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On weak and strong solution operators for evolution
equations coming from quadratic operators
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Abstract. We identify, through a change of variables, solution operators for evolution
equations with generators given by certain simple first-order differential operators acting
on Fock spaces. This analysis applies, through unitary equivalence, to a broad class of
supersymmetric quadratic multiplication-differentiation operators acting on L (R’*) which
includes the elliptic and weakly elliptic quadratic operators. We demonstrate a variety of
sharp results on boundedness, decay, and return to equilibrium for these solution operators,
connecting the short-time behavior with the range of the symbol and the long-time behavior
with the eigenvalues of their generators. This is particularly striking when it allows for
the definition of solution operators which are compact and regularizing for large times for
certain operators whose spectrum is the entire complex plane.
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1. Introduction

1.1. Background and summary of results. Evolution equations of the form

i Pu =0,

u(0,x) = ug

appear throughout mathematical physics. A fundamental example comes from the
harmonic oscillator

Qou = %(—A + |x)? = n)u, (1.2)

chosen here to satisfy Spec Q¢ = IN. Solving the evolution problem for Q,, as
well as the Schrodinger evolution problem for i Qg, through the spectral decom-
position of Qg as a self-adjoint operator on L2(R") is one of the most important
model systems in quantum mechanics. The analysis of the harmonic oscillator
through its decomposition into creation-annihilation operators is also one of the
primary motivations behind the study of Fock spaces; see for instance [11, Chap-
ter 1] or [2].

When studying non-selfadjoint operators, approximations which are quadratic
in (x, —i dy) retain significant power as microlocal models for more general oper-
ators. The spectral theory of these operators under an ellipticity assumption was
resolved in [26] and [4]. The semigroups generated by quadratic operators un-
der a definite or semidefinite assumption have been extensively studied in many
works including [19], [3], [24], [15], and [22]. Because of applications including
stochastic partial differential equations, there has been recent interest in situations
where positivity only appears after averaging, as discussed in [14], [12], and [31]
among many others.

It has been known for some time that, in the non-selfadjoint case, relaxing the
semidefiniteness assumption is catastrophic for the definition of the semigroup
from the point of view of the numerical range. From works such as [6], [25],
and [9], we can find broad classes of operators P acting on L?(R") for which

Puy = zxug + O(e171/€) (1.3)

for sequences {zy }xen of complex numbers with %zz — —oo and pseudomodes
ur € C°(R™) which are normalized in L?(R"). These pseudomodes show that
the resolvent norm at z; explodes and that the numerical range of P extends
indefinitely into the left half-plane, so the standard methods of constructing a
semigroup such as the Hille-Yosida theorem fail. This situation can easily arise
even when, from the spectral point of view, P is well-behaved, having a compact
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resolvent and spectrum contained in a sector
Spec P C {|SA| < CRHA}

for some C > 0.
In this work we study evolution equations with quadratic generators which may
be written as

Q = B(Dx — A-x)- (Dx — A1x), Dy, = —idy, (1.4)

for matrices B, A4, and A_ with AL symmetric, Al = A4, and having positive
and negative definite imaginary parts, £3A44+ > 0. For example, the harmonic
oscillator Q¢ in (1.2) may be written with A, = A_ =i and B = 1/2.

This is a supersymmetric structure in the sense of [13, Definition 1.1], in that

with dy,, = e%+ Dye™%+ and

o+(x) = %A+x -x, p—(x)= %Ix-x.

This resembles [33, eq. (11) and (12)] but allows the operator to be non-selfadjoint
in two ways: the matrix B may not be self-adjoint, and the functions ¢+ and ¢_
may be different. For any operator

Q(xny) :Zqﬂlﬂxal)fs q(X,B ECy
la+B|=2

we have in Proposition 3.3 below necessary and sufficient conditions for existence
of a decomposition (1.4), up to an additive constant. Such a decomposition is
known to exist when the symbol ¢(x, §) is elliptic

Na(x.6) = 2l 6P

or when fg(x,&) > 0 and, in addition, the zero set of the real part excepting
the origin, (Mg)~'({0})\{0}, contains no integral curve of the Hamilton vector
field Hyy = (0¢3q, —0x3q). Following [15], this latter condition is equivalent to
insisting that

ko -
> Mg, (.6) = 51 OF (15)

Jj=0
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for some 0 < ko < 2n — 1, which we will assume is chosen minimal. (The
expression (1.4) can be deduced from [26] in the elliptic case, and under the
weaker hypothesis (1.5) the same proof suffices following, for example, [32,
Proposition 2.1].)

For Q asin (1.4), we recall in Theorem 2.12 and Proposition 3.3 the proof [26,
Theorem 3.5] that there are complex numbers

Ao An € q(R?™)
and polynomials py(x) of degree |«| for all « € IN” such that
U (X) = pa(x)esdex

is a generalized eigenfunction of Q with eigenvalue

)ka = Xn:aj)kj.
j=1

There are four central goals of the present work. First, we show that there
is a simple computable criterion for boundedness and compactness of the closed
densely defined operator exp(—tQ), for ¢ € C, on L?(IR"™), which may be realized
as a graph closure beginning with the span of the eigenfunctions {u }4en. Second,
we improve the characterizations of compactness, regularization, and decay for
these solution operators by comparing with a solution operator for the harmonic
oscillator Q. Third, we show that the boundedness and compactness for small
|t| depends essentially on the range g(IR*") instead of on the eigenvalues {A;}.
Finally, we show that for + > 0 large the boundedness and compactness of
exp(—t Q) depends essentially only on the real parts of the eigenvalues {A; }, which
is also reflected in return to equilibrium.

While the results in the body of the paper generally have more precise infor-
mation, we sum up these four results as follows. Throughout the remainder of
this section, Q is assumed to be written in the form (1.4) with A1 symmetric and
£3JA44 > 0. The eigenvalues {A; };’zl are as above.

Theorem 1.1. The solution operator exp(—tQ), for all t € C, exists as a closed
densely defined operator on L*>(R™) with a core given by the span of the general-
ized eigenfunctions {uy}. There exist ®: C* — R real-quadratic and strictly con-
vex and a matrix M with Spec M = {Aq, ..., A,} such that exp(—t Q) is bounded
if and only if the function

d(e'Mz) — d(2) (1.6)

is convex and is compact if and only if the function is strictly convex.
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When exp(—t Q) is compact, we have very strong decay, regularization, and
compactness properties which follow from comparison with semigroup coming
from the harmonic oscillator (1.2). What is more, in Theorem 3.8, we use these
techniques to obtain sharp results on how solution operators coming from different
harmonic oscillators — meaning different positive definite self-adjoint operators in
the form (1.4) — relate to one another under composition.

Theorem 1.2. Let Q¢ be as in (1.2). Whenever exp(—t Q) is compact, there exists
some § = 6(t) > 0 such that

exp(8Qo) exp(—1Q) € L(L*(R™)), (1.7)

meaning that the operator is bounded on L?>(R").

Writing
exp(—Q) = exp(—8Q0)(exp(§Qo) exp(—1Q))

therefore gives regularity and decay for exp(—¢Q)u when u € L?(R"), and also
implies that the singular values of exp(—¢ Q) decay exponentially rapidly like those

of exp(—38Qo),
+1/n

]C )

We have that, as ¢ — 0%, the boundedness and compactness properties of
exp(—t Q) can be read off from the ellipticity properties of the symbol ¢ (x, £).

sj(exp(=1Q)) = C exp ( -

Theorem 1.3. The solution operator exp(—tQ) is bounded for all t € [0, o0) if
and only if Nq(x, &) > 0. Furthermore, exp(—tQ) is compact for all t € (0, c0) if
and only if (1.5) holds, and in this case for ko minimal in (1.5) and

§*(t) = supl8 € R:exp(8Q0) exp(—1Q) € L(L2(R™))}, (1.8)

we have
8*(1) - t2k0+1, t — O+,

in the sense that the ratio is bounded above and below by positive constants.

We recall following [32, Theorem 1.2] that the eigenfunctions {uy }yen give
a natural decomposition of L?(IR") in energy levels Span{u,: |¢| = m}, though
these may not be orthogonal. We therefore introduce the associated projections

,,: L2(R™) —> Span{ug: |a| < m},
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which commute with Q and one another, which may be deduced from (4.1) below.
The question of return to equilibrium generally concerns exp(—¢Q)(1—1I1), since
the range of Il is Span{uo} and ug is exp(—¢Q) invariant. We obtain a sharp
estimate valid for any IT,,.

Note that Spec M C {{iA > 0} implies that | e~ || — 0 exponentially rapidly
ast — oo fort € R. Note also that if RA; < 0 for some j then exp(—¢Q) is never
bounded for ¢t > 0 since kA; is an eigenvalue of Q for all k € IN.

Theorem 1.4. Suppose that RA; > Oforall j = 1,...,n. Then there exists T > 0
sufficiently large such that exp(—tQ) is compact for all t > T. Furthermore,
with p = min{0A;} and J € N the size of the largest Jordan block in M for an
eigenvalue where RA; = p,

lexp(—tQ)(1 = Tl |l s 2y =< lle™™M 7"+ =< (@77 le™Py"*1 1> T,

in the sense that the ratios are bounded from above and below by positive con-
stants.

Proof. By Proposition 3.3, any operator of the form (1.4) is equivalent to
P=Mz-0,

acting on a weighted space of holomorphic functions Hg; see Section 2.1 for
definitions. The corresponding solution operator is given by a change of variables
(Proposition 2.1). Theorem 1.1 then follows from Theorems 2.9 and 2.12. That
Theorem 1.2 holds for some harmonic oscillator is the content of Theorem 2.10
and Proposition 3.6; we obtain the result for Q¢ because of the Lipschitz relation
between harmonic oscillator semigroups near t = 0 given by Theorem 3.8 and
Remark 3.9. Theorem 1.3 is the same as Theorem 4.8 in view of Proposition 3.7.
Finally, the compactness claim in Theorem 1.4 is essentially obvious since (1.6)
holds automatically when e =" — 0, but it may be viewed as a special case of
Theorem 2.19, which considers all ¢ € C simultaneously. The rest of Theorem 1.4
is Theorem 4.2 in the case § = 0. O

Under the symmetry assumption Ay = A_ in (1.4), discussed in Section 4.3,
one can obtain even stronger results: in particular, after a reduction to A4 =
—A_ =i, Theorems 1.2, 1.3, and 1.4 are linked by

1
le™™ |l = e = |lexp(~1 Q) (M1 = ) | 7 oy (19)
Many of the results under this assumption may be realized with simpler proofs
relying only on a standard Bargmann transform, and for this reason, we present
these results and the natural singular value decomposition independently in [1].
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The plan of the paper is follows. For the remainder of the introduction, we
illustrate the results to follow with two families of concrete examples and then
briefly discuss interesting alternate approaches not used here. Section 2 is devoted
to the definition and analysis of our operators on Fock spaces. Section 3 describes
the equivalence between quadratic operators in the form (1.4) on L2(R") and the
operators considered on Fock spaces, as well as related results. Finally, Section 4
applies this analysis to the problem of return to equilibrium.

Acknowledgements. The authors would like to thank Johannes Sjostrand for
helpful suggestions, as well as Michael Hitrik and Karel Pravda-Starov for an
interesting and useful discussion. The authors would also like to thank the anony-
mous referee for a careful reading and useful suggestions and corrections. The
second author is grateful for the support of the Agence Nationale de la Recherche
(ANR) project NOSEVOL, ANR 2011 BS01019 01.

1.2. Examples. In order to make our results explicit, we discuss their application
to well-studied and simple examples.

1.2.1. The rotated harmonic oscillator. We consider the rotated harmonic os-
cillator
1 . .
Qp = 5 (Dx + ielfx) (D, —ie'fx)
| 2 (1.10)
_(_49 2i0 2 _if
= 2( 2 +e"x e )
where § € (—m/2,7/2), as an operator on L?(R). This operator (or variants
thereof) appears in [10], [5], and [3], and many other works. We know that Q¢ has
a compact resolvent and that the spectrum of Qy lies in the right half-plane,

Spec Qg = "IN,

The eigenfunctions of Qg come from the analytic continuations of the Hermite
functions &y, recalled later in (3.27); specifically, a complete set of eigenfunctions
is given by the formula

gk (x) = "%y ("2 x),

which verify
Qogr = ke'Pgr. kel (1.11)
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The functions {gx }xen form a complete set in that the closure of their span is
L*(R). They do not, however, form a basis, meaning that not every function in
L?(R) can be uniquely expressed as a norm-convergent expansion in basis vectors
with fixed coefficients, because their spectral projections

meu(x) = (u. gk) gk (x) (1.12)

have exponentially-growing norms [8]. For a detailed discussion of this phenom-
enon, see [7, Section 3.3].

From [5] and [9] we have that pseudomodes for Q¢ of the type (1.3) exist with,
for instance, z; = ke'? when 0 e (0,26). We also have from [3, Proposition 1]
that the numerical range of Qy is

Num(Qg) = {t1 + €%, € C: 11,1, > 0,111, > 1/4}.

Therefore both the pseudospectrum and the numerical range of Qg more or less
fill out the sector of complex numbers with argument between 0 and 26.

We now apply the results contained in the present work to the solution opera-
tors generated by these rotated harmonic oscillators.

Following [32, Example 2.6] with a change of variables, we see that Theo-
rem 1.1 applies to Qg with

M = i?
and
d(z) = %(|z|2 — (sin 0)N(z?)). (1.13)

The conditions for boundedness and compactness in Theorem 1.1 can be easily
checked by computer, since we see that exp(—tQy) is bounded if and only if

P(e™Mz) —d(z) >0, forallz eC,

and is compact if and only if the inequality holds strictly. Since the left-hand side
is a quadratic form in z € C ~ R?, this inequality may be verified by checking the
eigenvalues of the corresponding Hessian matrix.

Since @ is a strictly convex real-quadratic function on C, the condition for
boundedness in Theorem 1.1 corresponds to the dynamical condition

{(B(e™z) =1} = e ™M{D(z) = 1} C {P(2) < 1}. (1.14)
The weight ® is decreasing along all trajectories z + e~*M

|6| < /4, corresponding to the ellipticity condition

N(E2 + e?Px?) >0, forall (x,§) € R*.

z if and only if

This is reflected in boundedness of exp(—tQg) as t — 0" by Theorem 1.3.
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Let us consider 8 = 5x/12, for which the property %#Qy > 0 no longer
holds. In Figure 1.1, we illustrate the condition (1.14) by drawing the fixed el-
lipse {®(z) =1} as a heavy black curve and drawing the ellipses e "M {®(z) =1}
as t > 0 increases. Since WM = cos0, the long-time dynamics is an expo-
nential contraction; this reflects the long-time boundedness and compactness in
Theorem 1.4. We see that for small times exp(—tQg) is unbounded, but becomes
bounded again at #; =~ 3.011, when the major axes of the ellipses are sufficiently
close. The operator becomes unbounded again at t, ~ 3.549 and continues to be
unbounded up to 73 ~ 5.862. Beyond ¢3, the exponential contraction is enough to
guarantee that exp(—tQy) is bounded and compact for all ¢ € (¢3, 00).

Figure 1.1. Illustration of (1.14) for (1.10) with 6 = 57/12.

Geometrically, it is clear that if we let 8 — /2 from below, the number
of times that the operator exp(—tQg) for ¢t > 0 goes from being unbounded to
bounded, and vice versa, goes to infinity, since the rate of contraction tends to zero
as the first eccentricity of the ellipses tends to one. Nonetheless, from Theorem 1.4
we have that, for any 0 € (—n/2, w/2), there exists some T > 0 where exp(—tQy)
is compact for all ¢+ > T. Furthermore, for all u € L?(R) and ¢ > T, the solution
operator exp(—tQyg) is given, up to any fixed order, by the spectral decomposition
using (1.12):

N

exp(—tQg)u — Z e ke

k=0

— ON(e—t(N+1)COSQ ”u ”Lz(]R))'
L2(R)

In fact, Theorem 1.1 allows us to easily determine for which ¢ € C the operator
exp(—tQy) is bounded; for § = 57/12, we present this set in Figure 1.2 alongside
the range of the symbol

qo(x,£) = £2 4+ ¥0x2
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Figure 1.2. (a) The range of the symbol of Qg, from (1.10) for 6p = 5x/12 and the
eigenvalues of Qg,. (b) Those 7 for which exp(rQg,) is a compact operator.
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and the eigenvalues of Qg, which are ¢?IN. We see that for |r| small, the set of
T for which exp(tQy) is bounded is the sector in opposition to the range of the
symbol, which may be defined by

(T:R(rq(x, £)) <0, for all (x,£) € R,

Formally, this is a consequence of Theorem 1.3. For large times, the same role is
played by the half-plane in opposition to the spectrum of Qg:

{r: N (re'?) < Cp, forall A € Spec Qg} C {r:exp(tQg) € L(L*(R))}
C {r:N(ze'?) <0, forall A € Spec 0y}

for some Cy > 0, which is a consequence of Theorem 2.19.

1.2.2. The Fokker-Planck quadratic model and non-elliptic perturbations.
We also consider the operator

b 1
Qup = S (3=, —1)+ (3=, ~D+alnids, —x2dx,). a.beR. (L15)

This operator is non-normal whenever ¢ # 0 and b # 1 (which we assume
henceforth) and when » = 0 it coincides with the Fokker—Planck quadratic model
[12, Section 5.5]. When b > 0, the operator is elliptic in the classical sense. The
definition of the semigroup exp(—tQ, ) for » > 0 and ¢t > 0 is well known and
has been the subject of extensive study (see for instance [12, Section 5.5.1] and
references therein), though we arrive at new results both in this previously-studed
situation and in the novel case b < 0.

For A+ = +i and
My = (b _a), (1.16)
’ a 1

we have the following decomposition as in (1.4):
Qap = %M(Dx +ix) - (Dx —ix).
Note that
SpecMyp ={A+, A}, Agp = %(1 +b £ (1 —-5b)2—4ad?),

repeated if (1 — b)? = 4a. When b > 0, it is known (see [26, Theorem 3.5]
and [12, Section 5.5]) that

Spec Qa,b = {05114_ + Olz)k_ZOll,Olz < ]N} (117)
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Since O, leaves invariant the spaces of Hermite functions (3.27) of fixed
degree, meaning
E,, = span{hy(x): |a| = m},

it is elementary that Q, ; possesses a complete family of generalized eigenfunc-
tions which may be obtained from the matrix representation of Q, 5 on each E,;;
in fact, the corresponding eigenvalues continue to be given by (1.17). The orthog-
onal decomposition of L2(R?) into the spaces E,, also lends itself to the family
of projections

Oyu= Y wg,u= Y (U ha)ha. (1.18)

m<N le|<N

Theorem 1.1 applies with the matrix M and the weight ®(z) = %|z|2 for
z € C? (see, e.g., [32, Example 2.7]), and because A = A_, we are in a situation
where (1.9) holds. We have that exp(—¢Q, ) is bounded whenever ||e7*Ma.r|| < 1
and is compact whenever ||e*Ma.» || < 1, and the norm of this matrix exponential
gives sharp estimates on decay, regularization, and return to equilibrium.

