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Abstract:  Extrapolation of the gamma-ray burst fluence distribution to the fluence of 
gamma-ray burst (GRB) 221009A, the brightest ever detected, leads to the conclusion that 
GRBs brighter than this burst should occur approximately once per 10,000 years. It would be 
a large coincidence if such a GRB occurred in the approximately 50 years that humanity has 
had the ability to detect such bursts. Here we propose that GRB 221009A is part of a 
separate, nearby population of narrow-jet GRBs. This population can allow GRBs as bright 
or brighter than 221009A to occur as often as once every 200 years without over-producing 
the observed rate of other GRBs. We explore observational implications of this model.

I. GRB 221009A III. Afterglows
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Left:  GRB populations, taken from Burns et al. 
(2023), for GBM (blue squares) and all other 
instruments (black circles), including Poisson 
uncertainties.  Our standard population of GRBs 
(blue curve), based on Eγ and θj distributions from 
Goldstein et al. (2016), does a good job describing 
the GRB population, except for 221009A.  The 
addition of the narrow jet population (green curve) 
is able to explain this burst, within the Poisson 
uncertainties!  GRBs brighter than 221009A 
should then occur about once per 200 per year, 
according to this model!
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Right:  The total rate of core-collapse supernovae 
(CCSNe), and the rate of standard and narrow jet GRBs 
(including those not pointed at the Earth) as a function of 
redshift.  The GRB rates are substantially below the 
CCSN rate, as expected.  The narrow jet GRB population 
must be restricted to redshifts z <~ 0.4 in order to avoid 
over-producing the rate of standard GRBs.  At z<~0.4, the 
narrow jet GRBs outnumber the standard GRBs!
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to the long GRB class of GRB 221009A, we exclude bursts that
are obviously of the cosmological short class (durations under
2 s). We additionally exclude bursts that are known to be
magnetar giant flares, as they originate from a distinct physical
origin. Thus, the samples below should be mostly composed of
long GRBs arising from collapsars. For the intrinsic energetic
figures, some short bursts are shown for comparison.

3. GRB 221009A in Context

Peak flux and fluence values for GRB 221009A are taken
from Konus (Frederiks et al. 2023) and GBM (S. Lesage et al.
2023, in preparation). Both observations are nonstandard, given
the unprecedented brightness of this event. The Konus and
GBM teams worked in isolation before comparing values,
allowing for independent checks on reconstruction accuracy.
We additionally compare with the brightness measures from
INSIGHT-HXMT and GECAM-C, reported in An et al. (2023).
The GBM numbers presented here are preliminary; however,
due to general agreement with other values of the brightness of
prompt emission of GRB 221009A, the values are suitably
robust for our purposes here. For intrinsic energetics we use the
redshift of 0.151 (de Ugarte Postigo et al. 2022; Malesani et al.
2023) and a typical cosmology22 giving a luminosity distance
of 724Mpc. When a given burst is identified by more than one
facility, we use the highest brightness value reported.

While this paper was under review, GRB 230307A was
detected by GBM, Konus, and other instruments (Dalessi et al.
2023; Svinkin et al. 2023). With the initial results this burst has
the second-highest energy fluence ever reported. The initial
results for this burst are included for the fluence and peak flux

discussions below, but not in the intrinsic energetics section (as
a redshift is currently not known).

3.1. Fluence

The fluence S of GRB 221009A is 0.21± 0.02 erg cm−2 as
measured by Konus-Wind (Frederiks et al. 2023) and
∼0.19 erg cm−2 as measured by Fermi-GBM (S. Lesage et al.
2023, in preparation). These values are in agreement with the
INSIGHT-HXMT and GECAM-C bolometric fluence of
0.224± 0.002 (An et al. 2023). logN–logS is the cumulative
number of events N above a given fluence S; GRB 221009A is
compared against our annualized logN–logS distributions from
our considered instruments in Figure 1. Our samples of interest
show broad agreement, noting the significant uncertainty due to
low counts at particularly high fluence. In this regime,
truncation due to instrumental limitations may also be
significant.
Table 2 contains the brightest bursts in our sample, including

bursts from additional instruments beyond those considered in
our main sample. Of the 15 other bursts with a bolometric
fluence in excess of 10−3 erg s−1 cm−2, only 2 have durations
comparable to or longer than GRB 221009A.

