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SEMICLASSICAL ANALYSIS OF THE SCHRODINGER EQUATION WITH
CONICAL SINGULARITIES

VICTOR CHABU

ABSTRACT. In this article we study the propagation of Wigner measures linked to solu-
tions of the Schrodinger equation with potentials presenting conical singularities and show
that they are transported by two different Hamiltonian flows, one over the bundle cotangent
to the singular set and the other elsewhere in the phase space, up to a transference phenom-
enon between these two regimes that may arise whenever trajectories in the outsider flow
lead in or out the bundle. We describe in detail either the flow and the mass concentration
around and on the singular set and illustrate with examples some issues raised by the lack
of unicity for the classical trajectories at the singularities despite the unicity for the quan-
tum solutions, dismissing any classical selection principle, but in some cases being able to
fully solve the propagation problem.

Keywords: Schrodinger equation, Wigner measures, two-microlocal measures, symbolic
calculus, quantum-classical correspondence, wave packet approximation.

1. INTRODUCTION

1.1. Initial considerations. Classically, a particle with mass m = 1 submitted to a time-
and momentum-independent smooth potential V in R? is constrained to move following
the phase space trajectory given by the Hamilton equations

{ i) = ()
E(t) =~V (x(1)).

Smoothness in V' guarantees that the equations above have a unique solution (z(t), £())
around all initial condition (zg,&p) (i.e., for ¢ sufficiently small), thus we can define the
classical Hamiltonian flow ® by setting ®; (z9,&o) = (2(t),£(t)). Further conditions on
the regularity and growth rate of V' imply more good properties, so if V2V is bounded,
one can extend ®,(zg, &) for all ¢ € R, for any (g, &) in the phase space[23]].

In Quantum Mechanics, the state evolution of a similar system is described by a function
¥e € L™ (R, L?(R?)) obeying to the Schrédinger equation with initial data

(1.1)

(1.2) { i€0, V5 (x) = —5 AV (z) + V(2) V5 (x)

i=o (2) = W5 (),

where the initial L?(R?) data satisfy || U§||z2gas) = 1 and & < 1 is a parameter generally
reminiscent from some rescaling procedure, but that can also be seen as the Planck’s con-
stant in a system with mass of order m ~ 1, in which case the Wigner measures can be
viewed as the classical limits of the system’s mass distribution, as we will explain next.

If V satisfies the Kato-Rellich conditions (V' continuous and V' (z) < ||z||?), then the
Hamiltonian operator

2
(1.3) Jig :—%AJrV
1
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with domain in the Sobolev space H 2(]Rd) is essentially self-adjoint ([[18]],[23]]) and (1.2
has a unique solution for all ¢ € R, which is given by

UE = ¢ FHHTE
Now, for ¢ € R, we define the Wigner transform associated to the solution of (L.2)),
1 i
(1.4) WoW; (2,6) = —— / et wi (o= 2) w5 (w4 2) ay,
(2me)” Jra 2 2

which can be interpreted as the quantum version of the mass probability density on phase
space in classical Statistical Physics and provides a link between these two theories[[19].

When ¢ — 0, the Wigner transform converges to a finite and positive measure ( on

R x R24 ([14], [15]], [19]) in the sense that, given a sequence (€, ), N converging to 0, we
can extract a subsequenceﬂ (€ny ) ken such that, for all @ € C§° (Ri‘fg) and = € C§°(Ry),

/ E(t)<W5"k\Ili""’,a> dt — =(t)a(x, €) p(dt, dz, d€).
R R2d

k—oo JrxR2d

Again, more regularity on V' implies more good properties[15]. The Wigner measure is
always absolutely continuous with respect to the Lebesgue measure dt, as one sees from
their very construction, so du(t, z,£) = p(z, £)dt, where t — p, is a L™ (R, D'(R??))
function. However, if for instance V2V is bounded, one can show by the Ascoli-Arzela
theorem that in this case, given T > 0, [-T,T] > t — u; € D'(R??) is continuous
and that there exists another subsequence (5kk,) such that, for each ¢ € [T, T and

a € Cg°(R?%),

k'eN

Rk
<W8’W U, a> — adpy.
R24 k'—oo JRed

Furthermore, for such a regular V, the semiclassical measures satisfy a Liouville equation
(1.5) O (t,2,6) + €2 O (t,2,6) = VV (2) 2 Ogpu (t,2,6) =0 in D'(R x R*),
or equivalently

(16) { 8t/J't (xag)"_g'az/‘t (x,f) 4 (x)'ailu‘t ($,f) =0 in D/(R2d),
Mt:O(-T, 5) = /140(1'; 5)
where p is the correspondent semiclassical limit of W< Wg.

This last equation is interpreted as a transport phenomenon along the classical flow @,
which can be easily seen by picking up the test functions a € C§°(R??) and verifying that
4 [ao®_ydu, = 0 due to (TI) and (T6).

Moreover, the test functions a € C§°(IR??) are called classical observables and are
related with the quantum observables op_(a) € L (L?*(R%)) by the Weyl quantization
formula,

1.7y op.(a) ¥ (z) = L 5 / et &V (L—'—y,f) W (y)dédy for ¥ e L*(RY),
(2me)? Jr2d 2

which provides self-adjoint operators for real-valued symbols[8]. These objects, called

semiclassical pseudodifferential operators, relate to the Wigner transform by means of the

formula

(1.8) (op, (a) ¥, \IJ>L2(]R4) = (Wew, a>R2d .

Llof course 1 may depend on the subsequence, this is why we refer to it as a semiclassical limit, not necessarily
the classical one (examples of non-unicity in [19]).
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The quadratic form (op, (a) ¥, ) ;. ga) gives in Quantum Mechanics the average
value of the observable op,(a) for a system in the quantum state ¥, exactly as does the
integral fRQd a dp in classical Statistical Mechanics for the observable a in a system with
mass probability density p over the phase space. Besides, last equation carries

(op (@) ¥y, Vi) po(ra) 0 2 adpu,
which allows us to understand the Wigner measures as mass distributions, linking the quan-

tum evolution of ¥* given by the Schrddinger equation with that of its semiclassical limitsﬂ

1.2. Statement of the problem. It happens that a very large class of relevant problems do
not present potentials with all such regularity. For instance, conical potentials, which are
of the form

(1.9) V() = Vs(z) + [lg(z)]| F(2),
where we make the following technical assuptions:

e V and Vg satisfy each one the Rellich conditions.
e Fand Vg are C*>°(RY) and there is some non-decreasing positive K —sub—additiv
polynomial p that bounds them and also VF'.

e g: R — RP with1 < p < d, Vgis full rank and A = {g(x) = 0} # 0.

As we shall see, these potentials raise interesting mathematical questions.
Similar problems have been treated in works like [2]], [4] and [S]] in a probabilistic way.
In other works authors have been analysing the deterministic behaviour of the Wigner
measures under the conical potentials defined above, more noticeably in [11], where they
found a non-homogeneous version of (I.3)) whose inhomogeneity is an unknown measure
supported on
Q= {(z,6) eR* : g(z) =0 and Vg(z) £ =0},

a set onto which it is not generally possible to extend the classical flow in a unique manner,
although it is possible everywhere else.

Remark 1.1. The set ) corresponds exactly to the tangent bundle to A, since any curve ~y
over A (i.e., such that g(y(t)) = 0) passing on x at t = 0 must satisfy Vg(x)¥(0) = 0.
In our work, however, we stay within a structure of phase space, so it will be natural to
identify €2 as the cotangent bundle 7™ A.

This suggests an intriguing possibility involving irregular potentials: what happens to
the Wigner measures in a system where the potential allows a complete quantum treatment,
but causes the classical flow to be ill defined? Is there some selection principle from the
quantum-classical correspondence that could provide information enough for describing
the transport of the measure where the classical flow fails?

To fix some ideas, forget for a moment about the measures and think of a classical
particle submitted to conical potentials like V () = =+ |z|. Naturally, the trajectories

2From a non-statistical point of view, the classical limit properly speaking would be a particular subsequence
(gn,, ) that gives a Dirac mass on a certain point of the phase space, corresponding to a singular particle of mass 1
(classically localized on that point) whose quantum evolution is described by (T.2). Although it is always possible
to find a sequence of quantum states concentrating to a Dirac mass[14], this is not always the case, since one may
have p constinuously spread over the phase space. In any case, the quantum-classical correspondence is better
understood statistically ([19], [25]), in which frame the case of the Dirac mass (or a sum of puntucal Dirac deltas
with total mass 1) should be seen as a special case of statistical distribution.

3This is: there is K > 1 such that p(z + y) < K (p(z) + p(y)).
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are well defined everywhere away from the line z = 0, and it turns out that they can be
continuously extended onto x = 0 in a unique manner provided that £ # 0, as in Figure

JAN

() V (z) = |z|. At the origin the trajectory is constant. (b) V (z) = — |x|. At the origin the flow is not well defined.

FIGURE 1. A glance on the classical flows for the potentials V (x) = & |z| near the
origin. The arrows indicate their orientation.

In the case V() = +|x|, the flow can be uniquely defined even over £ = 0 by setting it
constant at the origin, as shown in Figure[I[a); more generaly, in higher dimensional cases,
like for z € R, z = (2/,2") with 2/ € RP and V (z) = ||2’||, there is still room for the
particle to move inside the singular set Q@ = {2’ = 0 and & = 0} and it must have some
non ambiguous behviour therein, induced by the unique quantum evolution of V3 and their
well defined concentration to u;. However, the dynamics in 2 is classically unknown, for
VV makes no sense for 2’ = 0, so we cannot rely on the sole Hamiltonian trajectories to
characterize the transport phenomenon that the semiclassical measure undergoes over the
singularities.

Furthermore, there are other kinds of difficulties. In the case V (x) = — |z, even in
dimension 1 there is no unique extension for the flow all over the phase space. As we
can see in Figure [T(b), when coming from the right-hand side below, there are different
alternative trajectories after reaching x = 0 with zero momentum: going back to the right
upwards, crossing to the left downwards, staying at (0, 0), or staying there for a moment
and then resume moving to one or to the other side.

Let us treat this problem in three different steps.

1.3. First question: the dynamics. In [11], the authors proved that the Hamiltonian flow
can always be continuously extended in a unique manner to A \ € and that, whenever the
Wigner measure does not charge the singulities in the phase space, i.e., while 1;(Q) = 0,
then p follows these unique continuous extensions. This result is grounded on the facts
that 11; does not charge the set A \ € for more than a negligible time, more precisely that
we (A\ Q) = 0 almost everywhere in R with respect to dt (for a matter of completeness, we
re-obtain this result in Lemma[.T3)), and that the measures obey to the standard Liouville
equation with V" away from A, where the potential is regular.

In this paper we will obtain in Sectiond]a complete description of the dynamics to which
the semiclassical measures ought to obey, including near and inside the singularities, by
driving an approach similar to that of [11], which makes an extensive use of symbolic
calculus (Section 2.2) and two-microlocal measures (Section [2.3):

Theorem 1.2. Let U be the solution to the system (1.2)) with a conical potential of the form
(T.9), and denote A = {x €R?Y: g(x) = O}. Then the correspondent Wigner measures |1
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obey to the D' (R x R2%) equation:

(00 + Tpen€ O =Ty VVsly (2) 2 0¢) Ly i (t2,€)
(1.10) F (O + €00, = VV(2)a 0e) Lo p(t,2,6) = 0,
v 18 the indicatrix of T*A = () (and 1
foreachx € A,

Furthermore, decomposing R?® in a neighbourhood of A as the bundle EA with fibers
E,A = TXA & NA @ N,A (and elements (0,(,n,p)), there exists a measure v over

R x ESA, where ES,A =TXA & N. UA/R+, satisfying the asymmetry condition

where 1 of it complementar inside R*?) and

(T*8)°

is the orthogonal projector over T A = ker Vg(x) inside RY.

TgA

(1.11) / R (V,Vs(0) 4+ F(0)'Vg(o)w) v (t,0,(,dw) =0 inD' (R xT*A)
o /Rj

and such that

Lo h (o Gnp) = 60 80me [ v, de),
v

Remark 1.3. Observe that equation (I.I0) is the sum of two Liouville terms, one for the
potential V' outside €2 and another for Vg|, over it. Usual transport under V' is assured
away from €2 by [11]], thus, if no trajectories outside {2 lead to or from it, these both
terms are shown to cancel on their owrﬂ and the equation decouples into two independent
transport phenomena, one inside and the other outside €2, the regularity of the insider flow
being guaranteed by the Picard-Lindelof theorem, as Vs|, is smooth in the topological
space §2.

Remark 1.4. The second part of the theorem, the asymmetry formula, will be discussed
ahead in Section[I.4]and turns out to indicate that any mass that stay on the singularity will
be in static equilibrium over it.

Remark [T.3|immediately gives:

Theorem 1.5. In the same conditions of Theorem |1.2} suppose that no Hamiltonian tra-
jectories lead into Q). Call ® the Hamiltonian flow defined by the trajectories induced by
V for (z,&) ¢ Q and by Vg|, for (x,§) € Q. Then, writing u(t,x,&) = p(x,€)dt, one
has p = ®f po for allt € R, where i is the Wigner measure of the family (V§)e>o.

More precisely, suppose that the Hamiltonian flow & can be extended in a unique way
everywhere in a region I' C R2?, It is sufficient in Theorem that we choose a time
interval / C R such that ®; (supp(uo)) C I' to assure the transport for any ¢ € I; this
recovers the result in [11]] for a particular choice where ' = (). In words, it is sufficient
that our measure transported by the flow does not hit any point where the trajectories split,
the fact that it may charge the singularities being irrelevant.

1.4. Second question: the regime change. Now, what happens if some trajectories hit
? First, realize that in this case there is never uniqueness, since there are necessarily the
outgoing trajectory (which is the reverse of the incoming one) and the one whose projection
on T*A evolves freely and, more importantly, whose projection on N*A remains static,
what is always kinectically admissible (with Vg(x)¢ = 0, the velocity normal to A is 0,
for ker Vg(x) is actually T;*A, as informs Theorem . The equation in Theorem

To see this, just test p against functions in C'g° (RM \ Q) and consider the local conservation of mass.
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says that either a transfer of mass between these two regimes, the insider and the outsider,
and the continuation of the exterior transport are possible to happen, but gives no more
information.

