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Abstract

Let f : M — N be a Lipschitz map between two oriented Riemannian mani-
folds, whose differential is almost everywhere a linear isometry. Gromov (1986)
showed that if f is not assumed to be smooth, then it is not necessarily an iso-
metric immersion; moreover, M may not even be isometrically immersible in N.
In this paper we prove that if f is additionally orientation-preserving (almost
everywhere), then it is an isometric immersion. Moreover, we prove that if there
exists a sequence of mapping f, : (M, h) — (N, D), whose differentials converge
in L? to the set of orientation-preserving isometries, then there exists a subse-
quence converging to an isometric immersion. These results are generalizations
of celebrated rigidity theorems by Liouville (1850) and Reshetnyak (1967) from
Euclidean to Riemannian settings. We describe an application of the generalized
rigidity theorem to convergence notions of manifolds.
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1 Introduction

In 1850, Liouville proved a celebrated rigidity theorem for conformal mappings
[Lio50]. An important corollary of Liouville’s theorem is that a sufficiently smooth
mapping f : Q ¢ RY - R? that is everywhere a local isometry must be a global
isometry. Specifically, if f € C'(Q;R?) satisfies df € SO(d) everywhere, then f is an
affine function, i.e., an isometric embedding of € into R4,

While from modern perspective it seems rather trivial, Liouville’s rigidity theorem
was generalized in various highly non-trivial directions. One such direction is con-
cerned with the regularity requirements on f. As it turns out, it suffices to require
that f be Lipschitz continuous with df € SO(d) almost everywhere (by Rademacher’s
theorem, Lipschitz continuous functions are a.e. differentiable). Indeed, if f is a lo-
cal orientation-preserving isometry a.e., then it is weakly-harmonic, and by Weyl’s
lemma, it is smooth [Res67a]; for a more complete survey on regularity see [Lor13].

Another type of generalization is due to Reshetnyak [Res67b]. It is concerned with
sequences of mappings f, : Q — R’ that are asymptotically locally rigid in an average
sense. Specifically,

Let Q c RY be an open, connected, bounded domain, and let 1 < p < oco. If
fu € W(Q; RY) satisfy [ f,dx = 0and

lim | dist"(df,, SO(d))dx =0,
Q

n—oo0

then f, has a subsequence converging in the strong W'#(Q; R?) topology to an
affine mapping.

Here, dist(df,SO(d)) : QO — R is a measure of local distortion of f. Liouville’s
theorem (for Lipschitz mappings) states that if this local distortion vanishes almost
everywhere, then f is an isometric embedding. Reshetnyak’s theorem states that a
sequence of mappings, for which the LP-norm of the local distortion tends to zero,
converges (modulo a subsequence) to an isometric embedding.

Geometric formulation and main results This paper is concerned with generaliza-
tions of Liouville’s and Reshetnyak’s theorems to the realm of mappings between
Riemannian manifolds. Throughout this paper, let (M, g) and (N,}) be compact,



connected, oriented d-dimensional Riemannian manifolds (possibly with a C! bound-
ary). Liouville’s theorem for smooth mappings has a well-known generalization for
manifolds:

Let f € CHOV;N) satisfy df € SO(g, f*b) everywhere in M. Then, f is smooth
and rigid in the sense that every x € M has a neighborhood U, in which

My—-1
x) °

f = exply, odf. o (exp

Here, exp™ and exp” are the respective exponential maps in M and N; for x € M,
SO(g, f*D)x is the set of orientation-preserving isometries T,M — T N. The general-
ization of Liouville’s theorem for the smooth case states that a Riemannian isometry
can be (locally) factorized via the mapping and its derivative at a single point.

A first natural question is whether this generalization of Liouville’s theorem holds if
f is assumed less regular. A second natural question is whether a generalization of
Reshetnyak’s theorem can be established for mappings between manifolds: suppose
that M can be mapped into N with arbitrarily small mean local distortion. Can one
deduce that M is isometrically immersible into N? Moreover, suppose that those
mappings are diffeomorphisms. Can one deduce that M and N are isometric? This
paper provides positive answers to all these questions.

Specifically, we prove the following generalization of Reshetnyak’s theorem (Theo-

rem (4.1 below):

Let (M, g) and (N, b) be compact, oriented, d-dimensional Riemannian manifolds
with C' boundary. Let 1 < p < co. Let f, € WY"(N;N) be a sequence of

mappings satisfying
dist(, ) (dfn, SO(g, fiD)) = 0 in LP(M),

where dist g, ¢ s the distance in T"M® f, TN induced by g and f,b. Then, M can
is isometrically immersible into N, and there exists a subsequence of f,, converging
in WY (V(; N) to a smooth isometric immersion f : M — N.

Moreover, if f,(dM) c N and Vol M = VolyN, then M and N are isometric
and f is an isometry. In particular, these additional conditions hold if f, are
diffeomorphisms.



The role of orientation Liouville’s theorem for smooth mappings holds if SO(g, f*D)
is replaced with O(g, f*D): indeed, a C'(M; N) mapping is either orientation-preserving
or orientation-reversing (globally), which reduces the setting to the case of the differ-
ential being in SO(g, /). However, both for Lipschitz mappings, and asymptotically-
rigid mappings, Liouville’s and Reshtnyak’s theorems do not hold if SO(g, f'b) is
replaced with O(g, f*h) (even in Euclidean settings).

The reason for the breakdown of both rigidity theorems is the following: maps whose
differentials switch between the two connected components of O(g, f*bh) can be highly
irregular. For example, Goromov proved, using methods of convex integration, that
given an arbitrary metric g on the d-dimensional closed disc D?, there exists a mapping
f € Wt>(D?,RY), such that f*e = g a.e., (i.e., df € O(g, ¢) a.e.); here ¢ denotes the
Euclidean metric on R? (see also [LP11, Remark 2.1])). It follows that a functional
such as

fe fM|g — f'blP Vol,, (1.1)

which does not account for orientation, is not a good measure of distortion, even
though at first sight, it might seem more natural than

f fM distfg,f*b)(df,SO(g, £'D)) Vol,. (1.2)

These difficulties only arise when mappings can switch orientations; the results of this
paper hold if the distance from orientation-preserving isometries is replaced by the
distance from orientation-reversing isometries (which amounts to choosing a different
orientation on either M or N), or if SO(g, f*D) in is replaced with O(g, f*D) or with
(1.1), but the mappings are restricted to (local) diffeomorphisms.

Sketch of proof We now present a rough sketch of the proof, emphasizing its main
ideas; applications of the theorem are discussed afterwards.

As a starting point, note the following well-known linear algebraic fact: A € SO(d) if
and only if detA = 1 and cof A = A, where cof A is the cofactor matrix of 4, i.e., the
transpose of the adjugate matrix of A. This fact can be reformulated for mappings
between abstract inner-product spaces: df € SO(g, f'h) if and only if Detdf = 1 and
Cofdf = df, where Det and Cof are the intrinsic determinant and cofactor operators
(see Section [2.3|for details).

The assumptions on the sequence (f,) imply that it is precompact in the weak W'?-
topology. However, the direct methods of the calculus of variations cannot be used
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directly to deduce that a limit function f is an isometric immersionn, since the func-
tional is not lower-semicontinuous in the weak W'?-topology. Instead, we follow
the ideas behind the proof of [JK90] to Reshetnyak’s (Euclidean) rigidity theorem; we
use Young measures to show that any weak limit f of (f,) must satisfy Detdf = 1 and
Cofdf =df a.e.,, hencedf € SO(g, f'D) a.e.

The generalization of [JK90] is not straightforward. The fundamental theorem of
Young measures is formulated for sequences of vector-valued functions. A general-
ization of this theory to sections of a fixed vector bundle is relatively straightforward
(see Section for details). In our case, however, df, is a section of 'M ® f;TN, i.e.,
every df, is a section of a different vector bundle. Trying to overcome this difficulty
by the standard procedure of embedding N isometrically into a high-dimensional Eu-
clidean space R (so that all df, become sections of the same vector bundle T"M ® RP)
does not solve the problem, because information about orientation is lost (as discussed
above, the theorem does not hold if SO(g, f,b) is replaced by O(g, f,b)). This difficulty
is overcome by a combination of extrinsic (embedded) and intrinsic (local) treatments
of N in different parts of the argument.

In addition, this generalization of [JK90] only works for p > d (otherwise Detdf, /
Detdf, and even worse, the use of local coordinates for the intrinsic part of the analysis
is impossible). To encompass the case 1 < p < d, we use a truncation argument from
[E]MO02,ILP11], adapted to our setting.

Having established that df € SO(g, f'h) almost everywhere, the problem is reduced
to proving the following version of Liouville theorem for Lipschitz mappings (Theo-

rem 3.):

Let f € WY(W;N) satisfy df € SO(g, f*D) almost everywhere. Then f is a
smooth isometric immersion.

While being well-known for C'(M; N) mappings, this is non-trivial for Lipschitz map-
pings. As discussed above, if one removes, for example, the orientation requirement,
i.e., assume df € O(g, f'D) a.e. (or equivalently f*) = g a.e.), then this statement is
false.

For N = R?, Liouville’s theorem for Lipschitz mappings follows from the observation
that for a smooth ¢ : M — R, div, Cofdgp = 0 (Cofdg is a d-tuple of sections of T*M,
each of which divergence-free); see e.g. [Eva98, Chapter 8.1.4.b.] and [LP11, Lemma
3.1]. Since df € SO(g, f*¢) implies that df = Cofdf, it follows that if df € SO(g, f*¢)
a.e., then dividf = 0 in a weak sense, i.e. f is weakly-harmonic. By Weyl’s lemma, f
is smooth, and therefore it is an isometric immersion.
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To generalize this analysis to the case where N is not Euclidean, we adopt once
again a combination of intrinsic and an extrinsic approaches. First, using an intrinsic
approach, we generalize the “Div-Cof-Grad=0" identity: we prove that 6y Cofdp =0
for every ¢ € C*(M;N), where 0y is the co-differential induced by the Riemannian
connection on ¢*TN. Second, embedding N isometrically into a Euclidean space,
t: N — RP, we write this identity in a weak form, from which we deduce the weak
harmonicity of f, hence its smoothness.

The combination of intrinsic and extrinsic approaches seems necessary: on the one
hand the “Div-Cof-Grad=0" identity cannot be formulated for mappings M¢ — RP,
d < D, at least in a way that will enable us to deduce the harmonicity of f. On the
other hand, it is not clear how to formulate a weak form of this identity without
an embedding, which naturally embeds T"M ® f*TN into a vector bundle T"M ® R”
independent of f.

The proof of Theorem [4.1|is completed by showing that f, — f in the strong (rather
than weak) W'#(M; N) topology (using again Young measures). This stronger conver-
gence, along with the conditions that f,(dM) C dN and Vol,M = VolyN, imply that f
is an isometry. Note that this last part has no equivalent in the Euclidean version of
Reshetnyak’s theorem.

Applications Two applications of Theorem |4.1|are presented in Section 5| First, an
immediate corollary (Corollary of Theorem [4.T]is that if M is not isometrically
immersible in N, then

inf f dist; .. (df,SO(g, £'b))dVol, > 0.
| 18t

FEWLP(MN)

This corollary is relevant to the field of non-Euclidean elasticity [LP11, KS12, [ESK13].
It was previously established only for N = R%; see [LP11], Theorem 2.2].

Second, weak notions of converging manifolds were investigated in a recent series
of works on manifolds with singularities [KM15| KM15, KM16a]. A sequence of
Riemannian manifolds (M,, g,) was defined to converge to a Riemannian manifold
(M, g) if (up to some additional assumptions) there exist diffeomorphisms F, : M —
M,,, such that

dist’(dF,, SO(g, F;,6,)) — 0 in LP(M),

and similarly for F;'. Theorem [4.1/implies that such a notion of convergence is well-
defined for p large enough, in the sense that the limit is unique (independent of the



choice of F,;). Moreover, we present some examples, showing that this notion of metric
convergence can be substantially different from Gromov-Hausdorff convergence.

