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Fast approximation of the affinity dimension for
dominated affine iterated function systems

JAN D. MORRIS

Abstract. In 1988 Falconer introduced a formula which predicts the value of the Hausdorff
dimension of the attractor of an affine iterated function system. The value given by this formula—
sometimes referred to as the affinity dimension—is known to agree with the Hausdorff dimension
both generically and in an increasing range of explicit cases. It is however a nontrivial problem
to estimate the numerical value of the affinity dimension for specific iterated function systems. In
this article we substantially extend an earlier result of Pollicott and Vytnova on the computation of
the affinity dimension. Pollicott and Vytnova’s work applies to planar invertible affine contractions
with positive linear parts under several additional conditions which among other things constrain
the affinity dimension to be between 0 and 1. We extend this result by passing from planar self-affine
sets to self-affine sets in arbitrary dimensions, relaxing the positivity hypothesis to a domination
condition, and removing all other constraints including that on the range of values of the affinity
dimension. We provide explicit examples of two- and three-dimensional affine iterated function
systems for which the affinity dimension can be calculated to more than 30 decimal places.

Dominoitujen affiinien iteroitujen funktiosysteemien
affiinisuusulottuvuuden nopea arvioiminen

Tiivistelm&. Vuonna 1988 Falconer esitteli kaavan, joka ennustaa affiinin iteroidun funktio-
systeemin kiintojoukon Hausdorffin ulottuvuuden. Témén kaavan antaman arvo — jota toisinaan
kutsutaan affiinisuusulottuvuudeksi — tiedetddn yhté suureksi Hausdorffin ulottuvuuden kanssa seké
geneerisesti ettéd kasvavassa joukossa suoria esimerkkejd. On kuitenkin epétriviaali ongelma arvioida
affiinin ulottuvuuden numeerista arvoa maéaratyille iteroiduille funktiosysteemeille. Téssé tyossa
laajennamme oleellisesti Pollicottin ja Vytnovan aiempaa affiinisuusulottuvuuden laskentaa koske-
vaa tulosta. Pollicottin ja Vytnovan tyd soveltuu tason kddntyviin affiineihin kutistuksiin, joiden
lineaariset osat ovat positiivisia, kun lisdksi oletetaan useita muita ehtoja, jotka mm. rajoittavat
affiinin ulottuvuuden nollan ja yhden vilille. Laajennamme tétéa tulosta siirtymallé tasosta yleisen
ulottuvuuden itseaffiineihin joukkoihin, lieventamalld positiivisuusoletusta dominointiehdoksi seké
luopumalla kaikista muista rajoitteista — erityisesti affiinin ulottuvuuden arvojoukkoa rajoittavasta
ehdosta. Esitdmme suoria esimerkkejé kaksi- ja kolmiulotteisista affiineista iteroiduista funktiosys-
teemeistd, joiden affiini ulottuvuus voidaan laskea yli 30 desimaalin tarkkuudella.

1. Introduction

1.1. Background and context. If Ti,...,Tx: R? — R? are contractions it
is well-known that there exists a unique nonempty compact set X C R? such that
X = UZJL T;X. In this case (T}, ..., Ty) is called an iterated function system and the
set X its attractor. When each transformation 7; is a similitude with contraction ratio
r; € (0,1) and the distinct images T; X N7T;.X do not overlap too strongly it is classical
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that the box dimension and Hausdorff dimension of the attractor are both equal to the
unique real number s > 0 such that SV 75 = 1 (sce for example [19, Theorem 9.3|
or the original article [31]). In the case where each 7; is instead an affine map Tz =
A;x+v; the Hausdorfl dimension and box dimension of the attractor X—which in this
context we call a self-affine set—are more challenging to calculate. The problem of
determining the Hausdorff dimension of such sets, even implicitly, has been an active
topic of research since the 1980s and has received particularly intense research interest
within the last decade (see for example the classic articles [10, 16, 17, 18, 30, 45| and
more recent contributions such as [4, 5, 13, 14, 21, 23, 24, 39, 50]). In the landmark
article [17] Falconer defined an implicit formula which is known to give the correct
value for the Hausdorff dimension of a wide variety of self-affine sets. The subject of
this article is the numerical estimation of the value predicted by Falconer’s formula.

In order to define Falconer’s formula we require a few preliminary definitions.
Let My(R) denote the set of all real d x d matrices. If A € My(R) we recall that
the singular values of A are defined to be the square roots of the eigenvalues of the
positive semidefinite matrix AT A. We denote the singular values of A € My(R) by
01(A),...,04(A) in decreasing order of absolute value. For each A € My(R) and
s > 0 let us define

S(A) = o1(A) o5 (A)ors (A=l if 0 < s <d,
T des Al s> d

It was shown in [17] that for each s > 0 we have p*(AB) < ¢*(A)p*(B) for all
A, B € My(R). The affinity dimension of the iterated function system Tz := A;x =
v;, where 1 < ¢ < N, is then defined to be the quantity

o] N
dimaff(Tl,...,TN)::inf{$>0:Z Z gps(Ail---Ain)<oo}.

n=1i1,....in=1
Since dim,g (77, ..., Ty) depends only on Aq, ..., Ay and not on the additive part of
the transformations 7; we will also denote it by dim,g (A1, ..., Ax). If the matrices

Ay, ..., Ay are assumed to be invertible and contracting with respect to some norm
on R? then the affinity dimension is the unique s > 0 such that the quantity

N
1
P(Ay,...,An;s) == lim —log Z O (A -+ As)

n—oo M,
i1yein=1
is equal to zero.
Let || - || denote the Euclidean norm on R? Tt was shown in [17] that when
max<;<n ||Ai]| < 1 the affinity dimension dimag(A;,..., Ay) is well-defined and

is an upper bound for the box dimension of the attractor. (This argument may
casily be adapted to the case where maxj<;<n [|Ai]| < 1 in the operator norm in-

duced by some norm |[|-|| on R%) It was additionally shown that when matrices
Ai, ..., Ay satisfying max;<;<y || 4;|| < 3 are fixed, then for Lebesgue-a.c. choice
of (v1,...,un) € (RY)Y the attractor of the affine transformations 71, . .., Ty given

by T;x := A;x + v; has Hausdorff dimension equal to min{d, dim,g(Ay,..., Anx)}.
Subsequent research focused on providing explicit examples for which the Hausdorft
dimension of the attractor equals the affinity dimension of the defining iterated func-
tion system, with explicit special cases being given in articles such as [21, 24, 30, 50].
Recently, Barany, Hochman and Rapaport have shown that the Hausdorff dimension
of a planar self-affine set is always equal to the affinity dimension of the defining
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iterated function system as long as the matrices A; are invertible, the affine transfor-
mations satisfy the strong open set condition, and the matrices | det A;|~'/2A; neither
belong to a compact subgroup of G'Ly(R) nor preserve a finite subset of RP'. At the
present time, however, results on higher-dimensional self-affine sets additional to that
of Falconer are essentially unavailable.

Despite its prominent role in the dimension theory of self-affine sets, the prop-
erties of the affinity dimension itself have been investigated only very recently. In
the 2014 article [23] Feng and Shmerkin showed for the first time that the affinity
dimension dimgg(A;g, ..., Ay) depends continuously on the entries of the matrices
Ay, ..., Ay, and in [46] it was shown that the affinity dimension is computable in
principle in the sense that for any given ¢ > 0 we may algorithmically compute an
explicit approximation to dimgg(Ayg, ..., Ay) which is guaranteed to be accurate to
within the prescribed error € and which requires only finitely many arithmetical oper-
ations to calculate. However, the method of [46] does not result in an algorithm which
is fast enough to be useful in practical computations. Further general properties of
the affinity dimension were investigated in [13, 38|.

At the present time there are very few practical techniques available for the
computation of the affinity dimension. In the article [48] the author gave a simple
closed-form expression for the affinity dimension in the very special case where the
matrices A; are generalised permutation matrices, that is, matrices having exactly one
nonzero entry in every row and column. Closed-form expressions are also available in
the case of diagonal and upper-triangular matrices [22, 38|. To the best of the author’s
knowledge there so far exists only one result in the literature which is powerful enough
to be able to estimate the affinity dimension for a nonempty open set of examples in a
practicable time frame. The following result was proved by Pollicott and Vytnova in
[56]. Here and throughout this article p(A) denotes the spectral radius of the matrix
or linear operator A.

Theorem 1. Let Ay, ..., Ay be 2 X 2 matrices which satisfy the following con-

ditions:

(i) We have a1(A;)? < 09(A;) <1 foralli=1,...,N.

(i) If Qy is defined to be the open second quadrant {(z,y) e R?: 2 < 0 < y},
then the sets Ay QQ, LAY 19, are subsets of Q, and have pairwise disjoint
closures in Q-.

(iii) All entries of the matrices A; are strictly positive®.

For each n > 1 and s € C define

_ p(As -+ Ay )
tnls) = 4 Z_ p(Aiy -+ Ay )2 —det A, -+ Ay

n —].k nz
T = Sl

k=1 (n1,...,n)ENF =1
Zf_l n;=n

and ay(s) := 1, and for eachn > 1 let s,, € R denote the smallest positive real number
s such that > ja;(s) = 0. Then dim,¢(Ai,...,An) € (0,1), s, is well-defined for

IThis hypothesis is invoked in Pollicott and Vytnova’s section 3 but is not explicitly stated in their
introduction. It does not follow automatically from the other hypotheses unless the determinants
are assumed positive.
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all sufficiently large n, and there exists v > 0 such that
|dimag (Ay, ..., An) — sn| = O (exp(—7n?)) .

Remark. The quantity a,(s) may be alternatively characterised as

ti(s) n-—1 0 e 0 0

to(s)  ti(s) n—=—2 -+ 0 0
| 80 w0 w0 0

br1(5) tao(s) tns(s) - ti(s)

tn(S)  tao1(s) ta_a(s) -+ ta(s) t1(s)

and we will prefer this format in our exposition.

The methods underlying the proof of Theorem 1 will be described in more
detail in the following section. We remark that condition (i) above implies that
the matrices are invertible, and the combination of the three conditions implies
0 < dimug(Ag, ..., Ay) < 1 (see [30] for details).

In fact the only condition which is really essential to Pollicott and Vytnova’s
argument is that the matrix entries are positive, although in cases where we have
dim,e(Ag, ..., Ax) € (1,2) the formula for ¢,(s) must be replaced with

N —s s—
t (5) — Z p<Ai1 Co Aln)4 | det Ail o Aln‘ !

1yeyin=1

In this article we aim to prove as comprehensive as possible an extension of The-
orem 1. In particular, as well as removing hypotheses (i)—(ii) from Theorem 1 we
will establish a version of that theorem which is valid for affine iterated function
systems in dimensions higher than two, in which dim,g(A1, ..., Ax) may take any
value in the range (0,d), and in which the hypothesis of positivity is weakened to
one of domination. In order to state our results in full we will require a number of
definitions, which relate to multilinear algebra, to positivity and to domination.

1.2. Multilinear algebra. In extending Theorem 1 one of our concerns will be
to allow matrices of arbitrary dimension. Whereas in two dimensions the function
©*(A) admits the simple characterisation

S(A)_ HA”S if0<s< 17
PV T [ det APA|E if1<s <2,

when s > 1 and d > 2 the analogous formula involves exterior powers of the matrix
A. In order to study the singular value function ¢° in dimensions higher than two
we therefore need to recall some concepts and notation from multilinear algebra.

Recall that when 1 < k < d the real vector space AFR? is the vector space
spanned by the formal expressions {v; Avg A -+ Avg: vy, ... 0 € R} subject to the
identifications

A Avg A== Avg) = (Avy) Avg A+ Ay,
(up Avg A--- Avg) + (v Avg A== Awvg) = (ug +v1) Ava A== A vy,
A WAEEAN R (—1)Sign(7r)v7r(1) N U2y N+ Ur(k)

for all vy,...,vp,u1 € R4 X\ € R and permutations m: {1,...,k} — {1,...,k}.
The vector space AFR? is (z)—dimensional and if vy, ..., v, is any basis for R?, then
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{vi, Ao Ayt 1<y <idg < -+- < iy < d} is a basis for AR, The (z)—dimensional
vector space A*C? may be constructed analogously.

The space AFR? inherits an inner product (-, -) xsge from the standard inner prod-
uct (-,-) on R? which satisfies

(ugp A v ANug, 1 A -+ A Ug) akpa = det <[(uz, Uj>]ij:1) :

If A € My(R) then we may define a linear map A" : AFR? — AFRY by AN (vy A-- - A

vp) = Avy A -+ A Avg. If vy, ... vg is a basis for C? consisting of eigenvectors and
generalised eigenvectors for A then the vectors v, A- - - Av;, form a basis for AYC? and
it is not hard to see that if \,..., \; are the eigenvalues of A then the eigenvalues

of A" are precisely the (Z) different products A;, ---X;, with 1 <7y < -+ <4 < d.
It is clear from the definition of the inner product on A*R? that (AM)T = (A7),
Combining these observations we may easily see that

A4 g = 2 (A7) = 02(4) ()

for all A € My(R). By convention we also define A°’R? = R and A"? = 1. It follows
easily that we may write

o) = [t
for all A € My(R) and s € [0,d].

1.3. Positivity and domination. As well as increasing the dimension of the
matrices to be considered in our extension of Theorem 1 we would like to weaken as
much as possible the hypothesis that the matrices have positive entries. To this end
we introduce the following definition:

Definition 1.1. Let A C My(R) be nonempty. We say that (Ky,...,K,,) is a
multicone for A if the following properties hold:

(i) Each K; is a closed, convex subset of R? with nonempty interior such that
AK; € K for every non-negative real number A.
(i) There exists a unit vector w € R? such that (u,w) > 0 for all nonzero vectors
u € J;_, Kj. In particular K; N —KC; = {0} for all j =1,...,m.
(iii) For every A € A and j € {1,...,m} there exists £ = ((j,A) € {1,...,m}
such that A(KC; \ {0}) C (Int ICp) U (— Int ICy).
(iv) For all distinct ji,jo € {1,...,m} we have K;, N K;, = {0}.
When (ii) holds we say that w is a transverse-defining vector for (Ky,...,K,,) since
the hyperplane normal to w is transverse to U;“:l KC;. If a multicone for A exists then
we say that A is multipositive.

We shall say that a set A C My(R) is k-multipositive if the set {A": A € A}
is multipositive. By abuse of notation we shall say that a tuple of matrices is k-
multipositive if and only if the corresponding set is. We observe that a tuple of d x d
matrices with all entries positive is multipositive since we may take m = 1 and K
to be the closed positive orthant in R?. It follows that every tuple of d x d matrices
is O-multipositive. We also observe that every tuple of d x d invertible matrices is
d-multipositive.

In generalising Theorem 1 we will adopt the hypothesis that (Aq,..., Ay) is k-
multipositive for certain integers k depending on dim,g (A1, ..., Ay). In the invertible
case this hypothesis may be related to the concept of domination as follows. If
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1 < k < d then a tuple of invertible matrices (A4y,..., Ax) € GLg(R)"N is called
k-dominated if there exist C,~ > 0 such that

Opr1(Aiy -+ Ai,) S CeMop(As, -+ Ayy)

for all 4y,...,i, € {1,...,n} and n > 1. By convention we will say that every
(Aq,..., Ax) € GLg(R)Y is both 0- and d-dominated. It is not difficult to show using
the observations made in the previous subsection that (A, ..., Ay) is k-dominated if
and only if (A% ... ARF)is 1-dominated. Various characterisations of domination—
in terms of invariant splittings, singular values, contraction on projective spaces and
contraction on Grassmannians—were explored by Bochi, Gourmelon, Barnsley and
Vince in [12, 9]. In particular it was shown in [12] that a compact set of invertible
matrices is 1-dominated if and only if it satisfies a slightly weakened form of multi-
positivity in which the criteria of Definition 1.1 all hold except that the sets K; are
not assumed to be convex. By repeating iteratively the operations of replacing each
set K; with its convex hull (which may introduce overlaps) and uniting overlapping
sets IC; (which may introduce non-convexity but reduces the number of sets C; to be
considered) one may prove the following result by inductive descent on the number
of sets K;:

Proposition 1.2. [9] Let A C My(R) be compact, and suppose that every A € A
is invertible. Then A is 1-dominated if and only if it is multipositive.

