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This chapter is an extract of [KN96], but we are following the notation of [FecO6] more closely.

1.1 Actions on the Lie groups
Definition 1.1.1 A left action on a Lie group G is a mapping

LGxG—G ,L:(g,h)— Lg(h) (1.1)
which satisfies
Lg oLy, = Lgy 455 L, =id, (1.2)

where g,g1,82,h € G are arbitrary elements of the group G, e € G is the identity of the group
and “id” is the identity mapping on G. Right action R is defined analogously, the only difference
being the requirement

Rg oRg, = Rg, Ry, . (1.3)

p) Onany Lie group, canonical left and right actions are defined by
Lg(h) = gh, Ry(h) = hg. (1.4)

If not stated otherwise, by actions L,, R, we will always mean these canonical actions.

I Exercise 1.1 Show that mappings (1.4) are indeed left/right actions in the sense of definition
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1.1.1. Show that another canonical actions are

=hg !, Rg(h) =g 'h. (1.5)

o free,if Ly, (h) = Ly, (h) implies g1 = g2;
e transitive, if for any hy,hy € G there exists g € G such that hy = Lg(hy).
Moreover, a left action induces the equivalence relation between elements of G: two

6
Definition 1.1.2 Action L is called
elements g, h € G are equivalent, if there exists m € G such that L,,(g) = h.

Similar terminology applies to the right action.

Exercise 1.2 Prove that the condition that action L is free is equivalent to:
if Lyh = h for some h, then g = e. (1.6)

In other words, action L is free if the mapping L, for g # e, does not have any fixed point. =

1.2 Principal bundles

As we saw in the definition 1.1.2, the existence of an action (say, left) introduces the equivalence
relation between the points of the Lie group. We may use standard notation of the set theory, i.e.

g~h = dmeG:h=Ly(g) (1.7)
for the relation itself, and symbol
[g] ={heG|h~g} (1.8)

for the equivalence class. In other words, [g] is the set of all points which can be reached from g by
the action L. The existence of relation ~ allows us to form a quotient set G/ ~ which is a set of all
(distinct) equivalence classes:

G/ ~={lg]l|g€G}. (1.9)
Mapping 7 : G — G/ ~ defined by
g [g] (1.10)

is called a canonical projection.

For a transitive group all elements are equivalent and therefore the factorization collapses
entire group into a single point [e]. Otherwise, the quotient set consists of “fibers” foliating the
entire group. This is the geometrical idea behind the principal G-bundles. Geometrically, we take
the manifold M and attach a fiber to each point of M. There is a natural action of the group on
each fiber, and all together all fibers (at all points) form a higher dimensional manifold P which is
naturally foliated by the fibers.

Definition 1.2.1 Principal bundle is a triple (P,G,R,M) where P is a manifold called roral
space, G is a Lie group called structure group, R is a free right action of Gon P, and M is a
manifold such that:
1. M is the quotient space M = P,/ ~ (~ is equivalence relation induced by the action R on
P) and the canonical projection 7 : P — M is differentiable;
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2. Pis locally trivial, i.e. for any x € M there exists a neighborhood U, x € U C M, such that
7~ (U) is isomorphic to U x G,

' (U)=2U %G, (1.11)

where by isomorphism we mean a mapping ¥ : 7' (U) +— U x G which maps u € 7' (U)
into (70(u), ¢(g)), where ¢ : 771 (U) — G satisfies

P(Rgu) = @(u)g. (1.12)

R) Mapping v of definition 1.2.1 is called local trivialization. The definition means that locally
any element u € P can be written in the form (x, g), where g is an element of the structure
group G. In order to ensure consistency, the right action R, must map u into an element of
the form (u,gh).
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2.1

2. Summary of the 2-spinor formalism

In this chapter we review basic formulae of the 2-spinor formalism in general relativity. Full
treatment with geometrical motivation and detailed discussion can be found in [PR84]. For
introduction to spinors at more “practical” level, see [Ste93] and [ODo03]. General theory of
spinors (not just 2-spinors) with the physical applications is nicely reviewed in [BT87], geometrical
background on connections and Dirac operator can be found in [Fec06].

Definition of 2-spinors

Spinors are elements of certain vector space equipped with the so-called symplectic form. Their
physical relevance stems from the fact that spinors can be related to the tensors on the space-time
(in contrast to tensors on abstract manifolds, tensors on the space-time which represent physical
quantities are called world-tensors)) and that the Lorentz group can act on the space of spinors,
i.e. the space of spinors is a representation space of the Lorentz group. In this section we will
regard the spinor merely as an element of the aforementioned vector space and its relation to the
world-tensors will be discussed subsequently.

Definition 2.1.1 A spinor space is a pair (S, €) two-dimensional vector space S over the field of
complex numbers C equipped with the mapping € : S x S — C called symplectic form satisfying
the following properties:

e linearity in the first argument

8(5"‘1717):8(‘:7)4‘18(777)7 éane‘&lec’ 2.1
e antisymmetry

e(,n) =—€(n,6); (2.2)

e non-degeneracy

ife(&,n)=0foralln €S, then & = 0. (2.3)
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I Elements of S are called spinors.

p) Linearity together with antisymmetry implies that € is in fact linear in both arguments, i.e.
bilinear.

R) Symplectic form introduced in definition 2.1.1 is a bi-linear antisymmetric mapping from
S xStoC,soitisa2-formonS,i.e. €€ A>(S). Since the dimension of space of p-forms on
vector space L of dimension # is, in general,

dimAP(L) = (Z) (2.4)

the space of two-forms on two-dimensional spinor space is dim A%(S) = 1. That is, for given
(S,€), all two-forms on S have the form A &, A € C. This fact will play a crucial role in
algebraic decomposition of the spinors.

p) From an algebraical point of view, the most important property of the symplectic form € is
its non-degeneracy. This property ensures that for any non-zero spinor £ € S there exists a
spinor 1 € S such that €(§,n) # 0. This is somewhat analogous to the metric tensor g on
a vector space L, which is also non-degenerate and hence admits an inverse g~! such that
8 gpe = 0¢. Metric g introduces an isomorphism between spaces L and L*, i.e. between the
vector space and its dual. The same holds for €: it introduces an isomorphism between S and
S* and hence we are allowed to raise and lower the indices using € and its inverse £ !. The
crucial difference between metric g and symplectic form € is that the former is symmetric,
while the latter is antisymmetric. This, in turn, means that the “scalar product” provided by €
is anticommutative.

Definition 2.1.2 Given a spinor space (S, €) and any two spinors §,1 € S, number £(&,7) is
called the symplectic product of spinors & and 1. Sometimes we use the notation

[E,n]=¢€(&m). 2.5)

By definition 2.1.1 of the symplectic form, the symplectic product is antisymmetric, i.e.

[éan] = _[naé]

Exercise 2.1 Prove the following statement: two spinors &, € S are linearly dependent if, and
only if, [§,n] = 0.

(Hint: S is 2-dimensional. Direction —: linear dependence means 11 = A &, antisymmetry
then implies [§,7n] = 0. Direction <+ (by contradiction): assume [£,n] =0 with &, n inde-
pendent (i.e., constituting a basis of §), non-degeneracy implies the existence of { such that
[E, €] # 0, but { must be combination of & and 1, so [£, {] # 0 is impossible.) .

