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We define weak and ultraweak functional calculus and construct using the
Fourier transform technique an ultraweak functional calculus for an un-
bounded k-tuple of commuting generalized scalar operators 7; acting on a
Banach space X. This functional calculus comprises the functions from the
subset

F,={f:R>C| f is a measure such that ka(1+|t|“)d|f| < oo},

of Sobolev space W2 (R), where a > 0. It also contains some unbounded
functions. We also give examples and related results.

1. Introduction

A functional calculus for an operator A is an (in some sense) continuous homo-
morphism @ : i — B, where o is a topological algebra of functions and % is a
topological algebra of operators, such that ®(1) = e is the unit of the algebra &
and ®(x) = A, where x denotes the identity function. Also, it is expected that the
algebra o is generated by 1 and x, that is, that polynomials are dense in & (in the
topology of ).

A familiar example of a functional calculus is the analytic functional calculus on
Banach algebras. It is the homomorphism @ : # — €, where € is a Banach algebra,
A €€ and ¥ is an algebra of functions holomorphic in some neighborhood of o (A)
(in the topology generated by uniform convergence on compact sets), defined by

O(f) = 517 [ S = A)d= F(A)

where I' C Dom(f) and 0 (A) € intT.
This mapping is continuous in the natural way.
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Another example of a functional calculus is described by the spectral theorem.
Let % be a Hilbert space and A € B(J) be a normal operator. Then

L¥(0(A) > [ — FQIE;, = f(A)
o(A)
(E, is the spectral measure) defines a homomorphism & : L>* — B(%) that is
continuous in the norm, because || f||oc = || f (A)|| and because the pointwise con-
vergence of f;, to f implies f,,(A) — f(A), strongly (“continuity”).

From these examples, we can see that if a functional calculus is defined for a
wide class of operators, then the algebra of functions is very small. Analogously,
if the algebra of functions is wide, then we must have stronger conditions on the
operators.

In this note we will use the Fourier transform technique, which is not new and
has been applied in many papers. Mclntosh and Pryde [1987] developed the func-
tional calculus for commuting n-tuples of bounded generalized scalar operators
and functions that have Fourier transform in Lbl, ={f| f|f(t)|(1 +t1%)dt < 4o0}.
A more general result was obtained by Andersson and Berndtsson [2002]. The
case of a single generator of a bounded strongly continuous group was treated in
[Balabane et al. 1993]. For more details and references, see [deLaubenfels 1994].

A similar idea of using Laplace transform for generators of bounded or poly-
nomially bounded semigroups was used in [deLaubenfels and Jazar 1999] and
[deLaubenfels 1995].

Another direction of development of functional calculi uses the Cauchy—Green
integral formula applied to the almost holomorphic extension of a test function. The
initial work of Dynkin [1972] was followed by the articles [Helffer and Sjostrand
1989; Andersson 2003; Andersson and Sjostrand 2004; Andersson et al. 2006].
The results obtained by this approach are mostly consequences of our results.
In particular, Andersson [2003] showed that the functional calculus can be ex-
tended via the Cauchy—Green formula to the algebra of C*° functions with an
additional condition at infinity if and only if the corresponding group is polyno-
mially bounded, although a wider class of operators admits functional calculus for
test functions. Andersson, Samuelsson and Sandberg [2006] observed that for any
proper f € C®(R™, RK), the set {go f | g € D(R¥)} is contained in D(R™); they
then used this fact to construct the functional calculus (with test functions) for
f(A), where f is a proper C* function and A is a Helffer—Sjostrand operator, that
is, an operator with real spectrum and rationally bounded resolvent on compacts.

After basic definitions in Section 2, including those of weak and ultraweak
functional calculus, we introduce in Section 3 the algebra F, and in Section 4
the algebra Fj joc. In Section 4, we construct the functional calculus for the n-
tuple of commuting generalized scalar operators and functions from Fj joc. In
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Section 5, we prove that the support of such functional calculus coincides with the
spectrum of some operator closely related to the initial n-tuple and acting on the
Clifford algebra derived from the initial Banach space. In Section 6, we compare
the (ultra) weak functional calculus with other axiomatic approaches and find it
to be more comprehensive. In other words, for very wide algebra of functions
we obtain a more comprehensive theory. As shown in [Andersson 2003], this
class of operators is exactly the one obtained by using the Cauchy—Green integral
formula. In Section 7, we discuss relationship between some distinct definitions
of commutativity of unbounded operators. In Section 8, we give some examples
and comments.

2. Basic definitions

In this paper REst=(t,....tx) and T = (T, ..., Ty) are k-tuples of numbers
and operators, respectively. We define ¢- T := 1,11 +- - -+t Ty, the “inner product”,

and |t := Vﬁz 4+ t,?, the Euclidean norm.
The next definition is a modification of definition given in [Vasilescu 1982].

Definition 2.1. Let 7 = (71, ..., Ti) be a k-tuple of closed densely defined oper-
ators on a Banach space X. We call the ordered couple (4, ®) a weak functional
calculus based on RF if

(1) of is a normed algebra of functions defined on R* with a topology 7, such that

(a) t is weaker than the norm topology;

(b) the addition is continuous with respect to 7;
the multiplication is separately continuous with respect to t;

(c) the test functions % are included and dense in s
(d) embedding & < o is continuous;

(2) ®: 4 — B(X) is homomorphism, which is norm continuous and continuous
with respect to T and the weak topology on B(X);

(3) for every polynomial p(zq, ..., #) of degree m and for every sequence of
the test functions ¢, tending to 1 in the natural way (increasingly and uni-
formly on compacts) we have A (® (v, p)x) — A(p(Ty, ..., Ty)x) for all
X € ﬂzmj:m DT T.™) and all A € X*.

