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1. Introduction and description of results

A (C*-algebra A is said to be exact if the functor B — B ®uin A preserves short exact
sequences of C*-algebras and *-homomorphisms. Recently there has been great progress
in understanding exact C*-algebras, much of it due to Kirchberg and to Kirchberg and
Wassermann [15-19]. A good general reference for exact C*-algebras is Wassermann’s
monograph [34].

In [23], Pimsner introduced a construction of C*-algebras E(H) and O(H), respec-
tively, called the extended Cuntz—Pimsner algebra and the Cuntz—Pimsner algebra of a
Hilbert C*-bimodule H over a C*-algebra B; we will review his construction at the begin-
ning of §3. (In this paper we always assume that the Hilbert module H is full as a right
B-module, i.e. that span{(¢,n) | £,n € H} = B; for a good general reference on Hilbert
C*-modules, see the monograph of Lance [20].) The C*-algebras F(H) and O(H) are
quite important and appear in several areas of operator theory. They are central in the
work of Muhly and Solel [22] on triangular operator algebras analogous to the algebra
of analytic Toeplitz operators on the circle, and their ideal structures have been studied
in [8,13] and [21] (see also [24]).

Moreover, the C*-algebra E(H) is related to freeness in the sense of Voiculescu [31]
(see also [33]). For example, Speicher [29] has proved that if H = Hy @ Ha, then E(H) is
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isomorphic to the reduced amalgamated free product of C*-algebras E(H;) and E(Hs),
amalgamating over B with respect to the canonical conditional expectations F(H,) — B.
The algebras E(H) are also the natural setting for operator-valued analogues of the
Gaussian functor. The extended Cuntz—Pimsner algebras have been important in work
related to freeness [26,27] by D.S.

In §3 of this paper we show that if B is an exact C*-algebra and if H is any Hilbert
B, B-bimodule, then the C*-algebras E(H) and O(H) are exact. The inspiration for our
investigation came from the recent result of K.J.D. [9] that every C*-algebra arising
as the reduced amalgamated free product of exact C*-algebras is exact. Moreover, our
proof here of exactness of E(H) resembles at its core the proof found in [9] of exactness
of reduced amalgamated free products; in both cases, exactness of the algebra is proved
by reducing the problem to the question of exactness of algebras generated by words of
length < n; this question is then resolved by using a chain of ideals of length n + 1.

This paper’s main result on exactness of E(H) can be used to give a new proof of the
main result of [9]. More specifically, in § 5 we show that if (A4, ¢) = (A1, ¢1) x5 (A2, d2) is
a reduced amalgamated free product of C*-algebras (amalgamating over B with respect
to conditional expectations ¢, : A, — B), then A is a quotient of a subalgebra of
E(H), for some Hilbert C*-bimodule H over A; ® As; if A; and Ay are exact, then from
the exactness of E(H) we may conclude that A is exact. Before giving this argument,
however, we consider in §4 a special case and give an easier argument showing that
if (A,¢) = (A1,¢1) * (Az2,02) is a reduced free product (i.e. amalgamating over only
the scalars C), then A can be embedded in E(H) for some Hilbert C*-bimodule over
A1 Qmin Ag; this in turn implies the special case of the main result of [9] that the class
of unital exact C*-algebras is closed under taking reduced free products. (See [11] for a
simpler version of the argument of [9] in a special case.)

Topological entropy for automorphisms of unital nuclear C*-algebras was invented
by Voiculescu [32] and was extended by Brown [2] to apply to automorphisms of exact
C*-algebras. It has many natural properties, and when applied to automorphisms of com-
mutative C*-algebras gives the usual topological entropy of a homeomorphism. In § 6 we
examine the topological entropy of Bogljubov automorphisms of the algebras F(H); we
show (Theorem 6.4) that if H is a Hilbert bimodule over B, where B is finite dimensional,
then every Bogljubov automorphism of E(H) has topological entropy zero. The fact that
we are only able to give results of this sort when B is finite dimensional parallels the
current state of knowledge about the topological entropy of automorphisms of reduced
amalgamated free product C*-algebras (see the results and questions in [10]).

We have outlined the contents of the entire paper except for § 2 above; there we collect
some results about exactness of crossed product C*-algebras and the topological entropy
of some automorphisms of them.

1.1. Standard notation

We will use the convention N = {0,1,2,...}. The words endomorphism, homomor-
phism, automorphism and representation when applied to C*-algebras will mean *-endo-
morphism, *-homomorphism, x-automorphism and *-representation.
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2. Preliminaries on crossed products

In this section, we will describe and prove some results about topological entropy in
crossed product C*-algebras. These results are applications of Proposition 2.6 of Brown
and Choda’s paper [3], which is in turn based on work of Sinclair and Smith [28]. It has
come to our attention that Choda [4] has independently proved Proposition 2.2, but for
completeness we will provide a proof here.

Let us begin by recalling the construction of reduced crossed products, thereby intro-
ducing the notation we will use. Let A be a C*-algebra with a faithful and non-degenerate
representation o : A — B(H), where 3 is a Hilbert space. Let G be a group taken with
discrete topology and let G 5 g — «, € Aut(A) be an action of G on A via automor-
phisms. Let 7 : A — B(£?(G,H)) be the representation given by

(m(a)§)(h) = o(an-1(a))(§(h)) (a€ A, €€ (G, ), hed),

and let A be the unitary representation of G on ¢?(G,H) given by

(A& (h) =&(g™'h) (€€ L%(G,H), g,h € G).

We then have
Ag-1m(a)Ag = m(ag(a)) (a€ A, geq),

and the reduced crossed product C*-algebra A = Ax, G is the norm closure of the linear
span of {m(a)\y | a € A, g € G}. It is known that the C*-algebra A is independent of
the choice of o.

Lemma 2.1. Let A= A x, G be a reduced crossed product C*-algebra, as described
above. Suppose 3 € Aut(A) and § commutes with oy for every g € G. Then there is a
unique automorphism 3 € Aut(A) such that B(m(a)Ag) = 7(6(a))Ag for every a € A and
ge@q.

