No Detectable Kilonova Counterpart is Expected for O3 Neutron Star—Black Hole Candidates
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ABSTRACT

We analyse the tidal disruption probability of potential neutron star—black hole (NSBH) merger
gravitational wave (GW) events, including GW190426 152155, GW190814, GW200105_162426 and
GW200115.042309, detected during the third observing run of the LIGO/Virgo Collaboration, and
the detectability of kilonova emission in connection with these events. The posterior distributions of
GW190814 and GW200105.162426 show that they must be plunging events and hence no kilonova
signal is expected from these events. With the stiffest NS equation of state allowed by the constraint
of GW170817 taken into account, the probability that GW190426_152155 and GW200115.042309 can
make tidal disruption is ~ 24% and ~ 3%, respectively. However, the predicted kilonova brightness is
too faint to be detected for present follow-up search campaigns, which explains the lack of electromag-
netic (EM) counterpart detection after triggers of these GW events. Based on the best constrained
population synthesis simulation results, we find that disrupted events account for only < 20% of cosmo-
logical NSBH mergers since most of the primary BHs could have low spins. The associated kilonovae
for those disrupted events are still difficult to be discovered by LSST after GW triggers in the future,
because of their low brightness and larger distances. For future GW-triggered multi-messenger obser-

vations, potential short-duration gamma-ray bursts and afterglows are more probable EM counterparts
of NSBH GW events.



1. Introduction
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Context: BNS mergers

Jet—ISM Shock (Afterglow)
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Context: BNS mergers

Jet-ISM Shock (Afterglow) /q
Optical (hours—days) ,

Ejecta—ISM Shock

Metzger & Berger 2012

Question: Can we expect a similar physical setup for a NSBH merger?
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Context: O3 observing run

* No confirmed EM counterpart candidate identified (see 8 references
in article)

e Potential sub-threshold GRB (GBM-190816) associated with sub-
threshold LVC GW signal (Goldstein et al. 20193, Yang et al. 2020, Li &
Shen 2021)

* 2 possible explanations:
* EM searches too shallow
* EM counterparts intrinsically missing (plunging events)
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Context: Four NSBH GW candidates (O3a)

Table 1. Source properties for potential NSBH events

GW Event GW190426 GW190814 GW200105 GW200115
Primary mass M1 /Mg 5.7 23 23.2+11 8.9711 5.9+14
Secondary mass M2 /Mg 1.510% 1.910-2 1.4195
Mass ratio @ = M1/M> 4.2%57 8.970% 4.8+11 42121
Effective inspiral spin Xes —0.031932  _0.002+39%0  _0.01+99%  _0.14%9:17
Luminosity distance Dr./Mpc 3701150 24175, 2801110 310713
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Context: Four NSBH GW candidates (O3a)

Table 1. Source properties for potential NSBH events

GW Event GW190426 GW190814 GW200105 GW200115
Primary mass M1/Mo 5.7753 23.271°% 8.911% 5.9754
Secondary mass Ma> /Mg 1.510% 2.591005 1.910-2 1.419°S
Mass ratio @ = M1/M> 4.2%57 8.970% 4.8+11 42121
Effective inspiral spin Xes —0.037932  —0.00219:2%9  —0.01+295 —0.1410-37
Luminosity distance Dr./Mpc 3701150 24175, 2801110 310713

Follow-up observations: no possible EM counterpart

Why?
Tidal disruption probability + Kilonova detectability
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2. Tidal disruption and kilonova detectability

eeeeeeeeeeeeeeeeeeeee



Is a NS tidally disrupted?

A comparison between

Risco = c? Risco/GMph
RISCO = 3 —+ ZQ — Sign(XBH)\/(3 — Zl)(g —+ Zl —+ 222)

Zy =1+ (1= x3n)"3[(1 + x8u)"? + (1 — xBH) /7]
Zy = \/3Xpu + 23

And
Rtidal ~ RNS (3]\4]_3)}1/]\41\13)1/3 (Depends on the EoS)
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Remnant mass

Foucart et al. 2018:

Out of 75 NR simulations, the total remnant mass is:

Mtotal,ﬁt _ [max (a 1— 2C1NS
MIPIS 771/3

~ CNs
— BR1sco R + 7,

Similar formula with different coefs. from Zhu et al. 20203
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Dynamical ejecta mass

Only a fraction of the remnant mass is unbound and ejected
This info is obtained with independent NR data

Final empirical mass of dynamical ejecta:

My = mm Md fit fmaxMtotal ﬁt)

From / max = 0.5: upper limit on

- Zhu et al. 2020 (Z20) max. dynamical ejecta mass

- Kawaguchi et al. 2016 (K16)
- Kruger & Foucart 2020 (KF20)
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Observational data

