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Abstract

The Bondi-Sachs formalism has enabled the study of gravitational radiation in asymptotically flat spacetimes at
the full non-linear level. Recently, this formalism was extended to include a large class of decelerating cosmo-
logical spacetimes, including decelerating Friedmann-Lemaitre-Robertson-Walker spacetimes. In this thesis,
we will solve Einstein’s equations to obtain the metric coefficients near null infinity, and generalize the evolu-
tion equations for the mass- and angular momentum aspects. We also find Bondi-Sachs coordinates for exact
FLRW spacetimes, and check whether its linear perturbations are consistent with the exact solutions near null
infinity.
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1 Introduction

Gravity, as described by Einstein’s theory of general relativity, is a non-linear theory. This property makes solv-
ing the field equations extremely hard, and the few known exact solutions are often highly symmetric and do
not describe realistic situations. Many methods of studying gravitational effects therefore involve the use of
perturbation theory, which destroys gravity’s characteristic non-linearity. Moreover, the equivalence principle,
which lies at the heart of general relativity as a geometric theory, guarantees that there is no canonical way to
locally split spacetime into a ‘background’ and a ‘wave’ part.

Shortly after publishing his field equations, Einstein found that linear perturbations of Minkowski space solve
a wave equation. It was not clear whether these solutions correspond to the weak field limit of some full non-
linear solution of Einstein’s field equations, however, since these perturbations contain gauge freedom. The
possibility was considered that some sporadic solutions exist only in the linearized case, but not in the non-
linear case where it may be transformed away with a coordinate transformation. It took nearly fifty years for
the first theoretical evidence for the existence of gravitational waves to emerge through the works of Bondi and
collaborators [1, 2]. They found an elegant solution which uses our intuition about gravity that as one moves
further away from a source, the gravitational field becomes weaker. Concretely, they described a class of space-
times called asymptotically flat spacetimes in which the metric approaches the Minkowski metric as one moves
along light rays out to infinity. The flatness at null infinity can then be used as a canonical background on which
waves can be found in the next order structure away from infinity. Using these ideas, many non-trivial results
due to gravity’s non-linearity can be derived, one famous example being the loss of mass.

Of course, in realistic situations no source is ever truly isolated, since as one moves away we expect to keep
finding galaxies, each of which is curving spacetime. What's more, due to the non-linear nature of curvature, it
is not possible to simply ‘add’ the curvature due to an isolated system to, for example, a Friedmann-Lemaitre-
Robertson-Walker (FLRW) spacetime. As is often the case in general relativity, generalizing the results derived
from asymptotic flatness is difficult. When Joe Weber asked at a conference in Warsaw, 1962, why flatness was
chosen instead of FLRW as boundary conditions at infinity, Bergmann and Bondi responded with [3]:

PG. Bergmann:

The only answer I can give is that the investigations date back less than two years, I believe, and that
people have simply started with the mathematically simplest situation, or what they hoped was the
simplest situation.

H. Bondi:
[...] I'regret it as much as you do, that we haven't yet got to the point of doing the Friedmann universe.

In the end, neither Bondi nor any other scientist from that generation was able to treat cosmological space-
times. Most recently there has been a surge of interest in different boundary conditions at infinity. The case
A > 0, which has a spacelike boundary like our own universe, has gotten a lot of attention. Only very recently
progress was finally made, when some of the methods used to study asymptotic flatness have been extended
to include a class of decelerating cosmological spacetimes that, like asymptotically flat spacetimes, posses a
null infinity [4]. This class includes decelerating FLRW spacetimes. A notable example is the matter dominated
universe, which, even though our own universe is accelerating, is a great approximation both in our galactic
neighborhood where matter dominates dark energy, and on very large scales where incoming waves will have
spent the majority of their time in the pre-accelerated era.

The Bondi-Sachs formalism allows us to study complicated compact gravitational wave sources. In the context
of cosmology, these have not been studied before, not even at the linear level, where perturbation theory has
obvious applications in the study of the small anisotropy of the cosmic microwave background. The Einstein
telescope is projected to be able to probe these complicated sources, so their study has never been more rele-
vant.



This thesis aims to answer two questions. Firstly, does the metric of spacetimes with a cosmological null
asymptote, upon being linearized, coincide with the solution obtained through linear perturbation theory?
To this end we use decelerating FLRW spacetimes — the only known explicit example of a spacetime with
a cosmological null asymptote which is not asymptotically flat — as our background. Secondly, how are mass
and angular momentum radiated in this new class of spacetimes? In §3, we derive the Bondi-Sachs coordinates
for exact FLRW spacetimes, and in §4 the linearized field equations on an FLRW background are derived and
solved near infinity. Then, in §5, we solve the full non-linear field equations for metrics with a cosmological
null asymptote and find the generalized form of the Bondi mass-loss formula.

2 Preliminaries

In this section, we briefly review a coordinate based approach to asymptotic flatness in §2.1. In §2.2, we present
the metric describing spacetimes with a cosmological null asymptote, which will be used in the remainder of
this work.

2.1 Bondi-Sachs coordinates

Bondi-Sachs coordinates (u, r, x4) are constructed from a family oflight cones u = constant. The normal to the
light cones is null so that g*(V,u)(V, 1) = 0, which implies that g“* = 0. To each light ray with tangent vector
g"vV,u, we assign two angular coordinates x* such that g“"(Vuu)(vaA) = 0, which implies that g“4 = 0.
Typical choices for x# are the angular coordinates (0, ¢) and the stereographic coordinates (z,Zz). Lastly, we
choose the coordinate r to measure distance along the light rays by requiring that the spheres of constant z and
r have an area of 47r2. This restricts the determinant of the angular part of the metric to detgap = r*det gz,
where g 4p is the metric on the unit sphere. The Bondi-Sachs line element g,,,dx"dx" can then be written as

%4
ds® = —7ezﬁdu2—262ﬁdudr+ rzhAB(dxA— UAdu)(dx® - UBdu), (2.1)

where dethsp = detgap. Note that g, = g4 = 0 since g“g,w =g¥gu= 6””. Choosing the four coordinates
in this particular way has reduced the independent components of the metric to six. V, 8, U4 and h4p are still
arbitrary functions of (, r, x), and Eq. (2.1) therefore describes more than just asymptotically flat spacetimes.
For example, the de Sitter space metric — which describes a spacetime with constant scalar curvature A every-
where — can be written in these coordinatesas V =r — %r3, B= UA=0,and hap = g ag- To give meaning to the
words asymptotic flatness we therefore provide additional restrictions on the metric coefficients by requiring
that in the limit r — oo with (u, x*) constant, they coincide with the metric coefficients of flat spacetime:

}L%dszz—duz—Zdudr+ quAdeAde. 2.2)
Expanding the functions 8, V, U and hp in inverse powers of r near infinity and solving Einstein’s equations
term by term, we then find

1
V=r-2M+0C —), (2.3a)
r
CABCAB 1
=— +0|—=|, 2.3b
p 3272 (r3) ( )
DpCAB N4 1
A B
=— 22 F+@’(r—4), (2.3¢)
C 1
hag = Gap + —= +6(_2)’ 23d)
r r

where D, is the covariant derivative compatible with the metric g45. M and N A are constants of integration
and are called the mass- and angular momentum aspect, respectively, partly motivated by many examples of



exact solutions in which they are related to the mass and angular momentum of the spacetime. Expanding
the determinant condition in inverse powers of r provides the constraint det(gap + C—/rw + @(riz)) =detgap(l+

qw# +6’(ri2)) =detgap,i.e. Cyp istrace-less. Finding V, 3, and U4 in terms of h 4 eliminates four additional
independent components of the metric, and we are thus left with two independent components which, to
lowest order, are contained in the trace-less C4p. Their time evolution is determined by Einstein’s equations.
The remaining components of Einstein’s equations are then either trivially satisfied, or trivially satisfied up to
a constant, due to Bianchi’s identities. Resolving these constants yields additional equations which are used to
find the time evolution of M and N4:

1 1
M= —ENABNAB + ZDADBNAB, (2.4a)

2 1 1 1 1 1
0yNp= _gDAM"' gDA(CBCNBC) + EDBDCD[ACB]C - EDB (NBCCac) + §NABDCCBC - §NBCDBCAC;
(2.4b)

where we defined Nyp := 0,,Cap which is called the Bondi news tensor. This name comes from the fact that
an observer at infinity would be able to determine the geometry given the news tensor, and initial data (in the
form of M(uy, x4 and N A(uo, x4) on some surface u = up). News therefore arives at infinity through the news
tensor. The Bondi mass m(u) of this spacetime is defined as the monopole moment of the mass aspect. Its
evolution is given by
1 AB 2
aum:——f Napd“S<0. (2.5)
327

Here, integration is performed over the unit sphere. Mass is radiated if and only if there is news. Intuitively this
makes sense, since a static configuration could produce a non-zero C4p but should not radiate.

