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Abstract

We establish the asymptotic behaviour of the partition function, the heat content, the
integrated eigenvalue counting function and, for certain points, the on-diagonal heat kernel
of generalized Sierpinski carpets. For all these functions the leading term is of the form
2 p(log z) for a suitable exponent v and ¢ a periodic function. We also discuss similar

results for the heat content of affine nested fractals.

1 Introduction

The study of the relationship between the analytic and geometric properties of a bounded domain
goes back at least to the celebrated Theorem of Weyl’s showing that the volume of a domain
could be recovered from the asymptotics of the eigenvalue counting function. Our interest here is
in some related but slightly smoother functions, the integrated eigenvalue counting function, the
partition function and the heat content. We will focus on determining the asymptotic behaviour
of these functions on the Sierpinski carpet, an infinitely ramified fractal, for which few detailed
properties are known.

For finitely ramified fractals there is a well developed theory concerning spectral asymptotics
going back to [15] and in the physics literature to [27]. In the case of the Sierpinski gasket,
using spectral decimation, it is possible to enumerate the eigenvalues of the Laplace operator and
explicitly construct the eigenvalue counting function N(A). It can be shown [18] that there is a
log 5-periodic function ¢ such that as A\ — co, N(\) = A%/2¢(log A)+O(1), where d, = log 3/log5
is the spectral dimension. More generally, in the case of p.c.f. self-similar sets, it is possible for the
limit N(A\)A~95/2 to exist but if the fractal has scale factors with logarithms that are rationally
related, then there is a possibly periodic function which appears in the large A asymptotics, [19].
In the case of nested fractals this function was shown to be periodic due to the existence of
strictly localized eigenfunctions in [8]. A further development due to [28] shows that the existence
of localized eigenfunctions in this setting is related to the existence of certain critical points in
the complex dynamics of an associated rational map.

As yet there are no corresponding results for infinitely ramified fractals such as the Sierpinski
carpet. In this paper we will consider some closely related functions and show that there are
possibly periodic functions which arise in their asymptotics. We do not have a proof that these
periodic functions are non-constant. We consider the short time asymptotics for the partition
function, the Laplace transform of the eigenvalue counting measure. If the periodic function is
indeed constant for this function we could use a Tauberian theorem to recover the existence of the
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limit for the normalized eigenvalue counting function. However, with the result we obtain here,

we cannot obtain a deeper result for N(A) on the carpet than
e A%/2 < N(X) < epA%/2,

a result easily deduced from the transition density estimates of [5]. We then consider the eigenvalue
problem directly and can produce an oscillatory function in the high frequency asymptotics for
the integrated eigenvalue counting function. It should be noted that there has only recently been
progress on the question of the uniqueness of the Brownian motion on the Sierpinski carpet [7].
However it is known that there is a self-similar process on the carpet and it this process with its
associated Laplace operator that we use throughout the paper.

Let F ¢ R” be a bounded fractal set. In order to define the heat content and partition
function we will need to define the outer boundary of the set F'. For each closed set A, let Cov(A)
be the set of points covered by A, that is if we decompose RP \ A into connected components
{V;}52, and denote by Viy(4) the unbounded component, then Cov(A) = R?\ Vircay. We note
that if the set A has holes, these may be contained in Cov(A). The outer boundary of the fractal
is defined to be F = 9Cov(F).

The partition function Zp(¢) is defined to be

Zn(t) = /F P, ) pu(de),

where p?(z,y) is the heat kernel for the Laplacian on the fractal with Dirichlet boundary conditions
or equivalently the transition density for the corresponding diffusion process with absorption on
OF. The measure y is the dy-dimensional Hausdorff measure on the fractal F' normalized so that
w(F)=1.

The heat content of the carpet is the total heat energy in the carpet at a given time due to unit
boundary conditions and zero initial conditions within the carpet. We begin with a more general
problem. Let ¢ : 9F — [0, 00) be bounded and measurable. We write A for the Laplace operator
on F and consider the following partial differential equation in F. Let u : F' x [0,00) — [0, 00)

satisfy
% = Apu, x € F\OF,t >0, (1.1)
u(z,0) = 0, xz € F\OF,
u(z,t) = ¢(z), x € OF,t>0.

This equation has a probabilistic representation for its solution. Let {X;} be the stochastic
process with generator Ap on the set F and let T4 = inf{¢ > 0: X; € A}. Then the solution to

(1.1) can be written as
u(x, t) = Ez(¢(XT6F)I{T8F<t})'
The heat content Er(t) of F at time t is given by setting ¢(x) = 1 for all € OF and defining

EF(t):/Fu(:zr,t);L(dx).

Our aim is to investigate for compact fractals the short time asymptotics of Er(t) when ¢(x) =1
for all z € OF or sometimes ¢(z) = 1 forallz € A C OF and ¢(x) = 0 for x € F\ A for some subset



A of the boundary. Our techniques are strongly influenced by [11] where comparison estimates for
fractal boundary problems are established. More detailed results for the heat content of domains
with fractal boundary can be found in [14, 9, 10, 12]. In our setting we have a fractal domain
with a boundary that may be piecewise smooth or fractal.

We also consider the on-diagonal heat kernel and consider its behaviour at certain periodic
points within the fractal. There have been many papers which estimate this quantity uniformly
over the set but here we are able to obtain sharper results at these particular points using the
self-similar structure of the set.

We state our results for the two-dimensional Sierpinski carpet, a set of Hausdorff dimension
dy = log8/log3 (shown in figure 1), with boundary given by the unit square. Let 7 denote the
time scale factor for the Sierpinski carpet, a constant for which there is no explicit formula (for

estimates, see [3]), and define the walk dimension d,, = log 7/ log 3.
Theorem 1.1 There exists a log T-periodic function 11 (t) such that ast | 0,
Zp(t) = =4/ iy (= logt) + Ot~ /).

There exists a log T-periodic function vo(X) such that as A — oo,
A
/ Ni(s)ds = AH /4y (log A) + O(AH/w),
0
There exists a log T-periodic function vs(t) such that ast | 0,

EF(t) = t(df_l)/dwl/}g(— logt) + O(tdf/d“’).

There exists a log T-periodic function 14 (t) such that, for points x ¢ OF which are fived points of

some finite combination of the contraction maps that define the carpet, ast | 0,
P (, ) = 95 oy (~ log £) + Ofexp(—ct 1),

The generic result is that a symmetric self-similar set with the same scale factors will have
Zp(t) = t=4/dw (h(—logt) + o(1)) and Ep(t) = tdsr=d)/dw(p(—1logt) + o(1)), where dj is the
dimension of the boundary and v, ¢ are suitable periodic functions. A variety of such results are
given in Theorems 4.1, 4.2, 5.2, 5.4 and 5.6. In the affine nested fractal case we show an example
where the periodic function will be a constant if the set does not have commensurate resistance
scaling ratios.

