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Gamma ray bursts: long and short

Possible combination of the two and its observable
consequences

We envisaged (Janiuk et al., 2013) a model for a gamma ray
burst, with possible double jets and/or jets redirected, and leaving
an orphan afterglow, while accompanied by a gravitational
wave signal. Such GRB would be resulting from the collapse of a
massive rotating star in a binary system with a companion BH.
• Candidate for such scenario: future of

Cygnus X-3, the X-ray binary system
composed of the Wolf-Rayet star, which
will undergo core-collapse supernova, and
its companion BH.

Our work: Case study of GRB from BBH

• combination of the two scenarios (close binary of massive star

+ BH) can yield the GRBs
• simulations of such scenario very complicated, must consist of

several steps:
• spinning up the massive star
• core collapse and accretion of inner

envelope, primary BH mass and spin
evolution, possible jet launch
• binary BH merger in vacuum
• accretion of the envelope onto the

merged product
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Collapsing star: rotation of the envelope
The specific angular momentum distribution in collapsar is given by
lspec = l0 f (θ)g (r ),
where the normalization is scaled to the critical angular
momentum, l0 /lcrit = x. We express lcrit as
q
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where a1 is the primary black hole dimensionless spin parameter.
The above equation gives the condition for the formation of a disk
with the angular momentum exceeding that of the marginally
bound orbit (Bardeen 1972).
For discussion of rotation laws: see Janiuk, Moderski & Proga
2008 .

Collapsing star: structure

Spherically symmetric model of the 25 M pre-supernova (Woosley &
Weaver 1995). Right: Chemical composition. Left: Density profile and
the mass enclosed inside a given radius and the free fall timescale onto
the enclosed mass, corresponding to the radius.

Collapsing star with a companion black hole
As the companion BH moves from the radius r to r − ∆r inside
the envelope, it transfers its specific orbital angular momentum to
the shells:
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where M(r ) is the mass of the envelope inside the radius r .
• We assume that the companion
BH orbital angular momentum
p

is Keplerian, J2 = M2

GM(r )r (Barkov & Komissarov 2010).

• We assume that the companion enters the envelope close to

the equatorial plane, so that the specific angular momentum
is transferred as lspec = lspec + ∆lf (θ).

Primary black hole spin evolution

• Solid and dashed lines show

the models with the envelope’s
angular momentum normalized
with x = lspec /lcrit = 1.5 and
7, respectively.
• The envelope is spun up by the

companion BH
• Time is given as the free-fall

timescale
Evolution of the primary BH spin
during the collapse of the stellar
envelope

Our setup for BBH merger

• We simulate the very last stage of the evolution of binary BH

system, when the separation of the components becomes so
small, that the phases of inspiral, merger and ringdown can be
tracked.
• Initial state:
• Two black holes in quasi circular orbits
• Models parameterized with BH mass ratio, their spin

magnitudes and spin vectors orientations

Numerical code
• We use Einstein Toolkit computational

framework: a family of codes for use in
relativistic astrophysics based on finite
difference computation on a gridded mesh
(Löffler et al. 2012).
• Supported by a distributed model, combining

core support of software, tools, and
documentation in its SVN and GIT
repository with partnerships of developers
• Adaptive mesh technique, 7-10 refinement levels
• BSSN method: numerically the most stable formulation of 3+1
decomposition of Einstein equations, used for discretization of
evolution equations of spacetime geometry. Modification of the
ADM formalism developed during the 1950s. Pretorius (2005),
Campanelli et al. (2006), Baker et al. (2006)
• Code configured, compiled and run on the computer cluster in ICM
UW

BSSN formulation
In addition to usual 3+1 decomposition of spacetime metric
ds 2 = gµν dx µ dx ν = −α2 dt 2 + γij (dx i + β i dt)(dx j + β j dt)
the 3-metric γij is conformally transformed via
φ=

1
ln det γij ,
12

γ̃ij = e −4φ γij

so det γ̃ij = 1. The extrinsic curvature Kij is also transformed:


1
ij
−4φ
K := tr Kij = g Kij ,
Ãij = e
Kij − γij K
3
with tr Ãij = 0.
The evolved variables are: φ, γ̃ij , K , Ãij and Γ̃i := γ̃ jk Γ̃ijk .

Merging black holes and gravitational wave

Gravitational kick of the merged BH
• Equal mass quasi-circular merger: the inspiral phase can be well
described as a quasicircular inspiral driven by quadrupole GW
emission; Pre & post merger well approximated by perturbative
methods; ’plunge’ phase very short (10-20M)
• for non-spinning, unequal mass components, kick velocity of
remnant black hole due to asymmetric beaming of radiation
• up to 175km/s for non-spinning, unequal mass components
• typical values for spinning black holes of 100s km/s, but can

be as large as 4000km/s for equal mass black holes with spins
vectors anti-aligned and in the orbital plane

Gravitational wave astronomy

Gravitational wave detection
• The source GW150914 was interpreted to be a merger of two
+4
BHs of the masses of 36+5
−4 M and 29−4

• Final BH parameters are estimated to be of 62+4
−4 M

and

+0.05
0.67−0.07
for its mass and spin

• Probabilities that the angles between spins and the normal to

the orbital plane are between 45◦ and 135◦ are about 0.8 for
each component BH
• Spin magnitudes are constrained to be smaller than 0.7 and

