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For a class of fractals that includes the familiar Sierpinski gasket, there is now
a theory involving Laplacians, Dirichlet forms, normal derivatives, Green’s functions,
and the Gauss—Green integration formula, analogous to the theory of analysis on
manifolds. This theory was originally developed as a by-product of the construction of
stochastic processes analogous to Brownian motion, but has been given by a direct
analytic construction in the work of Kigami. Until now, this theory has not provided
anything analogous to the gradient of a function, or a local Taylor approximation.
In this paper we construct a family of derivatives, which includes the known normal
derivative, at vertex points in the graphs that approximate the fractal, and obtain
Taylor approximations at these points. We show that a function in the domain of
A" can be locally well approximated by an n-harmonic function (solution of
A"u=0). One novel feature of this result is that it requires several different
estimates to describe the optimal rate of approximation.  © 2000 Academic Press

1. INTRODUCTION

A theory of analysis on fractals, analogous to the theory of analysis on
manifolds, is under construction. We will follow the approach of Kigami
[Kil-Ki8] in which a Dirichlet form & (analogous to &(u, v) = | Vu - Vv dx
in manifold theory) is constructed as a renormalized limit of Dirichlet
forms on a sequence of graphs approximating the fractal. The Laplacian 4,
is then defined by

jmﬂudﬂ=—£(u, v) (1.1)

for a suitable class of test functions v, for a given measure x. One can also
define 4,u directly as a renormalized limit of graph Laplacians. It is also
possible to define a normal derivative d,u at boundary points of the fractal
K (in this theory the boundary is always a finite set, so K is more like an
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interval than a higher dimensional manifold) in such a way that the Gauss—
Green integration formula holds,

f (4 Av—v Au) du =Y ud,0—1v0,u. (1.2)
K

oK

There is a substantial literature concerning this theory. Many of these
works are included in the references. Despite the accomplishments, there
are two obvious weaknesses in the theory developed so far: (1) the class of
fractals to which it applies is still rather limited, and (2) until now, there
has been no satisfactory theory of gradients and Taylor approximations. In
this paper we attempt to remedy the second weakness, although in the
process we will retreat a little regarding the first weakness, by considering
a still narrower class of fractals. It is an article of faith among mathe-
maticians that if we can obtain a deep understanding of a few key elementary
mathematical models, we can use this understanding to tackle problems
involving more realistic models. It is our hope that the Sierpinski gasket,
like the circle and the triangle, will prove to be one of these key examples.

One possible approach to finding gradients in this theory is to look to
the Dirichlet form as an integral of the inner product of gradients. Some
work on this approach has been done by Kusuoka [Ku2] and Kigami
[Ki3], but it does not appear to give much hope for a pointwise gradient.
For example, one result in [ Ku2] is that the measure involved in the
Dirichlet form is different from the measure one would like to use in defining
the Laplacian.

Our approach is to build upon the normal derivatives that are already
defined. It is not difficult to localize the definition so that it applies to all
vertices of the graphs approximating the fractal, and in the process the
Gauss—Green formula (1.2) is also extended to integrations over simple
sets. These vertex points form a countable dense subset of the fractal, but
the set has measure zero. For the most part this paper deals only with these
points, except for a brief discussion in Section 7 of the local behavior of a
function near a generic point. We will introduce other derivatives at a
vertex point x, so that together with the normal derivatives we can put
them together to make up a gradient df(x). We then define the tangent of
order one at x, T,(f), to be the harmonic function with the same value and
the same gradient as f at x. (For simplicity of notation we write just 7( f)
and suppress mention of the vertex point x.) The space of harmonic func-
tions is finite dimensional, and reduces to the space of linear functions
when the fractal is just an interval. Thus 7( f) is the correct analog of the
tangent function to a differentiable function on the line. We then obtain a
first order Taylor theorem describing the local approximation of 7,(f) to
fin a neighborhood of x. It turns out that we require several different
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FIG. 1.1. The first 3 graphs, Gy, G|, G, in the approximation to the Sierpinski gasket.

estimates to describe the approximation that are optimal in the sense that
they hold for a reasonable class of functions and they uniquely determine
the tangent 7,(f).

We now describe the situation in more detail in the case of the usual
Sierpinski gasket, which is the fractal generated by the iterated function
system (i.fs) in the plane consisting of 3 similarities F; with contraction
ratio 1/2 and fixed points at the vertices v,, v,, v; of a triangle. The initial
graph G, consists of just these vertices and the edges of the triangle, and
each subsequent graph G, is obtained from the previous one G, _, as
the union F,G,_, UF,G,_, uF;G,_,, identifying the common images
Fv, =F,v;, j#k. See Fig. 1.1. The initial vertices v,, v,, v; are defined to
be the boundary of each graph G,. The Sierpinski gasket SG is the limit
of G, as k— oo, and its boundary is defined to be the initial vertices as
well. The natural energy form &, defined on functions on G, is

Glu,v) =3 (u(x)—u(y)(v(x)—v(y)), (13)

X~y

where x ~, y means there is an edge in G, joining x to y. It is necessary
to multiply &, by the renormalization factor (5/3)* in order to make the
following consistency property hold [ Kil ]:

LeEmMA 1.1.  For every function f on G, there exists a unique extension |
to G, minimizing &, (f, f). Then

(5/3)% 6 £ £)=(5/3) " 6 (] F) (14)
In view of this, we define

é(f, f)= lim (5/3)&(f. /) (in[0, 0]) (1.5)

0
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for any function f on SG (the restriction of f to Gy is still denoted ) and
we say f belongs to dom(&) when this limit is finite. All functions in
dom(¢&’) turn out to be continuous. For f, gedom(é&),

£(f.8)=lim (/3" &£, 8) (16)

exists and is finite, and & is a regular Dirichlet form with respect to any
reasonable measure. In particular, we choose the normalized Hausdorff
measure u on SG, which is the unique probability measure u satisfying the
self-similar identity

p=5peFr 4 5o Pyl +dpeFyl, (17)

We then define the Laplacian 4, and its domain dom(4,) as follows:
uedom(4,) if uedom(&') and there exists a continuous function, denoted
4,u, such that (1.1) holds for every v e dom(&') vanishing on the boundary.
Note that we are using the symbol “dom” to refer to an L? domain for the
Dirichlet form but a continuous domain for the Laplacian. It is the fact
that points have positive capacity, which also holds for the interval but not
in higher dimensional manifolds, that forces functions in dom(&) to be
continuous, and also makes possible the success of this pointwise approach.

The direct definition of the Laplacian at a nonboundary vertex point x
is

4,(x)= lim 53 ( —4f(0)+ ¥ f(y)>. (18)
Y x
Note that each nonboundary vertex has exactly 4 neighbors in each graph.
The renormalization factor 5 is in fact the product of the 5/3 factor from
the energy form and 1/(1/3) from the self-similar identity (1.7) to scale the
measure. (The 3/2 factor is less important, and is inadvertently omitted in
some references, but is needed to make (1.2) valid.)
It is not necessary to invoke the measure to define harmonic functions,
although it is true that these are just the solutions of 4,/ =0. The more
direct definition is that

h(x)=3 % h(y) (1.9)

Y~kX

for every nonboundary vertex and every k. The Dirichlet principle holds:
harmonic functions minimize energy subject to the boundary conditions. In
particular, the space of harmonic functions is 3-dimensional, and the values
at the 3 boundary points may be freely assigned. Moreover, there is a simple
efficient algorithm for computing the values of a harmonic function exactly at
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all vertex points in terms of the boundary values. In every way, these harmonic
functions are the analogs of linear functions on an interval.
The normal derivative is also defined without reference to the measure,

Onf(v1) = lim (5/3)% (2f(v1) — f(Fvs) — f(FFvs)) (1.10)

and similarly for the other boundary points. The renormalization factor 5/3
is the same as for the Dirichlet form in (1.6), and not the same as for the
Laplacian in (1.8). Strictly speaking, the Laplacian is not defined at bound-
ary points, although 4, /' = g requires that f'and g be continuous up to the
boundary, so it could be defined by continuity, but (1.8) does not make
sense. As in the manifold theory, Neumann boundary conditions arise
“naturally” when no controls are imposed at boundary points. Normal
derivatives exist for functions in dom(4,,).

We can localize the definition of normal derivative as follows. We let w
denote a word w=(wy, .., wy) from the alphabet (1,2,3) and write
F,=F, oF, c---oF,  Wecall F,K a cell of level N, and consider the
vertex x = F, v, in Gy. If ws(1, ..., 1) then x is not a boundary point in K,
but is a boundary point of F, K and one other level N cell. We call x a
junction vertex. (The Sierpinski gasket has the property that every non-
boundary vertex is a junction vertex, but this is not true of all the fractals
we consider.) We define the normal derivative at x with respect to F,, K by

lim (5/3)Y+% (2f(F,,0,) = f(F,,F{v;) — f(F,, F{v3)) (L.11)

k— oo

if the limit exists. The exponent is N + k because the points F,v,, F, F¥v,,
F, FXv, are the boundary points of the level N+k cell F,,FXK. There is
another normal derivative at x with respect to the other cell containing x.
For a general function these may be unrelated, but for f'e dom(4,,) the sum
of the two normal derivatives must vanish. We call this the compatibility
condition. In general, this compatibility condition is necessary and sufficient
for patching together two functions whose Laplacian is defined on neigh-
boring cells.

In addition to the normal derivatives, we define transverse derivatives as
follows. First, at a boundary point, say v,, we take

lim S%(f(Fiv,) — f(F{vs)). (1.12)

k— oo
More generally, at x =F, v,, there is a transverse derivative

lim S¥*N(f(F, Fiv,) — f(F, F{vs)) (1.13)

k— oo
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with respect to F,, K, and another one with respect to the other cell. We will
show that these derivatives exist if f'e dom(4,). The factor 5 in this case is
just coincidentally the same as the factor 5 in the definition of the Laplacian
(1.8). The explanation of the factor comes from the matrix

1 0 0
M=|2/5 2/5 1/5 (1.14)
2/5 1/5 2/5

which describes the algorithm for extending a harmonic function

h(Fyvy) h(vy)
h(Fiv,) | =M | h(v,) (1.15)
h(Fyv3) h(vs)

from the boundary of K to the boundary of F, K. The eigenvalues of M are
1, 3/5, 1/5, (the same is true for the matrices giving the extensions to F, K
and F5(K)), and the factors 5/3 and 5 in (1.11) and (1.13) are the reciprocals
of the nontrivial eigenvalues (the eigenvalue 1 corresponds to extending a
constant function). The two transverse derivatives at x are not related in
any way. We combine the 2 normal derivatives and 2 transverse derivatives
of fat x into a gradient df(x), which lies in a 3-dimensional subspace of
R*, assuming the compatibility condition.

The values of f(x) and df(x) provide us with 4 local coordinates out of
which we construct a tangent of order 1. Since the space of global harmonic
functions on K has dimension 3, this is not the correct space to look for the
tangent. Instead, we look in a space of harmonic functions defined on a certain
neighborhood of x we call Uy(x). If x first appears in graph G, then Uy(x)
consists of the 2 cells of level NV containing x. More generally, we denote by
U,,.(x) the union of the 2 cells of level N + m containing x, forming a canonical
system of neighborhoods of x. Uy(x) has a boundary consisting of 4 points,
namely the other boundary points of each of the cells (see Fig. 1.2), so the
space of harmonic functions on Uy(x) is 4-dimensional and it turns out
that such harmonic functions are uniquely determined by the values A(x)
and dh(x). Thus it makes sense to define the tangent 7,(f) to be the
harmonic function on Uy(x) with the same value and gradient as f'at x. In
fact it is possible to extend every harmonic function on Uy(x) to a function
harmonic on K\x* (see Fig. 1.2 for the location of x*) with a possible pole
singularity at x*. We will not be concerned with this extension further,
since its significance is unclear, and it does not generalize to other fractals.
What is significant is that the geometry of the fractal sets an upper bound
for the neighborhood in which the Taylor approximation can be accurate.
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FIG. 1.2. The neighborhoods Uy(x) (left) and U,(x) (right) of a point x that first appears
in graph G,. The 4 boundary points of Uy(x) are labeled a, b, ¢, d. Also shown is the point
x*. The two dotted lines are reflection axes for the local symmetry g..