The outline of the paper is as follows. In Section 2 we will establish two comparison lemmas
which are the main technical tools required to prove our results. They will be derived for fractional
diffusions on fractional metric spaces which will allow us to apply them to Sierpinski carpets as
well as to affine nested fractals. In Sections 3 and 4 we consider generalized Sierpinski carpets
and, by exploiting the existence of a self-similar diffusion on the carpet, show how the short
time asymptotics of both the partition function and the heat content can be reduced to a renewal
equation. Finally, in Section 5, we will give some examples to show the range of possible behaviour
of these functions for affine nested fractals. We note that throughout the paper we will write ¢
for a generic constant whose value may be different at each appearance, while ¢; will have a fixed
value within a given proof but will vary between proofs.

Acknowledgement: The author would like to thank Jun Kigami and Christophe Sabot for
helpful comments.



2 The comparison lemmas

The key results needed for the discussion are comparison lemmas. For the heat content such a
comparison is initially due to [11] in the case of a bounded domain in R". We will establish these
results for a fractional diffusion in a bounded fractal domain.

We begin by recalling the definition of a fractional diffusion from [1]. Firstly we define a
fractional metric space.

Definition 2.1 Let (F,d) be a complete metric space and u a Borel measure on (F,B(F)). We

call (F,d,u) a fractional metric space if
1. (F,d) has the midpoint property.
2. There exists dy > 0 and constants c1,co such that if ro € (0,00] is the diameter of F', then
carr® < pu(B(z,r)) < cor®, x € F,0 <71 <7,
where B(z,r) = {y : d(z,y) <r}.

Definition 2.2 A fractional diffusion FD(dys,dy) on a fractional metric space (F,d,p) is a
Markov process X = (P*,x € F, Xy,t > 0) with the properties

1. X is a conservative diffusion with state space F.
2. X is p-symmetric.

3. X has a symmetric transition density pi(x,y) = pi(y,x), t > 0, x,y € F which satisfies the
Chapman-Kolmogorov equations and is, for each t > 0, jointly continuous.

4. There exist constants c1,ca, C3,Cq,to = rg” such that Vx,y € F,0 <t < ty,

d dw 1/(dw—1)
- <_CQ <ﬂ) < il )

t
d oy 1/(dw*1)
< Cstfdf/du, exp (—04 ( (I,ty) ) .

The exit time from a set A is the hitting time for the complement A Tye = inf{t > 0: X; €
A°}. The distance from a point to a set is defined to be d(x, A) = infy e 4 d(z, y).

Lemma 2.3 Let A C F be a closed set. There exist constants c1,ca such that

d Ac oy 1/(dw_1)
P, (Tac < t) < cyexp <—02 (M) )

t

Proof: In [1] Equation (3.21) it is shown that for fractional diffusions there are constants c, ¢
such that

’f'dw

1/(dw—1)
P*(Tp(zrye < 1) < cexp (—E (T) > , Ve e F,0<t<ty,0<r<rg. (2.1)

If " = sup{r : B(z,r) C A}, then v’ = d(z, A°). Thus, as
PI(TAc < t) < PI(TB(x7r/)c < t),

applying (2.1) gives the result. O



2.1 The transition density

Let C be a closed subset of F', where we consider the fractional metric space F' to be bounded
and we denote its boundary by 0F. We write p{(x,y) for the transition density of the diffusion
on F with absorption on F and p;(x,y) for the transition density of the diffusion with reflection
on OF. It is elementary that pf(z,y) < pi(x,y) for all z,y € F,t > 0. Let p?’c(:z:,y) be the
transition density for the diffusion which is absorbed on 0F and on C.

The main comparison lemma is the following:

Lemma 2.4 There exist positive constants ci,co,c3,tg with c3 < 1 such that for all x € F and
0 <t <ty we have

d(z. C)dw 1/(dw—1)
p?’c(x,x) <pf(z,z) < pf’c(:mm) + et~ /% min (exp (—02 (%) ,¢3 -

Proof: We begin by making the observation that if X* denotes the fractional diffusion on F'
with absorption on 9F, then

P*(X{ € By(x))

pi(z,z) = lim ,
i) = I Bw)
a,C . Px(Xta € Br(x)>TC > t)
py (x,x) = lim ,
o) = w(B,(2))
and
P* (X} € B.(x)) = P*(X} € B.(x),Tc > t) + P*(X} € B,(2),Tc < 1). (2.3)

The left hand inequality of (2.2) follows from the first term of (2.3).
We show that there is a constant ¢4 such that if d(z, C') > c4t'/%, then

d C doy 1/(dw_1)
pi(z,z) < p?’c(m, x) + et~/ exp <—02 (%) . (2.4)

To establish (2.4) we take z € F and choose r < d(z,C)/2. We need to estimate

t
P*(X} € Br(x),Tc <t) = / / P*(X} € By(x)|Tc € ds, X, € dz)P*(T¢ € ds, Xt € dz)
0o Jo

¢
= / / P*(X} , € B.(x))P*(T¢ € ds, X1, € dz)
0o Jc

< sup ps (2, y)u(Br(2)) P (Te < t)
2€Cy€B, (x),0<s<t
< sup ps (2, y)(Br(x)).

2€C,Y€B, (x),0<s<t

We recall that by definition of a fractional diffusion there exist constants cs, cg, tp such that for
all z,y € F and s < to,

d do 1/(dw—1)
ps(2,y) < c5s™ /% exp (—06 (%) : (2.5)

Let ¢y = 2(ds(dy — 1)/dwee) =% . Now, if d(x,C) > cst’/ % then

— — 1 l l 1/dw
¢ =d(B,(x),C) = yeBTl(rzlcg,zeC d(y,z) > 2d($70) > 2041% .
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By (2.5), for z € C,y € B,(z) we have

duw 1/(dw—1)
ps(z,y) < f(s) = cps ™A/ dw exp <_Ca <£_) ) .
s

Our choice of ¢4, such that £ > %0431/‘1” for 0 < s < t, ensures that
d
f/(s) = s_lf(s) __f _|_ 0—68_1/(dw_1)§dw/(dw_1) ,
dw dw - 1

is positive and hence the bound f(s) is a non-decreasing function over 0 < s < ¢. Thus, as

p%(z,y) < ps(z,y) for all s, z,y, we have

fdw 1/(dw_1)
sup p(z,y) < est /M exp [ —cg <—) '
2€C,YEB, (x),0<s<t t

Letting 7 | 0 so that £ T d(z, C) we have the required upper bound for (2.4).
As we have a fractional diffusion, we know that pf(z,z) < pi(z,z) < cst=% /% for t < to.

