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ON THE SPECTRUM OF SELF-ADJOINT LEVY GENERATORS

DAVID APPLEBAUM

ABSTRACT. We investigate the spectrum of the generator of a self-adjoint
transition semigroup of a (symmetric) Lévy process taking values
in d-dimensional space.

1. Introduction

Lévy processes are essentially stochastic processes with independent increments.
They have been extensively studied in recent years, as they include not only the
most important Gaussian process — Brownian motion, but also many rich processes
with jumps such as the a-stable ones. Four monograph treatments have been
published in the last twenty five years that explore different aspects of their theory
and application [3, 13, 1, 12]. The transition semigroups induced by the process
may be studied in various Banach spaces, such as the space of continuous functions
that vanish at infinity and the LP—spaces. The fact that these operators, and
their generators, may be written as pseudo—differential operators, whose symbol
is given by the characteristic exponent of the process, has led to extensive work
on Lévy—-type operators that generate a very large class of Feller processes — see
e.g. [8,9, 10, 11, 4]. In this short note, we are interested in the generator as an
operator acting in L?(R%).

For a long time, necessary and sufficient conditions have been known for when
such an operator is self-adjoint and this material has recently been reviewed in
Chapter 4 of [2]. Such operators are of interest in mathematical physics as they
include both the free non—relativistic Hamiltonian (i.e. the (negative) Laplacian),
and its relativistic counterpart. Some deep perturbation theory studies of these
operators (at the form sum level), have been carried out in [7], while [5] has
studied the relationship between recurrence of the underlying Lévy process and
the existence of at least one negative bound state under perturbation by negative
bounded potentials with compact support. However the author is not aware of
any studies of the spectrum of the operator in question. For the case of Lévy
processes on the torus, the spectrum consists of eigenvalues corresponding to the
range of the characteristic exponent (see section 5.2.3 in [2]). When we work on
R?, we expect to obtain a continuous spectrum which is again given by the closure
of the range of the characteristic exponent. After collecting together all the known
facts we need in section 2, we will prove this conjecture in section 3 and present
some examples. We use only elementary techniques in this note, the main purpose
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of which is to stimulate interest in the somewhat neglected area where spectral
theory meets probability.

Acknowledgment. I am grateful to René Schilling for helpful comments on the
first draft of this paper, and the referee for correcting some typos .

2. Preliminaries

The material in the section can be found in Chapters 3 and 4 of [2]. Much of
it is also in Chapter 3 of [1]. Let (p,t > 0) be a weakly continuous convolution
semigroup of probability measures in R?. These arise naturally as the collections
of laws of a Lévy process taking values in R%. We obtain a strongly continuous
semigroup (7}, > 0) of contractions in L?(R?) by the prescription

Tof(e) = [ | ot pldn).

for all z € R4t > 0,f € L%R?). In this article, we will require that u; is
symmetric for all ¢+ > 0, i.e. p(B) = u(—B), for all Borel sets B in RY. In
this case the semigroup (73, t > 0) is self-adjoint, and its self-adjoint infinitesimal
generator A acts on the space C?(R?) of twice continuously differentiable functions
with compact support on R? by the prescription

d
Af(x) = ) ai;0:0;f(x)

ij=1
+ %/Rd(f(w-i-y) —2f(x) + f(z —y))v(dy), (2.1)

for all f € C2(R?),z € R?, where a = (a;;) is a non—negative definite symmetric
d X d matrix, and v is a symmetric Lévy measure, i.e.

v((0h) =0 and [y A 1w(dy) < o,

(see Chapter 4 of [2] for the proof).
We have the Lévy—Khintchine formula

Rd

where 7 is a continuous, negative definite function with 7(0) = 0 that takes the
form

) =au-ut [ (1= cos(u- y)(dy). (2.2)
Rd
for all u € R%. We define the usual Fourier transform fof f € L2(R?) by

Iy 1 —izT-y
f(y):W/Rde f(z)dz,
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for y € RY. The domain of the generator A is the non-isotropic Sobolev space
Hol®) = {f € PRY, | nfy)|F)dy < o).
R

Clearly C2(RY) C H,,(R?), and on this larger domain we have the
pseudo—differential operator representation

1 - 7
Af(e) = ~gs [, e Ty (2.3
Underlying (2.3) is the formal relation
AT = —p(u)e™®, (2.4)

which suggests that the spectrum o(A) = Ran(—n). This is certainly true when A
is the Laplacian (a;; = 0;; and v = 0). We investigate it next in the more general
context.

