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Abstract We introduce a new method for deriving the time-dependent Hartree or
Hartree-Fock equations as an effective mean-field dynamics from the microscopic
Schrédinger equation for fermionic many-particle systems in quantum mechanics.
The method is an adaption of the method used in Pickl (Lett. Math. Phys. 97 (2)
151-164 2011) for bosonic systems to fermionic systems. It is based on a Gronwall
type estimate for a suitable measure of distance between the microscopic solution
and an antisymmetrized product state. We use this method to treat a new mean-
field limit for fermions with long-range interactions in a large volume. Some of
our results hold for singular attractive or repulsive interactions. We can also treat
Coulomb interaction assuming either a mild singularity cutoff or certain regularity
conditions on the solutions to the Hartree(-Fock) equations. In the considered limit,
the kinetic and interaction energy are of the same order, while the average force is
subleading. For some interactions, we prove that the Hartree(-Fock) dynamics is a
more accurate approximation than a simpler dynamics that one would expect from
the subleading force. With our method we also treat the mean-field limit coupled to a
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semiclassical limit, which was discussed in the literature before, and we recover
some of the previous results. All results hold for initial data close (but not necessar-
ily equal) to antisymmetrized product states and we always provide explicit rates of
convergence.

Keywords Mean-field limit - Fermionic mean-field dynamics -
Reduced Hartree-Fock - Many-body quantum mechanics

Mathematics Subject Classification (2010) 35Q40 - 35Q55 - 81Q05 - 82C10

1 Introduction

The behavior of an interacting many-body system in classical or quantum mechanics
can be very complicated and the microscopic equations governing its behavior are
usually practically impossible to solve for more than three or four particles. For large
interacting systems it is therefore essential to use a statistical description in order to
make statements about the typical behavior of a large number of particles. One type
of such a statistical description is to approximate the microscopic dynamics by an
effective one-body dynamics, i.e., replace the microscopic evolution equation with
very many degrees of freedom by a simpler, usually non-linear equation with very
few degrees of freedom. Famous examples are the Boltzmann, Navier-Stokes and
Vlasov equations in classical mechanics, and the Hartree, Hartree-Fock and Gross-
Pitaevskii equations in quantum mechanics; different regimes can lead to different
effective evolution equations, e.g., kinetic equations or mean-field equations. Apart
from the study of these equations and their interesting properties and consequences,
it is an ongoing project of mathematical physics to derive them from the microscopic
dynamics, i.e., to prove rigorously that the solutions to the effective equations approx-
imate the solutions to the microscopic equations well in certain situations. Only some
cases of such a rigorous derivation are known. In classical mechanics, this could for
example be shown for the Vlasov equation [17], however, for the Boltzmann equation
it has been shown only for very short times [40], and for the Navier-Stokes equation it
is still an open problem (see [58] for an excellent overview). In quantum mechanics,
starting in the 70s and by a series of recent works, the derivation of effective dynam-
ics for bosons near a condensate is well understood, see [28, 31, 37, 39, 51, 54, 56]
for the case of the Hartree equation and [10, 23-27, 50, 52] for the Gross-Pitaevskii
equation. Derivations of mean-field dynamics for fermions have been discussed in [8,
13, 14, 22, 30, 47, 57]; in particular [14] treats an interesting scaling limit very com-
prehensively. In general, the Fermi statistics makes the situation more complicated,
see the discussion in Sections 1.1 and 1.2.

For fermionic many-particle systems in quantum mechanics, the microscopic evo-
lution is given by the Schrodinger equation (we set h = 1 = 2m throughout this
work)

iy’ = Hy' ey
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for antisymmetric complex-valued N-particle wave functions ¥/ € L*(R3M) (for
simplicity, we neglect spin and always work in three dimensions). Antisymme-
try means that ¥'(...,xj, ..., x¢,...) = =¥ (.., x, ..., xj,..)V) # k. We
consider Hamiltonians

N
H:ZHJQ+ZU(N)(JC,'—XJ'), 2
=1

i<j

where HJ(.) acts only on x; and v (x) = v (—x) is a real-valued pair-interaction
potential (the superscript (V) denotes a possible scaling with the particle number N
which is explained below). According to (1), the unitary time evolution of an ini-
tial wave function ¥ is given by ¥/ = e H'y0 if H is self-adjoint which we
henceforth assume. Note that for antisymmetric initial conditions wo, the wave func-
tion ¥’ remains antisymmetric under the Schrodinger evolution (1) with Hamiltonian
(2) for all times. For the desired mean-field description, consider N orthonormal
one-particle wave functions (also called orbitals) (p{, e, (pf\, € L%(R?) which are
solutions to the fermionic Hartree equations (sometimes called reduced Hartree-Fock
equations). These are the coupled system of non-linear differential equations

o0 = HO9, + (v 50 ) o, 3)
for j = 1,..., N, where % denotes convolution, and p}, = ZlN: | lp!]? is the spatial
density. Note that for orthonormal initial conditions (p?, ceeh (p?\,, (3) preserves the
orthonormality for all times. The term

<v<N) * ptN) () = /Rs o™ =y () dy @

is called the mean-field. It can be viewed as the average value of the interaction
potential at point x, created by particles distributed according to the density pf\,. Note
that closely related effective equations for fermions are the Hartree-Fock equations,
where an additional exchange term

N
=3 (0™ ) @ e @) ®)

=1

is present on the right-hand side of (3). In general, the Hartree-Fock equations are
expected to be a better approximation than the fermionic Hartree equations. However,
the exchange term is always smaller than the direct term (4), and, as we see later,
is negligibly small for the scaling limits that we consider in the sense that including
the exchange term does not improve our error estimates. It would be interesting to
study other scaling limits where taking into account the exchange term gives a more
accurate approximation.
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Now suppose that some initial <p?, ey gp?v are given. Let the initial N-particle
wave function be ¥° ~ /\j-v:1 <p?, where

N N
Nei| @) =W 07 [ ] oo @) (6)
j=1 oeSy j=1

is the antisymmetrized product of ¢y, ..., ¢n, with Sy the symmetric group and

(—=1)? the sign of the permutation o. Then, under the Schrédinger evolution (1), this
initial wave function evolves to ¥/ = e 10 We want to compare this ¥ to the
wave function /\j-v:l (p;., where the go} are the solutions to the fermionic Hartree equa-

tions (3). In other words, if still ' ~ /\?/:1 <p; at some time ¢, then the Schrodinger
dynamics is approximated well by the Hartree dynamics. To show such a statement
is the goal of this article.

Note that in the presence of an interaction potential v™) it is in general never
true that e~"H? /\;V=1 go? = /\;V=1 <p;, since the interaction leads to correlations
between the particles, i.e., the wave function evolves into a superposition of many
antisymmetrized product states. These correlations are caused by deviations from
the mean-field behavior, i.e., by fluctuations around the mean-field. For a rigorous
derivation we thus need to consider a regime where the fluctuations become small
for large N, on the relevant time scales. Such an appropriate limit N — oo is then
called a mean-field limit.

1.1 Density o N Regime
One such regime describes a system of fermions with very high density proportional

to N. The microscopic wave function ¥’ (x1, ..., xy) is a solution to the Schrédinger
equation (here for non-relativistic particles)

N
iNT oy = | 3 (-N Ay + w ™))+ N v —xp | v ()

j=1 i<j
and ¢}, ..., ¢} are solutions to the corresponding fermionic Hartree equations
ar—1/3 _ _
iNT ot = (-NTa+w™ 4 N7 (050} ) o). @®
for j = 1,..., N (recall pfv = ZlNzl |<pf|2), where w™) is a real-valued external

field. The evolution (7) is considered for initial data in a volume of order 1! which
can be realized if the particles are confined by a nice external trapping potential w®™).
Note, that due to the antisymmetry of ¥, the total kinetic energy for particles in a
volume of order 1 is always bigger or equal C N°/3 (which can, e.g., be read off from

Here, the phrase that a quantity is “of order x”” means that it is bounded from below and above by some
constant times x. It is not meant in the sense of the Landau symbol O(x), where a function f(x) is
O(g(x)), if there is a constant C such that | f(x)| < C|g(x)]| for x large enough.
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the kinetic energy inequality in Section 8.1). For states close to the ground state and
nice external fields, the kinetic energy is of order N°/3 (e.g., for free particles in a
box of constant side length, this can easily be checked). Then, the kinetic term on
the right-hand side of (7) is of order N —2/3N3/3 = N. The interaction term is of the
same order, since N2 terms are scaled down with N1,

Let us describe heuristically two ways of how to arrive at the scaling limit of (7)
(and let us for simplicity disregard external fields here). One way is to start with initial
conditions in a volume of order 1 and kinetic energy of order N°/3 and then add a
scaling for the interaction, such that the scaled interaction and the kinetic energy are
of the same order. The Schrodinger equation is then

N
oy’ = [ =D A + NI w —xp | ¥ 9)
j=1

i<j

Since the average momentum per particle is of order N'/3, but the average scaled
interaction or force per particle is of order N ~13N = N2/3, one can, for large N,
expect a nice limiting equation only for short times 7 of order N~!/3 (change in
momentum = force x time). By introducing + = N'/37 (and then dividing both
sides of the equation by N 2/3), we get (7). Let us describe another, more physical
way to arrive at (7), which, however, only works for Coulomb interaction. Consider
initial data in a small volume of order N~! and kinetic energy of order N7/3. This
is realized, e.g., for electrons in the “core” region of a large-Z atom, see [41]. The
unscaled Schrodinger equation for Coulomb interacting particles is

N
iy’ = =D Ag+ ) -5l vl (10)
j=1 i<j

A calculation for the free ground state in a box shows that the average force per
particle is of order N°/3. Since the average momentum is of order N2/3, from “change
in momentum = force x time” we can expect nice behavior for large N for times
of order N~!. If we now introduce rescaled variables r = N7 and x = N1/3% (such
that in the variables 7, x we consider the same kind of initial conditions as in (7)), we
arrive at (7).

Note that (7) has a semiclassical structure due to the N ~!/3 factors, which play the
role of a very small parameter, like the / in the Schrodinger equation with units. As
a consequence, the solutions to the Schrodinger equation (7) are close to solutions to
the classical Vlasov equation, e.g., in the sense that the Wigner transform of a solu-
tion to (7) is close to a classical phase space density p’(x, p) that solves the Vlasov
equation. Such a derivation of the Vlasov equation from the microscopic Schrédinger
equation has been considered in [47] and improved in [57]. Several other works [1,
2,4, 12, 33, 45, 46, 49] also study the derivation of the Vlasov equation starting
from the Hartree equation (8) or the Hartree-Fock equation. However, the mean-field
dynamics (8) is a better approximation to the dynamics (7) than the Vlasov dynam-
ics. A derivation of the mean-field dynamics (8) from the microscopic dynamics (7)
has first been given in [22] for bounded analytic interactions and short times. In [13,
14], the derivation was crucially improved in the sense that it was shown to hold for
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all times, for initial data with a certain semiclassical structure. Furthermore, the result
holds for pseudo-relativistic free Hamiltonians and with fewer regularity assump-
tions on the interaction. The interaction is, however, still assumed to be bounded.
Since many applications concern electrons and in light of the discussion around (10),
a derivation for Coulomb interaction would be desirable. Let us also mention [11]
where the analysis of [14] is extended to fermionic mixed states.

1.2 Density o< 1 Regime

Let us now introduce a new scaling limit for fermions. The inspiration for this new
limit is twofold. On the one hand, we want to study a scaling limit where the solution
to the Schrédinger equation is not close to a solution to the Vlasov equation. In such
a limit, one would see more quantum effects like interference of wave packets. On
the other hand, we are inspired by the application of the Hartree-Fock equations to
large molecules, where the size of the system is of order N. This is the case for the
scaling limit we now introduce.

We consider initial conditions in a volume of order N, i.e., with average density
of order 1. The idea is that for such initial data a mean-field approximation is valid
for long-range interactions like Coulomb interaction. The microscopic evolution for
the wave function ¥’ (xy, ..., xy) is given by the Schrédinger equation (for non-
relativistic particles)

N
i = 3 (~ay +w™ @) + NI v —xp | v A

Jj=1 i<j

and the corresponding fermionic Hartree equations are
i = (—A—i—w(N) +NB (v*pfv)) ¢, (12)

forj=1,...,N, p}y = Z,N=1 lp!12, scaling exponent B € R and v(x) = v(—x) a
real-valued long-range interaction. The Schrodinger equation (11) is interesting for
initial data with total kinetic energy of order N. (Note that by the kinetic energy
inequality (see Section 8.1), this implies that the system volume is at least of order
N.) Now the crucial observation is that the total unscaled interaction energy for long-
range v is not of order N2, as one might expect from the order N2 terms in the

double sum }; _;
0 < B < 1 depending on the long-range behavior of v. This can be seen heuristically
by considering the mean-field for constant density and interactions |x|~*, since (Vy
denotes a volume of order N)

(175 ph) ~C [

Vv

in (11). It is in fact smaller, namely of order N 1+5 , with some

N!/3 _
x| dPx & C/ rrtdr o« NP = NP (13)
0

for appropriate s > 0 (see Lemma 8.1). Thus, if we set = B in (11), the kinetic
term and the interaction term are both of order N.

