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Historic introduction

A. Einstein establishes special relativity. According to this theory, signals cannot prop-
agate faster than light in vacuum. This makes it necessary to modify the Newtonian
theory of gravity. According to the latter, gravity is an action-at-a-distance: joggling a
mass here is immediately felt as an action on a mass there. Einstein (and others) worked
for ten years on a modified theory of gravity according to which the gravitational action
propagates at a finite speed, similarly to electromagnetic waves.

A. Einstein establishes the field equation of general relativity.

A. Einstein demonstrates that the linearised vacuum field equation admits wavelike so-
lutions which are rather similar to electromagnetic waves.

A. Einstein derives the quadrupole formula according to which gravitational waves are
produced by a time-dependent mass quadrupole moment.

H. Brinkmann finds a class of exact wavelike solutions to the vacuum field equation with
plane wavefronts; they were independently rediscovered in the 1950s by by J. Ehlers and
W. Kundt who called them pp-waves (“plane-fronted waves with parallel rays”)

G. Beck finds a class of exact wavelike solutions to the vacuum field equation with cylin-
drical wavefronts; they were independently rediscovered by A. Einstein and N. Rosen, see
next two items, and are now usually (though unjustly) called Einstein-Rosen waves.

A. Einstein submits, together with N. Rosen, a manuscript to Physical Review in which
they claim that gravitational waves do not exist.

After receiving a critical referee report, A. Einstein withdraws the manuscript with the
erroneous claim and publishes, together with N. Rosen, a strongly revised manuscript
where they present what is now called Einstein-Rosen waves in the Journal of the Franklin
Institute.

F. Pirani gives an invariant (i.e., coordinate-independent) characterisation of gravitational
radiation.

I. Robinson and A. Trautman discover a class of exact solutions to Einstein’s vacuum
field equation that describe outgoing gravitational radiation.

J. Weber starts his (unsuccessful) search for gravitational waves with the help of resonant
bar detectors (“Weber cylinders”).

M. E. Gertsenshtein and V. I. Pustovoit publish a seminal paper on using interferometers
as gravitational wave detectors.

R. Hulse and J. Taylor (Nobel prize 1993) discover the binary pulsar PSR B1913+16 and
interpret the energy loss of the system as an indirect proof of the existence of gravitational
waves.

The first laser interferometric gravitational wave detectors go into operation (GEOGG,
LIGO, VIRGO,...).



2014 The BICEP2 team erroneously announces the discovery of primordial gravitational waves.

2015 On 14 September 2015 the LIGO detectors in the USA register a gravitational wave signal
that perfectly fits the theoretical predictions of the merger of two black holes of about 30
Solar masses each; the discovery is announced in February 2016.

2 Brief review of general relativity

A general-relativistic spacetime is a pair (M, g) where:

M is a four-dimensional manifold; local coordinates will be denoted (z° x!, 22 2%) and Ein-
stein’s summation convention will be used for greek indices u,v, 0, ... =0,1,2,3 and for latin
indices 7, 5, k, ... =1,2,3.

g is a Lorentzian metric on M, i.e. g is a covariant second-rank tensor field, g = g, dz* ® dz",
that is

(a) symmetric, g, = g, and

(b) non-degenerate with Lorentzian signature, i.e., for any p € M there are coordinates
defined near p such that g|, = —(dx°)? + (dz')* + (dz?)* + (dz?)?.

We can, thus, introduce contravariant metric components by
9" Guo = 0 .
We use g"” and g,, for raising and lowering indices, e.g.
G AT = A

P> Bug"" =B, .

The metric contains all information about the spacetime geometry and thus about the gravi-
tational field. In particular, the metric determines the following.

e The causal structure of spacetime:

A curve s — x(s) = (2%(s),z'(s), #%(s), 23(s)) is

called
spacelike >0
lightlike » <= g, (z(s))d"(s)i"(s) =
timelike <0

Timelike curves describe motion at subluminal
speed and lightlike curves describe motion at the
speed of light. Spacelike curves describe motion at
superluminal speed which is forbidden for signals.




For a timelike curve, we usually use proper time 7 for the parameter which is defined by
v (x(7)) 3" (1) (1) = —*.

A clock that shows proper time along its worldline is called a standard clock. All exper-
iments to date are in agreement with the assumptions that atomic clocks are standard
clocks.

The motion of a material continuum, e.g. of a fluid, can be described by a vector field
U = U*9, with g, U*U” = —c*. The integral curves of U are to be interpreted as the
worldlines of the fluid elements parametrised by proper time.

Geodesics and covariant derivative:

By definition, the geodesics are the solutions to the Euler-Lagrange equations

4 OL(xd)  OL(x,E) _

0
ds O+ oxH
of the Lagrangian
1

L(z,i) = §g,w(x)i“x'” :

These Euler-Lagrange equations take the form
P+ TH,(2)2"2% = 0
where )
Ful/o = égm— (al/gnr + acrgﬂ/ - aTgya)

are the so-called Christoffel symbols.

The Lagrangian L£(z, &) is constant along a geodesic (see Worksheet 1), so we can speak
of timelike, lightlike and spacelike geodesics. Timelike geodesics (£ < 0) are to be inter-
preted as the worldlines of freely falling particles, and lightlike geodesics (£ = 0) are to
be interpreted as light rays.

The Christoffel symbols define a covariant derivative that makes tensor fields into tensor
fields,
v, U =9,U" + T+, U,

V,A, = 0,A, — T?,,A,,

and so on. For each upper index there is one I' term with a plus sign and for each lower
index there is a I term with a minus sign.

In Minkowski spacetime (i.e., in the “flat” spacetime of special relativity), we can choose
coordinates such that g,, = 7,, on the whole spacetime, where we have used the standard
abbreviation (7,,) = diag(—1,1,1,1). In this coordinate system, the Christoffel symbols
obviously vanish. Conversely, vanishing of the Christoffel symbols on an open neigh-
bourhood implies that the g, are constants; one can then perform a linear coordinate
transformation such that g,, = 7,..



e The curvature:

The Riemannian curvature tensor is defined, in coordinate notation, by

R e = 00706 — 017 1o + 17,17, — 17,617,

This defines, indeed, a tensor field, i.e., if R7,,, vanishes in one coordinate system, then
it vanishes in any coordinate system. The condition R",,, = 0 is true if and only if there
is a local coordinate system, around any one point, such that g,, = 7,, and I'*,; = 0 on
the domain of the coordinate system.

The Riemannian curvature tensor has the symmetry properties
RT,uVa = _RTV,uU7 R‘r,uz/o = _RUZ/,LU'?
and satisfies the Bianchi identities

RT,uua' + RTVa,u + RTa,uzx = 07 vaT,Lwa + V,uRTupa + VZ/RTp,ucr =0.

The curvature tensor determines the relative motion of neighbouring geodesics: If X =
X", is a vector field whose integral curves are geodesics, and if J = J”0, connects
neighbouring integral curves of X (i.e., if the Lie bracket between X and J vanishes),
then the equation of geodesic deviation or Jacobi equation holds:

(X"V,) (X"V,)J7 = R%,,,X"J'X" . %

If the integral curves of X are timelike, they
can be interpreted as worldlines of freely
falling particles. In this case the curvature
term in the Jacobi equation gives the tidal
force produced by the gravitational field.

If the integral curves of X are lightlike,
they can be interpreted as light rays. In
this case the curvature term in the Jacobi
equation determines the influence of the
gravitational field on the shapes of light
bundles.

e Einstein’s field equation:

The fundamental equation that relates the spacetime metric (i.e., the gravitational field)
to the distribution of energy is Einstein’s field equation:

Guw+Ag = kT,
where

R
- Guw =R — ng is the Einstein tensor:;

— R, = R%,, is the Ricci tensor;



— R= R,,g" is the Ricci scalar;

— T, is the energy-momentum tensor which gives the energy density 7, U*U" for any

observer field with 4-velocity U* normalised to g, U*U" = —c?;

— A is the cosmological constant;

— k is Einstein’s gravitational constant which is related to Newton’s gravitational con-
stant G through x = 87G/c*.

Einstein’s field equation can be justified in the following way: One looks for an equation
of the form (Dg),, = T}, where D is a differential operator acting on the metric. One
wants to have Dg satisfying the following two properties:

(A) Dg contains partial derivatives of the metric up to second order.
(B) V¥(Dg)uw = 0.

Condition (A) is motivated by analogy to the Newtonian theory: The Poisson equation
is a second-order differential equation for the Newtonian gravitational potential ¢, and
the metric is viewed as the general-relativistic analogue to ¢ . Condition (B) is motivated
in the following way: For a closed system, in special relativity the energy-momentum
tensor field satisfies the conservation law 0*T),, = 0 in inertial coordinates. By the rule
of minimal coupling, in general relativity the energy-momentum tensor field of a closed
system should satisfy V#T),, = 0. For consistency, the same property has to hold for the
left-hand side of the desired equation.

D. Lovelock has shown in 1972 that these two conditions (A) and (B) are satisfied if and
only if Dg is of the form
R

1
(Dg)m/ = E (R;w - gguu + Ag,uu)

with some constants A and k, i.e., if and only if the desired equation has indeed the form
of Einstein’s field equation.

For vacuum (7, = 0), Einstein’s field equation reads

R
R;w - Eg,uz/ + Ag,uz/ =0.

By contraction with ¢g"” this implies R = 4A, so the vacuum field equation reduces to
R, = Ag,

Present-day cosmological observations suggest that we live in a universe with a positive
cosmological constant whose value is A ~ (10%m)~2 ~ (10%ly)~2. As the diameter of
our galaxy is approximately 10°ly, for any distance d within our galaxy the quantity
d*A < 10722 is negligibly small. As a consequence, the A term can be safely ignored for
considerations inside our galaxy. Then the vacuum field equation takes the very compact
form
R, =0

which, however, is a complicated system of ten non-linear second-order partial differential
equations for the ten independent components of the metric.

Gravitational waves travelling through empty space are wavelike solutions of the equation
R,, =0.



3 Gravitational waves in the linearised theory about flat
spacetime

In 1916 Einstein predicted the existence of gravitational waves, based on his linearised vacuum
field equation. In 1918 he derived his famous quadrupole formula which relates emitted grav-
itational waves to the quadrupole moment of the source. In this chapter we will review this
early work on gravitational waves which is based on the linearised Einstein theory about flat
spacetime. As a consequence, the results are true only for gravitational waves whose amplitudes
are small. We will see that, to within this approximation, the theory of gravitational waves is
very similar to the theory of electromagnetic waves.

3.1 The linearisation of Einstein’s field equation

We consider a metric that takes, in an appropriate coordinate system, the form

Guv = Muv + hw/ .

In the following we will linearise Einstein’s field equation with respect to the h,, and their
derivatives. This gives a valid approximation of Einstein’s theory of gravity if the h,, and their
derivatives are small, i.e., if the spacetime is very close to the spacetime of special relativity.

Our assumptions fix the coordinate system up to transformations of the form

zt = Tt = a" + A + fH(x) (C)
where (A*,) is a Lorentz transformation, A*,A?;n,, = n,,, and the f* and their derivatives
are so small that terms of second or higher order in these quantities can be neglected.

We agree that, in this chapter, greek indices are lowered and raised with 7,, and n*”, respec-
tively. As an abbreviation, we write

h = hn" = h/ =h", .

n

Then the inverse metric is of the form

gzzp — ,r]z/p — hYP .

Proof: (nw, + h#,,) (n”p — h”p) = NN + hun™ — nuh"? + ... = 5ﬁ + h,” — h, = 5/‘;,
where the ellipses stand for a second-order term that is to be neglected, according to our
assumptions. O

We will now derive the linearised field equation. As a first step, we have to calculate the

Christoffel symbols. We find

1 1
I, = §gpa (0.9ov + Ovloy — Ooguw ) = 577pa (Ouhov + Ovhoy — Oshyw ) + ...



Thereupon, we can calculate the components of the Ricci tensor:.
Rﬂy:aurppy_aprpw+...:_npa (0pkzr + Ovhap — Oohpy)

- —nﬂ" (8bz0 + Ouhoy — oy ) = %(@L&,h — 0,0y, — O O,hgy + Ohy, ) .

Here, O denotes the wave operator (d’Alembert operator) that is formed with the Minkowski
metric,

O = 99,0, = 8“0, .

From the last expression we can calculate the scalar curvature:

1
R = g"Ru = "Ry + .. = 50" (u0h = 0,0, — Oyl + Dy )

1
=3 (Oh — 80°hy, — 0°0"hg, + Oh) = Oh — 970"y, .

Hence, the linearised version of Einstein’s field equation (without a cosmological constant)

&G

4

2R, — Ry = 25T, , K= .

reads
0,0,h — 0,0°hy, — 070 hey + Ohyy — N (Dh — OU(ThUT) =2rT, . (%)
This is a system of linear partial differential equations of second order for the h,,. It can be

rewritten in a more convenient form after substituting for h,, the quantity

h
2
As the relation between h,,, and v, is linear, the h,, are small of first order if and only if the
Yuw are small of first order. In order to express the hy, in terms of the v,,, we calculate the
trace,

Y = h,uu - mas

g

. 1
T = =g A= b e = e = g T

Upon inserting this expression into the linearised field equation (x), we find

1 1
—Qﬁéﬂ - a,uaplypu + W - aaaulyau + W"_
1 1
+D’7MV - /EM{’V_ nuv( - % - 8087—707— +W) = 2/€T;w )

O — 040V — 0,0 You + Ny O° 0 Yor = 2KT,, . (¥%)
This equation can be simplified further by a coordinate transformation (C) with a* = 0 and
A, = 0F,
at =t 4+ fH(x)

8



where the f* are small of first order. For such a coordinate transformation, we have obviously

dz" — da" + 0, f"dz”
and thus
Oy — 0, — 0,f70; .

Proof: (dx“ + 8pf“d:vp) (80 — a,fT@T) = dat(0,) + O, f!daP(0y) — Op fTdat(0;) + ... =
O+ Dby — O fTor. 0

With the help of these equations, we can now calculate how the g,,,, the h,,, and the v,, behave
under such a coordinate transformation:

guu = g(a;u au) = g(au - a,ufTa’rv aV - aufaag) = gw/ - 8MngTV - al/.fagua 3

h,uy = Guv — N = Guv — a,u,ngTl/ - aufog,u,o —Nw = h,uy - a,uanTy - az/fon,ucr + ...

1

1
Vuw = Py — 577Wh = huw = Oufy = Oufu — 577W (h - 287]”) = Vv = Oufv = O fu + N0 7.

For the divergence of ,,, which occurs three times in (%), this gives the following transfor-
mation behaviour:

MV = My — "0 fy — O2B5f 7 + 0020 = 0y, — Of,
This shows that, if it is possible to choose the f, such that

Dfu = au'ﬂw )

then 07, is transformed to zero. Such a choice is, indeed, possible as the wave equation on
Minkowski spacetime,

Df v — (I)u s
has solutions for any ®,. This is well-known from electrodynamics. (If ®, is compactly sup-
ported or falls off sufficiently fast, a solution is provided by the retarded potentials, see below.
In any case, a solution can be found by prescribing arbitrary initial values for f, and 9y f, on a
hypersurface 2° = constant and then solving the Cauchy problem for the inhomogeneous wave
equation.)
We have thus shown that, by an appropriate coordinate transformation, we can put the lin-
earised field equation (kx) into the following form:

Uy = 25T, .
Now the 7, have to satisfy the additional condition
8“71“/ =0

which is known as the Hilbert gauge. The transformation of 7,, under a change of coordinates
is analogous to a gauge transformation of the four-potential A, in electrodynamics. Even after
imposing the Hilbert gauge condition, there is still the freedom to make coordinate transforma-
tions (C) with Of* = 0. In particular, the theory is invariant under Lorentz transformations.

9



The linearised Einstein theory is a
Lorentz invariant theory of the grav-

itational field on Minkowski space- lin. Einstein theory electrodynamics
time. It is very similar to Maxwell’s
vacuum electrodynamics, which is a A

Yuv "

(linear) Lorentz invariant theory of
electromagnetic fields on Minkowski
spacetime.  The table illustrates T, Ju
the analogy. Here “electrodynam-
ics” stands for “electrodynamics on
Minkowski spacetime in vacuum,
G = uglFW”. Roughly speaking,
the main dlﬁerence is in the fact that O, = 26T, OA, = e J,
the gravitational equations have one
index more.

Hilbert gauge 0",, = 0 | Lorenz gauge 0" A, =0

Of course, one has to keep in mind that the linearised Einstein theory is only an approximation;
an ezract Lorentz invariant theory of gravity on Minkowski spacetime cannot be formulated.

The linearised Einstein theory has been used as the starting point for developing a quantum
theory of gravitation, in analogy to quantum electrodynamics which is the fairly well understood
quantised version of Maxwell’s electrodynamics on Minkowski spacetime. While the quanta
associated with the field A, are called photons, the quanta associated with the field v, (or
h,) are called gravitons. The fact that A, is a tensor field of rank one while v, is a tensor
field of rank two has the consequence that photons have spin one while gravitons have spin
two. Apart from the fact that it is far from clear if quantising the linearised theory is a
reasonable way of quantising gravity, one encounters technical problems related to the fact that
the coupling constant of gravity has a dimension (whereas in the electromagnetic case we have
the dimensionless fine structure constant).

Here we are interested only in the classical aspects of the linearised Einstein theory. In the
next section we discuss wavelike solutions to the source-free linearised field equation.

3.2 Plane-harmonic-wave solutions to the linearised vacuum field
equation without sources

In this section we consider the linearised vacuum field equation without sources (i.e., in regions
where 7),, = 0) in the Hilbert gauge,

v = 0, v = 0.

In analogy to the electrodynamical theory, we can write the general solution as a superposition
of plane harmonic waves. In our case, any such plane harmonic wave is of the form

Yur(z) = Re{A,,e*""}
with a real wave covector k, and a complex amplitude A,, = A,,.

10



Such a plane harmonic wave satisfies the linearised vacuum field equation if and only if
0 = 777050V (z) = Re{n”AWikc,ikTeikPmp} )
This holds for all x, with (A4,,) # (0), if and only if

0 kok, = 0.

In other words, (ko, k1, ko, k3) has to be a lightlike covector with respect to the Minkowski
metric. This result can be interpreted as saying that, to within the linearised Einstein theory,
gravitational waves propagate on Minkowski spacetime at the speed ¢, just as electromagnetic
waves in vacuum.

Our plane harmonic wave satisfies the Hilbert gauge condition if and only if
0 = 7"y (x) = Re{n'" Ay ik-e™"}

which is true, for all x = (20, 2!, 2%, 23), if and only if

KA, =0 (H).

For a given k,, the Hilbert gauge condition restricts the possible values of the amplitude A,,,
i.e., it restricts the possible polarisation states of the gravitational wave. For electromagnetic
waves, it is well known that there are two polarisation states (“left-handed and right-handed”,
or “linear in z-direction and linear in y-direction”) from which all possible polarisation states
can be formed by way of superposition. We will see that also for gravitational waves there are
two independent polarisation states; however, they are of a different geometric nature which
has its origin in the fact that v,, has two indices while the electromagnetic four-potential A,
has only one.

In order to find all possible polarisation states of a gravitational wave, we begin by counting the
independent components of the amplitude: The A, form a (4 x 4)-matrix which has 16 entries.
As A, = A,,, only 10 of them are independent; the Hilbert gauge condition (H) consists of
4 scalar equations, so one might think that there are 6 independent components and thus six
independent polarisation states. This, however, is wrong. The reason is that we can impose
additional conditions onto the amplitudes, even after the Hilbert gauge has been chosen: The
Hilbert gauge condition is preserved if we make a coordinate transformation of the form

=t + M) mit O =0.
We can use this freedom to impose additional conditions onto the amplitudes A,,.

Claim: Assume we have a plane-harmonic-wave solution
Y (T) = Re{AWeik"xp}

of the linearised vacuum field equation in the Hilbert gauge. Let (u*) be a constant four-velocity
vector, 7, ufu” = —c*. Then we can make a coordinate transformation such that the Hilbert
gauge condition is preserved and such that

uA,,, =0, (T1)
AL =0, (T2)

in the new coordinates (TT gauge, transverse-traceless gauge).

11



Proof: We perform a coordinate transformation
ot = 2t + fH(x), fH(x) = Re{iC*e™*"}

with the wave covector (k,) from our plane harmonic wave solution and with some complex
coefficients C*. Then we have (Jf* = 0, i.e., the Hilbert gauge condition is satisfied in the new
coordinates as well. We want to choose the C* such that in the new coordinates (T1) and (T2)
hold true. As a first step, we calculate how the amplitudes A,, transform. We start out from
the transformation behaviour of the v,, which was calculated above,

'Y,ul/ = /Y;w - 8ufu - 8Vfu + nuuapfp )

hence

Re{A,, """} — Re{(Au — iik,C, — iik,Cy + nuiik,C")e* "}

Ay — Ay + k,C, + k,C, — 1wk, CP.
We want to choose the C), such that the equations

0= u* (AW + kG + ECu = N kp Cp) ’ (T1)
0= 0" (A + k,Cy + k,Cy — 0 k, CP) = " A,y — 2k,C7 (T2)

hold. To demonstrate that such a choice is possible, we choose the coordinates such that

This can be done by a Lorentz transformation which, as a linear coordinate transformation,
preserves all the relevant properties of the coordinate system. Then the spatial part of the
desired condition (T1) reads:

(Tl) forv=35: 0= AOj + k?()Cj + ijo <~ Cj = — ]{?O_I(A()j + k;jC’o) .

These equations show that the C; are determined by Cy. We have thus only to determine C
in such a way that the temporal part of (T1) holds:

(Tl) forv=0: 0= AOO + 2]{?000 + ﬂpak’pcg = AOO +2/k500[) —}cﬁ/@a—l— nwk‘ZC’]

= Aoo + ko Co - 77ij kz k’o_l (A()j + k’jCo) = Aoo + ko C(J - nij kz k()_1 AOj + 7700 ko}?o/%co

<~ 0= _kOAOO -+ T]l] klAOj = n“yk,uAOl/'

12



The last expression vanishes, because of the Hilbert gauge condition (H) that is satisfied by
assumption, so the v = 0 component of (T1) is identically satisfied if the CV are chosen as
required by the v = j components of (T1). This leaves Cy arbitrary. We now turn to the
second desired condition (T2).

(T2) 0= 77””14#1, + Qkoco - 2771]]{ch = Aup' + 2]6000 + 2?7”]@]661 (Aoj—l-ijO)

= A+ 2k Co + 20 kikyt Aoy — 20 ko kg™ k6 Co = A + 4koCo + 207 ki kgt Ao,

— At ko — 277” k; AOj

— (= pye

If we choose Cj according to this equation, and then the C; as required above, (T1) and (T2)
are indeed satisfied in the new coordinates. 0J

In the TT gauge we have v = 0 and thus h,, = v,. As a consequence, the metric is of the
form

Juv = N + Yuv s Y = Re{ijeikpxP}
and the amplitudes are restricted by the conditions
EtA,, =0, uA,, =0, A, = 0.

If we choose the coordinates such that

c w/e

0 0

(uﬂ) 1ol (kp) - 0

0 w/e

which can be reached by a Lorentz transformation, the amplitudes A,, satisfy
(H) 0 = K Ay = = (Ao + 4g.)
(T1) 0=u"A, = chy,
(T2) 0=n"A, = —Ap + A + A + Ass

in the TT gauge. The first two conditions together imply that Ay, = 0 and As, = 0 vor
all v. The last condition then requires Ay = —A;; and the symmetry of the metric requires
A1z = Ag;. So in this representation there are only two non-zero (compex!) components of

A

)
Ay = —Ap =t Ay = ‘A+‘€w7
A12 = A21 = AX = ‘AX|€M) .

The fact that only the 1- and the 2-components are non-zero demonstrates that gravitational
waves are transverse. There are only two independent polarisation states, the plus mode (+)
and the cross mode (x).

13



For the physical interpretation of these two modes we need the following result.

Claim: The 2°-lines, i.e. the worldlines z#(7) with #(7) = u*, are geodesics.
Proof: From i#(7) = u* we find &#(7) = 0. The Christoffel symbols read

1 1
I_wzzo' = 59’” (al/g‘ra + aag‘ru - 8791/0) = 577#7- (81/77'0' + 8077'1/ - 87-’)/,,0) =

— %nMTRe{ (ik:,,ATU + ik, A, — ikrAyg)eikP””p},

This implies that .
+Th V" =0+ —n“TRe{ (ikl,AmuUu” + ik, A u” u’ — ikTA,,,,u"u”) gtkor” } =0.
2 =0 =0 =0 0J

In other words, the z%lines are the worldlines
of freely falling particles. For any such particle
the (z!, 22, 23)-coordinates remain constant. This
does, of course, not mean that the gravitational
wave has no effect on freely falling particles. The
distance, as it is measured with the metric, be-
tween neighbouring z°-lines is not at all constant.
We calculate the square of the distance between
an 2%-line at the spatial origin (0,0, 0) and at spa-
tial (x!, 22, 23) for the case that the ' are so small
that the metric can be viewed as constant between

(2°,0,0,0) and (2°, 2, 22, 23):

A 2°

gij(xoa 0,0, 0) alal = (5Zj + ’Yij(moa 0,0, 0) ) x'al
If we introduce new spatial coordinates
i i Lo k
y = +§7 k(x 70707())3: )

we see that 05"y’ = (0; 4+ 7;5(2°,0,0,0))z'27, ie., for a particle at constant y' the distance
from the origin remains constant.

We calculate

0y’ = '’ + Re{A;((z))? — (22)?)e ™} + Re{2A, z'a?e ™t} =
= §x'n! + ‘A+‘ ((9171)2 — (m2)2) cos(go — wt) + 2 {AX | z! 2? cos(¢ — wt) )
This equation tells how for freely falling particles (i.e., for particles with constant x*) the
distance from the origin changes in dependence of the time t. We demonstrate this in a
y! — y?—diagram. The pictures on the next page illustrate what happens to particles that

are arranged on a small spherical shell and then released to free fall: Both the plus mode and
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the cross mode of the gravitational wave produce a time-periodic elliptic deformation in the
plane perpendicular to the propagation direction. For the plus mode, the main axes of the
ellipse coincide with the coordinate axes, for the cross mode they are rotated by 45 degrees.
This explains the origin of the names “plus mode” and “cross mode”.

For an animation of the effect of the plus mode on freely falling particles see
https://en.wikipedia.org/wiki/Gravitational wave

Of course, what is called the plus mode and what is called the cross mode depends on the chosen
coordinates. If the coordinate system is rotated by 45°, the two modes interchange. This is
in analogy to electromagnetic waves, where there are waves linearly polarised in x direction
and waves linearly polarised in y direction; if we rotate the coordinate system by 90°, they
interchange their role.

Plus mode (A, #0, A, =0):

fo
// \\y // ‘\y
: T — 1 : T —
k ! ! T \ i 2!
wt = ¢ wt=¢ + wt =9+ 27

Cross mode (AL =0, A, #0):

wt =19+ wt =19 + 27

I
<

wt

We have thus found, as our main result, that a gravitational wave produces a change of the
distances between freely falling particles in the plane perpendicular to the propagation direction.
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There are two types of gravitational wave detectors that try to measure this effect :

Bar detectors: The first gravitational wave detectors of this type were developed by J. Weber
in the 1960s. They were aluminium cylinders of about 1.5 m length. A gravitational wave of an
appropriate frequency would excite a resonant oscillation of such a cylinder. With the uprise
of interferometric gravitational wave detectors, the bar detectors have lost their relevance.
However, some of them are still used.

Interferometric gravitational wave detectors: They are Michelson interferometers with
an effective arm length of a few hundred meters at least. The mirrors of such instruments
are suspended in a way that they can freely move in the horizontal direction. An incoming
gravitational wave would change the distances between the mirrors and the beam splitter (i.e.,
the travel times of the laser beams) and thus produce a change in the interference pattern.
Several such detectors are in operation since the early 2000s. The biggest ones are the two
LIGO detectors in the US which made the first direct discovery of a gravitational wave signal
on 14 September 2015. This will be discussed in detail below.

3.3 Relating gravitational waves to the source

We will now discuss what sort of sources would produce a gravitational wave. We will see that,
in the far-field approximation, the gravitational wave field is determined by the second time-
derivative of the quadrupole moment of the source. In other words, gravitational radiation
predominantly is quadrupole radiation. By contrast, it is well known that electromagnetic
radiation predominantly is dipole radiation.

We now have to consider the linearised field equation with a non-vanishing source term, 7},, # 0.
Again, we choose the Hilbert gauge, so we have to solve the equations

Ly = 2TH o = 0.

Clearly, these two equations require the energy-momentum tensor to satisfy the condition
8T’“’:L3 D’y’“’:iﬂﬁv‘“’:(). (CL)
a 2k M 2K a

Recall that in the full non-linear theory of general relativity it is the covariant divergence of the
energy-momentum tensor that vanishes. In the linearised version it is the ordinary divergence,
formed with the partial derivatives, that vanishes, as in special relativity for a closed system.
In contrast to the covariant divergence condition, the one with the partial derivative can be
integrated over so that the usual “pill-box argument” gives an integrated conservation law:
The temporal change of the energy within a 3-dimensional volume is given by the flow of the
energy over the boundary. The conservation law (CL) is crucial for the linearised theory of
gravitational waves.
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For given T}, the general solution to the inhomogeneous wave equation Lly* = 2k T*" is the
general solution to the homogeneous wave equation (superposition of plane harmonic waves)
plus a particular solution to the inhomogeneous equation. Such a particular solution can be

written down immediately by analogy with the retarded potentials from electrodynamics:

. 2/£T‘“’<t =T F) %
() = 1 / —— . (®P)
R3
Here and in the following we write
° = ct, (zh, 2% 2%) = 7, r = |7|
and dV” is the volume element with respect to the primed coordinates, dV' = da'* da'? da'3 .

