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LARRY SUSANKA

ABSTRACT. The purpose of this note is to define tensors with respect to a
fixed finite dimensional real vector space and indicate what is being done
when one performs common operations on tensors, such as contraction and
raising or lowering indices. We include discussion of relative tensors, inner
products, symplectic forms, interior products, Hodge duality and the Hodge
star operator and the Grassmann algebra.

All of these concepts and constructions are extensions of ideas from linear
algebra including certain facts about determinants and matrices, which we use
freely. None of them requires additional structure, such as that provided by a
differentiable manifold.

Sections 2 through 11 provide an introduction to tensors. In sections 12
through 25 we show how to perform routine operations involving tensors. In
sections 26 through 28 we explore additional structures related to spaces of
alternating tensors.

Our aim is modest. We attempt only to create a very structured develop-
ment of tensor methods and vocabulary to help bridge the gap between linear
algebra and its (relatively) benign notation and the vast world of tensor ap-
plications. We (attempt to) define everything carefully and consistently, and
this is a concise repository of proofs which otherwise may be spread out over
a book (or merely referenced) in the study of an application area.

Many of these applications occur in contexts such as solid-state physics
or electrodynamics or relativity theory. Each subject area comes equipped
with its own challenges: subject-specific vocabulary, traditional notation and
other conventions. These often conflict with each other and with modern
mathematical practice, and these conflicts are a source of much confusion.

Having read these notes the vocabulary, notational issues and constructions
of raw tensor methods, at least, will likely be less of an obstacle.
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1. SOME NOTATION
In these notes we will be working with a few sets and functions repeatedly, so

we lay out these critters up front. The page number references their introduction.

R™ all n x 1 “column matrices” with real entries (Page 6.)
Standard ordered basis: e given by eq,...,e,

R™ all 1 x n “row matrices” with real entries (Page 7.)
Standard dual ordered basis: e* given by e!,... e"

The standard inner product on R™ generates the Euclidean geometry on R"”.
Denoted x - y or (z,y) or z'y for z,y € R™ (“4” indicates transpose.)

V' generic real n-dimensional vector space
with two ordered bases a given by ai,...,a, and b given by by,...,b,

A:V — R" defined by v = ", Ai( )a; for any v € V' (Page 8.)
B:V — R™ defined by v =", B'(v)b; for any v € V(Page 10.)

(
Matrix M has ijth entry MZ M itself can be denoted ( )
i)

Define matrix A by A% = A’(b;). Note b; = Y i A'(bj)a; = iy Ala
Define matrix B by B; B'(aj;). Note a; =Y, Bi(aj)b; = > i, B;b
A and B are called matrices of transition. (Page 10.)

We calculate that BA =7 = (5;), the n x n identity matrix. (Page 10.)
Suppose v =Y x'a; = >, y'b; € V. (Page 11.)
Then z* = Z? 1 Z/in = E;L 1 yin(b )
and y' =Y, 2B = Y0, aiBi(a).
If x and y in R™ represent v € V in bases a and b respectively (Page 11)
then y = Bx and B = (gTy;) and z = Ay and A = (611]) .

The entries of B represent the rate of change of a b coordinate with respect to
variation of an a coordinate, when other a coordinates are left unchanged.

V*  all real linear functionals on V'
a* given by a',...,a": ordered basis of V* dual to a
b* given by b!,...,b": ordered basis of V* dual to b
We show a’ = Z LA (b)b" and b = 3" | BI(a;)a’ (Page 12.)
Suppose 6 = Y7 gja’ = ijl fiv e V* (Page 12.) |
Then g; = iy fiBs = Y01y fiB'(aj) and f; = 371y giAl = Y00 gi A (by).

If 7 and o in R™ represent § € V* in bases a* and b* respectively (Page 13)
then 0 = 7A and 7 = 0B.

H* (pushforward) and H, (pullback (Page 26.)
)

)
Bilinear form G has matrix G, = (Ga ) (a)) (Page 45.)
If invertible, define G*(a) by Ga ' = G, = (G ;) (G*(a)) (Page 47.)
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2. R* R™ AND R™**

We presume throughout that the reader has seen the basics of linear algebra,
including, at least, the concepts of ordered basis and dimension of a real vector
space and the fact that a linear transformation is determined by its effect
on an ordered basis of its domain. Facts about symmetric and skew symmetric
matrices and how they can be brought to standard forms and several facts about
determinants are referenced and used. Beyond that, the reader need only steel
him-or-her-self for the index-fest which (no way around it) ensues.

Rest assured that with some practice you too will be slinging index-laden mon-
strosities about with the aplomb of a veteran.

We represent members of the real vector space R™ as n x 1 “column matrices”

Il

n
=1 : = Z z' e
" =1
0
where for each i = 1,...,n we define ¢ = | 1 | <— ith row.
0

Wia??

A real number “is” a 1 x 1 matrix.

We abandon the standard practice in basic calculus and algebra textbooks whereby
members of R™ are denoted by rows. The typographical convenience of this prac-
tice for the authors of these books is inarguable, saving the reams of paper in every
elementary class which would be devoted to whitespace in the textbook using our
convention. Our choice is the one most commonly adopted for the subject at hand.
Here, rows of numbers will have a different meaning, to be defined shortly.

Superscripts and subscripts abound in the discussion while exponents are scarce,
so it should be presumed that a notation such as x" refers to the ith coordinate or
ith instance of x rather than the ith power of x.

Any z € R” has one and only one representation as Y7, #7¢; where the 2/ are
real numbers. The ordered list e1,e9,...,¢e, is called an ordered basis of R™ by
virtue of this property, and is called the standard ordered basis of R, denoted
e.
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Any linear transformation o from R™ to R™ is identified with an m x n matrix
(0}) with ith row and jth column entry given by o} = o*(e;). Then

o(x) = = Zaz(x)ez = Zoz Za:]e] €;
O'm(fE) i=1 i=1 j=1
m n
= Zai(ej)xj e; = (0;) T
i=1 \j=1

So a linear transformation o “is” left matrix multiplication by the m X n matrix
(G’;) = (oz(ej)). We will usually not distinguish between a linear transformation
from R™ to R™ and this matrix, writing either o(z) or oz for o evaluated at x.

Be aware, however, that a linear transformation is a function while matrix mul-
tiplication by a certain matrix is an arrangement of arithmetic operations which
can be employed, when done in specific order, to evaluate a function at one of its
domain members.

With this in mind, the set of linear transformations from R" to R, also called
the dual of R™, is identified with the set of 1 X n “row matrices,” which we will
denote R™*. Individual members of R™* are called linear functionals on R™.

Any linear functional o on R™ is identified with the row matrix
(01,02,...,00n) = (c(e1),0(€e2),...,0(en))
acting on R™ by left matrix multiplication.

n

o(x) = Za(ej)xj = (01,02,.--,0n)

j=1 !,Lﬂl

agx.

The entries of row matrices are distinguished from each other by commas. These
commas are not strictly necessary, and can be omitted. But without them there
might be no obvious visual cue that you have moved to the next column: (3 —2z —
4 —y) versus (3, —2z, —4 — y).

R™ itself has ordered basis e* given by the list e!,e?, ..., e" where each el =
(e;)t, the transpose of e;. The ordered basis e* is called the standard ordered
basis of R™*.

Any 0 € R™ is Z?Zl o(ej)el and this representation is the only representation
of o as a nontrivial linear combination of the e7.

The “double dual” of R", denoted R™**, is the set of linear transformations
from R™ to R. These are also called linear functionals on R™*. This set of func-
tionals is identified with R™ by the evaluation map E: R™ — R™* defined for
x € R™ by

E(z)(0) =0(x) =0z V o € R™.

Note that if E(x) is the 0 transformation then z must be 0, and since R™ and
R™* have the same dimension F defines an isomorphism onto R™**.
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We will not usually distinguish between R™ and R™*. Functional notations z(o)
and o(x) and matrix notation o z are used interchangeably for z € R™ and o € R™*.

Note that the matrix product x ¢ is an n X n matrix, not a real number. It
will normally be obvious from context if we intend functional evaluation x(o) or
this matrix product. Members of R® = R™* “act on” members of R™ by matrix
multiplication on the right.

3.V, V* AND V**

If V is a generic n-dimensional real vector space with ordered basis a given by

ai,-..,a, there is a unique function A: V — R"™ defined by
Al(v) n n
A(v) = = Z A'(v)e; when v = Z At (v)a;.
An(’l}) i=1 i=1

A is called the coordinate map for the ordered basis a, and A(v) is said
to represent v in ordered basis a. The individual entries in A(v) are called
“the first coordinate,” “the second coordinate” and so on. The word component
is used synonymously with coordinate.

The function A associates Y . ; A*(v)a; € V with > . | A'(v)e; € R™.

A is an isomorphism of V onto R™. Denote its inverse by A.

n n
Az) = inai €V when z= inei € R™.

i=1 =1

A real valued linear transformation on V is called a linear functional on V.
The set of all these is denoted V* and called the dual of V. V* has dimension n
and has ordered basis a* given by a',...,a™ where each a’ is defined by

a/(v) = A¥(v) when ©v= Z Al(v)ay.
i=1

In other words, a’ “picks off” the jth coordinate of v € V when you represent v
in terms of the ordered basis a.

This ordered basis is said to be the ordered basis dual to a.

If you know that a; is a member of an ordered basis, but do not
know ags,...,a, you cannot determine a'. The coefficient of a; in the sum
v=>", A (v)a; depends on every member of the ordered basis, not just a;.

If o € R™ define A*(0) € V* by A*(0)(v) = o(A(v)).

n n
A*(o) = Zaiai eV* when o= Zaiei € R™.

=1 =1

A~ is an isomorphism of R™ onto V*. We will denote its inverse by A*.
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A*(0) = Zgiei when 6= Zgiai.
=1 i=1

A* is called the coordinate map for ordered basis a*. The row matrix A*(0) =
(A*1(0),...,A*,(0)) is said to represent § in the dual ordered basis a*.

The four isomorphisms described here are represented pictorially below.

% v
a; < e; A T [ A and A* w [ A* a' < e
RTL RTL*

To keep track of this small menagerie of “A”s remember: an even number of
“hats” on A sends a member of V' or V* to its representative in R™ or R™*.

These are not merely isomorphisms. They are isomorphisms coordi-
nated in a way that allows you to evaluate functionals on vectors by
moving them down to R” and R™ and using their images under these
isomorphisms to perform the calculation.

Soford e V* o e R™, veV and x € R™

A*(0)A(v) =0(v) and A*(o) (A(z)) = ow.

V**, the “double dual” of V, is the set of linear functionals on V*.

As before, the evaluation map, defined for each v € V' by
EW)(#) =0(v)VoeV*

provides an isomorphism of V' onto V** and we will not normally distinguish be-
tween members of V' and members of V**. The notations v(#) and (v) are used
interchangeably for v € V and 6 € V*.

Our motivation for creating these two structures (one involving V', the other
R™) bears some examination. Suppose we are using vector methods to help us
understand a question from physics, such as surface tension on a soap bubble or
deformation in a crystal lattice. In these applications a vector space V can arise
which is natural for the problem. Physics is simple in V. If V itself is simple
(we don’t intend to rule out the possibility that V' = R™) all is well. But often
V' is complicated, perhaps a quotient space in a function space or a subspace of
R* for larger dimension k. The representation of V in R™ provided by an ordered
basis for V', however, may be easier to understand and provides a venue for number
crunching. The isomorphisms bring the necessary geometry from V' down to R"
where we can work undisturbed by irrelevant aspects of V. You choose where you
want to work, picking the description to match what you are trying to do.
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4. CHANGE OF BASIS

If V' possesses two ordered bases a given by a1, ...,a, and b given by by, ..., by,
we want to understand how the isomorphism A: V' — R" and its inverse A are
related to the analogous isomorphisms B and B given by

B'(v) n
B(v) = where v = Z B(v)b;
Bn(’U) i=1

Specifically, if x and y in R™ represent the same vector v in V with
respect to different bases a and b respectively, how are x and y related?

Let A be the matrix with ith row and jth column entry A% = A’(b;) and let B be
the matrix with sth row and jth column entry B; = Bi(aj). The columns of A are

the coordinates of the b basis vectors in terms of the a basis vectors. The columns
of B are the coordinates of the a basis vectors in terms of the b basis vectors.

We call A the matrix of transition from b to a and B the matrix of transi-
tion from a to b. They will be used to aid the translation between representations
of vectors in terms of the bases a and b.

Crudely (and possibly incorrectly when there is no notion of distance in V)
speaking, if all the vectors of b are longer than those of a, the entries of B will all
be smaller than 1 because the coordinates of vectors must become smaller in the
new basis b. Conversely, if the members of b are all short the entries of B will be
large.

For each 1
n n

b= Al(bi)a; =Y Al(b;) Y B*(a;)by
j=1

j=1 k=1

—Z ZBk VA (by) | by

By uniqueness of coefficients we have, for each k,
if i # k;
B¥(a;) A7 (b phal =k =0 AR
Z Z 1, ifi=k.

This means that the matrices A and B are inverse to each other.?

BA =7, where J is the n X n identity matrix (4}).

So if A(v) =z and B(v) = y then v must be equal to

n n n

ZAj(v)ajzz:Aj(v)ZB(a] )b; —Z ZBl a;) A’ (v) | b; —ZB

=1 j=1 i=1 i=1 \ j=

IThe size of the identity matrix is usually suppressed. If that might cause confusion the
notation J(n) = (5; (n)) can be used. The symbol 5; is called the Kronecker delta.
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So for each 1,

y' = Biw) =Y Bi(a)Ai(v) = Y Bi(aj)e.
j=1 j=1

y=Bx if A(v) =z and B(v) =y.

The representation in R™ of a vector in V' created using the ordered basis b is
obtained from the representation using a by left multiplying the representation by
the matrix B.

Another way of expressing this fact is the following, for each i:

n n n n
yi:ijﬂj-:ijBi(aj) when v:ijaj:ZyjbjeV.
j=1 j=1 j=1

J=1

Thought of as a linear function from R™ to R", the relationship y = Bz is

differentiable and we find that the derivative is B = (%) Similarly, A = (%j)
These are called the Jacobian matrices of the linear function from R™ to R™

given by the coordinate change.

Repeating for emphasis, a vector v has coordinates in both basis a and basis b.
If you change the value of one coeflicient a little, say on basis vector a;, you change
the vector v and this new vector could have slight changes to all of its coefficients
in basis b.

The ijth entry of B is the rate of change of the ith coordinate of a vector in basis
b, the coefficient on basis vector b;, with respect to changes in the jth coordinate
of the vector in basis a, other a-coordinates remaining constant.

It is for this reason a symbolic notation such as

db da
— =B =“fomatob” and — =A = “rom b toa”
da db

is sometimes used, making explicit reference to the bases involved. This reminder
is particularly convenient when many bases are in play.

Some texts use the “derivative” notation for these matrices, and the partial
derivative notation for their entries, throughout. We do not. The reason for this
is purely typographical. When I change to this partial derivative notation many of
the equations scattered throughout this text are harder to look at, and we are only
going to be referring to two bases in these notes so a more flexible (and specific)
notation is not required.

The partial derivative notation is used in applications involving differentiable
manifolds, where it is appropriate and convenient.

Next, we create the ordered basis b* with members b',...,b" dual to b and
defined for each j by

b (v) = B/(v) when wv= ZBi(v)bi.
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b “picks off” the jth coordinate of v € V when you represent v in terms of the
ordered basis b.

We create isomorphisms B* and B* as before and indicated in the picture below.

174 V*
b; < e; B I[ B and B* W[ B* bV oé
RTL Rn*

We will need to know how to represent each functional &’ in terms of a*.

Suppose b/ = 32" Cal for j =1,...,n. Then:
0 =b(bk) = >_ Cla’ (by)
i=1
=> cla’ (Z A“’(bk)aw>
1=1 w=1

= zn:chi(bk) = icgﬁg.
i=1 i=1

That means the matrix C' is the inverse of A. We already know that AL = B:
that is, C = B. A symmetrical result holds for a description of the @’ in terms of
b*.

To reiterate: for each j

n

¥ =Y Bl(aj)a’ = zn: Bla’ and o’ = Zn:Aj(bi)bi = zn:Agbi.
=1 1=1

=1 =1

Now suppose we have a member 6 = >-"_, b= > g;a’ in V*.

B ST 9PS SRR of DoP NI IR o 0 o7y 12
k=1 k=1 j=1 k=1 k=1

j=1 \k= j=1 \k=

This means that for each j

fi=3gAib) =3 giAl when 0= £t/ =3 g,
=1 i=1 =

=1

We can look at the same calculation from a slightly different standpoint. Suppose
o, 7 € R™ represent the same linear transformation 8 € V* with respect to bases
b* and a* respectively.
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Specifically, 8(v) = o B(v) = 7A(v) Vv € V. So for each i
o; = 0€; = O'B(bl) = Q(bl)

0> Albi)ay | =D A(b)0(a;) = > Al (b;)TA(ay)
Jj=1 Jj=1 j=1

i:Aj(bi)Tej = i:TJAJ(bZ) = zn:TJ‘Az
j=1 j=1 J=1

o=1A if A*(#) =7 and B*() = 0.

The representation in R™ of a linear transformation in V* created using the
ordered basis b* is obtained from the representation using a* by right multiplying
the representation by the matrix A.

1% Ve

All these arrows TE B

- A B A B

are reversible.

Rn Rn nx 00 Tk
Left mult_ip}y R Right multiply R
by matrix B by matrix A

We now raise an important point on change of basis. R™ and R™ are vector
spaces and we do not intend to preclude the possibility that V or V* could be
either of these. Still, when R™ and R™* are considered as range of A and A*
we will never change basis there, but always use e and e*. Though the
representative of a vector from V or V* might change as we go along, we take the
point of view that this happens only as a result of a change of basis in V.

5. THE EINSTEIN SUMMATION CONVENTION

At this point it becomes worthwhile to use a common notational contrivance: in
an indexed sum of products, it often (very often) happens that an index symbol
being summed over occurs once as subscript and once as superscript in each product
in the sum. The formula b; = Y ; Aj-ai for j =1,...,n provides an example.

Henceforth, if you see a formula in these notes involving a product
within which one subscript and one superscript are indicated by the same
symbol then a summation over all the values of that index is presumed.
If an index is not used as an index of summation it is presumed that
the formula has distinct instances, one for each potential value of that
index.

This is called the Einstein summation convention. With this convention the
n different formulae found above are represented by b; = Aé-ai, and if anything
else is intended that must be explicitly explained in situ.
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In these notes we will never use this convention if, within a product, the
same symbol is used more than once as subscript or more than once as
superscript.

So for us a‘x’ is not a sum. Neither is a‘a’z; or (a' + a*)x;. But (a')?x; and
a'z; + a'z; do indicate summation on 7, and the latter is the same as a'z; + a’x;.

If we intend symbols such as a’z’ to denote a sum we must use the old conven-
tional notation ) ;" a'z".

Sometimes the notation can be ambiguous, as in ‘aixi‘. Rather than elaborate
on our convention, converting a notational convenience into a mnemonic nuisance,
we will simply revert to the old summation notation whenever confusion might
occur.

Be aware that many texts which focus primarily on tensor representations in-
volving special types of vector spaces—inner product spaces—do not require that
a subscript occur “above and below” if summation is intended, only that it be re-
peated twice in a term. For them, a;x; is a sum. We will never use this version of
the summation convention.

6. TENSORS AND THE (OUTER) TENSOR PrRODUCT

We define the product space
Vi=V"x---xV*xVx-.-xV

T copies s copies

where 7 is the number of times that V* occurs (they are all listed first) and s is the
number of times that V' occurs. We will define V7 (k) by

(k) = Ve 1<k <r
N V, ifr+1<k<r+s.

A function T': V] — R is called multilinear if it is linear in each domain factor
separately.

