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Main Objectives & Considerations

Study effects of self gravity and cooling on the overall morphology and evolution of
the accretion flow (in 3D) in the context of the collapsar model.

e Fixed rotation rate

Polytropic envelope v = 5/3 (simple EOS)

e Accretion onto a black hole (BH) (pseudo-Newtonian approximation)

Simplified cooling prescription to explore different cooling efficiencies

GADGET-2 (Volker 2005)
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Accretion and GRBs. The Collapsar Model

GRBs energies exceed 10°* (€ /47) ergs.
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Figure 2
Apparent isotropic y-ray energy as a function of redshift and observed duration. The energy is calculated
assuming isotropic emission in a common comoving bandpass for a sample of short and long GRBs with

measured redshifts. This spread in the inferred luminosities obtained under the assumption of isotropic
emission may be reduced if most GRB outflows are jet-like. A beamed jet would alleviate the energy
requirements, and some observational evidence does suggest the presence of a jet.

(from Gehrels et al. 2009)

Spectral energy distributions peaking
at 7y rays.

Long GRB can be associated with a
SN (with no H lines)

Massive enough to form a BH from its
Fe core

Without H envelope

Rotating fast enough to produce a disk
around the BH.
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The Collapsar Model

EOS and cooling/heating mechanisms

Temperatures and densities estimated near the
BH can reach: p ~ 10" gecm 3, 7 ~ 10" K

® Pair creation — electron-positron
pressure P,+

® Black body radiation pressure (trapped
photons)

® Free nucleons and « particles ideal gas

® Neutrino cooling (pair anihilation,
neutronization, ... )
Estimate t, — for 7" and p expected.
non-degenerate relativistic e™, and
ionized H ideal gas
cooled by e~ capture and pair anihilation
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The Collapsar Model

EOS and cooling/heating mechanisms
Temperatures and densities estimated near the
BH can reach: p ~ 10" gecm 3, 7 ~ 10" K

Neutrino Cooling Timescale
® Pair creation — electron-positron

pressure P,+ 3kTp 11
L u= = + —ar*
® Black body radiation pressure (trapped 2 pmy, 4
photons) v =~ 5% 10°T}, +9.0 x 10 pTf,
® Free nucleons and « particles ideal gas (Narayan et al. 2001)
® Neutrino cooling (pair anihilation, ty =u/q,

neutronization, ... )

Estimate t, — for 7" and p expected.
non-degenerate relativistic e™, and
ionized H ideal gas

cooled by e~ capture and pair anihilation
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The Collapsar Model
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Fig. 5 Neutrino Cooling timescale obtained from assuming an ideal
gas, radiation pressure and non-degenerate relativistic electrons and
positrons.

Neutrino Cooling Timescale

U= 3KTp + EaT4
2 pmy, 4
gv =~ 5 x 10°T7) + 9.0 x 107 pT?,
ty =u/qu
Cooling prescription
du u
tecool = /thisk d E = _m

Gas orbits the BH ~ [ times before cooling
down.
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The Collapsar Model

Angular Momentum Distribution

Minimum angular momentum determined by
the innermost stable circular orbit (ISCO)
Risco = 3rg and gas velocity ~ ¢
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Fig. 6 Keplerian angular momentum distribution for a test particle
in a Newtonian (red line), a Paczynski-Wiita (green line) and a
Schwarzschild BH potential (blue line).




The Collapsar Model
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Fig. 6 Keplerian angular momentum distribution for a test particle
in a Newtonian (red line), a Paczynski-Wiita (green line) and a

Schwarzschild BH potential (blue line).
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Angular Momentum Distribution

Minimum angular momentum determined by
the innermost stable circular orbit (ISCO)
Risco = 3rg and gas velocity ~ ¢

Jmin = RiscoC

6GMav e (M/Mg) cm’s ™"
c
Paczynski-Wiita (PW) potential = Ric,

d=—

r—rg
J > Juin (but below breakup)

Material at r < 3r, is considered accreted
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Cooling and Instabilities in Collapsed Rotating Cores
Towards a Collapsar Model

4.5Ms Polytropic stars, whose 2M¢
innermost mass is collapsed into a BH

Rigid body rotation (below breakup)

® BH cannot move

e Different cooling efficiencies
from Adiabatic (I' = 5/3) to
isothermal (I" ~ 1)

® Cooling prescription
du/dt = —u/tcool

Fig. 10 Density at the XY plane for the 4.5M ) polytropic star with its
innnermost 2M ) turned into a BH.
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Cooling and Instabilities in Collapsed Rotating Cores

Cooling schemes

Model Cooling efficiency teool
BAd Adiabatic -
£13.2 13.243 1.2319s
32.6 2.6487 0.24639 s
B1.3 1.3243 0.12319 s
50.26 0.26487 0.024639 s
£0.026 0.026487 0.0024639 s
Blso Isothermal -

Table 1. Cooling times 7,,,; and efficiency parameters 3 used on
our simulations. All times range on the neutrino cooling time #,,

Aldo B

previously estimated.

