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1 Introduction

First mathematical results on the stability of matter were obtained by Dyson and Lenard in
where the energy bound from below was established. The thermodynamic limit for the Coulomb
systems was first studied by Lebowitz and Lieb [22] 23], see the survey and further development in
[26]]. These results were extended by Catto, Le Bris, Lions, and others to the Thomas—Fermi and
Hartree—Fock models [[7, 8, [9]. Further results in this direction are due to Cancés, Lahbabi, Lewin,
Sabin, Stoltz, and others [3], 6] 25]]. All these results concern either the convergence of the
ground state of finite particle systems in the thermodynamic limit or the existence of the ground state
for infinite particle systems.

However, no attention was paid to the dynamical stability of crystals with moving ions. This stabil-
ity is necessary for a rigorous analysis of fundamental quantum phenomena in the solid state physics:
heat conductivity, electric conductivity, thermoelectronic emission, photoelectric effect, Compton ef-
fect, etc., see [3]].

In present paper we consider the coupled Schrodinger—Poisson—Newton equations for finite crys-
tals under periodic boundary conditions with one ion per cell of a lattice. The electrons are described
by the N-particle Schrodinger equation with antisymmetric wave function. We construct the global
dynamics of crystals with moving ions and prove the conservation of energy and charge.

Our main result is the orbital stability of every ground state with periodic arrangement of ions
under the novel ‘Jellium’ and Wiener-type conditions on the ion charge density.

The electron field is described by the many-particle Schrodinger equation in the space of antisym-
metric wave functions which corresponds to the Pauli exclusion principle. The ions are described as
classical particles corresponding to the Born and Oppenheimer approximation. The ions interact with
the electron field via the scalar potential, which is a solution to the corresponding Poisson equation.
We find a novel stability criterion (3.1)), @3.3).

We consider crystals which occupy the finite torus T := R3/NZ? and have one ion per cell of the
cubic lattice I' := Z> /NZ>, where N € N. The cubic lattice is chosen for the simplicity of notation.
We denote by o(x) the charge density of one ion,

o € C3(T), /G(x)dx:eZ>0, (1.1)

T

where e > 0 is the elementary charge. Let us denote
T:=TV:= {x=(x1,..oxy):x; €T, j=1,..,N}, N:=N>. (1.2)

Definition 1.1. .7 is the ‘fermionic’ Hilbert space of complex antisymmetric functions Y(x1,...,Xy)
on T with the norm

2 2 2
lyllz = HV@WHLZ(T) + HWHLZ(T)v (1.3)
where V¥ denotes the gradient with respect to X € T.

Let y(-,t) € .% for t € R be the antisymmetric wave function of the fermionic electron field,
q(n,t) denotes the ion displacement from the reference position n € I, and ®(x, ) be the electrostatic
potential generated by the ions and electrons. We assume /i = ¢ = m = 1, where c is the speed of light
and m is the electron mass. Let us denote the ‘second quantized’ operators on .7,

N N
A=Y Ay BP0 = Y D(x0). (1.4)
j=1 J=1
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The coupled Schrodinger-Poisson-Newton equations read as follows

W) = AT e (), TeT, (1.5)

—A®(x,t) = p(x,1) ::ZG(x—n—q(n,t))—l—pe(x,t), xeT, (1.6)
nell

MQ(nJ) = _(Vq)(x7t>76(x_n_Q(nat)»? nel. (17)

Here the brackets (-, -) stand for the scalar product on the real Hilbert space L*(T) and for its different
extensions, M > 0 is the mass of one ion, and the electronic charge density is defined by

pe(x,1) ——e/ZSx x)|w(x,1)|*dx, x€T. (1.8)

Similar finite periodic approximations of crystals are treated in all textbooks on quantum theory of
solid state [4. [16, [30]. However, the stability of ground states in this model was newer discussed.

The total electronic charge (up to a factor) is defined by

Oy..p) = [ W@Pdx = w2z, (19)

The Poisson equation (L6) implies that

/Tp(x,z)dx:o. (1.10)

Hence, the potential ®(x,) can be eliminated from the system (L3)—(L.7) using the operator G :=
(—=A)~!, see (Z.I) for a more precise definition. Then the system (L.3)-(L7) can be written in the
Hamilton form

. 1 : :
(x,t) = E(%,,E, q(n,t) = dymE, p(n,t) =—dymE. (1.11)

Here dy = %[81,,1 idy,], where ¥ := Re y and y, :=Imy, and the Hamilton functional (energy)
reads )

2M

E(v.a.0) = 5 [ V2 wiPdr+3(p.Gp) +Z (112)

Here ¢ := (q(n): neD)eT, p:=(p(n): nel)eR¥, and the total charge density p(x) is the
sum of the ion and electronic charge densities,

p(x) := p'(x) +p*(x), =) o(x—n—gq(n), xeT, (1.13)

nel’

in accordance with (I.6) and (L.8)). The identity (I.I0) implies the normalization
2 _
||W(7t)||L2(T) =Z, reR. (114)
We denote the Hilbert manifolds

v =H'(T)@TeoRY,  #:={XecV:0X)=2}. (1.15)



We prove the the global well-posedness of the dynamics: for any X (0) € .# there exists a unique
solution X (1) € C(R,¥) to (L11), and the energy and charge conservations hold:

E(X(1)) = E(X(0)), Q(X(1))=0(X(0)), reR. (1.16)

The charge conservation formally follows by the Noether theory [2}[14}[17] due to the U (1)-invariance
of the Hamilton functional:

E(e“y,q,p) =E(y.q,p), a€R. (1.17)

Our main goal is the stability of ground states, i.e., solutions to (ILT1)) with minimal energy (I.12).
We consider only ground states with I'-periodic arrangement of ions (nonperiodic arrangements exist
for some degenerate densities o, see Remark [L.3]iii) below).