The second part of the theorem, however, may solve the question. It has got a rich geo-
metric interpretation, saying that the mass distribution on €2 has some asymmetry around
A due to the “shape” F'*Vg of the conical singularity, and that it is deformed by an ex-
terior normal force —0, Vg, in such a manner that portion of mass that remains over the
singularity wil be in static equilibrium.

Indeed, the measure v gives the mass distribution in a sphere bundle with fibers S, A =
N UA/Ri around the singularity, i.e., the directions w in the exterior space from where the

solutions ¥® concentrate more or less intensively to the singular points.

If v = 0, then of course the measure does not stay at the singularity, so it necessarily
continues under the exterior regime (regardless of whether it is unambiguously defined or
not) and we got all the information  may give; let us then suppose v # 0.

Loosely, let us also consider v as a function of (o, {) (as if it was absolutely continu-
ous with respect to dod() and let us say that f S.A v(t,o,(,dw) gives the total mass M
on the point (o, ) (though it actually gives a mass density over the phase space) at the
instant ¢, supposed not to be 0. Naturally, f S, AW v(t,o,(, dw) gives the average vector of

concentration to this point, whose normalization by M we will call D(c).

Remark 1.6. Realize that the speed the mass may have tangentially to the singular space
A, that we call ¢, plays no role in dictating how the quantum concentration will happen
thereon; with simple hypotheses on the family (¥§).~ (like e-oscillation, see [14]), one
has [ p(z,d¢) < oo, and the same for v since v < p, so we could be working directly
with fESUA v(t,o,d¢, dw).

Well, the derivative of a potential is a force, so let us call F- (o) = —0,Vs(o) the force
normal to the singular manifold A at the point o. Consequently, the asymmetry formula in
Theorem [I.2)is imposing a simple condition on the mass concentration:

(1.12) F(0)'Vg(0)D(o) = F*(0),

which is to say that, in average, the mass should concentrate alongside the exterior normal
force F-. How strong the concentration will be there with respect to the other points, or
whether it is going to be attractive or repulsive, will depend on the shape of the conical
singularity at the different points of A, described (so as to say) by F'Vg.

An example is illustrated in Figure 2] below.

The reason why we have said that equation (I.T1) is a condition of equilibrium is that
the expression inside the integral therein is similar to what would be the total force normal
to A, i.e. —0,V, when calculated on A (where g = 0) and making sense of w as some limit
of rog gt VI(0) " g(@) (a vector in N, A) when z approaches the singularity from
a particular direction. So we are also tempted to interpret (I.11)) as saying that the total
force normal to A on some mass staying on the singularity, to be given by the integral, is
0: this mass is in static equilibrium.

Besides, in formula (I.12)), we have Hﬁ(a)” < 1, since D(o) is an average of norm

1 vectors in N,A. Consequently, we must have || F(0)'Vg(o)| > "ﬁL(a)" not to be
led to an absurd. If this is not the case, then we must have v = 0 in order to satisfy the
asymmetry condition trivially, which means that the Wigner measure will not stay on the
singularity. This reasoning will be made rigorous in Section[5.1] where we will prove:
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f._n_

FIGURE 2. Above, we depict A encircled by its normal bundle in sphere SA (with fi-
bres So A = No A/RjL). The mass concentration given by v is represented by the more or

less strongly shadowed regions, and is directed by the normal force FL which is spinning
around A in the example. Here, we took F'(0) = 1 and Vg(o) = 1.

Theorem 1.7. If for some 0 € A one has HF(a)th(a)Hﬁ(NUA) < 10,Vs(a) Iy, as
then there exists a neighbourhood I' C A of o such that v = 0 over R x EST, where
ES,T =T;T o Nolfp .

Once we know some cases where the mass is forbidden to stay over the singularity, it is
worth studying deeperly the ways it can get in and out €:
Theorem 1.8. Supposing |[F(0)'Vg(o)llzn,n)y < 110,Vs(0)|ly, o> for any trajectory
(x(t),&(t)) leading out from or into Qin o € A at tyg € R, set the N, A vector p(t) =
ﬁVg(a)_lg(x(t)); then, if lim, _,,+ % is well-defined, p(t) also has well-defined

lateral limits pE when t — T, which are non-zero roots of

Vg(o)po
IVg(a)poll
Conversely, for any par and py satisfying (I.13), there exists a unique continuous extension
of the classical flow which passes by o at ty without staying on o and whose correspondent
limits lim, = p(t) exist and are equal to pt.
If (T:13) has no non-zero roots, then no trajectory leads in or out Q in o.

(1.13) po = —0,Vs(0) — F(0)"'Vg(o)

If | F(0)'Vg(o)llziv,a) = 10,Vs (o) n, a. then p(t) may have converge laterally to 0
even if ng(a) p(t) has a well-defined lateral limit that we denote ng(a)po.
We will abusively call py “zero roots” of (I.13) and say that trajectories reach or leave 2
in o following the respective directions py if lim, ik ng(a) p(t) exists and
is equal to 5z (1)p i V(o) pgt. Sometimes it may be that an incoming trajectory only

9)Po
approaches this limit asymptotically at Z, = oo.

Theorem 1.9. If |F(0)'Vg(o)|lz(n,a) = 10,Vs(0)|In, A, at least one of the following
affirmations holds:
e Equation (1.13) has non-zero roots p(jf and there are unique trajectories leaving
and arriving on () in o through the directions p%;
e Equation (I.13) has “zero roots”, in the sense that there are py # 0 such that

Vg(a)po
Vg(a)poll

and either there is no trajectories reaching ) in o through pg, or they exist but do
not arrive onto ) within any finite time;

(1.14) F(0)'Vg(o) +9,Vs(o) =0,
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o The classical flow does not touch ) in o through any well-defined direction.

Remark 1.10. In any case, if equation (T.I3) has no roots (“zero” or non-zero), then no
classical trajectory passes by 2 in o € A.

Remark 1.11. In [6], we will endeavour a more precise study of the link between v and the
classical flow, generalizating the link between Theorem [I.7]and Theorems [I.8]and [1.9]

In Section [5.1] we will work out the proof of Theorems and [1.9]in coordinates
that are more suitable to understand p(t) as an approaching direction. Besides, we will see
in Section[5.2] by means of a number of examples, that these results allow a full classifi-
cation of the types of trajectories that may reach or stay on the singularity. In some cases,
like for d = 1 or V(x) = =£||z| in RY, they allow a full resolution of the problem when
the inequality in Theorem [I.7]holds, since by solving explicitly (I.13) one can verify that
there is only a unique trajectory leading in and out the singularity without staying thereon,
and necessarily the measures will follow it and not charge .

In short, so far we have seen that whenever we have a well defined flow, we know what
the semiclassical measures do: they are transported thereby. If the flow presents trajectory
splits, they necessarily happen on €2, where there is always the possibility of regime change
between outsider and insider flows. Then, thanks to the measure v, we may be able to
obtain enough information to decide whether the measures stay or not on the singularity,
and in case they stay, we know that they will be carried by the flow generated by Vg|,.

1.5. Third question: trajectory crossings. Finally, a last problem is: if a measure does
not stay on €2 and continues in the exterior flow, but even though there are different trajec-
tories to take, can we derive from the well posed quantum evolution some general criterion
for choosing the actual trajectories that the measure will follow? Is there any selection
principle for the classical movement of a particle under such conical potentials?

As we will see in Section 3] the answer is negative. The path a Wigner measure (or
a particle) takes after its trajectory splits depends crucially on its quantum state concen-
tration, so any selection principle making appeal only to purely classical or semiclassical
information is to be dismissed.

This can be justified by:

Theorem 1.12. Let be V(z) = —|z| in R and pu* and pi? the Wigner measures associated
to the solutions of (1.2) with initial data

1 1 T 2 1 T By
\I/g (J?) = g‘l’l <\/g> and ‘113 (.’I)) = 71\112 (\/g> € € y

with(0) < B < 1—10, Ul w2 e C§°(R) and Ul supported on x > 0. Then, fort < 0,

E4

2

@6 = i) =6 (0= 5 ) @3 (€40,

nevertheless, fort > 0,
t2

u%(x,é“):é(x—z) ®6(E—1)

whereas
2

uf(x,£)5<x+l;> R5(E+1).



SEMICLASSICAL ANALYSIS OF THE SCHRODINGER EQUATION WITH CONICAL SINGULARITIES 9

(a) Trajectory of p!. (b) Trajectory of 2.

FIGURE 3. Trajectories followed by two different particles, coinciding for ¢ < 0, but
then diverging for ¢ > 0, which dismisses any selection principle based only on classical
information about the problem.

In pictures, the particle ' follows the path in Figure a), and the particle ;.2 moves as
in Figure [3(b).

This result will be obtained with the help of approximative solutions of (I.2) called
wave packets, which are L> (R, L?(R?)) functions generally of the form

5 (z) = E%Ut (”"\g(’f)) M- (e—a(t)+S (1)
(S is the classical action), to be properly introduced in Section[2.1} The standard methods
using wave packet presented in that section, however, only apply for smooth flows, and
in both cases the trajectories in Figure [3| have problems over the axis = 0, not to speak
about the lack of regularity of V.

In the case of the returning particle, the problem will be solved by decomposing the
initial data into two pieces, for x > 0 and x < 0, and treating each one with a standart
wave packet set to follow a different parabola. We will see in Proposition that the
Wigner measure initially set on the singularity will break out into two pieces u+ and p~
with weights given by the total mass of the initial data over x > 0 and z < 0 respectively,
157 lvo(x)[*dx and f?oo |vg () |?da, each piece gliding to a different side as in Figure

Yet, this does not give a full example of non-unicty as in Theorem [I.12] since, if we
evolve the pieces u* and p~ to the past, we realize that they do not come from the same
side, and this fact could indicate some kind of selection principle.

FIGURE 4. Trajectories followed by the measures pt (right) and g~ (left). The full
line indicates the path for ¢ > 0, whereas the dashed line indicates the past trajectories that
the measures ought to have followed in ¢ < 0 to reach the singularity.
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Constructing a quantum solution whose semiclassical measure behaves like in Figure
[3[(b) will be more difficult and will require us to consider a family of wave packets follow-
ing different trajectories with smaller and smaller initial momenta 7, that in some sense
converge to the aimed path with 77 = 0, as illustrated in Figure[5] We will then study the
concentration of the wave packets with € going to 0 at the same time as the trajectories
concentrate, by making 1 go to 0 with a suitable power of €.

FIGURE 5. The trajectories (3.10)
for |n| = |nt| > |n?| > |n3|..., approaching the aimed one with = 0.

1.6. Structure of the article. In Section [2} we will introduce the fondamentals of our
analysis: wave packet approximations (Sec. [2.1)), symbolic calculus (Sec. and two-
microlocal measures (Sec. [2.3). In Section [3] we will construct the solutions of the
Schrédinger equation that lead to Theorem [I.12} the case keeping on the same parabola
is treated in Sec. [3.1] the other one in Sec. [3.2] Finally, in Section ] we will prove Theo-
rem[I.2] firstly in a particular version for subspaces, what will be done step by step from
Sec. .2]to .6 (the part where we effectly establish the dynamical equation and the asym-
metry condition being Section[4.5)). Then this version will be immediately extended to the
general case thanks to the coordinate change that we will have set in Section[d.1] In Section
[5.1] we will use the asymmetry condition (I.TT)) to prove Theorem Theorems 1.8 and
[I.9]are also proven in this section, and in Sec. [5.2] we conclude by showing with Examples
[5.4]to[5.10|how the results in this article allow a full classification of behaviours the Wigner
measures present and, sometimes, give a full description of the transport phenomenon.

2. PRELIMINARIES

In this section, we will present the basics of the main tools that we use in this work.
First the wave packet method for approximating solutions of the Schrédinger equation (see
for example [[7] and [[16]], or [3]] for a generalized notion of wave packet) that we will adapt
later in SectionE], then some simple results in standard symbolic calculus ([8]], [26]) which
will provide a guideline for proving Theorem [I.2] and last some notions about the two-
microlocal measures ([9], [20], [22]), that we will deploy in order to accomplish the neces-
sary refined analysis for obtaining either the dynamical equation for the Wigner measures
and the asymmetry condition on the mass concentration around the singular manifold.

For the sake of simplicity, we will use these measures in a specialized version for p-
codimensional subspaces of R?. This does not carry any loss of generality, since in Section
.1 we will be able to perform a change of coordinates in the problem that will lead us to
analyse such a subspace. The geometric nature of these measures, as well as that of the
semiclassical ones and of Liouville like equations, makes it possible to move between
different coordinate systems respecting the structures of cotangents, normal and conormal
bundles over the singular set.
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2.1. The wave packets. For a C?(R¢) potential V and one of its Hamiltonian trajecto-
ries (z (t), € (t)), we define the wave packet with initial profile vy € L?(R%) following

(z(t),€(t)) as

1 z—z(t)\ _
91 ey = Lo (T2 ®)) ilew.e—ae)+S)
( ) Pt (I) gi Ut < \ﬁ ) € ;

where S is the classical action S (t) = fot (362 (s) — V (2 (s))) ds and v satisfies the
e-independent differential system

iOpve (y) = =300 (y) + (3V2V (2 (1) y - y) ve (y)
22) { Vo () = vo (1) -

Lemma 2.1. Any semiclassical measure associated to the family (©%)e0 is
2
it (2,€) = [[voll 2 gay 6 ( — z(8)) @ 6 (€ = £(2)) -

Proof. A straightforward calculation. Writing down (op_(a) 5 , ¢5) for some a € C§°(R??),
performing some variable changes and a Taylor expansion:

(op(a) 5 5) = m [ e (Zﬂ +x(t>,e§+§<t)) v (%) v (%)d&dydm

= (27“1@@! /RM i@ (xzﬂ + x(t),g(t)) vt (%) " (%)dédydaz + Re,

then integrating in &, which gives a Dirac delta, then in y and changing variables once
more:

(ope (@) ¢i » 05) = /R a (Vez + a(t), (1)) |vr ()] dx + R°.

