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Stochastic GW Background
§ A stochastic background of gravitational waves has resulted from the

superposition of a large number of independent unresolved sources from
different stages in the evolution of the Universe.

§ Cosmological (inflation, cosmic strings, phase transitions, PBHs) or
astrophysical (since the beginning of stellar activity)

§ Usually characterized by the energy density in GWs:

  
Ωgw (f ) = f

ρc

dρgw (f )
df
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=	superposition	of	overlapping unresolved sources

Stochastic GW background
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Data Analysis Principle
Search for excess of coherence in the cross correlated data streams from multiple
detectors with minimal assumptions on the morphology of the signal.

§ Assume stationary, unpolarized, isotropic and Gaussian stochastic background.

§ Cross correlate the output of detector pairs to eliminate the noise:

	si = hi +ni
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Cross Correlation Statistics
§ Standard CC statistics (Allen & Romano, 1999, PRD, 59, 102001)

§ Frequency domain cross product:

§ optimal filter:

§ in the limit noise >> GW signal

 !!Y = !s1
*( f ) !Q( f )!s2( f )df∫ !!

 !!
! !Q( f )∝

γ ( f )Ω gw( f )
f 3P1( f )P2( f )

!with!Ω gw( f )≡Ω0 f
α

!!Mean(Y )=Ω0T , !Var(Y )≡σ 2 ∝T , !SNR!∝ T !!



Overlap Reduction Function
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γ ( f )= 5

8π e2πif Ω̂Δ
!x/c∫ F1

A(Ω̂)F2A(Ω̂)
A={+ ,×}
∑ dΩ

Loss of	sensitivity due	to	the	separation and	the	relative	orientation	of	the	detectors.

Time	delay

Detector	response
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Background from CBCs
§ LIGO	and	Virgo	have	already	observed	50	BBHs	and	2	BNSs	in	O1/O2/O3a.

§ The	events	we	detect	now	are	close	and	loud	individual	sources.	Many	more	sources	at	
larger	distances	contribute	to	create	a	stochastic	background.

§ Using	mass	distributions	and	local	rates	derived	from	observations,	we	are	able	model	
to		the	GW	background	from	BBHs	and	BNSs.

§ Other	predictions	based	on	population	models	(Dvorkins,	Périgois …)

§ The	detection	of	this	background	could	be	the	next	milestone	for	LIGO/Virgo.



Detected after a	few	years of	observation	at	design	sensitivity by	2G	detectors
Predictions from LVK

LVK	collaboration,	arXiv:2101.12130



Possible extra contribution from Pop III

Perigois et	al.	(starTrack):		arXiv:2101.12130



Residual background in 2G and 3G

Figure 3: Energy density for the residual population I/II and III of sources that coalesce within the Hubble time.
The upper panel is for 2G detector networks HLV (dashed lines) and HLVIK (solid lines) and the lower panel for
3G detector networks ET (dashed lines) and ET+2CE (solid lines). The black lines describe the residual energy
densities for the total population and the green/blue ones for respectively the population I/II and III.

we observe that the background from BNSs starts to exceed the BBH residual background above 400 Hz for ET and
30 Hz for ET+2CE, rather than 1295 Hz for the total background.

C. Detectability

The strategy to search for a stochastic background, which could be confounded with the intrinsic noise of a single
interferometer, is to cross-correlate measurements of a multiple detectors. For a network of n detectors, the signal-
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Perigois et	al.	(starTrack):		arXiv:2101.12130

The	background	from CBCs is not	continuous/Gaussian and	sources	are	separated in	the	
parameter space (see Meacher et al. arXiv:1511.01592)

https://ui.adsabs.harvard.edu/link_gateway/2016PhRvD..93b4018M/arxiv:1511.01592
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Perigois et	al.	(starTrack):		arXiv:2101.12130

Figure 4: Ratios rCount (blue) and r⌦ (orange) for the terrestrial detector residual backgrounds for the total pop-
ulation I/II and III.

Figure 5: Energy density of ET (left panel) and ET+2CE (right panel) residual populations, at frequencies be-
tween 1Hz-2kHz. The solid lines indicate the contribution of the di↵erent types of binaries: BBH in red, BNS in
blue and BHNS in green. The dotted lines show the power integrated curves for ET (in purple on the left panel)
and ET+2CE (in pink on the right panel).

to-noise ratio (SNR) is given by
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In the above equations, T is the observational time, Pi and Pj are the one-sided power spectral noise densities at
design sensitivity of a pair of detectors i and j and �ij is the normalized isotropic overlap reduction function (ORF),
characterizing the loss of sensitivity due to the separation and the relative orientation of the detectors for sources

13

Table III: SNR values for one year of observation of each corresponding residual background.

