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ABSTRACT. The Piola identity divcof Vf = 0 is a central result in the mathe-
matical theory of elasticity. We prove a generalized version of the Piola identity
for mappings between Riemannian manifolds, using two approaches, based on
different interpretations of the cofactor of a linear map: one follows the lines
of the classical Euclidean derivation and the other is based on a variational in-
terpretation via Null-Lagrangians. In both cases, we first review the Euclidean
case before proceeding to the general Riemannian setting.

1. Introduction. The Piola identity is a classical result in mathematical elasticity,
stating the following:

Let Q C R be an open domain and let f : Q — R? be a C?-map. Then,
diveof Vf =0, (1.1)

where the cofactor of a matrix is the transpose of its adjugate, and the
divergence of the matrix-valued function cof V f is taken row-by-row.

Equation (1.1) can be proved by a direct calculation; see e.g. [3, Ch. 8.1.4.b]
and [1, p. 39]. In essence, the analytical derivation boils down to the commuta-
tion of mixed partial derivatives. The downside of this “proof by computation”
is that it does not provide any insights on why does this specific combination of
second derivatives vanish. In particular, the cofactor of the gradient of a map has
a geometric interpretation as the action of that map on (d — 1)-dimensional surface
elements. Thus, one would hope for a more geometric interpretation of the Piola
identity (1.1).

A classical geometric derivation of the Piola identity can be found in the mechan-
ical literature [8, p. 310]. Let = € §, and consider a d-dimensional ball B = B,.(z)
of radius r centered at x. Denote by N € R? the unit normal of B and by dA its
surface form. If f is smooth and V f(z) is invertible, then for » small enough, f

2010 Mathematics Subject Classification. Primary: 53Zxx; Secondary: 74Bxx.

Key words and phrases. Differential geometry, Riemannian geometry, Piola identity, Null-
Lagrangians, elasticity.

This research was partially funded by the Israel Science Foundation (Grant No. 1035/17), and
by a grant from the Ministry of Science, Technology and Space, Israel and the Russian Foundation
for Basic Research, the Russian Federation.

* Corresponding author: Asaf Shachar.


http://dx.doi.org/10.3934/jgm.2019004

2 RAZ KUPFERMAN AND ASAF SHACHAR

da

ﬁ n

2)

dA

WV

B f(B)

y

FIGURE 1. Illustration of the geometric setting of the Euclidean
Piola identity.

embeds B in R? so that f(0B) is a topological sphere. Denote by n € R? the unit
normal of f(0B) and by da its surface form (see Figure 1).
It is an immediate consequence of the divergence theorem that

j{ nda = 0, (1.2)
f(9B)

which is an identity in R%. Pulling back (1.2) with f and using a well-known
property of the cofactor of V f, one obtains

ozy{ ﬁda:/ cof Vf(N)dA.
f(dB) 9B

Applying the divergence theorem (row-by-row),
/ divcof VfdV =0,
B

where dV is the volume element in ). Letting » — 0, we obtain the desired result.
Note that this more geometric proof requires f to be a local diffeomorphism, a
condition which is not necessary for (1.1) to hold.

This paper is concerned with a generalization of the Piola identity to mappings
between Riemannian manifolds. Let (Mj,g1) and (Maz,g2) be smooth, oriented
d-dimensional Riemannian manifolds. Then, for every f € C?(Mj; My), the Rie-
mannian Piola identity is

6vf"TM2 Cof df = O, (13)
where the cofactor of df is defined intrinsically (see Section 2.1 for details) and

dgs*rm, is the co-differential induced by the Riemannian connection on f*T My
(see Section 2.3). Equivalently, for every compactly-supported £ € T'(f*T Ms),

/ <cofdf,vf*TM25> dVol, = 0, (1.4)
My 91,92

where (-, ) is the inner-product on T* M; ® f*T My induced by the metrics g;

and go.

91,02
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The Piola identity for mappings between Riemannian manifolds was considered
by Marsden and Hughes [6, pp. 116-117]. Let f : M; — My be a local diffeomor-
phism. For a vector field X on Mo, its Piola transform [6, Def. 7.18], Piola(X), is
a vector field on My,

Piola(X) = (Cof df)" (f*X), (1.5)

where f*X is the pullback of X. The identity derived in [6] (where it is termed the
Piola identity) is

div Piola(X) = ((div X) o f) Det df, (1.6)

which is a relation between the divergence of X and the divergence of its Piola
transform (here and below we denote by Det the (intrinsic) determinant of a linear
map and by det the determinant of the matrix representing a map). We shall see
below that

div Piola(X) = ((div X) o f) Detdf — (f*X, 6qs-ra, Cof df), (1.7)

which together with (1.6) implies (1.3).

Marsden and Hughes further present a coordinate expression for the Riemannian
Piola identity (i.e., a differential relation for f, which does not involve its action
on vector fields). Their identity is however wrong; a derivation of the coordinate
expression is presented in Appendix B, and compared to the expression derived in
[6].

