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1 INTRODUCTION

ABSTRACT

Advanced LIGO and Advanced Virgo have recently published the upper limit mea-
surement of persistent directional stochastic gravitational wave background (SGWB)
based on data from their first and second observing runs (O1 and O2) (Abbott et al.
2019c¢). In this paper we investigate whether a correlation exists between this maxi-
mal likelihood SGWB map and the electromagnetic tracers of matter structure in the
universe, such as galaxy number counts. The method we develop will improve the sen-
sitivity of future searches for anisotropy in the SGWB and expand the use of SGWB
anisotropy to probe the formation of structure in the universe. In order to compute the
cross-correlation, we used the spherical harmonic decomposition of SGWB in multiple
frequency bands and converted them into pixel-based sky maps in HEALPix (Gorski
et al. 1999) basis. For the electromagnetic (EM) part, we use the Sloan Digital Sky
Survey (SDSS) galaxy catalog and form HEALPix sky maps of galaxy number counts
at the same angular resolution as the SGWB maps. We compute the pixel-based co-
herence between these SGWB and galaxy count maps. After evaluating our results in
different SGWB frequency bands and in different galaxy redshift bins, we conclude
that the coherence between the SGWB and galaxy number count maps is dominated
by the null measurement noise in the SGWB maps, and therefore not statistically
significant. We expect the results of this analysis to be significantly improved by using
the more sensitive upcoming SGWB measurements based on the third observing run
(03) of Advanced LIGO and Advanced Virgo.
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As the ground-based Advanced LIGO (aLIGO) (Aasi
et al. 2015) and Advanced Virgo (aVirgo) (Acernese et al.

Recent detections of gravitational waves (GWs) from the
mergers of binary black hole (BBH) (Abbott et al. 2016d,c,
2017b,h,c, 2019a,d) and binary neutron star (BNS) (Ab-
bott et al. 2017g) systems have initiated the field of multi-
messenger astrophysics. These discoveries have triggered a
broad range of studies including novel tests of General Rel-
ativity (Abbott et al. 2016b, 2017e), constraints on the neu-
tron star equation of state (Abbott et al. 2017g), estimates of
the BBH and BNS rates and studies of their progenitors (Ab-
bott et al. 2016d,e, 2017g), a new measurement of the Hub-
ble constant Ho (Abbott et al. 2017d), kilonova interpreta-
tion of the observed BNS merger (Abbott et al. 2017f), and
others. The observed rates of resolved BBH and BNS merg-
ers also imply a relatively strong stochastic gravitational-
wave background (SGWB) arising from the signal superpo-
sition of such mergers throughout the universe (Abbott et al.
2016a, 2018b, 2019Db).
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2015) GW detectors improve their strain sensitivities, one
of their primary targets will be the detection of this
SGWB (Abbott et al. 2017a, 2019b,b). The projected
strain sensitivity improvements (Abbott et al. 2018a) com-
bined with the recently proposed Bayesian search tech-
nique (Smith & Thrane 2018) have made the SGWB detec-
tion with advanced detectors a real possibility. It is worth
noting that SGWB can also be generated through a vari-
ety of stochastic processes in the early Universe (Romano &
Cornish 2017), including models of inflation, phase transi-
tions, cosmic strings, and others.

Due to this discovery potential, there has been a recent
surge in the literature studying the possible anisotropy of the
SGWB due to BBH and BNS mergers (Contaldi 2017; Jenk-
ins et al. 2018, 2019a; Jenkins & Sakellariadou 2019; Jenkins
et al. 2019b; Bertacca et al. 2020; Cusin et al. 2017, 2018c,b;
Cusin et al. 2018a; Cusin et al. 2019; Pitrou et al. 2020;
Canas-Herrera et al. 2019; Stiskalek et al. 2020; Cavaglia &
Modi 2020; Payne et al. 2020), as well as in cosmological
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SGWB models due to phase transitions (Geller et al. 2018)
and cosmic strings (Jenkins & Sakellariadou 2018). Several
contributions have also investigated the possibility of corre-
lating the SGWB anisotropy with the anisotropy observed in
EM tracers of the large scale structure, such as galaxy counts
and weak lensing (Cusin et al. 2017, 2018¢,b, 2019; Cafias-
Herrera et al. 2019; Scelfo et al. 2018; Oguri 2016,7; Mukher-
jee et al. 2020; Mukherjee & Wandelt 2018), or the Cosmic
Microwave Background (CMB, Geller et al. 2018). The first
theoretical predictions of the cross-correlation power spec-
trum between the SGWB and the galaxy number counts
have been made, as well as between the SGWB and the weak
lensing convergence, including the dependence on SGWB
frequency and the galaxy redshift distribution (Cusin et al.
2018b).

