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Abstract We study non-elliptic quadratic differential operators. Quadratic differ-
ential operators are non-selfadjoint operators defined in the Weyl quantization by
complex-valued quadratic symbols. When the real part of their Weyl symbols is a
non-positive quadratic form, we point out the existence of a particular linear subspace
in the phase space intrinsically associated to their Weyl symbols, called a singular
space, such that when the singular space has a symplectic structure, the associated
heat semigroup is smoothing in every direction of its symplectic orthogonal space.
When the Weyl symbol of such an operator is elliptic on the singular space, this space
is always symplectic and we prove that the spectrum of the operator is discrete and
can be described as in the case of global ellipticity. We also describe the large time
behavior of contraction semigroups generated by these operators.

Mathematics Subject Classification (2000) 47A10 - 47D06 - 35P05

1 Introduction
1.1 Miscellaneous facts about quadratic differential operators
Since the classical work by J. Sjostrand [12], the study of spectral properties of qua-

dratic diffrential operators has played a basic rdle in the analysis of partial differ-
ential operators with double characteristics. Roughly speaking, if we have, say, a
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classical pseudodifferential operator p(x, £)" on R” with the Weyl symbol p(x, &) =
Pm(X, &)+ pm—1(x, &) +...of order m, and if Xg = (x¢, &) € R?" is a point where
Pm(Xo0) = dpn(Xo) = 0 then it is natural to consider the quadratic form g which
begins the Taylor expansion of p,, at X¢. The study of a priori estimates for p(x, &)V,
such as hypoelliptic estimates of the form

ullm—1 < Cx (Il P, &) ullo + 1 llm—), ueCF(K), K CCR",

then often depends on the spectral analysis of the quadratic operator g (x, £)". See
also [7], as well as Chapter 22 of [8] together with further references given there. In
[12], the spectrum of a general quadratic differential operator has been determined,
under the basic assumption of global ellipticity of the associated quadratic form.

Now there exist many situations where one is naturally led to consider non-selfad-
joint quadratic differential operators whose symbols are not elliptic but rather satisfy
certain weaker conditions. An example particularly relevant to the following discus-
sion is obtained if one considers the Kramers—Fokker—Plank operator with a quadratic
potential [3,4]. The corresponding (complex-valued) symbol is not elliptic, but never-
theless, the operator has discrete spectrum and the associated heat semigroup is well
behaved in the limit of large times (see [5]).

The purpose of the present paper is to provide a proof of a number of fairly general
results concerning the spectral and semigroup properties for the class of quadratic
differential operators in the case when the global ellipticity fails. Specifically, and as
alluded to above, we shall consider the class of pseudodifferential operators defined
by the Weyl quantization formula,

/ ei(X—y)Eq (% 5) u(y)dydg, (1.1.1)

R2n

q(x, &) ulx) =

Q2m)"

for some symbols g (x, &), where (x, §) € R” x R" and n € N*, which are complex-
valued quadratic forms. Since the symbols are quadratic forms, the corresponding
operators in (1.1.1) are in fact differential operators. Indeed, the Weyl quantization of
the quadratic symbol x*&#, with (a, B) € N?" and |o + B| < 2, is the differential

operator
B B
DtD D o
)%’ D, =i 'a,.

Let us also notice that since the Weyl symbols in (1.1.1) are complex-valued, the
quadratic differential operators are a priori formally non-selfadjoint.

In this paper, we shall first study the properties of contraction semigroups generated
by quadratic differential operators whose Weyl symbols have a non-positive real part,

Re g < 0. (1.1.2)

Our first goal is to point out the existence of a linear subspace S in R} x Rg‘, which
will be called the singular space and which is defined in terms of the Hamilton map of
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the Weyl symbol ¢, such that when S has a symplectic structure, the associated heat
equation

ou w
{E(r,w — g, §)"u(t, x) =0 113
u(t, Moo = o € LX),

is smoothing in every direction of the orthogonal complement S° of § with respect
to the canonical symplectic form o on R?",

o ((x, &), y,m) = £y —x, (x,8) € R (y,n) e R?". (1.1.4)

We shall also describe the large time behavior of contraction semigroups

w
elll(xf) s t Z 0’

associated to (1.1.3). When the Weyl symbol ¢ satisfies (1.1.2) and an assumption of
partial ellipticity, namely when ¢ is elliptic on the singular space S in the sense that

x,8)eS, qgx,6)=0= (x,§) =0, (1.1.5)

then S is automatically symplectic, and we prove that the spectrum of the quadratic
differential operator ¢ (x, £)" is only composed of a countable number of eigenvalues
of finite multiplicity, with its structure similar to the one known in the case of global
ellipticity [12].

It seems to us that the singular space S introduced in this paper plays a basic role in
the understanding of non-elliptic quadratic differential operators. Its study may there-
fore be also particularly relevant in the analysis of general pseudodifferential operators
with double characteristics, when the ellipticity of their quadratic approximations fails.

Before giving the precise statements of these results, let us begin by recalling some
facts and notation about quadratic differential operators. Let

q:RYxRf - C

X

(x,8) = q(x,§),
be a complex-valued quadratic form with a non-positive real part,
Req(x,£) <0, (x,&) € R neN*. (1.1.6)

We know from [9] (p. 425) that the maximal closed realization of the operator g (x, £)",
i.e., the operator on L2(R™) with the domain

{ueL’(R") 1 q(x.§)"u € LX®R"),
coincides with the graph closure of its restriction to S(R"),

q(x, &))" : S®R") - SR,
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and that every quadratic differential operator whose Weyl symbol has a non-positive
real part, generates a contraction semigroup. The Mehler formula proved by L. Hérman-
der in [9] gives an explicit expression for the Weyl symbols of these contraction semi-
groups.

Associated to the quadratic symbol ¢ is the numerical range X (q) defined as the
closure in the complex plane of all its values,

T(q) = g% x RY). (1.1.7)

We also recall [8] that the Hamilton map F' € M>,(C) associated to the quadratic
form ¢ is the map uniquely defined by the identity

q ((x, 8); (y,m) =0 ((x, &), F(y,m), (x,&) e R™, (y,m) e R™,  (1.1.8)

where ¢ (-; ) stands for the polarized form associated to the quadratic form ¢. It fol-
lows directly from the definition of the Hamilton map F that its real part Re F and its
imaginary part Im F are the Hamilton maps associated to the quadratic forms Re ¢ and
Im g, respectively. Next, (1.1.8) shows that a Hamilton map is always skew-symmetric
with respect to o. This is just a consequence of the properties of skew-symmetry of
the symplectic form and symmetry of the polarized form,

VX,Y e R¥, o(X,FY)=q(X;Y)=q(Y;: X)=0(Y, FX) = —o(FX, Y).
(1.1.9)

Let us now consider the elliptic case, i.e., the case of quadratic differential operators
whose Weyl symbols are globally elliptic in the sense that

(x,£) € R, g(x,6) =0= (x,£) =0. (1.1.10)

In this case, the numerical range of a quadratic form can only take very particular
shapes. J. Sjostrand proved in [12] (Lemma 3.1) that if ¢ is a complex-valued elliptic
quadratic form on R2" with n > 2, then there exists z € C* such that Re(zg) is a
positive definite quadratic form. If n = 1, the same result is fulfilled if we assume
besides that ¥(g) 7# C. This shows that the numerical range of an elliptic quadratic
form can only take two shapes. The first possible shape is when X(g) is equal to
the whole complex plane. This case can only occur in dimension n = 1. The second
possible shape is when X (g) is equal to a closed angular sector with a vertex in 0 and
an aperture strictly less than 7 (see [11] for more details).

We also know that elliptic quadratic differential operators define Fredholm opera-
tors (see Lemma 3.1 in [7] or Theorem 3.5 in [12]),

q(x,&)" +2: B> L*R"), (1.1.11)
where B is the Hilbert space

@ Springer



Spectra and semigroup smoothing for non-elliptic quadratic operators 805

B

[u € L2R") : g(x, £)"u € Lz(R”)}

{u € LXR") : x*DPu e LAR") if o + B < 2} . (LL12)
with the norm

lully = D Ix*DEull?a -
la+p]<2

Moreover, the index of the operator (1.1.11) is independent of z and is equal to O when
n > 2. In the case n = 1, the index can take the values —2, 0 or 2. It vanishes as soon
as X(q) #C.

When ¥(g) # C, J. Sjostrand has proved in Theorem 3.5 of [12] (see also
Lemma 3.2 and Theorem 3.3 in [7]) that the spectrum of an elliptic quadratic dif-
ferential operator

q(x,&)" : B — L*(RM),

is only composed of eigenvalues with finite multiplicity,

o(qx,&)") = Z (ra 4 2k)) (—ir) 1k, e N}, (1.1.13)
rea (F),
—ireZ(g)\{0}

where F is the Hamilton map associated to the quadratic form ¢ and ry,_ is the dimen-
sion of the space of generalized eigenvectors of F in C*" belonging to the eigenvalue
reC.

Let us also recall the result proved in [11] about contraction semigroups generated
by elliptic quadratic differential operators whose Weyl symbols have a non-positive
real part. This result shows that, as soon as the real part of their Weyl symbols is
a non-zero quadratic form, the norm of contraction semigroups generated by these
operators decays exponentially in time.

In this paper, we study the case when the ellipticity fails. Our second result (The-
orem 1.2.2) extends the description of the spectra (1.1.13) to the case of quadratic
differential operators whose Weyl symbols are partially elliptic, but not necessarily
globally so. To get this result, we only require that these symbols have a non-positive
real part and are elliptic on their associated singular spaces. We also prove a result on
the exponential decay in time for the norm of contraction semigroups generated by
non-elliptic quadratic differential operators.