3. Results
Let B be a closed linear operator in a real Banach space E with domain D C E.
We recall that its spectrum o(B) is the closed subset of C defined by
o(B) := {X € C; \I — B fails to be invertible from Dp to E}.
The resolvent set of B is p(B) := C\ o(B). We need a general result. It is surely
well-known, but we include a proof for the reader’s convenience.

Proposition 3.1. If (Si,t > 0) is a strongly continuous self-adjoint contraction
semigroup acting in a Hilbert space H and having infinitesimal generator B then
o(B) C (—00,0].

Proof. Since B generates a contraction semigroup, by the Hille-Yosida theorem,

o(B) C {z € C;R(z) < 0}, but B is self-adjoint and so o(B) C R. The result
follows. 0

Our approach to investigating the spectrum of A is by a standard argument
using Fourier transforms, as is well-known for the case of the Laplacian.

Theorem 3.2.
o(A) = Ran(—n).
Proof. Consider the equation
(M —-A)f =y,

for A € C, f € H,(R?),g € L?>(R?). Taking Fourier transforms of both sides we
obtain

A+ 1) fy) = 3(y),

for all y € R%. If the operator equation has a solution, then
> 1+n() .. 2(md

1+n()f()= g(-) € L*(R%).

(L4 n0)F0) = 50 € LA

This clearly cannot be the case when A = —7(y) for some y € R?, and it follows
that Ran(—n) C o(A).
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Our goal now is to prove that the resolvent set p(A) = C \ Ran(—7). By
Proposition 3.1, we know that C\ (—o0,0] C p(A). So it is sufficient to consider
A € (—00,0) \ Ran(—n). The required result holds if gy is bounded, where for all
u € R?,

_ 1400

There are two cases to consider. Firstly assume that sup,cra n(u) = K < oc.

Then Ran(n) = [0, K]. Choose € > 0 and assume that A € (oo, —K — €). Then we
find that

1+ K

sup [ga(u)| < <00

u€R4
But then we conclude that

(_007 _K) = U(_OO? -K - 6) c p(A),
e>0
and so 0(A) = Ran(—n), as required. If sup,cgs 7(u) = 0o, then by the first part
of the proof we have (—00,0) C 0(A) and so the required result follows directly
from Proposition 3.1.

(]
Corollary 3.3. If lim,_, n(u) = 0o, then o(A4) = (—o0,0].

Proof. This is an immediate consequence of Theorem 3.2 and the continuity of
n. (]

We note that the condition of Corollary 3.3 was also required in [5] to obtain
the result alluded to in the introduction.
Some well-known and important examples satisfy the conditions of Corollary
3.3. These include
e The Laplacian A, where n(u) = |ul?.
e The fractional Laplacian —(—A)%/2, where n(u) = |u|* with 0 < a < 2.
e The relativistic Schrodinger operator —vb*I — A + bI, where n(u) =

/b2 + |u|? — b for some b > 0.

More generally, to obtain o(A) = (—o0, 0] we may take A = —f(—A), where f
is a strictly increasing Bernstein function for which f(0) = 0, in which case the
underlying Lévy process is a subordinated Brownian motion (see e.g. [14]). The
above three examples are all special cases of this class. In the case where f is
a complete Bernstein function, our main result Theorem 3.2, is a special case of
Theorem 13.11 in [14] (p.211).

To find other interesting class of examples, we first write A = A; + Ay, where
A; is the second order differential operator in (2.1).

Lemma 3.4. If v is a finite measure and M := v(R?), then Ay is a bounded
operator in L?(RY), with o(As) C [-2M,0].