@ Springer



Math Phys Anal Geom Page 7 of 51

Let us now consider the average force per particle. For simplicity, let us discuss
it heuristically in the mean-field approximation (a similar consideration can be done
for the microscopic wave function ). There, the average force, including the scal-
ing with 8 = 1 — s/3, is given by the gradient of the mean-field, i.e., it is of the
order

NPV (117 s ply) = NP (17 )

. NI N
R CN_ﬂf rS 7 2dr o« NTBNZBSB = N3,
0
(14)

Thus, the mean-field is almost constant on scales of order 1 and only varies over
the whole system size. One would therefore heuristically expect free evolution to
leading order. This classically inspired heuristics is actually only almost right, since
orbitals which are spread over the whole system should feel an effect coming from
the mean-field. We expect, however, that this could be easily taken care of by adding a
time and space dependent phase to the freely evolving orbitals. Those orbitals can be
expected to approximate the Schrodinger equation (11). However, similar to before,
one would expect that the fermionic Hartree equations (12) provide a more accurate
approximation to the dynamics. In fact, we prove this in Section 2.1 for 0 < s < 3/5,
where we also discuss relevant observables.

Note that one can repeat the heuristic calculation (14) and ask for the variation of
the force. One finds, e.g., that

NPA( 7w phy) & NP (11720 )

N1/3 )
~ CN*/’/ r 722 dr «NTPNYAT B = N5 (15)
0
fors < 1, and

NPA (1 T ol ) ) = N7 (A1 17 50 ) @) = NP ply o) = NP = N2 (16)

for Coulomb interaction (where one would actually expect an In N correction to
the variation of the force). Thus, while the leading order in this scaling limit is
free dynamics, the next to leading order is a constant force (at least when taking
appropriate phase factors into account, see the discussion after (14)).

For interactions |x|~*, we can compare the new scaling limit to the one from
Section 1.1. Let us choose s = 1 here. The new scaling limit for initial conditions °
in a volume of order N is then

N
09" = —ZA,;_I.+N_2/3Z|)Ei — 57 v (17)
j=1

i<j
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If we rescale the spatial variables such that the initial conditions are in a volume

of order 1, i.e., we introduce x = N~1/3%, then the rescaled wave function wi solves
-~ N -~
iy’ = | =Ny Ay + N m -5 | v (18)
j=1 i<j

This is similar to (7), but on a different time scale. The time scales are related by
f = N3¢, In other words, if we formulate the new scaling limit for initial conditions
in a volume of order 1, then the time scales are much shorter than those considered
in Section 1.1. The important difference between the two scaling limits lies in the
kind of initial conditions one would naturally consider. In (7), the initial conditions
would vary over spatial scales of order 1, i.e., the whole system size, and not over
scales of order, say N —1/3_ This is also assumed in [14, 22]. On the other hand, the
initial conditions for (11) would naturally vary over scales of order 1. If we would
rescale those initial conditions to a volume of size 1, then they would have a small
scale structure on spatial scales of order N —1/3_In fact, in our main results about the
new scaling limit, we have no restrictions for the initial conditions, except that the
kinetic energy is appropriately bounded by CN.

The described regime, to our knowledge, has not been considered in the literature
before for a derivation of mean-field dynamics. Note, however, that [7-9, 30] con-
sider the case B = 1 which, for Coulomb interaction, leads to an interaction term of
order N~!/3. Compared to that, the results in this article are an improvement by a
factor N'/3 in the interaction strength. However, in [30] Coulomb interaction with-
out any cutoff is considered, while we have to introduce a very mild cutoff on scales
much shorter than the average particle distance, in order to treat the Coulomb singu-
larity. Note that in [6], by using the method introduced in this article and additional
techniques like the Fefferman-de la Llave decomposition of the Coulomb potential,
also Coulomb interaction without cutoff can be dealt with.

1.3 Outline

Next, we present the main results of this article. The results for the new scaling
(11), which are the focus of this work, are presented and discussed in Section 2.1.
In Section 2.2, we derive the mean-field equations (8) for a class of bounded inter-
actions and initial states with a semiclassical structure. For this case, we reproduce
some of the results from [14], with minor improvements on the initial conditions. We
give this derivation in order to demonstrate the generality of our approach and since
the proof is very short. In Section 3, we introduce our method for deriving fermionic
mean-field dynamics. In Section 3.1, we explain the connection between the func-
tional we use in the proof and reduced density matrices. In Section 3.2, we state a
slightly more general version of our main result in terms of the newly defined func-
tional and in Section 3.3 we sketch the proof of these theorems. All proofs are given
in Sections 4 to 9. Finally, let us remark that the length of this article is due to the fact
that we introduce our method in great detail and generality, in particular in Sections 4
to 7.2. The core parts of the proof are given in Sections 7.3 and 9.
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2 Main Results

In order to state the main results of this article, we need a measure for the closeness
of a many-body wave function ¥ € L?(R3") to the antisymmetrized product state
/\j»v=1 @j, with @1, ..., oN € L*(R%). A natural choice is a trace norm estimate on

the reduced density matrices. For any normalized antisymmetric ¥ € L?(R3"), the
reduced one-particle density matrix is defined by its integral kernel

ylw(x; y) = / V(X X2, XY, X2, xN)dxa . dPxy. (19)

If we want to have control over the statistics of one-body observables A
L?(R3%) — L%(R3), we need to control the trace norm difference of the reduced
one-particle density matrices of ¥ and /\ ¢;, since, e.g., for bounded A,

wAy) — Ay < ||Allo,

el e

where [|-||,, denotes the operator norm and ||-[|,, the trace norm (see also Section 5).
Thus, we express our main results in terms of the trace norm difference above. Note
that we actually prove slightly stronger convergence statements, see Section 3.

2.1 Density « 1 Regime with Interactions |x|~*

In this section we explicitly consider the non-relativistic Schrodinger equation (11)
and the corresponding fermionic Hartree equations (12), as discussed in Section 1.2.
The results in this subsection are concerned with interaction potentials |x|™* with 0 <
s < 6/5, sometimes with singularity weakened or cutoff, and the corresponding § =
1 — 5/3 (see also Lemma 8.1). For the following results we assume the existence of
solutions to the Egs. (11) and (12) and that the total kinetic energy of the solutions to
(12) (but not necessarily to (11)) is bounded by AN, i.e., ZZN=1 ||V(pf [|> < AN.There
are several works about solution theory to the Hartree(-Fock) equations [15, 16, 18,
19] which establish existence and uniqueness of solutions even for singular (attractive
or repulsive) interactions and external fields like lx|~L A blowup of solutions is
only expected for strong attractive interactions (e.g., for gravitating fermions) with
semirelativistic free Hamiltonian, see, e.g., [32, 35, 36]. (Indeed, as is shown in [32],
even for bounded interactions, v * ,ofv can become infinite in the limit of t — T, for
some T < 00.) Therefore, for non-relativistic Hamiltonians, due to the conservation
of the total Hartree energy, Z,N: 1 ||V<pl? 2 < AN always holds if it holds for the
initial states (p?, e, (pjo\, and if the external field is nice enough (e.g., scaled external
Coulomb fields generated by nuclei with some N-independent distances to each other
are ok).

Theorem 2.1 Let t € [0,T) for some 0 < T € R U oco. Let ' € L*R3V)
be a solution to the Schrodinger equation (11) with antisymmetric initial condition
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w()

€ LR¥N). Let ¢!, ..., ¢\ € L*(R?) be solutions to the fermionic Hartree

equations (12) with orthonormal initial conditions gp?, e (p% € L%(R?), and with

N
> |Ivel|]® < AN 1)
i=1

for some A > 0and allt < T. Then there are positive constants C, such that

(a)

(b)

for interactions

v(x) = £|x[77, (22)
with) <s <3/Sand B =1 —s/3 we have
N : N 0((1/2 12
[ =V || =2 | = T (8 (e - 1)) TN @3

with C o< AS/?;
for interactions v = v, s with

< DN% | for|x| < N78
= |x|™* , for|x| > N7,

withD >0,0<s <6/5 8=1—s/3andé < (3 —2s)/(6s) we have

0 Loq1/2 1/2
/\%_ylw +(8 (eCt _ 1)) NY2,

1 tr

0 < vy,5(x) { (24)

N¢j '
[

rf 20Ct N1/2=7 /2 Hy

t

forall0 <y <1—28s —2s/3;

(c) for interactions v(x) = %|x|™" and B = 2/3, under the condition that for all t
and some ¢ > O there are C1(t), C2(t) (independent of N) such that
N
vy < i N e 26
> o5l = CiN or [|py]]s < C2(0), (26)
j=1
we have
a : : 0 12 ; 1/2
yl/\% | < 2ehiceas yl/\% _ ylw“ " (8 (efOC(s)ds B 1)) / N2,
tr tr
27
Sfor some C(t) independent of N.
Proof See Section 8.2. O
Remark
1. Let us put the three different cases of Theorem 2.1 into perspective. In (a) we

treat singular interactions, but with weaker singularity than Coulomb. Case (b)
includes Coulomb interaction with the singularity cut off on a ball with radius
much smaller than the average particle distance. However, in case (2.1) the con-
vergence rate is only N~7/2, with y < 1/3 in the Coulomb case, depending on
the cutoff distance N—2%. In case (c) we treat Coulomb interaction without cut-
off. We get the convergence rate N ~'/2. For this we need additional regularity
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assumptions on the solutions to the fermionic Hartree equations. We expect these
conditions to hold for all times under suitable assumptions on the initial data, but
we refrain from proving that in this paper.

2. Using Lemmas 3.2 and 3.3 we can also deduce bounds in Hilbert-Schmidt norm.
For example, in case (a) we have

A¢? 0
v =y

. . 172 12
ﬁ‘ A ) +(ﬁ(ec‘ - 1)) Ph-1e. s

HS =2 <W '

HS

t t
(Note that our choice of normalization is ||y1/\ i | |tr = 1 and v/N| |y1/\ i | |HS =
1.)

3. If we set the external field w™®) = 0, then, for the interactions in this theorem, the
bound (21) holds for all times, if it holds for the initial conditions. Furthermore,
we have existence and uniqueness for the solutions to (11) and (12) in this case.
Thus, for w™) = 0, all the results in this theorem hold under the sole assumption
that (21) holds at r = 0.

4. Note that in the setup of Theorem 2.1, the kinetic energy per particle is of order
1, i.e., a particle can on average travel a distance of order 1, while the diameter
of the system is of order N''/3. Heuristically speaking this means that the system
looks static on very large scales. The results above are therefore relevant for
observables that are sensitive for properties on small scales. Let us give a simple
example of such an observable. We divide the volume of the system into 2N
cells, where each cell has a volume of order 1. As initial state we choose smooth
wave packets with disjoint supports, each with kinetic energy of order 1. Each
packet occupies one of the cells, and we leave a neighboring cell unoccupied.
Then a suitable observable A would be the number of particles in the unoccupied
cells. After a short time of order 1, due to the diffusion of wave packets, there
will be order N particles in the previously unoccupied cells. Furthermore, the
wave packets will show interference effects.

5. Let us follow up on the example of the previous remark and discuss what result
we would expect if we compare the Schrodinger evolution with the free evolu-
tion. As discussed in Section 1.2, the average force per particle is of order N~!/3.
This would be the expected relative error we make in estimating the expectation
value of the observable A from above: after some time ¢ the unoccupied cells
contain order N + N2/3 particles. On the other hand, the estimates (23) and (27)
would give a prediction of order N + N 12 Thus, in the cases (a) and (c), the pre-
diction from the fermionic Hartree equations is better than what we could expect
from the free evolution (or the free evolution with a time and space dependent
phase).

