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Black hole accretion, GRBs, GW sources. Outline.

• Hyperaccretion and nucleosynthesis in GRB engines.
• Stellar collapse in the evolving Kerr metric (failed GRBs).

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

Hyperaccretion
• Hyperaccretion: rates of 0.01-10 M /s
• Steady state and time-dependent models were proposed
• 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; Reynoso et al. 2006; Janiuk et al. 2004;
2007; 2010; Lei et al. 2009; Liang et al. 2015;

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 (Di Matteo, Perna & Narayan 2002). 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
√
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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, 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)

Vertically integrated disk structure

Janiuk, Yuan, Perna, Di Matteo (2007, ApJ, 664, 1011)

Nucleosynthesis

M. Burbidge, B 2 FH

Figure from Rolf & Rodney (1988)

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 also Fujimoto 2004; Surman & McLaughlin 2004; 2006; Metzger,
Thomson & Quataert 2008).

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

Hyperaccretion and jet ejection
• If the black hole starts

fastly rotate, jet ejection
is inevitable
• The presence of magnetic

fields and/or
neutrino-antintineutrino
pairs power the jet
acceleration
• Blandford-Znajek process

quantified with
Z
√
Ė ≡ dθdφ −g T r t
• Luminosities due to BZ

and neutrinos:
comparably large, depend
on BH spin

Janiuk, Mioduszewski, Moscibrodzka (2013, ApJ, 776, 105)

Power source for GRB

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

Janiuk A. (2017, ApJ, 837, 39)

Microphysics in GR MHD

• Hyperaccretion requires detailed

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

Ye = np /(np + nn ) < 0.5
• Non-trivial transformation

between conserved variables and
’primitives’ in HARM due to GR
MHD scheme (Noble et al.
2006)

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

Supercomputing: Warsaw University, ICM

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

Supercomputing requirements
• Multi-threading for the dynamical

EOS table interpolations (pthread,
Akima (1970) spline)
• On cluster, a hybrid parallelization

method, MPI+OpenMP, tested
Test on Cray XC40

• Scalable for a uniform resolution,

e.g. Nr xNθ xNφ = 192x192x192
MPI+OpenMP vs. pure
MPI methods
other:
HPX

• For non-uniform grids, the

dependence on Nnodes and
Ntasks/node is not monotonic, due
to the properties of function
MPI-Dims-create (see AJ, K.
Sapountzis, J. Mortier, I. Janiuk,
arXiV:1805.11305)

Elements synthesized in GRB disk, under NSE

Nucleosynthesis within the torus accreting onto BH, under nuclear
statistical equlibrium. Input data, ρ, T, Ye , taken from 2D
GR-MHD simulation (Janiuk 2017, ApJ)
Numerics provided by the library of C codes libnucnet; see Hix &
Meyer (2004), Meyer et al. (1998)

Heavy elements: r-process nucleosynthesis

Nucleosynthesis of r-process
elements in NS-NS merger
(Korobkin et al. 2012)

Kilonova: GW-GRB 170817
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Cowperthwaite et al., 2017
• 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)

Magnetically driven outflows from disk

Neutron Star mergers Search for Gold and gravitational
waves

Possibility: PhD program at Copernicus Astronomical Center
(co-sup AJ & M. Bejger)

Summary. Part I.
• We implemented the nuclear EOS with arbitrary degeneracy of

e,n,p, to the HARM GRMHD scheme and compute the
evolution of black hole accretion flows in GRB engines
• We optimized the code performance, used MPI/Open MP

schemes and tested on supercomputer
• We obtained a weak dependence on black hole parameters for

the nucleosynthesis yields of lighter elements (A less than 80)
synthesized in the accretion disk.
• The r − process nucleosynthesis, motivated by the recently

discovered electromagnetic counterparts of gravitational
waves, is studied via nuclear reaction network. Extrapolation
of outflow trajectories, computed within the HARM models,
can prodvide more observationally verified results.