Let us now define this singular space. The singular space S associated to the symbol
q is defined as the following intersection of the kernels,

“+o00

S = ﬂKer[Re F(Im F)f] NR?", (1.1.14)
j=0
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where the notation Re F and Im F stands respectively for the real part and the imag-
inary part of the Hamilton map associated to g. Notice that the Cayley-Hamilton
theorem applied to Im F' shows that

(Im FY*X € Vect (x, ..., (m F)2"—1X) . XeR¥, keN,

where Vect (X yeory(Im F )2”_1X ) is the vector space spanned by the vectors X, ...,
(Im F)*"~1X, and therefore the singular space is actually equal to the following finite
intersection of the kernels,

2n—1
s={ ) Ker [Re F(Im F)f] AR, (1.1.15)
j=0

The subspace S obviously satisfies the two following properties,
(Re F)S=1{0} and (Im F)S CS. (1.1.16)

We can now give the statements of the main results contained in this paper.

1.2 Statement of the main results

In the following statements, we consider a complex-valued quadratic form

q:RY xR - C,

X

with a non-positive real part,
Re q(x,£) <0, (x,&) € R, n e N*, (1.2.1)

and we denote by S the singular space defined in (1.1.14) or (1.1.15).

Our first result states that when the singular space S has a symplectic structure,
in the sense that the restriction of ¢ to S is nondegenerate, the heat equation (1.1.3)
associated to the operator g (x, £)* is smoothing in every direction of its orthogonal
complement S° with respect to the canonical symplectic form in R?".

Theorem 1.2.1 Let us assume that the singular space S has a symplectic structure.
If (x', &) are some linear symplectic coordinates on the symplectic space S°*, then
forallt >0, N e Nandu € LZ(R”),

w w
((1 + X1 + IE’IZ)N) 1"y e LR, (12.2)

Let us mention that the assumption about the symplectic structure of S is always
fulfilled by any quadratic symbol ¢ elliptic on S, i.e.,

x,8)eS, qgx,8)=0= (x,§)=0. (1.2.3)
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This assumption is therefore always fulfilled for elliptic quadratic differential opera-
tors. We will see that it is also the case for instance for the Kramers—Fokker—Planck
operator with a quadratic potential, which is a non-elliptic operator.

When ¢ is a complex-valued quadratic form with a non-positive real part verifying
(1.2.3), we can give another description of the singular space in terms of the eigen-
spaces of F' associated to its real eigenvalues. Under these assumptions, the set of real
eigenvalues of the Hamilton map F can be written as

oc(F)NR={A1, ..., Ar, —A1, ooy —Ar),

with A; # 0 and A; # £\ if j # k. The singular space is then the direct sum of the
symplectically orthogonal spaces

S=25;,8°tS,e’ ... e%ts,, (1.2.4)
where §,,; is the symplectic space
S, = (Ker(F — 1j) @ Ker(F + j)) N R*", (1.2.5)

These facts will be proved in Sect. 1.4.

Our second result deals with the structure of the spectra for non-elliptic quadratic
differential operators. This result extends the description of the spectra (1.1.13) proved
by J. Sjostrand in [12] (Theorem 3.5) for elliptic quadratic differential operators to
the case of quadratic differential operators which are only partially elliptic. To get
this description, we only require in addition to the assumption (1.2.1) the property of
partial ellipticity (1.2.3) for their Weyl symbols.

Theorem 1.2.2 [f g is a complex-valued quadratic form with a non-positive real part
and if q is elliptic on S,

(x,6) €8, q(x,§) =0= (x,§) =0,

then the spectrum of the quadratic differential operator q(x, )" is only composed of
eigenvalues of finite multiplicity,

o (g(x,6)") = > (r+2ky) (=id) ke NY,  (1.2.6)

reo(F),
—i2eC_U(Z(gls)\{0})

where F is the Hamilton map associated to the quadratic form q, r), is the dimension of
the space of generalized eigenvectors of F in C*" belonging to the eigenvalue ). € C,

Y(qls) =¢q(S) and C_ ={zeC:Rez <0}
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Since the singular space S is distinct from the whole phase space as soon as the
real part of g is not identically equal to zero, Theorem 1.2.2 is a generalization of the
result proved by J. Sjostrand for elliptic quadratic differential operators.

Finally, we give a result concerning the large time behavior of contraction semi-
groups generated by non-elliptic quadratic differential operators, which extends the
result obtained by the second author in [11].

Theorem 1.2.3 Let us consider a complex-valued quadratic form

q:R"x]Rgﬁ(C,neN*,

X

with a non-positive real part, such that its singular space S has a symplectic structure.
Then, the following assertions are equivalent:

(1) The norm of the contraction semigroup generated by the operator q(x, )"
decays exponentially in time,

IM > 0,3a > 0,V = 0, 9" | 112y < Me™ .
(i) The real part of the symbol q is a non-zero quadratic form
14 ) Y q q

A(x0, &) € R*", Re q(xo, &) # 0.

(iii) The singular space is distinct from the whole phase space S # R*".

Since the assumption about the symplectic structure of the singular space S is
always fulfilled when the symbol g verifies (1.2.3), Theorem 1.2.3 is a generalization
of the result proved in [11] for elliptic quadratic differential operators.

Remark 1t follows from [11] that if the quadratic form ¢, satisfying (1.1.2), is such
that Re F is not nilpotent, then the statement (i) in Theorem 1.2.3 holds. On the other
hand, if Re F is nilpotent then necessarily (Re F )2 = 0, see [11]. In this case the
assumption about the symplectic structure of the singular space in Theorem 1.2.3 can-
not be dropped completely. Indeed, let us consider the quadratic differential operator
defined in the Weyl quantization by the symbol

q(x,£) = —x7.

This operator is just the operator of multiplication by —x2, which generates the con-
traction semigroup

1"y — eftxzu, t>0, ueL*>(R"),
whose norm is identically equal to 1,

”ezq(x,é)w”aLz) =1,1t>0.
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Remark Let us mention that our proof will show in particular that when ¢ is a com-
plex-valued quadratic form on R?", n > 1, with a non-positive real part and a zero
singular space S = {0}, then

D" = I, 4 O, (™), 120,
in the space £(L?) of bounded operators on L?(R"), for any a > 0 such that

o (q(x,&)")N{z € C:Rez = —a}

=1 > +2k)(—iN):k eNtn{zeC:Rez=—a} =4,
reo (F),
Re(—iA)<0

where I1, stands for the finite rank spectral projection associated to the following
eigenvalues of the operator g (x, £)V,

o (q(x,&)")N{zeC: —a <Rez}

= E (ry +2k)) (—ir) :kp eNtN{zeC:—a <Rez},
reo (F),
Re(—iA)<0

where F is the Hamilton map associated to the quadratic form ¢ and r;, is the dimen-
sion of the space of generalized eigenvectors of F in C*" belonging to the eigenvalue
reC.

Let us now explain the key arguments in our proofs of these theorems.

1.3 Structure of the proof

Our main assumption about the symplectic structure of the singular space S fulfilled
in the assumptions of all the three theorems allows us to find some symplectic coordi-
nates (x’, &’) in S°* and (x”, £”) in S such that the complex-valued quadratic form g

verifying (1.2.1) can be written as the sum of two quadratic forms with a tensorization
of the variables (x’, ') and (x”, £"),

q=qls+qlsor, (x,§ =" x";§,§") e R,
where the first quadratic form ¢g|g is equal to
qls =iqls,

with g|s a real-valued quadratic form; and where the second quadratic form q| g1 is
a complex-valued quadratic form with a non-positive real part. This real part is not
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in general negative definite (unless the real part of g is). However, it follows from
the definition of the singular space S that the average of the real part of the quadratic
form ¢|go1 by the flow generated by the Hamilton vector field of its imaginary part,

HImqlsaL’
T
1
(Re glgor)7(X') = 77 / Re glgor (e ™ot Xdr, T > 0, X' = (x, &),
-T

is negative definite. Studying the contraction semigroup

Mt >0, (1.3.1)
generated by the operator g ;’{, 1, on the FBI-Bargmann transform side, we prove, using
the averaging property just mentioned, that (1.3.1) is compact and strongly regulariz-
ing for every ¢t > 0. This compactness result is really the key point in our proofs of

the three theorems, and their complete statements then follow from a small additional
amount of work.

1.4 Some examples
In this section, we prove that if a quadratic symbol ¢ is elliptic on its singular space then

the singular space always has a symplectic structure. We also check that this property
is fulfilled for the Kramers—Fokker—Plank operator with a quadratic potential.

1.4.1 Partially elliptic quadratic differential operators

Let us consider the case of quadratic differential operators whose Weyl symbols are
elliptic on their singular spaces. Let

q:RﬁxR?—)C, n e N*,
be a complex-valued quadratic form, which is elliptic on its singular space S,
(x,6)e S, q(x, ) =0= (x,&) =0. (1.4.1)
We want to prove that
2n—1
s=[ ) Ker [Re F(Im F)f] NR2",
j=0

has a symplectic structure. This fact follows from some arguments similar to those
used in [11] (Lemma 3).
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We can assume that S # {0} since the space {0} is obviously symplectic. Let us
therefore consider Xo € S\{0}. We define

e = Xp

(1.4.2)

&1 = Im FXj.

