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Population(s) of mergers

- We want to understand the population properties, and where they come from

- More than 90 events, up to millions in the Einstein Telescope era! 

GWTC-3

LIGO/Virgo/Kagra 

LIGO/Virgo/Kagra 

GWTC-2GWTC-1

2015 2021

LIGO-Virgo-KAGRA / Aaron Geller / Northwestern 
R. Abbott et al. [LIGO Scientific, VIRGO and KAGRA], [arXiv:2111.03634]
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Primordial BHs

Astrophysical BHs

Where do BHs come from?
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A very quick intro to the PBH model
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Inflation RD   /   MD

Early universe
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PBHs

PBH formation timeline

Horizon
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collapse bounces and the cosmological perturbation is
dispersed into the surrounding medium.

To compute the value of the threshold one needs to
specify initial conditions of the numerical simulations on
super-horizon scale, when the asymptotic form of the
space-time metric is given by

ds
2 = ≠dt

2 + a
2(t)e2’(r) #

dr
2 + r

2d�2$
(4)

where a(t) is the scale factor, while ’(r) is the conserved
comoving curvature perturbations defined on a super-
Hubble scale, converging to zero at infinity where the
Universe is taken to be unperturbed and spatially flat.

In this regime, using the so called gradient expansion
or long wavelength approximation [87–89], the energy
density contrast ”fl/flb for adiabatic perturbations (the
ones generated by a curvature profile ’(r)) can be written
as [90]

”fl

flb

(r, t) = ≠
4
3�

3
1

aH

42
e

≠5’(r)/2
Ò

2
e

’(r)/2
, (5)

where H © ȧ/a is the Hubble parameter, while the func-
tion �(t) depends on the equation of state of the Universe
and is obtained by solving the following equation [88]

1
H

d�(t)
dt

+ 5 + 3w(t)
2 �(t) ≠

3
2(1 + w(t)) = 0 (6)

integrated from past infinity to the time when the ampli-
tude of the perturbation is computed. In standard models
of the very early Universe (i.e. just after inflation) this
is assumed to be dominated by a radiation dominated
medium, with EoS p = wfl and w = 1/3.

When a constant w(t) = w̄ characterises the fluid
dominating the energy budget of the Universe, we have
d�(t)/dt = 0 and one obtains

�̄ = 3(1 + w̄)
(5 + 3w̄) , (7)

yielding �̄ = 2/3 for a radiation fluid with w̄ = 1/3.
Equation (7) is an attractor solution of Eq. (6), i.e. if
w(t) slowly varies in time, d�(t)/dt ƒ 0 and the evolution
of � approaches the value given by Eq. (7). The behavior
of � across the QCD phase transition, obtained by solving
Eq. (6), di�ers from the average �̄, particularly in the
region where w and c

2
s

are quickly varying with respect
MH . This is shown in the middle panel of Fig. 1.

It was shown that a consistent way to define the thresh-
old for PBH formation is in terms of the smoothed den-
sity contrast ”m computed at horizon crossing time, i.e.
aH = 1/rm. Using a top-hat window function with areal
radius R = a(t) exp[’(rm)]rm, where rm indicates the
location of the maximum of the mass excess, also called
compaction function, the amplitude of spherically sym-
metric peaks in the smoothed density field is related to
the curvature perturbation as [91]

”m = ≠� rm’
Õ(rm) [2 + rm’

Õ(rm)] . (8)

FIG. 1: Top panel: the EoS parameter w = p/fl (red)
and squared speed of sound (blue) as functions of the cos-
mological horizon mass MH . Central panel: Evolution
of the EoS dependent parameter �, relating the density
contrast to the curvature perturbation as functions of the
cosmological horizon mass MH . Bottom panel: Same
as above but showing the threshold for PBH formation.
The dashed horizontal lines refer to the values obtained
in the perfect radiation-fluid case.

Although strictly speaking the gradient expansion ap-
proach is valid only on super horizon scales, to com-
pute the perturbation amplitude ”m it is useful to extend
this approach up to the cosmological horizon crossing
time. Since then the region involved in the formation of a
PBH becomes causally connected, and the collapse starts
shortly afterwards. This gives a well defined criterion
to quantify the amplitude of cosmological perturbations,
comparing di�erent initial configuration collapsing at dif-
ferent epochs.
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Are PBHs useful?

