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Abstract

The system describing a single Dirac electron field coupled with
classically moving point nuclei is presented and studied. The model
is a semi-relativistic extension of corresponding time-dependent one-
body Hartree-Fock equation coupled with classical nuclear dynamics,
already known and studied both in quantum chemistry and in rigorous
mathematical literature. We prove local existence of solutions for
data in H? with o € |0, %[ In the course of the analysis a second
new result of independent interest is discussed and proved, namely
the construction of the propagator for the Dirac operator with several

moving Coulomb singularities.

1 Introduction

The analysis of complex atomic matter behavior starting from first princi-
ples is nowadays a well developed subject, with a rich literature both on the
theoretical and computational sides. In low energy regime there is often a
good or excellent agreement between theoretical description and experimen-
tal results. Things are different in presence of heavy atoms, where relativistic
contributions become essential to reliable calculations of spectral and other
relevant properties of the involved systems. Notwithstanding the existence
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of several partly efficient computational strategies, the understanding of the
subject from a theoretical and rigorous point of view is at present rather
poor. This is due to the lack of a consistent many body Dirac theory, in
contrast with the many body Schrédinger theory so successful in the non
relativistic regime. It is not even clear, to give a basic example, the behavior
of the system composed by two Dirac particles interacting via a Coulomb
potential (see [15] and the recent preprint [14]); for this elementary two par-
ticle system it is widely believed but not proved that the essential spectrum
is given by the whole real line and there are no eigenvalues.

A possible and perhaps unavoidable way out of the difficulties caused by
the spectral obstruction to a many body Dirac theory consists in resorting
on Quantum Electrodynamics to obtain an effective theory. This suggestive
program, if theoretically satisfying and promising, is however at present far
from being fully developed.

In view of this incomplete and uncertain state of affairs, in this paper we
want to follow a less ambitious but however non trivial goal, that is to give
the local well posedness for the dynamics of a single Dirac electron field in-
teracting with nuclear matter described, as often in Quantum Chemistry, as
N moving point classical particles.

Namely, we will study the Cauchy problem

( 6u N Zk 2 1
i 52) = @ At a) = 3 et a) + (s ) e ),
d*q
L0 4) = v, W0
d
U(O, ) = Uy, Qk(o) = Qf, %(O) = bk
(1.1)
with N > 1, where
N
W,(t) = — Z )+ AYA
o) ; ke |37—Qk\ ; : l|Qk—Qz|

We are considering an electron with unit mass; the units are chosen in order
to have h = 1 and ¢ = 1. Here, D + [ represents the massive 3D Dirac
3

operator; we recall that D is defined as D = i~* Zajﬁj where the 4 x 4

Jj=1
Dirac matrices are given by

. 0 Ok . IQ 0
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and the oy (k= 1,2,3) are the Pauli matrices, given by

(U0} e (0 ) e (D)

We briefly discuss the model, referring to [2§] for a comprehensive ac-
count of the subject of rigorous derivation of atomic and molecular systems,
including relativistic effects and to [I7] for details on variational techniques
in stationary problems.

The above system contains a partial differential equation of Dirac type rep-
resenting the (single) electron cloud dynamics, coupled with ordinary differ-
ential equations ruling the motion of the nuclei. The latter are described
as classical point particles. The coupling shows up in two different terms
in the equations: firstly the Coulomb potential evaluated at the positions of
the moving nuclei appears in the Dirac equation, and then in each classical
Newton equation besides the inter-particle Coulomb interaction, a further
force term containing the Dirac field is present. This force term represents
the Coulomb potential (at the nucleus position) due to the charge density
u*u associated to the electron field. A contribution of this kind is heuristi-
cally expected on the basis of so-called Hellman-Feynman’s Theorem, and it
is the analogue of a similar term in the non relativistic theory of atoms and
molecules. Finally, we add to the Dirac equation a nonlinearity of Hartree
type. In the Schrodinger theory the Hartree nonlinearity is an effect of a
reduction from a many body theory, but we do not attempt here any the-
oretical justification of this term and we retain this contribution by pure
analogy; we only mention that in the context of Dirac-Maxwell theory, this
term appears naturally in the absence of magnetic field as a by-product of
the decoupling of the equations (see [13]). For relevant rigorous results re-
garding well posedness of the analogous model in the Schrodinger setting we
refer to [I1], to the above [2§] and to references therein.

We discuss briefly a last issue related to the choice of the model. In a com-
pletely relativistic model the classical nuclei should have a relativistic kine-
matics, and the (classical) electromagnetic potentials, including the magnetic
vector potential, should solve the Maxwell equations, or the wave equation
in a suitable gauge. In the semi-relativistic model presented here the dy-
namics of the heavy nuclei is consistent, at a first approximation, with the
consideration of the instantaneous Coulomb potential only, while magnetic
and retardation effects are neglected. The completely non relativistic analo-
gous of system ([LT]) has already been object of study in literature (see [11],
[2], [3] and is known to be globally well posed; for a related paper on nonlin-
ear Schrodinger equations with moving Coulomb singularities see also [33]).



We stress the fact that, in contrast with the Schrodinger case, a severe diffi-
culty here is represented by the strong singularity produced by the moving
nuclei: indeed, the Coulomb potential exhibits the same homogeneity of the
(massless) Dirac operator or, in other words, it is critical with respect to the
natural scaling of the operator. This is the source of several problems, espe-
cially from the point of view of dispersive dynamics: indeed, it is not known
whether Strichartz estimates hold for the flow ¢/(P+me? +ﬁ), even in the case
me = 0 (we mention the papers [10] in which a family of local smoothing
estimates for such a flow is proved and [9] in which the same result is ob-
tained in the case of Aharonov-Bohm fields), while it is interesting to notice
that for the scaling critical non-relativistic counterpart, i.e. the Schrodinger
equation with inverse square potential, the dispersive dynamics is now com-
pletely understood (see [6] for Strichartz, and [19] for time-decay estimates
in even more general settings). Related analysis of dispersive estimates for
perturbed Dirac flows with applications to nonlinear models can be found in
[16], [7], [8] and references therein. Anyway, in the present paper we bypass
the lack of effective dispersive estimates, adopting the strategy already work-
ing in [11], which is essentially an application of Segal Theorem [39]. The key
ingredients will be the construction of a 2-parameters propagator associated
to the time-dependent Hamiltonian, the fact that the non local Hartree term
is Lipschitz continuous and finally a two stage fixed point argument. This
allows to prove at least existence of [ocal solutions for system (L.]).

As a final remark on the model, notice that a complete particle-field system
should include the coupling with the electromagnetic field, and so Maxwell
equations with sources. For a point particle this presumably entails serious
difficulties, which in the case of the completely classical Maxwell-Lorentz
system are well known and unsolved (see for example [41] for a complete
discussion and [31], [32] and references therein for a rigorous treatment of a
related model).

Before stating our main results, let us fix some useful notations.
Notations. With L? and H° we will denote the Lebesgue and Sobolev
spaces L?(R? C*) and H°(R?, C*) respectively.

With £(X,Y) we will denote the space of bounded linear operators A : X —
Y and we pose L(X) = L(X,X) .

By the symbol 1y>2 we mean the number 1 if we are in the case of several
nuclei, the number 0 in the case of a single nucleus.

For the sake of brevity, when no ambiguity is possible, we will often omit the

dependence t € [0,7] and k =1,... N in writing expression such as sup.
ot



Our first result consists in showing existence of a two-parameters propagator
associated to the time dependent Dirac Hamiltonian with moving Coulomb
singularities

H(t) =D+ p+V(x,t) (1.3)

where V (z, 1) Z|
$—C]k

We will assume to be when N 2 2, in a no-collision setting; namely, we will
require the initial positions a; to be well-separated, together with a bound
on the velocities ¢x(t) (hypotheses [[L4l and first of [LH).

Theorem 1.1. Assume that |Zy| < @ Vk and that
min{|a(0) — a(0)] | k 1} = 82, (1.4)

for some g9 > 0. Then if the nuclei trajectories qi,- - ,qn are W2([0,T])
and there exists Cy (independent from T') such that

(14+T1n>2) Sl;p ||| oo 0,7y < Cog, Slép NG ()] 21 o,y < 00 (1.5)

for someT" > 0, then the flow of the equation
i0u = H(t)u
is well defined and given by a family of operators U,(t, s) with
Uy, € C([0, T, L(H?))

for any o € [0, 2) with H” — H? norms uniformly bounded in t, s, and q;
U,(t,s) satisfies

U,(t,s)oU,(s,m) =Uy(t,r), U,t,t)=1,
10U, (t,s) = H(t)U,(t,s) , 10sUy(t,s) = —U,(t,s)H(s) .

