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First cosmic gamma ray burst
The Vela satellites were launched in 1963 by the US Air Force,
inspired by a recently signed nuclear test ban treaty. Signatories
agreed not to test nuclear devices in the atmosphere or in space.
• First burst detected by Vela 4
satellite on July 2, 1967
• Measured X-rays, 3-12 keV,
Gamma rays (CsI detector),
150-750 keV
• Astronomical results published by
Klebesadel, Strong & Olsen (1973)
based on Vela 4, 5 and 6 catalogues
• They were able to deduce the
directions to the events with
sufficient accuracy to rule out the
Sun and Earth as sources. They
concluded that the gamma-ray
events were ”of cosmic origin”

Gamma ray bursts: history of observations

• Swift: from 2004. First detection of a short GRB afterglow
• HETE II: from 2000. First mission dedicated to GRBs.

Detected over 100.
• Chandra: from 1999. Detected first emission lines in X-rays
• XMM-Newton: from 1999. Detected lines of S, Mg, Ca, Ar
• BATSE: 1991-2000. Proved GRBs to be extragalactic
• BeppoSAX: 1996-2002. Detected first Optical afterglow
• ROTSE: from 1998. Detected first optical counterpart of a

GRB
• HST: from 1990. Identified host galaxies of GRBs

BATSE and Swift GRBs

Gamma ray bursts: lightcurves
• Time profile: Fast Rise, Exponential Decay
• Substructure, multiple peaks
• Time duration typically 0.001 - 1000 s.
• The longest ones: about 10,000 s.

Some history of models

• Until 1992, about 100 theoretical models were proposed
• They differed in localisations by orders of magnitude: from

Solar System to extragalactic
• Energy requirements (flux x distance2 ) differed by 20 orders of

magnitude
• Examples: athmospheric lightnings, magnetic reconnections in

Heliopause, accretion onto a comet, starquake of a neutron
star, white holes, cosmic strings...

First preprint on arXiV

• astro-ph/9204001
• Ramesh Narayan, Bohdan

Paczynski, Tsvi Piran
• Gamma Ray Bursts as the

death throes of massive
stars
• origin of bursts:

cosmological mergers of
compact remnants

First use of the term ‘Hypernova’
• Similar to the ’Failed Supernova’ by S. Woosley, where the

outer core of a massive rotating star does not immediately
collapse, but forms a torus
• Proposed by B. Paczynski (1998) to be 100 times more
luminous than normal SN
• Superstrong magnetic field is needed to produce fireball

GRB progenitors

• Progenitors range from mergers of compact stars to collapse

of massive stars
• Massive star must form a black hole: 10% of all collapsing

stars; moreover the star must have enough rotation in its
envelopee to form a disk: another 10%. GRBs (due to
collapsars) may therefore occur in about 1% of all
core-collapse supernovae (Type I b/c)
• Models must account for the energy of explosion, collimation,

rapid variability, range of durations, statistics

Gamma ray bursts: long and short

GRB 980425
• Single peaked, long (30 s) burst, detected by BeppoSAX
• Peak intensity of about 350 cts/s in the energy band 40-700

keV and of 3 Crab at 2-28 keV
• Optical spectrum of SN 1998bw, observed by ESO, detected 1
day after the burst. Emission mostly by broad Fe II lines in
the blue, by Si II near 600 nm, and by O I + Ca II near 720
nm. Lack of H and no strong He I features. SN type Ic.
• Peak luminosity of 1 × 1043 ergs
s−1 , about 10 times brighter than
typical SNe Ib/Ic. A large amount
of 56 Ni needed
• Lightcurve modeled with an
explosion of a massive, C-O star,
E > 2 − 5 × 1052 erg (Nakamura
et al. 2001). Initial mass of the
star might be 40 M , exploding
core mass of 12 M .

