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Abstract

In this paper we study the semiclassical limit of the Schrodinger equation. Under
mild regularity assumptions on the potential U, which include Born-Oppenhei-
mer potential energy surfaces in molecular dynamics, we establish asymptotic
validity of classical dynamics globally in space and time for “almost all” initial
data, with respect to an appropriate reference measure on the space of initial
data. In order to achieve this goal we prove existence, uniqueness, and stability
results for the flow in the space of measures induced by the continuity equation.
© 2011 Wiley Periodicals, Inc.

1 Introduction

In this paper we study the semiclassical limit of the Schrédinger equation. Under
mild regularity assumptions on the potential U, which include Born-Oppenheimer
potential energy surfaces in molecular dynamics, we establish asymptotic validity
of classical dynamics globally in space and time for “almost all” initial data, with
respect to an appropriate reference measure on the space of initial data. In order
to achieve this goal, we study the flow in the space of measures induced by the
continuity equation: we prove existence, uniqueness, and stability properties of the
flow in this infinite-dimensional space, in the same spirit as the theory developed
in the case when the state space is euclidean, starting from the seminal paper [13]
(see also [1] and the lecture notes [2, 3]).
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As we said, we are concerned with the derivation of classical mechanics from
quantum mechanics, corresponding to the study of the asymptotic behavior of so-
lutions ¥#(¢, x) = ¥ (x) to the Schrodinger equation

ied,YE = —SAYE + Uyt = Hey?,
1/,8‘ = 1/,0,87

as ¢ — 0. This problem has a long history (see, e.g., [25]) and has been considered
from a transport equation point of view in [20, 24] and more recently in [6] in the
context of molecular dynamics. In that context the standing assumptions on the
initial conditions ¥ € H?(R";C) are:

(1.1)

(1.2) [ woax =1
Rﬂ
(1.3) sup/ |Hero ¢|* dx < o0.
e>0Rn

The potential U in (1.1) can be represented by the form U, + Us, where Uy is
assumed to satisfy the standard Kato condition

(14)  Us(x)= > Vapxa—xp).  Vap € L2(R?) + L®(R?),
1<a<B<M

and

(1.5) Up € L*R"),

(1.6) VU, € L*°(R"™;R").

Here n = 3M and x = (x1,...,xy) € (R*M represent the positions of

atomic nuclei. Under assumptions (1.4) and (1.5) the operator H, is self-adjoint on
L?(R"; C) with domain H?(R";C) and generates a unitary group in LZ(R";C);
hence [p, |¥£|*dx = 1forallt € R, and ¢ — V¥ is continuous with values
in H2(R";C) and continuously differentiable with values in LZ(R"”;C). Proto-
typically, U is the Born-Oppenheimer ground state potential energy surface of the
molecule, that is to say,

ZoZ
(1.7) U= Y P zi...zu>o0
1< |xe _xﬂ|
<a<B=<M
(1.8) Up(x) = infspec H.yp(x),

where the Z, are the charges of the nuclei,

N

M

1 - f—

(1.9)  Hee(x) = E (_EAri - E Zy|ri — xal 1) + E |7 — I 1
a=1

i=1 1<i<j<N
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is the electronic Hamiltonian acting on the antisymmetric subspace of L2((R3 x
Z,)N:C), and the r; € R? are electronic position coordinates. Here N is the
number of electrons in the system, which typically equals Z; + --- + Zyy.

In the study of this semiclassical limit, difficulties arise on the one hand from
the fact that VU is unbounded (because of Coulomb singularities) and on the other
hand from the fact that VU might be discontinuous even out of Coulomb singular-
ities (because of possible eigenvalue crossings of the electronic Hamiltonian H,y).
These singularities mean that the classical flow that formally emerges in the limit,
i.e., the flow generated by the ODE

d X _ p
(1.10) - (p) = (_VU(X)),

is not even well-posed—standard ODE theory would require VU to be Lipschitz.

The fact that we are able to overcome this lack of smoothness relies on three
recent developments and observations: First, the recent “almost everywhere” exis-
tence and uniqueness results [1, 3] for ODEs in R9 with vector field in BV, which
we extend to the case when the state space is P (R%), the space of Borel proba-
bility measures in R4 (see also [5]). Second, we exploit the observation in [19]
that for Born-Oppenheimer potential energy surfaces U given by (1.7)—(1.9), VU
(and hence the vector field in (1.10)) lies exactly in BV away from Coulomb sin-
gularities (see Proposition 7.1). Third, we adapt the method introduced in [6] for
dealing with Coulomb singularities when the remaining part of the potential is
smooth. Finally, we prove new nontrivial a priori estimates for solutions to (1.1)
(see Section 7) in order to be able to apply our theory of flows in Z(R4).

The natural setting for “almost everywhere” uniqueness of the classical flow
generated by (1.10) is that of the corresponding Liouville equation. If we de-
note by b : R?” — R?” the autonomous divergence-free vector field b(x, p) :=
(p,—VU(x)), the Liouville equation is

(1.11) Oty + p - Vs —VU(X) - Ve = 0.

If we denote by W, : L?(R";C) — L®(R” x R?%) the Wigner transform, namely

1 :
(1.12) Wy (x. p) := 20 / lﬁ(x + %y)llf(x - %y)e"l’y dy,

R~

a calculation going back to Wigner himself (see, for instance, [6] or [24] for a
detailed derivation) shows that if ¥f solves (1.1), then W/ solves in the sense of
distributions the equation

(1.13) I Welri + p- Vi Weyry = E(U. ¥7),
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where & (U, ¥)(x, p) is given by
(1.14) (U ¥)(x, p) 1=

: Ulx + £y) — U(x — £ AT
o (2;);1 /[ Sh 2 ° S Zy)]lﬂ(x + %y)l/’(x— %y)e"l’y dy.
Rn

Adding and subtracting VU(x) - y in the term in square brackets and then using
ye PV =iV,e™'PY anintegration by parts gives & (U, ) = VU(x)-V, W +
&L(U, ), where &/(U, ¥)(x, p) is given by

(1.15)  &U.¥)(x, p) =

i /[U(x+ 59 —U(x—3y)

B 2m)n e
Rn

_ <VU(x>,y>}

e g _;
X 1/f(x + Ey)llf(x — Ey)e "PYdy.
Hence, W,y solves (1.11) with an error term,
(1.16) G Weyr{ + Vxp- (BWeyi) = é";(U, vP).

Heuristically, since the term in square brackets in (1.15) tends to O when U is dif-
ferentiable, this suggests that the limit of W/} should satisfy (1.11), and a first
rigorous proof of this fact was given in [20, 24] (see also [21]): basically, ignor-
ing other global conditions on U and assuming initial conditions of appropriate
wavelength (see (1.3) and (1.17)), these results state that:

(1) C! regularity of U ensures that limit points of Wy1/¢ as & | 0 (i) exist and
(ii) satisty (1.11);

(2) C? regularity of U ensures uniqueness of the limit, i.e., full convergence
ase — 0.

In (1), convergence of the Wigner transforms is understood in a natural dual space
A’ (see (7.5) for the definition of A). In [6] we were able to achieve (1)(i) even
when Coulomb singularities and crossings are present, namely, assuming only that
Uy, satisfies (1.5) and (1.6); and to achieve (1)(ii) when Coulomb singularities but
no crossings are present, namely, assuming that U, € C L. If one wishes to improve
(1)(@i1) and (2), trying to prove a full convergence result as ¢ | 0 under weaker
regularity assumptions on b (say VU € W12 or VU € BV out of Coulomb
singularities), one faces the difficulty that the continuity equation (1.11) is well-
posed only in good functional spaces like L3 ([0, T']; L' N L®(RY)) (see [1, 12,
13]). On the other hand, in the study of semiclassical limits it is natural to consider
families of wave functions v ¢ in (1.1) whose Wigner transforms do concentrate
as ¢ |, 0, for instance, the semiclassical wave packets

(1L17) Yoe(x) = e‘"“/zd)o(x_—f‘))e"(’“"’“)/e, do € C2(R™), 0 <a <1,
£
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which satisfy limg Webg o = ||¢0||%8(x0, po)- Here the limiting case & = 1 corre-
sponds to concentration in position only,

lim Weyo,e = 8x, x (20) 7" | Fho|* (- = po) £,
and the case o = 0 yields concentration in momentum only,

lign Wswo,s = |¢0( - x0)|2$n X 8170-

Here and below, (F¢o)(p) = fR" e P *po(x) dx denotes the (standard, not
scaled) Fourier transform. But even in these cases there is considerable difficulty
in the analysis of (1.14), since the difference quotients of U have a limit only at the
Z"-a.e. point.

For these initial conditions there is presumably no hope of achieving full con-
vergence as ¢ — 0 for all (xo, po), since the limit problem is not well-posed.
However, in the spirit of the theory of flows that we shall illustrate in the second
part of the introduction, one may look at the family of solutions, indexed in the
case of the initial conditions (1.17) by (xg, po), as a whole. More generally, we are
considering a family of solutions ¥7 ,, to (1.1) indexed by a “random” parameter
w € W running in a probability space (W, F,P), and achieve convergence “with
probability 1,” using the theory developed in the first part of the paper, under the
no-concentration in mean assumptions

(1.18) sup sup /Wgwf’w * G2 dP(w)

e>0telR

< 00,

Loo (R2n)

<CA)<oo VA>0.
L>(R")

(1.19)  supsup
e>0treR

w
/ ey * G2 dP ()
w

Here Gézn) is the Gaussian kernel in R?” with variance £/2. Under these assump-

tions and those on U given in Section 7.2, our full convergence result reads as
follows:

(1.20) lim sup  da(Wers o, (8, h))dP(w) =0 VT >0
8¢0W te[-T.,T) ’

(here d 4 is a suitable bounded distance inducing the weak-* topology in the unit
ball of A’; see (7.8)), where w(t, Ly ) is the flow in the space of probability mea-
sures at time ¢ starting from iy, and @y = limg Wgwaw depends only on the
initial conditions. For instance, in the case of the initial conditions (1.17) with
l¢oll2 = 1, indexed by w = (xo, po), ftw = dw, and p(t, flw) = Sx (r,w), Where
X (¢, w) is the unique regular Lagrangian flow in R?” induced by (p, —VU); see
Theorem 6.2. So we may say that the flow of Wigner measures, thought of as ele-
ments of A’, induced by the Schrédinger equation converges as ¢ — 0 to the flow
in 2(R?") c A’ induced by the Liouville equation provided the initial conditions
ensure (1.18) and (1.19).
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Of course, one can question conditions (1.18) and (1.19); we show in Section 8
that both are implied by the uniform operator inequality (here p¥ is the orthogonal
projection on V)

1 e
(1.21) — / p¥iw dP(w) < C1d  with C independent of 7, .
e
w

In turn, this latter property is propagated in time (i.e., if the inequality holds at
t = 0, it holds for all times), and it is satisfied by the semiclassical wave packets
(1.17) when integration with respect to P corresponds to averaging the position
and momentum parameters xo and pg (see Section 8). These facts indicate that
the no-concentration in mean conditions are not only technically convenient, but
somehow natural.

An alternative approach to the flow viewpoint advocated here for validating clas-
sical dynamics (1.11) from quantum dynamics (1.1) would be to work with deter-
ministic initial data but restrict them to those giving rise to suitable bounds, in
mean, on the projection operators p¥0-¢. The problem of finding sufficient condi-
tions to ensure these uniform bounds is studied in [17]. Another related research
direction is a finer analysis of the behavior of solutions, in the spirit of [14, 15].
However, this analysis is presently possible only for very particular cases of eigen-
value crossings.

