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THE SEMICLASSICAL LIMIT
OF THE TIME DEPENDENT HARTREE-FOCK EQUATION:
THE WEYL SYMBOL OF THE SOLUTION

LAURENT AMOUR, MOHAMED KHODJA AND JEAN NOURRIGAT

For a family of solutions to the time dependent Hartree—Fock equation, depending on the semiclassical
parameter &, we prove that if at the initial time the Weyl symbol of the solution is in L'(R>") as well as
all its derivatives, then this property is true for all time, and we give an asymptotic expansion in powers of
h of this Weyl symbol. The main term of the asymptotic expansion is a solution to the Vlasov equation,
and the error term is estimated in the norm of L' (R?").

1. Introduction

The essential goal of this work is a semiclassical analysis of the solutions of the time dependent Hartree—
Fock equation (TDHF) in the framework of trace class h-pseudodifferential operators. This equation
describes the time evolution of the density operator of a quantum system in the mean field approximation,
in other words, when the number N of particles tends to infinity, the interaction between two particles
being of order 1/N. (See, for instance, [Ammari and Nier 2008; 2009; Bardos et al. 2003; Erdés and
Schlein 2009; Frohlich et al. 2009; Rodnianski and Schlein 2009; Spohn 1980].)

A solution to the TDHF equation is a nonnegative self-adjoint trace class operator py,(¢) in # = L2(R")
(for particles moving in R"), of trace equal to 1, evolving as a function of ¢. This operator is usually
called the density operator. Its evolution depends on a parameter # > 0, and on two potentials V and W,
which are here C° real valued functions on R”, bounded as well as all their derivatives: the first one
is the external potential, interacting with all the particles, and the second one describes the interaction
between two particles. Then the density operator obeys the equation

ih%ﬂh (1) = =I[A, pa(D]+ Vg (on (1)), ()], (1-1)

where A is the Laplacian and V, (o (t)) is the multiplication operator by the mean quantum potential,
defined at each point x € R", and for each time ¢, according to the principles of quantum mechanics, by

Vg (x, pn (1)) =V (x) + Tr(Wy pn (1)), (1-2)

where W, is the multiplication operator by the function y — W (x — y). We shall see later the meaning
of the commutators in the equation, and the other hypotheses which are needed.
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Using semiclassical analysis, we want to make precise the relationship with the Vlasov equation, which
plays the role of TDHF in classical mechanics. A solution of this equation is a nonnegative real-valued
function v(-, ) in L' (R"), depending on ¢ € R. This function defines the particle density at the point x
and at the time ¢ in classical mechanics. Then the mean classical potential at (x, t) is

Va(x,v(-, 1) =V(x)+ RZHW(x —yv(y,n, 1) dydn. (1-3)

Then the density function v( -, ¢) satisfies the Vlasov equation, which is the Liouville equation with the
mean potential

n

v N, v IVa(x,v(-,1) dv
_+2Zsjf—;—axj a_g,_o‘ (1-4)

The asymptotic relationship, when £ tends to 0, between a density operator py(¢) (that is, a nonnegative
self-adjoint trace class operator, with trace 1) satisfying the TDHF equation and a density function v(x, )
(a nonnegative real-valued function in L'(R"), with integral 1) satisfying the Vlasov equation will be
provided by the semiclassical quantization. We can use either the semiclassical Weyl calculus or the
semiclassical Wick symbol. This paper is devoted to the approach by the Weyl calculus. The Wick
symbol, which needs weaker hypotheses, will be studied elsewhere (see [Amour et al. 2011]). In this
work we also use the semiclassical anti-Wick calculus in Section 2, only to give examples.

The semiclassical Weyl calculus associates to a suitable function F on R*" an operator, in our case in
L?(R"), depending on the parameter i > 0, formally defined for f € L?(R") by

(OpY (F) f)(x) = ) ™" /

Rzne(i/h)(x—y)fp()%,g)f(y) dy d§. (1-5)

This operator can also be written F'*(x, h D). Let us denote by W"? (R2") the Sobolev space of functions
which are in L? (R?") together with all their derivatives up to the order m (1 < p <400, m > 0). In the
oldest results on the Weyl calculus, the function F is in W°>°(R>") and the operator Opgeyl(F )isa
bounded operator in L?(R™). See [Calderén and Vaillancourt 1972; Hormander 1985a, Chapter 18; Lerner
2010; Taylor 1981] and, in the semiclassical context, [Robert 1987; 1998; Zworski 2012; Dimassi and
Sjostrand 1999; Helffer 1997; Martinez 2002], for example. These results cannot be directly applied to
our problem, since our function v(-, t) is in L'(R?"), and the operator pp(t) has to be not only bounded,
but also trace class. Rather, we shall use, in definition (1-5), symbols F in W L[R2, Tt was proved by
C. Rondeaux [1984] that for each function F in W1 (R?") (m large enough), the operator Op;lveyl(F )
formally defined by (1-5) is trace class. This result is very useful for the study of solutions of the TDHF
equation. However, in [Rondeaux 1984], there was no parameter %, and the Weyl calculus was not
semiclassical, but we need only standard modifications for that.

We want to prove that if at the initial time ¢t = O the density operator p;(0) is associated by the
semiclassical Weyl calculus to a function in W 1(R?"), then for each f € R, the operator pp(t) is also
associated in the same way to another function in W I(R™), and we shall make precise the time evolution
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of this function. Before giving the precise statement, we recall the standard formula
Tr(Op, ™ (F)) = @rh)™" f F(x,&)dxdg, F e W>LR™). (1-6)
R2n
Let us recall also that if F is real-valued, then Op,vlveyl(F ) is self-adjoint. By [Rondeaux 1984], we can

associate to each nonnegative function F in W°!(R?") with integral equal to 1 a self-adjoint trace class
operator p,(0) with trace 1, in the following way:

pr(0) = (2h)" Opy ™ (F). (1-7)

However, the positivity of F does not imply the positivity of the operator, which will be another hypothesis.
We shall prove that, for a solution pp,(¢) of the TDHF equation, if a relation like (1-7) exists for ¢t =0, it
will exist at each time.

Before the statements of the results, we have to explain the meaning of the TDHF equation and recall
the notion of a classical solution of TDHF introduced by Bove, Da Prato and Fano [Bove et al. 1974;
1976] (see also [Chadam and Glassey 1975]). Let us denote by L1(H0) the space of trace class operators
% = L%(R"). Denote by % the space of operators A in £1(9) such that the limit

. oA Ae—itA _ A

t—0 t
exists in £! (). This limit is denoted by i[A, A]. It can be easily proved that a trace class operator A
is in @ if and only if its commutator with the Laplacian A (a priori defined as an operator from ¥ (R")
into ¥'(R")) can be extended as a trace class operator in # = L*(R"). A classical solution of TDHF
(for a fixed & > 0) is amap t — p;,(¢) in C'(R, £ (%)) () C(R, D) satisfying (1-1). The Cauchy for the
TDHF equation was also studied in [Bove et al. 1974; 1976], where it is proved that for each nonnegative
self-adjoint operator A in ¥, and for each /& > 0, there is a unique classical solution pj, (¢) of the TDHF
equation such that p,(0) = A. Moreover, p;(t) is also self-adjoint and nonnegative, and its trace is
constant. We have similar properties for the Vlasov equation. If v is a solution of (1-4), and if at an initial
time the data v(-, 0) is in L! (IRZ”), and if it is nonnegative, these two properties remain true for all r € R,
and the integral over R>" of v(-, t) is constant (see, for instance, [Braun and Hepp 1977)).