Remark 2.2. In the condition (1), we expect continuity of multiplication only by
coordinates. It would be to much to expect full continuity. Indeed, in that case
from condition (2) it would follow that if A, — A and B, — B weakly, then
A, B, — AB weakly, which is not true.

To extend the functional calculus to a wide set of unbounded functions, we need
another condition, included in the following definition.
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Definition 2.3. Let T = (T}, ..., Ty) be a k-tuple of closed densely defined op-
erators on a Banach space X. We call the ordered couple (A, ®) an ultraweak
functional calculus based on R if it is a weak functional calculus and if the algebra
oA satisfies the following condition:

For an arbitrary test function 0 < ¢ < 1 equalling 1 in some neighborhood of
zero, and for any f € o, there holds ¢(x/n)f(x) — f(x) as n — o0, in the
topology of .

We will prove the existence of an ultraweak functional calculus when « is the
subspace

F,= {f ‘RF > C |fis a measure such that /(1—|—|t|“)d|f| < oo}
R

of the Sobolev space W& (R¥), where o = Zl;zl «; is a positive real number. We
assume that all operators 7 are closed and densely defined, o (7;) € R and

2-1) e = O0(|r|*) ast — oo.

Also, we assume that 7; are mutually commuting, which means that the corre-
sponding groups ¢/’7i and e/*7x mutually commute for any s, ¢ € R and any j, k.

Remark 2.4. We should specify what is meant by '’/ because the set

{xeX|xeﬂ@(T")AZ”Tnﬂ<oo}

n>1 n=1

(the so-called analytical vectors) need not be dense in X, according to Nelson’s
theorem.

In this paper, ¢’ is a one-parameter group C(¢), the solution of the abstract
Cauchy problem
(2-2) %C(r) =iTC(), C@O)=I.

One can prove the existence of solution of Equation (2-2) under different kinds
of conditions (for example, the Hille—Yoshida conditions). Also, it is possible to
give an estimate of asymptotic behavior of that solution; see [deLaubenfels 1991;
1993b; 1993a].

Remark 2.5. The condition o (T;) € R is actually superflous. Namely, Andersson
and Berndtsson [2002, Lemma 1.2] showed that the condition (2-1) implies that the
joint spectrum of the n-tuple of commuting bounded operators is a subset of R".
The proof presented in their Remark 1 is still valid if we omit their boundedness.
However, many conditions that ensure the existence of the solution of the abstract
Cauchy problem include the reality of spectrum.
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Remark 2.6. One can define commutativity of unbounded operators in various
ways. For instance, one can assume there is a dense subspace on which all products
T;T; are well-defined and T;T; = T;T;. In the literature, one also finds that the
commutativity of the pair of unbounded operators is defined as the commutativity
of their resolvents. In Section 7, we compare different commutativity conditions.

Remark 2.7. From the Hille—Yoshida theorem (see [Dunford and Schwartz 1958])
we can conclude that for a closed, densely defined operator A, with real spectrum
such that ||[(A — A1)~!|| < 1/|A|™ for nonreal A, Equation (2-2) has a solution
satisfying

(2-3) IC(®)| = o(e") forall & > 0.

A natural question arises: Can we derive a polynomial estimate of C (¢) from (2-3)?
The following example shows that this is not possible.

Example 2.8. There is an operator for which (2-1) does not hold, and its asymp-
totic behavior is weaker than exponential (that is, e = o(e?1'ly as |t| — oo for
every ¢ > 0).

Let E be the vector space of entire functions such that there exists C € R such
that | f(z)| < CeV l. One can easily see that E is the Banach space if the norm
|| f1| of a function f is defined as the smallest constant C, for which the inequality
above holds (that is, || f|| = supz€C|f(z)|/e*/m). Since

, 1 fE+2)
= — —d y
f@) /s|=1 3 &

2mi

it follows that operator A = —id/dz is a bounded linear operator on E. Hence

")) =V f) @) = fz+1).
Since

(" )@ 1f G+ eVl
PV == S |

<N f I - eVFFI=VEL forevery f € E,

it follows that [le!A || = O(eV!) as || — oco. Let fo(z) =23 2%, z"/(2n)!. From
the above it follows that ||e”Afo||/||f0|| < eV, Since for x,t >0, we have

@ fy S Ten! _ 2ch(/x 1)

PV o/x o
_ VT | VR

it follows that ||’ fo|| ~ e¥"l as t — oo; therefore ||le/4 fo|l ~ VIl as t — oo.
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3. The algebra F,

Definition 3.1. Let o be a positive real number, and let My (R%) be the space of
all Borel measures on R¥ such that ka(l + t|%)d| | < oo with the norm ||l =
ka(l + |t|°‘)d|,u|.ALet Fy={f e L®R" |f € JMy} be the normed space with the
norm || fll 7, = IIf lu,-

v

Since Fy, = A, it follows that F,, is the Banach space with the norm || - || £,;
that is

v 1 ix-t 1
ol (2m)k/2 )/Rke d“(t)‘ S Quk2 el < o0

Let 7 be the topology on F, generated by the weak* topology on M, (RK) <
(Cb,a([R{k))*, where Cb,a([R{k) is the space of continuous functions such that f(¢)
is O(|t|*) as |t| — oo, with the norm || fl¢c,, = inf{M | [f ()| < M - (1 + [t|*)}.
It means that the subbase of the neighborhoods of zero are

B(g.e) = {fé Fy

‘/ gdf)<s} forger,a([R{k)and8>0;
Rk

see [Rudin 1973, Chapter 1].

