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ABSTRACT. With every Lie semi-group, II, possessing certain regularity properties, there
is associated a Lie algebra, A; and with every strongly continuous representation of II in a
Banach space there is associated a representation A(a) of A. Certain theorems regarding
this representation are established.

The above theorems are valid for a representation of a Lie group also. In this case, it
is shown that it is possible to extend the representation to elliptic elements of the universal
enveloping algebra. It is also shown that the representatives of the strongly elliptic elements
of the universal enveloping algebra are the infinitesimal generators of holomorphic semi-
groups. Integral representations of these semi-groups are given.

Introduction

The study of Lie semi-groups and their representations was initiated by E. Hille in [6].
For a survey of the basic problems and results the reader is referred to that paper and to
Chapter XXV of [7]. This thesis is a continuation of work begun there; we summarize briefly
the results it contains.

In Chapter I, the “Dense Graph Theorems” suggested in [6] are proved and it is shown
that linear combinations of the infinitesimal generators form, in the precise sense of Theorems
4 and 6, a representation of a Lie algebra canonically associated with the semi-group.

In Chapter II the study of the infinitesimal generators is continued. For the work of
this chapter it is necessary to assume that the semi-group is a full Lie group. It is shown
(Theorem 7) that the representation of the Lie algebra can be extended, in a natural manner,
to a representation of the elliptic elements of the universal enveloping algebra. Then the
spectral properties of operators corresponding to strongly elliptic elements are discussed; in
particular it is shown (Theorem 8) that they are the infinitesimal generators of semi-groups
holomorphic in a sector of the complex plane. Canonical representations of these semi-groups
as integrals are given in Theorem 9.

The reader interested in other work to which that of Chapter II is related is referred to
9], [13], [19], and a forthcoming paper by E. Nelson ([20] added in revision).

Acknowledgement. The author wishes to thank C. T. Ionescu Tulcea for his advice
and encouragement during the preparation of this dissertation.



Chapter I

1. Lie semi-groups have been defined in [6] and [7]. We shall be concerned with semi-
groups, II, whose underlying topological space is Ef = {(x1,...,2,)|z; >0,i=1,...,n}, a
subset of real Euclidean n-space. We denote the semi-group operation by either F'(p,q) or
poq. The following conditions, numbered as in [7], are supposed satisfied.

P,. F(a,0) = F(0,a)
Ps. F(a,F(b,c)) = F(F(a,b),c)
Ps5. There exists a fixed positive constant B such that for all points aq, as and b in II

max{|F(ar,) — Flaz,b)]. |F(b,ar) — F(b,az)[} < (1+ BJb])|as — a

Ps. There exists a positive, monotone increasing continuous function w(t),0 < t < oo,
tending to zero with ¢ such that

|F(a,b) —a—b] <rw(s), r=min{lal,[b]}, s = [a] + |b]

Pyi. At every point of Ef x E} the n coordinates of F(p,q) have continuous partial
derivatives with respect to the coordinates of p and ¢ up to and including the third
order.

Then, by Theorem 25.3.1 of [7], there is a continuous function f(a) from IT into IT such
that f((p+ o)a) = f(pa) o f(oa) for a € 11, p, o > 0.

Let T'(p) be a representation of II in a Banach space X, which is strongly continuous in
a neighborhood of the origin, then for a € II,p > 0, p — T(f(pa)) is a strongly continuous
one-parameter semi-group. Denote its infinitesimal generator by A(a). In this chapter we
investigate the relations among the A(a) and their adjoints A*(a). For the purposes of
Chapter II, we remark that similar theorems are valid for a representation of a Lie group.

We first construct a common domain for the operators, A(a), a € I, which is large enough

for our purposes. We use the following notation: %I;f (p,q) = F(p, q); %(p, q) = Ft(p,q);

% = FJi(p,q); F;(0,0) — FJ;;(0,0) = ~f5. Observe that F(p,q) may be extended to a
twice continuously differentiable function defined on E,, X EnE| Denote some fixed extension
by F(p,q). Since Fﬁ((),O) = F;’;-(0,0) = (5;-“ (the Kronecker delta), there are open spheres
N1, Ny C N about the origin and three times continuously differentiable functions (g, h)
and x(g,h) defined on N; x Nj such that ¥(0,0) = x(0,0) = 0, F(h,(q, h)) = ¢, and
F(X(q, h),h) = q. Moreover if F(h,p) = q [F(p,h) = q] with p,h € Ny, then ¢ € N; and
¥(q,h) = p [x(q,h) = p]. We may also suppose that all derivatives of ¥(g, h) and x(g, h) up
to the third order are bounded in Ny, that T'(p) is strongly continuous in Ny N 11, and that
det(Ff(p,0)) > 1/2 and det(F%(p,0)) > 1/2 for p in Ny. If N C Ny is an open sphere about

LCf. the construction on page 12 of [12].
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the origin, set
y—/K Qrdg|x € X, K()EC’Q(NHH)}.

Here Cy(N NII) consists of twice continuously differentiable functions which are zero outside
of N NII. We refer the reader to [7] for a proof that E(N) is dense in X.

Proposition 1. Let N3 be an open sphere about the origin with F (N3, N3) C Ny. Ify €
E(N3) then T(p)y is a twice continuously differentiable function of p in N3 NII.

Proof. We understand that some derivatives at the boundary will be one-sided. If y € E(N3)
and e; = (5}, ..., 67) we have, recalling that K(q) is zero outside of N3 NI,

lim s~ (T(p + se;)y — T(p)y)

= lims™! K(q)(T((p+ sej)oq) —T(poq))zdg

s—0 NIl
k

e (e (G

k

0 o ‘
- [t () sy | Glaoa

:/N i(K(w(q,p)) det(%wf(q p)))T(q)wdq

i Op;
since G(q,p, s) converges boundedly to 0 with s. The final integral is a continuous function
of p. In a similar manner we show that it is once continuously differentiable.

r=p+se;

T(q)z dg

r=p

We remark the following formulae, valid for y € E(N3), p € N3N 1I:
0 lims (T(f(s0) — DTy
=lim ™1 (T'(f(sa) o p)y — T(p)y)

s—0

= lim {ZS 1 )op) — zﬂ)%T(P)ers10(|f(8a)op—19|)

which equals

3

n

(1) (- F0.0a) 570

j= =1

So T'(p)y € D(A(a)), and A(a)T(p)y is given by (1.1).

(ii) We observe that T'(p)A(a)y = lin% s (T(po f(sa))y — T(p)y), which equals

n

(12 > (3 . 0) 5Ty

j=1 k=1
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(iii) Setting (F]k(p, 0))_1 = (7}(p)), we have

(1.3) ai Py = ka er)y
) =

BF(p), we have

1

(iv) Setting D7 F](O PV (p

A@AOTEY = Y (3 8w )(ZFJ (0.p)a )8(; T(p)Aler)y.
k

=1

)

(v) () A(a+ by = A(a)y + A(b)y
(B) Alei)Alej)y — Alej) Ales)y = Z%J

For a proof of the latter relation, see [7], page 758.

2. The first theorem is known as a “Dense Graph Theorem” and has been suggested by
E. Hille in [6] and [7].

Theorem 1. Let{ai,...,a,} CII. If Gy is the closure in the product topology on X x...x X
(p+1 factors) of {(x, A(ar)z,. .., Ala,)x) | z € E(N3)} and G = {(z, A(a1)z, ..., A(ay)z) |
x € (V_, D(A(ay))}, then G = Gi.

Proof. Observe that G O (i since an infinitesimal generator is a closed operator. We show
that Go O G. Let {by41,...,b,} be a maximal linearly independent subset of {a1,...,a,}; it
is sufficient to prove the theorem for the former set. Let {by,...,b,} C II be a basis for E,,.
Ift = (t',...,t") € II, set p(t) = f(t*by) o--- o f(t"b,). Then p(t) is a twice continuously
differentiable map of II into IT and may be extended to a twice continuously differentiable
map of £, into E,,. Denote some fixed extension by p(t). The above process is analogous to
the introduction of canonical coordinates of the second kind on a Lie group.