For ¢ > 0, it is clear that exp(—tQ, ) can only be bounded when KA1 > 0.
For b # 0 we have that

le”™Mab|| =1 —rmin{b, 1} + O(¢?),

and so exp(—tQ, p) is bounded for small # > 0 if b > 0 and unbounded for small
t > 0if b < 0, which corresponds to ellipticity of O, ;. That is, the symbol

Gap(,8) = 23 8+ 303 + 8D — it — k)

has a positive definite real part for » > 0, a non-definite real part for » < 0, and a
positive semidefinite real part when b = 0.
When b = 0 and a # 0, we show in Proposition B.1 that

e Mao| =1 — £t3 +0@th).
12
This corresponds to the fact that kg = 1 in (1.5), which corresponds to small-time
regularization by Theorem 1.3 and to small-time decay by (1.9).

If b < 0and a # 0, then Spec O, = C by Theorem 3.1. Nonetheless, so long
as Rix > 0, for r > O sufficiently large one has a strongly regularizing solution
operator and exponentially rapid return to equilibrium by Theorem 1.4.

These different behaviors can be interpreted in terms of the dynamics of Z (¢) =
M, pz(t), as shown in Figure 1.3. When b > 0, the integral curves which begin
on the unit circle depart towards infinity immediately, corresponding to rapid
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regularization and return to equilibrium. When b = 0, there are integral curves
which are tangent to the unit circle, but all tend outwards; this corresponds to
regularization and return to equilibrium which begins slowly. When » < 0, some
level curves penetrate the unit circle, reflecting that the solution operator is wildly
unbounded in certain directions of phase space. On the other hand, the qualitative
large-time behavior, where curves tend to infinity reflecting regularization and
return to equilibrium, is stable.

We also can identify the region of ¢ € C for which e?@« . is a bounded operator
as well as its norm. In Figure 1.4, we study the curves

log le®Mab || = 0,-0.5,-1.0,...,—10.0,

appearing from right to left. We only display Rtz < 0,3JIt > 0 because the
norm is invariant under complex conjugation of t since M, ; has real entries
and because e?@«? is never bounded when %z > 0. In the left and middle
figures, the dotted curves {argt = argiA4} and {ft = —2log It} represent
the characterization of the transition from boundedness and unboundedness for
large |t| from Theorem 2.19; the corresponding curve for the figure on the right
would be the imaginary axis.

1.3. Paths not taken. To finish the introduction, we take a moment to mention
alternate approaches which support the results found throughout the present work.
We find that the Fock-space approach used here allows us to provide more precise
results more easily, but there certainly may be useful information which can be
discovered by following another road.

We recall that under an ellipticity hypothesis, Hormander [19] extended the
classical Mehler formula for the harmonic oscillator to the Weyl quantization
— see (3.1) — of quadratic forms ¢g: R x R’g — C for which g > 0. Under this
assumption, the solution operator exp(—tg™ (x, D)) to the evolution equation

diu +q¥(x, Dy)u =0,
u(0, x) = up(x) € L*(R")

was identified as the Weyl quantization of the symbol

pr(x,8) = (detcostF)_l/2 exp(—o((x, &), tan(t F)(x, §))

with the symplectic inner product ¢ in (3.6) and the fundamental matrix F in (3.5).
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\‘\\ \\ \

Figure 1.3. The flow z > exp(tM, »)z with z € R? compared with the unit circle for M, p
from (1.16) witha = 1/2and b = —1/8,0, 1/8 left to right.

30
25- 1
20¢ 1
151 .
1or 1
5- ]
0 ‘

-10 -5 0

Figure 1.4. Plots representing boundedness and return to equilibrium for exp(t Q. p) for
a =1/2and b = 0.05,0,—0.05 from left to right.
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It is possible to define p;(x, &) even without the hypothesis %ig > 0. What is
more, one can guess that exp(—t¢™ (x, D)) should be bounded if and only if

(x,8) k= 0 ((x,§), tan(t F)(x, §))

is a positive semidefinite quadratic form on R” x R’;. Numerically, this apparently
agrees with examples in Section 1.2. However, it seems more difficult to justify
the weak definition when this quadratic form is not positive semidefinite or to
describe conditions for positivity of this quadratic form, which involves a matrix
tangent and the symplectic inner product, in an intuitive way. On the other hand,
the hypotheses for this Mehler formula do not rely on the symplectic assumptions
of Proposition 3.3, so a deeper study of this approach certainly could be fruitful.

Our approach of recasting a solution operator as a change of weight on a Fock
space also appears in [15] and [30], among other works. In general, the evolved
weight ®;(z) solves a Hamilton-Jacobi equation

0, P,(z) + Np(z,—2i0,P,(z)) =0 (1.19)

for the symbol p of a pseudodifferential operator acting on a Fock space. The
normal form in which we put our operators results in this z-dependent weight
arising in a very natural and elementary way, and it also allows us to describe
the properties of this weight easily, even for long times. In treating more general
operators or multiple operators at the same time, which cannot generally be put
simultaneously into normal forms, this more general approach has proven very
useful.

One could also consider the decomposition in eigenfunctions associated to
our operators. Following the classical theory in [26, Section 3], recapitulated in
Theorem 2.12, our operators admit a family of eigenfunctions and corresponding
eigenvalues parameterized by multi-indices. If, for the relevant matrix M in (2.3),
we have Spec M C {MA > 0}, then the eigenvalues A, obey fNA, > |a|/C for
some C > 0. There are natural projections I1, associated with the eigenfunctions,
and one has that ||TI,| < Ce€1®l for some C > 0, see [32, Corollary 1.6]. (This
exponential rate of growth is frequently attained.) This supports our finding that,
when Spec M C {:A > 0}, the operator exp(—tP) is defined and bounded for
sufficiently large real ¢, simply because

U —> E e Tl u
acN?

is a norm-convergent series for ¢+ > 0 large (cf. [7, Corollary 14.5.2]). On the
other hand, this decomposition is very difficult to manipulate, particularly for
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small ¢. Indeed, this reasoning does not show that, for Qg in (1.10), the operator
exp(—tQyg) is bounded for |#| < w/4and¢ > 0, even though this is well known [3].

Finally, many of the major features of Figure 1.2 (b) can be deduced from
established results and periodicity. Specifically, for Qg as in (1.10) with 0 <
6 < /2, we have that ¢’V Qg is elliptic if —7/2 < ¥ < m/2 — 26. Therefore,
for t € C\{0}, we have boundedness for the solution operator in a sector in the
complex plane:

3

arg T € (5, 2T 29) — exp(tQ4g) € L(L2(R)),
272

and the operator is also Hilbert-Schmidt and regularizing by [3] or [24]. As a

consequence, the behavior of exp(rQy) is determined by the behavior on the

complete set of eigenfunctions (1.11). It is clear that for any k € IN and j € Z,

exp((t +ime % j)Qp) gk = (=1)7 exp(tQp) gk,

revealing that the set where exp(7Qg) is bounded is periodic as seen in Figure 1.2.
Naturally, this approach relies on a periodicity in the eigenvalues which is quite
rare in dimension greater than one; furthermore, we improve the description of
both the set where exp(zQyg) is bounded or compact as well as the description
of its compactness and regularization properties. It is nonetheless interesting to
have this alternate confirmation, and even in higher dimensions there seem to be
certain operators exhibiting possible quasi-periodicity phenomena, for example
the operator for the rightmost plot of Figure 1.4.

2. Solution operators for certain quadratic operators on Fock spaces

In this section, we begin by defining our Fock spaces and our operators acting
on them, leading immediately to a natural weak solution of the corresponding
evolution equation. We then establish a variety of results on the structure of these
Fock spaces, in order to better understand the solution operators. This puts us in
a position to establish several sharp results on the boundedness and compactness
properties of these operators, and we finish by proving a variety of consequences.

2.1. Definition of the operator and solution of the evolution equation. We
begin by defining some quadratically weighted Fock spaces and our operators
which act on them. We focus on real-valued weight functions satisfying

®: C" —> R is real-quadratic and strictly convex. 2.1
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Using d L(z) for Lebesgue measure on C" ~ Rg, x RY,, we define the associated
Fock space

Hg = Hol(C™) N L2(C", e 2%°@ dL(2)).

The norm and inner product on Hg are given by the weighted L2 space, meaning
that

lully = [ Pe® dLe) 22

Throughout, we use the subscript ® to identify the weight, which changes fre-
quently. We also use the notation ®(F-) in the subscript to mean the weight
O(Fz).

For M = (m J'sk)?,k=1 any matrix, define

P=(Mz)-0:= Y mjrz0s;. (2.3)
jk=1

Any derivatives of functions on C” are assumed to be holomorphic, as in d, =
%(Bgﬁ z—10g;). If M is not in Jordan normal form, we may put it in Jordan normal
form through a change of variables like (2.6).

Our object of study is the evolution equation

2.4)

du(t,z) + Pu(t,z) =0,
u(0,z) = up(z) € Ho.

We may solve this equation for all real and complex times through a change of
variables.

Proposition 2.1. Let P be as in (2.3) acting on Hg for ® verifying (2.1). Then
the evolution problem (2.4) admits the solution

u(t,z) = ug(e ™Mz),

which is unique in the space of holomorphic functions on C; x C%. We therefore
write henceforth
exp(tP)ug(z) = ug(e™z),

which is a closed densely defined operator on He when equipped with its maximal
domain
{ug € Hp:up(e™7z) € Ho).

The norm of exp(t P)uo may be calculated via the formula

lexp(zP)ugllo = exp(—R(x Tr M) [uollo_,. P—:(2) = P(e"Mz). (2.5
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Remark. It is then clear from the definition of the norm (2.2) that exp(zP) is
bounded whenever ®_, > ®; we see in Theorem 2.9 below that this condition
is necessary as well. We also show in Theorem 2.12 (see also Proposition 2.8)
that the polynomials form a core for exp(z P); this is a natural minimal domain for
exp(tP) because it is a dense subset of Hg which can be realized as the span of
the generalized eigenfunctions of P.

Proof. That u(¢, z) is holomorphic and solves (2.4) is immediate from the fact
that 9,u(Fz) = FTu/(Fz) for any matrix F € IM,x,(C) and any holomorphic
function u: C* — C. Unicity follows from noting that any solution u(¢, z) must
obey 9, (u(t, e™z)) = 0 and therefore u(t, e™ z) = uy(z).
Since e™ is invertible, exp(t P) is a linear isomorphism on the space of poly-
nomials which is dense in Hg (see e.g. [32, Remark 2.5]), and therefore exp(tP)
is densely defined. Convergence in Hg implies convergence in L _(C") which,
for holomorphic functions, implies pointwise convergence. (That pointwise eval-
uation in Hg is continuous means that Hg is a reproducing kernel Hilbert space.)
Therefore if (ug,exp(tP)ux) — (u,v) in Hp x Hep, then uy — u pointwise,
so exp(tP)uy — u(e*™.) pointwise. This identifies that v = exp(zP)u, so the
graph of exp(zP) is closed.

We have a general fact regarding changes of variables on Fock spaces: if
F € GL,(C) is an invertible matrix, then

Vr:He > u(z) —> |det Flu(Fz) € Hor. (2.6)

is unitary with inverse V3 = V-1, which follows immediately from a change of
variables applied to (2.2). We note also that

VpPVi = F'MFz-9,. 2.7)
Then the norm computation (2.5) follows from the observations that
Vy—ear exp(rPu(z) = |dete™ "M |u(z)

and that |dete ™| = ¢~ Nt TT M -

2.2. Results on the structure of Fock spaces. Next, we collect a series of
statements about the structure of Fock spaces He for ® obeying (2.1). To begin,
we recall several useful decompositions of the weight function ® and, more
generally, real quadratic forms on C”.
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Lemma 2.2. Let ©: C" — R be a real-valued real-quadratic form on C".

(i) Then ® may be decomposed into Hermitian and pluriharmonic parts,

D(z) = Pperm(2) + Ppin(2)
S(®E) +9(i2) + 3 (B(E) — B(i2) @3)
= (z,®%,z) + N(z - D7, 2).

Because ® is real-valued, &7, = @7 is a Hermitian matrix.

(ii) Furthermore, ® is convex if and only if
Pherm (2) > |Ppin(2)|.  forallz € C"

and is strictly convex if and only if the inequality is strict on {|z| = 1}.
Therefore ®}_ is positive semidefinite whenever ® is convex and positive
definite whenever ® is strictly convex.

yo . . . .
(iii) Whenever @7 _ is positive semidefinite, we may write

d(z) = %|Gz|2 — Rh(z) (2.9)

where G € M, x,(C) may be taken positive semidefinite Hermitian and
h(z) = %z - @7 _z is holomorphic.

(iv) Whenever ®7 _ is positive definite we may take G in (2.9) to be positive definite
Hermitian and there exists a unitary matrix U such that

1
dUG !z) = 5(|z|2 —NRz-Xz)
where ¥ = (G™H)TUT®! UG~} is diagonal with entries in [0, 1).

For proofs, which are more or less elementary, we refer the reader to [32,
Section 4.1] and references therein, but similar statements exist throughout the
literature.

We turn to the reproducing kernel of Hg. Recall that the reproducing kernel
at w € C" for Hg is the function k,, € Hg such that

(fikw)e = f(w), forall f € He. (2.10)

We begin by identifying this reproducing kernel through a reduction to a reference
weight

U(z) = %|z|2. (2.11)
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Lemma 2.3. Let ® satisfy (2.1) and recall the decomposition (2.9).
Then the map

Uu(z) = |detG|u(Gz)e™"?: Hy — Hog (2.12)

is unitary. Consequently,

(i) the reproducing kernel at w € C for Hg(C") is given by
ky(z) = 77" det G|? exp((Gz) - (Gw) — h(z) — h(w)), (2.13)

and

(ii) the set

{e B | det G|
* vt

forms an orthonormal basis of Hg.

(Gz2)%e™@. ¢ ¢ ]N"} (2.14)

Proof. In addition to (2.6), we record one more transformation between Fock
spaces, depending on a holomorphic function g: C" — C:

We: Ho 3 u(z) — u(2)e®? € Hoyng. (2.15)

From the definition (2.2) of the norm in He, it is clear that W, is unitary with
inverse WZ; = W_,. For later use, we also note that

We PW; = Mz -(3; — g'(2)). (2.16)

Then the fact that U: Hy — Hg is unitary with inverse

U*u(z) = u(G_lz)eh(G_lz)

1
| det G|
follows directly from writing U = W_;, V. Since the reproducing kernel at w for
H 7] is

kywy =n"exp(z-w),
we have

(u, Ukgw)o = Wu(Gw) = u(w)e®.

1
|det G|

Therefore the reproducing kernel at w € C" for Hg is given by the formula
kyw = |detGle "™ Uk,

and a direct computation gives claim (i).
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Claim (ii) follows from writing e, = Uu,, where

1
Ja(z) = z%, (2.17)
"ol
since { fy }aen forms an orthonormal basis in Hy. O

We remark again that the injection from Hg, to He, is clearly bounded
whenever ®, > ®; — C for some C € R. We show now that this is a necessary
condition in the setting of weights satisfying (2.1).

Proposition 2.4. Let ®;,j = 1,2 be quadratic forms on C" obeying (2.1),
decomposed according to (2.9) with G; and hj, j = 1,2. Then the injection

i Ho, — Ho, (2.18)

is bounded if and only if
D2(z) = @1(2), (2.19)

If, in addition, the injection  is compact, then this inequality must hold strictly on

{lz] = 1}.
Proof. Let kz(uj )(z) be the reproducing kernel for ®; with j = 1,2 according to
Lemma 2.3. Then for all v € He, N Hg,, a set which includes the polynomials
which are dense in both Hg, and He,, we have
(1, kD)o, = u(w) = (u,k)s, .
Therefore L*k,(v2 ) = k,(,)1 ), so if ¢ is a bounded operator then
kPN o, < kP )e,. forallw e C.

We see from (2.13) that, for j =1, 2,

||kg>||§>j = k) (w) = 77| det G;|?e2% W), (2.20)
so if ¢ is bounded, then

77 det G1 2221 ™) < ||| 277" | det G, |?e2®2™) | forall w € C".
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The lower bound

]l > |det G5 'Gy| sup exp(®1(w) — P2(w)) (2.21)

weln

for the norm of ¢ follows immediately, and this implies (2.19) because & (w) —
®, (w) is quadratic and therefore must be bounded above by zero if it is bounded
above at all. Sufficiency of (2.19) is clear from the definition of the norm on Hg, .

For the claim about compactness, we first show that the normalized reproduc-
ing kernels k2 / |k 2 e, tend weakly to zero as [w| — oco. Since the linear span
of {kgw): z € C"} is dense in Hg,, it suffices to observe that by (2.20) we have,
for each z € C”,

kl(UZ) @ nn/z @ Ba0)
_tw _ T o
<||k1$()2)||<1>2’ : ><I>2 |detG2|kw (2)e — 0, |w| > oo0.

If ¢ is compact, then as the compact image of a sequence weakly converging to
Zero, l*kz(uz) / ||k1(1,2) |®, converges strongly to zero as |w| — oo, and by the previous
calculations,

.k 1l oy .
! ||k(2)|| - ||k(2)|| = IdetGl Ga| exp(qDI(w) — D (w)).
w’ [[@ 121 w @

Since this quantity tends to zero as |w| — oo, this proves that

Jim exp(@1(w) = ®2(w) = 0. (2.22)

Using again that ®; (w) — ®,(w) is quadratic, this implies that (2.19) must hold
strictly on {|z| = 1}, completing the proof of the proposition. |

To study compactness, it is natural to study a similar class of solution operators
to those considered in Proposition 2.1, except acting on Hyg with ¥ from (2.11).
Realizing these operators via conjugation with U from (2.12), it becomes clear that
their effect is to modify the Hermitian part of the weight ®. In Proposition 3.6,
we see that there is a correspondence between the special case Py, defined below
in (2.25), and Q¢ the harmonic oscillator in (1.2); this relates to to the more or
less classical picture in which decay for functions in Hg corresponds to decay and
smoothness for functions in L2(R").
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Proposition 2.5. Let ® obey (2.1) and be decomposed as in (2.9). Recall also the
definition (2.12) of U: Hy — Hg , and for B € M, x,(C), let

Qp = Bz-(0; + ' (2))
=U(GBG™'z-9,)U*.

Also, for any t € C, let exp(tQp) = Uexp(tGBG™'z - 3;)U* be defined as in
Proposition 2.1.
Then with
B (7) = 1|G.e—fBz|2 — Rh(z)
2 (2.23)
= 0(2) + 5(1Ge™ Pz — |Gz ),

we have
| exp(zQp)ulle = exp(—NR(z Tr B))||u|l p).5-

Furthermore, Qg is self-adjoint (resp. normal) if and only if GBG ™! is self-adjoint
(resp. normal).

Remark. This is operator particularly useful when B is a constant times the iden-
tity matrix, or at the very least when GBG ™! is positive semi-definite Hermitian.
When B is the identity matrix, we omit B and define, for § € R,

e—28
D () = —|Gz|> — Rh(z)
2 (2.24)
e 2
= d(z) + T|GZ|2

This case corresponds to a reference harmonic oscillator adapted to the spaces
Hg, as shown in Proposition 3.6. To refer to this operator throughout, we define

Py=1z-(3; +Hh(2)) (2.25)
and note that, with ¢, as in (2.14),
Poeq = |a)ey.

