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Abstract

We study the many body Schréodinger evolution of weakly coupled
fermions interacting through a Coulomb potential. We are interested in
a joint mean field and semiclassical scaling, that emerges naturally for
initially confined particles. For initial data describing approximate Slater
determinants, we prove convergence of the many body evolution towards
Hartree-Fock dynamics. Our result holds under a condition on the solu-
tion of the Hartree-Fock equation, that we can only show in a very special
situation (translation invariant data, whose Hartree-Fock evolution is triv-
ial), but that we expect to hold more generally.

1 Introduction

The evolution of a system of N fermions in the mean field regime is described
by the Schrédinger equation

N N
iz—:@th,t = Z [_€2ACE_7' + cht(:vj)] + % Z V($1 — .’ﬂj) 'l/)N,t s (11)
j=1 1<J
in the limit N — co. Here e = N~'/3 and, according to fermionic statistics,
¥y € L2(R3Y), the subspace of L?(R3Y) consisting of wave functions antisym-
metric with respect to permutations of the N particles.

The Schrodinger equation (1.1) is relevant for initial N particle wave func-
tions Yo € LZ(R3N ) localized in a volume of order one; in this case, the factor
€2 in front of the kinetic energy guarantees that both terms in the Hamiltonian
are of order N. We conclude that, for fermionic systems, the mean field regime
is linked with a semiclassical limit, with e = N~!/3 playing the role of Planck’s
constant (notice, however, that in other situations, different scalings may be of
interest; see, in particular, [5, 12, 19, 4]).

Physically, it makes sense to consider initial data approximating equilibria
of confined systems. At zero temperature, this leads to the study of the mean
field dynamics of approximate Slater determinants. In [8], it has been proven



that this evolution can be described through the Hartree-Fock equation, for
regular interaction (the same conclusion was already reached in [10], for ana-
lytic potential and short times). At positive temperature, convergence towards
Hartree-Fock dynamics for mixed quasi free initial data has been later estab-
lished in [6].

Let us focus on the zero temperature case and explain the results of [8] in
more details. Let wy be a sequence of orthogonal projections on L?(R?) with
trwy = N and such that

tr |[wn, z]] < CNe, and  tr|[wn,eV]| < CNe. (1.2)

The projections wy are the one-particle reduced densities of N-particle Slater
determinants. We consider the time evolution of initial fermionic wave functions
Yy € L2(R3N) with one-particle reduced density 75\}) close in the trace norm
topology to wy. Denoting by ¢y the solution of the Schrédinger equation

(1.1) with initial data ¥y and by 75\}),5 the corresponding one-particle reduced

density, it is shown in [8] that 'y](\}’)t is close (in the Hilbert-Schmidt and in the
trace class topology) to the solution of the Hartree-Fock equation

is@th,t = [—€2A =+ (V * pt) — Xt,wMt] (13)

with initial data wyo = wxn. Here pi(z) = N7'wy (x;2) and the exchange
operator X; is defined by the integral kernel X;(z;y) = N7V (z — y)wn +(z;y)
(strictly speaking, in [8] the convergence towards the Hartree-Fock equation
has only been shown for Vi (z) = 0, but it is easy to extend the result to
non-vanishing smooth external fields).

In other words, the time-evolution of initial data close to a Slater determinant
remains close to a Slater determinant evolved with respect to the Hartree-Fock
equation (1.3). This holds provided the reduced density wy of the initial Slater
determinant satisfies the commutator bounds (1.2). These estimates play a
crucial role in [8] to obtain convergence up to the correct time scale. They
reflect the semiclassical structure of wy, i.e. the fact that the integral kernel
wn (z;y) varies on the short scale of order € in the 2 —y direction, while it varies
on scales of order one in the x + y direction. This structure is expected to arise
in Slater determinants approximating equilibrium states.

Notice that the Hartree-Fock equation (1.3) still depends on N (recall that
€= N_l/?’). As N — o0, one expects the Wigner transform

W i(z,v) = /dwa,t (:13 + %;x — %) ety
of the solution of (1.3) to converge towards a probability density W ; on phase
space, solving the classical Vlasov equation

3tWoo,t +v- V:vWOO,t + V(V * Pt) . vaoo,t =0

Convergence of the Hartree-Fock evolution towards the Vlasov dynamics has
been established in several works, see [16, 17, 2, 1], but only recently, in [7], some
results have been obtained for the situation we consider here, where wy is a
projection. Remark also that direct convergence from the many-body quantum
evolution to the Vlasov dynamics has been shown in [18] for analytic potentials
and later in [21] for C%-interactions.



The convergence towards the Hartree-Fock equation has been established in
[8] for regular interaction potentials satisfying

/ dp|V ()| (1+ p?) < 0. (1.4)

This assumption excludes the case of a Coulomb interaction V(z) = 1/|z|. The
Schrodinger equation (1.1) for a Coulomb potential is very interesting from the
point of view of physics. It arises naturally when considering the dynamics of
large atoms and molecules. In fact the Hamilton operator for an electrically
neutral atom with N electrons and a nucleus fixed at the origin is given by