An obvious consequence of this proposition is that for every £k = 0,...,d every
compact set of invertible matrices A C My(R) is k-dominated if and only if it is
k-multipositive.

1.4. The main theorem. In order to state our main theorem we require just
a few more items of notation. For each N > 1 let us define

D R
n=1

If i = (i)}, € X we write |i| = n and refer to |i| as the length of i. If i,j € ¥}
we let ij € X3} denote the sequence of length |i| + |j| obtained by running first
through the symbols of i and then through those of j in the obvious fashion. Clearly
Y% is a semigroup with respect to the operation (i, j) — ij. If Ay,..., Ay € My(R)
and i = (ig)f_, € Xy then we write A; := A, --- A;,. We observe that A; A; = Ay
for all i,j € ¥%.

If B is a linear transformation of a finite-dimensional real vector space we let
AM(B), ..., \q(B) denote the eigenvalues of B listed with repetition according to
multiplicity and listed in decreasing order of absolute value. While this notation «a
priori introduces ambiguities when distinct eigenvalues of the same modulus exist,
we will see that this consideration does not affect the statements of our results.

We may now present the following generalisation of Pollicott and Vytnova’s result:

Theorem 2. Let d,N > 2, let (Ay,...,An) € My(R)N and let 0 < k < d.
Suppose that (Ay,...,Ay) is both k-multipositive and (k + 1)-multipositive. For
each integer n > 1 and s € R define

d
k

Al (Ai““)( )-1 A (A{\(k-l—l))(kil)lp (Afk)kﬂisﬂ (A{\(k-i-l))“‘;k

1 1

li]=n p;xfk ()‘1 (A/i\k))p/A.A(kﬂ) ()‘1 (AiA(kJrl)))
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where p'z(x¢) denotes the first derivative of the characteristic polynomial pg(z) :=
det(xI — B) evaluated at the point xy. Define also

ti(s) n-—1 0 0 0
to(s)  ti(s) n—2 -+ 0 0
—1)"
(ln(S) — ( ) det tg(S) t2(8) t1<8) 0 0
n! : : :
tn-1(s) tn- 2(5) b 3( ) e otas) 1
tn(s)  tno1(s) tn-a(s) -+ ta(s) ti(s)
for all n > 1, and ag(s) := 1. For each s € [k,k + 1] let ,(s) denote the smallest
positive real root of the polynomial p,, s(x) := >\, an(s)x’. Then there exists ng € N

such that r,(s) is well-defined for all s € [k, k +21] and n > ng, and we have

P(A1,..,AN;s) < K PPN
e | S exp (—yn®)
for some constants K,~v > 0 not depending on s € [k, k + 1], where
(d+1) 1
k1
(k+1) —2
Suppose additionally that there is a norm ||-|| on R? such that max;<;<y || Al < 1,

and that dim,g (A1, ..., Ax) € (k,k+1). Then for all sufficiently large n the function
s+ 1/r,(s) is strictly decreasing and convex on |k, k + 1] and there exists a unique

€ [k, k + 1] such that r,(s,) = 1. There exist constants K',v > 0 depending on
Ay, ..., Ay such that for all such n we have

|dimag(Ay, ..., Ay) — sp| < K'exp (—7'n®).

Since every matrix tuple is O-multipositive, in the case £k = 0 the hypothesis
of Theorem 2 reduces to the requirement that dim,g(Ay,..., Ay) is l-multipositive
and dimug (A, ..., Ay) € (0,1). Since B’ is the identity map on R the expressions
involving A?* reduce to 1 in the case k = 0, resulting in the formula

_ M (As) p (Ay)°
B 2 T )

In particular when d = 2, k = 0 and the matrices A; have positive entries we may
recover the conclusion of Theorem 1. Similarly, since every tuple in GLg(R)Y is

ANE+D)

d-multipositive and B"? = det B, the expressions involving simplify when

k =d — 1 yielding
d—1 d—s
A\ (AiA(dfl)> P (AQ(d*1)> ‘ det Ai|s+1—d

ta(s) == |iZ:n p’AiA(d-n ()\1 <A/i\(d—1)>)

and the hypotheses are reduced to the requirement that (A,..., Ay) is (d — 1)-
multipositive and dim,g(A;,...,Ax) € (d — 1,d). We remark that hypotheses of
domination and positivity analogous to those in Theorem 2 have been a feature of
numerous recent works on affine iterated function systems such as [6, 7, 8, 20, 21| as
well as the older article [30].

If it is known that the tuple (A7, ... AAF) preserves a single cone in A*R? and

k+1 k+1
(APEFD A

similarly preserves a single cone in A¥T!R? then the condition

g e e ey
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dimug (A, ..., Ay) € (k,k + 1) may be easily checked. A theorem of Protasov [58|
implies that if By, ..., By preserve a cone then

1
N n
JL%( > ||Bi1---Bin||> :p<ZBZ->,

i1yeyin=1 i=1

and so in this case

N % N
JE&( > @k(Azy“Az-n)) p ZAZ“>7

i1, yin=1 i=1

N n N
: kLA LA — A(k+1)
lim ( DA VS Azn)> =p (Z A )

i1yin=1 i=1
using the identity ©(B) = ||BM|| for £ = 0,...,d. Tt follows that in this situation
Theorem 2 is applicable if

N N
p (Z A;\(kﬂ)) <l<p (Z Afk> .
i=1 i=1

An example of this situation is presented in §7 below.

In the situation where (A, ..., Ay) fails to be both k- and (k + 1)-multipositive
we believe it to be unlikely that any analogue of Theorem 2 can be proved. The
precise role of the multipositive hypothesis is discussed in more detail in the following
section, and in the final section §8.

2. Overview of the method and statement of the main technical theorem

The method underlying Theorem 2 is, like Theorem 1, based on Fredholm deter-
minants of transfer operators, and in broad terms resembles many other arguments
of this type such as [33, 34, 36, 51, 54, 56, 57]. Both in order to give a sense of the
organisation of this article and to indicate those complications present in the proof of
Theorem 2 which do not occur in the context of Theorem 1 let us briefly describe this
strategy. For simplicity we will specialise our description to the situation in which the
transfer operators act on a Hilbert space, although this is not a strict requirement.

We recall that an operator .Z on an infinite-dimensional Hilbert space is called
trace-class if the sequence of approximation numbers

5, (L) = inf {||.Z — F|: rank ¥ < n}

is summable; we observe in particular that such an operator is compact (being a
limit in the norm topology of a sequence of finite-rank operators) and cannot be
invertible. We also observe that clearly s,(Z*) < ||.£2°7Y|s,.(Z) for every n, ¢ > 1
and consequently every power of a trace-class operator is also trace-class. The notion
of trace-class operator is reviewed in detail for the reader’s convenience in §4. Suppose
then that 7 is a separable complex Hilbert space and .&: 5 — 57 a trace-class
linear operator, and let (A\;)%2; be the sequence of nonzero eigenvalues of .Z listed
with repetition according to their algebraic multiplicity. (If only M < oo nonzero
eigenvalues exist then define A, = 0 for £ > M.) It is a classical fact that the function
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z + det(I — 2.%) which may be defined® by

M
det(I — 2.2) := H (1 —2)\)
=1
is an entire function from C to C, and moreover one may show that in the power
series det(I — 2.%) = S_°° ay2* the coefficients are given by ag = 1 and

n=0
tr & /-1 0 0 0
tr L2 tr & (=2 - 0 0
—1)¢ 3 2
0 — ( g,) det tr(,.? tr(,.? trjﬁf | .0 O
tr 251 tr 2% tr 3 . & 1
tr 6 tr 2t or 2?2 r 2 ¥
for ¢ > 1. If we write
[e’s) M
Zagzé =det(] —22) = H (1 —2)\)
(=0 =1

then by equating coefficients of 2™ we find (at least informally) that also

11 <ig<-<ip

for each n > 1. Suppose now that we wished to calculate the spectral radius p(.%),
knowing the values of the traces .Z* for ¢ = 1,...,n, say, and knowing also that the
spectral radius is an eigenvalue of .Z. The roots of det(/ — 2.Z) are precisely the
reciprocals of the eigenvalues of % and therefore p(.Z)~! is the smallest positive root
of .2, aez’. In particular, the smallest positive root of Yo aez’ should be a good
approximation to p(.£) " as long as >_,° ., |a,| is small. But if we are able to show
that the eigenvalues (\,) decay exponentially (or even just stretched-exponentially)
in n, then the expression (1) implies a super-exponential decay estimate for the
coefficients a,,. Such an estimate will hold in particular if the approximation numbers
of .Z decay stretched-exponentially. In such a situation we may therefore reasonably
hope that the approximation procedure just outlined provides an estimate which
becomes super-exponentially more accurate as n increases.

In order to implement this line of reasoning we need therefore to construct,
for each s € [k, k + 1], a trace-class operator .Z; on a Hilbert space % such that
eP(A1--AN3s) g an eigenvalue of %, and is equal to the spectral radius of .%,, such
that %, is trace-class, such that the sequence of approximation numbers of %, de-
cays rapidly to zero, and such that the sequence of traces tr £, is easy to compute.
Once such a family of operators has been constructed the result follows by relatively
straightforward manipulations which, while they do not correspond precisely to any
prior work, share a degree of familial resemblance with calculations occurring in
numerous earlier articles such as [3, 32, 33, 34, 35, 36, 37, 40, 52, 53, 54, 55, 56, 57|.

If V is a finite-dimensional real vector space let PV denote the real projective
space of lines through the origin in V. Intuitively, in order to construct an operator

>The Fredholm determinant is more usually defined first by its power series and shown later to
equal the infinite product given here, see e.g. [62]; we adopt this characterisation for simplicity of
presentation and because of its more direct connection with the problems being studied.
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%, with spectral radius e”(A14N) e might consider an operator acting on some

space of continuous functions P(A*R?) x P(AF+H1RY) — C defined by

N Ak k+1-s HAZ_A(;QH)UH s—k -
<zﬂmm:2%kiﬂ> PN ()

—~\ o]

where for v € V' the notation v represents the one-dimensional subspace spanned by
the vector v. Since we would then have

Ak k+1—s A1) s—k
(ﬂMWFZO%%) s

li|=n

7 (A7, AT

o]

for each n > 1 we might then reasonably expect that

: n %_ . k| |k+1—=s A(k+1) s—k
Jim [ = lim | [lASHT A

|i[=n i[=n

so that e’ (41-4N38) is equal to the spectral radius of .%Z,. Indeed, such operators were
successfully constructed by Guivarc’h and Le Page on spaces of Holder continuous
functions P(A*R?) x P(AFRY) — C in the article [29].

However, notwithstanding the (rather minor) additional complications posed by
the fact that the spaces defined above are not Hilbert, there is no reason to believe
that %, acting on such a space should have a summable sequence of approxima-
tion numbers 5,(.%;). Indeed, .Z; as constructed is equal to a sum of weighted
composition operators f +— ¢ - f oT where T is an invertible transformation of
P(APRY) x P(AFIR?) and g is nowhere zero. Such an operator might reasonably be
expected to be invertible, and there is certainly no reason to believe that .Z, should
be trace-class.

The problem is thus to define .Z; approximately as above in such a way that it is
a sum of trace-class, non-invertible operators. It is here that the hypothesis of k- and
(k+ 1)-multipositivity becomes relevant: this hypothesis implies that for ¢ = k, k+1
the matrices A7, ..., A% map a finite union of patches of P(A'R?) strictly inside
itself. By taking . to be a suitable Hilbert space of functions defined only on the
patches, composition with the projective action of the matrices should then induce
an operator which is non-invertible and hopefully trace-class. It transpires that
composition operators on spaces of holomorphic functions are reliably trace-class
subject to moderate geometrical conditions, and as such our strategy will involve
passing to a space of holomorphic functions defined on complex extensions of the
patches in real projective space. Once we have verified that such an extension can
be constructed in such a way that the operator %, is well-defined on the patches we
may proceed to prove Theorem 2 along the lines outlined above.

In the two-dimensional context of Theorem 1 the construction of these complex
patches is very straightforward. Since Theorem 1 is restricted to affine transforma-
tions whose linear parts contract the positive cone in R?, it is sufficient to consider
the projective action of those linear maps on the interval {(z,1 —z): = € [0,1]},
which is an action by linear fractional transformations. A finite collection of linear
fractional transformations each of which maps an interval strictly inside itself can
easily be shown to also map a corresponding complex disc inside itself, and this
complex disc can be used as the domain of the holomorphic functions on which the
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operator %, acts. In higher dimensions and using multicones instead of cones, the
corresponding problem is to understand (in place of one-dimensional intervals) a
family of (d — 1)-dimensional sections of cones in R? — in effect, a finite collection
of arbitrary (d — 1)-dimensional convex bodies — and a collection of linear fractional
transformations between them, and to contrive a system of extensions of those con-
vex bodies into C4! which is also preserved by the same family of linear fractional
transformations. This much more involved procedure is undertaken in §3 and lays
the foundation for following technical theorem which is obtained subsequently:

Theorem 3. Letd, N > 2andlet (Ay, ..., Ax) € Mg(R)" be both k-multipositive
and (k + 1)-multipositive, where 0 < k < d. Then there exist a separable complex
Hilbert space ¢ and a family of bounded linear operators £, : ¢ — ¢ defined for
all s € C with the following properties:

(i) There exist C, k,y > 0 such that for all s € C and n > 1 we have s,(.Z) <
Cexp (k|s| — yn?), where
1
d+1
(k+1) —2
In particular each %, is trace-class.
(ii) For every s € C and n > 1 we have

B = € (0,1].

Z A (Ai”“)@_l Al (AiA(kH))(kil)—lp (A/i\k)k-i-l—sp (A/i\(k—f—l))S—k
tr £ =
li]=n p;xf’f ()‘1 (Afk)) p;{\(kﬂ) <)‘1 <A1A(k+1))>

where pp(x) := det(xzl — B) denotes the characteristic polynomial of B and
P’g(x0) its derivative evaluated at x.
(iii) For every s € R the spectral radius of %, is equal to

lim llog Z HAfk

n—oo N

}kJrlfs AiA(kJrl) sk

|il=n

In particular the above limit exists for all s € R, and for every s € [k, k + 1]
the spectral radius of %, is equal to e’ A1AN:3) - For all s € R the spectral
radius of .Z; is a simple eigenvalue of ., and there are no other eigenvalues
of the same modulus.

Theorem 3 is a special case of a slightly more general result, Theorem 11, which
will be proved later. Theorem 11 is also applied in the sequel article [49] to the
estimation of a related invariant of tuples of matrices.

The remainder of this article is structured as follows. In §3 we undertake the
construction of the complex extensions of the patches in real projective space. We
then review in §4 the properties of trace-class operators which will be needed in this
article and extend a standard result from this context in view of the fact that we will
be working with spaces of holomorphic functions defined on a non-connected region.
We then proceed in §5 to establish the properties of the operator %, and deduce
Theorem 3. In §6 we derive Theorem 2 from Theorem 3 above. Some examples of
the application of Theorem 2 are presented in §7. In §8 we consider the problem of
calculating the affinity dimension in situations where the hypotheses of Theorem 2
do not apply.
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We remark that sections 6-8 depend only on the statement of Theorem 3 and
the material presented in sections 1 and 2 and as such may be read independently of
sections 3-5 in which the proof of Theorem 3 is prepared for and presented.

