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We investigate the effects of light cone caustics on the propagation of linear scalar fields in generic
four-dimensional spacetimes. In particular, we analyze the singular structure of relevant Green
functions. As expected from general theorems, Green functions associated with wave equations are
globally singular along a large class of null geodesics. Despite this, the “nature” of the singularity on
a given geodesic does not necessarily remain fixed. It can change character on encountering caustics
of the light cone. These changes are studied by first deriving global Green functions for scalar fields
propagating on smooth plane wave spacetimes. We then use Penrose limits to argue that there
is a sense in which the “leading order singular behavior” of a (typically unknown) Green function
associated with a generic spacetime can always be understood using a (known) Green function
associated with an appropriate plane wave spacetime. This correspondence is used to derive a
simple rule describing how Green functions change their singular structure near some reference
null geodesic. Such changes depend only on the multiplicities of the conjugate points encountered
along the reference geodesic. Using o(p,p’) to denote a suitable generalization of Synge’s world
function, conjugate points with multiplicity 1 convert Green function singularities involving (o)
into singularities involving +1/7o (and vice-versa). Conjugate points with multiplicity 2 may be
viewed as having the effect of two successive passes through conjugate points with multiplicity 1.
Separately, we provide an extensive review of plane wave geometry that may be of independent
interest. Explicit forms for bitensors such as Synge’s function, the van Vleck determinant, and the
parallel and Jacobi propagators are derived almost everywhere for all non-singular four-dimensional

plane waves. The asymptotic behaviors of various objects near caustics are also discussed.

I. INTRODUCTION

Disturbances in physical fields generically propagate
throughout the causal future of that initial disturbance.
The character of this propagation is well-understood for
points that are sufficiently close to said disturbance.
More specifically, there exist fairly straightforward pro-
cedures to construct Green functions! for linear (or lin-
earized) wave equations in regions which are sufficiently
small that, roughly speaking, characteristic rays starting
at one point do not cross each other at any other point.
What occurs outside of these regions — where charac-
teristics intersect (or “almost intersect”) each other — is
considerably more complicated.

To be specific, consider linear hyperbolic equations
whose principal part is the d’Alembertian associated with
a spacetime metric g.p. Suppressing possible indices on
the field ® and source p, let

L® = (¢"°V,Vy +...)® = —4d7p, (1.1)
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1 The term “Green function” as used here coincides with the
standard definition of a fundamental solution. For the model
equation (1.1), a Green function is any solution to LG(p,p’) =
—47I5(p,p’), where I denotes an appropriate identity operator
(needed for non-scalar fields) and §(p,p’) the Dirac distribu-
tion. By contrast, some authors define Green functions some-
what more restrictively. See, e.g., [1].

where V, is the natural derivative operator associated
with gqp. The omitted part of L in this equation may be
any first order linear differential operator. Equations sat-
isfied by Klein-Gordon fields, electromagnetic vector po-
tentials, and linearized perturbations of Einstein’s equa-
tion all fall into this class (for certain gauge choices).

Considerable insight into (1.1) may be obtained by con-
structing an associated Green function. If the points p
and p’ are sufficiently close, the retarded Green function
is known to have the form? [2, 3] (again suppressing in-
dices)

Gret(p, 1) = 0(p > 1) [U(p, p))5(c(p.p))
+V(p,p")O(—a(p,p"))]

in four spacetime dimensions. Here, 6(p > p’) is defined
to equal unity if p is in the causal future of p’, and zero
otherwise. © and J are the one-dimensional Heaviside
and Dirac distributions, respectively. o(p,p’) = o(p’, p)
denotes Synge’s world function; a two-point scalar equal
to one-half of the squared geodesic distance between its
arguments [2-4]. The bitensors U(p,p’) and V(p,p’) are
more complicated to define, although explicit procedures
to compute them are known [2, 3].

The interpretation of (1.2) is very simple. It implies
that disturbances at a point p’ are initially propagated

(1.2)

2 Distributions like §(p > p’)§(o) appearing here are not a priori,
well-defined. They are to be interpreted as, e.g., lim__ o+ 0(p >
p’)8(o + €). See Sect. 4.1 of [2].



“sharply” along future-directed null geodesics [where
o(-,p') = 0] with an influence proportional to U(-,p’).
At least for fields where the differential operator L has
no first-order component, U(-, p') is closely related to the
expansion of the congruence of geodesics emanating from
p’. As might have been expected, the importance of the
d(o) term in the retarded Green function is related to the
focusing of null geodesics in the sense expected from ge-
ometric optics. Apart from this, the second line of (1.2)
indicates that there may also be contributions to field
disturbances — known as a “tail” — that propagate along
all future-directed timelike geodesics emanating from p’
[where o(-,p") < 0].

This description of wave propagation cannot usually be
applied throughout an entire spacetime. The Hadamard
form (1.2) for the retarded Green function is guaranteed
to be valid only in convex geodesic domains [2]. Indeed,
the standard definition of o breaks down when, e.g., pairs
of points can be connected by more than one geodesic (or
by none). It is the purpose of this paper to discuss global
properties of Green functions in curved spacetimes. In
particular, we focus on changes in Green functions arising
from the presence of light cone caustics.

Some insight into global wave propagation may be
gained from general theorems on the propagation of sin-
gularities in wave equations (see, e.g., Corollary 5 on p.
121 of [5]). Roughly speaking, these state that singulari-
ties are globally propagated along null geodesics. In par-
ticular, the fact that Gyei(-,p’) is initially singular along
all future-directed null geodesics emanating from p’ im-
plies that it remains singular as these geodesics are ex-
tended arbitrarily far into the future of p’ [even though
Eq. (1.2) does not necessarily hold in the distant future].
Standard propagation-of-singularities theorems do not,
however, describe the specific “character” of the singu-
larity on a given null geodesic. Generically, the singu-
lar structure of Gyet (-, p’) can exhibit qualitative changes
when passing each caustic associated with the future light
cone of p’.

It is clear from (1.2) that retarded Green functions
initially contain a term involving §(o). Recent computa-
tions of retarded Green functions for linear scalar fields in
Nariai [6] and Schwarzschild [7] spacetimes have demon-
strated that there is a sense in which such terms are
replaced by different singular distributions after each en-
counter with a caustic of the light cone. Following a null
geodesic forwards in time from a source point p’, the sin-
gular structure of Gie(+,p’) appeared to “oscillate” in
the repeating 4-fold pattern [modulo an appropriate ex-
tension of the (positive) prefactor U(p,p’) appearing in

(1.2)]
§(o) — pv (1> — —d(0) = —pv <1> — ... (1.3)

o
Here, “pv” denotes the Cauchy principal value.

Ori has heuristically argued [8] that this phenomenon
should be generic for waves propagating through “astig-
matic caustics” where light rays are focused in only one

transverse direction. Such caustics are associated with
conjugate points of multiplicity 1. Furthermore, Ori
claims that the effect of “stronger” anastigmatic caustics
associated with multiplicity 2 conjugate points should
have an effect equivalent to two passes through astig-
matic caustics. If all caustics in a particular geometry
are anastigmatic — displaying perfect focusing — this rea-
soning would imply that the associated Green functions
display the 2-fold pattern of singular structures

§(oc) = —=6(c) = ... (1.4)
Such patterns have indeed been observed in scalar Green
functions for both the Einstein static universe and the
Bertotti-Robinson spacetime [9].

There is a vast literature on wave propagation through
caustics in various contexts. A significant body of work
has applied catastrophe theory to classify shapes of stable
caustic surfaces in different contexts [10-13]. Addition-
ally, the behavior of wave fields near caustics has been
discussed in, e.g., [13, 14]. It is known from this work
that there is a sense in which individual Fourier modes
of a field experience a phase change of 7/2 on passing
through an astigmatic caustic [associated with the 4-fold
pattern (1.3)]. Omne might therefore expect four passes
through astigmatic caustics to return a Green function
to its “original form.” Stronger anastigmatic caustics as-
sociated with the pattern (1.4) effectively add a phase of
2(m/2) = 7 to each Fourier mode. Two passes through
such caustics might therefore be expected to return a
Green function to its original form.

Despite this type of frequency-domain argument, the
simple “position-space” patterns (1.3) and (1.4) do not
appear to have been systematically derived before ex-
cept in a few special cases. One problem is finding an
appropriately-precise statement of the result. The usual
definition of o breaks down once caustics arise, so even
the meanings of the patterns (1.3) and (1.4) are not im-
mediately clear in general spacetimes. Additionally, one
can only hope that there is a sense in which such patterns
hold “near” null geodesics where the singular portion of a
Green function might be meaningfully disentangled from
its remainder. It is not immediately clear how to pre-
cisely formulate a notion of this type.

The physical interpretation of the patterns (1.3) and
(1.4) has also been somewhat mysterious. How, for exam-
ple, can a “sharp” distribution like §(o) instantaneously
jump into the much more “spread out” pv(1l/mo)? Ad-
ditionally, one may question how a causal Green func-
tion could extend into regions where ¢ > 0 [as it does
when the singular structure of a Green function involves
pv(1/mo)]. Naively, this might appear to imply that
disturbances in fields can propagate to points that are
causally disconnected from that disturbance.

This paper starts by investigating and resolving all
of these issues in four-dimensional plane wave space-
times. Retarded and advanced Green functions associ-
ated with massless scalar fields propagating in smooth
plane wave spacetimes are derived explicitly. These ge-



ometries might be thought of as modelling gravitational
waves emitted from some moderately distant astrophys-
ical system. Certain characteristics of plane wave space-
times are not, however, particularly realistic. More rele-
vant are some of their mathematical properties:

e Appropriately adjusting the amplitude and polar-
ization profile of a plane wave geometry allows
the construction of examples with any number and
combination of astigmatic and anastigmatic caus-
tics. This is accomplished in a spacetime with
topology R* and a metric whose coordinate com-
ponents can be made globally smooth.

e Green functions associated with massless
minimally-coupled scalar fields or Maxwell fields
are known to have nonzero tails V(p,p’) in almost
every four-dimensional spacetime. Essentially the
only nontrivial counterexamples are plane wave
spacetimes [2, 15].

e Although generic plane wave spacetimes fail to be
(globally) geodesically convex, there is a natural
definition for o(p, p’) that holds almost everywhere.

e The geodesic structure of plane wave spacetimes is
understood essentially in its entirety. This allows
o(p,p') and U(p,p’) to be computed explicitly.

Most importantly, we choose to work in plane wave
spacetimes due to the existence of a procedure known as
the Penrose limit [16-18]. This provides a sense in which
the geometry near any given null geodesic in an arbi-
trary spacetime looks like the geometry of an appropri-
ate plane wave spacetime. The Penrose limit preserves
various properties of the original spacetime [18-20]; in
particular, the conjugate point structure of the chosen
(or “reference”) geodesic.

We use Penrose limits to argue that most of the “lead-
ing order” singular behavior of Green functions associ-
ated with wave propagation in arbitrary spacetimes may
be understood using knowledge of Green functions in ap-
propriate plane wave spacetimes. This singular struc-
ture naturally splits into two components. One portion
is associated with the appearance of conjugate points on
the reference geodesic with which the Penrose limit is
performed. The effects of such points are, in a sense,
determined quasi-locally. They affect Green functions
near the reference geodesic in a way that depends only
on their multiplicities. Furthermore, the effects of con-
jugate points propagate into their future along the ref-
erence geodesic. In most cases, the singular structures
that result from the appearance of conjugate points have
either the 4- or 2-fold patterns (1.3) or (1.4). There do,
however, exist finely-tuned examples that fall into nei-
ther category because there are a mixture of astigmatic
and anastigmatic caustics.

It is important to emphasize that despite this result,
Green functions are not quasi-local objects. In general, it

is not possible for all of a Green function’s singular struc-
ture to be determined near some null geodesic using only
knowledge of the geometry near that geodesic. “Nonlocal
singularities” can be introduced near a reference geodesic
when non-conjugate pairs of points on that geodesic are
also connected by other null geodesics®. We show that
the effects of such intersections on a Green function are
“non-propagating.” There is sense in which their associ-
ated singularities are confined to regions near the inter-
section points. Using the Penrose limit, singularities of
this type correspond to isolated structures in plane wave
Green functions occurring at locations which cannot be
predicted from any given set of initial data. Plane wave
spacetimes are not globally hyperbolic, so their Green
functions cannot be uniquely specified in terms of any
initial data set. This lack of uniqueness is, indeed, nec-
essary if plane wave Green functions are to consistently
capture certain characteristics of generic Green functions
with intrinsically nonlocal components.

This paper is organized into three main parts. Sects.
IT and IIT define the plane wave geometry and provide an
extensive discussion of its geometrical properties. While
much of the material in these sections has been noted
before [18, 21-26], some appears to be new (e.g., the be-
havior of various geometric objects near caustics). Only a
few key results from Sect. III are needed to understand
the majority of Sect. IV, where explicit global Green
functions are constructed for all smooth four-dimensional
plane wave spacetimes. Sect. V finally shows that knowl-
edge of plane wave Green functions is sufficient to un-
derstand the leading order singular structure of Green
functions in arbitrary spacetimes. Appendix A describes
various properties of two matrices central to describing
the geometry of plane wave spacetimes. Appendix B es-
tablishes that the Green function obtained for plane wave
spacetimes is a well-defined distribution.

Notation

In this paper, abstract indices are represented using
letters taken from the beginning of the Latin alphabet:
a,b, ... Four-dimensional coordinate indices are repre-
sented using Greek characters, while indices referring
only to the spatial coordinates z',z2 or X', X? intro-
duced below are denoted by 4,7, ... Where appropriate,
units are used in which G = ¢ = 1. Our sign conven-
tions follow those of Wald [27]: The metric signature

3 A simple example of this phenomenon is provided by the space-
time of a straight cosmic string [11]. These geometries can be
described by the metric ds?2 = —dt? +dz2 +dp? + (kp)2d¢? with
t,z €R, p>0, and ¢ € [0,27). They are locally flat, and there-
fore admit no conjugate points along any geodesic. Cosmic string
spacetimes do, however, possess an angular defect (if k¥ # 1) that
forces some pairs of points on opposite sides of the string to be
connected by more than one geodesic.



is chosen to be (— + ++), the Riemann tensor is de-
fined such that 2V, Vyw. = Rapewy for any 1-form
wa, and the Ricci tensor satisfies Ry, = Racp®. Space-
time points on a manifold M are generally denoted by
p, ', etc. Coordinates associated with (say) p’ are them-
selves primed. We often find occasion to abuse nota-
tion in various ways that should be understandable from
context. For example, we often identify a function of
spacetime points with the equivalent function acting on
coordinates: e.g., f(p) = f(u,v,z',2%) in a global chart
(u,v,2t,2%) : M — R* We also make extensive use
of elementary vector and matrix notation to denote the
spatial coordinate components of various tensors: e.g.,
xT = (z' 2%), (AB);; = AiyxByj, etc. The majority of
this paper is concerned with plane wave spacetimes. In
Sect. V, more general spacetimes are considered as well.
Quantities associated with these geometries are often dis-
tinguished by the presence of a check mark. A non-plane
wave metric is often denoted by §.p, for example.

II. PLANE WAVE SPACETIMES IN GENERAL
A. pp-waves

A pp-wave is a spacetime which may be physically
interpreted as a (not necessarily vacuum) gravitational
wave with parallel rays orthogonal to a family of pla-
nar wavefronts. While definitions in the literature vary
slightly, pp-waves are often prescribed as a manifold M
together with a metric g,, which everywhere admits a
nonzero null vector field ¢ satisfying Vo¢* = 0 (where
V, is the Levi-Civita connection associated with g,p). £¢
is interpreted as the direction of wave propagation. Since
it is covariantly constant, it must be Killing. This implies
that the wave propagates without distortion. It is also
clear that the integral curves of £* — the characteristic
rays of the gravitational wave — form a null geodesic con-
gruence that is non-expanding, shear-free, and twist-free.
This implies that there is a sense in which such rays re-
main “parallel” to each other. They are also orthogonal
to a family of planar 2-surfaces that may be interpreted
as wavefronts.

A large class of pp-wave metrics in four dimensions can
be written as [21, 29-31]

ds? = —2dudv + H (u,x)du? + |dx|?, (2.1)

where |dx|? denotes (dz')? + (dz?)2. We assume for
simplicity that the coordinates (u,v,x) = (u,v, 2%, 2?)
can take any values in R*. The unconstrained function
H(u,x) = H(u,z',2?) fixes the waveform and its po-
larization. Note that 9/0v is both null and covariantly-
constant. It may therefore be identified with the direc-
tion of wave propagation £¢:

o_ (2"
e (5)

(2.2)

4

Surfaces spanned by the spatial coordinates z! and 22 (at
fixed u,v) are wavefronts transverse to the direction of
propagation. They are spacelike surfaces with topology
R? and an induced metric that is everywhere flat: The
wavefronts are 2-planes. Furthermore, note that ¢, =
—V,u. The u coordinate may be viewed as labelling the
phase of the gravitational wave.

All non-vanishing coordinate components of the Rie-
mann tensor may be obtained from

1
Ruiuj = —g&-ajH(u, X)7 (23)
where 0; := 0/0x" and i = 1,2. The Ricci tensor can
have at most one nonzero component:

1
Ry, = —§V2H(u, x). (2.4)

Here, V2 denotes the two-dimensional Euclidean Lapla-
cian acting on the coordinates (z!,z?). It follows that
any pp-wave satisfying the vacuum Einstein equation
Ra, = 0 has a waveform H(u,x) that is harmonic in
the spatial coordinates. The sum of any two harmonic
functions is itself harmonic, so there is a sense in which
vacuum pp-wave metrics propagating in the same direc-
tion remain vacuum under linear superposition.