Let us conclude this subsection with a remark about Coulomb interaction with
N1 scaling, and with N —2/3 scaling for times smaller than order 1. In the first case,
we have free evolution for times of order N1/3~¢, for any ¢ > 0. In the second case,
we even have closeness to any state, without evolution, if, of course, the initial condi-
tions are close. We summarize this in the following proposition which for simplicity
we only state for Coulomb interaction without external fields.
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Proposition 2.2 Let ' € L2(R3N) be a solution to the Schrodinger equation

N
' =Hy' ==Y A g+ N> i —x17" |y, (29)
j=1

i<j

with antisymmetric initial condition ¥° € L*(R3N) with total energy (°, Hy?) =
E. Then,

(@ if ¢i,....¢5 € L*(R®) are solutions to the free equations i8t<p§. x) =

—A(p;. (x) with orthonormal initial conditions (p(l), e <p2, € L2(R3), there is a
C > 0 such that for all t > 0,

N wO|[1/2

/\(p’. t
: ! trizHyl _yl

12
Hyl —y, +C(N‘/HE‘/2;) . 30)

tr

(b) given time-independent ¢, ...,ox € L*(R3) with Z?’Zl ||Vg0j||2 = Eg‘g
there is a C > 0 such that for all t > 0,

) ' ) 0(11/2 . 1/2
Hyl/\w,/_ylvf = 2Hyl/\<ﬂj_ylx// +C ((EN—l +EM N +N1/678E1/2) [> .
I iy
(BD
Proof See Section 8.2. O

2.2 Density «« N Regime

Let us now state the result for the derivation of the mean-field dynamics for the
regime discussed in Section 1.1. Such a derivation has recently been given in [14]
and here, we reproduce some of these results. We actually use estimates about the
propagation of properties of the initial data from [14] (see Lemma 9.1). A slight
improvement of our result is that our conditions on the closeness of the initial data
are more transparent and general, see Remark 10. In contrast to [14], we express our
result solely in terms of the one-particle reduced density matrices. We consider the
Schrodinger equation (7) (for simplicity, without external fields) and the correspond-
ing fermionic Hartree equations (8). Note that for the interactions we consider the
exchange term can easily be shown to be subleading (compared to the error term in
the bound (36)), so the theorem can be proven directly for both the fermionic Hartree
and for the Hartree-Fock equations

N
iN_1/38,go; = (—N_2/3A +N! (v * ,05\,)> (p;—N_1 Z (v * ((p,ﬁ*gp?-)) o, (32)
k=1

for j = 1,..., N (recall p}, = vazl lp!]?). Note that here we do not have to use
the long-range behavior of the interaction, since we are interested in solutions in a
volume of order 1. For technical reasons, we consider a class of interactions that is in
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particular bounded. Our theorem is analogous to [14, Thm. 2.1]. We denote the trace
norm by ||-]|; (see also Section 5) and the commutator by [A, B] = AB — BA.

Theorem 2.3 Ser w'™) = 0. Let ' € L*(R3N) be a solution to the Schrodinger

equation (7) with antisymmetric initial condition y° € L*>(R3N). Let (pi, NS
L>(R3) be solutions to the fermionic Hartree equations (8) or to the Hartree-
Fock equations (32), with orthonormal initial conditions (p?, e, <p?v e LE(R3?). We
assume that v € L' (R?) and
fd3k (14 k) [D (k)| < oo, (33)
where ¥ is the Fourier transform of v, and that the initial conditions (p(l), ey <p?, are
such, that
sup (1-+ kD~ [|[p% ]| = en?, (34)
keR3 tr
2], =
tr
0 N 0 0y .
for some constant ¢ > 0, where p° = ijl |(pj) ((pj| is the projector on the span of
(p?, R (p?,. Then, there are positive Cy, Cy, such that for allt > 0,
‘. t ' 0 1/2 1/2
HJ/I/\%—V;/, Szecl(ecl —1) Hyl/\(p/_ylllfo /+(8 (ecl(eCZ’—l) _ 1)) / N—l/2'
tr tr
(36)

Proof See Section 9.

Remark

6. The condition (34) captures the semiclassical structure of the initial data, see
[14] for a more detailed discussion. The condition (35) is used to propagate (34)
in time. Note that for the initial state from Remark 4 the condition (35) does not
hold.

7. The theorem also holds with external fields that are such that they preserve the
bounds (34) and (35) for all ¢.

8. The double exponential in the bound (36) comes from using the Gronwall
Lemma twice: once for propagating the conditions (34) and (35) in time, and
once for the time derivative of a quantity similar to the left-hand side of (36)
(see Section 3).

9. Using Lemma 3.2 we can also deduce a bound in Hilbert-Schmidt norm, i.e.,

/\(p( v c ( 02,_1) /\(po wo 1/2
ﬁ"yl T ’Hsfﬁele ﬁ"yl ad HS

F(va(eo 1)) e )

10. Let us compare Theorem 2.3 to [14, Thm. 2.1]. Our bounds (36) and (37) are
similar to the bounds [14, Eq. (2.20)] and [14, Eq. (2.19)]. In particular, the con-
vergence rates are the same. The bounds (36) and (37) are formulated for more
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general initial data, in the sense that convergence of the initial trace respec-
tively (\/ﬁ times) Hilbert-Schmidt norm is sufficient to control the left-hand
sides of (36) and (37). In [14, Thm. 2.1], there are two additional bounds that
improve the rate of convergence: in [14, Eq. (2.21)] this is achieved by addi-
tional assumptions on the closeness of the initial data to antisymmetric product
states and in [14, Eq. (2.22)] by evaluating the trace norm difference only for
certain observables. Furthermore, in [14, Thm. 2.2] bounds for the reduced
k-particle density matrices are proven.

3 Exposition of the Method

We now present our method for deriving fermionic mean-field dynamics from the
microscopic Schrodinger dynamics. This method does not rely on BBGKY hierar-
chies but on a Gronwall type estimate for a suitably defined functional, which leads
to many technical advantages. The key of the method is to define the functional
ay(¥, @1, ..., ¢y) that measures the closeness of a many-body wave function ¢ €
L%(R3N) to the antisymmetrized product state /\;v=1 @j,wither,...,oN € L2(R3).
For the definition of « y we need to introduce several projectors that play a crucial
role in the proofs later.

Definition 3.1 Let ¢1,...,oy € L?(R3?) be orthonormal and ¥ € LZ(R3V) be
normalized. For all j,m =1, ..., N we define the projector

"
P = 10 @slm = 10j ) gjm) = 18 ... ® 1®1¢) (9] ®18 ... ® L,

m—1 times N—m times
(38)
i.e., its action on any ¥ € L>(R3") is given by

(P ) Gerexw) = 95 on) f @Y @, ) E . (39)

We define p,, := Z;VZI p;,@/ and g, := 1 — py,. For any 0 < k < N we define

k N N
PO o IT o] = X Tl @)

m=1 m=k+1 sym ac Ay m=1

N

me1 Gm = ki, ie., PW.K ig the

with the set Ay := {a — (@1, ...,ay) € 0,1V : %

symmetrized tensor product of q1, . .., gk, Pkt1. -, pn. We define PN-6) = 0 for
allk <Oandk > N.Wecallany f : {0,..., N} — [0, 1] with f(0) =0, f(N) =1
a weight function. For any weight function f we define the operator

N

F=Y P, @1
k=0

@ Springer



Math Phys Anal Geom Page 15 of 51

and the functional
ar(, o1, ..., 0Nn) = (¥, f ), (42)

where (-, -) denotes the scalar product on L2(R3N).

The functional &y has first been introduced by one of the authors (P.P.) for bosons
[51], that is, with p,, = |@)(@|n. The functional was used in [39, 51] for the
derivation of the bosonic Hartree equation, and in [50, 52] for the derivation of the
Gross-Pitaevskii equation. A variant of it has been used in [20, 21] to derive the effec-
tive dynamics of a tracer particle in a Bose gas and in [3] to derive the Hartree-von
Neumann limit.

Let us explain Definition 3.1 a little further. First, note that p,,, ¢, and P®-%)
are indeed projectors, since ¢, ..., @y are assumed to be orthonormal. As opera-
tors on L2(R3), p; projects on the subspace spanned by ¢, ..., ¢y, and ¢| on its
complement, i.e., in particular, p1g; = 0. The PM-©) have the property that

N N
S PYO = TT(pm+agm) =1 and  PNOPpNO =5, pN0 - (43)
k=0 m=1

where the last equation is true since PV-¥) contains exactly k g-projectors in each
summand and g, p,, = 0. We can thus define the decomposition ¢ = Z,]CV:O PW-K)y,
of the microscopic wave function, where now each contribution P K4 has (N — k)
particles in one of the orbitals ¢y, ..., ¢x (“good particles”) and k particles not in
the orbitals ¢1, ..., ¢y (“bad particles”). With the functional « s, each contribution
PWN-Ky s given the weight f(k), i.e., f specifies how much weight is given to
the number of particles outside the antisymmetrized product state /\7:1 @;. Since
0 <ay <1, oy ~ 0 means (for suitable weight functions f) that the approximation
of ¢ by /\ i—1 @;j is very good, while oy ~ 1 means that the approximation is not
valid at all. By choosing an appropriate f we can fine tune what exactly is meant by
the closeness of ¥ to /\;v=1 @;j. One obvious and very simple weight is the relative
number k/N. We always denote this weight function by

n(k) =k/N (44)

and the corresponding functional by «,,. For this weight function, due to the antisym-
metry of i and (43), the functional has the simple form (recall that each summand
in PNV-5) contains exactly k projectors g)

N

N
“nZZ;;( y PNOy) = ZN <w,2qu<N”‘)w>=<w,q1w>. (45)
m=1

Let us note here that «;, has been used before in [5, 34] to measure deviation
from the antisymmetrized product structure in the static setting; see also the remarks
following (51). Furthermore, «,, coincides with the measure introduced in [14] for
states in Fock space with fixed particle number N. Another important weight is

m(V)(k)z {kN—V ,fork < NV

1 , otherwise, (46)
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with some 0 < y < 1. The function m) (k) gives a much larger weight to already
very few particles outside the antisymmetrized product structure. On the other hand,
for k > NV, i.e., very many particles outside the antisymmetrized product structure,
m) (k) gives the same weight 1 for all k > NY. These properties enable us to
derive mean-field approximations for a much wider range of physical situations, e.g.,
singular or weakly scaled interaction potentials. Let us stress that the freedom in the
choice of the weight function is a key feature and advantage of the described method.

Note that we could also define projectors p? = ZZZI phoand g¢ = 1 — p?.
For antisymmetric v/, the oy functional defined with those projectors coincides with
o ¢ from Definition 3.1, since (H];:l q%i H;V:kﬂ p“’J')g - ¥ = PNy as can be
seen from multiplying out the left-hand side. Note that tlyle projectors p¥ are related
to fermionic creation and annihilation operators a(¢) and aT(qJ) (see, e.g., [43]) by
p? =a'(p)a(y), ie., p? is the number operator for the state .

The goal of this work is to prove bounds on ot (t) = s (¥', ¢}, ..., ¢} ), where
Y' is a solution to the Schrodinger equation and ¢}, ..., ¢}, are solutions to the
fermionic Hartree equations. In more detail, we first look for a bound on the time
derivative of a ¢ (¢) of the type

dapt) < C@) (ay(®)+ N9, (47)

which then, by Gronwall’s Lemma, implies the bound
ar() = efCO G p(0) + (el OB — 1) N7, (48)

where the function C(¢) is independent of N, and § > 0 is called the convergence
rate. In the main theorems of Section 2, the weight function is either n from (44) or
m) from (46). A bound of the form (48) implies that if initially (at time t = 0) o ris
small, then it stays small for times ¢ > 0 and N large enough. In the limit of N — oo,
we arrive at the statement that limy_ oo o ¢ (r = 0) = 0 implies limy o oty (t) =0
for all # > 0. Note that for all f > n, we have ay > ay, i.e., if the bound (47) holds
for such an f, we find

(1) < oy (1) < €O (0 (0) + N7Y). (49)
Thus, by using a weight function f > n (which can be advantageous in the estimates,
see below) we can still control ¢, (¢), but now under stronger conditions on the initial
state, namely that o ¢ (0) has to be small in N.
3.1 Connection to Density Matrices
The functional a s is closely related to the trace and Hilbert-Schmidt norms of the

difference between reduced one-particle density matrices as defined in (19). Note
that for an antisymmetrized product state /\I/.VZ1 ¢; we find

yN = Ny, (50)
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Let us now consider «y,, i.e., the a-functional with the weight n(k) = k/N. Note
that

o = (W 1) = eyl q) = () (1 = pp) = Ny (v =N, 51

where tr(-) denotes the trace. It is the expression tr(ylwa) that has been used before
to measure deviation from the antisymmetrized product structure in the static set-
ting, see [5, 34]. The relations between «;,, and the differences between Schrodinger
and Hartree reduced one-particle density matrices in trace norm ||-||,, and Hilbert-
Schmidt norm ||-||yg are summarized in the following lemma (see Section 5 for the
definition of the norms).

Lemma 3.2 Let v € L>R*N) be antisymmetric and normalized, and let
@1, ..., 0N € L*(R3) be orthonormal. Then

) 2 )

e T L R

Nej v||? X%, v
WP =g =20 = [ =] 3

Proof See Section 5.
Note that the extra N factors are due to the choice of normalization; indeed
Ne¢j ‘ ‘ Ne¢j -1/2
=1 and =N . 54

‘ ‘V] tr an " HS ( )

Lemma 3.2 is the main result of this section. It implies in particular that

R R T
Jim a, =0 tim ||y —p/|| =0 tim VN| ' -y =0 9

N—o00
i.e., convergence of ylw to yl/\ /' in certain norms is equivalent to convergence of o,
to zero. However, there is a difference in the convergence rates, e.g., if o, converges
with rate N !, then the density matrices converge in trace norm only with rate N 1/,
as can be seen from (52).
Let us now consider more general weight functions f with f (k) > n(k) for all k
and in particular the weight m ") (k) from (46) which we use later. Note that for those
weights o > ay.

