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Abstract. We study non-elliptic quadratic differential operators. Quadratic dif-
ferential 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.
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1. INTRODUCTION

1.1. Miscellaneous facts about quadratic differential operators. Since the
classical work by J. Sjostrand [12], the study of spectral properties of quadratic
differential operators has played a basic role in the analysis of partial differential
operators with double characteristics. Roughly speaking, if we have, say, a clas-
sical pseudodifferential operator p(x,&)* on R™ with the Weyl symbol p(z,§&) =
P (2,6) + Pm_1(x,€) + ... of order m, and if Xo = (z0,&) € R?" is a point where
Pm(Xo) = dpm(Xo) = 0 then it is natural to consider the quadratic form g which
begins the Taylor expansion of p,, at Xo. The study of a priori estimates for p(z, £)*,
such as hypoelliptic estimates of the form

lullm— < Cr ([[p(2, ) ullo +[|wllm—2), weF(K), KCCR",

then often depends on the spectral analysis of the quadratic operator ¢g(z,&)". See
also [7], as well as Chapter 22 of [§] 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-Planck operator with a quadratic
potential [4], [3]. The corresponding (complex-valued) symbol is not elliptic, but nev-
ertheless, 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
1



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,

1 (o T+y
1.1.1 z,6)%u(x) = elr—v)-€ (7, )u dyd¢,
(L) a8l = g [ e (T e utays
for some symbols ¢(z,§), where (z,£) € 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 z%¢#, with (a, 3) € N?" and |a + | < 2, is the differential
operator
osaDg + Df %
2

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 gener-
ated by quadratic differential operators whose Weyl symbols have a non-positive real
part,

, D, =i"t9,.

(1.1.2) Re ¢ < 0.

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

(1.1.3) { %(t,x) —q(z, &) u(t,z) =0
u(t,)|t=0 = ug € L*(R"),

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

(11.4) o ((2.6). (y.m) = €y — . (2,€) € B, (y,m) € R

We shall also describe the large time behavior of contraction semigroups
etq(wﬁ)w7 t>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

(1.1.5) (z,6) € S, q(z,§) =0= (x,8) =0,

then S is automatically symplectic, and we prove that the spectrum of the quadratic
differential operator ¢(z,£)™ 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
therefore be also particularly relevant in the analysis of general pseudodifferential
operators with double characteristics, when the ellipticity of their quadratic approxi-
mations fails.
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Before giving the precise statements of these results, let us begin by recalling some
facts and notation about quadratic differential operators. Let

q: Ry xR — C
(z,8) — q(z,9),
be a complex-valued quadratic form with a non-positive real part,
(1.1.6) Re q(z,£) <0, (2,€) € R*,n € N*.

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

{u e L*(R") : q(x,&)"u € L*(R™)},
coincides with the graph closure of its restriction to S(R"™),
q(z,€)" : S(R") — S(R"),

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. Hor-
mander in [9] gives an explicit expression for the Weyl symbols of these contraction
semigroups.

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

(1.1.7) (q) = (R x RY).

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

(1.1.8) a((z,€); (y.m) = o (2.9, F(y,m)), (x,8) € R*™, (y,n) € R*",

where q(-; ) stands for the polarized form associated to the quadratic form ¢. It
follows 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 ¢, 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,

(1.1.9) VX,Y € R, ¢(X,FY) = ¢(X;Y) = q(V;X) = o(Y, FX) = —o(FX,Y).

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

(1.1.10) (z,8) € R*", q(x,6) =0 = (2,€) = 0.

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 R?", with n > 2, then there exists 2 € C* such that Re(zq) is a
positive definite quadratic form. If n = 1, the same result is fulfilled if we assume
besides that ¥(gq) # 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(q) 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]),

(1.1.11) q(z,€)" +z: B— L*(R"),



where B is the Hilbert space
(1.1.12) B={ueL*R"):q(z,&)"ue L*R")}
= {ue L*(R") : 2°Dlu € L*(R") if |o + 3] < 2},

with the norm

luly = 3 Ia*Dulaqen.
la+B]<2
Moreover, the index of the operator (1.1.11) is independent of z and is equal to 0
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 3(q) # 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 differential operator

q(x,6)" : B — L*(R"),

is only composed of eigenvalues with finite multiplicity,

(1.1.13) o(qlz,€)") = { Y (ot 2k)(—iN) ks e N},
A€o (F),
—ixeX(g)\{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 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
(Theorem 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 ¢ is defined as the following intersection of the kernels,

+oo
(1.1.14) § = () Ker[Re F(tm F)']) NR",

j=0
where the notation Re F' and Im F stands respectively for the real part and the
imaginary part of the Hamilton map associated to q. Notice that the Cayley-Hamilton
theorem applied to Im F' shows that

(Im F)*X € Vect(X,...,(Im F)>"'X), X e R, k€N,

where Vect (X, e, (Im F)Q"_lX) is the vector space spanned by the vectors X, ...,
(Im F)?"~1 X, and therefore the singular space is actually equal to the following finite
intersection of the kernels,

2n—1
(1.1.15) S = ( (M Ker[Re F(Im F)J'D nR2".

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

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,
with a non-positive real part,
(1.2.1) Re ¢(z,€) <0, (z,€) € R*", n € N*,

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 o to S is nondegenerate, the heat equation (1.1.3)
associated to the operator ¢(z,£)" 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 (2',€') are some linear symplectic coordinates on the symplectic space S°*, then

forallt >0, N € N and u € L*>(R"),
(1.2.2) ((1 + |x/|2 + |£l|2)N)wetq(oc,€)wu c L2(Rn).

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

(1.2.3) (z,8) €S, q(z,§) =0= (x,€) = 0.

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 veri-
fying (1.2.3), we can give another description of the singular space in terms of the
eigenspaces of F' associated to its real eigenvalues. Under these assumptions, the set
of real eigenvalues of the Hamilton map F' can be written as

F(FYNR = {1, Ary = A1, ey = A1,

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

(1.2.4) S =5y, &7t Sy, &% . a7t S,
where S, is the symplectic space
(1.2.5) Sy, = (Ker(F — X;) & Ker(F + A;)) NR*".

These facts will be proved in section 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. If q is a complez-valued quadratic form with a non-positive real part
and if q is elliptic on S,

(,6) €5, q(x,§) =0= (z,§) =0,
then the spectrum of the quadratic differential operator q(x, &)™ is only composed of
eigenvalues of finite multiplicity,

(1.2.6) o(ale,€)") = { 3 (r+2k2) (iA) : kr € N,
A€o (F),
—iAeC U(Z(al$)\{0})

where F' is the Hamilton map associated to the quadratic form q, ry is the dimension
of the space of generalized eigenvectors of F in C?" belonging to the eigenvalue X € C,

¥(qls) = q(S) and C_ = {z € C: Re z < 0}.

Since the singular space S is distinct from the whole phase space as soon as the
real part of ¢ 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: Ry xRy — C, ne N,
with a non-positive real part, such that its singular space S has a symplectic structure.
Then, the following assertions are equivalent:
(i) The norm of the contraction semigroup generated by the operator q(x,&)"
decays exponentially in time,
AM > 0,3a > 0,5t >0, [ £p2) < Me™.

