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Algebraic symmetries of the Riemann tensor

R(n,Z,X,Y)=n(VxVyZ-VyVxZ - Vix,vZ)

It is easy to see that R(n,Z,X,Y)=—R(n,Z,Y,X). From this it
follows that the Riemann tensor is antisymmetric in its last two
indices:

R*, = —R*

vpo vop*



From the metric compatibility condition we also find

0=~[Vy Vilgp
= Rapuugaa‘ + Raa/ﬂ/gpoé

= Nopuv + Rpaul/a

so the Riemann tensor is also antisymmetric in its first two indices.



Next consider the following expression, for some scalar field f

Vu VoV f +V,V,Vu f +V,V, V,f
VoV Vuf =V, V,V,f =V, V,V,f.
We can group these terms in two different ways: first,
Vu([Vo,VuIf) + Vo, ([Vu, Volf) + Vo ([Vu, V,]f) = 0.
On the other hand,
Vo, VuIVuf + [V, Vo Viuf + [V, V,u|Vef
= (R0 + R0+ R%,) Vaf.

But since this holds for all scalars f, we have the first Bianchi
identity or the algebraic Bianchi identity:

Ra,uzzo + Rauau + Raa;w =0.



Another useful symmetry of the Riemann tensor follows from the
symmetries we already know. Using the first Bianchi identity and
cyclicly permuting indices, we have

Ruvpo + Rupov + Ruovp =0
—Nupop — Ruaup - Ruupa =0
_Rpcrm/ - Rp,uucr - prap =0

Rcr,uup + Rm/p,u + Rop;w =0.

Adding these and using antisymmetry in the first and last pair of
indices, we obtain

R;wpa = Rpopv-



Summary of algebraic symmetries of the Riemann
tensor

R;u/pa = _Rm/ap

Ruupo’ = _Ruupa

R;wpa = Rpouu
Rm/pa + Rupau + Ruoup =0.



The (second) Bianchi identity

There is also an important symmetry of the derivatives of the Riemann tensor,
called the second Bianchi identity or simply the Bianchi identity.
Consider the following expression, for some arbitrary covector n

VMvayno' + vpvuv,uno' + vuv,uvp'r]o'
— VMVDVP’I]O- — VVVPVMTIO- - vpvuvu"]o"
Grouping the terms in one way we obtain
Vi VoIVt + [V, Vo Viune + [V, ViV one
= Raupuvano' + Rao-puvu'r]oc + Rauypvana
+ Raaupvuﬁa + Rapuuvoéng + Raauuvpna

= (R&lwp + Rawm + Rapw) Valo
+ Raoupvuna + Rao'puvl/’r/a + Rao’uuvpna

= Rao’upvuna + Raa‘puvvna + Rao‘uuvﬂnbw

where we have used the first Bianchi identity.



But, grouping the same terms in an alternative way, we have

VulVe: Vilne + Vi [V, Volne + V,[Vo, V]ne
=V, (Ram/pna) +Vy (Raapuna) +V, (Ratmvna)

= Rao’l/pvuna + Rao’pu,vljna + Raapllvpna
+ VR e + VuR%, e + VR, -

Combining these two equations and reordering the indices a bit using the
symmetries of the Riemann tensor, we find that

(VuR,,% +VuR,, % + VR, %) Na = 0.

ntvp o pp o

Since this holds for all covectors n (and since the connection is
metric-compatible), we have the second Bianchi identity

ViuRupap + VuRpuas + VpRuvas = 0.



Contractions of the Riemann tensor

Contracting a pair of indices in the Riemann tensor forms the Ricci
curvature tensor (or simply Ricci tensor), which is also
conventionally notated with the letter R:

RMV = Ra;ww

The symmetries of the Riemann tensor imply that the Ricci tensor
is symmetric (exercise).

We can contract the indices of the Ricci tensor to form the scalar
curvature or Ricci scalar, also conventionally denoted! by the letter
R:

R = (g7 Ru

!Because of these conventional notations, when dealing with the curvature
it is particularly useful to use abstract index notation rather than index-free
notation!



The Einstein tensor

If we contract indices in the second Bianchi identity, we obtain the
identity
VRopwp — VuRup + V,Ru = 0.

Contracting again, this time with the indices p and p (and
relabelling indices and dividing by two), we obtain the contracted
Bianchi identity

1
vH <RMZ/ — 2Rg,uu> =0.
This leads us to define the Einstein tensor:
1
G;u/ = Rul/ - ERgMV7
which is divergence free

VG = 0.



Curvature in terms of the metric

One final aspect of the curvature which is important is its
relationship to the metric tensor. In local coordinates x?,

[Va, Vp] X = CdabXd
= 0,V X —TLVgX 4+ TS, VXY —(a<s b)

= 0,0pX° + 0, ( gdxd) — 19,99 XC +T<,0,X
— T GeXE +T5TE X —(a > b)

= (0T 5y — Opl5g + TSl by — Ml Sg) X



Hence the components of the Riemann tensor can be written in terms of
the Christoffel symbols and their derivatives:

a _ a a a e a e
Rpeq = 0clpg — Oalpe + T2l by — Mael be-

Recalling the expression for the Christoffel symbols of the Levi-Civita
connection in terms of the metric components

1, _
be = 5(g )79 (Obged + Dclba — Dabe)
Substituting into the previous equation, we obtain a long and not very
enlightening equation for the components of the Riemann tensor.

The important thing to notice about this expression is the following: the
Riemann tensor depends on the metric g and its first two
derivatives. In normal coordinates, only the second derivatives of the
metric survive.