We now describe the approximation of f by T,(f) near x. For this we
require the local symmetry g, on Uy(x) which simply reflects each cell in
the bisector through x (the dotted lines in Fig. 1.2). Then the two estimates
we want are

(=T Dy, =0(3/5)") (1.16)

and

(f=Tf)=(f=T\()) &Iy, =0(1/57). (1.17)

In effect this sets a faster rate of decay for the odd part of the remainder
f—T,(f) than for the even part. We will show that these conditions
uniquely determine the tangent. More precisely, if /4 is a harmonic function
on Uy(x) satisfying

hly, oy =0((3/5)") (1.18)
and
(h—heog)ly, x=0((1/5)") (1.19)

then /1 vanishes. These estimates are sharp, since there exist nonvanishing
harmonic functions satisfying the same conditions with little oh replaced
by big oh. One of our main theorems states that if f'edom(4,) and 4, f
satisfies a Holder condition of any positive order, then (1.16) and (1.17) do
hold. (The requirement of the Holder condition is related to the coincidence
of the two 5s.)
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We also develop a theory of higher order tangents and Taylor approxima-
tions. This does not require introducing any new derivatives, since we use the
normal and transverse derivatives of powers of the Laplacian of the function.
For the order n approximation, 7,(f) will denote the n-harmonic function
(solution of A7/ =0) with the same values as A% fand dA, f at x for all k <n.
In place of (1.16) and (1.17) we want the estimates

(f = T D], =0(((1/5)" 71 (3/5))™) (1.20)
and
(f =T )= (f =T f) o2y = 0(((1/5)" 71 (1/5))™), (1.21)

where the new factor (1/5)" ! is related to the 5 that appears in the defini-
tion of the Laplacian (1.8). Again we show that such estimates uniquely
determine an n-harmonic function 7,(f), and the order of approximation
is sharp. Furthermore, if f'e dom(4}) and 47, f satisfies a Holder condition,
then (1.20) and (1.21) hold.

We may regard dom(4,°) =), dom(4}) as the analog of the space of
C® functions on a manifold. Of course there are some significant differences.
For example, it is shown in [ BST] that dom(4,) and also dom(4,?) is not
closed under multiplication (in fact /> ¢ dom(4,,) if f € dom(4,,) is noncons-
tant). For functions in dom(4;°) the results of this paper provide local
approximations 7,(f) at a vertex point x of increasing accuracy. It is
tempting to believe that there is a class of functions, analogous to the
analytic functions on manifolds, for which the Taylor approximations
T,(f) converge as n — oo in some neighborhood of x. It is not difficult to
construct artificial examples that are not #n-harmonic for any #, but it is not
known whether there are any natural examples, such as eigenfunctions of
the Laplacian. A theory of infinite Taylor expansions awaits development.

We now describe the organization of this paper. We begin with a digres-
sion. Section 2 describes the theory of Taylor approximations on the unit
interval using the standard Dirichlet form [gu'(x) v'(x)dx but using a
singular self-similar measure u in place of Lebesgue measure in (1.1) to
define a different Laplacian. Here the gradient is the ordinary derivative
and T,(f) is the ordinary tangent, but the higher order Taylor approxima-
tions are different. Because the situation is so simple, we are easily able to
work out all the details, and certain features of the general theory become
apparent. The results of this section are not used in the sequel, however.
We begin the general theory in Section 3, dealing with a wide class of
harmonic structures on post-critically finite (p.c.f.) fractals, and defining
gradients and first order tangents (only in a weak sense, however), using
only the harmonic structure and not the measure. In Section 4 we continue
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the development, bringing into play the measure and the Laplacian. In this
general context we are only able to obtain rather weak theorems, so in
Section 5 we drastically reduce generality and consider only structures with
dihedral 3 symmetry (in particular, this excludes the asymmetric Laplacians of
Section 2). We present 3 nontrivial examples, the Sierpinski gasket being one
of them, and derive the first order Taylor theorem as stated above. In Section 6
we derive the higher order Taylor approximations for the same class of struc-
tures. In Section 7 we briefly discuss the possibility of Taylor approximations
about a generic point. In Section 8, as an appendix to the paper, we establish
a Holder estimate for functions in the domain of the Laplacian.

After the completion of this paper, Teplyaev [T2] proposed another
approach to defining gradients. His paper explains the relationship between
the two approaches and also relates them to other gradient concepts in
[Ku2, Ki3]. He also obtains a proof of a slightly weaker version of our
Hypothesis 8.1.

2. THE UNIT INTERVAL

In this section we derive the complete theory for the simplest example,
the unit interval with the usual harmonic structure, but with a general
self-similar measure u. We let Fox =1x and F,x=1x+1 be the two con-
tractions that define the interval, and let u be the unique probability
measure satisfying

u(A)=pu(Fg ' A)+ (1= p)u(F ' 4), (2.1)
or equivalently

1

[" Sy dutx)=p | fFx) i)+ (1= p) [ SUF ) dutx). (22)
0 0 0

Without loss of generality we may take 3 <p <1, with p =1 corresponding
to Lebesgue measure. We will see that when p =1 our theory reduces to
ordinary calculus.

We can describe the basic notions in traditional terms as follows. We
start with the standard Dirichlet form

1
£/.8)=] /') g(x) dx (23)
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with domain dom(¢&’) the Sobolev space of functions f whose distributional
derivative f* belongs to L%(dx). Such functions must be continuous and are
representable as

f=a+[ gl dy (24)

for some g e L*(dx), with ' = g. The Laplacian 4, with domain dom(4,)
is defined by

fedom(4,) and 4,f=¢g (2.5)

if there exists a continuous g such that f" = gdu in the distribution sense.
Note that we are using the word “domain” in a different sense for the
Dirichlet form (L? sense) and the Laplacian (continuous sense). Also note
that e dom(4,) implies that f'is C', but in general (p #3) it will contain
no C? function other than the linear ones.

It is also convenient to have an integral representation analogous to
(2.4). For this we use the Green’s function

G(x, y)={y(1_x) ir y<x (2.6)

x(1—y) if x<y
for the Dirichlet boundary conditions. Note that the Green’s function
depends only on the harmonic structure, not the measure. We then have

f(>€)=ax+b+f0 G(x, y) g(y) du(y) (2.7)

if and only if —4, f =g. Note that the only harmonic functions (solutions
of 4,h=0) are the linear functions ax+b. The representation (2.7) is
suited to the solution of the boundary value problem —4, 1 =g with f(0)
and f(1) specified, since the Green’s function vanishes at x =0 or 1. We will
also need a local Green’s function G,(x, y) for solving the initial value
problem at the point z. This is just

y—x if z<y<x
G (x,y)=<(x—y if x<y<:z (2.8)
0 otherwise.

Then

f0)=] Gulx, ) ) dt )

=" (=) &) du() (29)

z
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(the second integral in (2.9) must be understood as an oriented integral)
gives a solution of — 4, f =g which satisfies f(z) = f'(z) =0. We thus have
f(x)=o0(]z—x|) as x>z One of our tasks is to make a more precise
estimate of the rate of vanishing as x — z. This will depend on the nature
of the point z.

The Laplacian 4, can also be defined as a limit of difference quotients
following Definition 6.1 of [Ki2]. If x is an interior dyadic point, say
x=j27" (j#0 or 2™), and k>=m, let Y, , be the continuous piecewise
linear function which takes the value 1 at x and 0 at all other dyadic points
of the form /2~*. For

e0(¥) = [ Yo al3) () (210)

we form the difference quotient

f(x+279+ f(x =275 - 2f(x)

2 R gy (x)

(2.11)

and define 4, f' =g (for f and g continuous) provided that (2.11) converges
to g uniformly as k — oo (in other words, the maximum of the difference
between (2.11) and g(x) over all interior dyadic points x =/2"* goes to
zero as k — oo). The uniformity of the convergence turns out to be essential,
as we will soon see.

The equivalence of the difference quotient definition and the Green’s
function representation (2.7) is proved in [Ki2]. The equivalence of (2.5)
and (2.7) is routine. A key observation is that if / has the representation
(2.7) then the difference quotient (2.11) is equal to

§vi(p) g(y) du(y)
FWow(y) du(y)

(2.12)

which makes the uniform convergence to g(x) obvious.

The value of ¢(x) may be computed exactly using the self-similarity
property (2.2) of the measure. Suppose the finite binary expansion of x has
n; ones and n, zeroes before the last one (in place ny+ n,). For k =>ny+n,,
we find & (x)=p™(1 —p)" = ex_, _, +1(1/2) by repeated use of (2.2).
Also ¢,,(1/2) = p™(1 — p) + p(1 — p)™, which uses the fact that {§ y du(y) =
1 — p, also obtained from (2.2). All together

ex(x) = =ML = p)" 4 prot (1= p)fm. (2.13)
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When p >} we may drop the second term in (2.13) in the limit as k — oo,
o)

2 K
Ay )= 1= pr fim (2] (x4 2704 fx =27~ 210
(2.14)

However, the existence of the limit in (2.14) alone does not imply that
fedom(4,). In fact if fis any C? function, the limit exists and is zero
because 2/p <4, and the limit exists with 2/p replaced by 4. Nevertheless,
the only C? functions in dom(4 ) are the linear functions. The explanation
for this paradox is that the limit will not be uniform: for fixed k, we can
choose x with n, close to k and n, close to zero, so &(x)~ (1— p)*¥ and
2/(1—p)>4.

Now we consider Taylor approximations for f'e dom(4,) about a point z.
We write

J(xX) =Ty(f)(x, 2) + Ry(x, 2), (2.15)

where

Ty(/ )z x) = f(z) + ['(2)(x —2) (2.16)

is the usual Taylor approximation to a C! function. The estimates on the
remainder R,(x, z) will be quite different form the usual ones for C? func-
tions, and will be quite different for different z. We consider first the case
when z is dyadic.

THEOREM 2.1.  Let fedom(4,) and let z be dyadic. Then

{Rl(x, z)=0(|x —z|*-) for x<:z (2.17)
R(x,2)=0(]x —z|*)  for x>z, '
where
log 1
Lo1qloelp
log 2 (2.18)
_ 1 Jog l/(1—p) '
- log2

Remarks. When p>1/2, we have a, <2 and «_ > 2. The constants in
(2.17) depend on z.

Proof. Let g=4,f. Then Ry(x, z) has the representation (2.9), and so
we have the trivial estimates

|Ri(x, 2)| < [x—z| llgl o ([ X, 2])
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for x <z, and similarly with u([z, x]) for x > z. If x <z there exists k such
that z—27%<x<z—2"%"1 Then u([x, z]) <u([z—27%,z]) and |x —z]
>2-k=1 For k sufficiently large we have u([z—27% z])<c(z)(1 — p)*,
and for a suitable choice of constant this holds for all k. Thus

[Ry(x, 2)] < Ix =z 1g]l oo c(2)(1 = p) < gl oo cz) [ — 2|1+

with a_ given by (2.18). Similarly u([z, z+27%]) <c(z) p* and this gives
(2.17) for x> z. QED

We consider next the estimate for the remainder at a generic point z. By
“generic point” we mean that z belongs to a certain set of full 4 measure.

