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We investigate a possible method for determining the progenitors of black hole (BH) mergers
observed via their gravitational wave (GW) signal. We argue that measurements of the cross-
correlation of the GW events with overlapping galaxy catalogs may provide an additional tool in
determining if BH mergers trace the stellar mass of the Universe, as would be expected from mergers
of the endpoints of stellar evolution. If on the other hand the BHs are of primordial origin, as has
been recently suggested, their merging would be preferentially hosted by lower biased objects, and
thus have a lower cross-correlation with luminous galaxies. Here we forecast the expected precision
of the cross-correlation measurement for current and future GW detectors such as LIGO and the
Einstein Telescope. We then predict how well these instruments can distinguish the model that
identifies high-mass BH-BH mergers as the merger of primordial black holes that constitute the
dark matter in the Universe from more traditional astrophysical sources.

I. INTRODUCTION

The recent detection of gravitational waves (GWs)
from the merger of two black holes (BHs) of mass ∼
30M� by the LIGO collaboration [1] has confirmed the
existence of GWs and opened up a new era of GW as-
tronomy. However, the nature of the progenitors of this
high-mass BH-binary remains in question.

The fact that the first GW-signal detected was from a
pair of relatively high-mass merging BHs suggests that
such events are common enough that a significant sam-
ple of them will soon be obtained. However, since these
BH-BH mergers are not generically expected to be ac-
companied by electromagnetic (EM) counterparts (see,
though, [2–4]), their localization to specific host galaxies
is most likely impossible.

In this work we study the progenitor question statisti-
cally, via the cross-correlation of GW events with galaxy
catalogs. The amplitude of the cross-correlation depends
on the bias, redshift distribution and clustering proper-
ties of the GW host halos. For example, GW events
produced by merging BHs inside globular clusters [5], as
an endpoint of stellar evolution in galaxies, are expected
to roughly trace the stellar mass content of the Universe.
In this case GW and galaxy catalogs would be highly
correlated. However, in alternative models whereby BH
binaries reside mostly within halos of particular masses,
or exhibit different redshift and angular distributions, the
cross-correlation with galaxies would be weaker.

The possibility of correlating GWs with galaxies in or-
der to determine if BH-binaries trace the matter inho-
mogeneities in the Universe has been investigated in [6].
Our analysis uses similar tools, but extends them towards
a novel goal: using the cross-correlation as a method to
probe the nature of BH binary progenitors.

One alternative hypothesis for the BH merger progen-
itors is primordial black holes (PBHs) which could make
up the dark matter in the Universe [7] (see also [8–11]).
In this scenario, PBH-PBH mergers occur preferentially

in low-mass halos, which are more uniformly distributed,
and are a less biased tracer of the dark-matter distribu-
tion than star-forming galaxies. We investigate how well
current and future instruments could use measurements
of the cross-correlation between BH mergers and lumi-
nous galaxies to test this model. More generally, these
GW maps can be cross-correlated with catalogs of alter-
native galaxy populations, with different biases and red-
shift distributions, to test a wider family of potential BH-
binary progenitor models [12–14]. This method can also
be extended to other types of GW signals, such as those
originating from tidal disruption events by super-massive
black holes [15–17], or those coming from neutron-star
binaries, once these observations can reach a cosmologi-
cal volume, as will be possible for upcoming GW experi-
ments [18].

The structure of this paper is as follows. In Sec-
tion II we describe our methods for measuring the cross-
correlation of GW sources with other structure tracers,
including the GW and galaxy catalogs we consider. In
Section III we present the results we forecast for a general
BH population, followed by those for the PBH scenario.
We then summarize our findings and conclude in Sec-
tion IV.

II. METHODS

A. Galaxy and GW correlations

In order to measure the correlation between the host
halos of BH-binaries and galaxies, we use measurements
of their number counts. We consider angular projections
C`, that can be calculated from the underlying 3D matter
power spectrum by using (see e.g. [19, 20]):

CXY` = r

∫
4πdk

k
∆2(k)WX

` (k)WY
` (k) , (1)
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where W
{X,Y }
` are the source distribution window func-

tions for the different observables (here X and Y stand
for galaxies and GWs), ∆2(k) is the dimensionless mat-
ter power spectrum today, and r is a cross-correlation
coefficient (r ≡ 1 for the auto-correlation case, X = Y ).