Perhaps surprisingly, we show that the coordinate expression can be reduced
into a form which does not involve the metrics g, h at all, and looks identical to the
Euclidean representation! After a second thought, this is not that surprising, as
the coordinate representation of f must satisfy an identity whose sole origin is the
commutation of second derivatives.

The goal of this paper is to clarify several aspects of both Euclidean and Rie-
mannian Piola identities, (1.1) and (1.3). We prove the Riemannian Piola identity
using two different approaches, based on two different characterizations of the co-
factor of a linear map.

The first proof follows the continuum-mechanical approach depicted above, which
is used to derive Property (1.6) of the Piola transform. It relies on a characterization
of the cofactor of a linear map via its action on (d—1)-dimensional surface elements.
As a side result, our proof sheds new light on the classical proof in the Euclidean
setting, showing that Eq. (1.2), which seems to be at the heart of the proof, is
totally immaterial to that proof.

The second proof was presented in [5]. It is based on a characterization of
the cofactor as the derivative of the determinant. This paper contains a simplified
Euclidean version of this proof, which motivates the steps in the more general setting
of Riemannian manifolds. We show that (1.3) is the Euler-Lagrange equation of
a null-Lagrangian (a functional for which every map is critical), hence holds for
every sufficiently regular map. A connection between the Piola identity and null-
Lagrangians was already established in Evans [3], where the existence of a null-
Lagrangian was inferred from the Piola identity. We advocate that it should be
viewed the other way around: the existence of a null-Lagrangian is the origin of
the Piola identity. In fact, the Riemannian Piola identity is immediate once the
null-Lagrangian has been identified, whereas its explicit derivation is quite tedious.
In both proofs, we start by reviewing the Euclidean case before proceeding to the
Riemannian case.



4 RAZ KUPFERMAN AND ASAF SHACHAR

This paper is structured as follows: In Section 2, we introduce the geometric
entities which play a part in the Riemannian Piola identity. Section 3 presents a
proof based on the Piola transform. In Section 4, we present a proof based on null-
Lagrangians. In Appendix A we prove a lemma generalizing to the setting of vector
bundles the well-known fact that the cofactor of a linear operator is the derivative
of its determinant. Finally, we write in Appendix B the Riemannian Piola identity
in coordinates.

2. Geometric preliminaries.

2.1. Determinant and cofactor of linear maps. The notions of determinant
and cofactor of a linear map are at the heart of the Piola identity and its proof.
While these notions are widely used in the context of a matrix representing a trans-
formation with respect to orthonormal bases, it is valuable to present their intrinsic,
coordinate-free definitions. For a d-dimensional oriented inner-product space V', we
denote by *¥ : Ag(V) — Ag—x(V) the Hodge-dual operators and by Voly the unit
volume form (i.e., Voly (ey,...,eq) = 1 for every positively-oriented orthonormal
basis of V).

Definition 2.1 (determinant). Let V and W be oriented, d-dimensional inner-
product spaces. Let A € Hom(V, W). The determinant of A, Det A € Hom(R, R) =~
R, is defined by

d
DetA::*{‘fVO/\ AoxY,
where /\dA = ANA...AA,d times, and we identify A’V ~ A’ W ~R.

If (v1,...,vq) and (w1,...,wq) are positively-oriented orthonormal bases for V'
and W respectively, and if A is the matrix representing A with respect to these
bases, then

d .
/\ A(vp A+~ Avg) =det Awy A -+ Awyg, (2.1)

from which follows that Det A = det A. That is, the definition of the determinant

of a linear map is consistent with the definition of the determinant of the matrix

representing it with respect to any pair of positively-oriented orthonormal bases.
As is well-known, the determinant of a linear operator satisfies the following:

Proposition 1. Let V and W be oriented, d-dimensional inner-product spaces. Let
A € Hom(V,W). Then,
A* Voly,

Det A = ———.
¢ VOZV

The proof is immediate from the definition, and can be obtained by choosing
oriented orthonormal bases for V' and W.

Definition 2.2 (cofactor). Let V and W be oriented, d-dimensional 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)%"1 *‘év_l o/\ Aoxi,

where we identify A\' V ~V and \' W ~ W.
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The intrinsic definition of the cofactor is consistent with the definition of the
matrix-cofactor. The matrix representing Cof A is the matrix-cofactor of the matrix
representing A, when the bases are positively-oriented and orthonormal.

While the determinant of a linear map encodes information about the action of
that map on d-dimensional volume elements, the cofactor encodes information about
the action of that map on (d — 1)-dimensional hyper-cubes. Since the Hodge-dual
operators are isometric isomorphisms, Cof A is essentially /\d*1 A. For example, in
the isotropic case, where V =W and A = A1y, we obtain Cof A = \¢~11,.

The cofactor and the determinant of a linear operator satisfy several relations
which will be used throughout this paper. First,

Det ATy = AT o Cof A = (Cof A)T 0 A (2.2)

is an intrinsic version of a well-known property of the matrix cofactor; it is essentially
the Laplace expansion of the determinant.