Lemma 3.3 Ler v € L*R3N) be antisymmetric and normalized, and let

@1,...,on8 € L*(R?) be orthonormal. Then, for all f with f(k) > k/NVk =
1,...,N,
) 2 . 2
Hyl/\w" — [ <8ay, NHV(\% —Vf/’H <2ay, (56)
tr HS
i) < NV ey (57)
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A

Thus, convergence of a7 to zero still implies convergence of y;/’ to y, I butin
general not the other way around. We use (57) to express some of our main result
only in terms of trace norms.

Let us make a brief remark about convergence in operator norm. Note that
||yl'p llop =< N ~! for antisymmetric ¥, so a possible indicator of convergence would
be the operator norm times N. This, however, is not a good type of convergence for
our purpose, since the operator norm is given by the largest eigenvalue (which at
most can be N~! for fermionic density matrices; recall our choice of normalization).
Thus, while convergence of N times the operator norm does imply convergence of
oy, the opposite is not true. One orbital not in the antisymmetrized product of the
®1, - - ., @n is enough to let the operator norm of N times the difference between the
density matrices be equal to one, while «,, converges to zero.

3.2 Main Theorems in Terms of «

Let us state and discuss two theorems with bounds on «,, and «,,) which hold for
very general Hamiltonians. From these theorems we can then deduce Theorem 2.1.

Theorems 3.4 and 3.6 are of the form: Given certain properties of the solutions to
the fermionic Hartree equations, the mean-field approximation for the dynamics is
good, i.e.,ap(t) < C(t) (as(0) + N7%) for some § > 0. We consider wave functions
¥!' e L2(R3VN) that are solutions to the Schrodinger equation (1) with self-adjoint
Hamiltonian (2) with real and possibly scaled interaction vV )(x) = v™)(=x). The
most important example for the free part HJQ is the non-relativistic free Hamiltonian
with external field, H](.) =—-A; + w™ (x 7), but we could also replace the Laplacian
by relativistic operators like ~/—A +m? — m (m > 0) or |V|. The fermionic mean-
field equations for the one-particle wave functions q)i, RN (pfv e L*(R?) are given
by (3). The first theorem gives a bound on «,, (t) = (', ¢} y").

Theorem 3.4 Lett € [0, T) for some 0 < T € RUoo. Let Y € LQ(R3N) be a solu-
tion to the Schrodinger equation (1) with Hamiltonian (2) with antisymmetric initial
condition y° € L2(R3N). Let ¢!, ..., ¢}, € L*(R®) be solutions to the fermionic
Hartree equations (3) with orthonormal initial conditions go(l), e gz)?\, e L2(R3).

We assume that v'™) and p', = ZlNzl lp!|? for all t € [0, T) are such that there
is a positive D(t) (independent of N ), such that

sup ((v<N>)2 *pﬁv) ") < DN (58)

yeR3
Then there is a positive C(t) = 9/ D(t), such that

Oln(t) S efOtC(S)dS an(o) _|_ (ef(ic(.i‘)ds‘ _ 1) N_l. (59)

@ Springer



Math Phys Anal Geom Page 19 of 51

Proof See Section 7.4. U
Remark
11. The corresponding bounds for the reduced one-particle density matrices follow

12.

13.

14.

15.

from Lemma 3.2.

The condition (58) is only a condition on the solutions to the fermionic Hartree
equations (3), and not on the solutions to the Schrédinger equation (1). Note that
for solutions <pi, el ‘/’5\/ € H'(R?) (the first Sobolev space) and interactions
with at most a singularity |x | =1, the left-hand side of (58) is always finite due
to Hardy’s inequality. Therefore, the challenge lies in the N-dependence on the
right-hand side of (58).

Note that condition (58) implies that (by Cauchy-Schwarz and f p;\, =N)

sup (|v ™[5 04) 00 = VDO, (60)

yeR3

i.e., the scaled mean-field interaction is everywhere bounded.
There is an interesting connection between condition (58) and the fluctuations
around the mean-field. At each point y € R3, let us denote the “fluctuations”

in the interaction at y in the state ¢ = /\;V=1 <p; by Var[¢] (Z,ivzl v,ﬁlyv) ), with
the definition Var[¢](X) = (¢, X?¢) — (¢, X¢)%, and where vxy = v(xx — y)

and x1,...,xy denote the integration variables in the scalar product. Then,
by a simple calculation, we find Var[¢] (Zli\/:] v,(clyv)) < (™) o) ().

Therefore, if condition (58) holds, then the fluctuations around the mean-
field vanish at each point for large N, with rate N~!. Note that N~! is
the typical size of fluctuations in the (weak) law of large numbers, for
independently identically distributed random variables. It is therefore not
surprising that under this condition the derivation of the mean-field dynam-
ics succeeds (although condition (58) could well be too restrictive; see also
Theorem 3.6).

Theorem 3.4 shows indirectly that under the condition (58) the scaled exchange
term is at most of O(N~1/2). (For the simple example of plane waves in a box
of size N and Coulomb interaction with scaling exponent 8 = 2/3, it is actually
of O(N~2%/3).) This is so because an exchange term of O(N ) gives an error
term of O(N ~2%) in the a,, estimate. We show this in Remark 21, following the
proof in Section 7.4.

The condition (58) can be relaxed and replaced by other conditions if we use the

weight function m ") (k) from (46). This allows to treat more singular interactions
and smaller scaling exponents. Let us first summarize the precise assumptions that
we need on the scaled interaction vV and the density ply and afterwards state the
theorem.
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Assumption 3.6 Forallt € [0, T), ,05V = ZlNzl |<pf|2 and v'N) are such that there
are a (possibly N-dependent) volume Q2 C R3, positive D;(t) (independent of N)
and 0 < y <1, such that

sup ((v<N>)2 *pjv) (y) < Di() N7, (61)
yeR3
2
/ ((v<N>) *pfv> ) Py &>y < Do (1), (62)
N 2 t 3 1
sup f (V6 —0) @ d < Dsy N, 63)
yeR3 JQn+y
sup  [v™ ()| < V/Da()y NTIEV2, (64)
yeRI\Qy

Under this assumption we can conclude convergence of «,,¢) (¢).

Theorem 3.7 Let t € [0,T) for some 0 < T € R U oco. Let ' € L*R3V)
be a solution to the Schrodinger equation (1) with Hamiltonian (2) with anti-
symmetric initial condition y° € L>(R3N). Let ¢!, ..., @Y € L*(R3) be solu-
tions to the fermionic Hartree equations (3) with orthonormal initial conditions
(p?, e (p?v e L2(R3).

We assume that vN) and p}, = ZlNzl lp!|? for all t € [0,T)
are such that Assumption 3.5 holds. Then there is a positive C(t) =
16+/3 max {D; (1), D2(t), D3(t), Ds(t)}'/?, such that

i (1) < el 0 (0) 4 (0O — 1) N7, (65)

Proof See Section 7.4.

Remark

16. The corresponding bounds for the reduced one-particle density matrices follow
from Lemmas 3.2 and 3.3.

3.3 Sketch of Proof

Let us give a brief overview of how the bounds (59) and (65) can be obtained. We
also aim to illustrate that the idea to “count the number of particles” not in the anti-
symmetrized product is very natural and has a clear physical interpretation which
is reflected in the proof. We first consider the weight function n(k) = k/N. Note
that ¢! is a solution to the Heisenberg equation of motion id,q! = [H™, ¢!], where
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0,y
HM = H® + V|

with VI(N) = ( (V) 4 ,of\,) Using the antisymmetry of ¥, we then find

is the “mean-field Hamiltonian” from the right-hand side of (3),

ton () = o [y qfw) =i (v [V = Doy’ = v gt ] v)
= Dn+UDn+ U1y, (66)
where, using p| +¢] = 1= p}, + 45,
(D = 21m (y' g (V= Dyl s =) ply’). 6D
(1D = 21m (v, gfgh (V = Doiy pipsu). (68)
(1D, = 21m (¥, glas(V = Doy plasv). (9)

Let us emphasize here that the kinetic and external field terms coming from
the Schrédinger and the fermionic mean-field equations cancel, which is why the
theorems in Section 3.2 hold for any H](.). Also, terms (I/1), and (/11), do not

depend on the mean-field VI(N); it is only term (/), where a difference between
Schrodinger interaction and the mean-field enters. Note that these three terms have
an intuitive explanation. The change d;a,(¢) in the “number of bad particles” is
given by three different kind of transitions due to the microscopic interaction: tran-
sitions between one good, one bad particle and two good particles (term (/),);
between two bad and two good particles (term (/7),); and transitions between
two bad and one good, one bad particle (term (/11),). Note, however, that for
a,(0) = 0, i.e., 1//0 = /\;V=1 (p}), we find 8,an(t)]t=0 = 0. Thus, what causes
the deviations from the antisymmetrized product structure in the first place, is
a higher order effect, viz., the fluctuations around the mean-field. The expo-
nential growth in time in (48) comes from the fact that the larger the number
of bad particles, the more possibilities do good particles have to become corre-
lated, i.e., as in (47), the change in the number of bad particles at some time ¢
is expected to be proportional to the number of bad particles at this time, plus
fluctuations.

Let us briefly discuss how the three terms in (66) can be bounded rigorously
(Lemma 7.3). Let us first show why the terms can be bounded by Cyc,(¢) plus
error terms of O(N~!), where Cyy denotes some possibly N-dependent constant, and
afterwards discuss why Cy in fact does not depend on N for the scalings discussed

in Sections 1.1 and 1.2. Recall that ||g!y'|| = \/(¥', ¢!¥') = /o, (t). Thus, by

using Cauchy-Schwarz, term (/11), is bounded by Cya,,(¢), assuming | |v12pi | |0p
is bounded. In term (/1), we also have two ¢’s available, but both ¢’s are left from
v§2 ), so we cannot directly apply Cauchy-Schwarz. However, there is a trick that

uses the antisymmetry of ¥’ to shift the ¢} to the right side of the scalar product, on
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the expense of a boundary term of O(N~!). Then, by Cauchy-Schwarz, we can again
conclude (I71), < Cn(a, () + N~1). Term (I), is the crucial term in the sense that
there is only one g-projector available (which is not enough for the desired bound)
and one thus has to use a cancellation between the microscopic interaction and the
mean-field. From the proof of Lemma 7.3 we see that one can indeed extract an extra
g-projector from the difference (N — 1) pgvglzw pé — VI(N), again at the expense of an
error term of O(N 1), which yields the desired bound.?

For Coulomb interaction and the corresponding scaling v®™) = N~2/3p, there is
a prefactor N'/3 in front of the scalar products in the three terms from (66). For the
desired bound one thus needs to gain an extra N ~!/3 from the scalar products, so that
the constants Cp from above are of O(1), i.e., N-independent. For the case discussed
in Section 1.2, it is the long-range decay of the Coulomb interaction that gives us
this additional factor. In the estimates, the p projectors are used to smooth out the
singularity, which leads to terms like v * p}, or v2 % ply - From these terms we gain the
additional N ~!'/3 by using kinetic energy inequalities (Lieb-Thirring inequalities, see
Section 8) which take into account the orthonormality of <pi e, <p§v (fermi pressure),
i.e., the fact that the system volume is of order N when the total kinetic energy is
bounded by AN. This leads to the results in Section 2.1. In the semiclassical case, we
have to gain the additional N ~!/3 by other means, namely from condition (34). In the
estimates, this is reflected by using N~! | |ptleikxq{ | |tr < c(t)N~173, see Section 9.

Finally, let us discuss where and how the use of the weight function (46) helps
in the estimates. For strong singularities or weak scalings, term (//1), can be prob-
lematic, since there is only one projector p available to smooth out the singularity
and gain the additional N~'/3 by the kinetic energy inequalities. Here we would
like to improve the estimate. For general weight functions, d;a 7 (¢) is calculated in
Section 6. Each of the transitions between good and bad particles is now weighted
with the corresponding change in the weight function, i.e., a derivative of the weight
function appears. More exactly, d;a ¢ () is again given by three terms similar to (66),
but with v replaced by

SN @yt (71)

where f/ @) is a discrete derivative of f - (This is consistent with (66), since the deriva-
tive of n(k) = k/N equals N —1) The key observation is now that the derivative of
the weight function m) is zero for all k > N7, i.e., all contributions coming from
P(N’k)l/ft with k > N7V vanish. This helps us to make term (//1),,i) small, which
only gives contributions from large k due to the three projectors g.