HLV HLVIK ET ET+2CE LISA

pop I/II 0.8 1.1 60 0.02 62

pop III. 7.2 8.6 1481 334 1587

Total 7.2 8.7 1482 334 1588

isotropically distributed in the sky [59, 60]. Even if the cross correlation search is optimal for Gaussian backgrounds,
Eq. 35 gives the correct expression for the background from CBCs which is not Gaussian [61, 62].

In Table III we report the signal-to-noise ratio for the di↵erent residuals associated to the di↵erent networks of
detectors, for an observation time of one year. We assume that we know the shape of the GW spectrum to construct
the optimal filter. This assumption is realistic for population I/II for which the energy density follows a power law
⌦gw ⇠ f

2/3 in the most sensitive frequency band, but would require accurate modelling if population III exists and
is the dominant contribution. With second generation detectors, we expect to observe the residual background from
population I/II with an SNR of 0.8 with HLV and 1.1 if we add Kagra and LIGO India. The contribution from
population III could bring the detection level to SNR = 7� 9.

With third generation detectors, the signal-to-noise ratio becomes very high for ET due to the improvement of the
sensitivity for both population I/II and III, even if many more sources are resolved. With ET+2CE, the signal to
noise ratio for population I/II whose most sources are individually detected drops dramatically in agreement with
the results of [21, 58], but the contribution from population III is still seen with a very high signal to noise ratio of
SNR = 334. The explanation is that for the high mass and high redshift population III sources, only the last stages
are present in our band, making them more di�cult to detect individually. However, by the time of 3G detectors, we
may be using full waveforms, which will permit to increase the detectability.

In the case of LISA, with only one detector, the signal-to-noise ratio is given by [23]:
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where Sn(f) is the e↵ective noise power spectral density including the sky and polarization averaged signal response
function [50] and �(f) = 1 [63].

For one year of observation are given in table III. We find a total signal-to-noise ratio of SNR = 62 for the
population I/II alone and SNR = 1588 when we add population III.

VI. CONCLUSION

In this study we have calculated the contribution of compact binary coalescences from Population I/II and III, to
the gravitational wave stochastic background, using the population synthesis code StarTrack . We have used Monte
Carlo techniques in order to model the evolution of the eccentricity and the redshift, and find that the eccentricity
does not have a significant e↵ect in the frequency band of ground-based detectors or even LISA ; the orbit circularizes
very quickly and the higher harmonics hardly contribute very little. We have included the systems that do not merge
during the Hubble time and find that their contribution is negligible, more than four orders of magnitude below the
contribution from merging binaries. We obtain that the background is dominated by the population of BBHs and
should be detected with the second generation of terrestrial detectors, HLV or HLVIK, after they have reached design
sensitivity, in agreement with previous estimates [16]. The presence of population III systems would increase the
energy density ⌦GW before 40 Hz by a factor of a few, changing also the shape of the spectrum between 10� 40 Hz.
Modeling accurately this contribution is important to construct the optimal filter, since a simple power law like for
population I/II does not apply to population III.

With future detectors, such as Einstein Telescope, Cosmic Explorer or the space antenna LISA, the goal will be to
substract the background from compact binary coalescences, in order to see the cosmological or other astrophysical
backgrounds below. With terrestrial detectors it will be possible to reduce the background by 2 orders of magnitude.
In the LISA band, where the signal last longer, the sources overlap and it may be very di�cult to separate them.
However, one may be able to remove the waveform detected with terrestrial detectors at high frequencies, down to
low frequencies. The challenge may be that the information on the eccentricity is lost when entering the frequency
band of terrestrial detectors, but we have shown in this study that the e↵ect of the eccentricity was small in the LISA
band, giving hope the subtraction of the background would be possible.
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Remove the astrophysical background
§ Observe	the	cosmological/astrophysical backgrounds	below

§ Performed mock data	challenges	to	test	waveform subtraction methods

scales. Needless to say that such a detection would have a
profound impact on our understanding of the evolution of
the Universe.
In addition to the astrophysical background from unre-

solved compact binary mergers, a contribution is expected
to result from the superposition of several other unresolved
sources [33], such as cosmic (super) strings [25], core
collapse supernovae to neutron stars or black holes
[34–37], rotating neutron stars [38,39] including magnetars
[40–43], phase transitions [44], or initial instabilities in
young neutron stars [45–47].
The current detector network of LIGO and Virgo and the