It is clear that Py is self-adjoint, and from Proposition 2.1, we have the norm
relation
lexp(8Po)ulle = e~ [[ull g

We remark that this relation may also be checked directly on expansions in the
orthogonal sets {ey }yen» and {exp(6Po)eq }ucnn via a change of variables.
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Proof. The alternate expression of Qp follows from writing U = W_;, V¢ and the
relations (2.7) and (2.16). Having reduced to an operator acting on Hy, we recall
that z]’.‘ = 0z, as operators on Hy (more general formulas for adjoints may be
found in [32, Section 4.2]). Therefore, working on Hy,

(GBG™'z.9,)* =2z-GBG—19, = (GBG™Y)*z-9,.

Therefore Qp is self-adjoint if and only if GBG™! is self-adjoint. For any
My, My € M,,x, (C), we compute the commutator

[Myz-0;, Mz - 0;] = —[My, M>]z - 0,

from which it follows that Qp is normal if and only if GBG ™! is normal.
Using Proposition 2.1 and the definition (2.12) of U, we then check that

exp(tQp)u(z) = M(erBz)eh(eTBZ)—h(z)‘

We can then compute the norm equivalence using simple operations and the
decomposition (2.9) of ®:
I exp(rQB)uHé _ / |u(e1:B)|2e2§ﬁh(efBz)—2§Rh(z)—2(%|Gz|2—§ﬁh(z)) dL(z)
:/|u(erBZ)|Ze—2(%|GZ|2—§Rh(efBZ)) dL(Z)

=e—2mTTrB/|u(Z)|2e—2(é|Gg_TBZ|2_§Rh(Z)) dL(Z)

The definition (2.23) of the weight ®@®)-8 can be read off from the exponential
factor.
Alternately, using the definitions (2.6) and (2.15), we have

W_p Vs Wy exp(zQp)u = e H* 11 By
with the image lying in the space Hg).5. O

We can now see that the embedding (2.18) is not only compact but even
has exponentially decaying singular values, so long as (2.19) holds strictly on
{lz| = 1}. We here say that a compact operator A has exponentially decaying
singular values {s;(4)}72, if there exists C > 0 such that

*1/n
si(A)<C exp(— ]C

The dependence on the dimension is unavoidable, since the estimate is sharp for
exp(—Qy) with Q¢ from (1.2). Note that this implies that : is in any Schatten class
Sy, p € (0,00).

), (2.26)
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Corollary 2.6. Let ©;, j = 1,2 both satisfy (2.1) and suppose that
Dy(z) > ®1(2), forall|z| = 1.

Then the embedding 1: Hy, — He, used in (2.18) is compact and has exponen-
tially decaying singular values in the sense of (2.26).

Proof. By Proposition 2.5, it is easy to see that there exists § > 0 such that
exp(8Po)t: Hp, — Ho,

is bounded, with Py: Hp, — Hg, defined as in (2.25) (and depending on the
weight ®,). Therefore
t = exp(—38Py) exp(6Po)t

expresses ¢ as the product of a bounded operator from Hg, to He, and a compact
positive self-adjoint operator on He, with

Spec(exp(—6Py)) = fe701ol o € N},

where the equality includes repetition according to multiplicity.
Since 1
#lozlal < Ny = —N"(1 + ON™Y)
n!

as N — oo, the singular values of exp(—8§Py) decay exponentially in the sense
of (2.26). Since s;(AB) < sj(A)||B| for any operators A, B for which 4 is
compact and B is bounded, this completes the proof of the corollary. |

We turn to the extension of operators on Hg given by changes of variables from
their restriction to the space of polynomials. This is motivated by the fact that the
space of polynomials appears as the span of the generalized eigenfunctions of P,
and at least on any element of the span of the generalized eigenfunctions of P, the
definition of exp(7P) may be realized as a matrix exponential. Since the solution
to the evolution equation is unique in the space of holomorphic functions, this
realization must agree with the definition in Proposition 2.1.

We recall that an unbounded operator A acting on a Hilbert space H{ with
domain Dy has the set K C H as a core if the closure of the graph

{(x,Ax):x € K}

in H x His
{(x, Ax): x € Dy}.

Note that this implies that A4 is a closed operator when equipped with the domain
Dy.
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Let F € GL,(C) be an invertible matrix and define
Cru(z) =u(Fz), zeC", (2.27)
considered as acting on Hg for ® obeying (2.1). Its maximal domain is
Drp ={ue€ He:Cru € Ho}, (2.28)
which is closed with respect to the graph norm given by the inner product
(u,v)r = (u,v)o + (Cru,Crv)e = (u,v)e + |det F|~>(u, v)a(F), (2.29)

by the same reasoning as in Proposition 2.1.
We start with a lemma on the strong continuity of bounded change of variables
operators considered as functions depending on the matrix F.

Lemma 2.7. Assume that ® obeys (2.1) and recall the definition (2.27). Let
{Fk}ken be a sequence in GL,(C) converging to F € GL,(C). Assume fur-
thermore that ®(Frz) < ®(z) forall z € C and all k € N. Then Cg, converges
to CF in the strong operator topology on L(Hg).

Proof. Because F;, — F, we have that also ®(Fz) < ®(z) for all z € C". The
same change of variables as (2.5) gives that

_ —1
ICraully = [ 1det PP u)Pe 202 dLz)

(and similarly for Cr). Since ®(F_'z) > ®(z) and ®(F~'z) > &(z) for all
z € ", this shows that Cr, , Cr € £L(Hg). Furthermore, we may dominate the
integrand by

|det Fk|2|u(z)|26—2<l>(Fk_lz) < A|u|26—2<1>(z)

uniformly in k for some A > 0. Therefore, by the dominated convergence theorem,

lim ||CFku||<1> = ||CFu||q>, forall u € Hp.
k—o00

Since Fyz — Fz as k — oo for each z € C", we see that Cr,u — Cru
pointwise, which means (Cr u,ky)e — (Cru,ky)e for ky, any reproducing
kernel at w € C for He. Since the sequence {Cr, u}ken is bounded in He for
each u and the span of reproducing kernels is dense, this means that Cr,u — Cru
weakly. Therefore, by the Banach-Steinhaus theorem, Cr, — CF strongly. O
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We may then prove that the polynomials form a core for every operator on Heg
given by an invertible linear change of variables, whether or not it is bounded.

Proposition 2.8. Let F € GL,(C) and let ® obey (2.1). The polynomials form a
coreon Hg for Cr, definedin (2.27), on its maximal domain D g, defined in (2.28).

Proof. We begin by considering the dilations

Teu(z) = u(lz).
Let
Q={eC\{0}):]z] =1 = P(z) > P({2)},

and note that € is an open subset of C\{0}. By Lemma 2.7 we see that, on Q\{0},
the the map ¢ +— T; gives a strongly continuous family of operators from Hg to
Hg. It is furthermore clear that T u is a holomorphic function of { € €, and by
strict convexity of @, it is clear that Q contains the interval (0, 1).

Recall the definition of W from (2.11). By strict convexity of ®, there exists
some Cy > 0 such that

CLO\I/(Z) < ®(z) < Co¥(z), forallz e C%; (2.30)
since F is invertible, we may take C, sufficiently large to also ensure that
Cioqf(z) < ®(F'z) < Cy¥(z), forallze C". (2.31)
Therefore, so long as 0 < |¢| < Cio, we have for |z| = 1 that
O = ) > CVE) = 0,
proving that  contains the punctured neighborhood {0 < |¢| < 1/Cp}.
What is more, when 0 < || < 1/Co and u € Dp, we have that both Tru

and T;Cru are in Hy,c,, a space in which monomials form an orthogonal basis;
see (2.14). Therefore

Tru = li
= i, 2
la|<N

(Teu, z%)w/cy o

(2.32)
2% lw/co

as a limit in Hy,c,. Since convergence in Hy,c, implies convergence in Hg
by (2.30) and in Hgp-1. by (2.31), we see that (2.32) also holds as a limit with
respect to the norm || - | f given by (2.29) for 0 < [¢]| < 1/ Cp.
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Therefore if u € DF is orthogonal to every polynomial with respect to the
inner product (2.29), we have that (T u, u) r is a holomorphic function for { € €,
continuous on €, and for 0 < [¢| < 1/Co,

o
(Teu,u)p = A}imoo< Z %ﬂz“,uﬁ =0.

7% al=N ¥/ Co
This shows that the function vanishes identically on €2, and upon taking the limit
as { — 1 from within 2, we see that u = 0. This proves that {(p,Crp): p
a polynomial} is dense in {(u, Cru):u € DpF} as subsets of Hp x Hg, which
suffices to prove the proposition. |

2.3. Identification of boundedness and compactness. We proceed to the fol-
lowing precise description of the set of ¢ € C for which the map exp(zP) is
bounded or compact.

Theorem 2.9. Let the matrix M, the weight ®, and the operators P and exp(tP)
be as in Proposition 2.1. Then exp(tP) is bounded if and only if

D™ Mz) > d(z), forallz e C" (2.33)

and is compact if and only if the inequality is strict on {|z| = 1}, in which case
exp(tP) has exponentially decaying singular values in the sense of (2.26). On the
set of © € C for which this inequality holds, the family of operators exp(tP) is
strongly continuous in Tt and obeys

| exp(zP)|| < e R*TM, (2.34)

Proof. The norm bound follows immediately from Proposition 2.1. The charac-
terization of boundedness and compactness is the special case § = 0 of the fol-
lowing more general theorem, which places the image of exp(z P) within the fam-
ily of spaces {exp(§Po) Hp}scr. That the family of operators, where bounded, is
strongly continuous in 7 follows from Lemma 2.7. O

We continue with a more general theorem relating the boundedness properties
of exp(zP) with those of exp(6Py) for Py from (2.25). While this is natural and
very useful to prove properties such as compactness, our principal interest is in
the question of boundedness. Therefore, most results throughout may be read for
8 = 0, as done in Theorem 2.9 above.
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Theorem 2.10. Let the matrix M, the weight ®, and the operators P and exp(zP)
be as in Proposition 2.1. For ®® as in (2.24), let 8y = 8o(t) € R be defined by

8o = sup{s € R:forall z € C", @@ (e"™Mz) > &(z)) (2.35)

Then the operator
exp(§Py) exp(zP), (2.36)

with Py as in (2.25), is bounded on Hg if and only if § < 8¢ and is compact if and
only if § < 8¢, in which case it has exponentially decaying singular values in the
sense of (2.26).

Proof. From Propositions 2.1 and 2.5 we see that

lexp(8Po) exp(P)ullo = e~ u(e™ 2)[| g

— e—ﬁn—m(‘[ Tr M) ||M ” ®®) (e—TM -

Therefore the operator (2.36) is, up to a unitary transformation, a factor times the
embedding from He to Hg)(—<am.). This embedding is bounded if and only if

D ("™ ) > @(2) (2.37)

for all z € C" by Proposition 2.4, which also gives that the inequality must be
strict on {|z| = 1} in order for the map to be compact. On the other hand, the map
is compact with decaying singular values in the sense of (2.26) if the inequality
holds strictly on {|z| = 1} by Corollary 2.6.

For 7 € C and z € C” fixed, ®©® (¢7™M7) is a decreasing function of § which
tends to —Mh(e "M z) as § — oo and to oo as § — —oo. As a harmonic function,
—?)’ih(e"M ) cannot be positive definite, so the set defining 6o must be bounded
from above since ®® (e ="M z) fails to dominate the strictly convex function ®(z)
for § sufficiently large. (See also Proposition 2.16.) Since ®® (e=™z) — oo
as § — —oo, the set defining & is bounded from below. Therefore §o € R, and
from the fact that ®@® (e~*M7z) is decreasing and continuous in § we have that
(2.37) holds for § < & and holds strictly on {|z| = 1} for § < &y, which suffices
to identify when the operator (2.36) is bounded or compact with exponentially
decaying singular values. |

Remark. Continuing to use certain standard simple unitary transformations, we
may make explicit the unitary transformation relating exp(6Py) exp(tP) to the
(possibly unbounded) embedding from He to Hg@)(—m.). Using the unitary
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transformation (2.12) along with Propositions 2.1 and 2.5, we see that

exp(8Po) exp(tP)u(z) = Uexp(8z - 3,)U*u(e™ z)

_ uu(eserMG—lz)eh(eSG—lz)

— u(eSerMZ)eh(e‘sz)—h(z)‘

(What is more, we see that exp(6Py) is particularly convenient precisely because
% commutes with all matrices.) We may then check using (2.6) and (2.15) that,
with (¥ = u the natural embedding,

Vo—em W_p,V ,—s Wp, exp(6Po) exp(tP) = e RETM) | g s Hgo)(e—tm.y.

We next consider the question of when the solution operator exp(—tP) is
bounded for all #+ > 0. For these operators on Fock spaces, the question is
reduced to the question of positivity of a real quadratic form which corresponds
to the classical notion of the real part of the symbol of a differential operator (see
Remark 3.2).

Theorem 2.11. Let the matrix M, the weight ®, and the operators P and exp(tP)
be as in Proposition 2.1. Then, exp(—tP) is bounded on Hg for all t € [0, 0c0) if
and only if

B(z) >0, forallz e C", (2.38)

Jor
O(z) =2RPP(z) = 2R((Mz2) - D (2)). (2.39)

Moreover, using the decomposition (2.9) and with 8¢ defined in (2.35),

So(—t) = ¢t inf 2

Inf P + 0%, t—0t, (2.40)

Proof. Since @ is real-valued, &, = @/, so we compute

d M M M AL gAM M
—®(e™z) =M™z (") + MMz . D("M2)

dt (2.41)

= 0(eM2).

If ®(z9) < 0 for some zo € C", then (2.33) fails at zo fort = —ft and ¢t > 0
small. If, on the other hand, (2.38) holds, then dD(e’M z) is nondecreasing in ¢ for
all z € C, so (2.33) holds for t = —t and any ¢ > 0. Therefore (2.33) holds for all
T = —¢t with ¢ > 0 if and only if (2.38) holds.
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From (2.41) and a direct calculation we have that

0 0
Z O (M — T o@® M _ _ 2
th) (e"2) 5o ®(z) and 35q> (e z) 5o |Gz|~.

Using the fact that ® is quadratic along with the Taylor expansion for 2% and e’
we estimate

D@ (™ 7) = ®(2) + 10(2) — 8§|Gz|> + O(8? + ?)|z]?) (2.42)

for §, t small and with error bound uniform for z € C". Let

0(z)
1Gz|?

R = inf
|z]=1

If § = Rt — Ct?, then
@ (eMz) = ®(2) + C|Gz)*t% + (O(2) — R|Gz|P)t + O((t% + §%)|z]?).

By the definition of R, the coefficient of ¢ is positive and §? = O(¢?). Using also
that |Gz|?/|z|? is bounded away from zero on {|z| = 1} because G is invertible,
if C is sufficiently large and ¢ is sufficiently small and positive we have that (2.37)
holds with t = —¢.

On the other hand, by continuity we may select zo € C" with |z9| = 1 and
where ©(z9)/|Gzo|?> = R. Taking instead § = Rt + Ct? gives

DD (™ z9) = ®(z9) — C|Gzo[* 1% + O(t* + §),

s0 (2.37) with T = —¢ fails if C is sufficiently large and ¢ is sufficiently small and
positive. Using again that ®® (¢*M z) is decreasing in §, we conclude that, for
some C and for ¢ sufficiently small and positive,

So(—t) € [Rt — Ct?, Rt + Ct?,
which completes the proof of the theorem. O

Remark. One could also reverse the order of Py and P in Theorem 2.10 and
analyze the operator

exp(tP) exp(8Po)u(z) = u(ebe™ z)eh@e™™ =he2),
We may check boundedness for this operator by using that

W_p Vs Wi, Ve—rar exp(zP) exp(8Po) = e "M gy — Hz
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for
B(z) = D(z;8,t. M) = e P D(e™™M2z) + (e72F — DHNh(2).

Therefore exp(tP) exp(6Pp) is bounded if and only if P > P.

This weight ® seems less convenient than ®@® (e~ z), which is in part
explained by the way in which the change of variables associated with exp(zP)
changes the harmonic part %4 (z) of the weight. Nonetheless, the same reasoning
can show that if

80(r) = sup{8: exp(tP) exp(§Po) € L(Hsy)},

then

So(—t) = ¢ inf 2

inf P +0@%, t—0T,

similarly to (2.40).

We now show that the span of the generalized eigenfunctions of P form a core
for exp(z P) by identifying those eigenfunctions and observing that their span is
the set of polynomials.

To fix notation, let G be an invertible matrix such that G~ MG is in Jordan
normal form. Let A4, ..., A, be the spectrum of M, repeated for algebraic multi-
plicity, so that

)Ll 71 0 0

M=G'mMG=| 0 ~ "~ 0 (2.43)
0 0 An—1 Yn—1
0 0 0 An
for y; € {0,1} forall j = 1,...,n — 1. For e; the standard basis vector with 1 in

the j-th position and 0 elsewhere, let r; be the order of the generalized eigenvector
e; of M, meaning that

rj = min{k € N*: (M — A;)*e; = 0. (2.44)
We define the complementary notion of the distance to the end of the Jordan block:
7; = max{k € N:e; € (M — A;)*(C™")}, (2.45)

with the usual convention that (M — 1;)® = 1, the identity matrix. (These notions
do not depend essentially on the Jordan normal form, so long as e; is replaced
by a generalized eigenvector and A; is replaced by the corresponding eigenvalue.)
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The definition of 7; becomes useful since the action of M — A; on a monomial
is in the opposite direction from the action of M — A; on the ¢;, as we will see
shortly.

In the Jordan normal form case, we note that r; 4 7; is the size of the Jordan
block containing e; and that y; = 1 implies that A;;; = A;. Furthermore, y; =1
if and only if ;41 > 1 if and only if 7; > 1, and in this case ;41 = r; + 1 and
Fi =71+ 1.

In the following theorem, we identify the complete set of eigenfunctions of
P, which can be traced back to [26, Section 3], and show that the span of these
eigenfunctions forms a core for exp(z P), which is novel and follows directly from
Proposition 2.8.

Theorem 2.12. Let the matrix M, the weight ®, and the operators P and exp(zP)
be as in Proposition 2.1. Furthermore let the matrix G be such that G"*MG is
in Jordan normal form; also let the eigenvalues {A;}7_,, repeated for algebraic
multiplicity, and the orders {r;};_, and {F;};_, be as above. Then

{(G™"2)aenn

Sform a complete set in He of generalized eigenvectors of P with eigenvalues
n
Ao =D Aje (2.46)
j=1

and orders
n
ro =1+ Z Fioj.
Jj=1
The span of these eigenfunctions (that is, the polynomials) form a core of exp(z P)

considered on its maximal domain

Dexp(ep) = {u € Ho: lu(e™)]|lo < oo} = {u € Ho: |ulle_, <00},

Proof. By conjugating P by Vg as in (2.6), it suffices to consider M already in
Jordan normal form as in (2.43). Then

n—1

n
P =Y 2jzj0z; + Y_yizj+10z;,

Jj=1 Jj=1
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SO
n—1

(P —Ag)z% = Z yjajz"‘_ef+ef+1

=1
= Z ;% teitime
Jaj#0,7; #0
using that y; = 1if and only if 7; # 0.

