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. Objective of the talk .

| Why didn’t we detect kilonova counterpart of NSBH
candidates in O4?
SCAN ME!

« Limits on the Ejecta Mass During the Search for
Kilonovae Associated with Neutron Star-Black Hole
Mergers: A case study of S230518h, GW230529,
§230627c and the Low-Significance Candidate ,
5240422ed », Pillas et al, 2025, arXiv:2503.15422
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Modeling Pellouin...

Barnes,
Chemical evolution Eref Ny
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Core collapse
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Phase

Signal

Part |. Introduction

Compact binary coalescence system with neutron stars: multi-messenger event

Inspiral Dynamical Accretion Remnant
Short GRB
X-ray/radio X-ray extended -
: 0, 7
precursor: v emission/plateau Neutron Bl?je
5 precursor By
&5 o\
),
T
SIRVAVAVAVAVAVAVAVAVAVAVAVA
U O
GW “chirp” GWs from remnant NS?

Only example so tar: GW170817 - GRB 170817A

(Fernandez and Metzger, 2016)

A

Red
kilonova

Radio
transient



Part l. Introduction

Gravitational Wave:

e GW170817 - GRB 170817A j;‘ﬂ: St G SRR TO = 17/08/17 12h41 UTC
=) 30 '
~. 200 ;
oA
? 100 g

—4 )

Time from merger (s



Part l. Introduction

(Ascenzi et al, 2021)

o GW170817 -GRB 170817A

GRB Central



Part l. Introduction

(Ascenzi et al, 2021)
GW170817 - GRB 170817A

g s
2 :”‘ Prompt emission

2000
1750 143

1500

vent rate (counts/s

1250




Part l. Introduction

(Ascenzi et al, 2021)
o GW170817 -GRB 170817A




Part l. Introduction

(Ascenzi et al, 2021)
GW170817 - GRB 170817A

Kilonova (KN) - Optical-NIR counterpart,
witness to the nucleosynthesis of heavy
elements during the merger

Apparent Magnitude

KN brings information about:

® Sky location of the source

e Merger environment ...

———— F336W,u,U
10 15

MJD - 57982.529

AT2017gfo

GRB central

Engine

41"/ 8 Kpc




Part l. Introduction

Neutron star - Black hole (NSBH) merger can also produce KN signature, depending on:

Small mass ratio (m1/m?2)

High black hole spin
NS Equation of State

10



Part l. Introduction

Neutron star - Black hole (NSBH) merger can also produce KN signature, depending on:
Small mass ratio (m1/m?2)
High black hole spin
NS Equation of State

Properties imprinted
in KN light curves

Ejecta frm the NS disruption (mgyn)
Mass range 0.01 - 1.0 Mg
\ Ejecta frm the NS disruption (mdisk wind)
Mass range 0.01 - 1.0 My

Outflow 5% — 40% not accreted
Kilonova Light Curves

Model NSBH models computed with POSSIS,
Anand et al. (2021) - Bulla (2019)
Mdyn 0.01 — 0.09 Mg
0.01 — 0.09 Mg

Z [0, 90] degrees

@ 30 degrees
Light curves 891 different light curves
H Filters 21 different filters

We detine a kilonova scenario by: my,,, , m,;,.,




Part l. Introduction

® (4 has started in May 2023

’—l
o
¥,

Up to 24/07/24

—
o
£

» . - .i' m L]
E"!..!,_:': - —_
Bl » --“ - ———
- - “—-l‘;.";-—

=il = e sipem = oy el

- - AN, ‘ -
L L A

BBH: 01 (0), 02 (v), O3 (¥)
NSBH: 02 (v), O3 (*)

BNS: 02 (v), O3 (¥)

BBH alerts O4a

BBH alerts O4b

NSBH alerts O4a/b

H
o
n

)
Q
@
-
(@)
@

o
@
e
(48]
-
o
(¥)]
(48]
Q
— 3
@ 10
-

Qo
o
Q
—

w

e

)
@
| -
(&)
=
o
(o)}

H
o
-

Distance (Mpc)




Part l. Introduction

® (4 has started in May 2023
® 1 confirmed NSBH: GW230529

Up to 24/07/24
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Part l. Introduction

® (4 has started in May 2023
® 1 confirmed NSBH: GW230529
e 2 NSBH candidates: S230518h, S230627c

Up to 24/07/24
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Part l. Introduction

® (4 has started in May 2023
® 1 confirmed NSBH: GW230529
® 2 NSBH candidates: $230518h, S230627c¢
® 1 |low-significance NSBH candidate: $240422ed

