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ABSTRACT. We show that the sharp integral form on the isoperimetric inequal-
2

n®_
ity holds for those orientation-preserving mappings f € W,F" (Q,R"™) whose
Jacobians obey the rule of integration by parts.

1. INTRODUCTION
The familiar geometric form of the isoperimetric inequality reads as
(1) n"tw, UM < |oU|™,

where |U| stands for the volume of a domain U C R™ and |9U]| is its (n — 1)-
dimensional surface area. Now, if f : B, — U is a diffeomorphism of a ball B, =

B(zg,r) C R™ onto U, then U] = ’fB’y.J(x,f)dx‘ and [0U| < [, |D*f(z)| dz.

Here D! f(z) stands for the cofactor matrix of the differential matrix D f(x). In this
way, we obtain what is known as the integral form of the isoperimetric inequality,

namely
< I(n) ( | ID”f(x)Idfc> o

ks

(2)

/B,,. J(z, f)dx

with I(n) = (n»~/wn—1)"'. Above, we used the operator norm of the cofactor
matrix, defined by |D* f(x)| = sup{|D*f(x)h| : |h| = 1}.

Reshetnyak proved in [I4] the sharp Holder-continuity for a mapping of bounded
distortion by extending certain ideas of Morrey’s [I0]. This required him to prove
the isoperimetric inequality (@) for a mapping in the Sobolev class W™ [15] (see also
[2, Theorem 4.5.9 (31)]). Reshetnyak’s proof is based on integration by parts as are
the related proofs given in [I1], [I2] by Miiller et al. One can check using a standard
approximation argument that it suffices to prove the isoperimetric inequality () for
all smooth mappings. The sharp constant I(n) in inequality (2)) plays a very crucial
role in Reshetnyak’s argument (also see [6, Chapter 7.7]). The Sobolev regularity
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WLm cannot be substantially relaxed. Indeed, the mapping

x e
0 fa) = 0w ()
belongs to (,,, WLP(B(0,1),R") but (@) fails for all 0 < r < 1.

For example in non-linear elasticity (see [1], [I6] and [I2]) it is natural to as-
sume that the Jacobians of the mappings in consideration are positive a.e., because
a deformation of an elastic body should be orientation preserving. Recently, a
generalization of mappings of bounded distortion, the theory of mappings of fi-
nite distortion, with subexponentially distortion has emerged, partially motivated
by non-linear elasticity. We refer the interested reader to the monograph [6] by
Iwaniec and Martin. The assumptions of this theory imply that f € Wl’l(Q7 R™),

loc

J(z, f) >0 a.e.,
(4) IDfI™ € Lige(Q)
where
(5) the function t — P(t7+1) is increasing for large values of t,

< P(t
(6) / M 4t = oo

12
1

and P is an Orlicz-function (see [6, Chapter 4.12]). One can improve example (3)
and find, for each given function P for which the integral (G) converges, a radial
stretching f so that () holds and () fails ([9]). We proved in [5] that, under
the above assumptions, the isoperimetric inequality holds, with some constant,
depending only on the dimension n. In this paper, we will give a simple limiting
argument to show that, under the above assumptions, the isoperimetric inequality
(@) holds with the sharp constant I(n). Actually this is a simple case of our more
general theorem.

n2
Let f € VVll’"Tl(Q,R"). We say that the Jacobian J(-, f) of f obeys the rule of

oc
integration by parts if the equation

(7) /QQp(x)J(xaf)dx:_/sz(x)J(x;flv7f171790a fl+1;7fn)dx

is valid for every test function ¢ € C§°(2) and each index ¢ = 1,...,n. Under the
L . . c . -
assumption f € W, """ (2, R"™), different choices of indices ¢ yield the same value of
the integral; see [3]. It is important to note that the right-hand side is well defined

1. n%
for mappings lying in the Sobolev space W, "** (2, R™) and so equation ([Z)) implies,

loc
when the Jacobian does not change the sign, that

(8) J(af) € Llloc(Q)'

As an example, the Jacobian of an orientation-preserving mapping (i.e. J(-, f) >0
a.e.) in the class W,o!(Q,R") so that [@)-(@) hold, obeys the rule of integration
by parts ([], [@], [3] and [6, Theorem 7.2.1]; see also the fundamental paper [7] by
Iwaniec and Sbordone).

