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The purpose of this paper is to study the relations between
quasiregular mappings on Riemannian manifolds and differ-
ential forms. Four classes of differential forms are introduced
and it is shown that some differential expressions connected
in a natural way to quasiregular mappings are members in
these classes.

1. Introduction.

Let Q2 be a domain in R",n > 2. A mapping f : Q@ — R" is called a
quasiregular mapping, if f = (f1, fo,..., fn) € WT}JOC(Q) and if there exists
a constant K € [1,00) such that
If(x)|" < Kdet f/(x), forae x¢€f.
The following result is well-known in [Re] and [HKM].
Each of the functions
u= fi(x) (i=12,...,n), u = log|f(x)|,

is a generalized solution of a quasilinear elliptic equation

(11) leA(JJ,VU) :0, A= (Al,AQ,... ,An>,
where
n/2
8 n
(1.2) Ai(z,§) = €, > bij(2)&E ;
b \iyj=1

and 6; ; are some functions, which can be expressed in terms of the derivative
f/(x), and satisfy

(1.3) cl(K)EP <D 0(w)6E; < ea(K)IEP,
,J

for some constants ¢1(K), ca(K) > 0.

This important proposition connects two large sections of analysis namely,
quasiregular mapping theory and the theory of partial differential equations.
Much progress in quasiregular mapping theory has resulted from the study
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of Equations (1.1)-(1.3). On the other hand many investigations of solu-
tions of quasilinear equations in the form (1.1)-(1.3) were stimulated by this
connection with quasiregular mapping theory.

However, many theorems about quasiregular mappings, obtained in this
way for example, in the monograph [HKM] do not make use of the special
form (1.2) of functions A;(z, ). In fact, what is important is the divergence
form of the Equation (1.1) and the existence of constants c¢1(K), co(K) —
the values of these constants are not significant.

We do not know who was the first turning attention to this fact. Possibly,
it was first observed in the paper [Mi], where the following fact was recorded
and used.

Proposition. The function v € W} IOC(Q) is the solution of some equation

of the form (1.1) with Condition (1.3) if and only if there exists a differential
(n —1)-form

29 Ydzy A ANdzi A Adz, € L),

loc

with the properties:
a) For every function ¢ € W(Q) with compact support we have

/d¢A9_o

B) almost everywhere on Q the following inequalities are true
v1|du(x)|™ < «(du(z) A 6(x))
where * denotes the orthogonal complement of a form and
0(2)] < voldu(z)[" ",
with constants v1,ve > 0.

The proof for this proposition is obvious. The above statement concerning
the coordinate functions of a quasiregular mapping f also follows from this
proposition. For the case u = fi(x) we put

0 =dfs Ndfs N\ ... Ndfy.
In order to show that u = log|f(x)| satisfies (1.1) it suffices to choose

_MdelA...AEﬁA...Ade
=1

Looking carefully at Conditions «) and () on the function u we see that
these conditions are on the 1-form w = du and the (n — 1)-form #. Some
simple differential forms w, 1 < degw < n, satisfying Conditions «) and [3)
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in domains 2 C R"™ were studied in [Zh1] and [Zh2]. Similar results have
been given in [Iw], [FW], [MMV1], [MMVZ2] and [Sc].

The purpose of this paper is to study the relations between quasiregular
mappings on Riemannian manifolds and differential forms suggested by the
aforementioned proposition. We introduce four classes of differential forms
and prove membership in these classes of some differential expressions con-
nected in a natural way to quasiregular mappings.

2. Preliminaries.

2.1. Euclidean space. Let X be a topological space. We denote by A the
closure of a set A C X, by intA the interior of A, and by 94 = A\ intA the
boundary of A.

By R™ we denote the Euclidean vector space consisting of elements of the

form z = (z',...,2"), ' € R, the field of real numbers. In R" we use
n . .

the standard inner product (x,y) = > z'y" and the norm |z| = /(x,z) =
i=1

n 1/2
i=1
The boundary of the n-dimensional ball with center at x and radius r
B(z,r)={y e R": |y — x| <r}
is the sphere
S(x,r)={yeR":|ly—z|=r}.
For E C R™ and for an integer kK = 1,2,... ,n we denote by Hy(FE) the
k-dimensional Hausdorff measure of E.

