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Isotropic equivalent energy 1052 erg/s ; z=0.01-9.3; single or double stellar origin
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Prompt γ-ray emission: how it appears
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Prompt γ-ray emission: should be synchrotron

Tcool ~ 10-7 sec <<  Tdyn ~ R/2cΓ2

[e.g. Ghisellini et al. 2000]
! E-3/2    (E<Epeak)

! E-2/3

Prompt should be synchrotron [Rees & Meszaros 1994; Katz 1994; 
Tavani 1996; Sari et al. 1996, 1998] 

Below the cooling frequency
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Prompt γ-ray emission: doesn’t look synchrotron

Prompt should be synchrotron [Rees & Meszaros 1994; Katz 1994; 
Tavani 1996; Sari et al. 1996, 1998] 

Fermi GBM spectral catalog 
[Gruber+2014; von Kienlin+2014; Bhat+2016]

Prompt desn’t look like synchrotron [Preece et al. 1998; 
Ghirlanda et al. 2002; Kaneko et al. 2006; Frontera et al. 2006; Vianello et al. 
2008; Gruber et al. 2014]. 

1. Inconsistency of spectral slopes

2. Spectral peak too narrow compared to synchrotron
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A&A proofs: manuscript no. paper

Article number, page 18 of 21

Prompt γ-ray emission: does look like synchrotron !

Modify theory to match observations Look deeper into the data

Oganesyan et al. 2017: 14 bright GRBs detected by Swift
Oganesyan et al. 2017a: 34 GRBs detected by Swift (14 with Fermi GBM data) 

XRT + BAT

62% of GRBs 
✓ Show two spectral breaks (new: low energy break 3-20 keV) 
✓ The average photon indices below and above the break are -2/3 and -3/2

A&A proofs: manuscript no. paper

Article number, page 18 of 21

Epeak
Ebreak

Phot sp. slope = -2/3

Phot sp. slope = -3/2



Fermi/GBM ! GRB 160625 [Ravasio et al. 2018]

Prompt γ-ray emission: does look like synchrotron !!

A&A proofs: manuscript no. 32245_corr

Fig. 2. Comparison between the SBPL model (blue curve), SBPL+BB
(green solid curve), and 2SBPL (red curve). Normalizations are arbi-
trary.

These models are shown (assuming typical parameters for
the photon indices) in Fig. 2 (SBPL in blue and 2SBPL in red).
For comparison, we also show a SBPL+BB (green line). As is
evident, the overall e↵ect of adding a (non-dominant) BB is sim-
ilar to the e↵ect of considering a softer SBPL (i.e. more con-
sistent with synchrotron, ↵2 = �1.5) and adding a break at low
energies. The final functions have a similar shape (red and green
solid lines in Fig. 2).

3. Time-integrated analysis

We fit the 2SBPL function, defined in equation 1, to the time-
integrated spectrum of the main emission episode (time inter-
val 186.40–207.91 s). The result is shown in the bottom panel of
Fig. 3. The chi-square is �2

red = 701.9/462 = 1.52, correspond-
ing to an improvement at more than 8� compared to the SBPL
fit.

A spectral break is found at Ebreak = (107.8 ± 1.9) keV.
The peak energy increases (compared to previous tested mod-
els) to Epeak = 673.5 ± 10.8 keV. The photon indices below
and above Ebreak have best fit values ↵1 = �0.62 ± 0.01 and
↵2 = �1.50 ± 0.01, respectively. These values are very close to
those expected from synchrotron emission from a cooled popu-
lation of electrons.

We recall that the same spectrum, when modelled with a
SBPL+BB (section 2.3) gives �2

red = 909.7/462 = 1.97. Since
the SBPL+BB and 2SBPL are not nested models, but have the
same number of degrees of freedom, they can be compared in
terms of �2 and associated probability. This comparison favours
the 2SBPL model. However, we note that both fits have a large
reduced chi-square. The main contribution comes from the in-
consistency between the two NaI, especially at low energies (i.e.
in some energy ranges, one is systematically above/below the
other).

Since in the time interval we are considering for the time-
integrated analysis, LAT observations are also available, it is
worth investigating their consistency with the GBM data. We
find the LLE data do not lie on the extrapolation of the BGO
data: they instead reveal the presence of a softening at high en-
ergies. In order to model this softening, we modify the 2SBPL

Fig. 3. Time-integrated spectrum of the main event (186.40–207.91 s).
Three di↵erent models are tested: SBPL, SBPL+BB, and 2SBPL (from
top to bottom). Di↵erent colours refer to di↵erent instruments, as ex-
plained in the legend. In each panel, the bottom stripe shows the model
residuals.

by adding an exponential cut-o↵ at high energy. The fit shown
in Fig. 4 with the solid black line. The LLE data are shown
with purple symbols. The best fit value of the cut-o↵ energy (de-
fined as the energy at which the flux is suppressed by a factor
⇠ 1/e as compared to the simple PL extrapolation) is Ecut =

Article number, page 4 of 11
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• Confirmed with 10 brightest Fermi GRBs (Ravasio et al. 2019) - empirical function  
• Single peaked Fermi events (Burgess et al 2018; Oganesyan et al. 2019) - synchrotron emission
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Fig. 9. Distributions of the spectral indices of the three power-law segments of the 2SBPL model (values in Table B.2). The vertical dashed lines
are the expected values for synchrotron emission in the fast cooling regime.

6. Conclusions

GRB 160625B is one of the brightest GRBs ever detected by
Fermi-GBM during its nine years of activity. Its light curve is
composed of three distinct emission episode: a precursor, a main
event, and a long-lasting, late time, soft emission (see Fig. 1).

We performed time-integrated and time-resolved spec-
troscopy of the main event, testing di↵erent fitting models (see
§ 2.3). In particular, we introduce a new fitting function, called
2SBPL (Eq. 3), consisting of three smoothly connected power
laws. Standard models with at most two power laws (e.g. Band
and SBPL) fail to give a reasonable fit, both to the time-
integrated and time-resolved spectra. Examples of the fit with
a SBPL are shown in Fig. 3 (top panel) and Fig. 6 (top panel).

Fitting a 2SBPL model to the data, we obtain well-
constrained spectral parameters and significantly improving fits
(F-test> 3�) both for the time-integrated spectrum and for 19
out of the 21 time-resolved spectra. The additional PL segment
(compared to the Band and SBPL functions) describes the low-
energy, hardest part of the spectrum, connected to the usual
peaked function by a break that is quite sharp.

The break energy is around 100 keV, with little evolution
in time. Moreover, the indices of the power laws below and
above the low-energy break are h↵1i = �0.63 (� = 0.08) and
h↵2i = �1.48 (� = 0.09). These values are remarkably consis-
tent with those predicted for synchrotron emission from a pop-
ulation of non-thermal electrons. However, the small ratio be-
tween the peak and break energy implies that the electron pop-
ulation does not cool completely, and therefore presents a low-
energy cut-o↵.

In fact, when electrons injected at high energies cool, they
produce a power-law distribution N(�) / ��2 and a correspond-
ing synchrotron spectrum of photon index ↵2 = �1.5. However,
if the cooling occurring in a dynamical time is incomplete, N(�)
will have a low-energy cut-o↵ at some energy �cool, correspond-
ing to a frequency ⌫cool. Below ⌫cool the synchrotron spectral
slope will have a photon index �2/3. We therefore identify ⌫cool
with the found Ebreak.