We see that (P —A4)z% = 0if and only if r, = 1 and that otherwise (P —A4)z¢
is a linear combination, with coefficients in IN*, of those monomials z* 1€ +17¢;
for which

Fatejy1—e; —Ta = Fiv1—7; = —1.
When repeating this expansion, there can be no cancellation since the coefficients
at each stage are positive, and we conclude by an induction argument that r,, is the
minimal N for which (P — )LQ)N z% = 0. Therefore, for a combinatorial constant
Cy € IN* which we do not compute here,

(P —dg) @ 12% = Cyz% (2.47)

for & the multi-index formed by pushing each «; to the end of the corresponding
Jordan block:

o; =
J rj—l ~
k=0 o, TIj =0.

_ {0, 7 0,

For M already in Jordan normal form, it is automatic that the span of the
monomials {z%}yenn is the set of polynomials. Conjugation with V& does not
change this, since Vg is an isomorphism on the set of polynomials (or even
on each set of homogeneous polynomials of fixed degree). For the claim that
the polynomials form a complete set in Hg, see [32, Remark 2.5], which relies
essentially on [26, Lemma 3.12].

That the polynomials form a core for exp(z P) is the content of Proposition 2.8.
O

2.4. Consequences. We continue by deducing several consequences of our re-
sults on the operators exp(tP). These include necessary conditions for bounded-
ness of exp(z P) based on the spectrum of M, a precise description of those 7 € C
for which exp(zP) is bounded as |7| — oo, a relationship between the Hermitian
part of ® and the decay of exp(—tP)u ast — oo, an analysis of the fragile case
when Spec M NiR # &, and an extension of the analysis whereby P may essen-
tially absorb linear terms with minimal changes to the character of the family of
solution operators.
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Proposition 2.13. Let the matrix M, the weight ®, and the operators P and
exp(tP) be as in Proposition 2.1. Let 8y be as in (2.35), and let the matrix G
be as in the decomposition (2.9) of ®. Then

§o < —log|Ge™ G (2.48)

In particular,
Spec(tM) C {MA < —6o}. (2.49)

In addition, if exp(—tP) is bounded for all t € [0, 00), then
R(GMG™z,z) =0, forallz e C".

Remark. As aspecial case, we have that if exp(z P) is bounded, then Ge™G1is
a contraction (in the sense that its norm is at most one). In particular, exp(z P) can
only be bounded if Spec(tM) C {RA < 0}, as may be seen by testing Ge™ G !
on G applied to each eigenvector of TM.

It is also helpful to make a comparison with the case of a normal operator: if A
were a normal operator on a Hilbert space H with Spec A equal to the eigenvalues
of P in (2.46), then (2.49) with §o = 0 would be an exact description of the
boundedness of the solution operator for A in the sense that

{(:M(A) <0, j =1,....n} = {r:e™ € L(H)}.

Finally, note that as a special case of Theorem 2.19, we have a partial converse:
if all eigenvalues of M have strictly positive real parts, then exp(—¢P) is bounded
for all ¢ real and sufficiently large.

Proof. Ttis clear that the Hermitian part, defined in Lemma 2.2, of ®©0) (¢ =7M )
®(z) when @ is written using (2.9) is

—2680

2

e

1
|Ge™™ )2 — E|Gz|2. (2.50)

Recall from Lemma 2.2 and Theorem 2.10 that this quantity must be nonnegative.
Setting y = Ge "Mz gives

I _ -
S0y = 1Ge™G1yP?) > 0,

from which
1Ge™ G| < e .

The estimate (2.48) follows.
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If tMv = Av for v # 0, then

Ge™ G 1Gv|

—1
TR

—NA.

Therefore, by (2.48), we see that RA < —§q for all A € Spec(t M), proving (2.49).
Similarly, the second claim follows from the calculation

| [ 7z
O(z) =2RM:z - 82(52 -G*Gz — E(h(z) + h(Z))) (2.51)

=NR(Mz-(G*Gz — I (2))).

Since Mz - I/ (z) is quadratic and holomorphic in z, the Hermitian part of ® is
1 -
5(@(2) 4+ 0@(z)) =R(Mz-G*Gz),

which must be positive semidefinite since ® is by Theorem 2.11. The second claim
follows from writing this quantity as an inner product, moving the adjoint G* to
the other side, a change of variables y = Gz. |

We continue with an observation that, since & is strictly convex, the matrix
norm ||e*™ || can play a deciding role in determining whether exp(zP), or even
exp(6Py) exp(zP), is bounded as in Theorems 2.9 and 2.10. To begin, it is useful
to identify the maximum & such that ®@ (z) is convex.

Lemma 2.14. Let ® obey (2.1). Using the decomposition (2.9), we define the
matrix

H=(GHThc™, (2.52)
For ®®) in (2.24), let Ag be defined by
Ao = sup{8 € R: forall z € C", ®¥(z) > 0}.

Then .
Ag = -3 log |H]|. (2.53)

Proof. The lemma follows from recalling that ®©®)(z) is decreasing in § and noting
that

_ 1 :
dB0)(G=1z) = 5(||1L1|||z|2 —-N(Hz-z))

is convex by the Cauchy-Schwarz inequality but is not strictly convex by part (iv)
in Lemma 2.2 (which is essentially Takagi’s factorization). |



Weak solution operators for evolution equations 69

Proposition 2.15. Let O obey (2.1), fix § < Ag with Ag defined in (2.53), and
recall the definition (2.24) of the weight ®®. Let

_ inf|z|=1 d(2)
Co(8) = \/SUP|z|=1 DO (z)

_ Sup|z|=1 CI)(Z)
C1(0) = \/ —inf|z|=1 0’

Then, in order to have 8y > § for 8¢ in (2.35), it is necessary that

™ 1
[e*™ | < rNE) (2.54)

and

and sufficient that

™ < )
1™ < &5

(2.55)

Remark. Note that if § = 0 in the lemma above, then C; = CLO and we obtain a
necessary condition and a sufficient condition in order for exp(z P) to be bounded.
For general §, we obtain a necessary condition and a sufficient condition for the
operator (2.36) to be bounded.

Proof. By Lemma 2.14, and that @ js decreasing in §, we have that @ jg
strictly convex whenever § < Ay, so the definitions of Cy(6) and C;(8) give
positive real numbers.

We note that the inequality (2.37) from the definition (2.35) of §, is equivalent
to the statement

d(e™ z) .
q)(T(Z) < 1, forallz € C \{0} (2.56)

We reduce to a comparison on the unit sphere by writing

el ()

o@D (z) |22 e™Mz| ||
If there exists some zg € C"\{0} for which [e™™ zo| > Cy(8)|z0], then
d(e™ zy) 1 inf|; =1 ®(2)

OO (z9)  Cod)? supy @D (z)
violating (2.56). This proves that (2.54) is necessary to have §o > §. On the other
hand, if (2.55) holds, then for all w € C" we see that

Pe™Mw) _ 1 sup P()

@ (w) T C1(8)?inf;j=; D (2)

This proves sufficiency and completes the proof of the proposition. |
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We now show that Ay from (2.53) gives the maximal possible decay, in terms
of exp(§Py), for functions in the range of exp(z P). We also show that this maximal
decay is attained in the limit whenever |e*™ || — 0.

Proposition 2.16. Let ® obey (2.1), let 80 = So(t) be as defined in (2.35), and
recall the definition (2.53) of Ag. Then, for any © € C,

80(1’) < Ag (257)
and if {tx }rew is a sequence of complex numbers for which ||e*M || — 0, then

lim 8o(tx) = Ao.
k—o00

Proof. Since ®(z) is strictly convex, ®(20)(z) is not convex by Lemma 2.14, and
e™ is a linear bijection on C”, it is impossible to have ®(20)(e™ z) > ®(z) for
all z € C" as in (2.35). Therefore §g < Ag.

To prove the second claim, fix any § < Ag. Since ®©®(z) is strictly decreasing
as a function of § for z # 0, we see that @ jg strictly convex. Therefore, by
Proposition 2.15, §¢ < § for |e™M || sufficiently small, so the final claim of the
proposition follows. |

These results motivate our interest in the set of t for which ||e*™ || becomes
small. Because e™™
|t| — oo.

It is useful at this point to compute explicitly the matrix exponential of M ap-
plied to a generalized eigenvector. We refer to the definitions preceding Theorem
2.12, including the definition of the order r of a generalized eigenvector.

is always invertible, we can only have [|[e*™| — 0 as

Lemma 2.17. Let M € M, x, and let v € C" be a generalized eigenvector of
order r with eigenvalue A. Then, as |t| — oo,

eMy = ﬁe”f’”(w — 0" 4 07 ™Y).

Proof. We write

eer — er/ler(M—)L)v

,\OO ‘Ej .

— T A,

=e ~EOJ!(M A v.
]=

By definition of the order r, the term (;r_—_ll)!(M — A)"" in the sum is the
nonvanishing term with the largest power of 7, and the lemma follows. O
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In particular, if M is in Jordan normal form for which each standard basis
vector e; is a generalized eigenvector of order r; with eigenvalue A;, then for all
j=1,...,n

1
™ tAj _ri—1 -1
ee =———e"tV T (ej—r, 41 + O(7
as |t| — oo.

Since we now have a simple expansion for e** e; as |t| — oo, we can obtain a
rather precise description of those t for which exp(z P) is a bounded operator on
Hg, as |t| — oo, using the elementary inequality

™

max |eMe;| < [e™]| < Vn max [e™Me;|. (2.58)
j=1

j=1,..., n - j=l1,.., n

Since

le™Mej| = exp (~log((rj — DY + (rj — Dlog|z| + R(rA)) (1 + Oz ™)),
(2.59)
we see that if, for some j, we have R(tA;) > log|t|, then |e™™ || — oo, s0 8y
of (2.35) tends to —oo thanks to Proposition 2.15. Similarly, if %i(z4;) < —log 7|
forall j = 1,...,n, then |e™| — 0,508y — Ay = —%log |H]| as in
Lemma 2.14.

Therefore, if Spec M is not contained in a half-plane, then |e*™ | — oo as
|t| — oo regardless. The case where Spec M is contained in a half-plane but no
smaller sector is considered in Theorem 2.20. By shifting the argument of ¢ if
necessary, we assume for what follows that Spec M C {RA > 0}. Writing

o
Aj = pje’™

for 0; € (—n/2,7/2), we may then define

0y = max 60;, 60_ = min 0. (2.60)
j=l,.n j=l,.n
If we also write
T = |t]e’?,
we have
R(tAj) = |t|p; cos(p + 6). (2.61)

In supposing that cos(¢ + 6;) is negative or small for each j, we assume that
¢ +06; e[n/2—-8,3n7/2+ 8] forall j and for § > 0 small. As a result,

 max cos(¢ + 6;) = max{cos(¢ + 01),cos(¢ + 0-)}. (2.62)
j= n

.....
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Of those eigenvalues A; for which §; = 64 or §; = 6_, we can identify the

largest coefficient of the logarithmic correction coming from (2.59):
rjy — 1

max
{j:6;=0L} pj

by = (2.63)
In the regime || — oo, we record how the leading term of this expansion can
determine whether [|[e*™| — 0 or |e*™| — oo, depending principally on the
argument of <.

Proposition 2.18. Suppose that M € M,,x, (C) is an invertible matrix in Jordan
normal form for which Spec M C {RA > 0}. Therefore write

Spec M = {1; :pjeief:j =1,...,n},

repeated for algebraic multiplicity, with 0; € (—n/2,7/2) and with orders of
generalized eigenvectors {r; };’:1 asin (2.44). Let 64 be as in (2.60) and b+ be as
in (2.63).

Then, for every Cy > 0, there exists some Ry, R1 > 0 such that

Je™ | <
<x

whenever |t| > Ro and, for both signs,

1
cos(p + 0+) < m(—bi log |t] — Ry).

Similarly, for every Cy > 0, there exists some Ry, Ry > 0 such that
le™ | = Co

whenever |t| > Ry and, for at least one sign,

cos(¢p + 0+) > |17|(—bﬂE log|z| + Ry).

Remark. We may dispense with the hypothesis that M is in Jordan normal form
by taking into account the condition number of a matrix G such that GM G ! is
in Jordan normal form. So long as the spectrum of M is in a proper half-plane,
we may obtain similar asymptotics by applying the proposition to e!% M for some
0o € [0, 27). If the spectrum of M is not contained in a half-plane, then e™
exponentially rapidly as |t| — oo since then there exists some C > 0 where every
7 admits a j with RtA; > |r]|/C. Some discussion of the situation when Spec M
is contained in a half-plane but no smaller sector appears in Theorem 2.20. If
0 € Spec M then ||e*™™| > 1 always, and if a Jordan block corresponds to the
zero eigenvalue, then ||e™ || — oo at least polynomially rapidly as || — oo.

— 0



Weak solution operators for evolution equations 73

Proof. Since otherwise ||e*™ || — oo, we may certainly assume that cos(¢ +6;) €
[—1, 1/2], in which case (2.62) holds. By the expansion (2.59) and (2.61),

1 /ri —1lloglz| -1 -1
le™e;| = ex J +cos(p + 6) + O0(zI™H) ) + O(z|™H)).
’ p(pjlfl( pi Il ’ ))

As |t| — oo, the maximum of this quantity, ignoring the O(|z|™!) terms, for
J = 1,....nis attained for some j where 0; € {64,6_} and where -

0
accordingly. The result then follows from (2.58). ’ |

= by

Up to shifting by constants, this allows us to describe the set of 7 with || large
for which exp(z P) is bounded as in Theorem 2.9 or even bounded after composing
with exp(§Pp) as in Theorem 2.10.

Theorem 2.19. Let the matrix M, the weight ®, and the operators P and exp(zP)
be as in Proposition 2.1. Recall the definitions (2.35) of 6o and (2.53) of Ay.
Suppose in addition that Spec M C {RA > 0}. For every § € (—o0o, Ag) there
exists C1,Cy € R and Cy > 0 such that 6o > & whenever |t| > Cy and, for both
signs,

1
cos(p + 0+) < m(—bi log |t| — Cy)

and 89 < § whenever |t| > Cy and, for at least one sign,

1
cos(p + 0+) > m(—bi log|t| 4+ C>).
Remark. We again compare with the case of a normal operator A on a Hilbert
space H for which Spec A4 is equal to the set of eigenvalues of P given by (2.46).
In this case,

{r:e™ € L(H)} = {r = |t|e’®:cos(¢ + 0;) < 0and cos(gp + A_) < 0}.

We therefore see that the set of t for which exp(zP) is bounded and t is large
is substantially similar to the same set where P is replaced by a normal operator
sharing the eigenvalues of P.

In Figure 2.1 we have an diagram of a typical region in the complex plane
indicated by the theorem. We have set

_ 5 in/4 —in/6 5
Spec M = {ge ,2e ’5}’

and the eigenvalues of P are indicated by dots (with circles indicating the eigen-
values of M). We suppose that the eigenvalue %ei 7/4 is associated with a Jordan



74 A. Aleman and J. Viola

block of size 3 while the eigenvalue 2¢~*7/€ is not associated with any nontrivial

Jordan block. Then the light grey area indicates the set of T € C where we know
that exp(zP) is unbounded, and the dark grey area is the set of T € C where we
know that exp(zP) is bounded, with constants Cy, Cy, and C, chosen by hand.

In order to clarify that the boundary of the sets indicated are effectively the
graphs of a logarithm for |z| large, we consider

. 1
{r = |t]ei®:cos(¢ + 01) = — (—by log |t| — cl)} (2.64)

||

for 1 = 0 and It > 0 as |t| — oco. We therefore have cos(¢p + 04) = cos(p) =
Nt/|z|, and we can write

N (Mr)2 (log |z])?
TR T =1+0(=1)

Seeing that, in this case, It & |t] as |t| — oo, we get that the boundary (2.64) is
contained, for |z| sufficiently large, in the set

{r: Nt = (—bs log(37) — Cl)(l n O((iflf))}.

Proof. The claim is immediate from Proposition 2.15, Proposition 2.18, and the
identification of Ao in Lemma 2.14. O

Figure 2.1. Diagram of a typical set of T € C for boundedness of exp(tP) as indicated in
Theorem 2.19; see the remark following the theorem.
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We turn to the question of how imaginary eigenvalues of M affect boundedness
of exp(—tP), particularly for short times ¢ — 07 as in Theorem 2.11. We show here
that this only occurs when P is skew-adjoint in the variables in C” corresponding
to imaginary eigenvalues of M ; see also [15, Proposition 2.0.1, (iii)] for a similar
result in terms of quadratic operators on L?(RR").

We recall from Theorem 2.11 that exp(—¢P) is bounded for all + > 0 if and
only if ® > 0 as in (2.38), and then from Proposition 2.13 we can conclude
that Spec M C {1 > 0}. We therefore decompose C” into the subspaces of
generalized eigenvectors of M corresponding to eigenvalues which are purely
imaginary and those which have positive real parts:

V= B ker(m -2y (2.65)
A€e(Spec M)NIiR
and
W= &y ker(M — L)" (2.66)
A€(Spec M)N{RA>0}

Theorem 2.20. Let P be as in (2.3) acting on He with ® verifying (2.1). Suppose
that © from (2.39) obeys (2.38) and therefore define V and W as in (2.65)
and (2.66) as well as the projection wy such that iz € W and (1 —nw)z € V.
Let the matrix G and the function h be as in the decomposition (2.9).

Then GM G~ Y|gy is skew-adjoint, GV L GW, and

Mz -0,h(z) = Mz-0,h(nwz) (2.67)

with ww the projection onto W defined by C* =V & W. Furthermore, Oy = 0
and Oy > 0.

Remark. The proof implies a reduction to a normal form in which the action of
P on the V' variables becomes very simple. Specifically, letting

8(2) = h(z) = h(mw?2),

we have that conjugation with W, as in (2.15) eliminates dependence of / on the
V' variables, and then conjugation with Vg, as in (2.6) reduces G to the identity
matrix and replaces M with GM G~!. A final change of variables Vy for a unitary
matrix U then reduces GV to {(z’,0)} and GW to {(0, z”)} while diagonalizing
the skew-adjoint matrix GM G|y .
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As a result we have a unitary equivalence between P = Mz - d, acting on Hg
and M'z - 9 acting on Hg. Writing Spec M N iR = {ip1,...,ips}, counted for
multiplicity and with J = dim V, we have

1p1 0 0
M/= . .

0 ipy| O

0 - 0 [M

for some matrix M” € Mu—7yx@m—)(C) and, writing z = (z/,z") € €/ x C"~7,
= _ 1 72 s "
P(z) = 5|Z |= + @2(2").

After the proof, we illustrate the situation discussed and complications which
may arise with two examples.

Proof To simplify the exposition, let M = GMG™'; then V = GV and
W = GW form the sums of generalized eigenspaces of M corresponding to
purely imaginary eigenvalues and eigenvalues with positive real parts. By Propo-
sition 2.13,

WN(Mz,z) >0, forallze C"

Let v, x € C" and suppose that Mv = ipv for p € R. Then fora, 8 € C,
N(M (v + Bx), v + Bx) = R(iplav + Bx|> + BU(M —ip)x,av + Bx))
= R(@B((M —ip)x,v) + O(B]*)).

