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The detection and characterization of the Stochastic Gravitational Wave Background (SGWB)
is one of the main goals of Gravitational Wave (GW) experiments. The observed SGWB will be
the combination of GWs from cosmological (as predicted by many models describing the physics
of the early Universe) and astrophysical origins, which will arise from the superposition of GWs
from unresolved sources whose signal is too faint to be detected. Therefore, it is important to
have a proper modeling of the astrophysical SGWB (ASGWB) in order to disentangle the two
signals; moreover, this will provide additional information on astrophysical properties of compact
objects. Applying the Cosmic Rulers formalism, we compute the observed ASGWB angular power
spectrum, hence using gauge invariant quantities, accounting for all effects intervening between the
source and the observer. These are the so-called projection effects, which include Kaiser, Doppler
and gravitational potentials effect. Our results show that these projection effects are the most
important at the largest scales, and they contribute to up to tens of percent of the angular power
spectrum amplitude, with the Kaiser term being the largest at all scales. While the exact impact of
these results will depend on instrumental and astrophysical details, a precise theoretical modeling
of the ASGWB will necessarily need to include all these projection effects.

I. INTRODUCTION

The new run of observations from the LIGO/Virgo collaboration has recently started [I] and many new Gravitational
Wave (GW) from binary black hole (BBH), neutron star (BNS), and black hole-neutron star (BH-NS) mergers are
being detected. One of the most challenging targets remains the detection (and characterization) of the background of
gravitational waves (GWB). Such a background is generated by two contributions: a cosmological one originated from
early universe-related mechanisms, and an astrophysical one, originated from the superposition of a large number of
unresolved astrophysical sources.

Among the cosmological sources of GWs we can mention the irreducible GW background due to quantum vacuum
fluctuations during inflation, which is expected to span over a wide range of frequencies, and for which we have already
observational bounds from Planck [2]. In addition, inflation and post inflation-related mechanisms can generate a



stochastic background of GWs at scales probed by interferometers like Laser Interferometer Gravitational-Wave
Observatory (LIGO)/Virgo, LISA (Laser Interferometer Space Antenna) or ET (Einstein Telescope). For an overview
of early universe GWB sources see [3H0].

On the astrophysical side, there are many sources that can contribute to form such a GW background (ASGWB),
which is the superposition of a large number of unresolved sources and will be dominated by two types of events:
the first is compact object binaries, periodic long lived sources such as early inspiraling phase of binary systems and
captures by supermassive black holes, whose frequency is expected to evolve very slowly compared to the observation
time. The second type consists of short-lived burst sources, such as core collapse to neutron stars or black holes,
oscillation modes, r-mode instabilities in rotating neutron stars, magnetars and super-radiant instabilities (see [7, [§]
or for general reviews and references therein).

To characterize such backgrounds will be extremely challenging but necessary in order to extract precise cosmological
information. To a first approximation a cosmological background may considered stationary, isotropic, unpolarized
and mainly Gaussian, while there are attempts to characterize how a non-Gaussian and polarized background can be
probed with interferometer like LISA or ground based interferometers [9]. The ASGWB has been usually characterized
assuming that the distribution of sources is homogeneous and isotropic (and Gaussian). The quantity which is
commonly used to characterize the GWB, both of cosmological or astrophysical origin, is the GW energy density
Qcw. Beyond its isotropic value which has already invaluable information on the source of GWs, it can have a
directional dependence inherited from the inhomogeneities of the matter distribution in the Universe, in a way similar
to the Cosmic Microwave Background (CMB) radiation. There has been a considerable effort in the GW community
to detect such a background, but up to now we have only upper bounds on the isotropic GW energy density component
(LIGO/Virgo recent bounds are Qaw(f = 25Hz) < 4.8 x 1078, Pulsar Timing Arrays (PTA), at low frequencies
(10719 — 1075 Hz), gave a bound Qgw < 1.3 x 1079 [10]). Upper bound have been extracted also on its anisotropic
component by LIGO and PTA (LIGO O14+02 runs gave Qaw(f = 25Hz,) < 6 x 1078 as upper limit [I1] and PTA
set Qaw(f = lyr—1) < 3.4 x 10719 at 95% CL [12]). Such a background may be detectable with LIGO/Virgo at
design sensitivity, especially with the addition of further interferometers to the global network (such as KAGRA and
LIGO India).

In a series of recent works it has been shown how the anisotropy in the observed energy density of source distribution
and the effect of inhomogeneities on the GW propagation can be used to infer astrophysical properties of the sources.
A derivation of the angular power spectrum of cosmological anisotropies, using a Boltzmann approach, has been
obtained in [9, [T3], T4]. A derivation of the angular power spectrum of cosmological anisotropies, using a Boltzmann
approach, has been obtained in [9] T3] [I4]. In the case of the ASGWB, the angular power spectrum has been derived
by [I5HI7], considering the presence of inhomogeneities in the matter distribution and working with a coarse graining
approach which allow to probe GW sources on cosmological, galactic and sub-galactic scales. Other predictions for the
GW angular power spectrum have been derived in [I8] [19], with both analytical and numerical results using galaxy
catalogues from the Millennium simulation. More recently, [20H22] have analyzed the astrophysical dependence of
the angular power spectrum for different stellar models, while in [23] [24] the effect of shot noise on the angular
power spectrum has been considered, and a new method to extract the true astrophysical spectrum by combining
statistically-independent data segments has been proposed.

