
Have we “detected” Dark Matter in LIGO data?

Ilias Cholis  2/9/2017

S. Bird, I.C, J. Munoz, Y. Ali-Haimoud, M. Kamionkowski, E. Ko-
vetz, A. Raccanelli and  A. Riess (JHU)  PRL 116.201031, 
(arXiv:1603.00464) 
I.C., E. Kovetz, Y. Ali-Haimoud, S. Bird, M. Kamionkowski, J.

Livingston LA

Hanford WA
Munoz, A. Raccanelli PRD 94 084013 (arXiv:1606.07437) 
A. Raccanelli, E. Kovetz, S.Bird, I.C. J Munoz PRD 94 023516 (arXiv:1605:01405) 
V. Mandic, S. Bird, I.C. PRL 117.201102 (arXiv:1608.06699) 
I.C. arXiv:1609.03565 ,  E. Kovetz, I.C., P. Breysse, M. Kamionkowski  arXiv:1611:01157



Signals of thermal DM

–Production (accelerators)
–Cosmic rays/indirect detection (PAMELA/
Fermi/WMAP...)

–Direct detection (DAMA/XENON/CDMS...)
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What about Gravitational Waves?

Two black holes coalescing

eLISA (future searches!
 in space)

VIRGO (Italy)
LIGO (WA)

LIGO (LA)
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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FIG. 8. The cumulative (right to left) distribution of observed trig-
gers in the GstLAL analysis as a function of the log likelihood. The
best fit signal + noise distribution, and the contributions from signal
and noise are also shown. The shaded regions show 1s uncertain-
ties. The observations are in good agreement with the model. At
low likelihood, the distribution matches the noise model, while at
high likelihood it follows the signal model. Three triggers are clearly
identified as being more likely to be signal than noise. GW150914
stands somewhat above the expected distribution, as it is an unusu-
ally significant event – only 6% of the astrophysical distribution of
sources appearing in our search with a false rate of less than one per
century will be more significant than GW150914.

than was achieved in [42], due to the longer duration of data
containing a larger number of detected signals.

To do so, we consider two classes of triggers: those whose
origin is astrophysical and those whose origin is terrestrial.
Terrestrial triggers are the result of either instrumental or en-
vironmental effects in the detector, and their distribution is
calculated from the search background estimated by the anal-
yses (as shown in Fig. 3). The distribution of astrophysical
events is determined by performing large-scale simulations of
signals drawn from astrophysical populations and added to the
data set. We then use our observations to fit for the number of
triggers of terrestrial and astrophysical origin, as discussed in
detail in Appendix C. Figure 8 shows the inferred distributions
of signal and noise triggers, as well as the combined distribu-
tion. The observations are in good agreement with the model.

It is clear from the figure that three triggers are more likely
to be signal (i.e. astrophysical) than noise (terrestrial). We
evaluate this probability and find that, for GW150914 and
GW151226, the probability of astrophysical origin is unity
to within one part in 106. Meanwhile for LVT151012, it is
calculated to be 0.87 and 0.86, for the PyCBC and GstLAL
analyses respectively.

Given uncertainty in the formation channels of the various

Mass distribution R/(Gpc�3yr�1)

PyCBC GstLAL Combined
Event based

GW150914 3.2+8.3
�2.7 3.6+9.1

�3.0 3.4+8.6
�2.8

LVT151012 9.2+30.3
�8.5 9.2+31.4

�8.5 9.4+30.4
�8.7

GW151226 35+92
�29 37+94

�31 37+92
�31

All 53+100
�40 56+105

�42 55+99
�41

Astrophysical
Flat in log mass 31+43

�21 30+43
�21 30+43

�21
Power Law (�2.35) 100+136

�69 95+138
�67 99+138

�70

TABLE II. Rates of BBH mergers based on populations with masses
matching the observed events, and astrophysically motivated mass
distributions. Rates inferred from the PyCBC and GstLAL analyses
independently as well as combined rates are shown. The table shows
median values with 90% credible intervals.

BBH events, we calculate the inferred rates using a variety of
source population parametrizations. For a given population,
the rate is calculated as R = L/hV T i where L is the number
of triggers of astrophysical origin and hV T i is the population-
averaged sensitive space-time volume of the search. We use
two canonical distributions for BBH masses:

i a distribution uniform over the logarithm of component
masses, p(m1,m2) µ m1

�1m2
�1 and

ii assuming a power-law distribution in the primary mass,
p(m1) µ m�2.35

1 with a uniform distribution on the sec-
ond mass.

