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NOTES ON METRIC INDEPENDENT ANALYSIS OF CLASSICAL
FIELDS

REUVEN SEGEV

ABSTRACT. A metric independent geometric framework for some fundamental
objects of continuum mechanics is presented. In the geometric setting of general
differentiable manifolds, balance principles for extensive properties are formu-
lated and Cauchy's theorem for fluxes is proved. Fluxes in an n-dimensional
space are represented as differential (# — 1) -forms. Inan analogous formulation
of stress theory; a distinction is made between the traction stress, enabling the
evaluation of the traction on the boundaries of the various regions, and the vari-
ational stress which acts on the derivative of a virtual velocity field to produce
the virtual power density. The relation between the two stress fields is examined
as well as the resulting differential balance law. Asan application, metric invari-
ant aspects of electromagnetic theory are presented within the framework of the
foregoing flux and stress theory.

1. INTRODUCTION

These notes present a formulation of various notions of continuum physics on
differentiable manifolds devoid of a metric structure. In particular, we concentrate
our attention on flux fields and stress fields. An effort was made to make the notes
self-contained and so they contain an introduction to some of the elements of the
theory of differentiable manifolds and integration theory of differential forms. As
an example, the last section considers in some detail metric-independent electro-
magnetic theory, or premetric electrodynamics as the subject is referred to in recent
work (e.g., [HIO06]). The notes are intended for a reader who is already familiar
with the fundamentals of continuum mechanics as formulated in a 3-dimensional
Euclidean space. Thus, an attempt was made to make the text informal and occa-
sionally, we mention the relevance of a mathematical construction to mechanics.

Metric independent continuum mechanics has the advantage of beingapplicable
to both classical and relativistic theories. In The Classical Field Theories, [TT60,
p. 660], Truesdell and Toupin wrote:

‘A principal objective is to isolate those aspects of the theory which are independent
of the assigned geometry of space-time from those whose formulation and inter-
pretation depend on or imply a particular space-time geometry. For example, we

Key words and phrases. Continuum mechanics; flux; stress; balance principles; differentiable mani-
folds; differential forms; premetric electromagnetism.



regard the conservation of charge as a physical or intuitive concept logically inde-
pendent of the concepts of rigid rods, uniform clocks, and inertial frames, and we
have chosen to express this law in a mathematical form likewise independent of the
representation of these extraneous entities.”

A second fundamental advantage of a metric free framework for continuum me-
chanics involves the notion of a body. While in older work in solid mechanics the
existence of a natural stress free configuration of a body has been taken for granted,
it was recognized that for a general theory no preferred reference configuration of
a body of material is available. As early as 1957, Walter Noll [Nols9] defined a
body in continuum mechanics as a differentiable manifold whose configurations
in space serve as charts. In a metric independent formulation of continuum me-
chanics, various fields such as flux fields and stress fields may be represented by
objects independent of configuration. For example, the transformations of vec-
tor fields associated with electromagnetic theory from the Eulerian description to
the Lagrangian description in [DO0s, DO09] should be viewed merely as trans-
formation rules for the components of tensors under coordinate transformations.
A flux field, such as the heat flux field, should be regarded as a 2-form in the 3-
dimensional body rather than as a vector field. As a 2-form, a heat flux field may
be considered independently of the configuration of the body in space.

This review begins with algebraic Cauchy’s theorem, i.e., Cauchy’s flux theorem
for uniform fluxes. The theorem is considered in Section 3 following a short intro-
duction in Section 2 to simplices in affine spaces. The theorem motivates the study
of alternating tensors which follows in Section 4. Sections § and 6 continue the in-
troduction of the mathematical framework and they consider the basic elements
of differentiable manifolds and integration theory of differential forms defined on
them. Section 7 considers scalar balance laws. Cauchy’s theorem for fluxes of scalar
valued extensive properties is proved and the differential balance law is written us-
ing the exterior derivative. Some properties of fluxes are studied in Section 8 and
Section 9 presents the material structure induced by the flux of an extensive prop-
erty. In the preceding sections it was convenient to view the manifold under con-
sideration as the space manifold or as a body manifold. In Section 9, the balance
equations are formulated in spacetime manifold. Section 10 introduces force den-
sities and stresses. In a Euclidean space, the stress tensor plays two roles. On the
one hand it gives the traction on the boundary of subbodies using Cauchy’s formula
and on the other hand, it acts on the gradient of a virtual velocity field to produce
virtual power density in the bulk. If a Riemannian metric is not available, the ob-
ject that specifies the traction fields, to which we refer as the traction stress is different
from the object that produces virtual power—the variational stress. These two objects
and the relations between them are studied, and the divergence of the variational
stress is defined. Finally, in Section 11 we see how the notions introduced earlier
apply to a metric independent formulation of elements of electromagnetic theory.

These notes use material that was presented in some earlier papers, notably,
[Segoo, SR99, Sego2, SRO2]. For expositions of continuum mechanics from the
differential geometric point of view that develop other aspects of the theory the



reader is referred to [MH94] and to the more recent [Eps10]. Both [MH94] and
[Eps1o] contain introductions to differential geometry. As general introductory
texts to differential geometry, the reader may further consult [AMRS8S, AM77,
BC70, Frao4, Leeo2, War83].

2. SIMPLEXES IN VECTOR SPACES AND THEIR BOUNDARIES

2.1. Affine Spaces. We recall that an affine space A having a translation space
V may be thought of as a vector space for which a particular zero vector has not
been chosen. (See for example [AM77, pp. 2—6] [Whis7, pp. 349—351].) For each
ordered pair (p, p’) of points in A there is a vector v = p’ — p € V which we regard
as pointing from p to p’ and we can write p’ = p+v. A choice of a particular point
po induces a bijection of A and V by p — p — po. This bijection is meaningful as
for any 3 points p, p/, p” € A,

pr=p=0p"-p)+ (- p), (2.1)

where it is noted the plus sign above is the addition in the vector space V while the
minus sign is the basic operation taking a pair of points in the affine space A and
giving a vector in V. In particular, it follows from Equation (2.1) that

p—p=0, p=p'==(p'=p), and (p—q)—('—q)=p—p". (22
The affine space A is said to be n-dimensional if V is n-dimensional.
It is emphasized that the difference between an afline space and a Euclidean

space is that an affine space does not have a metric structure. Notions such as dis-
tance, length, angle, extension, and shear are meaning]ess.

2.2. Simplices. Let A beann-dimensional afhine spaceand po, ..., p, € Aber+1
points such that the vectorsv; = pi—pog € V,i =1, ..., r,arelinearly independent.
Thus, the vectors v; may serve as a basis for the subspace of V containing them. If
one adds the vectors of this subspace to py one obtains an r-dimensional affine
subspace of A containing po.

The simplex generated by the ordered sequence of points po, ..., p, contains the
set

r r
S={P0+in(Pi—Po)lxi>O,in<1}. (23)
i=1 i=1

Let O be some originand w; = p; — 0,i =0, ...,r. Then,

r r
po + Zx‘(pi —po) =0 +wo + le(l?i - Po),
i=1 i=1

.
= 0 +wo+ y_x (w; —wo), (2.4)
i=1

r r
=0 + (1 — le) wo + inw,',
i=1 i=1



where the second line follows from Equation (2.2). Settingx" = 1 — Y7_, x’, we
obtain

r r
po+2xi(pi—pg):0+2xjwj. (25)
i=1 =0

Since the left-hand side of the last equation is independent of the choice of O, the
same holds for the right-hand side and we use the notation

.
Z x/pj, (2.6)
=0

for both. Thus, one may define a simplex alternatively as

r r
s—{inpi|xi20,in—l . (2.7)
i=0 i=0

Clearly, the simplex s is defined equivalently by either (1) the collection of points
po, - - -, pr, (2) the point pg and the collection of vectors v; = p; — po,i = 1,...,r,
(3) the point pg together with the collection of vectors u; = p; —pj—1,i =1,...,r.
Using the convention vy = 0, one has u; = v; — vi_1,v; = Z’j:l uj.

We will use the notation

s=1[po, .-, Pr] (2.8)

and in case we are considering a fixed point pg or ignoring it, we will also write
(abusing the notation)

s=1[v1,...,v] = [u1,...,url. (2.9)

23. Cubes, prisms and simplices. The r-dimensional cube' in A generated by
the points po, ..., pr, such that the vectors u; = p; — po € V,i = 1,...,r are
linearly independent, contains all the points of the form

,
po + inui, 0< x! < 1. (2.10)
i=1

In analogy, one may consider the open cube for which 0 < x’ < 1. The points
in the cube may be subdivided into prisms. Given an ordered pair (i, j) of indices
0 < i,j < r, the prism P;; is the collection of points of the cube such that x' >
xJ. The points of the prism may be subdivided further by ordering the rest of the
components. Thus, for a sequence of indices i1, ..., i, such thati; # i for j # k,
one may consider the set

.
Sty = 4 PO+ Y X [ 1250 >0, x> x> > (2.11)
j=1

"Maybe a “parallelepiped” would describe it better as lengths and angles are meaningless in this
setting,



We will use the notation I, for the collection of permutations of r ordered sym-
bols (taken as the set {1, ..., r}). Thus, every permutation = € II, is a bijection of
the form

mif{l,...,r}—{1,...,r} (212)

and we will often write 7; for w(i), i = 1, ..., r. While this is not the traditional
notation, we will specify a particular permutation 7 in the form

m:(l,...,r)— (m1,...,7) = (m(1),...,7(r)). (213)
A sequence of r distinct vectors chosen fromuy, .. ., u, is associated with a permu-
tation 7w by (1), ..., Uz (i), - - -, Uz () s0 that 7 (i) indicates the vector that occupies

the i-th position in the sequence. Conversely, 7 71(j) is the position of u; in the
sequence.
Thus, we can write (2.11) alternatively as

P
Sz =1 po "‘Zxﬂi“m [1>2xT 20, x™ >2x™ > ... >x™ (2.14)
i=1

where 7 = 7 (j) = ij.

Consider the set sy. If one starts at pg, and since x™ is not bounded by the other
components, the path from pg to po+ux, = pr, is contained in the boundary of s,
We will also use the notation (sz)o = po and (sx)1 = px, as these are the “origin”
and first point of s;. Now that x™ = 1, one can vary x™2 from 0 to 1 to obtain the
path from py, to (sx)2 = po+un, +tny = (sx)1 + Ur,. Continuing this procedure

r times, one obtains r points (sx )i, i = 1, ..., r such that
i
($z)i = po + Zun_,-a Ur; = (s7)i — (S)i-1. (2-15)
=1

Clearly, each of these points is located at one of the vertices of the cube.
We will use the notation vy, = (sz); — (s7)o so that

(Sz)i = po+ Vg, Um = Vg, — V4. (2'16)

The set sy is the simplex determined by the points po, (sx)1, (sz)2, - .., (sz)r. To
realize that, and setting vg = 0 formally, we observe that for 1 > x™ > 0, x™ >



T2 > .. > x™ one has

X
.
pPEST & x= po+2x”"um,
i=1
r
<X =po+ me(”m — Umi_y)s
i=1

r r
& x = po+ Zx”ivm - Zx”fvni_l,
i=1 i=1

(217)

r r—1
& x =po+ Zxﬂivm - Zx”“rlvm,
i=1 i=0

r—1
&S x=po+ Z(xm _ xm+1)vm —I—x”"vm,
i=1

r r

Sx=pot Yy yivg, Y20 ) yi<l1
i=1 i=1

where the y™i are related to the x™/ by y™i = x™ —xTi+1 i =1,...,r—1,y™ = x™,

so that y™ >0,/ y™ = x™ < 1. Conversely, given y™ > 0with ) ;_; y™ <1,

then, x™ = Z;:i y7i < 1 with x™ > xTi+1 > 0.

The simplices sz, for the various permutations = € II, cover the cube. They
intersect one another on their boundaries where equality signs hold in (2.14) so
that their interiors are disjoint. Since there are r! permutations of r symbols, there
are r! simplexes of this form in the cube.

Given the prism P;j, there are r!/2 such simplexes that will fit in it—those cor-
responding to permutations 7 such that 7 =1(i) < 7 ~1(j).

2.4. Orientation. An orientation of an affine hyperplane in an affine space gives
meanings to notions such as “inside” and “outside” as pertain to to objects such as
cubes, simplices, and prisms in that hyperplane. An orientation inanr-dimensional
hyperplane is determined by a collection of r linearly independent vectors vy, . .., vy
in the translation space of the hyperplane. As these vectors may be used as a basis,
any other collection of r linearly independent vectors, e.g, u1, ..., u, may be rep-
resented by a matrix A such that u; = 29:1 A{ v;. Ifdet(A{) > 0 one says that the
collection of vectors ui, ..., u, has the same orientation as vy, . .., vy, alternatively, one
says that the basis u1, ..., u, has positive orientation relative to the basis vy, ..., v,. Thus,
any other basis of the translation space of the hyperplane may be either of a positive
orientation or a negative orientation relative to vi, ..., v,. Using the elementary
properties of determinants, it follows that switching the position of two vectors in
a list, reverses the orientation of the collection.

Given a permutation 7, we use the notation |7| for the number of swaps or
transpositions required to transform 1, ..., r into q, ..., .. Clearly, n_1| = |m|
and we write

(—1)'”| =signm = 87171"‘”", (2,18)



where &]'7" is the Levi-Civita permutation symbol. One can also show that as
expected,
! / /
(~plerl = (i = (i, (219)
for the composition of the permutation 7’ with the permutation x.
The ordered collection of vectors vi, ..., v, v; = pi — po, defining a simplex,
induces an orientation on the hyperplane containing it. It is easy to see that the
collection of vectors u1,...,ur, uj = p;j — pi—1 = v; — vj_1, where we use the

convention that vg = 0, has the same orientation. The orientation of the simplex is the
orientation of either of these collections of vectors.

Transposing any two points p; and p;,i, j > 0,in the simplexs = [po, p1. ..., pr]
is equivalent to transposing the v; and v}, hence, a transposition of the points will
reverse the orientation. Similarly, it can be easily verified that a transposition of
any point p;, i > 0 with pg reverses the orientation. Thus, any transposition of a
pair of points defining a simplex will reverse its orientation.

Given a simplex s, the simplex containing the same set of points but having
the opposite orientation is denoted by —s. Thus, identifying simplices contain-
ing identical vertices and having identical orientations we may write

[Pros s P = (=1 po, ..., pr]. (2.20)

It is noted that Equation (2.9) still holds as the vectors v; and the vectors u; induce
the same orientation on a simplex.

2.5. Simplices on the Boundaries and their Orientations. Given a simplex

s = [po, p1, ..., pr] of dimension r, a collection of r + 1 simplices of dimension
r — 1 is obtained by omitting each time one of the vertices. Thus, denoting by a
superimposed “hat” an omitted item, for eachi =0, ..., r, the (r — 1)-dimensional

simplex 1; is defined by omitting the i-th vertex as

T = (=1)'[pos ... Pireros Drl. (2.21)
The simplex 7; is referred to as the i-th face of the simplex s.
In terms of the vectors v; = p; — po, we observe that 7g is the simplex starting
at p1 and determined by v; — vy, so that

0=[ve—vi,....,v0, —v1], and 7 = (=1)[ve,..., 0 ....0], i=1,...,r
(2.22)
Using the vectors u; = p; — pi—1, one has
10 = [u2, ..., U,
To= (1) U, e timt, g+ U1 Uiy, -t P =1, =1 (2.23)
T = (—1)r[u1, cey Up—1].
The collection of simplices 1, ..., 7, is referred to as the boundary of the simplex and
it will be denoted by ds.

The factor (—1)’ indicating the positive orientation of the face may be motivated
as follows. Consider the r-simplex

Si = [piapOa"'vl’;i9-"7pr]:(_l)i[p07-"7pr]'



It follows that [po, ..., p,] is positively oriented if and only if 5; is. Note that the
vector pg — p; pointing from the vertex p; to the set containing the points of 7;
is directed “outwards” relative to the simplex s. If we add to pg — p; an arbitrary
vector in the plane of 7; the same observation still holds. Hence, the orientation

of the (r — 1)-simplex [po, ..., Di, ..., pr], which is determined by the orienta-
tion of [u1, ..., uj—1,u;i + Uit1, Uit2, ..., ur), is positive if v, u1, ..., uj—1,u; +
Uit1, Uit2, ..., U] is a positively oriented r-simplex relative to s for a vector v that

points in the outwards direction from the points of 7;. The orientation of 7; is de-
fined as to provide a consistent sense of “outwards” to points on the boundary of
s. The same also applies to an arbitrary collection of r — 1 vectors wi, ..., wy—1 on
the plane of 7;.

2.6. Subdivisions. Simplices may be subdivided into simplices. A subdivision of
an r-simplex s is a collection of r-simplices s1, ..., s4 having the same orientation
that cover s whose interiors are disjoint and any two simplices intersect on faces
(see [Kur72, p. 261]). If 51, ..., 54 isasubdivision of s, we will write s = s1+- - +s4

The following example will be used below. Consider the simplexs = [po, ..., p/]
and let

g = %(po+ p1) = po+ 3(p1— po)

be the midpoint between pg and p1. One may define the simplicess1 = [po, ¢, p2, - ..

and s2 = [q, p1, ..., pr]. Thus, each point y in s; is of the form
.
y=Y"po+ 1y (po+ p1) + ¥ pat- 4y Y20, ) ¥ =1
i=1

However, rearranging the terms we have

1 1 2
y=0"+4po+ 1y pr+yipa ¥
: 2 = y2 ..., x" = y", we observe that
Yxi=1,x">0x">xtandy = Y i_ox'pi. Thus, each point in s1belongs also
to s. Similarly, any z € s3 is of the form

and setting x0 = y0 4 1yl x1 = 1yl ;

,
2=3(po+p)+'pr+Epat-+p, Z 20, Zzi =1
i=1

Rearranging the terms we have

z=3po+ 3+ p+ o+ +

and settingx? = 170 x! = 179471 x2 =72, ... x" = ", we observe that 3" x' = 1,

x>0, x9<xlandz = Yiso x!p;. Thus, each point in s3 belongs to s, too.
In addition, any point x = ) x'p; in s belongs to sy if %0 > xl it belongs
to s9 if x0 < x1, and it belongs to both simplices if 2V = x1 IfxY = x!, then,

y¥ =0, z! = 0, and so x belongs to the face [g, pa, ..., p;] in 3s1 and to the face
(=1)Yq. p2. ..., p;] of ds2. We conclude that s = s1 + so.

It is also noted thatifu; = pj — pj_1, j = 1,...,r are the vectors determining
s, then

s1 = [tur, Juy +ug,ug, ... uy], and  so=[lui,uo, ..., u. (2:24)

’Pr]



Clearly, the orientation of s1 and sg are positive relative to s.
Using Equation (2.23) and denoting the faces of s1 and s by r! and 2, respec-
tively, we have

7o = [Su1 +uz, uz, ... ul,
= (=) uy +uz,uz, . up,
21 (— 1)2[ ui, Sut +ug +uz, ug, ...y, (2.29)
th = (=) [Luq, tur fug,us, .o i U1, Ui, ], 2 <0 <7,
= (=1)"[bu1, sur +uz,uz, ..., ur—1),
and
w5 = u2, us, ... ur,
= (1) iu1 +ug, us, ... up,
22 (- 1) [Sut, uo +us, u4a, ..., ur), (2.26)
o= (=) [hut, uz, uz, o ui Fuis, i, up], 2<i <
= (—=1)"[tur,u,u3, ..., ur—1].

Using Equation (2.23) again, we finally arrive at

1_ .2
Ty = —71,
1'11 =11,
2 _
) = 10, (2.27)
121 + 122 = 19,

ri1+7:l-2 =1, 1> 2.

3. UNIFORM FLUXES IN AFFINE SPACES

3.1. Basic Assumptions. We now lay down the basic postulates regarding uni-
form fluxes in affine spaces. By a uniform flux we mean a real valued function de-
fined on the collection of all (r — 1)-simplices in the n-dimensional affine space A.
For a uniform flux 7" and an (r — 1)-simplex 7, the value T (7) is may be interpreted
as the total flux of a certain property that flows through the simplex 7.
Temporarily, we suspend the convention exhibited by Equation (2.9) whereby a

simplex s = [po, ..., pr] may be written as s = [v1, ..., v;] ors = [u1,...,u,] and
for the flux through the simplex s we will write T'([po, ..., p/]).
Assumption 1: Translation Invariance. Consider T = [po, ..., pr—1], then, T () is invari-
ant under translation, f.e.,
T([po.---. pr—1) =T([po+w. ..., pr—1 + w]) €3]
for any vector w € V.
It is observed that t = [pg, ..., pr—1]and T + w = [po + w, ..., pr—1 + w]| share

the same vectors u; = p; — pi—1 and v; = p; — po. Thus, given a function 7 of r — 1



vectors, one may define T'([po, ..., pr—1]) = f(pl — D0, P2 = Pls -+ +» Pr—1— Pr—2)
which is clearly invariant under translation. Conversely, we may write

T([Po,...,pr_ﬂ):T([po,po+u1,...,po+zui])
:T([PO+W,P0+w+u1,...,p0+w+2ui])

and since the last expression is independent of w, T ([po, ..., pr—1]) depends only
onui,..., u,_1 and may be represented by a function T as above. In the sequel we
will omit the “hat” and will use T'(u1, ..., ur—1) to denote the corresponding value
of the flux mapping.

Assumption 2: Homogeneity. We recall (see section 2.3) that one can fit (r—1)! simplices
into an (r — 1)-cube. Thus, if we multiply one of the vectors u; that determine the
simplex by a positive number a, one side of the cube will be multiplied by the same
number. It is natural therefore to assume that the flux will be multiplied by a also,
formally, that foralli =1,...,r — 1,

T(upy oo ti—1, Qi Uig 1y ooy p—1) = aT (UL, ooy Ui, Uiy Ujg 1y e ey Up—1)-
(-2)
We extend this assumption to the case a = 0: if u; = 0, one does not have any

longer an (r — 1)-simplex.

Let s be an r-simplex in A whose boundary consists of the (r — 1)-simplices 7,
i =0,...,r. Basic properties of uniform fluxes are concerned with the total flux
out of the various faces on the boundary of s, i.e.,

T(ds):= Y T(t). (33)
i=0
Assumption 3: Additivity under subdivision. Let T be an (r — 1)-simplex and 71, ..., 74 be

a subdivision of . We assume that

A
T(r) =) T(ta). (3.4)
a=1
Let s be an r-simplex and let 51, ..., sp be a subdivision of 5. It is assumed that
B
T(3s) =Y T(dsp). (53)
h=1

This assumption, associated with the locality of the flux operator, states that the
total flux out of s is the sum of the fluxes out of its various parts.

We now apply the additivity property for r-simplices (3.5) to the subdivision
s1, s2 of a simplex s as in the example presented in Section 2.6. Using Equation



(2.27) we obtain

T(t0) +T(r1) + Y T(t)=T(r5) + T(r{) + Y _T(z})
i=2 i=2
+T(e3) + T(t) + D T(z), (3.6)

i=2
=T(—t)) + T(n1)) + T(r0) + T() + »_ T ().
i=2

where we used the additivity property (3.4) to obtain the last line above. It follows
immediately that

T(1f) = —T(-17). (7)

Since the construction above may be used for any (r — 1)-simplex t with ¥ = 7,
we conclude that for any (r — 1)-simplex ,

T(t)=-T(-1),. (3.8)

Next, we make use of the additivity assumption of Equation (3.4) for (r — 1)-
simplices and apply it to a subdivision T = 71 + 12, T = [po,..., pr—1], T1 =
[P0, q, P2, ..., pr—1), T2 = [q, p1,..., pr—1], as in Section 2.6 but pertaining to
(r — 1)-simplices. Keeping the same notation, the simplices are determined by
the vectorsu;,i = 1,...,r — 1. Thus, T(r) = T(t1) + T (12) implies that

T(uy, ... ur—1) = 2T(%u1, U, ..oy Up_1)
=T (Lut, tur +ug,us, ... ur—1) + T(Sur,uz, ..., ur—1), (3.9)
where in the first line we used the homogeneity property and in the second line we

used the subdivision (2.24) and the additivity property. Since uy is arbitrary, we
obtain

T(uy,ur +uz,us,...,up—1)=T(uy,uz, u3, ..., ur_1). (3.10)
Since we can re-enumerate the points on the simplex, or equivalently, we can make

a subdivision along a different vector, we conclude that

T(ut, ... i1, i1+ i, i1, Ur—1) = T(U1, oo U=, Ui Uig 1, ooy Up—1).

(3.11)

In particular,
T(ut, ... uj, Ui, Uiy, ..., up—1)=0. (3.12)

Using homogeneity, we also have

1
T(ut,...,uj—1,aui—1 + Ui, Wig1, ..., Ur_1) = ;T(ul, ce U1, QU1 F+ Ui, U4,

(3-13)

--'7ur—1)7

;T(Mlv c..,auj—1, Ui, ul+1a LR ur—l)a



and it follows that

T(ula MR ul—].? aul—l + Mi7 ul+17 ] ur—l) = T(“l? ] ul—].v Mia ul+17 M ] u}"—l)
. (3.14)

. ; . .
Next, consider the vectors v; = p; — pg = > j=uj. i =1,...,r—1 Using

Equation (3.11) repeatedly

r—2 r—1
T(vl,...,vr,l):T Ui, ul +ug, ..., uj, uj |,

j=1 Jj=1
r—3 r—2

=T Ml,u1+u29~-'v uj1 ij”rfl ) (’))IS)
j=1  j=1
r—3

:T ul,ul+M2»---7Zujsur—2’ur—1
j=1

etc., and one concludes that
T(vi,eooyp—1) =T (U1, ..., thr—1). (3.16)

Since ©x = [po, Po + Vrys .- PO + Vi) = (=D [po, po + v1, ..., po + vr—1],
Equations (3.8) and (3.16) give

T(Vyseeoa V) = (D)7 (g, . v2),
T(tnys-.ostin, )= (=D Ty, .. u,_),

(3-17)

which makes the flux an alternating function of its arguments. It is noted that Equa-
tions (3.12) and (3.17) imply that the total flux vanishes if some of the vectors are
recurring.

Remark 3.1. For the case where r — 1 = n, the assumptions above are sufficient to
prove that the action of the flux mapping is additive. Consider for example the n+1
vectors vy, v1, ..., U, Where we assume that vy, ..., v, are linearly independent so
that we may write v} = }_; a'v;. Using Equation (3.14) repeatedly, one has

T(v/l, v, ...,0) =T (Zaivi, vg,...,vn>,
i

= T(alvl,vg,...,vn>,

= alT(vl, V2 .ty Upy)

(3.18)

T (v1 —|—v’1, v, ...,0) =T (v1 + Zaivi, V9, ., vn) ,
i
(3.19)

:T(v1+a1v1,v2,..-,vn),

= (1+a)T (v1,v2,...,00),



and so
T(v1 + v/l, v2,..., v,,) = T(vl, v2,..., vn) + T(v/l, v2,..., vn). (3.20)

Assumption 4: Balance. Let s be an r-simplex in A whose boundary consists of the
(r —1)-simplices 7;,i =0, ..., r. It is assumed that

ds):=Y T(5;) =0. (3.21)
i=0

Thus, we assume that the sum of all fluxes on the various faces of a simplex vanishes.

Remark 3.2. It is noted that the assumption of balance as in Equation (3.21) im-
plies the additivity property of Equation (3.5). Thus, once balance is assumed, the
additivity assumption of Equation (3.5) is redundant.

