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Abstract

Smoothed Wigner transforms have been used in signal processing, as a regularized
version of the Wigner transform, and have been proposed as an alternative to it in the
homogenization and / or semiclassical limits of wave equations.

We derive explicit, closed formulations for the coarse-scale representation of the action
of pseudodifferential operators. The resulting “smoothed operators” are in general of
infinite order. The formulation of an appropriate framework, resembling the Gelfand-
Shilov spaces, is necessary.

Similarly we treat the “smoothed Wigner calculus”. In particular this allows us to
reformulate any linear equation, as well as certain nonlinear ones (e.g. Hartree and cubic
non-linear Schrodinger), as coarse-scale phase-space equations (e.g. smoothed Vlasov),
with spatial and spectral resolutions controlled by two free parameters. Finally, it is
seen that the smoothed Wigner calculus can be approximated, uniformly on phase-space,
by differential operators in the semiclassical regime. This improves the respective weak-
topology approximation result for the Wigner calculus.
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1 Introduction and statement of the main results

Homogenization is an increasingly important and diverse paradigm of applied mathematics.
It is fair to say that it often consists in the reduction of a “complicated” problem, typically
involving multiple scales, to an effective problem which describes correctly certain coarse-scale
features, while appropriately averaging “less important” ones, without having to keep track of
them explicitly. The simpler, effective problem is then more amenable to analytical and / or
numerical treatment.

The Wigner transform (WT) has been used extensively in the homogenization of wave
problems, and notably in semiclassical asymptotics for the Schrodinger equation. As we briefly
mention in the abstract, this is where the motivation for the smoothed Wigner transform
(SWT) and for the study of “smoothed operators” comes from. However, the development of
the “smoothed calculus” is sophisticated enough on its own, and completely independent from
the specifics of the WT or the SWT on the technical level.

Because of that, and in order to make the presentation friendlier to the reader, the paper
and its introduction have two parts. First we discuss the smoothed calculus: in Section 1.1 we
motivate the result, and outline its simplest formulation. In Section 1.2 we briefly outline the
application of the smoothed calculus to a SWT-based scheme for the reformulation of general
classes of wave equations to coarse-scale kinetic problems in phase-space, i.e. in a space of
position z and momentum / wavenumber k.



1.1 Deriving smoothed equations

On the technical level, the derivation of equations for the SW'T consists in “smoothing” the
well known Wigner equations. That is, starting from a well-defined system of equations!

Lw =0 (1)

for an appropriate function w, we want to derive the equations governing a smoothed version
of w, symbolically ®w. In other words — and more generally — we want to smooth equation (1)
and commute correctly the smoothing with the operator,

Lw=0 & ®Lw=0 < L(dw) =0, (2)

so as to get a closed problem for the smoothed function w = ®w. As we will see in the sequel,
building a useful, practical theory using the “smoothed” problem

L = 0, (3)

involves more work than just deriving it.

In the case of smoothed Wigner transforms, which is our concrete motivation, it must
be emphasized that there are sound mathematical and physical reasons to believe that the
smoothed equations are useful (at least for certain problems). In addition, computational
aspects (in particular the treatment of concrete problems, with comparisons to exact and /
or independent full numerical solutions) of smoothed Wigner equations have already been
examined in [2, 1], with very encouraging first results.

The smoothed dynamics can be expressed as “convolution-deconvolution sandwiches” L =
SLP,

LD : dw — PLw. (4)

So the first question we treat in this paper is the explicit computation / representation of these
“convolution-deconvolution sandwiches”, in ways amenable to analysis and computation. This
comes together with the need for a basic framework, since the new operators are of infinite
order in general.

The core result can be outlined as follows (see Section 2 for the notations and conventions
we use for the Fourier transform and the Weyl pseudodifferential calculus):

Theorem 1.1 (Smoothed calculus) Let f(zr) € S(R"), L(z,k) € S'(R*) and L be the
operator with total Weyl symbol L(x,k), i.e. Lf(x) = fy i ek (2 ) f(y)dkdy .
Denote moreover by ® the smoothing operator

@: f(@) = Fil, [T R [£(0)]] (5)

Lwritten here in a symbolic form, assuming that the operator L contains all initial /boundary conditions etc.



(where F is the Fourier transform) and w = ®f. Then the operator L = ®L®~! can be
expressed as

Lw(z) = 2" / e2rliz—a*Ryut2mike oy (| ) [y (2u, k)dudk, (6)
k,ucRn
where
Ly (u, k) = Fou [L(w, k)] (7)
Another, equivalent formulation is
Luw(z) = / 2rila—y)k=2mok? [, (:1: ;_ y) k> w(y — io*k)dydk. (8)
y,kER™

Naturally, before we can prove Theorem 1.1 we have to show that equations (6) and (8)
make sense. This is achieved by showing that smoothed functions w(x) have properties very
closely resembling those of Gelfand-Shilov functions of type & 2B [12], as we see in more detail
in the body of the paper (section 3.3).

A natural question to ask is “what is the Weyl symbol of a convolution-deconvolution
sandwich ®L®~1?” To motivate the answer, let us first consider the free Schrodinger evolution

o) = e 0)0) = —=— [ T wuly)dy. 9)

It is well known that the Wigner transform of a wavefunction ¢ is the Weyl symbol of its
orthogonal projector,

Wl(z, k) = owey () (1)

It is also well known that the free-space Schrodinger evolution (9) is pushed on the Wigner

function level by

which leads to
W [iho)(z + 2th, k) = W](z, k) = e 22 W] (x, k) e 22, (11)

In fact this extends immediately to any Weyl operator composed by free Schrédinger evolution,
i.e. in general
TWeyl (e%A Le_%A> (, k) = owey(L)(x — 27tk, k). (12)
02 . 02
By noting that ® = e%* which is formally equal to e'im?
of analytic symbol, we should have

we can expect that, in the case

io?k
2

TWeyl (<I>L<I>_1) (2, k) = owey (L) (z + k). (13)

This is in fact the case, as we prove in Section 3.1:
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Theorem 1.2 (Smoothed calculus: Case of analyticity in =, Weyl symbol) Let L(z, k) €
S'(R?™).  Moreover denote Ly(u,k) = Fypo [L(z, k)] and assume that IM > 0 such that
supp Li(u, k) C [=M,M]* x R", i.e. Ly(u,k) has compact support in u. (In particular it
follows then that for each k € R™, L(x,k) is an entire analytic function of x). Then the Weyl
symbol of ® L(z,0,) @~ is

~ ) 2
L(z,k) = Lz + “’2 k

k). (14)

In the case that the symbol is analytic in k instead of x, we can also have a simplified version
of Theorem 1.1, namely

Theorem 1.3 (Smoothed calculus: Case of analyticity in k) Let L(z, k) € S'(R*"). In
addition assume that L(x, k) is a continuous function of (x,k), and Vo € R™ L,(k) = L(z, k)
is (the restriction to the real numbers of) an entire-analytic function, and moreover Yz &€

R™ G(k,y) = L(%ﬂ’,kﬂ—@) € S'(R™). For example differential operators, L(z, k) =

[

N
> A (x)k™, fall in this category.

=0
Then
PLO w(z) = / F(z,k)e % w(z — io®k)dk, (15)
keRn
where .
F(l‘, k) _ / €2m(wy)kL(ZE;y,k—|— Z(IE—Qy))dy (16)
o
yeR™

Finally it is important to emphasize that the explicit computation of the “sandwich” does
provide us with important partial cancellations: applying ®L®~! as three distinct operators
passes from a deconvolution, i.e. a Fourier multiplier of growth eCF*, Applying the result of
Theorem 1.1 passes from imaginary translations, i.e. from multipliers of growth e“*, but no
deconvolutions.

1.2 Homogenization in terms of the smoothed Wigner transform
In this Subsection we briefly outline the idea of SWT-based homogenization and its motivation,

and state the main results in that direction.

Consider a problem of the form

wy + L(x, 0p)u =0,

u(z,0) = up(x), (17)



for a wavefunction u(x,t) : R**! — C? where L(x,0,) is a d x d matrix of pseudodifferential
operators with matrix-valued Weyl symbol L(x, k). We will assume that equation (17) describes
the propagation of waves (e.g. Schrodinger, acoustics, Maxwell’s equations etc).

The physical observables of the wavefunction are the scalar functions of time

M(t) = / a (y, ) Muly, t)dy, (18)

yeR™

corresponding to operators M = M (x,0,) from an appropriate class (e.g. with polynomials
or Schwartz test functions as their Weyl symbols). Physically, bilinear observables describe
e.g. energy and energy flux in many cases, including the examples mentioned earlier?. Auxil-
iary quantities of interest in this context are the physical- and Fourier-space densities for the
observables,
M(xz,t) = u(x, t)T Mu(x,t),
M (k, t) = t(k, )" Mu(k,t).

They are called densities because

(19)

/ M(z, t)dz = / Mr(k, ¢)dk = M(?) (20)

rER”™ keRn®

That is, equation (17) is seen here more as a book-keeping mechanism; the object of interest
is not the point values of the wavefunction u(x,t), but a collection of observables and, to some
extent, their densities®. This is often a satisfactory framework, most notably in quantum
mechanics.

The SWT-based homogenization approach consists in simplifying the book-keeping problem
(17) while keeping track exactly of the observables. The name hints towards the fact that the
SWT results from the well-known Wigner transform, after the latter is convolved with an
appropriate kernel. This is a very natural idea, and several variants have appeared in many
contexts, most notably time-frequency analysis [7, 16] and semiclassical limits (see the more
detailed discussion after Theorem 1.5). The SWT is defined as the sesquilinear transform

W f,g = Wilf, gl(w, k) =
" —omiky— kY 2m(u—a)? 7 y
= (LQ) [ e & filu+4)gi(u — §)dudy. (21)

Oz
u,yeR™

We will work mostly with its quadratic (and time-dependent) version

Wu](z, k, t) = Wu(-, t),u(-,t)](z, k) : RZF - ¢4,

2In most linear problems the natural energy functional is quadratic in the wavefunction; this can be under-
stood better e.g. in the context of variational formulations.

3 Another way to understand this point is that the problem (17) describes the microscopic dynamics, but we
may only be interested in a macroscopic view of the problem.



Despite the obvious increase in dimensionality introduced by the SWT, it can be used for
compression, because it doesn’t exhibit oscillations, in contrast to the wavefunction u. This is
achieved by an appropriate smoothing in phase-space, controlled by the parameters o,, o*. So
the basic idea is switching an oscillatory wavefunction for a smooth phase-space density which
lives on a twice-dimensional space.

The simplest paradigm for this homogenization approach consists in two steps:

e the derivation of exact equations for the evolution in time of Wu](z, k,t), and

e the derivation of a “smoothed trace formula”, expressing the bilinear observables directly
in terms of Wul(z, k,t).

(One more step is necessary for the treatment of systems, namely decomposing W[u] (z,k) on
an appropriate matrix basis).

The derivation of both the equations for the evolution of the SWT and the smoothed
trace formula follows along the same lines as Theorem 1.1, and rests on the following core
computation:

Theorem 1.4 (Smoothed Wigner calculus) Let f(x),g(x) € S(R"), L(z,k) € S'(R*)
and L be the operator with L(z, k) as its Weyl symbol. Moreover, denote w(x, k) = W|[f, g](x, k).
Then

WILf, g)(x, k) = LW[f, g)(z, k) (22)
where
Lw(z, k) =
X,K,S,T
(23)
or, equivalently
Lw(z, k) =
_ j‘ Z/\-J(S’ T)GQWi(Sw+Tk)_g(03S2+U’%T2)UJ($ + T-H; S k o S— ZUk )deT (24)
S, TeRn

Like before, we can compute the Weyl symbol under appropriate assumptions:

Theorem 1.5 (Weyl symbols for the smoothed Wigner calculus) Consider f(x),g(z) €
S(R™), and L(z, k) to be the Fourier transform of a compactly supported tempered distribution.
(In particular it follows that it is the restriction to the real numbers of an entire analytic func-
tion). Then the operator L, defined in equation (22), has Weyl symbol

£~(;1:, k,X,K)=1L <x _ K*ZU%X’ j xm;ix) (25)

4Calibrating the smoothing is pretty well understood, but it isn’t central here. A rule of thumb is that o2
must be comparable to the wavelengths of u(z,t), and o7 to the wavelengths of @(k,t); see also Section 4.1, and
Section 5 for problems in the semiclassical scaling.



in the sense that
Lw(p,k)= [ FrXemaorKE0IL (e B X K) w(a, bdadbd XdK. (¢

2
a,b,X,KeR?
Observe how simple and intuitive is the passage to phase-space in terms of the Weyl symbols:

Theorem 1.5 can be automatically guessed (and proved, if its assumptions hold) from Theorem
1.2.

