QUASICONFORMAL FRAMES

JUHA HEINONEN, PEKKA PANKKA, AND KAI RAJALA

ABSTRACT. We consider n-tuples of differential 1-forms in the Euclidean
n-space that satisfy a quasiconformality condition and an asymptotic
closedness condition. We show that renormalized sequences of such tu-
ples have subsequences converging to differentials of quasiregular maps.
We then use these maps to show that the tuples carry topological infor-
mation.

1. INTRODUCTION

The study of quasiconformal or more general quasiregular mappings is a
study of solutions f = (fi,..., fn) in the Sobolev space VV&JC"(Q?R") to the
system

(1.1) (det Df () " Df(z)'Df(z) = G(x),

where GG is a measurable matrix valued function in a domain 2 in R™, n > 2,
satisfying, for some fixed 1 < K < o0,

LIel < (G()e. &) < KIeP, R,

almost everywhere in ). The general existence theory due to Morrey, Bo-
jarski, and others lends the two dimensional theory a special flavor. In
dimension n > 3, it is well known that the system (1.1) is overdetermined;
moreover, there are no known integrability conditions that would guaran-
tee the existence of solutions. See [12] for a thorough discussion on these
matters.

In this paper, we approach the existence question from the point of view
of approximative solutions, a method suggested by Sullivan [16], [17]. The
matrix field G determines a conformal structure on {2, and to a measurable
Riemannian metric in this conformal class we can associate an orthonormal
frame field p of positive orientation. This frame field, interpreted as a matrix
field, satisfies the equation

(1.2) (det p(z))">/"p(a)'p(x) = G(a).
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On the other hand, p can be naturally interpreted as a coframe of 1-forms.
In what follows, we adopt this interpretation.

To describe our a priori assumptions on the frame field p, let us consider
a quasiregular mapping f: 0 — R". The 1-forms

n
oFf:

(13) pi =df; = ld 5 1=1,...,n,

T 8acj

j=1
belong to Li! .(2) and satisfy
(QQ) " <K% (p1 A+ A p)
almost everywhere in ), where by |p| we mean the operator norm of the

matrix (p;;) = (g:{;) and by x(p1 A -+ A pp) the density of py A -+ A p,

with respect to the Euclidean volume element; x(p1 A+ -+ A p,,) coincides with
the determinant of (p;;) almost everywhere. The frame p = (p1,...,ppn) as
in (1.3) is a pullback frame f*dz of the standard Euclidean frame dr =
(dzy,...,dzy,).

In general, we call an n-tuple p = (p1,...,p,) of (Borel) measurable 1-
forms in € a measurable frame. An obvious integrability condition for such
a frame to be a pullback frame is that dp = (dp1,...,dp,) = 0 in the sense
of distributions.

We do not want to assume such a strong condition. Instead, our objective
is to study the asymptotic behavior of a frame at a point, and then find
quasiregular mappings through a blow-up or renormalization procedure.

We now define conditions on a frame that will lead to germs of quasireg-
ular mappings. Let zp € R™ We call a (nonzero) measurable frame
p = (p1,...,pn) & strong K-quasiconformal frame at xo if p is defined in
a ball B(xg,ro) about z¢ and satisfies integrability assumptions p € LP for
some p > n and dp € L4 for some g > n— 1, the quasiconformality condition
(QC), the strong doubling condition

(SD) 1 ollp,Bao,r) < CH plln,Bwors2) for every 0 <1 <o,
and the asymptotic closedness condition

d xo,Tr
TH Pllq, B(zo.r)

AC
( ) H pHn,B(mo,r)

—0 asr—0.

Here and in what follows we use the notation
_ 1/p
Kullo = (1B [ futa) da) ™.

Whereas we consider strong doubling to be a technical condition, the
asymptotic closedness is a necessary condition for the renormalization pro-
cess to produce mappings. The strongness of the frame refers to the high
integrability assumption ¢ > n — 1 of dp, see Section 2.
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Although the imposed conditions seem restrictive, the differential df =
(dfy,...,dfy) of a quasiregular mapping f: B(zg,r9) — R" is a strong quasi-
conformal frame at zg. Indeed, (QC) is the defining condition of quasiregu-
larity; that (SD) is true follows from the higher integrability of the derivative
of a quasiregular mapping and from the local doubling property [13], [1]. It
is a rather deep fact that (SD) holds for p = df. Asymptotic closedness is
obvious as dp = d*f = 0.

To describe the renormalization process, let p be a quasiconformal frame
at xg and define a mapping f, by

€T —
[z0,7]
It can be easily seen that the mapping f, need not be quasiregular in any
neighborhood of 3. However, given a sequence 0 < r; < rg tending to zero,
and maps f; defined by

p
i = | _r
[z0,z0+7;(x—z0)] HpHn,B(:co,ri)

we may pass to a subsequence converging to a quasiregular tangent map.
For the statement of the first theorem, we say that a quasiregular mapping
f:R™ = R™ is polynomial (or of polynomial type) if |f(x)| — oo as |z| —
oo; cf. [9]. The degree deg(f) of such an f is the degree of its extension
fism— s
Theorem A. Suppose that p is a strong K -quasiconformal frame at xqo, and
ri \, 0. Then each f; is continuous, and there exist a subsequence & = (m'].)
and a polynomial K-quasireqular mapping fe: R" — R" so that f;; — f¢
locally uniformly.

We denote the set of all mappings f¢ obtained in Theorem A by Z(xy, p),
and call this set the infinitesimal space of p at xg. The infinitesimal space
of a quasiregular mapping was introduced and thoroughly investigated by
Gutlyanskii, Martio, Ryazanov, and Vuorinen [5]. In particular, they estab-
lished Theorem A, as well as Theorem B below, in the case where p is a
differential of a quasiregular mapping (a closed frame). Although the infini-
tesimal space of the frame may consist of several maps, it carries topological
information on the frame as the following theorem presents.

Theorem B. Suppose that p is a strong K-quasiconformal frame at xg.
Then all mappings in Z(xq, p) have the same positive degree.

We define the index of p at xg, denoted by i(zg, p), to be the common
degree of the mappings in Z(zg, p). Our last main theorem shows that the
index of a strong quasiconformal frame is stable in the following asymptotic
sense. When p is a frame in B(z,ro), we define

)\*
op = _ P
HpHn,B(mo,r)

)
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for every 0 < r < rg, where \.(x) = z¢ + r(z — x0).

Theorem C. Suppose that p and p are strong K -quasiconformal frames at
zo and that

(14) hgl_}(r)lf ||p7“ - p~7‘||n,B(:c0,l) <g,

where € > 0 depends only on n and the datas of p and p. Then i(xg, p) =
’i(!l?(],ﬁ)-

Given Theorems A, B, and C, we obtain that, when p is a strong quasi-
conformal frame, infinitesimal solutions of Beltrami systems of type (1.2),
are quasiregular mappings of the degree determined by the infinitesimal ge-
ometry of the frame. Moreover, the space of solutions is stable under natural
perturbations.

The proof of Theorem A relies on three main ingredients. First, in Sec-
tion 3, we consider a suitable extension of the smooth Poincaré homotopy
operator. Then, in Section 4, we prove, with the aid of the results in [11],
a weak compactness theorem for quasiconformal frames. This in turn im-
plies a weak version of Theorem A for quasiconformal frames (Theorem 4.4),
where a weak convergence in L™ of differentials instead of uniform conver-
gence of mappings is concluded. In Section 5 we prove a continuity estimate
for the maps f;, which, together with the earlier results, finishes the proof of
Theorem A. Theorems B and C are then proved by combining the uniform
convergence property with methods from quasiregular mapping theory.