Hence, as p?’c(x, x) > 0, it is straightforward to see that,

pi(z,z) < p?’c(x, x) + et/ dw, (2.6)

. .. w/(dw—1) w/(dw—1)
Combining this with (2.4) we set ¢; = 05ec5cj et ,Cy = Cg,C3 = e—cocs® Y 4 get the
result. [l

Remark 2.5 We note that the above proof can be adapted to compare the transition density for
the reflected and the absorbed processes. As already noted pf(z,y) < pi(z,y). We replace p* by
p and p»© by p® and will obtain the existence of suitable constants such that for all 0 < t < 1
and x € F,

d F do 1/(dw*1)
pe(x,x) < pf(x,x) + eyt~ %/ min {GXP (-CQ ((x,@)) NERE

t

2.2 The heat content

Let C C F be a closed subset. We fix the temperature of C' to be 0 while 0F\C' is maintained at
temperature ¢.
Let = F\C and @ : F x [0, 00) — [0,00) be the weak solution to

% = Api, z€F (2.7)
a(z,0) = 0, z e F\OF,
w(x,t) = 0, ze€C,t>0,
a(z,t) = ¢(x), € dF\C,t>0.

Let
S =cl{x € OF : ¢(x) # 0}.



Lemma 2.6 There exist constants c1, co, c3 such that

o <d(x,5)dw ) 1/(dw=1) 3

0 <u(z,t) —a(z,t) < c1|d]leo exp <—p ;

)

(2.8)

c3 ((d(z,C)%w 1/(dw=1)
()
forallx € F,t > 0.

Proof: This follows exactly the same argument as the proof of Theorem 1.1 in [11], where we

replace their Brownian motion B by our fractional diffusion X, to derive their equation (2.7)
iz, t) < u(x,t) < @, t) + | ¢lloPu(Ts < 1) /PP, (T < £)M/1.
We can now apply Lemma 2.3 to obtain the result. O
Let Ep = J7a(z,t)u(dx) be the associated heat content.

Corollary 2.7 We assume that ;1(C) = 0 and that there is a ¢ such that

/ exp(—c(d(x, §)% /t)/ (@ =D) y(dx) < oco.
F

Then
~ co (d(z,8)% Vide=l) 0 /4 z, C)%w 1/(dw=1)
Belt) - Bel) < el [ exp (—f (A=) e (=) (),
for allt > 0.
Proof: We integrate the estimate (2.8) and use the fact that C' has p-measure 0. O

3 The Sierpinski carpet

We will work with F' a generalized Sierpinski carpet as defined in [5]. Let D > 2 and set
Fy = [0,1]P. Let I € N with Iz > 3 be the length scale factor. Let S,, denote the set of cubes
of side I;" contained in Fy. Now take mp € N with 1 < mp < l? and let F; be the union of mpg

distinct elements of 1. We make the following assumptions on Fj.

Assumption 3.1 1. F is preserved by all of the isometries of the unit cube Fy.

2. Int(Fy) is connected and contains a path connecting the hyperplanes {x1 = 0} and {z1 = 1}.
3. Let B be a cube in Fy which is the union of 2P distinct cubes in Sy. If Int(Fy) N B # (), then
it is connected.

4. Fy contains the line segment {0 < x1 < 1,29 =0,...,24 = 0}.

There exist maps {1, ..., ®¥m, }, where the 1); are similitudes of contraction factor I, taking
the unit cube to the mpg subcubes of F;. We now consider the decreasing sequence of sets
F, = UM ;(F,—1) and obtain the set F' as

F= ﬁ F,.
n=0

7



This is a fractal set with Hausdorff dimension logmg/loglp.

We could consider the natural geodesic metric d on the carpet, but we will just work in the
Euclidean metric as these are equivalent under our Assumption 3.1(4) by [5]. We write pu for the
d ;-dimensional Hausdorff measure on F. We note that (F, |.|, 1) is a fractional metric space. Note
that the boundary OF of the fractal as a subset of R” could be a fractal itself.

Figure 1: The Sierpinski carpet and its decompositions

The existence and properties of a canonical diffusion on the Sierpinski carpet has been the
subject of much research [2], [4], [22], [5]. A major open question has been the uniqueness of this
Brownian motion and progress has recently been made in [7]. We begin with a Theorem stating
the results we will need to prove our main result. We first note that there is a constant pr which
is determined by the scaling in the resistance of the Sierpinski carpet. We then define 7 = mppr
to be the time scaling factor and then the walk dimension is d,, = log7r/loglp. For aset A C F
we write ¢;(A) = {¢;(x) : x € A} for the set scaled by the similitude ;.

Theorem 3.2 (a) There exists a local reqular Dirichlet form (£,F) on L?(F,p) satisfying the

self-similarity property

E(f.9) =D prE&(f otbigo ).
=1

(b) The corresponding stochastic process {X; : t > 0} on F satisfies the scaling law that for
any similitude v;, A C F, x € A the law of {¢;(X;) : 0 <t <Ta} under P* is equal to the law of
{Xt)rp 10 <t < Ty, a)} under pYi(@)

(c) There exists a jointly continuous transition density p;(x,y) which satisfies the sub-Gaussian
bounds, for all x,y € F andt >0,

—dg/d, |z —y| ™ 1/(dw—1) —dg/d, |z — g™ 1/(dw—1)
et~/ eXp(—02(f) wTY) <pelw,y) < estm eXp(—C4(f) W),

Proof: (a) The original construction of a Brownian motion on F for D = 2 was given in [2],
though the resulting diffusion was not shown to be self-similar. The existence of a self-similar
diffusion was established in [22]. In [4] the construction was extended to D > 3 and a self-similar
process can be constructed following the technique of [22] as remarked in [4] Remark 5.11.

(b) is a straightforward consequence of (a).

(¢) The original transition density estimates on the carpet were obtained in [4]. Now that the



Brownian motion on the Sierpinski carpet is known to be unique, these estimates will hold for
the unique self-similar diffusion on the carpet. |

Corollary 3.3 The self-similar diffusion X on the Sierpinski carpet is a FD(ds,dy).

From this point on we will just work with the self-similar diffusion on the carpet.

In order to define the heat content that we consider here we need to define an appropriate ¢
on F. We do this by setting ¢(z) = 1 for z € IF N 9[0,1]P and ¢(x) = 0 for x € IF\9|0, 1]7.
Thus if a cube has been removed from the ‘interior’ of a face we do not consider the full boundary
of the set in R” but just the part of the boundary that intersects the boundary of the unit cube
in R?. Think of this as pressing the face of F' against a hyperplane held at temperature 1. The
heat content Fr(t) of the carpet is then defined to be the corresponding integrated solution to
the original PDE, (1.1).

Let the number of hypercubes of F} which intersect with a D — 1-dimensional face of 9]0, 1]” be
b1. We write dp, = log by /loglr for the dimension of the intersection of the boundary of the fractal
with a D — 1 dimensional face of the unit cube. We also define b5 to be the number of hypercubes
of I, which intersect with a D — 2 dimensional face of 9]0, 1]” and let d, = log by/loglr denote
the dimension of this boundary. By construction we have dy > dy, > dp,. If D = 2 then, by
assumption 4, we have d, = 1, and we must also have d;, = 0. For D = 3 we must, by assumption
4, have dp, = 1. Note that the assumption 4 is not essential for the existence of a process and
can be dropped [16].