The concept that certain bilinear functionals, and not the point values of the wavefunc-
tion, carry the “important information” (the “physical observables”), originates in quantum
mechanics (and has found applications in other contexts as well). Introduced in 1932 [23], the
Wigner transform (WT) appeared in the 90’s as an important tool for homogenization of wave
propagation. The concept of semiclassical measures was extensively studied; see for example
(17, 10, 9, 4, 25]; adaptations to the case of Schrodinger operators with periodic coefficients and
applications of the method to vector problems were carried out [8, 20, 11]; and applications to
stochastic problem were also studied, see e.g. [22].

In many of the works mentioned above the idea of smoothed Wigner transforms (often under
the name “Husimi functions”) appears as a technical device, e.g. for proving the positivity of
the Wigner measure or for using interpolation estimates from classical kinetic theory, e.g. [19].
The link to coherent states (i.e. abstract wavelet transforms) has also been pointed out, e.g.
in [17]; however “a theory of smoothed Wigner transforms” has not been tackled, essentially
because of the problem of dealing with “convolution-deconvolution sandwiches” and formulating
explicit smoothed Wigner equations.

This problem is solved here, and the formulation of exact smoothed Wigner equations for
a broad class of problems, together with a smoothed trace formula for the recovery of the
observables, is carried out in Section 4.2. As concrete examples, we work out the smoothed
Wigner equations for the linear Schrodinger equation, the cubic non-linear Schodinger equation,
and the Hartree equation.

Virtually all the existing work with WTs is in the semiclassical regime, therefore it is
appropriate that we look at a semiclassical application. We do so in Section 5; more specifically,
we formulate and prove the following

Theorem 1.6 (Semiclassical finite-order approximations to the smoothed Wigner calculus)
Let N € N, V(x): R" - R. Consider a “semiclassical family of wavefunctions” {f¢} C S(R")
for which 3My > 0,¢¢ € (0,1) such that

||f8||L2(Rn) < My Ve e (0,e). (27)
According to Theorem 1.4,
Ve[V e fe 2miST— ST o282 ([ o e ico? £
WAV k) = [ TS TRV (S)a (v + =8,k — 5 S)dS. (28)
SERn



Under appropriate assumptions for the potential V(z) °, and for 02 < 2, this expression can be
approzimated by differential operators

- N -
WeV fe, fel(x, k) = Zoeum Wefel(z, k) + re(x, k), (29)
where P, are homogeneous differential operators of order m, with coefficients depending on the

- n _27r|a:7x/\2
m-order derivatives of the smoothed potential V (x) = (\/‘gz> [ e =t V(2)da, and
m/eR’!L

N+1
el [peqaany = O (5% 7). (30)

It should be pointed out that the — somehow surprising — possibly divergent bound of
equation (30) has to be compared with the sharp estimate |[W?[f¢]|| @2y = O (&), as we
will see in the case of WKB ansatz; see the first of the remarks after Theorem 5.8 in Section 5.

This result can be used to construct PDE approximations to the smoothed Wigner equations
corresponding to semiclassical problems, in analogy to the construction of asymptotic equations
for the Wigner measure in the works mentioned earlier (e.g. [17, 11]). Such approximations were
first proposed in [2, 1], where it was seen that they provide an efficient computational method
for semiclassical problems, recovering e-dependent information that the Wigner measure cannot
keep track of.

1.3 Proofs

Theorem 1.1 is, verbatim, a concatenation of Theorem 3.3, equation (51) in Sections 3.1, and
Theorem 3.19, equation (131) in Section 3.4.
Theorems 1.2 and 1.3 are Theorems 3.4 and 3.20 in Sections 3.1 and 3.4, respectively.
Theorems 1.4 and 1.5 are Theorems 4.5 and 4.6 respectively, both found in Section 4.1.
Theorem 1.6 is Theorem 5.8 of Section 5.

1.4 Organization of the paper

In Section 3 we develop the necessary prerequisites, prove the core result and look into several
equivalent formulations. We look into an elementary formulation, with minimal prerequisites,

50f the form R
3C1, My >0 : |[V(k)| < Cilk|™ VO < |k <1,

and, there is an appropriate My < —3 (satisfying additional constraints) such that

3C, >0 : |[V(k)| < ColkM2 Y|k > 1.



in Section 3.1. As we mentioned earlier, establishing certain properties of smoothed functions is
a necessary step; this is done in Section 3.3. A very helpful tool (although not an exact match)
comes from Gelfand-Shilov spaces, briefly reviewed in Section 3.2. Other formulations of the
smoothed calculus are formulated and proved in Section 3.4. Indeed, these more sophisticated
formulations will prove particularly useful in the sequel. The references to the specifics of
Wigner transforms are kept to a minimum throughout these Sections.

In Section 4.1 the fundamental calculus for the SWT is developed, as an application of
Section 3, and a general-purpose phase-space reformulation scheme is outlined in Section 4.2.
An implementation of the phase-space reformulation of wave problems, as outlined earlier, is
presented in Section 4.2. The smoothed Wigner equations for virtually any linear system, and
the smoothed trace formula are formulated making use of the smoothed Wigner calculus. An
interesting point is that closed phase-space equations for the cubic non-linear Schrodinger and
Hartree equations can be obtained, essentially with no additional work. In Section 5 we examine
the semiclassical asymptotics for the smoothed Wigner calculus. This allows for a quantitative
comparison to the respective WT-based results.

2 Definitions and notations

The Fourier transform is defined as

fli) = Fealf@) = [ e sy (31)

Inversion is given by
f) = P2 @) = [ @), (32)
Foe F @] = Fil (o @) = F(0) (3)

An operator L is denoted L(z,d,) and said to have Weyl symbol L(x, k) when

Lf(z) = / ke (XY 4y ) dydk. (34)
y,kER™
An equivalent expression which we also use is
Lf(x) = F / f (k - g) e L (k) du | (35)

ueR™

10



where Ly (u, k) = Fyou [L(z, k)]
The trace formula,

/ Lz, WIS, g)(x, k)dedk = / L1(y) 3(y)dy, (36)

z,keR" yeR”

can be seen as an equivalent definition of the Wigner transform (WT),

Wirgle.k) = [ g (o 2) g (o 3) ay (37)

yR™

associating it with the Weyl calculus.

Sometimes a scaled version of the Weyl calculus is used. This can be motivated e.g. from
WKB functions, i.c. functions of the form f(z) = A(z)es 5@, The scaled Weyl calculus is
defined consistently with the scaled WT through the trace formula, i.e. L(x,e0,) is defined

through

| tecontwatdy = [ L WS gl ok (35)
o yeR z,kER
WeLS, g)(x, k) = / e=2miky f (%%ﬁ,@-%) dy. (39)

It is often the case that the Weyl symbol itself depends on e, L¢(x,k) 5. In that case
Lé(z,£0,) is defined as

/ 1 (2, KYWFLf. 9]z, K)dodk = / 17(z,€0.) () 3(y)dy. (40)

z,kER™ yER™

This can easily be seen to be equivalent to

L#(z20,) f(a) = / e LY o) )y (41)

y,kER™

For a function F'(x, k) satisfying appropriate conditions (and for any tempered distribution),
the operator F(x, %) is defined, in terms of the Weyl calculus, as the operator with Weyl
symbol F(z,k). It must be noted that usually Weyl symbol classes are taken to be more
restricted than &’. Imposing some more assumptions will probably be necessary in certain
contexts; however for our purposes the more general choice works well.

be.g. Lf(x,k) = P(x,k) +eQ(z, k).

11



The order ¢ of an operator L(z,0,) is defined as the smallest § > 0 s.t. Va,8 € NU
{0}3Cap>0:Vim=1,..n

aa-ﬁ-ﬁ -3

Finite order PDOs are well defined on Sobolev spaces of the same order [15]. Typical
examples of infinite order operators include deconvolutions and imaginary translations.

Remark on notation: Please note that our conventions and notations for the Fourier trans-
form and the Weyl calculus, clearly stated here, are used throughout the text without additional
explanation.

3 Smoothed calculus

3.1 Explicit formulation of convolution-deconvolution sandwiches

In this Subsection we will present the derivation of the elementary formulations of Theorem 1.1
(i.e. equations (6) ), focusing on the mechanics of the derivation, as well as basic interpretation
and application issues. The pseudodifferential and other operator-theoretic aspects are kept to
a minimum here.

Definition 3.1 (The smoothing operator) The operator ® is defined as in equation (5),
1.€.
T 212

D fz)— Fil e 27K Fuy [f(x')ﬂ _ 2% [ o2 f(z")da'. (43)

r€eR”™

Remark: The notation e 2% is used interchangeably with e’%”2|k‘2, i.e. k> = k-k. A natural

generalization of Definition 3.1 would be

| Es e ,
Coy o f(2) = Fiyp e 75 Pk [f(@)]| =
(44)
n —27 i (11_52)2
=22 [ e &= i f(a)da

n
L, 7t zern

In fact we will use a a smoothing like that later, but most of the time it isn’t worth the notational
inconvenience — and all our results are generalized to the anisotropic case in a straightforward
manner.
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Operators like ® are very common, and are often called mollifiers. Observe that ® is
translation invariant, i.e. a Fourier multiplier. Indeed, its action is very intuitively seen in
the Fourier domain (it damps “the high wavenumbers” with a Gaussian weight). It is also
straightforward to observe that it is one-to-one, with inverse

O fx) = Fil, |27 Fuox ()] (45)

Understanding the image by ® of the Schwartz test-functions S, as well as other basic spaces
will also be important. In particular, it is fair to say that smoothed functions are restrictions
to a real space of entire-analytic functions.

Observe moreover that ®~! is very hard (often impossible) to implement in practice, e.g.
numerically. This is the basic reason why we want to compute explicitly the “sandwich” ®Ld~1,
looking for some sort of mutual (partial) cancellation of ® and ®~!.

Let us start with a very simple observation:

Lemma 3.2 (Smoothed polynomial calculus) Vm € N, i € {1,...,n}

4dr
e = 9. (47)

28 m
PPt = (xi—ku) : (46)

Proof: The way to interpret and prove any expression of the form ®L®~! = L is by checking
that Vf(z) € S(R™) )
LOf =dLf. (48)

Indeed, to prove equation (46) for m = 1 it suffices to check that

(x + %) Of =a0f + i—%"zf’” [ e f(a))da! =

In order to prove equation (47) it is easier to work in the Fourier domain:
Foox [05,0f] = e 37520 X, f(X) = Fox [0, f] - (50)

The generalization for m > 1 for either case is obvious. The proof is complete.

13



Theorem 3.3 (Elementary formulation of the smoothed calculus) Let f(z) € S(R"),
L(z, k) € S'(R?), L be the operator with Weyl symbol L(x, k) and

w(z) = df(x).

Then
OLO L w(x) = 2" / e2rliz—a*kyut2mike gy (f ) [y (2u, k)dudk, (51)

k,ucRm™

where Ly (u, k) = Fyoy [L(z, k)].

Proof: Let us check first of all that the integral of equation (51) indeed converges. To that
end observe that the 7hs of equation (51) is equal to

on [ e2mlimmotut2mikeg (b — ) L (2u, k)dudk =

k,ucR"
— 9n f e2r(iz—o k)u+2mkw —Zo%(k—u)? f(k? _ U)Ll (zu’ l{;)dudk —
k,ueR” ~ (52)
— on f e2mx(k+u)ffcr (k+u)? f(k _ u)Ll(Qu, k)dudk —
k,ueR"

= f Fm(kau)ﬁ1(2u,]€)dudk;.

k,ueRn"
It suffices to show that
Fz(k’, u) _ 2n627ria:(k+u)—gc72(k+u)2f(k . u) c S(RQn),

because if that is true, then the integral exists (for each x € R") as a duality pairing between
Fy(k,u) € S(R*") and L,(2u, k) € S'(R*™).

Denote
T : F(ku)— F(k—uk+u). (53)
7 is essentially a rotation, and it is clear that 7 (S(R*")) C S(R?*"). Now observe that
Fx(k’, U) — ong (f(k)e—gg%ﬂ—i-%rixu) c S(RQn), (54)
since Vo € R" o
f(k)ef%a u+2mizu c S(RQH) (55>

and therefore equation (52) can be cast as a Schwartzian duality pairing (the independent
variables in equation (55) are k,u; x plays the role of a parameter).

Morally, the point here is that despite the real exponential term in equation (51), the in-
tegral exists because we act on smoothed functions (which have Gaussian decay in the Fourier
domain).

14



Let us now prove equation (51). Starting from the lhs one observes that (we use equation
(35) from Section 2 for the implementation of the Weyl calculus)

®LOw(z) = PLf(z) =

= 2" { e { [ f(k—u)e*™ L (2u, k)du” =
uER?
=2F ! e [ 5T, {F,;m [ i f(k; —u) 62““/“131(211, k)du”] =
uER?
— 9n f e2m’[xl_m/l+kx +x 'U,}—fo'2l2f<k . u>L1 (2u7 k)dudkd:c'dl —_ (56)
u,k,x’ l€R™ R
—on [ (ki) gy 2minl=50% f() )Ly (2u, k)dudkd] =
u,k,x’ leR™
=27 [ Sk +u— 025G f(k — u) Ly (2u, k)dudk =
u,k,lER™
—on [ el =5o (k) £k ) Ly (2u, k)dudk.
u,k,ER"

But we have already seen the last expression above to be equal to the rhs of equation (51), in
equation (52). The proof is complete.