3. Complex domains for linear semigroups acting on a multicone

Our first task in proving Theorem 2 is to translate the matter from the context of
linear maps between real cones to the context of holomorphic maps between complex
domains. We will prove the following:

Theorem 4. Let d > 1 and let (K1,...,K,,), (K},...,K.,) be multicones in R?,
both with transverse-defining vector w € R?, such that K\ {0} C Int K; for each

j=1,...,m. Define
) U (x;u IC’)}

Q[ZI{AGMC[ (
7=1

and let A* denote the set of all nonzero elements of 2. We observe that 2 is a
semigroup. Then there exists a subset Q) of the complex hyperplane {z € C¢: (z,w) =
1} such that the following properties are satisfied by * and 2:

(i) There is a constant T > 0 such that || A1 As|| > 7||A1]| - || A2|| for every A, Ay €
2. In particular 2* is a subsemigroup of 2.

(ii) The set Q) is open and bounded and is symmetric with respect to complex
conjugation. Every connected component of §) intersects R%. The closures of
the connected components of () are disjoint.

(iii) There exists C' > 0 such that

CTHIAIl < [R((Az, w))| < [(Az,w)] < CJA]|

for all A € 2 and z € ().
(iv) Every A € A* induces a well-defined holomorphic transformation ¢4:  — Q
defined by ¢a(z) := (Az,w) 1 Az. The set

U 6a(e)

AeRl*

||CS

is a compact subset of ).

(v) There exist a metric d on 2 which is bi-Lipschitz equivalent to the standard
metric and a constant 6 € (0,1) such that d(¢pa(z1),pa(z2)) < 0d(z1, 22) for
every A € 2A*.

(vi) Let A € A*. Then the largest eigenvalue \i(A) of A is algebraically simple,
is real, is strictly larger in modulus than all of the other eigenvalues of A,
and has a corresponding eigenvector z4 € Q0 N R? which is the unique fixed
point of ¢4: 2 — ). The eigenvalues of the derivative D, ¢4 are precisely
the numbers \;(A)/\(A) for j =2,...,d, and in particular

Pa(M(4))
Ky 7

where pa(z) := det(xI — A) denotes the characteristic polynomial of A and
Py its first derivative.

det(I — D, ¢a) =

Theorem 4 is trivial in the case d = 1 and for the remainder of this section we shall
ignore this case, assuming at all times that d > 2. (When d = 1 the determinant in
(4) above will be interpreted as being equal to 1.) Here and throughout the remainder
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of this article we use the notation z* to denote the complex conjugate of z € C and
reserve the notation z for the one-dimensional subspace spanned by z.

Using the machinery of complex cones and gauges (see [15, 60|) it is possible to
obtain Theorem 4 by extending each real cone K; to a complex cone

K5 = I\((u+0) +i(u—v): A € Cand u,v € K;}

and considering the projective action on a slice through the complex extension of the
union of the cones Ky, ..., K,,,

Q= {ZGCd: z € LJIntIC(jc and (z, w) :1}.

j=1

This procedure has the advantage of explicitness and may be a useful direction of
research in the event that effective versions of Theorem 2 are sought. It is on the other
hand somewhat laborious to implement, and since our interest is only in establishing
the correctness of the formulas in Theorem 2 and giving a super-exponential bound
for the error term, we pursue a simpler but less explicit construction along the lines

of [2, §2].

3.1. The action on the real multicone. We begin by establishing some
preliminary results concerning the action of 2 on the real cones Ki,...,K,, and
proceed to prove Theorem 4 in the following subsection.

Lemma 3.1. Let d > 1 and let (K4, ...,K,), (K},...,K! ) be multicones in R?,
both with transverse-defining vector w € R?, such that K \ {0} C Int K; for each
j=1,...,m. Define

A = {A € My(R): A (O /Cj> C 6 (IC; U —IC;.)}

j=1
and observe that 2 is a semigroup. Then there exists 7 € (0, 1] such that:
(i) For every u € |Jj—, K we have 7||ul| < (u,w) < [Ju.
(ii) For every A € 2 and u € J;_, K} we have ||Au|| > 7[|Al| - ||ul].

(iii) For every Ay, Ay € A we have ||A1As|| > 7||A1]| - ||A2||. In particular the set
of all nonzero elements of 2l is a subsemigroup of 2.

Proof. We will allow the constant 7 > 0 to be different in each of (i),(ii) and (iii),
which obviously suffices. To prove (i) it is sufficient, by homogeneity, to consider
only those cases in which ||u|| = 1. The function u — (u,w) is obviously continuous
on the set of all u € {J;_, K; such that |ju[| = 1 and is positive everywhere on this
set by the definition of a multicone. Since this set is compact this function attains
its minimum, so this minimum is positive; call it 7. We have 0 < 7 < (u,w) < 1 for
all w € (JJL, K; with [lu|]| =1 and the result follows.

By homogeneity in A and w it is sufficient to prove (ii) in the case ||A|| = |Ju|| = 1.
By a similar compactness argument it suffices to show that Au may not be zero when
A€ ue UL, K and [|A]l = [[u]| = 1. For a contradiction suppose that we may
find such A and u satisfying Au = 0. Since A # 0 there exists a unit vector v such
that Av # 0. Since u is a nonzero element of some K} it is an interior point of the
corresponding cone K; and therefore there exists € > 0 such that u + ev and u — ev
both belong to ;. But this implies that A(u + ev) = €Av and A(u — ev) = —eAv
are both nonzero elements of AK;. Since AK; C K; U—K; for some ¢ we deduce that
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Av € (K;N—=K;)\ {0} contradicting the definition of a multicone. The result follows.
To deduce (iii) we observe that for any unit vector u € U;n:1 K’ we have

[ A1 Az|| > [[ A Azull > Tl - [[Agull = 72| Ad]] - [ Al - [l = 72| Au]] - [| Ao
by repeated application of (ii). O

The following Perron-Frobenius result does not follow in a completely direct
manner from standard statements of the Perron-Frobenius theorem for cones since
it is possible for A(KC; \ {0}) to include the zero vector, preventing the direct use of
off-the-shelf results.

Lemma 3.2. Letd, w, (KCy,...,Ky), (K, ..., K.,) and A* be as in the statement
of Theorem 4. Suppose that A € A* satisfies AK; C K| for some i € {1,...,m}.
Then p(A) is an algebraically simple eigenvalue of A with corresponding eigenvector
in KC} and all other eigenvalues of A are of strictly smaller absolute value.

Proof. Choose a cone K such that I\ {0} C Int K; and K} \ {0} C Int . We
observe that the single matrix A, the one-element multicone (K;) and the one-element
multicone (K) together satisfy the hypotheses of Lemma 3.1, and by part (ii) of that
lemma it follows that Av is not the zero vector for any nonzero v € K. In particular
AK!\ {0}) € Ki\ {0} C IntK! and standard versions of the Perron-Frobenius
Theorem such as [11, Theorem 1.3.26] may be applied to the action of A on K7. The
result follows. OJ

Proposition 3.3. Let d, w, (Ky,...,K,), (K,...,K,) and A* be as in the
statement of Theorem 4. Then there exist C' > 0 and § € (0,1) such that for all

j=1,...,mand n > 1, for all nonzero vy, vy € KJ,
Ay Ay A A H
su - < CO™||lvy — vell.
A1, Agem* ‘(A1~-~Anvl,w> (Ay - Ayu,w) || — o1 2|

Proof. For every nonzero v € R? let ¥ denote the one-dimensional subspace of R?
spanned by v, and let IC;/ ~ denote the set of one-dimensional subspaces spanned
by an element of Int ;. For each j =1,..., m define

a(vy,v3) :==sup{A > 0: v, — vy € K}

and
B(v1,ve) :=1inf {\A > 0: dv; — vy € K;}

for all vy, v, € Int Kj; then the formula

6('017 'UQ)

dic.(v1,v3) :=lo
IC]( 1 2) ga(vl,vg)

defines a metric on K;/ ~ called the Hilbert projective metric. It follows from
Lemma 3.1(i) that the set of all v € |Jj_, K; such that (v,w) = 1 is bounded. By
compactness it follows that there exists ¢ € (0, 1] such that for every j = 1,... m,
if v € K} with (v,w) = 1 then the open Euclidean e-ball centred at v is a subset
of K;. We deduce that if vy, v, € K with (v, w) = (vo,w) = 1 then since |lv]|,
loz]| < 77! by Lemma 3.1(i) we have a(vy,v9) > et and B(vy,v2) < e '771 and
hence the quantity
A= 121%)7; v ,Svlzlglcg i, (01, 2)
v1,v27#0
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is finite. In particular if vy,v, € K; \ {0} for some j € {1,...,m}, and A € A,
then dy,(Avy, Avy) < A where i is the unique integer such that AK; C KU =K. It
follows by e.g. [42, Theorem 1.1] that if A € A*, 77,73 € K;/ ~ and AK; C K;U—-K;
then we have di,(Avy, Avy) < Ody,(v1,7z) where 6 := tanh(A/4) € (0,1).

We claim that there exists C; > 0 such that if vy, v9 € IC;» with (vy, w) = (ve, w) =
1 then

Cr oy = vl < (%7 — 1) < Cillor vl

Indeed, given such vectors vy, vy € IC; with v; # vy let a = a(v,vy) and § =
B(v1,v2). Since K; is closed the supremum in the definition of « is attained, and
therefore we have v, — av; € K;. Similarly we have fv; — v, € K;. From the
maximality of a and the minimality of it follows that vy — av; and fv; — vy are
boundary points of IC;. Since (v; —v2, w) = 0 and v; —vy # 0 neither v1 —vy nor vo—w;
can belong to K;, so neither o nor 8 may equal 1 and we deduce that o <1 < 3.

To obtain the first of the two claimed inequalities we observe that fv; — v, and
(1—a)vy belong to K;, where we have used 0 < a < 1. Hence (f—a+1)v; —vg € K;.
If 7 > 0 is as given by Lemma 3.1(i) then we have

Tllor = vaf| < 7I[(6 — e+ D)oy — wal | + 7([(B — a)ur]]
< (B —a+ 1o — vy, w)| + (B = a)[(vr, w)|

<2(B—a) <2 (é - 1) =2 (ed'%(ﬁ@ - 1)

(0%

where we have again used 0 < a < 1 in the final line. This yields the first inequality.
To obtain the second inequality define u; := ﬁ(ﬁvl — vg) and uy 1= ﬁ(vg —avy).
We observe that both u; and us belong to the boundary of K;, which implies |ju; —
v1 |, [[uz — va]] > e7 by the definition of € and the bound |[Jvy |, [Jva|| < 771. We now

observe that

a, o7mm) _ B _ [us = va| - [luz — o]

e |ur — o1 - [Juz — va]

< (||U1 — v + |log — U2||> <||U2 — gl + |lva — Ul||)
N |ur — 1] | uz — va|

< (T4 oy —va)?

and therefore

e — 2 1 4
di.. (v1,
e KJ(Ul v2) _ 1 S (5_7' —+ m”vl — 'UQH) ||1)1 — UQH S (62?) ||U1 — UQH

where we have again used [|v]|,||v2]] < 771. The claim follows.

We may now prove the proposition. Given n > 1, nonzero vy, vy € /C;» and
Ay, A, e A let i € {1,...,m} be the integer such that A4, --- 4, K; C K, U—-K,.
We have

Ay Aoy Ay Ayoy ( d
_ < iy (An-Arv1,An--Arvg) 1)
<An"'A11)1,w> <An"'A11)2,w>H - Cl ©

< <€9"d;<j (o1,02) 1)
< C10™ vy — v

and the proposition is proved. O
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While Proposition 3.3 will provide us with a vital contraction estimate for maps
between specific cones K, in order to apply it we will need the following combinatorial
lemma which allows us to reduce the action of a specific matrix product on the
multicone to that on a single cone:

Lemma 3.4. Letd, w, (KCy,...,Ky), (K, ..., K.,) and A* be as in the statement
of Theorem 4. Let k > 2™ — m — 1. Then for every Aq,..., Ay € 2A* there exists
i€ {l,...,m} such that

AkAl (UICJ> QICZU—ICZ
j=1

Proof. 1t is clearly sufficient to consider the case £k = 2™ —m — 1 only. Let
Ty :={1,...,m} and for each n = 1,...,2™ —m — 1 let Z,, denote the intersection
of all sets Z C {1,...,n} such that

(2) Ap- Ay (O /@-) clJkiv-K

1€

where the union over an empty set of indices i is understood to be {0}. We observe
that Z = 7, itself satisfies (2). By Lemma 3.1(iii) the product Agm_,,_1--- Ay is not
the zero matrix and therefore 7, is nonempty. We observe that the cardinality of Z,
is non-increasing as a function of n.

We wish to prove that Zom_,, 1 has cardinality 1, so for a contradiction let us
suppose that its cardinality is at least 2. This implies that every preceding Z,, also
has cardinality at least 2, and also that m > 2. Since the number of subsets of
{1,...,m} with cardinality at least 2 is 2" —m — 1, by the pigeonhole principle there
exist integers ny,ny with 0 < ny; < ny < 2™ —m—1 such that Z,,, = 7Z,,,. The matrix
B = A,,--- A, 41 therefore takes each cone K; such that ¢ € Z,,, to a nontrivial
subset of some cone K; such that j € Z,, inducing a permutation on the elements
of Z,, = T,,. It follows that the matrix B#Zm induces the identity permutation on
T,,: for every i € Z,, we have B#*ITmK; C (K; U—K;). Hence B**Tu[C; C K} for
every i € T,,. By Lemma 3.2, for every i € Z,, the matrix B*Zm has a simple
positive leading eigenvalue with a one-dimensional eigenspace which intersects K;
nontrivially: but since #Z,,, > 2 and distinct cones K; do not intersect this implies

that the leading eigenvalue is not simple, which is a contradiction. O
3.2. Proof of Theorem 4. Throughout the proof we fix d, 2, (Kq,...,K),
(K, ..., Kl,) and w as in the statement of the theorem. Part (i) of Theorem 4 follows

directly from Lemma 3.1 so we concentrate on parts (ii) to (vi).

Define H := {z € C%: (z,w) = 1} and let K; := KN H for each j = 1,...,m.
Each Kj is closed by definition and is bounded as a consequence of Lemma 3.1(i).
For each n > 1 define

W ={A - A, Ay, A, €A}
Define a function M: H — [0, +00) by
M(z) :=inf {|(Az,w)|: A€ A and ||A]| =1}.
Clearly M (z) is well-defined and
M(z) = inf {||A|7"|(Az,w)|: A€ A*}.
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We observe that M is 1-Lipschitz continuous: given 21,z € U and A € 2 with
|A|| = 1 we have

(A2, w)| = [(Az1, w)| = [(A(z1 = 22), w)| = M(21) = |21 = 2

and taking the infimum over A and rearranging easily yields M(z1) — M(z) <
|21 — 22||. The result follows by symmetry. The set U := {z € H: M(z) # 0} is
consequently open. We have J;_, K; C U by Lemma 3.1(i) and (ii) and in particu-
lar U is nonempty.