N N N
Hatom — § —A, — — § S 1.5
N ; { ? fﬂjd i lz; — 2] (1:5)
j=1 1<J

and acts on the Hilbert space L2(R3") of the N electrons. Thomas-Fermi theory
suggests that electrons are localized at distances of order N ~1/3 from the nucleus
(see, for example, the review article [14]). It is therefore convenient to introduce
new variables X; = N v 3x;. Expressed in terms of the new variables, the atomic
Hamiltonian (1.5) takes the form

jatom _ al NZ/SA N4/3 N1/3 al 1
N —Z— Xj_m+ Z|X—X»|
j=1 J i<j ! 7
N (1.6)
— NS —ea _ 1 +lz¥
; YU TN & X - X
j=1 1<J

with ¢ = N~1/3. Choosing the correct time scale, we arrive exactly at the
Schrodinger equation (1.1) with Vex(x) = —1/|2| and interaction V(z) = 1/]x|.
Remark that Hartree-Fock theory is known to provide a good approximation to
the ground state energy of (1.6). While the classical Thomas-Fermi theory only
captures the leading order of the ground state energy, which is of order N7/3
(see [15, 14]), Hartree-Fock theory was proven in [3, 13] to provide a much more
precise approximation, with an error of order smaller than N5/3.

The goal of our paper is to extend the convergence of the many-body dynam-
ics towards the time-dependent Hartree-Fock equation to the case of a Coulomb
interaction. Our results are still not completely satisfactory, in the sense that
they make use of a property of the solution of the time-dependent Hartree-Fock
equation (1.3) which we can only show to hold true for a very special choice
of the initial data. Nevertheless, we believe our results to be of some interest,
since they reduce the problem of the derivation of the Hartree-Fock equation
for Coulomb systems from the analysis of the many-body Schrédinger equation
(1.1) to the study of the properties of the simpler Hartree-Fock equation (1.3).
Notice that the time evolution of fermions interacting through a Coulomb po-
tential has been recently considered in [4]. In this work, however, a different
scaling was considered, with the N particles occupying a large volume of order
N. After rescaling lengths, this choice leads to the Schrodinger equation (1.1),
with short times ¢ of order ¢ = N~1/3,

Let us now illustrate our results in a precise form. For a wave function



Yy € L2(R3N) we define the one-particle reduced density 7](\}) as the non-

negative trace class operator with integral kernel given by

”y](\})(a:;y) = N/dxg...dei/}N(x,xQ,...,xN)wN(y,arg,...,xN). (1.7)

Notice here that we use the standard normalization tr fy](\}) = N. A simple

computation shows that the reduced density of the Slater determinant
1
wslater(xla s 7xN) = W det (fl(x‘]))LJSN ’

where {f; }5\;1 is an orthonormal system on L?(R?), is given by the orthogonal

projection
N

wy = Y1) (fl (1.8)
j=1
on the N dimensional linear space spanned by the orbitals { f; }é\le
We consider a sequence of initial data ¢y € L2(R3"), which we assume close
to a Slater determinant, in the sense that

tr "y](\}) —wN‘ <C
uniformly in N, for wy orthogonal projections of rank N.

Under this condition, we consider the evolution ¥n,; = e_iHNt/Ez/JN of the
initial data 1y, as generated by the Coulombic Hamiltonian

N 1 N 1
_ 2
j=1 / i<j J

To simplify the notation we assumed here that the external potential vanishes
(but it is easy to extend our results to the case Vot # 0).

We compare v ; with the Slater determinant with reduced density wpn
given by the solution of the time-dependent Hartree-Fock equation

isathyt = *52A + — % Pt — Xt7wN7t (110)

with pt(z) = N~ 'wy ¢(z;2) and X; being the exchange operator with the inte-
gral kernel X, (z;y) = N~z —y|L.

As in [8], a crucial role in our analysis is played by the operator |[z,wn ]|
Let us define its density

1
|

Pllzon,) (@) = |[2, 0N |(2;2)
An important ingredient in [8] was the estimate
||p|[CE,WN,t” ||1 =tr Hx,WN,tH < OeKlt‘Na’ (111)

valid for all ¢ € R. For interaction potentials satisfying (1.4), (1.11) was
proven in [8] propagating the commutator bounds (1.2) along the solution of
the Hartree-Fock equation. Here, to deal with the Coulomb singularity of the



interaction, we need additional information on the operator |[z,wn][; in par-
ticular, we need a bound (again of the order Ne) on the LP norm of Pl[z,wn.e]]s
for a p > 5. Unfortunately, we do not know what assumptions on the initial
data wy imply the validity of these bounds for the solution of the Hartree-Fock
equation (1.11). Our main result is therefore a conditional statement; it gives
convergence of the many-body evolution with Coulomb interaction towards the
Hartree-Fock equation on the time interval [0; T provided the L' and the LP
norm of Pz .y ) are of order Ne, uniformly in ¢ € [0; 7] (for a p > 5).

Theorem 1.1. Let wy be a sequence of orthogonal projections on L?(R3), with
trwy = N. Let wy, denote the solution of the Hartree-Fock equation (1.10)
with initial data wno = wy. We assume that there exists a timeT >0, ap > 5
and a constant C > 0 such that

ts[%p Z ”p\[I“wN f””l + ”p\ [zs,wN, t””P} < CNe. (112)
[S

Let ¢y € LE(R3*N) be such that its one-particle reduced density matrix ’y( )

satisfies
tr ‘71(\}) wa’ < CN“® (1.13)

for a constant C > 0 and an exponent 0 < o < 1.
Consider the evolution Yy ¢ = e~ tHnt/eypn  with the Hamilton operator (1.9)

and let ny be the corresponding one-particle reduced density. Then for every
§ > 0 there exists C > 0 such that

sup HyNt—thH <C’[Na/2 N5/12+‘1 (1.14)
t€[0:T)

and

sup tr "71(\},)1: —wyyt| <C [N“ + N11/12+6} . (1.15)

t€[0;T7]

Recall that ||wy ¢|lus = N'/2 and trwy,; = N; this implies that the bounds
(1.14) and (1.15) are non-trivial. They really show that the Hartree-Fock equa-
tion is a good approximation for the many-body evolution with a Coulomb
interaction. Remark here that the exponent 0 < a < 1 measures the number
of particles that, at time ¢ = 0, are not in the Slater determinant (the initial
number of excitations).