1
~Img(Xo)
This is possible, since from (1.1.8) and (1.1.16), we have

Re ¢(Xo) = 0(Xp, Re FXy) =0,
and the ellipticity of ¢ on S implies that

Im ¢(Xo) # 0,

as Xo € S\{0}. By using the skew-symmetry of the Hamilton map Im F [see (1.1.9)],
it follows that

o(e1,e1) = o (—(m g(Xe)™'Im FXo, Xo) = (Im g(X0))~'o'(Xo, Im FX0) = 1,

which shows that the system (eq, €1) is symplectic. We get from (1.1.16) and (1.4.2)
that

Vect(eq, €1) C S.
If S = Vect(ey, 1), the singular space S is symplectic. If it is not the case, so that,
S # Vect(ey, €1),
we can continue our construction of a symplectic basis for S by considering
X1 € S\ Vect(ey, €1)

and
}21 = X] +O‘(X1,81)€1 —O’(Xl, 61)81 € S\Vect(el,el). (1.4.3)

Let us set

er = X
(1.4.4)

e (Im F)~(1 + o (Im Ff(l, e1)e1 —o(Im F)~(1, 81)81) ,
Im g (X1)

which is again possible according to (1.1.16) and the assumption of ellipticity on S
since

Re ¢(X1) =o(X|,Re FX|) =0,
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because X| € S\{0}. Then, we can directly verify by using (1.4.3) and (1.4.4) that
(e1, e2, €1, &2) is a symplectic system. By using (1.1.16) again, we get

Vect(eq, €2, €1,82) C S.
If S = Vect(ey, ez, €1, €2), then S is symplectic. If it is not the case, then
S # Vect(ey, e, €1, €2),
and we can again iterate the preceding construction. After a finite number of such
iterations, we obtain with this process a symplectic basis of S, proving its symplectic
structure.
Let us now consider a complex-valued quadratic form
q:R;ng%C, n e N*,
with a non-positive real part
Regq <0,
such that (1.4.1) is fulfilled and denote by F its Hamilton map. We know from Prop-
osition 4.4 in [9] that the kernel Ker(F + 1) is the complex conjugate of the kernel
Ker(F — 1) for every A € R, and that the spaces
Ker(F — 1) @ Ker(F + 1),
where A € R*, and Ker F, are the complexifications of their intersections with R2,

Let us set
So = (Ker F) NIR*" (1.4.5)

and
S, = (Ker(F — 1) @ Ker(F + A)) N R, (1.4.6)

for A € R*. Proposition 4.4 in [9] also shows that
Re F Ker(F + 1) = {0},
for all A € R. This implies that
(Re F)S,, ={0} and (Im F)S, C S, (1.4.7)
and proves in view of (1.1.15) that for all A € R,
S, CS. (1.4.8)
If 0 € o (F) N R, this would imply that Sy # 0. Since from (1.4.5),

q(X) :O’(X, FX) :O,
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for all X € Sp, the inclusion (1.4.8) would then contradict our assumption of ellip-
ticity on the singular space (1.4.1). This proves that the set of real eigenvalues of the
Hamilton map F can be written as

oc(F)NR=A{A1,..., 4, =1, ..., =X}, (1.4.9)

with A; # Oand A; # £, if j # k.

Let us now check that the spaces S,;, j = 1, ..., r, are symplectic. Let X¢ be in
S,\j such that for all Y € SAJ.,

o0(Xop,Y)=0.
It follows that for all Y and Z in S;L_/ R
o(Xo, Y +iZ) =0,
which induces that
VX € Ker(F — A;) ® Ker(F + 4;), 0(Xo, X) =0,

because Ker(F — A ;) @ Ker(F + A;) is a complexification of S,\j. On the other hand,
since Xo € S, we have F X € Ker(F — 4;) @ Ker(F + 1), which implies that

q(Xo) =0 (Xo, FXo) =0.

We then deduce from the ellipticity of ¢ on the singular space (1.4.1) and (1.4.8) that
Xo = 0, which proves the symplectic structure of the space S,

Let us now assume that there exists another real eigenvalue A; of F distinct from
Aj and —A ;. We already know that this eigenvalue Ay is necessarily non-zero. Let

X e Ker(F —¢&1A;) and Y € Ker(F — e2A¢),

with €1, &2 € {£1}, we obtain from the skew-symmetry property of the Hamilton map
F with respect to o that

1 E1A;
o(X,Y)=0(X, &5 '\ 'FAY) = —— 0 (FX,¥) = ——Lo(X, Y).
ek ek

Since

g1l

£1,

ek
because A; and Ay are real numbers such that Ax & {A;, —A;}, we finally deduce that

o(X,Y) =0,
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which proves that the spaces S, and Sy, are symplectically orthogonal, and we get
from (1.4.8) and (1.4.9) that

S, @ S, @t et . (1.4.10)

Let us prove that the singular space is actually exactly equal to this direct sum of
symplectic spaces. We recall that from (1.1.16),

(Re F)S§={0} and (Im F)S CS.
Since
g X)=0(X,FX)=io(X,ImFX), XeS,

we deduce from (1.4.1) and the lemma 18.6.4 in [8] that we can find new symplectic
basis (eq, ..., ém, €1, - - . , &m) in the symplectic space S such that

m
q(X) =ie > wjE + 33, X = F1e1+ -+ EmemtE1E + A EnE, (1411
j=1
where ¢ € {£1}and u; > Oforall j =1, ..., m.Indeed, this is linked to the fact that
areal-valued elliptic quadratic form must be positive definite or negative definite. By
computing F from (1.4.11), we get that
FXj=—en;X; and FX;=¢eu;X;, (1.4.12)
if X; =é;+i8jand X; = &;—ig; forall j = 1,...,m. The identities (1.4.12) prove
that the singular space is actually equal to the direct sum of the symplectic spaces Sy ;
defined in (1.4.6),
S=8, @ ts,e . . a%ts,,.

1.4.2 Kramers—Fokker—Plank operator with a quadratic potential

Let us consider the Kramers—Fokker—Plank operator [4],

2
|
K=—A,+ "Z = 5 v — V() . (xv) € R?,

with a quadratic potential
1 2 *
V(x)=§ax , a € R*.
We can write
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1
K=—q(x,v,&n" - X (1.4.13)
with |
q(x, v, & 1) = —n* — 2v* —i(vE —axn). (1.4.14)

This symbol ¢ is a non-elliptic complex-valued quadratic form with a non-positive
real part and a numerical range equal to the half-plane

¥(q) ={z € C:Rez <0}
We can directly check that its Hamilton map F for which

q(x’ U’ é’ n) =0 ((x’ U7 é’ n)’ F(x’ v7 é’ r})) ’

is given by

0 —% 0 0

Jai 0 0 -1
F = , (1.4.15)
0 0 0 —sai
1 1.

0 7 El 0

and that the singular space
3 .
s={ ) Ker [Re F(Im F)f] NR*,
Jj=0

is reduced to the trivial symplectic space {0}.

As a simple application of Theorem 1.2.2, let us also describe explicitly the spec-
trum of the quadratic operator g (x, v, &, n)" (see also [3], [5]). We are interested in
eigenvalues of the Hamilton map F in (1.4.15) such that Im A < 0. Now a computation
shows that A € C is an eigenvalue of 2 F precisely when

(G- 10

and we easily see that when a < 0, the eigenvalues A of 2F with Im A < 0 are given
by

When a > 0, we get the eigenvalues
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—i + i1 —4a N —i — i1 —4a

)\,:—7 =
! 2 2 2

According to Theorem 1.2.2, the spectrum of g (x, v, &, n)"* is given by

S e E R
> )T\ TR '

In particular, when a > 0, we observe that the lowest eigenvalue of the spectrum of
the operator K in (1.4.13) is O (see also [5]).

Remark Starting from the quadratic Kramers—Fokker—Plank operator, we may con-
struct examples of quadratic forms with non-positive real parts, for which the singular
space S is non-trivial. Indeed, when ¢ (x', £") is a quadratic form defined as in (1.4.14),
we let

g, x" & 8") = 1 (x', &) +ig(x", "),

where ¢, is a real valued quadratic form in the variables (x”, ”). It is then easy
to see that the singular space associated to the quadratic form ¢ is given by S =

{(x/’ x//’ é/’ E//) . x/ — g/ — 0}'

2 Symplectic decomposition of the symbol

In this section, we explain how the main assumption about the symplectic structure
of the singular space S fulfilled in the hypotheses of all our three theorems allows us
to tensor the variables in the symbol g by writing it as a sum of two quadratic forms
where the first one is purely imaginary-valued and where the second one verifies the
averaging property of its real part by the flow defined by the Hamilton vector field of
its imaginary part.

Let us consider a complex-valued quadratic form ¢ verifying (1.2.1) and let us
assume that the singular space S defined in (1.1.15) is symplectic. Let us recall that it
is indeed the case when ¢ verifies (1.2.3). Then, we can find y, a real linear symplectic
transformation of R?", such that

(@ox)(x.8) =qi(x'. &) +iga(x". "), (x. &) = (', x": ', £") e R*", (2.0.1)
where g1 is a complex-valued quadratic form on R with a non-positive real part
Re g1 <0, (2.0.2)

and ¢» is a real-valued quadratic form verifying the following properties:

Proposition 2.0.1 The two quadratic forms q and q> satisfy the following properties:
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(i) Forall T > 0, the average of the real part of the quadratic form qy by the flow
defined by the Hamilton vector field of Im g,

T

1 ,
(Re q1)r(X) = — / Re g1 (¢'ma X")dt, X' = (x', &) e R,
-T
is negative definite.
(ii) The quadratic form
2n—1
> Reqi (m F)/X), X' = (', €) e R,
=0

where F stands for the Hamilton map of q1, is negative definite.
@iit) If the symbol q fulfills an additional assumption of ellipticity on S,

(x,8)e S, q(x,6)=0= (x,§) =0, (2.0.3)

then we can assume that

"

n
pO"E) =6 D ki ER + 1),

j=1

where ¢ € {£1}and »j > Oforall j =1,...,n".
To prove these results, we begin by considering S, the orthogonal complement of
S in R?" with respect to the symplectic form and F the Hamilton map of ¢. The space
§+ is symplectic because it is the case for S. Moreover, since according to (1.1.16),
S is stable by the maps Re F' and Im F, its orthogonal complement also fulfills these

properties. Indeed, let X be in S°. By using (1.1.16) and the skew-symmetry of any
Hamilton map with respect to o, we get forall Y € S,

o(Y,Re FX)+io(Y,Im FX)=—-0cRe FY,X) —ioc(Im FY, X) =0,
because (Re F)Y € S and (Im F)Y € S. This induces that forall Y € S,
o(Y,Re FX)=0((,Im FX) =0,

and proves that (Re F)X € St and (Im F)X € §°+.
We can then write the phase space R>" as a direct sum of two symplectically
orthogonal real symplectic spaces stable by the maps Re F and Im F,