Although there is no formal connection, we would like to mention a recent
work of Faraco and Zhong in the conformal case of the geometric rigidity
problem of non-linear elasticity [2]; see also Friesecke, James, and Miiller [3]
and Resetnjak [14]. It is tempting to consider the geometric rigidity problem
as a question of finding such a mapping that its gradient field is a section of
a given product fiber bundle, where the fiber is a given set of matrices. In
such interpretation, the solutions to the Beltrami equation (1.1) correspond
to finding mappings having gradient fields in a bundle, where the fibers are
defined by the conformal structure G. For a more detailed discussion on the
connections between non-linear elasticity and geometric function theory, we
refer to [12, Section 1.12].

The notions of quasiconformal frames and Theorems A, B, and C gen-
eralize the theory of Cartan-Whitney presentations due to Sullivan [16],
Heinonen and Sullivan [10], and Heinonen and Keith [7]. In the theory of
Cartan-Whitney presentations, the bi-Lipschitz invariance and the branch
set of the presentation lead to applications of the local theory to the paramet-
rization and smoothability questions of Lipschitz manifolds. In the same
spirit, we initiate in Sections 8 and 9 the study of the quasi-invariance and
the branch set of quasiconformal frames. Section 9 ends with open questions
in this direction.
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Juha Heinonen passed away while this manuscript was being finished. P.P.
and K.R. dedicate this work to his memory.

2. NOTATION

Givenn > 2,0 € {0,...,n}, and a domain € in R", we denote by F(/\é ),
COO(/\Z ), and CSO(AZ Q) the spaces of measurable £-forms, smooth {-forms,
and smooth compactly supported £-forms on 2, respectively.

The Euclidean metric on € induces an inner product (-, -) in the fibers of
the exterior bundle /\E T of ¢-covectors. This is uniquely determined by
the requirement

1, I=J,
(s, duy) = { 0, otherwise,

where I = (i1,...,i¢) and J = (j1,...,je) are ordered {-tuples so that

1<y <---<iyp<nand 1 <5 <--- <jy <n,and dry and dz; are the

(-forms dx;, A --- Adx;, and dxj, A--- A dxj,, respectively. We denote the

associated norm and the Hodge star operator by |- | and by *, respectively.
The LP-norm of an /-form w € T'(A\*Q) for 1 < p < oo is defined by

1/p
lwlpa = ( [ dx) ,
9]

[@lloo,0 = esssup,eq [w(z)].

and the L°°-norm by

The space of p-integrable (-forms on © is denoted by LP(A’Q) and the
corresponding local spaces by LP (/\£ Q). We write H® for the Hausdorff

loc
s-measure and abbreviate dz = dH" for the Lebesgue n-measure. We also

use the notation
_ 1/p
Holba = (191" [ ota)p o)

for w € LP(\* Q).
The weak exterior differential of an ¢-form w € Llloc(/\f 2) is the unique
form dw € LL (AT Q), if exists, that satisfies

loc
/dw/\gp:(—l)éJrl/w/\dgo
Q Q

for every ¢ € C’(‘)X’(/\’"‘_E_l ?). We denote by Wp,q(/\g Q) the (p,q)-partial
Sobolev space of (-forms w € Lp(/\e Q) having dw € Lq(/\eJrl Q).

We endow the fibers of the product bundle (A* 7)™ with the operator
norm

&l =" sup [(&(v1,.- - 00)), -5 €01, 00)]

(v1,...,0¢)
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where £ = (&1,...,&,) is an n-tuple of ¢-covectors, and the supremum is
taken over vectors vy, ..., v, € TS satisfying > |v;|> = 1.
We call an n-tuple p = (p1, ..., pp) of (Borel) measurable 1-forms on Q a

measurable frame. We also say that a measurable frame is a W), ,-frame if
the forms p;, i = 1,...,n, belong to W), ,. We then denote

dp = (dp17 s 7dpn)

A W, frame p = (p1,...,pn) is a K-quasiconformal frame at xz if p is
defined in a ball B(xg,r¢) about xg, p > n, ¢ > n/2, and if p satisfies (QC)
and (AC) conditions together with the doubling condition
(D) olln, Bzo,r) < Cllplin,B(ao,ry2) for every 0 <7 <.

We denote by B(xzg, ) the open n-ball centered at xg € R™ of radius r > 0.
We also write B(r) = B(0,r) and B™ = B(1), for short. The corresponding
(n — 1)-spheres are denoted by S(zg,7), S(r), and S*~1, respectively.

We let C = C(a,b,...) denote a general constant that depends only on a,
b, ..., and whose value may vary from line to line.

3. THE LP-POINCARE HOMOTOPY OPERATOR

For two points a,b € R™ we denote the (oriented) line segment from a to
b by [a,b]. For a (pointwise defined) Borel measurable 1-form w we set

1
/ w::/w(a+t(b—a);b—a)dt
(a,b] 0

whenever the integral on the right exists.
The main result of this section is the following theorem on the existence
and properties of the function f,: B — R,

folw) = /H ’

in a ball B = B(xg,r) for p € W, (\' B).

Theorem 3.1. Suppose that p € 1/1/71)7(](/\1 B), B = B(xq,7), for somep >n
and g > n/2. Then there exists « = a(n,p,q) > 1 so that f, € WH(B).
Moreover,

A dfplla,s < 4 plla,s + Cr 4 dpllg,5,
where C' = C(n,a,q) > 0.

The proof of Theorem 3.1 is based on an extension of the Poincaré homo-
topy operator Ky, : C®(A\* B) — C=(A\"' B),

1
’CIOW(J';Ul, ce avf—l) = / te_lw(xo + t(ZE - $0)7$ — 20,01, .- an—l) de,
0

where w € COO(/\e B) and vy,...,v.—1 € R™ Here and in what follows,
we identify the fibers of /\1 TB with R", as usual. For brevity, we write
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K instead of Ky if B is a ball about the origin. For a smooth 1-form p on
B = B(xo,r) we have f, = Ky,p.

Remark 3.2. The operator K can be, for many purposes, replaced with
the convoluted Poincaré homotopy operator 7 : LP(A* B) — LP(A\*"! B) of
Iwaniec and Lutoborski [11]. See Section 6 for a discussion.

We note that given a Euclidean similarity map A: R” — R" we have
(3.1) ’CA(:co)p = (A_l)*lcwo (A%p)

for every smooth ¢-form p defined in a ball about A(z). In particular, for
every such 1-form,
foo A=Kz A%p.

Lemma 3.3. Suppose that w € C°(\'B) and p > n/l. Then

(3.2) H’CIOWHQ,B <Cr Hpr,B’

where a =p ifp>(n—1)/({ —1) and 1 < a < p/(n —p(l — 1)) otherwise,
and C = C(n,a,p,f) > 0.