We impose two special Jellium and the Wiener conditions (3.I) and (3.3) onto the ion densities
o (x). The Wiener condition is a suitable version of the Fermi Golden Rule for crystals. The Jellium
condition implies that total density of ions is uniform when ¢(n,t) = 0, see (3.2).

The energy (I.12) is nonnegative, and its minimum is zero. We show that under the Jellium
condition all ground states with I'-periodic arrangement of ions have the form

S(1) == (ype '™ 7.0), reT. (1.18)
Here B
reT: 7n)=rnerl, (1.19)
while yy is an eigenfunction
1 _
— 307w = awo(®),  FeT, (1.20)

corresponding to the minimal eigenvalue @y := min Spec(—%A@’).

We establish the stability of the real 4-dimensional ‘solitary manifold’
S ={Sar = (W, 7,0) : Wu(F) =% y(%), a<cl0,2n]; reT}, (1.21)

where y is a fixed eigenfunction, satisfying the additional restriction (3.7). The normalization (LI14)
and the identity (I.20) imply that

E(S)=wmZ, Sec.. (1.22)

Our main result is the following theorem.

Theorem 1.2. Let the Jellium and Wiener conditions (3.1) and (3.3) hold as well as (3.7). Then for
any € > 0 there exists 8 = 6(€) > 0 such that for X (0) € .4 with dy(X(0),.) < 0 we have

dy(X(t),) <E, teR, (1.23)

where X € C(R, V) is the corresponding solution to (L_L).



This theorem means the ‘orbital stability’ in the sense of [14]], since the manifold . = S L Tis
an orbit of the symmetry group U(1) x T.

Let us comment on our approach. We prove the local well-posedness for the system (I.11)) by the
contraction mapping principle. The global well-posedness we deduce from the energy conservation
which follows by the Galerkin approximations.

The orbital stability of the solitary manifold . is deduced from the lower energy estimate
EX)-wzZ>vd*(X,”) if dX,7)<8, Xe, (1.24)

where v,8 > 0 and ‘d’ is the distance in the ‘energy norm’. We deduce this estimate from the
positivity of the Hessian E”(S) for S € . in the orthogonal directions to . on the manifold .Z .
We show that the Wiener condition (3.3)) is necessary for this positivity under the Jellium condition
(3.I). The last condition cancels the negative energy which is provided by the electrostatic instability
(‘Earnshaw’s Theorem’ [29], see Remark 10.2]). We expect that this condition is also necessary
for the positivity of E”(S); however, this is still an open challenging problem. Anyway, the positivity
of E”(S) can break down when condition (3.1) fails. We have shown this in Lemma 10.1] in the
context of infinite crystals; the proof however extends directly to the finite crystals.

Remarks 1.3. i) In the case of infinite crystal, corresponding to N = oo, the orbital stability seems
impossible. Namely, for N = « the estimates (A.8)), (A.9), (3.34) and (5.37)) break down, as well as
the estimate of type (L24) which is due to the discrete spectrum of the energy Hessian E”(S) on the
compact torus.

ii) The identity (3.8) generically breaks down for the eigenfunctions (3.6)) if the condition (3.7)) fails.
Respectively, the orbital stability of these ‘mixed states’ is an open problem.

Let us comment on previous works in this field.

The ground state for crystals in the Schrodinger—Poisson model was constructed in [18] [19]]; its linear
stability was proved in [20].

In the Hartree—Fock model the crystal ground state was constructed for the first time by Catto, Le
Bris, and Lions [[8, [9]. For the Thomas—Fermi model, see [[7]].

In [6], Cancés and Stoltz have established the well-posedness for the dynamics of local perturbations
of the ground state density matrix in the random phase approximation for the reduced Hartree—Fock
equations with the Coulomb pairwise interaction potential w(x —y) = 1/|x — y|. However, the space-
periodic nuclear potential in the equation [6, (3)] does not depend on time that corresponds to the
fixed nuclei positions.

The nonlinear Hartree—Fock dynamics with the Coulomb potential and without the random phase ap-
proximation was not studied previously, see the discussion in and in the Introductions of [3, [6].

In [5] E. Cances, S. Lahbabi, and M. Lewin have considered the random reduced HF model of crystal
when the ions charge density and the electron density matrix are random processes, and the action
of the lattice translations on the probability space is ergodic. The authors obtained suitable gener-
alizations of the Hoffmann—Ostenhof and Lieb—Thirring inequalities for ergodic density matrices,
and construct a random potential which is a solution to the Poisson equation with the corresponding
stationary stochastic charge density. The main result is the coincidence of this model with the ther-
modynamic limit in the case of the short-range Yukawa interaction.
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In [24]], Lewin and Sabin have established the well-posedness for the reduced von Neumann equation,
describing the Fermi gas, with density matrices of infinite trace and pair-wise interaction potentials
w € L'(R3). Moreover, they proved the asymptotic stability of translation-invariant stationary states
for 2D Fermi gas [23].

The paper is organized as follows. In Section 2 we introduce function spaces. In Section 3 we
collect all our assumptions. In Section 4 we describe all fermionic jellium ground states and give basic
examples. In Section 5 we prove the stability of the solitary manifold .# establishing the positivity
the energy Hessian. In Appendices we construct the global dynamics.

Acknowledgments. The authors are grateful to Herbert Spohn for helpful discussions and remarks.

2 Function spaces and integral equation

The operator G := (—A)~! is well defined in the Fourier series:

px)=Y p(&)e, Gp:= Y, %)e"é*, xeT. 2.1)
S€E E€E\O
Here p(0,7) = 0 by (LI0). Hence, ®(-,7) = Gp(-,¢) up to an additive constant C(¢), which can be
t
offset by a gauge transform y(x,t) — I/I(X,t)exp(ie/ C(s)ds). Substituting ®(-,7) = Gp(+,t) into
0
the remaining equations (I.3) and (I.7) we can write these equations as

X(1)=F(X(t)), t€R, 2.2)

where X (1) = (y(-,1),q(-,1),p(-,1)) with p(-,7) := ¢(-,7). Equation (2.2)) with the normalization
(I.14) is equivalent, up to a gauge transform, to the system (L.3)—(1.7). Finally, the equation (2.2))
can be written in the Hamilton form (I.11)), which is equivalent to

X(t) =JE'(X(1)), (2.3)
where
—i/2 0 0
J = 0o 01 |. (2.4)
0 -1 0

We will use the following function spaces with s = 0, 41. Let us define the Sobolev space H*(T)
as the real Hilbert space of complex-valued functions with the scalar product

(v.9)i=Re [ ¥ 0"y(®“p@dr,  s=0.1 2.5)

lo|<s

By definition, ! (T) is the > dual space to H I(T), which will be identified with distributions by means
of the scalar product in H°(T).