3.2. Balance and Linearity. In this section we prove the second basic property
of uniform fluxes: the assumption of balance implies multi-linearity. The nota-
tion IT’ will be used for the collection of all permutations 7 of r-symbols such that
77 1(1) < 77Y2), i, uy precedes us in the list of vectors. For each 7 € I, let
s = (=)™ uz,, ..., uz,] so that all the simplices s, are of the same orientation
and their union is the prism x! > x? as in Section 2.3. The assumption of balance
implies using Equations (2.23) that

0=T(dsz) = (—1)\"! |:T(u7r2, )

r—1
+ Z(—l)lT(unl, el Uy U Ut ) (1) T (U uml):| .

- (3.22)

The sum of the equation above over all & € I’ gives

0= (D" T(upy. .. ouz,) + D (=D)"N(=1) Tty .t )

mell’ well’
b
+ Z Z | l (unls -'-9u7'[,',1a My-[l- +u71,'+1a u]‘[i+27 "'1MJT,-)' (323)
mell’i=1

Denoting the three terms on the right-hand side of the last equation by #4, 73, and
tc, respectively, it may be written in the form
0=tq+1p+tc. (3.24)

Consider first the terms in the sum of 7, for which 71 = 1. Using the fact that T is
alternating, f.e., Equation (3.17), one has

Yo O T Uy ug) = Y (=D T (g, ),

mell, m=1 well,m1=1 (3.25)
=(r =T (uz,...,ur)



as the positions of ug, . . ., u, are not constrained by the requirement that 7 =1 (1) <
771(2).
Similarly, consider the terms in 7, such that 7, = 2. One has

S )T ) Ty, i)

rwelll, m,=2

(
= Z (—1)|7T|+r(—1)|7r 2)|T(u1’u3"..’ur)’
mell', =2
= Z (—1)2|”(2)|+2’_2T(u1,u3,...,ur), (3.26)
melll, m,=2
(r—D!T(u1,us3, ... u).

Here, we used the fact that any permutation 7 for which 7 (r) = 2 may be factored

inthe form7 = 73 o 7(1)_ where (1) : (1,2,...,r) = (1,3,...,r,2), so that
|7T(1)‘ =r—2and7® : (1,2,...,r —1,r} > {m1, 72 ..., Tr_1, 1}, keeping the
last term invariant. Hence, |7| = |7r(2)| + |n(1)| = {n(2)| + r — 2. Again, the fact

that ug is in the last position implies that there is no restriction on the positions of
the other vectors.

Let II; C II' be the collection of permutations not included in (3.25), i.e., per-
mutations 7 for which 771(1) < 7#71(2) and 71 # 1. Similarly, let Iy C I’ be the
collection of permutations not included in (3.26), ‘.., permutations = for which
77 H1) < #71(2) and 7, # 2. We now consider the sum of terms

oty = Y (DM Ty um) + > (O T ) (27)

ﬂEHl T[/EHQ

in 7, and 1, not included above. Since 71 # 1, both u1 and us must appear in each
element of I1; and as 7, # 2 the two vectors must appear in each element of Ila.

Consider the permutation p : (1,...,r) + (2,...,r,1). For each permutation
7 ={m,....,m},setn’ =pom:(1,...,r) — (m2,..., 7, 1), such that |71’| =
lpom| = |m| +r — 1. Itis noted that 7’ = p o 7 satisfies the condition 7/~ (1) <

7'71(2) and so composition with p on the left, 7 > p o 7, is a bijection of Iy onto
IIs. Hence,

tc/l + tl/J = Z I:(_l)m‘T(uﬂQ’ R uﬂr) + <_1)|pon|+rT(u(pon)17 cee u(pon),.,l):l s
T[EHl
= Z [(—l)ln‘T(u@, ces )+ (—1)|7T|+2r_1T(un2, e uﬂr)] ,
7T€H1
=0.
(3-28)
As a result

ta+tp = =T (u2, ..., ur) +T(ur,us, ..., u)l. (3.29)



Next, we compute

_ E : § : \ﬂl
te = (”n1»--~auni_1a Ug; +uni+1a”ﬂi+27""uﬂr)’

mwellli=1

o 650
= Z(_l)ltCly
i=1
where,
ti = Z (O T gy ooty i, F Uy Uy gy - s Uy )- (331)
well’

For a fixed value of i, let
i (o= i b L i+ 2 ) = (Lo =L+l i+2....r) (332)

be the permutation that swaps the positions of i and i + 1. The permutation p;
acts on IT' by composition 7 > p; o w with (=1)lPie7l = (—1)I7I+11n addition,
pi acts as an automorphism on the subset of permutations II3; C II' containing
permutations for which we exclude 7; = 1 and 7; 11 = 2 at the same time. That is,
letTly = {mw € I' | 7 = 1, w1 = 2}, then, II3; = II" \ IIy;. Setting

/

Iy = Z (_1)‘H|T(”7T1’ o Umy_qs Uy Ugip1sUmipos - "‘m)7 (3'33)

b/ €H3,'

one obtains

I Iz
lei = § (=)™ T (ugy, ooy Umy g5 U T Uiy Unigas s U, ),
JTEHg,'

1
=3 Z (=D gy .o, F Uiy Un,)

ﬂEH3i
Ipwrl
+ > DI W pom), st prom), T U (o) s Uprom),) |
JTEH3,
1
T
=3 Z (D)7 T gy .o, +Umgipqs s Un,)
JTEH;;I'
1
+Z |”|+Tuﬂl,...,um+uﬂi+1,...,uﬂr) ,
JTEH3,
=0.

(334)



Thus,

- 7]
tei = E (D) Uy s vvos gy Uy Uy g Uy s ooy U,

JTEH4,*
— -1 \7T|+i—1T
( ) (ul+u25uﬂ17"-auﬂ;_lyuﬂ,‘_;,_ga--~7u7'[,.)a (335)
7T€H4,‘ ’
= Z (—1)‘ﬂ|+i_1+‘p|T(u1 + U, U3z, ..., Uy,
JTEH4,'

where p is a permutation of the form
p0:(1,2,3,....,r)— (1,2, 03, ..., or)-
Let n; be the permutation
nis(1,2,3,...,r)— (3,4,...,i —1,1,2,i +2,...,r) (336)

so that for each 7 there is a unique p with 7 = n; o p. Since |n;| is even, (—=1)I?l =
(=1)"1. We conclude that

Iei = Z (—1)2|n|+i71T(u1 +ug,uz, ..., u) (3‘37)
melly;
and
r—1 .
te =) (~1)'tai,
i=1
r—1 . -
= Z(—l)l Z (—1)2\n|+t—1T(u1 +u2,u3,,,,,ur) i (3.38)
i=1 welly;
r—1
== | D Twi+usus,....u)
i=1 | welly;

Using the fact that there are (r —2)! permutations in I14; for each of the r — 1 values
of i we obtain

te = —(r =T (u1 +u2, us, ..., u). (339)
Combining Equations (3.29), (3.39) into the balance (3.24), one arrives at

T(uy +ug,us,...,up)=T(uy,us,...,u)+ T(uz,us,...,u). (3.40)
since 7 is alternating by Equation (3.17), foreachi =1,...,r,
T(ul,...,u,'—l—u;,...,ur_l):T(u1,...,ui,...,ur_1)—|—T(u1,...,u;,...,ur_1).

(3-41)
It is noted that originally, each of the terms in the equations above was multiplied
by (r — 1)! the reason being the fact that we computed the total flux for the cubes
on the faces of the prism and there are (r — 1)! simplices in each such (r — 1)-cube.



33. Implications of Skew Symmetry and Multi-Linearity. Equations (3.41)
and (3.2) imply immediately

T(uy,.oosttiyoooytty—1) +T (U1, ooy —ttiy.oosttp—1) =T W1,...,0,...,u,-1) =0
(3.42)

and so we obtain

Tty ooy —Ujyeeoytty—1) = =T (U1, ..o Uiy oo Up_1). (3.4.3)

It follows that the homogeneity property (3.2) applies also to the case a < 0. We
have obtained that the flux operator is both additive and homogeneous in each of
its arguments and we conclude that

T:-V1 SR (3.44)

is an alternating multilinear mapping.

Next, we show that the properties we obtained above imply that the flux vanishes
in the case where the vectors u1, ..., u,_1 are linearly dependent. This is of course
expected as linear dependence implies that the simplex collapses to a hyperplane of
a lower dimension. If the vectors are not linearly independent, one of the vectors,
say uy may be represented as a linear combination of the others in the form u; =
Zja.,-ujwherej =1,...,k,...,r — 1. Thus,

T(”ly "'71'{}’—1) = T(”ly "'71'{1{717 Zajuja ukJr].y "'71’{}"—1)7
J
:ZajT(UL---,Mk—lyujsuk—f—l,---vur—l), (3.45)
J
=0

because each term in the sum contains uj twice (see Equation (3.12)). Conversely,
a multilinear map that vanishes for recurring vectors is necessarily alternating;

0="T(ut,...,ui +us, ...,uj+u;,...ur—1),

=Tty .oosttiyeeostiy oo ttr—1) + T (U1, .o ufy ooty 1) (3.46)
T (Ui, ooty ooyttt 1) + T (U1, oo Uy oo Uy e Up—1),
implies
!/ !/
T(uy, ... jyooosttiy oo cttp—1) =—=T 1, .. Ui Uy .. Up_1). (3.47)

3.4. Algebraic Cauchy Theorem. The results of the foregoing sections may be
summarized as follows. Let T be a function of (r —1)-simplices satisfying Assump-
tions 1—4 of Section 3.1, then, T (7) depends on the vectors (v1, ..., v,—1) determin-
ing t multi-linearly and skew-symmetrically. Thus, there is an alternating (r — 1)-
tensor J € ® ~1(V*), where V is the translation space of the affine space A, such
that

T(t)=J(vi, ..., ve—1). (3.48)

We will refer to this conclusion as the algebraic Cauchy theorem.



The classical algebraic Cauchy theorem applies in the case where the space A is
a 3-dimensional Euclidean space so that the vector space V has an inner product
structure. It states that if 7 is determined by the vectors v and u, then,

I(r)=({J n)A, (3.49)
where J is a vector, n is the unit normal to the simplex pointing in a direction so
that (n, v, u) are positively oriented (i.e., generate a right-handed triad), and A is
the area of the simplex. Thus, one has nA = v x u where x denotes the vector-
product of the two vectors in the 3-dimensional Euclidean space. Thus,

T(r) = 3] (vxu), (350)
which is clearly bi-linear, and alternating in the arguments v and u. For more details
on the comparison of the classical Cauchy formula and the metric independent
version described above, see Example 4.4.

4. EXTERIOR ALGEBRA

Once fluxes are shown to be representable by alternating multilinear mappings,
we present some of their properties. In addition, we study the properties of sim-
plices that influence the total fluxes through them—their extents. These are rep-
resented mathematically by multivectors. While somewhat disguised below, mul-
tivectors are introduced as elements of the dual space to the space of fluxes—the
space of multilinear mappings. Since the space of multilinear mappings is finite
dimensional, this is equivalent to the introduction of multilinear mappings as ele-
ments of the dual to the space of multivectors.

4.1. Multivectors. We will roughly refer to the collection of properties of an r-
simplex s that determine the total flux through it, for an arbitrary flux, as the extent
of the simplex. Mathematically, the extent of a simplex is represented by the multi-
vector associated with with s and is denoted by {s}. Thus, for two simplices s and s’
we write {s} = {s'}if T'(s) = T(s') for every flux T. It is natural therefore to extend
the notation, and write T ({s}) for the total flux associated with the multivector.
Formally, a multivector may be introduced as an equivalence class of simplices un-
der the equivalence relation s ~ s" if T(s) = T (s’) for every flux T

From the assumption of translation invariance, T'(s) depends only on the vectors
vi = pi — po or equivalently, see (3.16), on the vectorsu; = p; — pi—1,i = 1,...r. It
follows that {s} is determined uniquely by these vectors. Given vectors v; (or u;) as
above, we denote the resulting multivector by vi A- - -Av, (respectively, ui A- - - Au,).
Thus, {s} =vi A--- Av, and

T(vi,...,v)=T{s}=TW1L A"+ Av). (4.1)
From the properties of fluxes, one immediately obtains
UTA - AQUI A AUGA- AUy = UTA - AUA- - AaujA--Aup,  foralli, j=1,...,r
Thus, we write any of the expressions above as a(u1 A -+ - A u,) so that

A(ULA- - AlUp) = ULA- - ANQU A== AUGA- - Allp = UL A AU A NAUjA- - Ay,

(42)



and clearly,
a(ui A Aup)+bur A Aup) = (a+b)(ur A Auy). (43)

Furthermore, it follows form the fact that the flux mapping is alternating, i.e.,
Equation (3.17), that

Uy Ao A, = (=DPlug Ao AUy = ey pur Ao Auy (4.4)

One can define naturally the zero multivector to be the multivector for which
T(0) = 0 for every flux T. From (3.45) it follows that for r nonvanishing vec-
tors vi, ..., Uy, U1 A -+ A Uy # 0 implies that the vectors are linearly independent.
Conversely, using component representation, one can show that if the vectors are
linearly independent, a flux T may be constructed such that T(vy A -+ A v,) # 0.
Thus,

VLA AU #£D (49)
if and only if the vectors are linearly independent.
In an analogous manner, we set

WIA AW =ULAAUp+VLA - AUy (4.6)
if
TwiA--Aw) =T A Aup)+TWL A+ Avy) (47)
for every flux 7. In particular, the additivity property (3.41) implies that
ULA-- ~/\(u,-+u;)/\~ CAUP_1 = ULA - AUGA - AUp_1FUT A - -Au;/\- e AUp_1. (4.8)

Next, we wish to extend the definition of a multivector so that it represents the
extent of geometrical objects more general than simplices.

4.2. Chains. A polyhedral r-chain in the affine space A is a formal linear combi-
nation of r-simplices, that is, an expression of the form

q
B = Zaisi, (4.9)
i=1
where ¢ is some finite integer. Chains may be thought of as simple functions de-
fined over r-dimensional domains in A. Choose a specific orientation for each of
the planes containing simplices belonging to the collection s1, ..., s4. Assume first
that the interior of the simplices s; are disjoint. Then, on the domain consisting of
the union of the various simplices, the function B is defined by B(x) = a; if x € s;
and s; is positively oriented; B(x) = —qa; if x € s; and s; is negatively oriented
relative to the orientation given to the plane of s;; B(x) vanishes otherwise. From
this point of view, and ignoring incompatibilities on the faces of the r-simplices, it
is clear that further subdivision of the simplices will not change the function and
hence it results in the same r-chain. If the interiors of the simplices in (4.9) are
not disjoint, by further subdivision one can obtain a linear combination in which
the various simplices have disjoint interiors. (More formally, e.g, [Mun84], a chain
may be defined as a function on the space of simplices that vanishes on all but a fi-
nite number of simplices.) Polyhedral chains may be added and may be multiplied
by real numbers by performing these operations on the corresponding functions.



Thus for example, if A = B + B/, then, A(x) = B(x) + B’(x) for all x in the affine
space A. In Sections 3.1-3.2 we used examples of chains in the proofs. In particular,
the boundary of an r-simplex may be regarded as a chain

,
s =Y 1. (4.10)
i=0

4.3. Chains and Multivectors. Extending the representation of the extent of a
simplex s by the multivector {s}, one can now represent the extent of an r-chain
B =Y, ajs; by an r-multivector written formally as {B} = }_; a;{s;}. Naturally, the
action of a flux T is now extended to chains by

T(B) = T((B) = T(Yails}) = Y aiT(lsi)). (411)
By the balance assumption (3.21),

T({ds}) =) T{r} =0 (4.12)
i=0

for any flux 7. Hence, as an r-multivector,

{ds} = 0. (4.13)
It is noted that the chain ds is not the zero chain but the multivector associated
with is vanishes. This is the metric free analog of the identity Y"2_; A;n’ = 0 fora
tetrahedron in the 3-dimensional Euclidean space, where A; is the area of the i-th
face and n' is the unit normal to the i-th face.

Together with (3.2), we conclude that 7, which is an alternating multilinear
functions of vectors may be regarded as a linear function of multivectors. (Strictly
speaking, one should make a distinction between the multilinear function of vec-
tors and the linear function of multivectors.) The algebraic Cauchy theorem as
presented here may be viewed as an analog to Whitney’s theorem on an algebraic
criterion for amultivector (see [Whis7, pp. 165—-167]). Here, we used only elemen-
tary notions and arguments in order to motivate the use of alternating tensors.

4.4. Component Representation. Let {¢;}! | be a basis of V and let {el‘}?:1 be
the corresponding dual basis of the dual space, defined by the condition e’ (e;) = 5;

where 8; is the Kronecker symbol. One has ¢/ (v) = ¢/ (> ve;) = v', and given

a covector ¢ € V*, the components of ¢ relative to {e'} are given by ¢; = ¢(e;).
The array of a multilinear function 7 : V"' — Ris given by T;, ;. = T(eiy, ..., €i,).
With

1R ---®ei’(v1, ce, V) = el ®---®ei"(Zvlflekl, ...,va’ekr),
k kyr (4.14)

i1 i
:Ul ...vrr’

. . ; ;
onchasT =3, . T e'® @ and T (v1,...,v;) =) ; Tiy.iyvy - v

One can write the equations above using multi-indices. For a multi-index I =
(i1, ..., ip), with |I| = r, we write Tt = T;,_j,,sothat T = Y, Tre'' @ --- @ e'r.



(We do not write e/ = ¢/t ® - --®e'" because we reserve the notation e/ for another
object.)

Next, we consider the consequences of the fact that a flux is an alternating mul-
tilinear function. Since T vanishes on a collection of linearly dependent vectors, in
case an index j appears twice,

Eljjlr = T(eil’ R eja R eja . elr) = O~ (415)
In addition, for any permutation 7 : {1,...,r} — {1,...,r},

T(1om)y..(1ox), = T(€(1om)s -+ s €(1om), )

= (—1)|”|T(e,-1, o) (4.16)
= (-7, 4,
S0,
Tren = (=117, (4.17)
Lety : {1,...,r} = {1,...,n} be a monotone increasing injection regarded as

a multi-index, i.e, y; = y(i) > y; = y(j) ifi > j. When we want to indicate
that a multi-index y is increasing we will write (y). It follows that the array of
T is completely determined by the components for the increasing multi-indices.
Since for any I there is a unique increasing y containing the same elements, the
multilinear mapping can now be expressed by

T:ZTIeh@...@ei’,
1

(4.18)

Yo el @ @e,
L(y)

and we obtain

T = Z Tye”, where eV = Ze}/eil R --®e. (4.19)
(r) 1

It is observed that

ev(eiy,...,ei)=e"(eiy, N - Nej) = Zszeh ®---@e(e,....ei),
J
= Zgz(sifll 5lJ (4.20)
J

_ Y
= 81 ,
so that e” is an alternating tensor which we also denote by
eV =e" A e, (4.21)

Note that the definition of e¥ in (4.19) applies also for the case where the multi-
index is not increasing and that it implies that

e = (=))mler o n L n o — (LTl AL A et (4.22)

In fact, we may also consider ¢/ where the multi-index I need not even be an in-
jection. We just set formally e/ = 0 if I contains two or more identical indices.



In view of the skew symmetry property as in Equation (4.22), and observing that
an injective multi-index / may be written in the form I = y o 7 for an increasing
multi-index y : {1,...,r} = {1,...,n} and a permutation 7 of r symbols, we have

I _ i1...0 . L.
e =3 () &y y,€", where the sum contains only one nonvanishing term. Thus,

Z T]e‘l =
I I(y
=2 (Z T) (4.23)
(r) M1
= Z riT,e’,
)

where in the last line we used the fact that both the Levi-Civita symbol and the
array Ty are skew symmetric (as in (4.17)). Thus, Equation (4.19) may be rewritten
in the form

i1...0r

Y
Tlgylmyre ’
)

T = %ZT,e"l A-eenelr (4.24)
1

To show that the collection of mappings {e?}, for increasing multi-indices y,
forms a basis for the space of r-multilinear mappings it remains to prove that they
are linearly independent. If Z(y) Tye? = 0, then for every multi-index 1,

0= ZTer(eil, cesei),
()

= ZT),S}/.
()

Since [ is arbitrary in the equation above, for each increasing yp we may choose
I =ypsothatel® =1land e} =0fory # yo. It follows that T;,, = 0.

With the representation of alternating tensors as in (4.19) the action of a flux
may be represented as

T(vi,...,v) = ZT),eV1 NN Zvllleil,...,Zv;*eir ,
(v) i '

(4.25)

= Tyvlll--.vjre”l/\--./\eyr(eil,...,e,'r),
()1

and so, as expected,

T(vi,...,v) = Z T),vi1 '--vﬁ"s}/ = ZTIU? el (4.27)
(r).1 1

4.5. Simple Multivectors. Writing , eg = eg, A - A eg for an increasing multi-

index B, one has by (4.1) and (4.20)
e’ (eg) = eg. (4.28)

Since both multi-indices are increasing, this expression equals either 1 or 0.



A multivector of the form v = v1 A - - - A v, will be referred to as a simple multivec-
tor. Similarly, an alternating multilinear map of the form T = ¢! A --- A ¢", for a
collection of linearly independent covectors @1, . .., ¢, will be referred to as a sim-
ple multicovector. By the linearity property of the flux operation, (4.2,4.8), it follows
that for a simple multivector

V=UL A AUy,
i1 i
= (Z vy ei1) VANKIREIVAN (Z vr’ei,),
i1 i

i .
= E vll...v;jeil/\.../\eir'
ST

(429)

Adding up simple multivectors to obtain a general multivector will not alter the
form of this representation so that any multivector v may be represented in the
form

v = Z vil”'i*ei1 AN Ne,. (4.30)

Using Equation (3.12), ¢j; A -+ A ¢j, = 0 if two or more indices are equal and
it follows that the values for the multi-index I for non-vanishing terms may be
written as a composition I = y o 7 where 7 is a permutation of r symbols and

y :{l,...,r} = {1,...,n} is increasing. Thus, for a nonvanishing term

ein Ao Aei, = (=)l Ao ney,, (431)

and
v=Y (-)lpremiome AL ney,. (432)

T,y

Set

oY1V — Z(_l)lnlv(wﬂh---(yo”)r - Zgnlmnrv(yoﬂl---(yw)r, (433)
s g

then, a multivector may be represented in the form

v:Zvyey, yi=1,...,n. (4.34)
(r)

In particular, it follows from (4.28) that
eV (v) =Y. (435)

The multivectors {e, }, for an increasing y, are linearly independent and it follows
that they form a basis for the space of multivectors.

4.6. Alternation. Alternation is the action of extracting an alternating r-tensor
from an arbitrary r-tensor 7. It is desirable that the alternation action will be a
projection, fe., when applied to an alternating tensor, it will not change it. The
alternation operator is defined by

A(T)(v1,....v,) = 1 D DT (vay v, (436)

r!
g



To show that (T) is indeed alternating, we observe that (4.36) implies that for
a permutation p,

1
Ql(T)(vpl’ ) Upr) =7 Z(_ )ln‘T(v(nop)l’ B v(ﬂop)r)9

r'

— DIH=lelr (y

= c V),
r' Z I/Lr)

— |p|z DT (0, o),
= (-1 )‘P'm( )(vl,...,v,),

where in the second line we used & = 7w o p, || = || + |p|.
In case T is alternating

(437)

AT (w1, v, r,z DT (g, o),

;Z DI =) (v, o), (438)
r:

:T(Uly'-'v r),

so A leaves alternating tensors invariant.
Foranr-tensor T =) ; T;,. i €' ® -+ ® e, one has

1 . .
AT (w1, vp) = = 3 (D) e @ - @€ (v, v,
‘I
! x| i i
=71 2N T e (vm) € (o).

Tl Z lan -~~ir€(loﬂ_1)1(v1) e e(IO”_l)r(vr),

1 _ _
= (—1)|”|Ti1...i,€(10ﬂ Ng...gelT 1)’(111, cea ),
Sl
(439)
from which
1 lo -1 Io -1 ’
AUT) = EZ(_l)lanil...i,e( TN @eloTT)r, (4.40)
In particular, setting T;, i, = 8{11 e 81{’, for some multi-index J,
Aeh @ @) = = Y (~)elVT @ ellem ),
rl &
L Jredr i i (4.41)
— il r
= g2 ¢ © @l

1



where in the last equality we set I = J o 7~ and used |1| = |J| + |7|, (=1)I7I =
(=)= = 8111111: for each nonvanishing term. It follows that 2(e/' ® - - - ®e/r) =
0 if two or more of the indices are identical. In addition, using the definitions of

el =elt Ao A in (4.19), we record that

i1...0r

el — el AL Al = r!Ql(ejl ®,,,®ejr) — Zs:jl“':/’eil Q- ® . (4'42)
1

The previous equations are not limited to elements of the dual basis. If ¢!, ..., ¢" €
V* are r covectors, then, for ji, ..., j, € {1,...,r}
. , 1 1 -1
Ng...@ei)y==N (=)TlpUer™ N g ... g p(Jor )
A @ @¢h) =~ (-1)g 'R :
T
1 . . (4-43)
==Y &leie. . 0e.
r! i
1

The last equation implies that for any permutation 7,

AP @ ®¢™) = (~1)TAP' @--- @ ¢"). (4.44)

It is observed that by (4.40) the alternation operator is linear and in particular,
A(T) = Z 7., 2 (eil Q- ® ei’) . (4-45)
1

We conclude that 2 is indeed a linear projection of the vector space of r-tensors
on the space of r-alternating tensors

4.7. Exterior Products. The notation e”* A --- A e was introduced formally
by (4.19.4.21) without an explanation or motivation. In this section we present
the exterior product of alternating tensors, denoted by A for which the expression
above is a special case.

We observe first that Equations (4.19,4.21) need not be restricted only to ele-
ments of the dual basis. In fact, if ¢!, ..., ¢" € V* are r covectors, one may set

PLA A =rUAP @ @) =) ()T @ @™ (4.46)

s
From Equation (4.44), it follows that

¢TI A AT = ()Tl A A

¢(”OP)1 A A ¢(”Op)r — (_1)|7T|¢Pl A A ¢p,' (447)



For a collection of r linearly independent vectors vy, ..., v, one has
¢1/\"‘/\¢r(v17'°'7vr) :Z(_ )‘ﬂl(bﬂl ®”'®¢ﬂr(vl""’vr)’

Z DT (v1) - 97 (vr),

i (4.48)
=~ Zem ¢’ (vi,),
o
1,J
= det [qs"(vj)] :
In particular, the tensors e! satisfy
A A ei’(vl, oo, Up) =det [(vj)ik] , k=1,...,r. (4.49)

The action of the alternation operator may be represented now using (4.45) and
(4.42) as

= %ZT,eil A AeT == ZTle = ZQ{ )ye’, (4.50)
I

(v)

where,
A(T)y =AUT) ey, - .- ey,),

1

= —'ZTlel(eyl,...,e]/r),
T (451)
1 I

= EZTIEV.