It is likely that our results can be applied to many more families of initial con-
ditions, but this is not the goal of this paper. The proof of (1.20) relies on several
a priori and fine estimates and on the theoretical tools described in the second part
of the introduction and announced in [5]. In particular, we apply the stability prop-
erties (see Theorem 5.2) of the regular Lagrangian flow in &?(R?") with respect
to a reference measure v (v-RLF in short; see Definition 3.7 and the motivation
below), to the Husimi transforms of 7 ,,,, namely W7, * ngn). Indeed, (1.20)
follows basically by the fact that weak-* convergence in A" of the Wigner trans-
forms is implied by weak convergence in Z?(R?") of the Husimi transforms; see
Section 7.

We leave aside further extensions analogous to those considered in [24], namely:

e the convergence of density matrices p®, whose dynamics is described by
ied; p° = [Hg, p°]; in this connection, see [17];
e the nonlinear case when U = Uy * i, u being the position density of y

G.e., [¥]?).

Let us now describe the “flow” viewpoint first in finite-dimensional spaces,
where by now the theory is well understood. With b; : RY — R4, ¢ € [0,T],
denoting the possibly time-dependent velocity field, the first basic idea is not to
look for pointwise uniqueness statements, but rather to the family of solutions to
the ODE as a whole. This leads to the concept of the flow map X (¢, x) associated
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to b, i.e., a map satisfying X (0, x) = x and X (¢, x) = y(¢), where y(0) = x and
(1.22) y(@) = b, (y(t)) for Ll-ae.te(0,T)

for #%-ae. x € R, Ttis easily seen that this is not an invariant concept, un-
der modification of b in negligible sets, while many applications of the theory to
fluid dynamics (see, for instance, [22, 23]) and conservation laws need this invari-
ance property. This leads to the concept of regular Lagrangian flow: one may ask
that, for all r € [0, T], the image of the Lebesgue measure .24 under the flow
map x — X (¢, x) still be controlled by 2% (see Definition 3.1). It is not hard to
show that, because of the additional regularity condition imposed on X, this con-
cept is indeed invariant under modifications of b in Lebesgue negligible sets (see
Remark 3.8). Hence RLFs are appropriate to deal with vector fields belonging to
Lebesgue LP-spaces. On the other hand, since this regularity condition involves all
trajectories X (-, x) up to -Z%-negligible sets of initial data, the best we can hope
for using this concept is existence and uniqueness of X (-, x) up to .£? -negligible
sets. Intuitively, this can be viewed as existence and uniqueness “with probability
17 with respect to a reference measure on the space of initial data. Notice that al-
ready in the finite-dimensional theory different reference measures (e.g., Gaussian,
see [4]) could be considered as well.

To establish such existence and uniqueness, one uses that the concept of flow is
directly linked, via the theory of characteristics, to the transport equation

d
(123) %f(svx) + (bs(x)»vxf(s»x» = 0
and to the continuity equation
d
(1.24) Eﬂt +V-(bips) =0.

The first equation has been exploited in [13] to transfer well-posedness results
from the transport equation to the ODE, getting uniqueness of RLF (with respect
to Lebesgue measure) in R?. This is possible because the flow maps (s, x) >
X (¢,s,x) (here we made also explicit the dependence on the initial time s, previ-
ously set to 0) solve (1.23) for all ¢ € [0, T']. In the present article, in analogy with
the approach initiated in [1] (see also [16] for a stochastic counterpart of it, where
(1.24) becomes the forward Kolmogorov equation), we prefer rather to deal with
the continuity equation, which seems to be more natural in a probabilistic frame-
work. The link between the ODE (1.22) and the continuity equation (1.24) can be
made precise as follows: any positive finite measure 5 on initial values and paths,
n € 2R x C([0,T];R?)), concentrated on solutions (x,y) to the ODE with
initial condition x = y(0), gives rise to a (distributional) solution to (1.24), with
W given by the marginals of 7 at time 7: indeed, (1.24) describes the evolution of
a probability density under the action of the “velocity field” b. We shall call these
measures 1) generalized flows; see Definition 3.4.
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These facts lead to the existence, the uniqueness (up to .Z’ d -negligible sets), and
the stability of the RLF X (¢, x) in R provided (1.24) is well-posed in LE(0,T];
L' N L*°(R?)). Roughly speaking, this should be thought of as a regularity as-
sumption on b. See Remark 3.2 and Section 6 for explicit conditions on b ensuring
well-posedness.

We shall extend all these results to flows on Z2(R¢), the space of probability
measures on R?. The heuristic idea is that (1.24) can be viewed as a (constant co-
efficients) ODE in the infinite-dimensional space Z?(R?) and that we can achieve
uniqueness results for (1.24) for “almost every” measure initial condition. We
need, however, a suitable reference measure on Z(R?), which we shall denote
by v. Our theory works for many choices of v (in agreement with the fact that no
canonical choice of v seems to exist) provided v satisfies the regularity condition

f pdv(p) < C29,
P (R4)
see Definition 3.5. (See also Example 3.6 for some natural choices of regular
measures v.) Given v as reference measure, and assuming that (1.24) is well-
posed in L°([0, T'; L' N L*°(R%)), we prove existence, uniqueness (up to v-
negligible sets), and stability of the regular Lagrangian flow of measures w. Since

this assumption is precisely the one needed to have existence and uniqueness of the
RLF X (¢, x) in R4, it turns out that the RLF u(z, 1) in Z(R%) is given by

125wl = [ Sxndut) Vi €0.7] ue 2@D,
R4

which makes the existence part of our results rather easy whenever an underlying
flow X in R¥ exists. On the other hand, even in this situation, it turns out that
uniqueness and stability results are much stronger when stated at the 22 (R9) level.

In our proofs, which follow by an infinite-dimensional adaptation of [1, 2], we
also use the concept of generalized flow in Z(R9), i.e., measures 5 on Z(R?) x
C([0, T]; Z(R?)) concentrated on initial data/solution pairs (i, ) to (1.24) with
w(0) = u; see Definition 3.9.

Organization of the Paper

The paper consists of two main parts: the first one devoted to the above-men-
tioned extension of the theory of flows to the case when the state space is Z(R?),
and the second one focused on the specific application to semiclassical limits. After
the illustration of the basic measure-theoretic notation and concepts in Section 2,
in Section 3 we present the axiomatization of the theory of flows based on the con-
tinuity equation. Section 4 contains new existence and uniqueness results for flows
in Z(R?). The more abstract part of the paper ends in Section 5, where unique-
ness is improved to stability with respect to families of approximate solutions to
the continuity equation, such as those appearing in semiclassical limits.
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In Section 6 we prove that, even in the presence of Coulomb singularities, when
the interaction is repulsive only it is still possible to obtain uniqueness of solutions
by a localization in (phase) space. In Section 7 we study solutions to (1.1), focusing
in particular on estimates and convergence of the error term & (U, ¥) in (1.14); its
bilinear character allows us to deal separately with the Coulomb part U, which
is treated using lemma 5.1 in [6], and the part U comprising the kinetic energy
of the electrons and their interaction with electrons and nuclei. In Section 8 we
provide new L °°-estimates on the averaged Husimi transforms and show that they
are implied by the uniform operator inequalities (1.21). In Section 9 we gather all
previous results and prove the convergence of Wigner-Husimi transforms.

2 Notation and Preliminary Results

Let X be a Polish space (i.e., a separable topological space whose topology is
induced by a complete distance). We shall denote by B(X) the o-algebra of Borel
sets of X, by Z2(X) the space of Borel probability measures on X, and by .Z (X)
and .Z+(X) the space of finite Borel and finite Borel nonnegative measures on
X, respectively. For A € B(X) and v € .Z(X), we denote by vLL A € .Z(X)
the restricted measure, namely v A(B) = v(4A N B). Given f : X — Y Borel
and € .#(X), we denote by fyu € . (Y) the pushforward measure on Y, i.e.,
Ja(A) = u(f ~1(A)) (if u is a probability measure, Sy is the law of f under
W), and we recall the basic integration rule

/q‘) dfyn = /¢ o fdu for ¢ bounded and Borel.
Y X

We denote by y4 the characteristic function of a set A equal to 1 on A and equal to
0 on its complement. Balls in euclidean spaces will be denoted by Br(xo) and by
Brifxo = 0.

We shall endow Z(X) with the metrizable topology induced by the duality with
Cp(X), the space of continuous bounded functions on X: this makes &2(X) itself
a Polish space (see, e.g., [7, remark 5.1.1]), and we shall also consider measures
v e M (P(X)).

Typically we shall use Greek letters to denote measures, boldface Greek letters
to denote measures on the space of measures, and occasionally d 4 for a bounded
distance in Z(X) inducing the weak topology induced by the duality with Cp(X)
(no specific choice of d » will be relevant for us). We recall that weak convergence
of [, to u implies

2.1)  lim /fdun = / fdu
n—>0o0
X X
for all f bounded Borel, with a p-negligible discontinuity set.
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Also, in the case X = R?, recall that a sequence (i1,) C 2 (R?) weakly con-
verges to a probability measure p in the duality with Cj (R?) if and only if it
converges in the duality with (a dense subspace of) C, (RY).

We shall consider the space C([0, T]; 2(R?)), whose generic element will be
denoted by w, endowed with the sup norm; for this space we use the compact no-
tation Q7 (2 (R%)). We also use e; as a notation for the evaluation map at time ,
so that e; (w) = w(t). Again, we shall consider measures 5 € .Z4 (Q7(Z(R%)))
and the basic criterion we shall use is the following:

PROPOSITION 2.1 (Tightness) Let (1,)) C .#+(Qr (P (R?))) be a bounded fam-
ily satisfying the following:
(i) Space Tightness. For all ¢ > 0,

supn,,({w: sup a)(z)(Rd \Br)>¢}) >0 as R — cc.
n t€[0,7T]

(ii) Time Tightness. For all ¢ € Ccoo(Rd), n=>1themapt — [ga ¢ dw(r)
is absolutely continuous in [0, T] for n,-a.e. @ and

T /
A}igosgpnn({w:/o (/gbda)(t)) dt>M})=0.

R4
Then (n,,) is tight.
PROOF. We shall denote by /4 : Q7 (& (R%)) — € ([0, T]) the time-dependent
integral with respect to ¢ for all ¢ € C° (R?). Since the sets

T
{f e WH(0.T) s sup | f] < C. /0 1 0)ldt < M}

are compact in C([0, T]), by assumption (ii) the sequence ((14)yn,,) is tight in
M4+ (C([0,T])) for all ¢ € CCOO(Rd). Hence, if we fix a countable dense set
(¢x) € CX(R?) and & > 0, we can find for k > 1 compact sets K; C C([0,T])
such that sup,, nn(QT(e@(Rd)) \ Iqb_kl (K7)) < €27%. Thus, if K¢ denotes the

intersection of all sets / o YK 1), we get

up 1, (T (Z[RY)) \ K°) < e.

Analogously, we can build another compact set L& C Q7 (2 (R%)) by using as-
sumption (i) such that sup,, nn(QT(L@(Rd)) \ L?) < ¢ and, for all integers k > 1,
there exists R = Ry such that w(r)(R?\ Bg) < 1/k forallw € Lf and ¢ € [0, T].

