
Gamma-ray bursts

Fermi Summer school 2023 

Peter Veres  
(University of Alabama in Huntsville)



New & exciting 
developments

• GW counterparts (2017)


• Magnetar Giant Flares


• BOAT - GRB 221009A


• Long GRBs from compact mergers


• LIGO-Virgo-KAGRA (LVK) GW 
observing run 4 (O4) start, LEAP & 
MoonBEAM instruments



Gamma-ray bursts

• History: from 1967, published in 
1973 (https://www.nasa.gov/
feature/goddard/2023/nasa-
looks-back-at-50-years-of-
gamma-ray-burst-science)


• Naming convention GRB 
YYMMDDA, e.g. GRB 190114C, 
GRB170817A


• Spacecraft: Swift (BAT), Fermi 
(GBM), Konus-WIND, Glowbug, 
GRBalpha, GECAM, etc.


• Sign up to receive GCNs

https://www.nasa.gov/feature/goddard/2023/nasa-looks-back-at-50-years-of-gamma-ray-burst-science
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GRB observations (1.)

• Lightcurves


• Highly variable, unique


• Two classes: 


• short (  s ) 


• long (  s )


• (division closer to 4-5 s in GBM; 2 s historical) 

≲ 2

≳ 2

von Kienlin, …, Veres et al. ApJ 2020

Credit: Bill Saxton, 
NRAO/AUI/NSF

Credit: PJT Leonard
NASA/GSFC



GRB observations (2.)

• Spectrum


• Smoothly connected power 
laws ; Band function- non-
thermal


• Peak energy Epeak clusters 
around 200 keV


• Less variation than the 
lightcurve


• Sometimes: blackbody


• Additional power law 
component

Poolakkil et al., ApJ 2021

energy index; however, GBM, on average, measures a slightly
harder index than what was measured in BATSE. The GBM
response extends down to ∼8 keV, whereas the BATSE
response extended to ∼20 keV; therefore, the measurement of
the low-energy index by GBM is likely more conclusive in
most cases. This leads to an increasingly worrisome case for
synchrotron radiation as the primary emission mechanism
because fewer GBM bursts are compatible with that
interpretation.

Another interesting comparison between the BATSE and
GBM bursts is the high-energy power-law index. Figure 22
shows that the GBM measurement of the high-energy index is
generally shifted toward harder spectra compared to BATSE.
This creates an issue for a sizable fraction of GRBs because the
BAND function becomes unphysical at a β�− 2 and leads to
an infinite flux if extrapolated in energy. Previous studies of
early GBM GRBs also detected by the Fermi LAT have shown
that, in many cases, the high-energy index is biased toward
harder values for GBM data (Ackermann et al. 2012). There-
fore, the shift in the GBM distribution may result in an issue
with the fitting of the spectrum rather than an insight into the
true spectrum. Although GBM has an energy range that
extends far beyond the data used in the BATSE 5B catalog
(40MeV versus 2 MeV), the much smaller effective area of
GBM may contribute to the bias in fitting the spectral indices.

A spectral feature of GRBs that has been of particular interest
to the community is the Epeak, since it was previously thought to
be an indicator used to standardize GRB energetics for purposes
of studying cosmology (Lloyd et al. 2000; Yonetoku et al. 2004;
Amati 2006; Ghirlanda et al. 2007). In Figure 23 we show the
comparison of Epeak measurements between GBM and BATSE.
These distributions broadly agree, although it is clear that the
larger energy range of the GBM allows the measurement of
Epeak down to ∼10 keV and an expanded population of GRBs
with Epeak values in the MeV range.

6. Summary

The third GBM spectral catalog includes 2297 GRBs
detected by GBM during its first 10 yr of operation. The
spectral properties presented here are from time-integrated and
peak flux analysis, produced using four photon models that
were chosen based on their empirical importance to the shape

of many GRB spectra. The analysis of each burst was
performed as objectively as possible, in an attempt to minimize
biased systematic errors inherent in a subjective analyses. We
have described subsets of the full results in the form of data
cuts based on parameter uncertainties (GOOD models), as well
as employing model comparison techniques to select the most
statistically preferred model for each GRB (BEST models).
We have illustrated alternative means to classify bursts as

long or short, based on their accumulation times (Figure 1) and
using the Epeak/Fluence ratio (Figure 5). These plots, alongside
the classical T90 distribution (von Kienlin et al. 2020), highlight
the robustness of bimodalilty observed in GRB distribution.
The parameter distributions shown here are largely similar to
those in previous studies (Goldstein et al. 2012; Gruber et al.
2014) yet contain some important differences. Importantly, the
energy ratio technique can be implemented solely from
parameter values found in this catalog. Bursts with energy
ratios >1 are very likely to belong to the short class of bursts. It
is also not tied up with issues derived from T90, which omits
10% of the burst fluence. This is seen clearly in Figure 1(c) for
those values where T90 is less than the accumulation time
(T90> accumulation time is expected, as the latter does not
count quiescent portions of the burst).
The probability density histograms presented in Section 3