Theorem 1.1. Let (o, (1)) n>0) be a family of classical solutions of the TDHF equation (1-1), with V
and W real-valued functions in W (R"). We assume that, for every h > 0, the operator p;(0) can be

written ,
pn(0) = 2h)" Op, ™ (Fp), (1-8)

where Fy, is in WL (R?"), real-valued, and bounded in W' (R*") independently of h in (0, 1]. We also
assume that the operator py(0) is nonnegative, and that

f Fr(x,§)dxdé =1. (1-9)
R2n
Then for every t € R, the operator pj(t) can be written in the form

pn(t) = k)" Opy M (i (-, 1)), (1-10)



1652 LAURENT AMOUR, MOHAMED KHODJA AND JEAN NOURRIGAT

where up,( -, 1) is in W1 (R?"), bounded in W' (R*") independently of h in (0, 1] and of t in a compact
set of R. We have, for all t € R,

/ up(x, &, 1) dx d& = 1. (1-11)
R2n

The positivity of the operator pp(¢) is needed. Then by [Bove et al. 1976], we have p, () > 0 and
Tr(p,(t)) =1 for all £. The condition p;(0) > 0 is verified if p, (0) = 27 h)" OpﬁW(G), with G > 0 in
L'(R?"), where Opﬁw(G) is the anti-Wick operator associated to G (see Section 2).

If there was no interaction between the particles (W = 0), the evolution equation (1-1) would be linear,
and then we would have

on(t) = e~ WMHM o, () T/MHD - H(h) = —h>A + V (x). (1-12)

In this particular case, the Egorov theorem could be applied. The earliest version of the Egorov theorem
says that if A is a pseudodifferential operator and U an invertible Fourier integral operator, then U~' AU
is a pseudodifferential operator (see [Hormander 1985b, Chapter 25]). In the case of an evolution equation
like (1-12), it can be proved, without the Fourier integral operators, that if p;(0) is a pseudodifferential
operator with a symbol F in W (R?"), then it is the same for the right-hand side of (1-12). The proof
was given (in the semiclassical context) by D. Robert [1987] and M. Zworski [2012], who proved that
the error term in the asymptotic expansion is itself a pseudodifferential operator. For this last point, the
characterization theorem of R. Beals [1977] is needed.

For our problem, we need an extension of the above Egorov theorem for two reasons: this theorem
will be applied for symbols in W !(R?") (the Rondeaux class), and for time dependent Hamiltonians.
In the proof, we shall use the Beals type characterization of operators with symbols in W!(R?"), also
given by Rondeaux, but with some modifications.

Now we shall give an asymptotic expansion of the function u;, of Theorem 1.1. The first term will be
a solution of the Vlasov equation, and the rest will be majorized in the L' (R*") norm. One can see in
[Domps et al. 1997] a formulation of the physics of this problem.

Theorem 1.2. Let (p;,(t)) n>0) be a family of classical solutions of the TDHF equation (1-1) satisfying
the hypotheses of Theorem 1.1. Then there exists a sequence of functions (X, t) — u;(X, t, h) on R> x R
(j = 0) such that:

e The functiont — u;(-,t, h) is C* from R into WL (R?). For every multi-index (c, B), there
exists a function Cyp(t), bounded on every compact set of R, such that

J820fu; (.t )] 1 any < Cap®) (1-13)

forallt e Rand h € (0, 1].
o If Fy, is the function of (1-8),

uop(X,0,h)=F,(X) and uj(X,0,h)=0, j=>1. (1-14)
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o The function ug(X, t, h) verifies the Vlasov equation

3 "9 dug( -,
. 2251 ”O—Z Ve (uo( - ))%/’). (1-15)

o For every N > 1, the function uy,( -, t) defined by (1-10) and the function FN) (-, t, h) defined by
N—-1
FVX, t.hy =Y " hiuj(X.t,h) (1-16)
k=0
satisfy, for all h € (0, 1],

lunC-.t) = FNC ot )| gony < Cn(@RY, (1-17)

(Rz’l) =
where Cy is a function on R which is bounded on the compact sets of R.

o For every N > 1, the operator p,(lN) (t) defined by
oM (1) = @ahy" Opy @ (FN (-, 1, b)) (1-18)
(where F'N) (.| t, h) is the function of (1-16)) verifies

| on(®) = 0, (O] g1y < CORVT. (1-19)

In Section 5, we will make precise the construction of the u; (X, z, h) (j > 1), and we will prove the
theorem. The successive terms u (X, 7, h) depend on the initial data Fj,. If F}, depends on A, without
admitting an asymptotic expansion in powers of &, the u; (X, t, h) will depend on h.

In [Amour et al. 2011], we study the case where p;,(0) is trace class but not necessarily a pseudodiffer-
ential operator. In this case, the Weyl symbol is not available. It is defined as a function in L2(R?") but
not necessarily in L' (R?"), which is the natural space here. Therefore, in this other paper, we shall use
the Wick symbol instead of the Weyl symbol, and a relation with the Vlasov equation will appear also.

Since the TDHF appears as a limiting process when the number N of particles tends to infinity,
a natural question is the one of the interchange of the two limits, where N tends to infinity and the
semiclassical parameter 4 tends to 0. It is the subject of [Pezzotti and Pulvirenti 2009], where it is shown
that the Weyl symbol of the marginal density operator associated to a particle in a system of N particles
admits an asymptotic expansion in powers of /; that when N tends to infinity, the Weyl symbol of the
marginal density operator tends towards the symbol of a solution of TDHF; that the coefficient of 4/ in
the asymptotic expansion of the symbol has a limit; and that, for j = 0O, this limit is a solution of the
Vlasov equation. See also [Pezzotti 2009; Graffi et al. 2003; Gasser et al. 1998]. We observe that in
[Pezzotti and Pulvirenti 2009], the limits are in the sense of ¥ (R*"), while in this work and in [Amour
et al. 2011], they are in the sense of LY(R?).

In Section 2, we will recall some standard results on #-pseudodifferential operators, particularly the
semiclassical analogue of the results of [Rondeaux 1984], which need only standard modifications in
order to be applied in the semiclassical context. However, we give a different proof of the Beals type
characterization theorem for this class, in order to give precisely the number of derivatives which are
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needed. The results on the composition of operators and the Moyal bracket for the class of Rondeaux
operators are stated in Section 3, since, surprisingly, these results are not in [Rondeaux 1984]. Section 4 is
devoted to the proofs of Theorem 1.1 and, first, of the analogue of the Egorov theorem for the Rondeaux
class and for time dependent Hamiltonians. In Section 5, we prove Theorem 1.2. The results stated in
Sections 2 and 3 are proved in Appendices A and B. For Section 2 and Appendix A, we use a technique
of A. Unterberger [1980].

2. Weyl calculus and trace class operators

We define # = L?(R") and denote by £1(9) the set of trace class operators in #¢. This space is a normed
space with the norm defined by

1Al g1 o) = Tr((A"A)'72). 2-1)

We will denote by WP (R?") (where 1 < p < +00, and m is an integer > 0 or +00) the space of functions
F which are in L?(R>"), as well as all their derivatives up to order m.

Since WP (R") may be considered as an exotic class of symbols, let us explain why definition (1-5)
makes sense for such symbols. The semiclassical Weyl calculus sets a bijection between operators from
F(R") into ¥'(R"), thus admitting a distribution kernel in &’ (R?") and tempered distributions on R2"
(symbols). This bijection depends on a parameter & > 0. For every F in ¥'(R>"), we set Opzveyl(F ) the
operator A defined by (1-5), or equivalently the operator A : ¥(R") — ¥’ (R") whose distribution kernel is

Ka(x,y) = Q)™ /

F<x+)’ i $>e(i/h)(x—y)-$ dé. (2-2)
RZH 2

This relationship is understood in the sense of distributions and may be inverted. We will denote by
a;:’eyl(A) the distribution F (Weyl symbol of A) such that A = OpZeyl(F):
F=0""(4) < A=0pF).