Moreover if g1 = (qgl), . ,qN ) and ¢ = (q%z), o qN ) belong to C*([0,T7),
satisfy the above hypotheses and assuming moreover that ¢! (0) = ¢»(0) =
(ay,...,an), then there exists C' (independent from T) such that for all
t,s €1[0,T]?, we have

[Ty (&, ) = Uyar (8 8)l| o o1 < C'sup(1+ v D)) = (66 =

for any o € [1,3).



Remark 1.1. We recall that

Z
D+ﬁim (1.6)

(and variants thereof) is a self-adjoint operator for |Z| < @ on H' (see
[38)); a distinguished self-adjoint extension can actually be built also in the
wider range | Z| < 1 (see [18] and references therein; see also the recent review
[20]). Similar results hold in the case of multi-centric Coulomb potentials but
for atomic numbers |Zy| < ? (Levitan-Otelbaev theorem, [29, [27]), and we

retain this condition along the paper without other comments.

Remark 1.2. By applying a standard continuation argument, the propagator
U,(t,s) defined in Theorem[L1l can be extended to global times provided one
assumes, instead of (L), global bounds on |Gy(t)|, |Ge(t)|. However, in the
subsequent analysis of the coupled dynamics defined by system (L1]), these
two terms can be bounded only locally in time, due to the absence of positive
definite conserved quantities. Therefore we will only be able to obtain a local
evolution in the coupled system.

Remark 1.3. The proof of Theorem[I1 borrows ideas from [26)], in which the
authors prove a similar result in the case of the Dirac equation perturbed by
the retarded Lienard-Wiechert potentials produced by relativistically moving
nucler. The main technical tool consists there in introducing a local Lorentz
transformation depending on the particle trajectories which simultaneously
freezes the position of the moving singularities, in such a way to change from
moving Coulomb singularities to stationary ones, and then to resort on clas-
sical theory of self-adjointness for perturbations of the Dirac operator. We
stress however that the difference in the model (the Lienard-Wiechert poten-
tials discussed in [26] are significantly more involved and require stronger
assumptions) and our need of detailed estimates for subsequent analysis do
not allow a reduction of the present result to the one in [20].

Remark 1.4. The threshold o = % in Theorem [I1 seems to be structural
in the following sense: in order to apply Kato’s results for the construction
of the propagator associated to a time-dependent Hamiltonian H(t), one of
the (sufficient) conditions is H(t) € C([0,T]; L(Y,X)). Therefore, beyond
the regularity in time, which will be guaranteed by assumptions (L), one
needs the Hamiltonian to be bounded from H°T! into H®, and this fact will
be true, as a consequence of generalized Hardy-Rellich inequality, only for o
up to % Moreover, we stress the fact that the space H? appears as a natural
threshold of regularity for the eigenstates of the Dirac-Coulomb operator (see

the Appendiz), and this seems to confirm the optimality of our result.
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Then we study local well posedness for the Cauchy problem (7). For
the sake of simplicity, we state this result in the simplified framework of a
single nucleus first. In this case, the system writes (we consider, without loss
of generality, the initial condition ¢(0) = 0)

s = U x—iu x u2>|<i x)u(t,

)= 0 it~ gt )+ (1« )t adute,o),
d = (U — U

(0, ) =, q0)=0,  =Z(0) = do.

We are here using the Dirac bra-ket notation to denote

r —q(t)

A
{u(t)[V NMWZ—?LW®W®WEj%W- (1.8)

|z —q(t)
We get the following result.

Theorem 1.2. Let |Z| < @ and o € [1,3/2). There exist C7 and Cy
depending on Z and m, such that for all R € Ry, all ug € H? such that
lwo|lge < R, and all initial conditions qy such that |§o| < Ci, then system

(T7) admits a solution in C([0,T], H°(R3)) x C*([0,T],R3), for T = m;

The analogous result in the multi-nuclear case is then the following

Theorem 1.3. Let N > 2, |Z;| < ? forallk=1,...N and 0 € [1,3/2).
There ezist Cy and Cy depending on (Zy)r and (mg), and &g, such that for
all R € Ry, all ug € H? such that ||ug||g- < R, and all initial conditions
(x(0)) satisfying (L4) and all vectors Gy such that |Go| < Cy, then system
(L7) admits a solution in C([0,T], H*(R?)) x C*([0,T],R?), for T = m;
We give some remarks on these results.
Remark 1.5. The threshold o = % is a consequence of Theorem [I1, as
one needs the two parameter propagator constructed before in order to prove
existence of a solution. We moreover notice that this threshold appears again
in the nonlinear model: indeed, in order to prove existence of solutions for
equation ([LI]) one needs to prove regularity properties for the nonlinear term
(L8)) which, as a matter of fact, turns to be Héolder continuous forw € H? for
o< %, and would become Lipschitz continuous for o > % Both these facts are
a consequence, again, of generalized Hardy inequality. This means that if one
was able to construct some propagator on H° for o > %, this would yield not

only existence of solutions for system [I1l, but also local well-posedness (i.e.
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uniqueness and continuous dependance on the initial data). Unfortunately, as
discussed in Remark[1.4), this threshold seems to be structural. To overcome
these issues one can think to modify the setting of the problem working with
weighted Sobolev spaces or to modify the model reqularizing the singularity in
the Coulomb potential. These developments will be the object of future work.

Remark 1.6. If we look only at the nonlinear Dirac equation, our H° as-
sumption on the regularity of the initial condition is well above the critical
threshold required by the scaling (see e.g. [30], in which the authors study
global well-posedness and scattering for the Dirac equation with a nonlocal
nonlinear term of the form F(u) = (|z|® % |u[P~Y)u relying on Strichartz esti-
mates). Nonetheless, our high reqularity requirement seems to be unavoidable
if one wants to deal with the classical Newtonian dynamics for the nuclei.
Moreover, let us point out that the coupled system (LT]) does not exhibit any
scaling law even in the case of massless electrons.

Remark 1.7. [t is interesting to compare Theorem[1.2 with its non relativis-
tic counterpart, i.e. Theorem 1 in [T1]. In that case the authors prove global
well posedness for the Cauchy problem (i.e. the ezistence of a solution for
any time t > 0) for initial data in the space H?; to do this, they first prove
local well posedness and then extend the solution using energy conservation
of the system. This strategy does not work for the Dirac equation (and thus
in the present contest), as the associated energy is not positive, and therefore
cannot be used to control any H? norm. This is the ultimate reason why we
are only able to obtain local well posedness for system (LT).

Remark 1.8. All the constants in Theorem[1.3 may depend on €. In partic-
ular, the time of existence should behave like €] for some v > 0. The power
v that one can compute while performing the proof does not seem physically
relevant, hence we did not keep track of it during the proof. This smallness
on T may be replaced by a smallness assumptions on Zy, in this case, we can
have a time of existence proportional to €.

We give a brief outline of the structure of the paper.

Section 2l will be devoted to the proof of Theorem [I.1], i.e. to the construction
of the 2-parameter propagator, first in the case of a single nucleus and then
with several ones. Various properties of the propagator are derived: firstly,
its original definition can be extended from L? to H? for o < % as a conse-
quence of Kato’s theory on two-parameter propagators, secondarily a result
of continuous dependence on the trajectory is given. The case of several nu-
clei is more involved but the results are analogous to the single nucleus case
when suitable conditions on the trajectories, preventing particles are close to



collisions, are imposed.

Section B will be dedicated to the proofs of Theorems and [L.3] simul-
taneously. We summarize the strategy as follows: the solution map is first
considered as acting on the electron field u for every trajectory ¢, using a con-
traction argument in H?. Then a Schauder fixed point argumentis performed
on the (integrated) Newton equation for the nucleus trajectory, giving the
final result. The properties of the solution map depend in a crucial way on
the previously proved results for the non autonomous propagator.

Acknowledgments. We are grateful to prof. Eric Séré for having in-
troduced us to the present problem and for several enlightening discussions
on the topic, to Matteo Gallone for discussions and comments and to Jonas
Lampart for pointing out a mistake in our original argument, that led to the
present version of the paper.