Definition 2.1. i) Let us denote the real Hilbert space #* := H*(T) ®R*» @R for s =0, +1.
i) V5 .= H(T) @ T®R is the real Hilbert manifold endowed with the metric

dys(X,X") = v =V wmy+la—d1+1p=p',  X=(v,qp), X'=W,qd,p) (26)
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and with the ‘quasinorm’

(Xl =Wl +1pl, X =(v.q,p). 2.7)

The linear space #* is the tangent space to the Hilbert manifold 7 in each point X € 7. We
will write 2" := 70, ¥ .= ¥, % =", and (-,-)9 = (-,-), which agrees with the definition of the
scalar product on the real Hilbert space L?(T). In particular,

(1,i) = 0. (2.8)
Denote by the brackets (-, -) the scalar product on 2" and also the duality between # " Vand ¥\
YY" :=(0,0") + 3 +nn, Y =(¢,,m), Y =(¢' 7). 2.9)
Obviously,
X[ <CEEX)+0(X)], Xe7. (2.10)

We construct global dynamics for the system (2.3)). This system is a nonlinear infinite-dimensional
perturbation of the free Schrodinger equation. We rewrite it in the integral form

(W) = My e [ O @R y(ods
g(n,t) = q(n,O)—l—%/Otp(n,s)ds mod NZ?, (2.11)
| pnr) = p(n0)— [ (VE().0( 0 g(n.9)ds,

where ®@(s) := Gp(s). In the vector form 2.11) reads
0

X(t)=e"X(0)+ /te(ts)AN(X(s))ds mod | NZ3 |. (2.12)
0
0
Here
—£A® 0 0
A = 0O 00|,
0O 00
NX) = (ie®®y,p, f), f(n):=—(V®,0(-—n—q(n))), ®:=Gp, (2.13)

where p is defined by (L.I3).

3 Main assumptions

Our main result concerns the orbital stability of the ground states (I.18). We will see that the ground
states can be stable depending on the choice of the ion density 6. We study densities o satisfying the
following two conditions. First, we will assume

The Jellium Condition: (&) :— / G (x)dx =0, &ey\0, 3.1)
T
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where y* := 2773, This condition implies that total density of ions is uniform when g(n,t) = 0,

Y o(x—n)=ez, xeT. (3.2)
nel’
The simplest example of such a o is a constant over the unit cell of a given lattice, which is what
physicists usually call Jellium [13]. Moreover, this condition holds for a broad class of functions
o, see Section Here we study this model in the rigorous context of the Schrodinger—Poisson
equations.
Furthermore, we will assume the Wiener type spectral property

€®§

The Wiener Condition: (6 e
€ vviener Londaition Z ‘5‘2 ‘ E=0+2mm

meZ3

>0, 0cIl*\y, (3.3)

where the Brillouin zone IT* is defined by

_ 27

I :={&=(ENE2E) ez 0<E/ <2m, j=1,2,3}, E:= Z3 (3.4)
This condition is an analogue of the Fermi Golden Rule for crystals. It is independent of 3.I). We
have introduced conditions of type (3.I) and (3.3)) in [20] in the framework of infinite crystals.

Remark 3.1. i) The series (3.3)) converges for @ € Z\ y* by the Parseval identity since ¢ € L?(T) by
(LD.

ii) The matrix X(6) is y*-periodic outside y*. Thus, (3.3) means that X(8) is a positive matrix for
0 € IT"\ 0, where IT  is the “discrete torus’ Z/y*.

The series (3.3)) is a nonnegative matrix. Hence, the Wiener condition holds ‘generically’. For
example it holds if

6(5)#0,  SeE\Y, (3.5)

i.e., (3.I) are the only zeros of 6(&). However, (3.3) does not hold for the simplest Jellium model,
when o is constant on the unit cell, see (4.8]) and (#.9)).

Finally, we need an additional condition for the orbital stability of the ground state (I.18)). Namely,
every eigenfunction (L.20) admits an expansion in exterior products (see (B.1)),

2
Zc A (3.6)

Here k := {ki,...,ky}, where k; are different for distinct j, and 1 v
eigenfunctions (Im) with the addltlonal restriction

=1 ] = wy. We will consider the

#k\K)>2 if k£K. (3.7)
This condition implies that the corresponding electronic charge density is uniform (see Lemma[d.T),
pé(x) = —eZ, xeT. (3.8)

This identity plays a crucial role in our approach. It implies that the corresponding total charge density
(L13) identically vanishes by (3.2)). Let us emphasize that both ionic and electronic charge densities
are uniform for the ground state under the Jellium condition together with (3.7).



4 Fermionic jellium ground states

Here we check the key identity (3.8) and construct all solutions to (2.3)) with minimal energy (LI12).
Furthermore we give examples illustrating the Jellium and the Wiener conditions.

4.1 Uniform electronic charge density
Let us establish the identity (3.8).

Lemma 4.1. Let the condition (3.7) hold for an eigenfunction (3.6), and

/T|qfo(x)|2dx:2. @.1)

Then the identity (3.8) holds.