It is very easy to check the consistency of Theorem 3.3 with the Weyl calculus for o = 0,
and with Lemma 3.2. Indeed the comparison with Lemma 3.2 reveals nicely the “miraculous
cancellation” that takes place for polynomials: if L(z, k) is a polynomial, then supp, ﬁl(u, k) =
{0}, and it doesn’t allow the real exponential term to give rise to an infinite order operator.
For example, if L(x, k) = (2mix)™, equation (51) becomes

OLO w(z) = / em(ir=a Ry, (k‘ - g) 6 (u — 0)du e*" = dk, (57)
k,ucR"
generating of course the same end result as Lemma 3.2. In general however contributions from

u away from zero will give rise to operators not of finite order (e.g. for L(x, k) a Gaussian).
Observe finally that our result is, under appropriate conditions, equivalent to

29, 0
SLO ' = [(z+ 2% Doy
(2 + 47 727?2') (58)

Theorem 3.4 (Weyl symbols for the smoothed calculus) Let L(z, k) € S'(R*"). More-
over denote Ly(u, k) = Foou [L(z, k)], and assume that IM > 0 such that supp Li(u, k) C
[—M, M]" x R", i.e. ﬁl(u,k) has compact support in u. (In particular it follows then that
for each k € R™, L(x,k) is an entire analytic function of x). Then the Weyl symbol of
O L(x,0,) P is

iock

L(x, k) = L(z +

k). (59)
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Remark: Observe that the Weyl symbols produced this way need not be tempered distributions
(take e.g. L(x, k) = €"™). This is related to the fact that the smoothed operators are of infinite
order in general. Understanding better what this means, both in terms of analysis and applica-
tions, is one of the objectives of this paper. In any case it hints towards the use of more general
test-function / distribution theories as a natural direction. We believe that in that context the
assumptions on L(x, k) for this Theorem can be probably relazed.

Proof: We will directly verify that the operator with the Weyl symbol of equation (59)
(equivalently the operator of equation (58)) is the same as that of equation (51):

Lw(z)= [ e¥kev] <’37+y + ik k’) w(y)dydk =
y,keER™

— on f 62m’k(mfy)fufjx [eQWi“(m+y+i”2k)ﬁ1(2u, k})] w(y)dydk: _

y,kER™

—on [ 62m[k(a:—y)+u(:v+y+z'g2k)]w(y)dy Ly (2u, k)dudk = (60)
y,kER™

y,k€eR™
=20 [ ik —u) e2mlE et 1 u k) dudk

y,keER™

The first step which needs more explanation is the equality

2L (S5 4 15k k) = L, [ it L u, k)| (61)

u—x

To see that, first of all recall that L(z, k) € S'(R*"), and therefore Ly (2u, k) = Four [L(z, k)] |r—24
is well defined. Now

. . ~ X [2miu-(z io? R
I €2mu~(w+y+za2k)L1(2u’ kydu= [ > [orin( Jr;” 5] L1(2u, k)du =
keR™ keRm™ =0 ’
(62)
) T i0'2 *Ox ! i
—2 Y ML«)’ k)=2"L (IT*?/ + #,k) .

=0

The series is a Taylor expansion of L(z, k) in the x variable for each k; it converges absolutely
following our assumption. This also justifies the interchange of the order of summation and
integration in equation (62) through dominated convergence. (See also lemma 3.15).

Another step in equation (60) that needs justification is the interchange of the du and
dy integrations, passing from the second to the third line. There it suffices to observe that
e~2mo%uk can be replaced by e~ 2motuk X[_QMQM}H(U), in which case the result follows by the
standard tempered distribution calculus.

The proof is complete.
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As we commented briefly earlier, it seems reasonable that L(z + i";’“,k) can be defined
precisely, in an appropriate (weak) sense for any L(z,k) € §'(R**). Gelfand-Shilov spaces of
test functions and their duals (ultra-distributions) seem like an appropriate framework in that
direction.

Before we get to that question, however, there are some more basic results about smoothed
functions that we need; these too can be easily formulated as modifications of standard results
for Gelfand-Shilov test-functions. In the following Section we go briefly over the basic facts
concerning Gelfand-Shilov test-functions, to set the stage for our results concerning additional

formulations of the smoothed calculus.

3.2 A natural framework for the smoothed calculus: Gelfand-Shilov
spaces

Gelfand-Shilov spaces (and ultra-distributions) is a well-defined topic which has been attracting
increasing attention recently, with several dedicated monographs and papers. It is clear that
a full presentation of them is completely outside the scope of this work. What is however
necessary, is to outline some basic facts and also some motivation as to why these — somewhat
unusual — spaces are well suited for the study of our smoothed calculus. Here we will focus
on presenting the necessary background; in the next Subsection we will focus on its use and
application.

Usual test-functions, i.e. Schwartz test functions, are defined by

f(z) € S(R") & sup [270]f(x)| < oo Vp,q € (NU{0})", (63)

PISING

i.e., morally, by decay of any order of derivatives faster than any power of Iw\ﬁ [12]. Tt is

important to note that this condition is symmetric with respect to the Fourier transform, i.e.
F(S(R")) =S(R"). (64)

This allows for a theory of distributions “of some polynomial order of growth” in space and
Fourier domain. In addition, the Weyl calculus allows the transfer of function-space and
function-theory results to operators, providing very strong tools for many problems — in par-
ticular problems involving differential operators. However, there are two classes of operators,
very important in this study, that are not contained in this framework: imaginary translations
(i.e. extensions to the complex plane)

T f(2) = S +i0) = Fl, [ ()] (65)
and deconvolutions s
O f() o Bl |37 fR)] (66)
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So the basic motivation is very simple: we need to accommodate Fourier multipliers and /
or Weyl symbols of faster than polynomial growth. (Of course things are actually more subtle
than that in the end). This brings on the question of smaller test-function spaces — after all
deconvolutions and imaginary translations are not well defined on all of S(R").

These spaces of “very nice functions” should then be examined with respect to (nontriviality
first of all!), closedness under elementary operations, behaviour under the Fourier transform
etc. This is contained in the Gelfand-Shilov theory of test-functions and distributions.

At this point we will go over the Definition of Gelfand-Shilov test-functions and some basic
facts that are relevant. All results are quoted from chapter IV of [12], and we use the same
notation. The implications of these core facts for the problem at hand will be seen shortly.
Many facts about them (after some adaptation) will be very helpful for working with smoothed
functions.

For simplicity we will work in the case n = 1, i.e. for functions of R. The generalization to
higher-dimensional spaces is straightforward.

Definition 3.5 (Spaces of type S) Let a, 3 > 0.

1. f(z) € S, iff 3A,C, depending on f s.t.
2% f (z)| < C,AFK*® Yk, q € NU {0} (67)
2. f(x) € SPiff 3B, C), depending on f s.t.
592 f ()| < CyBq” Vk,q € NU{0} (68)
3. f(x) € SPiff 3A,B,C depending on f s.t.
|2*00 f ()] < CA*BkF*q®P Yk, q € NU {0} (69)

Theorem 3.6 (Equivalent Definitions of spaces of type S§) 1. f(x) € S, iff Vg € NU
{0} Fa,C, depending on f s.t.

£ ()] < Cpe=?lel (70)

The parameter a is related to A of the respective Definition 3.5.1 explicitly, and more
specifically a = a(A) = <

i'
eAa

2. f(z) € 8P iff Vke NU{0} 3b,C; depending on f s.t. f(z) can be (uniquely) extended

to an entire function f(x + iy) satisfying the estimates

|2 f (2 + )| < Cret?l (71)

The parameter b is related to B of the respective Definition 3.5.2 explicitly, and more
specifically b = b(B) = %(Be)m.
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3. f(x) € 8% iff 3Ja,b,C depending on f s.t. f(z) can be (uniquely) extended to an entire
function f(x + iy) satisfying the estimates

1 _1
[f o+ i)| < Cemolel+l ™, (72)
The parameters a,b are explicitly related to the parameters A, B of Definition 3.5.3.

Theorem 3.7 (Fourier transforms) 1. Fourier transforms of S,

F(S,) =S8~ (73)
2. Fourier transforms of SP

F (87) = Ss. (74)
3. Fourier transforms of SP

F (8P =s5. (75)

Theorem 3.8 (Nontriviality) The space S, is nontrivial (i.e. contains a nonzero function)
for all a > 0. The space S® is nontrivial for all 8 > 0. The space S? is nontrivial iff

a+06=>21, a>0,06>0, or
a=0,8>1,or

=0 a>1.

Theorem 3.9 (Closedness under elementary operations) Let o, > 0. Each of the
spaces SP, S, SP is closed under translation

f(x) = flz+A), XeR",

modulation ‘
f(l') N eQm )vxf(l,)’ A c Rn’
dilation
f(z)— f(Ax), A €R,

differentiation

f(x) — 0.f(x),
and multiplication by x

f(z) = zf(z).

Before we go on to formulate a more precise form of the smoothed calculus, we need to
introduce a final family of spaces.
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Definition 3.10 (Countably normed spaces of type S) Let o, >0, A, B>0.

1. f(z) € Saaiff YgeNU{0}, A> A, 3C, ;1 depending on f s.t. Vk € NU {0}
2508 f ()| < Cg x APk, (76)
or equivalently Vg € NU {0}, § > 0, 3C,;,

09 ()] < Cype DOl (77)
where a(A) = T
2. f(z) € P8 iff Yk e NU{0}, B> B 3C} 5 depending on f s.t. Vg € NU {0}
|02 f (2)| < Cy, 5B (78)

3. f(z) e SPY iff VA> A B> B 3C; depending on f s.t. ¥q,k € NU{0}
|z*0%f (x)| < Cz gA* Bk "’ (79)

The new spaces are related to S,, S?, S? by

S’ = U SPB, (80)
B>0
‘Sa = Agosa,Au <81>
- 8,B
Sa A,g>0 Sa,A . (82>
Moreover, they are ordered by
A < Ay = San, CSans (83)
B < B = Sﬁ B - S’B BQ, (84)
By < By, Ay < Ay = SIS (85)

Let us now summarize the generalizations of Theorems 3.7, 3.8, 3.9 for the new family of
spaces here:

Theorem 3.11 (Basic properties of SQ,A,S@B,SS):E ) 1. Fourier transforms:

F (San) =S¥ (86)
F(8"P) = Ss.p. (87)
F (55;5) — S5 (88)



2. Nontriviality: The spaces S, a,S?B are nontrivial for all a, 3, A, B > 0. The space
ngf is nontrivial iff
a+pB>1, a>0,6>0,and A,B > 0; or
a=0,8>1, A,B>0; or
a>1,6=0, A,B>0; or
a+ =1, AB > ~v(«, ) for some appropriate v(«, 3) > 0.

3. Closedness under elementary operations: each of SajA,Sﬁ’B,Sg’ff s closed under

translation, modulation, differentiation and multiplication by x 7. Dilations scale obvi-
ously; if
Dy : f(x) = f(Az)
then
Da(Sat) = St (89)
Dy\(SPP) = 8B, (90)
DA(SI) = 8PP (91)
) Q,X

3.3 Spaces of smoothed functions

Remark: In this Section we will work in the general x € R™ setup, in contrast to the previous
Section, where we only examined n = 1. This is necessary, since the Wigner transform (which
we want to apply our results to) doubles the number of independent variables, e.g. takes 1-
dimensional problems to 2-dimensional ones. We go on to the more general n-dimensional case
since it presents no essential difficulties. (Indeed Gelfand and Shilov also present briefly the
n-dimensional generalization of their theory in Section 9 of chapter IV of [12], after a more
detailed study of the 1-dimensional case). ®

Lemma 3.12 (The range of @, I) Consider a Schwartz test-function f(x) € S(R™). Then
its image under the smoothing operator belongs to a space of type S%’B,

f(z) € S(RY) = df(x) € ST7ve, (92)

"The operations are precisely defined in the statement of Theorem 3.9
8For example, Definition 3.10, part 1, is generalized as follows: f(z) € Su(a,,.,a,) iff Vkq €
(NU{0})", A= (A1,...,An), Ay > AVl =1,...,n, 3C, 5 depending on f s.t.