1
For the covectors ¢t ..., ¢" TP let T = ¢ ' Ao AP  and S =" TL A A TP

We set (see [Whis7, p. 41])
T/\S:qjl/\.../\(j)r/\¢r+1/\---/\¢r+p (4-52)

and consider (T ® S). One has,

TS = ( |ﬂ|¢ﬂ1 R - ® ¢l3r) (Z(_1)|V¢Vr+1 R - ® ¢)/r+p) ,

v

Z |,3| \V|¢I31 e ® ¢f3r QP ® - Q@ PV,
By
(453)



where B is a permutation of {1, ..., r} and y is a permutation of {r +1,...,r + p}.
Thus, letting 7 denote a permutation of {1, ..., r + p}, (4.43) yields

(r+p)UT ®S)
- Z (=Dl (—D)Bl—)lIgrobl g ... @ ¢(Th)r @ TVt g ... @ TV )it

7.8,y
- Z(—l)‘m(—l)“’l (Z(—1)|”|¢(”°’3)1 ® - - ®¢TPr et g ... g ¢(ﬂOV)r+p> i

By 7
_ Z(_l)\ﬂl(_l)\yl(pﬁl A A ¢,Br APYHLA APV,

By
=Y ()P =) (=)l A Ay AT A AP,

By
:r!p!¢lA...A¢rA¢r+1 /\.../\¢,’+P’

(454)
where we used (4.47) in the fifth line. We conclude that
[
TAS= MQL(T ® S). (455)
rip!

The exterior product of simple alternating tensors, as defined above, may be
extended to exterior product of any two tensors, particularly, two alternating ten-
sors. For any two tensors T and S, one may define the exterior product 7 A S by
using Equation (4.55). Since the alternation operator is linear, it follows that this
definition is compatible with the definition of the exterior product of two simple
alternating tensors. and with the representations of alternating tensors in terms of
the simple multi-covectors {e”* A--- Ae?"}. Specifically, for an r-alternating tensor
T and a p-alternating tensor S, one has

(r+p)!
rip!

Pl (2 i i 1 r i
= r[p' 91 ﬁZTIEl/\-../\e ® ;ZSJE +1/\"'/\€ +p ,
I J

I 1 , _ . |
= (r—:—f) ZﬁTISJQl[(ell A "'/\El") ® (e]r+1 A /\eJ"H’)] ’
r:p: 17 rip!

TAS=

AT ® S)

1 1 . S .
— (V+p) Z T[S]ell /\.__/\elr /\e]r+1 /\__./\e.]r+p’
rip! -~ (r+ p)!

1 . . . .
:—ZT;SJe“/\-u/\e”/\eJ’“/\~~/\ej"+1’,
rip!
1,J
(4:56)
where I : {1,....r} - {1,...,n}, J : {r+1,....r + p} = {1,....n}. (Itis
noted that one could write ji,..., j, for jry1,..., jr4psothat J : {1,..., p} —



{1,...,n}.) Each nonvanishing term above may be represented by a multi-index
K:{l,....,r+p}—{1,....,n}suchthat K|,y =1, Klpp41,. . r+p} = J,and

,,,,,,,,,,

1 k k
TAS= ipl XK: Theyoder Skryr .y p€ 8 Ao A ETEP (457)

Returning to the last line of (4.56), we may write I = aon’, J = Bon”, where
and B are increasing and 7/, 7" are permutations of {1, ..., r}and {r+1,...,r + p},
respectively. The decomposition is obviously unique. Thus,

1 / / » R
- , Lplaor’) - (aor’), (Bom”)r . (Bom”),
T/\S—r!p! Z ZTaonSﬂoﬂe LA A e Ae +1 A Ne +p
(a),(B) \7". 7"
1 ’ »
— ,Tpl Z Z (_1)2(|7T |+|7r ‘)TaSﬂeal A A A eﬂr+1 A A eﬂr+/’
().(B) \7's7”
= Y TuSpe™ Ao A AP A AP,
(). (B)
= Z Tﬂlmﬂr Sﬂr+l--~“r+peﬂl A A eu'rﬁ*p’
"
(458)
where the multi-indices p are injections {1, ...,r + p} — {1, ..., n} such that the

restrictions w1,y and plg41,.. r4p) are increasing. Each such multi-index u
may be represented uniquely in the form u = y o p, where y is increasing and p is
apermutation of {1, ..., r 4+ p} such that plj1,.._ ,y and pl{41,... 4 p) are increasing.
(See [dR84, p. 18] and [Whisy7, p. 41].) A permutation such as p is referred to as
an (r, p)-shuffle (e.g., [AMRS8S, p. 394]). Using this representation in (4.58) we have

TnS= Z (Z T(yop)1...(yor)r S(yop)r1. (Voﬂ)r+pe(yop)1 AN e(yop)rﬂ?) ’

- Z (Z ‘plT(yop) (Vop)rS(Vop)r+1~-(yop)r+pey1 AR eV’+P) ’

i (459)

and so

(TAS)y= Z(_l)lplT(yop)1---(yop)rS(yop)r+1---(yop)r+p’
(4.60)

= 2 &ty Tttty Sptr g1 cttrgp

where the sums are taken over shuffles p and i = y o p. Clearly, one could obtain
the last equation by starting with the representations of 7' and S in terms of the
multivectors ¥t A --- A e¥r and e”+1 A -+ A e¥r+r as in Equation (4.19).



Using Equations (4.36), (4.55) and (4.56), the action of the exterior product may
be written as

T AS(Vi, .oy Vrgp) r!plz Dl ( (Vrys s U, ) SV g e v Umy ) (4.61)

Here, 7 is not a shuffle so that for example 71, ..., 7, need not be increasing,
However, we can write each such permutation as follows. Fori = 1,...,r, set
mti = (a o w)i, where p is an (r, p)-shuffle and « is a permutation of {1, ..., r}. For
i =r+1,...,r+p, setw; = (B opw)i, where B is a permutation of p symbols.
Hence, with || = |u| + || + |B].

T A S(vl, ces Urdp)

- r,p, D COEHEEAIT (g Vo), ) S (Vo) -+ -5 V(Bor)ysy )

.o, B
1
= (_1)|u|+|a|+|ﬂ|(_1)|a|(_1)\ﬁ|T(vm, s U )S (Vg g s V) ’
P M,Ol,,B
1
= o 2 OV @ 0 ),
T nap
(4.62)

so taking account of the number of permutations & and 8 we have

TAS@L o) = Y (=DM T (w00, Sy gy v,y,)s (463)
"

where the sum is taken over all (r, p)-shuffles u.

Remark 4.1. There are other conventions for the definition of the exterior product.
See for example [War83, p. 60], [Whis7] and [AMRS88]. From the point of view
of fluxes as presented here, one may think of the other conventions as pertaining
to the interpretation of vi A - - - A vy as the extent of the parallelepiped generated
by the vectors rather than the extent of the simplex.

Example 4.2. Consider the case where T is a 1-alternating tensor, i.e., an element
of the dual space V*. Thus, if we have the component representations T = Y ; Tje',
S=3p) SgePL A -+ A ePr, Equation (4.52) and linearity imply that

TAS=Y TSge' NePr A--nePr. (4.64)
(B).i
Alternatively, we may use Equation (4.60) noting that for the case r = 1 considered,

any (1, p) shuffle p is of the form (1,...,i,...,p+1) > (i,l,...,/i\,...,p—i—l)so
that |p| =i — 1. It follows that

(T AS)y = Z(_l)iilTn Sy1.Fie¥pats (4.69)

i



and
TAS= Z (-1, Syt Tiypir €T A e A TP
(v).i
= Z Ty, Sy, Fyppr € AT A A eVi A AeVrt
(v).i
Example 4.3. Consider the relation between S AT and T A S for an r-alternating
tensor T and a p-alternating tensor S. From Equation (4.56) and counting the

number of permutations needed in order to arrive from et A+ - - Aeir Ae/LA---Aelp
toe/L A---Aelr Aetl A -+ A€l it follows that

SAT =(=1)PT AS. (4.67)

(4.66)

In particular, if either r or p areeven, SAT =T A S.

4.8. The spaces of Multivectors and Multicovectors. The space of alternating
r-tensors on the space V will be denoted by A" (V*). We have seen how the col-
lection of multicovectors {€?* A --- A ¥}, for all increasing multi-indices y, form
abasis for /\" (V*). It follows that the dimension of /\" (V*) is the number of ways
one can choose r numbers out of n, i.e.,

o N n!
In particular, dim A? (V*) = dim A" (V*) = 1,and dim A' (V*) = dim A" (V*) =
n. The basis of A\ (V*) contains no elements of the basis of V* and so A° (V*) may
be identified with the real numbers. For r > n, the vector space " (V*) is trivial.
The space of r-multivectors in V will be denoted by /A" (V). By the representa-
tions of multivectors and multicovectors in terms of base vectors as in Section 4.4
and Equation (4.34),

dim /\ (V) = dim /\ (V¥). (4.69)
The alternating multilinear action of a flux T on vectors was represented in (4.7)

by a linear action of T on simple multivectors and extended by (4.11) to a linear
action on non-simple multivectors. We conclude that

A v - (/\ <v>) | (470)

Example 4.4. Algebraic Cauchy Formula with Components. Consider the
case wherer = nandlet{eq, ..., e,} be a basis for V. We want to compute the total
flux through the (n —1)-simplex t determined by the vectors vy, . .., v,—1 foraflux
T represented as in Equation (3.45) by an alternating tensor J = > (@) Jor oy €¥LA
-+ Ae%-1, Since « is increasing and contains n — 1 out of the n numbers {1, ..., n},
there is a unique k € {1,...,n} such that (a1,...,0,—1) = (1,... &, .. Ln) It
follows that any (n — 1)-alternating tensor J is of the form

T=3 T gme Ao A NN (4.71)
k



Thus,
T(t)=J(vi, ..., vp—1),

- ~ Ll k n i1, in-1
_ZJI...k...ne AN ANeCN---Ne <Z”1 e,l,...,Zvn_le,n1>,

k il i/z—l
_ i i1 1 ” nf . _ (472)
= ZJl'__k_._mv1 U, e AN NER N Ne <e,1,...,e,nl),
k,I
~ 15} h—1_1..k..n
- Z ‘]l...k...nvl vn—lgtl in—1
k,1
Since
1.k.n _ _kl.k.n k=1_1....n
8l1 In—1 Skll in—1 (_1) 8ki1...i,,,1’ (473)
we have
_ _ k—1 . 11 n—-1_1...... n
T(r)=J(vi,...,n-1) = Z [(_1) 1% n] U U 8k i
k. (4.74)

= det([(—1>"‘111.._z._ln] FURRIEE vff_’i)’

where the determinant is evaluated for the column vectors indicated by the indices
k,it,...,in—1.

Consider the expression for the flux in a 3-dimensional Euclidean space using
the traditional Cauchy formula (3.50) relative to some orthonormal basis,

Ji v om .
T(t)=3J-(vxu)=1det| J, v2 uz |[=1 Zs”k jVjU. (4.75)
Js v3 ug i,j.k

Comparing the last equality with Equation (4.74) we see that the two equations
due to the fact that the vector product evaluates the area of the parallelogram while
the alternating tensors compute the fluxes through simplexes. It is also noted that
v x u is the analog of the 2-vector v A u.

Example 4.5. Consider the space L(A\"(V*), \"(V*)).r < n,n = dimV, of
linear mapping A" (V*) — A" (V*). Set

n—r r n

i NV — LAV, A(VH) by a(T)S)=TAS. (4.76)

Clearly, i (T) is linear and ¢4 is a well defined linear mapping. We also note that
i is injective. For if to(T) = 0, then (4 (T)(S) = T A S = 0, for any r-alternating
mapping S. It follows that T = 0, or otherwise, using components one could write
aform S such that T A S # 0. Thus, Kernel(t4) = {0}.

Since A" V* is 1-dimensional,

r n n—r

dim L(/\(V¥*). A\(V")) = dim /\(V*) =dim /\ (V¥). (4.77)



It follows that ¢, is an isomorphism and for any element f € L(/A"(V*), A" (V*))
there is an (n — r)-alternating tensor T = ¢, (f) such that f(S) = T A S for all
r-alternating tensors S.

4.9. Contraction. The contraction va T of an alternating r-tensor T and a vector v
is an (r — 1)-alternating tensor defined by

vaT (va,...,v) =T (v,v2,...,0). (4.78)

Clearly, the contraction operation vu T is linear in both v and 7.
Using (4.27) and (4.49) one has

vaT(ve,..., v Z:Tvll 2. JI/
()1
yl Vr JieeJr—1, 02 . ir
Z Iy ot )! CivitojrCizgoi, V2 7 Urs
(y).1,J
Vl Vr J1 Jr-1
Z Tyv = )' N Y (v2, ..., vp),
(y).1,J

Z T},vlslyﬂl1 " ﬂ2/\~~~/\eﬂ"1(v2,...,vr).

(v).i.(B)
(4.79)

where, I is an r-multi-index, J is an (r — 1)-multi-index and 8 is an (r — 1)-
increasing multi-index. It follows that
voT = Z T. v’slyﬂll R4 ﬁ2 Ao nePr1, (4.80)
(¥)-i.(B)

so that
(vaT)g,..pr Z T vlalyﬁll Brs (4.81)

It is noted that in (4.81), for a given Value of B and any increasing multi-index y,
there is a unique value i = y \ B for which the Levi-Civita symbol does not vanish.
Thus, the sum over i in that equation is superfluous. Its location in the sequence

Yi---sVr IS)/_I()/\/S) andas (ﬂl»'--vﬂrfl) :(yl’“-’mf"'»yr)’onehas

Yi--Vr
(vaT)py..p s ZT v’elﬁl1 p

- \Bgy1- ~Y\Bovr
ZTn PV AY Y N (4.82)
)

- Z Tn...y\ﬁ...y,v}’\/s(—l)y’l(y\ﬁ)—l.
)

We conclude that

(UJ T)ﬂlmﬂr—l - Z Ty\ﬂ ylmmmyrvy\ﬂ' (483)
()



Example 4.6. In the special case where r = n, an alternating tensor T is repre-
sented by a single component Ty, as T = Ti_ne! A--- A e". Asin Example 4.4,

any (n — 1)-alternating tensor S is of the form S =", §; 7 el A---Aek AL e

For an alternating n-tensor 7 and a vector v, we consider v T'. Using the third line
of Equation (4.82) with g = {1,....k,....,n}, y \B=k, vy Ly \B) =k,

(vaT), 7.,= Z(—l)k_lTl_"nvk, vaT = Z(—l)k_lTl__,nvkel/\---/\2‘/\...@".
k k

(4.84)
We conclude that any nonzero n-alternating tensor T induces an isomorphism
n—1
i \(V)—V (4.85)
defined by the condition that
ir(w)aT = w. (4.86)

Equation (4.84) implies that in terms of components

S ~
[T(S)k _ (_1)1(71 1len ) (4.87)

Example 4.7. Consider Equation (4.61). One may represent any permutation 7
of r + p symbols in the form 7= = p; o u where p is a permutation of {1, ..., r + p}
with i1 =1, and p; is the permutation of r + p symbols given by

(L,2,...,0, ..., r+p)— (2,..., 5L i+1,...,r+ p).



Clearly, || = |pil + |l =i — 14 |u| so that Equation (4.61) may be rewritten as

T ASVL, ..oy Vrygp)
1 ‘
_ [l -1
~rlp! (DD T T o) - -+ Voo )S Wiprop) -+ V(piop)r4p)-
i
1 .
_ [l -1
=l Z (D™D T (o) -+ V(prow) ) S W (prope)pgas - - - V(piom)rip)
e M,Pi,iér
1 .
[l -1
* rip! Z (DY T T (pro)ss -+ Vpiom) IS Wpiop)ygas -+ Vipiom)rap )
T wpri>r
1 2(i—1
= 2 COMEDPIIT0n vy 0 ) S (g V)
o pii<r
1 i—1 j—r—1
b Y O T T (s 0 DD TS0 s V)
P i
1
= F Z (_]‘)lul(vlJT)(vHZ e vﬂr)S(UI‘«r+1’ Tt Uﬂr+]))
T wpri<r
(=1 Il
B > DT (g v ) 015 8) (Vs V)
W, pisi>T

rlp' Z Iul (V1 T) (Vg s V) S (Vg gs o e v vurﬂ,)

P
r'p' |”‘T (Vpas oo s Va1 ) (013 8) (Vg s+ vs vmﬂ,),
= (waT) A S(vg, cosUrgp) + (1) T A (v1a8)(v2, ..., Vpgp).
(4.88)
It is concluded therefore that
Va(TAS)=(waT)AS+(—1)'T A (vaS). (4.89)

o~

Example 4.8. Consider the expression e;, 1 (e/? Ae't A+ Aeir A--- Ae'r) where
the indices i1, ..., i, are all distinct so that the exterior product does not vanish.
Then, using the last equation

ei,a (€7 AT A NEP A nET) = (€ AN A AP A AT,
:(eipJeiP)A(eil/\~~~/\e/’;/\---/\ei’)
— e Alei, s (VA AEP A AET)),
el A AP A AET
(4.90)

where the term in the third line vanishes because the indices are distinct. Using
the skew-symmetry of the exterior product we conclude that

e, 0 (€A AeT A ey = ()P A A A A (4.91)



and

eja(et A nelr) = Zaj.”(—l)P‘leil A AEP A AT (4.92)
P

Clearly, there can be no more than one non-vanishing term in the last sum.

The following examples will be used in the last section concerning metric free
properties of electromagnetism.

Example 4.9. Consider the contraction vaw foran (n—1)-formw = 3, @, 1 €A
conek AL e" Writingv = Y ; vie; one has

= (Z viei)J (Z O T A A A ...e"),
i k

. ~ 4.93
= Zv’a)l'“@“nei_l(el AeenebaLe). (+93)
ik

Note that fori < k,

-~

Accd) =Dt A A A Ak A AT, (4.94)

=)

e,'_l(el/\-u/\e
and fori > k
eis(e" Ao ek AL ) = (=1) T2 A AR A A A A (4.95)

Thus, one has

(4.96)

Switching the names of the indices in the preceding line we arrive at

Ve = Z<(—1)i_1viw1 Bon ™ (—1)k_1vkw1..f...n>el AN A Aek A AET

i<k

(4.97)

Example 4.10. Using the notation of the preceding example,letgp =}, _; ¢;; N

¢! be a 2-form. Using Equation (4.89) and noting that ¢ A w as an (n + 1)-form in
an n-dimensional space,

0=vi(pArw) = (i) Aw+(—1)%¢ A (viw), (4.98)
and so

(vap) Aw=—¢ A (viw). (4.99)



We will also demonstrate this equation by components computation. We have
computed the components of vuw above and so we may write

oA (viw) = (Z (Pijei A ej) A |:Z((—1)p_1va1..ﬁ...n - (—1)q_1vqw1...ﬁ...n>

i<j

I
RS
<
~
—~
|
—
N
ki
—
<
]
S
=
2)
H]
|
—~
|
—
—
<
—_
(4
K
S
[
)
3
—

Il
)
<
~
—~
|
[
N
=
—
(4
=
S
=

. (_1)j—25jq(_1)i—18ipel Ao el
- Z‘Pij(—l)jflviwl...j...nel A-onel
i<j
+ Z‘/’ij(—l)i_lvjwl...?...nel A ne
i<j

(4.100)

Now, switching the names of the indices in the first sum of the last equality above
one has

D o) o 5= i)V ez,

i<j j<i

(4.101)
==Y 0ij(-1)""" w1 7
j<i
where for j < i we set ¢;j = —¢j;. (Recall that ¢;; was defined originally only for

i < j.) It follows that

pA(vaw) = (Z fﬂij(—l)i*lvjm...?.‘n + Z(Pij(—l)i’lvjw1,,1,.n)e1 Ao Ner,

j<i i<j
(4.102)
and we conclude that
oA (vow) = (Z go,](—l)i Liwy 5. )el Ao Ae” (4.103)



We now compute the components of (va¢) A w. Firstly,

vip = (Z viei)_n (Z @pge’ A eq>,
i

p<q
= Z (ppqviei4<ep/\eq>,
i,p<q
— isPoq _ §9,P
= Z Ppqv' (8; €? —5;eP), (4.104)
i,p<q
=D _opgu’e! = 3 opgvie?,
p<q p<q
= Z @pqvPed + Z ppgvPed,
p<q q<p

where in the second sum of the last line we switched the names of the indices and
for p > g, we set 9,y = —@gp. Thus,

vag = Z(ppqvpeq =— Z(pqpvpeq. (4.105)
p.q p.q

Continuing we obtain

(vap) A = (Z (ppqv”eq> A (Z W T et A AR A A e"),
P

P-4k (4.106)

which confirms Equation (4.99).

Example 4.11. Continuing with the notation scheme of the previous examples,
let T =Ty _ne' A---Ae" be an n-form and consider the n-form (17 (w) @) A L}l (v)
where (7 is the isomorphism defined in Example 4.6. Using Equations (4.87) and

(4.1006),

(tr(w)a9) /\LT Z(ppqtr pLT (v )1“@.,,,(—1)‘]7161/\---/\e",

- Z‘qu p wl...ﬁ...n(—l)q_lvq(—1)q_1e1 A Aer,

(4.107)
We conclude that
(tr(@w)2@) A L;l(v) =—(vap)rAw (4.108)



which is evidently independent of the n-form T.

4.10. Pullback of Alternating Tensors. Let A : W — V be alinear mapping be-
tween vector spaces and 7 € /\"(V*) an alternating r-tensor defined on V. Then,
T induces an alternating r-tensor A*(T) € A" (W*) by

A*(T) (w1, ..., wy) =T(A(w1), ..., A(w,)). (4.109)

Let {e;} and { f») be bases in W and V. respectively, so that A(e;) = 3, A? f,, where
A? is the matrix of A. Then,

AX(T)y = A*(eyy, ..., €y,),
=T (A(eyl), e A(ey,)) ,

= T(ZA’)fllfm,...,ZA’)fr’fm),
23} Hr
=D AR ANT (fuys s ) (4.110)
n
- ZAl;ll . Al;f,rTm.-.Mw

%
= D elnlaL Al Ty .
ws(B)

Using Equation (4.61)

A¥(T A S) (w1, ..., wrgp)
=T AS(A(wy),..., A(Wr+p))7

= o LD (A, ) Al (A, ) Al,,)
_ ! i Il g . (1m0
= o DAY 0 AT (S) ),

= AX(T) A A*(S)(wi, ..., wryp),

and one obtains
A*(T A S) = A*(T) A A*(S). (4.112)

4.11. Abstract Algebraic Cauchy Formula. Considering classical Cauchy for-
mula as in Section 3.4, Equation (3.49) may be written in the standard form

()
A
where ¢ is the flux density induced by the flux vector J on the plane H determined
by the normal unit vector n. The metric independent version of (4.113) may be
written as follows.
Let H be an r-dimensional affine subspace of the affine space A whose transla-
tion space is U, an r-dimensional subspace of V. Let wy : U — V be the natural

¢ = =Jn, (4.113)



inclusion. Then, the pullback ¢{; : A" V* — A" U* given by
()1 eovr) =T(u(v1), ..o wu(or)) = T(vi, .., ) (4.114)

is simply the restriction of the tensor T to vectors in U. We will use the notation
pu = 1y for the restriction. Consider the case where T is an (n — 1)-alternating
tensor and H is an (n — 1)-dimensional hyperplane. Then, T induces an (n — 1)-
alternating tensor S on U given by

S =pu(T) = (7)), (4.115)
the abstract Cauchy formula.

5. MANIFOLDS AND THEIR BASIC STRUCTURE

5.I. Atlases and Differentiable Manifolds. Let .” be a Hausdorff topological
space. A chart or a coordinate system in . is a mapping ¢ : U C . — R", U open in
#, such that ¢ is a homeomorphism onto an open subset V. C R". In other words,
@ is an injective continuous mapping such that ¢!, defined on V = Image U, is
also continuous. If p(x) = (x!, ..., x"), wesay that (x!, ..., x") are the coordinates
of x under the chart ¢ or that they represent x. We will often express this shortly
by stating that (x!,...,x") is a chart in .. We will also denote a chart by (¢, U).
Such a chart does not necessarily exist for a general topological space.

Anatlasis a collection { (¢4, Ua)}aea of charts that cover .. Assuming the collec-
tion is finite for simplicity, the atlas consists of {¢, : U, — R"}, wherea =1, ..., A,
and U, are open in .. Since the atlas covers .7, for every x € ., there is some
@4 such that x is contained in U,. In case U, N Uy # @, then, ¢ o ¢, ! defined
on ¢, {U, N Up} is the transformation of coordinates for the intersection U, N Up,.
Thus, an atlas, if one exists, endows . with an n-dimensional local Euclidean struc-
ture. An atlas {¢, : U, — R"} provides . with a structure of a differentiable manifold if
the transformations of coordinates are smooth mappings. Thus, for x € U, N Up,
let (x1,...,x") = @a(x) and (x¥, ..., x") = @p(x) be the coordinates under the
two charts. Then, the transformation of coordinates is of the form xi' = x?' (x?).
For a differentiable structure, all such transformations and their inverses are thus
required to be smooth. We will refer to this condition as the compatibility con-
dition for the charts. In particular, it implies that the Jacobian matrices dx' /dx/
should be invertible. The atlas that induces the structure of a manifold need not
be unique. In particular, an equivalent atlas may be obtained by adding a chart to
an atlas provided it satisfies the compatibility condition with the existing charts.

A subset 7 C .7 is referred to as an m-dimensional submanifold of .7, m < n, if for
everyy € < thereisacharty : U — R" suchthaty € U,and foreachx € UN#, the
last n —m coordinates of x, vanish, i.e., o(x) = (x!,...,x™,0,...,0). The collection
of charts satisfying this condition induce and atlas and an m-dimensional manifold
structure on <7

The notion of a manifold may be extended to manifolds with boundaries. For a
manifold with a boundary the co-domain of a chart is allowed to be in R"~ = {x €
R" | x" < 0}. For a manifold .#, a point y € .% is a boundary point if there is a chart ¢
inaneighborhood U of y such that the n-th coordinate of y vanishes, i.e., p(y)" = 0.



The fact that .7 as a given topology and the compatibility of charts imply that this
definition is independent of the particular chart chosen. The collection of bound-
ary points is the boundary 3. of the manifold. By the definition of a submanifold,
9.7 is a submanifold of .7 (see [Hir76, p. 29]).

Example 5.1. Bodies in Continuum Mechanics as Manifolds. As early as 1957, W. Noll
[Nols9] has defined a body in continuum mechanics as a differentiable manifold
that may be covered by a single chart. The various configurations of the body in
a Euclidean physical space are viewed as charts on the abstract body object. The
central point is that no preferred reference configuration is available in general and
the differentiable structure of the body is exhibited through its configurations in
space. In particular, on the abstract body manifold, notions such as straight lines,
angles, and lengths are meaningless.

Example 5.2. Configuration spaces of mechanisms. The configuration spaces of various
mechanisms and mechanical manipulators are differentiable manifolds. If only the
kinematics of the mechanism is under consideration, there is no natural Riemann-
ian metric on the configuration space. For example, the configuration space of a
pendulum in the plane may be represented by the unit circle S'. Equivalently, this
configuration space may be represented by a circle of any radius, an ellipse, etc. For
a mechanism having m links connected in series by m revolute joints, the configu-
ration space may be represented by the m-torus 7" = (S1)™.

5.2. Mappings between Manifolds. Similarly to the way charts allow us to rep-
resent points on a manifold by real valued variables, local representatives of map-
pings provide the means for representing mappings between manifolds in terms of
multi-variable mappings. Let f : . — .# be a mapping between two manifolds.
Forachart ¢ : V. — RY™# on # one can intersect the open set f~1{V} with the
domains of charts in . and obtain a chart ¢ : U — RY™ in & such that

Yofop tipU)— y(V) (5.0

which is of course a mapping between an open subset of R¥™ and Rdm 7 As
such, the differentiability properties of f are well defined. The mapping o fop~!
is referred to as a local representative of f relative to the charts under considera-
tion. If x' and y/ are the local coordinates under ¢ and ¥, respectively, then the
local representative is of the form y/ = y/ (x').