2.2. Differential forms on R". The mutually dual spaces /\,(R") and
AF(R™) of k-vectors and k-forms (k-covectors) are associated with the Eu-
clidean space R™. Here one has A’(R") = R = A, (R"), and \,(R") =
{0} = A"(R™) in the case k > n or k < 0. The direct sums

AL(R") = O \y(R"),  N'(R") = & \"(R")
generate contravariant and covariant Grassmann algebras on R™ with the
exterior multiplication operator A.
Let w € AF(R") be a covector. We denote by A(k,n) the set of ordered
multi-indices I = (i1,i2,...,i), of integers 1 < i; < ... < i < n. The
form w can be written in a unique way as the linear combination

w= Z wrdxy.

IeA(k,n)
Here wy are the coefficients of w with respect to the standard basis of \*(R™)
dry = dxi N ... Ndwx;,, I = (i1,42,... i) € A(k,n).
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Let I = (i1,...,i) be a multi-index from A(k,n). The complement I*
of the multi-index I is the multi-index I* = (j1,...,jn—k) in A(n — k,n)

where the components j, are in {1,... ,n}\ {i1,...,ix}. We have
(2.3) dxy Ndxp- = odxy A ... Ndxy,
where o = o(I) is the signature of the permutation (i1,... ik, j1,--. , Jjn—k)

in the set {1,2,...,n}. Note that o(I*) = (=1)*"=*g(I).
Let dxy = dx;; A ... A dx;, be a differential form of the standard basis of
AF(R™). We set

(2.4) *xdrr = o(l)dzr-.

For w € A\F(R") with w = > ren(kn) Wi dT T, We set

(2.5) *w = Z wr *dxy.
IeA(kn)

Then *w belongs to A" "(R"). The differential form *w is called the or-
thogonal complement of the differential form w.

The operator * : A*(R™) — A"(R™), also called Hodge star operator, has
the following properties:

If a,3 € A"(R") and a,b € R, then

(2.6) * (aa +bB) =a*a+bxf.
For every w with degw = k we have
(2.7) * (kw) = (—1)k(=F)y,

We introduce the following notation. Let w be a differential form of degree
k. We set
(2.8) L= (=1)k=R) oy,

1 1

The operator ! is an inverse to x in the sense that 1 (xw) = *(x"lw) = w.
The inner or scalar product of the differential forms a and § of the same
degree is defined as

(2.9) (o, B) = * Ha AxB) = x(a Ax3).

The scalar product of differential forms has the usual properties of the scalar

product. We set
w = V{w, w).

A differential form w of degree k is called simple if there are differential
forms ay, ... ,ax of degree 1 such that

w=a1 N...N\ag.

We note the following useful property of the Euclidean norm: If o, €
A" (R™), then
la A Bl < al|B],
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if at least one of the differential forms «, § is simple. If o and § are simple
and nonzero, then equality holds if and only if the subspaces associated with
« and (3 are orthogonal. More generally, if deg o = p, deg 5 = ¢, then

(2.10) o A B < (CEL ) |al|B,

see [Fe] §1.7.
The linear isomorphism Hom (A, (R"),R) =~ AF(R™), that defines the
duality of the spaces A,(R") and AF(R™), associates a k-vector with a

differential form. A vector a = (a1, ... ,a,) € R" defines a differential form
of degree 1
(2.11) w = ardz' + asdx® + ... + a,dz".

We denote it by Q4. Let v = (u1,... ,ug), u; € A;(R"), be anondegenerated
frame. The set of all k-dimensional frames is identified with the set of simple
k-vectors. One can prove that the differential form

Q= A A Qy,

does not depend on the choice of the particular frame from the class of
frames equivalent with w. This fact produces a one-to-one correspondence
u — €2, of the set of simple polyvectors onto the set of simple differential
forms.