08 f (z)| < Cypz T1 A" HM,
=1

where of course 2% = (xf’) , 0f = 0. (Further generalization with a = (a1, ...,a,) is also possible, and

straightforward, but it will not be of interest in this work).
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or, more generally,

fa)es = By g f(x) e shoe () (93)
Proof: We begin with the proof of equation (92); we will prove that (f?(k:) € 8%7 1 then
the result follows making use of Theorem 3.11.
Observe that, if we denote g(k) = @ f(k),
= A 212 212 d A
g(k) = f (k) = f(k)e 27 = kolg(k) =e 2% > B, a(k) fO(k), (94)
1=1

for certain appropriate polynomials P, ,;(k) of degree at most p 4+ ¢. f(z) € S implies that
q A
Vp.g € NU{0} 3Cpq 1 |D Poga(k)fO (k)] < Gy (95)
1=1

Equations (94), (95) together imply
[P Og(k)| < Cpge 37 M. (96)

Recall that equation (77) states g(z) € St 1 iff Vg e NU {0}, 6 >0, 3C,s,

[029(2)| < Cype™ E7IIT (97)

so equation (96) is actually stronger than @”(k) € S%,#

oy/Te

The operator @,
equation (92).
The proof is complete.

o, 1s defined in equation (44). Equation (93) follows in the same way as

.....

Observe also that, using equation (84), it follows that of (k) € S1 _1_ VA < o, and accord-

P AVme

=
9

ingly ®f(z) € S5 YA < 0.

At this point it is clear that there is one more family of spaces we will use — and it is closely
related to the Gelfand-Shilov test-functions:

Definition 3.13 (G%pz, G27") We will say that f(z) € G1q2 iff Vp,q € (Nu{o}H" 3C,, >
0 s.t.

Jus

2702 f ()] < Cppge” 27 17, (98)

2

and f(x) € Gz iff %)
2. 99



Remark: In the anisotropic case o = (01,...,0,) (i.e. the smoothing operator defined in
equation (44) ), we will use the same notation, namely:

f(x) € G1 o iff Yp,qg € (NU {oH)™ 3C,, >0 s.t.

vl
T
Q
N
8
N

2P0 f ()] < Cpge “= ", (100)

2

and f(x) € G2 iff

f(k) € Gy e (101)
We will not comment on the anisotropic generalization explicitly from now on, since it is
9 n

as > otx? in the decay conditions.
=1

straightforward. It lies basically in the recasting of ox

The letter G is chosen to emphasize that these spaces are intimately tied to the Gaussian
smoothing we use.
Now it follows that

Lemma 3.14 (The range of @, II)

(102)

o2

f@) €S & Of(x) €G> o Bf(k)€Gy

and moreover ) )

1 1
YA >0,0< <0 : S¥Nve CGr7 CS¥Nave,

N
9
o

(103)
G%,a’2 g S%’%\/ﬁ’

1 ) and similarly for the other indices.

1 (1
where of course = (Am""’ v

Proof: Equation (102) essentially follows from the proof of Lemma 3.12. Observe that equation
(98) (which holds for any f(z) € G2°°) implies that if f(z) € G1g2 = ez f(z) € S, and
therefore, by a Fourier transform, if f(z) € G2°" then @~ f(z) € S. This shows ®(S) D Gz
®(S) C G2 is straightforward (in other words equations (96) and (98) are the same).

We will prove equation (103) in stages; first of all we will show that

YA >0 STV C G (104)
Observe that (as we saw earlier in Definition 3.10, and equation (97) ),

f(z) € STVE o
Vge (NU{ON)", 6 >0, 3C,s: [01f(x)| < Cpse”GMN9" o (105)
vp? q € (N U {O})n7 5 > 07 Equ,J : |:1:p8§f(x)| < CPvQ:‘Sei(%)\%i&IQa

23



842
where C) 45 can be chosen not larger than Cp, 5 < C_ s - sup [|x|p e 2" } Therefore
)4 4 ) ZERP

1

flr) € ST >0 = (106)
Vp,q € (NU{0})"3C,, : |2P0lf(x)| < C;j’qe—%a?m'z

1 1
for ¢, < C 2,2 9, and therefore, for Ay > o, S¥Mve C G2°°. On the other hand
’ D4, —5

g1(r) = F 1 [G_EU%Q} € G2’ \S%’*lxl/ﬁ, and now equation (104) follows.
That

»

1

Vi <o G2 C S%’Awﬁ (107)

was shown in Lemma 3.12 (it was shown there for Ay = o; for Ay < o it follows making use of
11
equation (84)). Also, VA, < 0 : G2°° C §2"%v= is obvious.
The proof is complete 1°.

Lemma 3.14 highlights the close relation of smoothed functions with Gelfand-Shilov spaces.
This relation allows us to use (after some adaptation) a lot of existing theory — most notably
extensions in the complex plane. A very useful result has to do with the rate of growth of G 2:0°
functions on the complex plane: since ®(S) C S 2B C 8P estimates like the one in equation
(71) hold automatically. However, as we saw smoothed functions satisfy somewhat stronger
conditions, and accordingly we can construct somewhat stronger estimates (which turn out to
be necessary in the sequel).

First of all however, we need a technical Lemma:

Lemma 3.15 (Fourier-domain representation of entire functions) Let f(z) € Sz(R™).
We know that then f(x) can be extended to an entire function on the complex domain, f(x+iy).
In addition, the following representation is valid

Flo +iy) = / 27k (=4) F (1 . (108)

keRn

Remark: As we just saw (lemma 3.12) smoothed test-functions belong in S%; therefore Lemma
3.15 applies to them.

2 2
Ai—o

that is C) , < O, 5 where Cy, 45 are the constants of the same notation in equation (105) for § =

11
10Tt is not clear at this point whether S2'=v7< is strictly larger than G%"’z, or if the two spaces are equal.
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Proof: Denote z = = + 1y; the proof lies with the computation

f p2mik - (z-+iy) f( ) f i [2mik - (z+iy)]” w+zy] f( )

keRn keR™ 1=0
" R
_ = I7i l |:5§1k’5(935+7,y5):| ¢ Bk =
—flz()m)—“ f(k)dk =
keR™ =
(109)
> l \;z( 1,<-l-mn) k11($1+iy1)rl oo o (@ Aiyn) ™ ~
= | > (2m) . Fk)dk =
keRn =0

DR " >dkz—zz =01 f(0) = f(2).

1=0 |r|=1 kERn =0 |r|=l

We have used the standard multi-index notation in the computations '*
In equation (109) above it is first of all seen that the bulky expressions coming from the
high-dimensional character of the problem can be nicely summarized as

/ 2mik - (z+iy) f( ) / Z wf(k)dk (110)

[!
kERn LeRn le(Nu{o})"

etc.
The condition we have to check to justify the interchange of summation and integration (in
the more compact notation) is

|
le(Nu{o})" " kRe

Vo,yeR: > =+ iyl / | (2mik)' f(k)|dk < co. (111)

When we first expand in a series, in the first line of equation (109), it is the Taylor series of
the exponential; when we summed analytically the series in the last line, this was the Taylor
expansion of an entire-analytic function. That is, all the series converge, and the commutation
of the series and the integral follows from the dominated convergence Theorem.

Remark: Lemma 3.15 essentially is already justified for any entire-analytic function. However,
since it is not too long, and to provide more insight, we will give here a more detailed proof of
the result. In particular this highlights how the estimates on the entire function are inherited
in this series — something we will return to.

Uy e (NU{0})" is a multi-index; |r| =71 + ..+, =1yl oL KT = K-k, 27 = (2] 4yt - ..
(af +iy5), 05 = O3 - O3
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Observe that f(z) € S = f(k) e S%, (according to Theorem 3.7, part 2), and therefore
(according to the high-dimensional version of Definition 3.5), 3C, A = (A4,...,A,) >0 : VI €
(Nu{op)”

~ n ls
| (2rik) f(k)| < CAllz = C 11 All? (112)
s=1
Now we have

Sl 2mik)! f(k)|dk =

le(Nu{op)" kER™

= > BT j@wik) fR)ldk+ [ ] 2rik) f(k)|dk| <

lEMU{ON™ k<t K[>
11
< O ele+ivl |w+zy|l (2mik) " f(k)| 2 dk | < )
x 1€ + (NZ{} 1 X f( )|m XX
le(Nu{0 |k|> =L

< Cl€|$+iy| -+ CQ f ‘xlz‘dk Z ‘wt!iyVA(l-‘rQ) (l + 2)%7
K> le(NO{0})"

where in the last step we made use of equation (112). So now we only have to check the absolute
convergence of the series

yl! [+2)%
3 W;_‘MAaw)(Hg)”f —a2 Y %\(x—i—iy)/l]l, (114)
le(NU{0})"™ ' le(NU{o})™ '

or, equivalently, find the radius of convergence of the power series

! i !
>owr = 3 Ilaze;
leNn le(Nu{o})" s=1

(115)

to be infinite.
Case n = 1: Observe that, making use of the Stirling approximation, it follows that

(14+2)lel+2 e

or(l+2) (2m)i (Ve) (+2)x (1+1)2 (1), (116)

(1+2)% ~

26



and therefore, using the Stirling approximation once more,

-

e (VO T o dagntagnt

a; =~

(2m) an? T e VI -
(117)
= oy )i+ ) (W)l
It is now obvious that VR, > 0 3C' = C'(R,) such that
| < C- Ry (118)

But an estimate like this implies that the radius of convergence for the power series with coeffi-
cients a; is at least Ry; therefore the radius of convergence is infinite, and the series of equation
(114) always converges.

General case, n € N: This is a straightforward generalization of the previous computation.
First of all, using the Stirling formula like earlier it follows that

n

1 1 e ls
ax I — L +2)3 L+ (4) (119)

(2m)2

and therefore YRy, .., R, > 0 3C = C(Ry, ..., R,,) such that
| < C- 11 R, (120)

It is a standard (and easy to show) Lemma that equation (120) implies that the power series
with coefficients a; (i.e. the series of equation (115)) converges whenever |zs| < R,. Since the
R,’s can be chosen arbitrarily, it follows that the series of equation (114) converges always in
the multidimensional case as well.

The proof is complete.

Let us also remark that integrals like the one of equation (108) have also been studied under
the name two-sided Laplace transforms [24].

Theorem 3.16 (Behaviour of smoothed functions on the complex plane) Let f(z) €
G2, As we saw earlier, it can be extended to an entire function on C"; moreover

glo,y) = #f(x +iy) € SE™). (121)
Proof: First of all observe the following elementary identity

Foeat [2mix)P 0L f (2)] = (=04) (—2miz)" f (k). (122)
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We will use the observation of equation (122) and Lemma 3.15 to prove equation (125). We
begin from a slightly different point, i.e.

(2mix)? (2mi(x + dy))? 0,05 f (v + iy) =

= (2mi(x +1iy))? 05 [ ekt (— g )P (—2rik)" f(k)dk =

keR™

= (2mi(x + iy))qke{gn ¥R (1) (— ) )P (—2mik)” f(k)dk = (123)

= [ [opem ] (—2mk) (05 )P (—~2mik) f(k)dk =

keR"

= (=1)7 [ ekt I(—2nk)s(—8) )P (—2mik)" f(k)dE.

keR™

It follows now, making use of the Definition 3.13 of G2°, that there is a constant C} g5 Such
that

| (2mix)” (2mi(x + 1y))? 0,05 f (x +iy)| < C]

p,q,7,8

f 6—27rk~y—%02k~kdy — Cl (ﬁ) 6(27’5\y|2.

p,q,7,s o
keRn
(124)
The commutation of the dk integral and the 0y derivative in equation (123) follow from the
dominated convergence Theorem and the bounds for G 2" functions.
It is obvious how the following inequality follows from equation (124):
Vp,qrse (NU{0})" 3C,, s such that

27,2

| (2miz)” (2miy)? 040, f (x + iy)| < Cpgprs e’ (125)

In order to complete the proof, observe that for any differential operator with polynomial
coefficients P, equation (125) implies that there is a constant C'(P) > 0 such that

2, 2

Pf(z +iy)| < C(P)e-*" . (126)

Observe in addition, that for each differential operator with polynomial coefficients I’ there
exists a different differential operator with polynomial coefficients P such that

2w ~

_2r _2m
]P’(e o2g(a:,y)):e P(g(z,y)).
Moreover if P is of order s as a differential operator, and its coefficients are polynomials of

degree up to t, then P will be still of order s as a differential operator, and its coefficients will
be polynomials of degree up to s + t.
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Setting P = (2miz)” (2miy)? 9,05 we get

P (e 5 fa+iy)) | = FV P (flo +iy) | < C(P) (127)

The proof is complete.

2

Corollary 3.17 Let f(x) be a smoothed test-function, i.e. f(x) € Gz°.
then

Take a fixed v € R™;

g(y) = e ™V f(x +io%y) € S (128)

as a function of y. Moreover, for any fixed y,
glz) = flz+iy) € S (129)

as a function of x.

