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In this work we develop, in a somewhat extensive manner, a geometric theory of chiral
elasticity which in general is endowed with geometric discontinuities (sometimes re-
ferred to as defects). By itself, the present theory generalizes both Cosserat and void
elasticity theories to a certain extent via geometrization as well as by taking into ac-
count the action of the electromagnetic field, i.e., the incorporation of the electromag-
netic field into the description of the so-called microspin (chirality) also forms the un-
derlying structure of this work. As we know, the description of the electromagnetic
field as a unified phenomenon requires four-dimensional space-time rather than three-
dimensional space as its background. For this reason we embed the three-dimensional
material space in four-dimensional space-time. This way, the electromagnetic spin is
coupled to the non-electromagnetic microspin, both being parts of the complete mi-
crospin to be added to the macrospin in the full description of vorticity. In short, our
objective is to generalize the existing continuum theories by especially describing mi-

crospin phenomena in a fully geometric way.

1 Introduction

Although numerous generalizations of the classical theory of
elasticity have been constructed (most notably, perhaps, is the
so-called Cosserat elasticity theory) in the course of its de-
velopment, we are somewhat of the opinion that these gen-
eralizations simply lack geometric structure. In these exist-
ing theories, the introduced quantities supposedly describing
microspin and irregularities (such as voids and cracks) seem
to have been assumed from without, rather than from within.
By our geometrization of microspin phenomena we mean ex-
actly the description of microspin phenomena in terms of in-
trinsic geometric quantities of the material body such as its
curvature and torsion. In this framework, we produce the mi-
crospin tensor and the anti-symmetric part of the stress ten-
sor as intrinsic geometric objects rather than alien additions
to the framework of classical elasticity theory. As such, the
initial microspin variables are not to be freely chosen to be in-
cluded in the potential energy functional as is often the case,
but rather, at first we identify them with the internal properties
of the geometry of the material body. In other words, we can
not simply adhere to the simple way of adding external vari-
ables that are supposed to describe microspin and defects to
those original variables of the classical elasticity theory in the
construction of the potential energy functional without first
discovering and unfolding their underlying internal geomet-
ric existence.

Since in this work we are largely concerned with the be-
havior of material points such as their translational and rota-
tional motion, we need to primarily cast the field equations
in a manifestly covariant form of the Lagrangian system of
material coordinates attached to the material body. Due to

the presence of geometric discontinuities (geometric singu-
larities) and the local non-orientability of the material points,
the full Lagrangian description is necessary. In other words,
the compatibility between the spatial (Eulerian) and the ma-
terial coordinate systems can not in general be directly in-
voked. This is because the smooth transitional transforma-
tion from the Lagrangian to the Eulerian descriptions and
vice versa breaks down when geometric singularities and the
non-orientability of the material points are taken into account.
However, for the sake of accommodating the existence of
all imaginable systems of coordinates, we shall assume, at
least locally, that the material space lies within the three-
dimensional space of spatial (Eulerian) coordinates, which
can be seen as a (flat) hypersurface embedded in
four-dimensional space-time. With respect to this embedding
situation, we preserve the correspondence between the ma-
terial and spatial coordinate systems in classical continuum
mechanics, although not their equality since the field equa-
tions defined in the space of material points are in general not
independent of the orientation of that local system of coordi-
nates.

At present, due to the limits of space, we shall concen-
trate ourselves merely on the construction of the field equa-
tions of our geometric theory, from which the equations of
motion shall follow. We shall not concern ourselves with the
over-determination of the field equations and the extraction
of their exact solutions. There is no doubt, however, that in
the process of investigating particular solutions to the field
equations, we might catch a glimpse into the initial states of
the microspin field as well as the evolution of the field equa-
tions. We’d also like to comment that we have constructed
our theory with a relatively small number of variables only, a
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characteristic which is important in order to prevent superflu-
ous variables from encumbering the theory.

2 Geometric structure of the manifold $5; of material
coordinates

We shall briefly describe the local geometry of the manifold
&3 which serves as the space of material (Lagrangian) coordi-
nates (material points)¢* (4= 1, 2, 3). In general, in addition
to the general non-orientability of its local points, the mani-
fold &3 may contain singularities or geometric defects which
give rise to the existence of a local material curvature repre-
sented by a generally non-holonomic (path-dependent) cur-
vature tensor, a consideration which is normally shunned in
the standard continuum mechanics literature. This way, the
manifold &3 of material coordinates, may be defined either
as a continuum or a discontinuum and can be seen as a three-
dimensional hypersurface of non-orientable points, embed-
ded in the physical four-dimensional space-time of spatial-
temporal coordinates 4. Consequently, we need to employ
the language of general tensor analysis in which the local met-
ric, the local connection, and the local curvature of the mate-
rial body 53 form the most fundamental structural objects of
our consideration.

First, the material space $3 is spanned by the three curvi-
linear, covariant (i.e., tangent) basis vectors g; as $3 is em-
bedded in a four-dimensional space-time of physical events
R4 for the sake of general covariance, whose coordinates are
represented by y*  (u=1, 2, 3,4) and whose covariant ba-
sis vectors are denoted by w,,. In a neighborhood of local co-
ordinate points of 4 we also introduce an enveloping space
of spatial (Eulerian) coordinates z# (A =1, 2, 3) spanned by
locally constant orthogonal basis vectors e4 which form a
three-dimensional Euclidean space E3. (From now on, it is to
be understood that small and capital Latin indices run from
1 to 3, and that Greek indices run from 1 to 4.) As usual,
we also define the dual, contravariant (i.e., cotangent) coun-
terparts of the basis vectors g;, €4, and w,,, denoting them
respectively as g*, e, and w# , according to the following
relations:

<giagk> :612:7
(eA,eB> zég,
(W, wy) = 6},

where the brackets () denote the so-called projection, i.e., the
inner product and where § denotes the Kronecker delta. From
these basis vectors, we define their tetrad components as

i ; o¢*
fYA:<g7eA>:8$A7
i ; a¢’
41" = <g 7w/”'> = ayp,’

oz
eﬁ = <8A,wp> = aiyl‘

Their duals are given in the following relations:

vk = Gt =,

e’: ey =65

(Einstein’s summation convention is implied throughout
this work.)

The distance between two infinitesimally adjacent points
in the (initially undeformed) material body S is given by the

symmetric bilinear form (with ® denoting the tensor product)
9=20irg’ ® g*,
called the metric tensor of the material space, as
ds? = g derde® .
By means of projection, the components of the metric ten-
sor of $§3 are given by
gix = (9i, ) -

Accordingly, for a, b= 1, 2, 3, they are related to the four-
dimensional components of the metric tensor of
S3,ie., Guy = (Wy, wy), by

Gik = C:LC;;G;LV =
= (2 Gap + 2k(sbry + PRk,

where the round brackets indicate symmetrization (in contrast
to the square brackets denoting anti-symmetrization which
we shall also employ later) and where we have set

ot
ki:C?:Cagi’

b = Ga; = ({ Gaa,

¢:G44-

Here we have obviously put y* = ct with cthe speed of
light in vacuum and ¢ time.