Proof. By (3.1) we may assume that B = B(r). Given p > n/{, let a be as
in the statement. First, we have

1 o 1
Kw (@)™ < c(/o 1z |w(tz)| dt) < cw/o $E=D (1) dt

by Holder’s inequality. Next we integrate over S""!(s), 0 < s < r. By
Fubini’s theorem and change of variables y = tx,

1
/ |Kw(z)|® dH" Hz) < COs® / / 10 (t2)|* AR () dt
5"71(8) 5"71(8

- cs/tﬂ/ 2)[* dH™ () dt,
Sn—1(ts)

where § = ({ — 1)aa+ 1 — n. Then, by change of variables n = ts, the last
term equals

(3.3) o1 ﬂ/ tﬁ/sn e @@ ar

We split the rest of the proof to two cases. First, if p > (n—1)/(¢—1), then
B > 0. We estimate the t-term and use Fubini’s theorem to see that (3.3) is

bounded from above by
Cso‘_l/ lw(z)|* de.
B(s)

Thus,
1wl iy < C / a1 / )| dz ds < Cro|Jw]|2

which yields (3.2).
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Ifp<(n—-1)/(¢—1), then § <0and o« —1— 4 > 0. Thus (3.3) and
Fubini’s theorem yield

ol ey < € [ 2 [T [ ol an ) acds
’ 0 0 Sn=1(t)
< oot / 2/ w(@)|® da.
B(r)

We use Holder’s inequality

o . . b-o)p
w2 el de < e ([ far )l g,
B(r) B(r)

where v = Bp/(p — ). By our choice of «, v > —n, and so the last term is
bounded from above by

CT,a+n—na/P| |w] ‘g,B(r) 7

where C'= C(n,a,p,¢) > 0. Thus (3.2) holds. The proof is complete. [

By Lemma 3.3, and density of smooth forms in LP( /\£ B), the extension

Kao: LP(N' B) — LA\ B) is well-defined and (3.2) holds. Recall that
in the smooth case K, is a chain homotopy between identity and zero, that
is,

(3.4) w=Ky,dw + dKy,w.

We next show that this identity remains valid under suitable Sobolev regu-
larity assumptions.

Lemma 3.4. Suppose that w € Wp,q(/\é B) for some p > n/l and q >
n/({+1). Then (3.4) holds.

Proof. We may assume that B = B™. By density, there exists a sequence
(w;) of smooth forms in B™ so that w; — w in LP(A’ B") and dw; — dw in
LYAT B™). We fix € C°(A" B"). Then

[ to-kavny = [ s~ [ (cdo— Ko

+/ (wi — Kdw;,n).

The first term on the right hand side tends to zero as i — oo by the LP-
convergence, and the second by Lemma 3.3 and our choice of ¢q. For the last
term we have

| toi—kdony = [ com = [ twan— [ g

B’I’L

by (3.4), Lemma 3.3, and our choice of p. The proof is complete. O
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Proof of Theorem 3.1. We may assume that B = B(r). By Lemmas 3.3 and
3.4, Kp is integrable, and

1 dplla.5

fo— ICdea,B < HpHa,B‘i’H’Cdea,B
< M ollas +Cr ikt dpllg,s,
where C = C(n,a,q) > 0. Thus Kp € W'%(B). On the other hand,

Kp = f, almost everywhere in B by Fuglede’s lemma [4, Theorem 3(f)].
The proof is complete. U

4. WEAK COMPACTNESS OF QUASICONFORMAL FRAMES

In this section we turn to the setting of quasiconformal frames. Recall
that, given a frame p = (p1,...,pn) in a ball B = B(zg,ry), and 0 < r < 7y,
we denote \

Pr = #7

HpHn,B(mo,r)
and f, = Ky, pr. Given a sequence (r;), we denote p; = p,, and f; = Ky, pi
if there is no ambiguity.

ANz) = zo + r(x — zp),

Theorem 4.1. Suppose that p is a W), 4-frame in B(xg,r) forp > n and g >
n/2 satisfying (QC) with some K > 1 and (AC). Let r; \, 0. Then there
exist a subsequence & = (r;;) and a K-quasiregular mapping fe: B(zo,1) —
R™ such that

Pi; |B($07 1) - dff

weakly in L™.

The following two-dimensional example shows that the limit map fr need
not be quasiregular if (AC) is relaxed.

Example 4.2. We define p = (p1, p2) by p1 = x1dz1+x0dre, p2 = —x2dr1+
x1dzy. Then p satisfies (QC) with K = 1. Moreover, |dp| =1 and

d r
A dpllg.B _
Hp||2,B(r)

for every r > 0 and ¢ > 1. However, f¢(z) — fe(0) = (21/2]x|?/x'/2,0) for
every limit map f¢ in Theorem 4.1. These mappings are not quasiregular or
even discrete.

We do not know if it is possible for the map f¢ in Theorem 4.1 to be a
constant map. This is in fact equivalent to the question whether Condition
(D) follows from the other conditions in the definition of a quasiconformal
frame. That (D) is true for closed frames i.e. differentials of quasiregu-
lar mappings depends on a deep theorem of ReSetnjak: quasiregular map-
pings are branched covering maps, cf. [15]. We would need an extension of
Resetnjak’s theorem to our current setting in order to be able to show that
our maps f¢ are always nontrivial.
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The following example shows that constant maps can arise if the assump-
tion (AC) is replaced by

d xo,Tr
(4.1) tim inf - -0Pla.Bo.r)

= 0.
r—0 H p”n,B(ro,r)

Example 4.3. In this example, we consider 1-frames on R? as complex val-
ued 1-forms on C for notational brevity. This convention allows us to con-
sider the pull-back frame (f}dz1, fjidx2), where fi,: C — C is the mapping
fr(2) = 2F, as a 1-form dz*. As dzF = kzF~1dz, we have that |dz*| = k|2
Fix 1 < ¢ < 2. Let (rg) be a decreasing sequence so that rgy1/ry — 0
as k — oco. We assume for simplicity that ro = 1 and 3rp41 < ry for every
k > 1. Let {ax} be a smooth partition of unity, ¥ > 1, so that supp oy C
B(ri) \ B(rk41/2), ok = 1 on B(rg/2) \ B(rys1), and [doglloo < 4/741.
We set p to be the 1-frame

p= Zakdzk = (Z akkzk_l> dz
k=1 k=1

on B2. Clearly, p satisfies (QC) with K = 1.

To see that p satisfies (4.1), we first observe that we have the pointwise
estimate |dp| < Ck:r’kf_?’ on B(ry) \ B(ry/2) for every k, where C > 0 is a
constant. Since dp = 0 in the complement of these annuli, we have that

/ |dp|* = / |dp|* SquTIE?]i_IQ)qTI%Jrl
B(ri/2) B(rg+1)

2/q
_ T
¥ dpllg B2y < Chry 2 <%> -

and

Furthermore, we have the estimate

¥ oll2,Ber/2) = Ckry™!

for every k, where C' > 0 is a constant. Hence along the sequence (r/2) we

have "
d . q
(rk/Q)H P||q,B( £/2) <C <7’k+1> 0
1 oll2,B(r1./2) T

as k — oo. Thus p satisfies (4.1). However, p does not satisfy (AC), which
can be seen as follows. By the pointwise estimate

ldp| > C(k — 1)|2|*2|dag_1 A dz| = C(k — 1)|2|*2|dog_1|
on B(rg) \ B(ri/2), we have

[t = e[
B(ry) B(ri)\B(ry/2)
> Ok — 1) Pcap (B(ry), B(ri/2))

= C(k—- 1)qr,(€k_2)qr,z_q,
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where cap,, is the (variational) g-capacity, see [15, I1 10]. Since |p| < 2k|z|F—2

on B(ry), we have
kH dplly50r) . rkO(’“ B 1)7011;—2+(2—q)/q—2/q
folo,seryy Chri=2

for every k. Thus p does not satisfy (AC).