Remark 3.2. Andersson and Berndtsson [2002] studied more general algebras s,
where 4 : R¥ — R is a positive, continuous, subadditive function that is increasing
on the rays from origin, 4#(0) =0, and A (#) = o(|t]|) as t — oco. The algebra Fy, is a
special case of o, where h(x) =log(1+|x|¥). The last function is not subadditive,
but satisfies a somewhat weaker condition i(x + y) < log2% + h(x) + h(y).

Theorem 3.3. The space F, is an algebra.

Proof. F, is alinear space, obviously. Let us prove that f, g € F, implies f-g € Fy.
The inequality

(3-1) L+ s 411 <29+ Is|*) (A +[£]%)

holds. Indeed, for |s| < |t] we have 1 + |s +¢]|* < 14+ Q)% <2%(1 + |1]%) <
2%(14t|*)(141s]*) and similarly for |s| > |¢|. Therefore, if f, g € Fy, then f and
£ are finite measures such that ka(l—Htl‘)‘)dlfl <-+ooand o (141]¢*)d|g| < +oo0.
Also f\g = f x g is well-defined and finite by the finiteness of f and g, and we
have

/(1+Itl°‘)d|f*§|</ f(1+|S+t|“)d|f|(S)dI§I(t)
Rk Rk JRK

<27 /Rk(l-i-ISI“)dIfI(S) ka(1+|tl°‘)d|§l(t)

=2°IflrlglF,- O
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Remark 3.4. Although such a space arises rarely in the literature, one can define
the Sobolev space W< as the space of all functions f : R¥ — R such that its
fractional partial derivative (—A)%/? f belongs to L>. Here fractional derivative
(—A)%/? is defined via Fourier transform. However W% O F, (that s, this inclusion
is proper) since Fourier transforms of functions from F,, have always continuous
fractional partial derivative.

Remark 3.5. One can, also, define the space Fq, ... «,) consisting of all functions
f whose Fourier transform f is a measure such that ka I+t ]*r----- [t |%)d| f |
is finite. A simple application of the mean inequality shows that Fy C Fq,....a,)-
From the following example we can see that this inclusion is strict.

Example 3.6. Let n =2 and (o, @) = (1, 1). Then we have
Fan={f1[(+xyDd|fl <400} and Fy={f|[p(l+x>+y>)df <+o0}.

Consider the function i defined as the inverse Fourier transform of the function

1 1 1
I+|xy| 14+x24y2 log?(1+(x2+y2)/2)’

We claim that € F(q 1)\ F>. Indeed

(x,y) —

. 1 1
1+ d :/ : dxdy < 00,
fRZ( yDdy e 12102 log?(1+ (2 4y0/2) 0

whereas

» 1 1
1+x>+y*)d =/ : dxd
/[RZ( v g2 1+1xy] Tog? (14 (x24y2)/2) Y

1 1
> . dxdy
/|x|>|y| I+1xyl log*(1+x?)

+o0 |x| d
=2/ / 1yl
~ log? (1+x2) 1+|X)’|

+o0 dx
=2 — =4
/_oo |x|log(14x2)

a,)» although wider, need not be an algebra.

However, space F(q,

.....

Example 3.7. Let n =2 and (o, op) = (1, 1). The functions ¢(x, y) = sin x% and
¥ (x,y) = siny? are in F(1,1) since they are bounded and have bounded second
order mixed derivatives 8%¢/dxdy and 8%y /dxdy. However, their product has no
bounded second order mixed derivatives. Hence F(j 1) is not an algebra.

Theorem 3.8. The set D is dense in the space F, (with the topology t) and the
embedding % — F, is continuous.
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Proof. The sequence ([—n, n]k)n>1 is an increasing sequence of sets and we have
Upenl—n, n]* = R¥. Therefore |u|([—n, n]*) — |u|(R¥) as n — oo for p € M.
Ifge Cb,a([R{k) and M = sup,ge|g(x)|, it follows that there is n € N such that
|| (RE\[—=n, n]*) <&/M . Thus ji, € ji+B(g, &), where j1,(E) = u(EN[—n, n]*)
for every measurable set E. It follows that it is enough to prove the first part of
our statement for inverse images f € F, of functions with compact support.

Let u be a measure with compact support. Let 4;(x) = j*h(jx) be an ap-
proximative unit on R¥ (that is, a sequence (/) jen Where h € G(RK), h >0 and
ka h(x)dx = 1; see [Rudin 1973, 6.31]). Then we have h; x u € ¥ (because
D*(hj * u) = (D%h;) * u, and since h; and u have compact support, so does
hj % w; here ¥ is the Schwartz class). If g;(¢) = g(—1), it follows that

(hjxpn)(g) = ((hj* )+ g1)(0)
= (hj* (u*g1))(0) = & (u*g1)(0) = p*g1(0) = u(g)

by [Rudin 1973, 6.30]. Therefore h; x u — w as j — oo in the weak™ topology
on Jl,. Hence ¥ is dense in the weak™® topology on ., so it is also dense in the
space F, with the topology 7, because S=S5.

Therefore, it is enough to prove that 9% is dense in &.

Since 9 is dense in & in the topology of the space ¥,' for ¢ € ¥ there exists
(@n)n>1 such that ¢, — ¢ in ¥ as n — oo.

Let g € Cb,a([Rk). Then g € ¥ (see [Rudin 1973, 7.14(d)]) and therefore
Jrr 8(@n — @)dx = [pu(@n — ¢)dg — 0. That means that ¢, — ¢ as n — 00
in the topology t.

The last part of the statement is trivial for test functions with support in some
fixed compact set. Therefore by [Rudin 1973, Theorem 6.6], it is true for all 9. [J

Lemma 3.9. Pointwise addition and multiplication are continuous in (Fy, 7).