Correlating the SGWB anisotropy with anisotropy in
EM tracers offers multiple lines of inquiry. First, the GW-
EM correlation method is likely to be more sensitive when
trying to detect the SGWB anisotropy than the traditional
techniques that rely on GW data alone. Second, the GW-
EM correlation can be placed in a parameter estimation
framework so as to measure the cosmological and astrophys-
ical parameters of the model that gives rise to the SGWB
anisotropy (Cusin et al. 2017, 2018b, 2019; Cafias-Herrera
et al. 2019; Mukherjee & Silk 2020)—for example, to con-
strain the formation and evolution of structure in the uni-
verse. Third, correlations with different EM tracers (e.g.
galaxy counts vs CMB) may enable separating different
SGWB contributions (e.g. due to binary mergers vs cosmo-
logical, respectively).

In this paper, we present the first analysis of the GW-
EM anisotropy correlations, using the data from the second
observation run of Advanced LIGO and Advanced Virgo cor-
related with the galaxy count survey from the Sloan Digital
Sky Survey (SDSS). We observe no significant correlations
in the data and hence place upper limits on the correlation
parameter. The rest of this paper is organized as follows. In
Section 2 we review the method for measuring the SGWB
anisotropy and we apply it to different frequency bands of
Advanced LIGO data to compute SGWB sky maps at dif-
ferent angular resolutions. In Section 3 we review the SDSS
survey and compute the maps of the galaxy count distri-
bution across the sky in several redshift slices. In Section 4
we compute the correlations between the SGWB and SDSS
maps and establish the first upper limits on the correlation
coefficients. In Section 5 we offer our concluding remarks
and discuss the numerous ways of extending our study in
the future.

2 SGWB ANISOTROPY UPPER LIMIT

Stochastic gravitational-wave background arises as a super-
position of waves from many incoherent GW sources. The
SGWB therefore does not have a deterministic waveform,
and is instead characterized by its energy density spectrum.
In particular, we define the frequency and angular GW en-
ergy density spectrum Qcw/(f, ©) as:

3
Qaw(f.0) = L L, (1)

where pgw is the GW energy density, f is frequency, ©
represents a direction on the sky, and p. is the critical energy
density needed to close the universe. Past searches for the
SGWRB anisotropy have assumed that this spectrum can be
factorized into frequency and sky-direction parts (Thrane
et al. 2009; Abbott et al. 2019¢, 2017a):

Qaew(f,0) =

271'2 3
s/ HUIPO) 2)

where Hy is the Hubble constant, P(O) captures the angular
dependence on the sky, and H(f) describes the frequency de-
pendence of the spectrum, typically assumed to take a power
law form: H(f) = (f/feet)® >, with some reference fre-
quency frer and spectral index . For the SGWB due to BBH
and BNS mergers a@ = 2/3 (Abbott et al. 2016a, 2018b),
but different values of the spectral index are appropriate for
other models. In this paper we adopt fref = 100 Hz.

The spatial dependence can be decomposed into any
set of basis functions on a sphere-we will use the spherical
harmonics basis:

P(©) = PunYim(O) 3)
Im

The objective of the SGWB anisotropy upper limit analysis
is therefore to estimate the parameters P;,,. We adopt the
approach developed in (Thrane et al. 2009) and used in past
anisotropic SGWB searches (Abbott et al. 2019¢, 2017a),
which starts with the cross-correlation between the strain
time series data of GW detectors (LIGO Hanford (H1) and
LIGO Livingston (L1) in our case):

C(f,t) = s1(f,1) s2(f,1), (4)

where t denotes a time segment, and s; and ss are Fourier
transforms of the strain time series of H1 and L1 in this time
segment. We then define the dirty map X, :

%= 3 g 00 ®)

where the sum is over all frequency bins f and all time seg-
ments ¢. The index v runs over the spherical harmonic com-
ponents (i.e. v = (I,m)), P1,2(f,t) are strain power spectral
densities for the two detectors, and 7., (f,t) is a geometric
factor that is a function of the separation and relative orien-
tation of the LIGO detectors H1 and L1 (Christensen 1992;
Thrane et al. 2009).