3. Differential forms on Riemannian manifolds.

3.1. Riemannian manifolds. Let M be an n-dimensional Riemannian
manifold with boundary or without boundary. Throughout the sequel we
will assume that the manifold M is orientable and of class CP where p is
at least 3. By T(M) we denote the tangent bundle and by T,,(M) the
tangent space at the point m € M. For each pair of vectors =,y € T,,(M)
the symbol (,) denotes their scalar product. The Riemannian connection
on T,,(M) gives the natural connection for tensors of every type. This
connection preserves the scalar product mentioned above.

Below we shall use standard notation for function classes on manifolds.
Thus, for example, the symbol L} (D) stands for the set of all Lebesgue
measurable functions on an open set D C M, locally integrable to the
power p, 1 < p < oo, on D. The symbol WleOC(D) stands for the set of
functions that have generalized partial derivatives in the sense of Sobolev of
class LY (D) and Lip (D) denotes the class of all Lipschitz functions on D.

Let M and N be Riemannian manifolds of class C*¥, k > 3, and F : D —
N, D C M, a mapping. We shall say that F' € L} (D) if for an arbitrary
function ¢ € C°(N') we have ¢o F € LP (D). The mapping F is in the class

loc
W iee(D), if ¢ o F € W) (D) for every ¢ € CH(N).
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Let V(M) be a vector bundle on M. Let in the elements of this bun-
dle be given a Euclidean scalar product and let the linear connection on
V(M) preserve this scalar product. In this case we may say that V(M) is
a Riemannian vector bundle over M.

By A*(M) and A\, (M) we denote Riemannian vector bundles N (T (M)
and A (Tn(M)). The sections of these bundles are the fields of k-covectors
(k-forms) and k-vectors, which we shall discuss now in some detail.

3.2. Basic properties of differential forms. Let z!,... , 2" be local co-
ordinates in the neighborhood of a point m € M. The square of a line
element on M has the following expression in terms of the local coordinates

ol a2

n
ds? = Z gijd:ﬂi da?.
ij=1
By the symbol ¢ we shall denote the contravariant tensor defined by the
equality

(9™) () = (6), d,j=1,....n,
where (5{ is the Kronecker symbol.

Each section a of the bundle A¥(M) (that is a differential form) can be

written in terms of the local coordinates z!,... 2" as the linear combina-

tion

(33) o = Z ay dl’[ = Z Oéil_nl'kdl'il VANIRAN dl’zk
1€A(k,n) 1<ip <...<ig<n

Let a be a differential form defined on an open set D C M. If F(D) is
a class of functions defined on D then we say that the differential form « is
in this class provided that a; € F(D). For instance, the differential form «
is in the class LP(D) if all its coefficients are in this class.

The orthogonal complement of a differential form « on a Riemannian
manifold M will be denoted by xa. If dega = 1 then in the local orthonor-
mal system of coordinates x!,... , 2™ at m we can write

n n
*a(m) = *Zai(m) da' = Z(—l)i_lai(m) dzt AL .odat . A da,
i=1 i=1
where the sign ~ means that the expression under ~ is omitted. We remark
that the differential form dv is the volume element on M.

If a, dega =k, 0 < k < n, is a differential form whose coefficients are in

CY(M) then da, deg(da) = k + 1, denotes its differential defined by

da = Z day Ndxg.
IeA(k,n)
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The differentiation is a linear operation for which the following properties
hold:

If @ and § are arbitrary differential form that are differentiable in a do-
main U C M then

(i) daAB)=danB+(=1)rands,

(i)  d(da) =0
where k is the degree of the differential form «.

The operator x and the exterior differentiation d define the codifferential
operator ¢ by the formula

(3.4) ba=(—DrF+x1tdxa
for a differential form o« of degree k. Clearly, d« is a differential form of
degree k — 1.

Let M be a compact n-dimensional orientable Riemannian manifold with
nonempty piecewise smooth boundary OM. The following Stokes formula

holds
/ o= / do,
oM M

for an arbitrary form a € C'(M), dega =n — 1.

