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Abstract. In this paper we use the Wigner transform to study proper-
ties of solutions to the Schrédinger equation. In particular, we present
an elementary proof of the time decay inequalities for the free particle
and harmonic oscillator. Furthermore, we estimate certain localized
integral quantities in phase space, involving the Wigner transform of
solutions to the Schrodinger equation.

1. Introduction

The Wigner transform has been used by several authors to study the
Schrodinger equation: as a fundamental tool to study the semiclassical
limit [4], [5] and, by using multiplier techniques [3], to prove dispersive-
type estimates. See also [I]. In this paper we establish certain phase space
localization-type estimates for the Wigner transform of solutions to the
Schrédinger equation.

This paper has the following structure. Firstly, we review the basic
properties of the Wigner transform and obtain the transport equation that
results from its application to the Schrodinger equation. Then, we discuss
some explicit examples for which the Wigner transform yields elementary
proofs of time-decay estimates for the fundamental solution of the corre-
sponding Schrodinger equation: the free particle and the harmonic oscil-
lator. In section Ml we develop an abstract approach to the study of the
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Wigner equation and prove estimates for the evolution of certain integral
quantities that involve the Wigner transform of solutions of the Schrédinger
equation, localized in phase space by cutoff functions transported by the
corresponding Hamiltonian flow.

2. A review of the Wigner transform

In this section we provide a fast overview of the basic properties of the
Wigner transform and its connection to the Schréodinger equation.

2.1. Definitions and basic properties. A thorough and careful presen-
tation of all these facts can be found in [2]. The Wigner transform W|f, g]
of two functions f,g € S(R™) is defined by the integral formula

Wirgwe = [ (e a(e-Y @

for (z,&) € R™ x R™. This transform is clearly a continuous, sesquilinear
map W : S(R") x S(R") — S(R?"). By considering it as a linear operator
acting on tensor products f ® g - simply a measure preserving linear change
of variables followed by the Fourier transform in one of the variables only -
this definition is naturally extended to a map S'(R") x S'(R") — S'(R?"),
whose restriction to L?(R™) x L?(R™) maps into L%(R?") N Cy(R?*"). From
Parseval’s identity for the Fourier transform one immediately obtains the
so called Moyal identity

(Wfr, 91, Wifa, g2]) = (2m)"(f1, f2) {91, 92), (2)
which implies

W f,lllzz = @)™ 2(1f |2 llgll 2,
whereas by applying Holder’s inequality to (1) one gets

IWIF; 9lll oo @2my < 2%l L2y 19| 22 -

The Wigner transform applied to the Fourier transforms of f and g
satisfies the property

WIf,gl(x,€) = 2m)" W[f, g)(—&, 2),

where our definitions of the Fourier transform, and its inverse, are

0= [ i@, jw) =g [ e de

An alternative representation for W in terms of f and g, is therefore given
by
: " A( p) g ( p)
= — =) dp.
(27r)"/e F&+5)alE—3)
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It is also clear that W[f, g] = W]g, f], so if f = g the Wigner transform
Wf, f] is a real valued function which we denote simply by W{f].

An important property is the following: integrating out either the posi-
tion or momentum yields the marginal probability distribution of the other

variable
T 2 = 1 X an f 2 = x Z.
1@ = e [ W€ e, and 1@ = [ WiAlG.0)d

From any of these two marginal distributions, one obtains

1
2 _ 174
HfHLZ(]Rn) - (27’(’)” / R2n [f](x7€) dé.dﬂj‘,
while from Moyal’s identity (2))

1

£ 17y = WHW[JC]”LQ(RZ”)-

2.2. Schrodinger equation. Let v be a solution to the Schrédinger equa-
tion
1
00 = — 500 + Vi, 3)

with V : R™ — R a real valued potential. Throughout the paper we assume
that V has the form

V(z) = Py(z) + b(x), x € R",
where P is a polynomial of degree < 2 and b € S(R") is a perturbation.
Define k by the formula

ww, €)= @;%@jv@+%)—v@—%ﬂe%ﬂ@ )
V(@) —V(-25)e ] 5)

where, if necessary, the Fourier transform is regarded in the sense of tem-
pered distributions, so that

b ke W, €) = / )W (. € — 1) dn

n

[ ) Dol ol Yeom @

Then W = Wy] satisfies the Wigner equation:
W = —€ - 0 W — s 5 W. (7)

Introducing the operator A = —§ - 9, — k*¢ the Wigner equation (7)) can
then be written in compact form as ;W = AW.