The next proposition provides another relation between the cofactor and the de-
terminant of a linear map. Before stating it, we recall that in a d-dimensional ori-
ented inner-product space, every unit vector v € V induces an orientation on its (d—
1)-dimensional orthogonal complement, {v}*: an orthonormal basis (v1,...,v4_1)
for {v}+ is positively-oriented if (v,vy,...,v4_1) is a positively-oriented orthonor-
mal basis for V.

Proposition 2. Let V,W be oriented, d-dimensional inner-product spaces. Let

vb € V oand wt € W be unit vectors, and denote by V = {v'}+ C V and
W = {w'}*+ CW their (d — 1)-dimensional orthogonal complements, with the ori-
entations induced by (V,v) and (W,w't). Let A € Hom(V, W) satisfy A(V) C W;
denote A = Aly, € Hom(V, W). Then,

Cof A(v?) = Det Aw™.

Proof. Let (v1,...,v4-1) and (w1,...,wgq—1) be positively-oriented orthonormal
bases for V' and W, respectively. Then,
- Coad—1 .
Cof A(vh) = (=) ' +EE AT 7 Ax, (vh)

d—1
= (—1)d_1 *(é[;l /\ A(Ul FANKIERIVAN ’Udfl)
= (—1)4! *é;l Det A (wi A -+ Awg—1)
= Det Aw™,

where in the passage to the third line we used the fact that A = A|V, and the
passage to the fourth line follows from the intrinsic definition of the determinant.
The first and the last equalities follow from the fact that (v*,vy,...,v4_1) and
(wh,wy,...,wq_1) are positively-oriented orthonormal bases for V and W. O
2.2. Determinant and cofactor of linear bundle maps. In this section we ap-
ply the linear-algebraic constructs of the previous section to linear bundle maps be-
tween vector bundles. Let (M, g1) and (Ma, g2) be smooth, oriented d-dimensional
Riemannian manifolds. We denote by *Ij\/ll s A (TMq) = Ag—r(TM;) and *’j\/b :
AL (TMz) = Ag—(TMz) the Hodge-dual operators of the tangent bundles (note
that the Hodge-dual in Riemannian settings usually acts on the exterior algebra of
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the cotangent bundle). We denote by dVol; and dVoly the corresponding volume
forms.
Let f: M; — Ms be a differentiable mapping; its differential is a linear bundle
map,
df : TMq — f*TMa.
The determinant of df,

d
Det df :*7\42 o/\ dfo*OM1

is a function on M, whereas its cofactor,

Cofdf = (—1) 1wl o A df oy,
is a section of T* M ® f*T Ms. By Proposition 1, the determinant is the ratio of
the volume forms,
f*dVOlg
dVOh

Let M be a smooth, oriented d-dimensional manifold with boundary and let
p € OM. A vector v € TyM \ T,0M is called outward-pointing if for some € > 0
there exists a smooth curve 7 : (—¢, 0] — M such that v(0) = p and 4(0) = v. Let
¢ be an outward-pointing vector field on OM; £ induces an orientation on TOM,
called the Stokes orientation: for p € M, (vy,...,v4—1) is a positively-oriented
basis for T,0M if (§,,v1,...,v4-1) is a positively-oriented basis for T,M. This
orientation does not depend on the choice of the outward-pointing vector field &.
The Stokes orientation is naturally diffeomorphic-invariant in the following sense:

Detdf =

Lemma 2.3. Let f : My — My be an orientation-preserving diffeomorphism
between d-dimensional oriented manifolds with boundaries. Then

f|8./\/l1 : 6/\/11 — 8./\/12

is also an orientation-preserving diffeomorphism, where the orientations on the
boundaries are the induced Stokes orientations.

Proof. Let & be some outward-pointing vector field on 9M . Then df (§) is outward-
pointing on OMs. Let p € OM; and suppose that (v1,...,v4-1) is a positive basis
for T,0M;. By definition, (§,,v1,...,vq—1) is a positive basis for T, M;. Since
f is orientation preserving, (df,(&p),dfp(v1),--.,dfp(vi—1)) is a positive basis for
TtpyMa. Since df,(§,) is outward-pointing in Tt Mo, this implies (dfy(v1), ...,
dfp(va—1)) is a positive basis for T, 0Mas. Note that for every i =1,...,d — 1,

dfp(vi) = dfplT,0Mm, (Vi) = d(florm, )p(vi)-

We may now apply Proposition 2 to maps between manifolds:

Proposition 3. Let (My,g1) and (Ma, g2) be smooth, oriented d-dimensional Rie-
mannian manifolds with boundaries and let f : My — My be a diffeomorphism.
Let vy and v be the unique outward-pointing normal unit vector fields on OMq and
OMs. Then,

Cof df(Vl) = Det(dflTaMl)f*Ug,
which is an identity between sections of f*T Ms.