• Possible contribution to current LVKC detections;

Yes, if they exist…

• They allow to set constraints on the early universe.

• They could be a significant fraction of the dark matter in our universe;

R. Abbott et al. [LIGO Scientific and Virgo], Phys. Rev. Lett. 125, no.10, 101102 (2020) [arXiv:2009.01075]

• They are largely incompatible with other particle DM candidates;
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J. Adamek, C. T. Byrnes, M. Gosenca and S. Hotchkiss, Phys. Rev. D 100, no.2, 023506 (2019) [arXiv:1901.08528] 
G. Bertone, et al. Phys. Rev. D 100, no.12, 123013 (2019) [arXiv:1905.01238] 

Yes, if they didn’t exist…

• Form the SMBH seeds;
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Constraints on the PBH abundance

Review: B. Carr, K. Kohri, Y. Sendouda and J. Yokoyama, Rept. Prog. Phys. 84, no.11, 116902 (2021) [arXiv:2002.12778]
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Primordial black hole mass MPBH [M�]
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• PBH abundance expressed in terms of the dark matter

(can be thought as a proxy for the 
average PBH number density)
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fPBH ⌘ ⌦PBH/⌦DM

• The abundance controls the merger rate:
T. Nakamura, M. Sasaki, T. Tanaka, and K. S. Thorne, Astrophys. J. Lett. 487, L139 (1997), [arXiv:9708060] 
K. Ioka, T. Chiba, T. Tanaka, and T. Nakamura, Phys. Rev. D 58, 063003 (1998), [arXiv:9807018]

LVK measurements set a bound on the 
PBH abundance in the stellar mass range
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How to identify PBH mergers?
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Astro vs Primordial origin
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Astro 
Mass Gap (?)

• Mass distribution 

• Spin distribution 

• Merger rates evol. (z) 

• ….

<latexit sha1_base64="T2zM4zAGbKksDW7P6WQZuCnwZCw="></latexit>t M�

100 101

100

101

102

ABH ABH



Gabriele Franciolini - XIII ET Symposium - 11

Merger rate evolution with redshift
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E.D.Hall and M.Evans, Class. Quant. Grav. 36, 22, 225002 (2019) [arXiv:1902.09485]
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z > 30

• No astro contamination above redshift  

• 3G detectors could observe these sources!
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z t 30

Monotonic growth up to
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z & 103
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R t t�34/37

K. Ng, et al. Astrophys. J. Lett. 913, no.1, L5 (2021) [arXiv:2012.09876]

T. Nakamura, et al. PTEP 2016, no.9, 093E01 (2016) [arXiv:1607.00897] 
S. Koushiappas and A. Loeb, Phys. Rev. Lett. 119, no.22, 221104 (2017) [arXiv:1708.07380] 
….
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Properties of PBH binaries
G. Franciolini, R. Cotesta, N. Loutrel, E. Berti, P. Pani and A. Riotto, Phys. Rev. D 105, no.6, 063510 (2022) [arXiv:2112.10660]

PBH 
smoking-gun

PBH rule-out

May be PBH

Poorly measured

Large precision improvements with the Einstein Telescope!

unobserved
GWTC-3
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PBH binary?
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e ⌧ 1
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� ⇡ �PBH(m1, q)



Gabriele Franciolini - XIII ET Symposium -

Population studies

13



14
G.F., F. Iacovelli, et al [arXiv:2304.03160]

10-1 100 101 102
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100

E
I

CMB

XRayB

Xr
XRR

M87

How many events can we hope for?

Conservative upper bound from GWTC-3

18

Therefore, the PBH subpopulation improves the fit to the
data but not to a su�cient level that would make their
absence strongly disfavoured.

Overall, this analysis suggests the presence of more
features in the GWTC-3 data than what is captured by
the LVK NS and BBH phenomenological models. Even
in the most conservative setting, we found that a PBH
subpopulation may capture some of these features, even
when the non-observation of a subsolar merger population
is taken into account. We now proceed to discuss some
interesting implications of our results for future detections
and constraints on PBHs and early universe models of
inflation.

VII. IMPLICATIONS FOR FUTURE GW
EXPERIMENTS AND PBH MODELS

In this section we discuss some implications of our
results for the upcoming LVK observation runs and for
the PBH scenario.

