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Abstract

We address a problem that extends a fundamental classical result of continuum
mechanics from the time of its inception, as well as answers a fundamental question
in the recent, modern nonlinear elastic theory of dislocations. Interestingly, the
implication of our result in the latter case is qualitatively different from its well-
established analog in the linear elastic theory of dislocations. It is a classical result
that if u € C2(R"; R") and Vu € SO(n), it follows that  is rigid. In this article
this result is generalized to matrix fields with non-vanishing curl. It is shown that
every matrix field R € C2%(£2; SO(3)) such that curl R = constant is necessarily
constant. Moreover, it is proved in arbitrary dimensions that a measurable rotation
field is as regular as its distributional curl allows. In particular, a measurable matrix
field R : 2 — SO(n), whose curl in the sense of distributions is smooth, is also
smooth.

1. Introduction

It is a classical result of continuum mechanics, known from the time of the
brothers Cosserat (1896) (according to Shield [22]), that if a C 2 deformation of
a connected domain £2 C R3 given by y : 2 — R3 with deformation gradient
Vy =: F has a constant Right Cauchy-Green tensor field, i.e., F TF = constant,
then y is a homogeneous deformation, i.e., F = constant. Shield [22] gave an
elegant proof (with references to other proofs by Forsyth, and Thomas) whose
hypothesis was marginally weakened in[3]. An elementary proof using ideas from
classical Riemannian Geometry arises from considering parametrizations of £2 and
y(£2) in a Rectangular Cartesian coordinate system. Then the condition F7 F =
constant allows associating spatially constant metric tensor component fields on the
two patches; a use of Christoffel’s transformation rule for the Christoffel symbols
then yields V?y = 0. This result implies that if the deformation gradient field of a
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deformation is known to be ‘pointwise rigid,” i.e., Vy(x) = F(x) € SOQ3)Vx €
§2, then F = constant € SO (3), and the deformation y is globally rigid. First
generalizations of this result go back to Reshetnyak who proved in [21] thatif y, —
y in Wh2(£2; R") and dist(Vyg, SO (n)) — 0 in measure then Vy is necessarily a
constant rotation. A proof of this result using Young measures can be found in [12].
John proved in [13] thatif y € C! and dist(Vy, SO (n)) < & for a sufficiently small
6 > O0then [Vylpmo < C(n)s. Without the assumption that Vy is uniformly close
to § O (n), Kohn proved optimal bounds for minge 5o (n),per? |y — (Rx+b)| L (but
not for ||[Vy — R||r) in [14]. Optimal bounds on Vy — R in L? were derived in the
celebrated work of Friesecke, James, and Miiller, [9]. The authors prove that for an
open, connected domain with Lipschitz boundary £2 € R” there exists C(£2) > 0
such that for every y € W12(£2; R") there exists a rotation R € SO (n) satisfying

/ |Vy — R|?dx < C(.Q)/ dist(Vy, SO(n))? dx. 1)
2 2

As pointed out in [6], L”-versions of the above estimate also hold for 1 < p < oc.
Generalizations to interpolation spaces were established in [4].

Regardless of the smoothness hypotheses involved, all of the above results
crucially rely on the fact that the field F is the gradient of some deformation y.
Going beyond the realm of deformations, it seems natural to interpret the global
rigidity question in the following way: Let R € C'(£2; SO(3)) be specified with
curl R = 0 in £2; then R = constant. Posed in this manner, it seems natural to
ask whether the hypothesis curl R = 0 is optimal or whether it can be further
weakened. It is this question that is dealt with in this paper with an affirmative
answer. Specifically, we show that global rigidity is obtained even for curl R =
constant on £2. This result, for 2 C RZand R € C 2(.Q; SO (2)), was obtained in
[1]. Here, we prove it for R : R3D>Q — S O (3) merely measurable. This three-
dimensional result is based on significantly different ideas from [1], and generates
also a different proof for the 2-d case.