Open questions

1. A discussion of generalizations of Liouville’s rigidity theorem cannot be com-
plete without mentioning the far-reaching result of [FJM02], which is a quanti-
tative version of Reshetnyak’s theorem:

Let Q c RY be an open, connected Lipschitz domain, and let 1 < p < oo,
Then, there exists a constant C > 0 such that for every f € W' (Q; IRY) there
exists an affine map f such that

IF = fIB sy < C fg dist’(d f, SO(d)) dx.

This result has been generalized in various ways, see e.g. [Lor16,/(CM16] and the
references therein. All these generalizations are in Euclidean settings. A natu-
ral question is whether this theorem can be generalized to mappings between
Riemannian manifolds.

2. While the results of this paper imply that for M not immersible into N,

inf fM distfg, f*b)(d £,50(g, f'))dVol, > 0,

FEWLP(M;N)

they do not provide an estimate on how large this infimum is. Since the local
obstruction of isometric immersibility can be related to a mismatch of curvatures,
one would expect curvature-dependent lower bounds. some results in this
direction exist for N = R? [KS12], however the general picture is still widely
open.

3. In this paper, we assume, for the sake of simplicity, that the Riemannian metrics
g and b are smooth; all the results hold for metrics of class C#. It is of interest
whether our results can be extended to less regular metrics including singular-
ities. In the context of the convergence of manifolds presented in Section [5, an
important example is the convergence to smooth surfaces of locally-flat surfaces
with conic singularities [KM16b, KM16a]. The uniqueness of the limit in such
cases is yet to be established.



Structure of this paper In Section [2, we present definitions, along with a brief
survey of results, which are used in various parts of this paper; specifically, we
consider Sobolev spaces, Young measures and the cofactor of a linear transformation,
all in a general Riemannian setting. Most of those results are known; some less
known results (or ones that we did not find a good reference for) are proved in the
appendices for completeness. Sections are the core of the paper. In Section
we prove Liouville’s rigidity theorem for Lipschitz mappings between Riemannian
manifolds. In Section [, we prove the generalization of Reshetnyak’s asymptotic
rigidity theorem for mappings between Riemannian manifolds. In Section |5, we
present the two above-mentioned applications.

2 Preliminaries

2.1 Sobolev spaces between manifolds

The following definitions and results are well-known; see [Haj09, Weh04] for proofs
and for further references.

Let M, N be compact Riemannian manifolds, and let D be large enough such that there
exists an isometric embedding  : N — RP (Nash’s theorem). For p € [1, ), we define
the Sobolev space W'#(M; N) by

WY (M;N) = {u :M—->N:iouc WLP(M;IRD)}.

This space inherits the strong and weak topologies of W'?(M; RP), which are inde-
pendent of the embedding :.

Generally, these spaces are larger than the closure of C*(M;N) in the strong/weak
WP (M; RP) topology. However, when p > d = dimM, WY(M;N) is the strong
closure of C*(M; N) in the strong topology [Haj09, Theorem 2.1].

By the standard Sobolev embedding theorems, it follows that forp > d, W'?(M; N) con-
sists of continuous functions whose image is in N everywhere. Moreover, W'*(M; N)
convergence implies uniform convergence forp > d. Therefore, whenp > d, W'?(M; N)
can be defined “locally”, namely

WPOVMGN) = {u € COGN) : ¢ ou € W (L), RY),
for every local chart ¢ : U ¢ N — R? }
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In addition, u, — u in W*(); N) if and only if u,, — u uniformly, and ¢ o u,, = pou
in W?(u=1(U), R?) in every coordinate patch [Weh04, Lemmas B.5 and B.7].

Moreover, it follows from [Hei05, Theorem 4.9] that for p > d, u € WY"(MV;N) is
differentiable almost everywhere and that its strong and weak derivatives coincide
almost everywhere.

Finally, note that for every p > 1 (including p < d), there is a notion of weak derivative
du of u € W(M; N) (and not only of tou), which is measurable as a function TM — TN
[CS146].

2.2 Young measures on vector bundles

Young measures play a central role in the calculus of variations. In this paper, we will
make use of the following theorem [Bal89]:

Theorem 2.1 Let 3 C R" be Lebesgue measurable. Let u, : QO — R™ be a sequence of

Lebesgue measurable functions. Suppose that (u,) satisfies the boundedness condition

lim sup meas {x € QN B(0,R) : |u,(x)| > M} =0, (2.1)

M—oo n

for every R > 0. Then, there exists a (not relabeled) subsequence u, and a family (vy)req of
Radon probability measures on R™, depending measurably on x, such that,

You, = {x - ¢(A)dvx(A)} in L1(Q)

Rm™

for every continuous function i : R™ — R, for which (1 ou,,) is sequentially weakly relatively
compact in L}(Q). That is, for every h € L¥(Q),

%LI{}OLgb(un(x))h(x)dsz( " gb(/\)dvx(/\))h(x)dx.

Remarks:

1. Condition (2.1)) is equivalent to the existence, for every R > 0, of a function
qr : [0, 00) — R satistying lim,_,« gr(f) = co and

n

Supf Sr(Jun(x)]) dx < oo,
QNB(O,R)

In particular, it holds whenever the sequence u, is uniformly bounded in
LY(CQ; R™).
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2. If Qis bounded, then the criterion that (¢ o u,) be sequentially weakly relatively
compact in L(Q) is equivalent to

sgp L @l o uyl)dx < oo (2.2)

for some continuous function ¢ : [0, ) — RR, such that lim;_,., @(t)/t = oo. This
is known as de la Vallée Poussin’s criterion [Bal89, Remark 3].

The fundamental theorem of Young measures has a natural generalization in the case
where () is replaced by a manifold and u, are sections of a vector bundle equipped
with a norm, namely, sections of a Finsler bundle:

Theorem 2.2 Let (M, g) be a compact Riemannian manifold. Let E — M be a Finsler vector
bundle. Let (£,) be a sequence of measurable sections of E, bounded in L'(M; E). Then, there
exists a subsequence (£,) and a family (vy)xen of Radon probability measures on E,, depending
measurably on x, such that

¢05WA{beL¢qmdwm% in LYV W), (2.3)

for every Finsler vector bundle W — M and every continuous bundle map ¢ : E — W,
satisfying that (\ o &,) is sequentially weakly relatively compact in L*(V; W).

The above theorem makes use of the following definitions. Its proof follows the proof
of the Euclidean case (as in [Bal89]), with natural adaptations.

Definition 2.3 Let (M, ) be a compact Riemannian manifold. Let W,E — M be Finsler
vector bundles.

1. The space Co(E; W) is the space of continuous bundle maps (not necessarily linear)
E — W that are decaying fiberwise. That is, if h € Co(E; W), then for every x € M,

lim  |he(e)lw, = 0.
Ey2e—

2. M(E) is the bundle of bounded Radon measures on E. A section u of M(E) is measurable
(more accurately weak-+-measurable) if for every bundle map f € Co(E;R), the real-

valued function
— (e) du, M->R
{x | @) (e)}

11



is measurable; note that this implies the measurability of

X = X d‘ux TM-o>W
{ \fE; f (6) (6)}
for eovery f € Co(E, W)

3. hy, — hweakly in L"(V; W) if for every ¢ € L®(W*),

f¢0hndVOZg—>f¢)0tholg
M M

where L* (W) is the space of essentially bounded measurable vector bundle morphisms
¢ : W — M xR Note that while, generally, the composition of measurable functions
is not measurable, in this case the fiberwise linearity of ¢ implies that the composition
amounts to a scalar multiplication of vectors, which is measurable.

2.3 Intrinsic determinant and cofactor

The determinant and the cofactor of a matrix are encountered in every elementary
course in linear algebra. While the determinant has a well-known generalization for
linear maps between inner-product spaces, the notion of a cofactor of a linear map is
less common. In this section, we present an intrinsic coordinate-free definition of both
determinant and cofactor of a linear map. These definitions are used further below in
a natural, coordinate-free analysis of mappings between Riemannian manifolds. For
completeness, expressions in local coordinates are derived in Appendix

Definition 2.4 (determinant) Let V and W be d-dimensional, oriented, inner-product spaces.
Let %% A(V) = Agi(V) and %%, Ad(W) — Ag(W) be their respective Hodge-dual
operators. Let A € Hom(V, W). The determinant of A, Det A € R, is defined by

d
DetA := *% o /\ Ao %y,
where N'A = AN ... AA,d times, and we identify ANV=A"W=R

This definition of the determinant coincides with the determinant of the matrix rep-
resenting A with respect to any orthonormal bases of V and W. In particular, let
(M, g) and (N, b) be oriented d-dimensional Riemannian manifolds. We denote by

12



*E L A(TM) = Ay (TM) and %5+ Al(TN) — As_i(TN) the Hodge-dual operators
of the tangent bundles (note that the Hodge-dual in Riemannian settings usually ap-
plies to the exterior algebra of the cotangent bundle). Let f : M — N a differentiable
mapping. Then

d
Detdf = x% o /\ df o).

Some properties of the intrinsic determinant are proved in Appendix|Al In particular
the determinant of the differential is associated with a scalar scaling of the volume
forms, namely,

f*dVol,

Detdf = Vol,

Definition 2.5 (cofactor operator) Let V and W be d-dimensional, oriented, inner-product
spaces. Let A € Hom(V, W). The cofactor of A, Cof A € Hom(V, W), is defined by

d-1
Cof A := (-1)" x4 o A Aoxl,
where we identify ANV =Vand N' W=~ W.

Properties of the cofactor Cof A are presented in Appendix|Al In particular, we prove
that the following identities, which are intrinsic versions of the well-known properties
of the matrix-cofactor,

DetA Idy = AT 0o Cof A = (Cof A)T 0 A,

and
Det A Idyw = A o (Cof A)T = Cof A o AT,

An immediate corollary is:

Corollary 2.6 Let V and W be d-dimensional, oriented, inner-product spaces. Let A €
Hom(V, W). Then A € SO(V, W) if and only if Det A = 1 and Cof A = A.

In the context of differentiable mappings, f : M — N, this corollary implies that
Corollary 2.7 Let (M, g) and (N, b) be oriented d-dimensional manifolds. Then,

df € SO(g, f'D)

if and only if
Detdf =1 and Cofdf =df.

13



Remarks:

1. Ford > 2, it can easily be checked that A € SO(V, W) if and only if Cof A = A # 0
(the condition on the determinant is satisfied automatically). For d = 2, Cof :
Hom(V, W) — Hom(V, W) is a linear operator; the set

{A € Hom(V,W) : CofA = A}
is a linear subspace, consisting of all conformal maps.

2. The characterization of isometries through cofactors and the role of dimension
can be illuminated by the following simple heuristic argument: Cof A defines
the action of A on (d — 1)-dimensional parallelepipeds, i.e., it determines volume
changes of (d — 1)-dimensional shapes, whereas, A determines volume changes
of 1-dimensional shapes (lengths). When d — 1 # 1, the condition Cof A = A
implies that metric changes in two different dimensions are fully correlated,
which is a rigidity constraint, forcing A to be either trivial, or an isometry (cf.
r1 =rif and only if r = 0 or r = 1).

2.4 Vector-valued forms

The differential df of amap f : M — Nisa section of the vector bundle TM® f*TN over
M; alternatively, it can be viewed as an f*TN-valued 1-form on M. In this section, we
present the properties of vector-valued forms that are used in the proof of Liouville’s
theorem. Proofs are provided in Appendix

Definition 2.8 (Hodge-dual of vector-valued forms) Let V be a d-dimensional, oriented inner-
product space, and let W be a finite dimensional vector space. We define the Hodge-dual

operator
*w  M(V)OW = A (V) @ W,

by the linear extension of
*w (0O W) = (x0) ®w, veA(V), weW, (2.4)
where *"‘, is the standard Hodge-dual on Ai(V).

The following property of *I{/,w is an immediate consequence of its definition, along
with the well-known property for scalar-valued forms:

14



Lemma 2.9 [Duality of the Hodge-dual] Let V and W be as in Definition The Hodge-dual
operators *]x(/,w are isomorphisms satisfying

d-k K Kd—k
*ex = (1)

The following lemma, provides a useful characterization of the Hodge-dual for vector-
valued forms, when the target space W is endowed with an inner-product:

Lemma 2.10 (Characterization of the Hodge-dual) The Hodge-dual %, is the unique lin-

ear operator
A(V)OW = Ay (V)@ W,

satisfying
trw (o A %5 8) = (@, v (x4 1) (2.5)

for every a, p € A(V) ® W; note that this holds independently of the inner-product on W.