Inversely, with the help of the following projective rela-
tions:

9 = (fwy,
Wy = Cﬁgﬁ— cnyn,
we find that
Gu = C;C,’fgik+ €nuny,
or, calling the dual components of g, as shown in the relations
girg"" = 6f,
GG =14,,
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we have 4 where 677 and 67 represent generalized Kronecker deltas.
Yyl = 6E— € n¥n, . In the same manner, the four-dimensional components of the
generalized Kronecker delta, i.e.,
Here € = + 1 and n*#and n, respectively are the con-

travariant and covariant components of the unit vector field n
normal to the hypersurface of material coordinates &3, whose
canonical form may be given as @ (€%, k) =0 where k is a
parameter. (Note that the same 16 relations also hold for the
inner product represented by e, e2.) We can write

8%
— (G
dy+ (

B B
ngy, =nye; =0,

1

ny =cl/?

o 02 02\
Ay OyP

Note that

[T
nyn” =¢c .

Letnow g denote the determinant of the three-dimensional
components of the material metric tensor g;x. Then the co-
variant and contravariant components of the totally
anti-symmetric permutation tensor are given by

1/2
€ie= 9" €isn
ijk_ —1/2 gk
e g / ey ,
where €;;;, are the components of the usual permutation ten-
sor density. More specifically, we note that
k
9iN\Ggj =€ijk 97

where the symbol A denotes exterior product, i.e.,
g Ng = ({f(;’ - C]#CZV) w, ® w,. In the same manner, we
define the four-dimensional permutation tensor as one with
components
_ G1/2
€appoc= €apBpo »

Ecxﬁpaz G—l/QEcxﬁpa ,

where G = det G, Also, we call the following simple tran-
sitive rotation group:

Wo Awp = — € €appe NPw,
where
Cijk No = C?Cffz €appo >
1 g
Ng = EC;IC?G; Sk €appo -
Note the following identities:
€ijx €PT 2659,: =67 (5;16,2 — 5;5,3) +67 (5;6£ - 6;7(5,2) +
+0; (5;’6,3 - 5;165) ,
€ijr €PV =611 = 6767 - 8767,

Jr__ £
€ijs €Y7= 167,

A

o B p

0> oy 6y O
5aﬁpa:dt v v v v
R (N . T Y4

58 &K
can be used to deduce the following identities:

Eaﬁpaze 60‘ﬁPU

GP«V’Y)\ By
Epye €%PP7=€ 6207,
€ €*Pro=2 ¢ 6P
uvpo 71 Z28)
euﬁpo' Ea'BpU: 6 € 65 .

Now, for the contravariant components of the material
metric tensor, we have

g% = GG G* 4+ 2k 4 gRR",
GHY = szlczgik_i_ c n#nu’
where .
_1og
T ot
bi — G4i — C;_G4a1

i

F=GH.

Obviously, the quantities 66—5; in k* are the contravariant
components of the local velocity vector field. If we choose an
orthogonal coordinate system for the background space-time
R4, we simply have the following three-dimensional compo-
nents of the material metric tensor:

gik = (PR Gav + Pkikic,
g% = GGG+ gRE"

In a special case, if the space-time R4 is (pseudo-)Euclid-
ean, we may set ¢ = q_ﬁ = = 1. However, for the sake of gen-
erality, we shall not always need to assume the case just men-
tioned.

Now, the components of the metric tensor of the local Eu-
clidean space of spatial coordinates z#, hyg = {ea, ep), are
just the components of the Euclidean Kronecker delta:

hag =0aB-
Similarly, we have the following relations:
git = Vv has =¥,

has = Y475 gir -
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Now we come to an important fact: from the structure
of the material metric tensor alone, we can raise and lower
the indices of arbitrary vectors and tensors defined in $3, and
hence in £4, by means of its components, e.g.,

A = g* Ay, A; = g A*, B* = G* B,,
B, = Gu B, etc

Having introduced the metric tensor, let us consider the
transformations among the physical objects defined as acting
in the material space $3. An arbitrary tensor field T' of rank
n in $3 can in general be represented as

TZTij"'gi®gj® ®gk®gl®...:
_TICD ea®ep® ... e  @eP @ - =
_T"Zf W ®uws® ... BW W' ® ...

In other words,

T =y e A WP T on = Gl i T e

A_B 7 //aﬁ---
eh..T

AB... A ..
T'cp. =" ’Yj . ’Yc’YD T”. =€éy€p---€¢ )

T =Chel o T = el

1A
u v eA BT

For instance, the material line-element can once again be
written as
ds® = gix (€P) d¢*de® = Sapd?dz® = G, (v*) dytdy”.
We now move on to the notion of a covariant derivative
defined in the material space 3. Again, for an arbitrary ten-
sor field T of <53, the covariant derivative of the components
of T' is given as

0. aTlg & e | Ty T
VT = Ber T T T+ Tl 4 =
7I;pT:lJ lpTIz-Z‘ ey

such that

oT
V,T = —— o =V,T0 0:®g;®..09"0d® ...,
where 8g; .

376’“ = Likdr.

Here the n® = 27 quantities [ 1 are the components of the
connection field I', locally given by

z 6’}’J
’YA 3{’9 )

which, in our work, shall be non-symmetric in the pair of
its lower indices (jk) in order to describe both torsion and
discontinuities. If £* represent another system of coordinates

in the material space $3, then locally the components of the
connection field I' are seen to transform inhomogeneously ac-
cording to

i gag‘r ags _
kT 5 8¢ BEk

¢ 5%¢p
oér 9¢k9ET’

i.e., the 1";  do not transform as components of a local ten-
sor field. Before we continue, we shall note a few things
regarding some boundary conditions of our material geom-
etry. Because we have assumed that the hypersurface $3 is
embedded in the four-dimensional space-time %4, we must in
general have instead

0g;
dEk

Frkgr+ € szn

where K = (Vigi, n) =n, Vi ¢# are the covariant compo-
nents of the extrinsic curvature of 3. Then the scalar given
by K= ¢ Ky ‘ffs ddi , which is the Gaussian curvature of
$3, is arrived at. However our simultaneous embedding sit-
uation in which we have also defined an Euclidean space in
R4 as the space of spatial coordinates embedding the space
of material coordinates $§3, means that the extrinsic curvature
tensor, and hence also the Gaussian curvature of &3, must
vanish and we are left simply with 6?; =TT, g-. This situa-
tion is analogous to the simple situation in which a plane (flat
surface) is embedded in a three-dimensional space, where on
that plane we define a family of curves which give rise to a
system of curvilinear coordinates, however, with discontinu-
ities in the transformation from the plane coordinates to the
local curvilinear coordinates and vice versa.

Meanwhile, we have seen that the covariant derivative of
the tensor field 7" is again a tensor field. As such, here we
have

AB
C.D r9T'ch
Ye Y - 9zF

Although a non-tensorial object, the connection field I"
is a fundamental geometric object that establishes compari-
son of local vectors at different points in 53, i.e., in the La-
grangian coordinate system. Now, with the help of the mate-
rial metrical condition

VoThl = YaYh -

VpgGix =0,
ie.,
0gir
Ber Dikp + Trip
where I';pp = gir sz, one solves for I' Tk as follows:
: 1 ,; (095 0Ogjx Ogkr
T re J J
ik = 5 (aé‘k T oo + 8¢ +F[1k]

—g" (gjsl—‘[srk] + Gks F[srj}) :

From here, we define the following geometric objects:
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1. The holonomic (path-independent) Christoffel or Levi-
Civita connection, sometimes also called the elastic
connection, whose components are symmetric in the
pair of its lower indices (k) and given by

i L i (0grj 09,k O gkr
{jk}_gg <a£k - a¢r + 8¢l )
2. The non-holonomic (path-dependent) object, a chiral-

ity tensor called the torsion tensor which describes lo-
cal rotation of material points in $3 and whose com-

ponents are given by
i o_pio 1 oy o
Tk = 1k = 574 e

3. The non-holonomic contorsion tensor, a linear com-
bination of the torsion tensor, whose components are
given by

T =Tl — 9" (gisr[srk} + 9ksF[srﬂ) =

=7aVei =
. (07 1A
=74 <a§]’c {3

which are actually anti-symmetric with respect to the
first two indices zandj.