Definition 2.1.3 A linear mapping ¢ : S — S on the spinor space (S, €) is called symplectomor-
phism if it preserves the symplectic form in the sense

[0(5)¢(m)]=[E,n]  forany&,neS. (2.6)
The group of all symplectomorphisms on S is called the symplectic group Sp(S).

It will turn out that for vector space S of dimension 2, the symplectic group Sp(S) is isomorphic
to group SIL(2,C) which is a covering group of the Lorentz group.
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Abstract index notation

In what follows we will occasionally employ the geometrical, “index-free” notation but most of
the time we employ the abstract index notation developed by Penrose (see [ ] for a detailed
discussion). In this notation we introduce an infinite set of copies of original vector space S and
label them by the elements of the set of indices. For spinors, the set of indices is

7 ={A,B,C,... X.,Y,...}, 2.7)

where we usually use only a small number of these symbols, but in principle the set of indices must
be infinite in order to allow for arbitrarily complicated expressions. Now, for any o € .# we define
the vector space

S*={(E,Q)|E €S}, ac.s. (2.8)

Thus, S* is a (n isomorphic) copy of original vector space S but each vector is labeled by index a.
Instead of writing (&, o) we will use the symbol 7.

We emphasize that the index « € .# here does not acquire numerical values like in, e.g.,
relativity, where in the expression v* we automatically mean that p acquires values u =0, 1,2, 3.
Instead, « is just a marker indicating which vector space spinor £% belongs to. Thus, £* € §*
but £* = P, provided that a # B; for example, E4 € §4, but E4 # SB. In particular, we cannot
add spinors 4 and 1%, because they are elements of different vector spaces. Moreover, we have
canonical isomorphisms between spaces S* and SP so that vector £ has its unique counter-part in
sP.

Associated with each S* is its dual space which is the space of linear functionals on S*. Dual
space of S is denoted by S* and its elements, dual spinors, are mappings ¢ : S — C. The isomorphic
copies of S* will be denoted by Sy, @ € .7, i.e.

Su,S5,SC, - Sx, Sy, ... (2.9)

Elements of Sy, will carry the same index, i.e. {4 € S4, {p € Sp etc. An element {, € Sy is then a
linear mapping

Ca: 8% C:E%— Ly(E%) eC. (2.10)

It is clear that, say, {4 cannot act on any spinor £Z because {y is a linear functional on §4, while
&8 belongs to SB. Thanks to the linearity of dual spinors it is then redundant to write the brackets.
Hence, we can omit them and write {4&4 instead of {4(£4). No confusion can arise because the
indices keep track of which functional is acting on what.

This is the main upshot of the abstract index notation (which equally applies to tensors as
well). On the one hand, it is coordinate-free like usual geometrical language. We are not talking
about the components of spinors (tensors) with respect some basis, we are talking about the objects
themselves. Hence, in the abstract index notation {4 (E4) is equivalent to “geometer’s notation’
£(&). At the same time, the abstract index notation resembles the “relativist’s” index notation,
where {4 stands for the pair of components {y and ;. Hence, abstract index notation has the full
advantage of index notation which is preferred for practical calculations, but it is also manifestly
basis-independent like the index-free notation.

These considerations readily extend to all tensorial operations. The tensor product of multiple
copies of S and S* in the index-free notation is

)

T/(S)=8® 25S®--©S. (2.11)

p q
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The set T/ (S) is in fact the vector space of tensors of rank (p,q) over the vector space S. In the
abstract index notation we denote

Sa---ﬁyuﬁzsa@...@)sﬁ ®Sy®- - ®Ss, (2.12)

where all the indices o, ..., 3,7,...0 € .# must be different. Elements of Sa'“ﬁ v will be denoted

by %P, 5. So, for example, spinor E*%. of valence (2,1) is a mapping

AB S5 = C: (o, Bp,n©) = EB aa B, (2.13)
We can also define the tensor product of spinors. For the two spinors of arbitrary valence

éa...ﬁ

5" nf-° (2.14)

w...A

we define their tensor product as a spinor

E® n)a”ﬁpmlr..éu-..& = gamﬁy...anp'ﬁu--l 15

defined by its action on appropriate number of spinors and dual spinors as

()PPt (e Vpilp, .o Ty WP ) =
_ (g“wﬁymsua...vﬁ wﬁ...z7> (n’“’#_“A fig ... Vg P ...zY>, (2.16)
where
W,...,.v,it,...,p €S, Wy Z,W,...,5§€S". 2.17)

One of the advantages of the index formalism is a possibility to express several symmetry
operations in a compact way. As it is usual, we define the symmetric part and antisymmetric part of
a spinor &g, s respectively, by

1 1 .
6(05.‘..(11,) = 7'2561..40,;7 ‘S[a]..‘ap] = ﬁZSlgnG 661...61,7 (2.18)
Ps P s

where the sum goes through all permutations o of the set {a,..., o, } and signo is the sign of ©.
In particular, we have

E(ap) = % (8ap +8pa) Elap) = % (Eap — Epar) - (2.19)

The space of symmetric (antisymmetric) spinors will be denoted by S(4p) (Sjap))-

R So far, we said that the abstract indices A, B, ... form a set of indices .# and arbitrary elements
of this set were denoted by «, 3,.... The purpose was to emphasize that in the formulae
above hold for any abstract indices from the set 7. However, in what follows we simplify
the notation and use particular abstract indices. That is, instead of writing S*, where o € <7,
we will write simply S and it will be automatically understood that arbitrary abstract index
can be substituted.

An important example of a spinor is the identity mapping. In non-abstract formalism we use the
so-called Kronecker symbol 8% which is a unit matrix. In the abstract index formalism, we regard
the Kronecker symbol as a mapping

855,288~ C (2.20)
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defined by

8 : (6a,n") = 85 &an” =&an™. 2.21)

This of course resembles usual relation for Kronecker delta, but the interpretation is slightly
different, since 83 is now not a matrix (set of numbers) bu an abstract mapping which maps a
spinor and a dual spinor to a complex number (equal to the contraction of the two spinors).

Exercise 2.2 Show formally that 33 can be regarded as the aforementioned canonical isomor-
phism S8 — 4 or S4 — Sp and the following relations hold:

&5 : &% &4, 8 M = Mg, (2.22)
justifying the name “identity map”. u

An example of the antisymmetric spinor is the symplectic form. In the abstract index notation,
€ap is regarded as an element of the space Sj4p) and its action on a pair of (univalent) spinors is

€ € Sup S C: (EN1") — esé?n® € C. (2.23)
Its antisymmetry is expressed by the relation €45 = —€pa.

Exercise 2.3 Show that 45 can be regarded as a canonical isomorphism of spaces S4 and Sp
defined by

gap: St Sp: EA o gap &L € Sp. (2.24)

Thanks to the isomorphism introduced in the exercise 2.3 we can lower the index of a spinor
&A according to the rule

&p = ean&”. (2.25a)
Since this mapping is an isomorphism, it has an inverse which is defined by

g4 = e'Pep, (2.25b)
where €48 € S4Bl is a mapping satisfying

eBepe = 2. (2.25¢)

This is very similar to raising/lowering indices via metric tensor in tensor algebra, but here, due
to antisymmetry of the symplectic form, one must be careful about the order of the indices. In
particular, g4pE8 = —gpsEB = —&,.