2 The Dirac-Coulomb propagator with mov-
ing singularities

We will present in the next subsection the proof of Theorem [L.Tlin the case of

a single nucleus, that will be divided in several steps, as the strategy is clearer

in this case; afterwards, in subsection 2.2 we shall present all the necessary
modifications needed in order to deal with the case of several nuclei.

2.1 One nucleus

In this case, the time-dependent Hamiltonian reads

Ht)=D+p— ———. (2.1)
|z — q(t)
Throughout this subsection, we will always assume that
3
2] < g (2.2)

which, as discussed in Remark [T} ensures an essentially self-adjoint (static)
Dirac-Coulomb operator. Notice the following relations

11 = [ wsp= [ os

and, due to the anticommutation of the Dirac matrices,

1 = [ 1957+ [ 12 [ o+ aP
9



We split the proof into several Lemmas.

Lemma 2.1. Let T € R*, u € C([0,T], H°) N C([0,T], H*™Y for o > 1,
q € CH[0,T],R3) and set v(t,z) = u(t,z + q(t)). Then u solves

i0u = H(t)u (2.3)

if and only if v solves
10w = Hy(t)v (2.4)

A
where Hi(t) =D+ 8 — ] +iq(t) - V.

Proof. Straightforward computation. O

Lemma 2.2. Let T € RT. Assume [22) and that

sup [(1)] < Rz (2.5)
t€[0,T]

for some suitably small constant Ryz. Then there exists a constant C' such
that for all t € [0,T]

1
Al flm < M@ fllze < Cllf - (2.6)

In particular, for every t € [0,T], Hy(t) is an isomorphism from H' to L.

Proof. Inequality (2.6 is a consequence of general theory for Dirac-Coulomb
operator. In particular, Theorem 4.4 in [43] ensures indeed that the domain of
the operator D+ 3 — ‘?Z‘ (i.e. the "static” Dirac-Coulomb operator) coincides

with the domain of the free Dirac operator, which is H'. Moreover, it is
known that 0 is not in the spectrum of D + 5 — ‘?Z‘ therefore D + 3 — I%I is

an isomorphism between its domain with H! topology and L?. Indeed it is a
bijective linear map from the domain into L?, continuous for the topologies
H! and L?, so by the open mapping principle its inverse (D + 8 — |72|)71
is continuous for the L? and H' topology. As then H,(t) = D+ 8 — |7Z| +
iG(t).V, under our assumption on |(t)| the additional term can be treated

as a (bounded) perturbation, and then (2.6)) holds.
U

Lemma will be enough to construct, through general Kato’s Theory,
the two parameters propagator associated to the Hamiltonian H;(t) on the
space H'; anyway, we are actually able to extend this propagator to some
higher Sobolev spaces, namely for any o < 3/2; we stress the fact that we

10



need to go above the regularity of the domain of the Dirac-Coulomb operator,
which is H', and thus this step requires some additional work.

We start by providing some fundamental functional inequalities. The first
one, is the following generalized Hardy inequality.

Proposition 2.3. For any o € [0, g) there exists a constant C' such that for
any f € H°(R?)

[ < s 1)

|z[2
Proof. See Theorem 2.57 in [4]. O
Then, we need the following Rellich inequality ([36], 37]).

Proposition 2.4. Let u € C°(R3\{0}). Then

2
/ degC/ |Aul|?dx (2.8)
rs |2[* R3
and, as a consequence,
u
— < C|u|| g2 (2.9)
2] || g1

Remark 2.1. As a matter of fact the inequality was proved (in the radial
case) by Rellich himself exactly in this form and with the optimal constant
C' = (2)2; the extension to the non radial case, here inspired by [12], appears
probably in several other papers but we were not able to find a reference and
so we include a proof for the sake of completeness. We stress the fact that
the inequality is usually stated and proved on functions defined on the wholes
space R™ but in higher dimensions n.

Proof. We are not interested in providing optimal constant in the inequality,
and so along the proof any constant appearing will be all indicated by a
generic C' that will be allowed to change from line to line. We use the well
known spherical harmonics decomposition to write

u(z) = Z ug(r)¢r(0)

where ¢ () € L?(S?) for k > 0 are the spherical harmonics of degree k
(which might be assumed to be L?*-normalized) which, we recall, satisfy the
property Ag2¢p = créy with ¢ = k(k+1). We then get, as the action of the

11



laplacian in spherical coordinate is given by A = 0, + +%8T + T%A 52, that
we can write

+oo
|Au|2dx = Z/ (|arruk|2 Ck ui — ukﬁrruk) r2dr

that, after integrating by parts, becomes

/ |Au|?dx = (2.10)
R3

00 400 +o00 400

Z (/ |0y rug|Pr2dr + 2(cp + 1)/ |0y ug|dr + ci(cp — 1)/ gd )
o \J0 0 0 r

Notice that cg(c, — 1) > 0 for every £ > 0. We now use the following

estimates:
—+o00 —+o00 8u 2
/ |8rruk\2'r’2dr > C/ 07t r2dr, Vk >0
0 0

r2

which is a direct application of Hardy inequality for radial functions, and

+o00 +o0 |Uk|
/ |0 ug| dr>C’/ r2dr, VE >0,
0

which is a consequence of integration by parts and Cauchy-Schwarz. Plugging
these estimates into (2.I0) we thus obtain

/ Al d:c>CZ/

that is exactly (2.8]).
Estimate (2I1)) comes as a direct consequence of (Z8) and standard
Hardy’s inequality: indeed, for any u € C°(R3*\{0}) we have

+o0o ‘Uk|2

vu
|z

u u

[

S |l g (2.11)

|| H! L2 '

L2
U

The following lemma represents the key step in order to extend the prop-
agator to higher order fractional Sobolev spaces.

Lemma 2.5. For any t > 0, the Hamiltonian Hy(t) is a bounded operator
from H? into H°™' for any o € [1,3/2).

12



Proof. We need to show that the operator ‘?1‘ is bounded from H€ into H°~!
for o € [1,3/2), that is inequality
3

<lullwe, o €[l3), (2.12)

u

||

Ho—-1

as the boundedness of the other terms is trivial. In order to prove this fact,
we introduce the regularizing potential L__ with ¢ > 0. First, we have

the following inequality, for any u € C>°(R3)

S s (2.13)

|

that is a simple consequence of Hardy’s inequality as 1 < L. Then,

L2

we also have, still for any u € C°(R?)

S lull e (2.14)

|

In order to prove this inequality, we write

H1

=1+1I.
L2

+
L2

u < Vu v 1
_— ~ _— u _—
Vg e || Vel + €2 Vil + €2
For I we easily have from Hardy’s inequality

Vu
1< H— < Jlulle.
||

L2

We now deal with I1I: first of all, notice that we have

\Y ! < L .
Vz]? 4 &2 |z|2 4 €2

Now, let us introduce two functions y and n such that f = fn+ fx, with
supp(n) C B(0,é), supp(x) C B(0,&/2) with € to be fixed later, and n+x =
1. We thus write

2 |U|2 |XU|2 |nu|2 2 2
I S/ (P + 22 S/ (Pt T ) Qapreze it

13




The term I1? gives no problem, as the support of x allows to neglect the
singularity in zero, and one simply has from (2.8])
Juf?

I < W < Jlul7e-

On the other hand, for 112 we can write

ul? g
I < / B < P S < Yl
2 B(0,8) et r gl

where in the last inequality we have chosen & = £*/3. This concludes the proof
of (2.I4). We can now interpolate between inequalities (2.13) and (2.I4)) to
obtain the folllowing family of inequalities for any u € C2°(R?): for any € > 0
and any o € [1,2] we have

< Jull (2.15)
Ho—1

|

We now want to send € — 0 to retrieve our result: first, we note that

1 1
—— — |ul| —0 (2.16)
V ‘.CU|2 _'_82 |.T‘ L2
for e — 0. More precisely, we have that
1 1| ||z] = e+ 2] g2 - g2
Ver+z o el |z[/e? + |a]? 2/ + e (l2] + /2 + [a?) | T J2f?
and
1 1 1
e+l fal| T x|
imply
1 Ll e (1N _ =
etz 2l T JxP2 \ 2| [t

for s € (0,1/2); therefore, using (21), we get

2(c—1) |ul® 2(c—1)
£ W <e HUHHo (217)

(=)

which in particular proves (Z.I0]).

