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Abstract.
This is a very terse development of differential geometry, written for the author’s benefit. The point
is to gather all of the basic constructions together with consistent sign and other conventions.

1 Conventions

M is a smooth (C°°) manifold. All maps, curves, etc. are smooth unless otherwise specified. F,
F and G are vector bundles over M. We use Penrose’s abstract notation [6], as described in [1],
with shape symbols for F, F' and G being O, A and <, respectively. We use capital greek indices
for E and capital roman indices for F', the indices appearing as superscripts. We use subscripts for
E* and F*. We will not need index symbols for G. A section of a tensor product of copies of T'M
and T*M will sometimes be called a world-tensor. A metric is a (not necessary positive definite)
nondegenerate symmetric element of G,,. Our notational and sign conventions follow Penrose.

2 The Exterior Derivative of a Function

If X € &° then X is a derivation on functions, X : & — &. For given f € &, the map X — X (f)
is G-linear in X, so is induced by an element of G,. We call this tensor the differential (or exterior
derivative) of f and denote it df. In terms of it we have

X(f) = (df)aX*

forall f € &, X € &°.
The map f +— df is a derivation: First, for all X € &°, we have

X(f+g)=X(f)+ X(9),
(d(f+9)aX® = (df)aX” + (dg)a X"

Since X is arbitrary, we have (d(f + ¢))a = (df )a + (dg)a, so d(f + g) = df + dg. Second, for all
X € 6° we have

X(fg)=X(f)g+ fX(g)
because X is a derivation. That is,
(d(f9))aX® = g(df )aX* + f(dg)a X"

Since X is arbitrary, this implies d(fg) = (df)g + f(dg), so d : & — &, is a derivation. See
section 8 for a generalization of the operator d.



3 Connections on Vector Bundles

A connection on E is a map V : 6% — &, satisfying the conditions V(S+T)=VS+ VT and
V(fS)=df@VS+fVSforall fc &and S, T € &Y. V is sometimes called a covariant derivative
operator. If £ = T'M then we sometimes call V an affine connection. We use the conventions of
[1] for attaching indices to operators, so that V,, V,, etc. are maps on &', G2, ete.

If X € &° and S € &Y then the tensor X¢V,ST is called the covariant derivative of ST along
X. We say that S is (covariantly) constant along X if this vanishes; if this holds for all X € &°¢
(so that VS = 0) then we say that S is (covariantly) constant.

Suppose v is a smooth embedded curve in M with nowhere vanishing tangent vector 4 and S
is a smooth section of E defined over the image of y (that is, S oy is a smooth map). Lemma 5.10f
[5] and the discussion following it assures us that there is a smooth vector field X (resp. a section
S’ of E) whose restriction to the image of v is 4 (resp. S). Furthermore, the covariant derivative
of S along X, at points in the image of v, depends only on the values of X and S’ on this image.
Thus we may speak unambiguously of the covariant derivative of S along v even though S is only
defined on the image of ~.

If V is an affine connection then a geodesic in M (with respect to V) is a smooth curve =y
whose tangent vector 4 is covariantly constant along . That is, ¥°V,4* = 0. We will say more
about geodesics in section 14.

We note that if V is any connection on F then the identity map 10" on E is annihilated
by V. To see this, let e, be a basis of sections of E and let E“ be the dual basis for £*. Then
112 =3, (E*)r(eq)?. For any 3,7 we have

(E7)r(e1)2Vala" =) (B7)r(es)*Va [(E*)a(ea)"]
= Z(EB)F(e'y)A [va(Ea)A(ea)r + (Ea)Ava(ea)F]

= (1) Va(B)a + (E7)rVa(ea)”
= Va((ey)2(E7)a) = 0.

Since § and « are arbitrary, this implies that V1 = 0.

Theorem 3.1. There exists a connection V on E.

Proof: Suppose U C M is a coordinate neighborhood in M over which FE is trivial. Let
01,...,04im E be a basis of sections of E over U and let xq,...,Zqim ps be coordinates on U. We
will define a connection YV on E|y. If S is any section of E over U then there are unique sz € &

such that S = ZdlmE sgog. For such S, define
dim M dim E

UyVS = Z Z 08‘3 (dza) @ 0.

It follows from the additivity and product rule for partial derivatives that YV is a connection on
E|y. Suppose sets U, form a locally finite cover of M and that for each v, h, is a smooth function
supported in U, with Zv h, = 1. Then for S S we define

VS = Z (" v (Slw,)) -



It is easy to check that V is a connection on FE. O

It will sometimes be useful for computation with bundles over M besides T'M to introduce
an arbitrary affine connection; at the end of section 5 we introduce a notation for reflecting such
a choice.

4 The Torsion of an Affine Connection

Let V be an affine connection. A computation using the axioms for V shows that for all f,g € &,
we have

(VoVe =V Vo) (fg) = 9(VaVe = ViV f + f(VaVe = Vi V4a)g,

showing that for all X,Y € &°, the operator X“Yb(VaVb —VuV,) on & is a derivation and thus
a vector field. Since the assignment of this vector field to X and Y is obviously &-linear in X and
Y, we see that there is a tensor field T' € G,,° such that

(VaVy =V Vo) f =T Ve f

for all f € &. T is called the torsion of V. Since the left hand is obviously antisymmetric in a and
b, T,,° is antisymmetric in its lower indices.

5 New Connections Derived from Old

Given a connection V : 6¥ — &, on F there are several ways to extend it. First is a trivial
extension to &, by
Vf=df.
As shown in section 2, V is a derivation and thus a connection on &. B
A second sort of extension is less trivial: V induces a natural connection V : Go — S0 on

E*, as follows. (After this section, we will regard V as an extension of V and suppress the tilde.)
For any X € G, consider the map &Y — &, defined on Y € &% by

YU Vo (XYY — Xpv, YT,

Note that we have used the extension of V to & in the first term on the right hand side. Straight-
forward computation reveals that this map is G-linear in Y. Therefore it is given by contraction
with a unique element of &,r. We define V : Gy — G0 by means of this map. That is, we define
VX by requiring that _

(Vo Xp)YT = Vo (XrYT) — XpV, YT (5.1)

hold for all Y € 6¥. Now we check that V is a connection. If X,Z € Gy and f € 6 then it is
straightforward to check that for all Y € &% we have

YV (Xr + Zr) = YT (Vo X1) + Y (Vo 2Zr)

and
YV (fXr) = (Vo /)Y  Xp + YT (V Xp).

Since Y was arbitrary, we see that Vo (X1 + Zr) = VoXr + VoZr and Vo (fXr) = (df)oXr +
f%aXr. Therefore ﬁ(X +7) = VX +VZ and %(fX) =df ® X + fVX, which is to say that v
is a connection on E*. As mentioned above, we will henceforth regard V as an extension of V and
suppress the tilde. Observe that (5.1) can be expressed

Vo(XpY') = V Xr YT + XV, VT, (5.2)
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which is sort of a Leibniz rule.
Now suppose that E and F are vector bundles over M and that *V : &Y — S,” and
Fy .62 — 6,2 are connections on them. Define a map IV . 694 - SR by

EFVQ(XFYA) — (EV(IXF)YA —|—XF(FVQYA).
The verification that this map is well-defined, that is that the identitities

FIV(fXeY)=""V(X @ [Y),
PR(X+X)eY)=P(XoY)+ P (X'®Y), and
EF XY +Y) =P XeY)+ (XY

hold, is easy. Furthermore, in the process of checking these identities one verifies that ¥V is a
connection, sometimes called the tensor product connection or the composite connection.