2
17L . .
Theorem 1.1. Suppose that the Jacobian of f € W, """ (Q,R™) is non-negative

oc

a.e. and the mapping f obeys the rule ([{) of integration by parts. Then f satisfies
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the isoperimetric inequality (@) for every xzo € Q and almost every radius r €
(0, dist(zo, 09)).

The question of the sharp constant is motivated by the study of sharp modulus of
continuity properties for mappings of finite distortion; see the forthcoming papers
[8] and [13].

2. PROOF OF THEOREM 1.1

Let Br = B(zo,R) C Q be a ball such that Bg C Q. We approximate f

7L2 . .
in Wb %1 (Bg,R™) by mappings f° € C®(Bg,R"). Since the functions |D¥f?|
converge to | D! f| in L'(Bgr) (observe that the cofactor matrix is made up of n — 1

subdeterminants of the differential matrix and n"—jl >n — 1), we find by Fubini’s

theorem that |D*f?| converges to |Dff| in L'(0B,) for almost every radius r €
(0, R). Fix r € (0, R) so that the functions |D¥ fi| converge to |D*f| in L}(0B,).
Pick 0 < € < 5. We take a convolution approximation uj to the characteristic
function x p,_, of the ball B,_. by using the standard mollifiers ®; (see [6] Formula

(4.6)]) where ¢ is chosen to be so small that u§ € C§°(B,). Then 0 < u§ <1 and so

) /B () 1) d < / e £ de < 1) ( / 1D fi(a:)|dx)

B, 0B,

n
n—1

Applying Stokes’ theorem for the smooth mapping f* we find that

(10) | @i e == [ @@ fen ) da
The telescoping decomposition of the Jacobian (cf. [6l Chapter 8]) leads to the
equation
| @It o ) de = [ @I @ S £ da
= [ (@ = R @t forsfy) da
(11) +Z/B fl(x)‘](xvuietvféa7flzflvfk_flzafk+1vvfn)dx
k=2 Br

Combining Hadamard’s inequality with Holder’s inequality we find that

/ Fr(@) (@, for o o) da —/ Fi@) @, f o fi) da
B, B,

< / |f1_f{||vu§||Df|n_l+Z/ |fl||V’U/§||Df7’|k_2|Df_Df’LHDfln—k
Br k=2 Br
< |Vuilees,) (/ |f1—fi|”> (/ IDfI"_“)
B, B,

2_p—2

ol ([ 1007)7 ([ apri+ i)

(12) < /B Df — Df

n2 n2
n+1 .
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By the Sobolev-Poincaré inequality we see that the right-hand side of inequality
(I2) tends to zero as i goes to infinity. Combining this with inequality (@) and
equation (I0) we find that

n—1

) = [ Ao o £ e < 1) ([ 10sw)a)

r

Applying the assumptions u§ € C§°(B,) and ([@) we conclude that

(14) /B () ) de < To) ( /8 D f(a)] dx) o

T

Since uf(z)J(z, f) < xB,(x)J(x, f) and J(-, f) € L}, () by @), we can use the

loc
dominated convergence theorem. First letting ¢ — 0 and then ¢ — 0, the claim

follows.

ACKNOWLEDGEMENTS

The author wishes to express his thanks to Professor Pekka Koskela for several
useful suggestions and for reading the manuscript.

REFERENCES
1

Ball, J. (1978). Convexity conditions and existence theorems in nonlinear elasticity. Arch.