GRBs - SN associacions
• First GRB 980425 associated with the
transient with light curves very
different from those of GRB
afterglows, which decay as a power
law, but similar to those of
supernovae. Similar spectrum to that
of SN1994I. Galama et al. (1998)
conclude that the transient is a very
luminous supernova of type Ic.
• Association of many GRBs with
regions of massive star formation in
distant galaxies, appearance of SN-like
bumps in the optical afterglow light
curves, lines of freshly synthesized
elements in the spectra of a few X-ray
afterglows
• GRB030329, the associated SN2003dh
(Hjorth et al. 2003, Stanek et al.
2003)

GRB 111209A
• Very luminous, Eiso = (5.7 ± 0.7) × 1053 erg
• Ultra long, Konus detection up to ∼ 10, 000 s after Swift trigger
• Supernova SN2011kl associated, z=0.677 (Greiner et al. 2015)
• No H nor He lines, suggest type Ic; but low metal abundances
• SN lightcurve fits imply very high 56 Ni mass ( 1 M ), not consistent
with the spectrum. It resembles other ultra-luminous supernovae
• The large SN luminosity suggested to be due to magnetar’s spin
down energy input; requires Pinit = 12ms and B = 6 − 9 × 1014 Gs

Hyperaccretion
• Hyperaccretion: rates of 0.01-10 M /s
• Chemical and pressure balance required by nuclear reactions
• Charge neutrality condition; neutrino opacities (absorption;

scattering)
• Annihillation of neutrinos and antineutrinos

Popham et al. 1999; Di
Matteo et al. 2002; Kohri et al. 2002, 2005; Chen & Beloborodov 2007;
Reynoso et al. 2006; Janiuk et al. 2004; 2007; 2010; 2013

Modeling accretion onto a rotating black hole in GRBs
We study the properties and evolution of
matter in the rotationally supported torus
around a black hole in the GRB engine.
We calculate it in a very detailed way,
using global magnetohydrodynamic simulations in General Relativity.
• Movie shows the density distribution in
the torus. Simulation is axisymmetric,
so we plot the slice in the x-z plane.
The simulations are made in polar
coordinate system, r − θ, and using
the Kerr-Schields coordinates that are
non-singular on the BH horizon.
• Density scale is determined by the
torus mass (here: torus is 1 Solar
mass, black hole of 10 M ).

GR MHD model
Our simulations were made with 2D code HARM (High Accuracy
Relativistic Magnetohydrodynamics; Gammie et al. 2003). The
code provides solver for continuity and energy-momentum
conservation equations:
(ρu µ );µ = 0
T µ ν;µ = 0
p = K ργ = (γ − 1)u
where:
µν
µν
T µν = Tgaz
+ TEM
µν
Tgaz
= (ρ + u + p)u µ u ν + pg µν

1
µν
TEM
= b 2 u µ u ν + b 2 g µν − b µ b ν
2
assuming force-free approximation.

Magnetized accretion flow
Figure shows distribution of the magnetic field, evolved at time t =
1300M.
• Initial poloidal configuration of the
field, with β = Pgas /Pmag = 50.
Model parameters: black hole mass
M = 10M and spin a = 0.98, disk
mass Md = 1M .
• Magnetic turbulences develop
within the dense matter of a torus,
while 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.

Chemical composition of the torus in GRBs
In the hot and dense torus, with temperature of 1011 K and
density > 1010 g cm−3 , neutrinos are efficiently produced. The
main reactions that lead to their emission are electron and positron
capture on nucleons and neutron decay, and nuclear equilibrium ust
be established.
p + e − → n + νe
p + ν̄e → n + e +
p + e − + ν̄e → n
n + e + → p + ν̄e
n → p + e − + ν̄e
n + νe → p + e −
The rates for these reactions are given by appropriate integrals
(Reddy, Prakash & Lattimer 1998).

(1)

Chemical balance in the torus in GRBs

The ratio of protons to nucleons must satisfy the balance between
their number densities and reaction rates:
np (Γp+e − →n+νe + Γp+ν̄e →n+e + + Γp+e − +ν̄e →n )
= nn (Γn+e + →p+ν̄e + Γn→p+e − +νe + Γn+νe →p+e − ) .

(2)

Matter must also satisfy conservation of the baryon number,
nn + np = nb × Xnuc

(3)

ne = ne − − ne + = np + ne0 .

(4)

and charge neutrality:

Neutrino cooling of the torus in GRBs
Other neutrino emission processes are: electron-positron pair annihillation
bremsstrahlung, plasmon decay. We calculate their rates numerically,
with proper integrals over the distribution function of relativistic, partially
degenerate species.

e − + e + → νi + ν̄i

(5)

n + n → n + n + νi + ν̄i .