As in electrodynamics one shows by differentiating twice that the 4 from (RP) satisfy, indeed,
the equation LIy = 2k T and that the Hilbert gauge condition holds true provided that
the energy-momentum tensor satisfies the conservation law (CL).

The general solution to the inhomogeneous wave equation is given by adding an arbitrary
superposition of plane-harmonic waves that satisfy the homogeneous equation, see Section 3.2.
If there are no waves coming in from infinity, (RP) alone gives the physically correct solution.

We will now discuss this solution far away from the sources. To that end, we assume that T+
is different from zero only in a compact region of space. We can then surround this region by
a sphere Kp of radius R around the origin, such that

T (t,7) =0 ifr > R.

We are interested in the field v** at a point 7 with r > R.

Then

12

/
:\/r’2—|—r2—2T’7’COS19 :r\/1—2r—c0819+r—2 27’(1“‘0(7’//7"))‘
r T
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Inserting the result into (RP) yields

R

TW(t -
) =5

(1+0("/r)) . F') v’
(1 + O(r’/r))

ol

(7
Kr

If r > R, the O(r'/r)-terms can be neglected, as " < R on the whole domain of integration.
This is known as the far-field approximation,

K r
(7 = T*“’(t——,?’)dv’. FF
7 ( ) 2mr / c (FF)
Kr
In this approximation, the v depend on 7 only in terms of its modulus r = |r], i.e., the

wave fronts are spheres, r = constant. As the radii of these spheres are large, they can be
approximated as planes on a sufficiently small neighbourhood of any point 7. This means
that, on any such neighborhood, our gravitational wave resembles a plane wave. If the time-
dependence of the source is harmonic, it resembles a plane harmonic wave of the type we have
studied in Sec. 3.2.

We will now investigate which properties of the source determine the spatial components 7%
in the far-field approximation. To that end we introduce the multipole moments of the source.
They are defined in analogy to electrodynamics, with the charge density replaced by the energy
density Tog = —T1° = T%.

M(t) = / T(t,7) dV (monopole moment) ,
Kr

DE(t) = / TO(t,7) 2" dv (dipole moment) ,

Kpg

Q (1) = /TOO (t,7) 2" 2" dV (quadrupole moment) ,

Kpg

Instead of Q*’ one often uses the trace-free part
1 .
Qkﬁ — Qk@ o gQiz(Ské

which is known as the reduced quadrupole moment.

We calculate the first and second time derivative of the quadrupole moments. To that end, use
the conservation law (CL). We find

d .
@ = / cOT™(t,7)a" 2" dV = —¢ / OT(t,7) 2" 2t dV =

Kr Kgr
= —c / (8¢(Ti0(t,77)xkxe) — T, 7)ok 2* — Tio(t,F)xk5f>dV.
Kpg
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The first integral can be rewritten, with the Gauss theorem, as a surface integral over the
boundary 0Kg of Kg,

/@(Tio(t,f”) z*2t)dv = /Tio(t,F)xkxgdSi
Kgr OKR

where dS; is the surface element on 0K . As the sphere K surrounds all sources, T is equal
to zero on 0Kp, so the last integral vanishes. Hence

%Qkf(t) = c / (TH(t,7) 2" + T, 7) 2" ) dV .
Kr

Analogously we calculate the second derivative.

S QM) = & / (Tt 7) 2’ + AT(t,7) " ) aV =
Kr
- & / (- aT™()at = T (17" ) av =
Kgr

— 2 / ( — 0i(TH (1, 7) 2t) + TH(,7)6f — 0(TU(t,7)a*) + TU(t,7) 55) 2 —

Kpgr

=0+ ¢ /T“(t,f) dV — 0 + ¢ /T”f(t,f) AV = 2¢° /T“(t,F’)dV’.
Kg Kg Kg
Upon inserting this result into (FF) we find that, in the far-field approximation
1 d2 ke
R - /T“(t—ff’)dv’: il ¢ (t—f).

27y c 2mwr 2¢2  dt? c
RS

If Einstein’s gravitational constant is expressed with the help of Newton’s gravitational con-
stant, k = 87G/c?, the result reads
2 Ykt
ey = 22T (Y.
cSro dt? c

Recall from Sec. 3.2 that, far away from the sources, a gravitational wave detector responds
to the temporal change of the spatial components v*¢ transverse to the propagation direction
of the wave. We have just calculated that these are given by the second time derivative of the
quadrupole moment at a retarded time. In this sense, gravitational radiation is quadrupole
radiation. By contrast, electromagnetic radiation is dipole radiation: A calculation analogous
to the above relates the electromagnetic four-potential to the first time derivative of the dipole
moment of the charge distribution at a retarded time. The difference has, of course, its origin
in the fact that v** and T"" have two indices, while the analogous quantities A* and J" in
electrodynamics have only one index.

19



Note that, according to our results on the preceding page, only the spatial components v*¢ are
given by the second time derivative of the quadrupole moment. What about the time-time and
the time-space components?

Claim: For a source T" that is confined to a finite sphere for all times, in the far-field the
components 7° vanish and the component 7% is time-independent and falls off like r—!.

Proof: See Worksheet 3.

For this reason, the components 7% give no contribution to the radiation field in the far
zone. The time-independent v°° contribution to the far field is, of course, just the Newtonian
gravitational field of the source.

In the next two sections we calculate the loss of energy of a system that emits gravitational
waves.

3.4 Energy and momentum of a gravitational wave

The question of how to assign energy and momentum to a gravitational wave is conceptually
subtle. According to general relativity, the gravitational field is not to be considered as a field
on the spacetime, it is coded in the geometry of the spacetime itself. The energy-momentum
tensor on the right-hand side of Einstein’s field equation comprises everything with the exception
of the gravitational field. An energy-momentum tensor of the gravitational field is not defined
and cannot be defined. This is in correspondence with the equivalence principle according to
which the gravitational field (coded in the Christoffel symbols which act as the “guiding field”
for test particles and light) can be transformed to zero in any one point. As a non-zero tensor is
non-zero in any coordinates, this is a clear indication that something like an energy-momentum
tensor of the gravitational field cannot exist.

However, a (non-tensorial) quantity that describes energy and momentum of a gravitational
field can be defined with respect to a background metric. We assume that we have a spacetime
metric which takes, in the chosen coordinates the form

G (T) = Ny + Ty () -

For the time being, we do not assume that the h,, are small. The coordinates are then fixed
up to Lorentz transformations

= Tt = A aY NG AN N = Nor (LT)
The Ricci tensor of the metric g is then of the form
Ry (h) = RY)(h) + RY)(h) + ...

where R,(ﬁ,)(h) comprises all terms of n'" order in the h,, and their first and second derivatives.
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Similarly, the Einstein tensor is of the form

1
Gu(h) = R (h) — §gﬁwgpaRp0(h) = ny)(h) +G5121/)(h) + ..

where

1 loa
Gl (h) = R{)(h) = Snun” R ()

v 9

1 1 1
G (h) = RE(R) = 5™ R (h) = Shyut” B (h) + S b RY) ().

and so on. Here we have used that ¢’ = nf" — h*7 4 ...
We assume that our metric g, = 7,, + h,, satisfies Einstein’s field equation, with a source
term T}, exactly,

Guw(h) = KT, .

We rewrite this equation by keeping only the first-order terms on the left-hand side and shifting
all higher-order terms to the right-hand side,

GO (h) = k(T + tw) (FEB)
o = = (Guulh) — CRI) = — (20 + ..

According to (FEB), h satisfies the linearised field equation with a source term 7}, + t,,. Of
course, this is still the same Einstein equation which is non-linear. We have just renamed the
non-linear terms into ¢, and re-interpreted them as additional sources.

The t,, are not the components of a tensor; it is easy to check that the G,(}V) and hence the t,,
transform as tensor components under Lorentz transformations (LT), but not under arbitrary
coordinate changes. t,, is called the energy-momentum pseudotensor of the gravitational field.

The following observation is crucial.

Claim: The combined source term 7}, + t,, satisfies the continuity equation
(T + tpw) = 0. (CL)

Proof: See Worksheet 3.

This conservation law is not a covariant equation. It holds only in the special coordinates in
which our background metric has components 7,,,. However, it really gives rise to a conservation
law in integral form if integrated over a spacetime region (“the change of the energy content
inside a spatial volume equals the energy flux over the boundary”). By contrast, the covariant
divergence law V#T),,, which is satisfied by our true matter source, is only a conservation law
in “infinitesimally small regions”; it does not give rise to a conservation law in integral form.

If our matter source loses energy, exactly the same amount of energy must be carried away
in the form of gravitational waves according to the conservation law (CL). This is the way in
which the observations of the Hulse-Taylor pulsar are interpreted (which will be discussed in
detail below): One observes that the system loses energy and one concludes that this energy is
caried away in the form of gravitational waves.
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Linearising the field equation with respect to the h,, and their derivatives is tantamount to
setting ¢,,, equal to zero. In this approximation, T}, alone satisfies the conservation law (CL).
We have to go at least to the second order if we want to have a non-trivial ¢,,. In the second-
order theory, we write the metric as

gul/:nw‘i_h;(}u)"‘h/(fu)"'“-

where h,(fy) is a solution to the linearised field equation. The h,(}y) are small of first order while
the h,(fy) are small of second order. In other words, terms linear in the h,(f,,) are treated at the

same footing as terms quadratic in the h,(},,)

Expanding both sides of (FEB) up to second order results in
1
GO + ) = 5 (T +1) .t = = GO,

In other words, we get the energy-momentum pseudotensor of a gravitational field in its lowest
non-trivial approximation if we insert the corresponding solution to the linearised field equation
hfﬁ) into G,(f,,) We will now carry out this calculation for a plane-harmonic wave of the kind we
have considered in Section 3.2. On the basis of this result, we will then determine the power
that is radiated away from a source that is confined to a finite sphere, as we have considered
in Section 3.3.

As before, we raise and lower indices with n*” and 7),,, respectively. We need to calculate
REW) (h) which is a bit tedious. We begin with the Christoffel symbols

(0”7 = 1 + .. ) (Ophow + Ovhoy — Dshy) -

N | —

1 g
Fp,uu = 5 gp (ngm/ + augo,u - aaQ;w) =
The Ricci tensor is

R, =R, = 0,17, — 0,17, + 17,17, =171,
hence

1 1
R(2)(h) = - 5 ap (hpa(auhw + avhtw - aahw)) + 5 au (hpa@eha/v"' 8Vhap -0 pV))

uv

1 (Ohrp + Ophrg — Ochiz) ™ (Ouhiry + Oyhiry — Orhyw)

1
= 17 Oty + Dby = Oy )™ (Dphers + Dy, = Orh)

The energy current density of the gravitational wave is given by the time-space components of
the energy-momentum pseudotensor

T () = (1) = Re{ Ay ™}

where k, k" =0, v, (2)k” =0, 1,/ (x) =0, y.(x) =0.
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We find

1
—rty; = R (WD) + 04040 = - 58/:(7’”(30%3' +9j Y00, — 05 Y05 )
=0 =0

1 g 1 T g
+5 0 (V7 0iY0p) + 117 0o Moy + 950 — Ox 05 )
=0 =0

1
v n’" (ao %3 + 0yYro — O- 7_0((]) )7]0/\ (ap%j + 057 — aij)

1 1 1 1
= —50,(70%;) + 50(V05%0,) + ; 0o 27 00775 — 007" (D1 + 05729 — O

=0

1 1, . 1 1
=0 - §7p 9p0ovej + 55’07’) OiVop + 57’) 00jVop — 1307PA8j7Ap

N’ypdl{/‘pzo

1 1 1 1
= 577000176y + é—lao’y’“aﬂxp = 57“%@%@ + Zao’ykgaﬂu

— % Re{Akfeikpxp }Re{ — Akgkokjeikpxﬂ} + i Re{AkZikoeiksz }Re{Akﬂkjeik”wp}

=l T ) (8 )
+ ki]g (AM G thoe” — ARE = hot") (Ayy i @™ — Ay i e
= 2 (Ro{ A g} cos(2hya7) — Tm{ A Ay} sin(2h,a?) ) — 20 AR,

where an overbar means complex conjugation. The first two terms, which are proportional to
cos(2k,x?) = cos(2k;z" — 2wt) and sin(2k,x?) = sin(2k;x" — 2wt), respectively, vary periodically
with time around zero. If we consider the time-average, denoted by (-), they drop out,

kok

K <t0j> = jAMA
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3.5 Einstein’s quadrupole formula

With the help of the results of the preceding section we will now derive Einstein’s famous
quadrupole formula which relates the total power radiated away by a source of gravitational
waves to the third time derivative of its quadrupole moment.

We have seen that in lowest non-trivial approximation for a plane-harmonic gravitational wave
in TT gauge,

Yo = Re{AWeik”xU} ,

the time average of the time-space component of the energy-momentum pseudotensor is given
by the formula

kok; | 1o——
K <t0j> = %Akz Akg.

We introduce the covector .
J
n, — ——

J kO

which is parallel to the spatial wave covektor k; and normalised, because

kik? kok? —kok® 0 4 K2
KRk

1.

nJ =
n;n’ =

Then the time average of the energy current density of the gravitational wave
Sj = —Uptpj = —Uotoj = —Ctoj

reads

ckin; ., ——
<Sj> = —C <toj> = ﬁAM Akg .

In the theory of gravitational waves, s; plays the same role as the Poynting vector in the theory
of electromagnetic waves. The last expression can be rewritten as

cn;
(sj) = 4—,5@07“30%0 (EC)
as follows from comparison with
<807M(907kg> = <R6{AM i ko eik”xp }RG{AM i ko eik(,x” }>
K ko
4 2
We now turn back to the situation of an energy-momentum tensor field which has support

inside a sphere of radius R, for all time, see picture on p.17. We know from Section 3.3 that
the solution to the linearised field equation in the Hilbert gauge satisfies in the far zone

T = ey TR (1)

- drrc?  di? c

. ikoxP ALg . —ik xP . ikox® . —ik.2® -
<(Ak€zempx — Akt j e~k )(Akgze”“f’fC — Appie et )> = 0 ARA,, .
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(v%% and v give no contribution to the wave field, recall Worksheet 3.) This v**may be viewed,
in a sufficiently small neighbourhood of any one point in the far zone, as a superposition of
plane-harmonic waves propagating in the direction n’, where n’ is the unit vector in the radial
direction. Here it is important to realise that our expression of v* satisfies the Hilbert gauge
but not in general the TT gauge. Therefore, we cannot apply (EC) directly for calculating the
time-averaged energy current of this gravitational wave, because (EC) holds only for a plane-
harmonic wave in the TT gauge. We have to project onto the transverse-traceless part of ¢
first.

Here “transverse” means “orthogonal to the propagation direction nj” i.e., the transverse part
p p Y Y p
of Yk is
T 1D J
Ve = Pk Pf]%j

where P/ is the orthogonal projection onto the orthocomplement of n’,
PJ = 53 —nn’ .
Note that P’ satisfies the projection property (“idempotency”)
PZ-ijk = ((5f — ninj) (6;“ — njnk) = 0F —nn® — i + it = PF
and the symmetry property
Prs — §T _ pTnd — P

vZ, is a second-rank tensor field on the 2-space orthogonal to n/. We have to subtract the trace
part of this tensor field to get the transverse-traceless part of v,

1 L 1 S o 1 B
Vel = — 5kt Pyl = PPl — §PMPTSP#P5J%]‘ = PPl vij — §PkZP”%‘j -

Here we have used that on the 2-space orthogonal to n’ the tensor Py, plays the role of the
metric (which corresponds to the fact that on thsi 2-space P’ is the identity operator).

For applying (EC) to our gravitational field in the far zone we need to calculate

1 1
aoVTTMaO%ZgT = a0 (Pkmpén’}/mn - §Pk€Pmn7mn) 80 (PkrPKS’Yrs - §Pk€PTS’7rs)

1 1 1
= (PkaZ”Pk"Pgs — §Pka€”PMPm — §Pk€Pm”PkTPgs + ZP’“me"PMP’“S)annaO%S
1 1 1
(Pmrpns §PmnPrs §Prstn 1Pkk_PmnP'r’s) 80’7 na()/%"s

= (P™P" — PP+ 1(5',; — ") P™" P™) 00YmnOoYrs = (P™ P™ — 1j.DWU.D’“S)ao%ma(ms
/NS~ 2
=2
Note that n’ is the unit vector in radial direction, so the P™" depend on 7 but not on t.
Therefore, when we calculate the time average the P™" are not affected. When time-averaging
Jors We have to be careful because these expressions are not usually harmonic in time. E.g.,
in a binary system the two constituents orbit each other with a frequency €2 but this frequency
is constant only approximately over sufficiently short time intervals. On a larger time scale the
frequency increases because the system loses energy in the form of gravitational waves, so the
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two constituents spiral towards each other. When we do the time-averaging we do this over
sufficiently short intervals, keeping the (“adiabatic”) time dependence which results from the
loss of energy. In the following, time-averaging is always meant in this sense. (This problem
does not occur if we consider systems where, with the help of external forces, a strictly periodic
motion is maintained. We consider two problems of the latter kind in Worksheet 4. For binary
systems, which will be treated in the next section, however, the loss of energy is a crucial
feature.)

We find for the time-averaged energy current density

- Cn j mr ns 1 mn s bt
(s5) (£, 7) = 4—;(13 P — §P P") (00YmnOors) (£, T) .
With
1 1
PmTPnS _ 5_P'f’n/I’L-P"'S — (6/"’”" _ nmn'f')(éns _ nnns> _ §<5mn _ nmnn)<5T«S _ nT'nS)
6mn57’5 m N7 S
o — 2 4 4 T
and

Ooee(t, ) = aO{L dQle<t _ f)} K d3QM(t B Z)

drrc?  dt? c - drred  did c
this results in
(55) (t,7) =

mn Srs M N T s S 3 3
KN <5mr5ns o 0 d — 28™ n"ns ST S nonnmn ) d an d Qrs <t 7”)
64m2r2cd 2 e e 2 a3 dt3 ’

Cc

This equation holds at any point 7 in the far zone where n’/ denotes the unit vector in radial
direction at this point. We can integrate this equation over a sphere of radius r(>> R) to get
the radiated power (energy per time) that passes through this sphere

2T
P(t,r) = //<8J> (t, P)r*n’sind d dp =
0 0

2w
gmngrs Rt A\ nAndsin® dd do JaBQumn dPQ r
ST SIS —25™ NS 5™ ns ) J mn TS t——)
//( 2 T T G4n2yZcs <dt3 dt3>< c
00
and, with n;n/ =1,
P(r,t) =
2rm
K mr sns o"mmo" mr, n_s mn, r_ s n"nn'n®y . dSanders T
00

For evaluating the integrals we need the following results.
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2w 2w

4
Claim: [ [nFn’sind dd dp = * and f fn n‘n"nssin Y d dp = 1—2(5“5”+5”553+5k55”).
00

Proof: We calculate for all (51,52,53) € R3,

v T 2m
//&fjninjsinﬁdgpdﬁ :/ / (flsinﬁcosgp—|—&Sinﬁsingp+§3COSQ9)QSin19d<pd19
0o Jo
0 0

T 27 ™ 2T T 27
= &2 / sin®9 dv / cos*p dp + &2 / sin9 dv / sin®p dp + &2 / cos?Y sin ¥ dv) / do .
0 0 0 0 0 0
= = =2

For all other terms the ¢ integration gives zero. Hence

™ ™

//féjninjdsodﬂ = (r& —|—7T§§)/sin319d19 + 27r§§/ cos29 sin ¥ dv)
0 0 0 0
N——— ~ V)
=4/3 =2/3

s AT ..
S (@ +8+8) = 5076
Similarly,

T 2w

s 2
//£¢§j§k§gninjnkn£sin19dgodq9:/ / (flsin19008g0+§251n198ing0+£300519)4Sin19dg0d19
o Jo
0 0

™ 27 T 2w g

2m
= ff/sinf’ﬂ dﬂ/ cos*p dc,p+§§/sin519d19/ sin® dgp+6§f§§/sin519/0082gosin2go dy
0 0 0 0 0 0
—_— —_——— ~ —~ .
=3m/4 =3r/4 =x/4
2 g 2m
+6§f§§/cos219 sin®1) dﬁ/ cos?p dgp+6§§§§/c03219 sin®1) d19/ sin?p dp+&;3 /cos 19s1n19d79/d
0 0 0 0 0
= = =2
3 s ™ K
= Zw(ff + &+ 25%522)/sin519 dd + 6m(&; +§22)£§/608219 sin® dv) + 27r§§/ cos™d sin ¥ dv)
0 0 0
\Hf_/ \ - — J/
—16/15 —4/15 —2/5
Am o 2 2\ 2 4m ij skt
= ?(fl + 52 + 53) = ?5 0 fifjfk@-
Symmetrisation of the coefficients gives the desired result. OJ
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Hence
P(t,r) =

K ( el e e Sl +5m85m> <d3an d3Qrs> ( _5>

167c 5 3 T3 ° 30 A3 de3 c

= (T ) ()

a 40/;05 <5W5n8 a 5m;57"8> <d3§;n . diz%s> <t a g)

K <d3an azQmn B ld?’Qmm d3Q/> ( r) .

T 40ne \ d® dt? 3 d? dP

This can be rewritten more conveniently if we introduce the reduced quadrupole moment Qyy
which is defined as the trace-free part of Q,

1 .
Qe = Qre — §5k€Qj] :

Then the energy flux through the sphere of radius r reads

1d3Qmm a3Q," > < r)

_ K k mn mn ) £
P(t,’l“) - 4O7T65 <dt3 <an 5ank > dt?’ <Q 6 QE ) 3 dtg dt?’ t— E

(2% T POLLGr_ 1 IQLEGE) (1)

T A0ns \ did | de +0+0+9/dt3 A3 3= di3  di3 c

which eventually gives us Einstein’s quadrupole formula

K demn dSan r
Pltr) = 407cd < s dt3 > <t a E) '

This formula allows us to calculate the power that is radiated away by a time-dependent
matter source. In electrodnamics, a similar formula holds where instead of the (reduced)
energy quadrupole moment one has the charge dipole moment and instead of third derivatives
one has second derivatives.

If we want to apply Einstein’s quadrupole formula, we need to know the reduced energy
quadrupole moment of the source,

1. ) )
Qre = Qe — g%z@f . Qure(t) = /3 Too(t, 7)wpwed®r .
R
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This, in turn, requires to know the energy density Tyy. The latter contains the whole energy
content of the source which is difficult to determine. For slowly moving bodies the biggest
contribution to the energy density comes from the mass density u(¢, 7). As long as the source
involves only motions that are slow in comparison to the speed of light, we can write as a valid
approximation

Too(t, 7) = ul(t, 7).

We can then replace the reduced energy quadrupole moment Qg, by the reduced mass quadrupole
moment

1 .
Iwe = Ine — §5kﬂj3 :

Tio(t) :/ p(t, 7w d® .
R3

With the aproximation
Qre = A I

Einstein’s quadrupole formula reads
K 3L,y A3T™ r
P(t,r) = ik (t - —)
(t,7) 407 c < 3 dt3 > c
G /1, d&T™" r
Plt,r) = — ( —2n2 - (t — —) .
(t,7) 5¢ < dt®  dt3 > c

This is the form in which the formula is usually applied. In this version, the quadrupole formula
involves the following approximations.

or, with k = 87G/c?,

e The energy-momentum pseudotensor was calculated only to within second order (which is
the lowest non-trivial order); the solution to the field equation that is needed to calculate
this order is a first-order solution, i.e., a solution to the linearised field equation.

e The formula holds in the far zone, i.e., it gives the energy flux per time through a sphere
of radius r which is big in comparison to the radius R of the sphere to which the matter
source T}, is confined.

e The formula is based on the assumption that all motions inside the source are slow in
comparison to the speed of light.

In addition, the formula involves a time-averaging over an interval that covers the periods of
all Fourier components that contribute to the gravitational wave but is short enough so that
the loss of energy during this time interval can be neglected.

In the next section we will apply Einstein’s quadrupole formula to binary systems. This will
allow us to calculate the energy loss that has been observed with the Hulse-Taylor pulsar. For
this observation, which is generally accepted as an indirect detection of gravitational waves,
Hulse and Taylor won the Nobel prize in 1994.

In Worksheet 4 we will consider the gravitational radiation for two simpler systems, where we
will also give an estimate demonstrating that gravitational waves of detectable strength cannot
be produced in the laboratory.

29



3.6 Gravitational waves from a binary source

We want to calculate, with the help of Einstein’s quadrupole formula, the gravitational radiation
produced by a binary system. A typical example we have in mind is the Hulse-Taylor pulsar
and his companion which will be discussed below. In this case we have two neutron stars
which are very close in comparison to binary systems that consist of ordinary (main sequence)
stars, but still so far apart that the orbits may be calculated in terms of Newtonian gravity.
We will recall the solution to the Newtonian two-body problem and then use this solution for
calculating the mass quadrupole moment of the binary system which is needed for Einstein’s
quadrupole formula.

The Newtonian two-body problem can be given in terms of the Lagrangian
:%|;‘2 M1|;,‘2 GM1M2

T1 +—T1

£ 2 2

|71 — 7%
where M; and M, are the masses and 77 and 75 are the position vectors of the two bodies in
an inertial system. Introducing the position vector of the centre of mass

= My + Moy
0 M, + M,

and the relative position vector

allows to express the position vectors of the two bodies as

7:. :7_1,_’_ M27?12 F:F— M1F12
1 0 M1+M2’ 2 0 M1+M2a
hence
po ML My | Myl Mi G MM,
2 | M+ M| 2 [" M+ M, |712]
My + My - 2 MM . G My M.
" 2!7“0}2—# - QM‘MQ‘Q—F—J 2.

2 2 (Ml + Mz)z ’TIQ

The Euler-Larange equations with respect to the components of 7 give }%0 = 0, i.e., the centre
of mass is in uniform rectilinear motion. It is, thus, possible to transform to another inertial
system in which the centre of mass is at rest, 7o = 0. Then

o My 719 L M, 719
Fl=———r, o= R1
YTOM M, P M, + M, (F1)
and
My M. . G MM
r— 1Vl ‘F12|2+ _)1 2
2(M1+M2) ‘7”12|
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We choose the coordinate axes such that

2
cos ¢ A"
T2 =712 | sing |, (R2)
0 ’,A"/
see the picture. Then s o
L
131
‘ Ccos ¢ ~ [—sing T2
Tig =712 [ sing | +7r12¢ | coso |, -
0 0
and the Lagrangian reads
My M.
r— 14Vlo

. - G My M,
2 2 2

S (M, 1 %) (775 + 115 0%) + :
The Euler-Lagrange equations with respect to 15 and ¢ are

T12
My M,

M,y My
r —_—
(My + Ms) 2 (M + M)

G MM
T2
My M,
(M + Ms)

1, ¢ = L = constant .
into the first one yields

(K2)
Inserting the second equation, which is just Kepler’s second law for the relative position vector,
MMy
12
(My + M)

MM LA(My + My)? G MMy
We rewrite the first term with the chain rule,

(Mo A5 MEMEAS

7“%2 B
M1M2 . d . drlg
(M; + My) ¢d_¢<¢ ) -

dg

1mn

L*(M; + My)

G My M,

=0
Tt
Re-expressing ng in terms of the conserved angular momentum L with the help of (K2) results
MM L (MyA-1T3) d

(L(Ml + Mz) d7’12
M%%%dﬁb My Myri,

> LM+ My)
d¢
LM+ M) &

G MM,
A -0
My Mar, %

1 L2(M; + My)

— ) = GMM,=0
M, M, d¢2 <7”12> My Mayrio N e ’
d? ( 1 >+ 1
d¢2 12 T

G M2 M

12 L2(My+ My)°

31



This is an inhomogeneous linear differential equation. The general solution to the homogeneous
equation is

1
— = Acos ¢ + Bsin¢
712

and a particular solution to the inhomogeneous equation is

1 B G MM,
T12 B L2(M; + Ms) '

We choose the initial conditions such that B = 0. Then the solution is

1 G My M, G My M, A L*(M; + M)
SO L My)  LA(M, + M) ( T VA VAR ¢) ’
hence
a(l—¢e?)
= — K1
"2 1+ecos¢ (K1)
where
L3(My + My)
1 —e?)="—— =~ El
and

ALX(M, + M)
- GMIME

3

(K1) is the equation of an ellipse with semi-major axis a and eccentricity ¢ where A has to be
chosen such that 0 < e < 1. The equation (K1) gives Kepler’s first law for the relative position
vector in the centre-of-mass system.

(K1) and (K2) allow us to express the angular momentum as

. M1M2 92 MlMQ CLQ<1 — 6)2
B (M + My) (14 £cosp)?

¢
Integration over one period results in
T 2w
M, M. d
| ra= ey [
0 (M; + M,) o (1+ecoso)?

M1M2 2 2
= _——"""= 41—
(M1+M2)a( £)

LT — MlMQCLQQﬂ'\/]_ — g2
(M, + M) '
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With (E1) we find

_MM%&44W2M
aM— GM%TQ(MI + M2);Z

hence

T2 B 4 72

@~ G(M + My) (K3)

which is Kepler’s third law. This allows us to eliminate 7" from (E2),

My Mya® 276V/1 — e2\/G(My + My) My MovaGy/'1 — €2

L= =
(M1 + Mg)aS/Q% M1 -+ Mg

As a consequence, (K2) may be rewritten as

L(M + M)  MiMyVaG 1 —e2 (M + My)(1+ecos )’

¢ = MyMor2, VM, + M, MiMsa?(1 — €?)? ’
hence
. (M; + My) G )
= 1+¢ . E3
¢ I (1+ecos¢) (E3)

We will make use of this equation in what follows.