2Note that here lies the crucial difference compared to the bosonic Hartree equation, as treated in [39, 51].
There, since there is just one orbital @, i.e., pu = |@)(@|m, and since v™) = N~lv, one can directly
calculate that

VIV — V= Dpavly) 2 = (v x19P) (k1) @2 + N7 o), (70)

i.e., the corresponding term (), can directly be seen to be bounded by Cy (a,, (t)+ N ’1). (Note that in
[39, 51], the term (v * |(p|2) (x1) g2 is usually regarded as being part of term (/11),,.)
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4 Notation and Preliminaries

We summarize here some notation, list often used inequalities and establish some
basic properties of the projectors py, that we use in the proofs throughout the fol-
lowing sections. The Hilbert space of complex square integrable functions on R?
is denoted by L*(RY) = L*(R?,C) and H'(RY) = {f € L*RY) : ||V f]] < oo}
denotes the first Sobolev space. For f € L?*(R?) we sometimes write

2 (f fy = 244y — 2 )
WIR= = [ rwPais= [ir 72)

We denote by (-, -)4+1..... v the scalar product only in the variables x,41, ..., xn,
i.e., itis a “partial trace” or “partial scalar product”, formally defined for any x, ¥ €
LZ(R3N) by

(73)
which should be regarded as a vector in L! (R3?) (for x = v, it is the diagonal of
the reduced a-particle density matrix, a generalization of (19)). In the same style we
denote by |-),, a vector in L?(R?) acting only on the m-th variable of L? ((R¥)"),
by (-|; its dual, and by (-, -),, the scalar product only in the m-th variable. Given a
function & : R — R we introduce hi : RY x RY — R, hip(x1, x2) = h(x; —
x2). In general, subscripts i1, ..., i, usually indicate that an operator acts only on
Xi;, ..., Xi,. We always denote by Br(x) = {y eR?: [x —y| < R} the open ball
with radius R around x. For any set @ C R? we write Q¢ = R \ Q.

Note that the operator pj, from Definition 3.1 is indeed a projector on L?(R3V)
and that for ¢; L ¢j andallm,n =1,..., N we have

p%pli =0 and [pjf, P ] —0. (74)
From that we conclude that p,, and g, = 1 — p,, are projectors with

Pmqm =0 and  [pm, pul = [Pm, qu] = [gm, qu]1 =0, (75)

for all m,n = 1,..., N. An important property of p}, is that for antisymmetric
Vas € LP®Y),

P PEYas =0 (76)
for all m # n, since
(Pﬁpﬁ%s) (x1y ey xAN) = @Xm)e(xn) / dxmdxn(p(xm)*(/)(xn)*was(~ s Xms e s Xny )
= —(xm)e(xy) / Axydxp, @ (X)) QX)) Yas (. oy Xny oo oy Xy )

= —@(xm)e(xn) / d-xndxm‘/’(-xn)*(/’(-xm)*l//as(- s Xmy e Xns o)
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For the operator norm of the projectors p, it makes an important difference if it
is calculated on all L? functions or only on antisymmetric functions in L2, as the
following lemma shows.

Lemma 4.1 Foranya =0,..., N, let 1//55’""“ € L2(R3N) be normalized and anti-
symmetric in all variables except x1, ..., xa and let ¢ € L*(R3®). Then, for all
m=a+1,...,N,

1., 1,...,
<wa§ a9 p;ﬁlwas a)a+1,...,N(x19-"3xa)

< (N =)™ (W Y Va1 N (LX), (78)
for almost all x1, . .., x, (with the definition of (-, -)q+1,... N from (73)).
It follows in particular that forallm =a +1,..., N

W P ) < (N —a)”! (79)

and, for all antisymmetric normalized ¥, € L2(R3N andallm =1,..., N,
(Vas, Plyas) < N7\ (80)
Proof of Lemma 4.1 For this proof it is useful to think of I/f;s’""“(xl, ...,Xy)asa
function in the variables x441, ..., xy, with fixed parameters xp, ..., x,. We can

then use (a7, W;s’""“)aﬂ N as scalar product in X441, ..., xy and define cor-

.....

. 2 .
respondingly HI/’;SMMHaH N = als’“"“, e}g""a)anN. For ease of notation we
do not explicitly write out the dependence on xi, ..., x, for this proof. Using the
antisymmetry of wals’“"a inxg41, ..., xy, Cauchy-Schwarz and (76), we find

.....

l=a+1 n=a+1

N N
-1 1., L., L., 1.,
=N —a) (Yas a, as a>a+l ..... N as 117 Pw P:(f as “
4
a+1,...,.N

.....

which yields (78). O
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5 Proof of Results About Density Matrices

In this section, we prove the results from Section 3.1 about the relation of « ¢ to the
reduced one-particle density matrices of ¥ and of the antisymmetrized product state
/\j»v=1 ¢ ;. For a bounded operator A on a Hilbert space .7Z°, the operator norm, trace
norm and Hilbert-Schmidt norm are defined by

[Allop := ﬁiup AV,  |Allg = tr]Al = Z (&i, |Algi),  |lAllgs := Vir(A*A),
ve llvll=1 ;

(82)

where {¢; };en is some orthornormal basis and A* denotes the adjoint of A. Note that
(for proofs, see, e.g., [53, chapter VI])

Allop < I1Allgs < lAlly (83)
and
HABlle < l|Allop [|Bll s II1ABlgs < [|Allop || Bllus » IABlle < l|Allgs [|Bllus
(84)

which we frequently use in the following proof.

Proof of Lemma 3.2 First, note that reduced one-particle density matrices have the
well-known properties that they are non-negative, i.e., < f, ylw f > >0Vf e L>(RY),
that Hyl Ht = 1, and that for antisymmetric ¥ € LZ(R3V), ’71 Hop < Nl
Recall that we are here concerned with o, = (Y, q1V¥), i.e., the a-functional with
the weight n(k) = k/N. Also, recall that yl/\ vi = N’lpl. We first show that

N~'p; — p]yfb p1 is a non-negative operator with trace norm «,. Note that the

operator plyf/’ p1 maps the N-dimensional subspace span(¢1, ..., ¢y) to itself, and
is non-negative and self-adjoint. We can therefore diagonalize it, i.e., there is an
orthonormal basis {xi, ..., xn}, such that

Py pi = ZA i) (xih = Zx, i, (85)
with0 < A; < N-lvi=1,..., N, since (see also Lemma 4.1)

3= oo P = 0L b Gl S N ww) SN (86)

Therefore, N ! p; — plyf/f p1 =N, (N7' = ;) p* is non-negative and

HN_lpl —plyfpmH =1r (N_IPI —plyfym) =1-W. py) =an. (87
We now show Hy/\w’ y;//H < 4/8a;,. Note that the operators ylw, ply;/’ p1
tr

and ¢ ylwa are non-negative, and that

o pi|| =wppr=1-a and |jan/a|| = ap)=a @8
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By inserting two identities 1 = p1 + ¢ we find, using the triangle inequality, (87),
(88) and (84),

ot

IA

wll, = (Vo= p ] oot o], + lloodm],+ [l al],

tr

= +‘ pP1y Vf// J’qul + ‘ q14/ pr V]wpl + oy
tr tr
< 2ay +2H v v a
H HS
= 2a, +2\/Hp13/11//p1Htr an/qul .
= 20, + 2v/ o, (1 — ap). (89)

1, it is indeed true that

20, + 2/ o, (1 — ) < /8y, (90)
since the continuous function f(«) = v/ 8o —2a—2/a (1l — ) has its only minimum
at = 1/2 with f(1/2) = 0, and also f(0) = f(1) > 0, thus f(«) > O for all
o € [0, 1], i.e., (90) holds.

We now show 2a, < HylA‘”f _ y;”H . We find, using (87), (88), (84),
tr

Since 0 < «,

IA

tr(qiy) p1) = tr(p1y{ 1) = 0 and [tr(A)| < ||All,;, that

20 = tr( Nei _ pm‘pm) +tr (qufpcn)
(( Nei_ Y )(pl —6]1))
H( /N -V )(pl —Cll)H

tr

<
< HV/W/ - H le —q
_ Hy/\w ylw . 91)

Note that indeed || p; — q1||0p =1, since for all f € L2(R3),

11 —an f12 = (£ (b1 =’ f) = (£ (pr+ a0 ) = IFIP. 92)

/\fpj

We now show Hy H < 2N~ 'a,. Recall that Hy H

Hyl || = 1. We find, using (84),

Hy/\fﬂj le//Hf{S tr(( Nej ylw)2>
= N = NNy piy) = N7, p1w>+tr<(yf”)2)
A= =N+ ||

N7 o, — NNy, pry) + N7
= 2N "a,. (93)

IA

tr
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We now show «, < \/NH)/I/\ i _ yllpHHS. Using first (87) and then (84),
1pillop = 1 and [ pillys = +/N, we find

an = [l (" =) i,
=< le (J/l/\%'_yllﬁ) . P1 op
= HP]HHS H(yl/wj B yfﬂ)HHs
< JN Nej v 94
= " " as " (94)
O

Proof of Lemma 3.3 The inequalities (56) follow directly from «, < ay and
Lemma 3.2. Let us denote the floor function by |[-], i.e., for any x € R, |[x| =
max{m € Z : m < x}. Then

[NY | N
- k _
G = N7V Y, PYOYy + 0 3 0y, PYOY) < N1 Ve (95)
k=0 k=|N? |+1
O
6 The Time Derivative of o 7 (¢)
The expression for the time derivative of
N
ap(t) =Y flyy', PNOy) (96)

k=0
for arbitrary weight functions f (k) follows from direct calculation (recall that the
projectors PN-K) depend on 7 through their dependence on @), ..., ¢)). We use that
the time derivative of ¥/ € L*(R3V) is given by the Schrodinger equation (1) with
self-adjoint Hamiltonian H given by (2) with real interaction v (x) = v (—x).

As effective equations for the one-particle wave functions ¢, ..., ¢} € L*(R3) we
consider the general equations
i1} () = H™! (1) = HO9 (1) + (VW) (o), 97)
where the operator V) can possibly depend on N, j and @), ..., ¢y The two
interesting cases are when there is only direct interaction,
V¥ ) = vEE® () = @™ % o) (), (98)

where p} = va: 1 l@!1, and when there is direct and exchange interaction,

V(N)(p;(x) _ (Vdir,(N) T Vexch,(N)) (p;(x)

N

= 0™ 5 o)) = D0 (N x (0 eh) el 69)
=1
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We calculate the time derivative of ay(7) in two steps. First, in Lemma 6.1 we
directly calculate a straightforward expression for the time derivative. We then prove
an auxiliary lemma which we use to bring the time derivative into a form (Lemma 6.5)
that can nicely be estimated (later in Lemma 7.3).

Lemma 6.1 Let ' € L>(R3N) be an antisymmetric solution to the Schrédinger

equation (1) and let goi, ceey (p}v € L*(R3) be orthonormal solutions to the effective
equations (97). Then

o (0) = 5 (', Wi, F]v). (100)

where Wiy := N(N — vy = NV — NV,

Proof Note that the operators py,, gm, PN% all depend on ¢ through the orbitals
@}, ..., ). For ease of notation, we do not explicitly write out this 7-dependence.
Let us first prove that f fulfills the Heisenberg equation of motion

io f [Z H™, A} . (101)

Note that i0; py = [H, pu] and, using pm + gm = 1, idigm = [H™, gu].
Then, by applying the product rule and using [H,g‘f, pn] = OVm # n, it follows that

N
i9, PNP = [Z HY, P(N’k)] : (102)

m=1

which implies (101). Using this and the antisymmetry of ¥', we find

dapt) = 3 (', Fy')
(@), Fo')+ (', F (@) + (', (3. F) v')

N
=i (Hy' fy')—i (v FHY')—i <¢’, {Z Hy', f} w’>

[z v)
-

N N
‘”“[ZH £ - B () 7| )

j=1 I<i<j<N m=1

<w’,[N “D ey =) — NV(N’ ZVZ(N’,.?}M. (103)

O

@ Springer



Math Phys Anal Geom Page 29 of 51

Let us now bring the expression (100) into a form we can use for the desired
Gronwall estimate. For that, we need to define shifted operators and discrete
derivatives of weight functions f.

Definition 6.2 Letd € Z and f be a weight function as in Definition 3.1.

1.  We define the shifted operators

N—d
=Y flk+d)PNP = Z [y pNk=d) — Zf(k +dypNb,
k=—d k=0 k=0
(104)
where for the last step we defined f (k) =0 forallk < Oand k > N.
2. Ford > 0, we define discrete first derivatives of f by
S D) = (f k) — fk—d) Lja,...ny k), (105)
0 = (flk+d) = f() Ljo,...n—a) (k) (106)
where 14 (k) = 1 for k € A and O otherwise.

