= % . <— W(Vxr)Ha + XRPHA>

is Hilbert-Schmidt since p|p|~! is bounded and (Vxgr)Is and xgplly are both
Hilbert-Schmidt. Now we can use that Q,, — @ weakly-x in B($)4) which implies
in particular that tr(BQ, B’) — tr(BQB') for all B, B’ € &2, and we obtain

lim trpxr(Q) T — Qn 7 )xr = trplxr(QTT — Q7 )xa-
Passing then to the limit R — oo gives
Jim Tt |plxr(Q " — Q@ )xr = trpl(@TT = Q7).
It remains to prove the convergence of the exchange term in (33). Recall
Ay =Qn—Q—0 inX

and that tr |D%|@Q? is uniformly bounded. Notice first that, by the Cauchy-Schwarz
inequality, it suffices to show

2 A 2
lim lim // Xe@)An@y)F | 00 g
R2 xR2 |z —yl

R—o0 n—o0

to conclude the second step of the proof. To this end we introduce an additional
decomposition in the infrared regime in the following form:
A = (L(lp| < ) + 1(lp| = €)) An (L(Ip] < €) + L(|p| = €))
— 1(lpl = A, 1(|p| > ) + B,

such that the first term on the right hand side
1(|pl =z €)Anl(|p| = €) := A],

consists only of momenta larger than a given € > 0. Since by assumption A,, |p|1/ 2
0 weakly in &2, we see that A — 0 in &2. Due to the cut-off in Fourier space, we
deduce that the kernel A¢ (z,y) of AS converges to zero weakly in H*(R? x R?) for
all s > 0, and hence strongly in L (R? x R?) for all p. Now we simply decompose

loc

[[, AOMP [ E0AEE,,
R2 xR?2 R2 xR2

|z — vy |z — vy
XR(2)n2R ()] AL (2, y) |2
—I—// L dz dy.
R2 xR2 |~T - y|

The first term on the right hand side converges to zero since A€ (z,y) — 0 strongly
in, say, L%(Bag x Bigr) whereas x%(z)x2x(y)|z — y|~* belongs to L3/?(R? x R?).
The second term on the right hand side is bounded by

2 2 € 2
XR(x)TIE)R(yHATL(x?y)‘ C €\2 c 2 c
drdy < = tr(A)% < — tr|p|(4,)? < —.
L. i vy < (A5 < oot pl(4)? <
It remains to consider the terms

B, =B} +B2+B}

depending on the location of the cut-off function 1(|p| < €) with the only important
point being that either of the terms has one such IR-term 1(|p| < €) on at least one
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side. Again with Kato’s inequality (15) we bound for £k =1,2,3

Bk 2 Bk 2
[[ REBRyy  [ BeRy,,
R2 xR2 |z -yl R2xR? (T — Y|
< Cmin ((lpl(BS)*BY) , w(lp|BE(B)"))-
Choosing on the right the term for which 1(|p| < €) hits |p|, we see that
2 k 2
Xg(@)|B(x,y
[ Bl g gy < cupia (el < a0
R2 xR2 |z —y

for Kk = 1,2,3. At this point we use the infrared logarithmic divergence of the
effective Fermi velocity to estimate

tr (|p|L(Jp| < €)(4,)?) <

_c < ¢
log(A/e) ~ log(A/e)
If we take first n — oo, then R — oo and finally € — 0, we have concluded Step 2

of the proof.
To summarize, we have shown that for a minimizing sequence (Q.,),

Egpr = I%Hiio%f Expr(Qn) = Expr(Q) = Eipr

tr |DY|(A,,)?

where we recall E¥pp is the infimum of the BDF energy. So we deduce that
E¥pr(Q) = Efpr and that Q is a minimizer.

Step 3 It remains to prove that it satisfies the self-consistent equation. This can
be done as in [28, Lemma 2] with the additional problem that there is no gap in
the spectrum of the mean-field operator. For completeness let us indicate the idea
of the proof. Since @ is a minimizer, then for any other admissible state Q’, we
know by convexity of the constraint that

d 14 /
SE-ne+)|

>0

)

which implies that

—
(33) wD(Q'~Q)+Dlpg—ripgg)+® [ [ LEDN@ DY) 44,5
R2 JR2 lz -yl
Let us remark that the operator
1 Qz,y)

Do =D+ (pq — )+ -
1z =yl
is self-adjoint on the same domain as DY. This follows from Rellich’s theorem,
since the two self-consistent terms are relatively bounded with respect to D, with
relative bound as small as we want. For instance, we have for any ¢ € 9,

1 1
(pg —v) * WSD (pqg —v) * ﬁ ||<P||L4(JR2)
L2(R?) L4(R?)
< Clpqg = vlc el Lsge
< Clog — v | Ipl/%|

_ ool 4 — L
< Clog vl (<I2°] + 5o 191

where we have used the Sobolev inequality ”f”L4(]R2) <C || |p|1/2f||L2(JR2) and

= CD(p,p)"/>.

