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Preface

These notes stem from my own need to refresh my memory on the fundamentals of tensor
calculus, having seriously considered them last some 25 years ago in grad school. Since then,
while I have had ample opportunity to teach, use, and even program numerous ideas from
vector calculus, tensor analysis has faded from my consciousness. How much it had faded
became clear recently when I tried to program the viscosity tensor into my fluids code, and
couldn’t account for, much less derive, the myriad of “strange terms” (ultimately from the
dreaded “Christ-awful” symbols) that arise when programming a tensor quantity valid in
curvilinear coordinates.

My goal here is to reconstruct my understanding of tensor analysis enough to make the
connexion between covariant, contravariant, and physical vector components, to understand
the usual vector derivative constructs (V, V-, Vx) in terms of tensor differentiation, to put
dyads (e.g., VU) into proper context, to understand how to derive certain identities involving
tensors, and finally, the true test, how to program a realistic viscous tensor to endow a fluid
with the non-isotropic stresses associated with Newtonian viscosity in curvilinear coordinates.

Inasmuch as these notes may help others, the reader is free to use, distribute, and modify
them as needed so long as they remain in the public domain and are passed on to others free
of charge.

David Clarke
Saint Mary’s University
June, 2011
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A PRIMER ON TENSOR CALCULUS

1 Introduction

In physics, there is an overwhelming need to formulate the basic laws in a so-called invariant
form; that is, one that does not depend on the chosen coordinate system. As a start, the
freshman university physics student learns that in ordinary Cartesian coordinates, Newton’s
Second Law, ZZF; = ma, has the identical form regardless of which inertial frame of
reference (not accelerating with respect to the background stars) one chooses. Thus two
observers taking independent measures of the forces and accelerations would agree on each
measurement made, regardless of how rapidly one observer is moving relative to the other
so long as neither observer is accelerating.

However, the sophomore student soon learns that if one chooses to examine Newton’s
Second Law in a curvilinear coordinate system, such as right-cylindrical or spherical polar
coordinates, new terms arise that stem from the fact that the orientation of some coordinate
unit vectors change with position. Once these terms, which resemble the centrifugal and
Coriolis terms appearing in a rotating frame of reference, have been properly accounted for,
physical laws involving vector quantities can once again be made to “look” the same as they
do in Cartesian coordinates, restoring their “invariance”.

Alas, once the student reaches their junior year, the complexity of the problems has
forced the introduction of rank 2 constructs such as matrices to describe certain physical
quantities (e.g., moment of inertia, viscosity, spin) and in the senior year, Riemannian ge-
ometry and general relativity require mathematical entities of still higher rank. The tools
of vector analysis are simply incapable of allowing one to write down the governing laws in
an invariant form, and one has to adopt a different mathematics from the vector analysis
taught in the freshman and sophomore years.

Tensor calculus is that mathematics. Clues that tensor-like entities are ultimately
needed exist even in a first year physics course. Consider the task of expressing a velocity
as a vector quantity. In Cartesian coordinates, the task is rather trivial and no ambiguities
arise. Each component of the vector is given by the rate of change of the object’s coordinates
as a function of time:

U= (%,9,2) = Té,+yéy+ 26, (1)
where I use the standard notation of an “over-dot” for time differentiation, and where €, is
the unit vector in the z-direction, etc. Each component has the unambiguous units of ms™!,
the unit vectors point in the same direction no matter where the object may be, and the
velocity is completely well-defined.

Ambiguities start when one wishes to express the velocity in spherical-polar coordinates,
for example. If, following equation (1), we write the velocity components as the time-
derivatives of the coordinates, we might write

7= (7,0, p). (2)
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Figure 1: (left) A differential volume in Cartesian coordinates, and (right) a differential
volume in spherical polar coordinates, both with their edge-lengths indicated.

An immediate “cause for pause” is that the three components do not share the same “units”,
and thus we cannot expand this ordered triple into a series involving the respective unit
vectors as was done in equation (1). A little reflection might lead us to examine a differential
“box” in each of the coordinate systems as shown in Fig. 1. The sides of the Cartesian box
have length dx, dy, and dz, while the spherical polar box has sides of length dr, r d?, and
r sind dyp. We might argue that the components of a physical velocity vector should be the
lengths of the differential box divided by dt, and thus:

7= (7,70, rsind Q) = & + 10 ey + rsind pé,, (3)

which addresses the concern about units. So which is the “correct” form?

In the pages that follow, we shall see that a tensor may be designated as contravariant,
covariant, or mized, and that the velocity expressed in equation (2) is in its contravariant
form. The velocity vector in equation (3) corresponds to neither the covariant nor contravari-
ant form, but is in its so-called physical form that we would measure with a speedometer.
Each form has a purpose, no form is any more fundamental than the other, and all are linked
via a very fundamental tensor called the metric. Understanding the role of the metric in
linking the various forms of tensors' and, more importantly, in differentiating tensors is the
basis of tensor calculus, and the subject of this primer.

'Examples of tensors the reader is already familiar with include scalars (rank 0 tensors) and vectors
(rank 1 tensors).



2 Definition of a tensor

As mentioned, the need for a mathematical construct such as tensors stems from the need
to know how the functional dependence of a physical quantity on the position coordinates
changes with a change in coordinates. Further, we wish to render the fundamental laws of
physics relating these quantities invariant under coordinate transformations. Thus, while
the functional form of the acceleration vector may change from one coordinate system to
another, the functional changes to F and m will be such that F will always be equal to mda,
and not some other function of m, @, and/or some other variables or constants depending
on the coordinate system chosen.

Consider two coordinate systems, x; and ;, in an n-dimensional space where i =
1,2,...,n% x; and &; could be two Cartesian coordinate systems, one moving at a con-
stant velocity relative to the other, or x; could be Cartesian coordinates and Z; spherical
polar coordinates whose origins are coincident and in relative rest. Regardless, one should
be able, in principle, to write down the coordinate transformations in the following form:

Ti = (w1, 09, ., Tn), (4)
one for each 7, and their inverse transformations:
T, — Ii(i’l,fg,...,i’n). (5)

Note that which of equations (4) and (5) is referred to as the “transformation”, and which
as the “inverse” is completely arbitrary. Thus, in the first example where the Cartesian
coordinate system #; = (Z, ¢, Z) is moving with velocity v along the +z axis of the Cartesian
coordinate system x; = (x,y, z), the transformation relations and their inverses are:

T = x — ut, r = T+ vt,
J=uv, y =7 (6)
zZ = z, z = Z.

For the second example, the coordinate transformations and their inverses between Cartesian,
x; = (x,y, z), and spherical polar, Z; = (r, 9, ¢) coordinates are:

r = \a?+y?+ 22 x = rsind cos g, )

R
9 = tan_l(%ﬂ), y = rsinvsing, (7)
Y = tan_1<g>, z = rcosv.
X 7

Now, let f be some function of the coordinates that represents a physical quantity
of interest. Consider again two generic coordinate systems, x; and Z;, and assume their
transformation relations, equations (4) and (5), are known. If the components of the gradient

2Tn physics, n is normally 3 or 4 depending on whether the discussion is non-relativistic or relativistic,
though our discussion matters little on a specific value of n. Only when we are speaking of the curl and
cross-products in general will we deliberately restrict our discussion to 3-space.
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of fin z;, namely 0f/0z;, are known, then we can find the components of the gradient in
Z;, namely 0f/0%;, by the chain rule:

0f _ 0f 0w 0f Oy Of O,  ~=01; Of

0f; 0w\ 0% 0w 0% O, 0F; = 0% Ox; ®)

Note that the coordinate transformation information appears as partial derivatives of the
old coordinates, x;, with respect to the new coordinates, Z;.

Next, let us ask how a differential of one of the new coordinates, dz;, is related to
differentials of the old coordinates, dx;. Again, an invocation of the chain rule yields:

Eﬁ’l 82%2 8:6@ Z 825'2

81’1 81’2 —

This time, the coordinate transformation information appears as partial derivatives of the

new coordinates, Z;, with respect to the old coordinates, x;, and the inverse of equation (8).
We now redefine what it means to be a vector (equally, a rank 1 tensor).

Definition 2.1. The components of a covariant vector transform like a gra-
dient and obey the transformation law:

~ " O

i=1

Definition 2.2. The components of a contravariant vector transform like a
coordinate differential and obey the transformation law:

N 0T
A=) oA (11)

i=1

It is customary, as illustrated in equations (10) and (11), to leave the indices of covariant
tensors as subscripts, and to raise the indices of contravariant tensors to superscripts: “co-
low, contra-high”?. In this convention, dx; — dx’. As a practical modification to this rule,
because of the difference between the definitions of covariant and contravariant components
(equations 10 and 11), a contravariant index in the denominator is equivalent to a covariant
index in the numerator, and vice versa. Thus, in the construct dz7 /97", j is contravariant
while ¢ is considered to be covariant.

Superscripts indicating raising a variable to some power will generally be clear by con-
text, but where there is any ambiguity, indices representing powers will be enclosed in square
brackets. Thus, A% will normally be, from now on, the “2-component of the contravariant
vector A", whereas Al? will be “A-squared” when A? could be ambiguous.

3Thanks to Rob Thacker, SMU, for this handy mnemonic.
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Finally, we shall adopt here, as is done most everywhere else, the Finstein summation
convention in which a covariant index followed by the identical contravariant index (or vice
versa) is implicitly summed over the index without the use of a summation sign, rendering
the repeated index a dummy index. On rare occasions where a sum is to be taken over two
repeated covariant or two repeated contravariant indices, a summation sign will be given
explicitly. Conversely, if properly repeated indices (e.g., one covariant, one contravariant)
are not to be summed, a note to that effect will be given. Further, any indices enclosed
in parentheses [e.g., (7)] will not be summed. Thus, A;B is normally summed while A;B;,
A'B', and A BY are not.

To the uninitiated who may think at first blush that this convention may be fraught with
exceptions, it turns out to be remarkably robust and rarely will it pose any ambiguities. In
tensor analysis, it is rare that two properly repeated indices should not, in fact, be summed.
It is equally rare that two repeated covariant (or contravariant) indices should be summed,
and rarer still that an index appears more than twice in any given term.

As a first illustration, applying the Einstein summation convention changes equations
(10) and (11) to

A; = %Aj, and A = %Aj,

respectively, where summation is implicit over the index j in both cases.

Remark 2.1. While dz' is the prototypical rank 1 contravariant tensor (e.g., equation 9), z*
is not a tensor as its transformation follows neither equations (10) nor (11). Still, we will
follow the up-down convention for coordinate indices as it serves a purpose to distinguish
between covariant-like and contravariant-like coordinates. It will usually be the case anyway
that z* will appear as part of dz' or 9/dz".

Tensors of higher rank* are defined in an entirely analogous way. A tensor of dimension
m (each index varies from 1 to m) and rank n (number of indices) is an entity that, under
an arbitrary coordinate transformation, transforms as:

T, = Oult  Oai DE% 0T g, (12)

orn oxte Qxh Ogla =7
where p + ¢ = n, and where the indices 4,...,4, and ji,...,j, are covariant indices and
ki,...,k; and [y, ...,l, are contravariant indices. Indices that appear just once in a term
(e.g., i1,...,i, and ky, ..., k, in equation 12) are called free indices, while indices appearing
twice—one covariant and one contravariant—(e.g., ji,...,j, and ly,..., [, in equation 12),

are called dummy indices as they disappear after the implied sum is carried forth. In a

4There is great potential for confusion on the use of the term rank, as it is not used consistently in the
literature. In the context of matrices, if the n column vectors in an m x n matrix (with “tensor-rank” 2)
can all be expressed as a linear combination of » < min(m,n) m-dimensional vectors, that matrix has a
“matrix-rank” r which, of course, need not be 2. For this reason, some authors prefer to use order rather
than rank for tensors so that a scalar is an order-0 tensor, a vector an order-1 tensor, and a matrix an
order-2 tensor. Still other authors use dimension instead of rank, although this then gets confused with the
dimension of a vector (number of linearly independent vectors that span the parent vector space).
Despite its potential for confusion, I use the term rank for the number of indices on a tensor, which is in
keeping with the most common practise.
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valid tensor relationship, each term, whether on the left or right side of the equation, must
have the same free indices each in the same position. If a certain free index is covariant
(contravariant) in one term, it must be covariant (contravariant) in all terms.

If g =0 (p=0), then all indices are covariant (contravariant) and the tensor is said to
be covariant (contravariant). Otherwise, if the tensor has both covariant and contravariant
indices, it is said to be mized. In general, the order of the indices is important, and we
deliberately write the tensor as T}, _;, fda - and not lel 2. However, there is no reason to
expect all contravariant indices to follow the covariant mdlces, nor for all covariant indices
to be listed contiguously. Thus and for example, one could have Tijklm if, indeed, the first,

third, and fourth indices were covariant, and the second and fifth indices were contravariant.