THEOREM 2.2. There exists a set of full u measure such that for all z in
this set and all f'e dom(4,) we have

Ri(x,z)=0(|x —z|*7%) forany >0, (2.19)
where

g plog1/p+(1—p)log 1/(1—p)_ (2.20)
log 2

Remark. For p> 1% we have a, <a<?2.

Proof. As before we need to estimate u([x,z]) or u([z x]). Let I,
denote the dyadic interval of length 2% containing z, and let I,;* and I,
denote the neighboring dyadic intervals of the same length. If 2%~ ! <
|x—z|<27% then [x,z] or [z x] is contained in I, UIF UI_, so
t([x,z]) or u([z, x]) is bounded above by u(I,)+u(I;7)+u(I; ). By the
law of large numbers we can estimate these measures from above by
c(p?(1 — p)'=7)1=9% for any &>0 for a generic set of z (the constant
depending on z and ¢), and this easily yields (2.19). Q.ED

By using more precise theorems in probability (law of the iterated
logarithm, or central limit theorem) we can obtain slightly better estimates
than (2.19), but we will not give the details.

We show next that we can use the methods of [ BST] to prove that f2
is never in dom(4,) if f is a nonconstant function in dom(4,) for p > 3.

2COROLLARY 23. Let p>1/2. If fedom(4,) is nonconstant, then
S ¢dom(4),).

Proof. Tt suffices to prove that f, fzedom( ﬂ) 1mphes f'(z)=0 for
every dyadic z, since f is C'. Note that f;(x — f(2))? is also in
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dom(4,,) under our assumptions. Since f{(z) = f7(z) =0 we have T,( f1)(x, z)
=0, so the estimate (2.17) holds for f;(x). Choosing the x < z case with o _ > 2
we have | f(x) — f(z)|* < ¢ |x — z|*- for x < z which implies f'(z) =0. Q.E.D

We define powers 47, of the Laplacian and their domains dom(4}) for

positive integers 7 in the obvious way. For f e dom(4}) and any fixed z, we
define 7,(f)(x, z) to be the unique solution to A7%/(x) =0 satisfying

{Al’jh(z)zzl/’jf(z), 0<k<n
(

A5RY (2)=(45f) (), O<k<n. (221)

For example,
To(f)(x, 2) =f(2) + f'(2)(x —2)

+fx (x = )4, f(2) + (4, 0) (2)y—2) duly)  (2.22)

and it is possible to give explicit formulas for all 7,,(f) involving iterated
integrals. We write

JX)=T,(f)(x, 2) + Ry(x, z) (2.23)

and seek estimates for the remainder. By induction it is easy to establish a
representation analogous to (2.9) for R,(x, z), namely

Rn(xa Z) = J‘S ('x—xl)(xl _XZ) e (xnfl _xn) gn(xn) d:u(xl) e d/,l(Xn),

(2.24)
where g, =47, f and S, denotes the oriented simplex
Sn:{z<xn<xn_1<...<x1<x} (2.25)
if z < x, with the reverse inequalities if x < z.
THEOREM 2.4. (a) Let fedom(47}) and let z be dyadic. Then
{Rn(x,z)20(|x—z|"°‘) fior x<z (2.26)
R, (x,z)=0(]x —z|™+) for x>z

with o and o_ given by (2.18).
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(b) There exists a set of full u measure such that for all z in this set
and all f € dom(47,) we have

R,(x,z)=0(|x —z|™%) forany £>0 (2.27)

with o given by (2.20).

Proof. The proof is the same as that of Theorems 2.1 and 2.2, using
(2.24), estimating the integrand by 27" |g||, for 2%~ 1<|x—z| <27
and estimating the measure of S, by u([ x, z])" or u([z, x])" Q.ED

It is also possible to obtain slightly weaker approximation estimates

under weaker hypotheses.

TueOREM 2.5. (a) Let fedom(4,~") and assume A}~ 'f is C'. Let z
be dyadic. Then

{Rn(x,z)=0(|x—z|l+("_1)"‘) for x<:z (228)

R (x,z)=o(|x—z|' = D)  for x>z
Furthermore, if(AZ_lf)' satisfies a Hélder condition of order f then

{Rn(x,z)=0(|x—z|ﬁ“+(”_”“) for x<z (2.29)

R, (x,z)=o0o(|x—z|fT1+=Dery  fHr x>z

(b) There exists a set of full u measure such that for z in this set and
all f e dom(AZ_l)for which AZ_Ife C'*¥ for some >0, we have

R (x,2)=0(|x —z|f+r1-e+=Dy  frany &>0. (2.30)

Proof. We need a different expression for R,, namely

Rx2)=]  (x=x)(xi—x2) - (Xy_a— X, 1)

X(gn_1(xy—1) = &n_1(2) — gn_1(2)(x,_1 —2))
X du(x,) - di(x, ). (231)

It is easy to establish (2.31) by induction, and the rest of the proof is as
before, using (2.31) in place of (2.24). Q.E.D
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The estimates (2.28) and (2.30) are the weakest that will imply the
uniqueness of T,(f). That is the reason we did not allow just AZ’lfe C!
in part (b). In fact we should think of 7,(f) as a linear combination of the
2n functions ¢; and y;, 0<j<n—1, characterized by the conditions
A1 = A7, =0 and

{4’2(/),-(2) —0p (459 (5)=0 032)
A/]jl//j(z):() (A,ljlpj)’ (Z):éjk
for k< j. It is easy to see that ¢@4(x)=1, Yo(x)=x—z, and
P) = [ (o) —xa) - (=) () - i)
’ (2.33)
()= [ (e =) (g = )05 2) diaey) - )
for j>1. At a dyadic point z we have
O(|x —z|"*-) for x<z
(x) = A 2.34
#;(x) {0(|x—z|f"‘+) for x>z (2:34)
O(|x—z|**7*) for x<z
(x) = A 2.35
Vi) {O(|x—z|1+’“‘+) for x>z, (2.33)
while at a generic point z we have
@,(x)=0(]x —z|7*7%) forany &>0 (2.36)
Y(x)=0(|x —z|' +77%) for any &>0, (2.37)

and these estimates are sharp.

T,(f) is in fact the analog of the usual Taylor polynomial of degree
2n—1, with ¢,(x) and y;(x) the analogs of (x—z)¥ and (x—z)¥*,
respectively. The notation may seem a bit perverse, but it is motivated by
the fact that we only have the analogs of these Taylor approximations for
general fractals. In the present setting it is straightforward to define also
T,,1,(f), the analog of the usual Taylor polynomial of degree 2n, to be
the unique solution of (47,4)" =0 satisfying

{Akh( z)= kf( ), 0<k<n (2.38)

(AXn) (z)=(4%1) (2), 0<k<n
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Clearly T,,,(f) is a linear combination of the 2n+1 functions ¢,,
0<j<n and y,, 0<]<n—1 We have the following expression for the
remainder R, , (X, 2) = f— T, 1,(f),

R, 1 1p(, 2) =J (x = x1)(x = X3) -+ (X, 1 = X,)(8a(X,) — 84(2))

S,

n

X du(xy) - du(x,). (2.39)

THEOREM 2.6. (a) Let fedom(4}) and let z be dyadic. Then

{RHI/Z(X, z)=o(|x—z|™-) for x<z (2.40)

Rn+1/2(xn z)=o(|x—z|"™+) for x>z ’

Furthermore, if 4, f € C* for some B with 0 <B <1, then
Rn+1/2(X,Z)=O(|x—z|ﬁ+”“7) for x<z (241)
R, 1p(x,2)=0(|x—z|f*™+)  for x>z )

(b) Let fedom(4}) and A7,feCP for some f with 0<f<1. For
generic z,

R, 10X, 2) = O(|x —z|F=e+m) (242)

for any ¢>0.

Proof. This is as before, using (2.39). Q.ED

3. FIRST ORDER TANGENTS

We assume that a regular harmonic structure is given on a p.c.f. self-
similar fractal. The reader is referred to [ Ki2] for exact definitions, and
any unexplained notation. We will make two additional assumptions. The
first is geometric in nature, depending only on the self-similar structure,
while the second is analytic, depending on the harmonic structure. These
assumptions are essential to our approach. The second assumption, which
requires that certain matrices be diagonalizable over the reals, is valid in all
examples we have looked at.

HypotHESES 3.1. (a) Each point v;, j=1, .., N, in the post critical set V
is the fixed point of a unique mapping in the if.s., which we will denote F;.
Also we assume that for any F; and F, in the ifs., j#{, the intersection
F,KnF,K consists of at most one point x with x=F,v,,=F,v, for some
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points v,, and v, in Vy. (b) For each v; in Vy, let M; denote the Ny x N,
matrix that transforms the values uly, to ul £V, for harmonic functions u; i.e.,

W(Fu) =3 (M) ulv,). (3.1)

=1

We assume that each M; has a complete set of real left eigenvectors f3; with
real nonzero elgenvalues Ak

ﬁjij:ljk ik * (32)

We will assume that for each j the eigenvalues iy are labeled in decreasing
order of absolute value. We write /., =r;.

Since F;v;=v;, the jth row of M; is &;;. Other than that row, all the
entries of M; are strictly positive, and all row sums are one. Thus the
largest eigenvalue is 4;; = 1 with right eigenvector constant (the exact form
of f8;; is not of 1nterest) If we let M denote the matrix obtained from M;
by deleting the jth row and column then the largest eigenvalue of M :
becomes the second largest eigenvalue 4, of M;, and the eigenvector ﬁjz
can be chosen to have —1 in the jth place and all other entries positive.
In fact, if [)’]2 denotes the positive left eigenvector of #4; normalized to have
sum one, then f;, is obtained from [)’]2 by inserting —1 in the jth place. We
have 4;, <1 because the row sums of M are strictly less than one, and
|4 | <4, for k >3 because M is strictly pos1t1ve The derivative associated
with f,, will just be a multlple of the normal derivative at v;. We will also
define derivatives associated to all f3; with k>3, but since the absolute
values of the eigenvalues |4;| are strictly less than /,, these will be
derivatives of a somewhat higher “order.”

DEerFINITION 3.2, Let f be a continuous function defined in a neighbor-
hood of v;. Then the derivatives dy f(v;) for 2<k <N, are defined by the
following 11m1ts if they exist,

djkf(vj) = r}gnw /ﬂbj;mﬂjkﬂF;" Voo (3.3)
where B f/| gm Fv, means

Z (ﬁjk)t’f(F;‘nU()- (34)

Lemma 3.3, If h is harmonic in a neighborhood of v; then all the derivatives
dyh(v;) exist and may be evaluated without taking the limit in (3.3).
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Proof. Suppose first that 4 is a harmonic function on K. Then the
definition of f; yields the equality of the m=0 and m=1 terms on the
right side of (3.3). By applying the same argument to /o F7" we obtain that
all terms on the right side of (3.3) are equal. If 4 is only harmonic in a
neighborhood of v; we begin the argument with /o F7" for m sufficiently
large so that F7" K is contained in that neighborhood. QE.D

Lemma 3.4. Fix v,

(a) A harmonic function h is uniquely determined by the values of h(v;)
and dyh(v;), 2<k<N,, and any values may be assigned.

(b) Let h be a harmonic function satisfying
ﬂjkh|F]'."V0:0((}“jk)m) as m-— oo (3.5)

Jor 2<k <Ny and h(v;)=0. Then h is identically zero.

Proof. (a) A harmonic function / is uniquely determined by the
values Ay, . By assumption, the vectors 8 for 2 <k < N, span the space of
vectors orthogonal to the constant vector. By Lemma 3.3, dy h(v;) = Byhly,
so the values of dj h(v;) determine /2 up to a constant, and /(v;) determines
the constant.