Proof. Uniqueness is clear. In the notation used above, we may without loss of gen-
erality take the representation o : A — B(H) to be so that the automorphism S is
spatially implemented, i.e. so that there is a unitary V' € B(H) with V*o(a)V = o(5(a))
for every a € A. Then, equating /2(G,H) with £?(G) ® H we have the unitary 1®V and
(1@ V)*m(a)r,(1® V) =7(B(a))A, for every a € A and g € G. Let 3 = Adigv- O

The following proposition concerns the topological entropy, ht, of certain automor-
phisms of crossed product C*-algebras. We refer to [2] for notation and definitions used in
the proof. Let us note that the C*-algebra crossed product A x, G of an exact C*-algebra
A by an action of an amenable countable group G is exact by [16, Proposition 7.1].

Proposition 2.2. Let A be an exact C*-algebra, let G be an amenable countable
group, let g — a4 be an action of G on A via automorphisms and let A= Ax,G be the
(reduced) crossed product C*-algebra. Suppose that 5 € Aut(A) and that 8 commutes
with o, for every g € G. Let 3 € Aut(A) be the automorphism found in Lemma 2.1.

Then ht(3) = ht(5).
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Proof. Because forr = w03, using Brown’s result [2, Proposition 2.1] that At is mono-
tone, we have ht(3) > ht(3). We will use the notation from the beginning of this section
and we will denote by # : A — B(£2(G,H)) the inclusion arising from the construction.
In order to show that ht(3) < ht(8), it will suffice to show that ht(#, 3, w,d) < ht(8)
for every ¢ > 0 and for every finite subset w of {m(a)\, | @ € A, g € G}. Let v and
K Dbe finite subsets of A and, respectively, G, so that w C {m(a)\, | a € v, g € K}.
Let n > 0 and let F be a finite subset of G so that |[FF'NgF| > (1 — n)|F| for every
g € K; (F exists by amenability of G). Let v/ ={a;-1(a) |a € v, t € F}, let n be a
positive integer and let k = rep(o, v/ UB(V)U--- UL 1(V),n). Let ¢ : A — My(C) and
¥ : Mp(C) — B(H) be completely positive contractions such that for every a € v and
every j € {0,1,...,n— 1}, [0 6(#(a) — o(F (@) < 1. Let f = |F|-V215 € £(G)
be the normalized characteristic function of F. Let & : A — M p|(C) ® My(C) and
¥ : Mip(C)® M(C) — B({*(G,H)) be the completely positive contractions defined
in [3, Proposition 2.5]. By [3, Proposition 2.6] we have, for every @ € A and g € G,

Wo@(w(d))\g):i Z m(ar oo doa-1(a))A.

|F| teFNgF

If g€ K and @ = 3/ (a) for some 0 < j < n — 1 and a € v, then for every t € F N gF we
have

lae oo doas-1(a)—all = [[¢odo oai(a) 7 oar-1(a)| <,
because o; *(a) € /. Using that (1 —n)|F| < |F N gF| < |F| we obtain

&0 @(m(a)rg) —m(@)Agll < n(llall +1).

We could have chosen 7 so small that n(||a|| + 1) < § for every a € v, which would have
given the estimate

rep(#,w U Bw) U+ U B (w),8) < [Flrep(o, v/ UB() U---U B (M), n).
Therefore, ht(fr,ﬁ,w,é) < ht(o, B,v',n) < ht(5). |

We now turn to the crossed product Ax,N of a C*-algebra A by a single endomorphism
«; this construction was introduced by Cuntz [5], when he described his algebras O,, as
crossed products of UHF algebras by endomorphisms. Later [6, p. 101] he pointed out that
this construction applies more generally; see Stacey [30] for a more detailed discussion,
including the non-unital case (we consider only his multiplicity one crossed product). If
Ais a C*-algebra and if « is an injective endomorphism of A, let A be the inductive limit
of the system A % A % ..., with corresponding injective homomorphisms s, : A — A
(n € N). Let p denote the element (1) of A if A is unital, and the corresponding
element of the multiplier algebra of A if A is non-unital. There is an automorphism &
of A given by a(un(a)) = pn(a(a)), with inverse p,(a) — fny1(a). Then the crossed
product A = A x, N is defined to be the hereditary C*-subalgebra p(A x4 Z)p of the
crossed product of A by &. The map pg followed by the embedding of A into A x4 Z
gives an embedding 7 : A — A, and the compression by p of the unitary in A x4 Z
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implementing & is an isometry S belonging to A if A is unital and to the multiplier
algebra of A if A is non-unital, and satisfying

St(a)S™ = m(ala)), (ac A). (2.1)

If A is unital, then A is the universal unital C*-algebra generated by a copy m(A) of A
and an isometry S satisfying (2.1); if A is non-unital, then A satisfies a similar universal
property and is the closed linear span of the set of all elements of the forms 7(a)S* and
(S*)*m(a) for k > 0 and a € A (see [30]).

Lemma 2.3. Let A be an exact C*-algebra and let a be an injective endomorphism
of A. Then the crossed product C*-algebra A x, N is exact.

Proof. The C*-algebra A, being an inductive limit of exact C*-algebras, is exact.
Now, [16, Proposition 7.1] implies that A x5 Z is exact, hence that A x, N is exact. O

The following lemma follows easily from the universal property for the crossed product
by an endomorphism, but we will exhibit the automorphism 3 directly, for use in the
next proposition.

Lemma 2.4. Let A be a C*-algebra with an injective endomorphism « and an auto-
morphism § that commutes with «. Then there is a unique automorphism 3 of A x, N
satisfying 3(m(a)S*) = 7(B(a))S* for every a € A and k > 0.

Proof. Uniqueness is clear. Let A = A x, N; then A = p(A x4 Z)p as above. The
commuting diagram
A2 4=

IEC
A2 4=
gives rise to an automorphism /3 of A that commutes with @. Let v be the automorphism

of A x4 7 arising from [ via Lemma 2.1. Then 7(121) = A and the restriction of v to A
is the desired automorphism (. 0

Proposition 2.5. Let A be an exact C*-algebra with an injective endomorphism «
and an automorphism (3 that commutes with «; let A = A x4 N. Let 5 € Aut(A) be the

automorphism found in Lemma 2.4. Then ht(3) = ht(g).