Making this precise is notationally awkward. In fact, to the beginner this whole
business looks like a huge exercise in creative but only marginally successful
management of notational messes. Here is an example.

T is multilinear if whenever v(i) € V(i) for each ¢ then the function
T(w(),...,v( —1),z,0( +1),...,0(r + 5))

in the variable z € V' (§) is linear on V' (j) for j = 1,...,7+ s. Sometimes we say,
colloquially, that T is linear in each of its slots separately. x in the formula above
is said to be in the jth slot of T'.

It is, obviously, necessary to tweak this condition at the beginning and end of
a subscript range, where j — 1 or j + 1 might be “out of bounds” and it is left to
the reader to do the right thing here, and in similar cases later in the text.
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A tensor? on V is any multilinear function T as described above. r+ s is called
the order or rank of the tensor 7.

T is said to have contravariant order r and covariant order s. If s = 0 the
tensor is called contravariant while if » = 0 it is called covariant. If neither r
nor s is zero, T is called a mixed tensor.

A covariant tensor of order 1 is simply a linear functional, and in this context
is called a 1-form, a covariant vector or a covector. A contravariant tensor of
order 1 is often called a contravector or, simply, a vector.

The sum of two tensors defined on V. is a tensor defined on V., and also a
constant multiple of a tensor defined on V is a tensor defined on V.. So the
tensors defined on V" constitute a real vector space denoted T%(V). For convenience
we define TQ(V) to be R. Members of R are called, variously, real numbers,
constants, invariants or scalars.

Tensors can be multiplied to form new tensors of higher order.

IfT: V] — Ris atensor and if T: V;ZN’ — R is a tensor then the tensor product

of T with T (in that order) is denoted T ® T and defined to be the multilinear
function

TeT: V7 —R

given for (v(1),...,v(r +7+s+3)) € V7 by the product
(TRT)((v(1),...,0(r +7 + s+3))
=T(),...,om)wr+7r+1),...,0(r+7+s))

Tlr+1),...0(r+7),v(r+7+s+1),...,0(r+7+s+53)).
Sometimes this product is called the outer product of the two tensors. T ® T is

of order r + 7 + s + 3, contravariant of order r + 7 and covariant of order s + 5.

This process of creating tensors of higher order is definitely not commutative:
T®T #T®T in general. But this process is associative so a tensor represented
as T'® S ® R is unambiguous.

Suppose a is an ordered basis of V, identified with V**, and a* the dual ordered
basis of V*. We use in the calculation below, for the first time, the Einstein
summation convention: repeated indices which occur exactly once as superscript
and exactly once as subscript in a term connote summation over the range of that
index.

ETeT(V)and v = (v(1),...,v(r+s)) € VI then
T(w) = T(Fil (v(1))a™, ..., A% (v(r))a’,
At (o(r +1))ag, -, A (0(r + 8))ag, L)
*n () At (u(r + 8))T(a™ L a, )
(a™,... VG, )0, @ @ a, @ a1t @ - @a't (v).

|
e

2The word tensor is adapted from the French “tension” meaning “strain” in English. Under-
standing the physics of deformation of solids was an early application.
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From this exercise in multilinearity we conclude that the n”*¢ tensors of the form
a;, ® - ®a;, ®a"+ ® - ®a+s span T7(V) and it is fairly easy to show they
constitute a linearly independent set and hence a basis, the standard
basis for J7 (V) for ordered basis a.

The n"** indexed numbers T'(a’, ..., a;, ) determine the tensor T and we say
that this indexed collection of numbers “is” the tensor T in the ordered
basis a.

‘We introduce the notation

i1, _ i ir
7—;7'+1’~~~ai7'+s (a) - T(a Yeea y Ary41s -0+ air+s)'
Alternatively, after letting ji = i, for k =1,...,s we define
11,50 _ i i
T’jl,...,j:(a) - T(a 1?' S,a, Ajyyee 7aj5)'

For each ordered basis a, T"'(a) is a real valued function whose domain consists
of all the ordered r+s-tuples of integers from the index set and whose value on any
given index combination is shown above.

So as a multiple sum over r + s different integer indices

T = T;llj“ (@) a;, ® - ®a;, ®a @+ ®a’".

A tensor which is the tensor product of r different vectors and s different cov-
ectors is of order t = r + s. Tensors which can be represented this way are called
simple. It is fairly obvious but worth noting that not all tensors are simple.

To see this note that the selection of r vectors and s covectors to form a simple
tensor involves nt coefficients to represent these vectors and covectors in basis
a when V' has dimension n. On the other hand, a general tensor of order ¢ is
determined by the n' numbers 7510 (a). Solving n' equations in nt unknowns is
generally not possible for integers n and t exceeding 1, unless n =t = 2.

Getting back to the discussion from above, we associate T" with the tensor AT €
T7(R™) defined by

AT = T/'(a) e, @ e, @ @ @ €.

A is a combination of A and A* applied, as appropriate, factor by factor.
We leave the definition of A (see the diagram) to the imagination of the reader.

T (V)

AHX

T5(R™)
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If you wish to do a calculation with a tensor 7' to produce a number you can use

its representation AT , with respect to a given ordered basis a in V, as a tensor on
R™.

Specifically, we can evaluate 7" on a member of (v(1),...,v(r +s)) € V] by
calculating the value of T}/ (a)e;, ® --- ® e;, ® €)' @ --- @ ¢/* on the member

(A (0(1)),..., A (u(r), A((r +1)),..., A(v(r + s))) of (R")".

We have arrived at several closely related definitions of, or uses for, the creatures

like T;;;S (a) seen peppering books which apply tensors.

Most simply, they are nothing more than the numbers T'(a™, ..., a"", a;,, ..., a;.),
the coeflicients of the simple tensors a;, ® --- ® a;, ® /' ® - -- ® a’* in the explicit
representation of the multilinear function, using the basis a.

More abstractly, 7" is a function from the set of all ordered bases of V' to the
set of real valued functions whose domain is the n"** possible values of our index
set. The value of T"" on an ordered basis a is the function 7' (a).

The value of this function on an index combination is denoted T;ll;: (a), and
these numbers are called the coordinates of 7" in the ordered basis a. For
various index combinations but fixed ordered basis these numbers might be anything
(though of course they depend on T and a.) These values are unrelated to each
other for different index combinations in the sense that they can be prescribed
at will or measured and found to be any number if you are creating a tensor from
scratch in a particular basis. But once they are all specified or known in one ordered
basis their values are determined in all other bases, and we shall see soon how these
numbers must change in a new ordered basis.

Finally, we can think of 7" as defining a function from the set of all ordered
bases of V' to the set of tensors in T7 (R").

For each ordered basis a, T is assigned its own representative tensor AT €
T7(R™). Not every member of T7(R™) can be a representative of this particular ten-
sor using different bases. The real number coefficients must change in a coordinated
way when moving from ordered basis to ordered basis, as we shall see below.

There are advantages and disadvantages to each point of view.

The list of coefficients using a single basis would suffice to describe a tensor com-
pletely, just as the constant of proportionality suffices to describe a direct variation
of one real variable with another. But specifying the constant of proportionality
and leaving it at that misses the point of direct variation, which is a functional
relationship. Likewise, the coefficients which define a tensor are just numbers and
thinking of them alone downplays the relationship they are intended to represent.

Guided by the impression that people think more easily about relationships
taking place in some familiar environment you have the option of regarding tensors
as living in R™ through a representative tensor there, one representative for each
ordered basis of V. The utility of this viewpoint depends, of course, on familiarity
with tensors in R™.
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7. TENSOR COORDINATES AND CHANGE OF BASIS

Suppose T is the same tensor from above and b is a new ordered basis of V' with
dual ordered basis b* of V*.

Representing this tensor in terms of both the old ordered basis a and the new
ordered basis b we have

T = T, ..., 0% byyye. . bp.) by, @ @by, @M ®--- @b

= T(a",...,a"aj,,...,a;) a;, @ ®a; ®a' @@ a’
= T(a",...,a" aj,,...,a;,)
(B (ai)bw, ) @ -+ @ (B (ai, )b, )
®(A71 (bp ") @ - @ (A7* (bp, )b")
= T(a™,...,a",aj,...,a;,)

- B (aq,) - B (ai, ) A" (bn, ) - - A7 (bn,)
.bw1®...®bwT®bh1®...®bhs_

In a shorter form we have

Twl,..‘,htlur(b) — T?l,.uﬂ:r(a)gxl .. 'B;ﬁrﬂill .. Ai:g

hi,...;hs VARTERW I

Behold the—rather messy—formula which must be satisfied by the coordinates
of representations of a tensor in different bases.

We have already seen and used the coordinates of one mixed tensor, given by
0% a; ®a’. It is worth checking directly that the coordinates of this (rather unusual)
tensor are the same in any ordered basis.

In deriving the formula for new tensor coordinates after change of basis we used
a technique we will revisit.

In this case our assumption was simple: we assumed we were in possession of a
tensor T, a multilinear real valued function on a product space formed from copies
of V and V*. No coordinates are mentioned, and play no role in the definition.

With that coordinate-free definition in hand, we defined coordinates in any basis
and showed a relationship which must hold between coordinates in different bases.

You will most likely never see an actual tensor (as opposed to the “Let T be
a tensor ....” type of tensor) defined in any way except through a coordinate
representation in a basis. The existence of a tensor T underlying a multilinear
function defined in a basis is part of the theory of the subject you were studying
when the putative tensor appeared.

The change of basis formula is then a testable consequence for quantities you
can measure of that subject-specific theory.

We will see this kind of thing in action—coordinate-free definition followed by
implications for coordinates—later when we discuss topics such as contraction and
raising and lowering indices.

This essential idea will be raised again in the next section.
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At this point it seems appropriate to discuss the meaning of covariant and con-
travariant tensors and how their coordinates vary under change of basis, with the
goal of getting some intuition about their differences. We illustrate this with tensors
of rank 1: contravariant vectors (vectors) and and covariant vectors (covectors.)

The physical scenario we have in mind consists of two types of items in the air
in front of your eyes with you seated, perhaps, at a desk.

First, we have actual physical displacements, say of various dust particles that
you witness. Second, we have stacks of flat paper, numbered like pages in a book,
each stack having uniform “air gap” between pages throughout its depth, though
that gap might vary from stack to stack. We make no restriction about the angle
any particular stack must have relative to the desk. We consider these pages as
having indeterminant extent, perhaps very large pages, and the stacks to be as deep
as required, though of uniform density.

The magnitude of a displacement will be indicated by the length of a line segment
connecting start to finish, which we can give numerically should we decide on a
standard of length. Direction of the displacement is indicated by the direction of
the segment together with an “arrow head” at the finish point.

The magnitude of a stack will be indicated by the density of pages in the stack
which we can denote numerically by reference to a “standard stack” if we decide
on one. The direction of the stack is in the direction of increasing page number.

We now define a coordinate system on the space in front of you, measuring
distances in centimeters, choosing an origin, axes and so on in some reasonable way
with z axis pointing “up” from your desk.

Consider the displacement of a dust particle which moves straight up 100 cen-
timeters from your desk, and a stack of pages laying on your desk with density 100
pages per centimeter “up” from your desk.

If you decide to measure distances in meters rather than centimeters, the vertical
coordinate of displacement drops to 1, decreasing by a factor of 100. The numerical
value of the density of the stack, however, increases to 10, 000.

When the “measuring stick” in the vertical direction increases in length by a
factor of 100, coordinates of displacement drop by that factor and displacement is
called contravariant because of this.

On the other hand, the stack density coordinate changes in the same way as the
basis vector length, so we would describe the stack objects as covariant.

We haven’t really shown that these stack descriptions and displacements can be
regarded as vector spaces, though no doubt you have seen the geometrical procedure
for scalar multiplication and vector addition of displacements. There are purely
geometrical ways of combining stacks to produce a vector space structure on stacks
too: two intersecting stacks create parallelogram “columns” and the sum stack has
sheets that extend the diagonals of these columns.

But the important point is that if stacks and displacements are to be thought of
as occurring in the same physical universe, and if a displacement is to be represented
as a member u of R, then a stack must be represented as a linear functional, a
member ¢ of R3*.
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There is a physical meaning associated with the number cu. It is the number
of pages of the stack corresponding to ¢ crossing the shaft of the displacement
corresponding to u, where this number is positive when the motion was in the
direction of increasing “page number.”

It is obvious on physical grounds that this number must be invariant: it cannot
depend on the vagaries of the coordinate system used to calculate it. That is the
meaning of

ou=0c(AB)u = (cA) (Bu)

and why tensor coordinates of the two types change as they do.

8. TENSOR CHARACTER

In applications, a real valued function is often defined by specified operations on
the coordinates of several vector and/or covector variables in a convenient ordered

basis a. It is then proposed that this function “is” a tensor.

This hypothesis has an underlying assumption, which must be remembered, and
two parts, which must be verified.

The often unstated (or at least underemphasized and forgotten by beginners)
assumption is that there actually is a vector space V which “is” reality, or closer to
it anyway, whose coordinates in a basis generate a representative tensor in J7 (R™).
You will likely be working with nothing but representative tensors, but the “real
thing” is a member of T (V).

The first part of the hypothesis to be verified is that the coordinate process is
linear in each vector or covector (each “slot”) separately.

Secondly, it must be shown or simply assumed (possibly for physical reasons) that
the process by which you produced the coordinates has tensor character: that is,
had you applied the same process by which you calculated the tensor coordinates
T“’ ’” (a) in the ﬁrst coordinate system a to a second coordinate system b, the

1.

tensor coordlnates T " (b) thereby produced would be the properly transformed
tensor coordinates from the first basis.

In order to provide examples and make the connection with classical treatments
we first do some spadework. We specialize the example to consider a tensor of rank
3, selecting that as the “sweet spot” between too simple and too complicated.

The symbols z and y are intended to be the representatives in ordered basis a*
of generic covectors, while z is the representative in ordered basis a of a generic
vector. In our examples below we assume the dimension of these underlying spaces
to be at least three (so z,y and z have at least three coordinates each) though that
is not really relevant to the issue.

A coordinate polynomial for x, y and z is any polynomial involving the co-
ordinates of x, y and z and, after simplification perhaps, no other indeterminates.

If, after simplification, each nonzero term in this polynomial is of third degree
and involves one coordinate from each of z, y and z then the polynomial is said to
be multilinear in x, y and z.
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So the polynomial x; ys 22 — Tzo y2 2% is multilinear in z, y and z but z; x3 22 —
Txo Yo 2% is not and 1 yo 2! — Tz 4o is not. Though 823 ya — 2 41 is not multilinear
in x, y and z, it 4s multilinear in z and y.

Multilinearity of a coordinate polynomial is necessary if it is to represent the
effect of a member T of T?(V') on generic vectors and covectors in its domain: it
encapsulates multilinearity of 7.

More generally, sometimes the coordinates of a proposed tensor 1" of order k are
given by formulae involving an explicit ordered basis a. Coordinates of the appro-
priate combination of k different generic vectors or covectors in this ordered basis a
are named, as was x, y and z above, and the calculated tensor coordinates affixed
as coeflicient for each coordinate monomial, creating a coordinate polynomial.

Multilinearity means that the polynomial must (possibly after simplification and
collection of like terms) be the sum of polynomial terms each of which is degree k
and involves one coordinate from each of the k generic vectors or covectors. The
(simplified) polynomial is called the coordinate polynomial for T in ordered
basis a.

Going back to our example of order 3, if the polynomial 1 yo 23 — Txo ys 2! is
the coordinate polynomial for a tensor 7' € T% in ordered basis a where V has
dimension 3, the tensor coordinates are Ty*(a) = 1, T*(a) = —7 and in this
ordered basis the other twenty-five tensor coefficients are 0.

After satisfying ourselves that a proposed coordinate polynomial is multilinear,
which is often obvious, we still have some work to do. The numbers 1, —7 and 0,
the coordinates in ordered basis a, came from somewhere. Usually it is an explicit
formula involving the basis a. There is only one tensor T could be:

T=01Qa®a> — Tas®as R a’.

The question is, do the formulae that produced 1, —7 and 0 for basis a have tensor
character: will they, if applied in a second basis b yield the necessary coefficients
in that new basis?

Let’s get specific. If basis b happens to be by = 2a1 and by = a1 +as and b3 = ag
then
2 10 ;5 0
A=10 1 0)JandB=|0 1 0
0 0 1 0 0 1
So T*(b) must equal
Tjrie(a) B3 B, A = Ty (a) B B3AT + T (a) B3 B3 A]
=1-0-1-0+(-7)-1-1-2=-14.
In the new basis the coordinate polynomial will have a term
TP (b) T Py 7' = —14 T 7 7'
where T, 7 and Z are the representatives in basis b of the same two covectors and
the same vector, in the same order, that x, y and z represent in basis a.

In the notation we have used up to this section, T will have a term —14 by @by ®@b!
when represented in basis b.
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There are 27 coordinates to be checked in a generic second basis if you need to
demonstrate tensor character when the tensor coordinates (or coordinate polyno-
mial coefficients) are supplied as formulae involving the basis.

To show that formulae producing coefficients in a basis of a member of T% (V)
have tensor character involves n"t* potentially painful calculation involving coordi-
nates in a generic second basis and the associated matrices of transition, the boxed
equations in Section 7.

It is fortunate that, in applications, it is rare to find tensors for which either of
n or r + s exceed 4: that would still, at worst, require 256 calculations, though
symmetries among the coordinates can cut this down considerably.

Taking an alternative point of view, if it is a theory that the procedure which
produces coordinates in a basis should have tensor character, then the value of each
coordinate in each basis is a prediction: it provides an opportunity for experimental
verification of the theory.

Here’s a simple example of a procedure that fails to produce coefficients with
tensor character, using the same bases a and b.

Let us suppose that we define a multilinear (actually, this one is linear) function
to be the sum of the first three coordinates of a covector in a basis. So using basis
a the corresponding coordinate polynomial is x1 4+ x5 + x3 which corresponds to
tensor a1 +as+as. But using basis b the procedure produces coordinate polynomial
T1 + T2 + T3 which corresponds to tensor b; + by + bs. These tensors are not the
same. Therefore this process, though linear, does not define a tensor.

On a cautionary note, we mention a practice common in older tensor treatments
in which tensors are defined using coordinate polynomials only, without explicit
elaboration of the structure we have built from V and V*.

You might see symbols 777 and S*! named as contravariant tensors. In our
language, these are the coeflicients of tensors T" and S in a basis, and when covectors
x, Yy, u and w are represented in terms of that basis

T(x,y) =T"z;y; and  S(u,w) = S* uyw;.

Note that all the numbers on right side of both equations above are dependent on
the explicit basis, but tensor character is invoked and we conclude that the sum of
these products is invariant. In a new “barred basis”

—=ij —kl
T(x,y) = T”@@j and  S(u,w)=5" uw;.
Usually, T" and T'(z,y) and S and S(z,y) are not mentioned explicitly, nor are the
bases named. You are supposed to simply understand they are there.

Tensor operations are defined on these coordinate polynomials alone. Sometimes
it is understood that the index i is associated with z, j with y, k with u and [ with
w. When an index symbol is associated with a variable symbol, statements can
arise that seem odd to us.

For instance, the tensor products 7°7S*! and S¥!T%J refer to the coordinate
polynomials

(Ta;y;) (S upwr)  and (™ 'ugwy) (T 23 y;)
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which are the same by the ordinary commutative and distributive properties of real
numbers. Tensor product commutes using these conventions! Of course, what is
happening behind the scenes is that you have decided on an order for your four
covectors (perhaps alphabetical) and are simply sticking to it.

Many people find the silent mental gymnastics needed to keep the older notation
straight to be unsettling, and tend to lose track in really complex settings. The
gyrations we have chosen to replace them are, at least, explicit.

9. RELATIVE TENSORS

Certain types of processes that define a linear or multilinear function for each
basis don’t seem to be that useful or reflect much other than the features of the
particular basis. For instance if v = v*(a) a; € V' the functions

fa; ga: V= R given by fa(v) = Z’Ui(a) and  ga(v) = Ul(a)
i=1

(same formula for any basis) are both linear but are not covectors.