Note that if V is replaced with V*, then by definition, *“),*1 = Voly, hence

trw (o A %%, ) = (a, B)v-w Voly (2.6)

forevery a,p € Al(V) @ W.

The following lemma shows that linear operators commute with the Hodge-dual
operator:

Lemma 2.11 Let V, W be as in Definition[2.8|Let A € Hom(V, W) ~ A1(V*) @ W. Then,
(*b wA)O1, -, 021) = (1A (K5 @1 A+ Avg)
for every vy, ...,v4-1 € V.

Thus far, we considered linear maps between arbitrary inner-product space. We next
turn to consider vector-valued forms on Riemannian manifolds. Let (M, g) be a d-
dimensional Riemannian manifold. Let E be a vector bundle over M (of arbitrary
finite rank n), endowed with a Riemannian metric ) and a metric affine connection
VE.

We start by establishing the commutation between the Hodge-dual operator and
covariant differentiation. Note that VF induces a connection on A.(E) (also denoted
by VE); this induced connection is compatible with the metric induced on A(E) by b.

15



Lemma 2.12 (Hodge-dual commutes with covariant derivative) Let (E, M) be defined as
above. Denote by *’g the fiber-wise Hodge-dual Aw(E) — A,—x(E). Then,

*£ (V) = Vi(*Ep)
for every B € T'(A(E)) and X € T'(TM).

We denote by
QM E) = T(A(TM) ® E)

the space of k-forms on M with values in E. The metrics on M and E induce a metric
on QF(V; E), denoted (-, ap- The Hodge-dual operator

*ner : QOVGE) - Q7 (MG E)
is defined fiber-wise.
Definition 2.13 (Covariant exterior derivative) The covariant exterior derivative,
dy : QWM E) —» QL(0V E),
is defined by the linear extension of
dy(w®n) =dw®n+ (-1)fw A VE, w € QKM), n e T(E).

It is well-known that dy is given by the formula

k+1
dVG(Xlx v, Xpy1) = Z(_l)iﬂVf{i (o‘(Xl, X, Xk+1))
=1 _ _ (2.7)
+ Z(—l)lﬂa([Xi, X1, X,y Xy Xy, Xin),
i<j
where o € Q¥(M; E). Note that the covariant exterior derivative only depends on the
connection on E and not on the connection on M.

We conclude this section by introducing the covariant coderivative:

Definition 2.14 (Covariant coderivative) The covariant coderivative,
oye : QF(OVGE) —» QF YOV E),
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is defined by the relation,

f<0,5vEP>g,b Vol, = f (dvio, p),, Voly,
M M

for all p € QX(M; E) and compactly-supported o € QF1(M; E).
Lemma 2.15 The covariant coderivative is given by

_ dk+d+1  d—k+1 k
Ove = (1) *TocE AvE X -

3 Liouville’s theorem for Lipschitz mappings

In this section we prove the following generalization of Liouville’s theorem for Lips-
chitz maps between manifolds:

Theorem 3.1 (Liouwville s rigidity for Lipschitz functions) Let f € W*(M; N) satisfy df €
SO(g, f*b) almost everywhere. Then f is a smooth isometric immersion.

Theorem[3.1]is basically a statement about regularity, since for smooth mappings, df €
SO(g, f*h) almost everywhere implies df € SO(g, f*h) everywhere. The smoothness of
f is the consequence of the following key proposition:

Proposition 3.2 (A.e. local isometries are harmonic) Let f € WY (WM; N) satisfy df € SO(g, f*D)
almost everywhere. Then, f is weakly-harmonic in the sense of [Hél02)]:

o MxRP _ +
fM<d(‘ HVERE) Vo, fM (trg fA(S, df), £), Vol (3.1)

forall & € Wé’z(M; RP) N L®(M; RP), where 1 : N — RP is an isometric embedding, A is the
second fundamental form induced by 1, and ¢ denotes the Euclidean metric on RP.

In particular, f is smooth.

The fact that f is smooth follows from a well known regularity theorem for continuous,
weakly-harmonic mappings [Hél02, Theorem 1.5.1]. Since df € SO(g, f*h), implies
Cofdf = df (Corollary 2.7), the fact that f is weakly-harmonic follows from the
following generalization of the Euclidean “Div-Cof-Grad=0" identity:
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Proposition 3.3 (Div-Cof-Grad=0, weak formulation) Let f € WP (M; N) wherep > 2(d—
1) (p > 2ifd =2). Let 1 : N — RP denote an isometric embedding of N in RP with second
fundamental form A. Then,

f <f*dLoCofdf,VMX]RDE>g Vol, = f (try f*A(Cofdf,df), &), Vol,,  (3.2)
M ¢ M

for all & € Wy (M; RP) N L(M; RP).

Comments:

1. Eq. reads as follows in local coordinates: Let the indices i, j denote coordi-
nates on M, let the indices a, f denote coordinates on N and let the indices a,b
denote coordinates on RP. We denote by gij the entries of the metric g, by e
the entries of the matrix inverse to g;;, [g| = detg;;, and A” are the entries of the
second fundamental form induced by . The differential df has entries d;f*. We
also denote by d;f the vectors in TN, whose entries are d; f*; the same holds for
Cofdf = (Cofdf)?. Then,(3.2) reads

f 67 0ot (Cof df)* 60y 0;E" /gl dx = f o'/ A(Cof df);, 9;f) bar & lal dx,
M M
where ( and A are evaluated at f(x).

2. In view of the last remark in Section in the two-dimensional case, Proposi-
tionis stronger than Proposition Let f e WP(V;N), dimM = dim N = 2
and letp > 2. If df is either 0 or a conformal map a.e., then f is weakly-harmonic,
and in particular smooth. This was already known for f € C? (see [HWOS, Sec-
tion 2.2, Example 11]), and Proposition 3.3| generalizes it to less regular maps.

The next subsection proves Proposition |3.3|and related identities.

3.1 Generalization of the “Div-Cof-Grad=0" relation

We begin this section by proving a strong formulation of the "Div-Cof-Grad=0"
relation for mappings between manifolds. This relation serves as the main step in
proving Proposition[3.3) but it is also interesting in its own. Note that the formulation
of the relation does not require embedding the target space into a larger Euclidean
space. In this sense, it is intrinsic. Note also that we do not require here the manifolds
to be compact, unlike in the rest of this paper.
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Proposition 3.4 (Div-Cof-Grad=0, intrinsic formulation) Let (M, g) and (N, b) be oriented,
d-dimensional Riemannian manifolds. Let f € C*(M,N). Then, for every compactly sup-
ported x € I'(f*TN),

f (Cofdf,dvx),, Vol = 0. (3.3)
M

Equivalently, s Cotdf
vrT~N LO =0.

Using the same index conventions as above, (3.3) reads in local coordinates:

f (Cofdf)} ¢bus (9" + 9 F7T0 &%) Vialdx = 0,
M

where )4 are the entries of the metric ), I'; 5, are the Christoffel symbols of V¥ and both
hand I are evaluated at f(x).

Proof: By Lemma (with E = f*TN), we need to prove that

d 1 —
Since the Hodge-dual operator is an isomorphism, this amount to proving that

dy *1opg oy Cof df = 0.
By Definition 2.5/ of the cofactor operator,

Cofdf(u) = (~1)*" *%h (A1) >y
Appying Lemma for every sequence Xj, ..., X1 € I'(TM) of vector fields,
(*Forg porn COFAS) (X, ..., Xga) = (=1)* Cof df(RHH(X1 A -+ A Xg-1))

fTN(Ad 1df) L A A Xg) (3.4)
= (1" xiy (df(Xl) A Adf(Xam)),

where we used the dual property of xX.,  (Lemma . Since our goal is to prove that

dy %7, s Cofdf = 0, we will henceforth omit the (=1)*1 factor.
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By 2.7) and (3.4),
(dy *h = Cofdf)(Xy, ..., X4)

_Z( IV ST (AfX) A AFCG) A+ A dF(Xa))
+Z( 1) x4 (AFX:, XD AdfC) A NAFG) A=+ AdFG) A+ AdF(Xy))
i<j

Note that for every j,
vf PR () A AFG) A A (X))
= L Vi TN(df(XQ Ao NG A - Adf(Xa)
= Z * f. TN(df(Xl) AR Vj;jm(df(xz‘)) AR dﬁyj) AR df(Xd))

zi]

= Z( 1)~ fTN(VfTN(df(XZ-))/\df(Xl)/\---/\dﬁZ)/\---/\dﬁ)?j)/\---/\df(Xd))

i<j

# Y1) %y (VE@FOO) AdFCD) A AT A+ AR A+ AdF(X)),

l>]

where in the first equality we used the commutation of the covariant derivative and
the Hodge-dual operator (Lemma[2.12). Note that here j is fixed, so in the last equality
(and only there) the symbol }.;_; represent summation only over i, and not over both
iand j. It follows that

Z( VE P R (A A AFCG) A+ A d (X))

= Y (1w, (VJ;]_TN(df(Xi)) NAFOQ) A AdF) A -+ A dFK) /\~-/\df(Xd))

i<j

RN (Vf;jTN(df(Xi)) AAF) A AFE) A AT A+ A df(Xd)).

i>j

From the symmetry of the Levi-Civita connection of TN, it follows that
Vi @fXp) = VLT AFX) = dFIX, X)),
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therefore,

d
Z —D)FIVE AL (dF ) Ao AR A - A df(X0)

j=1

= Y () R (dFX XiD) A dF(Xa) A AdFK) A= AdFX) A -+ Adf(Xa))

i<j
Thus, we finally obtain
(dy *;Mfmcofdf)(xl, ., X4)
_Z( 11+J*fm df([X;, XD) AAFX) A= AdFEG) A NAFG) A -+ AdF(Xy))

i<j
+ (=) xR (X, XD A dFKa) A= AdFOG) A=+ AdFG) A -+ Adf(Xa)
=0,
which completes the proof.
_

An immediate corollary of Proposition [3.4] and Corollary 2.7]is the well-known fact
that smooth isometric immersions between manifolds of the same dimensions are
harmonic:

Coro[[ar_t/ 3.5 Let (M, g) and (N, b) be oriented, d-dimensional Riemannian manifolds, and
let f € C*(W;N). If
df € SO(g, f'D),

then for every compactly-supported x € I'(f*TN),

f (df,V/™x) Voly =0. (3.5)
M a,h

Proof of Proposition[3.3} As a first stage, we show that holds forevery f € C*(M, N).
Given an isometric embedding ¢ : (N, h) — (R, ¢),

di: TN - N xRP and  f'di: ff'TN - MxRP.
Then, Proposition 3.4 can be rewritten as

f (fdio Cofdf, fdioV/ ™) Vol =0 (3.6)
. y
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for all xy € To(f*TN).

Denote by NN the normal bundle of (N) in RP, that is, NN ¢ N'xRP is the orthogonal
complement of di(TN) in (N X RP, ¢). Denote by P and P~ the orthogonal projections
of N x RP into di(TN) and NN. For a section { € I'(TN), the Levi-Civita connection
on TN is induced by the Levi-Civita connection on the trivial bundle, N x RP, by the

classical relation ,
dio VN = P (V™ (di o 7).

Let C € I'(TN) have compact support in f(M). Then, f*C € I'y(f*'TN), and
fdio VITNFC = £ (dio VINE)
= £ (P(V*®(di0 1))
= (f'P) (VO™ (Fdio £10)),

where in the last step we used the fact that f*V>*®” = yMXR”  Gince sections of the
form f*Cspan I'(f*"TN) locally, it follows that

Fdio VI ™y = (£P) (VMR (f1duo x)). (3.7)

Next, we note that
frdio x € To(fdu(TN)) C To(M X RP).