The window function for the number count distribu-
tions can be written as (see e.g. [21]):

WX
` (k) =

∫ ¯dNX(z)

dz
bX(z)j`[kχ(z)]dz . (2)

dN̄X(z)/dz is the source redshift distribution, normalized
to unity within the same redshift range as the window
function; bX(z) is the bias that relates the observed cor-
relation function to the underlying matter distribution,
that we assume to be scale-independent on large scales;
j`(x) is the spherical Bessel function of order `, and χ(z)
is the comoving distance. The integral in Equation (2) is
performed over the redshift range corresponding to the
selection function of the galaxy survey.

As explained in Section II B, for our galaxy catalog we
assume a constant redshift distribution of galaxies. As
for GW events, their number can be estimated by:

dNGW (z)

dz
≈ R(z)Tobs

4πχ2(z)

(1 + z)H(z)
, (3)

where R(z) is the redshift-dependent merger rate, Tobs is
the observation time and H(z) is the Hubble parameter.
The errors in the auto- and cross-correlations are given
by (see e.g. [21, 22]):

σCg GW
`

=

√√√√(Cg GW
`

)2

+
[(
Cgg` + 1

n̄g

)(
CGW GW
` + 1

n̄GW

)]
(2`+ 1)fsky

,

(4)
and:

σCg g
`

=

√√√√2
[
Cgg` + 1

n̄g

]2
(2`+ 1)fsky

, (5)

where fsky is the fraction of the sky observed and n̄{g,GW}
is the average number of sources per steradian, i.e. the
integral of dN/dz (Equation (3) in the GW case).

Our analysis takes into account the uncertainty in the
value of the galaxy bias, by estimating the precision
with which it can be measured using the galaxy auto-
correlation power spectrum, which is then used as a prior
in the Fisher analysis. Alternative probes using external
datasets, such as galaxy—CMB-lensing correlations [23–
26], can potentially provide more accurate priors. In Sec-
tion III we investigate the issue of galaxy bias uncertainty
in more detail.

B. Galaxy catalogs

While the error on the cross-correlation between GW
and galaxies is dominated by the number of GW events

observed, to obtain quantitative estimates we must as-
sume a fiducial galaxy catalog. The quantities which
enter into our analysis are the number density of galax-
ies used, the bias of the specific observed galaxy sample.
Concretely, we assume bG = 1.4, and a galaxy number
density of 4000 deg.−2. The bias and the source redshift
distribution dN/dz are assumed to be constant with red-
shift.

These assumptions are similar to those predicted for
a galaxy survey resembling the planned Square Kilome-
ter Array (SKA) wide and deep radio survey [27], es-
timated using the prescription of [28]. We emphasize,
however, that the main bottleneck in determining the
progenitors of GW events is the number of GW events
detected, rather than the details of the galaxy survey
used. When computing the cross-correlation, the galaxy
bias drops out (if assumed constant in redshift), and, as
we shall discuss in Section III, our results are insensitive
to the number density of galaxies, provided it is above a
sufficient level.

Our results will be computed assuming that approxi-
mate redshifts are available for the galaxy catalogue. In
the case of optical surveys, redshift information would
be readily available, while for radio continuum surveys,
redshift-binning could be obtained by using methods such
as clustering-based redshift estimation [29–31].

C. GW Experiments

We shall consider four different Earth-based GW de-
tectors/data configurations. As all GW detectors are
full-sky experiments, and earth-based experiments probe
similar frequency ranges, we shall distinguish them by the
sensitivity, in terms of the redshift range probed, and the
minimum angular scale to which the GW events can be
localized. The issue of spatial localization is complicated
and has been investigated in detail, see e.g. [32–35]. The
exact value of `max will depend in principle on redshift,
position on the sky, SNR of the event, and a variety of
instrument design parameters1. An accurate determina-
tion of this value for all events is beyond the scope of
this paper, and so we use a constant value for the angu-
lar resolution. Based on the aforementioned studies, for
this work we choose the following specifications:

i) aLIGO + VIRGO: `max = 20, zmax = 0.75;

ii) LIGO-net: `max = 50, zmax = 1.0;

iii) Einstein Telescope: `max = 100, zmax = 1.5;

iv) Einstein Telescope binned: `max = 100, zmax = 1.5,
binned with 0 < z1 < 0.75 < z2 < 1.5.