The result comes from letting € go to 0, where the dominated convergence theorem inter-
venes inside the integral, and from evaluating the remainder:

R° = (Qﬁ%)d /de /O1 Ve 9 (% T a(t), es + 5(t)> v (%) v <%)d$d{dydx
- ﬁ /R;gd /0'1 i€ @) ¢y (amaga <% T a(t), esé + g(t))) vt (\%) vt <\%)dsdgdydz
~ 09,

which completes the proof. O

Another virtue of the wave packets is that they provide approximative solutions to the
Schrodinger equation with convenient initial data, as stated in:

Proposition 2.2. For fixed initial (xo,&) € R2?, consider a Hamiltonian trajectory

(z(t),£&(t)) for a potential V' not necessarily smooth everywhere over the space trajec-

tory. Let be ]0,7[ C Rand T = {z € R : z = x(t) fort € ]0,7[}. If V2V exists and

is Lebesgue integrable in Y, and if V¢ is the solution of the Schrodinger equation with

potential V and initial data U§(x) = Z-vg (m_—\/‘go) e80:(==20)  then letting be ©° the
4

wave packet initially centred in (o, o) with profile vy, we have

95 = @2l <
10,7(

1
gRiUS

ds,
L2(R4)

where

2.3) Ri(y)=V (z(t) +Vey) =V (z () —VeVV (z (1) y —

gVQV (x(t)y.y.
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Proof. After a direct calculation, one obtains the following differential system for ¢°:
iedhgi (@) = Hog5 (w) - Ri (22 ¢f ()
Pz () = Jpup (2520 ) etote—so),

where H¢ is the Hamiltonian operator (T.3) with V' as stated, R is explicitly given by
equation (2:3). Now, we compare W and ¢° by evaluating

d 2
pn W5 — il L2 ray = 2Re (W7 — ©f, 0 (V] = ©7)) 2 (ray »

which gives, in view of the equations for ¥¢, ¢* and the self-adjointness of H*®,

2.4)

)

L2(R%)

[

Naturally, the function ¢ —— [|[W§ — ©f|| ;2 (ga) is continuous and, at ¢t = 0, VG (z) =

d 1
% H\Ifi — (,0§||L2(Rd) < H&Ri Ut
thus, for any «, 8 € |0, 7[, we have

H\I'% - @%Hm(n@d) — w5, — ‘Pz”Lz(Rd) < ds| .

1
’€R§US

L2(R4)

05 (r) = Ei%vo (%) ezé0-20_ Hence, by choosing sequences v, and f3,, in |0, 7| such

that o, — 0 and 3,, — 7, the proposition follows. ([

Corollary 2.3. Call y the semiclassical measure linked to the exact family of solutions
(V9),<( with initial data as in the theorem above. If V3V exists and is Lebesgue inte-
grable, then

197 = ¢ill L2 gy S [HVE

and, consequently, given T > 0, forany t € [-T,T),
pe (2,8) =0 (x—z(t) @ (£ —&(1)).

Proof. V being at least of class C%(R?), one can verify from a Taylor formula that

R (y,t) = E\f/o VAV (z (t) + sv/ey) (1 — s)* ds,

and, moreover, that R° introduces in the Schrodinger equation a LQ(Rd) error of order
O (ey/€). Thus, from Proposition it is clear that U§ = f + O (|t|y/€) in L2(R%); for
any t € [—T,T], this gives, when ¢ — 0, that the Wigner measure of ¥ shall coincide
of that of the wave packets. The conclusion comes from Lemma [2.1] (]

Remark 2.4. Actually, the approximation in the corollary remains good for ¢ smaller than
the Ehrenfest time ¢tz = In2, as \/elnl — 0 when e — 0; more details in [7].
Estimates beyond the Ehrenfest time are given in [24].

Observe that even if V' is not as regular as we required, we can still write R* as in (2.3))
for any ¢ such that VV (z (t)) and V2V (z (t)) make sense, although in this case it is not
clear which is the order of the approximation the wave packet furnishes, nor even whether
it is negligible in the semiclassical limit.

Finally, observe that it is also possible to write the actual solution ¥* with initial state

Us = Lo <%) e=%0+(z=0) ynder the wave packet form: one defines a u° such that
4

1>
L (2220 4 ctleora—am+so]
NG

d
£

2.5) Ve (z,t) =
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which consequently obeys to

26) { i0hu® (y, 1) = = 3AF (y,6) + (5V2V (@ () y-y) v (,0) + LR (3, 0) u (3,1)
u® (y,0) = vo(y),

which is nothing else than the exact Schrodinger equation written in a different form.

2.2. Symbolic calculus. Let us consider the e-pseudodifferential operators op, (a) €
L (L2 (Rd)) of symbols a € C§° (R2d) given in formula (T.7). Of central importance is
the fact that they are uniformly bounded in £ (L2 (Rd)) with respect to € (see, for instance,
Corollary 2.4 in [10] and the subsequent discussion): there exist constants K, K > 0such
that

@) Jop. @l czsuoy < K sup sup [ [0%a(e )] ds
aeNg ¢€Re JR4
lal<d+1

or else

(2.8) ||0p€(a)\|£(Lz(Rd))§f( sup  sup / |3§‘a($,§)|d§.
aeNg zeR? JR
lal<d+1

Remark 2.5. Inequalities (2.7) and (2.8) give upper bounds for the Schur estimate of the
norm of op,(a).

Nonetheless, formula (I.7) can be used for more general symbols, although we may
loose boundedness, good properties for symbolic calculation, and be forced to restrict their
domains. In particular, for V' satisfying the Kato-Rellich conditions,

52
)
doted with domain H? (Rd), is unbounded, although it is still self-adjoint.

Thus, taking a test function £ € C§°(R) and U* solution of (I.2), the semiclassical
measure y linked to the family (¥¢).~o may be given as

29 (n(t,z,&) ,E(t)a(x,£) )gyrea = SC lim/RE(t) (op, (a) U5 ,P%) dt

H® =op_(h), with h(z,§) +V(x),

(here sc lim stands for semiclassical limit, abstracting which particular subsequence (¢, )ken
is to be taken). From this expression we can evaluate the distribution 0, yi:

<3tM (t,i&f) 7E(t)a($7f) >]R><]R2d = _/ E/(t)a(x7§) d:u’ (t,l’,f)
RxR2d
(2.10) = sc lim/ E(t)% (op, (a) O3, P5) dt;
R
moreover, in view of the Schrédinger equation (T.2)),
d i T A
@) i (v @5 5) = (£ [ op. (@] 07 95 ).

By standart symbolic calculus (many of whose formule may be found in [26], for in-
stance), in the smooth case we would get

(2.12) [H 0P, (a)] = op, (€0, — VV(2) . 8c)a) + O(e),

1
5
which ultimately induces equation (I.3) for 4 in the sense of the distributions.
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The conical singularities that V' presents, however, will require a specific treatment.
Roughly, we will have to re-derive “by hand” adapted formula for a correct symbolic
calculus with such potentials, which we will do progressively in Sections .4.1] [f.4.2 and

443

2.3. Two-microlocal analysis. Now, let us define a new symbol class S(p) composed by
symbols a € C>°(R24+7) such that

e Foreach p € R?, (z,£) — a(x, &, p) is compactly supported on Rﬁ‘fg.

e There exists some Ry > 0 and a function a., € C*(R?? x SP~1) such that, for

llpll > Ro, one has a(x, &, p) = ano (m,f, ﬁ)'

These symbols will be quantized as

ovia(e.& o) =ov. (o (6. 2)):

observe that the right hand term above is just the banal quantization of a e-dependent R2?
function as in (T.7).

Proposition 2.6. There exists a measure Voo on R x R2P x SP~1 aqnd a trace class
operator valued measure M on R x R24=P) both positive, such that, for a € S (p) and
= e CPR),

’
/ E(t) <Op§(a‘)‘lj§ ) ‘Ili > dt — M(ta z, 5)]1{93’750} 7E(t) Qoo | T, 57 L
R €0 (e RxR24
+ <5(1‘/) ® Voo (ta xﬂa faw) 7E(t) Qoo (SU, g)“) >]R><]R2d><3p—1
(2.13) + e (Mt 2", €"), E(t)av (0,2",0y,€",y) Jpypeca-

where a (0, ", 0y, ", y) is the Weyl quantization of the symbol (y, ¢) — a(0,z",¢, £, y)
with e = 1 and p is the usual Wigner measure related to V.

Furthermore, for a smooth compactly supported function (z",£") — T (1 ¢y taking
values on the set of compact operators on RP, one has

<M(t, CE”, fll) 5 E(t) T(z//! 140 >R><R2(d_l”) = SC hm E(t) T(z”, E//)U(Et’ z!!, 5//)d$//d§”dt,
RxR2(d—p)

where U(St o, €1) is the trace class operator with kernel

214) kUG e (v’ x’)z/ ﬁiywt ey’ a:"—y—// e | ea’ x"+y—N dy”.
(t,z’,¢") ) Rd—p (27’[’5)‘171) ’ 2 t ’ 2

Finally, the terms in 213) are obtained respectively from those in the decomposition

a(z, &, p) = a(z,§, p) (1 - X (%)) +a(z, €, p) (1 - X (%)) X (%) +a(z, & p)x (%)

in the limit when ¢ — 0, then R — o0, and last § — 0, where X is a cut-off function
such that 0 < x < 1, x(x) = 1 for ||z|| < & and x(z) = 0 for ||z| > 1.

Remark 2.7. 1f p = d, then U = \if§> <\11t
Us () = £8 0% (ex), with kernel kU (z,y) = UE(y) W (). It follows that

*

is just the adjoint of the projector over

tr(TU§)=<T\if§,\if§>.
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Then, because 7" is compact, in the limit ¢ — 0 one has that it is simply <T\i/t, \Ilt>,
where ¥, is some weak limit of U5,

A very general treatment of this result can be found in [9]. The introduction of U*® is a
trivial addition of ours in order to enlighten the calculations to come.

Remark 2.8. Observe that M induces a measure m on R x R?? by means of the formula

<(5(1‘l) ® m(t> {,CN, 57 p) ) E(t) a(m,f, p) >R><R2CHP
=tr < M(t7 x/lv fﬂ) ’ E(t) aw (07 x/lv av’ 5//7 y) >]R><]R2(d7p) .

Above, a has no need to be in S(p); it is sufficient that it be compact supported in all
variables.

Lemma 2.9. M = 0 if and only if m = 0.

Proof. That M = 0 implies m = 0, it is obvious. For the converse, it is necessary to show
that m = 0 implies tr (M, T) = 0 for all compact supported functions (¢, z”,¢") —
Ti¢, 2, ¢y taking values in the set of compact operators, since this is the set whose dual
are the trace class operators.

Observe that it is sufficient to consider T(y, 7, ¢y Hilbert-Schmidt, given that these
operators are dense in the set of the compact ones. So, we can consider that it has a kernel

2 (2P ;
KT, ey € L (Rx/,y/) and, defining

y Y
a(t7x7£)p) = X(l‘/) ]:y’—>§’ (kT(t,x”,f”) <P+ 57/7 - 2))

with some x € C§°(RP), it follows that T(; ,» ¢y = a®(t,0,2",0,,£",y) and we are
done. ([

Lemma 2.10. The measure m is absolutely continuous with respect to d¢'dp.

Proof. Indeed, if a(x,&, p) = b(x,&, p) almost everywhere with respect to d¢’'dp, then
a”(0,2",0,,&",y) = b*(0,2”,0,,&",y), for taking any f € L*(RP) and working out
the definition:

w 1 it (y— +
a”(0.2".0,.8" )fW) = G /R e (o,w”,s',g”, 92”> f(p) d€'dp

1 it (y— Y+
— (27.(.)p /2 e & (y P)b <0,£L’H,€/,£H, 5 p> f(P) dg’dp
R2p

— (0,7, 0y, ", ) F(y);

then it follows from the definition in Remarkthat (m(t,2", &, p),2(t)a(0,z", &, p)) =
(m(t, 2", &, p),Z(t)b(0, 2", &, p)) whenever for each 2 € R~P, a(0,2",-) and b(0, 2", -)
differ only whithin a subset of Rgf’ o with null Lebesgue measure, implying the lemma. [

Lemma 2.11. The semiclassical measure ;1 decomposes as

1t 2,€) = plt, 2, €) g sy +5(') @ / Ve (1, 2" €, duo)
Sp—1

+0(z") ® (/ mer py(t, 2", €") dp) d¢’,
RP

where Vs is as in Propositionand mer o (t 2", ") dpdE’ = w(t,z", €, p).
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Proof. If a € C§°, define a(z,§,p) = a(x,%for all p € RP. Thus, a € S(p) and

op,(a) = opf (@), and we can use Proposition O

With the two-microlocal measures, we are equipped to tackle the analysis of the singular
term of the commutator in (2.TT).

3. APPROACHING SOLUTIONS WITH WAVE PACKETS

In the Introduction we pointed out that the non-uniqueness of the classical flow for
the present case only plays a relevant role when the initial data concentrate to a point
belonging to a trajectory that leads to the singularity. The behaviour of the measure will
depend on the concentration rate and oscillations of the quantum states W as well as on
other characteristics of this family over the crossings, such as the region where these states
are supported.

Below, we will prove results that altogether are slightly more general than Theorem
[[.T2] We will present concrete cases of solutions to the Schrodinger equation with the
conical potential V' (z) = —|z|, x € R, that concentrate to a branch of one of the parabola
leading to the singularity in Figure [I[b), and thereafter either swap to the other parabola
(Section [3.2] Proposition [3.4) or keep on the same one (Sections [3.1] Proposition [3.1).

These examples refute any possibility of a classical selection principle allowing one to
predict the evolution of a particle (i.e., a Wigner measure concentrated to a single point)
after the singularity, since they show two particles subjected to the same potential and
following the same path for any ¢ < 0, but then going each to a different side for ¢ > 0.

3.1. Measures rebounding at the singularity. Let us consider the trajectories

Ex (t) =+t
(3.1) { oy (t):j:% fort € R.

In this section we will prove:

Proposition 3.1. Let be U¢ the solution to the Schridinger equation (1.2) with V (x) =

—|z| in R with initial datum
1 x
Vi (r) = —a | —
@)= 5o ().
with a € C§° (R).
For any t € R the semiclassical measure associated to the family (V)_. , is given by

pe (,6) =p* 0 (z =21 (t) @ (E =&+ (1) +p~ 0 (z — (1) @ (£~ E-(1)),
where the weights p* are given by

+oo
pt = :I:/ la(z)]? da.
0
Proof. Given an arbitray J > 0, let us cut the the evolved state ¥¢ in three parts,
Wi (2) = U35 (2) + W2 (@) + U2, (x),

where \I'i"s, =% and U=° solve the Schrédinger equation with initial data

0 T x
\1'170 (x) = ﬁa (ﬁ) X(—Ss- (%) supp Xi CcC{xeR:z>6}

£,0 _ 1 x S x - 1) .
Uy (x) = 5ia(\/5) X (ﬁ) with  supp x° C {x e R: —26 < x < 26}
U () = ﬁa (ﬁ) x> (ﬁ) supp X* C {r e R:z < -6}
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chosen in such a way that x‘j_ +x% 4+ x? =1, all these three functions smooth and taking
values in [0, 1].