Let (tx) be the sequence t; = r./3 and set p, = py,. Let & = (%)
be a subsequence of (tx). We show that if there exists a mapping f €
Wh2(B2%,R?) so that p¢j|B2 — df weakly in L? then f is a constant map.

Let 0 < R < R’ < 1. Since

J R B e
B(Rry/3) B(Rry/3)

>C>0

and

2
el

v

/ dz?
B(ry/3)\B(R'r1/3)

Ck*(R'ri/3)* "D ((r1/3)* — (R're/3)°),

where C > 0 is a constant, we have that

/B(Tk/3)\B(R’Tk/3)

v

”,0”2,3 Rry, /3 ”0”2,3 Rry /3
(4.2) lloklle,pir) = B /3) < Eld) 0 ask— oo

olleseasz el Ber 3\ BR3)

Thus, if there exists f € W12(B?;R?) so that pi; — df weakly in L? then f
is a constant mapping. By (4.2), p does not satisfy (D).

As mentioned above, the doubling condition guarantees the nontriviality
of the tangent maps.

Theorem 4.4. Suppose that p is a K-quasiconformal frame at xg, and
ri \, 0. Then there exist a subsequence £ = (m'].) and a polynomial K-
quasiregular mapping fe: R™ — R™ such that

pi; — dfe
locally weakly in L™.

For the proofs of Theorems 4.1 and 4.4, we first note that

4.3 Pr N _
( ) H ||p7B( o HpHn,B(ro,r)
and

d X T
(4.4) ||dp7"||q,B(:c0,t) = C(n, q)t"/qr M

H/ pHn,B(:co,r) ’

where C'(n, s) = |B”|%_% In particular, ||p;||n B(zo,1) = 1-
The proof of Theorem 4.1 is based on the weak compactness of mappings
fp; in W19 and on the weak L"-compactness of frames satisfying (QC).
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Proposition 4.5. Let K > 1 and (p;) be a sequence of frames, bounded in
I/Vn,q(/\1 B™) for some q > n/2, converging weakly in L™ to a W, 4-frame
p = (p1,---,pn). If the frames p; satisfy Condition (QC) with K, then p
satisfies (QC) with K.

Proof. By the convexity of ¢t — t",

lil™ = |pI™ = nlp™ " (|pi| — |p])

for every ¢. Thus

[ o < n,mmf(/ o = | n|p|”—1<|pi|—\p\>>
Bn 1— 00 Bn Bn

for every n € C$°(B™). Since n|p["~' € L™= (B") and |p;| — |p| weakly
in L™, we have

(4.5) / nlpl" < limint / nlpil™ < liminf K / (P A A (pi))
Bn 11— 00 Bn 71— 00 Bn

Since ¢ > n/2, we have by compensated compactness [11, Theorem 5.1] that
@0 Jim [ welpdinsn ) = [ axlonea).
Combining (4.5) and (4.6), we have

PI" < K% (o1 A= A pn)

almost everywhere in B™. The proof is complete. O

Proof of Theorem 4.1. We may assume that the frames p; are defined in B"
and zo = 0. By (4.3), (4.4), and (AC), (p;) is bounded in W, ,. Hence
there exist a subsequence, also denoted by (7;), and a frame p in B" so that
pi — p weakly in L™. By Proposition 4.5, p satisfies (QC) with K.

Now we consider the sequence f; = Kp;. Combining Theorem 3.1, (4.3),
(4.4), and (AC) yields

t dfilla,sn < K pilla,pn + C K dpillgn < C
for some a > 1. This together with the Sobolev-Poincaré inequality shows
that (f;) = (fi— (f;)B) is a bounded sequence in W% (B™; R"), where (f;)p
is the mean value of f; in B";

a= (157 [ B [ ().

Thus, by the weak compactness of Sobolev spaces [8, Theorem 1.31], there
exist a subsequence, also denoted by (r;), and f € WhH¥(B™;R"), so that
df; — df weakly in L*. To show that f is K-quasiregular, it is now sufficient

to show that p = df.
Given n € C§°(B"), we have
/ n(pi — p)' :

/nn(df—p)' < /nn(df—dfz-) + -

/n n(dfi — pi)
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where the integrals are considered as vector valued. The first and the third
terms on the right hand side tend to zero as i tends to infinity by the weak
convergence in L* and L", respectively. To see that the second term tends
to zero, we use Lemmas 3.4 and 3.3 together with (4.3), (4.4), and (AC) to
obtain

ldfi = pilla,pn = |dCp; — pilla,Br = [|Kdpilla,Bn
A dpllgB@

< Cldpllgm = Cr
7 HpHn,B(ri)

— 0,

as 7 — 0o. Hence
| atar=p) =0

for every n € C§°(B™). If follows that df = p almost everywhere in B". The
proof is complete. O

Proof of Theorem 4.4. We assume that zop = 0, and fix k¥ € N. Then by
(D), and (4.3), the sequence (p;|B(k)) is bounded in L™. Now we can use
the proof of Theorem 4.1 to show that there exist a subsequence (r;;) and a
K-quasiregular mapping fi: B(k) — R™ so that

pi;| B(k) — df

weakly in L". By taking a diagonal subsequence (p*) we then deduce that
there exists a K-quasiregular mapping f: R™ — R" so that

pF — df

locally weakly in L".

To prove that f is polynomial, it suffices to show that 0 < ||J¢||y g2 <
C||J¢ll1, By for every 0 < r < oo, see the proof of [9, 1.5]. We fix n; and 72
in C§°(R™) so that 0 <7 <1land 0 <7y <1, 7 =1on B(r/2) and 0 in
R™\ B(r), and no = 1 on B(2r) and 0 in R™\ B(4r). Then, by [11, Theorem
5.1] and (D),

[ ell,BEr < /R neJr = lim nax (p¥ A A pE)

k—oo Jrn

< lim *(pF A= Apk) < C lim *(pF Ao A pb)
k—oo JB(4r) k—o0 JB(r/2)

< C lim nl*(PlfA"'/\PlfL):C/ mdy < Cl|J¢ll1,Ber)-
k—oo JRrn Rn

This proves the doubling property. On the other hand, if we consider r = 2

and recall that |[p*||,, g» = 1, the calculation above, combined with (QC),

shows that [|J¢|[; p(2) > 0. The proof is complete. O
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5. CONTINUITY AND THE PROOF OF THEOREM A

In this section we first return to the setting of Section 3, and prove a
Holder continuity estimate for the function f,. Together with Theorem 4.4
this leads to the proof of Theorem A. The following theorem corresponds
to the Holder continuity of W1P-functions with p > n.

Theorem 5.1. Suppose that p € Wp,q(/\l B) for somep>n andqg>n—1,
where B = B(xo,70). Then f, has a continuous representative; for every x
andy € B,

(5.1) 1)~ 1pw)] < C (I = yPllpllp + |~y dplly 5)
where C = C(n,p,q) > 0.

It is well-known that Sobolev functions in W™ need not be continuous.
Respectively, when n > 3, Theorem 5.1 is not true for 1-forms in W, ,_1 as
the following example shows.