Proof. Let us use the notation of the proof of Lemma 2.4. Then we have

ht(6) < ht(3) < ht(v) = ht(3),

where the inequalities follow from monotonicity of ht and the equality follows from Propo-
sition 2.2. However, Brown’s result [2, Proposition 2.14] on inductive limit automorphisms

gives ht(5) = ht(0). O
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3. Exactness of the Cuntz—Pimsner algebras

In this section we prove that the extended Cuntz—Pimsner algebra E(H) and the Cuntz—
Pimsner algebra O(H) of a Hilbert B, B-bimodule H are exact C*-algebras whenever
B is an exact C*-algebra. We begin by reviewing Pimsner’s construction [23] of these
algebras and some facts about them.

Let B be a C*-algebra and let H be a Hilbert bimodule over B. By this we mean that
H is a right Hilbert B-module with an injective homomorphism B — L(H); we further
assume that {(h1,he)p | h1,he € H} generates B as a C*-algebra, where (-,)p is the
B-valued inner product on H. Let 7(H) = B&D, >, H(®8)" be the full Fock space over
H; here H(®5)" denotes the n-fold tensor product H ®p H®p---®p H. Note that F(H)
is a Hilbert B, B-bimodule. For each vector h € H, the operator I(h) : F(H) — F(H)
defined by

(Wh® - Q@h,=h®h1 & - Qhy, hhy,....,h, € H,
I(h)b=hb, heH, beB,

is a bounded adjointable operator on F(H ). These I(h) are called creation operators and
satisfy the relations

I(h)*l(g) = (h,g9)B, h,g€H, (3.1)
bll(h)bg = l(blhbg), he H, b,by€eB.

Pimsner defined the extended Cuntz—Pimsner algebra E(H) C L(F(H)) to be
EH)=C*(l(h) :he H)

(where his notation is 7). Since we assumed that B is generated by the set of inner
products (hi, he)p, the copy of B acting on the left of F(H) is contained in E(H). Pim-
sner showed [23, Theorem 3.4] that E(H) is in fact the universal C*-algebra generated
by B and elements I(h), satisfying relations (3.1) and (3.2). The orthogonal projection
onto B C F(H) defines a canonical conditional expectation € from E(H) onto B.

If K C H is a Hilbert subbimodule, then C*(I(h) : h € K) = E(K), so that there is
an inclusion F(K) C E(H); this inclusion preserves £. Note, furthermore, that if H' is a
closed C-linear subspace of H and if B’ is a C*-subalgebra of B such that

<h1,h2>B GBI (hl,hQEH/),
bihbs € H'  (bi,bs € B', h e H'),
then H' is a Hilbert bimodule over B’ and E(H') C E(H).

Theorem 3.1. Let B be a C*-algebra and let H be a Hilbert B, B-bimodule such
that {(hi,ha) | h1,ho € H} generates B. Then E(H) is exact if and only if B is exact.

Proof. Since C*-subalgebras of exact C*-algebras are exact and since B C E(H), if
E(H) is exact, then B is exact.
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Assume now that B is exact, and let us show that E(H) is exact. There is a net,
ordered by inclusions, of pairs (B}, H}), where each B} is a separable C*-subalgebra of
B and where each H} is a separable closed linear subspace of H such that the restriction
of the usual operations makes H) a Hilbert bimodule over B and such that

UB’:B and UH’:H.
A A

From the inclusions E(H}) C E(H) mentioned early in this section, we see that E(H)
is the direct limit of the E(H}). Hence we may and do assume without loss of generality
that B and H are separable.

Let H = H ® B. Since E(H) C E(H), it will be sufficient to prove that E(H) is exact.
Denote by £ € H the vector 0 @ 15, and let L = [(€). Then L satisfies the following
relations:

L*L=1,
L*I(h) =0, he H
I(h)*L =0, heH.

The C*-algebra E(H) is the closed linear span of the set of all elements of the form
W = bol(h1)? Vbl (ha)?Pby .. . 1(hy,)9 b, (3.3)

where n > 0, b; € B, g(j) € {*,-}, h1,...,hn, € H and where I(h;)97) = I(h;) if g(j) = -.

Consider the unitary o, : H — H given by ai(h) = e*™h, (h € .F~I) Denote by G
the resulting automorphism E(a;) of E(H). Thus 3,(L) = e*™*L, B,(I(h)) = e*"*i(h)
(h € H) and B:(b) = b (b € B). Note that ¢t — [, is an action of the group T = R/Z on
E(H). Let A be the fixed point subalgebra of 3, i.e. A = {a € E(H) |Vt €T, B;(a) = a}.

Claim 3.2. A is the closed linear span of the set of operators of the form (3.3) for
which #{i: g(i) = x} = #{i : g(i) = -}.

Proof. If W is of the form (3.3), then

B(W) = 2mi#lisal) =} —#{ia(D=Dtyy

Hence, if #{i : g(i) = =} = #{i : g(i) = -}, then W € A. The map &(T) = fol Be(T) dt
is a faithful conditional expectation from E(H) onto A; letting W be as above, if #{i :
g(i) = x} = #{i : g(i) = -}, then (W) = W, while otherwise $(W) = 0. If T € A, then
T can be approximated by a linear combination of operators of the form (3.3). Since
&(T) = T by assumption, it then follows that T can be approximated by a linear span
of operators of the form (3.3) for which #{i : g(i) = %} = #{i : g(¢) = -}. This proves
Claim 3.2. O

Claim 3.3. E(H) = C*(A,L).
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Proof. It is sufficient to show that any operator W of the form (3.3) can be written as
W = (L*)*W’" or W = W'LF for some W' € E(H) and k € N. Let k = #{i : g(i) = -} —
#{i: g(i) = x}. If Kk =0, then W € A and we are done. If k¥ > 0, then since L*L =1
we have W = (W (L*)¥)LF and W' = W (L*)k € A. If k < 0, then W = (L*)*LFW, and
W' = L*W € A. This proves Claim 3.3. O

Claim 3.4. ¥ : ¢ — LaL* defines an injective endomorphism of A. E(H) is isomorphic

to the (universal) crossed product of A by this endomorphism, namely E(H) = A xy N.