We now calculate the mass quadrupole tensor in the co-rotating system, that is, in the body-
fixed coordinate system. Then we transform into the non-rotating observer system. At last,
the third time-derivative of this mass quadrupole tensor has to be inserted into the radiation
formula. From that we can calculate the change of the orbital parameters of the system due to
the loss of energy.

We denote quantities in the body-fixed coordinate system by a prime. Then (R1) and (R2)
give

1
—/ =/
7l M; 719 S M 712 7! - 0
L= 20 g 2= T s a0 12 = T12
My + M, My + My 0

Calculating the mass quadrupole tensor

Illgz:/ () wyay / <M15(7" _T1)+M25(F/—F§)>x;gx/gd3f”
R3 R3
yields
I = M2 12, Y Mird, _ MMy(MiA) 1,
(My + Ms) (My + Ms) (My + Ma)?

- M1M2a2(1 — 52)2 .
(14 ccos@)2(M, + M)
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All the other components are equal to zero,

I 00
()= {0 00
0 00
Transformation in the observer system gives
cos¢p —sing 0 Iy 00 cosgp sing 0
(IM) = |sing cosgp O 0 00 —sin¢g cos¢ 0
0 0 0 0 00 0 0 0

cos¢p —sing 0 licos¢p Iising 0
= |sing cosgp O 0 0 0
0 0 0 0 0 0

Iicos’¢p  Icosgsing 0 7 [1+cos(26)  sin(2¢) 0
= | [icos¢sing  Iisin®¢p 0| = 51 sin(2¢) 1 —cos(2¢) 0
0 0 0 0 0 0

The traceless part is

1+ cos(2¢)  sin(2¢) 0 1 100 I
(]Ikz)ZEl sin(2¢) 1 —cos(2¢) 0 ~3 010 ?12
0 0 0 0 01
(100 7 cos(2¢) sin(2¢) 0
—210 1 0|+ |sin2p) —cos(2¢) 0
600 -2/ 2\ o 0 0

For the quadrupole formula we need the expression
Tr'I* = (.}'1'11)2 + ('I.['22)2 + (.}'1'33)2 +2 (']'1'12)2

= |'].I'11 + N‘I‘uf + ‘.}‘1'22 + Z"]'I.12|2 + (.}.1'33)2

N2
_(h 4L 2¢¢>'"<Il I —2i¢>m (Il I —2i¢>'”([1 I 2i¢>m (1)
<6 T 6 2°¢ 6 2°¢ 6 29 ) T




We see that we need to know the third time derivatives of I; and of I;e??. With the help of
(E3) we calculate

. M1M26L2(1 — 82)2
(M, + M,) (1 + £ cos ¢)”

M Mya®(1—€%)?2esing¢  2MMyy/Ga(l —2) esing
(M1+M2)(1+acos¢)3 My + M, (1+ecosg)

2M1Ms\/Ga(l — £2) e (cos ¢ + 5)@25 _ 2M MG e (cos¢ +¢)

jlz

M, + M, (1—|r<€c:osgf>)2 B a(l—e?) 7
;o —2M, MyGesin ¢ ¢
b a(l—e?) ’

and

(Il€2i¢). = €2i¢ ([1 — 2Z¢[1)

0 2M1M2\/Ga(1—52)5s1n¢+22M1M2a (122 /G(M, + My) (1 +2c050)°
My + M, (1+5cos¢) M1+M2£Wf/ (1 —e2)3

_ 2M1M2 GCL(]. — 52) €2i¢> 8Sil’l¢ Ty
M1 + M2 1+ €COS¢

o 2M Mo/ Ga(l —e2) ., . 27 e
(I,e%%) = 1Ms+/Ga( 5)62’¢¢ 5(cos¢+5)2 N iesing )
My + My (L+ccosp)” 1+ecoso

2M1M2\/Ga 1 — g2 \/_M(l—i-ecosqﬁ) 5(cosq§+€) N 2iesing _g
ML, /a3 (1 — €2)3 (1+6cosq§)2 l+ecoso

= o1 =2 e (scos¢+€2 —2(1—|—£Cosgz§)2+2iesin¢(1+gc0s¢)>

. oo 2MM
(Le”) ﬁ e ¢ (—6sin¢ +W+ 2iecos (14 ecos o)
—2ie%sin’p 4+ 2iccosp + 2i e —4@'(1 —|—5cosqz$)2 —W)

2M, MG

~ e (—esing—4i(1+ecosg)).
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Upon inserting these results into (*x), we find

o AMPMEGPe%sin%p 2 2MEMZG2¢? 2
k __ 1 2 1 2 2.:..2
i = —oa oy * au_ay (225 + 16(1 + 2 cos )’
2M2MZG?H?
= iy (oot 3eindo 1 45(1 + 2 coso)’)
. 2

BM2M2G? /G(M, + My) ¢ (1 +ecosd) [, ., 2

© 3a2(1 —e2)2 a3(1 —£2)3 (8 '+ 12(1 < cosg) )

Time averaging over a period yields

(Tl =
T

/ (1 + ecos¢)2<52(1 — cosZgb) + 12(1 + £ cos q5)2> o dt

0

 8MZMZ\/G5(M, + My) 1
3 a(l—e)y T

27

/(62 + 12 + (7152 + 54)0052gz5 + 1154cos4¢> do .

_ 8MPM3\/GP(My + My) \/G(M, + M)
3y/a™(1—e?)T 271V ad

In the last step we have used Kepler’s third law, and we have considered only even powers
of cos ¢ under the integral because odd powers of cos ¢ give zero when integrated over a full
period. Upon calculating the integrals we find

AM2M2G3 (M, + M,)

37
L maky
<ijﬂ > 3a5(1 _52)7/2}(

((62 +12)27+ (712 + &) + 11€4Z>

_ 32MEMZGP (M, + M) (1 73¢? N 3754>
B ad(1 — 2)7/2 24 96 /

The power that is radiated through a sphere of (big) radius r at time ¢ is given, to within our
approximations, by Einstein’s quadrupole formula

P(t,r) = E(]Ijk']'l'j’“> (t . f)

5¢P c

_ 32MEMZGH (M, + M) . 73¢?  37et r

~ BcPaS(1 —g2)7/2 ( SYRRT; > < c> '

Note that G*/c® is a very small number in conventional units. As the masses are in the
numerator and the semi-major axis is in the denominator, the latter even with a power of
5, we see that a measurable effect can be expected only for compact binaries that are close
together, i.e., not for main sequence stars or planets, but for neutron stars or black holes. The
eccentricity has an influence on the order of magnitude only if it is extremely close to 1.
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In the last equation for P(t,r) we have to assume that the orbital parameters a and € vary
(slowly) with time and that they have to be taken on the right-hand side at the retarded time:
As nobody feeds energy from the outside into a binary system, the energy conservation law
0"(T,,, + t,,) (recall Worksheet 3) can be satisfied only if the radiated energy is compensated
for by the fact that the binary system loses energy. If we exclude the possibility that (rest)
mass might be converted into some other kind of energy (i.e., that M; or M, might change),
the time-dependence must be in a and/or ¢.
In order to specify this time-dependence we have to calculate how the energy of the binary de-
pends on the orbital parameters. From the Lagrangian given above we can read the expressions
for kinetic and potential energy which gives us the total energy as

B = oo e+ ) - S

2(M;y + My) r12

With (K1) for 715 and (E3) for ¢ this can be rewritten as
MlMQf'%Q GMlMga(l — 52) _ GM1M2
2(M1 + Mg) 27"%2 T12 '

Evaluating this equation at the periastron, 715 = 0 and 712 = a(1 + ¢), yields

E =

F— GMlMga(l —82) _ GM1M2 . GM1M2 (M(l —8) _ 1 ) N —GM1M2
 2a%(14-¢)? a(l+e)  a 2(14¢)* 1+e/ 2a '

So we see that the energy depends on a but not on ¢, hence the assumed (slow) time-variation
of E corresponds to a (slow) time-variation of a according to

dE(t) . GM1M2 da(t)
dt 2a(t)? dt

As a consequence, the equation

gives us the time-dependence of the semi-major axis

da(t) o 2a(t)2 dE(t) . —64M1M2G3(M1 +M2) 735(t)2 375(t)4
dt — GMM, dt — 5ca(t)3(1 —e(t)?)7/2 ( 24 06 ) (D1)

Here we have to face the problem that not only the semi-major axis a but also the eccentricity e
changes (slowly) over time, so we have to combine the last equation with a first-order differential
equation for € to get a well-posed initial-value problem. For deriving this differential equation
for € one has to determine the loss of angular momentum of the system. The calculation is
analogous to the calculation of the loss of energy, but even more tedious, and will not be given
here. One finds that

dL  32MEMZGT?(M; + My)'/? ( - 752>
dt 5c5a7/2(1 — £2)2 8/
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The formula for dE'/dt was derived by P. C. Peters and J. Mathews [Phys. Rev. 131, 435
(1963)] and the one for dL/dt by P. C. Peters [Phys. Rev. 136, 1224 (1964)]. We will use the
formula for dL/dt for deriving the differential equation for the eccentricity in Worksheet 5. We
will see that an orbit that is initially circular (i.e., ¢ = 0 at time ¢ = 0) will remain circular (i.e.,
e = 0 for all times ¢). Anticipating this result, we will consider circular orbits in the rest of this
section. They will give us a good idea about the time scales over which the size of the orbit and

the period change, even for eccentric orbits as long as the eccentricity is not extremely close to
1.

For a circular orbit we have

VG (M + M) _.q

a3/2

r2 =a, ¢ =
Equation (D1), which gives the (slow) variation of the semi-major axis, simplifies to

da(t) 64 G3M1M2<M1 -+ Mg)
3 _ —_.
a(t) o = o = —-A

which can be easily integrated,

1 da(t)*
yRar e —A, at)*=a5—4At
where ag = a(0). This can be rewritten, if we introduce the inspiral time
. ag 5cay
P4 A T 256 G3M Mo(M,y + My)’
as
t
a(t) = ag (1 - —) : (D2)
tep

tsp is the time the system needs to inspiral completely. Of course, for the final stage of the
inspiralling process our simple model of two Newtonian point masses is no longer valid: Neutron
stars would deform each other when their surfaces come very close together, and in the case
of black holes the horizons would merge. Nonetheless, tg, gives a good estimate of the lifetime
of binary systems. For a typical system of two neutron stars, M; and M, are in the order of
a Solar mass and ag is in the order of a few Solar radii. In such cases the inspiral time equals
several hundred million years, see the next section and Worksheet 5.

If we combine (D2) for the decay of the radius with Kepler’s third law (K3) we get an equation
for the (slow) time variation of the period T

oy 2ra®t 2w <1 ’f )3/8
VG (M + M) /G (M + M) tsp
which implies
dr(t) 3mal? (1 ot )5/8
dt 4/G (M + M)t tsp '
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The quantity dT(t)/dt is plotted against ¢ in the diagram below. A similar time-dependence of
the period holds for eccentric orbits. It was this time-dependence that was observed with the
Hulse-Taylor pulsar, see the next section.

A dT(t)/dt

The period T immediately gives the frequency

2m G(Ml +M2) t —3/8
T &P |

The time derivative of the frequency,

) _ 8GO () )™

3/2
dt 8a0/tp

Sp

is often called the chirp. Obviously, this refers to the analogy to sound waves where a positive
time derivative of the frequency corresponds to an increasing pitch.

For circular orbits, the quadrupole moment can be written as
1+ cos(2Qt)  sin(2Q) 0

(Jkg(zs))ZE1 sin(20t)  1—cos(2Qt) 0], L
0 0 0

In this case it is easy to calculate the second time derivative,

B M1M2&2
M+ My

. —sin(2Qt) cos(2Q) 0
(Tee(t)) = LY | cos(2Qt)  sin(2Q¢) 0| ,
0 0 0

) —cos(2Qt) —sin(2Qt) 0
(Tre(t)) =2LQ% | —sin(2)  cos(2Qt) 0
0 0 0
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Thereupon, we find the gravitational field in the far zone

2G

(7k5<t,77)) ([kg(t — T/C))

4G M Mya? 47 )
= —sin(2Q(t —r/c)) cos(2Q(
Ay (Ml + Mg) T2 ( 0 ) ( 0

With Kepler’s third law (K3) this can be rewritten as

—cos(2Q(t —r/c)) —sin(2Q({—r/c)) O
t—rjc)) 8

9 —cos(2Q(t —r/c)) —sin(2Q(t—r/c)) O
(fykg(t,'r?)):w —sin(QQét—r/c)) cos(2 0 ((z)f r/c)) 8

For an observer on the 3-axis,

=
I
-
3!
3!
I
— O O

we verify that obviously vi = 72! in the notation used on p.25. For such an observer we can
thus immediately apply our results for waves in the TT gauge. We see that the wave is the
superposition of a plus mode

1 0 0
4 G? M, M.
— % cos(2Qt —2Qr/c) [0 —1 0
cra 0 0 0
and a cross mode
010
4 G? M, M.
————2cos(20t —2Qr/c—7/2) [1 0 0
cira
000
Frequency and wave vector are given, for both modes, by
w=2Q, k=—mn,
c
and the amplitudes are
4 G? M, M. ,
A, = _¥7 Ay = A,e /2
cra

If we take the (slow) time variation of a and €2 into account, we see that both modes give a
signal at the position of the observer that varies with time according to

M) — _ LGP,
B cAraf(t)

where 1 is time-independent. With a(¢) and Q(t) from (D2) and (D3), respectively, this can
be rewritten as

cos(2Q(t)t + )
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h(t) = ho(1 — t/t5) " cos(B (1 — t/t) /3t + )

where hy and [ are time-independent. This is a typical chirp signal, see plot below: Both the
amplitude and the frequency grow with time, i.e., in the acoustical analogy the sound becomes
louder and higher pitched. In our over-idealised setting, both the amplitude and the frequency
even go to infinity if ¢ approaches tgp,.

h(t)

A

For realistically calculating the final stage of the merger of two neutron stars, or of two black
holes, it is of course necessary to go beyond our over-idealised model of two Newtonian point
particles. Then, instead of growing to infinity, the gravitational wave signal shows a ring-
down until the system settles in an (approximately) stationary state. The usual method of
calculating such mergers is to use the Newtonian equations we have derived here as a zeroth-
order approximation and then to add post-Newtonian (PN) correction terms up to a certain
order. Here one speaks of the “k'" order PN approximation” if one takes all terms up to
order ¢=?* into account. As odd powers of ¢ do occur, k is in general a half-integer. PN
calculations have been worked out for spinning binaries up to order 3.5 which is extremely
challenging. These analytical approximation methods are complemented by numerical studies.
The templates that have been calculated for gravitational waves produced by coalescing black
holes or neutron stars with prescribed properties are the results of such combined efforts.
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3.7 Indirect evidence for gravitational waves from binary pulsars

Before coming to binary pulsars, we will briefly recall what pulsars are and how they were
discovered.

Pulsars were discovered in 1967 by Jocelyn Bell, later Jocelyn Bell-Burnell, then a PhD student
in the group of Antony Hewish at Cambridge University. The picture below shows Hewish in
front of the do-it-yourself radio telescope with which the discovery was made.

Jocelyn Bell (1941 - ) Antony Hewish (1924 - )

from cwp.library.ucla.edu/ from www.mrao.cam.ac.uk/

After having constructed the radio telescope, together with other students, with her own hands,
Jocelyn Bell concentrated in her PhD work on the search for quasars with the scintillation
method. The observation was often affected by interferences caused by terrestrial sources such
as cars. On 6 August 1967 Jocelyn Bell observed some “scruff”, as she later put it, that
appeared to be different from these usual interferences, see picture below. She discussed the
observation with her supervisor. After having verified that the source remained fixed with
respect to the stars it seemed certain that it was an astronomical object. Hewish and Bell
decided to look at it more closely.

Discovery of the mysterious signal on 6 August 1967
from pulsar.ca.astro.it/
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On 28 November 1967 Jocelyn Bell observed the mysterious object at a different frequency
with a higher time resolution, see the picture below. It showed highly regular pulses with a
period of 1.337 seconds. Whereas the shape of the pulses changed considerably, the period
remained stable with an incredible accuracy. It was seriously discussed in the group whether
the signal could come from an alien civilisation, and it was only half-jocular that the object
was initially called LGM-1, with LGM standing for Little Green Men. Later, the object was
given the systematic name PSR B1919+21. Here PSR stands for Pulsating Source of Radio
emission, which was soon abbreviated as pulsar and the numbers give the celestial coordinates
of the source, a point in the constellation Vulpecula: 19"19™ is the right ascension and +21° is
the declination; the letter B is added for coordinates refering to the epoch 1950 while a letter
J is added for the epoch 2000.

Within a few weeks the Cambridge group found three more similar objects. In early 1968,
they published their observations, see A. Hewish, J. Bell, J. Pilkington, P. Scott and R. Collins
[“Observation of a rapidly pulsating radio source” Nature 217, 709 (1968)].
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Signals from the pulsar PSR B1919+21 on 28 November 1968

from www.bbc.co.uk/

Passionate discussions started about the nature of the radiation. A majority, including Hewish,
first thought that it might come from radial oscillations of a white dwarf. However, it turned
out that not even a white dwarf, let alone a main sequence star, could perform oscillations with
such a high frequency. After about a year, it was the prevailing opinion that the radiation comes
from a rotating neutron star. Thomas Gold was the first to suggest such a model in 1968 [T.
Gold: “Rotating neutron stars as the origin of the pulsating radio sources” Nature 218, 731-732
(1968)], which was initially ridiculed by many astrophysicists. The idea was that the neutron
star has a magnetic field that is not aligned with the rotation axis. Radiation is emitted in a
cone around the magnetic field axis, and this cone rotates like the beacon of a lighthouse. The
observer registers a pulse whenever the cone hits the Earth. Neutron stars had been introduced,
as a theoretical possibility, in 1934 by Walter Baade and Fritz Zwicky, but up to the discovery
of pulsars there was no indication that they actually exist in Nature. An animation of the
lighthouse model can be found in Section 2.1 of D. Lorimer [“Binary and Millisecond Pulsars”,
Living Rev. Relativity 11, (2008), http://www.livingreviews.org/lrr-2008-8].
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Within a few years after the discovery of
PSR B1919+21, several dozens of pulsars
were found. 14 of them are shown in the
plaques that are on board the spacecraft
Pioneer 10 and 11. They were launched in
1972 and 1973 and are the first spacecraft
to leave the Solar system. The positions
of the pulsars are shown, relative to the
Earth, in the diagram in the left part of
the plaque, see picture. This should tell
an extraterrestrial civilisation where the = Sl i
spacecraft came from, in case that Pioneer Plaque on board Pioneer 10 and 11
10 or 11 is intercepted by them. from en.wikipedia.org

The best known example of a pulsar is the neutron star at the centre of the Crab Nebula. It is
the remnant of a supernova that was observed from the Earth in 1054. It is also visible in the
optical and X-ray parts of the spectrum. There are also some pulsars that emit gamma rays,
e.g. the Vela pulsar.

In 1974 Hewish received the Nobel Prize for the discovery of pulsars. Some people thought
that it would have been fair if Jocelyn Bell had shared the prize. By now more than 2000
radio pulsars are known. Most of them are within our galaxy, but there are also a few in the
Magellanic Clouds. The periods vary from a few milliseconds to about 10 seconds.

After these remarks on pulsars in general, we turn now to binary pulsars. This term refers to
binary systems in which at least one partner is a pulsar. About 10 % of all known pulsars have
a companion. The first binary pulsar, PSR B1913+16, was discovered in 1974. It was again
the work of a PhD student and a supervisor, this time Russell Hulse and Joseph Taylor from
Cornell University. In contrast to the earlier story, both were awarded the Nobel Prize in 1993.

Russel Hulse (1950 - ) and Joseph Taylor (1941 - )
from th.physik.uni-frankfurt.de/
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The discovery was made with the 305-meter Arecibo radio telescope, see picture, which is placed
in a natural karst sinkhole and is not movable. PSR B1913+16 is a pulsar with a period of 59
milliseconds. Evidence for the existence of a companion, which is dark and mute, came from
the fact that the arrival time of the pulses varied periodically. If this is interpreted as a Doppler
effect, it means that the pulsar is moving towards us, then away from us, then again towards
us, and so on.
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The Arecibo telescope in Puerto Rico
from en.wikipedia.org from Hulse and Taylor, loc. cit.

The plot of the radial velocity above is taken from the original paper by R.Hulse and J. Taylor
[“Discovery of a pulsar in a binary system” Astrophys. J. 195, L51 (1975)]. After correcting
for the motion of the Earth, for dispersion in the intergalactic medium and for other effects,
Hulse and Taylor fitted the observed time dependence of the radial velocity to a Kepler orbit.
There is a certain degeneracy, i.e., not all orbital elements can be uniquely determined, but the
following parameters of the system were found. The numbers are taken, again, from the paper
by Hulse and Taylor but adapted to our notation.

T 7.75 hours
€ 0.61
M.
JTijini 10 R@
1 2
(MQ sin ¢ )3
—_— 0.13 M,
(M + My)? ©

Here an index 1 stands for the pulsar and an index 2 stands for the invisible companion. i
is the inclination angle. From the Newtonian analysis one cannot determine the individual
masses M7 and Ms. However, this is possible with the help of relativistic corrections, using the
post-Newtonian (PN) approximation which was mentioned alreday at the end of the preceding
section. Roughly speaking, this is an expansion in powers of v/c. If relativistic effects are
taken into account, in particular the transverse Doppler effect and the gravitational Doppler
effect, the individual masses and all orbital parameters can be determined. The method, which
was worked out by V. Brumberg, Y. Zeldovich, I. Novikov and N. Shakura [“Determination of
the component masses and inclination of a binary system containing a pulsar from relativistic
effects”, Sov. Astr. Lett. 1, 2 (1975)], is sketched in Straumann’s book.
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One finds

M, 1.44 M,

M, 1.39 M,
a 2.80 Ry,
i 45°

periastron shift 4.2°/yr = 1.77/T

For the sake of comparison, we recall that the perihelion shift of Mercury is 43”/cty = 0.17/T.
With reference to the orbital period 7' (7.75 hours in the case of the binary pulsar and 88 days
in the case of Mercury), the difference is not very big.

From the orbital elements one finds that at periastron the separation of the two stars is only 1.1
Solar radii, while at apastron it is 4.5 Solar radii. The companion is thought to be a neutron
star as well. We do not know the radii of the two stars precisely, but typically neutron stars
have radii between 10 and 20 km. The picture below compares the orbits of PSR B19134-16
and two other binary pulsars to the size of the Sun.

PSR BI913+16 Sun

PSR J0348+0432

O .

from http://www.usra.edu

From the orbital elements and the two masses we can calculate the inspiralling time ¢y,. (Recall
that we have worked out a formula for ¢y, only for the case of a circular orbit; however, the
binary pulsar’s eccentricity is not so close to 1 that it would have a significant impact.) We
find that ¢, is about 300 million years.

Already in the original Hulse-Taylor paper it is remarked that the system should be a highly
promising candidate for testing general relativity. In the above-mentioned paper by Brumberg
et al. it was noted that it could provide indirect evidence for the existence of gravitational
waves: With the masses and the orbital elements known, one could check if the period T
depends on time according to the formula derived from general relativity.
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from Taylor and Weisberg, loc. cit. from www.ast.cam.ac.uk

Such a dependence of T on time was reported by J. Taylor, L. Fowler and P. McCulloch
[“Measurements of general relativistic effects in the binary pulsar PSR 1913+16” Nature 277,
437 (1979)] and confirmed, on the basis of more data, by J. Taylor and J. Weisberg [“A new test
of general relativity - Gravitational radiation and the binary pulsar PSR 1913+16” Astrophys.
J. 253, 908 (1982)]. The plot on the left is taken from the latter paper. It clearly shows the
decrease of the orbital period. The solid line gives the prediction according to general relativity,
on the basis of the determined orbital parameters. In the course of time, the agreement between
observation and theory became very impressive, see plot on the right. It is to be emphasised
that this is not a fit: The curve is calculated with Einstein’s quadrupole formula from the
orbital elements and the masses as they have been found from the observed Doppler redshifts.
There is no free parameter to which the data points could be fitted. This agreement between
theoretical prediction and observation is one of the best confirmation of general relativity. It
was generally accepted as (indirect) proof of the existence of gravitational waves beyond any
reasonable doubt.

After the discovery of the Hulse-Taylor pulsar, several other binary pulsars were detected. They
are used on a regular basis for testing general relativity and alternative theories of gravity. Up
to now, general relativity has passed all tests with flying colours, whereas severe restrictions
have been found for many alternative theories.

In addition to the Hulse-Taylor pulsar, there are some other binary pulsars that deserve special
attention.

e In 2003, Marta Burgay et al. found a double pulsar, PSR J0737-3039A and PSR J0737-
3039B, i.e., a binary system in which both stars are pulsars. This allows for even more
precise tests of general relativity. Pulsar A has a period of 23 Milliseconds, pulsar B of
2.8 seconds. The masses are My = 1.34M. and Mp = 1.25M. The period is only 2.4
hours. Correspondingly, the separation of the two stars is even smaller than for PSR
B1913+416 and its companion; the whole system would fit within the Sun. As the orbital
plane is seen almost edge-on, there are eclipses. The apparent irregularity of the eclipses
caused a puzzle for a while.

47



from Breton et al., loc. cit.

A model that could solve this puzzle was brought forward by R. Breton, V. Kaspi, M.
McLaughlin, M. Lyutikov, M. Kramer, I. Stairs, S. Ransom, R. Ferdman, F. Camilo and
A. Possenti [“The double pulsar eclipses. I. Phenomenology and multi-frequency analysis”
Astrophys. J. 747, 89, (2012)]. According to this model, pulsar B is surrounded by a
doughnut-shaped magnetosphere which, in the course of its rotation, sometimes eclipses
pulsar A. The picture above is taken from the paper by Breton et al. Since March 2008
the radio pulses from pulsar B are invisible because, as a consequence of the precession
of the spin axis, the beam misses the Earth.

In 2013, a magnetar (i.e., a neutron star with a very strong magnetic field) was found at an
angular distance of only 3 arcseconds from the centre of our galaxy, PSR J1745-2900. Of
course, in terms of the Schwarzschild radius of the supermassive black hole at the centre
of our galaxy, this is still a fairly large distance; the Schwarzschild radius corresponds to
about 10 microarcseconds. Therefore, there is not a strong gravitational coupling of this
magnetar to the centre. Finding a pulsar that is in a close orbit around a black hole is
considered as the Holy Grail of pulsar research.

In 2014, a ternary pulsar was discovered, PSR J0337+1715. Both companions are white
dwarfs. Already in the late 1990s a pulsar in a triple system had been found, but the
separations were quite large with orbital periods of several decades. The newly found
system is much closer so that it is a much more promising candidate for additional tests
of general relativity.
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4 Gravitational wave detectors

In the preceding chapter we have discussed the generation of gravitational waves. As the most
important results, we have found that, to within certain approximations, the gravitational
field in the far zone is determined by the second time-derivative of the (mass) quadrupole
tensor of the source and that the radiated power is determined by the third time-derivative of
this quadrupole tensor. In this chapter we will now introduce various types of gravitational
wave detectors that have been conceived and we will discuss for what kind of sources they are
sensitive.

4.1 Resonant bar detectors

Resonant bar detectors are vibrating systems in which a gravitational wave would excite a
resonant oscillation. The idea was brought forward in 1960 by Joseph Weber [“Detection and
generation of gravitational waves”, Phys. Rev. 117, 306 (1960)]. A few years later, the first
resonant bar detectors constructed by Weber went into operation. Some more sophisticated
resonant bar detectors are still in use.

To explain the basic idea, we begin by considering the simplest vibrating system that can be
used as a gravitational wave detector, namely two masses connected by a spring. This simple
example is also treated in the first part of Weber’s 1960 paper and it is dicussed in fairly great
detail in the book by Misner, Thorne and Wheeler.

We have to recall some of our earlier results. In Worksheet 2 we derived a differential equation
for the motion of freely falling particles under the influence of a gravitational wave,

d*y'(t) N
gz Rloko (ct,O)yk(t) ; (J)

where the curvature tensor can be expressed as
¢ 3 Lo ¢ o
R 0kO0 (Ct, 0) = 580’}/ k(Ct, 0) .

Here ~%;, is a plane-harmonic gravitational wave in the TT gauge, with the four-velocity u* of
the chosen observer tangent to the 2%-lines. The coordinates y* are chosen such that the freely
falling particle at y*(¢) has distance \/y*(t)yx(t) from the freely falling particle at the origin.
The differential equation is linearised with respect to y*(¢), i.e., it is valid only as long as this
quantity is sufficiently small.

(J) is a version of the Jacobi equation (or equation of geodesic deviation). If looked at with
Newtonian eyes, the right-hand side of (J) is to be interpreted as the gravitational force. The
solutions to (J) give, for 7% either a plus mode or a cross mode, the familiar patterns from
p- 15.
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We will now consider a particle with mass m that is acted on by an additional (i.e., non-
gravitational) force f¢(t). Then we have to replace (J) with the equation of motion

d*y*(t)

= ?Rloro(ct,0)y*(t) + % fht) .

dt?

For a system of two masses with m; = my = m connected by a spring, the position y*(t) of
mass m; satisfies this equation with

l
SO =s e, 10 = ke -5

see the figure above. Here s gives the position of m; in the equilibrium state, —k £(t) is the
restoring force with a spring constant k, and —yd¢*(¢)/dt is the damping force with a damping
constant . The equation of motion reads

d*¢(t)
dt?