This quantity must be non-negative for all «, § € C, so it is clear from allowing o
to vary that
(M —ip)x,v)=0.

This gives the following immediate consequences. If Mv = ipv with p € R
and Mv = ipv + v, then

o> = ((M —ip)¥,v) = 0.

Therefore every generalized eigenvector of M |i7 is an eigenvector, which is to say
that My; is diagonalizable. Similarly, if Mv = ipv with p € Rand Mw = pw for

u # v, then v L w. Therefore M| i has an orthonormal basis of elgenvectors and
V is orthogonal to any eigenvector of M lying in W. If we assume that Mv = ipv
with p € R, that M@ = p@ + w for i # ip, and that w L v, then v L . In
this _way, we see that every such v is orthogonal to every generalized eigenvector
of M with a different eigenvalue, and therefore V L W.
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Since M |7 has an orthonormal basis of eigenvectors and
Specﬂh; = Spec M|y CiR,

we see that /| i7 is skew-adjoint. From the definitions of the matrix M=GMG™!
and the subspaces V = GV and W = GW, all that remains is to prove that
Bly = 0 and (2.67).

Forany v € V and w € W, we may write ®(v + w) as

O+ w)=R(GM +w),G(v +w)) — M@ + w) -h'(v + w)).

We have that (GM G~'Gv, Gv) is purely imaginary since M | is skew-adjoint.
Since V and W are M -invariant and orthogonal,

(GMG™'Gw,Gv) = (GMG™'Gv, Gw) = 0.
Therefore, for fixed vectors v € V and w € W and for «, 8 € C,
O(av + pw) = R(—a’Mv - h'(v) —af(Mv - k' (w) + Mw - k' (v)) + O(|B]?)).

Letting the argument of « vary and letting 8 — 0, we discover first that Mv -
h'(v) = 0, implying that ®|y = 0, and then that Mv - h'(w) + Mw - ' (v) = 0.
Expanding out Mz - 1/ (z) forz = (1 — nw)z + niwz € V & W, we see that

Mz W (z) = Maww -h' (mww).
Since V and W are M -invariant, [M, wy| = 0. Furthermore,
nyh' (wz) = 3, h(nwz),
and this suffices to prove (2.67). O

Example 2.21. The conclusions of Theorem 2.20 do not necessarily hold if one
assumes only that exp(—¢P) is unbounded for some, or even infinitely many,
positive times. The natural example is

P=iz-0,
acting on Hg with
1
®(z) = E(IZI2 —afiz?)
for some a € (0,1). Following (1.13), we see that P is unitarily equivalent to
£(Qg —e'%) with Qg from (1.10) and 6 = arcsina.

It is then easy to check from Theorem 2.9 that exp(—¢P) is unbounded unless
t/m = j € Z, and in this case exp(—mjP)u = (—1)7u.
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Example 2.22. While the conclusion of Theorem 2.20 does not say that the
function / (representing the pluriharmonic part of the weight ®) does not depend
on the V variables, it does say that, due to cancellation from Mz, the role of
these variables in 4 does not affect P and may be eliminated with a unitary
transformation of type (2.15).

A natural, if somewhat degenerate, example, is given by

=5 )

1 1
d(z) = §|Z|2 —aifﬁzlzz, ae(—1,1).

and

Since, in this case,
1
Mz - h/(Z) = (izy,—iz2) - 5(22, z1) =0,

the reduction of Theorem 2.20 gives that P = Mz - 9, acting on Hg is unitary
and unitarily equivalent to Mz - 3, acting on Hy with W(z) = 1|z|2.

We say this example is somewhat degenerate because Spec P = iZ and, for
any j,k € Zwith j >0and j > k,

Mz cker(Mz -0, —ik).

and sodimker(Mz-d,—ik) = co. What is more, so long as f is an entire function
on C for which z’ff(zlzz) € Hg, clearly z’l‘f(zlzz) eker(Mz-0d, —ik).

Setting g(z) = azz, and writing W, as in (2.15) gives that W,: Ho — Hy
is unitary and that

WZ,MZ <0, Wg = e741%2j(210;, — 220;,)e"*'%2 = Mz - 0.

Again, the fact that M z - 9, is unchanged under conjugation by W, is quite special
and reflects that M z-0,(azyz2) = 0, as in (2.67) with 7 = 0. After conjugation
by Wg, itis clear also that P is unitarily equivalent to i times a harmonic oscillator
in the x; variable plus —i times a harmonic oscillator in the x, variable, acting on
L?*(R?), since the classical Bargmann transform relates the harmonic oscillator
Qo to z - 9, acting on Hy.

We consider finally a more general class of operators where we allow the
inclusion of terms which are first-order in (z,d;). It is clear that introducing
a constant term would not affect whether the operator exp(zP) is bounded or
not; apart for the boundary case where equality holds in (2.33), terms which
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are first-order in (z, d;) do not either. We do not attempt a particularly deep
analysis, and instead content ourselves with a brief illustration that certain more
general operators may be analyzed by the approach used in the present work. We
remark that this class of operators corresponds to the Weyl quantization acting on
L?(R") of any degree-2 polynomial in (x, &) for which the quadratic part obeys
the hypotheses of Proposition 3.3 and for which 0 ¢ Spec F.

Proposition 2.23. Let M € GL,(C) be an invertible matrix and let a,b € C".
Define
L:MZ'az+a'Z+b'az.

Then the evolution equation

o;u + Lu =0,
u(0,z) = up € Hop,

Jor ® obeying (2.1), admits a unique holomorphic solution u(t, z) = exp(—tL)ug
where

CXP(TL)M(Z) — ea-(M_l(etM—l)(z—i-M_lb)—rM_lb)u(erMZ + (e‘[M _ 1)M—1b)

(2.68)
This operator is bounded on Hg whenever
llirln inf ®(e"™Mz) — B(z) > —o0, (2.69)
with
B(z) = D(z — M7'b) + Ra - M~ 'z. (2.70)

Furthermore, with P = Mz - 9, and exp(tP) defined as in Proposition 2.1, we
have that if exp(tP) is unbounded on Hg, then exp(tL) is also unbounded, and
if exp(tP) is compact with exponentially decaying singular values as in (2.26),
then exp(tL) is also compact with exponentially decaying singular values.

Proof. We proceed by a unitary reduction to the case of exp(tP) already studied
beginning with Proposition (2.1). For v € C” fixed, we introduce the unitary shift
map

Sv:Ho 3 u(z) — u(z +v) € Ho(+v) 2.71)

for which, with P as in (2.3),

S, PS* = (Mz + Mv)- 9. (2.72)



80 A. Aleman and J. Viola

Letv=-M"'handg(z) = (MY Ta-z,
WSy LSy Wy = P —a-M™'b.
We then may define exp(tP)u(z) = u(e™™ z) as in Proposition 2.1 and
exp(tL) = e_’M_lb'”S:WZ exp(tP)Wg 8y,

which gives the formula (2.68). Therefore exp(tL): Hpo — Hg may be analyzed
as an operator via the relation

Ve—em We 8y exp(rL)SyWau(z) = e~ TM T ba~ti My (2).

In order to have SjW;u € Ho, we take u € Wg8, He which, following (2.15)
and (2.71), is Hg for ® in (2.70). Similarly, the norm of the image is in
Vo—rm Wg 8y, Hp which is H%(e—fM-)'

The same analysis of the reproducing kernel by following the unitary transfor-
mations shows that exp(tL) is bounded if and only if (2.69) holds; and a similar
operator Py shows that exp(z L) is compact with decreasing singular values when-
ever there exists C > 0 such that

~ ~ 1
q>(e—’Mz) —®(z) > E|Z|2 —C, forallz e C". (2.73)

To prove that exp(rL) is unbounded or compact whenever exp(zP) is un-
bounded or compact, we only need to use that

D ™2) — B(z) = D(e ™Mz) — B(2) + O(1 + |z]).

Therefore when ®(e"™™z5) < ®(zg) for some zg € C", then (e Mrzy) <
®(rzq) for r > 0 sufficiently large. Similarly, if ®(e~*™z) > ®(z) on the unit
sphere {|z| = 1}, then a scaling argument shows that (2.73) holds. |

3. Real-side equivalence

The operators given by (2.3) are unitarily equivalent (up to the addition of a con-
stant) to certain operators on L2(IR") given by the Weyl quantization of quadratic
forms. In this section, we begin by recalling basic definitions and facts about these
Weyl quantizations. We then discuss the aforementioned unitary equivalence with
the operators on Fock spaces considered in the previous section. Afterwards, we
consider the purely self-adjoint question of comparing the semigroups of two op-
erators of harmonic oscillator type. Then, for reference, we present a corollary
collecting many results from Section 2 applied to real-side operators. Finally, we
perform explicit computations and discuss illustrations related to the examples in
Section 1.2.
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3.1. Real-side quadratic operators. Much of the following discussion can be
found in previous works including [26], [15], [17], and [32]. Let ¢(x, §): R?" — C
be a quadratic form. We define the Weyl quantization by replacing the £ variables

with the self-adjoint derivatives D, = —id as follows:
q//
¢*x. D)= Y. %ﬂ(x“Df + DBy, 3.1)
le+B|=2

For comparison, our operator P in (2.3) may also be realized as a Weyl
quantization:

P =p¥(z,D,)— %TrM,
p(z,8) = Mz)-(i0).

The Weyl quantization of quadratic forms are often studied under an ellipticity
hypothesis

(3.2)

q9(x.5) =0 = (x.§) =0 (3.3)

and the additional assumption in dimension n = 1

q(R?) # C. (3.4)

Following [23, Lemma 2.1], we have that multiples of rotated harmonic oscillators
—(d/dx)? + €%"%x2 are the only possible dimension-one operators satisfying the
ellipticity assumption; this continues to be true for the operators considered here,
since any weight in dimension one can be reduced to a weight of the form (1.13)
after a change of variables.

We turn to the spectral theory for quadratic operators obeying either (3.3) and,
in dimension one, (3.4) or obeying (3.10) and (3.12) introduced below. Under
these assumptions, the spectral decomposition of the operator is determined by
the spectral decomposition of the fundamental matrix

1 q// q//
= — §x 133

described in for instance [20, Section 21.5]. The role of the fundamental matrix
is analogous to that of the Hessian matrix of second derivatives of ¢, except the
usual inner product is replaced by the symplectic inner product

o((x,8),(y,m)=&-y—n-x. (3.6)
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The matrix F is then determined uniquely by the conditions that

o((x,§), F(x,§) = q(x,§), forall (x,§) € R*" (3.7

and

o ((x.€). F(y,m) = =0 (F(x,§), (y.m). forall (x,£),(y,n) € R*". (3.8)

For our analysis of the eigenspaces of F, it is essential to introduce the concept
of a positive or negative definite Lagrangian plane. A Lagrangian plane A is an n-
dimensional subspace of C?" for which o|pxa = 0; nondegeneracy of o implies
that A is maximal with respect to the vanishing of 0. We say that a Lagrangian
plane A is positive if

—io((x,8),(x,8) >0, forall (x,§&) e A\{O}.
This is equivalent to requiring that
A ={(x,A4Ax):x € C"} (3.9

for some A € M, x,(C) which is symmetric, AT = A, and has positive definite
imaginary part, A > 0. Negative Lagrangian planes are defined analogously
with inequalities reversed.

It is a deep fact proven in [26, Proposition 3.3] that for ¢(x, £): R?" — C qua-
dratic obeying (3.3) and, in dimension one, (3.4) there exist Lagrangian planes
AT which are F-invariant and where A% is positive and A~ is negative. Specifi-
cally, AT may be realized as the span of the generalized eigenspaces of F corre-
sponding to eigenvalues with A/i in g(R?"), and A~ is similarly the span of the
generalized eigenspaces of F corresponding to eigenvalues which obey —A/i in
¢(R?"). The proof can be adapted to cover the case of weakly elliptic operators
obeying (3.10) and (3.12) introduced below; details may be found in [32, Propo-
sition 2.1]. In Proposition 3.3 below, we prove that it is precisely the presence of
these subspaces A* which determines whether we can construct a unitary equiv-
alence between ¢¥ (x, D) acting on L2(R") and an operator P as in (2.3) acting
on a space Hg for ® obeying (2.1).

In order to study certain operators such as the Fokker—Planck quadratic model,
the hypotheses of ellipticity need to be weakened, as discussed in such works
as [15] and [14]. In this setting, one retains the hypothesis

Rg(x,&) >0, forall (x,§) e R?", (3.10)

but one only assumes definiteness of %ig after averaging along the flow of the
Hamilton vector field Hy, = 23 F. In [15], this condition was put in terms of an
index depending on the fundamental matrix (3.5):

J(x,£) = min{k € N: RF(IF)*(x,€) # 0). (3.11)
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Under the hypothesis
J(x,£) < oo, forall (x,&) e R*\{0}, (3.12)

the semigroup exp(—tg*(x, Dy)), for t > 0, possesses strong regularization
properties.

In Section 4.2, we arrive at a natural weak ellipticity condition in terms of the
dynamics of ®(e*Mz) as a function of ¢. It is unsurprising, but worthy of note,
that these two conditions are identical and their associated coefficients are closely
related, as formulated in Proposition 3.7 below.

To finish the discussion of operators on the real side, we demonstrate, by
appealing to a well-known pseudomode construction, the non-existence of the
resolvent for a quadratic operator for which the so-called bracket condition fails
at some (x9,&) € g~ '({0}). Many of the essential ideas were present in the
fundamental work of Hormander [18], as noted in [34], and here we rely on
the celebrated work [9]. We recall that the Poisson bracket of two symbols
f.g:R?*" — Cis

We recall from [24, Lemma 2] that this has a simple expression in the quadratic
case using the fundamental matrix defined in (3.5): if ¢;,¢2: R?*" — C are
quadratic, then

F({q1.92}) = =2[F(q1), F(q2)].

When the symbol f of a Weyl quantization is homogeneous (and obeys appro-
priate hypotheses) and {J f, % f} > 0 for all (x, &) € Q an appropriate open set,
a scaling argument and [9, Theorem 1.2] shows that the resolvent of /¥ (x, Dy)
either has a rapidly-growing norm or does not exist in 2~! () as h — 0%. Fol-
lowing this route, we see that the resolvent of the Weyl quantization of a quadratic
form ¢ cannot exist anywhere if the bracket fails to vanish on g ~1({0}).

Theorem 3.1. Let q: R*" — C be a quadratic form such that there exists (xo, &) €
R?" for which

q(x0.50) =0
and

{3g, Rq}(xo0,&0) # 0. (3.13)

Then, for the maximal realization of ¢* (x, D) on L*(R"),

Specq¥ (x, Dy) = C.
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Proof. We show that if {Jq, Rq}(xo, &) > 0, then ||(z — g¥(x, Dy))7 || = oo
for all z € C. If {3Jq, Ng}(xo, &) < 0, then we recall [19, p.426] that the symbol
of the adjoint ¢ (x, Dy)* is ¢(x, £). Since {3Ig, NG} = —{Jq, Nq}, we see that
|(Z—q¥(x,Dx)*)"!| = ocoforall z € C, which suffices to show that the resolvent
set is empty.

We therefore assume that

{3q. Rq}(xo. o) > 0. (3.14)

As a consequence, V3q(xo, &) and Vg (xo, &) are linearly independent. Using
also that (3.14) is an open condition in (xg, &), let ro, 1, ¢ > 0 be sufficiently
small such that

{3q,Nq}(x,&) > ¢, forall (x,&) € B((xo,&0),r0)

and such that
B(0,r1) C q(B((xo0.%0).70)) C C.

Then, by [9, Theorem 1.2], there exist 4y > 0 sufficiently small and C > 0
sufficiently large such that

1
1(g¥ (x,hDyx) —2)7"| > Eelﬂc"), for all 1 € (0, ho), z € B(0,ry).
(As usual, we write ||(A—z) 71| = +o0if z € Spec A.) Using the standard scaling
V mux) = 1"*u(vhx),
which is unitary on L2(IR") and for which
YV /54" (< hD)V* = hq¥ (x, Dx),
we see that

(g™ (x, Dx) —2)7| = H(%(c]w(x,th) _hz))_l > %61/(0;1)

solongas |z| < ri/hand 0 < h < hg. Since (h/C)e'/ €M — oo and ri/h — oo
as h — 07, this shows that the resolvent cannot be a bounded operator for any
z € C. .
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3.2. Unitary equivalence with Fock spaces. We now summarize a method of
reducing certain quadratic operators g% (x, D) acting on L?(R") to operators on
Fock spaces Hg of the form P = Mz -9, as in (2.3), up to an additive constant. If
such a reduction exists, as determined in Proposition 3.3, one can apply the results
of Section 2 to find the eigenvalues of g% (x, D) as well as the weak definition of
exp(tq® (x, Dy)) for T € C and its properties.

For ® obeying (2.1) decomposed as in (2.9), let the symmetric matrix H be as
in (2.52) so that

1
(G 1z) = §(|z|2 —N(z- H2)).
In order to associate the space Hg with L2(R"), we follow [32, Section 2.2, 4.1]
in creating an adapted Fourier-Bros-lagolnitzer (FBI) transform. For details as
well as deeper analysis and applications, the reader may consult among others the

works [35, Chapter 13], [21], or [27].
To define this transform, let

A=i(l+ H)'(1-H), (3.15)

where it follows automatically that A > 0 in the sense of positive definite
matrices because || H | < 1; see Lemma 2.2. Let the holomorphic quadratic phase
¢ be defined by

i 1
0(z,x) = %(z —x) = 2z (- a2).
Then for v € L?(IR"), we define the FBI transform

Tov(z) = C, / €@y (x) dx. (3.16)

IR)’!
For the correct choice of Cy, the map Ty is unitary from L?(R") to Hg,(C") with

®o(z) = sup (=3¢ (z, x))

x€R”

= J(=P ~ - Ho),

We may compose this transform with the unitary change of variables V ;. as
in (2.6) to arrive at ® as in (2.9). We therefore let

T =V 536 °To: L>(R") - He. (3.17)
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The role here of conjugation by the FBI transform is to simplify the symbols
of Weyl quantizations. From [29, eq. (12.37)] we have that

Toa™ (x, Dx)Tg = (aoky )" (z, D;)

for symbols a: R?" — C in standard symbol classes, certainly including polyno-
mials of degree two, with the canonical transformation x¢ defined via

Kko(x, —¢L(x,2)) = (z,¢.(x,z)), forallx,z e C".

Conjugating with the change of variables V /5 can be seen in a more elemen-
tary fashion to act on symbols by composing with the canonical transformation
K /36(2.8) = (V2G) ™'z, (v/2G) T¢). Composing the two, we get

4V (x,Dyx) = T*p¥(z, D,)T, ¢q1 = pok, (3.18)

for the complex linear canonical transformation

! G~ G
K= 75(_2GTA(1 — l'A)—l ZGT(l _ iA)_l) (3.19)

with A as in (3.15). For future reference, we therefore write
1
0, =TPT+ ETrM. (3.20)

This may be regarded as a partial analogue, for complex linear canonical
transformations, of the well-known fact [20, Lemma 18.5.9] that, when y is a real
linear canonical transformation, we may always find a simple unitary operator
Uy: L2(R™") — L?(R") such that

Uyg® (x, DUy = (g 0 x~1)" (x, Dx). (3.21)

More specifically, this operator can be decomposed as a composition of changes
of variables, multiplication by exponentials of imaginary quadratic forms, and
partial Fourier transforms.

