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Outline of the work

RATIONALE

v Gravitational waves (GWs) from compact binary coalescence (CBC) represent a novel tool to

investigate the nature of compact objects.

v Exotic Compact Objects (ECOs) could in principle be distinguished by Black Holes (BHs)
through minor phenomenological effects, like the ergoregion instability.

STRUCTURE OF THE WORK

1. Hierarchical Bayesian inference using GWs from the population of binary black holes (BBHs)

of the third observing run (O3).

2. Spins as figures of merit: assume different spin distribution for populations of BHs and ECOs.

3. Assume firstly a population of only ECOs, and then a mixed one.

K. Ng et al. Phys. Rev. D 103, 063010 (2021)
K. Ng et al. Phys. Rev. D 126, 151102 (2021)
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Why Exotic Compact Objects?

Black holes are fascinating objects but present theoretical controversies (curvature singularity,
information loss paradox).

Horizonless objects
Exotic Compact Objects: A possible solution

1. Correction to GR
2. Beyond SM fields coupled to gravity

CLASSIFIED BY

Compactness Reflectivity
Inverse of the (possibly effective) radius, defined as: || At their (possibly effective) surface
ro =1+(1+ &) R
With r, Kerr horizon, ¢ closeness parameter. In general complex and frequency dependent.
BH limit: ¢ - 0 BH limit: R - 0
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The ergoregion instability (1/2)

2
Linear perturbations: %rg’”) + [w? = V()]¥(r) =0

*

Black hole

Potential governing the master equation: The imaginary frequency changes sign after a critical
In the ECO case, the absence of the horizon at spin x.i; : presence of unstable modes

., & —o implies a cavity, producing long-lived modes. Here e = 107% and |R|? =

Here e = 107°.

E. Maggio, P. Pani, G. Raposo, Springer (2021)
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wame - The ergoregion instability (2/2)

v’ For a perfectly reflecting ECO one can find
the relation y.-i:(€) by imposing
wp =~ w;=0: 1

-
Xerit (€) logro €

v The spin decays till it reaches the critical
value

v The time of instability is defined as:

-25 -20 —-15

| 1 M
Logio(€) Tins = — € (5,7) <10 T > sec
Behaviour of y.,;; with the closeness parameter @I O
for a perfectly reflecting ECO |R|* = 1 Where the lower (upper) bounds are for polar

(axial) GW perturbations.
Credit: E. Maggio, PhD Thesis, 2022
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Gravitational-wave population inference

If multiple GWs from CBC events are collected, it's crucial to estimate collective properties of

the population of compact objects.
Some of the frequent questions one tries to answer could be:

« How are distributed the masses/spins of the population of binary black holes/neutron stars?
Are there peaks/gaps in the spectrum? Is it what we expect theoretically?

« Are there evidences of different classes of objects (our task)?

« Are we able to handle selection effects, namely the fact we are biased to measuring mainly
the most luminous events?

The framework employed for these scopes is the hierarchical Bayesian inference.
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Hierarchical Bayesian inference (1/2)

Main quantities Handling selection effects:

« GW single-event parameters: 6 Fraction of detectable events with

respect total ones:
Number of sources for unit 9:

dNg Ng 1
S = Ny Ppop(O12) 3= | 40200 61DP('16)

Pop. Hyperparameters: A = {N;, 1}

p(p']0): probability for a source
with @ to be over detection
threshold (like SNR or FAR).

N;: total number of mergers for a given
time and volume
A: shape parameters

Ppop(8]4): fraction of the population with I. Mandel, W. Farr, J. Gair, MNRAS 486 (2019)
parameters 6, given 4. S. Vitale, D. Gerosa, W. Farr, S. Taylor, Springer (2021)
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Hierarchical Bayesian inference (2/2)

Final goal
Find the posterior distribution on A given the set of
detected sources D = {d;};=1, .

Further assumptions:

1. Ng source events collected.

A|D) < p(D|A)p(A
2. Constant source rate:ddl\iszconst p(4|D) < p(D|2)p(4)

After marginalizing over N, assuming a 1/N; prior.

p X —
i:1\E€fﬁol’(m)p£ei@
\ Selection effects act
as a reweighting

Computing the hyperlikelihood:
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Binary at formation POPULATION PRIORS

ot
i 5
BHC]:' ECOs+BBHs

Spin at formation

Inspiral-merger + instability

L W
% HN: % W

| |
. |
(\/\cmr N
i I“:COS undergoing
[ instability
|
ECO ‘
ECOs+BBHs ! ~BBHs

Xk‘lﬂ
Spin at merger

Since T(inst) < T(inspiral), we assume
that an ECO would reach y.,;+ almost

immediately after formation.