We require 5M�  m2  m1 and m1 +m2  100M�. The first
distribution probably overestimates the fraction of high-mass
black holes and therefore overestimates hV T i resulting in an
underestimate the true rate while the second probably over-
estimates the fraction of low-mass black holes and therefore
underestimating hV T i and overestimating the true rate. The
inferred rates for these two populations are shown in Table II
and the rate distributions are plotted in Figure 10.

In addition, we calculate rates based upon the inferred prop-
erties of the three significant events observed in the data:
GW150914, GW151226 and LVT151012 [140]. Since these
classes are distinct, the total event rate is the sum of the indi-
vidual rates: R ⌘ RGW150914 + RLVT151012 + RGW151226. Note
that the total rate estimate is dominated by GW151226, as it
is the least massive of the three likely signals and is therefore
observable over the smallest space-time volume. The results
for these population assumptions also are shown in Table II,
and in Figure 9. The inferred overall rate is shown in Fig. 10.
As expected, the population-based rate estimates bracket the
one obtained by using the masses of the observed black hole
binaries.

The inferred rates of BBH mergers are consistent with
the results obtained in [42] following the observation of
GW150914. The median values of the rates have decreased
by approximately a factor of two, as we now have three likely

LIGO’s full O1 (2015-16) run:

Different estimates on the coalescence rates come from different 
astrophysical assumptions 

PBH?
3

FIG. 1. Left: Amplitude spectral density of the total strain noise of the H1 and L1 detectors,
p

S( f ), in units of strain per
p

Hz, and the
recovered signals of GW150914, GW151226 and LVT151012 plotted so that the relative amplitudes can be related to the SNR of the signal
(as described in the text). Right: Time evolution of the waveforms from when they enter the detectors’ sensitive band at 30 Hz. All bands
show the 90% credible regions of the LIGO Hanford signal reconstructions from a coherent Bayesian analysis using a non-precessing spin
waveform model [45].

The gravitational-wave signal from a BBH merger takes the
form of a chirp, increasing in frequency and amplitude as the
black holes spiral inwards. The amplitude of the signal is
maximum at the merger, after which it decays rapidly as the fi-
nal black hole rings down to equilibrium. In the frequency do-
main, the amplitude decreases with frequency during inspiral,
as the signal spends a greater number of cycles at lower fre-
quencies. This is followed by a slower falloff during merger
and then a steep decrease during the ringdown. The amplitude
of GW150914 is significantly larger than the other two events
and at the time of the merger the gravitational-wave signal
lies well above the noise. GW151226 has lower amplitude but
sweeps across the whole detector’s sensitive band up to nearly
800 Hz. The corresponding time series of the three wave-
forms are plotted in the right panel of Figure 1 to better vi-
sualize the difference in duration within the Advanced LIGO
band: GW150914 lasts only a few cycles while LVT151012
and GW151226 have lower amplitude but last longer.

The analysis presented in this paper includes the total set of
O1 data from September 12, 2015 to January 19, 2016, which
contains a total coincident analysis time of 51.5 days accu-
mulated when both detectors were operating in their normal
state. As described in [13] with regard to the first 16 days
of O1 data, the output data of both detectors typically con-
tain non-stationary and non-Gaussian features, in the form of
transient noise artifacts of varying durations. Longer duration
artifacts, such as non-stationary behavior in the interferom-
eter noise, are not very detrimental to CBC searches as they
occur on a time-scale that is much longer than any CBC wave-

form. However, shorter duration artifacts can pollute the noise
background distribution of CBC searches. Many of these arti-
facts have distinct signatures [48] visible in the auxiliary data
channels from the large number of sensors used to monitor in-
strumental or environmental disturbances at each observatory
site [49]. When a significant noise source is identified, con-
taminated data are removed from the analysis data set. After
applying this data quality process, detailed in [50], the remain-
ing coincident analysis time in O1 is 48.6 days. The analyses
search only stretches of data longer than a minimum duration,
to ensure that the detectors are operating stably. The choice is
different in the two analyses and reduces the available data to
46.1 days for the PyCBC analysis and 48.3 days for the Gst-
LAL analysis.