Since g’t’] (0) = b%, p(t) has a twice continuously differentiable inverse defined in a sphere
N, about the origin. We may suppose that F'(Ny, Ny) C N3 and that all derivatives of the
inverse function up to the second order are bounded in Ny. If y € E(N,) and p € Ny NI,
then T'(p)y € E(N3). For y € E(Ny), set

u(y, s) = /R( )S(t)ydt

where s = (s',...,s"), S(t) = T(p(t)), R(s) is the rectangle with sides [0, s’¢;], and R(s) is
contained in the image of N, under the inverse map. By (1.1),

At = [ | ABOS@a = / ch S (e

where (f(t) = > _ I, (0, p(t)) by ng; is once continuously differentiable. Integrate by

parts to obtain
GO aCi
dt' — / LS(t)ydt.
(#,0) R(s) ; ot ( )

L) Ak =3 [ s
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Since the integral of a function with values lying in a closed subspace of a Banach space
is contained in that subspace,

(1.5) (uy. 8), Abr)uly, s), ..., Alba)u(y. s)) € Go.
Since (1.4) is a continuous function of y and E(N,) is dense in X, for any y € X, u(y, s) €
M= D(A(b;)) and (1.4) and (1.5) hold. To complete the proof it is sufficient to show

(1.6) (1711% o "u(y,s(0)) =y

(L.7) lim A(by)o"u(y, 5(0)) = A(be)y

for k2 r+1,y € N1 D(A(br)), and s(o) = (0,...,0). The relation (1.6) is clear; to
prove (1.7) we expand (i(t) in a Taylor’s series and consider

(#,0)
o [ Gty
o0 R(3(0))

dt’
= lim ¢ " / 5o (S, o)y — S(H,0)y) d’
R(38%)

(t,0)
ag—0

+o / 8C’f( 0)S(#,0)y di’
R

sy O
+ ot / (Z o1 %k (0)) (S, o)y — S(#,0)y) dFf
R N ot
= 5 Albily + SE(O)y
provided
(1.8) lim o' (S(t*, o)y — S(t*,0)y) = A(by)y.

o—0

But the left side is Hk ! T(f(t'b;)) applied to

o (T (f(obr))y — y) + (T(f(obs)) (Z ( H T(f (t" b ) (T(f(tibm—y))

i=k+1 m=k+1

and (1.8) follows if we recall that t* < o and that y € D(A(b;)) for i > k > r+ 1. Summing
over i and taking the last term of (1 4) into account we obtain (1.7).

The following theorem is not of so much interest as the one just proved but we want to
use it to establish the analogue of a theorem of [7]. We merely sketch the proof.

Theorem 2. If Fy is the closure in the product topology of {(y,A(e1)y,..., A(en)y,
Alei)Ale)y) | y € E(N3)} and if

F={(y Aler)y,.... Alew)y Ale) Ale;)y) |y € () D(A(e) N D(A(e) Aley)) |-

then F' = Fy.
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Proof. The set F'is closed and thus F' O Fy. We show Fy O F. Taking by = e we use the
notation of the proof of Theorem 1. For y € E(N,),

Al Ales ) = [ | Ale)Ae)S(tar = / 3 84 (0 (SO Aleww) dt

kml

where 0% () = Y7, B¥(p(t)) F} (0, p(t)) %;ﬂ: is once continuously differentiable. Integrating
by parts, we obtain the following relation

(1.9)  Ale) Alej)uly, s) =

(™) i ~ 0,
Z / oy 2 OSOAC] / Z s

Theorem 1 implies that (1.9) holds for y € (;_, D(A(ex)). The proof is now completed as
above.

3. We now consider the adjoints of the infinitesimal generators and prove the correspond-
ing dense graph theorem. If y* € X*, the dual space of X, we denote the value of y* at
y € X by (y,y"). If N C Ny, set

BN =y € X" | (wy') = | (nK(@T"(@)2") da)
I
with z* € X*, K(¢q) € C*(NN1I), and for all y € X. The set E*(N) is dense in X* in the
weak-* topology.
Proposition 2. If y* € E*(N3) then T*(p)y* is twice continuously differentiable in the
weak-x topology, for p in N3 NII.

Proof. We merely sketch the calculations since the proof is essentially the same as that of
Proposition 1.

s [ (0 K@) (T (0 50)) ~ T )T (0)2") do

s—0

—tim s [ (K@) (T (00 (p+ se))a” = T (@)a") do
I
0 o
/szn (y, o ( (x(q.p)) de <an (q,p))>) (q)a* dq
The last integral is again a continuously differentiable function of p.

We remark the following:
(i) If y* € E*(N3) and p € N3 N 1I then

(110)  lim s (y. (T*(/(s0) = DT @)y") = 3 (D Fulp. 0)a” )%(w( ")

s—0

This implies that 7™ (p)y* € D(A*(a)) and that (y, A*(a)T*(p)y") is given by the right
side of (1.10).
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(ii) As in the remarks following Proposition 1 we may show, for y* € E*(N3),
(o) A(a+b)y* = A (a)y” + A*(0)y”

(8) A (e) A*(e;)y" — A%(e;)A*(e)y Z%’?A* ey

Theorem 3. Let {ay,...,a,} C II. If Hy is the closure (in the product of the weak-*
topologies) of{(y*,A*(al)y*, . ,A*(ap)y*) | y* € E*(N3)} and

H={(y, A (a)y", .. A" (ap)y")

DA ) §,

then H = Hy.

Proof. First H O H, since A*(a) is closed in the weak-* topology. We show Hy O H. Let
{b1,...,b,} be a maximal linearly independent subset of {a,...,a,}; it is sufficient to prove

the theorem for the former set. Let {b1,...,b,} be a basis for E,,. Again we use the notation
of the proof of Theorem 1. If y* € E*(N4) define u(y*, s) by

(y,uly™,s)) = /R( ) (y, S*(t)y*) dt

with S*(t) = T*(p(t)). As above
(1.11)  (y, A" (be)uly”, 8))

= S
Z R(sl y7 ( /R(s ; atz ) ) it

with &i(t) = ij L F7(p(1),0) b, 25 As above u(y*, s) € (y_, D(A*(by)) for all y* € X
and A*(bg)y* is given by (1.11). Moreover,
(u(y*, $)A* (by)u(y*, s), ..., A% (b )u(y", s)) € H,.

The proof may be completed as before if we show that
(1.12) lim o~ (y, (S7(E, 0) = S*(",0))y") = (v, A" (bx)y")
for 1<k<r, ¢/ <o,and y* €_, D(A*(bi)). But the expression on the left equals

tl 'L)

(TT 70@)e o) - o)

j=k+1

k=1 k-
3 H T(F(t" b)) (T(f (b)) H T(f(t90))y, 0~ (T (F(E0:) = D)y"),

=1 m=i+1 Jj=k+1
2) follows since, see [11], o~ (T*(f(t'b;)) — I)y* is uniformly bounded and

and (1.1
o (T*(f(obk)) — I)y* converges in the weak-* topology to A*(by)y*
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4. Ifa=(a',...,a") € E, then A(a) = Y7, &/ A(e;)y is defined for y € E(N3). By the
remarks after Proposition 2, £*(N3) is contained in the domain of its adjoint so that A(a)
has a least closed extension which we again denote by A(a). By Theorem 1, this notation is

consistent with that used previously for a in II.

Lemma 1. The operator A*(a), the adjoint of A(a), is the weak-+ closure of 37, a’ A*(e;)
with domain E*(N3).

Proof. Suppose (y,z}) = (A(a)y,z3) for all y € E(N3). Then, using Theorem 1 and the
notation of its proof with b; = e;, for y € X

o " / (S(t)y, =*) dt
R(s(0))

LGS0y 3)

(tho) . 8CZ
dt' — t dt
(#.0) /R(s) ( 2 Ay )y’%) ]

lim J"Zaj/ B (y, (S*(¥,0) — S*(7,0))z2)dt? = (y, 7).

Then using (1.11), we obtain

n

(1.13) limo™" (y, Z al A*(ej)u(s, s(a))) = (y, 7).

o—0
Jj=1

Theorem 3 implies that u(z3}, (o)) is in the domain of the weak-* closure of >y @l A¥(ey)
and (1.13) then shows that x3 is also.

By Theorem 25.8.1 of [7] the %kj, as defined in Paragraph 1, may be used as the structural
constants of a Lie algebra A over F,. Denoting the Lie product, in this algebra, of a and b
by [a,b], we have [a,b]" = 37" ~f a’b/. We can now prove the following theorem.

Theorem 4.

I The function a — A(a) defined on A has the properties
(i) If x € D(A(a)) N D(A(b)) then x € D(A(sa+tb)) and A(sa + tb)x = sA(a)z +
tA(B)z.
(it) If = € D(A(a)A(b)) N D(A(b)A(a)) then = € D(A([a,b])) and A([a, b))z =
A(a)A(b)x — A(b)A(a)x.
II. The function a — A*(a) has the properties
(i) If z* € D(A*(a)) N D(A*(b)) then z* € D(A*([sa + tb])) and A*([sa + tb])z* =
sA*(a)x* 4+ tA*(b)z*.
(i1) If x* € D(A*( )A*(b))ﬂD(A*(b)A*(a)) then z* € D(A*([a,b])) and A*([a,b])z* =
A () A*(a)a" — A*(a)A* (b)a”

Proof. If € D(A(a)) N D(A(b)) there is a sequence {z,} C E(Nj) such that z, —
z, A(a)z, — A(a)z and A(b)z, — A(b)z; but then, using formula () on page [3| A(sa +
th)x, = sA(a)x, + tA(b)x, — sA(a)x + tA(b)x. Since A(sa + tb) is a closed operator,
z € D(A(sa+ th)) and A(sa + tb)x = sA(a)x + tA(b)x.
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If 2 € D(A(a)A(b)) N D(A(b)A(a)), then for z € E*(Nj3)

(A(a)A(b)z — A(b)A(a)z,2*) = (z, A*(b)A*(a)z* — A*(a)A*(b)z").

