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1 INTRODUCTION

In this paper we wish to show how some techniques based on a Sturm comparison theorem
for the differential equation associated with the Schwarzian derivative can be used to study
two problems. First, to estimate the quasisymmetry quotient of a function in terms of bounds
on its Schwarzian. Here, the bounds on the Schwarzian are much like those one finds in the
theory of univalent functions, and the result is a sufficient condition for a function to be
quasisymmetric. This is discussed in Section 3. Second, to study how much mappings of
an interval distort distances in the hyperbolic metric. These results are Schwarz-Pick type
lemmas and are discussed in Section 4. Apart from the differential equations arguments
there are interesting issues having to do with smoothness. In Section 5 we combine the
estimates for hyperbolic distances with those for quasisymmetry quotients to obtain a result
expressing a quasisymmetric function of the type we have been considering as a composition
of functions whose quasisymmetry quotients are arbitrarily close to 1. Finally, in Section
6 we construct some examples to show that there is no obvious necessary condition for a
function to be quasisymmetric corresponding to the sufficient conditions in Section 3.

We work with real valued functions of a real variable. Let f:I — R be an increas-
ing homeomorphism, where [ is an open interval that may be the whole real line. The
quasisymmetry quotient of f is

fl@+h)— f(z)
f(x) = f(z —h)
for z,x + h,x — h € I. The function is called quasisymmetric if kf(z,h) is bounded below

away from zero and above away from oo. Because of kf(x, —h) = kf(z,h)™! we may assume
that h > 0 for this definition. One says that f is k—quasisymmetric, k > 1, if

kf(x, h) = (1.1)

1
- <kf(a,h) <.

A similarity is 1-quasisymmetric, and the functions f and g = af+b, a,b € R, have kf = kg.
When f is monotonic and three times differentiable its Schwarzian derivative is

B m 1 b 2 B 3 2
si=(7) -3(7) -5 -3(F) -
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We remind the reader of the chain rule for the Schwarzian,

S(fog)=(S(f)og)y)*+ Sy, (1.3)

and the fact that Sf is identically zero if and only if f is a M6bius transformation, f(x) =
(ax +b)/(cx + d).
If u is the solution to the initial value problem

1
u" + S = 0, u(0)=1,4(0)=0, (1.4)

on an interval containing the origin, and

then Sf = p and f(0) =0, f(0) = 1, f”(0) = 0. For brevity we say that a function f with
these values at the origin is normalized. This normalization, and the question of when a
function can or cannot be normalized, is important in our work. To explain a little more,
we can first achieve f(0) = 0 and f’(0) = 1 using only affine transformations, which affect
neither the Schwarzian nor the quasisymmetry quotient of f. The further (parabolic) M6bius
transformation

fr=f/(1+asf), as = (1/2)f"(0)

will then obtain (f7)”(0) = 0. We will be normalizing in this way very frequently, so we will
often use the dagger notation for the normalized function. However this last transformation,
which still does not affect the Schwarzian though it does change the quasisymmetry quotient,
will allow fT to become unbounded if there is a point xg where f(x) tends to the value —1/ay
as r — xg. We treat this question in Section 2.

For applications to quasisymmetric functions, where in general no smoothness is required
beyond continuity, we would naturally like to relax the conditions needed on a function to
define its Schwarzian. For instance, by the Rademacher-Stepanov theorem, if f is of class
&) then Sf is defined a.e. by the formula (1.2). While one would like to define a still
‘weaker’ Schwarzian, the class C’lg’cl does comes up in our work in two ways. First, for
the initial value problem (1.4) one can easily prove existence, uniqueness and the relevant
comparison theorem when the coefficient p is in L;J,., in which case the solution u will be C’lé’cl
and f will be C’lg’cl. This is done in Section 2; probably one can do better here. Second, and
to us more surprising, is that Clg’cl is the degree of smoothness that is implied by controlling
the amount of distance distortion in the hyperbolic metric. This regularity result in turn
implies a compactness theorem in C’lg’cl for the space of functions whose Schwarzians are
bounded in the hyperbolic metric.

Here briefly is a summary statement of our main results, with more complete definitions,
statements, and additional results in the later sections. We let d;(z,y) be the hyperbolic
distance between x and y in an interval J. For constants 0 <r < 1,1 < s < oo, F, and G,
are the normalized functions on I = (—1,1) with

2(1 —r?)

SF.(z) = A=) SGy(z) =

—2(s* — 1)
(1—a2)?



These functions respectively decrease and increase the hyperbolic distance on I by the con-
stant factors of r and s. They are also extremals for bounding the Schwarzian and the
quasisymmetry quotient.

Theorem Let f:I — R be a non-constant, increasing function. Suppose there are numbers
0<r<1andl<s < oo such that for every open subinterval J C I

dp,(n(Fr(2), Fo(y)) < dpon(f (@), f(y) < da, ) (Gs(x), Gs(y)) (1.5)
for all x,y € J. Then f € Cy22(I) and
SG, < Sf < SF, a.c.. (1.6)

Conversely, if f € C\2:(I) and (1.6) holds then so does (1.5). The set of normalized func-
tions satisfying either of these conditions is a compact family in C122 (I) of k(r, s)— quasisym-

metric functions, with
s 2= 25 1
k = - — — 5.
(r,s) . max{Qr 1 91 }

The compactness here is in the topology of local uniform convergence of a sequence of
functions together with the sequences of first and second derivatives, and weak* convergence
of the third derivatives as elements of L.

We remark that smooth quasisymmetric functions have not been of primary interest in
the subject, certainly as far as their relations to quasiconformal mappings and Teichmiiller
theory go, where totally singular functions are the rule. However, the Schwarzian, expanding
and contracting maps, quasisymmetry, and questions of smoothness have also all played a
role in one-dimensional dynamics. See the important papers [4], [12] by de Melo-van Strien
and by Sullivan, to cite some recent work. For example, in [12] and [10] it is proved that
a map of an interval is locally bi-Lipschitz in the hyperbolic metric if and only if it is of
class C1+Zvemund  Algo in their paper [6] Gardiner and Sullivan study some cases when
their symmetric quasisymmetric functions are C'. Our interest in the Schwarzian has come
from univalent functions, and the present paper follows up on work in [2], [3]. Though the
amount of smoothness we require here may still not be satisfactory, the arguments seemed to
be worth developing. We feel this is so partly because the differential equations arguments
work so naturally and involve the explicit and interesting extremal functions, and partly
because we do not use quasiconformal extensions. For both of these reasons the estimates
are elementary and fairly precise.

We refer to the book by O. Lehto [9] for an excellent account of just about all of the
background material that is needed, as well as to the paper [3] for some of the results in
Section 2.



2 WEAK SCHWARZIANS AND BOUNDS ON f FROM S'f

For the following discussion we suppose that functions are defined on the interval (—1,1).
As mentioned above, if f € C’lg’cl(—l, 1) then Sf is defined a.e. and can be regarded as an
element of L)5.(—1,1). A technical remark may be in order here. A function whose derivative
exists a.e. is not necessarily absolutely continuous of course, but a function with a ‘weak
derivative’, as in the theory of distributions, is. For functions in C%!', f” is absolutely
continuous and so f"” is its weak derivative in whatever setting one is working. Thus there
is some justification for calling Sf a ‘weak Schwarzian” when we start with f in C’lgbl. This
will come up in Section 4 where in one instance we are able to define S f almost everywhere
for a C! function with a log convex derivative.

To bring in the differential equation, we now have:

Theorem 1 Let p € Lix.(—1,1). There is a unique solution u € Cj3}(—1,1) of
1
u” + Shu= 0 ae, u(0)=1,4(0)=0. (2.1)

If

then f € C122(—1,1), as long as u # 0, and Sf =p a.c..

This may be standard, but for completeness we sketch a proof based on a fixed point
method. We piece together solutions on small intervals, so we need to solve the equation
in a neighborhood of any point zy with any initial conditions u(z) = a, u'(z¢) = b. Let
xg € (—1,1) and for 0 < € < 1, small, let J be the centered interval (zo — €, ¢ + €), which
we assume is compactly contained in (—1,1). Let

X = {¢ S Cl’l(‘]) : gzﬁ(xo) =0, Qb,(l’o) = b}7

and let T': X — X be defined by T'¢ = 1) where
, 1 = a [*
V) =b—5 [ wo)s)ds— 3 [ p(s)ds. (2:2)
2 ) 2 xo
X is a complete metric space with the usual norm on C1(J), and we claim that T is a
contraction provided e is sufficiently small.

FiI'St, if T¢1 = ¢1 and T¢2 = ¢2 then lel — 1/}2/“00 S (6/2)‘|pHoo,j’|¢1 — ¢2H00 Next,
since 1/)1<I0) = ¢2(£L’0) = O, this 1mphes that ||1/11 — ¢2Hoo S (62/2)||p||007j‘|¢1 — ¢2||oo <
(€/2)||p]]so. 7|1 — P2||oo- Finally, it also follows from the definition of 7" that the Lipschitz
constant for 11" — 1" is at most (€/2)||p||w0.7]|01 — ¢2||oo. Hence

Y1 — 2

11 < (3¢/2)[|plloo, 7lld1 = dalloe < (3€¢/2)[[pl]oc, 7101 — @2lf11 -



Therefore T' has a unique fixed point if € < 2/(3||p||s.7). If ¢ is that fixed point then
u = a + ¢ is the solution to

u” + ;pu =0, u(zg)=a,u(xg)=0b
on J.

This solves the equation on small intervals with initial data at the center points. Starting
with an interval around zero with the initial conditions u(0) = 1, %/(0) = 0 we can piece
together a Clé’cl solution on (—1,1) by covering any given compact set with enough such
intervals so that adjacent overlapping intervals contain each others centers. (The estimates
for the size of the intervals, the €’s, can be made uniform in terms of ||p||o on a slightly larger
compact set.) The remaining assertions in the statement of the Theorem are immediate.

The version of the Sturm comparison theorem that we need may be stated as follows.
We consider the two initial value problems

u' +pu=0,ae u(0)=1 4(0)=0,pe L0,1),

and
V' +qu=0,ae v(0)=1(0)=0,qe Lig[0,1).