3.4 Equivalent formulations of the smoothed calculus

First of all, let us make a remark concerning the Weyl symbols for the smoothed calculus:

Lemma 3.18 (Imaginary translations of distributions) Let L(z) € §’, y € R". Then
L(z +iy) is a well defined functional on Gz,

Proof: Take f(z) € G2°”. Now

/ L(x + iy) f (2)dz — / L(2)f(x — iy)da, (130)

z€R™ r€eR™

which is well defined since f(x — iy) € S, as we saw in Corollary 3.17. The proof is complete.

So, basically, the idea is that since we act on “very nice functions” we can have more
operations on our distributions, which will be interpreted weakly. Observe that the point of
Lemma 3.18 has absolutely nothing to do with actually extending L(z) into the complex plane.
Giving meaning to the Weyl symbols of convolution-deconvolution sandwiches is somewhat
more interesting, since we don’t take a fixed imaginary translation, but go over an imaginary
axis.

In any case, it seems tempting to ask whether L(x + i“; k k) simply belongs to an ultra-
distribution space (i.e. to the dual of some space of the type e.g. S?B). It seems probable that
smoothed operators can be cast in a satisfactory framework simply as operators with ultra-
distributional Weyl symbols.

Now we go on to the equivalent formulations of the smoothed calculus, making use of the
properties of smoothed functions that we just proved.
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Theorem 3.19 (Smoothed calculus) Let f(z) € S(R), L(x) € S'(R*), L be the operator
with Weyl symbol L(x, k) and w(z) = ®f(x). Then

OLO w(z) = / e2rile—y)h—2ma®k? <x ; Y k) w(y — io%k)dydk. (131)
y,kER™
Remarks: Before we go on to the proof, some comments should be made:
e Fquation (131) is well defined, through Theorem 3.16.

o This form makes clear what we gain by computing explicitly the convolution-deconvolution
sandwich, as opposed to applying ®LO~' successively as three different operators: in
order to implement the sandwich we need to compute / implement imaginary translations

w(x) — w(x+iy), which correspond to a Fourier multiplier e=*™*Y | but not deconvolutions,
which correspond to a much stronger Fourier multiplier, e27h,

Proof: It suffices to show that equation (131) defines the same operator as equation (51),
OLO Lw(x) = 2" / e2rtiz—atkput2mike g (f ) Ly (2u, k)dudk, (132)
kueR™
where always Ly (u, k) = Fyy [L(x, k)]. We start from the expression of equation (131):
[ eprilemh=2n R L (20 ) ap(y — io?k)dydk =

y,kER™

— f 627ri(x—y)k—27ra2k2L (CE_;ZJ? k) fu—»y |:€27r02kuw(u)i| dydk. —

y,k€ER™

(e k92 k2 ; 2 .
— f 627rz(cv y)k—2mo*k*+2miuy+2m0o kuL (fl?;ry7 k) w(u)dudydk: —
u,y,kER™

= [ ermub-up (%7 k:) dy 627ri:r:k+27ra2k(u—k’)w(u)dudydk — (133)
u,y,kER™

— 9n f 62m’(k‘—u)xfjl (2<k _ U), k,) 627rixk+27r02k(u—k‘)w(u)dudydk _
u,y,kER™

= 9n f e?m[ux-&-xk-i-iazuk]ﬁl (2u’ ]{Z) IZ)(]{? _ u)dudydk _

u,y,kER™
= OLP tw(x).

One more equivalent formulation exists when the Weyl symbol L is a differential operator,
which is somewhat simpler:
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Theorem 3.20 (Smoothed calculus, a reformulation for differential operators) Consider
the same assumptions for f, L as in Theorem 3.19 above, and in addition let us suppose
that L(x,k) is a continuous function of (x,k), and Vo € R™ L,(k) = L(x,k) is (the restric-
tion to the real numbers of) an entire-analytic function, and moreover Vx € R™ G(k,y) =

L (gﬂ, k + Z%—E‘”) € §'(R™). For example differential operators,

L(z, k) =Y An(x)k™, (134)

m=0

fall in this category. Denote also w = ®f. Then

SLO w(x) = / F(z, k)e > w(z — io?k)dk, (135)
keRn
where .
Flz, k) = / etk LY Z(xo_; Dy, (136)

yeR”

Proof: It is clear that under our assumptions the statement of the Theorem makes sense.
For the proof, it suffices to make the change of variables

in equation (131):

OLO w(x) = [ ePrileuh2metk g (%2, k) w(y — io?k)dydk =

2
y,kER™

. 7, t(x— i(x— 2 .
= [ e (W) et (e ) (% k+ —“f;y)> dyw(x —ic*k)dk' = (137)
y,k’' €ER"

= [ e vk (mTer, It i(ra;y)> dy 6_2””2’“2w(x —i0%k)dk.
y,keR™

If we have a differential operator as in equation (134) the last expression is equal to

N . m
PLOw(z)= [ | Y [ e tmlwkA, (2R (k: + Z(i_—gy)) dy| e ¥ w(z — io?k)dk.
keRn | m=0yecRn

(138)
The proof is complete.



4 Smoothed Wigner homogenization

4.1 Smoothed Wigner calculus

In this Subsection we will derive the smoothed Wigner calculus, which, as we briefly described
in Section 1.2, allows for the derivation of smoothed Wigner equations and a smoothed trace
formula. This work essentially follows the same lines as Theorem 3.3 and its proof, being
somewhat more complicated due to the specifics of the Wigner calculus.

Definition 4.1 (The Wigner transform) We define the Wigner transform (WT) as the
sesquilinear transform

W fa)gla) = Wi gl k) = [ g (o D) g (o= S)dy. (130)

yeR”

The generalization to vectors is straightforward, i.e. if f(z),g(z) : R* — C¢ then

[W[f,g](l’, k)]%] :W[flagj](mvk) Z»] € {Lad} (140)

The WT is well defined and continuous as a bilinear mapping
W : S(R") x S(R") - S(R*™), (141)
W L*(R™) x L*(R") —» L*(R*"). (142)

The WT has a number of properties which allow the interpretation of its quadratic version
Wul(x, k) = Wu,u](x, k) (often called the Wigner distribution of u to avoid confusion) as a
“time-frequency energy quasi-density”. That is

/ Wlu] (z, k) dwdk (143)
(z,k)eA

is somehow “proportional to the energy (L* norm density) corresponding to the to the wavenum-
bers k at the locations x for (x, k) € A”. Making precise this interpretation (and understanding
its limitations) is a classic topic in time-frequency analysis [7, 13], and there is no need to stay
on it too long here.

One of the first findings however, is that the WT exhibits so-called “interference terms”,
i.e. fast oscillations in phase-space, which severely limit its numerical and intuitive use. The
interference terms are due to the non-linearity of the transform; for example in certain many-
component signals (such as finite sums of Gaussian wavepackets) the “bad terms” can be exactly
isolated as the cross-terms,

(144)




In most cases however, isolating explicitly the “bad part” is not possible; the term “auto-
interference” is used to emphasize that. The oscillations in phase-space are in general at least
as fast as the oscillations in u (i.e. comparable wavelengths), but can be arbitrarily faster 2.
This makes absolutely necessary some step of regularization; indeed in most applications of the
WT some additional regularization device is proposed, be it convolution with a smooth kernel
(similar to what we do) [16], an appropriate scaled limit (in which the oscillations vanish)
[17, 11], or the introduction of a stochastic averaging [22]. For a more complete discussion of
the WT’s interference terms and their interpretation, the interested reader can see [14, 7].

Definition 4.2 (Smoothing in phase-space) Denote by ® the operator

b - w(a’;, k) — f)_(,llfﬂx i [@7%[U§X2+U)%K2]Fa7b_>X7K [w(a7 b)] =

. _ople=ah?_on (k) (145)
=-2_ [ e i & w(a Kda'dk' .

We use the same symbol as in Definition 3.1, although technically it is a different opera-
tor. Still, we will go on with this abuse of notation, because they are essentially very similar
operators, and it is very easy to understand which one is used from the context: the one of
Definition 3.1 acts on functions of x € R”, while the one of Definition 4.2 acts on functions of
(z,k) € R*™.

Definition 4.3 (The smoothed Wigner transform) The SWT is the sesquilinear trans-
form 3 )
W fog = Wifgl(z k) =

TORYT 27r(ufz)2

_ <ﬁ)n fRn e TR T flu 4 Hg(u — L)dudy = (146)
’ = OIW(/,g](2, ).

The generalization for vectors is the same as for the WT.
Moreover, it is well defined as a bilinear mapping

a1

W S(RY) x S(RY) — Gr@2od(R?) C §2 7= 507 (R™) C S(R™), (147)
W : L*R") x L3R") - L*(R™). (148)

Of course we will be working a lot with the (quadratic) smoothed Wigner distribution
Wu](z, k). The parameters o,,0; control the length scales of the smoothing. The motiva-
tion is to smooth out any oscillations at length-scales finer than the oscillations of u(x) itself
(02 is scaled with them) or those of @(k) (o7 is scaled with these). It should be mentioned here

that if
0.0 =1 (149)

L2Take f(z) = e, g(x) = e~ @=9° Then W[f + g(x, k) has oscillations with wavelengths of order L while
the function f + g itself is not really oscillatory at all.
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then .
2 . s
Wl = () 1 [ A (150)
* yeR”

i.e. W coincides with a spectrogram (also known as Husimi transform) with window g(y) =
(%) ! e_§y2, and is therefore nonnegative. We will say that when 0,0, = 1 we have crit-
ical smoothing, while if 0,0, < 1 the smoothing is sub-critical. Generally speaking, critical
smoothing is pretty strong, and over-critical choices 0,0, > 1 are not interesting. So 02,03
are measured in units of typical wavelengths of u(z), u(k) respectively, and the strength of the
smoothing is gauged by the number o0, € (0,1]. This automatically puts some structure in
the parameter space, which is found to be sufficient in many practical applications — although
clearly there is room for more quantitative results in this respect. For more discussion and
examples on the calibration of the smoothing see [2, 1].

Before we go on to the smoothed Wigner calculus, let us formulate, in our notation, the
Wigner calculus:

Lemma 4.4 (Wigner calculus) Let f(z),g(z) € S(R"), L(z, k) € S'(R*) and L the pseu-
dodifferential operator with L(x,k) as its Weyl symbol. Then

WILS, gl(x, k) = LWIS, g](x, k) (151)
where
Lw(x, k) =
= [ exmlak bl (. b)w (x4 %,k —2%)dadb =
a,b (152)
=22 F e on | [ e ISET TR (28 9T )ib(X — S, K — T)dSdT | ,
ST
or, equivalently, its Weyl symbol s
K X

We state Lemma 4.4 for completeness and motivation; it is a standard result, and the proof
is also contained as a special case of Theorem 4.5.

Theorem 4.5 (Smoothed Wigner calculus) Let f(z),g(z) € S(R"), L(z, k) € S'(R*)
and L the operator with Weyl symbol L(x, k). Then

WILS, gl(x, k) = LW, g](x, k) (154)
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Lw(z, k) =
_ 92n f eQWi[S(a; K-HUQX)+T(k+X+w,€K)+acX+kK] (25 2T) (X S K — T)deTdXdK
X,K,S,T
(155)
or
Lw(z, k) =
_ f [:(57 T)@Zm’(SerTk)fg(U%SQ+U£T2)UJ($ + T+12c725' E— S— wk )deT (156)
S, TeR"

Remark: First of all, let us remark that Theorem 4.5 can be seen as an application of The-
orem 3.3, using the Wigner calculus W[Lf, g|(x, k) = LW|[f,g|(xz, k). In that connection,
L =®LD'. However, we will prove Theorem 4.5 similarly to, but nevertheless independently
from Theorem 3.3; one reason is that computations which are anyway necessary when working
with SWTs will be carried out in the process.

Proof: First, we will see that the operator £ is well-defined on G%’(Ug"’i)(RZ”) functions for
each of the formulations of equations (155), (156). As we saw in Theorem 3.16,

gl(S’ T) =

_ 62m’(Sx+Tk)—g(ags2+a,3T2) (z + T+w S k- S— wk ) e S(RQn) (157)

as a function of (5,7, and therefore equation (156) makes sense.
To see that equation (155) is well defined we have to demonstrate that

9(8,T) =
_ f 6271'1'[S(x—K—i—iUgX)+T(k+X+iJzK)+xX+kK]w(X - S, K — T)dXdK c 8<R2n) (158)
X,K
But
9(5,T) =
= [ e

X,K

2mi[ S (w— K+ia§X)+T(k+X+ia,%K)Jr:z:XJrkK]w(X ~ S, K — T)dXdK =

_ 2mil2Se42Tk|~2r 02 5% +0 P T7] (159)

[ emilXEtTriotS) K (-S+iof )]y x| YV AX K =
X,K

= PriRSerRTH=2n| Sl Ty (4 4 T 4028,k — S + i),

The last equality makes use of Lemma 3.15. The end result is a Schwartz test-function according
to Theorem 3.16.
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We will show that equations (155), (156) are equivalent. Indeed, the passage from equation
(155) to (156) is essentially demonstrated in equation (159). Observe that we only do a change
of variables and a Fourier transform, so the reverse course follows as well.