Spin basis

Although for general purposes it is useful to use abstract index notation and, hence, avoid the
possible dependence of the formulae on a particular choice of the basis. Nevertheless, sometimes
we need to introduce a particular basis. This happens, for example, if the problem we study has
some symmetry so that the basis respecting this symmetry can simplify relevant equations. Naive
counting of degrees of freedom shows that the spinor space S has the same dimensionality as the
tangent space of the space-time. The former has complex dimension 2 while the latter has real
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dimension 4. Thus, as real vector spaces, they both have dimension 4 and hence are isomorphic.
Later we will show that also the Lorentz group acts on the spinor space naturally which makes the
correspondence between world-tensors and spinors interesting.

In the space-time tangent space we often choose an orthonormal basis. By exercise 2.1 we
know that the basis of S cannot be orthonormal, i.e. we cannot require [£,7n] = 0 because that
would immediately mean that & and 1) are linearly dependent and, hence, would not form a basis.
In other words, for any two basis spinors their symplectic product must be non-zero. Thus, the next
most natural thing is to normalize them to unity.

Definition 2.3.1 Two spinors o,1 € S form a spin basis if

l0,1] =1. (2.26)

p) Inthe abstract index notation, condition (2.26) reads
eago 1 =1, (2.27)
or, using the rule (2.25a),

oAt =—otiyy =1 (2.28)

p) Instead of spin basis, the term spin dyad is often employed. This is consistent with calling a
basis of four-dimensional vector space the fetrad.



3. Newman-Penrose formalism

3.1 Newman-Penrose null tetrad
Definition 3.1.1 A Newman—Penrose null tetrad is a four-tuple of vectors (¢, n, m*,m®) which
satisfy

Fng =1, mim, = —1, 3.D

and all remaining contractions are zero (in particular, all vectors are null); vector m? is a complex
conjugate of m?, while ¢¢ and n“ are real.

R In the Newman—Penrose tetrad, the metric tensor can be decomposed as

8ab = Lanp +Lyng —mg iy —mymg. (3.2)

Definition 3.1.2 Given a Newman—Penrose null tetrad, covariant derivatives associated with
vectors forming the null tetrad are denoted by

D = (v, A =nV,, § = m°V,, 5 ="V, (3.3)

p ) The covariant derivative can be decomposed, with the help of (3.2), as

V=28V =luA+n,D—my8 —ing S. (3.4)

Exercise 3.1 Show that if (04,1%) is a spin basis, then vectors defined by

’ _A! —A’ = _A’
4 =oto", n® =14 =Y, =14t (3.5)
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I comprise a null tetrad.

3.2 Spin coefficients and connection

The spin coefficients are defined as follows (table adopted from [ D:
\Y ‘ OAVOA OAVLA lAVlA
D K € T
A T Y \Y
6| o© B u
5 p a A

Thus, for example, k = 0 Do,. The definitions of the spin coefficients imply the following relations
for covariant derivatives of basis spinors:

Doy = €04 — Kly,
Dy =moys — €1y,
00y =Pop—01y,
Ola = oa— B,

(3.6a) Aoy =Yos4 —Tly,
(3.6b) Ay =Vos — Y,
(3.6¢) Sop=0os—pla,
(3.6d) Sty=Aog— 4.

Tensor equivalents of the definitions of the spin coefficients are

K =mDl, = 0" Doy,
o =m"8l, = 0" 80y,
T = n’Difiy = 1" Dy,

A =n8m, = 14614,

1

T =mAl, = 0" Aoy,
p =m'8L, =080y,
v =nAim, = 1" Ay,

U =ndm, =181,

€= 3 [n“Dl, — m“Dm,| = 1“Doy,

1

B= 3 (480, —mSmy] = 11804,
1

Y= 3 [n“Aly, — m“Am,] = Aoy,
1

o=— [n“Sfa 71’7’!“57’”{1] =180y,

[\

(3.6e)
(3.6f)
(3.62)
(3.6h)

(3.7a)
(3.7b)
(3.7¢)
(3.7d)

(3.7e)
(3.71)

(3.79)

(3.7h)

The spin coefficients (3.7) allows one to express the directional covariant derivatives of the tetrad
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vectors; these are called the transport equations:

DI* = (e +&) 0" — km" — k", (3.8a)
Al = (y+ )04 —Tm" — T, (3.8b)
804 = (a+B) " —pm*—om?, (3.8¢)
Dn = — (e +&)n“+m’+mme, (3.8d)
An® = — (y+7)n" +vm® + v, (3.8e)
on = —(d+ﬁ)n“+um“+in‘z“, (3.8f)
Dm® =l —kn+ (e —&)m" (3.82)
Am® = vt —1n® + (y—7)m°, (3.8h)
Sm* = Al —on'+ (B —a)md, (3.8i)
Sm* =t —pn*+ (a—p)me. (3.8))






4. Optical scalars

As a first application of the spinor and Newman—Penrose formalism we discuss the so-called optical
scalars. It is a set of scalar quantities which characterize the behavior of null geodesics in curved
space-times. As emphasized before, in the analysis of the geometry of a certain space-time, it is
important to distinguish the coordinate-dependent behavior, like the singularity of the Schwarzschild
metric on the horizon, and behavior which is independent of coordinates. The Newman—Penrose
null tetrad is not unique and at each point of the space-time we can choose it in an arbitrary way. In
this sense, the choice of the Newman—Penrose tetrad is as arbitrary as the choice of the coordinates.
However, in many cases, there is a preferred choice of a tetrad. For example, the principal null
directions of the Weyl tensor can be used to define a null tetrad. In particular, in type D space-times,
which has two principal null directions, it is natural to define the spin basis in such a way that the
basis spinors o# and 14 define the two principal null directions,

=05, n® = A, .1

With this choice, the only non-vanishing Weyl scalar is W, which simplifies the analysis signifi-
cantly.

Nevertheless, even in the case of algebraically general space-times, we often study some given
null congruence. It may be, for example, identified with the direction of propagation of gravitational
radiation. In such a case, we naturally choose one of the vectors of the null tetrad (¢* or n%) to be
tangent to that congruence. Then, there is still some freedom in the choice of remaining Newman—
Penrose vectors, but already the fact that £ (or n%) is a null geodesic simplifies some of the spin
coefficients.

The study of null geodesics is of particular interest in general relativity. We know that null
rays separate the regions of events which can be causally related (i.e. they are time-like separated)
and the region of events where no causal relation is possible (i.e. they are space-like separated).
In this sense, null geodesics define the causal structure of the space-time. In order to understand
the causal structure, it is instructive to analyze the behavior of null geodesics. For example, on
the event horizon of a black hole, all null geodesics are converging (hence, the event horizon is a
trapped surface) which is an indication of the singularity below the event horizon.
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There are basically three kinds of behavior of null geodesics: convergence/divergence, shear
and twist. The purpose of this chapter is to explain what these terms mean and how they are
conveniently encoded in the Newman—Penrose spin coefficients. In order to see this, we will
employ the spinor formalism.

Expansion, shear, twist

Consider an affinely parametrized null geodesic congruence with the tangent vector £¢; thus, D% =
in the Newman—Penrose formalism. Now, choose a (three-dimensional) hypersurface ¥ which is
everywhere transversal to the congruence (i.e. not parallel). Then, at each point P € ¥ we can
choose a spinor o such that /¢ = o4 oY and propagate this spinor along ¢ by the condition Doy = 0.
By (3.6), the latter condition implies

£=0, K =0. (4.2)

In addition, at each point P € ¥ we complete o” to the spin basis (0”,14) an propagate the spinor
14 along the congruence by the condition D1* = 0 which, again by 3.6, implies

T=0. 4.3)

R Notice that although we assume D¢ = 0, this does not mean that € = 0, for this we indeed
need the condition Dos = 0. Which weaker condition is implied by D¢¢ = 0?

