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Abstract We study some differential complexes in continuum mechanics
that involve both symmetric and non-symmetric second-order tensors. In
particular, we show that the tensorial analogue of the standard grad-curl-
div complex can simultaneously describe the kinematics and the kinetics of
motions of a continuum. The relation between this complex and the de Rham
complex allows one to readily derive the necessary and sufficient conditions
for the compatibility of the displacement gradient and the existence of stress
functions on non-contractible bodies. We also derive the local compatibility
equations in terms of the Green deformation tensor for motions of 2D and
3D bodies, and shells in curved ambient spaces with constant curvatures.
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1 Introduction

Differential complexes can provide valuable information for solving PDEs.
The celebrated de Rham complex is a classical example: Let B be a 3-manifold
and let £2%(B) be the space of smooth! k-forms on B, i.e. a € 2%(B) is
an anti-symmetric (2)—tensor with smooth components «;;,...;,. The exterior
derivatives dy, : 2F(B) — QF+1(B) are linear differential operators satisfying
dips+1 0 dy = 0, where o denotes the composition of mappings.? Using the
algebraic language, one can simply write the complex

0— 29(B) -5 2Y(B) - 22(B) % 23(B) — 0,

to indicate that d is linear and the composition of any two successive oper-
ators vanishes. Note that the first operator on the left sends 0 to the zero
function and the last operator on the right sends £23(B) to zero. The above
complex is called the de Rham complex on B and is denoted by (£2(B), d). The
complex property dod = 0, implies that im dj, (the image of d) is a subset of
ker dj.1 (the kernel of dj41). Complex (£2(B), d) is exact if im dj, = ker dy1.
Given B € 2%(B), consider the PDE da = 3. Clearly, 3 € imd, is the nec-
essary and sufficient condition for the existence of a solution. If (£2(B),d) is
exact, then d3 = 0, guarantees that 3 € imd. In general, the de Rham coho-
mology groups HY,(B) = ker d /im dj,_1, quantify the deviation of (2(B), d)
from being exact, i.e. this complex is exact if and only if all H’;R(B) are
the trivial group {0}. If H%,(B) is finite-dimensional, then the celebrated
de Rham theorem tells us that dimHE,(B) = by (B), where the k-th Betti
number by (B) is a purely topological property of B. For example, if B is con-
tractible, i.e. does not have any hole in any dimension, then b, (B) =0, k > 1,
or if B is simply-connected, then b1 (B) = 0. On contractible bodies, d3 = 0,
is the necessary and sufficient condition for the solvability of dax = 3. If B
is non-contractible, then the de Rham theorem tells us that 3 € imd if and
only if

dB =0, and / B8 =0, (1.1)

where for the purposes of this work, ¢, can be considered as an arbitrary
closed (i.e. compact without boundary) k-dimensional C®-manifold inside

1 Throughout this paper, smooth means C°.
2 When there is no danger of confusion, the subscript k in dj, is dropped.
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B.2 Thus, we observe that the de Rham complex together with the de Rham
theorem provide the required conditions for the solvability of dax = 8. Sup-
pose that B is the interior of another manifold B. One can restrict (£2(B),d)
to (£2(B),d), where 2%(B) is the space of smooth forms in £2%(85) that can
be continuously extended to the boundary 0B of B as well. If B is compact,
then (Q(B), d) induces various Hodge-type decompositions on £2*(B). Such
decompositions allow one to study the above PDE subject to certain bound-
ary conditions, e.g. see Schwarz [25], Gilkey [15]. On the other hand, it has
been observed that complexes can be useful for obtaining stable numerical
schemes. By properly discretizing the de Rham complex, one can develop
stable mixed formulations for the Hodge-Laplacian [3, 4].

Generalizing the above results for an arbitrary differential complex can be
a difficult task, in general. This can be significantly simplified if one can es-
tablish a connection between a given complex and the de Rham complex. The
grad-curl-div complex of vector analysis is a standard example: Let C*°(B)
and X(B) be the spaces of smooth real-valued functions and smooth vector
fields on B. From elementary calculus, we know that for a 3-manifold B C R3,
one can define the gradient operator grad : C*°(B) — X(B), the curl operator
curl : X(B) — X(B), and the divergence operator div : X(B) — C>°(B). It is
easy to show that curl o grad = 0, and div o curl = 0. These relations allow
one to write the complex

grad diy,

0— C(B) £ x(B) 23 x(B) L% 0=(B) — 0,

that is called the grad-curl-div complex or simply the gcd complex. It turns
out that the gcd complex is equivalent to the de Rham complex in the fol-
lowing sense: Let {X!} be the Cartesian coordinates of R3. We can define
the following isomorphisms

10 : C=(B) — 2°(B), w(f) =T,

1 X(B) — 2Y(B), ((Y)), =Y, (12)
1 : X(B) — 2%(B), (12(Y)) 1y = erax Y™, .
13: C(B) — Qg(B)a (ZS(f))123 = f,

where €7k is the standard permutation symbol. Simple calculations show
that
1pograd =doiy, 1wwocurl=do, 130div=doais.

These relations can be succinctly depicted by the following diagram.

grad curl div

0— C>®(B)— X(B) — X(B) — C>*(B) —0

N

0— 2°(B) -% 2Y(B) L 22(B) - 23(B) — 0

3 In fact, cg is a singular k-chain in B that can be identified with (a formal sum
of) closed k-manifolds for integration, see standard texts such as [6, 22] for the
precise definition of cg.
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Diagram (1.3) suggests that any result holding for the de Rham complex
should have a counterpart for the gcd complex as well.# For example, diagram
(1.3) implies that 1, . . . , 25 also induce isomorphisms between the cohomology
groups. This means that Y = grad f, if and only if +;(Y) = d(20(f)), and
similarly Y = curl Z, if and only if 12(Y) = d(21(Z)). By using the de Rham
theorem and (1.1), one can show that Y is the gradient of a function if and
only if

curlY =0, and /zl(Y) = /G(Y,tg)dS =0, ¥/ C B, (1.4)
¢ ¢

where ¢ is an arbitrary closed curve in B, ¢, is the unit tangent vector field
along ¢, and G(Y,t,) is the standard inner product of Y and ¢, in R3.
Similarly, one concludes that Y is the curl of a vector field if and only if

divY =0, and /ZQ(Y) = / G(Y,Ng)dA=0,YCCB,  (15)
C C

where C is any closed surface in B and N¢ is the unit outward normal vector
field of C. If B is compact and if we restrict C*°(B) and X(B) to smooth func-
tions and vector fields over B, then by equipping the spaces in diagram (1.3)
with appropriate L?-inner products, 1, ..., %3 become isometries. Therefore,
any orthogonal decomposition for £2%(B), k = 1,2, induces an equivalent de-
composition for X(B) as well, e.g. see Schwarz [25, Corollary 3.5.2]. Moreover,
one can study solutions of the vector Laplacian A = grad o div — curl o curl,
and develop stable numerical schemes for it by using the corresponding re-
sults for the Hodge-Laplacian [3, 4]. In summary, the diagram (1.3) allows
us to extend all the standard theories developed for the de Rham complex
to the ged complex.

The notion of a complex has been extensively used in linear elasticity: Mo-
tivated by the mechanics of distributed defects, and in particular incompati-
bility of plastic strains, Kroner [21] introduced the so-called linear elasticity
complex, also called the Kroner complex, which is equivalent to a complex in
differential geometry due to Calabi [7]. Eastwood [11] derived a construction
of the linear elasticity complex from the de Rham complex. Arnold et al. [3]
used the linear elasticity complex and obtained the first stable mixed formu-
lation for linear elasticity. This complex can be used for deriving Hodge-type
decompositions for linear elasticity as well [14]. To our best knowledge, there
has not been any discussion on analogous differential complexes for general
(nonlinear) continua.

