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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.

First cosmic gamma ray burst
• 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”

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: atmospheric lightnings, magnetic reconnections in

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

BATSE GRBs

Catalog of 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%.

Energetic requirements

• In GRBs, about 1051 ergs is released in 1 second. This is

about 1018 of the luminosity of our Sun.
• Huge energy released at the source can be explained only by

accretion onto compact object and viscous dissipation of its
gravitational potential energy
• Accretion luminosity

GM Ṁ/R

• Efficiency: fraction of the radiated rest mass energy

η = L/Ṁc 2
• ηBH = 0.06 − 0.4, ηNS = 0.2, ηWD = 10−4 , ηMS = 10−6
• efficiency of H-He nuclear fusion: 0.007

Gamma ray bursts: long and short

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 (Shakura &

Sunyaev 1973). Mimics the agular momentum transport by
MHD turbulences
• Dynamics: simplest case is stationary.

Hyperaccretion
• Hyperaccretion: rates of 0.01-10 M /s
• Steady state and time-dependent models were proposed from
•
•
•
•

2000’s
EOS is not ideal, plasma composed of n, p, e + , e −
Chemical and pressure balance required by nuclear reactions
Charge neutrality condition
Neutrino absorption & scattering

Popham et al. 1999; Di Matteo et al. 2002; Kohri et al. 2002, 2005;
Chen & Beloborodov 2007; Lee & Ramirez-Ruiz 2006; Janiuk et al.
2004; 2007; 2010; Lei et al. 2009; Liang et al. 2015;

GR MHD simulations
HARM code: High Accuracy Relativistic Magnetohydrodynamics
(Gammie et al. 2003). Continuity and energy-momentum
conservation equations in GR:
∇µ (ρu µ ) = 0

∇µ T µν = 0

with equation of state of ideal gas
p = K ργ = (γ − 1)u
Energy tensor contains electromagnetic and gas parts:
µν
µν
T µν = Tgas
+ TEM
µν
= ρhu µ u ν + pg µν = (ρ + u + p)u µ u ν + pg µν
Tgas

1
∗ µν
µν
= b 2 u µ u ν + b 2 g µν − b µ b ν ; b µ = uν F
TEM
2
where u µ is four-velocity of gas, u is internal energy density, and
b µ = 12 εµνρσ uν Fρσ and F is the electromagnetic stress tensor. in
force-free approximation, Eν = uµ F µν = 0.

MHD evolution of accretion flow

• Initial poloidal configuration of the
field, with Aφ = (ρ/ρmax ).
• Example parameters: black hole
mass M = 3M and spin a = 0.9,
disk mass Md = 0.1M , initial
β = Pgas /Pmag = 50
• Field is advected with gas under
the BH horizon
• Close to the poles, mass density is
low while magnetic pressure is high
• Black hole rotation helps launching
the magnetically driven jets

Energy extraction from rotating black hole. Magnetic
fields, neutrinos?
We can evaluate the radial energy
flux, as the power of the BlandfordZnajek process:
Z π
√
Ė ≡ 2π
dθ −g FE
0

where FE ≡ −Ttr .
This can be subdivided into a mat(MA)
(EM)
ter FE
and electromagnetic FE
part.
The electromagnetic power is then
used to accelerate the jets.

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

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.

Chemical composition of the torus in GRBs
In the hot and dense torus, with temperature of 1011 K and
density > 1010 g cm−3 , gas is not ideal and cooled by neutrinos.
The main reactions that lead to neutrino emission are electron
and positron capture on nucleons and neutron decay. Nuclear
equilibrium is 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).

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
n + n → n + n + νi + ν̄i
γ̃ → νe + ν̄e
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. (Ideally, neutrino transport
should be accounted for).
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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-positrons:
Pnucl = Pe− + Pe+ + Pn + Pp
with
√


1
2 2 (mi c 2 )4 5/2
β
F3/2 (ηi , βi ) + βi F5/2 (ηi , βi )
Pi =
3π 2 (~c)3 i
2
where Fk are the Fermi-Dirac integrals of the order k, and ηe , ηp and ηn
are the reduced chemical potentials, ηi = µi /kT , ηe+ = −ηe − 2/βe .
Relativity parameters: βi = kT /mi c 2 . EOS computed numerically by
solving the balance of nuclear reactions (Janiuk, Yuan, Perna & Di
Matteo 2007; Janiuk & Yuan 2010)

Numerical scheme in HARM
Conservative HARM 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
numerically.
• transformation between ’conserved’ (momentum, energy

density) and ’primitive’ (rest mass density, internal energy)
variables (e.g., Noble et al. 2006)
• requires to solve a set of 5 non-linear equations
• inversion is complex for a non-adiabatic relation of the

pressure with density, instead of adiabatic law

Neutrino cooling
• Neutrino emissivities computed
from the balance of nuclear
reactions
• MHD evolution consistently
computed with the nuclear pressure
as a function of density and
temperature, EOS update at every
time-step (Janiuk A., 2017, ApJ,
837, 39; see also Janiuk et al.
2013; 2017)
• Code HARM parallelized with MPI
and multithreading for EOS table
interpolation.
• Neutrino transfer not accounted,
the diffusion approximation used