Sections in To(f*di(TN)) can be represented by sections in I'y(M x RP) projected onto
f*du(TN). That is, setting f*di o x = (f*P)(&), and combining (3.6), we get

L (frdio Cofdf, (fP) (V¥"®'( f*P)(E)))M Vol, = 0

for all & € To(M x RP). Since f*di o Cofdf € I'(f*du(TN)), the outer projection can be
omitted, yielding,

f (frduo Cofdf, V**®°(f'P)(&)) Vol =0.
M ge
Next, set (f'P)(&) = & — (f*PX)(&). Then, for all & € To(M x RD),
f (frdio Cofdf, vaRD5>qe Vol,
M " (3.8)
= f try (f'de o Cofdf, V"OR(f'P4)(&)) Vol
M
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where on the right-hand side, we have separated the inner-product on "M ® R into,
first, an inner-product over RP, followed by a trace over T*M.

Let A : TN x TN — NN be the second fundamental form of N in R”. That is,

(Aw,0), 1), = (diou, V)

(3

for u,v € I'(TN) and 1 € I'(NN). Pulling back with f,

(FA@AfX),n), = (fdeou, Vi),

¢

foru e I'(f*TN), X € I'(TM) and 1 € I'(f*NN). Setting nn = (f*P*)(&) and u = Cofdf(X),

(f*A(Cofdf(X),df(X)), (FP)(E)), = (fdio Cofdf(X), VI*®'(FP)(E))

Since the range of A is the NN, the projection f*P* on the left-hand side can be omitted.
Moreover, replacing the vector field X by the components X; of an orthonormal frame
tield, and summing over i, we obtain

e

(try f'A(Cofdf,df), &), = try(f'dio Cofdf, V"R (£ P4)(&))

. .

Substituting this last identity into (3.8), we finally obtain

f <f*dLoCofdf,VMX]RD£>qeVolg: f (tr, f*A(Cofdf,df), &), Vol
M e M

forall f € C*(M,N) and all & € Tp(M x RP).

It remains to show that thisidentity holds forall f € W'?(M; N)and all & € Wé’z(M; RP)N
L®(M;RP). This follows by first approximating f by smooth functions in the W7
topology (this is possible since p > d), and then approximating & with smooth
sections of M X RP in the W'? topology. Since p > 2(d — 1), then f*di o Cofdf €
L*(MV; T"M ® RP), hence the first integrand is well defined for & € W()\; RP). Since
p > d, try f*A(df,Cofdf) € L'(M;RP), and the second integrand is well-defined for
& € L°(M; RP). The fact that f;dioCofdf, — f*dioCofdfinL?and f;A(df,, Cofdf,) —
f*A(df,Cofdf)in L' also hinges on the fact that p > d, hence the convergence f, — f is
uniform. The necessity of uniform convergence is also the reason for assuming p > 2
ford = 2, rather thanp > 2(d - 1) = 2.
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4 Reshetnyak’s rigidity theorem for manifolds

In this section we prove the following theorem, which is a generalization of Reshet-
nyak’s theorem for the case where both source and target spaces are Riemannian
manifolds:

Theorem 4.1 Let (M, g) and (N, b) be compact, oriented, d-dimensional Riemannian manifolds
with C! boundary. Let1 < p < coand let f,, € W'P(M; N) be a sequence of mappings satisfying

distez)(df, SO(a, £)) = 0 in LPQM). (4.1)

Then, M can be immersed isometrically into N and there exists a subsequence of f, converging
in WY (MV(; N) to a smooth isometric immersion f : M — N.

Moreover, if f,(dM) C IN and Vol M = VolyN, then M and N are isometric and f is an
isometry. In particular, these conditions hold if f, are diffeomorphisms.

Proof: Since the proof is long and technical, we divide it into six steps. In Steps I-III,
we assume that p > d; in Step I, we show that f, converges to f uniformly; in Step II,
we show that f is an isometric immersion; in Step III, we show that the convergence
of f, to f takes also place in W'*(M;N). In Step IV we relax the p > d assumption,
and prove that the results of Steps I-III hold for p > 1. Finally, in Steps V-VI we prove
that f is an isometry if the additional assumption on f, and the equality of volumes
are satisfied.

Step I: Prove that f, has a uniformly converging subsequence

As described in Section Sobolev maps between manifolds are conveniently de-
fined by first embedding the target manifold isometrically into a higher-dimensional
Euclidean space. The idea is to exploit the well-established theory of vector-valued
Sobolev functions on Riemannian manifolds.

As before, let ¢ : (N,h) — (RP,¢) be a smooth isometric embedding of N, where ¢
denotes the standard Euclidean metric on RP. Let

F,=tof,: M—>RP

be the “extrinsic representative” of f,. For x € M, denote by O(gy,¢) the set of
linear isometries (T,M, g,) — (RP, ¢). Note that when mapping a vector space into a
vector space of higher dimension, there is no notion of preservation of orientation;
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in particular, SO(g, ¢) is not defined. However, since A € O(gy, bs)) implies that
dify o A € O(gy, ¢), it follows that

dist(q, (dFs, O(g, ©)) < dist, 1) (df, O(8, £31))
< diSt(g,f;b)(dfn, SO(Q, f;b))

In particular, (4.1) implies that
dist(dF,, O(g,e)) = 0  in LP(M). (4.2)

Since, by the compactness of N, Image(F,) C «(N) ¢ RP is bounded, it follows from
the Poincaré inequality that F,, are uniformly bounded in WY (M; RP). Hence, F, has
a subsequence converging weakly in W"?(); RP) to a limit F € W'?(M; RP).

Since p > d, it follows from the Rellich-Kondrachov theorem [AF03, Theorem 6.3]
that F, — F uniformly; since (N) is closed in RP, it follows that F(M) c (N), i.e.,
"' o F: M — N is well-defined. The compactness of N implies that the intrinsic and
the extrinsic distances on N are strongly equivalent (see [Cohl). Therefore, f, — ("' oF
uniformly; we denote this limit by f; it is in W'?(M; N) by the very definition of that
space.

Step 1I: Prove that f is an isometric immersion

By Theorem it is sufficient to prove that df € SO(g, f*h) a.e. Note that this is a
local statement; thus, it suffices to show that every x € M has an open neighborhood
in which this property holds. Using local coordinate charts, this statement can be
reformulated in terms of mappings between a manifold and a Euclidean space of the
same dimension; as already discussed, the equality of dimension is critical for keeping
track of orientation-preserving linear maps.

Soletx € Mandlet¢ : U c RY - N be a coordinate chart around f(x) € N. Let M’
be an open neighborhood of x such that f(M’) C ¢(U). Since f, — f uniformly, and
the distance between f(M’) and the boundary of ¢(U) is positive, f,(M’) C ¢(U) for n
large enough.

In the rest of this step of the proof, we will view f, and f as mappings M’ — U c R%
fory € U, T,U ~ R will be endowed with either the Euclidean metric ¢ or the pullback
metric ¢p*b, with entries b;;(y) = b(d;, d))l¢(,)- Since we can assume that f,(M’) are all
contained in the same compact subset of ¢(U), it follows that we can assume that
all the entries b;; and b of the metric and its dual are uniformly continuous, and in
particular uniformly bounded.
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The uniform boundedness of 0);; and b/ implies that the norms on TM’' ® R? and
T*M’ x R? induced by (i) g and f,b, (ii) g and D, and (iii) g and e are all equivalent;
moreover, the constants in these equivalences are independent of both n and x (see
Lemma . This implies that both weak and strong convergence in L1(M’; T"M ® R?)
are the same with respect to either of those norms.

As distances in TM’ ® R with respect to (g, f;h) and (g, fD) are equivalent, implies
that
dist( r1)(df0, SO(g, ;b)) = 0 in LF(M).

The uniform boundedness of entries of §) along with the uniform convergence of f, to
f implies that
dist(, r5)(SO(g, £,b),SO(g, D)) — 0

uniformly in M’, where the distance here is the Hausdorff distance induced by distg ).
Hence
dist(y r4)(df, SO(g, fH)) = 0 in LP(M). (4.3)

Comparing and (4.I), we replaced the n-dependent set SO(g, f,;b) by the fixed set
SO(g, fh) and the n-dependent metric induced by g and f,;h by the fixed metric induced
by g and fbh. It follows from that df, is uniformly bounded in LP(M'; T"M’ ®
R%). Since, moreover, fo(M’) is uniformly bounded in R, it follows that fa has
a subsequence that weakly converges in W#(M’;IR?). Since weak convergence in
W (W’; R?) implies uniform convergence, the limit coincides with f.

Henceforth, denote by E the vector bundle T"M’ ® R? with the metric induced by g
and f*D. Note that we view all the mappings df, as sections of the same vector bundle
E, which is the key reason for using a local coordinate chart for N.

The sequence df, satisfies the conditions of Theorem including the boundedness
in L! (since df, are bounded in L” and Vol(M) < o). Hence, there exists a subsequence
fn, and a family of Radon probability measures (vy)ren on Ey, such that

wodfw(xw f %(A)dvxu)) in L'(V'; W) (4.4)

for every Riemannian vector bundle W — M’ and every continuous bundle map
Y : E > W, such that ¢ o df, is sequentially weakly relatively compact in L'(M’; W).
The idea is to exploit the general relation (4.4) for various choices of W and 1.

First, consider for W = R and ¢ = dist g)(-, SO(g, f'D)). The compactness
condition is satisfied since ¢ o df,, is bounded in L*(M’; R) and p > 1 [LLO1, p. 68]. We
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obtain that
diste ) (df,, SO(, f*b))*(xH f dist (1, SO, f*b))lxdvx(?\)) (4.5)
Ey

in L'(MW’; R). Multiplying by the test function 1 € L*(M; R) and integrating over M’
we obtain

0 = lim f distq, ) (df,, SO(a, £D)) dVol,
n M

= f ( f dist(q 1-5(A, SO(g, f*b))lxdvx(/\)) dVol,s.
M \JE,

This implies that v, is supported on SO(g, f*D), for almost every x € M’.
Next, consider for the following choices of W and 1,
W=E ¢y=1Id
W =R ¢ =Det
W=E ¢ =Cof,
where the determinant and the cofactor are defined with respect to the metric induced
by g and f*h (see Section for intrinsic definitions of the determinant and the

cofactor). Since p > d, all three choices of ¢ imply that i o df, satisfy the L'-weakly
sequential compactness condition.

Therefore,

df, —(x— N Adv,(A)) in LYV E)
Det(df,) — (x— Jr. Det(A)l, dvy(1)) in L'(M; R) (4.6)
Cof(df,) — (x N Cof(A)lx dvy(A)) in LY(M; E),

where the dependence of Det(A) and Cof(A) on x is via the metrics g and f*f). Since
v, is supported on SO(g, f*Dh), and Det(1) = 1 and Cof(1) = A for A € SO(g, f*D),
reduces to

L

af, (x = Lowro, Advx(A)) in LI(W; E)
Det(df,) — 1 in LIOVi; R) (4.7)
Cof(df,) — (x = Lowro, Advx(A)) in LI(W; E).

L
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On the other hand, by the weak continuity of determinants and cofactors (see Propo-

sition[A.9),
df, —df in LP(M’; E)
Det(df,) — Det(df) in LP/?(0V’; R) (4.8)
Cof(df,) — Cof(df) in LP/@-D(W’; E)

Combining (4.7) and (4.8), it follows from the uniqueness of the limit in L' that

d = Adve(A
f(X) vLO(grf*I))x o
Det(df(x)) =1 a.e. 4.9)

Cof(df(x)) = f Advy(A) = df (%),

SO(g, f*D)x

Since Cof(df) = df and Det(df) = 1 a.e., it follows from Corollary 2.7 that
df € SO(g, f'Dh) a.e., (4.10)

which concludes the second step of the proof. Note that while the analysis above
refers to weak (distributional) derivatives, holds for the standard notion of the
differential df, since p > d, as discussed in Section 2.1} By Proposition3.2]f : M — N
is smooth as a map between manifolds with boundary.