R™ = § @°* S, (Re F)S; C S;, (Im F)S; C §;, (2.0.4)
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for j € {1, 2} with
S; =S8t and S =S. (2.0.5)

Let us now consider a symplectic basis (ey j, ..., ENj,js E1,js - s sN_/.,j) of §;. By
collecting these two bases, we get a symplectic basis of R?*, which allows by using
the stability and the orthogonality properties of the spaces S; to obtain the following
decomposition of ¢,

qx. &) =0 | D Gujec;+Eja) F| D (e + &)

1<j=<2, 1<j<2,
1<k<N; 1<k<N;

= > ol D Gujenj+E o) F| D (ajerj+éjex))

1<j<2 1<k<N; 1<k<N;
This implies that we can find symplectic coordinates
(. §) = (' 2" €, §") e R,

where (x’, £') and (x”, £”) are some symplectic coordinates in S and S respectively,
such that

gx. &) =q(x". &) + p(x", &), (2.0.6)
with
g1(x, &) =0 (W, &), Flgor (', €)) 2.0.7)
and
", &) =0 (", &"), Flsx",£"). (2.0.8)
Since from (1.1.16),
(Re F)S = {0},

the quadratic form ¢ is purely imaginary-valued and can be written as
2 =iq, (2.0.9)
where ¢ is the real-valued quadratic form
" &N =0 (", &), Im Fls(x", &) . (2.0.10)

When the additional assumption (2.0.3) is fulfilled, this quadratic form g must be
elliptic on R?"". Since a real-valued elliptic quadratic form is necessarily a positive
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definite or negative definite quadratic form, we deduce from the lemma 18.6.4 in [8]
that we can find new symplectic coordinates (x”, &”) in S and ¢ € {#1} such that

"

n
PO E) =8 D EP + X, 2.0.11)
j=1
where A; > Oforall j = 1,...,n". This proves (iii) in Proposition 2.0.1.

Let us now study the properties of the quadratic form ;. We denote by Fj its
Hamilton map
F) = Flgo1, (2.0.12)

and define the following quadratic form
2n—1

rX) =" Req ((Im Fl)jX/), X =, &) e st (2.0.13)
=0

Since from (1.2.1), (2.0.6) and (2.0.9), Re g1 is a non-positive quadratic form, we
already know that r is a non-positive quadratic form. We now prove that r is actually
a negative definite quadratic form. Let us consider X, € § oL such that

r(Xy) = 0.
The non-positivity of the quadratic form Re g1 induces that forall j =0, ...,2n—1,
Re g ((Im Fl)fX{)) =0. (2.0.14)

Let us denote by Re g1 (X’; Y’) the polarized form associated to Re ¢;. We deduce
from the Cauchy-Schwarz inequality, (1.1.8) and (2.0.14) thatforall j =0, ..., 2n—1
and Y’ € S+,

IRe g1 (Y’; (Im Fl)fxg) 2= o (Y/, Re F(Im Fl)jX6) 2

IA

[—Re 1(Y)][~Re ¢1 ((m F1)/ X;)1 = 0.
It follows that forall j =0,...,2n —land Y’ € §°+,
o (Y’, Re Fi(Im Fl)fX(’)) =0,
which implies that forall j =0, ...,2n — 1,
Re Fi(Im F1)! X{ = 0, (2.0.15)

because from (2.0.4), (2.0.5) and (2.0.12), Re Fi(Im F})/X{, € S°* and S°* is a
symplectic vector space. Since X(/) € §°+, we deduce from (1.1.15), (2.0.4), (2.0.5),
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(2.0.12) and (2.0.15) that X; € SN §°+ = {0}, which proves that r is a negative
definite quadratic form. This proves (ii) in Proposition 2.0.1.

Remark According to the previous proof, let us notice that the property (ii) implies
that for all X € R?"' | X # 0, there exists jo € {0, ..., 2n — 1} such that

YO<j<jo—1, Re Fi(Im F})’ X =0, Re F;(Im F))°X #£0.  (2.0.16)

Let us now prove that for all 7 > 0, the average of the real part of the quadratic
form g1 by the flow defined by the Hamilton vector field of Im ¢,

T

1
Re q1)7 (X') = 5 / Re g1 (¢ v X'\,

=T

is negative definite. Let us notice that this flow is globally defined since the symbol
Im g is quadratic. Let us consider X, in R?"" such that

(Re ¢1)7(X() = 0. (2.0.17)
Since Re ¢ is a non-positive quadratic form, it follows from (2.0.17) that
Re g1 (e'fma1 X () = 0,

forall =T <t < T. This implies in particular that for all k € N,

dk

< (Re g1 (¢! Hima x(’)))

o 1=0 = Hiypy Re q1(X() = 0. (2.0.18)

If X6 # 0, we deduce from (ii) that there exists jo € {0, ..., 2n — 1} such that
VO<j<jo—1, Req ((Im Fl)fx(g) —0, Re g ((Im Fl)fox(’)) <0. (2.0.19)
Let us check that it would imply that

)i
Hm{gl Re q1(X() # 0, (2.0.20)

and contradict (2.0.18). To prove (2.0.20), we use some arguments already used in
[11] together with the following lemma also proved in [11].

Lemma 2.0.1 If q| and g are two complex-valued quadratic forms on R*", then the
Hamilton map associated to the complex-valued quadratic form defined by the Poisson
bracket

{q1, 2} = DE ox  ox 0
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is —2[F1, F>] where [F1, F»] stands for the commutator of Fi and F5, the Hamilton
maps of q1 and q».

We deduce from the previous lemma that the Hamilton map associated to the qua-

: 2jo :
dratic form Hypg Re q1is

40[Im Fy, [Im Fy,[...,[Im F,Re Fi]...], (2.0.21)
with exactly 2 jo terms Im F; appearing in the formula. We can write

4%[Im Fy, [Im Fy, [..., [Im Fi,Re Fy]...]
= Z (—=1)/cj(Im F1)’Re Fi(Im Fp)>o=i, (2.0.22)
j=0
with¢; > Oforall j =0,...,2jy. Indeed, by using the following identity
[P.[P,Qll = P?Q —2PQP + QP?,

we can prove by induction that for all n € N*, there exist some positive constants d, ;,
j =0,...,2n such that

2n

[P’ [P, [s [P, Q]] = Z(_])JdnJP]QPanj’

j=0

if there are exactly 2n terms P in the left-hand side of the previous identity. It follows
from (2.0.21) and (2.0.22) that

). ‘ ‘ .
HEP Re q1(Xp) = (—1)7cjp0 (Xg), (Im F;)"Re F,(Im F1)10X6)

Jo—1
+ > (~Dicjo (X6, (Im F;)’Re Fy(Im F1)2j°_jX6)
=0

Jo—1
+ > (=DM ey o (X(’), (Im F1)>~/Re Fy(Im Fl)fX(’)).
=0
(2.0.23)
Now on the one hand,
0(X6, (Im F})Re F(Im Fl)j"X(’)) — (=1)log ((Im F1) X}, Re Fi(Im Fl)jOX(’))

= (=DReqi (am F)?X}),
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by the skew-symmetry of the Hamilton map Im Fj. On the other hand, using (1.1.8),
(2.0.19), and the Cauchy-Schwarz inequality, we get

‘a (Xg), (Im F,)/Re F(Im Fy)%0~i X{))‘
- ‘a ((Im F1)/ X}, Re Fi(Im F])2j°_/X6)‘
— _Req ((Im F)Y X); (Im Fy)2o=i X{,)
< [-Re ¢ ((Im F1)/ X()12[~Re g1 ((Im F)>0~/ X{)12 =0
and
‘a (X(g, (Im F))%"~/Re Fy(Im Fy)’ X{))‘
- ‘o ((Im F1)*= X}, Re Fi(Im Fl)jX{))‘
— —Regq ((Im FU20=IX): (Im Fy) X(’))
< [-Re g1 ((Im F)*0 =7 X()13[~Re g1 ((Im Fy)/ X{)12 =0

if j =0,..., jo— L. It follows from (2.0.19) and (2.0.23) that

HEl Re q1(X() = cjoRe g1 ((Im Fl)jOX()) <0,
because cj, > 0. This proves (2.0.20) and ends the proof (i). O

Remark Let us notice that we have actually proved that the symbol ¢; has a finite
order T,
1<t<4n-2, (2.0.24)

in every point of the set g (RZ"/)\{O}. We recall that the order k(xg, &) of a symbol
p(x, &) at a point (xg, &) € R?" (see section 27.2, Chapter 27 in [8]) is the element
of N U {+o00} defined by

k(xo, &) = sup{j € Z: pr(x0,60) =0, V1 < |I| < j}, (2.0.25)

where I = (i1, i, ..., ix) € {1,2}%, |I| = k and p; stands for the iterated Poisson
brackets

pr = Hp, Hp, ...Hp, i
where p; and p; are respectively the real and the imaginary part of the symbol p,
p = p1 + ip>2. The order of a symbol ¢ at a point z is then defined as the maximal

order of the symbol p = g — z at every point (xo, &) € R>" verifying

p(x0,&0) = q(x0, &) —z=0.
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3 Proofs of the main results
3.1 Heat semigroup smoothing for non-elliptic quadratic operators

In this section, we prove Theorem 1.2.1. Let us consider a complex-valued quadratic
form

q:R"x]Rgﬁ(C,neN*,

X

with a non-positive real part
Reg <0,

such that its singular space $ has a symplectic structure. We recall that this assumption
is actually fulfilled in the assumptions of Theorems 1.2.1, 1.2.2 and 1.2.3 since this
singular space is always symplectic when the symbol is elliptic on S.