capture the two-tailed uncertainties of the fitted parameters;
Figures 2–4, depicting the CDF for errors of Epeak, BAND β and
SBPL λ2 respectively, showcase the differences in distribution of
positive and negative uncertainties for these parameters. The
GOOD criteria cutoffs (Section 3.1) have been altered,
accounting for the introduction of asymmetric uncertainties.
The current models for GRB prompt emission can be split

into two categories: magnetic (e.g., Lee et al. (2000)) or
internal/external shock driven (e.g., Rees & Meszaros 1992.
The ΔS distribution is hence an interesting result as comparing
it to predictions made by the SSM provides useful insights into
the emission mechanisms of GRBs. The results obtained here
are compatible and in line with results obtained by Preece et al.
(2002) and previous GBM catalogs (Goldstein et al. 2012;
Gruber et al. 2014). Thus, we conclude that the predictions of
the SSM model, in its simplest form, are not reconcilable by
observations made by GBM. In its 10 yr of operation, GBM
has observed 130 GRBs with known redshifts, hence providing

Figure 23. Comparison of Epeak as measured by GBM to that measured by BATSE. The BAND function results in a broader distribution of Epeak for GBM, expanding
toward lower energies.
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Observations (3.)

• Two phases: 


• Prompt (most of the energy), 
gamma-rays 


• Afterglow (~10% of energy), 
radio (GHz) to TeV gamma-rays.


• Distance: 


• z~0.01 to z~9 


• Gamma-ray energy comparable to 
 or  erg


• Jetted outflow


•  pointing towards us


• reduce reqs. by  

M⊙c2 ≈ 2 × 1054

∼ 10∘

Ω/4π ≈ 1/100 10−3 10−2 10−1 100 101 102 103

Time from GBM trigger (d)
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LAT 2−100 GeV (x1000)

LAT 0.1−2 GeV (x1000)

BAT 15−50 keV

XRT 0.2−10 keV

UVOT 180nm

P60/T100/GROND 0.6µm

UKIRT/GROND 2µm
CARMA/PdBI 90 GHz

RTT/VLA 30 GHz (x10)

VLA 5.5 GHz (x100)

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11

Perley et al 2014 ApJ



Convention
• power laws ( ) are everywhere. Sometimes they are confusing, 

especially when it comes to spectra


• photon spectrum: some notations ,   etc. 


• units: 


• gamma-ray indices are reported in this representation.


• Band function, typical  , , 


• flux density: 


• units , Jansky


• Common in most of astro, afterglow measurements reported 
using this notation: 


• all indices negative, sometimes the convention is 


• energy spectrum: 


• 


• energy-per-decade: its peak tells you at what frequency is most of 
the energy emitted

xα

NE(E)
dN
dE

photons cm−2 s−1 keV−1

α = − 1.2 β = − 2.2 NE = A(E/Epivot)α

Fν

erg cm−2 s−1 Hz−1

Fν ∝ tανβ

Fν ∝ t−αν−β

νFν

erg cm−2 s−1



GRB basics: Relativistic speeds
• Scaling notation easy to see how parameters change with 

different choice of input: 


• Flux=  (typically: 10-1000 keV range, 
brightest in 50-300 keV); Duration 


• Total energy emitted: 



• Eddington luminosity 
 

outflow.


• Observe E>1 GeV photons: in a non-relativistic scenario 
GeV photons quickly produce pairs and lose their energy. 
We shouldn’t observe them. Unless: relativistic motion. 

• Lorentz factor suppresses pair prod. threshold: 
 (comoving 

frame): 


• Also possible using optical depth to pair production

Qx = Q /10x

10−7 erg cm−2 s−1

< T90 > = 20 s

Eiso = 4πD2
L × Flux × duration/(1 + z) ≈ 1051 D2

L,28

(1 + z)/2
F−7 (T90/20 s) erg

LE = 4πGMmpc/σT = 1.3 × 1038 (M/M⊙) erg s−1 ≪ LGRB

E′￼1E′￼2(1 − cos θ′￼) ≈ 2E1E2/Γ2 ≲ 4mec2

Γ ≳ 100(E1/MeV)(E2/GeV)

Lithwick & Sari 2001 (ApJ)



Lorentz factor evolution

• Explosion/energy injection:  imparted to: 



• Define:  or 


• Optical depth is large, radiation dominant, ,  adiabatic expansion


• Comoving temperature or random Lorentz factor per particle ( ): 
 but  it follows: 


• During expansion energy is conserved:   is bulk or jet Lorentz 
factor ; 


• Starting size:   smallest: ~ISCO of BH:  ; 


• Interesting:  initial temperature at jet launch


• Acceleration at the expense of internal energy


• Saturation radius 


• Above saturation radius: constant


• Interaction with external medium: 

E0 ≈ 1052 erg
M ≈ 10−5M⊙ ≪ E0 /c2

η = E /Mc2 η = L / ·Mc2

γad = 4/3

γ′￼
T′￼∝ V ′￼1−γad V′￼∝ R3 T′￼∝ γ′￼∝ R−1

γ′￼Γ = const . Γ
Γ ∝ R

R0 R0 ≈ 3RS = 6
GM
c2

Γ =
R
R0

Tobs = T′￼Γ = T0

Rs = ηR0

Γ =

RES = ( 3E
4πnextmpc2Γ2 )

1/3

≈ 3 × 1016 ( E52

next,0 )
1/3

Γ−2/3
2 cm

• Possible dissipation radii:


• dissipation: energy is released, 
typically from kinetic/magnetic 
to gamma-rays


• Photosphere: 


• Internal shocks:  

Rphot ∼ 1011 cm

RIS ∼ 1014 cm



Internal shocks

• Lot of variations in the lightcurve


• Idea: assume many ‘shells’, different Lorentz factors


• Slower one catch up


• 


• Ejection time difference:  (variability time)


• Radius: 


• shock acceleration of electrons in compressed magnetic fields: synchrotron rad


• Peak energy at:  strong dep. on variables

Γ2 − Γ1 = ΔΓ ≈ Γ

Δt ≈ tvar

RIS = 2Γ2cΔt ≈ 2Γ2ctvar = 1014 Γ2
2 tvar,−1 cm

Ep( ∝ Γγ2
e B) = 1 ϵ2

e R−1
IS,12ϵ

1/2
B L1/2

52 MeV



Photospheric models
• Outflow , proton number comoving (primed) density: 

, because 




• optical depth 


• photosphere: 


• Peak energy: temperature, from , 


•  -weak dependence on parameters

·M

n′￼p =
·M

4πR2mpΓc
=

L
4πR2mpΓηc3

·M = L/ηc2 ≈ 5.6 × 10−5 L52 η−1
2 M⊙s−1

τ = n′￼pσTΔR′￼= n′￼pσTR /Γ

Rphot. =
·MσT

8πmpcΓ2
=

LσT

8πmpc3ηΓ2
≈ 6 × 1012 L52Γ−3

2 cm

ϵL = 4πR2
0aT4

Ep ≈ 10 ϵ1/4
0 L1/4

52 R1/2
0,6 MeV

Beloborodov & Mészáros  
arxiv.org/abs/1701.04523



External shocks
• Most natural counterpart of an explosion - interacting with external medium - 

Many variants. Basic picture (Sari, Piran & Narayan 98 ApJ)


• Shocked ISM:  ; random/thermal Lorentz factor ; 
electron distribution, power law, 


• radiates synchrotron, 1 electron: . Slope:1/3 then 

exp. cutoff.


• superpose many electrons:  then ,  


• cooling, energy of electron ( ) that cools/looses energy on dyn. timescale 
( ): insert  (fast cooling) or  (slow cooling)


• Recipe for mag. field: fraction  of total energy density ( ) in 
magnetic fields ( ):


• 


• Bottom line: determine ; connect with power laws. Dynamics 
introduces time evolution

N(γe) = N0(γe /γe,m)−p γe
p ≈ 2.4

νsyn,peak(γe) = Γγ2
e

qeB
2πmec

Fν ∝ ν1/3 ∝ ν−p/2 Fν, max =
NePν, max

4πD2
L

γc
R /Γc Fν ∝ ν−1/2 ∝ ν−(p−1)/2

ϵB 4πnextc2Γ2

B2/8π

B = (32πmpc2next)1/2Γ

νc, νm, Fν, max

L18 SARI, PIRAN, & NARAYAN Vol. 497

Fig. 1.—Synchrotron spectrum of a relativistic shock with a power-law
electron distribution. (a) Fast cooling, which is expected at early times (t !

). The spectrum consists of four segments, identified as A, B, C, and D. Self-t0
absorption is important below . The frequencies, , , and , decrease withn n n na m c a

time as indicated; the scalings above the arrows correspond to an adiabatic
evolution, and the scalings below, in square brackets, correspond to a fully
radiative evolution. (b) Slow cooling, which is expected at late times ( ).t 1 t0
The evolution is always adiabatic. The four segments are identified as E, F,
G, and H.

, where ; and an exponential cutoff for21/2n(g ) P ª n n 1e n

. The maximum emissivity occurs at and is given byn(g ) ne c

.Pn,max
To calculate the net spectrum from a power-law distribution

of electrons, we need to integrate over . There are now twoge
different cases, depending on whether or .g 1 g g ! gm c m c

Let the total number of swept-up electrons in the postshock
fluid be . When , all the electrons cool3N 5 4pR n/3 g 1 ge m c

down to roughly , and the spectral power at is approxi-g nc c

mately . We call this the case of fast cooling. The fluxN Pe n,max
at the observer, , is given byFn

1/3(n/n ) F , n 1 n,c n,max c
21/2F 5 (n/n ) F , n 1 n 1 n , (7)n c n,max m c{ 21/2 2p/2(n /n ) (n/n ) F , n 1 n ,m c m n,max m

where and is the observed2n { n(g ) F { N P /4pDm m n,max e n,max
peak flux at distance D from the source.
When , only those electrons with can cool.g 1 g g 1 gc m e c

We call this slow cooling, because the electrons with ,g ª ge m

which form the bulk of the population, do not cool within a
time t, and we have

1/3(n/n ) F , n 1 n,m n,max m
2(p21)/2F 5 (n/n ) F , n 1 n 1 n , (8)n m n,max c m{ 2(p21)/2 2p/2( ) ( )n /n n/n F , n 1 n .c m c n,max c

The typical spectra corresponding to fast and slow cooling
are shown in Figures 1a and 1b. The low-energy part of these
spectra has empirical support even within the GRB itself (Co-
hen et al. 1997). In addition to the various power-law regimes
described above, self-absorption causes a steep cutoff of the
spectrum at low frequencies (Katz 1994; Waxman 1997b; Katz
& Piran 1997a). For completeness, we show this regime in
Figure 1, but we shall ignore it for the rest of this Letter since
it does not affect either the optical or the X-ray radiation in
which we are interested.