So we checked that all the formulations in the statement make sense and are equivalent.
Now we will finally show that they give the smoothed Wigner calculus, i.e. equation (154)
holds. Like earlier, the way to check it is by showing

dLv(x, k) = LDv(x, k), (160)
where w(z, k) = dv(z, k), i.e. v(z, k) =W][f, g|(x, k). The lhs of equation (160) is equal to
Lv(a,b) = PL(x — 2k + 2= )u(a,b) =

47y

1 _ T 2A2+ 232 2 1
= fA,B—wL,b |:e 2 (Cfx Ok )‘Fw,kﬂA,B [2 an,K—nc,k [

[ o2mi[S (2 —K)+T (k+X))] z(zs, 2T)o(X — S, K —T)dSdT
S, T

— 92n f €2m’[S(:ch)+T(k+X)+:pX+kK7:cAka+aA+bB]7%(o%AQJro,%BQ)
ﬁ(2S, 2T)0(X — S, K — T)dSdTdX dKdxdkdAdB =

(161)
_ 92n f ezm'[—SK+TX+x(X+S—A)+k(K+T—B)+aA+bB]_g(03A2+0232) dedk
L(28,2T)6(X — S, K — T)dSdTdXdK dAdB =
=220 [§(X + 8 — A)S(K + T — B)emI-SKHTXFadbBl=5 (2%} B%) g A 5
L(28,2T)i(X — S, K — T)dSdTdX dK =
— 92n f e2m'[_SK+TX+a(X+S)+b(K+T)]—g(ag(X+S)2+a;§(K+T)2)
L(28,2T)6(X — S, K — T)dSdTdX dK.
The rhs of equation (160) is equal to
,C~<I>v(a, b) =
— 92n f ezm'[S(a—K+ia§X)+T(b+X+w,3K)+aX+bK] ﬁ(2 S, 27T)
e 5 (X} (K-T)) 5y x — § K — T)dXdKdSdT =
(162)

— 92n f eZﬂ'i[S(afK)+T(b+X)+aX+bK]IA/(2S’ 2T)
e~ (R} KA ) 5 X § K — T)dXdKdSdT =

— 92n f 627ri[—SK+TX+a(X+S)+b(K+T)]ﬁ(25, 2T)
e—g(03(X+S)2+0§(K+T)2),[}(X — S, K — T)dXdKdSdT,

which is the same as the last member of equation (161).
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The proof is complete.

Theorem 4.6 (Weyl symbols for the smoothed Wigner calculus) Consider f(x),g(x) €
S(R™), and L(x, k) to be the Fourier transform of a compactly supported tempered distribution
(in particular it is the restriction to the real numbers of) an entire analytic function. Then the
operator L, defined in equation (154), has Weyl symbol

Lz, k, X, K) =L <$ _ KoiopX gy X“"kK) . (163)

Proof: This proof follows along the exact same lines as the proof of theorem 3.4.
Indeed, observe that

I <$ Ok —io az k + da:‘f'io'!%ak) ’LU(IE, k) _

Ar 4

= [ emleX +hK—aX—bK] ], ( KoiofX po X*“’kK) w(a, b)dadbd X dK =

I rtra—Ktio2 kbt X +iocZ K
27m|:sz+a K2+“7IX+T + 2+10'k _sS—t

d L(s, t)dsdtdSdT
e2mileX+hK—aX=bK]y (¢ b)dadbd X dK =

—fe

_ f 627ri[X(a:+%+io§g)+K(kf§+ia§%)+S%+T§fa(X7§)fb<Kf%)]

L(S, T)w(a, b)dSdT dadbd X dK = (164)

_ f eZm‘[X(w-i—%-i—iag%)-ﬁ-K(k—%-&-ia%%)-i—S%-&-T%]

L(S,T)w (X — 5, K — L) dSdTXdK =

_ 22nf€27ri[ cc+T+wQS)+K(k S+wiT)+mS+kT] (25« 2T)
w(X — S, K —-T)dXdKdSdT =

_ 22nf627ri[5(x K+wzX)+T(k+X+W§K)+xX+kK] (25’ 2T>
W(X — S, K — T)dSdTdX dK,

which is exactly the rhs of equation (155).

We have seen the justification of imaginary translations through Fourier transforms for entire
functions before. Here it is applied on a smoothed function function and therefore Lemma 3.15
applies.

The other step that needs justification is the interchange of the dadb and dSdT integrations,
passing from the third to the fourth line. Remember that we have assumed dM > 0 such
that supp L(S,T) C [—M, M]?", therefore the real exponential terms e ™2 X5=7%KT can he
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substituted by e‘””gXS_”"iKTX[,QMQM}zn(S, T) without changing anything. The result then
follows by the standard tempered distribution calculus.
The proof is complete.

4.2 Coarse-scale dynamics in phase-space

Theorem 4.5 allows us to carry out in a precise manner the basic steps of SWT homogenization
outlined in Section 1.2:

Corollary 4.7 SSmoothed Wigner equations) Let L(z, k) € (S'(R*)™’, L = L(x,d,),
uo(z) € (S(R™))?. Consider the IVP

u(,0) = ug(x) 1)
Then the SWT of u, R _
W(x, k,t) = Wu(- t)](z, k) (166)
satisfies the IVP
Wy (z,t) + 2H (EW(u, t)) =0, (167)

W(z,k,0) = W[uo](x, k),

where L is defined in terms of L as in Theorem 4.5, and H(A) = % denotes the Hermitian
part of a matrix.

The proof is obvious, and consists in the application of Theorem 4.5, and the observation
that

Q?lQ-,

t

Wz, k,t) = W g, u)(z, k.t) + W, ue] (2
= —W|[Lu,u](z, k,t) — Wu, Lu](z, k,t
)

it) =
d i ) - (168)
= LW, b, 1) — (LW [ul(a, k1)) =

Corollary 4.8 (Smoothed trace formula) Let M, ;(z, k) € S'(R*), i,j = 1,....,d. Any
quadratic observable of a wavefield u;(x,t) € S(R™), i = 1,...,d, corresponding to the oper-
ator M = M (x,0,) (defined as in equation (18)) can be directly expressed in terms of the
(Hermitian-matriz-valued) smoothed Wigner distribution of u as

M(t) = / tr (MW a2 k. 1)) ded, (169)

z,kER™
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where M, j is defined in terms of M; ;(x, k) in the same way as L is defined in terms of L(z, k)
in Theorem 4.5. Moreover, observables can be resolved over phase-space at coarse-scale,

M(z, k,t) = tr (Mw(x, k, t)) (170)

consistently with their natural resolutions,

. 9" _ 2n(a—a’)?
/ M(z, k, t)dk = V2 / e & tr(a (2 t)Mu(d,t)) da’. (171)
0y

keR" z/€R”

and

B 2 _Qﬁ(k—k/>2 _ o

/M(:c,k,t)dmzﬂn / e 7 tr(ﬁT(k’,t)Mu(k’,t)) dK’. (172)
g

reR”™ k k’'eR™

The proof is obvious, since
MW [u)(z, k. t) = W[Mu, u](z, k, 1), (173)

and, Yu,v € (S(R™))?

/ tr (W[u,v}(m, k:)) dxdk = / o" (z)u(r)dz, (174)

a,keR™ w€Rn
B \/5” _2m(k—k')? B
/ Wlu, v](z, k)dr = — / e & tr (0T (K, talk't)) dk, (175)
o
zeRn b wimn

and similarly for the dk marginal.

In particular, all observables corresponding to polynomial Weyl symbols (which typically
include energy and energy flux) can be recovered from the SWT of the wavefunction in terms
of finite-order operators.

Corollaries 4.7 and 4.8 show how the smoothed Wigner calculus allows us to reformulate
problems, originally formulated for “waves” (i.e. for an oscillating wavefunction on R"), to
problems for “phase-space densities” (i.e. smooth / simple functions on R?"). Indeed, many
well known paradigms fit in this general description, with semiclassical limits and Wigner
measures being the most relevant from a technical point of view [3, 6, 8 17, 19, 11, 23].
The introduction of a “fundamental length”, controlled by o2, o2 is a distinctively different
feature from the Wigner measure approach; the concept of a fundamental length has also been
discussed from a physical point of view as well. For more treatments that can also be described
as “phase-space homogenization” in a wide sense — but not as closely related to what we do here
from a technical standpoint — see also [22] and the relevant survey in the introduction therein.
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A different problem (although similar in the sense that it involves infinite-order equations
governing a smooth density) is treated in [18].

Naturally, a concrete example is in place here:

Example 4.9 (Schrédinger equation) Consider a wavefunction satisfying the Schrédinger
equation, .
Su(z,t) — LAu(z,t) + iV (z)u(z,t) =0,

u(z,0) = ug(x). (176)
Then its SWT W (x, k,t) = Wu(-,t)|(x, k) satisfies the equation
217 (2, k, ) + (277/’{; Vat UV, vk) W (z, k, 1) +
s(zriois) . .
+2Re ( [ ) v oo+ gk %)ds> , a7
seR™

W (z, k,0) = Wug)(z, k).

The algebra of the smoothed calculus yields a very fortunate “accident”: we can have exact
coarse-scale reformulations for certain nonlinear equations with no additional work:

Example 4.10 (Cubic non-linear Schrédinger equation) Consider a wavefunction satis-
fying the cubic NLS equation,

Du(z,t) — LAu(z,t) + i (Vi (x) + Blu(z, t)*) u(z,t) =0,

u(z,0) = ug(x). (178)
Then its SWT W (x, k,t) = Wlu(-,t)](x, k) satisfies the equation
217 (2, k, ) + (%k Vot LV, - vk) W (k1) +
+2Re (z J e2mist [(s, t)W (2 + %, k — %)ds) , (179)
scR”
W (x, k,0) = Wlug)(z, k),
where .
F(s,t) = Fous [F(2,1)],
n  2n(z—2")? ~ (180)
Fla,t) =22 [ e & Vi@@)de +8 [ W(x, k,t)dk.
* a/eRn keRn
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Example 4.11 (Hartree equation (to smoothed Vlasov)) Consider a wavefunction sat-
1sfying the Hartree equation,

Su(x,t) — LAu(z,t) +i <V1 (x)+ [ Vo(z— x’)|u(x’,t)|2dx’) u(x,t) =0,

2R (181)
u(z,0) = up(x).
Then its SWT W (x, k,t) = Wu(-,t)](x, k) satisfies the equation
%W(a:, k,t) + (27Tk: -V + %’%Vx . Vk) 1474 (x,k,t)+
. TisT - I io2s s
+2Re (z e{v e F (s, t)W (x + 52, k — §)ds> : (182)
Wz, k,0) = Wlug](z, k),
where
F(s,t) = Fous [F(2,1)],
n 72#(93—1/)2 - (183)
F(z,t) = \g [ e A Vi@)dd+ 5 [ Vole—a)W(2, k,t)dkdz’.
? aeRn k,z' ER™

The derivation for either nonlinear equation follows by observing simply that the potential
appears in equation (177) not just as V(s), but as

o V(a")da'|

_2/)2
\/iﬂ / 67 27r(z2 )
z’'eR"

i.e. instead of the original potential V(z), it suffices to know the smoothed potential, V(z).
This, coupled with the marginals property of the SWT — equation (171) for M = I — makes it
possible to have closed smoothed Wigner equations in this case.

As we mentioned earlier, the closest relative to this approach (and an important motivation
for it) is the WT / Wigner measure based semiclassical limits technique. In the next Section
we study an application of the SWT to semiclassical problems.

5 The semiclassical regime

Let us start with a few words of motivation. We will work in an asymptotic regime, scaled with
a parameter 0 < £ << 1. The intuitive meaning of the small parameter ¢ is that we work with
signals / functions which exhibit very fast oscillations, e.g. WKB functions

Fo(z) = A(z)e T80, (184)
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Under certain conditions (e.g. the envelope A(z) is itself “smooth”, “slowly varying”) it can
be said that the function of equation (184) has amplitude n(z) &~ |A(z)|? and “instantaneous
frequency” / “local wavenumber” k(x) ~ VS(z). Indeed abstractions like these — and making
them precise — are at the heart of the (motivation for the) WT and time-frequency analysis. It
must be clear already why it is natural that these questions are formulated in an asymptotic
regime ¢ << 1. 13

Definition 5.1 (Semiclassical scaling of the WT) The semiclassically scaled WT is de-
fined as
W2 fLg s WS g, k) =
= [ e (e +9) g (v —F) dy = ZWIf,gl(5), (185)
ycRn
in agreement to [17, 11, 23].