They correspond to linear coordinate polynomials
at " and z! in any basis.
They certainly might be useful for something (giving us useful information about
each basis perhaps) but whatever that something might be it will probably not, by
itself, describe “physical law.”

But among those processes that define a linear or multilinear function for each
basis, it is not only tensors which have physical importance or which have consis-
tent, basis-independent properties. We will discuss some of these entities (relative
tensors) after a few paragraphs of preliminary material.

The set of matrices of transition with matrix multiplication forms a group called
the general linear group over R. We denote this set with this operation by
GL(n,R).

A real valued function f: GL(n,R) — R is called multiplicative if f(CD) =
F(C)f(D) for every pair of members € and D of GL(n,R).

Any nontrivial (i.e. nonzero) multiplicative function must take the identity ma-
trix to 1, and also a matrix and its inverse matrix must be sent to reciprocal real
numbers. Any such function must satisfy f (A’l BA) = f(B), for instance.

Given two nontrivial multiplicative functions, both their product and their ratio
are multiplicative. If a nontrivial multiplicative function is always positive, any real
power of that function is multiplicative.

In this section we will be interested in several kinds of multiplicative functions.

First, let det denote the determinant function on square matrices. Its proper-
ties are explored in any linear algebra text. We find in [8] p.154 that det(MN) =
det(M)det(N) for compatible square matrices M and N. Since det(J) = 1 this
yields det (M ~1) = (det(M)) "' when M is invertible. We then find that

det (M~'NM) = det(N).
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Determinant is an invariant under similarity transformations.
The determinant is also multiplicative on GL(n,R).

So is the absolute value of the determinant function, |det|, and also the ratio

sign = |SZE|. This last function is 1 when applied to matrices with positive deter-

minant and —1 otherwise.

If w is any real number, the functions f and g defined by
f(€) = sign(€) [det(€)[" and g(C) = |det(C)"

are multiplicative and, in fact, these functions exhaust the possibilities among con-
tinuous multiplicative functions® on GL(n,R).

f(€) is negative exactly when det(C) is negative, and is called an odd weighting
function with weight w with reference to this fact. g is always positive, and is
called an even weighting function with weight w.

A relative tensor is defined using ordinary tensors but with a different trans-
formation law when going to a new coordinate system. These transformation laws
take into account how volumes could be measured in V, or the “handedness” of
a coordinate basis there, and relative tensors are vital when theories of physical
processes refer to these properties in combination with multilinearity.

Specifically, one measures or calculates or otherwise determines numbers called
coordinates of a proposed relative tensor T in one basis a, the numbers T;ll i (a),

Js
and in this basis the tensor density 7" is the multilinear function
T=T"""(a)a,®  ®a, ®a" @ @a’.

The difference is that when switching to a new coordinate system b the coordi-
nates of a relative tensor change according to one of the two formulae

Tyt (b) = sign(B) [det(B)[” T (a)Bl! - BITAL - AL

]11-~~7js
or

. W e in k B gJ s
Ty he (B) = |det(B)[™ Ty im(a) Bl - Bir Ayl - A

Relative tensors of the first kind are called odd relative tensors of weight w
while tensors of the second kind are called even relative tensors of weight w.

If € is the matrix of transition from ordered basis b to ordered basis ¢ then CB
is the matrix of transition from ordered basis a directly to ordered basis c.

Because of this, it is not hard to show that the coordinates T }’fll;?(c) for a

relative tensor in ordered basis ¢ can be derived from the coordinates in ordered
basis a directly, or through the intermediary coordinates in ordered basis b using
two steps: that is, the multiplicative nature of the weight function is exactly what
we need for the coordinate change requirement to be consistent.

An even relative tensor of weight 0 is just a tensor, so the concept of relative
tensor generalizes that of tensor. If it needs to be emphasized, ordinary tensors
are called absolute tensors to distinguish them from relative tensors with more
interesting weighting functions.

3See [2] page 349.
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This subject has a long history and many applications, so a lot of vocabulary is
to be expected.

Odd relative tensors are described variously (and synonymously) as

e axial tensors

e pseudotensors

e twisted tensors
e oriented tensors.

The “axial” adjective seems more common when the relative tensor is of rank 0
or 1: axial scalars or axial vectors or covectors, but sometimes you will see
these relative tensors referred to as pseudoscalars or pseudovectors or pseu-
docovectors.

An even relative tensor (for example an ordinary tensor) is sometimes called a
polar tensor.

If the weight w is positive (usually 1) the phrase tensor density is likely to be
used for the relative tensor, while if the weight is negative (often —1) we take a
tip from [19] and call these tensor capacities, though many sources refer to any
relative tensor of nonzero weight as a tensor density.

These adjectives can be combined: e.g., axial vector capacity or pseudoscalar
density.

The columns of the change of basis matrix B represents the old basis vectors a
in terms of the new basis vectors b. The number |det(B)] is often interpreted as
measuring the “relative volume” of the parallelepiped formed with edges along basis
a as compared to the parallelepiped formed using b as edges. So, for example, if the
new basis vectors b are all just twice as long as basis vectors a, then |det(B)| = 27".

With that situation in mind, imagine V to be filled with uniformly distributed
dust. Since the unit of volume carved out by basis b is so much larger, the measured
density of dust using basis b would be greater by a factor of 2" than that measured
using basis a. On the other hand, the numerical measure assigned to the “volume”
or “capacity” of a given geometrical shape in V' would be smaller by just this factor
when measured using basis b as compared to the number obtained using basis a as
a standard volume.

The vocabulary “tensor density” for positive weights and “tensor capacity” for
negative weights acknowledges and names these (quite different) behaviors.

One can form the product of relative tensors (in a specified order) to produce
another relative tensor. The weight of the product is the sum of the weights of the
factors. The product relative tensor will be odd exactly when an odd number of
the factor relative tensors are odd.

Many of the constructions involving tensors apply also to relative tensors with
little or no change. These new objects will be formed by applying the construction
to the “pure tensor” part of the relative tensor and applying the ordinary distribu-
tive property (or other arithmetic) to any weighting function factors, as we did in
the last paragraph.



26 LARRY SUSANKA

10. PusH FORWARD AND PuLL BACK

Up to this point we have used only two vector spaces: generic V' and particular
R™. We have a way of associating tensors on V with tensors on R™.

It is useful in applications to generalize this procedure.

Suppose H: V — W is a linear function between two finite dimensional vector
spaces.

Recall our definition of product space

Vi=Vix- - xV*'xVx...xV

T copies s copies

A member of T5(V) is a multilinear function T': V" — R and any such can be
represented in basis a of V as

T = (@) a, @ @, ©0 @ @ al.
Define
H*(a;, ® ---®a;,) = H(a;,) ® -+ ® H(ai,) € Tg(W)
and extend H* to a map H*: Jg(V) — JTJ(W) by linearity.

The linearity of H implies that this vector space homomorphism does not depend
on the basis a of V used to define it.

If H is one-to-one so is H*. If H is onto W then H* is onto T (W). These facts
can be most easily seen by considering the case r = 1.

Now suppose c is a basis of vector space W and define
H(c"®---Qc")=c"oH®---Qcro H € T)(V)
and extend H, to a map H,: T9(W) — T%(V) by linearity.

This vector space homomorphism does not depend on the basis ¢* of W* used
to define it.

If H is one-to-one then H* is onto T¢(V). If H is onto W then H* is one-to-one.

In case H is an isomorphism both H* and H, are isomorphisms too. And in this
case we can define isomorphisms

H*:T(V) > J.(W) and H,:J.(W)—=>T.(V)
by applying either H or H~! at each factor, as appropriate.

H*™ is called the pushforward map of H and H, is called the pullback map
of H and one uses the transitive verb form “to pull back” a tensor or “to push
forward” a tensor using H.
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11. AN IDENTIFICATION OF Hom(V,V) AND T1(V)

There is an identification of the vector space Hom(V, V) of all linear functions
F:V — V and the tensor space T} which we describe now.

Whenever you see a function with vector output called a tensor, and they are
common, it is this association to which they refer.

Define U(F): V* x V — R to be the function ¥(F)(w,v) = w(F (v)).

U (F) is obviously multilinear and ¥(F + ¢G) = U(F) + ¢ U (G) for any other

linear map G: V — V and any scalar c. So we have created a member of 1 and a

homomorphism from Hom(V, V) into T}, and each space has dimension n?.

If U(F) is the zero tensor then w(F(v)) = 0 for every w and v so F is the
zero transformation. That means the kernel of V¥ is trivial and we have created an
isomorphism W: Hom(V,V) — T1. You will note that no reference was made to a
basis in the definition of W.

Consider the map ©: T} — Hom(V,V) given, for T = T}(a) a; ® o’ € T}, by
O(T)(v) = T;(a) v a; = T;(a) a’ (v) a; whenever v = v/a;.
If v =2v7a; and w = w;a’
(¥ o O)(T)(w,v) =w(O(T)(v)) = wya"Tj(a) a’ (v) a; = w;Tj(a) v’
=Tj(a)a; ® @’ (w,v) = T(w,v).
It follows that © = U1,

It may not be obvious that the formula for © is independent of basis, but it must
be since the definition of W is independent of basis, and the formula for © produces
U~1 in any basis.

12. CONTRACTION AND TRACE

At this point we are going to define a process called contraction which allows us
to reduce the order of a relative tensor by 2: by one covariant and one contravariant
order value. We will initially define this new tensor by a process which uses a basis.

Specifically, we consider T' € T%(V) where both r and s are at least 1. Select
one contravariant index position o and one covariant index position 8. We will
define the tensor C3T, called the contraction of T with respect to the ath
contravariant and Sth covariant index.

Define in a particular ordered basis a the numbers

11500 lp—1 _ttseesta—1,K, 0, te—1
e @) =Ty o ey ()

This serves to define real numbers for all the required index values in I7-1 (V)

B pensine e
and so these real numbers H; """~ (a) do define some tensor in T1(V).

Any process, including this one, that creates a multilinear functional in one
ordered basis defines a tensor: namely, the tensor obtained in other bases by trans-
forming the coordinates according to the proper pattern for that order of tensor.
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It is worth belaboring the point raised in Section 8: that is not what people
usually mean when they say that a process creates or “is” a tensor. What they
usually mean is that the procedure outlined, though it might use a basis
inter alia, would produce the same tensor whichever basis had been
initially picked. We illustrate this idea by demonstrating the tensor character of
contraction.

Contracting 7" in the ath contravariant against the Sth covariant coordinate in
the ordered basis b gives

le,...,wr_l (b) _ Tw1,...,w(,_l,k,wm...,wr_l (b)

Rhiyeshs—1 hi,...;hp—1,khg,. . hs—1
o 01 yernyip w1 | pWa-1pk mqwa . @Wr—1 g1 . gJB-1 gJB gIB+1 . gls
- T’jl»--sz (a)gil ‘Bia—l .Bia‘Bia+1 Bir Ah1 ‘Ahgfl‘Ak ‘Ah/; ‘Ahs_l'

We now note that 3;1%[? = (55: . So we make four changes to the last line:

e Factor out the sum Bfa.A?f and replace it with 5ff .
o Set ¢ = jg = i, to eliminate 5ff from the formula.

- ) iftm=1,...a—1;
e Define i, =<¢ ) ’ '
tmt1, Hm=a,...,7—1

- im, ifm=1,...,8—1;
e Define j,, = J_m . p
Jm+1, fm=p...,s—1
The last line in the equation from above then becomes
Tgl:“wgaflvqa{awu,;r*l (a)Bwl . .Bwa71waa . waril.A;l . _‘Ajﬁ—l Aiﬁ . _‘A7571
Jiredgo1:@sdgoends—1 0 fa-1 " ia [Z e 1 hg—1""hg hs—1
_ ;17-~-,zr71 wy | RWr-1 31 5571
= H311-~~73571(a>‘Bgl Bir_l Apd AT
This is exactly how the coordinates of H must change in going from ordered basis
a to b if the contraction process is to generate the same tensor when applied
to the coordinates of T' in these two bases. Contraction can be applied to the
representation of a tensor in any ordered basis and will yield the same tensor.

So we define the tensor C3T by

(CST): = H::..

Whenever T € T} (for instance, a tensor such as W(F) from Section 11 above)
we have an interesting case. Then the number (C1T)(a) = TF(a) = T(a*,a) is
called the trace of T (or the trace of F': V — V when T' = ¥(F) as formed in the
previous section.)

We have just defined a number trace(T) = C1T € T = R for each member T
of T3(V). No basis is mentioned here: the trace does not depend on the basis. It
is an invariant.

This usage of the word “trace” is related to the trace of a matrix as follows.

Suppose 6 € V* and v € V. In the ordered basis a the tensor T'is T} (a) a; ® o’
and # and v have representations as § = 6;a’ and v = v'a;. So if (T;(a)) is the
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matrix with ijth entry T’ (a)

T(0,v) :T;’(a) a; ® a’ (6, v)

~Ti(a) 0;07

In other words, down in R™ the tensor Tj(a) e; ® e’ is, essentially, “matrix
multiply in the middle” with the representative row matrix A*(#) of 6 on the left
and the column A(v) on the right. trace(T) is the ordinary trace of this “middle
matrix,” the sum of its diagonal entries.

Two matrices P and @ are said to be similar if there is invertible matrix M
with P = M~'QM, and the process of converting @ into P in this way is called a
similarity transformation.

If we change basis to b the “matrix in the middle” from above becomes
(Ti(b)) = (BY Ti(a) A]) = B (Tj(@) A = A" (T}(a) A,

Any invertible matrix A (this requires a tiny proof) can be used to generate a
new ordered basis b of V', and we recover by direct calculation the invariance of
trace under similarity transformations.

It is interesting to see how this relates to the linear transformation F': V — V
and associated U(F') and the matrix of F' under change of basis, and we leave that
comparison to the reader.

If T'e T{(V) is any tensor with 0 < o <r and 0 < 3 < s, the contraction CgT
is related to the trace of a certain matrix, though it is a little harder to think about
with all the indices floating around. First, we fix all but the ath contravariant and
Bth covariant index, thinking of all the rest as constant for now. We define the
matrix M (a) to be the matrix with ijth entry

Mj(a) =T e et (a).

So for each index combination with entries fixed except in these two spots, we
have a member of T1 (V) and M (a) is the matrix of its representative, using ordered
basis a, in T3 (R"). The contraction is the trace of this matrix: the trace
of a different matrix for each index combination.

Contraction of relative tensors proceeds in an identical fashion. Contraction
does not change the weight of a relative tensor, and the properties “even” or “odd”
persist, unchanged by contraction.
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13. EVALUATION

Suppose T' € TE(V). By definition, T is a multilinear function defined on V" =
Vix. - xV*xV x-.-xV, where there are r copies of V* followed by s copies of
V in the domain.

If6 € V*and 1 < k < r we can evaluate T at 6 in its kth slot yielding the
function
E@,k)(T)=T(---,0,---)
where the dots indicate remaining “unfilled” slots of T, if any.
It is obvious that E(6,k)(T) is also a tensor, and a member of TT~1(V).

Suppose a is an ordered basis of V and 6 = 6;(a) a’. Then
T — T117 71r<a) ai1®"'®ai,v®ajl®"'®ajs

SO
E(0,k)(T)(a)
1211,’...:;; (@) a, ® - ®a;,_, ®a;(0)@ay,, ® - ®a, @' @ @a
_ ij,’...f;; (a) b, (a)a;, ® - Qa;_, ® Uiy @ ®a;, @ R ®al
G @) & By @ e 6
where

Gi'1’~~~,i¢—1(a) _ T?l>~~',7%k—17w,7;k;~-7ir—1(a) aw(a).

J15--30s VARTERSWES

G = E(0,k)(T) is the tensor you would obtain by taking the tensor product of
T with 6 and then contracting in the appropriate indices:

G:E(Hak)( ) O&+1(T®0)'

By a calculation identical to the above, evaluation at a member v € V in slot
r + k, one of the last s slots of T, is a tensor in T5_;(V), and that tensor is

H = E(v,k)(T) = C;™ (T ®v).

In ordered basis a, if v = v*(a) a; then H has coordinates

Hji::;r—l(a) = TJZ11:H.;J11: 1,Ww 7jk7---;js—1(a) Uw(a) :

By combining the two operations, we see that evaluating T in any number of
its slots at specific choices of members of V' or V* (as appropriate for the slots
involved) will produce a tensor. If k slots are to be filled, that tensor can be formed
by the k-fold tensor product of T" with the specified members of V' or V*, followed
by k contractions.

We make an obvious remark: if we evaluate a tensor at all of its slots, we get
a tensor of order 0, an invariant or (synonymous) scalar. If we evaluate the
representation of that same tensor at the representations of those same vectors in
any basis we get the same numerical output.

This remark has a converse.

Recall that the coordinates in a basis of a member of V" is a member of (R").

Suppose you determine a multilinear function for each basis of V' which acts on
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(R™)". Suppose further that, for each v € V!, if you evaluate the multilinear
function corresponding to a basis at the coordinates corresponding to v in that
basis you always get the same (that is, basis independent) numerical output. Then
the process by which you created the multilinear function in each basis has tensor
character: you have defined a tensor in T% (V).

Some sources find this observation important enough to name, usually calling it
(or something equivalent to it) The Quotient Theorem.*

Combining our previous remarks about products and contraction of relative ten-
sors, we see that evaluation of a relative tensor on vectors or covectors can be
performed at any of its slots, and the process does not change the weight of a
relative tensor. The properties “even” or “odd” persist unchanged by evaluation.

Evaluation of a relative tensor on relative vectors or relative covectors could
change both weight and whether the resulting relative tensor is even or odd, and
we leave it to the reader to deduce the outcome in this case.

14. SYMMETRY AND ANTISYMMETRY

It is obvious that, for a tensor of order 2, T(x,y) need not bear any special
relation to T'(y, z). For one thing, T'(z,y) and T'(y, ) won’t both be defined unless
the domain is either V{2 or Vi. But even then they need not be related in any
specific way.

A covariant or contravariant relative tensor T' of order L is called symmetric
when switching exactly two of its arguments never changes its value. Specifically,
for each pair of distinct positive integers j and k not exceeding L and all v € V)
or V&, whichever is the domain of T,

T(v(1),...,v(L))
=TwQ),...,v([j —1),vk),v(7+1),...,0(k—1),v(j),v(k+1),...,v(L)).

A covariant or contravariant relative tensor is called (any or all of) antisym-
metric, alternating or skew symmetric if switching any two of its arguments
introduces a minus sign but otherwise does not change its value. Specifically:

T@(1). .. v(L))
= — T(w@),...,v(F = 1),vk),v(G+1),...,v(k = 1),v(F), vk +1),...,0(L)).

The following facts about permutations are discussed in many sources, including
[9] p. 46. A permutation of the set {1,...,L}, the set consisting of the first
L positive integers, is a one-to-one and onto function from this set to itself. Let
PL denote the set of all permutations on this set. The composition of any two
permutations is also a permutation. There are L! distinct permutations of a set
containing L elements. Any permutation can be built by switching two elements

40ur statement has a generalization. Suppose that we identify a fixed collection of slots of the
multilinear function defined as above using a basis. Suppose that whenever you fill those particular
slots with coordinates of vectors/covectors in a basis the resulting contracted multilinear function
is independent of the basis: had you used coordinates in a different basis the new coefficients
would be the same as the old ones, properly transformed so as to have tensor character. Then the
means by which you formed the original coefficients has tensor character.
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of the set at a time gradually building up the final permutation by composition of
a sequence of such switches. A “switch,” involving as it does exactly two distinct
elements, is also called a 2-cycle. You might be able to build P by this process
in many ways. If you can build a permutation as the composition of an even
number of 2-cycles it is called an even permutation while if you can build a
permutation as the composition of an odd number of 2-cycles it is called an odd
permutation. It is a fact that a permutation is even or odd but cannot be both.
There are exactly L!/2 even permutations and L!/2 odd ones. If P is even, define
sgn(P) =1 and if P is odd define sgn(P) = —1. For any permutations P and Q
we have sgn(P o Q) = sgn(P) sgn(Q).

