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STRONGLY ELLIPTIC OPERATORS AND
EXPONENTIATION OF OPERATOR
LIE ALGEBRAS

RODRIGO A. H. M. CABRAL

Abstract

An intriguing feature which is often present in theorems regarding the exponentiation of Lie
algebras of unbounded linear operators on Banach spaces is the assumption of hypotheses on the
Laplacian operator associated with a basis of the operator Lie algebra. The main objective of this
work is to show that one can substitute the Laplacian by an arbitrary operator in the enveloping
algebra and still obtain exponentiation, as long as its closure generates a strongly continuous one-
parameter semigroup satisfying certain norm estimates, which are typical in the theory of strongly
elliptic operators.

1. Introduction

The influential paper Analytic vectors [13], of E. Nelson, contains one of the
first exponentiation theorems in the context of infinite-dimensional represent-
ation theory of Lie algebras. More specifically, Theorem 5 of this reference
considers a Lie algebra of skew-symmetric (or skew-hermitian, if one prefers)
operators defined on a common, dense and invariant subspace of a Hilbert
space. According to that theorem, if the Laplacian operator associated with a
basis of the operator Lie algebra is essentially self-adjoint, then this Lie al-
gebra exponentiates to a strongly continuous unitary representation of a Lie
group. In §3 of [15], D. W. Robinson improved this result, extending it to Lie
algebras of conservative operators defined on a common, dense and invariant
domain of a Banach space (for more examples of exponentiation theorems and
applications, see [9]).

Another paper dealing with the exponentiation issue of operator Lie algebras
is[1]. There, characterizations of exponentiable Lie algebras of linear operators
on Banach spaces were obtained in Theorem 3.9 (in the isometric case) and in
Remark 3.10 (in the general case). As in [13] and [15], the hypotheses on the
Laplacian operator are crucial ingredients of these theorems: in particular, it is
required that the closure of the Laplacian must generate a strongly continuous
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one-parameter semigroup ¢ — S, satisfying the estimates
pI(S() < Cr7xll, 1€, 1], x €, (1.1)

where p; denotes the first-order differential norm with respect to a fixed basis
of the Lie algebra (o, will be properly defined in Definition 2.3). D. W. Robin-
son showed in [16, Corollary 5.6, p. 44] that the estimates (1.1) are typical
when dealing with second-order strongly elliptic generators (the definition of
strongly elliptic operators is given in Definition 2.5). The studies performed in
the early chapters of [16] were, in part, motivated by the work of R. P. Lang-
lands, in his PhD thesis [11] (see [12] for more information; see also [4]).

A canonical example one should have in mind, in order to motivate the use
of these generalized Laplacian operators, is the initial value problem for the
heat operator on R” x R [6, Chapter 4]. In this context, one typically obtains
a (contractive) strongly continuous one-parameter semigroup on L”(R"), 1 <
p < oo, which acts via a convolution with the function known as the heat
kernel. Then, the usual Laplacian operator defined on the Schwartz function
space is a pregenerator of this semigroup [5, Chapter I, 2.13, p. 69]. The use
of general strongly elliptic operators also has motivations from PDE theory;
see, for example, [6, Chapter 7] and [14].

In [16, Theorem 5.1, p. 30] and [16, Theorem 2.2, p. 80] the following
theorem was proved:

THEOREM 1.1 (Strongly elliptic operators). Let (€, || - ||) be a Banach space,
G a Lie group with Lie algebra g, V:G — £ (Z) a strongly continuous
representation of G by bounded operators and H,, € U(dV[g])c an element of
order m which is strongly elliptic. Then, — H,, is an infinitesimal pregenerator
of a strongly continuous semigroup t v S; satisfying S;[Z] € C*(V), for
t € (0, 1] and, for each n € N, there exists a constant C, > 0 such that

Pu(Si(3) < Cut nllyll, 1€ (0, 1],y €&, (1.2)

More precisely, such constants are of the form C, = KL"n!, for some
K.,L>1.

The objective of this paper is to prove a converse of this statement, in
the same spirit as in [1, Theorem 2.8, Remark 2.9]. The main novelty of the
proof presented here consists in showing that one can substitute the Laplacian
operator employed in [1] by an arbitrary operator in the enveloping algebra
of the operator Lie algebra and still obtain exponentiation, provided that its
closure generates a strongly continuous one-parameter semigroup satisfying
certain a priori norm estimates, which are similar to (1.2); see Theorems 3.1
and 3.8, below. The proof given here deals with an arbitrary dense core domain
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9 which is left invariant by the operator Lie algebra under consideration. As a
corollary, a characterization of the exponentiation issue when & is the maximal
C® domain is also obtained (Theorem 3.9).

2. Preliminaries

A linear operator 7 on a Banach space & will always be assumed as being
defined on a vector subspace Dom T of £, called its domain. When its domain
is dense, the operator will be called densely defined. Also, if S and T are two
linear operators then their sum will be defined by

Dom(S+T) :=DomSNDomT,
S+T)x)=Sx)+T(x), xeDom(S+T)

and their composition by

Dom(TS) :={x € & : S(x) € Dom T},
(TS)(x) =T(S(x)), x e Dom(TS),

following the usual conventions of the classical theory of unbounded linear
operators on Hilbert and Banach spaces. The range of T will be denoted by
RanT.