In order to conclude, it suffices to show that K€NLE is compact in 27 (2 (R%)):
if (wp) C K®NL? we can use the inclusion in / o LK ¢) and a diagonal argument to
extract a subsequence (wp(¢)) such that [ rd wp(e)(t) has alimit for all 7 € [0, T]
and all k > 1 and the limit is continuous in time. By the space tightness given by
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the inclusion (wp) C L#, wpg)(t) converges to w(t) in PR forall t € [0, T],
and ¢ — w(t) is continuous. O

The next lemma is a refinement of [2, lemma 22] and [27, cor. 5.23], and allows
us to obtain convergence in probability from weak convergence of the measures
induced on the graphs.

LEMMA 2.2 Let f, : X — Y and f : X — Y be Borel maps, v,, v € P (X),
and assume that (1d x f)yv, weakly converge to (Id x f)yvin X x Y. Assume in
addition that we have the Skorokhod representations vy, = (in)ylP, v = iyP, with
(W, F,P) a probability measure space, iy, i : W — X measurable, and i,, — i
P-almost everywhere. Then f, o i, — [ oi in IP-probability.

PROOF. Let dy denote the distance in Y. Up to replacing dy by min{dy, 1},
with no loss of generality we can assume that the distance in Y does not exceed 1.
Fixe > 0and g € Cp(X;Y) with fX dy (g, f)dv < 2. We have that {dy (f, o
in, f oi) > 3¢} is contained in

{dy(fnoin.goin) > ey Uldy(goin,goi)>ejUldy(goi, foi)>ej.

The second set has infinitesimal P-probability, since g is continuous and i, — i
P-a.e.; the third set, by the Markov inequality, has P-probability less than ¢; to
estimate the P-probability of the first set, we notice that

P(idy (o 0in.g oin) > o) = validy (o) > e = 1 [ 2d(@x o
XxY

with y(x,y) := dy(g(x),y). The weak convergence of (Id x f,)yv, yields

1
limsup P({dy (fpoin,goin) >e€}) < - / xddd x f)yv
n—00

XxY

[ vt s@naveo <e.

X

3 Continuity Equations and Flows

In this section we shall specify the basic assumptions on b used throughout this
paper, and the conventions about (1.24) concerning locally bounded (respectively,
measure-valued) solutions. We shall also collect the basic definitions of regular
flows that we shall work with, recalling first those used when the state space is R4
and then extending these concepts to 2(R9).
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3.1 Continuity Equations

We consider a Borel vector field b : [0, T]xR?¢ — R, andsetb, () := b(t,-);
we shall not work with the Lebesgue equivalence class of b, although a posteriori
our theory is independent of the choice of the representative (see Remark 3.8); this
is important in view of the fact that (1.24) involves possibly singular measures.
Also, we shall not make any integrability assumption on b besides L1 ([0, T] x

loc

R?) (namely, the Lebesgue integral of |b| is finite on [0, T] x Bg for all R > 0);
the latter is needed in order to give a distributional sense to the functional version
of (1.24), namely,

dt
coupled with an initial condition wg = w € L
in space-time.

It is well-known and easy to check that any distributional solution w (¢, x) =
w; (x) to (3.1) with w; locally bounded in R¢ uniformly in time can be modified
in an .Z!-negligible set of times in such a way that ¢ > w; is continuous with
respect to the duality with C,(R%), and well-defined limits exist att = 0,7 = T
(see, for instance, [7, lemma 8.1.2] for a detailed proof). In particular, the initial
condition wg = w is then well-defined, and we shall always work with this weakly
continuous representative.

In what follows, we shall say that the continuity equation (3.1) has unique-
ness in the cone of functions L°([0, T']; L' N L (R%)) if, for any w € L' N
L% (R?) nonnegative, there exists at most one nonnegative solution w; to (3.1) in
L%([0, T]; L' N L%°(R¥)) satisfying the condition
(3.2) Wo = W.

Coming to measure-valued solutions to (1.24), we say thatt € [0,T] — u; €

M1 (R?) solves (1.24) if |b| € LY ((0, T) x R¥; j1,dt), the equation holds in the

loc

sense of distributions, and 7 — [ ¢ d i, is continuous in [0, T'] for all ¢ € C, (RY).

00
loc

(R?), when wy is locally bounded

3.2 Flows in R?

DEFINITION 3.1 (v-RLF in R¥) Let X : [0,7] x R — R? and v € .#4(R?)
with v < .24 and of bounded density. We say that X is a v-RLF in R relative
tob e L} ([0, T] x RY;R¥) if the following two conditions are fulfilled:
(i) for v-a.e. x, the function ¢ — X (¢, x) is an absolutely continuous integral
solution to the ODE (1.22) in [0, T'] with X (0, x) = x;
(i) X(t,-)pp <CZ  forallt € [0, T] for some constant C independent of 7.

Notice that, in view of condition (ii), the assumption of bounded density of v is
necessary for the existence of the v-RLF, as X (0, - )yv = v.

In this context, since all admissible initial measures v are bounded above by
cee, uniqueness of the v-RLF can and will be understood in the following
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stronger sense: if f, g € L! RN L®[R?) are nonnegative and X and Y are, re-
spectively, an /. %?-RLF and a g.Z%-RLF, then X (-,x) = Y (-, x) for #£?-ae.
xe{f>01n{g>0}.

Remark 3.2 (BV Vector Fields). We shall use in particular the fact that the v-RLF
exists for all v < C_£? and is unique in the strong sense described above under

the following assumptions on b: |b| is uniformly bounded, b; € BV o.(R¢:R?),
and V-b; = g, 2% « Z% for £1-ae.t € (0,T), with

Ig¢ll co@ay € L'(0.T). |Db:|(Bg) € L'(0.T) forall R >0,

where |Db;| denotes the total variation of the distributional derivative of b;. See
[1, 2] and the paper [12] for Hamiltonian vector fields.

Remark 3.3 (& d -RLF). In all situations where the v-RLF exists and is unique, one
can also define by an exhaustion procedure an . d_RLF X, uniquely determined
(and well-defined) by the property

X(.x)=X'(.x) Z%ae.on {f >0}
forall f € L°° N L'(R?) nonnegative, where X T/ is the f£% flow. Also, it turns
out that if (3.1) has backward uniqueness, and if the constant C in Definition 3.1(ii)
can be chosen independently of v < £ then X (1, ~)ﬂ.§fd < C%%. We don't

prove this last statement here, since it will not be needed in the rest of the paper,
and we mention this just for completeness.

In the proof of stability and uniqueness results, it is actually more convenient
to consider a generalized concept of flow; see [2] for a more complete discussion.
We denote the evaluation map (x,w) € R? x C([0, T];R?) — w(r) € R? again
with e;.

DEFINITION 3.4 (Generalized v-RLF in R?) Letv € .Z, (R%) and § € 2(R? x
C([0, T]:R?)). We say that 5 is a generalized v-RLF in R? relative to b €
LL ([0, T] x R%;RY) if:
(1) (eo)gn = v;
(ii) 7 is concentrated on the set of pairs (x, y), with y an absolutely continuous
solution to (1.22), and y(0) = x;

(iii) (er)yn < CZ d for all t € [0, T] for some constant C independent of 7.

3.3 Flowsin Z(R%)

Given a nonnegative o-finite measure v € .Zy (Z(R?)), we denote by Ev €
M+ (Rd ) its expectation, namely,

/ ¢pdEv = / / ¢dudv(n) for all ¢ bounded Borel.
R4 2(R4) R4

DEFINITION 3.5 (Regular Measures on .#4 (2 (R9))) Let v € 44 (2 (R?)).
We say that v is regular if Ev < C.¥ 4 for some constant C.
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Example 3.6.

(1) The first standard example of a regular measure v is the law under p.& d
of the map x +> 8, with p € LY(R%) N L%°(R?) nonnegative. Actually, one can
even consider the law under ¥ d, and in this case v would be o-finite instead of a
finite nonnegative measure.

(2) If d = 2n and z = (x, p) € R" x R” (this factorization corresponds for
instance to flows in a phase space), one may consider the law under p.£" of the
map x > 8y x y, with p € L1(R”) N L>°(R™) nonnegative and y € P (R}) with
y < C£"™; one can also choose y dependent on x, provided x — y is measurable
and yx < C.Z" for some constant C independent of x.

(3) We also conjecture that the entropic measures built in [26, 28] are regular;
see also the references therein for more examples of “natural” reference measures
on the space of measures.

As we explained in the introduction, Definition 3.1 has a natural (but not perfect)
transposition to flows in Z2(R%):

DEFINITION 3.7 (v-RLF in Z(R%)) Let u : [0, T]x Z(R?) - Z(R%) and v €
M1 (P (R?)). We say that g is a v-RLF in 22(R9) relative to b € Llloc([O, T] x
RY;RY) if
(i) for v-ae. u, t — u; := p(t,u) is (weakly) continuous from [0, T'] to
P(R?) with u(0, 1) = u, and 11, solves (1.24) in the sense of distribu-
tions;
(i) E(u(t,-)yv) < CZ d for all t € [0, T] for some constant C independent
of .

Notice that no v-RLF can exist if v is not regular, as p(0,-)3yv = v. Notice
also that condition (ii) is in some sense weaker than g (¢, - )yv < Cv (which would
be the analogue of (ii) in Definition 3.1 if we were allowed to choose v = 7.
see also Remark 3.3), but it is sufficient for our purposes. As a matter of fact,
because of infinite dimensionality, the requirement of quasi-invariance of v under
the action of the flow u (namely, the condition p(z,-)yv < v) would be a quite
strong condition: for instance, if the state space is a separable Banach space V,
the reference measure y is a nondegenerate Gaussian measure, and b(zf, x) = v,
then X (¢,x) = x + tv, and the quasi-invariance occurs only if v belongs to the
Cameron-Martin subspace H of V, a dense but y-negligible subspace. In our
framework, Example 3.6(2) provides a natural measure v that is not quasi-invariant,
because its support is not invariant, under the flow: to realize that quasi-invariance
may fail, it suffices to choose autonomous vector fields of the form b(x, p) :=

(p,—VU(x)).

Remark 3.8 (Invariance of v-RLF). Assume that w(z, ) is a v-RLF relative to b
and b is a modification of b, i.e., for £1-ae.t € (0,T) the set N; := {b; # b;}
is &4 -negligible. Then, because of condition (ii) we know that, for all t € (0, T'),



SEMICLASSICAL LIMIT OF QUANTUM DYNAMICS 1213

n(t, w)(Ny) = 0 for v-a.e. u. By Fubini’s theorem, we obtain that, for v-a.e. u,
the set of times ¢ such that w(¢, )(N;) > 0 is .Z!-negligible in (0, 7). As a
consequence f — f(, i) is a solution to (1.24) with b, in place of b;, and u is a
v-RLF relative to b as well.

In the next definition, as in Definition 3.4, we are going to consider measures
on Z(R%) x Q7 (P2 (R?)), the first factor being a convenient label for the initial
position of the path (an equivalent description could be given using just measures
on Q7 (Z(R?)), at the price of a heavier use of conditional probabilities; see [2,
remark 11] for a more precise discussion). We keep using the notation e; for the
evaluation map, so that e; (i, w) = w(t).