In view of applications to trace class operators, we can rewrite (1-5) equivalently when F is in L' (R?") as

OpY(F) = (uh) " /R OO dX, 23)

where for X = (x, £) in R**, Ty, is the “symmetry” operator defined by
(Exn ) @) = @MU fOx —u), X =(x,§) eR™. (2-4)
If A is trace class, one has
oM (A)(X) =2" Tr(Ao Txp), X € R™. (2-5)

It is shown in [Rondeaux 1984] that if F is in W”?(R?>") (1 < p < oo, m large enough), the operator
Opzeyl(F ) is in the Schatten class $¥” (). For p = +00, this is the classical result of Calderén and

Vaillancourt [1972] (see also [Hormander 1985a)). If F is in W !(R?"), one has
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Tr(Op, ™ (F)) = @rh) ™" / F(X)dX. (2-6)
R2n

If F is in WP (R2") and G in W4 (R™) (p > 1, ¢ > 1, % + Cll — 1), one has

Tr(Op, ™' (F) 0 Op; @' (G)) = @h)™" /R FXOGR0dX. (2-7)

The left-hand side makes sense, since from [Rondeaux 1984], the two operators under composition are
respectively 7 () and £7(¥), and therefore their composition is trace class.

A characterization of the set of operators whose Weyl symbol is in W !1(R?") is given in [Ron-
deaux 1984]. This is the analogue of the Beals characterization [1977], which concerns the symbols
in W (R2"). In the next proposition, we recall the results of [Rondeaux 1984], taking into account
of the semiclassical parameter 4. We denote by P;(h) = (h/i)(d/0x;) the momentum operators
and by Q;(h) the multiplication by x;. For each operator P, we denote by (ad P) the mapping
Q — (adP)(Q) =[P, Q] = PQ — QP. For every operator A of F(R") in ¥'(R"), and for every
multi-index («, 8), we set

(ad P(h))*(ad Q(h))P A = (ad P (h))*' ... (ad Q,(h))"" A. (2-8)
Proposition 2.1. (a) If F is in W22 (R then forall h > 0, the operator Opgeyl(F ) is trace class
and |
|0p; Y (F) | o SCh™" Z h<'“'+‘ﬁ'>/2||aga§F||Ll @) (2-9)
oe|+1B81<2n+2

(b) If A is a trace class operator and if for every multi-index (o, B) such that |o| + |8 < 2n + 2 the
operator (ad P (h))%(ad Q(h))P A is trace class, then the Weyl symbol of A is in LY (R?*") and

Qrh) oy (Ml <C Y A2 ad P(h)*(ad Q)P A,
o]+ B <2n+2

v (2:10)

where the constant C depends only on n.

(c) The following are equivalent:
(1) A family of operators (Ap)o<n<1 is of the form A, = Opzeyl(Fh), where (Fy) is a bounded family
of functions in W 1(R™").
(i1) For every h > 0, the operator Ay, is trace class as well as all iterated commutators of Ay, with
the operators Pj(h) and Q j(h), and for every (a, B), the family of norms

h*~ 11718 (ad P (h))® (ad Q(h))P A| (2-11)

€9}
stays bounded when h varies in (0, 1].

Part (a) is proved in [Rondeaux 1984], without the parameter /, and needs only standard modifications
to introduce this parameter. In the same paper, part (c) is proved without the precise estimation (b), which
is needed for applications to our nonlinear problem and proved in Appendix A.



1656 LAURENT AMOUR, MOHAMED KHODJA AND JEAN NOURRIGAT

For the sake of clarity, it might be useful to recall the well known analogue of Proposition 2.1 for
bounded operators and symbols in W% (R?"), that is to say, the Calderén—Vaillancourt and the Beals
characterization.

Proposition 2.2. (a) If F is in L>°(R*") as well as all derivatives up to order 2n + 2, then for all h > 0,
the operator OpZeyl(F ) is bounded in ¥ = L*(R") and

10D ™ (F)] gy <€ D ROV 0 0L Pl o g (2-12)

|| +|B81<2n+2
(b) If A is a bounded operator and if, for all multi-indices («, B) such that || + |B| < 2n + 2, the
operator (ad P (h))*(ad Q(h))P A is bounded, then the Weyl symbol of A is in L (R, and one has

oy (Al <C Y h71HEV2] ad P(h)* (ad Q)P A ||y, (2-13)
lo|+1B1=<2n+2
Anti-Wick calculus. The definition of this calculus uses coherent states, in other words the family of
functions Wy, in L?(R"), indexed by the parameter X = (x, §) in R2" and depending on % > 0, defined
b
Y Wy () = (n,h)—n/4e—\u—x|2/2he(i/h)u.§—(i/2h)x.§, X = (x, &) € R (2-14)
These functions will be used, with the anti-Wick calculus recalled below, to give examples of operators
satisfying the hypotheses of Theorem 1.1. They will be also helpful in proving Proposition 2.1 in
Appendix A. Their two fundamental properties are that

_ _v2
[(Wxn, Wyp)| = e WAMIXYE gy 1 =1, (2-15)

and that for all f and g in ¥,
g) = Q)" /R W) (W ) X, (2-16)

For every function F in L'(R?") and for every i > 0, the operator Opﬁw(F ) associated to F' by the
anti-Wick calculus is the bounded operator in L2(R") such that for all f and g in %,

(Opy" (F) f. g) = @h)™" f _a(X)(f. Wxn) (Wxi, 8) dX. (2-17)
R n
If Fis in L'(R?"), we see that OpﬁW(F ) is indeed trace class in ¥, and that
AW —n
08 F) 11y = iy [ 1FCOIAX. 2-18)
R n
Moreover, one has
Tr(Op,V (F)) = @nh)™" / F(X)dX. (2-19)
RZ}’L
\\

If F > 0, the operator Opﬁ
OhW(F ) is given by

(F) is self-adjoint and nonnegative. The Weyl symbol of the operator

o (OppV (F)) = eWHAF, (2-20)
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where A is the Laplacian on R2". In fact, the operator Xy defined in (2-4) and the operator Pxj of
orthogonal projection on Vect(Wyy,) satisfy

Tr(Pyy Syy) = e 1 X YI/h, (2-21)

3. Basic facts on the Moyal bracket

The composition of symbols in the Weyl calculus is a very classical field (see [Hormander 1985a] or
[Robert 1987] for the dependence on the semiclassical parameter #). We need to adapt that to the classes
of Rondeaux symbols, and to make precise the dependence on the parameter /.

