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Abstract

Most applications of differential geometry, including general rela-
tivity, assume that the connection is “torsion free”: that vectors do
not rotate during parallel transport. Because some extensions of GR
(such as string theory) do include torsion, it is useful to see how torsion
appears in standard geometrical definitions and formulas in modern
language. In this review article, I step through chapter 3, “Curva-
ture”, of Robert Wald’s textbook General Relativity and show what
changes when the torsion-free condition is relaxed.
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1 Introduction

Robert Wald’s textbook General Relativity [1], like most work on differential
geometry, includes the assumption that derivative operators V, are “torsion
free”: for all smooth functions f, V,V,f — V,V,f = 0. This property
corresponds intuitively to the condition that vectors not be rotated by parallel
transport. Such a condition is natural to impose, and the theory of general
relativity itself includes this assumption.

However, differential geometry is equally well defined with torsion as with-
out, and some extensions of general relativity include torsion terms. The first
of these was “Einstein-Cartan theory”, as introduced by Cartan in 1922 [2]
(translated to English with commentary as an appendix to [3]). One review
of work in this area is [4]. Of greater current interest, the low energy limit
of string theory includes a massless 2-form field whose field strength plays
the role of torsion. While torsion can always be treated as an independent
tensor field rather than as part of the geometry, the latter approach can be
more efficient and may potentially give greater insight into the theory.

I have written this document primarily for my own reference, but I am
happy to share it with others. It is written with the assumption that the
reader has a copy of Wald’s book close at hand; I have not attempted to
make it stand on its own. (Readers with a decent knowledge of GR may
be able to follow most of it unaided.) I have tried to provide appropriate
generalizations of every numbered equation in chapter 3 (“Curvature”) that
changes in the presence of torsion; in the handful of cases where I have simply
described the change in the text, the equation number is printed in bold. (I
have also done this for appendix B.1 on differential forms.) Any equation not
shown with a correction here remains unchanged in the presence of torsion.
I have done my best to avoid mistakes in either presentation or results, but
I will be grateful for any corrections or feedback on what follows.

2 Defining Torsion

As with most geometric concepts, there are several ways to define torsion.
Following Wald’s presentation, I will define it in terms of the commutator
of derivative operators. (The formulas are provided here for reference; I will
explain them in more detail as they arise over the course of the chapter.) As
explained in the footnote on Wald’s p. (31), the torsion of a connection is
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characterized by the torsion tensor 1¢,,, which is defined by
Vavbf - vbvaf = _Tcabvcf

for any smooth function f. It is also directly related to commutators of
vector fields,

[0, W] = V'V, " — w*Vv° — TC v’ |

and to an antisymmetric component in the Christoffel symbols,
2Fc[ab} =1 —T% =T -

In string theory, the field strength of the massless 2-form field B, is the
negative of the torsion as defined above:

Sv[aBbc] = Hape = —Tape -

(In the language of differential forms, H = dB.) This form is considerably
more constrained than general torsion (which need not even be antisymmetric
on all three covariant indices), and this will not be our definition in most of
what follows. A few further comments on this are given in appendix A.

3 Curvature (with Torsion)

The section and equation numbers here are set to match those in Wald’s
book. When those equations are not altered by the presence of torsion, they
will not be given here, so the numbering may jump occasionally.

3.1 Derivative Operators and Parallel Transport

The first change to Wald’s presentation must be to omit the torsion free con-
dition (his condition 5) when defining a derivative operator. Problem 3.1.a
in his book asks the reader to show the existence of the torsion tensor (and
gives a hint on how to do so, by echoing the derivation of the “change of
derivative” tensor C¢,). The proof is not difficult, so to avoid doing people’s
homework for them I will simply cite the result here:

Vavbf - vbvaf = _Tcabvcf .
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This formula comes straight from the footnote to condition 5. The torsion
is antisymmetric in its second and third indices, but in general no symmetry
involving the first index is required at all.

As noted in Problem 3.1.b, the formula for the commutator of two vector
fields changes in the presence of torsion.