A mapping f : . — . issaid to be smooth if its local representatives are smooth.
By the compatibility conditions, this property is independent of the local represen-
tatives chosen. A smooth mapping between two manifolds is an immersion if for each
local representative ¥ o f o 1, the derivative D(¥ o f o ¢~ 1) is an injective lin-
ear mapping at each point in the domain. Thus, in terms of local coordinates, the
matrix [y’ /dx'] is of rank dim .. The mapping is a submersion if the derivatives of
local representatives are surjective so that [dy/ /dx'] is of rank dim ..

An embedding is an immersion whose image is homeomorphic to .. It can be
shown that the image of an embedding is a submanifold of .#. A diffeomorphism is
an invertible mapping f : . — .# which is smooth and whose inverse f~1 :
M — . is also smooth. In case there is a diffeomorphism between . and .#



one says that the two manifolds are diffeomorphic. This means that . and .# are
equivalent in the category of differentiable manifolds. For example, ifg : ./ — .#
is an embedding, . is diffeomorphic with its image.

Example 5.3. Configurations of bodies. In a general geometric setting of continuum
mechanics, eg., [Seg86], both a body B and the physical space . are represented
by differentiable manifolds. Traditionally, one assumes in continuum mechanics
that the principle of material impenetrability holds. This implies that the defor-
mation gradient is injective at each point and that the configuration mapping is
injective. In the framework of mechanics on differentiable manifolds, the impen-
etrability principle together with the requirement for differentiability imply that a
configuration should be an embedding of the body manifold in the space manifold.

Example 5.4. In the continuum mechanics of generalized media* in addition to
the variable specifying the location in space of the various material points, the con-
figuration of a body is described by additional degrees of freedom (sometimes re-
ferred also as order parameters) describing the micro-configuration of a material
point (see [Cap89, CMo02]). These variables usually assume values on manifolds
different than the space manifold so that even in the case where the physical space
is modeled as a Euclidean space, the micro configuration of a point is valued on a
manifold devoid of a natural metric structure. As a simple example, the void frac-
tion of a porous material may be described by a real number so that the space of
micro configuration .# may be modeled by the segment [0, 1] € R. Clearly, this
parametrization is arbitrarily chosen and other charts on .# may be given. Thus,
in general, the micro-configuration of a body B is given by a mappingm : B — 4.

5.3. Tangent Vectors and the Tangent Bundle. For the example where a man-
ifold models the configuration space of a mechanical system, a tangent vector is
the mathematical object that represents a virtual velocity. In particular, let a man-
ifold .# model the physical space so that .7 is the configuration space of a particle
moving in space. Then, a tangent vector represents the velocity of the particle. For
the example where a manifold models a body in continuum mechanics, a tangent
vector originating from X € . may be thought of as the mathematical object that
represents a point infinitesimally close to X. The interpretation of a tangent vector
as a virtual velocity fits the formal definition below.

A curve in the manifold . is a smooth mapping ¢ : (—€, €) — ., where (—¢, €)
is some interval in R containing zero. For the interpretation of a manifold as a con-
figuration space of a mechanical system, a curve represents a motion of the system
where the variable in R represents time. We say thatcisacurveatx € . ifc(0) = x.
The local representative of a curve is of the form x’ = x/(t).

Let ¢y and ¢ be two curves atx € .. We say that the two curves are tangent at x
if their local representatives x! () and x}(t) under some chart ¢ : U — R" defined

>This includes media referred to by various authors as bodies with microstructure, bodies with
substructure, Cosserat media, multi-polar media, etc.



in a neighborhood of x satisfy

d . d .
Exll(t)h:o = Exé(t)ltzo, i=1,...,n. (5-2)

Thus, the two curves are tangent at x if their local representatives are tangent as
curves in R". (Note that tangency implies that the derivatives are equal and not
merely belong to the same one dimensional space.) While the values of the deriva-
tives depend on the chart chosen, the property of tangency is independent of the
chart. If ¢ is another chart in a neighborhood of x such that the local representa-
tive of a curve ¢ under ¢’ is given by ¥l = xi/(t), then,

axi’ d d

d . . ,
ax’l (O)lt=0 = W(XI(O))$xl1(f)|t:0 = Exé ()lr=0- (s3)

While one cannot associate naturally a unique element of R" with the derivative
of a curve at x, we identify the derivative with the collection of all curves that are
tangent to one another at x. In more precise terms, the derivative—a tangent vector
at x—is an equivalence class of curves under the equivalence relation of tangency
of curves at x. In other words, for a tangent vector v at x, any curve ¢ in this class
may represent v. Any other curve that is tangent to ¢ at x is equally qualified to
represent v. In the sequel, we will use a superimposed dot to denote the deriv-
ative of a curve in R” so that the tangency condition may be written in the form
x1(0) = x4(0). For a given tangent vector v at x and a chart ¢ in a neighborhood
of x, (¥1(0),...,%"(0)) € R" represents v. The vector (x1(0),...,x"(0)) € R" de-
pends on the chart ¢ but is independent of the particular curve used to represent
the tangent vector to the manifold at x. The foregoing procedure enables one to
generalize the notion of a velocity of a particle traveling in a Euclidean space to the
case of a motion in some abstract space manifold and to mechanical systems whose
motions take place in configuration manifolds.

The tangent space Ty to the manifold . at x is the collection of the various
tangent vectors at x. Given a chart ¢ in a neighborhood U of x € ., consider the

mapping

Tvp:Tos — R,  Tep(v) = %C(t)lt=o = (&10),...,3"(0),  (54)

where ¢ is any curve that represents the tangent vector v. This mapping is a bijec-
tion since for a given vector (vl, ..., V") € R" any curve at x whose restriction to a

1l neighborhood of x is of the f =gt ! ™)) will -
small neighborhood of x is of the form ¢(t) = ¢~ (¢(x) +t(v", ..., v")) will repre
sent a tangent vector v € Ty. such that Tyg(v) = (vl, ..., v"). The bijection Ty¢
induces an n-dimensional vector space structure on Ty.# by which T ¢ becomes a
vector space isomorphism. That is, for v, v € Ty.¥ and a, b € R, we define

av+bv' = (Te) HaTep(v) + bTe(V)). (5:5)

Let e; be the i-th natural base vector of R” for which all the components are zero
except for the i-th component which is equal to one. Then, the isomorphism Ty ¢
induces a chart dependent basis {e;}7_, for T by ¢; = (Trg) *(e;). It is also



customary to use the notation (without justification at this point)

ad
W =e;. (56)

Thus,

; .0
1 4
U—Xi:ve,— : v (57)
where by the definition of T, ¢, v’ are the components of Ty¢(v). It is emphasized
again that the components v’ and base vectors depend on the choice of chart and
are not “invariant” quantities.

It is noted that for two distinct points x, x” € .#, the two tangent spaces Ty.7
and T,.7 are both isomorphic with R” but there is no natural, chart independent,
isomorphism between them.

If ¢ and ¢’ are charts in a neighborhood of x € . and the local representatives

of a curve c relative to the two charts are given in the form (x!(¢), ..., x"(t)), and
(x¥'(2), ..., x" (1)), then, the transformation rule for the components of tangent
vectors is
Te¢ o (Tep) L : R" — R” (5.8
given by
il ax” i

In other words, denoting the derivative of the transformation of coordinates by
D(¢' o ¢~ 1) one has
Teg o (Teg) ™' = D(¢' 0 9™ ")(p(x)). (510)

The tangent bundle T is the union of the tangent spaces at the various points of
the manifold, ie.,

TY = U T.7. (5.11)
xes
There is a natural mapping
: T — 7, T(v) =x, ifx € Ty.7. (5.12)

Clearly, 7 is a surjection. In particular, t=Hx} = T,.%.
We now observe that an atlas {¢, : U, — R"} on ., induces naturally a 2n-
dimensional atlas on 7.%”. For each a, consider the mapping

®, : v YU, — R*", Dy (v) = (9a(T(v)), Ty (v)Pa(v)). (5-13)

Evidently, the sets t=1{U,} cover T.#. For the two charts (¢4, U,) and (gp, Up),
U, NUp # @, the transformation of coordinates @, o ®, ! : R?" — R?" is given by

By 0 <I>;1(x1, axml ) = (xl/, TR N L v”/), (5.14)
where by (5.9)
’ ’ _ 2 E)xi/ :
(xl,...,x"):((pbo% 1)(xl,...,x"), Vo= —. (S.IS)



It is noted that the transformation rule for the components v’ —the principal compo-
nents of the element v € T.¥—is linear. In addition, we observe that if an affine
space A with a translation vector space V is regarded as a manifold, the tangent
space at each point may be identified with V and the tangent bundle may be iden-
tified with A x V. In particular, the tangent bundle of a vector space V is identified
with V x V.

5.4. Fiber bundles and Vector Bundles. A chart ® on the tangent bundle 7.
determined by a chart ¢ on an open set U C . induces on T~} {U} a local structure
of a Cartesian product U x R". A different chart on that neighborhood will also
induce such a product structure that will preserve the vector space structure of each
tangent space. Such a structure on a manifold occurs in various examples. The
local structure of a Cartesian product is the property that makes a manifold a fiber
bundle, where T.# is the only example we have so far. Roughly, a fiber bundle may
be thought of as the manifold obtained by smoothly attaching a copy of a manifold
Z called the typical fiber of the bundle, to each point of a manifold .# called the
base manifold.

S.4.1. Fiber bundles. A fiber bundle structure on a manifold .# having a base manifold
& consists of a projection mapping 7 : .# — . and a fiber bundle atlas that
have the following properties. For all x € ., 7~ !{x} are diffeomorphic to a d-
dimensional manifold .%, called the typical fiber of the fiber bundle. The fiber bundle
atlas consists of a collection {(®,, ¢4, U,)} such that {(¢,, U,)} is an atlas of . and
each @, : 1= HU,} — U, x F, called a local trivialization, is a diffeomorphism such
that

pry o &y (m) = m(m), foreverym € 7 {U,). (5.16)

Here and in the sequel, pry and prydenote the natural projections on the factors of
a Cartesian product. We will refer to .# is the rotal space of the fiber bundle and will
denote the fiber bundle by 7 : .# — .. Sometimes we will also refer to either .#
or 7 as the fiber bundle for short. We will also use 7 to denote the projection of a
generic fiber bundle. The manifold .#, := 7 ~!{x} is usually referred to as the fiber
of the bundle at x.

For a nonempty intersection U, N Up, one has the transformation

Bpod, 1 (U,NUp) x F —> (U, NUp) X F (5.17)

where by (5.16) @, o ®;1(x, f) = (x, f'). It follows that for any x € U, N U,
there is a diffeomorphism ®,5(x) : F — F such that /' = ®4(x)(f). Thus,
By 0 071 (x, f) = (v, Dap(x)( ).

Let {(y7, Vi)}}-, be an atlas on .#. Then, given a point m € .#, there is a chart
¢a : Ug — R such that pr (®(m)) = w(m) € U, and a chart y; : V; — R4
such that pry(®(m)) € V. Let U, = Imageg,, V; = Imagey;. Then on Ry =
O Yo HU,L) x ¥ ~HV )} C 4, an open neighborhood of m, one has the chart

Wy := (pq 0 pry, Y1 0 pry) o Oy : Ry —> R x RY. (5.18)



Let (z', ..., z%) be the local coordinates in R, then, under the chart (¥4, Ry;). ele-
ments in the neighborhood of m will be represented in the form (M xm gl )
and 7 is represented locally by (xtoooxm g zd) > (xb LX),

A fiber bundle is trivial if it has a global structure of a Cartesian product, i.e.,

M= x F.

S.4.2. Sections of Fiber Bundles and Fiber Bundle Morphisms. A section of a fiber bundle is a
smooth mapping w : . — . satisfying 7 (w(x)) = x. Thus, a section assigns to
each point x an element of the fiber .#, —a generalization of the notion of a field.
A section w of the fiber bundle is represented locally by

(b, x™) e (bt 2 ), L A ) = (L T wl(x), L wd (),
(519)
where w!, ..., w? are d real valued functions defined on R" representing the prin-

cipal components of the mapping w.

A fiber bundle morphism is a mapping between two fiber bundles that preserves
the bundle structure. More precisely, a fiber bundle morphism ( f, fo) between the fiber
bundles 1 : #1 — 1 and 72 : Mo — S consists of a smooth map f : 4 —
Mo and a smooth map fp : .91 — F, called the base mapping, such that 7o o f =
foom1. Thus, if m and m’ belong to the same fiber, say A4, i.e., w1 (m) = 71 (m’) = x,
then, mo(f(m)) = ma(f(m")) = fo(x) so that both f(m) and f(m’) belong to the
same fiber o4 () = 7r2_1{f0 (x)}. In other words, the restriction fy of f to the
fiber ./, maps it into the fiber M fo(x)-

Example 5.5. In Galilean mechanics, time is an absolute property of an event
while the location in space depends on the frame where the eventis observed. Thus,
while the copies of space at distinct time instances are diffeomorphic, there is no
natural way to specify a fixed location in space in distinct time instances. The ge-
ometrical structure suitable for the description of Galilean spacetime is that of a
fiber bundle 7 : .# — 7. The base manifold .7 is the time manifold and the
fiber bundle projection assigns to each event e € .# a unique time. The typical
fiber is some manifold .7 and at each time t € 7, 7 ~1(¢) is diffeomorphic to .. A
physical frame is a (global) trivialization ® : .# — 7 x . (see Section 9).

In various examples of fiber bundles, the typical fiber has additional structure
that is preserved by the local trivializations. A typical example is a vector bundle
for which the typical fiber is a vector space.

S.4.3. Vector Bundles. A vector bundle m : W — .7 is a fiber bundle for which the typ-
ical fiber is a d-dimensional vector space V. Consider the nonempty intersection
U, N Up of the domain of charts and the transformation @, (x) defined above by
(x, ®up(x)(v)) = ®po @, (x,v) forv € V. Itis required that for every x € U, NUp,
®,p(x) be alinear transformation of V. As a result of the definition, the mapping

Dux = Pylw, : Wy — V. (5.20)

is an isomorphism of the fiber 7 ~1{x} = W, with V. Thus, ®,, induces a vector
bundle structure on Wy. The requirement that the various @, are linear implies



that this vector space structure is independent of the choice of a chart. It is noted
that no natural isomorphism between the two spaces is available in general.

A basis {g;, ..., g;} of V, induces at each x € U, a basis {g1, ..., g4} of Wy by
gk = @l (g,). Thus, an element w of the vector bundle may be represented in the
forms (x1,..., Xy, wi,..., wg)and w =Y, wkgp.

The only example of a vector bundle we have so far is the tangent bundle. Natu-
rally, a section of a vector bundle, and in particular, a section of the tangent bundle
is referred to as a vector field. Since a coordinate system induces locally the bases
e; = 3/0x" in the various spaces Ty.#, a vector field w in T.7 is represented locally
in the form

Z wi(xj)%. (5.21)

A vector bundle morphism between the vector bundles 71 : Wi — .1 and g : Wa —
S is a fiber bundle morphism (f, fo) such that for each x € .} the restriction
fx = flx is alinear mapping of W1, into Wy g ().

Consider the sections of a vector bundle. Using the vector space structure of
each fiber, linear combinations of sections of a vector bundle are defined by

(aw +a'w')(x) = aw(x) +a'w'(x). (5-22)

This definition endows the collection of sections of a vector bundle with the struc-
ture of a vector space. The infinite dimensional space of smooth sections of a fiber
bundle 7 : . # — . is denoted by C*°(7) or C*°(.#). Thus, for the case of avector
bundle, C*°(x) is a vector space.

S.4.4. Tangent mappings. The notion of the derivative of a mapping between two
multi-variable spaces can be generalized to manifolds. Given a smooth mapping
[ = S, dim A = n, dim S = n’, the tangent mapping is a vector bundle mor-
phism Tf : T/1 — T.%, defined as follows. Let v be a tangent vector at x € .77
and let the curve ¢ : R — .77 be a curve representing v. Then, foc : R - %
is a curve at f(x) and Tf(v) € Ty(y)-# is defined to be the tangent vector that
f ocinduces. To see the sense in which the tangent mapping generalizes the deriv-
ative of a multi-variable mapping, consider local coordinates x in a neighborhood
of x and the local coordinates y* in a neighborhood of f(x). Then, the vector v is
represented by (vl,...,v") = (x1(0),..., £"(0)), where x(t) represent the curve
c. Let a local representative of f be given by the functions y* = f*(x?) so that
f o cis represented by y¥ (1) = f*(x/(t)). It follows that T'f(v) is represented by

/

(', ..., u") = (31(0), ..., 3" (0)), given as

ark
=3 %v’, (5.23)

1

where we omitted the indication of location where the derivatives are evaluated.
Thus, the restriction Ty f of the tangent mapping to the tangent space Ty.71, is
represented by the Jacobian matrix of the partial derivatives of the local represen-
tatives of f. We conclude that the tangent mapping is represented locally in the



form

. .. 3f1 . afn/ )
1 1 1
R L R e (f (x"), ..., f" (x’),ng‘,...,ZWv’).
l l

(524)
Let f1 : A2 — SHand fo : S5 — .¥3 be smooth mappings. From the local
representation of the a tangent mapping above and using the chain rule of multi-
variable calculus, it follows that

T (f20 1) = T (x) f2 0 Tx f1, T(f20 fi)=TfaoTf1. (5:25)

Example 5.6. For a formulation of continuum mechanics in which both the body
and space are modeled as general differentiable manifolds, as in Example 5.3, the
traditional deformation gradient should be replaced by the tangent to the config-
uration mapping between the body and space manifolds. Thus, it can no longer
be represented as a tensor. The fact that the deformation gradient is a “two point
tensor” is indicative of the fact that it is a vector bundle morphism between the
tangent bundles of two different manifolds. Even in the case where a body is an
abstract manifold and space is a Euclidean 3-dimensional space, the derivative of a
configuration should be represented by the tangent mapping rather than a tensor.

5.4.5. Pullback of vector bundles. Letm : W — . be avector bundle whose typical fiber
is V, and for a manifold .#, let f : .# — . be a smooth mapping. The mapping
f determines a vector bundle

@) f(W) — (5-26)

over ./ called the pullback of the vector bundle 7 by f. It is defined as follows. For
eachm € .«

FEE) Hm)y = (W) =77 H{f(m)} = W), (5-27)
ie., the fiber over m € .# of the pullback fiber bundle is identified with the fiber
at f(m). Thus, the typical fiber of f*(r) is also V. In addition, one has a natural
vector bundle morphism (7*(f), f), where the mapping 7*(f) : 7*(W) — W is
defined by the requirement that foru € f*(W),,, ie, m = f*(z)(u), 7*(f)(u) is
the unique element in Wy(,,) which is identified with u under the construction of
the pullback vector bundle.

Ifw:.” — W is a section of the vector bundle 7, one has an induced section

fX¥(w): A — f*(7) of the pullback bundle defined by f(w)(x) = w(f(x)).

Example 5.7. Virtual velocity fields. Again we consider continuum mechanics on
manifolds. Let the embedding x : B — . be a configuration of a body in space. A
virtual velocity field (or a virtual displacement field) w assigns to each material point X € B
a tangent vector at k(X), i.e.,, it is a mapping w : B — T.% such that tow =« (7 :
T — .# being the tangent bundle bundle projection). Since « is an embedding,
its inverse k! : Imagex — B is well defined and the virtual displacement field
induces a section w o k=1 : Imagek — T.#. Clearly, 7 o w o k}(x) = x for
all x € Imagex. The section w o «~! is traditionally referred to as the Eulerian
version of the velocity field.



Alternatively, consider the pullback of the tangent bundle x*(7) : «*(7.¥) — B
over the body. The velocity field w induces a section u : B — «*(T.) by setting
u(X) to be the unique element of k*(7.”) x which is equal to w(X) € T, (x)-# by the
construction of the pullback bundle. It is noted that while the section u is defined
whether « is invertible or not, the Eulerian vector field cannot be defined if k is not
invertible. Thus, it is convenient to regard a virtual velocity field as a section of the
pullback «*(T.7).

In the case of bodies with microstructure described in Example 5.4, a virtual
velocity field at the micro configurationm : B — .# will be asection w of m*(T .#)
or equivalently, a mapping w : B — T.# with vy o w = m . It is noted that as
a micro-configuration is not expected to be an embedding, there is no Eulerian
version of micro virtual velocity field. Thus, for all the situations described above,
avirtual velocity field at a given configuration of a body may be modeled as a section
of a vector bundle.

5.5. Dual Vector Bundles and the Cotangent Bundle. Given a vector bundle
n: W — . with typical fiber V, a vector bundle 7 : W* — ., whose typical fiber
is the dual V* is defined naturally. Note that we use the same generic notation, ,
for the dual bundle projection mapping unless a clear distinction has to be made.
Clearly, the mapping
(@)W — V* (5.28)
(see Equation (5.20)) determines the required isomorphism for each x € U,. As
the basis {g;, ..., g;} of V induces a dual basis (g, ..., gd} of V*, a dual basis
{g', ..., g%, g& = @ (g") will be defined in W}. An element ¢ € W will be
represented in the form (x!, ..., X" P1, .. Ba) ot =, drgk.
Lety : W1 — % and 7o : Wy — % be two vector bundles and let (f, fo) be
a vector bundle morphism so that f : W; — Wy and fy : %1 — . Then, for
each x € ., one has the dual linear mapping f* : W;fo(x) — Wi, fE(¢2)(wr) =
$o(fe(wr)). If ¢ : S — W is a section, then a section f*(¢) : /1 — Wi is
induced by
A (@) (x) = £ (o(fo(x))). (5:29)
The most common example for a dual bundle is the cotangent bundle = : T*.7 —
.#—the dual to the tangent bundle. Elements of the cotangent bundle are referred
to as covectors. The local dual basis is denoted by ¢’ = dx, so that by the definition

of the dual basis
dxi (i) = 51
axJ J

The action of the covector ¢ = Y, ¢;dx’ on the tangent vector v = 3, v/3/dx' is
computed by ¢(v) = Y, ¢;v’. Using Equation (5.15), the transformation rules for
the base vectors and for components of elements of the cotangent bundle are

./ 3xi, : axi
dri’ = drl, ¢y = Z Pt (5:30)
1

— Jx!
1

i.e., the components of a covector transform using the transpose of the Jacobian.
The equation on the left above motivates the notation dx for the dual base vectors.



A section of the cotangent bundle is referred to as a 1-form. As a special case
of the definition in Equation (5.29), if f : .1 — . is a smooth mapping and
¢ So — T*S is a1-form, then, Tf*(¢p) : A1 — T*.# is the 1-form over .7
induced by the dual of the tangent mapping Ty f : Tx.#1 — Ty (y)-#2 so that

(Tf()(x)(v) = d(f () (T f(v), x €71, veTHA. (531)

The matrix representing (Ty f)* is clearly the transpose of the Jacobian matrix cor-
responding to the local representative of f. In case .77 is a submanifold of .5 and
L2 S — S is the inclusion embedding with Tt(v) = v, then, for a 1-form ¢ over
S, T (@) (v) = ¢(Ti(v)) = ¢(v) so that Ti*(¢) is simply the restriction of the
form to vectors tangent to .. We will refer to Tf*(¢) as the pullback of the form ¢

by f.

Example 5.8. In a general framework of kinematics and statics of a mechanical
system, one considers the configuration space—a manifold Q—of the system. A
virtual velocity is an element of the tangent bundle 7 Q and a generalized force is an
element of the cotangent bundle 7* Q. The action of a generalized force F € T, Q
on a virtual velocity v € T, 0, ¢ € Q, the real number F(v), is interpreted as the
virtual power expended by the force on the virtual velocity. This is evidently a
generalization of the expression for the virtual power in classical mechanics. This
general framework may be extended to continuum mechanics, in which case the
configuration space is an infinite dimensional manifold. An analysis of the struc-
ture of T*Q for the infinite dimensional case leads to a distinct approach to the
theory of existence of stresses which is different from that presented in the follow-
ing sections (see [Seg86]).

5.6. Tensor Bundles and Differential Forms. Let 71 : Wi — . and 7o :
Wy — . be two vector bundles over the same manifold .7 having typical fibers
V1 and Vo, respectively. Clearly, local trivializations of these vector bundles allow
one to consider local trivializations that are common to both. These will induce
local trivializations for vector bundles over . with typical fibers such as V1 x Vo,
V1®Va, L(V1, V2)—the vector space of linear transformations Vi — Vy, etc. The
corresponding vector bundles will be denoted respectively by 1 x w3 : Wi x Wo —
L Qmy: Wi Q Wo — y,L(]T]_,ﬂQ) : L(Wl, W2) — 7, etc.

In particular, such constructions may be applied to the tangent and cotangent
bundles of the manifold .. The constructions of Section 4 will produce = : \"(T.) —
. —the bundle whose fiber at x € . is \" (Ty.¥), the space of r-multivectors, and
7 : N (T*Y) - /—the bundle whose fiber at x € . is \"(T}}.¥), the space of
r-alternating tensors. A section of 7 : A" (T*.) — . is referred to as a differential
r-form.

Let& : W — . be avector bundle over .. Ateach x € . one may consider the
vector space \"(Ty.#, Wy) of alternating r-linear mappings of the tangent space
T,. into Wy. Clearly, \"(Tx.”, Wy) = Wy @ N\ (TF.). This induces the vector
bundle 7 : A" (T*7, W) — . A section of \"(T*.#, W) will be referred to as a
vector valued (W -valued in this case) differential r-form.



Using the properties of alternating tensors we studied in Section 4, an r-form o
may be represented locally as

. 1 . .
=Y o, )dx" Ao ade? =D Sordxt A A da (532)
)

1

If{g,, ..., g,} isabasis of the typical fiber W of the vector bundle W and {g1, .. ., g4}
are the induced local base vectors for a chart in W, then, a W-valued r-form is rep-

resented locally by

ox) =Y ol (x)g®dx A Adx? = %wf(xi)gk®dxi1A- - adxir. (533)
(v).k ro

The operations available for alternating tensors, e.g., exterior products and contrac-
tions, apply by pointwise computations to differential forms. Thus for example, for
two forms w and 6, one has the form w A 6 given by (w A 0)(x) = w(x) A 6(x). For
the local expressions, the base vectors dx!, ..., dx", should be substituted in the
expressions obtained in Section 4 for el ..., e

The transformation rules for elements of the cotangent bundle in (5.30) give
the transformation rules for elements of A" (T*.). One has

, ) axvi . . axv .
dxyl/\---/\de’:Z e VI IDNSURINY (il v I
7 oxi1 oxtr

9x 1 axrr . .
= ; 3xi1 e _8xi, dxll A A dxlr (534)

/

v Ve
_ Z 0x ax rgll"'l"dxyl /\.../\dxy',
L(y)

Bxil E)xir Y1--Vr

and usingw = 3 wyrdx?t A Adx? = () oy dxTt A A

v')
i gx YL oxVr
. i) o
Oy = D R I P A (R (535)
'.(y)
A particularly simple expression is obtained for the transformation rule in \" (T*.7).
Since the only increasing multi-index is (y1, ..., ) = (1,...,n),
il Ox 1 ax" ax’
iy .0
w1y gy = e N — i —wi. g =det| — | w14 36
1.n - 1..n it Al l.n (E)x’) l.n (53 )

As o-alternating tensors may be regarded as real numbers (see Section 4.8), 0-
differential forms are real valued functions on the manifold. In particular, for any
coordinate neighborhood U, C .7, the coordinate functions x’(x) induced by the
chart ¢, may be regarded as local o-forms. A 1-alternating tensor may be identified
with an element of the dual vector space so that a 1-form may be identified with
a section of the cotangent bundle. We will use the notation Q" (.#) for the vector
space of r-forms on ., that is, sections of A\"(T*.%). Similarly Q" (T, W) is the
space of W-valued differential forms, i.e., sections of \"(T*.7, W).



