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Abstract
In this paper we prove the existence of infinitely many solutions of the
Dirac-Fock equations with N electrons turning around a nucleus of atomic
charge Z, satisfying N < Z + 1 and amax(Z,N) < zQT%’ where a = T% is
the fundamental constant of the electromagnetic interaction. This work is an
improvement of an article of Esteban-Séré, where the same result was proved
under more restrictive assumptions on N.

1. Introduction

The main topic of this talk is the Dirac-Fock (DF) model. Many quantum models
have been studied from a mathematical point of view during this last fifty years, for
example the Hartree (H) model, and its more realistic variant, called Hartree-Fock
(HF). These studies led to many results, for example the existence of a ground state
[7], of infinitely many stationary states [8] for the HF model. This latter is moreover
very useful in computational chemistry, where it yields results on the energy levels
of atoms, that agree with experimental data, as long as the atomic charge is not too
large. The HF model is nevertheless based on a nonrelativistic equation, involving
the stationary Schrodinger operator —A. In 1935, Swirles introduced the Dirac-
Fock energy functional [10]: this functional approximates the relativistic energy of
a system of N electrons moving around a static nucleus of large positive charge
Z. There remains some strong approximations: the nucleus is supposed to be fixed
(Born-Oppenheimer approximation), the only interactions considered are electro-
static (no magnetic - or spin - interaction), and the wave function of NV electrons is
represented by a Slater determinant. However, the numerical results obtained with
the DF model are in very good agreement with experimental data (see [6], [5], [3]).
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In [4], M.J. Esteban and E. Séré proved the existence of infinitely many station-
ary states for the DF model, provided N and Z satisfy the following conditions:
2

N<Z+1,amax(Z,3N —-1) < T 7
T2

= al,.

Here a ~ %7 stands for the fundamental constant of the electromagnetic interac-
tion. Their method is variational and, after changes in the functional (smoothing the
potential and penalizing the constraint), they reduce it thanks to a concavity prop-
erty: the major advantage is that the new functional is no more strongly indefinite.
Once this reduction is made, they build min-max sequences by a linking argument.
Unfortunately, the concavity argument does not work for a(3N — 1) > aZ,.

Our aim is to improve this result, so that it becomes true for every N and Z
satisfying

N<Z+1,amax(Z,N) < aZ..

First note that the result presented here as [4] includes also the case of molecules,
involving a distribution of positive charge Zu, with a probability measure u, and Z
the total positive charge. In the following, we will only consider for convenience a
point-like nucleus (the molecular case easily follows).

To set out our result, we first recall the definitions. We will use the system
of units such that A = ¢ = 1, and the mass m, of the electron is also normalized
to 1. The state of a free electron is represented by a wave function ¥(t, z), with
W(t,.) € L*(R%, C!) for any t, which satisfies the free Dirac equation:

3
(1.1) i0,0 = HoW, with Hy = —i » a0y + .
k=1

We denote by (¢,%): the usual Hermitian product in L?(R3,C*). The Dirac equa-
tion contains the 4 x 4 complex matrices o), a3, a3 and £, which satisfy some
algebraic conditions ensuring that Hj is a symmetric operator satisfying

(1.2) H=-A+1.

The following lemma contains, for the reader’s convenience, some properties of
H, and the coulombic potential V(z) = ﬁ, whose proof can be found in [1], [12],
[11].

Lemma 1.1. Hy is a self-adjoint operator on L*(R3,C*), with domain H'(R®,C*).
Its spectrum is (—oo, —1]U[1, +00). There are two orthogonal projectors on L*(R3,
CY), At and A~ = 1,2 — A*, both with infinite rank, and such that

L3 HoAY = ATHy = VI — AAt = ATV = A
(1.3) HA~ = A Hy=—vVI-AA = -AVI-A

The coulombic potential V' (z) = l71| satisfies the following Hardy-type inequalities:
. 1 (m 2
(1.4) (Vo) < 5 <§ + ;) (¢, [Holw) >
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for all p € AT(H2)U A~ (H?). Moreover,

™ 1
(1.5) @ Vo) < 5 (@ Holg) , Vo € H?,
(1.6) Velle < 2(IVellee, Vo € H'.

We now introduce the functional space of the variational problem associated to
the DF model. Let

E=H:R, C),E*=A"E,E"=A\"E.

E is a Hilbert space with Hermitian product

(1.7) (o, %) = (cp, V1-— Aw)m = ("0 g+ (07, v7),
The DF energy functional, denoted by &, is defined on EV, with
N

£(®) = Z(%,Howt)m - aZZ (01, Vipu) 2
I=1 =1
a

(1) 5[] V- ub@p) - (R R oy,

where « is positive, with physical value a =~ i?l,‘w p is a scalar and R is a 4 x 4
complex matrix, given by

N
(1.9) pl@) =Y (wi(2), i) , Zw ®¢i(y)-

=1

Physically, p is the electronic density, R is the exchange matrix.
We look for critical points of £ under the normalization constraint

(1.10) deX={dcEY|Gram® = 1}.