[, w](f) = v'Vao(W'Vif) — w'V,(0"V,[)
(U“Vawb — wavavb)vbf — v W T Vo f | (3.1.1)

where we have simply applied the Leibnitz rule. This leads to the modified
expression
[0, W] = V'V, w° — w*Vv° — TCpvu’ . (3.1.2)

Wald’s derivation of the tensor C°y;, relating two derivative operators is
unchanged in the presence of torsion, but the symmetry of that tensor is lost.
Taking the commutator of Eq. (3.1.8) under exchange of a and b yields:

(vavb - vbva)f = (@aﬁb - @b@a)f - (Ccab - cha>vcf

(where of course V, and V, are equal when applied to f in the final term).
Substituting the definition of torsion in the first two terms shows that the
commutator is

Ccab — cha = Tcab — Tcab (E ATcab) . (319)

If the two derivative operators have equal torsion, then these coefficients will
have the usual symmetry.

The expressions showing how C¢,, relates derivative operators when ap-
plied to general tensors are unchanged by the presence of torsion. And with
the torsion-free condition relaxed, any C¢,;, will define a new derivative opera-
tor, regardless of its symmetry. In particular, the definition of the Christoffel
symbol ['“,, will now also incorporate torsion.

The definition of parallel transport is not changed in the presence of tor-
sion, and it still defines a connection on the manifold. But when seeking
a derivative operator compatible with the metric g,;, torsion remains un-
constrained. Requiring that parallel transport leave inner products gg,vew®
invariant essentially means that the vectors’ lengths and angles relative to
one another must be unchanged from point to point. But this does not spec-
ify anything about “global” rotations of the tangent space during parallel
transport: that is the physical meaning of torsion.
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When we allow derivative operators with torsion, the statement of The-
orem 3.1.1 must be modified as explained in Problem 3.1.c:

Theorem 3.1.1 Let g4, be a metric and T, be a torsion. Then there exists
a unique derivative operator NV, with this torsion satisfying V,ge. = 0.

Wald’s proof holds as written up through Eq. (3.1.26). We have seen that
torsion changes the symmetry rule in Eq. (3.1.9), so the next step in the
proof becomes

2C(cab - 6otgcb + @bgac - vcgab - ATjabc - Azﬁbac + AT‘cab . (3127)

We have already seen that the difference in torsion is responsible for the
antisymmetric part Cq), but this expression shows that it can contribute to
the symmetric part Ce(qp) as well. The torsion contribution to this symmetric
part is zero if and only if the difference in torsion is totally antisymmetric in
its three indices, AT¢q = Alfcqy.-

It is clear from this that Eq. (3.1.28) becomes

1 . . .
Cu = §ng <vagdb + Vigad — Vagay — ATopg — ATpeq + ATdab) . (3.1.28)

That in turn leads to modified expressions for the Christoffel symbols:

1

[ = 59601 (0u9ab + Ov9ad — OaGar — Tuva — Thad + Taan) (3.1.29)

or in components,

1 9900 OGus  OGu
FP#V:—ZgP”< Jov | Cduo T —TWU—TZ,W—FTW,,) . (3.1.30)

2~ Jxt — OJzv  0z°
With this expression for the Christoffel symbols in hand, intuition for the
effect of torsion can be developed by considering Wald’s Eq. (3.1.19) on a
manifold with a flat Cartesian metric but non-zero torsion for various choices
of curve (with tangent vector ¢*) and vector to be parallel transported v®. In
the particularly simple case where the torsion is totally antisymmetric, that
equation becomes

dvv 1 ,
. + 5 Z thT u,\vA =0 (when gap = 1ap and Toap = Tican)) -
LA

d
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So for instance, if T%,, > 0, parallel transport along the x direction will cause
v to rotate about the z-axis in a left-handed manner.

In this special case, it is clear from this expression that a vector v* tangent
to the curve (i.e. parallel to t*) will not be affected by torsion. This is not
the case for more general choices of torsion (which can contribute to the
symmetric part of I'%,). General torsion can lead to significant changes
when we consider geodesics.

3.2 Curvature

Our definition of curvature must also be generalized in the presence of torsion.
Wald’s approach is still valid, but the first term on the right hand side of
Eq. (3.2.1) no longer cancels in the next step. After subtracting V,V,(fw.)
from Eq. (3.1.1), we find

(Vavb — vaa)(fwc) = (—Tdabvdf)wc -+ f(VaVb — vaa)wc .
Adding an appropriate derivative of w. to both sides then gives
(VaVb — ViV, + Tdabvd)(fwc) = f(VaVb — ViV, + Tdabvd>u)c . (322)

Thus, by the same reasoning as in the torsion-free case, the expression in
parentheses is a tensor:

VoViwe — VoVawe + T Vawe = Rape’wy - (3.2.3)