The dirty map X, represents an estimate of the GW
energy density sky distribution convolved with the response
of the detectors’ antenna patterns. The corresponding un-
certainty is described by the covariance matrix, also known
as the Fisher matrix:

Cue = 00 57 g U0 “

fit

Estimators of the spherical harmonic coefficients Py, also
known as the the clean map, are then given by (Thrane et al.
2009):

A -1

PP‘ - Z (FR )}J,IIXU. (7)
The covariance matrix corresponding to the Pp,,’s is the in-
verse of the Fisher matrix, 1";21. In general, the Fisher matrix

may be singular, reflecting the fact that the GW detector
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network may be insensitive to some directions on the sky.
The inversion of this matrix therefore requires regulariza-
tion, which is accomplished by diagonalizing the Fisher ma-
trix and removing the eigenvalues that are close to zero (i.e.
typically setting about 1/3 of the lowest eigenvalues to in-
finity) (Thrane et al. 2009). The subscript R in T';' denotes
that the Fisher matrix has been regularized. The regulariza-
tion does not induce a bias on the clean map P,.

The angular resolution of this technique is set by a
diffraction-like limit (Thrane et al. 2009):

_LN5OHZ
T2df T fa

where 6 is in radians, d is the distance between H1 and
L1 (3000 km), and f, is typically taken to be the most
sensitive frequency in the detector band for a power law
SGWB with spectral index «, and for the given detector
noise power spectra (Abbott et al. 2017a; Romano & Cornish
2017). For the BBH/BNS background, o = 2/3 and the
most sensitive frequency in the past searches was found to
be 50 — 60 Hz, implying a coarse angular resolution of order

~ 7/3 and therefore spherical harmonic decomposition up
t0 lmax = 7/0 &= 3 — 4 (Abbott et al. 2017a, 2019c¢).

In an attempt to probe finer angular scales, we will
conduct the above analysis in several narrower frequency
bands: 50-100 Hz, 100-150 Hz, 150-200 Hz, 200-250 Hz. The
higher frequency bands will result in better angular resolu-
tion, specifically in lmqz = 4, 8, 12, and 16, respectively. For
the highest l,,,,.=16 the corresponding angular resolution is
0 ~ 7.3 deg. We note, however, that the sensitivity of the
search is reduced at higher frequencies, both because of the
poorer strain sensitivity of the GW detectors above ~ 100
Hz (Aasi et al. 2015; Acernese et al. 2015) and because of
the f2 term in Eq. 2.

We apply the above analysis procedure to the GW data
from the second observing run (02) of Advanced LIGOaAZs
detectors H1 and L1. The O2 data are collected from
16:00:00 UTC on 30 November, 2016 to 22:00:00 UTC on
25 August, 2017 (Abbott et al. 2019¢). We follow closely the
data processing procedure described in (Abbott et al. 2017a,
2019c¢). The time-series data are divided into 50% overlap-
ping segments of 192 seconds, passing through a cascading
high-pass filter. The data segments are then Fourier trans-
formed into the frequency domain, and the H1-L1 cross-
correlation is computed for each 192 second long segment.
The results from these overlapping time segments are opti-
mally combined to produce the final cross-correlation esti-
mate. We use the same data selection criteria described in
(Abbott et al. 2019¢). Finally we compute the clean map
estimates following Eq. 7, for each of the four frequency
bands. The resulting clean maps, sigma maps and signal-to-
noise (SNR) maps for the four frequency bands are shown
in Figure 1.

0

(8)

3 GALAXY COUNT ANISOTROPY

As an example of an EM tracer of matter structure, we
will use the distribution of galaxy counts across the sky.
The most complete and largest area galaxy survey currently
comes from the Sloan Digital Sky Survey (SDSS), whose
Data Release 16 (DR16) contains observations through

MNRAS 000, 000-000 (2020)

August 2018 (Ahumada et al. 2020). The SDSS imaging
data contain observations covering almost 1.5x10* deg?® or
roughly 1/3 of the sky. The photometric catalog includes ap-
proximately 2x10® galaxies with r-band magnitude brighter
than m, = 22.2. In addition to the imaging observations,
SDSS acquired spectra for ~ 1.8 x 10° galaxies brighter than
m, &~ 17.7. For galaxies fainter than this limit, SDSS pro-
vides an estimate of the galaxy photometric redshift based
on the analysis of the five photometric bands (hereafter,
photo-z). Although the resulting redshifts are substantially
more uncertain than those derived from spectroscopic obser-
vations, the use of photo-z allows us to increase the sample
size considerably.