(i) The real part of the symbol q is a non-zero quadratic form

A(wo, &) € R*™, Re q(wo, &) # 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 ¢ verifies (1.2.3), Theorem 1.2.3 is a generalization
of the result proved in [11] for elliptic quadratic differential operators.

Remark. It follows from [11] that if the quadratic form ¢, satisfying (1.1.2), is such
that Re F' is not nilpotent, then the statement (¢) 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 cannot be dropped completely. Indeed, let us consider the quadratic differential
operator defined in the Weyl quantization by the symbol

q(xv g) = _xz'
This operator is just the operator of multiplication by —x2, which generates the
contraction semigroup

MmOy = ey £>0, ue L*(R™),



whose norm is identically equal to 1,

Hetq(LE)WHL(LZ) =1,t>0.

Remark. Let us mention that our proof will show in particular that when ¢ is a
complex-valued quadratic form on R?", n > 1, with a non-positive real part and a
zero singular space S = {0}, then

P {CRI etq(xé)wna + Oa(e—at)7 t>0,
in the space £(L?) of bounded operators on L?(R"), for any a > 0 such that
o(q(z,£)")N{z € C:Rez = —a}

= { Z (7 =+ 2kx) (—iX) : ky EN}ﬂ{zeCsRez:—a}zﬂ,
AEa(F),
Re(—iX)<0
where II, stands for the finite rank spectral projection associated to the following
eigenvalues of the operator ¢(z, &)Y,

o(q(z,§)*)N{z€C: —a <Rez}

:{ Z (T)\—l—Zk:,\)(—i/\):k,\EN}ﬂ{zeC:—aSRez},
A€o (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
AreC.

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 coordinates (z’,¢’) in S+ and (z,¢”) in S such that the
complex-valued quadratic form ¢ verifying (1.2.1) can be written as the sum of two
quadratic forms with a tensorization of the variables (z/,&’) and (x”,£"),

q = q|S + q|SOJ‘7 (x7 5) = (‘r/’ x//; 6/75/1) E RQTL?
where the first quadratic form ¢|gs is equal to
Q|S = iQ‘Sv
with §|s a real-valued quadratic form; and where the second quadratic form g|go1 is
a complex-valued quadratic form with a non-positive real part. This real part is not
in general negative definite (unless the real part of ¢ is). However, it follows from the
definition of the singular space S that the average of the real part of the quadratic
form ¢|g-1 by the flow generated by the Hamilton vector field of its imaginary part,
HImq|
sol?

T

1
(Re qlgor)7(X') = ﬁ/ Re q|5u(etHI“““‘su Xdt, T >0, X' = (2',¢),
-7

is negative definite. Studying the contraction semigroup
(1.3.1) elllsar >0,

generated by the operator ¢[¢,., on the FBI-Bargmann transform side, we prove,
using the averaging property just mentioned, that (1.3.1) is compact and strongly
regularizing for every ¢ > 0. This compactness result is really the key point in our
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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¢: Ry xR¢ - C, neN,
be a complex-valued quadratic form, which is elliptic on its singular space .5,
(1.4.1) (z,6) €S, q(z,§) =0= (x,&) =0.

We want to prove that

2n—1

$=( N Ker[Re F(Im F)']) NR>",

3=0
has a symplectic structure. This fact follows from some arguments similar to those
used in [11] (Lemma 3).

We can assume that S # {0} since the space {0} is obviously symplectic. Let us
therefore consider Xy € S\ {0}. We define
(] ::)(0

(1.4.2)

€1 = Im FX.

1
-~ Im ¢(Xo)
This is possible, since from (1.1.8) and (1.1.16), we have
Re ¢(Xo) = 0(Xo,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( — (Im ¢(Xo)) ' Im FXo, Xo) = (Im ¢(Xo)) "o (Xo,Im FXq) =1,
which shows that the system (e1,e1) is symplectic. We get from (1.1.16) and (1.4.2)
that
Vect(eg,e1) C S.
If S = Vect(e1,e1), the singular space S is symplectic. If it is not the case, so that,
S # Vect(ey,e1),
we can continue our construction of a symplectic basis for S by considering
X1 € 5\ Vect(eq,e1)

and
(1.4.3) X, =X, +0(X1,e1)e1 — (X1, e1)e1 € S\ Vect(eq, e1).
Let us set
er = X
(1.4.4) €9 = %(Im FX, + o(Im FXl,el)el —o(Im FXl,el)sl),

CIm g(X))
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which is again possible according to (1.1.16) and the assumption of ellipticity on S
since ~ B _
Re q(Xl) = O'(XhRe FXl) = O7

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, e2,e1,62) C S.
If S = Vect(ey, e2,€1,€2), then S is symplectic. If it is not the case, then

S # Vect(ey, ea,€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: Ry xRy — C, neN,
with a non-positive real part
Re ¢ <0,
such that (1.4.1) is fulfilled and denote by F its Hamilton map. We know from
Proposition 4.4 in [9] that the kernel Ker(F + A) is the complex conjugate of the
kernel Ker(F — \) for every A € R, and that the spaces
Ker(F' — \) ® Ker(F + \),

where A € R*, and Ker F, are the complexifications of their intersections with R2".
Let us set

(1.4.5) Sy = (Ker F) N R?*"
and
(1.4.6) Sx = (Ker(F — \) @ Ker(F + \)) NR*",

for A € R*. Proposition 4.4 in [9] also shows that
Re F Ker(F + \) = {0},
for all A € R. This implies that

(1.4.7) (Re F)SA = {0} and (Im F)S)\ C Sy,
and proves in view of (1.1.15) that for all A € R,
(1.4.8) Sy CS.

If 0 € o(F) NR, this would imply that Sy # 0. Since from (1.4.5),
¢(X)=0(X,FX)=0,

for all X € Sy, the inclusion (1.4.8) would then contradict our assumption of ellipticity

on the singular space (1.4.1). This proves that the set of real eigenvalues of the

Hamilton map F' can be written as

(149) O'(F)OR: {Al,...,AT,—)\l,...,—AT},

with A\; # 0 and \; # £, if § # k.
Let us now check that the spaces Sy,, j = 1,...,r, are symplectic. Let Xy be in
Sy, such that for all Y € Sy,
J(Xo, Y) =0.
It follows that for all Y and Z in S,

o(Xo,Y +iZ) =0,
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which induces that
VX € Ker(F — \;) @ Ker(F + }j), 0(Xo,X) =0,

because Ker(F' — \;) @ Ker(F + );) is a complexification of Sy;. On the other hand,
since Xo € Sy, we have F Xy € Ker(F — \;) @ Ker(F + );), which implies that

q(X()) = O’(X07FX0> =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 Sy;.