The algebra of continuous linear operators on £ (having £ as their do-
mains) will be denoted by £ (&). Also, the following standard definitions
will be employed:

DEFINITION 2.1 (One-parameter semigroups and groups). A one-parameter
semigroup on a Banach space (£, ||-||) is a family {V,},>¢ of linear operators
in (&) satisfying

VOZIa‘/s+l=‘/.s“/ta S9IZO-

If, in addition, the semigroup satisfies the property that lim,_,, ||V, (x) —
V@) = 0, forall p > 0 and x € &, then {V,},5¢ is called a strongly
continuous one-parameter semigroup. In this case, as a consequence of the
Uniform Boundedness Theorem, there always exist M > 0 and w > 0 such
that |V, (x)|| < M exp(wt)|x]||, forallt > 0 and x € & [5, Proposition 5.5,
p.- 39]. If w and M can be chosen equal to 0 and 1, respectively, such a semig-
roup will be called a contractive semigroup. These definitions are analogous
for one-parameter groups, switching from “¢ > 0” to “¢r € R”, “exp(wt)” to
“exp(w]t])” and “[0, 00)” to “R”. Also, if ||V, (x)|| = ||x]|, forevery t € R and
x € &, then t — V; is called an isometric group.
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If G is a Lie group with unit e, then a family {V,},c¢ of linear operators in
FL(X) satisfying

Vo=1, Ve =V,Vi, g heG

and
lin}l Vo(x) =Vi(x), xe, hegG,
g—)

is called a strongly continuous representation of G on & .

Given a strongly continuous one-parameter semigroupt — V; on (2, ||-||),
consider the subspace of vectors x € & such that the limit lim,_o ¢~ (V, (x) —
x) exists. Then, as usual, the linear operator T defined by

Dom T :={x € £ : lims~'(V,(x) — x) exists in &'}
t—

and T (x) := lim,o ¢t~ (V;(x) — x) is called the infinitesimal generator (or,
simply, the generator) of the semigroup ¢ +— V; (the definition for groups
is analogous). It is always a densely defined and closed linear operator [5,
Theorem 1.4, p. 51]. If a closable linear operator is such that its closure is the
generator of a strongly continuous one-parameter (semi)group ¢ — V;, then it
is called an infinitesimal pregenerator (or, simply, a pregenerator) of t — V.
Also, if G is a Lie group then, for each fixed element X of its Lie algebra
g, the infinitesimal generator of the one-parameter group # — Vex,,:x Will be
denoted by dV (X) (exp denotes the exponential map of the Lie group G). A
vector x € & is called a C* vector for V, or a smooth vector for V , if the map
G > g > Vy(x) is of class C*. The subspace of smooth vectors for V will
be denoted by C*°(V).

For every strongly continuous Lie group representation g — V,, the map
0V:X — 9dV(X) := dV(X)|c~(v) is a Lie algebra representation which
extends to arepresentation of (the complexification of) the universal enveloping
algebra of g; to see this, adapt the argument in [ 18, Proposition 10.1.6, p. 263] to
the Banach space context, for example. This motivates the following definition:

DEFINITION 2.2 (Representation by closed linear operators). Let £ be a
Banach space, & a linear subspace of 2 and let End(2) denote the algebra of
all endomorphisms on & or, in other words, the linear operators defined on &
with ranges contained in &. Consider a real finite-dimensional Lie algebra g
and a function 7 defined on g assuming values on (not necessarily continuous)
closed linear operators on & which leave & invariant; in other words, n(X)
is a closed linear operator on £ such that n(X)[Z] C &, for all X € g.
Assume that & is dense in &. Assume, also, that & is a core for all the
operators in n[g], so that & will be called a core domain for n[g], and that
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ng:q — £ C End(9), defined by ng(X) := n(X)|g is, without loss of
generality, a faithful (or injective, if one prefers) Lie algebra representation
onto .Z. Then, the triple (Z, g, n) is said to be a representation of g by closed
linear operators on Z . 1t is said to exponentiate, or to be exponentiable, if
there exists a simply connected Lie group G having g as its Lie algebra and
a strongly continuous representation V: G — £(Z’) such that & C C*®(V)
and dV(X) = n(X)|g = n(X), for all X € g. In this case, it will sometimes
be used the terminology that the operator Lie algebra £ exponentiates. If,
moreover, every dV (X), X € g, is the generator of an isometric group, it will
be said that (2, g, n) exponentiates to an isometric representation.

The faithfulness requirement in the definition above is imposed to guarantee
that, if { Xx}1<k<g is a basis for g, then {ng (Xx)}1<k<q is a basis for ng[g]. This
will facilitate the use of some future notations; see also Definition 2.5.

When dealing with C*°(V), or a subspace & of & which is left invariant
by the generators dV (X), X € g, it is sometimes useful to deal with finer
“differential” norms:

DEeFINITION 2.3 (Projective C*°-topology on the space of smooth vectors).
Let G be a Lie group with Lie algebra g and g + V, be a strongly continuous
representation of G on a Banach space (£, ||-||). Fix an ordered basis & :=
(X1)1<k<q for g and equip C*° (V) with the topology defined by the family

{on :n € N}

of norms, where
po(x) == |lxll, dV(Xo):=1

and
pn(x) := max{[[dV (X;,) ...dV(X;)x]| : 0 < ij < d;

this is called the projective C*™°-topology on C*°(V), and it does not depend
upon the fixed basis . When equipped with this topology, C*°(V) becomes
a Fréchet space; to see this, just adapt the proof of [7, Corollary 1.1] to the
realm of Banach spaces.

If & C & is a linear subspace of & and ¥ C End(9) is a real finite-
dimensional Lie algebra of linear operators on £ having an ordered basis
(Br)1<k<a consisting of closable operators, then the projective C*°-topology
on Z is defined in an analogous way, substituting the operators dV (X;,) by

the operators B;,, 1 < iy <d.