The manifold ¥ and the DF functional are invariant under the action of the
group U(N) of N x N self-adjoint complex matrices with determinant of modulus
1. Thanks to this invariance, we may diagonalize the Lagrange multiplier matrix
and write the Euler-Lagrange equations in the following form, called Dirac-Fock
equations

(1.11) Hopr = expr

where
Hev = Hyp — aZV +alpx V) — a/ R(z,y)¥(y)V(z — y)dy.
R3

Physically, He represents the Hamiltonian of an electron in the mean field due to
the nuclei and the electrons. The eigenvalues €y,...,ey are the energies of each
electron in this mean field. With the unit convention, the physically interesting
states correspond to 0 < £, < 1: a positive energy less than the rest mass of the
electron.

Our result is an extension of [4, Theorem 1.2]. We only give here a sketch of its
proof, which may be found extensively in [9]:
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Theorem 1.2. Assume that amax(Z, N) < 7%;, N < Z+1, withZ > 0 the

nuclear charge. Then there exists a sequence ((I>") of critical points for the DF
functional € on L. The functions ¢}, ..., % satisfy the normalization constraints
Gram;2®" = 1. They are smooth outside 0, decay ezponentz’ally as well as their
derivatives as |z| — +00, and are strong solutions, in whs 2(R3,C), of the Dirac-
Fock equations

(1.12) Honpf =€l ,1<k<N,
with
(1.13) Vk,0<ep <1.

Moreover, as n goes to infinity, the energies €} go to 1.

Remark 1.3. The corresponding physical bound for N and Z is 124, with N < Z.
This covers all known atoms and positive tons, natural or artificial.

2. Sketch of the proof

In order to prove this result, we are faced with many difficulties: the correspond-
ing functional is strongly indefinite, there is no compactness property available for
this functional, the coulombic potential is hard to deal with, and we need a control
of the Lagrange multipliers. To avoid successively these obstacles, we use here many
approximation tools so that the final variational problem is simpler to handle with.
The strategy can be described like this:

(a) In order to get rid of the roughness of the coulombic potential V7, we replace
it with an approximate one, actually a convolution of V with a normalized
gaussian depending on a parameter v. Moreover, we define a problem with
penalization of the constraint. The choice of the penalization gives directly a

lower bound for the energy of the electrons. This step is exactly the same as
in [4].

(b) To get some compactness properties, we change the problem into a periodic
one: we consider a functional space of periodic functions. We have to change
one more time the shape of the potential. The new functional satisfies the
Palais-Smale compactness property.

(c) The last problem is that the functional is still strongly indefinite. To deal with
this, we operate a Lyapunov-Schmidt reduction to a finite dimensional prob-
lem. This reduction is made possible because of the compactness properties
of the functional, once steps (a) and (b) are fulfilled. Such a tool was used in
a famous paper by Conley and Zehnder [2] on Arnold’s conjecture.

(d) We develop a linking method in the finite dimensional case. This method is
based on the construction of a pseudogradient vector field. The Lyapunov-
Schmidt reduction gives then critical points for the periodic problem (b). We
have then to translate the estimates on the (Conlev-Zehnder) Morse index of
the critical points for the finite dimensional problem onto an estimate on the
eigenvalues e.
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(e) We pass to the limit as the length of the period goes to infinity. There remains
to take the limit of the solutions as the penalization parameter p and the
smoothness constant v go respectively to infinity and 0: we will use again the
same arguments as in [4].

2.1. First reduction

Recall our variational formulation:

Problem 2.1. Find critical points for the functional

N
Z o1, Hopr) 2 — CMZZ (o1, Veor)r2

MIQ

5[] V- lb@p) - (R R ) sy,
under the constraint
®ec¥={®ecE"|Gram;:® =1},

with the following condition on the matriz of Lagrange multipliers A,

(2.1)

Ju € U(N), uAu* = Diag(ey, ...,en)
withVk, 0 <ep < 1.

The first transformation of Problem 2.1 into a more practical one was introduced
in [4] (to which we refer for more details): as the coulombic potential V' is not a
compact perturbation of Hy, we replace it with a regularized potential, for v > 0:

. 1 =2
(2.2) Vi(z) = (g, *V)(z), withg,(z) = ——Fe 2 .
(27v)2

This replacement is made for all terms involving V', i.e. attractive potential
and electronic repulsion and exchange terms. We denote by £, the corresponding
functional, and the associated one-particle Hamiltonian is denoted by H;.

