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Let A be a C*-algebra with identity; the group of star
automorphisms of A leaving its center elementwise fixed is
represented as the set of all global sections of a field of
groups whose base space is the spectrum of the center of A
and whose stalks are groups of automorphisms of a family
of quotient C*-algebras. The derivations of A are similarly
represented in a field of Lie algebras.

Introduction. The representation of C*-algebras as sections in
bundles was used by Tomiyama and Takesaki [7] and others to
study the automorphisms of these algebras. On the other hand,
Teleman [6] applied representations of W*-algebras as sections in a
sheaf to obtain information about their Lie algebra of derivations.
For Dbiregular rings a description of the group of automorphisms
has also been achieved by Dauns and Hofmann in sheaf theoretical
terms [1]. An analytic version of some of these results is presented
here via the representation of a C*-algebra as sections in a uniform
field.

Given a C*-algebra A with identity, there is a bundle or sheaf-
like structure called field and denoted by (&, 7, T'), whose ingredients
are: The maximal ideal space T of the center of A equipped with
the hull-kernel topology and a disjoint union K of a family of
quotient C*-algebras {A/I,|te T} topologized in such a way that
the projection w: F— T and the cross sections d:t—a + [,: T— K
are continuous for every ac A. The existence of such a topology
depends on the upper semicontinuity of the functions ¢t |a + L]
T— R,. If the primitive ideal space Prim A is Hausdorff, T is
homeomorphic to Prim A and for the stalk above Pec Prim A, one
can take the simple algebra A/P. More generally, T is the Stone-
Cech compactification of Prim A and I, is the closed two sided ideal
generated by ¢. In [3] 4.7 Halpern showed that if A is a W*-
algebra, I, is a primitive ideal of A for every te 7, and that
{I,1te T} (which is homeomorphic to T) is dense in Prim A. The
set of all continuous bounded global sections of this field is denoted
by I'(z), and is naturally endowed with a C*-algebra structure with
respect to point-wise defined operations and the norm given by
o]l ={lle@|llte T}. The non commutative version of the Gelfand
Naimark theorem ([2], Chap. III, 8.14) says that A is isometrically
star isomorphic to I'(w). One can also decompose A over the spectrum

277



278 JANUARIO VARELA

of any closed subalgebra of the center of A containing the identity
[8].

The duality between C*-algebras and fields of C*-algebras [8]
indicates that all the information relative to the group of auto-
morphisms of a C*-algebra A can be found in the canonical field
(E, =, T) associated to A.

A description of the group N of star automorphisms of A
leaving the center elementwise fixed is given in terms of the groups
of automorphisms of the fibers of (E, 7, T); to this effect a field of
groups is constructed, and N is realized as the group of all global
sections. The derivations of A are similarly described in terms of
the derivations of the stalks of the field (¥, 7, T). This paper is part
of the author’s dissertation at Tulane University. I would like to
take this opportunity of expressing my sincere gratitude to professors
J. Dauns and K. H. Hofmann my research supervisors, for their
advice and encouragement.

1. Terminology. For the foundation of the theory of sectional
representation we refer to [2,4]. A few definitions follow to establish
notation and terminology.

DEFINITION 1.1. Let E and T be topological spaces and 7w: E— T
a surjective continuous map, then (E, 7, T) is called o field or
bundle of topological spaces, T is the base space and w~'(t) the stalk
or fiber above t.

DEFINITION 1.2. A local selection is a map o0:Q —E whose
domain Q@ is an open subset of T and w(o(t)) = ¢ for every tc Q.
If Q =T, then o is a global selection. A continuous selection is
called section. The set of all global sections is denoted by I'(w).

DEFINITION 1.3. Let (E, w, T) be a field of topological spaces and
% afilter on E VV E = {(z, y) ¢ E x E|w(x) = n(y)} such that the filter
[#Z7] generated by % on E x E is a uniform structure. (&, =, T)
is a uniform field if the neighborhood filter of every point xc K
has a basis given by the sets Uls) ={yec E|n(y)cdomo and
(o(n(y)), yye U} where o is a local section such that o(z(x)) = 2,
dom o is the domain of ¢ and U is an element of the uniformity
%

DEFINITION 1.4. Let (E, 7, T) be a uniform field whose stalks
are normed spaces and whose uniformity is given by the fundamental
entourages U ={(z,y)e EV E |||z — y|| <&} with ¢ >0, then (E,
z, T) is a field or bundle of mormed spaces if the following functions
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are continuous:
@ r—zc+y:EVE—F and (a,x)— ax:Cx E— E .

If the stalks of a field of normed spaces are C*-algebras and if the
functions (¢, y)+>2y: EV E—FE and ¢+ 2*: E— E are continuous,
then (B, 7, T) is a field or bundle of C*-algebras. A field of C*-
algebras such that for every te T the fiber E, above ¢t has an
identity {(t) is a field of C*-algebras with identity provided the
selection t+— {(¢): T— F 1is continuous. The set of all bounded global
sections of (H, m, T) is then a C*-algebra with respect to pointwise
defined operations, by taking the sup-norm ||| =sup{||a@®)]|||te T}
and is denoted by I'%(x).