Proof. This is an immediate application of Proposition 2, with V= TpyMa, W =
TrpMa, vE = (11)p, wh = (1) () and A = df,, at every p € OM;. O
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The last relation between the cofactor and the determinant of a linear bundle
map states that the cofactor is the derivative of the determinant:

Lemma 2.4. Let E and F be oriented vector bundles of rank d over a smooth
manifold M, equipped with smooth metrics and metrically-compatible connections.
Let A: E — F be a smooth bundle map. Then, for every X € T'(TMy)

d(Det A)(X) = (Cof A, VxA)p 1,

where Det A and Cof A are defined as in 2.1 and 2.2, using the metrics and orien-
tations on E, F, and V is the tensor-product connection on E* ® F induced by the
connections on E and F.

The proof is given in Appendix A.

2.3. The coderivative for vector-valued forms. Let (M, g) be a d-dimensional
oriented Riemannian manifold. Let E be a vector bundle over M (of arbitrary
rank n), endowed with a Riemannian metric b, and a metrically-consistent affine
connection VE. That is, for every pair of sections &, € TI'(E), and every vector
field X € T(TM),

X(b(&m) =b(VXEn) +b(E VEn).
We denote by Q'(M; E) = I'(T* M @ E) the space of 1-forms on M with values
in E. For a section £ of F, its covariant derivative
VP X - VEE

is an element of Q!'(M; E). Finally, the metrics on M and E induce a metric on
QY(M; E), denoted (-, )g.p- With that, we recall the definition of the coderivative
for vector-valued forms:

Definition 2.5. The coderivative,
dge : QM E) = Q°(M; E) ~T(E)

is the adjoint of the connection V¥ : I'(E) — Q'(M; E) with respect to the metric
(") g.p- That is,

/ (0,095p),,, dVol = / (VFa,p) 5 dVol,
M, , M, g,
for all p € Q' (M; E) and compactly-supported o € I'(E).
The coderivative of a vector-valued form has a well-known explicit formula. Let

w € QY(M; E). Given an orthonormal frame E; for TM, dy= is given by

d
Syew ==Y (Vg,w)(Ei) = —trg(Vw), (2.3)
i=1
where Vw is the connection induced on T* M ® E by the Levi-Civita connection on
M and V¥ (see e.g. [2, Lemma 1.20] for a proof).
We will use the coderivative in the following setting: Let f : M; — My be
smooth. Its differential df can be viewed as a vector-valued form

df € T(T* My @ f*TMs) = QY (My; f*TMs).

Then, Cof df € QY (My; f*TMa,) is of the same type as df. Hence, dgsrm, Cof df
is well-defined according to Definition 2.5, with E = f*T M.
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3. The Piola transform approach. In this section we present a proof of the
Riemannian Piola identity (1.3) in the spirit of the continuum-mechanics approach
briefly reviewed in the Introduction. It is based on the property of the cofactor
established in Proposition 3. The crux of the proof is pulling back integrals from
the target manifold Ms to the source manifold M; via the map f.

A limitation of this derivation is that it only works for local diffeomorphisms.
This is however not a severe limitation: every second-order equation satisfied by
all local diffeomorphisms extends automatically to smooth maps. This follows from
the facts that a kth-order differential equation for f can be viewed as an algebraic
equation for its k-jet [7], and that jets of invertible maps are dense in the space of
jets.

3.1. The Euclidean case.

Proposition 4. Let 2, C R? be open and bounded domains with a C?-boundary,
and let f: Qy — Qq be a C?-diffeomorphism. For every 1 < i <d,

/Ql div ((cof v ei> dv =0,

where (cof Vf)Te; is the i-th row of the cofactor matriz cof Vf and dV is the
standard volume form in R®.

Proof. Without loss of generality, we may assume that f is orientation-preserving.
We denote by dS; and dSs the surface forms of 9 and 9Qs. For every 1 <i < d,

0= dive; dV
Qo

/ <€i; V2> dS2
o192
(ei,va 0 f) f*dSs

951

0 (ei, Det (df [Ton,) (v2 0 f)) dSi (3.1)

I
— e

(es,cof V(1)) dSq
1951

:/ {(cof V)T (e;),v1) dS:
ion
= /91 div ((cofo)T el-) av.

The first equality holds because e; is divergence-free. The passage to the second
line follows from the divergence theorem. The passage to the third line is obtained
by a pullback (change of variables). The passage to the fourth line results from
the relation f*dSs = Det(df|roq,)dS1. The passage to the fifth line follows from
Proposition 3. Finally, the last equality is obtained by another application of the
divergence theorem. O

Corollary 1. With the same notation as above, let f : Q; — Qg be a C? local
diffeomorphism. Then, the Euclidean Piola identity (1.1) holds.
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Proof. Since the claim is local, we may assume that f is a diffeomorphism. Let
p € Q1, and apply Proposition 4 on shrinking balls around p. The integrand vanishes
by a standard differentiation argument. O

3.2. The Riemannian case. It is not immediately obvious how to generalize
Proposition 4 to maps between Riemannian manifolds. The first equality in (3.1) is
due to the “constantness” of the frame field {e;}, which in turn implies the vanish-
ing of the surface integral of the unit normal to the boundary. On a non-Euclidean
manifold, there is no such thing as a parallel frame-field, or any canonical notion of
a divergence-free frame field.