If P is a permutation of {1,...,L} and T is a covariant or contravariant relative
tensor of order L let Tp denote the tensor whose values are given by

TP(U(I)v' .- 7U(L)) = T(U(P(l))a ce 7U(P(L)))

In other words, Tp is the relative tensor obtained from T by reordering the argu-
ments using the permutation P. The function that sends T to Tp is sometimes
called a braiding map. Braiding maps are isomorphisms.

Using this notation, T' is symmetric precisely if Tp = T whenever P is a 2-cycle.
T is alternating precisely when Tp = —T whenever P is a 2-cycle.

Since every permutation is a composition of 2-cycles, this means that 7" is sym-
metric precisely when Tp = T for all permutations P, while T is alternating pre-
cisely if Tp = sgn(P)T for any permutation P.

A covariant or contravariant relative tensor T' of order L can undergo a process
called symmetrization. It is defined in a coordinate-independent way by

1
Sym(T) = 7 Z Tp
T Pe?y

where the sum is over all L! members of the set of permutations P, of {1,...,L}.

Antisymmetrization is accomplished by the coordinate-independent formula

1
AI(T) = - > sgn(P) Tp.
" Pe?Py,

It is sometimes said that Sym(T') is the symmetric part of T, while Alt(T) is
said to be the skew part of T

2

For instance if a', a® are 1-forms then

(a' ®a® —a*®a")

1 1
Sym(a' ® a®) = 3 (a' ®a® +a*®a') and Alt(a' ® a?) = 3

and if a3 is a third 1-form then

1
Alt(a' ® a® ® a®) :6(a1®a2®a3 —d*®d ®d+ad*®ad®®@d
—a*®ad®®a +ad*®ad ®d® —ad' ®a®®d?).
Both of these operations are linear when viewed as functions on the space of
tensors of a given order. Applied to a representation of T as T =T;, . ,,(a)a” ®

yeeey
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-+ ® a'™ in a basis, this gives Sym(T) = T}, . i, (a) Sym(a" ® -+ @ a'F) and
Al(T) =Ty, .4, (a) Alt(a™ @ -+ - @ a't).

In some sources, the Alt operation is indicated on coordinates of a tensor by
using square brackets on the indices, such as Tj;, . ;,]- So

(a) = Alt(T)il,m,iL (a)
In these sources round brackets may be used to indicate symmetrization:

T(il ----- iL)(a> = Sym(T)ihm,iL (a)

One also sees these notations spread across tensor products as in the expression
Slivsoim Lj1....j11> used to indicate the coordinates of Alt(S ® T).

It is not necessary to involve all indices in these operations. Sometimes you may
see brackets enclosing only some of the indices, as

T[i1a<-~77;k]7ik+17~--7iL (a) or T(i17---,ifc)7ik+17-~-,iL (a)'

The intent here is that these tensors are calculated on a selection of L vectors
by permuting the vectors in the first & “slots” of T in all possible ways, leaving the
last L — k arguments fixed. After summing the results of this (with factor “—1”
where appropriate) divide by k!.

In the calculation to follow, we let Q@ = P! for a generic permutation P, and
note that sgn(P) = sgn(Q). For a particular basis tensor a* ® --- ® a%,

Alt(a™ @ - ® a'*)(v(1), ..., v(L))

:% S sgn(P)(a © - ® ') (o(P(L), ..., o(P(L)))
" PePL

= 3 sgn(P)u(P()" - o(P(L))"
" PePp
:% Z sgn(Q) v(1)ie®m ...y(L)iem
QePr
:% 3 sgn(Q)(@ 90 ®--- @ a'e®)(v(1), .., vo(L)).

" QePL

In a basis, if T =T;, ;,(a)a" @--- @ a't then

1 ; .
AT) = 2 37 sgn(Q)Ty....i, (@) @00 @ - @ alo®
T Qe
1 . i
- ﬂ Z Sgn(Q) T%Q(I),..A,iQ(L) (a) At R ®Qa'l.
T Qe
(Sum on an index pair i,, and ig,) whenever m = Q(q).)

So the permutations can be applied to the domain factors or to the
basis superscripts in a basis representation or to the coefficients in a
basis to calculate Alt(T). Obviously, the same fact pertains for Sym(T).
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It is worthwhile to check that Sym/(T) is symmetric, while Al¢(T) is alternating.
It is also true that if T is symmetric then Sym(T) = T and Al¢(T) = 0. If T is
alternating then Sym(T) =0 and Alt(T) =T.

Our choice of scaling constant % in the definitions of Sym and Alt makes these
linear functions, when restricted to tensors of a specified rank, into projections onto
the spaces of symmetric and alternating tensors of that rank, respectively.

Choice of constant here and in the wedge product below are not uni-
versally adopted, even within the work of a single author, and in each
new source you must note the convention used there. Formulas differ by
various “factorial” factors from text to text as a regrettable consequence.

Note that the coefficients of any covariant 2-tensor 7' can be written as

Toj+ T | Tog— Ty
T‘i,j: ’j;_ 7> + 7J2 7>

so any such tensor is the sum of a symmetric and an alternating tensor.

But if the rank exceeds 2 it is not true that every covariant or contravariant
relative tensor is the sum of an alternating with a symmetric tensor, and at this
point it might be a useful exercise to verify the following facts concerning T =
a'®ad’®a® - a?®a ®@a® and S =T — Alt(T).

e T is neither symmetric nor alternating yet Sym(T") = 0.
e S is not symmetric and not alternating yet Alt(S) = Sym(S) = 0.
e Conclude that S is not the sum of a symmetric with an alternating tensor.

If S and T are both covariant relative tensors, of orders s and t respectively, we
define the wedge product of S with T (in that order) by

(s+1)!
sl t!

SAT =

Alt(S @ T).

The wedge product is in some sources called the exterior product, not to be
confused with the ordinary tensor (outer) product.

It is not too hard to show that if S and R are both covariant relative tensors of
order s with the same weighting function and if T is a covariant relative tensor of
order t and if k is a constant then

SAT=(-1)"TAS and (kS+R)AT=kSAT+ RAT.

If R is a covariant relative tensor of order r we would like to know that (R A
SYANT = RA(SAT): that is, wedge product is associative. This is a bit harder to
show, but follows from a straightforward, if messy, calculation.

In preparation we state the following facts about permutations. Suppose P € Py
and 0 < k < L. Define P € Py, to be the permutation

Bi) = {P(i), if i < k;

i, if L>i>k

First, any member @ of P is Q oP ' oP and so can be written in k! different
ways as Ro P where R = Q oP " for various P € Pg.
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Second, sgn (P) = sgn(P) = sgn (Fﬁl) and sgn(R o P) = sgn(R) sgn(P).
Alt (Alt (" @ -+ ®a™) @ a™ @ - ®a'")

1 . , . ,
=Alt ( Z sgn(P)a™® @ --- @ a'"® @ a1 @ - ® a’L>

k!
PePy
1 B\ i i i i
:7/4' T Z sgn(R) Sgn(P) @'ReP(D) ® ... ® @'RoP(R) ® g'R+D) ® ... ® g'RE)
"7 RePL, PEP
1 — i L
:k| T Z sgn(R o P) Q'ROP() ® ... Q) g ROP(L)

RePr, PePy

If we focus on a fixed permutation ig(y),...,iq(r) of the superscripts in the last
double sum above we see that each is repeated k! times, once for permutation

R=Qo P for each permutation P. So the last double sum above is

1 A |
k! LI > sgn(Q)ae0 @@ ®a'ew
" QePL, PePy
:ﬁklzsgn(Q)aQ(l)®...®...®aQ(L):Alt(al®.'.®a’L).
T Qe

The obvious modification shows also that

Alt (0" ® - @a™ @ Alt (™ @ -+ ®a'™")) = Alt (a" @+ ®a'*).

Suppose R = R;, . ;. (a)a" ® ---®a' and S = 5;,  j.(a)a" @ --- ® a’* and
T="T . k(a) a* @ - ®akt are any covariant tensors.

By linearity of Alt and the result above we find that

Alt(At(R® S)®@T)=Alt(R®S®T) = At(R® Alt(S®T)).

We remark in passing that the argument above is easily adapted to show that
Sym satisfies:

Sym(Sym(R@ S) @ T) = Sym(R® S®T) = Sym(R® Sym(S®1T)).

From these facts about Alt, it follows immediately that

(r+s+1t)!
r! sl t!

RA(SAT) = At(RRS®T)=(RAS)AT.

Since the operation A is associative, we have found that an expression involving
three or more wedge factors, such as RAS AT, is unambiguous. We note also that
this wedge product is an alternating tensor, and its order is the sum of the orders
of its factors.

As a special but common case, if £, ..., 3% € V* an induction argument gives
BN ABE = Z sgn(Q) AW @ ... @ gRWL),
QePL

So this product of 1-forms can be evaluated on vq,...,v;, € V by
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(B A A B (0, o) = 3 sgn(@) (890 @ - @ B2V (o, ., un)

QePL

= > sgn(Q) BN (v1)--- B () = det (B (v;) )

QePL

where det stands for the determinant function®, in this case applied to the L x L
matrix with ith row, jth column entry 5 (v;).

And it follows that if @ € P then the wedge product of 1-forms satisfies

BN ABE = sgn(Q)ﬁQ(l) Ao A B,

Every part of the discussion in this section works with minor modifications if
all tensors involved are contravariant rather than covariant tensors, and these do
occur in applications.

As with tensor products, the weight of a wedge product of relative covariant or
contravariant tensors is the sum of the weights of the factors and the wedge product
of relative tensors will be odd exactly when an odd number of the factor relative
tensors are odd.

15. A Basis FOR A, (V)

Define A5(V) to be the subset of T%(V') consisting of tensors T with Alt(T) = T
that is, Ag(V) is the set of alternating members of T(V), a condition trivially
satisfied when s =0 or 1.

Members of As(V') are called s-forms, specifically the s-forms on V.

The alternating members of T§(V'), denoted A®(V). They are called s-vectors.
Note that 1-forms on V* are identified with V, so A{(V*) = AY(V) = V and,
generally A*(V) = A;(V*).

We confine our work, mostly, to As(V') in this section but invite the reader to
make the obvious notational adaptations needed to state and prove the same results

in AS(V).

If S € As(V) and T € A¢(V) there is no reason to suppose that S®T, which is in
J9,,(V), will be alternating. However S AT will be alternating, so wedge product
defines an operation on forms that produces a form as output.

Suppose R € A.(V). In an ordered basis a, R is written
R= Rih---,iv(a) ail R ® atr
where, because R is alternating, the coordinates satisfy the antisymmetry condition

Ri, . i (@) =sgn(Q) Rigy,...i0. (@) for Q € Py

Because of antisymmetry, if there is any repeat of an index value within one
term the coefficient of that term must be 0. Nonzero coefficients must be among

5The sum in the last line is usually taken to be the definition of the determinant of an L x L
matrix with these numerical entries.
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those in which the list of index values consists of r distinct integers. This means
that any alternating tensor of order exceeding n must be the zero tensor. So
let’s focus on a particular list i1, ..., and for specificity we choose them so that
1 <iy < -+ <1, <n. (This implies, of course, that » < n.) A list of indices like
this will be called increasing.

The part of the sum given for R in the a coordinates involving any way of
rearranging this particular list of integers is

Z Rigyiaum () a?M®...@ael (Sum on @ only.)
QePr
= R, (a) Z sgn(Q) W @ - @ a2 (Sum on Q only.)
QE?’V‘

=R (a) a™ A---Aa'r. (This is not a sum.)

1yl
We learn two important things from this.
First, A+(V) is spanned by wedge products of the form
a™ A---Aa'. (These are increasing indices.)
Second, when we gather together all the terms as above, the coefficient on
alt A .- Aalr (increasing indices) is the same as the coefficient on al* @ - -- ®

in the representation of alternating R as a member of T%(V) using or-
dered basis a.

It remains to show that these increasing-index wedge products are linearly inde-
pendent, and so form a basis of A,.(V).

Suppose we have a linear combination of these tensors
Tiy..i,(@) @ A--- Aa'  (Sum here on increasing indices only.)
Evaluating this tensor at a particular (aj,,...,a;, ) with 1 < j; <--- < j, <n we
find that all terms are 0 except possibly
Tj,...i.(@) @ A---AdP"(aj,,...,a;) (Thisis not a sum.)

Expanding this wedge product in terms of Alt and evaluating, we find that this is
Tj, ...j.(a). So if this linear combination is the zero tensor, every coefficient is 0:
that is, these increasing wedge products form a linearly independent set.

So tensors of the form a®* A --- A a’r where 1 < i; < --- < i, < n constitute a
basis of A,(V), the standard basis of A,(V) for ordered basis a.

R, .. .i.(a) ' Q- ®a™r (R is alternating, sum here on all indices.)

=Ry, (a)a™ A---Aa'. (Sum here on increasing indices only.)

There are (n%'r), ways to form r-tuples of distinct numbers between 1 and n.

There are 7! distinct ways of rearranging any particular list of this kind so there

are W ways of selecting r increasing indices from among n index values.
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So the dimension of A,.(V) is

o = (1)

Note that if » = n or r = 0 the dimension is 1. If > n the dimension of A, (V)
is 0. Ay (V) =TY(V)=V*soifr =1 this dimension is n, and this is the case when
r=mn—1 as well.

Though not used as often in applications, we might as well consider the space of
symmetric tensors of covariant order r and find it’s dimension too.

Any symmetric covariant order r tensor can be written as a linear combination
of tensors of the form
Sym(a" @ - ®a'r)

for arbitrary choice of iq,...,7, between 1 and n.

But any permutation of a particular list choice will yield the same symmetrized
tensor here so we examine the collection of all Sym(a" ® - - - ® a*r) where i1,...,1,
is a mondecreasing list of indices.

This collection constitutes a linearly independent set by the similar argument
carried out for alternating tensors above, and hence constitutes a basis for the space
of symmetric tensors of order r. We want to count how many lists i1, ..., 1, satisfy

1< <ig<ig<---<ip<nm.

At first blush, counting how many ways this can be done seems to be a much
harder proposition than counting the number of strictly increasing sequences as
we did for alternating tensors, but it can be converted into that calculation by
examining the equivalent sequence

1<ii<io+1<ig+2<---<tp+r—1<n+r—1.

Thus, the dimension of the space of symmetric tensors of order r is

n+r-1)!"  (n4+r-1
(ntr-nt ( )

(n—1)r! r

Returning from this symmetric-tensor interlude, there is a simpler formula
(or, at least, one with fewer terms) for calculating the wedge product of
two tensors known, themselves, to be alternating. This involves “shuffle
permutations.”

Suppose s,t and L are positive integers and L = s +¢t. An s-shuffle in Py
is a permutation P in P; with P(1) < P(2) < --- < P(s) and also P(s + 1) <
P(s+2)<--- < P(L).

It is clear that for each permutation @ there are s!t! different permutations P
for which the sets {Q(1), Q(2),...,Q(s)} and {P(1), P(2),..., P(s)} are equal, and
only one of these is a shuffle permutation.

We let the symbol 8, ;, denote the set of these shuffle permutations.
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If a is an ordered basis of V' and S and T are alternating

L! 1
Pe?y

1 . . . .
— T , oA LA gbs b1 A ... A il
= T g sgn(P)Siy,...i.Tioir,.ir ((a A--ANa ) ® (a SFLA--Aa ) )P.
T PePy
This is a huge sum involving indices for which 4, ...,is is in increasing order and
also 4541, ...,1 is in increasing order, as well as the sum over permutations.

Suppose i1, ...,%s,85+1,---,%r 1S a particular choice of such indices.

If any index value among the 41, ..., i, is repeated in i541,..., 77 the result after
summation on the permutations will be 0 so we may discard such terms and restrict
our attention to terms with entirely distinct indices.

If P and @ are two permutations in Py, and {Q(1), Q(2),...,Q(s)} is the same set
as {P(1),P(2),...,P(s)} then P can be transformed into Q by composition with a
sequence of 2-cycles that switch members of the common set {Q(1), Q(2),...,Q(s)},
followed by a sequence of 2-cycles that switch members of the set {Q(s + 1), Q(s +
2),...,Q(L)}. Each of these switches, if applied to a term in the last sum above,
would introduce a minus sign factor in one of the two wedge product factors, and
also introduce a minus sign factor into sgn(P). The net result is no change, so each
permutation can be transformed into an s-shuffle permutation without altering the
sum above. Each shuffle permutation would be repeated s!t! times.

We conclude:

SAT = Z sgn(P)(S®T)p
PeS, L
when S, T are alternating, and where 8, , are the s-shuffle permutations.

For instance, if we have two single-term-wedge-product alternating tensors and
r = 3 and s = 2 this sum is over 10 permutations rather than 120. If r = 1 and
s = 3 we are summing over 4 permutations rather than 24.

16. DETERMINANTS AND ORIENTATION

The single tensor a' A---Aa" spans A, (V) when V has dimension n. If o is any
member of A, (V') then, in ordered basis a, o has only one coordinate o1 ., (a). It
is common to skip the subscript entirely in this case and write o = o(a) al A---Aa™.

We can be explicit about the effect of o on vectors in V. Suppose H; = A’i(Hj)ai
for j = 1,...,n are generic members of V. Form matrix H(a) with ijth entry
H(a)! = A*(Hj). H(a) is the n x n matrix formed from the columns A(H;).

Suppose that o € A, (V). Then for some constant k,
o(Hy,...,H,) = k (@' A---Aa™) (Hy,..., H,) =k det(H(a)).

You may recall various properties we cited earlier from [8] p.154: det(MN) =
det(M) det(N) for compatible square matrices M and N, det(J) = 1 and the fact
that det(N) = det(M ~'NM) when M and N are compatible and M invertible.
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A couple of other facts are also useful when dealing with determinants.

First, by examining the effect of replacing permutations P by Q = P! we see
that

det(M) = Y sgn(P) M{ . MP™) = 3™ sgn(Q) M)« My,
PeP, QEP,

which implies that the determinant of a matrix and its transpose are equal.

Second, define Mi;:i;iiﬁ to be the (n —1) x (n— 1) matrix obtained from

the square matrix M by deleting the ith row and jth column. In [8] p.146 (and
also in this work on page 42) it is shown that

det(M) = Z(—l)“‘j MJZ det (Mll""’i_l’i+1""’n) foreach j =1,...,n.

yeeeri=LigH1,eem
i=1

Calculating the determinant this way, in terms of smaller determinants for a
particular j, is called a Laplace expansion or, more descriptively, “expanding
the determinant around the jth column.” Coupled with the remark concerning the
transpose found above we can also “expand the determinant around any row.”

Returning now from this determinant theory interlude, if H; = a; for each j then
H(a) is the identity matrix and so det(H(a)) = 1 and we identify the constant k
as o(a1, - ,an) = o(a). So for any choice of these vectors H,

o(Hy,...,Hy,) =0(a1, - ,ay,) det(H(a)) = o(a) det(H(a)).

In addition to its utility as a tool to calculate o(Hy, ..., H,), this provides a way
of classifying bases of V' into two groups, called orientations. Given any particular
nonzero o, if o(ay, ..., ay,) is positive the ordered basis a belongs to one orientation,
called the orientation determined by o. If o(ay,...,ay) is negative the ordered
basis a is said to belong to the opposite orientation. This division of the bases
into two groups does not depend on o (though the signs associated with each group
could switch.)

17. CHANGE OF BASIS FOR ALTERNATING TENSORS AND LAPLACE EXPANSION

If we change coordinates to another ordered basis b the coordinates of the r-form
R change as
Rj,...j.(b) = R, ., (a) AL - Al
We can choose ji, ..., j, to be increasing indices if we are thinking of R as a member
of A.(V) but the sum over hy,...,h, is over all combinations of indices, not just
increasing combinations. We will find a more convenient expression.