3.2. Peak Flux

For GRB 221009A the peak flux P measured over a 1 s
timescale by Konus-Wind is 0.031± 0.005 erg s−1 cm−2, with
temporal precision limited by the return to lower-resolution
data. The preliminary 1.024 s peak flux as measured by Fermi-
GBM of this burst is 0.01 erg s−1 cm−2. The INSIGHT-HXMT
and GECAM-C 1 s peak flux value of 0.0172± 0.0003 is
consistent (An et al. 2023). We follow our procedure of using
the highest reported value for a given measure. These values

Figure 1. Points indicate the annualized logN–logS distributions for GBM, PVO, BATSE, Konus, and Vela. A merged total sample is presented with a fit (from
Section 4.1) to the combined logN–logS distribution with index measured as −1.47 ± 0.15 (90% confidence interval). GRB 221009A stands alone, with the Konus
and GBM measurements of this burst denoted by stars. A vertical line maps the observed fluence of GRB 221009A to the power-law extrapolation, and the horizontal
line marks the inverse recurrence rate of events this bright.

22 That is, the default flat universe with H0 = 69.6 and Ωm = 0.286 from
https://astro.ucla.edu/~wright/CosmoCalc.html.
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Right: Taken from Burns et al. 
(2023). The cumulative rate of 
long GRBs versus fluence, i.e., 
the “logN-logS distribution”. A 
simple extrapolation of this 
distribution to the fluence 
measured of GRB 221009A 
(represented as stars on the 
plot) indicates bursts brighter 
than the BOAT should occur at 
a rate of once every 10,000 
years, at odds with how long 
humanity has been able to 
detect GRBs.  But what if there 
is another explanation?

II. Another population of GRBs
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Figure 3. Same as Figure 1 but using log-normal distributions for θj and Eγ .

1. The model where there is an additional narrow jet population (hereafter referred to as Model 2) makes different127

predictions for the rate of GRBs above ! 10−2 erg cm−2 than Model 1; see Figure 3. Since almost any existing or128

planned GRB detector will be able to observe bursts with fluence ! 10−2 erg cm−2, we need not concern ourselves129

with GRBs missed due to being below the detector’s threshold.130

According to Burns et al. (2023), there has been t0 = 44.3 years of 4π srad-equivalent observations of GRBs with
existing detectors. In that time there has been one GRB with fluence above 10−2 erg cm−2, GRB 221009A. If Model
1 is correct, the 4π srad equivalent total number of GRBs one would expect to be observed above S1—including
221009A—is Nobs,1(t) = N1(> S1)× (t− t0) + 1. The 4π srad equivalent number of GRBs expected under Model 2 is
Nobs,2(t) = (N1(> S1)+N2(> S1))× (t− t0)+ 1, where again the 1 includes GRB 221009A. Model 1 can be ruled out
at nσ when

Nobs,1(t) < λ2,LL,n(t) (23)

where λtot,LL,n(t) is the Poisson lower limit on Nobs,2(t) at nσ, computed following Gehrels (1986). Solving Inequality131

(23) for t as a function of S1, we find that Model 1 can be ruled out at the 3σ level after a minimum of 120 years, when132

Model 2 predicts Nobs,2(t) = 1.5 GRBs with fluence > 0.14 erg cm−2, and Model 1 predicts only Nobs,1(t) = 5× 10−2
133

GRBs above this fluence. Essentially this means observing one additional GRB with fluence greater than 0.14 erg cm−2
134

will rule out Model 1 at 3σ, and that will happen with expectation value 120 years from now if Model 2 is correct.135

Naturally the number of GRBs that will actually be observed is random. It could take longer or shorter than 120136

years to observe a second bright GRB and rule out Model 1. Similarly it will take an expected 720 years to rule out137
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Figure 2. Left: The distributions for θj = cos−1 µj used in our calculations. Right: The distributions of Eγ used in our
calculations.

are mθ = 0.77, σθ = 0.37, mE = −0.21, and σE = 0.64. For the narrow jet GRB population, we use mθ = −0.097,105