In the above, we have exclusively introduced a covariant
derivative with respect to the holonomic connection alone,
denoted by V. Again, for an arbitrary tensor field T of $3,
we have
OTii."

o¢p
- {Zp} T;lj - {lrp} Tlg -

Now we can see that the metrical condition V,g;x =0
also implies that V7, g;, = 0, Vv = T}, v, and Vv = 0.

Finally, with the help of the connection field I" , we derive

the third fundamental geometric objects of 3, i.e., the local
fourth-order curvature tensor of the material space

VT = {0 T+ G T+ -

R=R;,0:®¢9 ®d"®d",

where
_ 81";, 8I‘}k
ok ¢t

These are given in the relations

R.ijkl + I e — I h-
(VeV; = V; Vi) F, = Ry Fr — 27,0V, F,

where F; are the covariant components of an arbitrary vector
field F' of 3. Correspondingly, for the contravariant compo-
nents F* we have

(VeVj — V; Vi) F* = —R!,j, F" — 2T, V, F* .

The Riemann-Christoffel curvature tensor R here then ap-
pears as the part of the curvature tensor R built from the sym-
metric, holonomic Christoffel connection alone, whose com-
ponents are given by

B = o (i — o Gxb+ 00 Gab - b G}

Correspondingly, the components of the symmetric Ricci
tensor are given by

~ ~ a ., 82¢log (g)"/*
Rik = R = £ ik} — W+
o, 0%log (@7
+{ox} aes =4} et

where we have used the relations

g O°log (g)l/2 _rk
kS — T — Lt ki

Then the Ricci scalar is simply R = ]:2’1 an important ge-
ometric object which shall play the role of the microspin (chi-
rality) potential in our generalization of classical elasticity
theory developed here.

Now, it is easily verified that

(v,ﬁj — v @k) F, = B, F,
and
(ﬁ,ﬁj - ?]ﬁk) F'=—R  F.

The remaining parts of the curvature tensor R are then
the remaining non-holonomic objects J and @ whose com-
ponents are given as

gio - 9T

8T,
jkl = 875’6

a¢

+T5 T —TjrkTriz
and
Q.ijkl = {§z} T + T {ik} - {;k} Ty —

Hence, we write

]rk {:'l} .

R.ijkl = R.ijkl + '].ijkl + Q.ijkl .
More explicitly,
R.ijlcl = é.ijkl + vlcTJil - ﬁlT;k + T} e — T]rkTril .

From here, we define the two important contractions of
the components of the curvature tensor above. We have the
generalized Ricci tensor whose components are given by

Rik = Ry = Rix + Vi Ty, — T T — Views + Ty,
where the n = 3 quantities

Ww; = T‘L’iﬁ = 21—‘{‘:174}
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define the components of the microspin vector. Furthermore, ~ continuity equations:
with the hejlp of .the' relatior'ls g T, = —2g%k T = — ', 52 52
the generalized Ricci scalar is - g =
0&s9¢r o&rogs
R = Rlz = é—2@iwi—wiwi —TijkTikj. (92 (92
= €ijk 925 93k 5E0LT  BET oL g1t
It is customary to give the fully covariant components of 52 5

the Riemann-Christoffel curvature tensor. They can be ex-
pressed somewhat more conveniently in the following form
(when the g;; are continuous):

s _1( &g g g
kLT o \ ogkagl T 9Elagt Elaes

o° ;i
a@@&i) *

+ Grs ({fz} {jk} — ikt {jz}) .

In general, when the g;; are continuous, all the following
symmetries are satisfied:

Rijui = — Ry = —Rijie,
Rijir = Rpuij -

However, for the sake of generality, we may as well drop
the condition that the g;; are continuous in their second
derivatives, i.e., with respect to the material coordinates &*
such that we can define further more non-holonomic, anti-
symmetric objects extracted from R such as the tensor field
V' whose components are given by

o (o) 8 (o
Vik = Rl = =74 <3£k (31‘11‘) - a¢g (%))

The above relations are equivalent to the following
i n(n — 1) =3 equations for the components of the mate-
rial metric tensor:

o) agi' 0 agi‘
£ (52) - e () =5

which we shall denote simply by ||gi;,x:||- When the g; pos-
sess such discontinuities, we may define the discontinuity po-
tential by

_ 9¢log (9)”°

i = {fk 6&-1
Hence we have
_ O O
Vik = o9&t gk’

From the expression of the determinant of the material
metric tensor, i.e.,

g = €4k 911925 93k

we see, more specifically, that a discontinuum with arbitrary
geometric singularities is characterized by the following dis-

- 86’855) o
02 82
+ €45k g1igej (855857‘ - 88855) 93k -

In other words,

+ €45k g1: 93k (855 BEr

52 82
(8&5 agr - agr 865 ) g= _Eijk (Rlirs + Rilrs) nggSk—
— €ijk (Rajrs + Rjors) 91i93k—
— €ijk (Rakrs + Riars) 91925 -

It is easy to show that in three dimensions the components
of the curvature tensor R obey the following decomposition:

Rijer = Wijk + gix Bji + g1 Rik — gu Rjx — gk Ru+

1
+t3 (gagix — girgit) R,

ie.,
Ry = Wy + 8 Rju + 8] Rl — 6} Rjx — 6, R+
1/ o
+3 (5;5; - 5,@5;) R,
where W;;1; (and W”kl) are the components of the Weyl ten-
sor W satisfying W’, , =0, whose symmetry properties fol-

low exactly those of R;jx;. Similarly, for the components of
the Riemann-Christoffel curvature tensor B we have

R.i.jkz = W.Z'.J;cz + 6L R+ 5zj Ry — 6 R — 5i R+
1/ .. . N .
+3 (667 —oi67 ) B.

Later, the above equations shall be needed to generalize
the components of the elasticity tensor of classical continuum
mechanics, i.e., by means of the components

% (5;;5{ - 555;’) k.

Furthermore with the help of the relations

or?. T RIN
i i i [7] (k1] [L5]
R+ Ry + Ry = —2 < 85]’ ET3] 3573

+ T4 Thyy + ThThyy + T )
we derive the following identities:
Vo Rijkt + Vi Rijip + ViRijpr, = 2 (F[Tkl] Rijrp+

+ ].—“flp} Rijrk + P‘fpk] Rijrl) )
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R, +1TT,

ha RS

. 1 . .
k k k
Vi (RZ —29 R) =297 Ty
From these more general identities, we then derive the
simpler and more specialized identities:

Rijkl + Riklj + éiljk =0,

Vp Rijir + Vi Rijip + Vi Rijpr = 0,
e (1 .
Vi (Rzk_zgsz> :0,

often referred to as the Bianchi identities.