Contributions of this paper. Introducing differential complexes for general
continua is the main goal of this paper. We can summarize the main contri-
butions as follows.

o We show that a tensorial analogue of the gcd complex called the GCD
complex, can address both the kinematics and the kinetics of motions of
continua. More specifically, the GCD complex involves the displacement

4 More precisely, isomorphisms 1, . . ., 23 induce a complex isomorphism.
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gradient and the first Piola-Kirchhoff stress tensor. We show that a dia-
gram similar to (1.3) commutes for the GCD complex as well, and there-
fore, the nonlinear compatibility equations in terms of the displacement
gradient and the existence of stress functions for the first Piola-Kirchhoff
stress tensor directly follows from (1.1). Another tensorial version of the
gcd complex is the ged complex that involves non-symmetric second order
tensors. This complex allows one to introduce stress functions for non-
symmetric Cauchy stress and the second Piola-Kirchhoff stress tensors.
By using the Cauchy and the second Piola-Kirchhoff stresses, one obtains
complexes that only describe the kinetics of motions.

e It has been mentioned in several references in the literature that the
linear elasticity complex is equivalent to the Calabi complex, e.g. see
[11]. Although this equivalence is trivial for the kinematics part of the
linear elasticity complex, in our opinion, it is not trivial at all for the
kinetics part. Therefore, we include a discussion on the equivalence of
these complexes by using a diagram similar to (1.3). Another reason for
studying the above equivalence is that it helps us understand the relation
between the linear elasticity complex and the GCD complex. In particular,
the linear elasticity complex is not the linearization of the GCD complex.
The Calabi complex also provides a coordinate-free expression for the
linear compatibility equations. Using the above complexes one observes
that on a 3-manifold, the linear and nonlinear compatibility problems,
and the existence of stress functions are related to HY,(B) and H2,(B),
respectively.

e Using the ideas underlying the Calabi complex, we derive the nonlinear
compatibility equations in terms of the Green deformation tensor for mo-
tions of bodies (with the same dimensions as ambient spaces) and shells
in curved ambient spaces with constant curvatures.

Notation. In this paper, we use the pair of smooth Riemannian manifolds
(B, G) with local coordinates { X!} and (S, g) with local coordinates {x'} to
denote a general continuum and its ambient space, respectively. If B C R",
then B denotes the closure of B in R”. Unless stated otherwise, we as-
sume the summation convention on repeated indices. The space of smooth
real-valued functions on B is denoted by C*°(B). We use I'(V) to indicate
smooth sections of a vector bundle V. Thus, I'(®?TB) and I'(R*T*B) are
the spaces of (3)- and (3)-tensors on B. The space of symmetric (3)-tensors
are denoted by I'(S?T*B). It is customary to write X(B) := I'(TB), and
0k (B) := I'(AFT*B), i.e. 2%(B) is the space of anti-symmetric ()-tensors
or simply k-forms. Tensors are indicated by bold letters, e.g. T € F(®2TB)
and its components are indicated by 777 or (T)!’. The space of k-forms
with values in R™ is denoted by £2F(B;R"), ie. if a € 2F(B;R"), and
Xi,..., Xy € TxB, then a(Xy,...,X;) € R", and « is anti-symmetric.
Let ¢ : B — S be a smooth mapping. The space of two-point tensors over ¢
with components F*! is denoted by I'(T(B) @ TB).
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2 Differential Complexes for Second-Order Tensors

In this section, we study some differential complexes for 2D and 3D manifolds
that contain second-order tensors. These complexes fall into two categories:
Those induced by the de Rham complex and those induced by the Cal-
abi complex. Complexes induced by the de Rham complex include arbitrary
second-order tensors and can be considered as tensorial versions of the gcd
complex. Complexes induced by the Calabi complex involve only symmet-
ric second-order tensors. In the following, we study the applications of these
complexes to some classical problems in continuum mechanics.

2.1 Complexes Induced by the de Rham Complex

Complexes for second-order tensors that are induced by the de Rham complex
only contain first-order differential operators. We begin our discussion by
considering 3-manifolds and will later study 2-manifolds separately.

2.1.1 Complexes for 3-manifolds

Let B C R3 be a 3-manifold and suppose {X*} is the Cartesian coordinates
on B. We equip B with metric G, which is the standard metric of R3. The
gradient of vector fields and the curl and the divergence of (3)-tensors are
defined as

grad : X(B) — I'(®*TB), (gradY)'/ =Y7
curl : I'(Q>*TB) — I'(R*TB), (curl ) = erp T g,
div : I'(Q*TB) — X(B), (divT) =117 4,

where “ ;” indicates 9/0X 7. We also define the operator
curl' : I'(®*TB) — I'(RTB), (curl'T)! = (curl T)’!.

It is straightforward to show that curl’ o grad = 0, and div o curl” = 0.
Thus, we obtain the following complex

grad

0 — X(B)EX 1(@27B)°™ 1(®*1B) 9N x(B) — 0,

that, due to its resemblance with the gcd complex, is called the ged complex.
Interestingly, similar to the gcd complex, useful properties of the ged com-
plex also follow from the de Rham complex. This can be described via the
R3-valued de Rham complex as follows. Let d : 2%(B) — Q*+1(B) be the

standard exterior derivative given by

k

@B 1yt = D (1) Bypodor s

=0
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where the hat over an index implies the elimination of that index. Any « €
2F(B;R3) can be considered as a = (a!,a?,a?), with o' € 2%(B), i =
1,2,3. One can define the exterior derivative d : 28(B;R3) — 2F1(B;R3)
by da = (da'!, da?, da®). Since d o d = 0, we also conclude that dod = 0,
which leads to the R3-valued de Rham complex (£2(B;R?),d). Given a €
28(B;R?), let [a]'s,..., denote components of o € 2%(B). By using the
global orthonormal coordinate system {X’}, one can define the following
isomorphisms

10 : X(B) — 2°(B;R?), [

(R*TB) — 2" (B;R?), 21 T)] = al,T”,
130 [(®°TB) — 2%(B;R?), [
13: X(B) — 23(B;R3), [

1/12F

where 8;; is the Kronecker delta. Let T'T be the transpose of T, i.e. (TT)U =
T, and let {E;} be the standard basis of R3. For T € I'(®?TB), we define

v to be the traction of T in the direction of unit vector N = N'E; € 82,
where 82 C R? is the unit 2-sphere. Thus, ?N = NITHE;. By using (1.2),

we can write
(T = (zk(?El) ,zk(ﬁh) ,zk<?E3)) L k=1,2. (2.1)

It is easy to show that
21 ograd = d o1, zzocurlT =do1y, t3odiv=doa,.

Therefore, the following diagram, which is the tensorial analogue of the dia-
gram (1.3) commutes for the gcd complex.

grad curl

0—— X(B) 229 r(@21B)™ M(®*TB) x(B) 0

Jzo l l J (2.2)

0 — 2°(B; R3) L5 01 (B; R3) L5 22(B; R?) L 23(B; R3) — 0

div

Remark 1. Diagram (1.3) is valid for any 3-manifold, see Schwarz [25, §3.5]
for the definitions of grad, curl, and div on arbitrary 3-manifolds. However,
we require a global orthonormal coordinate system for defining curl and the
isomorphisms 2. Thus, the ged complex and diagram (2.2) are valid merely
on flat 3-manifolds.

The contraction (T, Y) of T € I'(®>TB) and Y € X(B) is a vector field
that in the orthonormal coordinate system {X'} reads (T, Y) = T"'Y/E;.
Clearly, if N¢ is the unit outward normal vector field of a closed surface
C C B, then (T, N¢) is the traction of T on C. Suppose chd(B) is the k-th
cohomology of the ged complex. Diagram (2.2) implies that 2; also induces
the isomorphism chd( ) =~ @?:11’153(3) between the cohomology groups.
By using this fact and (1.4), we can prove the following theorem.
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Theorem 2. An arbitrary tensor T € F(®2TB) is the gradient of a vector
field if and only if

curl' T =0, and / (T, t,)dS =0, V¢ C B, (2.3)
4

where ¢ is an arbitrary closed curve in B and t; is the unit tangent vector
field along ¢.

Proof By using (2.1) and diagram (2.2), we conclude that T = gradY’, if
and only if 41 (T) = d(20(Y")), if and only if 43 (?Ez) =dY!, I1=1,2,3. The
condition (1.4) implies that in addition to curl"T = 0, T should also satisfy

/11(?&) - /G(?El,tg)ds —0, W CB, [=1,23,
4 4

which is equivalent to the integral condition in (2.3). O

Similarly, one can use (1.5) for deriving the necessary and sufficient con-
ditions for the existence of a potential for T' induced by curl’. The upshot
is the following theorem.

Theorem 3. Given T € I'(R*TB), there exists W € I'(Q>*TB) such that
T = curl' W, if and only if

divT =0, and /(T, N¢)dA =0, VC C B, (2.4)
C

where C is an arbitrary closed surface in B and N¢ is its unit outward normal
vector field.