L2
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We are now ready to prove (2.12). We use Fourier transform F and then
bound as follows: fix R > 0, then
(2
|z]

/O “g

f(%)—f(ﬁ)

2

(£)d¢

(€)de+ /O | F

u
(JT P

o] \/52 1|, ‘\/52 ¥ [2]?
< [l (14 <R>0,180,1)2

where in the last inequality we have used (ZI7) and (ZI5). We now take
such that (R)°~'e”~! — 0 to conclude
2

[Tz ()] ©de <
that is (2.12). O

Remark 2.2. Notice that the tempting argument of interpolating inequality
RId)) with standard Hardy’s inequality to conclude the desired boundedness
of the multiplication operator ‘?1‘ from H° into H°~' does not come for free,
as (2I1)) is only proved for functions u € C2°(R3\{0}) which is not dense in
H? foro > % This fact forces our two steps interpolation procedure.

HO’

We are now in position to state the the main result of this first part,
that is the existence of a two-parameter propagator associated to the time-
dependent Hamiltonian H,(¢).

Proposition 2.6. Suppose the hypothesis of LemmalZ2 hold true and more-
over that

G| 1o,y < oo (2.18)
Then there exist
1) a family of operators (Ui (t, s))tsepo,r2 from L* to L* strongly continuous
n (t,s) € [0,T], uniformly bounded in (t,s) € [0,T] x [0,T] and with the
properties

Up(t,r) = U(t,s) o Uy(s,m)Us(t, 1) 0<r<o<t<T;
Uyt 1) =1, 0<t<T,
10 UL (L, s) = Hy(t)Us(t, s) <o <t<T,;
10U (t, s) = —Uy(t, s)Hi(s) 0<o<t<T;
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2) the same family of operators, again indicated with (U (t, 8))¢sclo,r) Testrict
invariantly from H to H® for ant o € [0, %) with the same properties as
above.

Remark 2.3. The condition G above is needed in order to ensure that Hy(t)
is of bounded variations (in time) as an operator from H' to L?>. What is

more, the operator Uy(t,s) is uniformly bounded from H' to H* or from L?
to L* in q in balls of W1,

Proof. This result is a direct consequence of a very well known and developed
theory. Indeed, Lemma ensures that H;(t) is a bounded, continuously
differentiable in time operator from H® to H°~! for any o € [1, %) This
allows to use the well known results due to Kato (see [25], [23] and, in partic-
ular, Theorem 2 in [22]; see also [40] and [42] for recent surveys) to show that

H,(t) generates a two parameter propagator and a well posed dynamics. O

Remark 2.4. The fact that the propagator is in L* — L? is due to the fact
that Hy(t) satisfies (2.8) and that it is of bounded variations in time. Besides
already quoted literature, a good reference where restriction of the evolution
family to dense subset is treated is the classic treatise of Pazy, chapter V
[35]. For more recent exposition, survey and clarification of some of the
hypotheses in original papers, we mention [{0] and [{2] where by the way it
is remarked that the C' property of the generator is the really relevant one.
Also, we mention [3])], in which the authors construct a propagator for a
Dirac equation with a moving small potential. The meaning of the two parts
of Proposition[2.8 is that equation [2.4)) is well posed in both L* and H°, and
hence the same holds true for the original equation ([2.3)), thanks to Lemma

21

In order to define the propagator associated to the original equation (2.3)),
one only needs to re-change variables.

Proposition 2.7. Let g and Z satisfy (2.2)), [2.5) and [2I8)). Then the flow
of the equation
i0u = H(t)u
with H(t) defined by (21)) is given by a family of operators U(t,s) = U,(t, s)
satisfying
U,(t,s)oUy(s,r) =Uy(t,r), Ut,t) =L
and
10U, (t,s) = H(t)Uy(t,s) , i0;Uy(t,s) = —U,(t, s)H(s)
with
Uq € C([O7 T]27 ‘C(HJ))
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for any o € [0, %) In particular the norms

1Uq(t, )l oo
are uniformly bounded in t, s, and q.

Proof. Let I(t) be the smooth isometry of H? for any s

1) f(t,x) = f(t, 2+ q(t)). (2.19)
The operators U(t,s) = I(t)"'U;(t,s)I(s) satisfy the conclusions, as re-
marked in Lemma 2.1] O

We now show the continuity in ¢ of the propagator U.

Proposition 2.8. The operator U(t,s) = U,(t, s) depends continuously on q
as an operator from H° to H°™1, in the sense that for all q1,q2 € C([0,T])
satisfying the assumptions of Lemma 2.3 and all (t,7) € [0, T]?,

[Uq, (8, 7) = Ugy (6, T) | o o-1 < CT [ G1 = Gl oo po11) (2.20)
for any o € |1, %), with C' independent from T and q (with our assumptions

of boundedness on q).

Proof of Proposition[2Z.8. In order to prove this result, we need to give a
closer look to the construction of the propagator Ui (¢, s). According to [22],
it appears that U (t, s) is the limit as an operator from H! to L? of

K-1
Ui(n,t,s) = e~ it=K/mHE/m) H o~ —i(J/n—s)Hi((J=1)/n) (2.21)
k=J

where K = |nt] and J = [ns| +1if t > s and
Ui(n,t,s) =Ui(n,s,t)"

if t < s and Uy(n,t,t) = Id. This means that in order to compute U,(t,s)
one can cut the interval [s, ¢] in sub-intervals of size % and use the propagator
emHLI(I=0/m) on [s, J/n], then ¢™1(U/") between J/n and (J 4 1)/n and so
on, and then pass to the limit for n going to co. Therefore, we preliminarily
prove the following

Lemma 2.9. Let q and Z satisfy (2.2),(20) and (2I8). Then the sequence
Ui(n,t,s) defined by (Z21) is uniformly bounded in n,t,s as an operator
from L? to itself and as an operator from H' to itself. More precisely,
||U1(’I’L,t,$)||L2_>L2 S 1
<

UL (n, ¢, 8) || s i CeCillillr
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Remark 2.5. By standard interpolation argument, we can deduce that Uy(n,t, s)
is also uniformly bounded as an operator from HC to itself for any o € [0, 1].

Proof of Lemmal2d. Thanks to Lemma 221 for m =0, 1

€Oy | g < 2| Hy (1) e 100

itH1(to)

and since H;(ty) and e commute

80 < 2N 1)
and given that H;(to) is essentially self adjoint
e 10w g < 2| Hy(t0) ™l 2

Let us now prove that

K-1

K—1 Hy (k/n) J
H m T Hy(—)T™ 2.22
(e (%) (2.22)

is bounded in £(L?) uniformly in n, which would imply the result. We can

rewrite (2.22) as
K-1

(T ke Sy Gy B2
k=J+1

. Hy (k/n) -
Since Hy(k/n) and e commute, this is equal to

K-1
_;Hi(k/n) k... E—1 _,\ _;Hu/n
(I e meymm(——)m)e ™,
n n
k=J+1

. . . . _jH1(k/m) -
) —L2 — L
and since H; is essentially self adjoint, we get ||e n||p2p2 = 1. Thus

K-1 K

K-1, i H1Gk/m) I k.. k=1 _.

|| H1 ( - " Ie Hl(g) [ | HHl(g) Hy( - )" 2o e
k=J k=J+1
For all k,
k k—1 k kE—1 kE—1
HHl(ﬁ)mHl( ) "2 = H1+(H1<g)m—H1( o )™ ) Ha( )"z r
k kE—1
<1+ C|Hi(=) — Hyf M2

n
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We get

K

[T 1y i

k=J+1

o

k—1

- K ky_ g, (k=L
) m||L2_>L2 < BCZk:JHHHl(n) Hi(*; )||H1ﬁL2’

which is uniformly bounded in n since H; is of bounded variations. Indeed,

K

K
k k—1 ko k=1 .
> |Hi(=)—Ha( Wimore < )0 16(=)=4(—)Vllmorz < il
n n n n
k=J+1 k=J-+1
We deduce from that the result. O

We now get back to the proof of Proposition [Z8 Writing Hy(q,t) = H;(t)
and Uy(n,q,t,s) = Up(n,t,s), we have

HU1<n7 qi1, tu 8) - U1<n7 q2, t7 S)HH"%HU_l

i K K i K K K
< flemtmma) — it ")Hl(q%”)HH"—)H“*lHUl(naQ1>Z>5)||H(’—>HU+

—i(t— K K K
le ¢ ")Hl(qQ’t)”Hv—laHff—lHUl(th’gws’) —Ul(”aQ%gaS)”HoﬁH”—l-

Because of the boundedness from H7~! to H?~! of ¢®1(to) and from H°
to H? of Ui(n, q1, %, s) for all t,ty (see Remark [2.5]) and Proposition 2.7, we

get that

—i(t—K/n)H1(q1,s+K/n) efi(th/n)Hl (g2,

He t)”HO'HHU—l

<3|t — K/n||Hi(q1,s + K/n) — Hi(q2, s + K/n)|| go_ po-1.