Rigidity estimates similar to (1) for non-gradient fields were first established
in the linear theory and dimension 2 in [10]. The nonlinear analogue was first
proved in [17]; for a version with mixed growth see [11]. Generalizations to higher
dimensions n > 3 were then established in [15] in the Lorentz spaces LT In
[5] the stronger estimate in LT was shown for n > 3. Precisely: For 2 C R”
open and connected with Lipschitz boundary there exists C(£2) > 0 such that for
every F € Lﬁ(Q; R™>*™) such that curl F is a bounded measure there exists
R € SO(n) satisfying

/ |F — R|"T dx < C(£2) (/ dist(F, SO (n))-1 dx + |cur1F|(9)nf1).
2 2

2
Clearly, a rigidity estimate like (2) does not directly imply that rotation fields with

a constant but non-zero curl are constant as the estimate (2) applied to a field with
a constant curl does not provide more information than the same estimate applied
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to a field with a bounded but non-constant curl. However, there are obviously non-
constant rotation fields with a bounded curl. Therefore, the proof of our result
will be based on a different approach (see Sect. 2 for the idea of the proof and its
connection to the gradient setting). Instead, the rigidity estimate (2) can be used to
prove higher regularity for rotation fields, see Sect. 4, whereas our rigidity result is
based on a PDE approach, see Sects. 2 and 3.

It turns out that the question raised above is of relevance in the theory of dislo-
cations, as explained in detail in [1], with connections to the linear elastic theory of
dislocations. Briefly, considering a nonlinear elastic material with a ‘single-well’
elastic energy density, our result shows that a traction-free body with a constant
(non-vanishing) dislocation density cannot be stress-free (such a field is computed
in [2, Sec. 5.3]). This is in stark contrast to the linear theory of dislocations in
which the same body under identical hypotheses would necessarily be stress-free.
An interesting question in this interpretation of our work is the characterization
of the resulting stress field in a material with a ‘multiple-well’ energy density, in
particular, whether a stress-free state can arise for a constant dislocation density.

Additionally, we remark that recently similar questions have been studied in
the context of liquid crystals. In [20,23,24] (see also [19] for the two—dimensional
setting) the authors study the compatibility conditions for unit vector fields n :
R3 D 2 — §2, so—called director fields. In this context it is natural to distinguish
four independent measures of distortion: the splay div n, the twist n - curl n, the bend
n x curl n and the more involved biaxial splay. It can then be shown that in Euclidean
space director fields that induce a uniform (space-independent) distortion (bend,
twist, splay, biaxial splay) take a very specific form, see [24]. Generalizations to
curved spaces can be found in [20,23]. However, although the rows of a matrix field
R : 2 — SO(3) are unit vector fields, the fact that the curl of the different rows
is constant does not translate immediately to information on the different modes
of distortion above. In particular, in our setting the relations between the different
rows need to be exploited to prove that R is constant, see Theorem 3.

This article is organized as follows: first, we introduce the needed notation. Then
we prove that a regular rotation field with a constant curl is constant in dimension
2 (Sect. 2) and 3 (Sect. 3). In Sect. 4 we prove regularity of rotation fields in terms
of the regularity of its curl. This shows that the results proved in Sects. 2 and 3
apply more generally to measurable rotation fields with a constant curl in the sense
of distributions.

Notation Throughout the whole article we use the Einstein summation convention,
i.e., we sum over indices that appear twice.

Moreover, we denote by Id the identity matrix in any dimension. For a matrix
A we write A; for its i-th row. For the set of rotations in R” we write SO (n) =
{R e R™" : ATA = Id, det(A) = 1}. The trace of a matrix A € R"*" is given
by tr(A) = ZZ:I Ak, the scalar product between two matrices A, B € R is
givenby A : B = tr(AT B). For a matrix A € R"*" we write Agym = %(A + AT)
and Agpeyw = %(A — AT). The spaces of symmetric or skew-symmetric matrices
are denoted by Sym(n) = {A € R"" : AT = A} and Skew(n) = {A € R"™" :
AT = — A}, respectively. For a matrix A € R"*" we denote by cof A its cofactor
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matrix, i.e., the n x n matrix whose (i, j) entry is given by (—1)"*/ det(A"),

where AY is the (n — 1) x (n — 1)-matrix that evolves from A by deleting the i-th

row and j-th column. Cramer’s rule says that for invertible A € R"*" we have
1

T cof A = (A~HT . For two vectors a, b € R3 the cross producta x b € R3 is

defined as usual as (a x b); = &;jra;bi. Here, g;ji is the sign of the permutation
@ijk).