The definition of the pullback of a 1-form can be naturally extended to all dif-
ferential forms. Let f : .1 — % be a smooth mapping. For a 0-form—a real
valued function ¢ : % — R—Tf*(¢)(x) = ¢(f(x)). For0 <r < n,

(TfH(@)(x) (1, vr) = ¢(f ()T f(v1), .o T f(vr))s (537)
forallx € A, vi,..., v, € Ty 7.

5.7. Jet Bundles Associated with Vector Bundles. The geometrical construc-
tion of a jet is a generalization of the notion of a derivative of a field and the jet
bundle is the object where possible values of the derivatives belong.

Let & : W — . be a vector bundle. We recall that a section w : .¥ — W of £ is
represented locally in the form

(b X)L wt (), L w? (x) (538)

where a local basis {g1, ..., ga} was used for the fibers of W. The tangent to the
section mapping is Tw : T.¥ — TW which is represented locally in the form

; ; dwt dw?
1 no 1/ i dy. i 1 n i i
xh o xwi (), w0 Y —v )y —v ) (539
< (x) () — Ox' Z ax! (539)
1 l
In a somewhat analogous way to the definition of a tangent vector, we say that two
sections w and w’” have the same jet at xg € .7 if their tangent mappings are equal
at xq, t.e., if Ty,w = Ty, w’. Evidently, this definition is equivalent the condition

dwk . dw’k

wk(xo) = w/k(x(i))y ﬁ(xf)) = 5

A collection of sections all having the same jet at x¢ is a jet at xg. Given a section
w, the jet it induces at xo—the jet of w at xo—will be denoted as j(w)(xg). The
collection of all jets of sections at xg € .7 is the jet space of the vector bundle at
x and is denoted as J(W),. Given a point xg € .¥ and an element wy € Wy,
the collection of all jets at x¢ such that each jet is represented by a section w with
w(xg) = wo will be referred to as the jet space at wg and will be denoted by J(W),,.
Evidently,

(xé), forall k=1,....d. (5.40)

TW)o = U T(W)uy- (5.41)

wo EWXO

The (first) jet bundle J(W) is the collection of all jets at the various points in .% so
that

J(W) = U J(W)y = U J(W). (5-42)

xes weW
The jet bundle has two vector bundle structures

e J(W) — W, and #':J(W) — .7, (5.43)
where 7} (A) = wo if A € J(W)y,, and 71(A) = x if A € J(W)y.



Given wg € W, the vector space J(W)u, = (md) '{wo}, may be identified
with the space L(T ()" Wx) of linear mappings T () to W It follows that
J (W), is isomorphic to L(R", V). The vector space J(W)y = (7!)~{x} may be
identified with W, x L(Tg(wo)y, Wy).

Letw : . — W be a section. At each point xg € .#, one has the jet j(w)(xp) of
w at xo. Thus, w induces a unique section j(w) : ¥ — J(W), x > j(w)(x), of the
jetbundle 7! : J(W) — .#. The section j(w) is referred to as the (first) jet of w.
The mapping j taking a section of & and giving a section of the jet bundle is called
the jet extension mapping.

Using the local coordinates and base vectors as above, an element of W is repre-
sented in the form (x/, u*) = (x!, ..., x", u', ..., u?). Anelement of the jet bundle
is therefore represented in the form (xt, uk, Alj) i,j=1,...,n,andk, I =1,...,d.
Here, the components Alj are possible values of derivatives of the local components
of a section of W. In other words, if a section w : . — W is represented locally as
in (5:38), the jet of w at xq is represented by (x}, w*(x{), wfj (x5)) where a comma
indicates partial differentiation. The jet of w, j(w) : ¥ — J(W), is the section
represented locally by the mapping (x) + (x, wk(x), wl i (x')), or equivalently,
by the fields

D owh (e, Y wh(xgr@dx/ | (5.44)
X k.

5.8. Integral Curves and the Flow of a Vector Field. A vector fieldw : . —
T.# on ann-dimensional manifold induces a system of n ordinary differential equa-
tions . We first note that a curve ¢ : R — % induces a curve ¢ : R — T.%, by
requiring that for each 79 € R, ¢(19) is the tangent vector to the curve ¢ at the point
c(tp). Clearly, ¢ is aliff of ¢ in the sense that ¢ = 7 o ¢, where 7 is the tangent bundle
projection. A curve ¢ in . is an integral line of the vector field w if for each 1y € R,
¢(19) = w(c(tp)). An integral line is the mathematical term corresponding to the
notion of a field line in physics. If the vector field is represented locally in the form
> w'd/dx" and the integral line is represented locally by x*(z), then the tangency
condition is represented locally by
l
&) = w' (). (5.49
a system of n, first order, ordinary differential equations. An initial condition for
the problem is a point xg € .% and thus the integral curve at x is the integral curve ¢
such that ¢(0) = xo.

It is noted that for a given smooth vector field and an initial condition xo, the
integral curve at xg need not necessarily be defined for all # € R. However, the
existence theorem for ordinary differential equations implies that there is an open
interval @ < r < b containing zero for which the solution exists and on which it is
unique, %e., any two solutions defined on that open set have to agree. The interval
(a, b) depends on the initial condition and may tend to zero for some sequence of
initial conditions. If this is not the case, the integral lines for all points in . may



be defined for all values 7 € R and the vector field is said to be complete. Even if the
vector field is not complete, for each xg € .7 there is a neighborhood Uy, contain-
ing xg and an interval (a, b) such that the integral curves for all initial conditions
x € Uy, are defined for all ¢ € (a,b). Let D C . x R be the collection of points

(x0, f0) such that the integral line starting at x is defined for ¢ = 7. One can define
the flow of the vector field as by

®:D— .7, P(x,1) = c(t), (5.46)

where ¢ is the integral curve with ¢(0) = x. Since for a smooth vector field, the solu-
tion of a differential equation depends smoothly on the initial condition, the flow
is a smooth mapping. Clearly, for a complete vector field, D = . x R. A sufficient
condition for a vector field w to be complete is that the support of w is compact
(see for example [AMRSS, p. 249]). In particular, every vector field on a compact
manifold without boundary, such a the sphere or the torus, is complete. Further-
more, it can be shown (e.g., [BC70, pp. 139—-142], [War83, pp. 40—41], [AMRSS,
pp- 247—248]) thatif w(xq) # 0, then, there is a chart in an open neighborhood of
xo such that locally w is represented by 3 /dx.

5.9. Exterior Derivatives. The exterior derivative of a differential r-form may
be regarded as the alternation of the derivative. Unlike the case of a vector field,
this operation gives invariantly an (r + 1)-form.

We start with a zero form w—a real valued function on the manifold. The exte-
rior derivative dw of the zero form w is defined to be the 1-form, a covector field,
given by

doe)(v) = So(ele)lims. (5.47)
where ¢ is any curve at x representing the tangent vector v. The linear dependence
of the result on v and its independence of the choice of curve ¢ follows immediately
from the local expression

d
dw(x)(v) = Ed)(xl(f))lzzo,

oo _;
= Z le (0),
l

where @ is the local representative of the real function w. It follows from the local
expression above that dw is represented locally by

Y ddx' (5.49)

(5-48)

If ® = x¥ locally, then, dw is represented by dx.
The exterior derivative of higher order forms may be defined as follows. Since,
at least locally, any r-form may be represented as a sum of expressions such as

w=0do" A .- AdE", (550)

where 6,01, ..., 0" are real valued functions, we need to define the exterior deriva-
tive only for expressions of this form assuming it depends only on the local behavior



of w. Thus, one sets
d(0dot A AdO") =do AdOE A - AT, (5.51)

an (r+1)-form. Hence, iflocallyw = 3
for the exterior derivative is
do = )" wyidx' Adx? A AdXY (552)
(¥).i
Comparing this expression with Example 4.2, we note that the exterior deriva-
tive may be regarded as exterior product on the left with a differential operator

>, 9;dx’. Similarly to that example, the local expression for the exterior derivative
may be written as

— i—1 N y1 Vra1
do = Z (=1 a)yl---Vi---)’r+1aVidx Ao AdxTrL
()i
= % vi g 7 Vrt1
- Z le--~Vi~~~)/r+1,)/idx PAdXTE Ao AdxYi A AdX L
()i

Equation (5.52) implies that the exterior derivative is linear, ie., d(aw + a'0’) =
adw + d'dw. In addition

d(dw) = Z wy ik dxF A dxt Adx? A Adx” =0 (554)
(r).i

since the second derivative is symmetric in the i, k indices, while the exterior prod-
uct is anti-symmetric. By (5.52),

y) @y dx” A---Adx?", the local expression

(553)

Vr k1 kr+1
dw(vi, ..., vr41) Z Wy, . Vr’lgkl W oty (5:55)
(r).i.K

Writing in the previous equation

r+1
lVl 1—1 )/1 ------ Vr
b= Zakl R (556)
one has
I=1 V1 oo ek krt1
do(v, ..., vr41) Z .. yﬁ,ék[( 1) AR v (557)
(¥),i,K,l
which implies
ik & kr+1
do(vi,...,v41) = Z Rk, VIV ey

(558)

:Z l 1Dw(v1)(v1,...,51,...,f)r+1),
1,i

where in the last line the superimposed tildes, indicate local representatives, D&
is the derivative of the tensor field so that the directional derivative Do (v;) is re-
garded as an alternating r-tensor.



Example 5.9. The Generalization of the Divergence Operator. Let w be an (n — 1)-form.
Locally, @ is of the form

Z gy g (X dXPLA A daPit, (559)
(8)

As in Example 4.6, @ may be represented alternatively in the form

> oy paldet A AdiE A A e, (5.60)
k

Evidently, w has n components and given a Riemannian metric, w defines a unique
vector. In the general non-Riemannian case, many physical objects that are mod-
eled in the Riemannian case by vectors, are modeled as (n — 1)-forms. This holds
in particular for fluxes, e.g, fluxes of mass and heat, and for the electric current
density. When a flux is modeled as an (n — 1)-form, the divergence of the flux, is
not a scalar as in the Riemannian situation but an n-form determined by a single
component. The divergence operator in this setting is the exterior derivative of @
represented locally as

Zwl...ﬁ...n,k(xi)dxk Adxl A adek A A"
k
= Z(_l)k_lwl..ﬁ.“n,k(xi)dxl A AdeE A A da, (s.61)
k

where we used the fact that in Equation (5.53) for each k there is only one term that
does not vanish—the term that does not contain dx*. We conclude that the single
component of dw is given by Zk(_l)k_le,,?,,.n,k

We show next that for an r-form w and a p-form t,
dlont)=doArt+(-1)wAdr. (5.62)
Using (4.58) in (5.52) one has

d(w A7)

=d ( Z Way .0, Ty p,dX M A AT A dxPr A oA dxﬁﬂ) ,
(@).(B)
= Z Doty i Ty py 0 A dX*T A A AP A A P
(@),(B).i
+ Z wal...arfﬂl...ﬂp,idxi Adx? A A AP A A daPr,
(@),(B).i
= Z Oaty.ayi Ty ppy 0 AdX*T A A AP A AP
(@),(B).i
+(=1) Z Oatyot, Ty i X Ao Adx® Adxt A dxPL A A dxPr,
(@),(B).i
(5.63)



from which Equation (5.62) follows.

6. INTEGRATION OF FORMS ON MANIFOLDS

6.1. Partitions of Unity. A partition of unity is a technical tool that enables one
to relate local and global fields.

Let {(¢q, Ua)}2_, be an atlas on a manifold .. A partition of unity on . subordinate
10 {(¢a, Ug)} is a collection {(up, Vj)} of real-valued functions up : ¥ — R, and
corresponding open covering Vj, of ., b € B, satisfying the following conditions
for all b (B need not be a finite set): a. The support, suppup, of up, that is, the
closure of the collection of points for which u;, does not vanish, is a subset of V;, and
Vp is a subset of a coordinate neighborhood U, for somea =1, ..., A;b. up(x) >0
forallx € 5 c. Y pup(x) = 1tforallx € .7 d. each x € .# belongs to a finite
number of sets Vj. It is noted that {(¢4|v,, Vs)}pep may serve as an atlas that may
contain an infinite number of charts but each point is covered by a finite number
of coordinate neighborhoods. Thus, in the sequel we will write {(¢s, V5, up)} for
the partition of unity subordinate to this atlas.

The existence of partitions of unity is a standard result of differential geometry
(see [dR84, pp. 4—7], [AMRSS, pp. 377—-388], [Leco2, pp. $4—55]). Partitions
of unity have various applications. For example, if € Q'(.) is an r-form, then
for an atlas and a subordinate partition of unity {(¢p, Vs, up)}, one hasw = Y, wp,
where @, = upw, so that each of the forms w, may be represented locally using
@p. Conversely, let {wp : Vb > A" Vb, b € B} be a collection of local forms. A
local wp, may be defined using the chart (¢p, Vp), and a form @, in ¢,{V}} so that
wp(x) = Te;(wp)(x) for x € Vp and wp(x) = 0 outside V;. Then, Y~ upwy is a
smooth r-form on . determined by the local forms wj, and the partition of unity.
(If the local forms wy, agree on the intersections of charts, it may be shown that the
resulting w does not depend on the partition of unity.

6.2. Orientation on Manifolds. The n-dimensional manifold .7 is orientable if
there is an n-form 6 on .# such that 6(x) # 0 forall x € .. If . is orientable, such
an n-form 0 that vanishes nowhere is referred to as a volume element. From the point
of view of continuum mechanics, a volume element may represent a positive (or
negative) density of a positive (negative, respectively) extensive property such as
mass density, energy density, etc. A local representative of a volume element is of
the form 61, (x*)dx! A --- A dx" for which the smooth function 61, (x?) does not
vanish anywhere. We can assume that the coordinate neighborhoods that make up
an atlas are connected sets for otherwise, we can restrict the charts to connected
components of coordinate neighborhoods. It follows that for such an atlas, the lo-
cal representatives 61, (x') are either positive everywhere or negative everywhere.
Since by reordering the coordinates we can change the sign of dx! A --- A dx" we
can assume that 61, (x') are positive everywhere for every chart. It follows from
Equation (5.36) that the Jacobian determinants of the coordinate transformations
between all pairs of charts are positive, det(dx’/dx'") > 0. In fact, if the Jacobian
determinants are positive, one can use a partition of unity to construct a volume



element. Hence, orientability is equivalent to the existence of an atlas for which
the Jacobian determinants of coordinate transformations are positive.

Given a volume element 6 on an orientable manifold ., any n-form p may be
represented as p = ub for a real valued function u defined on .. A typical local
representative & of u is given in terms of the local representatives of p and 6 by
i(x") = p1.a(x")/01..n(x"), where we use the fact that 6y, does not vanish.

A volume element induces an orientation on an orientable manifold .. Two
volume elements 6 and 6" induce the same orientation on .7 if 6’ = u6 for a positive
function u. Evidently, there may be only two orientations on a connected mani-
fold, the one induced by 6 and the one induced by —6. An orientable manifold .
together with a choice of one of the two possible orientations is referred to as an
oriented manifold. Let 6 be a volume element that represents the given orientation.
An atlas for which all the local representatives of 6 are positive will be referred to
as an oriented atlas.

An orientation of the manifold . induces an orientation on each of its tangent

spaces. An oriented collection of n linearly independent tangent vectors (v1, .. ., vy),
v; € Ty is positively oriented if 6(x)(v1, ..., v,) > 0. For a positively oriented
chart, the collection of base vectors (3/dx?, ..., 3/3x") is positively oriented.

We want to describe now how an orientation on a manifold with a boundary in-
duces an orientation on the boundary. In order to do that, one has to study further
the tangent spaces to the manifold at points on the boundary. Let . be a manifold
with a boundary and y € 8.. A curve c at y need not be defined on an interval
(—¢, €) because such a curve is represented locally by a curve ¢ valued in R"~ with
é(0) = (y',...,y""1,0) and the manifold does not contain points with y" > 0.
Thus, for defining the tangent space at a boundary point y we admit curves rep-
resented by the restrictions to (—e, 0] or to [0, &) of curves ¢ : (—e€,€) — R", for
some € > 0, with ¢(0) = ¢(y) = (y%,...,y"1,0). Tangents to such curves are
well defined since they are induced by the derivatives of the representing curves ¢
at zero. This makes the tangent space at y isomorphic to R" as expected.

A tangent vector v € Ty, y € 0.7 is said to be inward pointing if for an oriented
chartinaneighborhood of y itis represented in the form (vl, ..., v")withv" < 0;v
is outward pointing if v* > 0. These properties do not depend on the chart chosen. Let
t: 9 — . be the natural embedding of the boundary and denote byt : 7.9 —
& and 1y : T(0.) — 9.7 the tangent bundle projections for the manifold and
its boundary, respectively. We also have the vector bundle *(z») : *(T.%) - 9.7
whose fiber at any point y € 3.7 is Ty.# so that (*(T.”) is simply the restriction of
T.# to the submanifold 9.7

Assuming.¥ is oriented, using a partition of unity subordinate to an oriented at-
las, one can construct a nowhere vanishing field of outward pointing vectors. One
has to patch together local representatives of vector fields of the form (0, ..., 0, 1).
The nowhere vanishing field of outward pointing vectors is a section w : 9. —
*(T). Given avolume element 6 on ., a collection of linearly independent vec-
tors (v2, ..., Un), v; € TydB and an outward pointing vector v, the vectors (v, va, ..., vy)
are linearly independent and so 6(y)(v, v, ..., v,) # 0. Thus, for any nowhere
vanishing outward pointing vector field w, w16 is nowhere vanishing on 3.7. It



follows that w16 may serve as a volume element on 9.%. The orientation on .%
induced by 6 determines an orientation on 9.% for which the vectors (ve, ..., vy)
are positively oriented if (v, va, ..., v,) are positively oriented in .7

Remark 6.1. There is a slight complication that stems from the definition given
above for the positive orientation of the boundary. Given a coordinate neigh-
borhood at the boundary belonging to a positively oriented atlas in .7, the form
dx! A--- Adx" is a positive volume element. The vector §/3x" is outward pointing
and so the induced orientation is determined by the form represented locally as
3/9x"sdx! A - A dx™ and using (4.84) one has

a

ax"

This implies that the form dxIA--.Adx"1and the chart with coordinates x1, ..., x"~1
are negatively oriented if the dimension is even.

sdxt Ao Adx” = (=) e A A dxTE (6.1)

63. Integration on Oriented Manifolds. The natural objects to be integrated
on an n-dimensional oriented manifold .# are n-forms. An intuitive motivation
for the role of differential forms as integrands is given below in Section 6.5 on in-
tegration over chains on manifolds.

Let p be an n-form defined on the oriented manifold .. Let {(¢p, Vs, up)} be a
partition of unity subordinate to an oriented atlas. Expecting that the integral will
be linear in the integrands, we expect that

fy P= fy(; ub>'0 = Xb:fy Upp- (6.2)

Thus, it will be sufficient to define the integral for a form that is compactly sup-
ported on the domain of a chart. Let @ be an n-form which is compactly supported
in the domain of the oriented chart (¢p, V;) and let the local representation of «
be a1, (x")dxt A--- A dx". Then, the integral of @ over .7 is defined by

/ o= / atp(xDdxt - dx (63)
4 @b{Vp)

The integral of a form on a manifold is computed now using Equation (6.2). One
can show, e.g, [Lee02, pp. 353—355]. that the definition is independent of the choice
of oriented atlas and partition of unity. A basic element in proving the indepen-
dence of the integral on the choice of atlas is the transformation rule (5.36) for
n-forms and its relation to the transformation rule for integrands of functions de-
fined on R".

It follows from the definition of the integral of a form that if one reverses the
choice of orientation on the manifold .7, the opposite value will be obtained for
integral of an a form p.

6.4. Stokes’s Theorem. Let.” be a compact manifold with aboundaryand let: :
0.7 — ., 1(x) = x, be the inclusion of the boundary in .. The inclusion mapping
induces the tangent Tt : T(3.¥) — T.%, 1(v) = v, the inclusion of vectors tangent
to the boundary in the tangent spaces to the manifold, and 7¢* : Q"~!() —



Q"~1(3.7) that restricts (n — 1)-forms defined on the manifold to vectors tangent
to its boundary (¢f. the analogous Sections 4.11, 5.5, 6.2).

an (n — 1)-form o in a chart for a manifold with a boundary as in Section 5.I. As an
(n — 1)-form on an (n — 1)-manifold, 7:*(w) has but one component t*(w)1. n—1
given by

()G

ie., the component for which the omitted term k equals n. (See Section 73 for a
more detailed representation of T¢*.)

Stokes’s theorem in differential geometry is a generalization of the Gauss, Green
and Stokes theorems of multi-variable calculus. It does not use a Riemannian met-
ric and it has a very compact form using integration of forms on oriented manifolds.
It states that for an (n — 1)-form w on .,

/da):/ T*(w), orinshort, /da):/ w. (65)
4 0.7 54 9.7

Using a partition of unity to localize the forms to coordinate neighborhoods, it
is sufficient to prove the theorem for a compactly a supported form w defined on an
open subset U of R"~, where U = U N 9R"™ and dR"~ = {x € R" | x" = 0}. Thus,
we consider the integral over 9U of the (n—1)-form T¢*(w), where w is supported in
a chart in a neighborhood U of the boundary with oriented coordinates xl, X"
By the definition of the integral above, we have to evaluate the integral using a
positively oriented chart on §U. However, by Remark 6.1, (=1)"“1dx! A+ - - Adx" 1
is positively oriented rather than dx* A --- A dx"~L.

Thus,
/ TL*(a)) = / (—l)n_la)ln_nfldxl A Adat
U 1%

66)
= / (=1)" oy po1dxt - dxt
U

Using Example 5.9 and Equation (6.6) the local version of Equation (6.5) be-

comes

/U;(—l)k_lwlmgmn’k(x’.)dxl-~~dx" :/E)U(—l)"_lwl_..n_l(xi)dxl-~~dx"_1.
(67)



For the integrals on the left with k < n, we have

/ wl..jc\...n,kd‘xl it = /n_ wl_,.ic\...n,kdxl s -dxn,
) : (6.8)

= f (f a)l..}mn’kdxk> dxl'ud/x\k...dx",
RO-D- \JR

where for the integral in the parenthesis

k

/;wlujc\...n,kdxk = wl?n(x)|§kziom =0 (69)

as w vanishes outside a compact subset of U. Thus, all integrals in (6.8) vanish for
k < n. If U does not intersect dR"~, the same holds for k = n and in this case, the
right-hand side of (6.7) vanishes too. If 3U # @, then

/ wl'_.nflynd_xl e d_xn = / wl...nfl,ndxl e dxn’
U n—

_ / (/ wl,,_n_l,,,dx">dxl...dx"—l,
R(=1) \JR-

x"=0 n—
= fR(M) o1 a1 ()L dxt o dx T
:/ a)l...n—l(x)|x":0dxl ...dx"_l.
R(n—l)
We conclude for the left-hand side of (6.7),
/ DD oy zhdat e dx” :/ (=" o1 1 () |er—odx! ... dx"L,
vs kn, )
(6.11)

(6.10)

and as w1._p—1(x)|xn—o vanishes outside U, (6.7) follows.

65. Integration over Chains on Manifolds. In order that geometric objects
such as simplices and chains, which do not have smooth boundaries, may serve as
domains of integration, integration theory is extended as described below.

The standard r-simplex A" is the simplex in R” with the first vertex at the origin
such that the vectors to the other vertices are v; = e;,i = 1, ..., r, where e; is the
i-th standard base vector in R". The orientation of A" is induced by the standard
orientation of R". A singular r-simplex in a manifold . is a smooth map s : A" — .%.
As the simplex is not an open set, smoothness means that there is an open set U €
R" containing A" such that s is the restriction of a smooth map s, : U — .% to A”.

We want to regard the faces of singular r-simplices as simplices too. So first

one defines mappings kp:Ar_1 — R, p =0,...,r, and presents the faces of the
standard r-simplex as singular (r — 1)-simplices. These mappings are defined as

kp(xl, .. ,xr_l) = (xl, oxP o xP, ,xr_l), for p=1,...,r, (612)
and

r—1
kg(xl,...,xr_l):<1—ij,xl,...,x’_l>. (6.13)
j=1



The derivatives of these mappings are clearly uniform and are given in terms of the
standard bases by the matrices

1 0 0 --- 0 O
o . 0 --- 0
0 1 0
[Kpl=[Dkp)=| : : 0 0 : < pthrow, p=1,...,r
1 0
0 0 O 0 1
(6.14)
and
-1 -1 -1
1 0
[Ko] = [Dko]=| O 1 0 : (6.15)
0 0 1

One can verify that when applied to the standard basis {e1, ... e,_1}, one obtains

Ko(e;) = ej11 — ey, Kpy(e)) =ep, forl < p, Kp(e) =ey1, forl > p
(6.16)
in accordance with Equation (2.22).

An r-singular chain on the manifold .# is a formal linear combination 3, a's; of
singular r-simplices. The chain 1s is identified with s and (—1)s is identified with
the simplex obtained from s by reversing the orientation of the standard simplex.
Triangulation theory implies that differentiable manifolds may be represented as
chains (see [Whis7, pp. 124-135]).

We now consider the boundary of a singular r-simplex s, the singular (r — 1)-
chain ds. In order that the definition of orientations agrees with Equation (2.22),
one defines s, = s o kp, and

s =Y (=1)Ps, = (=1)Psokp. (6.17)

P p

The boundary operator is extended to chains by linearity. It is noted that in the
last equation (—1)s is regarded as a multiplication of the simple chain s by —1 thus
reversing its orientation. It does not indicate the multiplication of the mapping s
by —1 even in the case where such a multiplication makes sense, e.g, (—1)Pk,.

Let s be a singular r-simplex on an n-dimensional manifold .# and let  be a
smooth r-form defined in a neighborhood of D = s(A”). We will refer to w simply
as a smooth form over s. The integral of w over s (over D) is defined by

/;w_/D“’—/rTS*(w) —/Ar wy_pdxl - dx”, (6.18)



where, w1._dx! A - A dx" = Ts*(w) is the pullback of w to A” C R using the
simplex mapping s. The definition of the integral implies that if one reverses the
choice of orientation on the simplex s, the opposite value will be obtained for the
integral of a form w.

The definition of the integral of a form over a simplex suggests an intuitive mo-
tivation for the role of differential forms as integrands. For a singular simplex s,
and using the mean value theorem for integration in R”, there is a point P € A"

such that
/w:/ o1 pdxt o dx”,

=w1..-(P) N dxt-odat, (6.19)

1
= _|U)1...r(P)-
r.