Remark 3.2. We recall that there is a classical equivalence between the values of
the symbol on the real and the Fock space sides: for any (x,£) € R?", we have
that
K(x,§) = (2, 21 (2))

for some z € C”, and in fact the map (x,&) + z formed by composing «
with projection onto the first coordinate is a real-linear bijection; see [28, Sec-
tion 1]. This shows that conditions (2.38) and (3.10) are equivalent if the symbols
p(z,0) = (Mz)-(i¢) and ¢g;(x, &) are related by (3.18). Furthermore, (3.10) is
invariant under composition of g with real canonical transformations, so (2.38)
and (3.10) are equivalent.
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We now have established the required vocabulary to identify the real-side
symbols which may be treated in the framework of this paper.

Proposition 3.3. Let g(x, £): R*" — C be quadratic. The following statements
are equivalent:

(i) there exists a unitary transformation Uy: L2(R™) — L*(R™) of the form in
(3.21) and an FBI transform T of the form in (3.17) such that

TUyq"” (x, D)W, T* = p“(z, D) (3.22)

for p(z,8) = Mz - (i¢) as in (3.2),

(ii) there exist two invariant subspaces A+ and A~ of the fundamental matrix
F = F(q) which are positive and negative definite Lagrangian planes as
in (3.9), and

(iii) there exist matrices Ax € Myx,(C), with AT = AL and £3A4 > 0 in the
sense of positive definite matrices, and a matrix B € M, x, (C) for which

q(x.§) = B(§ —A-x) - (§ — A4 x). (3.23)

Remark. Since the intersection of a positive and a negative Lagrangian plane
must be trivial, it follows automatically that AT @ A~ = C?".

Remark. Following Proposition 2.23, we may also obtain some results for the
Weyl quantization of any polynomial of degree 2 including linear and constant
terms, so long as the quadratic part satisfies the hypotheses of Proposition 3.3
above.

Proof. From (3.7) and (3.8), if X is a canonical linear transformation, then
F(goX)=X'F(g)X. (3.24)

The property of being a Lagrangian subspace is preserved by all linear canonical
transformations; the property that a Lagrangian plane is positive or negative
definite is preserved by all real linear canonical transformations (meaning those
that preserve R?” or equivalently those given by matrices with real entries).

We note that, for p(z, {) in (3.2), we have

(M 0
F@):E(o —MT) (3.25)
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which has the invariant subspaces {(z,{):{ = 0} and {(z,{):z = 0}. If the
reduction in (i) exists, F(q1) = F(p o k) has invariant subspaces

AT = k7H{E = 0}) = {(x, AX)bxeen,

AT ==k ({z = 0}) = {(x. —ix)}xecn.

That IA > 0is equivalent to strict convexity of ®; see [32, eq. (2.8)]. That Aft are
positive and negative definite Lagrangian planes then follows from (3.9). These
properties persist for A* := X_I(AI—L), which are invariant subspaces of F(g),
proving that the existence of AT is a necessary condition for the reduction to an
operator P described in the statement of the proposition.

Conversely, if AT exist, the construction of x and « for which

ko x(AT)={t =0}, koy(AT)={z=0} (3.26)

may be found in [17, Section 2] or with a few more details in [32, Proposition 2.2];

both essentially follow the ideas of [26, Section 3]. The fact that p := goy lokx™!

4

is of the form Mz - i{ follows from checking through (3.7) that pJ, = pg ¢ =0
since {{ = 0} and {z = 0} are Lagrangian and F(p)-invariant. If desired, one
may put M in Jordan normal form through a change of variables.

In order to establish that it is necessary and sufficient that g (x, £) can be put in
the form (3.23), begin by supposing that the decomposition (3.23) holds and let

€r(x,§) =§— Axx,
noting that these are linear maps of rank n from C?” to C" with kernels
kerfu(x,§) = AT := {§ = Aix).
Therefore, using y and « from (3.26),
ke(z,8) i=Le oyt okT(z,0)

are two rank-n linear forms from C?” to C" with kernels kerky = {¢ = 0} and
kerk_ = {z = 0}. Therefore k; = F;{ and k_ = F_z for some invertible
matrices Fx, proving that

gox tox'(z,¢) = (F] BF_z)-;,

establishing that (i) is satisfied.



Weak solution operators for evolution equations 89
Alternatively, we compute that, under the form (3.23),

1 —BTA, —BA_ B+ BT
F(g) = = T T
2\—-A4BA_—~A_BTA, A.B+ A_B

From there it is easy to check directly that {(x, A+ x)} are invariant subspaces of
F(q), because for instance

1
F(g)(x, Ayx) = E(B(AJ’ — A )x, Ay B(A4 — A-)x).

This establishes (ii) instead.

Conversely, supposing that (i) holds, we simply reverse the process with ky =
¢ and k_ = z. With

i (x.§) = ks oK 0 y(x.£)
we have two rank-n linear forms with kernels
kerly = x 'k ({g = 0})

and
ker{_ = ¢z = 0)).

Since these must be positive and negative definite Lagrangian planes, we can write
At :=kerly = {6 =Aix}

for symmetric matrices A4 with sign-definite imaginary parts. As a consequence,
Gy = (Ki)/S must be invertible, so we can check that

Gi'la(x,6) =£— Ayx

since the coefficient of & is the identity matrix and the coefficient of x is then
identified by the kernel. Since p = Mk_ - k1, we have that

q(x.§) = poko y(x,8)
= MI_(x, &) {4 (x.§)
= MG_(§ — A-x) - G4(§ — A4x).

This proves that (3.23) holds with B = GIMG_. O



90 A. Aleman and J. Viola

Corollary 3.4. If q(x,£): R?*" — C is a quadratic form obeying condition (ii) in
Proposition 3.3, then, with the fundamental matrix F as in (3.5),

Spec F|p+ = — Spec F|a-,

including algebraic and geometric multiplicities. Furthermore, under the relation
between q(x, &) and p(z,{) = Mz -il in part (i) of Proposition 3.3, we have

2
Spec M = — Spec F|p+.
l

Proof. Using the reduction (i) from Proposition 3.3 and writing X = x o y, we
have that

For =5 _yr) =xrax

Since K: AT — {¢ = 0} and K: A~ — {z = 0} are linear bijections, we have that
F| A+ is similar to %M and F|a- is similar to —%M T. The result follows. O

Under the natural assumption that Spec F'|,+ is contained in a proper half-
plane — which appears in, for instance, Proposition 2.18 — we have that the hypoth-
esis in Proposition 3.3 is stable.

Corollary 3.5. Let q(x, £): R?" — C be a quadratic form obeying the conditions
in Proposition 3.3 and for which

Spec F+(q) C {Me'?2 > 0}

for some 8 € R. Then there exists some ¢ > 0 such that, if G:R*" — C is
another quadratic form with ||§"|| < e, then q + § also obeys the conditions in
Proposition 3.3.

Proof. We follow [26, p.97]. We may assume without loss of generality that
0 = 0, and by Corollary 3.4 we have

Spec F(q)| y+ = Spec F(gq) N {ENRA > 0}.

Then A ™ (g) may be realized as the image of

P@) = 57 [~ @)™ a:
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for I' = i[-R, R] U{|z| = R, %z > 0} for R sufficiently large that I" surrounds
all the eigenvalues of F|,+. We can express A~ similarly. That At and A~ are
positive and negative Lagrangian planes is an open condition in F (again referring
to [26, p. 97]), as is the fact that the eigenvalues of F'|,+ are contained in the right
half-plane. Therefore a sufficiently small change in the coefficients of ¢ cannot
change condition (ii) in Proposition 3.3, and the corollary follows. |

As an illustration of (3.18) and to understand how decay in Fock spaces is
related to smoothness and decay on the real side, we study the Hermite functions

B (x) = ;(x 9 %e 12, (3.27)

which form an orthonormal basis of eigenfunctions for the harmonic oscillator Q¢
defined in (1.2).

Proposition 3.6. With T in (3.17), the Hermite functions {hy}genn in (3.27), and
the orthonormal basis {ey }genn defined in (2.14), there exists some constant ¢ € C
with |c| = 1 such that

The = cey. (3.28)

Furthermore, with Q¢ from (1.2) and Py from (2.25),
TQoT* = Py. (3.29)

Proof. The Hermite functions are uniquely determined, up to a constant multiple
of modulus one, by the creation operators (x — dy), regarded as an n-vector of
operators, and the fact that &g is an L2(RR”)-normalized function in the kernel of
the annihilation operators (x + dy).

Inverting « in (3.19), we see that the Weyl symbol of the creation operators is

(x — i§)|(x,§:):,€—1(z’§-) = \/E((l — iA)_lGZ + %(GT)_lé‘)
—iV3(A0-i4) "Gz + %(GT)—IQ') (3.30)
= V2Gz.

Recalling the definition of A in (3.19), the Weyl symbol of the annihilation
operators may be computed similarly:

& +i8)| oot gy = Y2(HGZ +1(GT)710). (3.31)
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From (2.9) and the definition (2.52) of H, we see that the annihilation operators
V2GTH N GTHGz + 9,) = V2(GT)™ (W' (z) + 35)
applied to eq give zero and we know that ||eg||¢ = 1. Therefore
eo = cThy

for some ¢ with |c¢| = 1. We therefore have (3.28) since

1
= — (V2G2)*
o «/2|°‘|a!( 2)"eo

1
T(x — 0x)*T*cTh
gl (x )* T c¢Tho

= cThyg.

The equivalence (3.29) follows from the computation
1
TQ()T* = TE(X — 3x) . (X + ax)T*
1
= ET(x —0,)T* - T(x + 0,)T*

1
= Ex/iGZ N2GTTHD; + K (2))
= Py. O
We now state the equivalence between the real and Fock space weak ellipticity

conditions.

Proposition 3.7. Let p(z,{) = Mz-(i¢) and q(x, §) be related throughq = poX
with X = k o y as in part (i) of Proposition 3.3. Recall the definition of ® from
(2.39), the real-side index J(x,&) from (3.11) above, and the Fock-space index
1(z) from (4.13) below. Assume that (3.10), or equivalently (2.38), holds.
Then, for every (x, £) € R?"\{0},
J(x,§) = 1(2),
where (x, ) and z are related by

(z, -2i D(2)) = K(x, ), (3.32)
recalling that (x, §) > (z,¢) > z is a real linear bijection from R*" to C" and
therefore so is (x, &) S (z,¢) — z. Furthermore,

Rg((IF)T*D(x,8) = 47 1OM1?)yz). (3.33)

In order to take advantage of tools introduced in Section 4.2, we reserve the
proof for Appendix A.
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3.3. Comparison of operators of harmonic oscillator type. The function
¢:R?" — C is quadratic and satisfying the hypotheses of Proposition 3.3. Com-
bining Theorem 2.10 with Propositions 3.3 and 3.6 allows us to describe the set of
8 € R depending on 7 € C for which

exp(8 Qo) exp(rq” (x, Dx)) € L(L*(R")),
with Q¢ a self-adjoint operator unitarily equivalent to the harmonic oscilla-
tor (1.2). Specifically,
0o = Uy Qolly

with U, taken from (i) in Proposition 3.3. Since the Weyl symbol of Qy is
l()c2 +£2—n)
2 9
we conclude from (3.21) that
~ ~w n
Qo = qo (x, Dx) — 5

with

~ l 2, o
qo(x.§) = (3" + 1) ()

It is not immediately apparent how regularization properties of exp(§Qo)
depend on Qg and specifically y. We therefore consider families of spaces
{exp(6Q): 6 € R} for Q of harmonic oscillator type, focusing on the question of
whether and to what extent this family of spaces depends on the choice of 0. When
saying that Q is of harmonic oscillator type, we here mean that Q is the Weyl
quantization as in (3.1) of a real-valued positive definite quadratic form on R?".

For Q1, Q> both of harmonic oscillator type, we consider é;, § > 0 and study
sufficient conditions to have

exp(6202) exp(—8,01) € L(L*(R™)). (3.34)

The operator exp(8, Q») is certainly unbounded but may be understood weakly
either in the sense of Proposition 2.1 after a conjugation like in Proposition 3.3 or
as a formal sum extended from the span of its orthonormal basis of eigenvectors.
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If (3.34) holds, then
exp(—8;01)L*(R") C exp(—8,0,)L*(R"), (3.35)

since we can realize any element in the set on the left-hand side as the product of
exp(—32 0») times the aforementioned bounded operator applied to an element of
L2(R™).

We cannot perform a Fock-space reduction on both Q1 and Q, simultaneously.
We may, however, bridge the gap between Q; and Q5 by introducing an operator
03, generally non-normal, where for certain 81, 65,¢ € R we have

exp(1Q3) exp(—61 Q1) = (exp(—81 Q1) exp(1Q3))* € L(L*(R™)  (3.36)

and
exp(8202) exp(—1Q3) € L(L*(R™)), (3.37)

from which (3.34) follows. (In the proof which follows, we justify the equality
in (3.36) by checking against dense subsets of L?(IR").) This strategy, combined
with the Fock-space analysis already established, yields the following theorem,
which gives sufficient conditions for (3.34) to hold for §;, §, small and a sharp
characterization of the maximum &, for which (3.34) can hold.

Theorem 3.8. Let q;: R?" — R, for j = 1,2, be two real-valued quadratic forms
which are positive definite in the sense that q;(x,§) > 0 for all (x,§) € R*"\{0}.
Write Q; = q;’(x, Dx). Let ug,; # 0 be ground states for the operators Q;,
meaning that

Qjuo,j = [ko,jUo,j, HMo,; = minSpec Q;.

(i) There exist constants C, ¢ > 0 such that

exp(ng) exp(—=801) € L(L*(R™)), forall § € [0,8). (3.38)

(ii) If Q1 and Q» share ground states, meaning that spanug,; = spanug, then
we may take 8o = oo in (3.38).

(iii) Ifspanug,; # spanug o, then there exists Ag > 0 such that
exp(RoQ2)uo,1 ¢ L2(R") (3.39)

and such that, for every 6, < Zo, there exists 81 > 0 such that (3.34) holds.
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Remark 3.9. The claim (i) easily strengthens to a Lipschitz relation for §;, §, near
zero: specifically, if

85(81) = sup{8 € R:exp(8202) exp(—61 Q1) € L(L*(R™))},

then
8;(81) = 81, 51 — 0+,

in the sense of the ratio being bounded from above and below by positive constants.
The lower bound is claim (i). The upper bound follows from the same claim, which
gives the existence of C’ > 0 for which, when §, > C’§;, the operator

exp(5101) exp(—5:0) = exp (51— 2) 01) (exp (& 01) exp(-5:02))

would give a compact inverse for exp(§, Q») exp(—3; Q1), which must therefore
be unbounded.

We also observe that the small-time Lipschitz relation could also be analyzed
via an FBI transform not specially adapted to the operators O and Q,. As
mentioned in Section 1.3, the small-time evolution is known to correspond on
the FBI side to a change of weight where the weight ®; solves the Hamilton-
Jacobi equation (1.19), as discussed in [30], [15], or [16]. For any FBI transform
T with quadratic phase of the type discussed here, expanding (1.19) to first order
as 81, 62 € R are small gives that

TCXP(82Q2) eXp(—81 Ql)T*Z H<1> — Hq>81_82
is bounded, with

s, 5,(z) = D(2) + 510 p1(z, —2i0,P(2))

, (3.40)
— 8N pa(z, —2i0,®;) + O((67 + 82)|z]?).

Here, pj(z,¢) are the FBI-side symbols of Q; obtained via composition with
the canonical transformation corresponding to 7, and they are therefore positive
definite along A = {(z, —2i3,P(z))}. The relation (3.38) follows, because for C
sufficiently large and 6§ > 0 sufficiently small we can guarantee that &5 5,c > ®.

We have a detailed proof of Theorem 3.8 below, including large-time behavior.
Particularly in short times, however, the idea remains essentially the same, as may
be seen by comparing (3.40), (3.45), and (3.46).
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Remark. A consequence of claim (iii) is that, unless the ground states of 0 and
0, agree, we cannot take &1, 5, — oo in (3.35), because in fact

exp(AoQ2) exp(—8101) ¢ L(L*(R™))

and
exp(—81 Q1) L*(R") ¢ exp(—A¢Q2)L*(R")

for any §; > 0.
We also note that, when spanugy,; = spanug, we demonstrate the exact
characterization that (3.34) holds if and only if

ef2B2o =181 < (3.41)

for certain positive definite Hermitian matrices B;, j = 1, 2. Part (ii) is then an
easy consequence.

Proof. The symbols ¢; and ¢, are elliptic, so by [26] it is classical that they satisfy
the hypotheses of Proposition 3.3. By [32, Theorem 1.4] their corresponding stable
manifolds
A= @  ker(F(g) -1,
A€Spec F(q;)
+JIA>0

the same as in Proposition 3.3, must be complex conjugates of one another,
meaning that A (q;) = A~(q;). Therefore we appeal to the decomposition (3.23)
and write henceforth

qj(x.§) = Bj(§ —Ajx)- (6§ — Ajx), j =12, (3.42)

for matrices 4;, Bj € Myxn(C) with AT = A; and 34; > 0 in the sense of
positive definite matrices. Since g; are real-valued and positive definite, we may
take B; self-adjoint and positive definite. We also recall from the proof of [26,
Theorem 3.5] that the ground states of Q; are determined by the matrices A;:
there exist constants a; € C\{0} such that

i

uo,j (x) = ajez >, (3.43)
In order to establish (3.36) and (3.37), we introduce Q3 = ¢¥ (x, Dy) for
q3(x,€) = B3(§ — A2x) - (§ — A1x), (3.44)

where the matrix Bz is to be determined.
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Following the proof of Proposition 3.3, there exists a strictly convex weight
®,, a transformation T,: L?(R") — He,, and a choice of the matrix B3 such that

TzQ::,T; =Z- 82.

The fact that the canonical transformation associated with T, takes {(x, A>x)} to
{(0, &)} implies that, for some matrix B, and writing h,(z) = %z < (P2)7,z,

T202T5 = Boz - (3, + 15(2)) + o2

The eigenvalue j1¢,» appears because we can identify the ground state of 7, 0,75
via
Bz - (9, + hy(z))e™ 2@ = .

From the definition of the Weyl quantization, we can deduce that Tr §2 = 2/L0,2,
but this can also be deduced from invariance of the spectrum of the fundamental
matrix when ¢, is composed with a canonical transformation. .

We remark similarly that, identifying the ground state u¢,;(x) = ajezdixx
with the kernel of Dy — A;x, we see that T,uo,; lies in the kernel of D, and is
therefore constant.

By modifying Theorem 2.10 to account for the matrix B,, (3.37) holds if and
only if ~

Y B2(p12) > ®y(2), forall z € €.

Using the expression (2.23), with G, = ((®)?,)'/? and with §,7 € R and small,
we obtain the following analogue of (2.42):

2t

_ . _
P2 (') = 02(2) = S-(Gae PPz = [Gaz ) + (€ = DD2(2)

= 2t ®5(z) — 62M(Gaz, B2Grz) + O((62 + 12)|z?).
(3.45)
Strict convexity of ®, means that we can ensure that (3.37) holds for §, = ¢/C
for 0 <t <1y sufficiently small.
Furthermore, as in Lemma 2.14, let

Ao = sup{§ € R:forall z € C", @;8)’32 > 0}.