For Lemma 6.4 and the proof of Lemma 6.5 we need some more notation.
Definition 6.3 Let ¢y, ..., oy € L?(R?) be orthonormal. For all a,n € N with
a<n<N,{i,...,in} C{1,..., N} we define

l(la)l" = 1_[ qlm l_[ plm ’ (107)
m=1 m=a+1

sym

where the subscript sym means the symmetrized tensor product.

In accordance with Definition 3.1 we have Pl(k)N = PW.0_ For the proof of

Lemma 6.5 we need an auxiliary lemma that shows how to shift an fto the other
side of a two-particle operator.

Lemma 6.4 As in Definition 6.3, we abbreviate Pl( ) — = p1p2 P12 =p1g2 +q1p2

and Pl(? = q1q2. Let h1y be an operator that acts only on the first and second
particle index. Then, foralla,b =0, 1, 2,

(PSr2PR) F = foma (PS112PY), (108)

F(PEm2PR) = (PE112PR) fu. (109)

Proof We only prove (108) since (109) can be proven in just the same way. In the
following calculation we use the splitting

2
PN =N p D P, (110)
d=0
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where Pl(g) contains exactly d g-projectors, and P;kjvd)

and acts only on the variables x3, ... xy. Then we find

contains k — d g-projectors
N 2
»\ = b d) (k—d
(Pl(g)h12P1(2)> f= Z f(k)Pl(;)hUPl(z) Z PI(Z)PS(...N)
k=0 d=0
N
b) p(k—b
by PO P = 8aPP1 = Y fROPShia Py P
k=0
N
_ (k—b) p(a) b)
- Z JRP; Py hiaPyy
k=0
N 2
d d) p(k+a—b—d b
by P\’ P = 8aaP(5'] = Z Q) Z Pl(z)P;.../\;l )Pl(;)hlzpl(z)
k=0 d=0

N
— b
— Z f(k)P(N,k+a b) P](;)hl2p](2)

k=0
[by Def. 621 = fy—q (P3'm2P}Y). (111)
O
Note that Lemma 6.4 holds more generally for m-particle operators i1, i.e.,
b ~ b
(Pl<7.)mh1-~m Pl(...)m) f = fb*“ (Pl(.(f.)mhlmm Pl(...)m) (1 12)
foralla, b € {0, ..., m}. As last preparatory remark, note that for all f > 0,
2= fin, (113)

since PN-K p(N.O — 5, p(N.K) 3

With Lemma 6.4 we can simplify the expression (100) for the time derivative of
ar(t) by splitting it into three parts, each of which will be estimated separately later
in Lemma 7.3. The advantage of having the square root of the “derivatives” f/’(\d ) next
to ¢! is made clear in Lemma 7.1 and the estimates in Lemma 7.3.

Lemma 6.5 Let ' € L*(R3N) be an antisymmetric solution to the Schrédinger
equation (1) and let (pi, ey (pf\, € L2(R3) be orthonormal solutions to the effective
equations (97). Then, for all monotone increasing f (k),

o) =U)r+UD+UIDy (114)

3Note that for all 0 < s € Q also the more general relations (7\)A = F and, if f(0) = 0 and f(k) >
0Vk > 0, /= (1 — PM-0) = £=5 hold.
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with
— 172 12
(g = 2NTm <w’, 7O [t (v = Dpseld ps = vi) pi] 7D w’><115>
—1/2 —1/2
(II); = NIm <w’,f/<2> [ajasv = Do plps | 7 w’> (116)
—1/2 —1/2
(III); = 2NIm <w’, 0 [q{qg(zv— 1)u§§)plq§] F1=D 1/;’>. (117)
Remark
17. Note that the time derivative is formally the same as for bosons, where p; :=

18.

19.

o) (|1, see [50, 51]. Note that in [50, 51] the splitting into three summands is
done slightly differently: compared to (114), an additional identity 1 = p> +¢»

is added in front of VI(N)
side of the scalar product.
For the case f(k) = n(k) = k/N we find a simple expression for the time
derivative of (1) = (Y!, qil//’). It can easily be found by direct calculation
as in (66) or from (114). Note that, in view of Definition 3.1 and the identity
Ymo PV =1,

q1f’/(\1>1/2=q12<£_(k_1)) pNK

N YN g N g
k=1

12
and the operator f/(-4 " is pulled over to the left

and similarly
Plf/’(_\l)l/2 =p N2 qlqu/’a)]/2 =qigp V2N,
Pl D = pipa VANV, (119)
Then (114) simplifies to
o () = 21m (y', g (N = Dpsoly’ ot = Vi) ply)
+21m (', glas (N = Doy vl phy)
+21m (v, gfab N = Doy phasu). (120)

Note that the proof of Lemma 6.5 can easily be generalized to m-particle inter-
actions Wi ,,. With the proper definition of W;_, coming from Lemma 6.1
and using (112), we find

i
o (1) = = (' [Wam. F]9)
—p
o T 1, 7 ) o
a>b
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Proof of Lemma 6.5 We calculate the time derivative of o r(¢) starting from the
expression (100) of Lemma 6.1. The idea of the proof is to insert two identities
1 = p1+gqiand 1 = ps + ¢ in front of each ! (which leads to 16 summands)
and then to use Lemma 6.4 in order to shift f It turns out that a lot of terms drop out
due to the commutator structure. Let us first note two auxiliary calculations. For all
a,b=0,1,2witha > b, we have

(F = fo-a) Pl Z (f) = f(k = (@—by) PNPPY = frla=b) > o,
k=a—b
(122)
where the positivity is true since f was assumed to be monotone increasing, and

— N

VI =3 (flk+a—b) = [N Lap,..nyk +a —b) PP
k=0
N—(a—b) 172
=| X (k+a-b—fk)p™o
k=0
—— 12
= fle-a . (123)

Then, by inserting two identities 1 = Zi:o Pl(g) (in the following sums, the

indices a, b always run from 0 to 2), we find

dray(t) = 5( [Wia. f]9)
= §<w Y P (Wiaf — FWia) ZP(b) >
[by Lem. 6.4] = —_Z< (7 = Foa) P sz(g)wt>
by (122) and a < b] = Imz<l//’ FraD p@yyy, p® w,)
a>b
[by (133)] = Imz<¢ fra=b 5 ;(a\b)P(a)W P(b)w>
a>b
[by Lem. 6.4] = Imz<1p fila= b) p<a>W puﬁma b¢t>
a>b
[by (123)] = Imz<¢f f’(d b) P(“)lep(b)f/(b a) 12 ¢>

a>b
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— 12 12
[by Wi = W] = 2Im <‘(ﬂt7 f’(l) qipéleptlpé f’(—l) ¢t>
t o2 TR
+ Im (', f O 9Wepipsy f ¥
t //(\1)1/2 t ot t tﬂl/2 t
+ 2Im (¢, f 511‘]2W12P1‘]2f v, (124)

Equation (114) follows by inserting the definition Wi, = N(N — l)vilzv) —

NVI(N) _ NVZ(N), using DmnGm = 0 and using pP192 = p1 — pip2 in the third
summand. O

7 Proof of Results for General Hamiltonians
7.1 Using the New Weight Function

In Section 6 we went through some trouble to handle general weight functions in
the time derivative of o 7 (¢). The next lemma shows what we gain by choosing the
weight function m ") (k) from (46). Morally, the lemma says that by choosing y < 1
compared to y = 1, we make the convergence rate worse when there is no g available
(see (125)), we do not loose anything when there is one g available (see (126)) and
we gain powers in N when there are two ¢’s available (see (127)).

Lemma 7.1 Letin = m) = Zli\/:o mY) (k) PP with m) (k) as in (46) for some
0 <y < landlet y € L>(R*N) be antisymmetric and normalized. Then, for all
d=1,2,

2

—— 12
Hm“id) || <dN7, (125)

2

—1/2
< dN"Yay,0 and ||gim'@D "yl < (d+ DN a0, (126)

12 |2
g m' =Dy ‘

and
— 12 |? 5
qigam'D Yl <3N a0 (127)
Remark
20. Note that more generally the estimate
12 |2
—D-y
ch e gum'ED oyl < C(d,n) N"Y %) (128)

holds forall 1 <d < Nand 1 < n < N, for some constant C that depends
only on d and n.
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Proof of Lemma 7.1 First, recall that for all antisymmetric ¢ € L>(R3V),

(. q10) <¢ qu¢>
N N N
= N7 <¢, quP‘N*k>¢> =2

k=0 m=1

(6. PNDg), (129)

z| =

k=0

and in a similar way
1 al Nk Wb
(9, 91920) = NN -D é, ng]CIan gN(N <¢,P ’ ¢>'
m#n
(130)

Recall that we denote the floor function by [-], i.e., for any x € R, |x]
m < x}. Then we find
2

max{m € Z :

- fr)

{ Z Ly (m (k) —
Zk " (mk + d) —

<dN" <¢, > P<N”<)1p>

k=0
(131)

12
m/(id) w

m(k —d)) (¢, POy | for +
m(k)) (¥, PN-Byry | for —

<dN77,

and, by using (129),

2

—p —
g/ =D / ol = <1/f7 qlm/(id)w)

mk —d)) % (g, PNOy) | for +

Zk d(m(k)

Sk 4 d) — m(k) £ (y, PNVOy) | for —
_d ,E’lZi”N— (v, POy for +
=N N (PN for —
< Cd) N, (132)

and, by using (130)

e <10 611612nﬁi\‘l)1/f>

qiqz>m

v (. POy for +

_ Zk d(m(k) m(k d)) N(N—l)
Yl mlk + d) — m(K)) qo— (. PNRy) | for —
d(LNVJ+d 1) INY|+d k k
<{ §<f7vr} . thy,J N—(w, PNKY  for +
— k k
NON-T) Zk w7 v, PRy for —
< C(d)N" 2. (133)
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Careful consideration of the boundary terms around the k = [N ¥ | summands
gives the values of the constants C(d) and C(d). O

7.2 Diagonalization of p,h1;p; and Related Lemmas

For handling the terms in the time derivative of o ¢ (¢) from (114), it is often useful to
diagonalize operators pahis pa. Let us briefly summarize what we mean by that and
introduce some notation on the way. For any 4 : R®> — [0, 00) and ¢, ..., ¢n €
L2(R?) such that (h % py)(x) < oo forall x € R? (with py (x) = SV, ¢ (x)[2),
the operator pyh12 py is a multiplication operator in x; and a projector onto the N-
dimensional subspace span(¢1, ..., ¢y) in the second variable. Therefore one can
write it as an x| dependent non-negative self-adjoint (N x N)-matrix acting on the
second variable, i.e., (recall our notation from Section 4)

N N

N
1
p2hiapy = Z (@ir 12 9)), ) @i (@)l = Z)Li(xl) G 2 = Zki(xl)lﬂg‘ ,
ij=1 iml iml
(134)

where the eigenvectors | Xl.x Y, are orthonormal and can be written as |Xix Y, =

Z,Icvzl Uik (x1) |gk)2, where U(xy) is some unitary (N x N)-matrix. Note that
span(x;', ..., x5') = span(¢i, . .., @n) for all x; € R? and that the projector p; is
independent of the choice of basis, i.e.,

N N
p2 = leideila =Y 1x™" M x"2. (135)
i=1 i=1

The eigenvalues A; (x1) have the properties that

ri(x1) = (x;" prhiapax;t), (1) = (%" iz x;), (x1) < o0, (136)
N N N
ZM(M) = Z(Xixl,hlz X, (k1) = Z(Sﬂj, h12¢j), (x1) = (h % py)(x1),
i=1 i=1 =1
(137)

and furthermore, for all i # j,

<x§” i x}”)z (x1) = <x,»’” , p2hi2p2 ;! >2 (x1) = <x,-x‘ () it >2 (x1) = 0.
(138)
We use this diagonalization in the proof of Lemma 7.3 for the operator pzvijzv) P2
from term (/) s from the time derivative of « ¢ (¢) in (114), and to prove the following

lemma which we need in order to bound term (/1) and (/11) s from (114). Note
that this lemma is similar to (84); the additional N ! factors come from Lemma 4.1.

Lemma 7.3 Let ¢1,..., 9N € L2(R3) be orthonormal, h : R3 — [0, 00) and set
pn(x) = 10 @i (x)|2 Then,
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(@) forally € L2(R3NY which are antisymmetric in the variables x>, . . ., Xy,
(V. prhia po¥) <(N — 17! (sup (h pzv)(y)) (U, ¥), (139)
yeR3

(b)  for all antisymmetric ¥ € L*(R3N),

(¥, prp2hia prpadr) < (N(N—1)7! </R3(h * pN)(¥) pn () d3y> (¥, &),

(140)
where this inequality remains true with (N (N — 1))~ replaced by (N —1)(N —
2))~L, when v is antisymmetric in all variables except x3.