As announced in (a), we also replace the constraint “® € ¥” by a penalization
term 7, depending on an integer p. We put

(2.3) mp(®) = tr [(Gram2®)? (1 - GramLzQ)_l] ,
and we define the penalized functional
(24)  Fp(®) = E,(D) — mp(®), for® € A= {® € EV|0 < Gram-® < 1} .

Note that F,, is invariant under the action of the group U(NN), denoted by a
dot. Any U(N) orbit in A contains a point ® such that Gram;-® is diagonal, with
eigenvalues in nondecreasing order:

(2.5) Gram;:® = Diag(oy,...,0n5), 0 <0y < ... <oy < 1.
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We call O the set of points of A satisfying (2.5). If & € O, then

oF, -V
(26) —a;;;ﬁ(q)) = Hq:.(Pk — EkPk
with
- _d( ®\ paP'—(p—1)2®
(2.7) ek = €p(0k) , €p(T) = dz <1 — :17) - (1—1z)? .

The advantage of this penalization is that e, is a positive increasing function on
(0,1), so that 0 < g; < ... < ey. Hence, the critical points of Fupin O are solutions
of a nonlinear eigenvalue problem with positive eigenvalues. So we may define the
following problem

Problem 2.2. Find critical points ® of the functional F,, on the domain A, sat-
1sfying moreover:

(2.8) Ju € U(N) | Gramp:(u.®) = Diag(oy, ...on),
' with, for all k, e, = ep(o%) < 1.

We actually need a control on the critical points for F, ,, but also on some of its
Palais-Smale sequences. Fortunately, we may use a compactness result [4, Lemma
2.1], which indicates the behaviour some Palais-Smale sequences, and ensures that
the solutions of Problem 2.2 we will find actually converge to solutions of Problem
2.1.

2.2. Reduction to the periodic setting

From now on, we consider fixed v € (0,1) and p > 3. It is possible to proceed to

another transformation of the variational problem, as announced in (b). Let L € R,
L>0and w=2C

AR
1 L L
E, = szer((_a, _2—)37 (C4) )
defined as functions with the Fourier series % (z) = _ .75 aupe™?* where the Fourier
1
3

coefficients a,, € C' satisfy 3 73 (1 + |wp[?)? au,/* < 0o. We may define the pe-
riodic free Dirac operator acting on L2, ((—%, %)% C*) with domain E,, with the

per\\7 25

same formula (1.1). Since HZ = —A + 1, the spectrum of this operator is con-

tained in (—oo, —1] U [1,400). This allows to define two orthogonal projectors on
L L

L2, ((—%,%)% C"), still denoted by A* and A~ satisfying the same properties (1.3)
as their equivalent in the non-periodic case.

We now have to define a periodic potential corresponding to the coulombic po-
tential. Let G, be the periodic potential defined by its Fourier series



Remark that the coefficients are, for p # 0,

_wa(p) o
cwp - 47Tlp|2 - VV(p) °

This periodic potential is no more positive, but satisfies G,, > —wCj for a
fixed Cy > 0. This causes a little change in the computations, relatively to the

non-periodic case, but the essential properties are preserved, as w is close enough
to 0.

Thanks to the Fourier series computation, we are able to translate in the periodic

case the results of Lemma 1.1, in order to get similar estimates on periodic function
spaces.

We may define the periodic DF-functional, depending on the parameters v, p
(fixed) and w:

(2.9) Po(®) = E0(P) — mpu(P),

that is,

N N
Pu(®) = Z(‘Pk,HWk)Lg” —aZ Z(‘thu,w‘Pk)Lger

k=1 k=1
(0%
= Guulx — y) [p(2)ply) — tr(R(x, y)R(y, o))] dady
(__%,%)BX(_%’%)Z%

(2.10) —tr [(GramL%erd))”(]l — Gramyp: @)"1] :

per

This functional is defined in the space
(2.11) A, = {cb € EY|0 < Gramps, & < 11} .

The new functional satisfies the Palais-Smale compactness property. Note that,
as in the non-periodic case, this functional is invariant by the action of U(N). We
may then define

Problem 2.3. Find critical points ¥ of the functional P, in the space A, with the
following property

Ju € U(N) | Gramps, (u.¥) = Diag(oy, ...on),

(2.12) { by, Vk ek = ep(0%) < bo < 1.

The resolution of this variational framework will give solutions of Problem 2.2
since we get a convergence lemma, which achieves the point (b) of the program.

2.3. Lyapunov-Schmidt reduction

So we are led to find critical points for the functional P, corresponding to the
periodic problem. Unfortunately, this functional is still strongly indefinite. One way
to deal with this problem is to reduce the functional space to a finite dimensional
space, thanks to a Lyapunov-Schmidt method.