Remark 2.2. Rank 2 tensors of dimension m can be represented by m x m square matrices.
A matrix that is an element of a vector space is a rank 2 tensor. Rank 3 tensors of dimension
m would be represented by an m x m x m cube of values, etc.

Remark 2.3. In traditional vector analysis, one is forever moving back and forth between
considering vectors as a whole (e.g., ¥), or in terms of its components relative to some
coordinate system (e.g., v,). This, then, leads one to worry whether a given relationship is
true for all coordinate systems (e.g., vector “identities” such as: V - fA=fV-A+A-V ),
or whether it is true only in certain coordinate systems [e.g., V-(AB) = (V-B,A, V- B,A, V-
B.A) is true in Cartesian coordinates only]. The formalism of tensor analysis eliminates both
of these concerns by writing everything down in terms of a “typical tensor component” where
all “geometric factors”, which have yet to be discussed, have been safely accounted for in
the notation. As such, all equations are written in terms of tensor components, and rarely is
a tensor written down without its indices. As we shall see, this both simplifies the notation
and renders unambiguous the invariance of certain relationships under arbitrary coordinate
transformations.

In the remainder of this section, we make a few definitions and prove a few theorems
that will be useful throughout the rest of this primer.

Theorem 2.1. The sum (or difference) of two like-tensors is a tensor of the same type.

Proof. This is a simple application of equation (12). Consider two like-tensors (i.e., identical
indices), S and T, each transforming according to equation (12). Adding the LHS and the
RHS of these transformation equations (and defining R =S+ T), one gets:

< kiekg 5 kikg o ki
Ri, i, = Siv.ip + 15y 4,
i iv 9kt =k
_ oz Ox’» 0% Oza g bl
OFi T 9xt Oxlr T Qxla TP
N oxit Qxir 97M Qi T e
oxh " Qxie Oxh T Qgla TP
J Jr Ok 7k
O oxir ok 0z q(S- ldy o Ly
- o T 97 Ol T Ol J1---Jp J1--Jp
J1 J k1 7k
_ Ow Oz’» 0% oza Rl 0
= — ... == . T

o0rh Oxr Ozl Oxla
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Definition 2.3. é rank 2 dyad, D, results from taking the dyadic product of two vectors
(rank 1 tensors), A and B, as follows:

Dz’j = AiBj7 Dij = Az’Bj> DZJ = AiBja Dij = AiBj’ (13)

where the ij™ component of D, namely A;B;, is just the ordinary product of the i element
of A with the j*' element of B.

The dyadic product of two covariant (contravariant) vectors yields a covariant (con-
travariant) dyad (first and fourth of equations 13), while the dyadic product of a covariant
vector and a contravariant vector yields a mized dyad (second and third of equations 13).
Indeed, dyadic products of three or more vectors can be taken to create a dyad of rank 3 or
higher (e.g., D,’, = A;BIC, etc).

Theorem 2.2. A rank 2 dyad is a rank 2 tensor.

Proof. We need only show that a rank 2 dyad transforms as equation (12). Consider a mixed
dyad, D,! = A;B', in a coordinate system Z'. Since we know how the vectors transform to
a different coordinate system, x‘, we can write:

- - or’ ort . ozt Ot : ozt Ot ,
D!'=AB = [—A |[==B) = —— A,B = D,
g g (agzk Z)(&BJ ) OFF O OFF Oz

Thus, from equation (12), D transforms as a mixed tensor of rank 2. A similar argument can
be made for a purely covariant (contravariant) dyad of rank 2 and, by extension, of arbitrary
rank. O

Remark 2.4. By dealing with only a typical component of a tensor (and thus a real or complex
number), all arithmetic is ordinary multiplication and addition, and everything commutes:
A;B? = BJA;, for example. Conversely, in vector and matrix algebra when one is dealing
with the entire vector or matrix, multiplication does not follow the usual rules of scalar
multiplication and, in particular, is not commutative. In many ways, this renders tensor
algebra much simpler than vector and matrix algebra.

Definition 2.4. If A;; is a rank 2 covariant tensor and B* is a rank 2 contravariant tensor,
then they are each other’s inverse if:

AyB* = §F,
where 0,;* = 1 if i = k, 0 otherwise is the usual Kronecker delta.

In a similar vein, A/ Bff =4, and Aiijk = ¢, are examples of inverses for mixed rank
2 tensors. One can even have “inverses” of rank 1 tensors: e;e/ = 5ij , though this property
is usually referred to as orthogonality.

Note that the concepts of invertibility and orthogonality take the place of “division” in
tensor algebra. Thus, one would never see a tensor element in the denominator of a fraction
and something like C;* = A;;/Bj;, is never written. Instead, one would write C;*Bj, = A;;
and, if it were critical that C' be isolated, one would write C;* = A;;(B;)™' = A;; D% if
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D% were, in fact, the inverse of Bjj,. A tensor element could appear in the numerator of a
fraction where the denominator is a scalar (e.g., A;;/2) or a physical component of a vector
(as introduced in the next section), but never in the denominator.

I note in haste that while a derivative, Oz’ /977, may look like an exception to this rule,
it is a notational exception only. In taking a derivative, one is not really taking a fraction.
And while dz" is a tensor, Az’ is not and thus the actual fraction Az’/AZ’ is allowed in
tensor algebra since the denominator is not a tensor element.

Theorem 2.3. The derivatives Ox' /0% and 07% /07 are each other’s inverse. That is,

Oa’ a_‘%k = &t
ozk Oxi 7
Proof. This is a simple application of the chain rule. Thus,
ozt 9z  Oxt ,
0Tk Ox i 7 (14)
where the last equality is true by virtue of the independence of the coordinates z°. O

Remark 2.5. If one considers 0x'/0%% and 07% /07 as, respectively, the (i, k)™ and (k, j)
elements of m x m matrices then, with the implied summation, the LHS of equation (14) is
simply following ordinary matrix multiplication, while the RHS is the (i, j)*® element of the
identity matrix. It is in this way that 0z¢/07Z* and 97* /027 are each other’s inverse.

Definition 2.5. A tensor contraction occurs when one of a tensor’s free covariant indices
is set equal to one of its free contravariant indices. In this case, a sum is performed on the
now repeated indices, and the result is a tensor with two fewer free indices.

Thus, and for example, Tijj is a contraction on the second and third indices of the rank
3 tensor Tz-jk . Once the sum is performed over the repeated indices, the result is a rank 1
tensor (vector). Thus, if we use T' to designate the contracted tensor as well (something we

are not obliged to do, but certainly may), we would write:
J _
I, =T

Remark 2.6. Contractions are only ever done between one covariant index and one con-
travariant index, never between two covariant indices nor two contravariant indices.

Theorem 2.4. A contraction of a rank 2 tensor (its trace) is a scalar whose value is inde-
pendent of the coordinate system chosen. Such a scalar is referred to as a rank 0 tensor.

Proof. Let T = T." be the trace of the tensor, T. If Tkl is a tensor in coordinate system Z*,

then its trace transforms to coordinate system z* according to:
F ok Oxd " I '
It is important to note the role played by the fact that T, . is a tensor, and how this
gave rise to the Kronecker delta (Theorem 2.3) which was needed in proving the invariance
of the trace (i.e., that the trace has the same value regardless of coordinate system).




3 The metric

In an arbitrary m-dimensional coordinate system, z¢, the differential displacement vector is:

m

dr = (h(l)dl’l, h(g)d.flfz, ey h(m)dl’m) = Z h(i)dl’ié(i), (15)
i=1
where é(;) are the physical (not covariant) unit vectors, and where hyy = hg)(a!, ..., 2™)

are scale factors (not tensors) that depend, in general, on the coordinates and endow each
component with the appropriate units of length. The subscript on the unit vector is enclosed
in parentheses since it is a vector label (to distinguish it from the other unit vectors spanning
the vector space), and not an indicator of a component of a covariant tensor. Subscripts on h
are enclosed in parentheses since they, too, do not indicate components of a covariant tensor.
In both cases, the parentheses prevent them from triggering an application of the Einstein
summation convention should they be repeated. For the three most common orthogonal
coordinate systems, the coordinates, unit vectors, and scale factors are:

system H xt ‘ () ‘ (h(l), h(g), h(g))
Cartesian (T, y,2) | €4,6y, €, (1,1,1)
cylindrical (Za o, ()0)5 éz> é9> éso (17 1a Q)

spherical polar (r,0,0) | ér,éy,é, (1,7, 7sind)

Table 3.1: Nomenclature for the most common coordinate systems.

In “vector-speak”, the length of the vector dr, given by equation (15), is obtained by
taking the “dot product” of dr with itself. Thus,

m m

(dr)* = D) hwhgyéq - égyda‘da?, (16)

i=1 j=1

where € - €(;) = cos ;) are the directional cosines which are 1 when ¢ = j. For orthogonal
coordinate systems, cosf(; = 0 for i # j, thus eliminating the “cross terms”. For non-
orthogonal systems, the off-diagonal directional cosines are not, in general, zero and the
cross-terms remain.

Definition 3.1. The metric, g;;, is given by:
95 = hiyhg)éw - eu), (17)
which, by inspection, is symmetric under the interchange of its indices; g;; = g;i.

Remark 3.1. For an orthogonal coordinate system, the metric is given by: g;; = he)h;)di,
which reduces further to d;; for Cartesian coordinates.

5My rather unconventional ordering of the cylindrical coordinates, namely z before g, is so that the
first two scaling factors, h(1) and h(g), are both 1. This has computational advantages which, while not
particularly relevant here, has led me to adopt this ordering in all that I do.
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Thus equation (16) becomes:
(dr)? = g;;dx'da’, (18)
where the summation on ¢ and j is now implicit, presupposing the following theorem:
Theorem 3.1. The metric is a rank 2 covariant tensor.

Proof. Because (dr)? is the square of a distance between two physical points, it must be

invariant under coordinate transformations. Thus, consider (dr)? in the coordinate systems

sk d 1.

¥ and z":

= Gii a_xidjk a_xjdjl = %% Gii
7 ok ot ozk 9zt 7Y

i J
N ( 0" Oz ) di*dit = 0,

(dr)? = g di*di' = Gij dxtda? di*d7
= G ot
which must be true V dz*dz!. This can be true only if,

ozt O/
G = oo g, 19
I = ok gzt 19)
and, by equation (12), g;; transforms as a rank 2 covariant tensor. O

Definition 3.2. The conjugate metric, g, is the inverse to the metric tensor, and therefore
satisfies:

gkpgip = gipgkp = 5zk (20)

It is left as an exercise to show that the conjugate metric is a rank 2 contravariant
tensor. (Hint: use the invariance of the Kronecker delta.)

Definition 3.3. A conjugate tensor is the result of multiplying a tensor with the metric,
then contracting one of the indices of the metric with one of the indices of the tensor.

Thus, two examples of conjugates for the rank n tensor Til,,,ipj L-Ja p 4 g = n, include:

k JiJa ki JiJ .
L5 TR P R 7V Y ‘= g ’ ]_Yil...ip q? 1 S r S D; (21)
JleJs1 Jsti-Jq J1-g
i1..0p P = gljst‘l...ip Lolss<gq (22)

An operation like equation (21) is known as raising an index (covariant index i, is replaced
with contravariant index k) while equation (22) is known as lowering an index (contravariant
index j is replaced with covariant index ). For a tensor with p covariant and ¢ contravariant
indices, one could write down p conjugate tensors with a single index raised and ¢ conjugate
tensors with a single index lowered. Contracting a tensor with the metric several times will
raise or lower several indices, each representing a conjugate tensor to the original. Associated
with every rank n tensor are 2! conjugate tensors all with rank n.



THE METRIC 11

The attempt to write equations (21) and (22) for a general rank n tensor has made them
rather opaque, so it is useful to examine the simpler and special case of raising and lowering
the index of a rank 1 tensor. Thus,

Rank 2 tensors can be similarly examined. As a first example, we define the covariant
coordinate differential, dx;, to be:

dl‘j = g”dI“ d.fL’Z = gijdl’j.

We can find convenient expressions for the metric components of any coordinate system,
2!, if we know how ' and Cartesian coordinates depend on each other. Thus, if x* represent
the Cartesian coordinates (z,v, z), and if we know x* = x*(z%), then using Remark 3.1 we
can write:

oxr N\ (o, o .
(dr)? = Sudx*dx' = by ( - d:)s’) (8—:].61:5]) - <5kl - a_i;) da'da.

Therefore, by equations (18) and (20), the metric and its inverse are given by:

ox* ox!

B 02" 0!
9= O Bt 0

and gZJ = 5 8Xk8—Xl

(24)

3.1 Physical components and basis vectors

Consider an m-dimensional space, R™, spanned by an arbitrary basis of unit vectors (not
necessarily orthogonal), é;), ¢ = 1,2,...,m. A theorem of first-year linear algebra states

that for every Ace R™, there is a unique set of numbers, A, such that:
A=) Apén. (25)

Definition 3.4. The values A in equation (25) are the physical components of A relative
to the basis set €.

