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Abstract

The mean field limit for systems of many fermions is naturally coupled with a semi-
classical limit. This makes the analysis of the mean field regime much more involved,
compared with bosonic systems. In this paper, we study the dynamics of initial data
close to a Slater determinant, whose reduced one-particle density is an orthogonal pro-
jection wy with the appropriate semiclassical structure. Assuming some regularity of
the interaction potential, we show that the evolution of such an initial data remains
close to a Slater determinant, with reduced one-particle density given by the solution of
the Hartree-Fock equation with initial data wy. Our result holds for all (semiclassical)
times, and gives effective bounds on the rate of the convergence towards the Hartree-Fock
dynamics.

1 Introduction

In the last years, important progress has been achieved in the mathematical understanding
of the many body dynamics of bosonic systems in the mean field limit. A system of N bosons
in the mean field regime can be described by the Hamiltonian

N N
ose 1
HY :Z—Aj+NZV($i — xj) (1.1)
j=1

i<j

acting on the Hilbert space L2(R3V), the subspace of L?(R3") consisting of functions sym-
metric with respect to an arbitrary permutation of the IV particles.

Typical initial data are prepared by confining the system in a volume of order one (for
example, restricting the Hamiltonian to L2(AY), for a cube A C R? of volume one, or
by adding a trapping external potential), and letting it relax to the ground state (which is
experimentally achieved by cooling it down to very low temperatures). For large N, these
initial data are approximately factorized, having the form Yy (zi,...zN) =~ HjV: 1(xj)
for an appropriate one-particle wave function ¢ € L?(R3) (obtained as minimizer of the
corresponding Hartree energy functional). For such data, the coupling constant 1/N in front
of the interaction guarantees that both parts of the Hamiltonian are of the order N and
that the total potential acting on every particle, given by the sum of a large number (order
N) of weak contributions (order 1/N), can be effectively approximated by an average, mean
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field, interaction. As a consequence, factorization is approximately preserved in time, and
the many body time evolution generated by ((1.1)) can be effectively described in terms of the
nonlinear one-particle Hartree dynamics.

To be more precise, for ¥y € LE(R:W), we consider the solution ¥y ; = e "INty of the
N-particle Schrodinger equation

10Nt = HyYn g
We define the reduced one-particle density 7](\}),5 associated with v as the non-negative
trace class operator on L?(R3) with integral kernel

’Y](\},)t(w7y) = N/de cee de ”¢N7t($; Z2, ... 7xN)wN,t(y7$27 B 'CCN) .

We normalize the reduced density 71(\% so that tr 7](\})15 = N. Under suitable assumptions on

the potential V', it is possible to show that complete condensation is preserved by the time
evolution, meaning that

1 @

N el as N - o, (1.2)
for all ¢ € R, assuming this to hold at time ¢ = 0. Here ¢, is the solution of the nonlinear
Hartree equation

i0pr = (A + Vet )t + (V * i)

with the initial data g giving the condensate wave function at time ¢t = 0.

The first rigorous proof of this result was obtained in [30], for bounded interaction po-
tentials. In [9], the method of [30] was extended to prove the convergence for particles
interacting through a Coulomb potential V' (z) = £1/|x|. More recently, these techniques
have been applied in [10] 11 12 [I3] to systems of bosons in the so called Gross-Pitaevskii
limit; in this case, the interaction is scaled so that its range and its scattering length are both
of the order 1/N. As a consequence, the limiting Hartree equation has a local nonlinearity
(nonlinear Schrodinger equations with local nonlinearity in one and two dimensions have been
derived from many body quantum mechanics in appropriate mean field limits in [, 24]). In
contrast with the mean field regime, in the three-dimensional Gross-Pitaevskii limit collisions
among particles are rare and strong and the solution of the Schrodinger equation develops a
singular short scale correlation structure.

In [28], a different approach was developed to control the rate of the convergence towards
the Hartree equation in the mean field limit of many body quantum dynamics. For a certain
class of initial data, and for interaction potentials allowing Coulomb singularities, it was
shown in [28| [7] that

tr |y, — Nlge (el | < CeXM

for all t € R, N € N (note that, with respect to [28] [7, [30, O], we are using a different
normalization for the reduced one-particle density). The approach of [28] was inspired by
[23, 177], where the related problem of the classical limit of quantum mechanics was consid-
ered. The basic idea here is to study the time evolution of coherent states in a Fock space
representation of the bosonic system. In [6], these ideas have been also applied to the more
subtle Gross-Pitaevskii regime, where correlations among the particles play an important
role. Remark also that the approach of [23] 17, 28] does not only give convergence towards
the mean field dynamics. Instead, it also allows us to investigate the limiting behavior of
the fluctuations around it; a central limit theorem has recently been proven in [5].



Among many other important contributions to the mathematical understanding of the
many body dynamics for bosonic systems in the mean field regime, let us also recall [16],
[2], [25], and the series of papers [19, 20, 21]. In [16], the mean field limit for particles
interacting through a Coulomb potential was revisited and interpreted as a Egorov type
theorem. For regular interactions, the convergence towards the Hartree dynamics was stated
in [2] as propagation of Wigner measures. In [25], a different approach to obtain control of
the rate of the convergence towards the Hartree evolution was proposed; its main advantage
compared with other techniques is the fact that it can be extended to potentials with more
severe singularities. In [19, 20, 2I], on the other hand, it was shown how a more precise
approximation of the many body dynamics can be obtained by considering also the next
order corrections to the Hartree dynamics. Finally, we remark that also the study of the
spectral properties of bosonic mean field Hamiltonians received a lot of attention in the last
few years. A first proof of the emergence of Bogoliubov excitation spectrum has been found
in [29] (for systems of bosons in a box) and in [22] (in the presence of an external potential).
A new and more general approach to the analysis of the excitations spectra of bosonic mean
field systems was then obtained in [26].

In contrast with this long list of results concerning the mean field dynamics of bosons,
much less is known for the mean field limit of fermionic systems. It turns out that, in the
fermionic case, the mean field regime is naturally linked with a semiclassical limit. Consider a
system of fermions initially confined in a volume of order one. Because of the Pauli principle,
the kinetic energy of a system of IV fermions confined in a volume of order one is at least of
the order N°/3, much larger than in the bosonic case. In order for the potential energy to be
comparable with the kinetic energy, the coupling constant in front of the interaction should
be of the order N~'/3 (in contrast with the coupling constant of order N~! in the bosonic
case). Because of the large kinetic energy, particles move very fast. The average kinetic
energy per particle is of the order N%/3, and hence the average velocity of the particles is of
the order N'/3. This means that one can only expect to follow the evolution of fermionic
systems in the mean field regime for times of the order N~/3. As a consequence, the relevant
time-dependent Schrodinger equation has the form

N

N
1
-aA71/3 . Ly
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With this convention, we are interested in times ¢ of order one (so that 7 = N —1/3¢ is small, of
order N_1/3). Let i = N—1/3. Multiplying 1) by h?, we obtain the Schrédinger equation

N N
1
thowne = | — E thj + N E Vi, — .Tj) VYNt - (1.4)

J=1 1<j

The mean field scaling, characterized by the 1/N coupling constant in front of the potential
energy, is therefore combined, for fermionic systems, with a semiclassical limit characterized
by a small h= N"1/3 « 1.

Similarly to the bosonic case, typical initial data can be prepared by confining the N
fermions in a volume of order one and by cooling them down to very low temperatures. In
other words, interesting initial data for ([1.4)) are ground states of Hamilton operators of the

form
N

N
Y™ = 37 (28, 4 Vo) + - S0V ) (15)

j=1 1<j



where Vg is an external trapping potential, confining the N particles in a volume of order
one. Such initial data are well approximated by Slater determinants

wslater(xla cee 7«73N) = \/]].V Z Sgn(”)fl (xﬂ(l))fQ(xﬂ(Q)) s fN(xﬂ'(N)>

T mESN

with a family of N orthonormal orbitals {f; };VZI in L?(R3) (sgn(nw) denotes the sign of the
permutation m € Sy). Slater determinants are quasi-free states, i.e. they are completely
characterized by their one-particle reduced density, given by the orthogonal projection

N
W=
j=1

In fact, a simple computation shows that (¥gater, H}\?apzﬂslate& is given by the Hartree-Fock
energy

Enr(w) = tr (—hQA + Vext) w + ;]/dmdyV(:c —y)w(z; z)w(y; y)
(1.6)
— [ dwdyV (@ - y)lasy) P

In analogy with the convergence observed in the bosonic setting, we expect that the
evolution determined by the Schrodinger equation of an initial Slater determinant
approximating the ground state of remains close to a Slater determinant, with an
evolved reduced one-particle density, given by the solution of the time-dependent Hartree-
Fock equation

ih@twt = [—th + (V * Pt) - Xt, wt] (17)

associated with the energy (1.6). Here p;(x) = N~ 'w;(x;2) is the normalized density as-
sociated with the one-particle density w;, while X; is the exchange operator, having the

kernel
Xi(z;y) = N"W (2 — y)w(z;y) -

Of course, we cannot expect this last statement to be correct for any initial state close to a
Slater determinant. We expect minimizers of the Hartree-Fock energy functional to be
characterized by a semiclassical structure which is essential to understand its evolution. To
understand the emergence of this semiclassical structure, and to find good characterizations,
let us consider a system of N free fermions moving in a box of volume one, for example
with periodic boundary conditions. The ground state of the system is given by the Slater
determinant constructed with the N plane waves f,(x) = €®® with p € (2m)Z? and |p| <
eN1/3 for a suitable constant ¢ (guaranteeing that the total number of orbitals equals exactly
N). The corresponding one-particle reduced density has the kernel

w(z;y) = Z P (=y)

Ip|<cN1/3

where the sum extends over all p € (27)Z° with |p| < ¢eN'/3. Letting ¢ = hp (with h =
N—1/3), we can write

L 1 I 1 ]
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with
4 <sin(c]a:\)

o(z) = i F ccos(c:n|)> . (1.9)

Hence, w(x;y) approaches zero, when |z —y| > h. Moreover, the fact that w depends only on
the difference = —y (for x, y in the box) implies that the density w(x;z) is constant inside the
box (and zero outside). This is of course a consequence of the fact that we are considering
a system with external potential vanishing inside the box, and being infinity outside of it.
More generically, if particles are trapped by a regular potential Vexy with Veg(2) — oo for
|z| — oo, we expect the resulting reduced one-particle density to have, approximately, the

form )
LN r—y xr+y
ol = e ()« (32 (1.10)

for appropriate functions ¢ and x. While y determines the density of the particles in space
(because ¢(0) = 1, to ensure that trw = N), ¢ fixes the momentum distribution.

Next we look for suitable bounds, characterizing Slater determinants like which
have the correct semiclassical structure. To this end, we observe that, if we differentiate the
r.h.s. of (1.10) with respect to z or y, a factor 2~! will emerge from the derivative of ¢ (this
produces a kinetic energy of order N°/3, as expected). However, if we take the commutator
[V, w], its kernel will be given by

V.l(oi) = (Vo t Vatein) = o (50 O (T5) .

