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Abstract We study the impact of the black hole binary pop-
ulation currently probed by LIGO-Virgo on future searches
for the primordial gravitational wave background. We esti-
mate the foreground generated by the binaries using the
observed event rate and a simple modeling of the black hole
population. We subtract individually resolvable binaries from
the foreground and utilize Fisher analysis to derive sensitiv-
ity curves for power-law signals including these astrophysical
foregrounds. Even with optimistic assumptions, we find that
the reach of future experiments will be severely reduced.

1 Introduction

Various cosmological processes may have generated gravi-
tational waves (GWs) that contribute to the stochastic GW
background [1-5]. If sufficiently strong, this background
can be probed with GW detectors. The non-observation
of such background with LIGO-Virgo detectors [6] trans-
lates into mild constraints on the possible cosmological GW
sources [7-9]. As shown in Fig. 1, many new experimental
programs, built on the success of currently running LIGO-
Virgo network, are expected to enter GW search in the next
decades. With tremendous sensitivity improvements, these
experiments will further probe the early Universe processes
that can generate GWs.

The LIGO-Virgo detectors have observed dozens of GW
signals from compact object mergers [10-12]. From these
observations we now have a good understanding of the pop-
ulation of O(10M) black holes (BHs) and their present
merger rate [13,14]. We can therefore estimate how strong
astrophysical GW foreground these binary BHs (BBHs) gen-
erate. This foreground will impact the detectability of the pri-
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mordial GW background with future GW experiments. We
will present a simple analysis quantifying the effect of the
BBH foreground on searches of the primordial GW back-
ground.

Other astrophysical GW foregrounds arise from neutron
star (NS) binaries, NS—BH binaries, and from binary white
dwarfs (BWDs). The latter has been extensively studied in
the literature [15,16], and we include its impact on the reach
of GW experiments in our analysis as modeled for the LISA
experiment in [17,18]. We neglect the contributions on the
foreground arising from NS—-NS and NS-BH binaries, as
their population characteristics and merger rate is currently
subject to large uncertainties and their contribution to the
total GW foreground is subdominant at low frequencies to
that arising from BBHs [14]. However, they may still have
an impact on the reach of the GW experiments as it is typi-
cally more difficult to resolve GW signals from NS-NS and
NS-BH binaries than from BBHs.

The problem of probing the primordial GW background in
the presence of an astrophysical foreground has been recently
studied in several papers (see e.g. [19-38]). Our analysis
complements the earlier studies by subtracting the resolv-
able BBHs from the total foreground and systematically
analysing the detectability of a primordial GW background.'
We account for the uncertainties in the BBH merger rate and
perform a Fisher analysis to study the impact the BBH fore-
ground on detection of primordial GW backgrounds modeled
in the simplest case as power-laws. Moreover, we develop a
new graphical presentation of the sensitivity of a given detec-
tor that accounts for the foreground. We find that the sensitiv-

! Subtracting the resolvable binaries from the foreground has been stud-
ied in the earlier literature [20,24,29,30], however without systematical
analysis of the detectability of the primordial GW background. Ref. [28]
presented a Bayesian implementation that estimates the astrophysical
foreground and the detectability of the primordial GW background, but
they demonstrate their method only in one benchmark case.
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Fig. 1 The instantaneous GW strain sensitivities of LIGO [39],
ET [40], LISA [18,41], AEDGE [42-44] and BBO [45]. The black
dashed curves show the GW foregrounds from binary white dwarfs
(BWDs) [17,18] and from the binary black hole (BBH) population cur-
rently probed by LIGO-Virgo [13,14]

ity of all experiments will be severely impacted by the BBH
foreground, limiting their reach in probing primordial GW
sources.