This defines the Riemann curvature tensor in the presence of torsion.
This simple change in definition,

(V,Nb — VbVa) — (V,Nb - V)V, + Tdabvd) ,

is the only modification necessary for some time. This substitution arises
in the middle line of Eq. (3.2.8) due to the change in Eq. (3.1.2) for the
commutator of vector fields, but all of the results in that section are the
same: the new Riemann tensor correctly measures the path dependence of
parallel transport. And the generalized definition is used in Eq. (3.2.10),
Eq. (3.2.11), and Eq. (3.2.12), which show that it is still valid for arbitrary
tensor fields. (There is also an extra term in the second line of Eq. (3.2.10),
but it is straightforward to find and has no broad significance.)
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The generalizations of the “four key properties of the Riemann tensor”
are more interesting. Property (1) (Rup? = —Rpac?) still follows directly
from the definition, because T, is antisymmetric in @ and b. Property (2)
is much less attractive:

R[abc]d = —V[aTdbc} + Te[adec]e . (3.2.14)

Property (3) (Rapeda = — Ravac) still holds. And the Bianchi identity, property
(4), is modified:
VieRgd® = T wRapa® - (3.2.16)

In the proof of property (2), the starting point is modified:
2V o Vowe + T Vawyg = —VieT%eqwa + T T gewa - (3.2.17)

In deriving this equation, we have used Eq. (B.1.7) for V?w. This provides
the appropriate form for Eq. (3.2.18):

Ripgwa = VuViwg — VpVewg + T Vaw|q
= QV[avbwc] + Td[ab|de|c]
= (=VuT%q + T T %) wa - (3.2.18)

The proof of property (3) in Eq. (3.2.19) is essentially unchanged; the
only change in the equation is the usual substitution of definitions. However,
the change in property (2) means that the Riemann tensor with torsion is no
longer symmetric under exchange of the first pair of indices with the second.
In the absence of torsion, we were able to write:

A\ A\

——— r r
2Rcdab = Rcdab _Rdacb _Racdb = Rdcba _Rabdc _Rbdac _Rbacd _Rcbad = 2Rabcd
—— —— ——

But when we use our modification of property (2), this becomes much more
complicated. All four uses of Eq. (3.2.14) add different torsion factors:

2Rcdab = 2Rabcd +3 ( V[b‘TMCd] - v[a|Tb\cd] - v[d|7jc\ab] + V[c|frd\ab]
+ Tae[bTecd] - Tbe[aTecd} - Tce[dTeab] + Tde[cTeab]) .
(3.2.20)
If the torsion is totally antisymmetric, Teqp = Tjcq), this expression simpli-
fies enormously. The torsion-squared terms cancel out completely, and the
derivatives of torsion combine and simplify to

Rapea + v[airb]cd = Redap + V[chd]ab (When Teay = T[cab})~ (3220&)
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In the special case where dT" = 40, Ty.q = 0, an even more elegant relation
holds:

Rcdab = Rabcle__T (When Tcab = T[mb] and a[aTbcd} = O) (3.2.20b)

The proof of this relation is given in section 3.4a, once we have found an
explicit expression for the Riemann tensor.

Finally, we come to the Bianchi identity, property (4). We will simply
apply our usual change in definition to the basic formulas used by Wald:

(VaVb - V)V, + Teabve)vcwd = RupeVewg + Rapa®V owe (3.2.21)
and

Va [(vbvc - vcvb + Tebcve)wd] = va [Rbcdewe] = wevaRbcde + Rbcdevawe .

(3.2.22)
Without torsion, antisymmetrizing over a, b, and ¢ makes the left hand sides
of these equations equal. But the torsion term in the second equation adds
considerable complication:

v[a (Tebc}vewd) = (V[aTebc])vewd +1T° [bcva]vewd
= (V[aTebc])vewd +1T° [bcRa}edfwf
+ T pe| VeVigwa — Te[bcha]EVfwd )

The third term on the right hand side is finally of the proper form to match
the torsion term in Eq. (3.2.21), so after antisymmetrization, the second equa-
tion is equal to the first plus the first, second, and fourth terms immediately
above.

Meanwhile, the antisymmetrized first term on the right hand side of
Eq. (3.2.21) is also non-trivial once torsion is included, as we must use

Eq. (3.2.14):
R[abc]evewd = (_v[aTebc} + Tf[abTec]f>Vewd .