Remark 4. If the Betti numbers b, (B), k = 1,2, are finite, then it suffices
to check (2.3) and (2.4) for b;(B) and b2(B) “independent” closed curves and
closed surfaces, respectively. In particular, one concludes that if B is simply-
connected, then any curl”-free (3)-tensor is the gradient of a vector field and
if B is contractible, then any div-free (3)-tensor admits a curl'-potential.
If B C R? is compact, i.e. B is closed and bounded, then all by(B)’s are
finite. The calculation of by (B) for some physically interesting bodies and

the selection of independent closed loops and closed surfaces are discussed in
[2].

We can also write an analogue of the ged complex for two-point tensors.
Let S = R3 with coordinate system {z?} that is the Cartesian coordinates
of R3. Suppose ¢ : B — S is a smooth mapping and let Txp(B) := 0(x)S-
Note that although ¢ is not necessarily an embedding, the dimension of
Txp(B) is always equal to dimS. We can define the following operators for
two-point tensors that belong to I'(T'¢(B)) and I'(Tp(B) ® TB):

Grad : I'(Tp(B)) — I'(Tp(B) ® TB), (GradU)" =U" ,
Curl” : I'(Tp(B) @ TB) = I'(Tp(B) ® TB), (Curl' F)' = e/ F** i,
Div: I'(Tp(B) © TB) — I'(T'p(B)). (Div F)' = F'! .
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We have Curl' o Grad = 0, and Div o Curl” =0. Thus, the GCD complex
is written as:

0 —s I(To(B)E2(T(B) © TBIE M(To(B) © TB) 2 I'(Tp(B)) —s 0.

By using the following isomorphisms

I, : I(Ty(B)) — 2°(B;R?), [TU)) =U",
I, : I(Tp(B) @ TB) — 2'(B;R?), [I,(F)';=F",
I, : I'(Te(B) @ TB) — 2%(B;R?), [I2(F)) jx = egre F'E,
I3 : I'(Te(B)) — 2°(B;R?), [I3(U)] 123 = U,
one concludes that the following diagram commutes.
0 — I(To(B) XN (To(B) @ TBC I(Tw(B) © TB) BY I'(Tw(B)) —

R

0— QO(B;R3) —4 Q1(B;R3) —2 5 22(B; R3) —%— 23(B;R3) — 0

The above isomorphisms also induce an isomorphism Hkcp (B) = @F_ H: ,(B),
where HEcp(B) is the k-th cohomology group of the GCD complex. Let
{E;} and {e;} be the standard basis of R?. For F € I'(T¢(B) ® TB), and

n = n'e; € 82, let F, = n'F’E; € X(B). Then, one can write

1) = () o Bo) B k=12

Let (F,Y) := F'Ye;. The above relations for the GCD complex allow us
to obtain the following results that can be proved similarly to Theorems 2
and 3.

Theorem 5. Given F € I'(Tp(B) @ TB), there exists U € I'(Tp(B)) such
that F = Grad U, if and only if

Curl'F =0, and /(F,t@ds =0, ¥/ CB.
¢
Moreover, there exists ¥ € I'(Tp(B) @ TB) such that F = CurlTW, if and
only if
Div F = 0, and /(F, Ne)dA =0, ¥C C B.
1

Remark 6. Note that for writing the GCD complex, only S needs to be
flat and admit a global orthonormal coordinate system. This observation is
useful for deriving a complex for motions of 2D surfaces (shells) in R3. By
using the natural isomorphism b : X(B) — 2'(B) induced by G and the
Hodge star operator x : 2F(B) — £2"*(B), where n = dim B, we can write

I,(F) = ((F(dz"))’, (F(dz?))’, (F(dz®))"),
I,(F) = (% (F(da"))", «(F(da?))", *(F(dz®))").
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2.1.2 Complexes for 2-manifolds

Let B C R? be a 2-manifold and suppose {X’} is the Cartesian coordinate
system. For 2-manifolds, instead of curl”, we define the operator

c: N(®*TB) — X(B), (c(T))! =17, -1 ,,

that satisfies ¢ o grad = 0. Also consider the following isomorphisms

90 : X(B) — 2°(B;R?), [70 (V)] = 8,1V,
9, : T(®R*TB) — 21(B;R?), [9,(T)) ;= 8T,
75 1 X(B) = 2*(B;R?), [JZ(Y)]i12 =%, YL

It is straightforward to show that the following diagram commutes.

grad

0 X(B) IN(®*TB) —— %(B) —— 0

S

0 — 2°(B; R2) -% 0Y(B; R?) % 22(B; R?) — 0

The complex in the first row of (2.5) is called the gc complex. This diagram
implies that Hp.(B) ~ @7 HE,(B), where HE (B) is the k-th cohomology
group of the gc complex and we obtain the following result.

Theorem 7. A tensor T € I'(R*TB) on a 2-manifold B C R? is the gradient
of a vector field if and only if

c(T) =0, and /(T,t@dS =0, Y/ CB.
¢

For 2-manifolds, we can write a second complex that contains div. In
an orthonormal coordinate system {X7}, the codifferential operator dj :
2%(B) — 2%=1(B) reads

(0B)1, 1y = —Buny1y_y .-

We have ¢ 0o 6 = 0, that gives rise to the complex (£2(B),0) with the ho-
mology groups H” (B) := ker §;,/im dj1 1. By using the Hodge star operator
1 QF(B) — Q"F(B), it is straightforward to show that H (B) ~ Hi*(B).
One can also write the complex (£2(B;R?),4), where v = (da’, 6a?). By
defining the operator

s: X(B) —» I(Q*TB), (s(Y))!7 ="yl , -2y,

we obtain the following diagram.

0 X(B) 2 N(R?TB) +=— X(B) «—— 0

e e

0+ 2°(B;R?) <& 01 (B; R?) <> 2%(B; R?) +— 0
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We call the first row of (2.6) the sd complex and denote its homology groups
by HE,(B). We have HY(B) ~ @7 H3.*(B). Let {E;} be the standard
basis of R? and let IN; be a unit vector field along a closed curve ¢, which is
normal to tangent vector field ¢y, such that {,, N,;} has the same orientation
as {E1, Es}. The following theorem is the analogue of Theorem 7 for the sd
complex.

Theorem 8. On a 2-manifold B C R?, there exists Y € X(B) for T €
I(®*TB) such that T = s(Y), if and only if

divT =0, and /(T,Ng}ds =0, YVl CB. (2.7)
¢

Proof We know that T' = s(Y), if and only if 3,(T) = §(3,(Y")), if and only

if (Tg,)* = 0Y!, I =1,2. The Hodge star operator induces an isomorphism

between the cohomology groups of (2(B),d) and (£2(B),d), and therefore,

the last condition is equivalent to *(Tg,)” = ( EJ-I)b = dY!, where EJ} =

(T72,—T1), I = 1,2. Since G(?EJ}JZ@) = G(?EI,Ng), one obtains (2.7). O

Next, suppose ¢ : B — R? is a smooth mapping and let {2’} be the
Cartesian coordinates of R? with {e;} being its standard basis. Consider the
following isomorphisms

Jo: I'(Te(B)) — 2°(B;R?), [Jo(U)]" = U,
J1: T(Te(B) ® TB) — 2'(B;R?), [J1(F)]; = FY,
Jo: T(Te(B)) — 2%(B;R?), [J2(U)] e = U,

together with the operators

C:I(Te(B)®@TB) — I'(Tp(B)), (C(F))'=F?;—-F",,

S: I(Tp(B)) — IN(Te(B) @ TB), (S(U))! =5"U", -3*U* ;.
Replacing 34, 31, J2, €, and s with Jy, J;, J2, C, and S, respectively, in
diagrams (2.5) and (2.6) yields the corresponding diagrams for two-point

tensors. The associated complexes are called the GC and the SD complexes
and we conclude that:

Theorem 9. Let ¢ : B — R? be a smooth mapping and F € I'(To(B)@TB).
We have F = Grad U, if and only if
C(F) =0, and /<F,tg>ds —0, ¥/ CB.
¢
Moreover, we can write F = S(U), if and only if