DEFINITION 1.5. A set X of local (resp. global) selections of a
field of topological spaces is called full, if for every xz€ K there
exists 7€ X such that z(7(x)) = z.

DEFINITION 1.6. Let o be a local section in a field of normed
spaces (E, 7, T), then {xec E|n(x)edomo and ||z — a(x(x)) || < €} is
called the e-tube around o and is denoted by .7 (o, ¢).

LEMMA 1.7. Let (E,m, T) be o field of normed spaces. The
following two statements are equivalent:

(1) For every local section o, the function t+ || o(t)||: dom o —
R, is upper semicontinuous.

(2) For every local section o and every & > 0, the s-tube around
o, 7 (0,¢) is an open set in E.

Proof. If the function ¢+ ||o(¢)|| is upper semicontinuous, then
for every ¢ > 0, the set {tcdoma || a(t)|| <€} is open in T. Let
z€ F such that ||o(w(x)) — x| < &, then there is a 4, 0 < d < & such
that (lo(n(x)) —x||<e—d. If 7 is a local section for which
T(r(x)) = x, the @ ={te T|||a(t) — z(t)|| < € — 6} is an open neigh-
borhood of 7(x). The restriction 74 of 7 to @ is then a local section
such that zo(m(x)) = « and Im 7, is contained in .7 (g, € — d). There-
fore .7 (7y, 0) is a neighborhood of z and .77 (zq, ) © .7 (0, €). Then
7 (0, €) is open in K.

The converse follows from [2], Chapter I, 1.30.

REMARK 1.8. If T is assumed to be uniformizable, the above
lemma can be formulated in term of global sections, since the
existence of a full set of local sections implies the existence of a
full set of global sections, indeed if 7 is a local section through
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xe £ and f: T— [0, 1] is continuous function such that f(z(x)) =1
and f(s) =0 for se€ T\dom o, then ¢ defined by o(s) = f(s)z(s) if
sedomz and o(s) = 0 if se T\dom 7, is a global section through .

REMARK 1.9. Let (E,n, T) be a field of normed spaces over a
quasicompact space T. If the function t+—||o(t)|]: T— R, is upper
semicontinuous for every global section o, then ¢ is bounded.

Proof. The semicontinuity of ¢+ || a(f)|] for g€ I'(r) implies
that the sets {te T'|||lo(t)|| <n}, » =1, 2, .-- form an open covering
of T and since T is quasicompact, then ¢ is bounded.

CONVENTION 1.10. From now on we will assume that ¢+— || o(?) ||
is upper semicontinuous for every global section in a field (E, x, T)
of normed spaces, unless otherwise specified.

2. Fields of linear maps.

2.1 Let (B, n, T) be a field of normed spaces. Denote by <Z,
the algebra of all bounded linear transformations of E, = m ().
Let <=7, be the disjoint union of the family {<Z,|te T} and p: Z2,— T
defined by p(u) =t if uwe <&,. Let X be a normed space consisting
of a full set of bounded global sections of (E, z, T).

Our aim is to define a uniform field (=] p, T) over the same
topological space T, with & C &7, appropriately chosen. Later in
§3, we will consider a subfield of (=, p, T') whose stalks are groups
of isometries, and in §6 another subfield whose stalks are Lie
algebras of derivations will be studied.

2.2. We endow <, with the coarsest topology making continuous
the functions

u—pou): Z,—— T and
u — u(o(o(u))): &2, — E for every oelX.

2.3. Let u be an arbitrary element of <, denote by @ an
open neighborhood of ¢ = p(u), choose sections ¢ and 7 in ¥ such
that uo(t) = 7(¢) and take ¢ > 0.

Define M(u) = M(u, 0, 7, @, ¢) as follows

Mu) = {ve 2| p(v)e Q and v(o(0(v))) € .7 (1, €)} .

Then the filter of neighborhoods of u is generated by the sets
of the form M(u).
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2.4, For a local selection N in (&, o, T) the following two
statements are equivalent:

(1) ¢ A1) dom \— Z; is a local section.

2) t—Mt)o(t): dom N\ — E is a local section in the field (E, =, T)
for every oelX.

2.5. Let < be the subset of <7, consisting of the points
through which there is a global section. Let o be an element of ¥
and ¢ > 0.

Set oV 2 ={u,v)e & x | pw) =pw)} and define U(o, ¢)
as follows: Ulo, ¢) = {(u, v)e @2 V ||l uo(p(w)) — vo(o(v)) ]| <e&}. It
is immediate that the finite intersections of sets of the form U(o, ¢)
are a fundamental system of entourages of a uniformity % for p.

REMARK. One should observe, that < may consist of the
identity section only

2.6. The uniformity % for p induces the topology defined in
<7 and hence (=, o, T) is a uniform field.

Proof. Let u be an element of < and & a global section in
(=, p, T) such that &(o(u)) = u, denote by &, the restriction of & to
an open neighborhood @ of o(u), then

Ulo, &)(€e) = {ve = | p(v) e Q and || §(0())o(o(v)) — vo(o(v)) || < €}
is a neighborhood of % in < because by 2.4
t——&()o(t): T—— E is a global section in (K, 7, T) .