Let’s focus on a particular increasing combination of indices 41,...,%.. Then
each term in the sum on the right involving these particular indices in any specified
order is of the form

R a) .A;?“) = -Aéf(r) (This is not a sum.)

= Ri,,...i,(a) sgn(Q) -A;?m - 'A;?(T) (This is not a sum.)

iQ(l)v“'!iQ(r)(
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for some permutation @@ € P,. You will note that the sum over all permutations
yields Ry, ;.(a) times the determinant of the r x r matrix obtained from A by
selecting rows 41, ...,%, and columns ji,...,j.. If you denote this matrix A L
we obtain the change of basis formula in A,.(V):

Jr

Rj,.. .(b)=R; i (a)det (A“’ ol ) (Sum on increasing indices only.)

It is worth noting here that if T' is an r-vector (an alternating member of T5(V))
hen by a calculation identical to the one above we have

-+

Ty

TI1r(b) = T (a) det ( (e ’Jf) (Sum on increasing indices only.)

As examples, consider the n-form o = o(a) a' A--- A a™ and the n-vector x =
z(a) a; A --- Aa,. The change of basis formula® gives

o(b) =o(a) det(A) and z(b) = z(a) det(B).

This implies immediately

BEA- AW =det(B)al A---Aa™ and by A---Ab, =det(A)ar A---Aay

with interesting consequences when det(B) = det(A) = 1.

Let’s see how this meshes with the calculation shown above for o evaluated on
the H e

Form matrix H(b) from columns B(H;). Recall that B(H;) = BA(H;). This
implies that H(b) = BH(a) and so det(H(b)) det(B) det(H (a)).
From above,
o(Hy,...,Hy) =0(b) det(H (b)) = o(a) det(A) det(BH(a))
= o(a) det(A) det(B) det(H(a)) = o(a) det(H (a)).
We make an important observation: Suppose h',...,h" are members of V*. If

there is a linear relation among them then one of them, say h', can be written in
terms of the others: h' = cyh? + - - + ¢,.h". Using standard summation notation

hl/\~--/\hr:Zcihi/\h2/\--~/\hr:0

because each tensor in the sum is alternating and there is a repeated factor in each
wedge product.

On the other hand, suppose b',...,b" is a linearly independent list of members
of V*. Then this list can be extended to an ordered basis of V* dual to an ordered
basis b of V. The n-form b* A --- A b"™ is nonzero so

0AB A Ab" = (b" A= AD)A (BT A ADY)
SNote the similarity to the change of basis formula for a tensor capacity in the case of n-forms,

and tensor density in case of n-vectors. The difference, of course, is that here the determinant
incorporates the combined effect of the matrices of transition, and is not an extra factor.
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which implies that b* A --- A b" # 0.

We conclude that

h'A---AR" =0 if and only if h',...,h" is a dependent list in V*.

A similar result holds for s-vectors in Ag(V*).

We can use the change of basis formula and the associativity of wedge product
to prove a generalization of the Laplace expansion for determinants. The shuffie
permutations come in handy here.

Suppose A is an invertible n x n matrix and b is an ordered basis of V. So A
can be regarded as a matrix of transition to a new basis a.

From above, we see that by A -+ Ab, =det(A)ay A+ A ay.

But if 0 < r < n, we also have by A---Ab, = (by A=+ - Ab) A(brp1 A+ Aby).
Applying the change of base formula to the factors on the right, we see that

(br Ao - Abp) A (brg1 A+ Aby) (Sum on increasing indices only below.)
= [det (A7) ag Ao mag ] A [det (AR ) g A A,
The nonzero terms in the expanded wedge product consist of all and only those

pairs of increasing sequences for which ji,..., 7., k1,...,k,_, constitutes an 7-
shuffle permutation of 1,...,n. So

LT n—nr

o (A48 a5 1o ] 1 [ (775 )
(Sum on increasing indices only in the line above.)
S Y det (49090 det (A% gy A+ hag
QEST‘,TL
(Sum on shuffle permutations only in the line above and the line below.)

= Y sgn(Q) det (AQQ{);_;;Q(”) det (AQ(;LI};;’;;Q<”>) A A A an.
QES, n

We conclude that

..........

QES8rn

Note that the Laplace expansion around the first column appears when r = 1.

More generally, if P is any permutation of 1,...,n then

det(A) = Z sgn(P) sgn(Q) det (Agﬁ;gg:g) det (Agg:ﬁ;ggzg)
QESrn

which recovers, among other things, the Laplace expansion around any column.
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18. EVALUATION IN A4(V) AND A*(V): THE INTERIOR PRODUCT

One often sees a contraction or evaluation operator applied to s-forms or s-
vectors, which we define now.

It is called the interior product, indicated here using the “angle” symbol, ..
It involves one vector and one s-form, or one covector and one s-vector.

If v is a vector and ¢ € Ag(V) = R we define the “angle” operation on c,
called the interior product of v with ¢, by vuc = 0.

More generally, for § € A,.(V) we define v16, the interior product of v with 0,
to be the contraction of the tensor product of 6 against v in the first index of 6.

This is the tensor we called E(v,1)(#) in Section 13, and considered as an eval-
uation process it is obvious that v20 € A,_1(V) for each r > 0.

We note that interior product is linear, both in v and 6.

We examine a few cases and extract properties of this operation. We suppose
coordinates below are in a fixed basis a of V.

If 0 € A1(V) then vi6 = 0(v) = 0; v".
If 0 = 601 v Av? € Ag(V) we have
vl = 0(v,) =012 vha® + 2.1 vZal

=012 (111 a® — v? al) .

If w is another vector,

wa(val) = 9172111 w? 791,21)2101 = —vi(wib).

This readily generalizes to 6 € A,.(V) for any r > 1

vy (wif)=—wy (vih)

as can be seen by examining the pair of evaluations 6(v,w,...) and 8(w,v,...).
This implies that for any 6
(2 ( va0 ) = 0.

You will note that

va(a' na?) = (vaa') Aa® + (1) a' A (vaa?).

We will prove a similar formula for 8 of higher order.

If 0 e A (V) and 7 € Ag(V) for r and s at least 1 then

va(OAT)=(v20) AT+ (=1)"OA(vaT)




44 LARRY SUSANKA

We prove the result when v = a;. Since a is an arbitrary basis and interior
product is linear in v, this will suffice for the general result.

We further presume that § = a’* A--- Aa’ and 7 = ' A--- Aa’s for increasing
indices. If we can prove the result in this case then by linearity of wedge product
in each factor and linearity of the evaluation map we will have the result we seek.

We consider four cases. In each case, line (4) is vy (0 A7), line (B) is (vi0)AT,
while line (C) is (—=1)" @ A (v 7). In each case, the first is the sum of the last two.

Case One: i3 =1 and j; # 1.

(A) aro (@A Ad"ANa Ao ANG) = @ A Nat AdTt A A e
(B) (ars (a™ A---Ad™))ANa A AdP = aP A Adm AT A Aade.
©) (-1)"a" A--na"A(ars (a7 A nG)) = 0.

Case Two: i1 # 1 and j; = 1.
(A) aro (@ A---Aam ANa AN
= a;o ((-1)"a* Ad" A---Aa'm N A Ndd?)
= (=1)"a* A---Aa" NaP2 A AaPe.
(B) (ais (a™ A---Ad"™))Aa* Ao Aad = 0 Ad A Na? = 0.
©) (-1)"a" A--nam A(ars (e A na?))
= (=1)"a"* A---Aa" NaP2 Ao AaPe.

Case Three: i; # 1 and j; # 1.

Case Four: ¢; =1 and j; = 1.
(A) aia (ail/\---/\a“/\ajl/\~-~/\ajs) = a; 10 = 0.
(B) (a1s (a™ A---Ad"™))Aa* Ao Add = a? Ao AaT NG N Add
() (—1)Ta“/\---/\a”/\(a14(ajl/\-~-/\aj5))
= (=1)"a* A---Aa" NaP2 Ao Aae
= (=) (=) a2 A Aa Ad™ AaP2 A A ade
= (=1)a” A---Aa" Na?t AaT2 A Nade.

The interior product is defined for a covector-and-s-vector pair by identical
means, yielding the analogous properties.

Applied to relative tensors, the weight of an interior product of relative tensors
is, as with wedge and tensor products, the sum of the weights of the two factors.

An interior product of relative tensors will be odd when one but not both of the
two factors is odd.



TENSORS (DRAFT COPY) 45

19. BILINEAR FORMS

Since V* and V are both n dimensional, there are many isomorphisms between
them. The obvious isomorphism sending basis to dual basis is basis-dependent: it is
a feature of the basis, not the space and will not in general reflect geometry, which
usually comes from a nondegenerate bilinear form on V. This structure encapsulates
physical properties and physical invariants of great interest to practical folk such as
physicists and engineers. Sometimes it will correspond to the analogue of ordinary
Euclidean distance in V. Sometimes it is created by a Lorentzian metric on V,
coming perhaps from relativistic space-time considerations.

A bilinear form on V is simply a member of T9(V).

Suppose a is an ordered basis for V. The coordinates of a bilinear form G in the
ordered basis a are G; ;(a) = G(a;, a;). Define the matrix representation of G
with respect to ordered basis a to be the matrix G, with ijth entry Ga}; = G ;(a).

We wish to distinguish between the tensor G with coordinates G; ;(a) in the
ordered basis a and the matrix G, with ijth entry G j(a). They refer to distinct
(obviously related) ideas.

G is the tensor

G = Gi,j(a) a’ ® a’.

If v =v'(a) a; and w = w(a) a;

Gv,w) =G (vi(a) al-,wj(a) aj) =G, (a) vi(a) w? (a) = A(v)'Ga A(w).

Evaluating G(v,w) in R" as A(v)'Ga A(w) takes advantage of our common
knowledge of how to multiply matrices, but we are careful (and it is important)
to note that the matriz G, is not the representative tensor of G in ordered basis
a. That representative tensor is

Gij(@) e @el.

Any bilinear form can be written as

G=G;;@)dead

1 ) . . ]
= (Gij(@)d’ ®d’ — G j(a)d ®a').

(Gij(a)a' ®a +Gij(a)a ®a) + 3

N | =

The first term is symmetric while the second is alternating.

A bilinear form is called degenerate if there is v € V' with
v#0 and Gv,w)=0 Ywel.
Otherwise the bilinear form is called nondegenerate.

The two most common types of bilinear forms are symplectic forms and inner
products.
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A symplectic form on V is an alternating nondegenerate bilinear form on
V. Symplectic forms are used many places but one common application is in the
Hamiltonian formulation of mechanics.

The matrix of a symplectic form (and in fact any 2-form) satisfies Go' = — Ga:
that is, the matrix is skew symmetric. The fact that a symplectic form is non-
degenerate implies that this matrix is invertible. The inverse matrix is also skew
symmetric.

An inner product on V is a symmetric nondegenerate bilinear form on V.
Sometimes an inner product is called a metric tensor.

A symmetric bilinear form is called non-negative if
G(v,v) >0 V nonzerov € V

and positive definite if
G(v,v) >0 V nonzerov € V.

Negative definite and non-positive symmetric bilinear forms are defined by
making the obvious adaptations of these definitions.

We specifically do not require our inner product to be positive definite.

But if an inner product ¢s positive definite it can be used to define lengths of
vectors and angles between vectors by calculations which are identical to the case
of the standard inner product in R™. Some of the geometrical ideas spawned by
positive definite symmetric G are listed below.

The length of a vector v is defined to be ||v|c = v/G(v,v). When the inner
product G is understood by all we drop the subscript and write ||v||. We define the
angle between nonzero vectors v and w to be

The angle between nonzero v and w: 6, ,, = arccos (W) .

It is a bit of work to show that this definition of length scales with linear multiples
as we would expect” and satisfies the Polarization Identity®, the Parallelogram Law®
and the Triangle'® and Cauchy-Schwarz'! Inequalities, and that an angle is always
defined between pairs of nonzero vectors and never violates our understanding of
how angles should behave.'> We forgo the proofs of these facts.

A vector space endowed with this notion of distance and angle (i.e. one that
comes from, or could have come from, a positive definite inner product) is called
Euclidean.

The matrix of an inner product (and in fact any symmetric covariant tensor of
rank 2) is symmetric: G, = Ga'. The inverse of the matrix of an inner product is
symmetric too.

"Scaling of Length: ||cv|| = |¢|||v]| for any ¢ € R and v € V.

8Polarization Identity: G(v,w) = 1|jv +wl]? = |jv — w]|?.

9Parallelogram Law: |Jv 4 wl|? + [[v — w]||? = 2 ||v]|? + 2 |Jw||?.

10T riangle Inequality: ||v + w| < ||v|| + |Jw]|.

N Cauchy-Schwarz Inequality: |G (v, w)| < ||v]| [Jw]|

L2For instance, if v, s and w are nonzero vectors we would hope that 0y, < 0y s + 05,4 with
equality when s = cv + dw for positive real numbers ¢ and d.
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If G is nondegenerate then G, must be invertible. Let G, be the inverse of G,.
We will denote the ijth entry of Ga by Ga; = G(a).
G, and G, are inverse matrices, so
G (a)Grj(a) = Gix(a)G*(a) = o
for each ¢ and j.

Note bene: Matrices have entries M J’ in the 7th row and jth column. For bilinear
forms we associate these matrix entries with tensor coefficients whose
indices are both high or both low. With this convention we can utilize the
Einstein summation notation in certain calculations we need to perform later.

20. AN ISOMORPHISM INDUCED BY A NONDEGENERATE BILINEAR FORM

Suppose we are given a symplectic form or inner product G = G, j(a) a’ ® a’
with matrix G, in ordered basis a as indicated above.

The ijth entry of G, is G; j(a) and the ijth entry of the inverse matrix G,
is a number we have denoted G%*J(a). This collection of numbers looks like the
coefficients of a tensor, and we will see that it is.

In this section we will be working with a single basis a for V', and will temporarily
suspend explicit reference to that basis in most coordinates.

We define b: V' — V*, using the musical “flat” symbol, by

b(u)(w) = G(u,w) = A(u)" Ga A(w) VweV.

If (and, generally, only if) G, is the identity matrix, left multiplication by
A(u)t G, corresponds to simple “dot product” involving the coordinates of u against
the coordinates of v.

If b(u) is the zero transformation then « must be 0 since G is nondegenerate. So
b is one-to-one and since the vector spaces V and V* have the same dimension, b
is an isomorphism onto V*.

Ifu=u"a; €V then b(u)= e utad e V.

Consider the following calculation, and its implication in the box below.

b(om G™Y ay ) = Guj om G™" a) =0y, 87" @) =0j d’ =o0.

Define the function §: V* — V', using the musical “sharp” symbol, by

#(c) = G o, a; for o =0 at e V*.

We see that f = b~ "
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So #(o) evaluated on 7 will, generally, look like the sum of simple products o;7;
only when G, (and so G,) is the identity matrix.

b was defined without reference to a basis, and so both it and its inverse § have
meaning independent of basis. The formulas we create involving their effect on
vectors and covectors in a basis are valid in any basis.

We use the musical “flat” symbol b and the “sharp” symbol § as mnemonic aids.
b lowers or “flattens” the index on a coefficient turning a vector, usually associated
with an arrow, into a covector, which is usually associated with a family of parallel
planes (or hyperplanes.) The f§ symbol raises the index, turning a “flat” object into
a “sharp” one.

We can use b to create G*, a tensor of order 2, on V*. G* will be a member of
T2(V) and is defined by:

G*(o,7) =G l{l(7),8(0)) VYo,TreV™

The reversal of order you see in ¢ and 7 above is not relevant when G is sym-
metric, as it usually will be. In the symplectic case, this reversal avoids a minus
sign in the formula.

If c =0; a* and 7 = 7; a' then
(o,7) =G (Tm G™Y qy , o GP* as)
=T o, G™Y GE° Gy g = Ty o, 07 G2*
=0 T GP™.

So G* is the tensor

G =G ar @ ap,.

The tensor G* is said to be the inner product conjugate to G.

We can evaluate G* down in R™* as:

G*(0,7) = A*(0) Ga A*(T)".

We call G, the matrix of G*.

The bilinear form G and its conjugate G* induce tensors on R™ and R™* by
transporting vectors to V and V* using A and A*.

AG(z,y) = G(4A(z),Aly))

and

jiG*(J, T) = G*(A%(0), A" (7))

We have produced the nondegenerate tensor G* defined on V* x V* and an
isomorphism b from V to V*. We can carry this process forward, mimicking our
construction of G* and b, to produce a nondegenerate bilinear form on V** =V
and an isomorphism from V* to V.

You will find that this induced bilinear form is G (i.e. the tensor conjugate to
G* is G) and the isomorphism is .
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21. RAISING AND LOWERING INDICES

Suppose, once again, we are given a nondegenerate 2-form G with representation
Gi,j(a) a’®a’ in ordered basis a. Though the initial calculations make no symmetry
assumptions, in practice G will be an inner product or, possibly, a symplectic form.

In this section as in the last we will be working with a single basis a for V' and
will temporarily suspend reference to that basis in most coordinates.

The functions b: V — V* and # = b~ ' and the conjugate tensor G* from the
last section were defined using G alone and so are not dependent on coordinate
systems, though we have found representations for their effect in a basis.

b and § can be used to modify tensors in a procedure called “raising or lowering
indices.”

This process is entirely dependent on a fived choice of G and extends the proce-
dure by which we created G* from G.

We illustrate the process on vectors and covectors before introducing a notational
change to help us with higher orders.

Suppose T = 7; a* is in V*.

f is an isomorphism from V* to V', and 7 is linear on V so the composition 7 o
is a linear real valued function on V*: that is, a vector.

Define the “raised index version of 7”7 to be this vector, and denote its coordinates
in basis a by 7% so 7o ff = 7¥ .

If 0 = 0; @ is in V¥,
rofl(o) =10’ (§(0)) = 7; a’ ( G*E oy ar ) =1; GM gy, = 1, GRI ay(0).
So 7% = 7; G*J for each k. From this you can see that 7 o ff could be obtained

by the tensor product of 7 with G* followed by a contraction against the second
index of G*.

Suppose z = z* a; isin V.

The linear function b has domain V and range V* and z has domain V* and
range R so the composition x o b is a covector.

If v = vFay €V,

zob(v) =127 a;j(b(v)) =27 a; ( Gy, o* ol ) =127 G o* =27 Gy j a®(v).

Define the “lowered index version of x” to be this covector, and denote its coor-

dinates in basis a by 3, so z ob = x;, a*.

As you can see, the covector z o b could have been obtained by tensor product
of z with G followed by contraction against the second index of G.

We have, in compact form, for vectors and covectors:

zp =27 Gy; and 7% =71;G*  (independent of basis)
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Since b = §~* we find that z oboff = 2 and 7o o b = 7 so raising a lowered
index and lowering a raised index gets you back where you started.

There is a common ambiguity which can cause problems and must be mentioned,
centered around using the same base symbol x for coordinates x* and also coordi-
nates x;. That invites the practice of using the same symbol = to denote both the
vector and the covector obtained by lowering its index, and a similar practice for
a covector 7 and its raised index version. The version which is intended must be
deduced from context or made explicit somehow.

We will now introduce the notational change mentioned above.

The domain of our tensors in T% (V) was V* X -- - x V*x V x - -+ x V where all the
copies of V are listed last. But nothing we did required that they be last. It was
a notational convenience only that prompted this. It was the number of factors of
V and V* which mattered, not where they were on the list. It is more convenient
for the remainder of this section for us to allow V and V* to appear anywhere as
factors in the domain of a tensor and we create a notation to accommodate this.

A tensor formerly indicated as T”: ;'; in I7(V) will now look like T
where we give a separate column in the block of coordinates to the right of T for
each factor in the domain. Factors of VV* in the domain correspond to raised indices
while lowered ones correspond to domain factors V. The “column” notation does

not use the comma to separate indices.