A physical component of a vector field has the same units as the field. Thus, a physical
component of velocity has units ms™!, electric field Vm™!, force N, etc. As it turns out, a
physical component is neither covariant nor contravariant, and thus the subscripts of physical
components are surrounded with parentheses lest they trigger an unwanted application of
the summation convention which only applies to a covariant-contravariant index pair. As
will be shown in this subsection, all three types of vector components are distinct yet related.

Itis a straight-forward, if not tedious, task to find the physical components of a given

vector, A, with respect to a given basis set, é;°. Suppose A¢ and é; ¢ are “m-tuples” of the

7

components of vectors A and €. relative to “Cartesian-like”” coordinates (or any coordinate

6See, for example, §2.7 of Bradley’s A primer of Linear Algebra; ISBN 0-13-700328-5
I use the qualifier “like” since Cartesian coordinates are, strictly speaking, 3-D.
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system, for that matter). To find the m-tuple, ffx, of the components of A relative to the
new basis, €;), one does the following calculation:

el’c 627(; e 6m C AC A(E

row reduce

The i element of the m-tuple A, will be Ag), the ith component of A relative to €(), and the
coeflicient for equation (25). Should é(; form an orthogonal basis set, the problem of finding
Ay is much simpler. Taking the dot product of equation (25) with é(;), then replacing the
surviving index j with ¢, one gets:

where, as a matter of practicality, one may perform the dot product using the Cartesian-like
components of the vectors, ffc and ¢; .. It must be emphasised that what many readers may
think as the general expression, equation (27), works only when é(; form an orthogonal set.
Otherwise, equation (26) must be used.

Equation (15) expresses the prototypical vector, dr, in terms of the unit (physical) basis
vectors, €(;), and its contravariant components, dz’ [the naked differentials of the coordinates,
such as (dr, dv, dy) in spherical polar coordinates]. Thus, by analogy, we write for any vector
i )

=Y hpAlén. (28)
i=1

On comparing equations (25) and (28), and given the uniqueness of the physical compo-
nents, we can immediately write down a relation between the physical and contravariant
components:

A(i) = h(i)Ai; A A(l (29)

where, as a reminder, there is no sum on i. By substltuting A" = ¢gYA; in the first of
equations (29) and multiplying through the second equation by g;; (and thus triggering a
sum on ¢ on both sides of the equation), we get the relationship between the physical and
covariant components:

ij Gij
A(i) = h(i)g ]Aj; Z h(: A(i). (30)

For orthogonal coordinates, ¢ = 6/hg)h;), gij = dijhah(j), and equations (30) reduce to:
Apy = mAz’% Aj = hgAg). (31)

By analogy, we can also write down the relationships between physical components of
higher rank tensors and their contravariant, mixed, and covariant forms. For rank 2 tensors,
these are:

Tiy) = hiyh()T” = hiyhyg™ T, = hiyhyg"' T = hohgg™ e T, (32)
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(sums on k and [ only) which, for orthogonal coordinates, reduce to:

h) Ry i 1
Myps Mg oL g (33)
h hgy 7 hwhgy "

Tijy = hahy TV =

Just as there are covariant, physical, and contravariant tensor components, there are
also covariant, physical (e.g., unit), and contravariant basis vectors.

Definition 3.5. Let 7, be a displacement vector whose components are expressed in terms
of the coordinate system . Then the covariant basis vector, e;, is defined to be:

dr,

dxt

e, =

Remark 3.2. Just like the unit basis vector é(;), the index on e; serves to distinguish one
basis vector from another, and does not represent a single tensor element as, for example,
the subscript in the covariant vector A; does.

It is easy to see that e; is a covariant vector, by considering its transformation to a new

coordinate system, 77:
. dr ox" dr, oz’
€; = e - - = €,

dz’ 0x7 dxt oxJ

confirming its covariant character.
From equation (15) and the fact that the a2’ are linearly independent, it follows from
definition 3.5 that:

The contravariant basis vector, €, is obtained by multiplying the first of equations (34) by
g% (triggering a sum over ¢ on the LHS, and thus on the RHS as well), and replacing e; in
the second with g;;e’

gle;, = & = Zg”h(l €3i); éuy = %ej (35)

Remark 3.3. Only the physical basis vectors are actually unit vectors and thus unitless, and
therefore only they are designated by a “hat” (é). The covariant basis vector, e;, has units
h(;) while the contravariant basis vector, e/, has units 1/h(;) and are designated in bold-italic

(e)-
Theorem 3.2. Regardless of whether the coordinate system is orthogonal, e; - €/ = 5Z-j.

Proof.

e; - e = h(i)é(i) . E gkjh(k) E g ]h h(k k = gkjgz’k = 51']" O
k
Jik (eq 17)

Remark 3.4. Note that by equation (17), e; - e; = g;; and thus e’ - e/ = g".
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Now, substituting the first of equations (29) and the second of equations (34) into
equation (25), we find:

where the sum on ¢ is now implied. Similarly, by substituting the first of equations (30) and
the second of equations (35) into equation (25), we find:

— R i g’lk id .
A= E A = E :%gﬂAg—%e’f = gigy, Ajeb = Ajel. (37)
7 (2 6,7k

Thus, we can find the i*" covariant component of a vector by calculating:

14»'62' = Ajej-ei = Az (38)
&,

using Theorem 3.2. Because we have used the covariant and contravariant basis vectors
instead of the physical unit vectors, equation (38) is true regardless of whether the basis is
orthogonal, and thus appears to give us a simpler prescription for finding vector components
in a general basis than the algorithm outlined in equation (26). Alas, nothing is for free;
computing the covariant and contravariant basis vectors from the physical unit vectors can
consist of similar operations as row-reducing a matrix.

Finally, let us re-establish contact with the introductory remarks, and remind the reader
that equation (2) is the velocity vector in its contravariant form whereas equation (3) is in
its physical form, reproduced here for reference:

ﬁcon = (Ta 197 30)7

Tonys = (7,709,759 ).
Given equation (31), the covariant form of the velocity vector in spherical polar coordinates
is evidently: .

Teoy = (7,709, r%sin® Y ). (39)
3.2 The scalar and inner products

Definition 3.6. The covariant and contravariant scalar products of two rank 1 tensors, A
and B, are defined as ¢ A;B; and g,; A' B’ respectively.

The covariant and contravariant scalar products actually have the same value, as seen
g”AiBj = A]B] and gijAzB] = Algz'ij = AZBZ',

using equation (23). Similarly, one could show that the common value is A; B*. Therefore,

the covariant and contravariant scalar product are referred to as simply the scalar product.
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To find the scalar product in physical components, we start with equations (29) and
(30) to write:

, Ag i B j .
A'B;, = Z h(()) g] ) Z A B(] gj (Z A(z (4) ) ’ (Z B(])e(]))
p i) , J

é(z’) - €(j)

= A-B= Z A;B; (last equality for orthogonal coordinates only), (40)

using equations (17) and (25). Thus, the scalar product of two rank 1 tensors is just the
ordinary dot product between two physical vectors in vector algebra.

Remark 3.5. The scalar product of two rank 1 tensors is really the contraction of the dyadic
A;B7 and thus, from Theorem 2.4, the scalar product is invariant under coordinate trans-
formations.

Note that while both A;B? and A;B; are rank 2 tensors (the first mixed, the second
covariant), only A; B’ is invariant. To see that > A;B; is not invariant, write:

~ o' Oxf dz" Ox?
;AkBk: k oer i o B = ak&kAB # ZAB

Unlike the proof to Theorem 2.4, 9x'/0x* and 927 /97" are not each other’s inverse and there
is no Kronecker delta % to be extracted, whence the inequality. Note that the middle two
terms are actually triple sums, including the implicit sums on each of 7 and j.

Definition 3.7. The covariant and contravariant scalar products of two rank 2 tensors, S
and T, are defined as g*¢7'Sy,T;; and ;1,975 T* respectively.

Similar to the scalar product of two rank 1 tensors, these operations result in a scalar:
"' STy = STy = Sug™ ' Ty = ST = guguS7T".

Thus, the covariant and contravariant scalar products of two rank 2 tensors give the same
value and are collectively referred to simply as the scalar product.
In terms of the physical components, use equation 32 to write:

(i gzkngkl Jik git
Swﬂ ) J Sz T J 41
I L L N S =
H,_/R,_/

17kl
€y €(k) €j)" €0
=S:T = Z SunTiij) (last equality for orthogonal coordinates only),

Here, I use the “colon product” notation frequently used in vector algebra. If S and T are
matrices relative to an orthogonal basis, the colon product is simply the sum of the products
of the (i, )™ element of S with the (i, /)™ element of T, all “cross-terms” being zero. Note
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that if S (T) is the dyadic product of rank 1 tensors A and B (C and D), and thus S% = A'B’
(T;; = C;Dj), then we can rewrite equation (41) as:

SUT, = A'BIC;D; = (A'C;))(B°D;) = (A-C)(B-D) = S:T,
and, in “vector-speak”, the colon product is sometimes referred to as the double dot product.

Now, scalar products are operations on two tensors of the same rank that yield a scalar.
Similar operations on tensors of unequal rank yield a tensor of non-zero rank, the simplest
example being the contraction of a rank 2 tensor, T, with a rank 1 tensor, A (or vice versa).
In tensor notation, there are sizteen ways such a contraction can be represented: T A;,
T4 A, T A;, TyAl, AT, AT, AT, ATy plus eight more with the factors reversed
(e.g., T9A; = A;TY). Fortunately, these can be arranged naturally in two groups:

TIA; = TVA = g*TJA; = g*"T A = (T A (42)

AT — A’Tﬁ _ gjkAiTik _ gjkAiTik = ([f T)j, (43)
where, by example, we have defined the contravariant inner product between tensors of rank
1 and 2.

Definition 3.8. The inner product between two tensors of any rank is the contraction of
the inner indices, namely the last index of the first tensor and the first index of the last
tensor.

Thus, to know how to write AT ’j as an inner product, one first notices that, as written,
it is the last index of the last tensor (T) that is involved in the contraction, not the first index.
By commuting the tensors to get TijAj (which doesn’t change its value), the last index of the
first tensor is now contracted with the first index of the last tensor and, with the tensors now
in their “proper” order, we write down 7% A7 = (T - A)i. Note that (A-T) = A;T9 # AT
unless T is symmetric. Thus, the inner product does not generally commute: AT +T- A.

In vector /matrix notation, T - Ais the right dot product of the matrix T with the vector
ff, and is equivalent to the matrix multiplication of the m x m matrix T on the left with
the m x 1 column vector A on the right, yielding another m x 1 column vector, call it B. In
“bra-ket” notation, this is represented as T|A) = |B). Conversely, the left dot product, AT,
is the matrix multiplication of the 1 x m row vector on the left with the m x m matrix on
the right, yielding another 1 x m row vector. In “bra-ket” notation, this is represented as
(A|T = (B|.

The inner products defined in equations (42) and (43) are rank 1 contravariant tensors.
In terms of the physical components, we have from equations (29) and (32):

1

TijAj - TijAj - (T/Y)Z - hi (T'/Y)(i) - gjkTikAj (44)
Tiry Ay 1 ik 1 A
- Gik = Ty Ag) = — D _TunAy)€y) - €w)
]Zk P hoha hgy b ]Zk Phoyhay b Jzk Y

I ZT(ik)A(j)é(j) - e ( = ZT(U)A(J')>7 (45)
7k
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AT = AT = (A1) = —(A-T) = AlguT™ (46)

h(z’)

A( T(,ﬂ gk 1 b
“§: 2 §3A07%1h<%@ = T 2= Ao Twt) - éw
ik

L (AT = ZT(ki)A(j)é(j) e ( = ZT(jz‘)A(j))a (47)
ik

where the equalities in parentheses are true for orthogonal coordinates only. Note that the
only difference between equations (45) and (47) is the order of the indices on T.

3.3 Invariance of tensor expressions

The most important property of tensors is their ability to render an equation invariant
under coordinate transformations. As indicated after equation (12), each term in a valid
tensor expression must have the same free indices in the same positions. Thus, for example,
Ui ¥ =V} is invalid since each term does not have the same number of indices, though this

equatlon could be rendered valid by contracting on two of the indices in U: Uij’ =V,. Asa
further example,

T% = A’ Bu+C," D, (48)
is a valid tensor expression, whereas,
S = A?Bu+C,™ Dy, (49)

is not valid because k is contravariant in S but covariant in the two terms on the RHS.
Given the role of metrics in raising and lowering indices, we could “rescue” equation (49) by
renaming the index k£ in S to n, say, and then multiplying the LHS by g,. Thus,

g]mSZ-jnl = AijBkl + CmmjDikl, (50)

is now a valid tensor expression. And so it goes.