DivF =0, and /(F,Ng>d5’ =0, YVl CB.
¢
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As we mentioned earlier, the complexes introduced for two-point tensors
do not require B to be flat. This allows us to obtain a complex describing
motions of 2D surfaces (shells) in R3. Let (B,G) be a 2D surface in R3
with an arbitrary local coordinate system {X’}, I = 1,2, and let {2} and
{e;}, i = 1,2,3, be the Cartesian coordinates and the standard basis of
R3, respectively. The local basis for TB induced by {X!} is denoted by
{E1}. Suppose ¢ : B — R? is a smooth mapping and consider the following
isomorphisms

Jo : I(Tp(B)) — 2°(B; R?), [Jo@)) =U",
J,: I(Tp(B) ® TB) — 2Y(B;R?), [J1(F))'y =G FY,
Jg : F(T(p(B)) — 02(B;R3), [JQ(U)VQ = det G[J Ui,

where Gy are the components of G and det GGy 5 is the determinant of matrix
[G1]2x2- Let GI7 be the components of the inverse of [G]ax2. We define
the operators Grad : I'(Tp(B)) = I'(Tp(B)@THB) and C: I'(Tp(B)®TB) —
I(T(B)) by

(G2KF@K),1 B (GlKFiK) 2

GradU)' = G'U* ;, (C(F))' = =3
(ra ) ,J (( )) m

By using the above operators, one obtains the following diagram for the GC
complex.

0— I'(T(B)) <35 N (Tp(B) ® TB) - I'(T(B)) — 0

P) Lh Lh

0— 2°(B; R3) —2— 01(B;R?) —%4— 22(B; R®) — 0
Thus, the following result holds.

Theorem 10. Let B be a 2D surface and let p : B — R3 be a smooth
mapping. Then, F € I'(Tp(B) @ TB) can be written as F = Grad U, if and
only if
C(F)=0, and /(F,t5>d5 =0, Y/ C B,
¢

where (F,t;) = Gr;F" (t;)!e;.

2.2 Complexes Induced by the Calabi Complex

A differential complex suitable for symmetric second-order tensors was in-
troduced by Calabi [7]. It is well-known that the Calabi complex in R3 is
equivalent to the linear elasticity complex [11]. In this section, we study the
Calabi complex and its connection with the linear elasticity complex in some
details. As we will see later, this study provides a framework for writing
the nonlinear compatibility equations in curved ambient spaces and compar-
ing stress functions induced by the Calabi complex with those induced by
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the ged or the GCD complexes. Moreover, the Calabi complex provides a
coordinate-free expression for the linear compatibility equations.

The Calabi complex is valid on any Riemannian manifold with constant
(sectional) curvature (also called a Clifford-Klein space). These spaces are
defined as follows: Let V be the Levi-Civita connection of (B,G) and let
X; e X(B), i =1,...,5. The curvature R and the Riemannian curvature
R induced by G are given by R(X1,X2)X3 = VxVx, X3 — Vx,Vx, X5 —
V[X17X2]X3, and R(Xl,XQ,Xg,X4) = G(R(Xl,XQ)X37X4) Let EX be
a 2-dimensional subspace of TxB and let X ,Xy € X x be two arbitrary
linearly independent vectors. The sectional curvature of X x is defined as

R(Xl, X2, X2, Xl)
(G(X1,X1)G (X2, X2))” — (G(X1, X))

K(¥x)=

Sectional curvature K (X'x) is independent of the choice of X; and X5 [9].
A manifold B has a constant curvature k € R if and only if K(¥'x) = k,
VX € B and V¥ x C TxB. If B is complete and simply-connected, it is
isometric to: (i) the n-sphere with radius 1/v/k, ifk > 0, (ii) R", if k = 0, and
(iii) the hyperbolic space, if k < 0 [19]. An arbitrary Riemannian manifold
with constant curvature is locally isometric to one of the above manifolds
depending on the sign of k. For example, the sectional curvature of a cylinder
in R3 is zero and it is locally isometric to R?. Discussions on the classification
of Riemannian manifolds with constant curvatures can be found in Wolf [29].
One can show that (B, G) has constant curvature k if and only if

R(X1, X5) X5 = k(G(X3, X2) X1 — G(X3, X1)Xz). (2.8)

Similar to the de Rham complex, the Calabi complex on n-manifolds termi-
nates after n non-trivial operators. For n = 3, these operators include the
Killing operator Dg, the linearized curvature operator Dy, and the Bianchi
operator Dy that are defined as follows.

The first operator in the Calabi complex on (B, G) is the Killing operator
Do : X(B) — I'(S?T*B) defined as

(DoU)(X1, Xz) = %(G(Xl, Vx,U) +G(Vx,U, Xg)).

Note that DoU = %LUG’, where L is the Lie derivative. The kernel of Dy
coincides with the space of Killing vector fields ©(B) on B.° If an n-manifold
B is a subset of R™ with Cartesian coordinates {X'}, any U € ©(B) at
X = (X',...,X") € R" can be written as U(X) = v+ A- X, where v € R",
A€ so(R?) :={AeR™": A+ AT = 0}, with R"*" being the space of real
n x n matrices.® Therefore, we conclude that dim ©(B) = n(n +1)/2.

The second operator of the Calabi complex can be obtained by linearizing

the Riemannian curvature. Let A be a Riemannian metric on B and let

® A Killing vector field U € ©(B) is also called an infinitesimal isometry in the
sense that its flow FIV induces an isometry FI¥ := F1Y(¢,-) : U ¢ B — B [9].

5 This implies that ©(B) is isomorphic to euc(R™), which is the Lie algebra of the
group of rigid body motions Fuc(R"™).
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VA and R? be the corresponding Levi- C1v1ta connection and Riemannian
curvature, respectively. The symmetries of R4 are induced by the identities

RAX1,X2,X3,Xy) + RAX0,X3,X1,Xy) + RAX3,X1,X2,Xy) =0, (2.9a)
RAX, X2, X3, X)) = —RAX2,X1,X3,Xy) = ~RAX1,X2,X4,X3).  (2.9b)

Equivalently, the components Rﬂ .11, Of RA satisfy

A A _
R11121314 +Renn Yt Rionnn =0,
_ A _ A
7311121314 - _R12111314 - _R11121413'

The identity (2.9a) is called the first Bianchi identity. The above symmetries

imply that R* has n?(n?—1)/12 independent components [26]. The relations
(2.9a) and (2.9b) also induce the symmetry

RAX, Xo, X3, Xy) = R (X3, X4, X1, Xo), (2.10)

Le. Ry 11, = R 11, For n =23, (2.9b) and (2.10) determine all the
symmetries of R4, and therefore, the space of tensors with the symmetries
of the Riemannian curvature is I'(S%(A2T*B)).” Let e € I'(S*T*B) be an

arbitrary symmetric (3 ) tensor. The linearization of the operator A +— RrRA

1S the linear operator v : I'(S?T*B) — I'(S%(A%T*B)) defined by r4(e) :=

a5 |t:O’RA+te [13, 12]. One can write
A(e)(X1, X2, X3, X4) = L (e)(X1, X2, X5, X1)

+e(RAX1,X2) X3, X4) —e(RYX 1, X)Xy, X3),

with
LA( )(leX27X37X4 ( ) X27X4)+(VQQVQ4€) (X17X3)
—(V4, V4, e) (X9, X3) — (V4, V8 €) (X1, X4) — <V€;1X?’e) (X2, X4)

(V&4 x,¢) (X1.X3) +(V€;1x4e) (X2, X3) + (Vg xe) (X1, X0),
where VAT for (9)-tensor T is defined as

(V& T) (X1,..., X)) =X0 (T(X1,.... X))

k
=Y T(X1,... V%, X, Xg).
i=1

" Tensors in I'(S?*(A*T*B)) have (n? — n + 2)(n? — n)/8 independent compo-
nents. For n > 4, (2.9b) and (2.10) do not imply (2.9a), and thus, tensors with the
symmetries of the Riemannian curvature belong to a subspace of I'(S*(A*T*B)).
If T*B is induced by a representation, i.e. it is a homogeneous vector bundle corre-
sponding to an irreducible representation, the representation theory provides some
tools to neatly specify tensors with complicated symmetries such as those of the
Riemannian curvature [5, 24].
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Note that r“(e) inherits the symmetries of the Riemannian curvature. If
(B, G) has constant curvature k, by using (2.8), one obtains the operator
Dy : I'(S*T*B) — I'(S*(A*T*B)), Dy := 2r¢, that can be written as

(D1e)(X1, X2, X3, X4) = LG () (X1, X2, X3, X4)
+k{G(X2,X3)€(X1,X4)—G(X17X3)6(X2,X4) (211)
— G(XQ,X4)6(X1,X3) —+ G(Xl,X4)e(X2,X3)}.
One can show that D; oDy = 0. The Calabi complex for a 2-manifold B reads
0— X(B) =% I'(S°T*B) =% I'(S2(A°T*B)) — 0.