σθ = 0.3,mE = 0, and σE = 0.64. These distributions can be seen in Figure 2. For the standard angle jet population we106

use zmax,∗ = 10, and for the narrow jet population we use zmax,∗ = 0.36. The normalization constants in Equation (17)107

were adjusted to match the distributions observed by GBM and all instruments, as found by Burns et al. (2023), giving108

Kn = 10−6 M−1
# for the standard distribution, and K ′

n = 4× 10−6 M−1
# for the narrow jet distribution. The resulting109

log(N)-log(S) distribution can be seen in Fig. 3.110

It is interesting to compare the rates of the GRB populations in all directions with the rate of core-collapse supernovae
(CCSNe). Since CCSNe are thought to be the parent population of long GRBs, the GRB rates should not exceed the
CCSNe rate. The core-collapse supernova rate can be estimated from (e.g., Hopkins & Beacom 2006)

ṅco,SNe(z) = ψ(z)

∫ 50
8 dm ξ(m)

∫ 100
0.1 dm m ξ(m)

(21)

where m is the stellar mass in solar masses and ξ(m) is the stellar initial mass function (IMF). We use the IMF as111

found by a fit to a wide variety of luminosity density data by Baldry & Glazebrook (2003), which is112

ξ(m) = N0







(m/m0)−1.5 m ≤ m0

(m/m0)−2.2 m > m0

, (22)113

where m0 = 0.5. This IMF is normalized to unity to determine the normalization constant N0. The GRB rates for114

the standard and narrow GRB populations (including all GRBs, not just those pointed at the Earth) are determined115

by Equation (2) with Kn for both populations determined from the results above. The results are shown in Figure 4.116

Both GRB rates are safely below the CCSNe. The narrow jet GRB rate is a factor of 4 larger than the standard GRB117

rate at low redshift.118

3. IMPLICATIONS119

In this section we explore some of the implications of a new population of nearby, narrow jetted GRBs implied by120

221009A, as described in Section 2.121

3.1. Finding GRBs like 221009A with gamma-ray detectors122

Assuming the model presented in Section 2.2 is correct, and there are two populations of GRBs, in the future we123

would expect to detect more GRBs from the narrow jet population with GRB detectors than if this population did not124

exist. We wish to determine on average how long until it is possible to rule out a model where the population is only125

made up of the standard GRB population, N1(> S1), with GRB detectors. Below we refer to this model as Model126

We suppose that there are two populations of GRBs!  One has a jet opening angle (θj) and distribution of energy 
released in gamma-rays (Eγ = (1-cos θj)Eiso, where Eiso is the isotropic equivalent energy released, consistent 
with the distributions found by Goldstein et al. (2016), and follows the star formation rate.  The other has much 
narrow θj , with a distribution centered on θj=0.8O, consistent with modeling the LHAASO emission for 221009A 
(Cao et al. 2023) .  The narrow jet population must be restricted to redshifts z < 0.38 to avoid over-producing the 
observed distribution of standard GRBs. Below left:  distribution of θj . Below right:  distribution of Eγ .

221009A

8 Finke & Razzaque

Figure 4. A plot of rates per comoving volume for core-collapse and the two GRB populations in all directions (not just those
pointed at the Earth).

Model 1 at the 5σ level, when Model 2 predicts Nobs,2(t) = 13.7 GRBs above S1 = 0.04 erg cm−2, compared with138

Nobs,1(t) = 2.15 GRBs for Model 1.139

Confirming the existence of the narrow jet population of GRBs from observations with γ-ray detectors will likely140

require more time than the careers of most astrophysicists. We therefore turn to other observational consequences, in141

the hopes of finding another way to empirically confirm or rule out this model. If off-axis GRBs from the narrow jet142

population are missed by γ-ray detectors, their afterglows may still be observable.143