Proof. Let limr f,, = f and limr g, = g in the topology of F, where I" is a net.
Then [p hdfy, — [o hdf and [ gdg, — [w hdg for arbitrary h € Cp o (RY).
Then we have

/hd(fﬁ@):/ hdfy—i—/ hdg, — hdf+/ hdng hd(f +g)
Rk Rk Rk Rk Rk Rk

fory el
To prove the continuity of multiplication, it is enough to consider f,, — 0, and
fixed g. Let B, hyeren =19 € Fou | | [ hjd@l < €j,j =1,...,n} be an

1Analogously to the procedure from the beginning of this proof, let (A ;) jcn be an approximative
unit, such that 2(x) < 1 and & = 1 in some neighborhood of 0; then & > £ ; * Xj—p.nt " ®) — @ in
the topology of ¥
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arbitrary basic neighborhood of zero generated by h; € Cp, . Using inequality
(3-1), it is easy to check that the functions

w0 = [ e+ 3dg0)

also belong to Cp o. If £}, € By, ye1,..e00 then fr, -8 € By 4y ey,..e,- Indeed,

|/ hjdf, x§| = ‘// hj(x—i-y)dg(y)dfy(x)‘ = ‘/ wjdfy‘ <egj.
R¥ Rk x Rk Rk

In the general case, we have f, - ¢ — fg = (f, — f) - g, and we can apply the
special case. ([

From Theorems 3.3 and 3.8 and Lemma 3.9 it follows that the space (Fy, 7)
(from Definition 3.1) satisfies condition (1) of Definition 2.1.

Proposition 3.10. Let ¢ be a test function such that ¢ = 1 on some neighborhood
of zero, and such that 0 < ¢ < 1. Let x,(x) = ¢(x/n). Then fx, — [ in the
topology of the space Fy (as n — 00).

Proof. We need to prove ka gdf)al — ka gdf asn — oo forany g € Cb,a(le).
Let F,(t,s) = ka g(t 4+ $)d ¥, (s). Since x,(s) — 8 (the Dirac distribution) in
the topology of F, as n — 00, we have lim,_, o, F,(t, s) = g(t).
Since

/ gdfxn = / gd(f % 3n) = f / g(s +0)df (t)dRn(s) = / Fu(t,s)df (1),
R R Rk J RK Rk

and x,(s) = nkq’g(ns) (see [Rudin 1973, Theorem 7.4]), our result follows from the
dominated convergence theorem, because

B < [ g0+ old1io)
< [ s s
Rk

<2°’(1+|t|°‘)/ n (L4 Is|) (1 4 |ns)) =" ds
Rk

(4 |u/n|*)

re (1 +|u|)a+n+l
(1 +[ul*)

Rk (1 + |u|)a+n+l

< const- (14 [£]%).

=2%(1+12]%)

<290+ 171%)

232.(5) belongs to the Schwartz class ¥ and tends to § in the topology of ¥; see Theorem 3.8.
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We used that g € Cb,a([R"), ¢3 e (so |q§’(s)| < const-(14|s|)™™ for any natural m),
|u/n| < |u| for positive integer n, and inequality (3-1). [l

The preceding lemma asserts that the algebra F,, satisfies the condition from the
definition of the ultraweak functional calculus.

4. The construction of the functional calculus

Following the technique from [McIntosh and Pryde 1987] we define the functional
calculus using the Fourier transform, that is, by formula

@l WLDF3 o) = () = [ e Ty,

where the measure p; is the Fourier transformation of the function f (namely,
f(t)=Q@r)=*?%. [ e f(s)ds can be divergent for some ¢, but this formula
defines a complex Borel measure ni and we have ffooo(l + |t|"‘)d|,uf| < 00).

From now on, we shall abbreviate u pto f .

Theorem 4.1. Suppose T = (T1, ..., Ty) is a k-tuple of closed, densely defined
operators such that all ¢''7i exist as solutions of the corresponding abstract Cauchy
problem (2-2), such that

e = 0(t|*) ast — oo.

Also, we assume that T; are mutually commuting, which means that the corre-
sponding groups e''Ti and €T mutually commute for any s, t € R and any j, k.
Let X be a reflexive Banach space and let o =) o= 0. A homomorphism
® : F, - B(X) is defined by formula (4-1). The integral in (4-1) exists as a weak
integral and ® is (t, w) continuous, where t is the topology on F, as the subspace

of the dual space of Cp o and w is the weak topology on B(X).

Proof. Let x € X and A € X*. Function f — A" Tx) is weakly continuous. Also,
we have

)/ A(el‘"Tx)duf\</ IAIC+ i) < AT 1] -1l
R* Rk

hence (4-1) exists as a weak integral.
The mapping @ is obviously linear; also, we have

(0@ = e [ [ T o)dg o)

1 irT 1 T
= (zn)k/z'/Rk e duf*g(r) = —(Zﬂ)k/Z‘/[Rk " dug(r) = o(fe),

where r = s +1.
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Finally, we need to prove the continuity.
Let Sa.x.e = {A | |A(Ax)| < ¢} be a subbase set in B(X), let fy € Fy, and let
Ap=Qm)7*2. [ e”'Tduf.(t) € B(X) for f € F,.

Let
1y ;‘ AT x)d A’<g
U e | =% '

itT x) is continuous, V is a neighborhood in F,. Since

Since t — Al(e

_ 1 irT -
A[(Af—Afo)x]—W'/RkA(e Xdp (1) <e,
it follows that ®(fo+ V) € Az + Sp xe- U
Theorem 4.2. Let p(t1, t2, ..., ty) be a polynomial of degree m and let ¥, be a

sequence of test functions tending to 1 increasingly and uniformly on compacts.
Then for all ¢ € ﬂzmj:m Dom Hj Tj’.nj we have ® (0, p)p — p(Ty, T, ..., T
asn — oo.