Note that this approach is fully non-linear and contains many results that could not have been found through
(linear) perturbation theory. An example would be the loss of mass. Treating C4p as a linear perturbation would
make the integrant of Eq. (2.5) vanish.

To conclude this section, I would like to remark that a geometric (coordinate free) definition of asymptotic flat-
ness exists. This definition is equivalent to the one we gave based on coordinates, but allows the use of some of
the more sophisticated tools of differential geometry to analyse its properties. Refer to [5] for the details. The
main idea is to construct a new spacetime in which points at infinity are added. The Bondi-Sachs metric (2.1)
diverges at infinity, so a new (unphysical) metric is constructed conformal to the (physical) metric g, = Q? Suv
for some suitable Q, which can be used as a coordinate around infinity. In Bondi-Sachs coordinates, Q = % is
an example of a suitable conformal factor. Einstein’s equations in terms of the unphysical metric are

Guv =81 Tyy = 2Q7 (g VY ny = Vyuny) —=3Q72 g ny, (2.6)

where n, := V,Q. In some cases it can be advantageous to work with the unphysical metric, since it is of order
Q? and hence so are its curvature tensors.

2.2 Spacetimes with a cosmological null asymptote

While many interesting systems are asymptotically flat, on cosmological scales our universe is not. In a recent
paper [4], the Bondi-Sachs formalism was generalised to include a large class of decelerating cosmological
spacetimes which — like the asymptotically flat class — posses a null-infinity. The conformal factor Q now
includes a scale factor. Hence the Ricci curvature, and by extension the stress-energy, do not vanish at null
infinity unlike the asymptotically flat case. In fact, the stress energy diverges. In particular, the diverging part
of the stress-energy can be written in terms of geometric quantities as

81 Ty = 2sQ° Vnyn, +25Q° n,ty) + 6 (1), 2.7)



where n;, = IL_SVHQI‘S ,and 0 < s < 1 is a parameter related to the degree to which the stress-energy diverges.
In the case of FLRW, s = ﬁ is related to the equation of state parameter w = % where p and p are the
pressure and energy density of a perfect fluid that fills the spacetime. Like for asymptotically flat spacetimes a
coordinate based definition exists for spacetimes with a cosmological null asymptote. The generalised Bondi-
Sachs coordinates are

2

7S \T=s
=)
1-s

Much like how asymptotically flat spacetimes are asympotically identical to Minkowski spacetime, spacetimes
with a cosmological null asymptote are in some sense asymptotically identical to FLRW spacetimes. It follows
from Eq. (2.7) and Einstein’s equations that the metric coefficients fall off as

174
—7e2ﬁdu2 —26*Pdudr + PP hap(dx® - U2dw) (dx® - UBduw)|. (2.8)

_ - . 1
V= V(_UF+V(O)+@(:), (293)
r
M 1
=l ~_2), (2.9b)
r r
gvA (1
gz U +@(~_2), (2.90)
r r
C 1
hAB=61AB+£+@’(:)- (2.9d)
r r

A detailed calculation will be given in §4.

3 FLRW in Bondi-Sachs coordinates

In this section we derive the Bondi-Sachs coordinates of decelerating FLRW spacetimes. These coordinates are
an extension of those found in §5.3 of [4], which are only valid near infinity. As it turns out, the metric coef-
ficients are only algebraic in a few cases. Two notable special cases are the radiation dominated universe and
the matter dominated universe, which will be presented in §3.1.

The FLRW metric is conformal to the Minkowski metric, so a natural place to start would be the FLRW met-
ric in Bondi-Sachs-like coordinates conformal to Minkowski in Bondi-Sachs coordinates

ds? = (F+ 1)1 [-dii? - 2dud? + P2 qapd % d 3P 3.1

Spheres of constant iz and 7 are i-dependent however, unlike the spheres of constant u and 7 of the metric in
Eq. (2.8). We find the Bondi-Sachs coordinate 7 by setting £ = x* and demanding that the dx*dx® metric
coefficients of Eq. (2.8) and Eq. (3.1) are equal:

2

7S 1—s 2 . 25
=) [ qas=0AT=1"qap

= F=(1-9FA°%, 3.2)

where we defined A:=1+ % Setting u = (1 — s)&z for convenience, we find that A must be a solution to the
equation

u
A:1+jAS. (33)
r

In general, no algebraic solution exists. For example, if s = 1, v/A = x is a root of the quintic equation x° —

#x—1=0, which famously does not have an algebraic solution even in the case % = 1. Furthermore, from this



example it is clear that multiple solutions may exist. However, using Descartes’ rule of signs we can deduce
that there is only one positive real solution, since the coefficients of the polynomial x” — % x9 —1 = 0 have signs
(+,+,-). The trick to solving Eq. (3.3) is to first find the inverse of A, which is easily found to be

— AI_S—A_S. (3.4)

| <

Using Lagrange’s inversion theorem we can find a series expansion of A. If z = f(w) and f’(c) # 0 then this
theorem states that around a point ¢ where f is analytic,

B 0o . d"—l X—c n (Z—f(C))n
et L im g (f(x)—f(c)) o (3.5)

We take f(w) = w'™* — w~ around the point w = 1 which will get us the positive real solution since f diverges,
and hence is not analytic, at w = 0 for s > 0. Using

x-1 s a" x  [sn| son
—_— =X , —_—= X N 36
x-S —x=s dx" n! n (5.6
and including 7 = 0 we get an expression for A:
X [sn 1 u\n
A(u,7) = — = 3.7
(D ,;O(n)n(s—l)+1(?') 6.2

=1+ % +s(%)2 + %s(3s— 1 (%)3+ %s(Zs— D(4s—1) (%)ﬂ@(%f

The first few terms agree with the approximation found in [4]. A® is then found through Eq. (3.3):

As(u,f)=2(s(n+1)) 1 (u)n 3.8)

=0 n n+1\F

Lastly we will need A%, which can be found using the Hagen-Rothe identity [6]:

X”: x+kz\ x [y+(n-kz y _[x+y+nz| x+y 3.9)
o\ k |x+kz\ n-k Jy+(n-kz n x+y+nz ’

Squaring the sum Eq. (3.8) we find that the n-th coefficient of the resulting sum is of the form Eq. (3.9) with
X =y=2z=s,so that

(5"
:i(smﬂ)) 2 (%)n (3.10)

In the coordinates (i, 7, x4) the scale factor becomes

stk+1)) 1 ([(s(n-k+1) 1
n—k n—-k+1

(oA)12s ( fs
r -5 =
1—-

) T - 9)2A%. 3.11)
S



Finally, we compute the metric coefficients Eq. (2.8)

1%
—?P = (1- 92 A% [0, 11)% +20, 110, 7] = A* — 270, A°
r

P = (1- )2 A%0,010;F = A* — FO; A® = FO, A
X [s(n+1)|u\n
:n;,( ( n ))(?) ’ (3.12b)
ian = da (3.12¢)
ut=o (3.12d)

which concludes the coordinate transform. The FLRW metric in Bondi-Sachs coordinates is

dszz( 7S )ﬂ(ii_(s(n+2))2(n+1—s(n+2)) (E)"duz_z(s("”))(3)"dudf

1-s =0 n n+2 F n F

F

+ fqudeAde) .

(3.13)

(S(”,;rl)) < n+1 for 0 < s < 1, which means that this series converges quicker than a geometric series, which

converges for I%I < 1, and hence this metric covers |u| < 7 < co.

FLRW is spatially homogenous and isotropic. Isotropy is seen through spherical symmetry, since hag = g,
U“ vanishes, and none of the remaining metric coefficients depend on the coordinates x*. Bondi-Sachs co-
ordinates are not adapted to homogeneity however, which is why (3.13) looks much more complicated com-
pared to the more widely used coordinates which are adapted to these symmetries: ds®> = —dt* + t>5(dr? +
r2qapdx?dx®). The fact that the Ricci curvature is non-vanishing is reflected by the fact that the area of the

2
s (PSS ,
spheres of constant u and 7 is (ﬁ) S 4mi.