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

X € Ker(F —e1);) and Y € Ker(F — ex\g),

with e1,e9 € {£1}, we obtain from the skew-symmetry property of the Hamilton map
F with respect to o that

s
o(X,Y) = 0(X,e5 ']\ 'FY) = ———(FX,Y) = -2 5(X V).
€2\ E2Ak

Since

51)\]‘

— 1

e Rk
because A; and A are real numbers such that Ay & {\;, —A;}, we finally deduce that

o(X,Y) =0,

which proves that the spaces Sy, and Sy, are symplectically orthogonal, and we get
from (1.4.8) and (1.4.9) that

(1.4.10) Sy, @7t Sy, @7t @7t S, c S

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 C S.
Since
¢ X)=0(X,FX)=i0(X,Im FX), X €5,

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

(1411)  q(X) =iy (€ +23), X = 5161 + oo + Fmlm + G181 + oo + Embim,
j=1
where ¢ € {£1} and p; > 0 for all j =1,...,m. Indeed, this is linked to the fact that

a real-valued elliptic quadratic form must be positive definite or negative definite. By
computing F' from (1.4.11), we get that

(1412) FX] = —E/Lij and FXJ = €/Lij,

if X; =¢é;+4€; and Xj =¢; —i€; for all j = 1,...,m. The identities (1.4.12) prove
that the singular space is actually equal to the direct sum of the symplectic spaces
S, defined in (1.4.6),

S =28, @t Sy, a°t .. a7t S,

s
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1.4.2. Kramers-Fokker-Planck operator with a quadratic potential. Let us consider the
Kramers-Fokker-Planck operator [4],
2
1
K=-A,+ UZ ~3 + 0.0y — (893‘/(1‘)).61,, (z,v) € R?

with a quadratic potential
1
Viz)= Eaatz, a € R*.

We can write

1
(1.4.13) K =—q(z,v,&n)" — 5,
with
1 :
(1.4.14) q(x,v,6,m) = —n° — ng — i(v§ — axn).

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

Y(q) ={z € C:Re z <0}.
We can directly check that its Hamilton map F' for which
q($7 U7 67 77) = O’(((L.? ’U, 57 77)7 F(x7 ’U, 67 77))7

is given by
0 - 0 o0
1 .
_ sai 0 0 -1
(1.4.15) F=12" o o e |
o + i 0

and that the singular space

3
$ = () Ker[Re F(im F)/]) NRY,
§=0
is reduced to the trivial symplectic space {0}.

As a simple application of Theorem 1.2.2, let us also describe explicitly the spectrum of
the quadratic operator g(z,v,&, )" (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 2F precisely when
a 2
( > )\) +1=0,

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

by
\ —i—iv/1—4a \ i—iv/1—4da
1=, 9= .
2

2
When a > 0, we get the eigenvalues

—t+iv1 —4a A\ —i—1iyv1—4a
- 5 2= 5 -
2 2

w

AL =
According to Theorem 1.2.2, the spectrum of g(x,v,&, 1) is given by

1 A1 1 Ao
{(2+k1>i+(2+/€2>i, kJEN}.

In particular, when a > 0, we observe that the lowest eigenvalue of the spectrum of
the operator K in (1.4.13) is 0 (see also [5]).
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Remark. Starting from the quadratic Kramers-Fokker-Planck 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 ¢; (2/,¢’) is a quadratic form defined as in (1.4.14),
we let

q(x/’:r//’g/’gll) — ql(x/,g/) + ti(x//75//),
where ¢o is a real valued quadratic form in the variables (z”,¢&”). It is then easy
to see that the singular space associated to the quadratic form ¢ is given by S =

{2, 2",¢,¢") 2" =& =0}
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search Fellowship. He would also like to thank Joe Viola for a stimulating discussion.
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terest in his thesis work and for their very stimulating questions during the defense
that we have tried to answer in the present work. We would also like to thank the
referee for helpful comments leading to the improved presentation.

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 ¢ 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 x, a real linear
symplectic transformation of R??, such that

(201) (q © X)(xa g) =4q1 (xlv fl) + ti(xll,é-//)’ (xvg) = (xlv LE,/; 5/, E//) € R2na
where ¢y is a complex-valued quadratic form on R?" with a non-positive real part
(2.0.2) Re ¢1 <0,

and g5 is a real-valued quadratic form verifying the following properties:

Proposition 2.0.1. The two quadratic forms q1 and g2 satisfy the following proper-
ties:
(i) For all T > 0, the average of the real part of the quadratic form g1 by the flow
defined by the Hamilton vector field of Im ¢,

1 (T ,
(Re ¢1)7(X) = o7 / Re ¢ (efma X)dt, X' = (2/,¢) € R*™,

=T

s megative definite.
(i) The quadratic form

2n—1
Y Req((m Y X'), X' =(2/,¢) e R™,
§=0

where Fy stands for the Hamilton map of q1, is negative definite.
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(#i1) If the symbol q fulfills an additional assumption of ellipticity on S,
(2.0.3) (,8) €5, q(x,§) =0= (2,§) =0,

then we can assume that

"
n

Q2($H,f//) — EZAJ‘(%/Z + :L‘;/2)7
j=1
where e € {£1} and \; >0 for all 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
S+ 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 for all Y € S,

o(Y,Re FX) +io(Y,Im FX) = —o(Re FY, X) — ic(Im FY, X) =0,
because (Re F)Y € S and (Im F)Y € S. This induces that for all Y € S,
o(Y,Re FX) = o(Y,Im FX) =0,

and proves that (Re F)X € S°* and (Im F)X € S°+.
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,

(2.0.4) R*™ = S, ¢+ Sy, (Re F)S; € S;, (Im F)S; C S},
for j € {1,2} with
(2.0.5) S; =5t and S, = S.

Let us now consider a symplectic basis (e1,j,...,en; j;€1,5, - €n;,5) of S;. By col-
lecting 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 g,

q(z,§) = U( > (@rjerg +&hcng) F( Y (zrjen; + §k,j5k,j))>

1<5<2, 1<5<2,
1<h<N; 1<E<N;
= > 0( > (@rgerg +&rgeng)  F(Y ($k,j€k,j+§k,j€k,j)))~
1<j<2  1<k<N; 1<k<N;

This implies that we can find symplectic coordinates
where (2/,¢') and (2", ") are some symplectic coordinates in S+ and S respectively,
such that

(2.0.6) q(x,8) = qu(a', &) + ga(a”,£"),
with

(2~0-7) Q1(w/7£/) = 0(($/7€/)7F|S"J— (1'/75/))
and

(208) CI2($”7 5//) — J((.’L'”, é-//)’ F|3($II7 5//)).

Since from (1.1.16),
(Re F)S = {0},
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the quadratic form g5 is purely imaginary-valued and can be written as

(209) q2 = ’i(jg,
where ¢» is the real-valued quadratic form
(2.0.10) Go(2",€") = J((:v”,f”),lm F|5(x”,§”)).

When the additional assumption (2.0.3) is fulfilled, this quadratic form ¢, must be
elliptic on R2"". Since a real-valued elliptic quadratic form is necessarily a positive
definite or negative definite quadratic form, we deduce from the lemma 18.6.4 in [§]
that we can find new symplectic coordinates (z”/,£"”) in S and € € {£1} such that

(2.0.11) Q2" &") = > X&)+,
j=1

where \; > 0 for all j =1,...,n"”. This proves (ii¢) in Proposition 2.0.1.
Let us now study the properties of the quadratic form ¢;. We denote by F} its
Hamilton map

(2.0.12) Fy = Flgou,

and define the following quadratic form

2n—1
(2.0.13) r(X')= > Req((Im FA)YX'), X =(a',¢) € 57"

3=0
Since from (1.2.1), (2.0.6) and (2.0.9), Re ¢1 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 € S+ such that

r(X4) = 0.
The non-positivity of the quadratic form Re ¢; induces that for all j =0,...,2n — 1,
(2.0.14) Re ¢; ((Im F1)’X() = 0.