As pointed out in the introduction, the Hartree-Fock equation (1.10) still
depends on N. As N — oo, the Wigner transform of the solution of (1.10) is
expected to converge to a solution of the Vlasov equation. However, this result
is still open. In fact, the result of [16], which applies to the case of a Coulomb
interaction, does not allow wy ¢+ to be a projection.

Despite the fact that we do not know how to prove the bounds (1.12) for
the solution of the Hartree-Fock equation, they are consistent with the idea that
wy,¢ varies on a length scale of order ¢ in the (x —y) direction, while it is regular
and it varies on scales of order one in the (x + y) direction. There is in fact one
special situation, in which the required bounds can be easily shown to hold true.
Consider namely an N-fermion system described on a finite box A with volume
of order one and periodic boundary conditions. In this case, we can consider



translation invariant Slater determinants, whose reduced densities have integral
kernels wy (z;y) depending only on (z — y). Also the commutator [z, wy]| and
its absolute value |[z,wy]| are then translation invariant, and therefore pj(; .|
is a constant, which we can reasonably assume to be of order Ne (meaning that
wy is a function of (x —y) decaying at distances |z —y| > ¢ from the diagonal).
Then we trivially have ||pjjzwyjllp < CNe for all 1 < p < co. Furthermore,
it is easy to check that the Hartree-Fock evolution does not change translation
invariant initial data, i.e. in this case we have wy: = wy for all ¢ € R. This
means that ||p|jz,wyllp < CNe for all 1 < p < oo and also for all ¢ € R. So, for
translation invariant Slater determinants describing IV fermions in a box with
volume of order one with periodic boundary conditions, Theorem 1.1 shows (in
this case, with no further assumptions), that the many body evolution generated
by (1.9) can be approximated by the Hartree-Fock equation, which means, in
other words, that it leaves the state of the system approximately invariant.

Let us remark that Theorem 1.1 can be extended by including an external
potential in the Hamilton operator (1.9) (and in the Hartree-Fock equation
(1.10)). Of course, in the presence of an external potential it may be more
difficult to justify the assumption (1.12), especially if the external potential is
singular, as it is in (1.6). Similarly, let us stress the fact that Theorem 1.1
remains true if in (1.9) and in (1.10) we replace the repulsive Coulomb potential
V(z) = 1/|z| with the attractive interaction V(x) = —1/|z|. Also here, however,
it may be more difficult to justify (1.12) in the attractive case.

Finally, let us add a remark concerning the convergence of the higher order
reduced densities. Theorem 1.1 only establishes the convergence of the one-
particle reduced density. It turns out that our method can be extended to show
the convergence of the k-particle reduced density, for any fixed £ € N, but
only when tested against observables that are diagonal in a basis of L2(R3F)
consisting of factorized functions.

2 Fock Space Representation

To prove Theorem 1.1 we switch to a Fock space representation of the fermionic
system. The fermionic Fock space over L? (R3) is defined as the direct sum

P12 ()

n>0

where L2 (R3”) is the antisymmetric subspace of L? (R3").

The number of particle operator on F is the closure of the symmetric oper-
ator defined by (N¥)™ = nyp(™ for all ¥ = {y(M}, 5o € F with (™ =0 for
all n large enough.

On F, it is useful to introduce creation and annihilation operators. For
feL? (R3), we define the creation operator a*(f) and the annihilation operator



a(f) through

(@ (V) (a1, 2,) = % _

J

(—1)7 f(x;)

NE

Il
—

X ’(b(n_l)(l‘l, ey L1, L1y - ,l‘n) 5

(@()W)™ (21,...,20) =Vn+ 1 /dx Flx) (2, 2, .. ),

for all U = {y)(M},5¢ € F with (™ = 0 for all n large enough. Creation and
annihilation operators satisfy canonical anticommutation relations

{a(f),a™(9)} = (fr9), {a(f),alg)} ={a”(f),a"(9)} =0 (2.1)

for all f,g € L? (]R?’). Using the anticommutation relations it is easy to see that
a(f) and a*(f) extend to bounded operators on F, with ||a(f)|| = |la*(f)| =
| fll2, and that a*(f) is the adjoint of a(f).

It is also convenient to define operator valued distributions a}, a, for z € R?,
such that

(9= [def@ar, ()= [doFa,

In terms of the distributions o}, a,, we find

N:/dxa;am.

More generally, for an operator J on L?(R?) we define its second quantization
dI'(J) so that its restriction to the n-particle sector has the form

(s, =3 J0
j=1

where JU) = 12~ @ J@1®0U~1) acts non-trivially only on the j-th particle. If
J has the integral kernel J(z;y), we can write dI'(J) in terms of the distributions
ay, g as

ar(J) = /d:cdy J(z;9)asay .