These terms will cancel with the first and fourth extra terms from the pre-
vious correction. Showing terms from the second equation first:

wev[aRbc}de + R[bc\deva]we = R[abc]evewd + R[ab\dev\c]we + Te[bcRa]edfwf

+ (VT = T 1T 0)) Vewa
= Riapa"Vigwe + T¢peRajed’ wy - (3.2.23)
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After a final cancellation of terms between the two sides, this leaves
weV[aRbc]de = weTf[bcRa}fde , (3.2.24)

which leads to the Bianchi identity as stated above.

In the orthonormal tetrad method of section 3.4b, the Riemann tensor is
treated as a differential 2-form in its first two indices, R.,” = R,”. In the
notation introduced in my appendix B.1, the left hand side of the Bianchi
identity with torsion is written VR,”. As shown below Eq. (B.1.6), V can
be related to the usual derivative d by

(VRMV)abc = (dRuV)abc + 3Td[abRC]duV <: (dRuV)abC +T7 A R(l)auy> :

Comparing this with our result for the Bianchi identity yields the result
dR,” = 0, just as in the torsion-free case. (On the other hand, a direct
form-based proof of that identity would make this an alternate derivation of
our Bianchi identity.)

We can still define the Ricci tensor as the trace of the Riemann tensor,
and its symmetry can be found by contracting Eq. (3.2.20) with g%

Rae = Req — 3V T + TP T, . (3.2.26)

If the torsion is totally antisymmetric, the final term vanishes and the equa-
tion reduces to Rye = Ry + VTP, if dT = 0, Eq. (3.2.20b) indicates that
R, = Reo|r——7. The Ricci scalar’s definition is entirely unchanged.

The Weyl tensor C,;.q can still be defined as the trace free part of the Rie-
mann tensor. Wald’s expression assumes that the Ricci tensor is symmetric,
but only minor re-ordering is required:

2
—1)(n—2)

2
Rabcd = Cabcd+—<Ra[cgd]b_Rb[cgd]a) - (n Rga[cgd]b . (3228)

n—2
The Weyl tensor still satisfies properties (1) and (3), and its analog of con-
dition (2) can be computed from Clapga = Riabga + 2/(n — 2) Rjageja using
results above. (I have not checked whether Cupe remains invariant under
conformal transformations.)
The modified Bianchi identity remains complicated after contraction:

vaRcbda + Vb}%cd - chbd - 2Tea[bRc}eda - TebcRed . (3229)
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Contracting again with ¢*¢ then gives
2V R = VR = T’ Repqy — 2T Req . (3.2.30)

Because no derivatives are explicit on the right hand side, there is no obvious
generalization of the Einstein tensor for arbitrary torsion.

In the special case where T, = Tjqy, the antisymmetry allows us to
use identities related to property (2) to reduce the right hand side of this
expression to (T°®V Tyap — TV 1oy — 21,05V T°%) /2. This is not quite
a total (covariant) derivative, so even in this case no obvious generalization
of the Einstein tensor exists: there is no clear analog of Eq. (3.2.31) or
Eq. (3.2.32). In Einstein-Cartan theory, the stress-energy tensor is modified
by terms related to spin and has similarly non-vanishing divergence.

3.3 Geodesics

The concept of a geodesic can be formulated in two ways. One is the defini-
tion given by Wald in Eq. (3.3.1): a “straightest possible line” whose tangent
vector is parallel propagated along itself. The other is the source of the name
(as I understand it): a “shortest possible path” between any two of its points
(or more generally, an “extremal length path” between them). In the pres-
ence of torsion, these two concepts need no longer be equivalent. For the
sake of consistency with Wald’s definition, we will take the term “geodesic”
to imply the first meaning but not necessarily the second.

Most of Wald’s discussion in this section requires no modification at all.
As mentioned at the end of section 3.1, the geodesic equation depends only
on the symmetric part of the Christoffel symbols, so if T.,, = Tjca), torsion
will not affect the equation at all.

The first statement that may be changed by the presence of torsion is the
assertion that in Gaussian normal coordinates, geodesics remain orthogonal
to the hypersurfaces S;. Because the definition of the commutator of vector
fields has changed, we find

nan’V, X
= N X°Vn® + ngT%.n"X¢
1
= §vab(n“na) + Topen®nb X

n’Vy(n X*)

= Tpen®nbXe. (3.3.6)
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Thus, orthogonality is maintained if and only if the torsion is totally anti-
symmetric.