Let us denote by Re ¢1(X’;Y”’) the polarized form associated to Re ¢;. We deduce
from the Cauchy-Schwarz inequality, (1.1.8) and (2.0.14) that for all j =0, ...,2n — 1
and Y’/ € 7+,

Re ¢1 (Y'; (Im F1 ) X{) > = |o(Y',Re Fy(Im Fy ) X{)|?
< [-Re ¢1(Y")][-Re ql((Im Fl)jX(’))] =0.
It follows that for all j =0,...,2n — 1 and Y’ € S+,
o(Y',Re Fi(Im Fy)' X{) =0,
which implies that for all j =0,...,2n — 1,
(2.0.15) Re Fi(Im Fy)? X =0,

because from (2.0.4), (2.0.5) and (2.0.12), Re Fy(Im )X}, € S°% and S°* is a
symplectic vector space. Since X} € S, we deduce from (1.1.15), (2.0.4), (2.0.5),
(2.0.12) and (2.0.15) that X} € SN S°t = {0}, which proves that r is a negative
definite quadratic form. This proves (i¢) in Proposition 2.0.1.

Remark. According to the previous proof, let us notice that the property (i¢) implies
that for all X € R2"', X # 0, there exists jo € {0, ...,2n — 1} such that

(2.0.16) V0<j<jo—1, Re F{(Im F1)?X =0, Re [y (Im ;)X #0.
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Let us now prove that for all 7" > 0, the average of the real part of the quadratic
form ¢; by the flow defined by the Hamilton vector field of Im ¢,

(Re @) (X') = o [ TT Re g1 (¢ Mma X)dt,
is negative definite. Let us notice that this flow is globally defined since the symbol
Im ¢; is quadratic. Let us consider X in R2" such that
(2.0.17) (Re q1)r(Xg) = 0.
Since Re ¢; is a non-positive quadratic form, it follows from (2.0.17) that
Re ¢ (e!fma X)) = 0,
for all =T <t <T'. This implies in particular that for all k£ € N,
(2.0.18) % (Re g1 (e X0))|,_, = Himg, Re 1 (X() = 0.
If X} # 0, we deduce from (i7) that there exists jo € {0, ...,2n — 1} such that
(20.19)  VO0<j<jo—1, Reqi((Im F1)’X{) =0, Re ¢; ((Im F;)°X() < 0.
Let us check that it would imply that
(2.0.20) HY° Re q1(X}) #0,

Imqy

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 ¢; and qo are two complez-valued quadratic forms on R?™, then the
Hamilton map associated to the complex-valued quadratic form defined by the Poisson

bracket
_ 0q1 0g2  Oq1 Oqa
{Q17Q2} = 75% - %8757
is —2[Fy, F5] where [Fy, F5] stands for the commutator of Fy and F, the Hamilton
maps of g1 and qs.

We deduce from the previous lemma that the Hamilton map associated to the
quadratic form H>° Re ¢ is

Imqy
(2.0.21) 4% [Im Fy, [Im Fy,[..., [Im Fy,Re Fy]..],
with exactly 2jp terms Im F} appearing in the formula. We can write
(2.0.22) 4% [Im Fy,[Im Fy,[...,Im Fy,Re F]...]
2jo
= > (~1)¢;(Im Fy)'Re Fy(Im Fy)*° 7,
7=0

with ¢; > 0 for all j =0, ...,2jo. Indeed, by using the following identity

[P.[P.Q]] = P*Q — 2PQP + QP?,
we can prove by induction that for all n € N*, there exist some positive constants
dn,j, 7 =0,...,2n such that

2n

[P, [P, [7 [P, Q]] = Z (_1)jdn7ijQP2nij7

J=0
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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

(2.0.23) H® Re qi(X}) = (—1)¢j,0 (X}, (Im Fy)°Re Fy(Im F)70 X))

Img;

+ Y (1) ¢jo(X¢, (Im F1)'Re Fy(Im F1)*° 79 X{)

+ (—1)%° T o, _jo(X§, (Im Fy)*° /Re Fy(Im Fy)? X{).
j=0
Now on the one hand,
o (X}, (Im Fy)°Re Fi(Im Fy)° X() = (—1)"°0((Im F1)°X{,Re Fi(Im Fy)7° X))
= (=1)°Re ¢; ((Im F; ) X),

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

lo (X4, (Im Fy)’Re Fy(Im Fy)*° 77 X[))|
lo((Im F1)? X(, Re Fy(Im Fy)*° 77 X[))|
—Re ¢ ((Im Fy)? X{; (Im Fy)*° 77 X()

< [~Re qi((Tm Fy)7X()]2[~Re q1((Tm F)>° 77 X()]2 =0
and
lo (X4, (Im Fy)*°~Re Fi(Im Fy)’ X})|
= |o((Im Fy)*° 77X}, Re Fi(Im Fy)’ X})|
= —Re ¢ ((Im Fy)*° 77 X{; (Im Fy)? X()
< [~Re g1 ((Im Fy)¥° 79 X()]2[~Re g1 ((Im Fy)? X()]? =0

if j=0,...,j0 — 1. It follows from (2.0.19) and (2.0.23) that
H° Re qi(X}) = ¢joRe ¢i (Im F1 )0 X)) <0,

Imqq
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,

(2.0.24) 1<7<4n -2,

in every point of the set q; (R2")\ {0}. We recall that the order k(zo,&) of a symbol
p(z,€) at a point (x9,&y) € R?" (see section 27.2, Chapter 27 in [8]) is the element of
N U {400} defined by

(2025) k(‘r(]ugo) = sup {J €ZL: p](x()vgo) = 07 V1 < ‘Il < ]}7
where I = (i1,i2,...,ix) € {1,2}*, |I| = k and p; stands for the iterated Poisson
brackets
pr = Hpil Hpi2 "'Hpik,,lpik?
where p; and po are respectively the real and the imaginary part of the symbol p,

p = p1 + ip2. The order of a symbol ¢ at a point z is then defined as the maximal
order of the symbol p = q — z at every point (z¢, &) € R?" verifying

p(z0,80) = q(w0,&0) — 2 =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: Ry xR¢ - C, neN,
with a non-positive real part
Re ¢ <0,
such that its singular space S has a symplectic structure. We recall that this assump-
tion 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 section 2.

We deduce from (2.0.1) and (2.0.2) that there exists ¥, a real linear symplectic trans-
formation of R?", such that

(3'1'1) (q © X)(I, 5) =4q1 ('rlv f/) + iQQ(.r//,f//), (Z‘,f) = (.73/, .13”; flv fu) € R2na
where ¢; is a complex-valued quadratic form on R2" with a non-positive real part
(3.1.2) Re ¢1 <0,

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(z', )" is only composed of eigenvalues with finite multiplicity

o(q (2, €)") = { Y (ot 2k)(—iN) ks € N},
A€o (Fr),
Re(—i\)<0
where Fy is the Hamilton map associated to the quadratic form q1 and ry is the dimen-
sion of the space of generalized eigenvectors of Fy in c2 belonging to the eigenvalue
X € C. Moreover, the operator q(z’,&')" generates a contraction semigroup such that

et @)y e SR,
for any t >0 and u € L2(R™).