Step III: Prove that f, — f in W*P()V(; N)
We have thus far obtained that f, — f uniformly, that f is a.e. differentiable and
df € SO(g, f*D). We proceed to show that f, — f (strongly) in W7 (M; N).
AsinStep I, lett: N — RP be a smooth isometric embedding and let F, = t o f, and
F = 1o f. By definition, f, — f in W"*(M;N) if F, — F in W (M; RY) (Section 2.1)

We repeat a similar analysis as in Step II for the sections dF, of T*M ® RP. We obtain
a family of Young probability measures (uy)ren on T:M ® RP that correspond to dF,,.
That is,

Y odF, — (x - f V(A due(A)] in L'OV; W) (4.11)
T;M@RP
for every Riemannian vector bundle W — M and every continuous bundle map

Y : T"M® RP — W, such that ¢ o dF, is sequentially weakly relatively compact in
L'V W).
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Since || dist(dF,, O(g, ¢))ll, — 0 (see (.2)), we obtain, by an analysis similar to that
leading to (4.5), that u, is supported on O(g,, ¢) for almost every x € M. As in (4.9),
we obtain

dF, = f Aduy(A), a.e.
O(g,)x

We also know that f is an isometric immersion, hence dF € O(g,¢). Since p, is a
probability measure, we have just obtained that an element in O(g, ¢), is equal to a
convex combination of elements in O(g, ¢),. However, O(g, ¢), is a subset of the sphere

of radius Vd around the origin in T;M ® RP, and therefore, it is strictly convex. It
follows that the convex combination must be trivial, namely,

Ux = Ogr, a.e.in M,
which together with implies that
Y odF, = ¢y odF in L'(0V;W).
If we could take for W =R and £ € "M ® RP,
P(&) = & —dFP,

then we would be done, however, this function does not satisfy the sequential weak
relative compactness condition. Hence, let

€] )
=& —dFP o —==],
P(&) =1 | @(3\/3

where @ : [0, 00) — [0, 1] is continuous, compactly-supported and satisfies ¢(t) = 1 for
t <1land ¢(t) < 1fort > 1. This choice of ¢ satisfies the de la Vallée Poussin criterion
and therefore

YodF,—0

in L'(M). In particular, taking the test function 1 € L*(M),
limf Y o dF, dVol, = 0. (4.12)
"oJdm

We now split the integral in (4.12) into integrals over two disjoint sets, M,, and Mj,
where
M, = {x € M : |(dF,).| < 3 Vd).
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By the definition of ¢,
Y odF, = |dF, — dFf in M,,.

On the other hand, in M,
\dE,, — dF| < |dF,| + |dF| = |dF,| + Vd < 2(dE,| — Vd) <2 dist, (dF,, O(g, ¢)), (4.13)
where the last inequality follows from the reverse triangle inequality.

Combining (4.12) and (4.13),

lim sup f |dF,, — dF|’ dVol,
n—oo M

= lim sup (f |dF,, — dF) dVol, + f |dF,, — dF)P dVolg)
M, M

n—-oo

< limsup f Y o dF, dVoly + lim sup |dF,, — dF|P dVol,
n—oo M n

—00 M,

= lim sup |dF, — dF|P dVol,

n—o0 Mg
< limsup 2" f dist! .(dF,, O(g, ¢)) dVol,
n—oo M,

< limsup 2 f dist; .(dF,, O(g, ¢)) dVol, = 0,
M

n—-oo

where the last equality follows from (4.2). Therefore, dF, — dF in LP(M; T"M ® RP).
Since F, converges uniformly to F, we get that F, — F in W/(M;RP), and, by
definition, f, — fin W*?()V(; N).

Step IV: Extensionto1 <p <d

Suppose now that p > 1. The idea is to replace the functions f, by functions f, that
are more regular (specifically, uniformly Lipschitz), and then apply Steps I-III to the
approximate mappings f,.

As in Step I of the proof, we choose a smooth isometric embedding ¢ : (N, b) — (RP, ¢),
and set F, = to f, : M = RP. Our assumptions on f, imply that F, € W'*(M; RP) (in
fact, this is how W'?(M; N) is defined), and

dist(dF,,O(g,¢)) = 0 in LF(M).
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As in Step I, it follows that dF, has a weakly converging subsequence, and together
with the Poinrcaré inequality, implies that F, has a subsequence weakly converging
in W7(M; RP). However, since p < d, convergence is not uniform, and the limit does
not necessarily lie in the image of .

To overcome this problem, we approximate the mappings F, by another sequence
F,, € W'°(M; N), using the following truncation argument [FJMO02, Proposition A.1]:

Let p > 1. There exists a constant C, depending only on p and g, such that for
every u € WY (M; RP) and every A > 0, there exists it € W(M; RP) such that
|4l < CA,

Vol ({x € M : #i(x) # u(x)}) < Ef |dulP dVol,,
‘ LN ‘

ldit — dull, < Cf ldulP dVol,,.
{ldu(ol>A}

The original proposition ([FJM02, Proposition A.1]) refers to a bounded Lipschitz do-
main in R?, but the partition of unity argument used to obtain the result for an arbitrary
Lipschitz domain (Step 3 in the proof) applies to any compact Riemannian manifold
with Lipschitz boundary (the constant C depends on the manifold, of course).

Let A > 2Vd, so that |A| > A, for A € T*M, ® RP, implies that |A| < 2 dist(A, O(g,, ¢))
(compare with (4.13)). Apply the truncation argument to F,, we obtain mappings
F, € WY (M; RP), with a uniform Lipschitz constant C, such that

Vol, ({x e M: F(v) # Fu(0)}) < C f |dF, | dVol,
{ldF}(x)l>A

<C f 2% dist’(dF,,, O(g, ¢)) dVol, (4.14)
{ldF, (x)I>A}

<2PC f dist’(dF,, O(g, ¢)) dVol,,
M

and
ldE, — dF,ll, < 2°C f dist’(dF,, O(g, ¢)) dVol,. (4.15)
M

for some C > 0, independent of n. In particular,

lim Vol, ({x € M : F,(x) # F,(0)})=0  and lim ||dF, — dF,|l, = 0.  (4.16)

n—->o00
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Since dist(dF,, O(g,¢)) — 0 in L?, implies that for every ¢ > 0, every n large
enough and every ball B € M of radius ¢, there exists a point x € B such that
F.(x) = Fu(x) € «(N) (there is a positive lower bound on the volumes of balls of radius
¢ in a compact Riemannian manifold). Since F, are uniformly Lipschitz, it follows
that for large enough 1, max,ey dist(F,.(x), t(N)) < Ce, and therefore

max dist(F,(x), (N\)) — 0.

Thus, for n large enough, E, lies in a tubular neighborhood of (N), in which the
orthogonal projection P onto ((N) is well-defined and smooth (and in particular Lip-
schitz). We define F;, := P o F,. It immediately follows that F, € W*()M;RP) are
uniformly Lipschitz, and by definition, their image is in (N). Moreover, since

{F,#E) ={F, ¢ (N)} c{F, #F,} and {F, #F,} C{F, #F.},
(4.16) implies that

lim Vol, ({F, # F,}) = lim Vol, ({F, # F,}) = 0. (4.17)

n—oo

Since F, and F), are uniformly Lipschitz, it follows that
\ldF;, — dF, |, = f |dF;, — dF,,|’ dVol, < CVol, ({F; # Fn}) — 0,
F,#F,}

where in the equality we used the fact that dF;, — dF, = 0 almost everywhere on the
set F|, — E, = 0 (see [EG15, Theorem 4.4]), and the inequality follows by the fact that
both F/, and F, are uniformly Lipschitz.

Together with (4.16) we obtain that ||dF), — dF,||, — 0. Finally, since
f |F (x) — Fu(x)IF dVol, < 2F m%x lu(y)lP Vol ({F;, # F,}) = O,
M ye

we conclude that
%l_f){}o ||F:1 - Fn”wLP(M;IRD) =0. (4.18)

Next, define f, = (™' o F,. By definition f, € W'*(M;N), and moreover, f, are
uniformly Lipschitz (since intrinsic and extrinsic distances in ((N) are equivalent).

Since dF), = dF, almost everywhere in the set {F} = F,} (again, [EG15, Theorem 4.4]),
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we have that df, = df, almost everywhere in the set {f, = f,}. Using the uniform
bound on df,, we obtain

[ st s 506, 7 avol
< f{ e distf, ., (dfu, SO(8, f;b)) dVoly + CVoly ({f; # fu}) (4.19)

< [ dist (4, 50, fim) dVol, + CVol, (1f; # fil) = .

Moreover, for any p < g < oo,

f dist; ... (dfy,SO(g, f,h)) dVol,
v a,f",b) n :
< f (dfyl +0)" disty, (@fn,SO(g, f,1)) dVol, (4.20)
y 0 f",
< Cf dist’(’ .. (df:,SO(g, fb))dVol, — 0.
v a,f",b) n :

Next, we apply Steps I, I and III of the proof with f, replaced by f,, and any g > d. We
obtain that f; converge in W()M; N) to a smooth isometric immersion f : M — N (or
equivalently F, — to f in W()M; RP)). By (4.18), it follows that F, — Fin W"?()M; RP),
so by definition, f, — fin W”7(0V; N).

Step V: Prove that f is an isometry under additional assumptions

Suppose that f,(0M) C IN and VolyN = Vol,M. To show that f is an isometry, it
suffices to show that fly is a surjective isometry M°® — N°. Indeed, if this is the case,
then, since f is continuous and M is compact, f(M) contains N° and is closed in N,
ie., f(M) = N. Finally, f is an isometry, because for every x,y € M, let M° 3 x, — x
and M° 3 y, — y; by the continuity of the metrics dy; and dy,

dn(f(x), f()) = lim dx(f(xn), f(yn)) = im dae(xn, yn) = do(x, )-

Note that the intrinsic distance function on M° is the same as the extrinsic distance
dy, and similarly for N, so there is no ambiguity here regarding which metric we use.

We proceed to show that f[ye is a Riemannian isometry M° — N°. Recall that
f : M — Nis smooth as a map between manifolds with boundary, and df € SO(g, f*D)
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is invertible at every point. Thus for any interior point x € M?°, the image f(x) must
be an interior point of N, hence f(M°) C N°. Since (by the inverse function theorem)
f : M° — N°is a local diffeomorphism and in particular an open map, f(M°) is open
in N°.

Since f, — f in WYY(M;N), it follows from the trace theorem (when viewing f,
as elements in W(M; RP)) that fulox — flowe in LP(OM;RP), and (after taking a
subsequence) pointwise almost everywhere in JM. Since f,(dM) c dN, and since
JIN is closed and f is continuous we conclude that f(dM) C IN. The reason for
adopting an extrinsic viewpoint in the last argument is that the trace theorem relies
upon the density of smooth functions in W'7. This density does not hold for mappings
between manifolds for p < d. Using a truncation argument here would result in losing
the condition that f(dM) c dN.

Let f(x,) € N° converges to y € N°. Since M is compact and f is continuous, we may
assume, by taking a subsequence, that x, — x € M, and y = f(x). Since f(dM) C IN
and y € N°, it follows that x € M°, i.e., y € f(M°), which implies that f(M°) is closed
in N°. We have thus obtained that f(M°) is clopen in N°. Since N° is connected,
f(M°) =N°, i.e., flye is surjective.

It remains to prove that f|ye is injective; this is where we use a volume argument. The
area formula for f implies that

Vol M = f | Detd f| dVol, :flf'l(y)ldVolbly > VolyN, (4.21)
M N

where |f~!(y)| denotes the cardinality of the inverse image of y, and the last inequality
follows from the surjectivity of flye. Since, by assumption, Vol,N = Vol M, (4.21) is
in fact an equality, hence

Voly ({ge N+ If (@) > 1)) = 0.
It follows that f is injective on M°. Indeed, assume f(p1) = g = f(p2), where p; #
p2 € M° and g € N°. Since f is a local diffeomorphism, there exist disjoint open
neighborhoods U; > p; and V 3 g such that f(U;) = V, hence
Voly (g € N2 |f(g)] > 1}) = Voly(V) > 0,
which is a contradiction. This completes the proof.

Step VI If f, are diffeomorphisms then f,(dM) C IN and VolyN = Vol M
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If f, are diffeomorphisms, then obviously f,(dM) C dN, and therefore (4.21) holds.
It remains to show that Vol,N = Vol,M, and by (4.21), it is enough to show that
Vol M < VolyN.