XII-7



This reduction is based on the fact that we may split any wave function @ into
two components: a “high frequency” component ®; and a “low frequency” one ®p,
where frequency is meant to be the (norm of the) eigenvalue for the free Dirac op-
erator Hy. Thanks to a contraction property of H; !, we solve, using a fixed point
theorem, the part of the DF-equations related to the high frequency part: this so-
lution depends of course of the low frequency component.

Let A > 1. We consider the projection Ay (resp. Ap) on the eigenspaces for
H, corresponding to eigenvalues A with || > X (resp. |[A| < A). We get of course
HoAU = AuHo, and HoAD = ADH(). We put ‘I)U = AU(I), and (I>D = AD(I)

Using the projectors Ay and Ap on the periodic Euler-Lagrange equation, we
get the following system:

- Mp,w
(2.13) (ex)p = Hy' (Ap |Mypr + Nror + e )

(ox)v = Hy'(Ay Mp@k‘FNR(pk—FM)

Oy !
where M, = aZG,, — a(p *G,,) and Ng is the operator

Nal)= | R 000)Gule )iy

We observe that, given ® = (@) € ApE, for every k, a solution to the first
equation in 2.13 may be written as = = (§k)15k51v, with & € AyE, for all k, and =
is a fixed point of the operator Z3 mapping (AyE,)" into itself, given by

— I _ 871' W —_
=3 (HO ! [AU <Mp(&>+g)fk + JVR(&+5)§k + ) 2 ((I) + :))}) :
Pk 1<k<N

The next lemma shows that we may apply the Banach fixed point theorem to find
an unique = associated to ®. The following estimate will depend on v, and we check
that the considered ® + = is not too close to the boundary {®|Gramy; & = 1}.

Lemma 2.4. Let u € (0,1). Recall that we have fized v € (0,1) and p > 3.
There ezists A > 0 such that, given any A > X and ® € (ApE,)N satisfying 0 <
Grampz @ < (1 — p)1, (where the projections Ap and Ay are defined with \), the
application L defined above, restricted to a ball of radius § around 0, is contracting.
Moreover, taking X large enough, the ball (Ay(E,))N N Bz, v (0,8) is globally
invariant relatively to the action of Zg.

Then the application of the Banach fixed point theorem gives a fixed point for
T3 in the ball (Ay(E,))Y N Bz, )~(0,%). Thus we may c.leﬁne the map h; from
(ApE,)M to (AyE,)N N Bpa,1v(0, %), associating to every @ the unique fixed point
of T3 in the ball. We put = = h;(®).

Thanks to this property, we can reduce our problem to a finite dimensional one:
if we put, for ® € (ApE,)"

(2.14) Qu(®) =Pu (2 + h3(2)) ,
then Problem 2.3 is solved when the following problem is solved:

Problem 2.5. Find critical points ® € (ApE,)N of the functional Q,, such that
U = @ + h; (D) satisfies condition (2.12).
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2.4. End of the proof

Once this reduction is done, we may use variational tools on the function Q,, act-
ing on the finite dimensional space (ApE,)". Briefly speaking, we build a min-max
using a linking property. In particular, we have to avoid critical points correspond-
ing to solutions with N’ electrons, for N’ < N, i.e. critical points ® with a null
determinant Gram matrix: this is done by constructing a special pseudo-gradient
vector field. We refer to [9] for details concerning this (long!) construction. The
result of this construction is the following lemma.

Lemma 2.6. Let N and Z satisfy amax(N, Z) < 1‘31‘2_" and recall that v and p are
2 '

fized. Given w > 0 small, there exists J(w) € N, and a sequence (¥,)o< <), Of
critical points of P,. These critical points satisfy

0 < Grampz ¥J <1,

and there ezists a positive sequence ¢; such that, for any j > 0, we have 0 < ¢; < N,
lim;_, o0 ¢ = N, with

(2.15) N>P,(¥)>c..

J

Moreover, each VI is of the form
216) W= 0+ hy(@)),

for some ;\(w,u, p). The function ®J is a critical point of Q,, i.e. the reduced
functional associated to w and A, and its Morse index 1, ; satisfies

(2.17) iv;(®1) < Nm(\,w) + N>+ 2Nj,
where 2Nm(\,w) is the (real) dimension of (ApE,)".

We remark that, for the construction of linkings of higher order, the functional
space needs to have a sufficiently large dimension. Then, the Lyapunov-Schmidt
reduction gives a critical point for P, if a critical point for @, is found. Then we
may take advantage of the Morse-type information (2.17) to find an upper bound
for the eigenvalues ¢y strictly lower than 1.

Now, it is possible, thanks to our compactness results, to pass to the limit first
as the pulsation w goes to 0: then, J(w) — +o0o0 and we obtain a sequence (B7) 5,
of critical points for the functional F, ,, with eigenvalues £,. Secondly, we may pass
to the limit as the parameters v and p go respectively to 0 and oo, which solves the
initial problem.
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