Now, at each point of the space-like hypersurface X we choose a vector z* which is orthogonal
to £*. We propagate it along ¢ by the condition £,z = 0, i.e. we require that z* be Lie-constant
along ¢“. In other words, we choose a vector field z* orthogonal to £ on X and Lie drag it along the
congruence, so that the field z* commutes with ¢ at each point,

£ =10,z =0. (4.4)

For a given congruence ¢4, vector z* which commutes with ¢“ is called the connecting vector,
and it can be interpreted like a vector which points to a neighboring geodesic of the congruence.
Commutation of vectors ¢4 and z is expressed as Dz% — 2’V,z% = 0. Then, 7 remains orthogonal
to £ at each point of the congruence, since we have

1
£/(042%) =D(l,7%) = 2 Dy + 0,D7" = 0,2°Vpt? = ~z2PV,, (¢44,) = 0. 4.5)
0 0,20V 0 2 0

aZ’Vpt?

Hence, we have a null geodesic congruence ¢ and connecting vector z* which is

e cverywhere orthogonal to £%;

e Lie constant along z%, i.e. [¢,z]* = 0.

Having defined a spin basis (0#,14), we can define a Newman—Penrose null tetrad via relations
introduced in the exercise 3.1, page 17. Since the Newman—Penrose tetrad is a basis of each tangent
space of the space-time, we can expand any vector field z¢ as

P =A0+Bn®+7im® +zm". (4.6)

Here, A, B and z are undetermined coefficients, A, B being real and z,Z being mutually complex
conjugated (this relation between z and Z is necessary in order to make z“ real). However, condition
7%, = 0 immediately implies B = 0.
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Figure 4.1: Connecting vector z% can be projected onto the screen which is a vector space spanned
by m“ and m“.

Let us discuss the geometrical interpretation of (4.6) briefly. Vector field ¢“ is a congruence
we study and we would like to understand its behavior in terms of geometrically understandable
quantities. In order to get an intuitive picture, we introduced vector z* which is everywhere
orthogonal to £¢. We called it “connecting vector” because its geometrical interpretation is that
given a space-time point x*, the neighboring geodesics is /* (x") = ¢*(x) 4+ z*. Hence, z* describes
the deviation of two neighboring geodesics of the congruence. Now, in order to understand the
geometrical properties of ¢, we study how this connecting vector z* behaves. We expand it into a
null tetrad but because of its orthogonality to £¢ it has only ¢ and m“, m® components. By definition
3.1.1, m* and m“ are orthogonal to ¢“. Moreover, they form a basis of space-like subspace of the
tangent space at any space-time point. Hence, we can imagine z? as being projected onto the screen
which is perpendicular to %, see Fig. 4.1.

Coordinates in the plane m“ and m“ have been denoted by 7 and z. Since vectors m® and m®
comprise the basis of complexified vector space, we can regard them as complex coordinates in the
complex plane, identifying

Z=x+1y, Z=x—1y 4.7)

Hence, we are interested in the time evolution of coordinates z and 7 along the null geodesics ¢“. In
order to find this evolution, we calculate Dz“, using the commutation of £¢ and z*:

Dz =2V, 6e. (4.8)
Now, using (4.6) (with B = 0, as explained), we find

D7% = ADI* + 78 0° + 7647, 4.9)
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5. Asymptotic flathess

In order to understand the structure of a physical theory it is often important to study the so-called
isolated systems. This allows one to study particular features of the theory using the simple models
without necessity to have a full solution describing entire universe in detail [Ger77]. In general
relativity it is difficult to say whether a given system is isolated or not, since the field of interest,
the metric g,p, is not propagating on a given background, but also defines the background itself.
Nevertheless, the basic intuition is that if gravitating sources are localized in a finite domain, one
can “go” to infinity where the gravitational field, i.e. the curvature of the spacetime, is supposed
to decay and the metric of the spacetime should approach the flat Minkowski metric far from
the isolated source. In other words, we expect that spacetimes representing isolated sources are
asymptotically flat, i.e. flat far from the sources.

It is not obvious, though, how to decide whether a given spacetime is asymptotically flat in
the above sense. What does “infinity” mean? How do we localize it in a given coordinate system?
For example, for Schwarzschild black hole in usual coordinates it is clear that for r — oo the
Schwarzschild metric approaches the Minkowski metric. But the choice of the coordinates is
arbitrary. Have we defined another coordinate / = 1/r, then the infinity would be located at / — 0.
If we compactify the coordinate r by R = arctan r, the infinity is located at R — /2, etc.

There are essentially two ways how to deal with this problem. The first one is to restrict the
coordinate system by additional conditions. In the original approach of Bondi et al. [BBM62;
Sac62] the coordinates x* = (u,r,x>,x*) are adapted to a family of null hypersurface labeled by
coordinate u and r is a parameter along the generators of these hypersurfaces. If the metric in these
coordinates acquires a form which approaches the Minkowski metric for r — oo, spacetime is said

to be asymptotically flat.

Here we discuss in detail another approach developed by Penrose [Pen65; Penl 1] that is based
on the conformal techniques. We essentially follow the textbook [Ste93]. Deeper insight into
conformal structure of spacetimes can be found in [Ger77; PR86]. A useful review paper of
conformal infinity and issues related to numerical relativity is [Fra00].
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Motivation: Minkowski spacetime

Let us consider Minkowski metric in spherical coordinates,

ds? =dr* —dr* —F2dx?,  dx? =d6’+sin’0d¢>. (5.1)
The ranges of the coordinates are

t € (—o0,00), r € [0,00), 0 € [0, 7], ¢ €1[0,2m). (5.2)

Because of factor 2, metric (5.1) has a coordinate singularity for r — oo. First we transform the
metric to double-null coordinates u,v defined by

u=t-—r v=t+r, t:%(v—ku), r:%(v—u), (5.3)
so that

ds? = dudv — %(v —u)?dx>. (5.4)
Both u,v € (—eo,00), but because of r > 0 there is a constraint

V> u. (5.5
We compactify the ranges of # and v by introducing new coordinates

U = arctanu, V =arctanv, (5.6)
in which the metric acquires the form

ds® = % <dU av — Lsi2(v - v) d22> : (5.7)

cos=U cos*V 4
The ranges are now
T T T T
_ESUSE’ _ESVSE’ V>U. (5.8)

Metric (5.7) still has a singularity at infinity, i.e. for values U,V = £m/2. An important observation
is that in this form, the singularity is a common factor in front of the expression which is perfectly
regular at infinity. Penrose’s trick is therefore to introduce a new, unphysical metric by a conformal
rescaling of the physical metric. Conformal rescaling is a transformation

ds’ = Q2ds? (5.9)
with the conformal factor

Q% =4 cos’Ucos’V, (5.10)
so that the unphysical metric becomes

ds” = 4dUdV — sin?(V — U)dz2. .11)

This metric does not represent the Minkowski spacetime anymore. However, conformal transfor-
mations preserve the angles and norms of null vectors. Therefore, it preserves the null cones and,
hence this new spacetime has the same causal structure as the Minkowski spacetime. The advantage
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Figure 5.1: Ranges of coordinates in the unphysical Minkowski spacetime

is that metric (5.11) is regular everywhere in the spacetime and, in particular at infinity and, thus,
infinity of Minkowski spacetime is a set of well-defined points in the new unpysical spacetime.