This ensures that

HU1<n7 q1, tu 8) - U1<n7 q2, t7 S) HH"~>I{‘7_1
< CecndnLl\t—K/”‘”91—(]'2HL°°+HU1(7% a1, K/n, s)=Ui(n, g2, K/n, )| go o
which yields by induction
”U1<n7 q1, t7 S) - Ul(”u q2, t? 8)”H"~>H0_1 < C€CHqHL1 |t - 8‘ HQ1 - Q2HL°°-
By letting n go to oo, we get
HUl<q17 t, S) — Ul(q2, t, S)"HU%HU—l < C@CHq”Ll |t — S| qu — q2”L°°- (223)

What is more, we have U,(t,s) = I,(t) *Ui(q, t, s)I,(s) and I(¢) is an isome-
try of H?, and satisfies

Moy (8) = Loy @) oo S 11 (8) = g2(D)] < Tllgr = G|z
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Indeed, let uw € H?, v € H'"7 and define F, := [0I,(t)u.
We have v/, F = [0I,(t) vV u, from which we get | 7, F| < [[v||gr-o||ul g
And thus

(s Ly (W = Lo, ()| < | Fyy = Fo| < laa(t) = q2(O)] 0]l 1o [l -

We get
1 g, (1) = Lo D[ e mo-1 < a1 (t) — a2(0)] < Tldn — dof| 2o
We finally get
1Uqs (£, 8) = Ugs (8, 8) |11 o < CeClN TGy — o] e
]

Therefore, putting together Proposition 2.7] and 2.8 we obtain the proof
of Theorem [Tl in the case of a single nucleus.

2.2 Several nuclei

We now present the necessary modifications to deal with the case of several
moving nuclei, i.e. when the potential V' takes the form

N Z,
V(z,t)=— ; F——eTk 0:(0) = ay,
where the ay satisfy
min{|ay —a;| | k # 1} =8¢ > 0.

To ensure that at every time ¢ € [0,7] we have

min{|gx(t) — a(t)| | k # 1} = 49 > 0,

we require for all k that
Tsup de(t)] < 220,
t

The idea is to adapt the strategy developed for a single nucleus by in-
troducing suitable cutoffs in order to deal with each singularity simultane-
ously and without mutual interference. This means that instead of doing
the change of variable, x < x + ¢(f) as in the single nucleus case, we do
the change © < x + qx(t) — ax but only around the singularity g (¢). Since
qr(t) and ay are close (at least for small times), we can do it only around ay.
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We are inspired by a similar strategy used by Kato and Yajima in [26], who
define a "local pseudo-Lorentz” transformation mapping retarded Lienard-
Wiechert potentials to Coulomb potentials at fixed positions. To define this
change of variable, we introduce a symmetric, real valued cut-off function
C(x) = {(|z]) (with a slight abuse of notation we will denote with ¢ both the
function and its radial component) having the following properties:

o ((Jz]) € C=(RT);
e ((|z]) =1 for |z| < 1

o C(la]) =0 for |o] > 2;

o ¢(Jz]) €10, 1];
o ('(|z])] <3/2.
In view of constructing our simultaneous "nuclei-freezing” transforma-
tion, we introduce for each k£ = 1,... N the functions
oF(t, ) = x4+ Ty, c(z,t) (2.24)

where we are denoting with

r — ar

€0

Toc(@, ) =¢ < ) (qe(t) — a).

We write

o(t,x) =x+ Z 7:1ka($7 t)
k
and
O(t) s u > ult, o(t, x)).
Note that here ®(t) replaces the I(t) defined by (2.19). We also remark

that from now on, constants may not only depend on (Z;); but also on g
but in any case, they do not depend on T

Lemma 2.10. There exist constants C' and My such that for all t € [0,T],
T supy, || x|z~ < My and all u € L?,

1
clullze < [@@)ullz2 < Cllull 2.

21



Proof. By performing the change of variable x +— ¢(t, z), we get
1@()ullz2 = lljac(d(t) " ?ull 1,

where jac(¢(t)) = |detJac(¢(t))| and Jac(o(t)) is the Jacobian matrix asso-
ciated to ¢.
Given that

Dot w) = e+ ¢'(
k

) S (1) - )
€0

go|T — ag

where e; is the j-th vector of the canonical basis of R?, and ay; is the j-th

T—ag
€0

coordinate of ay, and given that the supports of x — (' <

) are disjoint
and away from ay, we get that

3 . 1
9;0(t,7) — ;] < 5T sup el —
k €0

and thus that
[Jac (o(t)) — I3| S ngp Gk || oo -

Therefore there exists M, such that for all T'supy, ||kl < Mo, x — ¢(t, )
is a bijection and such that for all ¢ € [0, T,

ljac (¢(1)? — 1] < Tsup gz~ and fjac (6() " —1| < Tsup [l -

which ensures the lemma. O

Lemma 2.11. There exist My and C such that for all T supy, ||dx|| L~ < My
allu € H' and allt € [0, T, the following representations and estimates hold
true

V(®(t)u) = (Vu) o o(t) + Pi(u) where || Pyl mior2 S T supy, || ez
V(®(t) u) = (Vu) o o)~ + Qu(u) where  ||Q¢l[ 2 S T supy || ez

1 1
clullm < lle@ullm < Cllulla . Fllullaz < [2(ull a2 < Cllulls2.

Proof. We have
V(®(t)u) = Jac (6(8))(Vu) o o(¢).

As Jac(o(t)) is a perturbation of the identity, we get
V(@(t)u) = (Vu) o o) + A(t, 2)(Vu) 0 ¢(1),
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where A(t, x) is a matrix whose norm is uniformly bounded by 7" supy, ||G || £

We have
At 2)(Vu) o ¢z S ngp gkl o< [|(Vu) © 8| 2

and thanks to Lemma 2.10]

1A 2)(Vu) o ¢lle S T sup [ldellzes [ullm-
Hence,
Py(u) = Alt,)(Vu) o 6(t) (2.25)

satisfies the stated properties.
For the same reasons, we get

Qu(u) = B(t,z)(u) o ¢(t) "

with B(t,z) = Jac (¢(t)™1) — I3.
Since Jac (4(t)) is close to the identity, so is its inverse Jac (¢(t)~!) and
thus ||B(t, z)|| < T supy, ||dk|| . This yields

1Qe(w)|> S T'sup ]l o= [ Ve 0 $(8) 7] 2
and thanks to Lemma 2.I0, we get that

1Qu(u)lz2 S Tsup 1G] o< [l -

The equalities involving V(®(¢)u) and V(®(t)~'u) ensure the validity of
inequalities for ||®(¢)ul|z.
For H?, we have to compute A(®(¢)u). We have

A(P(t)u) = (Jac(o(t))V) - Vuo ¢(t) + V. Pi(u).

As Jac(¢(t)) is a uniform perturbation of the identity, we have that
(Jac(4(t))V) - Vuo ¢(t) is a uniform perturbation of (Awu) o ¢(t). Moreover,
we have

V - Py(u) = Jac(o(t)) ((V ~A(t,z)) - Vuo ¢(t) + (A(t,z)V) - Vu o qS(t)).

We have
[(A(t, 2)V) - Vul[2 < TSI;p x|l oo [ ]| 772

Besides, V - A(t,x) = A¢(t), which gives

VoAt =3 [|x _2ak|€0</ ('x ;Oa“) " <@) [ (ax(®) = ).

% 0 0
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lz—ay|
€0

Assuming ey < 1 and using that the supports of ¢’ < )) are outside a

ball of center a; and radius gy, we get

(V- A(t,2)) - Fulle S 70 g [l

(We recall that the supports of ¢ (‘x;—oa’“‘) are disjoint.)
This ensures that
[P(E)ullr2 < Cllulln

if T'supy, ||gx ||z~ is small enough. The reverse inequality can be deduced in
the same way:.
0

The following result is the analogue of Lemma 2.1] in the multinuclear
case.