Letting {e1, ..., e,} be the standard basis of R” and v; = T's(P)(e;),
w1.,(P)=Ts*(w)(P)(e1,...,e),

— o(s(P)(v1, ..., V). (6:20)

We conclude that

/a) = la)(s(P))(vl, cey V) (6.21)

r!

so that the integral is approximated by the evaluation of the form on the vectors
tangent to the edges of D.

Remark 6.2. The last equation contradicts our interpretation of the action of an al-
ternating tensor on the r-tuple of vectors (v, ..., vr) as providing the total flux
through the oriented simplex they determine. The division by r! implies that for
an alternating tensor T, T (v1, . . ., vy ) should be interpreted as the flux correspond-
ing to the r-cube that the vectors determine. This inconsistency follows from the
definition of the integral as in Equations (6.3) and (6.18). The interpretation of
the action as a flux through the simplex would be accurate if the integral would be
defined alternatively as

r!/ w1 qdxledx" = / Z(_l)lﬂlwnl...nrdxm coodxTr (6.22)
Ar r =

Nevertheless, since we rely on the simplex constructions in Section 3, since we do
not want to change the traditional definition of the integral of a form, and since
for simplicity of notation we do not want to write the flux through the simplex as
T(v1,...,v,)/r!, we ignore this inconsistency.

Letn : 4/ — . be afiber bundle and s : A" — ./ asingular simplex. We say
that w is a smooth section of .4 over s if it is the restriction of a smooth section
of 4 to Images. If B = Y, a's; is an r-chain on .#, a smooth section w of .4
over B is a collection of smooth sections over the various simplices that make up
B. (Thus, w is not necessarily extendable to a global smooth section.)



If B =Y, als; is an r-chain, the integral of a smooth form w over B is defined
by linearity as

/w:Zal/ wy :Zal/ wy, Dy = s;{A"}, (6.23)
B | Dy i S7

where wy is the smooth form over s; in the definition of a smooth section over a
chain.

By subdividing an r-chain into small simplices s; and letting Q; € D; = s;1(A,),
the integral of a form over a chain may be approximated by a sum in the form

1
=N d w01, ... v), (6.24)

r!
)

where v is the tangent to the p-th edge of D;.

Using an analogous procedure to the proof of the Stokes theorem for oriented
manifolds, in particular, the fundamental theorem of calculus, Stokes’s theorem for
chains on manifolds may be proved in the form (see for example [War83, AMRSS,

Leeo2])
/Bda) = /8B , (6.25)

Remark 6.3. Itis noted that in addition to allowing non-smooth boundaries and en-
abling integration of forms on regions of dimension lower than dim .7, integration
theory over chains does not require that the manifold be orientable. Furthermore,
the term “singular” is used in order to indicate that in general there is no require-
ment that s will be injective. However, integration on chains was presented above
as a tool that allows one to consider the non-smooth boundaries of regular (rather
than singular) simplices on manifolds. Other approaches that allow that are avail-
able (eg. the standard manifolds of [Whisy, pp. 108-110], or manifolds with corners as
in [Leeo2, pp. 363-368]). Integration theory on chains seems to us to have an
appealing geometric flavor. In the sequel, for all chains on manifolds that we will
consider, the mappings s, will be non-singular so that their inverses may serve as
charts.

for any r-chain B.

7. BALANCE PRINCIPLES AND FLUXES

One of the basic notions of continuum mechanics is that of an extensive prop-
erty. The term extensive property is used to describe a property that may be as-
signed to subsets of a given universe. This includes for example, the mass of the var-
ious parts of a material body, the electrical charge enclosed in regions in space, etc.
Thus, an extensive property is a real valued set function p. These notes consider
extensive properties that may be represented by smooth densities. For less regular
extensive properties see, for example, [Sil85, GWZ86, NV88, DMM99, RSo3].



7.1. Densities of Extensive Properties. The setting of the theory of extensive
properties presented here considers a fixed physical space modeled by an n-dimensional
differentiable manifold .#. Alternatively, one may wish to interpret . as the ma-
terial manifold so a point x € .% is a material point having an invariant meaning.
Since we are going to use integration later on, we will assume that .7 is orientable
and that a particular orientation was chosen.

We will refer to “regions” for which we can define the total amount of the prop-
erty p as control regions when we interpret .# as the space manifold and as subbodies
when we interpret . as the material manifold. The term “region” will be used
when the particular interpretation is immaterial. Thus, admissible regions are com-
pact n-dimensional submanifolds with boundary of . or chains in .. In accor-
dance with the smooth setting, it is assumed that there is an n-form p defined on
& that models the density of the property p. Using integration of forms, one can
now calculate the total amount of the property

p(Z) = /@p (71)

in any region Z for which the integral is defined.

From a naive point of view, spacetime, or the event space, has the structure of a
Cartesian product.# x R so that any event may be assigned a specific location in .
and a specific time ¢ € R. Our ability to assign a particular pair of time and place to
any event implies that we have a particular global frame on spacetime (¢f Example
5.5). A more general structure of spacetime will be considered later in this section.
This means that in general, the density p of a property p should be time dependent.
Since the value p(x,1) € A" (T.%)—a fixed vector space, we may differentiate it
with respect to the time variable and obtain the n-form g = 9p/dt on .. Thus,

for a fixed region #
dp(%#) _ /

represents the rate of change of the amount of the property p inside Z.

In the classical setting of continuum mechanics it is assumed that the change
of the amount of property within the region Z is a result of two phenomena: the
rate at which the property is produced inside # and the rate at which the property
leaves % through its boundaries—the flux of p.

The flux of the property is assumed to be distributed smoothly on the boundary
of Z. Hence, whether the admissible regions are compact n-dimensional subman-
ifolds of . or chains, integration of (n — 1)-forms on their boundaries is well de-
fined. It is assumed that for each region #, there is an (n — 1)-form 4 called the
flux density such that the flux of p is given as

[ o
0K

In the sequel when no confusion can occur, we will omit the % subscript and use
only 7.




The production rate of the property inside Z is assumed to be represented as

/ g?
R

where, ¢ is an n-form on ., the source density, which is independent of 2. Thus, the
classical balance law assumes the form

Lo=[ [, ¢

for each admissible region Z.
Equation (73) implies that

/mwf = %(g—ﬁ),'

</, s —pl.
4

where the absolute value of an n-form is defined as follows. Let 6 be a volume ele-
ment on . which is compatible with its orientation and let w be an n-form. Then,
since the space \"(T}.7) is one-dimensional for each x € .%, w(x) = a(x)0(x).
The sign of w(x) is identified with the sign of a(x) and || (x) = |a(x)|6(x)

For various results we present later, in particular Cauchy’s theorem on the exis-
tence of flux forms, the balance principle (73) is regarded in view of the inequality
above as a boundedness or regularity postulate on the fluxes for the various bod-
ies. The boundedness postulate for the fluxes states that there is a bounded non-
negative n-form ¢p on .# such that for any region #

/B R f . (75)

On the one hand, this form of the balance principle has the essential ingredients
needed later for the proof of Cauchy’s theorem and on the other hand, it does not
require the specification of both g and ¢.

(7.4)

7.2. Flux forms and Cauchy’s formula. While the rate of change of the prop-
erty and the production term are specified by fields defined on the manifold .77, the
flux term is specified by means of a system of forces—a set-function Z +— t4 whose
domain is the collection of all admissible regions. Thus, it is noted that for a fixed
pointx € . thatis on the boundary of two distinct smooth submanifolds X and #'
the values of the fluxes densities 7(x) € A" (T*%) and 14 (x) € N (T*%')
belong to different spaces and cannot be compared.

Nevertheless, the integration theories presented above provide a simple means
for specifying the flux densities for the admissible regions. Let J be an (n —1)-form
on .. For every region %, the inclusion 1y5: 02 — .7 induces the restriction
paz(J) = Ti,(J), pa = Tty : Q") — Q""Y(0%), as in Sections 4.11 and
6.4. We will refer to such an (n — 1)-form J as a flux form.



Thus, a flux form induces a system of flux densities for the boundaries of the
various regions by

w2 = Tiy5(7) = paz(J). (7:6)
The last equation will be referred to as the generalized Cauchy formula and we will
often omit the #-index if the particular region under consideration is clear from
the context. The definition of the restriction of forms implies that for a point

xo € . and any region Z such that xg € 9%, we have for any collection vy, ..., vy—1
of vectors in Ty, 0%,

(1, ..., vp—1) = J
= J(V1y..e s Unt),s (77)
J

where in the last line we emphasize the point of view that the flux form is applied
to the multi-vector representing the infinitesimal oriented simplex defined by the
vectors. The relation between the current presentation of flux theory in terms
of a flux form and the traditional formulation in terms of a flux vector field was
discussed in Example 4.4.

It is one of the main results of continuum mechanics, namely Cauchy’s theorem,
that under rather general assumptions, referred to as Cauchy’s postulates, a system
of flux densities is induced by a unique flux form using Cauchy’s formula. Present-
ing a version of Cauchy’s formula and theorem for the general situation where a
Riemannian metric is not available is one of the main objectives of these notes.

73. Extensive Properties and Cauchy Formula—Local Representation. We
now present the coordinate description of the objects and relations given above.
Letx!, ..., x" beacoordinate system in a neighborhood of a point xg. Then, omit-
ting the dependence on time, the n-forms p and g are represented locally using the
scalar functions p1_,(x%) and By, (x) as p(x) = p1..(x))dx! A -+ Adx" and
B(x) = Br.n(x)dx! A--- Adx", respectively.

The flux density 4 should be represented using a coordinate system on the
(n — 1)-dimensional manifold %, say yl, ..., y""1. Thus, in such a coordinate
system, Ty is represented in a neighborhood of the boundary point yy using the
scalar function 41 _,_1 in the form

t2(y) = Tt a1y dyt A A dy" (78)

The local expression for the flux form J € Q"~1(.%), in a coordinate neighbor-
hood x1, ..., x", is (¢f Example 4.4)

J) =3 Jayayy () e A Adx®t =30 2 () det A AdiF A Ad”
(o) k

(79)

and

d d
T = 5o 5 )



Locally, the inclusion 3% — .7 is represented by n functions x' = x’(y!, ..., y*=1).

Thus we have
(Byl’) Z pax” p=1....,n—1,

and for a vector v € Ty,0% represented locally by v = °,v”9/3yP, we have

TL( ) = Z i x',uP 3/ax" which we may write with some abuse of notation as
v =20, X P
The evaluatlon t#(v1, ..., vp—1) is represented as
T%(Ul, ey Un—l)
0
_ 1 . n 1 P1 Pn—1
=T1.n-1dy" A <Z aym v, awm)’
P1 Pn—1
d d
P1 Pn—1 1 n—1
:ZT@I...n—lvl ~~~vn_1dy Ao ANdy ( e ),
P1 Pn—1
- dy dyPn (710)
Pn—
= Z T?Zl...n—lvll)l T vn_llgpl..‘pnfl ’
0
=Tl -1 det[(vp)q], pq.pp=1,...,n—1

The evaluation of the flux form J is represented locally as in Equation (4.74) by

T (V1, .o, Up—1) = J(V1, ..., Un—1)
= det([( 1)k 1J1...k...n] PUpt e ; Ufﬁf)v (7.11)
where, i,a; = 1,...,n — 1. We use the local representations of Cauchy’s formula

(7.7) to obtain

ad ad
T#1..n—1 = T<W7 AR 8yn—_1>a
ol 0
(1o ) 1(5r) )
(7.12)

a a
_ 251 QAp—1
= J(Zx’1 9x01 ) -e.’x’n_l axan_1>v

o1

= det ([(—1)"_1]1'”;“”] A RTRIE ; xi[’ji) .
Thus, the density of the flux through the boundary is obtained by the determinant
of the matrix comprised of the components of the flux form in the first column

and the matrix of the derivatives of x' = x/(y”) representing the embedding of the
boundary 0% in Z.

7.4. Cauchy’s Flux Theorem. We now present sufficient conditions for the ex-
istence of flux forms, i.e., conditions for Cauchy’s formula to hold for some (n —1)-
form J over .. Clearly, if such a form exists, it is unique. The assumptions made
so far may be summarized as follows.



7.4.1. Assumptions.

Assumption 1: Boundedness. For any admissible region # there is a smooth (n—1)-form
74 such that the bound (75) holds for some non-negative bounded n-form ¢ (we
omit the subscript o for simplicity) defined on ..
The next assumption traditionally known as Cauchy’s postulate is a locality as-
sumption. Before makingit, we note that forapointx € ., the evaluation 7 (x)(v1, ..., Va—1)
is well-defined only if vy, ..., v,—1 € TxdZ. We interpret t4(x)(v1, ..., vp—1) as
the infinitesimal flux of the property out of the region % through the infinitesimal
oriented simplex induced by the positively oriented collection vy, ..., vy—1. In case
the collection of vectors is negatively oriented, t4(x)(v1, ..., vp—1) is interpreted
as the infinitesimal flux into the region.

Assumption 2: Cauchy’s Postulate of Locality. Letvi, ..., vy—1 € Ty, x € ./, be a collec-
tion of n — 1 vectors. Let Z be any region such thatx € 02, v1, ..., va—1 € T, dZ,
and the collection of vectors is positively oriented relative to the orientation of 3.%.
Then, 7 (x)(v1, ..., vy—1) is independent of Z.

Cauchy’s postulate implies that for the given pointx € .7, 7%(x) depends on Z
only through the tangent space T d# and the orientation induced on it. In other
words, let 1y : 9% — . be the natural embedding, and let Ty : T(0#) — T
be its tangent mapping. It follows that if for two regions Z and %', T 1y {T 0%} =
T {Tc0Z'} and the orientations induced on Ty {Ty 0%} and T 15 {T0Z'} are
identical, then, 74(x) = 74 (x). Cauchy’s postulate makes it possible to define a

mapping

te: (T 1 — R (7.13)

such that for any collection vy, ..., v,—1 of vectors

te (v, .., 0pm1) = T2(x)(V1, ...y Up—1) (7.14)
for any region Z such that the collection v1, ..., v,—1 € TxdZ are positively ori-
ented. Thus, the order in which the collection is written, specifies the orienta-
tion for which t,(v1, ..., v,—1) applies. We observe that the mapping t, is anal-
ogous to the mapping T for homogeneous fluxes as in Equation (3.16). At this
point, for an odd permutation 7, there is no relation between t, (v1, ..., vy—1) and
ty(Vrys -+ vy U, ). Itisnoted that because of the compatibility with t4, ty (v, ..., vp—1)
depends only on the multi-vectorv = viA- - -Av,—1. Inother words, t, (v1, ..., vy—1)

depends on the arguments multi-linearly as long as the arguments are restricted to
some arbitrary (n — 1)-dimensional hyperplane. Globally, we have a mapping,

t: 7" 1 5 R, such that t(r, o1 = ty, (7.15)

where T"~1.# — .7 is the vector bundle whose fiber at x € .7 is (T;.#)"~ 1. We
will refer to t as the Cauchy-Whitney map. Since T"~1.% is a vector bundle over . —a
differentiable manifold, the next assumption may be made.



Assumption 3: Regularity. The mapping t is smooth.

We will refer to the collection {r4} for the various regions Z satisfying the fore-
going assumptions as a system of Cauchy fluxes. To prove the existence of an n-from
J, such that 74 (x) = Tx(},(J (x)), we show that the assumptions of Section 3.1 are
satisfied so that the algebraic Cauchy theorem as in Section 3.4, may be used.

We first note that by its definition in terms of 74, the mapping t, satisfies the
additivity assumption (3.4). The homogeneity assumption in Equation (3.2) also
follows from the homogeneity of 7. It remains to show that the balance assump-
tion of Section 3.1 holds. As mentioned in Remark 3.2, once balance holds, the
additivity assumption of Equation (3.5) is satisfied.

7.4.2. Notation. Letvy, ..., v, € Ty bean oriented collection of vectors. We use S
to denote the simplex [v1, ..., v,] andlet S,, p = 0, ..., n, be the oriented faces that
make up its boundary, ie., 35 = > pSp Inview of (2.22) So = [va—v1, ..., v, —v1],

and S, = (—1)”[v1,...,Vp, ..., va), p > 0. Since the Cauchy mapping t, applies
only to positively oriented collections of vectors, we will represent each S, p > 0,
in the form

SP:[Un{’""’ﬁp""’vn,f,l}’ (7.16)
where each 7?, p = 1,...,n is a particular permutation of n — 1 symbols cho-
sen such that (—1)7"l = (=1)?. (For an even value of p, 7? will be taken as
the identity) Consider the increasing injection v” : {1,...,n — 1} — {1,...,n},

p ¢ Imagev?, and let u? = v? o 7P, then each face may be represented in the
form S, = [vﬂzlu . qu,’,l]’ p > 0. The [-th vector defining S, in this way will be
denoted by Sy, e, Sy = Uy for p > 0. We will extend the notation to Sy so that
Sor = vi41 — v1. Thus, S, are well defined forall p =0,...,nandl =1,...,n — 1.
Evidently, the simplices S and S, are viewed as simplices in an affine space as in
Sections 2 and 3. We have to show that

£:(95) = > te(S,) =0. (717)
p=0

Consider a chart (¢, U) in a neighborhood of x. Since we can always adjust the
chart mapping by a composition of a linear mapping and a translation, we may
assume without loss of generality that ¢(x) = 0 and Te(v;) = e;, {e;} being the
standard basis of R".

We also want to exhibit the oriented faces of the standard simplex as mappings
defining oriented singular simplices (as opposed to the faces k), defined in Section
6.5 that do not specify the correct orientation). We define the maps k), : A""1 —
R" by

Kp(xl,...,xnfl) :kp(xﬂlp,...,x”'ffl) (7.18)
where k), are the faces of the standard simplex defined in (6.12,6.13). For an odd
value of p, Dk, is obtained from Dk, by switching columns of the matrices. Sim-
ilarly to the notation S,;, we will use ¢,; to denote the /-th vector in the p-th ori-
ented face of A" 1. It follows that

ept = Txo(Sp1) = Dkp(er), p=0,...,n, I=1,...,n—1 (7.19)



AsV = ¢(U) isan open neighborhood of the origin, there is a positive number ag
such that the n-simplex A generated by the origin and the points age; is contained
in V. Thus, Ag = ¢~ (Ap) is an admissible region induced by the singular simplex
so == ¢ Lo (apld) : A" — ., where Id : A" — R" is the identity mapping.
Similarly, for a,, = 27"ay, let A, be the n-simplex generated by the origin and
the points ape;, and set A,, = 9" HA,)} € 7. Let App be the oriented simplices
that make up 94, and Amp = (p_l{Amp}. We observe that A,, is the image of the
singular simplex s,, = ¢! o (@ Id) : A" — % and the faces Amp are the images of
the singular simplices s, = o o (anld) o Kp A" 7 with 3s,, = Zp Smp-

7.4.3. Construction. Using the boundedness assumption for A, forallm =0, 1,2, ...,

we have,
S AT
)4 P Smp

mp
where t5 is the restriction of t5_ to the p-th face. Using integration on singular
Amp Am

/A g:/ g:/ (Tsm)*(c)1... pdxt - dx", (7.21)

By the mean value theorem for integration, there is a point q,,, € A” such that

< / c (720)

Am

simplices

[ T (Ot b = (Ts) (Ornn) (72D

"l

where 1/n!is the measure of the n-simplex. Using x,, = s,(q,,) = ¢~ 'o(am1d)(q,,),
we have

(Tsm)* (5 )1.c.n ()
= (Tsm)™(s)(@n)(e1 ..., €n),

= 6t [ Ta, (07" 0 (@nld))(e1), .. T, (67" 0 (amld))(en)].
= 6 () [ Tanq, 9™ (@ne), - Tupq, 0™ (anen)]. (723)
= 6 (i) [Tana, @ (€0), o Taga, 97 (o)
= ap(Te™)*(5)(amqy)(e1, .-, en),
where we applied
Tq, (9" 0 (amld)) = T, 14(q )¢ " © Tq, (@mld) = Ty,q,¢ " o (anld)  (724)

which follows from Equation (5.25) and the linearity of a,, Id. Thus,

[o s = e O er . e (725)
A, n!



Similarly, using the mean value theorem for the integrals over Ay,

1 -1

Ap P
1

= rl)!(Tsmpy(TAmp)l...,nfl(qmp),

(7.26)

for some point q,,, € A1, With xpmp = $ip(q,) = 971 0 (am1d) 0 kp(q,,,), one
has
(Tsmp)*(15,,)1..n=1(Qmp)
= (Tsmp)™(rx,, N Qmp)(e1, ..., en-1),

= A, (Xmp) [Tqm,, (‘P_l o (amId) okp)(er), ...
Cey Tqmp ((p_l o (am Id) (¢] Kp)(en_l)] , (727)
=a, ‘CAmp (xmp) I:Tamkp(qm,,)(p_l(epl)’ e

s Tamfcp(qmp)(p_l(epn—l)] .
To arrive at the third equality above we used
Tqmp ((Pil o (amId) o kp)ep) = Tarnkp(qmp)¢71 o TKp(qmp) (am1d) o Tqmpl(p(el),
= amTasz(,,(qm,,)(/)_1 © TKp(el),

= am TamKIJ(qnip)(p_l (epl)’

(7.28)
noting that Ty &, is independent of the point where it is evaluated and clearly,
TKp(qmp)(am Id) = a,,1d.

The balance equation (7.20) for the simplices A, assumes the form

‘Z n i 1 Amp mp) I:Tamkl’(qmp)(p_l(epl)’ Tt TamKP(qmp)(p_l(epn_l)]

<ap(Te ) (s)(amqy,)(e1. ... en). (7.29)

Dividing both sides of the inequality above by a,~!, we take the limit of the equa-
tionasm — oo. Noting thatlimy,— oo a@m = 0, limy— 0o Ximp = X, limy— 00 amkp(Qyp) =
0, one obtains from t Ay Fmp) =ty and the regularity assumption that

th [To(p 1 epl , T()(p_l(epn_l)] =0. (7.30)

As Sy = To(e~ 1) (epr). see (7.19), we can finally write

D t(Sp) =0. (731)
P



We conclude that all the assumptions made in Section 3.1 are satisfied. It follows
that at each point x € . there is an (n — 1)-alternating tensor J(x) such that
te(v1, ..., vp—1) = J(x)(v1, ..., vp—1). Equations (7.6) and (7.7) follow.

75. The Differential Balance Law. By the regularity assumption the Cauchy
mapping t is smooth. In addition, it follows from Cauchy’s theorem that the flux
(n —1)-form J : ¥ — N\""HT*.%) satisfies J(x) = t,, and it follows that J is a
smooth form. For a given region %, using (7.6) in the balance equation (7.3) one

obtains
/ TL;@(J)-F/ B :/ c. (732)
OX 74 AR

We can apply Stokes’s theorem to the boundary integral above so that

/@dj+/yj~ﬁ:[%5' (733)

Since the equation above holds for an arbitrary region, we conclude that the balance
equation is equivalent to

dJ+B=¢ (734)

—the differential balance law.

8. PROPERTIES OF FLUXES

8.1. Notes on Orientation. We collect here some notes regarding the orienta-
tion aspects of the foregoing analysis.

(1) We interpret 74 (x)(v1, ..., vy—1) as the infinitesimal flux of the property
out of the region # through the infinitesimal oriented simplex induced
by the positively oriented collection vi, ..., v,—1. In case the collection
of vectors is negatively oriented, 7 (x)(v1, ..., vy—1) is interpreted as the
infinitesimal flux into the region.

(2) We defined

te(v1, e 1) = T2(x)(V1, ..o, Up—1) (8.1)

for any region % such that the collection vy, ..., v,—1 € T+ dZ are positively
oriented. Thus, the order in which the collection is written, specifies the
orientation for which t, applies. At this point, for an odd permutation 7,
there is no relation between ty (v1, ..., vp—1) and ty (vr,, ..o\ V7, ).

(3) Assume that Z and %’ are two regions whose boundaries are tangentat x €
e, H=Tuiyp{Tx 0%} = Tiyz {T0%'}. Assume also that the regions Z
and #’ induce opposite orientations on the hyperplane H. Consider the
collection of tangent vectors vy, . .., vp—1 € H which is positively oriented
relative to 3% and negatively oriented relative to 3%'. It follows that for



an odd permutation 7
T (x)(v1, ..  Un—1) =t (V1, ..., Un—1),
=J(x)(v1, ..., vp—1),
= —J(X)(Vryseevs Vo ) (8.2)
==t (Vrys o v es Uy )s
= =1 (x)(Vrys ooy Uy ),

where in the last line we used the assumption that vy, ..., vy, | are pos-
itively oriented relative to 8%’. This result exhibits the way that balance
implies that the flux density out of Z is the flux density entering #’. In the
vector valued case this property implies Newton’s law of action and reac-
tion.

(4) The foregoing observations motivate the engineering practice, used mainly
for internal forces) to associate with a hyperplane a pair of opposite fluxes
(7, —7), which apply to the two possible orientations of the hyperplane.

8.2. Kinetic Fluxes and Kinematic Fluxes. We describe here some of the prop-
erties of flux (n — 1)-forms that generalize familiar properties of flux vector fields
in the case where an inner product of vectors is available. First it is shown, how a
volume element, a weaker geometric structure than a Riemannian metric, enables
one to represent the flux form by a vector field.

Let 6 be a volume element on .. Locally, for a positively oriented chart in .7, 6
is of the form

01 () A A e (83)

where 61, (x') > 0. Letv : .¥/ — T.¥ be a vector field in .7, represented lo-
callyby ; vi(x)d/dx!, then, using Example 4.6, the (n — 1)-form v6, (v26)(x) =
v(x)260(x) is represented locally by

Z(—l)k_lelu_nvkdxl Ao adik AL dx (8.4)
k
Let J be an (n — 1)-flux form. The condition that J = v26 may be written for the
local representation Y, J; 7 ,dxtA--- Adik AL dx" as
Jl..jc\...n = (_l)k_lel..-nvk' (85)
Since 61, , > 0, given J, there is a unique vector field v given locally by
J o~
01..n
In other words, the volume element 6 induces a vector bundle isomorphism
n—1
w: \(I*9) — 15 (87)

whose inverse is given by 1 (v) = v_6.

If a positive extensive property is under consideration, such as mass or entropy,
the density p of the property, a positive n-form, may be used as a volume element. It
follows that in such a case the vector field w = 1, (/) is physically meaningful. For



example, for the case of the mass property, J indicates the flux of mass and w =
t,(J), obtained by dividing the components of the mass flux (with the appropriate
sign) by the mass density, models the velocity of the mass particles. Therefore, for
a case where the volume element used is the positive density of the property under
consideration, it is natural to refer to w = 1,,(J) as the kinematic flux, distinguishing
it from the kinetic flux J.

Foragiven volume element 6, letw = 19(J) sothat J = wa6. Letvy, ..., v,—1 be
linearly independent (or else the flux through the simplex [v1, ..., v,—1] will vanish
independently of J). Since 6(ui, ..., u,) does not vanish if and only if uy, ..., u,
are linearly independent,

J(v1, .. vp—1) =0(w, vy, ..., 0-1) =0 (8.8)
if and only if w may be represented as a linear combination of v1, ..., v,—1. We
conclude that the flux through the simplex [v1, ..., v,—1] vanishes if and only if the

subspace that the vectors span contains the kinematic flux w = 5 (J).