Suppose E, F and G are three vector bundles over M, with connections ¥V, ¥V and ¢V,
so that PV : 6¥ — 600, Fy . 62 - 6,2 and 6V : 6™ — 6, Then applying the above
construction to £V and 'V we obtain a connection ¥V : V4 — GQQA. We can then use 'V
and ©V to obtain a connection EFICY : gV&< _, § V4, Alternately, by first using ©'V and
GV and then using PV we can construct another connection FFGY . V4= G, VA, Tt is
easy to check that (FF)GY = F(FG)Y | Therefore inductive application of this construction yields
exactly one connection on each bundle which is expressed as a tensor product of some number of
copies (in some order) of E, F' and G.

In particular, taking ' = E* and ignoring G, we may take ©V to be the connection on E*
induced by ¥V, as above. Thus ¥V induces a connection on E ® E, E® E* ® E. etc., so we
have covariant derivative operators CRAg GQOO, Yo" — GQO@O, and so on. We will usually
denote all of these operators by the same symbol as that of the original operator on &Y, in this
case V. By definition, these connections satisfy the Leibniz rule

Eva (SFMAG)...ATEMHE...@) — (EVaSF"'Ae...A) TE...HEM(I) + SFWAG)...A (EvaTEmHZ...'iD) )

if no repeated indices are present. However, in light of (5.2) this rule applies even if repeated
indices are present.

In section 3 we stated that for some computations we would introduce an arbitrary affine
connection; if V is a connection on E then the affine connection together with V define connections
on every bundle expressed as a tensor product of TM, T*M, E and E*. We will denote these
connections by V or similar notation, placing a dot at the center of the symbol for the given
connection.

6 The Difference Between Two Connections

We show here that if V and V are two connections on E then their difference is described by a
tensor field @ € 60@0. For all f € G and X € &Y we have

(Vo = Vo) (FXT) = (df)aX" + VXD — (df)a X" = VX"
= f(Va—Va)XT.

Therefore there is a tensor field QQ@@ such that
(%a - va)Xr = QaAFXA
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for all X € &Y. Conversely, if V is any connection on E and Q € G40" then the map vV:6% -
S," defined by B
VoX' = Vo X'+ Qur X7,

is also a connection on E. (The computations are easy.) Thus, we know what all of the connections
on F are, in terms of any given one.

We now investigate how changing the connectlon V on FE changes the connecmon induced by
V on E* (see section 5). Suppose V,V : 6% — S,V are connections, with Qs0 such that

(ﬁa - va)Xr = QaAFXA

for all X € &Y. The connections induced by V and V on G also have a tensor as their “difference”.
We compute it as follows. Let Z € Go be fixed and let Y € &Y vary arbitrarily. By definition of
the induced connections, we have

YI'VoZr = Vo(ZrY") — ZpV, YT, and

YUV Zr =V (Zr YY) — ZpV, YT

Subtracting and using the fact that V and v agree on &, we find

YT (Vo = Va)Zr = —Zp(Vy — V)Y
= —ZrQua' YA
- _ZAQaFAyrv

0 (%a —Va)Zr = —QGFAZA. Thus, the action of V -V on G is given by contraction with the
negative of the tensor that describes the difference V-—Von&Y.
Now we investigate the effect of simultaneous change of connections on E and F' on the induced
connection (section 5) on £ ® F'. Suppose that V and V are connections on E and V' and V' are
connections on F'. Suppose

(%a - va)Xr = QaAFXA
and _
(Vi = VoY * = QupY”
for all X € 6Y and Y € 2. As in section 5, we build the connections 00 and 0 on E ® F by
defining N N
OXY4) =vXxXTy4 + XI'Vv'vy4  and
OXTY4) = vxXTy4 + xT'vy4,

Then we have B A
(0o — O0) (XYY ) = Qua X2YA + Q' p XY P

= (QaAC]-BA + 1AFQ/aBA)XAYB-
Applying this result inductively, we obtain

= T..TgA.. A I'iol'y..T 1 AT 41.. T AL A
(Da_Da)Sl kA1 — QaA Sl 1 +1 kA1 2

@.
I M?r
I,

L
_|_ Z Q/aBAi SFI...FkAl...Ai_lBA7;+1...Ag’ (61)

i=1
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which completely describes the difference between the two composite connections O and O. Taking

F = E*, so that indices for F' are written as capital greek subscripts, and V' (resp. V') derived
from V (resp. V) by duality, we have Q' unt = —Qua! and so

k
< ry...T § : I'igl'..T;,—19;41...T
(va - VG)S ! kAl...Ag = Qa@ S ! ! t kAl...Ag

i=1
¢
®qry...
= Qaa TS A A ea A, (6.2)
1=1

If S has a repeated index, so that I'; and A; are the same letter, then the ith term of the first sum
cancels with the jth term of the second. A convenient way to express this fact is that each sum
need only extend over nonrepeated indices of .S.

Finally, there is a relation between the difference of two affine connections and the difference
of their torsion tensors:

Theorem 6.1. Suppose V and V are affine connections on M with torsion tensors T and T
respectively, and (Vg — V) X¢ = Qup°X? for all X € &°. Then

(T - T)abc - _QQ[ab]c'
Proof: For any f € 6,
j:‘abcﬁcf = (ﬁa%b - %b%a)f
= 6a(df)b - 6b(df)a
= va(df)b - Qabc(df)c - vb(df)a + Qbac(df)c
= (vavb - vbva)f - QQ[ab]C(df)c
= Tabcvcf - 2Q[ab]c(df)c
= Tabcvcf - 2Q[ab]cvcf'
The theorem follows because f was arbitrary. O

Corollary 6.2. On any manifold M there exists a torsion-free affine connection.

Proof: Let V be any affine connection on M; such exists by theorem 3.1. Suppose V has
torsion T. Let V be defined by (V, — Vo) X" = Qu°X? for all X € &°, where Q = T/2. By
theorem 6.1, the torsion of V vanishes. O

7 Lie Brackets and Lie Derivatives

Suppose X,Y € &°. Computation reveals that their commutator [X,Y] = XY — Y X considered
as an operator on &, is a derivation and thus a vector field. Taking V to be an affine connection
with torsion T', we can find an expression for [X,Y] in terms of V.

Theorem 7.1. With notation as above,
(X,Y]’ = XV, Y’ - YV, X" + X°YIT, ;.
Proof: For arbitrary f € © we have
(X, Y](f) = X(Y(f)) = Y(X(F)),
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which is to say
(X, Y]PVyf = XV (YPV,f) — YOV, (X V, f).

After applying the Leibniz rule and the definition of T', and renaming some of repeated indices, we
see that

(X, Y]’V f = (X9V,Y® - YoV, X" + X°YIT ")V, f,

which proves the theorem. O

The Lie derivative operator with respect to a vector field X, denoted £x (S), is discussed in |2,

§83.6-3.7]. £x maps the tensors of any given shape to each other and has the following properties:
1. £x(S+T)=LxS+ £xT.