Proof. By the antisymmetry of y(x1,...,xy) it remains to prove that

AS(x—x1)|wO(X)|2dX:Z/N, xeT. 4.2)

Let us use the expansion (3.6). The normalization condition (4.I)) gives

Y [c(®)PN" =z. 4.3)
7
Further,
o+ 1 L ke k)
/9 T UKg(i)— (i X _
/Té(x x1)|yo(x |dx_ﬁz IC(k \/Sx x1) / ) (1) He ) ~Kal () /}dx}
k nneS j=1
N A
+ lrey {C(E)E(E’)[ 1)l /_ 5(x—x1)He’["ﬂﬂ”‘ﬂ’(f)]"fdﬂ}. 4.4)
ok kK T ESy T =1

The integrals in the last line vanish since ky(;) — k7, 0) = 0 at least for one j # 1 by (3.7). On the other
hand, the integrals in the first line do not vanish only in the case when ky(;) = ky(j) for j # 1, i.e.,
when © = 7/. Hence,

/5x ) |vo(®) Pdx =N 'Y |c( |2/6(x—x1)dx1:NN_12|C(E)|2:Z/N 4.5)
k T k

by @.3).
0

Remark 4.2. Similar calculations show that the uniformity (.2) can break down for the wave func-

tions (3.0) if the condition (3.7) fails.



4.2 Description of ground states
The following lemma describe all ground states with I'-periodic arrangement of ions.

Lemma 4.3. All solutions to (2.3) of minimal energy with I'-periodic arrangement of ions are given
by (LI8), where v is an eigenfunction (L.20) with the normalization (L.14).

Proof. Tt suffices to construct all solutions (y/(¢),q(¢), p(t)) which minimize the first integral on the
right hand side of (L.I2)) under the normalization condition (I.14), with zero second and the third
terms and with I'-periodic arrangement of ions.

First, the solutions (ILI8) have all these properties when vy is the eigenfunction (3.6) satisfying
the condition (3.7). Namely, the first integral on the right hand side of (I.12) takes the minimal value
for the eigenfunctions under the normalization condition (I.I4). The second and the third terms on
the right hand side vanish since the corresponding total charge density p(x) = 0 by (3.2) and (3.8).

Similarly, for general solution (y/(¢),q(t), p(t)) the first integral, under the normalization condi-
tion (I.14)), takes the minimal value for the eigenfunctions (I.20). Then

— %A@’ v (x,t) = opy(%,1), xeT, teR. (4.6)

The second summand of (LI2) vanishes only for p(x) = 0. Then, up to a gauge transformation,
®(-,t) = Gp(-,t) = 0. Now the equation (L3)) implies that y(X,7) = '™ yp(X) by (@.6). Finally, the
third summand of (IL12)) vanishes only for ¢(n,t) = p(n,t) = 0. Hence, by the I'-periodicity,

q(n,t)=r, nel, reR, 4.7

where r € T. [l

4.3 The Jellium and Wiener conditions. Examples

The Wiener condition (3.3)) for the ground states (I.18)) holds under the generic assumption (3.3)). On
the other hand, (3.3)) does not hold for the simplest Jellium model, when o(x) is the function

o1(x) :=eZn(nn(x),  xeT, (4.8)
where J is the characteristic function of the interval [0, 1] mod N. In this case the Fourier transform
61(c) =eZu(S)X(2)X(63), S E€E, (4.9)
where 5 sins/2 5
Xi(s) = LUC WEZ\O. (4.10)
s

Now for 6 = (0, 65, 03) we have

ORI WO

3 QEH*\’}fk, 4.11)
meZ3:m =0 |5|

§=9+2ﬂ:m,

which is a degenerate matrix since £, = 0 in each summand. Hence, (3.3) fails. Similarly, the Wiener
condition fails for o (x) = eZx (x1)xx(x2) xx(x3), where Y = x1 *...* X1 (k times) with k =23, ...,
since in this case

61(8) = eZ (8 Xk (S) X (83);  Tuls) = [

2sins/21k 2n
. seZZ7no. 4.12
SE) sesrz) (4.12)
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S The orbital stability of the ground state

In this section we expand the energy into the Taylor series and prove the orbital stability checking the
positivity of the energy Hessian.

5.1 The Taylor expansion of energy functional

We will deduce the lower estimate (L.24) using the Taylor expansion of E(S+7Y) for S = Sq » =
(W, 7,0) € S and Y = (@, 3, p) € # = H (T) o RN o R3V:
1

~(Y,E"(S)Y)+R(S,Y) = xZ + %(Y,E"(S)Y> +R(S,Y) (5.1)

E(S+Y)=E(S)+(E'(S),Y)+ 5

since E(S) = wpZ by (L.22), and E'(S) = 0. Here E'(S) and E”(S) stand for the Gateaux differentials.
Let us recall that W, = '*yp(x) where yp(x) is given by (3.6) and the condition (3.7)) holds.
First, we expand the charge density (LI3) corresponding to S+Y = (yy + @, 7+ 5, p):

px)=p V@) +pM () +pP(x), xeT, (5.2)

where p(o) and p(l) are respectively the terms of zero and first order in Y, while p (2) is the remainder.
However, p(©) (x) is the total charge density of the ground state which is identically zero by (3.2) and

B.8): _
pO(x) = pi(x) —elyu(x)]?=0, xeT. (5.3)

Thus, p = p") + p). Expanding (T.13) further, we obtain

N

pW(x)=0oW(x)—2¢ Y Re(ya,9);(x), oV(x)=-Y s(n) Vo(x—n—r), (5.4)
Jj=1 nel’
N

p®(x) = 6@ (x)—e Z((p 0);(x), Zr/ (1=5)[3¢(n) - V26 (x—n—r —s3¢(n))ds, (5.5)

where we denote

(Ve 0) (%) ;:/Tax—xj)%(x)w)dx, xeT. (5.6)

Substituting ¥ = yu + @ and p = pM) + p@) into (T12), we obtain that the quadratic part of (3.1)
reads

(5.7)

2 n
%<Y,E“(5)y>:%/T|V<p(x)\2]dx+%(p(l>,Gp(”)+K(p), K(p) 1=;p2§4)

and the remainder equals
1
R(S,Y)=5(2p" +p™,Gp?). (5.8)
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5.2 The null space of Hessian

In this section we calculate the null space
H(S) := Ker [E”(S) u . Se. (5.9)
Lemma 5.1. Let the Jellium condition (3.1) and the Wiener condition (3.3) hold, and S € .. Then
2 (8)=1(0,5,0): seR3}, (5.10)

where's € R is defined similarly to (I19): 5(n) = s.

