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     I - GRB prompt emission from the synchrotron radiation of relativistic electrons 
         and the low energy spectral slope 
         

     II - Off-axis MeV and very-high energy gamma-ray emissions from structured 
          gamma-ray burst jets 
                  

  



   I - GRB prompt emission from the synchrotron radiation of relativistic electrons 
          in a decaying magnetic field

   
‣Motivation 

The theoretically predicted synchrotron spectrum leads to a slope F𝜈 ∝ 𝜈 -1/2  below 100 keV, which is in 
contradiction to the much harder spectra observed during the prompt GRB emission.  

A possible solution proposed by Daigne et al. 2011; Beniamini & Piran 2013: in the marginally fast cooling 
regime (𝚪c,0 ≃ (0.1 - 1) 𝚪m ), where the cooling break is very close to the peak frequency, the intermediate 
portion of the spectrum (slope = -3/2) disappears and the slope -2/3 is recovered (still with a high radiative 
efficiency)

Sari, Piran & Narayan 1998
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    I - GRB prompt emission from the synchrotron radiation of relativistic electrons 
          in a decaying magnetic field 

   
‣Motivation 

Marginally fast cooling can naturally emerge if electrons are radiating in a magnetic 
field decaying on a timescale tB’,  

B’(t’) = B0’ e -t’/t’B      where     t’syn (𝚪m)  < t’B < t’dyn  
  
➝ electrons having 𝜸 ≳ 𝚪m will still experience a magnetic field B’0  and the peak + 
high-enegy part of the synchrotron spectrum will not be affected 

➝ electrons with Lorentz factors  𝚪c,0  < 𝜸 < 𝚪m will lose their energy more slowly than 
expected because they will encounter a lower magnetic field when they start to travel 
outside the initial acceleration site. The cooling break will increase to:  

𝜈c ≃ 𝜈c,0 (t’dyn / t’B) 2 

This allows to naturally tend towards the marginally fast cooling regime, even when  
𝚪c,0 / 𝚪m  << 1. The radiative efficiency will remain high as long as t’syn (𝚪m)  << t’B   

so the final condition becomes: 

𝚪c,0 / 𝚪m  ≲  t’B / t’dyn   ≲  1



  
    I - GRB prompt emission from the synchrotron radiation of relativistic electrons 
          in a decaying magnetic field 

   
‣ Model   

     We investigate the impact of the evolution of B’ on the observed prompt GRB  
      spectrum. 
    
     Radiative processes:   
        synchrotron radiation  
        inverse Compton scatterings 
        photon-photon annihilation 
        synchrotron self-absorption  
        adiabatic cooling 
       

‣ Probing the parameter space  
     Comoving frame parameters (B0’, tex’, ne, 𝚪m) 
    

Log( R ) [meters]

GRB physics
§ Variability + energetics + gamma-ray spectrum: relativistic ejection

§ Prompt keV-MeV emission: internal origin in the ejecta

the region of the parameter space

where the medium is optically thin for 


Thomson scatterings, 

 τT = σT ne c tex’ < 0.1



  

  

Poolakkil et al. 2021

 Time-integrated spectral fits:  𝛼 =  

GBM Spectroscopy Catalog 9
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Figure 6. Distribution of the low-energy indices, high-energy indices and Epeak obtained from the GOOD F spectral fits are
shown in (a), (c) and (e) respectively. The BEST parameter distribution (gray filled histogram) and its constituents are shown
in (b), (d) and (f).
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Figure 9. Distribution of the low-energy indices, high-energy indices and Epeak obtained from the GOOD F spectral fits are
shown in (a), (c) and (e) respectively. The BEST parameter distribution (gray filled histogram) and its constituents are shown
in (b), (d) and (f).

 Peak-flux spectral fits:  𝛼 =  

GBM Spectroscopy Catalog 11
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Figure 8. Comparison of the low-energy index and Epeak for three models from the GOOD F spectral fits.

Table 3. The median parameter values and the 68% CL of the BEST model fits

Data set Low-energy High-energy Epeak Ebreak Photon Flux Energy Flux

Index Index (keV) (keV) (photons s�1cm�2) (10�7erg s�1cm�2)

Fluence spectra

This Catalog BEST �1.08+0.45
�0.44 �2.20+0.26

�0.29 180+307
�88 107+88

�49 2.37+3.83
�1.05 2.94+7.90

�1.39

Gruber et al. (2014) �1.08+0.43
�0.44 �2.14+0.27

�0.37 196+336
�100 103+129

�63 2.38+3.68
�1.05 3.03+7.41

�1.40

Goldstein et al. (2012) �1.05+0.44
�0.45 �2.25+0.34

�0.73 205+359
�121 123+240

�80 2.92+3.96
�1.31 4.03+9.38

�2.13

Kaneko et al. (2006) �1.14+0.20
�0.22 �2.33+0.24

�0.26 251+122
�68 204+76

�56 ... ...

Peak flux spectra

This Catalog BEST �1.30+0.77
�0.33 �2.34+0.28

�0.36 233+316
�117 163+156

�65 4.62+8.90
�2.55 6.46+17.82

�3.52

Gruber et al. (2014) �1.32+0.74
�0.33 �2.24+0.26

�0.38 261+364
�130 133+349

�39 4.57+8.82
�2.49 6.49+17.52

�3.46

Goldstein et al. (2012) �1.12+0.61
�0.50 �2.27+0.44

�0.50 223+352
�126 172+254

�100 5.39+10.18
�2.87 8.35+22.61

�4.98

Nava et al. (2011) (�0.56+0.40
�0.37)

a �2.39+0.23
�0.62 225+391

�122 ... ... 13.5+79.8
�10.1

Kaneko et al. (2006) �1.02+0.26
�0.28 �2.33+0.26

�0.31 281+139
�99 205+72

�55 ... ...

Note: a Low-energy index of the peak-flux spectra with curved function only.

3.4. Long vs. Short GRBs

Over the ten years of operations covered in this Catalog, GBM triggered on 395 short GRBs, 17% of the total
number of bursts. The idea that short GRBs and long GRBs represent two distinct populations was bolstered by the
comparison between their hardness ratios (Kouveliotou et al. 1993; Bhat et al. 2016). Short GRBs are significantly
harder, as determined by the ratio of the counts in two broad energy bands (25 – 100, 100 – 300 keV) (Kouveliotou
et al. 1993). Spectral fit parameters should reflect this dichotomy in hardness in two ways. First, the median values
for Epeak should be significantly di↵erent, with the higher value being associated with short bursts. Secondly, a low-
energy power law index that is higher than another (e.g.�1 vs.�2) is said to be harder, as a positive uptick requires
an increase in higher-energy photons, all other things being equal. Here, we can verify both of these by comparing the
median fitted spectral parameters between short and long bursts in Table 4. This is in agreement with results from
early on in the mission (Nava et al. 2011).
The hard nature of short bursts is even more dramatic when considering the distributions of the fitted parameters.

Figures 12 and 13 compare Epeak between long and short GRBs for the fluence and peak-flux spectral fits respectively.
In order to improve the sample size of the short burst population, we present fits from the total ensemble of bursts; one
for each of the three models that have an energy-related parameter (COMP, BAND and SBPL). Similarly, Figures 14
and 15 compare the low-energy indices between long and short GRBs for all four models (including PLAW) from the
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M. To↵ano et al.: The slope of the low energy spectrum of Gamma-Ray Burst prompt emission

the power-law indices below and above the break energy, � is
the power-law index above the peak energy. The parameters
n1 and n2 set the sharpness of the curvature around Ebreak
and Epeak, respectively. Following Ravasio et al. (2019), we
assumed n1 = n2 = 2.

In the following, in order to distinguish the spectral param-
eters of these two fitting functions, we call ↵Band and �Band the
photon indices of the Band function and ↵1,2SBPL and ↵2,2SBPL the
photon indices of the 2SBPL below the peak energy and �2SBPL
above it.

The large number of counts of the extracted spectra allow
us to fit the spectra and search for the best fit parameters by
minimizing the �2 statistics. We adopt the Akaike Information
Criterion (AIC - Akaike 1974) to compare the fits obtained
with the 2SBPL and Band functions and choose the best one.
We recall that AIC = 2k � 2 ln(L̂), where k is the number
of free parameters in the model and L̂ is the maximum value
of the likelihood function L obtained by varying the free pa-
rameters. For Gaussian-distributed variables �2 / �2 ln(L). If
�AIC = AICBand � AIC2SBPL � 6, the Band fit has . 5% proba-
bility of describing the observed spectrum better than the 2SBPL
function (Akaike 1974): in such case, we consider the 2SBPL a
better fit and thus consider the presence of a break as statistically
significant at the 95% confidence level.

3.1. Fit results: best fit model

The fit results for LGRBs are reported in Table 1 and 2. The
fit results for SGRBs are shown in Table 3. The errors on the
parameters represent the 1� confidence9.

We find that:

– twelve (out of 27) LGRBs have a low energy break, i.e. their
spectra are best fitted by the 2SBPL function (�AIC � 6).
The spectral parameters are reported in Table 1;

– the remaining fifteen LGRBs are well fitted by the Band
function and, according to the AIC criterion, there is no im-
provement using the 2SBPL function. Their spectral param-
eters are reported in Table 2;

– all SGRBs are well fitted by the Band function. In six SGRBs
we could only derive an upper limit on �Band, indicating that
also a cuto↵ power-law function could be a good fit to the
spectra (see e.g. Ghirlanda et al. 2004).

In the LGRB 160509A, we find a well constrained Ebreak '
80 keV but the peak energy of the 2SBPL is undetermined by
fitting the GBM data. Only in this case, we exploited the LAT
Low Energy (LLE) data to better constrain the high-energy index
� and thus Epeak. With gtburstwe extracted the time-integrated
spectrum from the LLE data 10 and performed a joint GBM-LLE
spectral fit over the 10 keV– 300 MeV energy range. Assuming
an intercalibration normalization factor between LAT-LLE and
NaI detectors of 1, we obtained an estimate of Epeak ' 2071 keV
for GRB 160509A (Table 1).

3.2. Fit results: spectral indices below Epeak

Figure 1 (top panel) shows the distribution of the spectral index
↵Band for the entire sample. The blue histogram corresponds to
LGRBs without the break and the green dashed histogram is for
9 through the error method built in XSPEC

10 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/
fermille.html

Fig. 1. Top: distributions of ↵Band for SGRBs (green) and for both
LGRBs with and without the low energy spectral break (orange and
blue histogram). Bottom: distributions of ↵1,2SBPL and ↵2,2SBPL of the
12 LGRBs best fitted by the 2SBPL (i.e. with the low energy spectral
break). Distributions are normalized to their peak values.

SGRBs (all without a break). For comparison it is also shown the
distribution of ↵Band for the 12 LGRBs whose spectrum is better
fitted by the 2SBPL.

In the bottom panel of Fig. 1 we show the distributions of
the indices ↵1,2SBPL (red) and ↵2,2SBPL (violet) for the 12 LGRBs
best fitted by the 2SBPL (i.e. with identified low-energy spectral
break). The characteristic values (mean, median and 1� disper-
sion) of the distributions in Fig. 1 are reported in Table 4 and
5.

From the comparison of the distributions shown in Fig. 1 we
find that:

1. SGRBs (green dashed histogram) have a harder spectral
slope ↵Band than LGRBs without a break (blue histogram).
A Kolmogorov-Smirnov (KS) test11 among the two distribu-
tions returns a p-value of 0.004, rejecting the null hypothesis
of being drawn from the same underlying distribution. This
is consistent with previous studies (Ghirlanda et al. 2004,
2009);

2. the value of ↵Band for LGRBs with a break (orange histogram
in Fig. 1, top panel) is on average harder (see Table 4) than
the value for LGRBs with no break (blue histogram). How-
ever, the two distributions are not distinguishable (a KS test
between the orange and blue distributions has a chance prob-
ability p = 0.08);

3. the distributions of ↵1,2SBPL and ↵2,2SBPL (red and violet his-
tograms in Fig. 1, bottom panel) are peaked at –0.71 and
–1.71, not far from the typical values –2/3 and –3/2 expected

11 For all the statistical tests we have set the significance level at 0.05,
i.e. we accept the null hypothesis if p > 0.05.
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Thomson regime: the electron 
cooling rate due to IC scatterings 
remains proportional to 𝝲2   as for 

the synchrotron power

KN regime: the electron cooling 
rate due to IC depends on 𝝲 Daigne, Bosnjak, Dubus 2011 

Derishev 2001 
Nakar et al. 2009

   Radiative models 

(deep KN regime)
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A hierarchy of scales: t’acc (𝚪m) ≪  t’rad (𝚪m)  ≪  tdyn’   

‣ the magnetic field may decay on a length scale much shorter  

than the shocked region scale t’dyn (e.g. Keshet et al. 2009).   

Prompt emission models: Pe’er & Zhang 2006; Derishev 2007; Zhao et al. 2014;  

                                             Uhm & Zhang 2014; Geng et al. 2018 (much larger scales for B’ decay) 

       Afterglow modelling:        Gruzinov 2001; Rossi & Rees 2003; Lemoine 2013   

                                                                              Vanthieghem et al. 2020: 
Zhao et al. 2014:                                                        - decay of the microturbulence in the shocked region 

PLD & ED models                                                                 ϵB ∝ ( x ωp/c)-0.5 

Klein-Nishina effects neglected                                         - all electrons (but those of the very highest energies) cool  

adiabatic cooling not included                                            in a region in which the turbulence has decayed                

The Astrophysical Journal, 780:12 (6pp), 2014 January 1 Zhao et al.

Figure 2. Time-integrated synchrotron spectra up to different times. The lines
from right to left correspond to time t = 1 × 10−5 s, 5 × 10−5 s, 1 × 10−4 s,
5 × 10−4 s, 1 × 10−3 s, 5 × 10−3 s, and 1 × 10−2 s, respectively. Note that for
t > 5 × 10−3 s, the spectra are unchanged with time and superposed together
in both the PLD and homogeneous MF cases. The dashed and solid lines are
superposed together for t < 5 × 10−4 s.
(A color version of this figure is available in the online journal.)

to 0.05 s, which is about ∼102 t̃c. Up to this time, the time-
integrated spectrum does not vary any longer in the interest-
ing energy range and becomes a “steady” state. One can see
that the MF decay leads to harder low-energy spectral slopes,

compared with the homogeneous MF case. By changing the pa-
rameter values we can see how the resulting synchrotron spec-
trum varies.

From Figure 3, it can be seen that for the PLD case, the low-
energy (below injection frequency) spectrum is most sensitive
to the MF decay slope, αB ; the spectrum is harder for larger
αB . For αB approaching zero, the νFν spectral slope is close to
the homogeneous MF case, 1/2; if αB ! 2 the slope is close to
the slow cooling slope, 4/3. This is consistent with the results
predicted in Equation (13).

Figure 3 also shows that in the PLD, the MF decay time
scale and the Compton parameter do not sensitively affect the
low-energy slope. If the decaying time is larger (i.e., larger τB),
the spectrum is close to the homogeneous MF case, but the
spectral slope in the lowest energy range does not change much.
Similarly, it can be seen that changing the Compton parameter
Y0 does not change the spectral slope at the lowest-energy end
much, while changing the normalization of the synchrotron
spectrum.

In the ED case, the spectrum also becomes harder than the
traditional homogeneous MF case, but similar to the PLD case,
the spectral slope tends toward 4/3 and does not change much
with varying MF decay time scale.

We also calculate the case of a spectrum softer than 1/2,
with 0 < αB < 2/3 and without IC cooling (Figure 4). These
represent a small fraction of burst cases (Preece et al. 2000).
From Figure 4, we can see that our numerical calculations indeed

(a) (b) (c) (d)

Figure 3. Time-integrated synchrotron spectrum. The label “homogeneous” indicates the homogeneous MF case. Panels (a), (b), and (c) correspond to the PLD case
and panel (d) is the ED case. The bottom panels show the spectral slope as a function of photon energy.
(A color version of this figure is available in the online journal.)
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Figure 11. Example of a synchrotron-self-Compton spectrum of a gamma-ray burst (red: synchrotron,
magenta: inverse Compton, black: total), at an observer time tobs = 100 s (tobs = 0 marking the onset of the
prompt emission phase), taking into account the effect of a decaying microturbulence behind the shock, as
described in the text. The pair-production opacity of the intergalactic radiation fields, which attenuates
strongly the emission above ⇠ 1 TeV, has not been taken into account here. See the text for details.

a minimal value eB� near the contact discontinuity. Incorporating such a model in the computation of
gamma-ray burst afterglows indeed produces a satisfactory match to observations for gamma-ray bursts
with extended high-energy emission for a = �0.4 [55], close to the value seen in PIC simulations.

Another consequence is that those electrons losing their energy through synchrotron on a timescale
shorter than the dynamical timescale of the blast, do radiate in a region of changing magnetic field strength.
This modifies their synchrotron spectrum and leaves definite signatures in the integrated emission,
which could be potentially probed by multiwavelength observational campaigns [86]. Unfortunately, for
gamma-ray burst afterglows at least, most of this difference takes place in the hard X-ray - soft gamma-ray
regime, which represents the most challenging energy range for instrumentation.

Another generic consequence of the above microphysics is Compton dominance, since a weak
magnetic field in the radiation region implies that electrons cool mainly through inverse Compton
scattering off the synchrotron-produced photons. As an example, Fig. 11 shows the spectral energy
distribution of a gamma-ray burst afterglow, at an (observer) timescale of 100 s, with eB+ = 0.01 (value
in the shock vicinity) and a decay law eB µ

�
xwp/c

��0.4. The other parameters are: energy of the blast
wave E = 8 ⇥ 1053 erg, redshift z = 0.4, density of the interstellar medium n = 0.03 cm�3, electron energy
fraction ee = 0.1, accelerated powerlaw index s = 2.3, and a maximum Lorentz factor ge,max = 2 ⇥ 107,
similar to that derived above. The red line presents the synchrotron spectrum, which typically extends up
to the GeV range at this early timescale, as discussed above, while the magenta line shows the inverse
Compton spectrum.

These parameters have not been chosen at random, but lie very close to those quoted for the modelling
of the recent GRB190114C which has been detected up to sub-TeV energies by the MAGIC telescope [121],
and indeed it is possible to check that the above spectral energy distribution reproduces qualitatively well
that observed at early times. Importantly, all of the input microphysical parameters (i.e., ee, eB, s and
ge,max), are based on, or derived from, the physical model described in previous sections. Finally, note
that the afterglow model of Ref. [121] paper assumes a uniform (non-decaying) microturbulence with
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Figure 10. Decay of the microturbulence in the shocked region, as observed in a PIC simulation for gsh = 17.
The dashed blue line shows a law eB µ

�
xwp/c

��0.5.

distribution, ge,min & 103, as well as a low magnetization s . 10�3, see e.g. [120]. It is thus tempting to
interpret this observation as the signature of electron preheating in a relativistic electron-proton shock, as
described here.

4.4. Fate of downstream turbulence

Another important consequence of the shock microphysics is that the turbulence, which sustains
the acceleration process, exhibits a typical length scale of the order of the plasma skin depth ⇠ c/wp,
hence it is prone to decay through phase mixing. Figure 10 shows the spatial decay law observed in a PIC
simulation of a pair shock with gsh = 17.

Phase mixing erodes the magnetic fluctuations by erasing the small-scale structures first, with a
damping rate =w ⇠ �|k|3c3/w2

p in terms of (transverse) wavenumber k [81,82]. In the reference frame
of the blast, the shock front moves away, with respect to a given plasma element, at velocity c/3 (or
c/2 is 2D numerical simulations). Hence, damping in time translates into damping in terms of distance
to the shock, x. More specifically, if the one-dimensional power spectrum of the turbulence4 satisfies
hdB2

ki µ k�q, with q < 1 (because most of the turbulence power lies on the shortest spatial scales), then
the turbulence decays as hdB2(x)i µ |xwp/c|(q�1)/3 for |xwp/c| � 1. Particle-in-cell simulations suggests
hdB2i µ |x|�0.5 [50,60,81], and therefore a power spectrum index q ' �0.5, see Fig. 10 for an illustration.