So a tensor with coordinates Tab':defg has domain V*x VxV*xV xV xV*xV*
and has contravariant order 4 and covariant order 3. To recover our previous
situation merely slide all factors of V* to the left and pack the the indices to the
left in order, inserting commas where they are required.

Suppose T is any tensor of order k, contravariant of order r and covariant of
order s, with coordinates given in this column notation. The domain of 7" is a set
W which is a product of copies of V and V* in some order: we do not require all the
copies of V* to be on the left. We presume that the ith index of T is contravariant:
that is, the index in column ¢ is “high” and that V* is the ith factor of W.

We let W; be the factor space obtained by substituting V' in place of V'* at the
ith factor.

Define the function b;: W; — W by
bi ( (v(1),...,v(k))) = (v(1),...,b(v(D)),...,v(k) ).

In other words, b; leaves a member of W unchanged except in its i¢th factor, where
the vector v(¢) is replaced by the covector b(v(7)).

We now consider the tensor T o b;: W; — R. This tensor is still of rank k& but
now its contravariant rank is » — 1 and its covariant rank is s + 1. It is said to be
a version of T whose ith index is low, and the process of forming T o b; from
T is called lowering the ith index on T.

Similarly, if the jth index of T is covariant then the index in column j is “low”
and V is the jth factor of W.

We let W7 be the factor space obtained by substituting V* in place of V as the
jth factor.
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Define the function f7: W7 — W by
B ((0(1),.. . 0(R)) = (v(1),.. 8(0(), - 0(k) ).

In other words, jjj leaves a member of W unchanged except in its jth factor, where
the covector v(j) is replaced by the vector #(v(4)).

We now consider the tensor T'o$?: W7 — R. This tensor has contravariant rank
r+ 1 and covariant rank s — 1. It is said to be a version of T" whose jth index
is high, and the process of forming T o §f’ from T is called raising the jth index
on T.

Generally, for a fixed tensor of order k there will be 2% different index position
choices. Confusingly, all of these different tensors can be, and in some treatments
routinely are, denoted by the same symbol T'.

Presumably, you will start out with one specific known version of T" as above.
It will have, perhaps, coordinates 7";. The other three versions in this rank-2 case
will be

e T oby with coordinates denoted Tj ;
e T ofl, with coordinates denoted 77
e T ob; off, with coordinates denoted T, ”.

When dealing with coordinates, there can be no ambiguity here. T" has a column
for each index and a position (high or low) for an index in each column. If the
index is not where it should be it must have been raised by f§ or lowered by b at that
domain factor. The problems arise when coordinate-free statements are preferred
and in that case using the same symbol for all versions of T" is bad notation. The
practice is, however, ubiquitous.

By means identical to the rank 1 case considered above, we find the relationship
between coordinates of the various versions of rank-2 T to be related by

Ty; =T," Gjp = T Gy, = T"Y G0 Gjm
and

T =T, Gt = 1,7 G = Tpu GYF GOM.

Once again, to raise an index on a version of T you take the tensor
product of that version with G* and contract against the second index
of G*. To lower an index on a version of T you take the tensor product
of that version with G and contract at the second index of G.

If G (and hence G*) is symmetric the choice of index of contraction on G or G*
is irrelevant. If G is not symmetric, it does matter.

The statement in bold above applies to tensors of any rank.

We can apply this process to the tensor G itself. Raising both indices gives
coordinates

Gri GP* GH =i G7F = GI* = G

It is in anticipation of this result that we used the raised-index notation for the
coordinates of G*. The tensor obtained from G by raising both indices using G
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actually is the conjugate metric tensor, so we have avoided a clash of notations.
We also note that G¥;, = 6¥ = G, *.

It is possible to contract a tensor by two contravariant or two covariant
index positions, by first raising or lowering one of the two and then contracting
this new pair as before. We restrict our attention here to symmetric G.

We illustrate the process with an example. Let us suppose given a tensor with
coordinates T ¢, f9 , and that we wish to contract by the two contravariant indices
in the 6th and 7th columns. We first lower the 7th index to form

ac f _ mac fh
deeg_dee Ggh-

We then contract to form C"T as
(OG?T)abcde = Tab Cde kk' = Tab Cde M Gkn-
Done in the other order we have
T ek b= T%% Ge " G
which is the same by symmetry of G.

Contracting in the 4th and 5th index positions, which are covariant, is defined
by first raising one of these indices and then contracting at the new pair.

(C4BT)abcfg _ Tab ck kfg _ Tab chkfg Gkh.

In this case too, symmetry of G guarantees that the result does not depend on
which of these two indices was raised.

To put some of this in perspective, we consider a very special case of an
ordered basis a and an inner product G with matrix G, = J = G,, the
identity matrix. This means that the inner product in R™ created by G using
this ordered basis is the ordinary Euclidean inner product, or dot product. If
T is a member of V (that is, a contravariant tensor of order 1) or a member of V*
(a covariant tensor of order 1) the act of raising or lowering the index corresponds,
in R", to taking the transpose of the representative there. The numerical values of
coordinates of any tensor do not change when an index is raised or lowered in this
very special but rather common case.

Once again restricting attention to symmetric G, indices can be raised or
lowered on alternating tensors just as with any tensor, though the result could not
be alternating unless all indices are raised or lowered together. In that case, though,
the transformed tensor will be alternating as we now show.

If R is an r-form, it can be represented in a basis as R;, . j, ' ® -+ ® a’”
where the sum is over all indices, or as R;,.. ;. a’* A--- A a’" where the sum is over
increasing indices.

In the first representation, the fact that R is alternating is encapsulated in the
equation

Rj . ;. =sgn(Q) Rjoy. gy for any permutation @ € P,.

Raising all indices on R yields

R Jrj2--Jr — Ri1 ime i GZI ]1G12 J2 ... G%»JT
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where the sums on the right are over all indices.
Raising indices with j; and jo permuted gives
RI271--0r :Ri1 inein GGt Girir = _Ri2 i1 GGt Girir
i2 J1 (i1 J ir Jr — j1J2---Jr
— _ Riz’il.“ir GrnGguiz...GwIir = —RI1I2--J
so the raised index version of R is alternating as stated.

We recall a notation we used earlier and let G5 ;11;: denote the matrix obtained
from G, by selecting rows 41, ..., 4, and columns ji,..., j,.

By means identical to that used for the change of basis formula for wedge prod-
ucts found on page 41 we conclude that for alternating R

A j1yeendr

R7Ir = Ry i det (Gﬁ “ZT) (Sum here on increasing indices only.)

We observe also that if T' is an r-vector (an alternating member of T3(V)) then
we can lower all indices using matrix G rather than G to obtain for alternating T’

T

e =T "0t det (Ga lef:) (Sum here on increasing indices only.)

Finally, the various processes we have described can be adapted with the obvious
modifications to raise or lower the index on a relative tensor. The procedure does
not alter the weighting function.

22. Four Facts ABouT TENSORS OF ORDER 2

In this section we will consider how to calculate all four types of tensors of order
2 on V and V* using matrices acting in specific ways on the representatives of
vectors and covectors in R”™ and R™*. In this text, these matrices are called the
matrix representations of the relevant tensors.

We will then show how the matrix representations change as the basis changes
from basis a to b in V.

Then we will make three different kinds of observations about these matrices.

We will examine how these matrices are related in a fixed ordered basis if the
tensors involved are all “raised or lowered versions” of the same tensor with respect
to an inner product.

Then we will comment on how these matrices change when the matrices of tran-
sition are of a special type—orthogonal matrices.

Finally, we will examine the determinants of these matrices.

For the following calculations v, w are generic members of V', while 6,7 are to
be generic members of V*.

Suppose P is a tensor with domain V x V. We saw that P;;(b) = Py (a) A¥ A]L.
We will determine this fact directly to show exactly how this carries over to a
calculation with matrices in R™.
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Let matrix M7 (a) be the matrix with ijth entry P;;(a) and M;(b) be the matrix
with ijth entry P;;(b).
P(v,w) =Py;(a) A'(v) A’ (w)
=A(v)" M;(a) A(w)
=(A B(v))" Mi(a) A B(w)
=B(v)" A" M;(a) A B(w).

We conclude that

CaseI ~ M;(b) =A"' Mj(a) A  where M; } = Pj.

Suppose Q@ is a tensor with domain V' x V*. Then Qij(b) =Q,L(a) AF BJL.

Let matrix Myr(a) be the matrix with ijth entry Q,”(a) and M7 (b) be the
matrix with ijth entry Q,”(b).

Q(v,0) =Q;” (a
=A(v)*
= (A B(v))" My;(a) (B*(9) B)'
=B(v)" A" Myr(a) B B*(0)".

) A'(v)
M

"(v) A%5(0)
rr(a) A*(0)"

We conclude that

Case II ~ My(b) = A" Myr(a) B'  where My b =Q,”.

Suppose R is a tensor with domain V* x V. Then R’ ;(b) = RF, (a) B Af.

Let matrix Mjr;(a) be the matrix with 4jth entry R';(a) and Mr;(b) be the
matrix with jth entry R';(b).

R(0,0) =R’ ;(a) A%;(0) A (v)
*(9) Miri(a) (U)

We conclude that

Case III M[][(b):B M[][(&).A where MIII; :Ri

g

Suppose S is a tensor with domain V* x V*. Then S¥(b) = S*X(a) Bi B.



TENSORS (DRAFT COPY) 55

Let matrix Mjy (a) be the matrix with ijth entry S%(a) and My (b) be the
matrix with ijth entry S%(b).

S(0,7) =8, (a) A*;(0) A%;(7)

We conclude that

Case IV My (b) =B My (a) Bt where My ; =S¥,

We will now consider the situation where these four tensors are obtained
by raising or lowering indices of (any) one of them with the services of
an inner product G.

We will let M; = (P;;) as above and relate the other matrices from above to this
one. So

P,’(a) = Pi(a)G"(a) Mii(a) = Mr(a) Ga
Pij(a) = G""(a) P;(a) Mirr(a) = Ga M;(a)
Pi(a) = Gik(a) Pyr(a) GLj(a) Mpy(a) = G, M(a)Ga

Since G;! = G, you can modify the above to write any of them in terms of the
others and the matrices G, and G,.

We make explicit note of this calculation in an important and common case:

When these four tensors are ﬂ “raised or lowered” versions
of each other, and if G, and G, are the identity matrices,
then the matrix of each of these tensors is the same.

A basis for which matrix G, (and so G, too) is the identity matrix is called
orthonormal with respect to G. We will have more to say about such bases
later.

We now consider “special” matrices of transition.
Sometimes the change of basis matrix A satisfies

At=A"1=B andso B =B '=A.

This happens exactly when AA! = J where J is the n x n identity matrix, or
n
PV LE
k=1

The columns of A form an orthonormal ordered basis of R™ with respect
to the usual inner product there. Similarly, so do the rows. Matrices like this
are called orthogonal.
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The matrix representations of the four types of tensors of order 2,
the original cases I through IV, all transform in the same way under
coordinate changes with orthogonal matrices of transition.

Finally, we take determinants of the equations in cases I through IV.

The determinants of matrices A and A! are the same. So are the determinants
of matrices B and Bf. The determinants of matrices A and B are reciprocals of
each other.

So for the matrices of the mixed tensors, Cases II and III, we find that
det (M[[(b)) = det (M[[(a)) and det (M[[](b)) = det (M[[[(a)).
The determinants of these matrices are invariant.

On the other hand, in Cases I and IV, the purely contravariant and covariant
cases, respectively, these determinants do depend on basis. We find that

det (M;(b)) = (det(A))? det (M;(a))

and

det (Mpy (b)) = (det(B))? det (M (a)).

Of particular interest is the case where the underlying tensors are versions of an
inner product G. So

M[(a) = Ga and MI(b) = Gb
while
M]V (a) = Gia and MIV (b) = Gib

and all four matrices are invertible.

In this case we have

det(A) = sign(A) (m
and
det(B) = sign(B) w'
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23. MATRICES OF SYMMETRIC BILINEAR FORMS AND 2-FORMS

We discuss here various details regarding matrix representation of symmetric
bilinear forms and 2-forms which can be useful in calculations. Both types of rank
2 tensors may be present in an application, each contributing to different aspects
of the geometry.

We accumulate several facts first.
The tensor G we will work with is given, in basis a, by G; j(a)a’ ® a’.

Define the set W ={veV|Gww)=0forall weV}
={veV|Gw,v)=0forallwe V}.

If W = {0} then G is either an inner product or a symplectic form.

If W # {0} then an ordered basis w1, . .., wy of W can be extended to an ordered
basis y1, ..., Yn—k, W1, ..., wg of V.

If Y is the span of y1,...,yn_, then G restricted to Y is either an inner product
or a symplectic form, and the last k£ columns and k rows of the matrix of G with
respect to the basis y1,...,yp—k,w1,...,wg of V contain only zero entries.

Recall from section 22 that the matrix Gy, for bilinear form G in ordered basis
b can be obtained from the matrix G, in ordered basis a as Gy, = A'GLA.

If A is any orthogonal matrix and A*MA = N the matrices N and M are called
orthogonally equivalent.

We will start with symmetric bilinear form G.

The matrix of any symmetric bilinear form is symmetric. In [8] p.369 we find that
any symmetric matrix is orthogonally equivalent to a diagonal matrix
with r negative diagonal entries listed first, then s positive diagonal entries and zero
diagonal entries listed last. We find there that the numbers r and s of negative and
positive entries on the diagonal of G, is independent of basis when G, is diagonal,
a result referred to as Sylvester’s Law of Inertia.

s is the dimension of any subspace of V' of maximal dimension upon which G is
positive definite. 7 is the dimension of any subspace of V' of maximal dimension
upon which G is negative definite. r + s is the dimension of any subspace of V' of
maximal dimension upon which G is nondegenerate. r+ s is the rank of any matrix
representation of G.

The ordered pair (s,r) is called the signature of G and the number s — r is
sometimes called the index of G. Be warned: this vocabulary is not used in a
consistent way in the literature.

Writing this out in more detail, suppose that G, is the matrix of symmetric G
with respect to a. Then there is an orthogonal matrix B, which can be used as a
matrix of transition from ordered basis a to a new ordered basis b, and for which
(by orthogonality) and B = B! = A and, finally, for which the matrix Gy, is
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diagonal.
Gp = A'GA=A"1G. A
G1,1(b)

Gr+s,r+s (b)
0

The orthogonal matrix B can be chosen so that
G(bi,bj) = e! Gp e; =G, j(b) =0 unless i = j
and also
n negative, if1<i<r;
G = Z Gi,i(b) b’ @ b’ where G;i(b) is ( positive , ifr+1<i<r+s;
i=1 0, fr+s+1<i<n.

Now suppose G is an inner product on V: that is, r + s = n.

Taking the ordered basis b as above create a new ordered basis ¢ using diagonal

matrix of transition
1

\/7G1)1(b)

1

% — /=G (b)

1
Gri1,r41(b)

1
v/ Gn,n(b)
In other words, ¢; = (\/ﬁ) b; for each j, where the sign is chosen to make

the root real. Note: K* # K ~1, in general, so we lose orthogonal equivalence
at this point—and similarity too.

The new matrix of G, obtained as G, = K!GpX, is still diagonal and

-1, f1<i<nr
1, ifr+1<i<r+s=n.

G = Z Giic) d®ct, Gii(c) = {
i=1

Whenever the matrix of inner product G with respect to an ordered basis is
diagonal with only £1 on the diagonal and with the negative entries first the
ordered basis is called orthonormal with respect to this inner product. It
should be pointed out that some texts reverse this order.
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There is an orthonormal ordered basis for any inner product.

Suppose ¢ and w are any two orthonormal ordered bases and H = (h;) is the
matrix of transition to w from c. So

-1, fL=K<r
G(wk,wr) = 1, ifr<L=K<n;
0, ifL+K;

=G <hiKci7h'icj) = hihd G (ciycj)

= hichi + > hichi.
=1

i=r+1

So the transpose of matrix J{ can be tweaked to produce H~!. Specif-
ically, divide the transpose of H into four blocks at row and column r.
Multiply the off-diagonal blocks by —1 and you have J{~!.

The multiplication can be accomplished by multiplying the first » rows and
then the first » columns of H* by —1, and each such multiplication will affect the
determinant by a factor of —1. The combined effect is to leave the determinant
unchanged, and since det (H*) = det (3) we conclude that det (') = det (H) =
+1.

A matrix of transition H between two bases which are orthonormal
with respect to any inner product has determinant +1.

Also, if G is positive definite (i.e. r = 0) then H? = H~1L.

A matrix of transition H between two bases which are orthonormal
with respect to any positive definite inner product is an orthogonal
matrix: that is, it satisfies H* = FH L.

A diagonalization algorithm for any symmetric bilinear form by a change of
basis from any specified basis is found using a modification of the Gram-Schmidt
process, which we briefly outline below. Though the matrices of transition we
create have determinant +1, they will not in general be orthogonal even in the
positive definite case.

Suppose a is any ordered basis of n dimensional V and G is a symmetric bilinear
form on V.

Define the set of basis vectors S = {a’ €a|G(a’,a’) =0forall j=1,...,n}.

Note that it is quite possible for all the diagonal entries G(a’,a’) of the matrix
for G in this basis to be 0. The basis vectors in S (if there are any) are those a® for
which the entire ith row of that matrix is filled with zeroes, and by symmetry the
entire ith column is filled with zeroes too.

We will now re-order a so that all these vectors occur last. If S contains k vectors
the matrix of G in basis a has nothing but zeroes in the bottom &k x n block, and
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nothing but zeroes in the rightmost n x k block. So the rank of this matrix cannot
exceed n — k. Any reordering of members of an ordered basis involves a matrix of
transition with determinant +1.

With this preliminary tweaking out of the way, we proceed with the algorithm.
The first step involves three possible cases and the last two both lead to Step 2.

Step 1a: If the matrix of G is diagonal (in particular, it is diagonal if it is the
zero matrix) we are done.

Step 1b: If the matrix of G is not diagonal and G(a;, a;) # 0 for some smallest 4
reorder the members of the ordered basis a if necessary so that G(ay,a1) # 0. Again,
this reordering of members of the ordered basis involves a matrix of transition with
determinant +1.

Step 1c: If the matrix of G is not diagonal and G(a;,a;) = 0 for all ¢ then
G(a1,a;) # 0 for some smallest i. Replace a; by a1 + a;. The span of the new
list of basis vectors is still V' and now G(a1,a1) # 0. This change of ordered basis
involves a matrix of transition with determinant 1.

Step 2: Let
G(a;,a .
by = a; and bi:ai—M ay fori=2,...,n.
G(al, al)
The matrix of transition between these bases has determinant 1. Note that if v is
a linear combination of the last n — 1 basis vectors b, ..., b, then G(by,v) = 0.

Step 3: The matrix of G in the ordered basis by, ..., b, has all zeros in the first
row and in the first column except possibly for the first diagonal entry, which is
G(b1,b1). It also has the bottom k rows and the last & columns filled with zeroes.

Step 4: If this matrix is actually diagonal, we are done. If the matrix is not yet
diagonal, reorder the by, ..., b,_1 if necessary (leaving b; alone) so that G(bs,bs) #
0 or, if that is impossible, replace bs with bs + b; for some smallest ¢ so that the
inequality holds. Let

G(b;, b2)

ci=by=aandcg=bysand ¢; =b; — ——F by fori=3,...,n.
1 1 1 2 2 i i G(bz, bz) 2
Once again, the matrix of transition has determinant 1. This time the matrix of
G in the ordered basis c1, ..., ¢, has all zeros in the first two rows and the first two

columns except for the first two diagonal entries, which are G(cq1,¢1) and G(ca, ¢2).
Of course the last k rows and the right-most k columns are still filled with zeroes.