Definition 5.2 (Semiclassical scaling of the SWT) The semiclassically scaled SWT is de-
fined as . .
We: fg— Welf gl(z, k) =

n —omi _ meopy _27T(u—x)2
=(2Z)" J VT fu+ B)g(u— $)dudy = (186)

u,yeR™
= Einq)\/ggwﬂ/gng[f, g] (ZL’, g) - q)\/gow,ﬁakwg[f7 g] (.T, k) .
Obviously the choice of the scaling of the smoothing,

Oz, Ok \/EO'x, \/Egka (187>

is to some extent arbitrary; in what follows we hope to show that it is a natural choice, at least
for some problems.
A central object in semiclassical problems is the well studied Wigner measure (WM). We

recall (adapted to our notation) a well-known and central result (see e.g. Proposition 1.1 and
Remark 1.3 in [11])

Theorem 5.3 (Definition of the WM) Consider a “semiclassical family of functions” { f*(x)}ec(o0,1)
satisfying the condition

My >0 ¢ ||l r2@m < Mo. (188)

Then the family of the semiclassical WTs {W¢[f*](x,k)}cc(0,1) has weak-+ accumulation points
as a set of functionals on an appropriate space of test-functions on phase space. When the
accumulation point is unique (equivalently, up to the extraction of a subsequence) it will be
called the WM associated with the semiclassical family {f*(x)}.c(0,1)-

13This could be seen as a “signal-processing-inspired” introduction for the semiclassical regime, see also [7].
The semiclassical regime, as the name shows, can also be seen as a physical regime of “large” quantum systems,
as was the original motivation of Wigner [23, 19].

M Numerical examples also offer important insights in this question. Of course, in certain problems it might
be that some other scaling is better. We only propose this as a reasonable, general-purpose starting point.

42



Usually we will consider families with a unique accumulation point

Wefe)(x, k) — WO (z, k). (189)

An important example is given for WKB families f¢(x) = A(a:)e%s (@) where (under appropri-

ate auxiliary assumptions, see e.g. [6])
We(fe)(z, k) — [A(@)[*0 (k — VS()). (190)

The WM (i.e. Theorem 5.3, but also concrete examples such as that of equation (190)
above) is the true justification for the semiclassical scaling of the WT.

A very successful technique in semiclassical limits has been to use the WM W0(z, k) to keep
track of the “data of the problem” (i.e. an appropriate family of observables) in an asymptotic
problem, i.e. for ¢ << 1. This has been successful in many cases [17, 11] to name but some
landmark works. However, this approach has its own limitations, such as leading to inconsistent
/ ill-posed problems in some cases — see [5] for a recent survey. We will also point out a couple
of other issues here — which exist even when the WM based model can be formulated and is
well-posed:

e Due to the interference terms, the incorporation of e-dependent corrections to a WM
based model is virtually impossible. This introduces a rigid scheme of the information
that can be kept track of or not. (Indeed one might say that morally, this is at the root
of some of the problems surveyed in [5]). The SWT offers, as we wish to show, a more
flexible way to decide “how much detail to keep”. Some more quantitative results in this
direction have also been presented in [2, 1].

e The fact that we have to work with a singular object (a measure supported on a low-
dimensional manifold) introduces many analytical as well as numerical nuances. We
believe that regularizing to a “nice” smooth density has the potential to make many
things easier, or even possible for the first time. A concrete, quantitative result in that
direction is Theorem 5.8.

An important fact that we need to mention here; it is well known that in the case of critical
smoothing, the WM is preserved. We quote the following result (in adapted notation) from
[19]:

Theorem 5.4 (Husimi has the same weak limit as Wigner) Consider a semiclassical fam-
ily {fe} with WM
Welre)(z, k) — WOa, k) (191)

in L*(R?")-weak. Denote g°(x) = 23e™ " -

HE[f) (2, k) = / g (x —a)g" (k = K)We[f](«, K)da'dk = @ e e WL S (2, k). (192)

o/ k' €Rn
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Then
He[f)(x, k) — WOz, k) (193)

in L*(R*")-weak.

By a straightforward adaptation of the same proof as in [19] the same can be seen to hold
in the more general case of (e-independent) 02,07 as well, i.e. the SWT has the same weak
limit as the W'T,

Welfel(z, k) — WOz, k) (194)

in L?(R?")-weak.

This is important, because it shows that working with the SW'T is in fact not a different
approach than the WM. As soon as we take ¢ — 0, working with the WT or with the SWT
are indistinguishable. The difference we want to build on, is that the SWT behaves drastically
better in several respects — e.g. numerically — than the W'T in the regime 0 < ¢ << 1.

A useful device in working with WTs in the semiclassical regime is the asymptotic com-
putation of WTs of WKB functions. Indeed, computations of that kind are used in [6, 7, 14]
to provide valuable insights — a simple one being equation (190). We carry out the respective
computation for the SWT:

Consider a WKB function of the form

.S (z
€ .

[(2) = Alx)e™™

Let us suppose moreover that both A and S are analytic in a neighborhood of ¢ € R™. We
know that the SWT of f¢ will be localized near (¢,p := V.S(q)). The following result makes
this precise:

(195)

Theorem 5.5 (Asymptotic computation of the SWT of a WKB function) There is a
neighborhood Q) of the point (q,p := VS(q)) such that, ¥ (z,k) € Q,

1+3(%D25(z))2

We[fs](l’ k) _ |A(:L’)|2 e—i—ﬂz(k—VS(x))T L+(GE D25(x))? (k=V5(2)) + 0(5%)
co2\ 20 14+3(22 D25 (x))?
\/(Tk) Det ( 1+(Z—{D23(x))2 )
(196)
Let us sketch the proof of the Theorem. Let us compute We[fe]:
= ot pe n , — = 9 8@/ +8)-S@'~8) 2k —27?%1)—2—2#&2& Py
We[f(x, k) = — [ A(z" +0)A(a! — 0)e ™ e e €0z “k dx'dk'do
oroy,
(197)
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The stationary points of the phase are real only if p = V.S(q). When p ~ VS(q), following the
method of [21] and since A and S are analytic we can change the path of integration in order
to catch the complex stationary points which are given by the equations:

=2k '+ VS +0)+ VS —0)=0 (198)
iVS(2' +6) — VS —§) — 25T =0 (199)
O-.Z‘
DY P L (200)
Ok

Let us compute everything for k + VS(x), k — k' and x — 2/ small. We get
kK —k

§ =i~ (201)
Ok
and
_D2S(x) (k/; k) - x/(; o0 (202)
—k+VS(z)+ D*S(z) (2" —z) — (K — k) = (203)
So )
e —%025(1«)(# — k) (204)
and )
K —k=—[1+ 22(D*S(x))? " (k — VS(x)) (205)
Ok
therefore: ,
¥ — = Z—%DZS(w)[l + (Z—:DQS(Q:))Q]l(k — VS(z)) (206)

It is easy to check the non singularity of the Hessian of the phase.
Finally we get the result, for £ ~ V.S(x), that is, |0] ~ 0, by expanding the phase around
the critical point.

Now we are ready to go to our results regarding the smoothed Wigner calculus and equations.
First of all, by obvious adaptation of the respective proof, we readily see that Theorem 4.5 scales
as follows:

Theorem 5.6 (Semiclassical smoothed Wigner calculus) Let f(z),g(x) € S(R™), L(x,k) €
S'(R*") and LF = L*(x,e0,) **. Then

WeIL £, g) (e, k) = LTV[f. g) (. ) (207)

15Gee Section 2 for the scaled Weyl calculus.
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where

Lo (2, k) =
= [ LS, T)erm e TS (AT e (4 TS gy SR ggqr,  (208)
S, TeR"

where ¢ (z, k) = We[f, g|(x, k) for brevity. In the special case L#(x,k) = V(z), the respective
ETPTression is

WeV f, gl(a, k) = / V(S)e2misSa—F oS ge (g 4 ZE%S ke — —S)dS (209)

SEeR"

All the functional analytic framework we constructed for smoothed functions should be
scaled correctly with ; for the most part this is a very predictable exercise. The guideline is
naturally the substitution of equation (187).

The following result is an elaboration which will be particularly useful in the sequel:

Theorem 5.7 (Semiclassical estimates for smoothed Wigner distributions) Let f(x) €
L*(R"), )
w(z, k) = W)@, k). (210)

Then the following estimate holds:

< P Wy 2= (445

|0 (z + iy, k+iz)| < % ok (211)
eholloy
Moreover, let my,ma,mg,my € (NU{0})", and denote |my + ma + ms + my| = m. If
[yl |2] < Ve, we have
2n (w2 4 1=
mi1 Qma GM3 GM4 7€ . . ||fHL2R” e’ ( E 0%)
|81‘ 8@; 8k 8k w (‘T +Zy’k +7’Z)| < F(m17m27m37m4)62+n |m1+m2|+n |ma+ma|+n (212)
Ok
Proof: First we will prove equation (211). The starting point is the observation that
, K K
WL K) = Faon VLA R = [ e (o= 5 ) g (o0 5 o 19
yeR”
This gives us the uniform in ¢ bound
(WL K] < 1] e ny- (214)
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Now we have

[0f (x + iy, k +iz)| = | [ ePrilletmX+ttinklge (X K)dXdK| =

X,KeRn
_ | f 2771[(:D+zy)X+(k+zz)K] ( 2X2+02K2)W5 [fg] (X K)dXdK‘
X,KeRn” (215>
e (224 52 |2 2| fe112, (%4—%‘2)
<o NBagy [ e F XA ) 2N B x g — e o= )
X, KeRn k
For equation (212), observe that
071020, 0y ° (v + iy, k +1iz)| <
< (2m)™ f Xm1+m2Km3+m4627ri[(x+iy)X+(k+iz)K]ﬁ‘)a(X, K)dXdK| <
X,KeR?
||f€||L2 Rn)( ) f |Xm1+m2| —Lo2X?-2myX f |Km3+m4|€——a,§l<2 2mzK <
XGR" KeRn
2z (w2 122
. € ( f"z + "k > .
(216)

S | |f€| |%2(Rn) (27T>m (EW)%+"U‘m1+m2|+”g\m3+M4\+n
© k

2
|m1+m2‘d [mi1+malqg—1
m m s
" (e (4220) ™ e g ).
<

s

=0
|m3§n4\d (\m3+lTn4|d) <\/ﬂ|2d|

=0

i
I

|ma+ma|q—1
2 >

)

s

.
Il
—

2 (1 1 12)
||f8||iQ<Rn)e e 7k

< F<m17m27m37m4) M4y |[mp+maol+n _|mg+myl+n *
€2 "oy oy

The elementary computation which allows us to pass from the third line to the fourth, is

o m,—ax?—bx e% - m b m—l 420 1, —u?
[ ame do = mf%(l)(ﬁ) fb ue " du <
r=0 a = u=—b_
e (217)
m—I
i (2)" T ()

ail

The assumption |y|,|z| < /¢ implies that |\y/‘i‘, % <

last line (equivalently, F'(my,ma, mg, my) is independent of ¢).

1, and therefore we can pass to the
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The proof is complete.

Now we are ready to see how the smoothed Wigner calculus can be approximated by dif-
ferential operators in the semiclassical regime. This is the kind of computation necessary for
the formulation of asymptotic SWT-based models:

Theorem 5.8 (Semiclassical finite-order approximations to the smoothed Wigner calculus)
Let NeN, V(z):R" - R, e €(0,1). Assume that

(A1) V(k) has no singular support outside {0} 6.
(A2) 3C, > 0,0 < M; < N + 1 such that
V (k)| < Cylk| ™™ VK| <1,k #0 (218)

(A8) For an appropriate'™ (finite) constant My = My(n, N) < min{—n—1,-3}, 3Cy > 0 such
that

IV (k)| < Calk|™ V|k| > 1. (219)

Moreover, consider a “semiclassical family of wavefunctions” {f¢} C S(R™) generating the
SWTs

(2, k) = WELL) (), (220)
for which we assume that My > 0 such that
1 f4]|z2@ny) < Moy Ve > 0. (221)
According to Theorem 5.6,
WV £, 9] (o k) = / (27iSE=F OIS ()i (1 + ’5%5 k- S S)ds. (222)
SeRn

Assuming in addition that o < 2, this expression can be approzimated by differential operators,

WEV fe, fo(z, k) =

N m A+B n o n
m— Oy TPV (x By ~
- 47rz) Z( ) ( ) : Z Z T AIBl H H Ada ¢ (Jf,k‘)"—
m=0 =0 Ae (Nu{o})® Be (Nu{opH» d=1d'=1
Al =1 |B| =m —1
+r.(x, k),

(223)

16Tn fact we could handle singular support away from 0 with no big problems; we exclude it here for simplicity.
1"This is not the full assumption for Ms. See remark 3 below, and the remarks at the end of the proof.
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where .
el [zquny = O (£ 77), (224)

and V (z) is the potential V() smoothed at scale o2,

V(2) = ( V2 ) / Y (@ — @ V(). (225)

Remarks:

1. Equation (196) shows clearly that the L> norm of the SWT of a WKB function is of the
order e~™. This makes the estimate of equation (224) significant, since it can be written
as T

rellzeqeony = O ("3 (WALl poequney ) - (226)
Moreover the same estimates as (196) can be proved to be valid for the suitably scaled
derivatives of W¢[f¢], making the estimate (224) sharp.