It is convenient to switch from the double-null coordinates U,V back to temporal and radial
coordinates 7', R by

T=V+U, R=V-U, (5.12)
in which the metric reads

ds° = dT? — dR? — sin® RdX2, (5.13)
and the ranges of coordinates are

—n<T<m, O<R<m. (5.14)

Hence, in addition to the Minkowski spacetime (M, g) equipped with the line element ds> we

introduced the unphysical spacetime (M, g) with the line element ds” and a mapping

wiMes M (5.15)
whose coordinate expression is

y(t,r,0,¢) = (arctan(r + r) +arctan(s — r), arctan(t 4 r) —arctan(t —r), 0,9). (5.16)
The two metrics are related by a conformal rescaling, i.e.

Vg = Q%g, .17

where y* is a pull-back from M to M. Since the range of coordinates (U,V) is finite, we can
represent the unphysical spacetime in a finite region as in Figure 5.1.

Exercise 5.1 Show that (timelike) lines of constant r in Minkowski spacetime mapped to M
are curves which for  — —eo start at the point (7,R) = (—,0) and for  — oo end at the point
(T,R) = (m,0). The starting point is called past timelike infinity i~ , the ending point is called
future timilike infinity i*. .



5.2

30 Chapter 5. Asymptotic flatness

Figure 5.2: Unphysical Minkowski spacetime with coordinate 6 suppressed.

Exercise 5.2 Show that (spacelike) lines of constant ¢ in Minkowski spacetime mapped to M
are curves which for r = 0 start at the point (7,0), where T is given by (5.16), and for r — o
end at the point (7,R) = (0, 7). This point is called spatial infinity i°. n

p) Notice that with respect to metric § given by (5.13), i is in fact a sphere of a zero radius, i.e.
just a point.

Exercise 5.3 Now consider light rays. Outgoing null lines in Minkowski spacetime can be
parametrized by ¢ = r + const., which means that such light rays are lines of constant u(U).
Similarly, ingoing rays are lines of constant v (V). Show that in M, outgoing light rays extended
to past/future infinity are straight lines intersecting surfaces V = Fr/2, while ingoing rays
extended to past/future infinity are straight lines intersecting surfaces U = Fx/2. The line
V = 1/2 is called future null infinity %", the line U = —7x/2 is past null infinity. These lines
meet at spatial infinity ¥. u

The figure 5.1 is misleading in the sense that the actual spacetime is 4-dimensional, so that
each point inside the triangle is in fact a 2-sphere of radius sin’R. Since we cannot plot a truly
4-dimensional picture, we have to suppress one dimension by, e.g., setting 6 = /2 and rotate the
whole triangle around the axis 7', obtaining so the Figure 5.2. However, this figure is misleading
for another reason [ ]. We have already seen that the spatial infinity i¥ is in fact a single point,
while in Figure 5.2 it looks like a circle. More appropriate picture of the spatial infinity is illustrated
in Figure 5.3. Here, i’ is a point from which the future null cone .#* and past null cone .# ~
emanate.

In order to simplify the visualization, we usually plot the unphysical Minkowski spacetime as a
section of Figure 5.2 in the plane ¢ = 0 which coincides with the plane ¢ = &. The trajectories
discussed in the exercises above are plotted in such section in figure 5.4.

Asymptotic flatness

In the previous section we started with the Minkowski spacetime in spherical coordinates in which
we have a good intuition what the infinity is and how it is described in those coordinates. Minkowski
space is flat everywhere so it must be also asymptotically flat according to any reasonable definition.
We have found that the analysis we did in specific coordinates can be reformulated in a coordinate-
free way as we now summarize in the following definition [ ].
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Figure 5.3: Appropriate visualization of causal structure near spatial infinity °.

T*
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a) Timelike and spacelike curves b) Null curves

Figure 5.4: Worldlines in Minkowski space mapped to the unphysical space.
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Definition 5.2.1 Physical spacetime (M,g,) is called asymptotically simple if there exists
another manifold (unphysical spacetime) (M,g.,) and a mapping W : M ~ M satisfying the
following properties:

1. image ¥ = y(M) is an open subset of M;

2. metrics of the two manifolds are related by a conformal rescaling

Vi gaw = (¥ Q) g, (5.18)

where Q : M — R is a real function on M;
3. Q =0 on the boundary JX, but its gradient is non-vanishing there,

Qlsx =0, dQ 5 # 0. (5.19)

4. the image of each null geodesic in M has two endpoints on JX.
The unphysical spacetime (M, g45) is sometimes called the asymprote of the physical spacetime

(Mvgab)-

p) Here we denote the physical spacetime by M and the unphysical one by M. The reason is that
in what follows we will work mostly in the unphysical spacetime and we wish to omit the
tildas as much as possible.

p ) For notational convenience, we will usually omit the mapping ¥ (and pull-back y*) from the
equations. We will assume that v : M — X is a bijection and therefore we can drag tensor
fields form M to M (and vice versa) freely. Hence, we simply write g,, = Q> .. For the
same reason we can use the same abstract indices for tensor fields living on M and M. Also
we will not distinguish between £ = y(M) and M itself and we will freely use dM for the
boundary of X.

p) In Equation (5.19) we use the symbol dQ for the gradient, although in the abstract index
formalism we would prefer the notation V,Q. We did not specify the connection on M so
far, hence we use the connection-independent version. Nevertheless, the object V,Q does not
depend on a specific choice of the connection, since € is a scalar function.

p) Condition 3 can be easily verified for the conformal factor (5.10). More generally, the
purpose of this requirement is to identify the infinty of the physical spacetime in a coordinate
independent way: infinity of the spacetime is the set of points where the conformal factor
vanishes. In the other hand, we will use the conformal factor to construct a coordinate system
in the neighborhood of infinity. For that we need that Q vanishes at infinity, but it is non-zero
in the neighborhood, in other words, gradient of €2 must be non-zero so that Q can be used as
a coordinate.

While the requirement 4 of Definition 5.2.1 works for the Minkowski spacetime, it is too strong
for spacetimes of physical interest. Indeed, in spacetimes containing black holes there will exist
null geodesics which emanate from .# ~ but end up in singularity, and hence never reach .#*. The
purpose of this condition is to ensure that null infinity can be reached by some null geodesics. In
order to include black hole spacetimes, we have to weaken the definition.
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Definition 5.2.2 Spacetime (M, g) is called weakly asymptotically simple if there exists asymp-
toticaly simple spacetime (N, hay) with the asymptote (M, ga;,) such that there is an open
neighborood U C N of dN which is isometric to an open set in M. Asymptote (M, gp) is then
by definition also the asymptote of M.

p) The last definition can be rephrased as follows: spacetime is weakly asympotically flat, if
the neighborhood of its infinity coincides with a neighborhood of some spacetime which is
asymptotically simple in a strong sense.

p) Weakly asymptotically simple spacetimes will be referred to as asymprotically flat spacetimes.
For mathematical purposes it is important to distinguish asymptotically simple and weakly
asymptotically simple spacetimes but from a physical point of view, both definitions capture
the physical intuition that spacetime far from the isolated source is flat.

p) In[ ], the Definition 5.2.1 includes also condition on the Ricci tensor of physical
spacetime near infinity. In this text, we will specify these conditions later.

p) Notice that the choice of the conformal factor is not unique. Indeed, if (M, g.5,) is an asymptote
of (M,8.,) where g, = Q2 g5, then any conformal factor of the form

O — 0Q, (5.20)

where 0 is a strictly positive function will again satisfy the requirement 3 of Definition 5.2.1.
We call the rescaling of the conformal factor of the form (5.20) the gauge freedom in the
choice of the conformal factor.