The middle term’s semiclassical measure has total mass of order § max,¢cg |a(z)|?; as
a consequence, the full Wigner measure of U¢ will be, for any § > 0:

(3.2) p=p"t 4+ p5" 4%+ 0(5),

where 11>F are the measures associated to ve°, O() is a measure with total mass of order
0 issued from the middle term and its interferences with the other terms, and 75 is the
interference measure between ¥ and \Ili_"s, which satisfies, for any strictly positive test
function b € C§° (R x R?), the estimate

(3.3) (70 )] < (o b) (ud . b),

as widely known in semiclassical calculuﬂ Remark that 7% is not necessarily positive
definite.

For the study of ;5% let us introduce ©%°, the wave packets defined in (Z.1) for ¢ € R,
having profiles v%* that obey to

0007 (y) = — 380 (y)
3.4 L0ty 22Uy
GH { v (y) = a(y) X% (),

which is nothing more than the profile equation ([Z.2) with the smooth potentials V*(x) =
Fa (which admit the trajectories (3:1)).

Lemma 3.2. Forany 6 > 0,
o~
Boll7E T Nl ey 2@y
(The proof is postponed.)

So, the Wigner measures for the components \I/i(s are the same as those for gaié, which
one computes explicitly:

+oo
™ (2,6) = £0 (2 — w2 (1) © 6 (€ — (1) / Ja () %% ()] dy;

observe that Equation (3.3)) implies that ~+? is supported on the intersection of the supports
of ;1% and 1>, but from last formula this intersetion turns out to be different from the
empty set only for ¢ = 0, or, more rigorously, it is contained whithin {t = 0} x R29,
It happens that 7 is absolutely continuous with respect to %%, and these are absolutely
continuous with respect to the Lebesgue measure d¢, as we saw in Section [I[.I] As a
conclusion, v° = 0.

SAs a short justification of this estimate, define a = \/l; which will also be a smooth function, since b is
strictly positive, we will give op, (b) = op,(a)? + O(e) in £ (L%(R<)). Now calculate:

[{op. (b) TS, , WE )| [{op.(a)? W5, ¥E ) + O(e)]
|{op (a)¥5 ,0p, (a)¥E ) + O(e)|
[[op (a) W5 || [lop. (a)¥= || + O(e)

(P @ op.@95) (op.(@¥E op,(@w2 ) +0(e)

N

= \/<0p5(b)\113_ (w5 ) {op. () WE W )+ O(e);

the result comes in the limit where € goes to 0.
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Finally, as § is arbitrary, we take the limit 6 — 0 and it follows from (3:2) that u =
ut -+ p~, where:
pE(tx, ) =pto(x—ax (1) @0 (€~ Ex (1)),
as we had in the proposition’s statement. (I
Proof of Lemma 32} To begin with, since for t # 0 we have VIV (24 (t)) = VIV* (24 (t))

for any j € {0,1,2}, 93’ obeys to (24) with error 1 R*# defined according to (2:3); let
us calculate it for ¢ # 0:

1 o1 1 t2 t2
R () = o |ES Ve[ + 5 E Ve
€ € 2 2
_ 2y :tt2 + ey 1
[£5 + vyl + 5 <)
which gives
1
(3.5) ‘Ri’i (y,t)‘ <2 'y'
3 2\/

Additionally, one can solve equation (3.4) for the profile v>* of 5° explicitly; writing
down its solution,

5+ A )
v (y) = e (a () ¥k ) »
it remains clear that v®* admits a finite development like

6o =)= (14 518) @ )+ [ (1= was

5+
By (

)

where the first term in the right hand side has support on £y > 0.

Remark 3.3. From (3:4) and the fact that its initial datum is C§° (R), it follows that, for any
T > 0and j, k € N, one has y/9fv>* € L> ([T, T], L*(R)), which natually implies
that y/ 0F 0%+ € L ([-T,T], L*(R)).

Therefore, from expressions (3.3)) and (3.6):

1 e+ s+ 2 ‘ 5+
~“RyF vy < —=|lyvy™ ()
t t L2®) X \/g t {iy\ 2f L2(R)
267 || 54
= — ||YyV ’ (y) 1 2 )
Ve ‘ {iyg_;ix/? L2(R)
which results in
£T 20
3.7) sup H\IJ — & / 5F (y) 1 B ds
+t€[0,T] i t \[ :‘:y$727\/E L2(R)

1_
L anddenote 7. = 7

after applying Proposition To evaluate this integral, fix o = 7=

(1) Fort € (—7¢, 1), (3.7) gives

27

WL — o5 y oyt (y H
te( Tes n)H it L2(R) )

(3.8) = ei B,

Lo ((=7e,7e), L2 (R))
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with Ks > 0 constant. The fact that Hy 0% || oo is bounded comes
from Remark 33

(2) For the estimate for ¢t € Y¢ = [T, —7.] U [, T], remark that +y < — £ <

(7T5175)7L2(R))

—2a . —
—5—— implies |y| 5 < 25102 then:

5_10
< 2%
L2(R)

L2(R)

d,% ,
Hyvt W2 Yy’ (y)’

2VE
Boundedness for the norm in last equation’s right hand side comes from previous
Remark B3]

Finally, form (3.7),

26 T3 1
T (i Py

\116,6 €,0
sup +.t 7 Pty
te€(—7e,Te)

(3.9) — 03 s

for a constant K, s > 0.

Because of our choice of o = 7=, both estimates (3-8) and (3.9) go to 0 with e — 0,

and we prove the proposition. U

So, in this section we saw the example of a case where the initial measure splits in two
pieces, each one gliding to its side as in Figure ] according to the quantum distribution of
mass along the x-axis.

Remark that there is no crossings at all. The part ;41— that goes to the left downwards
did not come from the same side as p+, but from the very left. The portion that was in the
right for ¢ < 0 stays at the right hand side.

3.2. Measures crossing the singularity. Now, consider for 7 < 0 the Hamiltonian trajec-
tories of V() = —|x|:

MTt)=n+xt
(3.10) () =mn o for +£t<0.
2 (t) =nt+ 5
In this section, we will prove:
Proposition 3.4. If U= is solution to the Schridinger equation (I.2) with V (z) = —|z|

in R, n < 0 and initial data

1 i

allz2(w) = 1, then the associated semiclassical measures are

pi (2,€) = 6(z —2"(t)) ® 6(6 = £7(1))

with a € C§°(R),

foranyt € R.
Besides, if we take n = —<P with 0 < B <
measure will be, fort € R,

pe(w,€) = d(x — 2°()) @ 8(€ - €°(1)).

Proof. For the case with 7 < 0 constant, just apply Lemmata 3.7 and [3.9] ahead chosing
8 = 0. For the case n = —¢”, same thing, but of course taking 0 < < 1—10. O

1

1g» then the corresponding semiclassical
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Before we proceed to the lemmata, let us define " after (2.5)) using the trajectories in
(3:10), so as us" satisfies the following system:

{ 0" (y) = —5Au" (y) + 1R (y) uy" (y)
u07 (y) =a (y) )
and we have:

Lemma 3.5. Above, fort # 0 we have

GAD Ry (y) =2 (2"(t) + Vey) <]1{t<0}]1{y<_mfm} - ﬂ{t>o}]1{y>_wfm})

and

1 2|y
(3.12) ’ER n(y)’ \[| <ﬂ{t<o}ﬂ{ - T"m} +11{t>0}11{ o T"(f)})
Proof. Write down
1. 1
SR = =2 (|27 + Vey| - [2"(1)] - sign (27(1)) Vey)

T 227() + Vey — sign (2"
- ﬁ(lw"(tHﬁyIHx"(t)l gn “”)

and observe that sign (z"(t)) = —sign(t) for the trajectory in (3:10). O
Now, define
(3.13) ,Dfﬂl (y> _ e—é JL R (y)ds a (y)

and, given some small 7. € (0,7T), consider the following wave packet profile equation
linked to the trajectory (3.10):

0w (y) = —1Av]7 (y)
314 € t e, t f tGT‘E: —T,— : U 57T.
G119 { vyl (y) =037 W) o [ ) U [7e, T

Definition 3.6. We will call =" the wave packet defined as in 2.1)) for trajectory (3:10),
having profile v for t € [—1., 7] and profile v=" otherwise.

Lemma 3.7. Forn. = ne’ withn < 0and 0 < 8 < ﬁ, one has

. EMNe __ A& MNe =
i [957 = @7 | e (), 21y = O

Proof. Let us treat the problem partitioning it in zones by choosing 7. = ¢* with a > 3:

1) te -7, 7]
Denoteﬂ 2% = u® — 0°; then z§ (y) =0,

) 1 1 1.
ez (y) + 587 (y) — — R (y) 2 (y) = —5 A0 (y)
and consequently
d 2 .
at || z¢ ||L2(]R) = —2Im(z, At} >L2(]R)

2[(Vug , V7 )2

NN

| Vug HLZ(R) | Vo ||L2(R) :

6Since now 7 depends on €, we will drop down the dependencies on 7 in order not to overcharge the notation.
‘We will also let the dependency of the trajectories on € implicit until it be crucial to take it into account.
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(3.15)

(3.16)

(3.17)

Given that Vu® satisfies
. € 1 1> 1 1 I 1 15 I
0y (Vug (y)) + iA (Vug(y)) — gRt (y) (Vui(y)) = EVRt (y) ui (y),

one can estimate, in the same way as in Proposition[2.2] (which enables us to avoid
calculating Ry att=0),

1
||V’U,§ ||L2(R) < ||VCL||L2(R) + |t| H EVRE u®

Le=(]0,¢t[,L2(R))
21¢]
Ve’

the last line coming from the fact that [|uf|| ;) = 1 is constant (|[uf[| 2z, =

< NVallpew + —=

[§ | 2 () and quantum normalization) and that

1 1| z(t)+vey ‘
- |VR; — — sign (z(t for t#0,
SOH%RtHLOC(R) % fort €]0,¢[.
Besides,
1t it pe
Vi ) = iof )V (£ [ R s ) 4ot B O Tagy),
0
I¢(t,y)

Taking into account the domain restrictions of R* (see (3.11))), for =¢ < 0 one
must have satisfied the inequalities +y < 0 and t? & 21). t + 2/ey < 0 in order
not to have R null, which means that, for fixed y, ¢ is comprised in [—<(y), s(y)],

where
S(y) =n- +\/n2+2Vely| >0

is one of the roots of ¢2 — 2. ¢ —2,/zy = 0. Further, remark that RE . () (y) =0;
as a consequence,

F(t,y) = 2o By ds b
s fﬂ:C y) RE 8 if =+t 2 g(y)’

which implies

%t if [t <s(y)
O, (ty) = —=sly) if t>§(y)
—Zsly) i < —(y)

Now, considering that 28 < %, that 7. < 0 and that there is K > 0 such that
ly] < K, since within V° we still have multiplying factors a and Va that are
compactly supported in y, it can be made the estimative:

2IM><¢K7

|7
which in any case gives |9, 1°(t, y)| < I%I for some constant C; > 0, hence
4 o

|776|.

<(y) = ne + | (1 +

€

| Vo ||L2(R) ~ | .| | a HL?(R) =
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Finally, this results in a superior bound for [|uf — 07 [| 2 (g in [~7e, 7c]; for a
constant Cy > 0:
Te T2

2
(3.18) 125 W (o g2y S Copp 7+ Cr

As o > 3 by assumption, the only additional constraint we need in order to have
the bound above small when ¢ — 0 is:

(3.19) 2a—ﬁ—%>0.
Q) teYe=[-T —7.]U[r,T):

Hereafter denote z* = u® — v®. Now 2° obeys to the equation

0280+ (58 - TR ) 5E0) = LR () )

and, therefore,

ds
L2(R)

t
~ E ,E
e

according to ¢ being positive or negative.

Recalling the trajectory defined in (3.10), the estimation in (3:12)) and the fact

that 7. < 0, one has that R® is non-zero only in the region |y| > I”—\;EE‘ > ‘"\E)gi , SO

1
[yl

12 12 ey < || 25,

< ME‘TE,thls gives

1

15 €
—R; v
€

2 €
< 7 1y 07 L2y

9 k
() 147 6 Ny

|775|Te |775|Te

L2 (R)

Lemma 3.8. Fort € Y¢, n,m € Ngand 8 < %, there exists K, 4+, > 0 constant

such that ||ly" V"™ g || 2 gy < ﬁ%

(The proof is postponed.)
As a conclusion, for € small enough we have
e ()

1
SRS oS Ve
H5 t Yt |n£|27—8

L2(R) = e

which carries the new constraint:
k
(3.20) 5~ (k+1Da—-(2k+3)8>0
for some k£ € N.
The proposition is proven once we remark that for any 0 < 8 < %, one can find a
positive integer k such that both (3:19) and (3.20) will be satisfied for @ > 3. O

Proof of Lemma[3.8] To evaluate ||y"vs || L£2(r)» Observe that by recurrence one can show
that, for n € Ny,

1 1
10 (y"v%) + iA (y™®) = in(n —1)y" 20 +ny" " Vot
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and, since V™ v° satisfies the same equation (3.14) as v°,
(3.21) 0, (y" V™) + %A (y"V™%) = %n(n — Dy 2V £y VTS
from where we have the estimation:

ly™ V™0l L2y < [[y" V™05, HL2(R) + %"(” -)T Hynizvm”E”LW(Ts,L?(R))

+nT HynilvmlevsHLOO(TE,LQ(R)) :

The trick will be to transform the L> (Y€, L?(R)) norms of the terms with V"¢ into
L?(R) ones, so observe that we have

— m n— m 1 n— m
(e ”zs||L2(R)<Hy Y ”iTEHm(R)+§(”*2)(”*3)T”y v U€||L°°(T€,L2(R))

(3.22) + (= 2T ly" V"0 oo (e p2my)

and, of course, that the right-hand side above also bounds ||y”’2vaE HLOO(TE L2(R))"
Repeating the steps above for the term ||y ~4V™v¢ || Lo (1e, 12 (y) that appears in (3:22),

we will obtain an expression with the L?(R) norm Hy”_‘lvmvi& 2w @S wished)
n—5vym+1

”EHLW(TE,B(R)) 2‘1nd [y —ovmttes

Well, then we just repeat the same procedure for ||y"*6vaE H Loo(

term Hy"—Svm

and additionnaly the terms ||y~ V™ HLoo(TE L2(R))"

Y L2(R)) then for the

v® H Loo (1<, L2(R)) that will appear, etc... and what we get is essentially

629 "V 2y <
J

wf3

4 Cf)j Hyn—l—2jvm,+lvs

M) || n—2jom. e
<Cn,j ”y Vi vie, L2(R)

Loo (TE,L2(1R))> ’

0

;1; and cfz appropriate coefficients.