Proof. All the summands of the energy (5.7)) are nonnegative. Hence, this expression is zero if and
only if all the summands vanish: in the notation (5.4)

N

p@=c. (pM.Gp")=|VGlo ~2¢ Y Re(v,0);)]|Zpy =0, p=0.  (.1D)

j=1

Here C = 0 by the antisymmetry of ¢. Therefore, (Y, @)(x) = 0, and hence, (5.11) implies that
VGo' =0. (5.12)
On the other hand, in the Fourier transform (3.4)) reads

(&) =6(E)E- Y i s(n) = i6(E)E - €T 5(E),  E€E, (5.13)

where (&) := ¥, cre®"x(n) is a 2nZ3-periodic function on . Hence, Definition (ZI) and the
Jellium condition (3.1)) imply that

0= VGo g = N7 F 166 5F

el y* meld E=0-+2mtm
= N7 Y (5(0),2(0)x(6)). (5.14)
OcIT*\ y*
As aresult,
20)=0, @I\ y* (5.15)
by the Wiener condition (3.3). On the other hand, 52(0) € R? remains arbitrary, see Remark B.11ii).
Respectively, » = 5 with an arbitrary s € R. O

Remark 5.2. The key point of the proof is the explicit calculation (3.13) in the Fourier transform.
This calculation relies on the invariance of the Hessian E”(S) with respect to I'-translations which is
due to the periodicity of the ions arrangement of the ground state.
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Remark 5.3. Beyond the Wiener condition If the Wiener condition (3.3)) fails, the dimension of the
space B
Vi={peRN: vin)= Y e %(0), #(0)eC’, X(6)5(6) =0} (5.16)

OeIT\ y*
is positive. The above calculations show that in this case
A (S)={(0,54+1,0): scR} veVvl (5.17)

The subspace V C R3V is orthogonal to the 3D subspace {5:s € R} C R3N by the Parseval theorem.
Hence, dim .7 (S) = 3 +d, where d := dimV > 0. Thus, dim.# (S) > 3. Under the Wiener condition

V =0, and (3.17)) coincides with (3.10J).

5.3 The positivity of Hessian
Denote by Ng.# the normal subspace to . at a point S:
N :={Ye# =H' T)aRNaR¥ : (¥,7) =0, 1€ T5.7}, (5.18)
where Ts.# is the tangent space to . at the point S and (-,-) stands for the scalar product (2.9).
Obviously, . C . and the tangent space to . at a point S = (Y, 7,0) is given by
Totl = {(@9,5¢,m) €W : 9Ly, xRN, RV} (5.19)

since DQ(WOH??O) - 2(‘”057070)

Lemma 5.4. Let the Jellium condition (3.1) hold, and S = Sy, € .. Then the Wiener condition (3.3)
is necessary and sufficient for the positivity of the Hessian E"(S) in the orthogonal directions to ./
on M, ie.,

E"(S > 0. 5.20
( ) Ns.NTs M ( )

Proof. 1) Sufficiency. Differentiating S¢ » = (¢'*yp,7,0) € . in the parameters & € [0,27] and r € T,
we obtain
Ts.7 = {(iCyy,5,0): CER, scR3}. (5.21)

Hence, (5.10Q) implies that
H(S)NNs.7 = (0,0,0) (5.22)

Now (5.20) follows since E”(S) > 0 by (3.7).

ii) Necessity. If the Wiener condition (3.3)) fails, the space .#(S) is given by (5.17), and hence, (5.21))
implies that now

H(S)NNs.” ={0,1,0): CER, vEV}C Tsl. (5.23)
Therefore, the Hessian E”(S) vanishes on the nontrivial space % (S) N\Ns.# C Ts.# of the dimension
d > 0. Respectively, the positivity (3.20) breaks down. O

Remark 5.5. The positivity of type (5.20) breaks down for the submanifold .77 (r) := {Sq, : o €
[0,27]} with a fixed r € T instead of the solitary manifold .#. Indeed, then the corresponding tangent
space is smaller:

Ts.7 (r) = {(iCyq,0,0): C € R}. (5.24)

Hence, the normal subspace Ng.¥(r) is larger, in particular containing all the vectors (0,5,0) generat-
ing the shifts of the torus. However, all these vectors also belong to the null space (3.10) and to Ts.Z .
Respectively, the null space of the Hessian E”(S) in Ts.# NNs. (r) is at least 3-dimensional.
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5.4 The orbital stability

Here we prove Theorem which is our main result. For the proof is suffices to check the lower
energy estimate (I.24):

EX)—wpZ>vdy(X,.”) if dy(X,7)<8, Xe.l (5.25)

with some v,0 > 0. This estimate implies Theorem since the energy is conserved along all
trajectories. First, we prove similar lower bound for the energy Hessian.

Lemma 5.6. Let conditions of Theorem[L.2l hold. Then for each S € .
(Y,E"(S)Y) > V|Y|}, YENs.INTsMH, (5.26)
where v > 0.