Lemma 2.12. If u satisfies i0yu = H(t)u then v = ®(t)u satisfies iOw =
Hy (t)v with

Hy(t)v = Dv + B — zk: - fkak| v (2.26)
+ito(t @) - (Vo = B(@()0)) + @ - P(@(t)'v) + R(t, x)o
where Py is defined as in Lemma 211 (see also (2.29)),
1 1
Rt =3 5 o ~ e — g
and & is the vector of the ay, matrices.
Proof. Straightforward computation. O

In view of defining the two-parameter propagator and use Kato’s theory
as in the one nucleus case, we need the following

Proposition 2.13. Assume that for all k, |Zx| < ? There ezist Cy, and
C' such that if the trajectories qx(t) are such that

(1+T) Sup k()] < Ch, sup 161l 22 o,y < 00, (2.27)
then there exists 0 € Ry such that for all t € [0,T],
1
—0llullze + Fllullz < IHn(Oulze < Cllullg:
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and
170, Hn (1) || L1 (0,17, 51 > 12) < ngp(HiijLl + Tl o) (2.28)

Moreover, for any o € [1,2), the operator Hy(t) is bounded from H° into
Ho-L

Proof. Thanks to the usual theory of essential self-adjointness of Dirac op-
erators with Coulomb potentials, the proposition is already true for

Dv+6v—z

|x—ak|

We estimate the other terms. We have

iote.e) = ¢ (=Yg,

hence

[0 (t, ) - (Vo — Pi(@(t)"'0)) 12 S ngp |gx (O l[ol -

We have
IS P(®() " 0) 2 S ngp x|l oo [V 21

Finally, since ‘xfak‘ ra m) O] is supported outside the ball of center a;, and
radius €y, and given that outside this ball, |¢(t, z) —qx(t)| > | —ar| —|qr(t) —
ax| we have that for T'supy, ||gx||re < 3, |6(¢, 2) — @i (t)] > 2. Therefore

IR(E, )| e omixesy S &0 > 1 Zal-
k

Therefore, assuming that the quantity (1+7") supy, ||x|| L is small enough,
we get that Hy(t) satisfies

1
—Ollulze + Fllullfn < 1Hn@ullze < CllullZn;

the L? norm appears in the term involving R(t, z).
Computing the derivative of Hy(t) yields

B, Hy (1) = i02(1)- (V—Ptoé(t)“) —i0,-0,Po®(t) " i@ -0, Po®(t)+0, R(t, ).
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We have [|07¢[|1 < supy, ||Gellr and |V — Py o @(t) 7| (o), m112) < C
hence

li0F6(t) - (V = Pro ®(t) ) lur oy anzy S sup e

We have [i0,¢| < supy, ; [Ge(t)] and Py o ®(t)~! = A(t, x)Jac(®(t))"'V. What
is more,

T10,4] = T3 Iac(9(0)| < Tsup i~
and 9;Jac(®(t))™t = —Jac(®(t)) 10, AJac(®(t)) ™, hence

Hat(b”lgﬁlﬁ g Cl and TH@Pt (0] @(t)il”HlﬂLQ 5 TSllip HQkHL‘X’

This gives

Tsup [|i0y6 - P, 0 (1) || msz2 S Tsup [l C1
t

and
T'sup i - 8Py o ®(t)]| 1 p2 S Tsup |l |-
Finally, as
3¢< L 1 ) _ (09— () (¢ — a)
[z —ar] ot x) — qi(t)] ¢ — a?

and it is supported outside the ball of center a; and radius gy, we get

Tsup |0 Rt @)z S T sUp [ldellov
t

which yields the result as || - || L1077 < T|| - ||z (jo,r))- The last statement of
the Theorem is proved when the remainders with respect to the multicen-
ter Coulomb operator appearing in are controlled. Multiplications by
smooth decaying function are bounded operators in Sobolev spaces (see [4],
in particular Thm 1.62) and moreover the term R can be bounded as in the
proof of 2.I0L This gives the result. O

We are now in position of proving the main result of this subsection.

Proposition 2.14. Let Z; be such that |Zy| < ? for each k, and let qx(t)
satisfy assumptions [221). Then the flow of the equation

i0u = H(t)u

26



with H(t) given by (L3) is given by a family of operators U(t,s) = U,(t,s)
satisfying

10U, (t,s) = H(t)U,(t,s) , i0;Uy(t,s) = —U,(t, s)H(s)
and
U,(t,s)oUy(s, 1) = Uy,l(t,r).

with
U, € C([0, T3, L(H"))

for any o € [0, %) In particular the norms

1Uq(t, 8)|| 1o e
are uniformly bounded in t, s, and q.

Proof. As in the single nucleus case, this result is a consequence of Kato’s
theory and Proposition 2.13] We omit the details.
O

The following result is an ingredient needed for the continuity of the
propagator Uy, that is forthcoming Proposition [2.16

Proposition 2.15. Let ¢!V = (q%l), . .,q](\})) and ¢® = (q§2), . .,q](\?)) be

two vectors of C*([0,T)) satisfying assumptions [2.27). Let Hy ;(t) (resp
®;(t)) be the operator Hy(t) (resp. ®(t)) associated to ¢¥). We assume that
g (0) = ¢?(0) = (a1,...,an). Then for allt € [0,T] and all o € [1,3),

[Hy1(t) = Hya(t)|[gropor < ngp(l +D)1(6) = (6@ ==

Proof. We have

L — Qg D Lji— Qkj , (1) (2)
q t q t *
o Eo|fE k|( k ( ) k ( ))

Oi(t7) = Binlt.x) = ¢ (

k

Hence
[Jac(ér) = Jac(gn)| < sup T ") = ().

This gives in particular

[P (@1(8) ) = Pra(®a(t) o2 S Sup T|(x™) = (6ol 2
t
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hence
[P (@1(t) ") = Poa(®2(t) Moo S SE?TK%(U) — (@),
We also have
|10kp1 — i0pha| < S}?}P (™) (£) = () ()]

And finally,

1 1
o) = Rt ) = 3 Z’“<|¢><t, D=2 (0] lo(t.x) - qli”<t>|)

which yields
Ry(t,x) < Cy Sup T(g') = (@)
t

This concludes the proof. O

To conclude with, we prove the continuity of the propagator U, with
respect to q.

Proposition 2.16. Let ¢ = (¢\", ..., q](\})) and ¢@ = (¥, ..., q](\?)) be two
vectors of C2([0,T)) satisfying assumptions 22T). We assume that ¢/ (0) =
¢?(0) = (ay,...,an). There exists C (independent from T and ¢, q®)

such that for all't,s € [0, T]?, we have for any o € [1,3),

1Ug) = Uyn || o5 mro—1 < ngp(l + D)1 (Ge™) = (66l

Proof. What we have to add with regard to the single nucleus case (i.e.
Lemma [2.§), is that we also have

[1(8) = o)l oo S Sup Tl(@™) = ()l ==

such that we can bound the difference between the operators due to the
different changes of variables. O

Again, putting together Propositions 2.14] and 2.16] we obtain Theorem
[[1lin the multi-nuclei case, so its proof is concluded.
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3 Local well-posedness of the electron-nuclei

dynamics
This section is devoted to the proof of our main results, Theorem [L2[T.3l In
all this section, as stated in the hypotheses of the cited Theorems, we assume

that the g, satisfy the separation assumption and that |Z;| < @ for all k.
In all the results, the constants may depend on Z; and &.

3.1 Nonlinear estimates

In this subsection we collect some preliminary estimates that will be needed
in the sequel; we will include some proofs for the sake of completeness. We
start by recalling this classical version of generalized Hardy inequalities (see
e.g. Theorem 2.57 in [4])

We now provide some standard estimates for the convolution term.

Lemma 3.1. Let u,v,w € H'. Then the following estimates hold
1(uv s 2|~ Dwllz2 S Mlull gz llollmllwl 2,
(v [z~ Dwllm S lllm vl llwll:

Proof. The proof of the first inequality is a combination of Holder’s and
Hardy’s inequalities. Indeed,

1 (uv 2] Hwllzz < [ (wo 2] ) [z |wl] 2

and for all =
| [ = lol o] < lslsz el

where u,(y) = u(x — y). By a change of variable, |u.||zz = ||u||zz and by
Hardy’s inequality ||vi|y|™!||ze < 4]|Vv,||z2. Given that Vv, = —(Vv),, we
get the result.