We are now able to state the following about the sources
of the curvature of the material space $53: there are actually
two sources that generate the curvature which can actually
be sufficiently represented by the Riemann-Christoffel curva-
ture tensor alone. The first source is the torsion represented
by I‘ijk which makes the hypersurface 3 non-orientable
as any field shall in general depend on the twisted path it
traces therein. As we have said, this torsion is the source
of microspin, i.e., point-rotation. The torsion tensor enters
the curvature tensor as an integral part and hence we can
equivalently attribute the source of microspin to the Riemann-
Christoftel curvature tensor as well. The second source is the
possible discontinuities in regions of $§3 which, as we have
seen, render the components of the material metric tensor
Jik = 7;-4 'y,? 4 ap discontinuous at least in their second deriva-
tives with respect to the material coordinates £*. This is ex-
plicitly shown in the following relations:

; (0 (0 8 [0
el i) ()

= -4 (VKA — Vi Kl]) + Q5

where
KA__avf__1<87f

YTag 2

6734 Ak
o9& + a¢i + 7 F[ij]

and
Q.ljkl =% ( ngﬁ -

Another way to cognize the existence of the curvature in
the material space $3 is as follows: let us inquire into the
possibility of “parallelism” in the material space $§3. Take
now a “parallel” vector field ? B such that

n KA — 2T, Kﬁ) .

Vi?B; =0,
i.e., 5
PBi
agk Lo PBr -

Then in general we obtain the following non-integrable
equations of the form

0 (0PB; 0 (0PB;
o ) v 2 — _pr..p
o¢! (ask> ask< o¢ ) Faw 780

showing that not even the “parallel” vector field ? B is path-
independent. Hence even though parallelism may be possibly
defined in our geometry, absolute parallelism is obtained if
and only if the integrability condition Rfj w = 0 holds, ie., if
the components of the Riemann-Christoffel curvature tensor
are given by

Ry =ViThH — Vi T} + T) T — T5, Ty, -

In other words, in the presence of torsion (microspin) the
above situation concerning absolute parallelism is only pos-
sible if the material body is free of geometric defects, also
known as singularities.

The relations we have been developing so far of course
account for arbitrary nonorientability conditions as well as
geometric discontinuities of the material space $§3. Conse-
quently, we see that the holonomic field equations of classi-
cal continuum mechanics shall be obtained whenever we drop
the assumptions of non-orientability of points and geometric
discontinuities of the material body. We also emphasize that
geometric non-linearity of the material body has been fully
taken into account. A material body then becomes linear if
and only if we neglect any quadratic and higher-order terms
involving the connection field I' of the material space $3.

3 Elements of the generalized kinematics: deformation
analysis

Having described the internal structure of the material space
&3, i.e., the material body, we now move on to the dynam-
ics of the continuum/discontinuum $§3 when it is subject to
an external displacement field. Our goal in this kinemati-
cal section is to generalize the notion of a material deriva-
tive with respect of the material motion. We shall deal with
the external displacement field in the direction of motion of
&3 which brings $3 from its initially undeformed configura-
tion to the deformed configuration *$&3. We need to gener-
alize the structure of the external displacement (i.e., external
diffeomorphism) to include two kinds of microspin of mate-
rial points: the non-electromagnetic microspin as well as the
electromagnetic microspin which is generated, e.g., by elec-
tromagnetic polarization.

In this work, in order to geometrically describe the me-
chanics of the so-called Cosserat continuum as well as other
generalized continua, we define the external displacement
field ¢ as being generally complex according to the decom-
position

Y=l tig!,

where the diffeomorphism $3 Y *$3 is given by
*gi _ 62’ + ’l/)i )

Here u' are the components of the usual displacement
field v in the neighborhood of points in 53, and ¢* are the
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components of the microspin “point” displacement field ¢
satisfying
Vi + Vipr =0,

which can be written as an exterior (“Lie”) derivative:
L{"7 gix = 0.

This just says that the components of the material metric
tensor remain invariant with respect to the action of the field
. We shall elaborate on the notion of exterior differentiation
in a short while.

The components of the displacement gradient tensor D
are then

Dip = Vitp; =

1 1
=5 (Vs + Vi) + 3 (Vev; — Vig) =
1 1
=5 (Viu; + Viug) + 5 (Viu; — Viug) +
1.
+§'L(Vk90i_vi90k):
= ik + Wik .
Accordingly,
1 1 lin 1
ik = 5 (Veui + Viug) = S Lugin = 5 ("gik — g
Eik 2( wui + Viug) 5 Lugik 2(gk gik)

are the components of the linear strain tensor and
wik = ik + Qi

are the components of the generalized spin (vorticity) tensor,
where
1
Qix, = 5 (Viu; — Viug)

are the components of the ordinary macrospin tensor, and

1.
i = 3t (Vi — Vipr)

are the components of the microspin tensor describing rota-
tion of material points on their own axes due to torsion, or,
in the literature, the so-called distributed moment. At this
point, it may be that the internal rotation of material points is
analogous to the spin of electrons if the material point them-
selves are seen as charged point-particles. However, we know
that electrons possess internal spin due to internal structural
reasons while the material points also rotate partly due to ex-
ternally induced couple stress giving rise to torsion. For this
reason we split the components of the microspin ¢ into two
parts:
pi=¢; +eh;,

where @; describe non-electromagnetic microspin and e A;
describe pure electron spin with e being the electric charge
and A;, up to a constant of proportionality, being the material
components of the electromagnetic vector potential A:

Ai = qwl:A/.ta

where g is a parametric constant and A, are the components
of the four-dimensional electromagnetic vector potential in
the sense of Maxwellian electrodynamics. Inversely, we have

1.
A# = 5 (w;Az—l— € Nn#) s

where N =gn, A¥. The correspondence with classical elec-
trodynamics becomes complete if we link the electromagnetic
microspin tensor f represented by the components

1.
fik = 5 te (Ve A; — V; Ag)
to the electromagnetic field tensor F' = F},, w* ® w" through

K, v
w; wy Fy,

@ |2

fie =

where 4 = %iqeg. The four-dimensional components of the
electromagnetic field tensor in canonical form are

0 -E' -E* _p?

_8A, 084, | B2 0 B B
oy oyt | B2 -B® 0 B |

E® B® -B' 0

where E = (E*, E? E®) and B= (B*, B%, B®) are the elec-
tric and magnetic fields, respectively. In three-dimensional

vector notation, F = — %%—‘? — ﬁq& and B= curlff, where

A=A+ Wy = ([f, ¢) . They satisfy Maxwell’s equations in the

Lorentz gauge divA =0, i.e.,

10E 4 .
Eﬁ —curlB—7],

divE = —V?¢ = 4mp. ,

16B
25 = —curlE,
divB =0,

where 7 is the electromagnetic current density vector and p,
is the electric charge density. In addition, we can write

v, B = g,
C

ie., V, FA¥ = 47 j4 and j* = p,. The inverse transformation
relating f;x to Fji is then given by

e ; a
_ 1, .k
F;w - %w’uwyfik_FFﬂV‘l

where

2

Fuo=—¢€ nyFo —ny,Fue)n?,

Faon’ = e? Fun? =F,n".
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This way, the components of the generalized vorticity ten-
sor once again are

1 1.

Wik = 5 (Vku; — Viu;) + 5t (Ve — Vigr) +
% (Ve ds — Vi Ay) =
1 [(0u;  Ouy 1./0¢; O¢x
2 <agk asi) T (agk o€ ) "
1. (04 0A |, o

= Qi + wix + wakaW,
where

Vi)

are the components of the non-electromagnetic microspin
tensor. Thus we have now seen, in our generalized defor-
mation analysis, how the microspin field is incorporated into
the vorticity tensor.