Suppose ¢ > p. By this we mean that the integral of ¢ — p against smooth, non-negative
functions of compact support in (—1,1) is non-negative. Then v > v until the first zero of
v. The proof follows the classical case almost word for word. Consider w = uv’ — vu’, which
is Lipschitz (locally), and then use that w' = (p — ¢)uv is < 0 as an element of L13.[0,1)
provided uv > 0 to get w decreasing.

After these generalities we now want to discuss the specific types of bounds and com-
parisons we will be using. The goal is to obtain bounds on a function from bounds on
its Schwarzian. All of our subsequent work is based on this. The results stated below are
from [3], where the notation was different and the setting was analytic functions in the disk.
Nothing is required here beyond the comparison theorem as stated above. In fact, working
with functions which are not analytic allows much more flexibility in constructing examples
based upon the differential equation, as we shall see in Section 6.

Let r and s be two constants with 0 <7 <1 and 1 < s < 00. Define

R P o )l ) A R0 R U ) e ki)
r(l4+z)"+ (1 —2a)r s(I+x)+(1—2)s

As a function of x the behavior is different when the parameter is less than or greater than
one, so we prefer to use two names for the function. F, is concave up on (0, 1) and concave
down on (—1,0) while the reverse is true for Gs. F, and G, are odd and are normalized at
the origin. They fit together alternately on (—1,0] and [0, 1) to give C? functions on (—1,1)
that do not change concavity. To maintain the distinction between the two functions we
write the Schwarzians as

2(1 —r?)

SF(z) = =22 SGs(x) =

—2(s* — 1)
(1P



Notice that with the F, we have functions whose Schwarzians are positive but are always
less than 2/(1 — z?)?, while with the G, the Schwarzians can be as negative as we please.
These functions are ‘extremal’ for many of the problems we shall study. Here we stress
only the basic estimates that depend on the Schwarzian, and the question of normalizing.
Some of their other properties will be elaborated in Sections 3 and 4.
Suppose that f is a Cloca increasing, normalized function on (—1,1) whose Schwarzian
satisfies the bounds

SG, < Sf<SF. (2.3)

n (—1,1). Again, when we write such an inequality between Lig;, functions, which we will
be doing frequently, we mean for it to hold in the distributional sense, as we explained in
connection with Sturm comparison theorem. That theorem gives upper and lower bounds

for u = (f/)"/2 on [0,1) in terms of v = (F!)"? and w = (G;)"*/* which lead to

Gi(x) < f'(x) < Fi(x),
Ga(x) < flz) < Fo(x),

for € [0,1). For inequalities on (—1,0] we define g(z) = —f(—=z), which has Sg(z) =
S f(—z), and apply the above bounds to g for x > 0. Since F,. and Gy are odd one then finds
that (2.5) is replaced by

Fufw) < f(x) < Gy(a), (2.6)

for x € (—1,0], while (2.4) continues to hold, as is, on (—1,0]. Two consequences of (2.5)
and (2.6) that we will often use are

I/s < f(1) < 1/r, (2.7)
—Ir < f(=1) < -1/s. (2:8)

As for cases of equality we only need a fairly weak statement, that if f agrees with
one of the extremals F,., G4 at an endpoint +1 then it must agree with the corresponding
function on the half interval [0, £1]. This follows easily from integrating the inequalities on
the derivatives (F,/ and G/ are integrable).

An interesting issue associated with these estimates is that of the normalization; when is
it possible to normalize and what happens if it is not possible? First, a normalized function
satisfying even just the upper bound

Sf < SF, (2.9)

will be subject to
[f(@)] < |F(2)] (2.10)

on all of (—1,1), from (2.5) and (2.6) above. It will therefore be bounded on [—1, 1] by £1/r.
Suppose f is not normalized but satisfies (2.9). As explained in the Introduction, we may
assume that f(0) = 0, f(0) = 1 and then normalize to get the second derivative to vanish
at the origin by defining

fr=Ff/A+asf), as = (1/2)f"(0),
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at the expense of possibly introducing a singularity if there is a point xzy € [—1, 1] where
f(x) tends to the value —1/ay as ¥ — xo. Now, fT also satisfies (2.9) and so it will satisfy
(2.10) on (—|xg|, |7o|). But since F,(x) is bounded on [—1,1], fT cannot become unbounded
as © — txy. We conclude that any f satisfying (2.9) can be normalized and will then be
subject to the bounds (2.10) on [—1,1]. In fact, the argument shows that —1/ay lies in the
complement of the closure of the range of f.

Finally, if f is normalized and satisfies the lower bound

SG, < SY, (2.11)
then f will satisfy
|Gs(2)] < |f ()] (2.12)

on (—1,1). If f is not normalized but satisfies (2.11) then it may not be possible to normalize
further by defining fT without introducing a singularity. fT will satisfy (2.12) as far as it is
regular. In any case, a function with f(0) = 0, f’(0) = 1, whose Schwarzian has this lower
bound will be subject to the coefficient inequality

las] < s. (2.13)

This follows because even if fT is not regular on all of (—1, 1), its range will always cover the
interval (—1/s,1/s), and f = f1/(1 — ayf") is regular.

Remark 1 For later applications we also need versions of these estimates for functions on
an interval (—R, R), with the same normalization at the origin. The new extremals are

Fi(e) = RE(F), Gula) = RG(F),
with 9 9 9/ 9
SE,(z) = w, SG(z) = _(ZRIE(—W
If we replace (2.3) by R R
SG, < Sf < SF, (2.14)

for a normalized function f on (—R, R), then all the discussion above goes through with
F, and G replacing F, and G, respectively. For example, the inequalities (2.7), (2.8) are
replaced by
Rfs < f(R) < R/r, (2.15)
—R/r < f(-R) < —R/s. (2.16)
The coefficient bound (2.13) is replaced by |as| < s/R.
We could also translate the origin and formulate the results for intervals centered at a

point z(; this amounts to a trivial change. It is not so easy to give clean statements when
the normalization is not at the center of the interval. This point comes up in Section 5.



3 SUFFICIENT CONDITIONS FOR QUASISYMMETRY

The differential equation (1.4) for the Schwarzian and the estimates that come from it
are well suited to studying the quasisymmetry quotient. Consider the identity

"

fath) -~ f@) [ </: 70 dt) W

2

@)= fle=h) /:hexp </:];,(t)dt> dy |

Observe that the variable of integration y is greater than x on the top and less than x on
the bottom. Thus an upper bound for f”/f’ will simultaneously bound the numerator from
above and the denominator from below. A lower bound for f”/f" will do the reverse. This
is the basis for the following Lemma.

kf(x,h) =

(3.1)

Lemma 1 Suppose the Clg’cl function f is normalized and satisfies SGy < Sf < SF,. on
((;1]’]“1())’3 x —h < x then

kGs(x,h) < kf(x,h) < kF.(x,h). (3.2)
(i) If v <x+ h <0 then

kE.(z,h) < kf(x,h) < kG4(x,h). (3.3)
(111) If v — h < 0 < z then

Gs(x + h) — Gs(x)

F,
<k h) < 3.4
Gu@) = Fa—h) =M@ < g G m—n) (3.4)
() If © <0< x+ h then
Gs(x+h) — F.(x) F.(x 4+ h) — Gs(x)
<k h) < . 3.5
P = R —h) =@ s e e (8:5)
Proof. As in Section 2, let v and v be the solutions of the initial value problems
1
u” + i(Sf)u =0, u(0) =1, «/(0) =0, (3.6)
1
V" + §<SFT)U =0, v(0) =1, 2'(0) =0, (3.7)
where the first equation is meant to hold a.e.. Note first that
f// ul FT// ,U/
U = —2—. .
7 v . (3.8)



Using the differential equations and the right hand inequality in (3.2) we have
1
(v —w') = §(SFT — Sf)uv >0,

and hence v/'v — uv’ > 0 because of the initial conditions. In other words

ul /

—2— < 2% ono,1), (3.9)

- v

since u and v are positive. As promised, we can now conclude that

/x T exp (—2 / “;/(t) dt) dy
o)
/z . <—2 / yi’;(t) dt) dy
P (o)

as long as 0 < x — h. This proves the right hand inequality in (3.2). For the left hand
inequality we let w be the solution to

kf(z,h) =

= kF,(z,h), (3.10)

1
w4 5(SGs)w =0, w(0) = 1, w'(0) = 0, (3.11)

and we find, in the same manner as above, that

/ /
2% > 2" on0,1). (3.12)
u w
This leads to the lower bound kf > kG, in (3.5) and completes the proof of Part (i).

The inequalities in Part (ii) follow from those in (3.2) of Part (i). For y € [0,1) let
g(y) = —f(—y). Then g is increasing, normalized and S¢(y) = Sf(—y). Hence kG4(y,h) <
kg(y,h) < kF,(y, h) when y—h > 0. But now, it is easy to check that kg(y, h) = kf(—y, h)™!,
and also that kF,.(y, h) = kF,.(—y,h)"! and kG4(y, h) = kG4(—y, h)~!, the latter two identi-
ties holding because F,. and G are odd. Flipping the inequalities, and the hypotheses, and
writing x for —y, we obtain (3.3).

For the proof of the inequalities (3.4) in Part (iii) we have to mix the estimates for u’/u
on either side of 0. We treat the numerator and denominator of (3.1) separately. To do this
we have available in addition to (3.9) and (3.12), and for the same reasons, the two bounds

!/ /

U w
—2— < —-2— -1,0 3.13
<o on (-1,0) (313)
and . )
U v
—2— > —2— —1,0]. 3.14
> 2% o (-1,0 (3.1



Suppose that * —h < 0 < z. Since x + h >z > 0 we find from (3.9) that
, z+h Y
foem =1 = o[ e (-2 i) a

< fla) /:Jrh exp (—2 /zy Zl(t) dt) dy
= P@p@? {Fe+h) - F)}. (3.15)
Next, to estimate f(x) — f(x — h) from below we write
f(x) = flz—h) =

() {/zo_hexp (-2/:1;/@) dt—Q/OyZ,(t) dt) dy+ [“exp (—2/:2‘:@) dt) dy}.

In the first exponentiated integral we use (3.9), in the second we use (3.13), and in the third
we use (3.9). This, with v(0) = w(0) = 1 and F,.(0) = G4(0) = 0, gives
0 T
fla=n=f@) > f@fe@? [ oy +oe? [T ) dy)
= fl(2)v(x)? {F.(z) — Gs(x —h)}. (3.16)
Combining (3.15) with (3.16) we obtain

F.(x+h) — F.(x)
Fr(x) - Gs('r - h)

kf(z,h) <

The proof of the lower bound in (3.4) follows along the same lines. First, using (3.12) we
obtain the lower bound

fl@+h) = fz) = f(@)w(@){Gs(z + h) — G(2)}.