A 2SBPL, however, is not the only possible model for the
observed spectrum. In fact, the spectral hardening below Ebreak
could be produced by adding a BB component to a typical single
break spectrum (e.g. SBPL or Band), as can be understood from
Fig. 2. On the other hand, this extra BB component must be fine
tuned in order to mimic the incomplete cooling case, and this fine
tuning must be present in each of the time-resolved spectra we
analysed. Moreover, the detailed analysis of the spectrum at the
peak of the light curve, where the 2SBPL model is a preferable
fit, gave us arguments in support of the 2SBPL model. A com-
parison between the fit probability of the two models in all the
time-resolved spectra is shown in Fig. 5: the 2SBPL probability
is always higher than or equal to the SBPL+BB probability.

Our results suggest that the observed GRB prompt spectrum
is due to synchrotron emission. If Ebreak corresponds to the ⌫cool
of the electron population, the implied magnetic field is too small
with respect to the typically expected value in the emission re-
gion, as discussed in § 5. These results suggest that further in-
vestigation and a revision of the standard prompt emission model
seem necessary.
Acknowledgements. We thank the referee for the useful comments. M. E. R. is
thankful to the Observatory of Brera for the kind hospitality. L.N. acknowl-
edges funding from the European Union’s Horizon 2020 Research and Innova-
tion programme under the Marie Skłodowska-Curie grant agreement n. 664931.
We are very grateful to O. Salafia for generous technical support during this
work. This research has made use of data obtained through the High Energy
Astrophysics Science Archive Research Center Online Service, provided by the
NASA/Goddard Space Flight Center, and specifically this work made use of pub-
lic Fermi–GBM data.
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Prompt γ-ray emission: does look like synchrotron !!!
A&A proofs: manuscript no. optical

Fig. 4. Results of time-resolved spectral analysis of the prompt emission of GRB 061121. Upper panel: XRT (red), BAT (green) and optical (black)
light curves. Bottom panels: synchrotron (left) and BB+CPL (right) fits to XRT (red) and BAT (green) spectral data corresponding to the time
interval highlighted in grey in the upper panel. Black filled circles show the optical flux. XRT spectra are de-absorbed. The best fit confidence
regions are shown in orange: light orange for contours derived when the normalization of BAT data is kept fixed and the one of XRT is free to vary
between 0.9 and 1.1, and dark orange contours for the opposite situation.

Article number, page 6 of 27

G. Oganesyan et al.: Prompt optical emission as signature of synchrotron radiation in Gamma-Ray Bursts

Fig. 5. Continuation.

Article number, page 7 of 27

Oganesyan et al. 2019: 21 GRBs with optical-X-Gamma-ray spectra

• Synchrotron consistent from Optical to gamma -rays

• Optical to 1 keV is single component 

• Optical exclude thermal (BB) + non-thermal 
components

GRB061121, GRB080928, GRB110205A 
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Prompt γ-ray emission is synchrotron: parameter space

5 G < B′� < 30 G

1016 cm < Rdiss < 1017 cm

Γ0 > 500

PB1: compactness required for variability 

PB2: If mini jets then IC would dominate

Oganesyan et al. 2019
A&A proofs: manuscript no. optical

Fig. 2. Distributions of the best fit values for the parameters of the synchrotron model, for the full sample of 52 time-resolved spectra (21 GRBs).
Left-hand panel: distribution of the ratio between �m and �c. The grey shaded area highlights the region corresponding to slow cooling regime
(�m < �c). Right-hand panel: distribution of the cooling energy Ec.

Fig. 3. Best fit values for the parameters of the synchrotron model, for
the full sample of 52 time-resolved spectra (21 GRBs). The ratio �m/�c
is shown as a function of the cooling energy Ec. The grey shaded area
highlights the region corresponding to slow cooling regime (�m < �c).
Leftwards arrows correspond to cases where the Ec value is an upper
limit. Upwards arrows correspond to cases where only a lower limit can
be placed on the ratio �m/�c.

GRB and for each time bin Table B.1 reports the synchrotron
cooling energy Ec, the ratio between the characteristic electron
Lorentz factors �m/�c, the density flux Fc at Ec, the �2 and de-
grees of freedom (d.o.f.). The synchrotron model provides ac-
ceptable fits, with �2

⌫ < 1.2 (with the exception of 5 cases where
1.2 < �2

⌫ < 1.4), and associated null hypothesis probabilities
larger than 10�2 for 51 spectra out of 52. The distribution of
the reduced �2

⌫ is shown in Fig. 1 (green histogram). No issue

is found with the spectral width around the peak energy, that is
well described by the synchrotron spectral model.

The distributions of the model parameters �m/�c and Ec are
shown in Fig. 2. The ratio �m/�c (left-hand panel) is in the range
0.3–30, with a few cases corresponding to slow cooling regime
(i.e., �m < �c, grey shaded area). Assuming a log-normal dis-
tribution, the mean value is hLog(�m/�c)i = 0.56 (and disper-
sion � = 0.36), corresponding to a typical value �m/�c ⇠ 4. The
Ec distribution (right-hand panel) is described by a log-normal
function with mean value hLog(Ec/keV)i = 0.53 (� = 0.37),
corresponding to Ec ⇠ 3 keV. The value of p is constrained only
for one spectrum (GRB 100906A) and its best fit value is very
steep: p = 4.4+0.5

�0.4.
An actual synchrotron spectrum has been rarely used to fit

prompt emission spectra. Few BATSE GRB spectra have been
modeled with a synchrotron spectrum in slow cooling regime
(Tavani 1996) and for large self-absorption frequencies (Lloyd &
Petrosian 2000). More recently, the synchrotron radiation spec-
trum has been found to successfully fit the time-resolved spectra
of GRB 130606B (Zhang et al. 2016) and GRB 160625B (Zhang
et al. 2018). A recent investigation of 19 bright, single-pulse
Fermi GRBs revealed that most of the time-resolved spectra can
be successfully fitted by the synchrotron model when cooling
of the electrons is taken into account (Burgess et al. 2018). Our
analysis is in agreement with above-mentioned findings: in the
considered sample, the synchrotron model can account for the
prompt emission spectra if electron cooling is not complete.

3.2. BB+CPL fits

The results of CPL+BB fits are reported in Table B.1 and shown
in Figs. 4, 6, 7 for three peculiar cases (see below) and in Ap-
pendix C.1 and C.2 for the rest of the sample. For each GRB and
for each time bin Table B.1 reports the low energy photon index
↵ and the peak energy Ep of the CPL, the temperature of the BB
component kT , the �2 and degrees of freedom (d.o.f.). Exactly
as for synchrotron, also the BB+CPL model provides accept-

Article number, page 4 of 27
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Prompt γ-ray emission is synchrotron: parameter space

5 G < B′� < 30 G

1016 cm < Rdiss < 1017 cm

Γ0 > 500

PB1: IC would dominate 
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Fig. 2. Distributions of the best fit values for the parameters of the synchrotron model, for the full sample of 52 time-resolved spectra (21 GRBs).
Left-hand panel: distribution of the ratio between �m and �c. The grey shaded area highlights the region corresponding to slow cooling regime
(�m < �c). Right-hand panel: distribution of the cooling energy Ec.

Fig. 3. Best fit values for the parameters of the synchrotron model, for
the full sample of 52 time-resolved spectra (21 GRBs). The ratio �m/�c
is shown as a function of the cooling energy Ec. The grey shaded area
highlights the region corresponding to slow cooling regime (�m < �c).
Leftwards arrows correspond to cases where the Ec value is an upper
limit. Upwards arrows correspond to cases where only a lower limit can
be placed on the ratio �m/�c.

GRB and for each time bin Table B.1 reports the synchrotron
cooling energy Ec, the ratio between the characteristic electron
Lorentz factors �m/�c, the density flux Fc at Ec, the �2 and de-
grees of freedom (d.o.f.). The synchrotron model provides ac-
ceptable fits, with �2

⌫ < 1.2 (with the exception of 5 cases where
1.2 < �2

⌫ < 1.4), and associated null hypothesis probabilities
larger than 10�2 for 51 spectra out of 52. The distribution of
the reduced �2

⌫ is shown in Fig. 1 (green histogram). No issue

is found with the spectral width around the peak energy, that is
well described by the synchrotron spectral model.