3. HYDRODYNAMIC EVOLUTION AND LIGHT CURVES

The instantaneous spectra do not depend on the hydrody-
namic evolution of the shock. The light curves at a given fre-
quency, however, depend on the temporal evolution of various
quantities, such as the break frequencies and and the peakn nm c

flux . These depend, in turn, on how g and scale as aF Nn,max e

function of t.
We limit the discussion here to a spherical shock of radius
propagating into a constant surrounding density n. WeR(t)

consider two extreme limits for the hydrodynamic evolution
of the shock: either fully radiative or fully adiabatic. In a ra-
diative evolution, all the internal energy generated in the shock
is radiated. This requires two conditions to be satisfied: (1) the
fraction of the energy going into the electrons must be large,
i.e., , and (2) we must be in the regime of fast cooling,e r 1e

.g ! gc m

In the adiabatic case, the energy E of the spherical shock is
constant and is given by (Blandford &2 3 2E 5 16pg R nm c /17p

McKee 1976; Sari 1997). In the radiative case, the energy varies
as , where . Here23 1/3E / g g ˘ (R/L) L 5 [17M/(16pm n)]p

(Blandford & McKee 1976; Vietri 1996; Katz & Piran 1997a)
is the radius at which the mass swept up from the external
medium equals the initial mass M of the ejecta (we used

instead of in order to be compatible with the adiabatic17/16 3/4
expression and to enable a smooth transition between the two);

we write M in terms of the initial energy of the explosion via
, where is the initial Lorentz factor of the ejecta.2M 5 E/g c g0 0

In both the adiabatic and radiative cases, there is a simple
relation connecting R, g, and t: , where the nu-2t 5 R/cg ct

merical value of varies between ª3 and ª7 depending onct
the details of the hydrodynamic evolution and the spectrum
(Sari 1997, 1998; Waxman 1997c; Panaitescu & Mészáros
1997). For simplicity, we use for all cases. We then2t ˘ R/4g c
have the following hydrodynamic evolution equations,

1/4(17Et/4pm nc) , adiabatic,pR(t) ˘ (9)1/7{(4ct/L) L, radiative,

5 3 1/8(17E/1024pnm c t ) , adiabatic,pg(t) ˘ (10)23/7{(4ct/L) , radiative.

Using these scalings and the results of the previous section,
we can calculate the variation with time of all the relevant
quantities. For an adiabatic evolution,

12 23/2 21/2 21 21/2n 5 2.7# 10 e E n t Hz,c B 52 1 d

14 1/2 2 1/2 23/2n 5 5.7# 10 e e E t Hz,m B e 52 d

5 1/2 1/2 22F 5 1.1# 10 e E n D mJy, (11)n,max B 52 1 28

where is the time in days, ergs, is n in units52t E 5 E/10 nd 52 1

• Self-absorption freq. (radio)


• Circumstellar material can be: 
constant density or  
(wind)


• Synchrotron self-Compton-shift to 
 : relevant for E~TeV 

energy (Sari & Esin 01 ApJ)

ρ ∝ R−2

νSSC ≈ γ2
e νsyn



Rival models 
for prompt emission

• Photospheric models 

• Gamma-rays from 


• PRO: explains  clustering


• CON: obs. spectrum too broad, must 
have dissipation below photosphere 


• Internal shocks 

• Unsteady outflow,  
collisions,  accelerated 
particles, magnetic field, synchrotron


• PRO: explains variability, nonthermal 
spectrum


• CON: low efficiency, spectral index, 
 clustering

τ ≈ 1

Epeak

Γ ≈ 100
τ ≪ 1

Epeak

• External shocks 

• Jet interacts with the external medium


• Shock accelerated electrons radiate 
synchrotron emission


• Works well

One model 
for the afterglow

Credit: NASA/GSFC



Very high energy 
radiation



Very high energy radiation
• E>100 GeV=0.1 TeV


• Cherenkov telescopes 
MAGIC, VERITAS, H.E.S.S., 
HAWC, Cherenkov 
Telescope Array (CTA, 
future)


• The atmosphere as a 
detector


• Active galactic nuclei (AGN) 
and galactic objects 


• GRB observations recently



First detection 

• GRB 190114C


• Monster GRB


• GBM observes the 
afterglow too


• Synchrotron self-Compton 
emission

MAGIC coll., Veres et al., Nature 2019

Synchrotron self-ComptonSynchrotron



Challenges for GRB models

• 3rd VHE detection was a 
nearby, weak GRBs: 
surprising


• Time evolution consistent 
with synchrotron


• Max. synchrotron energy 
requirement violated 


• 


• New ideas needed

E < 50 Γ MeV

implies that the synchrotron spectrum can
extend up into the VHE regime.
To further investigate the emission origin,