Next, splitting the integrals again in a way that makes it possible to apply (3.12), (3.14) and
(3.12) yields the upper bound

f@) = flz = h) < f(@)w(@){Gs(z) — F(z = h)}.

Combining these gives the lower bound for kf(x,h) in (3.4).

This proves Part (iii) of the Lemma. Fortunately, we can deduce the inequalities (3.5) in
Part (iv), in the case when x < 0 but « + h > 0, via the same trick we used in the proof of
Part (ii). That is, we can apply the inequalities in Part (iii) to the function g(y) = —f(—y).
Using as before the identity kg(y,h) = kf(—y,h)~! and the fact that F, and G, are odd
leads quickly from (3.4) to (3.5). This completes the proof of Lemma 1.

There is an aspect of the proof of this Lemma which we will use in Section 4. Namely,
the comparison theorem gives locally uniform bounds for | f| and for f’, with the latter being
bounded below away from zero. Hence from the bounds on f”/f" we obtain bounds for |f”|,
and then the bounds on the Schwarzian entail bounds in L5, for f”.

10



It follows from the results in [2] on quasiconformal extensions that F, and Gy are qua-
sisymmetric on (—1,1). This is not obvious because F'(z) = O((1 — 2?)"'), G.(z) =
O((1 — 2?)*7 1) as ¥ — +1. With some effort, using primarily the concavity, one can show
directly that F,. and G are k-quasisymmetric with

1-r
k= v =1 for F,, (3.17)

and 0 1
k= 51 s for Gy. (3.18)

We will not give the details of the calculations. One may thus view Parts (i) and (ii) of
Lemma 1 as stating that a normalized map having the given bounds on its Schwarzian is
k—quasisymmetric on (—1,0) and on (0,1) with

ol-r 95 1
k =max{ ——, ——
or —1 21-s
for both intervals.

Having obtained the estimates for kF, and kG in (3.17) and (3.18), it turns out to be
easier to write the inequalities (3.4), (3.5) in the second half of the Lemma in the form

giﬁ)) - ?Ej - Z)) kGy(w,h) < kf(x,h) (3.19)
D EEED
forx — h <0 <z, and
i((:fi;j)) - ?8 kFy(z,h) < kf(wh) (3.21)
< kG, py LN = G) (3.22)

Gs(x + h) - Gs(‘r>

for x <0 < z + h, and to estimate the new quantities which appear. One can show that on
the right hand sides the new quantities tend to a maximum of s/r as (z,h) — (0,1), and
that on the left they tend to a minimum of r/s as (x, h) tends to the same point. Again this
uses strongly the concavity of the individual functions and also the fact that F,. and G can
be pieced together to give smooth functions which do not change concavity at the origin.
Again, we omit the details.

We collect all these estimates together with Lemma 1 as a Theorem:

Theorem 2 Suppose the Clg’cl function f is normalized and satisfies SG, < Sf < SF, on
(—=1,1). Then f is k(r, s)—quasisymmetric with

s 2= 25 1
k(?’, 3) = TmaX{T_l, 21—8} .

11



The particular value for k is not so important, but it is important that it tends to 1 as
r,s — 1. This fact also follows from the estimates in [2].

What happens if a function satisfies SGy < Sf < SF, but is not normalized? If f(1)
or f(—1) are infinite, which could happen, then kf can tend to zero or to infinity. We
study this problem in the following way. The quasisymmetry quotient is unaffected by affine
transformations of the function, so we may continue to assume at the outset that f(0) =0
and f’(0) = 1. As explained in Section 2, the upper bound Sf < SF, allows us to normalize
further by defining fT = f/(1 + asf), as = (1/2)f”(0). The quasisymmetry quotients of f
and fT are related by

1 H4axf(r—h)

Kf 1w, h) = 1+ ayf(x+h)

kf(x,h) = qf(z,h)kf(x,h). (3.23)

Theorem 2 provides estimates for kf and we want to estimate ¢f from above and below.
We give two ways of doing this. One is by making the assumption that f(—1) and f(1)
are bounded, and the other is by restricting the size of a,. The latter actually has that f
is bounded as a consequence. We recall from (2.13) in Section 2 that we always have the
coefficient estimate |as| < s when f satisfies the lower bound SG4 < Sf.

Lemma 2 Let f € 12} (—1,1) satisfy SGs < Sf < Sf, with f(0) =0, f'(0) = 1.
(i) Suppose —oo < a = f(—1) <0< f(1) =b < o0, and let m = max{b/|a|, |a|/b}. Then
1r

——<gqf < “m. (3.24)
ms r

(1) If |ag| <7, then —oo < a= f(—1) <0< f(1) =b < oo, and

T+ |as|

7"—|(12|
<qf < .
L PN

T+ |as| ~

(3.25)

Note that the bounds in Part (ii) tend to 1 as ay — 0.

Proof. We prove Part (i) first, and we may suppose that ay # 0. Since f7(0) = f(0) =
and (f1)"(0) = f’(0) = 1 it follows that f and fT have the same sign. Hence 1 + ayf(z) >
for all . Write

0
0

1
faw—h+—
a2
qf = 1
flzx+h)+—
a2
From ] ]
a+— < fla)+—<b+—
a9 a9 a9
and
1 1 .
a+— = —(1+4af(=1)) >0, ifay>0,
a9 asg
1 1
b+ — = —(1+4af(1)) <0, ifay <0,
(05} ag

12



we have

1
a+ — b+ —
T <af <—%F, (3.26)
b+ — a+ —
a2 az
while if a9 < 0 then .
b+ — a+ —
E<qf < —F (3.27)
a+ — b+ —
a9 a9

Now write f = fT/(1 — asfT) and

b+cTQ B 1—axfT(—1)
1 1T —ayff(1)
a2

a—+

Then using the estimates for normalized functions (2.7), (2.8), that is, ff(=1) > —1/r and
fT(1) > 1/s, we have

! b
= S y
1—ayfi(1)  fH(1)
f(—-1) -1
a ar
Hence for as > 0
|al
7~ -
o =4/ o]’
while for as < 0 this is rearranged to
r b |al
Tl <gf< 28
st =7 =0

Combining these yields (3.24).

The proof of (3.25) in Part (ii) relies on differential equations. Suppose 0 < |as| < 7.
Then the value 1/asy is not attained by the function F,, so that H = F,./(1 — ayF}) is regular
on (—1,1). In fact, if v is the solution of the initial value problem

" (1 — 7,2)

v+ mv = O, U(O) = 1, /U,<O) = —dag,

then v = (H')""/2. We can apply the comparison theorem to conclude that if f satisfies
£(0) =0, f/(0) = 1, f"(0) = 2a5, and Sf(x) < 2(1 — r2)(1 — 2%) then

F,(z)

[Flo)] < [H ()| = |1_am>

13



on (—1,1). Hence

b—f<1)g1_22(2<1)—r_1a2,
a=g-nz D

T 1—aF(—1) r+ay

If again we treat separately the cases a; > 0 and as < 0 then these last inequalities combined
with (3.26) and (3.27) lead to the inequalities in (3.25), and so completes the proof of the
Lemma.

We now see that we can drop the normalization hypothesis in Theorem 2 provided we
replace it by either assumption in Lemma 2, and modify the quasisymmetry constant ac-
cordingly.

Finally, readers familiar with the role of the Schwarzian in the theory of univalent func-
tions may wonder if there is a sufficient condition for quasisymmetry in terms of f”/f’. We
raised this question for different reasons in [2], and we treat it here only briefly. There are
similarities to the situation with the Schwarzian, but there is also an interesting difference.

Let 0 <t < 1 and let L; and M; be solutions of

L 2t M, —9t
@)= -
1 — a2 M, 1— a2

on (—1,1), with L;(0) = M;(0) = 0 and L;'(0) = M,'(0) = 1. Then

L) = [ G_*g)t dy, M) = [ (;i)t dy. (3.28)

These are the extremals for bounding f”/f" corresponding to F, and G, for the Schwarzian.
They are hypergeometric functions, so we lose the elementary nature of some of the estimates.
More importantly, for t > 1, L,(1) = 400, M;(—1) = —o0, and both L; and M, fail to be
quasisymmetric, whereas this did not happen with the lower extremal G for the Schwarzian.
(However, the failure of quasisymmetry here is a little more subtle. See Remark 3 at the end
of this Section.) Thus with f”/f’, for all intents and purposes it makes sense to consider
only symmetric upper and lower bounds.

Theorem 3 If f satisfies
f// 2t
?(x) = 1— 22

(3.29)

on (—1,1) for some 0 <t < 1, then
kMy(x,h) < kf(z,h) < kL(z,h)

forx,x —h,x+h e (=1,1), h > 0. For 0 <t <1, the function f is a(t)—quasisymmetric,
where a(t) = —Ly(1)/Ly(—1).

14



Actually, the proof will show that we can give the quasisymmetry bounds for kf in terms
of either extremal function. We did not make an issue of the smoothness of f, but in the
spirit of the earlier results Clé’é would suffice.

Proof. We may assume that f(0) = 0, f/(0) = 1. First, it follows easily that f'(z) =
O((1 —x)™") as x — 1, hence f(1) < co. Similarly f(—1) > —oo. Now write

o 2tg(x)
Vi 1 —g2

where |g(x)| < 1. Next, we write the quasisymmetry quotient as
z+h Y
/ exp Qt/ 9(7) dr | dy
T z 1— T2
x y )
/ exp Zt/ 9(7) dr | dy
z—h z 1— T2

The choice ¢ = 1 both maximizes the numerator and minimizes the denominator. Hence,
using (3.28),
z+h y 1 /m+h 1 —{—y ! d
/x exp<2t/xl_7_2d7>dy_ . 71_y Y

T Y 1 - t
2 dr) d v (lty
[T s P (i

Likewise, if we choose g = —1 in (3.30) then we obtain

EMy(x,h) < kf(x,h).

()

kf(x,h) =

(3.30)

kf(z,h) < =kLi(z,h).