Two things are remarkable in this formula. The first one is that all terms y"~2/ V™Mol
have the same support (recall their definition, in (3.13)) and (3:14)), which is the compact
support of a. This bounds |y| uniformly with respect to n, m, j and &, implying that

with ¢

m,,.g
dn7m HV st

L2(R) — L2(R)”

EI
PINE A Ui Ao
§=0
where again d,, ., is a suitable coefficient not depending on €.
The second remarkable thing is that among the terms whithin the L*° (Tﬂ L? (R))

norms, the highest power of y that we find is n — 1, and no more n, as in the begin-
ning. This suggests that we may do the very same analysis for estimating each term

A vA HLOO(TE_Lz(]R)) in (3:23) and obtain estimates like

n7172jvm+1

[y UE”LOC(TS,LQ(]R)) < dnflf%mﬂ||Vm+lv:€tn”L2(R)
|3 (n—1-25)]|
n—2-2(j+l)vom+2, e .
+ > Hy v Loo(Te,L2(R))

=0
again, the maximal power of y to appear inside the L>° (TE, L? (R)) norms has been
reduced by 1 with respect to the norm being estimated in the left-hand side. Whence,
running recursively until we bring the maximal exponent down to 0, we will end up with:
n—1)
Vs oy < Y &y [V g,
j=0

2w T dy ||vm+%6HLoo(Ya,L2(R)) )
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with e-independent coefficients (Zj. Finally, from equation , one knows that the norm
|V Tmyg|| r2(r) is constant in time, so we can simplify even more the last estimation and
have got:
n
(3.24) ly™ V™ 0f || gy < Dy |V g,
Jj=0

Making use of (3.13) and the initial condition (3.14), let us calculate the remaining

quantities:

i (tTe pe i s
VM, () e E I R ST (T ) gt 3 o 11 041" Geres)”
=0 oeN®
se1

L2 (R) *

sos=l
where c? are complex coefficients.

The way for calculating the expression above is the following: if condition (3.20) is
fulfilled, then we have v < § — 3, which causes 7. to be always greater than [c(y)| ~ IT\EI
Then, using (3.17), we get 33T I° (47, y) = i%@ig(y) for j € Ny, and, using (3:13)

and being o > 2 (from (3:19) and the fact that 0 < 8 < 35):

1 7o
7({95+1§(y) ~ <ﬁ> 7‘-&-1;
Ve 7| 7|7
thus, if we do the brutal majoration, % 1, one gets |93T21° (17, y)| e for all
j € No, and also I°(£7.,y) ~ s(y) < 1. Additionally, we already had 0, I°(£7.,y) ~

\Tll’ so even in the worst case one can always have the estimate
(9jI(j:TE,a) < 1 -~
Y ~ neld

which is, of course, far from optimal if j > 2 and just bad if 7 = 0, but fits in our purposes.
It follows that, for o such that } . | jo; = [ and conveniently chosen constants K,

1:[ 831 (£7e, 1) |l H

|775
SO vavfh H L2(R w111 be dominated by a term of order Tl ‘m and, finally, inequality
(3:24) will be bounded by a term of order i ‘n =, what we wanted to show. O

This completes the proposition’s proof.

Lemma 3.9. With 1. = ne?, n < 0, the semiclassical measure associated with the family
(¢"=) o is transported by a trajectory of shape B10): (z°(t),£%(t)) if 0 < B < 15,
and (z"(t),&"(t)) if B = 0.

Proof. The fact that = "= concentrates to a measure that follows the aimed path is not
guaranteed by Lemma [2.1] since the initial data we inserted in the wave packet equation
(3:14) is not e-independent, as we required in Section [2.1] Let us then calculate the con-
centration of ¢ indirectly.

To begin with, if conditions (3.19) and (3.20) are fulfilled, then 7. > ¢(y) and conse-
quently, from (3.13), (3:13) and (B.16):

,éifoic('y) Ri(y)dsa(y) _ e—zf‘ ‘ e ((%) :F|7,E ) (y)

€5 Me

v:l:TE (y) =€

)
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thus, setting 05 ,(x) = +937° (i>, one has
’ e4 € \/E

ot o (7). (57 2 (57

where |fi| = |f2] = 1 and Vf; and V f; exist and are locally bounded almost every-
where in R. These facts and standard symbolic calculus allow a straighforward calculation

showing that 93 , concentrates to the measure ugi (,8) =6 (z) ® 6 (&).
Now, define 95 the functions in L>° (R, L?(IR)) that satisfy the systems

ie0,0% 4 (x) = —5 ADL,(x)
@ft,o(l“) =1 Ver. \ 2 )0
it is possible to affirm that the semiclassical measures of 05 will by carried by the flow

Dy (2,8) = (x+t&, &), since by standard results (see the Introduction) they should obey
to the usual Liouville equation (T.6) with a null potential. But because initially they are

concentrated to the point (0, 0) in the phase space, we get ,u? : (x,€) = 0(z) ®6(&) for all
teR.

Well, for +¢ > 0, 05 ,(z) = L-v5 (%) , S0 observe that, for +t € [r., T,
] EZ v € £

;7 (z — 2 (1)) 2167 (O(e=a™ ©)+57 ()]

Pt (.13) = @Ei,t:FTE )
consequently, by pickingup a b € C§° (Rz), one gets
(0P (0) 1™, 07 ™ ) 2y = (ope (b +a"™(1),6 + €™ (1)) 0% ugre s 0t ) oy
= <0p5 (b (1} + x’f?a (t)a 5 + 6”5 (t))) {)j:,t? {}Ezt,t>L2(R) + o (5a726> )

with the error coming from
Te
e |2

where K > 0 is constant and we used Lemma[3.8] If 3 = 0, then 1. = 7 is constant and
we get, fort € [-T,T] \ {0},

sclim (ope (b) 07", 7 ") 2 r) = (0(2) @ 6(€), bz + 27 (1), € + £ (1)) g2
which also holds for ¢ = 0 due to the initial condition for ¢**", implying that

wf " (2,6) = 8(z — 2(t) @ (6 — €7(1))

~NE

AE
Vit = Vi txr.

<K = K228

L2®) S

)

2@ S % |Avs,

forallt € [-T,T).

If0 < B < 15, we can still have

<0p5(b) §0§7 L'D§>L2(]R) = <Ops (b (I + xo(t)vg + §O(t))) @i,t:@:&t,t>L2(IR> + 0(1) + O (50‘72[9) )

and now the error o(1) comes from the difference between calculating b with the trajec-
tories ("= (t), &M= (t)) or the with “limit” path (z°(¢), £°(¢)), which must be negligible in
compact times for € small enough, given that b is smooth and the flow that defines the tra-
jectories is stable in the region where we are. Since it is possible to choose o > 23 within
conditions (3:19) and (3:20), an argument similar to the previous one gives
(ps‘ns

pf o (,6) = bz — 2°(t)) @ 6(€ - £°(t))
forallt € [-T,T] when 0 < 8 < 1. O
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Remark 3.10. All results in this section also work taking 7 > 0 and swapping ¢ negative
for positive and conversely in the definition of the trajectory (3.10).

Hence, we have found that it is possible that a particle arrive into the singularity from the
up left or from the down right and that it continue to the other side down or up, as partially
indicated in Figure [3[b). Moreover, we also proved that the wave packet approximation
is valid for the non-smooth trajectories indicated in Figure [5] (and for the reverse ones not
indicated in the picture).

4. ESTABLISHING THE LIOUVILLE EQUATION

In view of the developments in Section [2.2] from equation (2.11) we are left with the
analysis of the commutator

L[ on. @] = £ [=5 A 0m. @] + L1V 0p. @]+ £ Lla(@F(@) . @]

We will look separately into each term. The first one is kinetic, the other two dynamical.
The first and the second are regular enough so one can use standard symbolic calculus; this
presents no difficulties and we will treat them explicitly in Sections 4.2 and [4.3| only for a
matter of completeness.

The third term is complicate because of the conical singularities it presents, which will
require us to employ the two-microlocal analysis in Section[2.3] This strategy was followed
in [[L1]], but here we will describe the two-microlocal measures in more details. Prior to
proceeding to this kind of analysis, however, we will need to restrict ourselves to the case
where g(x) = 2/, with . = (2/,2”), 2’ € RP and 1 < p < d, in other words, to the case
where the manifold A formed by the singularities is actually a subspace RP.

It is in this context that we will be able to prove Proposition which is a particular
version of Theorem|[[.2]for A = R”. Reducing the general case to this one is the subject of
next section.

4.1. Reducing A to a subspace R?~P. For a general conical potential, thanks to Vg(z)
having maximal rank we can define a local change of coordinates ¢ in neighbourhoods of
R? where

z = ¢(x)

(>) = (56)

for some function f : R? — R9~7 locally depending on g in such a manner that V f(x)
has maximal rank and, if = € A, then ker V f(x) is orthogonal to ker Vg (x)ﬂ

Now, for the sake of clarity let us consider the coordinate change in tangent space in-
duced by ¢:

¢ = Vo(z)¢
¢y 2| V) |,
¢ Vi) |~
TSuch f may be contructed as follows: let be A an open neighbouhood of Ai choose k : A — R4P
local diffeomorphism; take U C R? a cylindrical neighbourhood of A such that ' N A C .A. Pick up an open
U C U,sox € U is given in geodesic coordinates by x = (&,7n) for some o € A with coordinates & and
n € NoA. Define f : U — RI™P as f(z) = x(o). It follows that V f(z) is diffeomorphic over T, A and

null over Ng A, but since T A = ker Vg((5,0)) (see Remark[L1), ker V f((&,0)) L ker Vg((5,0)) and we
are done.
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Writing R? = ker Vg(z) @ ker V f(x), we have the decomposition
§=my(x)E+7yp(2)8,

where 7 () and 7 () are suitable projectors inside R? over the kernels of Vg(x) and
Vf(z);if 2 € A, they are orthogonal. Realize that V f(2) |\, ¢g(z) a0d V()| ier v ()
are invertible (due to the maximality of their ranks); let us denote their inverses simply by
Vg(z)~tand Vf(x)~ L.

Thus one has:

(4 1) v.g(ir)_va(‘r) = Wf(it) and Vg(x)Vg(x)_l = ]]'po
' V(@) TV (@) = my() VI@)Vf(@)™ = Lapxa—p-

It follows that V¢(z) can be inverted in terms of Vg(x)~! and V f(z)~1; its inverse is
Vo(a)™ = [Vg(@)™" V@)™ ].

Analogously, ‘'Vg(x) and 'V f(x) are invertible as soon as their counter-domains are
restricted to (ker Vg(z))* and (ker V f(z))* (in which case the transpose of the relations
in @.I) holds), allowing us to write the coordinate transformation in cotangent space as:

¢ = '"Vé(x) ¢
¢ _ [ 'Vg@) T ()
(4~2) < C” ) - |: tVf($>_1 tﬂ'g(x) §

Geometrically, let be the manifold A = {z € R? : g(z) = 0}, parametrized locally by
the variable 2/ € R4"P. For a z € A, the cotangent space can be described by T*A =
ker Vg () (see Remark[L.1) and its elements are parametrized by ¢”’. The variables 2’ and

d
¢’ in R? will be associated with the normal and conormal spaces N,A = R /Ta: A and

/

d
NIA = R/T*A. We will also be using variables w = % for 2/ # 0, which will be

(B

identified as elements of the normal space in sphere of A, S, A = Ny A/RJr.

Remark 4.1. Due to the fact that the coordinate 2’ is defined equally in any local charts by
2" = g(x), one can define functions on R?, more specifically on N, A, simply by its explicit
formulation in z’; further, A not being empty allows us to always calculate a function at
2z’ = 0. These facts are implicitly used in the calculations to come.

At this point we shall state a central result in semiclassical analysis (see [L0] or [26l]):

Proposition 4.2. Let be ¢ a diffeomorphism of Hﬁd in the sense of manifolds, and q; the
correspondent cotangent bundle transformation, ¢(z,§) = (Qﬁ(m),t V(b(x)’lf). LetTy €

)
L (LQ(Rd)) be the operator such that Tyf = (J¢ o gb*l) 2 f oot where Jy is the
Jacobian of ¢. Then, T;Ty = 1 and

(p.(a) W5, 95) = ((op.(a 06~ TyW5, Ty¥5 ) + O (¢ Nuya(a)

where Ngi1(a) is the upper bound in (2.8).
Besides, denoting i = T, Vs and V =V o ¢~ the local expression for 1§ satisfies
the equation

2 ~
(43) i£0,0f () = — 5 ToAT] Ui (@) + V(@) ¥ (@).
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As a consequence, if fi is the measure associated to the family () for any symbol

a € C3°(R??), = € C§°(R) one has

(n.Za)=(fi,Zaod™"),

i.e, any result got for the new measure [ can be immediately transferred to the original x by
simply changing the coordinate system; analogous arguments work for the two-microlocal
measures. Noting M (V) the set of measures over the locally convex space V', we get:

e>0°

Corollary 4.3. Geometrically, the Wigner and the two-microlocal measures to be built
ahead will be ;1 € M (R x R??), m € M (R x EA) and v, € M (R x SEA), where
the bundles EA and SEA have fibers

and

SE;A=T;A® NJA P S,A.

Therefore, Theorem [I.2] will follow directly from Proposition[4.18|and a trivial applica-
tion of Corollary

Remark 4.4. Since in the rest of this work the variables that we will write are going to
be dummy, we will not care about marking the differences between (z, &) and (z, ¢), nor
about keeping the notations 1), iz and V' in contrast to ¥, yr and V.