An immediate consequence of the rules for assembling a valid tensor expression is that it
must have the same form in every coordinate system. Thus and for example, in transforming
equation (48) from coordinate system 2’ to coordinate system i’ , we would write:

07" oxd 97+ 8:2’1’7; J 07" Oxd i ]rﬁxk, o -
Oxt 97 Oxk Oxt T KV 9pi 93TV Ok Ot
Oz™ dx™ 0 - 0T OTF 0TV -

= P / —_— Y ik
oxm ox™ oxi ™ oxt Oxk Ozl "
~———

Bklll

0:)5’” al'j 8:)5’“ 0:)51/ ~ sl v G~ ~ 151~
; . T'/]//_Ava//—C,m'yDi///):0.
dxi OFI' dx* Ot ( R i ERE T m w
Since no assumptions were made of the coordinate transformation factors (the derivatives)
in front, this equation must be true for all possible factors, and thus can be true only if the
quantity in parentheses is zero. Thus,
T/ Kl A Bk’l’ _I_C ’k;’l’ (51)

(3
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The fact that equation (51) has the identical form as equation (48) is what is meant by a
tensor expression being invariant under coordinate transformations. Note that equation (49)
would not transform in an invariant fashion, since the LHS would have different coordinate
transformation factors than the RHS. Note further that the invariance of a tensor expression
like equation (48) doesn’t mean that each term remains unchanged under the coordinate
transformation. Indeed, the components of most tensors will change under coordinate trans-
formations. What doesn’t change in a valid tensor expression is how the tensors are related
to each other, with the changes to each tensor “cancelling out” from each term.

Finally, courses in tensor analysis often include some mention of the quotient rule, which
has nothing to do with the quotient rule of single-variable calculus. Instead, it is an inverted
restatement, of sorts, of what it means to be an invariant tensor expression for particularly
simple expressions.

Theorem 3.3. (Quotient Rule) If A and B are tensors, and if the expression A = BT is
invariant under coordinate transformation, then T is a tensor.

Proof. Here we look at the special case:

The proof for tensors of general rank is more cumbersome and no more enlightening. Since
equation (52) is invariant under coordinate transformations, we can write:

o . o’ ox! » o' ozt ~
BT, = A, = =—A, = —B.T’, = — BT
kTR gk aFk Tt T gk gad
- (. ozt 0%t .
B (T, — i) =0
- : ( M9k Ox Z) ’

which must be true V B;. This is possible only if the contents of the parentheses is zero,
whence:

T = Oa* a_lej.
b 0pk Opd T
and T, transforms as a rank 2 mixed tensor. O

3.4 The permutation tensors

Definition 3.9. The Levi-Civita symbol, €7*, also known as the three-dimensional permu-
tation parameter, is given by:

1 for 4, j, k an even permutation of 1,2, 3;
eijp = €% = { =1 fori,j,k an odd permutation of 1,2, 3; (53)

0  if any of 4, j, k are the same.

As it turns out, €7* is not a tensor®, though its indices will still participate in Einstein
summation conventions where applicable and unless otherwise noted. As written in equation

8Technically, €7* is a pseudotensor, a distinction we will not need to make in this primer.
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(53), there are two “flavours” of the Levi-Civita symbol—one with covariant-like indices,
one with contravariant-like indices—which are used as convenient. Numerically, the two are
equal.

There are two very common uses for 7% First, it is used to represent vector cross-

products: L o
Ck = (A X B)k = EijkAZBJ. (54)

In a similar vein, we shall see in §5.5 how it, or at least the closely related permutation tensor
defined below, is used in the definition of the tensor curl.

Second, and most importantly, ;5 is used to represent determinants. If Ais a 3 x 3
matrix, then its determinant, A, is given by:

A = 6ijkA1iA2jA3k, (55)

which can be verified by direct application of equation (53). Indeed, determinants of higher
dimensioned matrices may be represented by permutation parameters of higher rank and
dimension. Thus, the determinant of an m x m matrix, B, is given by:

B = """ By By, ... By
where both the rank and dimension of €12+ is m (though the rank of matrix B is still 2).

. . . . 5 ~al

Theorem 3.4. Consider two 3-dimensional coordinate systems’, x* and ", and let J,z be
the Jacobian determinant, namely:

ozl 02l oal

931 012 0a3
— |9z 022 0x2

931 012 0a3

9z%  9z% 917

931 03  0a3

jm,:i = ‘8:’62

IfA and A are the same rank 2, 3-dimensional tensor in each of the two coordinate systems,
and if A and A are their respective determinants, then

Tos = \JA/A (56)

Proof. We start with the observation that:
gquA = SijkApiquArk, (57)

is logically equivalent to equation (55). This can be verified by direct substitution of all
possible cases. Thus, if (p,q¢,7) is an even permutation of (1,2,3), €, = 1 on the LHS
while the matrix A on the RHS effectively undergoes an even number of row swaps, leaving
the determinant unchanged. If (p, ¢, r) is an odd permutation of (1,2,3), £,, = —1 while A
undergoes an odd number of row swaps, negating the determinant. In both cases, equation
(57) is equivalent to equation (55). Finally, if any two of (p, ¢, ) are equal, €,, = 0 and the
determinant, now of a matrix with two identical rows, would also be zero.

9The extension to m dimensions is straight-forward.
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Rewriting equation (57) in the Z coordinate system, we get:

~ o~ ~ ~
Ep/q/,,./A = E,‘Z‘y k Ap’i’Aq’j’Ar’k’

v 0P 0x'  OQx? Ox’ Ox" Oz* 4
B R A Vi T R L T Vo
i ozt 0xd OxF oxP Ox? Ox"
B 0z 03 oiF TP TR g 9z 9
—
e jm,:i

where the under-brace is a direct application of equation (57). Continuing. ..

oxP 0z Ox”

= g A = EIFALA AL
EpgrA
ozP Oz¢ Ox"
= quTW@ﬁ’t :c,:?:A
5p’q’;’rjx,i

= ey (JTez)’A

= Eplq'r! (A — (jx’j)zA) =0 = jx,i = \/ A/A .

Theorem 3.5. If g = det g;; is the determinant of the metric tensor, then the entities:

1 ..
ijk. _
= —¢e’% €ijk = \/9 Eijks (58)
V9
are rank 3 tensors. €% and €;;; are known, respectively, as the contravariant and covariant
permutation tensors.

ciik

Proof. Consider é'7'% in the # coordinate system. In transforming it to the 2’ coordinate
system, we would write:

K 8:;" 8%? OxF _ Lgi’j’k’ 8# 8:6? Ot _ igijk Q _ igijk — ¢k
0% 017 97F /g 0x" 01" 0%, \/g 9 V9 ’

Eijij,i‘

using first equation (57), then equation (56) with A;; = g;;. Thus, €7* transforms like a rank

3 contravariant tensor. Further, its covariant conjugate is given by:

k k
€Epgr = gpigqjgrkeu = e Ipi9qiGrk = \/ggp(p“a
N—_— —

N
Epgry

and ,/gepqr is a rank 3 covariant tensor. O



4 Tensor derivatives

While the partial derivative of a scalar, 0f /dx", is the prototypical covariant rank 1 tensor
(equation 8), we get into trouble as soon as we try taking the derivative of a tensor of any
higher rank. Consider the transformation of dA*/dz7 from the z* coordinate system to ZF:

AP 07 0 (a:zp A,.) 027 93P 0A'  0ad 0%FP

074 039 9xd \ Oxi 979 Oxt O T O34 axjgxiA : (59)

Now, if 9A?/d27 transformed as a tensor, we would have expected only the first term on the
RHS. The presence of the second term means that A*/dz7 is not a tensor, and we therefore
need to generalise our definition of tensor differentiation if we want equations involving tensor
derivatives to maintain their tensor invariance.

Before proceeding, however, let us consider an alternate and, as it turns out, incorrect
approach. One might be tempted to write, as was [ in preparing this primer:

04" _ 9 (0w N\ _ OWOAT . 0 0 _ 0 0l 0A' . 0 03"
01~ 9m\dr' ) 0w 01 | 03907 O 03902 | O 0i1

As written, the last term would be zero since 9" /017 = 0%, and 96*,/ Oz = 0. This clearly
disagrees with the last term in equation (59), so what gives? Since 79 and z* are not linearly
independent of each other, their order of differentiation may not be swapped, and the second
term on the RHS is bogus.

Returning to equation (59), rather than taking the derivative of a single vector compo-

nent, take instead the derivative of the full vector A = A’e; (equation 36):

04 O(Ale;)  OAT e

Oz’ OxJ OxJ OxJ
The first term accounts for the rate of change of the vector component, A’ from point to
point, while the second term accounts for the rate of change of the basis vector, e;. Both
terms are of equal importance and thus, to make progress in differentiating a general vector,
we need to understand how to differentiate a basis vector.

4.1 “Christ-awful symbols” '

If e; is one of m covariant basis vectors spanning an m-dimensional space, then de;/dz7 is
a vector within that same m-dimensional space and therefore can be expressed as a linear
combination of the m basis vectors:

Definition 4.1. The Christoffel symbols of the second kind, Ffj, are the components of the
vector Oe; /0x relative to the basis e;. Thus,

(9ei

O’
10A tip of the hat to Professor Daniel Finley, the University of New Mexico.

= Iles (61)

21
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To get an expression for I' ﬁj by itself, we take the dot product of equation (61) with €’
(cf., equation 38) to get:
(9ei

oxJ

el = Ffj e, e = Fﬁj. (62)
5,
Theorem 4.1. The Christoffel symbol of the second kind is symmetric in its lower indices.

Proof. Recalling definition 3.5, we write:

Fl— 8ei.el:iaf’w 1 a aFw.elzﬁe‘j
* ox?

Ozl o0xI Oxt €= o0zt 0xJ

Definition 4.2. The Christoffel symbols of the first kind, I';;1, are given by:

Fijk = glkFl N Fﬁj = g”“FZ-jk. (63)

1)
Remark 4.1. It is easy to show that I';;; is symmetric in its first two indices.

A note on notation. For Christoffel symbols of the first kind, most authors use [i7j, k]
instead of I';;;, and for the second kind many use {le} instead of Fﬁj. While the Christoffel
symbols are not tensors (as will be shown later) and thus up/down indices do not indicate
contravariance/covariance, I prefer the I' notation because, by definition, the two kinds of
Christoffel symbols are related through the metric just like conjugate tensors. While it is
only the non-symmetric index that can be raised or lowered on a Christoffel symbol, this still
makes this notation useful. Further, we shall find it practical to allow Christoffel symbols to
participate in the Einstein summation convention (as in equations 61, 62, and 63), and thus
we do not enclose their indices in parentheses.

For the cognoscenti, it is acknowledged that the I' notation is normally reserved for
a quantity called the affine connexion, a concept from differential geometry and manifold
theory. It plays an important role in General Relativity, where one can show that the
affine connexion, Fﬁj, is equal to the Christoffel symbol of the second kind, {le} (Weinberg,
Gravitation and Cosmology, ISBN 0-471-92567-5, pp. 100-101), whence my inclination to
borrow the I'" notation for Christoffel symbols.

Using equations (62) and (63), we can write:

de; 06,-

Fijk = glkféj = glkel . 8—;1;'; = e - Eh (64)

Now from remark 3.4, we have g;; = e; - e;, and thus,

agij o ) % 8ei

8:):’“ = €; 8:):’“ —|—€j . % = iji "‘Fikj, (65)
using equation (64). Permuting the indices on equation (65) twice, we get:

agjk

= Dhij + Ljin. (66)
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1.2 .3
(', 2%,2%) | Toar T's31 T'iao Togo 339 33 I35 313 ['s23

(z,000) | O 0 0 0 —0 0 0 0 0
2 2 2
(r,9,¢) | —r —rsin®d r ro— % sin29  7rsin®yY % sin29  7rsiny % sin 20

[ Ty T 15, T Iy I3y I3, %
1 1
(27 9, SO) 0 0 0 0 —0 0 - 0 -
1 1 1 ¢ 1 ¢
(r,9,¢) | —r —rsin®y - —  —3sin20 — cot — cot ¥
r r r r

Table 4.1: Christoffel symbols for cylindrical and spherical polar coordinates, as given
by equation (68). All Christoffel symbols not listed are zero.

By combining equations (65) and (66), and exploiting the symmetry of the first two indices
on the Christoffel symbols, one can easily show that:

_ 1 agyk 8ka 892] . glk 8g]k 8gk2 8gw

For a general 3-D coordinate system, there are 27 Christoffel symbols of each kind
(15 of which are independent), each with as many as nine terms, whence the title of this
subsection. However, for orthogonal coordinates where g;; o d;; and g;; = h%i) = 1/¢", things
get much simpler. In this case, Christoffel symbols fall into three categories as follows (no
sum convention):

i 1 9gi; ..
Liji = guly;, = 2900 fori,j =1,2,3 (15 components)
Ty, = g0 = _109: fori #£j (6 components) (68)
nj 93t i 2 Oxi J
Lijr = gkkaj =0 fori#j#k (6 components)

In this primer, our examples are restricted to the most common orthogonal coordinate
systems in 3-space, namely Cartesian, cylindrical, and spherical polar where the Christoffel
symbols aren’t so bad to deal with. For Cartesian coordinates, all Christoffel symbols are
zero, while those for cylindrical and spherical polar coordinates are given in Table 4.1.