A. Predicted rate of subsolar mergers and mass-gap
events in future LVK searches

As previously discussed, a general property of the ab-
initio PBH model is to predict a significant merger rate in
the subsolar range and in the lower mass gap, due to the
broadness of the PBH mass function. Thus, once fixing the
best-fit PBH abundance distribution through the Bayesian
inference, it is possible to make falsifiable predictions
about the expected numbers of events in the subsolar
mass range and in the lower mass gap, assuming some of
the GWTC-3 events already detected is interpreted as a
primordial binary.

In Table IV, we show these predictions, assuming
GW190814 is primordial (29% likelihood in our analy-
sis). Assuming a primordial origin for GW190924_021846
(40% likelihood in our analysis) provides similar predic-
tions6. First of all, the first row in Table IV shows that
the interpretation of at least GW190814 as a PBH binary
implies the current catalog may include a fraction between
1% and 29% of PBH mergers. On the other hand, the
number of expected subsolar mergers within the O1-O2-
O3 observation runs is below unity, consistently with the
absence of observations in that mass range.

Due to the much improved sensitivity of future observa-
tion runs, we notice that O4 and O5 would be bound to

6 In the following we shall mostly assume that GW190814
is a primordial binary, even though the PBH likelihood of
GW190924_021846 is higher. Besides the fact that the two
assumptions would provide similar results, GW190814 is more
challenging to fit within standard astrophysical scenarios and the
mass of its secondary [195] motivates exploring other explanations
for this event.

TABLE IV: Assuming GW190814 had primordial origin,
this table reports the 90% C.I. for the number of detected
PBH events within GWTC-3, and predicted events (per
year) with O4 and O5 sensitivity. We also indicate fore-
casted detections within the subsolar (m2 < M§, SS),
lower mass gap (m1 or m2 œ [2.5, 5] M§, LMU), upper
mass gap (m1 > 50M§, UMG) ranges.

Ndet
PBH Ndet

PBH(SS) Ndet
PBH(LMG) Ndet

PBH(UMG)
O1-O3 [0.8, 22.4] [0.0, 0.6] [0.1, 2.3] [0.0, 6.1]
O4 [1.9, 43.7] [0.0, 1.3] [0.3, 13.0] [0.0, 13.1]
O5 [10.3, 216.7] [0.0, 8.6] [0.8, 25.2] [0.0, 47.3]

detect many PBH events, as expected. However, unless
some of these events have smoking-gun features [17], it
would be hard to distinguish them from ordinary astro-
physical channels. Therefore, a more interesting predic-
tion of Table IV is the number of subsolar and mass-gap
events detectable in O4 and O5. In particular, in O5 there
could be as many as ¥ 8 subsolar events per year (but
the 90% confidence interval is also compatible with zero
events). More interestingly, if GW190814 is assumed to
be primordial then O5 should detect one to a few dozen
events per year in the lower mass-gap (and up to ¥ 50
upper mass-gap events), which might be more di�cult to
interpret in astrophysical scenarios.

While detecting a subsolar merger would be a unique
smoking gun for PBHs (or would anyway call for new
physics beyond the standard astrophysical formation sce-
nario [196–203]), the lower mass gap [204] could be popu-
lated also by second-generation mergers formed in dense
stellar clusters, whose rates in this mass range are partic-
ularly uncertain. A way to distinguish second-generation
BH mergers from PBH mergers is by measuring the bi-
nary spins, since in the former case the spin is expected
to be nonnegligible [204, 205], at variance with the latter
case [17, 132].

We conclude this section by speculating that the ex-
istence of a lower mass gap population of PBHs may
be compatible with the OGLE-2011-BLG-0462 low mass
BH microlensing observation [206, 207], whose X-ray lu-
minosity is consistent with the small radiative e�ciency
expected for a BH and disfavours a NS interpretation [208],
see also Ref. [209].

B. PBH constraints

The posterior distribution describing the parameters
of the PBH population (see Appendix A) can be used to
set an upper bound on the PBH abundance in the solar
mass range.