For example, dI'(1) = N. In the next lemma we collect some bounds for the
second quantization of one-particle operators. Its proof can be found in [8,
Lemma 3.1]

Lemma 2.1. For every bounded operator J on L? (R3), we have

(U, dl ()W) < [[JI{¥,NT),
[CINCANY I P PR P

for every W € F. If J is a Hilbert-Schmidt operator, we also have the bounds

4Tl < 1 s [ A2
H/dx dy J(w;x')axax/wH < ||/ |lus HN1/2\IJH

H/dx dy J(x;x’)a;a;,¢H < || J]us HNUQ\PH



for every W € F. Finally, if J is a trace class operator, we obtain
[T ()] < 2171,

H/dx dy J(.’E, xl)amax’ <2 ||J||tr

H/dx dy J(z;2")agal, || < 2| J]),,

where ||J ||ty = tr|J| = trv/J*J indicates the trace norm of J.

For a Fock space vector ¥ € F, we can define the one-particle reduced
density as the non-negative trace class operator on L?(R3) with integral kernel

79 (@y) = (¥, aja, ). (2.2)

For a N particle state ¥ = {0,0,...,%N,... } € F, it is easy to check that this
definition coincides with (1.7). In fact
(V,a,a,¥) = (a, ¥, a, V)
= <(ay\ll)(N_1)v (aI\I/)(N_l)>

= N/dxl ...d.TN_l’(/JN(I7.’I,‘1,...,.’L‘N_l)wN(y,J)l,...,xN_l).

Furthermore, for a one-particle observable J on L?(R3), we find that the expec-
tation of the second quantization of J in the Fock state ¥ is given by

(U, dT(J) W) = /dacdy J(2;y) (¥, ata, V) = tr Jy{) .
This motivates the definition (2.2). Notice in particular, that with this definition

tr’y\(l,l) = (U, NT)

is the expected number of particles in W.
Next, we introduce the Hamilton operator Hy on the fermionic Fock space
F. Formally, we define ‘H in terms of the distributions o}, a, as

1
Hy = 52/dx VaiaiVaa, + N /dzdy V(z —y)azayaya, (2.3)

More precisely, Hy is the self-adjoint operator whose restriction on the n-
particle sector of F is given by

n

Hylr, = —e*Aa, + % > Viwi—aj).

j=1 i<j

In particular, when restricted on Fp, the Hamilton operator Hy coincide with
the mean field Hamilton operator (1.9) defined in the previous section (and thus,
for initial data in F with exactly N particles, the dynamics generated by Hy
coincides exactly with the evolution introduced in the previous section).



Let {f; }jvzl be an orthonormal system in L?(R3). On F, we consider the
Slater determinant

& (fr) - a ()0 = {o, 0, \/%det(fi(ajj))i7j§]v,0, . } ,

where the only non-trivial entry is in the N-particle sector. As stated in (1.8),
the one-particle reduced density associated to this Slater determinant is given
by the orthogonal projection

N
wy =)l
j=1

An important observation is the fact that there exists a unitary operator, that
we will denote by R,,, : F — F with the following two properties:

RunQ=a*(f1)...a"(fn)Q

and
R}, a(g9)Ruy = a(ung) + a*(Un7) (2.4)

where uy = 1 —wy and vy = Z;\f:l |£;)(f;|. In other words, if we complete
the orthonormal system {f;}7_; to an orthonormal basis {f;};>1 of L*(R?), we
find

RGyalfi)Roy = a(f;),  and R a*(fj)Ruy = a”(f})
if 7 > N while

Ry a(fj) Ry = a”(f;), and Ry a"(f;)Ruy = a*(f;)

if j < N. The map R,, is known as a particle-hole transformation. It let
us switch to a new representation of the system; the new vacuum describes
the Slater determinant with reduced density wy. The new creation operators
create excitations of the Slater determinant, i.e. either particles outside the
determinant or holes in it. The proof of the existence of the unitary operator
R, with the properties listed above can be found, for example, in [20].

Theorem 1.1 is a consequence of the following theorem for the evolution of
approximate Slater determinants in the Fock space F.

Theorem 2.2. Let wy be a sequence of orthogonal projections on L?(R3), with
trwy = N. Let wy, denote the solution of the Hartree-Fock equation (1.10)
with initial data wn,o = wn. We assume that there exists T > 0, p > 5 and
C > 0 such that

3
sup Y (1)@ wnil 1t + 101 @i lp] < CNe. (2.5)
te[0;T] ;=1
Let En € F be a sequence with
(En,Nén) < CN®

for an exponent o, with 0 < a < 1. We consider the evolution

Uy, =e HNUER, &N



and denote by ’y](\})t the one-particle reduced density of Y+, as defined in (2.2).

Then for all § > 0 there is a constant C > 0 such that

sup H,y](;’)t —wn|| <C [Noz/2 i N5/12+5]

t€[0;T)
and
sup_tr |2, — wwe| < C [N N1
te[0;T) ’

Let us show how Theorem 2.2 implies the statement of Theorem 1.1, where
we consider the evolution of N-particle states.

Proof of Theorem 1.1. Set ¥ = {0,...,0,%n,0,...} and {&n = R, ¥y € F.
Then we have Uy = R, &N, and

(€N, Nén) = (R, UN,NR, Wy)

= /da: (U, (@™ (ug) + a(0y)) (a(ug) + a*(U)) Un) -

Using the anticommutation relations we find a(7,)a*(0,) = —a*(U;)a(v;) +
(Uy,Ty). Since uy = 1 —wy is orthogonal to wy, we conclude that

(€N NEn) = (W, [dl (uy) — dl'(wn) + N] W)
= 2tr’y](\}) (1-wyn)= 2tr(’y](\}) —wn)(1 —wy).