A decaying microturbulence bears interesting phenomenological consequences for the spectral
energy distribution [83–86]. In effect, electrons of Lorentz factor g cool on a synchrotron timescale
tsyn ' 1012 dB�2

0 g�1n1/2
0 w�1

p (magnetic field dB0 expressed in Gauss, density n0 in cm�3), thus orders of
magnitude larger than w�1

p . All electrons (but those of the very highest energies) thus cool in a region in
which the turbulence has decayed through phase mixing. The magnetic field strength that is inferred from
the observations, through the modelling of the spectral energy distribution, corresponds to that in the
radiation region, and is therefore expected to be much smaller than its effective value in the acceleration
region.

To quantify the above effect, one may consider that eB(x) ' eB+ in a region of width 30 � 100c/wp
behind the shock front, with eB+ ' 0.01 the value measured in PIC simulations in the shock vicinity,
and that eB decays as some powerlaw beyond that distance, eB µ

�
xwp/c

�a (with a ⇠ �0.5), down to

4 In a 2D simulation, the magnetic turbulence spectrum is defined as hdB2
z iy(x) =

R
dk dB2

k .

   Radiative models 

ϵB  = 0.01

 in the shock vicinity

ϵB ∝ (x ωp / c) -0.4

E = 8 x 1053 erg


z = 0.4

n = 0.03 cm-3


ϵe = 0.1

s = 2.3 


𝜸e, max = 2 x 107

Radiating electrons probe the magnetic 
field on >> scale than in the PIC simulations 

but - when they are in fast cooling - on  
a much smaller scale than the  

(magneto-) hydrodynamical scale. 
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‣ The magnetic field decay:   B’(t’) = B0’ e-t’/tB’  

   Electrons radiate efficiently only  

    above an effective Lorentz factor:  

𝚪c,eff ≃ 𝚪c,0 (t’dyn /t’B) 

    which leads to an increase of the  

   cooling break frequency by a  

   factor (tdyn’/tB’)2 

     For an extreme decay, we expect  

    a slow cooling spectrum even for 

    𝚪m > 𝚪c,0 

F. Daigne and Ž. Bošnjak: GRB prompt emission from the synchrotron radiation in a decaying magnetic field

Fig. 1. E↵ect of a decaying magnetic field on the synchrotron spec-
trum. The normalized spectrum ⌫0u⌫0/ue is plotted as a function of the
normalized frequency ⌫0/⌫0m for a constant magnetic field (dotted line)
or a decaying magnetic field on a timescale t

0
B = 10�2

t
0
dyn (solid line).

The calculation is done with the numerical radiative code described in
§2.4, either including only the synchrotron process (black) or both the
synchrotron radiation and the inverse Compton scatterings (red). The
following parameters are adopted: �c,0 = �m/300, YTh = 10, wm = 102,
p = 2.5. In the synchrotron only case, the result of the approximate cal-
culation discussed in §2.3 is plotted in blue for comparison.

a steeper photon index ↵ ⇠ �1.2 is found in the case of a constant
magnetic field, due to the e↵ect of scatterings in Klein-Nishina
regime, in agreement with Daigne et al. (2011). However, a even
steeper index ↵ = �2/3 is obtained when the decay of the mag-
netic field is included. We note that the inverse Compton scatter-
ings is also modified and we will discuss later the implications
for the high-energy prompt emission from gamma-ray bursts. In
the following, all results are produced with this same numerical
radiative code.

3. Results

3.1. Parameter space exploration

We now explore the parameter space of the synchrotron radia-
tion with a decaying magnetic field. Fig. 2 shows the evolution
of the synchrotron spectrum as a function of YTh for four di↵er-
ent values of wm corresponding to di↵erent regimes for inverse
Compton scatterings, from full Thomson regime to strong Klein-
Nishina regime, using either a constant magnetic field (this case
is similar to Fig. 2 in Daigne et al. (2011)) or a decaying mag-
netic field with t

0
B/t
0
dyn = 10�1 or t

0
B/t
0
dyn = 10�2. The initial ratio

�c/�m is fixed to 1/300. In the case of a constant magnetic field
(black lines), we recover the results from Daigne et al. (2011).
In particular, a photon index ↵ > �1.5 is found for wm > 1 and
YTh > 1. The limit ↵ ! �1 is reached for wm = 102 � 104 and
YTh >⇠ wm. However, as expected from the discussion in Sect. 2,
even larger photon indices are found if the magnetic field is de-
caying, whatever the values of wm and YTh are. Therefore the

e↵ect of a magnetic field decay appears as a robust mechanism
to produce a large photon index (i.e. a steep slope in ⌫F⌫) in the
synchrotron component of the spectrum.

3.2. Photon index and radiative efficiency

Fig. 3 shows the value of the photon index below the peak of the
synchrotron spectrum in a plane t

0
B/t
0
dyn versus �c/�m, for five

di↵erent sets of the two parameters (YTh,wm) governing inverse
Compton scatterings. In this diagram, the standard assumption of
a constant magnetic field is recovered at the top, when t

0
B � t

0
dyn.

Lines of constant radiative e�ciency,

frad =
1
ue

Z 1

0
u⌫0 d⌫0 , (14)

are also plotted. The gamma-ray burst prompt emission must
correspond most of the time to a high radiative e�ency to be
able to reproduce the observed huge gamma-ray energies and
the short timescale variability (Rees & Meszaros 1994; Sari et al.
1996; Kobayashi et al. 1997). Fig. 3 shows clearly that in the e�-
cient region ( frad >⇠ 0.5) the photon index spans a broad range of
values, from the standard fast cooling value �3/2 to a maximum
value of �2/3. Interestingly, the marginally fast cooling regime
↵ ' �2/3 is found in a large region of the parameter space. It
can be compared to Fig. 5 in Daigne et al. (2011), where this
regime was explored for a constant magnetic field and then re-
quired some fine tuning of the parameters to maintain a high
radiative e�ciency (�c/�m ' 0.1–1).

Our numerical calculation shows that the e↵ect of a decaying
magnetic field is robust: steep slopes are found for all values of
YTh. More precisely:

– The steepest value ↵ ⇠ �2/3 (marginally fast cooling) is
obtained in the region

0.1
�c

�m
.

t
0
B

t
0
dyn
. 10

�c

�m
, (15)

in agreement with Sect. 2 (see Eq. (3)).
– Inverse Compton scatterings govern the value of ↵ in the fast

cooling regime above t
0
B

t
0
dyn
' 10 �c

�m
: when they are negligible

(panels (a) and (b)), the standard photon index ↵ = �3/2
is recovered ; the same value is also obtained when in-
verse Compton scatterings become important but occur in
the Thomson regime (large YTh, low wm, not shown in Fig. 3)
[TBC] ; finally, when scatterings enter the Klein-Nishina
regime, ↵ increases towards �1, as already discussed in
Daigne et al. (2011).

– Much flatter spectra (�3/2 < ↵ < �2) are obtained in the
bottom-right region of the diagram ( t

0
B

t
0
dyn
. 0.1 �c

�m
). This is

due to the fact that the magnetic field decays so fast that
even electron at �m are a↵ected (see corresponding spectra
in Fig. 2). This means that the whole electron population en-
ters the slow cooling regime, and the measured low-energy
index is close to the expected value � p+1

2 (�1.75 for p = 2.5)
of the intermediate branch between ⌫0m and ⌫0c in this case
(Sari et al. 1998). As expected the radiative e�ciency falls in
this region, which cannot corresponds to the usual conditions
during the GRB prompt emission [TBC].
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   Radiative model: exponential decay of the magnetic field 

𝚪c,0 = 𝚪m / 300

YTh = 10

wm =102

p =2.5

t’B/t’dyn = 10-2



  
    Radiative model: exponential decay of the magnetic field 
   ________________________________________________________________________

‣ Evolution of the spectrum as a function of Yth for values of wm, using a constant magnetic field or a  

      decaying magnetic field on a timescale tB’/tdyn’ = 0.1 and 0.01: 

  
A&A proofs: manuscript no. output

Fig. 2. E↵ect of a decaying magnetic field on the synchrotron spectrum: realistic case including inverse Compton scatterings. The normal-
ized spectrum ⌫ u⌫/ue, as well as the photon index, are plotted as a function of the normalized frequency ⌫0/⌫0m for a constant magnetic field (black)
or a decaying magnetic field on a timescale t

0
B/t
0
dyn = 10�1 (red) and 10�2

t
0
dyn (blue). Each panel correspond to a di↵erent value of the parameter

wm which measures the importance of Klein-Nishina e↵ects, from 10�2 (Thomson regime) to 104 (strong Klein-Nishina regime). The spectra are
plotted for YTh = 10�1, 1, 10, 102, 103 and 104, which corresponds to an increasing e�ciency of scatterings (see text). We assume everywhere an
electron slope p = 2.5 and a magnetic field B

0
0 in the acceleration site corresponding to �c/�m = 1/300.

3.3. The high-energy component

To investigate the high-energy component of the spectrum, lines
of constant ratio of the inverse Compton luminosity over the syn-
chrotron luminosity Lic/Lsyn are also plotted in Fig. 3. In agree-
ment with Fermi/LAT observations (Ackermann et al. 2013a),
this figure focus on cases where the inverse Compton component
is not dominant (therefore cases with inverse Compton scatter-
ings in Thomson regime (large YTh, low wm) are not shown).
Interestingly, the region of steepest synchrotron slopes shows a
large diversity of Lic/Lsyn ratios, depending on the regime of in-
verse Compton scatterings. Largest ratios Lic/Lsyn ' 0.1-1 are
obtained for large YTh and wm . YTh (Fig. 3, panels a, c, e). Much

smaller values are obtained if YTh is small (Lic/Lsyn ' 10�2-10�1

in panel b) or if the Klein-Nishina reduction becomes strong
(Lic/Lsyn ' 10�3-10�2 in panel d). This may explain the ob-
served diversity revealed by the by Fermi satellite: during the
prompt phase, the ratio of the fluence at high energy (0.1-100
GeV) measured by the LAT instrument over the fluence at low
energy (10 keV-1 MeV) measured by the GBM instrument is
typically in the range 10�2 � 1 in GRBs detected by the LAT
(see Fig. 15 in the second Fermi-LAT GRB catalog, Ajello et al.
2019), with probably even lower ratios for GBM bursts that are
not detected by the LAT. [TBC].
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To investigate the high-energy component of the spectrum, lines
of constant ratio of the inverse Compton luminosity over the syn-
chrotron luminosity Lic/Lsyn are also plotted in Fig. 3. In agree-
ment with Fermi/LAT observations (Ackermann et al. 2013a),
this figure focus on cases where the inverse Compton component
is not dominant (therefore cases with inverse Compton scatter-
ings in Thomson regime (large YTh, low wm) are not shown).
Interestingly, the region of steepest synchrotron slopes shows a
large diversity of Lic/Lsyn ratios, depending on the regime of in-
verse Compton scatterings. Largest ratios Lic/Lsyn ' 0.1-1 are
obtained for large YTh and wm . YTh (Fig. 3, panels a, c, e). Much

smaller values are obtained if YTh is small (Lic/Lsyn ' 10�2-10�1

in panel b) or if the Klein-Nishina reduction becomes strong
(Lic/Lsyn ' 10�3-10�2 in panel d). This may explain the ob-
served diversity revealed by the by Fermi satellite: during the
prompt phase, the ratio of the fluence at high energy (0.1-100
GeV) measured by the LAT instrument over the fluence at low
energy (10 keV-1 MeV) measured by the GBM instrument is
typically in the range 10�2 � 1 in GRBs detected by the LAT
(see Fig. 15 in the second Fermi-LAT GRB catalog, Ajello et al.
2019), with probably even lower ratios for GBM bursts that are
not detected by the LAT. [TBC].
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    The emitted spectrum in the comoving frame 
   ________________________________________________________________________

τIC ≈ ne (σT x KN corr.) (c x trad)

Y ≈ τIC x ( 𝚪min2 x KN corr.)

A strong IC 
component is 

obtained when 
relativistic e- 

“survive” long 
enough for 

scatterings to occur 
(a low 𝚪min, a low B’ 

and a low tex’,  

i.e. trad’ →  tex’ ) 

Reference spectrum:  
𝝘min  = 1600 

B0’  = 2000 G 
ne = 4.1 x 107 cm-3 

tdyn = 80 s 
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Fig. 4. E↵ect of the parameters determining the emission in comoving frame. In all the plots we show the reference case (�min = 1600, B00
= 2000 G, ne = 4.1⇥107 cm�3, tdyn = 80 s) in red. Thin lines we show the spectra obtained when ��-annihilation is not included in the spectral
simulation. Top: The e↵ect of varying �min. The values of �min we adopted were �min = 51 (cyan), 160, 510, 1600, 5100, 1.6⇥104, 5⇥104, 1.6⇥105

(magenta). Bottom: The e↵ect of varying B00. The values of B00 we adopted were B00 [G] = 6.2 (cyan), 20, 63, 200, 632, 2000, 2⇥104, 2⇥105

(magenta). Dashed lines show the spectra that do not satisfy the conditions for transparency (⌧T < 0.1), or for the radiative e�ciency (> 50%).

by Oganesyan et al. (2017) [(see also To↵ano et al. 2021 and
Ravasio et al. 2018)]: by analyzing 14 Swift GRBs that were de-
tected by XRT in addition to BAT instrument during the prompt
phase, they fitted an empirical function consisting of two low en-
ergy power laws and a break energy. It was found that the slopes
of the low energy power laws were consistent with the expecta-
tion of the synchrotron model (–0.66 and –1.46); the break en-
ergy was interpreted as the cooling break frequency, peaking at
⇠ 4 keV in the observer frame. Potentially the observations of
such law values of additional low energy spectral break can be
interpreted as the break seen in our simulations (see Fig. 2 top

panels) for low values of t
0
B
/t0dyn ⇠ 10�1. While these results elu-

cidate the challenges in the interpretation of spectral results, they
also point to the importance of fitting the spectra over a wide
energy range, and of making assumptions for the fitting model
based on theoretical models (see also Burgess et al. 2020).

– Look at the fraction of bursts with ↵ > �2/3 in the GBM
spectral catalog (time integrated spectrum ? peak spectrum
? best fit of BAND, COMP, ...: several choices are possible,
what is the impact ?)

– Discuss also recent analysis by Nava, Ravasio, etc. They find
cases with two breaks which are close. It could correspond
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by Oganesyan et al. (2017) [(see also To↵ano et al. 2021 and
Ravasio et al. 2018)]: by analyzing 14 Swift GRBs that were de-
tected by XRT in addition to BAT instrument during the prompt
phase, they fitted an empirical function consisting of two low en-
ergy power laws and a break energy. It was found that the slopes
of the low energy power laws were consistent with the expecta-
tion of the synchrotron model (–0.66 and –1.46); the break en-
ergy was interpreted as the cooling break frequency, peaking at
⇠ 4 keV in the observer frame. Potentially the observations of
such law values of additional low energy spectral break can be
interpreted as the break seen in our simulations (see Fig. 2 top

panels) for low values of t
0
B
/t0dyn ⇠ 10�1. While these results elu-

cidate the challenges in the interpretation of spectral results, they
also point to the importance of fitting the spectra over a wide
energy range, and of making assumptions for the fitting model
based on theoretical models (see also Burgess et al. 2020).

– Look at the fraction of bursts with ↵ > �2/3 in the GBM
spectral catalog (time integrated spectrum ? peak spectrum
? best fit of BAND, COMP, ...: several choices are possible,
what is the impact ?)

– Discuss also recent analysis by Nava, Ravasio, etc. They find
cases with two breaks which are close. It could correspond
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F. Daigne and Ž. Bošnjak: GRB prompt emission from the synchrotron radiation in a decaying magnetic field

(a) YTh,0 = 0.1 ; wm = 10�2 (b) YTh,0 = 0.1 ; wm = 102

(c) YTh,0 = 102 ; wm = 102 (d) YTh,0 = 102 ; wm = 104

(e) YTh,0 = 104 ; wm = 104

Fig. 3. Synchrotron emission within a decaying magnetic field: parameter space. In the t
0
B/t
0
dyn vs �c,0/�m plane, the value of the low-energy

photon index ↵ of the synchrotron spectrum is color-coded. In this plane, the standard synchrotron spectrum with a constant magnetic field is
at the top (t0B ! 1), with the fast cooling regime on the left (�c,0 ⌧ �m) and the marginally fast cooling on the right (�c,0 ' �m). Black solid
lines indicate the limits of the high radiative e�ency region (thick: fred = 0.9; thin: fdad = 0.5; very thin: fdad = 0.1). Contours of the inverse
Compton/Synchortron ratio Lic/Lsyn are plotted in black dashed lines. Each panel correspond to a set of values for the parameters YTh,0 and wm that
govern the importance of inverse Compton scatterings and of Klein-Nishina corrections. Article number, page 7 of 9
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  Internal shock model  

  ________________________________________________________________________________

                                                                                                                                                               
m

Γ1 > Γ2
Γ

Γ

m

γ
21ΓΓ≈

Modeling:

1. dynamics of internal shocks 

2. radiative processes in the shocked medium 

3. observed spectra and time profiles

Bosnjak, Daigne & Dubus 2009 
Daigne, Bosnjak & Dubus 2011 

Bosnjak & Daigne 2014  

Piran 1999

The jet is assumed to be weakly magnetized at large distance and the prompt emission  
is emitted above the photosphere by shock accelerated electrons. 



  
  Internal shock model
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Physical conditions in the shocked medium: Lorentz factor 𝚪*,  
comoving density 𝜌*, comoving specific energy density 𝜀*  

Relativistic electron density:

𝜁 < 1 of all electrons 
is accelerated 

Bykov & Meszaros 1996 
Spitkovsky 2008

Dissipated energy is distributed between protons, electrons (fraction 𝜀e) and 
magnetic field (fraction 𝜀B)

me
p

ee tn Γ≥ΓΓ∝=Γ −           )0',('

Lorentz factor of the shocked region

Electron Lorentz factor

Magnetic field



       
     Spectral evolution in the internal shock model: steep low energy slopes
  

case A 
tdyn` / tB` = 1000

-1.5 < 𝛼 

case A 
k = 0

 𝛼  = -1.5

Case A: a single pulse burst with a high magnetic field. The main spectral peak 
             is due to synchrotron emission (Bošnjak, Daigne & Dubus 2009) 
             ϵB = 1/3 , ϵe = 1/3, ξ = 3 x 10-3, p = 2.5, dE/dt = 5 x 1053 erg/s



       
     Spectral evolution in the internal shock model: steep low energy slopes
  

case B -1.5 < 𝛼 < -1

𝛼 > -1
case B 

tdyn` / tB` = 100

Case B: a single pulse burst with a low magnetic field. The main spectral peak 
             is due to synchrotron emission (Bošnjak, Daigne & Dubus 2009) 
             ϵB = 5 x 10-3 , ϵe = 1/3, ξ = 2 x 10-3, p = 2.5, dE/dt = 5 x 1053 erg/s
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Fig. 6. E↵ect of a decaying magnetic field in the internal shock model: reference case A with t
0
B/t
0
dyn = 10�4

. Left: lightcurves in the GBM
and LAT range. The top panel shows the evolution of the parameters wm, YTh and �c,0/�m in the comoving frame of the shocked material. Right:
spectra in the four time bins indicated on the lightcurves and corresponding to the rise, the peak and the decay of the pulse.

Fig. 7. E↵ect of a decaying magnetic field in the internal shock model: reference case B with t
0
B/t
0
dyn = 10�3

. Same as in figure 6.