In Fig. 9 we show the posterior predictive distribution
for the PBH mass function f(mPBH) in a logarithmic scale
obtained from the GWTC-3 inference, together with ex-
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N tot NSS Nz>10 Nz>30 NLMG NUMG

Intrinsic population 1 920 000 708 487 1 400 384 795 904 300 220 7774

Configuration N tot
det NSS

det Nz>10
det Nz>30

det NLMG
det NUMG

det

—-10km-HFLF-Cryo 13 347 1650 336 17 2638 235
—-15km-HFLF-Cryo 30 912 4281 1099 91 6443 376
2L-15km-45¶-HFLF-Cryo 24 900 3345 824 66 5132 332
2L-15km-0¶-HFLF-Cryo 26 585 3580 940 65 5517 356
2L-20km-45¶-HFLF-Cryo 35 524 5206 1434 140 7550 374
2L-20km-0¶-HFLF-Cryo 45 650 6745 1962 187 9809 465
1L-20km-HFLF-Cryo 22 852 3019 698 37 4656 310

—-10km-HF 4804 553 4 0 1023 74
—-15km-HF 12 739 1660 106 0 2747 130
2L-15km-45¶-HF 10 714 1379 76 0 2239 113
2L-15km-0¶-HF 10 762 1374 79 0 2297 114
2L-20km-45¶-HF 20 704 2900 286 0 4574 175
2L-20km-0¶-HF 15 951 2211 210 0 3515 146
1L-20km-HF 7610 987 51 0 1633 84

CE-40km 41 650 6250 2050 142 8732 378
CE-40km-CE-20km 55 832 8702 2995 223 11 897 469
CE-40km-—-10km-HFLF-Cryo 56 964 8668 2876 226 12 108 510
CE-40km-2L-15km-45¶-HFLF-Cryo 68 524 10 669 3604 331 14 713 590
CE-40km-2L-15km-0¶-HFLF-Cryo 65 245 10 127 3366 294 13 990 563
CE-40km-CE-20km-—-10km-HFLF-
Cryo

71 414 11 300 3945 332 15 430 589

CE-40km-CE-20km-2L-15km-45¶-
HFLF-Cryo

82 812 13 297 4757 443 17 975 663

CE-40km-CE-20km-2L-15km-0¶-
HFLF-Cryo

77 974 12 444 4379 396 16 827 621

LVKI-O5 49 7 0 0 10 1

TABLE I: Top row: Intrinsic number of PBH merger per year predicted by the population we assume in this section.
Bottom rows: Number of detected events (SNR Ø 12) per year for all the ET configurations considered in this work.
In particular, in the second column we report the total number of detections, in the third the number of detections in
the subsolar range (i.e. having at least m2 Æ 1 M§), in the fourth and fifth the number of detections at high redshift,
z Ø 10 and z Ø 30, respectively, in the sixth column the number of detected events having at least one of the masses
in the so–called lower mass gap (m1 œ [2.5, 5] M§ and/or m2 œ [2.5, 5] M§) and in the last columns the number of
observed events with at least one of the masses in the so–called upper mass gap (i.e. having at least m1 Ø 50 M§).

a few, where all designs have an outstanding performance.

Anyway, a note of caution is needed here. The sole
fact that a merger happening at z & 30 is detectable
does not assure a good reconstruction of its distance.
As already discussed in the preceding section, individual
merger detections require su�cient precision on the source
redsfhit in order prove the primordial nature of the source
(see Refs. [? ? ] for an in-depth analysis of this parameter
estimation uncertainties based on Bayesian PE). One
could also exploit a population based inference of the

high-redshift merger rate. In such a way, multiple event
detection can be combined, thus enhancing the statistics
and reducing the overall uncertainties [? ? ]. In any case,
this simplified comparison solidly shows the importance
of the cryogenic instrument in order to access the high
redshift smoking-gun signature.

