Mass and spin constraint on black holes associated with
long GRBs in Collapsar model.
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Abstract

Evolution of the flow for different rotation magnitudes

Extensive tests:
Light cloud test

Gamma ray bursts are highly energetic and brightest explosions that
have been observed in EM spectrum. These can last from few seconds to few hours. The progenitors of long GRBs are believed to be
massive stars exploding due to the collapse of their cores. Matter
from the star around the core falls down towards the center forming a gaseous envelope and (for rapidly rotating stars) swirls into a
highly density accretion disk.

Mass of the black hole as a function of time (left), and the dimensionless black
hole spin evolution (right). The three lines show the model of a transonic cloud
accreting onto black hole, with different values of the specific angular momentum. The time is given in seconds, and the final time of the evolution refers to
0
2 ∗ 105 geometrical units, GM/c3, where M = MBH
= 3M is the initial black
hole mass.

Comparison with the static metric models

Figure shows the mass accretion rate as a function of time in the left side of the
panel, for a very light cloud accreting onto a 3M mass black hole. Green line
marks the solution without rotation, and blue line marks the solution with a slow
rotation. The static and changing metric solutions are exactly the same. Right
panel shows the corresponding total, volume integrated, mass of the cloud as it
decreases in time.

Spherical test

Model for the formation of long duration GRBs in the so-called collapsar model.

My poster presents our results showing how much mass and spin a
newly formed black hole should possess during collapsar to launch
long GRB. In our model, We start with a newly formed black hole
whose mass and spin are going to evolve depending on the rotation
of the collapsing cloud. We set a critical angular momentum of the
cloud at certain circular radii and we further study the growth of
black hole in sub critical, critical and super critical regime. In addition to metric change effects on the evolution, mini disk formation
has also been investigated and have been accounted for variability in
accretion rate. Our results also testify that the massive BH detected
by LIGO till date is not able to launch a powerful GRB because as
per our results such massive BH should not have required high spin
to support such event.

The left panel shows the Mass of the accreting cloud, contained within 1000 gravitational radii, as a function of time. Three solid lines represent the rotation with
critical angular momentum at 6rg (green), and for 0.4lcrit (blue), and for 1.4lcrit
(red). The right panel presents the results for a test run, where the black hole
mass and spin was not evolved (MBH = 3M and s = a = 0).

’Mini disk’ formation

Evolution of mass and spin

1] Sub critical rotation (S = 0.4) :

In simulations, the evolution of the black hole mass M and spin J
is computed according to the following equations(Gammie et al.
2004):
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The changing black hole spin and mass subsequently affecting the
spacetime metric. The mass growth is updated in every time step
according to Janiuk, Moderski Proga (2008):

2] Super critical rotation (S = 1.4):
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mass is given by integration of the rest-mass flux over the horizon
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curr
MBH

i
=
= MBH
r
u
where dMin = ρ ut .

i−1
MBH

+

R

r=rin dMin2πdθ

√

−g∆t

The change of the spin parameter of the black hole is computed as:
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Our models are scaled with a parameter defining a ratio between
our collapsar’s angular momentum and the above (critical) angular
momentum value at the circular orbit.

lspec =

Structure of the slowly rotating accretion flow, at time t=50,000 M. The model
assumes transonic flow with rs = 80rg . The figure on top has almost no rotation
(l/lcrit = 0.4) and 2nd figure has slow rotation (l/lcrit = 1.4).The maps show: (i)
density,(ii) temperature of the plasma, (iii) specific angular momentum respec0
tively going from left to right. Parameters: initial black hole mass MBH
= 3M ,
and initial mass in the cloud Mcloud = 25M . The maps show inner 500 rg .

Appearence of Shock in the flow

⇒In the sub-critical rotation case, S = 0.4, larger the rotation parameter, the larger BH spin value is obtained at its maximum.
⇒ Spin is sensitive to chosen circularisation radius rc. When rc is
large, mini-disk is large for rotation equal or larger than critical.
⇒ For super-critical rotation,S = 1.4, mass loss through outer
boundary due to centrifugal force is larger than mass accreted onto
black hole in case of large rc. Here rotationally supported minidisk keeps material on orbit and increase in BH spin per unit mass
is low.
⇒ The accretion rate for model S = 0.4 steeply grows with time
and then decreases whereas for model S = 1.4 ,is quite stable and
constant with time for short simulation.
⇒ For S = 0.4 case, shock develops in late stage of simulation. In
S = 1.0 case, rotation causes fast appearance of inner shock bubble,
which grows in equatorial plane. For S = 1.4 case, shock forms and
expands fast due to rotation and merges with sonic surfaces, leaving
subsonic flow.
We conclude therefore that the qualitative behaviour of the flow
does not depend much on these parameters, and is a generic feature resulting from our approach. The main uncertainty lies in the
assumed rotation profile of the collapsar.
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with uφ defined as U φ = g tφ(−) + g φφl and S = l/lcrit being a
model parameter, in principle larger, or smaller than unity.

We account for the change of black hole mass and spin during the
accretion of the mass-energy through the black hole horizon, and
we evolve the spacetime as a sequence of Kerr solutions. The stellar structure is described using a slowly rotating, quasi-spherical
flow, with the relativistic solution for the Bondi-Michel radial dependence of density, and specific angular momentum concentrated
at the equator (Janiuk Proga (2008), see also e.g. Mach, Pirog
Font (2018)). Our simulations utilize the changing Kerr metric
coefficients and black hole growth, which we have implemented
within the HARM code (High Accuracy Relativistic Magnetohydrodynamics, Gammie et al. (2003)).
Simulation Data :
1] 256x256 grid points in r and θ direction.
2] Initially fixed black hole mass, MBH = 3M .
3] adiabatic index γ = 4/3.
4] Gas cloud contained within Bondi sphere of size, Rout = 1000rg .

Discussion
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Results

This figure shows the mass accretion rate as a function of time in the left side
of the panel, for a very light cloud accreting onto a 3M mass black hole. the
model assumes no rotation. The static and changing metric solutions are different, as shown with green and blue lines, respectively. Right panel shows the
corresponding total, volume integrated, mass of the cloud as it decreases in time.

Distribution of radial Mach number (vr/cs), at t=50,000 M, for the almost nonrotating (l/lcrit = 0.4, (left), critical (l/lcrit = 1.0,(middle) and weakly rotating
(l/lcrit = 1.4, (right) models. The thick solid line marks the sonic surface, i.e.,
the M = 1 value. The cloud mass at this time is Mcloud ≈ 2.7 M , or 7.4 M , or
20 M , respectively.

Shock & sonic points for different cases

Figure shows the position of shock and sonic points in time, for the simulations
with the initial sonic radius located at 80 rg (marked with a red dot), and the slowdown factor of S = 0.4, 1.0. The computational domain goes up to Rout = 103rg
and the whole region is filled with transonic Bondi flow.
All these results are plotted at the equatorial plane. The supersonic parts of the
flow for model S = 1.4 also exist, but they are present in the polar regions, above
and below the equator
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