From the SDSS archive, we select all galazies with mag-
nitudes in the 17< m, < 21 range. To identify only galax-
ies, we use the SDSS type parameter (type = 3). The mag-
nitude range was chosen to ensure a survey completeness
level of 90% or better, and to minimize the contamination
to the galaxy sample by misclassified stars (see Wang et al.
2013, for a discussion). We also constrain the analysis to in-
clude data in a fully contiguous area mostly in the northern
Galactic hemisphere. The final photometric galaxy catalog
includes 23 million objects with median photometric redshift
of 0.33. For a subsample of 1.4 million galaxies, spectroscopic
redshifts are available, with a median spectroscopic redshift
of 0.39.

A number of systematic effects can potentially affect
the spatial distribution of galaxies on the large scales rele-
vant for the cross-correlation with the GW maps. Here we
consider only the effects of atmospheric seeing variation and
Milky Way extinction, as they impact the observed galaxy
number counts on degree scales and above (Reid et al. 2016;
Ross et al. 2017). We follow (Wang et al. 2013) and we con-
sider in the analysis only areas of good seeing and minimal
Galactic extinction. We quantify the seeing using the aver-
age Full Width Half Maximum (FWHM) of the point spread
function (PSF) during the observations and exclude from
the analysis those sky regions with average FWHM > 1.5”.
This cut is found to exclude ~ 12% of the total area. Galac-
tic extinction is characterized via the color excess, E(B-V),
and we exclude areas with E(B — V) > 0.13, or 15% of the
total area. The seeing and galactic extinction cuts can have
significant effects on the average number of galaxies in some
areas of the sky. In order to obtain unbiased galaxy count
maps, we apply the following procedure. In the HEALPix
basis, the full sky is divided into pixels of the same angular
size (Gorski et al. 1999), a convenient choice for the com-
putations of cross correlations with the GW sky maps. The
number of pixels in the HEALPix basis is chosen to match
the value of lax for each frequency band:

. LAr 4

#pixels ~ 0z = - ez 9)

While we ultimately need a galaxy count map of res-
olution corresponding to lmax = 16, corresponding to an
angular scale of ~ 7°, we start by producing the HEALPix
map for the SDSS photometric catalog with a higher reso-
lution (small pixels). The small pixels have an angular scale
of 2.4°. This angular scale is small enough that the seeing
and galactic extinction do not vary too much for the galaxies
within the pixels, but large enough to ensure a large number
of galaxies (on average > 10? galaxies). Using all galaxies
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Figure 1. LIGO O2 clean maps, sigma maps and signal-to-noise (SNR) maps for the four frequency bands of 50-100, 100-150, 150-200,
200-250 Hz from top to bottom, with « of 2/3 and lyae of 4, 8, 12 and 16, respectively.

in each small pixel, we compute the average r-band seeing
and extinction for that pixel. We reject all galaxies within a
pixel whose average seeing is greater than 1.5 arcsecond or
the galactic extinction is > 0.13.

To correct for the missing pixels we then replace the
counts in that rejected pixel with the average counts of the
other small pixels inside a larger HEALPix pixel correspond-
ing to Imax = 16. Since all objects in the SDSS spectroscopic
catalog are also in the SDSS photometric catalog, we apply
the same procedure to the spectroscopic catalog as well. The
results for both catalogs are shown in Figure 2.

Since the SGWB due to BBH and BNS mergers at dif-
ferent angular scales is expected to be dominated by bina-
ries at different redshifts (Cusin et al. 2019), we will conduct
our analysis in several redshift bins, i.e. compute the corre-
lation between SGWB sky maps and the galaxy number sky
maps in each redshift bin, respectively. We choose to divide
both catalogs into redshift bins of width 0.1 (i.e. 0.0-0.1, 0.1-
0.2,...). For the photometric catalog, we extend the analysis
up to redshift 0.6, which includes 97% of all the galaxies.
For the spectroscopic catalog, we go up to 0.7 and the red-
shift slicing includes 98% galaxies. While the photometric
and spectroscopic catalog maps including all redshifts do
not appear to be correlated (as shown in Figure 2), we have
confirmed that the photometric and spectroscopic maps in
each redshift bin are highly correlated.

4 SGWB-EM CORRELATIONS

Having produced the sky maps for the SGWB in each of the
four frequency bands and for the galaxy counts in each of
the redshift bins, we next compute the correlations between
these maps. Denoting the SGWB energy density in a pixel
i as Mgw,; and the galaxy number count in the same pixel
as Mac,:, we define the corresponding fluctuations:

0Maw,:; = Maw,: — (Maw), 0Mcgc,; = Mac,: — (Mac).
(10)

Then we define the coherence between these fluctuations as:

[ = (0Maw - 6Mgo)® (11)
(OMEw)(0MEc)
The averages are computed over all pixels in the maps.