Ex(SRT)=(LxS)@T+S® (L£xT).
L£xS=[X,5]if S € &°.
Sxf=X())if f €.
Ex(ST,) = (£x9)" Ty + S*(L£xT), if S € 6° and T € 6,.
It follows from property 1 that £x is determined by its action on simple world-tensors, then from
property 2 that it is determined by its actions on &° and &, and from properties 4 and 5 that it
is determined by its action on &°. Finally, condition 3 shows that this action is given in terms of
any affine connection V by theorem 7.1. We will use the conventions of [1] for attaching indices
to the operator £x, which is to say that we will regard each operator £x as a map on the tensor
spaces 6%, etc. as well as on the spaces like G%°,°

Now we work out explicit formulas for Lie derivatives. If Vi,..., V4 € &° then

G N

A A
Sx((V)™ - (Va)™) = > (Ex(Va)™) T (V)

A
— Z VX% (V)™ o (V1)@ (Vo) (Vg )2t -+ (V4)04
A
FXC DT (V) (Vo) (Va) (Vo) - (Va) ™. (7.0)

For W € 6, we compute £xW as follows: for any V € &° we have
VeexW, = Lx (VW) — (LxVOW,
= XV(V'W;) = (XOVV = VEVX 4 XVIT) W,
= XV'V W, + VW,V X — XVIT "W,
After relabelling some of the repeated indices we may use the fact that V was arbitrary to deduce
LxWy = XV Wy + WV X — XT3 Wy
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By a derivation similar to that of (7.1) we deduce

Ex (W1)e, -+ WB)og) = XV (Wi, -+ (Wg)bg)

B
+ 3 (Vo XO) (W)o, +- (Wa—1)bs_, (Wa)e (W1 - (W)
p=1

B
= XY T W)y Wo—1)be s Wa)a(Wis1)osys - (Wh)og.  (7:2)
=1

Finally, it follows from (7.1), (7.2) and properties 1, 2 and 5 of £ that the Lie derivitive of a general
world-tensor S is given by

ai---aa _ yc¢ ai---aa
xS by = X°VeS ,

1-+bp

o a; Qc aa
VeXmgeea,

OB

e — aa gai-c
VeXeague,

+ Vi XOGH0A L £V XS

1-C

+XC | Teg™ 8™, 4 Teg™ 5™,

1-bp

_chl S5 aAd---bB _"'_chB S aAbl---d : (7-3)

Of course, this expression simplifies dramatically if V is torsion-free.

8 Differential Forms

A differential p-form on M is a totally antisymmetry tensor 04,. .4, € Go...., Which is to say a
section of AP(T*M). We call p the degree degf of §. If 6 and £ are differential forms then we
define their exterior (or wedge) product to be

(ONE)ay...apbr.by = Olar...a,br..by)-

The exterior product is associative and satisfies the “commutativity” relation
ONE=(—1)dee(deg)e p g,

We sometimes denote the space of all p-forms on M by QP(M). Some references, such as [3], use
a different definition of § A {&—one differeing by a factor of (deg)!(deg&)!. This changes some of
the formulas (notably (8.6)), but not the mathematics.
Section 4.3 of [2] describes an operator d : QP (M) — QPT1(M) called exterior differentiation.
It is characterized by the following properties:
1. d behaves on Q°(M) = & as in section 2,
2. dONE) =dONE+ (—1)PONAE if 6 € QP(M).
3. d(df) = 0 for all forms 6.
4. d(0+ &) = db + d¢.
One checks that with respect to the covariant derivative operator 0 of a coordinate system, the
map
Hal...ap = a[(10‘9111...(1,,] (81)

has these properties and thus provides a way to compute exterior derivatives: (df)q,...q, is given
by the right hand side. Furthermore, if V is any torsion-free affine connection them in fact we have

v[(10‘9a1...ap] = 8[a00a1...ap] (82)



for any § € &,,..., (i.e., f need not be a form). This holds because with (9, — V) X¢ = QX" for
all X € 6°, we have Qqp° = Qp,“ because V and 0 have the same torsion. Then by (6.2) we have

(8(10 - Vao)aal...ap - _analbebag...ap -t anapbaal...apflaf

Antisymmetrizing both sides over ay,...a,, the right side vanishes, proving (8.2). Thus we can
compute exterior derivatives as in (8.1), with any torsion-free affine connection in place of 0.

If ®: M — N is a smooth map of manifolds then we’ll denote by ®* the pullback opera-
tors (T*N)®P — (T*M)®P  and we will also write ®*6 for the section of (T*M)®P obtained by
composing a section § of (T*N)®P with ®*. A basic functorality property of pullbacks is that if
0 and £ are covariant tensors on M then ®*(0 ® ) = ¢*0 @ ®*¢. It follows immediately that
O (ONE) = D*O A D*E. In light of this it follows by induction from the fact that ®*(df) = d(®*f)
for f € C*°(N) that ®*(df) = d(P*0) for any differential form 6 on N. That is, the exterior
derivative commutes with pullbacks.

A computation reveals that if X € &° then £x preserves each of the spaces QP(M). If
0 € QP (M) then by (7.3) we have

(£X9)a1...ap = vabeal...ap + valeebag...ap +---+ vapreal...ap,1b7

by (7.3). We study what happens when indices a; and a;41 are exchanged on the right hand side.
Each term except for the (i + 1)st and (i + 2)nd remain as they were except with its sign reversed,
by the antisymmetry of . After the index exchange, the remaining two terms become

b b .
vai_HX Hal...ai_lbai...ap + vaiX eal...a¢+1bai+2...apa

applying the antisymmetry of 8, we see that this is just the negative of sum of the two terms we
started with. This proves that £x0 is a p-form. A less computational way to see this is to define
(as in [2]) the Lie derivative £x in terms of the limit of pullback maps along the flow of X. In
terms of this definition, the above result and the one below follow from the naturality properties
of pullbacks.

Finally, we show that £x(df) = d(£x0) for all § € QP(M). This is easy if 0 is a function:

(d(£x0))a = (d(X"V10)),
= V.(X"V,0)
= V. X"V + XV, V0
=V, X'V + XV, V0
= £x(Vab) = (£x(dh))q,

where we have used the fact that V is torsion-free. The result for general 8 follows by induction;
given the result for 6 and & we prove it for 6 A { (with € a p-form):

A(Lx(ONE)) =d(LxONE+O N LxE)
=dexONE+ (—1)PLEXONdE+dON LxE+ (—1)PONdLxE
= LxdINEFdON LxE+ (—1)PLxO A dE + (—1)PO N dLxE
=Lx(dONE) + (—1)PLx (0 A dE)
= Lx(d(# N E)).



A fact useful for work with differential forms is that

(P + Dbaby..b,] = Oappy..,] = Oprfalpg.b,) =+ =+ (=1)P0pp, 0,00 (8.3)

for all 6 € QP(M). Given a vector field v, we define the inner derivative i,6 of a form 6 € QP(M)
for p > 0 as

(iv(e))aQ...aP =™ 9a1...ap§ (84)

we set i, f = 0 for f € Q°(M) = &. Note that i, o i, vanishes. We call i, a derivation because
when 0 € QP (M) and € € Q4(M) we have

(P +@)in(0 A E) = pin(9) A&+ (=1)Pq 8 Niy(§), (8.5)
which follows from (8.3) and some calculations. This allows us to prove Cartan’s “magic formula”,
£,0 =pdi,0+ (p+1)i,db (8.6)

for § € QP(M). Checking it for the cases p = 0 and 1 is an easy computation, and for general p
the result follows by induction using the product rules for the Lie, exterior and inner derivatives.