7
™
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The following lemma then holds:
Lemma 1. For any ¢ € S(R?") we have

/K*ggbd:pd&zo. (8)

Proof. Using (Bl we can write
/ Kx¢ ¢drdf =

= ][ [vemen - v2ne ] o~ dndg iz
— <V(2n) [Focme - [Foene ds) dn.

where F1¢ means the Fourier transform in the first variable of ¢, only. And
obviously, this last integral is zero. O

This immediately yields the next result, which characterizes the action
of the operator A on test functions, and will be useful in Section 4.
Proposition 1. For all ¢ € S(R*")

/A(b(a:,{) dx d¢ = 0.
Furthermore, A is skew-symmetric, that is,

<¢7 A¢> = _<A¢7 2/)>7
for all ¢,v € S(R?™).

Finally, the following quantities are conserved by the time evolution ()):

2

Wdédz, W2dédz, / <@ - V(x)) Wdédzx. (9)
R2n R2n R2n 2

The first two, correspond to the conservation of [[¢||2, whereas the third

means that the average total energy stays constant with the flow.

3. Exact time decay estimates

In this section, we present two examples where explicit computations are
possible: the free particle and the harmonic oscillator. In these, one can
use the Wigner transform to establish elementary proofs of well known time
decay inequalities for (3)) since the Wigner equation (7)) coincides precisely
with the classical transport equation

Sao Paulo J.Math.Sci. 2, 1 (2008),
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Proposition 2. Let ¢ be the fundamental solution to the Schrodinger equa-
tion @), with V(z) = ax?, with a = 0,41. Then, fort > 0,

W if a=0,
1 .
%G < § Gremayre if a=1,
1 ; —
@r]smh )2 if a=-1
Proof. The Wigner equation for V(z) = ax? is
Wi+ & -0, W —ax - 0:W = 0. (11)

For the case a = 0, the free particle, we have the explicit representation

formula for W:
W(‘Ta &7 t) = W(‘T - gta é-a 0)
This means that, for any test function ¢,

/ o, W (x, €, 1) dar d = / O(x + E4,E) W (x,€,0) da de

In the case o = +1 define

cost sint
M(t) = [ —sint cost ] ’ (12)

while, for « = —1, define

cosht sinht ] ‘ (13)

M(t) = [ —sinht cosht

For these two cases, the solution satisfies
[owowenia= [o(muo] {])wesowde  an
Now, notice that if the initial data is given by f(x) = §(x — o) then we

have
W[fl(z,§) = 6(z — zo) ® 1(£), (15)

where by 1(£) we mean the constant unit function in the ¢ variable.
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Therefore, if ¢ is the fundamental solution to the Schrodinger equation,
for the case a = 0 observe that, for any ¢ € C.(R"), we get

/ () 16 (x, ) =

B <271r>n / all / W dg ) do = (2i)n / o)W (€., 1) dade
= #/515(334‘&)5(33) drdé = 1

(2m)m™ (2mt)n’
therefore yielding
1
-t o < —,
For the case a = +1 we obtain, analogously,
1
2 / ¢(zcost + Esint)d(x)dxdé =
1 , 0]l 1
= t)dé < ————
2y /¢(§Sln V< G sin e
whereas for &« = —1 we have
1
2 / ¢(x cosht + €sinht)d(z)dxds =
1 . [R2PE
= —— ht)dé < ———~
@y / P(Esinht)d < o i
from which we conclude that ||¢|| e is bounded by W and
W, respectively for « = +1 and aa = —1 O

4. Estimates for the Wigner equation

In this section we develop an abstract approach to the Wigner equation
([@), and prove some estimates for phase space integral quantities associated
to multiplication operators which localize the Wigner transform along the
corresponding classical Hamiltonian evolution.

4.1. Abstract approach to the Wigner equation. Recall that if an

operator B is differentiable, then there exists a linear operator By, the
derivative of B with respect to the parameter ¢, such that

%(sz) = Bytp + By,

Sao Paulo J.Math.Sci. 2, 1 (2008), [B5HITl
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Proposition 3. Let B and A be two operators, with BW having enough
decay at infinity, satisfying

B, +[B, A =0.

%/BW:/BA—&W

;%/BWFZM%WWMRA—&W»

Then

and

Proof. For the first identity, observe that
%/BW:/BM@BMV:/&W+RWhAEV:/WA—mW
while, for the second, we have
%/wwﬁ4Bm3mw+QMWBWH4MM&WH4&WBW>
=(BW, B, A][W) + (BW, ABW) + (|B, A|W, BW)

+ (ABW, BW) — (BW, [B, AlW) — (|B, A]|W, BW)
=(BW,[B,A— A]|W) + ([B,A — AW, BW).