So, using formula (3’) on page [6]
(1.14) (A(a)A(b)z — A(b)A(a)z, z*) = (x, A*([a, b])z*).
The lemma implies that (1.14) holds for z* € D(A*([a,b])). In other words, the vector
u = (A(a)A(b)z — A(b)A(a)z,z) in X ® X is annihilated by the annihilator of the subspace
U = {(Alla.8)y. ) | v € D(A(la.b])}. Sou € U, or = € D(A([a,8])) and A(fa, )z =
A(a)A(b)x — A(b)A(a)xz. The remainder of the theorem is proved in a similar manner.

Recalling that if a sequence of once continuously differentiable functions and the se-
quences of first order derivatives converge uniformly on some domain then the limit function

is once continuously differentiable and its partial derivatives are the limits of the sequences
of partial derivatives, we have, using (1.3) and Theorem 1, the following result.

Theorem 5. If y € ﬂ?le(A(ej)) then T(p)y is once continuously differentiable in a

neighborhood in 11, of the origin and (1.3) holds. Consequently, T(p)y € D(A(a)) fora € E,
and p in this neighborhood and (1.1) and (1.2) hold for a € 11.

The following theorem, analogous to Theorem 10.9.4 of [7], is an immediate consequence
of Theorem 2.

Theorem 6. Ify € (;_, D(A(ex)) N D(A(e;)A(e;)) theny € D(A(e;)A(e;)).

The only properties of E(N3) used in the proof of Theorem 1 were that T'(p)E(N,) C
E(N3) for p in a neighborhood of the origin, that F(N;) was dense in X, and that equation
(1.1) was valid. Thus, using Theorem 5, we could repeat the proof of Theorem 1 to obtain

Theorem 1'. Let FF C E C X be two dense subspaces of X contained in (),c D(A(a)) and
let T(p)F C E for p in a neighborhood of the origin, then Theorem 1 is valid with FE(N3)
replaced by E.

In the next chapter we shall consider strongly continuous representations of Lie groups
only. The group will be denoted by G and its Lie algebra by A. A little care is necessary
in the definition of A in order that the formulae above remain valid. We take A to be
an algebra isomorphic to the algebra of left-invariant infinitesimal transformations with the
multiplication XY — Y X (cf. [2]). Then if e(a) denotes the exponential map of A into
G, and the representation is T'(p), A(a) is the infinitesimal generator of the one parameter
group T' (e(ta)). With a we associate the following left- and right-invariant infinitesimal
transformations

Lof(p) =limt~' (f(pe(ta)) — f(p))
Raf(p) =limt™(f(e(~ta) p) — f(p))-

These mappings are isomorphisms of the Lie algebras involved. Formulae (1.1) and (1.2)
may now be written very simply.

(1.1) A(a)T (p)
(1.2) T(p)A(a)

—R.T(p)y;

y
y = LT (p)y.
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The adjoint representation p — doy, of G is defined in [2]. With respect to a fixed basis

{ei,...,en} of Alet the matrix of the representation be (a’(p)) so that day,( > alej) =

Sy (D07, ad(p)a?)e;. We state formally the following simple lemma.
Lemma 2. If z € D(A(a)), then T(p)x € D(A(doy,(a))) and
(1.15) A(day(a))T(p)x =T (p)A(a)x.
Proof. Note that € D(A(a)) if and only if
g% t7 (T(e(ta))z — ) = Aa)x

exists, or
P_{% t'T(p)(T(e(ta))z — ) = T(p)A(a)z
exists, or
lim t ™17 (p) (T (e(ta)) — I)T(p~ )T (p)x = lim ¢t~ T (e (tday(a))) T (p)z — T(p)a

= A(dap(a))T(p)m
exists. This proves the lemma.

We may write (1.15) as A(doy,(a))z = T(p)A(a)T(p~")z. Formula (1.15) is implicit in
formulae (1.1), (1.2), and (1.3).

Using the basis of A previously introduced we set A; = A(e;). If {X;},i=1,...,n,isa
set of n indeterminates and a = (ay, ..., ay,), is an m-tuple of integers 1 < «; < n, we write
Xo = Xoy Xay -+ Xa,,- The absolute value || of «v is equal to m. This notation is slightly
unorthodox but it is necessary to allow for the fact that the A;’s do not commute. We shall
be interested in forms 7, ,, aaAq in the set {A;}.

Let E be the set of vectors y in X which can be written in the form

WjLK@W@MM@)

with p a left-invariant Haar measure, x in X, and K (p) an infinitely differentiable function
with compact support in GG. The set E satisfies the conditions of Theorem 1’. Similarly E*
is the set of y* in X* such that for x € X

@m:LK@@W®MMM-

With any form Z|a|<m a, X, we may associate the operator By, with domain F, de-
fined by Bor = Z\al <m GaAar and the operator B, with domain E*, defined by Bjz*
= Z|a|<m ag AL a*. If o= (on, ..., o)) then o = (o), ..., ).

The following simple proposition is of some interest. A special case has been considered
in [17].

Proposition 3. If, for x in E, BiT(p)x = T(p)Box, then the adjoint of By is the weak-x
closure of Bj.

Proof. Suppose that for all x in E

(B().T, (L’T) - (SL’, LL’;)
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Then, for z in F,
(/GK(P)T(P)x,x§>M(dP) = / K(p)BOT(p)x,u(dp)’x’lﬂ>

- / K (p)T(p)Bozu(dp), x1>

We may write this as

(o [ KT Graiutan)) = (.55 | KT Grain(an)

The integrals in the final formula are taken in the weak-* topology. We now let K(p) ap-
proach the 6 function and obtain [, K (p)T*(p)zip(dp) — =} and B [, K (p)T*(p)xiu(dp) =
Jo K (p)z3p(dp) — a3 in the Weak—* topology.



Chapter II

1. Before proving the principal theorems of this chapter we must establish some estimates
for the fundamental solutions of strongly elliptic differential equations and a differentiability
property of weak solutions of elliptic equations. The estimates are deduced from familiar
ones for the fundamental solutions of parabolic equations (cf. [3], [15], [18]). Since we are
unable to refer the reader to complete proofs of the latter estimates we establish them below.
Although the required property of weak solutions of elliptic equations is known (cf. [1]) we
have included a proof.

2. A differential operator, Zlal <m(—i)‘”"aa{;%, with constant coefficients, is called strongly
elliptic if for any real n-vector £, Re(3,,_,, aal®) = p[¢[™, with a fixed p > 0. A funda-

mental solution for the operator ngm(—i)'a‘aa%—aa + Ais

1

~ ix-€ a -1
G(ZL‘, )\) (27T)” /En e (Z|a|<maa§ + )‘) dg.
If )

g(.’lf,t) = (27-‘-)n /n 6136{ eXp (_tZ‘aKmaaga) df
then

G(x,)\):/ e Mg(w,t)dt.
0

This is a basic observation since it allows us to obtain estimates for G(z, A) from those for
g(z,t).

We shall be interested in the case that a, = a,(y), |a| < m, depends on a parameter, vy,
varying in a region, U, of n-dimensional real space. We shall suppose that a,(y), |a| < m,
is m times continuously differentiable in U and that, in U,

: a7
(i) 5,70 W)| <Ml <m,

(i) Re{}|ammaa(®)€} = plE]™

We want to estimate the mixed partial derivatives of g(x,y,t) and G(z,y, A) up to the
order m. We notice that, for ¢ > 0,

o7 85 £ 1 Bl ¢B ix-E " o M Nd
5y 927 1) = /E €7 exp (—t Pjojama€™) My (€, 1) d
—1 q m _ix- o

- (27r)”t|ﬁ|/m/E I 0 exp (—t 370 cm@ad®) M, (€, 1) dE

and that the integrand in the final integral (with the factor ¢ removed) as a function
of the complex n-vector & = o1 + 0 + i7,01,0 and 7 real, is dominated by an expression

11
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cre~Plol™teartlotir™ pazt when |y 4+ B| < m. The constants ¢, p1,ay, az depend on n,m, M,
and p only. Consequently

3_’“{§Bt|ﬁ/m exp (= D 0 jem@al”) My (&, 1) H

Ogf
= i B|Bl/m <D (— a s
— ‘(zﬂ)n /Kl_&lr dG /cn—snu an{C tPT exp (=1 3 4 em@a€™) My (G, 1) /1‘[(4“z gl)}‘