(6)

γ̃ → νe + ν̄e

(7)

The neutrino cooling rate is finally given by the two-stream
appoximation, and includes the scattering and absorptive optical
depths for neutrinos of all three flavors.
Qν− =

7
4 X
8 σT
τa,νi +τs
3
4
i=e,µ,τ
2

1
+

√1
3

+

1
3τa,νi

×

1
[erg s−1 cm−3 ]
H
(8)

Neutrino cooling of the torus in GRBs

Neutrino emissivities. The simulation adopts update of the internal energy in the gas due to
neutrino cooling. Parameters: black hole mass
M = 10M and spin a = 0.98, disk mass
Md = 1M .

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

(9)

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

(10)

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
We compare the two mechanisms that are source of power of the GRB
central engine: neutrinos and magnetic fields, through the
Blandford-Znajek process.

MBH
3
3
3
3
10
10
10
10

a
0.8
0.98
0.98
0.98
0.8
0.98
0.98
0.98

βinit
50
50
10
5
50
50
10
5

Mtorus
0.1
0.1
0.1
0.1
1.0
1.0
1.0
1.0

< Ṁ >
0.45
0.31
0.86
1.01
0.88
0.52
1.31
1.71

Table : Mass is given in the units of M
of the simulation is at time t=2000 M

Ltot
ν (tend )
3.70 × 1052
8.89 × 1052
1.25 × 1053
2.93 × 1053
1.35 × 1053
1.92 × 1053
1.65 × 1053
2.63 × 1053

LBZ (tend )
3.52 × 1051
6.63 × 1050
2.67 × 1051
4.61 × 1051
1.65 × 1051
2.27 × 1051
9.04 × 1051
6.34 × 1051

and luminosity in erg s−1 . End

Nucleosynthesis in the outer parts of the torus
Helium is synthesized in the inner parts of the torus if the
accretion rate is large, and heavy nuclei are formed also in the
outer disk, at distances above 150-250 rg from the black hole.
• To compute the abundances of heavy elements, up to Germanium
and Gallium, we used the thermonuclear reaction network code
(http://webnucleo.org), which computational methods are
described in detail e.g. in Seitenzahl et al. (2008). The code is
using the nuceq library to compute the nuclear statistical equilibria
established for the thermonuclear fusion reactions.
• The abundances are calculated under the constraint of nucleon
number conservation and charge neutrality. We used the data
downloaded from JINA online database
(http://www.jinaweb.org), that provide the currently best
determined reaction rates prepared to study the nuclear masses and
nuclear partition functions and to compute nuclear statistical
equilibria.

Heavy elements formation

Free nuclei and most abundant heavy elements formed in the accretion
torus in GRBs. Left: Ṁ = 1.0M /s, right: Ṁ = 0.1M /s.

Heavy elements formation

Further heavy elements synthesized in the accretion torus in GRBs (Left:
Ṁ = 1.0M /s, right: Ṁ = 0.1M /s.) The emission lines of these
isotopes should be detectable in the afterglow lightcurves of gamma ray
bursts.

Binary merger as a source of GRBs
In the next part of our project, we considered the final stage of
evolution of high mass X-ray binary, as a gamma ray burst
progenitor. Now, the BH ultimately enters the massive star’s
envelope and spins it up, in a common envelope phase. This
triggers the collapse of the core, via the tidal squeezing interaction
(Luminet & Marck 1985; Chevalier 2012).
The process consists of three phases:
• spiral-in of the BH inside the envelope, possibly with a spherical
accretion of some surrounding gas and transfer of orbital angular
momentum into the envelope
• increase of the accretion rate through the high-angular momentum
shells of matter onto the BH newly born, in the center
• final accretion of the remaining gas during the ultimate GRB
explosion accompanied by the jet ejection.
In addition to the electromagnetic signal, such a process will also be
followed by a gravitational-wave signal.

Motivation for studies of binary black holes
• Expected to be strongest sources of gravitational waves,

observable by GW detectors
• Understanding of strong field regime of general relativity
• The two body problem in GR is unsolved, no analytic solution

techniques
• Numerical relativity used to provide the evolution schemes and
overcome difficulties in discretizing the field equations
• Simulations are useful to study the merger process for
astrophysically relevant initial data parameters

Binary black holes in the Universe
• Massive stars expected to form BHs at the end of their lives.