(b) The assumption (3.5) implies d;h(v;) =0 for 2<k < N,. Since
h(v;) =0 we may apply (a) to conclude that /2 vanishes identically. ~Q.E.D

We now want to extend these definitions and observations to all points
in V,, n arbitrary. Specifically, suppose # is the first value for which xe V,,.
We call x a nonjunction vertex if there is a unique word w of length |w|=n
and j such that x = F,,v;. We say that x is a junction vertex of order m=2
if’ there are exactly m solutions of x=F,v;, with |w|=n. By our first
hypothesis, all the different types of junction vertices show up already in
V,. All the other junction vertices are simply images (under an iterated
map F,,) of a junction vertex in V;. We could, of course, consider a non-
junction vertex as the case m =1 of a junction vertex, but in fact we will
treat the two types of vertices in a somewhat different fashion. The local
harmonic functions at a nonjunction vertex will not be required to satisfy
Ah(x) =0 at the vertex x, but merely be continuous there. This is consistent
with the definition of global harmonic function at a boundary point, and
we want the theory at a nonjunction vertex x = F,,v; to be exactly the same
as at the corresponding boundary point v;. But at a junction point x it is
natural to impose the harmonic equation 4/4(x) =0, and this gives rise to
a compatibility condition on the different normal derivatives of / at x.

Let x be a junction vertex in V. Let J(x) denote the set of indices j such
that there exists j' (1 <j"<N,) with x = F;v;, (a priori the different values
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j' do not have to be distinct, whereas the values of j must be distinct; this
explains the awkward notation). A neighborhood of x contains portions of
F,K for all je J(x), and each portion is an image under F; of a neighbor-
hood of v; in K. Also #J(x)=m, the order of the junction vertex. More
generally, if x is a junction vertex in V,, then x=F, x’ for x' a junction
vertex in V; and |w|=n—1, and we set J(x)=J(x"). Then x=F,, F;v; for
all je J(x).

DerFNITION 3.5. Let f be a continuous function defined in a neighbor-
hood of a vertex xe V, (but x¢ V,_;).

(a) Let x=F,v; be a nonjunction vertex. Then the derivatives
dy f(x) for 2<k < N, are defined by the following limits, if they exist,

d f(x) =Jinw ”;llﬁmﬁjkﬂﬂm;"%- (3.6)

(b) Let x be a junction vertex. Then the derivatives d;, f(x) for
jeJ(x) and 2 <k < N, are defined by the following limits, if they exist,

Ay f(x) = Tim 17250 B f E ppvy (3.7)

m — oo

Furthermore, the normal derivatives d;,f(x) are said to satisfy the
compatibility condition if

Y diyf(x)=0. (3.8)

JjeJ(x)

We write df(x) for the collection of all derivatives defined here, and refer
to it as the gradient of f at x.

Remarks. The factors r ;' and r;'r;"! in (3.6) and (3.7) are chosen to
make the normal derivatives comparable at different points x. It is not
clear that they are the best choices when k > 3.

LemMMA 3.6. If h is harmonic in a neighborhood of a vertex x, then all the
derivatives dg h(x) or d; h(x) exist, and may be evaluated without taking the
limit in (3.6) or (3.7). Furthermore, if x is a junction vertex, then the
compatibility condition (3.8) for the normal derivatives holds.

Proof. The existence follows by Lemma 3.3 applied to o F,,or ho F,, o F.
If x is a junction vertex then the condition 4/4(x)=0 is equivalent to the
compatibility condition (3.8). Q.E.D
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DerFINITION 3.7. For a vertex x we define a standard system of
neighborhoods U,,(x) by

Unlx)=F,F7"K for x=F,v;,nonjunction (3.9)
U,x)= \J F,F,FK  for xa junction point. (3.10)
JjeJ(x)

The boundary of U,,(x) is taken to be {F, F7'v,} in the first case (including
x), and {F,,F;F ” v} with x deleted in the second case. A function harmonic
in U,,(x) must be continuous and satisfy the harmonic condition at all points
except the boundary points.

LEMMA 3.8. Fix a vertex x.

(a) A harmonic function h on U, (x) is uniquely determined by the
values of h(x) and the gradient dh(x), and any values satisfying the compatibility
condition (3.8) (x a junction vertex) may be freely assigned.

(b) Let h be a harmonic function on some U,,(x) satisfying h(x)=0
and

ﬁjkh|FwF;nV0=0(/1;7€) as m-— oo (3.11)
Jor 2<k <N, (x=F,v; nonjunction) or
ﬂj'kh|FW§F;I’V0=0(;L;y'Ik) as m-— 0 (3.12)

for all je J(x) and 2 <k < N, (x a junction vertex). Then h is identically zero
on U, (x).
0

Proof. Just apply Lemma 3.4 to hoF,, or hoF, o F;. The compatibility
condition (3.8) is equivalent to the requirement that /4 be harmonic at x in
the junction case. Q.ED

DEerFINITION 3.9. Let f be a continuous function defined in a neighbor-
hood of a vertex x. A harmonic function s on Uy(x) is said to be a weak
tangent of order one to f at x if

Bulf =Wl =0lig)  as m— (3.13)

for 2<k <N,, and f(x) = h(x), if x=F,v; is nonjunction, or

ﬁj'k(f_h”FwF}Fj'f’VO:0(/17"]{) as m— o (3.14)
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for 2<k <N, and all jeJ(x), and f(x)=h(x), if x is a junction vertex.
Weak tangents, if they exist, are unique by Lemma 3.8(b), and will be
denote by T;(f).

Remark. Harmonic functions on any neighborhood U,(x) can be
uniquely extended to harmonic functions on Uy(x). This is a consequence
of Hypothesis 3.1(b) which implies that the matrices M; are invertible. For
a junction vertex we do the extension separately from F, F,F7K to F,, F;K
for each j. There is of course no expectation that a harmonic function on
Uy(x) can be extended to all of K. The extent to which this is possible will
depend on both the geometry of K and the specific harmonic function.
Note that as x varies, the size of the neighborhood Uy(x) will vary in a
discontinuous manner. Thus the geometry of the vertex x will put inherent
bounds on the size of neighborhood of approximation by a tangent, regardless
of the analytic properties of the function f. This is a strong contrast with
the situation in ordinary calculus.

THEOREM 3.10. Let f be a continuous function defined in a neighborhood
of a vertex x. The following are equivalent:

(1) f has a weak tangent T (f) of order one at x.

(1) Al the gradient df(x) of Definition 3.5 exist, and the compatibility
condition (3.8) holds if x is a junction vertex.

Furthermore, the function T(f) in (1) is equal to the harmonic function
whose gradient is equal to the gradient of f at x in (ii).

A function satisfying one of the equivalent conditions above will be called
differentiable at x.

Proof. (i)=>(ii). If the weak tangent 2 = T,(f) exists, then the gradient
of h exist by Lemma 3.6. It follows easily from (3.13) or (3.14) that f and
h have the same gradient at x. Also the compatibility condition holds for
h hence for f, if x is a junction vertex.

(i) = (1). If the gradient exist for f at x, we can construct a harmonic
function with the same gradient by Lemma 3.8. Then it is easy to verify
that (3.13) or (3.14) holds, so we have the weak tangent. Q.ED

THEOREM 3.11. Let f be a continuous function defined in a neighborhood
of a vertex x and differentiable as in Theorem 3.10. Let h,, denote the
harmonic function that assumes the same values as [ at the boundary points
of U,(x) as in Definition 3.7, extended to be harmonic on Uy(x). Then h,,
converges uniformly to Ty(f) on Uy(x) as m — oo.
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Proof. First assume x is a nonjunction vertex. Note that on the right
side of (3.6) we may replace f by #,, since they are equal on F F7'V,=
0U,(x). By Lemma 3.6 we then have

Ay f(x) = im dyh,(x); (3.15)

m— o0

in particular, this shows the limit exists. We have /,,(x) = f(x) for all m
since x is a boundary point of U,,(x). Since the space of harmonic functions
on Uy(x) is finite dimensional, Lemma 3.8 implies that there is an estimate
|h(y)| <c(|h(x)| + ||dh(x)||) uniformly for ye Uy(x) for such functions.
Using this estimate for 4,,— 7,(f) shows that #/,, converges uniformly on
Uo(x) to T,(f).

If x is a junction point we no longer have x as a boundary point of
U, (x), so the argument for the analog of (3.15) is only valid for k> 3. It
is easy to see that lim,,_ . A,,(x)= f(x), but to handle the normal
derivatives we need a slightly stronger statement, namely

hy(x) — f(x) = 0(47),) for all jeJ(x). (3.16)

To prove (3.16) we use the compatibility condition (3.8), which says

0= lim Z rotr 71)7 ﬁj'2f|FijFj'f'V0

M= ® jes(x)

= lim Z },71 71)» 2 Biralm, |FFF 14

m—>oo]EJ(x)

+ lim Y T A (f(x) = hy(X)

m—»ooJEJ(x)

because £, and fagree at all the other vertices of F,,F,F7' V. But

z V71 711 mﬁjzh |FFFmVO_O

JjeJ(x)

because /,, is harmonic, and this establishes (3.16).
Using (3.16) we can replace f by 4, on the right side of (3.7) for k=2
and control the error at x,

dj'zf( x)= lim },71 711 mﬂ] 2N |FFF Vs

m — o0

+ lim AT f(X) — Byl X))

m — o0

= lim d,,h,(x).

m — oo

We can now complete the proof as before. Q.E.D
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It is not possible to conclude from the convergence of /,, anything about

the differentiability of f. This is even the case for the unit interval as the
example f(x)=|x— 1| shows.

4. DIFFERENTIABILITY OF FUNCTIONS IN DOM(4,,)

We now consider a self-similar measure u on K. Given probability
weights iy, ..., ity we let x4 be the unique probability measure satisfying

N
p= ) wpeF; (4.1)
j=1
It follows that
wF,K)=1] o, for w=(wy, s wy,). (4.2)
j=1

We let 4, be the Laplacian associated to the harmonic structure and the
measure x, with domain dom(4,). We recall the Gauss—Green formula

No

f (f4,8—8g4, /) du="73 f(v))0,8(v)—g(v) 0,f(v)  (43)

K j=1

for f'and g in dom(4,), where the normal derivative 0, f(v;) is equal (up
to a normalization constant) to the derivative d;, f(v;). There is also a local
version,

| (fag—g 4.0 du=Y fo,8~ 50,1 (44)
o2

for sets Q2 that can be written as finite unions of images F,, K, provided the
boundary is suitably interpreted. In particular, it holds for the sets U,,(x)
in Definition 3.7.

THEOREM 4.1. Suppose
1t < Zn, for every j. (4.5)

Then for every fedom(4,) and every vertex x, f is differentiable at x (it
satisfies the equivalent conditions of Theorem 3.10).

Remark. There are some important examples (including SG) for which
the hypothesis (4.5) does not hold, but for which the conclusion of the
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theorem is still valid, provided we assume in addition that the function 4, f
satisfies an appropriate Holder condition. We will discuss these examples in
Section 5.

Proof. Assume first that x=v; is a boundary point. Let /# be a con-
tinuous function that is piecewise harmonic on each F,,K, | <m<N. We
will use the local Gauss—Green formula (4.4) for f'and / on each F,,K, and
add up. We make / harmonic at all vertices in V/; except those in V, and
F;V,. Furthermore we set /2 equal to zero on V,. Thus the only boundary
terms remaining are at vertices in V, and F;V, and none of them involve
h0,f, since at V, vertices h vanishes, while at F;V/, vertices the sum of the
normal derivatives of f will vanish. We will be left with the identity

thﬂfdﬂz— Y fo,h (4.6)

Vou F ¥,

At F;V, vertices the sum will include the values of 0,/ for all the sets F, K
that meet there. These need not sum to zero because / is not assumed
harmonic at these points.