83. The Flux Bundle. We observe that the dependence of v = (J) on the
choice of volume element 6 as exhibited in Equation (8.6) is via multiplication by
a positive constant. It follows that the flux form J induces a 1-dimensional sub-
bundle of the tangent bundle F; such that

(Fa)x = {100 (F(x)) 1 6x) € \(Te7) . (89)

Using (8.6), we may write locally
(Fi)x = fa Z(—l)k—ljli_na% laer). (8.10)

k

The orientation of .# as reflected in the sign of 6; ., for a positively oriented chart,
induces an orientation in F;. We will refer to F; as the flux bundle associated with
J. It is emphasized that the flux bundle is independent of the volume element.

Since fora € R, a # 0, the vector aw belongs to span{vy, ..., v,—1} if and only
if w € span{vy, ..., v}, it follows that the flux through a simplex [v1, ..., v,—1]
vanishes if and only if (Fy), is a subspace of span{v1, ..., v,—1}. Furthermore, if Z
is a region, a collection of linearly independent vectors vy, ..., vy,—1 span T dZ. It
follows from the generalized Cauchy formula 7y = Tt} ,(J) that 75(x) vanishes
if and only if the flux space (Fy), is a subspace of T,d.%. This is analogous to the
situation in the context of the classical formulation where the flux density though a
surface element vanishes if and only if the flux vector field is tangent to the surface
element.

8.4. Flow Potentials and Stream Functions. For the case where 8 = ¢ = 0,
the differential balance law (734) assumes the form dJ = 0. A differential form J
for which dJ = 0 s called closed. It follows from d® = 0 (5.54) that for any (n — 2)-
form o, J = da satisfies the differential balance equation. In such a case, we will
refer to a as the potential or stream function for the flux field J. This way, the Maxwell
2-form of electrodynamics induces the flux of the electric charge in the spacetime



formulation (see Section 11). A form J is exact if it is given as J = da for some form
a. Thus, every exact form is closed. Locally, the Poincaré Lemma (e.g, [AMRSS,
Pp- 435—437]) states that in some neighborhood of each point, every closed form is
exact. However, the problem of existence of a stream function for J defined on all
of .7 is related to the global topological structure of the manifold. If the manifold
may be smoothly deformed into a point, every closed form is exact.

Clearly, the potential form « is not unique, using d’x = 0, if an r-form w is exact,
ie.,w = da foran (r —1)-potential form e, then, forany (r —2)-formx,e¢’ = a +dx
is also a potential.

9. FRAMES, BODY POINTS, AND SPACETIME STRUCTURE

9.1. Frames, Balance and Fluxes in Spacetime. The discussion so far was re-
stricted to the case where the (n 4 1)-dimensional spacetime manifold & was mod-
eled as a Cartesian product of a time manifold .7 = R and an n-dimensional space
manifold .7, ie., & = .7 x .. This is a very restrictive assumption that contradicts
even the Galilean point of view of physics. In a more general situation, one assumes
the existence of local frames. A local frame ® is an embedding

d:UcCcé& — T x.9, (9.1)

where U is an open subset of &. A frame @ is global in case U = &. In the sequel we
will denote by @ » and ® & the two components of the frame and will write (z, x)
for ®(e), e € &. The domains of the local frames are assumed to cover &. It follows
that the foregoing analysis applies in the image of the a local frame.

In general, a local chart (¢, U) on the spacetime manifold & provides local world

coordinates (', ..., z"T1). For the case where alocal frame ® is given, the local repre-
sentative ® of @, is of the form (z!, ..., ") — (£, x1, ..., x"), where (x!, ..., x™)
are local coordinatesin .. In the sequel, given a frame ®, we will refer to (z4, ..., 2"

as the frame coordinates if z! = t is the time coordinate and fori > 1, z/ = x'~! are

local coordinates in some chart in ..

The tangent mapping 7® : T6 — T.7 x T.% has two components T® 5 and
T®y. Foru € T,&, wewill write ug = T®5(u), uy = TO®»(u). AsT,.7 = R,
T*7 = R, the natural base vector of 7.7, t € .7, is the number 1, and T*® » (1)
will be denoted by dt. Writing /3¢ = (T,®)~!(1, 0) it is noted that d¢(d/dt) =
UT,®7(3/8t)) = 1 and dt(T,71®(0, v)) = 1(T.® #(T, /1 F(0,v))) = 0, etc. For an
alternating tensor ¢ € A\" T’ we set ¢ = T;*® »(¢). Note that

ot’
= (T ((T.®)"H(1,0)), L8 » (v1), ..., Te® s (vr-1)),
=0.

0 d
g_l(ﬁ(vl,...,vr_l)zg —, V1, U1 )

(9-2)



Thus, given a global frame ®, a time-dependent r-form ¢, (1) € (), induces a
formf = dt Ag € @ T1(&). Using Equation (4.89) as well as the previous equation,

a 0

ng =5 (dr A ) = . (93)

This procedure may now be used to define b = dr A 8,5 = dr A ¢. In addition,
let the spacetime flux be defined by

J=—drAl+p, (9.4)

where it is recalled that p is the density of the extensive property under consider-
ation. Let J and p be represented locally in the forms

ST fadet A AdE A A
k

and p1_udx! A--- Adx", then, by Equation (4.112) J and p are represented locally
as

S padst A AdE A A"
k

and p1_,dxt Ao A", respectively. It follows that the local representation of J
is of the form

—> gt adst A AdE A A Dy o adst A Ads" (95)
k

In terms of frame coordinates, the local expression (9.5) for J is

n+1
- Z J, 5 d2t Ad? A AdE A A T 4 oy pd2® A AT (9.6)
k=2
so that
J2.m+1=p1n, and  Jy 7o =—J 5 for k>1 (9:7)

To compare the role played by J in comparison with that of J, consider a region
R C & with boundary 99. Consider e € 9% and assume that T®{T,0R} = {r} x
T,.7, ie., the tangent space to the boundary is “spacelike”. Then, for vi,..., v, €
T, 0N,

J(i, o) = p(v1, .. vp) = (dEAT) (V1 ..., vp),
B(v19”'7vﬂ)7 (98)
=p(T®»(v1), ..., TP (vy)),

where the second term in the first line vanishes because dr(v;) = 0, for all i =

1,...,n. Onthe other hand, if T,dR contains 8/9¢, {T® & (v1), ..., T® o (v,)} can-
not contain n-linearly independent vectors so that p(v1,...,vy) =0 and

J(i, .. vn) = =(dr AT)(v1, .00, ). (9.9)



In case v; = d/01,
Jt, o) = =(=1)HdE AT (Vi o1, T ),
= (-1)’%4& AL, D ),
= (—1)i[(v1,...,i)\,~,...,vn),

= () T(T®y(v1), ..., TS (1), .., T® 5 (v,)).

(9.10)

Thus, the spacetime flux J provides the flux density in accordance with the flux
field J.

Next, we present the way the balance equations are written in term of the space-
time forms. First, it is noted that using Equations (5.62) and (5.54)

dy =d(=dr A J) +dp.
=dr ndJ +dp.

(9.11)

Since p is represented locally in the form p1_,dx! A---Adx", the exterior derivative
dp is represented by
901..n

de Adx! A Ada, (9.12)

and by the definition of B as the time derivative of p we obtain

do=drAg=b. (9.13)
Finally, the differential balance equation, (734) yields the spacetime version
dj =s. (9.14)

Integrating the balance equation in spacetime over a region R C & and using
Stokes’s theorem, the integral version of the balance in spacetime is

tr = Lzm(:j) (9.16)

and rewrite the integral balance equation in spacetime in the form

/ai)f{ tg = /;Rﬁ. (9.17)

We conclude that for any given frame the equations of balance in spacetime have
the same form as the equations of balance in space, and in fact, they are simpler in
the sense that there is no counterpart to the term containing B. The relations be-
tween the various spacetime forms on & and the corresponding forms on . make
no sense if we do not have a specific frame. However, if one postulates the balance
equation (9.17) in spacetime, the procedure of Section 7.4 may be repeated yielding
the existence of the n-form J satisfying Equations (9.16) and (9.14) independently
of any frame. It is also noted that flux fields on & are naturally time-dependent.

It is natural therefore to set



9.2. Worldlines. Let6 beavolume elementin spacetime and letJ be a flux field on
&. Then, the isomorphism ¢y of Equation (8.7) induces a vector field w on & such
that w60 = J. We will refer to an integral line of w as a worldline corresponding to
the property p for which J is the flux. Clearly, each worldline is a one-dimensional
submanifold of &. We want to show that as a submanifold, a worldline is indepen-
dent of the choice of volume element. Let 6’ be another volume element. Then,
if the local representation of @ is of the form 6;_,+1dzt A --- A dz"T1, the local
representative of 8 is of the form a(z')61_,+1dzt A --- A dz", for a unique pos-
itive function a: & — RT. It follows from Equation (8.6) that the vector field
w' = 1p(J) is related to w = 1p(J) by aw’ = w. The local systems of differential
equations for the integral lines corresponding to the two vector fields are

¢(p)=w'(c!(p)) and &"(p)=w"(c"(p)) = ———w'(c’(p)) (918)
a(c(p))
where a superimposed dot indicates derivatives relative to the parameter p. Thus,
the equations for the worldlines corresponding to 6’ are

a(c’ (p)e" (p) = w'(c7 (p)). (9.19)

Forasolution ¢ (p) of the equation on the left of (9.18), consider the reparametriza-
tion p’ = p’(p), satisfying the condition

dp’ 1
—_— = — .20
dr ~ a(@(p) (520)
so that the reparametrization is invertible and dp/dp’(p'(p)) = a(c'(p)). Let Cbe
the reparametrized curve ¢ (p/(p)) = ¢’ (p) so that
det def
oD (9.21)

In view of the differential equations this may be written as

j—;l,(p/) — @ () (p). (922)

Thus, the reparametrized solution ¢/ is the worldline of (9.19).

We conclude that a different choice of a volume element simply induces a reparametriza-
tion of the integral line. The tangent bundle of the worldline submanifold is clearly
the flux bundle. In terms of the theory of distributions—sub-bundles of the tan-
gent bundle—the one dimensional flux bundle is integrable, i.e., it is the tangent
bundle of a one dimensional manifold.

Example 9.1. Consider the case where a frame is given on & and assume that
J = 0. It follows from (9.5) that J is represented locally by

Z 3 Fnp (@) A A dZF A ade T = p1.a(Z)d2% A AdZ"T (9.23)



Thus,

~ Pl..n» k = ]-a
I Fnt1 = {0 Lol (9:24)

Let 0 be a volume element on &. Using Equation (8.6), it follows that, indepen-
dently of the choice of volume element, the last n local differential equations for
the integral lines are

dck

E =0, k>1, (9:25)
which imply that ck( p) = z](‘), k > 1, where zg is the initial condition or the event
where the integral line originates.

9.3. Material Points, the Material Universe and Material Frames. The no-
tion of a material point is one of the basic elements of continuum mechanics. The
existence of material points has been motivated by the conservation of mass and
their basic properties are postulated in the principle of material impenetrability
which in its elementary version implies that two distinct material points do not
occupy the same event in spacetime. (See for example [Truy7].)

The foregoing discussion enables one to generalize the notion of a material
point. For a given extensive property whose balance in spacetime is reflected by
the flux n-form J in &, we will identify a material point with an integral line of the
flux bundle induced by J. It is implied that material points may be defined for ex-
tensive properties other than mass and that they may be considered even in cases
where the source term in the balance equation does not vanish. Thus, one could
define material points for the electric charge, for a growing biological body and for
the heat flux field, where the term “material point” is used only figuratively.

The collection of material points is traditionally referred to as the material universe.
It would be desirable if the material universe had a structure of a differentiable
manifold. Let 6 be a volume element in &. We first note that it follows from the
result quoted in the last paragraph of Section 5.8 that for any pointeg € & such that
J(eo) # 0 there is a chart (¢, Up) in a neighborhood of e such that the vector field
19(J) is represented locally by 8 /dx!. Thus, the worldlines in Uy may be represented
in the form z!(p) = Z(l) + p. 7 (p) = 16, fori > 1, where zé are the coordinates of
eo. We can assume without loss of generality that ¢{Up} is convex. Consider the
collection Fy of of points in Uy such each e € Fj is of the form (zé, 22, ..., 7",
It follows that two distinct points on a single worldline cannot belong to Fp and
that z2, ..., z"! parametrize the various worldlines. Thus, regarding worldlines
as material points, Fp is a local n-dimensional submanifold of & which contains
the material points in the neighborhood. Each event in Uy may be represented by
(p,X), p € (a,b), X € Fy. We may refer to the mapping ® : Uy C & — (a,b) x Fy
as a local material frame. Clearly, the choice of volume element does not change the
material frame in any significant way. It may only change the values determining
the interval (a, b).

Considering the material universe from the global point of view, we define the
equivalence relation e ~ e2 if e1 and e are on the same worldline so that an equiv-
alence class is a material point. Thus, the material universe may be defined as the



quotient set &/ ~. The situation discussed above need not be extendable to a
product of the material universe and the real axis. In other words, global mate-
rial frames do not exist necessarily. For example, consider a vector field on the
two-dimensional torus that winds around the torus an irrational number of times.
In such a case, the flow “mixes” the material points in such a way that a manifold
structure cannot be assigned to the collection of integral lines.

10. STRESSES

10.1. Force Fields on ManifLolds. In the traditional formulation of continuum
mechanics, set in a Euclidean space, one integrates the body force field and the
surface force field to obtain their resultants. This is possible because in a Euclidean
space one can transport vectors from one point to another and then add them up in
a natural way. As mentioned in Section § 3, for the general geometry of differential
manifolds there is no natural way to compare tangent vectors belonging to two
distinct tangent spaces. It follows that the basic definitions of force fields should
be revised. The point of view adopted here is that the value of a force field ata point
in space acts on the value of a generalized velocity field at that point to produce the
power density. In accordance with classical mechanics of mass particles, the power
depends linearly on the velocity. We will show how these general ideas lead to
natural definitions of force fields for general manifolds.

The power density should be integrated over the appropriate manifold in or-
der to yield the total power, a real number. Thus, the theory of integration of
forms over manifolds implies that the power density over a manifold of dimension
d should be represented by a d-form over that manifold. Thus, for a region Z in
<, a power density on Z should be an n-form defined on Z and a power density
on 3% should be modeled by an (n — 1)-form on .%.

Let .# be a d-dimensional orientable manifold representing either the physical
space . (assuming a particular frame is given) or the event world (spacetime) &.
As discussed in Example 5.7, we regard generalized velocity fields over ./ as sections
of some given vector bundle 7 : W — .. In particular, for the case where ./Z is
either the physical space or spacetime, consider an extensive property for which the
generalized Cauchy’s postulates (Section 7.4) hold. Then, given a volume element,
the kinematic flux, a vector field over the corresponding manifold, may serve as an
example of a generalized velocity—the generalized velocity of the material points
induced by the flux form as in Section 9.3. Furthermore, in order to abandon the
dependence on the choice of volume element, the kinetic flux form itself may be
taken as an example of a section representing a generalized velocity. In this case, a
generalized velocity w is a section of W = A\"(T*&), where n + 1 is the dimension
of &.

Let # be a compact d-dimensional admissible region (a smooth orientable sub-
manifold or a chain) in .# with boundary 0. As in Section 5.6, L(W, /\d T*%)
denotes the vector bundle whose fiber at x is the space of linear mappings W, —
A T*%. Tn analogy with the scalar valued fluxes discussed in Section 7.1 a body force
field on Z isasectionbyy : # — L(W, N*(T*%)) so that the total power expended



by the body force for a velocity field w : Z — W is

P :f b (w). (10.1)
4
A boundary force field, or a surface force field, on 9.7 is a section
d—1
ty 1 07 — L(W. [\ (T*0%)), (10.2)

where we wrote W instead of W ;4 for the sake of simplicity. Thus, for any (d —1)-
dimensional submanifold D of 3%, the power expended by the surface force for a
velocity field u defined on 9 is given by

P:/Dtg(u). (103)

The total power expended by both the body force and surface force over the region
Z and its boundary for the virtual velocity field w is therefore

P =Fp(w)= /;] bs(w) + A%tg(w). (10.4)

Using the scheme of notation of Section 5.4.3, an element w of W is represented
under a vector bundle chart in the forms (x!,..., x4, w!,...,w™) and 3, w'g,,
where m is the dimension of the typical fiber of the vector bundle and g, are the
local base vectors induced by the vector bundle chart. A section of W is represented
therefore in the forms

and Y, w’ (x!)g,. An element b of L(W, A% (T*%)), is represented by (x, by__4,)
or

Zblmdrdxl Aondi? ®g"
so that b(w) is represented by (x', 3", by_4rw") or
S by dil A nded,
E
which gives the representation of body forces and their action. Similarly, for local

coordinates y! on 8%, a surface force t is represented in the form (y/, t1 (a—1)r (V)
or

Ztl...(d_l),dyl Aoondy!lg g
p
so that t(u) is represented by (y', Y, 11 (4—1),u") or

Z:tl...(d_l)ru’dy1 Ao adyd L
r



10.2. Vector-Valued Alternating Tensors and Forms. We now extend the dis-
cussion in Section 5.6 concerning vector valued forms. We will denote by A" (V*, W)
the vector space of alternating r-multilinear mappings from the vector space V to
the vector space W. In particular, \" V* = A" (V*,R). Thus,if {g,}. p=1,...,m
is a basis of W, so that each element of W is of the form w = }° wPg), then,
T e \'(V*, W), is represented by the collection of alternating real valued tensors
{TP € N V*}as

m
T(i,....v,) =Y TP(vi.....v.)gp. (105)
p=1

If {e;}!"_, is a basis of V, the real valued tensor T? is represented as

TP = Z TS €™t A Ae (10.6)
(o)
so that using Equation (4.27)

TP (v,...,v,) = Z Td o, V) ulred (10.7)
(a),1
and
T(vi,...,0) = Z Tof’lmo,rvll1 vl e gp. (10.8)
p(a).d

If one considers T € A\"(V*, W*) instead of A" (V*, W) so the dual basis {g”}
is used, Equation (10.8) is replaced by

T(vi,...,vp) = Z To“__,%_pvi1 -~~v£’8‘}‘g1’. (10.9)
p.(a).1
Let T € A\"(V*, W*), and w € W so that for vy, ..., v € V,T(vy, ..., v )(w) € R
is given by
T(vi,...,v)(w) = Z T()ll__,o[rpvll1 cevrefwh. (10.10)
p.(a).1

One may consider the mapping

,
"W — A\ V* (10.11)
satisfying
T"(w)(v1,...,v) =T(v1,...,v)(w) = Z To,..ap pV7 —vlre%wP . (10.12)
py(a).1

From the component representation above, it is clear that 7" is linear and that

T (w) = Z Toy . pwWP e Ao A €% (10.13)
p(@)

For any two vector spaces Vg, and Wy, the vector space of linear mappings Vo to
Wo is
L(Vo, Wo) = W ® V§ (10.14)



and so

W, /r\V*) = /r\V* ® W*. (10.15)

The transposition operator, T +— T,

tr: /\V* W*) — L(W /\V* /\V*@W* (10.16)

is clearly an isomorphism. For an element S € L(W, A" V*), we will use the nota-
tion ST = tr=1(S), so that

S' (v, ..., vr)(w) = S(w)(vy, ..., V). (10.17)

The foregoing discussion may be applied to the fibers of two vector bundles V
and W over a manifold .#. Thus, a vector bundle Valued differential form T will be
asection of A\"(V*, W) whose fiber atx € .# is \"(V}f, Wy). Extending Equation
(10.16) to vector bundles we have the analog 1somorph1sm

tr: /r\(v*, W*) — L(W, /\ V) = /\ Vie Wt (10.18)

The definitions above may be applied to the body force field by, a section of
L(W, NY(T*%)). so that b}, is a section of N4 (T*%, W*). While, by (x)(w(x)) is
interpreted as the power density at x, bi,(x)(v1, ..., vs) may be interpreted as the
resultant of the body force acting on the simplex defined by the vectors v1, ..., vg.
The analogous observations hold for the surface force tz:; t/, is a section of NN (T*oz, W)
and t,(y)(v1, ..., vq—1) is interpreted as the resultant of the surface force acting
on the simplex on the boundary at y defined by the vectors vy, ..., vg_1.

It is noted that in general, there is no definition for the exterior derivative of
differential forms valued in a vector bundle.

103. Traction Stresses and Cauchy’s Formula on Manifolds. This section
introduces the analog of the Cauchy fluxes of Section 7.2 to the case of force fields.
The analog of a flux form associated with a given extensive property is a traction stress
field. A traction stress is a section o ofL(W, /\d_1 T*///). Thus, for a section w of
W, the (d —1)-form o (w), o (w)(x) = o (x)(w(x)), is a flux field representing a flux
of power. Given an oriented (d — 1)-submanifold D C .#, the (d — 1)-form o (w)
may be restricted to vectors tangent to D using the inclusion tp : D — .# so that

op =T : QY a) — 4 L(D), (10.19)
with
pp(o(u))(vi,...,vg—1) =0 w)(Tip(v1), ..., Titp(vi—1))- (10.20)
The total power expended over D for the vector field u : D — W|p is given by
P = /Dpp(o(u)). (10.21)

Since the transposed o, as in (10.17), is a W*-valued (d — 1)-form satisfying

o'(vi,...,v4—1)(w) = o (w)(v1, ..., v4-1), (10.22)



one has

op(@)(vi,...,v4—1) =0 (Tip(v1),..., Tip(vg—1)) € W*. (10.23)

It follows that for a region Z in A, pys(c") is a W*-valued (d — 1)-form on 0%.
We conclude that a traction stress o induces on 3% a surface force field t4 by

ty = Paz(0") (10.24)

—the Cauchy formula for traction stresses. We note that Cauchy’s formula (10.24)
is equivalent to the statement that for each vector field u,

top(u) = pagp(o (u)). (10.25)

In analogy with the situation for scalar valued fluxes in Section 8.1, we observe
that the section t : D — L(W, A" T*D) given by t' = pp (o) is well defined for
every (d — 1)-dimensional submanifold D. However, the meaning of the integral
of t(u), for a velocity field u over D, depends on the orientation chosen for D. The
orientation of 3% is automatically determined by the requirements that % inherits
its orientation from .# and by the definition of the orientation of the boundary
of a region. Writing the dependence of the induced surface force on the orienta-
tion assigned to an arbitrary surface, has been a standard practice in engineering
mechanics analysis for a long time.

As a section of L(W, /\d_1 T* # ) a traction stress o, is represented locally in

Doy poardxt AA dF A adi) @ g (10.26)
k,r

The transposed, o, is represented by

—

Yoot ® et A AdE A Ad) (10.27)
k,r

and o (u) is represented locally by

Z"l..ﬁ...dr”rdxl Ao Adak A A dad (10.28)
k,r

10.4. The Power in Terms of the Traction Stresses. For a traction stress field

o, the power of the induced surface force t4 corresponding to a generalized velocity
field u on 0% may be written now as

P = A%t%(u) = /m poz (o (u)),
- [ dtotw),

Faw) = [ buslw) +do(w) (1030)

(10.29)

so that



Using the local representation of o (w) in (10.28), the local expression for d(o (w)))
is

- Z(_l)k_l (%...?...dr,kwr + 0—1...?..‘drw,rk> det Acadied (1031)
k,r

It is observed therefore that in the expression (10.30) for the total power, the in-
tegrand depends linearly on both components of w and their derivatives. In other
words, the integrand is linear in the jet j(w) of the the velocity field (see Section
5.7). In traditional continuum mechanics one obtains that the power of the exter-
nal forces is equal to the power that the stresses perform on the derivatives of the
velocity fields. In the general geometry of manifolds, one cannot disassociate the
values of the derivatives of the vector field from the values of the vector field itself.

10.5. Forces and Stresses for Kinematic Fluxes. Consider the case where the
generalized velocity field represents the velocity field of material points in the phys-
ical space .. For a configurationk : B — .¢, the field w is a section of the pullback
of the tangent bundle «*(T.¥) as in Example 5.7, and so W = «*(T.¥) . Hence, a
traction stress is a section o of L(«x*(7.%), Nt T*B) and it is represented locally
in the form

Y o tar A AdE A Aded) @dy (1032)
k,r

Here, {dy"} are the dual base vectors in (k*(T.%))% = TK*(X)Y corresponding to the
basis {8/3y"} of (k*(T.))x = Te(x)”. Given a volume element 6 on B and the

isomorphism t5 : A"~ }(T*B) —> TB as in (8.7), we may represent the stress o by
19 0 o, asection of L(k*(T.#), TB). Using (8.6), 1y o o is represented locally by

oy 7 0
Z(_l)k—l l.k.dr ® dyr, (1033)

where 61 _gdx® A - A dx? is the local representation of 6.

As observed by Noll [Nols9], a reference configuration is a chart for the body
manifold B. If the stress were a tensor, a section of L(«*(T.%), T B), this would
be reflected in its transformation rule under a change of chart. It is well known
however that under a change of reference configuration (e.g., from the current con-
figuration to some other reference configuration), the stress transforms using the
Piola transform involving the Jacobian determinant. A volume element 6 (e.g., the
one induced by a reference configuration or the one induced by a mass density)
enables the representation by a tensor. The last equation is analogous to the defi-
nition of the Kirchhoff stress, the counterpart of our o, on the basis of the Cauchy
stress tensor, corresponding to g o .



10.6. Force Fields and Traction Stresses for Kinetic Fluxes. This section is
concerned with the situation where a generalized velocity field is a kinetic flux J
on ./ represented locally, as in Equation (7.9), in the form

ZJl.“;“ddxl Ao Adk A A did, (10.34)
k

This situation is relevant if one does not assume the existence of material points
a priori, but obtains the kinetic flux from the balance of some extensive property
as in Section 9. In addition, given a volume element 6, a vector field v induces a
kinetic flux v26. For example, in the case of classical continuum mechanics, one
may use the mass density as a volume element.

In light of Example 4.5, for the case of generalized velocities modeled by kinetic
fluxes the action b(J) of a body force density b is represented in the form b(J) =
a A J for a unique 1-form o .

A traction stress will be a section of

L(d/_\1 T*///,KT*///) = d/_\l T M @ <d/_\1 T*///) . (10.35)

*
From the discussion on multivectors, in particular Equation (4.28), abasis of ( N T )

which is dual to the basis {dx! A -+ A D" AA dxd}il:1 is

— d
0 0 0
— A A A A — . 1036
{8x1 ax” axd },:1 (1036)

Hence, o is represented locally in the form

L Eed g o p G ne o nde) @ L A e L
;Gl...ﬁ...d (dx* A--AdxkA Adx)@(axl/\ Nar NN ST (1037)

and o (J) is represented locally as

1..7....d . 1 k d
o Ji 7 gdxt Ao Andxb Ao A dx?. (1038)
k,r

Let 0 be a given volume element on .#. Then, 6 induces an isomorphism

d-1 d—1
L(N\ T, )\ T* M) — L(T-4.T ) (1039)
given by
0> 1goo o Le_l. (10.40)

Thus, a volume element enables the representation of a traction stress that is dual
to kinetic-flux fields by a linear mapping T.# — T.#. Leté = 1900 o1, be
expressed locally as

6%, — @dx” (10.41)



so that 6%, = dx¥(5(3/9x")). Using (8.6) one has

0
6]3 — dx* (te oo ot(;l <8x’)) ,

= (=1) g ydxt <¢9 co(dxlt A AdT A A dxd)) :

_(_q\r+k _1.7..d
=D 2

It follows that the isomorphism of Equation (10.39) is actually independent
of the choice of volume element. In other words, the equation above represents
a natural isomorphism between L(AY~! T*., N*" ' T*.4t) and L(T.#, T4) =
T # @ T*#. An isomorphism

d—1 d—1
CTAHRT* M — L(N\ T 4, \ T*4) (10.43)

can be constructed without using provisionally a volume element as follows. Con-
sider 6 € T.# ® T*.4 represented by Y, 6%,0/9x* ® dx". For any flux form J,
represented as in (10.34), set

W(&)(J) = Z&’f,%J (dx” A J). (10.44)
k,r

Since the exterior product is bi-linear and the contraction is linear, () is indeed
linearin J. To show that Equation (10.42) is indeed a representation of ¢ as defined
by (10.44) we use the representation (10.34) and obtain

L(&)(J):Z(r’f,%J dx” A ZJl_"ﬁ___ddxl/\~--A$c\l’A---/\dxd ,
X

k,r 14
d
=) 65— <( DY poadxt Ao A dxd> ,
k,r
=36 () ) pade A AR A A,
k,r

(10.45)

Comparing the last equation with (10.38), the result of Equation (10.42) follows,

It seems to us quite intriguing that in spite of the various generalizations per-
taining to the other variables, for the case under consideration, the traction stress
is represented as a tensor in the traditional sense.