1 There have been proposals and studies on the advantages of
building multiple detectors in a variety of locations, see e.g. [36].



3

Here `max (=180◦/θ) is the multipole corresponding to
the finest angular resolution θ at which the GW events
can be localized and zmax is the maximum redshift to
which each experiment can detect a GW event. The exact
value of `max that will be available will determine up
to what scale one can use the cross-correlation function.
To show the dependence of our results on this choice, in
Figure 2 we plot how the constraining power depends on
it

“Einstein Telescope binned” shows results for the Ein-
stein telescope GW catalog, divided into two redshift
bins. Redshift binning can increase our ability to cross-
correlate the GW catalog with other sources at the ex-
pense of decreasing the number counts and thus increas-
ing the shot noise. For smaller experiments the expected
number of events detected is small, and a division of its
catalog into bins renders the shot noise term prohibitive.

D. GW Merger rates

As shown in Section II A, the error on the cross-
correlation depends on the shot noise in the gravitational
wave sources, proportional to the number of gravitational
wave events, n̄GW. We shall see that this term frequently
dominates the total error. We shall parametrize n̄GW

with the integrated merger rateR. Increased merger rates
will provide better constraining power, by reducing the
GW shot noise. We emphasize that while our forecast
constraints depend strongly on the observed merger rate,
by the time the measurement is to be made, the merger
rate will be known extremely well.

The total merger rate for all BH-BH merger events
implied by the current LIGO detection is 2-400
Gpc−3yr−1 [37] for z < 0.5. Given the current large
uncertainty, we adopt throughout a fiducial value of 50
Gpc−3yr−1 averaged over z ≤ 0.5, and include pre-
dictions for a range from 30 to 100 Gpc−3yr−1. This
matches the merger rate expected from BH mergers
resulting as the end-point of stellar binary evolution
from [38]. For the redshift evolution of the rate R(z),
following [38] we assume for simplicity that environments
with a metallicity of 0.25Z� are the dominant contribu-
tor to BH-BH binary mergers. Given that the formation
process of BH binaries is currently highly uncertain, this
assumption on the metallicity is a reasonable ansatz.

We also need an estimate for the merger rate from the
30M� PBHs we suggest may comprise the dark matter.
Here we shall follow theoretical expectations from [7],
which suggest that the merger rate is R ≈ 3 Gpc−3yr−1,
constant with redshift. However, this estimate includes
several large and difficult to quantify theoretical uncer-
tainties. To reflect this we will consider a range of merger
rates between 1 and 10 Gpc−3yr−1.

Note that these two estimates are not exclusive; the
total rate of BH mergers is independent of the rate of
30M� mergers from PBHs.

In principle, GW number counts are modified by gravi-
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FIG. 1. Forecast amplitude of the cross-correlation between
our fiducial galaxy sample and BH mergers as a function of
multipole `. Solid lines show the results for z = 0.5, and
dashed lines for z = 1.0, both integrated over a redshift shell
of width ∆z = 0.35. The two blue lines correspond to our
fiducial model for BH mergers of stellar origin, in halos with
bStellarGW = 1.4, while the two black lines correspond to mergers
resulting from PBHs, with bPBH

GW = 0.5. We assume r = 1 for
both cases.

tational lensing in two ways. First, by changing their ap-
parent angular position due to lensing convergence. Sec-
ondly, their observed number density is changed due to
cosmic magnification by the intervening mass distribu-
tion [39–41]. However, these effects are important only
on small scales, which ground-based GW detectors do
not have access to (assuming there are no EM counter-
parts), so we shall safely neglect them. Cosmic mag-
nification effects can be dominant at large scales [42].
However, cosmic magnification has a non-negligible ef-
fect only on long radial correlations, i.e. in the case of
the cross-correlations of a low-z bin with a high-z one. In
our analysis we use mostly only angular correlations, not
radial ones. Even in the case of binning, we make use
only of correlations within the same bins and the bins
are very wide. Hence, cosmic magnification should have
a negligible effect on our analysis.