Proof Recall our notation for the “partial scalar product” from (73). For proving
(139) we use the diagonalization (134), Lemma 4.1 and (137). We find

N X
(¥, p2hia pavr) = / d*x) inm)(w, p5' w> (x1)
in1 o 2,...N

50—

N
< [ me W =07 v, o)

-
< (N-1"! (supZ)» (x1)> /d3x1 (U, Y2, v (x1)
i=1

=N-D" (SUP (h *pN)(X1)> (U, ¢). (141)
X

For proving (140) we diagonalize pi(h * pny)(x1)p1 = p1 Zl]V=1 ri(x1)p1. We
call the eigenvalues w; and the eigenvectors ¢ ;. With the diagonalization (134) and
Lemma 4.1 we find

(. prp2hia prp2y) = /d Xlz)» (x1)<P11/f Py P1W> (x1)

i=1 v 1. N

<(N-D7! <¢r, i Zx,-<x1>p1w>

i=1

N
=(N_1)_]< Z:ujpl >
j:
N
< (NN —1)7! (Z )

= (NN - 1)~ ( (h *pzv)(x)pN(x)d3X> (¥, ). (142)
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If ¢ is antisymmetric in all variables except x3, then by Lemma 4.1 one can only
extract factors (N — 2)~! instead of (N — 1)~!, and (N — 1)~! instead of N~! from
the antisymmetry of . O

7.3 Bounds on d;a ¢ (¢)

We now give the rigorous bounds for the three terms in the time derivative of a7 ()
given by (114). Here, we use the weight function m ™) (k) from (46). This also con-
tains the case where y = 1, i.e., where the weight function is n(k). The estimates
are collected in the following lemma, which constitutes the heart of the proof of our
main results.

We state this lemma only for positive v™). If v¥) contains both positive and

negative parts, we later decompose v™) = vEFN) - v(_N), with v(N), ) > 0, and

)

then estimate the three terms in (114) separately for viN) and v

Lemma 7.4 Let ¢1,...,on € L*(R?) be orthonormal and € L*(R3N) be
antisymmetric. Let vN) be positive and set py(x) = Z,N:] lgi (x)|2. Let VI(N) =
(vkpn)1 be the direct mean-field interaction. Let Qn R3, with Qun (x]) = Qn+x;
and QY = R3\ Qy (possibly Qn = R or Qn = ). Then, using the weight function

mY) (k) from (46), we find for all 0 < y < 1 for the three terms from (114),

172
|(Dpn| < ~/§(sup f v (x —y>2pN(y)d3y) N2 (a0 + N77)
Qp (x1)

X1€R3

+ V12 ( sup v(N)(y)> N1/2+v/2 (o + N77), (143)
yeQy,

’ 12
(D] = JB( f ((v<N>) *m) (y)m(y)cf‘y) (@ +N77), (144)

1/2

(D)0 < M<sup ((U(N))z*pzv> (y)) N a0 (145)

yeR3

Proof Term (I),,. In the following, we diagonalize the operator p,, viz) pm and use
the same notation as in (134). We split each eigenvalue into two parts,

2 2
Ai(xn) = v =) %O d3y+/ v — ) [T O] dPy.
Qp(x1) QF (x1)

_ SN Q¢
= " (x1) =:)\[N(X1)

(146)
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Note that by using Cauchy-Schwarz, vazl \X;”(y)}2 = ZZN=1 lgi (> and
[|x;"|| = 1., we find

1/2
Zkg”m) < Z[(/Q ( )(v‘”>(x1—y))2|x,~’“<y>|2d3y)
N (X1

i=1

17272
X(/ x5 o)) d3> }
Qp(x1)

2
< [ (1) vy, (147)
Qy (x1)

and

Q
A ) = < sup v (xy —y)) /R " Py = sup v (). (148)

yeQ (x1) yEQYy,

For bounding (7),, it is useful to introduce the projectors

N

pli=Ypli. g% =1-pY (149)

that act on all but the first variable. From these projectors we only need the properties
2

X1
that for all wl that are antisymmetric in all variables except xp, (q;i"l ) W?}s =

‘]751 ¥, and that
N N
<¢als’ Zq;iil]//als> = <Wals’ (N - Z Z pfﬁ;) 1pals> =(N-1 <1//£%s7 q21/jals> + <¢als’ 1//als>’
i=1 i=1m=2
(150)

which remains true if |@;),, = | Xl.x " (m > 2). In the following we abbreviate

—1/2 . —=1)2 .
¢ =m'D / Y and ¢ = m’-1) 4. Note that both ¢ and ¢ are still antisymmetric.
Then we find

(Dl = 2 [im (6,01 (N = Dpovd p2 = V) )|

<<z> a (Z PP~ VI(N)) p143>'

2N [Im <¢ g1 (Zx (x1) me ixi(xl)) p1¢3>'
<
<

= 2N |Im

[by (134), (137)]

m=2 i=1

¢, q1 (Zl (x1)q, )p1¢>‘

2N |Im

N

c X1 -
Z<¢,qm?N(x1>qiq p1¢> :

i=1

N
2N D (e a1a gl p1¢> +2N

i=1

IA

(151)
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For the first summand in (151), we find by Cauchy-Schwarz,

172

N 0o N 5
N Z<¢,qm?”<x1)q;ﬁ p1¢>' < 2N <Z<¢>,q1 () q1¢>>)
i=1

i=1

v . 12
<Z <<73, P1a2 p1¢3>>

i=1
N 2
[by (150)] < 2N [(supZ(A?Nm)) ><¢>,q1¢>
AL

((N - 1)(43, quw;) (¢ p1¢>>]1/2

12
2N (?PZ( N(xl)) )

i=1

X

A

X

[by Lem. 7.1]

IA

1/2
x (287, ) " (e + 7Y

s 1/2
[by (147)] < ~/§<sup fQ 0w =) pN(y)d3y)
JVACS

X1

x N2 (ay +N77). (152)
For the second summand in (151), we find
N

Z<¢ QIKI#l (xl)%ﬂ P1¢>

i=1

2N 2N

N X1

Z<¢, fJMiQ;’ (X1)q;i1 P1<13>

i=1

IA

N N . 12
N (Z <¢,t11?»,~ N(Xl)q;zil 611¢>>

N 1/2
(Z <¢ g (g, p1¢>>

x| 172
(sup)L N()q)) ( <¢,(/1(I:21 Q1¢>)
1,X] i=1

x (Z<¢ qu#l p1¢>)1/2

i=1

IA

[by (150)] < 2N (supr2 FN(m)) (N = 1) (6. 1020 + (. q16)2

i,x1

((N - 1)<<?3, p1q2<5> +(<f>, p1<f>>>1/2

X

[by Lem. 7.1]

IA

. 1/2
N (supA?N (xl)) <3NV—1am n 2N_1(xm>

i,x1

X ((xm -l—N_y)l/2
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[by (148)] < JE( sup v<N>(y)> NYPH2 (g + NT). (153)
ey

—=.1/2 ~ —1/2
Term (I1),,. We abbreviate ¢ = m'® / Y and ¢ = m’(=2 . The idea of the
bound for this term is to shift one g to the right side of the scalar product by using
the antisymmetry of 1. Using Cauchy-Schwarz and the antisymmetry of ¢ and ¢,
we find

|(IDpw| = N ‘Im (¢,q1qz(N - 1)vflz\/)P1P2¢~’>)

N
v 8
= N |Im <¢>,q1 > dm vim)plpm¢>>‘
m=2
N
N -
< Nligill || D gm vin) P1Pm ‘
m=2

= Nllgigll [(N = DOV =28, g3p1p2vi3 vf} pi pag2d)

- 1/2
N N
+ N-1 ¢,p1pzv§2)qzv§2)p1pz¢>]

—_—

e 731 = Mgl | [ ((5) 5 ov) ) v
(brash o]
N[3N‘1am(y)f<(v(m)2*pzv> M on () dy

12
(2N*1am<y> + 2N’1N’V)]

X

[by Lem. 7.1]

IA

X

V6 (f ((v“\’))z x p/v) () pN (Y) d3y)1/2 (om +N77).

(154)

IA

— 12 - —1/2
Term (I11),,. We abbreviate ¢ = m’(D) / ¥ and ¢ = m’=D . By Cauchy-
Schwarz we find

(Dl = 2N |im (6. 102N = Dof3 pr1g29))|

AN = 1) 122911 |[v3 P19

IA

172

2 ~ ~
[by Lem. 7.3] = 2N(N = D) llg129] [(N -7 (sup ((v“”) . pN> (y)) (9. qzdﬂ
y

[by Lem. 7.1] < 2N(N — 1) [3NV*2am<w(N — !

) 12
(SUP ((U(N)) * PN) (y)) Nfldm<y>i|
v

X
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1/2
<Vv12 (sup ((U(N)>2 * pN> (y)) NY/2 ) - (155)
y

7.4 Proof of Theorems 3.4 and 3.6

Proof of Theorems 3.4 and 3.6 First, we split v™) = v — o™ with v ™ >
0. Accordingly, we have
0, (t) = Termy — Term_ < |Termy | + |Term_|, (156)

where Termy refers to (1),,4), (I1),,0), (II11),,¢) from (115), (116) and (117) with

interaction v(iN). We bound Termy separately by using Lemma 7.3, which proves
under the stated assumptions the bound

30t (1) < C(1) (o0 (1) + N7V) . (157)
Applying the Gronwall Lemma gives the desired bound

i (1) < e €O o (0) + (eféc“)ds - 1) NV, (158)

The values of the constant C () in Theorems 3.4 and 3.6 can be obtained by using

the respective assumptions, together with Lemma 7.3 and (156). O
Remark

21. Following up on Remark 15 after Theorem 3.4, let us consider the size
of the error we make by neglecting the exchange term. Suppose that the
exchange term is of O(N~?). It then gives an additional term CN ~°/a, () <
C (a,, (t)+ N _2‘3) in the time derivative of «, (t) (where the /o, (f) comes
from the ¢ in term (1),).

8 Proof of Results for Density o< 1 Regime

In this section, C denotes a constant which can be different from line to line.

8.1 Kinetic Energy Inequalities

Let us first recall two well-known inequalities which we use in Section 8.2 to show
that the conditions of Theorems 3.4 and 3.6 hold if the total kinetic energy is bounded

by AN. A general version of the Lieb-Thirring or kinetic energy inequality [43, 44,
55] for orthonormal ¢y, ..., ¢y € Lz(R3) is

N
/ oy TP P < 0 Y ||V (159)
R3 ,
i=1
for any a > 0, where py = ZlN: 1o |. The Hardy-Littlewood-Sobolev inequality
(see, e.g., [42, Thm. 4.3]) in three dimensions states that for f € LP(R?), h €

@ Springer



Page 42 of 51 Math Phys Anal Geom

L' (R, p,r > land 0 < A < 3 with 1/p 4+ A/3 + 1/r = 2, there is a constant
C = C(%, p) such that

‘/ / fOlx =y TRy dxdy| < CIIfI, 1A, - (160)
R3 JR3

Let us now show for interactions |x|™%, 0 < s < 6/5, that the mean-field term
v™ % py is bounded independent of N, if it is scaled with § = 1 — s/3 and if
the total kinetic energy is bounded by AN. We need this statement for the proofs in
Section 8.2.

Lemma 8.1 Let ¢y, ..., on € LZ(R3) be orthonormal. We assume that

N
> lIVeill* < AN (161)

i=1

for some A > 0. Let vVW)(x) = NP |x| S withp =1—15/3,0 < s < 6/5. We
set py = ZlNzl |@i |>. Then there is a constant 0 < C o« A*/? (independent of N,
dependent on s) such that

(u“\’) % pN) (y) <C VyeR>. (162)

Proof First, note that for 0 < s < 6/5,

2/5 2/5 Aot 3
(/ |x|735/2 d3x> = (47‘[ / F5/2 r2dr) = RO/5=s,
Br(0) Br(0) 3-3s

(163)
Then, using Holder’s inequality, (159), f,oN = N and (163), we find for any
R >0,

/ PN (x) FE / PN (x) P +/ PN (X) P
R3 |x — yI* Br(y) |x — yI* Br(y)e X — ¥I*
3/5 2/5
</ ,ON(x)S/3 d3x) </ |x _ y|—55/2 d3x>
Br(y) Br(y)
+ ( / pN(x>d3x> sup  |x —y|™°
Br(y)© X€BR(y)©

CN3P R =S + NR™. (164)

IA

IA

Setting R = N'/3 (if we set R = N and then optimize (164) with respect to § we
find § = 1/3) we find

/ TR ”N(x)ls dx < CN'™/3, (165)
R |X =Y

Using the explicit value C1 = 8(271)’2/ 3 for the constant from (159) with
a = 1, (163), setting Ry = rN1/3, with N-independent r > 0, and minimizing
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the resulting expression (164) with respect to r gives an explicit value for the constant

of (165),
6 5/2—1 6
C — <_ _ S) S—SS/6 (_) 22&/3 3—S 5S/6AS/2 (166)
5

O]
8.2 Proof of the Results

Proof of Theorem 2.1 We consider the three different interactions separately. We
prove here that the assumptions of Theorems 3.4 and 3.6 hold in the different cases.
Then this result can directly be expressed in term of reduced density matrices by
using Lemmas 3.2 and 3.3.

