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FIG. 3. Observational constraints on Mc and � for a lognormal PBH mass function, assuming 100% PBH DM. The left panel
presents a zoom into the high mass region relevant for the LIGO events, while the right panel presents a zoom into the low
mass region. The color coding is the same as in Fig. 1.

matic PBH mass functions and discussing possible
caveats associated with their interpretation. Our com-
putations cover the broad mass range 10�18 � 104M

�

and show that extended mass functions do not generally
alleviate the already existing constraints on the PBH DM
fraction, because the allowed fraction decreases with in-
creasing the width of the mass function. We have identi-
fied three mass windows where an appreciable fraction of
DM can still consist of PBHs: 5⇥10�16M

�

, 2⇥10�14M
�

and 25 � 100M
�

. If all the constraints discussed in the
literature are taken at face value and treated on an equal
footing, then at most O(10%) of DM can be in PBHs.
However, if some of the dynamical constraints can be

circumvented, then 100% PBH DM might be allowed in
these windows. Even O(10%) DM in the O(10)M

�

win-
dow might su�ce to explain the LIGO events.
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[13] S. Clesse and J. Garćıa-Bellido, Phys. Dark Univ. 10, 002
(2016), arXiv:1603.05234 [astro-ph.CO].

[14] M. Sasaki, T. Suyama, T. Tanaka, and S. Yokoyama,
Phys. Rev. Lett. 117, 061101 (2016), arXiv:1603.08338
[astro-ph.CO].

[15] A. M. Green, Phys. Rev. D94, 063530 (2016),
arXiv:1609.01143 [astro-ph.CO].

[16] B. Horowitz, (2016), arXiv:1612.07264 [astro-ph.CO].
[17] F. Kuhnel and K. Freese, (2017), arXiv:1701.07223

[astro-ph.CO].
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presents a zoom into the high mass region relevant for the LIGO events, while the right panel presents a zoom into the low
mass region. The color coding is the same as in Fig. 1.
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M. Kamionkowski, E. D. Kovetz, A. Raccanelli, and

A. G. Riess, Phys. Rev. Lett. 116, 201301 (2016),
arXiv:1603.00464 [astro-ph.CO].
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[13] S. Clesse and J. Garćıa-Bellido, Phys. Dark Univ. 10, 002
(2016), arXiv:1603.05234 [astro-ph.CO].

[14] M. Sasaki, T. Suyama, T. Tanaka, and S. Yokoyama,
Phys. Rev. Lett. 117, 061101 (2016), arXiv:1603.08338
[astro-ph.CO].

[15] A. M. Green, Phys. Rev. D94, 063530 (2016),
arXiv:1609.01143 [astro-ph.CO].

[16] B. Horowitz, (2016), arXiv:1612.07264 [astro-ph.CO].
[17] F. Kuhnel and K. Freese, (2017), arXiv:1701.07223

[astro-ph.CO].
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FIG. 3. A Mollweide projection of the posterior probability
density for the location of the source in equatorial coordinates
(right ascension is measured in hours and declination is mea-
sured in degrees). The location broadly follows an annulus
corresponding to a time delay of ⇠ 3.0+0.4

�0.5 ms between the
Hanford and Livingston observatories. We estimate that the
area of the 90% credible region is ⇠ 1200 deg2.

FIG. 4. Posterior probability density for the source luminos-
ity distance DL and the binary inclination ✓JN . The one-
dimensional distributions include the posteriors for the two
waveform models, and their average (black). The dashed lines
mark the 90% credible interval for the average posterior. The
two-dimensional plot shows the 50% and 90% credible regions
plotted over the posterior density function.

values because of the greater preference for spins with
components antialigned with the orbital angular momen-
tum.

The final calibration uncertainty is su�ciently small
to not significantly a↵ect results. To check the impact
of calibration uncertainty, we repeated the analysis using
the e↵ective-precession waveform without marginalising

FIG. 5. Posterior probability densities for the e↵ective in-
spiral spin �e↵ for GW170104, GW150914, LVT151012 and
GW151226 [13], together with the prior probability distri-
bution for GW170104. The distribution for GW170104 uses
both precessing waveform models, but, for ease of compari-
son, the others use only the e↵ective-precession model. The
prior distributions vary between events, as a consequence of
di↵erent mass ranges, but the di↵erence is negligible on the
scale plotted.