E. GW Bias

As discussed above, our goal is to distinguish between
different progenitor models by measuring the bias of the
GW sources from the linear matter power spectrum. GW
events resulting from the endpoints of stellar binary evo-
lution in a halo are expected to be a function of the star
formation rate and the metallicity in the halo. They will
thus tend to occur in larger and more heavily biased ha-
los than mergers from PBHs, which have been shown to
occur predominantly in small halos below the threshold
for forming stars [7]. The bias for small halos can be
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estimated analytically using (see e.g. [43]):

bhalo = 1 +
ν2 − 1

δc
, (6)

where δc = 1.686 is the critical overdensity value for
spherical collapse, and ν ≡ δc/σ(M), where σ(M) is the
mass variance. Equation (6) gives bhalo ∼ 0.45 at z = 0,
and bhalo ∼ 0.5 at z = 1.5 for M < 106M�. As this in-
cludes the overwhelming majority of halos hosting PBH
mergers, we will take bPBH

GW = 0.5, constant with redshift.
For BH mergers with stellar binary progenitors, we as-

sume the galaxies that host the majority of the stars
have similar properties to our observed galaxy sample.
Thus we assume the same bias for stellar GW binaries
as we assumed for our galaxy sample in Section II B,
bStellar
GW = bg = 1.4. We assume this bias is constant with

redshift; in practice the bias of, for example, a 1012M�
halo will be larger at higher redshift, as objects of that
size become rarer. This will increase ∆b = bStellar

GW −bPBH
GW ,

making our estimates conservative.
Thus, if we cross-correlate a GW event map (filtered to

contain only & 30M� events) with a galaxy catalog, un-
der the assumption that the progenitors of BH-binaries
in this mass range are primarily dark matter PBHs, we
would expect a bias difference of ∆b = bStellar

GW − bPBH
GW &

0.9. If we instead assume that BH binaries form as the
endpoint of stellar evolution, we expect ∆b ∼ 0. In
Figure 1 we show the predicted cross-correlation of our
galaxy catalog for both models: BH mergers of primor-
dial and stellar origin.

A change in the fiducial value of bStellar
GW would also

mildly change the constraining power; bStellar
GW could be

different than bSFG
g because either the progenitors are not

tracing star formation, or due to any dynamical or as-
trophysical process that would change the effective bias.
In the first case, it would be a different model for the
progenitors, in the latter, this effect is included in the
correlation coefficient r. In any case, a detailed analysis
on the effect of the fiducial value for bStellar

GW is interesting
in the context of a careful investigation including several
models, and is left for a future work.

F. Estimating the cross-correlation amplitude

We now introduce a minimum-variance estimator for
the effective correlation amplitude, Ac ≡ r× bGW , where
r is the cross-correlation coefficient of Equation (1). This
cross-correlation coefficient parametrizes the extent to
which two biased tracers of the matter field are corre-
lated [44]. In our case, since we are only interested in
large angular scales, substantially larger than the size
of the halos concerned, it is reasonable to expect that
r ≈ 12. Nevertheless, in what follows we constrain Ac,

2 The cross-correlation coefficient can be smaller than unity. For
example, if in any dynamical process the binaries are ejected far

for full generality.
In general, the measurement error for specific parame-

ters in a given experiment can be estimated using Fisher
analysis. We write the Fisher matrix as:

Fαβ =
∑
`

∂C`
∂ϑα

∂C`
∂ϑβ

σ−2
C`
, (7)

where ϑα = {Ac, bg}; the derivatives of the power spectra
C` are evaluated at fiducial values ϑ̄α corresponding to
the scenario at hand, and σC`

are errors in the power
spectra.

We obtain our results by computing the 2 × 2 Fisher
matrix for the parameters {Ac, bg}, using a prior on the
galaxy bias corresponding to the precision reached by fit-
ting the amplitude of the galaxy auto-correlation function
Cgg` . For this galaxy auto-correlation we can use a larger
`max, because we are not limited by the poor spatial lo-
calization in the detection of GWs. We therefore use a
value of `max = 200, which yields a ∼ 10% precision in
the measurement of the bias bg. The impact of allowing
the galaxy bias to vary in a wider range will be discussed
in Section III.

When using multiple redshift bins we neglect the cor-
relation between different bins; as our assumed redshift
bins are wide, and we do not include cosmic magnifi-
cation, this cross-correlation contains virtually no infor-
mation. On large scales, galaxy clustering should be in
principle modified to account for general-relativistic cor-
rections (see e.g. [22, 45–50]). However, these effects are
subdominant compared to the uncertainty in the merger
rate and we verified that our conclusions are not heav-
ily affected by neglecting them (for a study on the im-
pact of GR effects on cosmological parameter estimation,
see [51]).