Conformal transformations

In order to analyze asymptotic properties of an asymptotically flat physical spacetime M it is
convenient to work in its asymptote M, since there the infinity of M is represented by a boundary of
subset M, but otherwise this infinity is a well-defined set with regular metric where nothing special
happens. Hence, we can analyze the properties of the infinity by local techniques. In this section
we therefore introduce the connection V, on M and associated curvature tensors. We will work
mostly in the spinor formalism in which many formulas look simpler.

Covariant derivative

We consider the conformal rescalings of the metric, i.e. the transformations of the metric in the
form

Sab = % Zup, —Q 2% (5.21)
Since the spinor equivalent of the metric is the symplectic form €45,
8ab = EABEAB, (5.22)

and since Q is a real function by definition, we have to prescribe the conformal transformation of
the symplectic form by relations

EAB = Q.(ZJAB, SAB = .Q_l SAB. (523)
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First we need to define the connection in the unphysical spacetime. We assume that the
connection V, in the physical spacetime is the usual Levi-Civita connection satisfying Vg5 = 0.
In the spinor form,

Van&se = 0. (5.24)
Analogously, in the unphysical spacetime we define the Levi-Civita connection V, compatible with
g(lba

Vaar€ge =0. (5.25)

Similarly to the tensor analysis, any two connections are related by

Vanlp = Vaup+ Ypar a. (5.26)

The form of Y44/ is found in a way completely analogous to the tensorial case. Imposing (5.23) and
(5.25), we have

Var€sc = Esc Var Q@+ Q (VanEsc — Yoar Eac — Yeu Epa) - (5.27)
Using (5.24) we find
EpcVaarQ = Q(Ypa Eac + Yea Epa) - (5.28)

Next we rewrite the last equation with cyclic permutations of indices (ABC,BCA,CAB), obtaining
three equations. We add the first two of them and subtract the third:

2QYpar Eac = Epc Vaard — Eca Vpa QL+ Exp Vea Q. (5.29)
Contracting with € we finally find
Yaa = Vaa InQ. (5.30)

Since the mapping v identifies the physical spacetime and the (portion of the) unpysical one,
for a scalar function it does not matter if we regard it as a function on M or a function on M. Hence,
we naturally require that for scalars the covariant derivatives ?a and V, coincide, i.e. ?a f=V.f
for any scalar. If we additionally impose that the unphysical derivative V,, satisfy the Leibniz rule,
we can also define the action of V,, on a contravariant spinor u. Let & and u# be arbitrary spinors,
then

Vanr(Epu®) = Vau (&g ). (5.31)
On the one hand we have

Van (Ep®) = EgVaau® + 1PV a0 s, (5.32)
on the other hand we have

Van (Ep”) = EgVanrkt® + 1® (Van s+ Y &a), (5.33)
so by comparing the last two equations we find

EgVan P = EgVanpu® + Yeu Ea u€. (5.34)

Using the identity {4 = €,% £ and the fact that & is arbitrary, we finally arrive at the relation
Vawt? = Vauu® —Yea £,° u€. (5.35)

These simple calculations lead to the following definition.
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Definition 5.3.1 Connection V, on the unphysical spacetime (M, g,5) which is an asymptote of
asymptotically flat spacetime (M, ., with Levi-Civita connection V, is defined by relations
V.f = V,f for any scalar function f;

Vaulp = Vauw€p — Ypu &4, where Y, = V,InQ, for any spinor Eg;

VaarttB =V uf +Yeu €, u;

VAA/ is real, i.e. VAA’ = VAA/;

V. satisfies the Leibniz rule when acting on a direct product.

NS

Exercise 5.4 Show that the action of V, on a co-vector ¢, reads
V.o :vaab_aaTb_abYa + 8ab o Y°, (5.36)

where, of course, ¥, = Ya4/. (Hint: consider a co-vector in the form o, = K4 fig, generalization
to arbitrary co-vector is trivial.) u

5.3.2 Zero rest mass equations

In spinor formalism, general massless field of spin s is described by a spinor ¢4 g with 2s indices.
In the source-free case, such fields satisfy the so-called zero rest mass equation (ZRM) in the
physical spacetime

V4da.5=0, (5.37)

where ¢4 p is a totally symmetric spinor. In general, massless fields are conformally invariant,
because there is no natural length or time scale: with a massless particle we cannot associate a
frame of reference. Let us discuss the conformal invariance in the context of present formalism.

Definition §.3.2 A quantity X (tensorial or spinorial) is said to have a conformal weight w if
under the conformal rescaling of the metric, g, = ngab, it transforms as

X=Q"X. (5.38)

We will now show that the ZRM equation (5.37) is conformally invariant, if (ﬁAm p has conformal
weight 1. Suppose that

Pup.c = QPap. . (5.39)
Then,

VA 0up.c = E"Vyxadap. c = Qe Vya (Qdap.c) =

=Q ' oup VA (Vxadap. c+Yan dxp. c+Ypa dax..c+ -+ Yea Pap.x)-
(5.40)

all terms in the bracket except for the first two. Thus,
Vilup.c =Q " dap.cVaQ+Vadas.c — € Yan dxp.c =
=Q ' up. cVAQ+VAap.c— Q@ dxp.cVIQ = ViPap.c. (5.41)
Hence, the unphysical ZRM field satisfies the equation
VAdas.c=0 (5.42)

and therefore equation (5.37) is conformally invariant, provided that the conformal weight of gi;A B.C
isw=1.
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Transformations of curvature spinors

Recall that in the spinor formalism we decompose all spinors into irreducible parts: totally sym-
metric part and antisymmetric part which is always proportional to €45. This applies also to
spinor equivalents of tensors. If the tensors possess some additional symmetry, the general spinor
decomposition simplifies. In the case of the Riemann tensor, we have the following symmetries
(see [ ; D:

l. Rapea = R[ab] [cd]>

2. Rupca = Reaans

3. Riapca = 0.
These symmetries imply that the spinor decomposition of the Riemann tensor is

Rapca =Y apcp €ap €cp +Yarpop €apEcp+
+ DPupcrp €ap Ecp + Peparp Ec'pr EaB—
—2A (€aecp e (c Epyp + Eap €D EacEpyp) - (5:43)
The first part is the Weyl tensor,
Cabea = Yapcp €ap €c +Yapcop €asEcp, (5.44)

where Wypcp is completely symmetric Weyl spinor. The second part is given by the real spinor
®,pcrp Which is related to the trace-free part of the Ricci tensor,

1
—2Papry =Rap =, 8 R, (5.45)
and the trace of the Riemann tensor is carried by the scalar A related to the scalar curvature by
1

A= —R. 5.46

24 (546)

In the spinor formalism, Einstein’s equations acquire the form

CI)ABA’B’ :47IT(AB)(A/B’)7 3A= Taa. (547)