upcoming KAGRA and LIGO-India will not be able to
resolve the cosmological compact binary source population,
and its sensitivity to stochastic backgroundwill be limited by
the confusion background of these sources [48]. With the
increased sensitivity of the third generation gravitational-
wave detectors, such as the Einstein Telescope (ET) [49] and
the Cosmic Explorer (CE) [50], it will be possible to detect
and resolve almost all of the binary black hole mergers, even
the ones at high redshifts. In this work, we explore the
possibility of probing the cosmological gravitational-wave
background with the third generation detectors, after remov-
ing the astrophysical background from compact binary
mergers from the data. This work is an extension to [48],
where the authors have shown the level at which we can
expect amplitude of background fromunresolved, subthresh-
old signals from compact binary coalescences (CBC) using
different detector networks. We extend the previous study
to also provide an estimate of errors we introduce while
subtracting the signals above threshold for the most opti-
mistic network of detectors considered by [48]. The idea of
subtracting foreground signals to extract stochastic back-
grounds was already explored [51] in the context of the big
bang observer [52], including a noise projection method that
could reduce errors due to imperfect subtraction [53].
Data from gravitational-wave detectors are dominated

by environmental and instrumental backgrounds.
Consequently, it is not possible to identify even determin-
istic signals without sophisticated data processing such as
matched filtering [54]. Stochastic backgrounds cannot be
reliably detected in a single detector—they are found by
cross-correlating the data from a pair of detectors. Indeed,
the stochastic background present in one of the detectors
acts as a matched filter for the data in the other detector
[55–57]. Unfortunately, this means that any common noise
in a pair of detectors could masquerade as stochastic
background [58]. If detectors are geographically well
separated, then the risk of common noise of terrestrial
origin is greatly reduced. Additionally, certain backgrounds
of terrestrial origin could be measured and subtracted [59].
Even in the absence of any terrestrial background, a pair of
detectors would see the same astrophysical background,
which would show up as correlated “noise,” although
detectors might be geographically well separated. As a

result, the only possible way to improve the sensitivity of a
detector network to primordial backgrounds is to subtract
foreground astrophysical signals.
The rest of the paper is organized as follows. In Sec. II,

we describe the basic method that we use to calculate the
gravitational-wave spectrum from the error introduced by
imperfect subtraction of CBC signals. In Sec. III, we
describe the framework used to estimate the deviations
of the estimated parameters of the CBC sources from their
true values. We discuss the simulation of a population
of binaries in Sec. IV, discuss the result of the imperfect
subtraction of such signals in Sec. V, and we discuss our
results in Sec. VI.

II. METHOD

The energy-density spectrum in gravitational waves is
described by the dimensionless quantity [57],

ΩGWðfÞ ¼
f
ρc

dρGW
df

; ð1Þ

where dρGW is the energy density in the frequency
interval f to f þ df, ρc ¼ 3H2

0c
2=8πG is the closure

energy density, and H0 is the Hubble constant equal to
67.8% 0.9 km=c=Mpc [60].
The gravitational-wave energy spectrum density can be

written as a sum of contribution from the astrophysical and
cosmological energy densities,

ΩGW ¼ Ωastro þ Ωcosmo: ð2Þ

Taking the contribution of the compact binary coalescences
out of the astrophysical background, and writing it explic-
itly, we have

ΩGW ¼ Ωastro; r þ Ωcosmo þ Ωcbc: ð3Þ

Here Ωastro; r is the remaining astrophysical background
after taking out the contribution from the CBC sources.
When estimating the parameters of a binary source,

by using Monte Carlo methods, or nested sampling, we
invariably end up with parameters that deviate from the true
values because of the noise in the detector. Therefore, when
we subtract the recovered CBC signals from the data, we
introduce an additional background due to the error in
subtraction, Ωerror,

ΩGW ¼ Ωcbc; rec þ Ωerror þ Ωcbc; unres þΩcosmo þΩastro; r;

ð4Þ

where Ωcbc; rec is the background from the recovered CBC
sources that we can subtract from our data, Ωerror is the
background because of the error introduced from such a
subtraction, Ωcbc; unres is the background from the unre-
solved CBC sources which are not detected as foreground
events. Let us assume that we have an experiment where we

SACHDEV, REGIMBAU, and SATHYAPRAKASH PHYS. REV. D 102, 024051 (2020)

024051-2

subtracted

Error on	recovered parameters

undetected

Cosmic	Strings	from	Maggiore	et	al.	arXiv:	1912.02622	
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see that the Ωresidual ¼ Ωerror þΩcbc; unres depends on the
network SNR threshold. The higher the network SNR
threshold, the lower the Ωerror but higher the Ωcbc; unres.
Thus, the network SNR threshold can be varied to minimize
the Ωresidual.
For the BBH case, we have not tried to optimize the

Ωresidual;BBH, since it lies much below the Ωresidual;BNS. For
the BNS case, we can see from the second row of Fig. 1 that
we may be able to lower the residual background by
decreasing the network SNR threshold, since the residual is
dominated by the unresolved sources. We decided to lower
the network SNR threshold to 8 (the threshold at which we
should be able to resolve signals in case of Gaussian noise);
these results are shown in the last row of Fig. 1. With a
network SNR threshold of 8, the number of unresolved
BNS sources for a three (and five) network of 3G detectors
reduces to 25% from 49% (7.7% from 25%). We have
managed to lower the BNS residual background by low-
ering the detector network SNR threshold. The residual
background from the BNS sources still dominates over the
BBH background and is the limiting factor for the pri-
mordial backgrounds we can observe. An alternative would
be to follow the noise projection method described in
Ref. [51], which does not require the SNR optimization
procedure described here.