IA UNAM)

Cooling efficiency S — tcoot = Blaisk
taisk = 0.093 s

Gas orbits the BH ~ [ times before
cooling down.
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Accretion Rates and BH Mass

® Slowly cooled envelopes show smooth increase in accreted mass (at least for a while).

® Increasing cooling efficiency — accreted mass & accretion rates increases
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Fig. 13 BH mass (solar masses) as function of time (seconds) for different cooling schemes used. At the top panel we show the envelopes with
the smaller cooling time scale #.,,,; which resemble the most to the isothermal envelope (red line). On the bottom panel we show the slowly
cooled envelopes which resemble the most to the adiabatic envelope (red line).
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Accretion Rates and BH Mass

e Slowly cooled envelopes show few or none strong variations in M

® Increasing cooling efficiency — accretion rates & its variations increase
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Fig. 14 Logarithm of the BH accretion mass rate M in solar masses per second. At the top panel we show the envelopes with the smaller
cooling time scale 7.,,; Which resemble the most to the isothermal envelope (red line). On the bottom panel we show the slowly cooled
envelopes which resemble the most to the adiabatic envelope (red line).
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Energy Loss Rates

e Each fluid element (SPH particle) loses du; /dt = u;/tcool

e Total energy loss rate L. = Y m;(du;/dt) and energy lost u. = [ Lcdt

54

logo( Ujost ) [ergl]

48

tc =0.024648 s
tc = 0.0024648 s

logyo( L¢ ) [erg/s]

Fig. 15 Logarithm of the energy loss rate L. (bottom panel) in erg/s for models 313.2 (red line), 2.6 (blue line), 31.3 (pink line), 30.26
(orange line) and (30.026 (gray line). At the top panel we show the sum of the energy lost by all SPH particles u,, as a function of time.
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Energy Loss Rates

e Each fluid element (SPH particle) loses du;/dt = u;/tcool
e Total energy loss rate L. = Y m;(du;/dt) and energy lost u. = [ Lcdt
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Fig. 15 Logarithm of the energy loss rate L. (bottom panel) in erg/s for models 313.2 (red line), 2.6 (blue line), 31.3 (pink line), 30.26
(orange line) and (30.026 (gray line). At the top panel we show the sum of the energy lost by all SPH particles u,, as a function of time.




Morphological Features

Characterize non-axisymmetric instabilities — Fourier transform (FT) on the azimuthal
distribution of mass ®y; = [ [ [ p(¢. r,z)dz] r dr as in (Zurek & Benz, 1986), we define the
amplitude of the m mode by:

1 2T
Cm = 4 / etmoq)Md¢
27 J,

Relative power |c,, |2 = \C,,,|2 /| C0|2 indicates the intensity of m spiral arms compared to the
disk integrated mass. Which should be visible on density maps.

Check for unstable regions at the disk — Toomre parameter

RCyg

e

Or

where k = (OW/ ar)l/ % is the epicyclic frequency obtained from first order perturbations in
the disk material subject to the effective potential W(r) = ¢(r) 4 I*/21%, 3(r, ¢) is the
superficial density of the disk and c; is the local sound speed.
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2.6 Model, t,p1 = 0.246

® Intense variations on M and L. happen at
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2.6 Model, t,p1 = 0.246

® Intense variations on M and L. happen at
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(£2.6 Model
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modes m = 1,3 and 4).
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(£52.6 Model
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81.3 Model, t.p0 = 0.123 5

® Intense variations on M and L. happen at

me3 T the same time.
| .
w5 002 ‘ ® The relative power |c| | has the most
S oot intense peaks at # ~ 0.9 s where intense
\n variations on M and L. start.
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Fig. 23 Mass accretion and energy loss rates for $1.3 model.
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81.3 Model, t.p0 = 0.123 5
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® Intense variations on M and L. happen at
the same time.

® The relative power |c| | has the most
intense peaks at # ~ 0.9 s where intense
variations on M and L. start.

® Increasing cooling efficiency — earlier
structure formation
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Fig. 23 Mass accretion and energy loss rates for $1.3 model.
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£1.3 Model
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£1.3 Model
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£1.3 Model
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£0.26 Model, t.,,; = 0.0246 s

® Intense variations on M and L. happen at

0.35 =4 .
" ‘ the same time.
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£0.26 Model, t.,,; = 0.0246 s

® Intense variations on M and L. happen at

0.35 -4 .
" ‘ the same time.
o 027
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£0.26 Model
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£0.26 Model
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£0.26 Model
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Summary

e Efficient cooling induces profuse and intense structure formation — L. variability &
symmetry break up altering BH-disk gravitational interaction — variation in M.

® For a massive enough accretion disk (as expected in the collapsar model) gravitational
interactions between intense instabilities and the BH could change the BH position
considerably.

® Duration & intensity of such variations depend on how collapsed the structures are.
Structures with Q < 1 (such as clumps) will change M and L. considerably if they come
to close to the BH.

® When applying an adequate EOS and neutrino cooling, we expect to have intense
variations in L, and M due to structure formation.

Aldo Batta (IA UNAM) GRBs and Core Collapse in Massive Stars Nikko Japan, IAU Symposium 279 28 /30



Thanks
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