3.1 Theradiation and matter dominated universes

For some values of s, the metric Eq. (3.13) can be simplified further. These values include s = %, in which case
the metric describes a radiation filled universe, and s = % in which case the metric describes a universe filled
with dust. When deriving the series in the previous section, it was convenient to express new series in terms of
derivatives and sums of old series, while avoiding multiplication as much as possible, since we could add and
differentiate term by term quite easily. Here, the strategy will be to first find A, and to then compute the metric

coefficients. The following identities will be useful:

AS+1
26 _ , (3.14a)
(1-5)A+s
—e?P = (A +1)2—1-26%. (3.14b)
=

Deriving these identities involves repeatedly using the defining equation of A (3.3). To compute A for s = %, we
1

first notice that the coefficients of the series Eq. (3.8) split into two categories: for odd n, (5(';’1)) = 0 except

for n = 1. For even n, we rewrite the coefficients using the identity (Z) = %(5 j) by applying it 7 -times. The

solution Eq. (3.8) then simplifies to

14 (i)z_ (3.15)



From which we find:

2 3

2 2

2| [#[EV @) 2(+\/14 ()
dszzﬁ - - du®-2 5 |dudf+ P qapdx"dx®| . (3.16)

1+(3¢) 1+(2—”7+ 1+(2—”f)2

We could also have solved Eq. (3.3) directly, as it is now a simple quadratic in v/A. This is how we will find A for

s = 2. The positive real solution to the cubic equation A% — ((¥)’ +3)A> +3A~1=0is

+3A, 3.17)

nere 5= L2 02 or (2 T (2.

We obtain the somewhat awkward metric coefficients

9(£)°+ (L)’ 2+34) +A%)(A+3(9 lf +A%+(3£)° (2+3A)
ezﬁ:( (3 ) (3 ) - )( ( ( ) ( ) )), (3183)
A2 (9(4) + (4)! @+30) + () A0+ 1)
_ )6, (u 2 u)3 2
9( 1) 2+30)+A =)+ (37) @+30)+A
%ezﬁ: ( (3 ) (3 ) )( 2(:(’)3 (3 ) (3 ) ) _ZeZﬁ' (318b)
37

)

4 The linear perturbations of FLRW

In this section we solve the linearized field equations for perturbations on an FLRW background in Bondi-
Sachs coordinates Eq. (3.13). While these linear equations are much simpler than Einstein’s full non-linear
field equations, they are still difficult to solve. In §4.1 we therefore start by identifying and eliminating excess
degrees of freedom. In §4.2 we use separation of variables to split and simplify them further. Finally, we find
the linear perturbations of FLRW near infinity in §4.3.

4.1 Coordinate freedom

The physically relevant properties of a spacetime do not depend on the choice of coordinates. Hence, some
solutions will be redundant because they are related to another solution through a coordinate transformation.

The metrics gy, and g,y are physically identical if there is a diffeomorphism ¢ such that ., = ¢* guv.
Consider the one-parameter family of metrics gy (A1) = §uv + Ay v, and consider an arbitrary family of diffeo-
morphisms ¢,. Since we intend to describe ¢} g,,v (1) as a small perturbation on a fixed background we require
the transformed perturbation to again be small. Hence, we require ¢ g,v = §uv- Then y,, and ¥, are related
through:

N d . . gyv(/l)_guv_(;bj{gyv(/l) + 8w . ¢fﬂguv—guv
where in the last equality we used that ¢} = —¢* . Here we recognize the Lie derivative of g, along a vector

field generated by the flow ¢;. We can thus rewrite Eq. (4.1) as:

?uv =Yuv — g{gyv =Yuv — 2V(,u§v)- 4.2)

Hence, if we can find a ¢ that solves Eq. (4.2), then y,, and ¥, are physically identical.



Suppose we are given a background metric g, in Bondi-Sachs coordinates. We would now like to find a cov-
ector field ¢, such that the perturbed metric remains in Bondi-Sachs form. This coordinate condition is called
the Bondi-gauge. In this gauge, v = Yia = hAB}fAB = 0. The final condition ensures that det(72hp + YaAB) =
7 det(qap)(1 + 7 2hABy Ap) + @ (y?) = #* det(qap). For computational convenience, we factor out the scale fac-
tor and set A = 1 by rescaling v,y such that the perturbed metric and its coordinate freedom are given by

2

s Ve
ds® = (lr_ S) (8uv +Yuv)dxtdx” (4.3)

- 2s 1 B
and Y#v:Yuv_fffgw—fS;guv-fs‘r' (4.4)
First, we set vz = 0:
Yir=2Vrr =207 —T7 )¢5
o A ST dE R [T arl

= &= frlw,xD)el T T el e 27’rrd7‘y (4.5)

where all other connection coefficients vanish since I'* i = g™o; gu is only non-zero if u = . Next, we set
Yra=0:

Yia=2V(Ea =0rEa—2T5, 5+ (04— 217 &5 (4.6)

This system of equations has no closed form solution for a general FBf 4 If we assume that hup is diagonal
however, which is the case for FLRW, then FBf 4 is diagonal and ¢ 4 has the solution

Ea= falu, xh)e2 Tradm 4 ezf“m’”f e 2T a7 (yi g — (04— 207, )E7) dF. 4.7)

Here, FAf , Tefers to the component and is not being contracted. Lastly, we set h487 45 = 0 by choosing an ap-
ui 07 det(gap)
det(gap)

uf

and since per definition 0 = 07 det(hap) = #6; det(gap) — % det(gap), we can conclude that gABF”AB =-— 2gf
0. Hence, we can solve

propriate ¢, which is our one remaining component of ¢ ;. Since gA5T", . = -3 g7 gAB0; g4p = —1¢

4s¥ 2sF .
W%y ap = 21"V 48 + 1__557 =20 | Daép—T"y5¢u + 1- shAB —FrAB)‘ff)
e, = _pasDacEt (BLhag—T7 )& — Ly ap
’ 2Fgur -

(4.8)

The leftover freedom is captured by the functions f7(u, x4) and falu, x4). Sumarizing, we find that for FLRW,
the transformations that preserve the Bondi-gauge are generated by

N
Eu= (1r—s)l (%(I—S)TDA]CA(M,XA)+((I—S)DADA+2—4S)ff(M,xA)+S(1_S)UDAfA(u;xA)+@(%)) (4.9a)
2

7S \1s A 4su  3s(1-3s)u? 1

ff:(l_s) ff’(u,x )(2+7_T+@(§)) (4.9b)
s\ 3942

EA:( 4 )1 (rzfA(u,xA)+ff(u,xA)(2+2—M+@(;)))- (4.9¢0)
1—5s F F F

10



4.2 Separation of variables

Next, we use separation of variables to reduce the linearized field equations to a form we may reasonably ex-
pect to be able to solve. Specifically, we choose a function basis for the angular part of the perturbations. We
are justified in doing this because FLRW is spherically symmetric.

The set of scalar spherical harmonics Y!” form an orthogonal function basis on the two-sphere. We can
also use these to define an orthogonal vector field basis on the two-sphere, consisting of even-parity har-
monics Y™ = D, Y™ and odd-parity harmonics X{™ = —¢5, Dy Y'™. Extending this one step further, we de-
fine an orthogonal traceless 2-tensor basis on the two-sphere, consisting out of even-parity harmonics Yf‘? =
(DaDp + 31(1+1)gap) Y™ and odd-parity harmonics X% = —1(¢©, D + €€, D4) DcY'™. We expand our per-
turbations into these harmonics:

Yar= Y pap¥Y'" (4.10a)
I,m
Yaa= Y jimylmy plmxim (4.10b)
I,m
yap=Y K"MqapY'"™+ Gy 7+ pim XY, (4.100)
I,m
where pi’l’)‘, jim plm gIm Glmand p!™ are functions of u and 7 only. The lowercase latin indices index the u
and 7 components. In the Bondi gauge, i’r" = j;m = plf’" = K™ = 0. The linearized part of the Einstein tensor,
6Guy, can be written as:
8Gap =Y. QY™ (4.11a)
I,m
8Gaa =Y Qlmylm y plmxim (4.11b)
I,m
6Gap =) Q" qasY"" + Q" Y 7 + P XL, 4.110)
I,m

Of course, since any scalar, vector, or tensor on the two-sphere can be decomposed into these harmonics it is
not obvious that decomposing the Einstein tensor in this manner results in a simpler expression. It turns out,
however, that the coefficients /m in the sums (4.11) are linear functions of p%, j[llm, pflm,K Im Glmand plm.
This is a consequence of the combined facts that 1) the objects (4.11) are scalars, vectors, and tensors on the
two-sphere, 2) the linearized field equations are, as their name implies, linear in (4.10), and 3) the harmonics
are eigenfunctions of the Laplacian A.