The distributions of the model parameters �m/�c and Ec are
shown in Fig. 2. The ratio �m/�c (left-hand panel) is in the range
0.3–30, with a few cases corresponding to slow cooling regime
(i.e., �m < �c, grey shaded area). Assuming a log-normal dis-
tribution, the mean value is hLog(�m/�c)i = 0.56 (and disper-
sion � = 0.36), corresponding to a typical value �m/�c ⇠ 4. The
Ec distribution (right-hand panel) is described by a log-normal
function with mean value hLog(Ec/keV)i = 0.53 (� = 0.37),
corresponding to Ec ⇠ 3 keV. The value of p is constrained only
for one spectrum (GRB 100906A) and its best fit value is very
steep: p = 4.4+0.5

�0.4.
An actual synchrotron spectrum has been rarely used to fit

prompt emission spectra. Few BATSE GRB spectra have been
modeled with a synchrotron spectrum in slow cooling regime
(Tavani 1996) and for large self-absorption frequencies (Lloyd &
Petrosian 2000). More recently, the synchrotron radiation spec-
trum has been found to successfully fit the time-resolved spectra
of GRB 130606B (Zhang et al. 2016) and GRB 160625B (Zhang
et al. 2018). A recent investigation of 19 bright, single-pulse
Fermi GRBs revealed that most of the time-resolved spectra can
be successfully fitted by the synchrotron model when cooling
of the electrons is taken into account (Burgess et al. 2018). Our
analysis is in agreement with above-mentioned findings: in the
considered sample, the synchrotron model can account for the
prompt emission spectra if electron cooling is not complete.

3.2. BB+CPL fits

The results of CPL+BB fits are reported in Table B.1 and shown
in Figs. 4, 6, 7 for three peculiar cases (see below) and in Ap-
pendix C.1 and C.2 for the rest of the sample. For each GRB and
for each time bin Table B.1 reports the low energy photon index
↵ and the peak energy Ep of the CPL, the temperature of the BB
component kT , the �2 and degrees of freedom (d.o.f.). Exactly
as for synchrotron, also the BB+CPL model provides accept-
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GeV emission of GRBs: origin?

PROMPT or AFTERGLOW?
[Internal or External?]

PROMPT = Internal 
dissipation

LAT

GBM

141 GRBs @ 12/2017 !~ 15 LAT GRBs yr-1

9% are Short
[e.g. Ackermann+2013]

EARLY PHASE EXTENDED EMISSION

CTA Symp. – Bo 2019

Poster: Bissaldi et al. 
“New LAT GRB catalog”

Poster: Fana Dirisra et al.
“LAT GRBs with z & Cosmology”



LAT

GBM

GeV emission of GRBs: two phases …

DELAY 

VARIABILITY

[in individual GRBs detected by Fermi  (e.g. Abdo+2010) and in the Fermi LAT catalog: Ackermann+2013]

LONGER

SMOOTH DECAY 
(no Variability)

EXTENDED EMEARLY PHASE 
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GeV emission of GRBs: two phases …

DELAY 
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[in individual GRBs detected by Fermi  (e.g. Abdo+2010) and in the Fermi LAT catalog: Ackermann+2013]
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(no Variability)

EXTENDED EMEARLY PHASE 

SPECTRAL 
CONSISTENCY

> GeV emission (not always) 
spectrally consistent with 

extrapolation of GBM 
spectrum
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LAT

GBM

GeV emission of GRBs: two phases …

DELAY 

VARIABILITY

[in individual GRBs detected by Fermi  (e.g. Abdo+2010) and in the Fermi LAT catalog: Ackermann+2013]

LONGER

SMOOTH DECAY 
(no Variability)

EXTENDED EMEARLY PHASE 

SPECTRAL 
CONSISTENCY

SPECTRALLY
HARDER

GBM LAT
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Poster: Bissaldi et al. 
“New LAT GRB catalog”



LAT

GBM

GeV emission of GRBs: two phases … two zones

DELAY 

VARIABILITY

[in individual GRBs detected by Fermi  (e.g. Abdo+2010) and in the Fermi LAT catalog: Ackermann+2013]

LONGER

SMOOTH DECAY 
(no Variability)

PROMPT  
Synchrotorn @ 
Internal shocks

AFTERGLOW 
Synchrotorn @ 
External shocks

EXTENDED EM

F(ν, t) ∝ ν−p/2t−(3p−2)/4

ν > [νm, νc]

p<-2

Most likely 
coexistence of 

prompt and early 
afterglow

EARLY PHASE 
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The “Magical” GRB 190114C

Afterglow

Prompt

(time  resolved)  evidence  of  compresence  of 
PROMPT  and  AFTERGLOW  IN  THE  KEV-
MEV (GBM) SPECTRUM

Afterglow peak —> Bulk Lorenz factor 

Γ0 ∼ 500

190114C the first GRB significantly detected by MAGIC (Mirzoyan+2019) The rise and fall of the afterglow 
[Ravasio et al. 2019]

MAGIC

Fermi/GBM data
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The rise and fall of the afterglow 
[Ravasio et al. 2019]

A&A proofs: manuscript no. output

Fig. 2. The X–ray to GeV SED of GRB 190114C at three specific times: at 6-6.3 s, when the power-law component has its peak
in the GBM data (see panel (B) of Fig.1, blue symbols), at 11–14 s and at 66–92 s (as labelled). We show the GBM, BAT and
XRT data (the latter de-absorbed as described in the text). Errors and upper limits on the data points represent 1�. The LAT
butterflies represent the range of fluxes and indices of the power-law reported in analysis of Wang et al. (2019).

energy is h⌫max = mec2/↵F ⇠ 70 MeV in the comoving
frame, as theoretically predicted in the case of shock accel-
eration (Guilbert et al. 1983; de Jager et al. 1996), then

we are led to interpret the radiation above 300 GeV as due
to another process, most likely inverse Compton or syn-
chrotron self-Compton. On the other hand, the observed
maximum photon energy detected by LAT, 22.9 GeV 15 s
after trigger, does not violate the comoving 70 MeV limit
if the bulk Lorentz factor � at this time is larger than
450. For this value to be consistent with �0, i.e. the bulk
Lorentz of the jet before it starts to be decelerated by
the cirum-burst medium, we need (assuming a prompt ef-
ficiency ⌘ = 0.2) the circum-burst medium to be not too
dense, with a number density n . 30 cm�3 in the homo-
geneous case, or the progenitor stellar wind to be slightly
faster and/or less massive than usually assumed, to satisfy
Ṁw,�5 vw,8 . 0.02 (where Ṁw,�5 = Ṁw/(10�5 M� yr�1)
and vw,8 = vw/(108 cm s�1)).