We define a differential operator o (Vy, V;) on R x R2" by

n
92 92
Vi, Vr) = — -1
o (Vy, Va) Z;ay,.agj a0 (3-1)
]:

where (x, &, y, n) denotes the variable of R2" x R2",

Theorem 3.1. For all functions F in W P(R*") and G in W4 (R*) (p=>1,9>1,1/p+1/qg=1),
for all h > 0, there exists a function My, (F, G, -) in woo I (R2) (Moyal bracket) such that

[ Op, *'(F), 0pw°y‘<G)] =0p, ™ (My(F, G, ). (3-2)
For all integers N > 2, one has
N-1
My(F.G.X)=Y hCu(F.G.X)+R(F.G.X), (3-3)
k=1

where the function Cy(F, G, X) is defined by

Ce(F,G,X) = o (V1, V)" (F® G)(X, X) — o (V1, V)" (G ® F)(X, X)], (3-4)

(2 )kky[

and where the function R ;(EN)(F , G, ) is in W L(R™M). For every integer €, there exists a constant C such
that

N
WP VRN, G )| gen <€ Y, BV Fl g IVPGllagen.  (3-5)
la|+|B|<l+4n+2+2N
le|=N,|BI=N

The operator ﬂN)(F, G) = Opxeyl(R,(lN)(F, G, -)) verifies

N _
IRV (F. Ollgrge <Ch™ > W2V 1 gony | VP Gl rony- (3-6)

la|+|B]<6n+4+2N
le|=N,|BI=N

This theorem will be proved in Appendix B. It is also used in [Amour et al. 2011]. We shall also use
the well-known analogue of Theorem 3.1, which we recall here in order to be used when needed.
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Theorem 3.2. With the notations of Theorem 3.1, if the functions F and G are in W (R?"), the
function RZN)(F, G, ) defined by the equality (3-3) verifies, for any £ > 0,

N . .
WP VRN, G, ) | ooy <€ > RIO2 T F || oo IV¥G | Lo ny- - (3-T)
J=N, k>N
(42N <j+k<CF2N+4n+2

The operator I/Q\ISN)(F , G) verifies

oy | |
IRM(F.Glgany <€ Y WYV F | o on VG e oy (3-8)
j>N, k>N
2N<j+k<2N-+6n+4

4. The Egorov theorem for trace class operators and proof of Theorem 1.1

We are going to adapt to the case of symbols in L!(R*") and trace class operators the idea of the proof of
the Egorov theorem contained in [Robert 1987]. The difference with [Robert 1987] comes from the fact
that the classes of operators considered here are the classes introduced by Rondeaux and that Hamiltonians
are time dependent.

We consider a function (x, t) — V(x, t) on R" x R, which is real valued, depending in a C*° way
on x, and continuously on ¢. We suppose that, for every «, there exists C, > 0 such that

09V (x,1)] < Cq, (x,1) €eR" xR. (4-1)

We set
H(x,&, 1) = |E]>+ V(x,1). (4-2)

We denote by V (¢) the multiplication by V (-, ). We set
Hy(1) = —h*A+V(1). (4-3)

Therefore, ﬁh (1) = Op,vlveyl(H (-, 1)). Let us now recall some facts on unitary propagators (see [Reed and
Simon 1975, Section X.12]).

Proposition 4.1. Forallt e R, let V (-, 1) be a C*™ function on R" satisfying (4-1) and depending in a
C'wayont eR. Let ﬁh (t) be the operator defined in (4-3). For every f in ¥(R") and every s in R, there
exists a function denoted by t — Uy, (¢, s) f that verifies

ih LU, f = (B, )f, UnGs,9)f = f. (4-4)

The operator Uy(t, s) maps F(R") into itself and, by duality, ¥'(R") into itself. One has Uj(s,t) =
Uy, (t, s)~ L. One also has

ih-Un(t, 5) = ~Up(t, ) (F(s)). (4-5)

For every operator A from S(R™) into ' (R™), let us set

Gp(t,s)(A) =Up(t,s) o Ao Uy(s, t). (4-6)
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One has ,
ihEGh(t’ $)(A) =[Hy (1), Gi(1,5)(A)],  Gils, 5)(A) = A. 47

Let us state the analogue of the Egorov theorem for the class of Rondeaux operators [1984].

Theorem 4.2. Let F be a function defined on W' (R*"). Let A, = OpZeyl(A). Then for every t € R,
there exists a function Fj; in Wo! (R such that

(1. 0)(An) = Op; ™ (Fy). (4-8)

If the function F and the potential V (-, t) depend on a parameter A, while staying bounded respectively in
W L(R?™) and in W %°(R*") independently of A, then the function Fj; remains bounded in W (R>")
independently of 1, of h in (0, 1], and of t in a compact set of R.

Following the idea of Robert [1987], which is related in some sense to Dyson series, we will express
our solution Gy (¢, 0)(Ay) in the form

N—-1
Gi(t, 00(A) = Y~ Opy™ (Di(-, 1)) + 1V Ent, h), (4-9)
k=0

where the functions Dy (-, 1) will be in W (R?") and Ey(t, h) will be a trace class operator with
bounded trace norm. In a second step, we will show that the commutators of Ey (¢, h) with the position
and momentum operators are also trace class operators, and we will estimate their traces. Finally,
we will rely on the characterization recalled in Proposition 2.1 to show that G, (¢, 0)(A) is itself a
pseudodifferential operator, with a symbol in W !(R?").

The construction of the terms Dg( -, t) will use the Hamiltonian flow of H( -, t). For every function
G in W I(R?), we call ®,,(G) the function on R*"* defined by

99, 4(G)

oy = HE. D, 2u(G)), Py s(G)=G. (4-10)

Under hypothesis (4-1), one knows that if (G, )<k is a family of bounded functions in W L(R?"), then
®,(G,) stays bounded in W 1(R?") when (¢, s) varies in a compact set of R? and X in E.

Lemma 4.3. For every function G in WY (R*") and for (t, s) in R?, one has

t

Gi(t, 9)(OP;(G)) = Op, ™ (@4, (G) + f Gu(t, 1) (Opy " (R(-, 11, 5, b)) dty, — (4-11)
N

where the function R(-,t1,s,h) is in WU(R?). If G depends on some parameter and is bounded

in W L(R?") independently of this parameter, then the function R(-, t1, s, h) associated to G is also

bounded in W1 (R*") independently of this parameter and of (1, s) in a compact set of R> and of h in
0, 1].
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Proof of the lemma. From definition (4-10),

g Op; ! (®,,(G)) = Op, ™ ({H (-, 1), D1, (G)}).

With the notations of Theorem 3.1 and with N = 2, one may write
[Hy (1), Op, ™ (®15(G))] = ~ 0 P ((H (-, 1), D1y (G)}) + OPY (RP (H (-, 1), B, (G))).

Consequently,

90
8[
On the other hand,

oy (@,5(G)) — —[Hhm Op) ™ (®,,(G))] = —%OPZW]( RP(H(-, 1), ®15(G))).

261, )(OP}(G) — L[ H(1), Ga(t, )(OP}(G))] =0

By combining these two equalities, noting that for r = s the two operators Gy (s, s)(Opweyl(G)) and
(0] Weyl(CIJSS(G)) are equal, and using Duhamel’s principle, we obtain (4-11), with
RC-.tis, )= = RIP(H(- 1), @1,5(G)).

It is well known that when F (x, £) = |£|?, one has R(z)(F , G) = 0 for every function G. Hence

RC- 11,5, h) = = RO(V(- 1), @,4(G)).