A few words about the use of some future notations must be said. Consider
a Lie algebra g with an ordered basis (B)1<¢<4. Throughout the whole manu-
script, whenever a monomial BY of size n > 1 in the elements of (By)1<x<q 1S
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considered, it is understood that u = (u;);e(1,....n) is a function from {1, ..., n}
to{l,...,d} and B" := B,, ... B,, is an element of the complexified uni-
versal enveloping algebra ([g])c := U[g] + iU[g] (when (By)1<k<q consists
of closable operators, the word “monomial” will also be used to designate an
element BY := B,, ... B,,). Therefore, B" can be thought of as an unordered
monomial, or a noncommutative monomial (the expression “unordered” refers
to the fact that the sequence (uy, ..., u,) of numbers is not necessarily non-
decreasing). The size of the monomial is defined to be |u| = n so, roughly
speaking, it is the size of the “word” By, ... B,,. For a matter of convenience,
the size of a linear combination of monomials is defined to be the size of
the “biggest” monomial composing the sum. However, the following question
arises: could this sum be written in another way, so that the associated size is
different? It may very well be the case that the basis elements share an extra
relation, thus causing this kind of ambiguity: for example, if X and Y are ele-
ments of a Lie algebra with basis {X, Y, [X, Y]}, then [X, Y] = XY — Y X has
size 2, but also size 1, depending on how it is written. Therefore, the concept
of size is not an intrinsic one, and is intimately related to how the sum was
written. The same cannot be said about the definition of order of an element
in ([g])c: by the Poincaré-Birkhoff-Witt Theorem [10, Theorem 3.8, p. 217]
one sees that every linear combination of monomials P can be written in a
unique way as a polynomial on the variables (By)|<x<q of the form

> caBy' ... B ... B,

|| <m

where ¢, # 0 for some multi-index o’ of order m. In this case, the order of P is
defined to be |&’| = m, the order of the multi-index «’, and it does not depend
on the particular choice of the basis. Note that the notations were carefully
chosen, in order to avoid confusions. The symbols u, v and w will always
be employed to indicate the use of an unordered monomial, while the greek
letters o, B and y will denote multi-indices, following the usual convention for
ordered monomials. The use of the noncommutative monomial notation will
occur in the main theorem of the paper. As an abbreviation, they will usually
be referred to as “monomials”, rather than “noncommutative monomials”.

Let (£, ||-]l) be a Banach space, & C & a linear subspace of & and
£ C End(9) areal finite-dimensional Lie algebra of linear operators acting
on &, with an ordered basis (By)|<k<4. Then, for each 1 < i, j < d, one has

d
(ad B;)(B;) == [B;. Bj1= Y _c{ By 2.1)
k=1
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for some constants cl.(f) € R. Therefore, if BY and BY are two monomials in
the variables (By)1<k<d, applying recursively the identity above it is possible
to prove that the element (ad BY)(BY) := B“BY — BYBY, which has size
|u| + |v/[, is actually a sum of terms of size at most |u| + |v| — 1. To see this,
one must proceed recursively: if BY := By, ... By, and B" := B, ... By,
then switching the last element of BY with the first element of BY, and using
relation (2.1), gives

B"B' =By, ...B,B,, ...B,, + By, ...ad(By,)(B) ... By,
= By, ... By, By, ... By, + (sum of d terms of size at most |u| + [v| — 1).

Therefore, by iterating this process one concludes that, after repeating this step
[u] - |v| times, the identity

(ad BYY(B") := B'B' — B'B" = Z cwB" (2.2)

[w|<[ul+|v|-1

arises, where the sum has, at most, d - |u| - |v|] summands. With all of this in
mind, one can obtain the estimates

(ad BY)(BY) ()l < klullvlpjv-1(x),  x € &, (2.3)

where k is a non-negative constant which does not depend on u or v, and is
related only with the coefficients that come from (2.1). These estimates will
be extremely useful in the proof of the main theorem.

The following identity will play a central role in the main theorem of the

paper:

LEMMA 2.4 (A commutation relation). Let (£, ||-||) be a Banach space,
9D C & alinear subspace of  and ¥ < End(9D) a real finite-dimensional
Lie algebra of linear operators acting on & having an ordered basis (By)1<k<d
consisting of closable operators. Also, let BY and BY be two monomials in
the basis elements (By)1<k<q. Suppose H,, is an element of order m in the
complexification W(L )¢ of the universal enveloping algebra of £ such that
—H,, is a pregenerator of a strongly continuous semigroup t — S, satisfying
S C D, forallt > 0, and

N
pn(x) < €| Hp ()| + E—HIIXII, x €Y, 2.4

forall0 <n <m—1,0 <€ <1anda constant N > 0. Define the element
(ad BY)(H,,) of U(Z ) via an extension of the operator ad BY just defined in
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(2.2), by linearity. Then, the identity
/ B*S,[(ad B")(Hx)1S;-(x) dr = B"[(ad S;)(B")]S,-s(x),
0

is valid forallt > 0,0 < s < t and x € &, where (ad S;)(B") is defined
to be the operator S;BY — B"S; on 9, the identity above is called Duhamel
formula; see [1, p. 356] and [16].

Proor. Fix t > 0. The first task will be to establish continuity of the
function r — BYS,B"S,_,(x) on [0, t], for all x € &. To this purpose, it will
first be obtained the differentiability of » — BYS,(x) at ry € [0, ¢], for all
monomials BY of size (g — 1)(m — 1) < |w| < g(m — 1) in the elements of
(Bi)1<k<q and x € @, a fact which will be proved by induction on g > 1. To
deal with the case ¢ = 1, first note that H,, Sy, = S; H,, on &, forall s € [0, 00),
which together with (2.4), gives

r —ry

Sr—r -1 -
BWSro <0—x + Hm(x)> H <

s, (WH,” ) + H2 (x)) H

_rO

N Sy — 1
Sr, (“—x + Hm(x))
r

en A

x € D, ifr > ry, and

w I — S"O*r - I — S’O*" 2
B Sr —x+Hm(x) fem " Sr —Hm(x)"'Hm(x)
r —ry r —ry
N =5,
+ — S\ ————x+ Ha(x) ) ||
en r—ro

x € 9,if r < ry, forall 0 < € < 1. These estimates together with local
equicontinuity of ¢ — §; yield the desired differentiability.