In this paper we present a consistent framework for studying the ASGWB in a general covariant setting. We obtain
general coordinate-independent and gauge-invariant results for all observables, accounting for all effects intervening
between the source and the observer. Working to linear order in perturbations, we investigate the effects of cosmologi-
cal perturbations and inhomogeneities on the angular power spectrum of the GW energy density. Applying the Cosmic
Rulers formalism introduced in [25] 26] (see also [27] where the authors used this prescription to study the effect of
large-scale structures on GW waveforms), we consider the observer’s frame as the reference system. In this case, all
our results are obtained at the observed frame, taking into account all possible effects along the past GW-cone of the
GW energy density. It is important to note that the ASGWB is generated mostly by mostly events that could be in
principle resolvable by precise and sensitive high resolution instruments. In principle we might have a precise location
of ASGWB in the observed space frame. Indeed, the ASGWB signal is resembling other astrophysical backgrounds,
such as e.g., the Cosmic Infrared Background (CIB), that have been studied in the past (see e.g., [28430]).

Without any coarse graining but just mapping our perturbed quantities in the observer’s frame, we obtain the
corrections due to the inhomogeneous spacetime geometry. In a very general way, following [I5], we consider two types
of sources: (1) events with short emission, e.g., merging binary sources (BH-BH, NS-NS, NS-BH) and SNe explosions;
(2) inspiraling binary sources which have not merged during a Hubble time. We first work within a general framework
without fixing any gauge and we subsequently consider a ACDM concordance model on cosmological scales. Using the
perturbed GW energy density we then compute the observed angular power spectrum of the ASGWB highlighting the
main local and integrated projection effects which give relevant contributions on large scales, considering a toy-model
case: the ASGWB generated by black hole mergers in the frequency range of LIGO-Virgo.

The paper is structured as follows. In Section we define the GW energy density in a gauge independent way



using the the observer’s frame and we then give a general parametrisation for the description of the GW sources we
will consider. In Section [[I} we study the past GW-cone in the observer’s frame setting up the map between the
observer’s and real-space/physical frame and we then present a general perturbation framework of the quantities that
enter in the GW energy density. In Section [[V] we do the computation of the perturbed quantities at linear level
without fixing the gauge using a FLRW metric. In Section [V} we focus on ACDM and compute the angular spectrum
of the energy density using the Synchronous-Comoving gauge. In Section [VI, we compute the angular correlation
between the energy density from different directions. Finally, in Section [VII] we numerically evaluate the corrections
for different contributions. We summarise our conclusions in Section [VIII] Through the text we will use ¢ = 1 and
(—,+,+,+) conventions.

II. COVARIANT FORMULATION OF THE GW ENERGY DENSITY
The quantity that characterizes the SGWB is the GW energy density per logarithmic frequency f,, defined as [15 [31]

o d
QGVV (fm Qo) f dfpjg (1)

which represents the fractional contribution of gravitational waves to the critical energy density of the Universe today,
pe = 3H2/(87@G), and dpgw the energy density of GWs in the frequency interval {f, f + df}. Such a quantity will
have both a background (monopole) contribution in the observed frame, which is, by definition, homogeneous and
isotropic (Qqw/47) !, and a direction-dependent contribution Qaw (fo, ). In this work we focus on the angular
power spectrum of this second contribution (for other recent analyses, see [15] [I§]).
The total gravitational energy density in a direction n is the sum of the all unresolved astrophysical

contributions along the line of sight contained in a given volume dV,(n)
dpaw EE dé’GW(x“ —zh 0)| dV,
dfodQ, dfodeA d€2, Z/ e dfodTodA, ‘dQOdX

‘ dxdf, (2)

where [i] is the index of summation over all unresolved astrophysical sources that produce the background of GWs,
g = {My, M*,m, 5*}, where My, is the halo mass, M* is the mass of stars that give origin to the sources, m are the
masses of the compact objects and 6* includes the astrophysical parameters related to the model (i.e., spin, orbital
parameters, star formation rate). Here, ng] is the (physical) number of halos at given mass M), in the physical volume

“ 7

dVe, weighted with the parameters g of the sources at x¥. The letter
position” while “o” for “evaluated at the observed position”.
The physical volume dV, at emission is defined as

stands for “evaluated at the emission (source)

81‘f oxP 0x° .
dVe = vV —g(x*)epwpot d*x = D3 (2) (—uupliw )dQdA = DA (2) (—uuplw)

dA
&Tl 952 01’ ‘ ’

dQ.dy, (3)
where €50 is the Levi-Civita tensor, u, is the four velocity vector as a function of comoving location, and we have
introduced the angular diameter distance D and the GW four-momentum pfy,,. Let us point out that, as in [27],
here we consider the local wave zone approximation to define the tetrads at source position (i.e. the observer “at the
emitted position” is a region with a comoving distance to the source sufficiently large so that the gravitational field
is “weak enough” but still “local”, i.e., its wavelength is small w.r.t. the comoving distance from the observer x (see
for example [32]).
The four-velocity of the observer can be written using the comoving tetrad

dz#  da® 4
ut = — a7 d'TA =u Ag:Ag, (4)

where 7 is the proper time of the observer and A% is an orthonormal tetrad. Choosing u# as the time-like basis
vector,

u, = Ag, = aFp, and  u' =Af= ailEg , (5)

1 Since it is related to an angular average in the observed frame.



where El‘f are the components of the comoving tetrad which are defined through the following relations

PVESE] = 0 nERE] =G, §VE]=EM. Bl =B, (6)

and 7, 5 is the Minkowski metric. The graviton four-vector is defined as

dy dzH 27 f,
- — Lt 7
Pew dX\ dX a2 ) ( )

where k* is the comoving null four-vector of the GW, u* is the four-velocity of the observed at % and A is the affine
parameter can be written (normalised) in the following way?

0,2

_27rfo

from the source to the detector. Here x is the comoving distance, in real-space, from the observer to the source of
the GW. Clearly, (—uupgw) = 27 fe.
The energy of gravitational waves emitted from the halo at the observer is

dA = dx, (8)

=

d&[ﬁ]w(xét — xgag) _ ’C[i](zafevxgao)
dfedTodA, — (1T+2)0D3(z

; (9)

where Kl (2, fo, ) encodes all physical effects of the GW signal emitted where the superscript [¢] is related to a
typical unresolved astrophysical source considered.