Remark. It will be clear from the proof that Proposition 3.1.1 extends to the vector-
valued case, so that if H is a complex Hilbert space and u € LQ(R”/; ‘H) then for any
t > 0 we have e/ ¢ S(R™; 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

(3.1.3) (gox)(x,8)" =U"q(z,6)"U.
This implies at the level of the generated semigroups that
(3.1.4) 1) (@87 — =leta@ Oy ¢ > .

Since from the tensorization of the variables (3.1.1),

et(@ox) (@) — tar (@'.61)" pitga(a.67)"
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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 (z/,¢’) are
some symplectic coordinates on the symplectic space S then for all ¢t > 0, N € N
and u € L2(R") = L*(R™; L*(R™")), we have
(L[ + [¢'2)N) et u € L2R™),

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:Ry xR — C, neN,

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

such that for all 7" > 0, the average of the real part of the quadratic form g by the
flow defined by the Hamilton vector field of Im ¢,

1 T

(3.1.6) (Re ¢)7(X) = ﬁ/ Re g(e'= X)dt, X = (2,¢) € R*",
-T

is negative definite. We also know from (2.0.16) that for all X € R?", X # 0, there

exists jg € N verifying

(3.1.7) Y0<j<jo—1, Re F(Im F)?X =0, Re F(Im F)"X # 0,

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

(3.1.8) Q=q(z, )",
the quadratic differential operator defined by the Weyl quantization of the symbol gq.

When proving Proposition 3.1.1, we shall work with the metaplectic FBI-Bargmann
transform

(3.1.9) Tu(z) =C ei‘/’("’”’y)u(y) dy, € C", C >0,
RTL
where we may choose
2

o(r,y) = %(33 -y),

as in the standard Bargmann transform. Other quadratic phase functions ¢ such that
Im ¢y, > 0 and det ¢}, # 0, are also possible (see section 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
(3.1.10) Hg,(C") = Hol(C™) N L*(C", e 2P™) [(dx)),
with

Dp(z) = sup —Imy(z,y) = % (Imx)?,

yeR™
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) — Hg,(C"; H),

where H is a complex Hilbert space.
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We recall next from [15] that

(3.1.11) TQu = QuTu, u € S(R™),

where () is a quadratic differential operator on C™ whose Weyl symbol ¢, satisfies
(3.1.12) go O KT = .

Here

(3.1.13) iy C*" 3 (y, =@, (z,y)) — (z,¢,(z,y)) € C*",

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

B 209 . .
(3.1.14) Ap, = {(:1: ZW(x)) .z€C }
then we have
(3.1.15) Ao, = rp(R?™).

When
o= Zd§] Adzx;,

j=1
is the complex symplectic (2,0)-form on C** = C? x C%, then the restriction op,, of
o to Ag, is real and nondegenerate. The map k7 in (3.1.13) can therefore be viewed
as a canonical transformation between the real symplectic spaces R?" and Ag,.

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

1 () z+y

— i(z—y)-0

QOU(I) - (271-)71 /72 0% [ 2ty € QO( 2 70)’(,L(y) dy dav
0=3% 52 (=5*)

and then, using that the symbol gy is holomorphic, by a contour deformation we
obtain the following formula for @y as an unbounded operator on Hg,(C™),

1 N, r+y
1.1 = 2=v)-6
(3.1.16)  Qou(x) ()" /‘nga;l;q(uy)-&-it(:c—y)e qO< 5 ,Q)u(y) dy db,

2

for any t > 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 ¢
(see (3.1.6)) plays an important role. To that end, let G = Gr be a real-valued
quadratic form on R2" such that

(3.1.17) HingG = —Req+ (Reg)r.
As in [6], we solve (3.1.17) by setting

(3.1.18) G(X)= / kr(t)Re q(e e X)dt,
R
where kp(t) = k(t/2T) and k € C(R\{0}) is the odd function given by

1 1

k(t) = 0 for [t| > B and k'(t) = —1 for 0 < [t| < 3

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

(3.1.19) A.g = e (R?™) c ¢,
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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,
sections 3 and 5 in [5]), that

29D, .
(3.1.20) kr(heg) = Ag, = {(a: o (m)) zeC }
where @, is a strictly plurisubharmonic quadratic form on C", such that
(3.1.21) d.(z) = Bo(x) + eG(Rex, —Imz) + O(? |z]*).

Associated with the function @, is the weighted space of holomorphic functions
Hg (C") defined as in (3.1.10). The operator g can also be defined as an unbounded
operator

Qo : Hy_(C") — Hy_(C"),
if we make a new contour deformation in (3.1.16) and set

1 )

(3.1.22)  Qou(z) = 771/ " el(w—y)~0q0($ +y
(2m)™ Jo=2 8% (=u)1ista—y) 2

for any t > 0. By coming back to the real side by the FBI-Bargmann transform,

the operator Qo can be viewed as an unbounded operator on L?(R") with the Weyl

symbol

(3.1.23) 7(X) = q(e"Fe X),

and here the real part of this expression is easily seen to be equal to
Re §(X) = Re ¢(X) 4 eHimG(X) + 02 | 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

(3.1.24) —Re §(X) > % X?, C>1, X e R™,

0)uly) dy do,

for 0 < ¢ < 1. We may therefore apply Theorem 3.5 of [12] to the operator Qo viewed
as an unbounded operator on Hg_(C").

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

(3.1.25) 7(Qo) = { 3 a2k (0N : Ry € N}7
AET(F),
Re(—i\)<0
where F' is the Hamilton map associated to the quadratic form q and ry is the dimen-
sion of the space of generalized eigenvectors of F in C*" belonging to the eigenvalue
reC.

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 ¢ and ¢, respectively, are isospectral since from (3.1.23) the symbols ¢ and ¢
are related by a canonical transformation.

Having determined the spectrum of @ in the weighted space Hg (C"),0 < ¢ < 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 @)y acting on Hg,(C™).

We shall consider the heat evolution equation associated to the operator Qg. Let
us notice explicitly that we got this idea by studying Remark 11.7 in [5], and indeed,
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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*@0 for 0 < t < to, when to > 0 is small
enough. More precisely, we are interested in solving

{ O 1)~ Quutt, ) = 0
u(t,-)|te=0 = up € He,(C").

Let ¢(t,z,n) be the quadratic form in the variables z, 7, depending smoothly on ¢,
0 <t <ty <1, and solving the Hamilton-Jacobi equation

dp dp
.7t77 - (771;77 ):O
{ i (te,n) = qo(z, 5= (¢, z,m)
o(t,2,m)li=0 = - 1.
We know that for 0 <t <ty < 1, ¢(t,2,7n) can be obtained as a generating function
of the complex canonical transformation

oitHag ((p%@’x’n)’n) — (x,(p;(t,%’?))-

Then for ¢ > 0 small enough, the operator e/@¢ acting on Hg,(C") has the form

1

— / eletrm=yma(t oy n)u(y)dy dn,

tQo,,
€ u (27[_)

x

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

(y,m) — —Tm(p(t,2,7) =y 1) + Po(y).
We then know from the general theory that the operator e!@° is bounded
(3.1.26) '@ : Hy (C") — Hg, (C"),

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

B 2 0P, ' n
then
(3.1.28) A, = exp (tH_1,) (As,).

