Physics 570

Properties of Curvature, for the Levi-CivitdA Connection

Reminders of the Connection 1-forms and the Curvature 2-forms:

We first recall the first and second structure equations of Cartan, for the important case
where general relativity lies, namely with zero torsion, and a metric connection, i.e., a con-
nection where the covariant derivative of the metric vanishes, which is often referred to as the

Levi-Civita connection:

First Structure Equations: dw® — w" A 1:>‘M =0,

(1.1)

Second Structure Equations: Q*, =dI[*, +T*, AL”, .

~

We then also recall that the components of the Levi-Civita connection are given in terms of the
ordinary derivatives of the components of the metric tensor and the commutation coefficients

of the choice of basis one has made, to determine those components:

1 AL =C..kz k= k.
dwt 50" W AW [eiaej] = Cij ey where Cij - _Cji ’

E;w = Gun Lmu = F,uu)\ %A = %{(_gu)\,,u + Guv A + Gu ,u) + (C)\yu + Cuy)\ + C,u)\z/)} %)\ ’
(1.2)
We remember that if the metric coefficients are constant, then these connection 1-forms are
skew-symmetric in their two indices, i.e., [, = —L,,, while if the basis 1-forms commute then

the connection 1-forms are given by the Christoffel symbols, which are symmetric in their last

two indices, i.e., such that {V“}\} = {/\“V }

The components of the Riemann tensor associated with this connection are then given by
9 Qx = Qo = 5 Ry AW, (1.3)

where this { 2 } tensor has an amazing number of symmetries, so that it has only 20 independent
components, instead of the 4* that one might expect. It is skew-symmetric under interchange

of the last two indices, or under the interchange of the first two indices, and is also symmetric



under the interchange of those two pairs, as well as satisfying the first Bianchi identity, which

is the second line below:
Ruvag = — Ruvmpy = —Rung = +Raguw
(1.4)
Ryvang + Ruxgy + Rupux = 0.

From the point of view of transformations of coordinates, or from the point of view of
physical meaning, it is useful to divide the curvature tensor into 3 separate parts. Under
the usual ideas of group representations, it is always useful to study separately any traces of
tensors that exist. Therefore, the first objects to subdivide away from the general form of the
curvature tensor are any non-zero traces. As it is skew-symmetric on its 1st and 2nd indices,
and also on its 3rd and 4th indices, it is clear that a trace on either of those pairs simply
gives zero. Therefore, there is only one non-zero, 2-index trace, usually referred to as the Ricci
tensor (although it should be noted that there are two different signs for the Ricci tensor in
the literature, depending on whether one sums on the 1st and 3rd index, or on the 1st and 4th
one):

Ruw = QMR/\MV =Ry = gkanW\u =Rupu - (1.5)

One can see, in the above equalities, that the Ricci tensor is symmetric in its two indices.

However, it also has a non-zero trace, the Ricci scalar:
R=g"Ru =R", . (1.6)

Therefore, from a group-theoretical point of view, one should take as separate objects the Ricci
tensor without its trace, and then, separately, the trace. This, however, is not the best physical

way to perform this separation; instead, it is usual to define the so-called Einstein tensor:
guy = Ruu - %Rg,uu ’ (17)

which is not traceless, but has the very important physical property that it is divergenceless,

i.e., we will eventually show that
G i =0. (1.8)
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The reason for the desire for a divergenceless form of the Ricci tensor is that Einstein’s original
set of equations will say that we want a form of the Ricci tensor to be proportional to the
tensor that describes the local matter and energy density of our spacetime. This tensor is
required to be divergenceless on grounds that generalize our usual notions of the conservation
of energy and momentum, i.e., of 4-momentum; therefore, we will need a divergenceless form of
the Ricci tensor to arrange for that proportionality. We will eventually show that the correct
form of Einstein’s equations say that at every point in spacetime there is an equality between
these two tensors:

Ruv — 3R + Mgy = G + Mgy = 87T, (1.9)

where A is the “infamous” cosmological constant, and both sides are in fact divergenceless.
(Once again it should be noted that the sign of A is sometimes taken as the opposite of this
one; however, this is by far the more common one “these days.”)

This is of course the source of statements like “the distribution of matter is a cause of the
gravitational field.” Notice in particular that when one is in a region without energy or matter—
so that T},, is zero— then the Ricci tensor is required to vanish, or to be proportional to the

metric via the cosmological constant, if one assumes it is different from zero.