Now, suppose r — BYS,(x) is differentiable at ry € [0, ¢], forall x € &
and all monomials B" in the elements of (By)i<k<q, With (g — D)(m — 1) <
lw| < g(m — 1), for some g > 1. A fixed monomial B" of size g(m — 1) <
lw| :=n < (¢ + 1)(m — 1) may be decomposed as BW = BY BY | with
wo| =m — 1 and |W'| = n — (m — 1). Using (2.4), one obtains

IBYS, (x)|| = [|B*B" S, (x)|

< €||H, BV S, (x)|| + IBYS,(x)|, xe€2,

Gm—l
for all » € [0, 00) and 0 < € < 1. On the other hand, by (2.3),
| Hpy BY S, (x) || < k(n — (m — 1)mp, (S, (x)) + [|BY H, S, ().
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Hence,
| BYS,(x)|| < elk(n — (m — 1))mp,(S,(x))
W N W
+1B Her(X)||]+em—,1||B S, xe9,
for all r € [0,00) and 0 < € < 1. Choosing 1 > €y > 0 such that the

inequality €gk(n — (m — 1))m < 1 holds and taking the maximum over all
monomials of size n — (m — 1) and n gives

EOpnf(mfl)(Her ()C)) + 6(:]nL—llOnf(mfl)(Sr ()C))
1 —egk(n — (m —1))m ’

Pn(Sr(x)) =

so the induction hypothesis together with a similar argument made in the case
g = 1 ends the induction proof.
Now, fixt > 0, x € &, g € &’ and define on [0, ¢] the functions

g1is > / 2(B"S,[(ad BY)(Hy)ISi» (x)) dr
0

and
g2:s = g(B"[(ad S5)(B")]S;—s(x)) = g(B'S;B"S;_(x)) — g(B"B"S;(x)).

Note that the operators S;|g, t > 0, are continuous with respect to the pro-
jective C*°-topology on & defined by the operators {B_k}l<k< 4+ to see this,
use the induction proof above together with the closability hypothesis on the
basis operators of .#. Therefore, an application of [9, Theorem A.1, p. 440]
together with what was just proved above gives, in particular, that the map
r — g(BYS,(ad BY)(H,,)S;—-(x)) is continuous on [0, ], so g; is a differen-
tiable function on [0, 7] with

g1 (s) = g(B"Ss[(ad B) (H,1)18,—5(x)).

Also, if & is equipped with the projective C*-topology, then it is clear by the
induction proof above that f:s +— BYS;_(x) is a differentiable map from
[0,7] to @ and f'(s) = BYS;_yH, (x). The same applies for the function
s + BYS;(y), for every fixed y € &. Therefore, by the product rule of [9,
Theorem A.1, p. 440], one sees that H:s — BYS;B"S;_;(x) is differentiable
on (0, t) and, defining K: s — B"S;, it follows that

H'(s) = [KS)(f ()] = K'(5) f(s) + K(5) f'(5)
= —B"SH;, B"S;_(x) + B"S;B"S,_s Hy (x)
= B"S,[(ad B*)(Hy)1S;—s(x),
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where the derivative K’ is taken with respect to the strong operator topology.
This implies g; = g5 on (0, 7) and, since g;(0) = g,(0) = 0, g; must be equal
to g> on [0, z]. By a corollary of the Hahn-Banach Theorem, the equality

/S BYS,[(ad BY)(H,)1S—r(x) dr = B"[(ad S,)(B")]S,—s(x),
0

must hold forall x € P and 0 < s < ¢, as claimed.

For the definition of strongly elliptic operators, we will follow the one given
by D. W. Robinson [16, p. 28]:

DEFINITION 2.5 (Strongly elliptic operators). Let & be a Banach space, G
a Lie group with Lie algebra g, with (X;);<x<4 being an ordered basis for g,
and V: G — X (&) a strongly continuous representation, where

aV:g> X+ 9V(X) € End(C™(V))

is the induced Lie algebra representation. Assume, as in Definition 2.2, without
loss of generality, that dV is faithful. It is said that an operator

H, := Z eV (X%)

lee|<m

of order m belonging to the complexified enveloping algebra of g,
QViglhe := U@VIgll + iU[oVIgll, is strongly elliptic if
Re(—1)"/? Z‘a‘:m €% > 0, for all &€ € R?\{0} (for the definition of or-
der of an element in (1[0 V[g]])c, see the comments on notations right after
Definition 2.3). This definition is basis independent; see [16, p. 29].

The prototypical example of a strongly elliptic operator is the “minus Lapla-
cian” operator — ZZZI [0V (X))

For a matter of terminological convenience, in the future, the same defin-
ition which was just made for strongly elliptic operators will be extended to
(complexifications of) universal enveloping algebras of Lie algebras of operat-
ors which are not necessarily associated with a strongly continuous Lie group
representation.