DEFINITION 3.9 (Generalized v-RLF in Z2(R%)) Letv € .# (Z(R%)) and 5 €
M (PR x Qr(P2(RY))). We say that 7 is a generalized v-RLF in Z(R%)
relative to b € L1 ([0, T] x R¢;R?) if:

loc

(1) (eo)gn = v;
(ii) n is concentrated on the set of pairs (u,w), with w solving (1.24),

w(0) = p;
(iii) E((es)gn) < C 4 for all t € [0, T] for some constant C independent
of t.

Again, by conditions (i) and (iii), no generalized v-RLF can exist if v is not
regular. Of course any v-RLF p induces a generalized v-RLF p: it suffices to
define

3.3) n= (Yyu)pv,
where
G4 W, PRY) — PRY) x Qr(PRY). V() = (. p(-. ).

It turns out that existence results are stronger at the RLF level, while results con-
cerning uniqueness are stronger at the generalized RLF level.

The transfer mechanisms between generalized and classical flows, and between
flows in Z(R?) and flows in R?, are illustrated by the next proposition.

PROPOSITION 3.10 Let 3 be a generalized v-RLF in Z(R?) relative to b. Then:

(1) Ey is a generalized Ev-RLF in R¢ relative to b;
(2) the measures ju; = E((er)yn) = (er)yEn € ///+(Rd) satisfy (1.24).

In addition, ¢ = w; £ withw € LP([0, T]; L' N L% (R?)).

PROOF. Statement (i) is easy to prove, since the continuity equation is linear.
Statement (ii), namely that (single) time marginals of generalized flows in R¢ solve
(1.24), is proved in detail in [2, p. 8]. The final statement follows by the regularity
condition on 7. O
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4 Existence and Uniqueness of Regular Lagrangian Flows

In this section we recall the main existence and uniqueness results of the v-RLF
in R¥, and see their extensions to v-RLF in Z2(R%). It turns out that existence and
uniqueness of solutions to (3.1) in LE°([0, T']; L' N L>®(R?)) yields existence and
uniqueness of the v-RLF, and existence of this flow implies existence of the v-RLF
when v is regular. Also, the (apparently stronger) uniqueness of the v-RLF is still
implied by the uniqueness of solutions to (3.1) in L°([0, T']; L' N L®(RY)).

The following result is proved in [2, theorem 19] for the part concerning exis-
tence and in [2, theorem 16, remark 17] for the part concerning uniqueness.

THEOREM 4.1 (Existence and Uniqueness of v-RLF in R4 ) Assume that (3.1) has
existence and uniqueness in L ([0, T1; L'NL®R2)). Then, forallv € .4 (R?)

with v < Z% and of bounded density, the v-RLF in R? exists and is unique.

Now we can easily show that existence of the v-RLF implies existence of the
v-RLF, by a superposition principle. However, one might speculate that, for very
rough vector fields, a v-RLF might exist in 2 (R%), not induced by any v-RLF in
R4,

THEOREM 4.2 (Existence of v-RLF in Z(R%)) Let v € .#(R%) withv < £¢
and of bounded density, and assume that a v-RLF X in R? exists. Then, for all
v e My (PRY)) withEv = v, a v-RLF p in Z(R?) exists, and it is given by

@ R = [ Sxenduco)
R4

PROOF. The first part of property (i) in Definition 3.7 is obviously satisfied,
since the fact that 1 — X (¢, x) solves the ODE for some x corresponds to the
fact that ¢ +— Sx(;,x) solves (1.24). On the other hand, since v is regular and X
is an RLF, we know that X (-, x) solves the ODE for Ev-a.e. x; it follows that,
for v-a.e. u, X (-, x) solves the ODE for p-a.e. x; hence p (¢, t) solves (1.24) for
v-a.e. ). This proves (i).

Property (ii) follows by

/ $()AE((t.)3v)(x) = / / dp(t. w)dv(u)
Rd

2R9) R4

- / / (X (1. ) du(x)dv(w)

P(R4) R4

- /¢(X(z,x))dv(x) < CL/¢(z)dz
R4 R4

where C is the same constant as in Definition 3.1(ii) and L satisfies v < L.¥ i Qg
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The following lemma (a slight refinement of theorem 5.1 in [1] and lemma 4.6
in [4]) provides a simple characterization of Dirac masses for measures that are
on Cy ([0, T]; E) and for families of measures on £. Here E is a closed, convex,
and bounded subset of the dual of a separable Banach space, endowed with a dis-
tance d g inducing the weak-* topology, so that (£, dg) is a compact metric space;
Cy ([0, T]: E) denotes the space of continuous maps with values in (£, dg), en-
dowed with sup norm (so that these maps are continuous with respect to the weak-
topology). We shall apply this result in the proof of Theorem 4.4 with

(4.2) E:={ue#RY:|u|RY) <1} > 2[RY),

thought of as a subset of (Co(R?))*, where Co(R?) denotes the set of continu-
ous functions vanishing at infinity (i.e., the closure of C.(R¢) with respect to the
uniform convergence).

LEMMA 4.3 Let E C G*, with G a separable Banach space, be closed, convex,
and bounded, and let o be a positive finite measure on Cy, ([0, T]; E). Then o is a
Dirac mass if and only if (e;)y0 is a Dirac mass forallt € Q N[0, T]. If (F, F,A)
is a measure space, and a Borel family {v;},eF of probability measures on E (i.e.,
Z > vz (A) is F-measurable in F for all A C E Borel) is given, then v are Dirac
masses for A-a.e. z € F if and only if for all y in a dense subset of G and all ¢ in
a dense subset of R there holds

(43) ve(ixe E:{x.y) =chvz(fx e E:(x,y) >¢c}) =0
for A-a.e. 7 € F.

PROOF. The first statement is a direct consequence of the fact that all elements
of Cy ([0, T]; E) are weak-* continuous maps, which are uniquely determined on
Q N[0, T']. In order to prove the second statement, let us consider the sets 4;; 1=
{x € E : (x,y;) < cj}, where y; vary in a countable dense set of G and c; vary
in a dense subset of R. By (4.3) we obtain a A-negligible set N;; € F satisfying
vz (Aij)vz(E \ A;j) = Oforall z € F\ N;j. As a consequence, each measure vy,
as z varies in F' \ N;;, is either concentrated on A;; or on its complement. For
ze F\U ; Nij it follows that the function x > (x, y;) is equivalent to a constant
up to v, -negligible sets. Since the functions x — (x, y;) separate points of E,
v, is a Dirac mass for all z € F \ Ui,j Ni;, as desired. O

The next result shows that uniqueness of (1.24) in L ([0, T']; L' N L®([RY))
and existence of a generalized v-RLF imply existence of the v-RLF and uniqueness
of both, the v-RLF and the generalized v-RLF.

THEOREM 4.4 (Existence and Uniqueness of the v-RLF in 2(R?)) Assume that
(3.1) has uniqueness in LS°([0, T]; L' N L®RY)). If a generalized v-RLF 1 in
P (R2) exists, then the v-RLF . in 2 (R?) exists. Moreover, they are both unique
and related as in (3.3) and (3.4).
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PROOF. We fix a generalized v-RLF 5 and show first that 3 is induced by a v-
RLF (this will prove in particular the existence of the v-RLF). To this end, denoting
by 7 : Z2(R?) x Qr(Z(R?)) — P (R?) the projection on the first factor, we
define by

1, = E@|r = p) € 2(Qr(2[R?)))

the induced conditional probabilities, so that dp(u, w) = dn,, (w)dv (). Taking
into account the first statement in Lemma 4.3, it suffices to show that, for 7 €
Q N[0, T] fixed, the measures

6 1= E((epgnlw(0) = p) = (epgn, € A+(P[RY))

are Dirac masses for v-a.e. i € 2 (R%). Still using Lemma 4.3, we will check the
validity of (4.3) with A = v. Since 6, = §, when f = 0, we shall assume that
t>0.

Let us argue by contradiction, assuming the existence of L € B(Z(R%)) with
v(L) > 0, ¢ € Co(R?), and ¢ € R such that both 6,.(A) and HM(L@(R”Z) \ A) are
strictly positive for all i € L, with

A::{pGL@(Rd)Z/gbdpEC}.
R4

We will get a contradiction under the assumption that equation (3.1) has uniqueness
in LL([0, T7]; L' N L*°(R%)) by constructing two distinct nonnegative solutions
of the continuity equation with the same initial condition w € L' N L®(RY).
With no loss of generality, possibly passing to a smaller set L still with positive
v-measure, we can assume that the quotient g(u) := 6, (A)/GM(@(Rd) \ A) is
uniformly bounded in L. Let Q; C Q7 (& (R%)) be the set of trajectories w that
belong to A at time 7, and let €2, be its complement; we can define positive finite
measures 7', i = 1, 2, in Z(R?) x Q7 (Z(R?)) by

dn' (. ) := d(xa,n,)(@)d(xLv)(1).
dn* (. w) == d(x,n,)(@)d(xLgv) ().

By Proposition 3.10, both #! and 52 induce solutions w; and w? to the continuity
equation, which are uniformly bounded (just by comparison with the one induced
by #) in space and time. Moreover, since

(eo)gn' = 0u(A)xr(w)v
and analogously
(co)gn® = Bu( PRI\ A) L (wg (v,

our definition of g gives that (eo)ﬂnl = (eo)ﬂnz. Hence, both solutions w,1 and wt2
start from the same initial condition w(x), namely the density of E(6,,(A4) yr(un)v)
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with respect to .£¢. d On the other hand, it turns out that

/ pwtax= [ [ [ ¢do@dn,@ave

L Q) R4

[ [ weo / b do@dn,, (@)dv ()

L Qr(2®RY)

///d)dpd@(p)dv(u)w/e (A)dv ().
L A R4

Analogously, we have

/W% dx > C/GM(W(R") \ Ag(wdv(p) = C/GM(A)dv(u).
d L L

Therefore wtl # wtg and uniqueness of the continuity equation is violated.

Now we can prove uniqueness of the generalized v-RLF and of the generalized
v-RLF: if ¢ is any other generalized v-RLF, we know ¢ is induced by a v-RLF;
hence for v-a.e. i the measures E(o |w(0) = ) are also Dirac masses; but since
the property of being a generalized flow is stable under convex combinations, the
measures (corresponding to the generalized v-RLF (g 4+ 0)/2)

SE@0) = 1)+ 3E@|0(0) = ) = E(”T‘me) _ u)

must also be Dirac masses for v-a.e. . This can happen only if E(n|w(0) =
u) = E(o|w(0) = w) for v-a.e. u, hence ¢ = 5. Finally, since distinct v-RLF g
and p’ induce distinct generalized v-RLF 5 and 5, uniqueness is also proved for
v-RLF. O

5 The Stability of v-RLF in 2 (R%)

In the statement of the stability result we shall consider varying measures v, €
P(Z(R?)), n > 1, and a limit measure v. (The assumption that all v, are prob-
ability measures is made in order to avoid technicalities that would obscure the
main ideas behind our stability result, and one can always reduce to this case by
renormalizing the measures. Moreover, in the applications we have in mind, our
measures v, will always have unitary total mass.) We shall assume that the v,
are generated as (i,)3lP, where (W, F,P) is a probability measure space and i :
W — @(Rd ) are measurable; accordingly, we shall also assume that v = 4P,
with i, — i P-a.e. These assumptions are satisfied in the applications we have
in mind, and in any case Skorokhod’s theorem (see [11, vol. II, sec. 8.5]) could be
used to show that weak convergence of v, to v always implies this sort of repre-
sentation, even with W = [0, 1] endowed with the standard measure structure, for
suitable i, and i.
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Many formulations of the stability result are indeed possible, and we have cho-
sen a specific one for the application we have in mind. Henceforth we fix an au-
tonomous vector field b : R? — R¥ satisfying the following regularity conditions:

(@) d = 2n and b(x, p) = (p,c(x)), (x, p) € R?, ¢ : R” — R” Borel and
locally integrable;
(b) there exists a closed .Z"-negligible set S such that ¢ is locally bounded on
R™\ S;
(c) the discontinuity set X of ¢ is £ -negligible.
LEMMA 5.1 Let S C R” closed, and assume that b is representable as in (a)

above. Let ji; : [0,T] — P(R?) solve (1.24) in the sense of distributions in
(R™\ S) x R" and assume that

T
1
—————dus(x,p)dt <oo YR >0
/OB/ distﬂ(x,S) He(x. p)
R

for some B > 1 (with the convention 1/0 = +00). Then (1.24) holds in the sense
of distributions in R?.