Conversely, given a neighborhood of % of the form M(u, o, 7, Q, ¢),
let A be a global section in (& o, T) such that Mo(u)) = u. If we
set ¢t = p(u), then wuo(t) = z(¢t) and M(t)o(t) = z(t), hence there is a
neighborhood P of ¢ contained in @ such that for every s in P,
[|M(s)a(s) — ©(s) || < €/2. If A, is the restriction of X to P, then

Ulo, e/2)(vp) = {ve Z | p(v) e P & || Mo®)a(o(v)) — va(o)) || < &/2}

is contained in M(u, 0,7, @, €). Thus the topology induced by the
uniformity coincides with the topology defined in <.

3. Field of automorphisms.

DeEFINITION 3.1. Let (G, », T) be a uniform field such that the
following conditions are satisfied.
(a) All the stalks are groups and the functions (u, v)— uv:
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GV G—G and u—u':G—G are continuous, where GV G =
{(u, v) e G x G| p(u) = p(v)}.

(b) The uniform structure induced by the field uniformity Z
is coarser than the left (resp. right) uniform structure of the stalk
induced by (a).

(¢) For every entourage Ue % there exists Ve % such that

Vi, ve GV G| (E®@u), uv)e U}

(resp. Vc{(u, v)e GV G| (L(p(u)), vu~')e U}), where {(t) is the unit
elements of the group G, = p'(¢).

(d) For every entourage Uec % and every global section A
there exists an entourage Ve % such that (WOun()™, MOVNME) e U
if (u,v)e V and ¢t = p(u) = p().

Then (G, p, T) is called a left (resp. right) uniform field of
topological groups.

The set I'(p) of all global sections is a group with respect to
pointwise defined operations and is naturally equipped with a
uniform structure % with fundamental entourages of the form
U={( wel'(®) x I'(p)| (Vte TH((ME), pt) e U)} with Ue Z. The
neighborhood filter of the identity { of I'(p) for the topology deter-
mined by % is given by the sets

UC) ={vel(p) (¢ Ve T).

REMARK 3.2. Conditions (b) and (¢) of Definition 3.1 imply that
the field uniformity Z of (G, », T) induces on each stalk the left
(resp. right) uniform structure of the stalk induced by (a).

REMARK 3.3. The following condition implies the conditions (b)
and (c) of Definition 3.1.

(b") A fundamental system of entourages for the field uniformity
Z of (G, p, T) is given by the sets of the form

{tu,v) e GV G|uve W()} (resp. {(u, v) e GV G|vu~e W)} .
where { is the unit element of 7"(») and W ranges through Z.

3.4. We recall that if N is a group and & is a filter on N
satisfying the Properties I and II listed below, then there is a
unique topology on N with respect to which N is a topological group
having & as filter of neighborhoods of the identity.

(I) Given Ue & there exists Ve & such that V*'Vc U.

(II) For all ve N and Ve & we have vVo e &,
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3.5. If (G, p, T) is a left uniform field of topological groups,
then I'(p) is a topological group.

Proof. (I) Given a neighborhood of £ of the form U({) by 3.1.
(¢) we can find Ve % such that Vc{(u, v) | u've UQ)).

Let W a symmetric entourage such that WoW C V, then \e
W) and ge W) imply (A, #)e V and so M'ue U©).

(II) Given UeZ and nel'(p) there exists Ve % such that
AN U(\): Take the entourage V corresponding to U and M
condition (d) of Definition 3.1, then pe V(0) implies an—e U(©).
Hence I'(p) is a topological group whose left uniform structure is
coarser than 7.

ExAMPLE 3.6. Lt T the discrete space N\{0}. Endow @ with
the p-adic topology and G = T x @ with the product topology. Take
as uniformity % for 7w: G— T the one given by the fundamental
entourages

Un) ={(, 9) e GV G| h(a(x), subp (&5, | ¥ [)) |2 — ¥, < 1/n}
for n =1, 2, -.., where h,: T x R, — {0, 1} is the function defined by

1liftn
ho(t, ) =40 if t>n and r <1+ 1/n
lift>nand r=1+ 1/n.

Then (G, p, T) is a uniform field of topological groups, and the left
uniform structure of I'(w) is strictly coarser than Zr.

3.7. Let A be an involutive normed algebra, a bijection i A— A
is a star automorphism of A provided Mz + y) = Mz + Ay, May) =
(x)(O\vy), Mazx) = axne and Ax* = (Ap)* for every «,ye A and aeC.
If Ixz]| = |z|] for every e A, N is called an isometric star auto-
morphism of A.

3.8. Let (E,n, T) be a field of involutive normed algebras.
Denote by Aut E, the group of isometric star automorphisms of
E, =7n7'(t) and let G, be the disjoint union of all the groups Aut E,.
Let ¥ be an involutive normed algebra consisting of a full set of
bounded global sections of (¥, w, T) and consider the uniform field
(2, p, T) defined in § 2.