we searched for a theoretical instantaneous
electron distribution such that the corre-
sponding synchrotron and SSC emission can
explain consistently both the x-ray and gamma-
ray spectra. We performed a Markov Chain
Monte Carlo (MCMC) exploration of the five-
dimensional parameter space (the magnetic
field strength and four parameters describing
the broken power-law electron distribution)
(16), with the results shown in Fig. 4. Addi-
tionally, we investigated whether including
the optical data (14) affects these results and
found that they remain unchanged (16).
The standard model in which the electron

maximum energy is set by the energy-loss
limit predicts a soft spectral index for the VHE
emission. This is due to the combination of the
accelerated electrons having a steep distribu-
tion (power-law indexb2 ≈ 3) and the fact that
in the VHE range, the photons are produced
via inverse Compton scattering in the Klein-
Nishina regime. Internal photon-photon ab-
sorptionwithin the sourcemakes the spectrum
steeper. Such a spectrum is inconsistent with
our observations.
For the alternative model with no limit

placed on the maximum electron energy, the
theoretical spectrum is dominated by a single
synchrotron component covering a broad en-
ergy range from x-rays to VHE gamma rays
(Fig. 4). The SSC component in this case is
three orders of magnitude weaker than the
synchrotron component. In the VHE range
covered by the H.E.S.S. observations, internal
photon-photon absorption is non-negligible.
A single synchrotron component provides
a significantly (>5s) better fit to the multi-
wavelength data. However, if particle accel-

eration and emission occur in a region where
ideal magnetohydrodynamic conditions are
satisfied, the synchrotron component should
not extend beyond Emax ≈ 200DMeV (where
D is the Doppler factor; D ≈ 2G for G ≫ 1).
Figure 4 shows that the synchrotron compo-
nent would need to extend more than three
orders of magnitude beyond the synchrotron
limiting energy. This would require an un-
known high-efficiency process to accelerate

multi-PeV electrons in the magnetic fields
(expected to be a few Gauss in strength) or a
conventional accelerationmechanism in ame-
dium with a large difference in the magnetic
field strengths of the acceleration and radia-
tion zones (24).
The spectral steepening predicted in the

VHE range means we cannot reproduce the
observationswith a simple one-zone SSCmod-
el (Fig. 4). We discuss two ways to improve the

H.E.S.S. Collaboration et al., Science 372, 1081–1085 (2021) 4 June 2021 3 of 4

Fig. 3. Logarithmic x-ray and gamma-ray
multiwavelength energy-flux light curves of
the GRB 190829A afterglow. (A) The temporal
evolution of the energy flux detected in x-rays with
Swift-XRT (blue closed squares), upper limits on
MeV gamma rays from Fermi-LAT (gray arrows), and
VHE gamma rays from H.E.S.S. (red circles). The
XRT temporal decay index (aXRT) was determined by
fitting a model to only the XRT data that were
simultaneous with the H.E.S.S. observations (blue
open squares). (B) The corresponding intrinsic
photon indices. The H.E.S.S. intrinsic spectral index,
indicated by the continuous red line, is assumed to
be constant at the mean value of 2.07 ± 0.09
determined from nights 1 to 3. (C) The energy-flux
evolution of the prompt emission observed by
Swift-BAT, obtained from the Swift Burst Analyser
(22). All error bars correspond to 1s uncertainty,
and the Fermi-LAT upper limits are at the 95%
confidence level.

Fig. 4. Theoretical multiwavelength models of the first- and second-night data. The black region
shows the spectrum and uncertainty of the Swift-XRT data, the green arrow upper limit is from Fermi-LAT
[available only for the first night (19)], and the red region is the H.E.S.S. intrinsic spectrum and its uncertainty
(statistical only). The shaded areas represent the 68% confidence intervals, determined from the posterior
probability distributions of the MCMC parameter fitting for the standard SSC model (light blue) and the
synchrotron-dominated model (orange); the latter model does not impose a synchrotron cut-off energy
(labeled Emax) (16). The synchrotron components of the two SSC models are indicated by dashed curves,
whereas the dashed-dotted curves show the inverse Compton components. These curves show the emission
level when neglecting the internal gamma-gamma absorption. Two sets of data are shown: The upper set
is for the first night, and the lower set is for the second night; both are labeled with the time periods.
The best-fitting parameters are listed in tables S5 and S6.
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GRB 221009A
BOAT

• switch to PPT.



Gravitational waves

• Ripples in space-time


• Laser Interferometers with 
a few km long arms


• Sensitive to changes 1 
part in approx. 1022


• GW direct detection: 2015 
merger of two black holes


• In 2017 merger of two 
neutron stars GW170817 

• Switch to GW pres.