Proof. ¥ is an injective endomorphism because L*L = 1. Let C' = AxgNandlet V €
C denote the isometry arising from the crossed product construction and implementing
¥; thus we have VaV* = W¥(a), a € A. As is well known, there exists a continuous family
(7¢)ter of automorphisms y; of C, such that v, (V) = €™V and v,(a) = a forevery a € A
(where we identify the circle T with R/Z). Let I" : C — A be the conditional expectation
(T = fol %(NT) dt. Then I' is faithful. By universality of C, there is a surjective map
p: C — E(H), such that p(a) = a for a € A, and p(V) = L. Let T € kerp. Then
T*T € ker p. Since S0 p = pory, we have v (T*T) € ker p, so that I'(T*T) € ker p. But
pla is injective, so I'(T*T) = 0 and hence T*T = 0 and T = 0. Tt follows that C' = E(H).
This proves Claim 3.4. O

Claim 3.5. The C*-algebra A is exact.

Proof. Denote by A, the subspace of A that is the closed linear span of the set of
words of the form W = bol(h1)9Mb11(he)9 @by . . . 1(ham)g(2m)ba,, with m < n, and for
which #{i : g(i) = -} = #{i : g(i) = *}. Note that, in light of equations (3.1) and (3.2),
we may assume without loss of generality that in W, g(1) = ¢g(2) =--- = g(m) = - and
glm+1) =g(m+2)=---=g(2m) = x. Now it is easily seen that A,, is a C*-subalgebra
of A and that B= Ay C --- C A, C A,4+1 C A is an increasing sequence of subalgebras
with UnZI A,, dense in A. Hence it will suffice to prove that each A, is exact.

Denote by m, the restriction and compression of the representation of A, on F (E[ ) to
Fo(H) = B& @, H®?)*. Since in the decomposition

f(H) _ @ é E[@B(k(”JFl)Jrj)

k>0 j=0

_ é @E[@Bj ® (ﬁ[@B(n-‘rl))@Bk

=0 k>0
= Fu(H) @ F(HE(HD), (3.4)

A,, acts on ]—'(fI) as mp,(A,)®1, it follows that 7, is a faithful representation. Let I,, C A4,
be the closed linear span of the set of all words of the form

bol(h1)b1l(ha)ba . . . 1(he)bl(Bns1)*bagr - - - L(han) *ban.

Using the relations (3.1) and (3.2), one easily sees that I, is a closed two-sided ideal
of A,,. Moreover, observing the action of m,(I,) on F,(H), one easily sees that, with
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respect to the decomposition fn(lfl) = fn_l(ﬁ) @ H®©B)" we have Tn(In) = Or, it
K(H®@8)™) where K(H®5)") denotes the algebra of compact operators on the Hilbert
B, B-bimodule H(®5)" Now the quotient A, /I, is canonically identified with the closed
linear span of all words bol(h1)9™Mb11(h2)9?) ... 1(hp)9?™)by,, in A, for which m < n.
Thus A, /I, is isomorphic to A,,_1, and the canonical inclusion A,,_; < A, provides a
splitting for the short exact sequence 0 — I,, — A,, — A, /I, — 0.

We now show exactness of A, by induction on n. For n =0, Ag & B is exact by
assumption. Having restricted to the separable case, we have that H(®©B)" ig geparable
and hence K(H(®5)") is an exact C*-algebra by the Kasparov stabilization lemma [14].
Using the induction hypothesis that A, is exact, we find that in the split exact sequence
0—1,— A, —> A,/I, — 0 the algebras A, /I,, 2 A, _1 and [,, & fK(ﬂ'(@B)”) are exact.
By [7, Proposition 2] (see also [16, Proposition 7.1]), A, is exact. This completes the
proof of Claim 3.5. O

Now we can finish the proof of the theorem. By Claims 3.4 and 3.5, E(H) is isomor-
phic to the universal crossed product A xy N of an exact C*-algebra A by an injective
endomorphism ¥. By Lemma 2.3, A xy N is exact. O

Corollary 3.6. Let B be a C*-algebra and let H be a Hilbert B, B-bimodule. Then
the Cuntz—Pimsner algebra O(H) associated to H is exact if and only if B is exact.

Proof. The Cuntz—Pimsner algebra Oy is defined as a certain quotient of E(H)
(see [23] for details). If B is exact, then F(H ) is exact, and it was proved by Kirchberg [16]
that quotients of exact C*-algebras are exact. Since O(H) contains a copy of B as a C*-
subalgebra, exactness of O(H) implies exactness of B. O

Given a C*-algebra B and a completely positive map 7 : B — B ® M,,«,(C), the
C*-algebra &(B,n) was constructed in [27]. This algebra is a subalgebra of E(H), where
H is the Hilbert B, B-bimodule associated to n (see [25]). Since B c &(B,n), from
Theorem 3.1 we immediately have the following.

Corollary 3.7. Let B be a C*-algebra and let n : B — B ® M, x, be a completely
positive map. Then the C*-algebra ®(B,n) is exact if and only if B is exact.

4. Exactness of reduced free product C*-algebras

Theorem 3.1 can be used to give a new proof of the recent result [9] that the class of
exact unital C*-algebras is closed under taking reduced amalgamated free products; this
alternative proof will be given in section 5 below. In this section, however, we give an
easier argument that makes use of Theorem 3.1 and proves a special case, namely that
every reduced free product (with amalgamation over the scalars) of exact C*-algebras is
exact. (See [11] for an easier version of the argument of [9] in a special case.)

In light of Example 1.4 of [12] (see also Question 1 of [1] and the answers provided),
one must be careful about embeddings of reduced free products of C*-algebras. Thus we
provide a proof of the following lemma.
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Lemma 4.1. Let N be an integer greater than or equal to 2 or oo and for every
1<k < N+1 let A be a unital C*-algebra having a state ¢, whose Gelfand—Naimark—
Segal (GNS) representation is faithful. Let (A,$) = *X_, (Ax, ¢x) be the reduced free
product of C*-algebras. Let B = ®g:1 Ay be the minimal tensor product of C*-algebras
and let p = ®,]€V=1¢k be the tensor product state. Let D, be a C*-algebra with a state 1
whose GNS representation is faithful and having a unitary u € Dy such that ¥ (u™) =0
for every non-zero integer n. Let (D,v) = (D1,41) * (B, p) be the reduced free product
of C*-algebras. Consider the embeddings 7, : Ay, — D given by m(a) = u*au™". Then
there Is an injective homomorphism 7 : A — D whose restriction to Ay is m, for every
k and such that ¢ om = ¢.