If G=<2o2N4G, is furnished with the topology and uniform
structure induced by the field topology and field uniformity of <
and if p is the restriction of p: &7 — T to G, then (G, p, T) is also
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a uniform field.

3.9, Suppose that ¥ is the algebra I"*(z) of all bounded global
sections of (&, n, T). If N and g are global sections in (G, », T),
then u — (Ap)(t) = ME)p(t) is also a global section in (G, p, T).

Proof. For every celX, t+ p(t)o(t) belongs to X by 2.2 and
then ¢ AE)((f)o(t)) is also in ¥, then invoking 2.2 again, Ay is a
global section in (G, », T).

3.10. The function w+— 4" G— G is continuous when G is
furnished with its field topology.

Proof. Let u be an element of G and set t = p(u). Given a
neighborhood of #™ in G of the form M@u™ 0,7, @Q,c) Wwhere
o,7€X and u™'o(t) = z(t), then uz(t) = o(t) and so M(u, 7, g, Q, €) is
a neighborhood of w in G. If ve M(u, 7, 0, @, €), then p(v™) = p(v)
belongs to @ and [[vz(p()) — o(@@) || = |[v7'a(p(@)) — c(p(V)) || <&,
hence v'e Mu™, o, 7, Q, €), therefore w+— u™': G— G is continuous.

3.11. The function (u,v)+—uv: GV G— G is continuous if
Y = I'(xm).

Proof. Given an element (u,, v;) of GV G, choose any neighbor-
hood U(o, €)(7) and set ¢, = p(uv,). Without loss of generality v
can be taken of the form 7 = &7 where & and 7 are local sections
in (G, p, T) such that &(p(uy)) = u, and 7(p(v,)) = v,. We can con-
sider 7 as the restriction of a global section 77 to an open subset of
T. Since o belongs to X, then %o belongs to X too, and if % is in
U(ho, €/2)(§) and v is in Ulo, &/2)(7), then wv is in Ulg, ¢)(7).

3.12. Condition (b’) of 3.3 is satisfied by (G, », T), that is, a
fundamental system of entourages for the field uniformity % of
(G, p, T) is given by the sets of the form {(u, v)e GV G|u"ve W({)}
where £ is the unit element of I'(p) and W range through .

Proof. For a fundamental entourage of % one has

Ulo, &) = {(u, v) € G V G| |luo(p(u)) — va(p(v))]| <¢}
= {(w, V) e GV G| o(p®)) — uvo(p) || <&}
={(, v)e GV G|luve U, e)0)} .

ProPOSITION 3.13. If ¥ = [%(w), then (G, p, T) is a left uniform
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Jield of topological groups and hence I'(p) is a topological group
equipped with the standard topology derived from (G, p, T).

Proof. Condition (a) of Definition 3.1 was proved in 3.10 and
3.11, condition (b’) of Remark 3.3 was proved in 3.12; we are going
to verify condition (d) of Definition 3.1.

Given an entourage of the form U(o, ¢) and a global section \
of (G, p, T), we take V = U(\"'g, €), then (u, v) € V implies (ME)un(t)™?,
Mtyon(t) ) e Ulo, €), with ¢ = p(u) = p(v). Hence (G, p, T) is a left
uniform field of topological groups.

4. Automorphisms leaving center fixed.

4.1, Let (E, w, T) be a field of involutive normed algebras and
Y = I'%(z), then an isometric star automorphism » of X is C¥T)-
linear if and only if it leaves setwise invariant the ideals of the
form I, = {ce X |o(t) = 0}, i.e. M\, I, for each te T. In particular,
M, I, implies AL, c I, and hence M\, = I,.

Proof. This is a direct consequence of [8] 2.8.

THEOREM 4.2, Let (E, 7, T) be a field of involutive normed
algebras and 3 = I'*(x). The group N of isometric star automor-
phisms of X leaving setwise invariant the ideals of the form I, =
{oeX|a(t) =0} is isomorphic to the group I'(p) of all global sec-
tions of the field of isometries (G, p, T) associated with (E, w, T).

Proof. Let ne N and te 7. Define ), as follows zi— \(x) =
(Ao, )(t): E,— E, where 0,€2Y and 0,(t) = 2. The definition of \(x)
is clearly independent of the particular ¢, taken through x, and X,
is a star automorphism of E, whose inverse is (A!),. Furthermore,

by [8] 2.3, [IM(@) |l = [| (v ) | = Mo | = [l 0.() || = [[#]| and
INP@) = 1 (Ta ) = IV e ]| = llo.(9) ]], if & = o(?) for each
zeE, =xn7'(t), then [[z]| = |IM"(@) ]l = [[M(x)]l, hence N, is an

isometry of K,.