Example 5.2. Recall that a singleton {a} C S"~! has zero (n — 1)-capacity
in S~ when n > 3; there exists u € WH"~1(8"~1) such that u € LP(S"1)
for every 1 < p < oo and |u(z)| — oo as © — e, or x — —e,,. We define a 1-
form p in B" by p(z) = u(x/|z])dz,. Then [p(x)] = [u(z/|z])| and |dp(z)| <
Clz|7YVu(z/|z|)| almost everywhere. Hence p € me_l(/\l B™) for every
1 < p < oo. However, f, is not continuous because all its representatives
are unbounded around the z,-axis.

Proof of Theorem 5.1. We may assume that B = B"™. By density and Fu-
glede’s lemma [4, Theorem 3(f)], we may assume that p is smooth. Indeed,
given a sequence of smooth forms p; converging to p in LP( /\1 B™), Fuglede’s
lemma implies that

fil@) — fily) = /[ i =) = 1)
Y,z Y,z

for every x and y in B\ E, where |E| = 0. Here f; = f,,, and from now on
we denote f = f,.

Now fix z € B™\ {0} and 0 < r < |z|/4. We may assume that z = |z|e,,.
We denote B’ = B(x,r) N B™, and fp: is the average of f in B'. We will
give an estimate for |f(z) — fp/|. By Stokes’ theorem,

1@ =t < BT [ 1@ = )l ay

-1
2 = |B| / / p—/ p+/ p—/ p
(5:2) "1/10,2] [0,y] [x,y] [x,y]
<5 | ( | o dH2> ay+ B [ ( / |p|> dy.
B \/[0,z,y] B \ Y [y,7]

dy
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The last term can be estimated by Fubini’s theorem, the change of vari-
ables, and Holder’s inequality in a standard way:

pl | dy = l Ipl(z +t(y — )y — x| dy dt
/B’ </[:v,y} ) /0 /B/
[ [ ) (2) anr1(2) du ds
0 Jo JS(z,u)nBn <U)

< O(n,p)rr' "7l pllp, .

For later use we notice that the same estimate gives

(5.3) |fBa,|zl/9nBn| < C\ml_”/ £ ()| dy < Cla*~"77|[p[p, 5.
B(5z|/4)nB"

To estimate the dp-term in (5.2) we need additional notation. We will
use the (n — 1)-balls

P (s, t) = (R"! x {se,}) N B(sep, ),
and their boundaries
T 2(s,t) = (R™! x {se,}) N S(sep,1).

Set also R = max 77 |y| and 2’ = Re,,. We extend |dp| outside B" as the
zero function. Then

/ ( / \dp| dH2> dy < C(n)r? / ( / \dp| dHQ) dH"2(2).
/ [0,z,y] Tn=2(R,2r) [0,2’,2]

By the change of variables and Holder’s inequality, we have

/ ( / 1dpl dH2) A" (2)
Tn=2(R,2r) 0,z’,2]
2rt/R
/Tnzm / / 'd"‘<|'|+8\ \) ds dt dH™5(2)
2Tt/R 27,.
- / / [, lasl) (—) aH"2(y) ds dt
Tr—2(t,s)

27,, n— 2/ / ‘dp|( 7)1 - dHn—l(y) dt
Pr-1(t2rt/R) [y — ten|

1/q
< O(n)r=> / (/ 1dpl(y) H’H(y)) (br)1 =D/ gy
0 Pn=1(t,2rt/R)
< O, Q)™ 2= D/4 dpl, .

By combining these estimates, we finally have

(54)  17@) = fo < Cln,p,a) (PP lollp e + 7D dplly 0 ).
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Now we will use the above estimates for  and y in B™ \ {0}. First, if
|z =yl <x]/8,
B'(y, |z —yl) € B'(z,2lx —y|) C B'(, |2]/4),
where B’ is the intersection of the corresponding ball with B"™. Then

|f($) - f(y)| < |f(33) - fB’(y,|m—y|)| + |f(y) - fB’(y,|m—y|)|
< cu—yrﬁ/ (@) - £(2)] dz
B’ (x,2|z—yl)

+ |f(y) - fB’(y,|:c—y|)|'
Notice that (5.4) remains true with [f(x) — fp/(4,212—y|)| Teplaced by

o-y™ [ () - S(2)] d=
B'(z,2lz—yl)
Thus (5.1) follows from (5.4). We are left with the case |z —y| > |z|/8. We

may assume that || > |y|. Now
1f(@) = fW)] < 1f(®) = fe@le/a) + 5@l + 18w/
+ W) = el
This combined with (5.3), (5.4) and our assumption |z| < 8|z — y| yields
(5.1). The proof is complete. O

Now we are ready to complete the proof of Theorem A.

Proof of Theorem A. Suppose that r; \, 0, and fix R > 1. By Theorem 5.1,
we may assume that the mappings f; are continuous. Furthermore, by (5.1),
(4.3), (4.4), (SD), and (AC), we have the continuity estimate

fi@) = f@l < C (e =y lpillmem + |2 — oI dpillg iy )
< C(lo—yl' ™ o=yl

for every x and y in B(R), with C not depending on i. We conclude that
(filB(R)) is equicontinuous. Hence, by the Arzela-Ascoli theorem, there
exists a subsequence (f;;) converging locally uniformly to f : R" — R". By
the proof of Theorem 4.4, ( fij) has a further subsequence, also denoted by
(fi;), converging to a polynomial K-quasiregular mapping f¢ locally weakly
in WHe(R™; R™) for some a > 1. Clearly fe = f. The proof is complete. [

6. PROOF OF THEOREM B

In this section we prove the following result, and show how it implies
Theorem B.

Theorem 6.1. Suppose that p is a strong quasiconformal frame at xo. Then
there exists a radius € > 0 so that

B(zo,¢) N f,(0) = {xo}.
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In our proof of Theorem 6.1, on which Theorems B and C depend, it is
important that the map f, is constructed by using the operator K, that is,
by integrating p over radial segments. One can also construct maps from
a given frame by using other operators, such as the averaged homotopy
operator 7 considered in Section 9 below. The advantage of 7 over K is
that it has nicer analytic behavior, see [11]. However, the averaged operator
7T does not naturally commute with the rescaling induced by A, whereas
operator K does. Indeed, using operator IC, the rescalings can be viewed as
blow-ups of a single map f, = Kp. If follows that the rescalings are easier
to analyze when using the operator K. We do not know whether Theorems
B and C hold if the operator 7 is used to produce the infinitesimal space.

To prove Theorem 6.1 we use the following corollary of Theorem A. As the
proof of the corollary follows directly from the compactness of the rotation
group, we omit the details.

Corollary 6.2. Suppose that p is a strong K-quasiconformal frame at xg,
and ri N\, 0. Define g; = f; o hi, where f; = [, and h; is a rotation
about the origin. Then there exist a subsequence § = (g;,), and a polynomial
K -quasiregular mapping fe : R" — R" so that g;; — f¢ locally uniformly.

We will also use the following local distortion estimate for quasiregular
mappings, see [15, IT 4.3] for details. Suppose that f : B(zg,ro) — R" is a
non-constant K-quasiregular mapping. Then there exist a constant H' > 1
and a radius sg > 0 so that

(6.1) Hf(l’o,s) < Hl

for every 0 < s < so. Here

maxyeg(z,s) |f(y) — f(@)]
minyéS(w,s) ‘f(y) - f((l))‘

In what follows, we assume that p is a strong quasiconformal frame at xg.
Without loss of generality, xo = 0. We will use some basic properties of the
local topological degree u(y, f,U), cf. [15, T 4].