2
By hypothesis, V (-, #;) is in W°*°(R") and is bounded independently of #;. We have seen that ®;,,(G)
is in W !(R?"), bounded independently of #; and of s when (¢1, s) varies in a compact set of R2.
According to Theorem 3.1 applied to the case N = 2, it follows that R(-, t, s, k) is in wee L[R2,
bounded independently of #; and of s when (¢, s) varies in a compact set of R? and 4 in (0, 1]. O

Proof of Theorem 4.2, first step. Let F be a function in W1 (R?"). Let A, = Opweyl(F ). Let ©44(G)
be the function satisfying (4-10). For every ¢ € R, we define a function Dy( -, t) in W1 (R**) by

Do(-,1) =D, o(F). (4-12)

We have seen that this function is in W°!(R?"), bounded independently of ¢ on every compact set of R.
By Lemma 4.3 applied to G = F and s = 0, and from (4-12), one has

t
Gi(t, 0)(An) = Op, ' (Do(0)) + h / Gu(t, 1) (Op ™ (R1 (-, 11, b)) dy,
0
where R (-, t1, h) stays bounded in Woo &) when 11 belongs to a compact set of R and 4 is in (0, 1].
We iterate by applying Lemma 4.3 with s = ¢ and G = R((-, #1, h). We obtain
Gu(t, 1) (O, (Ri(- 11, )
t
= 0p; " (@ (1, 11)(Ry (-, 11, 1)) + / Gu(t, ) (0, (Ra( -, 12, 11, h))) dio,

13l
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where R>( -, tp, t1, h) stays bounded in WL (R?") when (¢, 1) belongs to a compact set of R? and £ is
in (0, 1]. We define a function D; (-, t) in W !(R?") by

t
Dl(',f)=/ O, 1) (Ri(-, 11, b)) dty.
0
This function is in W !(R?"), bounded independently of 7 on every compact set of R. We have, if ¢ > 0,

Gi(1,0)(Ap) = Op, ™ (Do(t) + h D) (1)) + h / Gi(t,1)(0p) ™ (R (-, 12, 11, h))) dty dta.

O<ti<tr <t
Iterating this process, we obtain, for every N, the equality (4-9), with

EN(t’h):f Gh(tstN)(Ophweyl(RN(’th ’tl,h))) dtl dtN’ (4_13)
An(t,0)

where Ay (¢, s) is the set defined, if s < ¢, by

An(t,s)={t,....tn) eRY, s <ty < <ty <t} (4-14)
and in a symmetric way if s > ¢. In (4-9), the D;(-,¢,h) (j = 0) and Ry(-,ty,..., 11, h) are in
weoe-l(R?), bounded independently of 4 in (0, 1], of (#1, ..., tx) in Ax(#, 0), and of 7 in a compact set

of R.

It remains to prove that Ey(t, k) is also a pseudodifferential operator. For that, we shall give in the
second step upper bounds for trace norms of iterated commutators of Ey (¢, k) with the position and
momentum operators. In order to do that, we will use the following lemma, also used in Section 5 and in
[Amour et al. 2011]. If an operator A is bounded in L*(R"), as well as all its iterated commutators up to
order m, we set

A=Y [(adQm)’(ad P(h)* Al 4y (4-15)
||+ B|<m

If an operator A in L2(R™) is trace class, as well as all its iterated commutators up to order m, we set
" (A) = Z | (ad Q(h))P (ad P (h))*A| . (4-16)
lae|+|B1<m

The aim of the next lemma is to show that these properties are preserved by the mapping G (¢, s).

Lemma 4.4. Let ﬁh (t) be the operator defined in (4-3), where V (-, t) verifies (4-1). Let Uy (¢, s) denote
the unitary propagator and Gy(t, s) the map of Proposition 4.1. Let A be a trace class operator in
¥ = L*(R"), as well as all iterated commutators (ad Q(h))? (ad P (h))* A for ||+ |B| < m. Then, for all

s and t in R, the operator G (t, s)(A) is also trace class, as well as all iterated commutators with the
P;(h) and Q j(h) up to order m. Moreover, for every compact set K of R, there exists Cx > 0 such that

I;ln,tr(Gh(t’ $)(A)) < CK];l"’tr(A), (s, 1) € KQ, he(,1]. 4-17)

An identical result holds for bounded operators and for the norms I, e,
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Proof of the lemma. By (4-7), one checks that, for every operator A satisfying the hypothesis of the
lemma, and for each of the momentum operators P;(h), the following equality is valid:

9
ot
Then the following equality results by the Duhamel principle:

[Pj(), G, 9)(A)] = - [0, [P, ), Gt )(ANT] = - [Py ), By(0)), G, 5) (W],

[Pj(h)vGh(tvs)(A)]:Gh(tvs)([Pj(h),A])‘i‘%/ Gu(t, t0)([[P;(h), Hy(t)]. G (11, )(A)]) diy.

We have an analogous equality for the position operators Q ;(h). One has

—~ hovV(-,
1P, (hy, By ()] = L2V

P o, Qi HuO1=2ihP; ().

We therefore deduce

d av(-,
[Pj(h), G(t,5)(A)] :Gh(tas)([Pj(h)»A])_/ Galt, ll)([%,Gh(Ilas)(A)})dll’
s J

[Q(h), Gu(t, $)(A)] = Gu(t, 5)(1Q, (h), Al) +2/ G, 1) ([Pj(h), G (11, 5)(A)]) dny.

S
If A and its commutators with P;(h) and Q ;(h) are trace class, we first observe that [P;(h), G, (t, s)(A)]
is a trace class operator since Gy, (¢, s) maps ! (%) into itself. Using the second equality, we see that
[Q;(h), Gp(t,s)(A)] is also a trace class operator, and that the upper bound (4-17) is proved for m = 1.
We pursue the same reasoning to prove (4-17), by induction, for every m. The analogue of (4-17) for the
bounded operators is proved similarly. O

Proof of Theorem 4.2, second step. Following Proposition 2.1, it suffices to show that, for every multi-
index (, B) and for every compact set K of R, there exists Cygx > 0 such that

R~ (D | ad P(h)* (ad Q)P G2, 0)(AR) | g1 ) < Cap (4-18)

for all t € K and h € (0, 1]. In order to achieve this, one will use the asymptotic expansion (4-9) up to an
order N that will depend on « and 8. Since from the first step, the D;(-, 1, h) (j > 0) of the equality
(4-9) belong to W 1(R?") and are bounded independently of 4 in (0, 1] and of ¢ in a compact set of R,
Proposition 2.1 shows that

n= 1BV (ad P (R)) (ad Q(h)P Opy™ (D (- £, 1)) g1 ) < Capx

for all t € K and & € (0, 1]. Let us now derive an analogous upper bound for the term Ey (¢, s, h). For
that, we use the expression (4-13) of En(¢, s, h), and we apply Lemma 4.4 with (¢, s) replaced by (¢, tx)
and A by OpZeyl(RN(-,tN, ..., 11, h)). Since Rn(-,tn, ..., 1, h) is in W (R?") and is bounded
independently of 4 in (0, 1], of (1, ...#y) in Ay (0, ¢), and of ¢ in a compact set of R, Proposition 2.1
shows that, for every integer m > 0 and every compact set K of R, there exists C > 0 such that

h"I}:"str(Opzeyl(RN(. JING ..t h))) <Cnk
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forall h € (0, 1], (¢1,...,ty) € An(0,¢), and t € K. Hence by Lemma 4.4, we deduce that the iterated
commutators of G, (¢, tN)(OpZeyl(RN( -, IN, ..., 11, h))) with the position and momentum operators are

themselves trace class, and that there exists another constant C,,x such that

WL (Gt tn) Opy ™Y (Ry (- s - -, 11, 1)))) < ok -

We can therefore write, if A, = Op}jeyl(F ), for every multi-index («, 8) and every integer N,

h" | (ad Q(h))P (ad P (h))* En (1, h) || g1 50y < Capn-

(36
By reporting this in (4-9), and by choosing N = |«| + | 8], one deduces (4-18). Using the characterization
of Proposition 2.1, Theorem 4.2 follows.