We now claim that if A € A* and 2z € U then necessarily (Az,w) 1Az € U. If
this is not the case for some A and z then by compactness there exists B € 20* with
|B|| = 1 such that (B({Az,w) 'Az),w) = 0, but then necessarily (BAz,w) = 0
which contradicts z € U since obviously BA € 2* by the semigroup property of
2A*. The claim is proved. We deduce that for every nonzero A € 2 the formula
da(z) = (Az,w) L Az gives rise to a well-defined holomorphic function ¢4: U — U.
We observe that ¢p40¢p = ¢pap for all A, B € A" and that ¢;4 = ¢4 for all real t > 0
and all A € A*.

Let 7 > 0 be as given by Lemma 3.1 and observe that

sup{HzH: z € UKJ} <7t

j=1

by Lemma 3.1(i) and

inf{||A||_1|§R((Az,w>)|: z € UKJ and A € Ql*} > 72

j=1

by Lemma 3.1(i) and (ii). For each j = 1,...,m define

U; = {zEU: inf ||z —w|| <e}
weKj
where € > 0 is chosen small enough that the following properties hold: the sets
U, have pairwise disjoint closures; |[R((Az,w))| > T—;||A|| and ||z]] < 277! for all
ze i1, Uj and all A € 2; and

1
(3) (2567710 4+ 477 )e < T

The second condition is possible since the function z — inf{||A|| 7| R({Az,w))|: A €
2A*} is 1-Lipschitz continuous for the same reasons as M. Each K, is convex as a
consequence of the definition of a multicone, so each U; is convex also.

Now let (1,60, be the constants given by Proposition 3.3 and let n; > 1 be large
enough that C10" < i. We claim that for every A € 207 the map ¢4 satisfies
|D.pall < % forall z € Ujz, Uj. Fix A € 20, and observe that || Dy¢all < C107" < :
for all w € |Jj-, K; by Proposition 3.3.

By simple direct calculation, for all v € C? such that (v,w) = 0 and all z € U
we have

(D.¢4)(v) = (Az,w) % ((Az, w) Av — (Av,w)Az).
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It follows that if 21, 2o € Uj, then

(D21¢A - D22¢A)(v)
= (Az, w) " (Az, w) 7% ((Azp, w)* — (Az1,w)?) ((Az1, w)Av — (Av,w)Az)
+ (Azp, w) 2 ((A(21 — 2), w) Av — (Av, W) A(z, — 22))

for all v in the tangent space {v € C%: (z,w) = 0}. Since [(Az,w)|™? < 4774||A|~2
for all z € U; by the definition of Uj, this yields the estimate

1Dz 64 — Dayall < (1677 5(||21 ]| + [|z2]) (2l 21]]) + 477 %) || 21 — 22|
< (2567710 4 477Y)|| 2, — 2|

where we have used the bound ||z|| < 277! which applies to all z € U;. In particular
if z € U; is arbitrary and w € Kj is chosen such that ||z —w|| < ¢, taking 2, := z and
2 := w and applying (3) together with || Dy¢a|| < I yields || D.¢al| < 1. We conclude
that maxi<j<m sup.cy, [|D:¢all < 1. Since each Uj is convex it follows by the mean
value inequality that for every A € A}, and j = 1,...,m the map ¢,: U; — U is
%—Lipschitz continuous with respect to the Euclidean metric. (We observe that this
does not imply %—Lipsehitz continuity on U;nzl U;.) It follows that for every k£ > 1
and A € A}, the map ¢, is #—Lipsehitz on each Uj, which will be used later.

We next observe that for every A € 2* and 21, 20 € U there holds the Lipschitz

continuity estimate
(4) I$a(21) — Pa(z2)ll < M(21) " M (22) " min{||zal], [|z2]}]21 — 2]l
Clearly it is sufficient to prove this in the case ||A|| = 1. In this case we observe that
[Pa(z1) = Palz2)|| = [(Azr, w)(Azg, w) |71 [[(Azg, w) Az — (Azy, w) Az|
< M(21) "M (20) 71 || (Azg, w) Azy — (Azy, w) Az
= M(21) "M (20) 7 [[{Azg, w) A(21 — 22) + (A(20 — 21), w) Az ||
< M(20) " M(22) 22| - 121 = 2]l

and performing the same calculation with z; and zy interchanged obviously yields
(4). As a consequence we have

(5) [0a(21) — da(22)|| < Caflz1 — 2|
for every 21,2y € UT:l U; and A € 2A* where Cy := 87°, using the inequalities
M(z) > 72/2 and ||z|| < 277! which follow from the definition of the sets U;.

Let nyg > 2™ —m — 1 be an integer such that for every A € A* the map ¢4y,
is 1-Lipschitz continuous for every j = 1,...,m. (Note that every sufficiently large
multiple of n; has this property.) Fix k large enough that C527% < % and define a
metric d on U by

kni+na—1
d(z1,20) = Y 25 sup [[pa(z1) — dal(z)]]
— Ae;

where the summand corresponding to n = 0 is understood as ||z; — z||. It follows
from (4) that d(z1, 22) is well-defined for all 2z, 2o € U and its property of being a
metric is obvious. For zq, 29 € U;ﬂ:l U; we additionally have

C
|21 — 2] < d(21,22) < (%) |21 — 22|

2 kni+ng __ 1
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by applying (5) and summing the geometric series, so d is bi-Lipschitz equivalent to
the Euclidean distance when considered as a metric on UT:1 U;. We observe that since
every A € 21* is real, the metric d is symmetric with respect to complex conjugation:
d(z1,22) = d(zf, 23) for all z1,2, € U.

We claim that for every zq, 2o € UT:l U; and B € 2* we have

N S
(6) d<¢B<Zl)7 ¢B<Z2)) S 2 kn1+n2d<217 z2)'
To see this let z1, 20 € U;ﬂ:l U; and B € 24*. We have
kni+no—1 .
d(¢5(21), ¢5(22)) = Z 2Fmitna jUQI[) [04(¢5(21)) — Pa(dn(22))|l
n=0 €A
kni+n2 -
< 2kni+n2 gy z) — w
< ; sup [64(2) — Pa(w)]]

L kni+no—1 .
=2 mmem Y 26 sup [|¢a(21) — da(z)]
—1 Aely

kni+ngo—1

+2 i sup |[oa(z1) — dalz2)]].

Aeman +ng

To prove the claimed inequality it therefore suffices to show that
1
194(21) = dal(z2)ll < Sll1 — 2|

for all A € 2, ., since then the final term above is bounded by 9 Fminz |21 — 22|
and simple rearrangement yields (6). Now, if A € 45 .~ let us write A = A; Ay
where A; € 2}, and Ay € ;. By Lemma 3.4 there exists ¢ such that AQ(U?Zl IC;) C
Ki U =K, and this clearly implies Ay(lJj2, K}) € K} U —K}. Hence ¢a,(Uj-, K;) C
K;. Choose j1, jo such that z; € U;, and 2, € Uj, and choose w; € K, and wy € K,
such that ||z; — wi]| < € and ||z — wo| < e. We have ¢a,(w1), da,(w2) € K,
|¢as(21) — day(wi)]| < € by the 1-Lipschitz continuity of ¢4, restricted to Uj,, and
likewise ||pa,(22) — Pa,(wa)|| < €. Thus ¢a,(21) and ¢a,(22) are both elements of U;
and they satisfy [|¢a,(21) — da,(22)|| < Collz1 — 22| by (5). But ¢4, is r-Lipschitz
when restricted to U;, so

[P, (P45 (21)) = Py (P, (22))]| < 27F[|Pay (21) = Dy (22)]
< G2 ¥ =l < 5l — 2

and the claim follows.

For each j = 1,...,m define €); to be the unique connected component of the set
7 eU: inf d <
(7) {z wlenKj (z,w) e}

which intersects K;. Obviously we have K; C ;. Since |21 — 22| < d(z1, 22) for
all 21,20 € U we also have {; C Uj for each j = 1,...,m. Define Q = [JI_,
and observe that z € € if and only if z* € () by the fact that U;ﬂ:l K; ¢ R? and
the fact that d is conjugation-symmetric. Since every U; is bounded, so is every €2,
and therefore so is (2. The connected components of {2 are precisely the sets (2; and
these have disjoint closures since this is true of the sets U; which contain them. Each
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Q; contains the corresponding set K; C R? and in particular intersects R?. This
completes the proof of (4). We have

2
T —
S 1Al < [R({Az,w))] < [(Az, w)| < 277 H[|A]

for all z € 2 and A € 2 as a consequence of the definition of Uy, ..., U,,, and this
completes the proof of (4). Since for every A € A* the function ¢4 maps U;“:l K; to
a subset of itself, and ¢4 contracts distances between points in U;nzl U; with respect

to d by a factor of 6y := 2=V (km+n2) it follows that

mg{zeU: inf d(z,w)gege}

AU+ weljzi K

which is a compact subset of the set defined in (7). Each ¢4(€);) is a connected
subset of the set defined above and intersects one of the sets K;, hence it is a subset
of the set defined in (7) and intersects K;, hence is a subset of the corresponding set
€, hence is a subset of 2. We conclude that (J,cq- ¢4(£2) is a compact subset of Q2.
This completes the proof of (4) and (4).

It remains only to prove (4). Fix A € *. Since A™ € 2A¥ the matrix A"
maps (JL, K; into (K; U —K;) for some i € {1,...,m} and in particular A*"> maps
K; into K. Tt follows by Lemma 3.2 that A?"> has an algebraically simple leading
eigenvalue which is real and positive, has corresponding eigenvector v, in K, and is
the unique eigenvalue with maximal modulus. Hence A has an algebraically simple
leading eigenvalue A;(A) which is real (but may be negative), is the unique eigenvalue
of maximal modulus, and satisfies Avy = A\j(A)va. Defining z4 := (va,w) tvy we
have z4 € K; C QN R Obviously ¢aza = 24 and (Azs,w) = A\ (A). By (4) there
can be no other fixed points for ¢4 in €.

Let us now calculate the eigenvalues of the derivative D, ,¢. Let uy,...,uq € Cc?
be a Jordan basis for A with basis elements listed in descending order of the absolute
value of the corresponding eigenvalue, and with u; = z4. Since [A(A)] > |A2(A)| we
have Auy = A (A)u; and Aus = Ay(A)us. For each j € {3,...,d}, let §; € {0,1}
such that Au; = \j(A)u; + djuj_;.

For every v in the tangent space {v € C?: (v, w) = 0} to Q at z4 we have

A A
(D, ba)v = lg%é (( (ug + ev) Uy )

(Auq, w) - Av — (Av,w) - Auy 1

- (Auy, w){Auy, w) = i) Ay T dv e

A(uy +ev),w)  (Auq,w)

Clearly the vectors v; := u; — (uj, w)u;, where j runs from 2 to d, form a basis of
the tangent space {z € C?: (z,w) = 0}. We have

(DZA¢A) U2 = )\1(114) (AUZ - <A’Uz, w>u1)
1
= 5TA (Ao (A)ug — A1 (A) (ug, wyuy — Ao(A){ug, whuy + Ay (A)(us, w)uy)
_ ! _ (4)
=N A (A2 (A)ug — Ao (A)(ug, w)uy) = (A v,
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and for j = 3,...,d we similarly have
1
(D:,04) v = A (Av; — (Avj, w)us)
1
= N (N (A + G5uj-1 — Ai(A) (uy, w)w
= N (A) (g, w)ur — 8 {ujmr, whur + M (A) (uy, wyus)
1
= (A (A — Aj(A) (uj, whur + G5uj-1 — (w1, w)us)
A (A)
_ A 5
T @
It follows that with respect to the basis vy, ..., vy the matrix of D,, ¢4 is upper

triangular with the values A;(A)/A1(A) along the diagonal. In particular its eigen-
values are precisely the numbers \;(A)/A(A) for j = 2,...,d as claimed. Since

pa(z) = det(zl — A) = H] (@ —X;(A)) we have

=3 11

/=11

.’:l

w0
e\I/\

and therefore

Pana(4)  TT((4) -
)\1<A)d71 _ )\I(A)dq

Il
.
Il a
Do

(1_

Since 1 — X;(A)/A1(A) is nonzero for all j = 2,...,d this quantity is nonzero. This
completes the proof of (4) and hence of the theorem.

V) = dettr - D6

4. Operator-theoretic preliminaries

In this section we collect some preliminary results which will underpin the con-
struction of the operators .Z; defined in Theorem 3.

4.1. Bergman spaces. If QO C CF is open and nonempty the Bergman space
A?(Q) is defined to be the set of all holomorphic functions f: Q — C such that the
integral [, |f(2)|*dV () is finite, where V' denotes 2k-dimensional Lebesgue measure
on CF ~ R?. The space A2( ) is a Hilbert space when equipped with the inner
product (f, g) a2) = [q f( )*dV(z). In particular it is a closed subspace of the
Hilbert space L?(Q) and is therefore separable. We note the following elementary
estimate:

Lemma 4.1. Let Q C C* be a nonempty open set and let K C ) be compact.
Then there exists Cx > 0 depending on K such that sup, .y |f(2)| < Ck|| f||.a2(q) for
every f € A%(Q).

Proof. Choose € > 0 small enough that for every z € K the open ball B.(z) is
a subset of €). By harmonicity we have

o) = 'ﬁ/w F2av(z)

2 k! 2
T L ORI E) = s e = miel o
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for all f € A*(Q) and z € K. O

We observe in particular that for every z € Q the evaluation map f — f(z) is a
continuous linear functional A4?(Q2) — C.

In practice we will be interested in the case where € is a bounded open subset of
an affine subspace of C¢ rather than of C¢ itself. Clearly the results of this section
will apply equally well in that context with k being equal to the dimension of the
affine subspace of C¢ of which €2 is an open subset.

4.2. Trace-class operators. We define the singular values or approximation
numbers s, (L) of a bounded linear operator £: H — H acting on a separable complex
Hilbert space H to be the quantities

s,(L) :=1inf {||£ — F||: F: H — H is bounded with rank at most n — 1},

where n ranges over the positive integers. If £ is compact then the values s, (£)?
coincide with the sequence of eigenvalues of the self-adjoint operator L*L (see e.g.
[27, Theorem IV.2.5]). If £ satisfies >~ §,(L) < oo then L is called trace-class.
Any trace-class operator is obviously the limit in the operator norm of a sequence of
finite-rank operators and in particular is compact. It follows easily from the definition
of s, that if £; and £ are bounded operators then s,(£1L5) and s,(L2L;) are both
bounded by ||£1||s,(L2) for every n > 1, and in particular the composition of a trace-
class operator with a bounded operator is trace-class. In particular every power of a
trace-class operator is trace-class.

The fundamental properties of the trace are summarised in the following result
which combines several statements from [62, §3]:

Theorem 5. Let L be a trace-class operator acting on a complex separable
Hilbert space H and let (\,)™_, be a complete enumeration of the nonzero eigenvalues
of L, listed with repetition according to algebraic multiplicity, where M € N U
{0,400}. Then for every orthonormal basis (e,)>, of H we have

(8) Y (Lewen) =D A

with both series being absolutely convergent. The common value of (8) is defined to
be the trace of L and is denoted tr L.

It is clear from the definition that 9, 1(L + Lo) < 5,(L1) + 6,(L2) for every
pair of bounded linear operators L1, Lo: H — H and every n > 1. It follows easily
that if £q,..., Ly are trace-class operators on H then any finite linear combination
Zle a;L; is also trace-class and satisfies

k k
tr Z CLZ‘EZ‘ = Z a; tr LZ
=1 =1

as a consequence of (8).

The following result also combines several statements from [62, §3|, with the
exception of the determinant formula for a, which may be found instead in, for
example, [61, Theorem 6.8] or |27, Theorem IV.5.2].