In short, now we can fairly relay on the study of the concentration of a family W®
satisfying equation (4.3)) with a potential
V(z) =Vs(z) + [l2/[ F(x),

with ' € RP, i.e., satisfying the Schrodinger with a modified Hamiltonian operator
~ 52
€ __ *
so as that we become interested in the commutators

i 2 i i
“4.4) [ﬁa » OP¢ (a)] = g |:_iT¢AT; » OPg (a):| + g [VS » OP¢ (a‘)] + g [”zl”F(z) » OP¢ (a)] .

7
€ 2

In next sections we will analyse separately each one of these pieces.

4.2. The kinetic term. Let us start the computation of the first term in the right-hand side
of @#4) by the following exact calculation, with arbitrary ¥ € H?(R?):
i €2
B {QA , ops(a)] U(x) = op, (£« 0ga(x,&)) U(x).
Observe that ¢ . 9,a € C§°(R??), thus the pseudodifferential operator above can be
extended to L?(R?), where it will be uniformly bounded with respect to e. Moreover,
using last identity,

D) = { v (¢-1<x§3 ] (Vg (67 () VS (67)].



SEMICLASSICAL ANALYSIS OF THE SCHRODINGER EQUATION WITH CONICAL SINGULARITIES 29

The result is:

[z (2250 00] w555

4.5) — — (D)€« Oppu(t, 2, 8) , E() a2, &) )pypaa -

e—0

Remark 4.5. Observe that (D(z)¢)" = Vg (¢ (x ))tV(b (¢71(2)) € and (D(z)€)" =
V(o™ (:E)) ¢ (¢~1(x)) & Back to the original coordinates, this gives (D(z)¢)" =
Vg(2)€ and (D(2)¢)" = V f(z)¢. Besides, from @2) we have ¢’ = ‘Vg(z) ' trp(2)&
and ¢ = 'V f(z)~! tr,(z)€, which implies

Vy(a)'Vf(2)¢" = Vg(z) 'my(x)¢ and  Vf(z)'Vg(z)(" =V f(z)'ms(2);
as we chose f so as to have my(x) and 7y (z) orthogonal when z € A, we are left with

D(0,2")¢ = (Dy(0,2")¢, Dy(0,2")¢"), where Dy(2) = Vg (¢71(2))" Vg (¢7(2))

is invertible for z = (0, z”’) and the same for D (z) analogously defined.

4.3. The dynamical term — smooth part. Consider the Taylor developments

Vs(z) = Vs (mgy)+%/olvvs (m;y—&—smgy).(ﬂc—y)ds

and

VVS(“”T“’ sx;y)zvv “T“’ /vv

575 ) (@~ y)ds'

plugging the latter inside the formelﬁ and subtracting from the development one would
obtain doing the same for Vg (y) centered around %‘H’, we get

Vs(m)—Vs(y)ZVVs(x;y>.(:c—y)—i—i/ol/ols(VQVs(x;_y—&—s'sm;y)

Ry (BEY gty — )@ gy
(4.6) VVS( 5 §5— ))(w y)*~ ds'ds.

Now, consider also the fact that £ [ Vs , op, (a) ] has kernel
rt+y r—y

an ke = e (LI (@) - V).

Since so far we are still dealing with smooth symbols, as in standard symbolic calculus
we use the formula z.F,~ la=iF 3 ! (D¢a) to exchange the factors (z—y) in [@.6) by factors
e0¢a in (@.7). Because both VVs and V2V do not grow faster than some polynomial and
ais compactly supported, it is a direct computation to get

é [Vs,op.(a)] = op, (~VVs . dea) + O (¢),

where O(g) tends to 0 in £ (L*(R?)) and op,(—V Vs « d¢a) is uniformly bounded with
respect to . This naturally gives

/E(t)<i[Vs7ops(a)]‘1’§a‘1’f>dt
R €
43) s (TVi(a) . Denlts 2, €)  (E) . €) g

E—r

8This kind of procedure will be largey used in the following pages, but we will not repeat the calculations
textually everytime; exposing the kernels issued from the second order terms will be sufficient for our analyses.
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4.4. The dynamical term - singular part. In order to analyse the commutator with
|z’||F in @4), we will introduce a cut-off y € C§°(RP), 0 < x < 1, x(2’) = 0 for
[2']| > 1 and x(2') = 1 for ||2/|| < 4. Let us cut the symbol a in three parts using
parameters R > 0 and § > eR, as follows:

49) a2, = a0, Ox (2 ) +a@ ) (1-x () ) (5 ) +aeo (1-x (%) )

In the context of two-microlocal analysis, each of these pieces is related to a different
two-microlocal measure, and that is what we will be talking about in the next sections.

4.4.1. The inner part. Defining U¢ () = £5 W= (ex’, 2”"), one calculates:

(2 [irrm (s ()] o )

= ﬁ /[RM e%&-(m—y) a (SE ;’ Z/’E) X (:1’2ij ) (HI/”F(LU) o ”y/”F(y))

Us (y) U5 (x) dedédy
. ig’.(z’—y’) i’{”.(z”—y”) / ron " ’ /
e es T+ "+ , T+
= / a(E <, Y 5'75')x<72Ry>

R3d (2m)% gd-p 2 2

(2’ ||F(ea’, ") = Iy | F(ey',y")) WF (y) V5 (x) dadédy
. iﬁ’.(zlfy,) %g/l.(zlliyll) 7 7
_ / e 5 a (O, x4y 5/75//)
R3d

(2m)“ed-p 2
m/_’_ / x//+ 1 , -~ — -
4.10) x< 2Ry)F(o7 YT (')~ 1) 5 (0) 5 () dededy + B,

with R® an error of order € in R whose analysis will be postponed.
Now, for each 2", £ € R%P, denote by

ro 1 e’z =y’ "opl et :r'+y' ’ ’ " Y
bt (&) = g [ e a 0,076 x (R ) (/1= I 1) F (0.0") e
the integral kernel of the L*(R?) operator A(%, .,y = [ ||y[|F(0,2"),a}(0,2",8,,£", )],
where a%(0, 2, 0y, £, y) is the Weyl quantization of the symbol (y, ¢) — a(0,2”,¢,&") x (%),
and, as in 2-14), by kU, . ¢ the kernel of the correspondent bounded L?(R?) operator

U(Et 1 ) (which is an operator-valued generalization of the Wigner transform We¥*)
introduced in Proposition [2.6] Then, the object in the previous calculation reads

/R2d kA{i,//’gl/) (x/, y/) kU(Et I”,E”) (y/7 .T/) dy/dx/dff//dé-// + RE,

which gives

. ’

1 ’ z e € R € 1" e e

— F —— \I/ \I} =t A " ern U 1"oen d d R .
<6 [HI |#(x) , op. (a(maf)x <€R>)] ¢ t> T/Rz(dip) @, e U, o ernydz d€" +

Regarding the error:
R =ic <(BE + )P \i/§> :

where B® and C¢ are the integral operators with the respective kernels:

5 1 -_(z+y xuiy//
b (»T,l/) = mb (2@'1//,

3
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and

1 __(z+y ' —y
C€($7y)=M06<27$/—y/7 - )

where one has

1 /
bE(x/’x//7y/’y//) :/ az/}—gla (ssx',x",y/,y") -I,X (%)
0
! ! 1/ !
7Y ;Y n €Y ;Y
TNF (e Lap A _
(:c+2H(<x+2>x+2> T 5
and
e (0 I\ ! —1 "nooron @’
& (2" ') = | Fola(02"y ") x| 5
0 R
! 1! ! 1
Yy " 2 Yy
VF(es(z'+Z ), 2" +s—=— ). =, =
[ ( ( +2) 2) ( T 2)
Yy

/ / 1" / 11
x'fy— VF (es x/fy— 7:1:"7s‘€y . m/f—,y— ds.
2 2 2 22

Lemma 4.6. The operators B¢ and C¢ are uniformly bounded with respect to ¢.

/

r Y
T+
2

+

Proof. Let us prove the lemma for B¢ by using the conventional Schur test and the fact that
Fe La is a rapidly decreasing function bounded by the polynomial p given in the beginning

of Section[I.2).
In fact, noting B = max /< p(2’,0) and recalling the sub-additivity of p, we have
some K > 1 such that

~ y/ —
)be(mvy)’ < L <ry (R+ y) K (B+9p0,3") + p(ey)) max |0, F 1a(z,ﬂa”Cy)H

L(RP)’
lzI<R (RP)

which shows that b° is also a Schwartz function, implying:

1 - (x+y z" — oy
su b(z,y)|dy < sup —— b® -y, —||d
:IJEHEU’/IR(J @wldy < ze]lgdf(d_p) /Rd < 2 Y € Y
7

/
b4 Yy y &Y /i
- b (o — L pr = d
s [ (= )
= y' ey 2d
_ Be r_d //_77
félﬂ?d/w <x 5% 5 Y] W)

B o) 0] [ 07y

(y) > dy

< max
z,yc€R

< oQ.

The estimate sup, cga [pa [b°(2, y)| < oo is found by following the very same steps above,
so Schur’s lemma allows us to conclude that || B|| z(12(rayy < oo uniformly with respect
toe.

Regarding C¢, the proof is, mutatis mutandis, exactly as we have done for B¢ and will
be omitted. ]

Now we only need to focus on the lasting term; from what we have seen in Section[2.3]
in the limit where ¢ — 0 and then R — o0, it gives

[0 (2117 op. (ot (55) )| w5 05 ) a

@11)  — (M (t,2". ") i[|yllF (0,2”),E(t) a® (0,2",8y,&") ] Vg ymata—s »
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where M is the two-microlocal operator-valued measure in Proposition [2.6]
In Sectiond.3] M will be shown to be zero; for now, let us prove:

Lemma 4.7. One has got the estimate
tr < M (ta {E//, 51/) ’ i [ Hy”F (Ov x//) aE’(t) a® (0’ 1'”7 8ya 5//) ] >R><R2(dfp)

(4.12) <TK sup sup / Hagaga(o, x",f)F(O,x”)HRP dg,
OZENg z//G]Rd—p Rd
lal<dt1

where T, K > 0 are constants, = € C§°([—T,T]) and a € C§°(R??).

Proof. From a calculation similar to that we made in (#.10) and similar estimates, it follows
that
/

(L 117w o (atwen (5) )| v w8) = (P95, 92) + 0

where P is the operator with kernel

jeié(z—y) z' +y" 2 4y
£ — 0 ! 1 FO 1" ! _ / d
rew = [ o ( y ,£,€€)x( * ) (0,2") (/]| — lly'l}) de

eié(z—y) ! + y/ 2!+ y// z + y/
7/ - - — . 0gra (0, ,§’,s£”> X ( ) F(0,2")d¢
re  (2m)%  l2[l+ [ly/l 2 2R

i !
(recall: [la/]| - ly'| = 2o

Opl,a (b) = 0Py (b(l‘, 5/7 Ef//)), with
) = -1, 0000, () FO0.0"),

where 1, = (1,...,1) ® (0,...,0) € RP x R%~P,

Observe that [p®(z,)| < |b(x,y)|, which causes the Schur estimate for the norm of
op; . (b) to be greater than that for P°. Besides, the Schur estimate for op, . (b) is upper
bounded by an estimate of type (2.8) (see Remark 23], which must, consequently, be
an upper bound for the norm of P¢ as well. This estimate is the one we stated in the
lemma. O

(' — /). Further, let be b the kernel of the operator

Remark 4.8. In [11], an estimate that turns up to be equivalent to last lemma was obtained
by noticing directly that £ [||z'[|F(z), op.(a)] is bounded uniformly with respect to e,

which was used in proving that i [ﬁ ¢, 0p, (a)} is itself bounded.

4.4.2. The outer part. We start by proving with standard symbolic calculus the technical
result below:

Lemma 4.9. For§ > 0, § > R, one has the following estimation in £ (L*(R?)):

Lie1E@), op, (a@ &) (1-x (E)))] = £ {11 (1-x (2)) ,op. (ata, )
[ (ew0 (1 (5)))] = £ [le1re (1-x(5)) }

1., ,(x €
~op. (5I1F@ (%) 00ae. ) +0 (5).
Proof. In view of the identities

o (09 (1-x(5))) = (1-x(5)) or. tatwn + 7

— o a9) (1-x (%)) + e
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where Rls’ s and R ; have integral kernels
. _ i T+y T—y "\ '+
rs,a(x,y)—edfga( 7 : )(x(5> x( 55
" (@) N e A el Y '+
r.s(x,y) = =Fea =) -
o\ B )= 2 e 2 7 e X\ X 26 ’
we have

1), ope (a@ ) (1-x (Z)))] = £ 1@ (1-x (Z)) sop. (a(z. )
e ) 5 )
+1 (||x’||F<x)Ri,5 — RL 5|2’ |F(=)),

RE,J

and

where IR 5 has kernel

res(x,y) = Ed%fga (x ; vz ; y) (x (%/) 2’| F(z) — x (%’) "Il F(y) — x (:ﬂ;;;/)
(" 17 () = 1y I1F () -

Using Taylor developments for , this kernel can be written in the form
] + - 1 ’ ’ +
resto) = 5 Fea (T2 ZZ0) [ (@) + I 1Ew) x (5 y) (=)
niz +y ;2 =y / o ' +y /x
v [ (0 (B i - (B s )nynF( )
s N (2)
(x y) ds'ds:|
3

; T4y o 4y a’ —y
Ta,(s(m’ y) = 57‘7:50'( 2 ’ £ 2 F ( 2 )Xl ( 24 ) ) ( €
e(z—y\, - € /1/1 ( /er (m+y
(YY) iy — F
+5( . ) (w,y)( . >+452 L ), s By 2
_ 1N (2)
te (u) tc(z,y)) (w Y ) ds/ds]
I3 I3

A =3¢ (P50 ) e & [ vaim (S st Y

and still, with developments for || - | F

z+y z—y\ [1|z'+¥
1)
!

j=1,2
2 / 2 —
B(z,y) = Z( 1J //( +y (- 1)] lg y)
Pyl 26
and
nlz +y g z’ —y . Tty i unETY ”
Cw,y) = Z/ ( + (17T Y @v (1) (4 (1T Y ) s,

]12

Observe now that A, B and C are bounded and, furthermore, B is supported on

/+/
:L’2y g

o+ 5
i}"gla(x, Yy = 7.7:6_1(85/11) (x,y), allows us to write R, s as

1 ' -
Res = o, (G117 @) (%) - 00a(e.©)) + s

‘%H (given that x”'(2’) is null for ||2’|| > 4). This, along with the identity
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where RM has an integral kernel such that

(ST v E e 2D

where () > 0 is some constant big enough. The lemma will follow as one uses the
estimation above for the Schur test to show that || R. 5]/ z(z2(ra)) < §5- O

£

5

T—y T—y

£

|F8,6(x’ y)| < =

Remark 4.10. Replacing § by eR and a(z, §) by a(x, &) x (%), Lemmagives

: {Hz IF(z), ope (a(ac,s) (1 —x (5)) N <?))] =2 |:Hm IF (@) (1 “x (5» Jop. (a(z,g)x (?))]
e () omem o (Z)) 1o (L
—op. <£nx 1P@x (=) -0gate. o) x ( 2 )) vo(2),

which is going to be remarkably useful in Section[d.4.3]
Lemma 4.11. For > 0, 0 > R, one has

i@ (1-x (%)) + opetatee)] = op. (=3 (1#@) - deatw0) (1-x (%))
op, (éHx'”F(m) X' (%) .ag/a(:c,s)) +O@E)+0 (%)
in £ (L2(R)).

