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Bottom Line

1. Band crisis
The Band function is not the universal GRB 
spectrum. What does it mean?

2. Appearance of the photosphere
Blackbody, BB+nonthermal, broadened functions 

3. GRB jet properties are variable. 
Lorentz factor decreases over individual 
pulses while the flow nozzle increase
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Spectral shapes of Fermi GRBs

Exponential cut off                      Additional power law

Additional p-l with cut off             Double humped spectra

The most well-observed bursts, i.e. most fluent and within the LAT FoV 

Statistically highly significant deviations from the Band function

GRB100724B                                                                                                   GRB090510A

GRB110731                                                                                         GRB110721
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Spectral shapes of Fermi GRBs

“Band Model Crisis”

Exponential cut off                      Additional power law

Additional p-l with cut off             Double humped spectra

The most well-observed bursts, i.e. most fluent and within the LAT FoV 

Statistically highly significant deviations from the Band function
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GBM+LAT joint spectral fits during “GBM” time window

Tetsted models:
•Band function
•Comptonized (cutoff p-l) 
•Additional power laws
•Cut-offs
(Possible photospheric 
component not included 
in the catalogue)

The phenomenological Band model, implemented for BATSE GRB observations up to a few MeV, 
does not seem to describe bright or well-observed LAT-detected GRBs sufficiently.

Ackermann et al. 2013, ApJS, 209, 11

McEnery’s talk
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Extrapolating the Band function from LOW to HIGH energy is really a BAD idea!

Band function is not a universal form of GRB spectra

GBM+LAT joint spectral fits during “GBM” time window

Tetsted models:
•Band function
•Comptonized (cutoff p-l) 
•Additional power laws
•Cut-offs
(Possible photospheric 
component not included 
in the catalogue)

The phenomenological Band model, implemented for BATSE GRB observations up to a few MeV, 
does not seem to describe bright or well-observed LAT-detected GRBs sufficiently.

Ackermann et al. 2013, ApJS, 209, 11
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GRB080916c

•Single emission zone? 
•Multiple emission zones? 
•Emission mechanism?

Guiriec et al. (2012; Marcel Grossman)

Which spectral fit is the correct one?
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Solution: Fit theoretical models directly to the data!
Examples: Titarchuck et al. 2012, Burgess et al. 2013

A theoretical model should, after convolution with the response, 
fit a Band function. Model deviations from a 
Band function is thus possible!

In Burgess et al. 2013 it was showed that synchrotron emission 
spectra that are fitted with a Band function has  values centered 
around                         and not the expected -2/3.

Band function is not a universal form of GRB spectra
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Bottom Line
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Basic framework: the fireball model
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I. Single Planck function bursts

 Ryde (2004): Blackbody through out the pulse
 Ghirlanda et al. (2003): Blackbody in initial 

phase of burst 
CGRO BATSE: 6 observed bursts

Spectra from temporally resolved pulses observed 
by BATSE over the energy range 20-2000 keV.

GRB930214

Ryde 2004
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GRB100507

Ghirlanda et al. 2013

Fermi Gamma Ray Space Telescope

I. Single Planck function bursts
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GRB100507

Ghirlanda et al. 2013

Rayleigh Jeans’ slope

Void of photons 

Fermi Gamma Ray Space Telescope

I. Single Planck function bursts
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Time resolved spectrum (11.608-11.880 s)

Synchrotron emission excluded. likely photospheric emission

= 0.55 +/- 0.16 

FWHM < 1 dex

GRB090902B Abdo et al. (2009), Ryde et al. (2010) Zhang et al. (2010)