For the second inequality, we write

V((uv * |z Hw) = (Vu)v * |2] Hw + (Vo) * 2| Hw + ((w) * |z| 1) Vw.

By using the first inequality, we can estimate the L? norm of the right hand
side as follows

I(Vao =zl Dwllez < [Vulgellvll g w22

(V) * |z Dwllze < ull IVl cellwl] e

I((u) # [2] ) Vwllze < Jullzellofl g1 [ Vel e
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which give the first estimate.
The estimate in the H? case can be obtained in the same way as above
by using the Laplacian instead of the gradient.
O

In what follows we will also need the following fractional versions of the
estimates above.

Lemma 3.2. Let s € (0,1/2) and u, v, w € H*™. Then the following
estimate holds

|| (wv * |x|_1)w| o1 < ||| g1 ||| s+ ||w]| o1

Remark 3.1. As it will be clear from the proof, these estimates are not
sharp, but we prefer to present them in this clear way as they will be enough
for the scope of this paper.

Proof. We start by the case s € (0,1/2); we deal with the homogeneous
Sobolev norm, as this is the problematic term. We write

1w |2~ Dwll gosr = [1(V (wv) = 2] Dwll s + [|(wo) * 2] 7wl ..
For ||(uv) * |z| ' 7 w]|| s, we use Leibniz’s inequalities to get
1(uv) * |27 7 wll e S Nl (o) * 2] wesell 7w,

Since | 7 w||gs < ||w]|gs+1 and ||(uv) * |27 ||wseo < |[(uv) * |2] 7|10 and
since we have already proved

[(wo) * 2|~ lwreo < llull o]l e
in the previous lemma, we get
1(uv) = 2™ 7 wllgre S Nell g lJvll gresalJw]] s

For ||(V(uv) * |z|~Y)w||zs, we deal with one of the two terms appearing
after using Leibniz rule on the gradient, the other one being analogous: we
have, setting G = (Vu)v x |z| ™!

2 _ / |G(x)w(z) — Gly)w(y)|

2
1G]l P drdy <

B 9 9 9 B 2
[ GO [ W) g,y
R3xR3 |z — y[3+2s R3xR3 |z — y|3+2s
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The term 1 can be directly dealt with by estimating as

1T S |Gl Lol

Hs+1

and ||G||p~ has been dealt with in the previous Lemma. For the term I we
write instead

Gy)*lw(z / /' G(y)?lw(z)|”
I—/dx/ d+ dz dy = Li+1s.
R3 |lz—y|>1 |ZL‘ - |3+2S R3 lz—y|<1 |l‘ - |3+2$ ' ?

For the term I; we get

2063
2 L 2 2
ne [ il [ ZEE <Gl

vy>1 |2

as, since 3+2s > 3, which is the dimension, the term |z —y|~37%¢ is integrable
in the region |x — y| > 1. For the term I we write

dy
b= [ wer [
R3 o—yl<1 |T — y[3T

Notice that one has the estimate, for any s € (0,1/2),

2

| TueE e =7 = ly =2

|z — y|* |z — y|
~ |.’L‘ |1+2s ‘y_z|1+2s'

(Jo =27 =y —27") <

If |[x—z| < |y—z|, this can be obtained by interpolating the obvious inequality
|(|z — 2|7t = |y — 2|™Y)| < |z — 2|~ with the inequality

ly — 7|
—z]?

KW—lely—ﬂlﬂ_|

This is due to

_ _ lz—yl—|ov—2 |y—u
[(Jz — 27" =y — 2| 7)| =

vzl —yl T oz

where we have only used triangle inequality. We deal with the case |z —y| <
|x — 2| in the same way
Therefore, we have

& S/ dﬂw(xﬂg/ Lw( / Vi) i
RS |z—y|<1 |l‘ - y| =28 R3 |l‘ — Z|5 |ZL‘ — Z| +s

dy
< Yl ]2 / dlw(@)|? /

R3 z—yl<1 ‘SL’ - y|372s

2
+

/ Vu(z)  v(z) —_dz
R e M
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where we have used again (23] with s and 1 + s < % As s > 0, the integral
in dy is finite and then we eventually get

Iy S [[ullggssallvll o w22

and this concludes the proof in the first case.

3.2 Contraction for u with fixed ¢

In this subsection, we assume that C is the constant defined in Proposition
2.7 and in Proposition 213l We begin by stating a well posedness result for
the nonlinear Dirac equation in H'.

Proposition 3.3. Let 0 € [1,3/2), and R > 0. There ezists a constant C
such that for all ug € H?, and all q that satisfies

. Cy .
sup |gr.(¢)] < o Sup Grllzroy < R
k.t k

the Cauchy problem

N

i = (D+ Bu+ Y .

T+ (2] fuf?)u
— o — ()]

u(0, ) = up(x)

is well posed in C([0,T), H°) for T < =, 1 with the additional condition,

ol
if N > 1, that T supy, ||gu||= < <. Let us denote the corresponding flow by
U, (t). Then U, (t) is continuous in the initial datum: namely, for each uy,
vo € H' we have

[Wq(t)uo — Uq(t)volle(o,ry,me) < Clluo — vol ae-
Proof. Thanks to the assumptions on ¢ and 7' in the several nuclei case

(T supy, ||drllz= < &), the Cauchy problem admits the following Duhamel
formulation for t < T :

t
u=U,(t,0)ug — ’L/ U8, ) (|21 * [ulu)dr.
0

Let .
A, (u) = U,(t,0)ug — z/ Uq(t,r)(|x\’1 * \u\Q)udT.
0

32



We prove that A, admits a fixed point by a contraction argument.
Thanks to the continuity of U, on H? (see Proposition 2.14]) we have

1 Aq()lleqo,r1,10) < Clluollge + CTI (2]~ * [ul*)ulleqor, me)-
And thanks to the bilinear estimates of Lemma
1 Aq(u)lleqo,r1,0) < Clluollge + CTullg o117 -

Therefore, the ball of C([0,T], H°) of center 0 and radius 2C||uo||%- is stable
under A, for T' <

What is more,

1
C'luollfo

[ Aq(w) — Ag(W)lleqormey < CT (]~ s [ul?)u — (|71 * [v*)vlleo,m,mo)
and
(] s fu)u— (2]~ o]*)o = (|~ Jul?) (u—v) +ov]z] " (Re(u+v, u—v)).

Hence, thanks to Lemma B}, we get that for u, v in the ball of C([0,T], H?)
of center 0 and radius 2C||ug||%,

[ A44(u) — Ag()lleor,mey < CoT |uol|Fo llu — vlleqor), ey

thus A, is contracting for T' < =—-—>—, and this concludes the proof. O

Calluoll30

3.3 Further properties of ¥,

Proposition 3.4. Let ¢ € [1,3/2) and R > 0. There exists a constant
C' such that for all ug € H? and q as in the previous proposition, for

1 - - e
T < el the flow ¥, satisfies the following properties:

(i)
W (t)uollcor),me) < Clluolae.

(11) U, is Lipschitz-continuous in q, namely

19 0y ()ug — Wy ()uolleo.ay,me1y < OT |Juol| e sup |68 () — 452 (8)).

kit
Proof. The property (i) is a consequence of the contraction argument made
in the proof of the previous proposition.
For (ii), write u; = W ¢ (t)uo, j = 1,2. Since uj is the fixed point of A4 ¢
we get
up —upy = Ay (ur) — Ay (ug) = I+ 11+ 111
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with
I = U (1)(t, 0)(U0) — Uq(2) (t, O)(’LLQ)

q

I = —i /0 t(qu (t,7) = Uy (t, 7)) (|7 Jua (7)) un (7)d7
o= i Uy 7) (1 fun (D) () = (f] 1 o) () )
From Corollary 2.16] we have
1Uqew (£, 7) = Uyer (8, 7)1z o1 < C'sup TII(6™) = (6 )| ==
Therefore, we get
[ lleqo.z1.m7) < Cs;ng(q'k(”) — (G [[|uoll o1
and

[ lleo,ry,m7) < CS;IP T1(G") = (@)l * ) lleo.ry o).
it

Since
T ()" * [ *Yurlleqomy ey < Clluol| s,
we get
T legoyy < € supT1(d) = (6ol
We have
ITT = Ao (ur) — Ay (u2)
and since A ) is contracting, this yields the result. O

Remark 3.2. Actually, by exploiting some refined version of estimates in
Lemma [32, the time of existence T could be made dependent only on the
H' norm of the initial datum ug. Anyway, we prefer to keep the strongest
assumption with the dependence on H? because this simplificates significantly
the proof of the Lipschitz-continuity, that is point (ii) above.