We can then use the symplectic decomposition of the symbol obtained in Sect. 2.
We deduce from (2.0.1) and (2.0.2) that there exists y, a real linear symplectic trans-
formation of R?", such that

(qox)x. &) =q(x . &) +igp(x" &), (x.&) = (', x"; £, §") e R, (3.L1)
where ¢ is a complex-valued quadratic form on R2" with a non-positive real part
Re g1 <0, (3.1.2)

and ¢» is a real-valued quadratic form verifying the properties stated in Proposi-
tion 2.0.1. The key point in our proof of Theorems 1.2.1, 1.2.2 and 1.2.3 is to prove
the following proposition.

Proposition 3.1.1 Ifn’ > 1, then the spectrum of the quadratic differential operator
q1 (X', €N is only composed of eigenvalues with finite multiplicity

o (" EN) =1 D (a+2k)(=ir) ik eNt,

A€o (F1),
Re(—ix)<0

where Fy is the Hamilton map associated to the quadratic form q1 and r;, is the dimen-
’
sion of the space of generalized eigenvectors of Fy in C* belonging to the eigenvalue
A € C. Moreover, the operator q1(x’, &)V generates a contraction semigroup such
that
! I ) ’
L NEN SR™),

foranyt > 0andu € L2(R™).
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Remark 1t will be clear from the proof that Proposition 3.1.1 extends to the vector-
valued case, so that if { is a complex Hilbert space and u € L?(R" ; H) then for any
¢t > 0 we have /118"y € SR H).

Theorem 1.2.1 directly follows from Proposition 3.1.1 together with the preceding
remark. Indeed, by using the symplectic invariance of the Weyl quantization given by

the theorem 18.5.9 in [8], we can find a metaplectic operator U, which is a unitary
transformation on L%(R") and an automorphism of S(R") such that

(qo(x§" =U""q(x,§"U. (3.1.3)
This implies at the level of the generated semigroups that
(110N = g=la Oy > 0, (3.14)

Since from the tensorization of the variables (3.1.1),

w / w ' " mw
@D _ a1 ()Y itga(x" E)"

we directly deduce from (2.0.7), (3.1.4), Proposition 3.1.1 together with the following
remark, and the symplectic invariance of the Weyl quantization that if (x’, £’) are some
symplectic coordinates on the symplectic space S° then for all r > 0, N € N and
ue L2R") = L2(R"; L2(R"")), we have

w w
(A+ P41 PY)" e e LR,

which proves Theorem 1.2.1.
Let us now prove Proposition 3.1.1. For convenience, we drop the index and we
consider a complex-valued quadratic form

q:RﬁxR?—)C,neN*,

with a non-positive real part
Re g <0, (3.1.5)

such that for all T > 0, the average of the real part of the quadratic form ¢ by the flow
defined by the Hamilton vector field of Im ¢,

T
(Re g)r(X) = %/Re q(e'Mmax)dr, X = (x, &) € R?", (3.1.6)
-T

is negative definite. We also know from (2.0.16) that for all X € R?*, X # 0, there
exists jo € N verifying
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YO<j<jo—1, Re Fdm F)/ X =0, Re F(Im F)/°X # 0, (3.1.7)

if F' stands for the Hamilton map of the quadratic form g.
Let us denote by

0=qx,8&", (3.1.8)

the quadratic differential operator defined by the Weyl quantization of the symbol g.
When proving Proposition 3.1.1, we shall work with the metaplectic FBI-Bargmann
transform

Tu(x) = C/ei‘p(x’y)u(y) dy, xeC", C >0, (3.1.9)
R~
where we may choose
i 2
QD()C, )’) = E(-x - y) B
as in the standard Bargmann transform. Other quadratic phase functions ¢ such that

Im <p;’y > (0 and det (p)’c’y # 0, are also possible (see Sect. 1 of [15]). It is well known
that for a suitable choice of C > 0, T defines a unitary transformation

T : L*(R") = Hg,(C"),

where
Ha, (C") = Hol(C") N L2 ((C", e_z%(")L(dx)) , (3.1.10)

with

1
®o(x) = sup —Img(x,y) = = (Imx)?,
yeRn 2

and L(dx) being the Lebesgue measure in C".

Remark Let us recall (see, e.g. section 3 of [16]) that the same definitions apply in
the vector-valued case, so that we have a unitary operator

T:L*(R"; H) — He,(C"; H),
where H is a complex Hilbert space.
We recall next from [15] that
TQu= QoTu, uc SR"), (3.1.11)
where Qg is a quadratic differential operator on C" whose Weyl symbol ¢ satisfies

qo oKT =(. 3.1.12)
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Here
Kp i C2 s (y, —¢(x, y)) > (x, @l (x, y)) € C2, (3.1.13)

is the complex linear canonical transformation associated to 7. From [15], we recall
next that if we define

200
Aoy = [(x 78—0()6)) ‘x € (C”}, (3.1.14)
1 X
then we have
Ao, = k7 (R?"). (3.1.15)

When

n
o= d&; ndx;,

=1

is the complex symplectic (2,0)-form on C*" = C% x C{, then the restriction o'p oy Of
o to Ag, is real and nondegenerate. The map «7 in (3.1.13) can therefore be viewed
as a canonical transformation between the real symplectic spaces R>" and Agg.

Continuing to follow [15], let us recall next that when realizing Q as an unbounded
operator on Hg,(C"), we may use first the contour integral representation

Qou(x) = / LSRR (% 9) u(y)dy do,

2m)"

and then, using that the symbol g is holomorphic, by a contour deformation we obtain
the following formula for Q¢ as an unbounded operator on Hg, (C"),

1 () +
Qou(x) = - / e 0qq (%ﬁ)u(y)dyde,

0 | —
=% T (X;y)"'”(x_”

(3.1.16)
for any ¢ > 0.

We shall now discuss certain IR-deformations of the real phase space R>", where the
averaging procedure along the flow defined by the Hamilton vector field of Im g (see
(3.1.6)) plays an important r6le. To that end, let G = Gt be a real-valued quadratic
form on R?" such that

HingG = —Req + (Reg)r. (3.1.17)

As in [6], we solve (3.1.17) by setting

G(X) :/kr(t)Req(e[HIm‘fX)dt, (3.1.18)
R
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where k7 (1) = k(t/2T) and k € C(R\{0}) is the odd function given by

1
k(t) =0 for |t|> and kK'(t)=-1 for 0<|t| < 7

N =

Let us notice that k and k7 have a jump of size 1 at the origin. Associated with G there
is a linear IR-manifold, defined for 0 < ¢ < &g, with &9 > 0 small enough,

Aeg = e'Ho(R™) c €™, (3.1.19)
where /€116 stands for the flow generated by the linear Hamilton vector field ie Hg

taken at the time 1. It is then well-known and easily checked (see, for instance, sec-
tions 3 and 5 in [5]), that

29,
kT (Aeg) = Ag, = [(x, ?E(x)) tx € (C”} , (3.1.20)

where ®, is a strictly plurisubharmonic quadratic form on C”, such that
do(x) = @o(x) + eG(Re x, —Im x) + O(e? |x[%). (3.1.21)
Associated with the function @ is the weighted space of holomorphic functions
Hci>£ (C") defined as in (3.1.10). The operator Q can also be defined as an unbounded
operator
Qo : Hy (C") — H (C"),
if we make a new contour deformation in (3.1.16) and set

1 Y x +
— Gy / e y)GqO (Ty’ 9) u(y)dydo,

0=3 50 (12) +irG—y)

(3.1.22)
for any ¢+ > 0. By coming back to the real side by the FBI-Bargmann transform, the
operator Qg can be viewed as an unbounded operator on L2(R") with the Weyl symbol

3(X)=gq (e"EHG X) : (3.1.23)
and here the real part of this expression is easily seen to be equal to
Re G(X) = Re ¢(X) + £ Himg G(X) + O(* | X]?).

It follows therefore from (3.1.5), (3.1.17) and the assumption that the quadratic form
(3.1.6) is negative definite, that

—Re §(X) > % X2, C>1. XeR™, (3.1.24)
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for 0 < ¢ <« 1. We may therefore apply Theorem 3.5 of [12] to the operator Qg
viewed as an unbounded operator on Hég (Cm.

Lemma 3.1.1 Let us consider Qo as an unbounded operator on Hg, (C”) for 0 <
e < &g, with g9 > 0 sufficiently small. The spectrum of the operator Qo is only
composed of eigenvalues with finite multiplicity

o(Qo) = > A2k (—in): ky eNE, (3.1.25)

reo (F),
Re(—ix)<0

where F is the Hamilton map associated to the quadratic form q and r;, is the dimen-
sion of the space of generalized eigenvectors of F in C*" belonging to the eigenvalue
r e C

To get the statement of this lemma, it suffices to combine Theorem 3.5 of [12]
together with the observation that the Hamilton maps F and F of the quadratic forms
q and g, respectively, are isospectral since from (3.1.23) the symbols ¢ and ¢ are
related by a canonical transformation.

Having determined the spectrum of Q( in the weighted space Hg, @CH,0<ex 1,
we now come to the proof of Proposition 3.1.1. In doing so, we shall study the spectral
properties of the holomorphic quadratic differential operator Qg acting on Hg,,(C").

We shall consider the heat evolution equation associated to the operator Q. Let
us notice explicitly that we got this idea by studying Remark 11.7 in [5], and indeed,
the following argument can be seen as a natural continuation of some ideas sketched
in that remark. Using Fourier integral operators with quadratic phase in the complex
domain, we may describe the heat semigroup e’ Q for) <t < to, when 19 > 0O is
small enough. More precisely, we are interested in solving

ou
E(t,x) — Qou(t,x) =0
u(t, )i=0 = uo € Hey(C").