III. SEARCH RESULTS

Two different, largely independent, analyses have been im-
plemented to search for stellar-mass BBH signals in the data
of O1: PyCBC [2–4] and GstLAL [5–7]. Both these analyses
employ matched filtering [51–59] with waveforms given by
models based on general relativity [8, 9] to search for gravi-
tational waves from binary neutron stars, BBHs, and neutron
star–black hole binaries. In this paper, we focus on the results
of the matched filter search for BBHs. Results of the searches
for binary neutron stars and neutron star–black hole binaries
will be reported elsewhere. These matched-filter searches are
complemented by generic transient searches which are sensi-
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Figure 3. Confidence regions for the MACHO mass Mp and MACHO halo
fraction. For comparison to past work we show the 2� joint confidence
levels as defined in Yoo04 and using the standard definition, respectively,
when the whole CG04 homogeneous sample is included. We also show the
updated 2� confidence levels omitting the spurious candidate binary. The
omission of this object eases the constraints on MACHOs; the window in-
creases to⇡ 30�500 M�. In addition, the effect on the constraints of omit-
ting the widest binary in CG04 is shown at the 90% confidence level: the
constraints at the 2� level vanish. The regions of parameter space shaded
in grey are ruled out at the 2� level by binaries and microlensing data – an
upper limit on the MACHO mass and halo fraction from disk kinematics is
also shown. We stress that the constraints from the binaries are based on the
assumption that the time-averaged dark matter density experienced by each
binary is the local halo density at the position of the Sun – the actual Galac-
tic orbits of the confirmed wide binaries suggest much lower time-averaged
dark matter densities. See text for a detailed discussion.

the local dark matter density. (Even if we assume the distance to
this binary is 20% less than predicted by the CG04 relation the av-
erage dark matter density is still only 40% of the local dark matter
density.) This implies that the inclusion of this object in the sam-
ple and the use of the local solar density are incompatible. In fact,
the two other binary pairs in our sample experience time-averaged
dark matter densities of 45% and 16% of the local density, while
for NLTT 39456/39457 it is 11%. If these orbits are representative
of the orbits of the widest binaries in the sample then this trend
could be a sign that the widest binaries can only survive by spend-
ing most of the orbit away from the inner regions of the Galaxy. If
we take the mean of the time-averaged halo density experienced by
the four binaries as a more representative value for the dark matter
encountered by a typical halo binary along its orbit, we can still use
the constraints discussed above but the contours defined by the bi-
nary constraints plotted in Figure 3 need to be shifted upwards by a
factor of five. This would seriously undermine the constraints that
can be drawn from wide binaries.

4 CONCLUSION

A population of MACHOs with masses beyond the current micro-
lensing detection threshold could have a marked effect on the sep-
aration distribution of wide halo binaries. While the actual number
of observed candidate wide halo stellar binaries is small, strong
constraints on MACHOs have been drawn from their distribution.
We have measured the radial velocities of four of the widest candi-

−40 −20 0 20 40 60 80
−50

−40

−30

−20

−10

0

10

20

30

40

NLTT 16394/16407

NLTT 39456/39457
NLTT 15501/15509

NLTT 10536/10548

 R (kpc)

 Z
 (k

pc
)

Figure 4. Orbits over 10 Gyrs for the 3 wide binaries that we confirmed and
wide binary NLTT 39456/39457. The Milky Way Mass model 1 of Dehnen
& Binney (1998) is assumed and for clarity we have flipped the sign of R
for NLTT 15501/15509.

date wide halo binaries from the sample used to place the existing
constraints. These measurements provide a consistency test on the
binarity of these objects and provide the data needed to examine
their Galactic orbits. Our data confirm that three of the four widest
halo binary candidates in the CG04 sample are real, thereby vin-
dicating the search strategy of CG04 and demonstrating explicitly
that binaries with separations of & 1pc can exist. However, the spu-
rious nature of the second-widest pair and the orbit of the widest
object undermines the existing constraints on MACHOs from anal-
ysis of wide halo binaries. The current wide binary sample is too
small to place meaningful constraints on MACHOs; in particular
the constraints are extremely sensitive to the widest binary in the
sample which, as we have shown, experiences a much lower dark
matter density than the value in the analysis leading to the con-
straints. Increasing the size of the wide binary sample, for example
using the SDSS proper motion data or, in the longer term, using
Gaia, is thus essential if we are to constrain the clumpiness of the
dark matter distribution in the Milky Way and determine whether
our results are just a reprieve for MACHOs.
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Assuming Dark Matter is composed by Primordial BHs.
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How fast do two BHs form a binary?
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In easy units:

Assuming an NFW profile for the PBHs:

⇢NFW (r) =
⇢0

(r/Rs) · (1 + r/Rs)2

One gets a Rate of PBHs mergers:
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Lower mass halos —>lower velocity 
dispersion (i.e. higher cross-section 
for the binary formation) and higher 
concentration:

2

The factor M

12

drops out, as it should. The merger rate
per unit volume also does not depend on the PBH mass,
a consequence of the dependence of the capture cross
section on M

2

bh

.
This rate is small compared with the 2�53 Gpc�3 yr�1

estimated by LIGO for a population of 30M� � 30 M�
mergers [14] by LIGO, but it is a very conservative esti-
mate. As Eq. (3) indicates, the merger rate is higher in
higher-density regions and also in regions of lower DM
velocity dispersion. The DM in Milky-way-like halos is
known from simulations [15] and analytic models [16]
to have substructure, regions of higer density and lower
velocity dispersion. There is also a broad spectrum of
DM-halo masses extending to very low masses wherein
the densities can become far higher and velocity disper-
sion far lower than in the Milky Way. To get a very
rough estimate of the conceivable increase in the PBH
merger rate due to these smaller-scale structures, we can
replace rho and v in Eq. (3) by the values they would
have had in the earliest generation of collapsed objects,
where the DM densities would have been largest and ve-
locity dispersions the smallest. If the primordial power
spectrum is nearly scale invariant, then gravitationally
bound halos of mass Mc ⇠ 500 M� will form at redshift
zc ' 33 � log

10

(Mc/30 M�). These objects will have
virial velocities v ' 0.2 km sec�1 and virial densities
⇢ ' 0.24 M� Mpc�3 [17]. Using these values in Eq. (3)
increases the merger rate per unit volume to

� ' 1400
✓

⇢

0.24 M� Mpc�3

◆ ⇣
v

0.2 km sec�1

⌘�11/7

Gpc�3 yr�1

.

(4)
Clearly, substructures are at the very least partially
stripped as they merge into larger objects in the hier-
archy, and so Eq. (4) should be viewed as a conservative
upper limit.

Having demonstrated that rough estimates contain the
merger-rate range 2 � �53 Gpc�3 yr�1 suggested by
LIGO, we now turn to more careful estimates of the PBH
merger rate. As Eq. (3) suggests, the merger rate will de-
pend on a density-weighted average, over the entire cos-
mic DM distribution, of ⇢

0.002v
�11/7

200

. To perform this
average, we will (a) first assume that DM is distributed
within galactic halos with a Navarro-Frenk-White profile
[18] with concentration parameters inferred from simula-
tions; and (b) then try several halo mass functions taken
from the literature for the distribution of halo.

The PBH merger rate R within each halo can be com-
puted using

R = 4⇡

Z r200
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r
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1
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✓
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where ⇢

nfw

(r) = 4⇢s

⇥
(r/rs)(1 + r/rs)2

⇤�1 is the
Navarro-Frenk-White density profile with characteristic
radius and density rs and ⇢s, respectively, and r

200

is

FIG. 1. The solid line shows the concentration-mass relation
from Ref. [20], while the dashed line shows that from Ref. [19].
Both concentration-mass relations are similar except in the
largest and smallest halos.

the virial radius, the radius at which the NFW profile
reaches a value 200 times the mean cosmic DM density
today. Here, M

pbh

is the PBH mass, and v

pbh

is the
relative velocity of two PBHs, and the angle brackets
denote an average over the PBH relative-velocity distri-
bution in the halo. The merger cross section � is that
in Eq. (1). The concentration parameter d (rather than
the conventional c, to avoid confusion with the speed of
light) is d = r

200

/rs. To determine the profile of each
halo, we need to relate d to the halo mass M . We use
concentration-mass relations from Ref. [19] and Ref. [20],
both fit from DM N-body simulations and shown in
Fig. 1.