As the Ricci tensor can be viewed as a symmetric, 4 X 4 matrix, it has 10 independent
components; however, the Riemann tensor has 20. Therefore, there are still remaining some
10 additional components. Following Herman Weyl, we will pull those components out into a

separate tensor, which is referred to either as the Weyl tensor or the conformal tensor:

C,u,u)\n = R/UJ/\n - % (g,u)\Run - gunRuA + gunRu)\ - gu)\R,un) + % (g,u/\gun - gungu)\) R (1 10)

1 1
= Ruvxn = 5 (9u3Run) = 903 Rpm) + §9u29omR -
One can easily notice that the Weyl tensor has the same set of symmetries as does the Riemann

tensor. However, in addition, the various extra terms have had their numerical coefficients
chosen just so that it has only zero traces. We calculate the trace that gave the Ricci tensor if

we had worked with the full Riemann tensor, to show that it is zero:

QW\CWM = gu/\Ruw\n - % (4Rvn - 51/7\7%/\ + g R — 55Rw7) + % (4gvn - 57/7\9%) R ( )
1.11
= RW} - %(27?’1177 + gynR> + %(391/77)72 =0.
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Since this equation amounts to the vanishing of 10 components of the Weyl tensor, it follows
that it contains 20 — 10 = 10 independent components. These are then the components of the
curvature that are, at least locally, independent of the density of matter and energy, and can
be considered as that part of the curvature caused by the effects of curvature elsewhere, or, if

you prefer, by the gravitational field elsewhere.

There is, however, a way to further subdivide the 10 (real-valued) components of the Weyl
tensor into 5 (complex-valued) components, via the Hodge duality operation. We recall that
for 2-forms, i.e., objects with two skew-symmetric indices, the Hodge duality operation maps

them in the following way, where the Hodge dual is denoted by *:

1
Q =gawe A = Ta= %au 9" g"  Myape WA WT
0P dgt A dax? A dad A det = PV = w Awf AwY AW’ (1.12)
N 1
N = —elaBrd],  apys = —melabyd]s det(gu) = —m?

where V is our choice of volume form, as noted by the equality on its left, and e[a+d] is the
Levi-Civita alternating form, such that €[1234] = +1, so that %7 is the Levi-Civita tensor,

with 1234 = 1/m.

One may use the Hodge dual to divide the 6-dimensional space of 2-forms into those that
are self-dual and those that are anti-self-dual. In principle this is quite straight-forward, since
the Hodge dual is an involution, i.e., a mapping that when performed twice is simply the
identity, so that its eigenvalues are just pml. Therefore, one simply determines the dual of
each of the 6 basis 2-forms, and the three self-dual 2-forms are then the sum of a choice of 3
two-forms, that do not transform into each other under duality, added to their duals. In the
same fashion the anti-self-dual ones are those same 3 two-forms with their duals subtracted
from them. When this is done the two 3-dimensional cotangent spaces that are so created
have their own, completely separate connection 1-forms, which are simply appropriate linear
combinations of the original 6 connection 1-forms. Since this provides each one of those 3-

spaces with a connection, they then also have their own separate curvatures, which are then
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referred to as the self-dual or anti-self-dual parts of the Riemann tensor.
To describe this more explicitly, we first recall, using the symbols for any orthonormal basis,

that we have the follow duals of a basis of 2-forms, and that the dual of the dual is itself again:

wl A w? w3 Awt
| w?2Awd | =—i| wAwt |, (1.13a)
w3 A w! w? A wt

which allow us to write the following basis sets for self-dual and anti-self-dual 2-forms, where
there are exactly three elements in each basis set, so that we use (lower-case) Latin indices,

which run from 1 to 3, to label them, noting that w? is the same as w;, while w, = —w*:

N1y
Bix = 3nine’ NP Foiwi AWt (1.13b)

It of course simplifies computations to note that the anti-self-dual 2-forms are simply the

complex conjugates of the self-dual ones.

Then by taking the exterior derivative of these 2-forms, we determine the corresponding set
of connection 1-forms which determine their exterior derivatives, showing that the derivatives

of self-dual basis 2-forms involve only the self-dual parts of the connections:
G = g0 Ly £ il dEix = mije G NES - (1.14)

Since the two subspaces have each their own connections, those (two triplets of) connection

1-forms then generate their own (two triplets of) curvature 2-forms:
s Qr £iQN = Qh =dGL — 517G x AN Ght - (1.15)

In the case of the conformal curvature this simply separates its 10 components into two
sets of 5 components, the one set being the complex conjugate of the other set. On the other
hand, the Ricci tensor “straddles” this gap and has elements in both subspaces. Since the
self-dual part of the conformal tensor has 5 independent (complex) components, a useful way

to present them is via a (complex-valued), traceless 3 matrix, which we will describe below.