Note that it follows from (2.1) and (2.4) that the Ricci
scalar g** Ry, vanishes in all pp-wave spacetimes. More
generally, all locally-constructed curvature scalars van-
ish in these geometries. Spacetimes with this property —
of which the pp-waves are a special case — are known to
be members of the Kundt class [32] (The converse is not
true: There do exist Kundt metrics with non-vanishing
curvature scalars.). Geometries with vanishing curvature
scalars are the gravitational analogs of “null” electromag-
netic fields F;, satisfying F,, F% = ¢4 F F.g = ... =
0. Some of the simplest nontrivial examples of null elec-
tromagnetic fields are plane waves propagating in flat
spacetime. Similarly, some of the simplest nontrivial ge-
ometries with vanishing curvature scalars are plane wave
spacetimes. These are a subclass of pp-wave spacetimes.

B. Plane waves

Plane wave spacetimes are special pp-waves where the
curvature components R, », depend only on the “phase
coordinate” u. The wave amplitude and polarization can
then be said to remain constant on each planar wavefront
formed by varying !, #? while holding fixed v and v.

It follows from (2.3) that plane waves arise if the pro-
file function H (u,x) is at most quadratic in the spatial
variables x. A coordinate transformation may be used to
eliminate any components of H independent of or linear
in ' and z2. The metric of a general plane wave space-
time can therefore be written in the Brinkmann form

ds? = —2dudv + H;j(v)z'z?du? + |dx|?. (2.5)



Here, H;j(u) is an arbitrary symmetric 2 X 2 matrix that
specifies the wave’s amplitude and polarization profile.
Except in Sect. V, the metric (2.5) is assumed to hold
throughout this paper. We restrict attention to non-
singular plane waves where (u,v,x) € R* and H;j(u)
is a collection of smooth functions from R to R.

It is convenient later to have a special notation for
constant-phase surfaces associated with (2.5). For any
u' € R, let Sy denote the u = v’ hyperplane

Sw={p € M :u(p)=u"}. (2.6)
It follows from (2.3) that the Riemann tensor on one of
these hypersurfaces is entirely determined by the compo-
nents

(2.7)
Furthermore,

Ry, = —TrH(u), (2.8)

where Tr denotes the ordinary trace of the 2 x 2 matrix
(H)i; = Hi;.

It follows that the vacuum Einstein equation R, = 0
is satisfied if and only if H;; is trace-free. The metric of
any purely gravitational plane wave can therefore be put
into the form

ds? = —2dudv + {hs(w) [(xl)z - (x2)2]

+ 2hy (u)z'z?® fdu? + |dx|?, (2.9)
where hy(u) and hy(u) are arbitrary functions repre-
senting waveforms for the two polarization states of the
gravitational wave. If these functions are proportional,
the wave is said to be linearly polarized. A coordinate
rotation can then be used to eliminate hy (u) in favor of
rescaling h (u).

It is interesting to note that there is a sense in which
metrics with the form (2.9) satisfy all generally covari-
ant field equations that can be constructed purely from
the metric and its derivatives [33]. Ricci-flat plane
wave spacetimes therefore provide a model for plane-
symmetric gravitational radiation in general relativity as
well as many alternative theories of gravity.

In this paper, we do not restrict the discussion only
to vacuum plane waves. One interesting class of non-
vacuum plane waves are those that are conformally-flat.
Such geometries must have Riemann tensors that are
“pure trace.” It follows from inspection of (2.5) and (2.8)
that the metric of a conformally-flat plane wave can al-
ways be put into the form

ds? = —2dudv — h2(u)|x|*du? + |dx|? (2.10)
for some function A(u). There is at most one nonzero
Ricci component in these coordinates:

Ruu = 202 (u). (2.11)

If Einstein’s equation R., — % gap R = 87T, is imposed,
the null energy condition holds for the stress-energy ten-
sor Ty if and only if A?(u) > 0. This condition also im-
plies the weak, dominant and strong energy conditions.

Conformally-flat plane wave spacetimes satisfying
h2?(u) > 0 may be interpreted as the gravitational fields
associated with plane electromagnetic waves in Einstein-
Maxwell theory. In general, the stress-energy tensor of
an electromagnetic field Fyy is

1

Top = —
b 47

1
(FucFy© — Zgachchd). (2.12)
Inserting this into Einstein’s equation and using (2.11),
it is easily observed that the plane wave geometry (2.10)
may be associated with the electromagnetic plane wave
Fap = 2h(u)VuVyz'. (2.13)
This electromagnetic field is a solution to the vac-
uum Maxwell equations. It also satisfies Fp, F% =
€abeaFPF = 0. The electric and magnetic fields seen
by any observer are therefore equal in magnitude and
orthogonal:
E.E* = B,B?, E,B*=0. (2.14)
Note, however, that (2.13) is but one possible Fy; that
could be associated with a given h(u). Other possibilities
exist,.

Although we make little use of it, it should be men-
tioned that plane waves are often described in the lit-
erature in terms of Rosen coordinates (U, V,X) instead
of the the Brinkmann coordinates (u,v,x) used in (2.5).
The metric then takes the form

ds? = —2dUdV + H;;(U)d X dX7. (2.15)
The 2 x 2 matrix H;;(U) appearing here depends non-
algebraically and non-uniquely on H;;(u). Consider, in
particular, the transformation

w="U, (2.16a)
1. -

v=V+ §Eki(U)Ekj(U)XZX]7 (2.16b)

@t = B (U)X, (2.16¢)

where the matrix E?;(U) is a nontrivial solution to the
differential equation

(2.17)
We also require that
ETE = (ETE)". (2.18)

Applying (2.16) to the Brinkmann line element (2.5) with
these restrictions on E, one finds the Rosen line element
(2.15) with

H(U) = ET(U)E®U). (2.19)



Rosen coordinates have the advantage of being more
closely related than Brinkmann coordinates to intu-
ition for gravitational waves built up from lineariz-
ing Einstein’s equation about Minkowski spacetime in
transverse-traceless gauge. Some properties of a plane
wave’s geodesics and symmetries are also more easily ex-
pressed in terms of Rosen coordinates. Unfortunately,
the metric (2.15) does not generally cover the entire
spacetime. Rosen coordinates generically develop singu-
larities that are not present in Brinkmann coordinates.
There is also a considerable degree of “gauge freedom” in
Mi; [i-e., there are many allowed solutions to (2.17) for a
given Hz]]

III. GEOMETRIC PROPERTIES OF PLANE
WAVE SPACETIMES

Before discussing wave propagation in some back-
ground spacetime, it is important to understand the ge-
ometry of that background. This section discusses the
symmetries of plane wave spacetimes as well as their
geodesic and causal structures. Bitensors such as Synge’s
function, the van Vleck determinant, and the parallel
propagator are computed explicitly. Emphasis is placed
on the focusing of geodesics and the asymptotic behav-
ior of various bitensors near light cone caustics. These
topics are all important for the understanding of Green
functions associated with wave equations like (1.2).

A recurring object in the geometry of plane wave space-
times is the matrix differential equation (2.17). This may
be viewed as a generalized oscillator equation where the
wave profile H(U) acts like (the negative of) a “squared
frequency matrix.” It is useful to describe all solutions by
a linear combination of two particular solutions A (u,u')
and B(u,u’). We choose to define these matrices to be
solutions of

O2A (u,u') = H(u)A(u,u) (3.1a)
02B(u,u’) = H(u)B(u, u') (3.1b)

satisfying the boundary conditions
[A] = [0,B] =9, [B] = [0,A] = 0. (3.2)

Here, 6 denotes the 2 x 2 identity matrix and [-] indi-
cates the coincidence limit u — u’. A(u,u’) and B(u,u’)
are assumed to be matrices of functions that are smooth
throughout R x R. Some of their properties are discussed
in Appendix A.

We demonstrate below that A (u,u') and B(u,v') may
be used not only to describe the transformation between
Rosen and Brinkmann coordinates, but also to compute
the spatial coordinate components of geodesics and Ja-
cobi fields. Additionally, these matrices can be used
to identify conjugate points, explicitly compute various
bitensors, and construct Killing fields.

As an important example, consider a geodesic pass-
ing through two points p and p’. It is shown in Sect.

IITC that these points are conjugate along the given
geodesic if and only if — abusing notation somewhat —
their Brinkmann wavefront coordinates v = wu(p) and
u' = u(p’) satisfy

det B(u,u') =0 (3.3)

and u # u/. This means that there exists a nontrivial
Jacobi field along the chosen geodesic which vanishes at
both p and p’. Defining the multiplicity of a conjugate
pair as the number of nontrivial linearly independent Ja-
cobi fields which vanish at these points (i.e., the number
of focused directions), the multiplicity of p and p’ is easily
read off as the nullity of B(u,u). In the four spacetime
dimensions considered here, the multiplicity cannot ex-
ceed two. If the pair (p,p’) is conjugate with multiplicity
1, the set of all null geodesics emanating from p’ and
passing through the constant-u surface S, is shown in
Sect. IITE to form a one-dimensional curve on S, [recall
(2.6)]. This represents astigmatic focusing. Conjugate
points with multiplicity 2 momentarily focus bundles of
null geodesics to a single point. This represents anastig-
matic focusing.

Note that (3.3) does not depend on any details of
the geodesic under consideration. It is purely a relation
between pairs of uw coordinates. Geometrically, it may
be interpreted as distinguishing certain pairs (S, Su/)
of hyperplanes associated with two different phases of
the gravitational wave. We call these “conjugate hyper-
planes.” They play a central role in the geometry of plane
wave spacetimes.

It is convenient to denote the set of all solutions to
det B(-,u’) = 0 by T'(uv'). We write the individual ele-
ments? of T'(u') as 7,(uv') € R\ {u'}:

T(u') = U Tn(u). (3.4)

Here, the n are nonzero integers that order the elements
of T(u') (if any). By convention, we set n > 0 if 7, (u') >
u’ and n < 0 otherwise. See Fig. 1 and further discussion
in Sects. IITB and III C below.

Given some preferred phase coordinate v/, T'(u’) nat-
urally divides the spacetime into a collection of simply-

connected open sets N,,(v') and their bounding hyper-
planes S (). Define the region Ny(u') to be

No(w') := {p € M : u(p) € (r-1(u), 741 ()}

if 741(w’) both exist in T'(u’). If these elements do not
exist, the appropriate endpoint(s) of the interval in the

(3.5)

4 Conjugate points always occur discretely in plane wave space-
times. In more general Lorentzian metrics, it is possible for
there to exist continuous sections of a geodesic that are con-
jugate to one particular point on that geodesic [34, 35]. This is,
however, only possible along spacelike geodesics. For plane wave
spacetimes, the appearance of conjugate points along spacelike
and causal geodesics is governed by the same equation. T'(u') is
therefore a countable set for every u’ € R.



Sr_l(u’)

FIG. 1. Fixing any «’' € R, a plane wave spacetime naturally
divides into a set of 3-surfaces S, (/) and open 4-volumes
N, (u') in between them. Every point in S, is connected to
every point in N, (u') by exactly one geodesic. Such points
are never conjugate. Points in S,/ can be connected to points
in S;, (u) by either an infinite number of geodesics or by
none. In the former case, both points are conjugate along
every connecting geodesic. This justifies the description of
(Sw, Sr,(uy) as a pair of “conjugate hyperplanes.”

definition of Ny(u') is to be replaced by +oco. If, say,
741(u') and 7yo(u') exist,

M :={pe M :u(p) € (r,m)} (3.6)

Similarly,

N_i:={peM:u(lp) € (1_2,7-1)} (3.7)

if 7_1(v') and 7_2(v’) both exist. In general, N, (v’) rep-
resents the region between the nth hyperplane conjugate
to Sy and the “next one.” See Fig 1.

The region Np(u’) is a convex normal neighbhorhood
of every point p’ for which ' = u(p’). It is, however,
shown in Sect. III B below that all points in the open set

N@) = JNa(@) (3.8)

are connected to p’ by exactly one geodesic. In this
sense, N (') is a “generalized normal neighborhood” of
p’. Note, however, that this set is not path-connected
unless T'(u’) is the empty set (in which case N (v') =
M(w') = M). The geodesic connecting p’ to a generic
point in A/ (u') need not lie entirely in A/ (u'). In general,
it will pass through some of the S;, (u’). These hypersur-
faces are not contained in N (u’). Note that the portion
of the spacetime not contained in N (u'),

MA\N @) =S, @), (3.9)

has zero volume.

A. Symmetries

Plane wave spacetimes possess at least five linearly
independent Killing vectors. Ome of these is clearly
¢ = (0/0v)*. The others have the form

. 0 . o \*

'Ei(u)— +Z° - 3.10
(v g + =050 (3.10)
in terms of the Brinkmann coordinates (u,v,x). Here,
E"(u) = E;(u) is any solution to
This equation prescribes a total of four linearly indepen-
dent Killing fields in addition to ¢*. Even more Killing
fields may be found in certain special cases. Note that
(3.11) is very closely related to the modified oscillator

equation (2.17). In terms of the matrices A and B de-
fined by (3.1) and (3.2), the general solution is

[1]

(u) = A(u, u)E(W) + Bu,u)E(W). (3.12)
The parameters v', E(u’), and E(u’ ) appearing in this
equation may be varied arbitrarily.

Various types of non-Killing symmetries exist in
generic plane wave spacetimes. For example, the vector
field ¢* := wl® is always a (proper) affine collineation.’
There is also a proper homothety ¥* given by

a __ 8 ’La ¢
P* = (20%4—:5 8xi> .

This satisfies £y gap = 2¢gap. More extensive discussions
of the symmetries of plane wave spacetimes may be found
in [36, 37].

(3.13)

B. Geodesics

The geodesic structure of plane wave spacetimes is rel-
atively straightforward to determine, yet still exhibits a
number of nontrivial features. First recall that the vector
field ¢ = (8/0v)® is Killing. The quantity ¢,2¢ is there-
fore conserved along any affinely-parameterized geodesic
with tangent 2.

5 Affine collineations generate a family of diffeomorphisms that
preserve all geodesics and their affine parameters. A vector field
¢® is an affine collineation if and only if VaLegse = 0 [30]. A
homothety ¥ is a special type of affine collineation satisfying
Lygap = (constant) X ggp. Its associated diffeomorphisms pre-
serve the metric up to changes in scale. A proper homothety is
a homothety that is not Killing. A proper affine collineation is
an affine collineation that is not a homothety (and not Killing).



If £,2% = 0 for a particular geodesic, that geodesic
remains in a single constant-u hypersurface. In the
Brinkmann coordinates where (2.5) holds, the coordinate
components of such a geodesic satisfy

d

gz“(s) =0
for all i = u, v, ', 2. Any geodesic lying on a surface of
constant phase u therefore appears to be a (Euclidean)
straight line in the coordinates (v,x). It is also clear that
there exists exactly one geodesic connecting any pair of
points with the same u coordinates. The hypersurfaces
Sy defined by (2.6) are therefore totally-geodesic.

Geodesics are more complicated when £,z% # 0. In
these cases, the affine parameter of a geodesic may al-
ways be rescaled such that (,2* = —1. Choosing the
origin of this parameter appropriately then allows it to
be identified with the coordinate u. Doing this, the spa-
tial components z%(s) = z%(u) of a geodesic are easily
shown to satisfy

(3.14)

1

Z(u) = H(u)z(u). (3.15)

This equation is identical to (3.11) and very similar to
(2.17). As in (3.12), any possible z(u) can be written in
terms of the matrices A and B introduced above:

z(u) = A(u,u’)z(u’) + B(u,u)z(u'). (3.16)

The v component of any geodesic is most easily found
using the conservation law associated with the homothety
1 given by (3.13). In general, affine collineations — of
which homotheties (and Killing fields) are special cases
— are associated with conserved quantities of the form

1
Zath® — isz'“ébﬁwgab (3.17)
for any affinely-parameterized geodesic with tangent
2%(s) [38]. Using this for a geodesic with initial coor-
dinates (u/,v’,2’) and initial spatial velocity 2/,

2'(u) = v +e(u—u)

1
+3 [z(u) - z(u) — 2" - 2']. (3.18)
Here, s has again been identified with v and the constant
¢ is defined by

1, "
€= —§zu(u)z (u).
All geodesics not confined to the hyperplane S, have
spatial coordinates which evolve via (3.16). The evolu-
tion of their v coordinates is easily found by combining
(3.16) and (3.18).

Given any two distinct points on a particular geodesic
where B™1(u,u’) exists, (3.16) may be used to solve for
the spatial velocity in terms of the starting and ending
points x = z(u) and x' = z(v'):

7 =B '(x — AX)),
7z = 0,AX + 0,BB™!(x — AX).

(3.19)

(3.20a)
(3.20b)

Using (3.18), the v coordinate of such a geodesic is given
by

1
2%(u) = v +e(u—u')+ 3 [xTaqu’

4 (xT,B — xT)B~}(x — Ax’)} . (3.21)
The constant ¢ is unconstrained. It follows that two
points p and p’ are connected by exactly one geodesic
whenever det B(u, ') # 0. It was mentioned above that
pairs of points are also connected by exactly one geodesic
when u = /. Recalling (3.8) and the surrounding dis-
cussion, there therefore exists exactly one geodesic con-
necting any point p € N'(u') to any point p’ with phase
coordinate u’ = u(p’).