Consider the selection o(\) of (G, p, T') given by t—x;: T—G.
For every ge X the selection ¢+ A\(0(t)): T— E is continuous, hence
by 2.4 #(\) is a global section. Thus @ is a group homomorphism
from N into I"(p). On the other hand, given a global section 7 in
the field of automorphisms (G, p, T) and a section o€, the map
t—n(to(t): T— E is a section noe X, and since || (o)t} ]| = o) ]|
for every te T, then a(n): o+ 7o is an isometric star automorphism
of ¥ leaving setwise invariant the ideals {I,|t€ T} and « is a group
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homomorphism whose inverse is @, indeed, for every e N, 0 € 3 and
te T, (a(p(M)o)(t) = P(A)(E)a(t) = (Ao)(?), then a(p(\)) =\, that is,
o =idy. On the other hand, for every ne I'(p), every te T and
every e E,, if o€ and o(t) = z, then @(a(®))(t)x = p(a(n))(t)o(t) =
(a(m)o)(t) = n(t)o(?) = 7(t)x, then a(P(N))(£) = 7(?), therefore P(a(7)) =7,
that is, poa = id,,.

REMARK 4.3. Consider the group homomorphism ¢, % 5(%):
I'(p) — Aut 77(t), then Ime, = p7'(t) because G was defined as the
subset of G, consisting of the points u such that there is a global
section 7: T— G, with n(p(w)) = w. But

kere, = {ne I'(p) | (Vo € 2)((t)a(?) = (1))}
={nel'(p)|(VoeX)a(no — oel},

then p7'(¢) is isomorphic to the quotient proup N/R, where R, =
(e N|(Voe X))o — oge I)}.

4.4. Let A be a C*-algebra with identity and B a sub-C*-
algebra of A contained in its center and containing the identity,
then the group N of star automorphisms of A leaving setwise
invariant the closed two sided ideals generated by a maximal ideal
of B is equal to the group of star automorphisms of A leaving B
elementwise fixed.

Proof. This follows from 4.1 and [8], Theorem 3.5.

DEFINITION 4.5. Let (E, 7, T) be a field of involutive normed
algebras, an automorphism (4 4) of (E, =, T) ([8], 4.3) is called
isometric star automorphism if < is the identity map of T and
A: E—FE is a homeomorphism such that 7o4 = = and z+ Adx: E,— E,
is an isometric star automorphism.

4.6. Let (E, x, T) be a field of involutive normed algebras and
Y = I'*(x), then the group N of isometric star automorphisms of ¥
leaving setwise invariant the ideals of the form I, = {c€ X |o(¢) = 0}
is anti-isomorphic to the group Isom (H, =, T) of isometric star
automorphisms of the field (K, &, T).

Proof. Let & be an element of N. Define 0(¢) by x> 6(§)x =
(éo)(n(2)): E—E with oe3 such that o(z(x)) =x. By [8] 2.3,
16@)z || = || Go)a@) || < €]l [l o@@)]| = |2 -

Similarly ||6(¢™)z|| < ||z|| for every zeE and since 6(57') =
6(8)7, then |l z]|| = ||0(E™M8(E)z ] < || 0(5)z]], that is 6(f) is an isometrie



FIELDS OF AUTOMORPHISMS AND DERIVATIONS OF C*+ALGEBRAS 287

star automorphism in each stalk for every &e¢ N.

Thus (1, 6(%)) belongs to Isom (E, =, T).

Conversely, if (1, 4) is an isometric star automorphism of
(E,n, T) and ¢ is an element of 5, then 4.0 is also an element of
2. Define 7(4) as follows o 7(A)g = Aog: 3 — XY, this is an iso-
metric star automorphism of Y and leaves the ideals {I,|te T}
invariant. Thus 7v:(1,, 4)— 7(4) is a group homomorphism from
Isom (E, =, T) into the opposite group of N. Furthermore, for
every vc F, if 0e X and o(n(z)) = %, then 8(Y(A)x = (V(Do)(w(x)) =
(4o0)x(x)) = A(o(n(x))) = Az, hence G(7(4)) = A for every (1, A)e
Isom (B, =, T).

Similarly for every teT, o€X and ¢&e N, Y0(o)(t) =
(6(8) » 0)(t) = 6(£)(0(t)) = (E0)(t), then Y(6(¢)) = & for every € N. Thus
7 is an anti-isomorphism between Isom (¥, #, T') and N whose inverse
is 4.

4.7. For a C*-algebra with identity, we collect the preceding
results in the following

THEOREM. Let A be a C*-algebra with identity and Aut A its
group of star automorphisms. There is an exact sequence

1— N auwta g

where H is the group of homeomorphisms of the center Z of A,
and k assigns to a star automorphism of A the homeomorphism of
T assoctated with the inverse of its restriction to Z.

For N one can take of the follouing groumps:

The group N, of star automorphisms of A leaving the center
elementwise fized.

The group N, of star automorphisms of A leaving setwise
wnvariant the closed two sided ideals generated by a maximal ideal
of the center Z of A.

The groups N, of all global sections of the field (G, p, T)
obtained from the canownical field (E, =, T), over the spectrum T of
Z, associated A.

The group N, opposite to the group of star automorphisms of
the canonical field (E,w, T) of the form (1, A) where 1, is the
wdentity map of the spectrum T of the center of A.

Proof. This follows from 4.2, 4.4, 4.6 and [8] Theorem 3.5.