3.5. . A differential form « of degree k£ on the manifold M with coefficients
iy, € LP (M) is called weakly closed if for each differential form 2,

loc

deg 8 =k + 1, with
suppSNOM =10, suppB={meM:B#0} C M,
(M), 3+ 4 =1,1<p,q < oo, we

and with coefficients in the class quloc

have

(3.6) /(oz, dB)dv =
M
For smooth differential forms o Condition (3.6) agrees with the traditional

condition of closedness do = 0. In fact, if o, 3 € C1(M),supp 3N OM = (),
then we have

/da/\*ﬁ /a/\*ﬂ (— )’““/a/\d*ﬂ.

M M

Because the differential form 0 has compact support on the orientable mani-
fold M the first integral on the right hand side is zero by the Stokes formula.
Thus we get

/da/\*ﬁ (- )k+1/a/\**_1d*ﬁz/a/\*&ﬁz/\[(a,éﬂ)dv

M M M
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We fix an arbitrary point m € M and pass to the local coordinates on
M in a neighborhood of this point. Using Condition (3.6) and the funda-
mental lemma of the variational calculus, the du Bois-Reymond Lemma, we
conclude that everywhere in this neighborhood of m the coefficients of the
differential form da are zero. Thus the validity of (3.6) under the given
conditions on [ is equivalent to the requirement dao = 0 understood in the
classical sense.
We next introduce the following very useful theorem.

Theorem 3.7. Let o and 3 be differential forms, 8 € qu (M) with a com-
pact support, and o € Wplloc(./\/l), 1 <pgqg< oo, dega+degf =n—1,
1/p+1/qg=1. Then

(3.8) /da A B = (—1)desat] /a A dp.

M M

In particular, the differential form « is weakly closed if and only if do = 0
a.e. on M.

Proof. Fix o and 8 with the stated properties. Because the coefficients of
the differential form « are in the class W;’IOC(/\/{) there exists a sequence
{a,}5°; of differential forms with coefficients of class C'(M) converging in
the Wz}—norm to the coefficients of the differential form a on every compact
set K C int M.

Let {f,}22 be a sequence of differential forms of degree deg 3, = deg
in the class C'(M) having compact supports and converging in the norm of
qu to the form 3. We may assume that there exists a smooth submanifold
U CC M such that supp 3, C U for all integers n.

The differential forms a,, A (3, have compact supports contained in U.
The Stokes formula yields

/d(an A By) = /d(an A Ba) =0,

M U
and hence

/dan A B + (—1)dega/an AdB, = 0.
U

U

We have

/da/\ﬂU/dan/\ﬂn:/(dadan)Aﬁ+/danA(ﬂﬂn).

U U U
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Therefore, using inequality (2.10) we obtain

/da/\ﬁ—U/dan/\ﬂn

U

< [ |d(a—ay) ABldv+ [ |dan A (B — B,)|dv
/ /

§C’/|d(a—an)||ﬁ|dv+0/ldan\]ﬂ—ﬂn|dv
U U

< Clld(a = o)l o 1Bl awy + Clldan| o 18 = Bullpa@y,

where C' = max(C**+1)1/2 and k = deg o
Similarly we obtain

/a/\dﬂ—[/an/\dﬁn

U
< Cillal| ey 1d(B = Bu)ll ey + Cilla — anll ey l|dB] Loy

where C = (CF)1/2.
These inequalities easily yield (3.8).
If da = 0 a.e. on M then by (3.8)

(3.9) /aAdﬁzO
M
for an arbitrary differential form G € qu with compact support. This,
obviously, implies (3.6).
On the other hand, if we take a weakly closed differential form a €
WI}JOC(M) then by (3.8) one has

/da/\ﬂ =0 forall g€ qu(/\/() with suppf C M.
M

We fix an arbitrary point m € M, pass again to the local coordinates on
M in a neighborhood of m and use again the du Bois-Reymond Lemma
to conclude that almost everywhere in this neighborhood the form da is
Z€ro. U

4. The WT-classes of differential forms.

In this section we introduce several classes of differential forms with gen-
eralized derivatives which first were presented in [MMV1] and [MMV2].
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These classes are used to study the associated classes of quasilinear elliptic
partial differential equations.

Let M be a Riemannian manifold of class C2, dim M = n, with a bound-
ary or without boundary and let

(4.1) we Ll (M), degw=k, 0<k<n, p>1,

loc

be a weakly closed differential form on M.

