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Topics in this talk

• Accretion in Gamma Ray Burst engines: produce spinning
black hole and form jets
• Nucleosynthesis in the post-merger outflows. Electromagnetic
counterpart to Neutron Star Merger.

GRB Observables
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Binary neutron star merger

Baiotti & Rezzolla, 2016

Kilonova

• NS-NS eject material rich in heavy radioactive isotopes. Can
power an electromagnetic signal called a kilonova (e.g. Li &
Paczynski 1998; Tanvir et al. 2013, Berger 2016)
• 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 (Tanaka, 2016)

Electromagnetic counterpart of GW 170817

Rapidly fading electromagnetic transient in
the galaxy NGC4993,
is spatially coincident
with GW170817 and a
weak short gamma-ray
burst (e.g., Smartt et al.
2017; Zhang et al. 2017,
Coulter et al.
2017,
Murguia-Berthier et al.
2017)

GRB central engine: black hole accretion

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

∇µ T µν = 0

Energy tensor contains in general electromagnetic and gas parts:
µν
µν
T µν = Tgas
+ TEM
µν
Tgas
= 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
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 tensor. In
force-free approximation, Eν = uµ F µν = 0. EOS in simplest case is
that of ideal gas
p = K ργ = (γ − 1)u

I. Jets variablity, Lorentz Factors

Initial conditions: equilibrium torus (Fishbone & Moncrief 1978)
Initial magnetic field: poloidal; e.g., that of an electric wire
(Jackson 1978; cf. Paschalidis et al. 2016)
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Jet variability

Energy conservation along a field line gives µ = γh (1 + σ)
σ=

(TEM )rt
(Tgas )rt

µ=−

Ttr
ρu r

Time variability of µ as measured at outer and inner regions of jet .
Right: variability as correlated with T MRI , timescale of the fastest
growing mode (Sapountzis & Janiuk, 2019, ApJ, 873, 12).

Power source for GRB

Rotational velocity of the magnetic field ΩF = Ftθ/Fθφ
Angular frequency of the black hole ΩBH = (a/2) 1 +

√

1 − a2
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Three lines represent 3 inner radii of torus, 10, 20, and 50 rg (Sapountzis
& Janiuk 2019)

Jet, energetics and variability

Sapountzis &
Janiuk 2019 (ApJ, 873, 12);

AJ, et al. (in prep)

Hyperaccretion and microphysics

• Hyperaccretion: rates of 0.01-10 M /s
• EOS is not ideal, plasma composed of n, p, e + , e −
• Chemical and pressure balance required by nuclear reactions:
electron-positron capture on nucleons, and neutron decay
(Reddy, Prakash & Lattimer 1998)
• Neutrino absorption & scattering
Steady state and time-dependent models were proposed 1-d hydro: Di
Matteo et al. 2002; Kohri et al. 2002, 2005; Chen & Beloborodov 2007;
Janiuk et al. 2007; Janiuk & Yuan 2010; Lei et al. 2009; Janiuk 2014;
Liang et al. 2015; 2017; 2D-GR MHD: Janiuk et al. 2013; Janiuk 2017,
2019

Fermi gas in GRB engines
Pnucl = Pe− + Pe+ + Pn + Pp
with
√


2 2 (mi c 2 )4 5/2
1
Pi =
β
F3/2 (ηi , βi ) + βi F5/2 (ηi , βi )
3π 2 (~c)3 i
2
The number density of fermions under arbitrary degeneracy is
determined by
√


2 (mi c 2 )3 3/2
1
β
F1/2 (ηi , βi ) + βi F3/2 (ηi , βi )
ni = 2
π (~c)3 i
2
with Fk being the Fermi-Dirac integrals of the order k, and
βi = kTi /(mi c 2 ).
EOS is computed numerically by solving the balance of nuclear
reactions (Yuan Y.-F. (2005); Janiuk, Yuan, Perna, DiMatteo
(2007))

Reaction rates

Γp+e − →n+νe

=
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where Q = (mn − mp )c 2 ; fe,νe are the distribution functions. The factor
be reflects the percentage of the partially trapped neutrinos.

Neutrino luminosity
Neutrino cooling rates computed as
Qν =

(7/8)σT 4 X
1
(3/4)
0.5(τa,i + τs ) +
i=e,µ,τ

√1
3

+

1
3τa,i

in the optically thick regime.
In the optically thin regime, it will be given by
Qν = H(qpair + qurca + qplasm + qbrems ) (see Janiuk et al. 2007,
Appendix A).

Code HARM-COOL
• Neutrino energies peak in
MeV range (Wei et al.
2019)
• Magnetic fields and/or
neutrino-antintineutrino
pairs power the jet
• Magnetic field seeds disk
as
Aϕ =

ρ̄
ρmax

− ρ0

• Blandford-Znajek process
quantified with
Z
√
Ė ≡ dθdφ −g T r t

Janiuk, Mioduszewski &
Moscibrodzka (2013);
Janiuk A. (2017)

Code HARM-COOL. 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, electrons, and positrons
(relativistic and partially degenerate, Fermi gas EOS).
• Matter is neutronized, Ye = np /(np + nn ) < 0.5
• Non-trivial transformation between conserved variables and
’primitives’ in HARM due to GR MHD scheme (see Noble et
al. 2006). EOS implemented as tables, pthread interpolation
• Sound speed formula from Ibanez et al. (2015)