– Internal shocks: some PIC simulations suggest a decay-
ing magnetic field on large scales. It is numericcaly di�-
cult to probe (PIC simulations; plasma scale which is much
smaller). The PIC simulations with the largest grid/longest
duration is Keshet et al. (2009). It finds a decaying mag-
netic field, with approximatively an exponential decay. The
timescale cannot be measured but is constrained to t

0
B &

0.1t
0
syn(�m), i.e. t

0
B/t
0
dyn & 0.1 �c

�m
, which corresponds to the

high radiative e�cieny region in Fig. 3. [TBC: it is said in
Zhao et al. (2014)].

– In both cases (reconnection, shocks), one could expect some
correlations between ✏B and t

0
B (and possibly other micro-

physics parameters: ✏e, ⇣, p). This should impact the ob-
served spectral evolution. However a discussion of such pos-
sible correlations is di�cult (no detailed study of the B decay
in PIC simulations) and far beyond the scope of this paper.

– In both models (reconnection, shocks), the dynamics has also
an impact on the spectral evolution. We have discussed that

Article number, page 12 of 15

Effect of a decaying magnetic field in the internal shock model: 

reference case B with tB/tdyn  = 10-3 :
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Lepto-hadronic model Rudolph, Petropoulou, ŽB, Winter 2023 
Rudolph, Petropoulou, Winter, ŽB 2023 

indicate the various components that make up the total
spectrum (see inset legend for details).

Again commencing with a discussion of the spectra, we find
that the spectral features of the full-burst SYN-dominated
spectrum are similar to those of the representative collision
discussed in the previous section (see also Figure 6). On the
other hand, the neutrino peak properties relative to the photon
peak are slightly different: First, the fluence of the neutrino
peak relative to the photon peak fluence is ∼45% higher for the
representative collision than for the complete burst. Also, in the
representative collision, the neutrino peak energies are ∼25%
lower than for the full burst. Thus, if we scale up the neutrino
spectra from the representative collision to the full burst, we
overestimate the fluence, while we underestimate the peak
energy. Both these effects increase the detection perspectives
by instruments like IceCube, or, for nondetection, increase
potential conflicts with neutrino limits.

In the IC-dominated case, the broadband spectrum differs
from the SYN-dominated case, and resembles that of the pure
leptonic scenario (compare to Figure 5). Because of the lower
fB/e value, the pairs injected by γγ-annihilation are predomi-
nantly cooling via IC scatterings. As a result, the associated IC
component is much brighter than their SYN component, and
potentially modifies the spectrum in the Fermi–LAT energy
range. For the selected parameters, the secondary IC emission
again outshines the primary IC component. The VHE peak,
which is associated with the π0 decays, has a much lower peak
fluence than in the SYN-dominated case. We attribute this to
two effects: First, a lower maximum proton energy (which can
be inferred from the lower peak energy of the pion bump)
results in a reduced pion-production efficiency. This lower
pion-production efficiency is also reflected in the lower
neutrino fluxes. The lower maximum proton energy is driven

by the slower acceleration in the weaker magnetic field,
whereas the dominant loss processes are independent of the
magnetic field (in contrast to electrons, where the weaker
magnetic field for the IC-dominated scenario enables higher

e,maxg ). Second, the opacity to γγ annihilation is higher around
the VHE peak due to the lower peak energy (compare to
Figure 6 lower left). This is indicated by the higher difference
in energy flux of neutrinos and γ-rays when compared to the
SYN-dominated case.
The temporal evolution of the observed fluxes of various

components in the SYN- and IC-dominated scenarios is shown
in the upper panels of Figure 7. It is useful to recall at this point
that small Tobs correspond to small collision radii RColl, small
shell volumes, and high particle densities (see Figure 2).
Starting with the SYN-dominated case, we find that the primary
electron SYN flux peaks at T* as expected; the dissipated
energy, a fraction of which is transferred to primary electrons,
becomes maximal at this time. However, the SYN emission of
secondary pairs from γγ-annihilation and the neutrino emission
reach their maximum flux at earlier times. This early emission
originates closer to the central engine where radiation densities
are higher. This naturally enhances the efficiency of density-
dependent processes, such as γγ-annihilation and photopion
production. While the latter process is more efficient at earlier
times, the photon flux from π0 decays peak a little later, when
the low-energy photon densities decrease, thus leading to a
suppression of the in-source γγ-annihilation rate. These results
are in agreement with the findings of Bustamante et al. (2017),
where neutrinos were found to originate from small radii
(where the optical thickness to photohadronic interactions is
high), and VHE γ-rays are from large radii (where the γγ
optical thickness is low).

Figure 7. Full-burst decomposed light curves and spectra for the SPE54lepto-hadronic model, examining (left) the SYN-dominated scenario and (right) the IC-
dominated scenario with fp/e = 30. Colored lines show various contributions to the total spectrum, which is plotted with dashed line (for details, see legends). The all-
flavor neutrino fluences and fluxes are overplotted with dashed–dotted black lines. For the light curves, the neutrino fluxes we scaled up by a factor 100 to match the
same scale. Shaded regions indicate the energy ranges of the Fermi-GBM and LAT detectors. In the energy flux light curves, the dashed vertical line indicates the
observed time of the representative collision, marked with a star in Figure 2.

13

The Astrophysical Journal, 950:28 (30pp), 2023 June 10 Rudolph et al.

AM3 time-rependent code (Gao et al. 2017) following the coupled evolution of  
photons, electrons, positrons, muons, pions, p, n, and 𝜈 
All relevant nonthermal processes included: synchrotron emission, SSA, IC scatterings, 
photopair and photopion production,  𝛾𝛾-annihilation, adiabatic cooling & escape

Similar trends are found in the IC-dominated case, except for
earlier peak time of the π0 photon flux. We recall that π0 flux
depends on both the γγ-annihilation and the pion-production
efficiency. In the SYN-dominated scenario, the early flux is
suppressed by γγ-annihilation and thus peaks at later times. On
the other hand in the IC-dominated scenario, the pion-
production efficiency in late collisions is low, which suppresses
the π0 photon flux at late times.

5.3. Investigating Different Baryonic Loadings

We continue by a systematic study of different baryonic
loadings fp/e for both prototypes in the SYN- and IC-

dominated scenarios. The spectra and photon indices are
displayed in Figure 8. For SPE54 we explore fp/e ä {10, 30,
100}, and for MPE54.5 that has a higher isotropic energy
fp/e ä {3, 10, 30}. For comparison we further show the
leptonic modeling results.
We observe that increasing fp/e leads to similar trends for

both prototypes, both in the SYN- and the IC-dominated
scenario. We recall that the typical emission radii are similar;
however MPE54.5 has a slightly higher Eiso than SPE54. This
implies higher energy densities, which enhance the efficiency
of processes such as photopion production and γγ-annihilation.
As a consequence, for the same baryonic loading, the

Figure 8. Lepto-hadronic spectra �E Eobs obs and photon indices for SPE54 (top panel) and SPE54 (bottom panel), examining (left) the SYN-dominated scenario and
(right) the IC-dominated scenario. For all scenarios, we show the leptonic case and explore fp/e ä {10, 30, 100} ( fp/e ä {3, 10, 30}) for SPE54 (MPE54.5). Dashed–
dotted lines mark the corresponding all-flavor neutrino fluences. For the photon indices, we indicate the synchrotron slow- and fast-cooling predictions as dashed lines
and a photon index of −2 (that marks peaks of �Eobs Eobs) as a solid line.
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Locations of the dust  
layers associated with  
the five smallest X-ray 
rings from the GRB 221009A: 

- GRB occurred at low 
Galactic latitude 

 The direction to the 
burst; dark patches   
represent the dust layers  
responsible for producing 
the X-ray rings  

 - the smallest ring  
corresponds to the most 
distant dust 
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Appendix B
The Dust-scattering Spectral Model

To reconstruct the GRB prompt emission from the spectrum
of each ring (Equation (4)), we need a model for the optical
depth, ( )N EH 1,2sD q , for single scattering between the angles
corresponding to the inner (θ1) and outer (θ2) ring radius, for a
population of dust grains with column density ΔNH. We have
therefore implemented a new XSPEC multiplicative model,
called ringscat, whose input parameters are ΔNH, θ1, θ2,
and an integer number to identify different models for dust
composition and grain size distribution.

To compute the scattering cross section, we took advantage
of the publicly available software23developed to produce the
XSPEC xscat model (Smith et al. 2016). This extinction
model is based on the cross section for scattering at angles
greater than θ, σθ(E), computed using the exact Mie theory
applied to a population of spherical grains. The cross section in
ringscat can then be simply calculated as

( ) ( ) ( ) ( )E E E . 11,2 1 2s s s= -q q q


In particular, we computed σθ(E) in the 0.4–4 keV energy range
(with a resolution of 30 eV) for 38 angles between 2¢ and 12¢
for the following dust models: BARE-GR-B, BARE-GR-S,
BARE-GR-FG, COMP-GR-B, COMP-GR-S, COMP-GR-FG
(Zubko et al. 2004), and MRN (Mathis et al. 1977). The latter
model assumes spherical grains with a power-law size
distribution with index −3.5 between 0.005 and 0.25 μm.

The six models from Zubko et al. (2004), instead, combine
different dust size distributions and compositions, including
mostly bare graphite and silicate grains for the BARE-GR
models, whereas composite particles containing silicates,
organic refractory material, water ice, and voids are also
considered in the COMP-GR models. The last part of the model
names refers to the adoption of different abundances for the
interstellar medium: solar (S), B-type (B), or F- and G-type
(FG) stars.

Appendix C
Multiwavelength Constraints on the Galactic Interstellar

Medium toward GRB 221009A

To derive the GRB fluence from the X-ray spectrum of a
dust-scattering ring, we need an independent estimate of the
quantity of dust in the corresponding dust cloud. Similarly, to
constrain the amount of absorption in the host galaxy, we need
to assume the value of the Galactic absorption in the direction
of the X-ray rings. The latter information can be derived from
2D reddening maps (e.g., Schlafly & Finkbeiner 2011; Planck
Collaboration 2014), whereas 3D maps (e.g., Green et al. 2019;
Lallement et al. 2022) are required to evaluate the individual
contribution of each dust cloud. The Lallement et al. (2022)
map covers a 6× 6× 0.8 kpc3 volume with a resolution of 25
pc. The Green et al. (2019) data are instead defined on 120
distance bins logarithmically spaced in distances from 63 pc to
63 kpc, with angular sight lines of a typical scale ranging from
3.4¢  to 13.7¢ .

The Lallement et al. (2022) 3D map in the GRB 221009A
direction displays four prominent extinction peaks between 400

Figure 6. EPIC exposure-corrected 0.7–4 keV images, in units of counts s−1 arcmin−2, of the expanding rings from Obs1 (top panels: MOS2 data in three consecutive
time intervals with ∼16 ks of exposure time each) and Obs2 (bottom panels, from left to right: MOS1, MOS2, and PN data for the full 33 ks time interval of quiescent
background). All the images have been smoothed with a Gaussian kernel of σ = 2 5. Two red circles of radii 8¢ and11¢ are shown as a reference for ring expansion.

23 https://github.com/AtomDB/xscat
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GRB 221009A: 
EPIC 0.7-4 keV 
images [counts/s/
arcmin2] of the 
expanding rings 

The two red circles of 
radii 8’ and 11’ : 
a reference for ring  
expansion. 

X-ray halos (e.g., Smith et al. 2006; Tiengo et al. 2010).
However, to evaluate the impact of different choices of dust
models on the spectral parameters of the prompt GRB
emission, we consider also the COMP-GR-B, BARE-GR-S,
and the Draine (2003) models, which give a reasonably good fit
to the full set of spectra (Table 2). According to these models,

the power-law photon index of the GRB prompt emission
ranges from ∼1.0 to ∼1.4, with the steepest slope (1.37± 0.04)
obtained with BARE-GR-B.
If we exclude the Draine (2003) model, which is not accurate

enough at low energies, the hydrogen column density in the
host galaxy can be constrained within the narrow range
NH,z= (4.1–5.3)× 1021 cm−2 (Table 2). However, this result
depends on the value of the absorption in our own Galaxy,
which we fixed to NH,G= 7× 1021 cm−2 for ring 6. To
evaluate the impact of a different assumption on the Galactic
absorption, we fixed it at NH,G= 5.38× 1021 cm−2 (Willingale
et al. 2013), obtaining for the BARE-GR-B model a slightly
worse fit (χ2 from 194.34 to 200.08 for 155 degrees of
freedom, d.o.f.) and an increase of NH,z from (4.4± 0.3)× 1021

cm−2 to (6.6± 0.4)× 1021 cm−2. Assuming instead
NH,G= 9× 1021 cm−2, which is the largest value displayed
by the Planck Collaboration (2014) map within the region
covered by the X-ray rings (Figure 4), we obtain a marginally
better fit (χ2=188.55 for 155 d.o.f.) and an intrinsic absorption
of NH,z= (1.8± 0.2)× 1021 cm−2.
Our estimate of the GRB fluence depends on our assumptions

on the column density of dust in the clouds, based on 3D
extinction maps (Appendix C). First of all, we note that the
fluence values for each dust model are systematically lower when
a larger number of rings is considered (Table 2). This effect can
be explained by the fact that the extinction excess derived from
the maps includes also the contribution from diffuse (i.e., dust not
concentrated in the layers associated to the rings) dust or
unresolved scattering rings and should therefore be considered as
an upper limit to the amount of dust in the thin layers generating
the X-ray rings. The most conservative lower limit to the GRB
fluence can therefore be derived from the fit of the spectra of the
19 rings with the Draine (2003) model,20which gives a GRB
fluence of 1.25× 10−3 erg cm−2.

Figure 3. Fit of the ring spectra with the BARE-GR-B model (best-fit
parameters in Table 2). Top panel: PN (black) and MOS2 (red) spectra of ring 6
in Obs2. Middle panel: MOS2 spectra of rings 1–6 in Obs1. Bottom panel:
MOS2 spectra of rings 1–6 in Obs1 and PN spectra of rings 7–19 in Obs2.

Figure 4. Map of the total hydrogen column density in the sky area around
GRB 221009A (Planck Collaboration 2014;see Appendix C for details. The
white circles (radii of 2′ and 12′) indicate the region covered by the X-ray rings
during XMM-Newton observations.

20 The same fluence is obtained also with the Mathis–Rumpl–Nordsieck
(MRN) model (Mathis et al. 1977), which, however provides a very poor fit to
the 19 spectra (null-hypothesis probability of 10−11).
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MOS2 spectra of rings 1-6 (Tiengo et al. 2023) 
By fitting the spectra of the rings with different 
models for the dust composition and grain size  
distribution —> the spectrum of the GRB prompt  
emission in the 0.7 - 4 keV as an absoprbed  
power law with photon index 𝝘 =1 -1.4  
The photon index and the fluence indicate the 
presence of a possible soft excess with respect  
to the extrapolation of the main GRB peak!  

 Tiengo, Pintore, ..ŽB, Jelić, Campana  2023 
Šiljeg, ŽB, Jelić, Tiengo et al. 2023 

GRB 221009A



  
     Summary - I  

   


When the characteristic decay length of the magnetic field (B ∝	e-t’/tB’) is significantly 
shorter than the dynamical scale (tB’/tdyn’ ~ 0.01, 0.001) , the low energy prompt GRB 
synchrotron spectrum becomes significantly harder. The regime of marginally fast cooling 
is naturally achieved 

If the magnetic field decays extremely fast (tB’/tdyn’ ≪ 𝚪c,0 /𝚪m), the low energy photon 
index -2/3 is still recovered, but all electrons may be slow cooling leading to a lower 
radiative efficiency 

A future work will investigate how tB’ should evolve with physical conditions in the 
shocked medium and what are the consequences for the spectral evolution 

If the low energy emission spectrum can be reconstructed as e.g. from X-ray halo 
observations,  potentially the hadronic-related contribution could be constrained  

                                                  



     II.  Off-axis MeV and very-high energy gamma-ray emissions from structured 
          gamma-ray burst jets

  


‣Motivation 
   Ioka & Nakamura (2018) : the short GRB 170817A (detected ~ 1.7 s after the  
   gravitational wave event GW 170817) is faint because the jet is off-axis to our  
   line of sight 

   Off-axis  observer receives photons emitted outside the beaming cone. Consequently,    
the apparent energy of the off-axis jet becomes faint.     
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Fig. 1 Schematic figure of our unified picture.

merger ejecta to derive the breakout conditions taking the expanding motion of the merger

ejecta into account. In Sect. 4, we calculate the expected macronova features, such as the

flux, duration, and expansion velocity, by improving the analytical descriptions. In Sect. 5,

we estimate the rise times and fluxes of the X-ray and radio afterglows to constrain the

jet properties and the ambient density. In Sect. 6, we discuss alternative models, and also

implications for future observations of the radio flares and X-ray remnants. Sect. 7 is devoted

to the summary. The latest observations made since submission are interpreted in Sect. 7.1.

2. sGRB 170817A from an off-axis jet

The observed sGRB 170817A [2, 23, 24] constrains the properties of a jet associated with

GW170817. Emission from the jet is beamed into a narrow (half-)angle ∼ 1/Γ where Γ is

the Lorentz factor of the jet, while off-axis de-beamed emission is also inevitable outside

∼ 1/Γ as a consequence of the relativistic effect (see Fig. 1). To begin with, we consider the

most simple top-hat jet with uniform brightness and a sharp edge (see Sect. 6.1 for the other

cases). For a top-hat jet, we can easily calculate the isotropic energy Eiso(θv) as a function

of the viewing angle θv by using the formulation of Ioka & Nakamura [59] and Appendix A.

Even if the observed sGRB is not the off-axis emission from a top-hat jet, we can put the

most robust upper limit on the on-axis isotropic energy Eiso(0) of a jet, whatever the jet

structure and the emission mechanism is.
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1. a binary NS merger is at the origin of sGRB

          Eiso  = 5.35 x 1046 erg 


2. sGRB produces an afterglow via interaction  

          with the interstellar medium. For off-axis 

          observers, the early afterglow looks faint


3. a small amount of NS material ejected from the 

           NS merger is expected to emit optical-IR

           signal (‘kilonova’) 


4. a radio flare and the associated X-ray remantns

           occur through the interaction between the

           merger ejecta and the ISM 



     II.  Off-axis MeV and very-high energy gamma-ray emissions from structured 
          gamma-ray burst jets

  


‣Motivation 
  The off-axis model was initially studied by using a top-hat jet with uniform brightness 
   and a sharp edge. However, it is difficult to explain 𝜈peak = 185 ± 62 keV + the slowly 
   rising afterglow light curve is not consistent with a top-hat jet (Moolet et al. 2018), but  
   strongly suggests a structured jet 

                                         
    
      

     Isotropic gamma-ray energy of the jet decreases exponentially outward:  
     
                                                                    
     Eo = 1052.8 erg    𝜃c = 0.059  n = 10-2.51 cm-3   𝜃v = 0.38 ≈ 22o (Troja et al. 2018)        

4886 K. Ioka and T. Nakamura

prefer a viewing angle of 14◦ ! θ v ! 28◦ (Mooley et al. 2018b).
Note also that in blue, cyan, and purple line cases, the gamma-ray
energy exceeds that of sGRB 170817A, requiring smaller radiative
efficiency than εγ = 10 per cent at the viewing angle.

From Fig. 1, we can find that the central part should be much
more energetic than the observed sGRB 170817A, regardless of
the different structures obtained by the different authors. In order
not to exceed sGRB 170817A, the isotropic gamma-ray energy
of the jet should decrease exponentially outward (where it is not
always Gaussian but a sharply decreasing function). This is a
general property required from the afterglow and sGRB 170817A.
Therefore we adopt a fiducial case as

Eγ (θ ) = εγ E0 exp(−θ2/2θ2
c ), (1)

with E0 = 1052.80 erg, θ c = 0.059, n = 10−2.51 cm−3, and θ v =
0.38 ≈ 22

◦
(Troja et al. 2018b). Note that although we do not know

whether the structure reflects that of the jet energy or of the radiative
efficiency, it does not matter to the following discussions. Note also
that although the jet structure could be modified after the prompt
emission, namely during the propagation in the interstellar medium,
it does not change the above conclusion that the jet structure is
exponentially faint outward.