A few dozen of stellar mass BHs are in X-ray binary systems
• Supermassive black holes (106 − 108 M ) thought to exist at

centers of most galaxies. Galaxy merging process is observed
in number of cases

Merging galaxies in Abell 400 (X-ray and radio image). Kinked jet
in galaxy NGC 326.

Two body problem
• In Newtonian gravity, solution is a bound orbit: motion along

an ellipse
• In GR, approximate analytic solution may be obtained
• in test-particle limit, geodesic motion of a particle around a
black hole; perihelion precession, unstable and chaotic orbits
• in Post-Newtonian expansion, self gravity is accounted for;
slow motion (much slower than c) and weak field is assumed,
e.g. inspiral phase
• in perturbation theory, the ’ringdown’ of the final BH may be
described
• For BBH mergers, motion is fast and field is strong, self

gravity cannot be ignored; problem of ’plunge’ may be solved
only numerically

Numerical relativity
Field equations of general relativity
Gµν = 8πTµν

(11)

written in terms of the spacetime metrics
ds 2 = gµν dx µ dx ν

(12)

form a system of 10 coupled, non-linear, second order, partial
differential equations. Each depends on the 4 space-time
coordinates.
For a numerical scheme, one must choose the coordinates and
system of variables, that fix the character of equations and do not
develop pathologies when the spacetime is evolved. For
constrained evolution, system of hyperbolic and elliptic equations is
solved. Scheme must also deal with geometric singularities in BH
spacetimes.

Numerical relativity
• Two different stable methods currently used
• generalized harmonic coordinates with constraint damping
(Pretorius, 2005)
• ’BSSN’ method with ’moving punctures’ (Shibata M. et al,
2006; Thornburg et al. 2007) introduced the ’conformal
connection functions’ to the standard equations.
• Each equation contains tens to hundreds of individual terms,
requiring on several thousand floating point operations per grid
point with any evolution scheme.
• Problems of interest often have several orders of magnitude of
relevant physical length scales that need to be well resolved. This is
done with combination of hardware technology (supercomputers)
and software algorithms, in particular adaptive mesh refinement.
• The true geometric singularities that exist inside all black holes are
dealt with by ’excision’, or by special criteria for the lapse and shift
(’moving punctures’).

BBH mergers cases
• 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

Recoil velocity

Probability that the recoil velocity will be in a given range P, and
the probability that the recoil will be a in a given range along the
line of sight Pobs (to relate to possible redshift measurements in
galaxies and cosmological studies)
range [km/s]
P
Pobs
0-500
79.027% 92.641%
500-1000
15.399% 6.177%
1000-2000
5.384%
1.164%
2000-3000
0.189%
0.018%
3000-4000
0.001% 0.0001%
(Lousto et al. 2011).

BBHs and Gamma ray bursts
• GRB - extremely energetic, transient events
• possible mechanism - collapse of massive star (long GRB) or

merge of 2 compact objects (short GRB) → new BH
• engine of the process - hot and dense accretion disc with

hyper-Eddington accretion rate (up to 1 M s −1 ) triggers
powerful, ultra-relativistic jets, which produce gamma ray
radiation far away from the central region

Case study of a long GRB from BBH

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

star + BH) can yield the longest GRBs
• simulations of such scenario very complicated, consists of

several steps:
• spinning up the massive star, common

envelope phase
• 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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Case study of a long GRB from BBH

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

star + BH) can yield the longest GRBs
• simulations of such scenario very complicated, consists of

several steps:
• spinning up the massive star, common

envelope phase
• 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

spinning merged product

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:
s
dJ2
dJ2 dM
M2
Gr
r2
∆l =
=
/
≈
(1 + ln ),
(13)
dM
dr dr
2
M(r )
r
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).

Mass loss
• Mass taken away by the winds and

not accreted onto the black hole
through the event horizon might
reach the fraction of even 50-72%
(upper limit; see Narayan &
Kumar 2008, Janiuk et al. 2013)
• This fraction depends on the

parameters such as black hole
mass and spin, and might also be
sensitive to the adopted initial
distribution of the specific angular
momentum in the gas.
• For some models, the winds are

bound, and they would results in
large scale circularization
movements, but the wind velocity
may exceed the escape velocity.