For p > d, the equality of volumes is straightforward: since M is connected, f,
are either globally orientation-preserving of globally orientation-reversing. Since
dist(GL;,SO(d)) = c(d) > 0, an orientation-reversing diffeomorphism ¢ : M — N
satisfies

f dist (@0, SO(g,¢"D)) dVol; > VoL, M.
M

By @.1), f, are orientation-preserving for large enough n. If p > d, then Vol,M = Vol,N
follows from Lemma [C.2land (4.1).

For p < d, we can use the truncated mappings f, defined in step IV to show that
Voly (M) < Voly(N). By (.20), dist(y -y (dfy;, SO(g, f/,h)) — 0in L7 for any g € [1, o), but
., are not diffeomorphisms, so we cannot use the above reasoning directly. However,
(with ¢ = d) and Lemma|C.1|imply that | Detdf;| — 1 in L'(M). Therefore,

Vol,(M) = f | Detdf,|dVol, + o(1)
M

= f | Detd f,| dVol, + f | Detdf,|dVol, + o(1)
{fa=f) {fu#f1}

< f | Detdf,|dVol, + CVol,({f, # f,}) + o(1)
{fn:fri}
| Detdf,| dVol, + o(1)
{fn:fr;}
< f | Detdf,|dVol, + o(1) = Voly(N) + o(1),
M

where in the first inequality we used the fact that f, are uniformly Lipschitz. Therefore
Vol (M) < Vol,(N), and together with (4.21) we obtain that Vol (M) = Vol,(N).

We conclude this section with a number or remarks concerning the assumptions in

Theorem

1. Neither of the assumptions f,(dM) Cc IN and Vol,N = Vol,M, which were used
to prove that f is an isometry, can be dropped. Take for example M = [-1,1]¢,
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and let N = M/ ~ be the flat d-torus with ~ the standard equivalence relation.
Then f, : M — N given by f,(x) = (1 — 1/n)x are injective and satisfy (.1)), but
converge uniformly to 7 : M — N the quotient map, which is obviously not
an isometry but merely an isometric immersion. This example shows that the
assumption f,(dM) C N cannot be relaxed.

In order to see that the condition Vol,M = VolyN cannot be relaxed, recall that
there is an isometric immersion from the circle of radius 2 in R? into the circle
of radius 1.

. Yet another alternative condition implying that f is an isometry is the following
“symmetric condition”: there exist surjective mappings f, € W"(M;N) and
g € WP(N; M) such that

dist(g, £, (@ fu, SO(g, £,D)) = 0 in LP(M),

and
dist(, g0 (@81, SO, 58) — 0 in LP(N).

The proof follows the same steps as Theorem [4.1|for both £, and g, resulting in
fa = f, g« — g, where f and g are surjective isometric immersions. It follows
that go f : M — M is a surjective isometric immersion, and therefore ([BBIO1,
Theorem 1.6.15]) it is a metric isometry. Then, f : M — N is a metric isometry,
and by the Myers-Steenrod theorem, it is a Riemannian isometry.

. Generally, the compactness of N is essential for the proof of Theorem 4.1l How-
ever, we used the compactness of N only in the following places: (i) in Step I
of the proof, where we applied the Poincaré inequality for the global mappings
F,; (ii) in Step I again, for the equivalence of intrinsic and extrinsic distances
when we isometrically embed N c RP; and (iii) in Step V, for obtaining (4.18).
Thus, the compactness of N can be replaced by alternative assumptions, as long
as these three properties hold. In particular, the following holds:

Corollary 4.2 Let (M, g) be a compact d-dimensional manifold with C' boundary. Let
p > 1and let f, € WY(M; R?) be a sequence of mappings such that

dist(g¢)(dfn, SO(g, ¢)) — 0 in LP(N),

and fM f.dVol, = 0. Then f,, has a subsequence converging in W (M; RY) to a limit f,
which is a smooth isometric immersion. In particular, M is flat.
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In this case, the proof is in fact much simpler, since the global and local stages
can be merged, and there is no need to locally replace f) by e.

The conclusion that M is flat when (N, h) = (R? ¢) was already proved in [LP11]
Theorem 2.2]; in fact, certain parts of their proof resemble analogous parts in the

proof of Theorem

5 Applications

5.1 Non-Euclidean elasticity
An immediate corollary of Theorem is the following:

Corollary 5.1 Let M be a compact d-dimensional manifold with boundary, and let N be either
R, or a compact d-dimensional manifold with boundary. If M is not isometrically immersible
in N, then

. < 4P +
ferlg’l(g\/[ . jj:{ dlSt(g’ f*b)(d f,S0(g, f*h))dVol, > 0

for every p > 1.

As stated above, for N = RY, this corollary has already been proven in [LP11} Theorem
2.2].

Corollary is relevant to the field of non-Euclidean elasticity [ESK09, LP11) [KS12,
ESK13| KM16a, KOS]. In non-Euclidean elasticity, the manifold M represents the
body manifold of an elastic body whose intrinsic geometry is non-Euclidean, and N
is the space manifold, which can either be Euclidean space, or have curved geometry.
The function dist’(ﬂq, f*b)(d f,50(g, f'D)) is a typical lower bound for an energy density

measuring the local energetic cost of a configuration f : M — N of the body.

In this context, Corollary states that the configurations of an elastic body that
cannot be immersed isometrically into the space manifold, and whose elastic energy
density is bounded from below by dist’(-, SO(g, ¢)), have an energy bounded away
from zero. In particular, this is the case for any non-flat manifold, when the target
space is Euclidean. Therefore, non-Euclidean elastic bodies are always internally
strained, justifying the often-used nomenclature of “pre-strained materials”.
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5.2 Convergence of manifolds

The following definition is motivated by a series of works on the homogenization of
manifolds with distributed singularities [KM15, KM16a, KM16b]:

Q)eﬁnition 5.2 Let (M, 8n)nen and (M, g) be compact d-dimensional Riemannian manifolds
(possibly with C' boundary). We say that the sequence M, converges to M with exponents
p, q if there exists a sequence of diffeomorphisms F, : M — M, such that

|l dist(g r:q,)(dF, SO(8, F8u:)llrovi,g) — 0, (5.1)

| distig -y (@F; ", SO, (B Y llat a0 = O, (5:2)

and the volume forms converge, that is
IDetF, — 1llsovg — O, I Det F," = 1laov, ) — O (5.3)

Theorem 5.3 The convergence in Definition[5.2)is well-defined for g > Landp > 2+1/(q—1):
if My, 8,) = (M, g) and (M, 8,) — (N, b), then (M, g) and (N, b) are isometric.

Note that if p > d, then and imply for g = p/d; this follows from
Lemma Thus, the convergence in Definition 5.2] is well-defined for p > d and
p > 2+1/(p/d — 1), which after a short calculation amounts to p > 1(d + 2 + Vd? + 4).

Proof: Assume that M,, — M with respect to F, : M — M,, whereas M,, — N with
respect to G, : N — M,. By the same argument as in the first comment below the
proof of Theorem we may assume that both F,, and G, are orientation-preserving
for every n.

Eq. for F,! implies that

lim Vol, M,, = lim f

DetF, Vol, = f Vol = Vol M.
M M

By symmetry,
Vol,M = lim Vol, M,, = VolyN. (5.4)

Define the sequence of diffeomorphisms H, = G,' o F,, : M — N. We will show that
dist(dH,,SO(g, H;b)) - 0 in L'(M)

for some r > 1. By Theorem 4.1} it follows that M and N are isometric.
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Denote by ¢, € I'(SO(g, F;,8,)) C I'(T*"M ® F;, TM,,) the section satisfying
[dFy — qul = dist(dF,, SO(g, F,, 1)),
and by r,, € T(SO(g,, (G,)'h)) € T(T*M,, ® (G;')*TN) the section satisfying
4G, = 14| = dist(dG,, SO(gy, (G,')'D)).
Then, since dH,, = F;dG,' o dF,, and F;;r, o g, € T(T"M ® H,TN),

dist(dH,, SO(a, H.b)) < |F;dG;' o dF, — Fir, 0 |
= |(dF;dG," - F;r,) o dF, + Fir, o (dF, — q,)|
< |(dF;dG," = Fyry) o dE,| + |1y o (dF, — )| (5.5)
< F;ldG,;1 — 1| |dF | + |dF, — qul
= F, dist(dG,", SO(ay, (G,")'D)) [dF,| + dist(dF,, SO(g, F;,8,))-

In the passage to the third line we used the triangle inequality; in the passage to the
fourth line we used the fact that F;r, is an isometry and the sub-multiplicativity of
the Frobenius norm; in the passage to the fifth line we used the defining properties of
r, and g,,.

By the definition of p, g-convergence, the second term on the right-hand side of (5.5)
tends to zero in LP(M). Thus, it suffices to prove that

F, dist(dG,",50(a,, (G,")')) [dF,| — 0 in L'(M) (5.6)

for some1 <r <p.
Since
|an| < diSt(g,FZQn)(dPn/ SO(g/ F;gn)) + C(d)/

it follows that ||dF,llxovg is uniformly bounded; the same holds for [|[dF; xou,,a,)-
Note that we used here the boundedness of Vol,, M, in order to control the norm of
C(d) uniformly.
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Using these observations along with Holder’s inequality, we obtain

|F;, dist(dG,", SO(g,, (G, 1)'D)) [dFlll-ovo)

< ||F; diSt(dG,;l, SO(gn, (G,;l)*b))l|Lw/<n—r)(3v[,g) ”an”LP(Jv[,g)

< C||F;, dist(dG;,", SO(a, (G, Y D))lIpwro-nae )

F_l *dV (p—n)/mp

(£, )*dVol, dVol,

dvol,, "
(F;1y*dVol,

dVol,,

_ c( f dist”’ " (G, SO(ar, (G-1)'D)) (5.7)
M,

(p=n)/rp
< C||dist(@G;",SO(s., (G;*yD))|

LIPIG=DE- (M, 0)
LI(M,9n)

<C ”diSt(dGr_zl/ SO(gn, (Gr_zl)*b))||LP’q/(q*1>(l’*’)(Mn,gn)
where C > 0 is an appropriate constant varying from line to line. Now choose
r=p/2+1/(g—1)) = 1. Thenprg/(g — 1)(p — r) < p, hence reads

IIF, dist(dG;", SO(ay, 1)) ldFulll-ovg < C||dist(dG,?, SO(g,, b)) 0.

H
LP(M,80)

Therefore holds and the proof is complete. |

Remark; Instead of (5.3), it is sufficient to assume that Vol, M, and || Det F,,' — 1|40, 0,)
are bounded. Equation (5.4) in no longer valid, however (4.1) still holds for H, and
some exponent r > 1, so M and N are isometric by Theorem

Example: We now sketch two examples of convergence of manifolds according to
Definition In the first one, the limit coincides with the Gromov-Hausdorff limit;
in the second the two limits are different.

Note that these two examples involve singular metrics; in order to use the uniqueness
result (Theorem one needs to consider a smoothed version of the sequence. This
can easily be done without changing the limit. Note also that both examples are
two-dimensional; this is for the sake of simplicity; both have higher dimensional
generalizations.

1. Let (M, g) be a two-dimensional Riemannian manifold. For each 7, choose a
geodesic triangulation of M, such that all the edge lengths are in [c/n, ¢’/n] for
some 0 < ¢ < ¢’ independent of n (in particular, the angles in all the triangles
are bounded away from zero, uniformly in n). Denote the triangles by (Tn,,-)i.‘il.

40



Construct (M, g,) by replacing each triangle T, ; with a Euclidean triangle R,
having the same edge lengths.

Let F,,; : T,,; — R,; be a smooth diffeomorphism that preserves lengths along
the edges of the triangles. Since T, ; are very small, with angles bounded away
from zero, they are “almost Euclidean”, so F,; can be chosen such that

dist(dF,, SO0, F, 9,), dist(dF;, SO, (E;1)'9) < -
for some C > 0 independent of n. F, : M — M, is then defined as the union
of F,;. The above bound on the distortion implies that M,, — M according to
Definition for every choice of exponents p,q (including p = g = o). F, are
also maps of vanishing distortion in the metric-space sense, that is

max |dye(x, y) = da, (Fa(x), ()] = 0,

and therefore M,, — M also in the Gromov-Hausdorff metric (see [KM16b] for a
similar construction).