It turns out, however, that the existence of a parallel frame field is not really
needed for the proof of Proposition 4. A more careful examination of the proof re-
veals the occurrence of a cancellation, which as a result of, the particular properties
of the frame field {e;} are immaterial. We prove the Riemannian Piola identity in
two steps, the first of which was proved in [6]:

Proposition 5 (Marsden and Hughes). Let f : My — My be a local diffeomor-
phism between oriented, compact, d-dimensional Riemannian manifolds with bound-
aries. For any vector field X € T'(T M),

div Piola(X) = ((div X) o f) Det df,
where Piola(X) € T'(T M) is defined by (1.5).

Proof. Since the claim is local, we may assume that f is a diffeomorphism.

Without loss of generality, we may assume that f is orientation-preserving (oth-
erwise, reverse the orientation of, say, M;). By Lemma 2.3, f|or, : OM1 — OMs
is an orientation-preserving (with respect to the induced Stokes orientations) dif-
feomorphism. Denote by dS7 and dSs the surface volume forms on M; and Mj
induced by dVol; and dVols. Note that

(floa,)*dSs = Det (d (flom, ) dS1 = Det ((df) |rom, ) dSi. (3.2)

Replicating the steps in (3.1)

/ div X dVol, = / (X, v5) dS,
Mo oMo

- / (X, frwa) f*dS,
oMy

_ / (F* X, Det (df |7on,) (F*v2)) dSy

(3.3)
:/ (f*X, Cof df (1)) dS:
oMy
:/ (Piola(X),v1) dSy
oMy

= / div Piola(X) dVol;.
My

where in the passage to the third line we used (3.2), in the passage to the fourth
line we used Proposition 3, in the passage to the fifth line we used the definitions of
the transpose, and in the passage to the last line we used once again the divergence
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theorem. Pulling back the left-hand side, we obtain that
/ ((div X) o f) Det df dVoly = / div Piola(X) dVoly, (3.4)
M1 Ml
Since this identity holds for M replaced by any open subset, the integrands are
equal, which completes the proof. O

Proposition 6. Let f : My — Mz be a smooth map between oriented, compact,
d-dimensional Riemannian manifolds with boundaries. For any vector field X €

F(TMQ):
div Piola(X) = ((div X) o f) Detdf — (f*X,0gs-ram, Cofdf).  (3.5)

Proof. Let e; be an orthonormal frame for TM;. Writing the expression for the
divergence with respect to an orthonormal frame, and applying the Leibniz rule,

d
div Piola(X) = Y " (VIMi ((Cof df)" (£ X)) ,e:)

=1

I
.M&

(Ve (Cotdn)") (£ X) + (Cotdf)™ (VL ™M2(£ X)) ser)
(3.6)

1=1

Examining the first summand,

3 (Ve (Cotdp)") (£ ), 1)

i=1 i

|
\M&

<(vei Cot df)T (f*X), ei>

1

[
M=~

<f*X7 (VEi Cof df) (ez>>

1
= — <f*X, (5vf*TM2 Cof df> )

.
Il

where we used the fact that the transpose operator commutes with covariant deriv-
ative, and the expression (2.3) for dgr ram, .
Examining the second summand in (3.6),

M=

((Cordr)™ (VE2(5°X) ) er)

-
Il

I
.M& =

((Cotdf)” f* (VFit2 X)) ser)

=1

— Det df zd: (@7 (Vi X) )
=1

d
=Detdf > {((df) "o f* (VIM2X) o df(es), e5)

i=1
= Det df tr ((df)~' o f* (VIM2X) o df)
= Det df tr (f* (V'M2X))
= ((div X) o f) Det df,



RIEMANNIAN PIOLA IDENTITY 11

where in the passage to the second line we used (2.2), and in the passage to the
fifth line we used the cyclic invariance of the trace: tr(7T-1ST) = tr(9).
Equations (3.6), (3.7) and (3.8) yield the desired result. O

Corollary 2. Let f : My — My be a local diffeomorphism between smooth, ori-
ented, d-dimensional Riemannian manifolds with boundaries. Then the Riemannian
Piola identity (1.3) holds.

Proof. Combining Proposition 5 and Proposition 6, if follows that for every vector
field X € T(TMa),

(f*X,0gsrm, Cofdf) = 0.
Taking f*X = 0y rm, Cof df, the result follows. O

4. Null-Lagrangian approach. Let X be a function space of smooth maps be-
tween two domains. A functional F : X — R is a null-Lagrangian if every smooth
map is a critical point of E, with respect to smooth homotopies relative to the
boundary. As a result, every function in X" satisfies the Euler-Lagrange equation
corresponding to E. In this section we prove the Piola identity by showing that
it is the Euler-Lagrange equation of a null-Lagrangian. As in the previous section,
we start by considering the Euclidean setting, and then generalize the treatment to
mappings between Riemannian manifolds.