5



However, first it is probably useful to display all of the above separations more explicitly. We
do this for the case of our orthonormal basis choice, and begin with the details for the Ricci

tensor:
Ri1 = Ri212 + R3131 — Ri414 ,

Raz = Ri212 + Razaz — Roao4
Rs33 = R3131 + Ra323 — R3434 ,
Rus = Rig14 + Rogos + R3a34
(1.16)
Ri2 = —Ria24 + Ri3o3 Riz = —Ria34 + Ri232,
Roz = —Roazq + Ri213, Risa = R3134 + R2124 ,
Raoa = Ri214 + R334 , R34 = Razoq + Ri314 ;

R = 2(Ry212 + Raszo3+ R3131 — Ri414 — Roa24 — R3434) ,
And then also for the full conformal tensor, which we write out in stages, using the definition
given at Egs. (1.10). We first look at the “diagonal” ones, i.e., those with the same “first

two” indices as the “second two” indices, noting the equalities among the components that,

basically, generate the fact that this tensor has no traces and only 10 independent components:
Ciz12 = Riz12 — 5(R11 + Ra2) + R
= §(2R1212 — 2R3434 — R3131 — Rosos + Ruia + Roaza) = —Clausa
Casaz = Rogos — 5(Ra2 + Raz) + R
(1.17a)
= é(2R2323 — 2R1414 — R1212 — R3131 + Roa24 + R3434) = —Cha14 ,
Cs3131 = R3131 — %(Rll +Ra3z) + %R

= ¢ (2R3131 — 2Ro424 — Ri212 — Rasos + Ris1a + Rauza) = —Cosoy
We note that the Bianchi identity tells us that the three above add to zero, so that only
any two of them are independent. As well, of course, note that there are 6 different indexed

components involved in just these two independent ones.
Next we look at the ones with all 4 indices different:

Ci234 = Ri234, (2314 = Raz14, Cs124 = R3104 , (1.17b)
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noting, again, that these three also add to zero because of the first Bianchi identity, so that we
now have two more independent ones. Here, however, we do not have any equalities among
differently-indexed components, so while so far we have only four independent components,
we have now used up 9 indexed components. Lastly we look at those which remain, involving
one pair of indices all spatial and the other pair the complementary spatial index with the
temporal one, there being six independent ones here, among a total of 12 differently-indexed

components, since each of these six has an equality with a differently-indexed one:

Cl223 = Ri223 + $R31 = 5(Ri223 + Riaas) = Chaus ,

Co114 = Ro114 + $Ros = 5(Ro114 — Rassa) = —Cosaa

N~

C3112 = Rs112 + s Ros = 5(Rs112 + Roaas) = Couus

N[ +—

(1.17¢)

Clo24 = Risoa + 2R = 3 (Ri22a — Rigsa) = —Cisaa

N —

Ca3s1 = Rass1 + sRi2 = 5 (Rass1 + Risaz) = Chaaz

N[

C3224 = Rsg24 + $R3s = 5(Rs224 — Ra114) = —Cai14 -

It is worth pointing out that all the 6 equalities between pairs of conformal tensor components
that are noted above come directly from the fact that the conformal tensor has zero trace.
That trace, analogous to the Ricci tensor when taking a trace of the Riemann tensor, has 2
indices—on which it is symmetric—and these 6 identities are exactly the content of the off-
diagonal elements of that second-rank tensor, which vanishes. One might as well then also
point out that the remaining 4 (diagonal) components of that zero tensor may be solved for
the 4 identities appearing in the equality pairs already shown in Eqs. (1.17a). Those other 4
(diagonal) equalities, in general, are given by
0= Ca121 + C3131 — Cy1a1, 0= Cia12 + C3232 — Can42

(1.17d)
0 = Ci313 + Cagaz — Cazaz, 0= Cia1a + Cog24 + Cz434 .