Let ¢(¢, x, n) be the quadratic form in the variables x, 1, depending smoothly on ¢,
0 <t <ty <« 1, and solving the Hamilton-Jacobi equation

d¢ dg
t,x, - ) f,x, =
(e i)

e, x,Mli=0 = x - 1.

We know that for 0 < ¢ < 19 < 1, (¢, x, ) can be obtained as a generating function
of the complex canonical transformation

oitHyy - (go,;(t, x,n), 17) — (x, @, x, 1)) .
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Then for t > 0 small enough, the operator ¢’ 20 acting on Hg,(C") has the form

1

¢! = Q2" /ei(w(t’x’")_y’")a(t,x,y, mu(y)dy dn,

Iy

where a(t, x, y, n) is a suitable amplitude which we need not specify here, and, fol-
lowing the general theory of [13], we take I to be a suitable contour passing through
the critical point of the function

(v, m) = =Im (e, x, ) —y-n) + Po(y).
We then know from the general theory that the operator e/ 20 is bounded
¢’ : Hg (C") — Hg, (C"), (3.1.26)

where ®; is a strictly plurisubharmonic quadratic form on C", depending smoothly
on ¢, such that if

290
Ao, = [(x T—t(x)) ‘x e c"] , (3.1.27)
i ox
then .
Ao, =exp (1H_1,,) (Awy). (3.1.28)

Here, when f is a holomorphic function on C** = C" x Cg, Hy is the standard
Hamilton field of f, of type (1,0), given by the usual formula

n
of 9 of 9
Hfzz(_f___f_),
= 8%']‘ ij 8)6]' 8%']'
and I?} = Hj + Hy is the corresponding real vector field.

It follows from the classical Hamilton-Jacobi theory applied with respect to the real
symplectic form Im o, where

n
o= d&j Adx;,

j=1

is the complex symplectic (2,0)-form on C2", that the quadratic form ®(z, x) = @, (x)
introduced in (3.1.26), satisfies the eikonal equation

9D R 209 -0
E(t,x) —Re [610 (x, ;g(’vx))} - (3.1.29)
@ (1, )|i=0 = Po.

See also [14] for a detailed (and much more general) discussion of this point.
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Instrumental in the proof of Proposition 3.1.1 is the following result.

Lemma 3.1.2 For each Ty > 0 small enough, there exists « = o(Ty) > 0 such that
7, (x) < Po(x) —a |x]?, xeC". (3.1.30)

Once Lemma 3.1.2 has been established, it is easy to finish the proof of the first
result in Proposition 3.1.1. Indeed, elementary arguments together with (3.1.10) and
(3.1.30) show that the natural embedding He, (C") — Hg,(C") is compact for t > 0
small, and hence by using the semigroup property, we deduce that the semigroup

"0 Hyy(C") — Hgy(C"), (3.1.31)

is compact for each ¢ > 0. An application of Theorem 2.20 in [2] then shows that the
spectrum of the operator Qg acting on Hg,(C") consists of a countable discrete set
of eigenvalues each of finite multiplicity.

When deriving the explicit description of the spectrum of Qg on Hg,(C"), we argue
in the following way. Let us assume that A € C is an eigenvalue of Q¢ on Hg,(C")
and let ug € He,(C") be a corresponding eigenvector,

Qoug = Aug.

We deduce from (3.1.26) that

'y € Hg, (C"),
and since

'y = euy,

it follows from Lemma 3.1.2 that

uo € Hy_5,.2(C"),
for some § > 0. In particular, we obtain from (3.1.21) that ug € H@e (C" fore >0
small enough, and hence that X is in the spectrum of the operator Q¢ acting on H&)S (Cm,
which has been described in Lemma 3.1.1.

On the other hand, if X is in the spectrum of Q¢ acting on chs (@™ and ug €
Hg, (C™) is a corresponding eigenvector, with ¢ > 0 sufficiently small, then we have

eZQOuo — et)hlxl() c H&’)gt((cn),
where EIV)E,, is a quadratic form on C" depending smoothly on# > 0 and ¢ > 0, for ¢

sufficiently small, which satisfies the eikonal equation (3.1.29) along with the initial
condition

De 1 (X)]1=0 = D (x).
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It follows from (3.1.21) and (3.1.29) that
D, (x) = D, (x) + O(e |x]%),

where the implicit constant is uniform in 0 < ¢ < fg, for fp > 0 small enough. By
taking Tp > 0 small enough but fixed such that 0 < Ty < ¢ and (3.1.30) holds, we
get

ug = e 10400y, ¢ H&’&To c"H = H¢T0+O(£‘x|2)((C”).
In view of (3.1.30), we can choose g9 > 0 small enough such that for all 0 < ¢ < ¢,

up € H¢0_5|x‘2(cn) C H@o(cn)a

where § is a positive constant. It follows that A is also in the spectrum of the operator Q(
acting on Hg,(C"). Altogether, this shows that the spectrum of Q acting on Hg,, (C")
is equal to the spectrum of Qg acting on Hg_(C"), for & > 0 sufficiently small, and
furthermore, that the algebraic multiplicities agree. We have therefore identified the
spectrum of Qo on Hg,(C") and also the spectrum of the operator Q on L%(R") by
coming back to the real side.

Remark In the argument above we have worked with the eigenfunctions of the oper-
ator Qo acting on Hg_ (C™) for some sufficiently small but fixed ¢ > 0. It may be
interesting to notice that the (generalized) eigenfunctions of the operator Q¢ do not
dependon ¢ > 0, for 0 < ¢ < g9, with &9 > 0 small enough. See also Remark 11.7 in
[5]. While refraining from providing a detailed proof of this statement, let us mention
that its validity relies crucially upon the fact that the quadratic symbol gy is elliptic
on Aés, 0 < & < gp. In the terminology of [13], this is an instance of the principle of
non-characteristic deformations.

We shall now prove Lemma 3.1.2. Integrating (3.1.29) fort = Otot = T, we
obtain

r 290
7 (x) — Do(x) = /Re |:qo (x, ;a(t,x))} dt, T > 0.
0

Here the integral in the right hand side is a real-valued quadratic form on C”, and
Lemma 3.1.2 is implied by the claim that it is negative definite. When proving the
claim, we shall use the following general relation, explained for instance in [10],

Hif = H_‘II{;‘}’ , (3.1.32)
valid for a holomorphic function f on C>".
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It follows from (3.1.32) that Re g is constant along the flow of the Hamilton vector
field

—

_ -1
H—,lqo H RI:ZO
We therefore deduce from (3.1.5), (3.1.12), (3.1.15) and (3.1.28) that
Re [‘]0|Ao,] <0. (3.1.33)

According to (3.1.27), (3.1.29) implies therefore that
0P
—(,x) <0
o7 (t,x) <

so that the function
t = ds(x),

is decreasing. Let us assume that there exists xg € C", xo # 0, such that

r 0P
/R |: (x(), —(t, xo))j| dt = 0.
0

Since from (3.1.27) and (3.1.33), the integrand is non-positive, it follows that for all
0<r<T,

200
Re [go | x0, - —(t,x0) ) | = 0. (3.1.34)
i 0x
Therefore, in view of (3.1.29), we get
00
—(t, =0,
o1 (t, x0)

for all 0 <t < T. Here, the quadratic form

oD 200
fi(x) = —(t x) = qo\x, ~— (@& x))| =<0,
I 0x
is non-positive and such that f;(xo) = 0 forall 0 <t < T. It follows that
vRex,lmxft(xO) =0,
forall 0 <t < T, and therefore

3 a2<1>
ﬁ( 0) = (t X0) =
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forall 0 <t < T. Hence the function
0d
> — (ts xo)a
0x

does not depend on ¢ for 0 < ¢t < T, so that

0P 0P 0P
— (1, x0) = —(0, x0) = ——(x0), (3.1.35)
dax dax 0x
forall 0 <t < T. Since from (3.1.27), the point
200 209
X0, __(ta xO) = 1 X0, __(XO) 5 (3136)
I 0x i dx

belongs to Ag, forall 0 < ¢ < T, we obtain from (3.1.14) and (3.1.28) that there
exists yo(t) € C" such that

290 S 29®
(XO, lT_(t’ xO)) =exp(tH_1,) (yo(t), s (yo(t))) . (3.1.37)

ox —7490

It follows from (3.1.34) that forall0 < < T,

290 2 9d,
Re [610 (XO, ?a(t’ XO))] =Re [qo (yo(t), e (yo(t)))] =0, (3.1.38)

because Re ¢ is constant along the flow of the Hamilton vector field

—

_ —Imo
H—%qo - H*Reqo‘
Let us now set _ ~
Lo= {x € Ao, : Re[go(X)] = 0} . (3.1.39)

We can notice by using similar arguments as in (2.0.14) and (2.0.15) that
(X € R Re §(X) = 0} = Ker(Re F) NR?",
for any complex-valued quadratic form § with a non-positive real part if Re F is the

Hamilton map of the quadratic form Re g. We therefore deduce from (3.1.12) and
(3.1.15) that

Lo =k (Ker(Re F)n RZ") . (3.1.40)

We get from (3.1.14), (3.1.36), (3.1.37), (3.1.38), (3.1.39) and (3.1.40) that
20D — 20D
yo(t), =—— (vo(?)) ) = exp(tH1, ) \ X0, ——(x0) ) € Lo, (3.1.41)
i ox 790 i ox

@ Springer



834 M. Hitrik, K. Pravda-Starov

forall 0 <t < T, and therefore

Re F' | kp exp(tH%qo) xO,?W(XO) =0, (3.1.42)

forall 0 <t < T.In view of (3.1.14) and (3.1.15), we may write

209d
(x(), 78—;@0)) = k7 (Xo), (3.1.43)

for some X € R?", X # 0 because xo # 0. We can now deduce from (3.1.7) that
there exists an integer m € N such that

Re F(ImF) Xo=0, 0<j<m, (3.1.44)

while
Re F (Im F)" Xo # 0. (3.1.45)

On the other hand, we get from (3.1.42) and (3.1.43) that
-1 — j
Re F (k7 (Hl qo) kr(Xo)) =0, (3.1.46)

for all j € N because qq is a quadratic form. We shall establish the following result.