Proof. Because ||z’||F(z) (1 — x (%)) is everywhere smooth, we can apply usual sym-
bolic calculus as in[4.6]and

i@ (1-x (5) +opetat@en] = o, (<0 (1 1F@) - dcate) (1-x (%)) ) +5°

where R° has kernel

e //]___ x+y T—y B (2.y) T —y (Q)d'd
4sd € Y € s

with B the matrix

Bla,y) = _;2(71)—1 v? <||:17’||F(m) (1 —y (‘g))) <x e (1)j5'5952y) .

From the growth properties of F, it is easy to see that there exists some K > 1 such that
|B(x,y)|l £ray < K (p(x) +p(y)) (1 + 5) and, therefore,

to get

sup, [ rtelay < e (14 1) max [0 +p00) 72 o) 0] [ )

z€Rd JR z,y€R4
the same estimation holding for sup,cga [pa [7(2,y)| dz, it follows by the Schur test that

£,0
|~ HL L2(R4)) ~ Sets
The rest of the proof consists on the basic derivation

0. (1217 (1-x (5 ) ) ) -2kate.) = (1-x (5 ) ) 2 (110 - Oeatin

/

~sleEa (5 ) -opatee

and on the linearity of the pseudodifferential operators with respect to their symbols. [
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Remark 4.12. Analogously to Remark [4.10] in Section[4.4.3| we will use that

- {HI’IIF@) (1 - x <—R>> | op. (a(z,o X (;))} = op, (—v (I2"11F(2)) - O¢a(z, €) (1 - x (—R» X <;>>
1 " , z’ o z! 1
tope (=l IF@ X () gt ox (5 ) ) +o@ +0 (E) :
There, however, there will be a tiny question about the limit in €.
Combining Lemmata[4.9]and [A-TT] we obtain

i 1F) , ope (@) (1-x (Z)))] = 0. (=9 (12717 @) - dcata &) (1 - x (%
[ (ew0 (1-x(5)))] = o ( (-x(5)

+O@E) + O (

)
)

which gives, in the limit where ¢ — 0 and then § — 0,

[0 (2 [iw1r@ . o, (a0 (1-x(5) ) ) wi 0 e
(4.13) — (V[ F(x)) « Oepalt, 2, )L (ar oy E() al,€) D poa

4.4.3. The middle part. As seen in Remarks [.10] and .12} the calculations in Section
M.4.Tllead to

i@ o (a0 (1-x (5) )< (%))
= o (- (1F@) 0ot ) (1-x (5) ) (%)) 0@+ 0(3).

which implies in the two-microlocal limit when ¢ — 0, then R — oo and finally
6 —0:

[0 (2 iw1r@ . o, (a0 (1-x (%))« (5) ) wi v e

(4.14) — <5(x’) ® /3;)71 F(r)w.0eveo(t, 2", &, dw) , Z(t) a(z, §)> ,

RxR2d

where v is the two-microlocal measure on sphere introduced in Proposition [2.6] and 4 is
the usual counting measure (or Dirac mass).

4.5. Establishing the equation. From equations (Z.10), (Z.11) and (2Z.12)), more the re-
sults in the last sections, equations (&.3), @.8), @.I1), (@13) and @.14), we obtain the

equation
<at:u + D(.T)g . aﬂclu - VVS(:E) . aflu -V (”'I’JHF(:E)) . 8§:u]1{:v’750} ) a(t7 €z, 5) >R><R2d
= <5(x’)®/ F(z)w.0gvs(t, 2", &, dw), a(t,x,§)>
spt RxR2d

(4.15) +tr ([lylF(0,2"), M(t,2",&")],a" (t,0,2",0y,8") Jpygata-n

for the full Wigner measure y tested against a function a € C§°(R x R??). We will now
work out this expression until we prove Proposition4.18] ahead.

Lemma 4.13. In the two-microlocal decomposition given in Lemma the operator
valued measure M is zero and v (t, 2", &, w) = §(') @ v(t, a”, &",w) for some measure

vonR x R4=P) x SP=1. Consequently, equation @13) reads
(6(=") @6 ) @v(t,a",&" w), (0t + Dy(x)€" .0y — VVs(x) 2 0 — Fx)w. Ogr) Q>R><R24><SP*1
+ <1u'(t’17£)]l{:v/7é0} ) (875 + D(I)f . 81 - VV(CE) . 3&) a>R><]R2d
(4.16) = 0
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for all test functions a € C§°(R x R2%).

Remark 4.14. The matrix Dy above was defined in Remark @ in analogy to D, also
defined there. In that remark we also depicted some characteristics of this matrices that
help understand the calculations ahead.

Proof. To begin with, re-write equation [@.13) as

(p(t,x, Um0y, (O + D(x)€. 0, — VVs(x) + O¢) alt,x,€) )
+ (plt, 2, )Ny 2oy » (Or + D(2)E 2 0y — VV () 2 O¢) alt,x,€) )

- <5(m’) ®/ Wlso(t, 2", &, dw), F(x) 8§a(t,x7§)>
Sp-1
—tr ([[lyl| (0, "), M(t,2",£")],a"(t,0,2",0y,£") ) .
Now, recall that the term in the trace obeys to estimate (@.12)) given in Lemma[4.7} besides,
since y is a measure in D’ (R x R2?), we have

@1 (pr.6) ot e O) < | max  ja(t. ) p(supp(a).

where (1 (supp(a)) < oo since p is finite and supp(a), the support of a, is compact.
Obviously the very same estimate (with p (supp(a)) in the right-hand side!) is valid for
pu(t, z, €)W 20y and for §(z') @ [g,- 1 Weo(t, 2”&, dw). So, for test functions of the

form as(t,z,&) = 660 (t) aq (%/) as (") b (§), equation @I3)) gives (recalling also Re-

mark [4.3)):

(1t 2.0 0y Dy(@€ O (5 ) 0002 (") 0(©))

/

(e, 91 ey (D@ 0 (5) 02 () b(©)) + 06) =0,
that at the limit where § — 0 results in
0yray(0) . <u(t,m,£)ﬂ{z/:0} ,D,(0,2")¢ 0(t) az(z") b(§)> =0,

which means that p(t, 2, §)1L1,— ¢y is supported on R x {£' = 0} x Ri‘?p, and, by posi-

tivity, v is necessarily supported on R x {&' = 0} x Rig,d’ gff ) x 8P~1 and the measure m

introduced in Remarkin R x {¢ =0} x Ri'fl,zf,, )

Regarding v, any measure supported on & = 0 can only be a Dirac mass thereorﬂ
whence there must be v as stated in the Lemma. However, for m we already knew that
it was absolutely continuous with respect to d¢’ (Lemma , so being zero almost ev-
erywhere in £’ is, in other words, saying that m = 0. From Lemma this implies that
M = 0 and, finally, that so is the term in the trace in equation {.13).

To conclude, just re-write (#.13) attaching all the information we have just got and
verify that it simplifies to (#.16). O

Remark 4.15. As a scholium of the last proof, one has that y is not supported on the
region of the & axis away from the origin, {(0,£’) € R? : & # 0}. This implies that
pl(t,x, )W pzoy = pu(t, 2, &) Mg ar ery£(0,0)}» Which is a result that [11]] had already ob-
tained with a similar argument.

9More generally, a distribution supported on such a set can be developped as ZnGNO cnd (">($’ ), where

¢n € Cand §(™) is the n-th distribution derivative of the Dirac 8. As our distribution must be a positive measure
as well, the only allowed term in this development is the one with n = 0.
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Lemma 4.16. One has the identity V ./ V (x) Wz 20y W ger—oy p(t, z,§) = 0.

Proof. Recall estimate (#.17)), which holds for ju(t, 2, §) 1 {5720} and for 0(z") @vee (t, 2", &, w)

as well. Thus, for test functions of the form as(t,z,&) = 60 (t) (2')* a (z) by : % t ba (£)

and proceeding in the same manner as in the proof of Lemma [.13] equation gives,
in the limit where § — 0,

a{’bl (0) . < VI/V(I’) ]]-{x';ﬁO}]l{f’=O},u(ta z, 5) ) (xl)z e(t) a(:c) b?(g) > = 07

which means that the distribution V'V () 1 5r 20y L ger—oy pu(t, 7, ) is supported on R x
{z/ =0} x Ri%}p . But of course this carries that it is null. O

Lemma 4.17. The measure v introduced in Lemma obeys to the following identity in

the sense of the distributions on R x Rig/d g/? )

/ (Vo Vs(0,2") + F(0,2")w) v(t, 2", £", dw) = 0,
Sp-1
where Vs and F are as in (T.9).

Proof. For test functions of the form as(t,z,&) = §0(t)a(x)by (% by (€"), using
estimate (#.17) and Lemma [#.16 the present lemma follows from at the limit
6 — 0. O

To finish establishing a Liouville equation for y, let us put all Lemmata@ BI6/[E17
and Remark [4.5]together and write equation @ in a distributional and clearer way:

(=) @ 6(¢") ®/ (@4 Dy (@) Oy = Vo Vs (0,27) e Oerr) vt ", €7, dw)
SP—
+ (Ot 4+ D(@)€ .8 — VV () . Og) ul(t, 2, )N yprz0y = O,
or, more explicitly, in view of Remark [d.15}

Proposition 4.18. Let be V(x) = Vs(z) + ||2/|| F(x) a conical potential with &' € RP,
1 <p<d x=(a2"). Let be ¥¢ the solution to the Schrodinger equation (I.2)) with
potential V. Then, the Wigner measure associated to the concentration of V¢ in the limit
€ — 0 can be decomposed as

/.L(t,l‘,f) = ]1{(x’,£')7$(0,0)}p’(t5 $7£) =+ 5(1‘/) ® 5(5/) Y L . V(tvx”agﬂa dw)7

where the measure v satisfies the asymmetry condition
/ (VarVs(0,2") + F(0,2")w) v(t, 2", £", dw) = 0.
sp—1

Besides, it obeys to the following distributional equation in D' (R x R?%);

((’% + (D(x)f)" . 895// - V{D”VS(O7 l‘”) .0 N) (,u(t, x, 5)1{(93’,5’):(0,0)})
+ (0 + D(2)€ 8, — VV () 2 0¢) (pult, 2, )N enz0,0)3) = O

whereD(z) = V¢ (rb’l(:v))t Vo (o7 (2)).
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4.6. Continuity in ¢ and absolute continuity with respect to dt. From equation (2.9), it
is obvious that g is absolutely continuous with respect to the Lebsgue measure dt, which
implies the existence of a function R > ¢ —— p, taking values in the set of positive
measures on R2 such that u(t, z, £) = ju;(z, €)dt. The same holds for the two-microlocal
measure v, since it is positive and absolutely continuous with respect to p, carrying the
existence of a function ¢ — v such that v(t, 2", £", w) = vy (2", £", w)dt.

Nevertheless, the same is not true for continuity. In fact, in [[11] it was shown that
t ~—> p is continuous inside a compact [T, T by verifying that, for a € C§°(R??),
the commutator é [ﬁ c ope(a)] is uniformly bounded with respect to € (which we have

also done indirectly during the calculations in this section), so, from (2.11)), one sees that
the family ¢ — (op,, (a)¥=*, W& ) is equicontinuous in [T, 7] in addition to being
equibounded, which implies the continuity of [-T,T] > ¢ — (¢, a)g2q by the Ascoli-
Arzela theorem.

This is not true for v in general, as the examples in Theorem[I.12] show. In both cases
there, we have [, v4(dw) = 0 forany ¢ # 0 and [, vo(dw) = 1, so v, # 0 if and only if
t = 0, which shows lack of continuity for v; in spite of p;.

On the other hand, one could use an argument of continuity for y; to see, in the one-
dimensional case V(z) = ||x|, that a family (¥§).~( whose initial data concentrate to
to(z, &) = 6(x) ® §(&) will remain concentrating to this same point, iy = d(x) ® 6(£). In
this case, condition (T.1T)) allows a complete description of v:

v(t,w) = % (Olw—1)+d(w+1)) ®@dt.

5. AN APPLICATION OF THE ASYMMETRY CONDITION AND EXAMPLES

5.1. The classical flow and the concentration of ». In last section we presented a trivial
application of the asymmetry condition (I.TT)). In this section we will apply it to obtain
Theorem [I.7] Moreover, we will prove Theorems|[I.8]and[I.9] In next section we will give
examples of applications of these results.

So, to start with:

Proof of Theorem[I.7} Since Vs and F 'V g are continuous functions all over R?, there ex-
ists a neigbourhood I of o such that the inequality || F(z)'Vg(z) levony < 19:Vs(@)l A
holds strictly for every = € T'. Let be a € C§°(R x T*T"), and let us test expression (I.11)
against this function:

(v(t,o.¢w), a(t,0,¢) (0,Vs(o) + F(o)'Vg(o)w) >RxESA = 0;
further, realize that the testing term is always non-zero whithin the support of a:
la(t,0,€) (3,Vs(0) + F(0)'Vg(@)w) |y, n = lalt,o, Ol (I185Vs (@)L, » — [ F (@) V(@) )
> 0
as a consequence, since v is always positive, one must have v = 0 over the support of a,

more precisely, over EST'. ([

Now, in order to study the classical flow in more detail, remark that in the transformed
coordinates introduced in Section[4.1] the equation of motion for the component of z in A,
!
', reads:

(1) = Dy (2(1))€'(1) ,
€(t) = =0 Vs (a(t)) — |12/ (1)[|00 F(2(t)) — F () ity
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Let us suppose that (x(¢),£(t)) is a trajectory that reaches the phase space singularity
2 on the point o € A ata time ¢ = 0, so we have z’(0) = 0, £’(0) = 0. Calculate:

x'(t) = t/o %' (st)ds and ' (st) = 2'(0) + t/o &' (rt)dr,
where ¢'(0) = Dy(2(0)) £'(0) = 0 and
i (t) = (Vo Dy ((1)) €(8)) €'() + Dy ()€ (1).

