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

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 GRBs

This image shows the durations of the 4B Catalog Gamma-Ray Bursts
recorded with the Burst and Transient Source Experiment on board
NASA’s Compton Gamma-Ray Observatory. The duration parameter
used is T90, which is the time over which a burst emits from 5% of its
total measured counts to 95%. The data used for the calculation are the
BATSE 4 energy channel discriminator data. Lightcurves used for the
calculation of T90 are integrated over all 4 channels (E ≥ 20 keV).

Swift GRBs

Hard/Soft GRBs

Large filled symbols represent the GRBs for which there is a
redshift, while small empty symbols are the rest of the bursts of
the Swift sample (Horvath et al. 2010). For calculating the
hardness ratio, chosen is fluence 2 (25 - 50keV) and fluence 3 (50 100keV), and the hardness is defined by the HR = F3/F2 ratio

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

Energetic requirements
• Required energy: 1052 ergs
• Needs to be radiated away, not

emitted by neutrinos,
gravitational radiation, or
swallowed by BH
• Typical models of GRBs

postulate gravitational
potential energy
• Its most efficient source is

accretion of matter onto
compact star
E = GM 2 /r M = 1 − 10 M
E = 1053 −1054 erg r = 3−10 km
efficiency: 1-10%
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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

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)

Gamma rays

LopezCamara, Morsony & Lazzati (2012). Density stratification maps in
the jet, at different times. Simulation made with code Flash.

Gamma rays

Jet break through the massive star’s envelope
The nimation shows a 2D jet from a collapsar breaking out of the
star. Black and blue represent lower density, white and yellow
higher density
Credit: Weiqun Zhang and Stan Woosley

Movie at http://cosmo.nyu.edu/ wqzhang/movies/

Accretion and jets

Accretion models

• Accretion model building requires to satisfy the basic

equations
• Continuity equation
• Energy equation
• Conservation of momentum (radial transport, rotation)

• Equation of state: simplest case: ideal gas
• Dissipation of energy, simplest case: α-disk
• Dynamics: stationary, time-dependent

Hyperaccretion
•
•
•
•

Hyperaccretion: rates of 0.01-10 M /s
EOS is not ideal
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

Equation of State
The total pressure must include the contributions from gas,
radiation, and degenerate electrons:
Ptot = Pgas + Prad + Pdeg =
k
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where mass fraction of free nucleons depends non-linearly on
density and temperature (Popham et al. 1999; Di Matteo et al.
2002; Janiuk et al. 2004).
In more advanced modeling, the EOS must be computed
numerically by solving the balance of nuclear reactions (Yuan 2005;
Janiuk et al. 2007; Janiuk & Yuan 2010; see also Lattimer &
Swesty 1991; Setiawan et al. 2004)

Equation of state

• Gas in beta equilibrium, the ratio of proton to neutron satisfies

the balance between forward and backward nuclear reactions.
• Neutrino cooling via electron, muon and tau neutrinos in the

plasma opaque to their absorption and scattering
• Neutrinos formed in the URCA process (electron-positron

capture on nucleons), e+e- pair annihilation, nucleon-nucleon
bremsstrahlung and plasmon decay.
• Leptons and baryons relativistic and may have arbitrary

degeneracy level.
• We compute the gas pressure using the appropriate

Fermi-Dirac integrals

Equation of state
In the EOS, contribution to the pressure is by the free nuclei and
e + − e − pairs, helium, radiation and the trapped neutrinos:
P = Pnucl + PHe + Prad + Pν
Pnucl includes free neutrons, protons, and the electron-positron
pairs:
Pnucl = Pe− + Pe+ + Pn + Pp
with
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where Fk are the Fermi-Dirac integrals of the order k, and ηe , ηp
and ηn are the reduced chemical potentials in units of kT ,
(ηi = µi /kT , the degeneracy parameter, where µi the standard
chemical potential). Reduced chemical potential of positrons is
ηe+ = −ηe − 2/βe and the relativity parameters are defined as
βi = kT /mi c 2

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 − ) .
Matter must also satisfy conservation of the baryon number,
nn + np = nb × Xnuc
and charge neutrality:
ne = ne − − ne + = np + ne0

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

(2)

n + n → n + n + νi + ν̄i .

(3)

γ̃ → νe + ν̄e

(4)

The neutrino cooling rate is finally given by the two-stream
approximation, and includes the scattering and absorptive optical
depths for neutrinos of all three flavors.
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Structure of disk in 1D model

EOS with neutrino cooling

Dependence of EOS on T and ρ, for ρ = 1012 g cm−3 , and
T = 1011 K.

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
= ρhu µ u ν + pg µν = (ρ + u + p)u µ u ν + pg µν

1
∗ µν
µν
TEM
= b 2 u µ u ν + b 2 g µν − b µ b ν ; b µ = uν F
2
and, assuming force-free approximation, Eν = uµ F µν = 0.