Finally, we shall now produce some basic framework for
equations of motion applicable to arbitrary tensor fields in
terms of exterior derivatives. We define the exterior derivative
of an arbitrary vector field (i.e., a rank-one tensor field) of
$G3, say W, with respect to the so-called Cartan basis as the
totally anti-symmetric object

1.
Wik = El(vkﬁbi -

LyW =2U; Wy g ® g,

where U is the velocity vector in the direction of motion of

the material body S, i.e., Ut = 6¢ . If we now take the local
basis vectors as directional derzvanves i.e., the Cartan coor-
dinate basis vectors g; = % = 9; and g* = d¢*, we obtain for
instance, in component notation,

(LyW), = LyW; = U* 0, W; + Wi, 8;U" .
Using the exterior product, we actually see that
LyW=UANW=UW-WeU.
Correspondingly, for /%, we have
Wk, U

(LyW)' = LyW* = U*§, W —

The exterior material derivative is then a direct general-
ization of the ordinary material derivatlve (e.g., as we know,

for a scalar field p it is given by 2 o7 g’t’ + gs‘i U*) as fol-
lows:
DWi 3Wi an 8Wi
= LyW, = UNV), = —
Dt 5t U at Tl o= t
+U*0,W; + W8, U,
DW* oW? . oW . OW?
= LyWt = UAV) =
Dt ot +_ v ot V=%t
+ Ukg W — Wro,U" .

Finally, we obtain the generalized material derivative of
the components of an arbitrary tensor field T’ of <3 as

DT g y y
i = g TUTORT + Tl 8 U+
F T QU™ 4 = TP 8, Ut — T8, U7 — ...

or alternatively as

DTY~ g .
+ T,;'in";__vl U™ 4o — T,gf{"'vm Ut — T Vi U7 —
— 2PEmp]Tkl Ur — 2Ffmp]T,§{f’_:"U” —

Written more simply,

DTU~ @i . 5T g
Do = g TLuTal = =+ (UAT)
For a scalar field ©, we have simply

D6 450
+U*8,0,
Dt ot g

which is just the ordinary material derivative.

Now, with the help of the Cartan basis vectors, the torsion
tensor can be expressed directly in terms of the permutation
tensor as

, 1 .

7 _ p .

K = T59" Cpik -

Hence from the generalized material derivative for the com-

ponents of the material metric tensor g (defined with respect
to the Cartan basis), i.e.,

Dgix _ 9gix dgik
= Lygix = U A 2
Dt ot + Ly ik ot + ( g)zk
we find especially that
Dgix  9gix
Dt~ ot + Vi U; + Uy,

with the help of the metrical condition V, g;x = 0. Similarly,
we also find

Dg* _ 09™ ki gigk
Dt = et ~(VUIHVTY).
Note also that )
Do, 0
Dt —

The components of the velocity gradient tensor are
given by

1 1
Ly = Vi, U; = 3 (VeU; + V3 U) + 3 (VeU; — V3 Ug)
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where, following the so-called Helmholtz decomposition the-
orem, we can write

1 .
Ui =Vsa+ 59 e* (V; Bk — ViB;)

for a scalar field « and a vector field 3. However, note that in
our case we obtain the following generalized identities:
: L ik (p
divcurlU = —3 € (R_,ﬂ-

L
;Ur = 2T}, Vi) |

curl grad a = €¥* l"l[ij] Vi,
which must hold throughout unless a constraint is invoked.
We now define the generalized shear scalar by

) ) 1 ..
6=ViU' =ViVia+ o €% (VV; = V;Vi) B =

1 .. g
2 k pl k il
=Via— 5 EZJ R.kijﬁl+ GU P[,LJ]Vlﬁk .
In other words, the shear now depends on the microspin
field generated by curvature and torsion tensors.
Meanwhile, we see that the “contravariant” components
of the local acceleration vector will simply be given by

., DU' _8U* : :
0= = 5+ URRU - URRUT =
oU*
oot

However, we also have

a__DUi_an
7 Dt Bt

+ (VUi + Vi Uy,) U,

for the “covariant” components.
Furthermore, we have

Dgir  0Ogir &
+( Dt ot )U '

_au;
Y

a;

Now, define the local acceleration covector through

&i — gikai —
U . .
= gt* —at’“ + (VU + V' U,) U* =
_ au? B Dgik
Y "Dt

such that we have
D gik

% ~1
_ =U
a a k Dt

Hence we see that the sufficient condition for the two local
acceleration vectors to coincide is
Dgix
Dt

=0.

In other words, in such a situation we have

09
ot
In this case, a purely rotational motion is obtained only

when the material motion is rigid, i.e., when ag;’“ =0or, in
other words, when the condition

= —(VkUi +ViUk) .

Ly gix = Lik)y = VUi + V;Ur = 0

is satisfied identically. Similarly, a purely translational mo-
tion is obtained when Ly;x) = 0, which describes a potential
motion, where we have U; = V; a. However, as we have seen,
in the presence of torsion even any potential motion of this
kind is still obviously path-dependent as the relations €**
I‘fi ;1 Vio# 0 hold in general.

We now consider the path-dependent displacement field
¢ tracing a loop £, say, from point P; to point P, in 4 with
components:

5t = ]4 dyt =

P, —P;

(e ut— T ag
P17P2

Let us observe that

. ) 3’}’A a,yi
ket _ 1kt k k. A A _
vy =19 W’AT'EI——#/ WkTg—
09} 0 . . AypA
_ _ . AYTA — _{ = i A 0 —
= 86[ (agl (’YA’(/) ) Ya 8£l)
_ oyt _ ay*
=7%a agl 8£l .
Now since * = §¢*, and using %‘Z{ =4 ggfi for an arbi-

trary function f, we have

; ; oz4 o¢
¥Th =0 (525 ) oF —9 (5ar) =0,

and we are left with

& = jqf dy' =

P;—P;

7{ (s’k + w’k) dek .
P —P,

Assuming that the ¢, are continuous, we can now derive
the following relations:

) ) P/
7 7 k_ Y7 k
Dy’ = Viy'dg* = S det,
) ) . det O¢
Vlw_’kdEk: (VIE?,C — szlk) dfk = ((9£l,c - a£k> dgk .

With the help of the above relations and by direct partial
integration, we then have

F= A =widn - § (Vwk-Veh)dctag,

P, —P> P —Ps
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where
i i
P =€

It can be seen that

—fj (V]‘E_ik —ViSjk) .

V”/’.zk - Vm,bfl = _Z.ljklfj )
where we have defined another non-holonomic tensor Z with
the components
Zh = ViVet + Ve Viej — Vi Vel — ViViep, .
Now, the linearized components of the Riemann-
Christoffel curvature tensor are given by

B un 1 ( 8°ga gix g Ogir
kLT o \ agkagi T aglagt 9glagl  agkagt )
Direct calculation gives

~ lin 1
Oy Riji = (Vkv Oy ga + ViVibygix — Vi V;6y gik —

— Vi Vibygsi) -
However, 6y g1 = €ix, and hence we obtain

lin 1

Sy Rijm = (Vkv €y +ViViejn — ViVie —

- Vk VZ‘ Ejl) .
In other words,
lin

Zijwt = =20y Rinr -

Obviously the Z;;; possess almost the same fundamen-
tal symmetries as the components of the Riemann-Christoffel
curvature tensor, i.e., Z;jp = — Zj3p1 = — Zsji as well as the
general asymmetry Z;;x; # Zgi4; as

Zijkt — rii; = (R.Tijl +R.szi) Erg t+ (RTklj +R.lej) Eir +
+ (Rji, + Rligy) €nt + (R + Rligs) €50 —
2 (Prjl] Vr€ir + Pfik] Vv, €1+ ].—‘[Tk]-] Vi€ +

+ Iy v,sjk) .