In this case the derivative only hits the density profile x; it does not affect ¢, and therefore
it remains of order one (of course, in the example with plane waves in a box, there is the
additional problem that x is the characteristic function of the box, and therefore that it is
not differentiable; this is however a consequence of the pathological choice of the external
potential, which is infinity outside the box). We express the fact that the derivative in ([1.11)
does not produce additional ™! factors through the bound

tr |[V,w]| < CN. (1.12)

Similarly, the fact that w(z;y) tends to zero as |z — y| > h, suggests that the commutator
[z,w], whose kernel is given by

[z, w](z;y) = (x — y)w(z;9), (1.13)

is small, of order h. In fact, one has to be a bit careful here. Going back to the plane wave
example, we observe that the function ¢ computed in does not decay particularly fast
at infinity. For this reason, it is not immediately clear that one can extract an i factor from
the difference (x — y) on the r.h.s. of . Keeping in mind the plane-wave example, let
us compute the commutator of the reduced density w with the multiplication operator "%,
for a fixed r € (27)Z3. We find

[eirm’w] _ Z [|ei(r+p)'x><eip~z| _ |eip-ac><ei(p—r)~:c|} .
[pl<eN1/3

A straightforward computation shows that

[0l = 3 feryer]

pelr



where
I, =(2m)Z3 N {p€R3 Sp—r| <eNY3p| > eNY3or |p—r| > N3, |p| < cN1/3}.

It follows that A
tr |[e"*,w]| < CNh|r|. (1.14)

Hence, the trace norm of the commutator is smaller, by a factor ki, compared with the norm
of the operators e?%w and we?®. The fact that the kernel w(x;y) is supported close to the
diagonal allows us to extract an additional A-factor from the trace norm of the commutator
[¢?P® w]. Notice, however, that if we considered the Hilbert-Schmidt norm of [e??, w], we
would find

tr ‘ [e"'m,w] ‘2 < CNh|r|.

In other words, the Hilbert Schmidt norm of the commutator [e???, w] is only smaller than
the Hilbert-Schmidt norm of the two operators e”*w and we®?® by a factor A'/2. This
is consistent with the fact that, in , the function ¢ does not decay fast at infinity
(which follows from the fact that w is a projection corresponding to a characteristic function
in momentum space). We will use the two equations ((1.12)) and to characterize the
initial data we will be interested in. We consider them as an expression of the semiclassical
structure, emerging naturally in the initial Slater determinants when we consider states with
energy close to the ground state of a trapped Hamiltonian of the form (we expect it
should be possible to establish these bounds for any Slater determinant with energy close to
the minimum of , but we will not pursue this question in the present work).

For initial data ¢ close to Slater determinants and having the correct semiclassical struc-
ture characterized by (1.12) and (1.14)), we consider the time evolution 1y ; = e~"HN/apy
generated by the Hamiltonian

N N

1

Hy =—> 1A;+ NZV(:@ —z;) (1.15)
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and we denote by ’y](\})t the one-particle reduced density associated with 9y ;. Our main

result, Theorem shows that, under suitable assumptions on the potential V', there exist

constants K, c1,co > 0 such that

I, — wnallis < K exp(er exp(ealt])) (1.16)
and
tr ‘7](\}1 —wMt‘ < KNS exp(cy exp(ealt])) (1.17)

where wy ; denotes the solution of the time-dependent Hartree-Fock equation (1.7 with the
initial data wy —o = 7](\})0. The bounds ((1.16]) and (1.17]) show that the difference 7](\}1 —WNt

is much smaller (both in the Hilbert-Schmidt norm and in the trace-class norm) than ’y](\})t

and wy ¢ (recall that Hw](\})tHHS, H'Yz(\})tHHS ~ N'/2 while trwN,t,trfy](\})t ~ N).

It turns out that the contribution of the exchange term is small compared to the other
terms in the Hartree-Fock equation ; in fact, for the class of regular potential that we
will consider in this paper, it is of the relative size 1/N. As a consequence, the bounds ,
and also all other bounds that we prove in Theorem for the difference between



'7](\}1 and the solution of the Hartree-Fock equation remain true if we replace the solution of

the Hartree-Fock equation wy; by the solution wy; of the Hartree equation

ihatLNUN’t = [—th + (V * ﬁt), aN7t] (118)
with the same initial data Wy ¢—¢ = 'Y](\})o (here py(z) = N~ '@ (z; x) is the normalized density
associated to wy¢). For more details, see the last remark after Theorem and Proposi-
tion in Appendix [A]

Observe that both the Hartree-Fock equation and the Hartree equation still
depend on N, through Planck’s constant & = N~1/3. In the semiclassical limit & — 0, the
Hartree (and the Hartree-Fock) dynamics can be approximated by the solution of the Vlasov
equation. We define the Wigner transform Wy ; associated with the solution wy; of the
Hartree-Fock equation by

1 Y. Y\ —ivy
Wni(z,p) = @n) /dwat (ac + hg,x — hﬁ) e
It is a well-known fact that, in the limit 7 — 0, the Wigner transform Wy ; of the solution of
the Hartree-Fock equation (1.7) (or the Wigner transform of the solution Wy ; of the Hartree
equation) converges towards the solution of the Vlasov equation

Wz, p) +p- VoW, (z,p) = Vs (V x le) (z) VW (@, p) . (1.19)

where p}l(z) = [dp WY (z,p). The difference between the Wigner transform Wy, of wy ¢
and the solution of the Vlasov equation I/Vt"1 is of the order AN = N?/3 and therefore much
larger than the difference between the reduced one-particle density w](\})t associated with the
solution of the many body Schrédinger equation and the solution wy ¢ of the Hartree-Fock
equation (or the solution wy; of the Hartree equation). In other words, the Hartree-Fock
approximation (or the Hartree approximation) keeps the quantum structure of the problem
and gives a much more precise approximation of the many body evolution compared with
the classical Vlasov dynamics. Our result is therefore a dynamical counterpart to [3], where
the Hartree-Fock theory is shown to give a much better approximation to the ground state
energy of a system of atoms or molecules compared with the Thomas-Fermi energy (but, of
course, in contrast to [3], our analysis does not apply so far to a Coulomb interaction).

As mentioned above, the literature on the mean field dynamics of fermionic systems is
rather limited. As far as we know, the first rigorous results concerning the evolution of
fermionic system in the regime we are interested in was obtained in [27], where the authors
prove that, for real analytic potential, the Wigner transform of the reduced density '71(\})1:
associated with the solution of the Schrédinger equation converges weakly to the solution of
the Vlasov equation . The regularity assumptions were substantially relaxed in [30].
Notice that neither [27] nor [30] give a bound on the rate of the convergence. More recently, in
[8] the many body evolution is compared with the N-dependent Hartree dynamics described

by ; under the assumption of a real analytic potential, it is shown that, for short
semiclassical times, the difference between 'y](\})t and wy,, when tested against appropriate
observables, is of the order N~!. The results of our paper are comparable with those of
[8], but we obtain convergence for arbitrary semiclassical times (for arbitrary ¢ of order one,
where t is the time variable appearing in (|1.4))) and under much weaker regularity conditions
on the interaction potential. It should also be noted that the mean field limit of fermionic

systems with a different scaling (the same scaling used in (1.1) for bosonic systems) has

7



been considered in [4] (for regular interactions) and in [15] (for potentials with Coulomb
singularity). On the other hand, we remark that a joint mean field and semiclassical limit
has been considered, for bosonic systems, in [I8] and [14].

2 Fock space representation and quasi-free states
The fermionic Fock-space over L?(IR?) is defined by

F = @LE(R?’", dxy ...dzy)

n>0

where L2(R3") is the subspace of L?(R3") consisting of all functions which are antisymmetric
with respect to permutation of the n particles. In other words,

LZ(R?™) = {f € L*(R®") : F@r(iys s Ta(ny) = sen(m) f(z1, ..., 2,) for all m € Sy}

Here sgn(m) denotes the sign of the permutation 7 € S,,.

For a one-particle operator O, acting on L?(R3), we denote its second quantization by
dI'(O). This is an operator on F, defined by

(dF(O)w)(") — Z 0y
j=1

where OU) denotes the operator O acting only on the j-th particle (i.e. o) =180V g0
1®(=7)). An important example is the number of particles operator, defined by N = dI'(1).

On F, it is useful to introduce creation and annihilation operators. For f € L?(R3), we
define

(a’*(f)’(vb)(n) (331, B xn) = \/1’ﬁ Z(il)jf(xj)w(n_l) (xl, sy Lj—1y Lj41s -+ .Tn),
=1

(a(P)) M (21, ... 20) =V + 1/dmf(x)w(”+1)(x,x1, L Tn).

Observe here that creation operators are linear while annihilation operators are antilinear in
their argument. They satisfy canonical anticommutation relations

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

for all f,g € L*(R3). It is also important to note that, in contrast to the bosonic case,
fermionic creation and annihilation operators are bounded. In fact

la(f)ell? = (a(f)v, al(f)v) = (b,a*(falf)v) = I f15 — (. alf)a*(Hv) < If13

and a similar computation for |la*(f)v|* imply that

la(HI < Wfllz and  fla”™ (NI < [If[l2- (2.2)

It is also useful to introduce operator valued distributions a}, and a,, which formally create,
respectively, annihilate a particle at the point = € R3. They are defined by

o) = [T )= [desi)a

8



for all f € L?(R?). In terms of these operator valued distributions, it is possible to write the
second quantization dI'(O) of a one-particle operator O with integral kernel O(z;y) as

dl'(0) = /dxdy O(z;y)azay. (2.3)
In particular, the number of particles operator is given by
N = /da: arag.

Observe that, even for bounded O, the second quantized operator dI'(O) does not need to
be bounded, simply because the number of particles is not bounded. It turns out, however,
that because of the fermionic statistics, dI'(O) is a bounded operator if O is trace-class. This
fact together with other useful bounds will be shown in Lemma in Section

Since we want to study the time evolution of fermionic systems, we need to define a
Hamilton operator on the Fock space F. Inspired by (1.15]), we introduce the operator Hy,

by setting (H )™ = ”HS\?)w("), with

n

H%L) = Z —h2A$j + %Z V($Z — l’j)

=1 i<j

where, as discussed in the introduction, i = N3, Hence, the Hamiltonian Hy leaves
each sector of the Fock space with a fixed number of particles invariant. On the N-particle
sector, it agrees with . Notice that in the notation Hy, the index N does not refer here
to the number of particles, since Hy acts on the whole Fock space. It reminds instead of
the coupling constant 1/N in front of the potential energy, and of the N-dependent Planck
constant i = N~ in front of the kinetic energy. Of course, in order to recover the mean
field regime discussed in the introduction, we will consider later the time evolution of states
in F having approximately N particles. Observe that, in terms of the operator valued
distributions a, and a}, we can express the Hamiltonian Hy as

1
Hy = h2/dxvxazvxam + 9N /d:):dyV(:p — Y) a0,y . (2.4)

Notice that the kinetic energy is just given by the second quantization dI'(—h2A).

It will also be important to consider linear combinations of creation and annihilation
operators. For f,g € L?(R?) we set

A(f,9) = a(f) +a*(g), and A*(f,9) = (A(f,9))" = o’ (f) + ().

Observe that
A*(f.9) = A(Jg. T ]) (2.5)

where we introduced the antilinear operator J : L?(R3) — L?(R3) defined by Jf = f. Note
that A* is linear while A is antilinear in its two arguments. In terms of the operators A, A*
the canonical anticommutation relations assume the form

{A(f1,91), A% (f2, 92)} = {a(f1),a"(f2)} + {a"(91),a(g2) }
= (f1, fa) + (92, G1) = (f1, f2) + (91, 92) (2.6)
= ((f1,91), (f2,92)) 120 12-



Note that {A(f1,91), A(f2,92)} and {A*(f1,91), A*(f2,92)} in general do not vanish.