We now turn to the average of the cross section times
relative velocity. The one-dimensional velocity disper-
sion of a halo is defined in terms of the escape velocity
at radius r
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circular velocity of the halo; i.e.,
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/rs. We approximate the velocity distribution of
PBHs within a halo as a Maxwell-Boltzmann distribu-
tion with a cuto↵ at the virial velocity; i.e.,

P (v
pbh

) = F

0

"
exp

 
�

v

2

pbh

v

2

dm

!
� exp

✓
� v

2

vir

v

2

dm

◆#
. (7)

where F

0

is chosen so that 4⇡

R vvir

0

P (v)v2

dv = 1. This
model provides a reasonable match to N-body simula-
tions, at least for the velocities substantially less than
than the virial velocity that dominate the merger rate

Bird et al. 1603.00464

But there are many more 
(in terms on number) low 
mass DM halos:
dn

dM
⇠ M�1.85

Impose a cut-off at 500 M�



After including information regarding the difference DM halos properties 
(concentration, and velocity dispersions) and effects on the smallest DM 
halos:

⇠ 6Gpc�3yr�1

3

FIG. 1. The PBH merger rate per halo as a function of
halo mass. The solid line shows the trend assuming the
concentration-mass relation from Ref. [27], and the dashed
line that from Ref. [26]. To guide the eye, the dot-dashed line
shows a constant BH merger rate per unit halo mass.

to be detectable by LIGO. This requirement imposes a
minimum impact parameter of roughly the Schwarzschild
radius. The fraction of BHs direct mergers is ⇠ v2/7 and
reaches a maximum of ⇠ 3% for v

pbh

= 2000 km s�1.
Thus, direct mergers are negligible. We also require that
once the binary is formed, the time until it merges (which
can be obtained from Ref. [29]) is less than a Hubble time.
The characteristic time it takes for a binary BH to merge
varies as a function of halo velocity dispersion. It can be
hours forM

vir

' 1012 M� or kyrs forM
vir

' 106 M�, and
is thus instantaneous on cosmological timescales. Given
the small size of the binary, and rapid time to merger,
we can neglect disruption of the binary by a third PBH
once formed. BH binaries can also form through non-
dissipative three-body encounters. The rate of these bi-
nary captures is non-negligible in small halos [19, 30],
but they generically lead to the formation of wide bina-
ries that will not be able to harden and merge within a
Hubble time. This formation mechanism should not af-
fect our LIGO rates. The merger rate is therefore equal
to the rate of binary BH formation, Eq. (8).

Fig. 1 shows the contribution to the merger rate,
Eq. (8), for two concentration-mass relations. As can
be seen, both concentration-mass relations give similar
results. An increase in halo mass produces an increased
PBH merger rate. However, less massive halos have a
higher concentration (since they are more likely to have
virialized earlier), so that the merger rate per unit mass
increases significantly as the halo mass is decreased.

To compute the expected LIGO event rate, we con-
volve the merger rate R per halo with the mass func-
tion dn/dM . Since the redshifts (z . 0.3) detectable by
LIGO are relatively low we will neglect redshift evolution
in the halo mass function. The total merger rate per unit

FIG. 2. The total PBH merger rate as a function of halo
mass. Dashed and dotted lines show di↵erent prescriptions
for the concentration-mass relation and halo mass function.

volume is then,

V =

Z
(dn/dM)(M)R(M) dM. (10)

Given the exponential fallo↵ of dn/dM at high masses,
despite the increased merger rate per halo suggested in
Fig. 1, the precise value of the upper limit of the inte-
grand does not a↵ect the final result.
At the lower limit, discreteness in the DM particles

becomes important, and the NFW profile is no longer a
good description of the halo profile. Furthermore, the
smallest halos will evaporate due to periodic ejection of
objects by dynamical relaxation processes. The evapora-
tion timescale is [33]

t
evap

⇡ (14N/ lnN ) [R
vir

/(C v
dm

)] , (11)

where N is the number of individual BHs in the halo, and
we assumed that the PBH mass is 30M�. For a halo of
mass 400M�, the velocity dispersion is 0.15 km sec�1,
and the evaporation timescale is ⇠ 3 Gyr. In prac-
tice, during matter domination, halos which have already
formed will grow continuously through mergers or accre-
tion. Evaporation will thus be compensated by the ad-
dition of new material, and as halos grow new halos will
form from mergers of smaller objects. However, during
dark-energy domination at z . 0.3, 3 Gyr ago, this pro-
cess slows down. Thus, we will neglect the signal from
halos with an evaporation timescale less than 3 Gyr, cor-
responding toM < 400M�. This is in any case 13 PBHs,
and close to the point where the NFW profile is no longer
valid.
The halo mass function dn/dM is computed using both

semi-analytic fits to N-body simulations and with an-
alytic approximations. Computing the merger rate in
the small halos discussed above requires us to extrapo-

S. Bird, IC, J. Munoz et al. (2016)

⇠ 2Gpc�3yr�1

⇠ 4⇥ 10�3Gpc�3yr�1

within the LIGO observed rate!