Finally, since these harmonics are orthogonal, we can solve these equations for each Im separately, and

split them into an even-parity (yim Y}‘m, Yfl"é’) and an odd-parity (xtm Xé’g) sector.

4.3 Perturbations near infinity

We are left with one final roadblock before we can start solving Eq. (4.11). The linearized field equations in-
volve the curvature tensors of the background metric. Computing these seems simple, albeit cumbersome,
since we could either perform a coordinate transformation on the curvature tensors of the metric in the usual
coordinates, or perform a calculation involving only differentiation, addition, and multiplication of the metric
coefficients in Eq. (3.13). While possible, the results are not "nice" because certain terms, (auA)2 for example,
cannot be reduced to a single sum. Instead we will expand y,, and the background curvature tensors in inverse
powers of 7, and solve Eq. (4.11) term by term recursively.
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To subleading order, we then find the even-parity Einstein tensor

0 (1 2s l(l+1)(1—s)2+2+25(2—53)+@(i)) +(_ 1 . 2su e
wla=gr " 2(1-$)272 73 || P (1-9F Q-9
(_2(1—23)2&_l(l+1)(1—3)2(1—23)+2(1—2$+352—533)+@( 1 )) ~
(1-9)7 (1- 5272 73 )| Pur
(2(1—3—232) 4s2(1+s)u @(1))6 . I+ -2s) l(l+1)(1+s—452)),
(1-9)F (1-9)72 73| CuPur 72 ' 1-973 "
_ld+1 ((l—l)l(l+1)(l+2)(1—2s) (I-DII+1)(+2)s2-35)u (1))
Ou]u — — — +0 — G,
72 474 275 76
(1 1. 2su 11 2s(-29u 1
Q”r_(l—sf ROt Tyt Ao @(f4))p””
+(_2(1—2$) ~_4s2u ~_l(l+1)(1—s)2+2(2—4s+s2)_23(2—6s+5s2)u (1))
a—9r 77 2(1- 5272 (11— 977 7)) P
+(l(l+1) _+1+sl(1+1)), (_l(l+1)(l—1)(l+2) (l—l)l(l+1)(l+2)su (i)
22 1oy B ) 474 27 7o
2 1 4su 1 4su 1 1
e S e e L e R )
1 su s 1 25%u 1 1 §2 1
Q=0+ For T g 0 )P (50290 g w0 ) e
1 su 1 1 s(2-3s) s(4-9s+4s?) 1)) .
—_— — ~ —_— 1_2 =)= — ~ —
+(2 7 +@(F2))a,,pu,+( R AT A e o @(ﬂ))’”
1 su 1 2su 1 . ( 1)(l+2)
(1 osu, 1 s3—=s5u i i
Qr—(zar 7 F 1-97 72 +@(f3))pur
1 su s 1 s(1-3s)u 1+s 452y 1)) .
+( 20r0r + 50707 = 105 0r - TR (1—s)f2_(1—s)f3+6(ﬁ))’”
+(_(l—1)(l+2)6_+(l—l)(l+2)
472 7 273 ’
1, _ 1+s_ sB+55u §2 2s(1-3s%)u 1
sz(—gr 6f6f+2$ur0f0f—1_sr0f— 1—s 6;—(1_8)2— (1—8)217 @)(ﬁ))puu
2(1-3s) _ 45(2—3s) 1
+( - r6 +l(l+1) (]_——5)2 @(;))puf
1 1I0+1) s 1A+ 252ul(+1) 1)) .
+(—5 (I+1)o5 + - af—l_s 7 +1_S =) +@(ﬁ))1”’
2su 1 2su 2s 2s%u 1)) .
Q= -1 o) o Sror e - g w0
1 (1-25)? 1+8s—14s%+6s3
+(—§(1—23)0,6, =97 777 Q-2 )
2su 1-2s 2s(1-2s5u 1
07 — — 95 — = )
e AT 1| O

We dropped the Im-superscripts to make the expressions more readable.
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To subleading order, the odd-parity Einstein tensor has the following components:

I0+1)(1-95)2+2s(4—5s(9—14s) 1 1-2s 1 su 1 2su 1
Pu—( +@(g))pu+(—76;0;+adf—?0;—;+?+@’(5))6upu

2(1-9)%7?
+(—%)6u , (4.13a)
P = (—%6,& 0107 - (1_s3)faf‘ S((ll__j)sf)zu‘a” (11—+s)sf2 - (14—52;?3 +@(%))p
+(_(Z—Z)F(Zl+2)af+ GTEEAN @13b)
N
oo e

Yur = C(u, x*) and y, 4 = #2Ca(u, x*) are pure gauge and can both be eliminated with a transformation (4.9)
generated by f; = 3 [ C(u,x*) = 1(1- ) (f DACa(u, x*)du) du and fa = [ C(u, x*)du. Only in the asymptoti-
cally flat case, s = 0, are the mass- and the angular momentum aspect — the %-coefﬁcients of yyyand yya —
constants of integration.

The stress-energy perturbation, 6Ty, cannot be arbitrary, and must fall off sufficiently fast as ¥ — oo to en-
sure that the perturbed spacetime has a cosmological null asymptote. The leading order diverging terms fall
off as

5Ty =0(F Y, 8T =0F). (4.14)

Note that the stress-energy diverges at infinity despite the fact that all component functions have a well-defined
limit, since the basis one-form d7 diverges at infinity as @ (#?). The remaining stress-energy components must
be finite at infinity. Similar to how we treated the metric perturbations and the linearized field equations, we
decompose the stress-energy perturbation 6 T, into spherical harmonics:

6Ty = Z thmytm, (4.15a)

6Tan= Z ey simx i, (4.15b)
I,m

8Tap =Y TMqapY'™+ Myl simxim, (4.15¢)
I,m

Similar to Eq. (2.9d) we write yap = F(C®Y*"*Yp + Co9 X 4p) + AV Y g + d°%% X o5 + @(%) and find pyy, pur,
ju» Pu, and the evolution 8, puu, 0y ju, and 8, p,, in terms of the stress-energy terms and C¢”¢” and C°?“. The
leading and subleading order odd-parity solutions are

pu=8m(1—5)SF +8rs(1—s)us - (l+2)(l—l) C"d”l 8n 5(2)+@>( ) (4.16a)
1 2—4s+ 1
dupu=—167tF = (1 +2)(I=1)9,C* ~ s +8nw5g) +0 (;) (4.16b)
1
p:C"ddF+@’(;), (4.160)
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and the leading and subleading order even-parity solutions are

1-5)° 1
P = - st) (sm“”+4n(1—s)aut;3f’+4nl(l+1)(1+s)t;”)+@>(;), (4.17a)

1
Oupuu=—81(1— )t — 8l +1)(1 - )20, 1" + (—87w(1 - ) tZ) +25ud, ploy — 11+ (1 - 90, - 5= s)ApY)

uu

1+2s5—5s% 1 1
+(1—s)(1—2s)8nauz§;—l(l+1)(1—s)(s2+s—1)16m;”+l—p;"; 7+@(~_2)’ (4.17b)
- I3 F
@1 @) @, 1 1
Pui =4n(1—8)t:; % + @2l -8)t;; +87zs(1—s)utﬁ)ﬁ +0 ﬁ , (4.17¢)
3-5s 1 1-s 1-5 1
= 8m(1—8)t V7 +8ms(1—s)utd +21=——(1- )t - —(1+2)(1-1)—=C*"*" +8 —tE2)+@°(—),
Ju=8n(1-98)t;"F+8rs(l-s)ut; n1+5( G 4( ) )1+s L =
(4.17d)
s 1 s@—4s+s? 1
aujuz—lsmg”f—l—pg’;—Z(l+2)(l—1)auce”‘f”+2n(1—s)aut;§)—smﬁ})+8n(1—)r;”+@(:),
-S - r
(4.17¢)
1
G:Ceveni;_'_@(t)‘ (4.17)
r

It should be noted that it is not clear whether or not the series solution to the expanded linearized field equa-
tions is the same as the expanded solution to the (complete) linearized field equations. There are reasons to
expect that it does, however. Most notably a direct computation shows that the order of expansion is irrelevant
to linear first order differential equations, and the linearized field equations on a Schwarzschild background as
a specific example.

Secondly, it should be remarked that simply solving Eq. (4.13) and Eq. (4.12) as we did here is suboptimal.
It is possible to reduce the number of equations down to six using the Bianchi identities. Additionally, it would
be easier to check if the linear solutions Eq. (4.16) and Eq. (4.17) are consistent with the full non-linear solu-
tions of Einstein’s equations for arbitrary spacetimes with a cosmological null asymptote if we solved both in
the same manner. However, since one of the purposes of this section is to provide us with a way to check the
non-linear solution it makes the comparison more convincing if different steps are involved to reach the same
conclusion.