In order to avoid unnecessary confusions, it should be noted that refer-
ences [1] and [16, see p. 30] use a slightly different convention from the one
employed in this manuscript to define infinitesimal generators: if an oper-
ator H,, is strongly elliptic then, according to their definitions, H,, will be
the generator of a one-parameter semigroup. However, with the definition of
infinitesimal generators used in the present paper, if H,, is strongly elliptic,
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then —H,, will be the generator of a one-parameter group. Therefore, for ex-

ample, — ZZZI [0V (X)]? is a strongly elliptic operator and ZZ:] [V (X)]?
generates a one-parameter semigroup, with the definitions employed here.
Finally, we can move on to the

3. Main theorems

THEOREM 3.1 (Exponentiation: general case). Let (€, ||-||) be a Banach space,
q a real finite-dimensional Lie algebra with an ordered basis (Xi)1<k<a,
(9, g, n) a representation of § by closed linear operators on &, where By .=
n(Xy), 1 <k <d, and H,, an element of order m > 2 of U(nglal)c, where

UnglgDc = Unglal) + ill(nglgl) is the complexification of W(nglgl).
Suppose that the following hypotheses are valid:

(1) foreach X € q, there exist o, > 0 and M, > O such that

(el = n(X))"yll = M (Il = o) Iyl 3.1

foralln e N, |u| >0, andy € 9;

(2) —H,, is aninfinitesimal pregenerator of a strongly continuous semigroup
t +— S, satisfying S;[Z) C D, for eacht > 0 and, for each n € N
satisfying 0 < n < m — 1, there exists C, > 0 for which the estimates

Pn(Si () < Cut ™ |l (3.2)
are verified forallt € (0, 1]l and all y € &, where By := I and
pun(x) :=max{[|B; ... B ... Byx| : 1 <k <n,0<i; <d},
forallx € 9.

Then, (9, g, n) exponentiates.

The idea is to divide the proof into a few auxiliary lemmas. After proving
Lemma 3.5, a proof of Theorem 3.1 will be given.

LEMMA 3.2. Assume the hypotheses of Theorem 3.1, with the exception of
(1). Then, the estimates

m—n E,
on(y) < €" M H (D) + E—nllyll, y €Y, (3.3)

are valid forall 0 <€ < 1,0 <n <m — 1 and some E, > 0.

ProoF. The semigroup ¢ — S; is strongly continuous, so there exist con-
stants M > 1 and w > 0O such that

I1S: I = M exp(wr) ]l yll,
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forall y e_% andr > OL\IOW, if0 < § < 1satisfies0 < wé < 1, the resolvent
R(1,—8H,,) = (I + 8H,,)" " is well-defined and

R(1, —5H,) =/ exp(—1)Ss (Y dt, ye X,
0

with 00
/ exp(—0) [ Ss: (V) || dt < o0.
0

Fix a monomial B" of size 0 < n < m — 1 in the operators {B} <4 and
t > 0.1f 8t < 1, then || BYSs,(y)|| < Co(8) m ||y|l, y € &, by (3.2);if 8t > 1,
then

I1B*Ss: DIl = 1B S1+@r—1y Il < CuM exp(w (St — D)Iyll, ye.

1 1 k
<" <t w k!,
exp(r) — \ exp(r)

with k = m — n and k = n, respectively, allow one to obtain, for every
0 < § < 1satisfying 0 < wé < % the estimates

These inequalities and

/0 exp(—1)||BUS5, ()| dt

1/8
s [ S ars mexp-u) / exp((w — ) dr
o oy

_n m m—n
= Caullyll{ 6 [exp(—1) r
m—n

n

m ]/8 m—n
48w / exp(—1)t » dt + M exp(—w)
m—n Jy
m
Vv (m —n)!
m —

n m +w m—n n
+ 8 m / exp(—1)t = dt +2M8n n!)
0

m—n

t=1/8

t=0

exp(w — 1/8)
1—ws )

= Cn||y|I<8»"15'"n7" s
n

—n

< c,,(v' (m—m)!—
m

oo

+ M| exp(eni di +2M W)B""lllyll,
0

m—n
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for all y € & (in the last inequality it was used that $~» > 8u ). Therefore,
the integral f0°° exp(—t)B"Ss;(y) dt defines an element in &, forall y € &.

By closedness of each operator By it follows that (I + §H,) ™! (y) € Dom B"
and

BY(I +8H,)"'(y) :/ exp(—t)B" S5 (y) dt.
0

Also, the estimates above show that there exists E, > 0 independent of § such
et 1B +8H,) ' W < E,dnlyl, yed.
Hence, if y is of the form y = (I + 8H,,)(y)) = (I +8H,)(y'), y' € &, one
RSBy = 1B + 8T U+ SH) OO

< B3 [1( + 8H) ()]

< E/8" | Hu W) + EL8™n 1]l

Now, define €,(5) := (E;l)ml—n(ﬁ. If €,(69) > 1, for some &y, then (3.3) is
proved since, by continuity, the range of the function €, must contain the
interval (0, 1], when § runs through (0, 1) and the values satisfying 0 < wd <
%. Then, defining E,, := (E;)ﬁ, one obtains

Ene,(8)™" = (E})m7€,(8)™" = E; 8,

SO
_ E
pa() = " IHZ OO+ VIl Y €20 <e<1,

as desired. However, if €,,(§) < 1, for all § satisfying0 < 6 < 1and0 < wé <
%, then multiply the function €, by a real constant a greater than 1 so that the
range of €, := ae, contains 1. This reduces the problem to the previous case
and finishes the proof of Lemma 3.2.

LEmMMA 3.3. Assume the hypotheses of Theorem 3.1, with the exception of
(1). Then, given q € N, g > 1, there exists a strictly positive constant K, such
that .

on(Si(y)) = Ky sup [|H,, (M.
0=j=q
forally e D, (g—1)m—1) <n<gm—1)andt € (0, 1].