When the tensor Z vanishes we have, of course, a set of
integrable equations giving rise to the integrability condition
for the components of the strain tensor, which is equivalent to
the vanishing of the field §. That is, to the first order in the
components of the strain tensor, if the condition

6¢R7;jkl =0

is satisfied identically.

Finally, we can write (still to the first order in the compo-
nents of the strain tensor)

§i = 7§ ' = (w'¥)| +% 74 Zig & dSH =
P, —P, P, —P;
= (wkgk }‘4 Oy R &7 dSH
P, —P,
where
ds™ = dgtsek — dekse?

are the components of an infinitesimal closed surface in <53
spanned by the displacements d¢ and 6¢ in 2 preferred direc-
tions.

Ending this section, let us give further in-depth investiga-
tion of the local translational-rotational motion of points on
the material body. Define the unit velocity vector by

VouCic  ds
such that ]
; _ 0¢ 1/2 d€
G = ot = ( le4 44) ds '
ie.,
in1/2 0t n1/2
ds = (gin(i(2) aa %' = (U;UY) " dt =Udt.

Then the local equations of motion along arbitrary curves
on the hypersurface of material coordinates 3 C R4 can be
described by the quadruplet of unit space-time vectors
(U VW, e n) orthogonal to each other where the first three
unit vectors (i.e., U , V, W) are exclusively defined as local
tangent vectors in the hypersurface 3 and n is the unit nor-
mal vector to the hypersurface $3. These equations of motion
are derived by generalizing the ordinary Frenet equations of
orientable points of a curve in three-dimensional Euclidean
space to four-dimensions as well as to include effects of mi-
crospin generated by geometric torsion. Setting

U=vtw, =U"g;,

V =v*w, =V"g,
W =w'w, =W'g;,
n =nlw,,

we obtain, in general, the following set of equations of motion
of the material points on the material body:

o,
s
m
%—Tw“—ku“
s
m
%:T’UP’-{—)\TLP’
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ont _ AwH Setting A = (gikC}in)*l/z such that U = AU*, we ob-
ds tain in general
where the operator
3 1z TLS 1z TS
56? 0V, = utv, AVUs = AR R (VoUs + VoUy) + Xk A (VU -
represents the absolute covariant derivative in S3 C Ry. In - V.U,) + = }\V U + lgzk 6 + = )\gzk VzU +
the above equations we have defined the following invariants: 47" s
SA oU; 1. SA
W AN 1/2 2 oA
Sut Su? 1/2 SO 50Tk / +>\U Uk5 + A U 5s U; Uk5
k= G;,w e e =\ G9ix — )
§s s ds 6s SUL
R —7A3U5——7>\3U Up Vi U*.
_ L fivyy OVF
T = Curpo WV o = € C gk vv 5s Again, the vanishing of the extrinsic curvature of the hy-

persurface $3 gives 5 = 0. Hence we have

Snk onv\ Y2
A—(Gw(ss 53) :

1 1
VeUi==hl hi (V,Us+VsU)+=hi hi (V, Us— VU, )+
In our case, however, the vanishing of the extrinsic cur- 4 4

vature of the hypersurface $$3 means that the direction of the +z 1 SV U + 1 g WU+ AU oU;  1s U 6Uk _
unit normal vector n is fixed. Consequently, we have 2 ’ d0s 2 ds
1.
A=0, - VOO
and our equations of motion can be written as for the components of the velocity gradient tensor.

Ak o g AP Meanwhile, with the help of the identities
U U =kV* =T, UU

OFV = 1 W — kU — T, VRO 0V, 0i = % (079,0,) - (VD) (V70:) =
UkﬁkWi:Tvi—T,ikaUl :VkAi— (V)Jjj) (VjUi) ,

in three-dimensional notation. In particular, we note that, just il (Ve V; — V; V) 0, = szkUl 0i — 21_|[ " oI,

as the components of the contorsion tensor T}k, the scalar 7

measures the twist of any given curve in &5 due to microspin. We can derive the following equation:

Furthermore, it can be shown that the gradient of the unit A g
velocity vector can be decomposed accordingly as gj -V, <56U ) _ (Vi [jk) (Vk [jz‘) — R UD*+
s s
A 1 PSS N
VieUs = e + Bix + Jhirt + Ui i, + 2T UV U
where Hence we obtain

hix = gix — U Uy,

Ui
—2—V,; (°log \)—

L (‘W) 3 (V0*) () 220

ds bs

1 N A PV
=i by (VTUS—i-VsUT) “hThS (v US+VSUT)—
1 X — ARy U'U* 4+ 23T, UV U*,
— SRR T U
91k (rs) IR .
for the rate of shear with respect to the local arc length of the

1 R R " Y .
ﬁik — Z h: hz (vr Us _ vs U‘r) - h‘r hs (v Us _ vs Ur) _ material bOdy

— lh: h’ZT[lrs] Ul’ 4 Generalized components of the elasticity tensor of
2 _ the material body <3 in the presence of microspin
6=v,0" , and geometric discontinuities (defects)

A, = 2 As we know, the most general form of the components of a
os fourth-rank isotropic tensor is given in terms of spatial coor-
Note that dinates by

hinUF = a;p UF = B, U* = 0. Isgep = C16aBbcp + C264cd8p + C384p0BC
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where C1, C3, and Cj are constants. In the case of anisotropy,
C1,Cs, andCj3 are no longer constant but still remain in-
variant with respect to the change of the coordinate system.
Transforming these to material coordinates, we have

', = C1 9" gy + C26567 + C366) .

On reasonably relaxing the ordinary symmetries, we now
generalize the components of the fourth-rank elasticity tensor
with the addition of a geometrized part describing microspin
and geometric discontinuities as follows:

C¥% = ag”gu + B (8167 + 861) + (616] — 6181 |
where

2 . 1 ,
— Azk _ Ak_z
a 15 1.k 15 ik

1 7 1 7
B = TOA.k.z’k - TOA.zk.k’
1 .
— gk
v 277 )

where 77 is a non-zero constant, and where
A%y = ag”gu + B (8] + 6]

are, of course, the components of the ordinary, non-microspin
(non-micropolar) elasticity tensor obeying the symmetries
A7 =A" =AY, = A7, Now if we define the remain-
ing components by

ij 1 i5d isi\ B
B..Jkl = 577 (5k5zj — & 5%) R,

with BY,, = — B’ = — BY, = B,,”, then we have relaxed
the ordinary symmetries of the elasticity tensor. Most impor-
tantly, we note that our choice of the Ricci curvature scalar
R (rather than the more general curvature scalar R of which
Risa component) to enter our generalized elasticity tensor
is meant to accommodate very general situations such that in
the absence of geometric discontinuities the above equations
will in general still hold. This corresponds to the fact that
the existence of the Ricci curvature tensor R is primarily due
to microspin while geometric discontinuities are described by
the full curvature tensor R as we have seen in Section 2.

