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LIGO/Virgo GWs and EM Counterparts
➡

Events:

❖

GW170817 + EM counterpart GRB
170817A: classified as a BNS

❖

GW190425 + “GRB190425”: classified as a
BNS

❖

S190426c: 52% chance to be a BHNS, 13% to
be BNS

❖

S190923y: 67% chance to be a BHNS

❖

…..

See A. Corsi’s talk for a
summary
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Merging BHNSs and BNSs are the most
popular candidate progenitors of sGRBs:
Eichler et al. ’89, Narayan et al. ’92,
Mochkovitch et al. ’93.
+
Our numerical results

Compact mergers: Magnetized BHNSs

Etienne et al, ’12

Magnetized BHNS Mergers I
Etienne et al, ’12: Following the
BHNS merger , the B-field lines
are wound into an almost purely
toroidal configuration
BHNS: mas ratio q = MBH /MNS = 3

χBH = 0.75

Evolution: Illinois GRMHD code
See Etienne-Werneck’s talk

No jets

Magnetized BHNS Mergers II

ft version July 8, 2020
set using LATEX twocolumn style in AASTeX63

Beckwith et al. 08: BH + disk can
launch a jet if the disk has a strong
poloidal B-field component.

Draft version July 8, 2020
Typeset using LATEX twocolumn style in AASTeX63
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0 = const. ⌧ 1 The recent discovery by LIGO/Virgo of a binary system having a ⇠ 23M
hole and a ⇠ 2.6M compact object initiated a debate regarding the nature of the secondary object
that falls into the so-called mass gap. Various scenarios have been invoked to argue that the companion
of the black hole is a black hole itself, while others argued that it is a rapidly spinning neutron star.
In this work we try to explore further what are the consequences of the assumption that GW190814
contained a neutron star. We show that while rapid uniform rotation is certainly adequate to explain
the existence of a stable ⇠ 2.6M neutron star for certain equations of state, it may not be sufficient for
soft, heretofore viable, equations of state and, by contrast, may not even be necessary for relatively sti↵
ones. In particular: i) A great number of soft equations of state that are favored by event GW170817
and have maximum spherical masses of ⇠ 2.1M cannot be used to explain this object as a rapidly
uniformly rotating neutron star. ii) Absolute upper mass bounds on the maximum spherical neutron
star derived from GW170817 can be used to explain this unknown compact object as a slowly or even
nonrotating neutron star. The equations of state that fall in this category are neither rejected nor
favored by GW170817, and they are in accordance with the results by NICER.
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field where ρ0 ≈ 0
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1. INTRODUCTION

On August 14, 2019 the LIGO Scientific and Virgo
Collaborations (LVC) made one of the most intriguing gravitational wave detections to date (Abbott et al.
2020b). The dubded event, GW190814, involved a binary coalescence which on one hand had the most asymmetric mass ratio 0.112+0.008
0.009 and on the other it included a black hole (BH) with mass m1 = 23.2+1.1
1.0 M
whose dimensionless spin was 1  0.07 i.e. an essentially Schwarzschild BH. The mass of the secondary ob+0.08
ject was m2 = 2.59 0.09 which inevitably places it into
the boundary of the so-called mass gap (Bailyn et al.
1998; Özel et al. 2010) and therefore makes its identification difficult (Hannam et al. 2013; Littenberg et al.
2015; Mandel et al. 2015; Yang et al. 2018). The absence
of an electromagnetic counterpart and measurable tidal
deformations add further uncertainty into the nature of

this compact object since they make it compatible either with a BH or a neutron star (NS). Preliminary arguments based on estimates of the maximum spherical
mass that can be withheld within a NS, the so-called Tolman–Oppenheimer–Volko↵ (TOV) limit indicated that
the unknown compact object is too heavy to be a NS
(Abbott et al. 2020b).
sph
The TOV limit, Mmax
, is an important quantity that
is associated with the ground state of matter at zero
temperature; an important puzzle in high energy astrosph
physics. Although studies to set constraints on Mmax
constitute a “perennial” subject (see reviews by (Lattimer & Prakash 2016; Oertel et al. 2017; Baym et al.
2018)) it was the detection of a low-mass binary system by the LIGO/VIRGO detectors (Abbott et al. 2017)
that created a cataclysmic e↵ect on the subject. This
was event GW170817, a binary coalescence, whose to+0.47
tal mass turned out to be 2.74+0.04
0.02 M or 2.82 0.09 M
depending on the dimensionless spin of its priors. The
low mass estimate assummed that the NSs had dimensionless spin ( 6 0.05), while the the high mass estimate assummed spins
 0.89. Coincident with the
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Solution: External & variable atmosphere
Paschalidis, MR, Shapiro, ‘14
where exterior gas-to-magnetic-pressure
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ratio is
Magnetic-pressure dominance, but not magnetic-energy
0 = const. ⌧ 1 The recent discovery by LIGO/Virgo of a binary system having a ⇠ 23
density dominance.
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BHNS as Progenitors of sGRBs
Disk lifetime:

consistent with sGRB T90
Max. magnetization in the
outflow:
Vlahakis et al, ’03: Terminal Γ in the jet equals b 2 /2ρ0
Poynting Luminosity:

LEM = 1051 erg/s

Consistent with Blandford-Znajek mechanism

Paschalidis, MR, Shapiro, ‘14

BHNS as Progenitors of sGRBs
Population synthesis studies: most likely
mass-ratio q = MBH /MNS is ≈ 7
NS disruption requires χBH ≈ 0.2−0.7

LIGO/Virgo BBH detections: high mass-ratio
and/or low-spin

Strong constraint!
Unlikely to observe sGRBs from BHNS

Foucart ‘20

BHNS as Progenitors of sGRBs
What about other EM counterparts?

BHNS with a spinning NS: More
ejecta

May lead to an observable kilonova

MR et al. (in prep.)

Compact mergers: Magnetized BNSs

MR et al. ’16

BNS Scenario

Compact merger scenarios:
NSNS: scenarios:
At least three possible scenarios
At least three possible
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BNS Scenario: Stable Remnant I
Assumption: Remnant of a BNS merger

~ 200ms

MR et al. ‘17

• B-field collimation
• Outflow: Γ = 1.01 − 1.03
• Pulsar-like luminosity ~ 1043 erg/s

Inconsistent with sGRBs
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Figure 4. Top: Evolution of the energy contained within 15
from the z-axis and for radial distances larger than 800 km, given
by the sum of radial kinetic energy, magnetic energy, and internal energy. From 160 ms after merger (thinner line) we include
the contribution from the integrated energy flux across the outer
boundary of our computational domain. Bottom: Evolution of total rotational energy (red circles), with linear fit for t > 175 ms
after merger (grey line). The inset shows the rotation rate versus
proper circumferential radius at di↵erent times.

be in the best case extremely challenging and for most of
the allowed range simply impossible.
The discrepancy in Lorentz factor is however what poses
5’ case
the strongest challenge. The outflow velocity 3400 km away
Mösta et al.to
’20a: Lorentz
magnetized
ar out- • B-field
fromcollimation
the remnant is . 0.3 c, corresponding
Long-lived
zation, • Outflow
factor . 1.05, while a SGRB jet (including
the HMNS
case of
end on
+ neutrinos
GRB 170817A, Mooley et al. 2018b; Ghirlanda
et al. 2019)
with sGRBs
baryon Inconsistent
would require
& 10 or a velocity & 0.995 c.
principle,
the
SeeInRadice’s
talk
ructure
outflow could still accelerate while propagating at larger disdetails
tances. Nevertheless, the energy-to-mass flux ratio is much
poorly
smaller than unity (< 0.01) and this excludes any possibility
to reach significantly larger Lorentz factors. In other words,
the outflow is by far (at least a factor 103 ) too heavy to be

Ciolfi, ‘20

Less baryon pollution then
terminal Γ ≈ 5

Effects of spin on magnetized binary neutron st
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Events GW170817 and GRB 170817A provide the best confirm
where at least one of the companions is a neutron star can be the proge
An open question for GW170817 remains the values and impact of th
could possibly affect the remnant black hole mass and spin, the remn
jet and its outgoing electromagnetic Poynting luminosity. Here we su
hydrodynamic simulations of spinning, neutron star binaries undergo
hole. The binaries consist of two identical stars, modeled as = 2 p
spins NS = 0.053, 0, 0.24, or 0.36. The stars are endowed initia
from the interior into the exterior, as in a radio pulsar. Following me
tum by magnetic braking and magnetic turbulent viscosity in the hyp
along with the loss of angular momentum due to gravitational radi
MR et al. ’16-19
Blandford-Znajek
effect
nearly uniformly rotating inner core
surrounded by a magnetized
K
Disk lifetime:
eventually collapses to a black hole, with spin a/MBH ' 0.78 ind
consistent with sGRB T90 stars, surrounded by a magnetized accretion disk. The larger the initia
ter t ⇠ 3000M 4000M ⇠ 45(MNS /1.625M )ms 60(MNS
relativistic jet is launched. The lifetime of the jet [ t ⇠ 100(MNS /1
Max. magnetization in the outflow:
and its outgoing Poynting
luminosity [LEM ⇠ 1051.5±1 erg/s] are
Simulations:
with the Blandford–Znajek mechanism for launching jets and their a
PACS numbers: 04.25.D-, 04.25.dk, 04.30.-w, 47.75.+f