Here and in the following all constants, unless the contrary is mentioned, depend only on
n,m, M, and p. Since r, in the above inequality, is arbitrary we choose it to be (k/t)"/™ and
obtain
ok L my (T
‘a—g{g}t'ﬁ/m exp (—t - 01 <m@al”) Mv(f,t)}‘ < ey i ket eIl t(E) :
Then
o 0° = o 9
2k 2%k—1 2k
|| =—=—= g(x, ,t‘<n < x)‘—— z, ,t‘
2|57 505 9(@:9:8)| < 2_7) |5y agp 9@ 9,0

n?1 ] ~ O 1 a8y i€
= ’—WW[EHE@{“ XD (1 ) My (&) 7 de|

(27

<c ﬁ(c )2k<2k)l<i>2k/m e~ PilEl™t d¢
= B m S \2k B

€a2t

S CT A m
If |z|/(cet)"/™ > 2, set

(CGt)Zk/m(Qk)2k(m7*1)+1/2672k'

1 m/(m—1)
P
2 (C6t)1/m—1

aot o] |

6— _pQ(tl/m
<x’y’t>‘ S Oy Gaanm

to obtain

o o8
By 027!
If |2| < 2(cgt)'/™, then

o 0P g2t
oy 028 Q(I7Z/7t)‘ < O o
Now we observe that
Re {e (X 412ma(¥)a) } = (pcosp — ksinp)[¢]™.
So there exist ¢y and ¢y with —7/2 < ¢ < 0 < ¢o < 7/2 such that, for ¢; < ¢ < o,
Re {e(3 0 1mma(®)éa) } = (p/2)[€]™.

Consequently we have proved

Lemma 3. Let all the above conditions be fulfilled. Then, for ¢; < argt < ¢o and |y + 5| <
m, the following inequalities are valid.
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(i) If [x|/[t]™ = by, then
8’7 65 6b3|t\ —ps(

(it) If || /[t]/™ < b1, then

o 98 ebslt]
meg(%y,t)‘ SRS
The constants by, by depend only on n,m,p, and M.

As a consequence, if |y + 3| < m then

o P ba|t| 1
U t o—z|<ba et/ [t]
lz—2z
)

9y 0P 9(x — z,y,1)
b b3‘t| / e_pl(ml/m d
+ b= ——— azx

ebsltl

< bre—
S bs |¢[181/m

y=z

—1

Let S be the sector in the complex plane defined by
S = {z | Re (2¢'*) < by and Re (2¢'%?) < bs}.

If \is not in S we can find a ¢, ¢; < ¢ < @9, such that Re (Ae™?) —bs = p(A, S), the distance
from A to S.

Lemma 4. If X\ is not in S, then for || < m and |y + 5| < m

o 98 C
— - A dr < ———+—.
oy o0 G(x — 2,v, )y:w T < g
Proof. Choose ¢ as above; then
o 8 e’ oo g o8
__G o -t t
e G| _Ja< [ [ e |2t st

o~ (Re(Aei®)—bs)t
Sbs /0 MEEa—

< ¢ < ¢
= (Re(Nei®) — by)1II/m =y q)1-1Bl/m”

We must now estimate %% G(x — z,y,\) pointwise for |z| < R,R > 0. Choose ¢ as
above; then

o7 85 ; 6_(Re(’\6w)_b3)td
S —————dt
! /lx—z|<b1t1/m tn+IBl)/m

_—G( — 2,9, )\)
+b M ex (_ (\x—zy>mm>dt
’ omzfsbygt/m  tFIBD/m P\ =P\ “ijm

oy Oxb
= b4[1 -+ bQIQ.

y=z
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We estimate the two terms separately for Re (Ae??) — by = w > dp > 0. For simplicity we
replace © — 2z by x.

(i) 0 < 6 < |z| < R. Then, changing variables t — ¢t + (|x|/b1)™, one has

m & m —(n+[B])/m
I; <exp < - w<m> ) / e vt <M> + t‘ dt
b]_ 0

by
< exp ( — w(%)”) M (69,01, R).
(ii) |z| < 1. Then

[ R S
LS g (ol BTN

x|/b1)
c1 + colz|™ B i m —n — |8 # 0
c1 + co|log |z| | ifm—n—|p8=0.

We remark that, for || =m —1,m —n — |5 =1—n =0 only if n = 1, in which case

%%G(m — 2,9, A)|y=z| < C(A) for |z — 2| < 6;. This is a simple fact about Fourier

transforms in one variable and we do not prove it.

(iii) 0 < §; = |z| < R. Then, changing variables t — ¢/w, one has

wllal /o™ gt —
L=w ! A L
0 tl

18D /m
ntigl_, [ et e elel™ ey nti8l
sw 1/0 Wepg( i) dt <w T+ o}
where
[e’s) eft
= /(wla:m)ﬁz t(n—Hm)/mdt

1 o0 6_t 1
< e‘““"w'/ . dt < c;;e‘wmh:l
0 (w%‘ﬂ + t)(n+|5|)/m

by a change of variables ¢ — ¢ 4w |z|. Moreover

1
o™ gt .
_ —pa(&lz™y T
S = /0 friam € dat

< (]~ /00 | s T Dy

()

oo
_(n+]B) _ _1y((ntlBD _
< C4<W|I’|m)1 - e pguu(m (5 2)+m 2 du
1
wm |z|

1
< o5 e P IR (w]a ™) 4 (w]a ™))

The first estimate follows by a change of variables ¢t — s = w|x|™/t. Then the second
follows by setting s = u™~!. The extra factor 1/2 in the exponential in the last line is
added so that the remaining part of the exponential in the integral ensures convergence
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at infinity.

(iv) |z| < 1. Then
e [ i
0

t(n+lB))/m

bs _ 1/(m-1)

m—n— eXp( p3/t ) m—n—

=l / o A < eolal ™
0

The estimates are precise enough for our purposes. All we need is that G(z — z,x, \)
goes to zero uniformly as w increases provided |z — z| remains between two fixed positive
constants and that the derivatives of order m — 1 go to infinity like |z — z|'*™" as |z — z| goes
to zero.

3. The differential operator, Z|a|:m aaa‘zc—aa, with constant coefficients, is elliptic if Q(§) =
Z‘M:m ao&* # 0 for any real n-vector £&. F. John, in [10], has constructed fundamental
solutions for such differential operators. These are, for n, the number of variables, odd and
even respectively,

de

_ 1 w1 [ (2= y) " s (2 —y) - €)
@1 K- = ooy A /Qg Q&)

-1 n/z/ ((z—y)- )" log|(x —y) - |
(2mi) m! % o, Q(S)

where )¢ is the unit sphere and A is the Laplacian. Actually John was concerned only
with the case that the coefficients are real; however, a repetition of his argument shows
that (2.1) and (2.2) are fundamental solutions when the coefficients are complex. In order

to use these fundamental solutions we must perform the indicated differentiations. Let
Lij = Iﬁ% — SL}%, then
J 1

1l =, n—10 O

(2.2) K(x—vy) = dwe

ij=1
(2:4) Oxy 212 ij:l( ki ki) Lig + r Or

With a suitable skew-symmetric matrix, A;;,

Ly [ ote-0r@ds=timg | [ oo r@ane— [

t—0 Qe

gz - (9 dwf}

t—0 t

— iy | Sl QU0 SO} g

- / gz - €) Ly F(€) de.
L2
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Of course, in the last integrand, x has been replaced by & in the operator L;;. Setting 7 = &

]
we have for n odd

(2.5) K(z)= 4(27?2’)”—1(771 —) e /Q5 (Z- &)™ 'sgn (7 - ) {C];((g))}” dws.

Here P(£) is a polynomial in €. A similar formula is valid for n even. We may also show
that, for n odd,

ﬁ _ 1 m—n—|a/ ~ o eym—1 (I‘ 5)

5 ) = T =1y " o (- &)™ sen (- &) erreyarial
where P(Z,¢) is a polynomial in Z and £. Again, a similar formula is valid for n even. For
T #0, 2 0=m a2z K (x) = 0. If ¢(y) is an infinitely differentiable function with compact
support and ¢(z) = 1 in a neighborhood of 0, then (cf. page 57 of [10])

dCL)g,

1= (0) = Enkx—x>§j(m§§wx@
= lim1 { Z Ao, (ﬁK> (—z)xq,, }g@(m) dw
0 = | S22, Ozt el
with & = (a1, ..., q-1); OF
(2.6) 1= lim1 Z Ao (ﬁK> (—z)x,,, dw.
=0 € Jiplee i folne |

Moreover, (2.6) is valid for the fundamental solutions discussed in Paragraph 1.