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 with mass ratio 2 or 3.
• The more massive black hole carries also spin perpendicular to

the orbital plane
• The second component is spinless

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).
• The Toolkit is supported by a distributed

model, combining core support of software,
tools, and documentation in its SVN and
GIT repository with partnerships of
developers
• There are subsequent versions, latest as of May 2015: 11th release,
code name ”Hilbert”
• The code documentation can be found on
http://www.einsteintoolkit.org
• Code configured, compiled and run in the computer cluster in ICM

Simulation of merging black holes

• The initial data for a scalar field gravitational collapse are provided
by the TwoPunctures thorn (Ansorg et al. 2004). The ’punctures’
are excised points that represent the inner asymptotically flat
infinity. The numerical method used (pseudospectral collocation) is
an alternative to excision of spherical boundaries
• The evolution of the system of two black holes of a given mass,
with linear momentum and spin is performed by the McLachlan
module. It is a numerical implementation of the 3 + 1 split of
Einstein equations, solving the Cauchy initial value problem using
the BSSN method. Fundamental variables are spatial metric γi,j
and extrinsic curvature tensor Ki,j

ds 2 = gµν dx µ dx ν = −α2 dt 2 + γi,j (dx i + β i dt)(dx j + β j dt) (14)

Simulations of merging black holes
• We assumed reflection symmetry of the space time with respect to
the plane spanned by the initial momenta of the binary components,
• The initial separation of components was equal to 6M, where the
value of M is the ADM mass of the whole system: the mass
measured by a distant observer in an asymptotically flat space time
s
2
p
2 + S
, Mirr = A/16π
(15)
MADM = Mirr
2
4Mirr
where S is the spin of black hole and Mirr is the irreducible mass
(the mass of nonrotating black hole with the same area of horizon).
• We use Cartesian grid with the size of 60 × 60 × 60M and resolution
dx = dy = dx = 2M and 7 levels of the adaptive mesh refinement
in two regions around singularities, each by the factor of 2.

Two example runs
The input parameters and results for two example runs represent two
possible scenarios, that might occur during the pre-merger accretion stage
(core-collapse): A, the homologous accretion and B, the torus accretion.
Scenario A: M1 ∼ 9M , M1 /M2 ∼ 3
Scenario B: M1 ∼ 4M , M1 /M2 ∼ 1

Initial state
Final state
Control parameters
Computed ADM values
ADM
a1
a3
1
run m1 m2 p1 p2 a1 M1 M2 M
M
M
3
2
M
M
M2
2

1

3

A 0.63 0.32 -0.17 0.17 0.9 1.05 0.35 3.0 1.39 0.81 1.34 0.76
B 0.54 0.45 -0.14 0.14 0.28 0.6 0.45 1.4 1.03 0.79 0.98 0.78

(Parameters in the Table are evaluated in geometric units)

Sample orbit

BH apparent horizon shapes

Gravitational recoil

• The direction of the recoil is irrelevant, since it depends on

which phase of the last orbit the components of the system
meet (in our simulations must remain in the orbital plane,
since the reflection symmetry is assumed).
• The velocity of the final BH depends on spins and masses of

the components
• We obtained the values of recoil speeds to be approximately
200 km/s or 300 km/s, which roughly correspond to the two
pre-merging scenarios
• homologous accretion in the primary star
• torus accretion and wind outflow

Possible progenitor and observable consequences

We envisage a model for an extremely long duration 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 close 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.

Summary
• Numerical relativity for the past several years has brought

novel methods to discretize the field equations and follow the
black hole merger process and its consequences
• observational evidences for spin flips and past merger events

have been hinted
• speculative studies of possible ’exotic’ gamma ray burst

progenitor and recoiled orphan SMBHs are proposed
• environmental issues (MHD, radiation) are the next challenge

after the vacuum process is tackled

Further work to be done

• Generalize the simulationf of BH mergers, to release the

reflection symmetry
• Generalize the scenario to acccount for a spinning secondary,

and accretion/jet emission from it already in the envelope
• Account for non-vacuum computations of merger
• Generalize the simulations to account for BH mass growth in

MHD GR and compute the case of comparably massive BH
and torus
• Search for the dual jets and/or precession observational

signatures
• Search for gravitational wave signal from GRBs
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• dr Szymon Charzyński (CFT PAN / FUW)
• PhDs:
• mgr Mikolaj Grzedzielski
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