Alternatively, the entire SED from the keV to the TeV
energy range could be inverse Compton emission, possibly
by Compton scattering off IR–optical radiation. In this
case the MAGIC emission should connect smoothly with
the LAT spectrum. Therefore the MAGIC flux and spec-
trum will give crucial information about the origin of the
entire high energy spectrum of gamma-ray bursts.
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POpulation SYnthesis Theory Integrated Very high Energy emission (POSYTIVE)

P[Etot , z , Γ , T , ne ,  φ(γ) , B , p , ϑjet , ϑview …] 

CTA detection and follow up of GRBs
PHYSICALLY BASED APPROACH

POpulation
SYnthesis

Theory Integrated code 
for Very high Energy 

emission
POSYTIVE

LONG  
& 

SHORT 

PROMPT 
+

AFTERGLOW 

G. Ghirlanda, L. Nava, F. Longo, Z. Bosnjak, M G. Bernardini, S. D. Vergani, F. Schussler, Q. Piel, A. Carosi, E. Bissaldi, T. Stoclarzyk, P. D’Avanzo, S. Inoue, P. 
O’Brien, A. Melandri, I. Sadeh  … … … …  
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‣ Simulation of mergers  
and GW signal in local 
universe

‣ Phenomenological 
model of VHE 
emission, from short-
GRB templates

‣ Off-axis emission

‣ Simulation of CTA 
response (IRFs, EBL)

GW 
skymap

‣ CTA observing 
strategy
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Figure 1. Example of class-I bursts. GRB 951228 (R04) which has a ther-
mal spectrum throughout its duration. Top panel: light curve (not background
subtracted). Bottom panels: two spectra (accumulated in the time intervals
marked by the dashed vertical lines in the top panel). Both spectra are fitted
with a BB component (solid orange lines in the two bottom panels).

they have all been detected by BATSE (R04; B06). An example of
this class is shown in Fig. 1.

(ii) Class-II bursts with a pure BB component only in the first
few seconds of their emission which is overtaken by a dominating
non-thermal component afterwards (G03). An example is shown in
Fig. 2.

(iii) Class-III bursts with a BB plus a non-thermal component
(either a power law or a more complex double power law – e.g. Ryde
2005; Guiriec et al. 2011, 2012; Axelsson et al. 2012) throughout
their duration. An example of this class is shown in Fig. 3.

We do not pretend to define a scheme for classifying GRB spec-
tra, which show complex evolutions. GRB 090902B, for example,
could be of class-I for its remarkably dominating broadened BB
component, but the presence of an underlying non-thermal com-
ponent is also typical of class-II events. The above classification

Figure 2. Example of class-II bursts. GRB 970111 (G03) has a thermal
spectrum at the beginning and a non-thermal spectrum at later times. Top
panel: light curve (not background subtracted). Bottom panels: two spectra
(accumulated in the time intervals marked by the dashed vertical lines in
the top panel). The first spectrum is fitted with a BB (solid orange line) the
second spectrum is fitted with a non-thermal component (a cutoff-power-law
model in this case) shown by the solid cyan line. For comparison the BB
spectrum fitted to the early time spectrum (normalized to the peak of the
late time spectrum) is shown by the dash–dotted orange line.

Figure 3. Example of class-III bursts. GRB 100724 (Guiriec et al. 2012)
which has a thermal component (contributing only the 5 per cent of the to-
tal flux) and a dominating non-thermal component throughout its duration.
Top panel: light curve. Bottom panels: early and late time spectrum (corre-
sponding to the time intervals of the dashed vertical lines in the top panel)
deconvolved into a non-dominating BB component (dashed orange line) and
a Band function (the dashed cyan line). The total spectrum is shown by the
solid black line.

scheme is used as a guideline for helping the discussion of the
results presented in this paper.

A common feature2 of the thermal component is that its temper-
ature evolves with time approximately as kT ∝ t−2/3 (R04) or kT ∝
t−1/4 (G03) after an initial rising or constant phase. Also the flux of
the thermal component decreases ∝ t−2 at late times. Such temporal
behaviours at late times have been interpreted (Peer 2008) as high-
latitude emission from the optically thick surface of the expanding
plasma when it becomes transparent.

Possible interpretations of class-II and III bursts propose that the
non-thermal component is produced by Compton scattering of the
photospheric photons by relativistically accelerated electrons (e.g.
Peer 2008) or that the thermal component is the photospheric emis-
sion and the non-thermal component is produced in the optically thin
region (e.g. through internal shocks) so that the relative strength of
these two components is regulated by the thermal/magnetic content
of the jet (Hascoet, Daigne & Mochkovitch 2013).

The few GRBs with only a ‘pure’ BB spectrum represent a fun-
damental tool to investigate the origin of the thermal component,
its evolution and the basic properties of the relativistic outflow. The
detection of a BB spectrum in GRBs, if produced by the relativis-
tic outflow becoming transparent, allows us to estimate (Peer et al.
2007) the transparency radius RT, the bulk Lorentz factor !T at trans-
parency and the radius at the base of the relativistic flow R0 where
the acceleration began. The latter, in the standard picture, should be
a few times the gravitational radius rg of a few solar mass black hole
(BH; i.e. the putative central engine of GRBs). Clearly, when only
the thermal component is observed (class-I) these estimates depend
on a lower number of free parameters (since no modelling of the
non-thermal component is required in these cases). Interestingly, it
should be explained why in class-I bursts the non-thermal emission
(typically ascribed to synchrotron/inverse Compton emission at in-
ternal shocks) is absent: either it could be highly inefficient or there
should be a mechanism suppressing this process.

2 In GRB 100724B (Guiriec et al. 2012) shown in Fig. 3, belonging to class-
III, the temperature of the thermal component is almost constant throughout
the burst.
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on a lower number of free parameters (since no modelling of the
non-thermal component is required in these cases). Interestingly, it
should be explained why in class-I bursts the non-thermal emission
(typically ascribed to synchrotron/inverse Compton emission at in-
ternal shocks) is absent: either it could be highly inefficient or there
should be a mechanism suppressing this process.

2 In GRB 100724B (Guiriec et al. 2012) shown in Fig. 3, belonging to class-
III, the temperature of the thermal component is almost constant throughout
the burst.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/432/4/3237/1007163 by guest on 05 M
ay 2019

3238 G. Ghirlanda, A. Pescalli and G. Ghisellini

Figure 1. Example of class-I bursts. GRB 951228 (R04) which has a ther-
mal spectrum throughout its duration. Top panel: light curve (not background
subtracted). Bottom panels: two spectra (accumulated in the time intervals
marked by the dashed vertical lines in the top panel). Both spectra are fitted
with a BB component (solid orange lines in the two bottom panels).

they have all been detected by BATSE (R04; B06). An example of
this class is shown in Fig. 1.

(ii) Class-II bursts with a pure BB component only in the first
few seconds of their emission which is overtaken by a dominating
non-thermal component afterwards (G03). An example is shown in
Fig. 2.

(iii) Class-III bursts with a BB plus a non-thermal component
(either a power law or a more complex double power law – e.g. Ryde
2005; Guiriec et al. 2011, 2012; Axelsson et al. 2012) throughout
their duration. An example of this class is shown in Fig. 3.

We do not pretend to define a scheme for classifying GRB spec-
tra, which show complex evolutions. GRB 090902B, for example,
could be of class-I for its remarkably dominating broadened BB
component, but the presence of an underlying non-thermal com-
ponent is also typical of class-II events. The above classification

Figure 2. Example of class-II bursts. GRB 970111 (G03) has a thermal
spectrum at the beginning and a non-thermal spectrum at later times. Top
panel: light curve (not background subtracted). Bottom panels: two spectra
(accumulated in the time intervals marked by the dashed vertical lines in
the top panel). The first spectrum is fitted with a BB (solid orange line) the
second spectrum is fitted with a non-thermal component (a cutoff-power-law
model in this case) shown by the solid cyan line. For comparison the BB
spectrum fitted to the early time spectrum (normalized to the peak of the
late time spectrum) is shown by the dash–dotted orange line.

Figure 3. Example of class-III bursts. GRB 100724 (Guiriec et al. 2012)
which has a thermal component (contributing only the 5 per cent of the to-
tal flux) and a dominating non-thermal component throughout its duration.
Top panel: light curve. Bottom panels: early and late time spectrum (corre-
sponding to the time intervals of the dashed vertical lines in the top panel)
deconvolved into a non-dominating BB component (dashed orange line) and
a Band function (the dashed cyan line). The total spectrum is shown by the
solid black line.

scheme is used as a guideline for helping the discussion of the
results presented in this paper.