This proves the first part of the Theorem.
We now want to estimate kM, (x, h) and kL;(z, h). Suppose first that x > 0. Because L,
is concave up, kL;(z,h) < kL;(z,1 — x), and with some work we find that

LO)-L(O) L)
o b L =) = O L)~ R

for all 0 < ¢t < 1. Similarly, because M; is concave down, kM(z,h) > kM;(x,1 — x) for
0 < x <1, and here the result is

=at) < o

: _ M(1) — My(0) M,(1)
A 7 (0 ES VA ) R Ty

Thusfor0 <z <1
B(t) < kf(x,h) < ald).

To get bounds for kf(x,h) when z < 0 we employ the familiar trick of considering the
function g(z) = —f(—z) and applying what has already been proved. This leads to
1 1

@Skf(%h)ﬁﬁ
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for —1 < x < 0. Therefore, for all x, h

V< kf(h) < max{a(t), ——}.

min{3(t), 30

b
a(t)
But from (3.28), a(t) = 1/64(t), whence

1
— <k h) < at
7 < M) < alt)
as desired. Note that a(t) = oo for t > 1 so, as we remarked earlier, both L, and M, fail to
be quasisymmetric in this range.

Remark 2 We also need versions of results in this Section for functions on the interval
(—R, R). We also recall Remark 1 in Section 2. In Lemma 1 we need only replace F, and
Gy by E and G’S for the statement and the proof to remain otherwise unchanged. More
importantly, the bounds for kF, and kG, are the same as for kF, and kG, in (3.17) and
(3.18). The same is true for the estimates of the mixed quantities in (3.19)—(3.22). That
is, the bound for the quasisymmetry quotient in Theorem 2 will be the same for normalized
maps on (—R, R) satisfying SG, < Sf < SF,.

The situation in Lemma 2 is a little different. Again we replace F, and G, by F. and Gj.
With a = f(—R) < 0 < f(R) = b the statement in (3.24) is unchanged. For the second part
of the Lemma we make the assumption that |as| < r/R (a corresponding strengthening of
the estimate |as| < s/R). Then (3.25) is replaced by

r—|a2|R
r+|as]R ~

T+ |CL2|R

<qf < YA (3.31)

Remark 3 It is possible to refine the differential equations arguments we have used to obtain
the following result, whose proof we will not give here.

Theorem Suppose that f € C\2: (—1,1) satisfies

—oo < liminf(1 — 2?)2Sf(z) and limsup(l —2%)2Sf(x) < 2

|z|—1 |z|—1

Then either f(1) = — f(—1) = oo or else some Mdbius transformation of f is quasisymmetric
n (—1,1).

(The Schwarzian is in Ljg,. so the hypotheses have to be interpreted in the distributional
sense. For instance, to say that the limsup as * — 1 is < 2 means that there exist xy and
b < 2 such that (1 — 22)2Sf(z) < b on [x¢,1) in the distributional sense.)

This is analogous to a theorem of Gehring and Pommerenke [7] on univalent functions
with a quasiconformal extension. It has an interesting consequence for the extremal functions
L; and M, used to bound f”/f’. Taking L;, for example, we compute that

Atx — 2t2

SLi(x) = A=
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Hence the limits of (1 — 22)2SL,(z) as © — +1 are —4t — 2t at —1, and 4t — 2t* at 1, thus
> —o00 in either case. The limit at —1 is < 0 and the limit at 1 is < 2 if ¢ > 1. Since L; maps
only the endpoint +1 to infinity we see from the Theorem above that when ¢ > 1 some M6bius
transformation of L; will be quasisymmetric. A similar discussion holds for M;, getting the
same limits but at the opposite endpoints. So for ¢ > 1 the failure of quasisymmetry of the
extremals L;, M; can be eliminated via a Mobius transformation. The catch is that, unlike
the Schwarzian, the expression f”/f’ is not invariant under general Mobius transformations.
On the other hand, for ¢ = 1, Ly(x) = log(1 — )2 + =, M;y(z) = log(1 + z)? — z, and no
Mébius transformation will make these functions quasisymmetric on (—1,1).

Remark 4 The quasisymmetry quotient determines a function up to a similarity. For
suppose kf = kg. We may first apply similarity transformations to obtain f(0) = ¢g(0) =0
and f(1) = g(1) = 1, and then it is easy to show that f = g at dyadic points. This implies
f = g under only the assumption of continuity. If we allow for some differentiability the
same uniqueness statement follows quite differently from
"

(D@0 = @) (3:32)
This equation also allows one to represent f directly in terms of its quasisymmetry quotient,
though not in a particularly interesting way.

A problem which we do not address, but which has been in the background of much
of our work, is the corresponding question of existence. To what extent can one prescribe
the quasisymmetric distortion, not just the bounds, but the positive, bounded function that
measures the distortion at each point and at each scale? Allowing again for some differ-
entiability, there are several other interesting identities which the quasisymmetry quotient
must satisfy, and which might cast some shadow as necessary and sufficient conditions for
an existence theorem for continuous quasisymmetric functions. For example, one also has

(Akf)(,0) = (f<>) .

A trivial consequence (for smooth maps, at least) is that kf is harmonic if and only if f is
a similarity.

One can also get the Schwarzian derivative out of the quasisymmetry quotient. If we
change coordinates to w = x + h and v = x — h then

2

1
(ka)(u’u) = —§Sf(u).

Unfortunately we have not been able to make much use of these and other similar identities.

4  SCHWARZ-PICK LEMMAS AND C%! SMOOTHNESS

Let J be an interval (a,b). By analogy with a two dimensional disk we define

(b—a)dt
(b—1t)(t —a)

As(t)dt = 5
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to be the Poincaré metric for J, and

(y —a)(b

(x —a)(b—y)
to be the corresponding hyperbolic distance. For the Poincaré metric, \;(t) is the arithmetic
mean of the reciprocals of the distances from ¢ to the endpoints, while it is often helpful to
view the distance d;(z,y) as the logarithm of a cross-ratio. For instance the invariance of
the hyperbolic distance under Mobius transformations is a visible consequence of the latter.

We discuss this briefly at the end of this Section.
If J is the centered interval (zg — h,zo + h) then the hyperbolic metric takes the form

dy(z,y) = log (4.2)

/: () dt‘ -

hdx

Aj(z)dx = =l

(4.3)

Now let f be an increasing function. We compare the Poincaré metrics on (xg — h,zo + h)
and (f(zo — h), f(zo+ h)) and find that whenever Sf(zq) exists we can write

Arny (f(20)) f'(20)
)\J(.TO)

- és F(wo)h? + o(h?). (4.4)

For C* functions the next non-zero term would be O(h*) because the left hand side is ac-
tually even in h. Infinitesimally, a function with a negative Schwarzian therefore increases
hyperbolic distances, while a function with a positive Schwarzian decreases hyperbolic dis-
tances. This phenomenon on a global scale, much discussed in dynamics, is the subject of
this Section, and the extremal functions F, and G, are the models.

Let I be the interval (—1,1). The Moébius transformation P(x) = (1 + z)/(1 — z) is
an isometry of (I, \;dz) and the positive half-line R* with its Poincaré metric Ag+(z)dz =
dx/2x. For any o > 0 the map y = x® is a smooth, incereasing map of R™ to itself with
dy/2y = a(dx/2z). It decreases or increases hyperbolic distances on Rt when o < 1 or
a > 1, respectively. Now set ¢(x) = (1/a)(P~1(P(z)*)). Then F,(x) and G,(x) are ¢(x) for
a = r and s, respectively. Furthermore, the extremals have the stronger property of being
distance decreasing, or increasing, on all subintervals, though not by a constant amount as
they do for the whole interval. That is, if J C (—1,1) is any open subinterval then

dFr(J)(Fr(x)7 Fr(y)) S dJ(x7 y); dJ(xv y) S dGs(J)(Gs(x)7 Gs(y))

This can be checked directly, but it also has to do precisely with the Schwarzians being of
one sign.

We will have to talk about functions which are increasing or decreasing in the ordinary
sense along with functions which increase or decrease hyperbolic distances. To keep this
straight with as few words as possible, we will refer to the latter properties as expanding or
contracting. Observe that if f is contracting then f~! is expanding on the range of f, and
vice-versa.

We start with some Schwarz-Pick type inequalities, in an infinitesimal form, under the
assumption that the function is C’lg’cl.

18



Lemma 3 Let [ = (—1,1) and let f:1 — R be an increasing C\2} function. Let J C I be
an open interval in 1.

(a) If SGs < S < SF, then
rAr(x) < Xy (f(2)) fl(z) < shi(z), z € 1. (4.5)

Equality at a single point in either inequality in (4.5) implies that f is a Mdbius conjugation
of the corresponding extremal F, or Gj.

(b) Sf <0 on I if and only if A\j(x) < Ay (f(2))f'(x), € J, for all J. If equality holds
at a single point in the latter inequality then f is a Mdbius transformation on J.

(c) Sf >0 on I if and only if Npsy(f(x))f'(x) < Xj(2), x € J, for all J. If equality holds

at a single point in the latter inequality then f is a Mobius transformation on J.

The fact that functions with a positive (negative) Schwarzian are contracting (expanding)
in the hyperbolic metric is due to de Melo and van Strien [4] using cross-ratio. We thought
it was worthwhile to give a different proof in the present context, especially because the
differential equations argument we use also gives the case of equality.

Proof. For Part (a) we first show that

r < A (F(0)f(0) < s. (4.6)

As always, we may assume that f(0) = 0, f/(0) = 1 without changing (4.6) and we may
further normalize to the function fT = f/(1+ayf), with ay = (1/2)f"(0), without introducing
any singularities. Since Mobius transformations are hyperbolic isometries it then suffices to
show that

in order to deduce (4.6).
Let fi(—=1) =a < 0 < fT(1) = b. Then from (4.3) we get

)\fT([)(O) = =

The inequalities (2.7) and (2.8) now give

from which we obtain (4.7). If equality holds in (4.7) in either inequality this forces both a
and b to have the corresponding extreme value. This implies that fT is the same extremal
function on each interval (—1,0], [0,1).

The general result (4.5) at a point zo € (—1, 1) follows by considering y = (z + zo)/(1 +
zoz) and h(z) = f(y). Then (1 —2?)2Sh(z) = (1 —y*)2Sf(y). Therefore r < Ay (0)g'(0) <

s, while also
Ah([)(h(o))h/(o) = )\h(I)(f(IO))f/(xO)(l - 51302) = Af(l)(f(ﬂfo))f,(iﬂo)(l - 3502)-
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The case of equality stated in Part (a) also follows, since if equality holds in (4.5) at some
point zy we can precompose f with a Mobius transformation of the interval to itself to
assume that the point is 0, and then apply the previous argument.