I. INTRODUCTION

Bi B i , wi

BNS Scenario: Prompt Collapse

MR & Shapiro ‘17

• No B-field collimation
• No outflow
• Really small accretion disk
EM counterpart before merger: see e.g. Lehner et al. ’12
Progenitors of fast radio bursts: see e.g. Totani ’13, …

No jet

GW170817, GRMHD and the NS maximum mass
Supramasive

Prompt collapse

Delayed collapse

Consistent with sGRBs

Typically

Using Hartle’s causal argument:

MR et al. ‘17

Pirsa: 20060052

Pirsa: 20060052

Consistent with Margali et al., Rezzolla et al., Shibata et al.
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Ergostars
Ergoregions are associated with two astrophysical processes which are both related to the
extraction of energy from a spinning BH:
❖
❖

Penrose process
Powering of relativistic jets through the Blandford-Znajek process
key ingredient:
BH Horizon

Membrane paradigm:
Energy and angular momentum are extracted
along B-field lines threading from the horizon

Ergostars
Ergoregions are associated with two astrophysical processes which are both related to the
extraction of energy from a spinning BH:
❖
❖

Penrose process
Powering of relativistic jets through the Blandford-Znajek process
key ingredient:
BH Horizon

Membrane paradigm:
Energy and angular momentum are extracted
along B-field lines threading from the horizon

key ingredient:
Ergoregion

Komissarov ’04-’05:
Energy and angular momentum are extracted
along B-field lines threading the ergoregion
Preliminary results using Force-Free evolutions + Cowling
approx. seem to confirm this claim: MR et al. ‘12

Ergostars: Dinamically Unstable
Differentially rotating Γ= 3 polytropes:

Komatsu et al. ‘89

Ergostars
Following Hartle, we took the ALF2 EOS and replace
ρ0 > ρ0s with a compressible EOS

P = (ρ − ρs) + Ps
maximum possible stiffness
Here, we take ρ0s = 2.7x1014 gr/cm 3

Τsokaros, MR et al. ‘20

Pirsa: 20060052

Ergostars: Dinamically Stable
Differentially rotating NS with the ALF2cc EOS

Τsokaros, MR et al. ‘20

Ergostars: Magnetized Evolutions
Assumption: Ergostars are BNS remnants

TABLE IV. Comparison of simulation results with the unified mo
Case

Ljet (erg/s)

ṀBH (M /s)

⇢ [(1.4M /MNS )2 ] (g/

Preliminary results

Model Simulations Model Simulations Model
Simulations
Aliq3sp0.5 1052
1052
100
10 1
1010
109
Aliq3sp0.75 1052
1051
100
10 1
1010
1010
MR in prep.

Max. magnetization in the outflow:

field, the gauge in which ⌦F is computed, and/or inadequate
resolution. On the other hand, the outgoing Poynting luminosity is Ljet ⇠ 1051.2 1051.6 (see top panel
of Fig.
12),are
which
Blandford-Znajek effect
Neutrino
effects
ignored
is consistent with that generated by the BZ mechanism [84]
✓
◆2 ✓
◆2
M
B
BH
LBZ ⇠ 1051 ã2
erg /s .
(13)
5.6M
1015 G
It is therefore likely that the BZ mechanism is operating in
our systems. Note that we normalized the mass of the BH to

Conclusions
We are in a golden era where we can test our theory/models against observations
and numerical simulations. We can do now:

Multimessenger astronomy
Discover new physical effects,
Use simulations to constraints EoSs,
Constraint theory beyond GR

Computational astrophysics allows to explain some of the LIGO/Virgo GW detections.
However, more detailed microphysics + magnetic field are both needed.