Proof. Function ¢ — e''"T is strongly and weakly differentiable and satisfies (2-2).
Let D; = —id/dt; and let § be the Dirac distribution. Since

Dy () = D} (2m)*8) = ()"

(for all m € Ny) and @, has compact support, from the definition of the distribution
and [Rudin 1973, 6.37], we have

m 1 m
T T k¢=W'[w " Ce T pd(2m)k? - §)
1 i1-T
= Jim b [ DR D o,

1 it
(1Y i1 o
=D Jim Qn)i? /Rk e Qdp .k ()

1 .
— (— Z'mj 1 . it-T .
(== Iy, (27)k/2 /Rke ¢d“<(< DEi "% )55,

. 1
= hm —"[I%k it T¢d//L mi mk ’

11— 00 (271)/‘/2 (e 1 K 9,)
which proves our statement in the case where p(#, ..., %) = t{" oo t,'cn Fisa
monomial. In general case, the result easily follows by linearity of ®. O

The previous results can be summarized:

Formula (4-1) defines an ultraweak functional calculus.

Next, we shall see that the possibility of constructing the operator f(7) does
not depend on the behavior of the function f at infinity. In fact, it depends on the
local properties of the function f.
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Throughout the rest of this section, ¢, (and also ¥, and x,) will always denote
an increasing sequence of test functions with range contained in [0, 1], and such
that {r € R¥ | ¢, (t) = 1} form an increasing sequence of sets whose union covers
all R¥, unless ¢, is specified otherwise. Such sequences we shall call exhausting.
Proposition 4.3. Let X,, denote the linear space Im(x, (T)). Let Ey = :3 X,
Then X, is invariant for all operators f(T) and E = £(Ey) is dense in X.

Proof. Let x € X,,, thatis, x = x,(T)y. Then

S(T)x = f(T)xa(T)y = xu(T) f(T)y € X,.

Since x, — 1 in the topology of Fy, we have x = w —limx, = w —lim x,(A)x
for any x € X. Therefore the set Ey is weakly dense, and its linear span E is also
weakly dense. For linear spaces weak and strong closures coincide. ([
Definition 4.4. We say that f € Fy 1oc if fo € F, for any ¢ € 9.

Proposition 4.5. F, C F, 1oc and Fy 1oc is an algebra.

Proof. The first assertion follows from 9 - F,, C F, - F, C F,. Let f, g € Fy 1oc
and let ¢ € 9 be arbitrary. Choose another ¥ € 9% such that ¢y = ¢, that is, a
function equals 1 in the neighborhood of the support of ¢. Then f¢, gy € F, and

fep=fo-g¥ €F,. O

Proposition 4.6. Let f € Fy joc, let x, be some exhausting sequence and let x € E.
The sequence (f - x,)(T)x converges strongly and its limit does not depend on the
choice of an exhausting sequence.

Proof. Let x € Xj. Then x = v (A)y for some y € X. Pick a positive integer ng
such that x,, = 1 on supp Y. For n > nog we have (f - x,)(T)x — (f - xny)(T)x =

((f - Xn = Xno) - ¥ (T))y =0, implying that (f - x,)(T)x is constant for n > ny.
Therefore, this sequence is constant also for x € E.
To prove the independence, choose another exhausting ,,, and set

y= ngglw(fxn)(T) and z = nggloo(fwn)(T).
For an arbitrary 6 € 9, we have
6(T)y = lim O(T)(fx)(T)x = Of)(T)x,

and analogously 8(T)z = (0f)(T)x. Thus for any 0 € %, we have 0(T)(y—z) =0.
If 6 runs through 6,,(x) = ¢ (x/n), then 6,,(T) — I weakly, implying y —z=0. [J

Definition 4.7. Let f € F, joc and let x € E. We define f(T)x :=lim(f - x,)(T)x.
Thus, we defined the map f +— f(T)

Proposition 4.8. The map defined in Definition 4.7 is linear and multiplicative.
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Proof. The linearity is obvious. Further, let us note that the sequence (f x,)(T)x
is not only convergent but constant for n > ng. Let x, be an arbitrary exhausting
sequence and let x = Y (T)y € X. Choose another exhausting sequence ¢, such
that x,¢, = x,. Then we have

(4-2) (fo)(Mx = lim (fxu)(T)(8Pn)(T)Vi(T)y-

Since all the operators ( f x,)(T), (g¢,)(T) and ¥ (T) commute, we see that both
(gen)(T)y and (f x,)(T)y belong to X;. Therefore (gp,)(T)y and g(T)y (as its
limit) are in the domain of f (7). In other words, the operator f(T)g(T) is well-
defined on X,. By changing roles of f and g, we conclude that g(7T") f(T) is also
well-defined on X,,. From (4-2), we get (fg)(T) = f(T)g(T)=g(T)f(T). O

Proposition 4.9. For any f € Fy 1oc, the operator f(T) is closable.

Proof. Let x, — 0, and let f(T)x, — y. We have

y=w— lim x,(T)=w-— lim lim x,(T)f(T)x, =0
n——+00

n—-+00 m— 400

since both x,(T) and (x, f)(T) are bounded. O

5. The support of the functional calculus

Definition 5.1. The support of the functional calculus is the smallest closed set
supp ® € R¥ such that if f = g on supp ®, then ®(f) = ®(g).

First we need some definitions and facts concerning Clifford algebras.

Definition 5.2. Suppose F is an m-dimensional real vector space F with a basis
{e; | 1 < j <m}. We define the Clifford algebra 61(F) as a vector space with basis
fes | S € {1,2,...,m}}, with multiplication arising from identifications ez = 1,
e(j) = e; and rules

(5-1) e;=—1 and ejer=—ere; ifk# .

