


GRBs: powerful cosmic explosions

few per day Huge amounts of  radiated energy!
assuming isotropy: Eγ~1052-1054 erg
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Back to the Basics:                               
Inferred Energy after beaming correction (I)

Frail et al. 2001



GRBs: the short and the long duration ones

Short GRBs t < 2s     Long GRBs t > 2s



The central engine I

Short Bursts

Long Bursts



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

i Millisecond magnetar                                  
Usov 1992, 1994; Wheeler et al 2001; Metzger et al 2008, 2011

ii          Few solar-mass black hole (accreting)   
Bodenheimer & Woosley 1982; Woosley 1993; MacFadyen & Woosley 1999

The central engine II

52 22 10 ergrot msE P-» ´



Jet formation because of neutrino annihilation

Popham 1999
Ruffert & Janka 1999
Birkl, Aloy, Janka, Mueler 2007
Chen & Beloborodov 2007
Zalamea & Beloborodov 2011



Jet formation because of neutrino annihilation 
II

!"#"~10'((T+,-/10/)1'/2erg       (Leng & Giannios 2014)

Maximum possible energy of  a jet powered by annihilation:



Back to the Basics:                               
Inferred Energy after beaming correction (II)

e.g., O’ Connor et al. 2023

nu Annihilation 
upper limit



The MHD paradigm for jet formation 

acceleration

Blandford & Znajek 1977
Begelman & Li 1992
Meier et al. 2001
Koide et al. 2001
Komissarov, Lyubarky, 
Barkov, Tchekhovskoy

“prompt” zone

578 J. C. McKinney and D. A. Uzdensky

where the field collimates with 2 > ν > 0 out to rmono after which
it follows the ν = 0 type radial geometry on a particular field line
with fixed opening half-angle of θ f giving

θf ≈
(

rmono

rfp

)−ν/2 (
2 sin

θfp

2

)
, (10)

where the total jet opening angle (θ j) corresponds to the value of
θ f (θ fp) for the largest value of θ fp that is allowed by the presence of
a confining medium near the compact object.

For r ≥ rmono $ rfp, the radial field strength is

Br ≈ Br,fp

(
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rfp

)ν−2 (
r

rmono

)−2

. (11)

The θ component is small and so can be neglected. The toroidal φ

component is

Bφ ≈ Br,fp

(−2rfp$F

c

) (
rmono

rfp

)ν−1 (
r

rmono

)−1

tan (θf/2), (12)

where for rapidly rotating BHs or neutron stars (NSs)
rfp$F ! 0.25c and $F is the field rotation frequency one can set
at each foot point. For a BH angular rotation rate of $ = $H =
(jc)/(2rH) with horizon radius rH and dimensionless BH spin j, the
value of the field line angular rotation rate is $F ≈ $H/2. For a
Lorentz factor of γ $ 1, one can show that b2 ≈ B2

φ /γ 2, which
allows one to obtain the electromagnetic pressure and energy den-
sity via pEM = uEM = b2/(8π), where |b| is the comoving field
strength. The baryonic rest-mass density is

ρb ∼ ρb,fp

(
Br

Br,fp

) (
1
γ

)
, (13)

where γ is some estimate of the Lorentz factor for r ≥ rmono. We
define a magnetization parameter as

ζ ≡
B2

r,fp

8πρb,fpc2
, (14)

which is used to define ρb,fp from Br,fp. Near the compact object,
the value of ζ is similar to the electromagnetic energy per particle.

Overall, for a given ζ , Br,fp, rmono, θ fp and an estimate of γ , one can
determine the radial and angular dependence of b2, ρb, θ f and θ j, and
other quantities defined in Appendix A, such as the electromagnetic
energy per unit rest-mass energy (µ̃), the electromagnetic energy
flux per unit rest-mass flux (µ), the electromagnetic energy flux per
unit mass-energy flux (σ ) and the jet power (Pj). This MHD jet
solution only has to be applicable up to the radius where significant
dissipation occurs, because determining the dissipation radius is the
primary goal of this work.

For all models, we choose a rapidly rotating BH foot-point radius
of rfp ≈ 4.4 km(MBH/M') (MBH is the BH mass) with a rapid rota-
tion rate such that rfp$F,fp = 0.25c. The collapsar case with a BH of
mass MBH = 3 M' is chosen. For the collapsar model, rmono ≈ 3 ×
1010 cm is typically chosen (i.e. radius of the progenitor star), while
for the short-duration GRB compact object merger model, rmono ≈
1.2 × 107 cm = 120 km is chosen (i.e. extent of the newly formed
disc–corona–wind that helps collimate the jet; Tchekhovskoy et al.
2008, 2010b).

A BH is chosen instead of a NS because it is more likely to be a
generator of a powerful baryon-pure jet. First, the BH cleans mag-
netic field lines of mass (MacDonald & Thorne 1982; Levinson &
Eichler 1993), so the magnetization can be quite high in the BH
case. The magnetization µ could be limited by neutron diffusion
(Levinson & Eichler 2003), which still leads to quite high mag-
netizations of µ ∼ 103–104 (McKinney 2005a) (corresponding to

ζ ∼ 103–104). Secondly, a BH can produce a more powerful jet
since its Kerr parameter is j ∼ 1. For the magnetar case, the outflow
only becomes highly magnetized at late time when the power has
significantly diminished, and NSs have a Kerr parameter only up
to j ∼ 0.6 before break-up. These issues make it potentially more
difficult for the magnetar to operate as both an efficient and a pow-
erful engine of a highly magnetized ultrarelativistic jet (Metzger,
Thompson & Quataert 2007; Bucciantini et al. 2008b; Metzger et al.
2011).