The fundamental result we need is a scaling for both the partition function and the heat
content.

Lemma 3.4 The partition function for the Brownian motion on the Sierpinski carpet satisfies
Zy(r)(t) = Zp(TFt). (3.1)
The heat content for the Brownian motion on the Sierpinski carpet satisfies
1
Eya(t)=—F t). 3.2
vy () = o Ealrrt) (3.2)

Proof: This is a simple application of the scaling of the diffusion and the definitions. For the

partition function we use the scaling in the heat kernel arising from Theorem 3.2 (b) to see that
P(X; € B(2),t < Top) = PV (X, € %i(Br(2)),t/Tr < Ty, or))-
By dividing by u(B,(z)) and taking the limit as r | 0 we arrive at
1 a,yP; o
pi(x,x) = gpt/f; ) (i), vi(x)), Vo € F\OF,t > 0.
Thus we have

a,yP; oOF
Zyuy(t) = P O (2 2) u(d)

Pl (07 (), 05 () iy ()

/1m(F)
/

= /pﬁpt(x,x),u(dx) = Zp(7rt).
F



For the heat content, note that by the scaling given in Theorem 3.2 (b) we have
P*(Ty < t) = PY)(Ty,a) < t/7F).

Now integrate this and change variable in the same way as for the partition function to get the
result. |

We now state what could be considered as a simple version of the renewal theorem as given

in [24], with error estimate as in [18] Theorem B.4.3.

Lemma 3.5 Let f be a measurable function on R with f — 0 as u — —oo which satisfies

fu) = f(u—0)+g(u).

If |g(u)| < cre=¥l for some constants c1,cy > 0 for all u € R, then there is a o-periodic function
0 such that

o

Jim f(utno) =) = Y glu—jo)

Also, as u — oo, we have

Remark 3.6 It is easy to see that if |g(u)| < c1 exp(—cqe™l), then we have the same conclusion
with

as u — 0.

We also need a lemma on the long time behaviour of the transition density for the absorbing

process.
Lemma 3.7 There exists a co, \g > 0 such that

suppf (z,y) < coexp(—Agt), ¢t >1, (3.3)
x,y

Ep(t) >1—cpe ! t>1. (3.4)

Proof: We note that from [5] Proposition 6.15 there is a discrete spectrum and an eigenvalue
expansion for the transition density with absorption. It is not difficult to show that the bottom
eigenvalue of the Dirichlet spectrum is strictly positive and hence we have (3.3).

To establish (3.4) we observe that

1-— Ep(t) = / Pm(TaF > t)u(dl‘)
F
— [ [ sentdyniaa).
FJF
Now use (3.3) to see that for ¢t > 1 we have 1 — Ep(t) < cgexp(—Aot). O
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4 The asymptotics

4.1 The heat content and partition function

We can now state and prove our main results.

Theorem 4.1 Let F be a generalized Sierpinski carpet in RP. There exists a periodic function

¢p such that ast — 0, the partition function satisfies
Zp(t) = t7%/2¢,(—logt) + Ot~ /dw),

Proof: For the partition function we define the set C' to be the at most (I — 1)” hyperplanes
which divide the carpet up into the mp subcubes of F;. The two dimensional case is shown on
the left of Figure 1 and consists of the four line segments from (1/3,0) to (1/3,1), (2/3,0) to
(2/3,1), (0,1/3) to (1,1/3), and (0, 2/3) to (1,2/3), which disconnect the level one carpet into its
eight scaled copies. Let Zp(t pr (x,z)p(dx). Then, by (3.1),

Zi) = 3 / P (2, 2)u(de)

i(F)
= szm(t)
i=1
= mFZF(TFt).

Now we can apply our comparison Lemma 2.4. Firstly, by (2.2) it is clear that Zp(t) < Zp(t).
Next, by setting A = {x € F : d(z,C) < cqt'/ %}, where ¢; = (—log(cs)/c2)' =%, we have

_ ».0)dw —
Zp(t)— Zp(t) < /A et/ % u(der) + /F \Acﬁfd-f/dwe***’” M de)
< CSt—df/dwu(A)_'_c6t—df/dw/ » emer(€ YT ey, (4.1)
cqt w

where
v(e) = p({z : d(z,C) < €}).

We observe that from the construction of C' there is a constant ¢ such that v(e) < ce?s =1 and
hence p(A) = v(cgt'/ %) < ct(dr=d1)/dw | Using these estimates we have

Zp(t) < Zp(t) 4 cgt™ %1/ dw

and hence
|Zp(t) — mpZp(tpt)| < cgt™ %/,

By setting Z(t) = t~%/% f(—logt) we have
|f(—logt) — f(—logt —log Tr)| < cot'dr=dor)/duw,
Thus putting u = —logt leads to a simple renewal equation

f(u) = f(u—logTr) + g(u),

11



where for u > 0 we have
lg(u)] = [ f(u) — f(u—1logTp)| < croe (4 D)/ dw,

For the case where u < 0 we appeal to Lemma 3.7, where we see that for u < 0 we have t > 1 and
for long times, by (3.3), we have exponential decay of the heat kernel and hence of the partition

function,
lg(w)| = |f(w) = f(u—logTp)| < cre™ ¢ "

Thus we can apply our Lemma 3.5 to see that f converges to a log 7p-periodic function, with the

appropriate error bound, and hence we have our result for the partition function. ([l

Theorem 4.2 Let F be a generalized Sierpinski carpet in RP. There exists a periodic function
o1, such that as t — 0, the heat content satisfies

Ep(t) = t(df_dbl)/dw(bh(_ logt) + O(t(df_dl?)/dw).

Proof: For the heat content we take a different decomposition of the carpet. Let C be the
2(D — 1) main diagonal hyperplanes for the unit hypercube. This divides the hypercube (and the
carpet) up into 2D hyperpyramids based on each face. We let Ej(¢) denote the heat content of
one of these pieces, where the part of the boundary given by C is set to have temperature 0.

By construction Er(t) = 2DE;(t) and applying Corollary 2.7 we have

|EF(t)—EF(t)| < Cl/FeXp <—02 (W)l/(d‘“l)> eXp <—63 <(~th)) o 1)> p(dz).

We can estimate this integral by letting
V(C) =pu <{x c F - %d(a«:"s’)dw/(dw*l) + %d(l‘7c’)dw/(dw71) S Edw/(dwl)}> .

Then we can write

Be(t) = Br(0] < o [ exp< ((9” Al 5% ) W”) exp (‘E (M)l/(dw_l)>u(dx)
- o exp <_ (T) M””) (do).