In all other cases, p and p’ lie on conjugate hyperplanes.
The rank of the 2 x 2 matrix B(u,u’) is then strictly less
than two. If a particular pair of hyperplanes is fixed
together with spatial coordinates x’ on one of them, it
follows from (3.16) that the space of all possible x that
can be reached by geodesics with initial spatial coordi-
nates x’ has a dimension less than two. This implies that
almost all points on conjugate hyperplanes are geodesi-
cally disconnected (although they are always connected
by continuous non-geodesic curves).

Suppose, however, that two points lying on conjugate
hyperplanes are known to be connected by one particular
geodesic. If the initial data for this geodesic is modified
by adding to its initial spatial velocity any nonzero vector
in the null space of B, it follows from (3.16) that the
spatial endpoints of this new geodesic will be the same
as those of the original geodesic. Spacetime points that
lie on conjugate hyperplanes and are connected by at
least one geodesic are therefore connected by an infinite
number of geodesics. See Fig. 2.

To summarize, all distinct pairs of points that do not
lie on conjugate hyperplanes are connected by exactly
one geodesic. Almost all points lying on conjugate hy-
perplanes fail to be connected by any geodesics. The re-
mainder are connected by an infinite number of geodesics.
More discussion may be found in Sect. III E below.

C. Conjugate points and Jacobi propagators

In general, plane waves satisfying standard energy con-
ditions focus geodesics. It is evident from the above dis-
cussion that, as claimed, pairs of points satisfying (3.3)
must be conjugate along any geodesic connecting them.
We now show that all conjugate points are of this form.
Furthermore, we establish that the matrices A and B
coincide with the spatial components of Jacobi propaga-
tors A%, and B%, (when the associated geodesic sat-
isfies £,2* # 0 and the affine parameter is identified
with u). The full Jacobi propagators are known to be
useful for computing “generalized Killing fields” which
have found application in understanding the motion of
extended matter distributions [39-44]. Although they



FIG. 2. Schematic illustration of geodesic focusing in a plane
wave spacetime. Three u coordinates conjugate to u’ are in-
dicated together with the projection of three geodesics onto
the z'-u coordinate plane. The focusing here is assumed to
act (at least) in the z'-direction. The regions Np(u') and
Ni(u') are also illustrated. See Figs. 3 and 4 for a different
projection.

will not be used later, we provide explicit forms for the
full Jacobi propagators in terms of their spatial compo-
nents A and B.

By definition, two points p and p’ lying on a particular
geodesic are said to be conjugate if there exists a nontriv-
ial Jacobi field on that geodesic which vanishes at both
p and p’ (see, e.g., [27]). The multiplicity of a conjugate
pair is defined to be the number of linearly independent
Jacobi fields with this property. In general, the presence
of conjugate points indicates that a family of geodesics
starting at one point later intersect (or come arbitrar-
ily close to intersecting). The multiplicity of a conjugate
pair indicates the number of transverse directions that
are so focused.

Consider an affinely parameterized geodesic z(s) as

above. By definition, Jacobi fields £(s) on this curve
satisfy

D2£a a¢b e sd

F _Rbcd é‘ VAW AR 07 (322)

where D/ds denotes a covariant derivative in the direc-
tion 2®. The Jacobi equation is linear, so its general
solution has the form

£(s) = A% (5,8)€" (s') + B (s, 3)*5’( ). (3.23)

for some bitensors A%, (s, s’) and B% (s, s’) that depend
only on the spacetime metric and the chosen geodesic.
These are called Jacobi propagators. They are solutions
to

D2

0= 5A% - Ripeq® Al 557, (3.24a)
D2

= —-B% — Ryeq" B 5%, (3.24b)

with the boundary conditions
DA%,
{ } = [B%] =0,

ds

DB%,
A%y = 2 =69,
] = |2 | =

If s and s are not too widely separated, A%, (s,s’) and
B®4/(s,s") may be written explicitly in terms of Synge’s
function o(p,p’) and its first two derivatives [39]. Our
main interest lies in geometric properties of plane waves
outside of the normal neighborhood where the traditional
derivation of such formulae breaks down. We therefore
consign ourselves for now to somewhat less explicit com-
ments on the Jacobi propagators that hold globally. It
is shown in Sect. IIID below that Synge’s function may,
in fact, be usefully extended beyond the normal neigh-
borhood. It is, however, more convenient to express o in
terms of the Jacobi propagators rather than writing the
Jacobi propagators in terms of o.

First note that for geodesics confined to a single
constant-u hypersurface, the Jacobi propagators are sim-

ply

(3.25a)

(3.25b)

Al =41, B", = (s— s/)éz, (3.26)

in the Brinkmann coordinates where the metric takes the
form (2.5). It is therefore clear that there can be no
conjugate points along any geodesic satisfying ¢,2% = 0.
Now consider a geodesic where £, # 0. As before,
we may identify its affine parameter with u. Doing so,
it is apparent from inspection of (3.22) that 2%(u) and
(u—u')2*(u) are both Jacobi fields. This means that

A% (u, )2 (W) = 2% (u), (3.27a)
B (u,u')3% (u) = (3.27D)

Also note that the restriction of any affine collineation
(such as a Killing vector) to a particular geodesic is a
Jacobi field on that geodesic. This means, for example,
that the covariantly-constant null vector ¢® associated
with the direction of propagation of a generic plane wave
spacetime can be used to generate Jacobi fields. So can
(u — u')¢*. Hence,

(u—u')2%(u).

A g () () = £°(2(w)), (3.28a)

B (u, 00" (2(u) = (u = )% (2(w)). (3.28b)

Furthermore, application of (2.3) and (3.24) shows
that

0=02(£,A%) = 02(L, B ), (3.29a)

= 83(2aAaa/) = 83(2'&13(1@’)- (3.29b)

Using the coincidence limits (3.25) of A%, and B%,, the
appropriate solutions to these differential equations are
seen to be

Lo A%y (uyu') = Ly, (3.30a)
0B (uyu') = (u— ')y, (3.30b)
20 A% (uyu') = 24, (3.30¢)
2o B (u,u') = (u —u')zqr (3.30d)



Also note that the components A’y and B%; in
Brinkmann coordinates coincide with the matrices A and
B defined by (3.1) and (3.2) above.

If two points z(u) and z(u’) (with u # u’) are conjugate
on a particular geodesic, there must exist nonzero vectors
A at z(u') such that

B (u,u')AY = 0. (3.31)

Contracting this with ¢, and Z, while using (3.30) shows
that

(A" = 2 X" = 0. (3.32)

Applying (3.30) again then shows that (3.31) can always
be replaced by the weaker condition

By (u, u' )XY = 0. (3.33)

Using (3.28) and (3.32) further demonstrates that dis-
tinct points z(u) and z(u') in plane wave spacetimes are
conjugate if and only if u and v’ satisfy (3.3). As claimed
at the beginning of Sect. III, all conjugate points may
be identified by finding the zeros of det B(u, u').

For completeness, we now write down all coordinate
components of the Jacobi propagators using the eigen-
vector equations (3.27), (3.28), and (3.30). Applying the
relations involving ¢¢,

Aty =61 BFy, = (u—1u)s", (3.34a)
A%y =84, By = (u—u)sl. (3.34b)
Using (3.18),
Aty = (2 — AZ')', (3.35a)
Avi/ = (ZTA - Z/)’L'” (335b)
1
Ay = 3 [(XTHX —x'TH'x")
+|2'|? + |2|* — 22T AZ/], (3.35¢)
and
By =[(u— Bz'y, (3.36a)
BY; = [zTB ( u’)z/} i (3.36b)
1
B = §(u — ') [(xTHx — x'TH'x')
+|2')* + |2|* — 22"BZ/]. (3.36¢)

Although the Jacobi propagators are defined along a
particular geodesic, they are easily reinterpreted as biten-
sors on spacetime for all pairs of points p and p’ that do
not lie on conjugate hyperplanes. This may be done ex-
plicitly by using (3.20) to replace z and z’ with x, x’, A,
and B. It is then straightforward to build vector fields on
spacetime equal to Jacobi fields along all geodesics ema-
nating from some preferred origin. Fixing that origin, the
resulting fields form a 20-dimensional vector space. They
can be interpreted as “generalized affine collineations”
associated with the chosen origin [41]. A certain ten-
dimensional subset generalize the Killing fields (and in-
clude any real Killing fields that may exist).
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D. Bitensors

Two-point tensors (or bitensors) are useful for, among
other things, the evaluation of Green functions in curved
spacetimes. Foremost among these is Synge’s world func-
tion o(p,p’) = o(p’, p), which is equal to one-half of the
squared geodesic distance between its arguments. This
is typically defined only in those regions where p and p’
can be connected by exactly one geodesic. More gen-
erally, it is possible to define a closely related two-point
scalar o, (s, s’) associated with a particular geodesic z(s):

’

1 S
0.(5,8) 1= 5(5' ~ 9) / Gun(2(1) 2 (D2 ()dt.  (3.37)
If the geodesic in this equation is the only geodesic con-
necting two points z(s) and z(s’), the ordinary world
function is related via

o(z(s),2(8")) = 0.(s,5).

Sect. III B establishes that distinct points in plane wave
spacetimes are connected by exactly one geodesic as long
as they do not lie on conjugate hyperplanes. Eq. (3.38)
may therefore be used to define Synge’s function for all
pairs of points that do not lie on conjugate hyperplanes.

The definition (3.37) for o, is straightforward to evalu-
ate explicitly in the general plane wave metric (2.5) along
any geodesic satisfying £,2* = —1 (with, once again, s
identified with u). Integrating by parts and using (3.15)
gives

(3.38)

1
u— ) (- 2|

5 (3.39)

o.(u,u’) =
Removing the z appearing here using (3.20) and substi-
tuting the result into (3.38),

olp,p) = %(U —u) [ —2(v =) +xT9, Ax’

+(xT,B — xT)B~ (x — Ax')]. (3.40)
OuA may be eliminated from this equation using (A2)
and the symmetry of 0,BB~! established in Appendix
A:

1
o(p,p) = §(U —u) [ —2(v =)+ x79,BB 'x

+XTB'AX — 2x’TB—1x}. (3.41)

Both of these relations are valid as long as u ¢ T(u')
and u # u’. If u = v/, Synge’s function reduces to the
Euclidean expression

1
—|x —x'|%. (3.42)

olp,p’) = 5

Note that unless x and x’ are chosen in a very particular
way, o diverges as u — 7,(v’) € T(v'). This is a man-
ifestation of the aforementioned fact that most pairs of



points on conjugate hyperplanes cannot be connected by
any geodesics.

The (scalarized) van Vleck determinant A(p,p’) is of-
ten defined® in terms of o(p,p’) via

_det[—V”VM/U(p,p’)]

Alp,p)) =
&7 —9(p)v/—9(')

, (3.43)

where g(p) := det g, (p). This is a biscalar with coinci-
dence limit [A] = 1. It is closely related to the expansion
of the congruence of geodesics emanating from p’ [3]. In-
serting (2.5) and (3.41) into (3.43) shows that

A
Alpyp)) = det(@s0pa) — =)

~ det B(u, u) (344)

wherever o is defined. It is evident from (3.3) that A(-, p’)
is unbounded near any hyperplane conjugate to Sy > p'.
This is related to the well-known fact that the expansion
of a congruence of geodesics emitted from a particular
source point diverges when approaching a point that is
conjugate to that source [27].

Recall that B(u, u’) has been assumed to remain every-
where finite [which follows from assuming that H(u) is
sufficiently well-behaved]. Using this together with (3.43)
shows that A(-,p’) can never pass through zero. It may
switch signs, however. It is shown in Sect. III E that this
occurs only when passing through conjugate hyperplanes
with multiplicity 1.

The parallel propagator g%, (p,p’) is another impor-
tant bitensor. Although this is not required to construct
the scalar Green functions discussed in most of this pa-
per, it does appear in Green functions associated with
electromagnetic fields and metric perturbations [3]. We
therefore include it for completeness. g%,/ (p,p’) satisfies

2 gt ((s). 2() = 0 (3.45)
ds
along any geodesic z(s) connecting its two arguments.
It also has the coincidence limit [g%,] = 0%. As the
name implies, g%, (p,p’) parallel transports vectors from
p’ to p (or covectors from p to p’) when there is a unique
geodesic connecting these points.

If p and p’ are connected by a single geodesic with
tangent 2%(u), it is clear that ¢* and 2% are both left-
and right-eigenvectors of g%, (p,p’):

Glal” =1, (3.46a)

gou Y = 5%, (3.46D)

gagaa’ = Ea’v

. a4 s
Zag a’ = Za',

6 It is also common to define the van Vleck determinant as the
solution to a certain “transport equation” along the geodesic
connecting its arguments [2, 3]. Unfortunately, A(p,p’) be-
comes unbounded near conjugate hyperplanes. It is not clear
how to unambiguously extend the solution of a differential equa-
tion through these singularities, so we adopt the definition (3.43)
instead.
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Applying the first of these equations demonstrates that

gl =08, gy = ok (3.47)
A direct calculation using (3.45) also shows that
gl =65 (3.48)

The remaining components of the parallel propagator are

gw=0@-2), gu=0G-2)y,  (34%)

[(x™Hx — xTH'x) + |z — z'[?].  (3.49D)

v —
9w =

[N

Applying (3.20) removes any reference to geodesic veloc-
ities in these equations:

9w =g"i = [(0,B — 8B~ (x — Ax')

+0,AX] (3.50a)

,i?

[(x™Hx — x'TH'x') + |¢"w |*]. (3.50Db)

E. Effects of caustics

Essentially all difficulties related to deriving Green
functions in plane wave spacetimes arise from the poor
behavior of various bitensors near conjugate hyper-
planes. This is, in turn, a consequence of geodesic non-
uniqueness in these regions. We now discuss the struc-
ture of geodesics and the asymptotic forms of o(p, p’) and
A(p, p’) near conjugate hyperplanes. Both of these topics
depend on knowledge of the spatial Jacobi propagators
A(u,u) and B(u,u') near conjugate hyperplanes.

1. A and B near conjugate hyperplanes

It is simplest to discuss the behavior of the spatial Ja-
cobi propagators near conjugate hyperplanes associated
with degenerate (multiplicity 2) conjugate points. Con-
sider a particular 7, (u’) € T'(v') where

B, (u') := B(r, (), u') = 0. (3.51)

It follows from (A2) that A,(v/) := A(r,(v),«) and
0uB,,(u') := 0,B(u,u’)|y=r, () are both invertible [even
though B, (') is not]. Furthermore,
0uB, = (A;1)T #0. (3.52)
Using these expressions to expand B(u,u’) when w is
near Ty,

B(u,u') ~ (u—7,)(A;HT.

n

(3.53)

The “~” symbol is used here to denote a relation that
holds asymptotically as u — 7,. To leading order, the
determinant of B(w,«’) in this limit is

(u—1)?

det B(u,u') ~ .
det A,

(3.54)



Its inverse is clearly

B~ '(u,u) ~ (u—1,) tAT. (3.55)

Now consider a different 7, € T'(u') associated with a
non-degenerate (multiplicity 1) conjugate point. B, is
then nonzero and has matrix rank 1. Using the matrix
determinant lemma [45] together with (A2), the Jacobi
propagators at (1, (u'),u’) are easily seen to satisfy

det A, det 9,B,, = 1 + Tr (Ju A B,). (3.56)
We shall only consider cases where
Tr (0 AL B,) # —1. (3.57)

This is a technical condition which we use to ensure that
0,B,, is invertible. There do exist plane waves where
(3.57) is violated, but these examples must be very finely
tuned.

Applying the matrix determinant lemma gives an ap-
proximation for the determinant of B(u,u’) when w is
near 7,. To lowest nontrivial order,

det B(u,u’) ~ (u — 7,)Tr [Bn(fi]\?)n)il]

x det 9,B,,. (3.58)

The inverse of B(u,v') in the limit v — 7,, follows from
the Sherman-Morrison formula [45]:

—

B~} (u, ) ~ (u—7,)" (8,B,) "

B3B!
x(6 Tr[Bn(ajf;n)—l])' (3.59)

Assumption (3.57) implies that m has matrix rank
2. B, has rank 1/f\or the non-degenerate case consid-
ered here, so B,,(9,B,,)"! must also have rank 1. Tt is
shown in Appendix A that Bn(aﬁn)—l is also symmet-
ric. As a result, it possesses one nonzero eigenvalue and a
non-vanishing trace. The matrix in parentheses in (3.59)
is therefore a two-dimensional projection operator. It is
symmetric with eigenvalues 0 and 1. There therefore ex-
ists a unit vector q, satisfying

B, (0,B,)!
(5 — ?(a“/\") )qn = {n. (3.60)
Tr [B,(9.B,) "]
This is unique up to a sign. In terms of q,,
B~ (u,u') ~ (1= 1) 7 (0uBn) T (@n ©4n)- (3.61)

Eq. (3.60) may be used to see that q, is in the (left-)
null space of B,,:

a’B, =0. (3.62)

Using (A2), the u-derivative of B on a non-degenerate
conjugate hyperplane is given by

—

8.B, = (A,1)7(6 + 0,A,B,,). (3.63)
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This may be substituted into (3.58) and (3.59) in order
to provide explicit approximations for the inverse and
determinant of B(u, u) near a non-degenerate conjugate

hyperplane in terms of A,,, ﬂn, and B,,. Egs. (3.54)
and (3.55) serve the same purpose for degenerate conju-
gate points.

B may be interpreted as a “focusing matrix.” Near
degenerate conjugate points, (3.55) implies that B~1 di-
verges in both spatial directions. In the case of a non-
degenerate conjugate point, (3.61) illustrates how B~1
diverges in only “one direction.” This distinction is
closely related to the behavior of geodesics near conju-
gate points with different multiplicities.