The quantity fg}w(mg — x#) (to simplify the notation, we will write it as Sg]wo), for given type of source labelled
by [i], can be related to the energy spectrum per unit solid angle in the rest frame of the observer (in the halo) that
includes all emitting sources at a given redshift z and direction n, as

Ay, A&l df.dT dQ. A&l
AfodTod Ay~ qell dfodTs dA, dfedTedQ.

(10)

where dEg}We /dfed€e is the energy spectrum per unit solid angle of observer with z = z,.
Using the energy conservation

dg[i]
cwo _ 1 , (11)
aglly,.  (1+2)

and the relations df,d7, = df.d7e, and

Qe 1
dA,  (1+2)2D3(2)’ (12)

we can rewrite Eq. as

i, _ 1 aslh, "
dfodTodds — (1+2)3D3(2) dfedTedQe *

In general, for a particular type of source, dg([;]we /dfe/dTs/d2 has a specific distribution function characterised by
local parameters of the source which depends on the mass, environment, distribution of matter, velocity dispersion of
the matter and source, and the type of galaxies within the host halo. We can thus distinguish two cases: (I) events
with short emission (burst sources), e.g. merging binary sources (BH-BH, NS-NS and/or NS-BH) and SNe explosions;
(IT) inspiraling binary sources which have not merged during a Hubble time, and hence GW emission is averaged over

2 This suitable normalisation in Eq. can be completely understood in Section m



several periods of the slow evolution of the orbitals parameters (continuous sources). The resulting energy in the two
cases reads

_ WGy, 4Gy
dgg}w dT.  dfedfe. for (I)
e

dfodTedQe (14)

[]  dA. dESy,
NGWe dQ. dfed(;’VZiA for (II),

where for case (I), d./\fgl,ve/dﬁ is the merging rate of the events for each halo and dgg]we/dfe/dﬁe is the energy
spectrum per unit solid angle, while for case (II)

dgg]we = (r 00 M> _ 1 Z £2 A2 (15)
dfedTodA, ~ VGW e T 162G evied [t
A=(+,%)

Here A, is the amplitude at emission® and we have decomposed the above quantity in the two independent modes
of linear polarisation of the GWs. The overline in Eq. , denotes the “time average” of the observer. Following
[33], we have defined (...) as the average over a region whose characteristic dimension is small compared to the scale
over which the background changes. The average is over the emitted region whose characteristic dimension is about
the scale of the halo dimension (around 1 — 2Mpc). We can thus identify the quantity K (z, f., %) as the energy at
emission

AEG,

_Gwe g
eaTda, ~ V@ Jewe.6) (16)

and obtain the following expression for the energy density

dpcw / znm (zg 9)
— e qvdf 1
Aol Z o X (17)

where we define the total GW density as

—

. . dell B
(2, 0) = np) (22) e

n
7dfed7;dQe (2, fe, x4, 0) . (18)

III. GENERAL PRESCRIPTION

Let us define 2# () the comoving coordinates in the real frame (or real space, the “physical frame”), where y is the
comoving distance, in real-space, from the source to the detector (the observer) and call observer’s the frame where
we perform observations; we will adopt the approach of [27]. Assuming the usual concordance background model, let
us use coordinates which effectively flatten our past gravitational wave-cone so that the GW geodesic from the source
has conformal space-time coordinates:

= (7, X) = (o — X, Xn). (19)

Here 7 is the conformal time at observation, X(z) is the comoving distance to the observed redshift, n is the observed
direction of the GW, i.e. n' = z'/xy = §Y(0x/0z7). Using ¥ as an affine parameter in the observer’s frame, the
total derivative along the past GW-cone is d/dy = —9/97 +n'0/0z'. We use again subscrlpts “e” and “0” to denote
respectively the position where the GW is emitted and received. The frame defined in Eq. | is the real observed
frame in which we make observations (also called “cosmic GW laboratory” in [27]). Therefore, this is the correct
frame where, for instance, we can reconstruct 3D maps/catalogs of galaxies by using both EM and GW signals. This
frame is commonly used in galaxy catalogs. If we use unperturbed coordinates we are not able to interpret correctly
the correlation between the ASGWB and EM sources from observed galaxies since it can induce a bias in our results.

3 We are using the local wave zone approximation, hence the coordinates are strictly related on the considered halo.
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Defining the photon 4-momentum pfy, = —27 fok# /a?, where a is the scale factor, the comoving null geodesic
vector k* reads

_ da¥ d

K (x) = de(X) = i (" +02") (x) = (—1+6f, n' +0n") (X) , (20)
with
T dzH B
B = e (1, n) . (21)

The comoving coordinate in the physical frame can be written as

() = T(x) + 02 (x) = T (X) + ili;ax + 62 (X)), (22)
with
X =X+0x, (23)
Xe
ozt = oxk 4+ OkM dx, (24)

0

and where 0k* is computed using the geodesic equation for the comoving null geodesic vector k*(x) = (da*/dx)(x)-
More precisely,

dki(‘;((x) + f‘gﬁ(gﬂ) ka(x) kﬂ(X) —0, (25)

where f‘g s are the Christoffel symbols defined using the comoving metric g, = g, /a?. Expanding k* () and f‘g ﬁ(x”/)
up to linear order:

() = (D) + o ()
dy ’
. o L, 0~
(@) = Thya") + Az 850”1#(;5(%’), (26)
we get
dk#(f() M (=YL NLB (o)
PO 4 bk (R () = 0. (27)

where k* () = k(X)) + 0k*(X).
We then need to evaluate the scale factor and affine parameter at emission. For the former,

14 Alna=1+HAL, (28)
a
where @ = a(z°) and H = @ /a is the conformal Hubble factor. Here the prime is 9/0z° = 9/97. As show in Section
a=1/(1+ z). Now, we have
déy
dy=|14+—==|dx 29
X ( + Iy ) X (29)
with?
déy H 1 dAIna
——= =4f—- —Alna— = . 30
o M Tt T (30)