3 FO R M U L AT I O N O F O F F - A X I S EM I S S I O N

To calculate the off-axis emission from a structured jet, we gener-
alize the formulation in Ioka & Nakamura (2001) in this section.
Our new formulation has the advantage of expressing the isotropic
energy with a single integral in equations (11) and (12) over the
previous formulations as far as we know (e.g. Ioka & Nakamura
2001; Yamazaki et al. 2002; Salafia et al. 2015; Yamazaki et al.
2018; Beniamini & Nakar 2019). We consider an axisymmetric jet
for simplicity. Assuming that the distance to the source d is much
larger than the source size, the observed flux Fν at a frequency ν is
obtained from volume integration of the emission coefficient jν as

Fν $ 1
d2

∫
r2dr sin θ dθ dφ jν, (2)

where the jet has an origin at r = 0 and an axis at θ = 0 in the
spherical coordinate (r, θ , φ). The jet axis has a viewing angle θ v

from the line of sight between the observer and the origin.
The Lorentz transformation of the emission coefficient and

frequency from the lab frame (i.e. source centre frame) jν to the
comoving frame j ′

ν′ is

jν = j ′
ν′

&2(1 − β cos θ()2
, (3)

ν = ν ′

&(1 − β cos θ()
, (4)

respectively where we assume that the jet moves in the radial
direction and thereby the angle θ( between the jet motion and the
line-of-sight direction is given by that between the (θ , φ) direction
and the line-of-sight direction as

cos θ( = sin θ cos φ sin θv + cos θ cos θv. (5)

A single pulse of sGRBs is well approximated by instantaneous
thin-shell emission at time t0(θ ) and radius r0(θ ),

j ′
ν′ = 1

(4π )2r2
E′

γ (θ )f (ν ′, θ )δ[r − r0(θ )]δ[t − t0(θ )], (6)

where the angular structure of the jet is characterized by the
comoving radiation energy E′

γ (θ ) [erg]. This is related with the
radiation energy Eγ (θ ) and total energy E(θ ) in the lab frame as

εγ E(θ ) = Eγ (θ ) = &E′
γ (θ ), (7)

where the Lorentz factor & and the radiative efficiency εγ also have
angular structures in general. We adopt the spectral shape similar
to the so-called Band function

f (ν ′, θ ) = C

ν ′
0(θ )

(
ν ′

ν ′
0(θ )

)1+αB
[

1 +
(

ν ′

ν ′
0(θ )

)2
] βB−αB

2

, (8)

with αB ∼ −1 and βB ∼ −2.5 (Kaneko et al. 2006). We take
the constant C so that

∫
dν

′
f(ν

′
, θ ) = 1. Note that the following

discussions do not depend on the exact shape of the spectrum as
long as it has a peak.

The time in the lab frame t is related with the observed time T as

t = T + r

c
cos θ(, (9)

where the time is measured from the merger time and we neglect
the cosmological effect.

The isotropic energy is obtained from equations (2), (3), (6), (7),
and (9) by performing the integrals of the delta functions as

Eγ ,iso =
∫

dT

∫
dν 4πd2Fν

= 1
4π

∫
sin θ dθ dφ

Eγ (θ )
&4(1 − β cos θ()3

, (10)

where the arbitrary functions r0(θ ) and t0(θ ) are integrated out. We
can further perform the φ integral,

Eγ ,iso =
∫

sin θ dθ

2
Eγ (θ ) · B(θ ), (11)

where we call the last part as the beaming term,

B(θ ) ≡
∫ π

−π

dφ

2π

1
&4(1 − β cos θ()3

= 1
2&4

2 (1 − β cos θ cos θv)2 + (β sin θ sin θv)2

[1 − β cos(θv + θ )]5/2[1 − β cos(θv − θ )]5/2
. (12)

Note that we can explicitly show Eγ ,iso = Eγ (θ ) if Eγ (θ ) and &(θ )
are isotropic (where we can always put θ v = 0 by changing a
coordinate in the integration).

The surface brightness (i.e. the isotropic energy per solid angle)
is given by

dEγ ,iso

d,
= 1

4π

Eγ (θ )
&4(1 − β cos θ()3

. (13)

The spectral peak energy νpeak corresponds to the energy at which
νdEγ ,iso/dν takes a maximum value. We can show

dEγ ,iso

dν
= 1

4π

∫
sin θ dθ dφ

Eγ (θ )f (ν, θ, φ)
&4(1 − β cos θ()3

, (14)

where

f (ν, θ,φ) = C

ν0(θ, φ)

(
ν

ν0(θ,φ)

)1+αB
[

1 +
(

ν

ν0(θ, φ)

)2
] βB−αB

2

,

(15)

and ν0(θ, φ) = ν ′
0(θ )/&(1 − β cos θ().

MNRAS 487, 4884–4889 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/487/4/4884/5519241 by Kyoto D
aigaku N

ogaku-bu Toshoshitsu user on 13 Septem
ber 2022

Io
ka

 &
 N

ak
am

ur
a 

20
19

Spectral puzzle of off-axis GRB in GW170817 4887

Figure 2. The isotropic gamma-ray energy of the off-axis emission (red
line) from a structured jet in equation (1) (blue line) is plotted as a function
of the viewing angle θv of the jet. The isotropic gamma-ray energy at the
viewing angle of sGRB 170817A is also plotted (green cross). We adopt
the Lorentz factor profile in equation (16). The off-axis emission always
dominates the line-of-sight emission in the outer region.

4 O F F - A X I S EM I S S I O N C O M E S FRO M
OFF- C EN TRE

4.1 Dominance of off-axis emission

In Fig. 2, we calculate the off-axis emission (red line) from a
structured jet in equation (1) (blue line) with equations (11) and
(12). For the calculation we need the Lorentz factor, which is not
well constrained from observations. As a fiducial Lorentz factor, we
adopt a profile decreasing outward

" = "max

1 + (θ/θc)λ
. (16)

We take "max = 2000 since lower limits " ! 1000 are obtained
for some sGRBs like sGRB 090510 detected by Fermi/LAT (Ack-
ermann et al. 2010). The index λ is used to match the isotropic
energy with that of sGRB 170817A, and is found to be λ ≈ 3.8 for
our fiducial case in equation (1). It is always possible to match the
observed value. Note that " > 1 for our range of interest. Even if
the Lorentz factor profile is different, the following discussions are
similar as long as it is smooth enough.

As shown in Fig. 2, the off-axis emission (red line) always
dominates the line-of-sight emission (blue line) in the outer region.
This is general irrespective of the uncertainty of the jet structure for
GW170817 because the jet energy should decrease exponentially
outward in order to satisfy both the afterglow observation (i.e. the
large energy at θ = 0) and the prompt sGRB observation (i.e. the
small energy at θ = θ v) while the off-axis emission has a power-law
profile ∝ (θ v − θ c)−4 (Ioka & Nakamura 2018). Therefore if sGRB
170817A arises from a jet, it is most likely off-axis emission, not
the line-of-sight emission.

4.2 Off-centre emission

Which part of the jet makes a major contribution to the observed off-
axis emission? In Fig. 3, we plot the surface brightness distribution
in equation (13) with the same model parameters as in Fig. 2. It

Figure 3. The surface brightness distribution of the jet emission is plotted
on the (θcos φ, θsin φ) plane. The model parameters are the same as in
Fig. 2. Most emission comes from the off-centre jet, neither the jet core nor
the line-of-sight jet but the middle.

Figure 4. (Lower panel): The jet energy (Eγ (θ ); green line), the beaming
term in equation (12) (B(θ ); blue line) and their product (red line), which
determines the isotropic energy in equation (10), are plotted as a function
of the polar angle θ of the jet. The model parameters are the same as in
Fig. 2. The product of the decreasing Eγ (θ ) and the increasing B(θ ) makes
a peak in the off-centre region, neither the jet core (θ c = 0.059 = 3.4◦) nor
the line-of-sight jet (θv = 0.38; orange arrow). (Upper panel): The Lorentz
factor distribution in equation (16) is plotted as a function of θ .

is remarkable that most emission comes from the off-centre jet,
neither the jet core nor the line-of-sight jet but the middle.

The off-centre emission is also a general property of the off-
axis emission irrespective of the uncertainty of the adopted jet
structure for GW170817. As we can see from equation (11), the
observed isotropic energy is determined by the product of the jet
structure Eγ (θ ) and the beaming term B(θ ). These two functions are
plotted in Fig. 4 (lower panel). The jet energy (green line) should
decrease exponentially outward to satisfy both the observations of
the afterglow and sGRB 170817A. On the other hand the beaming
term (blue line) increases outward within θ " θ v − "−1 because
the beaming cone approaches the line of sight. The product of
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Figure 2. The isotropic gamma-ray energy of the off-axis emission (red
line) from a structured jet in equation (1) (blue line) is plotted as a function
of the viewing angle θv of the jet. The isotropic gamma-ray energy at the
viewing angle of sGRB 170817A is also plotted (green cross). We adopt
the Lorentz factor profile in equation (16). The off-axis emission always
dominates the line-of-sight emission in the outer region.

4 O F F - A X I S EM I S S I O N C O M E S FRO M
OF F- CENTRE

4.1 Dominance of off-axis emission

In Fig. 2, we calculate the off-axis emission (red line) from a
structured jet in equation (1) (blue line) with equations (11) and
(12). For the calculation we need the Lorentz factor, which is not
well constrained from observations. As a fiducial Lorentz factor, we
adopt a profile decreasing outward

" = "max

1 + (θ/θc)λ
. (16)

We take "max = 2000 since lower limits " ! 1000 are obtained
for some sGRBs like sGRB 090510 detected by Fermi/LAT (Ack-
ermann et al. 2010). The index λ is used to match the isotropic
energy with that of sGRB 170817A, and is found to be λ ≈ 3.8 for
our fiducial case in equation (1). It is always possible to match the
observed value. Note that " > 1 for our range of interest. Even if
the Lorentz factor profile is different, the following discussions are
similar as long as it is smooth enough.

As shown in Fig. 2, the off-axis emission (red line) always
dominates the line-of-sight emission (blue line) in the outer region.
This is general irrespective of the uncertainty of the jet structure for
GW170817 because the jet energy should decrease exponentially
outward in order to satisfy both the afterglow observation (i.e. the
large energy at θ = 0) and the prompt sGRB observation (i.e. the
small energy at θ = θ v) while the off-axis emission has a power-law
profile ∝ (θ v − θ c)−4 (Ioka & Nakamura 2018). Therefore if sGRB
170817A arises from a jet, it is most likely off-axis emission, not
the line-of-sight emission.

4.2 Off-centre emission

Which part of the jet makes a major contribution to the observed off-
axis emission? In Fig. 3, we plot the surface brightness distribution
in equation (13) with the same model parameters as in Fig. 2. It

Figure 3. The surface brightness distribution of the jet emission is plotted
on the (θcos φ, θsin φ) plane. The model parameters are the same as in
Fig. 2. Most emission comes from the off-centre jet, neither the jet core nor
the line-of-sight jet but the middle.

Figure 4. (Lower panel): The jet energy (Eγ (θ ); green line), the beaming
term in equation (12) (B(θ ); blue line) and their product (red line), which
determines the isotropic energy in equation (10), are plotted as a function
of the polar angle θ of the jet. The model parameters are the same as in
Fig. 2. The product of the decreasing Eγ (θ ) and the increasing B(θ ) makes
a peak in the off-centre region, neither the jet core (θ c = 0.059 = 3.4◦) nor
the line-of-sight jet (θv = 0.38; orange arrow). (Upper panel): The Lorentz
factor distribution in equation (16) is plotted as a function of θ .

is remarkable that most emission comes from the off-centre jet,
neither the jet core nor the line-of-sight jet but the middle.

The off-centre emission is also a general property of the off-
axis emission irrespective of the uncertainty of the adopted jet
structure for GW170817. As we can see from equation (11), the
observed isotropic energy is determined by the product of the jet
structure Eγ (θ ) and the beaming term B(θ ). These two functions are
plotted in Fig. 4 (lower panel). The jet energy (green line) should
decrease exponentially outward to satisfy both the observations of
the afterglow and sGRB 170817A. On the other hand the beaming
term (blue line) increases outward within θ " θ v − "−1 because
the beaming cone approaches the line of sight. The product of
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     II.  Off-axis MeV and very-high energy gamma-ray emissions from structured 
          gamma-ray burst jets

  


‣Off-axis emission from a structured jet 
   

The surface brightness  
(the isotropic energy per solid angle):  

The off-axis model for GRB 170817A  
predicted that the most luminous  
region arises neither from the jet core, nor at the line of sight at the viewing angle, but 
from the off-centre jet.  Io

ka
 &

 N
ak

am
ur

a 
20

19

Spectral puzzle of off-axis GRB in GW170817 4887

Figure 2. The isotropic gamma-ray energy of the off-axis emission (red
line) from a structured jet in equation (1) (blue line) is plotted as a function
of the viewing angle θv of the jet. The isotropic gamma-ray energy at the
viewing angle of sGRB 170817A is also plotted (green cross). We adopt
the Lorentz factor profile in equation (16). The off-axis emission always
dominates the line-of-sight emission in the outer region.

4 O F F - A X I S EM I S S I O N C O M E S FRO M
OFF-C ENTR E

4.1 Dominance of off-axis emission

In Fig. 2, we calculate the off-axis emission (red line) from a
structured jet in equation (1) (blue line) with equations (11) and
(12). For the calculation we need the Lorentz factor, which is not
well constrained from observations. As a fiducial Lorentz factor, we
adopt a profile decreasing outward

" = "max

1 + (θ/θc)λ
. (16)

We take "max = 2000 since lower limits " ! 1000 are obtained
for some sGRBs like sGRB 090510 detected by Fermi/LAT (Ack-
ermann et al. 2010). The index λ is used to match the isotropic
energy with that of sGRB 170817A, and is found to be λ ≈ 3.8 for
our fiducial case in equation (1). It is always possible to match the
observed value. Note that " > 1 for our range of interest. Even if
the Lorentz factor profile is different, the following discussions are
similar as long as it is smooth enough.

As shown in Fig. 2, the off-axis emission (red line) always
dominates the line-of-sight emission (blue line) in the outer region.
This is general irrespective of the uncertainty of the jet structure for
GW170817 because the jet energy should decrease exponentially
outward in order to satisfy both the afterglow observation (i.e. the
large energy at θ = 0) and the prompt sGRB observation (i.e. the
small energy at θ = θ v) while the off-axis emission has a power-law
profile ∝ (θ v − θ c)−4 (Ioka & Nakamura 2018). Therefore if sGRB
170817A arises from a jet, it is most likely off-axis emission, not
the line-of-sight emission.

4.2 Off-centre emission

Which part of the jet makes a major contribution to the observed off-
axis emission? In Fig. 3, we plot the surface brightness distribution
in equation (13) with the same model parameters as in Fig. 2. It

Figure 3. The surface brightness distribution of the jet emission is plotted
on the (θcos φ, θsin φ) plane. The model parameters are the same as in
Fig. 2. Most emission comes from the off-centre jet, neither the jet core nor
the line-of-sight jet but the middle.

Figure 4. (Lower panel): The jet energy (Eγ (θ ); green line), the beaming
term in equation (12) (B(θ ); blue line) and their product (red line), which
determines the isotropic energy in equation (10), are plotted as a function
of the polar angle θ of the jet. The model parameters are the same as in
Fig. 2. The product of the decreasing Eγ (θ ) and the increasing B(θ ) makes
a peak in the off-centre region, neither the jet core (θ c = 0.059 = 3.4◦) nor
the line-of-sight jet (θv = 0.38; orange arrow). (Upper panel): The Lorentz
factor distribution in equation (16) is plotted as a function of θ .

is remarkable that most emission comes from the off-centre jet,
neither the jet core nor the line-of-sight jet but the middle.

The off-centre emission is also a general property of the off-
axis emission irrespective of the uncertainty of the adopted jet
structure for GW170817. As we can see from equation (11), the
observed isotropic energy is determined by the product of the jet
structure Eγ (θ ) and the beaming term B(θ ). These two functions are
plotted in Fig. 4 (lower panel). The jet energy (green line) should
decrease exponentially outward to satisfy both the observations of
the afterglow and sGRB 170817A. On the other hand the beaming
term (blue line) increases outward within θ " θ v − "−1 because
the beaming cone approaches the line of sight. The product of
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prefer a viewing angle of 14◦ ! θ v ! 28◦ (Mooley et al. 2018b).
Note also that in blue, cyan, and purple line cases, the gamma-ray
energy exceeds that of sGRB 170817A, requiring smaller radiative
efficiency than εγ = 10 per cent at the viewing angle.

From Fig. 1, we can find that the central part should be much
more energetic than the observed sGRB 170817A, regardless of
the different structures obtained by the different authors. In order
not to exceed sGRB 170817A, the isotropic gamma-ray energy
of the jet should decrease exponentially outward (where it is not
always Gaussian but a sharply decreasing function). This is a
general property required from the afterglow and sGRB 170817A.
Therefore we adopt a fiducial case as

Eγ (θ ) = εγ E0 exp(−θ2/2θ2
c ), (1)

with E0 = 1052.80 erg, θ c = 0.059, n = 10−2.51 cm−3, and θ v =
0.38 ≈ 22

◦
(Troja et al. 2018b). Note that although we do not know

whether the structure reflects that of the jet energy or of the radiative
efficiency, it does not matter to the following discussions. Note also
that although the jet structure could be modified after the prompt
emission, namely during the propagation in the interstellar medium,
it does not change the above conclusion that the jet structure is
exponentially faint outward.

3 FO R M U L AT I O N O F O F F - A X I S EM I S S I O N

To calculate the off-axis emission from a structured jet, we gener-
alize the formulation in Ioka & Nakamura (2001) in this section.
Our new formulation has the advantage of expressing the isotropic
energy with a single integral in equations (11) and (12) over the
previous formulations as far as we know (e.g. Ioka & Nakamura
2001; Yamazaki et al. 2002; Salafia et al. 2015; Yamazaki et al.
2018; Beniamini & Nakar 2019). We consider an axisymmetric jet
for simplicity. Assuming that the distance to the source d is much
larger than the source size, the observed flux Fν at a frequency ν is
obtained from volume integration of the emission coefficient jν as

Fν $ 1
d2

∫
r2dr sin θ dθ dφ jν, (2)

where the jet has an origin at r = 0 and an axis at θ = 0 in the
spherical coordinate (r, θ , φ). The jet axis has a viewing angle θ v

from the line of sight between the observer and the origin.
The Lorentz transformation of the emission coefficient and

frequency from the lab frame (i.e. source centre frame) jν to the
comoving frame j ′

ν′ is

jν = j ′
ν′

&2(1 − β cos θ()2
, (3)

ν = ν ′

&(1 − β cos θ()
, (4)

respectively where we assume that the jet moves in the radial
direction and thereby the angle θ( between the jet motion and the
line-of-sight direction is given by that between the (θ , φ) direction
and the line-of-sight direction as

cos θ( = sin θ cos φ sin θv + cos θ cos θv. (5)

A single pulse of sGRBs is well approximated by instantaneous
thin-shell emission at time t0(θ ) and radius r0(θ ),

j ′
ν′ = 1

(4π )2r2
E′

γ (θ )f (ν ′, θ )δ[r − r0(θ )]δ[t − t0(θ )], (6)

where the angular structure of the jet is characterized by the
comoving radiation energy E′

γ (θ ) [erg]. This is related with the
radiation energy Eγ (θ ) and total energy E(θ ) in the lab frame as

εγ E(θ ) = Eγ (θ ) = &E′
γ (θ ), (7)

where the Lorentz factor & and the radiative efficiency εγ also have
angular structures in general. We adopt the spectral shape similar
to the so-called Band function

f (ν ′, θ ) = C

ν ′
0(θ )

(
ν ′

ν ′
0(θ )

)1+αB
[

1 +
(

ν ′

ν ′
0(θ )

)2
] βB−αB

2

, (8)

with αB ∼ −1 and βB ∼ −2.5 (Kaneko et al. 2006). We take
the constant C so that

∫
dν

′
f(ν

′
, θ ) = 1. Note that the following

discussions do not depend on the exact shape of the spectrum as
long as it has a peak.