4.1. The Euclidean case. We begin by following the treatment of Iwaniec [4].

Lemma 4.1 (Iwaniec). Let Q C R? be open and bounded, and let f : @ — R be
smooth. For everyi=1,...,d,

det VfdV = det Vfdat Ada?--- A da?
=df' ANdf?--- A df?
= (=) rd(dfP AdfEA NPT FEAAFTTE A AT,
Proof. The first equality is just a rewriting of the unit volume element as a wedge

product of the standard co-frame. The last equality follows directly from the Leibniz
rule for the exterior derivative and the fact d*> = 0. As for the middle equality,

oft 0f? ofd

ale asz o axjd
d

= or _or ... of dz® D A dz®@ A dz” (@

S50 0T5(1) Oo(2)  O%o(a)

df* Ndf?---ANdft = da? A dx?? .- A dade

1 2 d
= Z oF _of e of sgn(o) dazt Ada?--- A dx?
5 0%0(1) 0%5(2)  O%o(a)

=det Vfdxt Ada?- - A da.

Corollary 3. The integral fQ det VfdV only depends on the value of f on 0S2.
Proof. Suppose that f|an = glaa. Using a telescopic sum,

(det Vf — det Vg) dV

=df* Ndf?--- ANdf" —dgt Adg? - A dg?
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d
= dg' Ao AdgTh Ad(f = gh) AdFTTT A Adf?

d
=> (1)t (dg" A-- AdgTEA (= g AdfTTE A A dfY).

d
=D ()7 [ dgt A AdgTEA (S = g AT A A = 0,
i=1 o0

where the last equality follows from the assumption that f|aq = glaq- O
Corollary 3 immediately implies the following:

Corollary 4. The functional
E(f) = / det VfdV
Q

is a null-Lagrangian.

Proposition 7. The Euler-Lagrange equation of the functional

E(f):/detVde (4.1)
Q
is divcof Vf = 0.

Proof. Let f, = f + tw for some smooth vector field w : R — R¢. Then,
d

det V fi dV

d
E =
t=0 (ft) ~/Q dt t=0

det(V f 4t Vw) dV

,/i
q dt|,_,

= / (cof Vf, Vw) dV
Q

= _/<divcofo,w> av,
Q

where we used the well-known facts that the cofactor is the gradient of the deter-
minant and that the divergence is the (negative) adjoint of the gradient. O

4.2. The Riemannian case. We now turn to the Riemannian case. Let M7 and
M be smooth, oriented, d-dimensional Riemannian manifolds, and set

E(f) = /M F*dVoly = /M Det df dVol;. (4.2)

We start by observing that there is an obstacle in generalizing the approach
used in Section 4.1: Corollary 3 does not hold for mappings between arbitrary
Riemannian manifolds. Consider the following counter-example: Let M; be a
hemisphere and let My be a sphere. Let f1, fo : M7 — My be two embeddings
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of the hemisphere in the sphere coinciding on the boundary; f; maps M; onto the
upper hemisphere of My and f; maps M; onto the lower hemisphere of Ms. Endow
My with a Riemannian metric, such that the volumes of the two hemispheres are
different. Then
/ Det df1 dVOh 7é Det dfg dVOll
My My

even though fi|oam, = fa|om,. This shows that the “decomposition” technique used
in Lemma 4.1 to prove that the integral of the determinant is a null-Lagrangian does
not work for arbitrary manifolds. The obstruction to such a generalization turns
out to be of topological nature.

The statement that E(f) depends only on f|soaq, is strictly stronger than the
statement that it is invariant under a homotopy relative to M. The relevant
generalization of Corollary 3 for mappings between manifolds is the following:

Lemma 4.2. Let My and My be smooth manifolds of dimensions mi and mo,
respectively (possibly with boundaries). Suppose that My is compact and oriented.
Let w € Q™(My) be an exact my-form on Ma. Let fo, f1 : My — Mg be smooth
maps coinciding on OM;y. Then

Comment: Every closed form on R is exact, and in particular, the standard volume
form dV. This gives an alternative proof for Corollary 3.

Proof. Let f : My — M be smooth. By assumption, w = dn for some n €
Qmi~1(My). Using the commutation of exterior differentation and pullbacks,

frw= [rdn = df*n = [,
My My My OM;y
which only depends on f|op, - O

Lemma 4.2 can be used to prove that F is a null-Lagrangian as follows: Since
being a null-Lagrangian is equivalent to the satisfaction of the Euler-Lagrange equa-
tion by every map, this a local property. That is, it can be checked for maps between
small balls (or other manifolds diffeomorphic to RY). Since f*dVol, is closed, it is
locally exact. Thus, Lemma 4.2 implies the null-Lagrangian property.