Magnetically driven outflows from disk

We follow the wind outflow, and compute the synthesis of
subsequent r-process elements on the trajectories, where mass is
ejected in sub-relativistic particles. The code distributes tracers
uniformly in rest-mass density in flow. Seee Janiuk A. (2019, ApJ),
cf. Wu et al. 2016; Bovard & Rezzola 2017

Model parameters

r-process nucleosynthesis

Results for a=0.6. and two magn. to gas pressure ratios, 0.1 and 0.01.
Postprocessing with Code SkyNET (Lippuner & Roberts 2017), used for
the nuclear reaction networks (Janiuk A., 2019, ApJ, 882)

Thermodynamics of the outflows

Electron fraction and entropy as measured at the outflow
trajectories in the region where the temperature drops to 5 GK,
and the velocity at trajectories measured in the distance of 800 rg
(i.e. ∼ 3560 km). Colors present models HS-Therm (magenta),
HS-Magn (blue), LS-Therm (green), and LS-Magn (red)

Simulation results

The unbound outflow mass was computed from tracers analysis.
See also Fernandez et al. (2019), they use pisitive Bernoulli
constraint. the adiabatic law in their GR MHD scheme, and
possibly avoid the technical complications and long lasting
simulations.

Supercomputing

Warsaw University, ICM: cluster Okeanos 1084 computing nodes
with 24 Intel Xeon CPU cores with a 2-way Hyper Threading.
Nodes are connected with a Cray Aries Network, with a Dragonfly
topology
PL-Grid infrastructure: cluster Prometheus
Postprocessing & visualisations: Local CTP-PAS cluster, 1 node,
32 CPU. Parallel-Python computations

Computational demands for 3D

HARM-COOL can be run in 2D or 3D setup, and with or without
the neutrino-cooling and nuclear EOS module.
2-D simulations with the nuclear EOS (grid 256x256) until 20,000
tg , with 64x24 CPU on the Okeanos, for about 2 weeks per model.
3-D simulations of MAD disks, we have ran only with adiabatic
EOS, for resolution 288x256x256, on 96x48 CPU, until 50,000tg
for ∼ 10 days.
Including EOS calculations and tracer outflows in the 3D setup is
beyond the capability of the Warsaw ICM supercomputing power.

Our version of src, the version beta, HARM-COOL v. 1.0, at
www.cft.edu.pl/astrofizyka. Soon on the IAU Comm. B1
repository, after fixups are added.
Refer to A. Janiuk (2017, ApJ, 837, 39) for the EOS module, and
A. Janiuk (2019, ApJ, 882) for the tracer particles implementation.
Code parallelized with MPI-OpenMP; plus multi-threading for EOS
tables interpolation (Janiuk A., Sapountzis K., Janiuk I., 2018,
Supercomp. Frontiers)

Summary
• In short GRB central engine, both accretion and wind ejection
are important (MRI turbulence, magnetically/neutrino driven
winds)
• Observables are: emission from jets (energetics, minimum
time variability scales), and emission from afterglows,
including now the Kilonovae. The latter may bring
information on accretion physics.
• The disk winds are able to launch fast wind outflows
(v /c ∼ 0.11 − 0.23) with a broad range of electron fraction
Ye ∼ 0.1 − 0.4, and help explain the multiple components
observed in the kilonova lightcurves. The total mass loss from
the post-merger disk via unbound outflows is between 2% and
17% of the initial disk mass.
• Details depend on the BH spin and magnetisation in the disk.

Global picture in short GRBs

Potential electromagnetic counterparts of compact object binary
mergers as a function of the observer viewing angle. Rapid
accretion of a centrifugally supported disk (blue) powers a
collimated relativistic jet, which produces a short GRB (Metzger &
Berger 2012).

Take away message

1

GRB engine is a multi-scale problem.

2

Fundamental interactions between elementary particles in the
plasma drive the microphysics of the engine.

3

Microphysics leads to direct observable tests (kilonovae).

4

The MHD simulations show that rotational instabilities have
imprint on the variability of the jet.

5

The same MHD mechanism drives uncollimated outflows
where r-process elements are synthesized.

6

Situation far more complex in case Kerr metric not fixed (see
talk by Ishika Palit on collapsars)

Simulations of Short GRBs

Korobkin et al. 2012;

Rezzolla et al. 2014;

Paschalidis et al. 2015

• Leading candidates include mergers (or for a small fraction,
collisions) of NSNS and NSBH systems (e.g. Shibata,
Baumgarte & Shapiro 2000).
• An alternative candidate is accretion induced collapse of a NS
to BH. A small fraction of short GRBs can be the giant flares
of soft gamma-ray repeaters in nearby galaxies (e.g. Levan et
al. 2006).

MRI resolution

QMRI,θ =

2πvA,θ
Ωdx θ

p
where vA,θ = b θ / ( (ρh)2 + b µ bν ) is the θ component of the
Alfvén velocity and dx θ - grid cell size

QMRI,θ → λMRI /dx θ , where λMRI is the wavelength of the fastest
growing mode.

Postprocessing. Elements synthesized in GRB engines

Nucleosynthesis within the torus accreting onto BH, under nuclear
statistical equlibrium (Janiuk A., 2014, A&A, 568, 105). These results
are based on density, temperature and Ye profiles from 1-D model and
postprocessed with code by B. Meyer (1994); see Hix & Meyer (2006).
(see also Fujimoto 2004; Surman & McLaughlin 2004; 2006; Metzger,
Thomson & Quataert 2008).
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