This implies that
(En, NEN) < 2tr ’fyj(\}) *WN‘ < CN©

for an exponent 0 < « < 1, from the assumption (1.13). Hence, we can apply
Theorem 2.2 and we obtain that

Sup] H'Y](\}’)t —WN,t <C {Na/2 + N5/12+5}

te[0;T HS
and that
sup tr 71(\})t — wN,t‘ <C |:No¢ + N”/UH}
te[0;7T) ’
for any § > 0. -

In order to prove Theorem 2.2, we define the fluctuation dynamics

Un(t) = RY e nteR o (2.6)

WN,t

and we observe that
Uy =e MNER, En = Ry Un(t)én

The vector Uy (t)én describes the excitations at time ¢. The key step in the
proof of Theorem 2.2 is the following bound on the expectation of the operator
N in the state Uy (t)€n. This is a bound on the expected number of excitations
of the Slater determinant in the state Wy ;.

10



Proposition 2.3. Let Un(t) be the fluctuation dynamics defined in (2.6) and
En € F. Suppose that there exists T > 0, p > 5 and C > 0 such that

3

ts[up . > otzewn. il + 10y wn i llp) < CNe. (2.7)
i=1

Then there exists a constant C' > 0 such that

sup_(Un (En NUn (Hén) < C (v, New) + N°/0H]

te[0;T)

Remark that the proof of this proposition, which will be given in the next
section, can be extended to show a similar bound for higher moments of the
number of particles operator (these estimates are needed to establish the con-
vergence of higher order reduced densities, as stated after Theorem 1.1). Let us
now show how Proposition 2.3 can be used to establish Theorem 2.2.

Proof of Theorem 2.2. We follow here the same argument used in [8]. From
(2.2), we obtain

vﬁ)t(x y) = (Uny¢ a0, VN e)

= (Un(0)En. Ry 0 R, Un(Dén ).
Eq. (2.4) implies that
Wh@sy) = Un (£0)En, (0" (ury) + a(Bey)) (@ (ure) + 0 (Tr,0)) Un (£ 0)En)

= (Un (t0) &N, [a" (uty) a(ure) — a* (Ve2) a(Vry) + (Ory, Ore)
+a* (ut,y) a” (V1) + a(Vry) a(ue )| Un (¢0)En)

where we introduced the short-hand notation u; ,(2) = un . (z; 2) and Ty ,(2) =

v

Un,(y; z) for the kernels of uy; =1 —wn and vy, = Z;\;l |fj><fj| if wy, =
Z;\le |fi)(f;]. Notice that then

(Vt,y, Vt,a) = /dz ON (259) O (252) = (Vv Onge) (Y5 2) = wie (T3Y) -
This leads to

Y (@3y) —wne () (2.8)
= (Un (t;0) &N, [a™ (ugy) a(upe) — @™ (Vs0) a(Dy,y)
+a* (uty) a” (1) +a(Vry) a(ug)|Un (50)En) . (2.9)

Let J be a Hilbert-Schmidt operator on L? (Rg). Integrating its kernel
against the difference (2.9), we find

tr J ('yNt wN,t)
= <€N,MN (t; 0)* (dF (uN7tJuN7t) —dr (@N,tﬁUN,t)) Un (t; O) §N>
+ 2Re <§N,L{N (t;0)" </ dridry (v Juny) (r1,72) arlaQ) Un (t;0) §N> .

(2.10)

11



Using Lemma 2.1 and |lun || = ||une] = 1, we find

tr J (*y](\},)t — wN7t>

< (lunaJunslus + |ox T o |lus) H(N+ Y2 Uy (£0) gNH
42 [loweJun.e s H(/\f+ D2 Uy (£0) gNH
<C|J|lus H(N+ D2 Uy (£0) SNH :
By duality, this implies that
s = wnallns < C| OV + 1)Uy (1:0) v |
With Proposition 2.3 we conclude that

sup H’YJ(\},)t —wn,tllus < C [N“/2 + N5/12+5}
te[0;T)

for any § > 0.
Finally, we prove the trace class bound (1.15). Starting from (2.10) we find,
for any compact operator J on L?(R3),

‘tr J (7](\2 — WN,t) < (lunwpJunall + |on T v ell) (En,Un (£0)" NUn (£0) En)

+2 JowaTunlus |V + 1)ty (40 ]| ]
<ol [ + 1) 2t 1:0) ]|

+2 onaTunls |V + 1)ty (40) ]| e
<2l |V + 1)t (85 0) € |

+2 ] lowellis ||+ DYty (50) el

From Proposition 2.3 and ||uy¢||us < Nz, we obtain that, for every § > 0 there
exists C' > 0 such that

tr vg\})t - wMt‘ <C [Na + NU/HM} . (2.11)
This completes the proof of Theorem 2.2. O

3 Control of the Fluctuations

The goal of this section is to show Proposition 2.3. To reach this goal, we derive
a differential inequality for the expectation (Un (£)En, NUN (t)En) and we apply

12



Gronwall’s lemma. We have

z’a% (Un (£:0) Ex, NUy (0) Ex)

4i / 1
=—Im [ dedy ———
N |z —y|

x { Uy (1:0) En 0" (ure) @ (Bry) a (ury) a (ur o) Uy (1:0)Ex) B D)
+ UN (£0) En, a” (ug,y) a* (Tg,y) a* (Ut,2) @ (Ur,0) Un (£;0) En)
+ UN (t;0) €Ny a (Vr,2) a (Dry) a (uty) a (ue ) Un (£50) En) },

where, as in the last section, we use the short-hand notation u; »(2) = un +(x; 2),
Ve 4(2) = vn,e(x; 2), with the operators uy,; = 1 —wy, and vy as defined after
(2.8). The proof of (3.1) is a lengthy but straightforward computation that can
be found in [8, Proof of Proposition 3.3].