The main theorems concerning differential forms are the Poincare lemma and its inverse, the
theorem of Stokes and the theory of de Rham cohomology. Frobenius’s theorem also has a nice
interpretation in terms of differential forms. For these topics we refer to [9].

9 The Curvature Tensor

Given X € &° and a connection V on E, we define the operator vV : 6¥ — &Y by YT — X°V,YT.
X

For given X,Y € &°, we define an operator on &% by

ZH(VV—VV— \Y )Z.
XY YX [X)Y]

We claim that this operator is &-linear in each of X, Y and Z. The computations are facilitated
by choosing an arbitrary affine connection on M (with torsion denoted T') and letting V denote
the resulting connection on the tensor products of copies of £ and TM.

We will find an expression for this operator, which will make obvious the G-linearity in X and
Y. We have

(vv —VV — ) ZV = XV, (Y*V, Z20) — YV, (XY, 20) — [X, Y]V 2T
XY YX [X,Y]
= XV, (Y*V,ZY) - Y*V,(XV,ZY) — [X,Y]V.Z"
= XYV, YOV ZV) + XYV, V, 28 — YO (Vp X9) (Vo 2ZT)
—YPX'V, V2" — (XOV, Y — YOV, X + XY T ,°) V. 2"
= XYVV,V, — Vy Vo) 2" — XY°T Vv, 2",
proving linearity in X and Y. Now we show linearity in Z; let I : 6¥ — G,.," be the operator

defined by
Iy Z" = (VoVy — VuVa — Ty V) ZV. (9.1)

By the discussion above, /1 is independent of our choice of affine connection. We have
Ny (fZ7) = VaVu(fZ2") = Vi Va(fZ") = Tar"Ve(fZ1).
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After expanding using the Leibniz rule and then cancelling some terms and using the definition of
T, the right hand side reduces to f1,,Z", as desired. The additivity is trivial, showing &-linearity
in Z.

Therefore there is a tensor K QQQO such that

N 2" = Ky 22

and
<vv ~VV- V ) 728 = XY Kapa' 22
XYy YX [X,Y]
for all Z € &% and X,Y € &°. Since the operator at the left is antisymmetric in X and Y, we
have Kgya' = —Kpaa'. Since IT is independent of the choice of affine connection in the above
computations, so is K. K is called the curvature tensor of V. We say that V is flat if its curvature
vanishes.

Following the argument in section 3.2 of [8], and taking intoa ccount the fact that Wald
follows the opposite sign conventions for curvature than we, we can relate K to the failure of
parallel propagation around closed paths to preserve tensors. Suppose p € M, that S,T € T,M
and that s,t are part of a coordinate system centered at p such that the coordinate vector field
0/0s (resp. 0/0t) is S (resp. T') at p. For each As, At > 0 we define v to be the path beginning
at p, lying in the s-t coordinate plane, with its s-coordinate increasing from 0 to As, then its ¢-
coordinate increasing from 0 to A, then its s-coordinate decreasing to 0,a nd finally its ¢-coordinate
decreasing to 0. (We also assume that only one of the s and ¢ coordinates of v is changing at any
given point along 7.) If Z € &% then we set Z, to be the value of Z at p, Z,, to be the element of
the fiber of E over p obtained by parallel-propagating Z, arounf -, and AZ to be ZZ’) — Zp. Then
to first order in As and At, we have

(AZ)' = AsAtS T K 0" Z°.

When V is an affine connection then the curvature is usually denoted R rather than K, in
honor of Riemann. In this case, we define the Ricci curvature tensor by

b
Rac = Rabc .

Because both the Riemann and Ricci tensors are denoted by R there is potential for confusion.
When necessary we will make explicit which tensor is meant by using Re, or Reeo® or somesuch.

Now we investigate the behavior of the operator /I on sections of tensor bundles on which exist
connections by virtue of the constructions of section 5. Direct computation using the definition of
T shows that I, f = 0 for all f € &. Suppose “V (resp. ¥'V) is a connection on E (resp. F),
EFY denotes the induced connection on E ® F, and V is defined using ¥V and the arbitrary
affine connection. Then

Iy (STUA) = (VoVi — VpVa — T V) (STUA);

after expanding the derivative operators using the Leibniz rule and cancelling like terms, one
obtains

Loy (STUA) = Iy (ST)UA 4 ST I (UA). (9.2)

Thus if K %qp@ and LOQAA are the respective curvatures of ¥V and f'V then

Hap(STUA) = K gpa" SAUA + Loy ST UP
= (Kapa" 15" + Layp*1a")S2UP, (9.3)
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The expression in parentheses being an expression for the curvature tensor of #¥'V.
This allows us to compute the action of JI on Go. For all S € ¥ and U € G¢ we have

0= I, (S"Ur) = Kapa"S2Up + S2 1, Un.

Since S was arbitrary we deduce I,,Uan = —K oAt Ur. Together with (9.2) this describes the
action of T on any bundle on which we have defined a connection. A special case is for sections of
&% Y...0, where we have

| ACTRRRS ey _ Iy @@y
—Z[abS ! Aq-Ay, —Kab@ LS

FTYL F 77L @
4+ -+ Kgpa ™S ! A,

Aq-Ay, Aqee

<I>Sl"1---1"m QSFI"'FWL

- K - K

abAl @AQA,,, - abAn Al"'Anfl@'

As in (7.3), if there are repeated indices present, so that a, = bg for some a and 3, then the ath
term of the second line cancels with the Gth term of the third, and the ath term of the fourth line
cancels with the Sth term of the fifth. That is, one may restrict each sum in this formula to vary
over just the nonrepeated indices of S.

10 Change of Curvature Under a Change of Connection

Suppose V and V are connections on F and that (ﬁa —V,) = QuanlS2 for all S € %Y. Then
their respective curvature tensors K and K are related. For the computation, it helps to choose
an arbitrary affine connection (we’ll call its torsion 7") and denote the resulting connections on

TM ® E by V and V.
For any S € &Y we have

(K — K)apa’'8% = (I~ Ty ) "
= (2V1aVy) = TV = 2V}, + TV, ) S
= 2V[o(VyS") = 2V(,(VyS") = Ty (Ve — Vo) ST
= 2V[o(V ST + QuatS?) — 2V, (Vi ST) — Top“Qea 52
= 2(Viy = Vi) (VS + 2V, (Qua’ S%) — Tap“Qea” sS4
=2Qual Vi S® + 2V (Qya' S%) +2Qu10)  Qua®S™ — Tap°Qen" S
=2Q4al Vi S® + 2V, Qpa" 5% + 2V, 5 Qya’
+2Qa Qua®S? — Tap Qe 52

Cancelling the first and third terms and using the fact that S was arbitrary, we deduce
(K — K)apa" = 2V,Qpa" +2Qu0)" Qua® — T Qea’ (10.1)

The expression on the right hand side involves V; sometimes it is convenient to express it in terms
of V instead. Expressing V in terms of V cancelling like terms and exchanging indices a and b in
one term, (10.1) becomes

(K — K)apa" = 2V,Qpa’ = 2Quj0)" Qua® — T Qea’ (10.2)

Finally, we treat the case in which both V and V are affine connections, with curvatures R and
R and torsions T and T respectively. Then the choice of an additional arbitrary affine connection
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is somewhat artificial, since we can choose one of V or V. If we take the arbitrary connection to
be V then (10.1) becomes

(ﬁ — R)abcd = QV[aQb]Cd + QQ[aMde]Ce - TabeQecd, (10.3)

because V is now just V and T refers to the torsion of V. If we take the arbitrary affine connection
to be V then (10.2) becomes

(R~ R)ane" = 2V,Que” — 2Q1a)e) Qe — T Qec?, (10.4)
where V is now just V and T is the torsion of V.
11 The Bianchi Identities

Theorem 11.1 (Bianchi’s first identity). If V is an affine connection with curvature R and
torsion T' then
R[abc]d + v[a,irbc]d + T[abeTc]ed =0.