As Corollaries of these two indentities we have

Corollary 1. Under the same conditions as above

d _
i 1BWllzz| < [I[B, A — AW 2.

Corollary 2. Let B be a constant operator that commutes with A. Then
d d
— [ BW = — [ |BW]?=0.
dt w=0 dt / | F=0

In particular if B = AF we have & [ A¥W =0, and & [ |A*W|? = 0.

Proof. Just make A = 0. O

In the case k = 0, the last corollary yields

d o d 9
G fw=5[w=o
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4.2. Commutator equations. Let us consider the classical approxima-
tion A to A, that is

A=—€-0,+0,V 0. (16)
An elementary computation shows that A satisfies the properties that are
stated for the Wigner operator A in Proposition[Il Let B be a differential
operator of order m. Since A is a first-order differential operator, then
[B, A] has order at most m.

Suppose B satisfies B; + [B, fl] = 0. In the particular case of multiplica-
tion operators Bt = ¢ this condition is satisfied if ¢ is a solution to the
classical transport equation

O = AQS: _éaxQS‘i’axVaf(ﬁ (17)

Consider the transport equation (I7)). The explicit representation for-
mula for the solutions is

¢z, &, 1) = ¢(6; ! (2,€),0),
where Oy is the flow generated by the Hamiltonian equations
P=&  £=-8,V. (18)
In particular, this implies that all LP norms of ¢ are conserved. Further-

more, the smoothness of the solutions can be estimated from the initial
data and the flow map O.

4.3. Estimates for multiplication operators. Now we address the
problem of estimating the time-evolution of the norms of multiplication
operators acting on the Wigner transform. From now on we consider ¢ to

be a solution of the classical transport equation ¢; = A¢. If the Wigner

transform turns out to be also a solution to W; = AW, i.e. if the Wigner
equation (7)) reduces to (I0) then

d ,  .d
G 1w o =25 [ow =0,

d 21172
dt/ng =0.

Unfortunately, this only happens for the (very special) cases of the har-
monic oscillator or the free particle considered in the previous section. In
general these identities are false, and, therefore, one would like to obtain

quantitative estimates both for % f ¢W , which would control the evolution
of the L? norm of the difference, and for % J »*W?2, which is helpful in

and

Sao Paulo J.Math.Sci. 2, 1 (2008), [B5HIT



On the Wigner transform 93

tracking the localization of the Wigner transform, when it evolves accord-
ing to () but as seen from a “window” with Hamiltonian evolution, given

by ¢.
Theorem 1. Let B be a multiplication operator BW = ¢W, with ¢ €
S(R?™), such that By + [B,A] = 0, i.e. satisfying (7). Then:

d
a/qu:/—qbk*gW—l—W(@mV-@gqb). (19)
Furthermore, the right-hand side of ([I9)) is bounded by

[ 6k W@, 000)| < W2 00l

where the constant Cy, depends on the perturbation b(x) of the basic qua-
dratic potential.

Proof. From Proposition Bl and Lemma [I] one easily obtains (I9)).
Then observe that

//(bk*gW—W(@xV-agqﬁ)dgda:

~ o [V e+ v (== %)

—y- 9,V ( >] ~ile= "”W(a: n)(x, &) de dy dn da
95y
12y (o)

8:%3 - <a; — _y)] Yj yee "CETDYW (2, n) ¢(x, €) b dO dE dy dn da

2
t%y
.CEJ ZBk 2

— 0 0 <:v — 9%)] e—“f—")'y W (x,1) 0F, ¢, ¢(x, &) dS b dé dy dn da.

Denote by
gj,k(x¢ Z) = 83] ka(l‘—l—Z) 83 T ( ) 83 xkb(gj—i_z) 83] mkb( - Z)'

Sao Paulo J.Math.Sci. 2, 1 (2008), [8
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Then, the right-hand side term of the previous identity can be written as

1
S <a: %”) eitE-y
7.k

W (2,1) 0%, ¢, ¢(x, €) d6 dO d€ dy dn da

[ L [T2(5) Ao (-252)

W(x,n) agj ¢, O, &) ds db d dn da

N // D Wik(,€) 02 ¢, 6(x, €) déda,
7.k

where

W]k$£

gﬂ / / / (96> 2 (95x) <x 2(59;”)>W($,n)d5d9dn,

and F, denotes the Fourier transform in the z variable,
Fo(g5k) (@,€) = GGk [D(Q)e™ ¢ = b(—C)e <]
Since (9_25)—71 fz(gj,k) (a:, %) is bounded uniformly in L}, for all z, we
obtain |[W]|.2 < C||W| 12, and then the estimate follows. O

Theorem 2. Under the same hypotheses as in Theorem [,
I[B, A= AW (|12 <[[(0:V - D¢+ K xe §)W || 2
+ (5 kg W) + (55 9)W — £ g (9W)]| 2.
Furthermore,

[[(5 % W)@ + (K x¢ Q)W — ki k¢ (W) L2
< O([oub(e+5) +0eb(w — 5) 200 1Fe(@e) Iz

+ 17 (@20) lase,) ) IW 22

and
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102V - ¢ + k% Q)W || < Cl el 12| W 2,
where F¢ is the partial Fourier transform in the § variable only, and z is
the dual variable to &.