PROOF. First of all, the assumption implies that j,(S x R") = 0 for #!-ae.
t € (0,T). The proof of the global validity of the continuity equation uses the
classical argument of removing the singularity by multiplying any test function
¢ € CCOO(Rd) by xr, where yi(x) = y(kdist(x,S)) and y is a smooth cutoff
function equal to 0 on [0, 1] and equal to 1 on [2, +00), with 0 < y' < 2. If we
use ¢y as a test function, since y; depends on x only, we can use the particular
structure (a) of b to write the term depending on the derivatives of yj as

T
e[ [ ox'teadistce $)p. Vst S pr.
0 L
If K is the support of ¢, the integral above can be bounded by

T
2max | pg / / k dus(x. pydi <
0 {xeK:k dist(x,S)<2}
28+ maxg | po| /T/ 1
———dus(x, p)dt
kBP-1 0 dist? (x, §) e(x. p)

and as B > 1 the right-hand side is infinitesimal since k — oo. (]

The following stability result is adapted to the application we have in mind: we
shall apply it to the case when u,, (¢, #) are Husimi transforms of wave functions.

THEOREM 5.2 (Stability of v-RLF in @(Rd)) Let i, and i be as above and let
L, [0, T] xin(W) — P(RY) satisfy 1, 0,in(w)) = in(w) and the following

conditions:
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(1) Asymptotic Regularity.

lim sup /¢dun(t,in(w))d]P’(w)§C/dbdx
R4

W R4

for all ¢ € C.(R?) nonnegative for C independent of t and ¢.
(ii) Uniform Decay Away from the Singularity. For some f > 1

T
1
(5.1 suplimsup// /—dun(l,in(w))dl dP(w) < o0
§=0 n—oo J Jo J distP(x,S)+6
w Bpr VR>DO0.

(iii) Space Tightness. For all § > 0,

P({we W : sup p,(t in(w))(RY\ Bg)>8}) — 0
t€[0,T]

as R — oo uniformly in n.
(iv) Time Tightness. For P-a.e. w € W, foralln > 1, and ¢ € Ccc’o(Rd ),
[ fRd dpdp,(t,i,(w))is absolutely continuous in [0, T'| and, uniformly

inn,
(/dbdun(z,in(w))) dt >M}) = 0.

T
lim P({w eWw :/
Moo 0
R4

(v) Limit Continuity Equation.

i [|[ oo [ o amineo
w R4

#00) [ (6,500 a0t |
R4
forall p € CR R\ (S xR")), ¢ € CX(0,T).
Assume, besides conditions (a), (b), and (c) above, that (3.1) has uniqueness in

LE([0,T]; L' N L®(RY)). Then the v-RLF (2, ) relative to b exists, is unique,
and

(5.3) lim sup d@(un(t,in(w)),u(t,i(w)))dIP’(w) = 0.

n—00J tef0,T]
w

(5.2)
dP(w) =0

PROOF. Let (p,) C M (PR x Qr(P(R?))) be induced by i, pushing
forward v, = (in)yP via the map u — (i, p,(z, ). Conditions (iii) and (iv)
correspond, respectively, to conditions (i) and (ii) of Proposition 2.1; hence the
marginals of 5, on Q7 (2 (R?)) are tight; since the first marginals, namely v,
are tight as well, a simple tightness criterion in product spaces (see, for instance,
[7, lemma 5.2.2]) gives that (5,,) is tight. We consider a weak limit point  of
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(n,,) and prove that 5 is the unique generalized v-RLF relative to b; this will give
that the whole sequence (1,,) weakly converges to 5. Just to simplify notation, we
assume that the whole sequence (7,,) weakly converges to 7.

We check conditions (i), (ii), and (iii) of Definition 3.9. First, since u, (0, u) =
W vy-a.e., we get (eg)yn, = vn; hence (eg)yn = v and condition (i) is satisfied.
Second, we check condition (iii): for ¢ € C,(R%) nonnegative, we have

/ 6 dE((e0)gmy) = / G dE((t.-gon) = / / & d iy (1. in ()P (w),
R4 R4 WRd

and we can use assumption (i) to conclude that

(5.4) /¢dE((€t)ﬂ71) < C/¢dz Vielo,T],
R4 R4

so that condition (iii) is fulfilled.

Finally, we check condition (ii). Since 5,, are concentrated on the closed set of
pairs (i, w) with w(0) = u, the same is true for 5; it remains to show that w(¢)
solves (1.24) for g-a.e. (i, ). We shall denote by o € #4(Qr(Z(R?))) the
projection of 5 on the second factor and prove that (1.24) holds for o-a.e. w.

We fix ¢ € CCOO(Rd \ (S xR™))and ¢ € C£°(0,T); we claim that the discon-
tinuity set of the bounded map

T
(5.5) W > /0 [W(z) / ¢ dw(t) + ¢(t) / (b,v¢)dw(z)}dz
R4 R4

is o-negligible. Indeed, using (2.1) with X = R¥ this discontinuity set is easily
seen to be contained in

T
(5.6) {a) € Qr(2[RY)): f w(@)(E x R")dt > o},
0

where X is the discontinuity set of ¢. Since .24 (X x R") = 0, by assumption (c),

for all t € [0, T'] inequality (5.4) gives w(t)(X x R") = 0 for o -a.e. w; by Fubini’s

theorem in [0, T] x Q7 (Z2(R?)), we obtain that the set in (5.6) is o -negligible.
Now we write assumption (5.1) in terms of 5,, as

T
1
sup lim su ——————dow(t)dtdn, (1, w) < oo
5 P / /OB/distﬂ(x,S)+5 () dtdny (i, )
R

§>0 n—oo
PRA)xQr (2 (RD)) VR >0,

and take the limit thanks to Fatou’s lemma and the monotone convergence theorem
to obtain

T
1
(5.7 / / /—da)tdtdaa) <o VYR>0.
o J dist?(x, ) ® @)
Qr(®R4))  Br
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Next we write assumption (v) in terms of 7, as

i [ [ [ [ean
o

PRYxQr (P (RT))

+ (1) /(b,V¢)dw(Z):| dt|dn,(n,w) =0
R

with ¢ € Cp(Z(R?) x Q7 (Z(R?))) nonnegative; then, the claim on the conti-
nuity of the map in (5.5) and (2.1) with X = 2(R%) x Q7 (2 (R%)) allows us to
conclude that

z’ /0 T[w’(z) [ #dot
)

PRA)xQ7 (PRD))

#o0) [ 6. 90)d00)] dr|dnge.) =0,

R4
Now we fix A C CCOO(Rd \ (§ xR")) and B C C°(0, T) countable dense, and
use the fact that ¢ is arbitrary to find a o-negligible set N C Q7(Z2(R?)) such
that

T
/ [«/(z) / o dor(t) + (1) / <b,,V¢>dw(t>]dr _0 Vped VpeB,
0
R4 R4

for all w ¢ N, and by a density argument we conclude that ¢ is concentrated on
solutions to the continuity equation in R? \ (S x R”). By Lemma 5.1 and (5.7) we
obtain that o -a.e. the continuity equation holds globally.

By Theorem 4.4 we know that the v-RLF (¢, ) in Z(R?) exists, is unique,
and is related to the unique generalized v-RLF 7 as in (3.3)—(3.4). This proves that
we have convergence of the whole sequence (n,,) to . By applying Lemma 2.2
with X = Z(R%) and Y = Q7 (2(R?)), we conclude that (5.3) holds. O

In the next remark we consider some extensions of this result to the case when
b satisfies (a) and (b) only, so that no information is available on the discontinuity
set X of c.

Remark 5.3. Assume that b satisfies (a) and (b) only. Then the conclusion of
Theorem 5.2 is still valid, provided the asymptotic regularity condition (i) holds in
a stronger form, namely,

/ /q&d;Ln(t,in(w))dIP’(w) <C / ¢pdx Vo eCi(RY), ¢>0,n>1,
W R4 R4

for some constant C independent of 7. Indeed, assumption (c) was needed only
to pass to the limit, in the weak convergence of 5, to 5, with test functions of
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the form (5.5). But if the stronger regularity condition above holds, convergence
always holds by a density argument: first one checks this with » continuous and
bounded on supp ¢, and in this case the test function is continuous and bounded;
then one approximates b in L' on supp ¢ by bounded continuous functions.

6 Well-Posedness of the Continuity Equation
with a Singular Potential

In this section we shall assume that d = 2n and consider a more particular class
of autonomous and Hamiltonian vector fields b : R — R¥ of the form

b(z) = (p.—VU(x))., z=(x,p) eR"xR".

Having in mind the application to the convergence of the Wigner-Husimi trans-
forms in quantum molecular dynamics (see Section 7.2), we assume that:

(i) there exists a closed " -negligible set S C R” such that U is locally
Lipschitz in R” \ § and VU € BV,.(R" \ S;R");
(i) U(x) - 4+ooasx — §;
(ii1) U satisfies

(6.1) ess sup VU

VM > 0.
Ux)<m 1+ x|

THEOREM 6.1 Under assumptions (i), (ii), (iii), the continuity equation (3.1) has
existence and uniqueness in LS ([0, T; L' N L%®(RY)).

PROOF. Uniqueness. Let w; € L°([0, T]; LY N L*®(R%)) be a solution to
(3.1), and consider a smooth compactly supported function ¢ : R — R*. Set
E = E(x,p) = %| p|? + U(x). Then, since U is locally Lipschitz on sublevels
{U < £} for any £ € R (by (i) and (ii)), ¢ o E is uniformly bounded and locally
Lipschitz in R¢. Moreover,

(V(§o E)2).b(2)) = ¢'(E@)VE().b(z)) =0 for.Z?-ae.zeR?,
and we easily deduce that (¢ o E)w; € L([0,T]; L' N L®(R%)) also solves
equation (3.1).

Let M > 0 be large enough so that supp¢ C [-M, M],andlety : R — R+ be
a smooth cutoff function such that v = 1 on [-M, M]. Thengpo E = (Yo E)(¢po

E), which implies that (¢ o E)w; solves (3.1) with the vector field b := (¥ o E)b.
Now, thanks to (i) through (iii), it is easily seen that the following properties hold:

15](z)
1+ |z|

Indeed, the first one is a direct consequence of (i) and (ii), while the second one
follows from (ii) and (iii) and the simple estimate

b VU
ess sup )| < (sup Pl )+ ( ess sup | (x)|) <oo VM'>0.
E@=<m 1+ 12 1+ |p| vx<m’ 1+ x|

(6.2) b e BVIOC(Rd;Rd), ess sup < o0
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Thanks to (6.2), we can apply [2, theorems 34 and 26] to deduce that (¢ o E)wy is
unique, given the initial condition o = (¢ o E)we.Z%. Since E(z) is finite for
% ae. z, by the arbitrariness of ¢ we easily obtain that w; is unique, given the
initial condition wy.