® Massive followup from the optical community but no discovery of a clear KN counterpart

Up to 24/07/24
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Part l. Introduction

® (4 has started in May 2023
o 1 confirmed NSBH: GW230529 Even a non-detection can help constrain

® 2 NSBH candidates: $230518h, $230627¢ source properties (ejecta, viewing angle)
® 1 |low-significance NSBH candidate: $240422ed

® Massive followup from the optical community but no discovery of a clear KN counterpart

Up to 24/07/24

BBH: O1 (0), 02 (v), O3 (*)
(

NSBH: 02 (v), O3 (*)
BNS: 02 (v), O3 (¥)
BBH alerts O4a

BBH alerts O4b

NSBH alerts O4a/b

90% credible region area (square degrees)




Part l. Introduction

In this work:
1) Take a critical look at observation strategies from the optical community

2) Given the non-observation of a KN, set constraints on source ejecta and viewing
angle properties of the 4 NSBH candidates

12



Part |ll. Observation strategy

In this work:

1) Take a critical look at observation strategies from the optical community

- At least one observation should be done at the time of brightness peak
- Compare time of optical observations with the predicted peak time from simulated KN light

curves for numerous filters

13



Part Il. Observation strategy

o Comp.are time of optical observations with the predicted peak time from simulated KN light curves’

g-band r-band I-band J-band

—— M=1.07 days —— M=1.11 days — M=1.2 days —— M=1.94 days

S230518h
Fraction of scenarios

0
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o n
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o~ O
= 5
O.5
O
©
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L

S230627cC
Fraction of scenarios

S240422ed
Fraction of scenarios

-I—peak [days] Tpeak [days] Tpeak [days] Tpeak [days]




Part ll. Observation strategy
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Part ll. Observation strategy

1.12 days
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Part Il. Observation strategy

S230518h: Observations
in TESS-band covered the
KN peak time of ~100% of
the population.
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Part Il. Observation strategy e

tess-band .

—— M=1.21 days

— M=1.11 days $240422ed: Observations

consistent with the peak time
of 82% of KN population in r-

band.

S230518h: Observations
in TESS-band covered the
KN peak time of ~100% of
the population.
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observed - the « later time »

strategy is not always realized
while prompt strategy has been
well demonstrated
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Part Il. Observation strategy

tess-band »

S230518h: Observations
in TESS-band covered the
KN peak time of ~100% of
the population.

GW230529 & $S230627c: Less
observed - the « later time »

strategy is not always realized
while prompt strategy has been
well demonstrated

TPeak [days]

r-band

—— M=1.11 days

TPeak [days]

©

Q
N
N
<
o
q-
N
)

Fraction of scenarios

—— M=1.11 days

TPeak [days]

S240422ed: Observations
consistent with the peak time
of 82% of KN population in r-

band.

In general: Necessity to image the first moment but also the importance of imaging 1 day post-merger

16
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Partill. Observation strategy R

tess-band .

S230518h: Observations
in TESS-band covered the
KN peak time of ~100% of
the population.

GW230529 & $230627c: Less
observed - the « later time »
strategy is not always realized
while prompt strategy has been
well demonstrated

TPeak [days]

mpweerlll S240422ed: Observations
consistent with the peak time
of 82% of KN population in r-

band.
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°F_or J-band: advocate
—— M=1.94 days a more « flexible »
approach for near and
infrared for which the
peak time of the KN is
less obvious

In general: Necessity to image the first moment but also the importance of imaging 1 day post-merger
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Part lll. Constraints of KN from O4 NSBH candidates

In this work:

2) Given the non-observation of a KN, set constraints on source ejecta and viewing
angle properties of the 4 NSBH candidates:

- Start from GW public information (GraceDB) to estimate a range of consistent ejected masses my,,, m,,;,,; & selecta
corresponding set of simulated KN light curves

- Compare the magnitude of the light curves (Mg) to the upper limit from optical observations (M )

-1t Mgy > M, : KN light curve incompatible with observation

17



Part lll. Constraints of KN from O4 NSBH candidates

e PyCBC Live method to compute the p . : deterministic mapping between the source-frame chirp mass
and its source classification probabilities

Method tfrom Villa-Ortega, 2022

Source classification (rescaled to 1)