Let £2 € R” and connected. Throughout the whole paper we use standard nota-
tion for the n-dimensional Lebesgue measure £", the k-dimensional Hausdorff mea-
sure H¥, the space of k-times differentiable functions from §2 to R™, CK(§2; R™),
the space of p-integrable functions (more precisely, equivalence classes of these
functions) on £2 with values in R™, L?(£2; R™), Sobolev spaces, wkp(2; R™),
and the space of vector-valued Radon-measures, M (£2; R™). For a vector-valued
Radon measure i we denote by |u] its total variation measure. The space of func-
tions of bounded variation BV (£2; R™) consists of function f € L!(§2; R™) whose
weak derivative is a vector-valued Radon measure with finite total variation i.e.,
there exists u € M(§2; R"*™) with ||(£2) < oosuchthatforallg € C°(£2; R™)
andi € {1, ..., n} it holds that

/u~8i<pdx=—/ @ -du;.
Q 2

In this case we write Du = L.

In addition we recall quickly standard notation for classical differential oper-
ators. The divergence operator for a vector field f = (fi,..., fy) on a subset of
R” is given by div(f) = Y _;_, ok fx. For a vector field on a subset of R? we write
curl(f) = 81 f» — 92 f1, for a vector field f on a subset of R3 the i-th component
of the vector field curl(f) is given by curl(f); = &;jx9; fx. For arbitrary n € N
we generalize this notation to Curl(f) = (3, fk — 9 f, ]);l 4—1- In dimension 2 and
3 the notions curl and Curl can easily be identified. For matrix fields Curl, div and
curl will always be applied rowwise.

We recall that for a function f € L! (£2;R") we say that Curl(f) = u €

loc

M(£2; R™") in the sense of distributions if we have for all ¢ € C2°(£2; R)

/ Sidjo — fiokprdx = —/ pdujk.
Q Q

Note that a function @ € L lloc(.Q; R™) can always be associated to a vector-valued
Radon measure u € M(£2; R™) through puy (A) = fA a(x)dx. For f,a € Llloc
we also write Curl f = « instead of Curl f = q.

2. Rigidity for Rotation Fields in Dimension 2

We start by reconsidering the case n = 2. In [1] it was shown that a function
R € C?(£2; SO(2)) such that curl R is constant is necessarily constant. In this
section we give an alternative proof to this statement which uses the idea of the
proof for gradients. A similar strategy will be used in the three-dimensional setting.
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Let us quickly recall the argument for gradients in dimension n. Let R =
Vu € CH2; SO)) for some u € C%(£2; R"). We note that cof Vu = Vu,
divcof (Vu) = 0 and |Vu|> = n. Thus, Au = 0 and 0 = A|Vu|?>. Then one
computes 0 = A|Vu|2 = 2V(Au) : Vu + |V2u|2 = |V2u|2. Consequently,
Vu = R is constant.

Theorem 1. Let 2 C R? be open and connected. Let R € C2(£2; SO?2)) and
o € R? such that curl R = «. Then R is constant.

Proof. As R(x) € SO(2) forall x € £2, there exists a C2-vector field e : 2 — R?
such that

e1(x)2 + ez(x)2 =1land R(x) = <_e;2()(2) ZTSD forall x € £2.

As curl R = «, we find that

diex — dre; = ay,
diel + drer = ay,

from which we derive

d101ex — 010261 =0,
02012 — 0p02e1 = 0,
d101e1 + 0102e2 = 0,
02011 + 0202e2 = 0.