Existence. ~ We now want to prove existence of solutions in L3°([0, T']; L'n
L®[R?)). Let w € L' N L°°(R¥) be nonnegative and let us consider a sequence
of smooth globally Lipschitz functions V. with |[VV; — VU| — 0 in LllOC (R™);
standard results imply the existence of nonnegative solutions w¥ to the continu-
ity equation with velocity b* = (p,—VV;) with wlg = W, [pa wf dxdp =
[ra wlg dx dp and with ||wf||Oo < ||u)](§||Oo (they are the pushforward of wlg un-
der the flow map of b* ). Since ¢ +— f]Rd wfdb dx dp are equicontinuous for all
¢ € C} (R?), we can assume the existence of w € LP([0,T]; L' N L®(R%))
with wf — w; weakly, in the duality with C} (R%), for all ¢ > 0. Taking the limit
as k — oo immediately gives that w; is a solution to (3.1). O

THEOREM 6.2 The v-RLF (x(t,x, p), p(t.x, p)) in R*" and the v-RLF u(t, jv)
in 2(R?") relative to b(x, p) := (p,—VU(x)) exist and are unique under as-
sumptions (1), (i), and (iii). They are related by

(6.3) w(t, p) = /S(x(t,x,p),p(t,x,p))dﬂ(xvp)-
de

PROOF. Existence and uniqueness of the v-RLF in R¢ follow by Theorems 6.1
and 4.1. The existence of the v-RLF implies the existence of the v-RLF u in (6.3)
by Theorem 4.2, and the well-posedness of the continuity equation with velocity b,
together with the existence of the generalized v-RLF induced by u (see (3.3) and
(3.4)), yield the uniqueness of u by Theorem 4.4. O

7 Estimates on Solutions to (1.1) and on Error Terms

In this section we collect some a priori estimates on solutions to (1.1) and on the
error terms &z (U, ) and &.(U, V), appearing in (1.13) and (1.16), respectively.

We recall that the Husimi transform ¢ > ng/f can be defined in terms of
convolution of the Wigner transform with the 2n-dimensional Gaussian kernel with
variance &/2:

o~ (xP+IpP)/e

(2n) .
(7.1) G, (x,p) = ey

=G (x)GM(p),

namely, ng/f = (W) % Gézn). It turns out that the asymptotic behavior as
& — 0 is the same for the Wigner and the Husimi transform (see also (7.7) below
for a more precise statement).
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For later use, we recall that the x-marginal of W,y is the position density
[Y|2.£". Also, the change of variables

x+5y=u

7.2
(7.2) iy

and a simple computation show that the p-marginal of W;yr is the momentum
density, namely (2e)™"|Fy|?(p/e)L". (Strictly speaking, these identities are
only true in the sense of principal values, since W v, despite tending to O as
|(x,p)| — oo, does not in general belong to L'.) Since the Gaussian kernel

Gézn)(x, p) in (7.1) has a product structure, it turns out that

(1.3) / Wo (x. p)dp = f W 2(x — GO (x)dx.
Rn

Rﬂ
(7.4) / Wowr (x. p)dx = (i) / |fw|2(u)6§")(p’)dp'.
2re &
Rﬂ Rn

Since Wgw is nonnegative (see Section 8 for details), the two identities above hold
in the standard sense.

As in [24] we shall consider the completion A of C2°(R?") with respect to the
norm

1.5) lolla = / sup | Fppl(x, y)dy, ¢ € CR(R2M),

xeR”
R}’l

where F, denotes the partial Fourier transform with respect to p, that is,

Frox.) = [ 7ot p)dp.
Rﬂ
It is easily seen that sup|¢| < |l¢||4; hence A is contained in Cp(R?") and
M (R?™) canonically embeds into A’ (the embedding is injective by the density

of C®(R?")). The norm of A is technically convenient because of the simple
estimate

(7.6) lplla 1 113-

1
Weyrdx dp| <

Since for all ¢ € C°(R?") one has ¢ * ngn) — ¢ in Aase | 0, it follows that

&l0
R4 R4

(1.7) lim[/ oWeyr dx dp — / oWer dxdpi| =0

uniformly on bounded subsets of L2(R¢; C). This will obviously be an ingredient
in transferring the dynamical properties from the Wigner to the Husimi transforms.
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If {pr k=1 C CZ° (R2™) is a dense set in the unit ball of .4, we shall also consider
the explicit distance

(7.8) da(Li,Lo) =y min{l|(L1 — Lo, ¢x)|.27%}
k=1

inducing the weak-* topology in norm bounded subsets of A’.

7.1 The PDE Satisfied by the Husimi Transforms

In this short section we see how (1.13) is modified in passing from the Wigner
to the Husimi transform. Denoting by 7(,, ,) the translation in phase space induced
by (v.¢q) € R" x R", we obtain from (1.13)

Ty yWe¥i + (P — @) - Vit ) We¥i = T(y,q)6e(U, ¥7)

in the sense of distributions. Since W, Yy is an average of translates of Wyy/?, we

get (still in the sense of distributions)

(1.9) Wl + p - Vi Wey? = (U, ¥E) % GP + eV - [Weyrf + G,
where

(7.10) GP(y.q) = % G2 (y.q).
Indeed, we have

- / q - VatpWelfGE™ (y.q)dy dq = —/eVx - [Weyrf x GEM).
R2n
Although we will not use it here, let us mention that it is possible to derive a closed

equation (i.e., one not involving W v7) for ng/ff (see [8, 9, 10] for applications to
the semiclassical limit in strong topology).

7.2 Assumptions on U and Regularity of Born-Oppenheimer Potentials

We assume that n = 3M, x = (x1,....xyp) € RHM,and U = U; + U,
with

(A) Ujs the (repulsive) Coulomb potential (1.7),

(B) Uy globally bounded and Lipschitz, with VU € BV|(R” \ S;R"),

where S, the singular set of Section 5 and Section 6, is given by

S=|J Sap withSup :={x e R" : xy = xg}.
l<a<B<M

We claim that assumptions (A) and (B) are exactly satisfied when U is a Born-
Oppenheimer molecular potential energy surface (1.7), (1.8), and (1.9). Bounded-
ness and Lipschitz continuity of Up follow from standard estimates, and the finer
property VU, € BV, (R"\S; R") was observed in [19]. Since that latter work has
not yet appeared (and even for boundedness and Lipschitz continuity of Up, which
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is certainly well-known, we know of no other reference than [19]), we include a
full derivation of these properties in the case of two atoms.

PROPOSITION 7.1 Let Uy, be the Born-Oppenheimer potential energy (1.8)—(1.9).
Then Uy, is globally bounded and Lipschitz and, if M = 2 (diatomic case), VUy, €
BVioc(R™\ S;R™).
PROOF. By the Rayleigh-Ritz variational principle,
(7.11) Up(x) ;== inf{E[l,vx,w, V] | ¥ € Ay},
where N stands for the number of electrons and
E[% Ux, w, \Ij] = T[V» lIJ] + Vne[vx, \If] + Vee[w, \I’],

Y
=t [ vep
(R3XZ2)N
N

7.12
( ) Vaelvx, ¥] = / Ux(ri)l"mzv

R3xZ)N =1

Velo.91= [ 3 wi-

Here vy = — Z(Iyzl Zg|-—xe|™', w = |-|7!, and the set of admissible trial func-
tions is given by Ay = {¥ € H!((R? x Z)V) | ||¥|, = 1, W antisymmetric},
where antisymmetric means that, with space-spin coordinates z; = (r;,s;) €
R3 x Z,, V(.. Ziveo s Zjye) ==W(..,2j,...,2j,...) forall i # j. Note
that the coordinates x = (x1, ..., xp) € R3* of the nuclei on which Uy, depends

enter only through the location of the Coulomb singularities in the potential vy.
Uniform boundedness of Up follows by appropriate Holder and Sobolev esti-
mates, e.g., the estimates [18, egs. (1.3), (1.4)]:

Vaelvx, ¥]| < csl[vP]32 IVE]3 + N[v@ |l W3,

N —1 N
sl Plls2 1V]3 + (2) lw® oo W13.

[Veelw, W]| < cs

Here c¢g is the Sobolev constant in the inequality ||u||§ < C5'||Vu||% in R3, and

the potentials vy and w have been decomposed into v, = U)(Cl) + v,(cz) and w =

w® + w® with v)(cl),w(l) e L3%(R3) and v)(cz),w(z) € L*®°(R3). (Note the
well-known fact that it is important that one uses Sobolev estimates in R3, not
R3N | as the latter would only give |¥[2 € LN/V=2) but v,(r;) does not locally
belong to the corresponding dual L7 space.) One now observes that the above

decomposition can be chosen in such a way that the L3/2-norms of v)(cl) and w®

are small independently of x, and the L°°-norms of v,(cz) and w® are bounded
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independently of x. Hence, taking advantage of the positive contribution coming
from T'[1, W], we see that Uy, is globally bounded from below.

To see that Uy, is globally Lipschitz, note first that from the above arguments we
know that the infimum in (7.11) can be restricted to functions in Ay satisfying the
bound ||VV¥||> < C for some uniform constant C independent of x. Now for each
such fixed W we can write

(713) |E[% Ux-i—h» w’\p] - E[% Ux» w’\p” = |Vne[vx+h - U.XH\IJ”-

We now estimate

1

d

[Vxqn(ri) —vx(ri)| = ‘/ d—vx+zh(ri)dl
o at

M 1 1
< Zylh / dt
O; alfal o |ri—(xq + the)|?

and apply Hardy’s inequality in R;’i ,

|u(ri)|?
lri —al?
R3

It follows that the right-hand side of (7.13) is bounded from above by

dr; < 4] IVu(r)|> dr;.
R3

M
> Zalhal - 4|V Y3

a=1

This shows that Up can be written as the infimum of uniformly Lipschitz functions,
completing the proof of global Lipschitz continuity.

Finally, we come to the proof of the asserted BV regularity of Uj in the case
M = 2. The key to understanding this lies in the simple but important obser-
vation that the energy functional £ in (7.12) is affine in each of y, vy, and w,
and hence Up, being an infimum over affine functions, is concave in each of y,
vy, and w. It remains to convert concavity in the potential v, into BV regularity
of Up. A particularly short argument can be given for diatomic molecules: Let
R := |x; — x2|. By translation invariance and frame indifference of Up, i.e.,
Up(x1,x2) = Up(Ox1 + a,0x, + a) for any O € SO(3) and any a € R3,
Up is only a function of R := |x; — x2|. So we may without loss of gener-
ality assume x; = 0, x = Rey, where e; = (1,0,0). We now exploit the
scaling of the different energy contributions with respect to simultaneous dila-
tion by a factor { > 0 of the positions of nuclei and electrons, x +> ¢ lx,

V> We(ry,S1,....IN,SN) = §3N/2\If(§r1,s1,...,ErN,sN):

Tly. ‘Dt] = T[é'z)/v v, Vne[vg—lm V.l = {Vaelvx, VI,
Vee[w, \pé'] = é‘Vee[w, \If]
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It follows that E[y, vy, w,¥] = (TLE[¢T 1y, Ve—1x, W, Y¢]. Note that the map
W > W, preserves the L?-norm and is a bijection of Ay .
Taking the infimum over ¥ and setting { := R yields

(.19 U (0. Ren)) = 256(R)

with ¢(R) := inf{ E[1, Rv(,¢,), Rw,¥] | ¥ € Ayx}. Now ¢, being the infimum
of affine functions, is a concave function, and hence its derivative ¢’ belongs to the
space BV ((0, 00)). Altogether we have shown that

Up(x1,x2) = |x1 — x2|72¢(Jx1 — x2])  with ¢’ € BVic((0, 00)).