Hy(z,s) =

Lemma 6.3. There exist a sequence (s;), decreasing to 0, and a constant
H > 1, so that

(6.2) Hy,(0,s) <H and (0, [y, B(s)) =1
for every s;/5 < s < 5s;. In particular, S(s) N fp_l(O) =0 for every such s.

Proof. By Theorem A, there exist a non-constant quasiregular mapping
f:R™ — R™ and a sequence (r;) so that f; — f locally uniformly. More-
over, by (6.1), H¢(0,t) < H' for 0 < t < t5. Thus, by the uniform con-
vergence, there exists ig € N so that Hy,(0,t) < 2H' and p(0, f;, B(t)) =
(0, f, B(t)) > 1 for every i > ig and to/5 <t < 5ty. The claim follows since
pr(()? 8) = Hfz (07 S/Ti) and M(07 fp7 B(S)) = IU,(O, Jis B(S/Tl» U
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Lemma 6.4. There exists g > 0 so that for every x € fp_l(O) N B(gp) \ {0}
there exists 0 < s, < |z|/10 with the following properties:

(1) fp_l(O) N B(z,5s;) \ B(z,s:/5) =0 and

(2) 10, o B(2,5:/5)) > 1.

Proof. We argue by contradiction: suppose that for every € > 0 there exists
x € fp_l(O) N B(e) \ {0} such that the required s, does not exist. Then
there exists a sequence (x;) of such points so that z; — 0 as i — oco. Define
9i = fiz;)©hi, where h; is a rotation about the origin so that hi(e1) = x;/|x;)|.
Then g;(e1) = 0 for every i. By Corollary 6.2, there exists a subsequence of
(gi) that converges locally uniformly to a non-constant quasiregular mapping
f: R™ — R™. By redefining the sequence (x;), we may assume that the
whole sequence (g;) converges to f. Then f(e;) = 0, and by (6.1), there
exists H' > 1 so that Hy(e1,t) < H' for every 0 < t < 5tg. We may assume
that to < 1/10. Then, by the uniform convergence,

pr(a;i,t\xiD = Hgi(el,t) < QHI,
and
(0, fo, B(wi, t|a;])) = p(0, gi, Ble1,t)) > 1
for every i > iy and to/5 < t < 5tg. By the definition of Hy,, fp_l(()) N
B(x;, 5|x;to) \ B(x, |x;|to/5) = 0. This contradicts our choice of the points
x;. The proof is complete. O

Proof of Theorem 6.1. We choose a decreasing sequence (r;) as in Lemma
6.3, so that 71 < g, where g is as in Lemma 6.4. We denote 4; = B(rq) \
B(r;) and A; = B(5r1) \ B(r;/5) for all i > 1. We also set F = fp_l(O) N
Bl(eo) \ {0}. Let B! be the covering of A; N F by the balls B(z,s,) C A;,
where s, is as in Lemma 6.4. By the 5r-covering lemma, there exists a
finite or countable subfamily B; = {B(z;, s;)} of Bj covering A; N F so that
the balls B(z;,s;/5) are pairwise disjoint. Since f,(S(5r1)) N {0} = 0, the
topological degree (0, f,, B(5r1)) is well-defined (and thus finite). By the
additivity of the topological degree, cf. [15, I 4.4], and Lemma 6.3,

10, fo, B(5r1)) = u(0, fo, B(ri/5)) + p(0, fp, A;)
1+ Z,u((), fo, B(xj,5/5)).

v

By Lemma 6.4, 1(0, f,, B(xj,s7/5)) > 1 for every j. We conclude that
1 4 card B; < (0, f,, B(5r1)) < o0,

i.e. there are at most finitely many balls B(z;, s;/5) in the collection, with
an upper bound not depending on i. Since |s;| < |z;|/10 for each j, this
shows that B(r;) N F = () for i large enough. The proof is complete. O

Proof of Theorem B. We assume that g = 0. From Theorem 6.1 and
Lemma 6.3 it follows that

m = M(Ov fp?B(S» = IU’(O? fp’B(E» > 1
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for every s < e, where ¢ is the radius in Theorem 6.1. Let f; be a mapping
in the infinitesimal space Z(0, p) and § = (r;). We claim that f¢ has degree
m. Since f¢ is a discrete map, fgl(O) N S(0,t) = 0 for almost every ¢t > 0.
Then, by uniform convergence, choosing i to be large enough yields

(6.3) (0, fe, B(t)) = p(0, fo, B(tr)) = m.
Since the degree is additive, (6.3) proves our claim, and, consequently, The-
orem B. 0O

Remark 6.5. The proof of Theorem B also shows that f=1(0) = {z¢} for
every f € I(xg,p).

Remark 6.6. By [9] and the proof of Theorem A, the degrees of the mappings
in Z(x, p) are bounded from above by a constant only depending on n and
the data of p.

7. PROOF OF THEOREM C

In this section we prove Theorem C on the stability of the index i(zo, -) of
strong quasiconformal frames. Here by the data of a quasiconformal frame
we mean the constants K and C in (QC) and (SD), respectively.

Notice that if the limes inferior in (1.4) equals 0, then there exists f that
is a limit map for both p and p/. Thus in that case i(zg,p) = i(zog,p)
automatically follows from Theorem B.

We first recall a familiar continuity estimate for quasiregular mappings,
cf. [12, 7.7.1]. Suppose that f : B® — R" is a K-quasiregular mapping.
There exist Cy > 1 and « > 0, only depending on n and K, so that

(7.1) [f (@) = FWI" < Colz —y[" || ¢ ll1,8n

for every x,y € B(1/2).

Our second auxiliary result is a distortion estimate for a special class of
quasiregular mappings. In the proof we use the path family method. Since
it does not appear elsewhere in this paper, we do not give all details and
definitions; they can be found in [15].

Lemma 7.1. Suppose that f : R® — R" is a polynomial K -quasireqular
mapping with f~1(0) = {0}. Then

i > A
,ain [f(y)l = 4,

where A > 0 depends only on n, K, deg(f), and ||J¢|l1 B 2)-

Proof. By the Caccioppoli inequality, cf. [15, VI (3.15)], and the openness

of f,
1¢ll1,B1/2) < ¢ max, FACOIIS

where C' > 0 only depends on n and K. Hence it suffices to show that
H¢(0,1) is bounded from above by a constant depending only on n, K, and
deg(f); recall the definition of Hf(x,s) from Section 6.
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Fix a point a € S"! so that |f(a)] = min,cgn-1 |f(y)|, and consider
the a-component U of f~1(B(|f(a)|)). Since f is a polynomial map, U is
relatively compact. Thus U is a normal domain of f, and f(U) = B(|f(a)]),
see [15, 14.7]. From our assumption f~1(0) = {0} it then follows that 0 € U.