2. Geodesics on conjugate hyperplanes

It is shown in Sect. IIIB that pairs of points on
conjugate hyperplanes are connected either by an infi-
nite number of geodesics or by none. This is a conse-
quence of the fact that all geodesics — timelike, space-
like, or null — emanating from a single point and reach-
ing a conjugate hyperplane are focused down to a one-
or two-dimensional region on that three-dimensional sur-
face. The null geodesics are focused to either a point or
a line. We now demonstrate that the latter case occurs
on non-degenerate conjugate hyperplanes, and is an ex-
ample of astigmatic focusing. Scenarios where all null
geodesics momentarily focus to a single point occur only
on degenerate conjugate hyperplanes. This is anastig-
matic focusing.

Consider a point p’ and a constant-u hyperplane S.. (.
that is conjugate to S,/. Suppose that the conjugate
points associated with this pair are degenerate, so B,, =
B(rp,v') = 0. It then follows from (3.16) that all
geodesics (of any type) emanating from a particular point
p’ with spatial coordinates x’ are focused to

x=A,u)x (3.64)
as they pass through S (). Use of (3.16), (3.18), and
(3.52) then shows that the v coordinates of all geodesics
are given by
/ / | O,
v el —u') + Phe TATO, A, x (3.65)
on S;, . The only free parameter here is ¢, which is de-
fined by (3.19). The set of all geodesics emanating from
p’ are therefore focused down to a line on S, . Null
geodesics are all characterized by € = 0, and are there-
fore focused down to a single point. See Fig. 3. Almost
the entire null cone of a point p’ is focused to a point on
every degenerate hyperplane conjugate to S,,. The lone
exception is the null geodesic generated by £*. This lies
entirely in Sy, so it never passes through any conjugate
hyperplanes.
The situation is slightly more complicated for non-
degenerate conjugate points. In these cases, B, can be
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FIG. 3. A collection of null geodesics emanating from a point
on S, (the lower plane) and focusing back to a single point on
a conjugate hyperplane S (/) with multiplicity 2 (the upper
plane). One spatial coordinate has been suppressed.

written as the outer product of two nonzero vectors:

B, =P, @ 1m,. (3.66)
There is no loss of generality in supposing that |p,|? = 1.
Substitution of (3.66) into (3.16) shows that the spatial

components of all geodesics starting at x’ lie on the line

x = A, x' +tp, (3.67)
as they pass through S, . The parameter ¢t = 1, -z’ ap-
pearing in this equation can be any real number. Com-
bining (3.66) with (3.62) shows that

f)n . éln =0, (3'68)
where q,, is defined by (3.60). In this sense, a plane wave
may be thought of as focusing geodesics in the direction
An-

Egs. (3.60) and (3.68) imply that p,, is an eigenvector

—

of B, (0,B,,)"!. In particular,
BIp, = Tt [B,(8,B,) '(3.B,) Pn. (3.69)

Using this together with (3.16), (3.18), (3.67), and (A2),
the v coordinates of geodesics starting at a single point
and passing through a non-degenerate conjugate hyper-
plane S;, satisfy

1 . _
v +e(r, —u) + §X'TA};8uAnx' +tpr oA, X

T BB, (3.70)

FIG. 4. A collection of null geodesics emanating from a point
on S, (the lower plane) and focusing to a parabola on a conju-
gate hyperplane S (,/y with multiplicity 1 (the upper plane).
One spatial coordinate aligned with p,(u’) is displayed. The
other [aligned with q,(u')] is suppressed.

There are two free parameters here: ¢ and ¢. For null
geodesics, ¢ vanishes. The intersection of S;, (u’) with
the light cone of a point p’ is therefore a one-dimensional
curve. It is a parabola in the coordinates (v,x). See Fig.
4.

8. Bitensors near conjugate hyperplanes

The bitensors discussed in Sect. IIID are not defined
if their arguments lie on conjugate hyperplanes. Despite
this, expansions for B(u, u) obtained above may be used
to understand how o (p, p’) and A(p, p’) behave near con-
jugate hyperplanes.

First consider o(p,p’) if the u coordinate of p is close
(but not equal) to some 7, (u') € T'(u') associated with
degenerate conjugate points. In this region, the un-
bounded matrix B~!(u,u’) almost always dominates in
(3.40). Using that equation together with (3.52) and
(3.55),

1 (1 — ~
o(p,p) ~ =3 (T” _u) x — A, x|

(3.71)

As before, A,, := A(7,,u). Tt follows that o diverges as
one approaches a degenerate conjugate hyperplane ex-
cept if the approach is at the special spatial coordinates
x = A, x'. Recalling (3.64), these are the coordinates to
which all geodesics emanating from p’ are focused to on

S,..



The behavior of the van Vleck determinant near a
degenerate conjugate hyperplane is easily found using
(3.44) and (3.54):

Ty —u

Alp,p) ~ ( >2det A,,. (3.72)

Tnh — U

det A, cannot vanish, so A always diverges like (T —u)~2

as u — T,. Also note that the van Vleck determinant
retains its sign before and after the singularity.

Similar equations may be derived if 7, is associated
with a non-degenerate conjugate point. First note that
in this case, (A2), (3.62), and the symmetry of B(9,B) !
imply that

where @, is defined by (3.60). Using this identity to-
gether with (3.40) and (3.61) establishes that

1 /m—u'\ .. .
o)~ 5 (22 ) - x- Ax)

(3.74)

It is clear from this equation and (3.68) that o diverges
as u — T, unless x satisfies (3.67). This is analogous to
what occured in the case of degenerate point: ¢ diverges
as one attempts to approach pairs of points that are not
connected by any geodesics.

The behavior of the van Vleck determinant near a non-
degenerate conjugate point is easily determined using
(3.58) and (3.44):

(T —w) " (10 — u')?
Tr[B,,(0,B,) "] det(,B,,)
Note that this diverges more slowly as u — 7, than in the
case of degenerate conjugate hyperplanes (as expected
due to the weaker focusing). It is also evident that A

switches sign after passing through a non-degenerate con-
jugate hyperplane.

F. Causal structure

Plane wave spacetimes are not globally hyperbolic [46].
This is easily confirmed by considering two points p and
p’ that are conjugate along some causal geodesic with
initial spatial velocity z’. As argued in Sect. III B, such
points are connected by an infinite number of geodesics.
Indeed, they are connected by an infinite number of
causal geodesics. p and p’ are conjugate on all of them.

This may be seen by considering a causal geodesic con-
necting two points p and p’. Suppose that u(p) = 7, (u').
If the affine parameter of the connecting geodesic is iden-
tified with u, consider a new geodesic (with the same
affine parameter) where the initial data is shifted such
that

7 — 5+, (3.76)
t (2 -A—z-(0,B,\

eoseto|Z 2 (0.BnA) ) (3.77)
2 Tn — U
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Here, A is any vector satisfying B,A=0andteR. ¢
denotes the constant defined by (3.19). It is easily veri-
fied that the resulting geodesic still passes through p and
p’. Indeed, varying ¢t produces a l-parameter family of
geodesics passing through these points. It is clear that ¢
may be increased without bound in at least one direction
while retaining the causal nature of the geodesics (im-
plied by € > 0). There therefore exist causal geodesics
connecting p and p’ with arbitrarily large initial veloci-
ties.

Recall that B(u,u’) has maximal rank when v ¢ T'(u’).
It then follows from (3.16) and the unboundedness of
|z’| that there exist causal geodesics connecting p and p’
that reach arbitrarily large values of |x| between these
points. If p is in the future of p’, (causalpastofp) N
(causal futureof p’) is therefore unbounded. Global hy-
perbolicity requires that all such sets be compact, so
plane waves with conjugate points cannot be globally hy-
perbolic.

One consequence of this is that causally-connected
points can fail to be connected by any causal geodesics.
Certain pairs of points connected by spacelike geodesics
(and not by any other types of geodesic) may also be con-
nected by accelerated curves that are everywhere causal.
Avez and Seifert have shown that this cannot happen in
globally hyperbolic spacetimes [47, 48].

To see that this does indeed occur in plane wave space-
times, consider two points p and p’ that do not lie on
conjugate hyperplanes. Suppose that v > v/, and that
there exists exactly one 7,,(u') € T'(u') that lies between
uw and v’. The discussion in Sect. III B implies that p and
p’ are connected by a unique geodesic. That geodesic is
spacelike whenever

a(p,p’) > 0. (3.78)

Choose a third point p”, where u” # 7, lies between
u and u’. Consider a curve constructed by stitching to-
gether the unique geodesic connecting p’ to p” with the
unique geodesic connecting p”’ to p. We now show that
it is possible to choose p” such that, despite (3.78), both
of these geodesics are causal:

o(p',p") <0, o(p”,p) <0.

Suppose for definiteness that u”’ = 7, — ¢ for some
e > 0. If the x” are not spatial coordinates to which
geodesics starting at x’ must focus to as v — 7,, the
expansions (3.71) and (3.74) show that o(p’,p”) can be
made arbitrarily negative by choosing € to be sufficiently
small. Essentially any geodesic from p’ to p” can there-
fore be made timelike by placing «” sufficiently close to
(but less than) 7,,. One then needs to choose v and x”
such that o(p”,p) < 0. v” is entirely free, while x” is only
constrained not to equal (3.64) or (3.67) (with x — x”').
These parameters can always be adjusted to ensure that
the geodesic from p”’ to p is causal. It follows that all pairs
of points separated by exactly one conjugate hyperplane
are causally connected. This is true despite that some
such pairs are not connected by any causal geodesics.

(3.79)



This argument may be extended to points separated by
multiple conjugate hyperplanes using curves constructed
by stitching together increasing numbers of geodesic seg-
ments. The result is the same: Any two points separated
by at least one conjugate hyperplane are in causal con-
tact. More discussion of causality in plane wave — and
more generally, pp-wave — spacetimes may be found in
[49].

G. Examples

We now illustrate the concepts just discussed by con-
sidering three examples of plane wave spacetimes.

1. Symmetric electromagnetic plane wave

The simplest nontrivial plane wave spacetime is a
symmetric conformally-flat geometry whose associated
stress-energy tensor satisfies the weak energy condition.
Following the discussion in Sect. II B, the profile H(u) of
such a wave is given by H(u) = —h?4 for some constant
h% > 0. Rescaling the u and v coordinates, there is no
loss of generality in setting h = 1:

H= 4. (3.80)

Hence,

ds? = —2dudv — |x|?du? + |dx|?. (3.81)

Recalling (2.13), this metric may be interpreted as the
geometry associated with the electromagnetic field

Fop =2V uVya'. (3.82)

A timelike geodesic observer at the spatial origin x = 0
and with the unit 4-velocity

Zafi 24,2 ’
V2 \0u  Ov

would view F,; as being composed of crossed electric and
magnetic fields with constant (and equal) magnitude ly-
ing in the z'-2? plane:

(3.83)

1
Ey = Fupib = ——(dah),, 3.84a
1 1 o\

Bt = ——ebdyp = — [ =) . .84
26 Zbled \/i ((93;‘2) (38 b)

Also note that F,; is covariantly constant everywhere.

Regardless of interpretation, it follows from (3.1) and
(3.2) that the spatial components of the Jacobi propaga-
tors are

A(u,u') = dcos(u —u'),
B(u,u") = dsin(u — u').

(3.85a)
(3.85b)
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It is evident from (3.3) that the conjugate hyperplanes
are equally spaced and occur at the u coordinates

To(u') =u' + nm, (3.86)
where n is any nonzero integer. In these spacetimes,
there are an infinite number of conjugate points along
any (inextendible) geodesic satisfying £,2% # 0. All of
these conjugate points have multiplicity 2. Regardless of
initial velocity, all geodesics with initial spatial coordi-
nates z(u') on S,/ have spatial coordinates (—1)"z(u’)
on S.,.n(u/).

The van Vleck determinant is easily computed using
(3.44) and (3.85):

“‘“/)J g (3.87)

/
A(pap ) - Lin(u _ ’LL/
As expected from the discussion in Sect. IITE, A(p,p’) is
positive everywhere it is defined and diverges like (7, —
u)~2 if u — 7, (u).

For reference, Synge’s function may be computed using
(3.40) and (3.85):

o= %(u—u'){—Z(v—v')—|—cot(u—u’)

x (|x)* + [x']* — 2x - x’ sec(u—u'))] (3.88)

In terms of the Rosen coordinates (U, V,X) discussed
at the end of Sect. IIB, the metric of a homogeneous
conformally-flat plane wave may be written in the form
(2.15) with, e.g.,

H(U) = AT(U,U)AU,U") = §cos*(U —U’). (3.89)
Here, U’ is interpreted as an arbitrary parameter. It is
evident that (no matter the choice of U’), there exist val-
ues of U where H(U) = 0. The Rosen metric is singular
at these points even though the Brinkmann metric (3.81)
is everywhere well-defined.

2. Symmetric gravitational plane wave

The simplest example of a plane wave admitting non-
degenerate conjugate points is the linearly polarized and
symmetric gravitational wave described by

H(u) = ((1) _01) .

This has vanishing trace, so the resulting spacetime sat-
isfies the vacuum Einstein equation. The geometry rep-
resents a “pure” gravitational wave.

It is easily verified that

(3.90)

cosh(u — u') 0 ) ’ (3.91)

Alu, ) = ( 0 cos(u—u)



and

B(u,u) = (Sinh(“ —v) 0 ) . (3.92)

0 sin(u — ')

The conjugate hyperplanes are again given by (3.86). Un-
like in the previous example, however, the associated con-
jugate points all have multiplicity 1: Focusing occurs only
in the z2-direction.

The van Vleck determinant for this spacetime is

7\2
Alp,p') = (u =) 3.93
(. 7') sin(u — ') sinh(u — u') (3:93)
Following the general trends derived in Sect. IIIE,

A(p,p') diverges like (7, — u)~! if u — 7,(u'); a slower
growth than occurs in the degenerate example (3.87). It
is also clear that the van Vleck determinant switches sign
on passing through each conjugate hyperplane in this ex-
ample.

A plane wave spacetime with H(u) given by (3.90) may
be written in Rosen coordinates (2.15) using, e.g.,

cosh?(U — U") 0 ) (3.94)

HU) = ( 0 cos?(U — U")

Once again, the Rosen coordinates become singular while
the Brinkmann coordinates do not.

8. A more realistic example

Although very simple, neither (3.89) nor (3.94) look
very much like “ordinary” oscillating waves. Consider
instead a linearly polarized vacuum plane wave with the

profile
")
_1 ) cosu.

Here, 0 < h < 1 is a constant. In this case, A(u,u’) and
B(u, ') are linear combinations of Mathieu functions.

Properties of these functions are not particularly well-
known, so it is instructive to consider perturbative solu-
tions when h < 1. One such solution of (2.17) is

H(u) = g (é (3.95)

E(U) = & — g ((1) _01> cosU + O(h?).

(3.96)
Substituting this into (2.15) and (2.19), the metric may
be written in Rosen coordinates as

ds?* = —2dUdV + |dX|?

— h[(dX1)? — (dX?)?|cosU + O(h*).  (3.97)
This can be recognized as the line element of a polarized
monochromatic gravitational plane wave as one would
expect from linearized general relativity in transverse-
traceless gauge.
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Continuing to assume that h is small, the spatial Jacobi
propagators are approximately given by

N h (1 0
A(u,u)—6—2<0 _1>

x [(cosu —cosu') + (u—u')sinu'] + O(h*)  (3.98)

and
B(u,v') = (u—u')d+h (é _01> [(sinw — sinu’)
- %(u —u')(cosu + cosu')] + O(h?). (3.99)

Hence,

det B(u,u') = (u —u')* + O(h?) (3.100)

and

Alp,p') =14+ O(h?). (3.101)
It follows that there are no conjugate points in this ap-
proximation.

Exact solutions for A and B in terms of Mathieu func-
tions display much more interesting behavior. Conjugate
points occur generically. Indeed, det B(u,u’) is an ap-
proximately sinusoidal function of wu:

det B(u,u’) & (const.) x [1 — cosv(h)(u —u')]. (3.102)

This heuristic approximation rapidly improves as h —
0. See Fig. 5 for a case where it starts to break down
(h = 2/3). The period of the oscillations in detB is
determined by the Mathieu characteristic exponent v(h),
and is always greater than 27. It is roughly given by

s 2.827
o) ~ (3.103)
if h is not too large (the relative error in this estimate
for the period is approximately 10% if h = 2/3). As
illustrated in Fig. 5, conjugate points generically (but
not universally) occur in closely-spaced pairs separated
by roughly 27 /v(h). Such points have multiplicity 1. It is
possible for there to exist conjugate points of multiplicity
2 — which do not occur in pairs — although this requires
finely-tuned values of h.

IV. GREEN FUNCTIONS IN PLANE WAVE
SPACETIMES

Consider a massless scalar field ® propagating (with-
out gravitational backreaction) in a plane wave space-
time. Allowing for a scalar charge density p, such a field
satisfies the wave equation

—4A7p =VeV,P

=[-20,0, — H;j(u)z'2? 0% + V] ®. (4.1)



det B(u, 0)

FIG. 5. detB(u,0) for a plane wave spacetime with H(u)
given by (3.95) and h = 2/3. The zeroes correspond to loca-
tions of conjugate hyperplanes. They occur in closely-spaced
pairs separated by approximately 3.8w. Note that H(u) has
the shorter period 2.