ProoOF. The procedure is by induction on ¢g. By what was proved in Lem-
ma 3.2, for each fixed 0 < n < m — 1 the estimates

~ E
on(y) < €" M Hy (| + e—fllyll, y €9,
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are valid for some E, > 0 and all 0 < € < 1. This shows the existence of a
K| > 0 satisfying
Pa(Si(¥)) < K1 sup [HIDIl, y€P,0<n<m—1,1€(0,1],
0<j=<1
since H,,S; = S;H,, on Dom H,, and ||S;|| < Me"", forsome M > 1, w >0
and all > 0. Now, suppose that, for some fixed ¢ € N, g > 1, the inequality

on(Si(9) < Ky sup [|H, ()]
0<j=q
is true, forally € 9, (g — )(m —1) < n < gm —1),t € (0, 1]. Fix
y € &. A monomial BY of size gim — 1) < n < (g + 1)(m — 1) in the
operators (By)1<k<4 may be decomposed as BY = BY BY | with lugl =m —1
and [u'| = n — (m — 1). Using (3.3), one obtains
IBYS, ()l = I1BYBY'S, ()|

/ E
f Em_(m_l)”I_ImBu St(y)” +

ml

SIBY S ()l

= €| H,BY S,

Sr(y)ll 0<t<l1,0<e<l.

On the other hand, by the induction hypothesis,
1Hn BY S, (D < Ilad(Hp) (BOIS: (D + 1B Hyu S ()

< k(= On = D)mpu(S,00) + Ky sup | Hj Hn ()]
=J=q

forO0 < ¢ < 1, k being a constant dependlng only ond, H,, and on the numbers
¢;; which are defined by [B; |2, Bjlo] = >0, lk)Bk|@,fora111 <i#j<d
Hence, using the induction hypothes1s again, one obtains
IBS;(DII < €[k(n — (m — 1)mp, (S, () + K, sup  [HL (0]
0<j<q+1
Ey,
+ 2K, sup [Hi), 0<r<1, 0<e<L
e 0<j=q
Choosing an 1 > ¢y > 0 such that egk(n — (m — 1))m < 1 and taking the
maximum over all monomials B of size n gives

€0Kg supy<j<gi I Hin () + = Ky supy <, || Hy )l
1 —epk(n — (m —1))m

Ky (e 5 |
sup ||[H (I, O0<t<1
~ 1 —€k(n — (m — 1)m og<j<g+1

Pn (S () <
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This concludes the induction proof.
Actually, it is the following corollary which will be invoked, later:

COROLLARY 3.4. Assume the hypotheses of Theorem 3.1, with the exception
of (1). Then, givenq € N, q¢ > 1, and 'y € D, there exists K, , > 0 satisfying
pu(Si(¥) < Ky, forallt € 0, 11and (g — 1)(m — 1) < n < g(m — 1).

LEMMA 3.5. Assume the hypotheses of Theorem 3.1, with the exception of
(1). Then, there exist K, L > 1 such that

Pu (S (y)) < KL"nlt ™ |lyl,
forallneNn>1,yeZandt € (0, 1].

Proor. The idea is, again, to proceed by induction. The strategy will be
to prove that there exist K, L > 1 such that, giveng € N, g > 1 and (¢ —
1)(m —1) < n < g(m — 1), there exists a strictly positive constant C,, defined
by C, := K L"n! satisfying

pu(Si(¥) < Cut " lIyll, y € Xt € (0,11,
The case g = 1 follows from (3.2), with
K :=D; := max{l,max{Cj 0<j<m-— 1}}

and L := 1, so it is already known to be true. Fix ¢ > 1 and suppose that there
exists, forevery p < g and £ € Nsatisfying (p —1)(m—1) < £ < p(m — 1),
a strictly positive constant C, (not necessarily of the form KL%, K, L > 1)

such that ,
pe(Si(y)) = Ca™mliyll,  ye&,te(01]

Fixn € Nsatisfyingg(m—1) < n < (g+1)(m—1) (in particular, n > m—1),
0 <t <landy € 9. As in the proof of Lemma 3.3, take a monomial B"
of size gqm — 1) < n < (¢ + 1)(m — 1) in the operators (By)i<k<q and
decompose it as BY = B“BY, with |ug| = m — 1 and |U| = n — (m — 1).
Then, by Lemma 2.4, above,

BYS,(y) = B“S,BY'S,_(y) + B*[(ad BY)(S,)1S/—s(¥)
= BY“S,BYS, ,(y) — / " BS,[(ad BY)(H,)1Si—, () dr, (3.4)
0

for all 0 < s < t. By (2.3), one has the inequality

ILGad BYY(Hu)1S— (| < k(n — (m — 1)mp, (Si— ()
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where k, again, depends only on d, H,, and on the numbers c;; defined by

[Bila, Bjla] = 27:1 cg.‘)Bk|@, forall 1 <i # j < d. Applying this in-
equality together with the induction hypothesis, one obtains from (3.4) the

estimates

_m=1

IBUS; ()|l < Cprs™ 7 IBYS,— ()]

+/ Coetr ™5 [[ad(BY) (Hy)1S,— ()| dr
0

n—(m-—1)

_m=1 _
<Cpu_ys m Cn—(m—l)(t —5) " ||Y||

CCy ik — (m — Dym / S (S (7))
0

Making the changes of variables s = Af, where A € (0, 1), and »r = ut, inside
the integral, such inequality becomes

m n=(

n ., _ m=l _
I1BYS: (DIl < Cne1 Cregm—yt ™A~ 7 (1 = A4)

m—1)
Iyl

A
+ Gkl — (m — D)t / 0 oSyt () dit,
0

Putting > = n~"™, one has that A~"+ = n"~! and

n—(m—1) m

A=) =0 =0)"n(1 =)

<(0=2)"" <cp,

where 1 < ¢, 1= sup,,, {(1 —E*’”)_é} < 00. Hence, by taking the maximum
over all the monomials of size n, the above inequality becomes

Pn(S: () < Co1 Comnyt “mn™ eIyl

—m

+ Cprk(n — (m — 1)ymtn / u " P (Sy(1—y () du.
0

But, since the 0 < ¢ < 1 fixed was arbitrary, one may repeat this procedure
and iterate j — 1 times the last inequality to obtain

j—1
Pn(Si(¥) < CtComent 70" enllyl Y ai + R;,  (3.9)
i=0
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where ag := 1,

—m

a; = (Cm_lk(n — (m — 1))mt$)i /0" “1_

m—1

(L= uy) " duy

/ ul._m”;‘(l —u,-)fﬁ du;
0

0

>m
= (Cp_tknmeytn) (mn™") = (Cp_km®cptn)’,
ifi > 1, and

R; := (Cpoik(n — (m — 1))mt )’

—m —m

n Cmel n -1
X / u, "o / u; " pn(St(l—ul)...(l—uj)(y)) dug ... duj,
0 0
for all j > 1. Therefore, by Corollary 3.4,
Rj < (Cothm®tm) Ky 1.