Blandford-Znajek vs. neutrino power: jets

Two mechanisms may be source of power of the GRB central
engine: neutrinos and black hole rotation mediated by magnetic
fields

Kilonova effect
• Optical and near-Infrared

emission, powered by radioactive
decay of r-process nuclei
• Dynamical ejecta from compact

binary mergers, Mej ∼ 0.01M ,
can emit about 1040 − 1041
erg/s in a timescale of 1 week
• Subsequent accretion can

provide bluer emission, if it is
not absorbed by precedent
ejecta
• Kilonova candidates can be

distinguished from supernova by
faster time evolution, fainter
absolute magnitudes, and redder
colors (Tanaka M., 2016)

GRB 130603B afterglow. The excess NIR
flux corresponds to absolute magnitude
M(J) ∼ 15.35 mag at ∼ 7d after the
burst, consistent with the kilonova behaviour.

Cyan curve shows predicted r-

process kilonova optical emission (Tanvir
N., et al, 2013)

Neutron star tidal disruption

Simulations of the binary neutron
star merger and r-rprocess elements synthesized in the dynamical ejecta of a tidally disrupted NS
(Korobkin O., et al. 2012, MNRAS)

Accretion after neutron star merger

Simulations of the bh accretion of
a remnant torus and r-process elements synthesized in the wind
(Wu M.-R., et al. 2016, MNRAS). Code Flash, α-disk, Newtoniangravity, EOS from Timmes &
Swesty (2000).

Synthesis of heavy elements in accretion flow
• Thermonuclear fusion due to capture/release of n, p, α, γ.

Reaction sequence produces subsequent isotopes.
• Nuclear reactions may proceed with 1 (decays,

electron-positron capture, photodissociacion), 2 (encounters)
or 3 nuclei (3-alpha reactions).
• We use the thermonuclear reaction network code (B.S. Meyer;

http://webnucleo.org ) and we compute the nuclear statistical
equilibria established for fusion reactions
• The reaction data are taken from JINA reaclib online database
• 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
(T ≤ 1MeV ) and electron fraction, that are obtained in the
GRB engine disk

Synthesis of heavy elements in accretion torus, 1D

Most abundant elements formed in the accretion torus in GRBs,
Ṁ = 1.0M /s, a = 0.9 (1-D model of disk, Janiuk 2014, A&A, 568, 105)

Synthesis of heavy elements in accretion torus, 2D

Left: Nuclear statistical equlibrium abundances. Volume integrated
abundance distribution of elements synthesized in the accretion disk in
2D simulation with MBH = 3, a=0.6, Mtorus = 0.1 (Janiuk A., 2017)
Right: Distribution of Titanium 44 and Nickel 56 within inner 50 Rg (K.
Wojczuk & A Janiuk, in prep. 2017)

Flows structure
• HARM code prepared to work in

3-D setup. Current models are
axially symmertic.
• Computations of nucleosynthesis

through post-processing, under
the NSE condition (K. Wojczuk
and A. Janiuk, in prep.)
• Tracing trajectories of wind

particles, after they leave the
engine interrior and reach large
distances. Nucleosynthesis in
the dynamical outflows will
produce second and third
r-process peak isotopes (project
in prep, hopefully with a new
PhD thesis)

Summary

• The observed signatures of radioactive decay of some heavy

species produced in the dense and hot disk in GRBs can be
emission lines seen in X-rays (e.g. NuSTAR range), or faint
emission in Ultraviolet/Optical/IR continuum (i.e. ’kilonova’
or ’macronova’; Li & Paczynski 1998).
• NuSTAR: energy range of 5-80 keV, possible detection of

photons from Ti, Co, Mn, Cu, Zn, Ga, Cr decay
• EPIC onboard XMM-Newton: lines below 15 keV, e.g., 45 Ti,
57 Mn,

or

57 Co

• Important in search for electromagnetic counterparts of GW

signals from mergers, as the kilonovae offer an alternative,
unbeamed electromagnetic signature

Astrophysics group at CTP PAS

• K. Sapountzis, M. Grzedzielski, P. Sukova, S. Charzynski, K.

Wojczuk
• Variety of topics, in computational astrophysics, related to BH

accretion: GRBs, GWs, XRBs: (µ)QSOs, ULX, Sgr A*
• Two new PhD fellowships, see European Astronomical Society

(EAS) website

Current status in ICM

• 3-dimensional modeling: on

Okeanos cluster at Warsaw ICM.
We have Cray XC40 supercomp
with over 1000 nodes, 24 core
each and hyperthread
• Fermi gas numerical EOS: only

2-D models computed for now
in ICM. Runs need 20x longer
computation.
• Some computations of

nucleosynthesis performed
through post-processing (K.
Wojczuk)

• Full 3-D

model on 128 nodes:
1/500x105 [hrs]x20x8 ∼
200 weeks to
follow 1 second of a
GRB engine life,
with proper
microphysics and