CGRO BATSE
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Observations of a Planck spectrum means that the spectrum was formed while 
the outflow was photon dominated (below the saturation radius) or that 
dissipation ended during the Planck or Wien part of the flow (Beloborodov 2011)
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II. Blackbody + additional component
Band only               BB+pl
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in the flux beyond 600 keV. This component should be most
important at energies beyond the BATSEwindow studied here.
Interestingly, a few super-MeV detections have been made to
date that indicate the presence of a possible, additional emission
component at these energies (Hurley et al. 1994; Atkins et al.
2000;González et al. 2003). In comparing the two plots in Figure 6,
it is important to note the property known as ‘‘obliging’’; that
is, for models that fit the data badly, the data points tend to be in-
correctly depicted. This is a well-known property of the forward-
folding technique used for the deconvolution (Fenimore et al.
1983; Bromm & Schaefer 1999). The observed quantity is the
photon counts, while the physically interesting photon flux or en-

ergy flux are derived quantities that are model dependent. There-
fore a plot showing the photon or the energy flux can only be
trusted fully if the model fits the data well. However, the statistical
fitting is made on the count data and is independent of this effect.
GRB 960530 is further discussed in the following section.

2.3. Spectral Evolution

The choice of the model used to fit the !-ray data will lead to
distinctly different interpretations of the cause of the apparent, ob-
served, spectral evolution. This is illustrated in Figure 7, which
shows the spectral evolution of GRB 910927 (trigger 829). The
Band et al. (1993) model is used for the fits in the top panels

Fig. 6.—Spectrum from GRB 960530 (trigger 5478; 6 s after the trigger) fitted with the Band et al. (1993) model with " ¼ 1:7 " 1:5 and # ¼ #2:4 " 0:3 (left), and
with the two-component model (Ryde 2004), with a power-law slope of s ¼ #0:62 " 0:27 (right). Note the obliging of the data points (Fenimore et al. 1983; Bromm &
Schaefer 1999).

Fig. 7.—Spectral evolution of GRB 910927 (trigger 829), represented by time bins at 1, 6, and 10 s after the trigger. Top panels: The spectral evolution that is found by
using the Band model results in evolution of " and Ep. In particular, the " -evolution is noteworthy. Bottom panels: The evolution found by using the photosphere model
becomes very typical, in particular in the evolutions of kT and s. The data points have been rebinned to S/N = 3. See the text for further details.
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2000;González et al. 2003). In comparing the two plots in Figure 6,
it is important to note the property known as ‘‘obliging’’; that
is, for models that fit the data badly, the data points tend to be in-
correctly depicted. This is a well-known property of the forward-
folding technique used for the deconvolution (Fenimore et al.
1983; Bromm & Schaefer 1999). The observed quantity is the
photon counts, while the physically interesting photon flux or en-

ergy flux are derived quantities that are model dependent. There-
fore a plot showing the photon or the energy flux can only be
trusted fully if the model fits the data well. However, the statistical
fitting is made on the count data and is independent of this effect.
GRB 960530 is further discussed in the following section.

2.3. Spectral Evolution

The choice of the model used to fit the !-ray data will lead to
distinctly different interpretations of the cause of the apparent, ob-
served, spectral evolution. This is illustrated in Figure 7, which
shows the spectral evolution of GRB 910927 (trigger 829). The
Band et al. (1993) model is used for the fits in the top panels

Fig. 6.—Spectrum from GRB 960530 (trigger 5478; 6 s after the trigger) fitted with the Band et al. (1993) model with " ¼ 1:7 " 1:5 and # ¼ #2:4 " 0:3 (left), and
with the two-component model (Ryde 2004), with a power-law slope of s ¼ #0:62 " 0:27 (right). Note the obliging of the data points (Fenimore et al. 1983; Bromm &
Schaefer 1999).

Fig. 7.—Spectral evolution of GRB 910927 (trigger 829), represented by time bins at 1, 6, and 10 s after the trigger. Top panels: The spectral evolution that is found by
using the Band model results in evolution of " and Ep. In particular, the " -evolution is noteworthy. Bottom panels: The evolution found by using the photosphere model
becomes very typical, in particular in the evolutions of kT and s. The data points have been rebinned to S/N = 3. See the text for further details.