4 Here we used that dx = 62° — Az® = 62° — Alna/H.



It then remains to study the total density, which depends on halo mass, the environment around the halo, e.g.
tidal effects, velocity dispersion, type of galaxies. Most of these effects could change not only the background number
density of the halos but also the relation between the density contrast of the halos and dark matter. It is therefore
essential to have a priori the knowledge of an astrophysical model that connects all these quantities, e.g. see [34H38]
(see also [7] and refs. therein). Perturbing the total density, we get®

) : dInnld
(@] ( ey — 7l (]
n(z*) =n (1—1— ina Alna+ 6 ) (31)
where
[{1(1) (7
[ " ()
o = Alil (z9) (32)
We thus obtain
fo dpaw QGW
Q = 10 AQ
oW PRETRIION pm + AQaw, (33)
where
Qaw _ fo dpaw _ fo /N[i](zafeao_') a7
=2 = = — 7 2 dvdf 4
Ar T pe dfodQy 2 itz X (3

with N (z, f.,0) = alil(z, f.,0)/(1 + z)® the total comoving number density at a given redshift, and

AQGWJCOZ/N (2, fe,® {5i+dlnN Alna(1+H>A1na+§fldAd;na}dxdG. (35)

14 2) dlna H2 H

Connection with Halo and Stellar mass functions and with Star Formation Rate

It is important to relate the above quantities to the halo and stellar mass function, and to the Star Formation Rate
(SFR). At background level, for each type of source, in literature the comoving rate density is defined as [39]

o 1 dNEL (2,6) Ldx
[4] GW\*» 29X
B(z,9) 12  ar. X e (36)

where N([;]w is the comoving number density of ASGW. Precisely, N([i]W(z, 5) depends on the mass of stars® M* that
give origin to the sources that we are considering, i.e.

antl,
AM™

Following [42] [43], the stellar mass M*(M,,) is a function of host halo mass M), [in general, it could also depend on
many other parameters as the metallicity (e.g. see [40]), etc.]. Then we have [42]

i i o\ —1
dNGy _ ONGy (dlogiy M (38)
dlnM* ~ dlnM, \dlogyo My, )

ANt =

dM* . (37)

5 Note that .
nl (@) = nldO) (0 4 pAD (z>) and O (59) = p[O)(z0 4 Az0) = ald(z0) + Znio Az0,
where nld(0) (£0) = pld(z9).
6 In principle, Ngw should be function on the stellar mass at given z and M*, e.g. see [40, [4I]. Finally, more in general, we could split
this quantity in three parts: i) contribution of central galaxy, (ii) satellite galaxies and (iii) all sources that are still within the halo, but
outside the host galaxies.



8

For a given halo mass M} we can split Ng{,v(g*,Mh,M*,m,ﬁ,z) = Nh(Mh,z)(Ngl;v(g*,M*,ﬁi,z,ﬁ,», where N,
is the comoving number density of halos in a mass interval dM;, around M. Comparing these relations with the
background quantities (in the observed frame), described in the previous sections, we find

= i P th(M,Z)

N (z,0) = (e, )=y and NGy, = (NG (0, M7 7, 2, T0)) (39)

where Al (z, 5) is a generic function which depends on the initial mass function M* and, in general, other parameters
of the sources. Because of the many simplifications we have taken up here, we define

Ail(z, gy = M (dlogyy M7
’ ]\4')k dloglo Mh

>_1 Kil(z, f..6) . (40)

Then we have

ONG (2,0) _ dNw(Mi, 2) dNGy, ()
AT.oM, dM, 7.~

Now Ny, (My, z) can be related to the fraction of mass F(M),, z) that is bound at the epoch z in halos of mass smaller
than My, i.e.
th(Mh, Z) ﬁ(z) dF(Mh)

= 42
th Mh th ’ ( )

where p(z) is the comoving background density. How, for example, we can use the Press & Schechter (1974) [44] the
Sheth & Tormen (1999) [45] or the Tinker (2008) [46] mass fraction. Following [47, [48], it is useful to define g(M) of
halos

- dF(Mh, Z)

Q(Mh) = W . (43)

Finally let us introduce the (mean) star formation rate SFR that it is connected with N([;We in the following way

d‘/\/glfve [4]
TE = NGWe x SFR . (44)

Note that s(My, z) defined in [47, [48] can be related with SFR in the following way s(My, z) = (M*/Mp,) x SFR. We
conclude that this analysis can be easily used for case (I). Nonetheless we can use the above approach also for the
case (II). Indeed, if we define the following new quantity

ain (£l /df.aa.)
F = 45
o (45)
then, substituting SFR with F, we can use again the above prescription.
IV. FIRST ORDER METRIC TERMS
Let us now consider a spatially flat FLRW background, perturbed in a general gauge at the linear order:
ds® = a(n)? [- (1 + 24) dn? — 2B;dnda’ + (6;; + hyj) da’da?] | (46)

where Bt = @B—&—Bi, with BZ- a solenoidal vector, i.e. aiBi =0, and h;; = 2D¢;;+ F;;, with F;; = (9;0; —(5ijV2/3)F—|—
0;F; + 0;F; + hij. Here D and F are scalars and F; is a solenoidal vector field, 8ihij = ht=0.
Considering a four-velocity vector u* at linear order,

w=—-a(l+4), u,=a(v;,—B;), (47)
. (n) (n) .
and using Egs. lb and 7 we can deduce all components of A&u and Eim , as follows:

Eéf] =(-1,0), and B/ =(1,0) (48)



at background level and

0(1) _ 70(1), _ i(1) _ (1),
Ay =E; " Ja=—-Ala, Ay’ =E;" /a=1'/a,
AY =aB() = —ad, AY =B = a (v - B)
Aglo = aE(l) —avg , Aéli) = aEé? = %ahai .