If z,, > 0 is chosen so that Cm_lkmzcm(tm)% = % (equivalently, 1, =
(2C,p_1km?*c,,)™™), then for all 0 < ¢ < t,,,

oo o0
> = Y (Comikm’cytn))
j=0 j=0
o0 5 . ) oo 1
< D (Cotkmenm)m) =3 = =2.
j=0 j=0

Also, the limit lim;_, », R; exists and equals zero, for all 0 < ¢ < 1,,, since

0 < lim R; < K, 41 [1im (Cpy_ikm®c,utm)]
Jj—o00 j—>00

. 1 o1
= Ky,q+1[jgrgo(cm_lkmzcm(t’”)m)j] = K_v,q“[jggo 2_!] =0,

where in the second inequality it was used that ¢,, > 1. Hence, taking the limit
Jj — ooin (3.9), it follows that

P (Si(1)) < 2C_1Comnyn™ et " ||yl
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ift € (0,1,] and y € 9. Solving the recurrence relation gives
pa(Si() < Di[2D1c, )™ Ve n |yl 1€ (0,1,],y € D,

where we recall that D; := max{l, max{C; : 0 < j < m — 1}}; more
precisely, an induction proof on ¢ > 1, on the formula
pu(Si(3) < Di[2D1c, 1 DDy

(g—Dim—-1) <n=qgm—1)
subjected to the restrictions y € Y andt € (0, t,,], gives the desired inequality:
the base case follows easily from (3.2) and from D; > 1; the inductive step
follows from a repetition of the argument done so far, in the present lemma,
with C; substituted by D[2D;c,,]?~1¢P=Din=D,

Consequently,

Pu(S;(¥)) < Di[2eDic, I"nlt ™ |lyll, 1€ 0, 1,],y € D,

where it was used the estimate n4™—D < ¢ [¢g(m — 1)]!. Therefore, defining
Ko := Dy and Ly := 2eD;c,,, the constants C,, with p(m — 1) < £ <
(p+1)(m—1)and0 < p < g, may be chosen as C, = KoL§¢!,if t € (0, t,4]
and y € 9.

The last task is to extend the inequality just obtained to all y € 2 and to
t € (ty, 1]. Since S;[Z] € @, for all t > 0, one has that, for fixedr,, >t > 0
andy € &,

Pu(Si() = inf pu(SimeS. (1) = KoLjn![ inf [t =)~ F | Sc(»]

< KoLgn![ inf [t — &)™ Me"1]llyll = (MKo)Linlt ™= |y].

If #,, > 1, the induction proof is complete. So suppose 0 < #,, < 1. Then, if
l1>t>t,andy e &£,

P (S: (1) = Pu(Sy, Si—i, (7)) < KoLpn!(t,) " 1S, )|
< KoLin!(t,)~n Me" =) ||y||

1 n
< (Me"Ko)(tm" Lo)"nlt™m |y,

where in the last inequality it was used that ¢~ w > landthatr—t, < 1.Hence,
_1
with the definitions K := Me” Ky and L :=t,," L¢ the desired inequality

Pu(S:(y)) < KL"nlt ™|y,
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forally € & and ¢t € (0, 1] is finally obtained, concluding the induction step.
1

Therefore, with the definitions K := Me¥D; and L := 2e M Dicpty ", it

is true that .
Pn(S:(y)) < KL"nlt™ ||yl

foralln e N,n > 1,x € & and t € (0, 1], completing the proof.
Finally, we are able to prove Theorem 3.1:

PrOOF OF THEOREM 3.1. Define & := [ Jy_, <, S:[Z] and

+00 (x)

C°(n) == {x €D E p"—'s” < o0, for some s > 0}.

n!
n=0

Since S is strongly continuous, % is dense in . Besides, the estimates from
Lemma 3.5 show that #; € C®(n), in view of the following argument: fix a
number 0 < ¢ < 1 and y € &; if one chooses r > 0 so that

1
r< —r-,
Lt™w
then the inequality

oo oo

S n
Z on( t()’))rn < Kly| ZL"fﬁr" - o

n!

proves the inclusion. Therefore, C*(n) is dense in &. Now, because the inclu-
sion

Bn
[Be O

oo
C?(n) C C?(By) := {x €D Z | < 00, for some s > 0}
n=0

n!

isvalidforevery 1 < k < d, itfollows from [17, Theorem 1] thatevery By|co ;)
is an infinitesimal pregenerator of a strongly continuous one parameter group.
Hence, since C“(n) is also left invariant by the operators in {n(X) : X € g},
it follows from [8, Theorem 3.1] that the finite-dimensional real Lie algebra

nX)lcow : X € g} € End(C”(n))

is exponentiable. Hence, the equality n(X)|con) = n(X) = n(X)|g follows
from the inclusion n(X)|cou) C n(X)|g = n(X) together with the following
version of [2, Theorem 3.1.15(3), p. 177]: Let S be a densely defined closable
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linear operator on the Banach space ¥. If S generates a strongly continuous
semigroup t — S; satisfying

ISl = Mexpw)lyll, ye¥,t>0,

for constants M > 1 and w > 0, and T is an extension of S such that uol — T
is an injective operator, for some oy > w, then S = T.
Therefore, (2, g, n) is also exponentiable, as claimed.