Hence, Einstein’s equations are just algebraic relations between the curvature spinors and the
energy-momentum tensor. The role of the field equations is now played by the identities satisfied
by the Riemann tensor. The first one is the so-called Ricci identity, which is usually regarded as a
definition of the Riemann tensor,

(VeVy—VaVe)X* = —R9, X, (5.48)
The spinor form of the Ricci identity is

Oasée =Papcn & —2AEuep)c, Oypée = &P Pepap. (5.49)
The second equation is the Bianchi identity

VipRapjca =0 (5.50)

which translates to
Va¥Pagcp = VZ;CDCD)A’BH VA Dy s = —3VagA. (5.51)

Under conformal transformation, the irreducible parts of the Riemann tensor transform according
to formulas

P ascn = Pagcn, (5.52a)
Dapap = Pagan + Q7 Vauw Vi pQ, (5.52b)

- 1 1
A=Q>A— 7200+ 3 (VQ)(V'Q). (5.52¢)
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I Exercise 5.5 Use the Ricci and Bianchi identities to derive formulas (5.52). m

Properties of null infinity

Properties of the null infinity depend .# crucially on the presence of matter in its neighborhood.
Since we are considering asymptotically flat spacetimes, we expect that there is no source close to
infinity, but even isolated sources can emit radiation or produce fields that extend to infinity. It is
then important how fast these fields decay as one approaches .#. The conformal factor Q can be
conveniently used as a coordinate near .. Moreover, we will usually assume that all quantities in
the unphysical spacetime are regular on .#.

Definition 5.4.1 We will use the notation
X =0(Q" (5.53)
whenever the quantity X can be expanded near .# into the Taylor series of the form
X=x'Qr+xtortl4.... (5.54)

In particular, quantity X = ¢ (1) if it is non-vanishing and regular on .#. We will employ the
notation X =Y if the two quantities are equal on .# but not necessarily elswhere. For example,
Q=0.

In the case of Minkowski space we have seen that .# is in fact a null hypersurface. This can
change in the presence of matter or cosmological constant (which we do not consider here), but
with sufficiently fast fall-off of the field .# is null hypersurface even the presence of matter near
infinity. We will start with the simplest observation.

p) We have already mentioned that we assume the regularity of unphysical quantities on .#. In
particular, for now we assume that g, = &'(1), i.e. the unphysical metric is non-vanishing and
non-singular on .. Next we assume that both g,;, and Q have the smoothness C? across .7,
i.e. both objects are continuously twice differentiable. This implies that unphysical curvature
tensor Rypeq (and its spinorial parts Wapcp, @aparp, A) are O (1) on .7 as well.

Theorem 5.4.1 Suppose that physical scalar curvature A vanishes at .# (or, equivalently, the
trace T¢ of physical energy-momentum tensor vanishes at .#). Then .# is a null hypersurface.

Proof. Let us define n, = —V,Q, so that n, is orthogonal to hypersurfaces Q = const., in particular
it is orthogonal to .#. Relation (5.52¢) then acquires the form

- 1 1

A:QZA+ZQVan“+§nan“. (5.55)

Physical curvature A vanishes at .# by assumption. Terms proportional to Q vanish on .# because
of assumed regularity of V,Q and A. Hence, the last equation restricted to .# immediately yields

ngn®=0. (5.56)
[ |

p) Inother words, nn, = € (L) and therefore can be written in the form

nn, = (V,Q)(V'Q)=Qf forsome f=0(1). (5.57)
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Theorem 5.4.2 On .#, vector n“ is a null geodesics.

Proof. We have

1V anp, = (V9Q)(V,V,Q) = (VAQ)(V,V,Q) = %V,, (Vo) (V4Q)) =

1 1 1 1
Vi(nan) = SVo(Qf) = =5 frs+ 5 QVof =2 . (5.58)

N =

Here we have used the vanishing of the torsion ([V,, V;]Q = 0) and relation (5.57) and we restricted
the whole expression to .# in the last step (symbol =). Thus, n*V,n, is proportional to n; and
therefore ny, is a geodesics. |

p) Notice that, according to the transport equation (3.8¢), n“ is geodesic if the spin coefficient v
vanishes,

v=0; (5.59)

here we used symbol =, since n“ is not necessarily geodesic away from .#.

p) Theorem 5.4.2 shows that .# has topology R x K where K are “slices” of .# transversal to the
orbits of the null generator n®. The following theorem shows that K is in fact a topological
sphere [ ].

Theorem 5.4.3 In asymptotically simple spacetimes for which . = .#" U .~ is everywhere a
null hypersurface, the topology of the past and future null infinity is

It - 2R xS, (5.60)

where .72 is two dimensional topological sphere.

Proof. For proof, see [ ]. |
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6. Geometry of space-like 2-surfaces

This chapter is mainly based on [Sza]. Consider a space-time M with metric g,, and a two-
dimensional space-like submanifold .. That is, at each point P € . there exists a unit time-like
normal #“ and a space-like unit normal v, thereby satisfying

= v, =1, t“v, =0, t“,v* orthogonal to .. 6.1)

Using these two normals we can form two null vectors

a_i a a a_i a__.a
E—\/E(t +v7), n—\/i(t v, (6.2)

which satisfy the usual Newman—Penrose normalization ¢“n, = 1. We will also assume
’ Al
4=t n =117, (6.3)

Choosing such (non-unique) spinors o” and 1#, the basis which is tangent to .7 is m* = AT and
its complex conjugate.

Definition 6.0.1 Projector onto the tangent space of . with normals ¢ and v* satisfying (6.1)
is a tensor defined by

Z:Sg—t“tb+vavb:6§—€”nb—n“€b. (6.4)
Tensor Tg.‘.'_‘f is called surface tensor if
g TG T 7 =1y (6.5)

The choice of normals #* and v* satisfying (6.1) is of course not unique. Form of the projector
(6.4) suggests the most general transformation (called gauge transformation) which preserves ITj.
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Theorem 6.0.1 Let . be a space-like 2-submanifold of space-time M, let r* and v* satisty
conditions (6.1), and let £* and n“ be given by (6.2). Then, the projector (6.4) is invariant under
the gauge transformation parametrized by single real parameter A

04— ALY, n— A ' nt, (6.6)

or, in terms of ¢ and V¢,

t* — t* cosh @ + v sinh @, v =19 sinh ¢ +v* cosh ¢, (6.7)
where
21

Proof. Proving Eq. (6.6) is trivial, as this transformation leaves ¢ ® n invariant and hence also the
projector. Re-expressing 1 and v* as

1
1= —("+n?), v?

V2

and performing the transformation (6.6) we arrive at

1 a __ a

A+A~! A—A"l
4 +2 4+ > ve. (6.10)
N’ e

o B

Obviously, a?> — B2 = 1 which means we can write & = cosh¢, B = sinh¢, from which (6.8)
follows. Similarly for v¢. u

By TM we denote the tangent bundle of the space-time. Its restriction' to . will be denoted
by V(.#). Hence, locally, points of V(.#) are of the form (P,u®), where P € . and u® € V§(.%).
Here, V3(.7) is a fiber of bundle V*(.#) at point P and it is isomorphic to TpM. At any point
P € . we can split the fiber Vp(.¥) into a direct sum

Vp(.7) = Np(#) & Tp(.7), 6.11)

where Np(.¥) is a subspace of vectors normal to . and Tp(.) is a subspace of vectors tangent to
. That s, any u® € V§ () is decomposed as

u* =an*+p1%, (6.12)

where n“ € Nj(.#) and 1 € Tf(.7). Hence, the total bundle V (.#) can be itself written as the
direct sum of sub-bundles

V(L) =N(L)&T(S), (6.13)

where N(.%) is a normal sub-bundle and T (.¥) is the tangent sub-bundle. These sub-bundles are
mutually orthogonal with respect to the fiber metric g, °.