Proof: Assume first that T'= 0. Then for any f € & we have

ViaVyVaf =V ViV f,

which is to say R[abc] Vaf = V[a(TbC] Va4 f) = 0, as desired. Now if V has torsion T then let v
be the connection defined by (V, — Vo)X = T’ X¢/2 for all X € &°. By theorem 6.1, V is

torsion-free, so by the above computation we see that its curvature R satisfies R[abc] = 0. Applying
(10.3) we see that

~ 2 1 1
(R - R)abcd = §v[aTb]cd + §T[a\e|dTb]ce - §TabeTecd

and so . )
R[abc]d = _v[aTbc]d - §,T[a|e\d,-rbc]6 + §T[abeT\e|c]d'

Applying the symmetries
T[a|e\dTbc]e = T[bceTa]ed = T[abeTc]ed

and
T[abeT|e\c]d = _T[abeTc]ed

to the last two terms, we see that
R[abc]d = _v[aTbc]d - T[abeTc]edv

proving the theorem. O

Corrollary 11.2. The curvature tensor R of a torsion-free affine connection satisfies the identify
Rabcd + Rbcad + Rcabd =0.
Proof: Immediate from the symmetries Rupe? = —Rpae? and R[abc]d =0. O
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Theorem 11.3 (Bianchi’s second identity). Suppose V is a connection on E with curvature
K, O is an arbitrary affine connection with torsion T, and V denotes the composite connection
derived from V and 0. Then

v[aKbc]Ar + T[abch]dAF =0.

Proof: This is very similar to the proof of theorem 11.1. Suppose first that 0 is an affine
connection with curvature R and vanishing torsion and that ¥V denotes the composite connection
built from O and V. Then for all S € &% we have

ViV Vags" = Vi VpVeS',

which is to say N N N N
~Riapef VaS" + Kapja) Vg S2 = Vi (Kpga" S2).

Applying the first Bianchi identity to the left and expanding the right side using the product rule,
Kapja" Vg S? = Vi Kpqa"S% + VS8 Kpga®

The last terms of each side cancel (after rearranging a, b and ¢ by an even permutation), so we see
that %[aKbc]AFSA = 0 for all S. Therefore %[aKbc]Ar = 0, as desired.

Now suppose that O is an affine connection with torsion 7" and that O is defined by (E[a —
O,) XY = Tacch/Q for all X € &°. Then by theorem 6.1, O is torsion-free. Let V be as in the
statement of the theorem. Then

~ 1 1
VaKbcAF = VaKbcAr - §TabdecAF - gTachbdAr-

Antisymmetrizing over a, b and ¢ and using the known result for the operator V, we find
0= VieFpaa® — T K gga’ — ~Tiac Kijan®
— Vi]afrbc]A 9 [ab |d]e]A 9 lac bldA -

Applying the relations

T Kajgn" = —Tiap K gan’
and
Tia"Kpan" = —T1ap K gan"
to the last two terms on the left, we obtain the result. O

12 Affine Connections from Fields of Frames

Suppose e1, . .., edim 1 form a basis of vector fields on M, and that E', ..., E4™M are the dual 1-
forms. We may define an affine connection 9 on M as follows. Any vector field S may be expressed
as a sum, S = Zﬁ s eg, with each s” € &. (This sum and all others of this section runs from 1
through dim M.) We define

98 = ea(s")E” @ eg.
o,
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(This is similar to the connections introduced in the proof of theorem 3.1.) It is easy to see that
this defines a connection: the additivity is trivial and we have

=Y ealfs")E* ®eg
a7ﬁ

=" (ealf)s” + feals”) B @ e

a,B

= Zea(f) Zs es +fZea JE® ® eg

=df ® S+ fOS.
Note that we have de, = 0 for all o, and thus also dE* = 0 for all a. This implies that if
U=35 ugEP is a one-form (with u” € & for all 3) then

oU = Zea ME* @ E°.

Now we compute the torsion T of 8. For any f € © we have
Tup 0cf = 201,04 f
= 204 (df )y
= 0a Zeﬁ(f)(Eﬁ)b — Y es()E)a
B

— 22% es())(EY) o (E%)y
= 22 eases)(f)(E®)a(E”)y

= ZZ Ea a Eﬁ)b[ea,eﬁ]cacf.
a?ﬁ

Since f was arbitrary, we deduce
Tar® =2 (EY)a(E)pleq ep]”.
a,B

In particular, if the e, are a basis of coordinate vector fields then 9 is torsion-free.
Next we show that the curvature R of 0 vanishes. For any S € &°, say S = Zv s7e,, we
perform a computation similar to that above:

RapeS¢ = (20,04 — Tap 0e)S?
=2 Z [ea; eﬁ](s’y)(Ea)a(Eﬁ)b(e’y)d — Tap 05"
a, B3,y
=2 lea: sl (E)a(E)y | [ D 0c(s")(eq)? | = Tap 05"
a7ﬁ
= Top0:5% — T'0y°8.5% = 0.
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If V is some fixed affine connection on M then there is a tensor field Qs.° such that (9, —
Va)X¢ = Qup°X? for all X € &°. (This is as in section 6, with @ in place of V.) In this context
@ is usually renamed —I" and called the Christoffel symbol(s), with respect to the given basis of

vector fields:
(Vo — 0a) X6 =Tgp° X"

for all X € &°. We can use this formula and (10.4) to compute the curvature tensor R of V from
the Christoffel symbols and the torsion of 9. Replacing V with 0 in (10.4), and using R = 0 and
I' = —Q, we have

Rabcd = 2a[arb]cd + 2F[a\e|drb]ce +2 Z(Ea)a(Eﬁ)b[eOH eﬁ]c Fecd' (121)
a,B

Of course, if 0 is the connection derived from a basis of coordinate vector fields then the last term
vanishes and then in components we have

ors.°% or,.°
) B 4 )
Rop,’ = axz — a;; +§:<ra5 [, —Tpe raf). (12.2)

€

13 The Levi-Civita Connection

Theorem 13.1. On a (pseudo-)Riemannian manifold M with metric tensor g, there is a unique
torsion-free affine connection V such that Vg = 0.

Proof: By theorem 6.2, there exists a torsion-free affine connection on M, say V. We seek
Q € S,.° such that the operator V defined by (V, — V,)X? = Qacch (for all X € &°) is torsion-
free and annihilates g. Since V is torsion-free, by theorem 6.1 the requirement that V also be
torsion free is the requirement that Quc’ = Q.a’. We will solve for Q.