Now we observe that
{zreF: C—Qd(a:, S)dw/(d’“’_l) + C—Sd(x,C)d'w/(d'w_l) < ed'“’/(dw_l)} C
q
{zx € F:d(,8) < (Z) Ve d(z,C) < (L) Hiue),
C2 C3

and let
pwle) = u({z € F:d(z, ) < (L) =Ydve d(a,C) < (L)1-Vdueyy),

C2 C3
so that v(e) < u(e) for all e. As the intersection of S and C' is contained in a D — 2-dimensional

hypersurface and has dimension dp, it is straightforward to see that there is a constant ¢4 such
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that u(e) < cge?7 =%z, Thus, using u(e) and a suitable change of variable, we have

i Az, §)te\ V0D d(z, Oy /(@D
|Ep(t) — Er(t)] < C1/FGXP <—C2 (It)) exp _%3 ((ﬂﬂt)> p(da)

! ERRVICIY
< 65/ exp —CG( ; ) p(de)
0
. o V(1)
< 07/ exp —06( > elr o =1 ¢
0 t
o dw/(dw—=1) g._ g 1
< C7t(df7d”2)/d“’/ e o6 u® T2 Ty
0

_ cst(df_de)/dw.

Let B denote the hyperpyramid in the carpet with outer boundary given by C' and the hy-
perplane {z; = 0}. We note that F} N B consists of b; cubes or parts of cubes of side l;l which
intersect the boundary {z; = 0} and 5% — b1 cubes which do not. Thus B can be decomposed
into By,..., By, which are scaled copies (by a factor I') of the set B and B\(By U...UBy,) a

set that has no intersection with the hyperplane {z; = 0}. For the two-dimensional carpet this

1

decomposition is shown in Figure 3. We fix the temperature of the hyperplanes constituting the
interior boundaries of the sets B;,i = 1,...,b; to be 0. This decomposes B into b; + 1 regions, by
of which, By, ..., By,, are scaled copies of B with the same boundary conditions and the fourth
region, B’ = B\(B; U...U By,), which has 0 boundary conditions. We write Ep for the heat
content of the region B with all the hyperplanes except the exterior held at temperature 0 and
the exterior held at temperature 1. Thus, as B’ does not contribute to Eg, we have by (3.2), that
Ep(t) = n’;—lFEB(TFt).

The same argument using the comparison lemma as for the whole carpet shows that there is
a constant ¢ such that

0 < Ep(t) — Ep(t) < ctldr—dea)/dw

and hence )
|EB(t) - —IEB(TFt)‘ < ct(df_dbz)/dw'
mg

By taking the transformation Eg(t) = t(dr=d1)/dw f(_logt) we have
|f(w) = flu—log7p)| < ce™ (B2l
Now define g(u) = f(u) — f(u —log 7F) so that

f(u) = f(u—logTr) + g(u),

with |g(u)| < ce™ @1 =d2)/dw for 4 > (. In the case of u < 0 we apply our Lemma 3.7 to deduce
that

lg(w)| = |f(u) = f(u—logTp)| < ce(dmdu)/duvg=roc

Thus we can apply Lemma 3.5 to show that asymptotically f is a periodic function. Returning
to the expression for the heat content we deduce that there is a log T7p-periodic function ¢ such
that

Ep(t) = 0=/ 5~ log ) 4 O(t(r—ha) /),

13



completing the proof of our main theorem. O

We remark that for the D-dimensional Sierpinski carpet (where we remove only the central
hypercube), we have d; = log (3” —1)/log3 and d,, = D — 1,d,, = D — 2. For the three
dimensional Menger sponge dy = log20/log3, dy, = log8/log3,d,, = 1. An open problem is
to determine precise two term asymptotic expansions. We would conjecture that, for the two

dimensional Sierpinski carpet, we should have further periodic functions ép, ngSh such that
Zp(t) =t/ g, (~logt) + /g, (—logt) + o(1),

and
Ep(t) =t =1/ gy, (—logt) + 14/ % gy (— log t) + o(1).

4.2 The eigenvalue counting function

We might hope that the partition function, the Laplace transform of the eigenvalue counting
function, could be used to give us results on the counting function. Unfortunately it is not
possible to invert the transform and obtain oscillatory asymptotics. However we can use a similar
technique to get a result on the integrated counting function.

We introduce the eigenvalue counting function. The Dirichlet and Neumann eigenvalue prob-
lems for the Laplace operator on the carpet (interpreted as the generator of the self-similar
diffusion with absorbing and reflecting boundary conditions) are:

(1) The Dirichlet case:

—Au = Au, in F,
v = 0, on JF.
(2) The Neumann case
—Au = Au, in F,
du = 0, on JF,

where du has to be interpreted as a normal derivative on the boundary.

We will reformulate these definitions for the Dirichlet form. Let Fo = {f : f € F, f(z) =
0,z € OF} and write Eo(f, f) = E(f, f) for f € Fo and (.,.) for the inner product on L?(F, p).
Then we define A to be a Dirichlet eigenvalue with eigenfunction wu if

Eo(u,v) = AMu,v), Yv € Fo.
Similarly, A is defined to be a Neumann eigenvalue with eigenfunction wu if
E(u,v) = Mu,v), YveF.

By [5] Proposition 6.15 the Dirichlet Laplacian has a discrete spectrum. We write the spec-
trum as an increasing sequence of eigenvalues \g < A1 < A < ... with A\, — 00 as n —
00. Thus we can define the Dirichlet eigenvalue counting function to be Ny(z) = max{i :

Ai < x, A; is a Dirichlet eigenvalue}. Similarly there is a discrete spectrum for the Neumann

14



Laplacian and we define the Neumann eigenvalue counting function N(z) = max{i : \; <
x, A; is a Neumann eigenvalue}.

In order to deduce properties of the counting functions we use Dirichlet-Neumann bracketing.
We write F; for the union of the hyperplanes which divide the carpet into its level 1 hypercubes.
Let (€, F) be defined by

F={f:F\F, =R, fot; = f; on F\QF, for some f; € F},

and

S(fmg) :Zng(fO”d}z,gOU)z), f,gEj—"

i=1

Also let (5’0, .7-"0) be defined by
Fo={f:f€Fo, flr, =0},

and

Eo(f.9) = Eo(forhi,goty), f.g€ Fo.
i=1

It is straightforward to see that
FoCFoCFCF.