Eff(w l d£€ (t) .

m T om dt

= C2R£0k0 (Ct, 6) (Sk -+ £k<t>) —

If the elongation of the spring from the equilibrium state is small, we can neglect £%(¢) in
comparison to s*, i.e.

d2El(t det(t)  k =
flﬂ( ) % Edi Ly Eff(t) = *Rlopo(ct,0)s" .

As given above, we can express the curvature tensor by the second derivative of the v%;. With
o (ct,F) = Re{Agkei(E'F’“’t)} ,
- 1 i(kif—w
837% (ct,r) = gRe{ — WAl et t)} ,
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2
C2R€0k0(0t,6) = %8374k(ct,5) = — %Re{Aéke—iwt} '

If we assume that the masses at the ends of the spring can be displaced only in the longitudinal
direction of the spring, we have

s
€0 =)™,
where, according to the figure on p. 50,
cos @ sin v cos @ sin v
(s") = s | sinpsind | | (&(t)) = &(t) | sinpsind
cos cos ¥

Then the equation of motion reads

st rd?E(t) | vy dE(t)
?( az o m o dt

k w2 —iw
+ Eg(t)) = — ?Re{Aszke t} >

or, after multiplication with s,/s,

) d? d k 2 .
(R 2D k) - - el ey

We evaluate the right-hand side for a pure plus mode. The gravitational wave is assumed to
propagate in the 2% direction, as indicated in the figure on p. 50 by the wave vector k. We find

Ay 0 0
(Azk;) - 0 —A+ O P
0 0 0
cos p sin v Ay 0 0 cos psin v
seAf st = s [ singsing |- | 0 —A, 0] s | singpsind
cos v 0 0 0 cos v
cos @ sin A, cos psind
=" [ singsind | - [ —Assingsind | = s*A; (cos’p — sin®p) sin®d = s> A cos(2p) sin’J .
cos ¥ 0

This gives us the equation of motion in its final form,

#et) |~ det)
dt? m dt

st

+ Ef(t) = A, cos(2p) sin® cos(wt) |
m

which is the equation of a one-dimensional damped harmonic oscillator with a driving force. In
the last step we have assumed that A, is real. This is no loss of generality because a non-zero
phase of A, can be compensated for by a shift of the zero on the time axis.

Solving this equation is an elementary text-book matter. The general solution to the inhomo-
geneous ODE is the general solution of the homogeneous ODE plus a particular solution to the
inhomogeneous ODE.
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To solve the homogeneous ODE,

d*E(t) | v d€(t) |k

— —&(t) =0
dt? +m dt +m€<) ’
we insert the ansatz
E)y==C et
This gives us
k
P (LI )
m m
hence
2
Y gl k
=4/ — - —.
/2 2m 4m2  m
As long as the damping is undercritical,
k 72 2
< ™ T
we have N
K12 = —% tiwp,

and the general solution to the homogeneous equation is
éhom — Clemt + C2€n2t — ef'yt/(2m) (Cleiwot + OZefiwot) )

C7 and (5 are determined by initial conditions. Whatever the initial conditions are, the solution
dies down in the course of time.
We have now to find one particular solution to the inhomogeneous equation

() 5 dE()

dt? m dt

With the ansatz

k sw? , i
+ Ef(t) = — 7008(290) sin®d Re{ Ay e ™'}

£(t) =Re{ae™"}

we get
, ; L 2 '
Re{a e*lwt( —w? - wy + _>} = —KCOS(QQO) sin2y9 Re{A+ e—zwt} ’

m m 2

. k ; 2A

Re{e_’“’t <a<w2 ——+ “LW) -  cos(2¢p) Sin229> } =0,
m m 2
sw? A cos(2¢) sin*d
a = .
2 k Ly
m m

Therefore, if we wait until the solution to the homogeneous equation has died down, the oscil-
lation of our spring system driven by the gravitational wave is given by

) A e—iwt
_ —wt __ 2 s 2 +
£(t) = Re{ae ™'} = sw’cos(2p) sin 19Re{ ’ iw’y} :
w2 - — + —
mo o m
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The amplitude

s | A | |cos(2¢)] sin® w? _s | Ay | [cos(2¢)] sin® w?

H_ k W 2.2
ST IR UCE

m m?
takes, as a function of w, its maximum at the resonance frequency

k (k 2 >—1/2
Wres = — |\ — — .

m \m  4m?2

In the case of vanishing damping, v = 0, the amplitude is even infinite at wyes = \/k/m, see
the diagram.

l NG

wres w wres w

The optimal orientation of the spring is transverse to the direction of the incoming gravitational
wave, sin®y = 1. In the case of longitudinal orientation, sin?J = 0, the amplitude is zero. With
respect to the ¢ dependence, which gives the orientation in the plane perpendicular to the
propagation direction of the wave, there is not only a 27 periodicity but even a 7 periodicity.
This reflects the fact that the (linearised) gravitational field has spin 2, cf. Problem 1 of
Worksheet 3.

If the damping could be made arbitrarily small, a gravitational wave would produce a signal of
arbitrarily large amplitude, at least near the resonance frequency. In practice the damping is
of course limited. One often expresses the damping in terms of the () factor

which, for undercritical damping, ranges from 1/2 to infinity. For oscillating mechanical systems
the @ factor is limited by about 10°.

We have used the spring system to explain the basic idea of how to use vibrating systems
for detecting gravitational waves. The resonant bar detectors which were built by Weber and
others are based on the same idea. However, instead of masses connected by a spring one uses
elastic solids, traditionally with a cylindrical shape.
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In this case, y‘(t) denotes the position vector of an arbitray mass element of the solid with
respect to a body-fixed reference point. Again, we write y(t) = s* + £4(t) where s* gives the
position in equilibrium. One introduces a second rank tensor ¢ (¢) by the equation &(t) =
e’s(t)s® . The antisymmetric part of g4 (t) describes a rotation of the mass element, while the
symmetric part describes expansion and shear. The symmetric part of £4(¢) is known as the
strain tensor. By assuming again a linear restoring force (i.e., Hooke’s law now in the version
of continuum mechanics) and a linear damping, one gets a differential equation for the strain
tensor which is very similar to the damped oscillator equation for the spring system. As a
consequence, a cylinder that is positioned transverse to a plane-harmonic gravitational wave

undergoes periodic deformations as shown in the picture below.

W y
)
7

Oscillating Weber cylinder

Weber’s first gravitational wave detector was an aluminium cylinder with a weight of 1.5 tons
(150 centimeters long, 60 centimeters in diameter). The fundamental resonance frequency
was at about 1660 Hertz. Quartz crystals glued to the surface were used for measuring the
deformations; as quartz crystals are piezoelectric, they transform a strain into a voltage which
can be measured. Below the picture on the left shows the principal method, the picture on the
right shows Joseph Weber with one of his resonant bar detectors.
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from J. Levine, Phys. Perspect. 6, 42 (2004) from physics.aps.org
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Weber operated his resonant bar detectors in pairs, searching for coincidences. In the beginning
he had two detectors on the campus of Maryland University, then he moved one of them to
Chicago. He claimed that he had found significant statistical evidence for coincident events
which he thought to be gravitational wave signals. Nowadays there is agreement that his
detectors were too crude to measure gravitational waves. Weber also had the idea of using
the Moon as a resonator. To that end he sent a gravimeter (essentially nothing but a highly
sensitive spring balance) to the Moon with the Apollo 17 mission. The Moon is seismically very
quiet, and its resonance frequency is at about 1072 Hz, i.e., much lower than that of the Weber
cylinders. This would make gravitational waves of low frequencies observable. Apollo 17 indeed
placed Weber’s gravimeter on the Moon but unfortunately the instrument malfunctioned.

Joseph Weber died in the year 2000. By that time, attempts to detect gravitational waves had
shifted to interferometric methods, see next section. However, there are still a few resonant bar
detectors in operation. While in the beginning Weber did his observations at room temperature,
all modern resonant bar detectors are operated at a temperature of a few millikelvins to reduce
thermal noise. The picture below on the left shows the AURIGA instrument near Padova
in Italy which was operational until 2009. It was a resonant bar detector of the traditional
cylindrical shape, situated inside a tank to keep it at cryogenic temperatures. The picture below
on the right shows the MiniGRAIL instrument at the Kamerlingh Onnes Institute in Leiden in
the Netherlands. It has a spherical shape, so it can detect gravitational waves from all spatial
directions. There is a similar instrument, named after the late physicist Mario Schenberg, in
Brazil. These are the only two resonant detectors that are in operation at present.

from www.auriga.Inl.infn.it from www.minigrail.nl

Resonant bar detectors can detect waves only in a narrow frequency band around the resonance
frequency which is above or slightly below 1 kHz. Inspiralling binaries have a considerably lower
frequency. Spinning bumpy neutron stars could produce gravitational waves with a frequency
close to 1 kHz, see Worksheet 6, but their amplitude would probably be too low for being
detected with resonant bar detectors. Therefore, the search with such instruments concentrates
on burst sources such as core-collapse supernovae.
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For measuring a gravitational wave signal with the help of a resonant bar detector it is not
sufficient that the amplitude of the signal is big enough to be observable; it is also necessary
that it is bigger than the noise level. For resonant bar detectors, there is in particular seismic
noise and thermal noise. For characterising the noise level, which is frequency dependent, one
proceeds in the following way. Let us assume that we have a detector just under the influence of
noise, i.e., with no real gravitational wave signal coming in. Then we could measure the strain
n(t1) at time ¢; and the strain n(ty) at time 5. If the detector and the noise sources have no
explicit time dependence, only the time difference 7 = ‘tg — t1| will matter. So if we do these

measurements very often, always with the same time difference 7, we can form an ensemble
average

(n(t)n(tz)) = w(7).

For determining the frequency dependence one performs a one-sided Fourier expansion, i.e.,
one defines

1

5 / k(T)e®Tdr ifw >0
Sn(w) = ’

0 ifw<0.

The quantity /Sp(w) is known as the power spectral density of the strain or as the strain
sensitivity. This quantity, which has the dimension 1/v/Hz, is usually plotted against w. A

signal must lie above the graph of this function for being observable; if it lies below this graph
it is drowned in the noise.

The picture below shows the sensitivity of the MiniGRAIL instrument. One sees that ths
instrument can detect a signal only near 3 kHz.
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from A. de Waard et al, Class. Quant. Grav. 22, S215 (2005)
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4.2 Interferometric gravitational wave detectors

With the help of a Michelson interferometer, tiny distance changes can be measured. The idea
to use this well-known fact for the detection of gravitational waves came up in the early 1960s.
The first published paper on the subject was by M. Gertsenshtein and V. Pustovoit [“On the
detection of low-frequency gravitational waves”, Sov. Phys. JETP 16, 433 (1962)]. The idea
was strongly supported by V. Braginsky who became the leading figure in gravitational wave
research in the Soviet Union and later in Russia, but no powerful gravitational wave detector
was ever built there. Concrete plans for constructing an interferometric gravitational wave
detector were brought forward in the US and in Western Europe in the 1970s. J. Forward
actually built a small model detector in the mid-1970s. The construction of big instruments
(GEO600, LIGO, VIRGO etc., see below) started in the 1990s. Many people were instrumental.
The GEO600 project was initiated by H. Billing and later advanced by K. Danzmann. The
first LIGO directors were R. Weiss, R. Drever and K. Thorne. All of them lived long enough to
witness the detection of gravitational waves in 2015, but H. Billing and R. Drever passed away
in 2017.

For understanding the basic idea of how an interferometric gravitational wave detector works,
we have to recall what a Michelson interferometer is.

M,
—

da

dy

D

A laser beam is sent through the beam splitter B. One beam is reflected at mirror M;, the other
one at mirror M. When arriving at the detector D the two beams have a phase difference that
can be observed in terms of an interference pattern. If the instrument is operated in vacuo, the

phase difference is
27
Ap = T2(d1 —dy)
where A is the wave length of the laser. The gravitational wave detectors LIGO, VIRGO and
GEOG600 are operated with an Nd:YAG Laser at A = 1064 nm which is in the infrared, just

outside of the visible part of the spectrum.
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To use such a device as a gravitational wave detector, we think of the beam splitter B, the
mirror M; and the mirror M, as being suspended with the help of files in such a way that they
can move freely in the plane of the interferometer. For their motion in this plane, we can thus
use the equation of motion for freely falling particles. Under the influence of a gravitational
wave whose propagation direction is orthogonal to the plane of the interferometer, they will
move according to the patterns from p.15. Here we should identify the beam splitter with
the particle at the centre of the coordinate system, and the mirrors M; and M, with particles
on the x! axis and on the 2? axis, respectively. For determining the time-dependence of the
distances d; and ds, and thus of the phase difference, we use our results from p. 14 where we
assume, for simplicity, a pure plus mode,

Srey® () (t) = Opea®a’ + |AL| (") = (2*)?) cos(wt — @) .

If we assume that in the unperturbed state both arms have the same length dy, for the mirror
M, we have z! = dy, 22 = 22 = 0, hence

d(t)* = d; (1 + | Ay | cos(wt — gp)) ,
and for the mirror M, we have 22 = dy, 2! = 2* = 0, hence
dy(t)? = dg(l — |Ay | cos(wt — gp)) :

As a consequence, the phase difference reads

Ag(t) = 4; (d1(> d2@)> :—do <\/1+’A+|cos(wt— )—\/1—’A+|Cos(wt—g0)>

which, according to our general agreement to linearise all expressions with respect to the grav-
itational wave, simplifies to

Ap(t) = 47%(10 (1 + %|A+‘ cos(wt — ) — 1+ %|A+‘cos(wt— ) +)

4
= Tﬁdo ‘A+| cos(wt — go) :

Clearly, the phase difference is proportional to the amplitude |A, | of the incoming gravitational
wave. It is also proportional to the armlength dy of the interferometer. This is the reason why
gravitational wave detectors need a long armlength, several hundred meters at least. As always
with Michelson interferometers, the phase difference is proportional to the inverse of the wave
length A\ of the laser. A\ is not to be confused with the wave length of the gravitational wave.
The frequency w of the gravitational wave enters into the formula for the phase shift only
insofar as it gives the periodicity with which the interference pattern changes. In contrast to
the resonant bar detectors, interferometric detectors are not restricted to a narrow frequency
band. The observable frequency w is mainly limited by seismic noise which, for ground-based
interferometric detectors, will render gravitational wave signals of less than 1 Hz practically
unobservable.

In addition to the noise produced by seismic vibrations and by a (time-dependent) gradient
of the gravitational acceleration, resulting from the fact that the Earth is not a perfect ho-
mogeneous sphere, there are several other sources of noise. Thermal noise has the effect that
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interferometric gravitational wave detectors have to be cooled down if they are to operate be-
low =~ 30 Hz. The first-generation detectors (TAMA300, GEO600, LIGO, VIRGO, see below)
operate at room temperature, but the next generation of detectors will use cryogenic techniques
to reach lower frequencies. At the upper end of the frequency band, quantum noise plays a
major role. The elementary theoretical explanation of how an interferometer works is based
on a classical wave theory of light. If it is taken into account that, actually, light consists of
quantum particles (photons), deviations from the classical interference patterns occur. Roughly
speaking, the mirrors in the interferometer are hit not by a classical wave but rather by a stream
of photons, similar to a stream of pellets from a shot gun. The resulting deviations from the
classical interference pattern are known as shot noise. These deviations are small if the laser
beam consists of many photons, i.e., if the laser power is high. Noise resulting from the quan-
tum nature of light restricts the existing interferometric wave detectors to frequencies below
~ 10 kHz.

We now give a brief overview on the existing and planned interferometric gravitational wave
detectors. The first small model detector of this type was built by J. Forward in Malibu,
USA, in 1970. This was followed by a number of similar detectors at a laboratory scale,
too small to actually detect gravitational waves but useful for testing the technology, e.g. in
Garching, Germany, and in Glasgow, UK. In the mid-nineties the construction of detectors
with an armlength of at least a few hundred meters began. In chronological order of the date
when they became operational, these are the following.

TAMA300: This was a detector of 300 m arm length, located at the Mitaka Campus in Tokyo,
Japan. It was operational from 1999 until 2004. As a comparatively small instrument its
main purpose was to develop advanced technologies to be used in bigger detectors.

GEO600: This is a German-British project, originally planned to be realised near Munich.
Finally, the detector was built near Ruthe near Sarstedt near Hannover in the middle of
nowhere in Northern Germany. It became operational in 2001.

GEOG600

from http://www.questhannover.de
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The design is quite inconspicuous. In the picture on the preceding page we see the two
vacuum tubes around the two arms of the interferometer, each of which has a length of
600 m. The two tubes meet at the main building.

GEOG600 vacuum containers
from http://www.2physics.com

The main building hosts the laser, the beam splitter and several additional mirrors, e.g.
for power recyling and for mode cleaning, each in a vacuum container, see figure above.
The figure below gives an inside view of the container that houses the beam splitter.

GEO600 beam splitter
from http://u-182-1s004.am10.uni-tuebingen.de

GEOG600 is sensitive in the frequency band between 50 Hz and 1.5 kHz. It is operated with
an Nd:Yag laser with an output power of 10 W at a wavelength of A = 1064 nm. With the
help of power recycling, the laser power that is actually circulating in the interferometer
is much bigger, namely ~ 10 kW. Since 2011 GEOG600 uses a second laser that produces
squeezed light for reducing quantum noise. This second laser beem is seen in the figure
above. Squeezed light is light in a state that minimises Heisenberg’s uncertainty relation
in such a way that the uncertainty in space is very small while the uncertainty in Fourier
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space is correspondingly big. The reduction of quantum noise is achieved by feeding
this squeezed light into the interferometer (from below in the figure), in addition to the
light from the main laser (which comes from the left in the figure). GEO600 is sensitive
enough to detect length changes d; — dy in the order of 107¥ m. Recall for the sake of
comparison that the diameter of a proton is about 10~ m. In contrast to other existing
interferometric gravitational wave detectors, GEO600 has no Fabry-Perrot cavities in the
arms. During the time when LIGO and VIRGO underwent their upgrade to Advanced
LIGO and Advanced VIRGO respectively, GEO600 was operational. It will be upgraded,
afterwards, to GEO-HF.

LIGO: There are two LIGO sites, one in Hanford, Washington, USA, and one in Livingston, Lou-
isiana, USA. At each site there is an interferometer with 4 km arm length. At the Hanford
site there is a second interferometer with 2 km arm length in the same vacuum tube.

LIGO Hanford (Washington)
from https://www.ligo.caltech.edu

LIGO Livingston (Louisiana)
from https://www.ligo.caltech.edu
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LIGO went operational in 2002. The vacuum tubes of 4 km length and 1.2 m diameter
are the biggest existing ultra-high vacua. LIGO operates in the range between 30 Hz and
7 kHz. Having two smilar instruments working in parallel allows searching for coincident
events. With the help of Fabry-Perot cavities in the arms the effective arm length of the
LIGO detectors is raised to about 1600 km. The data of LIGO and GEOG600 are pooled
and analysed jointly. The data analysis team is known as the LIGO Scientific Collab-
oration (LSC). Amateurs are included in the data analysis. Within the Einstein@home
project, everybody is invited to provide his or her computer for analysing scientific data.
Einstein@home was already very succesful in analysing data from the radio telescopes at
Arecibo and at Green Banks; more than a dozen new pulsars were found by amateurs. Af-
ter being upgraded, LIGO became operational again under the name of Adanced LIGO in
Summer 2015. At one of the very first runs after the update, which was not even planned
as a science run originally, on 14 September 2015 a gravitational wave signal from a black-
hole merger was detected, see next section. — A third detector of the Advanced-LIGO
type is going to be built in India.

VIRGO: This is an Italian-French gravitational wave detector at Cascina near Pisa in Italy
that became operational in 2007. The geometrical arm length is 3 km, but the effective
arm length can be extended up to 100 km. VIRGO is operated at frequencies between
10 Hz and 10 kHz. At present, VIRGO is shut down. It will return after being upgraded
under the name of Advanced VIRGO later in 2017.

VIRGO
from http://www.ego-gw.it

These are the interferometric gravitational wave detectors that already exist. Future plans
include the following two ground-based detectors:

KAGRA: The original name of this Japanese project was LCGT (Large Scale Cryogenic
Gravitational Wave Telescope). As suggested by the C in the name, it is a detector
that will use cryogenic materials such that it can be operated at low temperatures. The
instrument is to be built in tunnels of the Kamioka mine, with an arm length of 3 km. It
is planned to become operational in 2018.
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Einstein Telescope: This is a joint project of eight European institutions, including the Al-
bert Einstein Institute in Hannover, Germany. At the moment it is unclear if, when and
where the project will be realised.

Einstein Telescope
from http://physicsworld.com

Similarly to KAGRA, it will be an underground detector (at a depth of 100—200 m) and
it will use cryogenic materials for low thermal noise.

The sensitivity of existing and planned ground-based interferometric gravitational wave detec-
tors is shown in the picture below. The resonant bar detector AURIGA is included for the sake
of comparison.
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from S. Hild, Class. Quantum Grav. 29, 124006 (2012)
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As mentioned above, ground-based interferometers are limited to frequencies above 1 Hz, be-
cause of seismic noise. Therefore, e.g. gravitatonal waves emitted by the Hulse-Taylor pulsar
(with a frequency of less than ~ 1074 Hz) or by similar binary pulsars are outside of the range
of such detectors. There are plans for space-based interferometric gravitational wave detectors
that could overcome this limit. They include the following.

LISA: This is a long-standing project, designed already in the 1990s, for a space-based inter-
ferometric detector. LISA (Laser Interferometer Space Antenna) was originally planned
as a joint project of NASA and ESA.

from http://lisa.nasa.gov

In this original version, LISA should consist of three satellites, see the picture, arranged
in an equilateral triangle with a side length of 5 million kilometers. (That’s about 12
times the separation of the Earth and the Moon.) This triangular array was supposed
to fly along the orbit of the Earth around the Sun, trailing the Earth by 20 degrees.
The inclination of the plane of the triangle with respect to the ecliptic was planned
to be 60 degress. Each of the three satellites was to host two laser sources and two
test masses, so that from each satellite a laser beam could be sent to a test mass in
either of the two others. As it is impossible to receive a reflected laser beam with a
measurable intensity over a distance of 5 million kilometers, it was planned that each
satellite should host two transponders which would send back, after receiving a laser
beam from a partner satellite, coherently a laser beam with the same frequency. In 2011,
NASA stopped funding for LISA. Since then, it was a European-only project. Under
the name NGO (New Gravitational wave Observatory) it entered into ESA’s L1 mission
selection, together with two competitors: The Jupiter Icy Moon Explorer (JUICE) and
the X-ray observatory ATHENA. The winner was JUICE. NGO was re-designed and was
elected as an L3 mission under the name eLISA (evolved LISA). It was planned as a
system of a mother spacecraft with two daughter spacecraft. The mother would emit
laser beams that are sent back from transponders on board the daughters. There would
be no laser beam between the two daughters. The separation between the spacecraft was
down-sized to 1 million kilometers. With the detection of gravitational waves by LIGO
the plan for a space-based interferometric antenna got a strong boost. There are hopes
that LISA, in a version close to the original plan with three arms, might eventually fly
around 2030. LISA would be sensitive in the range between 0.1 mHz und 1 Hz where
ground-based detectors cannot operate.
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from http://sci.esa.int /lisa

The picture above shows the orbit of LISA, according to the original plan.

As a preparation for the (e)LISA mission, a spacecraft called LISA Pathfinder was
launched in December 2015. It houses laser and test masses at a separation of =~ 40 cm
in one spacecraft. The main purpose of the project is to test the technology for LISA
(drag-free control, transponders for laser beams, etc.) under space conditions. The fact
that LISA pathfinder, which is still in operation, works extremely well gives further hopes
that LISA will eventually be launched around 2030.

gy

from http://news.softpedia.com
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The picture below shows the sensitivity of (e)LISA. Note that this detector could operate
at much lower freqencies than the ground-based detectors.
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from P. Amaro et al., Class. Quantum Grav. 29,
124016 (2012)

DECIGO: The acronym stands for DECI-Hertz Interferometer Gravitational wave Observa-
tory. It is a proposed Japanese space-based instrument. The name refers to the fact that
this detector is planned to operate in the frequency range between 0.1 Hz and 10 Hz (a
decihertz). At present, it is unclear if and when this project will be actually realised.

BBO: The Big Bang Observer is a far-future project that has been suggested by physicists
from the USA. As the name suggests, its main goal is the detection of gravitational waves
that came into existence shortly after the big bang. The proposed instrument consists of

12 spacecraft, arranged into 4 LISA-type triangular patterns. It is written in the stars if
BBO wil ever fly.

4.3 Pulsar timing arrays

A pulsar emits radio pulses at a rate that is highly stable. For millisecond pulsars, the stability
of the pulse frequency is comparable to the stablity of the best clocks we have. This, however,
does not mean that the pulses arrive with a constant frequency here on Earth. Changes in
the times of arrival are caused e.g. by the relative motion of the pulsar and the Earth, by the
influence of the gravitatonal field of the Sun and of other masses the signal might pass, and by
the interstellar medium. All these known influences are taken into account in the socalled timing
formulas used by radio astronomers for evaluating their observations. Remaining differences

between theory and observation are known as timing residuals. A gravitational wave should
produce such residuals.

The idea of searching for signatures from gravitational waves in the timing residuals of pulsars
was brought forward by M. Sazhin [“Opportunities for detecting ultralong gravitational waves”
Astron. Zh. 55, 65 (1978)] and further developed by S. Detweiler [“Pulsar timing measurements
and the search for gravitational waves” Astrophys. J. 234, 1100 (1979)].
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Here we will give a calculation under highly idealised assumptions, just to outline the basic
idea. We treat the pulsar and the Earth as at rest in a Minkowski background, and we ignore
the influence of the interstellar medium. The gravitational wave is considered as a perturbation
of the Minkowski background within the linearised theory,

g,ut/(x) = N + hw/(x) )
where h, is assumed, for simplicity, to be a pure plus mode,

hyw = Re{AW eik‘”a}

with
—w/e 0 0 0 0
0 0 A 0 0
(ku) - 0 ’ (AW) “lo 0+ —A, 0
w/e 0 0 0 0

We assume that the worldlines of the pulsar and of the Earth are both ¢ lines. From the form
of the metric, o o
G (z)drtdz” = —cPdt* + 6;da'da? + hyy(x)z'dx?

we read that along these worldlines the time coordinate ¢ coincides with proper time. Therefore,
we can identify frequencies with respect to the time coordinate ¢ with frequencies with respect
to proper time of the pulsar or of the Earth. We assume that the pulsar emits signals at a fixed
frequency vp. They will arrive at the Earth with a frequency vg(tg) that depends on the time
of arrival, tz. It is our goal to determine this function vg(tg).