The time in the lab frame t is related with the observed time T as

t = T + r

c
cos θ(, (9)

where the time is measured from the merger time and we neglect
the cosmological effect.

The isotropic energy is obtained from equations (2), (3), (6), (7),
and (9) by performing the integrals of the delta functions as

Eγ ,iso =
∫

dT

∫
dν 4πd2Fν

= 1
4π

∫
sin θ dθ dφ

Eγ (θ )
&4(1 − β cos θ()3

, (10)

where the arbitrary functions r0(θ ) and t0(θ ) are integrated out. We
can further perform the φ integral,

Eγ ,iso =
∫

sin θ dθ

2
Eγ (θ ) · B(θ ), (11)

where we call the last part as the beaming term,

B(θ ) ≡
∫ π

−π

dφ

2π

1
&4(1 − β cos θ()3

= 1
2&4

2 (1 − β cos θ cos θv)2 + (β sin θ sin θv)2

[1 − β cos(θv + θ )]5/2[1 − β cos(θv − θ )]5/2
. (12)

Note that we can explicitly show Eγ ,iso = Eγ (θ ) if Eγ (θ ) and &(θ )
are isotropic (where we can always put θ v = 0 by changing a
coordinate in the integration).

The surface brightness (i.e. the isotropic energy per solid angle)
is given by

dEγ ,iso

d,
= 1

4π

Eγ (θ )
&4(1 − β cos θ()3

. (13)

The spectral peak energy νpeak corresponds to the energy at which
νdEγ ,iso/dν takes a maximum value. We can show

dEγ ,iso

dν
= 1

4π

∫
sin θ dθ dφ

Eγ (θ )f (ν, θ, φ)
&4(1 − β cos θ()3

, (14)

where

f (ν, θ,φ) = C

ν0(θ, φ)

(
ν

ν0(θ,φ)

)1+αB
[

1 +
(

ν

ν0(θ, φ)

)2
] βB−αB

2

,

(15)

and ν0(θ, φ) = ν ′
0(θ )/&(1 − β cos θ().

MNRAS 487, 4884–4889 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/487/4/4884/5519241 by Kyoto D
aigaku N

ogaku-bu Toshoshitsu user on 13 Septem
ber 2022

4886 K. Ioka and T. Nakamura

prefer a viewing angle of 14◦ ! θ v ! 28◦ (Mooley et al. 2018b).
Note also that in blue, cyan, and purple line cases, the gamma-ray
energy exceeds that of sGRB 170817A, requiring smaller radiative
efficiency than εγ = 10 per cent at the viewing angle.

From Fig. 1, we can find that the central part should be much
more energetic than the observed sGRB 170817A, regardless of
the different structures obtained by the different authors. In order
not to exceed sGRB 170817A, the isotropic gamma-ray energy
of the jet should decrease exponentially outward (where it is not
always Gaussian but a sharply decreasing function). This is a
general property required from the afterglow and sGRB 170817A.
Therefore we adopt a fiducial case as

Eγ (θ ) = εγ E0 exp(−θ2/2θ2
c ), (1)

with E0 = 1052.80 erg, θ c = 0.059, n = 10−2.51 cm−3, and θ v =
0.38 ≈ 22

◦
(Troja et al. 2018b). Note that although we do not know

whether the structure reflects that of the jet energy or of the radiative
efficiency, it does not matter to the following discussions. Note also
that although the jet structure could be modified after the prompt
emission, namely during the propagation in the interstellar medium,
it does not change the above conclusion that the jet structure is
exponentially faint outward.

3 FO R M U L AT I O N O F O F F - A X I S EM I S S I O N

To calculate the off-axis emission from a structured jet, we gener-
alize the formulation in Ioka & Nakamura (2001) in this section.
Our new formulation has the advantage of expressing the isotropic
energy with a single integral in equations (11) and (12) over the
previous formulations as far as we know (e.g. Ioka & Nakamura
2001; Yamazaki et al. 2002; Salafia et al. 2015; Yamazaki et al.
2018; Beniamini & Nakar 2019). We consider an axisymmetric jet
for simplicity. Assuming that the distance to the source d is much
larger than the source size, the observed flux Fν at a frequency ν is
obtained from volume integration of the emission coefficient jν as

Fν $ 1
d2

∫
r2dr sin θ dθ dφ jν, (2)

where the jet has an origin at r = 0 and an axis at θ = 0 in the
spherical coordinate (r, θ , φ). The jet axis has a viewing angle θ v

from the line of sight between the observer and the origin.
The Lorentz transformation of the emission coefficient and

frequency from the lab frame (i.e. source centre frame) jν to the
comoving frame j ′

ν′ is

jν = j ′
ν′

&2(1 − β cos θ()2
, (3)

ν = ν ′

&(1 − β cos θ()
, (4)

respectively where we assume that the jet moves in the radial
direction and thereby the angle θ( between the jet motion and the
line-of-sight direction is given by that between the (θ , φ) direction
and the line-of-sight direction as

cos θ( = sin θ cos φ sin θv + cos θ cos θv. (5)

A single pulse of sGRBs is well approximated by instantaneous
thin-shell emission at time t0(θ ) and radius r0(θ ),

j ′
ν′ = 1

(4π )2r2
E′

γ (θ )f (ν ′, θ )δ[r − r0(θ )]δ[t − t0(θ )], (6)

where the angular structure of the jet is characterized by the
comoving radiation energy E′

γ (θ ) [erg]. This is related with the
radiation energy Eγ (θ ) and total energy E(θ ) in the lab frame as

εγ E(θ ) = Eγ (θ ) = &E′
γ (θ ), (7)

where the Lorentz factor & and the radiative efficiency εγ also have
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discussions do not depend on the exact shape of the spectrum as
long as it has a peak.

The time in the lab frame t is related with the observed time T as
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where the time is measured from the merger time and we neglect
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The isotropic energy is obtained from equations (2), (3), (6), (7),
and (9) by performing the integrals of the delta functions as
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= 1
4π

∫
sin θ dθ dφ

Eγ (θ )
&4(1 − β cos θ()3
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where the arbitrary functions r0(θ ) and t0(θ ) are integrated out. We
can further perform the φ integral,
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where we call the last part as the beaming term,

B(θ ) ≡
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1
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Note that we can explicitly show Eγ ,iso = Eγ (θ ) if Eγ (θ ) and &(θ )
are isotropic (where we can always put θ v = 0 by changing a
coordinate in the integration).
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is given by
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     II.  Off-axis MeV and very-high energy gamma-ray emissions from structured 
          gamma-ray burst jets

  


‣TeV photons  
      The different energy photons (MeV, TeV)  
       arrive to the observer from different  
       emission zones for off-axis structured 
       jets, mainly due to the effect of the  
       two-photon pair annihilation process 

       The optical depth for VHE photons is much  
        higher in the core region near the jet  
        surface, which gradually decreases outwards 
        allowing VHE photons to escape.  

      
    
  

2 Ž. Bošnjak et al.

(Aloy et al. 2005; Murguia-Berthier et al. 2017; Kathirgamaraju et al.
2018; Preau et al. 2021; Gottlieb et al. 2021); for a recent review see
Salafia & Ghirlanda (2022).

In this work, we study the emission zone of VHE gamma-rays for
a structured jet, similar to GW170817/GRB 170817A when viewed
off-axis. We focus on the model described in Ioka & Nakamura
(2019), where the off-axis emission arrives largely from the off-
center jet when the jet luminosity is decreasing sharply outward as
it is required from the observations of GRB 170817A. Matsumoto
et al. (2019) revisited the compactness of the gamma-ray sources
given by Lithwick & Sari (2001) for arbitrary viewing angles, and
confirmed that the relativistic jet core cannot be the origin of the
observed emission in GRB 170817A. Future VHE facilities such as
CTA will allow the follow-up of the gravitational events in the VHE
band, and GW170817-like objects are promising sources of off-axis
VHE gamma rays (Murase et al. 2018). We apply these findings in the
study of the observed surface brightness of the jet emission taking
into account the opacity of the source to gamma-rays. Recently,
Hendriks et al. (2022) simulated a population of binary neutron stars
observed by GW detectors (LIGO, Virgo, the Einstein Telescope
and the Cosmic Explorer) and made predictions for the detection
of sGRBs by Fermi/GBM, Swift/BAT and GECAM using a top-hat
jet model for a GRB. Our study can also be implemented in such
simulations to make predictions for future VHE observations.

This kind of study can be interesting also for LL GRBs (Soderberg
et al. 2006; Liang et al. 2007). For LL GRBs often the relativistic
shock breakout model is discussed (Campana et al. 2006; Nakar
& Sari 2012; Nakar 2015), where the energy deposition is done
by a narrow jet in the low-mass extended material. The induced
shock is much less relativistic than the jet, and after the breakout
produces the low-luminosity soft gamma-rays which are not narrowly
beamed. The off-axis jet model was proposed for the interpretation of
GRB emission properties in several events (Ioka & Nakamura 2001;
Yamazaki et al. 2003; Waxman 2004; Sato et al. 2021). LL GRBs are
promising targets for future VHE facilities due to their predicted high
local rate (Wanderman & Piran 2010) and consequently, GeV/TeV
observations being less affected by the extragalactic background light
(EBL) attenuation (Murase et al. 2008; Rudolph et al. 2022). The
asymmetric collapse of massive stars may also be the source of GW
emission (Shibata et al. 2021), where the interesting candidates are
nearby low-luminosity GRBs (Kobayashi & Mészáros 2003; Daigne
& Mochkovitch 2007; Nakar 2015).

This paper is organized as follows: In Sec. 2, we describe the
details of the off-axis structured jet model. In Sec. 3, we discuss the
origin of VHE gamma-rays and the optical depth due to the two-
photon pair annihilation based on a structured jet model. Our main
results are presented in Sec. 4, where we arrive at the conclusion
that different energy photons arrive from different emission zones in
general. In Sec. 5, we discuss the detectability of the time delay. In
Sec. 6, we study other effects that may affect our results and discuss
the implications of this work. Finally, we give a summary in Sec. 7.

2 STRUCTURED JET MODEL

In Fig. 1, we show a schematic picture of the emission from an off-
axis structured jet that we applied: it consists of an energetic and
highly relativistic core, with the energy and Lorentz factor sharply
decreasing outwards. Following Ioka & Nakamura (2019), we con-
sider an off-axis structured jet with a Gaussian shape,

⇢W (\) = nW⇢0exp
✓
� \2

2\2
2

◆
, (1)

MeV

TeV

!v
R

↝∿↝∿
≈

Figure 1. Prompt sub-MeV/MeV and VHE emission from a structured jet
with viewing angle \E . The distance of the emission region from the center
is ' when measured in the laboratory frame. We show that different energy
photons generally arrive from different emission zones for an off-axis ob-
server.

where ⇢W (\) is the isotropic-equivalent radiation energy of the jet
at an angle \ from the jet axis, ⇢0 is the isotropic equivalent energy
measured along the jet axis, nW is the radiation efficiency, and \2
is the jet core half-opening angle (or the standard deviation of the
Gaussian distribution).

The angle between the line of sight and a direction (\, q) in the jet
can be estimated as

cos\� = sin\ cosq sin\E + cos\ cos\E , (2)

where \E is the viewing angle and q is the azimuth angle with respect
to the jet axis. In the following studies, we adopt fiducial values of
⇢0 = 1052.8 erg, \2 = 0.059 and \E = 0.38 ⇡ 22� as inferred
from the observations of sGRB 170817A (Troja et al. 2019). We
assume the radiation efficiency for sub-MeV/MeV prompt emissions
is nW = 0.1 for simplicity. In reality, the radiation efficiency should
have an angular structure nW (\) which depends on the details of
the radiative processes. In addition, we assume the Lorentz factor
decreases outward with the shape described by the following relation,

�(\) = �max
1

1 + (\/\2)_
, (3)

where �max = 2000 and _ = 3.8 (Ioka & Nakamura 2019). We
assume the energy of the structured jet dissipated at a distance '
from the explosion center in the laboratory frame, where the emis-
sion region could be described by a relativistic shocked shell with
comoving width �0 ⇠ '/�(\). The corresponding timescales could
be estimated as ⇠ '/�(\)22. However, the energy dissipation radius
is difficult to predict without the knowledge of the jet composition
and radial profile. In this work, we consider the energy dissipation
that occurred at the fixed radius ', and we will show that different
energy photons generally arrive from different portions even for the
same radius. Note that outside of the 1/�(\) region the emission
decreases as the power law ⇠ 1/\3

E (or ⇠ 1/\2
E closer to the jet

edge). When the jet structure decreases as exponential function,
steeper than this power law, one would observe the maximum of
luminosity for angles larger then 1/�(\), e.g. (Ioka & Nakamura
2019).

3 VHE PROMPT EMISSION AND OPTICAL DEPTH

In recent years, several GRBs have been observed at the VHE band,
including both, high and low luminosity GRBs. All of the present
VHE observations are consistent with the origin at the afterglow

MNRAS 000, 1–7 (2023)
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Figure 2. The surface brightness distribution at the MeV band (upper panel)
and TeV band (lower panel) of a structured jet for �max = 2000 and ' =
1014 cm. The position of the jet core is indicated as a white plus symbol and
the viewing angle \E is marked as a white cross symbol. We can see that the
emission regions with 50% surface brightness are shifted between the MeV
and TeV bands (see also Fig. 5). This is mainly caused by the high optical
depth of TeV gamma-rays (gWW = 1, 10 and 100 lines are shown with orange
dotted line). The different emission region also leads to different arrival time
in Fig. 6.

4 DIFFERENT ENERGY PHOTONS FROM DIFFERENT
EMISSION ZONES

The specific surface brightness per solid angle per frequency can be
expressed as (Ioka & Nakamura 2018)

3⇢W,iso
3⌦3a

=
1

4c
⇢W (\) [ 5 (a, \, q; a0,LE) + 5HE (a, \, q; a0,HE)]bsrcbout

�(\)4 [1 � V(\)cos\�]3
,

(11)

where
Ø
3a 5 (a, \, q; a0,LE) = 1 and

Ø
3a 5HE (a, \, q; a0,HE) = 1/5,

and we assume the total energy radiated in the VHE energy band
takes only ⇠ 20% of the total energy radiated in the low-energy
sub-MeV/MeV band (this assumption would slightly increase the
adopted value for radiative efficiency nW). Here 5HE (a, \, q; a0,HE)
has the same form as the low-energy spectrum given by Eq. 4, with
the spectral peak in the comoving frame as in Eq. 6.

Figure 3. Same as Fig. 2, but for ' = 1015 cm. The shift of the peak position
of the specific surface brightness between the MeV and TeV bands becomes
much smaller.

In Figs. 2 and 3, we show the surface brightness distribution,
a3⇢W,iso/3⌦3a, on the jet surface at the MeV and TeV bands, re-
spectively. The peak position of the specific surface brightness is
indicated by a green star at the MeV band (upper panel) and a red star
at the TeV band (lower panel). Due to the effect of the Doppler boost,
the observed brightness for the off-axis structured jet is dominated
by a small patch centered on the peak position with typical angular
size �⌦,
3⇢a,iso
3a

⇡
3⇢a,iso
3⌦3a

�⌦, (12)

where �⌦ could be approximated as the region surrounded by the
solid contours, which represents the position where the surface
brightness decreases by a factor of 50% compared to the peak value.
The dotted circle in the lower panels is the position where the optical
depth for TeV photons equals gWW = 10. While the peak position of
the surface brightness is shifted at the TeV band with respect to MeV
band for smaller radius (' = 1014 cm, see Fig. 2), this shift becomes
much smaller at higher radii, see e.g. Fig. 3 for ' = 1015 cm. How-
ever, the region where the surface brightness decreased by a factor
of 50% becomes apparently larger, indicating the larger time spread
of the arrival times for the TeV emission (this effect adds up to the
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     The optical depth is sensitive to the emission radius: the corresponding time delay 
      between the typical arrival time of the TeV and MeV emission decreases with the  
      increase of the emission radius.  
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Figure 6. The arrival time delay between TeV and MeV photons and the
duration of GRB prompt emission at the MeV energy band as a function of
the emission region radius. The spectral and jet parameters are the same as
in Fig. 2. Note that the viewing angle is set to \E = 0.38.

the higher optical depth of TeV gamma-rays, see the brown thin solid
curve.

With the current and near-future VHE gamma-ray facilities, espe-
cially with the operation of CTA (The CTA Consortium 2019), one
may expect co-incident detections of nearby GRBs at the VHE band
with gravitational waves (e.g., Murase et al. 2018; Bartos et al. 2019).
The study in this work suggests that the TeV emission pulse could
lag behind the main pulse of the prompt emission at the MeV band,
which could compensate for the large slewing time of CTA, which
is Cslew ⇠ 20 s for CTA-LST and Cslew ⇠ 90 s for CTA-MST (Baner-
jee et al. 2022). This effect, therefore, increases the probability of
observing the TeV emission from short gamma-ray bursts during the
prompt phase by CTA. Also, the possibility of the prolonged duration
of the prompt phase may be interesting for interpreting the observed
features of long GRBs linked to the compact object binary mergers,
e.g. GRB 211211A (Troja et al. 2022; Yang et al. 2022; Mei et al.
2022; Rastinejad et al. 2022).

6 DISCUSSION AND IMPLICATIONS

When considering the off-axis structured jets, we found that different
energy photons could arrive from different emission zones mainly
due to the effect of the two-photon pair annihilation process. The main
reason is that the optical depth for VHE photons is much higher in the
core region on the jet surface, which gradually decreases outwards
allowing VHE photons to escape. In addition, we showed that the
optical depth for VHE photons is sensitive to the emission radius,
where the corresponding time delay between the typical arrival time
of the TeV and MeV emission decreases with the increase of the
emission radius. Such a phenomenon could be prominent if the opti-
cal depth sharply decreases across the emission zone, such as in the
case of the Gaussian jet adopted in this work, where Z (\) strongly
depends on ⇢W (\). A similar effect is possible for the power-law
structure of the jet energy if the power-law index is steep. Note that
the angular dependence of the optical depth on the Lorentz factor
�(\) and energy spectrum a00,HE (\) could also significantly affect
the surface brightness distribution for different energy photons. The

delayed arrival of & TeV photons is also expected in the EIC model
(e.g., Murase et al. 2010; Kimura et al. 2019; Zhang et al. 2023),
without considering the structured jet.

Another important factor is the viewing angle \E . If \E is close
to or smaller than the jet core, we cannot resolve different emis-
sion regions which are similar to the on-axis case. However, if \E
is too large, the received flux would be lower than the detection
threshold. The gravitational-wave data could provide an independent
measurement of the inclination angle between the direction of the
line-of-sight and jet axis (Biscoveanu et al. 2020). At present, we
can only say that for an off-axis structured jet with properties similar
to sGRB 170817A, different energy photons could originate from
different emission zones. Banerjee et al. (2022) estimated the min-
imum isotropic energy ⇠ 1047 ergs required for the detection of an
event at z ⇠ 0.1 (up to which the current GW detectors are expected
to observe BNS mergers), and that would allow for this effect to be
observed by the CTA.