Theorem 6. Let L be a trace-class operator on a separable complex Hilbert
space H and let (\,)°, be an enumeration of the nonzero eigenvalues of L, repeated
according to algebraic multiplicity. (If only M < oo nonzero eigenvalues exist, then
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we define \,, :== 0 for all n > M.) For every n > 1 define

an = (=1)" Y A(L)- A (L)
1< <ip
and define also a¢ := 1. Then the function

o
g anpz"

n=0

det(I —z2L) :

is well-defined and entire, and is equal to the absolutely convergent infinite prod-
uct [[°2 (1 — zA,). The zeros of z — det(I — zL) are precisely the reciprocals of
the nonzero eigenvalues of L and the order of each zero is equal to the algebraic
multiplicity of the corresponding eigenvalue. The coefficients a,, satisfy

tr L n—1 0 o0 0
tr L2 tr L n—2 - 0 0
_1\n 3 2 .
. (—1) det tr L tr L tr L .0 0 ’
n! : : : :
tr L0 tr L2 e L7 - tr L 1
tr £ tr L7 tr L2 - tr L2 tr L
and
al < S s, (L)
1< <ip
for all n > 1.

4.3. Weighted composition operators on Bergman spaces. It has long
been known that composition operators on Bergman spaces, and on other Banach
spaces of holomorphic functions, are trace-class under mild conditions (see e.g. [28]).
Historically most results in this context have assumed the set 2 C C* to be bounded
and connected but in this article we will need to work with sets having multiple
connected components. We will use the notation {2y € 2 to mean that the closed set
Qo is a compact subset of the open set ().

The following result is a special case of [1, Theorem 5.9].

Theorem 7. Let 2 C CF be a nonempty open set and let Qg € €2 be nonempty.
Suppose that ¢q,...,¢n: 0 — Qo are holomorphic and i, ..., ¥, Q@ — C are
holomorphic and bounded. Then the operator L: A*(2) — A?(Q) given by

m

(LF)(2) =Y () f(95(2))

j=1

is a well-defined bounded linear operator on A*(f), and there exist C,~v > 0 depend-
ing only on §2 and €y such that

m

su(£) < C (Z sup |¢j<z>|> exp (—ynt)

for every n > 1. In particular L is trace class.

In this article we will need to calculate explicitly the traces of a family of op-
erators. The following result is a minor variation on a type of result appearing in
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work of Ruelle (|59, Lemma 1]), Mayer (|43, §III] and remark following [44, Corol-
lary 7.11]), Fried (|25, Lemma 5]) and other authors. The result may be proved easily
by following the second, third and fourth paragraphs of the proof of [2, Theorem 4.2].

Theorem 8. Let 0 C C* be a bounded, connected, nonempty open set and
suppose that ¢: Q0 — Q is a holomorphic function such that ¢()) € ). Let ¢:  —
C be holomorphic and bounded. Then ¢ has a unique fixed point zy € (), the
eigenvalues of the derivative D, ¢ are all strictly less than 1 in modulus, and the
operator L: A*(Q) — A%(Q) defined by (Lf)(z) := ¥(2)f(#(2)) is trace-class and
has trace equal to (zy)/ det(I — D,,¢).

Since we will in general need to study operators on Bergman spaces A%*(§2) for
which €2 is not connected, we prove the following simple extension of Theorem 8
which does not seem to have been previously stated elsewhere:

Theorem 9. Let Q C C* be a bounded nonempty open set and suppose that
¢: Q — Q is a holomorphic function such that ¢(2) € Q. Let ¢: Q — C be
holomorphic and bounded. Then the set of fixed points Fix ¢ := {z € Q: ¢(2) = z}
is either finite or empty, and each connected component of {) contains at most one
fixed point of ¢. At each fixed point z € Fix ¢ the eigenvalues of the derivative D¢
are all strictly less than 1 in modulus. The operator L: A*(Q2) — A%(Q) defined by
(Lf)(z) :==1(2)f(o(2)) is trace-class and satisfies

_ ¥(z)
(9) tr £ = Zd)M'

z€Fix

Additionally, if € is connected, then Fix ¢ is a singleton.

Proof. The number of connected components of €2 is at most countably infinite
since otherwise the separability of C* would be contradicted. Let (2,,)*_, be an
enumeration of the connected components of 2 where M € NU {oco}. For each m,
by connectedness and continuity we have either ¢(£2,,) € Q,, or ¢(2,,) N Qy, = 0. In
the former case there is a unique fixed point of ¢ in €2, and the derivative of ¢ at
the fixed point has all eigenvalues strictly less than 1 in modulus by Theorem 8. In
the latter case there is obviously no fixed point in €2,,. It follows in particular that if
m = 1 then Fix ¢ is a singleton as required. Moreover we observe that Fix ¢ consists
entirely of isolated points, is closed, and is compact since it is contained in ¢(2); it
is therefore finite or empty, as required.

The operator £ meets the hypotheses of Theorem 7 and hence is trace-class, so it
remains to calculate its trace. For each integer m such that 1 <m < M let (fi,.,)0,

be an ortfgonormal basis for A%(Q,,,). Extend eaich fmn to afunction f,,: Q@ — ((; by
defining f,, n(2) := fiun(2) when z € Q,, and f,,,(2) := 0 otherwise. Clearly (fi,.)
is an orthonormal basis for A%(Q), so by Theorem 5 we have

10) L= S (Lhmm Frndiry =35 / D(2) Forn (D)) Frnn(2)" AV (2)

=35 [ UGN o) V)

using the fact that each fnm is supported on €2,,, and these series are absolutely
convergent.
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Let us evaluate the final term of (10) by considering the contribution of each
m. For m such that ¢(Q,,) N Q,, = 0 the integrand is clearly identically zero for
every n > 1 and the contribution of that m to the total is zero. On the other
hand for each m such that ¢(£2,,) € Q,, let us define L,,: A*(Q,,) — A*(Q,) by
(L f)(2) :==1(2)f(¢(2)). By Theorem 8 there is a unique fixed point z,, of ¢ in Q,,,
the operator L,, is trace-class and

Y(2m) o B >
det([ — D2m¢) =tr Em - Z<£mfm,n7 fm,n>A2(Qm)

n=1

=5 [ @ a6l V()

=2 | a6 fn o) AV ().

We have shown that for all m

> [ b ma ey v = Y

2€QmNFix ¢
and combining this with (10) yields (9). O

4.4. An operator Perron—Frobenius theorem. The last general functional-
analytic result which we will require is the following:

Theorem 10. (Krasnoselskii) Let X' be a real Banach space and C C X a subset
such that:

(i) C is closed and convex and satisfies A\C = C for all real A > 0,
(ii) C N —C = {0},
(iii) The interior of C is nonempty.
Suppose that L: X — X is a compact linear operator which is strongly positive:
for every nonzero x € C there exists n > 1 such that L'z € IntC. Then p(L) is
nonzero and is a simple eigenvalue of L whose corresponding eigenspace intersects
Int C. Moreover there exist no other eigenvalues of £ with modulus p(L).

Proof. The strong positivity of the operator permits the application of [41, The-
orem 2.5| which implies that there exists an eigenvector in the cone C with positive
real eigenvalue \; by strong positivity this eigenvector must belong to Int C. In the
terminology of [41, §2.1.1] the strong positivity of the operator £ implies that £ is
ugp-positive for every ug € Int C, so [41, Theorem 2.10] may be applied to show that
the eigenvalue A is simple and [41, Theorem 2.13] shows that it is maximal in absolute
value (hence equal to p(£)) and that no other eigenvalues of the same absolute value
exist. U

5. Proof of Theorem 3

We will follow [13] in analysing the singular value function
s—|s]
903(141) _ HA/i\LSJ

by treating it as a product of the form H§=1 HAgj)Htf where (Agl), . ..,Ag\lf)),

1+[s]—s Als]

1

)

(Aﬁ”, cee A%)) are a prior: unrelated tuples of matrices with respective dimensions



670 Ian D. Morris

di,...,d; > 1, essentially ignoring the fact that the two tuples (A?LSJ, . ,A]AVLSJ) and
(Af M, e ,A]AVM) are related by the property of being exterior powers of the same
tuple. Besides the established utility of this approach in [13, 47|, we suspect that
other results of a similar character such as [23, 29| could in principle be rewritten in
these terms.

Theorem 3 is a special case of the following more general statement which is also
applied in [49]:

Theorem 11. Let £ > 1 andt = (t1,...,t;) € C, forj=1,...,0 let mj,d; > 1,
let (A( DoAY )) € Mgy, (R), and let (IC( ) ,ICT(%E) be a multicone with transverse-
defining Vector w; € R%. Suppose that not every d; is equal to 1. Then there exists

a bounded open subset ) of the Eﬁ—l(dj — 1)-dimensional affine space

(11) { @ZJG@Cd. zj,wj) =1forall j =1,. E}

7=1
such that the operator

) (@ ) zn( EHERT ))) f(@<A§f>zj,wj>—1A5ﬂzj)

)
=1 =1 jo1 sign R((A;” 2z, w, im1

is a well-defined bounded linear operator on A*(Q)) and:

(i) There exist constants C, k,~y > 0 such that the approximation numbers s, (%)
satisfy 5,(%) < Cexp(k|t| — yn'/(a+-+de=0) for every n > 1 and t =
(ty,...,t,) € C-.

(ii) For each n > 1 the trace of the operator .Z" is equal to

) o)
(12) lzmnl Vo (M (47))

det(xI — B) denotes the characteristic polynomial of B €
0) its derivative evaluated at x.

where pg(z) =
My(R) and plg(x
(iii) Ift € R, then

(13) o) = | S IT 47"

li|=n j=1

and in particular this limit exists. Furthermore in this case p(.£,) is a simple
eigenvalue of .%;, and %, has no other eigenvalues with modulus equal to

p(L).
Proof of Theorem 11. Fix i € {1,...,¢}. Since (Agi), ce AE\?) strictly preserves
the multicone (ICY'), e ,IC%)Z.) with transverse-defining vector w; we may choose a
multicone (lqi), . Ié(i ) with the same transverse-defining vector such that qu) \

{0} C Int IC( for each j = 1,...,m; and such that A,ii)(U;nil K;i)) - U;nzl(/@y) U
—IC ) for every k =1,...,N. Let

%o = {A € M (B): 4 (CJ o) Qe o)}
j=1

Jj=1
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and let le‘i) denote the set of all nonzero elements of 2l;y. By Theorem 4 ﬂa) is a
semigroup. Since obviously Agi), cee Ag\? € Af;) we have Agi) SR for every i € Xy

Theorem 4 implies that there exists a bounded open set ; C {z; € C% (zi, w;) =
1} such that for every i € 3% the map ¢\”: € — Q; defined by ¢\ (2):= (A" z;, w;) !
A2 is well-defined. For each i € ¥y we have %((Agi)z,wiﬂ # 0 for all z; € Q; by
Theorem 4(4), so for each 1 € X% the function z — sign R((AY 2, w;)) € {1} is
well-defined and is constant on every connected component of €2;. In particular it is
a holomorphic function on (2;. For each i € ¥}, define

w(ll)f<z2) = <A§i)2i7wi> | :=exp | ¢; log <A(i)zlvwl> .
) sign R((AL 7, w)) sign R((AD z;, wy)

Since <A( )2, w;)/ sign %((A i, w;)) has positive real part for all z; € €; its logarithm
is a well-defined holomorphic function of z; € {2; and has imaginary part confined to

the range (-3, ) throughout ;.

For all z; € Q; and i € ¥% we have

AD - 4
R | log A zl(’.)wl> —logHA(iZ)
sign R((A;" 2, w;))

for some constant C; > 1 using Theorem 4(4), where C; may be chosen independent
of i € {1,...,m} by taking the maximum of its possible values as i varies. Hence

) i)
( s <sign %((A(il)zi,wiﬂ (t) & sign %((A zl,wz))

<A()zz,wz) )
) ti S| lo
(&) < & (mgn%((A zl,wi))

< R(t)og | AL + [R(t) | 10g 1 + 7 131

(14)

<log

for all z; € €; and 1 € X% and therefore

. R(t:)

< (C167r/2)w

v

zi €8
for all 1 € ¥},

Now define  := Q; x --- x €,. We observe that each €2; is a bounded, open
subset of the hyperplane {zi € Ch: (z;,w;) = 1} which is symmetric with respect to
complex conjugation and therefore €2 also has these properties as a subset of the affine
space defined in (11). For each i € X% define a holomorphic function ¢;: Q — Q by

(bi (Zlu R Zg) = <¢§.1) <z1)7 R (bgé)(zf))
in accordance with the statement of the theorem. As a consequence of Theorem 4(4)
the set

U @) = J o7 (0) x - x ol ()

i€Sy, iy
is a compact subset of 2. For each i € £} define also v;;: 2 — C by

L
V(21,0 20) 1= nglz)t(%)
i=1
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and observe that

R(t:)

l
(15) supluis(2)] < YT || A8
i=1

z€Q)

for all i € ©% and ¢ € C’, where Cy := (C1e™?2)VL. In particular

N N ¢
(16) > sup () < 4S|40
=1 ze

j=1 i=1

Rit:) It
S NC?) )

say, for every t € C.
We may now define the operator .Z; by

(Zf) (2) = ijvt(Z)f(cbj(Z))

for all f € A%(2) and 2 € Q in accordance with the statement of the theorem. By
Theorem 7 it follows that each .%; is a well-defined bounded linear operator acting
on A%(Q2) and that there exist Cy,y > 0 such that for all ¢ € C* we have

N
5 (%) <, (z sup \wj,t<z>|) exp (—ynt/E@)
Q

j=1*¢
< CuN exp (st — ot/ a1

as a consequence of (16), where  := log C3. We have proved (i).
It follows from (i) that .%; is a trace-class operator. For each i € X% and t € C*
let us define an auxiliary operator .Z; ; by

(Ziif) (2) = ti(2) f(D:(2)).
Theorem 7 shows in the same manner as before that each .Z;; is a well-defined
trace-class operator on A%(€2). The reader may easily verify the equations

Vi1,6(2) = V1,4(03(2))¥5,(2), 9351(2) = 01(05(2))
and therefore .Z;, = £, ;.7 for all i,j € ¥} and t € C’. Tt follows by a simple
inductive argument that £* = Zm:n %y for every n > 1 and t € C', so in
particular
(]_7) tr% =1tr Z gi,t = Z tr gi,t
li|=n li|=n
for every n > 1 and t € C* by the linearity of the trace.

Let us now compute tr.%;; for fixed i € %% and ¢t € C*. By Theorem 4(4)
each gbg) has a unique fixed point zy) € (1 and it follows directly that z; :=
(zg), ce zg)) € Q is the unique fixed point of ¢; in €. Since (A(il)zy), w;) = Al(Ag’))
for each i = 1,...,¢ it follows easily that ; ,(z;) = Hle @z)ﬁli(zﬁ”) = Hle p(ADYE.
By Theorem 4(4) the derivative D ¢ gbg) of gb(ii) at 2\" satisfies

i
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where both sides of this expression are interpreted as 1 if d; = 1, and since clearly
D ¢s = DZ_(l)gbgl) SRRRANY Dz_(z)gbg) we easily obtain

(4)
det (I — D..y) = ﬁdet (I B ng)gbﬁ")) _ ﬁp/A&') <)\1 <A1 )> '
i=1 ‘

It follows by Theorem 9 that

- v DY (A(Z)>di—1p (Agi)>ti

D)

for every t = (ty,...,t;) € C* and every i € ¥%,, and combining (17) with (18) yields
(12) which completes the proof of (ii).