To prove Part (b) we first show that if Sf <0 on I then

Ar(@) < Apn(f(2) f(2), = € 1.

Because the Schwarzian is negative we can define fT, as above, without introducing a sin-
gularity. As in Part (a) it is then enough to show that 1 < Ap;)(0), where Mgt (0) is
given by (4.8). This follows from (2.10) with r = 1, according to which ¢ > —1 and b < 1.
Furthermore Ayt (;)(0) = 1 if and only if b = —a = 1, which can only happen if fTis the
identity, hence f is Mobius. We get the expanding property on a subinterval J, and also the
case of equality, by considering f o ¢, where ¢ is an affine map of I to J. This proves the
sufficiency in Part (b). The necessity follows from (4.4).

Part (c) follows easily from Part (b) by considering f~!. It is also possible to give a
direct proof along the lines of Part (b), with the complication that when Sf is only bounded
below one cannot normalize without possibly introducing a singularity. Thus it is necessary
to distinguish a number of cases, and we will not give this version of the proof.

We have one further comment about Parts (b) and (c¢). Though we have not been able
to formulate a general statement, it seems that the property of a function being contracting
or expanding has to do with the Schwarzian being ‘mostly’ of one sign on an interval. For
example, the function f(r) = 2® + z has Sf(x) = 6(1 — 622)/(1 + 3z%)2, hence Sf(z) > 0
if and only if 22 < 1/6. So for certain f is contracting as a map from J to f(J) where J is
any subinterval of (—1/4/6,1/v/6). However, one can check that f is still contracting as a
map from (—1/2,1/2) to (=5/8,5/8) (f(1/2) =5/8), though it will be ezpanding on small
intervals contained in (—1/2,1/2) near the endpoints since the Schwarzian will be negative
between +1/v/6 and 41/2.

Corollary 1 Let f:1 — R be an increasing Clg’cl function. Then SGy < Sf < SF, on I if
and only if

A () (Fr (@) B () < Mgy (f () () < Aay() (Ga(2)) G (=), (4.9)

x € J, for all open subintervals J C I. If equality holds at a single point in either inequality
in (4.9) then f is the corresponding extremal function on J up to a Mdébius transformation

of J.

This follows from Parts (b) and (c) of the Lemma via the chain rule for the Schwarzian
(1.3) applied to the compositions fF,~* and fG,~".

We next have two Lemmas implying degrees of smoothness of functions on (—1,1) when
the change in hyperbolic distance is controlled. In the first we ask that the function be
contracting in the same strong sense as the extremal F}, i.e., that it be contracting on
all subintervals. In the second, it is the version of (4.9) for hyperbolic distances, not the
infinitessimal statement in terms of the metric, that is the key to proving C?! smoothness.
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Lemma 4 Let f:1 — R be an increasing function. Suppose that for every open subinterval
JCI

di)(f(2), f(y)) < dy(z,y) (4.10)
for all x,y € J. Then f is C* on I. If f'(x) = 0 for any x then f is constant, otherwise f’
is never zero and log f’ is a convex function.

Proof. It is easy to see that f is continuous on I. We show that it is differentiable there.
Let -1 <a<x<b<1andletJ=(ab). From (4.2), given € > 0 there is a ¢ > 0 such
that

dy(z,y) < (1+e)As(@)|lz —yl,

and
dyy(f(x), f(y) = (L= )Apn (f ()] f () = fy)l,
provided |z — y| < §. This yields the following upper bound for the difference quotient at x:

f@) = fy)| o 1+e b—a [f(b) = [f(z) fx) - f(a)

T —y “1—ef(b)—f(x) b—=x r—a
Taking the limsup as y — x and then letting ¢ — 0 we conclude that
< b—a  fO)=f)f(@)— fla)
— fb)—fla) b-—=x r—a

Now fix @ and z and let b — z from the right along any sequence. Then (4.11) implies
together with the continuity of f that

D" f(x)

(4.11)

+ o f(0) — f(x)
D f(x)ghmmfbi.

b—azt —
Similarly,
D* f(z) <liminf o) = fa) :
a—x~ Tr—a

It follows that all the limits are the same and hence that f’(x) exists. Thus (4.11) holds
with f/(z) in place of DT f(x).
Next, writing down the hyperbolic distances from (4.2), the condition (4.10) with a <

r<y<bis
fb) = £(2) fw) ~ f() _b—wy—a
fO) = fly) fl@) = fla) " b—yz—a’

(4.12)

which we rewrite as

fb) = fy) f&) = fla) _ f(b) = f(z) fly) = f(a)
b—y r—a b—=x y—a

Knowing that f is differentiable we can let + — a,y — b to obtain

rsia = (MG =10) (413
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The inequalities (4.13) and (4.11) for f’ together show that f is C', lower semicontinuity
following from the former and upper semicontinuity from the latter. Equality in (4.13) for
all a,b characterizes Mobius tranformations. Also from (4.13), if f’(z¢) = 0 at any point zg
then f is constant, so we now assume that f’ > 0.
We next show that log f’ is convex. Taking the logarithm in (4.13) we get
f(0) — f(a)

;(log J'(0) +log f'(a)) 2 log = — ==,

and so we need to verify that

log f(b; : (]:(a) > log f' <a ; b) .

But from (4.11)

() b ro-1(%57) £(*50) -

and we bound the right hand side from above by exactly (f(b) — f(a))/(b — a) on applying
the inequality between the arithmetic and geometric means to the numerators of the last
two factors. This completes the proof.

Corollary 2 If f satisfies the hypotheses of Lemma 4 and is not constant, then Sf exists
as a locally L' function and Sf(x) > 0 wherever it is defined.

Proof. According to Lemma 4 log f’ is convex. From general facts on convex functions (see,
for example [5]) one knows that (log ') = f”/f" will be an increasing function with at most
a countable number of jump discontinuities. By Lebesgue’s theorem (f”/f") exists a.e. in
I and is measurable, and so the same goes for Sf. It follows from the distance decreasing
property and (4.4) that Sf(zo) > 0 at a point zy where it exists. Sf is locally integrable

because .
y fl/ f// f//
[(£) wa<fn-Lo. (414
This proves the Corollary, but we have a few additional comments. See Remark 7 at the end
of this Section.

Next, we find that the smoothness improves if along with a function being contracting we
ask that the amount by which it contracts be regulated from below by the extremal function
F..

Lemma 5 Let f:I — R be a non-constant, increasing function. Suppose there is a number
0 <r <1 such that for every open subinterval J C I

dp, () (Fr (), B (y)) < dpoy (F(2), f(y) < dylz,y) (4.15)
for all z,y € J. Then f € C\2.(I) and Sf > 0.
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The heart of the proof is to manipulate f by composing it with the extremals or their
inverses. We can do this most easily, without worrying about domains, if we rescale the
extremals to rF, and sGg so that they map (—1,1) onto itself. This affects neither the
Schwarzian nor any hyperbolic distances. There are some other advantages to this, for if we

write
1+=x

11—z

®,(z) = P (P(z)*) with Px=

(4.16)

as we did to see the expanding and contracting properties of F, and G, then we easily find
that

Thus for a > 0 the {®,} form a one-parameter group of mappings of I onto itself.

Proof. By Lemma 4 log f’ is a convex function. We reiterate that f”/f" is therefore a
continuous, increasing function in the complement of a countable set in I, and at points in
this countable set log f’ has a left hand and right hand derivative with the former being
smaller than the latter. At a jump of f”/f’ the left-hand limit is equal to the left-hand
derivative of log f’ and similarly from the right side.

Let zg be a point where f”/f" has a presumed jump discontinuity. Without loss of
generality we may assume that xqg = 0. Furthermore, since the hypotheses are unaffected by
a compositon T'f with a Mobius transformation we may ‘partially normalize’ f and assume
that f(0) = 0, f/(0) = 1 and that the left hand derivative D(log f')(07) = 0. Then the
right hand derivative D(log f')(0") will be non-negative. This may introduce a singularity
somewhere in the interval, but we will be working only in a neighborhood of the origin. To
show that a jump in the second derivative cannot occur we bound the change in f”/f" at
points on either side of the origin.

We now bring in the rescaled extremals (4.16), ®, = rF,, &; = sGs. The hypothesis is
the same with ®, in place of F.. We form f®,~' = f®, s = 1/r, which is a hyperbolically
expanding function. Consider also ®3(z) = 22/(1 + 2?). One easily checks that ®," /P, is
decresing on I, and because ®5"(0) = 0 we have

@2// @2//
— <0<
@2/ (y) — 0 —_ @2/

(z) (4.18)

when 2 < 0 < y. The function f = f®,, is more expanding than ®,, and we want to show
that the property (4.18) of ®,"/®,’ is also shared by f”/f', wherever it exists, at least near
the origin.

For this, write @, = hf, where h = ®,~' f~! = &, f~!. Then h is contracting and

log @y’ = (logh') o f +log f". (4.19)

Since the extremals have zero second derivative at the origin, it follows from (4.19) that the
left hand derivative of logh’ at x = 0 is 0, and because h is contracting, we conclude again
from Lemma 3 that, wherever it exists,

(@) <0< ——(y), (4.20)



for z < 0 < y near zero, opposite to (4.18). But (4.18), (4.19) and (4.20), along with the
fact that f is increasing and f(0) = 0, are exactly what we need to conclude that, whenever
it exists,

"
Ew<o< L), (4:21)

when x < 0 < y are near zero.
We get bounds for the change in f”/f’ on either side of zero directly from this. First,

JE// f// P,
f/ f, 2s 25 + (I),Qs
wherever f”/f" exists. Thus (4.21) implies
f// f// @// s @// s
0< 5 (@a(y)0,(y) = (@a(0)@ho(0) < =) = =), (422)

for ¥ < 0 < y near zero, wherever f”/f" exists. The intermediate map ®o, is smooth, so
(4.22) shows that in fact no jump can occur in f”/f" at 0. Thus f”/f’ exists and is continuous
at 0. Furthermore, (4.22) also shows that the difference quotient of f”/f” at 0 is bounded
by (®"95/P'25)'(0).