7 SUMMARY

The off-axis model for the short gamma-ray burst GRB 170817A pre-
dicted that the most luminous region arises neither from the jet core
around the primary axis, nor at the line of sight at the viewing angle
\E , but from the off-centre jet (Ioka & Nakamura 2019). Adopting
the same assumptions in this study, we showed that different energy
photons could arrive to the observer from different emission zones
for off-axis structured jets, and that the typical arrival time of VHE
photons could be delayed compared to the typical arrival time of
prompt sub-MeV/MeV photons. We discussed how the change in the
emission radius could affect the VHE emission region and related
arrival times. Our results depend on the angular evolution of the total
radiation energy ⇢W and of the Lorentz factor, and on the energy
spectrum (currently the spectral evolution with radius was not ac-
counted for). The off-axis structured jet could also be observed with
a smaller or larger viewing angle depending on the energetics and
detector threshold. One of the predictions of our model is the differ-
ence between the observed arrival time of prompt MeV emission and
high-energy TeV emission. In general, the observation of the time
arrival difference brings information on the emission radius.

This model could be applicable to nearby short GRBs, VHE after-
glow emission for energetic bursts, but also to LL GRBs, which are
interesting as possible TeV emission and neutrino/UHECR sources
(Murase et al. 2008; Murase & Beacom 2010; Boncioli et al. 2019;
Rudolph et al. 2022). As LL GRBs have presumably lower ejecta
velocities and larger opening angles (Bromberg et al. 2011; Cano
et al. 2017; Rudolph et al. 2022), the different assumptions should
be taken into account for the estimates of the emission zones for
MeV/TeV photons.
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difference in photon arrival times due to the different emission radii,
see Fig. 6). Note that we did not include the evolution of different
parameters (e.g. Lorentz factor, spectral properties) with radius in
our calculation, while this may be expected with the jet propagation.

In conclusion, we could expect different energy photons to come
from different emission zones for a structured jet when viewed off-
axis. This is because the surface brightness distribution is different at
different frequencies, mainly due to the different optical depth with
more attenuation at the TeV band than the MeV band (and partly due
to the different segment of the observed spectrum).

An important implication is that a popular one-zone approximation
in the spectral analysis is not justified at all in the off-axis jet case.
With the current facilities it is impossible to resolve the emission
region for GRBs. One of the observable effects of such a phenomenon
is the arrival time of photons from different emission regions, which
we will discuss in the following section.

5 PHOTON ARRIVAL TIME AND POSSIBLE TIME DELAY

For a relativistic structured jet, photons emitted at the same lab frame
time C at different locations may arrive at the observer at the same
observed time T (e.g.„ Zhang 2018). The observed time ) is related
to the time in the laboratory frame C as

) = C � '

2
cos\�, (13)

where ' is the radius of the emitting shell measured in the laboratory
frame. The laboratory frame time C can be estimated as

C =
π '

0

3A

V(\)2 ⇡ '

V(\)2 . (14)

The above approximation in Eq. 14 is valid if there is no acceleration
or deceleration of the relativistic shell during the propagation. The
observed time ) is

) =
'

2V(\) (1 � V(\)cos\�)

⇡
8>><
>>:

'
22� (\ )2 (\� < 1/�(\))
'\2

�
22 (\� > 1/�(\))

, (15)

where V(\) ⇡ 1 � 1/2�2 and cos \� ⇡ 1 � \2
�/2. From Eq. 15, we

can see that the observed time ) reaches a minimum value when
\� ⇠ 1/�, as shown in Fig. 4.

As shown in Fig. 5, the peak position of the surface brightness
along the direction of q = 0 is \MeV ' 13.8 deg at the MeV energy
band and \TeV ' 15.0 deg at the TeV energy band, respectively. The
relative difference in the arrival time of TeV and MeV photons is
shown in Fig. 6 as a function of the emission radius. Our results indi-
cate that the arrival of the TeV photons is typically delayed compared
to MeV photons, and the value reaches a maximum of approximately
)pk,delay ⇠ 8 s when ' = 1013.75 cm, see the purple thick solid curve
in Fig. 6.

The time delay between the TeV photons and MeV photons is
caused by the fact that the TeV photons and MeV photons have dif-
ferent surface brightness, mainly due to the two-photon annihilation
optical depth, see Fig. 2. The reason is that the emission zone of
MeV photons is typically located at \MeV ⇠ \min, where ) reaches
a minimum at \min. However, the emission zone of TeV photons
is located at \TeV > \min, where ) is larger. At a smaller radius,
the whole VHE emission region is significantly attenuated due to
the larger optical depth. With the increase of the emission radius,

Figure 4. The observed time ) as a function of the polar angle \ when
q = 0.

Figure 5. Similar to Fig. 2, we show the surface brightness distribution as a
function of the polar angle \ when q = 0.

the VHE emission region near the center is still optical thick, but
the outer region becomes transparent. Under such a situation, only
VHE photons from the outer region could escape which are delayed
compared to MeV photons. The time delay between TeV and MeV
photons becomes smaller for larger radius, i.e. ' & 1015 cm, where
both the VHE emission region and sub-MeV/MeV emission region
are optically thin.

We also show the time spread of the arrival times ( duration) of
the MeV prompt emission from the interior of the half-maximum
surface brightness line as a function of radius in dashed green line.
Similarly, the duration of the TeV emission is shown in dashed orange
line. We can see that it is possible that the time delay between TeV
and MeV photons could be larger than the typical duration of the
MeV prompt emission. The typical time delay between TeV and
MeV photons could be significant for energetic events when ⇢0 =
1053.8 erg because the VHE emission region move outwards due to
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     Summary - II  

   


When considering the off-axis structured jets, we found that different enegry photons  
could arrive from different emission zones, mainly due to the effect of the two-photon 
pair annihilation process.  

The main reason is that the optical depth for VHE photons is much higher in the  
core region on the jet surface, which gradually decreases outwards allowing  
VHE photons to escape.  

The optical depth for VHE photons is sensitive to the emission radius, where the 
corresponding time delay between the typical arrival time of the TeV and MeV emission 
decreases with the increase of the emission radius.  

                                                  
Ž. Bošnjak                                                                                                   HEPRO Paris 23-26, 2023                                   
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Fig. 5. The low-energy slope α of the synchrotron spectrum in the presence of inverse Compton scatterings in Klein-Nishina regime, including
the effect of adiabatic cooling. Same as Fig. 3, now including adiabatic cooling for Γc/Γm = 10−2, 10−1, 1 and 10. Black solid lines of constant
radiative efficiency frad are plotted on top of the three last diagrams. In the first panel, the radiative efficiency is always close to 100%. For larger
ratio Γc/Γm, the radiative efficiency remains larger than respectively 96% (Γc/Γm = 10−1), 65% (Γc/Γm = 1) and 28% (Γc/Γm = 10).

other timescales (dynamical or radiative) and the self-absorption
process is negligible in the soft gamma-ray range.

In addition to the details of the radiative processes, the pre-
cise shape of the electron distribution can also have an impact
on the final spectrum. Here, we assume a power-law distribu-
tion. More complex distributions showing several components
(e.g. Maxwellian distribution + non-thermal tail) are observed
in some simulations of particle acceleration in ultra-relativistic
shocks (Spitkovsky 2008b,a; Martins et al. 2009). Such results
would need to be confirmed for the mildly relativistic regime
of interest for the prompt GRB emission. In the ultra-relativistic
regime relevant for the afterglow, Giannios & Spitkovsky (2009)
have shown that the Maxwellian component could have an ob-
servable signature. However Baring & Braby (2004) find that the

non-thermal electron population should dominate in the prompt
phase. We leave to a future work the study of the consequences
of more complex electron distributions on the observed GRB
prompt spectra.

4. Constraints on the internal shock model

4.1. General constraints on the physical conditions
in the emitting regions

We have shown in Sect. 3 that the spectrum resulting from syn-
chrotron radiation in the presence of inverse Compton scatter-
ings in Klein-Nishina regime can account for observed low-
energy photon index α = −3/2 to −1, and that the additional
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‣ “Marginally fast cooling regime”: electrons are in fast cooling regime but not deeply 
in this regime, i.e. 𝚪c ≲ 𝚪m rather than 𝚪c << 𝚪m 

‣ A large radiative efficiency (> 66%) can be achieved even for 𝚪c / 𝚪m ≃ 1 
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First GRB seen by an 
extensive air shower detector

(LHAASO collaboration, Science 2023) 

TeV light curve: a rise to peak 
after a quiescent phase, then 
a decay 
Eiso ~ 1055 erg        z = 0.151 

LHAASO Observations of GRB221009A

• GRB 221009A occurred within the 
FOV of  LHAASO : first GRB seen 
by an extensive air shower detector

• High statistics: >60,000 photons 
above 0.2TeV (LHAASO-WCDA)

• TeV light curve: a rise to peak after a 
quiescent phase, then a decay

GRB 221009A

LHAASO Collaboration, Science 380, 1390 (2023)

WCDA

LHAASO

0.2-7 TeV

First time detection of the 
afterglow onset?

3.3. Observer-frame Energetics in the Prompt Emission

A time-averaged spectrum of the main phase of the prompt
emission (180 to 258 s; Table 1) is best described by a Band

function with α≈− 0.89, β≈− 2.21, and Ep≈ 2660 keV.
From this spectrum, the energy fluence measured up to the end
of the KW triggered mode is (0.172± 0.015) erg cm−2. Using
the KW count-to-fluence ratio for the last recorded spectrum
and assuming that the emission hardness during the remaining
part of P3 is not much different, we calculate the overall
fluence in P1+P2+P3 to be (0.21± 0.017) erg cm−2.
The lack of KW spectral data for P4 does not allow us

evaluate its fluence directly. Therefore, using the fraction of the
total KW counts in this pulse (∼10%) and under the
assumption that emission at this stage is likely softer than in
the huge peaks (e.g., Kann & Agui Fernandez 2022), we
account for the P4 contribution by adding 5% (≈0.01
erg cm−2) to the P1+P2+P3 fluence and 2.5% systematic to
the uncertainty. As a result, we obtain the total energy fluence
of the prompt emission S= (0.22± 0.02) erg cm−2 (0–600 s,
20 keV–10MeV).
The spectrum at the brightest emission peak (225.024—

233.216 s) is best fit with α≈− 0.76, β≈− 2.13, and
Ep≈ 3040 keV. From this spectrum and a peak-to-average
count-rate ratio in the combined G1+G2+G3 light curve7 we
calculate the 20 keV–10MeV peak energy flux of the burst
Fp= (3.14± 0.47)× 10−2 erg cm−2 s−1 (or ∼1.4× 104

Figure 2. Brightest phase of GRB 221009A (pulses P2 and P3). The upper panel shows the light curve as seen by KW in G2 (80–320 keV, DT- and pileup-corrected
count rate, magenta), ART-XC (DT-corrected count rate times 35, dark green), and by KW in the Z band (16.5–22 MeV, DT-corrected count rate times 75, orange/
yellow). Middle panel: temporal evolution of the spectral peak energy Ep as derived from the KW spectral fits with the Band function (Table 1). Lower panel: the
evolution of the model photon indices: low-energy α (red) and high-energy β (blue). For the spectral parameters, statistical errors are within the data points. Gray
points illustrate Ep and α estimates obtained from the KW light-curve data (Appendix A.1).

Figure 3. νFν spectrum at the peak of the prompt emission (225–233 s). Blue
points represent pileup- and saturation-corrected THA data; orange points:
pileup- and saturation-corrected PHA2 data; and the green point: DT-corrected
Z-channel data (16.5–22 MeV). The best spectral fit with the Band function
(Table 1) is shown with the solid line.

7 Calculations using the KW spectrum and the ART-XC light curve yield a
very similar Fp value.
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Frederiks et al. 2023: Konus-WIND and ART-XC (4- 30 keV) observations
Spectral lags τlag between the KW light curves are calculated

with the method similar to that used in Frederiks et al. (2013).

2.2. ART-XC

ART-XC is a grazing-incidence-focusing X-ray telescope on
board the Spectr-RG (SRG)observatory (Sunyaev et al. 2021).
The telescope includes seven independent modules and has an
FoV of 36′ in angular diameter. It provides imaging, timing,
and spectroscopy in the 4–30 keV energy range with the total
effective area of ∼450 cm2 at 6 keV, angular resolution of 45″,
energy resolution of 1.4 keV at 6 keV, and timing resolution of
23 μs (Pavlinsky et al. 2021). The primary purpose of ART-XC
is to carry out the all-sky survey in hard X-rays with
unprecedented sensitivity. At the same time, due to the high
sensitivity and wide working energy range of the detectors
(4–120 keV), ART-XC is able to detect high-energy events,
such as solar flares or GRBs, from any direction in the sky (see,
e.g., Levin et al. 2021).5

The instrument detected GRB 221009A at 13:19:55 UT on
2022 October 9. The burst happened outside its FoV, but its
emission is well registered with all seven detectors. Due to the
strong attenuation of the signal passed through the surrounding
matter, ART-XC registers a light-curve shape that is practically
not distorted by instrumental effects such as pulse pileup or
flux saturation.

The telescope structure is designed in such a way that X-rays
from celestial sources as well as cosmic background radiation
are completely absorbed if coming not from the FoV. However,
GRB 221009A came from about 30° off axis through the lateral
surface of the structure of the instrument. This means that at

least in the 4–60 keV energy range it did not detect the direct
radiation from the burst but rather saw high-energy photons,
whose energies were converted in the surrounding telescope
structure by means of Compton scattering. Therefore, in the
following analysis we use all photons registered by ART-XC in
the energy range of 4–120 keV and correct count rates on DT
and efficiency of CdTl detectors. The data from each module
are analyzed separately, and then the results are combined.

3. Analysis and Results

Figure 1 shows the time history of GRB 221009A recon-
structed from KW and ART-XC observations. The burst prompt
emission has a complex time profile consisting of two distinct
emission episodes. It starts with a single initial pulse (IP), which is
followed, after a period of quiescence, by an extremely bright
emission complex that lasts for ∼450 s and shows four prominent
peaks: P1, at the onset; two huge pulses P2 and P3; and a much
longer but less intense P4. After ∼600 s, the prompt, pulsed phase
of the burst evolves to a steadily decaying, extended emission tail,
which is visible in the KW data for more than 25 ks. Results of the
KW spectral analysis are summarized in Table 1.

3.1. Initial Pulse

The light curve of the smooth, FRED-like IP, which
triggered KW, resembles that of a typical long GRB. It starts
at −1.8 s, peaks at ∼0.8 s, and decays to ∼30 s, with the G2
durations T90 and T50 of (29.9± 3.9) s and (10.4± 1.0) s,
respectively.6 The peak count rate is reached at 1.10× 103

counts s−1 in the 64 ms interval starting from 0.768 s.

Figure 1. Overview of GRB 221009A prompt emission as observed by KW and ART-XC. The KW background-subtracted light curve, corrected for instrumental
effects, is composed of THA, BGA, and HGA count rates in G2 (80–320 keV, the magenta line). The dark green line shows DT-corrected and background-subtracted
ART-XC light curve in the full energy range 4–120 keV with the resolution of 1 s. Labels indicate the positions ofthe five peaks discussed in Section 3:the initial
pulse (IP) and the four prominent peaks P1–P4 during the main phase. The KW triggered-mode data are available for the interval between two vertical dashed lines.

5 https://monitor.srg.cosmos.ru/

6 T90 and T50 are the times to detect 90% and 50% of the observed count
fluence, respectively.
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of 1.86× 10−2 erg cm−2 s−1 and an average flux of
3.13× 10−4 erg cm−2 s−1. This fluence from the main pulse
alone is 50× higher than the largest fluence detected to date by
BAT (GRB 130427A; Maselli et al. 2014).

At z= 0.151, the 15–150 keV (rest-frame) isotropic prompt
energy release for the main pulse is Eγ,iso= 9× 1053 erg. We
employ the 15–150 keV energy range to facilitate a direct
comparison with the entire population of BAT GRBs with
measured redshifts.

To estimate the relative occurrence rate of such an energetic
event, we compare GRB 221009A with the intrinsic long GRB
luminosity function derived in Lien et al. (2014). We consider
only the main pulse, as this dominates the burst energetics, and
it is difficult to ascertain when the prompt emission ends, given
the afterglow was bright enough to trigger the BAT at T0+
3.4 ks.

We randomly generated 104 GRBs using the intrinsic GRB
rate and luminosity distribution in Lien et al. (2014), and each
simulated burst was randomly assigned a pulse structure drawn
from the real BAT GRB sample. We calculated the Eγ,iso of
these simulated bursts, and found that only one burst had an
energy release (slightly) higher than the main pulse of

GRB 221009A. Therefore, we conclude only ∼1/104 long
GRBs are as energetic as GRB 221009A.
Using this value, we crudely estimate the rate at which such

energetic GRBs are detectable by BAT:

( )» = -N R f f f 0.06 yr , 3BAT GRB Eiso FOV survey
1


where RGRB is the intrinsic all-sky long-GRB rate from Lien
et al. (2014), fEiso= 1.0× 10−4 is the fraction of GRBs in this
intrinsic sample that have Eγ,iso larger than GRB 221009A,
fFOV= 1/6 is the fraction of sky covered by the BAT field of
view, and fsurvey= 0.8 is the fraction of time BAT is able to
trigger on GRBs (neglecting spacecraft slews, SAA passage,
etc.). In other words, we need to wait ∼1/0.06= 17 yr for an
event like the main pulse of GRB 221009A to occur in the
BAT field of view.
We emphasize, however, that the above estimate simply

indicates that BAT should have detected ∼1 GRB more
energetic than GRB 221009A over its lifetime, independent of
distance. But in addition to being highly energetic,
GRB 221009A is also one of the most nearby GRBs detected
by Swift. To estimate the intrinsic (volumetric) rate of
comparable events, we utilize the BAT trigger simulator (Lien
et al. 2014) to calculate the detectability of the prompt emission
at different redshifts under different representative geometries.
The full details of the simulation are provided in Appendix G.
Using this framework, we derive an upper limit on the

local volumetric rate of GRB 221009A–like events of
RGRB,comov(z= 0)� 6.1× 10−4 Gpc−3 yr−1. Integrating this flat
comoving rate from z= 0, to z= 10, we obtain an upper limit on
the all-sky rate of such events of �0.5 yr−1. Comparing to the all-
sky intrinsic long GRB rate of ∼4571 yr−1 in Lien et al. (2014),
the fraction of GRB 221009A–like events is roughly
0.5/4571� 1.0× 10−4, which is similar to the relative rate
derived above.
Even more remarkable, we can use these results to derive the

rate of GRB 221009A–like GRBs within the volume out to
z= 0.151 (1.1 Gpc−3). This implies we would need to wait
over ≈103 yr to detect another GRB 221009A–like event
within this volume. The combination of the large energy
release and the small distance make GRB 221009A truly a once
in a lifetime phenomenon.

4.3. The Nature of Energetic GRBs

Interpreting GRB 221009A in the context of the standard
afterglow synchrotron model (e.g., Sari et al. 1998) presents a
number of challenges, in particular if the X-ray and optical
emission is assumed to arise from a common origin (see
Ghisellini et al. 2007; De Pasquale et al. 2009). To begin with,
the broadband spectral fitting performed in Section 3.2 strongly
favors the presence of a spectral break around the soft X-ray
band, with the change in spectral slope being consistent with
the cooling frequency νc. However, if we adopt relatively
standard afterglow parameters (òB= 0.01, p= 2.5, ηγ= 0.15),
then we find that a cooling frequency ≈5 keV (1018 Hz) at
≈0.1 day post-trigger implies a jet expanding into an extremely
low density circumburst environment: n0≈ 10−3 cm−3 for a
constant-density (interstellar-medium-like) environment. Such
low densities have been inferred previously for highly energetic
events (e.g., Cenko et al. 2011), but this remains difficult to
reconcile with the massive star progenitors of long GRBs.