Note: To compute My, you need to know Xy and the EoS

Table 1. Source properties for potential NSBH events

GW Event GW190426 GW190814 GW200105 GW200115
Primary mass M1 /Mg 5.7F33 23.27 7% 8.9%173 5.9751
Secondary mass M2 /Mg 1.570% 2.5910-0° 1.9702 1.419S
Mass ratio @ = M1 /M> 42757 8.970.6 48711 42721
Effective inspiral spin yes — XBH
Luminosity distance D,/Mpc 370173, 24175 2807110 310713,
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Selected Equations of State
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Parameter space for tidal disruption
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Parameter space for tidal disruption
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Tidal disruption probability

GW Event EoS PNSBHa

Tidal Disruption Probability

F18
AP4  94.4% 5.95%
GW190426 DD2 97.6% 24.3%
Ms1 99.8% 65.2%
Mpys = 2.59 M, A -
GW190814 DD?2 | |
Primary mass too high
Ms1 99.9%
AP4  97.0%
GW200105 DD2 99.1% _ -
Msl  99.8% S'Flffel’ I-;oS: Tidal
AP4  98.1% 0% o.hsruptlon more
GW200115 DD2  100% 2.76% likely
Msl1 100% 49.9%
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Ejecta mass

GW190426 Using Zhu et al. 2020 (720) GW200115
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Ejecta mass

GW170817 ejecta mass:

GW Event EoS Pnsga® Tidal Disruption Probability Dynamical Ejecta Massb
F18 K16 KF20 720

AP4  94.4% 5.95% 19781 x 1073My 53757 x 1073Mg  1.77%2 x 1073 M,
GW190426 DD2  97.6% 24.3% THEx 1073 My 1013 x 1073 My 5717 x 1073 Mg

Msl  99.8% 65.2%

AP4 0% — — - -
GW190814 DD2 0.30% 0% 0 0 0

Msl  99.9% 0% 0 0 0

AP4  97.0% 0% 0 0 0
GW200105 DD2  99.1% 0% 0 0 0

Msl  99.8% 0% 0 0 0

AP4  98.1% 0% 0 0 0
GW200115 DD2  100% 2.76% 6739 x 107* My 3478 x107* My 673% x 107* Mg

Msl  100% 49.9% 675" x 107> My 7' x 1073 Mgy 673! x 1073 Mg

KF20 predict a slightly larger value for dynamical ejecta

HEJC - September 21, 2021 18



Kilonova apparent magnitudes
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3. Implications from population synthesis results
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Parameter space for tidal disruption with

population synthesis

From GW detections (L\VC 2020b):
Rpns = 3201530 Gpe3yr™!
Rnspn = 45133 Gpe3yr™1

:RBBH = 24‘t%4 GpC_ByT_l

Abbott et al. 2021:

Rysgn = 130%65% Gpc—3yr™*

Belczynski et al. 2020 try several
population synthesis models. Here the
authors focus on those that manage to
reproduce the observed rates
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Parameter space for tidal disruption with
population synthesis

Only ~20% NSBH mergers can allow tidal
disruption and produce bright kilonovae
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Distribution of apparent magnitudes

Obtained with 5 x 10 NSBH mergers mapping distributions of peak g-band and r-band apparent magnitudes
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4. Conclusions and discussion
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Concerning tidal disruptions of the four O3

events

GW Event EoS PNSBHa Tidal Disruption Probability Dynamical Ejecta Massb
F18 K16 KF20 720
AP4  94.4% 19708 x 1073 Mg 537535 x 10 My 1.7752 x 1073 M,
GW190426 DD2 97.6% T x 1073 Mg 107" x 1072 Mg 5717 x 1073 Mg
B Msl  99.8% 15733 1072My  1.5732 x 1072Mp 13734 x 1072 M,
AP4 0% - — - -
GW190814 DD2  0.30% 0% 0 0 0
No tidal disruption Msl  99.9% 0% . L L
AP4  97.0% 0% 0 0 0
GW200105 DD2  99.1% 0% 0 0 0
_ Msl  99.8% 0% 0 0 0
AP4  98.1% 0 0 0
GW200115 DD2  100% 6730 x 107" My 3474 x107* My 613° x 107* Mg
Msl  100% 675 x 1073 My TR x107° Mgy 675 x 1072 Mg

Low probability of tidal disruption + low brightness (undetectable by ZTF)
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Concerning population models

* Only ~20% NSBH mergers can allow tidal disruption and produce bright
kilonovae

 “Most” of them undetectable by LSST (Only considering volume effects)
* SGRB & afterglow more “ideal” EM counterparts to search
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Discussion on the models and perspectives

* More luminous kilonovae possible with higher electron fraction in the wind

 Depending on the model, peak luminosity differs by up to a factor 2 (~1mag
uncertainty)

* FRB or short-duration X-ray burst can be expected (Zhang 2019, Dai 2019,
Sridhar et al. 2021)

* NSBHs in AGN discs can be found with cocoon shock breakout

HEJC - September 21, 2021 27