We carry on in the pattern of Step 4 for (at most) n — 3 — k more steps yielding
an ordered basis for V for which the matrix of G is diagonal. And we can do a final
re-ordering, if we wish, so that the negative eigenvalues are listed first followed by
the positive eigenvalues on the diagonal.

The matrix of transition which produces this diagonal form from a specific basis
a, the product of all the intermediary matrices of transition, will have determinant
41 but it will not, in general, be orthogonal.

We conclude this section with a similar discussion for a 2-form S.
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In this case any matrix of S is skew symmetric. We find in [1] p.163 that there
is a unique (dependent on S of course) natural number r and there is an ordered
basis b for which the matrix Sy has the form

0 J 0
S,=1-J 0 O each J is an r x r identity matrix.
0 0 O

If you start with a matrix S, for any 2-form S in ordered basis a the new matrix
is of the form Sy, = A!S.A, just as above. Once again A® # A~! (at least, not
necessarily) so S will not in general be either orthogonally equivalent or
similar to S,.

The rank of any matrix like Sy, must be an even number, so if S is a sym-
plectic form on V the dimension of V must be even.

. -1 row r + 4 column 7 for 1 <3 < r;
The entries of Sy, are zero except for ’ ] ) - =
1, rowicolumn r+iforl<i<r.

So with this basis all S(b;,b;) are 0 except
S(bypti,bi) = e’;_H- Gpe;=—1 forl<i<r

and
S(biybryi) =€ Gp eppi=1 for1<i<r
So

S = i (bz ® br-i-i _ br+i ® bz) _ i bi A bT—H.
=1 =1

There is an algorithm similar to the Gram-Schmidt process which will produce
an ordered basis of the kind we are discussing for any 2-form.

Suppose a is any ordered basis of n dimensional V and S is a 2-form.

For the purpose of this construction only, we will call a matrix “skew-diagonal”
if its entries are all zero except for 2 x 2 blocks along the diagonal of the form

( 0 x) where x is a real number.
-z 0

Our goal is to create from the ordered basis a a new ordered basis for which the
matrix of S is skew-diagonal using matrices of transition whose determinants are 1
(not £1.) It is then an easy process to create a basis in the form specified above,
though the last matrix of transition will not have determinant 1, necessarily.

Step 1: If the matrix of S is skew-diagonal (in particular, it is skew-diagonal
if it is the zero matrix) we are done. Otherwise, S is not the zero tensor. Since
S(v,v) = 0 for all v € V, if S is not the zero tensor we must be able to reorder
the members of the ordered basis a (if necessary) so that S(aj,as) # 0. Because
we are reordering basis members two at a time, this reordering can be done with a
matrix of transition with determinant 1.
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Step 2: Let

S(ai,ag) S(ai,al)
S(a1,az) “ S(a1,az)
The matrix of transition between these bases has determinant 1. If v is any linear
combination of the last n — 2 basis vectors bs, ..., b, then S(by,v) = S(ba,v) = 0.

Step 8: The matrix of S in the ordered basis b1, ...,b, has all zeros in the first
two rows and in the first two columns except for a 2 x 2 skew-diagonal block on the
far upper left, whose entries are

(S(b?,bg) S(bg bZ)) '

If the matrix of S in this new ordered basis is skew-diagonal we are done.

b1 = aq and by = as and b; = a; — as fori=3,...,n.

Step 4: If the matrix is not yet skew-diagonal, reorder the by, ..., b, if necessary
(leaving by and by alone) so that S(bs, bs) # 0. This reordering can be done with a
matrix of transition with determinant 1. Let
S(bi, bs) S(bi, b3)
S(bs, by) S(bs,bs)
Once again, the matrix of transition has determinant 1. This time the matrix of S
in the ordered basis ¢y, ..., c, has all zeros in the first four rows and the first four
columns except for the first two 2 x 2 diagonal blocks, whose entries are those of
the matrices

<S(C?’CZ) S(CHCQ)> and (5(02,04) S(C?())’m)).

We carry on in this fashion yielding an ordered basis for V' for which the matrix of
G is skew-diagonal. The product of all these matrices of transition has determinant
1. If p is the end-product ordered basis obtained after r iterations of this process

c;="b;fori=1,...,4and ¢; = b; — b3 + by fori=25,...,n.

T
S =" S(pai—1,p2) P AP

i=1

An interesting and immediate consequence of this representation result is that a
2-form S on a space of dimension 2n is nondegenerate (and therefore a symplectic
form) if and only if SA---A S #0.

——

n factors

An n-fold wedge product, as seen in the last line, is sometimes denoted S".
This particular 2n-form on the 2n-dimensional V', if nonzero, is called the volume
element generated by the symplectic form S.

24. CARTESIAN TENSORS

We presume in this section that our vector space V' is endowed with a preferred
and agreed-upon positive definite inner product, yielding preferred bases—the or-
thonormal bases—and the orthogonal matrices of transition which connect them.
The matrices of transition between these orthonormal bases have determinant +1,
so these bases form two groups called orientations. Two bases have the same
orientation if the matrices of transition between them have determinant 1.
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We suppose, first, that a multilinear function is defined or proposed whose coor-
dinates are given for orthonormal bases. If these coordinates have tensor character
when transforming from one of these orthonormal bases to another the multilinear
function defined in each orthonormal basis is said to have Cartesian character
and to define a Cartesian tensor.

If the coordinates are only intended to be calculated in, and transformed among,
orthonormal coordinate systems of a pre-determined orientation, tensor character
restricted to these bases is called direct Cartesian character and we are said to
have defined a direct Cartesian tensor.

Of course, ordinary tensors are both Cartesian and direct Cartesian tensors.
Cartesian tensors are direct Cartesian tensors.

Roughly speaking, there are more coordinate formulae in a basis that yield Carte-
sian tensors and direct Cartesian tensors than coordinate formulae that have (un-
restricted) tensor character. Our meaning here is clarified in the next paragraph.

The coordinates of Cartesian or direct Cartesian tensors given by coordinate
formulae can certainly be consistently transformed by the ordinary rules for change
of basis to bases other than those intended for that type of tensor. Often the original
coordinate formulae make sense and can be calculated in these more general bases
too. But there is no guarantee that these transformed coordinates will match those
calculated directly, and in common examples they do not.

In general, when the vocabulary “Cartesian tensor” is used and coor-
dinates represented, every basis you see will be presumed to be orthonor-
mal unless explicit mention is made to the contrary. If direct Cartesian
tensors are discussed, all these orthonormal bases will be presumed to
have the given orientation.

With that assumption, there are important simplifications in some of the stan-
dard calculations involving tensors. These simplifications can be so significant that
some folks will never use anything but Cartesian tensors if a natural inner product
can be found. However these simplifications can be misleading, concealing interest-
ing phenomenon behind the symmetry of these bases.

For instance, raising or lowering an index using the inner product has no effect on
the coordinates of a Cartesian tensor, so coordinates 7} "/" (a) in some treatments
are all written as T}, .. ;... (a) and only the total order rather than covariant or con-
travariant order is significant. It is then natural to modify the Einstein summation

notation to indicate summation on any doubly-repeated index.

This conflation of 2"+* different tensors is handy but rather confusing if you ever
decide to leave the orthonormal realm.

As we remarked above, sometimes formulae for coordinates in a basis with Carte-
sian or direct Cartesian character are intended to be taken literally in any basis,
and in this wider setting might not have (unrestricted) tensor character.

Even or odd relative tensors with nontrivial weighting function provide common
examples of this. Relative tensors on an orientation class of orthonormal bases are
direct Cartesian tensors. Even relative tensors of any weight are Cartesian tensors
in orthonormal bases. Relative tensors and the “background” tensor they agree
with in these orthonormal bases are very different objects conceptually and the
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fact that their coordinates are numerically identical in these special bases might be
convenient but cannot be counted as illuminating.

We give two examples of Cartesian tensors.

Define for basis a the function T: VxV — R given by T'(v,w) = > vi(a)w'(a)
when v = v(a)a; and w = w'(a)a;. In the paragraph below we check that this
formula (obviously multilinear) is invariant when the matrix of transition B to a
new basis b is orthogonal, using the fact that the inverse of B is its transpose.

We have v = vi(a)a; = vi(a)B¥b, and w = wi(a)a; = w'(a)BF by so the
formula for T applied to the coordinates of these vectors in basis b is

sz )BE w( )B;?:ZUZ( Jw’ (a)B; Bk Zv &5 :Zvi(a)wi(a).

k=1 k=1 i=1

T, ifi=g

define the coordinates of a mixed tensor and this tensor has the same coordinates

in any basis, orthonormal or not.

Given any inner product GG, we saw earlier that d; ; are the coordinates of G' and
8% are the coordinates of G*.

But since G is positive definite, (5ij, 849, 6;; and 5ij are all the same in any
orthonormal basis, and so they are (all of them) coordinates of Cartesian tensors,

and usually all represented using common coordinates §;;. The “dot product”
Cartesian tensor we worked with above is §; j a' ® a’.

As a second example, consider the function

—1, if the ordered list iq,...,7, is an odd permutation
of the integers 1,...,n;

€y .. iy = 1, if the ordered list 41,...,4, is an even permutation
of the integers 1,...,n;

0, otherwise.
This is called the permutation symbol, or Levi-Civita symbol, of order n .

These are the coordinates of a direct Cartesian tensor, another example of a
tensor with constant coordinates, though in this case to retain “tensor character”
we need to restrict the bases even more than for the Kronecker delta. Here we must
look only at orthonormal bases of a fixed orientation.

If v!,...,v™ are any members of V*, a quick examination shows that
VEA A = g V@ @t
If a and b are any bases, we saw that if o is any n-form, the coefficients o(a)
and o(b) defined by
o =o@a A--ANa" = ab)b'A---AD”
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are related by
o(b) = (det(B)) ' o(a).

That means three things. First, if a and b are both orthonormal bases of the
predetermined orientation, then det(B) = 1 so the fixed numbers ¢;, . ;, satisfy

in
€y..i, AT Q- ®a™ = €, ;TR -

as suggested above: the numbers ¢;, . ; are the coordinates of a covariant direct

cartesian tensor.

in

Second, we see that these numbers are the coordinates of a covariant odd rel-
ative Cartesian tensor with weighting function sign(B): that is, if you switch to
an orthonormal basis of the “other” orientation you multiply by the sign of the
determinant of the matrix of transition to the new basis.

Finally, we see that when transferring to an arbitrary basis these constant coeffi-
cients require the weighting function (det(B)) ™" in the new basis, so these constant
coefficients define an odd covariant relative tensor of weight —1.

I have also seen it stated that these same coefficients define both an odd covariant
relative tensor of weight —1 and an odd contravariant tensor of weight 1. That is
because in these sources there is no notational distinction on the coefficients between
“raised or lowered index” versions of a tensor, and what they mean is that when a
is an orthonormal basis of the predetermined orientation, the n-vector

Cil...ina‘il ®...®ain = al/\.../\an
transforms to arbitrary bases with weighting function of weight 1.

This kind of thing is fine as long as you stay within the orthonormal bases, but
when you explicitly intend to leave this realm, as you must if the statement is to
have nontrivial interpretation, it is a bad idea.

If you want to consider the Cartesian tensor §; ; or direct Cartesian tensor €;, . ;,,
or any such tensors whose coordinate formulae make sense in bases more general
than their intended bases of application, you have two options.

You can insist on retaining the coordinate formulae in a more general base, in
which case you may lose tensor character, and might not even have a relative tensor.

Alternatively, you can abandon the coordinate formulae outside their intended
bases of application and allow coordinates to transform when moving to these bases
by the usual coordinate change rules, thereby retaining tensor character.

25. VOLUME ELEMENTS AND CROSS PRODUCT

In this section we explore initial versions of ideas we explore in more depth later.

A volume element on V is simply a nonzero member of A, (V). This vo-
cabulary is usually employed (obviously) when one intends to calculate volumes.
An ordered basis a of V can be used to form a parallelogram or parallelepiped
Par,, ., in V consisting of the following set of points:

n

Parg, ..., is formed from all c'a; where each ¢ satisfies 0 < ¢! < 1.
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We may decide that we want to regard the volume of this parallelepiped as a
standard against which the volumes of other parallelepipeds are measured. In that
case we would pick the volume element Vol,:

Volag=a'N---ANa"
Vol, assigns value 1 to (ay,...,ay), interpreted as the volume of Pary, .. 4, -

More generally, for any ordered list of vectors Hi,...,H, in V we interpret
|Vola(Hy,...,Hy)| to be the volume of the parallelepiped with edges Hy, ..., H,.

This might be consistent with what you already know or think about volumes
in light of the following facts:

e A sends each a; to the corners of the unit cube in R™ which, barring evidence
to the contrary, would seem to have volume 1.

e More generally, A sends each point in Parg, . 4, C V to the corresponding
point in Pare, .. ., CR".

e Still more generally, if Hy,..., H, is any ordered list of vectors in V then
A sends each point in Pary, . m, to Paraim)e,... Ai(H,)e, Which is a
parallelepiped with edges A*(H1)e;,. .., A (H,)e;.

o If H; is replaced by 2H; the new parallelepiped ought to have twice the
volume. Linearity of Vol, in each coordinate reflects this.

e You might have calculated in dimensions 1, 2 and 3 that a parallelepiped
with edges A*(Hi)e;, ..., A'(H,)e; has length, area or volume |det(H (a))|
and have reason to believe that this formula for volume makes sense in
higher dimensions too. Justification could come by filling out larger or
smaller shapes with translates of “rational multiples” of a standard cube
and adding to get total volume: integration.

e We saw on page 41 in Section 15 that |det(H (a))| = |Vola(Hy,. .., H,)|
making it seem consistent to assign this number to the volume of Pary, . H,, -

However you decide, once you come to the conclusion that Paryg, ... 4, should be
your fiduciary volume standard and that Vol, should be the volume-measurement
tool it is easy to find Vol, from any nonzero o € A, (V):

1

— 6 =ad"' A A
U(ala"'aan)

Voly, =

But how would one come to that conclusion in the first place?

First, it might have arisen as the volume element S”" for a symplectic form
S, as outlined on page 62. This form can be used to decide an orientation for
bases and has other physical significance related to the Hamiltonian formulation
of mechanics on the even dimensional phase space, which we cannot explore here.
Contact forms play a similar role on the extended phase space, which includes a
time parameter and is therefore odd dimensional.

Second, we might have in hand a fixed inner product G. We saw that we can
create an orthonormal ordered basis a for any inner product. This is where the
volume element comes from in many situations: as Vol, for orthonormal a with
respect to inner product G.

Of course this is not quite enough to pin down a volume element. We saw in
Section 23 that if b is another orthonormal ordered basis then Vol, and Vol are
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different by a factor of the determinant of the matrix of transition between bases,
which is +1. So to identify a unique volume element, we must also decide on one
of the two orientations for our orthonormal ordered bases. Sometimes we are only
interested in |Vol,| rather than the signed or oriented volume provided by Vol,,
and the issue is irrelevant. In other situations the distinction is crucial.

When given an inner product G and an orthonormal basis a of specified orien-
tation the volume element a' A --- A a™ can be written, in light of the formulae on

pages 41 and 56, in terms of another basis b as
1

Vola, =a'AN---Na" = BEA-ADY
Oa =@ “ T det(B)

det (G
= sign(B) dZtEGb; bUA- AB" = sign(B)y/[det (Gu)] b A+ A B

where B is the matrix of transition to the new basis.

So that is the picture if you are given an inner product on V from which you
glean enough geometric information to understand volume in V.

But this merely pushes our conundrum back one level. It remains: from which
forehead springs this symplectic form or this metric tensor?

In an application, say from physics, a metric tensor can be thought of as the
source itself, the most basic reflection and encapsulation of simple local physics,
from which grows the idea of global distances measured by numerous little yard-
sticks trapped on locally flat pieces of a curvy universe. In other words, some
theories about the world generate (locally) an inner product when phrased in ge-
ometrical language. These theories are satisfying to us because they tap into and
salvage at least part of our natural internal models of how the external world should
be.

Some of these theories also have the added advantage that they seem to be true,
in the sense that repeated tests of these theories have so far turned up, uniformly,
repeated confirmations.

When the metric tensor at each point of this universe is positive definite it is
called Riemannian and induces the usual idea of distance on this curvy surface,
a Riemannian metric on what is called a Riemannian manifold. Small pieces
of a Riemannian manifold exhibit the ordinary Euclidean geometry of R".

When the metric tensor defined at each point has Lorentz signature—that is,
when diagonalized its matrix has one negative entry and three positive entries—we
find ourselves on a Lorentzian manifold, the space-time of Einstein’s gen-
eral relativity. Small pieces of a Lorentzian manifold exhibit the Minkowski
geometry of special relativity.

In that world with inner product G, some vectors satisfy G(v,v) > 0 and a v
like that is said to indicate a “space-like” displacement. No massive or massless
particle can move in this way. If G(v,v) =0, v can indicate the a displacement of
a massless particle such as light, and lies on the “light-cone.” When G(v,v) < 0
the “time” coordinate of v is large enough in proportion to its “space” coordinates
that the vector could indicate the displacement of a massive particle. The vector
is called “time-like.”
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There is another construction one sees when given specific inner product G and
orientation to yield Vol, for orthonormal a. This is a means of creating a vector in
V', called cross product, from a given ordered list Hy, ..., H,_1 of members of V.

The cross product is defined in two steps as follows.

If you evaluate Vol, using Hy, ..., H,_1 in its first n — 1 slots, there is one slot
remaining. Thus Vol,(Hi,...,Hy—1, _ ) is a member T of V*, a different member
of V* for each choice of these various H;. This is the first step.

For the second step, raise the index of T" using G* to yield a member of V', the
cross product

T(a)la; = T(a), G*'(a)a; € V.

The raised index version of the tensor T is often denoted Hy x -+ x H,_1. The
case of n = 3 and G, = J is most familiar, yielding the usual cross product of pairs
of vectors.

The covector (unraised) 7" has some interesting properties.

For example, it is linear when thought of as a function from V to V*, where
the member of V replaces H; for any fixed i. Also, if H; and H; are switched for
distinct subscripts, the new T becomes the negative of the old T'. Because of this, if
there is any linear relation among the H; then 7' = 0. On the other hand, if the H;
are linearly independent then they can be extended to an ordered basis by adding
one vector Hy and then T'(H,) # 0 which means 7" # 0. Conclusion: T =0
exactly when H;,... H,, ; is a dependent list.

The tensor T is calculated on any vector H,, as det(H (a)) and as we saw on page
40 this determinant can be expanded around the last column as

T(H,) = det(H (@) = Y_(~1)"*" A'(H,) det (H (@)} 7575 ").
i=1

and so T is

n

T(a)iai = Z(—l)i+n det (H(a)i,.“,i—l,iﬂ,...,n) devr

yeeyn—1
i=1

T is nonzero exactly when Hi,..., H,_1 constitutes an independent collection
of vectors.

An explicit formula for the raised-index version of T' (the version in V) is

T o=y (i(-n’m det (H (@)} ohop ) G’”<a)> a;.

i=1 \k=1

If a has been chosen so that G, is diagonal, this formula simplifies to

T(a) a; = (Z(—n”" det (H(a)};j;jjij_lf“"'"") G”(a)) aj.

i=1
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Now suppose we let H, = Hy x --- x H,_1 and calculate det(H (a)).
det(H (a))

n

= (~1)"*" A'(H,,) det (H(a)}’jjjj’;j_ll’i“"“”)

)

Il
_

%

|

@
Il
—

(=1)"™ det (H(a)1::::,i_1,i+1,.~>n)

,n—1
: (i(l)’”" det (H (@)} b2 hom) G’”(a))

n n
DD G ) det (H(a)] iy o) det (H(a)) T )

k=11i=1

If a has been chosen so that G, is diagonal the last line becomes
LI o 2
det(H(a)) = Y _ G™(a) (det (H(a)}j;;j;;‘_ll’”l“'""))
i=1

If Hy,...,H,_; constitutes an independent collection of vectors and the G%(a)
all have the same sign, this is nonzero so Hy, ..., H,_1, H; X ---x H,_1 constitutes
an ordered basis of V. If the G“(a) are all positive, that ordered basis has the
same orientation as a.