We can now prove the lemma of this paragraph. We consider a differential operator
B =3 1<cm talz )2 which is defined and uniformly elliptic in a domain V' of Euclidean
n-space; that is, for any real n-vector { and any = € V[, _,, da( )EF| > plé|™ with some
fixed constant p > 0. We suppose that a,(z) is |a|-times continuously differentiable in V
and that its derivatives up to the |a|-th order are bounded in V. The set C'°(V') consists of
infinitely differentiable functions with compact support in V. Then we have:

Lemma 5. Suppose u(x) and f(x) are two continuous functions in V' such that

2.7) mewwm:/ﬂnmwx

1%
for all functions ¢ in C°(V). Then u(z) is (m — 1)-times continuously differentiable in V
and the modulus of continuity of any (m — 1)-th order derivative is O(dlog1/d) uniformly
in any compact subset U of V.

Proof. By the usual arguments it can be shown that (2.7) holds for ¢(x) m-times continu-
ously differentiable with compact support in V. Let K(z — z,y) be the fundamental solution
of the operator >, _,, aa(y)Z=; let 1(y) be infinitely differentiable with compact support
in V and be identically 1 in a neighborhood W of y. Let jr(y) be infinitely differentiable;
Jr(y) = 0; fE Jk(y)dy = 1; and ji(y) = 0 if |y| > % Then, for large k, (2.7) is valid with

o(y) = / Jkly — 2)Y(2)K(x — z,y) dz.
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We calculate

= [0 3 et (il = ) vl K e = 2

|laf=m
o«

+> > / Y)ikly — = 0za1{¢ 6y:2 K(z —zy)}dz.

|al<m a1+a2 «
a1 <m

With our unorthodox notation the symbol oy + as = « is a little difficult to explain. It
means that a; and as are subsequences of the sequence o whose union exhausts . Integrate
the first term by parts to obtain

—lim /|a:—z|s > aa()inly - Z)g—;K(w -z, y)M dw

e—0 |z — 2|
|a)|=m
aa
e R
4 . o
—i=0)+ [ al=2) Y el 0GR =) d-

|laf=m

Substituting these formulae into (2.7) and letting k& — oo we obtain, for z € W,

- / B K (@ — y,y)f (y) dy
u(y) dy

28) /‘/WZaa { g z)K(m—z,y)} Z:y
=Y Y [ab{jave k-

la|l<m a1to=a
‘Oq <m

u(y) dy.

zZ=Yy

We use this representation of u(z) to prove the lemma. We first show that if w(d) is the
modulus of continuity, in a compact subset of W, of a typical term of the right hand side,
as a function of z, then w(d) = O(dlog1/§). This is obvious for the second term since it is
an infinitely differentiable function of x. The only terms which give trouble are those which
contain derivatives of K, with respect to z, of order m — 1. Consider then

L) = [ wan) o G g Ko =200}

with |ae| = m — 1. We estimate L(z + w) — L(z), which is

dy

z=y

lo%1 aag a3 aOJQ 8063
/ u(y+x)aa(y+x)ayalw(y—i—x){azw g KW=y 0) = s

K(—y,y+x)} dy.
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We remark that aaa22 giﬁ; K(w—y,y+x)is 8an gafg K(x1— 21,91) evaluated at x; — 21 =
w —y and y; = y + x. This notation is perhaps a little confusing; but it is desirable to
keep the number of letters and subscripts introduced to a minimum. Also K(w — y,y + x)
is defined only for y 4+ x € V; but since we are multiplying by a derivative of ¢ (y + ) there
is no difficulty in taking the integral over F,,. Now
0% g
022 Qy°s

K(w—y.y+2)=ly—w™" / (@ "y OP(w p by + o)

=ly—w|'""Gw—y,y+x).

Observe that G(w — y,y + ) is once continuously differentiable, with respect to w, when

w # y and
K

lw — y|

Gw—y,y+z)| <

fory+azin V.
Write L(x +w) — L(x) as

[e3}

/n u(y + x)aq(y + x>aya1 Yy + :v){

G(w—y,y+l‘)—G(—y,y+x)}dy

ly|"—?
[e3]

[ty 2oty o) gty Gl =yt o) iy —

ly —w[=t |yt

=I5 + I,.

If |w| is small enough

TAS / + /
ly|<|w]|log 1/|w] ly|=|w]|log 1/]w|

<O(|w|log1/|w|)+Kl/ IG(w —y,y + 1) — G(—y,y + )]

n—1
R>|y|>|w|log 1/|w| |y|

dy.

The integrand in the second term is dominated by
Kol K ol _ Kojul
n—1 n = n
"ty — fwl =yl 15— 2= T [yl
where 0 < 6 < 1. Integrating

L= o(|w|1ogﬁ) (leog <\ e |l|>)

1
- O('w'logm)
1 1

[I5] < K2/ — = T
N wi<r |y —w|™=t Jy|n!

1
=0 (|w| log m) :

Tl

and

dy
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If m = 1, there is nothing more to prove. We suppose m > 1. Now we observe that the
equations S 5
o7 19 2+y
W a_mK(w ] ; 8251 ay52+7K< _yay)
=3
allow us to replace, in (2.8), partial derivatives of K (xz —y,y) by sums of total derivatives of
terms 5’ 2_K(x —y,y). To avoid confusion, we explain this in detail.

Until now we have when differentiating the function K = K(x — z,y) regarded it as a
function of the three variables x,y, and z and only after taking derivatives have we substi-
tuted y for z. However, in the following it will be necessary to integrate by parts. To do this
it is necessary to replace the function

9% o

@a—mK (z = 29)
by partial derivatives of some function of y. The above formula is the means to do this. The
right hand side is obtained by takmg I of K(x — 2,y); setting z = y; and then taking %
of the resulting function of x and y. We have indicated this by writing the sign for a total
derivative.

We wish to invoke the lemmas of E. Hopf [8]. First we must observe that if we replace
u(y) by 1 in the terms of (2.8) containing partial derivatives of K (z — z,y) with respect to
z of order m — 1 we may replace partial derivatives by total derivatives and integrate by
parts, for the a,(y) involved in these expressions will be once continuously differentiable.
This lowers the order of the singularity of the integrand so that we may now differentiate
with respect to x to obtain a continuous function. The lemmas just mentioned now imply
that u(x) is once continuously differentiable in a neighborhood of U.

Now that we know u(x) is once continuously differentiable in a neighborhood of U we
return to the expression (2.8). We replace 1 (y), which has served its purpose, by another
infinitely differentiable function which has its support in a neighborhood of U in which we
know u(x) to be once continuously differentiable. We write all partial derivatives as sums of
total derivatives; integrate those terms involving total derivatives of order m — 1 by parts;
and then take the derivative, with respect to x, of the integrand in every integral on the
right hand side of (2.8). This gives us an expression similar to (2.8) for u/(z). The lemma
is now established by induction. It is only necessary to observe that the derivatives of the
coefficients and of K (z — z,y), with respect to y, which are taken in the proof all exist. For
the purposes of this thesis it may be assumed that the coefficients are infinitely differentiable;
then this difficulty does not arise.

Z=Y

4. We return now to the study of representations of Lie groups. We use the same notation
as before. Set
We={reX|ze [\ DAa).. Alw))}

at,...,a €A

={areX |zre (] DA (a).. . Aa))}.
at,...,ap€A
In analogy to the terminology in the theory of partial differential equations, we call the form
Z\al <m GaXq elliptic if when we substitute a real non-zero n-vector § for X, E‘M:m an€n # 0.

We proceed as in Chapter 1, page 11. With an elliptic form, Z|a\ <m @aXa, We associate the

and set



20 CHAPTER II

operator By with domain W,,, defined by Byx = Zla\ <m aoAqx. We shall need to consider
also the operator Bj, with domain W}, defined by Bjz* = ngm aqAl.x*. Since the
domain of By is dense and that of Bj is dense in the weak-* topology and since they are
adjoint, the closure B and the weak-* closure B*, of By and B, respectively, are well defined.
The following theorem shows this notation to be justified.

Theorem 7. The operator B* is the adjoint of B.