Now the function /4 is uniquely specified by the values A(F;v,)=a,
for / # j. This forms a vector space of dimension N,— 1. For each such
function the identity (4.6) can be written

[Ra,fae=Y b f0)+ T cf(Fpo) (47)

k#j

for certain coefficients {b,} and {c,} that depend linearly on {a,}. If f'is
harmonic then the left side of (4.7) is zero, and also (3.1) holds. Thus

b,=— 2 ck(Mj)kt’ (4.8)

k#j

since we can assign any values to f(v,). We claim that the mapping from
{a,} to {c,} is invertible. Since both vector spaces have the same dimen-
sion N,— 1, it suffices to show that there is no nontrivial kernel. But if a
nonzero vector {a,} gave rise to {c,} zero, then the whole right side of
(4.7) would vanish in view of (4.8). But we an easily construct functions f
for which the left side of (4.7) is nonzero, simply by solving 4, f equal to
a function supported in a small neighborhood of one of the v, where & is
either strictly positive or negative.

Thus it is possible to choose / so that (4.7) holds for any choice of {c.},
where {b,} is given by (4.8). For each m with 2 <m < N,, we let h,, denote
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the function corresponding to ¢; = (f,,) for k# j. Since (M), =3, we
find from (4.8) and (3.2) that

b,= _Ajm(ﬁjm)/ for /#j
and
bjz (1 _;“jm)(ﬁjm)j'

Thus we have

Bk [ B A, =230 B Vv, — B £ 7, (49)

Next we want to scale the identity (4.9) down to the neighborhoods

U,(v;). For this we define

n

4 ’ (4.10)

ho— Ny, oF 7" on F7K
] otherwise.

The normal derivatives of 4,,, are the same as #,, at corresponding points
except for the scaling factor ;. Thus the scaled version of (4.9) is

L'.'K Jn)J:nn_lhmn Aufd:u
=l Bim V71w = 2 Bi S | 2, (4.11)

Thus, to prove the existence of d,,f(v;) it suffices to show that

))

n

j P B A, S di (4.12)
F'K

converges. To see this we take the absolute value inside the integral and use
the boundedness of 4, and 4, f. Each term in (4.12) is majorized by a
multiple of (r;4;,'x;)", and by (4.5) this is a convergent geometric series.

This completes the proof of condition (ii) of Theorem 3.10 when x = ;.
The proof of the existence of derivatives of general vertex points x is
essentially the same. It is only necessary to adapt the functions #,,, to the
point x. It is also necessary to verify the compatibility condition (3.8) when
X is a junction point, but this is an easy consequence of the existence of 4, f(x).
Q.ED
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Now fix a vertex z, and consider the “initial value problem”

Au=f  in Uyz)
u(z)=0
wu(z)=0, 2<k<N,, z=F,x;nonjunction or

d;u(z) =0, jeJ(z), 2<k<N,, zjunction

(4.13)

R

for f continuous on the closure of Uy(z). By Lemma 3.8 we have existence
and uniqueness (for existence we first extend f to be continuous on K, then
solve 4,v=fon K, and then modify v by a harmonic function on Uj(z)
to satisfy the initial conditions). At least formally, the solution is given by

ux) = G.(x, ) () duly) (4.14)

Up(2)

for a local Green’s function G,(x, y). If G(x, y) denotes the Green’s function
for the Dirichlet problem on K, then

G.(x, y)=G(x, y)+ H.(x, y), (4.15)

where for each fixed z and y (z#y), H.(-,y) is a harmonic function in
Uy(z). Indeed, H,(-, y) is the unique harmonic function satisfying

Hz(Za y): _G(Za J/) and
dijz(’y)|z=_djkG(sy)|z or (416)
dj’kHz(" y)|z: _dj’kG('7y)|z'

THEOREM 4.2. For fixed z, the local Green’s function G,(x, y) is con-
tinuous for y # z. It is localized to the region where y lies roughly “between”
x and z in the following precise sense: G.(x,y)=0 if xeU,(z) and
y¢ U,(z), and, in addition, in the junction vertex case that z=F, F;v; for
Jj€J(z), if xe F,F; K and y e F\,F; K for j, # j,.

Proof. Since we are assuming that the harmonic structure regular, we
know that G(x, y) is continuous on K x K. For fixed y #z, the function
G(-, y) is harmonic in a neighborhood of z, so the derivatives on the right
side of (4.16) may be evaluated according to Lemma 3.6 without taking the
limit in (3.6) or (3.7). Thus H,(x, y) is continuous as well.

For the localization property, observe that if f vanishes in U,,(z), then
the solution of (4.13) must also vanish in U,,(z) by the uniqueness part of
Lemma 3.8. In view of (4.14) this means G,(x, y)=0 for xe U,,(z) and
V¢ U,(z). Similarly, for z a junction vertex, if f vanishes in F,, F; K then so
does u, hence G_(x, y)=0for xe F,,F; Kand ye F,,F; K for j; # j,. QE.D

we w
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The local Green’s function may not be continuous, or even bounded, as
y— z. This is shown in [ KSS]. That paper also gives conditions for the
convergence of the integral in (4.14).

We will show next that the normal derivatives of a function in dom(4,,)
are uniformly bounded. In contrast, the other derivatives need not be
uniformly bounded, even for a harmonic function. For a simple example,
consider the harmonic function % on the Sierpinski gasket with boundary
values A(v,) =0, h(v,) =h(vs)=1. Then h(FTv,) =h(F7Tv;)=(3/5)", hence

dish(F7oy) = 5"(h(F7vs) — h(F7vy))=5™(3/5)" =3

THEOREM 4.3.  Assume Hypothesis 8.1. Let fe dom(4,).
(a) The normal derivatives d;5(x) and d;.(x) are uniformly bounded as
X varies over all vertices.

(b) The sum of normal derivatives over the boundary vertices of F,, K
goes to zero as |w| — co. More precisely

Y dpf(x)

x€0F, K

<cu,,. (4.17)

(c) Fix a vertex x, and let h denote any harmonic function on Uy(x)
with zero normal derivative(s) at x. Then for any ¢ >0 there exists m such
that

{ldﬂh(y) <eg, or (4.18)

|
|djah(y)l <e

for all vertices y € U, (x).

Proof. (a) Let g be the solution of Ai g=0 on K with vanishing
normal derivatives and g(v;) =J,,. Note that

j A,gdu=0 (4.19)
K

by the Gauss—Green formula for g and 1. Now we apply the Gauss—Green
formula for fand go F,, on F, K, for any w, to obtain

Ouf(Fuv) =] (geFyd,f—f4,8°F,)du. (4.20)

F, K

w
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Thus we need a uniform bound for the integrals in (4.20). There is no
difficulty with |  g<F, Af du since the integrand is uniformly bounded.
Then 4,g-F, = Erwyw)_l(Aﬂg) oF, and u(F, K)=upu,, so a direct estimate
of | F K f4,g°F, du is not sufficient. However, because of (4.19) we can
write this as

LK(f(y)—f(vaf))A”gon(y) du(y). (4.21)

w

We then pick up the required factor of r, from the estimate
/()= f(») <er,  for x, yeF,K (4.22)

which will be proved in Section 8.

(b) We use the Gauss—Green formula for fand 1 over F,, K to obtain

|| Augdu=3 o, (423)

OF K

and (4.17) follows from the obvious estimates on the integral in (4.23).

(c) For simplicity we give the proof in the case of a nonjunction
vertex, x = F,,v;. It suffices to prove the result for /2 varying over a basis for
the space of harmonic functions with d;,f(x)=0. Let h, denote the
harmonic function on K with {/,(v,)} equal to the eigenvector of M; with
eigenvalue A, for 3<k<N,. Then hyoF}=23h,, and h; oF ;' is the
desired basis. Let ¢ denote an upper bound for all normal derivatives of /,,
as guaranteed by part (a). Then for any y e U,,(x),

|dphy o F S () <er'ry ™20
Since Ay <r;=4;, for all k>3, we obtain the desired estimate (4.18) by
taking m large enough. QE.D

Part (c) may be interpreted as a weak continuity for normal derivatives
for harmonic functions. The result one would really like is the following: if
fedom(4,) and x is any fixed vertex, then the normal derivatives of f at
x determine the normal derivatives of f at all points ye U,(x) up to
an error of at most ¢ (where m depends on ¢). It is not clear whether
or not this is true in general, but part (c) shows it is true for harmonic
functions.
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5. STRUCTURES WITH DIHEDRAL-3 SYMMETRY

We assume now that # V; =3 and all structures possess full D; symmetry.
This means there exists a group ¥ of homeomorphisms of K isomorphic to D,
that acts as permutations on V,, and ¥ preserves the self-similar and
harmonic structures and the self-similar measure. In particular, this forces
the difference matrix defining the harmonic structures to be a multiple of

2 1 1
1 -2 1 (5.1)
11 -2

and without loss of generality we will take the multiple to be one. We must
have r, =r,=r; and u, = u, =5, but in general it is not necessary that all
r's and all x’s be the same. We denote by p the value of r;u; for j=1, 2, 3.

For each vertex v; in V,, let g; denote the symmetry in % that fixes v; and
interchanges the other 2 vertices. We will call g; the point symmetry at v;.
More generally, we will define a local point symmetry g, at every vertex x
in V,,, acting on Uy(x) as follows. If x = F,,v; is a nonjunction vertex, let

gszngF;l; (52)
while if x = F,,F;v; for je J(x) is a junction vertex then
gx:F‘vajgj’(F‘vaj)_1 OanF}'K (53)

for all je J(x).

In other words, g, flips points in F,, F;K, keeping x fixed and interchang-
ing the other 2 vertices. Note that g, preserves all structures in Uy(x). In
particular, Ao g, is harmonic on Uy(x) if / is.

The symmetry assumption implies that all matrices M; are permutations
of M, which has the form

1 0 0
l—a—b a b
l—a—b b a

for some constants satisfying a >0, b >0, a + b < 1. Then Hypothesis 3.1(b)
is simply the condition a # b. The left eigenvectors are f,,=(2 —1 —1)
with eigenvalue a+b corresponding to the normal derivative, and f;; =
(0 1 —1) with eigenvalue @« — b corresponding to what we will call a trans-
verse derivative. We observe easily that for any vertex x, functions which
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are even with respect to g, have zero transverse derivatives, and functions
which are odd have zero normal derivatives.

Exampres. (i) The Sierpinski gasket SG has a¢=2/5 and b=1/5,
hence 4, =3/5 and 4,;=1/5. In this case all r;=3/5 and all u,=1/3, so
(4.5) just fails (with equality). Here p =1/5.

(i1)) The hexagasket, or fractal Star of David, can be generated by 6
mappings with simultaneously rotate and contract by a factor of 1/3 in the
plane. Thus ¥V, consists of 3 points of an equilateral triangle, and 7, con-
sists of the vertices of the Star of David, as shown in Fig. 5.1. Although the
same geometric fractal can be constructed by using contractions which do
not rotate, this gives rise to a different self-similar structure (in particular
with #V,=6). Our choice of self-similar structure destroys the D
symmetry of the geometric fractal, but it has the advantage of easier com-
putation. We show in Fig. 5.1 the values on ¥V, of one harmonic function.
A basis is easily obtained by rotating this function by 27/3 and 47/3. From
this data we easily find @ =2/7 and b=1/7, hence 4,,=3/7 and 4,;=1/7.
Since all r;=3/7 and all x;=1/6, condition (4.5) holds. Here p =1/14.