A (fermionic) Bogoliubov transformation is a linear map v : L?(R?) @ L?(R3) — L?(R®) @
L?(R3) with the properties

{A(W(f1,91)), A" (v(f2,92))} = {A(f1,91), A*(f2, 92)} (2.7)
for all f1, g1, fo, go € L*(R3), and

A*(v(f,9)) = A(v(9, 1)) (2.8)

for all f,g € L?(R3?). In other words, a Bogoliubov transformation is a map v : L?(R3) @
L*(R3) — L?(R3?) @ L*(R3) with the property that and the canonical anticommutation
relations continue to hold for the new field operators B(f,g) := A(v(f,g)). Note that,
by , condition means that every Bogoliubov transformation v is unitary. The
condition , on the other hand, is equivalent to

0 N\, _ (0 J

J 0 N J 0 )°
It is then simple to check that a linear map v : L?(R?) @ L?(R3) — L*(R3) @ L%(R?) is a
Bogoliubov transformation if and only if it has the form

v (jj ) (2.9)

where u,v : L?(R3) — L%(R3?) are linear maps with u*u + v*v = 1 and w*v + v*u = 0. Here
we used the notation u = JuJ, for any linear operator u : L?(R3) — L?(R3). Notice that, if
u is a linear operator with integral kernel u(z;y), then @ is again a linear operator, with the
integral kernel w(z;y) = u(x;y) (this explain the notation w).

gl <

We say that a Bogoliubov transformation v is implementable on the fermionic Fock space
F if there exists a unitary operator R, : F — F with the property

RIA(f,9)Ry = A(v(f,9)) (2.10)

for all f,g € L?(R?). It turns out that a Bogoliubov transformation (2.9) is implementable
if and only if v is a Hilbert-Schmidt operator (Shale-Stinespring condition).

Given a Fock space vector ¢ € F, we define the one-particle reduced density 7, associated
with v as the non-negative operator with the integral kernel

Yo (T3 y) = (¥, ayaz).

Notice that 7, is normalized such that tr v, = (¢, N9). Hence 7 is a trace class operator
if the expectation of A/ in the state 1 is finite. In general, if 1) does not have a fixed number
of particles, it is also important to track the expectations (¢, aya,%) and (i, aja;v). We
define therefore the pairing density «,, associated with 1) as the one-particle operator with
integral kernel

) (.7;; y) = <¢7 aya:cl/}>'

Then we also have @(x;y) = (1, aza; ). The operators vy and ay, can be combined into the
generalized one-particle density 'y, : L*(R?) & L*(R?) — L?(R3) @ L?(R®) defined by

((f1,91): Ty (f2, g2)) = (4, A™(f2, 2) A(f1, 91)9) -

10



A simple computation shows that I'y, can be expressed in terms of v, and ay, as

_ (e
Ty = ( S 1o7, > : (2.11)

As a consequence of the canonical anticommutation relations, it is simple to check that
0<Ty <L

Knowledge of the generalized one-particle density I'y, allows the computation of the ex-
pectation of all observables which are quadratic in creation and annihilation operators. To
compute expectations of operators involving more than two creation and annihilation oper-
ators, one needs higher order correlation functions, having the form

<¢,afl . ..ai¢> (2.12)

where each a# is either an annihilation or a creation operator. An important class of states
on F are quasi-free states. A pure quasi-free state is a vector in F with the form ¢ = R,
where R, is the unitary implementor of an (implementable) Bogoliubov transformation v.
The crucial (and defining) property of quasi-free states is the fact that all higher order
correlations functions like can be expressed, using Wick’s theorem, just in terms
of the reduced density v, and the pairing density .. In other words, quasi-free states
are completely described by their generalized one-particle reduced density I'y. If v is a
Bogoliubov transformation of the form , it is simple to check that the reduced one-
particle density associated with v has the form

vtu v*u
r, = .
v ( v T )
Hence, the reduced density of the quasi-free state associated with the Bogoliubov transforma-
tion v is v, = v*v, while the pairing density is a,, = v*u. From the property of Bogoliubov
transformations, we conclude that +, is trace class (because v is a Hilbert-Schmidt oper-
ator, for v to be implementable) and hence the expectation of the number of particles is

always finite for quasi-free states. Moreover, it follows that I'2 =T, i.e. ', is a projection.
Conversely, for every linear projection I' : L?(R?) @ L?(R3) — L?(R3) @ L?(R?) having the

form
_ (7 a
F_(—a 1—7)

for a trace class operator «y, there exists a quasi-free state, i.e. an implementable Bogoliubov
transformation v, such that I' =Ty, i.e. I' is the generalized reduced density associated with
the Fock space state R, (2.

In this paper we will be interested in pure quasi-free states with no pairing, i.e. with
a = 0. Since I' must be a projection, the assumption o = 0 implies that v is a projection.
We require the number of particles to be N, i.e. try = N. We know then that there
exists a Bogoliubov transformation v, such that -+ is the reduced density of R,{). In fact,
it is easy to construct such a Bogoliubov transformation. Since we assumed < to be an
orthogonal projection with tr v = N, there must be an orthonormal system { f; ;-\7:1 such that

7= SN, 1)U We define then v = Y2, |£)(f5]. Then we have o* =7 = >3 |£,)(f
and v*v = Zévzl |fi)(fi] = ~v. We also set

N
uw=u"=1-Y |f){fil=1-7.

=1
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2

Then u is a projection and u*u = v* = u = 1 — 7. Hence u*u 4+ v*v = 1, and v*uw = 0. It

follows that B
L ( u ) _ ( 1-7 AL ) (213)

N =
>t I 1=
is a Bogoliubov transformation, with

(7 0
n-(70,).

It is easy to see that the pure quasi-free state R,{2 is the Slater determinant det (f;(x)); ;< y-
Hence Slater determinants are the only pure quasi-free states with vanishing pairing density.

gl <l

The next theorem is our main result. In it, we study the time evolution of initial data
close to Slater determinants, and prove that their dynamics can be described in terms of the
Hartree-Fock (or the Hartree) equation. Of course, we cannot start with an arbitrary Slater
determinant. Instead, we need the initial state to have the semiclassical structure discussed
in the introduction. We encode this requirement in the assumption below. We do
not expect the result to be correct if the initial data is not semiclassical, i.e. if is not
satisfied. Notice, however, that the semiclassical structure emerges naturally, when one tries
to minimize the energy. Hence, the assumption is appropriate to study the dynamics
of initially trapped fermionic systems close to the ground state of the trapped Hamiltonian
(traps are then released, or changed, to observe the dynamics of the particles, which would
otherwise be trivial).

Theorem 2.1. Assume that, in the Hamiltonian , V € LY(R3) is so that

/ dp (1 + )|V (p)] < 0. (2.14)

Let wy be a sequence of orthogonal projections on L?(R®), with trwy = N and such that

tr |[e?®, wy]| < CNh(14 |p|) and

(2.15)
tr [[AV,wn]| < CNh

for all p € R? and for a constant C > 0. Let vy denote the sequence of Bogoliubov transfor-
mations constructed in such that R, S has the generalized one-particle density

_(wn O
PVN_(O 1—&)]\7)'

Let ¢y € F be a sequence with (n,Nvy) < C uniformly in N. Let 'y](\})t be the reduced
one-particle density associated with the evolved state

Ung = e NUIR, Wy (2.16)

where the Hamiltonian Hy has been defined in . On the other hand, denote by wy; the
solution of the Hartree-Fock equation

ihath,t == [—h2A + (V * Pt) - Xt, WN7t} s (217)

with the initial data wy =0 = wy. Here py(x) = N_lei(x; x) is the normalized density and
X is the exchange operator associated with wy ¢, having the kernel Xi(z;y) = N*1V(a: —
y)wnt(x;y). Then there exist constants K, c1,ca > 0 such that

[ = o], < K explcaexpenlt])) (2.18)

12



and
(17) — ng:‘ < KNY2 exp(eg exp(ci]t])) (2.19)

for allt € R.
Assume additionally that dU(wy)wn = 0 and (Yn,N?¥xn) < C for all N € N. Then

there exist constants K, c1,co > 0 such that

tr

)

W — @] < KNS exp(es explenl])) (2.20)

for allt € R. Moreover, under this additional assumption, we obtain that

tr =Y (40— wna) | < K1+ lal + )2 expleexp(alt))  (221)

)

for every q,p € R3, t € R.
Remarks.

e Using ({2.10), it is simple to check that R} N R, = N —2dI'(wy)+N. The assumption
(Yn, N¢n) < C implies therefore that

i 282, =t | = [, R N i) — N|

uniformly in N (this bound is of course preserved by the time-evolution). Following
the arguments of Section [4] it is also easy to check that

HFY](\}’)() —wnllas £ C, and tr h’No —wn| < CN/2

if (YN, Nn) < C. Under the additional assumption dI'(wy)iyy = 0, one can even
show that

uniformly in N (applying the arguments at the beginning of Step 3 in Section . This
proves that, at time ¢ = 0, the bulk of the particles is in the quasi-free state generated
by R,,. The small fluctuations around the quasi-free state are described by % n. In
particular, it follows that the bounds (2.18), (2.19), (2.20) and hold at time
t = 0. Results similar to (2.18), (2.19), (2.20), (2.21)) also hold if (¢ n,Ntn) =~ N©
and (n, N?1pn) ~ NB, for some o, 3 > 0, but then, of course, the errors become
larger.

e Suppose that the initial data is wy = Z] 1 1£5)(f;| for a family {f] - of orthonormal
functions in L?(R3). Then the condition dI'(wx)¢y = 0, required for and (2.21] -,
is satisfied if a(f;)yy = 0 for all ¢ = 1,..., N, meaning that part1cles in N are
orthogonal to all orbitals f; building the quasi-free part of the state.

e All our results and our analysis remain valid if we included an external potential in the
Hamiltonian ([2.4]) generating the time-evolution (in this case, the external potential
would, of course, also appear in the Hartree-Fock equation (2.17)).

° is optimal in its N dependence (it is easy to find a sequence )y € F
Wlth <¢N,N YN) < oo such that, already at time ¢ = 0, the d1fference between 7( )
and wy is of order one). On the other hand, we do not expect (| and -
to be optimal (the optimal bound for the trace norm of the dlfference should be, like

13



2.18)), of order one in N). Since the Hilbert-Schmidt norm of 'y](\})t and of wy ¢ is of the

order N1/2 (while their trace-norm is of order N), it is not surprising that in 1)
we get a better rate than in (2.19)) and in (2.20). We point out, however, that we can
improve (2.20)) and get optimal estimates, if we test the difference ’y](\})t — wn,¢ against

observables having the correct semiclassical structure, even if these observables are not

Hilbert-Schmidt; see (2.21]).

e The bounds (2.18)), (2.19), (2.20)), (2.21)) deteriorate quite fast in time. The emergence
of a double exponential is a consequence of the fact that when we propagate along
the solution wy ¢ of the Hartree-Fock equation we get an additional factor which
is growing exponentially in time. It is reasonable to expect that in many situations, the
exponential growth for the commutators [e???, wy ;] and [AV,wx ] is too pessimistic.
In these situation, it would be possible to get better time-dependences on the r.h.s. of
(2.18]), (2.19), (2.20) and (2.21]).

e Let wy, denote the solution of the Hartree equation
ih@t&]\u = [—hQA -+ (V * ﬁt), &V)Nﬂg] (222)

with the initial data wy. Under the assumptions of Theorem on the initial density
wn and on the interaction potential V', we show in Appendix [A] that the contribution
of the exchange term [X;,wn ] in the Hartree-Fock equation is of smaller order,
and that

tr|lwne — wn | < Cexp(er exp(ealt])).