To determine how Christoffel symbols transform under coordinate transformations, we
first consider how the metric derivative transforms from coordinate system z* to zP. Thus,

OJpg O ( oz’ 8xj> _ Ogij 0xF 0z Oz 0*zx' O’ ox' 0%’

o5 05 \ 99 95 oz 00t 95 o ot T Wamamom T Yamozom O

Permute indices (p,q,r) — (q,7,p) = (r,p,q) and (i, 7, k) — (j, k,i) — (k,4,J) to get:
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OGqr _ Ogys. Ox' Ox) Oa* Pal gat  on) Pab

9ir O 07r 071 0% | 9 irom o7 | o5 omror (70)
0Grp  Ogyi Ox Oa* Oz 9%xk Ox' oxk  0%at

051~ 0xd 031 07 o7r | M ozaor oz | M oi ozeor (71)

Using equations (69)—(71), we construct I',,, according to the first of equations (67) to get:

= _ 1 dg, 0x" 02’ Ox" o O*xt Ozd N Ozt PP/
rir = 5\ oui 07r 079 05 V9 9oz 0 | Y 9z 97 oET
Ogi; Ox? Ox* 07 0’z Oxd oxt 0%l
g g 2
N R T i A T TR (72)
gy oz Ozt Oxd - xt Oxd B “8:6" 0%
oz* 07 07 071 T oo 00 VY 9z 07 0F )

where the indices in the terms proportional to metric derivatives have been left unaltered,
and where the dummy indices in the terms proportional to the metric have been renamed
¢ and j. Now, since the metric is symmetric, g;; = g;;, we can write the third term on the
RHS of equation (72) as:
or' Pa?  0x Pl 0 0P

Yip5a ozrozr Mozt 0arozr | U7 0p1 0irdar
where the dummy indices were once again renamed after the second equal sign. Performing
the same manipulations to the sixth and ninth terms on the RHS of equation (72), one finds
that the third and eighth terms cancel, the fifth and ninth terms cancel, and the second and
sixth terms are the same. Thus, equation (72) simplifies mercifully to:

- 1/0g;x  Ogr  0Ogi;\ Ox' 927 Ox* N ox? 0%
var = 5\ 0xi " 0w7 02k ) 0av 031 0ir | U 0ar 0r0i
0z Ox7 Ox* N or? 0%t
R R Ea e

and the Christoffel symbol of the first kind does not transform like a tensor because of
the second term on the right hand side. Like the ordinary derivative of a first rank tensor
(equation 59), what prevents I';;; from transforming like a tensor is a term proportional to
the second derivative of the coordinates. This important coincidence will be exploited when
we define the covariant derivative in the next subsection.

Finally, to determine how the Christoffel symbol of the second kind transforms, we need
only multiply equation (73) by:

(73)

ors _ 07" 0T
7 9k ol
to get: ‘ ' ’ '
fis , 02t 029 o2k 0z 07° ;029 07" 0% 0%t
= Y a, 90 An 9 Gij o= POy
pq J D q r k l r k l P A)q
oxP 0x1 01" Ox* Ox ox" Oz Ox! 0xPOT
1 5jk
—_———
Gik
—_———

&
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N f;q _ ox' 0 075  0F° O*at

i 977 974 0l | 92l 07r0F” (74)

Once again, all that stops Fﬁj from transforming like a tensor is the second term proportional
to the second derivative.

4.2 Covariant derivative

Substituting equation (61) into equation (60), we get:

dxi — Ox i dri
where the names of the dummy indices ¢ and k£ are swapped after the second equality.
Definition 4.3. The covariant derivative of a contravariant vector, A’, is given by:

i oA’ i Ak
VA" = 907 + I A%, (76)
where the adjective covariant refers to the fact that the index on the differentiation operator
(7) is in the covariant (lower) position.

Thus, equation (75) becomes:

A .

Thus, the ™" contravariant component of the vector 8@/ Ox7 relative to the covariant basis
e; is the covariant derivative of the i contravariant component of the vector, A?, with
respect to the coordinate z7. In general, covariant derivatives are much more cumbersome
than partial derivatives as the covariant derivative of any one tensor component involves
all tensor components for non-zero Christoffel symbols. Only for Cartesian coordinates—
where all Christoffel symbols are zero—do covariant derivatives reduce to ordinary partial
derivatives.

Consider now the transformation of the covariant derivative of a contravariant vector
from the coordinate system ' to ZP. Thus, using equations (59) and (74), we have:

Al

02 0P DA N oxl 9*zP At (1 Ox? Oz* 0P N ozP 9%z' \ 01"
= 974 02 927 | 039 02i DT i* 954 07" 01 | 9 07197 ) O
Ou 03P AT . Oud 00 Ot 9T . O O%F . 9w Ot 05
= 4T : ! A : Al
051 9zt 9w T ¥ 974 0t 97 02l T 054 0widni s | 9 07907 Ol (78)
k
0%
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Now for some fun. Remembering we can swap the order of differentiation between linearly
independent quantities, and exploiting our freedom to rename dummy indices at whim, we
rewrite the last term of equation (78) as:

oxP 0" 0 8xiAl ozP 0 8xiAl _ ( 0 {8&” 8:6’} oz' 0 8:EP)AI

oxt 0zl 07 074" Oxt Ol OF 0zl| 0zt 074 | 039 02! O

0
_(09F oxt P\, 0a) O
 \oFloze 959 9o B

)

039 0zioxt

where the term set to zero is zero because 9 /07? = ¥, whose derivative is zero. Thus, the
last two terms in equation (78) cancel, which then becomes:

oxd 0zP [ OA oxd 0P -

A~ : — + Z'kAk = —~—.VjAZ,

0z 0xt \ OxJ J 011 Ox'

and the covariant derivative of a contravariant vector is a mixed rank 2 tensor.

Our results are for a contravariant vector because we chose to represent the vector
A = A’e; in equation (60). If, instead, we chose A = A;e’ , we would have found that:

A0 —

i
Oe -
oxd

instead of equation (61), and this would have lead to:

Definition 4.4. The covariant derivative of a covariant vector, A;, is given by:

0A;
oxJ

In the same way we proved V;A’ is a rank 2 mixed tensor, one can show that V;A;
is a rank 2 covariant tensor. Notice the minus sign in equation (80), which distinguishes
covariant derivatives of covariant vectors from covariant derivatives of contravariant vec-
tors. In principle, contravariant derivatives (V7) can also be defined for both covariant and
contravariant vectors, though these are rarely used in practise.

A note on notation. While most branches of mathematics have managed to converge to
a prevailing nomenclature for its primary constructs, tensor calculus is not one of them. To
wit,

— A, (80)

VA = Ay = Aijy = Ailj,
are all frequently-used notations for covariant derivatives of covariant vectors. Some authors

even use A;; (comma, not a semi-colon), which can be very confusing since other authors
use the comma notation for partial derivatives:

0A;
oxi”
In this primer, I shall use exclusively the nabla notation (V;A;) for covariant derivatives,
and either the full Leibniz notation for partial derivatives (9A;/0x7) as I have been doing so

far, or the abbreviated Leibniz notation (0;A4;) when convenient. In particular, I avoid like
the plague the semi-colon (A4; ;) and comma (A; ;) conventions.
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Theorem 4.2. The covariant derivatives of the contravariant and covariant basis vectors
are zero.

Proof. Starting with equation (76),
V,e' = 9;€ +F§-kek = 0,
from equation (79). Similarly, starting with equation (80),
V,e; = Oje; —Ffjek =0,
from equation (61). O

Covariant derivatives of higher rank tensors are often required, and are listed below
without proof. Covariant derivatives of all three types of rank 2 tensors are:
VT = 9T + T}, 7% + 14,17

T contravariant); 81

VT = 0T, + 1, T% =TT, T mixed); 82

( (81)
( (82)
ViT,) = T —T¢T,7 +T5. T, (T mixed); (83)
Vilij = 0Ty — U 1oy — Uy T ( (84)

T covariant). 84

More generally, the covariant derivative of a mixed tensor of rank p + ¢ = n is given by:

jl---jq _ jl---jq le jl---jq « jl---jq
vail...ip - asz'l...z',, - kilToc,ig...ip e T sz’pTil...z‘ﬂa
(85)
J1 @,j2.--Jq Ja J1-Jgaa
_I_ Fkaj—‘il...ip + te _I_ Fkaj—‘il...ip ‘
In general, a covariant derivative of a rank n tensor with p covariant indices and ¢ contravari-
ant indices will itself be a rank n + 1 tensor with p 4+ 1 covariant indices and ¢ contravariant

indices.

Theorem 4.3. Summation rule: If A and B are two tensors of the same rank, dimension-
ality, and type, then V;(A + B) = V;A + V;B, where the indices have been omitted for
generality.

Proof. The proof for a general tensor is awkward, and no more illuminating than for the
special case of two rank 1 contravariant tensors:

V(A + B) = 0;(A7 + BY) + T (A* + BF) = (9,A7 + T A*F) + (0,B° + T, B)
= VA’ +V,B. O

Theorem 4.4. Product rule: If A and B are two tensors of possibly different rank, dimen-
stonality, and type, then V;(AB) = AV;B + BV,A.

Proof. Consider a rank 2 contravariant tensor, A% and a rank 1 covariant tensor, B;. The
product A% B; is a mixed rank 3 tensor and its covariant derivative is given by an application
of equation (85):
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Vi(AB)) = 0i(A™By) + T}, A B + Tk, A B — T3 A7 B,
= ATOBy + B, A + BT, A + B, A7 — TS B,
= AM(0,Bi = T4B.) + Bi(9 A7 + T, A + T}, 47%)
= AV,B, + BV, A,

The proof for tensors of general rank follows the same lines, though is much more cumbersome
to write down. O

Theorem 4.5. Ricci’s Theorem: The covariant derivative of the metric and its inverse
vanish.

Proof. From equation (84), we have:
Vigi; = Ogis — Uida; — T%i9ia = Okgis — Thiz — Ty
1 1
= Okgij — §(akgij + 0igjr — 0jGri) — 5(31@%@' + 0;gir — Oigrs) = 0,

owing to the symmetry of the metric tensor. As for its inverse, g, we first note from equation
(83) that: ' _ ' ' ' '
Vb = kb —T350, + 17,6, = 0T, +17,; = 0,

(2

= Vk(gmgaj) = Vkél] =0
. ) 0 )
= 9aVig™ + 9V = GiaVig™,

using the product rule (Theorem 4.4). We can’t conclude directly from this that Vg* =
0 since we are not allowed to “divide through” by a tensor component, particularly one
implicated in a summation. We can, however, multiply through by the tensor’s inverse to

get:
= "0 Vig¥ = ¢7(0) =0 = Vig¥ =0. O

e~

5P
This is not to say that the metric is a constant function of the coordinates. Indeed,
except for Cartesian coordinates, 0yg;; will, in general, not be zero. The covariant derivative
not only measures how functions change from point to point, it also takes into account

how the basis vectors themselves change (in magnitude, direction, or both) as a function of
position, and it is the sum of these two changes that is zero for the metric tensor.

«

Corollary 4.1. The metric “passes through” a covariant derivative operator. That is:
VkTZJ = ngajTia = gaijTm.

Proof. From the product rule for covariant derivatives (Theorem 4.4),

) ) ) 0 )
Vidai T = 0jaViT™ + TVoigay = 90, ViT™,

as desired. The same can be shown for the metric inverse, g%. O
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Now if one can take a covariant derivative once, second order and higher covariant
derivatives must also be possible. Thus and for example, taking the covariant derivative of
equation (76), we get:

ViV A=V A" = V(9,4 +T5,A%) = VB!
= OuB =T ,By +T}3B/
= Op0; A" + O (T4, A%) = T (0 A" + Ty A%) + T} 5(0;A° + T, A%)
= 0jp A’ + T O A” — T 0, A + T}, 0 A% + A*(04T%, — T + Thsl),  (86)

not a pretty sight. Again, for Cartesian coordinates, all but the first term disappears. For
other coordinate systems, it can get ugly fast. Four of the seven terms are single sums,
two are double sums and there can be as many as 31 terms to calculate for every one of
27 components in 3-space! Aggravating the situation is the fact that the order of covariant
differentiation cannot, in general, be swapped. Thus, while 9;;, A" = d; A’ so long as 27 and
z¥ are independent, V;;,A® # Vi, A’ because the last term on the RHS of equation (86) is
not, in general, symmetric in the interchange of j and k.