To assess the significance of the measured coherence,
we use simulations. In particular, we generate 10,000 sim-
ulated SGWB noise maps assuming zero-mean multivariate
Gaussian distribution for P;,,’s described by the regularized
inverse Fisher matrix obtained from LIGO data (see Sec-
tion 2). We then compute I' for these simulated maps and
the galaxy count sky maps in different redshift bins respec-
tively. We then compute the false alarm rate (FAR) as a
function of coherence:

_ # of events > T’

FARD)= *—r——"—.
R(I) total # of events

(12)
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Figure 2. HEALPix sky maps of SDSS galaxy number counts for
an angular resolution corresponding to ez = 16, after applying
the data quality cuts described in the text. (a) and (b) depict the
photometric and spectroscopic catalogs respectively. The color
scales with the galaxy count in each pixel.

Figure 3 shows an example of the false alarm rate cal-
culation for the specific case of the 50-100 Hz band SGWB
map and the full photometric SDSS galaxy catalog. The blue
curve is derived from the 10,000 simulations and the red dot
denotes the actual measured coherence using the O2 LIGO
data. The FAR value of the red dot then gives the p-value
significance of the measured coherence.

We repeat this procedure for all four frequency bands of
the GW data and all redshift bins of the SDSS data, and for
both the photometric and spectroscopic SDSS catalogs. The
resulting p-values are shown in Figure 4. The p-values for
the photometric catalog have wider spread than the spec-
troscopic catalog, which can be explained by the fact that
the photometric catalog is more uncertain in redshift and
therefore more noisy as galaxy count maps in redshift slices.
Above all it is evident that all p-values are at or above 10~*
- 1072 for both the photometric and spectroscopic galaxy
count maps, indicating low statistical significance. We there-
fore observe no correlation between SGWB and galaxy count
sky maps.

We note that this analysis can be extended to perform
model selection and/or parameter estimation. For this pa-
per, we consider a simple empirical model where we assume
that the SGWB energy density fluctuations are proportional
to the normalized galaxy density fluctuations:

OMERS = X o OMER, (13)

(Mcc,i)

where the index ¢ =1,2 represents galaxy count maps of
the photometric or spectroscopic catalogs in the full red-
shift range. The factor A can therefore be interpreted as the
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Figure 3. The False Alarm Rate of the coherence squared T’
distribution of 10,000 simulated SGWB sky maps in the 50-100
Hz band and the galaxy count sky maps from the full photometric
SDSS catalog (blue curve). The coherence squared I' obtained
from the LIGO O2 data and the same galaxy map is represented
as a red dot. The black vertical dashed line represents the 95
percentile of the 10,000 simulations.

GW frequency (Hz) 50-100 100-150 150-200  200-250
GC photoz 2.7e-49  1.0e-50 1.7e-47 2.1e-47
GC specz 1.1e-49  1.0e-48 1.0e-47 1.2e-46

Table 1. \g5 values in units of st—!, for the four GW frequency
bands and for the photometric and spectroscopic catalogs assum-
ing the full redshift ranges.

GW strain power per normalized fluctuation in the galaxy
number count. We can use the observed value of T' to con-
strain the model parameter A. To do so, we scan the values
of the scaling parameter A; for each value of A\ we generate
1000 realizations of the SGWB noise map 6 ME%® similarly
to above, and for each realization we compute the coherence
I" between the corresponding model 5Mén\‘,’vcf§1 and the galaxy
count map dMac,i.

Figure 5 shows an example of I' as a function of A,
computed using the SGWB map in the 50-100 Hz frequency
band and the full photometric SDSS catalog. We define Ags
to be the 95% confidence upper limit on the scaling factor,
i.e. the value of A\ that yields coherence I larger than the ob-
served coherence in 95% of the simulations. For the example
shown in Figure 5, we find that Ags = 2.7 X 1079 st7!. The
calculation is repeated for all frequency bands for both pho-
tometric and spectroscopic catalogs, and the corresponding
Ags values are summarized in Table 1.