(i) The level 3 Sierpinski gasket, obtained by taking 6 contractions
of ratio 1/3 as shown in Fig.5.2. Here we have a=4/15 and b=3/15,
$0 4;,=7/15 and 4,3 =1/15. Since all r;=7/15 and u;=1/6, condition (4.5)
fails with p =7/90 and 4;;=1/15. Note that in this example we have two
different types of junction points, so that J(x) may have 2 or 3 elements.

We now consider a condition which is stronger than the notion of weak
tangent given in Definition 3.9.

1

FIG. 5.1. The graphs of V, and V| for the fractal Star of David. The mappings into the
3 points of the Star not in V/, involve a rotation. The values marked at the vertices of V| are
the values of the harmonic function taking values (7, 0, 0) at the vertices of V.
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5

AlmAmA
/W Al

FIG. 5.2. The graph of the V| vertices of the level 3 Sierpinski gasket, with the values of
the harmonic function that takes the values (15, 0, 0) at the vertices of V.

DerFiNITION 5.1, Let f be a continuous function defined in a neighbor-
hood of a vertex x. A harmonic function 4 on Uy(x) is said to be a tangent
of order one to f at x if

(f =My, =0(la+b)") (54)
and
LS =h)—(f—h)egly,=0(a—b)").
It is easy to see that a tangent is automatically a weak tangent. Indeed,

since the definition implies /4(x)= f(x), we have (5.4) implies (3.13) or
(3.14) for k=2, while (5.5) implies the same for k = 3.

THEOREM 5.2. (a) If p<a—b, then for every fedom(4,) and every
vertex x, [ has a tangent of order one at x.

(b) Even if p=a—b, we obtain the same conclusion if g=4,f
satisfies the following Hélder condition at x,

lg(y) —gx)|<ey™  forallyeU,(x) (5.6)
for some y satisfying

py <a—b.
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Proof. (a) Note that p<a—b is exactly (4.5). By Theorem 4.1 there
exists a weak tangent, so (5.4) and (5.5) hold at the boundary points of
U,.(x). We need to extend these estimates to all of U,(x). Now 4,(f—h)
=4,/ =g is a bounded continuous function. Thus we can write f —h = f;
+ f> on U,,(x) where f; is the harmonic function taking the same values
as f—h on the boundary of U,(x), and f, is the solution of 4,f,= g on
U, (x) with zero boundary values. Now f; satisfies (5.4) on all of U,,(x)
because it is harmonic. On the other hand, f, is given by the integral of g
on U,,(x) against a scaled Green’s function. Since the scaling factor is p™,

we have

Lolu,m=0(p™) =o((a—b)") (58)

by (4.5), overkill! To extend (5.5) we use a similar argument for the func-
tion (f—h)—(f—h)og,. Here we use the structure symmetry to obtain

AJL(f=h)—(f—h)og,]=g—g°gx.

Note that this time (5.8) is exactly what is needed for (5.5).

(b) First we need to modify the proof of Theorem 4.1 to obtain (5.4)
and (5.5) on the boundary of U,(x). The argument up to (4.12) is the
same. For the normal derivative (m=2 in (4.12)), the same estimate
(ri 'u;)" is sufficient, since 4, =r; and p;<1. (The existence of normal
derivatives was already known, of course!) We need something better when
m =3, and this is provided by the Holder estimate (5.6). The key observa-
tion is that /5, has integral zero, since it is odd under the symmetry g,.
Thus

[ A fdu= [ i e (9)(gr) — g(x)) du(y)
F'K F"'K

J J

and this is estimated by a multiple of (r; )»]3 u;y)". Since A, =a—b, (5.7)
guarantees geometric convergence of (4.12).

Next we need to modify the argument in part (a) to obtain (5.4) and
(5.5) in general. For (5.4) no change is required, since O(p™)=o0((a+ b)™)
(remember that only j=1, 2, 3 are involved in these estimates). For (5.5)
we observe that g— gog, is an odd function under the symmetry g,, so
(5.6) implies

lg(y)—geg(y)<ey™  forall yeU,(x). (5.9)
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Thus we obtain

/2l U, (x) = O((yp)™)
and so (5.7) allows us to complete the proof as before. Q.ED

How reasonable is it to expect a Holder condition (5.6) to hold? If g is
harmonic, or even just in dom(4,,) then (5.6) holds with y =a + b, but no
smaller value. (This will be proved in Section 8.) Thus part (b) of the
theorem is interesting provided

pla+b)<(a—b). (5.10)

This holds in examples (i) and (iii) above. Even if (5.10) does not hold, it
might be possible to replace the hypothesis (5.6) with (5.9) and obtain a
useful result, but we will not pursue this here. Note that for the Sierpinski
gasket, the condition (5.7) just requires y <1, or in other words a Holder
condition of any order.

We consider next an example of a computation of a tangent to a func-
tion. This is interesting because it shows that the analog of Fermat’s
theorem does not hold: at a local maximum, the tangent does not have to
have a local maximum. On the Sierpinski gasket we consider the ground
state eigenfunction. The values of this function have been computed
explicitly in [ DSV] (see Fig. 4.9 there). It assumes its maximum (taken to
be 1) on the boundary of largest deleted triangle. On any triangle of level
m bordering on this boundary, function takes on the values 1, 1, 1 —4,,/2
at the vertices, where 1,=2 and 4,,=(5—./25—44,,_)/2. In particular
A=1lim,,_, ., 5™4,, exists and is nonzero (4~ 2.2421385630294296...). Thus if
we fix a vertex on the boundary, the normal derivative is lim,, _, o (5/3)" 4,,,/2
=0, and the transverse derivative is lim 5" )2 =A/2.

m — o0

6. HIGHER ORDER TANGENTS

We continue the assumptions of Section 5, and in addition we will
assume (5.10). We call a function n-harmonic if it satisfies 4}, /' =0, it being
understood that this means A’;fedom(Aﬂ) for 0 <k<n—1. Tangents of
order n will be n-harmonic functions on Uy(x) that approximate a given
function to higher order, extending (5.4) and (5.5), essential by inserting a
factor p”~Y™ on the right side. The condition (5.10) is necessary if we
want the approximation of order 2 to be better than the odd part approxi-
mation of order 1. It will not be necessary to define any new derivatives,
as we will be able to use d4% f.
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We need to extend Lemma 3.8 to n-harmonic functions. We begin with
the easy part (a).

LemMMA 6.1. Fix a vertex x. An n-harmonic function h on U,(x) is
uniquely determined by the values of Al’jh(x) and the gradients dAZh(x) for
0<k<n—1, and any values satisfying the compatibility conditions

Y dip Ah(x)=0  for 0<k<n-—1 (6.1)

JjeJ(x)
(when x is a junction vertex) may be freely assigned.

Proof. The existence of the gradients is guaranteed by Theorem 5.2(b)
and condition (5.10). The compatibility conditions (6.1) follow from
Theorem 3.10. Existence and uniqueness are equivalent because the dimen-
sion of the space of n-harmonic functions on U,,(x) is equal to the number
of derivatives (modulo the compatibility conditions).

We prove uniqueness by induction. The case n=1 is Theorem 3.8(a).
Assume uniqueness holds for n — 1. If /& is n-harmonic and Al’jh(x) =0 and
dAl’jh(x)zo for 0<k<n—1, then the hypotheses of the induction step
hold for 4, 4. Thus by the induction assumption we have 4,h=0. So £ is
harmonic and we can apply Theorem 3.8(a) again to conclude #=0. Q.E.D

To obtain the analog of Theorem 3.8(b) we first need to discuss the fine
properties of n-harmonic functions. These questions will be discussed in
greater detail in [SU].

The existence and uniqueness for the Dirichlet problem in [ Ki2] implies
that an n-harmonic function /# on K is uniquely determined by the values
of A/’jh| y, for 0 <k <n—1. For simplicity of notation fix j=1, 2, or 3 and
write F for F;, and M for the matrix M; in Hypothesis~3.1(b).~Since the
scaling factor for 4, under F is p, there exist matrices My, .., M, _; such
that

n—1
h|FmVO=Mh|Fm—1VO+ Z pkkaAl]ih|Fm—lV0. (62)
k=

=1

The exact formula for A7, will not be needed here, but symmetry considera-
tions dictate the general form. Of course the jth row of A, must be identically
zero, since i(F™v;) = h(v;) is given by the first term on the right in (6.2). Also
(0,1, 1) and (0, 1, —1) are left eigenvectors (for j=1), with nonzero eigen-
values (this by uniqueness of the Dirichlet problem).
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LemMA 6.2.  Let h be an n-harmonic function on some U, (x) satisfying
h(x)=0 and

ﬁjkthwF}"VO=0((pnilljk)m) as m— o (6.3)

Jor k=2, 3 (x=F,v; nonjunction), or

ﬁj'kh|FijF;t“ v, = o((p™~ I/lj’k)m) as m-— 0 (6.4)

for all jeJ(x) and k=2,3 (x a junction vertex). Then h is identically zero
on U, (x).

Remark. We have written (6.3) and (6.4) to be the exact analogs of
(3.11) and (3.12), but it is possible to rephrase them more in line with (5.4)
and (5.5),

hlau,m=0((p""(a+b))") (6.5)

and

(h—=hoglau,m=0((p"~(a—b))"). (6.6)

Here (6.6) corresponds to k =3, and (6.5) follows by combining the weaker
estimates for k=2 and 3.

Proof. We give the proof in the nonjunction case with w=¢ and j=1,
for simplicity. For the sake of clarity we explain the argument first in the
case n=2. We split / into its even and odd part under g, and show that
each vanishes. For the odd part we note that (6.3) for k=3 reads

h(F™v,) —h(F™v3) = o((p(a—b))™). (6.7)
Now from (6.2) we obtain

h(F™v,) — h(F™v3) = (a — b)(h(F™~'vy) — h(F™~'v3))
+ ep™(A h(F™="0,) — A, h(F"~'vy))  (6.8)

for some nonzero ¢ depending on A7,. There is a 2-dimensional space of
odd 2-harmonic functions, and corresponding solutions of (6.8). A basis
may be given by /,, the odd harmonic function, and &, satisfying 4,h,=h;.
Then (6.8) gives

hy(F™vp) — hy(F™v3) = cy(a— D)™, ¢y #0, (6.9)
as we already know, and then substituting (6.9) back in (6.8) for /,,

hy(F™v,) — hoy(F™03) = ¢y(a— D)™ + ¢3(pla —b))™, c3 #0. (6.10)
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But now it is clear that no nontrivial linear combination of (6.9) and (6.10)
can satisfy (6.7). Thus the odd part vanishes.
For the even part, since we are assuming A(v,) =0, (6.3) for k=2 reads

h(F™vy) + h(F™vs) = o((p(a+b))"™). (6.11)
In place of (6.8) we have

h(F™0,) + h(F™03) = (@ + b)(h(F™ v,) + h(F™ 'v3))

+ P (A h(F™"0,) + A h(F™0y))  (6.12)

for ¢’ #0. One new observation we need is that 4, 4(v,) =0, which follows
directly from the definition and the estimates (6.7) and (6.11). Thus we
again have a 2-dimensional space of even 2-harmonic functions with A(v,)
=4,h(v;) =0, and a corresponding space of solutions of (6.12). We then
obtain a basis /3 and &, with 4,h;=0 and 4, h, = h; satisfying

h3(F™v,) + hy(F™v3) = ¢i(a+b)™, ¢y #0 (6.13)

ha(F™v3) + hy(F™v3) = c3(a+b)" + c5(pla+ b)), 53 #0  (6.14)

and the argument is the same as before.