It follows from this remark that the bounds (2.18]), (2.19), (2.20) and (2.21]) remain
true if we replace the solution wy; of the Hartree-Fock equation with the solution wy ¢
of the Hartree equation (with the same initial data).

We can also control the convergence of higher order reduced densities. The k-particle
reduced density associated with the evolved Fock state ¢ defined in (2.16)) is defined as

the non-negative trace class operator ’y](\];zf on L?(R3%) with integral kernel given by

k
’y](\,;(a:l, XX, a) = <¢N,t, a;i . aj},;awk . a$1¢N’t>.
The k-particle reduced density associated with the evolved quasi-free state with one-particle
density wy; (obtained through the solution of the Hartree-Fock equation (2.17)) is given,
according to Wick’s theorem, by

k
wg\l,ﬂ,)t(xl, TR T, ) = Z sgn(m) H wi(x;; x;(j)). (2.23)
j=1

TES

Notice that these reduced densities are normalized such that tr w%f)t = N!/(N — k).

Theorem 2.2. We use the same notations and assume the same conditions as in Theo-
rem[2.1] (the condition dI'(w)Yn = 0 is not required here). Let k € N and assume, addition-
ally, that the sequence Y is such that (Yn, (N + 1)*n) < C. Then there exists constants
D,c1,co > 0 (with ¢1 depending only on V' and on the constant on the r.h.s. of and
D, co depending on V', on the constants on the r.h.s. of and on k) such that

H’yj(\’f)t — w](\lf)tHHS < pNK=1)/2 exp(ce exp(c1t])) (2.24)
and i i X
tr ‘%(V}t - w§v}t‘ < DN*=3 exp(cs exp(ci[t])). (2.25)
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Remark. The N-dependence of the bound (2.24)) is optimal. On the other hand, the
N-dependence of ([2.25)) is not expected to be optimal, the optimal bound for the trace norm

of the difference 'yJ\IZ P — w](\];)t should be of the order N*~1.

In order to show Theorem and Theorem we are going to compare the fully evolved
Fock state ¥ = e THNY/ hR,,N@ZJN with the quasi-free state on F With reduced one-particle
density given by the solution wy,; of the Hartree-Fock equation (2.17). To this end, we

write wy ¢ = Zj 1 1 fi.e)(fj¢] for an orthonormal family {f; t} ", in L2(R3) Notice that the
functions f;; can be determined by solving the system of N coupled non-linear equations

Oy o(2) = — BAS(a z/dyv 2= )| Fie W) fra(a)

N —
> / AV (@~ ) [540) Fa ) o)

Z\H

with the initial data f;;—o = f; appearing in (2.13]). This system of equations is equivalent to
the Hartree-Fock equation 1) We define then uy ¢ = 1 —wn and vy = Zjvzl Fia)(Fiel-
Similarly to (2.13]), we define the Bogoliubov transformation

Ny = ( UNt ?N,t > _ < I —wny Z] 1 ‘f]t><?j,t‘ ) ' (2.26)

UN,t uN,t Z] 1|f_]t><f.7t| 1_th

The generalized reduced density matrix associated with the quasi-free state R,

by
. OJN,t 0
FVN’t - ( O 1 —wN,t ) )

We expect ¢+ to be close to the quasi-free state R, 2. To prove that this is indeed
the case, we define {x; € F so that

i I3
wN,t =€ iHnt/ RVNwN = RVN,th»t

for every t € R. Equivalently, {n; = Un(t;0)1ny, where we defined the two-parameter group
of unitary transformations

vy $2 18 given

u ( ) R* 77,7-[N(t78)/hR

VNt

. (2.27)

for any t,s € R. We refer to Uy as the fluctuation dynamics; it describes the evolution of
particles which are outside the quasi-free state.

As we will show in detail in Section the problem of proving the convergence of 7( )
towards the solution of the Hartree-Fock equation w; can be reduced to the problem of
controlling the expectation of the number of particles operator (and of its power) in the
state {n 4, or, equivalently, of controlling the growth of the number of particles operator
with respect to the fluctuation dynamics Uy .

3 Bounds on growth of fluctuations

In this section we prove bounds for the growth of the expectation of the number of particles
operator and of its powers with respect to the fluctuation dynamics Uy (t; s). To obtain such
estimates, we will make use of the following lemma, where we collect a series of important
bounds for operators on the fermionic Fock space.
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Lemma 3.1. For every bounded operator O on L?(R3?), we have
14T (O)¢ ]| < lO[HIN ||
for every v € F. If O is a Hilbert-Schmidt operator, we also have the bounds
1T (O)¢ll < 1|0l as IV,
H/dmdx'O(x;x')axax'¢H < ||OHHSHN1/21/)H7

(3.1)
H/da:dx’O(m;x’)a;a;ﬂ/JH < 2|0l as ||(N + 1)24].
for every ¥ € F. Finally, if O is a trace class operator, we obtain
[T (O)|| < 2[|O]r
/ L ,
H/dafdx O(z;x")agay || < 2|0t (3.2)
H/dwdx’O(x;x’)a;a;, < 2||O||tx -
Here ||O||¢x = tr |O| = tr VO*O indicates the trace norm of O.
Proof. For any bounded operator O on L?(R3) we have
14T (O) 1> = Z Z ) <O anllﬂ) NP = oIP IV )*
n=117j5=1
For a Hilbert-Schmidt operator O on L?(R3), we have, using ,
H/dmdm'O(J;’;x) af,axi/)H < /dxHa#(O(.;x))axQ/)H
< [ds0ia) 2 v (33

1/2
< Ollss < / d:cnwnz) < [0/l |A2¢|

where a# is either an annihilation operator a or a creation operator a*. This proves the
first two bounds in (3.1)). The third bound in (3.1)) can be reduced to the previous bound as

follows:
‘/dfcdyO(x;y)aZaéji/} ’ = sup <s07/dxdy0(x;y)a2a2w>‘
PEF, |lell=1
= sup </dmdy O(z;y)azay(N + 1)_1/290, (J\/+3)1/2¢>‘
e, pl=1

IN

sup [ Oflus|NY2N + 1) 20| [(NV + 3) 2y
pEF, llel=1

< |O]lus||(V +3)/2y].

Finally, we prove (3.2]). Assume first that O is a self-adjoint trace-class operator. Then
we have the spectral decomposition

0= NI
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for a real sequence {A;} of eigenvalues with >, |A;| = tr |O] and an orthonormal family of
eigenvectors f; € L*(R?). We find

H/dﬂimOxx

where f] is either f; or its complex conjugate ?j. We conclude from 1) that

drda’ f; (') f (2

= 3l [ et 5

<> NP =100 (3.4)

H/dacdx'O(x;x')afaf,
J

Now, for an arbitrary, not necessarily self-adjoint, trace-class operator O, we write

O+0* 0-07
+ .

O:
2 o

Therefore, applying (3.4)), we find
H/dmdw’O(w;x’) afaf
H/dwdw' <O—;O ) (x;2") ax#af, + H/d:ndac' <O ;Z,O ) (x;2") afaf,

< H(”O HO‘.O < 2|0l .
tr

tr

IN

We are now ready to state the main result of this section, which is a bound for the growth
of the expectation of (N + 1)* with respect to the fluctuation dynamics.

Theorem 3.2. Assume and (2.15). Let Uy (t;s) be the fluctuation dynamics defined
mn and k € N. Then there exist a constant ¢c; > 0, depending only on V, and a
constant co > 0 depending on V' and on k such that

<1/1,UN(75; 0)" (N + 1)kUN(t;0)¢> < exp(cy exp(ar|t])) (1, (N + 1)F4p). (3.5)

The first step in the proof of Theorem[3.2]is an explicit computation of the time derivative
of the expectation of the evolved moments of the number of particles operator appearing on

the Lh.s. of 1) Recall from 1' that Uy (t;0) = R;Nte*mNt/hRyN, where
. < UNt UNt >
VN,t = _
UNt UN

is the Bogoliubov transform defined in 1) with vy ,on: = wry and un; =1 — wiy.

In the rest of this section, we will use the shorthand notation Ry = Ry ,, ut = un, vt =
un, and Ty = Ty,. Moreover, we define the functions uy g, Vi o, Ve by w2 (y) = une(y; ),
v () = vna(y: ) and Tya(y) = T (3 ), where (5 7), vna(y;7) and T (y; ) denote

the integral kernels of the operators un;, vy and Uy,. Note that v ., v;, are in L2(R3)
(with L2-norm equal N'/2) while u; . (y) = 6(x — y) — wn (w3 y).
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Proposition 3.3. Let Un(t;s) be the fluctuation dynamics defined in , v e F, and
k € N. Then

i (U (5 00, (N + 1)t (150) )

. k
44
= —Nlm Z;/dzndyV(x—y)
]:

x (U (1500, W+ 1770 (g )o@y ) oy alue, )N + D IUn (8 0))
o (Un (80, (N + 11 a(B1,0)a (B )y Jalun )V -+ 1)F Uy (#0)0)
+ (U (100, (N + 177" (11 )a” (B2 )0” (91000 ) (N + DT (£0)0) |

Proof. A simple computation using (2.10) shows that
R NR; =N —2dl(wny) + N
and therefore that

UN(t; 0)*NMN(t; 0) _ Ré eiHNt/h(N _ 2dP(wN,t) + N)eiHNt/hRo
= R§N Ry — 2Rge ™MD (wy )e VR, + N

Hence
ih% U (100N UN (50) = —2 R e N LAT (ihdhwn 1) — [Hv, dT (wivg)]} e MR,
= —2Ux(t: 0) R {dL (ihdiwn 1) — [H, dU(wn )]} ReUn (¢ 0).
On the one hand, from the Hartree-Fock equation for wyn ¢ we find
dl(ihdwwn) = dT ([-R2A,wny]) + dU ([V % pp — Xy, wiy))

where we recall the definitions of the normalized density p;(x) = (1/N)wn+(x; ) and of the
exchange operator X;(z;y) = (1/N)V(x — y)wn(z;y). On the other hand

[(Hy,dT(wn )] = [dT(=h2A), dT (wx )] + [V, dT(wn )]

with the interaction .
Vy = N /d:rdyV(x — Y) 0y, Qy Ay
We conclude that
d
ih— Uy (50 t;0
= —22/{;[(16, ())‘R;< {dF ([V * pr — Xt7wN,t]) - [VN, dF(wN,t)]} RtZ/{N(t, O)
Next, we compute the two terms in the brackets. The first term is given by
dF([V * Pt — Xt, WN7t])
1
=% /dZIdZQ az az, /dx V(z1 — @) [wi (213 22)wne (@3 2) — wn (215 2)wn (@3 22)] (3.8)
— h.c.
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Using (2.10)), we find
RIdF([V * Pt — Xt,wN7t])Rt

= ]b/dz1dz2 (a*(ut,zy) + a(Dz,)) (a(ug,z,) + 0™ (Tgz,)) (3.9)
X /dm V(z — ) [wN,t(z1; zo)wn (25 2) — wn (21 T)wn (T Zz)} _he.