3.2. Detection of optical afterglows by Rubin144

This model predicts the narrow jet GRBs will be more plentiful in the nearby Universe (Figure 4), and narrower145

jets imply a greater number of unobserved off-axis GRBs for a given observed GRB. As the blast wave creating an146

afterglow slows with time, the jet widens allowing the afterglow of an off-axis GRB to become more visible. Thus,147

one might think that the narrow jet GRBs will produce more orphan afterglows than the standard GRBs. This could148

potentially predict a large number of GRB afterglows detectable by the Vera Rubin Observatory. In the r band Rubin149

will see down to magnitude 24 (corresponding to a flux density of about 1 µJy) in each 30 s exposure, with a field of150

view of 9.6 deg2 (Bianco et al. 2022). It will observe approximately 3300 deg2 per night (Ghirlanda et al. 2015). For151

our purposes here, we define an orphan afterglow as a GRB afterglow that is observed without needing to be triggered152

by a γ-ray detector. It thus includes GRB afterglows that may have been detected by γ-ray detectors also, but seen153

as afterglows without having been triggered by the γ-ray detectors.154
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Figure 6. A plot of N(> F ) versus flux density F for the afterglows of the GRB populations with log-normal distributions
for θj and Eγ . Left: the calculation for optical (1014 Hz) afterglows, as would be seen by Rubin. The solid curves include dust
extinction, while the dashed curves do not. The vertical dashed line indicates the flux sensitivity limit of Rubin for its standard
30 s exposure. Right: the calculation for radio (109 Hz) afterglows, as would be seen by SKA. The vertical line is approximately
the sensitivity limit for SKA Phase 1 used by Ghirlanda et al. (2014).

Assuming that GRB host galaxies are within clusters of galaxies, the deflection angle of the highest-energy cosmic198

rays with energy Euhecr = 100 EeV due to random magnetic field is (Dermer et al. 2009)199

θdfl ! 5◦ Z

(

BICM

0.1 µG

)(

d

5 Mpc

)(

Euhecr

100 EeV

)−1(Ninv

500

)−1/2

(31)200

for a nucleus of charge Z. Here d = 5 Mpc is the radius of the cluster, BICM = 0.1 µG is the cluster magnetic field201

(Carilli & Taylor 2002) with a coherence length of λ ≈ 10 kpc and Ninv = d/λ. Therefore, Fe nuclei, which are the202

dominant composition of UHECRs at the highest energies (Aab et al. 2017), if accelerated in GRB jets, would be203

completely isotropized after propagation through galaxy clusters. As such, UHECR Fe from all GRBs taking place204

within the GZK radius of dGZK ≈ 100 Mpc can be observed from Earth, regardless of the orientation of the jet. If205

the amount of energy released in UHECR Fe nuclei from a GRB is comparable to its electromagnetic energy released,206

Eγ ≈ 1051 erg, then the rate of energy injection in UHECRs within the GZK volume from the narrow-jet population207

of GRBs with a local rate of ṅ(z ≈ 0) ≈ 4× 10−8 Mpc−3 yr−1, is jCR(z ≈ 0) ≈ 4× 1043 erg Mpc−3 yr−1. Note that an208

energy injection rate of ≈ (0.5÷4)×1044 erg Mpc−3 yr−1, for cosmic rays with energy ! (1÷3)×1019 eV, in the local209

Universe is needed to energize UHECRs against GZK losses (Waxman & Bahcall 1997; Katz et al. 2009). Therefore,210

the narrow jet population, with a modest (≈ 1÷ 10) baryon loading factor, could be the sources of the highest-energy211

cosmic rays if they are Fe nuclei. The energy injection rate in UHECRs from the standard population of GRBs would212

be much lower, jCR ≈ 1043 erg Mpc−3 yr−1 (see also Dermer & Razzaque 2010).213

The evolution of the source of UHECRs with redshift is not clear. If they are made up of intermediate mass nuclei214

with few protons or iron nuclei, the redshift evolution of the source of UHECRs needs to be negative if the UHECRs215

are accelerated with index p ≈ 2, as expected from test particle shock acceleration (Taylor et al. 2015). That is, if216

the number of UHECR sources per comoving volume is n(z) ∝ (1 + z)α, then α < 0. Das et al. (2021) found that217

the UHECR source can be non-evolving (α = 0) or exhibit positive evolution (α > 0) and can reproduce observations218

with p ≈ 2 if there are two populations that are the sources of UHECRs, each with different chemical compositions.219