Spin population distribution employed

SPINS AT FORMATION
Beta distribution for both ECOs and
BBHs

SPIN AT MERGER (THE ONES MEASURED)

- Beta with a gaussian peak on y,;; for
ECOs

« Unchanged for BHs (again Beta)

PEL (XA, foco) = feco Phoy (XIN) + (1 — foco) PEEH (X1A)

Ppop (XIA) = B(xla, B)
Pﬁgg X|A) = AecoBUxla, B)O(Xeric — X) + (1 — Aeco) NV (X | X cries 0)

foco: fraction of ECOs included in the shape parameters 4

Adriano Frattale Mascioli
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Simulations and main results

% Simulations carried out with ICAROGW (S. Mastrogiovanni et al. arXiv:2305.17973),
a Python software for GW population inference.

“+ We performed three different simulations on O3 BBH events:
1. Assuming a population of 100% ECOs (BHs), namely foco = 1 (foco = 0);
2. Assuming mixed population, f,., free parameter to infer.

/

“  We computed the Bayes factor for the various combinations:

Dli
= POW i1 i, j € (BBH, ECO, MIXTURE).
p(D|j)
K (mix /BBH) = 3.8 K (mix /ECO) = 5.4 K(BBH /ECO) = 1.4
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Population of 100% ECOs

p (¢ | D) ' PRIOR FOR €

---- 95 % credible interval Log-Uniform in [ 10=40 104 ]

[
Ui

-
o

MAIN MESSAGE

* We can put a lower limit on € in the case
of f,co = 1: thisis e =~ 107>,

0.5

Probability density

O
o

* Too low values would not explain some
high-spin events of the GWTC-3 catalog,

if only ECOs are assumed.
Marginalized posterior for the closeness

parameter €.
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Event M M ma ma Xeff Dy, M
LS’N:IENZQ (Mg)  (Mg) (My) (Mg) (Gpe) (M)

GW190408.181802 43.0732 183719 24,6751 18.4%33 —0.0370-12 1.55%0-40 0.2970-96 41.1%3-2 0.6779-06
3.8
3.7

— —0.07

GW190412 38.4755 13.370% 301737 831095 0.25700) 0.747017 0.157003 37.37530 0.67 000 21

GW190413.052954 58.675%% 24.6157 34.775%° 23.74703 —0.01703] 3.5507 28 0.59703% 56.054%° 0.687015 1500
GW190413.134308 78.87174 33.0752 4757152 31.87107 —0.03702% 4.457245 0.7179:3 75,5715 0.687015 730 10.0702
GW190421.213856 72.975%* 31.2755 41.372%* 31.9753% —0.067022 2.8871-37 0.4970-37 69.772%° 0.6775:19 1200 10.7752
GW190424 180648 72.67133 310758 4057151 318770 0.137022 2201138 0.3970-23 68 97124 (. 7470-0% 98000 10.4702
GW190425 34703 1447002 2.070% 14703 0.06705: 0167007 0.03T005 - ~ 10000 12.475%
GW190426.152155 7.2732 2417098 57135 15108 —0.037932 0.37101% 0.0870-03 - - 1300 8.702
An examp|e of event of the GW190503.185404 71.77%4 30.2%42 43.3732 284777 —0.03792% 1.4579:%3 0.2779:11 68.675% 0.66709% 94 124792
INKT =1 < . +3.8 ~+1.3 a9 9+5.3 a o+3.6 a+0.12 a+0.55 ¢ 0.09 - +3.8 - 0.07T &« A a+0.2
catalog with hlgh spin evidence G\-‘R-'H}()nlz_lt%[}?lal .%S,E-}::: _14,(;1“1,0 z.i..it,,_? lz.bff_f n.[}t;:n,l:3 1.437022 0277005 54.5:3.,, 0.657007 220 122797
GW190513.205428 53.975% 21.6735 35.7795 18.0757 0.11797% 2.0670355 0.377518 51.6752 0.687015 520 12.9707
GW190514 065416 67.2715% 285775 39.075%7 28.479% —0.197039 4.137352 0.67705; 64.570% 0.637015 3000 8.275%
63.5790 26.6730 37.472%7 253779 1.867 553 0.347071 59.37%5 0.871002 470 10.7797
O 103544 106.67152 445757 66.0715°7 4057110 03T g0 2537053 0.447035101.071250.79709% 860 15.6702
GW190521 163.913%-269.27170 95.37 357 69.07327 0.0370-32 3.927709 0.6470:25156.373550.711012 1000 14.2703
GW190521.074359 74.7759 321732 422797 328727 0.097015 1.24752% 0.247097 71.07%5 0.727005 550 25.8703
GW190527_092055 59.172%3 243791 36.571%* 22.671%° 0.11703% 2497728 0447532 56.472%2 0.7110-12 3700 81103
GW190602_175927 116.31129 491721 69.17157 47.8712% 0.07702 2697179 0.477092110.971570.70701 690 12.87032
GW190620.030421 92.1715% 38.3753 5717159 35.57122 0.337032 2.817153 0.4970:23 87.2715% 0.7915:9% 7200 121793
GW190630_185205 59.173% 249721 351782 237722 0107012 0.897035 0.1870:2 56.475% 0.70700% 1200 156703
GW190701_203306 94.37.%' 40.3752 53.971L% 408757 —0.077022 2.0670 7% 0.377015 9027253 0.66709% 46  11.3702

