Nucleosynthesis in Short Gamma Ray Bursts
engines
Agnieszka Janiuk
Center for Theoretical Physics
Polish Academy of Sciences
Warsaw

TCAN BNS Workshop, on-line, 10.07.2020

Center for Theoretical Physics PAS

CTP PAS is located in the Institue of Physics, Polish Academy of
Siences. Warsaw, district Sluzewiec.

Topics of research of Computational Astrophysics Group
• Transonic accretion onto black hole with shocks
• Gamma Ray Burst jet variability, magnetically arrested disk
simulations
• Formation of the Kerr black holes during star’s collapse
• Nucleosynthesis in post-merger outflows

Gamma ray bursts

• Rapid, bright flashes of radiation peaking in the gamma-ray
band (see reviews by e.g. Piran 2004; Kumar & Zhang 2015)
• Occur at an average rate of one event per day at cosmological
distances.
• Characterized by a collimated relativistic outflow pushing
through the interstellar medium.
• Powered by a central engine.

GRB central engine: black hole accretion

• Models must 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
angular momentum transport by (MHD) turbulences
Popham et al. 1999; Janiuk et al. 2004; 2007; 2010; Reynoso et al.
2006; Lei et al. 2009

Hyperaccretion and microphysics

• 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:
electron-positron capture on nucleons, and neutron decay
(Reddy, Prakash & Lattimer 1998)
• Neutrino absorption & scattering
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 et
al. 2013; Liang et al. 2015; Janiuk 2017, 2019

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). Other reactions: plasmon
decay, electron-positron pair annihillation, bremsstrahlung.

Fermi gas in GRB engines
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 = Pe− + Pe+ + Pn + Pp
with
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The number density of fermions under arbitrary degeneracy is
determined by
√


2 (mi c 2 )3 3/2
1
ni = 2
β
F1/2 (ηi , βi ) + βi F3/2 (ηi , βi )
π (~c)3 i
2
with Fk being the Fermi-Dirac integrals of the order k, and
βi = kTi /(mi c 2 ).
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where Q = (mn − mp )c 2 ; |M|2 is the averaged transition rate, fe,νe are
the distribution functions. The factor be reflects the percentage of the
partially trapped neutrinos.

Reaction balance

np (Γp+e − →n+νe + Γp+ν̄e →n+e + + Γp+e − +ν̄e →n ) =
nn (Γn+e + →p+ν̄e + Γn+νe →p+e − + Γn→p+e − +ν̄e ).
These reaction rates are the sum of forward and backward rates
(Yuan Y.-F. (2005, Phys Rev D.); Janiuk, Yuan, Perna, DiMatteo
(2007, ApJ); see also e.g. Kohri, Narayan & Piran (2005, ApJ)

Electron fraction

Result from 1-D α-disk simulation
(AJ, 2014)

• Ye is calculated as
the net number of
electrons per baryon
• It is equivalent to
ratio of free
neutrons to
protons, by the
charge neutrality
condition
1/(1 + nn /np )
• Above ∼ 100rg it
changes due to the
formation of helium
nuclei.

Neutrino luminosity
Neutrino cooling rates simply computed as
Qν =

1
(7/8)σT 4 X
(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 )
Pressure term
0.5(τa,i + τs ) + √13
7 π 2 (kT )4 X
Pν =
8 15 3(~c)3
0.5(τa,i + τs ) + √13 + 3τ1a,i
i=e,µ,τ

Nucleosynthesis

M.

Burbidge,

B 2 FH

• stars: pp and CNO cycles, He
fusion; triple-α reactions,
Carbon, Oxygen fusion... Ne,
Mg, up to 26 Fe and 28 Ni
• supernovae: s-process, and
proton capture, from 29 Cu up to
42 Mo
• r-process: fast streams of
neutrons; Pt, Au, U, Th

Heavy elements formation

Fig. from Rolf & Rodney, (1988)

Nucleosynthesis in accretion disk under NSE

Results from 1D, pseudo-Newtonian simulation of accretion disk
(AJ, 2014) with nuclear EOS as in Janiuk et al. (2007). Code for
post-processing taken from Brad Meyer’s website. See also
Fujimoto 2004; Surman & McLaughlin 2004; 2006; Metzger,
Thomson & Quataert 2008