at first order. The geodesic equation yields”

d 1.,
— (6f—24+B)) = A —-B/ —=
iy (07 24+ B)) 1= 5"
on'+ B' + hin?) = —9'A+ 0'B 1Bi 18% L G en”

From Eq. , for x = 0 we have

P(%;OW = (Aﬁﬂpéwﬂo ==27f,, PachV = (AappGw)lo = =27 fona

and we find

27 fo
o

Using Egs. , , and

27 fo

Qo

(Eouk#” = _27Tf0 ) (Adupéwﬂo = -

(Af)upéW) |o =

a, = a(no) = a(fo) + da, = 1+ da,
where we set a(79) = 1, at the observer we have
dfo = —dao+ Ao+ v — Bjo ,
on = Sa,n® — v — inihfo .
From Eqgs. , and the constraint from Eq. , we obtain at first order with

6f = _5a0_ (A —’UH )+2A—BH — 21
6ni = Z(Sn +5nL )
where
1
5TL|| = 5a0+AO—UHO—A_ 7h“ +2I
on' = Bi,—vi,+ nkhﬂ”w (BL+n 1 OP) 2510
and

I = _1/"d~ A B Lny
- 2 o X Il 2 Il

Si

I is the Integrated Sachs-Wolfe contribution and 9; = 8/9i".

7 This is in agreement with photon perturbation analysis made (see for example [25, 26]).

(Eapk")|o = =27 fona .

—1/Xd~ G(a—B —in +1(Bl'+ "hi)|
2 0 X I 2 | X n-ng ’

(49)

(52)

(53)

(61)

(62)



10

We can use the projector parallel and perpendicular to the line of sight, defined in Appendix [Al to split S? in its
parallel and perpendicular components

s= 2 Maxla (a-m - ta) ¢ L (B 4k, P

T A A e e +§(J_ +n kﬂ’) ; (63)
1 1 1 1 1 (% 1

S” = 2<AOB|02h”O) 2(AB|2}L|>+12/0 dX§ (B‘|+h”) . (64)

Note the relation
1
oy +46f = A— B — §h“ . (65)
Using Egs. , and , we find at first order
X ~ ~ ! 1 !
51‘0 = 5I27}?(5QO+A07U”0)+/0 dX |:2AB|+()_(X) (A *Bulfgh” >:| (66)
_ X 1 - - ’ 1y
5:6” = 5IH0 + X (5&0 + A, — Y| 0) — | dy || A+ ihu +(x—x) A - B” — ihu , (67)

. . B ; ; 1 . ; X ~ ; -
5IZL(1) = 5xio+X(BloULo+2”khio j> */0 dX{(BL +nkh{€73j)

~ i 1 1 3 id
+(xX—X) [8L (A—B| —2h|> +>2(Bl+nkhkj73]):|} , (68)
620 (530‘('1) = 6200 4 (530‘('? -T, (69)
where
X 1
T:—/ dx (A—B|—h|> , (70)
0 2

is the Shapiro time delay [49].

The quantities §z0 and dz?, derived in the Appendix [B| following [50, [51], have their origin from the fact that the
physical coordinate time tog = t(n = 1ng) = tin + f:o a(77)dn does not coincide with the proper time of the observer Ty
in an inhomogeneous universe. We have

7o 70
o2 =om = [ aEfn=- [ ati) A.0) 4y (71)
Min MNin
and
) To o Mo
oz, = §uZdT:/ v'(77,0) d7j . (72)
7Viu ﬁiu

Taking into account that a(7jo + d1,) = 1 + Hpdn, = 1 + da,, we are able to obtain the expression for dag= 1+ day,
1o
S0, = ~Ha [ ai)AG7,0) di . (73)
Tin
The next quantity that we need to compute explicitly is Alna. The observed redshift is given by

(142 = Pbwlle a0 (Fo k"), (74)
upGw)lo  alxe) (B kt)lo

where we used f « 1/a. Quantities evaluated at the observer have a subscript o, while other quantities are assumed
to be evaluated at the emitter (up to first order). As we discusses above in Egs. (53), and (58], we know that

(Egko = 1= 06fo + Ao +vjo = Bjo =1+ 8ao = ao ; (75)



11

then we have

Ej kW
142= 0; . (76)

From Eq. , a = 1/(1+ %) is the scale factor of the observed frame. From Egs. 7 and , turns out
to be

1+ (B k"
_ L+ Bk (77)
14+ Alna
where
(Eg, k") @ =1. (78)
Then from Eq. we can find Alna, such that
_ 1) _ (Mo (0) _ 1) i (1) _
Alna = (Eg k)Y = B R + BORD = —B )4 0By —6f = Aty — By~ 4f
= 5ao—|—(A0—1}HO)—A—|—U”—|—21. (79)

Note that this result was already obtained for the photon in [25] [26]. In this case we are able to write explicitly Egs.
(23) and , and obtain the final equation for the affine parameter Eq.

X 1 2
+/ d)~( |:2A—B| -‘1-()2—)2) <A/—B|/—2h|/>:| _ﬁl (80)
0
and
dox H H’ H' 1[d 1
di)_( = — (1 + 7‘[2) ((5@0 + A, — UHO) + (2 + ,H2> A—Bj|— ﬁvu + ) |:d)_( (A — UH) + (A/ - B”/ - 2h|/>:|
Hl
—2 (1 + W) I. (81)
Hence it reads
fo /N[i][z,fo(l +2)] | 0 H'
AQ = = — 2 L - +3+-—)A-B
; H’ 1[d 1 - H’
il -1 - = —|—(A- A — B —=hy’ 2(b —2— )T
+<e H2>U|+H{dx( v|)+( || 2||>}+ < T
. ey
+ (bgﬂ —2- H?) (6ao + Ao —vj,) § Y, (82)
where we have defined the evolution bias by
. dln N dln NI
i — - _
be dlna dIn(l+2)’ (83)

Note that, in general, 6! is not a gauge invariant quantity.