We have now listed above the 21 differently-indexed components of this fourth-rank

tensor—as expected since we treat it as skew-symmetric in each of the two pairs of indices
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and symmetric under their interchange. As well we have noted that only 10 of them are inde-
pendent, as expected. The next task is to divide them up into the 5 self-dual ones and the 5
anti-self-dual ones. Self-duality here is being declared on the symbols as 2-forms, so that we
have

~

* * 1 A . 1 2 3 1 2 3
Cuu = {50;;1/)\77% /\%77} = Z{C,ulf34‘f"v} AN +C’uu24% AN +CMU14% N
(1.18)
1 4 2 4 3 4
—Cras @ AW = Cluar , W AW = Crn@® AWt}

Therefore the split into self-dual and anti-self-dual parts is given by the following, where we

use C+ to denote the self-dual and anti-self-dual parts of the conformal tensor:

Ct o = (Cuviz £ iC3a) EL + (Cuvst £ iCu24) EL + (Cpvas £ iCh1a) Ex = Cix ) B -

(1.19)
Inserting the explicit values for pu and v—two triplets of allowed values—from Egs. (1.16)
above, we may write these out in terms of two sextuplets of quantities, each of which has
a quintuplet of independent values (because of the sum below required by the first Bianchi
identity). We name them by Ay, By, Cy, these three being created from the six independent
components listed above in Egs. (4.5¢) and involving only one repeated index, and then Hy,
J+, and K4, each of which involve a sum of one component from the list of diagonal ones, in
Egs. (1.17a), and one from the list with all four indices different, as noted in Eqs. (1.17b). As
both of these last two sets, that make up the Hy, J4, and K4, are subject to a requirement
from the Bianchi identity, these three also satisfy a Bianchi identity, leaving us with only two
pair of independent objects. These are listed below, hopefully in such a way that one can see

all the different possible ways to create equivalent indexed names for them:
Carp=HeEL+ALEL + BrEL = +iCayy
Cag = ALEL + Ky EL + CeEL = +iCayy (1.20)
Caoy = BLEL +CLEL + JeEL = +iCayy

with the various parts defined in detail as follows, where the Bianchi identity, in the form

2Rijka — 5 Rjkia — 3 Riija = Rijra — 5(Rjkia + Rjiak + Rjaki) = Rijra (1.21)

8



is used extensively in order to produce the presentations of Hy, J4, and K4 in terms of

self-dual (or anti-self-dual) parts:

Ay = [Ciaz1 = Cosas] £i [Cro2a = Cs134] = % [(Ri231 £ iR1224) — (R3424 F 1R3431)] ,
By =[Ch223 = Claga] £ i [Ci214 = Cazaa] = % [(Ri223 £ iR1214) — (R3a14 F 1R3423)] ,
C1 =[Ca331 = Craa2] £ 1 [Casoq = C3114] = % [(R3123 & tR3114) + (R1442 F iR2342)]
(1.22)
and the other ones:
Hy =[Ci212 = —C3434] + iC1234
= %(231212 — 2R3434 — R3131 — Ra2323 + Ri414 + Roa24) £ iR1234
= ¢ [2(Ri212 £ iR1234) — 2(R3a34 F iR1234) — (Rs131 + iR3124)
—(R2323 + iR2314) + (Ri414 F iR1423) + (Raa24 F 1R2431)]
Jx = [Cazaz = —Crana] £ iCa314
= %(232323 — 2R1414 — R1212 — R3131 + Ro424 + R3434) £ iRa314
= ¢ [2(Ros2s & iR2314) — 2(R1a14 F iRa314) — (R1212 + iR1234) (1.23)

—(R3131 £ iR3124) + (Ra424 F iR3124) + (R3434 F iR3412)]

Ky = [C3131 = —Cag04] £ iC3194 ,

= $(2R3131 — 2Ro424 — Ri212 — Rasas + Ris1a + Rauss) £ iRs124

= ¢ [2(Rs131 £ iR3124) — 2(Roa24 F iR2a31) — (Ri212 = iR1234)

—(Ra323 £ iR2314) + (R1414 F i R1423) + (R3434 F iR3412)]

and Hr +J++ KL =0.

II. Presentations of the various parts of the Riemann tensor

One might wonder how to explicitly express all the values of the entire {2} Riemann
tensor. The simplest way is to first note that there are 6 independent values—in our 4

dimensions—for a pair of indices that are skew symmetric. Since this tensor has two such
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pairs, it is best considered as a 6 x 6 matrix, which also happens to be symmetric, and to
have certain traces which vanish. Notice that a general 6 x 6 matrix has 36 elements; however,
a symmetric one has only 21 independent elements. The reduction down to just 20 will be

explained via the vanishing of some traces.