FIG. 6. Posterior probability density for the final black hole
mass Mf and spin magnitude af . The one-dimensional dis-
tributions include the posteriors for the two waveform mod-
els, and their average (black). The dashed lines mark the
90% credible interval for the average posterior. The two-
dimensional plot shows the 50% and 90% credible regions
plotted over the posterior density function.

4

Adapted from Adv.LIGO/VIRGO June 2017 release (supl. material)

�e↵ = [m1S1 cos(✓LS1) +m2S2 cos(✓LS2)]/(m1 +m2)

GW170814

Seven hints for PBH-DM
Hint 1: spins of LIGO black holes
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Seven hints for PBH-DM

• MCMC mass spectrum 
reconstruction from LIGO 
events and rates

• Event likelihood peaks on large 
masses: LIGO detectability 
scales like inverse distance

Hint 2: BH merger masses and rates

ERI II

µ = 2.5M�,� = 0.5
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Hint 2: BH merger masses and rates

µ = 2.5M�,� = 0.5

from QCD transition (see Chris Byrnes’s talk), 
ns -1 = 0.1 , e.o.s. at horizon crossing

cliff can be shifted 
to lower masses

from log-normal dist.

low ratios 
can be detected by LIGO/VIRGO
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• 56 microlensing events in 
M31:  between 15% and 30% 
of halo compact objects in 
range [0.5-1] Msun 
(1504.07246) 

• 24 micro-lensing of quasars 
by galaxies: between 15% 
and 25% of halo compact 
objects in range     
[0.05-0.45] Msun 
(1702.00947)

• Also in Magellanic cloud 
surveys, but still 
controversial

Hint 3:  Microlensing of M31 and quasars
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For 39 expected events, The upper limit is then τlmc < 0.36 ×
10−7. The limit on τlmc as a function of M is shown in Figure
15b. In the tE range favored by the MACHO collaboration, we
find

τlmc < 0.36 × 10−7 ×
!

1 + log(M/0.4M⊙)
"

95%CL , (17)

i.e.

f < 0.077 ×
!

1 + log(M/0.4M⊙)
"

95%CL , (18)

where f ≡ τlmc/4.7 × 10−7 is the halo mass fraction within the
framework of the S model. This limit on the optical depth is
significantly below the value for the central region of the LMC
measured by the MACHO collaboration (Alcock et al. 2000b),
τlmc/10−7 = 1.2+0.4−0.3(stat.) ± 0.36(sys.) and the revised value of
Bennett (2005), τlmc/10−7 = 1.0±0.3. The Alcock et al. (2000b)
optical depth used for the entire LMC predicts that EROS would
see ∼ 9 LMC events whereas none are seen.

For the SMC, the one observed event corresponds to an opti-
cal depth of 1.7 × 10−7 (Nstar = 0.86× 106). Taking into account
only Poisson statistics on one event, 0.05 < Nobs < 4.74 (90%
CL) this gives

0.085 × 10−7 < τsmc < 8.0 × 10−7 90%CL . (19)

This is consistent with the expectations of lensing by objects in
the SMC itself, τsmc ∼ 0.4 × 10−7 (Graff & Gardiner 1999). The
value of tE = 125 d is also consistent with expectations for self-
lensing ⟨tE⟩ ∼ 100 d for a mean lens mass of 0.35M⊙.

We also note that the self-lensing interpretation is favored
from the absence of an indication of parallax in the light curve
(Assef et al. 2006).

We can combine the LMC data and the SMC data to give a
limit on the halo contribution to the optical depth by supposing
that the SMC optical depth is the sum of a halo contribution,
τsmc−halo = ατlmc (α ∼ 1.4) and a self-lensing contribution τsl.
(We conservatively ignore contributions from LMC self-lensing
and from lensing by stars in the disk of the Milky Way.) For one
observed SMC event with tE = 125 d and zero observed LMC
events, the likelihood function is

L(τlmc, τsl) ∝
#

ατlmcΓ
′
h(tE) + τslΓ

′
sl(tE)