Proof. Let us abuse notation by writing A, for all of the corresponding unital subal-
gebras Ay, C A, Ay C B and A C D arising from the free product and tensor product
constructions, and similarly for B C D. The unitary u generates a copy of C(T), the
continuous functions on the circle, on which 1, is given by integration with respect to
Haar measure. Thus

(cmr), / dA) C (D1, 41),

where d\ is Haar measure. By the main result of [1], without loss of generality we may

and do assume that
(D1, n) = (C(T), / dA>.

It is easily checked that in (D,) the family (u*Bu=")iez is free; letting B be the C*-
subalgebra of D generated by (J;c,, u?Bu~*, conjugation by u acts as the free shift on
B. As BU{u} generates D and as Bu* C ker) for every non-zero integer k, we see that
D = B x Z and the GNS representation of the restriction of ¢ to B is faithful on B.
Therefore, we may use the uniqueness of the free product construction to see that

(B, 1 5) =552 o (uFBu™ 0l yh gy )

Regarding A;, C B, we have the embeddings 7 : Ay — u*Apu™" C v*Bu~", and these
satisfy ¢ o m, = ¢. Hence by the main result of [1] there is an injective homomorphism
7: A — B C D extending each 7, and satisfying ) o 7w = ¢. (]

Proposition 4.2. Let I be a set having at least two elements and for every ¢ € I
let A, be a unital C*-algebra and let ¢, be a state on A, whose GNS representation
is faithful. Let (A,¢) = *,c1(A,,¢,) be the reduced free product of C*-algebras, let
B = @,c; A, be the minimal tensor product of C*-algebras and let p = ®,e1¢, be
the tensor product state. Then there is a Hilbert B, B-bimodule H and an injective
homomorphism m : A — E(H) such that letting £ : E(H) — B be the canonical vacuum
expectation, we have po & o = ¢.

Proof. Let H be the Hilbert B, B-bimodule associated to p. This means that H is
obtained by separation and completion of the algebraic tensor product B ®,1; B with
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respect to the norm induced by the B-valued inner product
(a®@b,d @) =0b*pla*a )b/, a,d, bb € B,

or, in other notation, H = L?(B,p) ®c B. Denote by ¢ € H the vector 1 ® 1. Let
€ : E(H) — B be the canonical vacuum expectation given by compression with the
projection F(H) — B. Consider C' = C*(I(§)) C E(H). By [26], the restriction of the
conditional expectation £ : E(H) — B to C' is scalar-valued; we denote this restriction by
1. In fact, as is easily seen, C' is isomorphic to the algebra of Toeplitz operators generated
by the non-unitary isometry [(£) and ¢ is the state whose support is 1—1(£)1(£)*. We have
by [26, Theorem 2.3] that E(H) is a reduced free product, (E(H), po&) = (C,v)* (B, p),
because 1(§) satisfies 1(£)*bl(€) = p(b) for all b € B. The algebra C contains a unitary
u with the property that ¢ (u*) = 0 for all & € Z\ {0}; for example, u can be obtained
by continuous functional calculus from the semicircular element [(£) + I(§)*. Then by
Lemma 4.1 there is an injective homomorphism 7 : A — E(H) satisfying pofom = ¢. O

Corollary 4.3 (see [9]). Let I be a set having at least two elements and for every
v €I let A, be a unital C*-algebra and let ¢, be a state on A, whose GNS representation
is faithful. Let (A, ¢) = x,c1(A,, ¢,) be the reduced free product of C*-algebras. Then A
is exact if and only if every A, is exact.

Proof. Since each A, is canonically embedded as a C*-subalgebra of A, exactness of
A implies exactness of every A,.

Suppose that every A, is exact and let B = @),; A, be the minimal tensor product
of C*-algebras. Then B is exact, as is easily seen from the definition of exactness and
by taking inductive limits if necessary. By Proposition 4.2, A is isomorphic to a C*-
subalgebra of E(H), for some Hilbert B, B-bimodule H. By Theorem 3.1 E(H) is exact,
and it thus follows that A is exact. O

5. Exactness of reduced amalgamated free product C*-algebras

In this section, we give an alternative proof, using Theorem 3.1, of the result [9] that
the class of exact unital C'*-algebras is closed under taking reduced amalgamated free
products.

Proposition 5.1. Let B be a unital C*-algebra and let A, and As be unital C*-alge-
bras each containing a copy of B as a unital C*-subalgebra and having a conditional
expectation ¢, : A, — B whose GNS representation is faithful. Let

(4,9) = (A1, 1) *5 (A2, ¢2)
be the reduced amalgamated free product of C*-algebras and let A = A; ® Ay. Then

there is a Hilbert A, A-bimodule H such that A is isomorphic to a C*-quotient of a
C*-subalgebra of E(H).
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Proof. Let D = B® B = {(b1,b2) € A | b1,ba € B} and consider the conditional
expectation ¢ = ¢1 @ ¢ : A — D and the completely positive map n : A — A given by
n((a1,a2)) = (¢2(az), #1(a1)). Note that 7 takes values in D and that o ¢ = n. We now
consider the 7-creation operator L; this construction was introduced by Speicher [29] and
Pimsner [23], and proceeds as follows. We take the Hilbert A, A-bimodule H which is
obtained by separation and completion of the algebraic tensor product A®.1; A equipped
with the natural left and right actions of A and with the inner product

(a1 @ ap, a} ® ay) = agn(aja))a;.

We let £ € H be the element corresponding to 1 ® 1 € A ® A; taking the Fock space
F(H) welet L =1(¢) € E(H) € L(F(H)) be the corresponding creation operator. As
is well known and is easily seen using equations (3.1) and (3.2), L*aL = n(a) for every
acA

Claim 5.2. Let £ : E(H) — A be the conditional expectation defined by compression
with the orthogonal projection F(H) — A and let ¢ = ¢o & : E(H) — D. Then {L, L*}
and A are free with respect to 1.