Lemma 3.1.3 Forall0 < j < m, we have
—\J Thay )/
(H%qo) kr(Xo) = (Hlmqo) Kkt (Xo).

Proof When proving this lemma, we shall argue by induction with respect to j, and
start with the case j = 0, which is of course fulfilled. Let us recall from (3.1.41)
and (3.1.43) that k7 (Xo) € Lo, and notice that, as recalled for example in section 11
(Remark 11.7) in [5] (see also [10]), we have at the points of Lo,

Hi = H % 3.1.4
Lo = Py (147
Let us now check that forall0 < j <m — 1,
Ohay )/

(HIm i ) «r(Xo) € Lo. (3.1.48)

Let us consider 0 < j < m — 1 and notice from (3.1.12) that
1 OAg
k7 (Hum g)kp = Hy php (3.1.49)
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Since a direct computation using (1.1.8) shows that
Himg =2Im F, (3.1.50)
we obtain by using (1.1.8), (3.1.12), (3.1.44) and (3.1.49) that
Re [qo (Hiy ) (X0)) | = Re [0 (i Hily ,(X0) )|
— Reg (2-/ (Im F)/ Xo) —2%g ((Im F)/ Xo, Re F(Im F)/ Xo) —0,

for any 0 < j < m — 1. Thus we have verified (3.1.48), and by an application of
(3.1.47), we get that forall 0 < j <m — 1,

Hyy, (1Y er (X0)) = Hipod ((Hr ) r (X0)) = (Hipy#0)/ ey (Xo),

if
(Hy ) k7 (Xo) = ( Hn ) k7 (Xo).
This proves by induction Lemma 3.1.3. O

It is now easy to finish the proof of Lemma 3.1.2. By using (3.1.46) when j = m,
(3.1.49), (3.1.50) and applying Lemma 3.1.3, we get

mqo

0=ReF ( L(Hp % )mKT(X())) = Re F(H!,, Xo) = 2"Re F(Im F)" Xo,

which contradicts (3.1.45) and completes the proof of Lemma 3.1.2.

Let us finally notice that the semigroup ¢’?, r > 0, is strongly regularizing on
L*(R™). We actually deduce from (3.1.26), (3.1.30) and the fundamental property of
semigroups that for all # > 0, there exists § > 0 such that

Vu € Hoy(C"), €'%u € Hy g5, 2 (C",

0—3|x

on the FBI transform side. By using the fact that a holomorphic function U on C”" is
of the form T'u for some u € S(R"), if and only if

VN € N, /IU(x)|26_2q>0(x)(x)N L(dx) < 400,
(Cn

(see for instance [15]) we finally obtain that

Vi > 0,Vu € L>(R"), ¢'%u € S(R"),

which ends the proof of Proposition 3.1.1.
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3.2 Large time behavior of contraction semigroups

In this section, we prove Theorem 1.2.3. Let us consider a complex-valued quadratic
form

q:R"xR?—)C,neN*,

X

with a non-positive real part
Reg <0,

such that its singular space S has a symplectic structure.
Let us assume that the real part of the symbol ¢ is a non-zero quadratic form

3Xo € R*", Re g(Xo) # 0.

This implies that the singular space is distinct from the whole phase space S # R>"
because from (1.1.8) and (1.1.14),

VX eS8, Req(X)=0(X,Re FX) =0.
It proves that (ii) implies (iii) in Theorem 1.2.3.

Let us now assume that S # R?* and prove (i). We deduce from (2.0.1) and (2.0.7)
that there exists x, a real linear symplectic transformation of R?", such that

(qox)(x. &) =qi(x',E) +iga(x", €, (x,8) = (x',x"; &, ") e R, (3.2.1)

where g is a complex-valued quadratic form on Rzn/, n’ > 1, with a non-positive
real part and ¢, is a real-valued quadratic form verifying the properties stated in Prop-
osition 2.0.1. By using the symplectic invariance of the Weyl quantization given by
the theorem 18.5.9 in [8], we can find a metaplectic operator U, which is a unitary
transformation on L2(R") and an automorphism of S(R") such that

Gox§" =U""qx,§"U.
This implies at the level of the generated semigroups that

PACAVOICRI Ry § e PLACR N SR |

and ,
”et(qox)(x,é) oz = ”etq(x,é) lezys t = 0, (3.2.2)

because U is a unitary operator on L%(R"). Since both operators igs(x”, &”)” and
—iqa(x”, ")V generate contraction semigroups verifying
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the semigroup e¢!’92 @".EM" ig unitary for all > 0. It follows from the tensorization of
the variables (3.2.1),

! @ONEE" _ a1 )" itga (e )"

and (3.2.2) that

[|e'dx-5)" o2y = ||etq1(X’,E')w ez, t = 0.
For proving (i), it is therefore sufficient to prove the exponential decay in time for
the norm of the contraction semigroup generated by the operator gy (x’, £)". We
have proved in Proposition 3.1.1 [see also (2.0.7)] that the spectrum of the operator
q1(x’, €’ is only composed of the following eigenvalues

o (. &)") =1 > (a+2k)(—id) k€N, (3.2.3)

A€ (F1),
Re(—iA)<0

where F| = F|go1 is the Hamilton map associated to the quadratic form ¢ and r;,
is the dimension of the space of generalized eigenvectors of F in c¥ belonging to
the eigenvalue A € C. We have also seen in the proof of Proposition 3.1.1 that the
contraction semigroup generated by the operator g1 (x’, £)* is compact for all ¢ > 0.
We proved this fact in (3.1.31) on the FBI transform side. This allows us to apply
Theorem 2.20 in [2] to obtain the following description of the spectrum,

o (M) =0y U fe s e o (1. E)"))

Its spectral radius is therefore given by

rad (ef’Il(X’f’)“') =, (3.2.4)
where
a = inf Z (ra + 2k;) (—=Re(—id)) : k; e N} . (3.2.5)
A€o (Fy),
Re(—iA)<0

It follows that the constant a is positive. Since from Theorem 1.22 in [2], we have

1 I ew
—a= li 21 tq1(x",&") .
a tJ?wt oglle ||L(L2)

we obtain that there exists M > 0 such that

||€tq1(X/’E/)w||[,(L2) < Me 3, (3.2.6)
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for all + > 0. This proves that (iii) implies (i). Finally, the fact that (i) implies (ii) is
a consequence of a property that we have already mentioned, namely, when the real
part of the symbol ¢ is identically equal to zero then the contraction semigroup

etq(x,é‘)'”’

is unitary for all # > 0. This ends the proof of Theorem 1.2.3.

3.3 Spectra of non-elliptic quadratic operators

In this section, we prove Theorem 1.2.2. Let us consider a complex-valued quadratic
form

X

q:R"ng—MC, n e N*,
with a non-positive real part
Reg <0,
which is elliptic on its singular space S,
(x,6)e S, q(x,5)=0= (x,§) =0. (3.3.1)

Let us recall that this assumption of partial ellipticity on the singular space ensures that
the singular space has a symplectic structure. We can therefore resume the beginning
of our reasoning explained in Sect. 3.1:

By using the symplectic decomposition of the symbol obtained in Sect. 2, we deduce
from (2.0.1) and (2.0.2) that there exists yx, a real linear symplectic transformation of
R2"_ such that

(@00, 8) =g §) +igp(x" €M), (x,§) = ', x" 8.8 e R, (332)
where ¢ is a complex-valued quadratic form on R with a non-positive real part
Re g1 <0, (3.3.3)

and ¢ is a real-valued quadratic form verifying the properties stated in Proposi-
tions 2.0.1 and 3.1.1.

To obtain the result of Theorem 1.2.2, let us notice from Proposition 2.0.1 that when
the symbol g is elliptic on S, we can assume that

"

n
(" &) =6 2 EP + 27, (33.4)
j=1

i

where ¢ € {1} and A; > Oforall j =1,...,n".
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By using again the symplectic invariance of the Weyl quantization given by the
theorem 18.5.9 in [8], we can find a metaplectic operator U, which is a unitary trans-
formation on L2(R") and an automorphism of S(R") such that

(qo(x§" =U""q(x,§"U. (3.3.5)
Since the quadratic form ¢ is elliptic on R2"" | we deduce from the theorem 3.5 in

[12] that the spectrum of the operator iga(x”, ") is only composed of eigenvalues
with finite multiplicity

o (igpx”, ") = > (+2k)(=in) ik eNg, (3.3.6)
reo(iFy),
—iA€Z(iq)\{0}

where F> is the Hamilton map associated to the quadratic form g, and r{ is the

dimension of the space of generalized eigenvectors of i F, in c” belonging to the
eigenvalue A € C. We notice from (2.0.6), (2.0.7), (2.0.8) and (2.0.9) that

1
Fi=F|g1 and F,=-F|s. 3.3.7)
i

Let us notice that if X is an eigenvalue of Fj, such that Re(—iA) < 0, then we neces-
sarily have

Re(—iA) < 0,
because if we had Re(—iA) = 0, it would imply that the Hamilton map F; has a real
eigenvalue and induce, as we saw in (1.4.8), that the singular space of the symbol g
is not reduced to {0}. However, this singular space is trivial by construction (see (ii)
in Proposition 2.0.1). This proves that

Re(—iA) < 0.
By using now that when the numerical range of a quadratic form ¢ is contained in a
closed angular sector I" with a vertex in 0 and an aperture strictly less than 7 _then A
is an eigenvalue of its Hamilton map F if and only if —A is an eigenvalue of F, and

—ireTloriAael,

(see section 3 in [7]), we obtain from (2.0.6), (2.0.7), (2.0.8) and (2.0.9) that

