Black hole to breakout: 3D GRMHD simulations of collapsar jets reveal a
wide range of transients

Ore Gottlieb'*, Aretaios Lalakos!'. Omer Bmmbergz, Matthew Liska®, Alexander Tchekhovskoy !

L Center for Interdisciplinary Exploration & Research in Astrophysics (CIERA ), Physics & Astronomy, Northwestern University, Evanston, IL 60202, USA
XSchool of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel

 Institute for Theory and Computation, Harvard University, 60 Garden Street, Cambridge, MA 02138, USA; John Harvard Distinguished Science and ITC

Fellow

1 October 2021

ABSTRACT

We present a suite of the first 3D GRMHD collapsar simulations, which extend from the self-consistent jet launching by an
accreting Kerr black hole (BH) to the breakout from the star. We identify three types of outflows, depending on the angular
momentum, /, of the collapsing material and the magnetic field, B, on the BH horizon: (i) subrelativistic outflow (low [ and high
B). (ii) stationary accretion shock instabiliry (SASI; high [ and low B), (iii) relativistic jets (high [ and high B). In the absence
of jets, free-fall of the stellar envelope provides a good estimate for the BH accretion rate. Jets can substantially suppress the
accretion rate, and their duration can be limited by the magnetization profile in the star. We find that progenitors with large
(steep) inner density power-law indices (= 2), face extreme challenges as gamma-ray burst (GRB) progenitors due to excessive
luminosity, global time evolution in the lightcurve throughout the burst and short breakout times, inconsistent with observations.
Our results suggest that the wide variety of observed explosion appearances (supernova/supernova+GRB/low-luminosity GRBs)
and the characteristics of the emitting relativistic outflows (luminosity and duration) can be naturally explained by the differences
in the progenitor structure. Our simulations reveal several important jet features: (i) strong magnetic dissipation inside the star,
resulting in weakly magnetized jets by breakout that may have significant photospheric emission and (ii) spontaneous emergence
of tilted accretion disk-jet flows, even in the absence of any tilt in the progenitor.
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1. INTRODUCTION

WR stars are long GRB progenitors but not all WR give a GRB — jet not formed at all or fails to break-out from the star

What are the conditions for a successful relativistic jet launching ?
Analytical estimates + 3D GRMHD simulations that follow the jet from the central BH to the stellar surface

2. ANALYTICAL MODEL OVERVIEW
2.1 Jet launching conditions
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2.2 Jet engine work time
Accretion from the envelope onto the BH
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Magnetically arrested disk (MAD): high efficiency of conversion of accretion to jet power: L < M, .c?

3. SET UP

WR star: M =14 Mg, R=410% cm + Kerr BH (4 Mg, , a=0.8) at the center

Code GRMHD (H-AMR ; Liska et al) follows grav. Collapse, disk formation, jet launching and propagation
Initial structure
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- angular momentum o (
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- magnetic field

uniform in the Z direction in a core of radius I, =108 cm and dipolar outside
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4. OUTFLOW
4.1 GRB jet launching

Formation of a disk necessary for jet launching —

TeircJ) = Tisco

4.2 Types of outflows
disk no disk
Feire r}\u Fsco Feire = Tisco
BZ jet P, 2 Py min Relativistic jet Subrelativistic outflow
no jet Pn < Prmin SASI Gravitational collapse
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5. ACCRETION RATE
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6. JET WORK-TIME & LUMINOSITY
6.1 Engine activity

tengmax = €ntire accretion time (o)
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o, = 0 : small scale turbulence disrupts ordered B o = 1 : longer lasting jet (but still problems to reach 10 s



6.2 Luminosity

o = 1 preferred
can maintain a steady luminosity for a longer time
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7. JET EVOLUTION
7.1 Tilt of the disk

jet —cocoon — star interplay

good (or bad) for the prompt light curve ?

7.2 Magnetic dissipation
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8. IMPLICATIONS TO BREAKOUT & EMISSION
8.1 Breakout

8.2 Prompt emission
magnetic dissipation at the collimation nozzle (t > 103)
o ~ 0.01 above nozzle — conversion of magnetic into thermal energy
— efficient photospheric emission
variability: mixing during jet propagation or

directly related to central engine activity (preferred)

— photospheric models for the prompt emission of GRBs favored



9. SUMMARY & DISCUSSION

production of a relativistic jet: two main conditions for success
(i) jet power >ram pressure of infalling material: Lg, > Maccc2

(i) accretion disk must form: 7. > Tisco

+ p o r~% with 0.5 < a < 1.5 favored in the envelope

magnetic dissipation heats the jet — bright photospheric emission expected

if these conditions are not satisfied, various possible outcomes:

— SASI, sub-relativistic outflow, grav. collapse

limitation: neutrino processes not included in the study (left for future work) [role of polar funnel ?]

Two comments:

* in photospheric model with R, ~ 1013 ¢cm, the ESD at the end of the prompt emission cannot be the HLE of the
last flashing shell. It must correspond to an effective behavior of the central engine.

* the main radiative process during the prompt phase is not synchrotron but comptonized photospheric emission

* in the proposed model how to explain long and smooth light curve ? (not specific to this model)



High efficiency photospheric emission entailed by formation of a
collimation shock in gamma-ray bursts
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initial propagation is nearly cylindrical — reduced cooling until conical expansion starts
— brighter photosphere, increased efficiency
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