By 2019 the sensitivity will have increased to z<0.75
We expect             events from PBHs (if they compose 100% of DM) 
by 2025. 
All will be in a narrow mass range around 30 solar masses.
No other EM or neutrino signals. (typical though given that BH-BH give !
GW only)

Following the DM distribution (need better angular resolution though).

⇠ 103

Basic Uncertainties in the rate calculation:!
DM profile (factor of ~3)!
Mass-Concentration relationship (factor of ~3)!
Sub-halo contribution (previous slide) and discreteness of smallest halos.



Future directions for DM by PBHs
When these binaries form they have high initial eccentricities and small!

peri-center distances: 

I.C., E. Kovetz, Ali-Haimoud, S. Bird, M. Kamionkowski, J. Munoz and 
A. Raccanelli (JHU) PRD 94 084013 (arXiv:1606.07437) 
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Which in turn have dramatically different timescales until merger:

By the time of LIGO observation fully 
circularized.

Mvir=1012(M /h)
Mvir=109(M /h)
Mvir=106(M /h)

PDF of merging time from formation for PBH binaries
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rp=6·RSch
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Occurrence for PBH binaries at Mvir=1012(M /h)
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A rare case? (see many more modes of grav. waves)

With LIGO we expect O(1) events while with the Einstein Telescope !
we expect O(10) events with multiple modes detected from PBH 
binaries. Other astrophysical mechanisms for Binary BHs have typical 
time-scales of evolution that is ~Myrs-Gyrs. With Future eLISA we will 
also be able to trace back some PBH systems to earlier stages (days-
years before the merger event) and thus observe the binaries at even 
higher eccentricities.

Cholis et al. (2016)

simplified noise (LIGO final design)

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

The GW150914 eventPRL 116.061102

8 peaks —> 4 rotations
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FIG. 1. Expected sensitivity of the network of advanced LIGO and Virgo detectors to the Fiducial field model. Left panel:
Energy density spectra are shown in blue (solid for the total background; dashed for the residual background, excluding resolved
sources, assuming final advanced LIGO and Virgo [1, 2] sensitivity). The pink shaded region “Poisson” shows the 90% CL
statistical uncertainty, propagated from the local rate measurement, on the total background. The black power-law integrated
curves show the 1� sensitivity of the network expected for the two first observing runs O1 and O2, and for 2 years at the design
sensitivity in O5. (O3 and O4 are not significantly di↵erent than O5; see Table I.) If the astrophysical background spectrum
intersects a black line, it has expected SNR � 1. In both panels we assume a coincident duty cycle of 33% for O1 (actual) and
50% for all other runs (predicted). Right panel: Predicted SNR as a function of total observing time. The blue lines and pink
shaded region have the same interpretation as in the left panel. Each observing run is indicated by an improvement in the
LIGO-Virgo network sensitivity [35], which results in a discontinuity in the slope. The thresholds for SNR = 1, 3 (false-alarm
probability < 3⇥ 10�3) and 5 (false-alarm probability < 6⇥ 10�7) are indicated by horizontal lines.

trum for binary inspirals is an example. A power-law in-184

tegrated curve is calculated by taking the locus of power-185

law spectra that have expected SNR = 1, where [5]:186

SNR =
3H2

0

10⇡2

p
2T

2

4
Z 1

0

df
nX

i=1

X

j>i

�2

ij(f)⌦
2

GW

(f)

f6Pi(f)Pj(f)