We also note that (£, F) and (£, Fo) are local regular Dirichlet forms on L?(F, 1) and they have
discrete spectra. The key observation is that if A is a Neumann eigenvalue, with eigenfunction w,
then for all v € F

> prE(uo i o) = E(uv) = Muv) =AY —(uo i, vovy)
i=1

i=1

If we take v to be a function supported on a 1-cell with address i, we see that

A
E(uos,vohy) = mf(uoiﬁi,vowi),

PF

thus A/7r is also an eigenvalue with eigenfunction u; = u o ¢;. From this we can construct

eigenfunctions and eigenvalues for (£, F), as

i(z) = ui(x), x € FNint(y;(F)),
0, x ¢ FNint(yv;(F)),

gives an eigenfunction with eigenvalue A. Hence
me

N(z) =Y N(z/7p).
i=1

Similarly we can show that

No(i[:) = ZN@(.’L‘/TF).
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Lemma 4.3 The following relationships hold

> No(z/mr) < No(x) < N(z) <Y N(z/7r),
i=1 =1
and

> No(w/7r) < No(x) < N(2) <> N(z/7p).

i=1 i=1

In order to apply Dirichlet-Neumann bracketing all that is needed is to establish a comparison
between the Dirichlet and Neumann counting functions. Unfortunately we do not have quite
enough information about N(z) — Ng(x) to get a result on the counting function itself. Instead
we can deduce oscillation for the integrated counting function N(z) = foz N(y)dy. To do this we

use the comparison lemma for the transition density.
Lemma 4.4 There exists a constant ¢ such that
No(a) < N(x) < N(x) + e+ /o,

Proof: The left inequality is trivial. For the right we use the fact that we can write

/000 te *'N(s)ds = /Fpt(ffax)u(dx),

and from the relationships between transforms

/O T he N (ds = | /F (o, 2) ().

Applying the comparison result in Remark 2.5 we have,

i Tl (N (s) - No(s))ds = [ ) = it
0 3

t

! /A (9o, 2) — P2 (2, ) u(d) + /F o) =i )

t t

where A = {z : d(z,0F) < (—logcs/co)' =/ dwt!/dw} (as we can take c3 < 1 in Remark 2.5). Now

we follow the same argument as in the proof of Theorem 4.1 from (4.1) to obtain
/ te "' (N (s) — No(s))ds < ct 11 /dw
0
As the function N(z) — No(z) = [ (N(y) — No(y))dy is monotone increasing we have for all ¢ > 0,

b/ > / te™*'(N(s) — No(s))ds
0

/ " tem S (N (s) — No(s))ds

wte”2* (N (z) — No(z)).

v

v

Now choose t = 1/x to see that

N(z) — Ny(z) < caltdor/dw

as desired. O

We are now ready to prove a result for the integrated eigenvalue counting function.
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Theorem 4.5 There exist periodic functions ¢o(x), d(x) such that as x — oo,

No(z) = pltds/duw do(log z) + O($1+dbl/dw),

and
N(z) = m1+df/d'wqb(1og x) + O(J;Hdbl/d“’).

Proof: The proof is a reduction to the renewal equation. Let Ny(x) = 2'*%/%w f(logz) and
write g(logx) = = (1Fdr/dw)(Ny(z) — S5 No(x/7F)) to see that

f(u) = f(u—logTr) + g(u),

where g(u) < cexp(—u(dy; — dp,)/dw)) for u large. For u < 0 we use the existence of a strictly
positive bottom eigenvalue to see that g(u) = 0 for u < u.. An application of the renewal theorem
as given in Lemma 3.5 gives the result.

The result for N(z) follows using the upper estimate in Lemma 4.4, which shows that the

difference between the two functions is O(x!t9:/4w) as x — oco. O

4.3 The on-diagonal heat kernel

Finally we consider the on-diagonal heat kernel (transition density) and we show how oscillations
occur in this function at particular points. Let z¢ ¢ OF be such that it is a fixed point for a
finite combination of the similitudes that are used to construct the fractal. Thus there is a map
& =1, o...0;, such that x¢ = £(z¢). We assume that £ is the minimal map (in the sense of
number of compositions of similitudes) which fixes z¢. Once again we will use our comparison
theorem to derive a renewal equation to obtain oscillatory asymptotics.

By the scaling, we have for the map &, that

pi(z,x) = mpFp™0") (¢(x), £(x)), Va € F.

Tr kg
Our comparison theorem allows us to compare the heat kernel with absorption on the boundary
of the smaller copy with the heat kernel with absorption on the original boundary. Thus for any

x € F and map £ there are constants c, ¢ such that
h(t, ) == pi(€(2), (@) — 7 (€(@), €(x) < et~/ exp(—&(d(€(x), E(OF)) D 1) b/ (=),
By scaling we have d(£(x), £(OF)) = Iz"d(z, OF) and hence
h(t,z) < et~ /% exp(—é(d(x, OF) % [rF¢)dw/ (dw=1)) (4.2)
Now consider the fixed point z¢ and let pf(z¢,z¢) = t~% /% f(log 1/t) and hence as
P (we, w¢) = mp"pl_i, (v, ve) — mp"h(p"t, we),

we have
f(log 1/t) = f(log7yi/t) + g(log 1/1),
where g(log1/t) = —mpF (rp%t)4 /4w h(r;%t, z¢). By (4.2) we have that
—g(=logt) < emp"(rpht)t/de (rphe) A/ exp (g e/ (e D)

= cm;k exp(—étidw/(d“’fl)).
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Thus there is a constant ¢’ (k) such that |g(u)| < ¢/(k) exp(—ée“dw/(dw=1)) and f satisfies a renewal
equation
f(u) = fu—klogTr) + g(u).

For u < 0 we have by Lemma 3.7 that |g(u)| < coexp(—Aoe™™). An application of Remark 3.6
following our renewal theorem gives the following result.

Theorem 4.6 For any point x, a fized point of a composition of k maps, such that x ¢ OF we

have a periodic function ¢ of period klog Tr such that ast — 0,
p(z,2) =t~/ g(—logt) + O(e " ).

Remark 4.7 This result shows that non-boundary points with periodic addresses show asymp-
totic oscillations for their heat kernel. This set forms a subset of the fractal with Hausdorff
measure 0. As there is asymptotic oscillation in the partition function, the integral of the heat
kernel, we would anticipate that there is asymptotic oscillation on a set of points of positive

measure.

5 Affine nested fractals

We have dealt initially with the Sierpinski carpet but the comparison lemmas of Section 2 can
be used to derive some results about finitely ramified fractals as well. We will mainly discuss the
heat content as the eigenvalue counting function asymptotics are well known in this setting [19]
and, by inversion of the Laplace transform, lead immediately to the partition function results.
We also note that the heat kernel result for carpets was derived in a way which was essentially
independent of the set, just relying on the comparison lemma and the scaling. Thus we can state
a version of Theorem 4.6 for affine nested fractals as well.

For the heat content on the Sierpinski gasket there are two natural boundaries that could
be used. As in the carpet case we can consider the embedding of the fractal in R%. The other
possibility is to use the natural intrinsic boundary of the fractal - the three vertices of the outer
triangle. We will see that sharper asymptotics can be obtained in this case.

We will not give the full definitions here, they can be found in [1, 13], but note that affine
nested fractals are nested fractals which may have different contraction factors (which respect the
symmetries of the nested fractal). It is now well known that nested and affine nested fractals
support a FD(dy,d,,), through the work of [25, 20, 13], where the fractional metric space is (F, d),
where d is a shortest path metric.