. Let M = [0, 1]* endowed with the standard Euclidean metric. Fix, say, ¢ = 1/10.
For every n € IN, define a discontinuous metric g, on M as follows:

e (x,y)eD

9%, y) = {e otherwise,

where (x, y) € Dif and only if thereexistsa j € {1,...,n} such that [x—j/n| < 1/2n?
or [y — j/n| < 1/2n*. That is, g, = ¢ everywhere except on a set of n horizontal
and n vertical strips of width 1/x2, in which it is shrunk isotropically by a factor
e. Let F, : (M, ¢) — (M, g,) be the map x + x. Then dF, € SO(e¢, g,) everywhere
except for a set of volume of order 1/n; on that “defective” set, dist(dF,, SO(¢, g,))
is a constant independent of n. The same properties apply for F,'. It follows
that (M, g,) — (M, ¢) according to Definition for every choice of p,g < oo.
On the other hand, (M, g,) converges in the Gromov-Hausdorff sense to the
“taxi-driver” ¢! metric on [0, €]°.

Note that there exist @ > 0 and p, g such that if we take ¢, = n™* rather than a fixed
g, (M, g,) = (M, ¢) according to Definition whereas The Gromov-Hausdorff
limit of this sequence is just the point.
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A Intrinsic determinant and cofactor

In this section we prove some useful properties of the determinant and cofactor
operators defined in Section Most of this section is linear algebra. We include it
here for the sake of completeness. At the end of this section we include expressions
for the determinant and cofactor in local coordinates.

Proposition A.1 Let V and W be d-dimensional oriented inner-product spaces. Let xy and
*w be their Hodge-dual operators. The inner-products and the orientations induce volume
forms on Voly and Vol (i.e., Voly(ey, ..., eq) = 1 for every positively-oriented orthonormal
basis of V). Let T € Hom(V, W). Then,

T VOZW

DetT = .
¢ VOZV

Proof: Let v;, w; be oriented orthonormal bases for V and W. Write T(v;) = a{wj, and

denote by A the matrix (af ). Note that AT is the matrix representing T in the bases
v;, w;. On the one hand,

T*Volw(vy,...,v4) = Volw (T (v1) , ..., T (vy))
= Voly (a{w]-, .. .,azlw]-)
= (detA) - Vol (w1, ..., w,)
= det A.

(A1)

where the passage to the third line follows from the alternating property of Vol and
the definition of the determinant of a matrix.
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On the other hand,
DetT = DetT - Voly (vy,...,0)
d
= *wo /\ T o %y(1)

:*W(/\dT(vl/\.../\vd))

=k (T(v1) A ... AT(vy))

_ i Iop.
= % (a)w; A ... Adlw))

(A.2)

=k (detA (wy A ... Awy))
= detA,

where the passage to the sixth line follows from the alternating property of the wedge
product and the definition of the determinant of a matrix (see [War71), Exercise 10,

p. 78]).
Combining (A.1)), (A.2),

(T*Volw) (vy,...,v4) = DetT - Voly (v, ...,04) .

Since the linear space of volume forms is one-dimensional, it is sufficient to check this
equality on a single basis, hence T*Volyy = Det T Voly as required.

|
Proposition 4.2 Let f : M — N, then
f*dVol,
Detdf = ————
etdf =
Proof: This is an immediate consequence of Proposition [A.1 L

Before we proceed to the definition of the intrinsic cofactor, we note a couple of
simple facts on transposed maps. Recall that if V and W are d-dimensional oriented
inner-product spaces and A € Hom(V, W), then AT € Hom(W, V) is defined by

(Av, w)w = (v, ATw)y.

In particular, if {v;} and {w;} are orthonormal bases for V and W, then the matrices
representing A and AT are the mutual transposes of each other.
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Corollary 4.3 Let V and W be d-dimensional oriented inner-product spaces. Let A €
Hom(V, W). Then,
Det A = DetA”.

Proof: This follows from (A.2) and the standard result for matrices. |

Lemma A.4 Let S € Hom(V, W). Then,

( A”S)T = N\'s".

Proof:
p
<A S@1A... AV, WL A ... A wp>Ap(W) =(S@) A...AS@), w1 A ... A wp>Ap(W)
= det ((S(v), w])W)
= det (v, sT(wj)>V)
= (o1 A... A, ST@) AL A ST(wp)>AP(V)
= <v1 /\.../\vp,/\”ST(wl /\.../\wlg)>A "
P
The desired equality follows from the definition of the transpose map. L

Lemma A.5 The Hodge-dual operator satisfies:

_ dp) ,d-
(*)T = (1P

Proof: It is well known that %y is an isometry, and that *}, o *‘f/_p = (=1)P“PId. Thus

()= (R = (1P A

Corollary 4.6 Let S € Hom(V, W). Then,

Det S = Det ST and (Cof S)T = Cof S”.
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Proof: The claim about the determinant was proved above, but it can also be proved
in the following way: since

DetS = x, o /\dS o %V,

it follows that
(DetS)” = (x0) o ( /\d s)T o (x)T = o ( N sT) o %0, = DetS'.

Since on R, the transpose is the identity map,

Det S = (DetS)” = Det S”.
Similarly, the cofactor is defined by

CofS = (1)1 A Soxl,
and therefore
(Cof S)T = (~1)*(xL)T o (/\d—l S)T o (x&1)T

d-1
= (D) o (N ST oy
= Cof S".

Proposition A.7 The following identities holds:
DetA Idy = AT 0o Cof A = (Cof A)T 0 A,

and
Det A Idyw = A o (Cof A)T = Cof A o AT,
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Proof: Letv,u € V. Then,
(AT o Cof A(v), u)y = (Cof A(v), At
= (G N AR o, Auy
= (=11 %%, (Au A Kby w1 /\d_l Ax) v)
=l Aun N Al o)
= %4 (/\dA (1 A *%,v))
= %4 (/\dA w9 x4 (u A *%,v))
= (*’{’N /\dA*?,) (u, )y
= Det A (u,v)y,
where the passage to third line follows from the identity
(v, W)p vy = * (0 A Khw)
for v,w € A,(V). Hence, for every v € V,
AT o CofA(v) = Det A 1d(v).

The other equalities follow by transposition, using the fact that Det AT = Det A (Corol-
lary|A.3) and (Cof A)™ = Cof(AT) (Corollary |A.6). |
Corollary [2.6is immediate from Proposition

The following lemma is useful for proving the weak convergence of Cofdf, and
Detdf,:

Lemma A.8 Let (V,g) and (W,b) be d-dimensional oriented inner-product spaces. Let b =
(b1,...,bg)and c = (cy, ..., cq) be arbitrary bases for V and W. Let F € Hom(V, W), and let
A be its matrix representation in the given bases. Denote by AT, Cof A and Det A the matrix
representations of F', Cof F and Det F in the given bases. Denote by A!, cof A and det A the
transpose, cofactor and determinant of the matrix A (that is, the “standard” linear-algebraic
meaning of these notions). Denote by G and H the matrix representations of g and h. Then,

AT = GTlA'H, (A.3)
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det A, (A.4)

_ [detH
CofA = detGH cof AG. (A.5)

Proof: Letv € V and w € W. By definition h(Fv, w) = g(v, FTw). Moving to coordinates
and writing this in matrix form, this reads

and

v'A'Hw = v'GATw,

from which (A.3) follows immediately. Equation follows from Proposition |A.2
Using these two identities, (A.5) follows from Proposition[A.7by a direct calculation.
H

Proposition 4.9 Let M be a compact d-dimensional manifold. Let E an oriented d-dimensional
vector bundle endowed with a Riemannian metric. Let f, € WYY(€NGE) withp > d. If f, — f
in WYY (M E), then

Detdf, — Detdf  inLP¥(MW),

and
Cofdf, — Cofdf in U’/(d‘l)(M; E).

Proof: The case M € R?, E = R? is a classical result in the theory of Sobolev mappings,
see e.g. [Eva98| Section 8.2.4] (this reference only considers the determinant, however
the same proof applies for the cofactor matrix).

Still in a compact Euclidean setting, if a sequence g, € L1(Q)) weakly converges to
g in L1(Q)) for some g, then ¢g, — ¢g in LI(Q)) for every smooth function ¢. The
proposition follows now from Lemma [A.§ by working in local coordinates and using
the Euclidean result, since H, G, their inverses and determinants are all smooth
functions of the coordinates. |

We conclude this section by summarizing some of the important formulae mentioned
above, written in coordinates. These formulae are important when considering weak
harmonicity.

Let (v;) be a basis of V and let (w,) be a basis of W, with (v') and (w®) their dual bases.
A mapping A : V — W is represented in coordinates by a matrix A?.
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Denote the entries of the metrics on V and W by g;; and b4, and let g’/ and H* denote
their inverses (the metrics on the dual spaces). We denote by |g| the determinant of

gij, and similarly for b.

Invoking Einstein summation convention, and using (A.3), Proposition [A.7]reads

A7g7(Cof A)[bys = Det A5,

or equivalently
A;*gff’(COfA)f = Det A h*.

Eq. (A.5) in Proposition [A.8 reads

o |b| a 2 1
(COfA)Z = ﬁh ﬁéﬁy(cofA);(ék]gﬁ.

or equivalently

] b
ba (CofA)@g]l = ——044(cof A)"6".
B j N B j

Finally,
(Cof A)T _ (cof A
DetA  detA

B Proofs for Section 2.4

Proof of Lemma Fora € Ay(V)andw e W,
X Ky (@ ® ) = X 5((x)a) ® )
= (*IF*x a)ew
= (1) N @ w).

(A.6)

(A7)

(A.8)

(A.9)

Proof of Lemma|2.10; Since both sides of equation (2.5) are bilinear in ¢, §, it is enough
to prove the identity for simple tensors, i.e., we can assume that « = v; ® w; and

B = v, ® wp, whewe v1,v, € A(V) and wy, w, € W.
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On the one hand,
trw (o A x5B) = trw (01 @ w1) A *Ey (02 @ 1))
= try ((vl ®wi) A (*’{,02 ® wz))
= tryy ((vl A *’{,vz) ® (W ® wz)) (B.1)
= (vl A *’{,02) try (W ® ws)
= (vl A *’{,vz) (wy, wo)w.
On the other hand,
(@, Bvw (xy1) = (01 @ w1, V2 @ W) ), w (*y1)
= (01, V2) Ay(v) (W1, Wo)w (*(‘)/1) (B.2)

= (01 A *@Uz) (w1, w2)w,

where the last equality follows from the definition of the Hodge-star operator **,.
Equations (B.I),(B.2) imply identity (2.5). H

As a step towards Lemma we first prove a similar commutation relation between
covectors and the Hodge-dual operator:

Lemma B.1 (Covectors commute with the Hodge-dual) Let V be a d-dimensional oriented
inner-product space. Let « € V* =~ A1(V*). Then,

(* @)@y, .., 0a1) = (1) a (*5 (01 A+ Ag)). (B.3)

Proof: Let (), be a positively-oriented orthonormal basis for V and let (oci);?:1 denote
the dual basis for V*. By linearity, it suffices to prove (B.3) for « = a/ and (vy, ..., v4-1)
basis elements; since *@‘1(01 A -+ ANT4-1) = 1y, it suffices to prove that

(kL) (01, 0, 01) = (<1) el ().
Since o’ is a positively-oriented orthonormal basis for V*,

(*%,*aj) =(-1)atA...d . A QY
where the hat above o/ indicates that this term is omitted from the product. Hence,
0 ifj#d

i it~ D e

(*%,*aj)(vl, veey vd—l) = {
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which completes the proof. u

Proof of Lemma |2.11} Since both sides of the equality are linear in A, we may assume
that A = a ® w, where @ € V* ~ A1(V*) and w € W. Using Definition 2.}

(*e WA ©1, -, 041) = (1) @ W) (01, ..., V41)