! General bundle is denoted by 7 : E — B, where 7 is the projection, E is the total space and B is the base manifold.
For B' C B we define the restriction of bundle 7 : E +— B to B' as abundle 7 : E' — B, where E' = z~'(B/).

2We say that the space-time metric g, is fiber metric, because fibers of V(%) are isomorphic to tangent spaces of M,
on which metric g, is defined.
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Definition 6.0.2 The Lorentzian vector bundle is a triple (V*(.%),8a,I17), where V¢ = .7
is a vector bundle over a surface .7, equipped with the fiber metric g,, and the projection
I1¢: V?(.#) — T%(.) onto the tangent sub-bundle of V¢(.%).

p) The projector ITf can be also regarded as the metric on the tangent sub-bundle. This induced
metric is defined by

Gab = 8aclly = gap — 24 (g npy = —2m(, 1y). (6.14)
Similarly, on the normal sub-bundle we have the induced metric

“Gab = 8ab — Gab = 2L (anp)- (6.15)
Next, in the fibers of V(.’) with metric g, we have automatically also the volume form

Eabed = 24 Ljgnpmeimy). (6.16)

This expression is fixed by total antisymmetry, by choosing the orientation &,.4¢*n’m‘m = 1
and by e%<?g ., = 4! = 24. Induced volume form on T'(.¥) is then

Eab = Eapcal* N = —2my iy, gapmm® =1, e €l = 2. (6.17)
Similarly, induced volume form on N(.¥) is
Lé'ub =m‘m? Ecdab = —2£[anh], L&ﬂ,fa n’ = 1, Lé‘ahlffah =-2. (6.18)

All these objects are gauge invariant.

p) We can also establish the relation between surface tensors and spinors. Let S4(.#) be a bundle
of spinors on M restricted to .#” and let 54 (-#) be the bundle of primed spinors. Then, we can

construct a bundle $4(.%) ® s (.#) which can be identified with complexified Lorentzian
vector bundle. In particular, we have the identification of Hermitian spinors with real vectors
through the soldering form oy,

Hermitian sub-bundle of S* @ §4" 5 V4 : k4 s Oy KA (6.19)

Connections on the Lorentzian bundle

On the Lorentzian vector bundle (V(.%), g, I1j;) we can define two meaningful connections. Since
each fiber of V(.¥) is equipped with the metric g, there is a natural action of group O(1,3) on
V(.7) preserving the fiber metric. In addition to that, the projection IT} selects preferred sub-
bundles 7'(.) and N(.#). On the former, the transformation preserving the induced metric g, is
just the spin

O me, s e 10 me, (6.20)

m — e
i.e. the rotation in the space-like plane spanned by m“ and /m“; hence, natural group on 7'(.) is
O(2). On the normal bundle, the gauge transformation preserving *¢,;, is the boost (6.6), so the
group acting on N(.) is O(1,1).
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Definition 6.1.1 Intrinsic covariant derivative 8, on V (.) is defined by

8.Xp, = TIETIAV X, (6.21)

p) This definition extends naturally to action of &, on tensor of arbitrary rank:

8uty ¢ =TT T, . TI4V 2 (6.22)

e

That is, we first calculate usual covariant derivative and then project all indices via the
projector IT7.

R Clearly, d, annihilates both the fiber metric g,,. However, it also annihilates the induced
2-metric g, for we have

Oufbe = Hgnlryngvp (grs —{png —Lsn,) =0, (6.23)
since Vg, =0, IT) ¢, = 0, IT{n, = 0. Hence, &, is the Levi-Civita connection for the metric

qab-

In usual 3+1 formulation of general relativity, we foliate the space-time by hypersurfaces with
unit normal ¢ and define the projector h2 = §? — n,n® and corresponding intrinsic derivative ,,.
From this we can calculate the intrinsic curvature of the hypersurface. On the other hand, the
extrinsic curvature which describes how the hypersurface is embedded in the space-time is defined
as Kah = .@al’lb.

In the present setting, we have two normals, ¢ and v* (or, equivalently, /¢ and n“), and hence
we have two extrinsic curvatures,

Tab = 5,12‘},, Vap = 5av;,. (6.24)

Definition 6.1.2 The Sen connection A, on V(.) is defined by

AXp =TIV, X, (6.25)

p) This definition extends to tensors of arbitrary rank via
ATl =TIV T (6.26)

That is, we calculate usual covariant derivative and then project just the index on the derivative.

In other words, both intrinsic derivative §, and the Sen derivative A, can act on any vector
X* € V() which is not necessarily tangent. Both these connections evaluate the derivative in
the tangential derivative, because in both cases we project the direction of the derivative by I1%.
However, the result of intrinsic differentiation is always a surface tensor (in the sense of definition
6.0.1), while the result of A,X; can have also a normal component. For example, we have

Aaty = (ITj + 151" — vp V) Agte = Sutp + 1 1At —vp VAL, (6.27)
=0

Hence, the normal component of the connection A, can be encoded in the connection 1-form

Ag =V Agt.. (6.28)
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Using this 1-form, we can write
Aat? = 8,8° — AV, A’ = 80" — 1P A,. (6.29)

The extrinsic curvatures and the 1-form A, are not gauge independent, as the following theorem
shows.

Theorem 6.1.1 Let 7,4, V4 and A, be defined by
Tab = Satba Vab = 8aVp, Ay =V Aute. (6.30)
Then, under the boost (6.7), we have

Tap —> cosh ¢ T, +sinh@ v, Vg — sinh@ T, +coshd v, As— A —0,¢0. (6.31)

Proof. The proof is simple but one has to be careful. Connection 9§, is defined through projector
IT}; and, hence, gauge invariant. For 7., we have

Tap = Oalp — Oy (cosh @1, +sinh P vy,) = HZH‘; (tg sinh @ V @ +cosh ¢V, 1;) +
4 TISTTY (vy cosh @ V¢ +sinh ¢ V,vy) = cosh ¢ Ty, + sinh @ vy,  (6.32)

and similarly for v, and A,,. |
Unlike &,, the Sen connection A, does not annihilate the induced metric. Instead, we have
Aagbe =2 Va(pVe) = 2 Tu(ple)- (6.33)
Connection 9, is torsion-free, as can be easily checked. This is not true for A,. First, we have
AApd = Ay (TTV0) = (AJT) V9 +T1;A,V 0. (6.34)
Antisymmetrization in [ab] yields

AjgAp)§ = ALIT, Ve, (6.35)

since IIA, V. ¢ = HZH{ VV. ¢ is already symmetric in (ba), provided that V,, is torsion-free.
Defining

ab = Talb = Vg Vb, (6.36)
we can write the anti-commutator as
Ay = =0y Ve, (6.37)

showing that the torsion tensor of the connection A,.
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A. Notation, conventions, abbreviations

R The set of real numbers

C  The set of complex numbers

R"  The set of n-tuples of real numbers of the form (xi,...x,) € R"

C" The set of n-tuples of complex numbers of the form (zj,...z,) € C"
E" Euclidean space of dimension n

AP(L)  Set of p-forms on vector space L
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