Finally, an increasing function with bounded difference quotient at each point of an
interval must be Lipschitz on compact subsets. Hence f € C)2(I). We now know that
Sf(zx) exists a.e. in I. The fact that Sf > 0 again follows from (4.4) using the fact that f
is contracting on every subinterval. This completes the proof.

Corollary 3 Let f: I — R be a non-constant, increasing function. Suppose there is a
number 1 < s < oo such that for every open subinterval J C I

dy(x,y) < dj(f(2), [(y)) < ds(Gs(x), Gs(y)) (4.23)
for all z,y € J. Then f € C\2:(I) and Sf < 0.

The smoothness assertion follows from the preceding Lemma by considering fG, " if we
rescale, then G, ' is an F,.. The Schwarzian is negative this time because f is expanding on
each subinterval.

Incidentally, the function ®9(z) = 22/(1 + z?) in the proof of Lemma 4 is (aside from
the factor 2) the Koebe function x/(1 — x)? normalized to have second derivative zero at the
origin. Other extremals with negative Schwarzian, s > 1, would work to get the property
(4.18) near the origin, which was crucial to getting the argument started. For using

H./ / 1/®. 2
S — (P - S
<@5,> S S+ 2 <®5,> ’

it follows from the normalization ®,”(0) = 0 that

(I)s// / )
((DS,) (0) = SP,(0) = —2(s2 — 1) < 0.
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We used the Koebe function mostly for sentimental reasons. Also, the proof actually gives a
more general result, namely that we can change the qualifiers and allow r and s to depend
on the subinterval J. We have not been able to make any particular use of the stronger
versions.

As a consequence of the preceding work we can now prove:

Theorem 4 Let f: I — R be a non-constant, increasing function. Suppose there are
numbers 0 <r <1 and 1 < s < oo such that for every open subinterval J C I

dp, () (Fr(x), B (y)) < dpoy (f(2), f(y)) < da.0)(Gs(2), Gs(y)) (4.24)
for all z,y € J. Then f € Cy22(I) and
SG, < Sf < SF,. (4.25)
Conversely, if f € C\22(I) and (4.25) holds then so does (4.24).

Note that we are not assuming that f is normalized. We can also add that if equality
holds in (4.24), in either inequality, for a single pair of points x, y on a given interval .J, then
f is the corresponding extremal on J up to a Mobius transformation of J. For if, say,

() (Fr(2), 2 (y)) = dgoy (f(2), F(y),

then we find that
dFr(J)(Fr(x)a FT(Z)) = df(J)(f(x)v f(Z))

for all x < z <y. This implies that equality holds at x at the infinitessimal level, and hence
f = F, on J up to a Mobius transformation by Corollary 1.

Proof. Again it is more convenient to work with the rescaled extremals, so we suppose
first that f satisfies (4.24) with ®,, & in place of F,, G5. Then using (4.17) the map
g=fo, ' = f®1/s satisfies

o, (1) (Prs(2), Prys(y)) < doiry(9(2), 9(y)) < ds(z,y).

By Lemma 5 the function g € O\ (I) with Sg > 0. Hence f € C12(I) as well, and by the
chain rule for the Schwarzian, (1.3), Sf > S®, = SG,. Similarly, by forming h = f®,; ! and
applying Corollary 3 we get that Sf < SF,.

The converse, in infinitessimal form, has already appeared as Corollary 1. This completes
the proof.

Combining Theorems 2 and 4 we see that a normalized function satisfying the inequalities
(4.24) is quasisymmetric with constant provided by Theorem 2. This seems to be difficult
to show, with any constant, without going through the Schwarzian.

One would expect a compactness result to go along with the regularity theorem above.
Let S(r,s) be the set of increasing, C’lg’cl functions f on [ with SG, < Sf < SF, and let
SN (r,s) be the subset of S(r,s) of normalized functions. The topology we use on Ci2 (1),
and on S(r,s), SN(r,s) is the metric space topology on C?(I) and the weak* topology on
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Lige(I). We recall that the former comes from the family of seminorms for an exhaustion of
I by compact sets (the sup norms of f, f’, f” on compact sets), and the latter (measuring
the local Lipschitz constants by the L> norm of f” on compact sets) amounts to saying that

gn — g, weak®, if
/ gn® — / g9
I I

for all ¢ € L*(I) of compact support. See, e.g. [13].

Theorem 5 Let 0 < r < 1, 1 < s < co. SN(r,s) is compact in Ci2 (I). Let {f.} be a
sequence S(r,s) and suppose that the sequence {f,(0)} converges and that for some point
p # 0 that the sequence {f.(p)} is bounded. Then a subsequence of {f.} converges in the
C’lg’cl topology to a function f which is either constant or an element of S(r,s). Under the
stronger assumption that { f,} converges locally uniformly on I to a function f we have that
either f is constant or that f € S(r,s) and the full sequence {f,} converges in C\2} to f.

Proof. To save notation, anytime we pass from a sequence to a subsequence, which we shall
have to do several times, we will use the same indices for each. Let {f,} be a sequence in
SN (r,s). From the inequalities (2.4)—(2.6) derived from the comparison theorem, we get
uniform bounds for |f,| and uniform bounds above and below for f,’ on any compact set.
Hence from the Arzela-Ascoli theorem there is a subsequence and a function f € C°(I) with
fn — f locally uniformly on I. Now note that with the bounds for f,” we see as in the
proof of Lemma 1, (3.8), (3.9), (3.12), (3.13), (3.14), that we also get local uniform bounds
for | f,” / f.'| and therefore for |f,”|. Hence for another subsequence f,” — f’. In particular
f(0) =0 and f’(0) = 1. The limit function f’ is subject to the same locally uniform, upper
and lower bounds as the f,’, and hence is a non-constant, increasing function on I. From
Theorem 4, the functions f,, all satisfy (4.24) and therefore so too does the limit function
f. The same Theorem then implies that f € C)2¢ (I) with SG, < Sf < SF,, so already we
know that f € S(r, s).

We want to get convergence in the full topology and the normalization for the second
derivative. For this, with SG, < Sf,, < SF, and the above, we also have local uniform
bounds for the L norm of f,,”". Passing to another subsequence we then get f,” — f”
locally uniformly, and pruning further still we obtain a weak* convergent subsequence of
the third derivatives with f,” — f”, weak®, by the Banach-Alaoglu theorem applied on
the compact sets in an exhaustion of /. Finally, f”(0) = 0 from the convergence of the
second derivatives. Hence SN (r,s) is compact in the C)2. topology. (With a little more
involved argument it is actually possible to circumvent the use of Theorem 4 in the proof of
compactness, but it is not as natural.)

For the second part of the Theorem, let {f,} be a sequence in S(r,s) and assume that
fn(0) converges and that {f,(p)} is bounded. By working with f, — f,(0) we may also
assume that all f,,(0) = 0. Let

1 fn//
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Note that since SGs < Sf,,, it follows from (2.13) that the ¢, are all < s in absolute value.
Form the normalized sequence

T fn . bnfnJr
Jo' = by + Cnfn (f”_ 1—cnf,j>’ (4.26)

in SN (r,s).

First, we claim that for each compact set K there is a d > 0 so that 1 — cnfnT(x) >d
for all z € K. Certainly 1 — ¢, f,'(z) > 0 for all # € I because it is equal to 1 at 2 = 0
and f, and f,' have the same sign. If the claim is false then there is a compact set K,
a sequence of points {x,} in K converging to a point o # 0 in K, and a subsequence
(same notation) with 1 — ¢, f,'(2,) — 0. Since the ¢, are bounded we may also extract a
convergent subsequence, say ¢, — ¢. Now, the f,! are in SN (r, s) which is compact, so with
one more subsequence we can obtain 1 — ¢, f,' — 1 — ¢g, in Clg’cl, for a g € SN (r,s), with
1 —cuful(zn) = 1 —cg(zo) = 0. So ¢ # 0, and since ¢ is increasing we can take an z to the
left or right of g, depending on the sign of ¢, to get 1 —cg(x) < —e < 0. But then eventually
1 — cofy'(x) < 0 and this is a contradiction.

Next, suppose that some subsequence b, — oo. Working at the point p, for a suitable
convergent subsequence of the f," and the ¢, we would have from (4.26) that f,'(p) —
g(p) = 0, since f,(p) is bounded. But p # 0 by assumption and g € SN (r,s) vanishes
only at zero. This contradiction shows that the sequence of derivatives b, = f,,'(0) must be
bounded.

If a subsequence b, — 0 then, since 1 — ¢, fnT is bounded below away from zero on any
compact set, it follows that f,, tends locally uniformly to the constant 0, and in fact in
O since the f,' together with their first, second and third (a.e.) derivatives are locally
uniformly bounded.

Now, suppose a subsequence of the b, has a non-zero limit b. Again we may assume
that a subsequence of the ¢, converges to ¢, and a further subsequence of the f, converges
in Clg’cl, to conclude again from (4.26) that a subsequence of the f, converge in C’lg’cl to a
function f. This time f is in S(r,s) with f’(0) = b and f”(0) = 2bc. This settles the first
claims of the ‘near compactness’ of S(r,s).

Finally, consider the stronger assumption that {f,} converges to a function f locally
uniformly on I. We can again assume that all f,,(0) = 0 and follow the preceding argument
through. But now we can also deduce, first of all, that the full sequence {b,} must have
a limit. For different accumulation points lead to mutually exclusive conclusions about the
limit function f; either that f = 0 or that f’(0) = b > 0. When the limit of the b, is b > 0
then any accumulation point ¢ of the ¢, gives f”(0) = 2bc, so again the ¢, must also have a
limit.

We now claim that the full sequence {f,} must converge to f in C}2}. This is clear if
b, — 0, in which case f = 0, for the same reasons as above. If b, — b > 0 then ¢, — ¢ and
if g is any accumulation point of {f,'} in C1%} then

b
f===,
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from (4.26). In other words, ¢ is unique, and g = fT. It follows that the full sequence of
the f,,! must be converging in Clg’cl and the same is then true of the f,,. This completes the
proof.

Remark 5 One can easily state ‘conformally invariant’ versions of these results. One case we
shall need in the next Section is when f is defined on I = (—R, R). Then A\;(z) = R/(R*—x?)
and, referring to Remark 1 in Section 2, Part (a) of Lemma 3 reads

Sés <Sf < SFT implies
PA(E) < A (F@)f (@) < shi(a). (4.27)

We could also translate the center of the interval, and with corresponding translations of F.
and G the statement would look the same.