Collapsars. Change of mass and spin of the black hole

How long can a GRB be? (Janiuk & Proga 2008, ApJ, 675, 519)

Collapsars. Change of mass and spin of the black hole
The specific angular momentum
distribution in collapsar is given by
lspec = l0 f (θ)g (r ),
where the normalization is scaled
to l0 /lcrit = x.
q
√
2GM
2 − a + 2 1 − a,
lcrit =
c
where a is the black hole dimensionless spin parameter. The rotating torus and BH spin drive
GRB engine (Janiuk, Moderski &
Proga 2008)

Spherically symmetric model
of the 25 M pre-supernova
(Woosley & Weaver 1995)

Change of BH mass and spin and metric

Black hole accretes both mass and angular momentum. Adopting
Kerr-Schild coordinates t, r , θ, φ, this accretion rate is given by the
stress-energy tensor integrated on the horizon
Z
√
˙
J ≡ dθdφ −g T r φ
Z
Ṁ = Ė ≡

dθdφ

√

−g T r t

(cf. Gammie, McKinney & Shapiro 2004).

Black hole growth

The changing black hole spin and mass are subsequently affecting
the spacetime metric, which is updated in every time step
according to the growing mass (cf. Hamersky & Karas 2013):
∆M =

curr
MBH
−1
0
MBH

0 is the initial mass of the black hole, and the current
where MBH
mass is given by integration of the mass flux over the horizon at
every time-step:
Z
√
i−1
curr
MBH
= MBH
+
dMin 2πdθ −g ∆t
r =rin

Metric evolution
We update the six relevant coefficients of the gµν metric in the
Kerr-Schild form,
r
r 2 + a2 cos2 θ
r
gtr = 2(1 + ∆M) 2
r + a2 cos2 θ
sin2 θ
gtφ = −2(1 + ∆M)ar 2
r + a2 cos2 θ
r
grr = 1 + 2(1 + ∆M) 2
r + a2 cos2 θ
r
gr φ = −a sin2 θ(1 + 2(1 + ∆M) 2
r + a2 cos2 θ
gφφ = sin2 θ(r 2 + a2 cos2 θ +
r
+a2 sin2 θ(1 + 2(1 + ∆M) 2
)).
r + a2 cos2 θ
gtt = −1 + 2(1 + ∆M)

Quasi spherical accretion

• parameters: initial

sonic radius, rs ,
polytropic index γ,
magnitude of
angular momentum
• Bernoulli equation

converged up and
down from rs
Simple initial condition for HARM-2D.
Bondi cloud plus small rotation (AJ, P.
Sukova, I. Palit, 2018, ApJ, subm.)

• Non-magnetized

Shock front propagation

• Angular momentum
normalized to that of a
circular orbit at 6 rg
• Factor sin2 θ to
concentrate rotation on
equator (see Janiuk &
Proga 2008; Mach, Pirog
& Font 2018)
0
• MBH
= 3M , initial spin
a = 0,

• Sonic point initially at
rs = 80rg

Change of mass and spin of the black hole

• Star: initial mass Mc = 25M , within Rout = 1000rg ,
• initial spin a=0
• Black hole accretes both mass and angular momentum.
• For higher initial spins, also spin-down is possible

Lines correspond to 3 values of star’s angular momentum magnitude

Mass accretion rate

• Stellar envelope

empties due to
supersonic
accretion.
• The rest mass is

accreted through
the horizon.
• Variability due to

(i) shock oscillation
(ii) mini-disk
turbulence?

Shock fronts

Sukova, Charzynski & Janiuk (2017, MNRAS, 472, 4327)

LIGO Black Hole assembly

LIGO spin constraints

Summary. Part II.
• We compute the collapsar model with slowly-rotating quasi

spherical collapse with changing black hole spin and mass
• Our method to follow collapse is fully GR Hydro, while still

not by exactly solving the Einsteins equations. It gives a good
approximation to this problem (see Semerak & Sukova 2010;
Hamersky & Karas 2013)
• Some attempts (and microphysics) have been made recently

(Kuroda et al. 2018) but with Schwarzschild metric.
• Our test models out some constraints on the angular

momentum content of the collapsing progenitor star, with the
resultant mass and spin of the BH.
• Further work: supply the initial conditions with a more

realistic density profile, as results from the stellar evolutionary
model
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• Former PhD student: Mikolaj Grzedzielski (2013-2018; now

post-doc in Turino)
• Former postdocs: Szymon Charzynski (2015-2017, now

lecturer at Warsaw University); Petra Sukova (2013-2016,
now research associate at Astronomical Institute in Prague);
Kostas Sapountzis (2016-2018)
... please visit our website
www.cft.edu.pl/astrofizyka

Warsaw flavors