GRB 200415A - a highly 
magnetized neutron star 
masquarading as a short GRB 
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Background

• Magnetar giant flares (MGFs)


• Hard spike + soft, modulated tail


• 3 gold plated giant flares (’79, ’98, ’04)


• 2 in MW, 1 in LMC


• Long suspected: some MGFs observed as 
short GRBs


• If far away, 1 Mpc only short spike 
detected


• Few sGRB-like candidates


• locations consistent with nearby galaxies

≳
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Other work on GRB 200415A

• Konus-WIND - localization - Sculptor 
galaxy at 3.5 Mpc


• Fermi-LAT - first detection in GeV


• Statistical characterization + new 
MGF candidates 


• Conclusion: GRB 200415A is an MGF

LAT photons from 200415A, Ajello+21

12.1 12.0 11.9 11.8 11.7

-25.4

-25.3

-25.2

-25.1

Fermi (GBM) - Mars-Odyssey (HEND)

Wind (Konus) - Swift (BAT) 

Wind (Konus) - Fermi (GBM)

Wind (Konus) - Mars-Odyssey (HEND)

 

 

D
ec

. (
de

g)

R.A. (deg) 

Figure 1. The final IPN localization of GRB 200415A superimposed on an image of the Sculptor galaxy
from the GALEX survey (1750–2800 Å; see Methods). The localization is defined by the 4.73 arcmin
wide Wind-Odyssey and 3.58 arcmin wide Wind-Fermi annuli. The IPN error box (purple parallelogram)
is shown along with the 20 arcmin2 3s error ellipse (shown in magenta) for the position. The coordinates
are J2000.

7/26

22

IPN triangulation, Svinkin+21

they are drawn from the same population at >99.9%
confidence.

Second, MGF Eiso values are orders of magnitude fainter
than cosmological GRBs, where only the unusual
GRB 170817A (Abbott et al. 2017) is comparable. This
parameter depends on the distance to the source, which is not
directly observable from prompt emission. For some cosmo-
logical GRBs, the direct distance (redshift) determination is
made from follow-up observations. However, for most short
GRBs, the distance is determined by first robustly associating
the short GRB with an aligned or nearly aligned host galaxy
and then determining the distance to the host (Fong et al. 2015).
We adapt this last approach for MGFs to enable the use of
larger prompt emission localizations and expected host galaxy
properties. For each GRB and potential host galaxy, we
calculate /Q8 � � P P A4 i i i ihost

GRB host , with Phost the weighted
spatial distribution of that galaxy. Each GRB has only a single
likely host, providing a robust association. In the literature,
GRB 051103 has been discussed as belonging to the M81
Group of galaxies (Frederiks et al. 2007b), which is dominated
by the interacting galaxies M81 and M82. Our galaxy catalog
selection and method assign the burst to M82.

The inferred Eiso values for each extragalatic MGF candidate
are given in Table 1. For the population comparison, we add
the Eiso distribution of GBM short GRBs (Abbott et al. 2017) to
the sample of Konus bursts with measured redshift (Tsvetkova
et al. 2017). Together, these give 23 short GRBs with Eiso
determined by a broadband instrument, which is the largest
such sample to date. The extragalactic MGFs are clearly
inconsistent with the broader population, rejecting the null
hypothesis at >99.9% confidence.

Host galaxy studies of GRBs have been key in determining
prior progenitor channels (e.g., Fong et al. 2015). As discussed

in the design of our method, MGFs are expected to arise in star-
forming galaxies or regions. Within our maximal detection
distance for these bright events, the galaxies with the highest
SFR are M82, M83, NGC 253, and NGC 4945 (Mattila et al.
2012). GRB 051103 is associated with M82 by our method or
consistent with star-forming knots on the outskirts of M81
(Ofek et al. 2006), GRB 070222 with M83, and GRB 200415A
with the star-forming core of NGC 253 (Svinkin et al. 2021).
GRB 790305B is associated with the star-forming Large
Magellanic Cloud. This is consistent with a massive-star
progenitor, as expected for an MGF origin.
Individually, GRBs 200415A and 051103 are the most

robust identifications of extragalactic MGFs based on our
significance assessment and the results of partner analyses
including lightcurve morphology and submillisecond variation
of the prompt emission (Roberts et al. 2021; Svinkin et al.
2021). Newly identified is GRB 070222, which is in-class with
key properties of MGFs. However, it has two distinct but
overlapping pulses, which is not known to occur from galactic
events. This requires either a broader morphology of MGFs, a
distinct and unknown origin, or a 1 in 100,000 chance
alignment (Table 1). However, given the range of (quasi)
periodic oscillations seen from magnetar emission, such a
morphology is not necessarily surprising.
To summarize the observational case for an MGF origin:

these events localize to the nearby universe, particularly to star-
forming regions or galaxies. The prompt emission is incon-
sistent with a collapsar origin, and gravitational wave
observations exclude a compact merger involving neutron
stars and/or black holes. The event rates, quantified below, are
in excess of the majority of energetic astrophysical transients
but consistent with predictions from the known MGFs. The
properties of the prompt emission are distinct from the larger

Figure 3. Lightcurves of the candidate extragalactic MGFs in order of significance from Table 1. These are from Konus-Wind and plotted with 2 ms resolution
(Frederiks et al. 2007b; Mazets et al. 2008; Svinkin et al. 2021), with GRB 070222 reported here for the first time. While GRBs 200415A and 051103 are strikingly
similar (Svinkin et al. 2021) and GRB 070201 is broadly consistent with a single emission episode, GRB 070222 has two temporally and spectrally distinct pulses (see
Appendix B), suggesting varied behavior.