2 BBH merger rate

Assuming that the BH population that LIGO-Virgo is probing
is astrophysical, we use a truncated power-law mass function
and a merger rate that follows the star formation rate with a
power-law delay time distribution distribution.> The differ-
ential BBH merger rate then is of the form

dR(t) R0, g
dmrdmy Zv,M NPy (m)y(ma)

()
X / dtadzy Py(25) Pa(ta)(t — 1(25) — 1)

where the normalization factor Z, is defined such that R =
Roatz =0, M = m; +mp and n = mymy/M are the
total mass and the symmetric mass ratio of the binary, and
the mass dependence of the binary population is parametrized
by « and $. The function Py (z) is given by the star formation
rate [49],

(14 z2)>°

SR T (073252

= Py(2), (2)

2 The modeling of the BBH population can be improved by considering
different BBH formation channels [46,47], but, in particular at low
frequencies, the amplitude of the GW foreground from BBHs is well
captured by the simple modeling that we use (cf. [48]).
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and for the time delay distribution we use Py(f) 1 at
t > 50Myr [50]. The mass function is

Y (m) mt O(m — mpmin)0 (Mmax — m) , 3)

with the normalization f Y(m)dinm = 1. We take mpin, =
3.0Mg and mpax = 55M corresponding to the estimates
for the maximal mass of neutron stars and the beginning
of the pair instability mass gap. We use the values « = 0,
B =6,¢=—15and Ry = 107 Gpc—3yr~!, following the
fit performed in [51] to the LIGO-Virgo observations.> For
indicative errors or the resulting stochastic GW foreground,
we include the uncertainties only for the present merger rate
R and use the central values for the other parameters. This
greatly simplifies our analysis.

3 Detectability of individual BBHs

The amplitude |h( )| of the Fourier transform of the inspiral-
merger-ringdown GW signal from a BBH can be approxi-
mated as [52]*

- 5n [GM(1 3/6
()] = n [ 1+ 2)]

24 723Dy
f_7/6 ) S < fmerg »
—1/2 ,_
X meré 2/3 ) Smerg < f < fring »
-1/2 ,-2/3 o2

fring < f < feu,
“4)

merg Jring 4(f7fring)2+(72 ’

where Dy is the luminosity distance of the BBH, and the
frequencies fmerg, fring> feut and o are of the form

_ ajnz +bjn+cj'

fi= TGM( + 2) )

with the coefficients a;, b and c; givenin Table I of Ref. [52].

The signal-to-noise ratio, SNR(f), of a BBH signal
depends on the orientation of the detector with respect to the
sky location of the binary and on the inclination of the binary.
For an optimally oriented binary-detector system, neglecting
the rotation of the detector, the signal-to-noise ratio of the
BBH signal that in the end of the experiment is at frequency
f, or the BBH has merged, is given by

f
SNR(f) = \/ 4 / df
FT+(f))

3 Due to different modeling of the BBH population, this value of Ry is
lower than what is found e.g. in [14].

CRCD1?

, 6
Su(f") ©

4 We use units where ¢ = 1 and we express all frequencies as measured
today on the Earth.
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where S, is the noise power spectrum of the GW detector,
that includes the instrumental noise and the GW foreground.
The lower integration limit depends on the duration of the
experiment, 7, and the coalescence time of the binary,

5 1

Y = e I+ ) GME PGB

(N

We assume a duration of 7 = 4 yr for all experiments.
We estimate how large fraction of the BBH signals can be
resolved by calculating the probability [53,54]

1
Pder(f) = / p(w)do, ®)
r(f)

where 7(f) = SNR./SNR( f), that accounts for the antenna
patterns F » of the detector and averages over the binary sky
location and inclination, and the polarization of the signal.
The parameter w is defined as

1+c7)?
w:\/#m(eﬁ,w)2+c,?Fx(9,¢,w)2, (€

and its probability distribution p(w) is calculated assuming
uniform distributions for the binary inclination ¢; € (—1, 1),
sky location cos 6 € (—1, 1) and ¢ € (0, 27), and the polar-
izationangle ¢ € (0, 27). Weuse SNR, = 8 as the threshold
signal-to-noise ratio.