Proof. Since the measure v is finite and symmetric, Az f(z) = [p.(f(z +y) —
f(@))v(dy), for f € L>(RY),z € RY. For each y € R?, define the shift operator 7,
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by 7,f(z) = f(x + y). The linear operator As is bounded as by convexity of the
norm, Jensen’s inequality and unitarity of 7,, we have

lafll < [ limf + Flvtay
2M[f11,
The second result follows from the fact that for all u € R4

) = [ (1= cos(u- y)wldy) < 201,

A

IN

]
A necessary and sufficient condition for o(A2) = [-2M, 0] is that
v({y € RGu-y = (2n + 1)7 for some u € R n € Z}) > 0.
Now let o > 0 be arbitrary. For an example where 0(A3) = [—«,0], take d = 1

and v = %(5_1 + 51).
Corollary 3.5. If v is finite and there exist b; > 0 for alli=1,...,d such that

d
au - u > E biu?
i=1

for all u € RY, then o(A) = (—00,0).
Proof. This follows from the fact that n(u) > S>%, biu? — 0o, as u — co. O

Note that the condition in the last corollary is satisfied if a is bounded below
in the sense that there exists b > 0 so that a > b1.

Remark. As expected, both the semigroup operators and generator are uni-
tarily equivalent to multiplication operators, and the unitary equivalence is imple-
mented by the Fourier transformation F : L(R?) — L?(R9), where F(f) = f for
each f € L2(RY). Then if we define n(D)f(u) = n(u)f(u) for all f € Hy(RY),u €
R¢, we have

Af = FH(—n(D)FF,
and (with an obvious notation), for all ¢ > 0.

FLF ' =e D),

This gives rigorous meaning to the formal relation (2.4).

References

[1] Applebaum,D.: Lévy Processes and Stochastic Calculus (second edition), Cambridge Uni-
versity Press (2009)

[2] Applebaum,D: Semigroups of Linear Operators with Applications to Analysis, Probability
and Physics, to appear Cambridge University Press (2019)

[3] Bertoin,J.: Lévy Processes, Cambridge University Press (1998)

[4] Bottcher,B., Schilling,R.L., Wang,J: Lévy Matters III, Lévy Type Processes, Construction,
Approximation and Sample Path Properties, Lecture Notes in Mathematics Vol. 2099,
Springer International Publishing, Switzerland (2013)



[10]

(11]

DAVID APPLEBAUM

Carmona,R., Masters,W.C., Simon,B.: Relativistic Schrédinger operators; asymptotic be-
haviour of the eigenfunctions, J. Funct. Anal. 91 (1990), 117-42

Engel,K-J., Nagel,R.: One—Parameter Semigroups for Linear Evolution Equations,
Springer—Verlag New York Inc. (2000)

Herbst,I.R., Sloan A.D.: Perturbation of translation invariant positivity preserving semi-
groups on L2(R™), Trans. Amer. Math. Soc. 236 (1978), 325-60

Jacob,N.: Pseudo-Differential Operators and Markov Processes, Akademie-Verlag, Mathe-
matical Research 94 (1996)

Jacob,N.: Pseudo-Differential Operators and Markov Processes: 1, Fourier Analysis and
Semigroups, World Scientific (2001)

Jacob,N.: Pseudo-Differential Operators and Markov Processes: 2, Generators and Their
Potential Theory, World Scientific (2002)

Jacob,N.: Pseudo-Differential Operators and Markov Processes: 3, Markov Processes and
Applications, World Scientific (2005)

[12] Kyprianou,A.E.: Fluctuations of Lévy Processes with Applications, Springer-Verlag Berlin

Heidelberg (2014)

[13] Sato, K.-I.:Lévy Processes and Infinite Divisibility, Cambridge University Press (1999)
[14] Schilling,R.L., Song, R., Vondracek, Z.: Bernstein Functions, Theory and Applications,

Studies in Mathematics 37, De Gruyter (2010), second edition (2012)

D.APPLEBAUM: SCHOOL OF MATHEMATICS AND STATISTICS, UNIVERSITY OF SHEFFIELD, HICKS

BUILDING, HOUNSFIELD ROAD SHEFFIELD, ENGLAND, S3 TRH

Email address: D.Applebaum@sheffield.ac.uk