Rational Mech. Anal. 63, 337-403. MR [57:14788

Federer, H. (1969). Geometric measure theory. Die Grundlehren der mathematischen Wis-

senschaften. MR [41:1976

Giannetti, F., Iwaniec, T., Onninen, J. and Verde, A. (2002). L!-Estimates of Jacobians by

subdeterminants. J. Geom. Anal. 12, no. 2, 223-254. MR [2002k:42042

Greco, L. (1998). Sharp integrability of nonnegative Jacobians. Rend. Mat. Appl. (7) 18, no.

3, 585-600. MR 2000g:42024

Iwaniec, T., Koskela, P. and Onninen, J. (2002) Mappings of finite distortion: Compactness.

Ann. Acad. Sci. Fenn. Math. 27, no. 2, 371-417.

Iwaniec, T. and Martin, G. J. (2001). Geometric function theory and non-linear analysis.

Oxford Mathematical Monographs.

Iwaniec, T. and Sbordone, C. (1992). On the integrability of the Jacobian under minimal

hypotheses. Arch. Rational Mech. Anal. 119, no. 2, 129-143. MR [93i:49057

Koskela, P. and Onninen, J. (2003) Mappings of finite distortion: The sharp modulus of

continuity. Tran. Amer. Math. Soc. 355, no. 5, 1905-1920.

[9] Koskela, P. and Zhong, X. Minimal assumptions for the integrability of the Jacobian. Preprint.

[10] Morrey, C. B. (1938). On the solutions of quasilinear elliptic partial differential equation,
Trans. Amer. Math. Soc., 43, 126-166.

[11] Miiller, S. (1990). Higher integrability of determinants and weak convergence in L. J. Reine
Angew. Math. 412, 20-34. MR 92b:49026

[12] Miiller, S. Tang. Q. and Yan, B. S. (1994). On a new class of elastic deformations not al-
lowing for cavitation. Ann. Inst. Henri Poincaré Anal. Non Linéaire 11, no. 2, 217-243. MR
95a:73025

[13] Onninen, J. Mappings of finite distortion: Minors of the differential matrix. Preprint 261,
Department of Mathematics and Statistics, University of Jyvaskyld, 2002.

[14] Reshetnyak, Yu. G. (1966). Bounds on moduli of continuity for certain mappings. (Russian).

Sibirsk. Mat. Z. 7, 1106-1114.

2

3

[4

5

[6

7

8

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use


http://www.ams.org/mathscinet-getitem?mr=57:14788
http://www.ams.org/mathscinet-getitem?mr=41:1976
http://www.ams.org/mathscinet-getitem?mr=2002k:42042
http://www.ams.org/mathscinet-getitem?mr=2000g:42024
http://www.ams.org/mathscinet-getitem?mr=93i:49057
http://www.ams.org/mathscinet-getitem?mr=92b:49026
http://www.ams.org/mathscinet-getitem?mr=95a:73025

A NOTE ON THE ISOPERIMETRIC INEQUALITY 3825

[15] Reshetnyak, Yu. G. (1966). Certain geometric properties of functions and mappings with
generalized derivatives. (Russian) Sibirsk. Mat. 7. 7 886-919.

[16] Sverak, V. (1988). Regularity properties of deformations with finite energy. Arch. Rational
Mech. Anal. 100, no. 2, 105-127. MR |[89g:73013

DEPARTMENT OF MATHEMATICS AND STATISTICS, UNIVERSITY OF JYVASKYLA, P.O. Box 35,
FIN-40351 JYVASKYLA, FINLAND

E-mail address: jaonnine@maths.jyu.fi

Current address: Department of Mathematics, University of Michigan, 525 E. University Ave.,
Ann Arbor, MI 48109-1109, USA

E-mail address: jonninen@umich.edu

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use


http://www.ams.org/mathscinet-getitem?mr=89g:73013

	1. Introduction
	2. Proof of Theorem 1.1
	Acknowledgements
	References