Definition 4.2. A differential form w (4.1) is said to be of the class WT;
on M if there exists a weakly closed differential form

1

1
(4.3) QGLi]OC(./\/l), degf=n—k, —+-=1,
p q

such that almost everywhere on M we have
(4.4) vy 1017 < (w,*0),
where 1 is a constant.

Definition 4.5. The differential form (4.1) is said to be of the class W75
on M if there exists a differential form (4.3) such that almost everywhere
on M the conditions

(4.6) vi |wlP < (w,*0)
and
(4.7) 0] < vy |w[P~!

are satisfied, with constants v, 9 > 0.

For an arbitrary simple differential form of degree k

w=w1 N... \Nwg

k 1/2
Jw] = <Z !wil2> :
i=1

For a simple differential form w we have Hadamard’s inequality

we set

Taking these and using the inequality between geometric and arithmetic

means
k l/k‘ 1 k 1 k 1/2
(H \ﬂh‘!) < EZ lw;| < <k: > !wz‘|2>

we obtain

_k
(4.8) | < k= |w]”.
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Definition 4.9. A simple differential form of degree k
w=wi A... \wg, w; € LX (M), 1<i<k,

loc

is said to be of the class W73 on M if there is a differential form (4.3) such
that almost everywhere on M the inequality (4.7) holds and

(4.10) vs [[w]|? < kT (w, «8).
Definition 4.11. A simple differential form of degree k
(M), 1<i<k,

is said to be of the class W7, on M, if there exists a simple differential form
(4.3) such that the inequality (4.10) holds almost everywhere on M and

w=w A... \Nwg, w; €LY

(n—Fk)

(4.12) (n— k)T 0] < v .

Remark 4.13. Because every differential form of degree 1 is simple, for
k = 1 the class W75 coincides with the class W73 while for k = n — 1 the
class W73 coincides with W1y.

Theorem 4.14. The following inclusions hold between these WT -classes
W1y C WI3 C W1, C WTh.

Proof. The first two relations follow in an obvious way from (4.8). For the
proof of the last one it is enough to observe that

p 1 p _p_
o1 = 077 < <,,;1|w|> < T (w,40).

U
Example 4.15. Let v be a differential form of the class L2 (M) with

loc
degv = k, 1 < k < n. Following Hodge [Ho] we shall say that the dif-
ferential form v is harmonic if it is simultaneously weakly closed and weakly

coclosed, that is
(4.16) dv = 6v = 0.

In particular, if f € C?(M) then the differential form df of degree 1 is
harmonic if and only if Af = 0.

Theorem 4.17. Let v be a differential form of LE (M), degv = k. If v is
a harmonic differential form then v is of the class W1z on M with structure

constants p =2, v = vy = 1.
Proof. Setting § = x1v € L2 (M) we have

loc
(v,%0) = (v,v) = [v]?
1

and |0| = |v|. The differential form x~'v is weakly closed because x~'v =
(—1)#("=k) x v. Therefore Conditions (4.6) and (4.7) indeed hold with the
constants p = 2, vp = v3 = 1. O
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5. Quasilinear elliptic equations.

Let M be a Riemannian manifold and let
k k
A NH(T (M) = NH(T(M))
be a mapping defined almost everywhere on the k-vector tangent bundle
AF¥(T(M)). We assume that for almost every m € M the mapping A is
defined on the k-vector tangent space AF(T},(M)), that is for almost every
m € M the mapping
A(m, .)€ € NY(Tu(M)) = AM(Tu(M))

is defined and continuous. We assume that the mapping m — A,,(X) is

measurable for all measurable k-vector fields X. Suppose that for almost
every m € M and for all € € A¥(T},(M)) we have

(5.1) vo [A(m, )" < (€, A(m, €))
with the constants p > 1 and vy > 0.
Definition 5.2. A differential form w € W;"?(M) is said to be A-harmonic

loc
if it is a solution of the A-harmonic equation

(5.3) dA(m, dw) = 0,

understood in the weak sense, that is

(5.4) /(d@, A(m,dw))dv =0
M
for all differential forms ® € Wl’q(/\/l), 1/p+1/q = 1, with supp PNOM = 0.

loc
Theorem 5.5. If the differential form w € W;},IOC(M) is A-harmonic with
the property (5.1) then the differential form dw is in the class W1, on M.