4.8. Let (E,n, T) be a field of C*-algebras with identity,
Aut(E, 7, T') the group of star automormorphisms of (E, n, T) and
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Aut, (E, n, T) its group of star automorphisms of the form (1, 4),
then we have the exact sequence

Aut, (E, w, T) > Aut(E, =, T) — H

where x is the inclusion map, H is the group of homeomorphisms
of T and (4, 4) = ~

Furthermore, if (F, x, T) is a central field, that is, if the center
of I'(w) is C(T), then Aut (E, =, T) is anti-isomorphic to Aut I'(x).

Proof. Every star automorphism of I'(x) leaves its center
invariant, then if (E, w, T) is central it determines a star auto-
morphism of the pair (C(T), I'(z)) and hence a star automorphism
of (B, =, T), conversely every star automorphism of (K, 7, T') deter-
mines a star automorphism of (C(T), I"(z)) and hence a star auto-
morphism of I'(z) ([8], 4.6).

5. Fields of derivations.

DEFINITION 5.1. Let A be a complex algebra and 6: A— A be
a linear map, 6§ is a derivation of A provided d(zy) = d(x)y + x0(y)
for every z,yc A, Given ae A, the map — ax — za is an inner
derivation. If 6 and p are derivations of A and z is a complex
number, then z+— d(x) + o(x), z+ 26(x) and x— d(o(x)) — o(6(x)) are
derivations of A denoted by 6 + p, 20 and [0, o] respectively. The
set J of all derivations of A is a Lie Algebra with respect to these
operations. In particular the bracket product is a bilinear map such
that [x, ¢ = — [z, M and [\, 2, 8] + ([, 9], M+ [, M, ] = 0. If &
is a derivation of a C*-algebra, then & is norm continuous and its
restriction to the center of A is identically zero.

5,2, If A is a C*-algebra and I is a closed two sided ideal of
A, then 6(I) = I for every derivation 6 of A ([5], 2.2).

Proof. I* = I, where I* denotes the linear subspace generated
by the set of all products zy, with eI and yel. Since o(xy) =
x0(y) + 6(x)y belongs to I, for every z, y € I, then o(I)C L.

5.3. Let (E,x, T) be a field of normed algebras. Denote by
Der E, the Lie algebra of all derivations of E, = 77'(t) and let L,
be the disjoint union of the family {Der E,|te T}. Let X be a
normed algebra consisting of a full set of bounded global sections
of (E, x, T) and consider again the uniform field (2, p, T') defined
in § 2, associated with 3.



FIELDS OF AUTOMORPHISMS AND DERIVATIONS OF C*ALGEBRAS 289

If L=<=nNL, is equipped with the topology and uniform
structure induced by the field topology and field uniformity of <=
and if ¢ is the restriction of p: & — T to L, then (L, g, T) is also
a uniform field.

5.4. Suppose that X consists of all global sections with quasi-
compact support in (E, #, T) and that » and g are global sections
in (L,q, T), then %t (2\)(¢) = 2\(f) with z a complex number,
t— O+ () =ME) + 1(t) and [N, g1(8) = M), u(t)] are also
global sections of (L, q, T).

Proof. If oceX, then by 2.4 ¢t Mt)o(t) and > u(t)o(t) are
global sections of (¥, m, T) and their supports are still quasicompact.
The maps ¢+ (A ())(a(2)), t+— (ML) + p(t)(o(f)) and

t — ME)((B)a (D)) — L) (?))

also belong to X, thus by 2.4, z2n, M+ ¢ and [\, ] are global
sections in the field (L, q, T).

REMARK. Recall that if ¢ is a global section with quasicompact
support the upper semicontinuity of the function ¢~ | o(t)|: t— R,
implies that o is bounded (1.9).

5.5. In the field of derivations (L, ¢, T) the sum (u,v)—
% +v: LV L— L is continuous.

Proof. Let (uy, v)e L V L, t = q(uy) = q(v,) and M(u, + v, 0, T,
Q, ¢) a fundamental neighborhood of u, -+ v, Without loss of generality
z can be taken of the form 7 =7, + 7, where 7, and 7, are global
sections such that 7,(t) = u,0(f) and 7.(f) = v0(). If (w,v)eLl V L,
u € M(u,, 0, 71, Q, &/2) and v € M(v,, 0, 7,, Q, €/2), the u + ve M(u, + v,,
0,7, @, ¢). Hence the sum is continuous.

5.6, Let (H,n, T) be a field of normed algebras, I".(w) the
algebra of all global sections with quasicompact support of (E, z, T')
and J the Lie algebra of derivations of I'(x) leaving setwise
invariant the ideals of the form I, ={oce"(xm)|a(t) =0}, then J
is isomorphic to the algebra 7I'(q) of all global sections of the field
(L, g, T).

Proof. Let neJ and teT. Define )\, as follows \:zx+—
(\o.)(?): E,— E, where ¢,¢ I",(r) and 0,(t) = . This function is well
defined, indeed, if o, e I"'(7x) and o(f) = 7(t) = =, then Mo — 7)€ I,
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and (Ao)(t) = (Wt)(t). Let v(\):t+— g T— L, if ce ' (7), then t+—
N(o(t)): T— E is a section, hence by 2.4 4(\) is an isomorphism
from the Lie algebra J into the Lie algebra of all global sections
of (L, q, T).