Remark 6 The inequality (4.12) in the proof of Lemma 4 expresses a distortion of the

cross-ratio
X1 — T3 T2 — T4

(x17I27x37x4) - )
Ty — Ty X2 — XT3

namely,
(f (@), f(y), [(b), f(a)) < (z,y,b,a),

for a < © < y < b. That Lemma dealt with contracting maps (and so with positive
Schwarzian). Other authors have obtained and used similar distortions of the cross-ratio
when Sf < 0, notably Singer in [11], and De Melo and van Strien in [4]. See also the
papers of Sullivan [12] and Guckenheimer [8]. The most general form of the relationship
(4.4) between the Schwarzian and the distortion of cross-ratio is in Ahlfors [1].

Remark 7 These comments are an addendum to Lemma 4 and Corollary 2 on the C!
smoothness of contracting functions. Recall that such a function f has a log convex deriva-
tive, so that f”/f’ is an increasing function with at most a countable number of jump
discontinuities. It is certainly possible for jumps to occur, so whatever extra smoothness
might still follow from the hypotheses one cannot get up to C?. For an example of this we
piece together the Mobius transformations f(z) = x for —1 < 2 < 0 and f(z) = z/(1 — x)
for 0 < x < 1. Then f”(z) jumps by 2 at z = 0. The function is a hyperbolic isometry
on subintervals of (—1,1) not containing the origin, and it is easy to check that it decreases
hyperbolic distances on all subintervals containing the origin.

It is likely that this sort of construction can be extended to get more jump discontinuities,
but we would like to be able to say more about the properties of contracting functions away
from the jumps. First note that f”/f’ will be absolutely continuous if and only if it has no
jumps and equality holds in (4.14). So, as we remarked at the beginning of Section 2, one
should perhaps not refer to Sf as a ‘weak Schwarzian” without these latter conditions also
holding. But might it be that a contracting function has f”/f" absolutely continuous on
the complement of a discrete set of points where it does have positive jumps? We do not
know, but in trying to understand this question we were led to construct ‘virtual Mobius
transformations’. These are C? functions f with a third derivative a.e., with Sf = 0 wherever
it exists, but with f”/f" not absolutely continuous. Briefly, the construction goes as follows.
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Let ¢ be a continuous, increasing function on (—1,1) with supremum < 1/2 and with
¢ = 0 a.e.. It is easy to see that the operator

(Tg)(x) = ale) + 5 [ o0 de

maps the closed unit ball in C°(—1, 1) into itself, and if we restrict functions g € C°(—1,1)
to [—¢,c], 0 < ¢ < 1it is contracting. We thus get a fixed point for each such compact subset.
The functions agree on their common domains by uniqueness, and thus define a continuous
function h on (—1,1) such that

hz) = q(z) +; JRORE

Then h is a continuous, increasing function with

1
I 12
h—2h

almost everywhere. Now let f be a solution to f”/f’ = h. Then f is C?, f”/f’ is increasing
but not absolutely continuous, and Sf = 0 a.e.. This completes the construction. Such a
function cannot be a hyperbolic isometry unless it is an honest Mobius transformation (this
follows from invariance of cross-ratio), but we do not know whether it can be contracting in
the hyperbolic metric.

5 FACTORING QUASISYMMETRIC MAPS VIA THE SCHWARZIAN

In this Section we want to show how one may apply the results of the previous two Sections
to prove that a function satisfying the usual upper and lower bounds on its Schwarzian can be
factored as a compositon of maps whose quasisymmetry quotients are arbitrarily close to one.
Compare the statements to this end in [9] on pages 36 and 89 for quasisymmetric mappings of
the line. That theorem is based on quasiconformal extensions and a decomposition theorem
for quasiconformal maps.

We state the result for normalized functions on (—1,1).

Theorem 6 Let f be a normalized C\2} function with SG, < Sf < SF, on (—1,1).
Given any € > 0 there exists a number N depending on €,r and s, Mobius transformations
Ty,...,Tn_1, and C’lg’cl functions hy, ..., hy such that

(i) f=Ty - Tn_1hy--hy.

(i) All maps in the composition have quasisymmetry quotients bounded between 1 — € and
1 + € on their domains.

One can take N = O(% log %), where the implied constant depends on r and s.

Proof. The proof is an iterative construction. We describe the plan in general terms first.
Let Iy = (—1,1) and write f; for f. By solving a differential equation and appealing to
the chain rule for the Schwarzian, we would like to produce a map h; defined on I, with
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quasisymmetry quotient close to 1, that will take a fraction of Sf; away from f;. That
is, for fy = flhl_l the bounds for Sfy on Iy = hy(I;) will have improved over those for
S fi1 on I, meaning that both the upper and lower bounds will have moved closer to zero.
We will have written f = f; = foh; and we can try to repeat the procedure with fy in
place of fi, and so on. We cannot do this quite so simply. For f; to replace f; = f in
the argument it must be a normalized function defined on a centered interval (meaning,
centered at the origin). We can and will make I, = hy(I;) centered, but hy and fo will not
be normalized. We can still bound kh;, but we pay the price of keeping track of a term ghq,
via Lemma 2 in Section 3. Next, it is not fo» = fihi ' that should replace f; in order to
iterate the construction, but rather it is the normalized function f»' that we need. The extra
Mobius transformation required to renormalize is the source of the T”s in the statement of
the Theorem; f = fi = foh1 = T1fo'hi. Again, we pay the price of keeping track of a ¢T}
along with kf»'. The choice of N depends on several conditions which will come up in the
course of the proof. We proceed to the details.
To begin with, for the estimates we have to make it is convenient to write

p1:1—7”2, 0'1:82—1.

Thus the main hypothesis is
=201\ < Sfi < 2p1Af

Let g, be the normalized solution to Sg; = (1/n)S f1, where n > 1 is a positive number
depending on €, r and s to be chosen later. Let a = ¢;(—1) < 0 < ¢1(1) = b. In general,
(a,b) will not be centered. If we define hy by

hl g1 171 1
—pf=—" hy=—2  wh ) = — ( >

then Iy = hy(—1,1) = hy(I;) will be a bounded, centered interval provided that hy is regular.
To address this we estimate ay(hy). Using (2.7), (2.8) we have,
< b < —

1 1
V1+o1/n V1 —p1/n
—1 —1
—< a4 < ———.
1—pi/n V14 o/n

las(hy)| < ;(\/1+01/n—\/1—p1/n). (5.1)

Next, because the map g; satisfies

It follows that

2p1 1
[ —
So(e) < n (1—a2)?’

by (2.10) it will not attain the value —1/as(h;), and hence hy will be regular, if
las(hn)| < /1 — pi/n, ie., if \/1+01/n < 3y/1— pi/n. (5.2)
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With a given p; and oy this last inequality holds if n > (o1 + 9p;1)/8. For this (preliminary)
choice of n we can conclude that hi([;) is the centered interval I, = (—Rsy, Ry), where
Ry = 2ab/(a — b). Note that R, satisfies

\/l—pl/n§é§\/1+01/n. (5.3)

Next, we estimate the quasisymmetry quotient kh; = (qhy) kg, by appealing to Theo-
erem 2 for kg; and to Lemma 2 for ¢h;. For the latter, it is more convenient to use the
second set of inequlities (3.25) since we have already chosen n in (5.2) so that the hypothesis
‘laz] < 7’ holds. This gives

3\/1—p1/n—\/1+01/n < gy < \/1+01/n+\/1—p1/n
\/1+01/n+\/1—,01/n 3\/1—p1/n—\/1+01/n

In terms of p; and oy the estimate for kg; from Theorem 2 is complicated to write down.

(5.4)

Recall, however, that it does tend to 1 as, in this case, /1 — p1/n and /1 + o1 /n tend to
1, that is, as n — oo. From this and from (5.4) it is clear that we can make make kh; lie
between 1+ € for n sufficiently large, and from the explicit bounds it is not too hard to show
that n should be of the order

:0(p1+01). (5.5)

€

We now examine fo = flhl_l on Iy = hy(Iy). From the chain rule for the Schwarzian
(1.3) and the fact that Shy = S¢; = (1/n)Sf1 we compute that

1

Sf(y) = (@) 32 NOEE hi(z). (5.6)

Now, from Part (a) of Lemma 3, (4.5), in the last Section, we have

(V1= p1/n)An () < A (ha(z)h'(x) < (V1 +o1/n)A(2).

Using this in (5.6) leads to

—20977, < Sfa < 2pa)7 (5.7)
where 1 1
n — n —
= = . 5.8
P2 n—plpl’ 02 n+0101 ( )

The bounds on the Schwarzian have improved because
P2 < p1 and 09 < 07. (59)

Now, f, is not normalized, but rather f>(0) = 0, f2'(0) = 1 and f,"(0) = —h,"(0) =
—2as(h1). Hence the normalized function is

fo

_ -1
= o) o T fa,

AR

31



where T} is the Mobius transformation

Ty ()

. T
N 1+ ag(hl)x ‘

Since the bounds for S f; have improved, f, does not assume the value 1/ay(hy) and fol is
therefore regular on 5. It also satisfies (5.7) because the Schwarzians are the same.
We have now written

f = T1f2Th1

where f,' is a normalized function on the centered interval I, = hi(I1) = (—Ra, Ry) whose
Schwarzian has the bounds given for Sfs in (5.7), and where kh; is between 1 £ € on I;.
To complete this step of the construction we have to estimate the quasisymmetry quotient
kT} on ng(Ig). For this we observe that the identity map is a normalization of 77, that is
id=T," = T1 /(1 — ay(h1)T}), and hence 1 = (¢T1)(kT}) from (3.23). We cannot estimate g7}
using Lemma 2 because fQT(IQ) is not necessarily centered. However, we can work directly
i 1+ as(h)(a — 1)
Ao\ N1 )(T —

qTi(z, h) = T o) @t h) (5.10)
The length of f,(I) is at most 2Ry/+/T — py from (5.7) and (2.15), (2.16). Also, because
h >0 and x — h, x + h lie in the interval we see that x & h can contribute up to half this, or
+Ry/+/T — p2, to the numerator and denominator. If n is large, Ry is close to 1, from (5.3),
and ps < p; from (5.8) (for any n). Finally, as(hy) tends to 0, from (5.1). It follows that
for n sufficiently large kT} lies between 1 + €. In fact, one can show that n should again be
of the size in (5.5). We make a choice of n, of this order, so all the requirements above are
satisfied.