The proof of (iii) requires some preparatory steps. For the remainder of the
proof we fix t = (t1,...,t,) € RY. We begin with the existence of the limit in (13).
By Theorem 4(4) there exists 7 € (0,1] such that 7]|AY| - |4V < AP AV <
HA(iZ)H : HAgZ)H foralli=1,...,¢ and 1, j € ¥}, which clearly implies

N t; N
s L o

-

for all 7, i and j. The inequality

> HHA“ 2 rEl ZHHA i ZHHA

li|=n+m i=1 li|=n i=1 [i]=m =1

for all n,m > 1 follows, so by superadditivity the limit

n n

= sup i ] Z ﬁ HA(ii)

, >1
|i|=n i=1 = |i|=n i=1

is well-defined. We obtain in particular the inequality

(19) S |48

|j_‘:n =1

ti £ 3 9
< 7 il 20 < ol

say, for all n > 1.

We next introduce a subset of €2 which will be useful in describing the behaviour
of the eigenfunctions of .%;. By Theorem 4(4) there exist for each i = 1,...,¢
a metric d; on 2 which is equivalent to the standard metric and a real number
0; € (0,1) such that every gb(ii) is a f;-contraction with respect to d;. Clearly if d
is the product metric derived from di,...,d, and 6 := max; #; then every ¢; is a
f-contraction on €2 with respect to d and d is equivalent to the standard metric on
Q. It follows that ¢q,...,¢n defines an iterated function system on the compact
set Q= UieE}‘V ¢i(2) in the sense of Hutchinson [31] and therefore there exists a

unique nonempty compact set A C Q' with the property A = Ujvzl ¢j(A). Clearly
A = U|i\:n ¢i(A) for every n > 1 by a straightforward induction and it follows

easily by contractivity that A = (,_; U=, #:(€2). On the other hand ¢1,..., ¢y

clearly also defines an iterated function system on €2 N @le R% since each map
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Zi <A§i)z, wi)_lAgi) 2; obviously preserves §2; NR%. There therefore exists a unique
nonempty compact set A’ C Q' N @le R% with the same property A’ = U;V:1 @i (N).
By uniqueness we have A = A’ and we deduce that A C QN @5:1 R

We claim that A has the following transitivity property: for every open set U C €2
having nonempty intersection with A there exists j € 37 such that ¢;(2) C U. To
demonstrate this choose w € U N A arbitrarily, let € > 0 be small enough that the
ball of centre w and radius € in the metric d is a subset of U, and let n be large
enough that 6" diam 2 < ¢ in the sense of the metric d. Since w € A = {J;_,, ¢:(A)
there exists j € ¥}, with length n such that w € ¢;(A). Clearly w € ¢;(2) and every
other point of ¢;(€2) is within distance §" diam 2 < € of w, so ¢;(12) is contained in
the e-ball around w and is therefore a subset of U as required. The claim is proved.

We make one final preliminary claim: there exists Cs > 1 such that for every

feAQ),
(20) limsup sup e "7 ® (L7 £)(2)] < Cyl sup | £(2)].

n—oo zeN zEN

To prove the claim let zy € 2 and n > 1 be arbitrary: we have

eONL ) ()l = e ON Y ii(20)f (03(20))
j1l=

£ t
< O)fle 70 37 ( S R CREN)]
1

lij=n \i=

<clel sup |f(2)
zeU\i\:n¢i(Q)

using (15) and (19) and the result follows easily since A = [, _; U=, ¢:(2). We

observe immediately that p(.%;) < e?® since obviously (20) prevents .%; from having
an eigenfunction which corresponds to an eigenvalue of modulus strictly greater than
e”®. We also observe that as a consequence of (20) an eigenfunction of % with
cigenvalue of modulus ¢”® cannot vanish identically on A.

In order to apply Theorem 10 we wish to study the action of .Z; on a real Hilbert
space. Let us define

¢
H = {f € A%(Q): f(z) €R for all z € QHEBR‘L}
i=1
and note that #H is a closed subset of A?(2) as a consequence of Lemma 4.1. Tt is
clear that # is also a real Hilbert space when equipped with the norm || - || 42(q).
We observe that the complexification HC is precisely A%(Q2). Indeed, since z € € if
and only if z* € by Theorem 4, for every f € A%*(2) the holomorphic function f*
defined by f*(z) := f(z*)* is also an element of A*(Q); thus every f € A?*(2) can be
written as f = 2(f+f*)+35(f—f*) = g+ih, say, where f, g € H. This decomposition
is moreover unique since if g + ¢h is the zero function with g, h € ‘H then g and h are
identically zero on QN @le R%, hence all of their derivatives vanish there, hence
they are zero on every connected component of {2 which intersects Eszl R%  hence
they are zero throughout € by Theorem 4(4).
We wish to apply Theorem 10 in order to study the spectrum of % on ‘H and
hence on its complexification A4?(2). The natural mechanism for doing this is to
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consider the cone of elements of H which are non-negative on a convenient compact
subset such as Ujvzl () N @le R% and show that every nonzero element of the
cone is eventually mapped to an interior point (which is precisely a function which
is positive throughout the compact subset) by some power of 4. However, in the
full generality of Theorem 2 it is possible that ¢;(£2) may be extremely small, indeed
even a singleton set. In such cases it is not necessarily the case that every nonzero
holomorphic function on €2 is eventually mapped to a function which is positive on a
prescribed set and Theorem 10 may not be directly applicable. To resolve this issue
we will pass to a suitable quotient Hilbert space.

It is clear from the definition of ¢, and ¢; that (.} f)(2) is real when f € H and
2 € QNAI_ R4 50 % acts on H. Define Z := {f € H: f(z) =0 for all z € A} and
note that Z is a vector subspace of H and is closed as a consequence of Lemma 4.1. We
observe that by similar reasoning .%, preserves the subspace Z. The quotient space
H/Z is a Hilbert space when equipped with norm ||[f]||%/z := inf{[|f — g||.a2): g €
Z}, being isometrically isomorphic to the orthogonal complement of Z in H. It is not
difficult to see that the operator .Z; induces a compact operator on the real Hilbert
space H/Z which we also denote by .%;.

We observe that for each z € A the functional [f] — f(z) is a well-defined
continuous linear functional H/Z — R. Indeed, if [f] € H/Z and g € Z then we

have f(2) = (f + g)(=) and
G =1+ 9] < Culf + gl

where C'y > 0 is the constant given by Lemma 4.1 in respect of the nonempty compact
set A. In particular f(z) is independent of the choice of representative f € [f] and

(21) |f(2)] < Cainf{||f + gllazi): 9 € 2} = Cull[flll3y/2

so that the functional [f] — f(z) is continuous as claimed. Now define

C:={[fl€H/Z: f(z) = 0forall z € A} = [\ {[f] € H/Z: f(z) > 0}.
z€A

This set is clearly well-defined, positively homogenous, convex, and closed. If [f] €
CN —C then f(z) =0 for all z € A so that f € Z and therefore the only element of
C N —C is [0]. Since the function [f] +— inf,cp f(2) is continuous as a consequence of
(21) it is not difficult to see that [f] € H/Z is an interior point of C if and only if
inf,ep f(2) > 0. In particular the set C satisfies conditions (i)—(iii) of Theorem 10. We
observe also that .Z,C C C since by construction each 1;, is positive on 2N @le R
and in particular on A.

In order to be able to apply Theorem 10 we must show that for every [f] € C with
[f] # (0] there exists n > 1 such that inf,cx (L] f)(2) > 0. Given [f] € C with [f] # [0]
there necessarily exists zp € A such that f(z9) > 0 and hence there exists an open
set U C € intersecting A such that f(z) > 0 for all z € U N A. By the transitivity
property of A remarked earlier there exists a word j € 3% with some length n such
that ¢;(Q2) C U, so in particular ¢;(A) C U N A and therefore f(¢;(z)) > 0 for all
z € A. Hence

(L7 )(z) =D sa(2) f(93(2) = ¥5(2) f(95(2) > 0
li|=n

for all z € A since each 9 ; is real and positive throughout A, each f o ¢; is real and
non-negative throughout A, and f o ¢; is real and positive throughout A. We have
obtained inf,ex (L7 f)(2) > 0 and therefore [L]'f] € C as required.
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We may now apply Theorem 10 to the action of %, on ‘H/Z. By that theorem
the spectral radius R of .Z; on H/Z is positive and there exists [&;] € Int C such that
[Z&] = R[&]. Now let zg € A be arbitrary. It follows from (14) that

oot ﬁ 4
=1

for every i € ¥}, so

t;

12
t; i
< Yualz0) < LT || A9
i=1

l
(£6) () = 3 buslzo)eon(a) 2 ¢ Y T A0
j1l=n

‘i|:n =1

and in a similar fashion

' (;gg ft(Z))
(L&) (z0) < O < %é HA?) ) (ig ft(z)) .

Since [£*¢] = R"[&] and the function [f] — f(z0) is continuous, the left-hand
side of each of the last two displayed equations is simply R"&(zp) > 0. Taking
the power 1/n and letting n — oo it follows that R = ¢”®, and we previously
observed that e”® > p(%). On the other hand it is clear that necessarily p(.%) >
lim,, o0 [ (<Z7€,)(20)|™ = R and we conclude that R = e”® = p(.%).

If an eigenvalue of .%; acting on A?(Q) has absolute value p(.%) then by (20)
its corresponding eigenfunction 7, cannot be identically zero on A. Consequently
[m:] # [0] and therefore [n;] is an eigenfunction of %, on ‘H/Z (or its complexification)
with the same eigenvalue. But by Theorem 10 this is only possible if the eigenvalue
is p(.Z) itself, and we conclude that p(%) is the only eigenvalue of % on A%(Q)
which has maximum modulus. Moreover this eigenvalue is simple: if two linearly
independent eigenfunctions &}, &2 € A?(R) exist then by (20) neither function can
be identically zero on A; by multiplying each by a complex unit if necessary, we
may assume that each takes a nonzero real value somewhere on A; and replacing &/
and &2 with the functions &} + (£})* and & + (€2)* if necessary we may assume that
¢, €2 € H and [¢€}],[€2] # 0. Since % acting on H/Z has a simple eigenvalue at e”’(*)
by Theorem 10, the equivalence classes [£}] and [¢?] must be exact, nonzero scalar
multiples of one another. This is precisely to say that some linear combination of
¢! and &2 vanishes identically on A but is not the zero element of H; but since that
linear combination is an eigenfunction with eigenvalue e”® this contradicts (20).

To complete the proof it remains only to show that p(.%) is an algebraically sim-
ple eigenvalue. Let & € A%(Q) be an eigenfunction corresponding to this eigenvalue
and observe that by (20) & is not identically zero on A. If e”® is not algebraically
simple, there exists nonzero 7, € A%(Q) such that Zn, = e”® (n, + &) and therefore
L, = 70 (n, 4+ né,) for every n > 1, but this is only compatible with (20) if &, is
identically zero on A, a contradiction. The proof is complete. 0

6. Proof of Theorem 2

Before starting the proof of Theorem 2 we require two preliminary lemmas, one
concerning the behaviour of the leading eigenvalue of the operator .Z; of Theorems 3
and 11 and one an abstract result concerning sequences of implicit functions in two
complex variables.
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Lemma 6.1. Let (Ay,..., Ay) € My(R)N be k- and (k + 1)-multipositive with
N,d > 2 and 0 < k < d, and for each s € C let £,: 7 —  be as given by
Theorem 3. Define

— o L e |[t1=s || gnGe+1)[[57F
p(s) = logp(Z) = lim —log |Z A2 AL
for all s € R. Then p: R — R is convex. If additionally there exists a norm ||-||| on

R? with respect to which max;<;<y ||A:]| < 1, then there exists ¢ > 0 such that

p(s2) — p(s1)

< —c<0

for all pairs of distinct points sy, ss € R.
Proof. If s1,s0 € R, A € (0,1) and n > 1, then

> 4
lil=n

/\(k+1) )\81+(17)\)827k

i

‘k+17)\817(17)\)82

— Z (HA/\k ’k+1—81 A{\(k+1) S1k))‘ (HA/\k }k+1—52 A{\(k—i—l) st) 1-X
li]=n
A .
< Z | AL ’k+1fs1 ANED) s1—k Z A }k+1732 D) 5ok
li|=n <~

using Hoélder’s inequality with p = 1/ and ¢ = 1/(1 — \). Taking n'" roots and
letting n — oo it follows directly that p(Zhs,+(1-xs) < p(Ze) p(Z,) ™ and the
convexity of p follows by taking logarithms.

To complete the proof suppose that there exists a norm ||-||| on R? with respect
to which max;<;<n [|A4:]] < 1, and choose C' > 0 such that ||B|| < C||B]||| for all
B € My(R). Observe that in particular oy11(A;) < 01(A;) = |Ai|| < C||| Ay for all
iedy. Ifsg <syeRandn > 1, then

5 papie g
li|=n
= Z o1(As) -+ 03 (As) o (Ay)27F
li|=n
= Z 01(As) - 0(As) i1 (As) gy (Ay)*2
li]=n
< (rn@XCTk—H(Ai)> Z o1(A;) - 'Uk(Ai)UkH(Ai)Srk
- li|=n

§2—S81
< (IﬂaXCH\AiH‘) Z o1(As) - o (As)opa (As)
- lil=n

n(s2—s1)

li|=n

}k+1—81 PG

i
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so that by taking the n'" root and letting n — oo we obtain

(L) < (max mA@-m) (L)

1<i<N

for all such s; and sy. Taking logarithms and rearranging yields the claim with
¢ := —log max;<;<n || 4if| > 0. O

Similarly to §4 we shall say that X; is compactly contained in X5 if the closure
of X is a compact subset of the interior of X5, and express this relation with the
notation X; € Xs.

Lemma 6.2. Let Dy, Dy C C be open discs, let f,,: D1 x Dy — C be a bounded
holomorphic function for each n > 1, and let f: D; x Dy — C be bounded and
holomorphic. Suppose that there exists a holomorphic function g: Dy — Dy such
that for all s € Dy, g(s) is a simple zero of the function z — f(s, z) and is the unique
zero of that function in D,. Suppose also that

lim sup sup |f.(s,z) — f(s,2)| =0.

N—00 gc Dy z€Dy
Let D' be any open disc which is compactly contained in Dy. Then there exist a disc
D), C Dy, which may be chosen concentric with Dy and with radius arbitrarily close
to that of Do, an integer ny > 1 and holomorphic functions g, : D} — D), defined for
all n > ng such that:

. , . . .
= 1tQ » Yn n\°<»
(i) For all n > ngy and s € D}, gn(s) is a simple zero of z — f,(s,z) and is the
unique zero of that function in D).
(ii) For every integer £ > 0 there exists Cy > 0 such that

sup [g(s) — g (s)| < Cy sup sup |fu(s, z) — f(s,2)]
seDj s€D1 z€D2

for all n > ngy, where h'9 denotes the (*" derivative of the function h.