Proof of Theorem 1.1. Let p,(t) be a classical solution of TDHF satisfying the hypotheses of Theorem 1.1.
Let us denote by Vj,(¢) the operator of multiplication by the function

x = Vo(x, o) = V(x) +Te(We o pp (1)), Wa(y) =W(x —y). (4-19)

Under the hypotheses of Theorem 1.1, we have p;, () > 0 and Tr(pp(¢)) = 1 for all ¢, and therefore the
trace norm of p,(¢) is constant. Since all the derivatives of V and W are bounded, it follows that

103 Vg (pr () ()] < Coy  (x,1) e R* x R. (4-20)

Let ﬁh (t) denote the operator defined in (4-3), where V (¢) is the multiplication by V, (x, p(¢)). With
these notations, the TDHF equation can be written
dpn (1)
dt
We note that V},(¢) depends on £, but in Theorem 4.2, the potential V () may depend on a parameter that
could be /. The only requirement is that V, (-, ps(¢)) should be bounded in W *°(R") independently
of h, which is the case. Denoting by G, (¢, s) the unitary propagator associated to the Hamiltonian Hj, (¢)

ih = [Hy(1), pu(1)]. (4-21)

as in Proposition 4.1, one therefore has

pn(t) = G (t, 0)(pr(0)) = G (¢, 0)(Opy ' (Fy)).

Theorem 1.1 is therefore a particular case of Theorem 4.2. (|

5. Proof of Theorem 1.2

We are going to state precisely the explicit construction of an approximate solution of order N, denoted
by ,o}(lN) (1), of the TDHF equation. The exact solution pj () is determined by the interaction potentials
V and W, which belong to W°°°(R"), and the initial data p;(0). We look for an approximate solution
with the ansatz (1-18), where F™)(z, h) is a function R*" of the form (1-16). The functions u;(-, ) in
the sum (1-16) will be determined in Proposition 5.1. They will be in W1 (R?"), and they can depend
also on h. We will associate to this solution the average quantum potential, like in (1-2):

Vo, oM @) = Vo) + Te(Wepy (). (5-1)
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By (2-7), if F is in W !(R?") and G in W *°(R?"), one has
Tr(Op, ™' (F) 0 Op; @' (G)) = @h) ™" / F(X)G(X)dX.
R2n

Therefore, if p\ (1) is defined by (1-18) and F™ (¢, h) by (1-16), we have
V,(x, 03V (0) = Vaa(x, FV (- 1, ), (5-2)

where, for every function v in L'(R?"), the function V¢ (-, v) is defined as in (1-3). One similarly shows

that
V(x, o5 (1) = Ve (x, FN (-1, h)). (5-3)

With these notations, the function uy( -, ) defined in (1-10) should satisfy

oup(-, dup(-,0) 1
ha +2jzls] hgj = — My (Vaun (- 0). un(-. 1), (5-4)

where for all suitable functions A and B, M, (A, B) denotes the Moyal bracket of A and B, defined in
(3-2). For all functions A and B in C°°(R?"), and for every integer k > 0, let Cx(A, B, -) be the function
defined in (3-4). We set Cy(A, B) =0. One has Ci(A, B) = (1/i){A, B}. Now we will choose the u
in a such a way that Equation (5-4) is approximatively verified. The construction of the functions u ; of
Theorem 1.2 is detailed in the following proposition.

Proposition 5.1. There exists a sequence of functions (X, t) — u;(X,t) on R>* x R (j > 0) such that:

(a) The functiont — u;(-,t, h) is C* from R into W L[R2, The function u;( -, t, h) is bounded in
W L(R?") independently of h in (0, 1] and of t in every compact set of R.
(b) One has
uo(X,0) = Fp(X) and u;(X,0,h)=0, j=>1.

(c) Forevery N, the function un(X, t, h) verifies

0 d
=+ Zs, ”N—l. S CelVaC oot h) ue(-, 1, b)), (5-5)

Jj+k+Hl=N+1

In the sum (5-5), the indices j and € are > 0 and k is > 1.

Determination of uy. For N = 0, Equation (5-5) reduces to the Vlasov equation,

9 "9 duo( -,
iy zs, “O_z V(o - >)%,
J

and we want that ug( -, 0) = Fj,, where Fj, is the function of (1-6), which is in W 1(R?"). It is well
known (see [Braun and Hepp 1977]) that there exists a unique solution uq of this Cauchy problem, and that
the function u is continuous from R into W1 (R?"). If F,, stays bounded in woo LR independently
of h, it is also the case for ug( -, t, h).
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Determination of uy (N > 1). For every N > 1, Equation (5-5) can be written as

) ) dun .
o 225, ”N—Z Va(uo(-, 1, my) v L0

0§

0 duo(- .1, h)

—_— L th)———+Gn(X, 8, h
+;an a(un (-1, h)) asj + Gy ( ),
1

Gyv=- Y Ce(Va@j(-.t.h),ue(-. 1. h)).

lj+k+/z=N+1
j<N,{<N

One also requires that u 5 (X, 0, #) = 0. To solve this equation, dropping the parameter 4 for the sake of
simplifying notations, let us denote by X — ¢;(X) = (¢ (¢, X), p(¢, X)) the Hamiltonian flow that is the
solution of

q'(t, X)=2p, X), p't,X)=-VV(q(, X)) —/2 VW(q(t, X)—y)uo(y, n,t)dydn

n

satisfying
q(0,X)=x, p0,X)=§ X=(x,3).

The function vy defined by vy (X, ) = un(@;(X), t) should satisfy
Uy dug AW ~
— =) —(2(X),1) / 5 (@) = y) un (0 dydn+ G (X, 1),
i= B

where 5N(X, t) = Gy(p:(X),t). By using in the integral the change of variables (y, n) = ¢;(z, ¢),
whose jacobian equals 1, we see that vy should satisfy

avN
—(X 1) =Gn(X, t)+/ AX, Y, tuy(Y,t)dY,

n

aug oW
AX, Y1) = Z 32 (0 (X0, 1) o
J

o (q:(X) — q:(1)).

Moreover, one must have vy (-, 0) = 0. According to standard results on the Vlasov equation, one knows
that Vug(-, t) is in W1 (R?"), bounded when ¢ varies in a compact set. The same is true for V;. If
the u; (0 < j < N) have been built with the properties of Proposition 5.1, one sees that Gy (-, 1) is in
W-1(R?"), bounded when 7 varies in a compact set. It is also the case for G N (-, ). Then the Cauchy
problem verified by vy and the one verified by u can be solved in a standard way.

To prove Theorem 1.2, we will show that the functions FM (¢, h)(X) defined in (1-16) starting from
the u;(-,t, h) of Proposition 5.1 and the operators ph )(t) defined in (1-18) satisfy (1-17) and (1-19).
The next proposition is an intermediate step.

Proposition 5.2. Let p,(t) be an exact solution of TDHF satisfying the hypotheses of Theorems 1.1 and
1.2. Let ﬁh (t) be the operator defined in (4-3), where V (t) is the multiplication by V,(x, py(t)). Let u;
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(j = 0) be the functions of Proposition 5.1, and, for each integer N, let FN) be the function defined by
(1-16) and p}(lN) (t) defined in (1-18). Then we can write

dos™ (1)
dt

ih =" = [H,0), oV )1+ 0p; " (V) (-, 1)), (5-6)

where S,EN)( -, 1) is in W L(R?") and verifies, for every multi-index o,

195, 0 11 gany < Can O[RY 2 4] 00 = (0] 1.5 (5-7)
where Cyp (t) is a function on R which is bounded on every compact set.