Figure 6. A comparison of GRB 221009A with all of those observed by XRT.
The gray scales indicate the number of GRBs in each (time, brightness) bin; the
blue light curve is GRB 221009A, with two notable bright GRBs,
GRB 130427A (purple) and GRB 080319B (orange) shown for comparison.
Top: observer frame, 0.3–10 keV observed flux light curves. Bottom:
comoving-frame, 0.3–10 keV intrinsic (unabsorbed) luminosity light curves;
the gray-scale sample data includes only those GRBs with published redshifts.
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Observer frame 0.3-10 keV observed flux  
light curves: a comparison of GRB 221009A with all 

of GRBs observed by XRT 
(Williams, M. et al. 2023)

X-ray afterglows of GeV/TeV GRBs 5267

Figure 4. Red histograms in panels (a) and (b) show the distributions of the break time tb and the post-break decay index α2 of 18 DPL events in Sample A,
respectively. Panels (c) and (d) are the same as (a) and (b), respectively, but for Sample C. Thick dashed lines are for 114 DPL events in Sample B. For
Sample B, the mean and the standard deviation of tb are 〈log10(tb/ks)〉 = 0.44 and σtb = 0.54 dex, respectively [panels (a) and (c)], and the mean and the
standard deviation of α2 are 〈α2〉 = 1.53 and σα2 = 0.50, respectively [panels (b) and (d)]. Also shown in panels (a) and (b) are arrows describing the values
of a VHE event, GRB 180720B.
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Figure 5. Schematic view of early X-ray afterglow light curves of 26 events
considered in this paper. Nine events (five SPL and two DPL events as well
as two VHE events) have no shallow decay phase. Eight events (seven DPL
events and a VHE event) have a break but their pre-break index α1 > 0.7,
so that the decay slope before the break time tb is somewhat steeper than
typical shallow decay phase.

are performed. For Eiso distributions of Sample A and Sample B
(Sample C), we get 0.33 per cent (1.1 per cent) probability of
being drawn from a common population. Hence, it is indicated that
Sample A bursts tend to have larger Eiso. Another KS test on the Eiso

distributions of Samples B and C gave the probability of 79 per cent,
so that we find no difference between Samples B and C with respect

to the burst energy. Therefore, differences between GeV/TeV events
(Sample A) and general samples (Samples B and C) might be a result
of the difference between more and less energetic GRBs.

Our present result may constrain models of the shallow decay
phase of the X-ray afterglow. In the context of the energy injection
model (Granot & Kumar 2006; Nousek et al. 2006; Zhang et al.
2006; Kobayashi & Zhang 2007), initial outflow energy is small, so
that the X-ray afterglow arising from the external shock is initially
dim. If the additional energy is injected to the flow, then the X-
ray afterglow becomes brighter than that in the case of no energy
injection, resulting in the shallow decay phase. As seen in the
previous paragraph, high-energy gamma-ray events tend to have
larger isotropic gamma-ray energy of the prompt emission (see also
Ackermann et al. 2013; Nava et al. 2014; Atteia et al. 2017; Ajello
et al. 2019), hence it is expected that the initial outflow energy is
also large. In this case, the X-ray afterglow is already bright from
the beginning, and it shows no shallow decay phase. Therefore,
this model naturally explains the present result that a large fraction
of events of our sample have no clear shallow decay phase. Some
other models will be challenged if more data are accumulated in
future.

We also search for any correlation between X-ray light curve
parameters like α1 and tb and GeV properties listed in the second
catalogue of LAT-detected GRBs (Ajello et al. 2019), such as
the temporal decay index αGeV, spectral index β, and isotropic
energy of the gamma-ray emission in the LAT energy band Eiso.
Among 2 (α1 and tb) × 3 (αGeV, β, and Eiso) = 6 combinations, we
find no statistically significant correlation because of small sample
size. More events are necessary to have larger sample, and further
analysis with better statistics is left for future work.
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!Figure 2.21 Some examples of X-ray afterglow lightcurves detected with Swift XRT. Reproduced from Figure 2 in Nousek et al.
(2006) with permission. ©AAS. A black and white version of this figure will appear in some formats. For the color
version, please refer to the plate section.

!Figure 2.22 A canonical X-ray afterglow lightcurve showing five distinct temporal components: I. steep decay phase; II. shallow
decay phase (or plateau if the decay slope is close to 0); III. normal decay phase; IV. post-jet-break phase; V. flares. The
segment “0” denotes the prompt emission phase. From Zhang et al. (2006).

Before Swift, there was a debate regarding the emission site of GRB prompt emission,
i.e. the external shock (Rees and Mészáros, 1992; Mészáros et al., 1993; Dermer and Mit-
man, 1999) vs. a site “internal” to the jet (the leading candidate being internal shocks, Rees
and Mészáros 1994, but alternatives could be the photosphere of the jet, or a site of mag-
netic dissipation). An efficiency argument (i.e. the external shock model is too inefficient
to produce highly variable GRBs since it needs to invoke a clumpy medium with a low
filling factor) was raised by Sari and Piran (1997) in favor of the internal shock model. The
fact that this steep decay phase is smoothly connected to prompt emission but breaks to
a shallower decay phase (which is most likely of the external shock origin) suggests that
prompt emission and afterglow are indeed from different emission sites. This settles the
debate: since the afterglow has an external shock origin, the prompt GRB emission must
arise from an internal emission site (Zhang et al., 2006).

4 :   195 9 3  065 421 986582 0 /70 5132 .85 2 5 2

Zhang et al. 2006
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MAGIC slew to the 
direction of GRB 190114C 
(z=0.42) about 50 s after 
the trigger and detected 
> 0.2 TeV photons

Eiso ≈ 3 x 1053 erg


GRB 190829A: power law  
spectrum in the range  
(0.18-3.3) TeV 
-low-luminosity GRB 
-observed between 4 and 56 h 
after the trigger 
z = 0.0785     

    Eiso ≈ 3 x 1050 ergs  

Figure 1: H.E.S.S. VHE spectra of GRB 190829A on the first and second nights. (A) the power-law (black) and
EBL attenuated power-law (red) models (lines) fitted to the observational data (red crosses) with shaded regions
indicating the 1� statistical and systematic uncertainty on the first night. (C) the same as panel A but for the
second night of observations. (B and D) show the fractional residuals between the data and the power-law (black)
and EBL attenuated power-law (red) models, defined as (data-model)/model. Error bars in all panels are 1�
statistical uncertainty, and upper limits are the 95% confidence level.

exponential term corresponds to the absorption of photons through their interaction with the

EBL, and ⌧ is the energy-dependent optical depth for a source at redshift z (16).

For the first two observation nights, we determined VHE intrinsic photon indices of: �int

VHE =

2.06 ± 0.10 (stat.)±0.26 (syst.) (1st night), 1.86 ± 0.26 (stat.)±0.17 (syst.) (2nd night). These

values indicate that, within the uncertainties, the spectral shape remains unchanged, so we per-

formed a joint spectral analysis (16). Combining the three nights of observation data, the photon

index found is �int

VHE=2.07±0.09 (stat.)±0.23 (syst.), in the energy range (0.18 - 3.3 TeV). These

per night VHE photon indices are consistent, within the statistical uncertainties, with the pho-
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in time owing to the self-similar properties of the decelerating shock 
wave3,4. The afterglow emission of previously observed GRBs, from 
radio frequencies to gigaelectronvolt energies, is generally interpreted 
as synchrotron radiation from energetic electrons that are accelerated 
within magnetized plasma at the external shock2. Clues to whether 
the newly observed teraelectronvolt emission is associated with the 
prompt or the afterglow phase are offered by the observed light curve 
(flux F(t) as a function of time t).

Figure 1 shows such a light curve for the EBL-corrected intrinsic flux in 
the energy range ε = 0.3–1 TeV (see also Extended Data Table 1). It is well 
fitted with a simple power-law function F(t) ∝ tβ with β = −1.60 ± 0.07. 
The flux evolves from F(t) ≈ 5 × 10−8 erg cm−2 s−1 at t ≈ T0 + 80 s to 
F(t) ≈ 6 × 10−10 erg cm−2 s−1 at t ≳ T0 + 103 s, after which it falls below the 
sensitivity level of the telescopes and is undetectable. There is no clear 
evidence for breaks or cutoffs in the light curve, nor irregular variability 
beyond the monotonic decay. The light curves in the kiloelectronvolt 
and gigaelectronvolt bands display behaviour similar to the teraelec-
tronvolt band, with a somewhat shallower decay slope for the gigae-
lectronvolt band (Fig. 1). These properties indicate that most of the 
observed emission is associated with the afterglow phase, rather than 
the prompt phase, which typically shows irregular variability. We note 
that although the measured T90 is as long as about 360 s, the kiloelec-
tronvolt–megaelectronvolt emission does not exhibit clear temporal or 
spectral evidence for a prompt component after about T0 + 25 s (ref. 26;  
Methods). Nevertheless, a sub-dominant contribution to the terae-
lectronvolt emission from a prompt component at later times cannot 
be excluded. The flux initially observed at t ≈ T0 + 80 s corresponds to 
an apparent isotropic-equivalent luminosity of Liso ≈ 3 × 1049 erg s−1 at 
ε = 0.3–1 TeV, making this the most luminous source known at these 
energies.

The power radiated in the teraelectronvolt band is comparable, 
within a factor of about 2, to that in the soft-X-ray and gigaelectron-
volt bands during the periods when simultaneous teraelectronvolt– 
kiloelectronvolt or teraelectronvolt–gigaelectronvolt data are avail-
able (Fig. 1). The isotropic-equivalent energy radiated at ε = 0.3–1 TeV, 
integrated over the time period between T0 + 62 s and T0 + 2,454 s, is  
E0.3–1TeV ≈ 4 × 1051 erg. This is a lower limit to the total teraelectronvolt-band 

output, as it does not account for data before T0 + 62 s or potential emis-
sion at ε > 1 TeV. From the megaelectronvolt–gigaelectronvolt data, the 
power-law decay phase is inferred to start at about T0 + 6 s (refs. 26,27). 
Assuming that the MAGIC light curve evolved as F(t) ∝ t−1.60 after that 
time, the teraelectronvolt-band energy integrated between T0 + 6 s 
and T0 + 2,454 s is E0.3–1TeV ≈ 2 × 1052 erg. This would be about 10% of the 
Eiso value measured by Fermi-GBM at ε = 1–104 keV.

Figure 1 also shows the time evolution of the intrinsic spectral photon 
index αint, determined by fitting the EBL-corrected, time-dependent  
differential photon spectrum with the power-law function F ε εd /d ∝ α int.  
Considering the statistical and systematic errors (Methods), there is 
no significant evidence for spectral variability. Throughout the obser-
vations, the data are consistent with αint ≈ −2, indicating that the radiated 
power is nearly equally distributed in ε over this band.

Figure 2 presents both the observed and the EBL-corrected intrinsic 
spectra above 0.2 TeV, averaged over (T0 + 62 s, T0 + 2,454 s). The 
observed spectrum can be fitted in the energy range 0.2–1 TeV with a 
simple power law with photon index αobs = −5.43 ± 0.22 (statistical error 
only), one of the steepest spectra ever observed for a γ-ray source. It 
is remarkable that photons are observed at ε ≈ 1 TeV (Extended Data 
Table 2), despite the severe EBL attenuation expected at these energies 
(by a factor of about 300, according to plausible EBL models; see Meth-
ods). Assuming a particular EBL model25, the intrinsic spectrum is well 
described as a power law with α = − 2.22int −0.25

+0.23 (statistical error only), 
extending beyond 1 TeV at 95% confidence level with no evidence for 
a spectral break or cutoff (Methods). Adopting other EBL models leads 
to only small differences in αint, which are within the uncertainties 
(Methods). Consistency with αint ≈ −2 implies a roughly equal power 
radiated over 0.2–1 TeV and possibly beyond, strengthening the infer-
ence that there is substantial energy output at teraelectronvolt  
energies.

Much of the observed emission up to gigaelectronvolt energies for 
GRB 190114C is probably afterglow synchrotron emission from elec-
trons, similar to that of many previous GRBs2,28. The teraelectronvolt 
emission observed here is also plausibly associated with the afterglow. 
However, it cannot be a simple spectral extension of the electron syn-
chrotron emission. The maximum energy of the emitting electrons 
is determined by the balance between their energy losses, which are 

a XRT 1–10 keV
LAT 0.1–10 GeV
MAGIC 0.3–1 TeV
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Fig. 1 | Light curves in the kiloelectronvolt, gigaelectronvolt and 
teraelectronvolt bands, and spectral evolution in the teraelectronvolt band 
for GRB 190114C. a, Light curves in units of energy flux (left axis) and apparent 
luminosity (right axis), for MAGIC at 0.3–1 TeV (red symbols), the Fermi Large 
Area Telescope (LAT) at 0.1–10 GeV (purple band) and the Swift X-ray Telescope 
(XRT) at 1–10 keV (green band). For the MAGIC data, the intrinsic flux is shown, 
corrected for EBL attenuation25 from the observed flux. b, Temporal evolution 
of the power-law photon index, determined from time-resolved intrinsic 
spectra. The horizontal dashed line indicates the value −2. The errors shown in 
both panels are statistical only (one standard deviation).
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Fig. 2 | Spectrum above 0.2 TeV averaged over the period between T0 + 62 s 
and T0 + 2,454 s for GRB 190114C. Spectral-energy distributions for the 
spectrum observed by MAGIC (grey open circles) and the intrinsic spectrum 
corrected for EBL attenuation25 (blue filled circles). The errors on the flux 
correspond to one standard deviation. The upper limits at 95% confidence level 
are shown for the first non-significant bin at high energies. Also shown is the 
best-fit model for the intrinsic spectrum (black curve) when assuming a power-
law function. The grey solid curve for the observed spectrum is obtained by 
convolving this curve with the effect of EBL attenuation. The grey dashed curve 
is the forward-folding fit to the observed spectrum with a power-law function 
(Methods).

GRB 190114C

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
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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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Figure 4. Multi-wavelength data of GRB 160821B compared with afterglow modeling. The forward shock synchrotron and SSC
emissions were evaluated using the following afterglow parameters: Log ✏e = �0.1, Log ✏B = �5.5, Ek = 1051 erg, n = 0.05 cm�3,
and p = 2.2. Left: light curves at di↵erent frequencies (see legend). The modeling is shown with solid curves. The optical/nIR
flux is the sum of the contribution from the forward shock (FS, dashed) and from the kilonova (dotted, from Troja et al. 2019).
The radio emission is initially dominated by the reverse shock (RS, dot-dashed, from Troja et al. 2019). The X-rays at t > 103 s is
always dominated by the forward shock. The red solid curve is corrected for EBL attenuation, while the MAGIC flux points are
uncorrected. Data in the r band are re-scaled for clarity (see legend). Right: multi-wavelength SED at approximately 3 hours
(see legend for the exact times). Shaded areas show the energy ranges covered by the instruments. The thin red box only
indicates the flux level measured with MAGIC and does not represent the spectral shape. Solid black: synchrotron emission;
dashed black: intrinsic SSC emission; solid red: SSC emission after EBL attenuation. LAT upper limits are not shown, as they
correspond to fluxes larger than 10�10 erg cm�2 s�1.

the radio band. All together, these observations con-
strain its value to be ⌫m & 4⇥ 1012 Hz at t ⇠ 104 s and
F syn
⌫m

⇠ 0.03mJy. The model parameter space is further
constrained by the requirement ⌫c > ⌫X up to at least 4
days (from the observed lack of a clear temporal break
in X-rays). Order of magnitude estimates for the model
parameters can be inferred by solving the equations

⌫m(t ⇠ 104s) ⇠ 2⇥1012 Hz ✏2e,�1 (p�2)2/(p�1)2✏1/2B,�4 E
1/2
k,50

= 4⇥ 1012 Hz,

F syn
⌫m

(t ⇠ 104s) ⇠ 0.04mJy ✏1/2B,�4 n
1/2
�1 Ek,50 = 0.03mJy, and

⌫sync (t ⇠ 1 d) ⇠ 4⇥1020 Hz ✏�3/2
B,�4 n

�1
�1 E

�1/2
k,50 > 2.4⇥1018 Hz

(see e.g., Sari et al. 1998; Granot & Sari 2002; Panaitescu
& Kumar 2000), where Ek is the initial, isotropic-
equivalent kinetic energy, n the density of the surround-
ing medium, ✏e and ✏B the fraction of energy dissipated
behind the shock in accelerated electrons and the mag-
netic field, respectively, and p the power-law index of
the injected electron energy distribution.
We find good agreement for values of the model pa-

rameters within the following ranges: Log(Ek/erg) =
[50 � 51], Log(✏e) = [�1;�0.1], Log(✏B) = [�5.5;�0.8],
Log(n/cm�3) = [�4.85;�0.24], and p = [2.2; 2.35]. The
inferred values are very similar to the values inferred by
Troja et al. (2019).

There is degeneracy between the parameters, that
can be understood as follows: since ⌫m / ✏2e

p
✏B Ek

and F⌫m / Ek
p
✏B n for a fixed value of ✏e, the other

parameters must satisfy ✏B / E�1
k and n / E�1

k .
Ek < 1050 erg would imply large values of ✏B and n,
resulting in ⌫c < ⌫X.
The result of the modeling is compared with obser-

vations in Fig. 4. The reverse shock and kilonova com-
ponents (dot-dashed and dotted curves in the left-hand
panel) are taken from Troja et al. (2019).
Note that in contrast to Troja et al. (2019) and our

modeling here, Lamb et al. (2019) proposed a di↵er-
ent, multi-zone interpretation for the afterglow, invok-
ing emission from a narrow jet component, as well as
a slower outflow component caused by energy injection
from the central engine at late times. The di↵erent in-
terpretation is mainly driven by a di↵erent analysis of
the X-ray data, resulting in an X-ray light curve with
evidence for a double peak.

4.2. Modeling of the TeV Radiation

Assuming that the TeV �-ray signal obtained from
MAGIC observations of GRB 160821B is real, we discuss
possible mechanisms for TeV emission in short GRBs
and assess their viability in accounting for these obser-
vations.

4.2.1. Synchrotron-Self-Compton emission (SSC)

short GRB at z = 0.162 
MAGIC observations 
started from 24 s after  
the trigger 
Evidence of a gamma-ray 
signal above ~0.5 TeV 
until 4h after the burst 
Eiso ≈ 1.2 x 1049 erg


GRB 160821B



     Distance measurements to dust clouds using GRB X-ray halos    

‣Motivation 

    
Soft X-rays ( ~ few keV) are efficitenly scattered at small angles ( 𝜃 ~ a few arcmin) by 
interstellar dust 

Predicted by Overbeck (1965) and first time observed by Einstein Observatory (Rolf 
1993; Catura 1983), due to dust scattering, point X-ray sources are surrounded by  
diffuse emission → X-ray dust halos 

Observer 

Dust 

X-ray source    

x = ddust / dsource 

𝜃 = (1-x) 𝜃sca 
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       Distance measurements to dust clouds using GRB X-ray halos


‣Motivation 

    
Dust scattered X-rays detected at off-axis angle 𝜃 (≈ 𝜃sca if ddust << dsource) will have a  
time delay:  
                                       

                                                                                                                       if ddust << dsource 

Halo photons scattered at larger radii suffer greater time delay owing to their longer 
paths. 

t − t0 =
x

1 − x
dsourceθ2

2c

θ(t) =
1 − x

x
2c(t − t0)

dsource
≈

2c(t − t0)
ddust

Observer 

Dust 

X-ray source    

x = ddust / dsource 

𝜃 = (1-x) 𝜃sca 

A. Tiengo



     
‣Dust-scattered X-ray halos around gamma-ray bursts 

                                       
If the halo surface brightness is sufficiently high, the expanding ring can be easily  
detected by comparing X-ray images taken at different times.  

Alternatively (Tiengo et al. 2006; Pintore et al. 2017),  
to visualise and detect an expanding X-ray ring,   
cosntructed a dynamical image: each count,  
detected with position xi, yi and arrival time Ti is  
binned according to 
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Figure 4. EPIC-pn images in the 1–2 keV energy band, integrated for consecutive intervals of 14 ks starting from the beginning of the observation. The cyan
dashed circle (radius of 6.4 arcmin) is a reference to show better the outer rings expansion. Time increases from left to right.