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

" 9f 9 Of 0
H = ac a. a. a9 |
! ; (3§j (9£L'j al’j 853)

and I{J\f = Hy + 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

g = Zn:dgj /\dd?j,

Jj=1
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is the complex symplectic (2,0)-form on C2", that the quadratic form ®(t,z) = ®;(z)
introduced in (3.1.26), satisfies the eikonal equation

(3.1.29) { %f(t’w) —Re [qo (m %%i(t,w))} =0
(t,-)|t=0 = Po-

See also [14] for a detailed (and much more general) discussion of this point.

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 « = a(Ty) > 0 such that

(3.1.30) O, (2) < Bo(x) — afz]?, z € C.

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 Hg, (C") — Hg,(C™) is compact for ¢ > 0
small, and hence by using the semigroup property, we deduce that the semigroup

(3.1.31) '@ : Hy (C") — Hg, (C"),

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 Qg on Hg,(C")
and let up € Hg,(C™) be a corresponding eigenvector,

Qouo = Aug.
We deduce from (3.1.26) that
e!@ouy € Hg, (CM),

and since
etQ”uo = et)‘uo,
it follows from Lemma 3.1.2 that
Uy € H¢0_6|$‘2((Cn),

for some ¢ > 0. In particular, we obtain from (3.1.21) that up € Hg_(C") for e > 0
small enough, and hence that A is in the spectrum of the operator @y acting on
Hg (C™), which has been described in Lemma 3.1.1.

On the other hand, if A is in the spectrum of Qo acting on Hj (C") and uo €
Hg_ (C™) is a corresponding eigenvector, with & > 0 sufficiently small, then we have
e!Qoyy = ey € Hz_ (C),
where &)E,t 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

O 4(7)]1—0 = e ().
It follows from (3.1.21) and (3.1.29) that

D, (2) = By(x) + O(e |2]*),
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where the implicit constant is uniform in 0 < ¢ < ¢g, for ty > 0 small enough. By
taking To > 0 small enough but fixed such that 0 < Ty < o and (3.1.30) holds, we
get

ug = e e, € Hy , (C") = Hg, 0@z (CY).

To

In view of (3.1.30), we can choose £y > 0 small enough such that for all 0 < & < ¢,
uo € H@g—g\m?(cn) C H<I>0 (Cn)’

where 4 is a positive constant. It follows that X is also in the spectrum of the operator
Qo acting on Hg,(C™). Altogether, this shows that the spectrum of Qg acting on
Heg,(C") is equal to the spectrum of Qo acting on Hg (C"), for € > 0 sufficiently
small, and furthermore, that the algebraic multiplicities agree. We have therefore
identified the spectrum of Qg on Hg,(C™) and also the spectrum of the operator @
on L?(R™) by coming back to the real side.

Remark. In the argument above we have worked with the eigenfunctions of the op-
erator 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 @y do not
depend on ¢ > 0, for 0 < € < gp, with €9 > 0 small enough. See also Remark 11.7
in [5]. While refraining from providing a detailed proof of this statement, let us men-
tion that its validity relies crucially upon the fact that the quadratic symbol qq is
elliptic on A<T>s’ 0 < € < g9. 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) for t = 0 to t = T', we obtain

B (z) — Do(z) = /OT Re {qo <x %g—i(t,x))] dt, T > 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],

(3.1.32) Hip = H{27,

valid for a holomorphic function f on C?".
It follows from (3.1.32) that Re qo is constant along the flow of the Hamilton vector
field

—

—Imo
H*%(IO = H*Re qo°

We therefore deduce from (3.1.5), (3.1.12), (3.1.15) and (3.1.28) that
(3.1.33) Re[qolas,] < 0.
According to (3.1.27), the equation (3.1.29) implies therefore that

0P

— (1 <

o (t2) <0,
so that the function

t— Oy (z),

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

[ Refao(an, 292 ta)] ar =0
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Since from (3.1.27) and (3.1.33), the integrand is non-positive, it follows that for all
0<t<T,

2 00
(3.1.34) Re [qo <z0, ;%(t,xo))} —0.
Therefore, in view of (3.1.29), we get
0P
— (2 =0
at ( 71‘0) )
for all 0 < ¢ < T. Here, the quadratic form

fula) = %f(t,x) — Re [qo (x %g—i(t,z))} <0,

is non-positive and such that fi(xg) =0 for all 0 < ¢ < T. Tt follows that
vRez,Imzft ((E()) = 01
for all 0 < ¢ < T, and therefore

dfs B 92d B
%(%) = %(t,%) =0,

for all 0 <t < T. Hence the function

. o (t o)
— —(t,x
o y L0 ),
does not depend on ¢ for 0 < t < T, so that
0P 0P 0P
(3135) %(@370) = %(071‘0) - %(370)7
for all 0 <t < T. Since from (3.1.27), the point
2 00 2 00
(3136) (l’o, ;%(ta ‘TO)) - <$07 ;%(xO))a

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

(50,222 (120)) = exp (L) (s0l0) 5 222 (0(0))

It follows from (3.1.34) that for all 0 <t < T,

(3.1.38) Re [qo (330, %g—i(t,xo))} =Re {(JO (yo(t), %%(QO@)))] =0,

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

(3.1.37)

-

—Imo
H,%qo = HﬁRer.
Let us now set
(3.1.39) Lo = {X € Ag, : Re[go(X)] = 0}.

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 ¢. We therefore deduce from (3.1.12) and
(3.1.15) that

(3.1.40) Lo = rr(Ker(Re F) NR*").



We get from (3.1.14), (3.1.36), (3.1.37), (3.1.38), (3.1.39) and (3.1.40) that

2 0%y — 2 0%
(3.1.41) (9000, T 5.2 (1)) ) = exp (tH 1) (w0, 5 52 (w0)) € Lo,
for all 0 < ¢ < T, and therefore

— 209
—1 770 —
(3.1.42) RGF(KT (exp (tH%qo)(ﬂUo, i oz ($O)>)) 0,
for all 0 <t < T. In view of (3.1.14) and (3.1.15), we may write
209

(3.1.43) (wm 2871:0(%)) = rr(Xo),

for some Xy € R?", X, # 0 because 79 # 0. We can now deduce from (3.1.7) that
there exists an integer m € N such that

(3.1.44) ReF(ImF) Xg =0, 0<j<m,
while
(3.1.45) Re F (Im F)™ Xy # 0.

On the other hand, we get from (3.1.42) and (3.1.43) that
(3.1.46) ReF(n;l(@))%T(XO)) =0,

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

Lemma 3.1.3. For all 0 < j < m, we have

(Ha ) k7 (Xo) = (Hepto ) 5 (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 Ly,

— OA

(3.1.47) Hi, = Hp™.