4 GW foreground from LIGO-Virgo binaries

To calculate the GW foreground generated by the unresolv-
able BBH, we subtract from the total GW energy density
emitted by all binaries the contribution from those that are
sufficiently loud to be seen individually. The GW foreground
then is different for different detectors, and its dimensionless
energy density is (see e.g. [55,56])

dve 1 dpgw

dR () —
T4 RO gy

QBH(f) = / [1 = paec(S)]. (10)

where dV, is the differential comoving volume element at
redshift z, p. is the critical energy density of the Universe,
dpgw is the GW energy density emitted by a binary in the
frequency range (f, f +df) [56],

4 .
dpow = 5% RGPS (11)

dR is given by Eq. (1), and the factor 1 — pge( f) removes the
binaries that are individually resolvable within the duration

> The factor 4/5 accounts for the average over source orientations.

of the given experiment. Note that, in the analysis of actual
data the estimated gravitational waveform for every detected
event is subtracted from the time series data and the subtrac-
tion is affected by the errors in the parameter estimation. By
comparing to the results obtained in [29] through the latter
method, we find that our analysis is conservative regarding
to how much the subtraction reduces the noise.

In Fig. 2 we show the GW foreground from unresolvable
BBH:s for different GW experiments .° The solid curves in
Fig. 2 indicate the foreground for the central value of Ry.
Since Qppu & Rg the boundaries of the 1o band on the
BBH foreground can be obtained by multiplying the central
value result by 1.6 and 0.5 for the upper and lower limit. The
gray dotted curve in Fig. 2 indicates the total GW foreground
before any binaries are resolved, obtained by taking pget — 0
in Eq. (10). At f < 100 Hz this curve is simply a power-law,
QpeH ~ 3.2 x 107'1(f/Hz)?>/3. In Fig. 1 the BBH strain
curve corresponds to the total BBH foreground for the central
value of Rg. This is what we use as the BBH contribution to
the instantaneous noise.

The dashed curves in Fig. 2 show the standard power-law
integrated (PI) sensitivities [65] of the experiments, which
account for the foregrounds only in the instantaneous detector
noise. The signal-to-noise ratio of the GW background is
given by [66]

2
SNRBF/T [ar[2=0T" -

2, (f)

and the PI curves are obtained as the envelope of the power-
laws that give SNRpg = SNR, = 8. The detector noise is the
sum of the instrumental noise, and the GW foregrounds from
BWDs (which we include as in Refs. [17,18]) and BBHs,
Qu(f) = Qinste (f)+28wD () +28BH(f). Notice that here
QppH(f) is the total BBH foreground before any binaries are
resolved.

We note that the GW foreground generated by BH bina-
ries is not exactly smooth but includes fluctuations [67,68].
At low frequencies, f < 0.01Hz, the foreground from
solar mass BBHs consists of a large number of nearly-
monochromatic signals and we expect the fluctuations to
follow a narrow Gaussian distribution. At higher frequen-
cies the fluctuations become larger and constitute so called
popcorn’ signal as the number of binaries contributing to the
signal in a given frequency bin decreases. These fluctuations
may help distinguishing this foreground from the primordial

6 We limit the number of experiments shown for the sake of clar-
ity, however, there are also other planned experiments including laser
interferometers: Cosmic Explolor [57], Taiji [58] and TianQin [59], B-
DECIGO [60] and DECIGO [61], as well as experiments utilising atom
interferometry: MAGIS [62], MIGA [63] ELGAR [43], AION [64],
more akin to AEDGE [42-44].
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Fig. 2 Solid curves show the central value of the GW foreground from
unresolvable BH binaries for different observatories, while the bands
indicate their uncertainties stemming from uncertainty on BBH merger
rate. Dashed curves show the reach of the corresponding observatories
in terms of PI sensitivities, and the gray dotted curve indicates the total
GW energy density emitted by the BH population. We assume 7 = 4 yr

GW background. In this work we use the average GW fore-
ground (10) and leave these improvements for future work.