Remembering that we are using an orthonormal basis set, we will order the 6 basis

2-forms in the following way, which picks out the temporal indices differently:
{Wrw?, W rw®, WP aw WAt WAt WA} (2.0)

Examples could be the Minkowski choice, namely {i¢,92, 22, 2t, 2, )}, appropriate in flat
space, or, for instance, the orthonormal version of spherical coordinates along with time,
{é@, pr, fé; 7, éf, @f}. Having made that spatial-temporal separation, we then write out our
6 X 6 matrix in terms of three 3 x 3 matrices, where we will need to require that both M and

() are symmetric matrices.
M N

The matrix M corresponds, per the list above, to Riemann tensor components without any
indices that refer to time, i.e., using just the spatial ones given above in Eq. (2.0), and in
the order shown there, so that, for instance, Ri212 = M1, Ri231 = M3, etc. Those of Q
correspond to those components with two 4-indices, i.e., both row and column indices from
the second triad of indices shown in Eq. (2.0), and in the order given there, again, so that, for
example R3424 = Q13. Then the matrix N contains those components with only one 4 index,

so that, for instance Ro334 = Noq, while N1s = Ri214.

Since M and Q are symmetric matrices, they each have 6 independent components, while
there are 9 components for N, which is a total of 21. Lastly, however, we know that the first
Bianchi identity reduces the total number down to 20, with its one independent constraint,
which is only an independent constraint when all 4 indices are distinct, which tells us that the

matrix N must be traceless, so that, actually, N has only 8 degrees of freedom, reducing the
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number of independent components of this matrix down to 20, the correct answer.
Since Hodge duality is somewhat important in these discussions, I record the duality relations

for our 3 x 3 matrices:

(2.2)

sM=—iN, *xQ=+iN — *R:—i(N _M)

Q -N7

The curvature tensor contains various separate parts, which are of considerable physical
interest, as discussed somewhat in the previous section. Therefore, we want to divide up this
format so as to see how they appear, which just uses the explicit decompositions given in the
previous section. Some are easily presented, and some not quite so. The reason is that our
ordering is arranged so that Hodge duals are performed easily, but note below that the spatial
components are determined cyclically, so that 1 +1 =2, and 24+ 1 =3, while 3+ 1 = 1:

R;; = trace(Q) , G;; = trace(M), R = 2trace(M — Q)

Ri; = —(M+ Q)it1,j+1 +dijtrace(M) ,  Gi5 = —=(M + Q)it1,j4+1 + dijtrace(Q) ,  (2.3a)

ij ij

Rip = €Ny, = Gy
To go on to the conformal tensor, again using equalities from the previous section, we use
the mapping of indices inherent in the original ordering of the indices translating Riemann
skew-pair indices into these 3 x 3 indices, as discussed in the paragraph after Eq. (2.0), so that,

for instance i,j = 2,3 corresponds to a = 2, etc., and we also use i, j, k, as well as p,q,r in

cyclic order, and we also recall the mapping under Hodge duality:

Clijpq = %(M — Q)b — %5abtrace(M — Q) = ~Chara = =i % Cijra,
(2.3b)
Cijra = %(N +N")ar = Crapg = i % Clijpg ;

Because of the division for 2-forms into self-duality and anti-self-duality, the 10 independent
components of the conformal, or Weyl, tensor are best presented via a single traceless, sym-
metric, complex 3 x 3 matrix—and therefore with 5 complex components. Using the usual
identification between elements of these 3 x 3 matrices, we can define a matrix P as follows,

which is the desired self-dual part

P=J(M-Q)— ttrace(M — Q)I3 — (N + N7 | (2.5)

11



III1.

where I3 is the usual 3 x 3 identity matrix.

For those cases when the Ricci tensor vanishes, i.e., for vacuum solutions of the Einstein
field equations, this equation reduces quite substantially. From Eqs. (2.3) above, one can see
that vanishing of the Ricci tensor requires Q = —M with both traceless, while N must be

symmetric, so that the equation simplifies to
P =M —iN, for vacuum solutions. (2.6)

The number of eigenvalues, and their degeneracy, of this matrix, P, determines what is referred
to as the Petrov type, and is an important way to distinguish various classes of vacuum solutions.

As well the quantities trace(P?) and trace(P3) are functional invariants of the manifold.