10.7. Cauchy’s Theorem for Traction Stresses. In analogy with Section 7.4, we
lay down the assumptions that will be used in the proof of Cauchy’s theorem for
traction stresses on manifolds. Then, we state the theorem and prove it.

We consider the collection {ts} for the various admissible regions Z C . so
that each ty is a smooth section of L(W |z, /\dﬁl(T*Bf%’)).

Assumption 1: Boundedness. There is a section & of L(J (W), NU(T* 0 )) such that for

each Z,
thﬁ(w'm < [ ety

for every smooth section of W. In the sequel we will use the notation ty(w) freely
and will omit the indication of the restriction to the boundary.

, (10.46)

Remark 10.1. In view of Section 5.7, a section & of L(J (W), /\d(T*//{)) is repre-
sented locally in the form

() = (€1 ap (). By, (1) (10.47)
so that the n-form &(j(w)) is represented locally as

Z(%‘L..dpwp - E{mdpwf})dxl A Add (10.48)

p.J

Cauchy’s postulate of locality for stresses is a straightforward analog of the one
corresponding to fluxes.

Assumption 2: Cauchy’s Postulate of Locality. Letv, ..., vy—1 € Ty, x € M, beacollec-
tion of n — 1 vectors. Let Z be any region such thatx € 02, v1, ..., vy—1 € Ty dZ,
and the collection of vectors is positively oriented relative to the orientation of 3%Z.
Then, t},(x)(v1, ..., vp—1) is independent of Z.

Cauchy’s postulate implies that for the given point x € .#, tg(x) depends on
Z only through the tangent space T 0% and the orientation induced on it. This
makes it possible to define a mapping

Sy (Tett)™t — Wi (10.49)

such that for any collection vi, ..., vy—1 € Tx.#,
(1, vg—1) = ty(x)(vi, .. vg—1) (10.50)
for any region Z such that the collection (v1, ..., vg—1) € (Txd%)*~! is positively

oriented. Thus, the order in which the collection is written, specifies the orienta-
tion for which the action of X, applies. At this point, for an odd permutation 7,
there is no relation between Xy (vy, ..., vg—1) and Xy (vry, ..., vz, ;). Itis noted
that Xy (v1, ..., vg—1) depends only on the multi-vector v = vi A -+ Avg_;. Thus,
we have a fiber preserving mapping between vector bundles,

»: 7Ly — W*, suchthat S|z = Dy (10.51)

The second locality postulate pertains to the body force. It is assumed that
b (x), x € A is independent of Z. Thus, we will simply use b for the body force



in what follows. While this locality postulate is not needed in the proof of Cauchy’s
theorem for traction stresses, it will be used in our subsequent analysis.

Assumption 3: Regularity. The mapping X' is smooth.

We refer to the collection {tg} for the various regions Z satisfying the foregoing
assumptions as a system of Cauchy surface forces. These assumptions make it possible to
prove Cauchy’s theorem for traction stresses on manifolds, i.e., to prove that there
exists a unique traction stress o such that (10.24) and the equivalent (10.25) hold.

Consider a generic point xg € .# and a vector bundle chart (®, ¢, U) with co-
ordinates (x',u?),i = 1,...,d, p = 1,...,m, inan open neighborhood U of xo.
The local base vectors in 7 ~1{U} will be denoted as {g,} so that the restriction of
a section w of W to U may be written in the form }°, wP (x')g,.

We want to prove that Xy, is multilinear and alternating, ie., that t},(xo) is
the restriction to (Ty,0%)“ ! of a multilinear alternating mapping on (Ty,.#)?~!.
With this objective in mind, we construct for each p = 1,..., m a Cauchy flux
system {7,4} for which Cauchy’s theorem for fluxes of Section 7.4 may be applied.

Lety : U — [0, 1] be a smooth function having the following properties. (a) ¥
is compactly supported in U. (b) There is an open neighborhood V of x¢ such that
V C U and for each x € V, ¥ (x) = 1. Thus, ¥ decreases from I to 0 in the subset
of U outside V. Foreach p =1, ..., m, we define the section w(p) of W by

wip)(x) =¥ (x)gp forxeU, and wipy(x) =0 forx ¢ U. (1052)

By the definition of the cutoff function ¥, w( ) is evidently a smooth field. Letting
¥ be the local representative of ¥ in U, then, locally, wfp) (x') = &(x")an, wi

" P~
.ol
For each region Z and p = 1, ..., m, consider the flux distribution 7,4 defined
by
Tp#R = tg(w(p)), (10.53)
so that
T Q(x)(vl, cee, vd_l) = tg(x)(w (x))(vl, e, vd_l),
p (p) (1054)

=X (v1,..., vd_l)(w(p)(x)).



To show that {r,,%} satisfy the boundedness condition of Section 7.4, we observe

that
- top(w
/wrp’%)‘ /a 2(0(p))

B
</%|s<j<w<p>)|,
= [ letitug)
B /w(z@mu)ﬁl"'dpl]j + E{'-dl’l/;ﬂdxl i, (1055)

< C + E-] d 1"'d d’
/(ﬂ(%ﬂU) (|§1..~d17| XJ:| 1...dp|) X X

< dol o dad,
/gl)(%ﬂU) S(p)l..d

= S(p)»
/%(p)

where in the fifth line, the constant C exists because ¥ ; is different from zero in a
compact set and and max, ¥ (x) = 1. In the sixth line,

S(pya(x) = C(‘&l...dp(xi)‘ + Z E{...dp(xi)

J

9

El

), x € U; (1056)

S(p) is the compactly supported d-form on .# such that ¢(x) is represented by
g(p)l_"ddxl A---Andx? forx e Uand ¢c(x) =0forx ¢ U.
The flux system {75} satisfies the locality assumption because

Tp(X)(V1, ..., va—1) = tz(x)(w(p))(v1, ..., va-1),

=t (x)(v1, ... va—1) (W), (1057)

which by the locality assumption for surface forces is independent of Z as long as
(v1,...,v4—1) is a positively oriented collection of vectors tangent to 0.%.

Lett, : T9"1.# — R be the Cauchy-Whitney mapping corresponding to the
flux system {7,}. We have to show that t, is smooth. Independently of the region
Z to which the collection of tangent vectors is positively oriented, one has

tp(x, Vi, ooy Vg—1) = tpp,;(x)(vl, cees Ud—1)s
=t (x)(v1, ..., va—1)(wp)(x)), (10.58)
= Z(x, v1, .o ey VA1) (W(p) (X))
Since ¥ is assumed to be smooth and w(p) is smooth by its construction, so is t,.
Cauchy’s theorem for fluxes implies now that for each p there is a flux form
op € Q471 a) such that 1,5 (x0) = pyz(0op(x0)). Using the definition (10.53),
tz(x0)(gp) = tz(x0)(w(p)(x0)),

= pyz(0p(x0)), (1059)



and it follows that
top(x0)(wo) = tep(x0)(X,w(gp).

= wp @\ X ,
; ()tJ( 0)(g17) (10.60)

= Z wé’paz(ap(xo))-

p

Defining the section o of L(W, A} (T*.#)) by

=> wlo,, (10.61)
p

we obtain
pase(07(x0))(v1, -, va—1) (o) = o (x0) (wo) (Ttaz (v1). - - .. Teap(va-1)),
= Z wl poze(op(x0))(v1, ..., va—1),
P
= t,y(x0)(v1, ..., va—1)(wo),

(10.62)

which is the required Cauchy formula (10.24).

10.8. Variational Stresses. Continuing the observations made in Section 10.4,
we conclude that the total power of the body force and surface force for a region
Z is given by

w) = / b(w) + d(o(w)). (10.63)
X

The local expression for the integrand is

> [(bl...dr + <_1)k7101...’k\...dr,k> w4 (=1 1"1...?...drw,rk] dxl A adad,

k,r
(10.64)
It is noted that the values of the d-form in the expression above are linear in the
local representatives (w*, w ) (¢f. Section 5.7) of j(w). Thus, there is a section S

of L(J(W), /\d( M) suchthatb( ) +d(o(w ))—S( (w)). We will refer to S as

the variational stress. This may be summarized by

/b )+ d(o /b / tz(w)—LS(j(w))- (10.65)

which is the metric independent version of the principle of virtual power. In contrast
with the classical version of the principle of virtual work, for the metric indepen-
dent analysis one has to make a distinction between the traction stress o that in-
duces the surface traction using the generalized Cauchy formula and the variational
stress which determines the density of the power via the principle of virtual power.



. . . H k
Observing Remark 10.1, § is represented locally in the form (x', R1._4p, Sl...dp)
or equivalently

0
ZRl...dp(dxl /\.../\dxd) ® g”, Zslf...dp(dxl /\~--/\dxd) ® Ik ® g”
p

k.p
(10.66)
so that S(j(w)) is represented locally by
> Riapw? + S gwh [ dxt A Adx? (10.67)
p k,p

Since the principle of virtual power holds for any region % and virtual velocity field
w, it follows from the smoothness of the various fields and the local representation

of (10.64) and (10.67) that

Riar=biar+ Y (1" oy 2 4rio
X (10.68)

k k=1
St ar =000 7ar

Using the second equation above, the first equation may be written in the form

bi ar = Ri.ar — Z St ar- (10.69)
3

As an element of the space of sections of L(J (W), N T* 0t ), a variational stress
S induces the form ST € Q4(T*.#, J(W)*) which assumes values in the dual of the
jet bundle and is defined by

ST(vl,...,vd)(E):S(E)(vl,...,vd). (IO.70)

It is noted that for a velocity field w, the components w’, of the jet j(w) do not
represent an invariant geometrical object unless they are in conjunction with the
components w'. On the other hand, the second of Equations (10.68) and the fact
that the traction stress is an invariant object, imply that the dual components S§
do represent an invariant object which we describe below. In the terminology of
[Pal68], the components S’l‘ 4 represent the symbol of S, where § is regarded as
a linear differential operator.

To present the relations without recourse to local representation we construct a
surjective vector bundle morphism

Po L(J(W), /d\T*///) — L(W,d/\1 T*//l). (10.71)

that associates with every variational stress S a traction stress 0 = p, o S which we
also write as p, ().

Using the linear jet projection mapping 7' : J(W) — W, consider the vertical
sub-bundle VJ(W) = Kernel 1. Since 7! is represented locally by (x*, u?, A7)
(x',uP), an element of VJ(W) is represented locally in the form (x, 0, A7). In
other words, the fiber VJ(W),, contains jets of sections of W that vanish at xo. It



is noted that there is a natural vector bundle isomorphism VJ(W) = L(T.#, W)
by which an element of VJ(W) is represented in the form (x’, A]). We use 1y :
VJ(W) < J(W) to denote the inclusion of the vertical sub-bundle—a vector bun-
dle morphism over .# represented by (x’, A7) — (x%,0, A{). Then, the dual vector
bundle morphism ¢}, : J(W)* — (VI(W))* = _L(W, T.#) is a projection repre-
sented locally in the form (x', &5, Zf) = (x', Z)—the restriction of & € J(W)*
to vertical elements of the jet bundle. Thus, if,(§)(A), A € VJ(W), is represented
by > 4 ";A?. Similarly, for a section S of L(J(W), N T* ), 1%(S), a section of
L(VI(W), /\ T*.4), is given by ¢} (S)(x)(A) = S(x)(tv(A)) € /\d TrA4. The
evaluation ¢, (S)(x)(A) is represented by 37, , Sll‘.__dp()c)A{;(clx1 A - Adx? and so
1% (S) is represented in the form

0
ZSl apldet A Ade) ® Pl (10.72)

As mentioned above, the object ¢}, (S) is the symbol of the linear differential oper-
ator S as defined in [Pal68].
Using the isomorphism VJ(W) = L(T.#, W), we regard (%, (S) as a section of

L(L(T.#, W), /d\ T* M) = (/d\ T* )@ L(T M, W),

~ (/d\ T*.4) @ L(W, T.A), (10.73)

d
=(N\NT*4) QT M @ W*.

It follows that a section of A" (T*.#,L(W,T.#)) may be represented locally in
the form )", 6 ® v, ® ¢ for a d-form 6 and pairs v,, ¢“ of sections of T.# and
W*, respectively. We can use the contraction of the second and first factors in the
product to obtain )", (v,16) ® ¢“. Thus, we have a natural mapping

d d—1
C:L(L(T.t, W), NT*.#t) — \(T*4)® W*
i (10.74)
=L(w. \ T*.%).
It follows that
d—1
po:=Coly: L(L(T.#, W) /\T*/// — L(W, \ T*.) (10.75)

associates a traction stress 0 = p, o S with any variational stress S. Let S be a

variational stress. Using (10.72) and Section 4.9, C is represented locally by
0 0
Zsl dp dxl/\ /\dxd)®8_®gp,_>251 de k- (dxl/\"'/\dxd)@)gp’
k.p

_Z DF1SE (A Adek A A ded) @ g7, (1076)



We conclude that in case 0 = py(S), then, oy 7 ,, = (—1)k’1Slfmdp as expected.
10.9. The Divergence of a Variational Stress. We have seen in the previous
section that a given variational stress S induces a unique traction stress field o =
Po (8) which in turn, induces a surface force field on the boundary of each region
using the Cauchy formula (10.24). In this section we define a generalization of the
divergence operator of classical vector analysis that may be applied to a variational
stress field to give the body force field. Asindicated in the first of (10.68) and again
below, the traction stress field does not contain, in the general geometric setting
considered here, all the information needed in order to calculate the body force.
The divergence, div S, of the variational stress field S is a section of L(W, Ad(T*%))

which is defined invariantly by

divS(w) = d (pe (S)(w)) = S(j* (w)), (10.77)

for every differentiable vector field w. To present the local expression for div S we
first note thatif o = ps(S), then d(o (w)) is represented locally by

Zd(al..fk\...dpwp) Adxt A A d/x\k Ao Adx?

k,p
=) (o1 2 apw”) pdxf Adxt A AdxE A A dx?,
k.p
— ~ k—174.1 d
= 2 (01 podpw?) k(1) Hdx Ao A dx?, (10.78)
P
= Z(Slf ”dpwp),kdxl Ao Aded
k.p

Using Equation (10.67), the local expression for div §(w) is therefore

ST apwP) k= | D Ruapw? + DSt gwh | [dxt Ao A dxd
k,p p k,p

=Y (St .aps — Ri_ap)wPdx' A Adx? (1079)
k.p

so that div § is represented locally by
D (St apx — Riap)dx' A+ Adx? @ g (10.80)
k.p

It is noted that in the case where Ry 4, = 0 locally, the expression for the diver-
gence reduces to the traditional expression for the divergence of a tensor field in a
Euclidean space.

Given a variational stress S, Equation (10.69) implies that

b=—divs (10.81)



is the body force that satisfies the principle of virtual power (10.65)—an obvious
generalization of the differential equation for the stress tensor in continuum me-
chanics.

1I. EXAMPLE: METRIC INVARIANT ELECTROMAGNETISM

The formulation of electromagnetism in spacetime & may serve as an example
for the simplicity, even elegance, resulting from the use of the theory of differen-
tiable manifolds and integration of differential forms. In addition, it enables one
to formulate some aspects of electromagnetism independently of a Riemannian
metric. The first versions of electromagnetic theory that do not use a Riemannian
metric appeared early in the 1900’s. Whittaker [Whis3, pp. 192—-196], attributes
the first work in this direction to Kottler, 1922. He wrote:

“... seeking to abolish the privileged position of geometry in physics,
and indeed inquiring how far it may be possible to constructa physics
independent of geometry. Since the notion of metric is a com-
plicated one, which requires measurements with clocks and scales,
generally with rigid bodies, which themselves are systems of great
complexity, it seems undesirable to take metric as fundamental,
particularly for phenomena which are simpler and actually inde-
pendent of it.”

In [TT60, Section F] Truesdell and Toupin adopt the same point of view and
write

“This “metrical independence” of the conservation laws has been
noted by Van Dantzig [1934]. As he remarks, the concept of met-
ric and the measurement of lengths, angles, and time intervals is
perhaps one of the most sophisticated and complex aspects of any
physical theory. Furthermore, is not the intuitive notion of conser-
vation of charge, for example, quite independent of measurements
of length and time? We view the conservation of charge and mag-
netic flux as independent of ideas like inertial frames, rigid rods,
absolute or uniform time, Lorentz transformations, Galilean trans-
formations, etc., and hence as deserving an independent mathe-
matical expression.’

This approach to electromagnetism is referred to as premetric electrodynamics in re-
cent work. (See for example [HIO06] and works cited therein.) Here, we follow
the approach of [Segoz]. It is noted that representing the body as a general differ-
entiable manifold and formulating the theory without using a metric, enables one
to view the Lagrangian and Eulerian versions of any one of the various electromag-
netic fields defined in [DOo0s, DO09] as two representations of one geometrical
object. In addition, the framework presented here is independent of constitutive
relations such as the aether relations.

In the following, we will use the notation scheme of Section 9.



11.1. Charge and Its Conservation. The first fundamental quantity of electro-
magnetism that we consider is the 3-form J in & modeling the 4-current density.
The existence of J may be motivated by the theory of fluxes outlined in Section 7.4.
In frame coordinates we may use Equation (9.6) and write locally

J:Z‘jl..j&.fldz Ao AdzE Ao AdZE,
k

= ,0123d12 A dz3 AN dz4 — JdiZl A dZ3 A dZ4 (H'I)

— Jizdz? Adz? Adz? — Jiadzt Ad2? A dZ3,
where p = p123dx! A dx? A dx? is the space charge density and

‘]:Zjl...?...?)dxl/\"'/\g;/\-u/\dx?’
i

is the 2-form in space describing the current density.

In case a volume element 6 = 9dz! A---Adz* is given on spacetime and a volume
element 6y = ¥odx’ A dx? A dx? is given in .% one may use the isomorphism ¢y
defined in Section 83 to represent the flux forms by tangent vectorsj = 3" j°9/dx!
and w = Y wkd/dz* such that J = wo6 and J = juby. It follows from Equation
(8.6) that

. N A 3 =
Jo (T gk (et Skt (112)
0

~ k—1, k k—2:k—1
Jfa=ED"Tw =—J) 5 o= — (=175 o, (113)
and so
1 P123 2 0.1 3 0 .o 4 ) .3
=75 0 == ==7 == I1.
w 3 w 19" w 0_] w 5 ( 4)

(¢ff [MTW73, p. 81 and p. 113], [LL9S, pp. 60—71]).
A basic assumption of electromagnetism is conservation of charge, i.e., for each

region R of spacetime
J=0. 1L
/. (115)

Thus, it follows from Stokes’s theorem that dJ = 0.
The Maxwell 2-form g is a flow potential for the flux so that § = dg. The local
representation of the Maxwell form in Lorentzian frame coordinates is given by

g=) guds* Add,
k<l

= Hle1 Adz? + Hgdzl Adz® + Hgdzl Adzd (II.G)
+ D3dz? A dz® — Dadz? A dz* + D1dz? A dz?



where D; are the component of the electric displacement and H; are the compo-
nents of the magnetic field intensity. The matrix representing g is therefore

0 Hq H»> Hj
—H; 0 Ds —Do
“Hy -Ds 0 p, | (117)

—Hs Dy —D 0
The components of the equation J = dg are

Bo g A B n B 0H, JdH> n 0Ds

JVo = —J12 =123 = 012,3 — §13,2 T 23,1 = ox2 il EYR

dHy 0Hs 0Dy

ax3  ax2 | ot

oH, oHs oD, (9
dx3 ax! ot

dD3 0D 0D

ax3 = ax2  ox!

—j'90 = —J23 = J134 = 0134 — 9143 + G341 =

%090 = —J13 = J124 = 9124 — G142 + G241 =

01..4 = J234 = 923,4 — 924,3 + 034,2 =

—the first part of Maxwell’s equations.

11.2. The Faraday 2-Form. The second fundamental object of electromagnetism
is the Faraday 2-form f. Using frame coordinates, f is represented locally by

F=> fudd* Add,

k<l
= —E1dz! Adz? - Exdz! Ad2® — Ezdz! Ade? (1.9)
+ Bgd12 A dz3 — BZdZ2 A dZ4 + B1dz3 A dZ4

where E; are the components of the electric field in space and B; are the compo-
nents of the magnetic flux density. Thus, the matrix representation of f is

0 —FE1 —Ey —E3

Eq 0 B3 —Bo

Ey —Bs 0 5 | (1r.10)
Es By —B; 0

The other set of Maxwell’s equations state that the Faraday 2-form is closed, i.e.,
df = 0. The local expression in frame components is

0= (—E13+ E22+ B31)dz! Adz? A dZ?
+ (—E14+ E32 — By1)dz! A dz? A dZ?
+ (—E24+ E33— By.1)dz! Adz® Ade?
+ (=B34 + Bas + By2)dz® Ade® Adz?,

(1r.11)

where the indices for the partial derivatives indicate differentiation with respect to
the world coordinates z¥ (as opposed to x'). Thus, in terms of time-space coordi-
nates (¢, x'), the four components of this equation are



0Eo 0E{1 0Bj 0E d0E5 0B9

axl B 9x2 W ax3 axl W o
0E; 9E3 0B1 0B 0By 0By _ (rr.12)
9x3  9x2 ar axl  ax2  ax3

113. The Lorentz Force. Let a Lorentzian frame be given in spacetime. For a
particle of charge Q traveling in space with velocity v = Y, v'3/3x’, we consider
the 4-velocity v given locally by v = 8/3z" + v'8/8z% 4+ v29/9z3 + v38/8z*. The
4-Lorentz force acting on the particle is given by F = —Q v §. Using Example 4.8,
one has

= —(Elvl + E2v2 + E3U3)dzl + (E1+ v233 — U3Bg)d12

Q|

(1r.13)

+ (Eg — v B3 + v®By)dz® + (E3 + v' By — v?By)dz?,

so that the time-like component is minus the power expanded by the electromag-
netic and the three space-like components make up the traditional expression for
the Lorentz force, as expected. The virtual power performed by the 4-Lorentz
force for a virtual 4-velocity u is

F(u) = =(Qvf)(u) = —Qf(o, u) (11.14)
and so the skew-symmetry of the Faraday 2-form implies that
F(u) = j(u, Qo) = (u2§)(Qv). (115)

We want to write an analogous expression for the Lorentz force density, a body
force, induced by a charge flux J. Given a volume element 6, one my replace the
4-velocity above by 19 (3J) and consider the 1-form —iy(J)2f. However, as a body
force, the Lorentz force density should be a section of L(T&, /\4(T*é”)) . We can
use the inverse iy ' : T& — AP(T*&) and the isomorphism 15 : AN (T*&) —
L(N*(T*&), NY(T*&)) to define the Lorentz force density b by b(w) = — (19 (3) 2 F)A
(5 (w)). Using Equation (4.108) we obtain the simpler expression

b(w) = (waf) AJ (11.16)

for any 4-virtual velocity field w. Using Equation (4.99) in Example 4.10, the last
equation may also be written as

b(w) = —FA (waJ). (1r.17)

It is noted that the Lorentz force density does not depend on the choice of a volume
element.

The local representative of b is of the form > b1..4p(dzt A---Adz?) ®dzP with
b(w) represented by ZP [11,"41,,w1’dz1 A---Adz? Tt follows from the expression of



the power density for the Lorentz force and from Equation (4.106) that
bi..41 = E1J134 — E23124 + E3J123,
b1..42 = E1J234 + B3J124 + B2J123,
b1..43 = E2J234 + B3J134 — B1J123,
b1..44 = E3J234 — B2J134 — B1J124-

(11.18)

In terms of the 3-dimensional flux vector field j these may be written as
b1.41 = —E - jvo, b1.4i = Yolp123E + (j x B)|i—1, fori >1, (II.I9)

where E - j denotes the inner product of vectors in 3 and j x B denotes the vector
product, as expected.

11.4. Metric-Invariant Maxwell Stress Tensor. We are now in a position to
introduce a metric-invariant version of the Maxwell stress-energy tensor. The
Maxwell stress tensor is a traction-stress field, i.., a section o of L(T&, \* T*&)
defined by
o(w)= (wig) Af— (wif) A g (1r.20)
(¢f [Sego2, HIO06]).
Using Equations (4.89) and (4.67) we may also write
o(w) = (wag) Af—gA (wf),
=wa(gAf) —2(waf) A g,

(11.21)

etc.
Using the definition of the Maxwell stress (11.20), the matrix of components

of (10.26), is given by
B-H+D-E 2(BxD), 2(BxD)s 2(BxD)s

2(H x E)1 Py P2 Pi3

, I1.22

—2(H x E)2 Pyy Py Py3 ( )
2(H x E)3 P3; P3y P33

where P;j = (=1)"Y[(B-H+ D -E)8j —2(B® H+ D ® E);j].

Let tgg be the boundary force for a region R in spacetime. Then, for each event
e € IR, t;)%(e) e N> (T*0m, T*&). Let 7' be frame coordinates in a neighborhood
of e and assume that T, %R is space-like so that its basis is of the form

o 9 9 [ 8 o
axl’ ax2’ ax3 | | 9z2 973 az4 |’
It follows that t(e) is of the form

> tozaidz’ @ dz? Ade® A de? (11.23)
i

which has the same form as a body force in space (rather than spacetime). Thus,
the boundary 4-force density t includes the body force and there is no need to
consider a 4-body force field. This is analogous to the situation with fluxes where



the density of an extensive property is contained in the 4-flux. It follows that the
principle of virtual power (10.65) may be written in the form

Fop(w) = dow:/tw:/S'w. 1.2
i) = [ diot) = [ m) = [ st a9
From the definition of the generalized divergence operator in Section 10.9,

divs = 0. (11.25)

In view of Equation (11.24), the induced virtual power density is obtained using
Equation (5.62) as

do(w) =d(wag) Af— (wag) Adf— [d(waf) Ag— (waf) Adg], (11.26)
and using Maxwell’s equations we arrive at
do(w) = S(j(w)) =d(wag) Af—d(waf) Ag+ (waf) AJ. (11.27)

We observe that the last term on the right is the virtual power density of the Lorentz
force. It may be shown that for the case where the aether relations are used in a
Lorentzian spacetime, the first two terms in Equation (11.27) cancel so thatdo = b.

Using the representation (10.31) for do (w), the local components of the varia-
tional stress are given by (10.68) which in the spacetime setting become

Riar =Y (V" o1 2. aric
< (11.28)

k k-1
Stoar =000 Toare
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