3.4 A Schauder fixed point for ¢

Let ty > 0, (ak)k S (R3)N and (bk)k S (Rs)N.
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Assuming for the moment that it is well defined, we set P(q) as the vector
field such that P(q), = F(q)x for every k and where

k. — |\I’ o)) ZZkZl k—QI3
Q — = lee—al

where the following initial values are given: P(q)i(t = to)r = ax, Py(t =
tO)k - bk
Let R > 0 and

) C
B ={q e C[to,to + T1], (R*)™M)|Tx sup el Lo < 71,

. C .
Gr [ < 71751;10 el < R, qi(to) = ax, Yk # L Vt|qr — qi| > 4eo}

where M, C are the constants fixed by Proposition [2.13]

Proposition 3.5. Assume ug € H', Y, |bi| < 6;1 and for all k # 1, |ay —

aj| > 8z¢. There exists C' such that if Th < for N=1and T} <

W if N > 2, then B is stable under P
H1

Proof. We have
1E(a)llzee < CIZ4l[W(8)uollF + Ce® Y 12k Zl.
kAl

Hence
17 (@l < T2C (Jluolf + 1ns2 ).

This yields
1Pl < Ioel + TC (JluollFn + Lvs2)
-1
hence for T; < CyC <HuoHH1 + 1N>2) and Ty < N_1%0_1<”“0H%{1 +

-1
1N22) , we have

| F(q)rllzr < Cy
and

1P(@)kll= < =

For N > 2, we have
Ty P(@)kllz~ < T -
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hence for T} < 1, we have

: C
Tl Pkl < —1

Finally, for k& # [, we have

lge — @ > |ax — ag| — gk — ax| — g — @

and since |q; — a;| < C1T1, we get that for T} < 25—?

lax — @] > 4eo.
Hence B is stable under P. O

In the next proposition, we give the key properties of the map P, that is
we prove that it is Hélder continuous if ug € H? for o € (1, ) The threshold
is a consequence of the threshold for the validity of Hardy inequality (2.3),
that will play a key role in the proof.

Proposition 3.6. Let qY) € B for j =1,2. Then if o € (1,3/2) there exists
C and T < T1 with Ty as in Proposition [3.3 such that for all ug € H? we
have

Sl;pHP(q(”)k—P( Nklle o tor ) <CT28(1N>2+Hu0”HU)SupHQk —g7 [
(3.1)

Proof. First of all we write

(1)

q — X
F(q"), = F(¢®)i = —Zk<‘1’q<1>(“0)||(k1)7|3|‘1’q“>(“0)>
4, — T
ORI

+ Zk<\I,q(2) (uo)‘(l;)ism’q(z) (u0)>
gy — |

g — gV g — qz@)
23 2~ )
k#l —q |Qk - C]z |

Notice that, since \q,gj) — ql(j)\ > 2eg, we have

1 1 2
q,g) ql() _ ql(c)_ql

1
i) — VP g

2
\No (It = o1+ gV = )

)
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so that we get

( ) (1) (2) ()

—q 9, — q
QZZ’fZl( FON PO bs) <O |z S“p”qk =07l
kAl —q P g q" | kAL

For the other part of the difference, we have

ORp @ _ g
<\Ifq<1>(uo)|(’§)73|\11q<1>(u0)>—<\11q<2>(u0)|(’;)73|\1/q<2> (uo)) = I+IT+I1T
g, — | lgr” — x|

with

I = (\Ilq(l)(uo)—\Ifq(g)(uo)|%73|\lfq(1)(uo))

ql(;) . qiiz) .
I = (W, (o) = ) W0 (o))

) — 2P g - al?
W@

ITT = (W0 (o) | (Wy0 (o) = Wy (o) )
g —

We deal with the three terms separately. For the term I (and in fact 111)
we can write, with a € (0,1), and b € R

1 < / [V (uo) — W (o) || ¥ g (uo)|
o ) — 2
[0 g0 (u0)] [V (o) = Wge (u0)|* [ W0 (o) — Wy (uo) '~
/Ra ) —al g —ap g = afror

and by Holder’s inequality,

q(l) (uo) (\I[q(l) (ug) — \I]q@) (uo))*

1| <c

(W g (o) — Yy ()™

g — 7|, gD — b Lo gtV — z[2-o-b

which identifies as

a 1—a
I<c W (uo) (W (uo) — Wy (uo) (Vo (o) — ¥y (uo))
e =2l gt — xore g — z|@-o-b/-a) |
To conclude we need
{g <o-—1
2—o—b
1—a < 0.
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Taking the equality in the last inequalies, we get a = 2(c — 1), and this
justifies the condition ¢ € (1,3/2) < a € (0,1), and b = 2(c — 1)%
Therefore one gets, again by (2.3]) with s and s; and Proposition B.4]

111 S 10 (o) e (1 g (o) e + W g2 (o)l 11)' = 1 gty (w0) — e (110) | o

which ensures 3
1115 Nuolle T sup f1di” = 67l

To deal with the term I we have, for a € (0,1)

2)|a ( @) |a
e
1< [ 100 (]| () g
q ‘q(l) |2t \q,(:) — |2+
\VJ (1)(U0) )\ (2)(U0)
< C (1)_ () |a q q
= |Qk Qk | |l‘|1+a/2 1o
< C‘Q](g _Qk |QH\I’q(1) Ug HH1+a/2 H\I] 2) HH1+a/2
< Clat” = 471 woll e

Taking then o« = 20 — 2 and using Proposition B.4] we get in the end

111 < Clluollfe sup lai” = 67117* < CT ol sup 167 = 4.7 177

note that (20—2) € (0, 1) for o € (1,3/2), so that we obtain the Holderianity
of this term, and the proof is concluded O
As a consequence, we are able to prove the following result.

Proposition 3.7. Let o € [1,3/2). There exists C = C(m) such that for
all (ay) and (by) such that for all | # k, |ay, — ai| > 8eo, (bp)x < <, for all
ug € H?, the system of equations

miGr = F(q)k

with nitial data q,(t = 0) = a and ¢x(t = 0) = by admits a solution in
C*([0,T] for T < & 1

(An2tuolFe)
Proof. This is a Schauder fixed point argument for P in

B(0,T) = {q € C*([0,T], (Rg)NHTSgp Gk | oo < Mo,

D el < Chsgp Gkl < R, qi(0) = ax, Vk # I, Vt|gr — q| > 4eo}
K
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for the topology of C'([0,T7]), as a consequence of Proposition and (B.1])
in Proposition
Note that B(0,T) is compact in C'([0, T']) because of the boundedness of

the C? norm.
]

4 Appendix: a remark on regularity of the
ground state of Dirac-Coulomb Hamilto-
nian

Let us consider the Sobolev regularity of Dirac-Coulomb eigenstates when

7 </3)2.

In particular, we are interested in the ground state. Its generic component
has the form (see [, 21])

f(r) = const x e~ P! (4.1)

where

a=27, b=y1-(aZ2)2=vV1-12 ve(01) (4.2)
The Fourier transform of the above radial function satisfies

f(k) = %% /000 rf(r)sin(kr) dr

The above integral is the Fourier sine-transform of r f(r) = const x e~ r®.

According to the Table of Integral Transforms I, Bateman Manuscript
Project, formula 2.4 (7) pag 72 in [I], one has

F(k) :é%m +1)(a? + k)20 inf(b 4 1) tanl(S)] (4.3)
=const x %(CZQ + k:Q)_%(bH) sin[(b+ 1) tan_l(S)] (4.4)

This is regular at the origin while the asymptotic behavior at infinity is given
by )

f~ k02 (4.5)
Now f € H® <= |f|?(1+ k?)* is integrable in R3, from which we get the
condition f € H? <= k=2=4(1 + k?)°k? is integrable at infinity, i.e.

1
26+2—-20>1 <= 1—V2>S—§ (4.6)
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This implies that

2. f¢ H: whatever v e (0,

1. fe H Vve(0,%)

)

ofS

3. fEH o=0(v)=2—¢€with v? <2e—¢

2

So the regularity is better and better (but lower than H3/2) with the decreas-
ing of the charge Z.
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