3

5
1/2

,

(4)
for a network of detectors i = 1, 2, · · · , n. Hence, if187

the spectrum of an astrophysical background intersects188

a black curve, then it has an expected SNR � 1. In Eq.189

4, Pi(f) and Pj(f) are the one-sided strain noise power190

spectral densities of two detectors; �ij(f) is the normal-191

ized isotropic overlap reduction function [41, 42]; and T192

is the accumulated coincident observation time. While193

Eq. 4 is derived by assuming a Gaussian background [5],194

it can also be applied to non-Gaussian backgrounds (with195

signals that are clearly separated in time) such as the bi-196

nary black hole background considered here [43]. The197

di↵erent black curves shown in this plot illustrate the198

improvement in expected sensitivity in the coming years.199

Following [35, 39], we consider five di↵erent phases, de-200

noted O1 to O5, corresponding to the first five observing201

runs, summarized in Table I. For clarity, we show only202

the O1, O2, and O5 power-law integrated curves since203

the di↵erences between the projected sensitivities for O3,204

O4, and O5 are relatively small. In Fig. 1b, we plot the205

expected accumulated SNR for the Fiducial model as206

a function of total observation time. For both the sen-207

sitivity curves and the accumulated SNR, we assume a208

coincident duty cycle for each pair of detectors of 33% for209

O1 (actual) and 50% for all other runs (predicted). The210

total background associated with the Fiducial model211

could be identified with SNR = 3, corresponding to false212

alarm probability < 3⇥10�3, after approximately 6 years213

of observing. In the most optimistic scenario given by214

statistical uncertainties, the total background could be215

identified after 1.5 years with SNR = 3 and after approx-216

imatively 2 years with SNR = 5, which is even before217

design sensitivity is reached. It would take about 2 years218

of observing to achieve SNR = 3 and about 3.5 years for219

SNR = 5 for the optimistic residual background. The220

most pessimistic case considered here is out of reach of221

the advanced detector network but is in the scope of third222

generation detectors.223

Alternative Models — We now investigate the impact of224

possible variations on the Fiducial model. We consider225

the following alternatives:226

• AltSFR di↵ers from the Fiducial model in as-227

suming a di↵erent SFR proposed by Tornatore et228

al. [44], who combined observations and simulations229

at higher redshift; the formation rate is assumed230

8

Measuring the stock. back will probe the GW sources and it is a measurable !
quantity within the next 5-10 years.

LIGO early RESULTS

The stochastic GW background

⌦GW =
f

⇢c

d⇢GW

df
<— energy density between f and f+df

There are many more too distant or not powerful enough to be resolved 
above the threshold. These create a “stochastic” grav. wave background.



Updated Rates on the BH-BH mergers !
(some room a PBH component to be seen in the Stoch. Background)
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Another future direction:!
Cross-Correlations with Galaxies

If the GW signal comes from BHs originating by standard astrophysical sou-
rces e.g. BH in globular clusters, then the binary systems should preferential-
ly reside in galaxies where most of the stars are. So GW and star forming 
galaxy (SFG) maps would be highly correlated.!

If the BH binaries are mostly populating halos with different mass range, bias, 
redshift and angular distributions, then the correlation with SFGs galaxies in 
halos of masses                                  would be lower.!

A. Raccanelli, E. Kovetz, S. Bird,  I.C. J. Munoz 
PRD 94 023516 (arXiv:1605:01405)

⇠ 1011 � 1012M�

If the GW signal comes from PBHs that constitute the DM then their distribution 
will be more uniform on the sky. 

CXY
` = haX`maY ⇤

`mi = 4⇡

Z
dk

k
�2(k)WX

` (k)WY
` (k)

We can calculate angular projections:

Window functions



WX
` (k) =

Z
NX(z)bX(z)j`[k�(z)]dz

co-moving distance

bias (progenitor infor.)

#/sr

Window function:

Forecasted Cross-correlation amplitude of of Galaxies with BH-BH mergers. PBH 
binaries have a smaller bias b (~0.5) compared to stellar BHs (since the PBH rate is 
dominated by the smallest DM halos)!

NGW (z) = ṅ
GW

(z)T
obs

V (z)
3

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 rate R.
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 [31] for z <
0.5. Given the current large uncertainty, we adopt a fiducial
value of 50 Gpc�3yr�1, throughout, and include predictions
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 Ref [32], assuming for
simplicity that environments with a metallicity of 0.25Z� are
the dominant contributor to BH-BH binary mergers. Given the
large uncertainty in the total merger rate, we shall assume for
simplicity that it is constant with redshift [ek: Do we assume
the stellar R(z) is constant or not?]. As our redshift bins are
relatively wide, this should be a reasonable assumption.