Proof. Tt suffices to prove this estimate for S = (y,0,0). First, we note that E”(S) is not complex
linear due to the integral in (LI2)). Hence, we should express the action of E”(S) in yq (x) := Re y(x)
and y(x) :=Imy/(x): by the formula (1.15) of [20],

—A® +4yyGyy 0 2L 0

Vi
_A®
E"(S)Y = 0 AT 000 y for v=| V2 [, (5.27)
q
2L* 0O T 0
0 0 0 M! p

where yy denotes the operators of multiplication by the real function Wy (x) = v/Z. The operators L
correspond to the matrix

L(x,n) :=ey(x)GVo(x—n): xeR> nel (5.28)
by formula (3.3) of [20] and T corresponds to the real matrix with entries
T(n—n'):=—(GV®@Vo(x—n'),6(x—n)), nn €l (5.29)

by formula (3.4) of [20] since the corresponding potential ®y = 0. Hence, E”(S) is a finite-rank
perturbation of the operator with the discrete spectrum on the torus T. Finally, (3.20) implies that the
minimal eigenvalue of E”(S) is positive. Therefore, (53.26]) follows. O

The positivity (3.26) implies the lower energy estimate (3.23)) since the higher-order terms in (3.1))
are negligible by the following lemma.

Lemma 5.7. Let 6(x) satisfy (L1). Then the remainder (5.8)) admits the bound
IR(S,Y)| <C|Y|5, for |[Y|ly <1. (5.30)
Proof. Due to (3.8)) it suffices to prove the estimates

H\/EP(I)HLZ(’H‘) <G|[Y]lw, H\/EP(Z)HLZ(’H‘) <G|y, for Y[y <1 (5.31)
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i) By (5.4) we have for Y = (¢, »,p)

VGp =vGoV —2¢V/G i Re (v, 9) ;(x).
=

(5.32)

in the notation (5.6). The operator v/G is bounded in L?(R?) by (Z.1). Hence, (5.4) implies that

IVGoWl|pay < Clsel.

(5.33)

Applying the Cauchy—Schwarz and Hausdorff—Young inequalities to the second term on the RHS of

(5.32)), we obtain

B(E)|211/2 B 41172
Vool < ¢ X TN <ol X e
E€E\0 E€E\O

< Clollsir) < Cllolzn

by the Sobolev embedding theorem. Hence, the first inequality (5.31) is proved.
ii) Now we prove the second inequality (3.31). According to (3.3)),

VGp®(x) = VGoD(x) VT ¥ (9, 0), ().
=

Similarly to (3.33)
VG| 2(p) < Cle]*.

At last, denoting B (x) := (@, @) j(x), we obtain similarly to (5.34))

3 2
||\/5((p,(p)k||L2(T)§C[ y |ﬁ|(§,|g\ ]1/2
E€E\0

< CullBll 31y

Finally, applying the triangle inequality and the Sobolev embedding theorem, we obtain

1Bl a5m) < /T o /T Q@)% 3dx, ] dxy ..d...dry
< /TN1[/T|ij(p(f)|2dxj]dxl...dxj...de§C||(p||12,11(m.

Now the lemma is proved.

A Global dynamics

Here we prove the global well-posedness of the system (2.3).

Theorem A.1. Let (L) hold and X (0) € 4. Then
i) There exists a unique solution X (t) € C(R, ") ro (2.3).
ii) The energy and charge conservations (L.16) hold.
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First we construct the local solutions by contraction arguments. To construct the global solutions
we prove in Appendix B energy conservation using the Galerkin approximations.
Let us prove the local well-posedness.

Theorem A.2. (Local well-posedness). Let (L) hold and X (0) = (Wo,q0,po) € ¥ =H(T) 9 T®
R3N with |X (0)]y := 1Woll g1 () + [Pol < R. Then there exists T = ©(R) > 0 such that equation 2.3)
has a unique solution X € C([—7,7|, ), and the maps U (t) : X(0) — X (t) are continuous in V' for
tel-1,1.

In the next two propositions we prove the boundedness and the local Lipschitz continuity of the
nonlinearity N : ¥ — # = H'(T) @ R*¥ @ R?V defined in (Z.13). With this proviso Theorem
follows from the integral form (2.12)) of the equation (Z.3]) by the contraction mapping principle, since
e~ is an isometry of % . First, we prove the boundedness of N.

Proposition A.3. ForanyR>0and X = (y,q,p) € V
INX)|l» <C(R) for |[X|y <R. (A.1)

Proof. We need appropriate bounds for the charge density p and for the corresponding potential ®.
Lemma A.4. The charge density ([.13) admits the bounds

o3y + VPl 32y < CL+[wlZ). (A2)
Proof. We split p(x) as p(x) = p'(x) + p¢(x), where
p'(x.r) =Y o(x—n—q(nu),

nel’

while p¢ is defined by (L.8). The bound (A.2) for p’ holds by (L. It remains to prove the bound for
p¢. Definition (L8]) implies that

dxy...dx;..dxy, x€T, (A.3)

Xj:X

N
“(x) = —e / x)|?
P =X [ ool
where the hat means that this differential is omitted. Differentiating, we obtain that

dxy...dx;...dxy, xeT. (A.4)

xj:x

Applying the triangle inequality to (A3)), we get

N —~
I Olzr < €Y /T o /T () O] dxy...dx oy
j=1

= /TN1 [/T Vi, w(x) Pdxj]da...dxj...dxy < Cl Wl 5. (A.5)
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by the Sobolev embedding theorem [[1, Theorem 5.4, Part I]. Similarly, (A.4) implies that

N —~
Vo gy < CY /T o /T WE Ve T xR dxy . dxj.dxy
=1

16 1/6 =12 1/2 T
< /Tﬁl [/T w(®)[5dx;] [/T IV y(®) 2] P, . dx;..dxy
2 o 2
< [ LIy P dsrds iy < €l (A6)
by the Holder inequality and the Sobolev embedding theorem. ]
Lemma A.5. The potential ® := Gp admits the bound
1@ llccry + IVl 3(ry < C(1+[[wl|%)- (A7)

Proof. Applying the Holder and Hausdorff—Young inequalities to (2.1)), we obtain that

[Plleer) < CH%E)HU(E\O) <Cil€p |3z [5;\0\5\9/1 o < CIVPl - (A.8)
Similarly,

IV 13(m) < CHp‘(Té‘)HLWZ(E\O) < C18pll3 =y [g;\o|§|_6] v < GIVPll 32y (A.9)