Since Toup(z) = coe 2@ and because GZEZ G, 1is positive definite Hermitian
following Proposition 2.5, we can easily check that Ay = oo if and only if
ha(z) = 0 if and only if spanug,; = spanug,. In this special case, we have
that 7,017, = Elz - d, and we are free to take ®,(z) = %lzl2 since ®, has no
pluriharmonic part; part (ii) of the theorem as well as (3.41) follow immediately.
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Following Proposition 2.16, we see that there exists a ¢+ > 0 such that (3.37)
holds if and only if §; < Ag. Recalling that T,u¢,; is constant, if A¢ # oo, then

exp(AoQ2)ug,1 ¢ LA(R™).
We turn to (3.36). Since
Q; = B;(Dx - A_lx) : (Dx - A2x)

and since Q5 is self-adjoint, we can reverse the process, ﬁndmg a weight &,
a transformation T1 L*(R") — Hg,, and matrices Bl, B3 such that, writing
hi(z) = 1z - (1)}, _
TIQ;TT = B3Z . 82

and
T10177 = Bz - (3; + h(2)) + [o,1-

We do not seek to write a formula for the matrix §3, but we remark that the symbol
N(B3z - (®1)’,(2)) is elliptic in the sense of (2.38). This follows from the exact
Egorov theorem and the observation that, on the space Hg,, the symbol of Q3 is
N(z - (P2),(2)) = D2(z) which is strictly convex.

A similar computation to (3.45) or (2.42), this time with G; = ((q>1)/z-/z)1/2,
gives that

OB (ot Baz) _ gy (2)
1 ~ ~ ~ ~
— E(|Glez§131e—tB3Z|2 _ |Gle—tB3Z|2) + @(6_”932) _ CI)(Z) (3.46)
= 51M(G1 B2, G1z) — 2tR((Bsz) - ($1)}(2)) + O((57 + 17)]z[?).

Since B, corresponds to a (positive definite) harmonic oscillator, we have follow-
ing Proposition 2.5 that Gy B;G7! is positive definite Hermitian. Therefore

exp(—81 Q1) exp(1Q3) € L(L*(R™)).

either taking + = §;/C for C sufficiently large and §; sufficiently small, to
establish (i), or for §; sufficiently large for any ¢, to establish (iii).

Having already established (3.37) for §, = #/C and ¢ sufficiently small or for ¢
sufficiently large for any §, < Ay, all that remains to prove the theorem is to justify
the adjoint relation in (3.36). This follows by finding dense subsets of L2(R") for
which

{exp(—8101) exp(t Q3)u. v) = (u.exp(1Q3) exp(=8; Q1)v). (3.47)
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Since exp(—61 Q1) is self-adjoint, it suffices to show that

(exp(1Q3)u. exp(—81Q1)v) = (u,exp(tQ3) exp(=81 Q1)v). (3.48)

Using the supersymmetric decompositions (3.42) and (3.44), let u be in in the span
of the generalized eigenfunctions of Q7 and let v be in the span of the generalized
eigenfunctions of Q3 or of Q;, since these are the same set. Concretely, this is
equivalent to assuming that u/u¢ and v/ug,; are polynomials. These sets of u
and v are dense and the actions of the semigroups above leave invariant the degree
of the polynomial coefficient, so the relation (3.48) becomes easy to check. This
completes the proof of the theorem. |

4. Return to equilibrium and regularization for times long and short

The question of return to equilibrium generally concerns the operator
™ (1~ M),

where I1j is the spectral projection associated with the eigenvalue 0 € C; see for
instance [12, Chapter 6] or [31]. The operators P given by (2.3) are associated
with natural projections

Myu(z) = Z wza:H¢ —> He. 4.1)
lo|<N ’

It is clear from Theorem 2.12 that the image of I1y, which is the set of constant
functions, is the span of an eigenfunction of P with eigenvalue zero; under a
hypothesis such as that the spectrum of M is strictly contained in a half-plane,
this eigenfunction with eigenvalue zero is unique up to scalar multiples.

In general, up to some questions of multiplicity of eigenvalues — and possible
non-existence of the resolvent — the Iy are sums of spectral projections of P; see
[32, Theorem 1.2]. The images of the complements of these projections are the
high-energy spaces

My =(0—-Tn)Ho
4.2)
={u € He:0%u(0) = 0, forall |a|] < N}.

Naturally, we identify M, with the space Hg itself. Where the weight needs to be
emphasized, we will write M.
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Section 4.1 concerns sharp estimates for return to equilibrium for long times.
Roughly, as |t] — oo, the return to equilibrium is governed by ||Ge™ G~!|,
which following Lemma 2.17 is largely determined by the spectral properties
of M. Next, in Section 4.2, we discuss short time estimates for the regularization
exp(—tP) for ¢t > 0 in terms of §o(—¢), extending (2.40) in a natural way which
turns out to be equivalent to a classical bracket condition. Finally, in Section 4.3,
we see that in an important special case considered more closely in [1], estimates
for §o(—t) and estimates for return to equilibrium are identical.

4.1. Return to equilibrium for long times. To discuss the long-time behavior
of exp(—tP) on the spaces My, we begin by using the unitary transformation U
in (2.12) to reduce to a study on Hy for ¥ as in (2.11). We compute that, for ® as
in (2.9) and exp(zP) and exp(§Py) as in Theorem 2.10,

U* exp(8Po) exp(tP)Uu(z) = u(Gebe™ G1z)e~he’e™ G~ 1) +h(e G712
(4.3)
Motivated by the form of this operator, we turn to the following lemma.

Lemma 4.1. Fix ¢y € [0,1). Let hy, hy be holomorphic quadratic forms on C"
and B € Myx,(C) a matrix such that, for all z € C",

|Bz|> + 2% (h1(Bz) + ha(2)) < c1]z)*. 4.4)
Then the operator
Su(z) = u(Bz)e" B+ e gy

is bounded as an operator on Hy with ¥ = %|z|2 as in (2.11). Furthermore, for
all N € NN, there exists some C = C(N, c1) > 0 such that

ISullg < C|B|N |ullg, forallueMy. (4.5)

Proof. Let { fy}aenn be the usual orthonormal basis for Hy defined in (2.17); it
is easy to see that { fy}|¢|>n i an orthonormal basis for My . (Throughout the
proof, we take My = M%.) We begin with a pointwise estimate for |Su| when
u € My . Write

U= Z (u, fo) fo

la|=N
and apply the Cauchy-Schwarz inequality to obtain

1Su(2)* < |lu|ge** "1 BDHREN N £ (B2)[?.
la|>=N
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We may check from the definition (2.17) that | fy48| < 72| fo | fg| and
that Y genn | fp* = w7 "e?¥@), Furthermore, |(Bz);| < |Bz| < ||B| |z, so
we compute that

Do faB)P <™ Y 1 fu(B2)> Y | f3(B2)

la¢|>N la|=N BelN"

=B | fu(B2)P

la|=N
< KNeZ\P(BZ) ||B ||2N|Z|2N,

for some positive constant K and all z € C".
Thus, for any u € My,

2
1Su(z)> < 2N Ky ||u|3e!Bz +2R M BTh@)| g 2Ny ()N (4.6)

from which we have the estimate
2
[ Sully

2

llully

also for all u € My . Therefore, so long as (4.4) holds, then (4.5) holds with

< ||B||2N2NKN||M||éAn |Z|2Ne|Bz|2+2§R(h1(BZ)+h2(Z))—|z|2 dL(Z),

c? = 2N1<N/ 22N e~ (=eDlzl g1 (2).

n

The claim that S is bounded is just the special case N = 0 of (4.5). |

In view of (4.3), we would like to apply Lemma 4.1 with the change of variables
matrix
B =Gele™G™!

and the harmonic functions
hi(z) = —h(G™'z), ha(z) = h(®G12).
The condition 4.4 then becomes
1Gee™ G122 — 20 h(Pe™ G '2) < ¢1]z]? — 20h(e® G 2).
Making the change of variables y = e®e¢™ G2, this is equivalent to

Gy > —2%h(y) < cre™2|Ge ™My — 2%h(e™™M y).
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We then note that the left-hand side is 2®(y) and the right-hand side is
zq)(z?—(log c1)/2) (e—rMy)'

In conclusion, using the definition (2.35) of §o(z), the condition (4.4) applied
to (4.3) is equivalent to

1
So(t) > 6 — ElOgcl.

We arrive at the following theorem.

Theorem 4.2. Let the matrix M, the weight ®, and the operators P and exp(tP)
be as in Proposition 2.1. Also recall the definitions (2.25) of Py, (2.35) of §o(7),
and (4.1) of the projection I y. Fix any co > 0 and N € IN. Then there exists
some C = C(cg, N, ®) > 0 for which, whenever

8 < 8o(1) — co,
we have
| exp(8Po) exp(tP)(1 — TIN) |l 2 (#rg) < ClIGeSe™ G|V FL, 4.7)

Proof. As discussed, the hypothesis § < §¢(t) — co allows us to apply Lemma 4.1
which gives that, for some Cy > 0,

WUexp(8Py) exp(tP)W uly < Col|Gele™ G Nt u|y, forallu e MY, .
p p N+1

Since U consists of multiplication by a holomorphic function and a change of
variables, 0%u(0) = O for all |«| < N if and only if (0*Uu)(0) = Oforall |«| < N.
That is, by (4.2),

U(M%H) = M%—H'

Combining this with the triangle inequality, for any u € Hg,
Il exp(8Po) exp(tP)(1 — T )ulle < Co(1 + [TIn[DIGe’e™ G [N+ |ulle.

From [17, Proposition 3.3] we have that || I1x || is bounded (with norm growing at
most exponentially quickly in N), so the theorem follows. O

To complete this analysis, we describe the action of exp(tP) on the gener-
alized eigenfunctions of P for large |z|. Since, by Theorem 2.12, the functions
{(Gz)¥}|q<n for some invertible matrix G are generalized eigenfunctions of P
and span the space 1y (Hg), which is simply the space of polynomials in n vari-
ables of degree N or less, this suffices to describe exp(zP )1y .
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Proposition 4.3. Let ®, P, and exp(tP) be as in Proposition 2.1, and let G be
such that G™YM G is in Jordan normal form. Let Ay, 1o, Cq, and @ be as in
Theorem 2.12 and its proof. Then

exp(tP)(Gz)* = ﬁe%r’a—l((éz)ﬁ +0(z|™Y)

as |t| — oo.

Proof. After conjugating by V¢ as in the proof of Theorem 2.12, the proposition
is automatic from (2.47) and Lemma 2.17. O

At this point, we have a complete description of the behavior of exp(zP)
as |t| — oo in such a way that ||e*™ | — 0; see Proposition 2.18 and the
remark following for a discussion of this asymptotic regime. To illustrate this,
we consider the leading-order behavior for return to equilibrium of any order as
T =—1 — —0Q.

For the purposes of notation, let

o(M) = . min  RA

eSpec M

be the spectral abscissa of M, let
r(A, M) = max{r € N:ker(M — 1)"\ ker(M —1)""! £ &}
be the maximum size of a Jordan block associated with the eigenvalue A, and let
R(M) = max{r(A, M): A € Spec M, RA = p(M)}

be the maximum size of a Jordan block associated with an eigenvalue with real

part p(M).
Finally, we define the natural decay factor

A(t) = tRM=1=ip(M)

As a consequence of Lemma 2.17 and the triangle inequality, if Spec M C {{A >
0}, then, for some C, T > 0,

1
EA(z) <lle”™| < CA(t), forallt >T. (4.8)

We see that this elementary asymptotic behavior for ||e ™" || is repeated in return
to equilibrium of every order for || exp(—zP)]|.
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Proposition 4.4. Let the matrix M, the weight ®, and the operators P and

exp(—tP) be as in Proposition 2.1; assume furthermore that Spec M C {1 > 0}.

Fix N € IN and recall the definition of Il v from (4.1). Finally, let A(t) be as above.
Then there exists Ty, Co > 0 sufficiently large such that, for all t > Ty,

1
C—OA(I)NJF1 < llexp(—=tP)(1 = TIw) |l 2 (org) < CoA™M . (4.9)

Furthermore, for there to exist a € R such that
A1) N exp(—1P)(1 — Ty)

converges in the weak operator topology as t — o0, it is necessary and sufficient
that there is only one A € Spec M for which XA = p(M) andr(A, M) = R(M);
in this case, the convergence is in the operator norm topology.

Proof. As in the proof of Theorem 2.12, we reduce to the case where M is in
Jordan normal form after a change of variables. Therefore let G be such that
G~ 'MG is in Jordan normal form, and for V& from (2.6), let

P=ViPVs=G"'MGz-0,.
Note that [Vg, TIx] = 0, so the claims about exp(—2P)(1 — 1) may be proven
by studying exp(—¢ P)(1 — 1) instead. Note also that

9%u(0)

z%.
o!

Myiu(z) —Tyu@) = )
la|=N+1

By Theorem 4.2, the observation (4.8), and Proposition 4.3, for ¢ sufficiently
large,

exp(—t P)(1 - Tlw)u(z)

= Z exp(—tlg)8 Z'(O) “—i—exp(—tﬁ)(l—HNH)u(z)
la|=N+1 ’
9%u(0 C‘x —t ra— 1] —
= 2 Zv( )(r —l° by @+ 00TY)
le|=N+1 : « :

+ O(AON 2 ul).

From Theorem 2.12 and recalling the definition (2.45), it is clear that the ¢-
dependent factor |e**« (—t)"@~!| for |&| = N is maximized, as ¢ — oo, when
« is supported only on those indices corresponding to eigenvalues with real part
p(M) and with 7; = R(M) — 1.
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Introducing the notation

Sv+1={aeN|a|=N+1,a; #0 = RA; = p(M) &7; = R(M)—1)},

we see that @ € Sy 4+ if and only if %A, = (N + 1)p(M) and @0
ra = (N + D(R(M) = 1) + 1.
We see that, when o € Sy, forz > 1 and as ¢t — oo,
| exp(—t P)z%|| = Co AONTZ I+ 06h)  @.11)
(N + D(RM) —D)!
and, when o ¢ Sy4+1 but || = N + 1, then
lexp(—2 P)z%|| = 0 AN ).
Therefore, for ¢ sufficiently large,
exp(—1P)(1 — Iy)u(z)
= ¥ arnman @R an

aESN 41

+ 0™ AN ull)

Then (4.9) follows from (4.11) and the triangle inequality.

The claim about weak convergence comes from the observation that, if
exp(—t P) converges weakly, then

#{JSAg:a € Sy4+1} = 1;

otherwise, ¢’* A(t)™V~! contains oscillating factors. Since this set can be ex-
pressed as the collection of sums (allowing repetition) of N + 1 imaginary parts
JA; where %iA; = p(M)and 7; = R(M)— 1, this collection consists of one value
if and only if

#IA, M = p(M) & Fj = R(M) — 1} = 1.

Note that, even if this is true, the eigenvalue p(M) + iIA; could correspond to
many Jordan blocks of the same size.
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In the case that there is only one such a = JA4, it is clear from (4.12) that
AN exp(—t P)(1 — My)u(z)

— Cq 9u(0) ~
- Zl((N+1)(R(M)—1))g L 2 toa ),

OtESN+

proving convergence in operator norm. Again, these statements for P = V*é PVg
lead immediately to the corresponding statements for P, and so the proposition is
proven. O

Remark 4.5. The projections

°u(0) _,

u(z) —
ol

can be seen to be bounded on Hg for the same reasons that each ITy from (4.1)
is a bounded projection. A more detailed analysis is carried out in [32]; while we
recall that the norms of these rank-one projections must be bounded by Ce€!®! for
some C > 0 depending on ®, we do not pursue this question here.

Remark 4.6. When SpecM C {MA > 0}, we have from the case N = 0 of
Proposition 4.4 that, for ¢ sufficiently large,

exp(—1P)u(z) = u(0) + O =1e=POD ),

with error a function in Hg; furthermore, the error estimate is sharp. There is
therefore a large gap between (2.34), which has exponential growth as an upper
bound as t = —t — —oo, and the true behavior which is bounded with an
exponentially small error.

This gap is explained under the hypotheses of Section 4.3 where the value of
the norm of || exp(—¢P)|| is known exactly, but the question remains open in the
general case. Because u(z) + u(0) is an orthogonal projection only when the
harmonic part 94(z) of ® from (2.9) vanishes (see Proposition 4.9), we remark
that if Spec M C {:iA > 0}, then

lim ||exp(—tP)||=1 < h =0.
—>00

4.2. Weak ellipticity and small-time regularization. It is already apparent
from Theorem 2.9 that the rate of change of ®(e’™z) — ®(z) as a function of
¢t plays an important role in behavior of the solution operator for small times.
We begin by identifying that rate under the (non-strict) ellipticity hypothe-
sis (2.38).
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Theorem 4.7. Let © satisfy (2.1). Assume that the non-strict ellipticity condi-
tion (2.38) holds for a matrix M and fix z € C". Using the notation (2.39), let

I = I(z) = min{k > 0: ©(M*z) # 0). (4.13)

Then either I <2n —2and, ast — 0,

D(e™Mz)— @(2) = ﬁ(zll)@)m’z)z”“ + 0 2)z2,  (4.14)

or I = oo and

®(e'Mz) = ®(z), forallt € R. (4.15)

Remark. When /(z) = oo for some z € C"\{0}, we conclude that exp(—tP) is
never compact for any ¢ € R by Theorem 2.9.

Proof. Regarding ® as a quadratic form in 2n real variables, we have that © is
positive semidefinite by our assumption (2.38) and therefore its zero set coincides
with the kernel of its Hessian matrix. This is a linear condition, so by the Cayley-
Hamilton theorem we have that if / > 2n — 1 then I = oo for [ in (4.13).

To analyze derivatives of ®(e*M z), particularly of higher order, it is convenient
to associate : C" — R with a natural real-valued real-bilinear form acting on
RR2". That is, let

P(z,8) = N(z- () (4.16)

denote the unique symmetric real-bilinear form on C?” such that ®(z, z) = ®(z).
Then we compute that

k k
d—kcp(esz) => (k) M7 eMz MF—TM7z), (4.17)
dt = Jj
It is also useful to similarly extend ®, which is here a positive semi-definite real-
valued real-quadratic form thanks to (2.38), to a real-valued real-bilinear form.
We note that ®(z) = 2&(Mz, z) and therefore we may express the extension of
® in terms of that of ®:

Oz, ¢) = D(Mz,0) + (2, M?). (4.18)
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To establish the theorem, we show that, for k € IN,
d’
— P(e™M7) =0, forallj=1,...,2k+1 (4.19)
dt’ t=0
if and only if
OM’/z)=0, j=0,... k. (4.20)

This is obvious for k = 0 by (4.17), and so we proceed by an induction argument
assuming that (4.19) and (4.20) are equivalent for k and that either (4.19) or (4.20)
holds for k + 1, meaning that both (4.19) and (4.20) hold for k.