1Note, however, that all other terms are symmetric (second and fourth together), including the fifth term
which can be shown to be symmetric in j and k£ with the aid of equation 62.



5 Connexion to vector calculus

For many applications, it is useful to apply the ideas of tensor analysis to three-dimensional
vector analysis. For starters, this gives us another way to see how the metric factors arise in
the definitions of the gradient of a scalar, and the divergence and curl of a vector. More im-
portantly, it allows us to write down covariant expressions for more complicated derivatives,
such as the gradient of a vector, and to prove certain tensor identities.

5.1 Gradient of a scalar

The prototypical covariant tensor of rank 1, 0;f whose transformation properties are given
by equation (8), was referred to as the “gradient”, though it is not the physical gradient
we would measure. The physical gradient, V f, is related to the covariant gradient, 0; f, by
equation (31), namely (V f)u) = (0:f)/h) for orthogonal coordinates. Thus,

1 1 1
Vf = o f, 0 f, aif). 87
f= (G0t ot o) (1)

For non-orthogonal coordinates, one would use equation (30) which would yield a somewhat
more complicated expression for the gradient where each component becomes a sum.

5.2 Divergence of a vector

Consider the contraction of the covariant derivative of a contravariant vector,
ViA" = A +TLA. (88)
Now, from the second of equations (67),
Uy = 59" 0igjn + 0596 — Okgij) = 5(9™0igsn + 9" 0595 — 9" ki)

= %(gkiﬁigjk + gkiajgk,- — gikﬁigkj) (swap dummy indices in 3*¢ term)

= %(gki&'gjk + gkiﬁjgki — gki&-gjk) (symmetry of metric in 3'¢ term)

= 2 9"0;9u.
Thus, equation (88) becomes:

. . At
VAT = 9, A" + 7gﬂ’“8igjk, (89)

where the dummy indices have been renamed in the last term, which is a triple sum. We
will simplify this triple sum considerably by what may seem to be a rather circuitous route.

Theorem 5.1. (Jacobi’s Formula) Let Q);; be a rank 2 covariant tensor of dimension m (and
thus can be represented by an m x m matriz), and let ) = det(Q;;) be its determinant. Let

30
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Q7" be the cofactor of Qi;*?, and thus as a matriz, Q7" is the transpose of the cofactors of
Qi;*. Then, )
0kQ = Q"0,Q;; Jacobi’s formula, (90)

where the double sum yields the trace of the product of the matrices Q' and 9y Qi;.

Proof. @) can be thought of as a function of the matrix elements, @);;, and thus we have by
the chain rule:
0Q

ang

a double sum. Now, Laplace’s formula for computing the determinant is:

akQ - 8kQ2j7 (91)

Q = ZQikai for any ¢ = 1,...,m (no sum on 7)

k=1

9Q o Qi i HQki
90, 8%2@’ Q" = Z(a@ug +Q’k8Qw) (92)

Now, 0Qix/0Qi; = 5,3 since the matrix elements are independent of each other. Further,
09" /9Q;; = 0 since the cofactor Q* includes all matrix elements other than those in column
i and row k and must therefore be independent of (;; which is an element in the i column.
Thus, equation (92) simplifies to:

25 ]le _ Q]z

8%

Substituting this result into equation (91) gives us our desired result. O

Now, if Q;; = g,j, the metric, equation (90) becomes:
g = gjiakgija (93)

where g = det(g;;) and G’" is the cofactor of g;;. By a variation of Cramer’s rule, the inverse
of gj, let us write it as ¢’* (equation 20), is given by:

gﬂ' — lgji = gji — ggij
g
since g% is symmetric. Substituting this into equation (93) gives us:

. ) 1
hg = 9970kg;; = ¢"0gm = ;32'9,

12Ty matrix algebra, the cofactor of the ijt" matrix element is what one gets when the i*" column and j**
row are struck out, and the resulting m—1 x m—1 matrix is multiplied by (—1)**7.
1397% is known as the adjugate of Q;;.
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taking the liberty once again to rename the indices. We substitute this result into equation
(89) to get:
VAl 6Ai+Ai18 QA + Al L 0in/g L di(\/gA") (94)
A =0 5. 0id = 0 —0ivg = —=0i\vg4a ).
29 VY VY

The final equality is known as the Voss-Weyl formula, and finally brings us to the purpose
of this subsection. For orthogonal coordinates only, g;; is diagonal and /g = hq)yh@)hs).
Thus, with the aid of equation (29), equation (94) becomes:

. 1 .
Vidl = 8 (h by h A’
b OO

95)
1 > hayhoyh - (
Zai( © (2) 3) 4(2,)) — VA

recovering the vector calculus definition of the vector divergence in orthogonal coordinates.

5.3 Divergence of a tensor

Definition 5.1. The divergence of a contravariant tensor, T, is the contraction of the co-
variant derivative with the first index of the tensor, and is itself a contravariant tensor of
rank one less than T. Specifically, for a rank 2 tensor, we have:

(V-TY = V.17, (96)
with similar expressions applying for tensors of higher rank.*

Thus, the physical component of the tensor divergence is, by equation (29),
(VT = hp(V-T) = hViT™. (97)

Now, by equation (81), we have:
VT = 9T + T, TH + T3, T* = 7 i (\/gT™) + T, T*, (98)

using the Voss-Weyl formula (equation 94) on the first two terms of the middle expression.
For the last term, we start by examining the j = 1 component:
DLT™® = DL T 4 DT 4 DL TY + T}, T2+ TLT% + TLT® + T, 7%
~— ~—

4 TL73 4 L7 I I

14The definition in equation (96) agrees with Weinberg ( Gravitation and Cosmology, ISBN 0-471-92567-5,
page 107, equation 4.7.9) and disagrees with Stone & Norman, 1992, ApJS, vol. 80, page 788, where they
define (V-T) = V,;T%. Thus, Weinberg contracts on the first index of T (in keeping with the ordinary rules
of matrix multiplication) while SN contract on the second, and these are the same only if T is symmetric.
Further, SN seem to have a sign error on the leading term of the second line of their equation (130), and
similarly the second/third leading term of the second line of their equation (131)/(132).
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given the symmetry of the first two indices on the Christoffel symbols. Now from equation
(32), we have T(;,) = h(i)h(k)Tik. Further, if we assume orthogonal coordinates (as we do for
the remainder of this section), we can use equation (68) and remark 3.1 to write:

; 1 . ; hx . ; S
h) i)
Whence,
. O1hoy T, Oxh T Osh T Osh T
Filszk _ i) £ L2 (1 +a2 NG (1 +a3) L2 (1 +£(21)

hay hiy  hay hwhey  hay bk hay heyha)
T, Oshy T, h T,
. e

(1) (2) 1 ) (1) (3)

1 (T T T
Tk ( C0ih(y — 5 2 Oihe — 7 ik
hqy h(2) hz)

which, for any j, may be written:

. 1
PV N ((T(m +Tiij)) Ohy) — T(z'n@jh(i))- (99)
i g

This is identically zero if T is antisymmetric, as expected since ng is symmetric in ¢ and k.
Note that the dummy indices ¢ on each side of equation (99) are unrelated.
Next, in analogy to equation (95), we write:

1 y 1 hayhe h)
(T = ai<7T, , (100)
V9 Ve hayhehe) Z hayhg,

again using equation (32). Substituting equations (99) and (100) into equation (98), and

then substituting that result into equation (97), we get our final expression for the physical
component of the divergence of a rank 2 contravariant tensor:

h) <h<1>h<2>h(3> )
V-T). :7’2:&- OCIEOY
VO = b ,- hohg

. (101)
+ Zh(j)h(i)(( Gi) + Tip) Oihiy) — TanOsh)

5.4 The Laplacian of a scalar

In vector notation, the Laplacian of a scalar, f, is given by:

Vif =V.Vf,
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and thus the Laplacian is the divergence of the vector Vf. Now, §5.2 defines the tensor
divergence as an operator acting on a contravariant vector, V¢ whereas §5.1 defines the
gradient as a covariant vector, J;f. Thus, to turn the tensor gradient into a contravariant
vector, we need to multiply it by g%, whence:

V2 = Vi(g"0;f) = —= 0:(\/99" 8, [). (102)
V9
Once again, for orthogonal coordinates, ¢ = ha;h&%éij and /g = hah@h). Thus,
equation (102) becomes:

3
V2f = h(1 Z &(

=1

BLEPY f) (103)
G

5.5 Curl of a vector

Consider the following difference of covariant derivatives of a covariant vector:

because of the symmetry of the lower indices on the Christoffel symbol. Thus, 0;A4; — 0;A;
forms a tensor. By contrast, note that in

the Christoffel symbols do not cancel, and thus @-Ai — 9;A7 does not form a tensor.

Now, while the construct 9;A4; — 0;A; is highly reminiscent of a curl, it cannot be what
we seek since the curl is a vector (rank 1 tensor) with just one index, while 0;4; — 0;A4; is
a rank 2 tensor with two indices. To form the tensor curl, we use the permutation tensor
(equation 58) in a similar manner to how cross products are constructed from the Levi-Civita
symbol (equation 54).

Definition 5.2. Given a rank 1 covariant tensor, A;,

1

g

is the contravariant rank 1 tensor curl.

By inspection, one can easily verify that in the implied double sum, all partial derivatives
of A; appear in differences, each being the component of a tensor by the opening argument.
Since €% is a component of a rank 3 contravariant tensor, then C* must be a tensor too.
Thus, tensor curls are rank 1 contravariant vectors created from rank 1 covariant vectors.

To get the physical curl, we use equation (29) to get C* = Cy/hy (valid for all
coordinate systems) and equation (31) to get A; = A(;)h(;) (valid for orthogonal coordinates
only), and substitute these into equation (104) to get:

h )
WN" kg, (hiyy Ay)

Cuwy = N
i
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1
= Ay) — A
= C (h(2)h(3 (02(h(3) (3)) (93(h(2) (2))) ,

1!

)
1
T (33(h(1>A(1)) - (91(h(3>A(3>)>> (105)
1 .
A1 (hin Ar) — O (hipy A —VxA
h(l)h@)( 1 (h@2)A)) — Oa(hq) (1>)>)

the vector calculus definition of the curl for orthogonal coordinates.

5.6 The Laplacian of a vector

The Laplacian of a vector, V%T, can be most easily written down in invariant form by using
the identity:
VZA = V(V-A) -V x (V x A), (106)

and using the invariant expansions for each of the gradient of a scalar (equation 87), diver-
gence of a vector (equation 95), and the curl (equation 105).

5.7 Gradient of a vector

The covariant derivative of a covariant vector, known in vector calculus as the vector gradient,
is given by equation (80), reproduced below for convenience:

where G;; is a rank 2 covariant tensor. To express this in terms of physical components, we
restrict ourselves once again to orthogonal coordinates, where equation (31) = A; = h¢; A
and equation (33) = Gi; = h;)h(;)Gij). Substituting these into equation (80), we have:

1 —
= DA % by A = (VA) . 1
Gij) h(i)h(j)( ") E Thh <k) (VA) iy (107)

Now, for orthogonal coordinates, the Christoffel symbols simplify considerably. Substituting
the results of equation (68) into equation (107), we get for the (11) component:

1
(VA ay = 75 (Oi(hyAw) — ThhwAg) — Tl Ae) — Thhe Ag)

2
Iy
1
(1)
1 1
— Aqgyhq) Ealgll + Ag) h(2)2—32911 +A(3)h(3)2—53911)
1
= hT<h(1)alA(1) +A(1)81h(1) 81h —G—A@ h—(?gh(l +A(3 h (%,h )
(1) (3)
hoAg) — Agdihey 1 (Ag Aw)
= oih 2@ g,n 26 g,
Iy Ty Uy O h(z 0T )
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Awy 1
— —A.
o ( hqy ) hqy Vi

For the (12) component, we get:

ﬂ 1
(VA) ) = i (01(h@2)A) — TishayAq) — Diah@ Ay — Dishe As)
—1<haA+Aah Ahla Ah18>
h(1)h(2) (2)0144(2) (2)011(2) (1) 1(1) 2911 2911 2) (2)2922 1922
1
= i (hOh A) + Aydriie) — A dahy — Ay
1
i <81A2 _ —agh(l)

Evidently, all components of VA may be written as:

A

ai( () 1AVh(Z i =g
- h( h(z

(VA)ay = (108)

1
8A ) N
h(l < v h(]

For ease of reference, the main results of this section are gathered with their equation num-
bers. If f, A, and T are arbitrary scalar, vector, and contravariant rank 2 tensor functions
of the orthogonal coordinates, we have found:

5.8 Summary

vi= <h31) A hl) o hi,,) 83f) | (87)
Vi = m Z &(%Z’h@&f) (103)
VoA = —m— h; e > ai(ih(”iii;h(g’ Am); (95)
VA= (h(2>1h(3) (0205 Acw)) = B3y A)) h(g)lh(l) (5(hn Ac) = Bulhsy ),
h(l)lh(z (5’1(h<2>A<2>) —52(%)/1(1))) ; (105)
. &(21((;) +%A Vha, =17,
(VA) ) = (108)
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hg) (hu)h(z)h(3> )
V-T)y = — D N7 g (20N
VDo) hayhehe Z hahg

1
+D ((Tm‘) + Tiij)) Oihg) — T(iz')ajha))-
(»he)

i

(101)

For non-orthogonal coordinates, these expressions become rather more cumbersome.