A common feature2 of the thermal component is that its temper-
ature evolves with time approximately as kT ∝ t−2/3 (R04) or kT ∝
t−1/4 (G03) after an initial rising or constant phase. Also the flux of
the thermal component decreases ∝ t−2 at late times. Such temporal
behaviours at late times have been interpreted (Peer 2008) as high-
latitude emission from the optically thick surface of the expanding
plasma when it becomes transparent.

Possible interpretations of class-II and III bursts propose that the
non-thermal component is produced by Compton scattering of the
photospheric photons by relativistically accelerated electrons (e.g.
Peer 2008) or that the thermal component is the photospheric emis-
sion and the non-thermal component is produced in the optically thin
region (e.g. through internal shocks) so that the relative strength of
these two components is regulated by the thermal/magnetic content
of the jet (Hascoet, Daigne & Mochkovitch 2013).

The few GRBs with only a ‘pure’ BB spectrum represent a fun-
damental tool to investigate the origin of the thermal component,
its evolution and the basic properties of the relativistic outflow. The
detection of a BB spectrum in GRBs, if produced by the relativis-
tic outflow becoming transparent, allows us to estimate (Peer et al.
2007) the transparency radius RT, the bulk Lorentz factor !T at trans-
parency and the radius at the base of the relativistic flow R0 where
the acceleration began. The latter, in the standard picture, should be
a few times the gravitational radius rg of a few solar mass black hole
(BH; i.e. the putative central engine of GRBs). Clearly, when only
the thermal component is observed (class-I) these estimates depend
on a lower number of free parameters (since no modelling of the
non-thermal component is required in these cases). Interestingly, it
should be explained why in class-I bursts the non-thermal emission
(typically ascribed to synchrotron/inverse Compton emission at in-
ternal shocks) is absent: either it could be highly inefficient or there
should be a mechanism suppressing this process.

2 In GRB 100724B (Guiriec et al. 2012) shown in Fig. 3, belonging to class-
III, the temperature of the thermal component is almost constant throughout
the burst.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/432/4/3237/1007163 by guest on 05 M
ay 2019

Thermal (BB) components in Gamma Ray Burst prompt emission

Ghirlanda et al. 2013



A&A proofs: manuscript no. 32245_corr

tio & 10, see bottom panel in Fig. 7) and the photon statistics
should be large (this bin corresponds to the peak flux of the light
curve). In the SBPL+BB model, the BB is used to model the
break energy and the peak of the non-thermal component is used
to model the peak of the spectrum. When these two features are
far from each other, the SBPL+BB model predicts a dip between
the BB peak and the SBPL peak. If such a dip is not present in the
data, the SBPL+BB model is then forced (in order to minimize
the chi-square) to lower the value of the SBPL peak energy in or-
der to keep large the flux between 500 keV and 1 MeV. However,
this will result in a slightly worse modelling of the data around
the spectral peak.

We then suggest that bright spectra with high ratios between
Epeak and the low-energy hardening are the best cases to distin-
guish between the two competing models.

4.1. Spectral evolution

The temporal evolution of the spectral parameters inferred from
the 2SBPL fits are reported in Fig. 7. The upper panel shows
the light curve of the main emission episode with a 1.024 s tem-
poral resolution. The vertical dashed lines denote the time bins
selected for time-resolved spectral analysis. In the second and
third panel, the evolution of the photon indices are displayed.
The fourth panel shows the temporal evolutions of Epeak (red
symbols) and Ebreak (blue symbols). Their ratio is given in the
bottom panel.

Epeak exhibits a strong evolution (a softening) in the first
5 seconds, after which it settles to a nearly constant value
(Epeak⇠ 500 � 600 keV). Ebreak displays a similar evolution, but
the initial softening is much less pronounced. After the first
few seconds, Ebreak also displays a nearly constant behaviour
(Ebreak⇠ 100 keV). The ratio Epeak/Ebreak varies from ⇠ 35 at
the very beginning to ⇠5 at later times.

We investigate the presence of a correlation between Epeak
and Ebreak; Epeak versus Ebreak is shown in Fig. 8. The Spearman
correlation coe�cient is ⇢ = 0.61, with a chance probability P =
0.009. Assuming a power-law model, we find

Epeak

700 keV
= (0.81 ± 0.06)

✓
Ebreak

100 keV

◆3.69±0.26
. (5)

The power-law fit is shown in Fig. 8 by a solid black line.
Figure 9 shows the distributions of the spectral indices of

the 2SBPL model fits. If modelled with Gaussian functions, the
mean values are h↵1i = �0.63 (� = 0.08) and h↵2i = �1.48
(� = 0.09). These values are remarkably consistent with stan-
dard synchrotron fast cooling emission, predicting ↵syn

1 = �2/3
and ↵syn

2 = �3/2.

For completeness we have also analysed the spectrum of the
precursor and of the last dim/long emission episode. We find that
for both episodes the best fit model is a CPL. Data analysis and
results are given in Appendix A.

5. Discussion

In the majority of the spectra of the main emission episode of
GRB160625B, an SBPL+BB model returns a similarly good fit
to that of the 2SBPL model.We argued that a possible way to
distinguish between the two models is to consider spectra with
a large flux and a high ratio between the peak energy and the
low-energy feature. In this case, if no dip is present in the data
between the low-energy feature and the spectral peak, the 2SBPL

Fig. 6. Time-resolved spectrum accumulated in the time interval
188.45–189.47 s (peak of the light curve). Di↵erent spectral models are
tested: a SBPL (upper panel), SBPL+BB (middle), and 2SBPL (lower
panel).

model will fit this intermediate region with a PL, and will be able
to satisfactorily model the spectral peak. The SBPL+BB model
will instead be forced to place the peak of the SBPL component
at lower energies (compared to the location of the spectral peak),
resulting in a larger chi-square.
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model will fit this intermediate region with a PL, and will be able
to satisfactorily model the spectral peak. The SBPL+BB model
will instead be forced to place the peak of the SBPL component
at lower energies (compared to the location of the spectral peak),
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5 seconds, after which it settles to a nearly constant value
(Epeak⇠ 500 � 600 keV). Ebreak displays a similar evolution, but
the initial softening is much less pronounced. After the first
few seconds, Ebreak also displays a nearly constant behaviour
(Ebreak⇠ 100 keV). The ratio Epeak/Ebreak varies from ⇠ 35 at
the very beginning to ⇠5 at later times.

We investigate the presence of a correlation between Epeak
and Ebreak; Epeak versus Ebreak is shown in Fig. 8. The Spearman
correlation coe�cient is ⇢ = 0.61, with a chance probability P =
0.009. Assuming a power-law model, we find

Epeak

700 keV
= (0.81 ± 0.06)

✓
Ebreak

100 keV

◆3.69±0.26
. (5)

The power-law fit is shown in Fig. 8 by a solid black line.
Figure 9 shows the distributions of the spectral indices of

the 2SBPL model fits. If modelled with Gaussian functions, the
mean values are h↵1i = �0.63 (� = 0.08) and h↵2i = �1.48
(� = 0.09). These values are remarkably consistent with stan-
dard synchrotron fast cooling emission, predicting ↵syn

1 = �2/3
and ↵syn

2 = �3/2.

For completeness we have also analysed the spectrum of the
precursor and of the last dim/long emission episode. We find that
for both episodes the best fit model is a CPL. Data analysis and
results are given in Appendix A.