III. RESULTS

We now use the formalism outlined above to com-
pute the correlation between GWs and galaxy catalogs.
We study two cases separately. First, we forecast the
error on the amplitude of the cross-correlation of all
GW events detected, assuming they form as stellar bi-
naries within galaxies. We then forecast how well one
can test whether PBHs are the progenitors of high-mass
(∼30M�) BH-binaries, by cross-correlating galaxies with
only the higher-mass GW events.

A. GW-galaxy correlation

In the top panels of Figure 2 we show the predicted
error on the correlation amplitude, σAc

, as a function of

away from their host galaxy, r would reflect the fraction remain-
ing in their hosts. This effect is not important unless very high
angular-resolution is achievable.
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FIG. 2. Forecast errors on the cross-correlation amplitude Ac (colorbar) as a function of different combinations of our free
parameters. The horizontal axis shows `max, the maximum multipole accessible. The left hand panel fixes zmax and show NGW

on the vertical axis, while the right hand panel fixes the number of events and show constraints when varying the maximum
redshift observable.

a number of parameters describing the GW instrument
used. We show results as a function of the minimum
scale probed `max, the maximum redshift zmax and the
number of BH-BH mergers detected, defined as NGW =
TobsRVobs, whereR is the integrated average merger rate
in units of Gpc−3 yr−1, and Tobs and Vobs are the relevant
observation time and volume.

It can be seen that, as expected, the main limiting
factors for the detection of a deviation from GW-galaxy
correlation are the number of GW events and the mini-
mum angular scale used. In order to reduce the GW shot
noise it is important to observe a larger volume and for a
sufficient amount of time. For the angular scale, having
more detectors will allow a better spatial localization and
hence a larger `max to be used [36].

In Figure 3 we show forecasts for various ongoing and
next-generation experiments: aLIGO (advanced LIGO),
an extended aLIGO network (that we call LIGO-net [36])
and the planned Einstein Telescope [18], computing the
results for the case of a single redshift bin as well as mul-
tiple bins, as described above. We consider observation
times of 1, 3 and 10 years. Symbols mark results for the
upper and lower bounds on the merger rate of 30 and 100
Gpc−3 yr−1 averaged up to z ≤ 0.5, and then extrapo-
lated to higher redshifts based on the redshift-dependent
R(z) for Z = 0.25Z� adopted from [38]. Note that in
case a significant fraction of the observed GWs actu-
ally originate in high metallicity environments, Z ∼ Z�,
this would mean that the GW rate will be suppressed at
higher redshifts and ET will then not observe many more
events.

Our results indicate that instrument configurations al-
ready available may be able to see a hint of deviations
∆Ac ≈ 0.3 from our fiducial model for galaxy progeni-
tors, at 1-σ. Future measurements using the ET will yield
extremely precise constraints, potentially allowing alter-
native models to be discriminated at high significance.

1 year, R=30
1 year, R=100
3 years, R=30
3 years, R=100
10 years, R=30
10 years, R=100

σ 
(A

c)

0

0.2

0.4

0.6

0.8

1.0

experiment
aLIGO LIGOnet ET ET bins

Rate = 30-100 Gpc-3 yr-1

FIG. 3. Forecast errors on the cross-correlation amplitude,
Ac, for different fiducial experiment sets, varying merger rates
and years of observations. We show the error in the cross-
correlation for all observed BH-BH mergers. We assume the
fiducial model for BHs having a stellar binary origin. Filled
symbols show the lower bound of this rate and open symbols
show the upper bound. Each column corresponds to a GW
detector experiment.

B. Detecting PBH progenitors

The dependence of σ(Ac) is shown in the lower panels
of Figure 2 for fiducial event rates and biases typical of
a PBH origin for the high-mass GW events. The results
are similar to those where the mergers originate in stellar
binaries, as expected. The main difference is the reduced
number of events, due to the fact that we use only the
predicted high-mass BH mergers, which makes it more
important to reach a better angular resolution and survey
volume.