Adding the fourth to the first equation and subtracting the second from the third
equation we find that

Ae; = Aepr = 0.
Using that e (x)? + ¢>(x) = 1 for all x € £2, we obtain
— 2 2y 2 2 _ 2 2
0= A(e] +¢€35) =2e1Aey + 2|Ve|” +2erAez + 2|Ver|” = |Ver|” + |Ver|”.
As £2 is connected this implies that e (and consequently R) is constant. O

Remark 1. In the language of the literature on director fields in liquid crystals, it is
shown in the proof above that e : £2 — S has constant bend and splay. Then it is
well-known that this implies in spaces without a negative Gauss curvature that e is
constant, see for example [19].

In view of Theorem 1 we see that the generalized rigidity estimate (2) does not
provide the optimal estimate for rotation fields with a constant curl. The naive ex-
tension of the generalized rigidity estimate (2) incorporating the result of Theorem
1 would allow the subtraction of a constant from the curl on the right hand side:
For every open, bounded and connected set £2 € R? with Lipschitz boundary there
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exists C(£2) > 0 such that for every F € L?(£2; R**?) with curl F € M(£2; R?)
and a € R? there exists R € SO (2) satisfying

/ |F — R>dx < C(2) (/ dist(F, SO (2))* dx + | curl(F) — m(mz) ,
2 2

where u = o £2.
However, the following example shows that a statement of this type cannot be
true as it does not hold true in the linearized setting, c.f. the discussion in [1].

Example 1. Let 2 = B1(0). For ¢ > 0 we define F; : 2 — R>*2 by

_ 0 x
Fg(x)—ld—i-e( “ 0).

First we notice that curl F, = ¢ <é) Next, we observe that fg F.dx = Id and
therefore [, |F. — Id|*dx < [,|F, — R[*dx for all R € SO(2). Now, we

compute fg |Fo — Id)?dx = fg 282x12 dx = %82. On the other hand, a second
order Taylor expansion at /d shows that

dist(Fe(x), SO(2))* < [(Fe(x) — [d)sym|* + C|Fe — 1d|> < C&°.

Consequently, f o dist(Fe(x), S 0Q2)%dx < C&3. In particular we see that there
cannotexistaconstant C (§2) > Osuchthatforevery e > Othereexists R, € SO(2)

satisfying
(o))
curl(F) — ¢ 0 (£2) .

3. Rigidity for Rotation Fields in Dimension 3

/ |Fo — Re|?dx < C(£2) (/ dist(F., SO(2))% dx + (
2 2

This section is devoted to prove that in three dimensions a rotation field whose
curl is constant has to be locally constant.

3.1. A simple argument for = R3
We start with a simple argument for £2 = R3 which is based on Stokes’ theorem.

Theorem 2. Let R € C'(R3; SO(3)) such that curl R = o for some a € R3*3,
Then o = 0 and R is constant.

Proof. If @ = 0 then the result follows by the classical rigidity result for gradients.
So we assume that & # 0. Hence, there exists v € R3 such that av # 0. Up to
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0

a rotation we may assume that v = | 0 |. Now, we define for p > 0 the two-
1

dimensional disk and circle with radius p as

Df) = {(xl,xz,xg) eR:xl 413 < p?x3 = 0] 3)
and S = { (1, x2,x9) € R 1 xf 423 = o 3 = 0] @)

We choose v to be the normal to Df)z) and denote by 7 € S? the corresponding
positively oriented tangent to Sf;z). Using Stokes’ theorem we compute

/ curl R - v 'H? / RtdH!
D[()Z) S;)Z)

For the last inequality we used that ||Rt|| = 1 since R € SO(3). This yields a
contradiction for every p > O

< 2mp. (5

2
wp” llav| = ‘

llecv]l*

Remark 2. The proof shows that there cannotbe R € C 1(£2; SO3)) withcurl R =
o and Byjq|,,+5(x) S £2 for some x € £2,8 > Oand [le[[op = sup{av : [[v] = 1}.