We report in Figs. ?? (top panel) the cumulative distri-
butions of SNRs attainable at ET with all the considered
geometries and the two ASDs, while in the bottom panels
we show the same results for CE (both as a single 40 km

Su
bs

ol
ar

H
ig
h-

z

M
as

s 
ga

ps+ other configurations…



Gabriele Franciolini - XIII ET Symposium - 15

High-z population study
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<latexit sha1_base64="lKgcCi/lVqnoForIGl56OyvoXxA=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBU0n8PknRi8cKpi20oWy2m3bpZhN2N0IN/Q1ePCji1R/kzX/jps1BWx8MPN6bYWZekHCmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqjiVhHok5rFsB1hRzgT1NNOcthNJcRRw2gpGt7nfeqRSsVg86HFC/QgPBAsZwdpI3tP1qVPp2VWn5kyBFolbkCoUaPTsr24/JmlEhSYcK9VxnUT7GZaaEU4nlW6qaILJCA9ox1CBI6r8bHrsBB0ZpY/CWJoSGk3V3xMZjpQaR4HpjLAeqnkvF//zOqkOr/yMiSTVVJDZojDlSMco/xz1maRE87EhmEhmbkVkiCUm2uSTh+DOv7xImic196J2fn9Wrd8UcZThAA7hGFy4hDrcQQM8IMDgGV7hzRLWi/VufcxaS1Yxsw9/YH3+AIafjds=</latexit>

z > 30

G.F., F. Iacovelli, et al [arXiv:2304.03160]

• Huge jump compared to LVK 

• Cryo design (low-frequencies) crucial 
for high redshift sources 

• Beware of high redshift z-uncertainties
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<latexit sha1_base64="TDeWdB8xbEoVadi9exVJ9Dzj/L8=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqexKUS9C0YuXQgX7Ae1astm0Dc0mSzKrlKX/w4sHRbz6X7z5b0zbPWjrg4HHezPMzAtiwQ247reTW1ldW9/Ibxa2tnd294r7B02jEk1ZgyqhdDsghgkuWQM4CNaONSNRIFgrGN1M/dYj04YreQ/jmPkRGUje55SAlR5q+ApXXFzrdVWooFcsuWV3BrxMvIyUUIZ6r/jVDRVNIiaBCmJMx3Nj8FOigVPBJoVuYlhM6IgMWMdSSSJm/HR29QSfWCXEfaVtScAz9fdESiJjxlFgOyMCQ7PoTcX/vE4C/Us/5TJOgEk6X9RPBAaFpxHgkGtGQYwtIVRzeyumQ6IJBRtUwYbgLb68TJpnZe+8XLmrlKrXWRx5dISO0Sny0AWqoltURw1EkUbP6BW9OU/Oi/PufMxbc042c4j+wPn8AUs4kRs=</latexit>

M = 40M�
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<latexit sha1_base64="K3SS1tHBwCH1eCi8IkFhV7WIt8c=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUmakPpZSN90IFawWOkPJZDIazCRDckcsQz/Cjb/ixoUibl24829MHwu1Hggczjk3yT1RJrgBz/typqZnZufmSwvlxaXllVV3bf3SqFxT1qJKKN2OiGGCS9YCDoK1M81IGgl2Fd2eDvyrO6YNV/ICehkLU3ItecIpASt13d2zbgDsHooAuOzhZr3RxwHJMq3uccf39vCBF2KbUbGCrlvxqt4QeJL4Y1JBYzS77mcQK5qnTAIVxBh7YQZhQTRwKli/HOSGZYTekmvWsVSSlJmwGC7Vx9tWiXGitD0S8FD9OVGQ1JheGtlkSuDG/PUG4n9eJ4fkOCy4zHJgko4eSnKBQeFBQzjmmlEQPUsI1dz+FdMbogkF22PZluD/XXmSXO5X/cNq7bxWOamP6yihTbSFdpCPjtAJaqAmaiGKHtATekGvzqPz7Lw576PolDOe2UC/4Hx8A1+LnR8=</latexit>

MPBH ⇡ [10, 50]M�

High-z population study

• Reconstructing the merger rate  

• Conservative assumptions on Pop-III rate 

• Simulated 4 months of data at CE-ET

<latexit sha1_base64="ZyzdGsryWkZX6t4N9lGYbG1FIWA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0oWy2m3bpZhN2J0It/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//ci1EYl6wHHKg5gOlIgEo2gl/4n4A7RuTDy3V664VXcOskq8nFQgR6NX/vL7CctirpBJakzXc1MMJlSjYJJPS35meErZiA5411JFY26CyfzmKTmzSp9EibalkMzV3xMTGhszjkPbGVMcmmVvJv7ndTOMroOJUGmGXLHFoiiTBBMyC4D0heYM5dgSyrSwtxI2pJoytDGVbAje8surpHVR9S6rtftapX6Tx1GEEziFc/DgCupwBw1oAoMUnuEV3pzMeXHenY9Fa8HJZ47hD5zPHwYSkQg=</latexit>

z & 10

K. Belczynski, et al. Mon. Not. Roy. Astron. Soc. 471, no.4, 4702-4721 (2017) [arXiv:1612.01524]

K.Ng, G.Franciolini, E.Berti, P.Pani, A.Riotto and S.Vitale, 
Astrophys. J. Lett. 933 (2022) no.2, L41 [arXiv:2204.11864]