Significant insight into the solutions of this equation may
be obtained by computing an associated Green function
G(p,p’). Green functions are defined here to be any dis-
tributional solutions to the wave equation with (zeroth-
order) sources localized to a single spacetime point:

V*V.G(p,p') = —47é(p,p’). (4.2)
There are, of course, many solutions to this equation.
Any one of the them may be used to obtain some solution

D,(p) = / p(p")G(p,p")dV’ (4.3)

to (4.1) [at least if p satisfies certain constraints]. More
general solutions can be built by adding to ®, an appro-
priate homogeneous solution ® satisfying V*V,®q5 = 0.
Alternatively, appropriate Green functions together with
initial data may be used to convert the wave equation
into a Kirchhoff-type integral equation [2, 3].

If p and p’ are sufficiently close, one particular solu-
tion to (4.2) is the “retarded” solution” (1.2) [2, 3]. The
bitensors U(p,p’) and V(p,p’) appearing in that formula
are known for the four-dimensional plane wave space-
times considered here [2, 15]. In such cases, the tail of
the Green function V(p,p’) vanishes and the direct por-
tion U(p,p’) is determined by the van Vleck determinant
described in Sect. IIID:

Up,p') =

A(p,p'). (4.4)

7 Notions of “advanced” and “retarded” used here are quasi-local.
They refer only to the causal properties of a solution when its
arguments are sufficiently close together. No claims are made
regarding the behavior of, e.g., Gret at infinity [where expressions
like (1.2) are not valid]. Additionally, it should be noted that we
derive particular solutions that look retarded or advanced when
their arguments remain close. They are not unique. See Sect.
IVC3.
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It follows that

Gret(p, 1) = 0(p = p' )/ Alp, ') (o (p, p)).

The advanced solution G4y (p,p’) is the same with the
obvious replacement 6(p > p') — 0(p’ > p). We mainly
focus on the “symmetric Green function”

(4.5)

Gs(p ') = 2 [Gea(0.0) + G0 0),  (4:6)

2
from which the advanced and retarded solutions are eas-
ily extracted. If p and p’ are sufficiently close, it is clear
from (4.5) that

Gs(p,p') = %\/ Alp,p)o(a(p,p')).

At least for short distances, (4.5) implies that distur-
bances in ® are propagated only on — and not inside — the
light cones of those disturbances. Signals from sources
that turn on and off sharply are themselves sharp. This
“Huygens’ principle” is a very special property of mass-
less scalar fields in four-dimensional plane wave space-
times. In almost all other cases, retarded Green func-
tions have support inside the light cone [i.e., V(p,p’) # 0
in (1.2)] [2, 15]. Even for massless scalar fields in plane
wave spacetimes, Huygens’ principle is not necessarily
valid globally. It is shown below that the appropriate
extension of (4.5) fails to be everywhere sharp if there
exist non-degenerate (i.e., multiplicity 1) conjugate hy-
perplanes.

It is evident from the discussion in Sect. IIIE that
the form (4.7) for the symmetric Green function becomes
problematic if p and p’ are too widely separated. If
a plane wave spacetime admits conjugate hyperplanes,
there exist pairs of points for which the bitensors o (p, p’)
and A(p, p’) appearing in that formula fail to be defined.
One can therefore expect (4.5) to be valid only for p in
a neighborhood of p’ that does not intersect any hyper-
planes conjugate to Sy.. The largest such neighorhood is
the set AVy(u') defined by (3.5) and illustrated in Fig. 1.
Eqgs. (4.5) and (4.7) are indeed valid solutions to (4.2)
throughout

(4.7)

{p,p' € M :peNo(u(p))}.

Our strategy for constructing a global Green function
Gs(-,p') first demands that (4.7) hold throughout the
“zeroth normal neighborhood” Ny(u'). Sect. IV A then
derives similar formulae in all of the remaining N, (u’)
[where o(-,p") and A(:,p') remain well-defined]. The re-
sult involves two free parameters for each n, and is a
valid solution to (4.2) throughout the generalized normal
neighborhood N(u'). Sect. IV B demonstrates how to
extend this solution through the conjugate hyperplanes
that separate the disjoint components A, (u’) of N (u).
Enforcing the wave equation on conjugate hyperplanes
relates the various free parameters to each other in a sim-
ple way. This fixes the singularity structure of Gs(-,p’)
along almost all null geodesics passing through p’.

(4.8)



It is important to emphasize that our construction pro-
duces only one of many possible Green functions. We
essentially state that a solution to (4.2) is known in some
region, and extend this using “initial data” on the bound-
ary of that region. Here, the relevant boundaries are
hypersurfaces of constant u. Even in flat spacetime, ini-
tial data imposed in this way does not yield a unique
solution to a wave equation. Unlike flat spacetime, how-
ever, plane wave geometries do not admit appropriate
Cauchy surfaces that can be used instead of constant-u
hypersurfaces. As explained in Sect. IIIF, plane waves
are not globally hyperbolic. That the Green function we
construct fails to be unique is shown in Sect. V to pro-
vide an important freedom if the leading order singularity
structure of Green functions in generic spacetimes is to
be determined by plane wave Green functions.

A. Green functions in the generalized normal
neighborhood

Outside of the normal neighborhood (4.8), the sym-
metric Green function Gg(p,p’) must be a solution to
the homogeneous wave equation

V*V.Gs(p,p') = 0. (4.9)

Although the Hadamard form (4.7) breaks down out-
side of (4.8), one might still consider a “Hadamard-like”
ansatz

1
/
Gs(p,p) = 5
for all p € N,,(u') and p’ € M. Here, g,(o) is some as-
yet undetermined distribution (for n # 0). Recall that
the bitensors o(p, p’) and A(p, p’) appearing in (4.10) are
well-defined throughout the region where that equation
is valid. Also note that, as shown in Sect. IIID, A(p, p’)
is finite and nonzero everywhere it is defined. This bis-
calar may be negative, however, which necessitates the
absolute value appearing in (4.10).
Substituting (4.10) into (4.9) yields the ordinary dif-
ferential equation

|A(p, ) |gn (o (p, D)) (4.10)

Ud2gn Qdﬂ
do? do

The general distributional solution of this is

= 0. (4.11)

gn(0) = @, d(0) + pv (Bn/o) + Vn, (4.12)
where «,, 0,, and 7, are arbitrary constants and “pv”
denotes the Cauchy principal value. The term involving

~n is not interesting, so we discard it at this point®.

8 The term involving v, adds to the Green function something
which depends only on u and w’. All distributions in these vari-
ables are solutions to the homogeneous equation (4.9), and may
therefore be freely added or removed from a particular Green
function.
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It follows that for any p € N, (v') (with n possibly
vanishing),

Gs(p,p') = % |Ap,p')| [Oén5(0(p,p’))
+ov(Ba/o(p.p)] (413)
Comparison with (4.7) shows that
ap=1, By=0. (4.14)

Eq. (4.13) provides a class of possible forms for
Gs(p,p’) for all p in the generalized normal neighborhood
N (u'). The coefficients «,, 3, are undetermined at this
point (for n # 0), which reflects the fact that the wave
equation (4.2) has been not been solved everywhere. In
particular, it has not been solved on the conjugate hy-
perplanes S;, separating the disconnected components of
N. Demanding that the wave equation be solved every-
where provides algebraic matching conditions that relate
(n, Br) to (ap+1, Bry1) or (ap—1,0n—1). Using (4.14)
as “initial data,” these matching conditions provide a
unique prescription for all o, 3,.

B. Green functions on conjugate hyperplanes

Demanding that the wave equation (4.2) be satisfied
on a boundary AN, first requires defining what could
possibly be meant by Gg(p,p’) in such regions. Roughly
speaking, one would like to define objects that behave
like, e.g.,

VIAS(0)O(u — 7). (4.15a)
v (%F) O(u — ). (4.15b)

A(p,p’) and o(p,p’) are both ill-behaved as u — 7, so it
is not obvious that there is any way to define distributions
of this type. Nevertheless, appropriate distributions may
be guessed that are well-defined everywhere and “look
like” (4.15) for all w away from conjugate hyperplanes
(where the meaning of those expressions is unambigu-
ous).

To be more precise, we must now treat Green functions
properly as distributions. They are linear functionals act-
ing on an appropriate space of test functions.® Specifi-
cally, Gs(p,p’) takes as input a source point p’ € M as
well as a test function ¢(p) : M — R that is in the

9 Not every linear functional on test functions is a distribution.
There must additionally be a certain sense in which the func-
tional is continuous with respect to sequences of test functions.
Equivalently, it must be possible to bound the action of a dis-
tribution on an arbitrary test function using certain semi-norm
estimates. See, e.g., Appendix B or [50].



space C§°(M) of smooth scalar functions with compact
support:
Gs : C5°(M) x M — R. (4.16)

Given any test function ¢ € C§°(M), the action of the
Green function at p’ is denoted by

(Gs(p,p"), p(p))- (4.17)
It is also common to write this as
/Gs(p,p’)w(p)dV, (4.18)

which is the notation we have already been using.

Differential equations like (4.2) are really a type of
shorthand notation. For every ¢ € C§°(M) and every
P eM,

(Gs(p,p'), V*Vap(p)) = —4me(p'). (4.19)

Arguments given above already imply that this equation
is satisfied by (4.13) if the support of ¢ lies entirely in
N (u'). Equivalently, (4.13) is valid as long as ¢ does not
pass through any hyperplanes conjugate to Sy .

We now proceed by providing an ansatz for
(Gs(p, '), ¢(p)) that applies for test functions with sup-
ports that do not lie entirely in N (u’). By linearity,
it suffices to consider test functions ¢, (with n # 0)
whose supports intersect at most one conjugate hyper-
plane; specifically S. (/). Denote by T,(u') a connected
open neighborhood of the hyperplane S; (. that does
not intersect any other conjugate hyperplanes (or, for
technical reasons, S,/). One could choose, for example,

To =N UN,US,, (4.20)
if 7 exists. Regardless, use the notation ¢, to denote
test functions in 7,:

on € O (Tulu)). (4.21)
The action of Gg(-,p’) on a general test function ¢ €
C§° (M) may be obtained by summing its action on var-
ious ¢, and, perhaps, on a test function with support
only in NV.

We now introduce two new functionals Qgi (p,p’) and
+(p,p’) that act on arbitrary ¢, € C§°(T,(u)):

Qii = 61_i>%'1+ \/W(S(O’)@( +(u—T1,) —€), (4.22a)

gb

n

%i:1muw<vzx>@@4u—myf) (4.22b)

e—0Tt

The § notation on Qii indicates that this functional
is related to the “sharp” propagation of signals asso-
ciated with d-functions. The 1/o-like behavior of Qfli
is, by comparison, rather “flat.” The n* subscripts on
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gii (p,p’) and gii (p,p’) denote support either in the fu-
ture (+) or past (-) of the nth hyperplane S (. conju-
gate to Sy 3 p'.

The explicit coordinate representations of gii (p,p)

and gii (p,p’) are

+oo
<gii,¢n> == lim du/ d?*x
R2

e—0t Tnte
VIA|
X<W—w|wdwﬁ+mx% (4.23)
and
+oo 0o
(G° o on) =F lim du/ d2x/ dy
e—0t Tnte R2 0
A
x »71 ( ﬁ) [(pn(u,v’ +x+2,x)
U — U
—on(u, v +x - 5,x)].  (4.24)

Here, the function x(u,u’; x,x") is defined to be the value
of v — v’ which ensures that p is connected to p’ via a null
geodesic:

o(u, v + x(u,v';x,x"),x;u/,0',x") = 0. (4.25)
Referring to (3.41), x(u,u’;x,x’) is given by
1
X=3 [xT0,BB 'x + xTB ' Ax’
—2x'TB™'x] (4.26)

in terms of the matrices A(u,u’) and B(u, u’) defined by
(3.1) and (3.2). It is shown in Appendix B that gii and
G . are well-defined distributions: All integrals in (4.23)
and (4.24) converge and appropriate semi-norm estimates
may be derived.

Given the form (4.13) for Gg as it would act on test
functions confined to N, (4.22) can be used to guess

a natural extension valid for all test functions ¢, €
C5°(Tn(u')). Suppose that

1
<GSa San> - 9 (Otn—1<gi ’ @n> + Oln<gi+ ) ¢n>

+ Brn-1 <g7br , ‘Pn> + /Bn<gfz+ , ‘Pn>) (4-27)

if n > 0. The same expression holds with the replace-
ments

(Oln—h Bn—-1, tn, 5n) — (Oém Bn, An+1, ﬂn+1) (4-28)

if n < 0. It is clear from (4.13) and (4.22) that the form
(4.27) for Gg satisfies the wave equation (4.19) if ¢,, has
no support on S‘rn(u’)' For more general test functions,
(Gs,V*Vapn) # 0 unless the «,, and §,, are related in
a particular way. We now compute (gii,V“VG%J and
<Q':Li,V“Vag0n> in order to derive these relations.



Letting
SE = Son(u, ’Ul +X(u7'u,/;x7 X/),X)’ (4.29)
@' 1= Oy (u, v + x(u,u';x,x"), %), (4.30)
note that
= A
VIAL G0 s’ +x0) = ~20, [ 8L o
e fu—
Al Al
v <¢/—:/|¢ — 2% |g|<ﬁ’ﬁix . (4.31)

This is easily verified using direct computation together
with (3.1), (3.44), (4.26), (A4) and the symmetry of the
matrices 9, AA~! and 9,BB~! established in Appendix
A. Substitution into (4.23) shows that

()

(G ., V'V upy) = £2 lim

U—>Tn

u— |

X Opipn (u, v + x(u, v’ x,x7), ). (4.32)

This measures the degree to which Qfli fails to satisfy
the wave equation.

Using (4.24), the equivalent expression for the 1/0-
type distribution Q‘T’Li is

(G2, V"V apn) = 72 lim_ [ d / ds
u—Tn JR2 0

x ¥ < ALY > [Ovipn (u,v" + x + 2, x)

u — |

— Opon(u,v" +x —%,x)].  (4.33)

Evaluating (Gs, V*V 4, ) requires simplifying these two
expressions and then applying (4.27). The result de-
pends on the multiplicity of the conjugate points asso-
ciated with 7,, and requires the expansions derived in
Sect. IITE.

1. Degenerate conjugate points

First consider the case where the conjugate hyper-
planes associated with some 7,(u’) € T(u') are related
to degenerate (multiplicity 2) conjugate points. Apply-
ing (3.41) and (3.71) to (4.26) then shows that for all

p € To(u'),
1 |X—A x'|2
/. N -2 Trne
X(’Lhu,X,X) 2 T — U

+ X (u, 05 x, %), (4.34)
Here, A, (u') = A(r,(u),u) and y,(u,u';x,x') is a
function that is well-behaved in all of its arguments.

Substituting (4.34) into (4.32) and using (3.72) to-
gether with the change of variables

x— A, x

X — X '=

(4.35)

|Tn — ul
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yields

<gii,vavagpn> =42 |det An| /2 dzfc
V "
1 N
Oy (Tn, v & §|x|2 + Xn, Anx).  (4.36)

Transforming into polar coordinates in the usual way, the
integral on the right-hand side of this equation may be
evaluated explicitly:

<gfli7vava@n> = —4m\/|det A,

X O (T, V' + X (T ' Apx', X'), Apx').  (4.37)

The discussion in Sect. IIIE may be used to show that
the argument of ¢,, appearing here is the point to which
all null geodesics starting at p" focus to on S (u/)-

Using similar arguments together with (4.33), the wave
operator acting on the 1/0 part of the Green function
produces

<ggi,vava%>:4m/|detAn|/ ds
0

X 271 [SDTL(Tn? v’ + Xn + E, Anx/)

— on(Tn, V' + X0 — X, Anx')]. (4.38)
This depends on ¢, at all points on S, (,) that are con-
nected to p’ by geodesics of any type. It is not propor-
tional to <gﬁi,vava<pn> as given by (4.37).
Substituting (4.27), (4.37), and (4.38) into (4.19)
shows that the wave equation can be satisfied on a de-
generate conjugate hyperplane S (. if and only if

Ap = —Qnp—1, Brn = —Bn-1 (439)
when n > 0 or
Qp = —Qpi1, 577, = _BnJrl (440)

when n < 0. If these relations are satisfied for a par-
ticular n, V*V,Gs(p,p’) = 0 throughout 7,(u’). They
imply that Green functions tend to switch sign on passing
through degenerate conjugate hyperplanes.

2. Non-degenerate conjugate points

The non-degenerate (multiplicity 1) case is treated
similarly. Choose a particular 7,,(u’) € T'(u’) associ-
ated with non-degenerate conjugate points. Eq. (3.74)
then implies that if w is sufficiently close to 7,(u’),
x(u,w';x,x’) has the form

+ X (u, 05 %, %), (4.41)



where x,, (u, u’;x,x’) is smooth. Recall that the unit vec-
tor q, is associated with 7, (v') as a solution to the eigen-
vector problem (3.60).

The form of y near a simple conjugate hyperplane sug-
gests the coordinate transformation x — X, where

N e p

7l .= M, (4.42a)
|7 — ul

P i=pn - (x— ALX). (4.42D)

Here, p, is a unit vector satisfying p, - q, = 0. The
signs of p,, and q,, are to be chosen such that the ordered
pair of coordinates (Z',72) has the same orientation as
(', 22). Using (3.75) and (4.32),

+2
VITB, (0.B,)1] det(8,B,,)

<gii , ViV on) =

X /Wdzf(avgon(m, v+ %(i’l)z + Yy Apx’ + Pni?).
(4.43)
Similar simplifications of (4.33) result in
2m
VITH(B,(0.B,) 1) det(0.B,)

<gzi 5 vava¢n> =

1 ~
X / d*%0, (T, v F 5(5:1)2 + Xny Ay X'+ Prz?).
R2
(4.44)

J
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Substituting these two equations into (4.27), one sees
that Gg(p,p’) satisfies the wave equation throughout
Tn(u') when

Qp = _Trﬂnfla IBn = an—l, (445)
i
if n >0 or
Oy
Qp = Wﬁn—i—la Bn = — ’R_L_l (446)

if n < 0. Unlike in the degenerate case, these relations
show that the qualitative character of a plane wave Green
function changes on passing through a non-degenerate
conjugate hyperplane. It switches from having a §(o)-
type singularity to a 1/o-type singularity (or vice-versa).