Standard arguments then imply that VU, is locally BV in the complement of S, S
being the singular set {x; = x,}. The proof of the proposition is complete. O

We note that assumptions (A) and (B) on Uy and U immediately imply
¢
U > —
0 2 G

with ¢ > 0 depending only on the numbers Z in (1.7).

The vector field b = (p,—VU) satisfies assumptions (a) and (b) of Section 5
and assumptions (i) through (iii) of Section 6, so that the v-RLF in R?” and the
v-RLF in Z2(R?") relative to b exist and are unique, and the stability result of
Section 5 can be applied, as we will show in Section 9.

(7.15)

7.3 Estimates on Solutions to (1.1)

Towards our goal of verifying assumptions (i) through (v) of Theorem 5.2, we
will need the following properties of the solutions to (1.1), which are obtained by
standard results on the unitary propagator e ":*H¢ or are shown in detail in [6].

CONSERVED QUANTITIES

1 1
(7.16) /§|8V1//f|2+U|wf|2dx:/§|8V¢3|2+U|w3|2dx vt e R,

Rn RH
(7.17) /|Hg¢f|2dx:/|Hg¢3|2dx vt € R.
RH RH

A PRIORI ESTIMATE [6, lemma 5.1]

(7.18) sup/USZWﬂzdx <
teR

R~

f |Ho e | dx + 2sup |U,,|(/(1/fg, Hyé)dx + sup |U,,|).

R”2 R”2
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TIGHTNESS IN SPACE [6, lemma 3.3]

(7.19)  sup /ledxf
te[-T,T]
R"\Bag

1+ [(y& Hep&)dx
R

/ |1//§|2(x)dx +cT
R”"\BRg

with ¢ depending only on 7.

7.4 Estimates and Convergence of & (Up, ¥)

In this section we prove some estimates for and the convergence of the term
&(Up, V), as defined in (1.14). In particular, we use averaging with respect to the
“random” parameter w to derive new estimates on & (V, ¥ ), with V' Lipschitz
only, so that the estimates are applicable to V = Uj,.

The first basic estimate on &, (V, v), for ¥ with unit L2-norm, can be obtained,
when V' is Lipschitz, by estimating the difference quotient in the square brackets
in (1.14) with the Lipschitz constant:

(7.20)

/ EVop)pdx dp‘ <!

< VY]] |y| sup |Fpo|(x,y)dy.
2 (277)” oo xeR” ?

In order to derive a more refined estimate, we consider families ¥ indexed by
a parameter w € W, with (W, F,IP) a probability space, satisfying

(7.21) sup  sup /Wewg (x, p)dP(w) < oo,
>0 (x’p)eRzn
w
(7.22) sup sup f [VE * G)(L’:)zlz(x)dIP’(w) <C() <o VA>0.
e>0 xe]R"W

Under these assumptions, our first convergence result reads as follows:

THEOREM 7.2 (Convergence of Error TermI) Let ) € L?(R"; C) be normalized
wave functions satisfying (7.21) and (7.22), and let V : R" — R be Lipschitz.
Then

im [ ‘ [ awuiedxap

e—0
W R2n

(7.23)
+ / (VV, V) Wepe dx dp|dP(w) =0 V¢ € CX(R?™).
R2n
PROOF. The proof is achieved by a density argument. The first remark is that
linear combinations of tensor functions ¢(x, p) = ¢1(x)d2(p), ;i € CX(R"),
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are dense for the norm considered in (7.20). In this way, we are led to prove con-
vergence in the case when ¢(x, p) = ¢1(x)p2(p). The second remark is that
convergence surely holds if V is of class C? (by the arguments in [6, 24]; see also
the splitting argument in the y-space in the proof of Theorem 7.4). Hence com-
bining the two remarks and using the linearity of the error term with respect to the
potential V', we can prove convergence by a density argument, by approximating V'
uniformly and in W2 topology on the support of ¢; by potentials V}, € C2(R")
with uniformly Lipschitz constants; then, setting Ay = (V — Vi)¢1 and choos-
ing a sequence Ay in Proposition 7.3 converging slowly to 0 in such a way that
IVAg|l2 = 0 much faster than 1/./C(Ar), we obtain

Jim swp [| [ 607 = Ve v pidrpa(prax dp‘de) =0,
—>X >0
W R2n

As for the term in (7.23) involving the Wigner transforms, we can use (7.21) to
obtain that

lim sup sup/ / W (V(V — Vi), Vo )y dx dp‘d]P’(w)

k—>o0 £>0
W R2n

can be estimated from above with a constant multiple of

k—o0

hmsup/ ™ |VV—vvk|dxf V2|(p)dp = 0.
R”7 R”7

We shall actually use the conclusion of Theorem 7.2 in the form

lim / ’ / EV, ¥E)p « GO dx dp
e—0
724y VR
+ / (VV, Vo) Were dx dp|dP(w) =0 V¢ € CP(R?")
RZn

with ¢ replaced by ¢ * G,§2") in the first summand, in the factor of & (V. ¥{)); this
formulation is equivalent thanks to (7.20).

PROPOSITION 7.3 (A Priori Estimate) Let ¥, € L?(R"; C) be unitary wave func-
tions satisfying (7.22) and let ¢1, ¢ € CZ°(R™). Then, for all V : R" — R
Lipschitz and all A > 0, we have that

(7.25) / / E(VUE) (. p)b1 (1)a(p)dx dp|d P (w)

W R2n
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can be estimated from above by

161100 1YV oo / D IFpb2(r) — Fppa + G ()ldy
Rn
+ VAV Alloo 152l / lG ™ () du
R~
+ JEMIVAL / 12 | ool (2)dz

R~

1V lloo V61106 / 01 [ For % G| ().
Rﬂ
where A := Vg1 and C (1) is given in (7.22).

(7.26)

PROOF. Set ¢, = Fp¢a; since (7.20) gives that

/ E(V, 51 (x)p2(p)dx dp — / E(V,08)p1 (X)pa(p)e PP dx dp

R2n R2n

can be estimated from above with ||$1 /oo |VV [0 / 7] |2 (») — o % G/(ln)(y)|dy,
we recognize the first error term in (7.26), and we will estimate the integral of

Ee(V,¥f)) against ¢ (x)¢)2(p)e_|1’|2’1/4, namely,
// Vix+5y)=Vx—3y)
€

WR2n

$1(0)d % G (y)

v (x + % y)gﬁ{j) (x — % y)dx dy dP(w).
In addition, we split this expression as the sum of three terms, namely

(7.27) I:=// Ayt
w

R2n

Ve (x v y)wﬁ, (x - gy)dx dy dP(w),

(7.28) II:=/ / V(x+gy)¢1(x)_¢1(x+%y)qu*G;(Ln)(y)

&
W R2n

ot (3 50 )i (x = 50 )avay ar ),
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(7.29) HI:=_//V(x_%y)¢1(x)—¢81(x—§y)$2

W R2n

* G)(Ln)(y)wz, (x + %y)wg, (x - %y)dx dy dP(w).

The most difficult term to estimate is (7.27), since both (7.28) and (7.29) can
be easily estimated from above with %||V||Oo Vo1l [rn |V b * Gi")|(y)dy.
We first perform some manipulations of this expression, omitting for simplicity
the integration with respect to w; then we will estimate the resulting terms taking
(7.22) into account.

We expand the convolution product and make the change of variables (7.2) to
get

1 Al) — AW _lez—w—u)H2 - .
(7.30) m)n/zSn/ [ A g v de o i d.
R”7”R2n

Now the term containing A(u) is equal to

1 _
(7.31) L[ vt < 60 + e TR d:
R2n

and the term containing A(u’) is equal to

1 -~
(7.32) - / AL * Gi")z(u/ + e2)VE () pa(z)du’ dz.
e &
R2n
Now subtract (7.32) from (7.31) to get that (7.30) equals Ri)’l + ng,z, where
1
Ry o= / [(AyE) * G + e2)
R2n R
— AW+ ) * G0 + 62) [T D da(2)dud dz
and

Ryp =+ [ 4G+ 2) = 4GOS * GIA + e T W)l dz.
R2n

Thus, the a priori estimate on the expression in (7.27) can be achieved by estimating
the integrals of the error terms R? ; with respect to w.
Writing R;,  in the form

/ 32(0) / A +ez—u)— A’ + €z2)

&

G (u)

&
R”2 R” xR”

Ve W)Yo (' + ez —u)dudu' dz,
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we can estimate from above [, IRy, 11d P (w) by

Vil [ [18:16) [ B G® Gy s 16 [ + ez — u)du du’ dz dP (w)

& &

W Rn R xR”
and then by
VAV Ao f / 1$212) / 1Y ) W [ + £z —w)du dut’ dz dP (w)
W R”» R xR

(n)
Ag2

bounded in L! by [ |u|G§n)(u)du. Using the convolution estimate ||a * 7gll2 <
llall2 Inell1, we can finally bound this term with

where 7,(u) 1= G, u)|u|/(v/Ae) is a family of convolution kernels uniformly

VAV Allso 18211 / |G ™ () du.

We can estimate from above [}, | Ry, 21d P (w) using (7.22) to get

~ A ! _A 1A
JCm / 1) f A2 = A0) / e ') d P (w) d'd.
R” R”7 w

Then we can use the standard LZ-estimate on difference quotients of W -2-func-
tions to bound this last expression with

JEMVAl f 1211621 (2)dz.

Rn
This completes the estimate of the term in (7.27) and the proof. O

7.5 Estimates and Convergence of &, (Us, ¥)

In the case of the Coulomb potential, we follow a specific argument borrowed
from [6, proof of theorem 1.1(ii)]), based on the inequality

1 1 ’< |w|
lz+w/2]  Jz—w/2[| 7 |z +w/2|lz —w/2|

with z = (xo — xg) € R3, w = e(yq — yg) € R3. By estimating the difference
quotients of Uy as in (7.33), we obtain

<c, f 7] sup | F (. y)dy f U2y 2 dx.
x/
R~ R~

(7.33)

(7.34)

/ E(Us. ) dx dp

R4

with Cy depending only on the numbers Z, in (1.7).

Now we can state the convergence of &;(Us, ¥¢); the particular form of the
statement, with convolution on ¢ on one side and convolution on W;¥® on the
other side (namely the Husimi transform), is motivated by the goal we have in
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mind, namely the exploitation of the fact that the Husimi transforms asymptotically
satisfy the Liouville equation.

THEOREM 7.4 (Convergence of Error Term II) Let ¢ € L?*(R";C) be unitary
wave functions satisfying

(7.35) sup/U52|1/f8|2dx < o0.

e>0
Rn

Then
lim / E(Us, ¥®)p * G dx dp
e—0
R2n
- / (VUs, Vpdp)Wep® dxdp =0 V¢ € CZ°(R?"\ (S x R")).