= (*%,*04) (v1,...,04-1) W. (B4)
On the other hand,
A @1 A Av)) = (@@ w) (x5 (@1 A+ o))
=a (*‘f,‘l (U1 A=+ A vd_l)) w. (B:5)
Equations (B.4), (B.5), together with Lemma [B.T|imply the desired equality.
|

Proof of Lemma [2.12} We first show that it suffices to prove this lemma for k = 0. That
is, assume that for every & € C*(M) = I'(A¢(E)) and X € I'(TM),

*p (Vi(8)) = VR(*3(&)). (B.6)

Let a, € I'(Ax(E)) and let X € I'(TM). By the Leibniz rule for covariant differentiation
and the definition of the Hodge-dual,

Vil A *pp) = Via A *gf +a A Vi(kip)

= WO(VEa, By + o A VE(RE) (B7)
On the other hand,
Vi(a A *(B) = VE(*L(a, B)y)
=} (Vi(a, B)) 5

= %0 ((Via, By + (a, V?{ﬁ)b)
= xp(Via, By +a A *’E(V;B),

where the passage from the first to the second line uses for £ = (a, B)y. Equalities
and (B.8) imply that

a A VE(XEB) = a A xE(VER).
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Since this holds for every a € T(Ax(E)), we conclude that VE(x5B) = x5 (VER).
Thus, we turn to prove (B.6). Let € C*(M) = I'(Ao(E)), and note that

*p (ViB) = (Vi) *¢ (1), (B9)
where *%(1) is the positive unit d-dimensional multivector. Likewise,
VROE(B) = VX(B % (1) = (Vi) *z (1) + BVE(x3(1)). (B.10)

Comparing (B.9) and (B.10), we conclude that holds for every f if and only if

Vi(x(1) =0, (B.11)

which is indeed the case, because *%(1) is the unit d-dimensional multivector and V¥
is consistent with the metric. |
In the last part of this section we prove Lemma We start by several intermediate
steps.

Definition B.2 Let E and F be vector bundles over a smooth manifold M. Suppose that E and
F are endowed with connections VE,VE. Let @ : E — F be a vector bundle morphism. We say
that @ respects the connections if

VED(s) = D(VEs)
for every s € T'(E) and for every vector field X € I'(TM).

Proposition B.3 (Covariant exterior derivative commutes with vector bundle morphisms)
Let (E, VE), (F, VF) be vector bundles with connections over M. Let ® : E — F be a vector
bundle morphism respecting the connections. ® induces maps

@, : OO, E) — QF(M, F)

by acting on the values of forms. Then, @, is compatible with the covariant exterior derivatives,
namely,
dyr(D.a) = D (dyea)

for every a € QX(M, E).
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Proof: We use formula (2.7) for the exterior derivative: Let Xj, ..., X1 € I'(TM) and
p e Qf(M, F). Then,

k+1
(@AvB)(X, o, Xi) = ) (D IVEBX, o, Xy, Xi)

i=1

Y DMK X)) X, X, XKy, i)

i<j

Set p = ®.a. It follows from the compatibility of ® with the connections and the
linearity of @, that

k+1
(Ayr (@) (X1, -, Xit) = ) (<D @(VE DK, Koy Ki)

i=1

N Z (1) (@.a)[Xi, X1, X1, oo Xiy o Xy ey Xir1)
i<j

= (Du(dvea)) (X1, . .., Xs1),
which concludes the proof. u

Corollary B.4 (Covariant exterior derivative commutes with contraction) Let (E, M) be de-
fined as above with a metric b and a metric connection VE: note that VE induces a connection
on EQE. Let 0 € QX(M, E ® E) be an E ® E-valued differential form of degree k. Then,

try(dyror0) = d(try(0),

where d is the standard exterior derivative.

Proof: We apply Proposition[B.3, with E = E®E, F = M xR with the trivial connection
(so the covariant exterior derivative becomes the standard exterior derivative) and
o= t?’[).

We need to show that tr,, respects the connections, i.e. to show that
X (try(0)) = try(V5*0)

for all 0 € I'(E ® E) and for any vector field X € I'(TM). This equality is, in fact,
equivalent to the assertion that the connection is metric. Since the assertion is local,
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we can set 0 = a ® , where a, § € I'(E). Then,

try (Vi (@ ® B)) = try(Via ® B) + try(ar ® Vi)
= (V&a, B)y + (a, V5B)y
= X((X, ﬁ)b
=X trb(oz ® ‘8)
[ |

Proof of Lemma [2.15} Let p € Q(M;E) and let o € Q}(M; E) have compact support.
Using Lemma 2.10)

j;/c (dveo, p),, Voly = fj‘v[ try(dyeo A *’}*M,Ep)
- fM try (4" (0 A %5y pp)) — fM (=1 try(0 A dye *oy )

®
= f dtry(o A *’%M,Ep) + (—1)kf try(o A dye *’}*M,E 0)
M

M

k d—k+1)(k-1 k-1 d—k+1 k

= (1) (1)@ 06D fj‘w <a, *oidve X5 p)g’b Vol,.

The passage from the second to the third line follows from Corollary[B.4} the vanishing
of the first integral on the third line follows from Stokes theorem along with the fact
0 has compact support. Comparing this equality with Definition 2.14)of the covariant
coderivative, we obtain the desired result.

C Volume distortion and dist (-, SO,)

Let A € M, be a linear transformation. A maps the unit cube (which has volume 1
in R into a body whose volume is detA. We may therefore view |detA — 1| as a
measure of volume distortion caused by the action of A. Intuitively, when A is close
to an (orientation-preserving) isometry, its volume distortion should be small. The
following lemma is a quantitative formulation of this claim:
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Lemma C.1 Let A € M. Then

|detA — 1] < (dist (4,50,) + 1) = 1

Proof: Let 01 < 0, < ... < 04 be the singular values of A, and define r; = sgn(det A) o4,
ri=o;fori=2,...,d.

We then have det A = H’j’:lri and for every 1 <i <,

d
dist (4,50,) = + ‘ Y =122 - 1.
j=1

I =1 < T (- 1]+ 1) - 1, (C.1)

which will complete the proof since it will follow that

We will show that

|detA — 1| <TIZ (Iri — 1] + 1) = 1 < (dist (4,50,) + 1)* - 1.

We turn to prove (C.1).

Bounding from above is trivial:
e <L (I =1+ 1)
The less trivial part is bounding from below. We need to show:
=12 = (I, (= 1+ 1) = 1) = 1= TIL (I, = 1] + 1)

which is equivalent to:

2<% 7+ 0 (Ir; — 1+ 1) (C.2)
First, assume A € GL]. Note that if r; > 1 for some j,

H?zli"i + H?zl(li’i - 1| + 1) > H#]‘T‘l‘ + Hiij(lri - 1| + 1)

Therefore, it is enough to prove (C.2) under the assumption that r; € (0, 1) for all i, that
is, to prove that

f(ry, ..., 1ra) = Hleri + Hle(Z —1) > 2.
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Notice that the inequality holds on the boundary of [0, 1]%, and therefore it is enough
to prove that f has no local minima at (0, 1)?. Indeed, if r = (ry, ..., 74) € ([0, 1]%) then
there exists some i such that 7; = 0 or r; = 1. If r; = 1 the inequality holds by induction
on the dimension. If r; = 0, the inequality reduces to H‘]fl .:(2—7j) = 1 which holds by
the assumption r; € (0, 1).

Differentiating in the interior (0, 1) we obtain

of

a_}"]- = Hiijri - H(;](Z - 7"1') <0,

since r; € (0,1) for every i. Therefore there are no local minima at (0,1)¢, which
completes the proof for A € GL;.

For A ¢ GL, we need to prove (C.2). Note that in this case ; < 0, and therefore
|ry — 1| + 1 = 2 — r;. We obtain that

L (i = 1+ 1) + T 7 = 210, (I = 1 + 1) — 1y (Hfzz(lri -1+ 1) - H?ﬁri)
> 2~y (T, — 1]+ 1) — TTZ )

Now, the term in the parentheses is non-negative and —r; > 0, and therefore (C.2)
holds.

Lemma C.2 Let f : (M,g) — (N,b) be an orientation-preserving diffeomorphism between
compact manifolds. Then

|Voly(N) — Vol ,(M)| < f [(dist (df,SO(g, fD)) + 1)d - 1] dvol,
i
Proof:
VolyN = f dVol, = f f*(dVoly) = f (Detdf)dVol,.
N M M
Let p € M and let v;, w; be positively oriented orthonormal bases for T,M and T, N.

Let A be the representing matrix of df, in these bases. Then, (i) detA > 0 since f is
orientation-preserving, (ii) Detdf = det A and (iii)

dist, s (df, SO(g, D)) = dist. (A,SOy),
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where ¢ is the Euclidean metric. Thus

IVol(N) — Vol(M)| = ‘ fM (Detdf — 1)dVol,

= ‘f(detA —-1)dVol,
M

< f | Det A — 1|dVol,
M

< f |(dist. (4,50,) +1)* — 1] dVol,
M

= j;m [(dist (df,SO(s, ') +1)" - 1] dVol,,

where the the passage to the fourth line follows from Lemma

D Technical lemmas

D.1 Measurability of dist(df, SO(g, f*D))

Lemma D.1 Let Q C RY be an open domain and let f : Q — R? be a weakly differentiable
function. Then the function dist(V f, SO(d)) : Q — R is measurable.

Proof: The function f is weakly differentiable, so by definition, its weak derivative V f
is a measurable function. The function dist(A, SO(d)) defined on the space of matrices
M, = R* is 1-Lipschitz. Thus, dist(Vf,SO(d)) is measurable as a composition of a
continuous function and a measurable function. |

Proposition D.2 Let (M, g) and (N, b) be d-dimensional Riemannian manifolds. Let p > 1
and f € WY(M;N). Then the function dist sy (df, SO(g, f*D)) : M — R is measurable.

Proof: Since measurability of a function M — R is a local property, we can assume
without loss of generality that M = R? (with a metric g). Let A = /g be the unique
symmetric positive-definite matrix satisfying A% = g. Then A € SO(g, ¢).

Let (Ux)x be an atlas of N, and identify Uy with a subset of R? endowed with a metric
bx (for each Uy the metric is different, as it represents in coordinates the metric h on a
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different part of N.). Let By = Vb, so that Bx € SO(by, ¢). Set Vi = fY(Uy) (this is a
measurable subset of IR?).

A straightforward calculation shows that on V,
diste 1y (df, SO, F Bl = disto(Be(f(x)) 0 df(x) 0 A™(x), SO()).

Thus, we need to prove that the mapping V; — R% defined by x > By(f(x)) o df(x) o
A7l(x) is measurable. This composition is a multiplication of three matrices, so it
suffices to show that each component is measurable. Indeed, the mapping x — A~ (x)
is smooth, x — Bi(f(x)) is measurable since By is smooth and f|y, is measurable. As
for df, it is measurable, by definition, as a mapping (x,v) +— df(x)v (see [CS16]).
Since it is obviously a normal integrand (even a Carathéodory function), this implies
immediately that x — df(x) is measurable (see [KM14, Appendix A] for information
on normal integrands in such settings). u

D.2 Equivalence of metrics

Lemma D.3 Let A C R be a compact set, and let g : A — Psym,, be a continuous metric on
A. Then g is strongly equivalent to the Euclidean metric e. Specifically,

g7 IS - e(v,0) < (v, 0) < I8l - ¢(v, V),
where ||g]lco = SUP,,c 5 |plop and | - |op is the standard operator norm of matrices.
Proof: By definition of the operator norm, forp € A
8,(v,v) = 0" 8,0 = ¢(v, 8,0) < |gplope(v, V) < Il e(v, V). (D.1)

Set w = /8,0, where /g, is the unique symmetric positive-definite square root of g.
Substituting v = w and g, — ¢," in (D.I) we obtain

T -1 -1 T -1 T -1
¢(v,v) =w'g, w < e(w,w) g, lop = w wlg, loy =0 6,018, lop,

which implies
-1
ap ©,0) > (I9,'lop) ~ ¢(0,0) > llg ™I e(@, ). (D2)
Since[D.T|and [D.2]hold for every p € A, we obtain the desired result.
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