The last non-trivial operator of the Calabi complex for 3-manifolds is
defined as follows: Let I'(V5T*B) be the space of (2)-tensors such that h €
I(V5T*B) admits the symmetries

hinrsnrs = —honnnn = —hn oo,
RIIoTslads + Rirsra00s + hor,1,0.1, =0,

hiLlsng = —hnnnnn = —hnnrn.

i.e. h is anti-symmetric in the first three entries and has the symmetries of
the Riemannian curvature in the last four entries. For n = 3, h has 3 inde-
pendent components that can be represented by hias23, h21313, and hsiois.
The operator Dy : I'(S2(A2T*B)) — I'(V3T*B) is defined by

(D2s)(X1,...,X5) =(Vx,8) (X2, X3, X4, X5)
+ (szs) (X37X1aX47X5) + (VX?,S) (X17X2aX47X5)'

By using D, the second Bianchi identity for the Riemannian curvature R
can be expressed as Dy(R) = 0. We have Dy 0 D; = 0. Thus, the Calabi
complex on 3-manifold B is written as

0— X(B) 2% 1(S2T*B) 25 1(S2(A2T*B)) 22 D(VST*B) — 0.

Calabi [7] showed that there is a systematic way for constructing operators
D;, 2 <i < n—1, for n-manifolds. Let H’é(B) := ker Dy, /im Dg_1, be the k-th
cohomology group of the Calabi complex. Calabi also showed that the Calabi
complex induces a fine resolution of the sheaf of germs of Killing vector fields.
Thus, the dimension of ©(B) determines the dimension of HE (B). In partic-
ular, if an n-manifold B C R™ has finite-dimensional de Rham cohomology
groups, one can write

dim HE (B) = WTH) dim HY (B) — wbkw). (2.12)

Next, we separately study 2- and 3-submanifolds of the Euclidean space.
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2.2.1 The Linear FElasticity Complex for 3-manifolds

Let B C R? be a 3-manifold and let G and {X’} be the standard metric and
the Cartesian coordinates of R3, respectively. Consider the following operator

grad® : X(B) — I'(S*TB), (grad®Y)"’ = % Y, +Y7 ).

It is straightforward to show that curlo curlo grad® = 0. If T € I'(S?*TB),
then curlo curlT is symmetric as well. Therefore, one obtains the following
operator

curlocurl : F(SQTB) — F(SQTB), (curl o curl T)U = EIKLEJMNTLNﬁKM.

We have div o curl o curl = 0. Let ¢o : X(B) — X(B) be the identity map.
The global orthonormal coordinate system {X’} allows one to define the
following three isomorphisms:

v : D(S*TB) — ['(S*T*B), (1(T)),,=T",

the isomorphism ¢o : I'(S2TB) — I'(S?(A2T*B)) defined by

(12(T)) 9305 = T, (12(T)) 3105 = T2, (¢2(T))1905 = T,

(62(T)) 315 = %, (02(T))g115 = %, (2(T)) 1910 = T,
and ¢3 : X(B) — I'(V5T*B)) given by

(31235 =Y, (8(¥ )33 =Y>  (3(Y))g100 = V.
Simple calculations show that
tiograd® =Dgotg, tpocurlocurl =D;ory, t30div=Djo o,

and therefore, the following diagram commutes.

grad®

0— X(B)E2S 1(S2TB) ™2 (52T B) X(B) 0

R

0— X(B) 23 I(S2T*B) 25 I(S2(A2T*B)) 25 I(VST*B) — 0

div

The first row of (2.13) is the linear elasticity complex. Therefore, we observe
that useful properties of this complex follow from those of the Calabi complex.
In particular, (2.12) implies that the dimensions of the cohomology groups
H% . (B) of the linear elasticity complex are given by

dim Hi;5(B) := dim (ker curl o curl/im grad®) = 6b; (B),
dim H%4(B) := dim (ker div/im curl o curl) = 6by(B).

It is also possible to calculate the cohomology groups of the linear elastic-
ity complex without explicitly using its relation with the Calabi complex
[17]. Note that the Calabi complex is more general than the linear elasticity
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complex in the sense that the Calabi complex is valid on any Riemannian
manifold with constant curvature, however, the linear elasticity complex is
only valid on flat manifolds that admit a global orthonormal coordinate sys-
tem. Yavari [30, Proposition 2.8] showed that for T' € I'(S?TB), there exists
Y € X(B) such that T' = grad®Y’, if and only if

curlocurlT =0,

1J _ yk(plJ _mJK J _
/Z(T XHT" g —T7" ) dX) =0, (2.14)

/(T’K,J —T7% [)dX* =0, vt C B.
£

Let IN¢ be the unit outward normal vector field of an arbitrary closed surface
C C B. Gurtin [16] showed that the necessary and sufficient conditions for
the existence of curl o curl-potentials for T are

divT = 0,/<T, N¢)dA = 0,/ exrg X 'T7E(Ne)dA =0, ¥C C B. (2.15)
C C

2.2.2 The Linear FElasticity Complex for 2-manifolds

Next, suppose B C R? is a 2-manifold and let {X’} be the Cartesian coor-
dinates of R2. Let

D, : ['(S*TB) — C*®(B), DT =T 95 — 2T'2 15 + T?2 1.

Then, we have D, o grad® = 0. Also consider isomorphisms v,, v;, and
Y, that are defined as follows: v, : X(B) — X(B) and v, : I'(S*TB) —
I'(S?T*B) are defined similar to ¢ and ¢; introduced for 3-manifolds and
Yy 1 C°(B) — I'(S*(A*T*B)), (v4(f)) = f. Using these operators, one
obtains the following diagram.

1212

0 — 2(B)ZS r(s27B) — 2 0 (B) —— 0

ko J l (2.16)

0— X(B) 2% 1($27+B) 2% 1(S2(A2T*B)) — 0

Then, (2.12) implies that the dimension of the cohomology group Hk,(B) :=
ker D./im grad® is 3b;(B). Moreover, the necessary and sufficient conditions
for the existence of potentials induced by grad® for T € I'(S*TB) is D.T = 0,
together with the integral conditions in (2.14). For 2-manifolds, it is also
possible to write the complex

0— C=(B) 25 (s218) % 2(8) — 0, (2.17)

where (Dsf)ll = f7227 (Dsf)12 = —f712, and (Dsf)22 = f711. The kernel
of Dy is 3-dimensional, which suggests that the dimension of Hk,, (B) :=
ker div/im Dy, is 3b1(B). By replacing C with arbitrary closed curves ¢ in
(2.15), one obtains the necessary and sufficient conditions for the existence
of D-potentials.
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3 Some Applications in Continuum Mechanics

Let B C R", n = 2,3, be asmooth n-manifold. Note that B can be unbounded
as well. For 3-manifolds, the linear elasticity complex (2.13) describes both
the kinematics and the kinetics of deformations in the following sense [21]: If
one considers X(B) as the space of displacements, then grad® associates linear
strains to displacements, I"(S*T'B) is the space of linear strains, and curl o
curl expresses the compatibility equations for the linear strain. On the other
hand, one can consider I'(S?TB) as the space of Beltrami stress functions
and consequently, curl o curl associates symmetric Cauchy stress tensors to
Beltrami stress functions, and div expresses the equilibrium equations. We
observed that for 2-manifolds, the kinematics and the kinetics of deformations
are described by two separate complexes: The former is addressed by the
complex (2.16) and the latter by the complex (2.17).