C. A global solution

We now have a recipe for constructing a global Green
function associated with the massless scalar wave equa-
tion (4.1). Fixing p’, suppose that 71(u') and 7_1(u)
both exist. The symmetric Green function can then be
written as

A

Gs = % Tim \/W{ T (0 +O(u— 71— O — €~ u) + {alé(o) +pv () ]@(u = )O(r —c—u)

a

B

acttor e () ot ra- 900 - ey .}

If (u') or 7_2(u’) does not exist, it is to be replaced
by +oo here. Note that the three groups of step func-
tions displayed in this equation confine various terms to
No(u'), Ni(v'), and N_1(u') [recall Fig. 1 and the dis-
cussion surrounding (3.5) for definitions of these regions].
Terms in N, (v') (with |n] > 1) are also understood to
be present if 7, (u’) exists. Roughly speaking, the limit
e — 0 ensures that A(p,p’) and o(p,p’) are only eval-
uated in regions where they are well-defined. The limit
€ — 0 present in the first term of (4.47) takes into account
footnote 2. It is necessary because §(o) is ill-defined in
the coincidence limit p — p’ (where V0 — 0).

The coefficients o, and 3,, appearing in (4.47) are de-
termined by the multiplicities of the various 7,(u') €
T(u'). ap =1 and By = 0 are used as initial conditions

(4.47)

(

for the matching equations (4.39)-(4.40) and (4.45)-(4.46)
that fix o, and B, when n # 0. Given some particular
n, either o, = £1 and 8,, =0 or 3, = +1/7 and «a,, = 0.

Consider an “observer” moving on some (not necessar-
ily causal) curve starting at p’. After passing through a
hyperplane S (,/) conjugate to S,/, the matching condi-
tions (4.39)-(4.40) and (4.45)-(4.46) imply that such an
observer would see Gg(+, p') change according to the rules
(modulo an overall factor of \/W ):

e If the conjugate pair (S, (), Sur) is associated with
non-degenerate (multiplicity 1) conjugate points
and S, () is traversed in a direction of increas-



ing u, either

+5(0) = +pv (730) (4.48)
+pv (ng) — Fi(0). (4.49)

Signs on the right-hand sides of both of these re-
placement rules are reversed if traversing S; (,/) in
a direction of decreasing u.

e When the conjugate pair (S, (u),Sw) has multi-
plicity 2, the form of the Green function switches

J

o . _ o .
Gro = tim VIBI{ tim 8o+ 900~ w)O(n — e~ u)+ 3

n>1

This is a global solution to (4.1). It looks like a retarded
Green function for p near p’, but it is not the only solution
with this property. See footnote 7 and Sect. IV C 3.

1. FExamples

The simplest nontrivial examples of Green functions in
specific plane wave spacetimes occur when all conjugate
points are degenerate. In these cases, one finds from
(4.39) and (4.40) that a,, = (—1)" and B, = 0. The
retarded Green function is therefore given by

Gret(p7p/) = (_1)n\/m6(0) (453)

when p € N, (v') and u(p) > u(p’). The form of this
Green function changes sign on each pass through a con-
jugate hyperplane. The singular structure of Gyt (or Gg
or Guay) follows the 2-fold pattern (1.4) when all conju-
gate points are degenerate.

Conjugate points associated with conformally-flat
plane waves are always degenerate, so their retarded
Green functions are given by (4.53). In the symmetric
case where the wave amplitude h(u) in (2.10) remains
constant, it is shown in Sect. III G that there exist an
infinite number of degenerate conjugate hyperplanes (for
any u') at locations given by (3.86). Using (3.87), the
retarded Green function for such a spacetime is

(u — o)
)] d(0) (4.54)

sin(u — w

Ghret(p,p') = O(u — u') [

if h =1 and u—u' # nr (for all nonzero integers n). Eq.
(3.88) provides an explicit coordinate expression for ¢ in
this case.

22
sign:
+6(0) = F(0),
(7)== (=)
tpv| — | = Fpv|— ).
o o
This is equivalent to the effect of two passes

through distinct conjugate hyperplanes with mul-
tiplicity 1.

(4.50)

(4.51)

When these rules are satisfied, expression (4.47) for Gg
is everywhere a solution to (4.1). Retarded and advanced
Green functions may easily be constructed from Gg. For
example,

{a,ﬁ(a) +pv (fg) ]@(u T = €)O(Thgt — U — e)}.

(4.52)

If all conjugate points in a particular plane wave space-
time are mon-degenerate, the scalar Green function has
the repeating 4-fold singularity structure (1.3) rather
than the 2-fold structure (1.4) found in the purely de-
generate case. Applying (4.45) and (4.46) to (4.52) for
some p € Ny (u), u(p) > u(p’),

Grct(pap/) =V |A|

y {(—1)2(51(0) %f n even, (4.55)
(=1)7z pv(1/mo) if n odd.

This is, in a sense, the “physically generic” form for
retarded Green functions in plane wave spacetimes. It
is not correct if there exist degenerate conjugate hy-
perplanes'®, although such structures tend to be “frag-
ile.”  Consider, for example, a plane wave that ini-
tially possesses a degenerate conjugate hyperplane. If
such a spacetime is perturbed by slightly changing
H;;(u), the original degenerate hyperplane tends — but
is not guaranteed — to split into two closely-spaced non-
degenerate conjugate hyperplanes. Passing through one
non-degenerate hyperplane might therefore be viewed
as physically equivalent to quickly passing through two
non-degenerate conjugate hyperplanes. Indeed, we have

10 Degenerate and non-degenerate conjugate hyperplanes may ex-
ist in the same spacetime. Examples of this may be found by
fine-tuning the parameter h appearing in (3.95). The singular
structure of the Green function in such cases deviates from the
simple patterns (1.3) and (1.4). Rules (4.48)-(4.51) must then
be applied on a case-by-case basis.



found that two passes through non-degenerate hyper-
planes has the same effect on a scalar Green function
as one pass through a degenerate conjugate hyperplane.
As a simple example of the 4-fold singularity structure
exhibited in (4.55), consider a symmetric gravitational
plane wave where the wave profile H;;(u) is given by
(3.90). Such spacetimes have an infinite number of non-
degenerate conjugate hyperplanes at the locations (3.86).
The retarded Green function in this case is explicitly

Gret ’ ) = — UI
(p,p') (\/| sin(u — u’)| sinh(u — 1/))
. {(1)36(0)

if n even,

4.56
if n odd. ( )

”—

(—1)*F pv(1/mo)

It is assumed here that u > «’. Also note that n is given
by

n=|(u—u)/x],

where |-| denotes the floor function. A coordinate ex-
pression for the ¢ appearing here may be found by sub-
stituting (3.91) and (3.92) into (3.40).

(4.57)

2. Some comments

Before moving on, recall that two questions are posed
in the introduction regarding the qualitative way in
which a Green function may change its singular struc-
ture. First, how can a very localized distribution like
d(o) “smoothly transition” into something as apparently
spread out as pv(1l/0)? In plane wave Green functions,
this change occurs on u = const. hyperplanes. Further-
more, the discussion in Sect. IITE implies that |o| — co
on almost all (but not quite all) approaches to such sur-
faces. This means that like d(co), pv(1/0) vanishes al-
most everywhere when approaching a conjugate hyper-
plane where it might transition into a d-function.

It is also asked in the introduction how a retarded
Green function can involve a term proportional to
pv(1/o) when o(p,p’) > 0 traditionally implies that the
points p and p’ are not in causal contact. In plane wave
spacetimes, o(p,p’) > 0 implies that the (only) geodesic
connecting p and p’ is spacelike. Despite this, the dis-
cussion of Sect. IIIF implies that such points are still in
causal contact as long as there exists at least one hyper-
plane conjugate to S, that cuts through the geodesic
segment connecting p and p’. It is only in this case that
our Green function can have support in regions where
o(p,p’) > 0. All of the support of Gyet(-,p’) is therefore
in causal contact with p’.

A somewhat weaker version of this argument holds
in any spacetime (including those that are not plane
waves). Consider a null geodesic satisfying z(s') = p’
and z(s) = p. It follows from theorem 9.3.8 of [27] that
if there exists at least one point conjugate to p’ on the
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geodesic segment between p’ and p, these two points may
be connected by timelike curves. When this condition
holds, it follows that p is in the chronological past or
future of p’. Furthermore, there exists an open neighbor-
hood of every point in the chronological past or future
of p’ that remains entirely in this set. It follows that
an open neighborhood of p lies entirely in causal contact
with p’ if p is connected to p’ by a null geodesic segment
with at least one point conjugate to p'.

For plane wave spacetimes, this argument guarantees
that two points p and p’ satisfying o(p,p’) > 0 and sepa-
rated by at least one hyperplane conjugate to Sy, are
in causal contact at least if o is sufficiently small. It is a
special property of plane wave spacetimes that this result
continues to hold even when o is large.

In Sect. V, we show that some features of Green func-
tions in generic spacetimes very near null geodesics are
captured by appropriate plane wave Green functions. Af-
ter a conjugate point, there is a sense in which a generic
Green function may again be nonzero when o > 0. Here,
o is interpreted as the world function of an associated
plane wave spacetime. It acts like a coordinate for an in-
finitesimal region around the reference null geodesic. The
argument above guarantees that terms like pv[1/o(-,p’)]
appearing in (say) retarded Green functions on generic
spacetimes remain in causal contact with p’ near the ref-
erence geodesic.

8. Non-uniqueness of plane wave Green functions

Recall that we have constructed a “retarded Green
function” Giet(p,p’) by demanding that it solve (4.2) ev-
erywhere and that it be equal to (4.5) for all p € Ny(u').
Other distributions also satisfy these constraints. One
may consider, e.g.,

Grct(pap/) + F(pap/)a (458)

where T'(p,p’) is some solution to VeV, I'(p,p’) = 0
that vanishes when u < 71(v’). Any object of this
form may reasonably be interpreted as a “retarded
Green function.” Indeed, one might only require that
VeV, I(p,p’) = 0 and that I'(p,p’) vanish when u <
u’ + (something positive).

Nontrivial distributions I'(p,p’) always exist. Con-
sider, for example, anything which depends purely on
uw and v’ and that vanishes when, say, u < 7i(u’). As
another possibility, suppose that T'(p,p’) is, for fixed p/,
concentrated on a constant-u hypersurface Sy,s). One
such example is

L(p,p') = o(t(u') — u)y(x,x'), (4.59)

is harmonic at least in its first argument:

where v(x,x’)
=0.

V2y(x,x



V. GREEN FUNCTIONS IN GENERAL
SPACETIMES

Up to this point, we have focused on the propagation
of (test) scalar fields ® on plane wave backgrounds. As
outlined in the introduction, plane wave spacetimes have
a number of mathematically attractive features. They
are not, however, physically realistic on large scales.
Plane wave geometries are not asymptotically flat, nor
even globally hyperbolic. Despite this, one might hope
that there is a sense in which our results remain “essen-
tially correct” for physically realistic plane waves where
the metric is adequately approximated by (2.5) only in
some finite region''. We now argue for a significantly
stronger result: The singular behavior of Green functions
in gemeric spacetimes is, to leading order, equivalent to
the singular behavior of Green functions in appropriate
plane wave spacetimes. This is similar to a statement
proposed in [24].

The correspondence with plane wave spacetimes is mo-
tivated by two observations. First, general theorems re-
garding the propagation of singularities imply that the
singular supports of generic Green functions lie on null
geodesics [5]. Second, there is a sense in which the geom-
etry “near” a null geodesic in any spacetime is equivalent
— via what is known as a Penrose limit — to the geometry
of an appropriate plane wave spacetime [16-18]. Further-
more, one might suppose that the behavior of a generic
Green function near its singular support (i.e., near a null
geodesic) could be at least partially understood using the
geometry of that region. It would then appear to follow
that some aspects of the singular structure of a Green
function in a generic spacetime (M , Jap) near an affinely-
parameterized null geodesic Z(u) might be understood
by computing a Green function associated with a plane
wave spacetime (M, g45) obtained from (M, §,p) and (u)
using a Penrose limit.

Before establishing that this line of reasoning is cor-
rect, we first provide a review of Penrose limits in Sect.
V A. An appropriate notion of a Green function’s “lead-
ing order singular behavior” is then defined in Sect. V B.
Near a given null geodesic, it is argued that this structure
is reproduced by a Green function associated with an ap-
propriate plane wave spacetime. The results of Sect. IV
are then applied to determine the singular structure of
Green functions for scalar fields propagating in arbitrary
four-dimensional spacetimes. Lastly, a similar argument
is provided in Sect. V C for the behavior of Green func-
tions associated with wave equations involving fields of
nonzero tensor rank.

11 A somewhat more realistic model of a simple gravitational wave is
a pp-wave where the profile function H (u,x) appearing in (2.1) is
quadratic in x in some finite region and subquadratic as |x| — oo.
Geometries of this type are discussed in, e.g., [28, 31]. Their
causal properties do not display the pathologies of “pure” plane
wave spacetimes.
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A. Penrose limits

As formulated in [17], the Penrose limit takes as input
a null geodesic #(u) in a spacetime (M, §qp), and uses
this to construct a null generalization of a Fermi normal
coordinate system!? (u,¥,%). Assume for simplicity that
the reference geodesic Z(u) is defined for all uw € R and
that gqp is smooth along this curve. Next, construct a
tetrad {e% (u),e?(u)} on Z(u) that is parallel-propagated
along Z(u) with respect to gqp. Let the first element of
this tetrad be the null tangent to the reference geodesic:

et () = .

(5.1)

Let the second element e® (u) of the tetrad also be null,
and suppose that it satisfies gabeieb_ = —1. The final
two elements e (u) of the tetrad are to be spacelike and
orthonormal. They are orthogonal to the two null vectors
e% (u) and e® (u):

Jave’e] = gape” el = 0. (5.2)

Given some point p € M sufficiently near the reference
geodesic Z(u), identify a u coordinate associated with p
by solving the equation

e (u)Vao(2(u),p) = 0. (5.3)
Here, ¢(p,p’) denotes Synge’s function in the spacetime
(M, gap)- Once u = u(p) has been fixed using (5.3), the
remaining three coordinates of p are determined by defin-
ing the tetrad components of the “separation vector”
—V*5(2(u(p)), p) to be the coordinates ©(p) and X(p):

—Ve = e + i'el. (5.4)

Inverting this relation,
0(p) = €4 (u(p))Va& (2(u(p)), p), (5.52)
#'(p) = —0" el (u(p)) Vad (£(u(p)), p). (5.5b)

Together, these equations and (5.3) define a Fermi-like
coordinate system (u,?,%) near the reference geodesic
Z(u). Given any v’ € R, the point Z(u’) has coordinates
u =" and ¥ = x = 0 in this chart.

The Penrose limit involves a 1-parameter family of
transformations on the components gz of the metric in
the coordinates (u, 9, %). Consider, in particular, the sub-
stitutions
v =220 x-ox:i=A1k%

U — u, (5.6)

for any A > 0. In the limit A — 0, this transformation can
be interpreted as “zooming up” on the reference geodesic

12 A check mark is omitted on the symbol u because this coordinate
is not rescaled in (5.6) below.



FIG. 6. Schematic illustrating that Penrose limits map conju-
gate points to conjugate points. The inset shows the reference
null geodesic in the spacetime (M, jus) along with a number
of nearby geodesics. The points Z(u’) and Z(u") are conjugate
on the reference geodesic. They are mapped to the conjugate
hyperplanes S,/ and S, in the associated plane wave space-
time.

Z(u) and then boosting along it by a similar factor. All
components §,, of the metric in the coordinate system
(u,v,x) vanish as A — 0. Expanding the line element in
powers of A, the first non-vanishing term is proportional
to A2 [17]:

ds? = \2 [ — 2dudv — R+i+j(u)$i$jdu2 + |dX|2]
+0ON%). (5.7)

Here, R+i+j(u) denotes the appropriate tetrad compo-
nents of the Riemann tensor on the reference geodesic:

iy () = Rapea(3(w)el (w)eb (w)es, (weld(w).  (5.8)
Comparing (2.5) and (5.7), it is clear that
G = lim A72G,, (5.9)

A—0

is — regardless of the original geometry — the metric of
a plane wave spacetime in Brinkmann coordinates with
the amplitude and polarization profile

Hij(u) = =Ry j(u).

In this sense, the geometry near any'® null geodesic is
equivalent to that of an appropriate plane wave space-
time.

(5.10)

13 If the reference geodesic intersects a singularity and therefore
cannot be extended to infinitely large values of its affine param-
eter, one can still perform a Penrose limit. The only difference is
that the resulting plane wave spacetime is slightly different from
the type described in Sects. II and III. In such cases, the coor-
dinate u would no longer take all values in R and H;;(u) may be
unbounded for finite u.