R2n

(7.36)

PROOF. First of all, we see that we can apply (7.7) with ¢ = (VU, V,¢) to
replace the integrals

/ (VUs, V) Wty dx dp  with / (VUs, V) Wetr® dx dp
RZn RZn

in the verification of (7.36). Analogously, using (7.35) and (7.34), we see that we
can replace

[ awavp e axapy win [ L@y dxdp,
RZn RZn

Thus, we are led to show the convergence

lin}) / Ee(Us, &) dx dp
£—>
R2n

= / (VU V) Wey¥dxdp =0 Y € C(R*™\ (S x R™)).

R2n

(7.37)

Since

. Ug(x +£y)—-Us(x — £
/ ge(Us» 1/f3)¢ dx dp = _(2;)’1 / (x 2 y) . (x 5 y)

R2n R2n

W(x + %y)llf(x - % y)fp¢(x, y)dx dy,
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we can split the region of integration in two parts, where /¢|y| > 1 and where
J/€|y| < 1. The contribution of the first region can be estimated as in (7.34), with

o [ lswpimel dy [ Uy,
WIS TR Rr
which is infinitesimal, by using (7.35) again, as ¢ — 0. Since
Usx +50) —Usr—359)
e

(VUs(x), y)

uniformly as 4/¢|y| < 1 and x belongs to a compact subset of R” \ S, the contri-
bution of the second part is the same as that of

I
Q)

[ v (x4 5 )u(x =5 v) Fpteara,
R2n

which coincides with

- / (VUs. V) We* x. p)dx dp.
R2n

8 L*>°-Estimates on Averages of ¥

In this section we consider a family of solutions ¥7 ,, to the Schrodinger equa-
tion (1.1) indexed by a parameter w and derive new estimates on their averages. In
particular, we obtain pointwise upper bounds on Husimi transforms.

One of the main advantages of the Husimi transform is that it is nonnegative:
indeed, with the change of variables (7.2) and simple computations (see [24] for
more details), it can be written as

~ 1
®D Wy (np) =G (oY ¢S . 05 ,) = o ¢5 )17
where (-, ) is the scalar product on L?(R"; C),
82) ¢, () = L PICa I ¢ 2R C),

en/2 (7‘[8)"/4

and p¥ : L2(R";C) — L?(R";C) is the orthogonal projector onto ¢ € LZ(R"; C):
910 = ([ o7 o,
R}’l

PROPOSITION 8.1 (L®°-Estimates) Let y§, € L?(R";C) satisfy the operator in-
equalities

1 .
—n/p‘/’deP’(w)§CId Ve > 0.
&

w
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Then
(a) forall y € R" and g, A > 0, we have

2 C
[ v+ 6P < 5
w

(b) forall (y, p) € R?" and & > 0, we have

/ Wy, (7. p)dP (w) < C.
w

PROOF. The proof of (a) follows by applying the uniform operator inequality to

the functions (28)”/2(7r/\)"/4G$)82(' — y), whose L?-norm is 1, to get

2
8"1"/2/|1ﬁ5) * Ggi)62| (y)dP(w) < C&".
w

The proof of (b) is analogous; it is based on (8.1) and on the insertion of the func-
tions ¢y , in (8.2) in the operator inequality, taking into account that [|¢5 ,[l> =

gTn/2, O

The assumption made in Proposition 8.1 is compatible with the families of wave
functions given in (1.17), i.e.,

(83)  wg(x) = T2y (S 0) I gy e CZR), 0 < <1,
&

with w = (xg, po). Indeed, in this case one can choose W = R?”" with the Borel
o-algebra and P = p.#?", with p € L' N L>; see [17] for details. In the extreme
case @ = 1 no average with respect to py is needed and one can fix it and choose
W = R”", obtaining convergence for almost all x¢, so to speak. The other extreme
case o = 0, corresponding to concentration in momentum, is analogous.

9 Main Convergence Result

In this section we combine the theory developed in Sections 2 through 6 with
the estimates of Sections 7 and 8 to obtain convergence of the Wigner-Husimi
transforms of solutions to (1.1). In particular, we shall apply Theorem 5.2.

We consider the assumptions on U stated in Section 7.2 and “random” initial
data l/fg,w € H?(R";C) with unit L?-norm in (1.1) indexed by w € W, where
(W, F,P) is a suitable probability space. Denoting by V7 ,, the corresponding
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Schrodinger evolutions, the basic assumptions we need for the initial data are

sup [ [ 1Hep P dx dP(w) < o

>0

©.1) wR
lim sup/ / |w0w|2ddeP’(w) =0;
R1o0 g>0
W R"\Bgr
1 e
9.2) — / p"’O-w dP(w) < CId with C independent of ¢;
€
w
9.3) i(w) = li¢m Wopré w,iﬂd exists in 2(R?) for P-a.e. w € W.
&0 ’

As we discussed in the introduction and in Section 8, the assumptions (9.1), (9.2),
and (9.3) are compatible with several natural families of initial conditions; see,
for instance, (1.17) or (8.3). In addition, the unitary character of the Schrodinger
evolution immediately gives

1 e
9.4) — / p‘/’t,w dP(w)<CId Ve>0,t>0,
&

where C is the same constant as in (9.2).

In the next theorem we state our convergence result first in terms of the Husimi
transforms (see (9.5) below), where d » is any bounded distance inducing the topol-
ogy of Z(R?"). Choosing {gr} C CX°(R?") suitable for (7.8), we then obtain
the convergence result in terms of Wigner transforms.

THEOREM 9.1 For U as in Section 7.2, and under assumptions (9.1), (9.2), and
(9.3), we have

9.5) iy [ Sup (e w000 dPw) = 0
8—’°W te[-T,T] ’

forall T > 0, where u.(t, j1) is the v-RLF in (6.3) for v = iylP € P(P(R?M)). In
addition, choosing d 4 as in (7.8), we have

(9.6) lim sup  da (Werf . i (t,i(w)))dP(w) = 0.
6—>0W te[-T,T] ’

PROOF. Our goal is to apply Theorem 5.2 (with a continuous s parameter g) and
Remark 5.3 with i,(w) := Wgwo w.i”z” and p (t,iz(w)) = Ws% wZ?". The
convergence (9.5) will be a direct consequence of (5.3). We shall work in the time
interval [0, 7], the proof in the time interval [T, 0] being the same, up to a time
reversal.
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First of all, we notice that (9.1) and (7.17) give

9.7) sup sup// |H81/ff’w|2dx dP(w) < oo.
e>0 teRWR"

In particular, by an integration by parts, we also have

e>01reR

9.8) sup sup// |8V¢f’w|2ddeP’(w) < 00.
WR”?

(1) ASYMPTOTIC REGULARITY. By (9.4) and Proposition 8.1(b) we have the
uniform estimate (in ¢, ¢, and (x, p))

9.9) [ Pttt par < c.
w

In particular, we have uniform and not only asymptotic regularity; therefore Re-
mark 5.3 applies.

(2) UNIFORM DECAY AWAY FROM THE SINGULARITY. We check (5.1) with
B = 2 and S equal to the singular set of U, namely,

T
1 -
9.10 li ——WY! , dxdpdt dP < 00.
( ) sup 1msupW[/OB/ distz(x,S)—i-S eWiwdxdp (w) < o0
R

§>0 &—0
We use (7.3) and the inequality

1 ) 1
) * Ge == 2 ’
dist“(x, S) + 6 dist“(x, S)

which holds in By for ¢ < &(§, R) to deduce (9.10) from

T
1
9.11 lim su — ¢ PdxdtdP(w) < oo.
©.11) msup Vl /0 R/ s i (w)

In turn, this inequality follows by (7.18) and (7.15), taking (9.1) into account.

(3) SPACE TIGHTNESS. We have to check that for all § > 0 the following
holds:

lim P({weW:sup sup / ng//fwdxdp>5}):0.
R—o00 £>0 t€[0,T] ’
R2n \BR

Considering the cube Cg containing Bpg, this tightness property can be checked
separately for the first and the second marginals of Wyv/7 ,; using (7.3) and (7.4),

it is not hard to see that it suffices to check the analogous property for the marginals
of the corresponding Wigner transforms; for the first marginals, tightness is a direct
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consequence of (7.19) and (9.1). For the second marginals, we use (9.8) and the
identity

1 ~ 2
/ PP Wy dx dp = /‘WW(N@ |pI?dp
(912) R”xR”" R”
=/|8V1/f|2dx

R~

with ¢ = ¢ 7 .
(4) TIME TIGHTNESS. We need to show that for all ¢ € C°(R?") the fol-

lowing holds:
T _ /
lim P({weW:/ (/nggl/ffwdxdp) dl>M})=0
M1 oo 0 ’
R2n

uniformly in ¢. Equivalently, we can consider the limit

( f Wl dxdp)

R2n

T
(9.13) lim P({weW:/ dl>M})=0,
Mtoo 0

where ¢, = ¢ * ngn)‘ According to (1.13), the time derivative in the formula
above consists of two terms,

/ (0. Vage)West y dxdp and f E (U e ) dx dp.

and we need only to show a property analogous to (9.13) for these two terms. Since
¢ € CR(R?"), ||(p, Vxe)|| 4 are easily seen to be uniformly bounded; hence the
first term can be estimated using (7.6). The second term can be estimated using
(7.20) for Uy and (7.34) for Uy, taking (7.18) and (9.1) into account.

(5) LiMIT CONTINUITY EQUATION. We have to show that

im / ‘ /0 T[«p’(z) [ ot dxap
w

R2n

+ o(1) / (b, V)Wt , dx dp]dz dP(w) =0

R2n
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for all ¢ € C(R?"\ (S x R")), ¢ € C(0, T). Taking (7.9) into account, this
is implied by the validity of the limits

lim sup /’ / éi;(U,lpf,w)db*ng”) dx dp
el0 ze[O,T]W Bon

9.14)
o A LA dxdp]dP(w)zo,
Rzn

dt dP(w) = 0.

/ $Vx - [Wel/ff,w * ngn)]dx dp
R2n

T
0.15) lim /& f / o)
&0 i 0

VERIFICATION OF (9.14). We can consider separately the contributions of Uy and
Us. For the Uy contribution we apply Theorem 7.2 in the form stated in (7.24);
assumptions (7.21) and (7.22) of that theorem are fulfilled in view of (9.2) and
Proposition 8.1. For the Uy contribution, we apply (7.36) of Theorem 7.4; assump-
tion (7.35) of that theorem is fulfilled in view of assumption (9.1) on the initial data
and (7.18), ensuring propagation in time.

VERIFICATION OF (9.15). This is easy, taking into account the fact that
f (Wewrf oy * GP™. Vxg)dx dp = — / Weyf Vi - [6 % GEVdx dp
R2n R2n

are uniformly bounded because Gézn), defined in (7.10), are uniformly bounded in
LY(R™).
DEDUCTION OF (9.6) FROM (9.5). Let {¢g }x>1 as in (7.8). Since

)

is still a bounded distance inducing the topology of Z2(R?"), for any k > 1 we
infer from (9.5)

dlp(p,v) := d@(u,V)erin{‘/wkd(u—v)
R2n

lim sup
¢20J 1e[-T,T]
w

/ oedWorf , — ;L(t,i(w)))‘ dP(w) = 0.
R2n

Taking (7.7) into account, this gives

lim / sup
e=>0J 4e[-T,T]
w

Since k is arbitrary, the definition of d 4 gives (9.6). (]

/ o dWerg oy — ll«(l»i(W)))‘ dP(w) = 0.
R2n
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