The integration over z; can be done explicitly using the property [ dzou:(y1; 22)wn i (y2; 22) =
(wnsue)(y2; y1) = 0 and the fact that w0 = 7. We get

RIdI‘([V * Pt — Xt,wN7t:|)Rt
1
— [ 45 @ () + a@in))
X /dw V(z1 — ) [a*(inzl)wN,t(x; x) — a* (Ve g)wn (215 x)] —h.c.
1
=5 / dxdyV(x —y) [wMt(x; x)a" (ugy)a* (Vyy) — wne(y; x)a™ (ury)a” (Vg,) | — h.c.
(3.10)

where in the last step the contributions containing a(v; ;,) are cancelled by their hermitian
conjugates.

We now consider the second contribution in the brackets on the r.h.s. of (3.7)). Using the
canonical anticommutation relations, we obtain

1
VN, dl(wnyt)] = N /dxdydz V(x —y)wni(z,y)aia,aya, — h.c.
Conjugating with the Bogoliubov transformation R;, we find
RZ [VN, dF(WNJg)]Rt

1
— v [ dodudz Ve~ gova(ain

x (a*(urz) + aVy2)) (0" (uee) + a(Va)) (a(ury) + a* (Viy)) (a(ura) + a* (Vi)
— h.c.

Integrating over z, using again wy ;u; = 0 and wy ;v = vy, we find
RZ [VN, dF(WN,t)]Rt
1 * — * [— * [—
= /dwdy V(z —y)a(vey) (" (uez) + aVee)) (alury) + a*(Vey)) (a(ure) + a™(Vez))
—h.c.

Since (yy, ut ) = 0 the operators a(vyy) and a*(us,) anticommute. Taking into account
the fact that many contributions cancel after subtracting the hermitian conjugate, we find

R} VN, dl (wnt) ] Ry

= — ]if/dwdy V(z —vy) [a*(ut,m)a(vt,y)a(ut,y)a(ut,x)

+ a(Tp ) a(Vry)a(ugy)a(uez) — a(Tyz)a(Tey)a™ (Trz)a(uy) | — h.c.
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Normal ordering the last term in the brackets using <Ut,y,@,x> = wn(z;y), we conclude
that

R [VN,dI'(wn )| Ry

=Y ayvie—y) [a*<ut,z>a<vt,y>a<ut,y>a<ut,m>
+ a(Ue)a(vry)aluey)a(uge) + a*(ury)a” (vry)a” (Ut,w>a(vt,x)} —h.c.

+ % /da:dy V(z —vy) [wN,t(a:; x)a™ (Ut y)a* (Ugy) — wn(y; ac)a*(ut,y)a*(vt7x)] —h.c.
(3.11)

Combining (3.10)) with , we find
RiA{dL ([V o pr — X, wne]) — Vv, dE (wiv )]} Ry

= - i dzdy V(z —y) I:a*(ut,a:)a(vt,y)a(ut,y)a(ut,m)
+ a(Tp ) a(Vry)a(usy)a(urz) + a* (uey)a® (Tey)a™ (Uz)a(Te ) | — hec.

From , we obtain
m% L, (£ 0)N U (£ 0)
= 2t [ dady Vo = )25 (6:0) [0 (o, o ot

+ (Tt z)a(Tyy)a(uy)a(uez) + a*(ury)a™ (Tey)a™ (U z)a(Vrq) |{Un(t;0) — hec.

Eq. now follows from the observation that
i (U (1 0) N+ 1)U (10))
— i (0, U3 (5 0) (N + 1)
j=1

x Un (:0) [ih;iu;,(t; 0)N U (t; 0)} U3 (£ 0) (N + 1P (t: 0)¢>. 0

Next, we have to bound the three terms on the r.h.s. of by the expectation of
(N + 1)¥ in the state Uy (t;0). A key ingredient to obtain such bounds is an estimate for
the trace norm of the commutators [e?P® wy,]. For t = 0 such an estimate was assumed
in . In the next proposition, whose proof is deferred to Section [5, we show that the
bound can be propagated to all t € R.

Proposition 3.4. Let V € L'(R3) such that

/ dp (1+p2) [V ()] < o0
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Let wy be a non-negative trace class operator on L?(R3), with trwy = N, |lwy|| < 1 and
such that

sup tr|[wy, e?*]| < CNh
pers 1+ 1P| (3.12)

tr |[wn, AV]| < CNR .

for all p € R3. Let wn, be the solution of the Hartree-Fock equation with initial data
wn. Then, there exist constants K,c > 0 only depending on the potential V' such that

1 A
sup ——— tr|[wn e, eP*])| < KNR exp(c|t])
pers 1+ p] (3.13)
tr|[wn e, AV]| < KN exp(c[t])
for all p € R? and t € R.
We are now ready to estimate the three terms appearing on the r.h.s. of (3.6]).

Lemma 3.5. There exists a constant c; > 0 depending on V' and a constant C' > 0 depending
on'V and on k € N, such that

[ [ oo v =) (Ut 00, (0 + 177 (et ot

+ a(0na(Ty (s )olun) + 0", )" (0,)0" (0 )ao10) PN+ D2 (10)0)|

< Chexp(e[t]) (Un (£ 0)0, (N + 1)U (¢ 0)¢)
(3.14)

forallj=1,...,k and t € R.

Proof. We estimate the contributions arising from the three terms in the parenthesis sepa-
rately. Let us start with the first term,

I:= ‘% /dxdy V(z —vy) <Z/{N(t; 0)y, (N 4 1)771
X 0" (ur,0) ()l )alue )N + 1Pt (8 0))|

Inserting 1 = (N + 3)F/273(NV + 3)~*/245 pulling (N + 3)~%/>*J through the fermonic
operators to the right, and using the Cauchy-Schwarz inequality, we get:

I< % / dp|V (p)| H / dz a*(ug 2 )ePTa(ur )N + 3)¥/ 273 (N + 1) Un (¢ 0)¢H

(3.15)
X / dy a(@ry)e” " Yalury )N + DM Uy (t; O)wH :
The first norm can be bounded using that, for any ¢ € F:
H/da:a*(ut’m)eip'xa(um)ng = H/dmdrldrg ut(rl,ac)eip'xut(m,rg)ailamqu
ipe 3.16
= ||dT (ue*us) 9| (3.16)
< [IV¢l
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where the last line follows from Lemma together with ||uze®%u;| < 1 (with a slight abuse
of notation, e’”* denotes a multiplication operator). As for the second norm on the r.h.s. of

(3.15)), we use that:

H/drldrz (vle ™" wiy]) (115 72)ar, ary @

2 Hvt[e_ip'x,WN,t]Htr 9]l

2K h(1+ [p|) Ne||g)] (3.17)

H/dy a(vt,y)e_ip'ya(uny)ng = H/drldrg (Ute_ip'xut) (ri;7r9)ar ar, @

VAN VAN

where the second line follows from vyu; = 0 and u; = 1—wp ¢, the third from from Lemma
while the last from |jv¢|| < 1 and Proposition [3.4] Using the bounds (3.16), (3.17)) in (3.15)
we get:

I < 2Kh ( [alvwia+ |p|>) e [NV + 32 O + 17 e (8 0)0

X

|+ DM U (000
< Che™ (W + D2y (;0)92 (3.18)

for a suitable constant C' > 0 (depending on k). Consider now the second term on the right

hand side of (3.14)),

I = ’% /d:cdy Viz—y) <UN(t; 0), (N + 1)771
< 0T )alTuy JaluJau ) + 1F U6 000 )|

Inserting a 1 = (N + 5)¥/2+1=7(N 4 5)~%/2=147 and pulling (N + 5)~%/2~1*J through the
annihilation operators to the right, we get:

o< [ dpdedy [P + DN 52 ity (0|

X

/dxdy a(Tez)eP aug 2 )a(Try)e P Va(ug,) (N + DR (t; 0)1&”(3.19)

Using that v;u; = 0 and that u; = 1 — wy, we obtain, for any ¢ € F:

H/dma(vt,x)eipza(ut’x)qu = H/drldrgdxvt(rl;x)eipxut(as;rg)ahamgi)‘
< ole™®, wnllusINV 2|
< 22| w7 N2
< (2KR(1+ [p))N)V2e N2 (3.20)

where the second line follows from Lemma the third from [v¢|| < 1, [|e??|| < 1, [Jwn 4] <
1, while the last follows from Proposition (the constants K, ¢ > 0 depend on V' but not
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on k). Applying this bound twice, we can estimate the last norm in the r.h.s. of (3.19)) as:
H /dazdy a(Tr.2)ePa(ug ) a(Try)e " PYalus, )N + 1) 2 WUy (t; 0)1/1”

< (2Kh(1 + [p|)N)/2ecl!

/dya<vt,y)e_ip.ya(ut,y)/vl/2(N + l)k/2_1UN(t; 0)¢H
< 2KR(1 + |p|) Ne2elt H/\/(/\f )R N (8 omH

< 2Kh(1 + |p|) Nl H(N + 1) 20 (t0) (3.21)

Plugging this bound into (3.19), we conclude that

II

IN

2Kh (/ dp |V (p)|(1 + |p\)> L2l H(N 5420 (1 0)1/1”2

IN

Cheelt H(N + )R U (t; o)wH2

where the constant ¢ > 0 depends on V while the constant C' > 0 depends on V and on k.
The last term in (3.14)) is bounded analogously to I. This completes the proof of (3.14)).

Proof of Theorem[3.3. Combining Proposition [3.3] and Lemma we find

zhj <L{N(t ), (N + 1)kuN(t;o)w>‘ < Cheerlt <uN(t; 0)1, (N + 1)U (¢; 0)¢>.

Gronwall’s Lemma implies that

(Un (t50)6, W+ 1) Uy (6009 ) < exp(ez exp(ert])) (¥, (N + 1))

where the constant ¢; depends only on the potential V', while co depends on V and on
k € N. O

4 Proof of main results

In this section we prove our main results, Theorem 2.1 and Theorem [2.2] As in Section [3]
we will use the notation Ry = Ry ,, ut = unt, vt = Ny, Ut = Unt. Moreover, we define the
functions w2 (y) = unt(y; ), ve2(y) = vne(y; ) and Ty (y) = N (y; ).

Proof of Theorem[2.1. We start from the expression
V(@3 y) = (Une, ahastn)
_ ( _iHNt/hROQpN,a*axe_iHNt/hRowN> (41)
(wN R* zHNt/ha age ZHNt/hRole).
Introducing the fluctuation dynamics Uy defined in , we obtain
Y@ y) = (N U (10 R ayag Ridn (5 ) )
= (YN, Un(t;0) (a* (ury) + a(Tty)) (aluee) + a* (Tee)) Un (8 0)9N)

)
= (YN, Un (8 0){a* (ury)a(ut ) — " (Vtz)a(Vty) + (Ut Uta)
+a* (ury)a* Uy z) + a(vey)a “t,w)}uN(t30>wN>'
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Here we used the defining property (2.10) of the Bogoliubov transformation R; and, in the
third line, the canonical anticommutation relations (2.1). We observe that

(Tt y Bra) = / dzvy (2 )02 7) = (00 (9 @) = w3 ).
This implies that

YW@ y) —wne(y) = (On, Uk (8 0){a* (urg)aluns) — a*(Tr0)a(Try)
+ " (ury)a” () + a(Tyy)a(ue) } Un (£ 0)0N).