Along a light ray from the pulsar to the Earth, we must have

0 = —c*dt* + 6;jda'da? + hy;(x)dx'da’

dt\? dat da?
2 JR— — .. -
‘ (df) L+ (@)

where ¢ denotes arclength with respect to the flat background metric, d¢* = §;;dx"da? .

and thus
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Without a gravitational wave, the light ray moves on a straight line from the pulsar to the
Earth, i.e., do®/d( is a constant unit vecor 7. With a gravitational wave, we have
dx’
al

= 7' + O(h)

and thus

dt P
¢y = \/1 + hyj(z)nind + O(h?),

o —1/2 1 . .
dl = ¢ (1 + hy(2)AiR + 0(h2)) dt = c(1 — Shi(a)i'is’ + ...)dt

where the ellipses indicate terms of at least second oorder which, in the linearised theory
considered throughout, will be neglected. Integration over the path of the light ray, from its
emission time tp to the arrival time tg, yields

te 1 - L
/ (1 - —hij(x)ﬁ’fﬂ) it = =
tp 2 c

where L is the distance from the pulsar to the Earth measured in the flat background. This
equation gives tg as a function of ¢tp. Differentiation with respect to tp yields

i

1 1 -
1 - §hk6(CtE, ?E)ﬁkﬁé> - (1 - §hij(CtP, T“p)ﬁW) =0,,

1 Y N ehe
dtp (1 — §hkg(CtE, rE)nkﬂ/)

dtn 1 .
th (1 — §hij(6tp, ?p)’ﬁlﬁ]>

1 1 -
=1- 5iw(ctE, rp)nfnt + 5hij(ctp, rp)R'nd ..

dt n'n’ H ,
—P =1 -+ —<hij(ctp, Tp) — hij(CtE, TE)) .
dtg 2
We have thus found that the pulses, which are emitted with a constant frequency vp, arrive

with a frequency vg(tg) where the redshift is given by

Vp — VE(tE) dtp fbl’ﬁj - -
—_— L =1-— = —<h~ct ,TE) — hy(ctp, 7 )
vp th 9 1]( E E) z]( P P)
We now insert the special form of h;; which was assumed to be a pure plus mode, propagating
in 2% direction. If we parametrise the unit vector 7’ in the usual way by spherical polar
coordinates,

cos psin v
(ﬁ’) = | sinpsin?d | ,
cos v
we find
hij (CtE, ?E) = Re{Aijeik“IgE} = Re{Aijei(*‘”tE+E'FE)} = Re{Aijei%(I%*CtE)}
and

= . o o _ .0 Sw (3 . 0_.,0 'ﬂ.—’i—’
hij(ctp, Tp) = Re{A;e*o ket pah) L = Re{ A, e'c(Tbmctr) giholwp—rp)tik-(Tp=Tp) 1

68



L
ko(zh — 2%) = — % (ctp — ctg) = _wc + O(h)
and
0 cos psin v
. . L L
k- (Fp—f’};) = —Lkn' = _ws 0] |singsindg | = —w—cosﬂ7
c c
1 cos

the latter equation results in

h’ij (CtPa 7_n"P) = Re{Aijei%(x%*CtE)ei%(lfcos19)} :

hence
Vp — Vg _ lRe{ﬁzA”ﬁjez‘: (x‘;’,:—ctE) (1 _ ei“’TL(lfcosﬁ)> } ]
UVp 2
With
cos p sin ¥ A 0 0 cos p sin ¥
Ay = |sinpsind |- 0 —A, 0 sin @ sin ¢
cos v 0 0 0 cos v

= A,sin®(cos’p —sin’p) = Aysin®d cos(2p),
this can be rewritten as
vp Ve _ %Re{AJrsinQﬁ cos(2g0)ei%($%_6tE) (1 — ei%(l_COSﬂ)>} .
vVp

With A, = |A+} e™ we find

Vp — Vg _ ’142+|Sin219 COS(Q(,O) Re{eiwei%(x%—ctE)ei%(l—cosﬁ) <e—i“2’—f(1—00519) . ei%(l—cosﬁ)) }
Vp

A4 ]

= sin?y cos(2¢) Re{ei(w%(m%*CtEH%(kcosm)ziSin (£L£(1 — cos¥)) } ,

le.,
B _ g4 | A | sin®d cos(2¢p) sin(%(l — cos 19)) sin(th + 15) .
vp

This is a sinusoidal function of tgz. The amplitude

A9, ¢) = |Ay|sin*d cos(2¢) sin(%(l — cos 19))

has the usual m-periodic ¢-dependence, via a factor of cos(2¢), we are used to. The ¥-
dependence is more complicated. In addition to the usual sin®J term it involves a factor
that depends on wL/c. If wL/c is smaller than 7, this factor has the only effect of shifting
the maximum of the characteristic away from the equatorial plane; if wL/c is bigger than 7, it
changes the qualitative features of the characteristic completely, see pictures on the next page.
For gravitational wave searches with pulsar timing arrays we may assume that w > 107'1%Hz
and L > 1kpc, hence wL/c > 10.
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Pulsar timing arrays are used for many applications; the search for gravitational waves is only
one of them. Three pulsar timing arrays have been established which routinely observe the
times of arrival of signals from many pulsars:
e Parkes Pulsar Timing Array (PPTA): This uses the Parkes Telescope in Australia and
takes data since 2005.
e European Pulsar Timing Array (EPTA): This uses data from five radio telescopes in
Europe, namely Effelsberg, Jodrell Bank, Westerbork, Nancay, and a new one in Sardinia.
e North American Nanohertz Observatory for Gravitational Waves (NanoGRAV): This is
an Americal pulsar timing array using data from Arecibo and Green Bank.
They are now joined into an International Pulsar Timing Array (IPTA), see G. Hobbs et
al. [“The International Pulsar Timing Array project: using pulsars as a gravitational wave
detector” Class. Quantum Grav. 27, 084013 (2010)] for a review. Great progress with pulsar
timing data is expected from the Square Kilometer Array (SKA), an array of radio telescopes
in the Southern hemisphere with an effective aperture of a square kilometer that is planned to
be operational around 2020.
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from G. Hobbs et al., loc. cit.
Pulsar timing arrays are sensitive to gravitational waves at very low frequencies, between 1076
and 1071% Hz; the amplitudes needed are considerably bigger than e.g. for the LIGO detectors,
see the picture above. Possible sources that could be detected with this method are supermas-
sive black hole binaries. Two galaxies that may host a supermassive black hole binary at the
centre are indicated in the diagram: The BL Lac object OJ287 with an orbital period of about
12 years and the radio galaxy 3C66B with an orbital period of about one year.

4.4 Doppler tracking of satellites:

Resonant bar detectors and interferometric detectors are instruments that are constructed for
the sole purpose of detecting gravitational waves. In particular the advanced interferometric
detectors are rather expensive instruments. In this section we will discuss a method of searching
for gravitational waves that, similarly to the use of Pulsar Timing Arrays discussed in the
preceding section, does not require to build any expensive new instruments but uses equipment
that already exists. The method uses spacecraft which have been launched for some other
purpose, in particular spacecraft investigating the outer parts of our Solar system like Voyager,
Pioneer 10, Pioneer 11 and Cassini.

The path of such a spacecraft is routinely monitored with the help of Doppler tracking. The
idea is to search in the Doppler tracking data for signatures of gravitational waves. This is
very similar to the search for changes in the frequency of pulsar signals: The difference is that
Doppler tracking with satellites is a two-way method: From the Earth a signal is sent to the
spacecraft; there a transponder multiplies the frequency with a certain factor and then sends
the signal back to the Earth where the change in the frequency is measured. In essence, all
the formulas from the preceding section can be taken over; we just have to apply them twice:
Once for the outgoing signal and then for the returning signal. Of course, as in the case of
pulsar timing all other effect that produce a frequency shift have to be taken into account,
in particular the relative motion of the Earth and the Satellite and the gravitational redshift
produced by the Sun.
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The idea of using Doppler tracking data for detecting gravitational waves came up in the early
1970s. The mathematical formalism was worked out by F. Estabrook and H. Wahlquist [Gen.
Rel. Grav. 6, 439 (1975)]. A comprehensive overview of the method can be found in the Living
Review by J. Armstrong [“Low-frequency gravitational wave searches using spacecraft Doppler
tracking”, Living Rev. Relativity 9, (2006), http://www.livingreviews.org/lrr-2006-1.]

Searches for gravitational waves with the help of Doppler tracking have been carried through,
e.g., with Voyager 1 and 2, with Pioneer 10 and 11, and in particular with the Cassini spacecraft
that was launched in 1997 and reached Saturn in 2004. From the picture below we can read the
frequencies and the amplitudes of gravitational waves that could have been detected by Doppler
tracking of the Cassini spacecraft. We see that this method is sensitive only for frequencies near
1073 Hz (similarly to LISA) and for big amplitudes (similarly to the Pulsar Timing Arrays).

&3

sensitivity for SNR = 1, 7 = 40 days
Cassinl GWE1; DSS 25 data only; all calibrations

R

log,g(sine wave sensitivity, h)

logyq(frequency, Hz)

from http://www.livingreviews.org/lrr-2006-1

The radio links with spacecraft in the outer region of our Solar system are established with a
system of radio telscopes that is known as the Deep Space Network (DSN). It comprises sites
in the USA, in Spain and in Australia such that at any time of the day at least one of the
stations can communicate with the spacecraft.

4.5 Influence of gravitational waves on electromagnetic waves

All the methods we have discussed so far were based on measuring the effect of a gravitational
wave onto massive bodies, either onto vibrating masses or onto free test masses. Electromag-
netic waves were used in some of these methods, but only as a tool for measuring the effect
onto the massive bodies.

In this section we briefly discuss the possibility of detecting a gravitational wave by its effect
onto an electromagnetic wave. One such method was suggested by M. Cruise [“An interaction
between gravitational and electromagnetic waves” Mon. Not. Roy. Astron. Soc. 204, 485
(1983)]. It is based on the observation that a gravitational wave causes a rotation of the
polarisation plane of an electromagnetic field.
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In an arbitrary general-relativistic spacetime, the polarisation vector II of a linearly polarised
electromagnetic wave in vacuo is parallely transported along each ray. This can be deduced from
Maxwell’s equations in the high-frequency limit (i.e., in the geometric optics approximation).
If we denote the tangent vector to the ray by K, the polarisation vector satisfies the equation

VrIl =0

or, in coordinate notation,
KO I + 17, KYII" = 0.

The vectors K and II span the polarisation plane. This plane always contains the direction
tangent to the ray, so the only thing it can do is to rotate about this direction. We see that,
with respect to the coordinate system used, such a rotation is caused by the Christoffel symbols.
For a gravitational wave in TT" gauge, we already know that the Christoffel symbols read

M = 2 Ref (FuAor + oAy — by Au) 165}

where £, is the wave covector of the gravitational wave. According to this equation, a gravita-
tional wave would cause a rotation of the polarisation plane of an electromagnetic wave.

from http://www.sr.bham.ac.uk/gravity

The expected rotation angle is tiny. Therefore, Cruise designed a gravitational wave detector
that would enhance this rotation by making use of a resonance effect. The electromagnetic
wave is a radio wave in a wave-guide that is bent into a loop. The resonance frequency of the
system is 100 MHz. If a gravitational wave with the same frequency comes in, the polarisation
plane is periodically kicked by a tiny rotation angle in such a way that these tiny rotations add
up. Cruise built two such instruments in Birmingham so that he could look for coincidences,
see the figure above. Note that these detectors would be sensitive at a frequency of about
100 MHz, i.e., at an extremely high frequency in comparison to all other gravitational wave
detectors.
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In addition to the possibility of constructing non-orthodox gravitational wave detectors, the
effect of a gravitational wave onto electromagnetic waves is of crucial relevance in view of the
cosmic background radiation. In recent years several experiments are analysing the polarisation
of the cosmic background radiation. In analogy to decomposing a vector field into rotation-
free and divergence-free parts, the Fourier components of the cosmic background radiation are
decomposed into electric (E) and magnetic (B) modes. Primordial gravitational waves that have
come into existence through quantum fluctuations in the very early universe would produce a
specific signature of B modes. These B modes from primordial gravitational waves could have
a measurable amplitude only if our universe underwent an inflationary period, i.e., a period in
which the universe expanded exponentially.

In March 2014 it was announced that

_ ol bl the BICEP2 experiment had found B
RPNy TS R modes from primordial gravitational
waves in the cosmic background radi-
ation. BICEP2 was a radio telescope
near the South Pole that was oper-
ational from 2010 to 2012. If true,
the BICEP2 result would have given
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30 2'ﬂ lIEI 6 _1'_G —EI{J 30 strong support for the idea that quan-

right ascension (deg) tum fluctuations in the early universe
have produced gravitational waves and
that there was an inflationary period.

from http://www.astro.gla.ac.uk

The idea of primordial gravitational waves, resulting from quantum fluctuations, was devel-
oped already in the 1970s by L. Grishchuk and others. The idea of an inflationary universe,
brought forward by A. Starobinsky, A. Guth, F. Englert, A. Linde and others around 1980,
allowed for an increase in the amplitudes of these primordial gravitational waves that could
make them measurable. However, it was realised after a while that the BICEP2 team had
misinterpreted their observations: The B modes they had found had not been produced by
primordial gravitational waves but rather by dust in the foreground.

quantum fluctuations in the very early Universe

The figure on the right
summarises the differ-
ent types of gravita-
tional wave detectors,
the frequency range in
which they are sensi-

merging binary
neutron stars and
stellar black holes
in distant galaxies;

fast pulsars

with

mountains

SOURCES

binary stars in
the galaxy |and
beyond

tive and the types of Wave Period  (NIVERSE YEARS HOURS SECONDS  MSEC
sources they could de- 1 :
tect. ]

Frequency (Hz) 10" 10 1072 1070 108 10°¢ 10?

104 10 1
m - | I N -

INFLATION

¢ A precision LIsA BIG GEO,LIGO, 4™,
PROBE . timing of BANG OBS  VIRGO, TAMA -
s millisecond e
— 7 pulsars X =8 =
polarization & - — - "

map of cosmic
microwave
background

DETECTORS

from http://www.astro.gla.ac.uk

74



5 LIGO detection of gravitational waves

As of June 2017, the two LIGO instruments have registered three signals that were sufficiently
high above the noise level so that the LIGO team announced them as detected gravitational
waves. They are named GW150914, GW151226 and GW170104, where “GW” stands for
“Gravitational Wave” and the numbers give the date: The signals were received on 14 Septem-
ber 2015, 26 December 2015 and 4 January 2017. All three events were most likely produced
by the merger of two black holes. Another event, known as LVT151012, was made public but
the LIGO team found it too close to the noise level for calling it a gravitational wave signal.
(The abbreviation “LVT” stands for “LIGO-Virgo Trigger” and is used for all events that are
considered as candidates for a gravitational wave signal.)
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from B. Abbott et al., Phys. Rev. Lett. 116, 061102 (2016)

Recall the the LIGO detectors are most sensitive at frequencies of a few hundred Hz. This
was exactly the frequency range in which the three confirmed gravitational wave signals have
been observed. Only signals that are registered in both LIGO detectors (in Hanford and
in Livingston) are taken into account. The two LIGO detectors are approximately 3000 km
apart, so a signal that travels at the speed of light needs about 10 ms from one to the other.
Therefore, a gravitational wave whose wave vector is parallel to the line that connects the two
LIGO sites should be registered in both detectors with a time delay of about 10 ms. If the wave
vector makes an angle different from zero with this connection line, the time delay is smaller.
Measuring the time delay locates the source on a circle on the sky. As this circle is given only to
within a finite accuracy, and as the LIGO detectors cannot receive signals from all directions,
the source can actually be located in a banana-shaped region. This region is very big: If one
wants to locate the source with a likelihood of 90 %, one gets a banana-shaped region in the sky
that is about as big as the constellation Orion. So we do not really know from which direction
the three observed gravitational-wave signals have come. If additional detectors have become
operational (Virgo, KAGRA, LIGO India, ... ), we will be able to locate the sources with much
higher accuracy.
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We now look at the three signals GW150914, GW151226 and GW170104 one by one. The
discovery of GW150914 was announced in February 2016 which was a major media event, with
a press conference that can be watched on YouTube. It was the first direct observation of
gravitational waves. The signal was received during one of the first runs of the two LIGO
detectors after the upgrade from original LIGO to advanced LIGO; this run was not even
planned as a science run. The signal was unexpectedly strong, and it showed the expected
signature of a binary merger so cleanly that many LIGO scientists in the beginning thought
that it was an injection. Four members of the LIGO team are supposed to inject mock signals
from time to time into the detectors; the idea is that one wants to see if the data analysis works
sufficiently well to detect such signals. The rule is that all the evaluation of the signal has to
be finished; only then will the responsible member from the injection team confess whether or
not it was a mock signal. In the case of GW150914, no such confession was made, and after

painstakingly interviewing all possible suspects the LIGO team became convinced that this
signal was not an injection.
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from B. Abbott et al., Phys. Rev. Lett. 116, 061102 (2016)

The picture above shows the signals as they were received in Hanford (left) and in Livingston
(right). From the time axis at the bottom we read that everything happened within 0.2 seconds.
In the first row, the signals are shown as they were received, with the only modification that
frequencies outside an interval from 35 to 350 Hz have been filtered away. (The Earth-bound
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interferometric detectors are too strongly affected by seismic noise at lower frequencies and by
shot noise at higher frequencies.) On the right, the Livingston signal (blue) is overlaid with the
Hanford signal (red), but with the latter shifted backwards by 6.9 ms and inverted. The time
shift reflects the fact that the signal arrived first in Livingston and then 6.9 ms later in Hanford;
this time delay gives the angle ¥ = arccos(6.9/10) ~ 46° under which the signal came in with
respect to the connection line of the two detectors. The inversion is necessary because the two
detectors are oriented under 90° with respect to each other. The second row compares the signal
with a black-hole merger, calculated with numerical relativity, where the parameters of the two
inspiralling black holes have been fitted to the observation as closely as possible. The third row
shows the residual, i.e., the signal one has to subtract from the observation for matching it with
the theoretical prediction; if the interpretation is correct, this residual is just noise. We see that
the noise level is about 0.3 x 1072! Hz~ /2. While the signal lies well above the noise level during
the merger, the ring-down is practically drowned in the noise. So we cannot really compare
the ringdown phase with the theoretical prediction for a black-hole merger. The last row shows
the frequency as a function of time. We see that we have a typical “chirp signal”, i.e., a signal
where the frequency grows with time: It begins at about 35 Hz and it reaches a maximum,
immediately before the merger, at about 150 Hz. As the frequency of the gravitational wave
is always twice the frequency of the source motion (w = 2 in the notation we have used
throughout), this means that the orbital motion was at about 75 Hz immediately before the
merger. If translated from gravitational waves to sound waves, the signal is in the audible
range, i.e., you can mimic it by a buzz that increases up to a maximum in frequency and in
amplitude. A sound bite can be found at https://www.ligo.caltech.edu/video/ligo20160211v2.

Why do we believe that GW150914 was the merger of two black holes? The reason is not
that the shape of the signal favours a black-hole merger: The inspiralling and merger phases
are similar for all types of binaries, and the ringdown phase has not really been observed, as
emphasised above. The motivation comes from the masses involved: One can derive, from
lowest-order post-Newtonian theory, the following relation between the so-called “chirp mass”
M pirp and the frequency f = w/(27) of the gravitational wave:

. 3/5
I (M Mp)3/5 ¢ 5f /
W = O M) G\ 96mh s |

In the Newtonian approximation for the source motion, which we have used above, it is impos-
sible to extract from the observed data an expression that involves M; and M, alone, but in the
lowest-order post-Newtonian approximation it is: f and f are directly measurable, and from
these data one can calculate the chirp mass. For GW150914 one finds that M, = 30 Mg. As
(M + My)? > 4M, M,, the chirp mass gives a lower bound for the sum of the two masses,

My + My > 435 My &~ 70 M, .

This rules out the possibility that it was a merger of two neutron stars: The heaviest neutron
star that has been detected so far has a mass of just over 2 M. Conservative estimates indicate
that this is close to the maximal mass a neutron star can have, and even (speculative) theories
about exotic equations of state for neutron stars certainly limit their masses to well below 10
M.
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Could it have been a merger of a black hole with a neutron star? Then it would have been a
black hole of not much less than 70 M. For such a binary, the frequency of the inspiralling
before the merger would have been much lower than 75 Hz, so this doesn’t work either.

Could it have been a merger of some exotic objects, e.g. the merger of two boson stars? To be
honest, this possibility cannot be completely ruled out on the basis of the observed data. How-
ever, boson stars (and all other alternatives that might come to mind) are very exotic objects;
most astrophysicists do not believe that they exist. By contrast, there is now overwhelming
evidence that black holes do exist. Even very down-to-earth observing astronomers speak about
black holes as if they were the most natural things in the world. (This was completely different
20 years ago.) Using Occam’s razor, it seems therefore well justified to assume that GW150914
was a black-hole merger. If one accepts this idea as a working hypothesis, it is amazing how
well everything fits together.

For black-hole mergers, templates for emitted gravitational waves have been produced numer-
ically, for various choices of the parameters. This important numerical work is supported by
analytical approximation methods, using post-Newtonian expansions up to a certain order.
(Unfortunately, these analytical approximation methods are so awfully involved that I feel un-
able to present them here.) Comparing the GW150914 data with these templates led to the
conclusion that the observations can be very well explained if one assumes that the gravitational
wave signal was produced by a black-hole merger with the following data:

Primary black hole mass 3673M
Secondary black hole mass 291 M
Final black hole mass 6211 M
Final black hole spin 0.671 05"
Luminosity distance 41078 Mpc
Source redshift z 0.097393

from B. Abbott et al., Phys. Rev. Lett. 116, 061102 (2016)

Here the (luminosity) distance has been calculated from Einstein’s quadrupole formula: If the
masses and the orbital elements have been determined by fitting the data to an appropriate
template, the amplitude of the gravitational wave determines the distance.

From the table one reads that the sum of the two progenitor black holes exceeds the mass of the
final black hole by about three solar masses: In other words, during the merger, whose essential
phase lasted less than 20 ms, the energy equivalent of 3 solar masses was radiated away. This
means that GW150914 was by far the most powerful event in our universe that has ever been
observed. The radiated power (energy per time) is about 50 times the power that is emitted,
in terms of electromagnetic radiation, by all visible stars in all galaxies

An intensive search has taken place for electromagnetic counter-parts of GW150914, i.e., one
has been looking for electromagnetic signals (from the radio over the optical to the gamma ray
regime) emitted at the same time from the same region. The only candidate was a very weak
gamma-ray burst, observed by the Fermi Gamma-Ray Space Telescope within a millisecond of
GW150914 from a location in the sky that is within the region from which GW150914 could
have come. However, this signal was very weak, and it was not observed by the INTEGRAL
and the AGILE instruments which were operational at the time; therefore, it is most likely that
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it was just some background and not a real gamma-ray burst. Actually, we wouldn’t expect
a black-hole merger to be accompanied by a strong electromagnetic signal. It is different for
merging neutron stars: A neutron star has a surface, and if something hits this surface this is
likely to produce an electromagnetic (X-ray) signal.

We now turn to the second gravitational wave signal GW151226 which is known as the “boxing
day event”. (In the UK and in the US 26 December is called the boxing day, referring to the
gift boxes that are unpacked on this date.)
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from B. Abbott et al., Phys. Rev. Lett. 116, 241103 (2016)

The picture above shows that, in comparison to GW150914, the amplitude was lower but the
event lasted longer (about a second in comparison to 0.2 seconds). Whereas GW150914 could
be followed for about 8 cycles before the merger, it was 55 cycles for the boxing day event.
This already indicates that the masses involved were lower.

The table below shows the parameters that, according to comparison with the templates, fits
the data best.

Primary black hole mass 14.2733m
Secondary black hole mass 7.553M

Chirp mass 8.9703 M

Total black hole mass 21.879M

Final black hole mass 20.87%1Mm
Radiated gravitational-wave energy 1 .0f8.'21 Mg c?

Peak luminosity 3.3108 % 10% erg/s
Final black hole spin 0.74% 00
Luminosity distance 440f11988 Mpc
Source redshift z 0.0970:93

from B. Abbott et al., Phys. Rev. Lett. 116, 241103 (2016)
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The third event, GW170104, was announced on 1 June 2017 (one day before this lecture was
delivered). The black hole masses are in between the ones from GW150914 and GW151226,

and the distance is more than twice as much.
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from B. Abbott et al., Phys. Rev. Lett. 118, 221101 (2017)

Primary black hole mass m, 31278 M
Secondary black hole mass m, 19.4f§“3M o
Chirp mass M 21.1539M
Total mass M 50.7430M
Final black hole mass M 48713 M
Radiated energy E,q 2.0008M o c?
Peak luminosity e 3.1197 x 10%%erg s~
Effective inspiral spin parameter y -0.1293
Final black hole spin a; 0.6459%
Luminosity distance D 880350 Mpc
Source redshift z 0.18700%

from B. Abbott et al., Phys. Rev. Lett. 118, 221101 (2017)
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They use to say: Two observations may be a coincidence, but three observations are a pattern.
We now clearly see the pattern, and it gave us a few surprises. To be sure, the fact that there
are gravitational waves was no surprise at all. More or less everybody in the field was convinced
that gravitational waves exist, at least since the observations of the Hulse-Taylor pulsar. The
surprises are the following: Black holes with masses between 50 and 100 solar masses seem to
be abundant, and mergers of such black holes (in galaxies that are a few hundred Megaparsecs
away) seem to be more likely to observe than mergers of neutron stars (within our galaxy).
Before the gravitational-wave observations we had good evidence for the existence of stellar
black holes with masses between 1 solar mass and 25 solar masses and of supermassive black
holes with masses of at least a few million solar masses. Stellar black holes in the range between
50 and 100 solar masses had not been expected. This could have important consequences. Even
the debate of whether or not the mysterious “dark matter” could be made up of black holes
has been revived, see S. Bird et al. [“Did LIGO detect dark matter?” Phys. Rev. Lett. 116,
201301 (2016)], co-authored by Nobel-prize laureate Adam Riess.

With Virgo, KAGRA and LIGO India coming online soon, we expect the observation of grav-
itational waves to become a matter of routine within a few years. This will give us a “second
eye” (in addition to the observation of electromagnetic signals) to the universe. Clearly, this
will allow us to study events in the universe about which we wouldn’t have received any infor-
mation with the help of ordinary (radio, optical, X-ray, ... ) telescopes. It is this perspective
of establishing a “gravitational wave astronomy” that gives the enormous importance to the
LIGO discovery of gravitational waves.

6 Gravitational waves in the linearised theory around
curved spacetime

In this section we consider gravitational waves that are small perturbations of a curved back-
ground. We will in particular treat the case that the background is the Schwarzschild spacetime.
However, we begin by deriving the linearised field equation around an unspecified curved back-
ground

6.1 Linearisation of Einstein’s field equation on a curved background
We assume that the metric is of the form
Guv = g;w + h;w

where g, is an arbitray Lorentzian (background) metric and the perturbation is assumed to
be so small that all terms of second or higher order with respect to h,, or its derivatives can
be neglected.
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We want to work out the field equation (without a cosmological constant),

R

= 9ur = K'T/uxv

R, — 5

in this linearised theory. As a first step, we have to calculate the Christoffel symbols.

For this entire chapter we agree to raise and to lower indices with the background metric. Then,
to within our linear approximation, the inverse metric is of the form

gup — gl/p — hVP .

Proof: g, (5" — **) = (G + huw) (377 — **) = 60 + by — hy” = 6.

Let F"W denote the Christoffel symbols of the background metric and let V be the covariant
derivative with respect to the background metric. Then the Christoffel symbols of the perturbed
spacetime are

1
Fp/u/ = §gpa (a,u,gcru + al/gcrp, - ac:'.gul/)

1

= 5@ =) (0@ov + hio) + 00 G+ o) = O (G + 1))

= %a’”’ (0uGov + 0 Gop — OoGp) + %yﬂ” (Ouhow + O hoy — Oliy) — %hﬂ" (0uGov + 0 Gop — OoGuv)
=T", + %ﬁp)‘ (auh)\u + Oyhy, — a)\h,uu) - %?p/\gﬁh)\r (augau + O Gopu — aaguu)
=T",, + %E_Jp/\ (auhm/ + Oyhay — Ol — QFTWh,\T>
= T7,, + %gf“ (Vuhm + Ity + Tohing + Vb, + Dloxtis, + Tlonting,
Vs — Doty — Dot — 05t ) = Dt 3 (V8 4 0,00, — o)

We write this result as
I, =17, +0",

where

1/— — —
O = 5 (Vb + Vot = Vohy, )

is a tensor field. (Recall that the difference of the Christoffel symbols of two connections is a
tensor field.)

Next we calculate the curvature tensor.

Riypo = 01" 0 — O,V + T, T%,0 — TH,T%, =, (fupg +5rﬂpa> ~ 9, (Fﬂw +5F“,,U)
+ (Fuzxn + 51—‘#1/&) (fﬁpd + 6FI{PO’> - (FMPK + 5FHPN> <Fﬁl/o‘ + 5FHVO’)

= R')py + 001", — 0,01, + W01 5 + T7,,0T",, — TF 00", — T, 61", .
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This gives us the curvature tensor in the form

Rﬂupa = R#upa + 5R'uupa

where

SRy = 0,0T" 5 — 0,01, + TW, 00"y + T )p0T",,. — T¥ 0%,
=V, 01", — T", 00", + T%,,0T", + T,,0T",,
—V, 0%, + TH 015, — T%,,00%,, — " ,,6T",,
+ ¥, 01" + T7 01", — TF 607, — T%,,0T% .

= V, 0", — V,0I",, .
With our earlier result for 6I'*,, this can be rewritten as

1—

_ _ _ 1 _ _
SRy = =V, (V,,h“g + V0, — V“hm> - -V, (vyhﬂg v

2 2

— T",,0T",,

. V“hw)

1 /— — - — - — -
=3 (vyvphua F Vbt =N, hy — NV Wy — N N h, + vpvw%> .

Contraction gives the Ricci tensor

1 /— — — — -
= 3 (VuVohts + Y, Voh, — Thyy = V,V,0)
Here we have introduced the trace of the perturbation,

h=h', =g"h

e

and the wave operator of the background metric,
-V, - ¢"V.v,.
If we contract another time we get the Ricci scalar
R =R+ R
with

OR = 6R*, = o (V, V10 + ¥, V", — Oh,” = V,V°h) = V,¥

N | —
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R
Finally, the Einstein tensor G,, = R,, — £ Jpo Teads

Gpcr - apo— + 5Gpo
where

5G = 5(3,,(, . %R g,w)

1 1 1— 1
= 5Rpg - §Régpcr - §5Rgpg = 5Rpcr - _tha' - §5R§pa'

2
1 /— — — — — — — —
= = (VuVohto + Y, Voh, = TOhyy = V,Voh = By = G0 (V¥ ~0h) ).
Now we use that the commutator of covariant derivatives can be expressed in terms of the
curvature tensor,
(Vu¥, — V)W = T ppohts — R s

We find

vuvphua +vuvahup = vpvuhua + }_zTupohuT - EuuthU + vavuhup + ETuaphuT - }_Buuthp :

This can be rewritten, with the first Bianchi identity

ETINP + ET/JW + RTUW =0
as

V.V b o4V Nty = NV NV 0o+ N o N b A R o b =R puo b s — R 5y s — Ry b y— Ry W7,

and, further, with the curvature identity

as

V.V Wy + ¥V, Voh, = VNV, + VoV h" + 2R ety — Regpuh”™ — Ryrh”y — Rorh”,
=0

where the underbraced term vanishes because of the curvature identity ETUW = —Ry5pr- In-
serting this expression into our result for 6G,, gives

26G,; = VN Wy + VNV 0+ 2R oy — Ryeh”y — Rorh™,

—Ohpe — V,Voh — Rhpy — Gpo (V, V0 —Th) .

This is the general expression for 6G,, on an arbitrary background spacetime. It gives us the
linearised field equation in the form

Gpo +0G e = KT,y .
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From now on we specify to the case that the background spacetime satisfies the vacuum field
equation (without a cosmological constant),

R, =0.
Then
20G,, = V,V, W'y + VoV, 0+ 2R b — Ohpe — YV, Noh — G,0 (V. V, 0" — Oh) .

This expression can be simplified if we use the gauge freedom. We follow our treatment in the
case of a flat background (see p.8) as closely as possible. We introduce

h

Y = huu - §§uu

which implies

1
’y::gl“’,-y“y:h——zlh:_h?