Positive evolution is consistent with the narrow jet population of GRBs described here being the source of UHECRs.220

3.5. Implications for extinction events on Earth221

Based on extensive simulations by Thomas et al. (2005a,b), Piran & Jimenez (2014) defined the fluence of a GRB222

that will cause a mass extinction of life on Earth as Sext ≈ 100 kJ m−2 = 108 erg cm−2. We follow those authors and223

use this as the threshold to estimate how often extinction events from GRBs will occur. GRB 221009A had a fluence of224

SBOAT = 0.21 erg cm−2 at a redshift zBOAT = 0.151, giving it a luminosity distance of dL = 713 Mpc for our assumed225

We can estimate the number of orphan afterglows expected to be observed from these two populations, using the 
afterglow model by van Eerten et al. (2010).  Since off-axis GRB afterglows can brighten over time, and the narrow 
jet GRBs outnumber the standard GRBs, one might expect there to be a substantial number of afterglows from the 
narrow jet population.  However, a detailed estimate shows that in all cases, the narrow jet population will be 
outnumbered by the standard population.  Above left:  Expected number of optical afterglows that will be 
observed by Vera Rubin Observatory/LSST above a flux density F.  Solid curves include dust extinction (Covino et 
al. 2013), dashed curves do not.  Rubin flux sensitivity limit is shown by the vertical dashed line. Above right:  
Expected number of radio afterglows that will be observed by the Square Kilometer Array (SKA) above a flux 
density F.  SKA survey solid angle is not totally clear; this assumes 1 deg2 per night. SKA flux sensitivity is also not 
totally clear, but an estimate of Phase 1 sensitivity is shown by the vertical dashed line.  

IV. Cosmic Rays
GRBs have long been considered possible sources of ultra-high energy cosmic rays (UHECRs).  Could the narrow 
jet population of GRBs be a substantial source of UHECRs?  

If the UHECRs are Fe nuclei, they will be completely isotropized within the GZK radius of ~100 Mpc before arriving 
at Earth.  In this case, all GRBs within this radius would produce UHECRs observable on Earth, not just ones 
pointed at the Earth.  In the nearby universe, the narrow jet population will outnumber the standard population of 
GRBs (see Section II).  Since the sources of the highest energy UHECRs must be at <~ 100 Mpc, and the narrow 
jet GRBs outnumber the standard GRBs within this radius, if UHECRs are predominantly made of Fe nuclei, the 
narrow jet population (including GRB 221009A) is more energetically favorable to be the source of UHECRs!

V. Life on Earth and in the Milky Way
Detailed simulations indicate that GRBs more fluent than ~108 erg cm-2 can cause a mass extinction of life (e.g., 
Thomas et al. 2005; Piran & Jimenez 2014).  GRBs as bright or brighter than 221009A (S=0.21 erg cm-2; z=0.151) 
can cause an extinction event out to distance d=32 kpc, which is about the diameter of the Milky Way. This is a 
much larger distance than typically assumed, typically a few kpc.  A GRB like 221009A could cause an extinction 
event on Earth if it exploded anywhere in the Milky Way and it was pointed at the Earth!

Given the expected number of narrow jet GRBs for a given star formation rate from our model, and given the star 
formation rate in the Milky Way (~2 M☉/yr; Licquia & Newman 2015; Elia et al. 2022), one can estimate that an 
extinction of life on Earth will occur from a GRB at a rate of approximately once per 500 Myr.  The end-Ordovician 
mass extinction occurred 440 Myr ago, and has been suggested to have been caused by a GRB (Melott et al. 
2004).  It is plausible that the extinction event was caused by a GRB similar to 221009A.

Not just the Earth will suffer a GRB extinction event with a rate of one per 500 Myr from the narrow jet population,  
but everywhere in the Milky Way will.  This has significant implications for the Galactic Habitability Zone 
(Lineweaver et al. 2004), and the survival of life in the Milky Way.  These GRBs may make life in the Galaxy much 
less likely than previously thought.  This has implications for the search for life on exoplanets by Habitable Worlds 
Observatory.  Understanding the rate of GRBs like 221009A is essential for understanding how common or rare 
life is in the Milky Way.
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