(a) Let vg(x) = £|x|™%, with0 < s < 3/5and 8 = 1 — 5/3 and note that
vs2 = |vas|. We can therefore use Lemma 8.1 to show that the condition (58)
from Theorem 3.4 holds. We find

2
((U§N)) *p5v> (y) = N2 (v *p )(y)
< NSRBI eNI=2P = cn~l. (167)

If we use that the constant in (162) is proportional to A%/2, we find that the
constant in (167) is proportional to A* and thus the C appearing in the o,,-
estimate (23) is proportional to A%/2.

(b) For interactions v = v, s with

Ss < -5
Ogvs,g(x){SDN , for|x] < N

=|x|™* , for |x| > N9, (168)

with D > 0,0 < s < 6/5,=1-s/3and§ < (3 — 2s5)/(6s) we use
Theorem 3.6 with Qy = . We thus have to verify Assumption 3.5. By using
Lemma 8.1 we find

(( ﬂ’) p5v> &)

i.e., (61) holds for all y < B — &s. In order to show that (62) holds, we use
the Hardy-Littlewood-Sobolev inequality (160). Note that from [ p§, = N and
[(py)>® < CN it follows that [(p})? < CN foralll < p <5/3.Fori = 2s
we have p = (1—s/3)"! and, since 0 < s < 6/5, wefind I < p < 5/3, so that

ION('x)ION(y) 3.3 t |12
00 6ty

2/p
=C ( / (p’NV’) < CN¥P = CN2(17),

(170)

N-(=5/3) <sup Us g(y)> ( * pN) )

S CN_(I_S/3)+6S, (169)

IA

A
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i.e., since vs ¢ (x) < D|x|™%, (62) is satisfied. Furthermore,

sup v (y) < CNTUT/IH, (171)
yeR3

i.e., (64) holds if B8 — 8s > 1/2 4 y /2. Therefore, the desired bound (25) holds
forally <28 —1—25s =1—2s/3 —26s.

(¢) For v(x) = =%|x|~!, we use Theorem 3.4, i.e., we have to verify (58). By
Holder’s inequality we find for any R > 0,

((N”)z - pr> () = N4 (f e = ¥y (1) dx
Br(y)

+ / lx — y|—2pﬁv<x>d3x)
Br(y)©

1 1
PN
Bg(0) R3

+N4/3< sup |x|2)||pjv||l. (172)

IA

xeBg(0)¢

Now fBR(O) |x|72P d3x < CR37%P for p < 3/2,i.e.,q > 3.Forq < co we
use the kinetic energy inequality (159) witha = 3(¢ —1)/2 > 3 and forg = oo
we use ||p§v||Oo < C. Then we find for R = N'/3 (recall 1/p + 1/q = 1),

2
((vW)) * p§v> () = CN~4 (RYP2N14 L R2N) < OV,
(173)

O
Proof of Proposition 2.2

(a) We start from the expression (120) which yields, by using p,, +¢, = 1, Vl(N) =

0 and vg) = N_‘Svlz,

dan(t) =2(N — DN Im (y', viaply'). (174)

By energy conservation we have (¥, (—A1)y') < EN~!. Using the many-
particle Hardy inequality for fermions from [29, 38], we find

1/2
do, (1) < 2Nyl v y)1/2 < NP (N’z/SEN’l)
CNV6=3g1/2. (175)

IA

Integration and application of Lemma 3.2 yields the desired bound (30).
(b) Taking the time derivative of o, (¥, ¢1,...,¢n) and then using Cauchy-
Schwarz, the same steps as in (175), and (174), we find

2Im (¢, (~ADY') +2(N — DN Im (", viap1y’)

1/2 —_
2((y'. (—~Aany) (', pr(—anpiy’)? + CNVOE!?
EN~' 4 ERINTL 4 NV EY2, (176)

hoan (W' @1, oN)

IA

IA
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Again, integration and application of Lemma 3.2 yields the desired bound (31).
O

9 Proof of Results for Density o< NV Regime

Let us first state a result about the propagation of the semiclassical initial data that
was obtained in [14]. We state this result in a slightly less general form than [14,
Propostition 3.4]. Note that [14, Propostition 3.4] holds also without exchange term,
i.e., for the fermionic Hartree equations. Recall that © denotes the Fourier transform

of vand p’ = Zyzl |§0j~)(§0;|-

Lemma 9.1 Let v € L' (R3) be such that

/d3k(l + kP 19 (k)| < oo. (177)
Let p° be such that
sup (1 -+ 1k~ [|[#%, ]| = en??, (178)
keR3 t
2.5, =
tr
Let (pi e (pfv be solutions to the Hartree-Fock equations (32) or the Hartree
equations (8) with initial data (p?, e, (p?\,. Then, there exist constants c1,cy > 0,
only depending on v, such that
sup (1+ kD! [|[, ]| = iV expleale, (180)
keR3 tr
I[P, V]||, < 1NV explealt), (181)

forallt € R.

From this lemma it follows that, using p;q; = 0 and (84),

e, = ), = )
tr tr
In the following proof, we often make use of the singular value decomposition for

compact operators (see, e.g., [53, Thm. VI.17]). We state this decomposition for later
reference in a separate lemma.

t ikx _t

q1¢ P

< N?B3CeC (1+ |k]). (182)
T

t

Lemma 9.2 (Singular value decomposition) Let A be a compact operator on a
Hilbert space 7. Then there exist (not necessarily complete) orthonormal sets
{de}een and {¢pe}een and positive real numbers g such that

A= elde) (el (183)
14

The singular values (¢ are the eigenvalues of |A|, such that in particular || Al =

Z( Me.
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Proof of Theorem 2.4 The strategy of the proof is again to bound
dren(0)] = e (en(t) + N7") (184)

and use the Gronwall Lemma and then Lemmas 3.2 and 3.3 to conclude the desired
bound (36). Recall that we use the weight function n(k) = k/N here, i.e., we can use
the form (120) for the time derivative of &, (¢). Using the scaling v®) = N~ly and
noting the additional N~!/3 in front of the time derivatives in the Schrodinger and
mean-field equations, we find that d; ¢, (¢) is given by the sum of the three terms

(D), = 2N 1m (y', ¢} (N — Dphviaph — Vi) piy'),
(ID, = 2N Im (y', ¢lg5 (N — Dvpa piphy’),
(1D, = 2N Im (y', glg5 (N — Dvio plghy’), (185)

with V| = Vldir in the case of the fermionic Hartree equations, and V| = Vldir + VleXCh
in the case of the Hartree-Fock equations. For ease of notation we write ¥ = 1,
¢! = @; in the following. The double exponential in (36) comes from one exponential
in Lemma 9.1 and another exponential from the Gronwall Lemma applied to (184).
In the following estimates, we decompose v(x) = fd3k d(k)e'**. Note that the
assumption [ d3k (1 + |k|?) |d(k)| < oo in particular implies that [ d°k |D(k)| < oo
and [ dk k| |D(k)| < oo.

Term (I),. Let us first bound the contribution from the exchange term. Using the
Fourier decomposition of v and Cauchy-Schwarz we find

N72/3 ’(1//,qlvlexchplw_>’ — N*2/3

N
<1l’, q1 Z (vi2 % (@Fe)) D lee) (@)1 W>

j.e=1

N
_ N—2/3 /dgkf)(k) <w’qleikxl Z <(pl,eikx<,0j>|<ﬂi)(¢jllw>

jie=1

/d3k (k) <1/f, qleikxlple_ikxlplllf>’

— N-23

IA

N—2/3[d3k|ﬁ(k)| Al

CN"2 Jar
c (a,, + N—4/3) . (186)

IA

A

Here we see explicitly that the contribution from the exchange term is of lower
order in N. Let us now bound (7), only with direct interaction. Using the Fourier
decomposition of v we find

N3 <w, q1 ((N — Dpoviapr — Vldir> pll/f>

N
=N / d*k (k) <¢,, ((N —Dp2e 2 py =Y 0. e"‘""w)) qle"’mmw>.

j=1
(187)
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Similar to Lemma 7.4 we would like to diagonalize the operator pye~***2 p,. How-

ever, since it is not self-adjoint, we decompose etk = cos(kx) — i sin(kx) and
diagonalize the self-adjoint operators
N N g
pacostkx)py =Y A;py'.  pasintkx)pr =Y i;py’. (188)

j=1 j=1

where the real eigenvalues A, X ; and orthonormal eigenvectors yx;, x; depend on
k. Note that A; = (x;,cos(kx)x,), so ;1 < |[x;|]° = 1 and YA =
S (xj. costkx)x) = 27, (@), cos(kx)g;), and analogous for X ;. In the fol-
lowing, we use the projector q;(é"l =1- 2522 p,),(,j introduced in (149) and the

singular value decomposition qw”‘x‘ P =2, welde) (@eli (see Lemma 9.2), with
Doe = ||q1eik"1p1||tr. Let us now decompose term (), by using e *** =
cos(kx) — isin(kx). For the cos-term we find, using the antisymmetry of i and
Cauchy-Schwarz,

N-2/3

N
/ kb (k) <w, ((N — Dpacostkxa)py — Y (@ cos(kx)w,-)) qre* p1w>

j=1

_ N3 /dskﬁ(k)i,\j <¢, ((Nf Dpy — l) qw””‘pﬂ/f)

j=1

N
/d3k b(k) Z)\.j Zm (10, q;ﬁ |¢z)($zllqifﬂﬁ>

j=1 ¢

— N2/3

<N /d3k|ﬁ(k>|§jw2mH<¢e|1q;ﬂwH | @etiaZv]|
j=1 ¢

[by (150)] <N~ /d3k|ﬁ<k>|2umw, |9e) (bl (Ng2 + p2)¥) x
£

x\/(w, 16e) (Gl (Naz + p2))
[by Lem. 4.1] < N3 /d3k|ﬁ(k)| [are™p1|| (. @2+ N p2ov)
[oy (178)] = e [ @k 13101+ 1kh (o -+ V")
= e (o +N71). (189)
The same bound holds for the sin-term.

Term (II),. Similarly to Lemma 7.4, we use the antisymmetry of ¥ to shift one
q to the right side of the scalar product, i.e.,

|(I1),] = 2N7%3 |Im (¥, g1q2 (N — D)via p1pai)|

N
Im <1ﬁ, q1 Z valmplpmw>‘

m=2

= 2N
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N

q1 Z gmVimP1Pm¥

m=2

IA

AN gy

NPy [N2 (V. a3p1p2vi2g1v13 pLp3geyr)

IA

172
+ N pip2vnaaeppy) | (190)

For the following estimate, note that for all trace class operators A1, B, we find
by the singular value decomposition and Lemma 4.1,

(Va3 A1Bags) = D ity (¥, 4319,)(@511 190 (@2 a3v)
R4

< ClAlle 1Blle N7> (¥, g39) . (191)

Using first Cauchy-Schwarz, then the Fourier decomposition of v and
que”“'leop < 1, we find

(W, g3 p1p2v1i2q1vi3p1p3qa¥) < (¥, g3 P1P2V129192V12 1 P243 V)
= / Bkd K (DK

(1/;, 4 (pleikxlqleik x1p1> (pze—ikxzqze—ik x2p2> 1131#)

by (191)] = CN72 [ ka1
x Hl’leik'” g1 p) Hu ‘ ’pzeﬂ-k“%e*iwz 172‘ ‘tr (¥, q39)
oy 8] = N2 [ @ka® 511061 e e [laze ™ o] @
[by (182)] < CeC'N~*3q,, (192)
and, by doing the same calculation with g3 replaced by 1,
(V. p1P2vI2g12v12p1 p2¥) < CeC' N5, (193)

Thus, continuing from (190), we find

12
((ID),| < CeC'N23 Ja, [NZN_Z/%:” + NN_2/3] < CeCt (an + N—‘) .

(194)
Term (I11),. Using the Fourier decomposition of v, the singular value decom-
position of ¢;e**1 p; and Cauchy-Schwarz we find

|(I11),| < N'/3

/d3k (k) <1p, gre*a quze_ikXZQZl//>‘

— N3

f ko) Y e (v a2l0) (<5e|1€_ikxzqzl/f>‘
L

IA

N [ k10000 e |@ehaz ||| @iz |
12
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[by Lem. 4.1]

IA

N1/3/d3k|ﬁ(k)| que"’”‘uletrN‘1 g2y 1>
CeC'an. (195)
O

[by (182)]

IA
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