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Astrophysical black holes

Black hole accretion models

• Satisfy the basic equations of hydrodynamics
• Continuity equation
• Energy equation
• Conservation of momentum (radial transport, rotation)
• Supplement with equation of state. Simplest case: ideal gas
• Describe dissipation of energy, simplest case: α-disk, stress

scales with pressure (Shakura & Sunyaev 1973). Mimics the
agular momentum transport by (MHD?) turbulences

Gamma Ray Bursts. What we see? What we imagine?

Constraints for astrophysical jets

• Observed non-thermal γ-ray spectra gave rise to the

compactness problem
• Huge optical depth due to the electron-positron pair

production would produce a thermal emission
• Relativistic expansion needed with a large bulk Lorentz factor,

Γ > 102 (Paczynski 1986; Baring 1997)
• High Lorentz factor requires exceedingly clean explosions with

ejecta masses of < 105 M ; requires limited ’baryon loading’
(Shemi & Piran 1990)

Hyperaccretion
• GRB energetics consistent with catastrophic explosion, star

collapse and birth of a new black hole
Ebinding = GM 2 /R ≈ 1054 [erg]
•
•
•
•
•
•
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Hyperaccretion: rates of 0.01-10 M /s
Black Hole must fastly rotate to accelerate jets
EOS cannot be ideal, plasma composed of n, p, e + , e −
Chemical and pressure balance required by nuclear reactions
Contributions from radiation and neutrinos
Steady state and time-dependent models were proposed from
1999’s (1-D, pseudo/Newtonian, α-viscosity). Now GR MHD
is state-of-the-art.

see poster by J. Mortier

GR MHD simulations

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

∇µ T µν = 0

Energy tensor contains 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
EOS in simplest case is that of ideal gas
p = K ργ = (γ − 1)u

Hyperaccretion and jet ejection
• If the black hole fastly rotates,

jet ejection is launched
• The presence of magnetic fields

provides the efficient mechanism
for jet acceleration
• Energy of extraction usefully

estimated at the BH horizon (cf.
Blandford and Znajek, 1977)
Z
√
Ė ≡ dθdφ −g T r t
• Magnetic fields will transport

angular momentum

Janiuk,
Mioduszewski,
Moscibrodzka (ApJ, 2013)

Results for a range of BH spins

Source of power of the GRB central engine: neutrinos and black
hole rotation, mediated by magnetic fields

Non Trivial!

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 (Yuan Y.-F. 2005; Janiuk, Yuan,
Perna & Di Matteo 2007; Janiuk & Yuan 2010)

see also our poster...

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

Neutronisation, nuclear matter

• Hyperaccretion requires detailed

description of microphysics
(degenarate Fermi gas EOS,
• P(ρ, T ) non-linear dependence,

inverse p(ρ, u)
• A few groups in the world have

worked their schemes (Neutron
Stars). We were first to
implement this in HARM.
• Matter is neutronized,

Ye = np /(np + nn ) < 0.5
Janiuk A., (ApJ, 2017)

Supercomputing requirements
• Compute on 1, 2, and 3-D grid
• Multi-threading for the

dynamical EOS table
interpolations (pthread)
• On cluster, a hybrid

parallelization method,
MPI+OpenMP, tested
Test on Cray XC40

• Scalable for a uniform

MPI+OpenMP vs. pure
MPI methods

• For non-uniform grids, the

see also poster by Ishika
Palit

resolution, e.g.
Nr xNθ xNφ = 192x192x192
dependence on Nnodes and
Ntasks/node is not monotonic,
due to the properties of function
MPI-Dims-create (cf. talk on
Friday, by K. Sapountzis)

Magnetized jets, visualisations

• Magnetic field configuration
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Jets variablity, Lorentz Factors

• Energy conservation along a

field line µ = Γh (1 + σ) as the
sum of the inertial-thermal
energy of the plasma, Γh, and
its Poynting flux, Γhσ
• Maximum achievable Lorentz

factor Γ∞ = µ, when all the
Poynting and the thermal
energy is transformed to baryon
bulk kinetic (σ → 0, ξ → 1)
(Vlahakis & Konigl 2003)

σ

Postprocessing. Elements synthesized in GRB engines

Nucleosynthesis within the torus accreting onto BH, under nuclear
statistical equlibrium (Janiuk A., 2014; K. Wojczuk & AJ 2018)

Heavy element: r-process elements synthesis

Nucleosynthesis of r-process elements on the outflow trajectories
M. Burbidge, B 2 FH paper (1957)
from the accretion torus around
BH (M.-R. Wu et al. 2017)

Kilonova effect
• Optical and near-Infrared

emission, powered by
radioactive decay of r-process
nuclei (Li & Paczynski 1998)
• Kilonova candidates can be

distinguished from supernova by
faster time evolution, fainter
absolute magnitudes, and redder
colors
• 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 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)

Gravitational waves. Discovery of 2015

Kip Thorne.
2017 Nobel Prize in Physics

Gamma Ray Bursts and GWs. Search for Gold

Before August,2017

After August, 2017

Electromagnetic counter part: GW 170816

• Gravitational waves were discovered with the detection of

binary black hole mergers and they should also be detectable
from lower mass neutron star mergers.
• NS-NS are predicted to eject material rich in heavy

radioactive isotopes that can power a kilonova
• The gravitational wave source GW170817 arose from a binary

neutron star merger in the nearby Universe with a relatively
well confined sky position and distance estimate.
• A 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...)

Elements synthesized in the outflows from GRB engines
modeled dynamically, with HARM

Nucleosynthesis of r-process elements on the outflow trajectories
from the accretion torus and wind, without NSE assumption
Code SkyNET was used (Lippuner & Roberts, arXiv:1706.06198).
See also Siegel & Metzger (2017)

Summary

• We implemented the GR MHD scheme to compute the

evolution of black hole accretion flows
• We worked out a unique physical model to describe the

non-linear equation of state consistently with MHD evolution
• We optimized the code performance, used MPI/Open MP

schemes and tested on supercomuter
• We model and visualize the physics of astrophysical jets
• We aim to obtain important results for the nucleosynthesis in

the r − process in the context of recently discovered
electromagnetic counterparts of gravitational waves