(AeC:reo(F),—ireC_U @I\ = {1 eC:reo(F),
Re(—id) <0} U{h € C:x e o (iF),—ik e X(ig2)\[0}}, (3.3.8)
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where F is the Hamilton map associated to the quadratic form ¢,
Y(qls) =q(S) and C_={zeC:Rez <0}
We shall now deduce from the tensorization of the variables (3.3.2), (3.3.5) and

(3.3.7) that the spectrum of the quadratic differential operator ¢ (x, £)¥ is only com-
posed of eigenvalues with finite multiplicity

o (q(x, ") = > (r+2k) (=i 1k eNT, (339

Lo (F),
—i2eC_U(Z(gls)\{0})

where r;, is the dimension of the space of generalized eigenvectors of F in C*" belong-
ing to the eigenvalue A € C. This result is trivial when the singular space is equal to
the whole phase space because in that case the quadratic form ¢ is identically equal
to 0 and n” = n. We therefore assume in the following that

S # R, (3.3.10)

Let us begin by recalling that we know from (3.2.3) that the spectrum of the operator
q1(x’, €' is only composed of eigenvalues with finite multiplicity

o (', EH) = > (r+2k) (—ir) ik eNt, (3.3.11)

)\-EO(F]),
Re(—ir)<0

where r{ is the dimension of the space of generalized eigenvectors of F in c
belonging to the eigenvalue 1 € C. It follows from (3.3.11) that when a positive
constant a verifies

o (q1(x', S’)w) N{zeC:Rez=—a} =4, (3.3.12)

the operator ¢ (x’, &) only has a finite number of eigenvalues in the half-plane
{zeC:—a <Rez}. (3.3.13)

In the following, we besides assume that the singular space is not reduced to zero
S # {0}, (3.3.14)
because the description (3.3.9) is then a direct consequence of (3.3.11). We now need

some estimates for the resolvent of the operator g (x’, £')" to obtain the description
(3.3.9) for the spectrum of the operator ¢ (x, £)".
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Proposition 3.3.1 For all a > 0 such that
o(q1(x",EN")N{zeC:Rez=—a} =4,
there exists C, > 0 such that
H g &))" H < Ca, (3.3.15)

forall z € C with —a < Rez and [Imz| > C,. Here the norm is the operator norm
2
on L-.

Proof When proving Proposition 3.3.1, we first recall from (3.2.6) and (3.3.10) that
there exist a > 0 and M > 0 such that

I et (DY || < Me™%, t>0. (3.3.16)

By using Theorem 2.8 in [2], we can write that for all z € C such that Re 7z > —a,

+oo
(Z_‘“(x/»g/)w)_l: /E_Ztetql(x/,é/)""dt,
0
and we deduce from (3.3.16) that
o]
Jie = e ) = G@+Rez’ (3.3.17)

for all z € C, —a < Rez. This proves the estimate (3.3.15) when the positive con-
stant a is small enough. To prove the result in the general case, we shall follow an
argument used by L.S. Boulton in [1]. Let us consider a positive constant a verifying
(3.3.12). We have already seen that the operator g1 (x’, £')* has only a finite number
of eigenvalues with finite multiplicity in the half-plane

{zeC:—a <Rez}.

We can therefore consider I1,, the finite-rank spectral projection associated to the
eigenvalues

o (", &€)")N{zeC: —a <Rez},

and write for all z € C with z € o (¢1(x', §)") that

= &) = - &N My + (z — 1, €))7 (1 = T,).
(3.3.18)
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Here
(z—q1(x', E’)“’)_1 (1-Ty) = (z — q1(x', S/)w|Ran(lfﬂa))_l (I-Tg), (3.3.19)

and we can write by using Theorems 1.22 and 2.8 in [2] that

+00
(z _q1(x/7‘§/)w|Ran(1—1'[a))_l = / e ¥ 1 )" IRan(1-11a) g7 (3.3.20)
0
for all z € C with —b < Re z if we set
im L log /410 )" Ik,
—b= lim -log]e q1(x’, Ran(1-Ta) ||, (3.3.21)
=400 t

Let us now notice that the contraction semigroup

! 01 EN IRan(1-110) — el‘fh(X',E')"’(l —T11,),

is compact for any ¢ > 0 since we have seen in Sect. 3.2 that the contraction semigroup
generated by the operator g1 (x’, §")¥ is compact for any ¢ > 0. Since on the other
hand the spectrum of the operator g1 (x’, §")" |ran(1—11,) is equal to

o (qi(x",EN"")N{zeC:Rez < —a},

we deduce from Theorems 1.~22 and 2.20 in [2] that —b < —a, which implies in view
of (3.3.21) that there exists M > 0 such that

||etq1(x/,5/)w|Ran(lfl'Ia)|| <Me ™™, t>0. (3.3.22)

We then deduce from (3.3.20) and (3.3.22) that

M
< —/5 I = Tall, (3.3.23)

H (2= 91, €)" IRan(1-11) " (1= Ty 41 Rez

for all z € C with —a < Re z. Since on the other hand
(Z - QI(X/’ El)w)_l I, = (Z - ‘Zl(x/’ €')"Ran l'la)_1 g,

and the vector space Ran I1, is finite-dimensional, we therefore have

H (2= @1, €))7 M| = 0a(1), (3.324)

for any z € C when |Im z| is large enough depending on a. We finally deduce the
result of Proposition 3.3.1 from (3.3.18), (3.3.19), (3.3.23) and (3.3.24). O
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Remark Letus notice that the previous proof actually shows that when ¢ is a complex-
valued quadratic form on R2" p > 1, with non-positive real part and a zero singular
space
S ={0},
then
108" = O, 4 O4(e™), 120,
in £(L?) for any a > 0 such that
o (q(x,S)w) N{zeC:Rez=—a}=40.

We can now resume our proof of Theorem 1.2.2. In doing so, we recall that any
quadratic differential operator g (x, £)* whose symbol has a non-positive real part, is
defined by the maximal closed realization on L2(R™) with the domain

fue L2 ®"):q(x, 6)"u € LXR"),
which coincides with the graph closure of its restriction to S(R"),
gx, 6" : SR" - SR,
By noticing from (3.3.5) that
o ((qgox)x. &) =0 (q(x.6)"), (3.3.25)

we deduce from (3.3.2), (3.3.6), (3.3.8) and (3.3.11) that it is sufficient for obtaining
(3.3.9) and ending the proof of Theorem 1.2.2 to establish that

o (gx,8)") =0 (1", &N) + o (iga(x", EMY). (3.3.26)

We then notice that since the spectra of the operators gy (x’, £")* and g (x”, )%
are only composed of eigenvalues, we directly get the first inclusion

o (q1(x",EN) + o (iqa(x", ")) Co (qx,6)"),
by considering the functions
u(x', x") = ur(ua (") € LAR"),
where 1] and uy are respectively some eigenvectors of the operators g1 (x’, £)* and

g2 (x”, "W, since these functions are eigenvectors for the operator ¢ (x, £)*. We shall
now prove the opposite inclusion. Let us consider z € C such that

zéo(i(x §)) +o (iga(x", EMN"). (3.3.27)
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In view of (3.3.25), it is sufficient to prove that the map
(@ox)@. & —z:{ue LP®): (00 8)"u e LXRM) — L*R"),
is bijective to obtain the second inclusion. We denote by
Gu(x) = Hy()e ™%, a e N",

the orthonormal basis of L2(R") composed by Hermite functions. Here the Hermite
polynomials H, (x) satisfy

Hy(x) = [ | Ha; (x)),
j=1

and therefore we write
0u(X) = @ (X )por (x), &' €N, o e N"". (3.3.28)
Let us consider the following equation with u and v in L>(R"),
(Gox)x,8)"u —zu =v. (3.3.29)

We can write

() = Dy @ (X gar (x"), V() = D barar @ ()gar (x"),  (3.3.30)

0[’,0// 0(/,0(//

where the two sums are taken for (o, &”) € N*' x N"". By using from (3.3.2) that
(qox)(x, &) =q(x', &) +iga(x", &MY,
we obtain from (3.3.4) that

(qox)(x,8)"u—zu
= D e [ (5 E) 0o (X)) + i o 9 (X) = 200 ()] g (),

(X,,Ot”

(3.3.31)
with

n"

o =5‘ZXJ- (20[7/4- 1) )

j=1
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since
qZ(xNv E//)wﬁoa” (x//) = Ua"Pa” ()C//).

By setting for any o’/ € N,

Vo (¥) = D buarpor (x') € LAR™),

Ot/ENn/

so that according to (3.3.30),

vE) = D v ()gar (), (3.3.32)

"
0[// IS Nll

we deduce from (3.3.31) that for solving the equation (3.3.29), we have to solve all
the equations

(010,80 + e = 2) e (x) = v (&), @ € N, (33.33)
where

e (x) = D ayarge (x') € LXRY).

/
o'eN”

We deduce from (3.3.27) that there is a unique solution uy~(x’) in LZ(R”,) for each
of the equations (3.3.33). This proves that for every v € L2(R™), there is at most one
solution to the equation (3.3.29). Let us denote by u, the solutions to the equations
(3.3.33) and
= D ity (X )por(x"). (3.3.34)
o eN?
The equation (3.3.29) will have a unique solution in L>(R") for every v € L>(R") if

we prove that the function u defined in (3.3.34) actually belongs to L2(R™). This is
the case. Indeed, we obtain from (3.3.32) and (3.3.33) that

2
. —1
[y lugrlI? o, = (1 ENY +ipgr —2) 7 var ,
L*(R") L2(R") L2(R"
Ol”EN"N a//eNn” ( )
2 2
<C D vwrliage, = ClolTagn < +oo,
a’eNn”

because we deduce from Proposition 3.3.1 and (3.3.27) that the quantities
. -1
H (1 (" €N +ipgr —2) H
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are bounded with respect to the parameter «” in N"". This ends our proof of Theo-
rem 1.2.2.
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