We provide here a different argument, which is also classical:

Lemma 4.3. Let My and My be smooth manifolds of dimensions m1 and mo,
respectively (possibly with boundaries). Suppose that My is compact and oriented.
Let w € Q™ (My) be a closed my-form on Ms. Let fo, f1 : M1 — My be smooth
maps that are homotopic relative to OM. Then,

Proof. Let F: M1 x I — My be a smooth homotopy between fy and f; relative
to OMy, i.e., ftlom, = folom, for every t. Then,

0:/ Fdw
M1><I

2/ dF*w
M1 x I
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= / F*w
d(My xI)

:/ F*w—/ F*w—l—/ Fw
M x {1} M x {0} aMi1x(0,1)

= ffw - fgwa
My My
The first equality follows from w being closed, i.e., dw = 0. The passage to the
second line follows from the commutation of exterior differentiation and pullbacks.
The passage to the third line follows from Stokes’ theorem. The passage to the
fourth line follows from the decomposition of 9(Mj x I) into three submanifolds.
Finally, in the passage to the fifth line we used the fact that F|a(, <0y = fo,
Flp, 51y = fi, and the fact that since F' is a homotopy relative to dM;, the
restriction of F*w to My x (0,1) vanishes. O

Corollary 5 (Pullbacks of closed forms are null-Lagrangians). Let M1, My and
w be defined as in Lemma 4.3. Let E : C*(My, M2) — R be given by

E(f) = frw.

My

Then E is a null-Lagrangian.

Proof. Let fi : My — My be a smooth variation relative to OM; of fo = f. By
Lemma 4.3, E(f;) = E(fo), hence E(f;) is constant. O

In the case where m1 = msy, every mi-form on My is closed. Hence the functional
E defined by (4.3) is a null-Lagrangian.

Note that we limited our treatment to compact domains. For non-compact do-
mains, one has to restrict the functional to compact subsets of M; and consider
compactly-supported variations.

We proceed to derive the Euler-Lagrange equation for the functional (4.3):

Proposition 8. Let My and My be smooth, oriented d-dimensional Riemannian
manifolds; The Fuler-Lagrange equation for the functional

E(f) = F*dVoly = / Det df d Vol (4.3)
Ml Ml

18 5vf*TM2 Cof df =0

Proof. Let ¢ : M; — Ms be a smooth map, and let V' € T'(¢*TMs). Let
¢r : My — My be a smooth variation constant on My, such that ¢g = ¢ and
O0¢;/0t|,_, = V. Our goal is to prove that

= /Ml (dgerrats (Cofdd), V), p\. dVols.

Denote by ¥ : M1 x I — Mo the map ¥ (p,t) = ¢¢ (p). Let P: My xI — Mj be
the projection P(p,t) = p. Consider the following two vector bundles over M; x I:
(i) (P*(TM,y))" = P*(T*M,), whose fiber over (p,t) is T,y My, and (i) ¢¥* (TMy),
whose fiber over (p,t) is T, () Ma.

Note that (d¢y), : TypMy — Ty, pyMa, i.e., (dpy), € Ty M1 @Ty, () Ma. Running
over all the pairs (p,t) € M; x I we obtain a section of the vector bundle W =
(P* (TM1))" @ 9™ (TMs).

d
@E(fﬁt)
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Now,
d
—E(¢:
g E(e)

- / 4 Det(dr)|  dvol,
t=0 My dt t=0

_ /Ml (Cof(dgn), V' do, )

dVol;  (4.4)
t=0

P*(TM1),p*(TMa2)

n / <Cof do, V' do, dVol,,
Ml ot

t:0>TM1,¢*TM2
where the second equality follows from an application of Lemma 2.4 (with A = d¢;
and V = 90/0t).
It is well-known that
vgd@ o Ve TMay, (4.5)

(see e.g. [2, Proposition 2.4, Pg 14]). Egs. (4.4) and (4.5) imply

d .
—E = Cof dg, V? TMzy dVol
dt ((bt) t=0 /M< of dg, >TM1,¢>*TM2 o1
= /M (Oguerat, (Cof d), V) . pq, AVOLL,
where the last equality follows from Definition 2.5 of the coderivative. O

Two comments are in order: (i) The identity (4.5) is fundamental in the compu-
tation of variations between manifolds. It is proved in [2, Proposition 2.4], relying
on the symmetry of the connection on T Ms; it does not require metricity. (ii)
The application of Lemma 2.4 in (4.4) requires the connections on P* (T* M) and
Y* (T Ma3) to be metrically-compatible. Since the Levi-Civita connections on T My
and T My are metrically-compatible, so are all their induced connections. Thus,
both the metricity and the symmetry of the Levi-Civita connection on T My were
used in the proof of Lemma 8.

Appendix A. Proof of Lemma 2.4. Lemma 2.4 is concerned with the differen-
tiation of the determinant of a bundle morphism between vector bundles. Since the
intrinsic definition of the determinant (2.1) involves the Hodge-dual, we will need
Identity A.1 below regarding the behavior of the Hodge operator with respect to
covariant differentiation.