Proof. First note that A — A = —k *¢ =0,V - O¢. Then

[B,A— AW = ¢(A— A)W — (A — A)(gW) =
= (0V - 0c )W — (5 x¢ W) + K x¢ (W),
and so
1B, A= AW (|2 <[(0:V - Jed)W + (5 % &)W || 2
+[[(5 ke W)o + (5 x¢ )W — k% (W) ][ 2.

Note that, by using a partial Fourier transform in the variable £, we have

[(5 ¢ W)+ (w x¢ Q)W — ki x¢ (6W)l 2 ,

1 . S o
= 73_n”("£w) *y @+ (Rp) *y W — R(d *y W)”Lg y
(2m) ’
where the variable y is the dual variable corresponding to £&. The con-
volutions on the right-hand side of the previous identity can be written
as

/n [/%(x, Yy — z)(ﬁ(x, z)W(x, y—z) + iz, z)qg(a:, z)W(az, y—z)

—k(z, y)ng(x, 2)W (x,y — z)] dz
= /n [f(x,y — 2) — Kz, y) + R(z, 2)] (Jg(l‘, Z)W(l‘, y — z)dz.

Recall that #(z,y) = i(V(z — %) — V(z + ¥)), therefore
Y Yy, 2

R(z,y — 2) — Alz,y) = z'(an(a: + 9. g +o.Vie-Y).

. 2)-2) +0(=,

and

Rz, 2) = —i0,V(x) - z + O(|z|?).

Sao Paulo J.Math.Sci. 2, 1 (2008),
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Note that the O(|z|?) error term is uniform in x,y. Therefore,

[(% % W) + (K x¢ )W — K x¢ (9W)| 2, (20)
< i[O,V (z+4)+ ax‘;(x —4) - 20,V (2)]
R’!L

Tz Qg(l‘a Z)W($v Yy— Z)dZHL%’y

- O(|2)d(x, )W (w,y — 2)d=

_|_

2
Ll,y

First, observe that
Y Y — Yy AN
OxV(x—i- 2) +axv(g; 2) 20,V (x) = 8xb<x+ 2) +8xb(x 2) 20,b(z),
so that using the integral version of the Minkowski inequality and Plancherel

” i[0:V (x4 4) + 0,V (z — §) — 20,V (2)]
R™ 2
Tz (b(xa Z)W(.Z', Y- Z)dZHL%,y
< / 10:b(x + 2) + 0,b(x — £) — 20,b(2)||
R® 2 2 v
AW (@, 9)1210e b (x, 2)| dz]| 2
Y Y
0:b(x + 5) + Oub(a — §) —20,b(a) |

5|

T,y

Wiz, [ 10edta sz d

As for the second term in (20), we denote by x(z,y,2) = O(|z?)¢(x, 2)
and again use Minkowski and Plancherel. Then

I [ O~ iz,
< /R ||X($7y7Z)W($,y—Z)HLiyde

< [ o, 1 9z

< Cllx(, 5, )z W (@ )1 -
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Thus,

| [ otr1dte. i oy
To prove the last estimate of the theorem, observe that

wico = oo [ [Vt D= Vie = D] e ot ¢ — nanay

< C||5§¢||L;(Lg?y)||W||L§7§-

2
LCC»?J

2 2
_ c ey _
@) Joon 9.V () - ye™ "V d(x, & — n)dndy
L —iny _
+ @) /R% x(@,y)e” "V é(x, € — n)dndy,
where |x(z,y)| < C|y|*>. Note that
1 —in-
— 9,V (z) - ye "V p(x,§ — n)dndy = -0,V (x) - Ocp(, €).
(277) R2n

Therefore it suffices to estimate the last term. Again using Plancherel, we
have

H / (@, y)e V(. € — n)dndyy
R2n x,§

T,Y) e .
= || [ eyt -y

Li,g
2 || xX(@y), 92 2
= (2m)™/?) == yl“ o (z, —y) < Cll9zpll L2 .-
|yl Lz, @8
O
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