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S. G. RAJEEV

Lecture 9
1. PARALLEL TRANSPORT

1.1. The partial derivatives of the components of a vector do not trans-
form as a tensor under nonlinear transformations of co-ordinates.
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By repeated use of the chain rule,

ov't 9zt 0z Ov¥ 0%’ Ox°
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The trouble is in the second term. Thus we need some new notion of derivative
that is co-ordinate independent.
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1.2. The transport of a vector from one point to another can change
its direction. This is something we don’t normally think about. To compute its
derivative, we must compare the value of a vector at two neighboring points. What
if the vector changes its value as it is being transported? Then we must add this
to the change of the components due to their dependence on position:

dz’D,v" = dz” [0,0" + Fgav"]

We are assuming that the change of a vector due to its transport is linear in the
components. The quantities I/, must transform in some weird way
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to compensate for the change of the partial derivatives, so that
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D,v* = 0,0* + Fggv"

transforms as a mixed tensor. Thus I' is not a tensor: it can be zero in one
system and not be zero in another one if the transformation is nonlinear. But the
offending term is symmetric under the interchange of the two lower indices. The

1.3. The anti-symmetric part '), —I'} | transforms as a tensor, called the
torsion.
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1.4. Riemannian geometry postulates that the torsion is zero. Thus we
postulate that

re, =TIy,
Furthermore
1.5. Postulate that a scalar is unchanged under transport. Thus the con-
traction with a covariant vector
wy vt

must change with the usual partial derivative
dz?0, [w,v"] = da’ [Dpw,) v + dxfw, [D,o"]

= dx”f [(Dpwu) v+ w,d,u" + wufﬁov”]

Thus

— _ T0
Dpwy = Opwy — ') jwe

is the covariant derivative of a co-vector.

1.6. Postulate that covariant derivatives satisfy the Leibnitz rule.
D, [wuty] = [Opwy — T0,w6] ¢0 + wp (0,00 —T7,00]

Thus a covariant tensor X, transforms just like a product w, ¢, of two covariant
vectors. If we deduce that the covariant derivative of such a tensor is

DpX;w = OpXpv — FZHXG‘V - FZVX,U.O'

1.7. The covariant derivative of a tensor with many indices can now be
deduced.

DX, = 00X =X =T X o D X T AT DX 2T

Thus there is one term involving I" for each index; lower indices get —I" and each
upper index gets a term with T'.

1.8. Postulate that the length of a vector is unchanged under transport.
This is an essential postulate of Riemannian geometry. There are other versions
of non-Euclidean geometry that do not preserve the length (e.g., Weyl geometry)
. Also special geometries that require some things in addition to the length to be
prepared (e.g., complex structure in Kahler geometry). We will not deal with them
here. Riemannian geometry is just what we need for GR.

This amounts to assuming that the covariant derivative of the metric is zero:

ng;w = apg;w - Fgugau - ngg,ua =0
This condition, along with the symmetry I');, = I'], (zero torsion) determines I'
in terms of the derivatives of the metric components:

loa 1 g
L, = 59 P [0ugpv + OvGpp — Opgpn]

Thus,
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1.9. In Riemannian geometry, the metric determines the covariant deriv-
ative. The Christoffel symbols appear also in the geodesic equation. From what
we know now,

1.10. The tangent vector of a geodesic is covariantly constant. In other

words, if we take the covarant derivative of the tangent vector along itself, it is zero

Dy = T de” da”

dr? VP dr dr

The first derivative of the curve z* comes for free: we don’t need to know the

metric for that. But the second derivative depends on the metric. A curve whose

second covariant derivative is zero is a geodesic. In General Relativity, these curves
decsribe bodies that are freely falling: on which the only force acting is gravity.