25
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Su//

FIG. 7. The effect of a Penrose limit on a null curve which
intersects the reference geodesic at the points #(u') and 2(u").
Such a curve is mapped to null geodesics on the hyperplanes
S, and S,~. Note that one continuous curve in the original
spacetime (M, Jab) 1s mapped into two disconnected curves in
the associated plane wave spacetime (M, gap)-

For any choice of reference geodesic, the Penrose limit
preserves various properties of the original spacetime
(M, gap) in the associated plane wave spacetime (M, gap)
[18-20]. For example, conformally-flat spacetimes are
always mapped to conformally-flat plane waves. Simi-
larly, vacuum (Ricci-flat) spacetimes are always mapped
to vacuum plane waves. In general, the number of lin-
early independent Killing fields cannot decrease after tak-
ing a Penrose limit.

For every u € R, the Penrose limit maps the point
#(u') € M on the reference geodesic into a point with
Brinkmann coordinates v = v’ and v = x = 0 in the
associated plane wave spacetime. This implies that the
reference curve — which is a null geodesic in (M, gqp) — is
mapped into a null geodesic in (M, gap)-

Crucially, the conjugate point structure of Z(u) is iden-
tical in both the original and plane wave spacetimes. If
Z(u') and Z(u”) are two points that are conjugate along
the reference geodesic in the original spacetime (M s 0ab)s
the hyperplanes S, and S, are conjugate in the asso-
ciated plane wave spacetime (M, gqp). The multiplicities
of the conjugate pairs (2(u'), 2(u”)) and (Sy/,Sy) are
identical. See Fig. 6.

It is also important to note the effect of a Penrose limit
on a smooth curve in the original spacetime which inter-
sects the reference geodesic at, say, Z(u’). It is straight-
forward to show from (5.6) that all such trajectories
(which are not infinitesimal deformations of the refer-
ence geodesic) are mapped to the u = «’ hyperplane S,,/.
They are geodesics with respect to the plane wave met-
ric gqp, and are therefore straight lines in the coordinates
(v,x) which pass through v = x = 0. Any curves which
are null or timelike at the intersection point Z(u’) (and



some that are spacelike there) are mapped to the null
geodesic with Brinkmann coordinates v = v’ and x = 0.
See Fig. 7.

B. Singular structure of generic scalar Green
functions

We now consider a Green function G(p,p’) associated
with the scalar wave equation
L® = —4np (5.11)
in an arbitrary spacetime (M, §ap). As in (1.1), the prin-
cipal part of the linear differential operator L is to be
given by §%°V,V,. Unlike in the plane wave field equa-
tion (4.1), we allow for additional terms involving at most
one derivative (so fields with, e.g., mass or non-minimal
coupling to the curvature may be considered). Any Green
function associated with (5.11) is required to satisfy

(G(p.p), LT (p)) = —4mg(p')

for all test functions ¢ € C§°(M). Here, LT denotes the
adjoint of L.

Penrose limits can be thought of as zooming in on
a particular null geodesic Z(u). It follows that a plane
wave Green function G(p,p’) could only be expected to
describe the action of a generic Green function G(p,p’)
near Z(u). A more precise statement of this form is that
we would like to consider the action of G(p,p’) on test
functions ¢(u, v,x) € C§°(R*) that are fixed in the scaled
coordinates (u, v, x) related to the Fermi-like coordinates
(u,,%) via (5.6). Given some ¢, define a 1-parameter
family of test functions ¢y such that

(5.12)

o (u, 0,%) := @(u, \"20, \71%) (5.13)
for all A > 0. Test functions of this type always remain
near Z(u) when A is sufficiently small. 5

The action of any smooth function — call it V(p) — on
a test function ¢, of the form (5.13) is given by

V,05) = /dudbd%’( V(u, 9, %)@ (u, 0, %)
=\ /duddeXV(m)\2v7)\x)go(u7v7x). (5.14)

This clearly scales like \* as A — 0. One would therefore
expect any tail terms in G(p,p’) to scale like A* when
acting on test functions @y.

Portions of (G(p,p’),or(p)) depending on parts of
G(p,p') which are singular on %(u) decrease more slowly
than A\* in the Penrose limit A\ — 0. Consider, for ex-
ample, Synge’s function &(p,p’) for pairs of points that
are sufficiently close that the standard definition of this
object remains well-defined. Then the definition (3.37)
and the Penrose limit metric g, given by (5.9) suggest
that

o~ AT25.

(5.15)
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Hence,
5(5) ~A726(0), pv (i) ~ A %py (i) . (5.16)

These are the most singular terms that one would expect
to find in G(p,p’). It is therefore reasonable to expect
that (G, py) scales like A*A72 = A2 as A — 0.

We now use this heuristic argument as motivation to
define the “leading order singular portion” of a generic
scalar Green function G(p,p’). For any p’ = 2(v/) € M
lying on the reference geodesic and any test function ¢
that is, as described above, fixed in the scaled coordinates
(u,v,x), define a linear operator G(p,p’) by

(G(p, ), 0(p)) == lim A~*(G(p, ), &A(D))-

lim (5.17)

The Hadamard form (4.5) and the estimates (5.16) guar-
antee that this limit exists at least for test functions
whose supports lie sufficiently close to p’. We assume,
however, that the limit exists for all test functions of the
form (5.13).

The notation in (5.17) suggests that G(p,p’) is a Green
function in an appropriate plane wave spacetime. To es-
tablish that this is indeed the case, consider families of
test functions generated by ¢**V,Vye, where g% is the
inverse of the Penrose limit metric (5.9) and V,, is the as-
sociated covariant derivative operator. Substitution into
(5.17) and use of (5.12) shows that

(G, 9™ VaVeg) = lim (G, LTy} = —4mp(p)  (5.18)
for all ¢ € C§°(R*). Comparison with (4.19) shows that
the operator G(p,p’) is a Green function for a scalar field
propagating on a plane wave spacetime with metric (5.9).
It follows that appropriate components of generic Green
functions behave like plane wave Green functions near
null geodesics. Properties of plane wave Green functions
derived in Sect. IV may therefore be used to understand
some aspects of scalar Green functions in more general
spacetimes.

To summarize, fix a background spacetime (M, §ap)
in which a scalar field ® propagates according to (5.11).
Fix a point p’ € M corresponding to the location of some
small disturbance in ®. The effect of such a disturbance
may now be followed in a neighborhood of some affinely-
parameterized null geodesic Z(u) which passes through
p = Z(u’). Perform a Penrose limit using Z(u) and
the metric §qp. Such a limit requires a choice of tetrad
{e%(u),ef(u)} along the reference geodesic. This is to
be constructed using the prescription described in Sect.
V A. Defining a Fermi-like coordinate system (u,v,X)
and performing the scaling (5.6) produces [via (5.9)] a
plane wave metric in Brinkmann coordinates with the
wave profile (5.10).

The (say) retarded Green function Gie(p,p’) associ-
ated with (5.12) is related to the retarded plane wave
Green function Gyet(p, p’) constructed in Sect. IV C. For



any test function ¢ € C§°(R*), (5.13) may be rewritten
as

lim /\72<Gmt, &) = (Gret, ) + (I', ).

lim (5.19)

Here, I'(p, p’) is an appropriate solution to the homoge-
neous wave equation

<F7gabvavb(p> =0 (520)

associated with the plane wave spacetime. T'(-,p’) van-
ishes in the Penrose limit of any normal neighborhood of
p’ [as computed in the original spacetime (M, gqp)], but
need not vanish globally. We return to this point shortly.

For the moment, consider only the first term on the
right-hand side of (5.19). It is clear from the discus-
sion in Sect. IV C that, fixing p’, Gret(-,p’) is propor-
tional either to (o) or pv(1/co). It can switch between
these two possibilities and also switch sign. If there is
nothing in T'(-, p’) that remains singular on curves where
o(-,p") = 0, such terms provide a precise sense in which
generic retarded Green functions Gt (p,p’) have singu-
larities that “look like” either §(o) or pv(1/c) near null
geodesics [where o(-,p") = 0]. It is simple to determine
which of these forms is appropriate by considering the
points conjugate to p’ along Z(u). These may be found
by first using (5.10) to construct H(u) from Rap.?(2(u)).
H(u) can then be used to compute the matrix B(u,u’)
defined by (3.1) and (3.2). A point 2(7,,) is conjugate to
Z(u') = p’ if and only if det B(7,,,u’) = 0. The multi-
plicity of such a conjugate pair is equal to the nullity of
B(7, u').

The discrete set of points conjugate to Z(u') on Z(u)
generically divide the reference geodesic into a number
of regions corresponding to the N, (u’) defined at the be-
ginning of Sect. III (recall Fig. 1). Rules (4.48)-(4.51)
may be used to find the leading order singular structure
of Giet(-,p') in each of these regions using only the mul-
tiplicities of intervening conjugate points.

This argument takes into account only the contribu-
tion to Gre(p,p’) from the first term on the right-hand
side of (5.19). In general, the second term on the right-
hand side of this equation may also be important. It
could be required if, as described in the introduction,
null geodesics emanating from p’ later intersect Z(u) at
a point that is not conjugate to p’. Such phenomena in-
troduce new singularities in a neighborhood of the refer-
ence geodesic whose locations cannot be predicted using
only the limited geometric information preserved in the
Penrose limit. As illustrated in Fig. 7, Penrose limits
map any null geodesic in the full spacetime which in-
tersects the reference geodesic at, say, Z(v') into a null
geodesic in the plane wave spacetime confined to the hy-
perplane S,/. One might therefore expect to take into
account the singularities transported by such geodesics
using an appropriate I'(p,p’) in (5.19) that is singular
when u = v/, v € R, and x = 0. If there is a surface
full of null geodesics that transversely intersect the refer-
ence geodesic, an appropriate I'(p, p’) might be singular
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throughout S,/. It is not, however, clear precisely what
form T'(p,p’) should take.

As a very simple model for this phenomenon, consider
the field

®(p) = d(o(p,p')) + ad(a(p,p"))

in flat spacetime with « an arbitrary constant and
a(p’,p") # 0. For p different from p’ and p”, this sat-
isfies the homogeneous equation V¢V,® = 0. It might
be viewed as approximating a Green function in curved
spacetime near some small segment of a null geodesic em-
anating from p’. The term proportional to o schemati-
cally represents the effect of a transversely intersecting
null geodesic not associated with a conjugate point.

Consider a null geodesic starting at p’ and construct a
Fermi-like coordinate system (u, ¥, %) as described above.
Adjusting the origin of the u coordinate appropriately,
®(p) has the explicit form

(5.21)

(5.22)

If the light cone of p” intersects the reference geodesic
somewhere, ¢ # 0. Scaling the coordinates as in (5.6)
then results in

o= )\_25< —uv + %|x\2>

+ aé((u —u" )" + %|5{”|2). (5.23)
It is clear that the second line of this equation becomes
negligible as A\ — 0. This suggests — but does not prove
— that transverse intersections of the light cone not asso-
ciated with conjugate points do not survive the Penrose
limit at all [i.e., I' = 0 in (5.19)]. It is possible that a
different result might arise if, e.g., the intersection point
were conjugate along some of the connecting geodesics,
but not along the reference geodesic.

We can only conclude that there might exist cases
where ' # 0 in (5.19). If so, the singular support of
I’ necessarily extends to |v] — co. Such singularities ap-
pear quite different from those associated with Gyet(p, p’).
There is a sense in which they are “frozen” at specific
affine times on the reference geodesic.

Ezxamples

We now discuss some consequences of the above re-
sults. General statements are made regarding Green
functions associated with conformally-flat spacetimes
and an important class of vacuum spacetimes. Some
more specific examples are also mentioned briefly.

The simplest general statement following from the ar-
gument of Sect. VB concerns scalar Green functions
in spacetimes whose metrics are conformally flat. As



noted above, all Penrose limits of conformally-flat space-
times are conformally-flat plane waves. Furthermore, all
conformally-flat plane waves have metrics g,, with the
form (2.10). It is evident from this together with (2.5)
and (3.1)-(3.3) that all conjugate points in such space-
times have multiplicity 2. The plane wave Green func-
tion Gret(p,p’) is therefore given by (4.53). Via (5.19),
a similar structure also appears in the Green function
Ghret(p,p') associated with the full spacetime (M, gap).
This provides the sense in which the 2-fold singular struc-
ture (1.4) is present in retarded scalar Green functions
associated with all conformally-flat spacetimes.

For null geodesics passing through a vacuum (Ricci-
flat) region of some spacetime (M, gqp), the associated
Penrose limit is a vacuum plane wave with the metric
(2.9). The wave profile in such a case satisfies

TrH(u) = 69 Ryiyj(2(u)) = 0. (5.24)

If
Rivrs(3(u) = h(w)H (5.25)

for some constant matrix H, the resulting plane wave is
said to be linearly polarized. An appropriate rotation
of the spatial components e?(u) of the tetrad used to
perform the Penrose limit can then be used to set

— 1 0
aos(l0).

It follows that the h(u) appearing in (5.25) can be iden-
tified (up to a sign) with the hy(uw) in (2.9). If h(u) is
either entirely non-negative or entirely non-positive, it
is clear from (3.1)-(3.3) that any conjugate points which
may exist must have multiplicity 1. Giet(p,p’) then has
the form (4.55). It follows from (5.19) that in the vac-
uum case where the Riemann tensor along the reference
geodesic has the form (5.25) and the h(u) appearing in
that equation does not pass through zero (but may some-
times equal zero), Ghret (p,p’) contains the repeating 4-fold
pattern of singular structures (1.3).

Many of the explicit computations of four-dimensional
Green functions found in the literature fall into one
of the two classes of spacetimes just described. In
the conformally-flat case, scalar Green functions have
been computed in both the Einstein static universe and
Bertotti-Robinson spacetimes [9]. As expected from our
argument using Penrose limits, the singular structures of
retarded Green functions associated with both of these
spacetimes have been found to have a 2-fold pattern with
the form (1.4).

Another important example in the literature is
the retarded scalar Green function associated with
Schwarzschild spacetime. All Penrose limits of
Schwarzschild'4 have the form (5.25) with h(u) > 0

(5.26)

14 Some null geodesics of Schwarzschild intersect the central sin-
gularity. The associated Penrose limits are then singular plane
waves. Before this point, however, all discussion above remains
valid.
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[18, 25]. We therefore predict that retarded Green func-
tions in Schwarzschild possess the 4-fold singular struc-
ture (1.3). This is indeed what was observed in the ex-
plicit computations carried out in [7].

More generally, we may consider scalar Green func-
tions associated with all Kerr spacetimes. Penrose limits
of Kerr (and all other Petrov type D spacetimes) are dis-
cussed in [25]. It is easily shown from this that Penrose
limits of Kerr result in wave profiles with the form (5.25).
For a reference geodesic with specific angular momentum
l, about the symmetry axis and Carter constant g, it is
shown in [25] that

3M[(a —1.)* +q]
[r2(u) + a2 cos? O(u)]>/2"

h(u) = (5.27)

Here, M and aM are the mass and angular momentum
associated with the Kerr background. r(u) and 6(u) are
the Boyer-Lindquist coordinates of the reference geodesic
at the affine time w. It is clear that h(u) cannot change
sign, so we predict that retarded scalar Green functions
in Kerr spacetime contain the 4-fold singular structure
(1.3).

C. Tensor Green functions

Thus far, we have considered only Green functions
associated with the propagation of scalar fields. It is
straightforward to partially extend our results to also al-
low for fields with nonzero tensor rank. In particular,
we now show that the leading order singular structure of
tensor Green functions in arbitrary spacetimes can be un-
derstood using appropriate plane wave Green functions.
No attempt is made, however, to also derive the form of
those plane wave Green functions as we have done in the
scalar case.

As an example, consider a field A, propagating on a
spacetime (M, G,p) and satisfying

LA, = —47p,. (5.28)
Here L is any second-order linear differential opera-
tor whose principal part is equal to the d’Alembertian
§°°V,Vy. The wave equation (5.28) is naturally associ-
ated with Green functions G, (p,p') satisfying

(G (p,1'), LT¢%(p)) = —4mg® (p)

for all smooth vector fields ¢%(p) with compact support.

Now choose a point p’ € M and consider the behavior
of Gu% (-,p') near a null geodesic #(u) passing through
p' = 2(u’). As above, we choose a tetrad and construct a
Fermi-like coordinate system (u,®,%) in a neighborhood
of Z(u). It is also useful to consider the scaled coordinates
(u,v,x) defined by (5.6).

We now seek an analog of (5.17). This requires choos-
ing an appropriate family of test functions similar to
(5.13). Given an arbitrary test function ¢*(u,v,x) in

(5.29)



the plane wave spacetime which results from the Pen-
rose limit of (M, g.p) and Z(u), reverse the coordinate
transformation (5.6) to obtain

@3 (u, 9,%) 1= " (u, A0, A7) (5.30a)
@5 (u, 9, %) 1= A" (u, A0, A7 %) (5.30b)
24 (u, 9,%) 1= A’ (u, A0, A7 1%) (5.30¢)

in the unscaled coordinates (u,?,%). Similarly, choose
some covector v, which remains fixed (for all A > 0) in
the scaled coordinates (u,v,x). Then define
(G7 o) o= lim A™2(G, Phop). (5.31)
A—=0
Considering test functions of the form ¢"’V,V o,
where g,,, denotes the Penrose limit metric (5.9), it is
straightforward to show using (5.29) that
<Guul7 Uu’gypvuvp<p“> = _47“)0#/ (p/)’UM'. (532)
It follows that the operator G#/’ (p,p’) is, as the nota-
tion suggests, a Green function associated with the plane
wave spacetime obtained by taking a Penrose limit with
(M, Gap) and Z(u).

This argument carries through essentially without
change for Green functions associated with all higher-
rank tensor fields. We have thus established that there is
a sense in which the leading order singular behavior of all

tensor wave equations can be understood by considering
appropriate plane wave Green functions.