V. GRAVITATIONAL WAVE BACKGROUND ANISOTROPY IN THE SYNCHRONOUS-COMOVING
GAUGE

Using the synchronous-comoving (SC) gauge within ACDM allows us to synchronise observers on the same spacelike
hypersurface, as they are comoving with the cosmic expansion. The metric can be then written as

ds* = a2(77){ —dn?® + [(1 —2R)dij + 28i3jE} dxidxj} , (84)
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where as previously 1 denotes conformal time and we set goo = —1, go; = 0 and v* = 0. Hence, A =0, B; = 0,
F=2Fand R=-D + VQE/?) (01" hij = —27?,51']' + 28163E)

In the SC gauge the bias 6[1(5Y) is a gauge invariant quantity. Moreover, in SC gauge, the spherical collapse model
has an exact GR interpretation and only in this frame halos collapse when the linearly growing local density contrast
(smoothed on the corresponding physical mass scale) reaches a critical value. Quantitatively, which on large scales
can be defined as

SEISC) — pld (n)gr(fc) ) (85)

To simplify notation, in what follows we drop the superscript “SC”, but still use the SC gauge unless explicitly
specified otherwise.
We thus obtain

stowte = &3 [ ML)

[2] [2] H gy x [4] H X "o =
X b()m—Ha byl —2 — 7 (3HE E)0+ by —2—@ de dy . (86)
The physics behind the different contributions is clear: there are local terms taking into account the evolution from
source to the observer, including the galaxy density perturbation (the first term within the curly brackets), the Kaiser
term (i.e. —(I/H)aﬁE’), the Doppler effect (i.e. proportional djE" term), the local gravitational potential term

(proportional to E’), and finally the Integrated Sachs-Wolfe contribution (proportional to fOX E"dy).

While the structure is similar to the one found in [I5HI9], our result is expressed in the observer’s frame, which, by
definition makes all quantities gauge invariant. We can then evaluate the evolution bias related to the distribution of
objects along the line-of-sight. Note that since we are working in the observer’s frame, we do not need to perturb the
effective luminosity. Nevertheless, for completeness we also present our result in the Poisson gauge In Appendix [B]

VI. ANGULAR POWER SPECTRUM

To characterize the ASGWB we compute the correlation between the energy density coming from different directions.
It is known that this is the appropriate quantity to correlate [8, [3I], rather than the GW signal itself, which would
have a vanishing two point correlation, unless signals with coherent phases are considered. Since we measure it on a
two dimensional sky, the spherical symmetry allows us to work in spherical harmonics space. Therefore, we expand
the observed GW energy density as

AQGW Z O‘émnm > (87)
where the coefficients ay,, are given by

QU = /d2n Y (n)AQgw(n) . (88)

The angular power spectrum then reads

t=m

CSW = Z (O Qtm) Z cliles (89)

l=—m 2t +1 0,550,
where
=m { lile ama> ,
lijlaB _ M_ / k= clia* g olils
Cl =Y = St WS (k) Pu(k) dk, (90)

{=—m

with P, the matter power spectrum today

(6(k,10)0* (K, 70)) = (27)%05) (k — K) P (k) - (91)
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Therefore in spherical space

il Pk e i
O m = (27‘(’)3 erm(k)SZ (k)ém(kﬂ 770> ) (92)
where we defined the spherical transforms as
[i]ex 0 - i X > al o o _ 0 9 a =\ -
0 ox’ 00
with
. - N (1
W (3(2)) = fo N[z, fo(1 + 2)] _ (94)

Pe (1+2)

For each contribution in Eq. we define the operator W*, which encloses the different physical effects, and Y% (k, 7)
is a transfer function that maps the different perturbed contributions at a given redshift to the density contrast today.
Precisely, in ACDM, taking into account that E” + aHE' — 47Ga?p,, E = 0 (note that R’ = 0), we have

/ H —
E = —mfv 25m, (95)
. H? /3 _
B = —m(gnm—f)v 261, (96)
3
E" = —3(11272)3% (f =1)V 25,, (97)
H? /3

Here Q,,(z) is the matter density and f(z) is the growth rate defined as

dlnD

dlna y 6m(xa 77) 6m (X7 T/O)

f

(99)

where D is the growing mode of 5&? “). In conclusion The Si (k) functions describe the different physical effects and
can be written as:

SR (k) = (am)it / dy Wi (x)bg&(n)%jz(kx) , (100)
S () = (am)it / dy Wl (y) [—f,iij) 5((7;70))} [;;Je(kx>] : (101)
S o) = ami [[ax Wil [y — 2 - S50 [FODTD BOLI D G| (102)
Sl[i]E”(k) _ (4w)if/d>‘< Wil (%) {bﬁjl (n) —2— ;{;((Z))} H2(7))(§Q:2(n) _ f(??)) 5((7;;)) Je(kx) , (103)
LI %k?fo# s / ax W () [bg] () —2— ;{;((:’7))] ’ (104)
S () = f@gﬁ(gﬂmo ~ 1o)of / dy Wl (y) {b?] (n) —2~ 77:2((77))} : (105)

| von [ W] (X Tamse (7 0\ 2 D@
SHIE :4mf/d>zw[ﬂ>z [b!gln—z— / ax |3 (F—1) k7 Go(k%) . (106
In Appendix[D]we will give a alternative definition of the Gravitational wave background anisotropy. As mentioned
above, this is reminiscent of the CIB case, where projection effects provide also a large contribution to the signal
(see [29], where they are called GR corrections).
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FIG. 1: Relative contribution of different projection effects on the angular power spectra, for the 50 Hz (left panel) and 200 Hz
(right panel) channels. In both cases we assume that all the events come from the merger of two 15 Ms BHs with no spin,
n Myao = 1012 Mg dark matter halos, and we consider a second generation network of detectors. The solid thin line at
zero indicates intrinsic clustering; the blue dashed line shows the contribution of the Kaiser term, the dot-dashed orange is the
Doppler effect, the dotted green shows the contribution of gravitational potential terms, and the red solid line shows the effect
of all projection effects combined.