One must use Appendix A to obtain an accurate dependence for
all MHD quantities (i.e. including γ ) within the jet as a function of
radius and angle. Consider typical collapsar model parameters that
would lead to an ultrarelativistic jet with γ ∼ 1000. If ζ = 104,
Br,fp = 3.2 × 1015 G, rmono = 3 × 1010 cm and θfp = π/2, then
µ ≈ 5400, γ (r = 1014 cm) ≈ 800, Pj(r = rfp) ≈ 2.2 × 1051 erg s−1,
(γ θ )(r = 1014 cm) ≈ 18 and σ (r = 1014 cm) ≈ 6. At r = 1014 cm,
there is about approximately six times less kinetic energy than elec-
tromagnetic energy, which can be tapped for prompt GRB emission
if there exists some mechanism to dissipate the energy.

4 J ET FIELD SUBSTRUCTURE:
GENERALI ZED STRIPED WIND

In this section, we consider the process whereby small-scale field
reversals and current sheets become embedded within the large-
scale jet structure. The comoving length-scale, )0, of these jet field
substructures plays a prominent role in later calculations because
the dissipation rate due to collisional reconnection is dominated by
the smallest value of )0.

Fig. 3 shows the different types of field geometries that are con-
sidered. All of these substructure types probably coexist to some
degree. The jet structure solution presented in Section 3 was for-
mally constructed with a single polarity for the electromagnetic

DepyTAepyT Type B & Type C

Figure 3. Generation of electromagnetic field reversals: different jet-field
geometries at the jet base lead to current sheets with different orienta-
tions. Type A corresponds to a time-dependent polarity for an axisymmetric
dipolar field. Type B corresponds to a time-independent non-axisymmetric
multipolar field. Type C corresponds to a time-independent axisymmetric
multipolar field. Near the jet base, types B and C are similar except that
the alternating field polarities are displaced either in the φ direction (type
B) or the θ direction (type C). Type D corresponds to a dipolar field that is
unstable at large radii. All types are expected to some degree.
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magnetic reconnection region

launching



Origin of  magnetic fields

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

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

B



GRMHD simulations of  collapsars: 
from horizon to breakout

Gottlieb et al. 2022

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!



What sets the Jet Power?
Blandford & Znajek 1977

Where                      is the magnetic flux through the 
black hole

a < 1 dimensionless spin parameter of  the black hole

More magnetic flux Φà more powerful jet
larger spin αà more powerful jet



What limits
and     ? 

Gravity!

BH D
is

k

What sets the Max jet power?

magnetic flux:

grav. radius:

B sub-
dominant

B dominant:
Magnetically-
Arrested Disk
(MAD)

(Narayan et al. 2003, Tchekhovskoy et al. 2011)

a2



Fast BH spin and MAD 
accretion is not observed

� In the MAD regime !"~$%'̇(%

� If  the black hole accretes anything like 1'⊙ and a~1, 
then the energy +~'⊙(%~2 - 10/0 erg! That is way too 
much for a GRB



Black holes
either fast spinning or MAD

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

high flux (MAD), slow spin solution

Tchekhovskoy & Giannios 2015

low flux, fast spin solution



Modeling the BH spin evolution
Wu, Damoulakis, Beniamini, Giannios 2024, arxiv

low B-flux evolution (Bardeen 1970)

Modeling the transition from standard thin disk to MAD

MAD evolution (Lowell 2024)



jet luminosity and BH spin 
evolution 

spin reaches quasi-equilibrium by the GRB onset
Wu, Damoulakis, Beniamini, Giannios 2024, arxiv



A universal curve for BZ jet 
efficiency

low flux, fast spin solution

high flux, slow spin solution

Maximum possible BZ efficiency 
(at spin equilibrium conditions)



Back to the Basics:                               
Inferred Energy after beaming correction

e.g., O’ Connor et al. 2023

nu Annihilation 
upper limit

BZ upper limit



Short GRBs: 

� Black hole properties well 
constrained
� black hole mass ~2.5 Msun

� black hole spin a ~0.7

� remnant disk mass ~0.1 Msun

à BH spin does not evolve much! 



GRBs are unlikely to be MAD

In MAD solution Lj ~ "̇ → GRB energy can be used to infer accreted mass

Inferred accreted mass is (possibly) unrealistically low 

Long GRBs Short GRBs



Similar B-flux distribution for both 
long and short bursts 

In the fast spin limit energy distribution of  GRBs à Φ distribution

B-flux distribution for Long Bursts B-flux distribution for Short Bursts



Concluding

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

� Max efficiency of  the BZ process is ~1-2% in the transition 
between thin and MAD disk

� Long and short GRBs unlikely to be in the MAD state

� Magnetic flux Φ ~ 1027 G cm2 required for both types of  GRBs