Proof. This claim is proved by applying [26, Theorem 2.3]. In fact, from its proof, we
see that statements (i), (ii) and (b) of that theorem imply statement (a) of that theorem.
Hence, in order to apply [26, Theorem 2.3] to show freeness of A and {L, L*}, we need
only show

(@) (aiLay... LagpLayL*ay ... L*ay, ;) = 0 whenever k,£ > 0, k+ ¢ > 0 and a;,a} €
A; and

(8) L*aL = n(v(a)) for every a € A.

Indeed, («) and (B) together show that L is distributed with respect to ¢ as an (n]p)-
creation operator, showing part (c) of [26, Theorem 2.3] holds, while («) is part (i) and
(6) is part (ii) of [26, Theorem 2.3]. But (o) and (8) follow from the facts that L is
distributed as an n-creation operator and 1o (a) = no ¢(a) = n(a) for a € A. This
finishes the proof of Claim 5.2. O

Now let P =1— L?(L*)? and W = P(L + L*)P.
Claim 5.3. P is a projection, W is a partial isometry, W = W* and W? = P.

Proof. The creation operator L is easily seen to be an isometry; thus P is a projection.
Clearly W = W*. Straightforward computations reveal that

W =L+L"—L(L*)* - L*L*, (5.1)
and then that W2 = P. So Claim 5.3 is proved. O

Claim 5.4. Let A = C*({W}UA) C E(H) and let m be the GNS representation of 2
arising from the conditional expectation ¢. Then w(1 — P) = 0; hence w(W) is unitary.

https://doi.org/10.1017/5001309159900125X Published online by Cambridge University Press


https://doi.org/10.1017/S001309159900125X

Ezactness of Cuntz—Pimsner C*-algebras 437
Proof. We must show that
YW . axWeay 1 (1 — P)ay,  Whal,...Whd}) =0 (5.2)

for all integers k,£ > 0 and g;,q; > 1 and all a;a; € A. We will show (5.2) by induction
on k + ¢. For k +{ = 0, clearly a;(1 — P)a} = a;l?(L*)%a} is in the kernel of £, hence
also of 9. Suppose now k + ¢ > 0. Writing a; = (a; — ¢(a;)) + ¢(a;) and similarly for a;
and then distributing, we may assume that each a; and each a; lies either in ker ¢ or in
D. For every d = (by,b2) € D we have Ld = «(d)L, where « is the automorphism of D
given by a((b1,b2)) = (ba,b1). Indeed, we may take d = d* and then

(Ld — a(d)L)*(Ld — o(d)L) = dL*Ld — dL*o(d) L — L*a(d)Ld + L*a(d)a(d) L
- -d+d=0,

because L*dL = n(d) = a(d) for d € D. From Ld = «(d)L it follows that
L*d=«a(d)L*, Pd=dP and Wd=a(d)W.
Note also that W(1 — P) =0.If k£ > 1 and a1 € D, then
W¥ap (1 —P)=W%»(1 — P)ags, = 0;

similarly, if £ > 1 and aj,, € D, then (1 — P)a}HVV‘]2 = 0. If a; € D for some 1 <
J < k, then W%-1q;W% = W4%-1"%q% (a;) and we may use the induction hypothesis
to conclude that (5.2) holds; similarly, if a}; € D for some 1 < j < £, then (5.2) holds.
Hence we may assume that a; € ker¢ for every 1 < j < k+ 1 and a; € ker ¢ fgr
every 1 < j < £+ 1. Writing W% = (W% —(W%)) +¢(W%) and similarly for W%,

distributing and letting
g =W = (W) and g = W — (W),

we find that a; W ... ap; W% ap (1 — P)a@_i_quéaZ . qua’l is equal to a sum of 2k+¢
terms which are obtained by replacing each W% variously with y; and with (W %), and
each WY varioqsly with y’ and with Z/}(Wq;). If z is one of these terms where at least
one W% or W% has been replaced by its expectation under v, then we can see that
¥(z) = 0 by using the induction hypothesis; indeed, we write y; = W% — ¢)(W%) for
each y; appearing in 2z and similarly for each y; and then we distribute; this expresses
z as a sum of terms to each of which the induction hypothesis applies to show it has
expectation zero under 1. We are left to show only that

U(a1y; - .. apYrar+1 (1 — P)a'@rlyéa; ... yhay) = 0.

But this holds by the freeness proved in Claim 5.2. Thus the proof of Claim 5.4 is
finished. O

Claim 5.5. The restriction of m to A is faithful.
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Proof. This follows from the fact that ¢; and ¢o have faithful GNS representations.
O

The inner product arising from the GNS construction for v gives a map 1[) cm(A) = D,
which upon identifying D with 7(D) becomes a conditional expectation ¢ : w(A) — 7(D);
moreover, we have ) o m =T o9y

Claim 5.6. Let ¢ = n((1,0)) € m(D) and let V = 7n(W). Then
(a) V is a unitary satisfying V =V* and VqV =1 —q.

Consider the subalgebras M; = qn(A)q, My = ¢Vn(A)Vqg=V(1 —¢)m(A)(1 — ¢q)V and
N = gn(D)q. Then

(b) NCM, (L:172);

(¢) M, is isomorphic to A, via an isomorphism that sends N to B and conjugates 15[ M,
to ¢, (t=1,2); and

(d) M; and M, are free with respect to 1.

Proof. (a) follows from Claim 5.3, Claim 5.4 and the fact that W (by, by) = (b, by )W
for all (by1,b2) € D; note that (b) holds for the same reason.
For (c), the isomorphisms are

My 5 w((a1,0)) = a1 € Ay,
My 5 Vr((0,a2))V +— az € Aa,

which we denote o1 and o5, respectively. That o1 sends N to B and conjugates 1[)[ wm, to
¢1 is straightforward to see. We have N C My because 7((b,0)) = Vr((0,0))V for every
b € B, and this also shows that IV is mapped by o9 onto B. We must show that

75 0 P(Vr((0,a2))V) = ¢a(az) (5.3)
for every as € As. But
D(V7((0,a2))V) = b o m(W(0,a0)W) = 7 0 (W (0, az)W).
Write as = (a2 — ¢2(az)) + ¢2(az). It is easily seen using (5.1) that (W) = 0. This

and the freeness result proved in Claim 5.2 show that ¢(WW (0, az — ¢2(az))W) = 0, while
since ¢2(az) € B we have

T o h(W(0, p2(az))W) = m o ((p2(az),0))
= 1((¢2(az2),0)) = Vr((0, p2(a2))) V= ¢o(as).