Heavy elements: r-process nucleosynthesis
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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

Code HARM-COOL. Equation of state
• Non-trivial transformation between conserved variables and
’primitives’ in HARM (see Noble et al. 2006). Inversion
through utoprim5d.c
• Sound speed relativistic formula from Ibanez et al. (2015)
• EOS based on β-equilibrium is coded in Fortran90,
implemented with pre-defined tables over range of
temperature and density (span ∼ 8 orders of magnitude) and
initially filled with zeros. During dynamical evolution, EOS
functions are called and tables filled with values whenever
needed.
• For P(ρ,T) a pthread-cache interpolation with spline method
(Akima 1985). To interpolate between HARM primitive
variables and EOS params, we use Newton-Raphson method.
• We read Ye value and neutrino cooling rate at every grid point
see Janiuk (2017, ApJ, 837, 39). Source code HARM-COOL.tar at
www.cft.edu.pl/astrofizyka

Numerics
www.cft.edu.pl/astrofizyka

Idexed in IAU Comm. B1 repository. Refer to A. Janiuk (2017, ApJ, 837,
39) for the EOS module, and A. Janiuk (2019, ApJ, 882) for the tracer
particles implementation.
HARM-COOL is fully 3D Code parallelized with MPI-OpenMP; plus
multi-threading for EOS tables interpolation (Janiuk A., Sapountzis K.,
Mortier J., Janiuk I., 2018, Supercomp. Frontiers)

Supercomputing
Warsaw University, ICM: cluster Okeanos 1084 computing
nodes with 24 Intel Xeon CPU
cores with a 2-way Hyper
Threading.
PL-Grid
infrastructure:
Cyfronet AGH in Krakow;
cluster Prometheus
Postprocessing & visualisations: Local CTP-PAS cluster,
1 node, 32 CPU.

Current resources enable 2D HARM-COOL simulations with
microphysics, or 3D simulations without it, but addressed to
e.g. MAD disks

Case of GW 170817

FERMI-GBM
(Goldstein et al., 2017, ApJ)

LIGO observation

Theoretical predictions (review by
Baiotti & Rezzolla, 2017)

Kilonova: GW-GRB 170817
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HST & Gemini obs., (Cowperthwaite et al., 2017)
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Swope Telescope

Optical image from Swope tel,
(Coulter 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

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; Korobkin et
al. 2012)
• Subsequent accretion can
provide bluer emission, if
it is not absorbed by
precedent ejecta (Tanaka
M., 2016, Berger 2016,
Siegel & Metzger 2017)

Where do the heaviest elements come from?

Heavy elements reach Earth

Tracing the outflows from accretion torus
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We define the tracers already while initializing the GR MHD
simulation. The code distributes tracers uniformly in rest-mass
density in the torus. We update the positions of tracers according
to their new (cell-centered) velocity components. They follow the
wind outflow, and are used to compute the synthesis of subsequent
r-process elements (typically, ∼ 3000 tracers).

Postprocessing with Skynet
• We use the data from our simulated particle trajectories:
density and electron fraction on the tracers,
• They are an input to the nuclear reaction network performed
using SkyNet (Lippuner & Roberts 2017),
• Code is capable to trace the nucleosynthesis in the rapid
neutron capture process, icluding self-heating
• Involves large database of over a thousand isotopes
• Takes into account the fission reactions and electron screening

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)

r-process nucleosynthesis

Results of postprocessing. (Janiuk A., 2019, ApJ)

Summary
• We implemented the nuclear EOS with arbitrary degeneracy of
e,n,p, to the HARM GRMHD scheme and computed the
evolution of black hole accretion flows in GRB engines from
magnetized torus initial condition
• We optimized the code performance or the EOS calculations.
Code is 3D and can serve for multiple purposes.
• Tracer paticles are extracted and grouped in subdirectories,
ready for postprocessingt hem with Skynet (python interface).
• Initial results show that 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
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