An affine nested fractal F is constructed from a family {¢;,i = 1,.., N} of similitudes. We
label the cells to have a type corresponding to the sets of cells which are invariant under the
symmetries. We allocate a resistance weight p; to a 1-cell of a given type i. Assume that there are
M types and N; 1-cells of type i. We also assume that each boundary point is only contained in
one 1-cell. We recall that the natural measure for an affine nested fractal is the Bernoulli measure
in which a 1-cell of type ¢ has p; = pi_s, where S is defined to be such that Zf\il Nipi_s =1
Then the timescale factors 7, = p;/u; = ZHS. We note that the Hausdorfl dimension and walk
dimension of the fractal in the resistance metric are given by d} = S and dj, = S+ 1 and thus
the spectral dimension is dg = 25/(S + 1) (which is independent of the metric). Otherwise the

exponents dy, d,, are with respect to the shortest path metric.
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Theorem 5.1 (a) There exists a local regular Dirichlet form (€,F) on L2(F,u) with the self-
similar decomposition
N
E(fv g) = Z Pzg(f © 1/}7,79 © ’17[}2)
i=1
(b) The corresponding stochastic process {X; : t > 0} on (w, F, P) with state space F satisfies
the scaling law that for any similitude 1;, for A C F,x € A, the law of {¢;(Xy) : 0 <t < Ta}
under P® is equal to the law of {Xy/;, : 0 <t < Ty, 4y} under pyi(@),
(¢) There exists a jointly continuous transition density p(x,y) with respect to the natural
measure which satisfies the sub-Gaussian bounds, for all x,y € F and t > 0, there are constants
such that

d(z,y)*h _ d(z, y)h _
f)l/(dw 1)) ( , )1/(dw 1))_

eyt~ /dw exp(—ca <pi(z,y) < 63t7df/d“’ exp(—cq

The Sierpinski gasket G supports a FD(log 3/log2,log5/log2) as a fractional metric space

(G, ].|) with the Euclidean metric.

5.1 The partition function and transition density

The partition function result is the exact analogue of the original result for the eigenvalue counting
function obtained in [19] for p.c.f. self-similar sets and could be derived for p.c.f. self-similar sets

by integrating the result on the eigenvalue counting function derived in [19].

Theorem 5.2 For any affine nested fractal: 1. If Ef\;l Zlog Np; is a dense subgroup of R, then

there exists a constant ¢1 such that
}in(l)tdS/QZF(t) =c.

2. If Zfil Zlog Np; is a discrete subgroup of R, then if T is its generator, there is a positive
T-periodic function ¢ such that ast — 0,

Zp(t) =t~ /2(¢(~logt) + o(1)).
3. Ifpi=p foralli=1,...,N, then there is a log T-periodic function ¢(t) such that ast — 0,
Zp(t) = t%/2¢(—logt) + O(1).

For the transition density we observe that the same argument as for the Sierpinski carpet used

in Theorem 4.6 can be applied.

Theorem 5.3 For any point z, a fived point of a composition of k maps, v;,,j = 1,...,k,i; €
{1,...,N}}, such that x ¢ OF we have a periodic function ¢ of period (S + 1) Z?Zl log ps; and a
constant ¢ such that ast — 0,

p&(z,x) =t~ %/ 2p(—logt) + O(e‘dfl).
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5.2 The heat content

We now turn to the heat content where the results are a little different depending on the embedding
of the fractal into R”. We remark that the scaling result

Ey,(r)(t) = p; “Er(nit), (5.1)

will hold for affine nested fractals.

For the first case we take OF = V|, and we regard the fractal as a self-sufficient metric space
with boundary V;. The computation of the heat content is very straightforward. We let C' be
the vertices of V1\Vj and set the temperature at these points to be 0. We write EF(t) for the
associated heat content.

We now apply the comparison Lemma 2.6. Note that in this case as there is no intersection

between the sets C and S we have a much sharper estimate in that

|Ep(t) — tEp(t)] < cre=2t /7"

We can now apply scaling to each of the N copies that make up F. We note that all but those
copies containing a vertex of Vy will have zero boundary conditions and thus will not contribute
to Ep(t). Also those copies attached to a vertex in V{ must have the same scale factor by the
symmetry assumptions for an affine nested fractal, without loss of generality we label the resistance
weight of these copies p1. Thus Ej(t) = [Vo|E1(t), where E;(t) is without loss of generality the
heat content of the copy 11 (F) where one boundary point is held at temperature 1, and the rest
at temperature 0. Then, Ey(t) = Z;\Izl E1(t), where the F;; = Ewlo%(p) are the heat contents
of the components of 1 (F). As all but one of these has 0 boundary conditions and the one
that does not satisfies Elj = pfsEl (p#st) by scaling, we have, with another application of the
comparison lemma,

1/(dw—1)

Eqi(t) — py “E1(p}tot) < czemst

From this observation the following theorem is straightforward, using Remark 3.6.

Theorem 5.4 For an affine nested fractal with outer boundary Vi there exists a periodic function,
@2 with period (1 + S)logp1, such that ast — 0,

1/(dw—1)

Ep(t) = t%/% ¢y(~logt) + O(e™" )-

Next we consider affine nested fractals embedded in R?. In order to indicate the approach we
briefly discuss the Sierpinski gasket before giving the general result. For this fractal the boundary
is the unit triangle and, as before, we decompose the fractal into pieces, then use the comparison
lemma to obtain a renewal equation. In this setting we have to be a little more careful as the
behaviour of the different pieces is slightly different. It is clear that we can divide the original
triangle up into three level one pieces each with two sides held at temperature 1 as in the top line
of Figure 5.2. The next stage is to divide a level one triangle up into three pieces, one of which
has two edges at temperature 1, the other two having one edge at temperature 1. Let E;(t) be
the heat content for a triangle with ¢ sides held at temperature 1. We write Ei(t) for the heat
content of a triangle with i sides held at temperature 1 and its internal connection points held at

temperature 0. By considering how these triangles break down, as shown in the bottom two lines
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Figure 2: decomposition for the Sierpinski gasket with boundary the unit triangle

of Figure 5.2, we can obtain a two dimensional recurrence

Bt = BN,
Ey(t) = %EQ(Bt)+§E1(5t)

where |E;(t)—E;(t)| < ¢;t?/dw . A simple renewal analysis of E1 (t), setting Fy (t) = t(dr—1/dw £, (—logt),

gives the existence of a periodic function ¢; such that Fy(t) = t(ds=D/dw) g, (—logt) + O(tds/dw)
as t — 0. As we can write Ey(t) = E1(t) + £ E5(5t), we have

By(t) = Bu(t) + 3 Ba(5) + h(t),

where h(t) = |Ey(t) — Ey(t) + Eo(t) — Eo(t)| < (c1+¢2)t%/% for t < 1. For t > 1, by the analogue
of Lemma 3.7, we have h(t) < 2cpe=*°'. Now we have, by setting Ey(t) = t(dr=1/dw f,(—logt),
that 1

fa(u) = 3 fo(u~1085) + fi ) + g(u).