<latexit sha1_base64="SEIrhe8Jjq014s8s4wrwImllKEY=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIqDdLvfRYwX5AG8pmu2mXbjZhdyItIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82PBNTjOt1XY2Nza3inulvb2Dw6P7ONyW0eJoqxFIxGprk80E1yyFnAQrBsrRkJfsI4/uZ/7nSemNI/kI8xi5oVkJHnAKQEjDexyH9gU0ma9gX0uiZrdZQO74lSdBfA6cXNSQTmaA/urP4xoEjIJVBCte64Tg5cSBZwKlpX6iWYxoRMyYj1DJQmZ9tLF7Rk+N8oQB5EyJQEv1N8TKQm1noW+6QwJjPWqNxf/83oJBLdeymWcAJN0uShIBIYIz4PAQ64YBTEzhFDFza2YjokiFExcJROCu/ryOmlfVt3rqvtwVanV8ziK6BSdoQvkohtUQw3URC1E0RQ9o1f0ZmXWi/VufSxbC1Y+c4L+wPr8AbeWlDw=</latexit>

PBH binary?

<latexit sha1_base64="srRpxhCcwLOWxF2LgXXUlglrZZQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8cK9gOaUDbbbbt0Nwm7E6GG/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuh9RwKSLeQIGStxPNqQolb4Wj26nfeuTaiDh6wHHCA0UHkegLRtFK/hPxB2hdRc7dbrniVt0ZyDLxclKBHPVu+cvvxSxVPEImqTEdz00wyKhGwSSflPzU8ISyER3wjqURVdwE2ezmCTmxSo/0Y20rQjJTf09kVBkzVqHtVBSHZtGbiv95nRT710EmoiRFHrH5on4qCcZkGgDpCc0ZyrEllGlhbyVsSDVlaGMq2RC8xZeXSfOs6l1WvfuLSu0mj6MIR3AMp+DBFdTgDurQAAYJPMMrvDmp8+K8Ox/z1oKTzxzCHzifPwgmkQc=</latexit>

z & 30
<latexit sha1_base64="iMpEr0q74jVO/ztE5wDNAx39kKs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNlJbzJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsPbqd98Qm24kg92lGKY0L7kMWfUOqmBHSFI0C2V/Yo/A1kmQU7KkKPWLX11eoplCUrLBDWmHfipDcdUW84EToqdzGBK2ZD2se2opAmacDy7dkJOndIjsdKupCUz9ffEmCbGjJLIdSbUDsyiNxX/89qZja/DMZdpZlGy+aI4E8QqMn2d9LhGZsXIEco0d7cSNqCaMusCKroQgsWXl0njvBJcVoL7i3L1Jo+jAMdwAmcQwBVU4Q5qUAcGj/AMr/DmKe/Fe/c+5q0rXj5zBH/gff4A11OOpg==</latexit>

e ⌧ 1

<latexit sha1_base64="18Nev58XKUk3oNe5b2457/WDzhY=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVDdC0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9N2Ftp6IHA451xy7wkSzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1o6ThWhTRLzWHUCrClnkjYNM5x2EkWxCDhtB6Obqd9+okqzWD6YcUJ9gQeSRYxgY6XH3p2NhvjK7ZcrbtWdAS0TLycVyNHol796YUxSQaUhHGvd9dzE+BlWhhFOJ6VeqmmCyQgPaNdSiQXVfjZbeIJOrBKiKFb2SYNm6u+JDAutxyKwSYHNUC96U/E/r5ua6NLPmExSQyWZfxSlHJkYTa9HIVOUGD62BBPF7K6IDLHCxNiOSrYEb/HkZdI6q3q1qnd/Xqlf53UU4QiO4RQ8uIA63EIDmkBAwDO8wpujnBfn3fmYRwtOPnMIf+B8/gACOY/k</latexit>