Proof. Suppose that for all x € W,,
< Z aaAax,m*O = (z,x3).
|a|<m

We shall show that =7 € W} _;. Let p be a left-invariant Haar measure on G and set
R; = R(ez) If K(p) is infinitely dlfferentlable with compact support in G,

Y aads /K xudp} /{ZaaRK }()x,u(dp).

laf<m laj<m

Consequently

|3 aRaK @) (T @), at)utdp) = | Ko) (T)e.a3)utdp)

|a)]<m

Let {t;} be an analytic coordinate system of the second kind [14] corresponding to the basis
{e;}, in a neighborhood V' of the identity; then, assuming that K has support in V|

[ {3 00 5 ) o) et POyt = [ K G0, 5) F) dr
V' Jajsm v

61% is
elliptic in a neighborhood U C V' of the origin since b,(0) = a,. It is then a consequence
of Lemma 5 that (T'(p)z,z7}) is (m — 1)-times continuously differentiable. This implies that
7 € Wiy ITw € Wiy, (2,23) = 3 01cm @A, 27) = 37410 @alAa, T, Aj.27). Since

E C W,,, Theorem 1’ implies that
(2.9) (@, 23) = Y a(Aq, 2, ALea?)

laf<m

Here F'(t) and bo(t) are analytic functions; F'(t) is nowhere zero; and ., ba(t) o

for all z € Wy. Since {t;} is a canonical coordinate system of the second kind we may infer
as in the proof of Theorem 1 that fR(S(U)) S(t)xdt is in Wy for all z € X. The notation is

the same as in the proof of that theorem; in particular, S(¢) = T'(p(t)). Also
Ai/ S(t)xdt = / S(t, o)r — S(t',0)z dt* + G(o)
R(s) R(8Y)
with lim, 0 G(0)/c™ = 0. Then, using (2.9),

1 o o * @ Gl
hm{ Z aa / ) S(t o g)[p—S(t ol 0), A *xl)dt ol (o )} _

on

lim —n/ (S(t)z, x3) dt.
R(s)
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G1(0

Here — 0 as 0 — 0 for all x € X. Consequently

(2.10) (175%5 > aa/

|a|<m

(S(Ewl, o) — S(Eel, 0y Arajdivwel ) = (z,73).

5%lal)

Now fR(s) S*(t)z; dt (the integral is taken in the weak-* topology) is in W} ; and by Lemma
2 and formula (1.2") we have, for z € W,

/ (Agy - Aay, 2, 5% (8)2]) dt = / (S(t) Ay ... Au, i, 2])
R(s) R(s)

/ Z Cap(t)(AgS(t)x, x7) dt
R(s)

|Bl=lal
/ S cast)(Ag, S(t)a, A3at) dt
) 181=lal
:/R(s |ﬁ|2:|ca6 Z%Wat e, Aj.2i) dt.

We may choose the c,3(t) 50 that caz(0) = 0 unless o = § and caq(0) = 1. Also ¢7(0) = §7.
Integrate by parts to obtain

/ (S0, o)z — S(E0l,0)z, ALuz) diel + G (o, ).
R(5%al)

We observe that Go(o,z) is a linear function of & which is uniformly bounded as ¢ — 0.
Since it clearly converges to 0 for x € W,,, it converges to 0 for all . Consequently, summing
over a and using (2.10),

lim (x, aaAZ*/ S*(t)x] dt) = (x,x5).
lye 3 aode [0t = @123

This completes the proof of the theorem.
The form Z\al <m GaTq 18 called strongly elliptic if

Re {Z\od:m aaga} > P |§|m’ P > 07

for any real n-vector £. Let zlal <m @aTo be strongly elliptic and let B be the operator

associated, by the previous theorem, to the form —3, em(—1)*a,z,. Then we have the
following theorem.

Theorem 8. The operator B is the infinitesimal generator of a semi-group, U(t), of class

H(¢1, ¢2) [7].
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Proof. If x € W, and ) is a complex number

(Bz — Az, T*(p)z*) = (— Z (=) agAgx — Az, T*(p)z*)

laj<m

== (=) lag (T(p) ez, 2") = N(T(p)z, %)
laj<m

== > (=)aeLa(T(p)a,a*) = \(T(p)z, ")
la<m

where L, is the product of the left-invariant infinitesimal transformations defined in Chap-
ter 1, page 10. Let ¢ = (¢1,...,t,) be a canonical coordinate system of say, the first kind
associated with {ej,...,e,}, in a neighborhood V' of the identity and let

i)l oy, ()2
_Z aaL __Z( )‘|b()ata
la|<m lo|<m
in this coordinate system. Since we may choose the b,(t) in such a manner that b,(0) =
aq, the right hand side is uniformly strongly elliptic in a nelghborhood U cCVof 0. Let
K(s—t,r,\) be the fundamental solution of ngm(—i)'a'b (r)£= + A considered in Section
1. We have established estimates for K(s — t,r, \) for p(A,S) > ¢ > 0, with S a certain
sector in the complex plane. Let (t) be an infinitely differentiable function with support in
U and with ¢(t) = 1 if |[t| < d; for some small ¢;. Then, if |s| < §;/2,

/go(t)K(s —t,t,\) (Bx — Az, S*(t)z*) dt
= —/Uw)K(s —t,M){ D (=) by (¢ )37 +)\}(:c, S*(t)x*) dt

|a)<m
(S - t)a‘cd

|s =]

= —lim > (=il ba(t)%K(s — 1,1, \) (z, S*(t)x") dw

e—0 _
|s—t|=e laj<m

_ / s QO(t) Z (—i)|a|ba<t)%K(5 _ t7t7)‘)<=r75*(t>x*> gt

|a|<m

0°s 8a2 o™
- ol B . .
S [ b T k(s - 1), 8" (0

|a|<m e@1togtag=a
lap[<|el

= —lim Z (—i)“ba(s);—ZK( —t,s A)—( Do

e—0 ‘37t|=6 S |S - tl

(z, S*(t)z*) dw — - - -

|a|<m

—(z, 5" (x)z*) — -
where, in the third line, we have used (2.6). Here, as before, S*(t) = T* (p(t)). Also we have
used our usual convention regarding partial derivatives of the function K (s —¢,r, \). Since

|ba(s) — ()|<M0|s—t| and

oa M
t,S,A)—as K( tt)\) W,

) 850‘
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we could replace s by ¢ in the appropriate places in the surface integral. We now set s = 0,
choose an z* such that ||z*|| = 1, (z, 2*) = ||z||, and make use of the estimates of Paragraph 2

to obtain N H H N H H

T 3l|lx
Bx — \x|| = ||z|| — 2 — .
| | d p()\,S) p()\,S)l/m

Ny

p(A, S)
Consequently, for p(A,S) > Ny,

N5
p(A, S)
This inequality remains valid for x € D(B). For z* € W, consider

(T(p)z, B z* — Az*) = (T(p)z, — Z (—i)lelag A%, a* — Az*)

la|<m

= — Z i1 ag Ry (T(p)z,z*) — M(T(p)z, z*).

laf<m

]l < 1Bz — Az|.

Change into local coordinates and perform the same calculations as above to obtain
(2.11) / PO E (s — .8, V) (S(t)a, B'a* — Aa®) dt = —(S(s)z,a") — - - -
U1

By the proof of the previous theorem, if * € D(B*) we can choose a sequence {z}} € W
such that (z,2}) — (z,2*) and (x, B*z}) — (x, B*z*) for all x € X. By the principle of
uniform boundedness, ||z} || and ||B*z} || are uniformly bounded. Consequently, for ¢t € Uy,
one deduces that (S(t)z, B*z} — Az},) — (S(t)z, B*z* — A\z*) boundedly and (S(t)z,z}) —
(S (t):v,m*) boundedly. The dominated convergence theorem now allows us to assert the
validity of (2.11) for all * € D(B*). Now, given an z* € D(B*), we choose an z € X such
that ||z|| < 1, (z,2%) > ||2*]|/2, and set s = 0 in (2.11) to obtain the inequality
Ni lefl Ny Ny .
o0\, 5 TN L e T

Here we make use of the estimates for the function K;(s—t,r, A) established in Paragraph 2.
Consequently, for p(A, S") > Ny,

1B 2" = Az =

N
p(A, ")
Thus the resolvent R(A, B) exists for p(\,S") > Nj and ||[R(\, B)|| < N5 if p(\,S) > Ny.
The theorem is now a consequence of Theorem 12.8.1 of [7].

[E|IS 1B 2" = Az”.

5. In this paragraph the strongly elliptic form Z\al <m @aTo Will be fixed. We denote the
operator associated with — Z|a|<m(—i)‘“|aaxa by B and the semi-group it generates by U (t).
Since the space X on which the group G acts will vary in the course of the proof, we shall
specify the space by writing B(X) and U(t, X)) when there is a danger of confusion.

Let u be left-invariant Haar measure on G and let L;(u) be the Banach space of func-
tions on G integrable with respect to u. Two representations of G in L;i(u) of particular
interest are (L(p)f)(q) = f(p~'q) and (R(p)f)(¢) = f(gp). It is easily shown that these
representations are strongly continuous. We may call them, respectively, the representation
by left translations and by right translations. A linear operator on L (u) is said to commute
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with right translations if it commutes with all operators R(p). We shall need the following
lemma, proved in the general case just as it is for the line [7].

Lemma 6. Let T be a bounded linear operator on Li(u) which commutes with right trans-
lations. Then there is a finite, countably additive Borel set function, v, such that

2.12) THw) = [ S D)
for almost all p. Moreover var(v) = ||T|.