Let M be a smooth d-dimensional manifold. Let F be an oriented vector bundle
over M (of arbitrary finite rank n), endowed with a Riemannian metric h and a
metrically-compatible affine connection V. Note that V¥ induces a connection on
A (E) (also denoted by V¥); this induced connection is compatible with the metric
induced on Ax(E) by h. Denote by % the fiber-wise Hodge-dual Ax(E) — A,,_x(E)
(which is induced by the orientation on E and §). Then,

i (VX B) = VX (x55) (A1)
for every g € T'(Ax(FE)) and X € T'(TM).
This follows from the fact % is consistent with the metric, hence it is parallel
with respect to metrically-compatible connections. Indeed,

VEEB) = (Vx+p)B ++5(VEB) = *5(VEA).
Proof of Lemma 2./. Let ey, ...,eq be a positive orthonormal frame of E.

Det(A) :*%o/\dAo*%(l) :*ﬁv/\dA(el Ao Neg) = x5 (Aer A+ A Aeq)
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Using the Leibniz rule for the wedge product, we get
VDet A=V (Aey A+ A Aeg) 258y (Aey A A Aeg)

d
:*%ZAel/\nJ\VV(Aei)/\~~/\Aed

i=1

d (A.2)
:*dFZAel/\~-~/\(VVA)ei/\~~/\Aed

i=1

d

+*%ZA61 A NANVve) A N Aey,
i=1
Where equality (1) follows from (A.1). (Here we used the metricity of the connection
on F).
Analyzing the second summand, we get

d
*%/\dA(Zel/\“'AVVGM"’Aed):*dp/\dA(vv(elA~~A€M"'Aed)):0’

where in the last equality we used the metricity of the connection on E. After
eliminating the second summand, (A.2) becomes

V Det A

Z VVA)el/\Ael/\ /\A\ei/\n-/\Aed)
)= 12 ) ad (Vv A)e Ak xBY (Aeg A A Aeg A+ A Aey))
= d 12 < VVA)eZ,*F (Ael A - AgeiA-~-AAed)>F

_ - lz< s st (N b))

d
= (Vv A)e;, Cof A(e;))» = (Cof A, Vy A)p; o
i=1

F

O

Appendix B. Coordinate representation of the Riemannian Piola iden-
tity. For completeness, we formulate the Riemannian Piola identity in local coor-
dinates: Let Roman indices 4, j, k denote coordinates on (M, g) and Greek indices
a, 3,7 denote coordinates on (Mo, h). The functions g;; and hop are the entries of
the metrics g and b, respectively, and '3, are the Christoffel symbols of VM2, The
coordinate representation of the differential df is 9; f*; similarly, Cof df = (Cof df)¢,
that is
Cof df = (Cof df)% dx' @ f* 0.

Let £ = £~ f*0, € T'(f*T Ms) be a compactly-supported section. In local coordi-
nates ‘
VI = (VM) ] dad @ 03,
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where
(VITTMeg)] = 0,67 + (f°T05)0, /7€
Equation (1.4) reads

[ @) ©atan: (06" + (TR0, lal 2 =0, (B)

where |g| is the determinant of the matrix representing the metric g.
We first note that

87 (f"bag) (Cot df)¢ = ((Cof df)")%,

|f*h]'/?
lg|'/?

where [df] stands here for the matrix whose entries are 9; f*.
Hence, the coordinate representation of the Laplace expansion (2.2) is

and that
Detdf =

detldf ],

B #p(1/2
877" Das) (Cof 20,7 = 00 derfa o
Secondly,
B *pR|1/2 .
(1) (Cof )t = Lo (corlar ™, (B2)

where, as before, cof denote the matrix-cofactor. Thus, (B.1) reads
[cotldn o, 2 do v (5715, detlafle ]2 de =
Integrating by parts, and since this equation holds for every vector field &,
1 , TNG | prpl/2 w8 _
= ey (ol 1702) + (TG ) detldf] =0. - (B3)

Note that the metric and the connection on the source manifold do not appear in
this equation.

In [6, p. 117, bottom], the authors give the following coordinate expression for
the Riemannian Piola identity,

0; (10 (coflaf|")]) = 0.

which lacks the connection term; hence is invalid even in the Euclidean setting, if
choosing a coordinate system for which ng £ 0.
Eq. (B.3) can be further simplified: using the classical identity

1
£'T5 = g 0 (1),
(B.3) reduces to ,
0; ((cofldf]T)1) =0, (B.4)

Perhaps surprisingly, the coordinate representation of f satisfies a Piola identity
that makes no reference to the Riemannian structures of M; and M. At a second
thought, this is not a surprise if we recall that the “proof by calculation” of the
Euclidean Piola identity boils down to the commutation of mixed derivatives, which
is satisfied by the local representation of a twice-differentiable function regardless of
any metric structure. Note, however, that in order to attribute to (B.4) an intrinsic
meaning one has to revert to the form (B.3).
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