5 DISCUSSION AND CONCLUSIONS

Studying the cross correlations between the SGWB and EM
tracers of matter structure offers both the possibility of de-
tecting the SGWB anisotropy sooner and the possibility to
probe cosmological and astrophysical parameters driving the
formation of structure. In this paper we have laid out a for-
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Figure 4. The p-value significance of the coherences between the
LIGO O2 SGWB maps in different frequency bins and the SDSS
galaxy count maps in different redshift slices are shown for the
(a) photometric and (b) spectroscopic SDSS catalogs. Note that
the red and orange underscore in (a) are partially overlapping.
All p-values are larger than 10~ - 10~2, indicating no evidence
for correlations between the SGWB and galaxy count maps.

malism to measure such SGWB-EM correlations. We have
used the LIGO data from the second observing run and the
galaxy catalog data from the SDSS to study the correlations
of different GW frequency bands and different redshift slices
in galaxy catalogs. We found no evidence for correlations be-
tween the SGWB and galaxy catalogs in these data.

We emphasize that while this may be the first measure-
ment of its kind, there are many possible directions that
should be explored in future works. We outline some of the
possibilities here:

e Our work has used only galaxy counts to track the mat-
ter structure. This can be expanded to use weak lensing sur-
vey data, or the cosmic microwave and infrared background
data (e.g. from Planck (Planck Collaboration et al. 2019;
Ade et al. 2014)), or the X-ray data measured by Chan-
dra X-ray Observatory (Schwartz 2004). Different EM trac-
ers will potentially correlate with different components of
the SGWB: for example, galaxy counts or weak lensing may
correlate with BBH/BNS SGWB, while the CMB anisotropy
may correlate with cosmological SGWB models. Hence, spa-

GW 50-100 Hz x GC photo all z

0.7 q === 02 data
—— simulation: mean value
0.6 1 — simulation: lower 5%

05

0.4

03

0.z

coherence squared I

01

0.0

oo 05 10 15 20 25 30 35 40
scaling factor A [st™1] le—49

Figure 5. Coherence squared I for simulated SGWB model maps
described in the text is shown as a function of the scaling param-
eter A, for the case of SGWB map in the 50-100 Hz band and for
the full photometric SDSS catalog. The SGWB model maps were
generated by adding the normalized galaxy count map scaled by
parameter A to the SGWB noise map realizations, as defined by
Eq. 13. The corresponding mean I' and its 5th percentile (ob-
tained over 1000 noise realizations at each A value) are plotted as
a function of A. The red dashed line denotes the I" value obtained
using the O2 data for the same GW band and galaxy catalog.
The intersection point between the red dashed line and the 5th
percentile curve gives the \g5 value.

tial correlations with different EM tracers may help distin-
guish different SGWB contributions.

e Vast amounts of new data are expected in the coming
decade, on both GW and EM fronts. Advanced LIGO and
Advanced Virgo are soon to complete the third observation
run, with a sequence of detector upgrades and additional
observation runs being planned. The Euclid (Paykari et al.
2020) and SPHEREx (Korngut et al. 2018) missions are ex-
pected to produce unprecedented galaxy surveys. For exam-
ple, Euclid will identify 3x10” emission line galaxies, and use
them as tracers of the large scale structure at 1 < z < 2.5,
which will significantly expand upon the existing SDSS cat-
alogs.

e The recently proposed Bayesian approach to measuring
the BBH SGWB (Smith & Thrane 2018; Ashton et al. 2019)
promises to be significantly more sensitive to this type of
background than the traditional stochastic search techniques
(used also in this paper). This approach can produce the
Bayesian posterior distribution of the BBH sky positions
(for the entire BBH population), which can then be used to
study correlations with the EM tracers such as galaxy counts
or weak lensing surveys. The Bayesian approach also offers
the possibility of extracting the redshift distribution of the
BBH population, giving rise to the possibility of studying 3D
correlations (sky position plus redshift) between the BBH
SGWB and the galaxy count catalogs. (Banagiri et al. 2020)

e Our analysis included estimation of a scaling parame-
ter in a simple empirical model of the correlation between
SGWRB and galaxy counts. This can be expanded to include
more sophisticated models of the BBH/BNS SGWB that
properly take into account the cosmological and astrophysi-
cal evolution (Cusin et al. 2017, 2018¢,b, 2019; Pitrou et al.
2020).

MNRAS 000, 000-000 (2020)
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We conclude by noting that studying the SGWB-EM corre-
lations is a good example of how multi-messenger data can
be used to generate new probes of astrophysics and cosmol-
ogy. Upcoming data sets from both GW and EM detectors
and telescopes, combined with improvements in data analy-
sis techniques, promise novel ways of probing the evolution
of structure in the universe, and perhaps also models of the
early universe.
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