5.9 A tensor-vector identity

A useful relation in vector calculus, particularly for extending the ideal fluid equations to
include viscous stresses, is the following:

Theorem 5.2. If T is a rank 2 tensor and A is a vector (rank 1 tensor), then, in terms of
their physical components:

V- (T-A) =T:VA+(V-T)- A (109)

Implicit in this identity are the definitions of the “dot” product between two vectors, the
“dot” product between a vector and a rank 2 tensor, and the “colon” product between two
rank 2 tensors (§3.2). With these in hand, the proof of the theorem is a simple matter of
bringing together the relevant bits from this primer.

Proof. Start with Theorem 4.4, the product rule for covariant differentiation. Thus, if B! =
T94;, then, | ) ) )

VZ'BZ - VZ‘(TWAJ‘) == T”VZ-A]- —i—AjVZ-T”. (110)
Now, from equation (95), V;B" = V-B , where B is the ordered triple of physical components.
From equation (42), we have B* = T%A; = (T - A)* (the right dot product), and thus:

V.B' = V- (T-A). (111)

Next, T% is a rank 2 contravariant tensor, V;A; is a rank 2 covariant tensor and, according
to equation (41),

TY(V;A;) = T: VA, (112)
Finally, according to equation (96), V,7% = (V - T')? and, by equation (40), A;(V -T)7 =
A-(V-T). Thus,

AV T = A-(V-T). (113)
Note the right hand sides of equations (111), (112), and (113) are all in terms of physical
components. Substituting these equations into equation (110) proves the theorem. O

For orthogonal coordinates, we can confirm this identity directly using the results from
§5.8. Start with the LHS of equation (109) by substituting equation (45) into equation (95):

-, 1 hlhghg hlh2h3
(T-A T..A T A 114
Vo (T-A) = hlhzhgza< =7 ) hlh2h320< - ) (114)




CONNEXION TO VECTOR CALCULUS 38

With the understanding that all components are physical components, we drop the paren-
theses on the subscripts for convenience.
Now, using equation (41) we write:

T:VA= ZTU ZTM VA + Y Ty(VA),
i#j
22 ﬂ EA
—Z(Tn&( ) thah> ;(EJ@AJ- h]hah)

using equation (108). Then, from equation (101) we have:

hihohs A,
v A= Z h1h2h3 Za ( Zj) T - hih; <(Tﬂ + Tij)ﬁihj - Tuﬁﬂu).

Thus, the RHS of equation (109) becomes:

T:fo+(V~T)~fT: aA ZT“A Z

Phahs AT,
T Yy
2 Zhthhg < hah, 9) T2 yn,

- AT”ah -y

hjh;

Z “aA
Ajhj hlhghg
+ ;hlhzhga’( hh L

Ash; . (hihohs T; AT,
- T.. ZY 9 A, "
Z [h1h2h30< ik, ,j) + & i+ h] d;h;

Z”(9h

1;
hhf)‘(A i)

— 1 hihohs hihshs
- hlhzh?’%: [A]hjﬁl< hih; TZ]) T hih; T 82(14]}%)}

1 hlh2h3
- m%:&< hilrl Ti;A; ) LHS (equation 114).



6 Cartesian, cylindrical, spherical polar coordinates

Table 3.1 in the beginning of §3 gives the scale factors, h(;, for each of Cartesian, (z,y, 2),
cylindrical, (z, o, ¢), and spherical polar, (r,¥, ), coordinates. Restricted to these coordi-
nate systems, hg is a separable function of its arguments, and we can write hg(z1,x9) =
hs1(z1)hs2(x2), dropping the parentheses from all subscripts now that everything is being
expressed in terms of the physical components. The scaling factors then become:

hl = 1, all;
1, Cartesian and cylindrical,
h2($1) = h31($1) = . Y
Ty =T, spherical polar;
1, Cartesian,
hsa(z2) = < 9 = 0, cylindrical,

sinxo = sint}, spherical polar.

With this, the six tensor constructs in §5.8 can then be written in their full gory detail as:

1 1
Vf = |0f, —0f, —0sf ); (115)
ho hs
1 1
Vi = hzhslal(hzhm@lf)+%32(h3282f)+h_§8§f§ (116)
VA= 01 (hahs1 Ay) + Oa(hpAo) + + 831437 (117)
h2h31 2h32
- 1 1
Vx A= O (hisn ) — 03 Ay, Dy Ay — —— 0, (it As). (91 (hoAs) — DA ) ): (118
(s Oathiade)— 00, 00— OuChaa ). 1 (@ As) ~02) ) (115)
[ 01A1 01/12 a1143 ]
1 1
Vg: h—2(02A1—A281h2) h—2(82A2+A101h2) h—282A3 : (119)
1 3 1 Ag 1 1 A2
—O03A; ———01h3; —03A5— Oshgy —03A3+—01hs+ Osh
| 7, O g Oan g Os e = e Dol g Os Ay g Oy 57 O |
1 T T33
V-T= 01 (haohs T Oa(h3aTs1) + 0T— —01hy — —=01hs1,
<h2h31 1 (haha1Thh) + . 5 (h32T1) O3t = g Ohe =5 Oty
Ty +Tho 133
—0hT 0hT—|—({3T—|—70h— Oshsa, (120
o 1(hs1The) + h2h32 5 (h32T52) el I the = 4o el (120)
T3+ Tis T35 + To3 )
—0 hoT —l——@T —l——aT + ———"01h3; + ———05h
I 1 (hoThs) P oo 1h31 Tl 02152
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6.1 Cartesian coordinates

In Cartesian coordinates, equations (115) — (120) become:
Vi = (0:1,0,f,0.f);
Vif = Rf+Of+ 3
VA= 0,A,+0,A,+0.A,;

V X A' = (ayAz — 82Ay, 82Ax - 8xAZ7 8mAy - ayAx)’

O, Ay 0,A, 0.A.
VA = |9,A, 0,4, 8,A.|;
8.4, 0.4, 0.A.
VT = (0,Th0 + 0,Tys + 0.Ter, 0Ty + 0,y + 0.T.y, 0T, + 0T, + 0.7T..).

6.2 Cylindrical coordinates

In cylindrical coordinates, equations (115) — (120) become:
1
vf = <azf7 8gf7 Eagof) )
Vif = 02 18 0, ! O f;
f_ zf+59(ggf)+? gof?
- 1 1
V- A= 8ZAZ + EQ,(QAQ) + 58¢A¢;

1
VXA = (% (aQ(QA@) — &PAQ)? Ea@Az - azAgm azAQ - aQAZ) )

0, A, 9.4, 0: A,
V/T = 89‘42 89‘49 agAso :
1 1 1
“0,A. —(0,4,— A) =(0,A4,+ A,)
0 0 0
1 1 1 1 T
VT = (&szz + Eﬁg(ngz) + 58@T§027 aszg + Eag(Qng) + EaeoTsog - %7

1 Ty + 1T,
0:Top + 0, Tp + EasoTw + %) :
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6.3 Spherical polar coordinates

In spherical polar coordinates, equations (115) — (120) become:

1 1
Vf = (ar.fa ;aﬁfa magof) )

1 1 1
20— 29 (r20, . 2 r.
Vef 728 (r<o.f) + - Sinﬁ&y(sm Oof) + TanZy sin2198“"f7
VoA = 10.074,) + ——0,(sinvAy) + ——0, A
= R\ T g O Y sing T
VxA= 1 (0(‘19A)—0A);014—18(7’14)1(8(7’14)—814 :
= \Fsing PO Pl ging P Vel AP )
0, A, 0, Ay 0, A,
1 1 1
V/_f _ ; (8,9/1,, — A,g) ; (019/1,9 + Ar) ;%ASD ;
1 A 1 A 1 A Ay
— 0,A, — =2 Ay — L oA, + ==
rsinﬁaso " r rsind 2" rtand  rsind 7 o r +rtan19
1 . 1 Ty + T,
T = [ =0,.(7*T Ty,) + ——0,T,, — ——£,
v (728,,(7’ )+ 7"sin15‘a’9(sum9 or) + rsing * ¥ r
1 1 . 1 Tﬁr“‘Trﬁ Tcpcp
- O _
T&,(Tng) + rsin 198,9(811119719,9) * 7 sin 190“0 w0+ rtand’
rﬁr(rTr@) + rﬁﬂTw + rsin ﬁﬁwTw + + rtand
B 1 1 0Ty — Tog — Tpy  Tir
= (O ST g T

Y

2Tr19 + Tﬁr T1919 - Tcpcp
+
r rtand

1 1 2T,, + T, Ty, + Ty
T —0yT, —0,T, i Ll 4 ).
0 SO—i_raﬁ W—i_rsinﬁaw oo T T +

1 1
1 —0yT, —0,T.
0 ﬁ—i_raﬁ M—i_rsmﬁa@ o0 T

rtand



7 An application to viscosity

The equations of viscid hydrodynamics may be written as:

0
a—': + V- (p?) = 0; continuity
a§ — — 3 )
e +V.(8V) = =Vp+V-T,; momentum equation
ov L1 .
5t +(0-V)T = =(=Vp+V-T); Euler equation | (121)
p
der - — . )
oL +V-((er+p)v) = V- (T-0); total energy equation
Oe . . . ) .
— +V-(e¥) = —pV -0+ T:V0, internal energy equation )

where one uses one of the momentum and Euler equations, and one of the total and internal
energy equations. Here, p is the density, ¢ is the velocity, § = pv is the momentum density
(and §7 is the dyadic product of § and ¥; definition 2.3, equation 13), e is the internal energy
density, p = (v — 1)e (ideal equation of state) is the thermal pressure, and ey = %pv2 +e
is the total energy density. See equation (41) for a reminder of the “double dot” or “colon”
product convention (e.g., last term in the internal energy equation).

As for the viscid variables, T is the viscous stress tensor (units Nm~2), given by:

T=(u+m+pu)S; S=Vi+(Ve) —2v.7l, (122)

where S is the shear tensor (units s71), | is the identity tensor, the superscript T indicates
the transpose, and p is the coefficient of shear viscosity (units Nm~2s), a physical property
of the fluid. As defined, S and therefore T are symmetric.

For numerical applications in which the fluid variables are resolved on a discrete grid of
small but not infinitesimal zones, most (M)HD codes are designed with an artificial viscosity,
which helps stabilise the flow in stagnant regions and at discontinuities (shocks). These are
respectively mediated by the linear and quadratic coefficients 1 and pq given by:

= qlpes;  pq = —gl’pmin (0,V - 7), (123)

where ¢; and ¢y (corresponding to %qlin and %qcon in ZEUS') are unitless parameters
(typically 0.1 and 1 respectively), [ is the zone size (maximum of the three dimensions), and
¢s = \/7p/p is the adiabatic sound speed. Note that the “min” function means f is positive
and that the quadratic viscosity is applied only in regions of compression (e.g., shocks).
This form of the artificial viscosity (identical to the physical viscosity other than the
coefficients) is called the tensor artificial viscosity and is due to W.-M. Tscharnuter & K.-H.
Winkler (1979, Comput. Phys. Comm., 18, 171; TW). It differs from the more often-followed

157EUS and, in particular, ZEUS-3D is an astrophysical computational fluid dynamics code that I and
others developed in the late 80s and early 90s, and which I have continued to develop since. The latest
version and full documentation is freely available for download and use at http://www.ica.smu.ca/zeus3d.
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approach by J. von Neumann & R. D. Richtmyer (1950, J. Appl. Phys., 21, 232; vNR) who
set S = Vv, ignore all off-diagonal terms, and replace V - ¥ with J;v; in the i-direction for
g (equation 123).

Beginning with equation (119), the diagonal elements for V' in Cartesian, cylindrical,
or spherical polar coordinates, are:

(Vﬁ)ll = O1vy;
_» . 1 U1 .
(VU)QQ = h,_82U2 -+ h—alhg, (124)
(VU)33 = 83U3 + h_alhiﬂ + 3 h ———0s 3.
Note that: 3 2182 ’
3
Z(V’U) = 81’01 —|— 81h2 + h 81h31+ 821)2 + n h, 82h32 _'_h 831)3 =V- 17, (125)
i=1 ., 214632 .,
1
h2h31 01(h2h31v1) hghg 02(h32v2)

where this is a general result, true for any orthogonal coordinate system. Then, from equation
(122), the diagonal elements of S are given by:

1
Thus,

3 3 3 \
:;S Z:(vv .__v )_222: (Vo) ._zzév.g:o, (127)

because of equation (125), and both S and T are traceless.