Remark 5.3. The rules (5-1) can be easily extended to the basis of GI(F) if we
write ej e, - - - e foreg =ey;, j, .. ;. and further by linearity to whole 6/(F).

Remark 5.4. For an m-dimensional real vector space F, we will write 6/(m) for
€I(F). It is well known that /(1) is isomorphic to the field of complex numbers,
and that €/(2) to the quaternions. For further details on Clifford algebras, see
[Brackx et al. 1982; Ryan 2003].
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Definition 5.5. Let X be a Banach space. The corresponding Banach module over
©L(m) is simply X(ny) = X ®r €l(m) = {Xgc(1o.. mUses | us € X}, with the

norm
5 1/2
| ¥ wses|=( X )
Sc1,2,....m} Sc{1,2,....m}
Definition 5.6. Let Ty, 71, ..., T;, be an (m+1)-tuple of operators acting on a

Banach space X (bounded or unbounded). The operator T¢; = ZT:O Tjej is defined

by Tu(Q_guses) =3_1_g > s Tjusejes.
The norm of T is || Ty || = SUpj, <1 WASTAI
Also we can define the resolvent set and the spectrum of T by

p(Te) = {A € R"V | AI — Ty is invertible} and o (Ty) = R™ 1\ p(Ty).
Proposition 5.7. (a) We have |ur|| < 2™/2||ul||||X|| for all u € X,, and ) € €l(m).
() o(Te) S (A € R™ 2] <V + 1+ (| Talll}.
Proof. Direct calculation. U
Proposition 5.8. Let Ty, Ty, ..., T,, be an (m+ 1)-tuple of commuting unbounded
operators. By commutativity we mean that there is a dense set D X such that
TiTix = TiTjx forall x € D and j, k. Also, let T = Z'}’:O Tjej.
(a) The following conditions are mutually equivalent:
(1) T is invertible.
(i) (X, T})eq is invertible.
(i) >, TJ.Z is invertible in B(X).
b) o(Ty) ={r e R™| Zj(Tj — kj)z is not invertible}.
Proof. 1f )~ ; T} is invertible in B(X), then T, = TH ™ (To—3 ;.0 Tje))
so (iii) implies (i).
Since (To—Y_ ;.o Tje))U =UTy, where U(Y_ ; uses) =Y ;(—=1)¥luses, it fol-
lows that (Tp — Zpo T;e;) is invertible; hence (Z T2)e0 = cl(To >0 Tie))
is invertible, that is, (i) implies (ii).

That (ii) is equivalent to (iii) is obvious. Part (b) follows from the equivalence

of (i) and (iii). (]
Theorem 5.9. The support of the weak functional calculus defined in Definition 2.1
is equal to o (3, Tie;).
Proof. Let n be an odd integer, let n > max{m,2}, and let T = Y\, T;¢;. By
Proposition 5.8, and since supp ® € R™, it is enough to prove that o (T) = supp P.
If f=D) ¢ fses, with @, (f) =D ¢ P(fs)es, we can extend P to a homomor-
phism @) : A ®r R,y = B(X)x), which is continuous with respect to t and the
weak topology on B(X),) and supp ®(,) = supp P.
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Let A & supp ® and let ©%; € % such that #;(A) = 0 and supp; — supp ®
(increasingly and uniformly on compacts). Then the function |x — A|™"~ =2
is well-defined (with value O for x = A) and the function (x — A)|x — A|"~! is
polynomial (since n is odd). Therefore we have

(T = ADIT =A11""- lim e (95 - [x — A" (x = 1)
11— 00
= lim @) (9 - (v = W)l = 41" Py (9 - lx = A7 =)

= lim &, =1.
1—> 00

Analogously, lim; s @y (¥ - |x — A" 1(x =) - (T —AD|T = AI|"" ' =1,
implying that 7 — A[ is invertible, that is, A & o (T').

For the opposite direction, suppose f is in &% and satisfies supp f No (T) =
Let

Fx) {(T —xD)"HT —xI|7"M @y (f) forx €o(T)
X) =
D) (f (@) -t —x|7"" (e —x))  forx &supp f.

Since supp f No (T) = &, it follows that the function F is defined for all x. If
x €o(T), x €supp f, and ¥; is an element of & such that ©; = 1 on supp f and
¥; tends to 1 increasingly and uniformly on compacts, then

(T —xDIT —xI"" D) (f (@) -t = x| 7" — )
= lim @) (9 (t =)t = x["71) - @iy (f () - |t = x| "7 (1 =)

= lim @) (@i f) = Py (f),

implying F' is well-defined.

Taking into account [McIntosh and Pryde 1987, Examples 5.3 and 5.4], we see
the function F is an entire monogenic function. Since f(¢)-|t—x|™"~'(t —x) =0
as |x| — oo, it follows that

Doy (f@) 1t —x|"" Mt —x)) = 0 in B(X)(,

so the range of @, is weakly bounded. But in locally convex space every weakly
bounded set is originally bounded (see [Rudin 1973, Theorem 3.18] — actually,
this theorem is consequence of the Banach—Alaoglu theorem, the Hahn—Banach
theorem and the Banach—Steinhaus theorem). So the &, (f (¢)-|¢ —x|7" 1t —x))
are norm bounded. By Liouville’s theorem for monogenic functions (see [McIntosh
and Pryde 1987, Theorem 5.1]), F is a constant function. However, a constant
sequence of operators tending weakly to 0 must be identically equal to zero, that
is, F = 0. Hence ®,)(f) =0, that is, supp ®,) € o (T). O

Remark 5.10. Mclntosh, Pryde and Ricker [Mclntosh et al. 1988] proved that
for the k-tuple of commuting bounded generalized scalar operators, the spectrum
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o (T) coincides with many known joint spectra of the (71, ..., Ty), for instance
Harte and Taylor spectrum. An interesting question for further research is to find
whether this statement holds for a k-tuple of unbounded operators.