Let a smooth embedding ¢ : B — S = R3, be a motion of B in S. Let
C = ¢*g € I'(S*T*B), and F := Ty be the Green deformation tensor and
the deformation gradient of ¢, respectively. Also suppose o € I (®2TQO(B)),
P c I'(Tp(B) ® TB), and S € I'(R*TB) are the Cauchy, the first, and the
second Piola-Kirchhoff stress tensors, respectively. If o is symmetric, then the
last two operators of the linear elasticity complex on (¢(B),g) address exis-
tence of Beltrami stress functions and the equilibrium equations for o. The
first operator in this complex does not have any apparent physical interpre-
tation. If o is non-symmetric, then the last two operators of the ged complex
on (¢(B), g) describe the kinetics of : The operator curl" associates stress
functions induced by curl’ to o and div is related to the equilibrium equa-
tions. Similar conclusions also hold for S if one considers the linear elasticity
complex and the ged complex on the flat manifold (B, C).

On the other hand, by using P, one can write a complex that contains
both the kinematics and the kinetics of motion. Let U € I'(T'p(B)) be the
displacement field defined as U (X) = p(X) — X € T,(x)S, VX € B.5 Then,

GradU is the displacement gradient and Curl’ expresses the compatibilit}rf
of the displacement gradient. On the other hand, we can assume that Curl
associates stress functions induced by Curl" to the first Piola-Kirchhoff stress
tensor, and that Div expresses the equilibrium equations. Hence, the GCD
complex is the analogue of the linear elasticity complex in the sense that both
contain the kinematics and the kinetics simultaneously. Note that the linear
elasticity complex is not the linearization of the GCD complex. In particular,
the operator curl o curl is obtained by linearizing the curvature operator,
which is related to the compatibility equations in terms of C' and not the
displacement gradient.

In the following, we study the applications of the above complexes to
the nonlinear compatibility equations and the existence of stress functions in
more detail. Classically, the linear and nonlinear compatibility equations are

8 Displacement fields are usually assumed to be vector fields on B. The choice of
I'(T'p(B)) instead of X(B) is equivalent to applying the shifter TxB — T,(x)S to
elements of X(B), see [23, Box 3.1].
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written for flat ambient spaces. We study these equations on ambient spaces
with constant curvatures.

3.1 Compatibility Equations

We study the nonlinear compatibility equations for the cases dim B = dim S,
and dim B < dim S (shells), separately. It is well-known that compatibility
equations depend on the topological properties of bodies, see Yavari [30]
and references therein for more details. More specifically, both linear and
nonlinear compatibility equations are closely related to by (B). The nonlinear
compatibility equations in terms of the displacement gradient (or equivalently
F) directly follow from the complexes we introduced earlier for second-order
tensors.

3.1.1 Bodies with the Same Dimensions as the Ambient Space

Suppose dimB = dim S. Since motion ¢ : B — S is an embedding, it is
easy to observe that the Green deformation tensor C' = ¢*g is a Riemannian
metric on B. The mapping ¢ is an isometry between (B,C) and (¢(B), g).
Thus, the compatibility problem in terms of C reads: Given a metric C on B,
is there any isometry between (B, C) and an open subset of S? Note that a
priori we do not know which part of S would be occupied by B. This suggests
that a useful compatibility equation should be written only on B. Let RY and
RY be the curvature and the Riemannian curvature of (S, g) that are induced
by the Levi-Civita connection V9. Let X7, ..., Xy € X(B). By using the pull-
back ¢* and the push-forward ., one concludes that the linear connection
V9 on T'S induces a linear connection ©*V9 on TB given by (¢*V9)x, X2 =
p* (Vg* x, P+ X 2). The definition of the Levi-Civita connection V9 implies

]
that

C(X3, (¢*"V9)x, X2) = g(¢« X3, Vi*xl 0. X5)
= %{Xz (C(X1,X35))+ X1 (C(X35,X2)) - X3(C(X1,X2))

— C([X2,X3). X1) = C ([X1, X3], X2) = C (IX2, X1], X) },

and therefore, ¢* V9 coincides with the Levi-Civita connection V€ on (B, C).
Since

("R (X1, X2) X3 = " (R (0 X1, 0. X 2) 0. X'3)
= V&, V5. X5 — V&, VS, X3 — Vix, x, X3,
we also conclude that ¢*RY is the curvature RS of (B, C) induced by VE.

Hence, if ¢ : B — S is an isometry between (B, C) and (¢(B),g), then we
must have

RC(Xla X27 X37 X4) = Rg(gp*Xh <p*X27 w*X?n QD*X4)7 (31)
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where R is the Riemannian curvature of (B,C). It is hard to check the
above condition on arbitrary curved ambient spaces. However, if S has con-
stant curvature, (3.1) admits a simple form. The following theorem states
the compatibility equations in terms of C' on an ambient space with con-
stant curvature.

Theorem 11. Suppose dim B = dim S, and (S, g) has constant curvature k.
If C is the Green deformation tensor of a motion ¢ : B — S, then (B,C)

has constant curvature k as well, i.e. C satisfies
RC (X1, X3) X3 = kC(Xs, X5) X1 — kC(X3, X1) Xa. (3.2)

Conversely, if C satisfies (3.2), then for each X € B, there is a neighborhood
Ux C B of X and a motion ox : Ux — S, with C|y, being its Green
deformation tensor. Motion ¢x is unique up to isometries of S.

Proof If C = ¢*g, then by using RS = ¢*R9, and (2.8), one obtains (3.2).
Conversely, consider arbitrary points X € B and z € S and let {E;} and
{e}} be arbitrary orthonormal bases for T'x B and TS, respectively. Choose
the isometry i: Tx B — T, S such that i(E;) = e]. Then, by using a theorem
due to Cartan [9, page 157] and (3.2), one can construct an isometry ¢x :
Ux = px(Ux) C S, in a neighborhood Uy of X such that Txex = i. This
concludes the proof. O

Remark 12. Theorem 11 implies that there are many local isometries be-
tween manifolds with the same constant sectional curvatures. Formulating
sufficient conditions for the existence of global isometries between arbitrary
Riemannian manifolds is a hard problem. Ambrose [1] derived such a condi-
tion by using the parallel translation of Riemannian curvature along curves
made up of geodesic segments. In particular, his result implies that (3.2) is
also the sufficient condition for the existence of a global motion ¢ : B — S,
if B is complete and simply-connected. For the flat case B C S = R"”, Yavari
[30] derived necessary and sufficient conditions for the compatibility of C' if
B is non-simply-connected.

Remark 13. The symmetries of the Riemannian curvature determine the
number of compatibility equations induced by (3.2), i.e. the number of in-
dependent equations that we obtain by writing (3.2) in a local coordinate
system. Thus, the number of compatibility equations in terms of C' only de-
pends on the dimension of the ambient space and is the same as the number
of linear compatibility equations induced by the operator D; in the Calabi
complex.

Next, suppose B C S = R", n = 2,3, and let {X’} and {2} be the
Cartesian coordinates of R™. Any smooth mapping ¢ : B — R”™ induces a
displacement field U € I'(T'¢(B)) given by U(X) = ¢(X) — X. One can use
the GCD and the GC complexes for writing the compatibility equations in
terms of the displacement gradient. Note that ¢ is assumed to be specified
for writing the above complexes. Let T € 2°(B;R?) and k € 2'(B;R3). If
k = dY, then IT7'(k) = Grad I, (Y), where I;*(Y) and I;'(k) are two-
point tensors over any arbitrary smooth mapping . In particular, by using
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Fig. 1 A mapping with a compatible displacement gradient, which is not an em-
bedding.

the linear structure of R, one can choose ¢ to be ¢(X) = X + 7 (X). Thus,
we obtain the following theorem, cf. Theorems 5 and 9.

Theorem 14. Given k = (k',...,k") € QYB;R") on a connected n-
manifold B C R"™, there exists a smooth mapping ¢ : B — R™ with dis-
placement gradient 17" (k) (or J{*(k) if n = 2) if and only if

dr =0, and / K(t))dS =0, Ve C B.
£

The mapping ¢ is unique up to rigid body translations in R™.

Remark 15. This theorem does not guarantee that the displacement gradi-
ent is induced by a motion of B, i.e. ¢ is not an embedding, in general. For
example, consider the mapping depicted in Fig. 1 which is not injective. This
mapping is a local diffeomorphism, its tangent map is bijective at all points,
and its displacement gradient satisfies the above condition. Also note that
in contrary to Theorem 11, ¢ is unique only up to rigid body translations
and not rigid body rotations. This is a direct consequence of the fact that
HY,(B) ~ R, for any connected manifold B.