5. Discussion

In the majority of the spectra of the main emission episode of
GRB160625B, an SBPL+BB model returns a similarly good fit
to that of the 2SBPL model.We argued that a possible way to
distinguish between the two models is to consider spectra with
a large flux and a high ratio between the peak energy and the
low-energy feature. In this case, if no dip is present in the data
between the low-energy feature and the spectral peak, the 2SBPL

Fig. 6. Time-resolved spectrum accumulated in the time interval
188.45–189.47 s (peak of the light curve). Di↵erent spectral models are
tested: a SBPL (upper panel), SBPL+BB (middle), and 2SBPL (lower
panel).

model will fit this intermediate region with a PL, and will be able
to satisfactorily model the spectral peak. The SBPL+BB model
will instead be forced to place the peak of the SBPL component
at lower energies (compared to the location of the spectral peak),
resulting in a larger chi-square.
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symbols) and Ebreak (blue symbols). Their ratio is given in the
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model will fit this intermediate region with a PL, and will be able
to satisfactorily model the spectral peak. The SBPL+BB model
will instead be forced to place the peak of the SBPL component
at lower energies (compared to the location of the spectral peak),
resulting in a larger chi-square.
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Figure 6. Comparison of the photon index of the power-law component
of the BBPL model (αBBPL) with the low-energy photon spectral index
obtained from the CPL fit (αCPL). Different symbols correspond to: 971214
(filled circles), 980326 (filled stars), 980329 (triangles), 980425 (upside-
down triangles), 990123 (squares) and 990510 (open circles). The solid line
represents the equality of the two spectral indices. The long-dashed line and
the dot–dashed line are the synchrotron limits with and without cooling,
respectively.

energy, these data do not extend below 20 keV and above 2000 keV.
The low-energy limit is particularly relevant here, since for these
bursts we do have the information of the low (2–28 keV) energy
emission from the WFC of BeppoSAX. We can then compare the
result of the BBPL model with the flux and spectrum observed by
the WFC. Since the latter concerns the time-integrated spectrum, we
should then either add the single time-resolved spectra to construct
the total flux and spectrum for each burst or use the result obtained
by fitting the BATSE time-integrated spectrum. In both the cases,
we have to extrapolate the model to the energy range of the WFC.

As stated above, the inclusion of the blackbody component im-
plies that the accompanying power-law component becomes soft
(i.e. α < −1.5). It is this power-law component that mainly con-
tributes at low energies, and we find, in all cases, a strong dis-
agreement between the extrapolated flux and spectrum of the WFC
data.

This is shown in Figs 7–12, where we report the BATSE time-
integrated spectrum and the WFC spectrum. In the three panels of
these figures, we report the results of the fit with the three models
described in Section 3, i.e. the B model, the CPL model and the
composite model (BBPL). We report both the model fit to the time-
integrated spectrum (solid line) to the time-resolved spectra (dotted
lines) and the sum of the time-resolved model fits (dot–dashed line).

One can see that in all cases, the BBPL model strongly overpre-
dicts the observed flux in the WFC 2–28 keV energy band, with a
slope which is much softer than observed. This occurs both when we
sum the time-resolved spectra and when we use the time-integrated
fits. On the contrary, note the excellent agreement of the extrapo-
lated flux and the WFC data in the case of the B and the CPL fits. To
the best of our knowledge, this is the first time that a detailed com-
parison of the WFC BeppoSAX and the BATSE data is performed.
We conclude that they are in excellent agreement if the spectrum is
indeed described by the B or CPL model, and that the BBPL model
cannot reproduce the WFC data.

Figure 7. GRB 971214: BATSE time-integrated spectrum and WFC data
(black and grey points, respectively). In the three panels, we show the spectral
fits of the time-resolved spectra (dotted lines), the spectral fit of the time-
integrated spectrum (solid line) and the sum of the time-resolved spectral
fits (dot–dashed line). Spectral fits with the B model (top panel), CPL model
(mid panel) and BBPL model (bottom panel) are shown.

We can also conclude that a fit with a blackbody only (without the
power law) is never consistent with the data, even when considering
spectra at the peak of the light curve or for the first phases of the
emission. This is because fitting the CPL model, which can mimic
a blackbody when α = 1, always gives α < 0.

Our analysis also shows that the blackbody component in the
time-resolved spectra that we have analysed (typically with >0.1 s
time resolution) does not change much during the burst. This implies
that even if it were possible to perform the spectral analysis with a
finer temporal resolution, it is unlikely that the time-resolved spectra
are the superposition of a multitemperature blackbody.

Finally, we cannot exclude the possibility that the instanta-
neous spectrum is produced by a superposition of blackbody
components. Indeed, this is exactly what happens in thermal or
quasi-thermal Comptonization models (if the seed photons have
a relatively narrow range of frequencies), where the superposi-
tion of different scattering orders (each one being blackbody like)

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 379, 73–85
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Figure 4. Left panel: observer frame peak energy versus peak flux for the analyzed GRBs. The 5 long and 1 short bursts with known redshifts are marked
with different colors. Right panel: rest frame peak energy versus luminosity for bursts with measured redshifts. Solid and dashed lines are the Epeak − Liso

correlation and its 3σ scatter respectively (from Ghirlanda et al. 2010).

The choice of the same model for the time resolved analysis of short
and long GRB spectra ensures that if the model is introducing any
systematic effect in the estimate of some of its spectral parameters,
this is common to all the analyzed spectra. Note that if short and
long GRBs spectra have intrinsically different shapes (e.g. a Band
model for long and a cutoff–powerlaw for short) our choice would
introduce a systematic effect, i.e. an overestimate of the peak en-
ergy of long GRBs (e.g. Kaneko et al. 2006). Still it is hard, in time
resolved spectra, to distinguish between a cutoff–powerlaw model
and a Band function given the lower response of the instrument at
high energies and the low fluxes of single time resolved spectra.

4 RESULTS

By considering the evolution of the peak energy Eobs
peak of the νFν

spectrum and the energy flux P (integrated over the 8 keV–35 MeV
energy range), we find that in most bursts there is a tracking pat-
tern. This is shown by the strong correlation between Eobs

peak and
P shown in Fig. 2. This correlation is shown for both short (filled
blue squares) and long (filled red circles) GRBs and extends over
four and three decades in P and Eobs

peak respectively. By consider-
ing long and short GRBs separately, the Spearman correlation co-
efficient is r=0.54 (with a chance probability of 10−58) and r=0.74
(with a chance probability of 10−31) for long and short GRBs, re-
spectively.

We also fitted the Eobs
peak(t) − P (t) correlation within the

12 short and 11 long GRBs considered individually. The slopes
a of the correlation Eobs

peak(t) ∝ P (t)a for individual bursts are
shown in Fig. 3 with different symbols for long (filled red circles)
and short (filled blue squares) GRBs. Fig. 3 also shows the slope
(dashed and dot–dashed lines) obtained by averaging the slopes of
short and long GRBs. The slopes of the Eobs

peak(t) − P (t) correla-
tion in the sample of short GRBs are more scattered, with also one
case (i.e. GRB 081209) having a very flat correlation. In general the
correlation slopes of short and long GRBs are similar (as shown by
their average values) and consistent with a typical slope of 0.5 also
found within the sample of FermiGRBs by considering the time in-
tegrated spectra (N11b). Moreover, this is also consistent with the
slope of the “classical” Yonetoku correlation,Epeak−Liso, (which

is computed in the rest frame for bursts with measured redshifts)
obtained considering the time integrated spectra of long and short
GRBs (see e.g. G10 for a recent compilation of this correlation).

Short and long GRBs follow the same correlation but they are
slightly displaced in Fig. 2, with short GRBs having larger fluxes
and peak energies with respect to long GRBs, similarly to what
found with the time integrated spectral properties of Fermi and
BATSE long and short GRBs (N11b). However, among the sample
of long GRBs there is GRB 080916C whose peak energy Eobs

peak

reaches values of few tens of MeV at the peak and becomes as hard
as short GRBs (better shown in Fig. 4 - left panel).