Hence (5.3) holds and (c) is proved.
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To prove (d) it will suffice to show that ¢)(z) = 0 whenever z = z,25...z,, where
n>1 ;€ M, Nkerty and 11 # ta,12 # 13, ., ln—1 7 L. Writing

S 7((a;,0)) for a; € Ay Nker ¢4, if o =1,
J W(W(O,GJ)W) fOI' aj = AQ ﬂker¢27 lf Lj — 27

we find that &(z) =1o w(y) =mo 1/;(y), where y = y1v2 ...y, and

(aj,0)7 if Ly = ].7
Y = .
(0,a4), ifo; =2.

Rewriting y as a product of Ws alternating with (0,a;)s and (a;,0)s, using that each
(a;,0) and (0, a;) lies in ker ¢, that /(W) = 0 and the freeness proved in Claim 5.2, we
find that 1 (y) = 0. This finishes the proof of Claim 5.6. O

We now finish the proof of Proposition 5.1. By properties of the free product construc-
tion, A is isomorphic to the image of C*(M; U Ms) under the GNS representation of
1;[0*(MluM2)a while C*(M; U M) is itself a subalgebra of a quotient of a subalgebra of
E(H). Finally, the property of being a quotient of a subalgebra of a given C*-algebra is
preserved under taking quotients and subalgebras. (|

Corollary 5.7 (see [9]). Let B be a unital C*-algebra and let A; and Az be uni-
tal C*-algebras each containing a copy of B as a unital C*-subalgebra and having a
conditional expectation ¢, : A, — B whose GNS representation is faithful. Let

(A,0) = (A1, ¢1) x5 (A2, 62)
be the reduced amalgamated free product of C*-algebras. Then A is an exact C*-algebra
if and only if Ay and As are exact.

Proof. Since A; and Ay are C*-subalgebras of /L exactness of A implies that of Ay
and As.

For the converse, suppose A; and A, are exact and let A = A; & As. Then A is an
exact C*-algebra. By Theorem 3.1, E(H) is an exact C*-algebra whenever H is a Hilbert
A, A-bimodule. Using Proposition 5.1, the well-known fact that C*-subalgebras of exact
C*-algebras are exact and Kirchberg’s result [16] that exactness passes to quotients, we
have that A is exact. ]

6. Bogljubov automorphisms

In this section we consider the analogues of Bogljubov automorphisms on the extended
Cuntz—Pimsner algebras F(H) when H is a B, B-bimodule and we prove that if B is
finite dimensional, then the topological entropy of every Bogljubov automorphism is
zero. We begin, however, by showing that if B is a finite-dimensional C'*-algebra and
if H is a Hilbert B-module, then every countably generated Hilbert B-submodule of H
is complemented in H. We are convinced this is well known, but we do not know of a
reference.
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Proposition 6.1 (Gram—Schmidt procedure). Let B be a finite-dimensional C*-
algebra and let H be a right Hilbert B-module. Let X be a finite or countably infinite
subset of H. Then there is a finite or countably infinite subset V of H such that

(i) the submodule of H generated by V equals the submodule of H generated by X ;
(ii) if v,w € V and v # w, then (v, w) = 0; and
(iii) if v € V, then (v,v) is a minimal projection in B.

Proof. Let e;,...,e, be minimal projections in B such that e; +es +---+ ¢, = 1.
We may without loss of generality assume that for every € X, z = xe, for some
¢e{l,...,n}. Let X = {x1,22,...} be an enumeration of X and let ¢; be such that

x; = x;eq,. Note that (zq,21) = ||z1]|?es, and let
0, if &1 =0,
V1 = _1 .
llz1 ||~ e, if 21 #0.
Then either v;1 = 0 or (v1,v1) = ep,. We now recursively define elements vy, vs, ..., SO
that for all j we have vje,, = vj, (vj,v;) € {0,e,}, and, if i < j, then (v;,v;) = 0. For
the recursive step, if n > 2, if v1,...,v,_1 have been defined and if X has at least n
elements, then let w, = z, — Z;;ll vj(v;, 2, ). Then for every i € {1,...,n—1} we have

(Viy wp) = (Vi Tn) — (Ui, Vi (Vs TRY) = (Ui, Tp) — (Vi V) Vs, @) = 0.

; let

07 if Wy = O’
Up =
Hwn”_lwm if wy, # 0.

Note that w,, = wyey

Letting V' = {v; | v; # 0} does the job. O

Although we will only apply the following proposition when the submodule K is
assumed to be finitely generated, for the sake of completeness we would like to give
the more general result.

Proposition 6.2. Let B be a finite-dimensional C*-algebra, let H be a right Hilbert
B-module and let K be a closed B-submodule of H that is finitely or countably generated
(meaning that K has a dense submodule that is finitely or countably generated). Then
K is a complemented submodule of H.

Proof. Let X be a finite or countable set such that the submodule of H generated by
X is dense in K. Let V be the set obtained from X using the Gram—Schmidt procedure
of Proposition 6.1. We shall define P : H — H by

Ph = Z v(v, h),

veV
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where, when V' is infinite, we shall show that the sum converges in H. Suppose first that
V is finite. Then easy calculations show that P € L(H), P2 = P = P* and consequently

1Pl <1

Now suppose that V is infinite and enumerate it by V' = {v1,vs, ... }. For every positive
integer n and h € H let P,h = 2?21 vj(v;, h). Then by the result for the case of V finite
we have

(h,h) = (Puh, Poh) =Y (h,v;) (v, h
j=1

For every state ¢ on B, the sequence (¢((Pph, P,h)))S is a bounded and increasing
sequence of positive numbers, hence converges. Therefore the sequence ((P,h, P,h))5
converges in B. Then for m < n we have that

<P7lh — Pnh, Pyh — Pph) = Z <h,11j><11j, h> < Z <hvvj><vj’h>’
j=m+1 j=m+1

and the right-hand side tends to zero as m — oo. Therefore the sequence (P,h)32; is
Cauchy in H, hence converges in H. We may thus define Ph = Zj’;l vj(v;, h). From the
corresponding facts for the finite-dimensional case we obtain that P € L(H), P? = P =
P* and |P| < 1.