GW190706.222641 104.1735:342.772°5° 67.01155 38.2713% 0.287030 4.427137 0.7179:32 99.07153 0.78709% 650 12.67073

CREDIT
R. Abbot et al. Phys.Rev.X 11 (2021) 021053

GW190707.093326 20.171% 8570% 11.6732 84717 —0.057008 0.777033 0.167007 19.2719 0.66709; 1300 13.37973
GW190708-232457 30.9723 132709 17.6%37 132720 0.027919 0.88%933 0.1870:06 29,5723 0.6970-9% 14000 13.1702
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¥ Sz Mixture model

GOAL
« We keep f.., as a free parameter to infer to.

 Which constraints can we put on f,.,, and € ?

We can exclude the region of high-fraction,
ultra-compact ECOs (f,., = 1,6 K 1):

Particularly, no more than 60% of objects can be
ECOs in the ultra-compact region (¢ < 10739)

Marginalized bidimensional posterior
for the closeness parameter € and the
fraction of ECOs, for a mixed population
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Imphed distribution on Xcrit

Bl Mixture
ECOs

. prior « ONLY ECOs: shifted toward
higher values, recover high

spin events

 MIXTURE: dominated by
prior on €. High-spin events
are handled by the possibility

of being a BH.
Posterior distribution mapped on y.,i:(€) for the two
models, compared with the prior, that reflects the log-
uniform prior on e.
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Probability of being a certain object (1/9)

» Suppose we have a new astrophysical event: what is the probability that this is an ECO (BBH)?

 What we know? The previous events with which we computed the posterior on population

parameters

* We basically want to compute the following:

P(ECO|D,d) = JP(AID) UP(ECOI)(,A)P()(ICI,A) dy|dA

[ D: all the previous data containing CBC events, used to compute the hyperposterior on 4

d: data containing the new event

—

We compute it for all the events of the catalog used for the analysis
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= Probability of being a certain object (2/9)

‘ Probablllty of belng an ECO for each of the two objects of the 03 binaries

Event ID
GW190408_181802
GW190412
GW190413_134308

GW190517_055101
GW190519_153544
GW190521
GW190521_074359
GW190527_092055
GW190602_175927

GW191105_14352

GW191109_010717
GW191127_050227
GW191129_134029
GW191204_171526
GW191204_171

GW191215_2230!

GW191216_213338
GW191222_033537
GW191230_180458
GW200112_155838
GW200128_022011

GW200129_065458

GW200202_154313

The two prbabilities p; and p, are referred to the two objects of the binary. The high-spin
events of the catalog can be recognized as black holes (at least the primary object). The
heaviest object of GW190517_055101 is ~ 100% a black hole.
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Conclusions

QIf all the compact objects are ECOs, epsilon
cannot be lower than 107> at 95% credible
interval. We exclude a population of ultra-

compact exotic objects;

A If mixed population: no more than 60% of
ECOs can be present if £ < 1073% (namely ultra-

compact objects);

0 The heaviest object of the
GW190517_055101 binary is ~100% a BH
with all the models we tried.

What’s next?

« Employ a reflectivity-dependent

model.

* Analyse simulated signals from a
mixed population, and study future

forecast.

« FOLLOW-UP PROJECT: Check the
presence of biases due to potential
difference among BBH and ECO

waveforms.
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