Proof. Let {gx(p)} be an approximation to the identity on G and let f be a function in
Li(p) with compact support. Set

/fq P)gx(@)p(dg)

/ fla N gr(pg)p(dg).
Then

(Th)(p / fla ) (Tgr)(pa)p(dg)
(2.13) = /G Fla'p)(Tgi)(q)pu(dg)

= / fla™'p)vi(dq)
G

with v (dq) = (Tgr)(q)p(dg). Since ||gx||L, () = 1, var(vy) < ||T||. Let v be an accumulation
point of the sequence {v;} in the space of bounded, countably additive set functions with
its weak-* topology as the conjugate space of Cj, the space of continuous functions on G
vanishing at infinity. For any fin Li(u), hy is defined and (2.13) is valid. Moreover hy — f as
k — oo; and then Thy — T'f. But if f is continuous with compact support, [, f(¢~'p)v(dg)
is an accumulation point of (T'hy)(p), as given by (2.13). Consequently, for all f € Ly (u),

= /G fla~'p)v(dq)

for almost all p. Clearly var(v) < ||T|| and ||T]| < varv.

We remark that the v satisfying (2.12) is unique. We may now state the theorem of this
paragraph.

Theorem 9. There exist finite, countably additive Borel set functions, u(t,-), depending
only on the form Zlalém aaXa, and G such that

(2.14) U@x:AT@nMu@>

at least for ¥y < argt < o; P < 0 < hs.

The integral is, of course, a Bochner integral. As the theorem is stated v; and 1 may
vary with the representation. It is true, however, that ¢; and 15 may be taken to depend
only on the form and on G. To establish this we have only to observe that the angles of the
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sector, outside of which the estimates for R(\, B) were established, depend only on the form
and on G.

Proof. Consider first the representation L(p) of G in L;(u). The semi-group U (¢, L1 (1))
generated by the operator B(L;(u)) associated with the form — Z‘algm(—i)W'aaXa in this
representation commutes with right translations and, consequently, is given by

(2.15) U(t, L (1) £ () = / F(q~ p)ult, dg).

This establishes the theorem in this case. We next establish it for the case of the represen-
tation by left translations in Cy. If f isin L;(p) and g is in Cp, the function

_ /G F(po)alaYulda)

is in Cp and [[Allc, < Iflnagllgllco: Let fi = <t Li(u ))f and set

/ fi(pa)g(a")u(dq).

We assert that hy = U(t,Cy)h. To prove this we notice that

(i) [alleo < fellzagn llgllcn
< U L) 1 fllzagollglle
< Ke' || fllzyollgllco-

Here w and K are some constants and t is greater then or equal to zero.

(i) e = Bllcy < 1 = Fllzagollallcy — 0 as £ = 0.

(iii) =2 / fi(- )u(dq)
Eft('Q)g(q_ Ju(dq)
- /G B(La(1)) fi(- )g(q " )uldg) = B(Co)h.

The derivatives are taken in the strong topology.

For ¢ > 0 the asserted equality now follows from Theorem 23.7.1 of [7]. By analytic
continuation h; = U(t,Cy)h in the domain common to the two sectors in which they are
defined. We may now write

U(t, Co)h / /fr pa)u tdr)} (¢~ ")u(dg)

- /G W p)u(t, dr).

Since functions h of the above form are dense in Cy the theorem is established for Cy. In
order to complete the proof we must introduce two new spaces of functions. These function

(2.16)



26 CHAPTER II

spaces are closely related to the given representation T'(p) of G in X. Let Y be the space of
continuous functions, f, on G satisfying

_ @
(2) Il = sup 52t < oo
(b) Ifp~") — f(-)||y —~0asp— 1.

For brevity, we have set || T(¢)|| + [|T(¢71)|| = M(q). Note that Y is a Banach space and the
representation by left translations of GG in Y is strongly continuous. In particular

1L() flly = sup L2

fo'g)l AMp'q)
g Mp7tq)  Ma)
<A@y

for A\(p) = AM(p~™?!) and A(pq) < A(p)A(q). It is important to notice that if z is in X and z*
is in X* then (T(p~')z,2*) and ||T(p~")z| are functions in Y. Moreover, if z is in W;(X)
and a is in A, then

“up tH{(T (g e(ta)z, z*) — (T(g Nz, 2*)} — (T(g7")A(a)z, z*)|
q Ag)

< [l H [T (e(ta))x — 2} — A(a)z|| — 0
(T(p~")z,2*) is in W4 (Y) and
Ala,Y)(T(p Nz, ") = (T(p~")Ala)z, z*).

The same relation holds between Wy (X) and Wy (Y). The converse statement is weaker. If
for(p) = (T(p~ )z, 2*) is in W1 (Y) for every z* in X* and (L(e(ta)) — 1) A(a,Y) fr = O(t*)
as t — 0 for some a > 0, then x is in Wi(z). First of all A(a,Y)f.+(0) = zo(z*) defines a
bounded linear functional o on X*. But

1 (Lleta)e — 2,2%) — (z0,a7)) = /( e(ta) — I)A(a, Y) for (0) dt = O(t%).

Consequently

as t — 0. Consequently

Ht_l(L(e(ta)):p — m) — :100} e = O(7).
Thus zg is in X and 2y = A(a)z. The same relation holds between W (Y) and Wy, (X).
The second space, Z, to be introduced is, in a certain sense, dual to Y. It is the space of
measurable functions, f, on G satisfying

(© /|f YA@(dg) = |17 < oo

It is essential to observe that A(¢q) is lower semi-continuous and therefore measurable. The
representation by left translations of GG in Z is strongly continuous. The space Z is a subset
of Li(p) and ||f|lz = || fllzi(w- Moreover, if f € D(B(Z)), then f € D(B(Ll(u))) and
B(Z)f = B(Ll(u)) f. Thus a solution of normal type of the abstract Cauchy problem for
B(Z) is a solution of normal type of the abstract Cauchy problem for B(Ll(pJ)). Again,
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Theorem 23.7.1 of [7] allows us to assert that U(t,Z)f = U(t,Li(1))f. We make use of
(2.15) to write

(2.17) Ut 2)f(p) = /G F(q " pult, da).

This is a weaker assertion, in this case, than that of the theorem. We have not yet shown
that [, f(¢~"-)u(t,dq) exists as a Bochner integral. Let f be in Z and g be in Y. Consider

= /Gf(pq)g(q‘l)u(dq}

hp)| < / F@a)l l9(a)u(dg)
G
<llglly /G | (pa) |\ (9)ldg)

< lglly /G F@IAp )uldg)
D) gl 11z

In other words, ||hlly < ||gl|lv]|fllz- We remark another simple fact, which allows us to
assert that functions, h, of the above form are dense in Y. If f has compact support and
Jo f(p)u(dp) = 1 then

M0l = ] [ oot - oot
< W /G F@) 19(a™*P) — (@)l u(da)

Then

< sw lgla™) — g0l /G 1F(@)l(da).

g€ supp f

Using the same technique as before, we set f; = U(t, Z)f and then set

/ fi(pa)g(a")u(dq).

Again the uniqueness theorem for the abstract Cauchy problem assures us that hy = U(t,Y)h.
Making use of (2.17) we may write

(2.15) Uy I) = [ { [ 1 poute.an fata o)
Formally changing the order of integration, we obtain
Ut YV)hi) = [ b e dr),
a

However, we have not yet proved that the integral in (2.18) is absolutely convergent and we
are, consequently, unable to justify the change in the order of integration.
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The space Cy is a subset of Y and ||g|ly = ||g|lc,- Consequently, U(t,Cy)g is a solution
of normal type of the abstract Cauchy problem for B(Y). The uniqueness theorem again
implies that U(t,Cy)g = U(t,Y)g. Making use of (2.16), we write

Ut Y)g(p) = /G o(q )t dg).

9(q"'p)u(t, dg)
‘/G A(p) ‘ <NUEY) glly-

By the usual argument it follows that

lg(q"p)| |pl(t, dq)
A(p)

But if f(g) is in Y we can find a sequence {g,(q)} in Cy such that g, — |f|. Consequently
LUl it da) < A@ITE ] ]y

In particular, setting f(q) = ||T(¢"!)z|| and setting p = 1, we obtain

/GHT(Q)SCH |ul(t,dg) = 2|UY)] [l«]]-

We are now able to justify the inversion of the order of integration in (2.18). We apply the
last inequality to the space Z and to the representation L(p) of G in Z.

/G / )] lgla™)] 14l (8, dr) ju(da)
< /G /G F QNP [l (4 dr) u(da) gl
- / VL) Fll 2 (1, dr) gy
G

< OQ.

We now show that if z(t) = [, T'(p)x pu(t, dp) then x(t) = U(t, X )x. We first observe that
(T<q—1>x<t>,x*) = [ @@ T@) )t dp)

:/ (T(q"'p)a, x*)ult, dp)
a
=U(t,Y)(T(qg "z, z").