Proof. Let w, degw = k be a solution of (5.3) understood in the weak sense.
Let the differential form a(m) be associated with the vector field A(m, dw)
at the point m and set # = xa. The differential form w is weakly closed
because of (5.4) and the weak closedness of 6 follows from

(—1)"’““/(9,51/)) dv = /(*a,*d*w) dv

M M
:/<a,d*¢>dv=/<A(m,dw),d¢> dv = 0
M M

for all 9 = x"1¢ € WL9(M) with supp) N OM = (). Further, by (5.1) we
get

o|0|7 = vyl A(m, dw)|? < (dw, A(m, dw)) = (dw, x0),
which guarantees (4.4). O
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From now on we assume that the vector field A(m, &) satisfies the condi-
tions

(5.6) v € < (€, A(m, §)),
and
(5.7) |A(m, )] < vy ¢!

with p > 1 and for some constants vi,v5 > 0. It is clear that we have
141 S V.

Theorem 5.8. A differential form w € VVlif(M) is A-harmonic with prop-
erties (5.6) and (5.7) if and only if dw € WTs.

Proof. As is the proof of Theorem 5.5 we define . The weak closedness of
w and 6 follows as above. From (5.6) it follows that

Vl’dw’p < <dw7A(m7 dw)) = <dw7*9>
and from (5.7)
0] = | *x af = |A(m, dw)| < vo|dw|P~*.

Conversely, if dw € W75, then there exists a weakly closed differential
form 6 (see (4.3)) such that (4.6) and (4.7) are satisfied. With the vector
field a : M — Ag(R) associated to the differential form o = x 60 we define

a(m), for £ = dw(m),
Elefr2, for € # dw(m).

The weak closedness of 6 ensures that w is a solution of (5.3) understood
in the weak sense. Conditions (5.6) and (5.7) for A are satisfied with (4.6)
and (4.7). O

(5.9) A(m, €) = {

6. Quasiregular mappings.

Let M and N be Riemannian manifolds of dimension n. A mapping F :
M — N of the class W}, (M) is called a quasiregular mapping if F' satisfies

(6.1) [F'(m)[" < KJp(m)

almost everywhere on M. Here F'(m) : T, (M) — Tp(n)(N) is the formal
derivative of F'(m), further, |[F'(m)| = max—; [F'(m)h|. We denote by
Jr(m) the Jacobian of F' at the point m € M, i.e., the determinant of
F'(m).

The best constant K > 1 in the inequality (6.1) is called the outer di-
latation of F' and denoted by Ko(F'). If F is quasiregular then the least
constant K > 1 for which we have

Jr(m) < KI(F'(m))"
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almost everywhere on M is called the inner dilatation of the mapping F' :
M — N and denoted by K;(F). Here

L(F (m)) = i | (m)h|.

The quantity
K(F) = max{Ko(F), K;(F)}

is called the maximal dilatation of F' and if K (F') < K then the mapping F
is called K-quasiregular.
If F: M — N is a quasiregular homeomorphism then the mapping

F is called quasiconformal. In this case the inverse mapping F~! is also
quasiconformal in the domain F(M) C N and K(F~!) = K(F).

Example 6.2. Some basic examples of quasiregular mappings are provided
by mappings F : M — N that distort lengths of curves by a bounded
factor. Indeed, following [HKM], we shall say that a mapping F': M — N,
F e Wll,loc(M)7 is an L-BLD mapping if Jp(m) > 0 almost everywhere on
M and for some constant L > 1 and for all h € T,,(M) and almost every
m € M we have

(6.3) |hl/L < [F'(m)h| < L|A|.

It is readily shown that every L-BLD map is K-quasiregular with K =
L2(=1) ([HKM], Lemma 14.80).