Next, we estimate the three contribution on the r.h.s. of (3.1) separately.
We start with the term

=~ /dxdy L{N(t 0)én, a™ (ur.o)a(Try)a(ury)a(us) Un(t;0)En) -

(3.2)

To bound this contribution (and later also to control the other two terms

on the r.h.s of (3.1)), we use a smoothed version of the Fefferman-de la Llave
representation of the Coulomb potential [11], given by

1 4 (> dr
Eia:ﬁA ﬁ/“memmM) (3-3)

where we introduced the notation x(;..)(x) = e~ (@=2*/7* " The proof of (3.3)
is a simple computation with Gaussian integrals which we leave to the reader
(the fact that the result of the integral is proportional to |z —y|~!, which is the
only property we are going to use, follows by simple scaling). Inserting (3.3)
into (3.2) we find

< dr
/dxdy / ?/dz X(r,z)(x)X(”‘,Z)(y)

X (UN (;0) En, a™ (uz) a (Tt y) a(ugy) a(uge) Un (10) En)

dr
N/ /dZd$X(Tz) )

UN (t O) énsa (ut ;c) BT,Za (ut,x)uN (t;O) §N>7

where we defined the operator

(3.4)

B,.= /dya(@t,y)X(r,z)(y)a(ut,y) = /d51d52(5N,tX(r,z)uN,t)(31;Sz)aslasz~

(3.5)
Lemma 2.1 implies that

Han” S 2||EN,tX(r,z)uN,t||tr S 2 H [X(T,z),wNA Htr . (36)

To bound the r.h.s., we use the next lemma, whose proof is deferred to the end
of the section.

13



Lemma 3.1. Let ., .(z) = exp(—x2/r?). Then, for every 3/2 < p < 5/2, there
exists C > 0 such that

3
/dz X2y wnalll7 < C 2P o)y won 1P - (3.7)

; 9—2p
=1

Furthermore, for all 0 < § < 1/2 there exists C > 0 such that the pointwise
bound

55

3
1
12y N atlll e < CT2720 S 10)0s ol (e (pﬁm,w,tn(z)) (3.8)
=1

holds true. Here Qﬁmi wnl denotes the Hardy-Littlewood maximal defined by
v 2) 5/ (@) (39)
- z)= sup — T P|[ws wn ]| (T .
Pllas wn .| B:ng 1B| /5 Pllzs,wn el
with the supremum taken over all balls B € R? such that z € B.

Applying (3.8) to the r.h.s. of (3.6) and using the assumption (2.7), we
conclude from (3.4) that, for all § > 0 there exists C' > 0 such that

3 5
(Ne)t/6+9 © dr . 3t
I < CiN Zl ; PR dzdz X (r2)(z) (g [%WNJ”(Z))

% [la (ut,0) Un (£;0) En?

Ne)l/6+6 2 ro gy
<Y [ s [ @) )t (50 P
i=1

where we defined

0@ = [ 2300 (G @) (3.10)

We find
(Ne)l/6+0 30 dr
1< O3 [ 7 U (050) T (@) ) U (10) )
i=1

where un +g; (x)un, is the operator with the integral kernel
(s (o) o1is2) = [ douxca(svi)gi (a)una(oisa).

Applying again Lemma 2.1 and using the fact that ||un || < 1, we obtain

(Ne)l/o+0 2 /°O dr

=<c N P 193]

o INY2UN (50 Ex]?. (3.11)

i=1
We have, using the Hardy-Littlewood maximal inequality,
* 5/6—3 5/6—8
girlloo < 7P lefia, o liyoosra < Cr*/Pllep.li 1365, (3.12)

14



for any (5/6 — 6)~! < ¢ < oo and p such that p~! + ¢! = 1. To bound the
r.hus. of (3.11), we divide the r-integral into two parts and then we apply (3.12)
with two different choices of p, g. From the assumption (2.7) we can find ¢; > 6
and g2 < 6 and § > 0 sufficiently small such that

ts[up 1011wl las (5/6—8) + 101 (zs won o1l q2(5/6—8) < CNe.

With this choice of g1, g2, we have p; < 6/5 and pa > 6/5 which implies (possibly
after reducing again the value of § > 0) that —7/2-39+3/P1 ig integrable close
to zero and that r—7/2730+3/p2 i integrable at infinity. We conclude that

11| < Ce |[NY?Un (£;0) En]|? = Ce Un (0) En, NUn (£0) Ex) (3.13)

for all t € [0; T7.
The second term on the Lh.s. of (3.1) can be estimated similarly. Recalling
the definition (3.5) of the operator B, ., we can write

II = N /dxdy UN (t;0) &N, 0™ (Ty z)a™ (ue,y)a™ (Ur,y)a(Ts 2 )Un (20) EN)

- N/dxdy/ ?/dzxr,z(:r)xr,z(y)

X Un (£ 0) &N, a™ (Vrz)a™ () a® (Vr,y)a(rx)Un (£0) En)
S for [ oo
<uN (t7 0) va (vt,m)B;za(@t,z)uN (ta O) '£N>

which implies, with (3.6), (3.8), the assumptions (2.7) and (3.10) that, for § > 0
small enough,