5 Einstein’s equations and mass loss

It is well known that there is no electromagnetic monopole radiation as a consequence of charge conserva-
tion. Since Maxwell’s equations are linear, this further implies the much stronger result that waves cannot
have any spherically symmetric component at all due to the superposition principle. A similar result exists
for gravitational waves. Birkhoff’s theorem states that spherically symmetric (vacuum) solutions to Einstein’s
equations are static, and hence do not contain waves. However, since general relativity is a non-linear theory,
the superposition principle does not apply, and the theorem therefore does not exclude the possibility of grav-
itational waves having a spherically symmetric component. Indeed, in §1 we saw the Bondi mass loss formula
for asymptotically flat spacetimes (2.5) which shows that the gravitational monopole, the Bondi mass, is not
conserved. With the advent of new methods which generalize the Bondi-Sachs formalism used to determine
this famous formula, a natural question to ask is how this result generalizes to spacetimes with a cosmological
null asymptote. The purpose of this section is therefore to solve Einstein’s equations for the generalised Bondi-
Sachs metric (2.1). In §4.1 we solve the main equations in order to determine the asymptotic solution of the
metric coefficients and in §4.2 we evaluate the evolution equations and obtain generalized mass- and angular
momentum loss formulas. Along the way we check for consistency with the solutions of the linearized field
equations on an FLRW background found in the previous section.
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5.1 The main equations

We can drastically simplify our calculation by computing the curvature tensors of the unphysical metric g, =

Q? 8uv Where Q = (1%3)_‘%5’ Unlike in the asymptotically flat case, Q is not a good coordinate at infinity since it
is not analytic there for a general s. We therefore define Q = % and ny = v ,uf). Eq. (2.6) then becomes

-1 -2
(Vyny — guvv/ln/l) +

.2
87Ty = Gy = 5 @snuny + B3 -28)gun'ny). (5.1)

-5 (1-19)2

The QQ and QA components of the unphysical Ricci tensor are relatively simple expressions:
_ 1
Raq == 0ahasdghc hACKBD, (5.2)
_ 1 _ 1
Roa=-50a(e 2P hypdgUB) —0504P + 563 @ has), (5.3)

where 04 is the covariant derivative compatible with /4p5. The corresponding components of Einstein’s equa-
tions can then be cast into the following form

) 1
35 = 1—19‘1 - (1= 94T - 5 (1= 900 hasdg heph " h™P, (5.4)

2 . 4 .
05 (e *PhypagUP) - :Q—le—zﬁhABaQUB =—167Tg, — :Q_léAﬁ—ZagéAﬁ+ 8% @ghap), (5.5

which can be integrated to obtain g and U4. Contracting Eq. (2.7) with g% and using that gH¥ Tw=9+
0(Q) reveals that n't 1 = 0(Q) which means that 7, = 0. We can therefore write Ty=Tny+7 AVpr. For the
remainder of this section angular indices are raised and lowered with g45. We then obtain the leading and
subleading order solutions

| 1 - -
=——s7Q+|-1=-9)7TY —(1-5)—C*BC 5| O + 0 (D), 5.6
B 5 T ( ( )7 a6 ( )32 AB Q7 (5.6)
- 1 1 1 3-s 11-s 1-s ~ ~ ~
UA:srAQ+(——32nA——sCABTB——s—DAT———DBCAB——8nqABT£O) QZ+U(3)AQ3+@(Q4).
2 2 2 1+s 21+s 1+s QB

(5.7)

The superscript in brackets X"” denotes the Q" coefficient of the series expansion of X at infinity. We have
eliminated the constants of integration B and U®4 by normalizing n'V, u = 1+6(Q) and n'V,x4 = 6(Q)
at infinity. Notice that in the asymptotically flat case s = 0, the left hand side of Eq. (5.5) can be written as
0%05(Q2e 2P hypd5 UP) which implies that the angular momentum aspect — the third order solution of U4,
U®4 _is not uniquely determined by Einstein’s equations. Intuitively, this can be understood through the fact
that in asymptotically flat spacetimes, the stress-energy vanishes at infinity and an observer located there could
only see the rate at which angular momentum is being radiated, but never the actual amount. In cosmological

spacetimes, the situation is quite different. There may be angular momentum in the form 72 T = iﬂ Fsta+

8
#szrr A+ Tf(i? +0( %) at infinity. For a general 0 < s < 1, the third order solution of Eq. (5.5) is

2 1 2 1 2 1
sU®A = —ESCABUI(;Z) - gsszBTB - ESZTU(Z)A - gsngBCAB + gszﬁ(z)TA + 533121‘4

1 A, ~BC AB (1) Am(0)
+§S(l—S)D (C”~Cpc)+8m(1-9)qg TOB—ZH(I—S)(Z—S)D T()Q' (5.8)

In the asymptotically flat case Q2 T,y has a smooth limit to infinity, and hence the right side of Eq. (5.8) also
vanishes when s = 0. It is customary to integrate G,q = 87 Ty,q to obtain V. The authors of [4] chose instead to
use the trace of Einstein’s equations, 87T + R = 0. Solving this equation is equivalent to solving G,q = 87 T,q.
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Let us prove this by writing Einstein’s equations as Ey := G,y — 871 T,,y. Then the 7 component of the Bianchi
identities is

1 1
0=V,E" = Tgal(,/_—gE’Lf) + 507" Epy
1 = = 1
= \/?gaf(\/—gnguf) + (078" Eyi + E(angB)EAB
= = = 1
= (Q%0;Q 28" Eyr + "7 07 Eyr + (078" Eyr + E(GfQZ)hABEAB
=07(8"" Eup), (5.9)

where in the second line we used that E;7 = Ef4 = 0. In the third line, we used the determinant condition
V8= gurQ~? v/q together with the fact that gu7&"" = 1. Finally, in the fourth line we used that E = 2g"" E,;; +
gAB Eap =0. Hence, if E = 0, then Bianchi’s identities guarantee that E, 7 = 0 since g”fEuf =0 (Q?). In terms of
the unphysical metric the trace of Einstein’s equations becomes

6Q7 ! . 62-5072
Vi + ¥nﬂnl. (5.10)

81T+R=-
1-s (1-19)2

The unphysical Ricci scalar is quite unwieldy, but to leading order in € it becomes a relatively simple expres-
sion. Since }?M = 0(1) and since the only inverse metric coefficients that are 0(1) are g“Q =1+06(Q) and

g8 = g*8 + 0(Q), R=2R,5 + q*BRap + ©(Q). A handful of connection coefficients are relevant. To lowest
order they are:

} 1 - , 1 - & -
[y =55ta+0@) [y =—=5Cap+0( @) [ = —sT+0( (5.11)
i 1 - 1 - . 1 i

e = =55Ta+0@) .= —Esrf‘ +0(Q) = ECAB +0(Q) (5.12)
6 IR | - 5 1 -

e =-vha+ EserrAQ +0Q% T, = 5 NapQ = sDaTp O +0(Q?). (5.13)

Additionally, fABC are to lowest order equal to the connection coefficients of g45. A complete list of the connec-
tion coefficients can be found in Appendix A. The relevant leading order Ricci tensor components are therefore:

=]}
<
lell

Il

3 1 1 3

—ytD +ESZTATA—ESDATA+SOHT+@(Q) (5.14)
- 1 ~

q*BRup :2—SDATA—§SZTATA+@(Q). (5.15)

To first order, Eq. (5.10) and its solution become

- 1 ~ 6s -~ s ~
81T —2VD 424 259,7—2sDsT N + EserrA +0(Q) = WVH) - I—DATA +0(Q) (5.16)
- S -
. 1-5)3 2s(2+s 1
N AC I G i 81T +2+250,T + (—)DATA+ —s?th7,]. (5.17)
2(1-5%) 1-s 2

The mass aspect — which is related to the subleading order solution of V as M = —%\7(0) — like the angular
momentum aspect, is not uniquely determined by Einstein’s equations for a general 0 < s < 1. This can be
deduced directly from Eq. (5.10) by observing that the components of n;, and g,y are independent of s, and
that 1, ﬁ and (12__35)2 are linearly independent. Since the mass aspect coefficient in [ntn 1@ =70 L 77D g
non-vanishing, the mass aspect coefficient in Eq. (5.10) must be non-vanishing for a general s. Indeed, a direct
computation shows that the subleading order of Eq. (5.10) is trivially satisfied if and only if g,y is asymptotically
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flat:
260 _ 47 2 6-(1) o -1y 4 24 22 12 1, A
s°V =?(1—s) TV -s(l-s+s)TV —g(l—s) 0B _53 (1—s)(7—s)76ur—§s (1-95)@2+s)TDat
+ l(1 -9 +2$)DAU(2)A + i32(1 — s)zCABrATB + Es(l - s)ZTAU(z)A + i33‘(1 — S)ZTTATA
3 12 12 24
1 1 1 1 1
—ESZ(I—S)TADAT+gs(l—s)zAT+és(l—s)ZCABDATB—E(I—S)ZCABNAB+g(l—s)zDADBCAB.
(5.18)

B, U4 and V reduce to the known solutions for asymptotically flat spacetimes (2.3) when s =7 = 74 = 0 and
Q2 T,y has a smooth limit to infinity. Their leading order coefficients are the same as those found in [4].