If H! ,(B) is finite-dimensional, then the integral condition in the above
theorem merely needs to be checked for a finite number of closed curves
and Theorem 14 is equivalent to Proposition 2.1 of [30]. In contrary to the
compatibility equations in terms of C, by using the notion of displacement,
we are explicitly using the linear structure of R™ for writing the compatibility
equations in terms of the displacement gradient.

Remark 16. The Green deformation tensor does not induce any linear com-
plex for describing the kinematics of ¢. Let (S, g) have constant curvature

k and let C(B,S) and I'y;(S2T*B) be the spaces of smooth embedding of B
into § and Riemannian metrics on B, respectively. Consider the operators
Dy : C(B,S) — I'y(S?T*B), Das(p) := 9*g, and Dy : 'y (S*T*B) —
I'(S%(A?T*B)) given by

(Dr(C))(X1, X2, X5, X4) = RE (X1, X2, X3, X)
—kC(X3, X5)C(X1, X4) + kC (X3, X,)C( Xz, X).

The compatibility equation (3.2) implies that Dr o Dj; = 0. However, note
that the sequence of operators

C(B,S) 2205 Iy (S2T*B) —22 P(S2(A2T*B)),
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is not a linear complex as the underlying spaces and operators are not linear.
The operator curl o curl of the linear elasticity complex is related to the
nonlinear compatibility equations in terms of C. The kinematics part of this
complex is not the linearization of the kinematics part of the GCD complex.

3.1.2 Shells

Let (S,g) be an orientable n-manifold with constant curvature k. We will
derive the compatibility equations for motions of hypersurfaces in S, i.e.
motions of (n — 1)-dimensional submanifolds of S. We first tersely review
some preliminaries of the submanifold theory, see [9, 27] for more details.
Suppose (B, G) is a connected orientable submanifold of S, where G is in-
duced by g. Let V and V9 be the associated Levi-Civita connections of
B and S, respectively, and let Xj,..., Xy € X(B). We have the decom-
position TxS = TxB @ (TxB)*, VX € B, where (TxB)* is the normal
complement of TxB in T'S. Any vector field X; on B can be locally ex-

tended to a vector field X; on & and we have Vx, X5 = (Vg{l}g)T, where
T denotes the tangent component. The second fundamental form B of B
is defined as B(X;, X5) = V)%?(JQ — Vx,Xo. Let X € I'(TB*) =: X(B)*.
The shape operator of B is a linear self-adjoint operator S : TB — TB de-
fined as G(Sx(X1), X2) = g(B(X1, X2),X). One can show that (quf)C)T =
—Sx(X1). It is also possible to define a linear connection V+ on TB* by
V%, X = (V% X)N, where N denotes the normal component. The normal

curvature R- : X(B) x X(B) x X(B)* — X(B)* is the curvature of V.
Thus, there are two different geometries on 7B and TB+. The relation be-
tween these geometries is expressed by the following relations:

RI(X1,X0,X3,X4)=R(X1,X2,X3,X4)
+9(B(X1, X3), B(X2, X4)) — g(B(X1,X4), B(X2,X3)), (3.3)
G([Sy, Sx] X1, Xz) = g(RI (X1, X2)X,Y) — g(R™ (X1, X2)X,Y), (3.4)
gRIX, Xo)X3.X) = (Vo B) (X, X5, %) — (V. B) (X1, X3, X), (3.5)

where X,Y € X(B)*, [Sy,Sx] = Sy o Sx — Sx o Sy, and B(X;, X5,X) =
g9(B(X1,X>),X), with

(Vx,B) (X2, X3,X) = X (B(X2,X3,X)) - B(Vx, X2, X3,X)
- 3()(27VA3(1*)(:’)7X:) 7$(X2’X37v§(1x)'

The equations (3.3), (3.4), and (3.5) are called the Gauss, Ricci, and Co-
dazzi equations, respectively. These equations generalize the compatibility
equations of the local theory of surfaces. Let dimS — dim B = 1. By using
(2.8) and the fact that the second fundamental form of hypersurfaces can be
expressed as B(X1, X3) = g(B(X1, X2), N)N, where N is the unit normal
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vector field of B, the Gauss equation can be written as
R(Xla X2) X37 X4) + G(SNXE'n Xl)G(SNX47 XZ)
— G(Sn X4, X1)G(SNX3, X2) + kG(X 1, X3)G(X 2, X 4)
—kG(X 1, X4)G(X2,X3) = 0.

For hypersurfaces in an ambient space with constant curvature the Ricci
equation becomes vacuous and the Codazzi equation simplifies to read

Vx,(Sn(X2)) = Vx,(Sw(X1)) = Sw([ X1, X2]).

Let ¢ : B — S be an orientation-preserving isometric embedding and let
X1 = ¢. X1 € X(p(B)). The extrinsic deformation tensor 8 € I'(S*T*B) is
defined as 6(X1, X») := g(B(Xi, X2),N), where B is the second fundamen-
tal form of the hypersurface ¢(B) C S with the unit normal vector field N
and the induced metric g := g|,(5). Let C = ¢*g be the Green deformation
tensor. The pull-back of the Gauss equation on (¢(B), g) by ¢ reads

RE (X1, Xo, X3, Xy) + 0(X1, X3)0(Xa, Xy) — (X1, X4)0(Xa, X3)

~ ~ (3.6)
+kC(X1, X35)C (X2, X4) — kC (X1, X4)C(X2, X3) = 0.
The pull-back of the Codazzi equation on (¢(B),g) by ¢ reads
(vgﬁ 0) (XQ’ X3) = (vgge) (X17X3)7 (37)

i.e. the (3)-tensor V8 defined by (V0) (X1, Xz, X3) := (V%O) (X2, X3),
is completely symmetric.

The compatibility problem for motions of hypersurfaces in terms of C
and @ can be stated as follows: Given a metric C € I'(S*T*B) on B and
a symmetric tensor 8 € I'(S?T*B), determine the necessary and sufficient
conditions for the existence of an isometric embedding ¢ : B — S such that
C = p*g, and (X, X2) = g(B(X1, X2),N). The reason for including 8 in
the compatibility problem is that we want surfaces with identical deforma-
tion tenors to be unique up to isometries of the ambient space. This criterion
cannot be satisfied if we only consider C. For example, consider isometric
deformations of a plane in R? into portions of cylinders with different radii as
shown in Fig. 2. All these motions induce the same C, but obviously cylin-
ders with different radii cannot be mapped into each other using rigid body
motions in R3. The above discussion together with some standard results
of the submanifold theory (e.g. see Ivey and Landsberg [18, Chapter 2] or
Kobayashi and Nomizu [20]) give us the following theorem.

Theorem 17. Suppose S is a complete, simply-connected n-manifold with
constant curvature and B is a connected hypersurface in S. The deformation
tensors C and 0 induced by an embedding ¢ : B — S satisfy (3.6) and
(3.7). Conversely, if a Riemannian metric C on B and a symmetric tensor
0 € I'(S?T*B) satisfy (3.6) and (3.7), for each X € B, there is an open
neighborhood Ux C B of X and a local embedding px : Ux — S, such that
Cluy and 0|y, are the deformation tensors of px. The embedding px is
unique up to isometries of S.
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Fig. 2 Two isometric embeddings of a plane into R*. The resulting surfaces are
cylinders with different radii and both motions have the same Green deformation
tensor C.

If B is also simply-connected, then (3.6) and (3.7) imply that there exists
a global embedding ¢ : B — S, which is unique up to isometries of S [27].
The relations (3.6) and (3.7) generalize the classical compatibility equations
of 2D surfaces in R? discussed in Ciarlet et al. [10].

One can exploit the GC complex for writing the compatibility equations
for motions of shells in R? in terms of the displacement gradient. Using the
same notation used in Theorem 10, the upshot can be stated as follows.

Theorem 18. Suppose B C R3 is a connected 2D surface. Given k =
(r!, k2, K3) € QY(B;R3), there is a smooth mapping ¢ : B — R® with dis-
placement gradient Jfl(l-@) if and only if

dk =0, and /n(tg)dS =0, Y/ CB.
¢

The mapping ¢ is unique up to rigid body translations in R3.

It is straightforward to extend the above theorem to hypersurfaces in R™.
Also note that a discussion similar to Remark 15 shows that the mapping ¢
in Theorem 18 is not necessarily an embedding and unlike Theorem 17, ¢ is
unique only up to rigid body translations in R3.