The quantities plotted in Fig. 2 are in the observer frame. Since
the average redshift of long GRBs is larger than that of short ones,
the displacement shown by Fig. 2 between short and long is prob-
ably reduced in the rest frame. In our samples of bursts there are 6
bursts with known z. Among these one is the short GRB 090510 at
z=0.903. In Fig. 4 we highlight with colors and different symbols
these bursts in the observer frame (left panel) and in the rest frame
(right panel). We notice that when transforming from the observer
frame Eobs

peak(t) − P (t) to the rest frame Epeak(t) − Liso(t) the
scatter of the correlations of these 6 bursts is evidently reduced.
Moreover, in the rest frame (right panel in Fig.4) the long GRB
080916C (at z = 4.35) has the largest peak energies (i.e. larger
than the short GRB 090510).

5 DISCUSSION AND CONCLUSIONS

Compared to previous analysis (G10, G11 and Guiriec et al. 2010)
that considered separately short and long GRBs selected for their
peak flux or fluence, here we ensure to have a complete sample
down to our selection threshold. Moreover, we performed a homo-
geneous time resolved analysis of these bursts over the 8 keV – 35
MeV energy range by combining the NaI and BGO detectors of the
GBM instrument on board Fermi.

We find that both short and long GRBs follow a strong
Eobs

peak(t)−P (t) correlation in the observer frame (Fig. 2). Consid-
ering single bursts, the slopes a of the Eobs

peak(t) ∝ P (t)a correla-
tion are consistent with a a ∼0.5 (with short GRBs having a larger
scatter of the values of a than long ones, see Fig. 3).

c⃝ 0000 RAS, MNRAS 000, 000–000

+ Indirect evidence of structured jet in long (Salafia et al. 2015,2016) 
+ Direct evidence of structured jet in short (Mooley et al. 2018; Ghirlanda+2019) 
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Fig. 2. Distributions of the best fit values for the parameters of the synchrotron model, for the full sample of 52 time-resolved spectra (21 GRBs).
Left-hand panel: distribution of the ratio between �m and �c. The grey shaded area highlights the region corresponding to slow cooling regime
(�m < �c). Right-hand panel: distribution of the cooling energy Ec.

Fig. 3. Best fit values for the parameters of the synchrotron model, for
the full sample of 52 time-resolved spectra (21 GRBs). The ratio �m/�c
is shown as a function of the cooling energy Ec. The grey shaded area
highlights the region corresponding to slow cooling regime (�m < �c).
Leftwards arrows correspond to cases where the Ec value is an upper
limit. Upwards arrows correspond to cases where only a lower limit can
be placed on the ratio �m/�c.

GRB and for each time bin Table B.1 reports the synchrotron
cooling energy Ec, the ratio between the characteristic electron
Lorentz factors �m/�c, the density flux Fc at Ec, the �2 and de-
grees of freedom (d.o.f.). The synchrotron model provides ac-
ceptable fits, with �2

⌫ < 1.2 (with the exception of 5 cases where
1.2 < �2

⌫ < 1.4), and associated null hypothesis probabilities
larger than 10�2 for 51 spectra out of 52. The distribution of
the reduced �2

⌫ is shown in Fig. 1 (green histogram). No issue

is found with the spectral width around the peak energy, that is
well described by the synchrotron spectral model.

The distributions of the model parameters �m/�c and Ec are
shown in Fig. 2. The ratio �m/�c (left-hand panel) is in the range
0.3–30, with a few cases corresponding to slow cooling regime
(i.e., �m < �c, grey shaded area). Assuming a log-normal dis-
tribution, the mean value is hLog(�m/�c)i = 0.56 (and disper-
sion � = 0.36), corresponding to a typical value �m/�c ⇠ 4. The
Ec distribution (right-hand panel) is described by a log-normal
function with mean value hLog(Ec/keV)i = 0.53 (� = 0.37),
corresponding to Ec ⇠ 3 keV. The value of p is constrained only
for one spectrum (GRB 100906A) and its best fit value is very
steep: p = 4.4+0.5

�0.4.
An actual synchrotron spectrum has been rarely used to fit

prompt emission spectra. Few BATSE GRB spectra have been
modeled with a synchrotron spectrum in slow cooling regime
(Tavani 1996) and for large self-absorption frequencies (Lloyd &
Petrosian 2000). More recently, the synchrotron radiation spec-
trum has been found to successfully fit the time-resolved spectra
of GRB 130606B (Zhang et al. 2016) and GRB 160625B (Zhang
et al. 2018). A recent investigation of 19 bright, single-pulse
Fermi GRBs revealed that most of the time-resolved spectra can
be successfully fitted by the synchrotron model when cooling
of the electrons is taken into account (Burgess et al. 2018). Our
analysis is in agreement with above-mentioned findings: in the
considered sample, the synchrotron model can account for the
prompt emission spectra if electron cooling is not complete.

3.2. BB+CPL fits

The results of CPL+BB fits are reported in Table B.1 and shown
in Figs. 4, 6, 7 for three peculiar cases (see below) and in Ap-
pendix C.1 and C.2 for the rest of the sample. For each GRB and
for each time bin Table B.1 reports the low energy photon index
↵ and the peak energy Ep of the CPL, the temperature of the BB
component kT , the �2 and degrees of freedom (d.o.f.). Exactly
as for synchrotron, also the BB+CPL model provides accept-
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5 G < B′� < 30 G
1016 cm < Rdiss < 1017 cm

Γ > 500

F. Daigne et al.: Reconciling observed GRB prompt spectra with synchrotron radiation?

Fig. 4. The effect of adiabatic cooling on the fast cooling synchrotron spectrum in presence of inverse Compton scatterings. The normalized
synchrotron spectrum defined by ν u ν |syn /nacc

e Γmmec2 is plotted as a function of the normalized frequency ν/νm, as well as the corresponding photon
index d ln u ν/d ln ν − 1. All spectra in thick solid line are computed numerically using a detailed radiative code including synchrotron radiation,
inverse Compton scatterings and adiabatic cooling (see text). Spectra in thin dotted line are computed without inverse Compton scatterings. All
other processes (synchrotron self-absorption, γγ annihilation) are neglected. Each panel corresponds to a different set of parameters (wm,YTh)
indicated in the top-left corner. In each panel, spectra are plotted for increasing ratios Γc/Γm = 0.01, 0.1, 1 and 10. As in Fig. 2, the maximum
Lorentz factor of electrons is computed with a fixed ratio Γmax/Γmin = 104. Spectra in dashed lines are radiatively inefficient (slow cooling regime).
The table inserted in each panel lists the values of the radiative efficiency frad of the electrons.

s

approaches to solve such a highly non linear problem including
thermalization effects have been proposed by Pe’er & Waxman
(2005); Asano & Inoue (2007); Belmont et al. (2008); Vurm &
Poutanen (2009).