Now the bound (A7) follows from (A.2)). O

Now we can prove the estimate (A.I). First, we will prove
12° w7 <1+ |lyl%) (A.10)
in the notation (L4). According to definition (L3) it suffices to check that
19 Wl 2y + 197 VE Wl 2y + WV @7 2y < COL+ W] 5)- (A.11)

The first two summands admit the needed estimate by (A.7). The third summand requires some
additional argument. Namely,

Voo s = [ 'ZV@ %)V |2dx<CZ/ V(v

= C.Zl/Nl /|VCI> xj)Y(x)]| dx]}dxl dx] dxy. (A.12)
j:
The inner integral is estimated as follows

1/3 _
LIVl w@ s < [VOlF [ [ 1w Pds] < OVl [ 1Vyw@Pay @13
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by the Holder inequality and the Sobolev embedding theorem. Substituting this estimate into (A.12)),
we obtain

W95 071, < IV 3oy W] (A14)

This and (A7) imply (A.I1) for the third summand. Finally, using 2.13), (A.7) and (L),
1f(m)] < @llemIVolpm <CU+wlZ%), nel. (A.15)
Hence, (A.10) and (A.13) imply (A.). Proposition[A_3]is proved. O

It remains to prove that the nonlinearity is locally Lipschitz.
Proposition A.6. For any R > 0 and X;,X» € ¥ = H'(T) @ T@ RN with |X1| v, |Xa|y <R
IN(X1) = NX) [l < C(R)dy (X1,X2). (A.16)
Proof. Writing X = (Wi, gk, px) and @ = Gpy, we obtain that
197 yi =5 vl 7 < (@7 = D5) willz + 5 (vi — wa)|.7. (A.17)
Using (A.14) and (A7), we obtain
125 (vi—w)llz < (IP2lleery + 1IVR2 ) W1 — v2ll 2

< C(1+R)|lyi — yall# < C(R)dy (X1,X2). (A.18)
Further, (A.8) and (A.9) give that
[P — DP2|c(r) + [VP1 = VB2 || 3(1) < Vo1 = VP2l 1327 (A.19)

However, |6(x) — 6(x —a)| < Cla|, where |a| := min,c, |r| for a € T (by definition, a C R? is a class
of equivalence mod NZ3). Therefore, as in (A.2),

IV(p1 = p2)ll 32 (r) < CR(1g1 = q2| + |1 = y2|.7).- (A.20)

Hence,

(@7 =@ willz < (D1 —Dalleer) + V(@1 —D2) [l 13m) lwi |2

< CR[V(p1=p2)lprmyllvillz < C(R)dy (X1, X2). (A.21)
Now (A I7)—(A.21) give
|19 w1 = @5 a1 ) < C(R)dy (X, X2). (A22)
Similarly, (A.19), (A.20) and (A7) imply
[{V®1,0(- —n—qi(n))) = (V@2,6(- —n—qa(n)))||

< V(@1 =®2),0(- =n—q1(n))) [ +[{VP2,0(- —=n=q1(n)) = 6(- =n—q2(n)))|

< C([|P1 = Pafler) + [ P2llerr)) g1 — a2]) < C(R)dy (X1, X2). (A.23)
This estimate together with (A.22)) prove (A.16). O
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Now Theorem follows from Propositions and

Proof of Theorem[A.1Il The local solution X € C([—7, 7], ?") to (2.3) exists and is unique by Theorem
On the other hand, the conservation laws (I.16) (proved in Proposition iii)) together with

@.10) imply a priori bound
X ()5 < CIEX(0)) +0(X(0)],  1€[~7,7] (A.24)
by (2.10). Hence, the local solution admits an extension to the global one X € C(R, %). 0

Remark A.7. The condition X(0) € .# implies that X (t) € .4 for all t € R by the charge conserva-
tion ((LL6). Hence, (2.3) implies (L3)—(L7) with the potential ®(-,t) = Gp(-,t).

B Conservation laws

We deduce the conservation laws (LL16) by the Galerkin approximations [27]]. Let us recall that the
exterior product of functions f; € L?(T) is defined by

N
[ lf] = Z ‘E‘Hfj(xﬂ:(]))? X:(xlw"vxﬁ) ET? (Bl)
j=1

N ' TESY
where Sy is the symmetric group and | 7| denotes the sign (or parity) of a transposition 7.

Definition B.1. i)¥;, with m € N denotes the finite-dimensional submanifold of the Hilbert manifold
¥ =H (T)@ TR

N _
= {(YCRAY_ e q,p) : k; €E, C(k)eC, Y ki3 <m, qeT, peR™}, (B2
A P

where k := (ky,..., k).

it) Wy, with m € N denotes the finite-dimensional linear subspace of the Hilbert space W = H' (Mo

N _ _
W= {(LCRAY_ "% 52v)  k; € B, C(k)eC, Y k3 <m, xRN, veR¥N}.  (B3)
k j=1

Obviously, 1 C ¥, C ..., the union U,, %}, is dense in ¥/, and %, are invariant with respect to H
and J. Let us denote by P, the orthogonal projector 2~ — #},. This projector is also orthogonal in
the Hilbert space 7. Let us approximate the system (2.3)) by finite-dimensional Hamilton systems on
the manifold %,,,

Xn(t) =JE, (Xu(1)), tER, (B.4)

where E,, := E|y, and X, (1) = (Wn(t),qm(t), pm(t)) € C(R,¥,). The equation (B.4) can be also
written as
(Xn(1),Y) = —(E'(Xn(1)),JY), Y €Wy (B.5)

This form of the equation (B.4) holds since E,, := E|y, and #,, is invariant with respect to J. Equiv-
alently,
Xon(t) = HX,,(t) + BuN (X (2)). (B.6)
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The Hamiltonian form guarantees the energy and charge conservation (L.16):

E(Xn(t)) = E(Xm(0)), QXn(t)) =0(Xn(0)), t€R. (B.7)

Indeed, the energy conservation holds by the Hamiltonian form (B.4), while the charge conservation
holds by the Noether theory due to the U(1)-invariance of E,,, see (LI17).