2
hence
72 Qv 2 jZ2
Then our expression for 0G, reads
206G, = V, V(1" — L64) + ¥,V (1", — Lov) + 2R 2
po = VpVulT o 5% aVu\7 p 5% ppo \ VT "
g LG ) + Y,V V.V -V, Y, 2gv + O
Voo 29,00 p Vo — Gpo p Vv 7 1/29 Y
X U AM s & A\va vy 4 ls T H 2
:vau"}/ 0__Vp 07+vavu7 p T Qg YT p7+2Rup07 T_")/R upo

_ 1 - == 1 o
_D’ypa +égﬁﬁ§+%_gpavuvu’yu +é,%ﬁ§_g Y

The last three terms all involve the covariant divergence V,ﬁ”“. We will now demonstrate that
this can be transformed to zero by a gauge transformation, generalising the Hilbert gauge we
already know from the linearisation around flat spacetime.

As before, by a gauge transformation we mean a coordinate transformation
=t + fH(x)

where f#(z) is small of first order, i.e., so small that only terms linear in f# and its derivatives
have to be kept.
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Then the metric transforms as

G (x)datdz” = g, (x + f) (da” + 0, f*(x)dz’) (dz” + Oy f¥ (x)dz?)

= g ()dx"dz” + Oy gy (x) f7 (x)dat dz” + 0, f* () g, (x)dxldx” + O, f¥(2) gy (x)dat dx” + ...

= (QMV@) + 809#V(£)f0($> + 0ufp(x)gpy($) + Gyf"(x)gm(x)>dx“dx”
i.e.
?W + h/u/ = ?W + huu + faaaguu + gpuaufp + guaayfg +..

hence
hw = Py + 705G + G Ouf? + GuoOu f + ...

=l + 7 0:Gu + G (Vi = T0r f7) + G (Vo f 7 =T f7)

_ _ 1 B B B 1 _ _
= hu+Vu o+ Vo fu+f7 <0T§,w—§§py§”" (8H907+3ngu—8agm)—§gwg p(ayg,)TJraTgpy—apgw))

_ — 1 1
=hmvumvufﬁff(%—5(%@%—%?)—5(%+%—%)

= hy + Vufs + Vi fo.

This implies -
h — h+2V,f°

or equivalently o
v = v—=2V,f7,
and
h— v 7 1 7 {0\—= 7 v X fo0—=
Vv = Ty, — oY Py +Vyufo + Vo fu — §(h+ Vo f )G = Vi + Viufo + Vi b = Vo f G -
Hence, the covariant divergence of 7, transforms according to

V% = V' + VN fy + VN f = VN o [ G

=V + 0 + VoV, 7 =V, Vo f7 =V + Of, + R0 f7 .
=0
If f#* is chosen such that

ifu = - vufy;w ) (WE)
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the covariant divergence of v, is transformed to zero. If initial data for f, and 0, f, are given on
a spacelike hypersurface 2° = constant, a unique solution to the wave equation (WE) exists on
a neighbourhood of this hypersurface. If the spacetime is what is called “globally hyperbolic”,
we may choose this hypersurface such that the solution exists globally. The domain of outer
communication of the Schwarzschild spacetime (i.e., the region outside the horizon) is globally
hyperbolic. Details on the initial value problem for the wave equation on a curved background
can be found in the book by R. Wald [“General Relativity” University of Chicago Press (1984)].

On a globally hyperbolic spacetime with vanishing Ricci tensor we can thus transform v“'y,w
to zero. This is called the (generalised) Hilbert gauge. Then the linearised field equation reads

1 — — —
B 5 DIVMV + RTPMV'VTP = "{TMV ’ VM’YMV =0.

This still leaves the freedom of making gauge transformations x# — z# + f#(x) with Of* = 0.

6.2 “Geometric optics” of gravitational waves on a curved back-
ground
We will now discuss how gravitational waves propagate, on a curved background, in the high-

frequency limit. This is the gravitational-wave analogue of geometric optics. In the last section
we have seen that, in a gauge with V#h,, = 0, the linearised vacuum field equation reads

iyw, — QETWV%‘) =0.
On a flat background, we have found plane-wave solutions which are of the form
Py (z) = Re{ A, e""" }

with a constant complex amplitude A, and a constant real wave covector k,. In the case of a
curved background, exact solutions of this form do not exist. However, we may consider one-
parameter families of metric perturbations that describe approxrimate plane-harmonic waves.
We write this, with a real parameter «, as

Voo () = Re{ (CLW(x) + by, + O(a2)>eis($)/a}

where a,, (z) and b,,(x) are complex-valued functions of z and S(x) is a real-valued function
of . For the interpretation of this ansatz, we expand the function S on a neighbourhood of a
point zq in a Taylor series,

S(z) = S(zo) + V,uS(zo) (2" — xh) + -+ = So + V,.S(mo)z" + ...

where Sy = S(x0) — V,.S(20)zh. We choose the neighbourhood so small that the higher-order
terms, indicated by ellipses, may be neglected and that the leading-order amplitude satisfies
a, () = a,, (7o) on this neighbourhood. For a sufficiently small, our ansatz then gives indeed
approximately a plane-harmonic wave with amplitude aw,(:vo)eis(’/ “ and wave covector k, =
V,.S(z0)/a. Clearly, the smaller o the more maxima our wave has in the chosen neighbourhood.
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As this construction can be done around any point, the function k,(z) = V,S(z)/a can be
interpreted as the wave covector field of our approximate plane-harmonic wave. With respect
to an observer with 4-velocity U*, we may interpret —U NV#S /a as the frequency and the part
of 7MS /a that is perpendicular to U* as the spatial wave covector.

We will now assume that our approximate plane-harmomnic wave family satisfies the linearised
vacuum field equation, for all a, and we will evaluate this condition in leading and next-to-
leading order of 1/a. The Hilbert gauge condition requires

0= Re{eis/a (é(vﬂsaw n 0(@)) } .
For non-constant S, this can be true only if
V“Saw, =0.

The field equation requires

0= voRe{eiS/a (évgs Q + vgaw +iV,S b + O(a)) } — Re{eis/a (2 ETW,, a’ . + O(a)) }

» l =, = = — 2i—  — l—  —
= Re{e'™( = VSV, St + —VoV Sty + V7S Vot =~V SV, b+ 0(a)) }
a a o a
We find in leading order (a~?) L
VeSV,Sa,, =0
and in next-to-leading order (a™1)
VoS Vau, +2V°SVaau, +iV°SV,Sb, =0.
As we want to have a wave with non-zero amplitude, the leading order gives us the condition
VHSV,S =0.

The integral curves of the vector field k* = V#S are called the rays of the approximate plane-
harmonic wave family. The latter condition says that the rays are lightlike geodesics of the
background metric.

Proof: Clearly, the condition 0 = V*S vuS = k"ky, = g k'E” says that the integral curves of
k# are lightlike. We have to prove that they are geodesics, 1.e., that £#V k7 = 0. To that end,
we apply the operator V, to both sides of the equation 0 = g, k*k”. This results in

0 = 29,,k'V k" = 2k'V k, = 2k"V , V.S = 2k"V ¥V ,S = 2k"V K,

where we have used the fact that covariant derivatives commute if they are applied to a scalar
function. Multiplication with g#?/2 yields indeed 0 = k*V k7. O

The fact that the rays are lightlike geodesics may be interpreted as saying that gravitational
waves propagate at the speed of light. Note that the condition k“vuS = (0 means that the
vector field k* is tangential to the surfaces S = constant, see the picture on the next page:
From ordinary geometry with a positive definite metric we are used to the fact that the gradient
of a function S is transverse to the surfaces S = constant; in the case of an indefinite metric,
however, the gradient may be lightlike and then it is tangential to the surfaces S = constant.
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o
/ / / / S = constant

We now evaluate the next-to-leading order. With the result from the leading order this may
be rewritten as

Vk, Ay + Qkavgaw =0.

This is a transport law for the amplitude a,, along the rays. We may write it in a more
convenient form if we multiply a,, with a scalar function u,

— — — _ 1—
KV (wap) = @k ou + u kY a,,s = (k"Vau —u §vgk0) .

If we choose the function w such that it satisfies along each ray the first-order differential

equation
— 1—
k°Vou= u §ng"

we have

k°V, (u a,w) =0,
i.e., way, is parallelly transported along each ray.

We summarise the findings of this section for gravitational waves that travel on a Ricci-flat
background: The rays are lightlike geodesics of the background metric, i.e., the gravitational
radiation travels at the speed of light. The amplitude is parallely transported along each ray if
multiplied with an appropriate normalisation factor.

Note that we have assumed that the background geometry is kept fixed. This scheme is appro-
priate if the wavelength of the gravitational wave is much shorter than a typical length scale
on which the background geometry changes. As an alternative to our scheme, one may assume
that the background metric and, thus, the curvature tensor _RTWU also depend on the param-
eter . If the curvature tensor is proportional to 1/, the result that the rays are lightlike
geodesics is still true but the transport law for the amplitude is modified. If the curvature
tensor is proportional to 1/a?, the rays are no longer lightlike geodesics. If the wavelength of
the gravitational wave is of the same order of magnitude as a typical curvature radius, or even
longer, then our original scheme is not applicable.
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6.3 Linearised field equation on Schwarzschild spacetime

In Section 6.1 we have derived the linearised vacuum field equation on a Ricci-flat curved
background in the form B
Ohpw — 2R puh” = 0

which is valid only in a gauge such that V“hw = 0 and h = 0. As an alternative, we can write
the linearised vacuum field equation in the form

0=0R, = 6R",,, = V, 01", — V,0T",,
which is true in any gauge, see p.83. In the following we will use the latter form because it
leaves us the freedom of making arbitrary gauge transformations.

It is our goal to evaluate this equation for the case that the background metric is the Schwarzschild
spacetime,

dr?
(-7
r
where rg is parameter with the dimension of a length, called the Schwarzschild radius. Recall

that the Schwarzschild metric describes the vacuum region outside a spherically symmetric
gravitating body. The Schwarzschild radius is related to the mass M by the equation

2GM

5 .

gudatds” = — (1 — T—S)c2dt2 + + 72 (d192 + sin®y dgpQ)

r

s =
(&

The central body may be a star, in which case the metric is valid in the domain r, < r < oo
where 7, > rg denotes the physical radius of the star, or it may be a black hole, in which case
the metric is valid in the domain 0 < r < oo with a (coordinate) singularity at r = rg.

For later purpose, we list the non-vanishing Christoffel symbols of the Schwarzschild spacetime:

T _ Tt _ rs
Frt - Ftr - 2T2(1_ T_S) )
T
2
=r —Ts =r C'Tg Ts =r s . 9 =r s
o T = () T (1T e, T = e (1-79)
g (1 _ T_5> e op2 r we " r s o " r
r
_ _ 1 _
Y, =19 = —, F’;p = —sindcosV
T

Ty = Feﬁﬁ =cotd, T¥, =T¢ = %
As the Schwarzschild spacetime is static and spherically symmetric, we can separate off the time
part and the angle part so that, in the end, we are left with an ordinary differential equation
for the radial part. The procedure is quite analogous to solving the Schrédinger equation with
a time-independent spherically symmetric potential: One splits off the time part ( ~ ew)
and the angle part ( ~ Yo (¥, go)) and is then left with an ordinary differential equation for
the radial part; in the case of the Coulomb potential, this radial differential equation has the
Laguerre polynomials as the solutions.
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In the case at hand, the situation is considerably more complicated than in the case of the
Schrodinger equation as our unknown function is not a scalar field ¢» but a tensor field h,,.
Therefore, we have to deal with (co)vectorial and tensorial spherical harmonics in addition to
the ordinary (scalar) spherical harmonics Yy, (¥, ¢). Also, the gauge freedom has to be taken
into account. We proceed in the following five steps.

Step 1: Expand h,,(t,7,79, ¢) in terms of spherical harmonics.

Step 2: Decompose h,,(t, 7,1, ¢) into parts that are even and odd, respectively, with respect
to parity transformations.

Step 3: Restrict to the odd parts. Simplify h,, (¢, 7,1, ¢) with the help of an appropriate gauge
transformation.

Step 4: Insert this simplified expression into the linearised vacuum field equation. After an
appropriate substitution this results in a partial differential equation for a function that
depends on ¢t and r, known as the time-dependent Regge- Wheeler equation.

Step 5: Separate off the time part to get an ordinary differential equation for a funcion that
depends on the radial variable r only, known as the time-independent Regge-Wheeler
equation.

Here we restrict to perturbations that are odd with respect to parity transformations, following
a pioneering paper by T. Regge and J. Wheeler [“Stability of a Schwarzschild singularity” Phys.
Rev. 108, 1063 (1957)].

The treatment of even perturbations is considerably more difficult. We will not work this out
here. In the end, also in this case one arrives at a Regge-Wheeler type equation for a radial
function with an effective potential. It is called the Zerilli equation and was found only 13 years
after the Regge-Wheeler paper by F. Zerilli [“Effective potential for even-parity Regge-Wheeler
gravitational perturbation equations”, Phys. Rev. Lett. 24, 737 (1970)].

We will now carry through our step-by-step procedure.

Step 1: As a preparation for expanding the metric perturbation into spherical harmonics, we
write it in the form

by (t, 7,0, p)dztds” = hap(t,r, 0, ©)dxdx®
—_———
scalar
+ 2hax(t,r, 9, p)dzTdz + hsgo(t,r, 9, ¢)dz ds .

TV TV
covector second—rank tensor

Here and in the following, indices A, B, C, ... take values r and ¢t while indices %, Q, A, . ..
take values ¥ and ¢. Recall that we write two covector fields without a symbol between
them when we mean the symmetrised tensor product, dedz™ = 1 (dz? @ da® + da™ @
dxA). We see that, with respect to the angular part, the perturbation splits into three
scalar functions hap, two covector fields huxdz™ and a symmetric second-rank tensor
field hxqdx*dzt. We do the expansion into spherical harmonics for these three cases
separately.
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Scalar part: For fixed (¢,7), we have three scalar functions hy, h,y = hy and h,,. on the
sphere. These can be expanded into the usual (scalar-valued) spherical harmonics. For
non-negative m, they are defined as

Yo (9, 0) = ComPom (cos 19) e'm?e

where the P, are the associated Legendre polynomials,

Pon(a) = (~1)"(1 =22 ()" Py(a),

the P, are the Legendre polynomials,

i) = () @ -0

and the (', are normalisation factors,

o \/(zu D —m)!

A7 (0 +m)!
The definition is extended to the case of negative m by requiring

Yiem) (9,9) = (=1 V(9 9)

where overlining means complex conjugation. ¢ runs over all integers from 0 to co and m
runs, for fixed ¢, over all integers from —¢ to £.

The case £ = 0 (monopole perturbation) and the case ¢ = 1 (dipole perturbation) are
special and will, therefore, be excluded from the following discussion of scalar, covector
and tensor perturbations. By the Jebsen-Birkhoff theorem, perturbations with ¢ = 0
cannot do anything else but changing the mass parameter of the Schwarzschild black
hole. With some more effort, it can be shown that the case £ = 1 covers a shift of the
origin and the introduction of a non-zero spin of the black hole; as we consider only linear
perturbations, the resulting metric will be the Kerr metric linearised with respect to the
spin parameter a. So one finds that the cases £ = 0 and ¢ = 1 result in a perturbed
metric that is still stationary (time-independent), i.e, that it has nothing to do with
gravitational waves. This is in parallel with our earlier observation, when we considered
linear perturbations around flat spacetime, that the monopole term and the dipole term
do not contribute to gravitational waves in the far field.

As we omit the monopole and the dipole term, the general form of a scalar perturbation
is

00 L
hag(t,r, 9, ¢) = Z Z uapem(t,7)Yem (9, ¢) ,
=2 m=—4

so for each (¢, m) with £ > 2 the scalar part of the perturbation is characterised by three
functions wyem (t, 1), Uprem (t,7) = Upgem (t, 1) and Upppn, (£, 7).
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Covector part: For fixed (t,7), we have two covector fields hisdz® and h,sdz™ on
the sphere. The coefficients h 4y, are scalar-valued functions on the sphere, so one could
expand them in terms of the scalar-valued spherical harmonics Yy,,. However, this would
not be meaningful because the hus, are not invariant scalar functions; they change if
a new coordinate basis is chosen on the sphere. To get an expansion that respects the
invariance properties of the mathematical objects, one needs (co)vector-valued spherical
harmonics. As the sphere is two-dimensional, we need two such basis covector fields for
cach (¢,m). Of course, there are different choices for such a basis. Here we choose the
same basis as Regge and Wheeler: For the first basis covector field we choose the gradient
of the scalar function Yj,,, which is indeed a non-zero covector field for all values of /¢
under consideration, ¢ > 2,

\IjﬁmZ(ﬁv Qp)dl‘z = vEnm(ﬂa @)dxz
The second basis covector field is constructed orthogonal to the first one,
Ppmx (0, go)dxz = 5EQinm(ﬁ7 @)dxz

where
exdr” ® dz® = r’sind(dY @ dp — dp ® dv)

is the Levi-Civita tensor field (volume form) on the sphere. The latter is uniquely char-
acterised by the properties that it is anti-symmetric, exq = —cqx, and that it evaluates
to unity on an orthonormal basis,

=1.

Oy 0 £y r2sin
exadr” ® d:L‘Q>( —, f > = —= w_ =
( . V399 A/ Gpe \/91919 Jop \/7”27’28i1’l219

As the covariant derivative of a scalar function is the same as the partial derivative, the
(co)vector-valued spherical harmonics can be rewritten as

Uoms (9, ©)da™ = 05Yem (9, 0)d0 + 0,Yim (9, @)dyp,
¢Zm2(197 Sp)d;pz = 5194,0§S0wa<p}/€m(19a (P)dﬁ + gwﬁgﬁﬁaﬁnm(ﬁﬂp)d(p

= st —— yZ a Yo (9, 0)dt) — %smﬁ};amm(ﬁ ©)dy
Sln

—— 0, Y (U, p)d — sin ) 0y Yo (0, ¢)de .

81n19
If we expand the covector parts of the metric perturbation with respect to this basis,

0o ¢
hasdr™ = Z Z (ﬁAem(t,T)‘I’zmz +UAzm(t>T)q)zmz>de’z>

(=2 m=—/

it is characterised for each (¢,m) by four functions Oy, (t,7), Opem(t,7), vVeem(t,r) and
Vrem (L, 7).
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Tensor part: For fixed (¢,7), we have a symmetric second-rank tensor field hgqdr™dr®
on the sphere. On a two-dimensional space, a symmetric second-rank tensor has three
independent components, so for each (¢,m) we need three linearly independent tensor-
valued spherical harmonics for a basis. Again, we choose the basis in the same way
as Regge and Wheeler. As the second covariant derivative of a scalar function gives a
symmetric second-rank tensor field, we choose for the first basis tensor field

Upmza(V, p)da>da’ = <ngQng> (0, p)dz=dz* .

As the angular part of the metric, gxq, is a symmetric second-rank tensor field propor-
tional to 72, we choose for the second basis tensor field

Dpsa(V, @)da¥dr® = (ng %)(19, ©)dr>da .

The third basis tensor field we construct, as in the covector case, orthogonal to the Wy, 50,
1 o o
Xemsa(V, (p)dazzd:cﬂ =3 <6EAVAVQYM + €QAVAVngm> (0, p) dz™ dazt .

It is not difficult to verify that, for all (¢,m) with ¢ > 2, these three second-rank tensor
fields are indeed linearly independent. With the help of the Christoffel symbols listed at
the beginning of this section, we rewrite the tensor-valued spherical harmonics as

Vs (9, p)dr=dzt = VyVYm (9, 0)dd? + 2V NV, Yim (9, 0)dddp + V oV Y (9, ) dp?
= B2V (9, ) d0*+2 (aﬂawnm —Wwa@nm) (0, @) d¥dp+ (af;nm —Tﬁwamm) (1, p)dp”
— 92V (0, 0)dO? + 2 (aﬁamm(ﬁ, ) — cot ¥ 0, Yom (0, go))dz?dgo

+ (QiY}gm(ﬂ, @) + sin ¥ cos ¥ Oy Yo (U, <p)>d<p2 :
Dpmsa (P, ©)drZda® = Yo, (9, ) (%dﬁz + %dgﬁ) = Y (9, gp)(d192 + sin dgpz) ,

Xemser (9, @)dzZda® = <%§@@Vﬁmm> (0, @) d0? + (%ngﬁmm) (¥, ) dddp

+ <5wﬂ§ﬁﬁvﬁvﬂnm> (79, SO)ngdﬁ + <€¢ﬂ§ﬁﬁvﬂvwnm> (197 80)d¢2

Psurt
JJ Sinzél

(f%%Yem(ﬁ, ®) — f%wasoyém) dSOZ

Pt = 9
= iy (awamm -T Wawygm) (¥, 0)dv? +
)/Zsim?

ﬂsin U
1 .
= = <8¢8193/gm(19, ) — cot ¥ 0, Yom (1, <p)> (d192 — sin%y d<p2)

(837}/&71 - fﬂwcpaﬁnm) (197 @)dﬁdg@

+

sin 0 <aiy@m(797 ) — sin* 95V (0, ) + sin ¥ cos ¥ I Yom (9, @) dddp .

We expand the tensorial part of the metric perturbation in the form

, hsqo(t,r, 9, )dr da? =
> (I@em(t, ) Wemsa(V, ©) + Wen(t, 1) Pemsa (9, ) + wem (1) Xemsa (Y, @))dxzdﬂﬁg :

=2 m=—{
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Step 2: We will now investigate the transformation behaviour of our various spherical har-
monics with respect to parity transformations (i.e., reflections at the origin)

(D, ¢) = (m—30,0+m7).

Obviously, under such a transformation
cost > —cost?, sind — sing, €M i  MPeMT = ¥ (ei”)m = ™ (—1)™,
Ay — —dv, dp = dp, 0Oy — —0y, 0, — 0O,,
We also need to know that

1

P=a) = 37z (

d

B %)Epe(xz - l)g = (=1)'P(z),

Pan(—2) = (=1)"(L= 2= D) B() = (-1 (~1)Pr(a).

We introduce the following terminology. A function Fy,, (1, ¢) is said to be
e cven under parity transformations if Fy, (7 — 9,0 +7) = (=1) Fp (9, ),
e odd under parity transformations if Fy,,(m — 9,0 + 1) = (=1)*1F,,. (9, ).

Instead of even/odd, some authors say polar/axial, electric/magnetic or poloidal/toroidal.

With the help of the above transformation rules, we will now demonstrate that

Yo (9, ) is even,

Uyns (9, @)dx™ is even,

Py (U, )dz® is odd,
Uynsa(V, p)da®dz® is even,
Do (V, )dz¥dz? is even,
Xemza (U, ©)dr®dz® is odd.

Proof: Under a parity transformation,
Yo (9, 0) = Com P (cos 9)e™?
— Cnggm(—COS 19) eimeeimm — Cgm(—l)m(—l)gpgm (cos ﬂ)eim“"(—l)m = (—1)£ng(z9, ®),

‘PZmEOgﬂO)de = aﬂnm(ﬁy(p)dﬁ + agoan?;(P)dSO
= (= 1)(=09)Yem(9, 0)(—dV) + (=1)°0,Yun (0, 0)dp = (=1) Wz (0, p)da™,

L@ Yom (0, go)d:cq9 — sin ¥ 0y Yo (¥, p)dx?

(I)gmgddiz =
sing

Ry
= (sin11)9 awnm<19>§0)(_dxﬁ) + sin ¥ (=09) Yo (9, @)dz? = (=1)Tdp,ndr™
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Upmsa (9, @)drdz? = 02V (0, ©)did?
42 (aﬁaq,nm(ﬂ, ) — cot 90, Yem (9, @) d9dp + (a;nm(ﬁ, ) + sin 9 cos 9 Yim (0, (,p)) i

s (1) 02Y i (9, 0)dV? + 2(-1)6( — 930, Yem (9, ©) + cot 00, Yo (9, go)) (—dd)dy

+(=1)* (QZYZm(ﬁ, @) + sin ¥ cos ¥y Yo (I, cp))dapQ = (=)W ymada®da®

Dpra (U, 9)da dz® = Yo (9, 0)(d0® + sin® d?)
= (_1)81/%1(197 30) (dﬁz + Sin219 dSOZ) = (_1>e(1)€m29<19: Qp)dxzdxﬂ )

1
Yemsa (D, p)dz>da? = — (8@&93/@,”(19, @) — cot ¥ Oy Yom (1, gp)) (d192 — sin®Y dg02)

sin

2

+sin19

(633@71(79, @) — sin® 95 Yyn (0, ) + sin v cos ¥ Oy Yo, (9, gp)) dddy

—1)¢
"~ (sim)9 < = 0,09 Yun(9, ¢) + cot § 0, Yem (9, 90)> (d9? — sin®9 dp?)

2(—1)!

+ sin ¢

<8ZY€m (9, ) — sin®I 5V (9, @) + sin ) cos I Ay Yom (9, go)) (—dd)dyp

- (_ 1>£+1X€m29 (197 go)dxzdl,ﬁ

Step 3:

We restrict to odd metric perturbations,

hsa(t,r,9, p)de™da® = Z Z Wen (t, 1) Xemza (9, @) da™dz*?

=2 m=—{

We fix ¢ and m, i.e., we consider one partial wave,
by (t, 7,0, @)da!dz” = 2040, (t, 1) Poms (U, ©)drAdr™ + wen (t, 1) Xemza (9, ) dr>da® .

This partial wave is determined by three scalar functions, v, (¢, ), Upm(t, 7) and we, (¢, ).
We will use the gauge freedom for transforming wy,,(t,r) to zero.
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To that end, we recall that under a gauge transformation
ot ot 4 () = 2 + " () fo ()
the metric perturbation changes according to
hyar = Ty + Ny + Vo fu
We choose a gauge function of the form
fa(t,r,9,0) =0, fs(t,r,9,p) = Agm(t,r)(ngvQng) (9, )

with a function Ay, (¢,7) to be determined. Note that such a gauge transformation de-
pends on ¢ and m, i.e., it is done for the chosen partial wave. Our gauge transformation
preserves the equation hap = 0, because with the Christoffel symbols listed at the begin-
ning of this section we find

hap = hap+Vafp+Vpfa=0+0afs—T"apfut0pfa—T"pafs = 0-2T1"4p fs = 0.
o

The tensorial part transforms as
hZQ (t, r, 79) 90) = 'LUgm(t, r)XZmZQ (797 gp) = (wém(ta T) + A£m<t7 r))XfmZQ (197 90) :
Proof: We first observe that

Vs (Amea®) = €0”VsAm + A Vsea® = £0”0s Mo + AemG”* Vseqs = 0.
=0 =0

Here we have used the fact that the scalar function Ay, is independent of ¢ and ¢ and
that the Levi-Civita tensor is covariantly constant,

Vggm =0.
The latter can be proven in the following way.

= =0 =T
Vyeaa = Ovenn — ' sacna — [ saean

demonstrates that the left-hand side is zero for A = 2. This follows from the fact that
then, because of the antisymmetry of eaq, the first term on the right-hand side vanishes

and the other two compensate each other. Therefore, we only have to consider the case
that A # Q:

—Vo€ps = Voo, = 0o, — o900 — L P90,
=0y (r2sin 19) — 0 —cot¥risind = r?cos ¥ — r’cos) = 0,
—v¢€¢ﬁ = vw&gw = QPEW — fﬁwg&g‘p — Fso%o&gw =0—-0—-0=0.
With this result at hand, it is now easy to complete the proof.
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hsq — hsa + Vs fo+ Vafs
= Wem Xemzo + Vs (AémgQAvA}/Em) +Va (AfngAvAnm)

= Wer, (52AvAinm + EQAvAvEYEm) + A0 VsV aYim + Ames®VaVaYem
= Wem, <EEAvAvQYEm + EQAvAvEYEm> + Amea®VaVe Yo + Ames®VaVaYin

= (wem + Aem) (52AvAvQ}/Em + 5QAvAvZ}/Em> .
O

If we choose Ay (t, ) = —wen(t,7), the tensorial part is transformed to zero and in the
new gauge the metric perturbation is determined by just two scalar functions vy, (t,r)
and Vg, (t,7),

hyw (t, 7,0, p)datdz” = 2 hyx(t, 7,9, go)dxAde = 21}Agm(t,r)CIngg(z?,gp)dxAde.

As the diagonal elements of h,, vanish, it is obvious that the condition of vanishing trace
is satisfied

9" hu, =0.
The generalised Hilbert gauge condition is, however, not satisfied,

V*hy # 0

in general. Note that our choice of gauge, which is known as the Regge- Wheeler gauge, is
done for a particular (¢, m).

Step 4:

Now comes the hard part of the construction. We plug our metric perturbation h,,,
whose only non-vanishing components are hax(t, 7,9, ©) = vam(t, 7)Poms (¥, ¢), into the
linearised field equation. We use the latter in the gauge-independent form

0 - vyélww — v“(sryua

where
201" 3y = G (Vyhao + Vihiny = Vi)
= gu)\ <aph)\cr _%_ F‘rpo'h/)ﬂ' + 80h)\p _%_ FTUph/\T - a)\h',ocr +%‘|—M>
= 5 (Ophas + Oy = Ohs = 2T s )

We will show that, owing to our choice of gauge, 6I'*,, = 0. We consider first the case
o =A=t,r, then the case 0 = ¥ =1, .
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With the help of the Christoffel symbols listed at the beginning of this section we find

O 1 = 9 (bt + Ol — Dbt — 217 b )

= §P0ahcp + G 0ahsa — 25T cabpa — 257 TP s ahap = 0,
——— —— —— ———

=0 =0 =0 =0
ST = G (s + Dhoy, — Db — 2T s )

= §%POshep + 7™ 0shan — 25T cshpa — 2% T P ashap
S~—— S~——

=0 =0

1 s\ g
= —QECD;565§hDA + 25" (1 - 75) g_;z; 07 hap
1 2 r
= 2" ~hys+ (1= ) hy = 0.
T T T

This means that the linearised field equation simplifies to
0 = V0", .