⇤ = 0

<latexit sha1_base64="eCOqf7FNXCzyA2EygObOO5JmXek=">AAACAHicbVDLSsNAFJ3UV42vqODGzWARXEhJRNRl0Y0boYJ9QBLCZDJph04yYWYiltiNn+JKUBC3/oYr/8Zpm4W2HrhwOOde7r0nzBiVyra/jcrC4tLySnXVXFvf2NyytnfakucCkxbmjItuiCRhNCUtRRUj3UwQlISMdMLB1djv3BMhKU/v1DAjfoJ6KY0pRkpLgbXnoSwT/AG6zrFj+/Am8HjEVWDV7Lo9AZwnTklqoEQzsL68iOM8IanCDEnpOnam/AIJRTEjI9PLJckQHqAecTVNUUKkX0zuH8FDrUQw5kJXquBE/T1RoETKYRLqzgSpvpz1xuJ/npur+MIvaJrliqR4uijOGVQcjsOAERUEKzbUBGFB9a0Q95FAWOnITFOn4Mz+PE/aJ3XnrO7cntYal2UeVbAPDsARcMA5aIBr0AQtgMEjeAav4M14Ml6Md+Nj2loxypld8AfG5w/JMJUH</latexit>

⇡ [1, 10]M�
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?
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� ⇡ 0
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Eccentricity e
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Deformability ⇤
<latexit sha1_base64="uLsHa/gdHM6jU6cJN7LqXtFUK+g=">AAACB3icbVDLSgMxFM34rPU16lKQYBFclRkRdVnqphuhgn1AZxgyadqGZjJDckcsQ3du/BU3LhRx6y+4829M21lo64HAyTn33uSeMBFcg+N8W0vLK6tr64WN4ubW9s6uvbff1HGqKGvQWMSqHRLNBJesARwEayeKkSgUrBUOryd+654pzWN5B6OE+RHpS97jlICRAvvIA/YA2Q3RGo+jYHbzgMsRrldr48AuOWVnCrxI3JyUUI56YH953ZimEZNAhRnacZ0E/Iwo4FSwcdFLNUsIHZI+6xgqScS0n033GOMTo3RxL1bmSMBT9XdHRiKtR1FoKiMCAz3vTcT/vE4KvSs/4zJJgUk6e6iXCgwxnoSCu1wxCmJkCKGKm79iOiCKUDDRFU0I7vzKi6R5VnYvyu7tealSzeMooEN0jE6Riy5RBdVQHTUQRY/oGb2iN+vJerHerY9Z6ZKV9xygP7A+fwBvYZmp</latexit>

Mass mPBH

<latexit sha1_base64="2frQ37pTwdmbxCjYXpRi0W1lReg=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KomIeix68VjRfkBTymY7bZduNmF3Uiyh/8SLB0W8+k+8+W/ctjlo64OBx3szzMwLEykMet63s7K6tr6xWdgqbu/s7u27B4d1E6eaQ43HMtbNkBmQQkENBUpoJhpYFEpohMPbqd8YgTYiVo84TqAdsb4SPcEZWqnjugHCE2YPiVB0EvCB6Lglr+zNQJeJn5MSyVHtuF9BN+ZpBAq5ZMa0fC/BdsY0Ci5hUgxSAwnjQ9aHlqWKRWDa2ezyCT21Spf2Ym1LIZ2pvycyFhkzjkLbGTEcmEVvKv7ntVLsXbczoZIUQfH5ol4qKcZ0GgPtCg0c5dgSxrWwt1I+YJpxtGEVbQj+4svLpH5e9i/L/v1FqXKTx1Egx+SEnBGfXJEKuSNVUiOcjMgzeSVvTua8OO/Ox7x1xclnjsgfOJ8/tA6TtA==</latexit>