GAMMA-RAY BURST SPECTRAL CORRELATIONS 1405No. 2, 2006 Additional non-thermal emission

V
E 

F 
 E

GRB 960530

GRB981021

CGRO BATSE fits of GRB981021 
(Ryde & Pe’er 2009)Band model

BB+pl model

Limiting the band width to 8 keV - 1500 keV (Comparing the BATSE fits)

NaI 
BB+pl

NaI 
Band

EGRET TASC data available 
for this burst; peak energy = 1600 keV

Photosphere in GRB100724B Guiriec+10

Wednesday, 13 November 13



in the flux beyond 600 keV. This component should be most
important at energies beyond the BATSEwindow studied here.
Interestingly, a few super-MeV detections have been made to
date that indicate the presence of a possible, additional emission
component at these energies (Hurley et al. 1994; Atkins et al.
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110920

McGlynn et al. 2012

Examples of multi-peaked spectra observed by Fermi:

NaI + BGO

BB+Band

Guiriec et al. 2011

100724B

Axelsson et al. 2012

110721A

Two component spectra: Blackbody component typically 5-10% of total flux. 
         But many cases with 40-60 %.

Guiriec et al. 2013

120323A

The photospheric component is modelled by a Planck function. 
Is expected to be broadened to some extent.
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PHEBUS/Fregate

Examples of multi-peaked spectra observed by Fermi:

Barat et al. 2000
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Multiple components in the short burst GRB120323A

Guiriec et al. 2013

Low energy spectral index of the Band function

One of the strongest bursts seen in the GBM
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Multiple components in the short burst GRB120323A

Guiriec et al. 2013

Low energy spectral index of the Band function

One of the strongest bursts seen in the GBM
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Multiple components in the short burst GRB120323A

Guiriec et al. 2013

Low energy spectral index of the Band function

One of the strongest bursts seen in the GBM

Statistically significant 
improvement of the fits
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Guiriec et al. 2013

Changes the 
interpretations!

1. Change in Epeak
2. Change in alpha (synchrotron?)
3. Change in emission zones

Multiple components in the short burst GRB120323A

Wednesday, 13 November 13



Burgess et al. (2013) fit a synchrotron spectrum from a distribution of 
electrons  in addition to a Planck spectrum (modelling the photosphere) 
in 8 well separated pulses. 

 In all cases the fits are the same of better than the Band function.
 In 5 of these a BB is statistically required.

Omitting the Band function
The best procedure is to fit a physical model directly to the data:

GRB081224A

 Temporal behaviour of BB and synch are 
different

 Slow-cooling synchrotron spectrum: the 
electrons must undergo continuous 
acceleration (magnetic reconnection events or 
second-order stochastic acceleration, MHD).

Burgess et al. (2013)
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Bottom Line

1. Band crisis
The band function is not the universal GRB 
spectrum. What does it mean?

2. Appearance of the photosphere
Blackbody, BB+nonthermal, broadened functions 

3. GRB jet properties are variable. 
Lorentz factor decreases over individual 
pulses while the flow nozzle increase
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ABSTRACT

Fermi Gamma-ray Space Telescope observations of GRB110721A have revealed

two emission components from the relativistic jet: emission from the photosphere,

peaking at ⇠ 100 keV and a non-thermal component, which peaks at ⇠ 1000 keV. We

use the photospheric component to calculate the properties of the relativistic outflow.

We find a strong evolution in the flow properties: the Lorentz factor decreases with

time during the bursts from � ⇠ 1000 to ⇠ 150 (assuming a redshift z = 2; the values

are only weakly dependent on unknown e�ciency parameters). Such a decrease is

contrary to the expectations from the internal shocks and the isolated magnetar birth

models. Moreover, the position of the flow nozzle measured from the central engine, r0,

increases by more than two orders of magnitude. Assuming a moderately magnetised

outflow we estimate that r0 varies from 10

6
cm to ⇠ 10

9
cm during the burst. We

suggest that the maximal value reflects the size of the progenitor core. Finally, we

show that these jet properties naturally explain the observed broken power-law decay

of the temperature which has been reported as a characteristic for GRB pulses.