2. A qualitative description of the result: for appropriately (but finitely in any case) smooth
potentials, the smoothed Wigner calculus (and therefore the “scattering term” in the
smoothed Wigner equation (177) ) can be approximated uniformly by a differential op-
erator in the semiclassical regime. Of course @ (x, k) and We[V f¢, f°](x, k) themselves
become unbounded pointwise as € — 0, but still we can approximate them strongly.

This should be compared of course to the weak approximation of the Wigner calculus
that is the standard device for constructing asymptotic equations for Wigner measures.
Indeed, this result is a precise quantification of the argument that “the SWT is better
suited to keep track of the wavefield in the semiclassical regime than the WT”.

3. A note must be made on the selection of M,: at several instances along the proof, a
condition of the type My < so will appear. Some of the conditions originally appear not
in that form, but in all cases they can be satisfied by choosing M small enough. The
collection of these conditions (which depend on n, N as well) is the actual assumption
which has to be satisfied by M,. References to all the conditions are gathered in a remark
in the end of the proof.

Proof: The central idea of the proof is actually very simple: we break the dS integral over a
neighbourhood of zero and its complement, we Taylor-expand w® (x + ieg i ,k—5S) in equation
(222) around (z, k) up to order N and keep the remainder. Then we compute the approximation
error of the Taylor expansion, and the contribution of the dS integral away from zero.

First of all let us fix notations on the Taylor expansion: if g : R" — R is a sufficiently smooth
function, then

]m

N
210z, + ... + 04,
o)=Y o

m)!

9(0) + Ry (x), (227)

m=0
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where the remainder can be described as follows: 30 = 0(z) € (0, 1) such that

Ra(x) = (£

0x). 228
) (228)
Now define
. ieo?
g(S) = (z + mS k——S). (229)
It is clear that the Taylor Theorem is applicable 18. Observe moreover that
ieo? 5 . zs%
Js,9(5) = [ 2$ md—§6kd] W (x + S, k:——S) (230)
Now we have the Taylor expansion
N
S10s, + ... + Sp0s, "
o(5) =y 1 =L g0+ Ra(s), (231)

m!
m=0

where, for each S, the remainder is given by

N+1

" N+1 -
RN(S) = (N—il)w |:Z iUngaa;d — Sdﬁkd} we (:L‘ + 015023;5" kL — 0%) —
d=1

N N v o, Lra N e ico2S S
- —(N+1) N Z ( ) > 102540y, > —Sa0k, W <$ + 6 = k- 97> -
d=1

d=1

N+1

eN+1 l _
= 2N+1 ZZ (ZO_ ) (_1)N+1 :
=0

n N+1-1 .
> G span > S [T spop | (o+ 05 k- 05 =
Ae (Nu{ohn d=1 Be (Nu{o}h" d=

|A] =1 IBl=N+1-1

N+1

=S Y (i02) (1N
=0
DR § e S g llspon | (v + 055k~ 055).
e (Nu{ohH™ d=1 B e (Nu{o})™ d=1

|[Al =1 |Bl=N+1—1

(232)

8Indeed, g(S) can be seen is actually an entire function; observe however that we are only interested in
S € R™, so we can use the Taylor expansion for real functions.
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It follows therefore that, if |S| < r

N+1
S N+1
R (9)] < S¥a— 3 o > & > o
1=0 Ae (Nu{oph Be (NU{o})"
|A| =1 |Bl=N+1-1
ica2S
sup ’axl Tnki.. kn <$+ = k ) ’ <
IS| <
A e (Nu{o}H)?"
|A'|=N+1
S N+1 N+1 N+1 ZU%S
< S max{1, 07"} Z TN+ |§|u£ [/ <x+ 5k — %> | =
A€ (NU {0}
|[A|=N+1
n N+1 'iO'Q
= (relS) " (EJVS&; maz{1, 2" D) sup (2 i <x+ 52”3,14:— %) |.
S| <7
A’ € (NU{0})%"
|A’| =N +1
(233)
At this point we need to use Lemma 5.7. To do that, we have to check that
eo?

5151 < Ve (234)
One thing we will do is use the assumptlon 02 < 2; moreover, (for reasons that will become

more clear below), we will set r = ¢ e and therefore £|S| < L e1TIm . So using finally
the constraint

it follows that er < 2 and equation (234) holds. In particular, the assumptions of Theorem
5.7 are satisfied.

Now, using Theorem 5.7, and more premsely equation (212), as well as equation (221), it
follows that there is a constant C' = C(N, n, 02, 7) such that

) ;1;7

, ica?S eS - M2 eFozlSP
sup |8f1 ek g, 0T+ —=— k= — ]| < (@il — g . (236)
S| <r 2 2 g7z tn
A’ € (Nu{0})2"
|A/| = N +1

So now it follows that the remainder of the Taylor expansion of

Z€O’

g(S) = (z + xS k— —S) (237)
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1.1
around S = 0 (and for S in any case not larger than |S| < e 472050 is dominated by

N+1 7"5‘772;|S|2

IRy (S)| < H ™5 -n| 8|V 1675 (238)

for some constant H = H(N,n,o2,0%).

) x?

The next part of the proof is simple (if a little tedious): we break the integral of equation
(222) to I, = i and [, = i . We use the N-order Taylor expansion of
i5|<e” 1T 200D 8|5 1T 20T
g(S) in I, and bound the error using equation (238). For the contribution of Iy, we will use
the estimate of equation (211) . Of course some more auxiliary assumptions (described in the
statement) will come up along the way. (See also the remarks at the end of the proof).
The first contribution to the error comes from

E, = / 2= F o (S) R (S)dS. (239)
|S|<5_%+2(A4;+1)
Using the previous results and the assumptions of the Theorem we have

Bl<HES™ [ [V(S)IISPNTS <

_1, 1
15| <e 135 +1)

SHez ™ |0 [ |S|"MHNHgs 4 i |§|MaAN+1 g (240)
Sl<t 1<|5|<e” 1T I
. . 1 At e
=Hes " _gzrf) Cy [ rMANtgS L0y [ MRS
2 r=0 r=1
Here we make use of the assumption M; < N + n, and moreover we assume
My+N+n+1#0. (241)
Now we are able to proceed to
9 n O (M2+N+n+1)(*i+m> -1
By < He" 5 2 ! oA L (242)
(%) |N+n+1-M My+ N+n+1
Clearly the best we can ask for here is
(My+ N +n+1) 1+ ! >0 (243)
n —+———1] 20,
2 4 2(My+1)
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so that the total bound for FE; is controlled by g3 (it is obvious that for My small enough
the inequality (243) holds).
On the contribution of I, making use of Theorem 5.7, we observe that

> 7"50720 S ieo
L] < V(S)|e =5 iz + E2S, k — £9)|dS <
2 2
Eaer oy
(244)
n +oo
< 022\/13 Fzzr%z) f pMatn—1 7,
ree AT EOGTD
We will have to assume
My <—-1—n (245)

for the integral to exist (observe however that this is not automatically enough for lin& I, =0);
£—

with that we get
n 1 Ms+n n—1
|| < S I?Ef;)g—g—;z g (246)
2

Like earlier, we ask not only that lirrol I, = 0, but that || is controlled by £*2" ~". This amounts
v 1Myt 1 _N+1
2 n n —
. > _n. 247
2 i 2L+ n- 2 " (247)

Now observe that equation (232) gives the structure of all the terms in the Taylor expansion,
not only the remainder. That is, the order-m term of the Taylor expansion (231) is given by

T(S) = v 2 (io2)! (1)

n n (248)
LT S4apAa &I 8700 | w (k).
Al d T4 B!
Ae(Nu{ophr d=1 B e (NU{ophn d=1
|A| =1 |Bl=m—1
So what we have shown so far is that
WelV 2, f)(x, k) =
27rzS:L’——U2S2 N em o 2 " ~e ~
= i e V(S) Y =S | 2 1028405, — Salk, | dSw°(x, k) + 7(x, k) =
‘S‘ge,%rm m=0 d=1
N m n n
=Y &> @) ()™t Y OIS Jig) 0440 e (w, k) + 7o(x, k),
m=0" (=0 Ae(NU{op)» Be (NU{oH)” d=1d'=1 d
|A] =1 |Bl=m—1
(249)
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where the coefficients D(A) are given by

D(A)(z) = / ¢ FmiSt=F oSty HSAdS (250)

1 1
1S]<e 11200 D)

and .
||7e] oo (r2n) = O( 7_71) : (251)

Observe that the coefficients D(A + B) are truncated versions of the derivatives of the
smoothed potential. Indeed, denote

D(A)a) = [ e S FASY(S) [] 5748 =

SeRn d=1
al? (252)
= (g,raf)m‘\ (%) J};@ e =t V(z)da' = #@\/&IV(@;
x/ER™
then
]3(14)(1') = D(A)(I) — D(A)(ZL’) — f e—ZWZSx——UQSQ ( ) 1:[ SAddS. (253)

1 1
|S|>e 1200

This difference is small, and the final part of the proof consists in showing that we can substitute
D(A) for D(A) and have a similar error estimate as in equations (249), (251). To that end, it
suffices to show that 3C' > 0 such that Yz € R" and VA € (NU{0})", |[A] < N,

I (A)(z)| < O 2 (254)

Then (using Theorem 5.7 once more) the error introduced by substituting D(A) for D(A) in
equation (249) will be dominated by

N m
m ! I3(A+B)| By ~ -
> 5w (03) > > el H H 02310, 0 (@, k)| + |Fe (2, k)| <
m=0" =0 Ae(NU{op)™ Be (NU{ohH™ d=1d'=1
Al =1 |[Bl|=m —1
N N+1 m - N4+1
<O Y emez e 2 "4 Tz, k)| = O (5 2 ’”)
m=0
(255)
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So let us prove equation (254):

| 13(A) ()] < S e~ TS|V (S >|}i[1|sd|AddS<

—

_ 1
IS|>e 1t o)

<O, f 67—UZS2|S’M2+n\A\dS _

1 1
|S]>e 10T

+o0

n
_ 22 M 52p2 rM: Al+n—14,. _
=Cofyy [ erEmreMemidAlar =
2 771!+2(M1+1
r=e 1TEOLTD (256)
+oo
o oy Oy f aMg+n\A|+nfle,ﬂr02r dr —
(%) ( €7TO'2 Mo+n|A|+n—1 A
1 1
r:571+2<M2+1)
n
2 Mo+n|A|l4+n—2 _er ;2,2
_ 2r2 Cy oM |A] e~ T

- S TS BN
0(%) (emo2)M2tridln=1 . AT 30D

! ~—Mo—n|A|—n+1
<C2€ 2—n|A|-n+

3 1 1 1
ro2e A T2, F) ) ‘ G_HU%TLMQH
?

HM2+n|A|+n2< - 2 20

where of course Hy(x) is the Hermite polynomial of order s. By strengthening the assumption
M, < —3 (which already has appeared in equation (235) ) to

M, < —3 (257)

3,1
we get that citanL+ = o(1), and therefore only the zero order term of Htyqn)Aj4+n—2 has to
be considered in the last line of equation (256). Observe moreover that

T 2 % M1+1

1>

— & g4e 2

e 27z < ]_.

Using these observations, equation (256) implies
|13(A)(CL’)| < Cé/ g—Mz—n\A|—n+1 < Célé_Mz_nN_n+l (258)

(remember that |A| < N). Now asking that equation (254) holds is equivalent to asking

N+1

g=Me=nN=—ntl < o5~ « M, —nN —n+1> ¥

5 =

(259)
& My<—N(n+3)—n+1i.

The proof is complete.
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Remarks on the choice of the parameters:

The constraints for My come up during the proof in equations (235), (241), (243), (247),
(257), (259). Clearly, each of these constraints can be satisfied for M, small enough, depending
on N, n.

The constraint for o2 came up right after equation (234).

The constraint for M, appeared right after equation (240).

Theorem 5.8 result must be compared with its counterpart for the WT, quoted here (in
adapted notation) from [11]:

Theorem 5.9 (Semiclassical finite-order approximations to the Wigner calculus) Let
p(z, k) € C(R*™) satisfy, for some M| > 0

VaeNmIOn L op(e k) < Call+ kDM (260)
Assume also || f*]|L2mny, [|6°]|2@@ny < Mo Ve > 0. Then

Welp(w,€0,) f%, 9%(x, k) = p(z, K)We[f%, g7 (z, k)+

n (261)
+ﬁ dzl [akdp(x7 k)amdws[fsa gs](l‘7 k) - al‘dp(m7 k)&’cdws[fga gg](xv k)] + €2T67

where 1. is bounded in S'(R*") as ¢ — 0.
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