6. Comparison of different definitions of functional calculi

We defined the notion of weak and ultraweak functional calculus. There are at least
two other definitions of functional calculi.

Definition 6.1 [deLaubenfels 1995]. Let T be an unbounded operator on a Banach
space X and let & be an algebra of functions. Also, let fj(x) = x be the identical
function, let fo(x) = 1, and let g, (z) denote the mapping z +— (z — 2~ The
mapping > f+— f(T) € B(X) is a F-functional calculus if it is a homomorphism
and if the following conditions are satisfied:

Q) f(I)T STf(T)=C(f"-fi)(T) whenever f and f - f| belong to &.
(i) fo(T) = Ix whenever fj € F.
(iii) T — A1 is injective and (g¥)(T) = (T — AI)~* whenever gk € 7.
Definition 6.2 [Andersson et al. 2006]. We call a continuous multiplicative map-
ping A: D(R") — B(X) is a hyperoperator on R", writing A € Hg ) (X), if
(i) DA =JIm A(¢) is dense in X, and
(ii)) N = Ker A(¢) = {0}.

Definition 6.3 [Andersson et al. 2006]. Let ¢ = (¢, D) be a linear operator mapping
the dense subspace D of X into itself. Moreover, assume that c is closable and that
there is a linear and multiplicative mapping €(R") — L(D) that extends the trivial
one on polynomials, and such that s (c)x — h(c)x for x € D if hy — h in €(R").
Then we say that c, or rather (c, D), is a weak hyperoperator.

In the preceding definition, €(R") is the algebra of all differentiable functions
on R", which possess an asymptotic expansion f (x)~ > ;2 aix —* (when x — 00),
with a; € C, in the sense that for every N € N

N
f@) = a4+ ey (0 for x| > 1,
k=0

where ry 41 (x) is bounded with all its derivatives (for more details see [Andersson
and Sjostrand 2004]) and L(D) denotes the set (not the space!) of all closable
operators on D.

Proposition 6.4. Any ultraweak functional calculus is an A-functional calculus in
the sense of Definition 6.1.
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Proof. (1) Let x € 9(T) and let x, = ¢(x/n), where ¢ is a test function equal to 1
in some neighborhood of zero and satisfies 0 < ¢ < 1. By the definition of the
ultraweak functional calculus, we have 9 > ff1x, — ff1 in the topology of «.
Then (ff1x:.)(T) — ff1(T) weakly. So, for x in the domain of 7 we have

F(M)Tx =w—1lm f(T)(f1x)(T)x = w —Im(f f1 %) (T)x = (ff)(T)x,

implying f(T)T € (ff1)(T). On the other hand, for any x such that f(7")x belongs
to the domain of 7', we have

(ff()x =w —Em(f1 ) (T) f(T)x =Tf(T)x.

The set of such vectors x contains the set E from Proposition 4.3, and therefore it
is dense in X. By continuity, we get T f(T) = (ff1)(T).

(ii) Let fo € . Choose a sequence x, € 9 tending to fy in the topology of .
(Note that the definition of the weak functional calculus contains the condition that
9 is dense in A in the topology of oA.) Then fo(T)x = w —lim x,(T)x = x by the
definition of the ultraweak functional calculus.

(iii) Let g])f € d. We have (z—1)* g, (z) = 1. Let x, € D be an exhausting sequence.
By the definition of the ultraweak functional calculus and by the condition (3) of
Definition 2.1 (applied to the polynomial # — ¢), we have

x=w—lm(x(fi = W g)(T)x = (T = AD*gu(T)*x = gi(T)(T —AD*x. O

Proposition 6.5. The restriction of any weak functional calculus to 9 is a hyper-
operator.

Proof. We only have to prove the conditions (i) and (ii) from Definition 6.2. But
this easily follows from condition (3) of Definition 2.1 applied to the polynomial
fo(x) =1. O

Remark 6.6. We think that an interesting question for further investigation is to
find the relationship between an ultraweak functional calculus and the notion of
weak hyperoperator.

7. On commutativity conditions

For an n-tuple of unbounded operators, it is difficult to find a commutativity condi-
tion that ensures a reasonable theory. Any of the following four properties can be
used to define of commutativity of two unbounded operators on a Banach space:
(P1) There exists a dense space & C X such that 7Sx = ST x for any x € 9.

(P2) Suppose that there exists a @ (R) functional calculus for both 7" and S. For
any f, g € D(R), we have f(T)g(S) = g(S) f(T).
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(P3) Suppose that 7 and S are generators of strongly continuous groups e/’ and

e''S, respectively. For any ¢, s € R, we have e/'7 ¢S = ¢/55¢/'T |

(P4) For any A € p(T) and u € p(S), we have
(T—2D'S—puDh "= —uh) (T —2D7".

In the general case all of these properties except (P1) might be meaningless,
since an unbounded operator need not have a % (R) functional calculus, a solution
of the corresponding abstract Cauchy problem, or a nonempty resolvent set.

However, if S and T are generalized scalar operators, (P1)—(P4) make sense and
are mutually equivalent.

Proposition 7.1. (P1) implies (P4).
Proof. Obvious. ([
Proposition 7.2. (P3) implies (P1) if S and T are generalized scalar operators.

Proof. For such S and T, we constructed the ultraweak functional calculus and
extended it to Fy 1oc. The function f(x, y) = xy belongs to Fy j., so the operator
f(T,S) is defined on the linear span of E (defined in Proposition 4.3). Examining
the proof of Theorem 4.2, we see that on the set £ both products 7S and ST are
equal to f (7T, S). (]

Proposition 7.3. (P3) implies (P2) if S and T are generalized scalar operators.