Since (Vg — Vi) Gbe = —Qabdgdc — Qacdgbd and we require V,g5. = 0, after lowering indices
on the right hand side we find that we need to solve

Vagbc = _Qabc - Qacb- (131)

Cyclically permuting the indices a, b and ¢ we find the additional equations

6bgca - _cha - Qbac (132)

and

VeGab = —Qcab — Qcba- (133)
Adding equations (13.1) and (13.3), subtracting (13.2), and using the symmetry of @, we find

6agbc + 6bgca - chab = 2Qabcy

or in other words,

e . e e
Qav” = —=5"—(Vagsa + Vogaa = Vagas)- (13.4)
This proves both existence and uniqueness. O
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Unless otherwise specified, on a Riemannian manifold V will always denote this connection,
called the Levi-Civita connection. Note that for all X € &° or &, we have

VaXo = Va(gapX®) = Vagar X® + 9upVa X" = g Va X",

so that we see that V commutes with the raising and lowering of indices.
A special case of (13.3) is when V is the connection 0 defined by a coordinate system 1, ...,

Zdim M (see section 12). Then with I' = —Q, we have
Lo = (g_;)Cd (Oagbd + ObGad — Oagab) » (13.5)
or in components
Tog” = %;(g_l)w <8aiﬁj + %i‘; - 85’;:) . (13.6)

This provides a means for computing I' if ¢ is given in terms of the coordinates. The curvature is
given in terms of the Christoffel symbols in (12.1) and (12.2).
The curvature of the Levi-Civita connection is antisymmetric in its last two indices: we have

0= v[avb]gcd = _Rabceged - Rabdegce

and so Rgpeq = —Rapde. Coupled with the first Bianchi identity and the antisymmetry of R,pcq in
a and b, we also obtain the “interchange” symmetry Rupcqd = Redab:

2Raped = Rabed + Roade
= Reabd — Rocad — Rabac — Radbe
= (Reaay + Radeb) + (Rbeda + Ravea)
= —Racab — Redba
= Redap + Redab = 2Rcdab-

This symmetry implies the symmetry of the Ricci tensor:
Ry = Rabcb = Rabcdgbd = Rcdabgdb = Req-

We define the scalar curvature R by R = R,® = Rag,g®. Another important tensor is the
Einstein tensor

1
Gab = Rab - §Rgab' (137)

G is obviously symmetric, and by twice contracting the second Bianchi identity we find that its
divergence V*G,;, vanishes.

14 Geodesics

In section 3 we defined the notion of a geodesic with repect to an affine connection. Suppose
V is the connection, with Christoffel symbols I" with respect to a connection 0 derived from a
coordinate system z1,...,z,. Then if a curve with coordinates z;(t) is a geodesic, with tangent
vector v(t) = Y i, 4;(t)(0/0z;) then we have

0 =02V 0t = v° (8avb + I‘acbvc) .
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In coordinates this is the assertion that for all 3 =1,..., N we have

0=>" :baa%:bg + ) Toy iaiy

a7’y

or alternately
0=idp+ Y Tay daiy. (14.1)

a7’y

This is known as the geodesic equation. Note that because the sum is symmetric in o and -y, only
the symmetric part of the Christoffel symbols enters the geodesic equation. That is, if V is the
torsion-free connection obtained from V as in the proof of theorem 6.2, then V and V have the
same geodesics.

The basic results concerning geodesics are below; the basic tool used in their proofs is the
fundamental theorem on the existence and uniqueness of solutions to ordinary differential equations
(see [7]), together with the smooth dependence of the solutions on initial conditions. (The ODE
theorem is applied to an appropriate flow on T'M.)

Theorem 14.1. For any p € M there is a nonempty open set U, of T,, M , starshaped about 0 and
maximal with respect to the property that for all v € U, there is a unique geodesic v : [0,1] — M
with v(0) = p and 4(0) = v. The map assigning to each v € U, the other endpoint (1) of this
geodesic is a smooth map to M.

We call the map U, — M described in the theorem the exponential map at p, and denote it exp,,.
(A subset U of a vector space is called starshaped around one of its points of the segment joining
that point to any other point of U lies entirely in U.)

Theorem 14.2. For any p € M there is an open set V' C U, containing 0 such that exp, |y is
a diffeomorphism onto its image. For any p € M there is a fiberwise convex neighborhood W of
(p,0) in TM such that for all (q,v) € W we have v € U,, and that the map (q,v) — (g,exp,v) is
a diffeomorphism of W onto a neighborhood of (p,p) in M x M.

The image in M of a set V' as in the theorem and starshaped about 0 is called a normal neighborhood
of p. It is obvious that if Y is a normal neighborhood of p then there is a unique geodesic in Y
joining p to any other given point of Y. One can do even better:

Theorem 14.3. For all p € M there is a normal neighborhood of p which is also a normal
neighborhood of each of its points.

Such a set is called (geodesically) convex.

If V is derived from a metric g then the condition that a path v be a geodesic is precisely the
condition that for each interval [a,b] in the domain of v, the integral fab Gap YAl dt is extremized
among nearby (in the C° sense, and probably in weaker senses too) smooth paths. The Euler-
Lagrange equations derived from the Lagrangian g,;%4® are just the equations (14.1). Deriving
the Euler-Lagrange equations is sometimes the best way to compute the Christoffel symbols.

15 Geodesic Deviation

Suppose we have a family v5(¢) of geodesics such that the map (s,t) — vs(t) is a smooth embedding
of its domain onto its image S in M. We denote the image of 9/0t (resp. 9/0s) by 7 (resp. 7).
By hypothesis, 42V ,4? = 0. After extending ¥ and 7 to a neighborhood of S, we can consider the
Lie bracket of the extensions. The restriction of this vector field to S depends only on the values
of 4 and " on S. Since they Lie-commute there, we have ﬁava'y’b =4""V44® on S.
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One should interpret v’ as the separation between neighboring geodesics and %V, as the
relative velocity of the geodesics. Thus a = 42V, (7*V,y') represents the relative acceleration of
nearby geodesics. We can find an explicit formula for a:

a® = §"Va(3"Vey")
=4"Va(y"V15°)
=4"Vay ' Vid® +4°7 " Va V03
= V" Vad" Vi + 5 Rapa 5 + 49 Vo Vi
= 399" Rapa® + 7" [0 = 7'V Vii] + 57 Vo Vi
= 547" Rasa".

If V is the Levi-Civita connection for a metric ¢ on M, then we can also conclude that the
inner product of 4 and + is constant along the geodesics 7,. To prove this we first note that

;vaa;yb = va(;yb;yb) - ;}/bva;yb
= 04"V

and so 4°V %, = 0. Then we have

V*Va(3"7's) = 1"Vad"7's + 14" Va7
=0+9"4"Vai
=0.

16 Killing Forms and Vector fields

If V is any affine connection then a Killing form is a totally symmetric element of &,,..., which
satisfies Killing’s equation
ViaKpe..a) = 0.

The quantity K, o, 7" ---¥** is constant along -, if v is a geodesic in M with tangent vector ¥
and K is a Killing form. . The proof is easy:

k
PV (Kay a3 ) =% AV Ky + YA ATAA K 0,3 Ve
i=1

If V is torsion free and K is a Killing one-form then by repeatedly using the symmetry
V(aKp) = 0, the definition of the Riemann tensor, and the first Bianchi identity, we find that K
satisfies the equation

VoV, = Ryea" K.