Considering a different issue, if o is any volume element and we change ordered
basis from a to b then, as we saw earlier, the (single) coordinate changes according
to o(b) = det(A)o(a). This implies

a' Ao Aa™ = det(A) P A AD
So if det(A) = 1 then for any H,
T(H,) =det(H(a)) = det(A) det(H (b)) = det(H (b)).

Going back to the issue of the formation of cross product, we conclude that step
one in the process of creating the coordinates of the cross product in an ordered
basis is the same, up to numerical multiple, from basis to basis. When the matrix
of transition has determinant 1, the volume element is the same for these two bases,

so step one of the process has the same form regardless of other aspects of the new
basis. Step two, however, involves the matrix Gy, which changes as B G, B.

26. AN ISOMORPHISM BETWEEN A" (V) AND A,,_,(V)

We have seen that the dimension of the space A,(V) is #‘4), for any r with

0 < r < n, which is the same as the dimensions of
AT(V)y=A.(V*) and A, (V) and A" (V) =A,_.(V").

So they are all isomorphic as vector spaces.
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Our goal in this section is to create a specific isomorphism between A” (V) and
A (V), and also between A, (V) and A?~" (V'), and we want this construction
to be independent of basis in some sense.

It is required that a volume element o, a member of A,, (V), be spec-
ified for the construction to proceed.

If a is any basis of V with dual basis a* the n-form a' A--- A a™ is a multiple of
o. We presume that basis a has been chosen so that a' A--- Aa™ = 0.

For a choice of a;,, ..., a;. we define
Formit,(a;, @ - ®ai,) = 0(Qiy,- 04, ..0,0): VT R

It has various interesting properties. It is multilinear and alternating, so it is a
member of A, _.(V). Also, if P is any permutation of {1,...,r} then

Formita(a;,(1) ® -+ ®@ ap(y) = sgn(P) Formita(a;, ® -+ ® a;,).
So if there are any repeated terms among the a;, then Formit,(a;, ®---®a;, ) = 0.

Having defined Formit, on a basis of T5(V) consisting of tensors of the form
ai, ®---®a;,, we can extend the definition of Formit, by linearity to all of Tf (V).
Any linear combination of members of A,,_,.(V) is also in A,,_.(V'), so the range of
Formit, is in A, (V).

We note (evaluate on (n — r)-tuples (a;,,...a;, ) in V"~ 7) that
Formita(a;, ® - -®a;,) = Formita(a;, \- - -Aa;,) = sgn(P) Formita(a;,, A+ -Aaip,))
for any permutation P of {1,...,7} and any choice of i1,...,i,.

We will only be interested here in Formit, evaluated on members of A" (V) and
we officially restrict, therefore, to this domain:

Formit,: A"(V) = Ap— (V).

It is pretty easy to see that if a;,, ..., a;, is a listing of basis vectors in increasing
order and a;,,,...,a;, is a listing of the basis vectors left unused among the
Giys---,0;, then

Formita(a;, N~ ANai, ) (@, s---50i,) = 0@, 0505, a4, ..., 04,) = £1
while if any of the vectors a;,, ,,...,a;, repeat a vector on the list a;, ..., a;. then

Formita(a;, N---Naj, ) (@i, ys---50i,) = 0(Qiy, 0504504, 0,5 04,) = 0.

We deduce from these facts that Formita(a;, A--- Aa; ) = Fa+1 A+ Aab,

Recall that for each increasing index choice iy,...,4. drawn from {1,...,n}
there is exactly one shuffle permutation P in 8, , C P, for which P(k) = iy for
k =1,...,r. For this shuffle, we also have (by definition of shuffle) P(r + 1) <
P(r+2) <--- < P(n). There are n! members of P,, but only #Lr), members of
Sron-

So for our shuffle permutation P we can see that

Formita(apay A--- Aap()) = sgn(P) aPTH) A oA g,
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Suppose T' € A™(V) with
T =T"""(a)a;, A---Aa; (Sum on increasing indices.)

= Z TP(1)77P(T)(a) aP(l) VANEERWAN aP(’l‘))

where the final sum above is only over the shuffle permutations. Then
Formit,(T) = T" " (a) Formita(a;, A---Aa;,) (Sum on increasing indices.)

= Z sgn(P) TP(l)”P(T)(a) aP(TJ"l) A A aP(n)
PcS,

This map is obviously onto A,,_,(V) and in view of the equality of dimension
provides an isomorphism from A"(V) onto A,_,(V).

It is hardly pellucid that this isomorphism does not depend on specific choice of
basis a.

We let b be a second basis of V with ¢ = b! A--- A b™ and form isomorphism
Formity,.

Suppose my, ... m, is an increasing sequence and P is the shuffle permutation
P eS8, , withm; =P(j) forj=1,...,r.

By the change of basis formula for wedge product on page 41 we have
Formita(by, A+ Abp,) = Formit, (det (.A{,llljgn) aj, N+ A aj,r,)
(Sum on the line above over increasing indices only.)
= Y sgn(Q) det ( A%ﬁ),’iﬁfﬁf”) QD) AL A Q)
QES
1),...,Q(r
- Z sgn(Q) det (Agglg,..i,ggr)))
QEST,’H
et (AVGIEE) o

(Sum on the line above over both shuffles and increasing indices.)

We would like to deduce that the n-r-form in the last two lines above is
Formity, (bp1y A+ Abpy) = sgn(P) b+ AL A pP )

and we will prove this by showing that Formita(bp)A- - -Abp(y)) and Formity, (bp1)A
-+ A bp(r)) agree when evaluated on any (n — r)-tuple of vectors of the form
(biy,...,b;,_.) for integers i1,..., 9, between 1 and n.

First, if there is any duplication among these integers then alternating Formita(bp1)A

-+ Abp(ry) and bPTFTD A ABP(™) must both be zero when evaluated at (b, , . .., b;, ).
So we may presume that all the iy, ...,4,_, are distinct.

Further, we can re-order the vectors in the n-r-tuple and both Formit, (b P(1) A
S Abp)) (biys -y by, ) and (BPCFD A ABPMY) (b by, ) will be multi-

plied by the signum of the reordering permutation. So we may presume, to confirm
equality, that iq,...,4,_, is an increasing sequence.
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If i1,...,ip—r contains any of the integers P(1),..., P(r) then

FO’I‘mitb(bp(l) VARERIVAN bp(r))(bi17 .. ’7b’in—r) = O'(bp(l), . .7bp(r),bi17. . .,b ) =0.

Also in this case
FO’I‘m’l:ta(bp(l) Ao A bP(r))(bila ey bin—r)
= 3 son(Q) det (AQI(Jl()l’)';:_’%g’(l)) det (AQ(Z;T}.{%T,;Z?(")) .
QESrn
By the generalization of the Laplace expansion formula found on page 42, this

is the determinant of a matrix related to A with columns reordered and with (at
least) two columns duplicated. It is, therefore, also zero.

So it remains to show equality when i; = P(r 4 j) for j =1,...,n —r. In that
case

Formita(bp(l) JANCRIAN bp(r))(bp(r+1), ey bp(n)) = sgn(P) det(A) = sgn(P)
while we also have

(sgn(P) PP+ AL A bP(")> (bp(ri1)s - bpmy) = sgn(P).

In other words, Formit, and Formity, agree when evaluated on a basis of V"%
and so are equal. We no longer need to (and will not) indicate choice of basis as
subscript on the function Formit,, using instead Formit, with reference to the
specified volume element o. By the way, had the other orientation been given by
choosing —o as volume element, we find that Formit, = — Formit_,,.

We extend Formit, slightly and define
Formit,: A°(V) — A,(V) to be the map sending a constant k to ko.

We clarify the definition of Formit,: A™(V) — Ao(V). It is the map given by

Formit, (ko) = k for constant k.

Recapitulating, we have defined isomorphisms

Formit,: A"(V) = A (V) for 0 <r <n.

When 0 < 7 < n and for any basis a for which ¢ = a! A--- A a™ we have

Formit, (apay A+ Napgy) = sgn(P) oD A A gP )

for any shuffle permutation P € §, ,,.

More generally, if b is any basis at all,

Formit, (bpay A+ Abpgy) = sgn(P)o(by,...,by) bECTD AL AP

for any shuffle permutation P € §, ,,.

Whenever a and b are bases for which ¢ = a' A---Aa™ = b' A--- AD™ the change
of basis formula tells us that the two n-vectors a; A --- A a, and by A --- A b, are
equal. This n-vector is related to and determined by o, but is not the “raised index
version of ¢.” There is no inner product here to raise or lower indices.
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Using this n-vector we define, by means identical to those used above, isomor-
phisms

Vecit,: A (V) — A""(V) for 0 <r <n.

When 0 < 7 < n and for basis a for which ¢ = a' A--- A a™ we have

Vecit, (aP(l) AN A aP(T)> = sgn(P) ap41) A+ Napem)

for any shuffle permutation P € §, .

More generally, if b is any basis at all,

: P P(r sgn(P)
VeC'Lto- (b @ A--+Ab ( )> = m bP('r‘+1) VACERIVAN bP(n)

for any shuffle permutation P € §, ,,.
One natural question is how Vecit, is related to Formit, ' for each r.
Using basis a with o0 = a' A --- Aa™
Vecit, o Formit,(ay A--- Aa,) = Vecit,(a" ™ A---ANa™) = sgn(Q)ai A--- Aa,
where @ is the permutation that converts the list
r+1,...,n,1,...,r

to natural order. This is accomplished by r(n —r) switches of consecutive members
on the list, and we find that

Vecit, o Formit,(a; A---Aa,) = (=1)"""a; A Aa,.
To resolve the issue for a generic basis tensor a;, A---Aa;, we can form a basis ¢

by permutation of the members of the basis a and apply this calculation (watching
signs if the permutation is odd) in this new basis ¢. The same formula holds.

Vecit, o Formit, is (—1)""~") times the identity map.

So if r is even or n is odd this is always the identity map. A minus sign is
introduced only in case n is even and r is odd.

27. THE HODGE * OPERATOR AND HODGE DUALITY

Our goal in this section is to identify explicit isomorphisms between A,.(V) and
Ap—(V') and also between A™(V') and A"~"(V) for each r.

In this section we presume given an inner product G on V and an
orientation.

From these two specifications, we create the n-form c =al A--- A a®
where a is an orthonormal basis of requisite orientation.

This is the world of direct Cartesian tensors if the inner product happens to be
positive definite, though in important cases it is not.
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Our inner product has signature (p, q): that is, when diagonalized the matrix of
G has p positive and ¢ = n — p negative entries.

For various orders r, we define “raising” isomorphisms Raise: A.(V) — A"(V)
and “lowering” isomorphisms Lower: A"(V) — A, (V) by raising or lowering all
indices on each tensor, as described on page 53. These isomorphisms, for a given
r, are inverse to each other.

We define isomorphisms for various r values

Formit, o Raise: A, (V) — A,,_,.(V) and Vecit, o Lower: A"(V) — A"7"(V)

which will all be denoted * and called “the” Hodge star operator.

The (n — r)-form 7 € A,,_.(V) will be called the Hodge dual of 7 € A, (V).
The (n — r)-vector xz € A" "(V) will be called the Hodge dual of x € A"(V).

With our definition of * on A, (V) we calculate that x1 = o and o = (—1)?1.

As this hints, and as was the case with Formit, and Vecit,, the Hodge operator
* is closely related to its inverse.

Our inner product G has signature (p,q), so ¢ is the number of —1 entries on
the diagonal of the matrix of G, = G, for orthonormal basis a.

Suppose 0 < r < n and P is any shuffle permutation in §,.,, and that exactly k&
of the vectors ap(y),...,ap( satisfy G (ap(i), ap(i)) = —1. So g — k of the vectors
ap(r41),---,ap(n) satisfy that equation. It follows that

* O % (llp(l) VANRRIAN ap(r))

= Vecit, o Lower o Vecit, o Lower (ap(l) ARRRWAN ap(r))

Vecit, o Lower o Vecit, ((—1)’C aPD A aP(T)>

Vecit,, o Lower (sgn(P) (—1)* apean A Aapm))
Vecit,, (sgn(P) (—1)aF (=), P AL A aP(”))

= sgn(P) (=1)""* (=1 (=17 sgn(P)ap) A+ Aapr
= (—1)r(nrita apy N Nap(y-

In other words,

0% is (—1)"(™~)F9 times the identity map.

The cases r = 0 and r = n, not covered above, are calculated directly with the
same outcome. Also, the calculation of * o x* (ap(l) VARRRIWAN aP(T)) is very similar,
again yielding the same conclusion.

The Hodge * can be used to form an inner product on each A"(V) and each
A (V). We illustrate the construction on A™(V).

For each x,y € A"(V) the n-vector x A xy is a multiple of the standard n-vector
ai N\ -+ A ay. Define

<z,y>, tobe k when z Axy=kai A---Aa,




TENSORS (DRAFT COPY) 75

where a is properly oriented and orthonormal.
< x,y >, is obviously linear in each factor separately.

(aiy N+ Nag) N (aj1 ARERWAN aj”ﬂ,) is nonzero exactly when all the subscripts
are different. So (a;, A---Aa;, )A(*aj, A--- Aaj,) is nonzero exactly when all the
subscripts i1, . . ., i, are different and constitute a reordering of ji, ..., j.. Assuming
both are in increasing order, they must be the same indexing. The wedge product
is of the form (ap(l) /ARRRWAN ap(r)) A (* apay N+ A G,p(r)) for P €S, .

For any shuffle P € §,.,, let
Ma(P) =G (ap@y,apq)) -+ G (ap(y, ap@)) -

In other words, M, (P) is the product of the diagonal entries of the matrix G, (all 1
or —1) which correspond to positions P(j) along that diagonal for any j =1,...,r.

We calculate
T ARy = (mil’“"”(a) Giy N A al-r) A (*yjl’“"j*(a) a;, N+ A ajr)

= Z 2P WP () y PP () sgn(P) Ma(P) apy N ANap(n)
PESy

- Z 2P WP ) (@) y PO PO @) Mo (P) | ag A -+ A ap
PES,.n

which is obviously symmetrical: that is, < x,y >, = < y,z >,.

It also follows by inspection of the sum above that we actually have an inner
product: the bilinear function is nondegenerate and the standard basis of A™(V)
for basis a is an orthonormal basis of A"(V') with respect to this inner product.

We note also that
(apay A-=Napw), * apay A+ Aapwy), = Ma(P),
In particular, for any signature (p, q) of G we will have G = < -, >1.

28. THE GRASSMANN ALGEBRA

Given a vector space V of dimension n > 2 we define the Grassmann algebra
G(V) for V to be the free sum

AV)eAM(V)o (V) @A (V)D -

together with wedge product as the multiplication on the algebra, calculated by
distribution of the nonzero terms of the formal sums, and where wedge product
against a scalar (a member of Ag(V)) is given by ordinary scalar multiplication.

The Grassmann algebra is also called the exterior algebra, with reference to
the wedge or exterior product.

We note that all summands beyond A, (V') consist of the zero tensor only.

This means, first, that members of G(V') are all formal sums of the form 6 =
Yo o[0]s where each [6]; € A;(V). There can be at most n+1 nonzero summands.



76 LARRY SUSANKA

[0]; is called the grade-i part of 8. This representation is unique for each 6: that
is, two members of G(V) are equal if and only if their grade-i parts are equal for
1=0,...,n.

Though A, (V) is not actually contained in G(V'), an isomorphic copy of each
A (V) is in G(V). We do not normally distinguish, unless it is critical for some
rare reason, between a member of A,(V) and the corresponding member of G(V)
which is 0 except for a grade-r part.

G(V) is a vector space with scalar multiplication given by ordinary scalar mul-
tiplication distributed across the formal sum to each grade, while addition is cal-
culated by adding the parts of corresponding grade. The member of G(V') which is
the zero form at each grade acts as additive identity.

If a is a basis of V then 1 together with the set of all

ali Ao Natr
for all r between 1 and n and increasing sequences i1, . . . , i, forms a basis for G(V),
which therefore has dimension
|
1+n+...+L+...+n+1:2"_
rli(n —r)!

Looking at individual grades, O A 7 for 0, 7 € G(V) is given by

i

[OAT] = [61r ATTlicr

r=0

for each i between 0 and n, while [0 A 7]; is the zero i-form for i > n.

Sometimes formulae produce reference to a negative grade. Any part or coeffi-
cient involved is interpreted to be the appropriate form of zero, just as one would
do for a reference to a grade larger than n.

If 0 is nonzero only in grade ¢ while 7 is nonzero only in grade j then 8 A 7 can
only be nonzero in grade i + j. By virtue of this property, G(V) is called a graded
algebra.

Members of (V') are called multi-forms.

Replacing V by V* produces the Grassmann algebra G(V*), whose members are
called multi-vectors and which also forms a graded algebra with wedge product.

If the field we are working with is R, we note that the Grassmann algebra of
multi-forms G(V) is

RoV oA(V)e oA (V)o {0}
while the Grassmann algebra of multi-vectors G(V*) is
RoVaeA(V)e---aoA"(V)o{0}o---.
When a volume element o is specified, the two families of isomorphisms

Formit, and Vecit, from Section 26 induce (vector space) isomorphisms (when
applied at each grade) between G(V') and G(V*).
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Given the additional structure of an inner product G on V and a
choice of orientation we can, similarly, use the Hodge * map to induce (vector
space) automorphisms on G(V') and on G(V*).

The lowering and raising isomorphisms Lower and Raise induce vector space
isomorphisms between G(V') and G(V*).

Further, at the end of Section 27 we saw how to use G to create inner products
on each A"(V) and, using G*, on each A, (V).

By defining for each multi-vector « and y in G(V*) the sum

<zT,y>= Z < [1‘11', hflz >1

=0

these inner products induce an inner product on all of G(V*).

An analogous procedure using the dual inner product G* gives us an inner prod-
uct on the space G(V') of multi-forms.

The interior product on s-forms and s-vectors induces in the obvious way an
interior product on G(V*) and on G(V'), lowering the highest nonzero grade (if
any) of a multi-vector or multi-form by one.

For instance, if v € V and 6 € G(V') we define

vaf = ZU_I [0];-
i=0

The eponymous Hermann Grassmann, around and after 1840, wrote a series of
works within which he essentially invented linear and multilinear algebra as we
know it, including the first use of vectors. His writing style was considered to be
unmotivated and opaque by the few who read his work. In this, as in other matters,
he was a bit ahead of his time.

The value of his ideas did not become widely known for seventy years, and then
mostly by reference, through the work of other mathematicians and physicists such
as Peano, Clifford, Cartan, Gibbs and Hankel.

Grassmann interpreted nonzero wedge products of vectors such as W = 1 A---A
x, to represent an r dimensional subspace of V', in light of the fact that this wedge
product is characterized (up to constant multiple) by the property that W Ay =0
and y € V if and only if y is in the span of x1,...,z,.

He thought of the various operations on the Grassmann algebra as constituting
a calculus of subspaces or “extensions,” combining and giving information about
geometrical objects and associated physical processes in a very direct and intuitive
way. For instance

(xr A ANap )AN(yr A ANys ),
will be nonzero if and only if x1,...,2,,y1,...,ys form a linearly independent set

of vectors. In that case the wedge product determines the combined span of the
two spaces the factors represent, which will have dimension r + s.
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On the other hand, if the combined span of the two spaces is all of V' but
neither of the two tensors is, individually, 0 and if V' is given an inner product and
orientation, the multi-vector

) (kg A ANz )A(kyr Ao Ays))
determines the intersection of the two spaces which will have dimension r + s — n.

His work, reformulated and clarified with modern notation, plays a large and
increasing role in many areas, from current theoretical physics to practical engi-
neering.
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