$

exp [−N(τlmc, τsl)]

where N(τlmc, τsl) is the total number of expected events (LMC
and SMC) as a function of the two optical depths as calcu-
lated with equation (8). The function Γ′h(tE) is the distribu-
tion (normalized to unit integral) expected for halo lenses of
mass M (Figure 14) and Γ′sl(tE) is the expected distribution for
SMC self-lensing taken from Graff & Gardiner (1999). We as-
sume the SMC self-lensing optical depth is that calculated by
Graff & Gardiner (1999) though the results are not sensitive to
this assumption. For macho masses less than 1M⊙, the likeli-
hood function is maximized for τlmc = 0 because there are
no LMC events in spite of the greater number of LMC source
stars. For M < 0.1M⊙ the limit on the halo contribution ap-
proaches that one would calculate for no candidates in either
the LMC or the SMC because the observed tE of 125 d is too
long for a halo event. The calculated upper limit is shown as
the dashed line in Figure 15b. In the mass range favored by the
MACHO collaboration, the limit is slightly lower than that us-
ing only the LMC data. The combined limit would be somewhat
stronger if we assumed an oblate halo (α < 1.4) and somewhat
weaker if we assumed a prolate halo (α > 1.4). Constraints on
the shape of the Milky Way halo were recently summarized by
Fellhauer et al. (2006) who argued that the observed bifurcation
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Fig. 15. The top panel shows the numbers of expected events
as a function of macho mass M for the S model of Alcock et al.
(2000b). The expectations for EROS-2-LMC, SMC (this work)
are shown alongwith those of EROS-1 (Renault et al. 1997) with
contributions from the photographic plate program (Ansari et al.
1996a) and CCD program (Renault et al. 1998). The number of
events for EROS-2-SMC supposes τsmc = 1.4τlmc. In the lower
panel the solid line shows the EROS 95% CL upper limit on
f = τlmc/4.7 × 10−7 based on no observed events in the EROS-
2 LMC data and the EROS-1 data. The dashed line shows the
EROS upper limit on τlmc based on one observed SMC event in
all EROS-2 and EROS-1 data assuming τsmc−halo = 1.4τlmc. The
MACHO 95% CL. curve is taken from Figure 12 (A, no lmc
halo) of Alcock et al. (2000b).

of the Sagittarius Stream can be explained if the halo is close to
spherical.

A possible systematic error in our result could come from
our assumption that the optical depth due to binary lenses is
small, 10% of the total. An alternative strategy would have been
to relax the cuts so as to include the event shown in Figure 8.
We have chosen not to do this because the light curve itself is
not sufficiently well sampled to establish the nature of the event
(other than that it is not a simple microlensing event) and also
because of its anomalous position in the color-magnitude dia-
gram. We note also that the optical depth associated with the
event, τ = 0.7 × 10−8, is a factor ∼ 4 below the upper limit (17).

Another important question concerns the influence on our
results of the Bright-Sample magnitude cut. Since the cut was
not established before the event search, it is natural to ask if the
position of the cut was chosen to give a strong limit. In fact,
elimination of the cut would not change significantly the conclu-

EROS vs MACHO (astro-ph/0607207)

Seven hints for PBH-DM
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• Dynamical heating of faint 
dwarfs and their star clusters

Hint 4: Star clusters and dynamics of faint dwarf galaxies

ERI II

Seven hints for PBH-DM
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FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected di↵use galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].

Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the e↵ect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an o↵set of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M�) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.

An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between

0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]

�PBH

mPBH
⇡ 0.3


mPBH

M�

� 
vrel
km/s

��4

cm2/g , (1)

if all PBH have the same mass and relative velocities
typical to the one expected in the core of some DM halos,
vrel ⇠ O(1)km/s. In reality, the numerous light PBH
from an extended mass distribution could significantly
boost the e↵ective cross-section so that larger velocities
could be accommodated. One can determine the typical
radius below which gravitational PBH scattering leads
to an homogenization of the kinetic energy, and thus of
the density, we have computed the relaxation time of
the system, assuming a NFW profile initially, trelax(r) ⇡
rN/(8vvir lnN), where N is the number of PBH within
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FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected di↵use galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].

Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the e↵ect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an o↵set of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M�) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.