The next change, as stated earlier, comes in the proof that the shortest
path between two points is a geodesic. The essence of the change is that
while the geodesic equation may depend on torsion, distances depend only
on the metric (so even on a manifold with torsion, the “shortest paths” must
correspond to torsion-free geodesics).

Formally, all of the mathematics leading up to Eq. (3.3.13) remain un-
changed, but the result may no longer match our generalized expression for
the Christoffel symbols in equation (3.1.30). The antisymmetric part of the
Christoffel symbols will not contribute here in any case, but the torsion will
change the symmetric part (and thus invalidate the conclusion that extremal
length paths are geodesics) if and only if Tyep # Tjeap)- I do not believe that a
geodesic equation including torsion can be obtained from a “point particle”
Lagrangian as in Eq. (3.3.14), although that Lagrangian can still be used to
find the part of the Christoffel symbols that depends only on the metric.

Finally, in the discussion of the geodesic deviation equation, the first
change is directly related to that of Eq. (3.3.6):

T°V X = XV, T + T T°X° ; (3.3.16)

as in Eq. (3.3.6), X*T, need no longer be constant along the geodesics.
The acceleration a® = T°V v* is then given by:

a® = TV.(T'V,X*)
= TV (X VT + T3 T X°)
= (T°V.X") (VT + XT°V .V, T + TV (T4 T X)
= (XV. T (VT) + (Tt T X (V,T?) + X TV, V. T
— XPTT? 4,V 4T — Rpg® X TT + TV (T 3. T X°)
= XV (T'VyT*) — Rpg" X TT? + TV (T 3. T X°)
= Ryd"X'TT* + TV (T4 T X°) . (3.3.18)

This result may be more intuitive when written explicitly in terms of the
relative velocity: TV (v — T%.T9X®) = Rpeq® X TT?. The left hand side
shows that the relative velocity of two geodesics naturally changes during
parallel transport due to the effects of torsion. Only the deviations from
that direct torsion contribution are due to the manifold’s curvature.
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3.4 Methods for Computing Curvature
3.4a Coordinate Component Method

The given expressions for derivatives of a dual vector field still hold for non-
zero torsion. When constructing the Riemann tensor, the second line of
Eq. (3.4.2) no longer vanishes after a and b are antisymmetrized, but its
contribution precisely cancels out the explicit torsion term in our modified
definition of the Riemann tensor. Thus, Wald’s expression for the Riemann
tensor is essentially correct, except that it assumes the symmetry of the
Christoffel symbol in one place. The proper index order is

Rabcdwd = [—28[,1I‘db]c + QFeMCFdMe} wq - (343)

In components, this yields the following expression for the Riemann tensor:

9
ox”

g __
Ry =

g a g o g 6} g
M= 520 ot Y (Tl =T, 0%0) - (3.44)

It may at times be useful to decompose the Christoffel symbols into a
sum of metric- and torsion-derived parts:

. 1
FCab = FCab + 5 (Tcab - T’abC - Tbac> .

Here, [y, is the part of the Christoffel symbol that is independent of tor-
sion. (As usual, the final two torsion terms cancel if the torsion is totally
antisymmetric.) We can use this to expand out the torsion contribution to

A

the Riemann tensor, writing the torsion independent part as Rgp.%:

Rabcd = Rabcd - 8[aTdb}c + a[aTb]Cd + 8[a\Tc|b]d

+ e (T = T = T ®) + (Tt = Thate® = Teta®) T
|

+ 5 (Te = Thae” = Tea®) (T = Tpe" = Tep) -

For totally antisymmetric torsion, this simplifies substantially:
. . A 1
Rabcd = Rabcd - 8[cszb]c + Fe[a\ch\b]e + Te[a|ch|b]e + iTe[a|ch\b}e

1
= Rabcd - v[aTb]cd + 5 (Te[a|cTe|b]d - TeabTecd) .
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To compare this with Eq. (3.2.20a) for totally antisymmetric torsion, note
that if the d index is lowered, Rabcd and both terms in parentheses on the
second line are invariant under {a, b} < {c, d}.

We can now derive the elegant expression Regap = Raped|7——7 that holds
in the special case dT = 40, T}q = 0 (as stated in Eq. (3.2.20b) above).
In the final line above, all of the terms are manifestly invariant under this
transformation except —V,7; b]cd. Thus, our goal is to show that V|, Ty =
@[ch]ab, where @a is a new derivative operator that differs from V, only in
its torsion: Tcab =—-TCs.