Let us now check that for all 0 < j <m — 1,

(3.1.48) (Hpm o) k7(Xo) € Lo.

Let us consider 0 < j < m — 1 and notice from (3.1.12) that
_ oA

(3.1.49) wr(Him g)fp = Hyy'.

Since a direct computation using (1.1.8) shows that
(3.1.50) Him = 2Im F,
we obtain by using (1.1.8), (3.1.12), (3.1.44) and (3.1.49) that

Re[ao ((Hpyao ) (X0)) | = Reao (s, , (X)) |
= Req (2/(ImF)' X)) = 2% ((Im F)?Xo,Re F(Im F)’X;) =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 for all 0 < j <m — 1,
Mg, (g, ) (Xo)) = Hyytot (g, (Xo) = (H

Im qo Im qo

)j+1"€T(XO)7
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if
(Hyg,) 57(Xo) = (Hyp gt Yz (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

0 = Re F (k7! (Hyn™ )" kr(Xo)) = Re F(HJ . Xo) = 2™ Re F(Im F)™ Xy,

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

Let us finally notice that the semigroup '@, ¢t > 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 € H‘T—'o ((Cn)’ '@y € H<I>075|x|2((cn)a

on the FBI transform side. By using the fact that a holomorphic function U on C"
is of the form Tu for some u € S(R™), if and only if

VN €N, / U (2)]2 =220 (29N L(dz) < +oo,

(see for instance [15]) we finally obtain that
Vt > 0,Yu € L*(R"), e'Qu € S(R™),
which ends the proof of Proposition 3.1.1.

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} xRy — C, n €N,
with a non-positive real part
Re ¢ <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

X, € R*™, Re q(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 € S, Re ¢(X) = o(X,Re FX) = 0.

It proves that (i4) implies (444) 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

(321) (q © X)(xag) = Q1(xlvfl) + iq2(.’£1/,£//), (CE,&) = (xlvx//;gl,é-//) € R2na

where ¢, is a complex-valued quadratic form on R?", n/ > 1, with a non-positive
real part and ¢o is a real-valued quadratic form verifying the properties stated in
Proposition 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 L?(R"™) and an automorphism of S(R™) such that

(qox)(z,8)* =U"q(,€)"U.
This implies at the level of the generated semigroups that
et@x) (@8 — -1eta@)" 7t >
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and
(3.2.2) et @@ 1oy = (€@ | £ 12y, £ >0,

because U is a unitary operator on L?(R"™). Since both operators igs (2", £”)” and
—igo(z”,£")" generate contraction semigroups verifying

(etiqz(aju’gu)w)fl _ et(fiq2(93”,§”)w)’ t Z 0’

the semigroup eitaz(@" 6" g unitary for all ¢ > 0. It follows from the tensorization
of the variables (3.2.1),

a0 @8 _ gt (@ &) gitas (o )"

and (3.2.2) that
€99 || 22y = (€M@ € || 22y, ¢ > 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 ¢ (z',£)”. We
have proved in Proposition 3.1.1 (see also (2.0.7)) that the spectrum of the operator
g1(2’, &) is only composed of the following eigenvalues

(3.2.3) o(q (2, €)") = { 3 (ra 2k (—iN) sk € N},

AEo(F1),

Re(—i\)<0
where I} = F|go1 is the Hamilton map associated to the quadratic form ¢; and r)y
is the dimension of the space of generalized eigenvectors of Fj in c2 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 ¢;(z’,¢')" 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(e @) = {0} U {e : p e o(q(a,€)")}.

Its spectral radius is therefore given by

(3.2.4) rad(et(“(m/’gl)w) =e ™,

where

(3.2.5) a=inf{ 3 (m+2k)(~Re(=id) : by €N},
AEo(F1),
Re(—i))<0

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

. 1 t 1w
—a= lim -loglle O 22y,

we obtain that there exists M > 0 such that
(3.2.6) et ey < Me™#,

for all t > 0. This proves that (¢i¢) implies (7). Finally, the fact that (¢) implies (i) 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

(@6

is unitary for all ¢ > 0. This ends the proof of Theorem 1.2.3. [J
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3.3. Spectra of non-elliptic quadratic operators. In this section, we prove The-
orem 1.2.2. Let us consider a complex-valued quadratic form
q: Ry xR - C, ne N,

with a non-positive real part

Re ¢ <0,
which is elliptic on its singular space S,
(3.3.1) (z,8) €5, q(z,§) =0=(z,§) =0.

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 section 3.1:

By using the symplectic decomposition of the symbol obtained in section 2, we
deduce from (2.0.1) and (2.0.2) that there exists x, a real linear symplectic transfor-
mation of R?", such that

(332) (q © X)(xa 6) =4q1 (xlv gl) + iq?(xH,g//)ﬂ (CE,&) = (xlv .’ﬂ//; 5/, E//) € R2na
where ¢; is a complex-valued quadratic form on R2" with a non-positive real part
(3.3.3) Re ¢1 <0,

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 ¢ is elliptic on S, we can assume that

(3.3.4) g2(2”,€") =Y N (& + 2,
j=1

where ¢ € {£1} and \; >0 forall j =1,...,n".

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 L?(R"™) and an automorphism of S(R™) such that

(3.3.5) (gox)(x, )" =U"q(z,8)"U.

Since the quadratic form go 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

(3.3.6) o(iga(a”, €")") = { S 42k)(iN) k€ N},
A€o (iF3),
—iAEX(ig2)\{0}
where F5 is the Hamilton map associated to the quadratic form g¢» and 7} is the

dimension of the space of generalized eigenvectors of ¢F5 in c2” belonging to the
eigenvalue A € C. We notice from (2.0.6), (2.0.7), (2.0.8) and (2.0.9) that

1
(337) F1 = F|SUL and F2 = ;F‘S

Let us notice that if A is an eigenvalue of Fj, such that Re(—iA) < 0, then we
necessarily have

Re(—i\) < 0,
because if we had Re(—i)) = 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 ¢;
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is not reduced to {0}. However, this singular space is trivial by construction (see (i)
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 m then A
is an eigenvalue of its Hamilton map F if and only if —\ is an eigenvalue of F', and

—iAeT orid el
(see section 3 in [7]), we obtain from (2.0.6), (2.0.7), (2.0.8) and (2.0.9) that
(3.3.8)
{AeC:Xeo(F),—ixeC_U(Z(qls) \ {O})}
={AeC:Aeo(F1),Re(—i)) <0} U{X € C: X € 0(iF2), —i € S(igz) \ {0}},

where F' is the Hamilton map associated to the quadratic form g,

Y(qls) = ¢(S) and C_ = {z € C: Re 2z < 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 ¢(z,&)" is only com-
posed of eigenvalues with finite multiplicity

(3.3.9) o(qz,€)") = { 3 (rx + 2k3) (—iA) < iy € N},
A€o (F),
—iAeC_U(3(qls)\{0})
where 7, 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

(3.3.10) S # R,

Let us begin by recalling that we know from (3.2.3) that the spectrum of the operator
q1(2’, &) is only composed of eigenvalues with finite multiplicity

(3.3.11) o(q(a’,&)") = { Z () + 2kx) (—iX) 1 ka € N},

A€o (F1),

Re(—i\)<0
where r) is the dimension of the space of generalized eigenvectors of F in c2’
belonging to the eigenvalue A € C. It follows from (3.3.11) that when a positive
constant a verifies

(3.3.12) o(q(2',€)")N{z€C:Re z=—a} =0,
the operator ¢1(2’,&")" only has a finite number of eigenvalues in the half-plane
(3.3.13) {z€eC:—-a<Rez}.