Candidate | BNS | NSBH | BBH

5230518h | 0 0.959 | 0.041
5230529y | 0.329 | 0.671 | O

5230627¢c | 0 0.493 | 0.507
5240422ed | 0.700 | 0.300 | O




Part Ill. Constraints.of KN from 04 NSBH candidates

o Combute a range of consistent ejected masses: Mgyns Myying Example for SLy EOS &
select a corresponding set simulated of KN light curves Yy = 0.8

rcm . 1 _ 2C C . | .
mode] NS 2 NS | o
P — [MaX(O{ 7 ﬁRISCO | ]/,O)] R _ -
MNS }/] 7] '/' EQ |
M _ =
dyn — inl 2CNs . anRISCO g < 0 |
Mb, C Mgy ,2018 -
NS NS BH . (Foucart et al, :
 Kruger & Foucart, 2020) T T e Lo,

, .[MQ]'

o
O .

=
e -

S
1.2 1.4 1.6 1.8 2.0 '

m, [Mg]

e BH Spin: Spinlzgy €
{-0.3,0.0,0.3,0.8}

e NS Spin: None

Equation of
State of matter SLy, H4 .

17



Part IIl. Constraints.of.KN from 04 NSBH candidates

e Compute a range of consistent ejected masses: Mgy 1,0 S€lect a corresponding set simulated of KN
light curves

® Results (we take the broader upper limit between EoS and spins)
® 5230518h: my,, < 0.08 My &m,,;,, < 0.04 M,
o GW230529: myy,, m;,q < 0.01 Mg

® 5230627¢c: myy,, My, < 0.01 Mg

e 5240422ed: given the low significance, selectall the synthetic light curves of the grid

20 18



Part lll. Constraints of KN fromm O4 NSBH candidates

e Compare the magnitude of the light curve (17, ) with the one of optical observations (17 , )

® Fach optical telescope field has a specitic field of view, filter, limiting magnitude and epoch
® Reportthese fields on the GW HEALPix skymap

® [Extract pixels of the skymap in each field and their associated distances

$230627c (between 0 and 1 day) $240422ed (between 0 and 1 day)
N

180 185 190 195 200 205 210 215 220 18.00 1875 19.50 2025 21.00 2175 2250 2325 24.00

Magnitude Magnitude

I | |
12h B 6h
4

21



Part Ill. Constraints.of KN from 04 NSBH candidates

¢ Compute the apparent My, of the synthetic KN light curves for each pixel and at the corresponding distance

e Compare th.é brig.htness of the simulated KN with the upper limits of the fields that contain the pixel at the epoch
of the field . :

o .If°MKN > M, : KN light curve incompatible with observation

$230627c $240422ed

16 v DECam
ZTF 6=36.87° 6=60.0° —— 0=78.46"
v GOTO 6=45.57° 0=66.42° —— 0=84.26° (z-band) (r-band)
— 6=0.0° 6=53.13° 6=72.54° —— 6=90.0°
—— 0=25.84°

181 b =275 Mpcl D =275 Mpc D = 282 Mpc

- 275 tecy D= 27 e [ ibl
(r-band) (L-band)y (L-band) ncompatible

. ® v

Compatible

T-To [days]

0.5 1.0 15 20 25 3.0 3.5 4.0 4.5
T-To [days]




Part lll. Constraints of KN fromm O4 NSBH candidates

o If M, > M, :KN light curve incompatible with observation

® Compute a scale reflecting the possibility of the « presence » of a KN:

Time range of the observations that occurred /\ Syﬂgﬁﬁ:i\izlnféom Q Filter

attimetr € At =[0,1[,[1,2] or [2,6] days
1y {1 if My (fil, 0, Mgy Mg, 1) > My, (fil, 1, ipix)

SKN.Atipix = X

f> Mot,KN 1

Total number of synthetic KNe from the grid
considered for each event

0O otherwise

Telescope observation

23



Part lll. Constraints of KN fromm O4 NSBH candidates

o If M, > M, :KN light curve incompatible with observation

$230627c (between 0 and 1 day) $240422ed (between 0 and 1 day)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Low prob of Fraction of scenario ruled out High prob of Low prob of Fraction of scenario ruled out High prob of

absence of KN " absence of KN / absence of KN absence of KN

\

:

-60°

1 — SKN,At,ipix

(52404226(212 178 deg? within the 90% credible region (72% of the skymap), for tin [2,6]\

days, with a 1 — Sgn a¢ipix > 0-7: probable absence of a KN in the observations

24



Part lll. Constraints of KN fromm O4 NSBH candidates

Focus on KNC observations of S240422ed:

Scenarii ruled out by KNC observations: ~5% of the
KN population

18.00 18.75 19.50 20.25 21.90 21.75 2250 2325 24.00
Magnitude e Configurations with viewing angle 8 < 36°

e Configurations with m > 0.02 M

ej,dyn

e Configurations with m > 0.01 M,

ej,dyn

— Observations deep enough to constraint ejecta and
viewing angle properties!