An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between

0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]
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typical to the one expected in the core of some DM halos,
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from an extended mass distribution could significantly
boost the e↵ective cross-section so that larger velocities
could be accommodated. One can determine the typical
radius below which gravitational PBH scattering leads
to an homogenization of the kinetic energy, and thus of
the density, we have computed the relaxation time of
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rN/(8vvir lnN), where N is the number of PBH within
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FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected di↵use galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].

Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the e↵ect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an o↵set of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M�) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.

An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between

0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]
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if all PBH have the same mass and relative velocities
typical to the one expected in the core of some DM halos,
vrel ⇠ O(1)km/s. In reality, the numerous light PBH
from an extended mass distribution could significantly
boost the e↵ective cross-section so that larger velocities
could be accommodated. One can determine the typical
radius below which gravitational PBH scattering leads
to an homogenization of the kinetic energy, and thus of
the density, we have computed the relaxation time of
the system, assuming a NFW profile initially, trelax(r) ⇡
rN/(8vvir lnN), where N is the number of PBH within



Hint 5:  Core DM density profiles 

• Gravitational scattering between PBH:  

• Dynamical heating of cusps due to two-body interactions

• Relaxation time scale:

• Cusps homogenized in ~10 Gyrs up to a radius ~ 1kpc 

• Naturally solves the core-cusp problem

• Stable star clusters in UFDG are fine-tuned or require core profile: 
Amorisco 1704.06262 Contena et al, 1705.01820

trel ⇡
r

v

NPBH

8 lnNPBH

Seven hints for PBH-DM
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Hint 6: Spatial correlations in CIB and X-ray background 
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LIGO gravitational wave detection, primordial black holes and the near-IR

cosmic infrared background anisotropies

A. Kashlinsky1,

ABSTRACT

LIGO’s discovery of a gravitational wave from two merging black holes (BHs) of

similar masses rekindled suggestions that primordial BHs (PBHs) make up the dark

matter (DM). If so, PBHs would add a Poissonian isocurvature density fluctuation

component to the inflation-produced adiabatic density fluctuations. For LIGO’s BH

parameters, this extra component would dominate the small-scale power responsible for

collapse of early DM halos at z>
∼ 10, where first luminous sources formed. We quantify

the resultant increase in high-z abundances of collapsed halos that are suitable for

producing the first generation of stars and luminous sources. The significantly increased

abundance of the early halos would naturally explain the observed source-subtracted

near-IR cosmic infrared background (CIB) fluctuations, which cannot be accounted for

by known galaxy populations. For LIGO’s BH parameters this increase is such that the

observed CIB fluctuation levels at 2 to 5 µm can be produced if only a tiny fraction

of baryons in the collapsed DM halos forms luminous sources. Gas accretion onto these

PBHs in collapsed halos, where first stars should also form, would straightforwardly

account for the observed high coherence between the CIB and unresolved cosmic X-ray

background in soft X-rays. We discuss modifications possibly required in the processes

of first star formation if LIGO-type BHs indeed make up the bulk or all of DM. The

arguments are valid only if the PBHs make up all, or at least most, of DM, but at the

same time the mechanism appears inevitable if DM is made of PBHs.

1. Introduction

LIGO’s recent discovery of the gravitational wave (GW) from an inspiralling binary black hole

(BH) system of essentially equal mass BHs (∼ 30M⊙) at z ∼ 0.1(Abbott et al. 2016b) has led to

suggestion that all or at least a significant part of the dark matter (DM) is made up of primordial

BHs (PBH) (Bird et al. 2016; Clesse & Garćıa-Bellido 2016). In particular, Bird et al. (2016) argue

that this PBH mass range is not ruled out by astronomical observations and the observed rate at

∼(a few) Gpc−3yr−1 (Abbott et al. 2016a) can be accounted for if DM PBHs are distributed in

dense, low velocity-dispersion concentrations which escaped merging. There is abundant motivation

1 Code 665, Observational Cosmology Lab, NASA Goddard Space Flight Center, Greenbelt, MD 20771 and SSAI,

Lanham, MD 20770; email: Alexander.Kashlinsky@nasa.gov
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Hint 7: Existence of super-massive BH at high redshifts