Killing forms of higher degree similar but more complicated equations; more complicated still are
the analogues of these equations when V has torsion.
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Finally, if M is equipped with a metric then the condition that the flow of a vector field K°
preserve the metric, that is, that £xg = 0, is just the condition that K, be a Killing one-form.
The proof is easy:

0= ('SKg)bc
= Kavagbc + VbI(agac + chagba
=V, K.+ V. K, = QV(bKC).
In this case, K is called a Killing vector field. It follows from considerations earlier in this section
that a geodesic in M has constant inner product with any Killing field.

17 Change of Levi-Civita Connection with Change of Metric

Let g and g be metrics on M, with Levi-Civita connections V and V. Suppose (ﬁa — Vo)X =
QupX? for all X € &°. Then by (13.4) we have

—1\ed , . .
Qup = — (g 2) (Vagbd + ViGad — Vdgab) -

Now suppose thatﬁgab = gchachd for some bundle automorph@m? of TM. Let T be the inverse
of T, so that T,"T},* = T,"Ty° = 1,°. Then (g~ )¢ = (G~ 1)/ T.“T ;.
We can now compute @Q4;°; because Vg = 0 we have
c 1, _ cd~ - e — e — e
Qab” = —5(9 NGy <Va(Tb T4’ + V(T Ta! — Va(T, be))
1 ij e dx o e — e
= —5(9 YIT T %Gy Ta (VT + V1)
1 _ cd ~ e e
- 5(9 NGt (To VTl +ToVeTa!)
1, _ . ~ ~
+ 5(9 NG p(Ty! VaT o + ToVaTh!).

In the first term, the g’s and most of the T’s cancel out. The term in the last pair of parenthe-
ses is obviously invariant under simultaneous interchange of a with e and b with f. Since both
terms are contracted over e and f with the symmetric tensor g, the last term is actually equal to
(g_l)CdgefTaevdbe. Thus we have

Qup” = _Tec%(aTb)e - (g_l)CdgefT(ae%b)Tdf + (Q_I)CdﬁefT(ae%d)be-
By virtue of gopT® = GeoTh® this simplifies to
Quv’ = T VTl — (97 9e@T)71ViyTa! + (97 9eaT 1V aTy!
= TV T = (97T (9e(@ViyTa' — geaVaTh). (17.1)
18 Conformal Transformations

A special case of two metrics being related as in section 17 is when T' = Q1, so that ¢ = Q23,
where 2 € &. We say that g and g are conformally equivalent metrics. As a special case of (17.1)
we find

Qu’ = QM 5V, QL5 — (97 )0 149, Vi) QLa’
+ (g7 H 01140, Va1,
= 13"V InQ — 1V mare ) “9aValnQ
= —21,VoInQ + gap(g ") Valn Q, (18.1)
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where we have used the facts that V and V agree on & and both annihilate 1.
Using (18.1) we can compute the difference of the curvatures of V and V. Lengthy calculation
reveals _
(R~ R)ape” = 11"V Ve n Q + (97 ) Y 9.,V Vs In Q
+ 1,V I QV.In Q — 11,%. (7)Y Ve InQV, InQ
+ Vg In ng]c(g—l)deve In Q2.

Contraction on b and d yields

(E - R)ac = gac(g_l)efver In
+(n=2) (gaclg™H Ve InQV;InQ — V,V,InQ — V, In QV, In Q) .

This allows one to compute the scalar curvatures R = Rqp(771)% and Rap(g~)* and compare
them. The result is

Q2R=R—2(n—1)(g ")*V,V,InQ
+(n—=2)(n—-2)(gH*V,InQV, InQ.

These computations set the stage for the Weyl conformal tensor Cl.,°, which is defined for
n > 2 by
1)de.

1 e 2 B
Cabcd = Rabcd - mg[a\[cReHb] (g 1)d + )Rga[cge]b(g

(n—1)(n—2
Computations reveal that Cyeoo has all the symmetries of Ryo00, and that in addition Cyeee is trace-
free on any pair of its indices. Since in dimension 3 the map 6[00[]0 °l 5 &,° given by Sap° — S
is an isomorphism (proof: count dimensions and check surjectivity), the Weyl tensor vanishes on
any 3-dimensional manifold. (We use the fact that C,°? = 0 if and only if Cyp® = 0, which holds
because of the trace-free property of C'.)

Naturally one makes the analogous definition for C , using g and Rin place of g and the various
curvature tensors R. The big surprise is that C' = C'. That is, the Weyl tensor is an invariant of the
conformal class of g. The proof is a very lengthy computation, best performed in the diagrammatic
notation described in the appendix of [6].

Finally, there is a differential relation between the Weyl and Ricci tensors. The second Bianchi

identity may be written
0= veRabcd + VbReacd + VaRbecd'

After contracting on d and e one obtains

VaRape" = 2V, Ry (18.2)

Raising ¢ and then contracting on ¢ and a yields
a 1
VaiRp" = iva. (18.3)

These equations allow us to compute the divergence of the Weyl tensor in terms of the Ricci tensor.

The result is
n—3

n—2

valc'abcd =2 <v[bRa]c + v[aRgb]c> (184)

2(n—1)
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19 Volume and the Hodge Star Operator

A volume form on an N-dimensional real vector space V is a nonzero element of AN (V*). An
orientation is an equivalence class of volume forms, two such forms being equivalent if they differ
by multiplication by a positive number. There are two orientations on V. A basis f1,..., fn is said
to be compatible with an orientation if for some (hence for any) representative w of that orientation
we have

Way.an (f1)™ - (fn)™ > 0.

V' is called oriented if one of its orientations is distinguished. In this case we say that a basis is
positively oriented (or just oriented) if it is compatible with that orientation.

If V is equipped with a metric g then g induces an inner product on AN(V*). If fi,..., fx
is an orthonormal basis and F',..., FY are a dual basis, then the norm of F' A --- A FN equals
(—=1)?, where o is the number of the f; with negative norm. Thus, given g there is a canonical
choice e of volume form for each orientation—the unique representative of that orientation with
norm 1. Furthermore, because we have

(FIAAFN)(f1>>fN):1>O>

we see that e = FYA--- AFNif f1, ..., fy is positively oriented. If f{,..., fo- are another oriented
basis for V, with dual basis F'*, ... ,F’N and T € Aut V such that T'(f;) = f/, then we have

(FEA - ANFNY(fL e fy) = (FY A AFN(Tfr,. . T )
= (T'F'A-- AT ENY(f1,..., fn)
=THE' A AFY)(f1,- 0 fN)
=detT.

Here T stands for the adjoint map on V* and the map it induces on A™ (V*). We have also used
the definition of the determinant. Since both bases are oriented, we know that detT > 0. Since
we have (F'' A - --F’N)(f{,...,f]’\,) = 1, we therefore have

(et TY(F" A AFYy=F'A-. AFN.

Writing elements of V' as column vectors with respect to the primed basis, if x,y € V then
their inner product is #TG"y, where G’ is the matrix of inner products of the f/. Since we have
G’ = T'GT, where G is the matrix of inner products with respect to the unprimed basis, we have
det G’ = (det T')*(det G). Since det G and det G’ have the same sign, we know that |det G| = 1
and detT > 0, we conclude that detT" = ++/|det G’|. Therefore

e:\/\detG’\Fll/\"-/\F’N.