Then, for ¢ # 0, we can define a §(t) = Z/(t) that reads:
1 s
o) =2 [ [ (VaDyalrt) §00) € 40) + Dy a(r)

—0y Vg (z(rt)) — ||z (r r(x(rt)) — F(z(r o) ras
5.1) (amvsw)) |2/ (t) |0 F (x(rt)) F<<f>>||x( >||>)dd’

where D, was defined in Remark@ for the reader’s convenience, recall that
_ t _
Dy(z) = Vg (¢~ (2)) Vg (¢ (2))
is an invertible matrix for z = (0, 2”).

Also, let be (t,,)nen such that t,, —> 0. Necessarily the sequence Hz:g% will have

convergent subsequences. If all possible sequences % with +¢,, > 0 tending to 0

we call it the positive or negative lateral limit of the

:t
converge to the same limit H 9 i

function Tz ,E t;l\ and denote W = lim,_, o+ Tz ,E gl\ We define the lateral limits of §(t) =

t12 2'(t) in an analogous manner, when they exist.

Lemma 5.1. Fix a vector 0y € RP, 0y # 0. If 0 is a lateral limit of 0(t), then HzOH is
a lateral limit of Hi:% either both positive, or both negative. Conversely, if W isa

lateral limit of Hz:% then there exists A\ > 0 such that M0y is a lateral limit of 6(t).
Besides, 0 is a solution to the equation

0
(5.2) AD;(2(0))0 = —0y Vs (2(0)) — F@(O))m;
geometrically, this equation reads (remembering that 0, is the derivative normal to A\ ):
Vg(a)po
(5.3) A\po = —0,Vs(o) — F(0)'Vg(0) ="t
0= OV = F O NI [y o

where py is a lateral limit of the N, A vector function %V g(x(t)) " g(x(t)).
Finally, if |F(0)'Vg(o)lzv,ay < 10,Vs(0)||n,a and m converges laterally,
then any lateral limit A0y of 6(t) is non-zero and, therefore, satisfies the above equations

with X # 0.
Proof. Observe that Hr’g tgll Hzgg\l for any t # 0, so if 6 is non-zero and a lateral limit

of 6(t), then necessanly ToeT T is a lateral limit of ”:p;gg” The converse comes from the
definition of #(¢) in (3.1): since at the limit ¢ — 0 one has ¢'(t) — 0, 2/(t) — 0,
Vs(z(t)) — V(o) and F(z(t)) — F(o), then whenever m converges laterally to

some limit oeT 9 T 0(t) also converges laterally to a well defined vector 6. If it is non Zero,
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. . . (1) 6(t) 6 _ 6 n :
by the previous identity o1 = o] one must have o= ”98”, s0 0 = Ay with
A > 0; if it is zero, then 6 = Mgy for A = 0, and we get the lemma’s first paragraph either

way.

Equatio/n (3-2) comes from taking lateral limits in equation (5.1)) when % is a lateral
limit of “i,i and A0 of 0(t). Multiplying its both sides by *Vg(o), one gets

Gl
(5.4) )\Vg(o)fl% =—0,Vs(o) — F(J)th(J)SO.
o

Two things remain before completing the proof: recognizing equation (3.3) from (5.4)
and, if ”f;% has lateral limits, proving that any lateral limit 6(¢) is non-zero under the
additional hypothesis that || F(0)'Vg(o)|lz(wv,a) < [|0,Vs()]| N, A-

The latter is done by remarking that, if || F'(6)'Vg(0)|| # ||8,Vs(o)], surely

AVg(o) 1y # 0
by the same arguments we saw in the proof of Theorem[I.7), so A # 0.

Finally, recall that 2’ is the coordinate of the variable in the normal bundle N, A; calling
it p in the original coordinates, we have 2’ = Vg(o)p, so in (5.4) we have just a lateral
limit of Zp(t) = ZVg(o)~*a'(t): 6y = Vg(o)po. O

As we have seen in the remark above, for any trajectory arriving on € whithin a well-
defined direction 6, i.e., such that lim,; (- ”ijﬁ = %, if |[F(0)'Vg(o)llzv,a) <
10,Vs(o)||n, A, then this direction is submitted to satisfy equation (5.2) with A # 0,
which implies, in particular, that if this equation has no non-zero roots, then by absurd no
trajectory at all can reach €.

Conversely, Lemma [5.1] does not say whether there are actual trajectories approaching
2 in all the directions satisfying (5.2). Below we will verify that indeed any 6 satisfying
(3-2) is realized by some trajectory.

Lemma 5.2. If 05,0, # 0 satisfy (5.2), then there exists a unique trajectory (x(t),£(t))

2 +
reaching Q att = 0 in a point 0 € A such that lim;_, =+ H;’ggll = HZ%H'
0

Proof. First, let us choose " = 6, = 6. For zg and &, such that ), = &) = 0 and z is
the coordinate of o, take 7 > 0, A > 0 and 0 < § < ||6p|| sufficiently small so as the set

B = {(@,6,9) € (C°(1=7,7])” + (2,6, 9)(0) = (w0, 0, A0) and

sup ([lz(t) = zoll + [[€(t) = Lol + [|9() — Aol[) < 5}

te[—T1,7]

fits in a proper definition of the application § : BI="71 — BI="7] given by:

§o (2, £,0)(t) = w0 + / D(x(s)) €(s)ds,

Se(w,€.9)(1) = 60 + / (fvvscc(s)) (9 |V F(a(s)) F(x(s»%) ds

and last

So . £,0)(t) = 2\ / / (VD (a(rt)) E(rt)) € (1) + Dy(a(rt))
(faz/Vs(x(rt)) — Hx'(rt)HBI/F(x(rt)) — F(m(rt))m)) drds.
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Observe that BI=77 is a set which is complete with respect to its natural supremum norm.
Observe further that taking A and 7 as small as necessary, § becomes a contraction on
Bl=77] with its topology, i.e., there exists 0 < K < 1 such that

sup (|| (x, &, 9)(t) — woll + I8e(, &, ) (1) — Loll + [IFv (=, &, D) (£) — Aol[)

te[—7,7]

<K sup | (lz(t) = ol + 1€() = &oll + [19(£) — Abol[) -

te[—1,7

Consequently, by Banach’s fixed point theorem, there exists a unique triple (x, £, ) €
BI=771 such that (z, €, 79) = § (z,&,19); this is equivalent to saying that the system
() = D(x(t))¢(t)
£t) = —vvs( () — &' (OIVF(2(t)) — F(a(t)) " ne—r)
4 (500) =2 (0)
()

with initial data (¢, £, A\fo) admits a unique solution, which must be such that Hg(—t)” =

z:gg Yt # 0. Therefore, (x(t),£(t)) must be a trajectory of our conical problem with the

properties listed in the lemma for 6y = 0 = 6 .

For 0 # 0, define the sets B*7) and B[=7-") and procceed as above in order to show
the existence for £t € [0, 7] of trajectories (x4 (t), £+ (t)) such that lim; o+ ”I*Et;”

+
HZ%H' Besides, as lim;__,g+ 24 () = xo and lim,__, o+ £1(¢) = &y, we can build a con-
0
tinuous path (x(t),£(t)) by setting (t) = x4 (¢) and £(t) = &4 (t) for £t > 0, and this
new trajectory will be Hamiltonian and the unique one to meet the properties stated in the
lemma. (]

Bringing together Lemmata [5.1] and [5.2] one proves Theorem [I.8] In order to obtain
Theorem|[I.9] we observe the following facts:

(1) The hypothesis ||F(a)'Vg(a)|| < |10,Vs(c)| played no role in the demonstration of

Lemma [5.2] nor in the proof of Lemma where we could have 8y # 0 and 0 = 0.

In any case, if some trajectory is to arrive onto €2 in o with some well-defined direction,

then either (I.I3) or (T.T4) must be satisfied.

(2) If 6 is a “zero root” of (5.2)) (otherwise said, 6 = Mo with A = 0), then we will see in
Example [5.6] that it may happen that no trajectory following the direction g ever touches
Q2 in 0. On the other hand, in Example[5.7] we will see a case where there is a trajectory
approaching the singularity, but only asymptotically.
The proof of Theorem|[I.9|will be complete after showing that any such trajectories only
reach € after an infinite time. Letting be (z(),£(¢)) a trajectory that is not on Q2 at ¢ = 0,
define Y = {t e R: Vs € [0,¢], (z(s),&(s)) ¢ Q} and " = {(x(¢),&(t)) : t € T}.

Lemma 5.3. If 6y # 0 obeys to (5.2) with \ = 0 and we suppose that there is a trajectory
(x(t),&(t)) such that (x(0),£(0)) ¢ €, that for any ¢ > 0 there is t > 0 for which
|z (te), & (te))|| < € and such that lim._, Wlti)“m'(t ) = H 2 then sup T = oc.

Proof. From the hypotheses 6y # 0and A = 0in (5.2), it follows that lim._,0 8,/ V (z(t.)) =
0; as a consequence, it becomes possible to find a smooth extnsion V of V outside the clo-
sure of I" such that 9,V (o) = 0 and that V (z(t)) = V (z(t)) forany t € Y.

Then (2'(t), &’ (¢)) is at the same time a Hamiltonian trajectory of a conical potential
and of a standard problem with smooth potential, for which case it is widely known that
no trajectory can arrive at an extremum of V with null speed £’ within a finite time (since
this would break the unicity of the constant solution (2'(t),£’(¢)) = (0,0)). O
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5.2. Examples of classification of the semiclassical transport. In this section we will
give examples of how Theorems[I.7} [T.8]and [T.9can be used in order to classify the trajec-
tories that arrive on a conical singularity and, sometimes, completely describe the transport
phenomenon to which the semiclassical measures are submitted. In particular, Examples
[5:6/and [5.7] are part of the reasoning that led to obtaining the second assertive in Theorem
1.9

To begin with, let us consider d = 1 and g(x) = =, so Vg(x) = 1.

Example 5.4 (|VVs(o)| < |F(c)| with no roots). Take Vg(z) = 2z and F(z) = 1.

L@

x

Viz) = %x + || ®, example[5.4]

V(x)

Then (T.13) admits no non-zero solutions, which is consistent with the fact that the
classical flow ® presents no trajectories hitting the singularity.
In this case, the asymmetry condition (T-TT)) gives that

v(t,w)=p <i5(w -1)+ %5(4;.} + 1)) ® dt,

with 0 < p < 1 the total mass over the singularity and does not depend on ¢. The semi-
classical transport here is thus completely solvable starting from some initial measure.

Example 5.5 (|VVs(c)| < |F(o)| with non-zero roots). Consider Vs(z) = 1z and take
F(z)=-1.

V()

-

V(z) =3z — |z ®, example[5.3)
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Then (T-13) admits two solutions: py = 3 and pg = —3, which is consistent with

the fact that the classical flow ® does present trajectories hitting the singularity from both
directions z > 0 and z < 0.

In this case, we will have

V(t,w) = p(t) (Z&(w D4 i&(w + 1)) ® dt,

with 0 < p(¢) < 1 the total mass over the singularity, which may vary with ¢.

Example 5.6 (|VVs(0)| = |F(o)|, with zero-roots without trajectories). Take Vg(z) = x

Y

V(z) =+ || P, example[5.6]

V(x)

Then equation (T-13) has no non-zero roots, but equation (I.T4) admits any solution
po < 0. In this case, there are no trajectories hitting the singularity from z < 0. The
semiclassical measure in sphere will be

v(t,w) =pd(w+1)®@dt,

where the total mass over the singularity 0 < p < 1 is constant. Again, this is a completely
solvable case.

Example 5.7 (|VVs(0)| = |F(o)| with non-zero and zero roots with trajectories). Pick up
Vs(z) =x and F(z) = —(1 + ).

V()

x

V(z) =z — (1+z)|z| ®, example[5.7]
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Then equation (I.13)) admits one solution: py = —2, and equation (I.14) also admits
solutions: any po > 0. This is consistent with the fact that the classical flow ® presents a
trajecotry hitting the singularity from the direction < 0, and in this case also from the
direction z > 0. However, the trajectory from the positive side takes an infinite time to get
close to the singularity.

One has:

v(t,w) =p(t) d(w + 1) @ dt,
the total mass on the singularity possibly changin with time.

Example 5.8 (|VVs(c)| > |F(o)| with a unique trajectory). Take Vs(x) = 2z and choose
F(z)=1.

7

x

V(z) =2z + |z| P, example[5.§]

Then equation(T-13)) admits a unique solution: py = —3, which is consistent with the
fact that the classical flow ® only presents a trajectory hitting the singularity from the
direction z < 0.

In this case, since |[VVs(0)| > |F(0)[, we will have v = 0, so the semiclassical measure
will necessarily follow the flow extended so as the singularity will be part of the parabola
in z < 0. The problem is hence completely solvable, even though there are trajectories
leading to the singular set.

Now let be p = d = 3 and denote x = (z1, T2, x3).

Example 5.9 (|VVs(o)|| > ||F(0)'Vg(o)|| with no trajectories). Choose an exterior po-

tential Vs(z) = —221, F(z) = —1 and g(z) = (321,22, 23). Then

IVVs(0) =2 > 1=IF(0)'Vg(0)]

and no py satisfies equation (I.13). As a conclusion, no trajectory in this case can hit the
singularity at z = 0.

Example 5.10 (|[VVs(a)|| > ||F(0)!Vg(o)|| with many trajectories). Last, we will take
the same Vs(z) = —2x1, F(z) = —1,but g(z) = (31,22, 23). Then

IVVs(0) =2>1=IF(0)'Vg(0)],

but now equation (T-13) admits any solution py = (3, p2, p3) with p3 + p3 = L. This is
a case where the exterior force polarizes the flow in its direction, but leaves it free to turn

around a circle of radius % in the orthogonal plane.
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