The view of these tensors from the usual null basis
We first recall the usual relation between the orthonormal basis used in the previous

sections, and the null basis with our sign conventions:

a _ pa AV
9 =A%, @",

0 +1 +i 0 0 @'
2] 1 [+1 =i 0o o0 @2 (3.1)
el vl o o0 +1 -1 @3
I 0 0 +1 +1/ \g*

The matrix A then has determinant —¢, consistent with the fact that the determinant of v,z
is +1 while the determinant of 7,, is —1. We could then show that the value of the metric, in
this basis is indeed v,z as stated above, by using the inverse of this matrix A to transform n

into v, i.e., the matrix

0100 1 1 0 0
100 0| el a1 1= 4+ 0 o0
000 1] T Y= A RAT g, A= 5 g g
0010 0 0 -1 1
(3.2)

The transformation of the Riemann tensor, or the Weyl tensor, into this basis is then ac-

complished in the usual way, where I insert an overtilde on the symbols when they are in null
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basis. This distinction, via some symbolism, will be quite important when we look at individual

components:

Ragys = (A7) a(A71) (A7) (A7) Ruay (3.3)
and of course the same format for the conformal (or Weyl) tensor.

It is true that these tensors, in this other basis, have the same skew-symmetry, and sym-
metry properties, as in the other basis, including the first Bianchi identity. However, because
of the difference in the form of the metric, various identities look considerably different. Let
us describe these for the conformal tensor, which has this additional property of having zero

trace. We define a zero tensor via that trace:
Mps =0=1v""Copys = Cipas + Capis + Cspas + Capss - (3.4)

We may then write out the 10 relations that this includes:
M1 =0=2C3141, M =0=2C342, Ms33=0=2C133, My =0=2C1424,
Mis =0 = Co112 + Cs142 + Ca132, Mz =0=Coi13+Cs143, Mg =0=Co114 + Ca134 ,

Mss =0 = Cl223 + Cs243, Mos =0 =Cr224 + Caz3a, Mss=0=C1324+ Co314 + Ca334 .
(3.5)

The two 3-term relations in the last two lines above easily imply the relation
Ci212 = C3434 . (3.6)

There is some reason to try to present these in the form of something other than a table like
the one above; therefore, we want now to put it together in the form of a symmetric 6 x 6
matrix, as was done for the Riemann tensor—in orthonormal coordinates—in the preceding
section. As before, we choose a basis for this 6 x 6 matrix, i.e., a basis for 2-forms built on the
null basis for 1-forms, in what appears—at first glance—to be the same order as we used for

the orthonormal one, namely

AR AN N AN AR AN A Y AN AN SN (3.7)
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although of course, for instance, 2 A §3 is much different from w? A w3. In fact, we will here

present the relation between them in the form of a matrix which relates one set to the other:

Wl A w? 2.0 0 0 0 0 QL A g2
w? A w3 0 +i +i 0 —i +4i 9% A g3
WAt 10 -1 41 0 -1 -1 AN
WAt 210 0 0 +2 0 0 RN (3.8)
wh A w? 0 -1 41 0 +1 +1 At A g
w? A wt 0 —i —i 0 —i i 9% A 64

where we will refer to the square matrix above as H.
If we then write out the conformal, or Riemann, tensors as a 6 x 6 matrix, in orthnormal
coordinates, as was done in section 2, then an expression equivalent to Egs. (3.3) but much

simpler to use to calculate things, is given by
S=H"SH, (3.9)

where S is the 6 X 6 matrix of components in an orthonormal basis, as given above in Eq. (2.1),

while S is the 6 x 6 matrix of components in the associated null basis.

We may now present all those equalities between components of the conformal tensor, in
this null basis, in the form of a 6 x 6 matrix for it, where we recall that since §? is the complex

conjugate of Ql, ie., Q2 = @1, we have relations such as Ri313 = Ra323.

Q(S) + Q(S) Q(Za) Q(Qa) Q(B) _ Q(S) _Q(4a) Q(4a)

Q(Za) Q(l) 0 _Q(2b) Q(g) 0
. Q(2a) 0 Q(l) Q(Qb) 0 —Q(3)
C = Q(S) — Q(3) _Q(2b) Q(Qb) Q(g) + Q(3) _Q(4b) Q(4b) s (310)
_Q(4a) Q(B) 0 _Q(4b) Q(5) 0
Q1) 0 —Q® Q(4b) 0 Q)

where the notation has been created so that the standard 5 Petrov scalars are easily determined

from this:

C®) =202, =2Q) | CB) = 204931 =2Q¥ , CM =2C33 =200,
(3.11)
cW = Cr2a2 + Cs442 = —Q(4a) - Q(4b) ) c® = Ci231 + C3431 = Q(Qa) + Q(Zb) :
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