6

The Astrophysical Journal Letters, 907:L28 (10pp), 2021 February 1 Burns et al.

new archival MGF/GRB events, Burns+21
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GRB 200415A

• Triggered Fermi-GBM at 08:48:05 UTC 


• First impression: very short, very bright


• Analyzed in context of short GRBs:


• Peak flux: 74 photons cm-2 s-1 [98th percentile]


• Photon index, : 0.4  [89th percentile] 


• Peak energy, Epeak 1 MeV [79th percentile]



• Hints at non-GRB origin

α

≈
dN/dE ∝ Eα exp(−E(α + 2)/Epeak)

24

Δt = 1 s

Δt = 64 ms



GRB 200415A

• T90 =140.8 ms (Swift)


• Swift-BAT-GUANO - no saturation


• No pulsations - but 1044 erg @3.5 
Mpc (Sculptor) is below GBM 
sensitivity


• No radio detections

25

Extended Data Fig. 1 | The duration of GRB 200415A. The T90 (green) and T50 (purple) durations were calculated using the Swift–BAT data in count space.  
The errors are at the 1σ confidence level.
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• zoom in


• 4 intervals


• saturation


• missing data

Short peak structure
Extended Data Fig. 1 | The duration of GRB 200415A. The T90 (green) and T50 (purple) durations were calculated using the Swift–BAT data in count space.  
The errors are at the 1σ confidence level.
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Detailed properties
• 4 intervals:


• (1) fastest, 


• (2) brightest, 


• (3) hardest, 


• (4) longest


• 


•

trise = 77 μs

Lγ,iso = 1.5 × 1048 erg s−1

Epeak = 1.9 MeV

Eγ,iso,tot = 1.5 × 1046 erg

Lγ,iso,tot = 1.1 × 1047 erg s−1

Table 1: Spectral parameters, luminosity and emitted energy for the four time intervals identified in Fig. 1a. The 1.89 factor

corrects for the saturation in interval (2) by comparing the GBM flux in the 15-350 keV range with the Swift-BAT flux in the same

interval.

Time Epeak photon index Flux Corr. L�,iso E�,iso C-Stat/dof

(ms) (keV) (10�5 erg cm�2 s�1
) (1047 erg s�1) (1045 erg)

(1) �4.4 to �3.4 428± 71 �0.08± 0.23 9.9± 1.2 1.0 1.51± 0.18 0.15± 0.02 431.0/633

(2) �3.4 to �0.8 997± 77 �0.21± 0.08 33.7± 1.5 1.896 15.3± 1.3 3.97± 0.33 634.5/659

(3) �0.8 to 3.0 1856± 155 �0.11± 0.08 17.5± 0.81 1.0 8.29± 0.38 3.15± 0.15 705.5/685

(4) 3.0 to 136.4 846± 39 0.34± 0.08 2.69± 0.06 1.036 0.58± 0.032 7.79± 0.43 736.9/698

T90 Duration (140.8) 1.07± 0.17 15.1± 2.46
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Spectral evolution and search for 
quasi-periodic oscillations

• All spectra: power law with 
exponential cutoff 




• Epeak(t) and  Flux(t) - exponential 
decay, typical time: 100 and 45 ms


• 


• QPO: nothing significant found. 


• 180 Hz -> p-value ~ 1-3 % 

dN/dE ∝ Eα exp(−E(α + 2)/Epeak)

F ∝ E2
peak

( ≈ 2.5σ)
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Previous studies postulated that about 1%–20% of short GRBs could 
be extragalactic giant flares4,7,20,21. The sample of galactic giant flares is 
very small and their properties are ill-determined, owing to instrumental 
effects from their extreme intensity. Therefore, we first compare the GBM 
observations of GRB 200415A to the GBM observations of short GRBs22. 

We find that the 64-ms peak photon flux (P64,catalogue = 73.7 ± 2.1 pho-
tons cm−2 s−1) of GRB 200415A lies at the 97.5th percentile of the 
short-GRB distribution, the peak energy (Ep,catalogue = 998 ± 45 keV) at 
the 79th percentile and the photon index (αcatalogue = 0.39 ± 0.09) at the 
88.5th percentile. GRB 200415A is similarly near the edge of the α dis-
tribution for the GRB population detected with the Burst and Transient 
Source Experiment (BATSE) on the Compton Gamma-ray Observatory23. 
Consequently, we find the flat, hard spectral slope, high Ep and peak flux 
during the brightest 64 ms of GRB 200415A (Figs. 1, 2) to be unusual 
for short GRBs; these features are better explained as the initial spike 
of a magnetar giant flare from NGC 253. This interpretation is further 
motivated by similarities between the properties of this event and of 
previously proposed extragalactic giant-flare candidates10,24. A rapid 
rise time is characteristic of the onset of a giant flare. The rise time that 
we determined is considerably shorter than that of any event reported 
in the GRB catalogues of GBM and BATSE, and is shorter than extreme 
examples of short variations, such as about 100 µs for GRB 91071125 and 
2.8 ms for GRB 09022826.

Unfortunately, we could not detect the period-modulated tail of 
the magnetar, which has a putative energy of E ≈ 1044 erg. Such irrefu-
table evidence for a giant flare was observed over several hundreds 
of seconds in all three confirmed magnetar giant flares, but is absent 
in GRB 200415A because it is probably below the detection threshold 
for GBM, owing to its distance to NGC 253. This feature is similarly 
undetected for other extragalactic giant-flare candidates13.