VI. DISCUSSION

This paper discusses the transport of disturbances in
scalar fields propagating on curved spacetimes. In partic-
ular, we study how light cone caustics affect the character
of singularities appearing in the relevant Green functions.
This problem is addressed in two steps. First, explicit
Green functions are obtained for massless scalar fields
propagating on all non-singular four-dimensional plane
wave spacetimes. We then show in Sect. V that Penrose
limits provide a sense in which certain aspects of these
solutions are universal: The leading order singular struc-
ture of scalar Green functions associated with essentially
all four-dimensional spacetimes can be described by ap-
propriate plane wave Green functions.

The plane wave Green functions we obtain are summa-
rized in Sect. IV C. They are globally defined and fully
explicit [up to the calculation of the 2 x 2 matrices A and
B defined by (3.1) and (3.2)]. Almost everywhere, plane
wave Green functions are found to have a “Hadamard-
like” component. Using o and A to denote Synge’s
function and the van Vleck determinant (which are well-
defined almost everywhere in plane wave spacetimes), we
find that there exist Green functions that switch between
the forms ++/]A[6(c) and +/[A]pv(1/70) after each
pass through a conjugate hyperplane.
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As described in Sect. VB, there is a sense in
which (say) retarded Green functions Gy (-, p’) satisfying
(5.12) in generic spacetimes contain similar Hadamard-
like terms near any future-directed null geodesic ema-
nating from p’. Fixing some point p on such a null
geodesic (that is not conjugate to p’), precisely which
Hadamard form is appropriate depends only on the pat-
tern of multiplicities of all points conjugate to p’ that lie
between p’ and p. Following rules (4.48)-(4.51), cross-
ing a non-degenerate (multiplicity 1) conjugate point is
found to change a Green function involving +/[A[5(o)
into one involving +/|A|pv(1l/mc). Conversely, non-
degenerate conjugate points transform Green functions
proportional to 1/|A|pv(1/7mo) into ones proportional to
—/]AJé(c). One pass through a conjugate point with
multiplicity two is seen to have the same effect as two
passes through conjugate points with multiplicity one.
This merely reverses signs: /[A[d(0) — —+/|A[§(c) or

|Alpv(1/7o) = —+/|Alpv(1/70).

In this way, we have derived and made significantly
more precise Ori’s comments [8] regarding changes in the
singularity structure of Green functions due to light cone
caustics. The result is a simple universal rule that is —
unlike most results regarding caustics — naturally stated
in terms of distributions on the spacetime manifold (as
opposed to statements involving Fourier transforms).

It is interesting to note that the object o appearing in
the leading order singular structure of a generic Green
function Gie; is not the world function & associated with
the spacetime (M, jqp). & is typically ill-defined when
its arguments are widely separated. o is, instead, the
world function of an appropriate plane wave spacetime
obtained via a Penrose limit. This is well-defined al-
most everywhere. Similar comments also apply to the
van Vleck determinant A, which effectively measures the
“strength” of the leading order singular terms appearing
in a generic retarded Green function. Explicit forms for
both o and A are easily computed in arbitrary spacetimes
using the results of Sects. IIID and V A.

The rules we derive for changes in a Green function’s
singular structure have a simple heuristic interpretation.
One might think of degenerate conjugate points as events
where bundles of light rays are perfectly focused in every
direction. Sharp solutions involving d(c) might there-
fore be expected to remain sharp after passing through
a degenerate conjugate point. Similarly, more diffuse so-
lutions like pv(1/0) might be expect to remain diffuse
in such an encounter. Conjugate points with multiplic-
ity 1 are different. They focus null geodesics in only one
transverse direction. It is therefore reasonable to expect
sharp solutions like d(c) to be “blurred out” by such
structures. Somewhat less intuitive is that the nature of
this blurring is always such that another pass through
a non-degenerate conjugate point “resharpens” the field
back into a form involving §(o).

An important special case of this work concerns the be-
havior of retarded Green functions associated with scalar



fields in the Kerr spacetime. All conjugate points ap-
pearing on null geodesics of Kerr are non-degenerate.
Scalar Green functions in Kerr therefore change singular-
ity structure according to the 4-fold pattern (1.3). This
result includes as a special case the 4-fold behavior ob-
served by Dolan and Ottewill [7] in Schwarzschild Green
functions.

The problem of wave propagation in curved spacetime
is a very general one with many applications. Our results
may therefore be useful in a number of fields. One pos-
sible application concerns the computation of self-forces:
What is the force exerted by a small object on itself in a
curved spacetime? One may assume that the total field
is the retarded solution and find the force that this ex-
erts on a given body. In generic spacetimes, the result
depends on the object’s past history at least via the tail
term V(p,p’) appearing in (1.2). It has, however, been
less clear precisely how light cone caustics in the distant
past contribute to an object’s self-field (see, e.g., [6, 7, 51]
for some related discussion). More generally, it is impor-
tant to understand “how much” of a charge’s past history
influences its current self-field. Our results may be useful
in answering this question.

Other applications could exist even in systems where
the spacetime curvature is negligible. Wave equations on
curved spacetimes are mathematically equivalent to var-
ious physically different problems in flat spacetime. For
example, one might use the same equations to describe
the propagation of acoustic waves in a moving fluid or
electromagnetic waves in certain classes of permeable ma-
terials [52, 53]. It would be interesting to translate the
results of this paper to more readily apply to problems
such as these. The physical meaning of the Penrose limit
would be particularly interesting to understand in some
of these “analog gravity” systems.

There are two additional ways in which this work could
be extended. Most obviously, it would be extremely use-
ful to generalize our results to apply to wave equations
involving tensor fields with nonzero rank. The singularity
structure of disturbances in, e.g., electromagnetic fields
and metric perturbations could then be understood in a
relatively simple way. We carry out one portion of this
task in Sect. V C, where Penrose limits are used to relate
generic tensor Green functions to appropriate plane wave
Green functions. Although there does not appear to be
any significant obstacle to doing so, we have not made
any attempt to compute plane wave Green functions for
higher-rank tensor fields in this paper. A complete dis-
cussion of the leading order singularity structure of tensor
Green functions must therefore wait for later work.

It might also be interesting to extend our work to
higher numbers of dimensions. In the four-dimensional
case considered here, the rules describing how Green
functions transition between different singular structures
suggest that passing through a conjugate point with mul-
tiplicity 2 is equivalent to two passes through conjugate
points with multiplicity 1. While it appears likely that
such a rule generalizes for larger multiplicities, it would
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be interesting to verify this directly. Is one pass through
a conjugate point with multiplicity » > 1 in a spacetime
with dimension d > n + 2 equivalent to n passes through
conjugate points with multiplicity 17 Questions related
to higher dimensions are perhaps not only of mathemat-
ical interest. Higher-dimensional plane wave spacetimes
and Penrose limits have found extensive use in string the-
ory and related subjects [18, 54-56].

Appendix A: Properties of A(u,u’) and B(u,u’)

The 2 x 2 matrices A(u,u’) and B(u,u') defined by
(3.1) and (3.2) play a central role in the geometry of
plane wave spacetimes. This appendix briefly reviews
some of their most important properties.

First note that any two solutions C(u) and D(u) to
the modified oscillator equation (2.17) satisfy

0.(C79,,D — 9,C™D) = 0. (A1)
This is a simple application of Abel’s identity. Using
the boundary conditions (3.2) with the identifications
C(u) = A(u,u') and D(u) — B(u,u'), it follows that

AT9,B—-0,ATB =4. (A2)

In general, A and B are not symmetric matrices. Sim-
ple combinations of them are, however, symmetric. Ap-
plying (Al) with C,;D — A demonstrates that AT9, A
is one such example:

AT9,A = (AT9,A)T. (A3)
Right-multiplying this equation with A~! and left-
multiplying with (A~!)T shows that 9,AA~! and its
inverse are also symmetric (wherever they exist). All of
these comments continue to hold with the replacement
A — B.

Using these observations together with (A2) further
shows that almost everywhere,

BAT = (9,BB™' - 0,AA ). (A4)
The right-hand side of this equation is symmetric, so
BAT must be symmetric as well.

A similar argument shows that the symmetry condition
(2.18) on the matrix E(U) involved in the transformation
between Rosen and Brinkmann coordinates is automat-
ically satisfied for all U if it satisfied for any U. It also
follows that EE~! is symmetric wherever it exists.

A and B can be computed by directly solving the dif-
ferential equations (3.1) with the boundary conditions
(3.2). Alternatively, both matrices may be found by in-
tegrating any single E(u) satisfying (2.17) and (2.18).
Use of (2.19) and (A1) with C — E and D — B demon-
strates that

B(u, ') = / LB WET (W) (A)

/



as long as H () is defined throughout the interval
(u,u’). The same assumption also leads to a formula
for A:

A(u,u') =46 —|—/ du"E(u)H " (u")

x [B(u") —E@)]T.  (A6)
Similar equations may be derived for v and «’ arbitrarily
separated by considering a number of different E matri-
ces which are invertible in a suitable set of overlapping

intervals. One interesting consequence of (A5) is that

B(u,u') = —BT (v, u). (A7)

Appendix B: Distributional character of gii and gfli

It is not a priori clear that the functionals gni (p,p")
and G’ (p,p') used in the ansatz (4.27) for the scalar
Green function are well-defined. From their definitions
(4.23) and (4.24), these objects take as input an “obser-
vation point” p’ = (u’,v’,x’) € R* and any test function
on(p) = @n(u,v,x) that is smooth and with compact
support in the set 7,(p') defined in Sect. IV B.

By definition, a linear form (Gni (p,7'), pn(p)) is a dis-
tribution if and only if, for every fixed p’ and every com-
pact subset w C T, (u'), there exist semi-norm estimates
of the form

(GEe ) < C Y sup|Oaipul (B1)

|| <N

for all ¢, with suppy, C w [50]. « denotes a multi-
index and |a| its order. The non-negative numbers C,
and N, depend only on the region w, and not on any
details of the test function. Estimates of this type are
straightforward if w does not pass through the hyper-
plane S, (/) conjugate to S,,. More generally, one must
consider separately the possible multiplicities the conju-
gate pair (Sr, (ur), Sur)-

It is simplest to derive estimates like (B1) by choosing
finite (nonzero) numbers u,, ., and v, such that the

compact rectangular region defined by
v — '] <y, (B2a)

(B2b)

lu — 7o (u)| < e,

Ix — A, x| <,

entirely encloses w C 7, (u/). As in Sect. IIIE, A, (u') :=
A (7, (u'),u). Tt is also convenient to introduce the co-
norm || - ||, in w:

[+ llw :==sup|-|. (B3)

1. Degenerate conjugate points

Suppose that 7, (u’) is associated with conjugate points
of multiplicity 2. Choose an arbitrary compact region
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w C T,(v') and finite numbers w,, x,,, and v,, that define
a rectangular region (B2) which encloses w.

Consider the definition (4.23) for <gfLi,4pw> when
supp ¢, C w. This consists of an integral over the co-
ordinates u and x. It is clear that the integrand vanishes
whenever |x — A,x'| > z,. If, however, ¢, has sup-
port sufficiently close to S;, , a sharper bound may be
placed on the maximum value of [x — A,x’| that needs
to be considered by using v,,. This is because the func-
tion x(u,u’;x,x") defined by (4.26) has the form (4.34) in
this region. It follows that the integrand vanishes when

1|x—A,x?

n— = w- B4
2 T, —u - (B4)

This is implied by the stronger condition
|x = Apx'|® > 2|7 — ul (vo + [|xnle) - (B5)

It follows that the spatial support of the integrand in
(4.23) shrinks at least as fast as /|7, — u| as u — 7,.

Without loss of generality, we may choose v, to be
sufficiently large that, e.g.,

Ve > |IXnlw- (B6)

The spatial integral in (4.23) may therefore be limited to

%] < 24/00, (B7)

where X is defined by (4.35). Using X as an integration
variable, (4.23) changes to

==

<gfbi,%> == lim

=0+ TnEe

du / d’x
|x|<2/ve

(W) pulu, v +x,%).  (B8)

It follows from (3.72) that the integrand in this equation
is everywhere bounded. Hence,

EPRVIVN
G, pu)| < dmugu, V(T —w)?|A]
’ ]
X SUp || < 0. (B9)

Although A is, in general, unbounded in w, this argu-
ment shows that <gii ,pu) 1s always finite. All integrals
in its definition converge. Furthermore, they converge
absolutely. The order of integration does not matter in
(4.23). This establishes that the gii are well-defined lin-
ear functionals. They are also distributions. Eq. (B9)
provides a semi-norm estimate of the form (B1l) with

» =0 and

C, = 4ru,v, (B10)

S|

u—u



N, and C,, depend, as required, only on w (and not on
the test function ¢,,).

Establishing similar bounds for the functionals g;i is
more complicated. Although it is again useful to change
the integration variable x to X in the definition (4.24),
this leaves a result where neither the integrand nor the
integration volume are bounded.

The first simplification arises by using (4.34) and (B6)
to deduce that the integrand in (4.24) vanishes when,
e.g.,

1
x| > 0, 2> §|>*<|2 + 20, (B11)
or
1
%] > 2¢/0s,, ¥ < §|>—<|2 — 20,,. (B12)

J

TnEue
G+ p.) = F lim du
e—~0+ Tnte

(Tu —u>2|A|>

u—u

X|>+/6v,,

J

X|<+v/6v,
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Additionally, it is clear from (4.35) and (B2) that the
integrand also vanishes when

Tw

%] > (B13)

T _ul'

We shall assume that x, has been chosen to be suffi-
ciently large that

T > VULV, (B14)
SO
N ™ (B15)

V |70 — u

The factor of 6 here is a fairly arbitrary number. Any
other choice greater than 4 could also be used.

These considerations suggest that (4.24) should be
split into two parts:

5v, 1
d%-c/ dZ‘/ dv Oy, (u, v + x + V5, X)
0 —1

Y

|%[2—2v,,

%I <we /A/ITn—ul 11%|2 420, , 5
;/ d%zf s <%(”’” tXT ’x)> . (BI6)
2

Both integrands here are manifestly bounded. The inte-
gral on the top line is also carried out over a finite volume.
It is therefore trivial to provide a bound for it. The inte-
gral on the lower line must be bounded somewhat more
carefully. The final result is that

(u—71,)%Al

[(Grss )| < o, || 2T

w

X (15u,v,, sup |0y 0y | + Cw sup [@u]), (B17)

where

U T [V Fvy, )
¢ ::2/ da/ dF 7 in (7_‘2“> (B18)
0 \/3/2 e —1

Noting that

(B19)

7+ 1
0<rl <2
rn<F2_1)

in the relevant range, a straightforward integration shows
that {, < oo. It follows that the linear functional
<in,g0w> is always finite. It is bounded by the semi-

norm estimate (B17), so G’ is a distribution.

2. Non-degenerate conjugate points

Suppose now that 7, (u’) is associated with conjugate
points of multiplicity 1 and choose a compact region w C
Tn(u') in the same manner as in the previous case. Using
(4.41), the integrand of (4.23) is easily seen to vanish
when

1], - (x— A,x))?
Xn — 3
2 Tn — U

> v, (B20)

Introducing the variables (Z!, 72) defined by (4.42), this
inequality is implied by the stronger condition
(‘%1)2 > 2(vw + [[Xnllw)- (B21)
Also note that the integrand of (4.23) vanishes when
|72 > . (B22)

We assume that the parameters u,, v,, and x, are
chosen such that (B6) holds. It then follows that (4.23)
can be rewritten as

Trn Uy
<gfli,g0w> ==+ lim du/ djl/ dz?
\ \

e—0" Tnte z11<2\/vg 2| <z,
(70 —u)A| )
<|u—’u/| QOW(U,U +X,X)
(B23)



It follows from (3.75) that the integrand in this equation
is everywhere bounded. This means that

|<gfLi7§0w>‘ S 8uwxwm Tn H

X sup \gow| <oco. (B24)
Again, we see that all integrals in the definition of gfli
converge. Eq. (B24) provides a semi-norm estimate of
the form (B1), so this operator is, as claimed, a distribu-
tion near non-degenerate conjugate hyperplanes.

We now establish similar bounds for the functionals
G’ .. Using (4.41) and (B6) we find that the integrand
in (4.24) vanishes when

1
& >0, x> E’ + 2, (B25)

J

<gzi ) @w)

== — A
=F lim du 7‘(% 1}) | /
e—0+ Tnae uU—"u |22 | <.,
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or

|7t > 2¢/Va, y¥< |a:1|2 — 20,,. (B26)
This integrand also vanishes when
~1 Lw ~2
|ZY] > —— or |Z% > x,. (B27)
|70 — ul

We assume again that the (B14) holds, so (B15) is true.
Eq. (4.24) can then be rewritten as

Svy,
i2 / / dZ/ dv 0y pw (u,v" + x + vE,x)
|3:1|<\/611w

dx

D)

qc/“xw/m /; [*+20. <¢w<u,vf+xﬂ,x))]
|

T >+/6v,,

This implies the bound

[(u — 1) A
(Ghs s )| < BTion/Ug || —
u—u
X (5\/6%,%, sup |Oppw| + Tw sup [ewl), (B29)
where
ww/\/m =2 1
wf/ m/ dm«r+0 (B30)

The integrand in this equation is bounded from above
by 2 (and from below by 0), so T, < oco. It follows
that the linear functional gfli is a distribution near non-
degenerate conjugate hyperplanes.

|Z1]2 =20,

(B28)

Together, the results of this appendix establish that for
any nonzero integer n such that 7, (u") € T'(u'), gni (p,p")

and G’ . (p,p) are well-defined distributions throughout
T ().
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