Figure 5. Dynamical image (colour bar in counts pixel−1) of the EPIC-
(pn+MOS) data in the 1–2 keV energy range. The numbers on the right axis
label the different rings.

Following Tiengo & Mereghetti (2006) and, for each event, we
can define a pseudo-distance Di as

Di = 2cti/θ
2
i = 827ti[s]/θ2

i [arcsec] pc.

We called it pseudo-distance as it assigns a distance to both back-
ground and source/expanding ring events. Clearly, for background
events, this value is not a real distance. On the other hand, events
coming from an expanding ring cluster around a specific value of D
which corresponds to the ‘true’ dust-layer distance. Hence, to derive
quantitatively the properties of the rings, we created a histogram of
the pseudo-distances (Fig. 6-left), corrected for the exposure time.
In this histogram, the background counts form a smoothly decaying
continuum while the rings appear as individual peaks. A uniform
background should be described by a power law with index –2. On

the other hand, the background component due to the diffuse X-ray
emission is subject to telescope vignetting effects, which produce a
significant deviation from the expected power law. Indeed, we found
that the continuum shape can be described with the sum of two
power laws with indexes of −1.91 ± 0.08 and −2.87 ± 0.20. The
peaks due to the rings are instead well described by Lorentzian func-
tions. By fitting the pseudo-distance histograms with these models,
we can estimate the statistical significance of the rings seen in the
dynamical images: we found that the addition of each of the six
Lorentzian models significantly improves the reduced χ2, with an
F-test probability that the improvement is not obtained by chance
"5σ (for three additional degree of freedom). The histogram in the
1–2 keV energy range and the best fit with two power laws and six
Lorentzians are shown in Fig. 6(left), while in Fig. 6(right) we show
the residuals (in units of σ ) of the fit with only the continuum. The
best-fitting centroids of the Lorentzians give accurate measurements
of the distances of the dust layers, which range from 528.1 ± 1.2 to
5079 ± 64 pc (see Table 1 for all the values).

We estimated, through simulations using the EPIC point spread
function3 (PSF), that the best-fitting FWHMs of the two innermost
rings are slightly larger than the expected instrumental broadening
(although consistent within 2σ uncertainty) while those of the other
rings are instead significantly larger. The corresponding thicknesses
of the dust layers are given in Table 1.

Finally, we also note in Fig. 6 the presence of two other, weaker
peaks at ∼2.5 and ∼3 kpc. We excluded them from the analysis
because their properties could be only poorly constrained.

3.3 Spectral analysis of the rings

A standard extraction of the spectra of the rings (i.e. selecting the
counts from annular regions in the EPIC images) presents some crit-
ical issues. In fact, due to their expansion during the observation, the
rings spatially overlap. The selection of fixed annular regions would
yield spectra with mutual contamination of the adjacent rings. In
addition, it would be difficult to select background regions because
most of the field of view is covered by the rings. The best approach
to overcome these problems is to extract directly the background-
subtracted spectra by integrating the Lorentzian functions fitted to
the histograms of the pseudo-distances for different energy bins.

3 We used the analytical model of Ghizzardi (2002, XMM-SOC-CAL-TN-
0029), which accurately describes the spatial and energy dependence of the
EPIC-PSF, but not its azimuthal structure (see Read et al. 2011).
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Figure 4. EPIC-pn images in the 1–2 keV energy band, integrated for consecutive intervals of 14 ks starting from the beginning of the observation. The cyan
dashed circle (radius of 6.4 arcmin) is a reference to show better the outer rings expansion. Time increases from left to right.

Figure 5. Dynamical image (colour bar in counts pixel−1) of the EPIC-
(pn+MOS) data in the 1–2 keV energy range. The numbers on the right axis
label the different rings.

Following Tiengo & Mereghetti (2006) and, for each event, we
can define a pseudo-distance Di as

Di = 2cti/θ
2
i = 827ti[s]/θ2

i [arcsec] pc.

We called it pseudo-distance as it assigns a distance to both back-
ground and source/expanding ring events. Clearly, for background
events, this value is not a real distance. On the other hand, events
coming from an expanding ring cluster around a specific value of D
which corresponds to the ‘true’ dust-layer distance. Hence, to derive
quantitatively the properties of the rings, we created a histogram of
the pseudo-distances (Fig. 6-left), corrected for the exposure time.
In this histogram, the background counts form a smoothly decaying
continuum while the rings appear as individual peaks. A uniform
background should be described by a power law with index –2. On

the other hand, the background component due to the diffuse X-ray
emission is subject to telescope vignetting effects, which produce a
significant deviation from the expected power law. Indeed, we found
that the continuum shape can be described with the sum of two
power laws with indexes of −1.91 ± 0.08 and −2.87 ± 0.20. The
peaks due to the rings are instead well described by Lorentzian func-
tions. By fitting the pseudo-distance histograms with these models,
we can estimate the statistical significance of the rings seen in the
dynamical images: we found that the addition of each of the six
Lorentzian models significantly improves the reduced χ2, with an
F-test probability that the improvement is not obtained by chance
"5σ (for three additional degree of freedom). The histogram in the
1–2 keV energy range and the best fit with two power laws and six
Lorentzians are shown in Fig. 6(left), while in Fig. 6(right) we show
the residuals (in units of σ ) of the fit with only the continuum. The
best-fitting centroids of the Lorentzians give accurate measurements
of the distances of the dust layers, which range from 528.1 ± 1.2 to
5079 ± 64 pc (see Table 1 for all the values).

We estimated, through simulations using the EPIC point spread
function3 (PSF), that the best-fitting FWHMs of the two innermost
rings are slightly larger than the expected instrumental broadening
(although consistent within 2σ uncertainty) while those of the other
rings are instead significantly larger. The corresponding thicknesses
of the dust layers are given in Table 1.

Finally, we also note in Fig. 6 the presence of two other, weaker
peaks at ∼2.5 and ∼3 kpc. We excluded them from the analysis
because their properties could be only poorly constrained.

3.3 Spectral analysis of the rings

A standard extraction of the spectra of the rings (i.e. selecting the
counts from annular regions in the EPIC images) presents some crit-
ical issues. In fact, due to their expansion during the observation, the
rings spatially overlap. The selection of fixed annular regions would
yield spectra with mutual contamination of the adjacent rings. In
addition, it would be difficult to select background regions because
most of the field of view is covered by the rings. The best approach
to overcome these problems is to extract directly the background-
subtracted spectra by integrating the Lorentzian functions fitted to
the histograms of the pseudo-distances for different energy bins.

3 We used the analytical model of Ghizzardi (2002, XMM-SOC-CAL-TN-
0029), which accurately describes the spatial and energy dependence of the
EPIC-PSF, but not its azimuthal structure (see Read et al. 2011).
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Pintore 2017:  EPIC pn images 
in (1-2) keV, integrated for 
consecutive intervals of 14ks

The spectacular case of GRB 160623A 1467

Figure 2. EPIC-pn background-subtracted light curve of the GRB after-
glow in the energy range 0.3–10 keV sampled with a bin size of 1 ks. The
decay is modelled by a power-law function (red solid line) with an index of
−2.11 ± 0.07 (χ2/dof = 1.2).

Figure 3. Contour plot, at 1σ (black), 2σ (red) and 3σ (green) uncertainties,
of the Galactic nH and nHz . The plot shows a significant degeneracy for the
two parameters. The blue dashed, the fuchsia dot–dashed and the orange
double-dot–dashed lines represent the Galactic column density expected
along the line of sight (6.2 × 1021 cm−2 for Dickey & Lockman 1990,
5.7 × 1021 cm−2 for Kalberla et al. 2005 and 7.2 × 1021 cm−2 for Willingale
et al. 2013).

The decay can be described by a power law F(t) ∝ tα with α =
−2.11 ± 0.07.

The time-averaged spectrum of the afterglow is well described
(χ2/dof = 971.05/1036) by a power law with photon index
1.77 ± 0.03, modified by a Galactic plus a host galaxy (z = 0.367)
absorption. The best-fitting value of the Galactic absorption is
nH = (1.44+0.04

−0.15) × 1022 cm−2, while that of the host galaxy, nHz , is
poorly constrained and with a best-fitting value significantly lower
than 1021 cm−2, as can be seen in Fig. 3. The absorbed (unab-
sorbed) 0.3–10 keV flux is (3.44 ± 0.05) × 10−12 erg cm−2 s−1

((5.9 ± 0.1) × 10−12 erg cm−2 s−1). The spectral shape and the
column density are consistent with those found with Swift/XRT
(Mingo et al. 2016). We note that the best-fitting Galactic column
density is more than a factor of 2 larger than the total column den-
sity expected along this line of sight (6.2 × 1021 cm−2 for Dickey

& Lockman 1990; 5.7 × 1021 cm−2 for LAB, Kalberla et al. 2005;
7.2 × 1021 cm−2 for Willingale et al. 2013).

To investigate this discrepancy better, we analysed an extended
source detected by EPIC in the same observation, at coordinates
RA =21h01m51s, Dec =+42◦03′24′′, at an angular distance of
∼12.3 arcmin from GRB 160623A. The spectral shape and ex-
tended nature suggest that this source is a cluster of galaxies. We
fitted its spectrum with an absorbed collisionally ionized diffuse gas
model (APEC in XSPEC) and found a temperature of kT= 4.5+2.5

−1.2 keV
and a column density of (7 ± 2) × 1021 cm−2, fully consistent with
the nH expected from Willingale et al. (2013). With the assumption
that the column density in the directions of GRB 160623A and of
this source is the same, we fitted the afterglow spectrum with nH

fixed to 7.2 × 1021 cm−2. A good fit (χ2/dof = 985.33/1037) was
obtained with nHz = (1.60 ± 0.08) × 1022 cm−2 and a 0.3–10 keV
absorbed (unabsorbed) flux of (2.7 ± 0.4) × 10−12 erg cm−2 s−1

((4.0 ± 0.5) × 10−12 erg cm−2 s−1).

3.2 Dust rings

To illustrate the angular expansion of the rings, we created four
EPIC-pn images in the 1–2 keV energy band, corresponding to con-
secutive time intervals of ∼14 ks each (Fig. 4). They clearly show
the presence of at least three expanding rings, with average radii
of ∼3.2, ∼5.2 and ∼7.3 arcmin. The outer ring is broader than the
others and shows the most prominent expansion. Describing the an-
gular expansion as θ = K(t − T0)1/2, with θ in arcmin and (t − T0)
in days (T0 is the GRB time and t is the mean time of the XMM–
Newton observation), we estimated K ∼ 2.3, 3.7, and 5.2 arcmin
d−0.5 for the three rings. Using equation (2), these expansion co-
efficients correspond to dust distances of ∼4, ∼1.5 and ∼0.7 kpc,
respectively. Therefore, the outermost ring is compatible with being
the one detected by Swift/XRT at earlier times and for which Tiengo
et al. (2016) estimated d ∼ 0.8 kpc.

To increase the sensitivity for the detection of faint expanding
rings not easily seen in the time integrated images of Fig. 4, we used
the method based on so called dynamical images first introduced
by Tiengo & Mereghetti (2006). A dynamical image is created by
converting the detector position (xi and yi) and time of arrival (Ti)
of each event into a new set of coordinates given by

ti = Ti − T0

θ2
i = (xi − XGRB)2 + (yi − YGRB)2

where T0, XGRB and YGRB are the GRB start time and spatial coordi-
nates (the latter are derived from the afterglow position in this ob-
servation). In an image based on these coordinates, a (non-variable)
source appears as a horizontal line at constant θ2, while an ex-
panding ring centred at Xgrb, Ygrb appears as an inclined line with an
angular coefficient proportional to the distance of the dust-scattering
layer.

We first performed this analysis separately on the data of the three
EPIC cameras and did not find any significant difference. We then
stacked the pn and MOS events to increase the signal-to-noise ratio
and hereafter, unless explicitly stated, we shall always refer to the
combination of the EPIC data. In Fig. 5, we show the dynamical
image in the 1–2 keV energy range, where at least six inclined lines
associated with the dust-scattering rings are visible. We note that
with this method we can identify more rings than in a simple study
of the radial profile of the EPIC sky image.
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Figure 4. EPIC-pn images in the 1–2 keV energy band, integrated for consecutive intervals of 14 ks starting from the beginning of the observation. The cyan
dashed circle (radius of 6.4 arcmin) is a reference to show better the outer rings expansion. Time increases from left to right.

Figure 5. Dynamical image (colour bar in counts pixel−1) of the EPIC-
(pn+MOS) data in the 1–2 keV energy range. The numbers on the right axis
label the different rings.

Following Tiengo & Mereghetti (2006) and, for each event, we
can define a pseudo-distance Di as

Di = 2cti/θ
2
i = 827ti[s]/θ2

i [arcsec] pc.

We called it pseudo-distance as it assigns a distance to both back-
ground and source/expanding ring events. Clearly, for background
events, this value is not a real distance. On the other hand, events
coming from an expanding ring cluster around a specific value of D
which corresponds to the ‘true’ dust-layer distance. Hence, to derive
quantitatively the properties of the rings, we created a histogram of
the pseudo-distances (Fig. 6-left), corrected for the exposure time.
In this histogram, the background counts form a smoothly decaying
continuum while the rings appear as individual peaks. A uniform
background should be described by a power law with index –2. On

the other hand, the background component due to the diffuse X-ray
emission is subject to telescope vignetting effects, which produce a
significant deviation from the expected power law. Indeed, we found
that the continuum shape can be described with the sum of two
power laws with indexes of −1.91 ± 0.08 and −2.87 ± 0.20. The
peaks due to the rings are instead well described by Lorentzian func-
tions. By fitting the pseudo-distance histograms with these models,
we can estimate the statistical significance of the rings seen in the
dynamical images: we found that the addition of each of the six
Lorentzian models significantly improves the reduced χ2, with an
F-test probability that the improvement is not obtained by chance
"5σ (for three additional degree of freedom). The histogram in the
1–2 keV energy range and the best fit with two power laws and six
Lorentzians are shown in Fig. 6(left), while in Fig. 6(right) we show
the residuals (in units of σ ) of the fit with only the continuum. The
best-fitting centroids of the Lorentzians give accurate measurements
of the distances of the dust layers, which range from 528.1 ± 1.2 to
5079 ± 64 pc (see Table 1 for all the values).

We estimated, through simulations using the EPIC point spread
function3 (PSF), that the best-fitting FWHMs of the two innermost
rings are slightly larger than the expected instrumental broadening
(although consistent within 2σ uncertainty) while those of the other
rings are instead significantly larger. The corresponding thicknesses
of the dust layers are given in Table 1.

Finally, we also note in Fig. 6 the presence of two other, weaker
peaks at ∼2.5 and ∼3 kpc. We excluded them from the analysis
because their properties could be only poorly constrained.

3.3 Spectral analysis of the rings

A standard extraction of the spectra of the rings (i.e. selecting the
counts from annular regions in the EPIC images) presents some crit-
ical issues. In fact, due to their expansion during the observation, the
rings spatially overlap. The selection of fixed annular regions would
yield spectra with mutual contamination of the adjacent rings. In
addition, it would be difficult to select background regions because
most of the field of view is covered by the rings. The best approach
to overcome these problems is to extract directly the background-
subtracted spectra by integrating the Lorentzian functions fitted to
the histograms of the pseudo-distances for different energy bins.

3 We used the analytical model of Ghizzardi (2002, XMM-SOC-CAL-TN-
0029), which accurately describes the spatial and energy dependence of the
EPIC-PSF, but not its azimuthal structure (see Read et al. 2011).
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‣Comparison of distance measurements to dust clouds using GRB x-ray halos 

     and 3D dust extinction 
                                       
We used four 3D extinction  
maps that exploit  
photometric data from  
different surveys and  
apply diverse algorithms  
for the 3D mapping of  
extinction and compared  
the X-ray halo derived  
distances with the local  
maxima in the 3D extinction  
density distribution.  
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Figure A6. GRB 221009A. First and second row same as in Fig. 1, without G19 map. The L19 and L22 extinction density distributions are plotted only until
1300 pc in order to better resolve X-ray measurements at shorter distances. We note that at larger distances, there are no peaks in extinction corresponding to
X-ray measured positions of dust layers, as in the case of GRB 160623A (Fig. 1). Last two rows same as in Fig. 3.
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Figure 4. The distances measured from X-ray halos observations in compar-
ison with the local maxima in the extinction maps. The crosses refer to L22
extinction map, the plus symbols refer to L19 map, and the circles to Le20
map. If the clouds are at distances & 400 pc, the Le20 data cannot be used
(e.g. for GRB 031203, GRB 061019 and GRB 160623A). For L22 map data,
the errors of local maxima are estimated by fitting the Gaussian funtions to
individual peaks when the peaks are identifiable, see Table 2. The dashed line
shows the values for which these distances are equal (see Table 1).

had poorer statistics (Vasilopoulos et al. 2023). Also, for the case of
GRB 061019, Vianello et al. (2007) studied the width of the peak
through simulations and found evidence for a significant intrinsic
cloud width.

The extinction density distribution from three different extinction
maps was extracted along the line of sight of each GRB for which the
time-expanding halo is presently observed (Table 1). We show the
comparison of distances derived using the X-ray halos with distances
of dust regions from the individual extinction maps in Fig. 4. The
number of dust layers that we can constrain is a function of fluence
(Table 1), and dust layer density. Therefore, the extinction maps
and the X-ray observed distances are not always in accordance: the
fainter is the GRB and less dense is the cloud, the more difficult is
to constrain the position. In all GRBs that we examined, we found
at least one local maximum in the 3D dust extinction maps that
is in agreement with the dust distance measured from X-ray rings.
When multiple rings were detected for a GRB, the dust distance
measurements coincide with 4 (3) maxima in L19 (L22) map for
the case of GRB 160623, and 5 maxima (in L19 and L22 maps) for
GRB 221009A. We fitted a linear function to points corresponding to
individual maxima in the extinction maps to check their agreement
with the X-ray halo measurements. The fit to L22 data results in slope
(1.02 ± 0.03), showing a good agreement of the two independent
distance measurements. For the errors in dust distance, we used the
FWHM of Lorentzian functions reported in Table 1, as it better
captures the region in which the scatterings occur in case of the
extended scattering regions. The errors for the extinction maxima
were estimated for L22 map: we fitted Gaussian function to individual
peaks when the peaks were identifiable (Table 2).

When individual dust layers are clearly separated, the distance
measurements from the X-ray data are in good agreement with the
local maxima in the extinction density distribution. This is clearly
seen in the case of GRB 050713A. When there is no clear local

maximum along the line of sight towards a GRB (see the 2D cuts
of extinction density cube perpendicular to the plane of the Galaxy
along the line of sight towards the GRBs, Figs. 3, A1-A6 ), but
only extended regions where extinction occurs (e.g. in GRB 061019
or GRB 050724), we do not find clear correspondence with X-ray
observations. If the distance to X-ray resolved dust rings is of the
same order of magnitude as the resolution of the maps (⇠ 25 pc), it
is not possible to capture two separate maxima in the dust extinction
profile driven by the sparsity of the starlight data in a given direction.

Observations of X-ray halos can benefit from the study of dust
extinction by providing information on the location and morphology
of the scattering layers. Vice-versa, our comparison suggests that
the method applied to create different dust extinction maps such as
L19, L22 and Le20, could be potentially optimized by the use of
X-ray halo observations from GRBs, as an independent distance
measurement of dust layers in the Galaxy.
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2D cut of extinction density cube from L22 map perpendicular to the plane of the galaxy in the 

direction of GRB 221009A. Height is measured with respect to the position of the plane of galaxy: 
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Figure A6. GRB 221009A. First and second row same as in Fig. 1, without G19 map. The L19 and L22 extinction density distributions are plotted only until
1300 pc in order to better resolve X-ray measurements at shorter distances. We note that at larger distances, there are no peaks in extinction corresponding to
X-ray measured positions of dust layers, as in the case of GRB 160623A (Fig. 1). Last two rows same as in Fig. 3.
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