It is also possible to prove the vanishing of the even part without using
the observation 4,/(v,)=0. Then the space of solutions is 3-dimensional
and we need to add to the basis a function /5 satisfying 4,45 =1. Then the
solution of (6.12) satisfies

hs(F™v;) + hs(F™v3) = cyla+b)" +c5p™, 5 #0. (6.15)

Note that p <a+b because p=r;u; and ry=a+b. Once again we can
argue that no nontrivial linear combination of (6.13), (6.14), and (6.15) can
satisfy (6.11).

We now discuss the extension to general n. For the odd part, we have
in place of (6.8)

h(F™v,) — h(F™v3)

=(a—b)(h(F™~"v;) — h(F™'v3))

n—1
+ Y e pt (A R(F™ = 0y) — AXB(F™~05)) (6.16)

k=1
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for nonzero coefficients ¢,. We show by induction that any solution of
(6.16) must be a linear combination of (p*(a—b))™ for 0<k<n—1. But
in place of (6.7) we have

h(F™v5) — h(F™vs) = o((p"~'(a—b))") (6.17)

and no nontrivial linear combination can satisfy this. Thus the odd part
vanishes. For the even part we extend the second argument given for n=2.
In place of (6.16) we have

h(F™vy) + h(F™vs)
=(a+b)(h(F™~"vy) + h(F™~ v3))

n—1
+ Y P ARRE™ = 0) + ACR(F™ = 03)). (6.18)

k=1

Working in the (2n — 1)-dimensional space of even n-harmonic functions
with /(v,) =0 we show by induction that the solutions to (6.18) are the
linear combinations of (p*(a+b))™ for 0<k<n—1 and p* for 1 <k <
n— 1. Since we are assuming

h(F™v;) = h(F™vs) = o((p"~'(a+b))™) (6.19)

we conclude that the even part also vanishes. Q.ED

We note that the Lemma is sharp, as the proof shows that there do exist
nonzero n-harmonic functions satisfying big-Oh rather than little-oh estimates
in (6.3) or (6.4).

DerFINITION 6.3. Let x be a vertex and f a function defined in a neigh-
borhood of x. We say that an n-harmonic function /4 is a weak tangent of
order n to f at x if

(f =MW)ay =0((p"~(a+b))") (6.20)
and
(f=h—=(f=h)og)lou x=o0((p"~(a—=b))"). (6.21)

In that case / is unique by Lemma 6.2, and we write 7= T,( /). We say that
T,(f) is a tangent of order n to f at x if

(f =T NNy =0((p"~ (a+b))") (6.22)
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and
(f=TA)=(f=Tf)) gy m=0((p""(a—b))").  (623)

THEOREM 6.4. Let f € dom(4},) for some n, and let x be a vertex. Assume
either p <a—b, or that A3, f satisfies the Holder condition (5.6) for some y
satisfying (5.7). Then ddﬁf(x) exists for all k<n. Let h be the n-harmonic
function on U, (x) satisfying Al’jh(x)=AI’jf(x) and dA/'jh(x) =dAl’jf(x) for
all k <n. Then h=T,(f) is a tangent of order n to f at x.

Proof. The existence of the gradients dA/’j f(x) follows by repeated
application of Theorem 5.2. The Holder condition is automatic for Al’j f for
k < n because we are assuming (5.10). We can then construct / uniquely by
Lemma 6.1.

We prove the estimates (6.22) and (6.23) by induction on n. The case
n=11is just Theorem 5.2. We assume the result is true for all smaller values
of n for the induction hypothesis. For simplicity of notation we give the
proof for the point x=v,. Without loss of generality we may assume
T,(f)=0. Now 4, f satisfies the hypotheses of the theorem for n— 1, and
also T, (4,f)=4,T,f)=0 by construction. Thus (6.22) and (6.23)
take the form

A, S luym=0((p""*(a+b))") (6.24)

and

(A, f = (4,1) 28y =0((p" ™ *a—b))™). (6.25)

We will use these estimates in the identity (4.11), which in this case says

(a+b)7"

m
Fy

Khzm Ay fdu=(a+b)=" " (fIFT" 0y) + f(FT ™ v3))

—(a+b)"" (f(FTv;) + f(Fvs))  (6.26)

and

(a=b)"" 1" [, A, fdu
FTK

=(a—b)"" " (f(F* oy) — f(FT " v3))
—(@=b)"" (f(F{'v5) = f(FT'v3)), (6.27)

where we have used the assumption f(v;) =0 in simplifying (6.26). We also
observe that since /5, is odd with respect to g,, we can replace 4, f by its



TAYLOR APPROXIMATIONS OF FRACTALS 115

odd part in the integral in (6.27). Now we sum these identities from m =k
to oo, making use of the assumption df(v,) =0, to obtain

o0

f(Fv5) + f(Fivs) = —(a+b)*~" ¥ fm hom A, fdp (6.28)

m=k “F1

=—3(a=b)* Y ra=b)""""hy(4,f—(4,f)°g) du.  (629)

We substitute estimate (6.24) in (6.28) and (6.25) in (6.29) and use the
uniform boundedness of #,,, and h;, and the measure identity u(F7K)=
M to obtain

F(F o)+ f(Fro) =(a+b) 3 o(p=Dm)
m=k
—o((p"Y(a + b)) (6.30)

and

f(Fv,) = f(Fiv) = (a=b)* 3 o((rla=b)~" up"~>(a—b))")

=(a=b)* Y o(p”= V™) =o((p""(a—b))").

K (6.31)

ﬁMS ﬁMS
bl

This is exactly (6.20) and (6.21), showing that 7,(f) is a weak tangent.

The argument to show T,(f) is actually a tangent is very similar to the
argument in the proof of Theorem 5.2. Again assuming without loss of
generality that 7,(f) =0, we write /' =f; + f, where 47, f; =0 and Aﬁf|aum
=A/’jf1|aUm for all k<n. Now f, is given by the n-fold product of the
Green’s operator on 47 f, so we obtain in place of (5.8)

Salg, o =0(p"™) (6.32)

by using a uniform bound for 47, f, which suffices for both estimates for f,
under the assumption p <a —b. In the other case, we still get (6.22) out of
(6.32), and for the odd part of f, we can squeeze out an extra factor of y”
from the Holder condition on 47, giving (6.23). Thus f, satisfies the
required estimates.
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Now for f; we have not only the estimates (6.20) and (6.21), but also the
analogous estimates for Al’j f1 for k< n by the induction hypothesis, so

Ay filou, o =0((p"~*~H(a+b))™) (6.33)

and

A/]i(fl - ogx)|aUm(x) =o((p" ¥ Ya—b))"). (6.34)

Thus to complete the proof we need the following a priori estimate for
solutions of Anu=0,

n—1
lul g loo <€ Y0 P AUl o1 |l o - (6.35)
m M m
k=0

But (6.35) is immediate for m =0 because the space of solutions is finite
dimensional and u|y () is uniquely determined by AZ uloy, (v for k<n. It
then follows for general m by a scaling argument. Q.E.D

An important observation made in the proof is that
A,u Tn(f): Tnfl(A,u.f)a (636)
or more generally,
AﬁTn(f)zTn_k(Aﬁf) for k<n. (6.37)

In other words, we can apply the Laplacian to a Taylor approximation. This
is the analog of being able to differentiate a standard Taylor approximation.
A simple corollary of the theorem is that we can improve the approxima-
tion to the rate of decay of the next term (7, (f)— T,(f)) by assuming
greater smoothness. The proof of Lemma 6.2 shows that this yields a rate
of O((p™(a—b))™) for the odd part, but only O(p™) for the even part.

DErFINITION 6.5. We say that 7,(f) is a strong tangent of order n to f
at x if we have

(f =T DNy, =0(p™) (6.38)

and
S=T)=(f=Tuf))ogxly,m=O0Wp"(a—Db))™). (6.39)

COROLLARY 6.6. Assume the hypotheses of Theorem 6.4 hold for n+ 1.
Then T,(f) is a strong tangent to f at x.
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Proof. 1t is clear that (6.38) and (6.39) hold for T, (f) in place of
T,(f), because (6.22) and (6.23) for n+ 1 are stronger estimates. Thus it
suffices to show that

(T 1) = TS D] g = O(p™) (6.40)

and

(Tnir(f) =T ) — (T r(f) = T f)) &) v,y = O(p"(@ + b))™).
(6.41)

Now u=T,, (f)—T,f) is an (n+ 1)-harmonic function satisfying
Afu(x) =0 and dA%u(x) =0 for k <n. Also u—u-g, has the same proper-
ties and in addition is odd. The proof of Lemma 6.2 gives (6.40) and (6.41).

QED

There is one more type of result that should be part of the story, charac-
terizing weak tangents in terms of existence of derivatives, and generalizing
Theorem 3.10. We state one possible version as a conjecture.

Conjecture 6.7. Let fe dom(AZ‘l). Then f has a weak tangent of order
n at x if and only if dA7,~" f(x) exists.

It is easy to rewrite the Taylor approximations as sums of terms of
different orders. We say that f vanishes to order k at x if Alf; f(x)=0 and
d4; f(x)=0 for all j<k. Then T,(f)=fo+fi+ -+ +f, where f, is
constant ( = f(x)) and f; is k-harmonic and vanishes to order k at x. In
fact f1=T,(f)— f(x) and f, =Tw(f) — T, _,(f) for k=2. We can then ask
for fedom(4,°) whether the infinite series >.5° f, converges to f on some
neighborhood of x. Such functions could be called analytic. Of course this
will be true if f is n-harmonic for some 7, for then the series terminates.
Given any sequence { f,} of n-harmonic functions vanishing to order n at
x, we can form the function /=3 _.¢,f, for a sequence ¢, going to zero
rapidly enough to make the series converge and so that T,(f) =>"%_o &xfx-
This gives a rather artificial example of an analytic function. It is not
known even if an eigenfunction of 4, must be analytic. Also, it is not clear
that analytic functions enjoy any of the properties we would expect of
them!

We conclude this section with a list of problems of a somewhat more
technical nature that should be solved to complete the story of Taylor
approximations.

(1) Tt should be possible to calculate Allj f(x) and all the derivatives
in ddl’j f(x) in terms of limits of linear combinations of the values of f at
points approaching x.
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(2) It should also be possible to calculate the same quantities as
limits of integrals involving f over U,,(x), as in the proof of Theorem 4.1.

(3) The tangents 7,(f) should be expressible as limits of n-harmonic
functions that agree with f'in a suitable sense on U,,(x). The model for this
is Theorem 3.11. There are several ways one might do this. The simplest is
to require the functions and all powers of 4, up to n—1 to be equal on
0U,(x). Another possibility is to make just the functions equal on
0U,, 1 (x) for 0<k<n—1.

(4) It may be possible to obtain the conclusions of Theorem 6.4 and
Corollary 6.6 under weaker hypotheses.

7. TAYLOR APPROXIMATION AT GENERIC POINTS

The results in this section deal with the Sierpinski gasket only. We would
like to understand the approximation of functions in a neighborhood of a
“generic” point. We thus exclude vertices, and as needed we will assume the
point x satisfies conditions that hold almost everywhere with respect to the
measure x. There is a canonical system of neighborhoods of x that is quite
different from the system U,,(x) at vertices. For generic x there is a unique
infinite word w = (wy, w, ...) such that x=Ilim,, o Fy K where W, =
(W1, .., w,,,). We then take Fj, K as our neighborhood basis.