We note that g(u) = elds=Dw/dwp(e=u) < ce™%/dw for u > 0, while for u < 0 we have g(u) <
2coe= ¢ ", As fi(u) converges to a log 5 periodic function we see that the difference between

f2(u) and this function is also a log 5 periodic function and hence we have the following result.

Theorem 5.5 For the Sierpinski gasket with outer boundary consisting of the unit triangle in

R?, there exists a periodic function, ¢3 (logt) with period log5, such that
Eg(t) =t =1/4w gg(log t) + O(t%/ %)

We will now give a theorem for a subclass of affine nested fractals. Firstly we recall that,
as remarked in [1], the symmetry assumptions for nested fractals restrict the initial set to be a
regular L-sided polygon in R? or a D-dimensional tetrahedron or a D-dimensional simplex. We
will only consider the polygons in R? and write L for the number of sides of our fractal. We let d,
denote the dimension of the boundary. In the resistance metric this is .S, such that Zf\’:bl pfb =1,
where NV, is the number of cells that have an open subset of their boundaries on a side of the

fractal.
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Theorem 5.6 Let F be an affine nested fractal in R?. If > log piZ is a discrete subgroup of R,

then there exists a periodic function ¢ such that
Ep(t) = !4~ ®)/ % (6(—logt) + o(1)).
If >, log piZ is a dense subgroup of R, then there exists a constant K such that
Ep(t) = t\dr=®)/du (K 4+ o(1)).

Proof: We label the N level one cells of F' as B](k),j =1,...,n k=0,..., L, where we classify
them according to the number of sides k of these cells which are in the boundary 0F. We call a

set B](-k) a side-type k cell and ny is the number of such cells. Thus

L ng
F=U U5
k=0j=1
and
L ng
oF =o|J | Bl
k=1j=1

The set C is chosen to be (Uk oUjE, OBF)\OF, that is the edges in the boundaries of all the one
cells which do not lie in the outer boundary 0F of the fractal.
Hence, writing E for the heat content of the set F with the set C held at temperature 0,

ZZEB“‘)

k=1 j=1

Applying the comparison lemma we obtain for ¢t < 1,
|Ep(t) — Ep(t)] < ctds/dw,

For ¢t > 1 we observe that the analogue of (3.4) holds for nested fractals and hence for ¢ > 1, there

are constants cg, A\g such that
|Er(t) — Ep(t)] < coexp(—Aot).

By symmetry we just need to consider the heat content E;(t) for one of the side-type i cells
B where the edges of B N C are held at temperature 0 and the edges of B®) N OF held at
temperature 1. If we write n;;, for the number of side-type j cells in a side-type ¢ cell of type k

(and hence with resistance weight py), then by scaling and symmetry

L
Epo Z nz;kpk Ej(7it),

where E B is the heat content of the set B(®) with the edges of the scaled copy of C inside it

held at temperature 0. Using our comparison lemma in the same way as before we have

g

L
=3 > migsp “Ej(mit) + Ri(t),

1

E
Il

Jj=1
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where R;(t) < ctds/dw,
Now, as (df — dp)/dw = (S — Sp)/(S + 1), we let E;(t) = t(dr=d)/dw f,(_logt) to get the

renewal equation

L M
fi(_ 10g t) = Z Z nijkp];ST,gdf_db)/dwfj(— logt — log Tk) + t(db_df)/d“’ Rl(t)
j=1k=1
L M
filw) = 3 ngrpy  fi(w —log 1) + g (w),

<
Il
—
bl
Il
—

where |g;(u)| < e~ % /dw,

We note that the boundary of an affine nested fractal is a self-similar set and the boundary
dimension can be computed in the resistance metric by standard techniques for such graph directed
sets [26]. Thus if A(s) is the matrix with A;;(s) = 224:1 nijepy , then Sy is such that the

maximum eigenvalue of A(Sy,) = 1. Thus we have a multidimensional renewal equation

fu) = F o f(u) + g(u),

where F'(t) is the matrix of distribution functions Fj;(t) = >, nijkp;SbI(Tk < t). By construction
F(00) has maximum eigenvalue 1 and is irreducible and therefore by the multidimensional renewal
theorem of [23] we have f(u) — ¢ as 4 — oo under a non-lattice condition. It is easily seen that
this non-lattice condition is equivalent to the stated condition on log pi. Similarly in the lattice

case we have the existence of a periodic function. O

We have already seen how the Sierpinski gasket can be treated. The Lindstrgm snow flake
is another example. This is a hexagonal fractal and thus has 6 sides. It is easy to see that the
boundary cells have 4 sides intersecting the boundary and that these 4 sided cells split into two 2
sided cells and three 4 sided cells. Similarly the 2 sided cells split into two 2 sided cells and one 4
sided cell and a straightforward computation gives the boundary dimension when we assume that
pr =1fork =1,...,7. Thusitis easy to apply our theorem with dy = log 7/log 3, d; = log 4/log 3
and d,, = log7/log3. It is clearly lattice and hence we have a periodic function in the limit.

We note that the Lindstrgm snowflake has an inverted triangular Koch curve as a boundary.
In the case of the snowflake domain in R” there is a second order term for the heat content that
is periodic with period log 9. It would be interesting to determine the second order term for this
fractal. We would conjecture that, as in the snowflake domain in R?, there will be a second order
term of the form t%/% ¢(—logt) where ¢ is a periodic function of period log 7.

Finally, in the case of the affine nested fractal considered in [21] and shown in Figure 5.2, we
can show an example of constant behaviour for the heat content. The unit triangle is decomposed
into seven triangles as shown. The triangles labelled U are given resistance scale factor pi, the
triangles labelled V' have resistance scale factor py and the triangle labelled W has resistance scale
factor ps.

We consider the fractal to be embedded in R? and hence its boundary is the unit triangle.
We note that the boundary dimension in the resistance metric is given by d, = .S, where 2pl_s b4+

py % =1.

Corollary 5.7 In the non-lattice case when log pi/logps ¢ Q we have a constant K such that

lim ¢~ =)/ (1) = K.
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Figure 3: An affine nested fractal

In the lattice case when log py/log ps € Q we have a periodic function p(t) such that

Ep(t) =t =)/ 4w (o(—logt) + o(1)), ¢ — 0.

We end with some remarks.

Remark 5.8 1. The Sierpinski gasket result we obtained directly has a sharper error estimate

than that given in this general theorem. Similarly for other specific examples the error estimate

may be improved.

2. For higher dimensional affine nested fractals it is straightforward to treat the case where it is

only the intersection of the fractal with the face of the tetrahedron or simplex which is maintained

at temperature 1.
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