Step 1: Proof of (2.18)). We integrate this difference against a Hilbert-Schmidt operator
OW and find

tr W) <’y](\})t — wNﬂg)
= (n Uy (8:0) (A (,0Wug) — AT (0,0M51) ) U (t; 00w ) (4.2)
+2Re (Y, U (£ 0) < / dridra(v,0Mug) (r1; rg)anam) Un (t;0)1n ).
From Lemma [3.I} we conclude that
00 (37 = wna) | < (IOl + o0 DTl) (o, Ui (1 0N U (8; 0o
+ 2[[o:0Muy | H(N + D)V 2Uy (t; 0)¢NH [kl (4.3)
< C[0Wlus (W, Uy (£ 0) (N + DUy (t; 0)o ).
From Theorem and from the assumption (Y, N¢n) < C, we obtain
I8 = owa . < Cexper expiealel)

which completes the proof of (2.18)).

Step 2: Proof of (2.19). We start from (4.2)), assuming now O to be a compact
operator, not necessarily Hilbert-Schmidt. Proceeding as in (4.3]), we find

trOM) (7](\}7)15 — wN7t> ‘

< 20D [ + 1)y (8 0)8i 2 + 20O Dus || (A + 1)U (8 0o o]
<200 W + )M 2Un (& 00w [* + 10N [[ogllus | (N + 1)U (£ 0)w |||
Applying Theorem the assumption (¢Yn, Nny) < C, and |Jvi]|us = N1/2 we obtain
‘tr oW <71(\})t - WN,t) ‘ < CNY2 exp(e; exp(ealt])) -

This completes the proof of (2.19).

Step 3: Proof of (12.20]). Let us now assume additionaly dI'(wy)iny = 0. Let w%) the n-
particle component of the Fock space vector . With a slight abuse of notation, we denote
again by %(\7) the Fock space vector {0, .. .,0, @Z)](\?), 0,...} € F. The assumption implies that

dF(wN)z/J](\?) =0 for all n € N. Hence

NR, 0" = Ry (N 4+ N = 240wy )W = Ry (n+ N9 = (n+ MR,y 0P . (4.4)
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In other words, R, wj(\?) is an eigenstate of the number of particles operator with eigenvalue
n + N. Hence

(1)

TN (T3Y)
_ Z <67iHNt/hRVN¢§\7;)7 az%efmm/hRyNw%%
n>0
=" Un (000, (0% (ury) + alBey)) (@(ure) + a* (T0)Un (5 0)5).
n>0

Proceeding as in the proof of the first part of Theorem integrating against the kernel of
a compact operator O) we end up with:

rOW (), — wre)

= "W, U (5 0)(dT (w0 D) — dT (5,0V) U (8 0)0' )

n>0
+ 2Re Z <¢J(\T,L),Z/{]§(t; 0) (/ drldrg(vtO(l)ut)(rl; rg)amam) Un (t; 0)1/)%))
n>0
= I1+1I.

(4.5)

We estimate separately the two lines in the r.h.s. of Eq. (4.5)). Let us start with
L= 3~ WU (5 0)(d (O M) — dD (0,00 (1 0)y).
n>0
From Lemma [3.1], we get
L< (a0 Dwrl| + [ OWTl) D7 (e Ui (1 00N U (8 0)7)
n>0

< ClloW| exp(er explealt])) S (0, N () (4.6)

n>0
= C[|0W]| exp(ey exp(ealt])) (¥n, Npn) < ClIOW]| exp(er exp(calt])

where we used the fact that [Jus|| = ||v]] = 1, Theorem to control the growth of the
expectation of N w.r.t. the fluctuation dynamics Uy, and that by assumption (¢, Nn) <
C. Therefore, we are left with

IT=2Re Y (), U (t;0) < / drldrg(vtO(l)ut)(m;rg)arlam) Un(E0)WY . (47)
n>0

It follows from Proposition that, for any k € N,

ih% <Uz*v(t; 0)Y, N U (¢; o>w> = <¢,u;§,(t; 0)NE, Ly ()] Un (L; 0)¢>

where we defined

Ly(t) = Jif/d:cdy V(x — y){a*(um)a(ﬁtjy)a(utyy)a(um)

+ ga(m)a(m)atu)alu) — o (uy)a* (Fo)o* @)aE) )

+ h.c.
(4.8)
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The operator Ly (t) plays the role of the generator of the dynamics Uy (¢;0) (up to terms
which commute with the number of particles operator). Approximating the orthogonal
projection P, = 1(N = n) on the n-particle sector of F by polynomials in N, we conclude
that

iﬁ% (Un (& 0), fN)UN(E 0)) = (&, Uy (& 0)[f (N), L ()] Un (5 0)1)) (4.9)

for every continuous function f : R — C. We are going to compare the dynamics Uy (t;0)
with a modified dynamics, whose generator only contains one of the three terms on the r.h.s.
of (and terms which commute with A, therefore not contributing to the change of the
expectation of functions of N). We define

EN(t) = ;]/dxdy\/(x —y)
x {a*(ure)a(Vy)a(uey)aues) — a*(uy)a™ (Vry)a™ (Vea)a(Vea)} + hec.

and we denote by Uy (t; s) the time evolution generated by Uy (t; 0)Ln (t)Un (t;0) which is
the two-parameter group of unitary transformation satisfying Uy (s;s) =1 for all s € R and

(4.10)

RO Un(t; ) = —UZ (5 0) L (8) Un (£ 0) U (t; ). (4.11)
Finally, we define
u<”<t~ $) = Un(t; ) Un (t; )
and we observe that, from (4.9) and ( -,
0 (0, U (£ 0) F(N) ufv” (5:0)) = (0,U§"(1:0) [FV), L7 0| uP o) (112)
where we set
£Y(t) = Ly () — Ly (t)
/ drdyV (z —y) {a(Vtz)a(Ory)a(uey)a(ues) + a*(uee)a™ (uy)a” (Oey)a™ (Oey) }

Notice that L'SV)( t) can only create or annihilate four particles at a time. This implies that,

although E ( ) does not commute with N, it satisfies [E( )( t),i#N] = 0. From 1-) we
conclude that

(W UG (8 0) VUG (1:0)8) = (0, )

for all £ € R and all ¢ € F. We conclude that 24" (¢;0) iV U\ (£;0) = iV for all t € R and
therefore that
MUl 0 =uP (t;0) Y (4.13)

We rewrite now as
II = 2Re Z {(wj(\?),l/l](\})*(t;O) (/ dndrg(vtO(l)ut)(rl;rg)arlam) U](\})(t; 0) ](\7))

n>0

+ (UN(t 0) — u}vl)*(t;O)) ( / drydra(v,01 )ut)(rl,T‘Q)anam) U®P (; 0y (")

+ <1/J](\?),Uj'{7(t; 0) (/ drldrg(vtO(l)ut)(rl;rg)arlam) (UN(t; 0) — Z/{](\})(t; O)) wg\?))}

=:1I; +1I, + II3 .
(4.14)
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The key remark which allows us to improve the rate of convergence with respect to Eq.
is that II; = 0. This follows from the remark that i/ 1(\; ) can only create or annihilate particles
in groups of four. So, the expectation of the a product of two creation or two annihilation
operators in the state U ](V)(t 0)¢( ") Where 1/) has a fixed number of particles must vanish.
To prove this fact rigorously, we use , which implies that

W (1)*(15 0) (/ d7"1d?”2(vt0(1)ut)(7“1;Tz)arlarg) U(l)(t 0)¢(n)>
= WU (t:0) ( / dmdm(vto%)(n;manam) Uy 0Ny (i
= (W, NP (10) < / drydra (0,00 )ut)(rl,rz)arlam) Uy 000y
— (@ U (40) ( / drldrg(vtO(l)ut)(rl;rg)arlam) Uy (003,
and therefore
W ulP* (¢ 0) ( / drydra(v,00 )ut)(rl,rg)arlam> Ul (t;0)5) = 0.
We are left with bounding the last two terms in ; let us start with

Il = 2Re Z< (uN (t:0) — U\ (t; 0))

n>0 (415)
X </ drldrg(vtO(l)ut)(n,rg)arlarz> U](\,l)(t;O)w%l)>.
We expand Uy in terms of U ](\} ) using the Duhamel formula:
(1) i [ 7o (s
Un(t;0) —UN(1;0) = _h/ dsU(t;s)Ln(s)Ux"(5;0). (4.16)
0

Plugging (4.16)) into (4.15)) and using (4.10) we end up with

4 (n) /t (1)
Il < vy, | dsU 550
=N {’< N T N (5:0)

n>0
X (/ dedy V(z — y)a™ (us,z)a(sy)a(usy)a(us ) + h.c.)
X Ux(t;s) </ drldrg(UtO(l)ut)(rl;rg)arlarz> L{](\})(t;())>‘
t
+ ’<w§;‘>, /O s (s;0) < / dwdy V(z — 1)a* (usy)a” (Ts,y)a* (s.0)a(Tsz) + h.c.)

< U </ d“d”(vtO“’w)(n;r2>ar1ar2) u<l><t;o>¢§€)>‘}

=:1Ipq + 1o
(4.17)
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We start by estimating IIs 1. We find

2 ¢ .
Il < — /ds/dep
S 2 [ V)
N
X (/ dw1dws (vseimus)(wl;wQ)awlaw> Ux(t; s)
X (/ drldrg(vtO(l)ut)(rl;rg)amam) Z/{](\})(t; O)w](\?)»
+ ’<@ZJ](\?),Z/{](\})*(5;O) </ dwidws (z‘;se—imus)(wl;wg)a(’;la:&)
X dT (useP s UK (t; 5) (/ dTldTQ(UtO(I)Ut)(Tl;TQ)CLTl(Ir2> U](Vl)(t; 0) ](\?)>‘} .
Using Cauchy-Schwarz inequality, we obtain

Ty, < ;V?;/Ot ds/dp|17(p)| ar e au (s 000 |

X

</ dwydws (vseimus)(wl;wg)awlaw> Uy (t; 3)
X (/ drldrg(’utO(l)ut)(rl;rg)anam) Z/l](\})(t; O)wg\?)
2 t N
¥ mvzo/o ds [ dp |V ()
x H (N + 2)~ Y240 (uge®ay)

X (/ dwidwo (vse_ip””ﬂs)(wl;wg)awlam> UJ(\})(S;O) ](\T,l)

X

(N + 2025 (t; ) (/ drldrz(vtO(l)ut)(rl;rg)arlarz) U](Vl)(t;(]) ](\7)
(4.18)

From Lemma it follows that

2 ¢ - n
oy < 5 3 [Cas [ ap Vo) [V (sopufy)
n>0

%

HUS( pmﬂSHHS

X

Nl/QZ/I]’(,(t; s) (/ drldrg(vtO(l)ut)(rl;rg)arlam) Z/l](\})(t;O)wg\?)

2 t N i ) (n)
e 1PT — .
TN Zo/o ds / ap [V (p)llese™ g s ||NU (55000

X

(N + 2)1/22/{;7(15; s) (/ drldrg(vtO(l)ut)(n;rg)arlam) Z/{](\})(t; 0)1/11(\?)
(4.19)

Using Theorem [3.2] to control the growth of N with respect to the unitary evolutions, and
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again Lemma (3.1, we conclude that

Iy, < C exp(cy exp(caft]))

o . . 2 (4.20)
S [as [ ap 00 e s [0+ 2

n>0

Here we also used a bound of the form HNZ/{J(\})(t; 0)y|| < Cexp(erexp(calt])) Ny for
the growth of the expectation of the number of particles w.r.t. to the modified dynamics

Uu ](\} ) (t;0). This bound can be proven exactly as the estimate in Theorem for the dynamics
Un(t;0), with the only difference that when we compute the derivative of <w,l/l](\}) (t; 0) (N +
l)kl/{](\})q/)) only one of the three terms on the r.h.s. of 1' appears.