In the following, we besides assume that the singular space is not reduced to zero
(3.3.14) S # {0},

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 ¢;(a’, &)™ to obtain the description
(3.3.9) for the spectrum of the operator g(z, &)™.
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Proposition 3.3.1. For all a > 0 such that
o(q(2',€))N{z€C:Re z=—a} =0,

there exists Cy, > 0 such that

(3.3.15) (2 = qu(a, €))7 < Cu,

for all z € C with —a < Rez and |Imz| > C,. Here the norm is the operator norm
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

(3.3.16) || et =€) || < Me™®, t > 0.
By using Theorem 2.8 in [2], we can write that for all z € C such that Re z > —a,

71 +m ’ w
I e

0
and we deduce from (3.3.16) that

- M
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for all z € C, —a < Rez. This proves the estimate (3.3.15) when the positive constant
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 ¢; (z/,£’)" has only a finite number of eigenvalues
with finite multiplicity in the half-plane

{z€eC:—-a<Rez}

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

o(qi(a’,&)")N{z € C: —a < Rez},
and write for all z € C with z & o(qi(2/,&)") that

(33.18) (z—q(a, &))" = (z =@ (@,&)") My + (2 — qu (2, €)") (1 = T0,).

Here

wy—1 . —1
(3'3'19) (Z - Q1(x/7§/) U) (1 - Ha) = (Z - Q1(‘r/7€/)u ‘Ran(lfﬂa)) (1 - Ha)a
and we can write by using Theorems 1.22 and 2.8 in [2] that

“+o0
(3320) (Z -1 (m/afl)w|Ran(17Ha))_l = / e_Ztetql(r 4 )w‘Ra““*H“)dt,
0
for all z € C with —b < Re z if we set
_ 1 1 tq1(z' €)Y |Ran(1-114)
(3.3.21) b= tl}inoo ; log ||e II.

Let us now notice that the contraction semigroup

etQ1(x/75/)w|Rax1(17Ha) — et(h(ﬂc,f/)w(l _ Ha)

)

is compact for any ¢ > 0 since we have seen in section 3.2 that the contraction
semigroup generated by the operator ¢; (z’,¢')" is compact for any ¢ > 0. Since on
the other hand the spectrum of the operator ¢i(z’,£")" |gan(1-11,) is equal to

o(q(a’,€)")N{z € C:Rez < —a},
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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

(3.3.22) et (=€) ranci-nio) || < Ae=, ¢ > 0.
We then deduce from (3.3.20) and (3.3.22) that
M

(3.3.23) I(z = 12" €) " [Ran(1-m,) " (1= )| < — TTRez

for all z € C with —a < Re z. Since on the other hand

[T = TLa],

(z — ql(a:’,gl)w)_lﬂa = (Z — q1(x/a§/)w|RanHQ)_1Haa

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

w\—1
(3.3.24) [|(z = q1(2,€)") || = Oa(1),
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

Remark. Let us notice that the previous proof actually shows that when ¢ is a
complex-valued quadratic form on R??, n > 1, with non-positive real part and a zero
singular space
5 ={0},
then
eta(@,8)" — etQ($7€)wHa + (’)a(e_“t), t>0,
in £(L?) for any a > 0 such that

o(q(z,€)")N{z€C:Re z=—a} =0.

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

{ue LY(R") : 4la,€)"u € L*(®")},
which coincides with the graph closure of its restriction to S(R™),
q(z,8)" : S(R") — S(R™).
By noticing from (3.3.5) that
(3.3.25) o((gox)(@,)") = o(q(x,€)"),

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

(3.3.26) o(q(x,6)") = o(q (2, &)™) + o (iga(z",£")").

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

o(a(@,€)") + o(iga(a”,€")") C o(a(z,€)"),
by considering the functions
u(z’,2") = uy (2" )ug(2”) € L*(R™),
where u; and usy are respectively some eigenvectors of the operators g (a’, &) and

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

(3.3.27) 2 o(q,&)") + oliga(z",&")").
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In view of (3.3.25), it is sufficient to prove that the map
(@ox)(2,6)" = 2: {ue LR") : (gox)(x,§)"u € L*(R")} — L*(R"),
is bijective to obtain the second inclusion. We denote by
valz) = Ha(x)e_“’2/2, aeN",

the orthonormal basis of L*(R™) composed by Hermite functions. Here the Hermite
polynomials H, (x) satisfy

Hq(z) = H Hllj (xj)v
j=1

and therefore we write

(3.3.28) 0a () = por (2 par ("), o/ €N", o/ € N".
Let us consider the following equation with « and v in L?(R"),
(3.3.29) (gox)(z,&)"u — zu =.

We can write
(3'3'30) u(z) = Z Qo' o' Po (x,)@a” (CE”), U(x) = Z bosar Par (x/)¢a/’($/,)a

’ ’

! al!

where the two sums are taken for (a/,’) € N*' x N*". By using from (3.3.2) that
(402)(2,€)" = a1 (2’,§)" +iga(”,€")",
we obtain from (3.3.4) that
(qox)(,8)"u — zu
(3331) = Y dwar (@, §) 0ar(2)) +ittarpar (@) = 2par ()] @ar (),

o o’

with

for =2 X (2] +1),
j=1
since
022", 6")" par (&) = parpar (z").
By setting for any o/ € N
Vo (2) = Z bararpar(z') € LQ(RHIL
o’ eNr’
so that according to (3.3.30),
(3.3.32) v(z) = Z Var (@) par (2,
Ot”eNn”
we deduce from (3.3.31) that for solving the equation (3.3.29), we have to solve all
the equations
(3.3.33) (1 (2, &) +iptan — 2)tugn (') = van(z'), o € N",
where
U (55/) = Z aa/a”wa/(z/) € LQ(RHI)'
o’ eN?’
We deduce from (3.3.27) that there is a unique solution uq» (z') in L2(R™) for each
of the equations (3.3.33). This proves that for every v € L?(R"™), there is at most one
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solution to the equation (3.3.29). Let us denote by u, the solutions to the equations
(3.3.33) and

(3.3.34) u= Z e (2" par ().
areNn’!

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 L%(R™). This is
the case. Indeed, we obtain from (3.3.32) and (3.3.33) that

) -1 2
lullfz@ny = > lwarlZagey = D (@@, €)" +inar —2) var L2(R)
a’’eNn'’ o'’ eNn”’
<C Z Hva”||i2(Rn’) = C”UHQL?(Rn) < 400,
a'reNn!

because we deduce from Proposition 3.3.1 and (3.3.27) that the quantities
i

(@@’ &) +ipar = 2)°

are bounded with respect to the parameter o in N"". This ends our proof of Theorem
1.2.2.

)
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