5.2 The evolution equations

We have eliminated four independent components of the metric using four components of Einstein’s equa-
tions. The final two independent components of the metric are encoded in the two degrees of freedom of
hsp whose time evolution can be found by solving the AB components of Einstein’s equations. Note that
the u-component of Bianchi’s identities ensure that gAB E4p = 0 and hence the trace-free part of Eqp, Eap —
%gAB gCDECD, consists of two independent components, as required. Given that E = Er 4 = Ejj = EAB—%gAB gCDECD =
0, the remaining components of Bianchi’s identities, in terms of the physical metric, reduce to 8; (Q*e*f E” W=
07(Q~4 ezﬁEfA) = 0. Hence, in the asymptotically flat case, Efu = EfA = 0 reduce to Efgf) = Eff;” =0 (since wa
R’ 4 and f are order 0(Q?)) which contain the mass- and angular momentum evolution formulas. In the gen-
eral case when 0 < s < 1, we cannot pick out any non-trivial coefficients, however, and the full set of equations
EQM = EQA = 0 are trivially satisfied. The mass- and angular momentum evolution can instead be obtained by
differentiating Eqs. (5.8) and (5.18) with respect to u. We will compute this (trivial) set of equations, to make it
easier to compare the mass- and angular momentum evolution formulae to those of asymptotically flat space-

times. The leading and subleading order solutions of Eﬂu =0 (Eﬂu(l) = Eﬂlﬁz) =0) are

0,V = %sz(l — T80, T A+ 51— ) DA, T + (1 - )87 T2, (5.19)
0,V =259,z V) + %52(1 + 91BNy - %s(l —)DA(VE DA 4 %se’(l — 90,1 AT - %se'(l —)DA(t17P)
+52(1 = 9)(0,1) (DAt + (1 - ) D0, UP4 - %(1 —)AVEY 4 %sz(l —)TaAT + i(l — 5)Nyg N8B
+ %sz(l —85)(DaT?) (DT - %sz(l —85)(DT8) (D7) + %sz(l — )T D0, T+ 21— 5)V Vg 78
+ %sz(l —5)Cap1?0,78 - %s(l —)TDEN g +35(1 - ) UP40,7 4+ gsz(l —5)10,74
+52(1 = ) TD 40,74 + 81 (1 — 5) TV, (5.20)

In the asymptotically flat case, s=7 =74 =0 and Q2 Ty = O(1). The leading order equation is then trivially
satisfied, and the subleading order reduces to

1 1
0,V? = Do, U4 - EAV(‘D - ZNABNAB. (5.21)
Since in the asymptotically flat case V = Q™! =2M + G(Q) and U®4 = -1 D C45, this is equal to

1 1
A,M = —gNABNAB + ZDADBNAB, (5.22)
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which is simply Eq. (2.4a), as required. Using the three leading order terms of EQA =0 (Efzfgm = Eo/gl) = Efzf) =0)
we find that 8,,U4 has the following asymptotic solution:

0,0 =167T")

uA’ (5.23)

1 1 s . 1 . 1 1
GuUf) = —EDBNAB - ESDAGMT— ITSDAV(_D - ESTAV(_D + SDBD[ATB] - SZTauTA— ESZTTA - ZSTBNAB

1 1 1 1 1 -
- 5331141313 + ZSTBNBCCAC - ESZCABTcD[BTC] - ESOM(CABTB) + ESZTBD[ATB] +87TTQ(1), (5.24)
167 1 e 1 81 2
0, Uy = = T® - g(Uf) +5Capt?)(2 -2V 4 250,17 — 25Dt + ESZTATA) + ?rAy(l) + EDAGM,B(Z) + DV

1 6(2s—1) ~ 6 . . 2 _ 1 -
— =574 ¥V(_U——DB(U(Z)B+SZTTB)—TV(_1) +s1AaV O+ 2D, VY 1 2y DBVED
3 (1-s)2 1-s 3 6

(DAVO =557,V —sD At V) + 352174 —2UP = 25CapTP) VY + (2178 + UPB)(Nap — 25Dja75)

3(1-9)
1
+ 5srACBCNBC ~ 2518 DiaUg) - 25211 DA Cpic - 25Dp7P (U — sCapt®) - 257 A(DUP® + s D (7))

2(3-25s)

_ _ 1 1
m(smv(‘” +(UP +5Capt®) V) + gcCAB (NB.+25°7B7c — sDct® + sDP1c) + 5sDB(cBACrC)
)

2 4 2 1 _ 1 2
+(SDAT—gUf)—gSCABTB—gszTTA—gSNABTB)V(_D+(gCAB—STqAB)auU(Z)B—(NAB+gsauTqAB)U(z)B
1 2 1 1 1 1
- s@u((g S+ 5[3(2))7,4) + gs(ZdAB - STCAB)OMTB - ESCBCNBcTA — ESZTTBNAB - gszaunBcAB
8 1 5 1 1
+ s(g U@ + 2778+ gSDBT + SCBCTc)D[ATB] + §STBD[AUI(32]) + gSZDA(TBDAT) - gszDB(TBTA)
1 1 2 2 2
+ §DB (CBCNAc) - EDA(CBCNgc) + gDBD[AUg]) - §SDB(CBCD[ATC]) - §STBDCD[ACB]C +282TBTCD[ACB]C
2.2 B 1, 8,7 -BC 5 @B 2 c 1o 2 @,_B 1, [B..C]
—$(=sD" 1+ =5T17 + =sC " "1+ =U"“"7)T 41+ $°(sCycT " — =5 TTa+ZU, )T T — -8"NapTc D1
3 6 6 3 2 3 3
1, B,.C 2 o8, 2 ~BC 1o, g 1 g 1 g @ lospc
+Es CapD" (T Tc)+S(§U +§sC Tc—§S T _§D T)D(ATB)—gs‘[ D(AUB) _§S 7°1°DaCp)c

1 1
— gschBTcD[BTC] — §SDB(qACcCBDTD) — 6u(CAB U(Z)B + STACBCCBc), (5.25)

where we defined CC, ; := 3¢“P(DACpp + DgCcp — DpCap) such that 3, VC =D, VE +CC,,VEQ+0(Q?). In
the asymptotically flat case, the first equation is trivially satisfied and the second equation reduces to

1
0,U% = =5 D" Nas, (5.26)

which is consistent with Eq. (2.3) and thus this equation does not provide additional constraints on the asymp-
totically flat metric coefficients.

In the asymptotically flat case, we find the much simpler evolution equation for the angular momentum as-
pect

2 1 1 1
Oy Uf) = —gDAM+ gDA(CBCNBC) + EDBDCD[ACB]C - EDB (NBCCu0)
1 1 1 1
+ gCABDcNBC - gCABDcNBC + gNABDCcBC - gNBCDBCAc. (5.27)
Unfortunately, this equation does not match any of the existing equations found in the literature [1, 7, 8, 9]. In
fact, all four of the expressions obtained in the listed sources contradict each other! In appendix C we therefore

include a brief derivation of the asymptotically flat angular momentum aspect evolution equation, and in ap-
pendix D we list and compare some of the different expressions found elsewhere.

18



To illustrate that, in general, none of these equations provide additional constraints let us explicitly compute
Eq. (5.23) through the fact that EQA = 0 follows from the A components of Bianchi’s identities. The A compo-
nent of the conservation equation is

A—1 A—1
v Th =01, - ZIQTSM T, + 2(? 5 0" na+08" ny - gy an) T, (5.28)
sQ7! 207!
= ari s 0utAm Ty Tuat 0 = (5.29)
= $0,TA=161T"). (5.30)

Recall that U/gl) = st 4. Hence, we have rediscovered (5.23), as required.