Aside: Numerical considerations

In a numerical scheme, Tr(S) is identically zero so long as equation (125) is valid to ma-
chine round-off error, which does not necessarily follow from the fact that equation (125)
is an algebraic identity. For those not used to the vagaries of numerical arithmetic, this
inconvenient fact can come as a rude surprise.

For equation (125) to be valid numerically, expressions like:

01 (hohsivy) = Oy + 251h2 + _alh?»la

hg hgl h h31

as indicated by the first under-brace must be accurate to machine round-off error. In polar
coordinates where z1 = r and hy(r) = hg;(r) = r, this means that:

1 r
—2&(7’221,,) = 0, +2r, (128)
r r

Now, on the numerical grid in Fig. 2, derivatives like 0,v, are evaluated with finite differences:
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Ur(i + 17]) - Ur(imj)

or ’
which is zone-centred if v, is face-centred. Quan-
tities such as v, in v, /r that aren’t differentiated
are zone-centred by taking a two-point average:

ar'Ur - Vr(|+LJ)=18

(0,) = (i 4 1,) + v, (6 j)

Vo(i,j+1) =15

Vr(i,j):l.

Figure 2: A single 2-D zone

5 f
Thus, with the exemplary values in Fig. 2, the LHS L
and RHS of equation (128) are evaluated as follows:

LHS = L@ (r*v,.)

(r)2 T on a polar computational grid.
B 1 (1.1)2(1.8) — (1.0)2(1.2) B
~ (1.05)2 0.1 = 8877
. 1.8—-1.2 1.
RHS = 6‘rvr+2<<v>> = 801 +21 055 = 8.8571 # LHS!
T . .

Close, but no cigar! Similarly, equation (125) requires:

1
hahsa

1 v
Oz (hgove) = h—282U2 + v};@h:&z

1 . _ (vo)
—Sin<9>09(vg sinf) = Oyvg + Sin(0)

since xo = 0 and h32(0) = sinf. Evaluating the LHS and RHS of equation (129), we get:

cos(6), (129)

1 1.5sin22—1.1sin20

LHS = — 14.84
> sin 21 27 /180 8439
15-11 15+1.1
RHS = £21 = 14.8458 # LHS.
on/is0 2 ° 7

So how do we achieve a traceless shear tensor to machine round-off error?
Start by noting the following algebraic identities:

) 1
h_;ath = h—251(h21)1) - 811)1;

v 1 1

h—;a1h31 = hzh?’l&l(}hhfﬂvl) - h_zal(h2vl)§ ’ (130)
(%) 1

—0ohz = —82(h32v2) — Oavy.

h'32 h32
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Substitute equations (130) into equations (124) as appropriate, to get:
(V)11 = Oyvy;

. 1 1
(V) = h—azvz + h—31(h2211) — O (131)

1 1 1
V)33 = 81}—1— ——01(hohgiv1) — — 01 (hov 0 (h3ov — Oy,
(V)33 - (hahsyv1) s 1 (hovy) + h2h32 b (hsav2) — Rl

giving us algebraically identical, but numerically only similar expressions to equations (124).
However, this time using equations (131), we get:

Z( — i+ ﬁ% n M Do+ L0405+ By (hahawn)
h3 h’2h'31
—Egym hohiss a2(h32v2) —ﬁ—zﬁ@ V-7,

to machine round off error, without having to rely on expressions (128) and (129). Note fur-
ther that given face-centred velocities (as they are in a staggered mesh scheme like ZEUS),
every term in equations (131) is naturally zone-centred without the need for two-point aver-
ages that are required if equations (124) are used. Two-point averages can be diffusive and,
as we've seen, can lead to truncation errors much larger than the machine round-off limit.

This is a common strategy taken in numerics. Equations (131), which give slightly differ-
ent estimates of (V7);; than equations (124), are used so that identities such as ) _.(V?); =
V - ¥ are honoured to machine roundoff error. After all, who is to say whether the estimates
of (V7);; afforded by equations (124) are any better or worse than those of equations (131)7
Both are differenced estimates of differential quantities and both converge at the same rate to
the differential quantity as 0r and 60 — 0. The fact that equations (131) give a numerically
traceless S whereas equations (124) do not is the discriminating factor, and makes equations
(131) the more desirable of the two to be used in equation (126).

In terms of the numerical grid discussed in the aside, S;; are zone-centred quantities.
Meanwhile, the off-diagonal components, given by:

. . v 1
512 = 521 = (V’U)12 + (Vv)gl = 011)2 — —201h2 + —(92’111

= hg 81<h2)+ h282’01, (132)
513 = 531 = (Vﬁ)lg -+ (VU)31 = h31 81( )+ 83’017 (133)
h31 h3
— — h’
523 = 532 = (V’U)gg + (Vv)32 = 3202( )+ 03'112, (134)
ha h3a hs

are naturally edge-centred, with S;; located on the k-edge (i # j # k).
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We now write down covariant expressions for the physical components of the vector
constructs in equations (121) involving T. First, evaluate (V - T); using equation (101) and
the fact that T is symmetric (e.g., Ty = T12). Thus,

1 hoh 1
(V-T) = Toalts {81 (%ﬂl) + 02 (h3Ti2) + O3(haThs) | + 2 (2T1181h1 —M)
’ 1 1 ! (135)
1N2 113
Now, a little algebra will show that:
1 hghg ) Tll 1
——O | —T11 |+ —501h1 = ————01(hah3T11);
Toalts 1( B h 02 111 Ieihalts 1 (hahsThy)
1 2T 1 2
0y (h3T; Oohy = ———0o(hi{hsTs); d
Fraha 5 (hs 12)+h1h2 P51 B h(hihsTi2); an
1 2113 1 2
O3(hoT13) + ——03h1 = ———05(h{hoT13),
Toalts 5(hoTh3) ook O 12halts 5(hihoT13)
and equation (135) simplifies to:
1 1., 1.,
(V-T) = O1(hohsThy) + —02(hihsTh2) + ——05(hihoT13)
hlhghg hl hl
(136)
— h3T501hy — hoT330,hs | .
Next, since T is traceless (117 = —Tay — T33), we can write:

a1(h2h?’7—‘11) - h3T2281h2 - h2T3381h3
= _al(h2h3T22) - h3T2281h2 - a1(h2h?’7—‘33) - h2T3381h3

= —hy01(h3Th) — 2hgT01he — h3Oi (heTs3) — 2hoT3301 hg
1

1
= ——01(h3hsTy) — -—01(hah3Tss),
ho hs

and equation (136) further reduces to:

[ 1 1 1 1 1
(VT)l —h—ﬁl(hghngg)—h—81(h2h§T33)+h—82(h%hngg)%—h—&g(hfhngg) . (137)
2 3 1 1 i

" hihahs |

Permuting the indices, we get for the 2- and 3-components:

1 [ 1 1 1 1 T
(V-T)y = hhal _—h—saz(hgthgg)—h—la2(hgh%Tn)+h—283(h§h1T23)+h—281(hghngg)_; (138)

1 [ 1 ) 1 ) 1 ) 1 ) T
(VT)g — h1h2h3 -—h—lag(hlhgTH)—h—283(h1h2T22)+h—381(h3h2T13)+h—382(h3h1T23) . (139)
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For Cartesian, cylindrical, or spherical polar coordinates, hy = 1, hy = ho(z1), and hg =
hs1(z1)hs2(x2), so that equations (137), (138), and (139) become:

1 1
(V . T)l = _h2—h3101(h3h31T22) - Wal(hghnggg) h2h3282(h32T12) —I— 83T13, (140)
2 31
1 1
V-T)y = ————0y(h2,Ts3) — Oy (h3oTh1) + aT+ —— 1 (h2ha1 i) 141
( )2 h2h§2 2( 32 33) h2h32 2( 32 11) h 3423 h2h31 ( 21031 12) ( )
1 1
(V-T)s = __ag(TH) — —83(T22) i — 01 (hah3 Th3) + Wﬁg(hgzﬂg). (142)
N 31 32
hg 83T33

Thinking in terms of a staggered numerical grid once again, since T;; o< S;;, Tj; are zone-
centred and 7T;; are k-edge centred (i # j # k). Thus, with a little examination, one can see
that every term in (V - T); is naturally centred at the i-face without the need for two-point
averaging, exactly where they are needed to accelerate the i-face centred v;. This is the
principle strength of a properly staggered mesh: vector components often naturally land
where the equations need them to be, without the need of averaging.

Next, from equation (41), we have:

= T Vivy + T2 Vavy + T53V303
+ TIQ(V1U2 + ngl) + Tlg(vl’Ug —+ V3U1) -+ TQg(VQ’Ug —+ V3’02)

= Ti15511 + Too5Sas + Ts33 Ss3 + %(Ill + T + T3§)V U
+ T12512 + 113513 + 153593, =Tr(T) =0

exploiting the symmetry of T and using equations (126), (132), (133) and (134). Thus,
1
= 52%‘%‘ = Z o (143)
]

where pu* =+ 1y + piq. Alternately, we can write:

T:Vi = ZTM (Vi) = p Zsmww > 8, Vi

i#]
= u Z 2V iU — _’) Vm + ,u* Z Vﬂ)j + Vjvi) Vﬂ)j
i#]
IQMZVUZ 3VZVUZ MZVUJ—FVUZ)
ZVJ’UJ ( i#£]

= 2:; (3(V1U1)2 + 3(V2U2)2 + 3(V3U3)2 _ (V1U1)2 . (V2U2)2 _ (V3U3)2
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— 2V11)1VQ'U2 — 2V21)2V3'U3 — 2V3’U3V11)1) + % Z (Vﬂ)j + Vjvz.)2
i#]

*

2
= g ((V1U1)2 — 2V 101 Vavg + (Vau2)? + (Vavs)® — 2Va15Vaus + (Vavs)?

+ (V3U3)2 — QV3U3V1’U1 + (V1U1)2> + % Z (Vﬂ)j + Vj’UZ')2
i#]

2 *
g ((Vﬂ]l — VQU2)2 —+ (VQUQ — V3’U3)2 + (V3U3 — V1U1)2)

= T:Vu =
) , ) (144)
+ ,u* <(V1’02 —+ VQ’Ul) + (V2U3 -+ V3U2) + (V3U1 —+ V1U3) )

Stone and Norman (1992, ApJS, 80, p. 789) state that TW claim that in the context of
a numerical algorithm, representing the viscous energy generation term as a sum of squares
as in equation (144) is an absolute necessity, because all other formulations eventually lead
to instabilities. Since equations (143) and (144) differ only in the order in which terms are
added, they must yield results identical to machine round-off error, and I cannot understand
why such a claim would be made. Indeed, equation (143) should have the same stability
properties as equation (144).

Finally, from equation (114), we have:

1
V . (T . 17) = h2h31 81 (h2h31 (T11U1 —|—T12’UQ +T13’U3))

1
hahis

(145)
_I_

1
Oy (h32 (T12121 + 15209 +T23U3)> + h—a?, (T13U1 +T5303 +T3303) .
3

Centring equation (145) is awkward since Tj; is zone centred for i = j and edge-centred
for i # j, while v; are face-centred. This is an example where the staggered mesh does not
seem to help, and numerous and seemingly unnatural 2- and 4-point averages are necessary
to evaluate all products in V- (T - ¥) using equation (145). Still, it is this form that the term
is a perfect divergence and thus most useful in representing the total energy equation in a
conservative fashion.

Alternately, using the identity:

V(T-0)=T:Vi+(V-T)-7, (146)

(Theorem 5.2, §5.9) factors in each product are now co-spatial, though 2- and 4-point av-
erages are still needed to bring some—mnot all—of the terms to the zone centres. While the
centring of the RHS of equation (146) may seem more natural than the LHS, the RHS is
not in conservative form, and this deficit may trump the centring advantage. This can be
determined only by direct experimentation.

Last point. Note that in Cartesian coordinates, ignoring all diagonal components, drop-
ping the V - ¥ terms in equation (126), and letting V - ¢ in equation (123) — 0;v; in the ¢
direction, equations (137)—(139) reduce to:

VT = 2(0:(u*0,0,), 0, (1 dyvy), 0.(1*0.v.)), (147)
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equation (145) reduces to:
V- (T-0) = 2(0u(vapt0yv) + 8y (0,11"0y0,) + 0. (0207 0202)), (148)
while equation (143) reduces to:
T: VT = 2" ((0,02)% + (9yvy)* + (8:0.)%). (149)

Equations (147)—(149) are the vNR expressions for the artificial viscosity in the subroutine
viscous in ZEUS, when p = 0 and p* is taken to be (equation 123):

i+ pg = 2q1 lpes — 2go Ppmin (0, 0v;).

qlin qcon
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