3.2. The general result

In this section we prove our main result, namely that on any open and connected
set 2 C R3 every sufficiently regular function R : 2 — SO (n) with a constant
curl is constant.

Our approach is quite similar to the proof of Theorem 1, namely we first show
that a field of rotations R : 2 — R3 satisfies a linear elliptic PDE. Together with
the assumption that curl R is constant this will yield an equality for |V R|? in terms
of R and curl R.

Before we prove the main result we collect a few results that will be needed
later.

Proposition 1. Ler 2 € R3 be open and R € C?(§2; SO (3)) with curl R = « for
some constant matrix o € R3*3. Then the following hold:

(i) divR; = EijkOj - kaori [S {1, 2, 3}.

(ii) AR,' = SijkV(O[j . Rk).
(iii) |[VR|?> = —tr(RTa R ).
(iv) r(RTaRT &) = [(RT &) sym|?* — [(RT &) spem*.
(v) If R(x0) = 1d then | div(R)(x0)|* = 2letskew|*.
(i) Y0 [V R sym > = 1 div(R) -

) X (VR skew!? = Lol

Proof. As R takes values in S O (3) we note that the rows of R form an orthonormal
frame. Hence, for i € {1, 2, 3} we have

2R; = &ijk Rj X Ry.
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Consequently, we can compute div R; as follows that

2 diV(R,') = &ijk div (Rj X Rk) = &ijk (curl(Rj) . Rk — Rj . curl(Rk)) (6)

=¢gjjk (@ - Re — Rj - ay) @)

=2¢jkaj - Ry. ®

This shows (i). Now we recall the well-known identity curl curl = —A 4+ V div. As
curl R is constant, this yields

0=—AR; + VdivR;, 9)

which shows in combination with (i) claim (ii). For (iii) we first observe for i €
{1, 2, 3} that

0= A(|Ri|*) =2A(R;) - Ri +2|VR;|%.
In combination with (ii) this implies
—|VR]* = gijkV(aj - Ri) - Ri = gjjr aji (Om Rpt) Rim. (10)

Next, we use (23), i.e., we have for m, k, [ € {1, 2, 3} that

2(0m Ry = ermitir + Ersi Ris (RTO‘) + &rsm Ris <RTa)
mr

Ir

Plugging this identity into (10) yields

2¢ijk @ji (Om Rit) Rim =€ijk ji Rim €rmiir

+ &ijk @ji Rim €rsi Ris (R(x)Ta>

mr
+ &ijk oji Rim&rsm Rer (RTO,>
=)+ UD+UII).

Ir

No we compute

(I) = &iji ji Rim ermgir = Eijk aji (ak X Rj); = gjk (ax X R;) - o,
urn = Eijk Ujl &rsi Ris ajr
= &ijk (Rk X aj)ratiy = &jjk (R X aj) o = —gjjp(aj X Ry) - aj = —(I),

(II1) = &ijk oji Rimersm Ris (RTOt>lr
=gjjkoji (Re X Rj), (RTOl)
= &ijk(Ri x R, (@R @)y

=2Rj, (@R"@);, = 2(RTaR" @), = 2r(RTaR” ).

Ir

Combining (10), (I), (Il) and (III) yields (iii).
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For (iv) we simply compute
tr(RTaRTa) =(RTa)” : (RT )

= (R @5y = (RT@)sten ) : (R @)y + (RT @)t

2 2
= ‘(RTO[)sym‘ - ‘(RTa)skew

Next, we assume that R(xo) = Id. By (i) we have that div(R;)(xo) = &;jk o -
R (x0) = €ijka k. Consequently,

1 0 div(R3)(x0) —div(R2)(x0)
Qskew = = | — div(R3)(x0) 0 div(Ry)(x0)
div(Ry)(xg) —div(R1)(x0) 0

and therefore |sew |* = 3|div (R)(x0)|?, which is (v).
For (vi), we estimate

D(VR Joyml* 2 ]

i=1

(<VR,»)%1 + (VR + (VR)E )