In Figure 4 we show how well we can constrain a PBH
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1 year, R=10
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PBH    Rate = 1 - 10 Gpc-3yr-1

FIG. 4. Forecast errors on the cross-correlation amplitude,
Ac, for different fiducial experiment sets, varying merger rates
and years of observations. We assume the fiducial model for
merger events with originating from PBHs. Filled symbols
show the lower bound of this rate and open symbols show the
upper bound. Each column corresponds to a GW detector ex-
periment. The horizontal lines show the expected difference in
the cross-correlation between a PBH and stellar binary origin
for the BH mergers.

origin for DM with different experiments. The predicted
measurement precision for this model has a target thresh-
old to cross, i.e. σ(Ac) . bStellar

GW − bPBH
GW = 0.9, corre-

sponding to the predicted difference in the correlation
between GWs and galaxies in the PBH and stellar mod-
els. Figure 4 shows this threshold with a solid line. Note
that BH-BH mergers from stellar binaries are expected to
be detectable from a wide range of BH masses, between
5-30 M� [5]. Therefore, even if the dark matter is made
of PBHs, a GW-event map containing only M > 30M�
mergers will include contributions from both primordial
and stellar BH-binaries. In this case the detection thresh-
old would reduce accordingly to the weighted average of
the difference between the biases.

We can see that if the merger rate for PBHs is at the
upper end of the range considered, a 1-σ measurement of
a GW bias deviating from that of the galaxies is possible
with ≈10 years of observations with aLIGO. With the
same merger rate, a future LIGO network could achieve
the same accuracy in ≈3 years, or detect a difference in
the biases at 2-σ in 10 years. ET would increase the
significance a little more. When binning the ET data,
slightly more than 1 year of observation could grant a
1-σ measurement, or 10 years could allow such detec-
tion even in the most pessimistic case for the merger rate
value. This instrument configuration would allow, for the
optimistic merger rate case, a ∼3-σ detection.

Comparing Figure 3 to Figure 4, corresponding to
detection possibilities for PBH and stellar binary BHs,
shows that the σ(Ac) achieved for a given GWs detector
configuration is much smaller under our model for BHs
originating from stellar binaries. That is mostly due to

LIGO
LIGO-net
ET

σ 
(A

c)

1.5

2.0

2.5

ngal [deg.-2]/bin
102 103 104 105

R = 3 Gpc-3yr-1, 3 years

FIG. 5. Forecast error on the cross-correlation amplitude Ac,
as a function of the number density of galaxies in the galaxy
survey. We show lines for three different GW detectors, each
described in Section II C. We assume a GW observing time
of 3 years, assuming a fiducial detection rate of 3 Gpc−3 yr−1

for GW BH mergers.

LIGO
LIGO-net
ET

σ 
(A

c)

1.5

2.0

2.5

3.0

σ (bg)
0.1 0.2 0.5 1 2

R = 3 Gpc-3yr-1, 3 years

FIG. 6. Forecast error on on the cross-correlation amplitude
Ac as a function of the error in the galaxy bias (measured
independently). We assume PBH progenitors with 3 years of
observations for each experiment.

the higher assumed overall BH-BH merger rate, which
leads to a smaller noise term in Eq. 4. Although the
fiducial bias also changes, this makes a small difference.

C. Dependence on the Galaxy Catalog

In Figure 5 we show constraints on the correlation am-
plitude Ac as a function of the number of objects in the
galaxy catalog. It can be seen that once the number of
objects reaches ≈ 1000 deg.−2, the shot noise of galaxies
becomes unimportant. Of course, the range where galaxy
shot noise becomes negligible depends on the number of
GW events detected (for a small number of GWs, their
shot noise prevents any gain by adding galaxies). For the
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angular cross-correlations we are interested in, the best
results are obtained by optimizing for number density
and redshift range, while it is not required to obtain a
precise redshift estimation, given that we are using pro-
jected angular correlations. Thus photometric or radio
surveys will indeed be the most useful.

We also investigate how our results will vary if we bin
in redshift. We assume that the redshift distribution of
GWs observed by the ET can be separated into two z-
bins (in practice finer redshift-binning may be possible).
We note that it is possible that specific models for the
GW progenitors will call for particular optimal binning-
strategies.

Above, we assumed that the galaxy bias will be mea-
sured to ∼ 10% precision by using the galaxy auto-
correlation function. In Figure 6 we investigate how the
constraints depend on the error on the galaxy bias. We
plot the error forecast as a function of the precision of
measurements of the galaxy bias for 3 years of observa-
tion and assuming a merger rate of 3 Gpc−3 yr−1. We
show that even using the lower merger rate expected for
massive BH mergers, a precision of a few tens of per-
cent (σ(bg) . 0.5) will be sufficient to extract the full in-
formation contained in the galaxy-GW cross-correlation.
Uncertainty in the galaxy bias is thus unlikely to be a
limiting factor in practice.