Proof. By (5-5), we have

N+l
or Z, Zh CeVal-. FOC e ), F¥C e )+ @M (- 1 k), (5-8)

where @) (. ¢, h) is a function in W1 (R?"), such that

[V¥@™ (1, h)| 1 gy < BN T Can (1) (5-9)

(@) =
We define an approximation of the operator ﬁh(t) by setting

HMP (1) = =h*A+ Va(FN (-, 1, ). (5-10)
Since F™) verifies (5-8), we may write

dp" (1)

h
! dt

=AM ®), o )] +0p, (TN (-, 1), (5-11)

where the function Th(N)( -, t) is defined by
TV 0 =hd™ ot )+ R (VaC FOC 1), FN (L h)).

(For all functions A and B satisfying the hypotheses of Theorem 3.1, we denote by R,(lN)(A, B, ) the
function associated by Theorem 3.1 to such functions.) Then by the definition (5-3) of the map V,, and
Proposition 5.1(a), we can write

||v)(cxvcl(9F(N)(at,h)) ||L°°(|R2”) fCaN(t)’ HvﬁF(N)(at’h))”LI(RZn) SC,BN(t) (5_12)
Using these upper bounds and following Theorem 3.1 on the Moyal bracket, we may write
[ VRSP (Va(, FN Lt 1)), FYC Lt 1) | gy < Con (RN

According to these upper bound estimates, and the estimates (5-9) of the derivatives of ®V )(-,t, h), one

has

HvaTh(N)("t)HLl = CaN(t)hN+2- (5-13)

(R?)
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According to (5-11), and since

HRPP() = Hy () = Vy (-, o () = Vg (-, 0, (0),
we can write the equality (5-6) with

SV =T 0+ My(VaCupn () = Vo (- o (0)), FN (-1, ). (5-14)
One has
[V (Va - on @) = Vg (- 0, D) | o gany < Callon® = 0] 41 5

Using all of these estimates and the L' norm estimates (5-12) of F®Y) (- ¢, h), and using Theorem 3.1
on the Moyal bracket, it results that

|V M3 (Vy (o () = Vg (0, 00, FN G, 1, W) 1oy < CORJon@ = 0, O] gy (5-19)
The norm upper bound estimate (5-7) of S}EN)( -, t) results from (5-14), (5-13) and (5-15).

End of the proof of Theorem 1.2. Let Uy (¢, s) and G (t, s) be the unitary propagator and the mapping
defined in Proposition 4.1, associated to the operator H, (t) of Proposition 5.2. The comparison of
equalities (4-21) (verified by the exact solution) and (5-6) (verified by the approximate solution) and the
Duhamel principle allow us to write

o) =0 =1 /0 Gi(t.5)(0p, ™ (5, (- 5)) ds. (5-16)

Since Uy (t, s) is unitary, the map G (t, s) preserves the trace norm, and from that we may deduce that

t
[ = 2 Ol g1y = 7 /0 [0D ™ (™ (- ) | 1 ey s

Using Proposition 2.1 and the upper bounds (5-7) of Proposition 5.2, we obtain

t
(N) 1 N+2 (N)
[on® =0 O 4150 < 7 fo CEO[2 + k| oa(s) = 9" ()] 415 ] ds-
By the Gronwall lemma, we deduce that, with another constant,
[on @) = £ @) g1 50y < CORVH.
Therefore the Theorem 1.2(1-19) is proved. We deduce from this inequality and from (5-7) that
[, 0 1 gany < Caw RV,

where Cyy (¢) is a function on R, bounded on every compact set. From Proposition 2.1 and Lemma 4.4,
for every multi-index («, ), the operators

h~N"2(ad Q(h))? (ad P (h))*G(t, 5)(Op, M (S\V (-, 5))
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are trace class, and their trace norm is bounded, independently of (¢, s) in a compact set of R, and of % in
(0, 1]. By (5-16), for every multi-index (¢, 8), and for every N > 0, there exists a function Cyn(¢) > 0,
bounded on every compact set of R, such that

| ad Q1)) (ad P())* (pn () = " (1)) ]| g1 ) < Can (OB,
Using Proposition 2.1(b), we deduce

@rh) oy ™ (on(6) = o™ 0) | 11 oy < COYRNTD=ZCED2,
In other words, with the notations of Theorem 1.2,

JunC-.t) = FM 6,1 1 gony < CORY.

(R?)
This is the Theorem 1.2(1-17), which is proved now. 0
Appendix A: Proof of Proposition 2.1

The proof of Proposition 2.1 calls upon a different notion of symbol. One can associate to every bounded
operator A in 7 a function S;(A) on R2" x R?" defined by

(AWxp, Uyp)
Sh(AX,Y) = —F—F——, A-1
) = g o) (D
where the Wy, are defined in (2-14). An explicit computation of integrals shows that
_ _v2
(Wi, Wyp)| = e VEETIEiwryg || = 1. (A-2)
Consequently, ,
|Si(A) (X, Y)| = VI (A, Wy (A-3)

The function S, (A) is, up to a slight modification, what G. B. Folland [1989] calls the Wick symbol.
The following proposition shows that S, (A) and the Weyl symbol o*;:v eyl(A) are related to each other by
an integral operator. (By contrast, the Weyl symbol cannot be calculated from what is commonly called
the Wick symbol, namely the restriction of S;(A) to the diagonal.) The function S, (A) can be majorized
(in some norm) and minorized (in another norm) by the trace norm of A (Proposition A.2).

Proposition A.1. The Weyl symbol of an operator A is related to the function Sy (A) by

Sh(A)Y(X, Y) = (th) ™" / e IIWEZ=X0.Z-N) NV Ay (7)dZ, (A-4)
RZn
a,jvey‘(A)(Z)zzn(znh)—Z" / Sh(A)X, YK (X,Y,Z)dX dY, (A-5)
[Rén
Kn(X, Y, Z) = e~ (UDZ-X)Z-1)=(1/2m)IX-Y* (A-6)

Proof. By the definition (2-3) of the Weyl calculus, one has

A:(nh)_”/ S0, (A)NZ)dZ,
RZn
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where Xz is the operator defined in (2-4). An explicit computation shows that

(Zzn¥xn, Yyn) o1/ D(Z=X).Z-7)

= (A-7)
(Wxn, Wyn)
The equality (A-4) follows. By the fundamental formula (2-16) of coherent states, one has
A=Qrh)™" / (AWxp, Wyn) PxyndX dY, (A-8)
Ré4n
where Pyyy, is the operator defined by
Pxynf = (f, Wxn)¥yh. (A-9)
One knows from (2-5) that
1
o, " (Pxyn)(Z) =2"Tr(Pxyj 0 £7) = 2" (Z 7, Wyn, Yxn).
By the computation leading to (A-7) (where X and Y are permuted), we may deduce
oM (A)(Z) = 2" )~ / UMYX )| (W W) e DI ax ay.
R n
Using the equality (2-15) on the scalar product of coherent states, we obtain (A-5). O
Proposition A.2. Let A be a trace class operator and G a function in L' (R*"). Then one has
—2n X-Y —n
(2rh) (AUxp, Uyp)G| —= | |dX dY < Q) "Gl 1w Al 21 ey (A-10)
Rén \/}_l
| Allgr ey < @)™ / (A%, W) dX Y. (A-11)
R n

Proof. We may write A = B B,, where B; and B, are Hilbert—-Schmidt. By using the fundamental
property (2-16) of coherent states, one sees that for all X and ¥ in R?",

(AWxp, Wyp) = (BoWxy, By Wyy) = 2mh)™ /2 uzp(X)vzp(Y)dZ,
R n

where uz,(X) = (ByWxy, Yz,) and vz, (X) = (W7, Bf‘l’x},). Let I, be the left-hand side of (A-10).
By Schur’s lemma,