Using results from appendix B.1,

2V[aTbcd] = 28[aTbcd] - 3Te[achd]e = _STe[achd}e .
Therefore,
V[ajjb]cd = 2V[ajﬂ’bcd} - V[cjjd]ab = _3T€[achd]e - v[cjﬂ’d]ab .

We must next convert to the new derivative operator V,, which is related to
V. by the tensor C°,, = T¢,. We find that

V[ciz—’oi]ab = 6[cT’d]OLb - Techeab - Te[c|aT’|d]eb - T€[c|bT‘|d}ae
= ViTga — T cileap + 2T Tejapp -
Putting this all together, the result is
V[ajjb]cd = _3Te[ab\Te|cd] - @[ch}ab + Techeab - 2Te[c|aTe\d]b = ﬁ[cj—’d]ab )

as the explicit torsion squared terms cancel out when the antisymmetrizations
are expanded. This proves the desired relation.

Getting back to the flow of Wald’s presentation, the next step is to correct
his expression for the Ricci tensor. Again, it is essentially correct apart from
some index ordering:

0 0
Riy= 5T 5 Z vp Z L va =TT a) - (3.4.5)

The formula for the contracted Christoffel symbol requires the addition
of a torsion piece,

OGva
Faau = Z Iwu,u = %Z e g + ZTV’/H (347)

v,a
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As far as I know, there is no further simplification to be found for this
torsion contribution in general (for totally antisymmetric torsion, it vanishes
entirely). Thus, the final simple formula for the contracted Christoffel symbol

is
a 11 9g , 0 )
Faﬂ 2901’“ XV:T VM_@IHV |g|+zy:TVu (349)

And following from this, the divergence of a vector field is

a __ a a b o
Vo T = 0,T" +T%,T" = Z \/_| ax# VIgIT") + > T, T" . (3.4.10)

221

3.4b Orthonormal Basis (Tetrad) Methods

7

Wald names the torsion free condition “ingredient (2)” in determining the
curvature, so that term is a signal indicating that changes are required. Most
of the basic definitions used in this approach remain unchanged, so the first
change is simply to substitute the modified definition in the expression for
the components of the Riemann tensor:

Roopr = Ravea(e,)(e5)"(en)(en)"
= (e,)%(e0) () (VaVy — ViV + T Va)(e)e - (3.4.17)
The extra term can be expressed very simply using the definition of the
connection 1-forms, leading to the result

Rpo;w - (ep)a(eo>b {vawb,uu - vbwa;w + Tdabwduy

- Z naﬁ [waﬁuwbay - wbﬁuwaau] } . (3420)

This leads directly to a corresponding change in the expression written in
terms of the Ricci rotation coefficients:

Rooyr = (€0)" Vo = (€6)" Vatppu + D T potorm (3.4.21)
A

o Z naﬁ {wpﬁﬂwmv — WopuWpar T WpsoWauw — Wcrﬁpwozw} .
a7ﬂ

We next come to the the discussion of “ingredient (2)”, and the first
change is due to the corrected formula for the commutator of vector fields:

(€o)alen )" = (ea)a{(en)"Vi(en)" = (€)' Vi(en)" = Thelen)’(er)}
wual/ - Wuau - Tauu . (3423)
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Eq. (3.4.24) for the antisymmetrized derivative of the connection 1-forms
still holds, and Eq. (B.1.6) shows precisely how to write it in terms of the
ordinary derivative:

1 14 1 C
3[a(ea)b] = V[a(ea)b]—i—ETcab(eJ)c — Zn“ (eu)[awb]gy—f—ET ab(eg)c . (3425)

mv

Finally, we can translate these results into the language of differential
forms. The torsion becomes a collection of 2-forms, (T7)s = (€7).T -
Then Eq. (3.4.25) can be written

de, = Z e, Nw,' +T,, (3.4.27)
m

or, using the notation introduced in appendix B.1 for a derivative with tor-
sion, Ve, =) e, Aw,". Similarly, we can write Eq. (3.4.20) as

R =dw,” +) w," Nw,". (3.4.28)

This equation is identical to the torsion free result, but that fact is sufficiently
surprising (and the equation is sufficiently important) that I have chosen
to duplicate it here anyway. In terms of the derivative with torsion, this
equation is less elegant R,” = Vw," +>_ _(w,* Aw,” +Tw,,"”). In general,
it seems that using the ordinary derivative d is the simplest approach: the
torsion appears in the equations of structure exactly once, and in a very
straightforward way.