As a preparation for working out the ten components of this tensor equation, we cal-
culate the 0I'V,,. In this calculation, we constantly use the Christoffel symbols of the
Schwarzschild metric, and we will also need the eigenvalue equation of the angular mo-
mentum operator which reads

L*Yy, = —h*(sing) ™! (&9 (sinﬂﬁg}/gm) + (sin ﬁ)_léﬁnm> = R20(0 + 1) Yo,
in standard quantum mechanics notation. We find

20T 45 = go» (aAhDB + Ophpa — Ophap — QFEAB}LDE> =0,
=0 =0 =0 =0

2602 4 = g™ <3AhAB + Ophpa — Opnhap — QFCABhAC>
=0
= (94vBem + O5Vaem — 2T 4pvcem )T Poma
= (0avBem + Opvamm — 2FCABUC€m) 7> enag™ VnYem .

(. 7
-~

=:29aB

20T 45 = P (5,4th + Oshpa — Ophas — QFAAEhDA>
— ~——

=0 SN
;5262

—CD T
= 9" (0avpem — Opvaem — ;5AUDem) Qs

N J/
-~

=:2pap
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262 45 = g™t (aAhAZ + Oshaa — Ophas — QFCAZhA(,*) = Vamd"" (O Prma — OrPoms)

= UAngAA (819(I)€m¢ - aapq)@mﬁ) (5129]5K - 5§5/12)

— — _ €
= ’UAEmgAA (aﬂ (5901991919819}/6171) - ap (Eﬂgog%aagoyrém)) Tzszi:gﬁ

= vam ™ (= B (S0 90 Vi) — D, ((si09) 0, i) ) 5o

r2sin

1
= vAema“smﬁﬁ(H DY,

20T%q = goP (8EhDQ + Oohpy — Ophsa — QFAEQhDA)
——

=0

= 7Pvpim (aZ(I)EmQ + 00 Ppmy — 2TAEQ(I>€mA> = 7Pvpim <v2@em9 + qu)EmE>

= 2§CDUD€mX€mEQ ;
20T %5 = g™ <8zhm + Oahay, — Onhso — QFCthm*) = 2750 ®pmavcem
=0 =0 =0

_ —zgﬁA@fmA( — Vg (1= 22) 6262 — vy (1 — 22)sin?0 5555)
T T

— TSy gx0 _ rs\ g5
= 29AA(DZmAUr£mT(1 - 7)g7'_2 = 29AA<ngAUTgm(1 — 7)g7 .

We are now ready to calculate the covariant derivatives
Vol )y = 00T )y + T, 0TH y — TH,0TC 1y — T, 0T,

and
Va0l 5 = OaT2 5 + T2 N 0TH 0 — THA 0T 1 — THAL0T

for all index combinations p, 0. On the right-hand sides we split the sum over y = ¢, r, 9,
into two sums, over A =t,r and {2 = ¥, p, and collect all non-zero terms. We find

Vol 45 =0,

VadT2 45 = OaT2 ap + T2 a00T % ap — T2 40T a5 — T9Ap0T % 4q
_ 1 1
= Oa (7" Prmngan) + T2 200 Pomaqan — 52;5X5FAQB —0p ;525FAQA
_ 1
= qasVa (G Ppn) — 64— 0T%qp — 61T
dAB A(g 1 A) AL OB Br QA
I )

= qasVa (T ersd " VnYin) = eas 3G VAVnY e = 0,
QABA(Q ASY HZ) dAB EAx, 9 9 AVIiLy

=—¢esA =VnVaYen
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Vool s = 00T s — TP 0abT gy — T aq = 0c (7 panPims)

inl — T 1 — — T — 1—rr
—FBCAQCDPBD(I)zmz—50;53901710,4/3@%9 = Oy <3C (7“"pan) _FBCAQCDPBD_;Q pAr) :

Vadl? a5 = 9a0T2 ax 4+ T2 00T 45 — T x0T 4q — T¥an0T 205 + T2 A0l 45

VAtm _
={(0+1) 2—7“2VA (?AA&gA Yem)

— VAbm — 1 _ Uptm r
—T9ps0T2 40 = £(L + 1) QA;:Q > esaVaY, — 5A;6XQAACDZWLAQQE j (1- 75)

r 2_ 1 rsv_ _
‘HSCFQCDPAD(DKmE + 5?; (1- 7)9AEQAA(I)EmAQAC

1

r

Urem

VAem . T 2 ., r
= ((0+ 1)%‘1’%2 - 5Aq)£m27(1 - 75) + -9 ParPumy + (1- 7S)(I)£m2q/4r

VAem r Urtm rs 2—7“7‘ 1 rs
= Ppny (g(g + 1)2—7,2 - 5,47(1 - 7) + 29 par ;(1 - 7)(1Ar> ;

Vool %0 = 06T — T2 0ndT% 0 — T2 00T %sa

1

2
= ;53 G PVpimXemsa = Xemsa (ac (?CDUDzm) - ;ngrem) ;

VadT?50 = 0a0T%50 + T2 and T sg — THAs T2 no — T A0 T s + T Ac0T P5q

Vrem 's\= /_ _ - 2_ 2_M
= (1- 7)VA (7" @pmaTsa) + 5C;gCDUDZmX€mEQ = 29" VrtmXemza -
=0
Hence
V. 0TF4p =0,
_ — 1
Vol g5 = Qps <3c (°Ppan) —TPcag"pep — ﬁ%
VAtm Uy Ts /2/_ 1 s
(+ )2 = 5 (1= 2) 4 Zgmpa (1= E)ga),
+(+)27n2 AT'Z( T)—{—Tg ba +7'( T’)CIA

V0T 50 = Xomsadc (77 vpim) -

We see that the (AB) components of the linearised field equation are identically satisfied.
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We now turn to the (¢X3) and (rX) components.

o Veen  1_,., 1 r
0=0,(7"per) = T'ni@ prr — TG pre + £(L + 1) 2” S r(l - 75)%"

1
= 581”((1 - _) (6tvr€m 8rvt€m)> - ﬁ (atvrfm - 8rvt€m) + _S (arvtfm - atvrfm - ;Utém)

r 4r?
+0(C + 1)%+i(1 — 55) (00y0m — Do) + o ! (1- —)(81} + D — 2T 40
9 2 20 r tUrém tdm %0 tUrfm tlm tr Utém
1 s 75\ OtUrem Vtom  T5Vtem
= 5(1 - 7)87‘ (atvrﬁm - arvtﬁm) + (]— - 7) ! r + f(ﬂ + 1)2t_7,,2 - ’l“; ) (Fl)
1 1
0 - ar (grrp'rr) +at (gttp'rt) F 'r'rg p'r"r +£<€+1)?;Mm U;im (1_7“75) +- gTrp'r'r—f' (1_T_S)Q'rr
2
o ((rsyteemy OOven = O =) v (-7
’ r’or 202(1_1) 273 272 2 r
s
1
_(1 — T:’ UT_Q + - (1 - _)( rém Frrrvrfm)
01 (D01t — Orvrm — ~viem)
L t\OrUtem tUrtm Tvtém rg %—i_ e(g n 1) Uptm, B 'UMm TS’U/M

N 22(1— —) Dz

rs

212 /jTB

2
B atar'vtfm - afvrém - ;atvtfm n (€(€ + 1) - 2>Ur£m (FQ)
2¢2(1 - L) 2r? |
rs

The (X£2) component of the linearised field equation gives one equation,

r Ot Utom,
0= 0 (" vem) + 05" vm) = 0-((1 = Jonam) = — 5 (Y
(1= )
The field equations (F1), (F2) and (F3) can be decoupled. To that end we replace v,.pp,
with rov,
1 - TEm
Q ( 7”5) T
which allows to rewrite (F3) as
OV r r r ;
tcgf = (]- - 75)87" (T’ Qﬁm) = (]— - ;)th + (]- - 73) Ta?"Qém . (F3 )

Differentiation with respect to r yields

ara Vst r r T 9
t2t€ = T—gng + 2 (1 — 75)87'@0)1 + 7"87'((1 - ;)&«QZWJ ’ (F3 )

C
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With the help of (F3’) and (F3”), (F2) can be rewritten as an equation for @y, alone,

c? c? rc2

0— 1(1 B r_g) (&:&«vtem O Vo, 28tvtem> (- r_s)g (00 +1) = 2) v,

r r r 73

~H0= 0 + 200+ (- 000))

(0(€+1) = 2)Qem

r2

2
0;Qem 2 (1—T—S)2<Qem+%>—(1—%s)

r

If we introduce Wheeler’s tortoise coordinate
T*:T—FTSIH(L—l), 0., = <1—T—S)8T8T*: (1—T—S>8T,
rg r T

which shifts the horizon to r, = —oo, we have derived the standard form of the time-
dependent Regge- Wheeler equation

1
az*Qﬁm - ganfm - ‘/K(T*)Qém = 0.

Here the Regge- Wheeler potential V,(r,) is given implicitly by

Vi(r.) = %(1 =) (e +1) - 3ﬁ> .

r

Note that the potential depends on ¢ but not on m. This means that we could drop the
index m on Qn, i.e., Qo = Qun =: Qp. (Actually, this could have been anticipated
because of the spherical symmetry.) This implies that v,4, and vy, can be replaced with
vre and vy, respectively.

Step 5: Finally, we separate the time coordinate with the help of the ansatz
Qg(t, T*) = eithZg(T*) .
Inserting this expression into the time-dependent Regge-Wheeler equation yields

7 ., W ,
— 1w + 7 efzwt -V . VA efzwt — O, ,
dr? 2 elre)Ze

dQZg w2
—qp TVrZe= G
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This is the time-independent Regge- Wheeler equation. 1t is very similar to the radial part
of the time-independent Schrodinger equation with a spherically symmetric potential.
There are some differences, however. (i) The frequency occurs quadratic, rather than
linear, because the Regge-Wheeler equation is of second order in time. (ii) The radius
coordinate r, ranges from —oo to oo, rather than from 0 to co. (iii) We have to impose
the condition on our complex function Z, that the corresponding metric perturbations
h,, are real. (iv) In contrast to the wave function in quantum mechanics, there is no
physical reason why Z, should have to satisfy a square-integrability condition; instead,
one has to impose physically motivated boundary conditions.

Vi(r.)

|
r=3rg/2

The Regge-Wheeler potential describes a potential barrier rather than a potential well,
see the picture. Correspondingly, we do not expect any bound states to exist. As we have
omitted monopole perturbations (¢ = 0) and dipole perturbations (¢ = 1), which cannot
describe gravitational waves, we plot the potential for ¢ = 2 (solid), ¢ = 3 (dashed) and
¢ =4 (dotted). The maximum of the potential is near the light sphere at r = 3rg/2. In
the limit ¢ — oo it approaches this value.

From any solution Q,(t,7.) = Zs(r.)e~™" of the Regge-Wheeler equation we can construct
the metric perturbations v,, and vy in the following way. v,, is given directly as
Ts\—1
Urg = Qémr(l - 7)

and vy, follows if we plug the ansatz vy (t,r.) = Ue ™" into (F3),

1 T
gatvté = (1 - ;)Qé + 70, Qe

dZy

dr,

It can be shown that then the field equation (F1), which has not been used so far, is
automatically satisfied.

1w r
—gUg: (1—7S)Zg—|—7“
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From time-harmonic solutions to the Regge-Wheeler equation we can construct more
general odd linear perturbations of the Schwarzschild metric by forming superpositions of
solutions with different w and different (¢, m). Note that such a superposition is indeed
possible, although we have chosen a gauge (i.e., a coordinate system) that depends on
(¢,m); the reason is that in the representation hy, (v)dz*dxz" of the metric perturbation
the x = (20, 2!, 2%, 2%) denote the unperturbed Schwarzschild coodinates. (As the h,,, are
small of first order, the difference between their values at the perturbed coordinates and
at the unperturbed coordinates is of second order and hence to be neglected.) Therefore
the h,, can be superimposed, even if we use different perturbed coordinates for different

(¢,m).

The general solution to the Regge-Wheeler equation cannot be written in terms of ele-
mentary functions. However, by an appropriate substitution it can be transformed into
a confluent Heun equation, a differential equation that was studied in the 19th century
by German mathematician Karl Heun. The general solution of this equation can be
expressed in terms of the so-called HeunC function which is implemented, e.g., in Maple.

In Worksheet 8 we will demonstrate that the Regge-Wheeler potential falls off exponen-
tially for r, — —oo. This implies that, near the horizon, the Regge-Wheeler equation can
be approximated by
d W
—d—rzZe(m) ~ gZe(n)
which is solved by e*™"=/¢. Therefore there must be two solutions of the Regge-Wheeler
equation that behave asymptotically as

Zl(r,) ~ e /e forr, - —o0,

Zg)(r*) ~ er/c forr, — —00.

These two solutions are called the IN mode and the OUT mode, respectively. As they
are linearly independent, and as the set of solutions to a linear second-order differential
equation is a two-dimensional complex vector space, any solution to the Regge-Wheeler
equation must be a linear combination of the IN mode and the OUT mode with constant
complex coefficients. We have characterised here the IN mode and the OUT mode by
their asymptotic behaviour only; actually, they can be written in terms of infinite power
series that converge on a certain neighbourhood of the horizon (but not at the horizon).

In Worksheet 8 we will also show that the Regge-Wheeler potential falls off like 72 for
r. — 00, As a consequence, the approximation

d w?
—d—rng(r*) ~ ng(r*)

is valid near infinity as well. This gives rise to two other solutions of the Regge-Wheeler
equation that behave asymptotically as

ZgD(r*) ~e e forr, — 00,

Zg(r*) ~ e/ forr, — 00.
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These two solutions are called the DOWN mode and the UP mode, respectively. Again,
they are linearly independent, so they may be used as a basis for the set of all solutions.
The DOWN mode and the UP mode may also be written in terms of power series that
converge on an interval up to (but not including) infinity; in the following we will only
need the asymptotic behaviour of these modes.

Two interesting types of problems are related with the Regge-Wheeler equation (and,
analogously, with the Zerilli equation for even modes). Firstly, one can study quasi-
normal modes, and secondly one can study scattering problems.

A quasi-normal mode is a solution which is a pure IN mode and, at the same time, a pure
UP mode. This means that nothing comes out of the black hole and nothing comes in
from infinity. We will demonstrate in Worksheet 8 that such a solution does not exist for
real frequencies w and also not for frequencies with a non-zero real part and a positive
imaginary part. In the first case Qu(t,r.) = Zi(r.)e”™* would describe a stationary
oscillation and in the second case a solution that grows exponentially in time. Quasi-
normal modes exist only with strictly negative imaginary part of the frequency, so they
decay exponentially in time. There is a discrete set of complex frequencies for such quasi-
normal modes which can be determined numerically or with analytical approximation
methods. The following table shows the complex frequencies for the first four quasi-normal
modes for ¢ = 23,4, taken from a paper by E. Leaver [“An analytic representation for
the quasi-normal modes of Kerr black holes”, Proc. R. Soc. London, Ser. A, 402, 285298,
(1985)].

=2 F=1 F=4

n
0
1

2
3

0.37367 -0.08896 1
0.34671 -0.27391 i
030105 -0.47828 i
0.25150 -0.70514 i

0.59944 -0.092701
0.58264 -0.281301
0.55168 -0.47909
0.51196 -0.690341

0.80918 -0.094161
0.79663 -(0.28443 i
0.77271 -0.47991 1
0.73984 -0.683921

TABLE I: The first four ONM frequencies (M) of the Schwarzschild
black hole for £ =2.3, and 4/3].

Natural units are chosen; for conversion into Hz one has to multiply with 27 x 5142 Hz x
Mg /M. We see that for fixed ¢ the real part of the frequency is mazimal for the funda-
mental mode (n = 0). This is in contrast to normal modes where the frequency of the
fundamental mode is minimal. The fact that all quasinormal modes have frequencies with
a strictly negative imaginary part implies that a Schwarzschild black hole is stable against
this type of linear perturbations. (There are various ways of how to define stability. The
notion considered here is known as modal stability.) The damping time (i.e., the inverse
of the imaginary part of w) is surprisingly small: From the table we read that, for a black
hole with a few solar masses, the frequency is in the order of kilohertz and the damping
time is in the order of milliseconds! For a supermassive black hole with some million Solar
masses the damping time is in the order of hours.

106



The picture below shows the frequencies of the quasinormal modes of a Schwarzschild
black hole in the complex plane.
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This diagram, taken from N. Andersson and S. Linnaeus [“Quasinormal modes of a
Schwarzschild black hole: Improved phase-integral treatment”, Phys. Rev. D 46, 4179,
(1992)], displays the values for the quasi-normal modes with ¢ = 2 as diamonds and
with ¢ = 3 as crosses. A similar diagram can also be produced with the even (Zerilli)
quasi-normal modes. One finds that they lie along the same curves but at different values.

Quasi-normal modes have also been calculated for charged black holes (i.e., for the
Reissner-Nordstém metric), and, with much greater difficulty, for rotating black holes
(i.e., for the Kerr metric). The differences could be used, in principle, for distinguish-
ing different types of black holes by the gravitational radiation they emit when they are
perturbed.

We now turn to the scattering problem. To that end we consider solutions Z(r.) to
the time-independent Regge-Wheeler equation with real frequency w # 0, i.e., such that
Qu(t,r.) = Zy(r.)e ™" is neither decaying nor increasing but oscillatory in time, and we
assume that nothing comes out of the horizon. The latter assumption means that we
consider a solution that is a pure IN mode; as the DOWN mode and the UP mode are
linearly independent for every w # 0, such a solution must be a linear combination of the
DOWN mode and the UP mode.

The picture on the next page illustrates this situation: The DOWN mode describes what
we send in; part of it is reflected by the potential barrier as an UP mode, and part of it
goes to the horizon as an IN mode. From elementary physical intuition one would take it
for granted that what is reflected is always less than what is sent in. We will demonstrate
that this is, indeed, true for scattering by a Schwarzschild black hole. However, at the
end of this section we will comment on other situations (i.e., other types of black holes)
where this is not true; one then speaks of superradiance.
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As a preparation, we first observe that the IN mode must be a linear combination of the
UP mode and the DOWN mode because the latter are linearly independent,

Zy(r.) = AeZy (ro) + BeZ{ (1)

with complex coefficients A, and B,. As for real w the UP mode is the complex conjugate
of the DOWN mode, this may be rewritten as

Zg’(r*) = AgZeD(T*) + Bg?f(r*)

where overlining means complex conjugation. Moreover, for real w the OUT mode is the
complex conjugate of the IN mode, hence

Zf(r*) = Zg?f(r*) + EngD(r*) .

There is no simple way of calculating the coefficients A, and B, (which, of course, also
depend on w). However, it is easy to derive a relation that their absolute squares has to
satisfy:

Claim: |A,|* - | B,

=1

Proof: Z! and Z2 are solutions of the same second-order linear differential equation.
This implies that their Wronskian

zi zy
W(Zi, Z7) = det | dz] dz¢
dr, dr,

is constant. This is a standard result from the theory of linear differential equations
which, in the case at hand, is demonstrated by the following elementary calculation.

d (_r, \dZ0(r) o, \dZ[(r.)
dr, (ZZ () dr, Z¢ (r) dr, )

d>Z2(r,)
= 24y I g

*

d

W Z0)(r) =

d?Zl(r,)
dr?

= 2} (r) (Vir) 20 (r) + 520 (r) ) = 20() (Velr) 2L () + 55 2L (1)) = 0.
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As a consequence,

dZg(r.) B Z?(r*)dZéI(r*)>

— T I
0= lim (ZE(’F*) . ar

Tx—>—00

dz g) (rs)
dr,

—Z? r) dZ; (r.) ) = lim <Z[I (r4) dZ(r.) —Zé (14) dZéZ*) )

dr, Tx—>—00 dr,

— lim <Z£I(T*)

Tx—>00

— tim (422 ) + BZE )] 5 [P0 + BzP()])

Tx—00

+im ([AZP(r) + BuzP (r)] - [AZP () + BZP(1)])

T%—>00 d?”*

deiwr*/c o de—iwr*/c>
— — e e

= i <fiwr*/c
o\ dr, dr,

Tx—>—0Q

~ Tim ([Age /e Byeters ] L [Aere/e 4 Byemior]

Tx—>00

+ lim <[deiwr*/c + Eee—iwr*/c} di [Aze—iwr*/c + Beeiwr*/c}

Tx—>00 T«

= lim (e—zwr*/cezwr*/c_ + ezwr*/ce—zwr*/c_>

Tx—>—0Q c
' ' T i W = 1w
— lim ([Azefzwr*/c + Bzezwr*/c] [Agezwr*/c_ i Beeflwr*/c_}>
C

T5—+00 C

+ lim ([Zzeiwm/c _{_Eze—iwr*/c} [_ Aee—iwr*/ci?w + Bzeiwr*/c%u}>

Tx—>00

— lim (22—“’> ~ lim (|Ag 222% ~ |B, 222) _ 2Z£(1 — A + ]34]2) .

re——00\ C T —00 C &

O

After these preparations we are now ready to discuss the scattering problem. We consider
a solution to the Regge-Wheeler equation with real w # 0 that is a pure IN mode and,
thus, a linear combination of an UP and a DOWN mode,

Zy(r) = C1 2y (r.) = CPZ (r) + G} Z{ (r.)

with complex coefficients Cf, CP and CY. As

Z{(r) = AZP (r.) + BoZy (),

comparing coefficients yields

ciA,=0f, clB,=cCy.
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One calls

_larf
Clerr
the transmission coefficient and
_letr
" lerr
the refiection coefficient. We now find
S <] iy L
cpl” - lepr
L L S - e 1
Y e

As by definition 7, > 0 and R, > 0, this demonstrates that 7, < 1 and R, < 1. The
latter inequality proves that there is no superradiance: The reflected intensity cannot be
bigger than the intensity that is sent in.

1.0f
0.6

0.2}

0.0.<4
0.0

While it was rather easy to demonstrate this inequality, calculating the precise dependence
of T, and Ry on w is a difficult task. It can be done only numerically or semi-analytically.
In the diagram, 7; is plotted for different values of ¢ against the frequency w; the latter
is given in units of ¢/rg. We see that 7; tends to zero for w — 0 and to 1 for w — 0.
However, the 7, turn out to be strictly smaller than 1 for all real w. As an ideal black
body (i.e., a body that totally absorbs all the radiation that is sent in from infinity) would
be characterised by 7, = 1, it is also common to call the 7, the greybody factors.
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We have discussed the quasi-normal modes and the scattering problem here for perturba-
tions of the gravitational field, i.e., for gravitational waves. Instead of the linearised Ein-
stein field equation, one may also study the Klein-Gordon equation or the Maxwell equa-
tions on the Schwarzschild background. This gives rise to very similar Regge-Wheeler-type
equations and to quasi-normal modes and scattering of scalar waves or electromagnetic
waves. The fact that there is no superradiance is common for all types of waves on the
Schwarzschild background.

By contrast, scattering by a rotating black hole (mathematically modelled by the Kerr
metric) does show superradiance. This gives rise to the black hole bomb: If a Kerr black
hole is enclosed by mirrors, radiation that is sent towards the horizon is back-scattered
with an amplification factor bigger than 1, so after repeated reflection at the mirror the
amplitude of the radiation becomes unboundedly big. The energy needed for this process
is extracted from the black hole by spinning it down.

Superradiance also occurs with charged black holes (mathematically modelled by the
Reissner-Nordstrom metric). In this case one needs a charged field (e.g. a complex Klein-
Gordon field) and the needed energy is extracted from the black hole by reducing its
charge.

7 Exact wave solutions of Einstein’s field equation

Up to now we have treated gravitational waves as perturbations of a background spacetime
that are so small that all equations can be linearised with respect to them. This is a viable
theory for explaining any observations that are expected for the foreseeable future. Nonetheless
it is helpful, and even necessary for a full understanding, to study gravitational waves at the
level of the full nonlinear Einstein equation. It could well be that some of the observations
made in the linear theory, e.g. about the polarisation states or about the multipole characters
of gravitational waves, are just an artefact of the linearisation. In this chapter we are going to
discuss some classes of eract wave solutions to Einstein’s vacuum equations.

7.1 Brinkmann solutions (pp waves)

We begin with a class of exact plane-wave solutions which is known as the Brinkmann metrics
or as pp waves. For introducing them we first consider Minkowski spacetime in double null
coordinates (2!, 2%, u,v), where the u lines are the straight lightlike lines in negative z* direction
and the v lines are the straight lightlike lines in positive 23 direction. We then modify the
spacetime in such a way that it is no longer flat but that the v lines remain lightlike, geodesic
and orthogonal to planes. The idea is that the v lines can then be interpreted as the “rays” of
a gravitational wave with planar wave surfaces, if the vacuum Einstein equation is satisfied.
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From Minkowski spacetime in standard coordinates, g = (dz')? + (dz?)?* + (dz®)* — (dz°)?,
we transform to “double-null coordinates”, (z!, 22, 23, 2°) — (2!, 22, u, v), defined by

O_LU u w3ziv—u
. _\/5( + )’ \/5( )
Then . X
(2 ~ (@) = o (dv -+ du)? — 3 (dv — du)” =

1 1
= S (da* + 2dvdu + d0*) — S(da” — 2dvdu + dv”) = 2dvdu,

hence the Minkowski metric reads
g = (dz')* + (d*)* — 2dvdu.

We now add a term that makes the spacetime dynamic (time-dependent), but in such a way
that 0, remains lightlike,

g = (dz")? + (d2*)* —2dvdu + H(x', 2* u) du? (B)

with some function H(x', 2% u). The dependence of H on u (i.e., on z° — 2%) makes the metric
time-dependent. The vector field 0, is no longer lightlike, but the vector field 9, still is. We will
show in Worksheet 8 that, in addition, 0, is absolutely parallel, i.e., covariantly constant in any
direction, hence in particular geodesic. This allows to interpret the v lines as the propagation
direction of a wave that travels at the speed of light. Each z'-z*-surface (i.e., each surface
{u = constant, v = constant}) is a Euclidean plane perpendicular to the propagation direction
of the wave.

Below we will calculate the Christoffel symbols of the metric (B) from which one can easily
determine the Ricci tensor. One finds that the vacuum Einstein equation R, = 0 holds if and
only if H satisfies the Laplace equation with respect to the variables z' and 22.

6489,05H = 0. (T)

Here an in the following, capital indices A, B, ... takes values 1 and 2. If the condition (T) is
satisfied, the metric (B) can be interpreted as a (pure) gravitational wave. For the case that
(T) is not satisfied, one finds that the energy-momentum tensor has the form of that of an
electromagnetic field; the metric can then be interpreted as a combination of a gravitational
wave and an electromagnetic wave.

Metrics of the form (B) made their first appearence in a purely mathematical paper by H.
Brinkmann [“Einstein spaces which are mapped conformally on each other” Math. Annalen
94, 119 (1925)]. The coordinates (z', 2% u,v) are known as Brinkmann coordinates. A. Peres
[“Some gravitational waves ” Phys. Rev. Lett. 3, 571 (1959)] rediscovered these metrics with
condition (T) and interpreted them as gravitational waves. The same solutions to Einstein’s
vacuum field equation were studied by J. Ehlers and W. Kundt [“Exact solutions of the gravi-
tational field equations” in L. Witten (ed.) “Gravitation: an introduction to current research”
Wiley, New York (1962) p.49] who called them plane-fronted waves with parallel rays or pp-
waves for short. Obviously, “plane-fronted” refers to the (z!, z?)-surfaces and “parallel rays”
refers to the v-lines.
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We will now write down the geodesic equation for the metric (B) which will give us the Christof-
fel symbols. As usual, the most convenient way is to start from the Lagrangian

L(x i) = %gw(:p)x'“dv” - % ((1«1)2 +(#2)2 — 240 + H(z', 22, ) iﬂ)

where an overdot means derivative with respect to an affine parameter s. From this we get the
geodesics as the solutions to the Euler-Lagrange equation

d (E)ﬁ(w,a’e)) C0L(v,3)

ds oz ozt n

Doing this for 2* = v, u and z* yields

1 1
—i =0, —@'+—) — §auHu2 =0, - §5A383Ha2 =0,

ds
hence

1 1
=0, ©— 5auHu? — O Hui* =0, &% — §5ABaBHu2 =0.

From these equations we read that the only non-vanishing Christoffel symbols are
v 1 v 1 A AB
From the Christoffel symbols one can calculate the Ricci tensor
Riu=01",0 =016 + T, .17, = T7,17,,.

One finds that the only non-vanishing component of the Ricci tensor is
[YY:
Ruu = — 5 (5 (9A83H

so that indeed the vacuum field equation R, = 0 is equivalent to the Laplace equation (T), as
was already anticipated above.

In the following we will consider those pp-waves for which the function H is a quadratic form
in the variables 2! and 22,
H(z', 2% u) = hap(u)z?z?

with a symmetric (2 x 2) matrix (hap(u)). If the vacuum field equation (T) is satisfied, i.e., if
the matrix (hap(u)) is trace-free,
5ABhAB(u) == 0,

these special pp-waves are called plane gravitational waves; otherwise they describe a coupled
system of a plane gravitational wave and a plane electromagnetic wave. Both cases were first
studied by O. Baldwin and G. Jeffery [“The relativity theory of plane waves”, Proc. Roy. Soc.
London A 111, 95 (1926)] who did not know about Brinkmann’s earlier work on the larger class
of what we now call pp-waves.
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The condition of vanishing trace means that for a plane gravitational wave the matrix hp(u)
can be written as (@ ()
fi(u Jx(u )
hap(u)) = .
rante) = (50 750

The profile functions fi(u) and fy(u) determine the shape of the gravitational wave. The fact
that (within the class of metrics considered) two scalar functions are necessary to determine the
wave can be interpreted by saying that “a gravitational wave has two polarisation states”. This
is in perfect agreement with what we have found for plane harmonic waves in the linearised
theory about Minkowski spacetime, where we also had two polarisation states, the plus-mode
and the cross-mode).