Since H“to(l)thHs < [|OW||N'/? and, using Proposition
HvseipxﬂsH?{S < tr|[vs, €7]| < C(1 + [p|)NRexp(c|s|),
we find that

5.1 < CJIOM [h~1/2 exp(er explealt])) D IV +2)p{ 2
n>0

< CIOWR2 exp(er exp(ealt)) | (N + 2)wn] .

The same strategy is followed to bound Il in (4.17), and II3 in (4.14]). Hence, we have
shown that, for every compact operator O,

trOW (17, = wni)| < CHOWIINS exp ez exp(elt]) (o, (N +2)%0w)
< C|OM|INYS exp (eq exp(eyt]))

where we used the assumption (x5, N?¢y) < C. This completes the proof of (2.20)).

Step 4: Proof of . We consider an observable O(Y) = @ a+hP'V with p g € R3. As

in (4.5) we decompose
tr O(l)(’y](\}’)t —wny) = I+1L

The bound for I obtained in for an arbitrary bounded operator O™ is already consistent
with . However, we have to improve the bound for II, using the special structure of
the observable OW). Writing IT = II; + Il +II3 as in , and noticing again that II; = 0,
we are left with the problem of improving the bound for Il and II3. To bound Ils, we use
and the remark that, for O1) = i@ a+hVp,

2 , 2
[0 ]y = e+ ¥
HS - IS . (4.21)
< tr ’ [wN’t, em'q"’hp'v] ) < tr ‘ [wN,t, em'q] ’ + tr ‘ [wN,t, ehp'v] ‘ )
Using that
L da
[WN,t> eﬁp-V] _ wN’tehp-V N €hp.vWN,t _ _/ ds ;eshp.VwN’te(l—s)hp-V
0

1
= —/ ds eShp'v[hp'V,wMt]e(l_s)hp'v
0
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we conclude from Proposition [3.4] that

tr|[wN,t,ehp'v}| <|p|tr|[AV,wn4]| < Clp|Nhexp(clt]).

Therefore, using Proposition also to bound tr|[wy +, ]|, implies that
[v:OMue||fys < C(1 + |g| + [p]) Nhexp(c|t]).
Inserting this bound in , we obtain that, for O1) = el a+hVp,
Iy < C exp(er exp(ealt])) (1 + |p| + [a) |V + D)oo
A similar bound can be found for the contribution II3. Hence
tr TP (30— )| < OO+ Ipl + Jal) 2 expler explealt) |V + D
< C(1+ |p| + la))"/? exp(er exp(ealt])),

where we used the assumption || (A +1)¥y||> < C. This concludes the proof of Theorem [2.1

O
Next, we proceed with the proof of Theorem
Proof of Theorem[2.3. We start from the expression
'y](\];;(xl, TR, :L‘;C)
= <e_iHNt/hR0¢, a;;c .. .azllaml .. axke_iHNt/hR0w>
= (Un(t;0)9, Riay, ...a3 g, - . ag Rl (£:0)1)) (4.22)

= (Un(t:0)9, (a"(u0y) + a(ray) ) -+ (0" 0y) + (1))
X (a(un) + 0" (@) - (@ltina,) + 0" (Trn,)) Un(8:0)0).

This product will be expanded as a sum of 2% summands. Each summand will be put
in normal order using Wick’s theorem, which gives rise to contractions. The completely
contracted contribution will be identified with the Hartree-Fock density matrix wj(\];)t, all
other contributions will be of smaller order. ’

Step 1: Expanding the product and applying Wick’s theorem. We recall Wick’s theorem.
For j =1,...,2k, we denote by a}# either an annihilation or a creation operator acting on

the fermionic Fock space F. We denote by : a}f . a;t : the product aﬁ . a}i in normal

order (obtained by moving all creation operators on the left and all annihilation operators
on the right, proceeding as if they were all anticommuting operators). Wick’s theorem states
that

k — —
# _H# _ . # . - # # # .
a1a2...a2k_‘a1a2...a2k‘+z Z ‘al ...a,nl...aan...azk'
j:1n1<--~<n2j

X Z (71)‘”‘<Q, afa(l)afa(2)9> e <Q, a#ﬂ(zj_l)a#a(Qj)Q>
UEPQ]‘

where P; is the set of pairings

Pyj={0€Sy:0(2j—1)<0(2j)Vj=1,...,m and
o(2j—1)<o(2j+1)Vji=1,...,m—1}.
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and |o| denotes the number of pair interchanges needed to bring the contracted operators in
the order an#a(l)ai@) o a#amj). We call <Q, af&af§2> the contraction of afé and a}#.

Next, we apply Wick’s theorem to the products arising from . To this end, we
observe that the contraction of a a* (uy ., )-operator with a a¥ (v, , )-operator is always zero
because u;v; = viug = 0. Furthermore, the a#(utyz)-operators among themselves are al-
ready in normal order, so their contractions always vanish. Hence, the only non-vanishing
contractions arising from the terms on the r.h.s. of have the form

<Q,a(5t,z;)a*(@t7xj)9> = wn (), 77) - (4.23)

Since each contraction of the form involves one z- and one z’-variable, the normal-
ordered products in the non-vanishing contributions arising from Wick’s theorem always have
the same number of z- and a’-variables. So, all terms emerging from after applying
Wick’s theorem have the form

+ <uN(t3 0)¢, : a#(’wl('?”«“;(l))) - a (w5 7))
a® (m (5 1)) - 0 (i (5 Tn (o)) = Uni(t; o)¢> (4.24)
X WN,t(xﬂ(kfj%»l);ycr(kfjJrl)) < 'WN,t(xﬂ—(k); ya(k))

where j < k denotes the number of contractions, w, o € Sy are two appropriate permutations,
and, for every j = 1,...,k — j, w;,n; : L>(R3) — L%(R3) are cither the operator u; or the
operator 7y (the operators are identified with their integral kernels).

Step 2: Estimating (4.24]) in the case 0 < j < k. We will use the shorthand notation
xg = (21,...,7) € R and similarly x}, = (2,...,2,) € R3*. Let O%) be a Hilbert-
Schmidt operator on L?(R3*), with integral kernel O%) (x;;x} ). Integrating (4.24) against
O (x5 x}), we set

I:= ‘/dxkdx; OM) (x5 x1,) (Une (15 0)0, = a¥ (wi (520y1))) - - ¥ (Wi (52, ))
¥ (1 (5 22(1)) - &% (M (5 2 g))) - Un (8 0)80) (4.25)

X WN,t($7r(k—j+1)§ x;(]g_j+1)) o 'WN,t(wa(k);f'?g(k))‘-

We remark that

I ]/dxkdx; [n%““”-~-n,§’i(f‘”) O 7M.k a)} 2 %)
V0. : o # .
X <Z/IN(157 0), : azg(l) . -amg(k_j)a#ﬁ(l) afﬂ(k 5 s Un (t; 0)w>

X WN,t(xTr(kfj+1);w;(kfj#l)) c WN (T (k) x@(k))‘

where néﬂ(e) ) and wéa(z)) denote the one-particle operators 7, and w, acting only on particle
7w(¢) and, respectively, on particle o(¢). Notice that to be precise some of the operators
né”(@) and wég(@) may need to be replaced by their transpose, their complex conjugate, or
their hermitian conjugate. In the end, this change does not affect our analysis, since we will

only need the bounds ||n;||, [|w;|| <1 for the operator norms. From Holder’s inequality, we
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get
(1 m(k—j o(1 o(k—j
I< H?ﬁ ( ))."n](g—(j ) O(kz)wg ( ))“.wl(cjj J))HHS
2
X </dxkdx§€ ’<L{N(t;0)1/), : af, eal afﬂ(l) . --afﬂ(k_j) s UN(t O)¢>}

o(1) To(k—j)

1/2
2 2
X ‘WN7t<x7r(k—j+l);x;-(]gfj+1))‘ ""WN,t<‘r7r(k)a§x:;(k))‘ >
< O™ s lwnelliss

!/
(1) To(k—3)

1/2
X KZ/IN(t; 0)1, : ajz al aiu) . 'aﬁr(kij) s UN(t; O)w>‘2> .

Since ||wn ¢llus = N 1/2 and since the operators in the inner product are normal ordered, we
obtain ‘ A
I < Cll0M|us N7/ Un (£ 0)8, (N + 1)* U (£ 0)4)

Hence, the contribution of each term with j < k arising from (4.22)) after applying Wick’s
theorem and integrating against a Hilbert-Schmidt operator O®) can be bounded by

CO™ [las NED/2 Uy (£0)90, (N + 1) U (5 0)1)) (4.26)

Step 3: Fully contracted terms, j = k. To finish the proof of Theorem [2.2] we consider the
fully contracted terms with j = k arising from after expanding and applying Wick’s
theorem. Since (Q,a(vy,.y,)a* (Vea,)) = wn(x;3y:) are the only non-zero contractions,
only the term

a(Vty,) - - a(Vty, )a" (Vta,) -+ " (Viay)
on the r.h.s. of produces a non-vanishing, fully contracted, contribution. From (4.23))
and comparing with the definition , this contribution is given by

Z sgn(m) wi ¢ (21; x;(l)) o wn (T x;(k)) = w](\lz)t(xk;xﬁg).
TESK

Combining the results of Step 2 and Step 3, we conclude that

tr O) (%(5,1 - w%i’t) ‘ < ONED/2 0®) || yg (U (£ 0)), (N + 1)E 2 (5 0)1))

for every Hilbert-Schmidt operator O%). Eq. (2.24) now follows from Theorem [3.2
Step 4: Bound for the trace norm. Eq. (2.25)) follows, similarly to (2.24]), if we can show

that, for any bounded operator O*) on L2(IR3*), the contribution (4.25) can be bounded by
I < ClOW|| N3 exp(cr exp(ealt]) (4.27)

for all ¢ € F with (1), N*) < 0o, and the number of contractions 0 < j < k. In fact,

because of the fermionic symmetry of ’y](\];)t and w](\’;)t, it is enough to establish (4.27)) for all

bounded O®) with the symmetry

O(k)(mﬂ(l), e Tr(k) 37/0(1)7 e x;(k)) = sgn(n)sgn(o) O™ (2, ..., ap; 2, ... x})
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for any permutations 7,0 € Si. For such observables, (4.25)) can be rewritten as

1= | / dxdxj, O™ (i, x3,) (Uny (8 0)0, = ¥ (wi (-, 1)) - -~ ¥ (wp (- 7))
< a® (i (-, 21)) -+ a® (e (- ) : Un (£;0)1))
X WN (T jy1s T jp1) - WN(Th, 332)‘
k_ y . k— .
= ‘ /dxkjdx;_j [ngl) . '77153_]-]) <trkfj+1,...,k O(k)(l ® w%&)) wgl) .. 'wl(c_j])] (Xk*j;XZ—j)

x (Un(t;0)9, :af,l-~~a#, aff - alt s UN(t; 0)1)

€T x
] k

where

(trkfjJrl,...,k oW1 W%{t)) (Xk—j; Xp—j)
k
= /dxk_j+1d$§€_j+l .. dxpdzl, O (xp; %)) H wn t(Te; 7y)
b=k—j+1
denotes the partial trace over the last j particles. Using Cauchy-Schwarz, we obtain
W . » i 2
I < H?ﬁl) o) (trk—j-i-l,...,k o (1 ®w}‘3?t)) wi. .-w,i’ij’)HHS HNTJUN(tS owH
i . B 2
Wl s 00 5] o]

k—j

< N2

.