Let A and B be Riemannian manifolds of dimensions dim A = k, dim B =
n—k, 1 <k < n, and with scalar products (,)a, (,)n, respectively. On
the Cartesian product N' = A x B we introduce the natural structure of a
Riemannian manifold with the scalar product

<’>:<7>A+<7>B'

We denote by m: A x B— A and n : A x B — B the natural projections of
the manifold A onto submanifolds.

If w4 and wp are volume forms on A and B, respectively, then the differ-
ential form wy = w4 A n*wg is a volume form on N.

Theorem 6.4. Let F : M — N be a quasiregular mapping and let f = 7o
F: M — A. Then the differential form f*w 4 is of the class W15 on M with
the structure constants p =n/k, v1 = v1(n,k, Ko) and vy = va(n, k, Ko).

Remark 6.5. From the proof of the theorem it will be clear that the struc-
ture constants can be chosen to be
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where ¢ = ¢(k,n, Kp) and ¢ = ¢(k,n, Ko) are, respectively, the greatest and
least positive roots of the equation

(6.6) (k& + (n— k)2 =2 Ko &k =o.

Proof. Setting g =no F : M — B we choose 8 = g*wg. The volume form
wp is weakly closed.
In fact, if the mapping ¢ is sufficiently regular then

df = dg*wp = g*dwp = 0.

In the general case for the verification of Condition (3.6) we approximate
the mapping g : M — B in the norm of W,! by smooth maps g;, 1 = 1,2,....
Because Condition (3.6) holds for each of the differential forms g;wg, it must
hold also for the differential form g*wg.

The weak closedness of the differential form f*w 4 follows similarly.

Fix a point m € M, at which the relation (6.1) holds. Set a = f(m),
b= g(m). Then

Ty () = Tu(A) x Ty(B).

The computations can be conveniently carried out as follows. We first

rewrite Condition (6.1) in the form

(6.7) |F'(m)[" < Kol F wx|,

where wy is a volume form on N.

For the points a € A, b € B we choose neighborhoods and local sys-
tems of coordinates y',...,y*, and y**!, ... 4", orthonormal at a and b,
respectively. We have

ffwa= f(dyt Ao ANdyF) = frdyt AN fFrdy”
=df* A NdfE, fi=yiof, i=1,... k.

Because the differential form w4 is simple we obtain by the inequality be-
tween the geometric and arithmetic means

1/k
(6.8) ldf* A A dFFVE < ( )

k

1114

_k, ' . L ' 1/2
Z df’| < <kZIdle2) :
=1 =1

w\»a

Similarly

n 1/2
1 .

6. dd* T A Adg YR < | dg'|? .
(6.9) |dg 9" R > |dg|

i=k41
It is not difficult to see that
Frwy = F*(m*wa An*wg) = ffwa A g'wg = ffwg A6
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and further that
|F*wn| = |ffwa A giwg| < [dfE A AdFF||dg" Tt AL A dgh.
We have
k n
(PP = laf P+ D ldg'l* <n|F)
i=1 i=k+1
Therefore we get from (6.7), (6.8) and (6.9)
n/2
(klf wal* + (n = B)lg ws ")
< "% Ko(f*wa,«0) < n"? Kol f*wallg*ws-

Set
| frwa| YR
g% wp |/ k)

The preceding relation takes the form

(k& + (n—k))

Using the notations ¢ and ¢ for the least and greatest positive roots of
Equation (6.6) we have ¢ < ¢ < ¢ and

n/2 < nn/? Kogk

(6.10) clgws "/ < | frwa Y < elgrwg| 0.
As above, from (6.10) it follows that
k

n —
52

—n/2
Pl < (ko4 P ) Kol ).

Thus Condition (4.6) for the membership of the differential form f*wy4 of
degree k in the class W75 is indeed satisfied.
To verify Condition (4.7) it is enough to observe that from (6.10) it follows
that
¢ HB] < | fwal T
O

Let y',42,...,y" be an orthonormal system of coordinates in R¥, 1 <
k < n. Let A be a domain in RF and let B be an (n — k)-dimensional
Riemannian manifold. We consider the manifold N’ = A x B.