5 Detectability of a primordial GW background

To study the impact of the BBH foreground on the detectabil-
ity of the primordial GW background, we estimate how accu-
rately the background can be measured using Fisher analy-
sis [69] (see also e.g. [20,22,29,30,32,33,70-73] for appli-
cations to GW data analysis). The total stochastic noise in
the GW detector is given by the sum of the primordial GW
background, which we model as a power-law, the WDB and
the BBH foregrounds, and the instrumental noise,

&aﬁ=9<%J + AQper(f)

ref

+ QBWD(f) + Qinstr(f) ’ (13)

where 2 is the amplitude of the primordial GW background
at a reference frequency frer, o is the spectral index of the
primordial GW background, and A(Qppn(f)) is the contri-
bution from unresolvable BBHs. We calculate (Q2ppu(f))
using the central value for the present merger rate, (Rg) =
10 Gpc—3yr~!, and we have introduced the parameter A =
Ro/{Rp) to account for the uncertainties in the amplitude
of the BBH foreground. As our main aim is to demonstrate
the impact of the BBH foreground on the detectability of a
primordial GW background, for simplicity we don’t include
the uncertainties in the BWD foreground or in the instru-

@ Springer

mental noise in our analysis.” Moreover, simultaneously uti-
lizing data from multiple experiments would in principle
improve the prospects of detecting cosmological GW back-
grounds [89]. However, in practice the relevant signals can be
modeled as power-laws only locally [1-5] and in particular
signals whose detectability in a given experiment depends
on the impact of the foreground are not guaranteed to be vis-
ible in other experiments. For this reason we consider each
experiment individually.

The variances of the model parameters can be estimated
from the inverse of the Fisher matrix, whose ij component
is given by

o i Qiot ()0 ot (f)
F”_T/df Q2 {14
as

Here the indices i and j label the parameters of the model,
i,j €{Q,a, A}. Keeping o and A fixed (that is, calculating
the Fisher matrix only in ) we get

oQ

o =@ Tgn = SNRgg (16)

which shows that the amplitude of any power-law that
touches the PI sensitivity curve can be measured with accu-
racy oo/ = SNR;l, assuming that the spectral index «
and the BBH foreground are known with negligible uncer-
tainties.

Next we aim to find a curve similar to the PI one, which
takes into account the uncertainties in the BBH foreground.
We perform a Fisher analysis in €2 and A for different fixed
values of o which we assume to know exactly as in the PI
prescription. We account for the measured uncertainties in
the present BBH merger rate Ry by setting a prior on A by
the replacement

Taa = Taa+1/04 . (17)

We use 04,0 = 0.6, which arises from the 1o upper bound
Ry < 16 Gpc3yr~!.

The solid curves in Fig. 3 show the sensitivities of dif-
ferent experiments obtained as described above by requiring
that 0/ Q2 < SNRC_I. In the same way as the PI curve,
the curves shown in Fig. 3 depict the envelope of different
power-laws that are detectable. As expected, these curves
lie above the PI curves. The effect is particularly strong for

7 The uncertainties in the BWD foreground and in the instrumental
noise, and their effects are considered previously in [27,74-82] and

[83-88].
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Fig. 3 Solid and dot-dashed curves show the sensitivities on primordial
GW background accounting for the BBH foreground with the prior
04,0 = 0.6 and 04,0 = 0.06, respectively. Dashed curves show the PI
sensitivities as in Fig. 2

LIGO, LISA and AEDGE, whereas ET and BBO can probe
the primordial GW background well below the BBH fore-
ground. The reason is that ET and BBO will be able to mea-
sure the BBH foreground very accurately even without an
accurate prior knowledge of the BBH merger rate. Therefore
also changing the prior of A does not significantly change the
sensitivity prospects for these experiments. Instead, for LISA
and LIGO more accurate measurement of the BBH merger
rate will greatly improve the prospects for probing primor-
dial GW background. We show this by the dot-dashed curves
that are calculated assuming an order of magnitude improve-
ment in the accuracy of the BBH merger rate, which would
imply 04,0 = 0.06. For LIGO this curve overlaps with the
PI sensitivity, whereas for BBO and ET it overlaps the curve
obtained with the current accuracy on the rate, 04,9 = 0.6.
Figure 3, however, does not give a complete picture of the
detectability of the primordial GW background. While any
power-law that touches the sensitivity curves shown in Fig. 3
can be detected, for example with LISA assuming o4 = 0.6
a flat primordial GW background can be detected even if it
doesn’t touch the solid green curve. As the foreground for
LISA is a power-law with spectral index 2/3, detecting a

LISA AEDGE

primordial GW background with « = 2/3 requires a larger
amplitude, and therefore that power-law cuts the sensitivity
curve for LISA in Fig. 3. We show the minimal detectable
amplitude for a given value of « at the peak sensitivity of
each experiment in Fig. 4. For example, we see that for the
primordial GW background with « = 2/3 to be detectable
by LISA, its amplitude needs to be higher than 3 x 10~'2 at
3 mHz, assuming the current uncertainties in the BBH merger
rate.