The standard picture for the origin of giant flares is the release of 
energy triggered by the fracturing of the crust of the neutron star1 by 
large subsurface magnetic fields, which deposits hot plasma into the 
inner magnetosphere. Using a giant-flare interpretation, the GBM 
observations indicate that the MeV-band emission must come from a 
relativistic outflow that is initially very ‘optically thick’ (opaque). The 
enormous Liso ≳ 1047 erg s−1 is orders of magnitude larger than the fidu-
cial Eddington luminosity limit (LEdd ≈ 1038 erg s−1) for a neutron star of 
solar mass27. This limit defines when radiation pressure associated with 
electron (Compton) scattering overwhelms gravity and pushes hydro-
genic gas away from the surface to high altitudes. For GRB 200415A, 
we therefore expect a relativistic wind1 with bulk Lorentz factor Γ ≫ 1—
that is, with speed c(1 − 1/Γ2)1/2, where c is the speed of light—to be 
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Fig. 2 | Flux and spectral evolution of GRB 200415A. a–c, Spectral variability 
of GRB 200415A: evolution of energy flux (&; a), peak energy (Ep; b) and photon 
index (α; c) over the T90 duration (about 141 ms); t is the time in seconds. The 
blue lines are exponential fits to & and Ep over the tail emission of GRB 200415A 
(5 ms after zero time). This results in a decay timescale of 45 ± 3 ms for &. The 
decay time for Ep is 100 ± 1 ms. The temporal binning is 8 ms. d, e, Trends in Ep (d) 
and α (e) on sub-millisecond timescales (∆t = 250 µs), over the interval shown 
between the dashed grey lines in a–c. f, Relationship between & and Ep over  
the parts of the burst not affected by data saturation, using 8-ms temporal 
resolution. The blue line is a power-law fit to these data (exclusively after  
the main peak), which shows E& ∝ p

2 . The spectral range used for these 
measurements was 8 keV to 10 MeV. The colour of the data is as in Fig. 1. The 
zero time reflects the time of the GBM trigger. All fit errors and error bars are at 
the 1σ confidence level; see Methods for more information on their derivation.

Table 1 | Spectral parameters, luminosity and emitted energy for the four time intervals

Time Ep (keV) α & (×10−5 erg cm−2 s−1) Correction factor Liso (×1047 erg s−1) Eiso (×1045 erg) Cash statistic/dof

(1) −4.4 ms to −3.4 ms 428 ± 71 −0.08 ± 0.23 9.9 ± 1.2 1.0 1.51 ± 0.18 0.15 ± 0.02 431.0/633

(2) −3.4 ms to −0.8 ms 997 ± 77 −0.21 ± 0.08 33.7 ± 1.5 1.896 15.3 ± 1.3 3.97 ± 0.33 634.5/659

(3) −0.8 ms to 3.0 ms 1,856 ± 155 −0.11 ± 0.08 17.5 ± 0.81 1.0 8.29 ± 0.38 3.15 ± 0.15 705.5/685

(4) 3.0 ms to 136.4 ms 846 ± 39 0.34 ± 0.08 2.69 ± 0.06 1.036 0.58 ± 0.032 7.79 ± 0.43 736.9/698

T90 duration (140.8 ms) 1.07 ± 0.17 15.1 ± 2.46

Time intervals are identified in Fig. 1a and are relative to the GBM trigger time. The correction factor of 1.896 for interval (2) corrects for the saturation in this interval by comparing the GBM flux in 
the 15–350-keV range with the Swift–BAT flux in the same interval. All errors are at the 1σ confidence level. dof, degrees of freedom.



Highest energy photon - Lorentz factor constraint

• Highest energy photon in BGO 


• ~3 MeV - secure association


• E<1 MeV for other MGFs during 
initial peak 


• Hints of ~9 MeV


• Conservatively the Lorentz factor: 




• Relativistic outflow

Γ ≳
3 MeV

0.511 MeV
≈ 6

29



Interpretation

• Relativistic outflow , but likely 
 (model dependent)


• Narrow but non-thermal spectrum 


•  disfavors synchrotron


• Comptonization shapes the obs. spectrum  


• Flux / Luminosity decay timescale  
may be rotating beam:  e.g. 
P=8 s, 


• Flux:   - from simple transformation


•   and 

Γ ≳ 6
Γ = 𝒪(100)

α ∼ 0

L ∝ e−t/45ms

45 ms = P/(2πΓ)
Γ = 30

F ∝ E2
peak

F ∝ L ∝ Γ2 Epeak ∝ Γ

30 animation credit: NASA/GSFC/Smith



Conclusions 

for GRB 200415A

31

• Bright, short -ray signal GRB 
200415A is in fact a Magnetar Giant 
Flare


• Detailed properties of Magnetar 
Giant Flares can be analyzed for the 
first time


• Record breaking properties:


• shortest timescale


• highest photon energy


• relativistic motion

γ

details here:
Roberts, PV et al., Nature, 589, 207 (2021) 
(link to paper)

image credits: NASA/GSFC/Wiessinger & D. Wiesner

https://ui.adsabs.harvard.edu/abs/2021Natur.589..207R/abstract