VII. RESULTS

Here we compute the effect of projection effects on the inferred energy density, through the correlation function
obtained analytically in the previous section. To study the importance of these projection effects, we consider a
toy-model case: the ASGWB generated by black hole mergers in the frequency range of LIGO-Virgo and Einstein
Telescope. Given the similarities between this formalism and the one used to compute the galaxy number counts
angular power spectrum, we have modified the public code CLASS to compute the ASGWB anisotropies angular
power spectrum. The details of the code will be presented in a companion paper in preparation [52].

Given that only unresolved sources contribute to the SGWB, the merger rate of black hole binaries has to be
corrected with the detector efficiency. In particular, we assume a network of detectors composed by LIGO (Hanford
and Livingston) and Virgo. The merger rate and detectability of merging events have been computed following the
prescriptions of Ref. [53], while the GW waveform is computed as in Ref. [54], considering also the source orientations.
In the following we consider the GWs emission in the f, = 50 Hz and f, = 200 Hz channels, assuming that all black
hole binaries have members with masses (Mgm,1, Mpn,2) = (15.0,15.0) and zero spin (x1, x2) = (0,0).

On the cosmological side, we compute the halo bias using the fitting formula calibrated on numerical simulations
provided in Ref. [55]. The evolution bias is computed using the halo number density distribution of Ref. [56], also
calibrated on numerical simulations. For simplicity, in the following we assume that all the events come from halos
with mass M. = 1012 Mg.

In Figure [1| we report the relative difference of the angular power spectra including different contributions with
respect to the angular power spectrum obtained using only density contributions (here for simplicity we are neglecting
Equations and (105)), evaluated at observer position). The two panels show results for two different frequency
channels, 50 Hz and 200 Hz. The solid thin line at zero indicates the intrinsic clustering; the blue dashed line
shows the contribution of the Kaiser term, the dot-dashed orange is the Doppler effect, the dotted green shows the
contribution of gravitational potential terms, and the red solid line shows the effect of all projection effects combined.
We showed relative contributions to both emphasize the effect of different terms and to isolate this from astrophysical
and instrumental uncertainties. The results presented show that the contribution of different effects: (i) is larger
at the lowest angular multipoles; (ii) depends on the frequency of the signal measured. By looking at the relative
amplitude of the different effects, we can clearly see that they are all of the same order of magnitude, with the Kaiser
term being, in our toy-model, the most important at all scales. At the largest scales, Kaiser, Doppler, gravitational
potentials terms contribute up to a few tens of percent of the total power spectrum amplitude.

In fact, the relative importance of different contributions depends on the choice of sources and detectors, i.e., on
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the W function which has the role of a weight in Equations —. This means that the relative importance of
different effects depends on the assumed case, detector specifications, and astrophysical models. A detailed investiga-
tion of these dependencies and their effect on cosmological and astrophysical model measurements will be presented
in the follow-up paper [52].

VIII. CONCLUSIONS

The detection and characterization of the astrophysical gravitational wave background will be another milestone
in the GW community. It will represent a further step toward studying astrophysical properties of black holes,
cosmological model tests, and be a crucial part in the search for a gravitational wave background of cosmological
origin, which would shed light on the physics of the early universe. Many efforts have been already made to study the
ASGWB from analytical, numerical and map-making points of view, and the importance of a precise understanding
of both the astrophysical dependencies and propagation effects have been studied. Such a process requires the
development of consistent tools which can be directly compared to observations.

In this paper we compute the observed gravitational wave power spectrum, i.e., we use gauge invariant quantities
accounting for all the effects intervening between the source and the observer. We use the “Cosmic Rulers” formalism
and we have taken into account all the corrections (at linear order) to the GW energy density. The signal we are
after is the stochastic superposition of unresolved astrophysical sources; it is generated by events that will be in
principle resolved by higher precision instruments. Thus, this signal depends upon the instrument response, the
survey strategy, and is affected by projection effects. It is analogous to other astrophysical backgrounds, and by its
nature different from the primordial, inflationary generated, GW background. It is therefore crucial to analyze (and
before that, theoretically model) the signal, including all intervening effects and in the appropriate frame. Mapping
our perturbed quantity in the observed frame we are able to pick up information on the astrophysical properties of
the GW sources and to obtain corrections due to GW propagation in an inhomogeneous universe. We considered two
categories of sources: (I) events with short emission, e.g., merging binary sources and SNe explosions; (IT) inspiralling
binary sources which have not merged. We derive expressions for all the (linear) contributions and investigate their
relative contributions to the observed ASGWB. Our results show that the contribution of different effects is larger at
the lowest angular multipoles, and at the largest scales, Kaiser, Doppler, gravitational potentials terms contribute up
to a few tens of percent of the total power spectrum amplitude, and their importance is also frequency-dependent.
Among these, the Kaiser term plays a relevant role, as in the case of other astrophysical backgrounds like the CIB [29],
radio-continuum and intensity mapping, as shown in [57, [58]. From our plots we see that the Kaiser term is dominant
on large angular scales, while becoming negligible on small scales. Finally, let us mention that when the integration
along the line of sight is performed, one should also consider the normalized selection window function, whose form
depends, besides redshift, on the sensitivity /characteristics of the detector (e.g. interferometers in the case of GW).

Therefore, with the caveat of astrophysical and instrumental dependencies, which will need to be investigated in
more detail, we see an indication that projection effects will need to be included in all theoretical modeling of the
ASGWB.