Now fix b € 5" so that |f(b)] = max,cgn—1 |f(y)], and consider the
maximal f-lifting 4" of 7 starting at b, where ~ : [1,00) — R"™, v(¢) = tf(b)
(for information on path lifting, see [15, II 3]). Then |4y/| joins b and oo.
Denote by I" the family of all paths joining |y/| and U in R™. Then standard
path family estimates and the Kp-inequality (see [15, IT 2.4]) give

en < M,T < K deg(f) M, fT' < Cy(log Hp(0,1))'7",

where M, is the n-modulus of path families, and C; only depends on n, K
and deg(f). The proof is complete. O

Proof of Theorem C. We assume xg = 0, and fix € > 0, to be determined
later. We choose a sequence (r;) decreasing to 0 so that ||p; — p}||n,Bn < €
for each i. This can be done by (1.4). Without loss of generality, we may
assume, by Theorem A that (f,,) and ( for ) converge locally uniformly to
polynomial quasiregular mappings f and g, respectively. By Remark 6.5,
f710) = g71(0) = {0}.

As in the proof of Theorem 4.4, we see that

min{||J¢ (11,52, 1gll1,802)} = C,
max{|[J¢|l1, @) IJgll1,B2)} < C
and
(7.2) |Df — Dglln B <&,

where C' > 1 only depends on the datas of p and p/. In particular, (7.1)
implies that there exists a = a(n, K) > 0 so that

(7.3) max{|f(z) — f(y)|, lg(z) — g(y)|} < Clo —y|*
for every z and y in B™.

By Theorem B, it suffices to show that deg( f ) = deg(g), where f and
g are the extensions of f and g to mappings S* — S, respectively. Since
F710) = {0} and g~1(0) = {0}, the extensions f and § have the same degree
if the restrictions of f/|f| and g/|g| to S™"~! are homotopic as mappings
Sn—t — §n=1 Thus it suffices to show that

fla) ,  gla)
F@l 7 Tgla)]

for every a € S"71.
Let a € S"~!. By Lemma 7.1 and Remark 6.6,

min{|f(a)|,g(a)[} = A,

where A > 0 only depends on the datas of p and p’. Hence it suffices to
show that

f(a) = g(a)] < 2A.
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We fix § > 0, to be determined later, and denote by Ts the spherical cap
B(a,8) N S" 1. Also, we denote h = f — g. Then, by applying (7.3) twice
and the triangle inequality, we obtain

h(a)] < C6*+C6' " [ |h(z)|dH"\(z)
Ts

< 05 405 / Ih(z) — h(ox)| dH" ()
Ts

IN

1
Cs* + ' / / \Dh(tz)| dt dH" (2).
Ts Jo

By the change of variables, Holder’s inequality and (7.2), the last integral
is controlled by

Dh N
[ Dy < pnl ([ )
B\B(@) Yl B\ B(5)

Ce(log 5_1)("_1)/n.

N

IN

Thus
1£(a) — g(a)| < C6* + Ces' " (log s~ )" I/™,
where C' > 0 only depends on n and the data. Now we can choose § so that

Co® = A/2, and then ¢ so that 0551_”(log5_1)(n_1)/n = A/2. The proof
is complete. O

8. QUASI-INVARIANCE

In this section we show that quasiconformal frames are preserved under
pullbacks by quasiregular mappings.

Theorem 8.1. Suppose that p is a Ko-quasiconformal frame at f(xg),
where f is a non-constant Ki-quasiregular mapping. Then f*p is a KoK1-
quasiconformal frame at xg.

Proof. We may assume that xo = f(xg) = 0. Also, we assume that p is a Ky-
quasiconformal frame at 0, satisfying p € LP° for some pg > n, and dp € L%
and (AC) for some gy > n/2. We denote, for r > 0, L(r) = max,cg( | f(7)]
and [(r) = mingeg( | f(z)]. Then there exist A > 1 and ' > 0 so that

(8.1) L(r) < Al(r/2)

for every 0 < r < r’/, see the proof of [15, IT 4.3].
We will also use the reverse Holder inequality of quasiregular mappings:
there exist C' > 0 and 7 > 1 so that

(8.2) ¥ Jille ey < CH JIpllieo

when r is small enough, see [13].
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We first show that f*p € LP(\' B(rg)) for some n < p < py and rq > 0.
By the quasiregularity of f and Holder’s inequality,

/ Fo@Pde < [ J@Ple(f@)P de
B(r) B(r)

IN

(po—p)/
O( Jf(l’)t dl’) Po—PpP)/Po
B(r)

p/Po

<( ], reletsp az)™,

where

(po —n)p

= (po — p)n’

By the pg-integrability of p, and the change of variables, the last term is
finite for r small enough. On the other hand, we can choose n < p < py so
that ¢ < 7, and apply (8.2) to show that also the Jy-term is finite when r is
small.

To prove condition (QC) we recall that quasiregular mappings preserve
sets of zero n-measure. Hence condition (QC) applied to p, and the quasireg-
ularity of f, give

| p(@)|* < [Df(@)|"|p(f(@)]" < Kidp(x)Ko* (p1 A+ A pn)(f(2))
= KoKix((f"p)r A= A(f p)n) ()

almost everywhere. Similarly, to prove condition (D) we fix a small r > 0
and calculate

[ oareera s [ @l [ ) .
B(r) B(r)

B(L(r))

By (8.1), and condition (D) applied to p, the last term is bounded by

C p(z)["dz < C Jr(@)|p(f(z))" dz
B(l(r/2)) B(r/2)

C |f7p(z)[" da.
B(r/2)

IA

Here we used the inclusion B(I(r/2)) C f(B(r/2)) which is valid by the
openness of f. Condition (D) follows.

Now we turn to the proof of (AC). We note that the identity df*p = f*dp
is valid under our assumptions. We fix n/2 < ¢ < ¢ to be determined later.
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First, by the quasiregularity of f and Holder’s inequality,

/
fdf*pllg sy < C(r " /B T ) ar) !

(8:3) < C(r‘”/ Jf(x)S(Io/(fIO—fI) d:J:) (o=)fado
B(r)

([ gt de) e

where s = 2q/n — q/qo. We can choose ¢ > n/2 so that
590 <r
qo0 — ¢
which allows us to apply (8.2) to obtain

(q0—)/ s/
(,r—n/ Jf(x)sqo/(qo—Q) dx) domarato < C(r_”/ J¢(x) d:l:) !
B(r) B(r)

< O(@)nsm‘

r
For the last term of (8.3), the change of variables, and (AC) applied to p
give

-n 0 1/q0 L n/qo
(r /B(T) Iy (@)|dp(f ()" dx) P 0( Y)) “ ¥ dplloo. By

r) s L(r)\n/aw
2((7,)) ( ; )) Y olln,B(Ler))

where £(r) — 0 as r — 0. Condition (D) applied to p, and (8.1) then yield

T *
¥ olln,sLey < CHollnsae) < CW f fpllnB0r)

<

as above. Combining the estimates gives (AC) at xg for f*p. The proof is
complete. O

9. QUASICONFORMALITY OF FRAMES IN A DOMAIN

In the previous sections we have studied the properties of quasiconformal
frames at a point. In this section we show that if the asymptotic closedness
condition (AC) of a frame is replaced by a stronger uniform condition, the
strong doubling condition can be weakened to a corresponding doubling
condition. This leads us to the notion of (strong) quasiconformal frames in
a domain. At the end of this section we define the branch set of a strong
quasiconformal frame and discuss open problems concerning the properties
of these frames.

Let p = (p1,...,pn) be a Wy, ;-frame in a domain Q for some ¢ > n/2.
We say that p is locally doubling if for every compact set E C 2 there exists
CEg > 1 so that

(LD) Iolln, B(a,r) < CElpln,Blar/2)
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whenever B(a,r) C E.