Key words: gamma-ray bursts –

1 INTRODUCTION

GRB110721A is one of the brightest bursts observed by
the Fermi Gamma-ray Space Telescope and had a fluence
of 876±28⇥10�7 erg/cm�2 in the energy range 10 keV - 10
GeV (?). The prompt emission spectrum exhibits significant
deviations from a single Band spectrum. The time-resolved
spectrum is characterised by two spectral peaks (Fig. 1): one
can be modelled by a blackbody while the second one is given
by a Band function, whose spectral peak is at higher pho-
ton energies (Axelsson et al. 2012). The timescale of the flux
variations is much longer than the timescale required to per-
form time-resolved spectral analysis. This suggests that any
spectral variations can be followed with su�cient tempo-
ral detail. GRB110721A is therefore the archetype burst to
study the characteristics of the blackbody component and its
behaviour. We note that a similar deviation from the Band
function was also found in the most fluent Fermi burst to
date, GRB100724B (Guiriec et al. (2011); 10 keV - 10 GeV

?
email: shabuiyyani@particle.kth.se

fluence of 4665 ± 78 ⇥ 10�7 erg/cm�2 (?). GRB100724B,
however, has a much more complex light curve and has flux
variations on short time scales. This prevents the possibility
to temporally resolve pulse structures, and spectral aver-
aging is required. Double-peaked spectra, which are similar
to these two bursts, are now being frequently observed and
more examples are given for long bursts in, e.g., Burgess
et al. (2011); McGlynn & et al. (2012), and for short bursts
in Guiriec et al. (2012).

The blackbody component in GRB110721A can be in-
terpreted as the emission from the jet photosphere, from
which the optical depth to Thomson scattering equals unity.
A robust prediction of the fireball model for GRBs (Cavallo
& Rees 1978; Rees & Meszaros 1994) is that the relativistic
jet is initially opaque and therefore photospheric emission
is inevitable. The question is only how strong it is and if
it is detectable. In 1986, both Paczynski (1986) and Good-
man (1986) suggested a strong contribution of photospheric
emission in GRB spectra. But these models were not appeal-
ing since the observed spectra appeared purely non-thermal.
However, later it was envisaged that the photospheric com-

c� 2013 RAS

Time resolved spectrum:

 One of the ten strongest bursts:
 Best model BB+Band:    < 5 sigma detection of an extra component

preliminary

Axelsson et al. 2012

2 peaks at low energies

The thermal and nonthermal emission do not track each other.

8-100 keV

100-250 keV

250-10 000 keV

>30 MeV
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• Varying adiabatic losses

• Varying photon starvation (Beloborodov 2012)

• Varying radiative efficiency 
          (Should though be high since luminous burst;

Cenko et al. 2010, Nemmen et al. 2012)
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Figure 1. Time resolved spectrum for the time bin 2.2� 2.7 s after the GBM trigger. The spectrum is best modelled using a blackbody

(kT ⇠ 100 keV) and the Band function (E
p

⇠ 1 MeV).
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Figure 2. Left panel: Fraction of thermal flux to total flux, F
BB

/F . The ratio initially increases from approximately 1% to 10% and

then decreases. The grey points correspond to the time resolution used in (Axelsson et al. 2012). The solid (open) circles correspond to

a significance of the thermal component of

>⇠ 5� (3�). Right panel: Blackbody component: its normalisation, R (squares/ blue), and its

temperature (circles/ black). While the temperature decays as a broken power law, the R parameter increases as a single power law,

without any obvious breaks.

energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.

c� 2013 RAS, MNRAS 000, 1–??

No. 2, 2009 QUASI-BLACKBODY COMPONENT AND RADIATIVE EFFICIENCY OF EMISSION OF GRBs 1215

Figure 1. Examples of time resolved E FE spectra, observed by BATSE, fitted with the two-component model; solid line is the Planck function and the dashed line is
the nonthermal (power-law) model. The small panels beneath each spectrum show the residuals in units of the standard deviation, σ . The spectra are rebinned to have
a signal-to-noise ratio of unity to make the plots clearer. The full resolution is however kept for the residual panels. For every burst, which is identified by its BATSE
trigger number, two time bins are shown in the first two columns. BATSE trigger 1663 has a complex light curve, while the other three bursts consist of a distinct pulse
(see Table 1). These cases illustrate the variation of spectral shapes among bursts, as well as within bursts. In the rightmost column, the temporal variation of the ratio
between the thermal and the total fluxes (in the ∼25–1900 keV band) is shown for the burst whose spectra are presented to the left (time bins marked by large dots).
The thermal flux is calculated by integrating the Planck function, while the nonthermal flux is calculated by integrating over the energy band ∼25–1900 keV.