On the other hand, given a global section £ in the field (L, q, T)
and a global section oe I',(n), B(§)o:t+ &(t)o(t): T— E belongs to
I'(z). Thus B:&— B(&): I'(q) — J is an isomorphism of Lie algebras
whose inverse is 4.

5.7. With the same hypothesis and notation of 5.6, let &, be
the Lie algebra homomorphism e, & &(t): I'(¢) —Der E,, then
Ime, = q7'(t) because L was defined as the subset of L, consisting
of the points % such that there is a global section &: T — L, with
&(g(w)) = u. But

kere, = {£e I'(g) | (Yo e I'(m))(¢(t)a(t) = 0)}
={¢el'(q)|(voeI'(m)(B(E)o e L)},

then the fiber L, = ¢7'(¢) is isomorphic to the quotient Lie algebra
J/K, where K, = {xeJ|(Voe [(n))(\o e L,)}.

DeFINITION 5.8. Let (E, 7, T) be a field of normed algebras.
A continuous map 4: E— E is called a derivation of (E,x, T) if
wod =m and for every te T, the map a+— dx: E,— E, is a deriva-
tion of E, = n7'(¢).

5.9. Let (B, =, T) be a field of normed algebras and 7”,(7) the
algebra of all global sections with quasicompact support, then the
Lie algebra J of all continuous derivations of I",(r) leaving setwise
invariant the ideals I, = {oc e I'(%) | o(t) = 0} for every te T is iso-
morphic to the Lie algebra Der (E, =, T) of derivations of the field
(B, z, T).

Proof. Let o be an element of J. Define F(o) as follows
x +— F(o)x = (0oo)n(x)): E — E, where ¢ is an element of I"(w) such
that o(z(x)) = 2. The function F(o) is well defined because if
t(w(x)) =« and ¢ =7n(x), then ¢ —rel, and hence (00)(n(x)) =
(07)(7(x)).

To prove that F(o) is continuous, say at z, let 7 (7, &) N T™Y(Q)
be a fundamental neighborhood of F(o)x, without loss of generality
one can take v of the form 7 = po where o is an element of I"(w)
such that o(z(x)) = z.

Take W=_.97(0,¢c + |[el)™ N7 Q) as neighborhood of .
By ([8], 2.3), for every ye W,
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1F(e)y — c@@) ]l < llelllly — o=@l <e,

then F(o)ye 7 (r,e) N7 Y(Q) and F(p) is continuous at x, thus
F (o) belongs to Der (E, =, T) and F' is a Lie algebra homomorphism.
Conversely, if 4 is a derivation of (K, 7, T) and o€ '(r), then
400 i8 also a global section with quasicompact support in the field
(B, =z, T).

Define G(4) by o0+ G(4)g = do0: "' () — (%), then G(4) is a
derivation of I",(r) leaving invariant the ideals of the form I..
Furthermore G(4) is a continuous function, indeed, let ce I'(x), T,
the support of o and ¢ > 0. Since for every te T, 4 is continuous
at o(f), there is a neighborhood @, of ¢ and d, > 0 such that x¢
Q) N 7 (o, 6,) implies dx € 7 (4o, €). Without loss of generality
Q. can be supposed to contain the complement of 7T,. Since T, is
quasicompact, there exist a finite number of Q.’s covering T. If o
is taken to be the minimum of the corresponding é’s, then 4.9 (0, 0)C
7 (4o, ¢). It follows that G(4) is continuous and hence it belongs
to J.

Therefore G is an isomorphism between Der (E, x, T) and J
whose inverse is F.

5.10. Summing up, we have the following

THEOREM. If A is C*-algebra with identity and B is a sub-C*-
algebra contained in the center of A and containing its identity,
then the following Lie algebras are isomorphic.

(i) The Lie algebra of derivations of A.

(ii) The Lie algebra of derivations of the canonical field
(E, m, T) associated with the pair (B, A).

(iii) The Lie algebra of global sections of the field of deriva-
tions (L, q, T) obtained from (K, w, T).

Proof. This follows from 5.2, 5.6 and 5.9.
6. The exponential function.

6.1. Let A be a C*-algebra with identity. We identify 4 with
the algebra I'(7) of all global sections of the canonical field (E, 7, T)
associated with A over the spectrum T of the center of A. As
usual I, denotes the ideal I, = {oe I'(x) | o(t) = 0}. It was observed
in [8] 3.1, that I, is the closed two sided ideal generated by te T.

Let J be the Lie algebra of derivations of A and N the group
of automorphisms of A leaving the center elementwise fixed. The
following diagram is commutative
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exp

o J— —N

3, Der (A/L) =2 Aut (4/L)
where 0,(z) = (00)(t), N\ (x) = (\o)(t) for every ze A/l, with oe I'(n)
such that o(¢) =z, (expd)(a) = a + é(a) + 6*a)/2! + .-+, for every
oedJ with ac 4, and

(exp,w)a + L) = (¢ + L) + u(a + L) + u¥a + L)/2! + -+,

for every u e Der (4/1,) and every ac A.

Proof. 0, and \, are well defined because the ideal I, is left
fixed by deJ and e N.