Let F = (fY, f%,..., f* g) : M — N be amapping of the class W%JOC(M)

and g = no F as defined above. We have f*w4 = df' A ... AdfF.
Theorem 6.11. If the mapping F is quasiregular then the differential form

ffwa is in the class WT3 on M with the structure constants p = n/k,
vs = v3(k,n, Ko), va = va(k,n, Kp).
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Remark 6.12. We can choose the constants v, v3 to be

1 n/2
vy = g]f_”, V3 = (1 + 62) n_n/Qk”/gKgl
1

where ¢, is the least and ¢; the greatest positive root of the equation
(6.13) (€2 + )2 — 2R 2 (n — k)~ (=R2 g ek = .

Proof. In contrast to the previous case the k-form f*w 4 has now a global
coordinate representation. Because the earlier arguments had local character
they are applicable to the present case, too. As in the previous case we can
choose § = g*wp. Condition (4.7) holds with the same constant. We now
proceed to verify Condition (4.10).

Combining (6.7), (6.8) and (6.9) we get

k n n/2
(zufm 5 |dgn2)
=1

i=k+1
K K2 o, (n—k)/2
< k—k/Q(n - k)_(n_k)/2nn/2Ko (Z ‘dfz‘Q) < Z ‘dgi’2> )
=1 i=k+1
Here we set
& 1/2
S ldfi?
g _ zzl
> dg'f?
i=k+1

We then get
(52 + 1)n/2 < k,—k/Q(n _ k)—(n—k)/an/Q KOfk

If ¢;,¢;1 are, respectively, the least and greatest of the positive roots of
(6.13) then

n 1/2 k 1/2 n 1/2
(6.14) ¢ ( ) WF) < (Z \dfl\2> <@ ( > rdg%) :
i=k+1 =1 i=k+1
From the relations (6.7) and (6.14) it follows that

k

n/2
n/2
1 % n *
<c§+1> <§j|df |2> <n"2Ko(f wa, ),

=1

which guarantees the truth of (4.10). O
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Theorem 6.15. If the mapping F : M — R" is quasireqular then the dif-
ferential form f*wa = df' A ... Adf* is of the class WT; on M with the
structure constants p =n/k, vs = v3(k,n, Ko), va = va(k,n, Ko).

Proof. As above we set § = dg*t! A... Adg™. Condition (4.10) has already
been proved. By (6.7), (6.9) and (6.14) we have

n/2
(14 3)"/? ( > |dg' |2>

i=k+1

n (n—k)/
< (n — k)*(nfk)/an/QKO‘f*wA’ ( Z ‘dgi|2> )

i=k+1

Therefore

n k/2
( > ldgi!2> < (n— k)" TR 4 )PP Kol frwal,

i=k+1
which easily yields the desired conclusion. O

Remark 6.16. For the constant 13 we can choose the constant of Theo-
rem 6.11 and

n—k)/k
vy = ((n—k)_"/2(1 +g§)‘”/2n”/2KO)( "

Theorem 6.17. Let f = (f', f2,...,f" 1) : M — R"! be a mapping of
the class W1, (M) and let the fundamental group w1 of the manifold M be

n,loc
trivial. The mapping f can be extended to a quasiregular mapping

=(f /=0 ) M= R

if and only if the differential form w = df' A ... Adf" of degree n — 1 is
in the class W1y on M with p =n/(n —1).

Proof. We assume that F' = (f, f™) is quasiregular. By Theorem 6.15 the
differential form w is in the class W7, on M.

Conversely, let w be a differential form of the class W74. Then there exists
a weakly closed differential form 6, degf = 1, satisfying Conditions (4.10)
and (4.12). Because 71 = {e} there exists an injective function f : M — R!
such that df™ = 6. From (4.10) we get

n—1 n/2
Vs <Z |dfi|2> < (n—1D)"2df* AL Adf.

=1
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Condition (4.12) implies

L ol 1/2
vi df"| < [dft ALY <y T afP
1=1
Thus we get
n n/2 n—1 1/2 n—1 n/2
d ©12 < d 712 4 d 712
2P S 2l g D]
i=1 i=1 i=1
vz \"? 1
< <1 + 4 > —(n—1)"2df AL A AP,
n—1 [%:3
which implies (6.1) with the constant
Ko = (n—1+v3)"2p 21
(]
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