Numerical scheme
Conservative scheme solves:
∂t U(P) = −∂i Fi (P) + S(P)
where U is a vector of “conserved” variables, Fi are the fluxes, and
S is a vector of source terms. In non-relativistc MHD, both P → U
and U → P have a closed-form solution. In GRMHD U(P) is a
complicated, nonlinear relation. Inversion P(U) is calculated once
or twice in every time step, numerically.
• transformation between ’conserved’ variables (momentum,

energy density) and ’primitive’ (rest mass density, internal
energy)
• inverse transformation requires to solve a set of 5 non-linear

equations

Sample conversion scheme
• Eight conserved variables are D,

D≡

√

√

−g (Ttt , Tti ), and

√
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−g ρu t = −ρnµ u µ = ραu t = γρ

is the density measured in the normal observer frame, and
√
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are the 4 energy-momentum equations and induction
equations
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the magnetic field vectors are defined as
∗
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• The primitive variables are rest mass density ρ, internal energy

u, B i , and 3-velocities: v i = u i /u t .

Our conversion scheme

• Components of B i can be obtained analytically
• For the rest 5 equations one of multi-dimensional

Newton-Raphson routines is used (Noble et al. 2007).
• It is simple, if pressure is given by an adiabatic relation
• For general equation of state, one must compute also dp/dw ,

dp/dv 2 , and p(W , v 2 , D) (here w = p + u + ρ; W = γ 2 w )
• In our scheme, we have tabulated (p, u)(ρ, T ), so we

interpolate over this table
• Then we compute the Jacobian ∂U/∂Pnumerically, derive and

evolve the conserved variables

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 start from an equilibrium solution,
given by Fishbone & Moncrief (1976) and
Abramowicz et al. (1978)
• 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 ).

Magnetized accretion flow
Figure shows distribution of the magnetic field, evolved at time t =
1300M.
• Initial poloidal configuration of the
field, with Aφ = (ρ/ρmax ) is
adopted; initial 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.

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.

Neutrino cooling of the torus in GRBs

• Neutrino emissivities are large in the

torus, and wind launched above its
surface.
• Simplified simulation adopts only

update of the internal energy in the
gas due to neutrino cooling.
• In the EOS, still adiabatic index of 4/3

was assumed (A.J., et al. 2013).
• Snapshot taken at t=2000 M (couple

weeks of computation, example of a
single run on 1 CPU)
• Parameters here: black hole mass

M = 10M and spin a = 0.98, disk
mass Md = 1M .

Neutrino cooling in GRBs: advanced EOS

• Neutrino emissivities in the torus,

wind not yet launched.
• Example test run with recent version

of the code.
• 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.
• Snapshot taken at t=30 M (three

weeks of computation, example of a
single run on 4 CPUs- only
hyperthreading)

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

(5)

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

(6)

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.

Statistical reaction network
• Thermonuclear fusion due to capture/release of n, p, α, γ.
• Reaction sequence produces subsequent isotopes
• Set of non-linear differential equations solved by Euler method

(Wallerstein et al. 1997 Rev.Mod.Phys.)
• Abundances calculated under assumption of nucleon number

and charge conservation for a given density, temperature and
electron fraction (T ≤ 1MeV )
• Nuclear reactions may proceed with 1 (decays,

electron-positron capture, photodissociacion), 2 (encounters)
or 3 nuclei (3-alpha reactions)
• Integrated cross-sections depending on kT are determined

with Maxwell-Boltzmann or Planck statisctics. Background
screening and degeneracy are accounted for.

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.

Heavy elements in supernova ejecta

Nishimura et al., 2012, ApJ

Summary I
• GR MHD simulations of GRB central engines are carried

•

•

•
•
•

numerically; the equation of state can be no longer assumed
as an ideal gas
with the HARM code, we performed initial step to update the
internal energy in every time step according to cooling of the
plasma by neutrino emission, at rates computed from the
tabulated EOS
we compared the efficiency of GRB jet powering through the
neutrino annihillation, with that from the Blandfrod-Znajek
mechanism
heavy element production in the BH accretion flow was also
calculated
the signatures of radio-active decay of these elements might
be searched for in the X-ray data e.g, from the NuStar satellite
further work on the HARM code, to consistently use the
numerical EOS and revert the pressure as a function of
density and internal energy, is in progress

Radioactive astronomy

• NuSTAR. Launched by NASA, in 2012
• Energy 5-80 keV
• Good energy resolution
• Possible detection of X-ray photons from

radioactive decay of isotopes: Ti, Co,
Mn, Cu, Zn, Ga, Cr...

Summary II

• GR MHD simulations of GRB central engines are carried

numerically; the equation of state can be no longer assumed
as an ideal gas
• neutrino emission and absorption processes have to be tackled

together with nuclear equilibrium conditions and degeneracy
of species
• heavy element production in the BH accretion flow is

considered

Further work to be done

• Generalize the simulations to account for BH mass and spin

change (metric evolution)
• Search for the observed signatures of heavy elements

produced within the GRB engines
• Full 3-D computations
• Cover larger volume, include realistic progenitor’s structure

(then with adaptive mesh technique)
• Eventually match the central engine with the magnetized jet

and its break through the stellar envelope
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