11 < SV & /°° dr
- N

r7/2+35 /dwdz Xr,z(x) (pr[zl,w]\(z)

X |a(@s 0 Un (0) En |

)5/675
i=170
C(Ne

)1/6+5 3 0o dr
NZ;/O m(UN (t:0) En, dU(UN,19i,r () VN, )UN (8:0) En)

IA

\ /\

C(Ng)l/6+6 3
A — ) / 7/2+36H9”||00 HN1/2UN t;0 fNH

Then we conclude as we did for (3.11) that
[TI] < Ce (Un (£;0) En, NUN (£;0) En) (3.14)

for all t € [0; 7.
Finally, we consider the third term on the r.h.s. of (3.1). Again we use the
Fefferman-de la Llave formula (3.3) for the Coulomb potential. We obtain

c

x (Un (t,O) fN, (Ut,w) G(Ut,y) a(uty)a(use)Un (£50) EN)

15



We divide the r-intergral into two parts, setting IIT = III; + III,, with

IHl——/dmdy/ /dzx(m) r2)(Y)

X Un (£0)Ens a(Vr2) a(Bry) a(uy) a (uz) Un (80)En)

I, = N/dl’ dy A 75/(12 X(r2) (T)X (r,2) (¥)

x (Un (£0) €Ny a (Or,0) a(Ory) @ (ury) a(ue ) Un (£0)EN) -

We start estimating III;. Here, we start by integrating over z. Since

(3.15)

/ dz X(r,z) (x)X(r,z) (y) = T3X(\/§r,x) (y)

we obtain, with (3.5),

C ["dr
Il = /O =1 / dxdy X /3y.2) ()

X (Un (£:0) En, a (Vr0) @ (Dt y) a(ury) a (ue) Un (£ 0) En)

C ["d
= N/o T—g /dx Un (£0) &N, Bz, ,a(Vz)a(ur, )Un (50) EN) -

Since ||Tn¢|lus < N2, we find

C ["adr _
) < / 5 [ 4B 51l ot (:0) €

IN

ﬂ\

dr
/ / 0 | X 3rmy» @ llell i o) (0) €]

=[5 [ 1] [ a0y el
JN Jo 72 THX (r,z) s WN it e zlla(ug, )JUN (5;0) En

. ["dr 2
2 1/2 .
< [ % | [ ollcearenadiz] Uy 06l

IN

(3.16)

Inserting (3.7) with p =5/2 — 4, for a 0 < § < 1/2, in (3.16), we conclude that

1325

< / dr 123 N2y (10) ananHh,W e

(3.17)
= CN~'2R!2=9 N2y (£50) §N||Z||m[ml wnallll e

i=1

< Ce|NY2 Uy (0) én > + CNex! =2

4+25

for all ¢ € [0;T] (here we used the assumption (2.7)).
Next, we estimate the second term in (3.15). With the definition (3.5), we

have
dr dr

1, | < / % [ 1B _N/ o S [
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Applying (3.7) with p = 5/2 — ¢ and applying again the assumption (2.7), we
find

3
¢ [ dr 2 2 —1-25
2| < N/K 72535 2 ol gy < OV,
Together with (3.17), we obtain
1| < Cel|NY2Uy (£;0) En||* + CNe k' ™20 + ONe?k 172

Optimizing the choice of & (by choosing k = £/?) we conclude that, for any
0<d<1/2,

III| < CeUn (t;0) En, NUn (£0) En) + CNe¥270
Combining this bound with (3.13) and (3.14), we obtain from (3.1) that

4

7 (Un (£;0) En, NUN (t;0) fN>‘ < C{UN (50)En, NUN (£0) En) + CNel/279

for any 0 < § < 1/2 and for all ¢ € [0;T]. Gronwall’s lemma implies that there
exists a constant C' > 0 such that

sup_ (U (150) En, NU (150)€n) < C (€, Nen) + Net/27)
te[0;T]

This concludes the proof of Proposition 2.3. We still have to show Lemma 3.1.

Proof of Lemma 8.1. Let us start by proving Eq. (3.7). The integral kernel of
the commutator [x(,.),wn,] is

[X(r,z)a WN,t](x; y) = (X(r,z) (I) — X(r,2) (y)) wN,t(-T; y)

1 d 2 2
_(z—2) _(z—=2) _
:/ ds —e™ 7 Cwny(asy)e 2 7Y
0

1 )2 _ )2 )2
= — dse” Bt {(z T;) ’UJN,t:| (z;9) e_wﬂ) (=)
0
Hence
[X('r,z)a wNﬂf]
1 2

B (z—2)
= /0 s X(r//3,2) (%) [ 2 WNE | X (/s (@)

3 1

Zl/o (i) (@ (3.18)
(x—2)i (x —2);
X ( ) (@i, wn ] + 75, wn ] 2 X(r/vT=5,2) ()

3
:ZIi—i—Hi.
=1

where, with an abuse of notation, we use x(. () to denote both the function
of z and the corresponding multiplication operator.
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We focus on the first term on the r.h.s. of (3.18), for example fixing ¢ = 1.
The other components of the first term, and the three components of the second
term can then be treated similarly. We use the spectral decomposition of the
commutator [z1,wn,] (which, by assumption, is trace class for all ¢ € [0;T]),
given by

1, wn e =13 Ajles) (]
J
for a sequence of eigenvalues A; € R and an orthonormal system ¢; in L?(R3)
(we introduced i = /=1 on the r.h.s., because the commutator is anti self-
adjoint). We find