Now with the help of the decomposition of the Riemann-
Christoffel curvature tensor, we obtain

¥y = g gu + B (516 +6161) +n (W + 6 B+
+ 6] By — 6 R, — 6L R, - R”kl)
for the components of the generalized elasticity tensor. Hence

for linear elastic continua/discontinua, with the help of the
potential energy functional F, i.e., the one given by

_ 1 ..
F= Ecij’?_l D" Dy,

such that _
oF
Oij = 8D’
ie.,
oF
9(i7) = Bgis ’
oF

Olis) = G5
we obtain the following constitutive relations:
0i5 = Cif Dyt

relating the components of the stress tensor o to the compo-
nents of the displacement gradient tensor D. Then it follows,
as we have expected, that the stress tensor becomes asymmet-

ric. Since B(ijﬁf. =0, we obtain

9(ij) = Cuty D = Aifl e = agije’ + 2B¢ei5,

for the components of the symmetric part of the stress ten-
sor, in terms of the components strain tensor and the dilation
scalar k = ¢*;. Correspondingly, since A[i jﬁ“.l. =0, the compo-
nents of the anti-symmetric part of the stress tensor are then
given by

ij],.c.l Dy = Biﬁ.lwkl =

=1 (Wij’.c.l - Riﬁ) +7 (Di,.chk + D.ijik—

oji5] = C

— D% Ry — Df R ) =

=n (Wz_‘/kl - Ri;"c.f) Wi + 27 (wi,.chk - Wj{CRik) =
=nwi; R,
in terms of the components of the generalized vorticity tensor.
We can now define the geometrized microspin potential by the
scalar

S = né =7 (R + 261‘0.}1. + wiwi + Ti]'kTikj) .
Then, more specifically, we write
_ T ouow
OTij] =5 Qij+wij+gwi w; Fp,,, .

From the above relations, we see that when the electro-
magnetic contribution vanishes, we arrive at a geometrized
Cosserat elasticity theory. As we know, the standard Cosserat
elasticity theory does not consider effects generated by the
electromagnetic field. Various continuum theories which can
be described as conservative theories often take into consider-
ation electrostatic phenomena since the electric field is sim-
ply described by a gradient of a scalar potential which cor-
responds to their conservative description of force and stress.
But that proves to be a limitation especially because magnetic
effects are still neglected.
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As usual, should we consider thermal effects, then we
would define the components of the thermal stress ¢ by

tiw = —prgin AT,

where p7 is the thermal coefficient and AT is the temper-
ature increment. Hence the components of the generalized
stress tensor become

oik = Cip’ Drs — pr gin AT .
Setting now

1 pr
3(a+28)’

KT =
we can alternatively write

Oit = Cif* (Dys + fir grs AT) .

Finally, we shall obtain
ok = (ae”, — ur AT) gir + 2Bei + nwi R,
i.e., as before
o(ij) = (ae’, — ur AT) g;; + 20¢5,
alij) = nwi; R = %77 €ijx S*R,

where S* are the components of the generalized vorticity vec-
tor S.

We note that, as is customary, in order to accord with the
standard physical description of continuum mechanics, we

need to set
E

2(1+v)’
2v

ﬂ:G(1—2u)’

where G is the shear modulus, E is Young’s modulus, and v
is Poisson’s ratio.

Extending the above description, we shall have a glimpse
into the more general non-linear constitutive relations
given by

Oij = Ci]-’_c_l Dy + K, M

1j..mn

a:G:

Dlemn_’_”"

where the dots represent terms of higher order. Or, up to the
second order in the displacement gradient tensor, we have

gij = Ci;’c.l Dy + Ki ki Dy D™™.

j..mn

Here the K;jkimn are the components of the sixth-rank,
isotropic, non-linear elasticity tensor whose most general
form appears to be given by

Kijpimn = A19i5 9kl Gmn + A2 G:j Jkm Int + A3 Gij Gkn Gim +
+ A4 Gk Gim Gjn + As gk 9ingjm + A6 Imn gik gjt +
+A7Gmn Git gk + AsGim 9ik gnt + Ao Gim gjt Jkn +
+A109in Gjk Gim + A11 Gin G5t Gem + A12 Gjm Gik Gnt +
+A139jm Git Gkn + A14 Gjn Jik Jim + A15 Gjn 9it Jkm

where A;, Az, ..., Ajs are invariants. In a similar manner
as in the generalized linear case, we shall call the following
symmetries:

Kijkimn = Kitijmn = Kkimni; = Kmnijki -

Hence, we can bring the K;jximy into the form

Kijkimn = B19ij 9kt Gmn + B29ij (9km Gni + Gkn Gim) +
+ B3gij (gkm Gnt — Gkn Gim) + Bagrt (gim Gjn+
+ 9ingjm) + Bs gkt (9im jn — GinGjm) +
+ Bo Gmn (Gik 51 + gitGjk) + B79mn (Gin g1 —
— Gigjk) + Bsgim (gjkgnt + gj19kn) +
+ Bo Gim (95k9nt — G5t gkn ) + B1ogjm (gikgni +
+ GitGkn) + B11gjm (gik gnt — it Grn)

where, again, By, Bs, ..., B are invariants. As in the gen-
eralized linear case, relating the coefficients B3, Bs, B7, By ,
and Bj; to the generator of microspin in our theory, i.e., the
Riemann-Christoffel curvature tensor, we obtain

Kijkimn = A1Gi5 ki Gmn + A2Gi5 (Gkm Int + Gkn Gim) +
+ A3 9kt (Gim jn + GinGim) + AaGmn (Gix g5 +
+ gitgjk) + As gim (gjknt + 9j1Gkn) +

1
+ A6 9jm (Gikgni + Git Grn) + 5 F10i (Grem gnt —

" 1
— GknGim) R+ 5 29k (9imGjn — Gingim) R+

1 L1
+5 K3 gmn (9ik 951 — gur 9jk) R+ 5 K4 gim (95kgn1 —
~ 1 ~
= 919kn) R+ 5 K5 9jm (Gik gt — Gugen) B,
where we have set B]_:A]_,BQ:AQ,B4:A3,B6:A4,

Bg = A5, B1p = A and where, for constant x1, K3, ..., K5,
the five quantities

1 -
Ki=B3;=_-kiR,

2

1 ~
Kz :B5 = EK,QR,

1 .
K3 =B7= *K,3R,

2

1 .
Ky =By = §/€4R,

1 -
K5 :Bll = 51{5R

form a set of additional microspin potentials. Hence we see
that in the non-linear case, at least there are in general six
microspin potentials instead of just one as in the linear case.
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Then the constitutive equations are readily derivable by
means of the third-order potential functional

-1 g 1 .
“F = 5 Cif! DY Dy + S K f!n DY Dy D™
through _
O*F
Uij = aDlj = (1)Uij + (2)0-1.]. ,

where (1) indicates the linear part and (2) indicates the non-
linear part. Note that this is true whenever the Kjjgimn in
general possess the above mentioned symmetries. Direct, but
somewhat lengthy, calculation gives

@)y _ g Kl
Oij = Kz]mn

Dy D™ =

= ()\1 (5_’“,6)2 + 2Xex e + Kywp W J:T{) gij +

+ ek ((2>\3 +2e) €45 + (Ko + K3) wijﬁ) +

+D} (2>\55jk+n4wjk1%)+Df (2 Aseik+n5wiké).

Overall, we obtain, for the components of the stress ten-
sor, the following:

oij = (ae’ — ur AT) gij + 2Bes; + nwi; R+
2 "
+ ()\1 (E.kk) + 2)\2€k18kl + /-zlwklwklR) gz'j +
+ z—:_kk ((2)\3 +2X4) €55 + (K2 + K3) wij ﬁ) +

+Dik_ (2)\58jk+’€4wjké) + Dj’? (2)‘68““ + sziké) '

5 Variational derivation of the field equations. Equa-
tions of motion

We shall now see that our theory can best be described, in
the linear case, independently by 2 Lagrangian densities. We
give the first Lagrangian density as

_ : 1 ij
I = \/E(a“‘ (Vi — Dig) + 3 C"Di; DM —
— pr DY AT + U™ (Vi) (fdf’“—me'“))»

where p,,, is the material density and f is a scalar potential.
From here we then arrive at the following invariant integral:

I= / (Uik (V(k Yiy — Sik) + o'k (V[k Yi — Wik) +
vol

1 . 1 .. .
+ gA?.szsijskl + gB?.szwijwkl — pure; AT +
LU (%) (F9* — pmU*) ) 4V,

where dV = ,/gd¢*d¢2dg3.