This allows one to express the natural volume form conveniently in any basis, given the matrix of
inner products.
The Hodge star operator * is a map from AP(V*) to AN~P(V*) for each p = 0,...,N. It is
given by the map
(*e)al...aN,p = eal...aN,pbl...bpeblmbp-

We now work out the action of * explicitly in terms of a basis. Suppose f1, ..., fn is an orthonormal
bais of V, with the square norm of f; being e; = %1, so that (F'*)* = ,(f)® Suppose that
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ip < --- <1ipand j; <--- < j, are two disjoint sets whose union is {1,..., N}. Let m be the sign
of the permutation that carries (1,2,...,N) to (i1, .. ip,J1,---,7q). Let A=F2A---AF% and
B=F" N---NFJi. Let ¢4 (resp. €g) be the number of f;, (resp. f;,) of norm —1. Then

(+B) = (=12 (F A AFN)(fjrs-- 0 f,)
= (=1)Px(F" A~ AF? NFIUN - ANFI9)(fry, 0 fh)
= (—1)*PrF" A+ N F'
=m(-1)°"A
and
(+#A) = (1) (F A AFY)(firse fi)
= (—1)%4 W(F“/\---/\F”’/\F]l/\--~/\F“)(fil,...,fip)
= (—1)FA(=1)PWNPIp(FI Ao AFIs AFD A AF®)(firy oo fi)
= 71(—1)%4(-1)PN-P) B,
So

3% A — 71_(_1)5,4(_1)p(N—p)7T(_1)€BA — (_1)a+p(N—p)A.

The exponent can be simplified because p?> = p (mod 2), so *¥A = (—1)°TP(»=D A These
computations also provide an algorithm for computing the dual of a form Fi* A --. A Fi», which
may be summed up as follows. (i) write down the form F' A--- A FN. (i) permute the factors so
that F@ A --- A Fr is “at the right hand end”; this may introdue a sign depending in the parity
of the permutation used. (7ii) ‘cancel’ the factor F* A --- A F'». (jv) multiply what’s left by the
product of the norms of the f;,; this may introduce another sign.

All of these constructions apply to manifolds, by applying them pointwise. A volume form on
M is a nonvanishing element of Q~(M). M is said to be orientable if it admits a volume form;
henceforth we will assume M to be orientable. An orientation on M is an equivalence class of
volume forms, two being equivalent if they differ by multiplication by a positive element of &. If
M 1is connected the there are exactly two orientations on M. If one of these is distinguished then
we say that M is oriented. If M is oriented and equipped with a metric then it admits a natural
volume form e, obtained by applying the above constructions pointwise. To check that this yields
a volume form, all we have to do is check that e is a smooth section of AN (T*M). This is easy
because in local coordinates x1,...,xy an expression for e is

=+/|detg|ldzi A--- Ndxy

where det g is the determinant of the inner product matrix of the coordinate vector fields. The
Hodge star operator is then a map QP (M) — QN =P(M) for each p = 0,..., N. It satisfies the same
relation

xx 0 = (—1)7P(N-1yg

for 6 € QP(M) as we met above.

The volume form e is covariantly constant on M: let X be a vector field, let p € M and let
f1,... fv be an orthonormal basis parallel-transported along the flow line of X through p. Then
€ar...ay = T(f1)[a, -+ (fIN])an, and since XV, (fa)s = 0 for all a we have XV e4,...q = 0 along
the flow line of X through p. Since p and X were arbitrary, we must have Ve = 0.
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20 The Method of Moving Frames

This is a technique due to Cartan for computing the curvature of the Levi-Civita connection V of a
metric g. Suppose that e, ..., ey are a basis of vector fields and that E*,..., EY are a dual basis.
We define the functions haps = gas(ea)®(es)?; these are the entries in the matrix of inner products
of the basis elements with each other. Let (h~1)®” be the functions such that >5 hap(h™1)P7 =1
or 0 according as a = v or a # . Then we have

(BE*)a = Z(h_l)au(ea)a

a

for each p. If our basis is orthogonal, then of course the sum simplifies to a single term. We define
the Ricci spin coeffiencients wq,, € &, by

Wapy = (eu)bva(ey)b.

Since V annihilates g we have

Wapy = (eu)bva(€V)b
=V ((eu)b(€V)b) - (GV)bva(eu)b
= va(h;w) - (€V)bva(€u)b
= (dhy)a — Wavp- (20.1)
In particular, if the functions h,p are constant then the we have wq, = —wgu,. At the end of this

section we show that if (20.1) holds then V annihilates g.

A characterization of the fact that V is torsion-free is the identity Vi, (e, )y = 9ja(€,)p), where
0 is any coordinate connection and we adopt the convention that greek indices are not subject to
symmetrization operators. (If this holds for all v then we have

0= (Vie— ) ()5 = —Tasf (en)c

for all v, so the Christoffel symbols are symmetric, so V is torsion-free.) This provides a way to
write down equations for the spin coefficients. We have

Va(eu)b = Z(E'u)bwa,uu

I

for all v, as can be verified by (for each \) contracting both sides with (ey)? and using the definition
of the spin coefficients. Thus

8[a(€u)b] = Z(E“) [bWa]pv

m

= > ()™ () pWaluv (20.2)

H,

Now we can compute the Riemannian curvature. We have

Rapys = Rabea(ea)*(e)" (1) (e5)"
= —(ea)(es)"(e5)(VaVb — Vi Va)(€5).- (20.3)
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We also have
(e4)VaVi(€es)e- = Va ((e4)Vi(es)e) — Valey) Vi(es)e
= Va ((€4)°Vi(es)e) = Valey) L Vi(es)a
= VaWpys — Z va(e'y)c(Eu)C(eu)dvb(%)d

I

= Vawbvé - Zva(ev)c (Z(h_l)uu(el/)0> Wous

m v

-1
= vawb'yé - Z(h )“Uwal/'ywbp,é'

782
Antisymmetrizing and plugging into (20.3) we find
Rab'yé = —O[wah(; + 2 Z(h_l)“”w[a‘wwb]ug. (20.4)
uv

If we suppress the abstract indices, so that the spin coefficients and the components Rq;45 of the
curvature are considered as differential forms, then we can rewrite this as

Rys = —dwys + 2 Z(h_l)“”wm A Wys.
“L7V

We show below that (20.1) implies Vg = 0. In light of this and the fact that (20.2) characterizes
V as torsion-free, we see that together (20.1) and (20.2) specify V the spin coefficients completely.
So suppose (20.1) holds. Then we have, for each p and v,

Waur = eu)bva(eu)b
v

= (eu a (gbe(en)©)
= (eﬂ)bgbcva(eu)c + (eu)b(ev)cvagbc (205)
= g6 Va [(€)"(e0)] = ghe(er)*Valen)” + (e4)" (1) Vagse (20.6).

Reversing the roles of ;1 and v in (20.5) we obtain

Wavn = (€0)" e Va(en)® + (€)"(€1) Vagne-
Exchanging the roles of b and ¢, we find

Wav = (€0) gocValen)” + (ev) ()" Vagoe-
Adding this to (20.6) we obtain

Wapr + Wavp = gbeVa [(e)"(€,)] +2(eu)"(€1)Vagoe-
By (20.1) and the definition of h,,, this implies
Va [ge(en)’(e0)] = goeVa [(e4)" ()] + 2(e,)" (1) Vagee.
Applying the Leibniz rule to the left and cancelling terms ,we are left with
0 = (e)(e)"Vagie.

Since p and v were arbitrary we must have Vg = 0.
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