For a plane gravitational wave the geodesic equation specifies to

i =0,

1
i = 3 (f)(@)? = @2) + 2 £ (wa'a?) i
- <f+(u) (z'd! — 2%3%) + fr(u)(z'd® + x2x'1)>u,
(9’51) 1 (f+(u) fx(uw) ) (w1>
i? 2 \fx(u) —fi(w)) \2?) "
We see that there are geodesics that are completely contained in a lightlike hypersurface u =

constant. For them we have u(s) = wg, @(s) = 0 and i(s) = 0, so the u component of the
geodesic equation is satisfied. The other components read

i(z) _1 f+(ZE) —JCX(UEZ i;(i) |
i can be integrated e(;;y.)) 2 (fx( ) =/ ))( ())

For all the other geodesics we have @(s) # 0. Then the u component of the geodesic equation,
it = 0, says that u can be used as the affine parameter. (Recall that the affine parametrisation
along a geodesic is unique only up to a transformation of the form s — as + b with a non-zero
constant a.) With u(s) = s, the other components of the geodesic equation read

i) = 5 (F05) (6 ~ (@2(:)) + 2 s)a (5)27(5))
(£ @ (5)3(5) = 22()32()) + fuls) (2 ()3 (5) + 22()31 (),

() =2 (59 Z) (60)

We see that the (z!,2?) equation decouples. After having solved this equation, v(s) is deter-
mined by a straight-forward integration. Therefore we concentrate on the matrix differential
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equation for #! and z2. This equation gives the motion of the geodesics in the (z!, z?) plane, i.e.,
in the plane orthogonal to the propagation direction of the wave. For the plus-mode, f, = 0,

we have N 1
() = 127 (540)

At points where f, is positive, there is focussing in the z!' direction and defocussing in the 2
direction; at points where f, is negative, it is vice versa.

To discuss the cross mode, we may rotate the coordinates by 45°,
gty 1 1 1) [zt 2 1 (1 =1\ (¢!
y? _E -1 1) \2*)" x? _ﬁ 1 1 y? )
g 1 /1 1\ &\ 1 /(1 1\ fx(s) (0 1Y\ [z
i) a\-1 1)\i?) ~ L2 \-1 1) 2 \1 0)\a?
LG Y (LY () L (2 0) (1) L (1)
o2\ -1\l 1) \y?) T 4 \0 —2)\¢*) T 2 \—¢*)°

so we have the same focussing and defocussing properties as for the plus-mode, just rotated by
45°.

Then

This consideration holds for timelike, lightlike and spacelike geodesics. For timelike geodesics
it gives the motion of freely falling test particles, in analogy to what we have discussed in
the linearised theory. We see that the plus-mode and the cross-mode have the same physical
interpretation for the exact plane gravitational waves, but now x! and z? may be arbitrarily
large. To make the analogy with our treatment of the linearised theory perfect, we may Fourier-
expand the matrix-valued function hp(u) (i.e., the profile functions f, (u) and fx(u)). Then
we get exactly the same expression for each Fourier mode

hag(u) = Re{the_iw“/C}

as we had in the linearised theory.

We now turn to the lightlike geodesics. The picture
on the right shows the past light-cone of an event
R, in a famous hand-drawing by Roger Penrose [“ A
remarkable property of plane waves in general rela-
tivity” Rev. Modern Phys. 37, 215 (1965)]. One
sees that, with the exception of the v-line through R
(which is a straight line), all light rays that are issu-
ing from the event R into the past are refocussed into
another event ().

Actually, taking the fourth dimension into account which is missing in the picture, a pure gravi-
tational wave refocusses light rays into a line ( “astigmatic focussing”). A combined gravitational
and electromagnetic wave can refocus light rays into a point (“anastigmatic focussing”). The
picture also indicates that a plane-wave spacetime cannot admit a Cauchy hypersurfaces, i.e.,
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a hypersurface that intersects any causal curve exactly once: Such a hypersurface would have
to intersect the v-line through R. But then some of the other past-oriented lightlike geodesics
from R to ) have to be intersected twice.

The following picture of the light cone was produced with Mathematica. The profile functions
were chosen as fy(u) = 0 and f, (u) = k?x(u), where k is a non-zero constant and x(u) is the
characteristic function of a finite interval (i.e., the gravitational wave is “sandwiched “ between
two flat spacetime regions, bounded by hypersurfaces u = constant). The z? dimension is
omitted. The similarity with the Penrose drawing is striking.

v+u

The picture on the right gives a purely spatial view
of the light-cone above. Now both spatial dimen-
sions 2! and z? are shown and the temporal di-
mension, u + v, is omitted. One clearly sees the
astigmatic focussing: There is focussing in one spa-
tial dimension and defocussing in the other spatial
dimension, so that the lightlike geodesics are refo-
cussed in a line.

7.2 Beck-Einstein-Rosen solutions

In this section we want to discuss a class of excact wave-like solutions to Einstein’s vacuum
equation with cylindrical symmetry. These solutions are usually called Einstein-Rosen waves
although they were found by Austrian physicist Guido Beck already 12 years before Einstein
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and Rosen [G. Beck: “Zur Theorie bindrer Gravitationsfelder” Zeitschr. f. Physik 33, 713
(1925)].

Beck started out from known results on axisymmetric and static metrics which had been found
by H. Weyl in 1917. A metric is axisymmetric and static if it can be written in cylindrical
polar coordinates (¢, p, ¢, z) such that the g, are independent of ¢, independent of ¢, and
invariant under a transformation ¢ — —¢. Such metrics describe the gravitational fields of
time-independent non-rotating bodies with axial symmetry. (If the invariance under the trans-
formation ¢ — —¢ is dropped one speaks of axisymmetric stationary metrics; then rotating
bodies are included.) Beck took the known axisymmetric and static metrics and performed the
formal substitution ¢ — iz, 2z + it. Then the metric is still axisymmetric but, instead of being
time-independent, it is now invariant under translations in z-direction. In this way one gets
time-dependent metrics (waves) with cylindrical symmetry.

The ansatz for the metric reads
gudatdr” = e (dp2 — chtQ) + e 2W2dp? + e*d2?

where 7, ¥ and W are functions of ¢ and p. This is precisely the same ansatz, with the
above-mentioned substitution, as it is used for the axisymmetric and static metrics; in the
latter context, one speaks of Weyl canonical coordinates. This is the most general form of
a cylindrically symmetric metric apart from the fact that we have assumed invariance under
¢ — —¢ (in analogy to the axisymmetric static case). Note that the ansatz of the metric in
the (¢, p) plane being proportional to (dp2 — c2dt2) is no restriction as every two-dimensional
metric is conformal to the flat metric.

To find vacuum solutions with the prescribed symmetry we have to calculate the Ricci tensor.
As usual, the easiest way to find the Christoffel symbols is by starting from the Lagrangian for
the geodesics,

1 :
L(x,d) = 5 (e%—w (P2 — %) + e W2 4 ewz?)

where the overdot means differentiation with respect to an affine parameter s. The Euler-
Lagrange equations give the four components of the geodesic equation. After some elementary
algebra they take the following form.

F4+20,0p2+2000t2 =0,

9,
W

- pw)psbw(a;y —0)ip =0,

¢+2<

p+ (0,7 — 0,0)p* — 2(0ry — ) pt + (8py — D)t
0,W

—6_27W2 (W — p¢> ¢2 — 6_27+4¢8p¢ ZI2 = O,

. . . 1
F+2(0,7 = 00)pt+ (0 = 0) + (07 — O) 47

w2 0w
—2¢ Y t
e 2 ( %%

1
— @1/)) §b2 + 6_27+4w8tw 0_2 22 =0.
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From these equations we can read the Christoffel symbols and, thereupon, calculate the Ricci
tensor. We find

Re= e (2 — 07 o — o)

_ 1 PwW 2w oW
R,, = W2 27( — 821/} + 0—253@/’ + ?/V — c;W — %/ o + 8@)
O2W a,W
Ry = 0}y — 6232 — O + 0232¢ + W ¢ I’;V (07 — 0,0)

oW

(aq + o) +2(0)°

82W 9,

op = 857 —837 @220 + GZ@ZJ + 4 i (0p7 + 3pw)
8
did 77 (0 = ) +2( a,)?,
a,0WwW oW oW
Ry =Ry= L — 20y — =0,y + 20,0 0,

w w w

The other components of the Ricci tensor are zero. This reduces the vacuum field equation to
five scalar equations. The first two equations, .. = 0 and R, = 0, are equivalent to the two
equations

1
W — —afw =0, (B1)

20— o+ 2 o - W aw =0, (B

Similarly, the equations R,, = 0 and Rtt =0 are equlvalent to the two equations

RPwW W 9W oW 2
2ct2W + ;W - I’;V Oy — 2Wat”7 + - (at¢) (0,0)" =0, (B3)
0y — oy — 5 (0w) + (0) =0, (BY)
The last component requires
OW  GW . oW
Mt/ o0y twawwzpat@z)_o (B5)

We will solve these equations for two cases.

Case A : (9,W)” — é(atw)2 >0

This condition, which says that the gradient of the function W is spacelike, guarantees,
in particular, that this gradient has no zeros. We can, therefore, use

p= W(ta P)
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as a new coordinate. We use this freedom for performing a coordinate transformation
(t,p) — (£,p) such that

N W
df = 8det+8t7dp, dp = 0,W dp + 8,W dt .

The second equation is just the differential version of the definition of p. We have to

check if the first equation defines, indeed, a function ¢. The equations

ow

c2

of=0W,  of=

can be satisfied only if the integrability condition

oAl
aiw == 2

C

is satisfied. This, however, is guaranteed by the field equation, see (B1). Our new
coordinates satisfy

) 2 W N2

A — 2dP? = (apW dp + oW dt) _ 2 (apW dt+ 25 d,o)
1

= (@m)" =5 (@W)") (dp* - *d?)

Note that the factor on the right-hand side is positive by assumption. Therefore, we can
replace the function v by a new function ¥, defined by

Then the metric reads
g datdr” = e (dﬁQ — chtNQ) + e 2P dp? + eV

In the following we drop the tildas. Now we have to evaluate our field equations (B1) to
(B5) with W (t, p) = p. (B1) is automatically satisfied. (B2) becomes

1 1 7
Py + ;apzp — gafzp =0. (B2))
(B3) and (B5) can be solved for the partial derivatives of +,
2 1 2 ,
o =r((@0)+ 5@0)), (B3

8t’y = 2p8pw @1& . (B57)

(B4) is then automatically satisfied. Note that (B2’) is a differential equation for v alone.
We can solve this equation with a standard separation ansatz. After splitting off the time
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part we are left with the radial part of the Laplace equation in cylindrical coordinates
which is the well-known Bessel equation. Therefore the general solution to (B2’) is

W(t,p) = AJo(wp)cos(wt) + B Yy(wp) sin(wt)

where Jy and Y, are the Bessel functions of first and second kind, respectively. While
Jo is regular everywhere, Yy goes to —oo for p — 0. If we want to have a solution that
is regular on the axis we have to choose B = 0. Having solved (B2’), we can determine
v from (B3’) and (B5’). It is obvious that the solution 7 is unique up to an additive
constant. Existence of the solution is less trivial. We have to check if the integrability
condition is satisfied:

0 {p((@0)" + 5(@0)’)} £ 042000 00}

2 ?
p(20,4600070 + S00%0) L 20, D1t + 2.p 920 Ot + 2 p 050D

! 1 1
0+ 2pat¢(;ap¢ + O — S0%) .
We see that the integrability condition of (B3’) and (B5’) is just the equation (B2’).
This guarantees that to every solution of (B2’) we find a corresponding 7 such that all

components of the vacuum field equation are satisfied.

This class of solutions describes gravitational waves with cylindrical symmetry. For B = 0
they are well-defined, as source-free vacuum solutions, on all of R*. There is a coordi-
nate singularity on the axis, as always when using cylindrical polar coordinates, but no
curvature singularity. This class of vacuum solutions was (re-)discovered by A. Einstein
and N. Rosen [“On gravitational waves” J. Franklin Inst. 223, 43 (1937)]. In an earlier
version of this paper, Einstein and Rosen had interpreted the coordinate we called ¢ as a
non-periodic, Cartesian-like coordinate and, correspondingly, the waves as planar rather
than as cylindrical. The (coordinate) singularity at p = 0 gave them the impression that
this solution is unphysical and they even concluded from this observation that gravita-
tional waves do not exist in the full non-linear theory. Einstein and Rosen submitted
their paper with this (completely false) conclusion to Physical Review. The Editor sent
the article to a referee (which had never been happened to Einstein before) who pointed
out that the conclusion was erroneous and that, actually, the solutions are cylindrical.
Einstein was so angry about the fact that his article had been sent for refereeing that he
withdraw the paper and decided never again to publish in Physical Review. After H. P.
Robertson (who, as we know now, was the referee) explained to him his error, Einstein
wrote a completely new version of the article (N. Rosen had left for Russia by that time)
which was then published in the Journal of the Franklin Institute. The cylindrical solu-
tions presented in this paper are now known as Einstein-Rosen waves although they had
already been found by Beck 12 years earlier.

Case B : (9,W)° — C—lz(éwv)2 =0, 9,W#0

This condition says that the gradient of the function W is lightlike and non-zero. Then
we have

1
8pW = :l:zatW .
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Here and in the following, either the upper sign or the lower sign holds. The components
(B3) and (B5) of the field equations read

W A o,W
S o ® L0+ 5 (00) + (04) =

82W o,W o,W
W + aﬂ— WaVi 81/1&1/1—0

Subtracting the second equation from the first yields

1
apw = izat¢7
ie.,
U(t,p) = flct £p).
Upon inserting this result into (B4), and using that 9,1/ has no zeros, we find

1
6,37 2 837 =0,
ie.,

V(t, p) = plct £ p) + qlct F p) .

With these results our metric takes the form

Gudatdr” = — (eZp’Qf(cdt + dp)) <62q(cdt F dp)) + e HW2dp? + e* d? .
We replace ¢t and p by new coordinates (11, f}) such that

1 1
dit = — e~ (cdt + dp), dv = — €% (cdt F dp) .
7 ( p) 7 (cdt F dp)
This is possible as the integrability conditions are obviously satisfied. Then the metric

reads
Gudxtdx” = 2dudo + C11 (@) dp?® + Coy()d2?

where we have used that f and W depend on ¢ & p only which, in turn, can be expressed
in terms of u alone. Metrics of the form

Gudatdz” = —2didi + Cyp(@)di*dX?

are known as Rosen waves. They were discussed in a paper by N. Rosen which he wrote
after he had left Princeton for the Soviet Union [N. Rosen: “Plane polarized waves in the
general theory of relativity”. Phys. Z. Soviet Union 12, 366 (1937)]. With our metric
ansatz we have found only those Rosen waves for which the matrix Cyp(@) is diagonal;
one gets the general class if one drops the assumption of the ¢ lines being orthogonal to
the z lines.

The Rosen waves are actually locally isometric to the plane waves we have studied in the
preceding section in the Brinkmann coordinates. We demonstrate this for the case that
the matrix Cyp is diagonal.
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We start out from the metric in Rosen coordinates with

) = ("0 o)

We express the Rosen coordinates (ﬂ, 0,3t iz) in terms of new coordinates (which will

turn out to be the Brinkmann coordinates) (u,v, 2!, x?) by

i=u v=r (B ).

Then
gudatde? = —2dads + €2 (dz")* + €2 (dz?)
1é1 162 1 él : 1 ég ’
_ 9 { _ 8o g 2620 2 2__(_) 1\2 _<_) 2\2 }
dus dv 5 x'dr 5 zr*dx 5 (:L‘)du+2 o (x%)*du

€1 €2 €1

drt 2 d 2
+el< S ﬂxldu) + €5 <i — @xzdu)

= —2dudv —i—dud:v /% /% —i—dud:v 62 o /fﬁ
.. .2
2f (61 € 2 (&1 _
+du {(61 %)(xl) + <62 zz/ ;7%/ ;7%/ (dz')? + (dx?)?.

This is precisely the form of a plane wave in Brinkmann coordinates,

gudatdr” = —2dudv + hap(u)rtxBdu? 4+ (da')? + (da?)?,

with
é1(u) 0
_ e
(hAB(u)) - 01 éa(u)
€2
The vacuum field equation requires
éw) | &) _
€1 €9

The other cases, where the gradient of W is timelike, or where it changes its causal character
from point to point, will not be treated here. The latter case is of relevance for colliding waves.
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7.3 Robinson-Trautman solutions

While plane waves are associated with bounded sources only approximately, at a large distance
from the sources, and cylindrical waves are not associated with bounded sources at all, we
will finally study a class of solutions that do give a valid description of gravitational radiation
from bounded sources. It was constructed by I. Robinson and A. Trautman [“Some spherical
gravitational waves in general relativity” Proc. Roy. Soc. London A 265, 463 (1962)] in analogy
to the Liénard-Wiechert field from electrodynamics. The latter is the electromagnetic field of
an accelerated point charge in Minkowski spacetime. The radiation field propagates along the
lightlike geodesics (i.e., lightlike straight lines) that issue from the worldline of the point charge
into the future. These lightlike geodesics, which generate the future light-cones from the events
of the worldline of the charge, are hypersurface-orthogonal, shear-free and expanding. The
basic idea of Robinson and Trautman was to construct vacuum solutions to Einstein’s field
equation which admit a family of lightlike geodesics with the same properties. One could then
interpret these lightlike geodesics as the rays of gravitational radiation.

We begin by writing down the general form of a spacetime that is foliated into lightlike hyper-
surfaces. These hypersurfaces, which generalise the light-cones in Minkowski spacetime, can be
written as hypersurfaces ¢ = constant where o is a scalar function with a lightlike gradient,

g""0,00,0 =0.
We define a vector field K*0, by

K" =g¢"d,0.
Clearly, this vector field is lightlike,

guwK'"K" = gﬂ,,g”papag”ka,\a = gp’\apaﬁ,\a =0,
and geodesic,
0=¢"0,00,0 == 0=V, (g’“’@uaﬁya) = 2¢"0,V\0,0

=2K" (8,\8,,0' - FT)\Z,O') =2K" (EL@AU - FTV)\O') == 2K”VZ,8A0 = 2KVV,,K)\ .

Note that the vector field K*0, is tangent to the hypersurfaces o = constant and at the same
time orthogonal to them.

n rdin =& x°=n,2°=pand z* =0 in su W,
We can choose coordinates ' 2 3 and z* such a way that

)
5, = 0= K",

see picture on the next page.

This can be achieved by assigning the value p = py to a hypersurface that is transverse to
the hypersurfaces ¢ = constant and dragging it along with the flow of K*0, to get the other
hypersurfaces p = constant; the coordinates & and n have to be chosen transverse to o, but
arbitrarily otherwise, on the initial hypersurface p = py and are then again fixed by dragging
them along with the flow of K*0,.
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O

a17 82

o = constant

By construction,

o€ _

g1 = g" = g0 = 90008 = KO, = 52 = 0.
24 42 v 54 52 v y on
g =9"=9"0,0,=g 8#06,,7]:[(8”77:%:07
34 _ 43 _ qwgsdg3 y ap
g* =97 =4g",0, =9g"0,00,p=K ayp:a_p:L

gt = g"6,0, = g"8,00,0 =0.
This demonstrates that the contravariant components of the metric can be written as
P2yl p2yi2 g
) P2y12 P22 . AL 12
(g“ ) = N b o1 with det qzoaz) = 1.
0 0 10
Here we have used that the two-surfaces parametrised by & and 7 are spacelike, so the deter-

minant of (gAB) must be positive. (As before, capital indices A, B, ... take values 1 and 2.)
From the minors of the matrix (g"”) we read that gs; = g3 = g33 = 0, hence

CB

68 = ga,9"" = gacg® = gac Py = (v Dac = P’gac.

We will now add the condition that K*9, should be shear-free and expanding. Twist, expansion
and shear of the lightlike vector field K*0, are defined as

1
twist : Qup = §(VAKB - VBKA) )
expansion : O = VK4,

1 )
shear : EAB:§(VAKB+VBKA) —EgAB.
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In the case at hand,

1
VK, =V,0,0 =08,0,0 —T,000 =0— Eg”(aﬂgw + 0ygry — OrGuw) 0

—_

1
——g® (0, g3, +0, — B0) = =039, -
5 g ( i 93y 1+ Ou g3 391 ) 5 301

Hence, the twist vanishes, Q45 = 0. (Quite generally, the property of being hypersurface-
orthogonal is equivalent to being twist-free.) To calculate the expansion, we observe that the
Jacobi formula

95 (det(v)) = trace(y~'057)

AB) results in

applied to the matrix v = (v

0= (V_I)ABaﬂAB?

hence

1 1 1
0 = g*PV,Kp = §9AB<939AB = —§9AB<939AB = —§P72(’Y*1)A333(P27AB)

1
= —§P*2(7*1)A37AB2P83P = 2P '95P.

Finally, we find the shear as

1 1
Yap = 505948 + P71 03Pgap = 505(P7* (v ") ap) + P70 (v ) ands P

_ %p-?ag((y—l)AB) |

We assume that the shear vanishes, i.e., that 83((7_1) AB) = 0. This condition is equivalent
to O3y = 0. If we choose the coordinates & and 7 such that v*% = §42 on the initial
hypersurface p = pg, this condition will hold everywhere, so the contravariant components of
the metric simplify to

P2 0 a O
0 P> b 0
AN
(g ) la b c 1
0 0 10
This matrix can be easily inverted,
P2 0 0 —P2q
( ) B 0 P2 0 —P?
Gy ) = 0 0 0 1 ’
—P 2 —P7% 1 —c+ P 2>+ P 2?

so the metric reads

gudade” = P~2((dg — ado)’ + (dn — bdo)") +2dpde — cdo®.
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This is the general form of a metric that admits a hypersurface-orthogonal, shear-free geodesic
lightlike vector field.

Finally, we add the conditions that the expansion is non-zero and that the vacuum field equation
R, = 0 holds. We begin with the 33-component of the field equation.

0=Ry3 =R, K'K" = K"(V,V,K" = V,.V,K")

=K'V, VK™ -V, (K'V,K") + V, K"V K"
N——

=0

1
= 03(VAK* 4+ 0) + VAKPVEK* +0 = 0,0 + ZgBCgADaggAcaggBD

4
= 040 + L6705 0, (P26ac) 0 (P 5n)

P! e 2p, 00 €2
—03@+I<—2P 83P) 5A5B—a—p—|-7.
=P—20 =2

Quite generally, evaluating the expression R, K*K" results in a differential equation for the
expansion © along the integral curves of K*9, which is known as the Raychudhuri equation.
In the case at hand, assuming R33 = 0, it simply reads

00 ©?
op 2
Now we use our assumption that © = 0. Then we can integrate the Raychudhuri equation,

2 00 001 2

As p was introduced by assigning a value py to an arbitrary hypersurface transverse to the
lightlike hypersurfaces ¢ = constant, we are free to make a coordinate transformation p —
p— f(&m,0). Then we have

8P>1 N 0_P_ P
o p

So our assumption that (at least the 33-component of) the vacuum field equation holds and
that © # 0 has led to the conclusion that

0
p:= pP satisfies Dy,
dp

So we can write the metric as

p2

gudztdz” = E

((df—ada)2+(dn—bda)2> +2dpdo — cdo? with O3p=0.
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For evaluating the vacuum field equation, we now have to calculate the other components of
the Ricci tensor for this metric. This is straight-forward but rather tedious. Mathematica gives
the following results.

0y(p*0sa)
Rz = Topr
. 03(p483b)
T o
Ri1 — Ry = 2%4 (pz(ﬁga)Q — p*(05D)* — 2p* (2000 + pD203b — 201a — Palaga)> ;

Ry = 2%;4 (p283a D3b + p* (2020 + pda0sa + 201b + ,081835)> ~

The first two and the last two equations can be combined in complex form, respectively, if we
introduce the complex function z := a + b,

. 05(p"032)
Ris + iRy = 22 5%
13 T g3 w27

Rll — R22 + 2iR12 = 2—24 <p2(832)2 + 2p2 (81 + 282) (22’ + p832)> .
The vacuum field equation requires Ri3 + iRs3 = 0, hence

prosz = — z:u—% with Osu=03v=0.
p

Inserting this result into the equation Ry; — Ros + 21 R15 = 0 yields
0 = 0? + 2% (91 + %) (2up® + 5p")
By comparing equal powers of p we find
v=0 and (O +id)u=0,

i.e., the function z = a + ib = u is independent of p = 2* and analytic in the complex variable
£ +in =2t +ix?,

832:0, (81+182)Z:0
The second condition means that, if real and imaginary parts are written separately, the Cauchy-
Riemann equations

do_n o
o on’ on O
hold.

On the basis of these observations we will now show that a and b can be transformed to zero.
To that end we perform a coordinate transformation of the form
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Here o + 4/ is an analytic function of € + i, i.e.,

oo _05 0o _ 03
o on’ on o
We choose o and 3 such that

oy O ;o OB
cw(a):%, 57(0)2%-

Such a choice is possible because a and b are independent of p and satisfy the Cauchy-Riemann

equations, which guarantees that the necessary integrability conditions are satisfied,

9
06

obos  dboa\ 0

(@76 =) ez + S22 ) =)o + G ) = 3 07O,

96 oE " onoE
D o) — o (2000 0B (0095 bon_ D
57 @) =70 (o5 + g ) =592 + o) = 2 6.

Under such a transformation the form of the metric is preserved, with

L= 5 () - (G-
p? o p? \\o¢ oc/ ) p=2 \\onm an
a=0, b=0, ¢é=c(6)>.
If we perform such a coordinate transformation, and then drop the tildas, the metric takes the

simple form
2

| e

Guda'da” = = (d&* + dn*) + 2dpdo — cdo” (RT)

2

S|

with functions p(&,n,0) and ¢(&,n, p, o).

For this metric we now calculate the remaining components of the Ricci tensor. Again with
Mathematica, we find

Ry + Ry = %(83(90) —4pdylnp — Alnp)
where we introduced the modified Laplace operator
A= p?(02+03).
Integration of the equation Ry; + Rgs = 0 yields
¢ =2pd4dnp+ Alnp — 27m with 03m =0. (%)

With this input we find that R34 = 0 is satisfied while

alm a2Tn

R14:_7 R24:_-
p2 2

128



Hence, the equations R4 = 0 and Ry = 0 require m to be a function of ¢ only. Finally, the
remaining component of the Ricci tensor is

1
202
The condition Ry = 0 gives a fourth-order differential equation for p which is known as the
Robinson- Trautman equation,

~ d
Ry = <A2 Inp+ 12mosnp — 4 dm) )

g

dm
do
We can now summarise the procedure of how to construct a Robinson-Trautman vacuum so-
lution. We choose a function m(c). With this function, we have to find a solution p to the
Robinson-Trautman equation. With this p and the chosen m, we define a function ¢ via (x).
Then the metric (RT) is a solution to Einstein’s vacuum equation with the integral curves of
0/0p being a twist-free, shear-free, geodesic lightlike congruence with non-zero expansion.

A?lnp + 12mdydnp — 4 =0.

Clearly, the Schwarzschild solution must be included. To verify this, choose for m a positive
constant. Then the Robinson-Trautman equation is solved by

1
p= 1+Z<§2+”2)’
because
O4lnp =0, Alnp=1.

In this case the function c reads

N 2 2
c:Alnp——mzl——m.
p p

We express the coordinates £ and 7 in terms of new coordinates 9 and ¢ via
£+ in = 2tany e’
which is the stereographic projection mapping from a sphere to a plane. Then
4sin®2 cos?L dp? + di?  sin®0 dp? + d?

2 2
dg” + dﬂ = 10 = 10 )
COS 5 COS 5

1 2 2 29
p=1+7( +n):1+tan§:0082§7

so the metric reads

2
gudadz’ = p? (sin29 dp? + dv?) + 2dpdo — (1 . —m>d02 .
p
If we rename (p, o) +— (r, £ct) we recognise the Schwarzschild metric in ingoing and outgoing
Eddington-Finkelstein coordinates, respectively.

The Robinson-Trautman class of solutions also contains the socalled C-metric which describes
a uniformly accelerated black hole. It can be viewed as the gravitational analogue of the Born-
Schott electromagnetic field produced by a uniformly accelerated charge. Just as an accelerated
charge produces stationary electromagnetic radiation, the C-metric describes stationary gravi-
tational radiation.
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Other Robinson-Trautman solutions describe non-stationary gravitational radiation produced
by bounded sources. At the level of exact solutions to Einstein’s field equation, the Robinson-
Trautman metrics are the most realistic models of gravitational radiation we have. As they
do not include any (over-idealised) symmetry assumptions, their variety is much richer than
that of the Brinkmann or Beck-Einstein-Rosen solutions. For a detailed discussion of Robinson-
Trautman metrics, including the C-metric, see J. Griffiths and J. Podolsky: “Exact Space-Times
in General Relativity” Cambridge University Press, 2009.

There are several generalisations of the Robinson-Trautman solutions. In particular, the condi-
tion of the rays being hypersurface-orthogonal (twist-free) has been dropped. This is important
to include rotating sources. A twisting null congruence can be rather complicated. In Roger
Penrose’s twistor formalism any twistor is associated with a certain twisting, shear-free, geodesic
null congruence, called a “Robinson congruence”, on (complexified, compactified) Minkowski
spacetime. The picture below is a hand-drawing by Roger Penrose. It shows a time-slice of a
Robinson congruence.
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