(These last estimates are exactly where we have used the hypothesis that f = f; is
normalized. If not, but still with f1(0) = 0, f,'(0) = 1, then we would have f,"(0) =
f1"(0) — hy"(0), so the estimates for kT; would depend on as(f1) as well. This is not a major
complication, but in presenting the proof we felt it was easiest to deal with it separately,
after the normalized case was settled.)

We now iterate this construction. There is one thing that changes from the first to
the second step, but not after that. We must apply the versions of the earlier inequalities
et al which are for a general centered interval (—R, R), in the first instance for the interval
(—Ra, Rs). However, the results as formulated in Remark 1 in Section 2, Remark 2 in Section
3, and Remark 5 in Section 4 are such that this requires no essential modification. Most
helpfully, one sees that the choice of n in the first step works also in the second step and then
in all subsequent steps. This turns out to be so by virtue of the way the bounds improve, as
in (5.7), (5.8), and (5.9).

After j steps we will have written

f :Tl---ijTthj.-.hl. (5.11)

The h's and T"s have quasisymmetry quotients bounded by 1 +¢, and f Tj 41 is a normalized
function on the centered interval 1,4, = h;(I;) with

20517, < SfL <200 (5.12)

32



where
n—1 n—1
n—pjpj j+1 n+o,

Pi+1 = Tj - (5.13)

The choice of n is fixed in the first step and is of the order (5.5).
Starting with p1, 0y, and n, the maps
n—1 n—1

p, 0O o
n—p n+o

D (5.14)
iterate to zero. Hence after finitely many steps, say j + 1 = N in (5.11), the Schwarzian
S fx" will be so small that fx' will have quasisymmetry quotient bounded by 1 + €. We can
get rough bounds for N by approximating the maps in (5.14) by linear ones. Using that
n = O((p1 + 01)/€) one can show that N grows like
1 1
N = O( log ) ,
€ €
in terms of e. We put hy = fn' and stop at this point. This completes the proof of the

Theorem. Naturally, one can formulate the Theorem for a function on an arbitrary bounded
interval.

Recall from Section 3 that a non-normalized function f satisfying the usual bounds
on its Schwarzian will not necessarily be quasisymmetric unless we make the additional
assumption that either it is bounded or that ay = (1/2)f”(0) is small, the latter being a
stronger condition. Under either assumption, say that |f(x)| < ¢, it is straightforward to
give a corresponding factorization into functions with small quasisymmetry constants. First,
normalize f as always, writing f = V fT, Vo = 2/(1 — apz), and factor f! according to the
Theorem. Because kV might be large we break V up into Va = V™2 with

~ x

Ve = 1 — (ag/m)x’

where we have to choose m to make kV small. Let J = fT(—1,1). Then we have to estimate
kV, equivalently ¢V, on .J and its sucessive images under iterating V. As we saw in (5.10)
above, we need to know about the lengths of these intervals. But we can get uniform estimates
for ¢V for each of the V factors in V exactly because we know that f = V™ ff = VT is
bounded. We will not go through the calculations, but m can be chosen of the order O(1/¢),
where the constant depends on |as| and ¢, to make each kV lie between 1 = e.

Finally, one can combine combine Theorem 6 in this Section with the results in the last
Section on expanding and contracting functions to get a nice geometric picture. Suppose f
is a normalized C’lg’cl function satisfying SG, < Sf < SF, on [ = (—1,1). Using Theorem 1
we can find a normalized, C’lg’cl solution ¢ to the equation S¢ = max{Sf,0}. Then S¢ >0
so ¢ will be contracting, while 1) = f¢~!, having negative Schwarzian, will be expanding.
This factors f = ¢ as a composition of an expanding and contracting function, and we
would now like to apply Theorem 6 to factor ¢ and 1 further into maps of small hyperbolic
distortion (and small quasisymmetry quotient). For ¢ we have the upper and lower bounds
0 <S¢ < SF, so Theorem 6 applies directly. This gives ¢ = A¢; ... ¢n, where A is a Mobius
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transformation, which is a hyperbolic isometry, and all the factors ¢; are contracting because
they all have positive Schwarzians. Furthermore, the Schwarzians are shrinking, so it is clear
we can make each ¢; as close to a hyperbolic isometry on its domain as we please, possibly
by changing the N. Next, by Lemma 3, Part (a) appplied to ¢, we have

rAr(r) < Ageny(o(2))9' (),

so using the chain rule (1.3) for the Schwarzian we find that

—2(s* —1)

2
Xy < Sh <0,

The lower bound for for Sh on ¢(I) is worse by the factor 1/r? than the original lower bound
for Sf on I, but it is still the Schwarzian of an extremal on ¢(I). We can then invoke
Theorem 6 to factor ¢ as ¢ = B ...9¥ns, where B is Mobius and the ¢; are expanding,
but nearly isometries.

6 CONSTRUCTIONS

In this Section we prove two theorems which give examples showing some limitations to
what one might hope to be true for the relations between the Schwarzian and quasisymme-
try. For instance, though a small Schwarzian implies a small quasisymmetry constant, the
converse does not hold.

Theorem 7 There is a smooth, bi-Lipschitz function f on (—1,1) with Sf > 0 and sup(1 —
2?)2S f(x) = oo.

Proof. Once again we consider the initial value problem
u" +pu=0,u(0)=1,4(0)=0 (6.1)

on (—1,1). We will construct a smooth, non-negative function p so that

1
B <u<1, and (6.2)

sup(1 — 2%)*p(z) = oo. (6.3)
Then

satisfies 1 < f/ < 4, so it is bi-Lipschitz, and sup(1 — 22)2S f(z) = sup(1 — 2%)*p(z) = oo.
First, let p be identically zero on (—1,0]. Let (a,,b,) be a sequence of disjoint intervals

in (0,1) with a,, < b, < apy1 < ... and b, — 1. Let ¢, be a non-negative, smooth cut-off

function with maximum 1 and with compact support in (a,,b,). On each interval (a,,b,)

we set
p= n%"n(x)
(1— 22)?2
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and let p be zero elsewhere on (0, 1). The initial value problem (6.1) then makes sense. The
condition (6.3) is satisfied, as is u < 1 because p > 0 and so u is concave down on [0, 1).
We want to see that the intervals (a,,b,) can be chosen inductively so that for each n

1 1
b — 4+ — 4
u(n)>2—|—4n, (6.4)
/ 11
u'(by) TE— (6.5)

This means the following. Notice that w is affine in between the consecutive intervals (a,,, b, ).
These conditions on u at the endpoints b,, provide that the prolongation of any such straight
line segment in the graph of u intersects the line x = 1 above 1/2. Then both inequalities
in (6.2) will hold and the construction will be complete.

For this, note that

ulay) > u'(by) = u(an)+ / b u'(z) dx = u'(a,) —n / b M dz
g bno dx n(b, — a,)

> u'(an) _"/ Az 2 ) g a by

We can choose b, — a, to tend to zero so rapidly that the last term tends to zero, and
so v (a,) (= v (b,—1)) and u/(b,) are then also so close that we can satisfy (6.4) and (6.5)
inductively.

This completes the proof of the theorem. We remark that we chose the lower bound
u > 1/2 and the other numbers only to be definite. The construction can be modified to
produce an f with 1 < f’ <1+ ¢ and sup(1 — 2?)2S f(z) = oo for any € > 0.

Finally, experience may indicate that a negative Schwarzian is a good property for qua-
sisymmetry, but the next result shows that one still needs a finite lower bound.

Theorem 8 There is a smooth function f which is not quasisymmetric on (—1,1), with
Sf <0 and inf(1 — 2*)2S f(z) = —o0.

Proof. The construction is again based on the initial value problem (6.1). Let (ayn,b,) be
a sequence of disjoint intervals in (0,1) with a, < b, < ay41 < ... and b, — 1 and with
the additional property that d,, = b, — a,, < a, — b,_1. Again we start by setting p = 0 on
(—1,0]. This time we want to inductively define the function p on (—1,1) so that: (i) p <0
on (0,1) and is supported in the union of the (ay,,b,), and, (ii) if

f@) = [ @) de,
0
then given f(a,) — f(a, —d,), p is defined on (a,,b,) in such a way that

flan) = flan —6,) n

Condition (ii) makes sense inductively because w is affine off each [a,, b,]. To show that this
is possible we need a lemma.
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Lemma 6 Let xy € (0,1), let ¢ be a positive constant and let v be a solution of

= = = 0 vl > 0.0(a0) 2 0.

Then given € > 0,0 > 0 there exists cg > 0 such that

xo+0
/ v3(s)ds < €

0

for all ¢ > cy.

Proof of Lemma 6. It is clear that v(z) > v(zg) for x > zq. Write
v(r) = wv(xy) + /x v'(s)ds = v(xg) + /x {v’(mo) + /S V" (t) dt} ds
z s cy(t)
> ———=dt
> U(IO)+/QEO/360(1—t2)2d ds

> v(:po){1+c/xj/x:(1_1ﬂ>2dtds}.

This shows that given p > 0, v(x) tends uniformly to co as ¢ — oo for x > o + p. Hence,
given € > 0, 6 > 0 choose p > 0 small enough so that

ro+u 9
/ vo(s)ds < €/2,
xo
and then ¢( large enough so that for ¢ > ¢y,
1’0—‘,—5
/ v (s)ds < €/2.
To+p

This completes the proof of the Lemma.
Returning now to the proof of the Theorem, on the interval (a,,b,) we let

) = — Cn@n(x)
p(z) a-2

where ¢, is a smooth cut-off function on (a,, b,) as in the proof of the preceding Theorem. It

follows from the Lemma above, more accurately its proof, that given the difference f(a,) —
f(a, — ) there is a constant ¢, > 0 sufficiently large, and a cut-off function ¢,, such that

£0n) = fan) = [ u(5)ds < (Fan) = Flan =)

This construction defines the function p, hence f, on (—1,1). We have Sf < 0, inf(1 —
2?)?p(x) = inf(1 — 2*)2S f(z) = —o0, and inf kf(z,h) = 0.
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