A follow-up paper in preparation [52] will describe the numerical implementation of this formalism, a more advanced
astrophysical modeling and realistic black hole mass functions, and present a detailed analysis in order to estimate
the astrophysical parameters derived for astrophysical background sources.
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Appendix A

In our analysis we often prefer to work with projected quantities, in order to identify the various contributes along
and perpendicular with respect to the line of sight. Imagine to consider a three dimensional Cartesian reference frame
in which the z axis connects us (the observers) to the starting point of the GW we detect, thus defining the so-called



16

line of sight which is basically identified with the direction fi and the x — y plane is perpendicular to the line of sight
and passes through the source position. With this in mind we can define and projected along or perpendicular to the
line of sight. In this way the quantities we work with as derivative operators, vectors and tensors, can be defined as

AH = nininj 5 Bi = 'Piij = Bi — nlBH 5 (Al)
where 77} = 5; — ninj. The same can be done with derivatives which become

on’

o1 d d
ozt Y

9 _ | S 1.
= J 9 = — — —5 (A2
— nla‘l 5 P’L’ d)_(aj_ (9J_ dx )_(81_ ( )

_ ) L _ -
O =n'mess =09, IL=Pd=o

ozt '’

and we have

dB' i, A i9 3 % 5 i 1 i

oz~ OB+ 0L By + 01,81 400 By + SPiBy

_ S s 000 s 24

Vi = 9.0, =0V s - 0j - ia” . (A3)

Appendix B: Proof of §z) and §z¢

We compute here explicitly 620 and dz¢; which arise from the fact that the physical coordinate time tq = t(n =
o) = tin + f;’o a(77)d7n does not coincide with the proper time of the observer 7p in an inhomogeneous universe. We
have

dz# LY
=ut=-"L B1
ar a ’ (B1)
then for ;4 = 0 and considering the physical coordinate dt = a(n)dn at the observer we have
To
tO_tin:%_ﬂn"_ Eng
’7;1\

Now tg = to + dt,, where # is the time coordinate of the observer and, therefore, it has to coincide with the proper
time, i.e.

t_O_tin:%_ﬂn

and dt, = @x0M, = 01, we have

Mo Mo
sl = dno = [ a BQai =~ [ a(i) A(.0) (B2)
Nin Min
Finally, for p =1
To U
dxy = ouwdT = / v'(7,0) d7 (B3)
Tin Tin

As reported in the main text.

Appendix C: Poisson Gauge

In this section we write all GR effects in Poisson Gauge (P). Starting from Eq. in P gauge we have AF) = ¥,
Bi(P) =0, hg) = —2®4;;, F»(jp) = 0, where ¥ and ¢ are the Bardeen potentials. By assuming the concordance

7
background model and, at first order, neglecting the anisotropic stress, we have ¥ = ® and

ds® = a(n)® [- (1 +2®)dn® + &;; (1 — 2®) da’da’] . (C1)

In this gauge v = n'v; =i - v (where v’ = 9'v),
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bao = —Ho [, 7 &(7)® (77, 0) dij, the (Shapiro) time-delay (STD) term is
X
T® = —2/ dy® ; (C2)
0
and
X
I® = —/ dy @', (C3)
0

is the integrated Sachs-Wolfe (ISW) effect. For dark matter particles in general relativity we have v/ + Hv +V® =0
and the GWs overdensity in Poisson gauge is written as

SEI®) — §EISO) _p oy 4+ 3Hw = bl ()6l — b, Hv + 3HY (C4)
where we used Eq. .
Nz, f,(1 + 2)]
Aflgw(n) = / (1+2)

i s[i H 1, .. .
X {b[ 5[]+<H 2—H>n v—ﬁ8|‘(n~v)—(b([i]—3)7{v+

(3 b[4+3{{2><1>+;<1>’+2<2 bM+H2)/ dx®’ +

+ <bH —2- ZL) {HO (/n dﬁ%) + @, — (- v)o] } dy. (C5)

Appendix D: Alternative definition of the gravitational wave background anisotropy

Rewriting the background energy density in the following way

QGVV Q[ér]
_ § W D1
4 i ’ (D1)

where

O fo [NUG S

= D2
o) e W (D2)
we are able to define a new quantity, i.e. the GW energy-density overdensity,
AQgw [ Al
A === A D3
GW Qaw /AT %fcw GW (D3)
where
i _
fow = o (D4)
GW

is the weight of the relative contribution of the sources which is bounded to be f([;]w € [0,1]. Here A[é]w is the GW

energy-density contrast for each contribution. Note that, using this new definition, it is possible to describe quickly
both the ASGW and CSWG, and compute the angular power spectrum of the GW energy density contrast

DEW = N piled (D5)

i,js0,B



where

with

and

L=m B[i]a* [j]5>
Dt[zj] :f([}]wf([}jizv E , 2%+ 1 =
l=—m

] k2dk Sli]ax ~Ki
d )SSP (£)S (k) P (k)

i d3k * (1) olto
g, = / gy Vi (B)SH (k) 1 )

. o X
§0e) = amit [ ax Wil [ ax [wa (xxnn

0

Here we have defined a new weight function

fo 4m NU[z, fo(1+ 2)]
pCQgW (1+2) .

W[i]( ) =

Finally, Sg(k:) functions read as

<UWEZEHBQZZZAD

S () = (amit [ e WO () s (0)

0 oo | 4220 ]

[il0y B 0 Dl i H )| [Hm)f(n) D) ][0 .

S )= i [ a0 160 —2 - i | | FE S | i)

S0 = am [ ax W) [ -2 - 20 H20) (32 () = 1)) Diy

T / A7) Ho it . . /
1y — DRI 5 [ [ 2 S5
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(D7)

(D8)

S 1y = ami [ ax W) [ 2 - 250 [ ax s, (7-1) k2 22 e - 010

H2(n) D(mo)
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