(z = 2)

1
1
b= [ 5 Xy @) 7 o Xy )
_iZ)\./l(i‘S
= s

With the triangle inequality, we get

||h||tr_— S0l [ 92 e @2 ) Xy @l

X(r/3,2) () (i/_\;) ©j > <X(T/\/m7z) (@)@;

tr

(3.19)

Since ||[v1)(2lller = [lv1]lllv2]] for all 41,12 € L*(R?), we have

[ern0 7z

Ko i) (evimsa @] |

HX(T/ S,Z)(I)(a;/\; P HX r/VIT=5,2) x)@jH

] o I =i

X(r/yvis,2) () U/%r [r/\/ﬁr%

for any «, 8 > 0. Using the fact that

|z — 2|1 Lo [z — 21!
SUp X (/5.0 (@) — sup = <o

z€R3 /s z€R3

and similarly
|z — 2|

sup X(r//1=s,2)\T ( ) |:r/m

uniformly in the parameters 7, s, z, we conclude that

}@0

(x—2)
H‘X(r/\/g,z)(x) T/\/g Pj <X(r/\/ﬁ,z)(w)@] o
- Croth 1 1
= 5021 —5)72 ||z — 22 79| ||Je = 2F 77
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Inserting this bound in (3.19), we obtain

1
ds 1
a+pB-1 .
[Tifler < Cr Z |)‘7|/O s(a+)/2(1 = )B/2
j

|z — 2|

1 .
o — 2P 77

i

Hence, for all 0 < @ < 1 and 0 < 8 < 3/2, we can find a constant C' > 0 such
that

1 1
||11Htr < Cr T — Z|a80] Z|’6 ©j
) 1/ ) 1/2
aJrﬁ 1 Z| ]| Z|O‘ Z| j| 590]
Remark that
dx
S =§juﬂ/¥——7gwxwﬁ
= j [z~

dz
= / = apallleenal(®)

which implies

) dar 1/2
||11Htr S C'ra"'_ﬁ_ |:/ mp“:cl,w]\zt :| |:/ |y Z|25p‘[261,u)N t”( )

and therefore that

1/2

/dz ”11ng S CTQ(OH_B_D /dxdyp\[frhwzv,t]\(m)pHIl,wN,t]\(y)

1 1
d
<J e
ot B 1
< Op2lath 1)/dxdy mpuwhm\un(m)p‘[whw\,,t”(y)

< Cr?@ o0,

wn.ell H T aTH

where in the last step we used the Hardy-Littlewood-Sobolev inequality, under
the assumption that 2(a + ) > 3. So, for any 3/2 < p < 5/2, we can find
0<a<1land0< < 3/2such that p =« + 8 and therefore

[z < cr

Repeating the same analysis for the other terms on the r.h.s. of (3.18), we
obtain that for all 3/2 < p < 5/2 there is a constant C' > 0 such that

3
[l omall < 00D Y oy,

i=1
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as claimed. This proves Eq. (3.7). To establish (3.8), we start again from (3.19)
and we estimate

ds
Ll < ZM | /

|z — z|

X(r/\ﬁz( )r/\[ Pj

HX(T/\/]. $,2) SOJH

1/2
1 (' ds |z — z| 2
= ;/0 7 ;M ‘X<r/ﬁ,z>(w)7wg@j (3.20)
1/2
2
1—s,z)($)<pj
We compute
2 - —S)(r—=z2 2 ’I"2
Z|)‘J|HX(T/\/§,Z)(I)SOJH :/dze 2= )/ pl[QZ,UJN,t”(x)
! (3.21)

r3

< 07(1 EEYD Pllzwon. | ()

where pi"[ | is the Hardy-Littlewood maximal function associated with

T WN, )

Pllwswn.e)|- 1o prove (3.21), we write

1
e—2(1—s)(m—z)2/r2 :/ X(t < 6—2(1—5)(w—z)2/r2)dt
0

! 2log(1/t
= / X |:E — Z| < M dt
0 2(1-s)
and, using Fubini, we find

_ —s)(z—z)2/r?
/dme 202" (@)

1 r2log(1
:/O dt/da:x (Ix—z < M) Pl 1] (%)

r3

< O 57 Pl (2) | o1/

3

,r. *
S Oy Pllwwnal )

which shows (3.21). Similarly to (3.21), we also find

2
7,3

<C

|£L' - Z| *
< @PHM,WN,,,H(ZY

X(r/\/g,z)( ) /\[ Pj

Combining this bound with the simpler estimate

|z — |
r/\/gz() /\[

S C >IN =111z wwi
i
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we obtain

>INl
i

2
|z — z| '

‘X(r/\/g,z)(x)r/\/g@]

P it on i 7 o
<C Sals )

for any 0 < o < 1. Inserting the last bound and (3.21) on the r.h.s. of (3.20)
we conclude

(14a)/2
1—a)/2 *
[T1]ler < Cr(1+3a)/2”p‘[1’17wN,tH||§ )/ (PH )

z1,wn,] | VP

! 1
X /0 d551/2+3a/4(1 BNV

Hence, for all § > 0 we find (putting o = 2/3 — 20)

_ 1/6+6 * 5/6-6
HIl”tr < 07‘3/2 35||p|[11,UJN,t]|||1/ " (p\[xl,wz\/,t]\(z))

which concludes the proof of Eq. (3.8), and of Lemma 3.1. O
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