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GRBs: powerful cosmic explosions

SIS

Huge amounts of radiated energy!
assuming isotropy: E,~10°2-10>% erg

few per day

2704 BATSE Gamma-Ray Bursts




The GRB framework
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Back to the Basics:
Inferred Energy after beaming correction (I)
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GRBs: the short and the long duration ones

SRS

Short GRBst<2s Long GRBst > 2s
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The central engine I
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The central engine 11

likely root cause of these energetic phenomena is stellar
death with an unusually large amount of specific angular momentum

Model at the very heart: a rotating compact object

: B 52 p-2
1 Millisecond magnetar £  ~=2x107P “erg
Usov 1992, 1994; Wheeler et al 2001; Metzger et al 2008, 2011

11 Few solar-mass black hole (accreting)

Bodenheimer & Woosley 1982; Woosley 1993; MacFadyen & Woosley 1999



Jet formation because of neutrino annihilation

Popham 1999
Ruffert & Janka 1999

Birkl, Aloy, Janka, Mueler 2007
Chen & Beloborodov 2007
Zalamea & Beloborodov 2011

y [GM/c?]
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Jet formation because of neutrino annihilation
I1

SRS

Maximum possible energy of a jet powered by annihilation:

E,;~1052(Tgrg/10s) >/*erg  (Leng & Giannios 2014)

ultra-long GRBs
Rt Xeray flares

binary merger jet power
collapsar jet power
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Back to the Basics:
Inferred Energy after beaming correction (1I)
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The MHD paradigm for jet formation

SO

acceleration

Lj ~ a232r§c

launching

Blandford & Znajek 1977
Begelman & Li 1992
Meier et al. 2001

Koide et al. 2001
Komissarov, Lyubarky,
Barkov, Tchekhovskoy



Origin of magnetic fields

SIS

Case I: brought in from larger scales of
the progenitor (fossil field)

Case II: amplified locally in the
accretion disk or the proto neutron star



GRMHD simulations of collapsars:
from horizon to breakout

SRS

very, very

fast jet

Initial Setup:

* 14 M- rotating WR model

* contains strong B-field

* 4M- rotating BH replaces its
core

* 3D simulation spanning 6
orders of magnitude in space
and time




GRMHD simulations of collapsars:
from horizon to breakout

SIS

Initial Setup:

* 14 M- rotating WR model

* contains strong B-field

* 4M- rotating BH replaces its
core

* 3D simulation spanning 6
orders of magnitude in space
and time!

Gottlieb et al. 2022



What sets the Jet Power?

Blandford & Znajek 1977

SO

L;~ azBergc x ®*(a/M)?

Where & ~ Br? isthe magnetic flux through the
g
black hole

a < 1 dimensionless spin parameter of the black hole

More magnetic flux ® - more powerful jet
larger spin a = more powerful jet



What sets the Max jet power?
L~ a2B2fr3(z X @2{(a/M)2L

k
S magnetic flux:
What limaits B o Bl
Lj andP? g
: grav. radius:
Gravity! e G’M/c2
B sub- e L — k®2 < M 22 B dominant:
dominant 1 | Magnetically-
Arrested Disk
O =( D (I)MAX (MAD)

(Narayan et al. 2003, Tchekhovskoy et al. 201 I)



Fast BH spin and MAD
accretion 1s not observed

SRS

cz In the MAD regime Lj~a*Mc?

cr If the black hole accretes anything like 1M and a~1,

then the energy E~Mgc*~2 - 10°* erg! That is way too
much for a GRB
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Black holes
either fast spinning or MAD

low flux, fast spin solution
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high flux (MAD), slow spin solution

very, very
fast jet

2
few M,
\ torus

collapsar =
rotating, collapsing
"failed" supernova

Jacquemin Ide et al. 2024
see also Janiuk et al. 2023



Modeling the BH spin evolution

Wu, Damoulakis, Beniamini, Giannios 2024, arxiv

SRS

low B-flux evolution (Bardeen 1970)
MAD «

snt(a) = lin (a) — 2ae;, (a)

Modeling the transition from standard thin disk to MAD




jet luminosity and BH spin
evolution
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Wu, Damoulakis, Beniamini, Giannios 2024, arxiv
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A universal curve for BZ jet
efficiency

RS high flux, slow spin solution

low flux, fast spin solution

Maximum possible BZ efficiency
(at spin equilibrium conditions)

————————————————————

M.
Ejetmax = 1.3 x 10°% [ =2 ) er
et (5M@) - £ == Numerica
F — - Fitted

SEEERE Maximal

10~1
Aeq = (q)BH/q)MAD)eq



Back to the Basics:
Inferred Energy after beaming correction
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Short GRBs:

SR
R Black hole properties well e
constrained N very,very
. ‘ fast jet
R black hole mass ~2.5 M, ~
R black hole spin a ~0.7 \

® remnant disk mass ~0.1 M, a
)

—> BH spin does not evolve much!



GRBs are unlikely to be MAD

Long GRBs Short GRBs
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In MAD solution L; ~ . — GRB energy can be used to infer accreted mass

Inferred accreted mass 1s (possibly) unrealistically low



Similar B-flux distribution for both

long and short bursts

SAR
B-flux distribution for Short Bursts

B-flux distribution for Long Bursts
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R

Concluding

SRS

For long duration GRBs, black holes reach a spin equilibrium
&R a ~ 1 for thin, low flux disk
®R a~ 0.1 for MAD

Max efficiency of the BZ process 1s ~1-2% 1n the transition
between thin and MAD disk

Macc
Ejet,max =13 X 1053 (%) erg

Long and short GRBs unlikely to be in the MAD state
Magnetic flux @ ~ 10*” G cm? required for both types of GRBs