We know that ||z(t)|| < 2|U(t, Y)|| |z]] < Kie*'t||z||, with some constants ¢; and w; when
t>0. If x € Wy,(x) then (T(g7 ")z, z*) is in W,,(Y) and, taking ¢ = 1 in the above equality,
it follows that ¢~*{(z(t), 2*) — (x,2*)} converges to (Bz, z*) as t — 0. In particular, applying
the principle of uniform boundedness, ||z(t)—z|| — 0 ast — 0. Since U(¢,Y) is a holomorphic
semi- group, (z(t), z*) is a holomorphic function and z(¢) is a holomorphic function. Moreover

Then

<O Y llglly-

( *) is in D(Bk Y)) for any k; the work of the next paragraph shows that
(T(q ), z*) is in Wy, (Y') for any k. Consequently z(t) is in Wy (X) for any k. We observe
ﬁnally that 4 (z(t),2") = (Bx( ),2*) and, thus, £2(t) = Bx(t). Another application of the
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uniqueness theorem for the abstract Cauchy problem shows that x(t) = U(t, X )z when z is
in W,,(X). Since W,,,(X) is dense in x, the equation is valid for all z in X.

6. In this paragraph we establish the basic analytical properties of U(t)x and of (¢, dp).
Observe that U(t)z is an analytic function of ¢ and
d" k! U(Q)x
—U(t)x = L
dt 278 Jic—tj=r(p (€ — )FH
We observe further that B, as a power of B, is the operator associated, by Theorem 7, with
the elliptic form (1) (3", <, (—7)*aaz4)" for it is equal to that operator on Wi, and its
adjoint is equal to that operator’s adjoint on W ,. Let v be a right-invariant Haar measure

on G and let K(p) be an infinitely differentiable function on G with compact support. If
is in Wz, then

/K ) (B*x, T*(p)a*)v(dp) = /K > ba(Aaz, T (p)z")v(dp)

|a|<mk

/ > (<1 b LaK (p) } (2, T ()" v (dp).

|| <k

B*U(t)x = d¢.

Here {L;} is the set of left-invariant differential operators introduced in Chapter I. This
formula remains valid for x in D(B¥). As above, by Lemma 5, if z in D(B*) then z is
in Wy—1. In particular, U(t)x is in (5, Wi and T'(p)U(¢)x is an infinitely differentiable
function of p. Now A,U(t)x is defined for all z in X and we show that it is a bounded linear
function of z. If |a| = 1 then A,U(t) is a closed, everywhere defined linear operator on X;
consequently, it is bounded. By induction, it is apparent that A,U(¢) is a bounded linear
operator. Consequently ||A,U(t)z] < Nu(t)||x]|. Next T(p)U(t)x is infinitely differentiable
dk
'dtk 2mi (¢ —t)k+t
4 (T(pU )z, 2%) = (T(p)BU(t)z,z")
= — Y (=)¥aa Lo (T(p)U )z, z")

as a function of p and t and
k! AU(C
a0e = | [ L] < Nkl
[¢—tl=r(t)
Then the equation
|a|<m

when written in an analytic coordinate system {s;} about the identity is a parabolic equation
with analytic coefficients. We now apply the results of [3]. The facts which we need from
this paper are not explicitly stated as theorems and the proofs are not given in complete
detail. However, since the proofs are quite complicated and the assertions to be derived from
these facts ancillary to the rest of the thesis, we prefer not to perform the calculations in
detail here.

The work in the paper shows that (T'(p(s))U(t)z,z*) = u(s,t) may be extended to an
analytic function in a complex neighborhood, N(t) of the origin in s-space. But N (¢) may be
taken locally in ¢, to be independent of ¢; and the upper bound of |u(s,t)| in N(t) depends
only on upper bounds for the absolute value of u(s,t) and a certain number of its derivatives
for real s. Thus u(s,t) may be extended to an analytic function of s and ¢ in a certain open
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set, M, of complex (s,t)-space, which contains all the points (s,¢) with ¢ in the sector in
which U(t) was shown to exist and s real and close to the origin. In a neighborhood of any
point (s, to), |u(s,t)] is bounded by an expression K (sg, to)||z|| ||=*||. For fixed z and varying
x*, u(s,t) defines a bounded linear functional v(s, ¢, z) on X*. This linear functional v(s, t, x)
is an analytic map of M into X**. But v(s,¢,x) is in X for s real and close to the origin;
so v(s,t,x) is in X for all (s,¢) in M. In particular, U(t)x is a well-behaved vector, in the
sense of [5], in the interior of the sector in which U(t) was shown to exist. Since U(t)x — «
as t — 0, we have

Theorem 10. The well-behaved vectors are dense for any strongly continuous representation

of G.

We now show that there is a function, h(¢, p), analytic in ¢ and p such that u(t,dp) =
h(t,p)u(dp). Recall that p is a left-invariant Haar measure on G. If f(x), in Ly(p), is
infinitely differentiable with compact support and {s;} is an analytic coordinate system in
a neighborhood of the identity, then there are analytic functions, a;;(s), independent of f
such that, for small s,

a n
(’)s-f(s) = Z ai;(s) Ly f(s).
7 =1
Consequently, for small 9,
k/ L; ds
/<5 asz ]Zl ‘s<§‘ f °)

n

<KDY L fll -
j=1

Theorem 1’ implies that if f is in W; (L1 (x)) then it may be approximated by a sequence {f,,}
of infinitely differentiable functions with compact support in such a manner that L, f, — L; f
in Ly(p). Thus, if f is in W) (Ll(u)), its distribution derivatives, with respect to {s;}, in a
neighborhood, N, of the origin are in L;(u, N) and

/ . 9 1(s) mZHL Fllz G

Similar remarks apply to the higher-order derlvatlves. Since, when f is in Li(u), fi =
U(t, Li(p)) f is in Wi (L1 (p)) for any k, we have

[ gt ds < Gl

It is well-known [1] that this implies that f; may be taken as an infinitely differentiable
function in a neighborhood O, of the origin and that

(1) [ fe(s)] < Di()]| £l
(i) (s)| < DD

0s;
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in O. Consequently, for every p = p(s), s in O, there is a bounded measurable function
g(t, p, q) such that

= / f(@)g(t,p, q)u(dq).

Moreover ||g(t,p,-) — g(t,1,-)||L(m — 0 as p — 1. If f is continuous with compact support

= / fla 'p)u(t, dg)

/ F(@)u(t,pdg™).

Consequently pu(t, pdg=t) = g(t,p,q)(dq). In particular (cf. [4], page 265)

p(t,dg) = g(t, 1, )A(g™ ) u(dg) = h(t,q)u(dg)p(dq - r) = A(r)u(dg)
where A is the modular function of G. Then

u(t,pdg) = h(t,pa)u(dq) = g(t,p.q~")A(g™")u(dg),
so that h(t,pq) = g(t,p,q) ' A(q"'). Here h(t,p) satisfies the following two conditions:

(i) ||t -)|lv = esssup, |A(q)h(t,q)| = esssup, |g(t, 1, g | < oo,

(ii) esssup, |A(g){h(t,p~ q) — h(t,q)}| = esssup, [g(t,p~', ¢ ") —g(t, 1,¢7")| = 0
as p — 1.

As anticipated in the notation, the Banach space of functions satisfying (i) and (ii), with the
norm given by (i), is called V. The functions in V' are equivalent to continuous functions so
we take V' to be a space of continuous functions. The representation L(p) by left-translations
of G in V is strongly continuous. In order to use this fact we must observe that

/G h(tr, ¢ p)h(ta. )u(da) = h(ts + ta,p).

To prove this we notice that for f in

/Gf(q_lr)h(tl + to, q)pu(dq) = U(ty + t2, Co) f(r)
= Ul(t1, Co)U (2, Co) f ()
— /G {f(p~ ¢ "r)h(tr, p)u(dp) } h(t2, ¢)p(dq)

_ /G { /G F ' r)h(ts, a7 p)p(dp) fh(ts, g)pu(dg)
:/Gf(p_lr){/Gh(tl,q_lp)h(t2,Q)M(dQ)}M(dP)-

However, setting U(ta, V)h(ty1,-) = hsy(t1, ), we also have

By (b1, p) = /G h(tr, g~ p)h(t, q)u(dg).
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Consequently h(t; + t2,p) = hy,(t1,p). Then h(t; + to,q 1) = L(q)hs,(t1,-) is an analytic
function of t5 and ¢ with values in Z. Applying the linear functional which evaluates a
function at the identity we see that h(t, p) is an analytic function of ¢ and p.

Note added in revision. This version of the thesis was prepared by Anthony Pulido
(Institute for Advanced Study, Princeton) and Derek Robinson (Australian National Univer-
sity, Canberra) in November—December 2017. It differs from the 1960 original in two respects.
First, a large number of typographical errors have been corrected. Secondly, some of the
display formulae have been reformatted and a small number of additions and rearrangements
have been made to the text for clarity.
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