A B-Fields and Non-symmetric Metrics

[Note that this appendixz has nothing to do with Wald’s appendiz A, which for
its part has nothing to do with torsion.]

In string theory (and several related theories), the metric g, is accompanied
by a 2-form field B, whose field strength H,,. = 30|, B.q. The two sometimes
appear in the combination G, = gu + Ba, which can in some ways be
thought of as a generalized metric that is not necessarily symmetric (but
remains nondegenerate).
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However, this perspective should not be taken too seriously. Tensor in-
dices are still raised and lowered with g% and g, alone (otherwise, the map
between the tangent space and its dual would be more difficult to define, as
Gav® # Gbavb). And the derivative operator is still chosen so as to satisfy
Vagbe = 0. (If the derivative operator instead obeyed V,Gy. = 0, this would
imply both V,g,. = 0 and V,By. = 0. The latter leads to a constraint on the
torsion T' d[abBc}d = —01uByg. An appropriate torsion could probably be cho-
sen to satisfy this constraint, which would make Eq. (3.1.27) hold as written
above, but this is not the approach that is relevant here.)

The actual effect of the B-field in string theory is to introduce a torsion
directly. Eq. (3.1.29) becomes

1
Ia = 5ng (0.Gap + OpGag — 0aGap)

1
= 59“1 (0agab + Ov9ad — OaGab — 3010 Bua)) -
This corresponds to a torsion Typ. = —Hype- (The relative sign here is purely
conventional: if we had reversed the order of indices on the three G, terms,
the sign of H would have been positive.) In components, this reads

L, (090,, N 090 B Gy B 0B,, 0By, B 8BW> '

oxH ox? o0x° oz ox? o0x°

Fp,u,u - 59

B Differential Forms, et cetera

B.1 Differential Forms

Perhaps the greatest value of differential forms as they are usually presented
is that their properties are independent of the choice of derivative operator.
In the presence of torsion that independence is partly broken, although they
are still independent of the metric.

Naturally, the results change only when derivatives are involved. This first
appears when relating the antisymmetrized derivatives for different derivative
operators:

P
= p
V[bwal--‘ap] — V[bwal...ap] = — E Cd[bajwa1-~|d|~--ap] = (=1)? 3 ATd[ba1Wa2~~-ap]d )
j=1

(B.1.6)
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(Note that this corrects a sign error in Wald’s equation, which had no effect
when torsion was zero.) Thus, this map is only unique when the manifold’s
torsion is specified, but it still does not require a preferred metric. 1 will
denote this map by V, and I will continue to use d to refer to the torsion free
case. (This notation is almost certainly not standard, but it seems sensible.)
In particular,

,P(p+1)

9 Td[balwaQ-nap]d .

(VW) a, = (dw)pay.a, + (—1)
The final term is clearly a differential form as well, but it is not clear (to me,
at least) how to express it in pure form language. It is tempting to write it
as (—1)P T% A (w(,_1))a, simply treating the contracted indices as labels on
a set of forms much like p in the tetrad (e,)®. In fact, I am fairly confident
that this approach would at least work in the orthonormal tetrad context:
there, the torsion is treated as a set of 2-forms 77, and I see no danger in
decomposing a p-form w into a set of (p — 1)-forms (W(p_1))s-

It is clear that for general torsion, the Poincaré lemma will not hold:
V2 = VoV # 0. In particular, for a scalar field f this is simply the
definition of torsion: (V?f)y = —T°sV.f. For more general forms, the
formula becomes

2(V2w)bca1...ap

2V chwa .
+2)(p+1) P
p
= D> Riea," Wartaear) = Tl Valaoay)
j=1

— —p(—l)”R[bcaldw@...%}d — Td[bc|de|a1...ap] (B.1.7)
= p(_1>p(v[deca1| - Te[bcha1|e)w|a2~--ap]d - Td[bc\vdw\almap]

In the final line, we have substituted for the antisymmetrized Riemann tensor
using Eq. (3.2.14). Because this expression is much less elegant (and much
less useful) than d? = 0, most equations involving differential forms will still
be best expressed in terms of the torsion-free derivative.
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