The next corollary is an immediate consequence of the proof of The-
orem 3.1:

COROLLARY 3.6. If the hypotheses of Theorem 3.1 are assumed, then

+o0
X
C’() = {x €D Z P )s” < 00, for somes > 0}
n!

n=0
is a dense core domain for nlg] and the finite-dimensional real operator Lie
algebras

n(XOlcoa : X € 6} S End(C”(n) and {n(X)lg : X € g} S End(D)

both exponentiate to a strongly continuous representation V:G — L(Z)
of the same simply connected Lie group G. In particular, these operator Lie
algebras have the same dimension.

REMARK 3.7. Note that the estimates (3.1) were just invoked at the very end,
after the proof of Lemma 3.5. In order to obtain an exponentiation result for the
isometric case one just needs to impose o, = 0 and M, = 1, forall X € g, on
the estimates (3.1); in this case, one usually says that the operators n(X)|g, X €
g, are conservative. Then, invoking [17, Theorem 1], [8, Theorem 3.1] and [2,
Theorem 3.1.15(3), p. 177], as above, one obtains the following corollary:

THEOREM 3.8 (Exponentiation: isometric case). Let (€, ||-||) be a Banach
space, g a real finite-dimensional Lie algebra with an ordered basis (Xi)1<k<d»
(9, g, n) a representation of § by closed linear operators on &, where By .=
n(Xy), 1 <k <d, and H,, an element of order m > 2 of U(nglgl)c, where

U(mazlaDc = Wnglgl) + iUmalal) is the complexification of 11(ng[g]).
Suppose that the following hypotheses are valid:

(1) n(X) is a conservative operator, for every X € q;

(2) —H,, is an infinitesimal pregenerator of a strongly continuous semi-
group t +— S; satisfying ;[ C D, for each t > 0 and, for each
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n € N satisfying 0 < n < m — 1, there exists C,, > 0 for which the
estimates

(S, (1)) < Cat ||yl
are verified for allt € (0, 1] and all y € &, where By := I and
Pn(x) :=max{||B;, ... B; ... Byx||: 1 <k <n,0<i, <dj},

forallx € 9.

Then, (9, g, n) exponentiates to an isometric representation.

Note that, if H,, is the usual minus Laplacian operator — Z‘,le na(Xo)?,
then conservativity of the basis operators {ng(Xy)}1<k<qs imply dissipativity
of A = Zle na(Xx)?; in other words, A satisfies ||(ul — A)y| > wlyll,
forall 4 > O and y € : first, fix y € & and note that each 74 (X;)? is a
dissipative operator, since

(1 = %*na(X0)?)y| = (I = Ma(X0) (I + 212 (X0)y| = Iyl

for all A > 0, by conservativity of the operators ng(X;), 1 < k < d. By
a characterization of dissipative operators on Banach spaces, which may be
found on pp. 174 and 175 of [2], if f € & is a tangent functional at y (in
other words, a bounded linear functional such that | f(y)| = || f|l||y[l, where
| £1I denotes the operator norm of f), then Re f (4 (X:)*(y)) < 0, where
1 < k < d. By linearity, Re f(A(y)) < 0, proving that A is a dissipative
operator.

Consequently, assuming the hypotheses of Theorem 3.8, together with
H, = — ZZ:I na(X)? A will_be the generator of a contractive semig-
roup: under the hypothesis that A generates a strongly continuous semig-
roup it follows from the Feller-Miyadera-Phillips Theorem [5, Theorem 3.8,
p. 771, in particular, that Ran(ul — A) = %, for all ;1 > 0 larger than some
w > 0. Therefore, by [5, Proposition 3.14 (ii) and (iv), p. 82], it follows that
Ran(ul — A) = Ran(ul — A) = &, for all > 0. Finally, with the aid of
the Lumer-Phillips Theorem [5, Theorem 3.15, p. 83], one concludes that A
actually generates a contractive semigroup.

Combining Theorem 1.1 with Theorem 3.1 gives the following character-
ization:

THEOREM 3.9 (Exponentiation on Banach spaces). Let (€, || -||) be a Banach
space and (X, §, 1) a representation by closed operators, where & =
(X)1<k<d is an ordered basis of the finite-dimensional real Lie algebra g,
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n(Xy) := By and

e ¢]

Lno = ﬂ(m{Dom[Bi] .o.Bi,...B;]1:1<k<n, 1<i §d});

n=1

note that, by the definition of a representation by closed operators, we are
assuming &~ is a dense subspace of & which is also a core domain for n[g].
Suppose that

Hyi= Y el (XD . g (XO™ . 0, (Xg)™

ala|<m

is an element of U(ng_[al)c of order m > 2 which is strongly elliptic. Then,
the following are equivalent:

(1) (Z~,q,n) exponentiates to a strongly continuous representation
V:G — L (Z) of a simply connected Lie group G, having g as its
Lie algebra, such that AV (X) = n(X)|g,, is the generator of a strongly
continuous one-parameter group, for all X € g.

(2) The operators {n(X)}xeq satisfy (3.1), and — H,, is an infinitesimal pre-
generator of a strongly continuous one-parameter Ssemigroup
S: [0, 00) = L(XL) such that S;[Z] C Lwo, for all t > 0 and further-
more, for each n € N satisfying 0 < n < m — 1, there exists C,, > 0 for

which .
,On(St(y)) < Cptm ”y”,

wheret € (0,1]andy € .

If the operators {1(X)}xeq, above, satisfy the estimates (3.1) with o, = 0
and M, = 1, for all X € g, one obtains an analogous characterization for the
isometric case.
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