Seven hints for PBH-DM

1712.01870 PBH provide the right 
number of seeds for SMBH
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Rethinking Dark Matter interactions: 



Primordial Black Holes

PBH

PBH

overdensity

overdensity
DM production 

Rethinking Dark Matter interactions:   PBH formation

CMB distortions, ultra-compact mini halos
Detectable GW background by Pulsar Timing Arrays (SKA)



Primordial Black Holes

Indirect Detection

PBH

PBH

GW

PBH

Rethinking Dark Matter interactions:   merging of PBH 
GW from BH mergers detected by LIGO,

constraints from Dark Radiation

Clue 1: LIGO merger rates compatible with PBH-DM

Clue 1I: Low spin and mass of black hole progenitors
Bird et al ;  S.C., J. Garcia-Bellido ; M. Sasaki, T. Suyama, S. Yokoyama, March 2016

Next step:   Black hole below Chandrasekhar mass (ET)



Primordial Black Holes

D
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PBH

PBH

Star, PBH

Star, PBH

Rethinking Dark Matter interactions:   Gravitational scattering 

Ultra-faint 
dwarf galaxies,

core/cusp problem

Clue 3:  observations of faint dwarf galaxies and their star clusters



Primordial Black Holes

D
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PBH

PBH

X-rays

H atom
DM production 

Rethinking Dark Matter interactions:   accretion onto PBH 

X-ray background 
radiation, 

CMB signatures,
21cm signal (SKA)

Explains the mass-to-light ratios in dwarf galaxies, missing stellites, 
too-big-to-fail problem, missing baryons, super-massive black holes

Clue 5:  Correlations between X-ray and infrared backgrounds
Clue 6:  Observations of early super-massive BH
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Rethinking Dark Matter interactions:   microlensing surveys

Microlensing
of stars in Andromeda 

and distant quasars, 
lensing of supernovae

Clue 7:  between 15% and 35% of sub-solar compact objects 
               in galactic halos

S.C., J. Garcia-Bellido, 1711.10458; SciAm, July 2017



Indirect Detection

Primordial Black Holes

D
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PBH

PBH

photon, H, star, PBH, 
GW, overdensity

photon, H, star, PBH,  
GW, overdensity

DM production 

Exciting times, very active, multi-disciplinary field, some clues in observations, 
upcoming experiments will challenge the scenario...
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...and future prospects
• Detecting a BH below the 

Chandrashekar mass (LIGO)

• Numerous merging events 
seen in GW detectors 
(LIGO, VIRGO, ET...)

• GW Stochastic Background 
(PTAs, LISA, LIGO)

• Detecting faint dwarf galaxies 
(DES, Euclid)

• Microlensing surveys (Euclid)

• 21cm signal (SKA)

• CMB (Planck, S4, LiteBird)

• Star position and velocities 
(GAIA), LMXB, PS in GC
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...and future prospects
• Detecting a BH below the 

Chandrashekar mass (LIGO)

• Numerous merging events 
seen in GW detectors 
(LIGO, VIRGO, ET...)

• GW Stochastic Background 
(PTAs, LISA, LIGO)

• Detecting faint dwarf galaxies 
(DES, Euclid)

• Microlensing surveys (Euclid)

• 21cm signal (SKA)

• CMB (Planck, S4, LiteBird)

• Star position and velocities 
(GAIA), LMXB, PS in GC

Clustering allows to distinguish 
stellar and primordial origins 

SC, JGB, 1610.08479

vvirial = 200 km/s
vvirial = 20 km/s
vvirial = 2 km/s
MPBH=30 Msun 
monochromatic
merging rate:
50 yr-1 Gpc-3 

damping:  effect of 
the initial separation dist.

PTA
SKA

LISA LIGO



...and future prospects
• Detecting a BH below the 

Chandrashekar mass (LIGO)

• Numerous merging events 
seen in GW detectors 
(LIGO, VIRGO, ET...)

• GW Stochastic Background 
(PTAs, LISA, LIGO)

• Detecting faint dwarf galaxies 
(DES, Euclid), tidal streams

• Microlensing surveys (Euclid)

• 21cm signal (SKA)

• CMB (Planck, S4, LiteBird)

• Star position and velocities 
(GAIA),  LMXB, PS in GC
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