IV. DISCUSSION AND CONCLUSIONS

In this paper we have suggested that the cross-
correlation of galaxy catalogs with maps of GW-event
locations can be used to statistically infer the nature
of the progenitors of BH-BH mergers detected by cur-
rent and future gravitational wave detectors. We have
shown that by measuring the degree of cross-correlation
between galaxies and gravitational waves, future GW ex-
periments can potentially distinguish between GWs orig-
inating within galaxies and models where the merging
binary systems reside preferentially in smaller or larger
objects.

We have made forecasts for measurements with aLIGO
in present and future configurations and with the planned
Einstein Telescope, demonstrating under which condi-
tions this technique may be effective. As an example of
our methodology, we presented a forecast on the possibil-
ity to test the hypothesis that high-mass BH-BH mergers
such as GW150914 come from the merging of PBHs of
∼ 30M� that could make up the dark matter in the Uni-
verse [7]. Since in this model the vast majority of mergers
occur in low-mass halos, the sources of GW events should
be more uniformly distributed on the sky, with a low bias,

and with an almost flat redshift distribution. Our results
show that aLIGO + VIRGO may be able to probe this
model after ≈10 years of observations, under optimistic
assumptions on the resulting GW event rate. A future
LIGO network including new detectors would be able to
test this model with an increased precision (over a similar
observing time), while the ET should allow a measure-
ment at marginal significance even in the case of a low
merger rate and a relatively poor determination of the
bias of galaxies.

We emphasize that our predictions were derived under
fairly conservative assumptions; as noted above, having
a galaxy bias that increases with redshift would make it
easier to detect the PBHs scenario, by increasing ∆b. For
the ET case, we assumed a conservative minimum angu-
lar scale of 100 and even more conservatively, a maximum
redshift zmax = 1.5. Clearly, increasing the maximum z
probed will increase the number of events observed, hence
increasing the constraining power of the instrument. Fi-
nally, much better results could be obtained with pro-
posed future instruments such as DECIGO [52].

For the cases considered above, we have shown that the
properties of the galaxy survey used is not a limiting fac-
tor. More generally, we note that specific models for the
progenitors of BH-BH mergers can in principle predict
deviations from the standard case of stellar progenitors
in several parts of the parameter space, i.e. bias, red-
shift range and angular scales. To probe these models,
a variety of galaxy surveys that are planned for the next
few years will be available, so one could choose to use a
narrow and deep observation (by using e.g. PFS [53]) or
a shallower but full-sky one (e.g. SPHEREx [54]).

Finally, our methodology is focused on determining the
nature of binary progenitors by making use of the cross-
correlation of galaxy number counts with GW events.
It is worth noting that auto and cross-correlations of
GW maps can also be used in principle to constrain
cosmological parameters, using observables such as weak
gravitational lensing [40, 55] and the cross-correlation of
GW maps with CMB temperature maps might enable
to detect the Integrated Sachs-Wolfe effect [56] (further
cosmological investigations have been recently proposed
in [41, 57]).
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fregier, D. J. Bacon, J. Carretero, F. J. Castander,
M. Crocce, P. Fosalba, M. Manera, and V. Vikram,
(2016), 1601.00160.

[26] C. Chang, A. Pujol, E. Gaztanaga, A. Amara, A. Re-
fregier, D. Bacon, M. R. Becker, C. Bonnett, J. Car-
retero, F. J. Castander, M. Crocce, P. Fosalba, T. Gi-
annantonio, W. Hartley, M. Jarvis, T. Kacprzak, A. J.
Ross, E. Sheldon, M. A. Troxel, V. Vikram, J. Zuntz,
T. M. C. Abbott, F. B. Abdalla, S. Allam, J. Annis,
A. Benoit-Levy, E. Bertin, D. Brooks, E. Buckley-Geer,
D. L. Burke, D. Capozzi, A. C. Rosell, M. C. Kind, C. E.
Cunha, C. B. D’Andrea, L. N. da Costa, S. Desai, H. T.
Diehl, J. P. Dietrich, P. Doel, T. F. Eifler, J. Estrada,
A. E. Evrard, B. Flaugher, J. Frieman, D. A. Goldstein,
D. Gruen, R. A. Gruendl, G. Gutierrez, K. Honscheid,
B. Jain, D. J. James, K. Kuehn, N. Kuropatkin, O. La-
hav, T. S. Li, M. Lima, J. L. Marshall, P. Martini, P. Mel-
chior, C. J. Miller, and R. Miquel, (2016), 1601.00405.