(tr(VR;))?

v

- I

W | =

1

3
Z div(R))? = %| div(R)|%.

L»JI»—

Eventually, we prove (vii). We observe fori € {1, 2, 3} that

1 0 02Ri1 — 01R;2 33R;1 — 01 R;3
(VR)skew = = | 01Ri2 — 02 R 0 03Ri2 — 02R;3
01Ri3 — 03R;1 R;3 — 33R;2 0
| 0 —ai3 ap
==| az 0 —aj

-2 ] 0

Therefore,

1
Z|<VR>skew| Z o = e, (11)

O

Armed with the results from Proposition 1 we can now show that every field of
rotations with a constant curl has to be locally constant.

Theorem 3. Ler 2 C R3 open and connected, and R € C%(2; SO(3)) such that
curl R = o for some a € R3*3. Then R is constant.
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Proof. We assume first that £2 is simply-connected. For « = 0 the result is the well-
known result for gradients. Hence, it suffices to prove that « = 0. Now, let xg € £2.
We may assume that R(xg) = Id. Otherwise consider E(x) = R(x0)" R(x) and
& = R(x0)T a. By Proposition 1 (iii) and (iv) we have

IVRI? = [(RT @)skew* — [(RT @) sym|*. (12)
On the other hand, combining Proposition 1 (vi) and (vii) yields

3
2 _ . 2 ) 2 l : 2 l 2
IVRIZ =3 1(VR)syml? +1(VRDskenl® = 1 div(R)P + Slel®. (13)

i=1

Using Proposition 1 (v) we find from combining (12) and (13) at the point xg

2 1 7 1
letskew|* — lotsym]® > §|askew|2 + 5|oe|2 = glaskewﬁ + 5|asym|2. (14)

This implies that askewy = ot5ym = 01.e, & = 0. This completes the proof if £2 is
simply-connected.

Eventually we notice that around every point there exists a simply-connected
neighborhood which is included in £2. Then we proved that R is constant in this
neighborhood i.e., R is locally constant. As §2 is connected this implies that R is
constant. m]

In combination with Corollary 1 in Sect. 4, Theorem 3 shows our main result.

Theorem 4. Let 2 € R? be open and bounded. Then every measurable R : 2 —
SO(3) with a constant curl in the sense of distributions is constant.

4. Regularity of Rotation Fields is Dominated by Regularity of Their Curl

In this section £2 € R" denotes an open set. We will show that the regularity
of a measurable field R : 2 — SO(n) is determined by the regularity of its Curl.
Precisely, we will show that if Curl(R) € C¥(§2; R"*™*") for some k € N then
R € C*T1(£2; R™*"). In particular, if Curl(R) is constant then R is smooth.

As afirst step we recall a statement from [ 15, 16]. It states that a field of rotations
R whose Curl is a finite vector-valued Radon measure is already a function of
bounded variation. For the convencience of the reader we present a slight variation
of the argument from [15,16] which can be simplified using the recently obtained
generalized rigidity estimates in LT from [5] replacing the rigidity estimates in
the weak spaces L7 from [16]. The argument implies local estimates which
we will use to derive that DR is absolutely continuous with respect to the measure
Curl(R).

Proposition 2. Let n > 2 and 2 C R" open and bounded. Then there exists a
constant C > 0 such that for every measurable function R : 2 — SO (n) such
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that Curl(R) € M(82; R""™*") and | Curl R|(£2) < oo it holds for every Borel
set A C §2 that

|IDR|(A) < C|Curl R|(A). (15)
In particular, R € BV (§2; R"™*").

Proof. First,let A C £2 be open. For this let £2' C A be open such that 2’ CC $2.
For § > 0 we define

Iy =i €8Z" i+ (=8,8)" C A}
and fori € I
qd =i+ (=58/2,8/2)" and Q% =i + (=8, 5)".

Then it holds for § > 0 small enough that 2’ C Uiels qf UN C A, where N C 2
is a set of Lebesgue measure 0, see Fig. 1.