25



Part lll. Constraints of KN fromm O4 NSBH candidates

o If M, > M, :KN light curve incompatible with observation

® Associate a deterministic probability to each KN scenario (0, my,,, m,,;,,) ot being ruled out
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Part IV. Conclusion

S5230518h: it has not been possible to observe KN emitted from an on-axis collision up to a viewing angle of 8 = 25°,
assuming a minimum confidence of 8% for the presence of the source in this region

GW230529: we cannot exclude the presence of a KN in the observations
S230627c: we cannot exclude the presence of a KN in the observations

S240422ed: observations ruled out the presence of a KN (with or without GWs)

Between 0 and 1 day Between 1 and 2 days Between 2 and 6 days

[1 S240422ed [1 GW230529

[1 S230518h [1 S230627c
0.0 0 102 101 100

103 1071 100 102 102 | 5 x 101 6x101 7x10' 8x10?
% Observation coverage of GW skymap
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. PRantV. Conclusion

o S5240422ed: observations ruled out the presence of a KN (with or without GWs)

e A null ejectaris consistent with Pevs < 0.3 = Inconsistent with the p ... from the alert:

Candidate

$230518h
$230529ay

5230627c
5240422ed

BNS | NSBH | BBH

0 0.959 | 0.041
0.329 | 0.671 | O
0 0.493 | 0.507
0.700 | 0.300 | O

What could be the reason?
e KN-model dependant
e BNS instead of NSBH model?

e Candidate not of astrophysmal orlgm

26



THANK YOU! QUESTIONS?:



Choice of KN model

Anand 2021-Bulla 2019 model: light curves computed with POSSIS
(Bulla, 2019 & Bulla, 2023)

® 3D Monte Carlo code for modelling radiation transport in KN

® Does not solve the radiative transfer equation analytically but rather numerically with Monte Carlo photons
representing radiation and propagating through the expanding ejecta— speed up the computation

¢ Key ingredients: input energy (from radioactive decay of r-process nuclei) and opacity (controlling the
diffusion of Monte Carlo photons)

Creating photons

® |nputs:

® Frequency

® Fnergy



Choice of KN model

Anand 2021-Bulla 2019 model: light curves computed with POSSIS
(Bulla, 2019 & Bulla, 2023)

® 3D Monte Carlo code for modelling radiation transport in KN

® Does not solve the radiative transfer equation analytically but rather numerically with Monte Carlo photons
representing radiation and propagating through the expanding ejecta— speed up the computation

¢ Key ingredients: input energy (from radioactive decay of r-process nuclei) and opacity (controlling the
diffusion of Monte Carlo photons)

Propagating photons

—>
e Optical depth: 7 = Jkpdr

® Probability of interacting
with matter: P=1—¢7°



Choice of KN model

Anand 2021-Bulla 2019 model: light curves computed with POSSIS
(Bulla, 2019 & Bulla, 2023)

® 3D Monte Carlo code for modelling radiation transport in KN

® Does not solve the radiative transfer equation analytically but rather numerically with Monte Carlo photons
representing radiation and propagating through the expanding ejecta— speed up the computation

¢ Key ingredients: input energy (from radioactive decay of r-process nuclei) and opacity (controlling the
diffusion of Monte Carlo photons)

Collecting photon

® Create observables:
® Spectra

® |ight curves...
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Modeling Kilonova.from Binary Néutron Star merg.e'r

Free Neutron Skin

PROMPT BH FORMATION

LONG-LIVED CENTRAL ENGINE

Free Neutron Skin

M<10%Mg v>0.5c¢

A

Tidal Tail
Dynamical Ejecta
M ~ 104-102 M,
V~0.1-03 ¢

Tidal Tail
Dynamical Ejecta
M ~ 104-102 M,
V~0.1-03 ¢

Shocked-Interface Dynamical Ejecta,
M~ 10%-102M, v~0.1-0.3 ¢

Disk Wind Ejecta
M~102-101M,v~0.01-0.1c

magnetar

wind nebula
u 2

J M<104Mg v>0.5¢
Shocked-Interface Dynamical Ejecta,
M~ 10%-102M, v~0.1-0.3 c
Disk Wind Ejecta
M~102-10'M,v~0.01-0.1c

(Metzger, 2019)
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