Spin �

<latexit sha1_base64="rnV1KlqKhcdkMLERMQXlGPvI8yw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqBch6MVjBPOA7BJmJ73JkNkHM73isuQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/EQKjbb9bZVWVtfWN8qbla3tnd296v5BW8ep4tDisYxV12capIighQIldBMFLPQldPzx7dTvPILSIo4eMEvAC9kwEoHgDI3kXrsIT5jTDPSkX63ZdXsGukycgtRIgWa/+uUOYp6GECGXTOueYyfo5Uyh4BImFTfVkDA+ZkPoGRqxELSXz26e0BOjDGgQK1MR0pn6eyJnodZZ6JvOkOFIL3pT8T+vl2Jw5eUiSlKEiM8XBamkGNNpAHQgFHCUmSGMK2FupXzEFONoYqqYEJzFl5dJ+6zuXNSd+/Na46aIo0yOyDE5JQ65JA1yR5qkRThJyDN5JW9War1Y79bHvLVkFTOH5A+szx8fsJG/</latexit>= yes <latexit sha1_base64="yh6CfOALBE31TLQZFDqXLFJqaAA=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6MVjBPOAZAmzk0kyZHZmmekVw5LP8OJBEa9+jTf/xsnjoIkFDUVVN91dUSKFRd//9nIrq2vrG/nNwtb2zu5ecf+gbnVqGK8xLbVpRtRyKRSvoUDJm4nhNI4kb0TD24nfeOTGCq0ecJTwMKZ9JXqCUXRS67qN/AkzovS4Uyz5ZX8KskyCOSnBHNVO8avd1SyNuUImqbWtwE8wzKhBwSQfF9qp5QllQ9rnLUcVjbkNs+nJY3LilC7paeNKIZmqvycyGls7iiPXGVMc2EVvIv7ntVLsXYWZUEmKXLHZol4qCWoy+Z90heEM5cgRyoxwtxI2oIYydCkVXAjB4svLpH5WDi7Kwf15qXIzjyMPR3AMpxDAJVTgDqpQAwYanuEV3jz0Xrx372PWmvPmM4fwB97nD0aDkUE=</latexit>= no
<latexit sha1_base64="O0FHn0/rtgWW9MOkSr9cmzicKPs=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuiHoMevEYxTwgWcLspDcZMvtgpleMS77EiwdFvPop3vwbJ8keNLGgoajqprvLT6TQ6DjfVmFldW19o7hZ2tre2S3be/tNHaeKQ4PHMlZtn2mQIoIGCpTQThSw0JfQ8kfXU7/1AEqLOLrHcQJeyAaRCARnaKSeXe4iPGJ2B309FAFOenbFqToz0GXi5qRCctR79le3H/M0hAi5ZFp3XCdBL2MKBZcwKXVTDQnjIzaAjqERC0F72ezwCT02Sp8GsTIVIZ2pvycyFmo9Dn3TGTIc6kVvKv7ndVIMLr1MREmKEPH5oiCVFGM6TYH2hQKOcmwI40qYWykfMsU4mqxKJgR38eVl0jytuudV9/asUrvK4yiSQ3JETohLLkiN3JA6aRBOUvJMXsmb9WS9WO/Wx7y1YOUzB+QPrM8fb+CTmQ==</latexit>

Redshift

<latexit sha1_base64="9r0ASrOMcvawtsFVpHzI5FMbmRw=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVpSQi6rLUTZcV7AOaECbTaTt0MokzN9IS+hFu/BU3LhRx68Kdf2PSdqGtBy6cOede5t7jR4JrsKxvY2l5ZXVtPbeR39za3tk19/YbOowVZXUailC1fKKZ4JLVgYNgrUgxEviCNf3BTeY3H5jSPJR3MIqYG5Ce5F1OCaSSZ546tM+xQ6JIhUOcPTwH2BASB7gc4VqlOsbFwLPP7k/ynlmwStYEeJHYM1JAM9Q888vphDQOmAQqiNZt24rATYgCTgUb551Ys4jQAemxdkolCZh2k8lRY3ycKh3cDVVaEvBE/T2RkEDrUeCnnQGBvp73MvE/rx1D99pNuIxiYJJOP+rGAkOIs4RwhytGQYxSQqji6a6Y9okiFNIcsxDs+ZMXSeO8ZF+W7NuLQrkyiyOHDtERKiIbXaEyqqIaqiOKHtEzekVvxpPxYrwbH9PWJWM2c4D+wPj8AcylnVw=</latexit>

� ⇡ �PBH(m1, q)
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Thanks!

ET have the unique potential to discover a 
PBH population 

or 

Set the most stringent constraint on the 
PBH abundance in the stellar mass range