Let deJ, then (expd)(x) =x + d(x) + dix)/2! + -+ = a(?) +
(90)(t) + (0%0)(®)/2! + - .. = ((exp 6)o)(t) = (exp 6),(x), where wxe A/l
and o(t) = 2. Thus the diagram is commutative.

6.2. Now we can define an “exponential function” from the
field (L, q, T) of derivations of A = I'(x) into the field (G, p, T') of
automorphisms of A.

EXP: v —— (exp),(u): L — G with t = q(u) .

Clearly p(EXPu) = q(u) for every u € L, and using the notation
of 5.6 from EXP:L— G we get back exp: J— N as follows: Consider
0 — (EXP (v(©)(-))o(+)), with deJ and o€ I'(x), then

(EXP (4©@)())(a(t)) = (exp, 8,)(0(t)) = (exp d),(a(¢)) = ((exp 9)a)(?)
for every te I. Thus EXP (v(0)(:))(o(-)) = (exp d)o.

6.3. EXP:L-— G is continuous on bounded sets when L and G
are endowed with their field topologies.

Proof. Let L, ={weL|||w| £ M} where ||w|| is the operator
norm of w. Let weL,, t=q(u), ¢ >0 and deJ such that J, = u.
Since EXPu = exp, u = exp, 0, = (expd);, then a fundamental neigh-
borhood of EXPw in G is of the form

{reG|s =p()e@ & inf||Na — (expd)a + z|| < ¢
zelg
for xe N with \, = v}
where @ is an open neighborhood of ¢ = p(EXPu) and ac A. Let

k be a positive integer such that 2M |ja |l D\, M*/n! < /2 and con-
sider the following neifhborhood of w in L,.
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Viu) ={we Ly|s = qw) & mf[I(E — 8)oa + z|| < ¢/2exp (M + 1)
fOI‘j——l -k & &eJ with & = w}

Denote by ||-||, the quotient norm in A/I,, then for every
w = §,€ V(u) we have

Il (exp &)a — (exp d)a + L ||,
= s nt (€ — 6%)a + Ll
=3 ln! | 352, 67 — 0)0" e + Ll
= Saa (M +1)7(n — D! sup [[(§ — 9)0" e + L,
+ St (|6 = e + L,
<e/2+42M|lall S Mt /n! < €.

Thus EXP: L — G is continuous on bounded sets.

7. One example. Let M{C) be the algebra of all 2 x 2 com-
plex matrices and let A be the C*-algebra consisting of all sequences
X = (X,), of elements of M,(C) converging to a diagonal matrix

<0z(X) 0 )
0 B(X)

The center Z of A is C*-isomorphic to the algebra ¢ of all convergent
sequences of complex numbers. For every positive integer k=1
(resp. for k = 0) the ideal ¢, of all convergent complex sequences
whose kth term is zero (resp. whose limit is zero) is a maximal
ideal of ¢, and these are all its maximal ideals.

The closed two sided ideal generated by ¢, with & =1 (resp. by
¢) is the ideal of all X such that X, =0 (resp. lim X, =0). By
the (noncommutative) Gelfand-Naimark representation theorem ([2],
Chapter III, 8.14; [8], 3.5), A is isometrically star isomorphic to the
algebra of all global sections of a field of C*-algebra (E,x, T)
whose base space T = Z, U{w} is the one point compactification of
the discrete space Z, of position integers, and whose stalks are
{t} x M(C) for t ++ w and {t} x C* for t = w. Every star automor-
phism of M,(C) is inner given by a unitary matrix, and C? has only
two automorphisms, the identity and (z, 2.) ' (2, 2,): C*+— C*. The
group N of star automorphisms of A leaving the center elementwise
fixed is then isomorphic to the group of all global sections of a field
(G, », T) over the same base space and its stalks are the group of
star automorphisms of M,(C) it ¢+ @ and the group with two
elements if ¢ = w. Every section of (G, p, T) is given by a sequence

(U, of 2 x 2 unitary matrices converging to @ (1)> or to (g (1)> in
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the strong operator topology on the set of diagonal matrices.
Indeed, to a continuous section of (G, p, T) there is associated a
sequence (U,), of unitary 2 x 2 matrices such that if X = (X,),
belongs to A and X, is its limit, then lim U, X, U} = »(X,) where
@ is a star automorphism of C@2.

But lim U, X, U} = lim U, X,U¥, thus U,DU, converges to D or
to (gz gl for every diagonal matrix D = (f)l‘ g) The sequence
(U.). is uniquely determined up to a a sequence (D), D, = (gk g)
with |d,| = 1. ‘

Now let J be the Lie algebra of derivations of A. Then J is
isomorphic to the Lie algebra of all global sections of the field
(L, q, T) obtained from (#, =, T').

Every derivation of M,(C) is inner and C? being commutative
has no nonzero derivations. Then every global section of (L, ¢, T)
is given by a sequence (V,), of complex 2 x 2 matrices converging
to zero in the strong operator topology on the set of diagonal
matrices, i.e.. V,D— DV, converges to zero for every diagonal
matrix D.
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