Now, fix i € I5. By the generalized rigidity estimate from [5] (if n > 3) or from
[17] GGif n = 2) there exists R; € SO (n) such that

/5|R—R,~|nnj dx < C|Curl R|(Q?)7 7. (16)
Q.

i

Note that by a scaling argument it can be shown that for all § > 0 and i € [
for C > 0 one can use the constant for the domain (0, 1)”. In particular, C in the
inequality above does not depend on § nor i.

We define a function Rs : 2’ — SO (n) by Rs(x) = R; if x € q? where i € I
(note that while each R; is defined on Q;s which overlap for neighboring indices, the
smaller cubes qis are mutually disjoint). It follows that Rs € BV (£2’; SO (n)) and
the distributional derivative of Rj is concentrated on the boundaries of neighboring
cubes g;, namely

IDRs|(2') = Y |Ri— RjIH"'(39g) N g} N 2"). (17)
ivjels,li—jl=5

Next, we fix two neighboring indices i, j € Is,1.e., |i — j| = 8. Then we use (16)
to find

2R - R = [ IR Ry dx
8 $
0ing’

5/ |R—R,~|ﬁdx+/ IR — R;|7T dx
0? 08

l J

<cC (|cur1R|(Q?)ﬁ + |Cur1R|(Q§)ﬁ) .
In particular, we obtain

IR~ Rj] = '~V (|Curl RI(Q)) + | Curl RI(QY)).
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By the finite overlap of the cubes Q? we derive from (17) that

IDRs|(2) <" > s77Ds (| Curl RI(Q)) + | Curl RI(Q)))

i,jels,|i—j|=8
< C”| Curl R| U 0; | < C”|Cur R|(A). (18)
iels

Additionally, Holder’s inequality then yields

|Rs — R|dx = / IR; — R|dx
~/Q/ Z Q’ﬁqlfs l

iels

SZ/Q§|R,-—R|dx
iels i

= D BIR = Rl o
iel

<2C$ Z|Cur1R|(Q;?)

iels

< C'8| Curl R|(A).

For the last inequality we used again the finite overlap of the cubes Q?. It follows
that Rs — Rin L1(2"; R"™") as § — 0. By the lower-semicontinuity of the total
variation we find from (18) that R € BV (£2’; R"*") and

IDR|(2")] < liminf DRy |(2') < C"| Curl R|(A). (19)
—

Note that the constant C” can be chosen independently from £2’.

Now we exhaust A by compactly contained open sets. Precisely, we find a
sequence of open sets £2; CC A such that ; € §2; , and [y £2;, = A. Then
DR is a vector-valued Radon measure on A and (19) yields

|IDR|(A) = klim |IDR|($2;) < C"|Curl R|(A).
— 00
For A = £2 it follows immediately that R € BV (£2; R"*").

For an arbitrary Borel set A C £2, wecanfindfore > QanopensetA C O C £2
such that | Curl R|(O) < | Curl R|(A) + &. It follows

[DR|(A) < |[DR|(0) < C"|Curl R|(O) < C" (|Curl R|(A) +¢).
Sending ¢ — 0 yields (15). O

Remark 3. We note that (15) shows that the vector-valued Radon measure DR is
absolutely continuous with respect to the Radon measure | Curl R|. In particular,
if Curl R € L'(§2; R""*") then DR is absolutely continuous with respect to the
Lebesgue measure. In this case by the Radon-Nikodym Theorem (see [7, Section
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1.6]) we may write DR = g £" for some g € L'(§2; R""*") and obtain for
almost every x € £2

|g(x)| = lim ][ lg(WIdy = C lim | Curl R(y)ldy = C| Curl R(x)|.
r—0 B, (x) r—0 B, (x)

In particular, it follows that ||g||;1 < C| Curl R||;1 which implies that R €

Wh1(£2; R"). In addition, if Curl R € L® then R € W' and (c.f. [18])
DRz < C|| Curl R|| .