Proof. Throughout the proof let D3 be an open disc such that D] € D3 € D;.
By compactness and continuity we have g(Ds) € D,. Let D) € D, be any disc which
is concentric with D, and has radius large enough that g(Ds) € D). By compactness
and continuity we obtain
inf inf |f(s,2)] >0

s€Dgz 2€0D)
and hence by uniform convergence there exists n; > 1 such that for all n > n,
sup sup |f(s,2) = fuls,2)| < inf_inf [f(s,2)].
s€Ds z€0D), s€D3 2€0D;
It follows by Rouché’s theorem that for every s € D3 and n > n; there exists a
unique zero g,(s) of the function z — f,(s,2) in D) and this zero is simple. Since
each f, is holomorphic it follows by the holomorphic implicit function theorem (see
e.g. [26, p.34]) that each g,,: D3 — D} is holomorphic on Ds.
We claim now that
lim sup [g,(s) — g(s)| = 0.
n—oo s€D3
Indeed, let € > 0 be any number which is small enough that for every s € Ds the
closed e-ball centred at g(s) is a subset of D). By compactness and the absence of
zeros of z — f(s,z) in Dy \ {g(s)} we have
inf inf [f(s,2)] >0

s€Dz |2=g(s)|=¢
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so that in the same manner if n is large enough

sup  sup |f(s,2) — fa(s,2)| < inf inf  |f(s, 2)].
s€D3 |2—g(z)|=¢ s€D3 |2=g(s)|=¢

Applying Rouché’s theorem again it follows that if n is sufficiently large then for
all s € Ds there is a unique zero of the function z + f,(s,2) in the region 0 <
|z — g(s)| < e. This zero belongs to D} and hence is necessarily equal to g,(s), and
we therefore have sup, 5 |9.(s) — g(s)| < e. Since € was arbitrary we conclude that

(22) lim sup [g,(s) — g(s)] =0

n—o0 seDs

as claimed.
For each s € D the value g(s) is a simple zero of the function z — f(s, z), so we
have %(s, g(s)) # 0 for all s € D;. Define

Since g(D3) € D}y € Dy we may choose 7 > 0 small enough that for every z € 9D},
thizlosed ball of radius 27 centred at z is a subset of D, which does not intersect
g(Ds). Using (22) take ny > ny large enough that

sup |gn(s) —g(s)| <7
s€Dsg

for all n > ny. Observe that if s € D3 and n > ny then |g,(s) — g(s)] < 7 and
lg(s) —w| > 27 and therefore |g,(s) — w| > 7 for all w € 9D}. Using Cauchy’s
integral formula, for any two distinct points z1, 2o € D5, we have

1 f(s,w) f(s,w) f(5,w) dw

T 2mi Jopy (i — 2w —21) (- 2w —z) (W 2)?

b fls,w)((w = 2)° — (w—21)(w —2) — (21 — 2) (W — 21))

= — dw
211 Jop, (21 — 22)(w — 21) (W — 22)?
1 f(s,w) (22 — 22129 + 22)
21 Jopy (21 — 29)(w — 21) (W — 29)?
1 _
fls,w)a—2)

" 2 Jopy (W — 21) (W — 2)?
Hence if s € D3, n > ny and g,,(s) # g(s), then since g(s), g(s) € D)

f(5:9n(5)) = f(s:9(s) _Of Rlgu(s) — a(s)]
) gn(s) — g(s) 5, (5:9(s))[ =

5 - sup sup |f(t, 2)]|
T teDy z€Do

where R denotes the radius of D). Now take n3 > ns large enough that additionally

<sup 9.(5) - g<s>\> (5 sup sup 175 2)1) <

s€D3 s€D1 z€D2

[\VN et
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If n > n3, s € D3 and gn(s) # ¢(s), then since fn(s gn(s)) = 0= f(s,g(s)) we have

’f 5, gn(s " anS)gn ’ ’f S, gn(s —f((S),g(S))’
TP gl
> ]8—f< )| [Leet _g((j)’g(s)) e g(e)] > &

It follows that when n > ns

2
sup [gn(s) — g(s)| < = sup sup |fu(s, 2) = f(s,2)].
s€D3 s€D3 2€D2
To complete the proof of the lemma let § > 0 be small enough that for every s € D]
the closed d-ball centred at s is a subset of D3. By the Cauchy integral formula we
have for each integer ¢ > 0 and every n > ng

N[ w9
/;té at

sup

9(s) — g“(s)| < sup

seD} sep/ | 2Tt (t =)ttt
<64 sup [g(s) — g(s)|
SED_S
20!
< _5¢ Sup sup | fn(s,2) — f(s,2)]
C s€Dy z€Do
as required. The proof is complete. O

Proof of Theorem 2. Let (Ay, ..., Ay) € My(R)YN be k- and (k+1)-multipositive
where N;d > 2 and 0 < k < d. For all s € C let %Z,: 5 — € be as given by
Theorem 3. Let ¢,(s) and a,(s) be as defined in the statement of Theorem 2. We
claim that there exist K, v,k > 0 such that

(23) |an(s)] < K" exp (=n)
for all n > 1 and s € C, where K,4 and & do not depend on s or n and where

d+1

a'_(kL)_l_lJr 1
T (d+1 - d

(k+1) —2 (k) + (k+1) 2
By Theorem 3 there exist constants C, v, x > 0 such that
(24) 5,(Z,) < Cexp (k|s| — yn”)
for all n > 1 and s € C where 3 := ((ZE) —2)7' =a—1, and %, is trace-class with
tr £ = t,(s) for all s € C. By Theorem 6 we have
(25) an() < Y 5 (L) -5, (L)

1< <iy

for all n > 1. In order to proceed further we require two elementary inequalities. We
first note that for every integer m > 2

o0

o0 00 1
(26) Z e < / e dt = 3 wh e dy
f=m m—1

(m— 1)8

< 5/ e 2t du < %e,,(m 1)? < %e_gllﬁmﬁ
B (m—1)8 By By
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-1

where K := sup{x% e 2 > %} > 0 depends only on § and 7, and by increasing

. S B ,
K if necessary we have »_,° e < %e 7™ also for m = 1. Secondly we notice
that

m m 143

(27) Zeﬁz/ t% dt = ;’15

=1 0

for all integers m > 1 since the series is an upper Riemann sum for the integral.
Combining (24), (25), (26) and (27) we may now obtain

an(s)) < Y [1Cexplxlsl = i)

11 < <ip =1

= (C’e“‘s|)n Z exp <—fy (Zf +- 4+ 25))

Z'1< <in

Ce“” ZZ Zexp( (lf+ +2£))

i1=112=2 In=n

= H\I HZeXp( ,Ygﬁ

m=1/=m

S(QKCGHI) nHep( s’

2K Cerlel 7y
S( B ) o <_<1+/3>21+5"w)

which establishes the claimed inequality (23) with 4 := v/(2"*%(1 4+ 8)) and K :=
2KC/Br.

Now define a function d,,: C* — C for each n > 1 by d,,(s,2) := Y n_o am(s)2™,
and define also ds(s, 2) := > ~_; am(s)z™, the convergence of the series being guar-
anteed by (23). As a consequence of (23) it is clear that

ofen(-5)

uniformly on compact subsets of C2. It is clear by inspection that each d,, is holo-
morphic, and using the convergence of d,, to d, uniformly on compact sets together
with Cauchy’s theorem and Morera’s theorem it follows easily that d.: C* — C is
holomorphic. By Theorem 6 we have d(s, z) = det(I — 2.%,) for every (s, z) € C%
In particular for every s € C the zeros of z — d.(s, z) are precisely the reciprocals
of the nonzero eigenvalues of .Z,, with the degree of each zero being equal to the
algebraic multiplicity of the corresponding eigenvalue.

For each s € R define ro(s) := p(Z)~' € (0,+00). We observe that p(s) =
—log T (s) is a continuous function of s by Lemma 6.1 since it is a convex function
of s € R, 80 7o0(s): R — (0, 4+00) is continuous. By the combination of Theorem 3
and Theorem 6, for each s € R the function z — d..(s, z) has a simple zero at 7 ($)
and has no zeroes with equal or smaller absolute value. We claim that there exist
no > 1, an open set U C C containing [k, k + 1], a holomorphic extension of Too [k, k+1]
to U and a sequence of holomorphic functions r,,: U — C defined for all n > ny such

[e.e]

Z A (8)2™

m=n+1

(28) |d,(s,2) — doo(s, 2)| =
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that

(29) sup ‘r,(f)(s) - rﬁ?(s)‘ =0 <exp (—Zno‘))

seU 2
for all integers ¢ > 0 and such that for all n > ng and s € [k, k + 1], r,(s) is the
smallest positive real number x such that d, (s, z) = 0.

To prove the claim it is clearly sufficient, by the compactness of [k, k + 1], to
show that every so € [k, k + 1] admits an open neighbourhood U(sy) such that 7.,
extends holomorphically from U(sg) N [k, k + 1] to all of U(sg), such that there exists
a sequence of functions r,,: U(sg) — C defined for all large enough n such that for
all s € [k, k+ 1] N U(so), ru(s) is the smallest positive real number z such that
d,(s,x) =0, and such that

sup ‘r,(f)(s) — rg?(s)‘ =0 (exp (—%na))
s€U(s0)

for all integers ¢ > 0. The open set U can then be taken equal to the union of a
finite cover of [k, k + 1] by different sets U(s), and the characterisation of r,(s) as
the smallest positive root of d,(s,z) = 0 ensures that for each n the local functions
rn: U(s) = C extend consistently to a single well-defined function r,,: U — C.

Let us therefore prove this local version of the preceding claim. Fix sy € [k, k+1].
Since z — d (S0, z) has a unique zero in the closed disc with centre 0 and radius
To(S0), and all of its zeros are isolated, we may choose an open disc Dy(sg) with
centre zp € R and radius R > 0 such that [0, 74 (s0)] C D2(so) and such that Dy(so)
contains no other zeros of z — do(sg,2). A simple argument using compactness
shows that we may choose a small open disc D;(sg) centred at sq such that

sup  sup |dw($,2) — dw(S0,2)| < inf |duo(S0, 2)]
s€D1(so) |z—z0|=R |z—20|=R

and by shrinking the neighbourhood D; (sg) further if necessary we may assume using

continuity that additionally ro(s) € Da(sg) for all s € Dy(so) N [k, k + 1].

By Rouché’s theorem, for all s € D;(sg) the function z — d(s, z) has a unique
zero in Dy(sg) and this zero is simple. When s € D;(sg) N [k, k + 1] this zero must
be equal to 7o (s) € Da(sp) by uniqueness. Extend ro.: Di(so) N [k, k + 1] — R to
a function D;(sg) — C by defining r(s) to be the unique zero of z — d(s,2) in
Dy (sg) for each s € D;(sp). By the holomorphic implicit function theorem and the
simplicity of the zero ro: D1(sg) — Da(sg) is holomorphic. Applying Lemma 6.2 we
find, shrinking D;(so) and Ds(sg) if necessary, that there exist constants Cy > 0, an
integer n; > 1 and holomorphic functions ,,: Dy(so) — Da(so) defined for all n > n
such that

p [rO(s) —rO(s)| < Cr sup  sup |da(s,2) — dools, 2
se€Dy (So) s€Dy (80) z€D3 (80)

ofem( 1)

for every integer £ > 0, such that 7,(s) is the unique zero of z — d,,(s, z) in Dy(so)
for all s € Dy(sp) and n > n; and is a simple zero for all such s and n, such that
0,7 (50)] € Da(s0), and such that Ds(sg) is an open disc centred on the real axis.
For all s € Di(so) N [k, k + 1] and n > ng the numbers r,(s) and r,(s)* both lie
in Ds(sp) and are both zeros of the polynomial d,(s,z) = > _ a,(s)z™ since the
coefficients of that polynomial are real and since Ds(sy), being a disc centred on
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the real axis, is symmetric with respect to complex conjugation. By the uniqueness
of the zero 7,(s) in Dsy(sg) this is possible only if r,(s) = r,(s)*, which is to say
if r,(s) is real. Since Ds(sg) contains the interval from 0 to r,(s), it follows that
if 7,(s) is positive then it is the smallest positive real root of > " _ a,(s)z™ for all
s € Di(so)N [k, k+1]. To complete the proof of the claim it therefore suffices to show
that if n is sufficiently large then r,(s) > 0 for all s € D(sp). To see this choose
d € (0,75(s0)) small enough that the open d-ball centred at r.,(sg) is contained in
Ds(sp), and observe that by shrinking D (sg) further if necessary we may obtain

inf inf  |dw(s,2)| >0
s€D1(s0) |z—roo(s0)|=0

and hence for all large enough n

sup sup  |dn(s,2) —doo(s, 2)| < inf inf  |do(s, 2)].
s€D1(s0) |2=T00(50)|=0 s€D1(s0) |2—Tc0(s0)|=6

By Rouché’s theorem this implies that there exists ng > n; such that for all n > ng
and all s € D;(sg) there is a unique zero of z — d, (s, z) inside the circle of radius
0 and centre 7. (sg), and since this region is a subset of Dy(sg) this root must equal
rn(s) by the uniqueness of that root in Dy(sg). In particular for all n > ng and
s € Di(sg) N [k, k + 1] we have r,(s) > re(so) —d > 0 and no other root lies in
(0,7,(s)) C Do(so). Hence r,(s) is the smallest positive real root of Y " o a,(s)z™
for all s € Dy(sg) N[k, k+ 1] as required to prove the local version of the claim with
U(so) :== D1(s¢). The full statement of the claim follows.

We may now complete the proof of the theorem. Define P,(s) :=r,(s)~! > 0 for
all s € [k, k+ 1] and n > ng, and P(s) := ry(s)™* > 0 for all s € R. Observe that
by Theorem 3 we have ef’(A1-A~is) = P(s) for all s € [k, k +1]. Since roo: U — C is
holomorphic, P is real-analytic at least on a neighbourhood of [k, k + 1]. Since r(s)
is positive for all real s and [k, k + 1] is compact it follows that

30 inf ro(s) >0
(30) wepih, oo

and by the case ¢ = 0 of (29) we deduce that

(31) lim inf r,(s) > 0.

n—00 s€k,k+1]
Using (29), (30), (31) and the expressions
1 1
ra(s)  Too(S)
rals)  ri(s)
ra(8)? Tao(s)?

|Pu(s) — P(s)] =

I

|P(s) = P'(s)| =

and

ra(8)rn(s) = r(s)® 18 (8)rao(s) = rie(s)?
rn(s)! roo(s)!

it follows by elementary manipulations that

(52) s P = P =0 (exp () ).
(33) sup  |PL(s) — P'(s)| = O <exp (‘%”O‘))

s€lk,k+1]

[P (s) = P"(s)] =
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and

(34) sup |P/(s)— P"(s)|=0 (exp <—Zn°‘>) :
s€lk,k+1] 2
In the case where we do not assume that max;<;<y [|4;]] < 1 for some norm on R4
the estimate (32) already completes the proof of Theorem 2. Otherwise, we claim
that infeeppyq P7(s) > 0 and supyep, pqq; P'(5) < 0. Let p(s) := log P(s) for s € R
so that P’'(s) = p/(s)P(s) and P"(s) = p”(s)P(s) + p'(s)*P(s). Obviously p is real-
analytic on [k, k + 1] since P is positive and real-analytic there, and p is convex by
Lemma 6.1, so necessarily p”(s) > 0 for all s € [k, k + 1]. By Lemma 6.1 we have
p'(s) <0 for all s € [k, k+ 1] and therefore
(35) sup P'(s)= sup p'(s)P(s) <0.
s€lk,k+1] s€lk,k+1]

Similarly we observe that infscixri1)[p'(s)] > 0, and since P"(s) = p"(s)P(s) +
p'(s)?P(s) > p'(s)*P(s) we likewise deduce that infsep, 1) P”(s) > 0 as claimed.

Combining the previous claim with (34) we find in particular that inf,cp x11) Py (5)
> ( for all large enough n, which proves that each such function P,: [k, k+1] — R is
convex. By the hypothesis dimug(A;,..., Ay) € (k,k+ 1) of Theorem 2 there exists
a solution s € (k,k+1) to P(s) =1, and since P has negative derivative on [k, k+ 1]
this implies that P(k) > 1 > P(k+1). Combining this observation with (32) we find
that P,(k) > 1 > P,(k + 1) for all large enough n, and by the combination of (35)
and (33) we find that sup,ep, p41) Pp(s) < —c < 0 for all large enough n where ¢ > 0
is some positive constant. It follows that for all large enough n there exists a unique
Sp € [k, k+ 1] such that P,(s,) = 1. Let sy := dimug(Aq, ..., Ay) € [k, k+ 1] be the
unique solution to P(s.) = 1. If s, # S then by the Mean Value Theorem there
exists t strictly between s, and s, such that

P(sn) — P(5)

Sp — Seo

P'(t) =

and therefore since P,(s,) =1 = P(s«) we obtain
[P(sn) = P(s)] _ [P(sn) = Pu(sn)]
|P'(1)] | P(2)]

The inequality |s, — S| < ¢ P(s,) — P,(s,)] obviously also holds when s, = s,

SO )
|$n — Seo| = O (exp (—%n“))

as n — oo using (32). The proof of the theorem is complete. O

[Sn = S| = < P (s0) = Pu(sa)l.