Writing L = /gL, we then have

— oL ik oL ik ik
51_/(80“650 e

vol

oL

Now

/5.(%,6)6(%%) dv = /vz- (za(gip@5¢k>dv‘

vol vo

vol

oL
- _/Vi (a(vi?ﬁk)) SV,

vol
since the first term on the right-hand-side of the first line is
an absolute differential that can be transformed away on the
boundary of integration by means of the divergence theorem.
Hence we have

oL oL oL
61 = / (ao-ik 6o deik Bwik
vol

oL
-V (a(vmk)) ‘5“) =0,

where each term in the integrand is independent of the oth-
ers. Note also that the variations 0%, §&**, §w®*, anddyy,
are arbitrary.

6wik_

oy Stk 4

From 2% =0, we obtain
g
€ik = Ve ¥4),
wir = Vg ¥4,
i.e., the components of the strain and vorticity tensors, respec-
tively.
From % =0, we obtain

ok = A% ™ — urg* AT,
i.e., the symmetric components of the stress tensor.
From 2% =0, we obtain

dwik —

o = B = nu R,

i.e., the anti-symmetric components of the stress tensor.
Finally, from the fourth variation we now show in detail
that it yields the equations of motion. We first see that

oL _ ik i E_ k
v 7 T UV el
Hence
\Y/ (8L> =V;0"* +V; (fU*) ¢* + fUV;pF—
0 (Vi)

— Vi (omU*) U* — pn U*V,U*
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Define the “extended” shear scalar and the mass current
density vector, respectively, through

= Vi (f Uz) )
Jt = pnU*.
Now we readily identify the force per unit mass f and the
body force per unit mass b, respectively, by
sU*
ot ’

fi — Ukka‘i —

b= - (' + f (1= W J*) UY) =
1

i Opm i
o (l“f(l*at)U)’

where we have used the relation

Dpm
Dt
ie., ‘%’&“ + Vi (pmU*) =0, derivable from the four-
dimensional conservation law V, (pm *U#) =0 where
Uk = (U c).
Hence we have (for arbitrary d)

= —Pm viUi )

[ (Fi0™ 4 ot~ o ) 530V =0,

vol

i.e., the equations of motion
Vio_‘tk = pm (fk _ bk) )

Before we move on to the second Lagrangian density, let’s
discuss briefly the so-called couple stress, i.e., the couple per
unit area also known as the distributed moment. We denote
the couple stress tensor by the second-rank tensor field M. In
analogy to the linear constitutive relations relating the stress
tensor ¢ to displacement gradient tensor D, we write

rs
Mik: = Dik__ TSy
where
Dijri = Eiju + Fijm

are assumed to possess the same symmetry properties as Cj ;s
(i.e., Fy;x; have the same symmetry properties as A;;x; while
F 11, representing the chirality part, have the same symmetry
properties as B;jx; ).

Likewise,

Nix = Nky + Npgg) = Xix + Yir

are comparable to D;x = D(;x) + D[ix] = €ix + Wik-
As a boundary condition, let us now define a completely
anti-symmetric third-rank spin tensor as follows:

. . 1 .
J'Lkl — J[zkl] — 5 E1k:l ¢7

where 1 is a scalar function such that the spin tensor of our
theory (which contains both the macrospin and microspin ten-
sors) can be written as a gradient, i.e.,

S; =1 €ijx Rw'* = V9,

such that whenever we desire to subject the above to the inte-
grability condition €;55 V7 S* =0, we have €% I't ) §; =0,
resulting in Y;, = 0.

In other words,

Y =10 +"7/eijk Ruw* dg*,

where g is constant, acts as a scalar generator of spin.
As a consequence, we see that

vl Jzk:l —— Elkl vl,(/} — = Ezkl Sl —
2 2
1 -
= EUR E’Lkl qul wPd
1 = i ¢k 1 sk
= SR (5385 — 536F) P
= ™,

ie.,
\/ Jikl — O.[ik] )

Taking the divergence of the above equations and using
the relations 2V, V9= — 21"1[“9] V¥, we obtain the fol-
lowing divergence equations:

vko-[‘tk] — 5 Elkl ]-—Tkl] S7'7

coupling the components of the spin vector to the components
of the torsion tensor. Furthermore, we obtain

. 0¢log (nR)
ek
We now form the second Lagrangian density of our
theory as

. 1, - .
Viw' = = (nR) €™ Ty S, -

— . 1 id
H= \/ﬁ(Mlk (Ve Si — Nig) + §D..szNiijl—
— b, (ViSk) T U S (hSE — Tpn V),

where h is a scalar function (not to be confused with the scalar
function f), I is the moment of inertia, and V' are the com-
ponents of the angular velocity field.

Hence the action integral corresponding to this is

J = / (M“c (V(k Si) — Xik) + M* (V[k Si] — sz) +
vol

1 i 1 ,
FS B XXM 4 PV YR ek (VS T

+U (ViS) (hS* ~ TomV*))av.
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As before, writing H = /g H and performing the varia- 6 Concluding remarks

tion 6 J = 0, we have

[ BH . OH . 0H .
6J_/(8Mik SM* 4 X 4 6y
vol

0H
- (5imgy ) 65+) v =0,

with arbitrary variations § M** § X** §Y** and § Sj.

From a?\fik =0, we obtain

Xik = V. 54y,
Yie = Vi 54
oH

From i = 0, we obtain

M) = B X

OH_ _ () we obtain

M = F Y.

Again, we shall investigate the last variation

0H
- [ (s ) 9 =0

vol
in detail.
Firstly,
O0H : , .
s Mlk_ ekrs JT51+U1 hsk —I Vk )
5 (V. 5¢) ' ( v

Then we see that

oH . ,
Vi | sea~ | = i M*— c® ol + v, (hU?) SF+
(3 (ViSk)> ' (h")
+hU*V; 8% — IV, (pnU*) VF—
— Ipn UV VR,

We now define the angular force per unit mass a by

. . sy
L=URY V=
a k (5t )
and the angular body force per unit mass § by
1 (... 65 ,
= — (ISt h—— T (WJIF) V!
where [ =V; (R U?).

We have

/ (ViMik— ek, olrsl 4 p,. g% — Ipmak)éSde ~0.

vol

Hence we obtain the equations of motion

Vi M* =€l ol 4 py (ToF — ) .

At this point we see that we have reproduced the field equa-
tions and the equations of motion of Cosserat elasticity the-
ory by our variational method, and hence we have succeeded
in showing parallels between the fundamental equations of
Cosserat elasticity theory and those of our present theory.
However we must again emphasize that our field equations as
well as our equations of motion involving chirality are fully
geometrized. In other words, we have succeeded in general-
izing various extensions of the classical elasticity theory, es-
pecially the Cosserat theory and the so-called void elasticity
theory by ascribing both microspin phenomena and geomet-
ric defects to the action of geometric torsion and to the source
of local curvature of the material space. As we have seen, it is
precisely this curvature that plays the role of a fundamental,
intrinsic differential invariant which explains microspin and
defects throughout the course of our work.
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