If /1 is any harmonic function on K we know

h|9FWmK=Mwm"'Mwlh|6Ks (71)

where
500 2 2 1 21 2
Mi=%12 2 1| M,={0 5 0], My=%il1 2 2| (7.2)
21 2 1 2 2 0 0 5

Inverting (7.1), we obtain
h|6K=M;]1 "’M;m1h|aFWmK- (7.3)

Thus we can use (7.1) to “zoom in” and (7.3) to “zoom out” on harmonic
functions. The form of (7.1) fits exactly the theory of products of random
matrices, while the multiplications in (7.3) are in the reverse order. Before
using this theory, however, we want to factor out by the constant functions.
We choose a 2-dimensional space of harmonic functions (for example,
functions with mean value zero, which is equivalent to /(vy) + A(v,) +
h(v;) =0) complementary to the constants. There is no way to do this so
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that the mappings h— (hlg ) F ;1 (represented by the matrices M)
preserve this subspace, nor can we preserve the symmetry under permuta-
tions. Since each matrix M; has eigenvalues 1, 3/5, 1/5, with the eigenvalue
1 corresponding to the constant functions, we are left after reduction by
three 2 x2 matrices Mj with eigenvalues 3/5, 1/5, and the set of these
matrices has no nontrivial invariant subspaces. The specific choice of basis
(1, —1,0) and (0, 1, —1) leads to the specific matrices

_ 31 - 2 -1 - 1 0
M1=§<0 1>, Mz=§<_1 2>3 M3=§<1 3>- (7-4)

Now given a continuous function defined in a neighborhood of a generic
point x, we define a first order tangent at x as the harmonic function / on
K, if it exists, that is the limit of harmonic functions #,, defined by

/- |5FWmK:f|aFWmK- (7.5)

Of course the convergence of /,, to & only depends on the convergence of
h,,|sx- The continuity of f and (7.5) imply that lim,, _, ., /,,(x) = f(x). This
means that the tangent 4, if it exists, must lie in the 2-dimensional affine
subspace of harmonic functions satisfying 4(x) = f(x).

Now assume that f'edom(4,). Then from (7.5) we know

(h =15, x=O(5™). (7.6)
By substituting (7.6) for m and m — 1 we obtain
(N _hm—1)|FWmK: oi5™"). (7.7)

Since #,,—h,,_, is harmonic, we have (7.1) holding for h=h,,—h,,_,.
Now the theory of products of random matrices tells us that there are
2 indices, which we denote o, a_, associated with independent random
choice of M,, M,, M, with equal probability. Since these matrices have
determinant 3/25, the indices satisfy

o, 0 =3/25 (7.8)
and
a_ <. /3/5<a,. (7.9)

According to theorems of Furstenberg [Fu] and Oseledec [CKM, O],
with probability one there exists a nonzero vector u_ such that

- _ 1 if w=
lim rn‘loglem~--Mwlu|={og“‘ Bou=a- g0

m — o0

log o, otherwise
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(the values log « , and log a_ are called Lyapunov indices). The vector u _
depends on x but the values of « ., a_ do not.

We are grateful to Divakar Viswanath for the computer assisted proof of
the next lemma.

LEMMA 7.1. We have the bounds
0.67 —log 5<loga, <0.725 —log 5. (7.11)

Proof. A well-known formula of Furstenberg [ Fu] gives

3
log «, =Exp, <§ Y log |A~4ju|>, (7.12)
Jj=1

where the expectation is taken with respect to an invariant measure for the
random matrices acting on unit 2-vectors. While it is difficult to compute
this measure exactly, we can obtain upper and lower bounds for log o,
simply by taking upper and lower bounds of the integrand. We actually
need to do this for the set of 3* matrices consisting of all k-fold products
of M,, M,, M, with equal probabilities. This system has the same Lyapunov
exponents and invariant measure, but the integrand

1

3 3
3 Y o log|M; - M, ul (7.13)
A=

Je=1

has less variability (see [ BL, V]). The estimate (7.11) was obtained by a
computer calculation of upper and lower bounds for (7.13) with k= 10.
Q.ED

THEOREM 7.2. For a generic point x, and any fedom(4,), the tangent
T.(f) at x exists, and in fact

172 = T1(f)] oo = O((5(2_—£)) ™) (7.14)
for any ¢>0.

Proof. For a generic point x (independent of the choice of ), we may
deduce from (7.7) that

172y = Py 1]l oo = O((5(2_—£)) ™) (7.15)

for any £ >0. From (7.8) and the upper bound in (7.11) we have a_ > 1/5,
hence (7.15) is a geometric convergence rate and so the tangent / exists,
and (7.14) holds. Q.ED

Next we consider the approximation properties of the tangent.
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THEOREM 7.3. At a generic point x, for any fedom(4,), we have
(f =T\ DIE, x=O0B") (7.16)
provided
B>y /5u_. (7.17)

Proof. Write T,(f)=h. In view of (7.6), it suffices to estimate
(h—h,)|F, k- We again use (7.10) to obtain this information from the

global estimate (7.14), and from the behavior at the point x, where A(x) =
f(x) and so, by (7.6)

h(x) —h,,(x) = O(5~™). (7.18)

Of course h( )—h,,(x) 1s just a convex combination of the values
W Fy vi) = hy(Fy vi), k=1, 2,3 on the boundary of 0Fy, K. From (7.14)
and (7.10) we obtain

W Fy, vi) =h(Fy, v7) = (hy(Fy, 08) = hp(Fyy v,)) = O(f™) (7.19)

provided (7.17) holds. This implies (7.16). Q.E.D

Lemma 7.4. For a generic point x, any harmonic function h satisfying
hlp, x=O(B") for some f <o _ (7.20)

must vanish identically.

Proof. This follows immediately from (7.10). Q.ED

COROLLARY 7.5. For a generic point x and fedom(4,), the tangent
T\(f) is the unique harmonic function satisfying the estimate (7.16) if we
take p close enough to o /So_

Proof. If a, /Se_ <o_ then we can choose f in between to satisfy both
f<o_ and (7.17). But by (7.8) this is equivalent to the estimate

o, <3235, (7.21)

and the upper bound in (7.11) is better (3 log 3 ~0.7324081 > 0.725). Thus
the difference between two harmonic functions satisfying (7.16) for such S
would satisfy (7.20) and hence be zero. Q.ED

It should also be possible to define tangents of order k for functions in
dom(A/’j) and obtain improved decay in the estimate (7.16). One way to do
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this would be to take the limit as m — oo of k-harmonic functions 4,
which satisfy

Aihm,k|aFWmK: A£f|6FWmK (7.22)

for all j < k.

On the other hand, it is not clear how to extend the ideas presented in
this section to very many other fractals. One of the difficulties is that we
often don’t have the analog of (7.3), because the matrices M, that arise are
not all invertible (the ones corresponding to mappings F; that fix a boundary
point are always invertible, however). This is already the case for the
hexagasket.

8. HOLDER ESTIMATES

As an appendix to this paper, we establish the Holder estimates for
functions in the domain of the Laplacian. We first prove the estimates for
harmonic functions, and then show that functions in the domain of the
Laplacian enjoy the same property. For the first part we will need an
additional assumption on the matrices M; that represent the map /1 —
(A K, x)oF j‘l for all F; in the ifs., not just the ones that fix a boundary
vertex. The identity

h|6FjK:Mjh|6K (8-1)

defines M;. Write
Eo(u) =Y Dyu,—u;)? (8.2)
k,¢

for the energy form on VW, that defines the harmonic structure. The self-
similar identity for &, is

o)=Y 1 o M), (8.3)

J

HyroTtHESIS 8.1.  Assume
Eo( M ju) <3 o). (8.4)

Remark. A slightly weaker statement is shown to be true in general
in [T2].
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In terms of energy of harmonic functions, (8.3) becomes

g(hsh)zzrj_lg(hh:jKon—lah|FjKOFj_1) (8.5)

J

and (8.4) becomes
ﬁ(h|F/,KoF]f1,h|FjKon*1)<r]?(§”‘(h,h) (8.6)

(in fact (8.5) holds for all functions). For 1< j<N,, when F; fixes the
vertex v;, then r; is the second eigenvalue of M; which shows that (8.4) is
sharp, becoming an equality if u is an eigenvector (M;u =r;u).

LEMMmA 8.2. Under the dihedral-3 symmetry assumption of Section 6,
(8.4) holds for j=1,2, 3.

Proof. 1In this case

o)=Y (1, u,)?

J k
and
1 0 0
M=|1—a—b a b
l—a—b b a

with a+b <1, and r;=a+b. Thus
Eo(Myu) = (a(u; —uy) +b(u; —uz))> + (a—b)* (uy —us)?
+ (a(us —uy) + b(uy —uy))?
=(a®+b*)(u; — uy)* + (u; —u3)* + (a —b)* (uy — uz)?
+4ab(u; —u,)(uy —us)
and the desired estimate follows from
dab(uy —u,)(uy —us) < 2ab((uy —uy)* + (u; —us)?).

The same argument works for M, and M. Q.E.D

The significance of Hypothesis 8.1 is for the other matrices M;. It is easy
to verify that it holds for Examples (ii) and (iii) in Section 6. In fact, we do
not know any examples where Hypothesis 8.1 does not hold.
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THEOREM 8.3. Assume Hypothesis 8.1. Then
lh(x)=h(y)| <er, if x, yeF,K (8.7)

for any harmonic function h and any word w, where the constant ¢ may be
taken to be a multiple of | h| ..

Proof. By the maximum principle it suffices to prove (8.7) for x and y
on the boundary of F, K. Now the energy form &, annihilates only the
constant vectors, so there is an estimate

|t —u,| < cbou)'? (8.8)
for some constant ¢. So
|h(F,,vi) —h(F,v,)| < CG@O(M@FWK) <cry,éo(hlok)

by repeated use of (8.4), and of course &,(%|,x) can be bounded by a multiple
of ] o- Q.ED

THEOREM 8.4. Let u be a self-similar measure. If (8.7) holds for every
harmonic function, then it holds for every function in dom(4,,).

Proof. 1f fedom(4,) and £ is the harmonic function taking the same
boundary values as f, then

f(X)—h(X)=fG(x, z) &(2) du(z) (89)

for g =4, 1. Since h satisfies (8.7) by assumption, it suffices to verify it for
f—h. Since g is bounded, this amounts to showing

[16(x, 2) = G(p, 2)l dutz) < er,y (8.10)

for x, ye F,,K. By the form of (8.10) it suffices to show this for x and y on
the boundary of F, K.

Now we use a formula of Kigami for the Green’s function [Ki2]. For
x€O0F,K,

w1

G(x, z) ZZ <15(F_1 F;llx,F;nl-nF_lz), (8.11)

where @ is a continuous piecewise harmonic function (harmonic on each
cell F;K), and the summand in zero unless ze F,, --- F,, K. More precisely,
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® is a linear combination of products ,(x) Y ,(z) where \, are piecewise
harmonic, and hence satisty (8.7). So, for x, yeF,, ---F,, K,
|P(x, 2) = D(y, z)| <cry -

Wi

and also

OF - Folx Fol Folz)

—@(F ;! --~F;lly,F;1 L Foln)<er

wy Ty -

Wn 41 m

When we substitute this estimate to estimate |G(x,z)— G(y,z)| using
(8.11), each summand is of the order r,,. This is not quite enough, since it
produces an estimate mr,, with the extraneous factor of m. We can eliminate
this, however, when we estimate the integral in (8.10), since for each fixed
z not all summands will be present. More precisely, if n(z) is the largest
value of n for which zeF, ---F, K, then the sum in (8.11) stops at
n=n(z). Thus we have

[16(x, 2) = Gy, )l dutz) < er,, [ n(z) datz).

But it is easy to see that

[n)duz) < S w(F,, - FoK)
n=0

and this is uniformly bounded for any self-similar measure. This proves (8.10).
QED
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