7. Examples

7.1. Methodology. There are two intuitively natural mechanisms by which to
make the approximations given in Theorem 2 yield an approximation to the affinity
dimension. On the one hand since e”’(A1+4n3%) i decreasing in s and since the affinity
dimension is the unique s € [k, k4 1] such that 1 is the leading eigenvalue of .%;, the
affinity dimension corresponds to the smallest s € [k, k4 1] such that det(/ —_%;) = 0,
which is to say the smallest s € [k, k + 1] such that Y ° @, (s) = 0. One might
therefore attempt to approximate the affinity dimension by looking for the smallest
solution s to the equation )" _jan,(s) = 0 for each fixed n. In practice this is
impractical since %, may in general have infinitely many positive real eigenvalues
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and the number of solutions to > _, a,(s) = 0 may therefore be extremely large
and the function itself highly oscillatory.

Approximation to affinity dimension CPU time

1.14341 79598 76019 95000 60486 91827 85789 60135  0.043s
1.11827 23247 08006 28499 89060 66409 13091 47143  0.044s
1.11538 89736 67461 99644 51849 00512 18003 54788  0.053s
1.11560 42107 66261 56209 11669 09958 04069 77087  0.075s
1.11560 31850 39305 08475 98379 83168 80085 68510 0.11s
1.11560 32522 24751 03699 38823 87724 66623 37012 0.16s
1.11560 32579 27402 64806 11546 27227 11083 45893 0.30s
1.11560 32577 86505 71154 77556 50836 85812 53178 0.39s
10 1.11560 32577 87028 88533 65835 00045 83936 61000 0.67s
11 1.11560 32577 87030 91898 36777 33249 49956 17495 1.2s
12 1.11560 32577 87030 89197 97928 71446 51257 73313 2.0s
13 1.11560 32577 87030 89218 83050 96492 48585 23429 4.3s
14 1.11560 32577 87030 89218 84942 17623 75680 33697 8.8s
15 1.11560 32577 87030 89218 84937 14660 75123 27001 20s
16 1.11560 32577 87030 89218 84937 14840 85419 85122 44s
17 1.11560 32577 87030 89218 84937 14840 24544 08248 100s
18 1.11560 32577 87030 89218 84937 14840 24574 24137 210s
19 1.11560 32577 87030 89218 84937 14840 24574 25551 440s
20 1.11560 32577 87030 89218 84937 14840 24574 25551 990s

© 00O UL W3

Table 1. Approximations to the affinity dimension of Example 1 calculated using Theorem 2
and the secant method as described in §7.1, implemented in Wolfram Mathematica. The CPU
time used in each approximation is as reported by Mathematica’s Timing function. For n = 1 the
approximation to the pressure function has no root in (1,2) and this line is therefore omitted from
the table. Digits which are empirically observed to have converged to a stable value are underlined.

In practice we therefore adopt the following alternative approach. For large n the
smallest positive real root & = r,(s) of Y " _ a(s)z™ approximates the reciprocal
of the leading eigenvalue of .%,. Moreover, for large n the function s — r,(s)™! is
convex and strictly decreasing with a unique root in [k, k + 1] by virtue of Theo-
rem 2. Computing the unique root of a convex decreasing function is a far more
tractable enterprise than finding the smallest root of an oscillating function, and for
this reason our application of Theorem 2 follows the approach of solving r,(s) = 1.
For this problem we use the secant method. Since ;! is convex and decreasing the
convergence of the sequence of approximations generated by the secant method is
guaranteed with super-exponential rate O(@m(1+‘/g)/2) for some 6 € (0, 1). In practical
instances we found that the sequence (s,,) consistently converged empirically to 40
decimal places by around m =~ 12 independently of n. The results of this proce-
dure applied to some examples of two- and three-dimensional affine iterated function
systems are presented in this section.

For large n one may show that the trace t,(s) appearing in Theorem 2 approx-
imates the value e"(41-4833) wwhereas the coefficients a,(s) are shown in Theorem
2 to decrease to zero with super-exponential speed. The small size of a,(s) is thus
attributable to additive cancellation between potentially very large summands. It is
therefore likely to be necessary in implementation to record the traces ¢,(s) to sig-
nificantly more decimal places than are desired for the ultimate approximation. In
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the computations which follow the traces t,(s) were calculated in arbitrary precision,
reducing to finite precision only for the outcome of the calculation of the coefficients

an(s).

7.2. Example 1: a pair of dominated matrices. Define

_4 5 1
Al = ( 07 1) s A2 = (_7§ _é) .
7 7 7

We claim that the pair (A;, As) is 1-dominated. Indeed, define

e ={ () B bel = 21
eoi={ () eyl 20l |

5 4 2
p— J— _l‘ p—
YT 7Y
and equality of the first and last terms is only possible if y = 0 and consequently
x = 0. In particular if (z,y)" € C; is nonzero we obtain A;(x,y)" € Int C;. Moreover
for (z,y)" € C; we also have

4 n 5
= —x
T

If (z,y)" € Cy, then

>4|| 5||>3||>
_l‘__ J—
Z 5 -yl = 2yl =

> 2l = 21yl = e
—_ 7y_7 =

2
i
7

which yields Ay(z,y)" € IntCy when (z,y)" is nonzero. In a similar manner, if
(z,y)" € Cy then

S 4 D 4 3 2

Sy 2 ?|y| - ;M > ?\y\ =
and

4 ) 4 D 3 2

Syt o 2 ?|y| - §|$| > §|$| Z |7
which respectively give A;(z,y)" € IntC; and Ay(z,y)" € IntCy when (z,y)" is
nonzero.

If we now let w = (1,1)" then (u,w) is never zero for any nonzero u € C; U Co,
so defining
Ki={uel;: (u,w) >0}
for i = 1,2, it is not difficult to see that (K, Ks) is a multicone for (A4;, As). In

particular Theorem 2 may be applied to estimate the affinity dimension of the pair
(Al,AQ). Let (Bth) = (A17 —Ag) Since

eP(Al,AQ;l) — ep(Bl,BQ;l) — hm Z ||Bl||

> lim |Z Bi|| = lim [[(By + By)"|

=p(B1+ By) = —=>1

3=

and °
ePArA22) — | det Ay | + | det Ay| = 19 ° !
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we infer that dim,g(A;, A2) € (1,2). The first 20 approximations to the affinity
dimension of (Aj, Ay) are tabulated in Table 1.

7.3. Example 2: a three-dimensional iterated function system.

Approximation to affinity dimension CPU time

1.74010 38961 34544 64381 66016 57752 82592 79145  0.067s
1.53612 13489 34570 18769 13237 56458 61628 45041 0.10s
1.58779 31446 44939 17928 98900 28708 16065 92496 0.15s
1.58459 23810 06597 43285 21249 54866 32813 68839 0.22s
1.58477 97771 44149 34557 48903 92413 22985 52229 0.33s
1.58477 17757 07488 53767 71488 42424 52891 52003 0.63s
1.58477 20386 65944 76377 72361 85895 44529 09738 0.80s
10 1.58477 20318 53062 52952 58955 36166 25319 46959 1.4s
11 1.58477 20319 95110 47059 43620 26740 31575 13317 2.4s
12 1.58477 20319 92686 60697 00747 19778 01115 41015 5.4s
13 1.58477 20319 92720 93370 05697 62846 36869 58071 12s
14 1.58477 20319 92720 52545 02878 00445 78535 74528 27s
15 1.58477 20319 92720 52956 88351 89418 63989 50927 99s
16 1.58477 20319 92720 52953 32862 81715 84179 24019 130s
17 1.58477 20319 92720 52953 35507 79078 84111 41677 270s
18 1.58477 20319 92720 52953 35490 71502 87276 30757 560s
19 1.58477 20319 92720 52953 35490 81124 12318 84553 1200s
20 1.58477 20319 92720 52953 35490 81076 56294 07542 2800s
21 1.58477 20319 92720 52953 35490 81076 77018 06325 9900s

© 00 IO Ui W |3

Table 2. Approximations to the affinity dimension of Example 3 calculated using Theorem 2
and the secant method as described in §7.1, implemented in Wolfram Mathematica. The CPU time
used in each approximation is as reported by Mathematica’s Timing function. Digits which are
empirically observed to have converged to a stable value are underlined. Convergence is noticeably
slower than for two-dimensional examples: in this context our bound for the error in the nt®
approximation is O(exp(—yn®/*)) as opposed to O(exp(—yn?)) in the other examples. For n = 1,2
the approximation to the pressure function has no root in (1, 2) and these lines are therefore omitted.

Consider (A, Ay) where

L (541 L (550
Ay:=— |5 5 4], Ay=—1[4 5 1| =4/
1200 1 5 12\1 4 5

and note that A; and A, are contractions in the Euclidean norm. It is easily checked
that (A1 Ay, A1 As, AyAy, A Ay) is a tuple of positive invertible matrices and is there-
fore 1-dominated. By the characterisation of domination in terms of singular values
this clearly implies that 1-domination holds also for (Aj, As).

We identify each A; with the corresponding linear map R3 — R? defined by
A; with respect to the standard basis ey, ey, e3 of R®. With respect to the basis
e1 A\ ey, e1 Aes, es A es for A’R? we have

5 15 11 1 5 5 b
5 25 21 11 19 21
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Since (A7?%, A%?) is thus representable by a pair of positive matrices we see that
(A1, Ay) is both 1-and 2-dominated. Using non-negativity it follows by a theorem of
Protasov [58] that

n

lim | ) [Asll | = p(Ar + Ag) > 1
|=

n—oo |

and

. A2 _ A2 A2
Jim ; A2 | = o (A +45%) <1
Thus P(Ay, Ay;1) > 0 > P(A;, As;2) and consequently dim,g(A;, A2) € (1,2), and
we conclude that Theorem 2 is applicable to the computation of dim,g(A;, Ag). The
first 21 approximations to dim,g(A;, As) are presented in Table 2. An illustration of
the attractor of the iterated function system

T 1 5 4 1 €T 1
Ty =15 5 5 4 y|l+10
z 015 z 0

T 1 5 5 0 T 0
Thlyl =—14 5 1 y|l+10
2\1 4 5/ \: 1

is given in Figure 1.

Figure 1. A projection of the attractor of the iterated function system defined by Example 3.
Approximations to the affinity dimension computed using Theorem 2 are listed in Table 2. It is
known from work of Falconer [17, §5] that the upper box dimension dimpzX is bounded above by
dimag (A1, Az), but unlike the case of planar affine iterated function systems current techniques are
not powerful enough to determine whether or not dimgy X = dimag (A1, A2).
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24
W75
\ﬁggﬁfg Jiﬁk?{;ﬁgw

Figure 2. This self-affine set was shown in [50, §6.6] to have Hausdorff dimension equal to the
affinity dimension of the defining iterated function system. However, the linear parts of the defining
affine transformations have non-real eigenvalues and Theorem 2 is not applicable. Non-rigorous
estimates using the discretisation method described in §8 as tabulated in Table 4 suggest that the
affinity dimension is equal to approximately 1.522688.

8. Non-dominated matrices

If (Ay,...,Ay) € My(R)" is a tuple of invertible matrices which is not 1-
dominated then by a line of reasoning due to Avila [63] there exist tuples (A}, ..., A%y)
arbitrarily close to (Ay,..., Ay) with the property that some product Aj ---A; has
complex eigenvalues. For such matrices the formula for ¢,(s) in Theorem 2 has no
clear meaning, and also for such matrices no open subset of RP' may be found which
is mapped strictly inside itself by the action of the matrices A}, preventing the con-
struction of a trace-class transfer operator in direct mimicry of Theorem 2. For such
matrices it is therefore difficult to see how any reasonable adaptation of Theorem
2 could be made. In this sense we believe that 1-domination, or multipositivity, is
the weakest open condition on the matrices Ay, ..., Ay which permits a version of
Theorem 2 to be proved.

However, for non-dominated matrices it is still possible to obtain non-rigorous
estimates of the affinity dimension by other techniques. Given Ay,..., Ay € GLs(R)
and s € [0, 1] we may define an operator .%,: C*(RP') — C*(RP') by

Eh @ =3 (”A"“”)S f ().

2\ ul

and for s € [1,2] by

(Zhm =3 (M) et A f (A)
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in such a manner that

p(ﬂ)zjﬁ&( > QOS(Ah"'Ain))

i1, in=1

and such that p(.%;) is a simple eigenvalue of .Z;, as long as a € (0,1) is chosen
suitably small (in a manner which in general will depend on s) and mild algebraic
non-degeneracy conditions on (A, ..., Ay) are met. (These spectral properties are
guaranteed by, for example, [29, Théoréme 8.8].) We could then hope to estimate
the spectral radius of %, for different values of s by discretising the phase space RP*,
constructing a large matrix representing a discretised action of .Z;, and working on
the supposition that the spectral radius of the matrix is a good approximation to
p(Z,) and hence to ef’(41-ANs) In practical experiments we were able to obtain
around five decimal places of accuracy for the affinity dimension by discretising RP*
into approximately 10* evenly-spaced mesh points: see Tables 3 and 4. We observe in
particular that the results obtained in Table 3 show good agreement with Theorem
2 when tested on the multipositive matrix set described in Example 2. However, we
have not been able to make this method of estimation rigorous. This approach could
also be applied to higher-dimensional affine iterated function systems but we have
not investigated the matter of finding suitable discretisations of the more complicated
phase spaces required in this context.

Approximation to

Mesh size affinity dimension CPU time
2 1.02591849 0.010s
22 1.07532743 0.0065s
23 1.11171266 0.018s
24 1.11715797 0.036s
25 1.11608327 0.053s
26 1.11557816 0.80s
27 1.11537306 0.46s
28 1.11561123 0.35s
29 1.11559940 0.65s
210 1.11561053 1.8s
o1l 1.11558601 2.7s
212 1.11560216 4.8s
213 1.11560441 24s
214 1.11560185 21s
215 1.11560275 67s
216 1.11560321 270s
217 1.11560315 4100s

Table 3. Estimates of the affinity dimension of Example 1 calculated using the non-rigorous
discretisation method described in §8. Even at small mesh sizes the first few decimal places show
good agreement with Table 1 but convergence in subsequent decimal places is markedly slower.
Digits which are empirically observed to have converged to a stable value are underlined.
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Approximation to

Mesh size affinity dimension CPU time
2 1.50000000 0.0028s
22 1.51578683 0.0025s
23 1.51254065 0.0047s
24 1.52070716 0.033s
25 1.52415711 0.059s
26 1.52305542 0.079s
27 1.52290806 0.13s
28 1.52262668 0.26s
29 1.52269395 0.61s
910 1.52270408 1.1s
211 1.52269152 2.2s
212 1.52268717 4.5s
213 1.52268810 7.7s
214 1.52268795 18s
215 1.52268780 55s
216 1.52268780 220s
917 1.52268782 1400s

Table 4. Estimates of the affinity dimension of the iterated function system defined in [50,
§6.6] and illustrated in Figure 2, calculated using the non-rigorous discretisation method described
in §8. Digits which are empirically observed to have converged to a stable value are underlined. No
rigorous estimate of the affinity dimension of this IFS is currently available.
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