We rewrite (4.17) in terms of ©, using that

OM 'z, M/~ 12y = d(Mbz, M7 2) + (M 1z, MT 1),

We see that
d’ = .
m<1>(.e’Mz)‘t=0 =3 oMbz, M), 4.21a)
Jj=0

: 14 .
_(/ _ m—L [ J
ap = (ﬁ) —ap_ = n;(—n (m) (4.21b)
For any 0 < ¢ < k and { € C", by the Cauchy-Schwarz inequality we have that
O(MFz. P < ©M*2)6(5) =0

by our induction assumption which implies that (4.20) holds for k. Therefore if
j =2k+2or j = 2k + 3 the only term that survives in (4.21) is when j = 2k +3

and? =k + 1. So
d2k+2

tM _
W@(E Z)‘ = O,

which also follows from the fact that ®(e*M z) is nondecreasing in ¢ by (2.38), and

k+1
tM _ 2k +3 k+1
O z)‘t=0 — (m§=0: ( ) Jewtriz),

By a standard combinatorial formula,

k+1
. m(2k+3\ (2 +2
1Y () ( m )—(k+1).

m=0
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Since this coeflicient is nonzero, this suffices to prove that (4.19) and (4.20) are
equivalent for all £ € IN. What is more, this shows that the leading term in the
Taylor expansion of ®(e’™z) — ®(z) is of order 2/+1 and, through identifying
the derivative, we have established (4.14).

If I = oo, then by bilinearity of ®(z, {) we see that

P(eMz) = Z

Jj.kelN

tj+k
k!

Dd(M7z, M*z).

By the Cauchy-Schwarz inequality and the assumption that / = oo, for any
(j. k) # (0,0) we have (M7 z, M*z) = 0. Equation (4.15) follows immediately,
completing the proof of the theorem. |

We finish our analysis by using the rate of increase in Theorem 4.7 to find the
exact order, in ¢, of the small-time regularization properties exp(—¢P), extending
Theorem 2.11. As we see later in Example 4.11, the bounds are of the correct
order in ¢, but the value of the constant may not be given by the Taylor expansion
established in Theorem 4.7.

Theorem 4.8. Let the matrix M, the weight ®, and the operators P and exp(tP)
be as in Proposition 2.1. Recall the definition (2.35) of 8o and suppose furthermore
that (2.38) holds.
Let
Io = max{I(z):|z| = 1}

be the maximum of the 1(z) defined in (4.13) for |z| = 1. Assume that Iy < oo
and let

k1

1 21\ . (©(MToz)
- ———z| =1, I(z) = Ipy.
(1o + 1)!(10)“““{ Gz @) 0}

Then, for &g defined in (2.35), we have that there exists C > 0 for which

%tﬂo“ < 8o(—1) < %z”"“ + 0?02 forall0<t < 1. (4.22)
Proof. For the upper bound, let zo € C" with |zg| = 1 attain the minimum
in the definition of k;; the existence of such a zo follows from continuity of
O(M1z)/|Gz|> on §2*~1 C C". We abbreviate the leading coefficient in Theo-
rem 4.7 as

21

k(@) = G ( I

)@(M’z),



110 A. Aleman and J. Viola

80 ko(z9) = k1. Then from Theorem 4.7, for s sufficiently small we have
d(eMzg) = B(zg) + kys?oT! 4 O(s2NoF2),

We then have

k
q)(etM/ZZO) _ q>(e—tM/220) — 22}0 [2104—1 + O(l210+2).

Let Zg = e~*M/2z and note both that |Z9| = 14 O(r) and that GZy = Gzo + O(¢).
We follow the proof of (2.40) in writing

k
22—}0t210+1 - 5|G20|2(1 + 0(1)) + 0(8% + t210+2)

and noting that if § = kyt2/0+! 4 C1?/0+2 for C; sufficiently large, then

D (™Mz)) < D)), 0<t <K 1.

D@ (e™Mz5) — d(Z) =

This proves the right-hand inequality in (4.22).
For the upper bound, we follow the proof of [30, Proposition 3.2]. Define

f(t,z) = ®(e™Mz) — d(2).

If the left-hand inequality in (4.22) does not hold, then we must be able to find
some sequence {(fk, zx) } g in (0, 00) x {|z| = 1} converging to (0, zc) for which

I, Z
tim L2 _
k

By our assumption (2.38), we know that f(¢, z) is nondecreasing in ¢, so further-

more
[7
lim sup LK g (4.23)

k=>ooo0<t<y 1

Then write

S ks, zi)

t210+1 ’
k

which converges uniformly to zero on [0, 1] by (4.23). Since

Frels) = s €[0,1],

2Ip+1

. 1 . ,
Jie(s) = Z mat] [0, z)s7 + O(tyes*0+2),
j=0 'k J:

we conclude that, forall 0 < j <2[y + 1,
8] £(0.200) = lim 9] £(0.2) = 0.
k—o0
By Theorem 4.7, this violates the assumption that /(zo) < [y < oo. This

contradiction establishes the left-hand side of (4.22) and completes the proof of
the theorem. O
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4.3. The case where & vanishes. With the weight function ® decomposed as
in (2.9), we focus on the case A(z) = 0. In particular, abandoning the assumption
that M is in Jordan normal form, we may assume after a change of variables that

O(z) = ¥(2) = %|z|2.

This assumption is convenient because it forces the I in (4.1) to be orthogonal
projections, and it is relevant because it is satisfied when treating operators like
the Fokker—Planck quadratic model in Section 1.2.2.

Using the tools already introduced, we can see that this assumption allows
us to exactly determine the norm of the solution operator exp(zP), its return to
equilibrium, and its regularization properties; these are all closely related and are
given by the norm of a matrix exponential. Because, in this special case, we can
obtain extremely precise information using only a standard Bargmann transform,
we present these and other results with much shorter proofs in [1].

Necessary conditions for a quadratic operator on L?(R") to admit a unitary
equivalence like in Proposition 3.3 with ® = W are discussed in [32, Theorem 1.4].
To avoid complications like in Example 2.22, we assume that Spec M is contained
in a proper half-plane.

Proposition 4.9. Let g(x, &) satisfy the conditions in Proposition 3.3 and let
q"(x.Dy) and p*(z,D;) = Mz -iD; + Tt M be related by (3.22). Let
P = Mz -0, act on He for ® satisfying (2.1). Assume furthermore that there
exists 8y € R for which

Spec M C {Re'%L > 0).
Then the following are equivalent:
(i) the harmonic part Xh(z) from ® in (2.9) is zero;
(ii) the ground state of P and its adjoint agree, or ker P = ker P*;
(iii) the manifolds A* of q are complex conjugates, At = A—;

(iv) conjugation by U, as in (3.22) reduces q(x, §) to
1
q1(x, &) = (gox H(x.8) = S M(x — i) (x +if):

(v) the projection 11y is orthogonal; and

(vi) every projection Iy for N € N is orthogonal.
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Proof. Apart from (iv), the equivalences follow from [32, Theorem 1.4], and
its proof, after identifying ker P with span{l} using Theorem 2.12. That (iv)
implies (iii) follows from the fact that A*(q;) = {(x,=ix)} and that (iii) is
invariant under composition with real linear canonical transformations. Finally,
that the other conditions imply (iv) is immediate from (3.30) and (3.31) with
G=1land H =0. O

Theorem 4.10. Let the matrix M and the operators P and exp(zP), acting on
Hy for ¥(z) = %|Z|2, be as in Proposition 2.1. Then, with 8o(t) from (2.35),

So(z) = —log |le™ . (4.24)

In particular, exp(t P) is bounded if and only if ||e*™ || < 1 and is compact if and
only if |e™|| < 1.

Proof. From the definition (2.35) of () and the observation that ¥®) (z) =

—26
¢—|z|?, we have that

|z

So(r) = sup{s € R:forall z € C", e 2|e™™M 2|2 > |z]2}.

The invertible change of variables y = e™

reveal that

z and some elementary manipulations

Ie’MyI}

§o(z) = sup {5 € Riforall y € C"\{0}, § = —log

from which (4.24) follows. The claim about boundedness and compactness fol-
lows from Theorem 2.10. O

Before turning to exact formulas for return to equilibrium, we consider an
example where there exists a gap between the bounds in Theorem 4.8.

Example 4.11. The right-hand bound in Theorem 4.8 is not generally sharp,
even though Proposition B.1 shows that it happens to be true for the Fokker—
Planck quadratic model from Section 1.2.2. That is to say, the slowest decay
for ®(e "M z) — ®(z) when ® > 0 may not always come from the worst Taylor
expansion indicated by Theorem 4.7.
Let
0 -b 0
M=|b 0 —-al|, abeR,
0 a 1
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and consider P = Mz - 0, acting on Hy with W(z) = %|z|2. Note from
Theorem 4.10 that, as §o(—t) — O,
le™™ | = 1= 8o(~1) + 0o (~1)).

We therefore study asymptotics of ||e =M || to compare with the bounds in (4.22).
In the language of Theorem 4.8, [y = 2 is attained at (1, 0, 0) for which

O(M?*(1,0,0)) = a®b>.

Then the upper bound for ||e~*M|| — 1 from Theorem 4.8 is
ki s 6 1 21o 2 5 6
——t 0t®) = ———— ®O(M~(1,0,0))t O(t
T (t®) oIy + DI\ o (M~( N>+ 0(”)
a’b?
=———1>4+0(°
320 +00)

On the other hand, an optimization argument similar to the argument in the
proof of Proposition B.1 leads us to the vector

1 1
v = (1, —bt, —abt3>,
2712

for which

1
—tM |2 2 272.5 6
— = ———a°bt O0(®).
le v |v] 360a + 0(°)

Dividing (harmlessly) by |v| = 1 + O(¢) and taking the square root, which halves
the coefficient of #°, gives

252
—tM azh” s 6
=1-—t o).
e = 1= S5+ 0°)
Therefore, while the optimal power of ¢ in e "M | — 11is 2Iy + 1 = 5 from

Theorem 4.8, the coeflicient of 7> does not necessarily come from a curve passing
through a point z where /(z) = .

Finally, having shown in Theorem 4.10 that §o(—¢) and ||e~*™| are closely
related for the standard weight & = W, we show that the same principle applies
to return to equilibrium of any order.

Theorem 4.12. Let the matrix M and the operators P and exp(tP), acting on
Hy for ¥(z) = %|Z|2, be as in Proposition 2.1. Then, recalling definition 4.1 of
My, if |[e™ | < 1 then for any N € N we have

|l exp(zP)(1 —TIy)|| = [le™™ VT, (4.25)

and
| exp(zP)| = 1. (4.26)
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Proof. For t fixed, let Uy, U, be unitary matrices such that
Ue™MUy =%

where X is a diagonal matrix with entries {0 }7_, equal to the singular values of
e™  Note that, for U a unitary matrix, the change of variables Vy from (2.6)
takes Hy to Hy. Therefore

Vi, exp(tP)Vy,u(z) = u(Xz)

acting on Hy.
This operator is of the form exp(Qjog x) as in Proposition 2.5, which also gives
that this operator is self-adjoint. We recall that I1y is orthogonal, so

lexp(zP)(1 = TIn)|| = [l exp(zP)[nty 1 |

for M1 from (4.2). Since the changes of variables Vy, and Vy, preserve the
spaces My +1, we deduce that

lexp(zP)(1 = TIn)[| = || exp(Qiog =) a1 |-

By Theorem 2.12, or simply checking on the orthonormal basis { f,} from
eq. (2.17), we see that

n
Spec exp(Quog x) iy = {1_[ a]‘.xj:a eN", o] =N + 1}.
j=1
This set is contained in (0, 1], since singular values are nonnegative, e*™ is invert-
ible, and the largest o; is ||e*™ || which we assumed was at most 1. Therefore the
largest eigenvalue of exp(Qiog =) a4, 1S €™ ||V 1. Since (exp Qiog x)nvy 41 1S
a positive definite self-adjoint operator, its largest eigenvalue is its norm, com-
pleting the proof (4.25). Naturally, (4.26) follows upon omitting the projection
1—Ty. O

As mentioned in Remark 4.6, we understand both the value of the norm and
the return to equilibrium for our solution operators acting on Hyg. We can there-
fore indirectly deduce the norms of embedding operators of the type considered
in Proposition 2.4 between spaces Hg where the pluriharmonic part —R/(z) van-
ishes; recall from (2.9) that this means that ®(z) = %|Gz|2 for some invertible
matrix G.
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Corollary 4.13. Let G1,G, € GL,(C) be invertible matrices, and let ¥(z) =
11z|%. Then the embedding

t:HyG,) > u(z) = u(z) € HyG,,)
is bounded if and only if ||G1G5 || < 1 in which case
el = det GGy ).
Proof. Let Uy, U, be unitary matrices such that
UGG, Uy =

for ¥ the diagonal matrix with entries the singular values of G;G!. Then, using
the change of variables operators from (2.6),

Vi, Ve, Ve, Vo, u(z) = | det GG ' |u(Xz)

is an operator on Hy. Since this operator is equal to |det G1G5!| exp(Qiog x) as
in Proposition 2.5, by Theorem 4.12 it is bounded if and only if

log® -1
[e°¢=] = IZ] = IG1G5 || <1,
in which case its norm is

el = | det G5 ' Gulll exp Qog sl e (1) = | det G5 G l. O
Appendices

A. Equivalence of weak ellipticity conditions

Proof of Proposition 3.7. Throughout, we regard the quadratic forms ¢ and p as
well as the canonical transformation X and the point (x, §) as fixed.

It is more convenient in what follows to allow complex variables and deal with
the full matrix F instead of its real and imaginary parts. To begin, we show that

J(x,£) = min{k € N: Ro (F¥(x, £), F¥T1(x,§)) # 0}. (A.1)

Note that this is a natural extension of %ig(F¥(x, £)) except that ¢ is ordinarily
viewed as a function on R?". We will see that replacing (I F)* with F* has no
effect (beyond a sign change) so long as k < J(x, &).
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Where J(x, &) = 0, the equality (A.1) follows from (3.10) which implies that
(Mg)~1({0}) = ker R F. We proceed by showing by induction that, for any k € N,

(x,§) ekerRF(IF), j=01,....k (A.2)
if and only if
No(F/ (x,€), F/ T (x, &) =0, j=0,1,....k. (A.3)

Assume that (A.2) and (A.3) are equivalent for some £ > 0 fixed and that (A.2)
or (A.3) is true for k + 1; therefore both (A.2) and (A.3) are true for k. Expanding

Ro(NF + iSFYFF(x, ), MF +iIF)F2(x,€)),

we see by (A.2) that every term where R F is applied to (IF)/ (x, §), for some
0 < j < k, vanishes. As a result,

O(FF (0 8). FF2(x,6) = 120 (S F)F (6, 6). NF(IFY (x.9)
+ i P30 (SFYF (x, 6), (SF) 2 (x, ).

Taking the real part, we see that whenever (A.2) holds,

Ro (FFT1(x, &), F*2(x,£))
= (Do (SF) ! (x, £) RF(IF) 1 (x,8)) (A.4)
= (=DM Rg(IF) T (x,8)).

a quantity which is zero if and only if (3F)**!(x, £) € ker R F. This proves the
equivalence of (A.2) and (A.3) and therefore proves (A.1).

The formulation in (A.3) is convenient since it involves the real part of a
function o (F¥., F¥*1.) which changes simply when ¢ is composed with a real
or complex linear canonical transformation. Recall that X is the (complex linear)
canonical transformation such that p = (¢ o X=1) where p(z,¢) = (Mz) - (i0).
Recall also from (3.24) that F(p) = KF(q)X~! and the simple form of the
fundamental matrix F(p) in (3.25). We let z be determined by the canonical
transformation relation

K(x.§) = (z, =20 @, (2)),
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as in (3.32). A direct computation using the bilinear form (4.16) and the fact that
X is canonical shows that

Ro (F(g)*(x. €), F(@) ' (x,8)
= 9o (KN (KF (@)X K (x. §). KTHKF(@KH K (x. §))
= R (F(p)* (2. =21 (). F(p)*1(z. —2i ®}(2)) (A.5)
= RQHFI YA @ (2))
— 22k H g2+ 2y,
At this point, with the same z from (3.32), we have that
J(x,£) = min{k € N: ®(M*+1z z) £ 0).
To complete the proof, we establish that
OM¥Tlz,z)y=0, j=0,1,...k (A.6)
if and only if
OM/z)=dM Tz M/z)y=0, j=01,... k. (A7)

Again this is obvious for k = 0, so we proceed by assuming that (A.6) and (A.7)
are equivalent for some k£ > 0 fixed and that (A.6) or (A.7) holds for k + 1, which
implies that (A.6) and (A.7) hold for k. We compute using (4.18) that

DMK H37 2y = — (M 22, Mz) + O(M* 2z, 2),

and continuing and using the symmetry of ®(z, {), we have

2k+2
20(M* 3z, 2) = Y (1 OM*TTz M z),
j=0

As in the proof of Theorem 4.7, the Cauchy-Schwarz inequality for the positive
semidefinite form ®(z, ), along with the induction hypothesis, shows that all ®
terms vanish except for the middle one, j = k& + 1. Therefore

(_1)k+1

dMH*H3z 7) = O(M*+1z), (A.8)

and this completes the proof relating J(x, £) to 1(z). The relation (3.33) follows
from (A.4), (A.5), and (A.8). O
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B. Small-time asymptotics for the Fokker—Planck model

Here, we compute the small-time asymptotics for the matrix exponential corre-
sponding to a Fokker—Planck operator in Section 1.2.2.

Proposition B.1. Let

Then, ast — 01,

|e"Mao| =1 — “—2z3 + 0(th).
12

Proof. We write, with v = (vy, v3),

© L, j+k

jetMev? = 3 k!
] jlk!
j,k=0

= [v]* 4+ t((Mav,v) + (v, Mav))

(M]v. Mgv)

1 1
+ 25 (MZv.0) + (Mav. Myv) + (0. M)

1 1
+ t3<g(M5’v, v) + (Mazv,Mav) + (Myv, Mazv) + g(v, ij))
+ 0"

We re-arrange the inner products by putting all matrices on the left-hand sides of
inner products, so for instance the coefficient of 3 becomes

(B3 + a2y + Loz + 04271 0)

2
- <( 2aa/3 (4—2aa2)/3 )”’”)’

We conclude that

leMap|? = |v]? + 2¢[va]* + 263 (aR(v1702) + [v2]?)
242 ) (B.1)
+ (S 4+ 200 (0173) — S0 = D[al?) + O(*).

In order to optimize, note that the second term 2¢|v,|?> must be much smaller
than |v|2. In fact, to have

M2 = o2 + O o P),
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we need to have v, = O(tvy). Multiplying by a complex number with modulus
one, we may assume that v; = 1, so under these assumptions

2a?
|e—tMav|2 — |U|2 —2[|U2|2 + 2t2a§Rv_2— T[?’ + o(t4).

We then observe that —2|v,|? + 2t2aNv, is maximized when v, = at/2.
We conclude that the optimal witness for small-time decay is

2
le=™Ma (1, at/2))? = |(1,at /2)|? - %ﬁ + 0.

Dividing by the norm, which is harmless since |(1,at/2)| = 1 + O(t), and taking

a square root, using the Taylor expansion v/1 —x = 1 — x/2 + O(x?), we obtain

the conclusion of the proposition. O
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