We also say that p is uniformly asymptotically closed if for every ¢ > 0
there exists 6 > 0 so that
r J(fdeq,B(a,r) <e

4 olln,Blar/2)
whenever B(a,r) C Q and 0 < r < 4.

We say that p is a K-quasiconformal frame (in ) if it satisfies the quasi-
conformality condition (QC), Condition (LD), and Condition (UAC). Fur-
thermore, such p is a strong K -quasiconformal frame (in ) if it also satisfies
(UAC) for some g > n — 1. Notice that the differential of a quasiregular
mapping defines a strong quasiconformal frame, see [13].

In what follows, we show that a strong quasiconformal frame in a domain
is a strong quasiconformal frame at every point of the domain. We begin
with the following weak reverse Holder inequality for quasiconformal frames
in a domain.

(UAC)

Theorem 9.1. Suppose that p is a K-quasiconformal frame in a domain
Q. Then there exist C > 1 and n > 0, only depending on n, K and q, and
ro > 0 so that

(91) J(i/pHn,B(a,r) < CHpHn—n,B(a,Qr)'
whenever B(a,2r) C Q and 0 <1 < 1g.

Now, by a variant of Gehring’s lemma [12, Corollary 14.3.1] and (9.1), we
see that, under the assumptions of Theorem 9.1, we have that there exist
p > n and C' > 0, only depending on n, K and ¢, so that

H p”p,B(a,r) < C HpHn,B(aQr)
whenever B(a,2r) C €. In particular we have the following corollary.

Corollary 9.2. Suppose that p is a (strong) K-quasiconformal frame in €.
Then p is a (strong) K -quasiconformal frame at every xzg € €.

We begin the proof of Theorem 9.1 by quoting a result from [11]. Let
B = B(xz,r). The averaged Poincaré homotopy operator T: LP(\’ B) —
Lr( /\e B), defined in [11], is a chain homotopy between identity and zero in
Wy p for 1 < p < oo, that is,

(9.2) w="Tdw+dTw

for every w € W), ,( /\e B). Moreover, T supports a Sobolev-Poincaré in-
equality

(9.3) ¥ w = wBllnp/n—p),B < Cr }f dwllp B
for every 1 < p < n, where
| dTw, >1,
EEUIBIT pe, =0,

see [11, Corollary 4.2] for details.
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Proof of Theorem 9.1. Fix ¢ > 0 to be determined later. We fix a ball
B = B(z,r) C Q with r < §, where § is as in (UAC). We define an (n — 1)-
form w by

n

w=> (=1)"NTpi = (Tpi)p) - pr A+ Npi A+ A pn.
=1

Then, by (9.2), we have
dw = npy A+ Npp— A1+ Ag,

where
n

A=Y (1N Tdp) Apr A Api Ao A pr

i=1
and

n

Ao = (1) (Tpi— (Tpi)p) - d(pr A=+ Api A= A pr).
=1

For A\, A9, and w, we have the pointwise estimates
M| < CITdpl ™Y, [Xa| < CITp—(Tp)slldp| o],
and
w| < CITp—(Tp)sllp/"™"

almost everywhere in B, where C' > 0 depends only on n. Here

Tp—(Tp)p=(Tp1—(Tp1)s,---.Tpn — (Tpn)B).

We fix a test function ¢ € C3°(B(x,r)) sothat 0 < ¢ < 1, ¢|B(x,r/2) =1

and |V¢| < 3/r. Then, by Stokes’ theorem,

[ oxtpinnm) < [ (@l + 6Pl + e/,

B B

which, in view of our quasiconformality condition and pointwise estimates,
yields

(9.4)

CH I pnyay <7 /B Tp— (Tp)s] ldol 1ol

fpone /B Tp— (To)sl o™ + v /B Tdpl 1o,

where C' > 0 depends only on n and K.

We estimate each term separately. In what follows, we denote by ¢’ the
Hoélder conjugate exponent of 1 < ¢t < co. Also, we denote }f ||, =k -|lp,5-
We may assume that n/2 < g < n.
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Set k = nq/(n—q). Since ¢ > n/2, we have that k > n and ¥'(n—1) < n.
By Holder’s inequality and the Sobolev-Poincaré inequality (9.3),

/B T (To)slll"™ < Cr W Tp—(Tp)slik ol sy

C H PHq H PHZ/_(é_l)

IN

Similarly,

/ Tapllol"™ < Cr i dpll ¥ pllit

by (9.2) and (9.3). By our assumption, 7 ff dpllq < € ¥ plln,B(w,r/2), SO We
have

/ (T ool + "1 /B Tp— (To)sllpl"

<C HPHk/ 1) (K pllg + € K plln,Bar/2))-

Set next v = (n/2 4 ¢)/2. Since n/2 < v < g, we have that /(n —2) < n
and Holder’s inequality yields

- /B Tp— (Tp)s!dol o2

(9.5)

—n v v 1/V n—
<c(r [ o=@l k) ol

Furthermore, by Holder’s inequality, (9.3), and (UAC), we have

—n v 14 l/lj
(- [ 7o~ ot ldn) " < CHTo = (Tollhiagor H
< Cr i plla 4 dpllq
<Ce HpHa HpHn,B(m,r/2)7
where 1 < a < n satisfies na/(n — a) = max{v(q/v),n/(n — 1)}. By

choosing € > 0 small enough, we have that

©0) " [ 1T T)al ol o> <H plla b ol § ol

We denote t = max{k'(n — 1),q,v'(n — 2),a} < n. We may assume that
# olle <H plln,Ba,r/2), otherwise (9.1) holds. Then, by (9.4), (9.5), and (9.6),
Wolln srsa < CHollE U pllit ¥ 2llnBar/2)

< CHollf M plln,Bs2)s
where C' > 0 depends only on n, K and q. The proof is complete. U

By Theorem B and Corollary 9.2, we know that if p is a strong quasicon-
formal frame in €2, then the local degree i(z, p) is well-defined and positive at
every point x € ). We define the branch set B, of a strong quasiconformal
frame p to be the set of points x € Q for which i(z, p) > 2.
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In [16], [10], and [7], Cartan-Whitney presentations, i.e. Wy oo-frames
satisfying

(9.7) *(p1 A App) >8>0

almost everywhere, are considered. It is shown that for these frames the
map f,, defined as in Section 3, is a quasiregular mapping (in fact even
a mapping of bounded length distortion) in a neighborhood of every base-
point g, and that the differential of f, is close to the frame in norm. This
gives a version of the measurable Riemann mapping theorem in this setting;:
the Beltrami system induced by a Cartan-Whitney presentation always has
local approximative solutions. This in turn has significant applications to
smoothability and bi-Lipschitz parametrization problems. In these appli-
cations the branch set of the frame is important, since it represents an
obstruction to parametrizations. In [10] and [7] it is shown that the branch
set has measure zero and topological dimension at most (n — 2). Also, in
[7] a sharp additional assumption has been found, so that (9.7) and this
assumption together imply that the branch set is empty. See [6] for fur-
ther discussion. In our current work we have studied extensions where the
“branched bi-Lipschitz” assumption (9.7) is replaced by a quasiconformality
assumption. Instead of local approximative solutions, we found weaker infin-
itesimal solutions. As in the case of Cartan-Whitney presentations, also in
the current setting it would be interesting to know properties of the branch
set and to find out natural additional assumptions that force the branch set
to be empty.
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