3.1.3 Linearized Elasticity on Curved Manifolds

The operator Dy : I'(S*T*B) — I'(S*(A?T*B)) in the Calabi complex ex-
presses the compatibility equations for the linear strain on the n-manifold
(B, G) with constant curvature k. Note that Dy is obtained by linearizing
the Riemannian curvature, and therefore, it is related to the compatibility
equations for C. Next, we write D in a local coordinate system. To simplify
the calculations, we use the normal coordinate system {X’} in the following
sense: At any point X of B, there is a local coordinate system {X!} centered
at X such that Vg, E; = 0, at X, where V is the Levi-Civita connection
and {E7} is the local basis induced by { X!} for TB, which is orthonormal at
X [19]. The Cartesian coordinate system of R™ is a global normal coordinate
system for the Euclidean space. Let e € I'(S?*T*B). In a normal coordinate
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system {XT} at X, it is straightforward to verify that
(Ve,Vee)(Ej,EL) = E[(Ex (e(E;,EL))) — E(e(VE E;, EL)
+e(E;, Vg EpL)).

We have Vg, E; = FI{(]EK, where ng’s are the Christoffel symbols of V.

The linear compatibility equations can be written as D;(e) = 0. By using

the above relation, the compatibility equation at X corresponding to the
component (Dq(e))rsxr reads

82€JL 82(3[}( 826JK 8261L <6F% 8F%> e
MK

aXToXK T ax7axL  axloxL oxJoxk T\ ax! ax/
orM B orj,
ax7  ox1

> emp+k{dsxerL—drxesr—dyrerx+drresk } =0.

If B C R™ and {X'} is the Cartesian coordinate system, one recovers the

classical expression curl o curl e = 0. For n = 2, there is only one compati-

bility equation corresponding to (Di(e))1212:
62611 _9 82612 + 82622 01“1]‘14 . 81“1];[ e

ax20x2  “ox9x? " axloxt '\ axz  axt ) M?

orM B orM

oX1 0X?2

) epl — k(611 + 622) =0.

For n = 3, we have 6 compatibility equations corresponding to (D1(e))1212,
(D1(e))1223, (D1(€))1313, (D1(e))2113, (D1(€))2323, and (D1(e))z123-

As an example, let us calculate the compatibility equation on the 2-sphere
with radius R and k = 1/R% We choose the spherical coordinate system
with (X1, X?) := (,¢), with G1; = R?sin?¢, G2 = 0, and Gy = R
The nonzero Christoffel symbols are Iy = —2sin2¢, and I}, = I}, =
cot ¢. Note that (0, ¢) is an orthogonal coordinate system but it is not a
normal coordinate system at any point. Therefore, we must use the general
form of the compatibility equations given in (2.11). By using the relations
vElEl = F121E2, VE1E2 = szEl = F112E1, and VE2E2 = O, one obtains
the following compatibility equation:

82611 82612 a2622

o o 2
e laxiax® T axiaxt (ot X’)

1 8622
— = (sin2X? + 2 (cot? X%) e = 0.
L (ein2x?) 22 o (ot x2) e
The components e;; are not the conventional components egg, €44, and egq of
the linear strain in the spherical coordinate system as E; and E5 are not unit
vector fields. Since e;; = R? sin2¢ €99, 12 = R2sin ¢ €og, and ege = fRzed,(z,,
the above equation can be written as

82699 82 (€9¢ sin ¢) 826¢¢ 3 3699

. 9 9 2 sin?2
sin ¢3¢2 9000 + 902 +2Sm ¢8¢

Oei
0X?

1. 0 .
—5 s1n2¢)% + (sin2¢ — 1)egy = 0.



26 Arzhang Angoshtari, Arash Yavari

Note that instead of using the Calabi complex and the linearization of the
Riemannian curvature, it is possible to derive the compatibility equations of
the linear strain on manifolds with constant curvature by a less-systematic
elimination approach discussed in [28, §11].

3.2 Stress Functions

Next, we study the application of the complexes we derived earlier for stress
functions. Let ¢ : B — S = R?® be a motion of a 3-manifold B ¢ R? and
suppose o € I'(S?T¢(B)) is the associated symmetric Cauchy stress tensor.
Since (¢(B),g) is a flat manifold, one obtains a diagram similar to (2.13)
on (¢(B),g). Potentials induced by the operator curl o curl for o are the
so-called Beltrami stress functions. The necessary and sufficient conditions
for the existence of Beltrami stress functions are given by (2.15): o must be
equilibrated and the resultant forces and moments on any closed surface in
©(B) must vanish. Such a stress tensor is called totally self-equilibrated [16].
Note that the operator grad® in the linear elasticity complex on (¢(B),g)
does not have any obvious physical interpretation.

If o is not symmetric, one can obtain curl”-stress functions for o by
considering the ged complex on (¢(B), g), i.e. curl' -stress functions are po-
tentials induced by curl”. Theorem 3 implies that o admits a curl-stress
function if and only if div & = 0, and the resultant force on any closed surface
in (B) vanishes. If the closure B of B is a compact subset of R?, then Theo-
rem 3 would be identical to Theorem 2.2 of [8]. If & admits a Beltrami stress
function, then it also admits a curl'-stress function. Unlike Beltrami stress
functions that are symmetric tensors, even if o is symmetric, curl-stress
functions are not necessarily symmetric. For the 2D case B C R?, Airy stress
functions and s-stress functions for symmetric and non-symmetric Cauchy
stress tensors are induced by the complex (2.17) and the sd complex, respec-
tively. Note that if BB is compact, then the complex (2.17) and the sd complex
are the dual complexes of the 2D linear elasticity complex and the gc complex
with respect to the proper L%-inner products [2]. In the above discussions,
by replacing (¢(B),g) with the flat manifold (B, C') together with its global
orthonormal coordinate system endowed by the Cartesian coordinate system
of ¢(B) and ¢, one obtains stress functions for the second Piola-Kirchhoff
stress tensor S as well. In summary, we observe that the complexes for o
and S only describe the kinetics of motion.

The GCD complex allows one to introduce Curl' -stress functions for the
first Piola-Kirchhoff stress tensor P € I'(Tp(B) ® TB). More specifically,
Theorem 5 implies that P admits a Curl'-stress function if and only if
Div P = 0, and the resultant force induced by P on any closed surfaces is
zero. This together with Theorem 14 show that the GCD complex describes
both the kinematics and the kinetics of motion. Similarly, one can define
S-stress functions for 2-manifolds by using the SD complex.

As mentioned in Remark 4, the dimension of the cohomology groups of
the de Rham complex determines the number of independent closed curves
and surfaces that one requires in the integral conditions for the existence of
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potentials. Suppose H%,(B) is finite-dimensional. Then, for the linear and
nonlinear compatibility problems for both 2- and 3-manifolds, one merely
needs to use by (B) independent closed curves. The same is true for the exis-
tence of stress functions on 2-manifolds. For 3-manifolds, we need to consider
ba(B) independent closed surfaces. Here, independent closed curves and sur-
faces means those that induce distinct cohomology classes in HX . (B).

3.3 Further Applications

In this paper, we assumed that a body B is an arbitrary submanifold of R™,
e.g. it can be unbounded or has infinite-dimensional de Rham cohomologies.
We also assumed that all sections and mappings on B are C°°. One way
to relax this smoothness assumption is to impose certain restrictions on the
topology of B. In particular, suppose B is the interior of a compact manifold
B. Note that B is a compact manifold with boundary and hence all HE L (B)s
are finite-dimensional. The compactness of B allows one to define L*-inner
products for smooth tensors on B and the completion of smooth tensors with
respect to these inner products gives us some Sobolev spaces that contain less
smooth tensors as well. Using these Sobolev spaces, one can extend smooth
complexes discussed here to more general Hilbert complexes. As discussed
in [2], one can use these Hilbert complexes to introduce Hodge-type and
Helmholtz-type orthogonal decompositions for second-order tensors. More-
over, one can also include certain boundary conditions in the compatibility
problem. On the other hand, these Hilbert complexes can provide suitable
solution spaces for a mixed formulation for nonlinear continuum mechanics
in terms of the displacement gradient and the first Piola-Kirchhoff stress ten-
sor. Similar to the numerical schemes developed in [3, 4] for the Laplace and
the linear elasticity equations, such a mixed formulation may provide a nu-
merical scheme that is more compatible with the topology of the underlying
bodies.
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