[27] M. J. Jarvis, D. Bacon, C. Blake, M. L. Brown, S. N.
Lindsay, A. Raccanelli, M. Santos, and D. Schwarz,
(2015), 1501.03825.

[28] R. J. Wilman, L. Miller, M. J. Jarvis, T. Mauch,
F. Levrier, F. B. Abdalla, S. Rawlings, H.-R. Kloeck-
ner, D. Obreschkow, D. Olteanu, and S. Young,
Mon.Not.Roy.Astron.Soc. 388, 1335 (2008), 0805.3413.

[29] B. Ménard, R. Scranton, S. Schmidt, C. Morrison,
D. Jeong, T. Budavari, and M. Rahman, (2013),
1303.4722.

[30] M. Rahman, B. Ménard, R. Scranton, S. J. Schmidt, and
C. B. Morrison, (2014), 1407.7860.

[31] E. D. Kovetz, A. Raccanelli, and M. Rahman, (in prepa-
ration).

[32] B. F. Schutz, (2011), 1102.5421.
[33] S. Klimenko, G. Vedovato, M. Drago, G. Mazzolo,

G. Mitselmakher, C. Pankow, G. Prodi, V. Re,
F. Salemi, and I. Yakushin, Phys.Rev.D 83, 102001
(2011), 1101.5408.

[34] T. Sidery, B. Aylott, N. Christensen, B. Farr, W. Farr,
F. Feroz, J. Gair, K. Grover, P. Graff, C. Hanna,
V. Kalogera, I. Mandel, R. O’Shaughnessy, M. Pitkin,
L. Price, V. Raymond, C. Roever, L. Singer, M. V. der
Sluys, R. J. Smith, A. Vecchio, J. Veitch, and S. Vitale,
Phys. Rev. D 89, 084060 (2014), 1312.6013.

[35] T. Namikawa, A. Nishizawa, and A. Taruya, Phys. Rev.
Lett. 116, 121302 (2016), 1511.04638.

[36] S. Finn, P. Fritschel, S. Klimenko, F. Raab,
B. Sathyaprakash, P. Saulson, and R. Weiss, (2010).

[37] B. P. Abbott, R. Abbott, T. D. Abbott, M. R. Aber-
nathy, F. Acernese, K. Ackley, C. Adams, T. Adams,
P. Addesso, R. X. Adhikari, V. B. Adya, C. Affeldt,
M. Agathos, K. Agatsuma, N. Aggarwal, O. D. Aguiar,
L. Aiello, A. Ain, P. Ajith, B. Allen, A. Allocca, P. A.
Altin, S. B. Anderson, W. G. Anderson, K. Arai, M. C.
Araya, C. C. Arceneaux, J. S. Areeda, N. Arnaud, K. G.
Arun, S. Ascenzi, G. Ashton, M. Ast, S. M. Aston,
P. Astone, P. Aufmuth, C. Aulbert, S. Babak, P. Ba-
con, M. K. M. Bader, P. T. Baker, F. Baldaccini, G. Bal-
lardin, S. W. Ballmer, J. C. Barayoga, S. E. Barclay,
B. C. Barish, D. Barker, F. Barone, B. Barr, L. Barsotti,
M. Barsuglia, D. Barta, J. Bartlett, I. Bartos, R. Bassiri,
A. Basti, J. C. Batch, C. Baune, V. Bavigadda, M. Baz-
zan, B. Behnke, M. Bejger, C. Belczynski, and A. S. Bell,



9

(2016), 1602.03842.
[38] M. Dominik, K. Belczynski, C. Fryer, D. E. Holz,

E. Berti, T. Bulik, I. Mandel, and R. O’Shaughnessy,
(2013), 1308.1546.

[39] T. Matsubara, astro-ph/0004392.
[40] S. Camera and A. Nishizawa, PRL 110, 151103 (2013),

1303.5446.
[41] M. Oguri, (2016), 1603.02356.
[42] A. Raccanelli, D. Bertacca, R. Maartens, C. Clarkson,
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