In this case, by the Sobolev embedding theorem (see, for example, [25, Theorem
2.4.4]) R can be identified with a function which is locally Lipschitz continuous.

In light of Remark 3 we recall here Rademacher’s theorem (see [8, Theorem
3.1.6]) which states that every Lipschitz function is differentiable at almost every
point. Next, we show that for a differentiable function R : 2 C R" — SO (n) the
derivative DR can be expressed in terms of the functions R and Curl R.

Proposition 3. Letn € N, 2 C R”. Assume that R : 2 — SO (n) is differentiable
at a point x € §2. Then we have fori, k,l, p € {1,...,n}

2(R@T @R)®)) =Rk (Curl RC)ypig + R)mi (Curl R (20)
+ R(x)mi (Curl R(X))ri

and

2((@0iR)(x)) py = (Curl R(x)) pi; + R(x) pk R(xX)mi (Curl R(x)),1 21
+ R(X) pk R(X) i (Curl R(x)) i -

In particular, we have forn =3

2(R@"GR@) = et (R (@l )+ et (R (curl DY)

+enti (R (curl R)(x)) (22)

In’

and

2. (@ R pr =it (€Ul RY) -+ ekt R pic (ROOT (curl R)) (23)

in

+ eati RO (ROOT (curl R)())

In’
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Proof. Since R(x) € SO(n) for all x € £2 it follows for all i € {1, ..., n} that
RO)T (3 R)(x) is skew-symmetric. Consequently we find that

2(ROT@RW) =(RTGR®) — (R @R)X)

kl kl lk

=[(r0"@R®) - (RO GR) |
+[(ROT@R) + (RO @RI) ]
-[(rT @) + (RO @RI@) |

=[(r0"@R®) - (RO @RW) ]

ik
+ [(R(x)T(akR)(x))ll_ - (R(X)T(aiR)(x)>lk:|
=R(X)mk (Curl R(x)),i; + R(xX) i (Curl R(x)),11

+ R(X)mi (Curl R(X)) i -

This shows (20). Then (21) follows immediately by multiplication from the left
with R. Now, we notice that for n = 3, it holds (Curl R)4rs = eprs(curl R)yp.
Plugging this identity into (20) and (21) yields immediately (22) and (23). O

Combining Proposition 2, Remark 3 and Proposition 3 allows us to prove reg-
ularity of rotation fields with a regular curl.

Theorem 5. Let n,k € N, 2 C R" open and R : 2 — SO(n) measurable.
Assume that Curl R = f in the sense of distributions for f € Ck(§2; RV,
Then R € CF+1(2; R™™M),

Proof. First, let k = 0. As differentiability is a local property we may assume
that §2 is bounded and Curl R is bounded. By Remark 3 it follows that R €
W10 (2; R"™*"), By the Sobolev-embedding theorem it can hence be identified
with a function which is locally Lipschitz-continuous. Then Rademacher’s theo-
erem (see, for example, [8, Theorem 3.1.6]) yields that R is differentiable almost
everywhere and that at almost every point the classical and the weak derivative
coincide. Then Proposition 3 implies that the weak derivative DR is for almost
every point the sum of terms which are products of components of R and curl R.
Thus DR can be represented through a continuous function. This implies that
R € C1(£2; SO(n)) which is the statement for k = 0. If k > 0 we can bootstrap
this argument. We see now that DR is the sum of products of terms which are
c! (components of R) or ck (components of curl R). Hence, by the product rule
R € C? and second derivatives are sums of products of R, DR, curl R, or D curl R.
This is the statement for k = 1. All appearing terms of DR are again C' if k > 2.
Inductively, one can show that derivatives of order k + 1 exist and are given by
sums of products which consist of components of the first k derivatives of R and
curl R. O
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An immediate consequence of this is that rotation fields with a constant Curl in
the sense of distributions are necessarily smooth.

Corollary 1. Let n € N, 2 C R" open and R : 2 — SO(n) be measurable.
Assume that the distributional Curl R is locally constant. Then R € C*°(£2; R"*™"),
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