It remains to show that PH = K. If V is finite, then this is clear, so suppose V is
infinite. Given h € H we have Ph = lim,,_,, P,h and P,h € K,so Ph € K. Givenk € K
then for all € > 0 there are n > 1 and k. € span{vy,...,v,} such that ||k — k|| < e. But
Pke = k. and, hence, ||Pk — k|| < 2¢ + ||Pke — k|| = 26 Therefore Pk = k. O

Definition 6.3. Let B be a C*-algebra and let H be a Hilbert B, B-bimodule such
that {(hi,he) | h1,he € H} generates B; suppose that U : H — H is a C-linear map
such that for some automorphism 3 of B we have

(U(h1),U(h2)) = B({h1, ha)), hi,he € H,
U(blhbz) = ﬁ(bl)U(h)ﬁ(bQ), he H, b,be€B.

(Note that g is uniquely determined by U and the first of the above equations.) Then
there is an automorphism E(U) of E(H), given by E(U)(l(h)) = l(Uh) (h € H) and
E(U)(b) = B(b) (b€ B). We call E(U) the Bogljubov automorphism of E(H) associated
to U.

Theorem 6.4. Let B be a finite-dimensional C*-algebra and let H be a Hilbert B, B-
bimodule such that {{h1,hs) | h1,ha € H} generates B. Then the topological entropy of
every Bogljubov automorphism E(U) of E(H) is zero.

Proof. The Bogljubov automorphism E(U) arises from a C-linear map U : H — H
and an affiliated automorphism 8 € Aut(B) as in Definition 6.3. Let H=H® B and
£=0@®1ecH. Let U: H— H be defined by U(h®b) = U(h) @ 3(b) (h€ H, be B);
note that U and f3 together satisfy the conditions in Definition 6.3, so that we have the
Bogljubov automorphism E(U) of E(H). Now E(H) is canonically embedded in E(H)
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and the restriction of E(U) to E(H) is E(U); by the monotonicity of ht, which was
proved in [2, Proposition 2.1], it will therefore suffice to show that ht(E(U)) = 0.
As in the proof of Theorem 3.1, F(H) is isomorphic to the crossed product C*-algebra

A %y N, where A = span {2 with
Q2 =BU{l(hy) ... [ (hp)l(Bng1)* .. A(hom)* | m =1, h; € H},

and where ¥ is the endomorphism of A given by ¥(z) = Lz L* with L = [(€). Since U () =
¢, we have E(U)L = L and, hence, the restriction of E(U) to A is an automorphism of
A that commutes with the endomorphism ¥. It thus follows from Proposition 2.5 that
ht(E(U)) = ht(E(U) ). Let v denote the automorphism E(U)[ 4 of A.

Let 7 : B — L(V) be a faithful unital representation of B on a Hilbert space V and
let 7 denote the representation of A which is the inclusion A < L(F(H)) followed by
the representation z — z ® 1 of L(F(H)) on the Hilbert space F(H) ®, V. We must
show ht(y) = 0 and to do so it will suffice to show that ht(m, v, w,d) = 0 for every § > 0
and every finite subset w of 2. Given a finite subset w C (2 there are n € N and a
B, B-subbimodule K of H that is finite dimensional as a C-vector space and such that
w C 2(n, K), where

Qn, K) < BU{l(hy) .. 1) (hngr)* - U(hom)* | 1< m <, hy € K},
Recall the definition of F,,(H) from the proof of Claim 3.5 and let P, € L(F(H)) denote
the projection onto fn(ﬁ ). Consider the completely positive contractions

B, . L(F(H)) = L(F,(H)), Pu(z) = PyaP,,
W L(Fu(H)) = L(F(H)), Un(y) = Wiy @ )Wa,
where W, : F(H) — Fn(H) @ F(H®?(1) is the unitary operator canonically defined
by the decomposition in equation (3.4) in the proof of Claim 3.5. Note that ¥, 0@, (z) = «
for every x € 2(n, H). . ) )
For every integer p > 1 let K, = K + U(K) + U?(K) + - - + UP~1(K); then

wUy(W)U---UyP"H(w) C 2(n, K,).

Moreover K, is a B, B-subbimodule of H whose C-linear dimension satisfies dime (Kp) <
pdime(K). Let

FulKy) = Bo P KEF" C Fu(H) € F(H).
k=1

Clearly, F,,(Kp) is a finite-dimensional B, B-subbimodule of F,(H). By Proposition 6.2,

there is Q. p € L(F,(H)), which is the projection onto F,, (K, ); note that @, , commutes
with the left action of B on F,,(H). Consider the completely positive contractions

Onp L(Fn(H)) — L(}-n(Kp))v Qn,p(x) = QnpTQn p,
Yoy + L(Ful(Kp)) = L(fn(ff)% Yonp(y) = QupyQn.p + Vg,nﬁUVB,n(l = Qnp),
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where Vg, € L(B, F,(H)) maps B to the submodule B @ 0 of F,,(H) via b — b ® 0.
Since I(h)*(1 — Qn,p) = 0 whenever h € K,,, we see that ¥, 07, ,06,,, 0P, (x) = z for
every x € £2(n, K,,). As L(F,(K),)) is a finite-dimensional C*-algebra, we have that

rep(m,w Uy(w) U+ - UyP 1 (w), §) < rank L(F, (K))).

Because the C*-algebra L(F, (K})) can be faithfully represented on the Hilbert space
Fn(Kp) ®p V, making a crude estimate we get

rank L(F,,(K,)) < dim(F,(K,) ®p V) < dim(V) (Z dimC(Kp)k)
k=0
< ndim(V) dime (K,)" < np™ dim(V) dime (K)™.
Because this upper bound grows subexponentially as p — co, we conclude that

ht(m, vy, w,d) = 0.
U
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