I < (Zﬂh)thn”GHLI(RZH)/ luznll 2@y lvzall 2oy dZ.
R

2n

By (2-16), we have [[uzpll2@eny = 2h)"? || B3 Wz || and vz |l 2mery = (27h)"/?|| B1W 2z, || Hence,

2n

I < Qrh) " B"(|Gl| 11 grony / I1B1Wzn I B3Wzll dZ.
R
By the fundamental property (2-16) of coherent states,

ey [ Bl az =@t [ (BB W) dZ =B B) = 1B
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where || B 425, is the Hilbert norm of B;. Therefore,

I < Q) "Gl ey 1Billg2ge) 11 B2l ) -

By taking the infimum over all the decompositions A = B B,, one gets (A-10). The inequality (A-11) is
deduced from the equality (A-8) since the operators Pxy, have a trace norm equal to 1. O

Proof of Proposition 2.1. For (a), we use the equality (A-4) and integrate by parts, as is done in [Rondeaux
1984]. Thus we see that

Qrh)™" / e~ IAMIX=Y 16 (AV(X, Y)|dX dY < Ch™" Z h<‘“'+‘ﬁ')/2||a§a§F||L1(Rzn).
R lo|+1 81 <2n+2
One then deduces item (a) (the upper bound estimate of the trace norm of A), using Equation (A-11).
For parts (b) and (c), we are going to integrate by parts in the second equality (A-5) of Proposition A.1.
One verifies that the function K, defined in (A-6) is invariant by the differential operator

—yr\ ! _
%) (1+ (¥ —X)dy).

L(h)Kp =Ky, L(h) = (1 +
Thus equality (A-5) implies, for every integer N
Weyl(A)(Z)\ <2"Qmh)™ " / ) |Kn (X, Y, 2)||( L)Y Sh(A)(X, Y)|dX dY.

One verifies that
Kn(X,Y,Z)| = e—(l/h)\Z—(X+Y/2)|2—(1/4h)|X—Y|2_

One chooses N = 2n + 2. There exists C > 0 such that

o W@ =c Y n2@mh)- 2"/ |Kn(X, Y, Z)|G(—)|aggsh(A)(x, Y)|dX ay,
la|<2n+2 \/_
where

G(X)=(1+|X))"2"2.

By the classical formulas giving S, ([P;(h), A]) and S,([Q(h), A]) as an expression with the derivatives
of S, (A), it follows that

o' (A)(2)]
<c Y pGepe f e—<1/h)IZ—<X+Y/2>|2—<1/4h>'X—Y26(—X o )Ish(Aam(X v)|dX v,
||+ 81 <2n+2 R
where

Agpn = (ad P(h))*(ad Q(h))P A.

The preceding equality can be also written as

X+Y
oA 2)| <c Z hz”(“'“ﬁ“/zf e h Hz- 22 G<7)| ((AapnWxn, Yyn)|dX dY.
o+ <2n+2 e



THE SEMICLASSICAL LIMIT OF THE TIME DEPENDENT HARTREE-FOCK EQUATION 1671

Item (b) is a consequence of (A-11). Item (c) (an analogue of the Beals characterization) is then easily
deduced. O

Appendix B: Proof of Theorems 3.1 and 3.2

First step, common to both theorems. We know that, for all suitable functions F' and G, we can write
0p, ™ (F) 0 0p;™(G) = Op; ™ (C4(F, G, -), with

Cy(F, G, X) = (wh)™>" / e~ Ci/Mo(Y=X.2=X) p(y\G(Z)dY d Z,
Ré4n

where o is the symplectic form o ((x, &), (v, n)) = y& —xn. Consequently the Moyal bracket M;,(F, G, -)
is defined by M, (F, G, X) = Cy(F, G, X) — Cy(G, F, X). Thus it suffices to write an asymptotic
expansion Cy(F, G, -). We may write C,(F, G, X) = &, (X, 1) by setting, for every 6 € [0, 1],
(X, 0) = (wh) ™ / e GMoW=XZ=0F(Y)G(X +6(Z — X)) dY dZ.
R4n
Consequently, for every integer N,
N—1
_ 1 ok S(N)
Cn(F,G, X) = 0, Pp(X,0)+ R, (F, G, X),

k!
k=0

with
h T 0 (N — 1)' o " ' ’

One sees, using integration by parts, that

h

k
ID(X,0,h)= <2—l> (rh)™ " /4 e~ Mo =X2-X)(5(Vy, Vo))" (F® G)) (Y, X +6(Z - X)) dY d Z.
R n

If a function ® depends only on the Y variable, one has (in the sense of distributions)
(h)™" / e"GIMoW=X2=0¢(y) dY dZ = ®(X),
Ré4n

and similarly if & depends only on the Z variable. For & = 0, one has, by the above two equalities,

k
8K (X, 0, h) = (%) o (V1. V2" (F ® G)(X, X).

and therefore we do have indeed the equality (3-3) of Theorem 3.1, by setting
RM(F, G, x)=RM(F, G, X) - RV (G, F, X). (B-1)

It remains to obtain an upper bound for the norm of the two above terms. One also has

B Y a-ov!
R, (F,G,X)= =] (wh) — Ky(X, Y, Z2)¥(X,Y, Z,0)dY dZ do,
2i R4 x[0,1] (N— 1)'
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where
Kh(X, Y, Z) — e—(2i/h)a(Y—X,Z—X)’
V(X,Y,Z,0)=(oc(V1, V)V (FR®G))(Y, X +6(Z - X)).

The function K, is invariant by the operator

Ly= 1+4|X_Y|2+4|X_Z|2
"= h h

-1
) (I1—hAy —hAy).

Therefore, for all integers K and ¢,

€3N n\" —2n A=M " ik
VR, V(F, G, X)| = (5 ) (h) ————— V(D" (X,Y,Z,0)|dY dZ db.
2 Rinxfo,1] (N — D!
Consequently,
WPVRMV(F G X =C Y R L(X, b, (B-2)
a+B<L+2K+2N
a>N,B>N
Iaﬁ(X’ h)

—2K
:h—2nf (1—-6)N~! (1+ 'X_Y|:/r}_l|X_Z|) IV'FW|VPG(X+0(Z—X))|dY dZdb. (B-3)
R*x[0,1]

End of the proof of Theorem 3.1. We integrate the equality (B-3) with respect to X by making the
change of variables

X=01-0"X-0Z), Y=Y, z=7Z
We obtain
” Lop (-, h) ||L1(R2”)
scw"/ (1_9>N—2"—1(1+'X‘Y'“X_Z') Ve IV GO0 dX dY dY dZ do.
RO x[0,1] JVh

If one has N > 2n + 1 and chooses K = 2n + 1, we deduce, by using Schur’s lemma, that
[ ep oD 1 gony < CUVEFllLo@ony IVP Gl Lo gon)-
Adding these inequalities, we obtain
WPVRNVE Gl <C YT ROV R e IV Gl Lo g
a+pB<l+2K+2N

a>N,B>N

By proceeding similarly for ﬁ;lN)(G, F, ), we arrive at the upper bound (3-5) of Theorem 3.1. Part (3-6)
is then deduced by Proposition 2.1.
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End of the proof of Theorem 3.2. 1f one chooses K = 2n + 1, it follows from (B-3) that
| Lap (- h)”Loo(RZn) < CIIVF |l o men | VP Gl oo oy -

By substituting in (B-2), then in (B-1), we obtain the majorization (3-7) of Theorem 3.2.
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