The equation (B.6) admits a unique local solution for every initial state X,,,(0) € ¥, since the right
hand side is locally bounded and Lipschitz continuous. The global solutions exist by (Z.10) and the
energy and charge conservation (B.7).

Finally, we take any X (0) € ¥ and choose a sequence
Xn(0) — X(0), m — oo, (B.8)
where the convergence holds in the metric of #". Therefore,

E(Xs(0)) = E(X(0)),  Q(Xn(0)) = Q(X(0)). (B.9)
Hence, (B.7) and (2.10) imply the basic uniform bound

R = sup sup |X;,(1)]y < oo. (B.10)
meN teR

Therefore, (B.6) and Proposition[A.3limply the second basic uniform bound

sup sup || Xpu(2)]ly-1 < C(R), (B.11)
meN teR

since the operator H : #/ — # ~! is bounded, and the projector P, is also a bounded operator in # C
# ~!. Hence, the Galerkin approximations X;,(¢) are uniformly Lipschitz-continuous with values in
vl
sup dy 1 (Xin(1), Xm(s)) < C(R)|t —s|, s,t € R. (B.12)
meN

Let us show that the uniform estimates (B.I0) and (B.12) imply a compactness of the Galerkin ap-
proximations and the conservation laws. Let us recall that 2" := 7% and ¥ := #'1.

Proposition B.2. Let (1) hold and X (0) € V. Then
i) There exists a subsequence m' — o such that

7
Xpw(t) — X(t), m — oo, reR, (B.13)

where X(-) e C(R, Z7).
ii) Every limit function X (-) is a solution to (2.3), and X () € C(R,¥").
iii) The conservation laws ([_16) hold.

Proof. 1) The convergence (B.13) follows from (B.10) and (B.11)) by the Dubinsky ‘theorem on three
spaces’ [10] (Theorem 5.1 of [27]). Namely, the embedding ¥ C 2" is compact by the Sobolev
theorem, and hence, (B.13)) holds by (B.10) for 7 € D, where D is a countable dense set. Finally, let
us use the interpolation inequality and (B.10Q), (B.12)): for any € > 0

A (Xon(1), Xon(5)) < €y (Xon (), Xon(5)) + C(€)dy1 (Xn(1), Xn(s)) < 26R+C(,R)|t —s|. (B.14)
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This inequality implies the equicontinuity of the Galerkin approximations with values in 2". Hence,
convergence (B.13) holds for all € R since it holds for the dense set of # € D. The same equiconti-
nuity also implies the continuity of the limit function X € C(R, 2").

ii) Integrating equation (B.6)), we obtain

/t<Xm(t),Y)ds:/t(Xm(s),HY)ds-l—/t(N(Xm(s)),YMs, Ye¥,,  (B.IS)
0 0 0

Below we will write m instead of m’. To prove (2.12) it suffices to check that in the limit m — o, we
get

/I<X(t),Y>ds:/I(X(s),HY)ds—l—/t<N(X(s)),Y)ds, Ye#, neN.  (B.16)
0 0 0

The convergence of the left hand side and of the first term on the right hand side of (B.I3) follow

from (B.13)) and (B.8) since HY € #,,.
It remains to consider the last integral in (B.13). The integrand is uniformly bounded by (B.10Q)
and Proposition[A.3] Hence, it suffices to check the pointwise convergence

(NX(s),Y) — (N(X(s),Y), YW, (B.17)

for any s € R. Here N(X,u(s)) = (ie®5, (5)Win(s), pm(s), fin(s)) according to the notation (Z.13), and
Y = (¢,,v) € #,. Hence, (B.I7) reads

ie[ @), (5)Win(s), @] + i (8) 3¢+ fin(s)v — ie(D () W(s), @) + p(s) 2+ £ (5)v, (B.18)

where [-,-] is the scalar product in L?(T). The convergence of p,,(s)s follows from (B.I3) (with
m' = m) . To prove the convergence of the two remaining terms we first show that

()
D, (s) := Gpy —— P(s) :=Gp. (B.19)
Indeed, (B.13) implies that
L2(T)
Yn(s) ——v(s),  gm(s) = q(s) (B.20)

Further, the sequence y,(s) is bounded in H'(T) by (B.10). Hence, the sequence p,,(s) is bounded
in the Sobolev space W'3/2(T) by (A2). Therefore, the sequence p,(s) is precompact in L2(T) by
the Sobolev compactness theorem. Hence,

LX(T)
P ——— P (B.21)

by (B.20). Therefore, (B.19) holds since the operator G : L?>(T) — C(T) is continuous. Finally, (B-19)
and (B.20) imply that

B2 (5) ()~ DE((s),  nls) = (), (B.22)

which proves (B.18). Now (B.16) is proved for Y € ¥, with any n € N. Hence, X(¢) is a solution to
@.3). Finally, N(X(t)) is bounded in % by (B.10) and Proposition[A.3l Hence, (2.12)) implies that
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X(-) e C(R,”).
iii) The conservation laws (B.7)) and the convergences (B.8), (B.13) imply that
EX(1) <EX(0), 0OX())<0(Xx(0)), ek (B.23)

The last inequality holds by the first convergence of (B.20). The first inequality follows from the
representation

1 1 ()
EXn(1)) = S IV () f2(m) + 5 VGO O 2 + p : (B.24)

nel’y,

Namely, the last two terms on the right hand side converge by (B.21)) and (B.13)). Moreover, the first
term is bounded by (B.10). Hence, the first convergence of (B.20) implies the weak convergence

L3, (T)
Vy,(t) — Vy(r) (B.25)

by the Banach theorem. Now the first inequality of (B.23) follows by the property of the weak
convergence in the Hilbert space. Finally, the opposite inequalities to (B.23) are also true by the

uniqueness of solutions X () € C(R, ¥'), which is proved in Proposition [A.2l O
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