Proof. For the pair (S, T), we constructed a functional calculus for a wider algebra
than @(R?), and choosing a function of the form f(x)g(y), we obtain the result. [

Proposition 7.4. (P4) implies (P3) if S and T are generalized scalar operators.

Proof. S and T are generalized scalar operators that are generators of strongly
continuous groups, so this statement can be derived following the standard proof of
the Hille—Yoshida theorem; see [Dunford and Schwartz 1958, Theorem VIII.1.13].
The spectrum of i T is on the imaginary line, so A € p(iT) for all A > 0. It follows
that B, = —iA[I—A(AI—iT)~'] (for A > 0) are bounded. Also, i Tx =lim;_, o B;x
forall x € D(iT) = D(T) and lim;_, o ' B x exists for all x € DG T) = D(T) (of
course, the value of this limit is ¢/'” x). Analogously, if Cj, = —iA[I —A(A—iC)~!]
(for A > 0), we have i Sx =1lim;_, o Cy.x forall x e D(i §) =% (S) and limy _, o, €+ x
exists for all x € DI S) = D(S).

Finally, from (P4) (the commutativity of resolvents) we have the commutativity
of B; and C;, (for all A > 0), and, passing to A — oo, we get (P3). O

Proposition 7.5. (P2) implies (P4) if S and T are generalized scalar operators.

Proof. The function g, (x) = 1/(x — A) belongs to F,, for all @ and for Im A # 0.
Indeed, it is easy to check that g, is the inverse Fourier transform of the function
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F(x)= i«/ﬂe"“H(—x) for Im A > 0. Similarly, it is the inverse Fourier trans-
form of the function F(x) = —iv/2me **H(x) for ImA < 0. Here H(x) is the
Heaviside function, equal to zero if x < 0 and to 1 otherwise. Hence g, € F, and
gl g, =27 (1/]Im A| 4 T'(a + 1)/[Tm A[*).

If ¢, (x) = p(x/n), where ¢ is a test function valued in [0, 1] and equal to 1 in
a neighborhood of zero, then the sequence of test functions ¥, , = ¢, - g2 — &a
as n — 400 in the topology t defined in Definition 3.1, and therefore v, 4 (S) —
2,.(S) = (S —AI)~! weakly, by Proposition 6.4. Similarly Y, (T) — (T — wh)™!
weakly. From property (P2) we have ¥, 3 (S)Vm, 1 (T) = Y, 1 (T)Y5,5.(S). Taking
a limit as n — +o00 and m — 400, we derive (P4). O

8. Examples and remarks

Example 8.1. Example 2.8 can be generalized using examples from [Gorin and
Karahanjan 1977] and techniques from [Evgrafov 1979].

There is an operator for which (2-1) does not hold, whose asymptotic behavior
satisfies e/'4 ~ pell” as || — oo for every p > 1/4.

Let E be a vector space of entire functions, such that there exists C € R such
that | £ (z)| < Ce®”?”. Like in Example 2.8, E is a Banach space if the norm || f||
of a function f is defined as the smallest constant C for which the inequality above

holds. Since
/ 1 fE+2)
= — _— d s
/(@ /g|:1 = §

2mi

it follows that the operator A = —id/dz is a bounded linear operator on E; see
[Gorin and Karahanjan 1977]. Hence

")) = @ f)(2) = fz+1).

It is easy to see that ||e!'4| = O (/") as || - oo.
To see exact asymptotic behavior, we can use a function

(e.¢] Zn
O =2 ot

(T is the gamma function). Using that fy(x) ~ pe*” when x — oo for p > 1/4
(see [Evgrafov 1979, Example 1.5]), we derive our statement.

Example 8.2. Consider the operator A = —id/dx acting on the dense subspace
of L?(R) consisting of all absolutely continuous functions whose derivative also
belongs to L?(R). It is easy to see that e”Af = f(x +t), and we can conclude
4| = 1. Hence, for the operator A, we have the Fy functional calculus.
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Example 8.3. Let H be a Hilbert space and let A be an unbounded selfadjoint
operator. Also, let Q be a nilpotent operator of order n, that is, Q" = 0, and
Q"1 £0. Let Q commute with A. Such a Q is given by the matrix

01 O 0

-0

0= .0
S |

(00 -+ -+ 0]

with respect to the root subspace of some eigenvalue of A. Then we have

e AT = |l A | = [l 2 = 0 (t|" .

Therefore, for the operator A 4+ Q, we have the F,,_; functional calculus.

Example 8.4. The advection operator

fx,t)—>a-Vfx,t)

(here V = (3/dx1,...,d/dx,), x € R* and ¢ € R) is well known in the mechanics
of fluids. It is a generalized scalar operator in which f(x, t) solves the abstract
Cauchy problem of (x,t)/dt =a -V f(x, t). This unbounded operator commutes
with the Laplacian. In fact, it commute with all 9/0x;. So we can construct an
ultraweak functional calculus for these operators and finally we can get any linear
(even some nonlinear) combinations of the advection operator and the Laplacian.

Finally, we shall see that the functional calculus we established contains, in a
sense, the widest algebra of functions. We deal with the one dimensional case.

Theorem 8.5. The operator A has the F, functional calculus if and only if
e < M(1+ |t|*)  for some M € R.

Proof. If there is M € R such that ||e/"4|| < M (1 + |¢|%), then by Section 1, A has
the F, functional calculus.
In the opposite direction, since d%e''* /dx® = (it)*e'™*, it follows that
da
=suple'"| 4 sup|=——
* xeR xeR dx*

itx “ itx eitx

lle <1+ e]%,

and, from the existence of the functional calculus, it follows that

D) < Mlle™ || < M1+ [t]%). O
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