‘tl"k—j—&-l,...,k oM(1e W%{t)H HN%L{N(E 0)1/1”2

where in the second line we used that ||w](-j)|| =1forall j=1,...,k—j. Since

i1,k OP (1@ w%)”

d%apeLg?ng(k—j)) ‘<¢’ (trk_j+1v---v’f O(k)(l ® w%@) S0>)

lll=llvl<1
= sup tr O <|Lp><¢] ® w?ﬂ)’
$,peL? (RO ’
ll=llvl<1
< (trlwngl)’ [OW] < NTJOW (4.28)
we get
1< N oW W 0y
which, by Theorem proves ([4.27)). O

5 Propagation of semiclassical structure

In this section we prove Proposition which propagates the bounds ([2.15) along the
solution of the Hartree-Fock equation and plays a central role in our analysis.

Proof of Proposition[3.4 Let wy: denote the solution of the Hartree-Fock equation (2.17).
We define the (time-dependent) Hartree-Fock Hamiltonian

hHF(t) = —Rh’A + (V * pt)(ﬁ) — Xy
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where pi(x) = (1/N)wn+(x; x) and X; is the exchange operator, having the kernel Xy(x;y) =
V(z — y)wn(x;y). Then wy satisfies the equation

ih@thﬂg = [hHF (t) , WN,t] .

Therefore, we obtain

m% €% ] = [P, (e (), wn]
(i (1), (€77, wn )] + Wi, [hae(t), € 7]] (5-1)

— (t), [e
= [hap(t), [P, wne]] — [, [RPA, eP7])] — [wig, [Xe, e?7]]
where we used the cyclic properties of the commutator and the fact that [p, * V, eipl’] = 0.
We compute | | |

[h2A7 P = ihV - hpeP® + P Thp - ihV

and hence
[WN,ta [tha eip'x]] = [OJN,t, ihV - hpeip'x + eip'zhp . iﬁV]
= [wn, ihV] - hpe™® + iRV - plwnz, €]
+ hpe (w4, ihV] + [wir, €771V - p.
From (j5.1) we find

1 ] = ADIET, o]~ [0 o BO)
— e o, BY] — [ i) - BpeT — [, [ X P
where we defined the time-dependent operators
A(t) = hup(t) —ih?V -p and  B(t) = hup(t) +ih°V - p.

Observe that A(t) and B(t) are self-adjoint for every ¢t € R (the factor +ih%p - V can be
interpreted as originating from a constant vector potential). They generate two unitary
evolutions U (t; s) and Us(t; s) satisfying

ihOUy (t;s) = A(t)UL(t;s)  and  ihdla(t; s) = B(t)Ua(t; s)

with the initial conditions U (s;s) = Ua(s;s) = 1. We observe that, by definition of the
unitary maps U (t; s) and Ua(t; s),

d .
ih— U7 (t;0) [P, wn ] Ua(t; 0)

dt
. . d .
= Uy (t;0) {—A(t)[e’p'””, W] + [T, wng BE) +ih [, wng) } Us(t;0)
= — Ui (t;0){hpe®“ (w1, ihV] + [wn ¢, ihV] - hpe™ + [wi . [X¢, €P7])} Ua(t;0).
Hence

Us (t;0)[eP®, W) Ua(t;0)

— [eip-a:, WN]
i

T

/ ds L{f(s, 0){hpe7’p.x[wl\7,sa Zhv] + [WN,:;’ ZFLV] : hpelp.m + [WN,S7 [Xsa elp.m]]}Z/{Q(S; 0)
0
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and therefore

[eipﬂ:’ wN,t]

= Uy (t;0)[eP™, wn] Us (¢;0)
i

T

t . . .
/ dsU (t; s){hpe’p'm[wN,s,ihV] + [wn,s, ihV] - ipe?™ + [wn s, [ X, e’p'x]]}UQ(s;t).
0

Taking the trace norm, we find

. 4 t 1 [t .
tr|[eP", wn ]| < tr ][ wn]| + 2|p[/ ds tr|[AV,wn ]| + h/ dstr|[wn,s, [Xs, P
0 0

(5.2)
To control the contribution of the last term, we observe that

1 1 ~ (o 1 -
X(zyy) = N V(e —y)wns(z;y) = N /dq V(g)e @Yy ((a;y) = N/dq V(q)wg,(x;y)

where we defined the operator wy; = eiq“wMte_iq’fc (here x indicates the multiplication
operator). Hence, we get

. 1 N .
[WN,t, [Xt’ elp x” - N /dq V(q) [wN,t) [Wq,t; 62]) IEH
and therefore, using |Jwy || < 1,
e 1%, ) < [ V@) trlfow e o)
2 ~ .
< N/ dq|V(9)] tr |[wgs ]|

Ji(/ dQ\‘A/(Q)O tr|[wns, €]

where in the last line we used that [wg ¢, €P*] = €% wy ¢, €P¥]le "%, From (5.2)), we conclude
that

IN

. , t Cc [t .
tr| [P, wn ]| < tr|[ePF, wn]| + 2|p\/ ds tr|[hV,wn ]| + Nh/ dstr |[eP*, wns]| (5.3)
0 0

and therefore, from (3.12)), we find

t ¢
sup tr [P, wy ]| < ChN+/ ds tr |[AV,wn s]| +/ ds sup tr |[eP", wn |-
0 0 P

p 1+l 1+ |p|
(5.4)
Next, we need to control the growth of tr [V, wn]|. Consider
L d
Zﬁ% [hV, wNvt] :[hV, [hHF(t),wMt]]

[hur (1), [RV, wn ]| + [wi e, [har(t), AV]]
[hur(t), [AV,wn ] + (Wi, [V * pr, V]| — [wn e, [ X, AV]] .

As before, the first term on the r.h.s. can be eliminated by an appropriate unitary conjuga-
tion. Denote namely by Us(t; s) the two-parameter unitary group satisfying

ihat Z/{3 (t; S) = hHF (t) Z/[3 (t; 8)
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and Us(s; s) = 1. Then we compute

ih%l/{;(t; 0)[AV,wn ] Us(t;0) = Uz (t;0) {—[hHF(t), [V, wn¢]] + iﬁ%[hv, wNJ]}Z/{g,(t; 0)
=U5(t;0) {{wne, [V * pi, AV]] — [wny, [Xe, AV} Us(2;0).
This gives
[hV,wn ] = Us(t; 0)[AV, wn|Us (t;0)

+ lh / dsUs(155) L [V * oy V] — [ (X, ]} U550
th Jo

and therefore

tr [[AV, wn ]| < tr [[AV, wy]|

' (5.5)

1 [ 1
+ h/ ds tr|[wns, [V * ps, AV]]| + h/ ds tr |[wn,s, [Xs, AV]]].
0 0

The second term on the r.h.s. can be controlled by
tr |[wn s, [V * ps, AV]]| = B tr|[wn,s, V(V * ps)]|

: h/dQIV(Q)HqHﬁs(Q)I o1 |[wn,s, €]

gh(/ﬁﬂV@W1+Mf>%p

tr||wn 5, €97

where we used the bound ||ps|lco < [|ps|lt = 1. As for the last term on the r.h.s. of (5.5)), we
note that

s Xt = [ da P (@onss Lo BV

where, as above, we set wy s = 7% wy e 7", Hence, we obtain

9 .
trlfones XAV < 5 [ da 1P @]ty 1Y)

2 .
<% ([al7@1) a9
where in the last inequality we used that
W5, BV = 9% W s, A(V 4 ig)]e " = ' [wy 5, AV]e "1

From (5.5)), we conclude that

t 1 ) t
tr|[hAV,wn ]| < ChN + C’/ ds sup ——— tr|[wns, €77 +/ ds tr|[wn s, AV]|.
0 ¢ 1+1ql 0

This together with (5.4) by Gronwall’s lemma implies that there exist constants C,c > 0
such that

sup tr|[e™*, wy ]| < ChN exp(clt]),

1
p 1+p]
tr |[[AV,wn 4] < ChN exp(c|t]). O
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A Comparison between Hartree and Hartree-Fock dynamics

In the next proposition we show that, under the assumptions of Theorem the solution
wn, of the Hartree-Fock equation is well-approximated by the solution wy, of the
Hartree equation . Since we can show that the difference wy; — Wy remains of order
one in N for all fixed times ¢ € R, this result implies that all bounds in Theorem remain
true if we replace wy; by Wy .

Proposition A.1. Assume that the interaction potential V € L'(R3) satisfies (2.14]) and
that the sequence wy of orthogonal projections on L*(R3) with trwy = N satisfies (2.1
Let wy; denote the solution of the Hartree-Fock equation

ihath,t = [—hQA + (V * Pt) — Xt, WN7t]
and wn the solution of the Hartree equation
ihOWoNy = [P A+ (V% pr), 0]

with initial data wyt—o = Wnt—0 = wn (recall here that pi(z) = N lwn(z;x), pr(x) =
N=1ON(z;2) and Xi(z;y) = N~V (z—y)wni(w;y)). Then there exist constants C,cy,co >
0 such that

trlwnt — wn | < Cexp(er exp(ealt]))

for allt € R.
Proof. Let W(t; s) be the unitary dynamics generated by the Hartree Hamiltonian hg(t) =
—h2A + (V * py). In other words, W(s;s) = 1 for all s € R and

m%wa; §) = hu(t)W(t:s)

Then, we have

ithoyW* (t; 0)wn IV (t;0) =0,
zh@tW ( )(,UN tW(t 0) W (t; O) ([V * (Pt — ﬁt) ,u)NVt] — [Xt,wt]) W(t; O)

Integrating over time, we end up with

wn = W(t0)wnW*(t;0),
wnt = W(t;0)wny W (t;0)

[ (VG ) sowl ~ e W (1)
and thus

trlwn, — Onve| < }11/ ds {tr|[V * (ps — ps) s wn ]| + tr |[Xs,wn ][} = T+IL (A
Let us first estimate II. We get

1 t
II = /dstr\[Xs,wNSH
i Jo ’

1 t ~ . .
< w5 / ds / dp |V (p)| tr |[eP P wn,se P wh ]

hN/ ds/dp\V |tr wN,sH

C'exp (c|t]), (A.2)

IN

IN
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where in the last step we used Proposition (e'P® denotes here the multiplication operator).
We are left with I. Writing

V- )@ = V) (7.0) - 50) e

1 [t .
I < / ds/dp!V(p)l
h 0

t
< CNeXp(ct])/ ds sup
0 peER3

we find

Pap) = Pulp)| | [ ]|

ps(p) —ﬁs(p)’
t

< Cexp(c\t\)/ ds tr|wy,s — WN,s| (A.3)
0

where in the second inequality we used again Proposition [3.4] while in the last inequality we
used the bound

—~ =~ 1 . . 1 .
ps(p) — ps(p)‘ =N |tr e * (wn,s — Dn,s)| <  tlwons = @nsl-

Inserting (A.2), (A.3) into (A.1), and applying Gronwall lemma, we get

trlwn e — wn | < Cexp (c1exp(ealt])) (A.4)

for some C, ¢1, co only depending on the potential V. O
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