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 Ref [7], which sug-
gest that the merger rate is R ⇡ 3 Gpc�3yr�1, constant with
redshift. However, this estimate includes several large and
di�cult to quantify theoretical uncertainties. To reflect this
we will consider a range of merger rates between 1 and 6
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 gravita-
tional lensing in two ways. First, by changing their apparent
angular position due to lensing convergence. Secondly, their
observed number density is changed due to cosmic magnifica-
tion by the intervening mass distribution [33–35]. However,
these e�ects are important only on small scales, which ground-
based GW detectors do not have access to (assuming there are
no EM counterparts), so we shall safely neglect them.

E. GW Bias

As discussed above, our goal is to distinguish between dif-
ferent progenitor models by measuring the bias of the GW
sources from the linear matter power spectrum. GW events re-
sulting from the endpoints of stellar binary evolution 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 halos than mergers from PBHs, which
Ref. [7] showed occur predominantly in small halos below the
threshold for forming stars. The bias for small halos can be

Stellar, z=0.35
PBH, z=0.35
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PBH, z=1.0
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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 bStellar

GW = 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.

estimated analytically using (see e.g. [36]):

bhalo = 1 + ⌫
2 � 1
�c
, (6)

where �c = 1.686 is the critical overdensity value for spherical
collapse, and ⌫ ⌘ �c/�(M), where�(M) is the mass variance.
Eq. (6) gives bhalo ⇠ 0.45 at z = 0, and bhalo ⇠ 0.5 at z = 1.5 for
M < 106M�. As this includes 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 assume
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 & 30 M� events) with a galaxy catalog, under the
assumption that the progenitors of BH-binaries in this mass
range are primarily dark matter PBHs, we would expect a bias
di�erence 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 primordial and stellar origin.

F. Estimating the cross-correlation amplitude

We now introduce a minimum-variance estimator for the
e�ective correlation amplitude, Ac ⌘ r ⇥ bGW , where r is

Raccanelli et al. (2016)



Understanding the Black Holes Mass Function
E. Kovetz, I.C., P. Breysse, M. Kamionkowski arXiv:1611:01157
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Another future possible indication for PBH:!
Mass-Spectrum of BH-BH binaries

E. Kovetz, et al. 2016
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The observables?
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Constraining MACHO Dark Matter: FRB Lensing 
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Constraining MACHO Dark Matter: FRB Lensing 
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

CHIME experiment: expected rate of            FRBs per year

Nlensed = ⌧̄NFRB

A null detection will close the “window”:

O(104)

Nlensed = 10� 100 yr�1

with time...

�t = 0.3 ms

�t = 1 ms

�t = 3 ms

1 10 100 1000
10-4

0.001

0.010

0.100

1

ML[M� ]

f D
M

EROS
MACHO

1 10 100 1000
10-4

0.001

0.010

0.100

1

M[M� ]

f D
M

EROS
MACHO

⌧̄ ⇠ 1%

Another future possible indication for PBH:!
Mass-Spectrum of BH-BH binaries

E. Kovetz, et al. 2016



Combining space and ground-based observations

We will be able to observe the evolution of individual systems over periods 
of years, thus measure the evolving eccentricities, masses.

I.C. Ely Kovetz, Julian Munoz, Marc Kamionkowski (work in progress + with many 
extensions)



Conclusions
• Taking the first detection of GWs we made a connection to a long standing problem, 

the nature of dark matter (assuming it is BHs produced at the Early Universe). 

• The rate that these BHs merge currently is of the same order of magnitude as the one 
observed (it could have been many orders of magnitude off) PRL 116 201031. 

• These can be very short-lived objects (shorter than this presentation or the time it will 
take me to go through that slide). Thus with properties very unique and Testable! in 
the next ~decade PRD 94 084013.  

• One can also search for a signal in the mass-spectrum of observed BHs in the next 
ten years arXiv:1611:01157 and even derive limits on PBHs from GWs (in progress). 

• We can also search for a signal in the overall background GW emission PRL 117 
201102 & arXiv:1609.03565 testable with the next generation of detectors (2030s). 

• Make a connection with other observables as is the distributions of galaxies PRD 94 
023516 (2030s++). 

• Ask more general questions regarding what are the sources of the GWs and what 
can we learn in terms of astrophysical systems PRD 94 023516, arXiv:1609.03565 & 
arXiv:1611:01157. 

• A GREAT NEW PROBE TO STUDY THE COSMOS



Thank you!