5.3 Thelinearized solutions

If g,y is the perturbed FLRW spacetime of the previous section, we can find g, using t = —2u + 1;554716 Tg)
and 74 = ﬂ87[6 TEX and only keeping terms of order €(9):

1- 1
6guu—Q( ang*BoTV) + 818 T +4n(1- 50,0 — 8n(2+s)DA5TS”)+@ =1, (5.31a)
1+s2 FA 7
1 1
Sgur = 4m(1- 5)6T(3) +@r(1- s)aT(4)+8ns(1—s)u6T;§’)72+@(7), (5.31b)
11— 1
(SguA:871(1—s)6T(1)r+87Is(1—s)u6T_(D+2 (l—s)D 5TY + 51T DBCAB+8JI 6T;i} (;)
(5.31¢)
1
6gap=CppF+0 (;) (5.31d)

Note that we switched coordinates from Q to 7, and thus transformed tensor components accordingly (for
example: T2 % = (0;Q) T(O)) In the first line we used that 6V = ~76guy and 67 = ~ 125 Sguy+32msus T +

8rqB Tg. Clearly, 6 g,7 and 6 g4 are consistent with Egs. (4.16a), (4.17c) and (4.17d). In order for g, to be
consistent with Eq. (4.17a), we require

8n6T? = - = )2 8guu+4n(3+s)DAST). (5.32)
Indeed, using Eq. (5.14) we find
1 ,3+s 1 3+s 1 _ ~
87'[Tu _1_Z ZlTTATA—ES:DATA'I'WV(_D'F@(Q). (5.33)

Upon linearizing, this is equal to Eq. (5.32).

The leading and subleading order of the evolution equation 9,V take the following form:

0,682 =81(1-5)%2D"9, 5T(”—8n(1—s)5T,5‘3, (5.34)
4
0,68 = 45u0,6¢9 + Sl 6g(0)+8n(1—s)(1 28)0,0TY —4mw(1 - $)*(1+25) DS T
1
+(1—s)DAau6g;°/1—5( - 5)ASgY) —16ms(1 - $)*uD?0,6T') —8n(1- )6 TY)
+1675(1 - ) udu 8T —8m(1—5)(1—25)8 T 2. (5.35)

The ‘mass’ perturbation (5.35) is equal to the solution (4.17b) we found earlier, which can be seen by rewriting
2s5u0,6 g(o) using the first equation, and using Eq. (5.32) to rewrite 0 T},7.
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5.4 The mass loss formula
Eq. (5.20) looks rather complicated, so let us examine the case in which the background stress-energy tensor is
spherically symmetric. After we set D4 T,y = 0 and T4 = 0, we get
_ . 1 A
0,V =-250,tVV) + (1 - 5)D 0, UP" + 20~ S)Nap NP +81(1 - ) TV

1(1-s)?
2 1+s

1 ~ ~
== §)NgN/B - DaDpNBC —167(1 - 5)0,(VEV Ty 4 87 (1 — 5) TV, (5.36)

In the second line we reordered some terms and used that the only surviving term of U@ is U4 = — 1= D C5.
We rewrote s7 = 87(1 — s) T;g) =8n(1-9)T"% " using Eq. (2.7). If we interpret m = — 2=  V(® a2 as the mass,
similar to the asymptotically flat case, we get the following mass loss formula:

dym= —% f NABNpd?S+8m(1— )0, (VY Ty _47(1 - 5) 9D, (5.37)
We recognize the first term as a gravitational radiation term. To interpret the second term, we first observe
that V measures the length of the vectors n'. These are null at infinity in the unphysical spacetime, but in the
physical spacetime they are spacelike and orthogonal to surfaces of constant 7. If spacetime is asymptotically
flat, VoV = 1. In general, spacetime will not be empty near infinity, and V" will measure the density of
space at infinity due to the non-zero Ricci curvature. Hence, we can make sense of the second term, as being
proportional to the rate at which the energy at infinity changes. The last term contains the subleading order
contribution to the energy flux through null infinity. The leading order contribution 79 also contributes to
the mass evolution through the second term, since 9, VvED =8r(1-9) T%(O).

Figure 1: Penrose diagram of a spacetime with a cosmological null asymptote. An observer traveling along null infinity sees

an energy density T“,, and an energy flux Tﬂu across the boundary. The presence of Gravitational radiation at null infinity is
seen as Nap # 0.

At the present moment, it remains unclear how we should define the mass of cosmological spacetimes. We will
discuss some of the difficulties in the next section.
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6 Discussion

The full non-linear field equations were employed to find the asymptotic metric coefficients of spacetimes
with a cosmological null asymptote. Along the way we demonstrated that, in the appropriate limit, these
metric coefficients reduce to the known asymptotically flat solutions. A second, entirely different check was
done to boost our confidence in these new solutions by computing the linear perturbations of decelerating
FLRW spacetimes in Bondi-Sachs coordinates, using the techniques used to study linear perturbations of the
Schwarzschild spacetime as described in a paper by Martel & Poisson [11].

The generalizations of the mass- and angular momentum evolution equations form the highlight of this the-
sis. We found that given the geometry and the news tensor at null infinity, the mass- and angular momentum
aspects of spacetimes with a cosmological null asymptote are uniquely determined through Einstein’s equa-
tions. This is different from the asymptotically flat case, where in order to determine the mass- and angular
momentum aspects one additionally requires initial data in the form of M (uy, x4 and N4 (up, x4) on some hy-
persurface u = uy.

The identification of the Bondi mass with the mass of an asymptotically flat spacetime is supported by sev-
eral results. Firstly, if a spacetime has a timelike Killing vector field, then this Killing vector field gives rise to
a conserved charge, the Komar mass. It can be shown that the Komar mass coincides with the Bondi mass
in asymptotically flat spacetimes (see chapter 11.2 of [10]). Notable examples of such spacetimes include
the Schwarzschild and Kerr spacetimes. Secondly, the Bondi mass can be expressed as an integral over the
‘Coulomb’ part of the asymptotic Weyl tensor (see chapter 7 of [5]). Thirdly, the difference between the Bondi
masses evaluated at two different cross sections of infinity can be expressed as an integral over null infinity
between these cross sections. The integrand then contains precisely the energy flux across null infinity if we
relax the condition that Q2 Ty = ©(1) somewhat, alongside a geometric term which we recognize as gravita-
tional radiation (again, see chapter 7 of [5]). Lastly, the Bondi mass is the gravitational Hamiltonian belonging
to asymptotic u-translations (see for a pedagogical description chapter 4 of [12]). Unfortunately, none of these
arguments generalize in a straightforward manner to spacetimes with a cosmological null asymptote. These
spacetimes do not have timelike Killing vector fields, and we do not have exact solutions that, for example, de-
scribe a mass in an FLRW spacetime. Neither can we identify a ‘Coulomb’ part of the Weyl tensor since it does
not have the peeling property (see remark 5.1 of [4]). As we saw in §5.5, there is no simple way to interpret the
mass loss.

A Hamiltonian description of spacetimes with a cosmological null asymptote might be worth pursuing. A pos-
sible starting point for further investigations could be the Einstein-perfect fluid Lagrangian described in §2 of
[13].
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A List of Connection Coefficients
The unphysical Bondi-Sachs metric is

ds? = -We*Pau? +2e*P dudQ + hap(dx® — Urdu) (dx® - UBduw), A.1)
g1 0,0y =2e72P0,00 + We P02, + 2e2P U000 4 + h*P0 405 (A.2)

We will partially compute its connection coefficients. To aid calculations, we will replace all partial derivatives
04 by covariant derivatives 8 4 compatible with the metric % 4, such that the resulting ‘Christoffel symbols’ are
tensorial in A. With this definition of I, you can essentially replace all d4’s by 84’s in all tensor computations,
as long as you compensate by adding the appropriate curvature tensors belonging to h4p: wherever you en-
counter a 04 in your computation you will necessarily have to find some combination of Christoffel symbols
belonging to h4p such that the resulting expression is tensorial in A, because the line element (A.1) is tensorial
in A. After symplifying, we would find that all 6 4’s and Christoffel symbols could be recombined into covariant
derivatives and curvature tensors belonging to i 4p. The rule can be summarized as follows: replace all 64’s
by 04’s, and replace all Rapcp’s by Rapcp + % apcp, where Rapcp is computed from the ‘Christoffel symbols’
listed below, and where % 4pcp is the Riemann tensor belonging to hsp. For example, the simplified expres-
sion for R4 5 becomes: Rap = aur”AB + 6QFQAB + 6CFCAB - ES,L;I“;LB,/1 + F’lpAF'ZB - 1“7LAPI“‘OB]L + % ag. We obtain the
following results:

[0 =T =TG4 =T =0 (A.3a)
I, =208+ %e‘zﬁagw - %e‘zﬁag(UAUA) (A.3b)
T*  =0aB+ %e‘zﬁaQUA (A.30)
T, 5= —%e‘zﬁthAB (A.3d)
e, = —%e‘zﬁauw - %e‘zﬁ UAUBd, hap +2e72PWa, B+ %e‘zﬁwagw - %e‘zﬁWOQ(UAUA)

+ %e‘zﬁUAé AW — %e‘zﬁ U4o,(UBUg) (A.3e)
e, = —%e*zﬁagw + %e*zﬁ UAdqUA—U%d 4P (A.3f)
¢, = —%e‘zﬁmw+ WoB+ %e‘zﬁwaQUA + %e’zﬁUBauhAB ~ e 2PUBp4Up (A3g)
Y, =200p (A.3h)
T =0.6- %e‘zﬁhABaQ Ut (A.3i)
r%p = ~e P54 Up) - %e_zﬁwaﬂhAB - %e_zﬁauNAB (A.3))
14, =—e?Po, (e ?PUut) + %e*zﬁ Utogw — %e*zﬁ U%oqWUBU) + %6AW - %EV‘(UB Up) (A.3K)
4= —%hABaQ Ug - %6“‘(325 (A.3D)
14 5 =U%p+ %e‘zﬁ U%0qUp + %hACauhBC — WU (A.3m)
;= %hACthBC (A.3n)
.= —%e*zﬁ UAdqhpe (A.30)
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B Identities involving /145

Here, we collect some useful identities involving h 45 which are used throughout this thesis. We expand h4p
and its inverse as

hap = Gag + CapQ+dapQ® +0(Q%), (B.1)
AP = 4B _ CABQ (@B — CACCE 0% + 0(QY). (B.2)

The determinant condition then yields:

dethp =detgag(1+ g BCapQ+ (P dap - %CABCAB)QZ) +0(Q% :=detqag, (B.3)

i.e.
qg*BCup =0. (B.4)
q*Pdp = %CAB Cap- (B.5)

In fact, Madler & Winicour [8] show that the trace-free part of d 45 vanishes, which implies
1 CD
dap = 1 qasC~" Ccp. (B.6)

Furthermore, we have the following two identities:

NBCDACBC = NBCDBCAC + NABDCcBC, (B.7a)
CBCDANBC = CBCDBNAC + CABDcNBC. (B.7b)

The covariant derivative and curvature tensors belonging to the metric h4p are:

34VE=DyuvE + %VC(DACBC +DcC? - DBCa0)Q+0(Q?), (B.8)
R aBcD = qacqsp — dasqcp + O (Q), (B.9)
R ap = qap+ (D DCpc - %DCDCCAB)Q +0(QY), (B.10)
R =2+DsDpC*BQ+06 QY. (B.11)

C Some curvature tensor components

We are after Rffjl which contains the angular momentum aspect evolution 6uUf) . Let us first check for con-

sistency by computing two field equation components containing R%, Gﬂ = Ggf(‘z) = 0. Note that foj‘ = Rﬂ

since R = 0(Q) and g,a = —hapU® = G(Q?). Einstein’s equations in terms of the unphysical metric 8uv in Eq.
(2.6) are
R® = 207 (guaV'ny — Vuna) 30272 guantny @
1 B 1 BC
:ZDAM—ED CAB—ENABDCC , (C.1)
1 _
and R% +RY) - EDBCBCR% =-[207'v,n"®

=2DuM, (C2)
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usingVyna=-T2 , = —(DaM-1DBCup— 1 Nag DcCEO)Q3+0(QY), VAny = 20+0(Q?) and ntny = Q*+0(Q3)
in the first equation. Note that

RYY = —Nap +qaz, (C3)
1 -2 B l.p
and recall that Rga = —569(6 hap0qU”)—0q04p + 56 Oahag)
=DPCyp+0(Q), (C.4)
which means that (C.1) and (C.2) are consistent. Let us calculate R% carefully in steps. The ingredients are:
R, = 10,17, )% = 10,1% 1@ + (14, 10 1@ — (17,17, 19, (C.50)
1 3 3 3 3
(014 1@ = —I—GDA(CBCNBC) + EauUf) - ZCABDCCBC +3DsAM 5DBCAB - 5NABDCCBC

1 1 1 1 1
+ 5DBaualAB - 5DB(CBCNAC) + 5NBCDBCAC -~ ZNBCDACBC + ZDBDCD[ACB]C, (C.5b)

1

[9ul”4)]® = = Da(C*  Nic), (C50)

T Tl ® =0, (C.5d)
1 1

Mo 1?01 = =D Cap = S NapDcCPC = - CapDeN"C. (C.5€)

It should be remarked that the fact that 64 # D 4 (see Eq. (B.8)) contributes a term. 8 BFBu 4 contains the term

1 1 1 1 1 1
Eég(thauhAC) = 5DBNABQ + (EDBaudAB - 5DB(C‘-"CNAC) + 5NBCDBCAC - ZNBCDACBC)Q2 +0(Q%.
(C.6)

Secondly, note that
hapU® = —%DBCABQZ +(UY - %CABDCCBC)QS +0(QY) # —%DBCABQZ +qapUPPQP+0@QY. (€7
Finally, after simplifying using a few identities from appendix B, we obtain
R% = 1—16DA(CBCNBC) - gau U +3D4M - %DBCAB — NagDcCPC - %CABDCNBC + iCBCDANBC
—%DB(CBCNAC)+%NBCDBCAC+EDBDCD[ACB]C. (C.8)

The field equation (C.1) (or equivalently (C.2)) becomes:

2 1 1 1 1 1
0,UY) = ~3DaM+ 5DA(CBCJ\/BC) + 6DBDCD[ACB]C - 6DB(NBCCAC) + gNABDCCBC - gNBCDBCAC.
(C.9)
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D Comparison of angular momentum evolution equations
We remarked in §5.2 that our expression for the evolution of the angular momentum aspect (Eq. (5.27)), and
several others found in the literature, all contradict each other. In this appendix, we will compare these differ-
ent expressions.
Compere et al. [7] define
Na= 209+ 3D, (Cpec?E) (D.1)
274 32 ' '
We then find its evolution:
_ 1 1 1
O0ulNa=DaM— ZDBDCD[ACB]C + ZDB (NPCCac) - ECABDCNBC
1 3 1

+ ZCABDCNBC— ZNABDCCBC+ ENBCDBCAC : (D.2)
Their result is similar to ours, except they do not find the last three terms in the square brackets.
Maidler & Winicour [8] define

3 1
—3L,=--U® 4+ ZCpDcCBC. D.3
a=—5Up +5CasDe (D.3)

Their News tensor also differs from ours by a factor. They define Nap := %auc 4. The evolution equation is
then (sticking to our own convention, Nyp :=08,C4p)

1 1 1 1
~30yLa=DsM - ZDBDCD[ACB]C + EDA(CBCNBC) - EDB(CBCNAC) + ZCBCDANBC

1
+ ENBCDBCAC ) (D.4)

Their result is almost consistent with ours, except they do not find the last term in square brackets. Comparing
the expressions in [7] and [8], we note that L, is related to N4 through

~3La=Ny- ;—ZDA(CBCCBC) + %CABDCCBC. (D.5)
Their evolution equations also contradict each other:
~30uLa—0uNa+ %DA(CBCNBC) - %au(cABDccBC)
= %NBCDB Cac~ %cBCDBNAc - iau(cABDccBC) #0. (D.6)
Finally, Bonga & Poisson [9] simply define
BA=-u®4 (D.7)
We find its evolution:
0,B" =Dg ((%M— %au(CCDch)) q’? - éDcD[ACB]C) - %NABDCCBC - %NBCDBCAC

N ' (D.8)

1 1
6au(cABDCCBC) + §NBCDBCAC
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They find this expression except for the terms in square brackets. Their expression also contradicts those of
Compere et al. [7] and Médler & Winicour [8], since

2 1
0uBa—=0uNa——D40,(CECpe)
3 16
1 1
= —ENBCDACBC - EDB(CBCNAC) #0, (D.9)
1 BC
and 0,Ba+20,La+ 36u(CABDCC )
1
= 5CABDCNBC #0. (D.10)

Hence, our expression for the evolution of the angular momentum aspect in asymptotically flat spacetimes,
and several other expressions found in the literature [7, 8, 9], all contradict each other.
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