1 1
|- LA4(R2) |- L2(R2)
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The argument is similar for the exchange term:

[ e itowa] < ([ el a) ™ ([ he)

1/2
<C (/RQ |QC&y)le?J) (@, Pl

|z —y|

S e ———]

Taking the square and integrating with respect to = gives the infinitesimal relative
boundedness.
Now we choose

(36) Q"= 1(o0,0)(Dq) — P2,

and we claim that

z,y)(Q — Q)(=,y)

troDO(Q'fQ)JrD(pQ71/,,0Q/_Q)+§l‘E//R2 . @ P dz dy
(37)
= tr[Do| (P'(Q" — Q)P — (P')H(Q' — Q)(P)*)
(38)

< —tr[Dol(Q - Q)*

The first line (37) would just be the linearity of the trace if all the operators
were trace-class. Because of our generalized definition of the trace, it is more
complicated to verify (37). With a gap this was done in [27] and without a gap
similar arguments have been used in [15] and in [16]. We will not discuss this point
further. Putting (35) and (38) together, we reach the conclusion that @ = Q'
except possibly on the kernel of Dg. Therefore

for some 0 < 0 < 1103(Dgq). If ker(Dg) = {0} then of course § = 0.

If ker(Dg) # {0} but has dimension > 2, it is a well-known fact that 6 = 0
or 0 = 1y0y(Dq) that is, § must fill the last shell completely, see [2, 3] and [29,
Prop. 3]. If dimker(Dg) = 1, and @ + P, is a projector, then, necessarily, § = 0
or § = 1;03(Dgq) and we are done. If, however, Q + F% is not a projector, then
the argument does not work but, in this case, the energy does not change if we
subtract § from @, because the corresponding particle does not interact with itself,
i.e., Q' = @Q — ¢ is a minimizer as well. Therefore we can redo the above argument
with @’ instead of ). But now, thanks to our definition (36), we actually know
that Q' + Py is a projector. Hence, we deduce, as stated, that Q' = 17(Dg/) — P°
with Z = (—00,0) or Z = (—o0, 0]. O

Remark 6.1. Since Q must be a minimizer for (21), we deduce that
nh_{fgo Expr(Qn) = Expr(Q)-
More precisely, we see that
Jim D(pq..; p.) = D(pq: rq)

which implies that pgp, — pg strongly in C. Similarly we have
lim tr[D°|(Q" — Q") =tr|D|(QTF —Q™7)
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2
lim // [@n (9P —————dzxdy = lim // Q. )| ————dxdy.
n—co J Jpzxge [T — \ n—co J Jpzyxpz [T — Y|

By the reciprocal of Fatou’s lemma for operators, this proves strong convergence of
|DO|M/2QF+|DOY/2 in G, and strong convergence of Q,(z,y)|z — y|~/? in &2,

and

APPENDIX A. LOCALIZATION OF MASSLESS KINETIC ENERGY

In the following lemma, we provide an IMS-type formula for the massless rela-
tivistic energy of a fermionic density matrix 0 < v < 1, based on [37]. Results of
the same form already exist in the literature, see in particular [43, Thm. 9]. There,
a simple explicit formula for the operator |p| — x|p|x — nlp|n is used.

Lemma A.1. Let 0 < v <1 such that tr|p|y < co. Then for a partition of unity
X2 +n? =1, with smooth functions x,n one obtains in dimension d = 2

tr [ply > trplxyx + tr [plnyn

1/2 1/2
—c(erlp) "2 (IVxlE= + 190l72) " (19Xl + [9mlla)

and in dimension d = 3

tr |ply > tr [plxyx + trplnyn
B 2/3 (1112 V21/3V2 V22/3
c(trlpln) ™ (IVxlize + 1Vallz2) " (IVxllze + 1Vallze) ™,
where ¢ is a universal constant.

Proof. We use [37, Lemma A.1] which states that

1
Ipl = xlplx = nlpln > —— s (IVx? + [Vnl?)

t+p*

So, it remains to estimate the term

(/ \fdt (\Vx|2+\V77| )H_lp27>~

We are going to decompose the integral into a small ¢ and large t-part. For that
reason we will use two different estimates for the integrand. Define

F2(@) = [Vx(@)P + V(@)

Since 0 < v < 1 we obtain

1 1 1 1 1 dp
39) t 2 <t 27:/ %(2)d /
(39) r7H—p2f t+p27* r7H—pr t+p? J (@) $(27r)d/2 (t +p?)?

on the other hand

40) t 2 - -1/2_ %1 r2
40) b gy Sl e Iply
2
1 2 1 1] 1
tr < —||l— tr )
- H(t+p2)p|1/2f (t + p2)[p[/2 lply < 72 ‘p|1/2f Iply
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Recall that here f is seen as a multiplication operator on L?(R?). In dimension
d = 2 the Hardy-Littlewood-Sobolev inequality states

1P 2
! = s [y
H R L2(B2)
— sup / F@e@) fWew) . ay
loll L2 g2y =1 /R2 JR2 |z -y

2
<C  swp IfelZasege = Clfl7ame) -
||§D||L2(1R2)=1

Combining these results we get in d = 2

o0 1 2 1 ¢ dt 2 < dt 2
tr (/0 \/idtt-i-pzf sz’}/> SC(/O %”f”LQ(R?)—i—/G W||f||L4(R2)tr|p|Fy
1
< 0 (Ve Iy + O ey ol )

< CI\fllp2 @) 1f |l o @) (or [p|) 2,
after optimizing over €, which proves the Lemma in 2D. For d = 3 one proceeds

similar with the corresponding Hardy-Littlewood-Sobolev inequality in 3D, leading
to

1 2

‘p|1/2f

< Clfl7s@s) -
L2(R3)—L2(R3)

This concludes the proof of Lemma A.1. O
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