Finally, for an easy comparison of different cases, in
Table 1 we show the values of minimal detectable ampli-
tude of a flat, « = 0, primordial GW background, including
also the case that the uncertainties in « are accounted for in
the Fisher analysis. The latter case denoted with o, 0 — 00,
and the case where « is fixed is denoted by 0 90 — 0. When
« is included in the Fisher analysis, the result depends also
on the reference frequency fer. In Table 1 the reference fre-
quencies for each experiment are fixed in the same way as in
Fig. 4. In all cases the minimal detectable amplitude of the
primordial GW background is determined by requiring that
o/ < SNRc_l. For the first row in the table we assume
that the foreground is known and calculate the Fisher matrix
only in 2. As described above, this corresponds to the usual
PI result.

6 Conclusions

We have analysed the impact of the BH population currently
probed by LIGO-Virgo on future searches for a primordial
GW background. The GW foreground associated with the
current observations has not been probed directly yet. How-
ever, the rate of events inferred by the LIGO-Virgo observa-
tions suggests that it will have a large amplitude, and will
cut significantly into the integrated sensitivities of upcoming
experiments, limiting their reach.

We have estimated the BBH foreground by subtracting
from the total GW energy density emitted by BBHs the con-
tribution from the binaries that can be resolved individually.
Then, using Fisher analysis, we have assessed the impact of

BBO LIGO
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Fig. 4 Minimal detectable amplitude of the power-law primordial GW
background as a function of its spectral index «. The solid and dot-
dashed curves include the BBH foreground with the current and an

order of magnitude improved accuracy of the BBH merger rate, respec-
tively. The dashed curves correspond to the usual PI sensitivities. We
assume 7 = 4yr

@ Springer



168 Page 6 of 8

Eur. Phys. J. C (2023) 83:168

Table 1 Minimal detectable

amplitude © of a flat (@ = 0) A0 0.0 LISA AEDGE BBO ET LIGO

primordial GW background. 0 13x10°8  99x1074  16x10715  76x10°83  25x 10710

The first two columns show the

priors used for the relative o0 1.4 x 10713 1.0 x 10713 1.6 x 10713 1.0 x 10712 2.5 x 10710

amplitude A of the BBH 0.06 0 33 x 10713 4.6 x 10713 1.0 x 10714 3.9 x 10712 2.9 x 10710

foreground and the spectral 00 35% 10713 13x10712  23x107%  51x107'2  3.0x10°10

index « of the primordial GW

background 0.6 0 59x 10713 4.8 x 10713 1.0 x 10714 4.0 x 10712 9.3 x 10710
00 2.0 x 10712 33 x 10712 23 %1074 5.4 x 10712 1.5x107°

this foreground on future searches of a primordial GW back-
ground. Describing the primordial background as a power-
law with a given slope, we have checked what amplitudes
could be probed in the presence of the foreground with each
experiment. We have found the impact to be much smaller
than one would expect from simply looking at the amplitude
of the foreground, especially for detectors that can them-
selves probe the foreground accurately. Instead for detec-
tors unable to significantly improve the foreground measure-
ment the final result depends on priors. We have illustrated
this by showing also results assuming an order of magnitude
improvement in the accuracy of the BBH merger rate. In the
case of LISA and LIGO this significantly alleviates the prob-
lem, while giving almost negligible change in AEDGE, BBO
and ET. However, while subtraction of the loud identifiable
binaries and improvements in the measurement of the BBH
merger rate help, the sensitivity of all future experiments in
terms of the abundance of the primordial background they
can reach is lowered in each case.
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