0.8 at 90% probability
• Assumption of a strict co-alignment of spins with the orbital

angular momentum results in an upper limit of 0.2 and 0.3 for
the spins
• Distance of 410+160
−180 Mpc, corresponding to a redshift of

about z = 0.09

Fermi GRB coincident with GW150916
• Duration of about 1 sec and

appeared about 0.4 seconds
after the GW signal
• within the limit of uncertainty

of LIGO and Fermi detector
capabilities could also be
associated spatially
• GRB fluence in the range 1

keV-10 MeV, is of 2.8 × 10−7
erg cm−2
• Implied source luminosity in

gamma rays equals to
49 erg/s
1.8+1.5
−1.0 × 10
−1
Etot = ε−1
γ Eγ = εγ

θ2
Eγ,iso
2

Some recent scenarios for GW-GRB origin
• A. Loeb (2016, ApJL) The two BHs merge within a common
envelope of a very massive star. These two BHs must have formed
simultaneously from the two clumps that were created via the bar
instability during the core collapse.
• S. Woosley (2016, ApJL): core-collapse of a single, chemically
homogeneous, rapidly rotating single star of a mass about 150M .
GW signal should result from the Kerr parameter of the collapsing
core being significantly larger than unity, so the angular momentum
of the newly born BH is lost via gravitational wave emission. Or,
the two massive stars of the initial separation on the order of 1 AU
would undergo core collapses one after another and experience twice
the common envelope phase.
• B. Zhang (2016, ApJL): magnetospheric activities during the
merging phase would make a fireball if the BH charge is large
• ... and many more

Circumbinary disk

Kocsis et al. (2012); Meliani et al. (2016)

Accretion simulations

• We made several runs for BH mass and range of spins,

constrained from the LIGO data
• Code HARM2D, MPI-parallelized for hydro-evolution, plus

shared memory hyperthreading for EOS-table interpolation.
• In the EOS, no adiabatic index. Full numerical EOS tabulated

and implemented into MHD evolution.
• Torus mass: adopted to produce adequately low neutrino

luminosity for a weak GRB

Accretion flow
• Initial poloidal configuration of the
field, with Aφ = (ρ/ρmax ); initial
β = Pgas /Pmag = 50. Example
parameters: black hole mass
M = 62M and spin a = 0.7, disk
mass Md = 15M .
• Field is advected with gas under
the BH horizon
• Close to the poles, where mass
density is low while magnetic
pressure is very high, open
magnetic field lines form.
• Black hole rotation helps launching
the magnetically driven jets. from
this engine.

Neutrino cooling of the torus in GRB

• Neutrino emissivity and volume

integrated luminosity
• Black hole mass MBH = 62M
• disk mass Md ≈ 15M .
• needs low efficiencies of conversion

between neutrino anihillation, jet
kinetic and radiative power

Energy extraction from the rotating black hole
To compute the energy flux through the horizon of the black hole,
we need the electromagnetic part of the stress tensor,
µν
TEM
= b2 u µ u ν +

b 2 µν
g − bµ bν ,
2

(4)

where the four-vector b µ with b t ≡ giµ B i u µ and
b i ≡ (B i + u i b t )/u t .
We then evaluate the radial energy flux, as the power of the
Blandford-Znajek process:
Z π
√
Ė ≡ 2π
dθ −g FE

(5)

0
(MA)

where FE ≡ −Ttr . This can be subdivided into a matter FE
and
(EM)
electromagnetic FE
part, although in the force-free limit the
matter part vanishes (McKinney & Gammie 2004).

Jet power mechanisms in GRBs

Two mechanisms may be source of power of the GRB central
engine: neutrinos and magnetic fields, through the
Blandford-Znajek process.
Model
lbhAc
lbhBc
lbhCc
lbhDc
lbhEc

a
0.6
0.7
0.8
0.9
0.98

Mtorus
16.8
13.0
10.6
10.4
16.4

< Ṁ >
6.08
5.35
4.47
4.37
3.53

Ṁ(tend )
3.08
3.27
2.59
4.43
1.91

Ltot
ν (tend )
3.41 × 1053
4.0 × 1053
6.63 × 1053
7.59 × 1053
4.67 × 1054

LBZ (tend )
0
0
5.62 × 1050
3 × 1051
1.71 × 1052

Summary
• We proposed and computed a plausible model for GW emission
coincident in time with a weak gamma ray burst observed by Fermi.
• semi-analytical treatment of the BH core collapse and star’s
envelope spin-up
• GR simulations of BBH merger and GRB central engines MHD
evolution were carried numerically;
• cooling of the remnant accretion torus by neutrino emission
computed from the tabulated EOS with proper microphysics
• We compared the efficiency of GRB jet powering through the
neutrino annihillation, and the Blandfrod-Znajek mechanism
• Constraints with a moderate BH spin plus small disk mass, are in
tentative agreement with LIGO and Fermi data
• Further searches for the GW sources and their EM counterparts are
now essential
• Process of the core collapse in the center of a massive star with
companion BH in its envelope, prior to the BBH merger, needs
further studies from the theory point of view.
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