At low energy, the synchrotron self-absorption can also
steepen the spectrum. This effect is included in simulations pre-
sented in Sect. 4 and is always negligible in the soft gamma-
ray domain, in agreement with the standard predictions for
the synchrotron fast cooling regime. Indeed the timescale for

self-absorption at νm is given by (see e.g. Eq. (28) in Bošnjak
et al. 2009):

ta (νm)
tex

≃ 4πν3m
nacc

e c3 ≃ 1.3 × 1014
! νm
1 keV

"3 ! tex

1 s

" # τacc
e

10−6

$−1

, (9)

where 1 keV is taken for a typical value of the peak energy
in the comoving frame and other parameters are given rep-
resentative values for internal shocks. The timescale for self-
absorption around νm is therefore always much larger than all
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3.1. Detection rate and redshift distribution

Simulations performed before the launch of Fermi predicted an LAT detection rate
of 10-12 GRBs/year above 100MeV, including 6-8 GRBs/year above 1GeV.46 These
pre-launch estimates were based on simple PL spectral extrapolations of the prompt
keV-MeV component into the LAT energy range. For these calculations, the spec-
trum of the prompt component has been described as a Band function with pa-
rameters distributed according to the properties of BATSE bursts. Estimates based
on this purely phenomenological approach are subject to two main sources of un-
certainty, a↵ecting the predicted rate in opposite directions. A rate based on PL
extrapolations of the Band prompt component might lead to overestimate the ac-
tual rate in case high-energy spectral cuto↵s are present at .GeV energies. Cuto↵s
around these energies are expected as a result of �-� absorption and they have been
indeed observed in a few cases (see section 3.3). On the other hand, a rate based on
keV-MeV prompt spectra might lead to underestimate the actual rate in case an
additional spectral component is present in the LAT energy range (e.g., an inverse
Compton component of internal or external origin). Additional spectral components
have been observed in several LAT GRBs, as it will be discussed in section 3.3.

Fig. 3. Left: cumulative number of GRB detections by the LAT during the first three years of
observations (the time covered by the first LAT GRB catalog47). Only GRBs with photons above
100MeV are included. Diamonds (blue) denote the 28 events with photon energies in excess of
100MeV included in the first LAT catalog. Squares (green) show the e↵ect of the new detection
algorithm, and circles (red) show the combined e↵ect of the improved detection algorithm48 and
of the improvement in the event analysis from Pass 7 to Pass 8 (from Ref. 48). Right (this work):
the red and yellow histograms show the redshift distribution of LAT long and short GRBs up to
December 2017 (see Table 1), compared to the full sampled (also updated to December 2017, blue
and green histogram for long and short GRBs, respectively).

During the first 3 years of the Fermimission, the LAT detection rate were slightly
below pre-launch expectations47 (28 detections above 100MeV, see the cumulative
number in Fig. 3, left-hand panel, blue diamonds). This was interpreted as the evi-
dence for the frequent presence of cuto↵s/breaks in the high-energy part of prompt
spectra. The development of new event analyses for the LAT and the introduction

GeV emission of GRBs: a brief history 
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Fig. 2. Distributions of the best fit values for the parameters of the synchrotron model, for the full sample of 52 time-resolved spectra (21 GRBs).
Left-hand panel: distribution of the ratio between �m and �c. The grey shaded area highlights the region corresponding to slow cooling regime
(�m < �c). Right-hand panel: distribution of the cooling energy Ec.

Fig. 3. Best fit values for the parameters of the synchrotron model, for
the full sample of 52 time-resolved spectra (21 GRBs). The ratio �m/�c
is shown as a function of the cooling energy Ec. The grey shaded area
highlights the region corresponding to slow cooling regime (�m < �c).
Leftwards arrows correspond to cases where the Ec value is an upper
limit. Upwards arrows correspond to cases where only a lower limit can
be placed on the ratio �m/�c.

GRB and for each time bin Table B.1 reports the synchrotron
cooling energy Ec, the ratio between the characteristic electron
Lorentz factors �m/�c, the density flux Fc at Ec, the �2 and de-
grees of freedom (d.o.f.). The synchrotron model provides ac-
ceptable fits, with �2

⌫ < 1.2 (with the exception of 5 cases where
1.2 < �2

⌫ < 1.4), and associated null hypothesis probabilities
larger than 10�2 for 51 spectra out of 52. The distribution of
the reduced �2

⌫ is shown in Fig. 1 (green histogram). No issue

is found with the spectral width around the peak energy, that is
well described by the synchrotron spectral model.

The distributions of the model parameters �m/�c and Ec are
shown in Fig. 2. The ratio �m/�c (left-hand panel) is in the range
0.3–30, with a few cases corresponding to slow cooling regime
(i.e., �m < �c, grey shaded area). Assuming a log-normal dis-
tribution, the mean value is hLog(�m/�c)i = 0.56 (and disper-
sion � = 0.36), corresponding to a typical value �m/�c ⇠ 4. The
Ec distribution (right-hand panel) is described by a log-normal
function with mean value hLog(Ec/keV)i = 0.53 (� = 0.37),
corresponding to Ec ⇠ 3 keV. The value of p is constrained only
for one spectrum (GRB 100906A) and its best fit value is very
steep: p = 4.4+0.5

�0.4.
An actual synchrotron spectrum has been rarely used to fit

prompt emission spectra. Few BATSE GRB spectra have been
modeled with a synchrotron spectrum in slow cooling regime
(Tavani 1996) and for large self-absorption frequencies (Lloyd &
Petrosian 2000). More recently, the synchrotron radiation spec-
trum has been found to successfully fit the time-resolved spectra
of GRB 130606B (Zhang et al. 2016) and GRB 160625B (Zhang
et al. 2018). A recent investigation of 19 bright, single-pulse
Fermi GRBs revealed that most of the time-resolved spectra can
be successfully fitted by the synchrotron model when cooling
of the electrons is taken into account (Burgess et al. 2018). Our
analysis is in agreement with above-mentioned findings: in the
considered sample, the synchrotron model can account for the
prompt emission spectra if electron cooling is not complete.

3.2. BB+CPL fits

The results of CPL+BB fits are reported in Table B.1 and shown
in Figs. 4, 6, 7 for three peculiar cases (see below) and in Ap-
pendix C.1 and C.2 for the rest of the sample. For each GRB and
for each time bin Table B.1 reports the low energy photon index
↵ and the peak energy Ep of the CPL, the temperature of the BB
component kT , the �2 and degrees of freedom (d.o.f.). Exactly
as for synchrotron, also the BB+CPL model provides accept-
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proportional to E�,iso:

Laft

⌫>[⌫c,⌫m]
/ ✏e Ek,aft ⌫

�p/2 t�(3p�2)/4 / ✏e E�,iso
1� ⌘�
⌘�

⌫�p/2 t�(3p�2)/4 (1)

The proportionality between the high-energy afterglow luminosity and E�,iso

has been indeed found using X-ray data of both short and long GRBs.89–93 These
studies found that the correlation between Laft

X
(estimated at a fixed time t, usually

10 hr-1 day) and E�,iso is approximately linear, as predicted by the afterglow model.
According to the model, its scatter must be related to the variation of the parameters
✏e and ⌘� among di↵erent GRBs (see equation 1). An example of this correlation is
shown in Fig. 10 (left-hand panel) for a sample of long and short GRBs.92

If late time GeV emission is the high-energy part of the synchrotron spectrum,
this correlation must be recovered also when the LAT luminosity is considered. This
test has been first performed on a early sample of four GRBs in Ref. 58, and then
repeated on a larger sample of 10 GRBs with measured redshift in Ref. 94. The
results are shown in Fig. 10 (right-hand panel). A strong correlation between the
LAT luminosity at 60 s and E�,iso is indeed found. The solid line (that is not a fit
to the points) shows a linear relation.

A di↵erent way of displaying this relation is to plot the afterglow lightcurves
normalised to E�,iso, instead of showing the luminosity at a fixed time as a function
of E�,iso. The results for the sample of 10 LAT GRBs are reported in Fig. 11.
The panel on the left shows the luminosity lightcurves as a function of the rest
frame time. The panel on the right shows the overlap (clustering) obtained when
each lightcurve is normalised to the prompt energy E�,iso (called simply Eprompt in
the plot label). The fact that the LAT lightcurves overlap when the time-evolving

Fig. 11. Left: LAT lightcurves (above 0.1GeV) of 10 GRBs with measured redshift. Right: in
this panel, each lightcurve has been normalised to the energy E�,iso emitted during the prompt.
From Ref. 94.
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