VI. DISCUSSION

Conclusions of our study are summarized in Fig. 2.
The figure plots the energy density in gravitational waves
ΩðfÞ from axion inflation [85], a network of cosmic
strings [24–27], a background produced during postinfla-
tion by oscillations of a fluid with an equation-of-state
stiffer than radiation [86], and from postinflation preheating
scenarios [87,88] aided by parametric resonance [23,89].
For reference, we show the strength of the stochastic
background from vacuum fluctuations during standard
inflation [18–20], although this will not be detectable by
any of the foreseen ground-based detector networks; others
are examples of primordial backgrounds that could be
potentially detected by 3G detectors. The strength of the
background in these examples depends on model param-
eters and it could be lower or higher than what is shown on
the plot.
The figure also shows the sensitivity of a network of

three (and five) 3G detectors to stochastic backgrounds
assuming a 1-year integration but in the absence of
confusion backgrounds from compact binaries or other
astrophysical populations. Ωerror curves shown in Fig. 1
have a minima at around 15 Hz which follows from the
sensitivity of the detector network. It is immediately
apparent from Fig. 2 that the residual background, after
(imperfect) subtraction of the foreground sources, from
binary neutron stars will limit the strength of primordial
backgrounds that could be detected by 3G detectors. With a
network of three (and five) 3G detectors, the sensitivity will

be limited to ΩGW ≥ 10−11 at 10 Hz (respectively, ΩGW ≥
3 × 10−12 at 15 Hz). The binary black hole population, on
the other hand, can be fully resolved and the residual from
that population has negligible effect on the raw sensitivity
to stochastic backgrounds. The rate of binary neutron
stars could be larger or smaller than the median rate of
Rmðz ¼ 0Þ ¼ 920þ2220

−790 Gpc−3 yr−1 assumed in this paper,
which would correspondingly increase or decrease the
confusion background of these sources. Finally, increasing
the number of 3G detectors from three to five improves the
sensitivity to stochastic backgrounds by about factor of 5.
This is accounted by the ability of the five-detector network
to detect and subtract a greater number of sources; the
volume reach for a five-detector network increases by a
factor ð5=3Þ3 ∼ 4.6 relative to a three-detector network.
Keeping in mind that the strengths of the primordial

backgrounds depend on the specific model parameters that
are not known, and the residual background could vary based
on the uncertainty in rate of compact binary mergers and the
their mass distribution, among other things, the figure shows
the most promising primordial background sources that this
subtraction scheme could reveal: cosmic strings, back-
ground from fluids with stiff EOS, and axion inflation.

ACKNOWLEDGMENTS

We thank Thomas Callister, Duncan Meacher, and Alan
Weinstein for helpful discussions and comments. We thank
Joe Romano for carefully reading the paper and providing
useful comments. We thank Andrew Matas for providing
useful data regarding some of the backgrounds considered

FIG. 2. Residual backgrounds after subtraction of the resolved
foreground are plotted in solid (and dot-dashed) lines for a network
of five 3G detectors (three 3G detectors, respectively) for the BNS
cosmological population in green and BBH population in deep
blue. Also shown are the raw sensitivity curves for a stochastic
background after 1 year of integration for a network of five 3G
detectors (solid, cyan curves) and three 3G detectors (dot-dashed,
cyan curves) and the expected background from stiff equation-of-
state, cosmic (super) strings, preheating, and inflation.

SUBTRACTING COMPACT BINARY FOREGROUND SOURCES TO … PHYS. REV. D 102, 024051 (2020)
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Sachdev	et	al.,	PhysRevD.102.024051



Conclusion

• The	background	from CBCs has	a	good	chance	to	be detected in	the	next years.

• With ET the	goal	wil be to	subtract it to	recover the	cosmological backgrounds

• Probe	the	anisotropy of	the	GWB	(Cusin et	al.,	Jenkins	et	al.)

• Remove correlated noise	(i.e magnetic noise)

• Search for	GWB	with null stream



Anisotropies for the CBC background

Jenkins	&	Sakellariadou,	arXiv:1802.06046



Background from CBCs

Energy	density	in	GWs	for	a	population	k	(BBH,	BNS	or	BH-NS)

with	distribution	P(θk)	in	the	parameter	space	θk=(m1,m2,χeff)	

  
ΩGW (f ,θk ) = f

ρc

dθkP(θk ) dzRm
k

0

10
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Rate Spectral	properties
of	individual sources