No. 2, 2009 QUASI-BLACKBODY COMPONENT AND RADIATIVE EFFICIENCY OF EMISSION OF GRBs 1215

Figure 1. Examples of time resolved E FE spectra, observed by BATSE, fitted with the two-component model; solid line is the Planck function and the dashed line is
the nonthermal (power-law) model. The small panels beneath each spectrum show the residuals in units of the standard deviation, σ . The spectra are rebinned to have
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trigger number, two time bins are shown in the first two columns. BATSE trigger 1663 has a complex light curve, while the other three bursts consist of a distinct pulse
(see Table 1). These cases illustrate the variation of spectral shapes among bursts, as well as within bursts. In the rightmost column, the temporal variation of the ratio
between the thermal and the total fluxes (in the ∼25–1900 keV band) is shown for the burst whose spectra are presented to the left (time bins marked by large dots).
The thermal flux is calculated by integrating the Planck function, while the nonthermal flux is calculated by integrating over the energy band ∼25–1900 keV.
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CGRO BATSE

Ryde & Pe’er 2009
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Figure 1. Time resolved spectrum for the time bin 2.2� 2.7 s after the GBM trigger. The spectrum is best modelled using a blackbody

(kT ⇠ 100 keV) and the Band function (E
p

⇠ 1 MeV).
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Figure 2. Left panel: Fraction of thermal flux to total flux, F
BB

/F . The ratio initially increases from approximately 1% to 10% and

then decreases. The grey points correspond to the time resolution used in (Axelsson et al. 2012). The solid (open) circles correspond to

a significance of the thermal component of

>⇠ 5� (3�). Right panel: Blackbody component: its normalisation, R (squares/ blue), and its

temperature (circles/ black). While the temperature decays as a broken power law, the R parameter increases as a single power law,

without any obvious breaks.

energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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Fermi
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Figure 1. Time resolved spectrum for the time bin 2.2� 2.7 s after the GBM trigger. The spectrum is best modelled using a blackbody

(kT ⇠ 100 keV) and the Band function (E
p

⇠ 1 MeV).
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Figure 2. Left panel: Fraction of thermal flux to total flux, F
BB

/F . The ratio initially increases from approximately 1% to 10% and

then decreases. The grey points correspond to the time resolution used in (Axelsson et al. 2012). The solid (open) circles correspond to

a significance of the thermal component of

>⇠ 5� (3�). Right panel: Blackbody component: its normalisation, R (squares/ blue), and its

temperature (circles/ black). While the temperature decays as a broken power law, the R parameter increases as a single power law,

without any obvious breaks.

energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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has a distinct pulse shape
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Figure 1. Time resolved spectrum for the time bin 2.2� 2.7 s after the GBM trigger. The spectrum is best modelled using a blackbody

(kT ⇠ 100 keV) and the Band function (E
p

⇠ 1 MeV).
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Figure 2. Left panel: Fraction of thermal flux to total flux, F
BB

/F . The ratio initially increases from approximately 1% to 10% and

then decreases. The grey points correspond to the time resolution used in (Axelsson et al. 2012). The solid (open) circles correspond to

a significance of the thermal component of

>⇠ 5� (3�). Right panel: Blackbody component: its normalisation, R (squares/ blue), and its

temperature (circles/ black). While the temperature decays as a broken power law, the R parameter increases as a single power law,

without any obvious breaks.

energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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Flux ratio

110721A

typically constant:

Iyyani et al. 2013
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• Varying adiabatic losses

• Varying photon starvation (Beloborodov 2012)

• Varying radiative efficiency 
          (Should though be high since luminous burst;

Cenko et al. 2010, Nemmen et al. 2012)
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Figure 1. Time resolved spectrum for the time bin 2.2� 2.7 s after the GBM trigger. The spectrum is best modelled using a blackbody

(kT ⇠ 100 keV) and the Band function (E
p

⇠ 1 MeV).
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Figure 2. Left panel: Fraction of thermal flux to total flux, F
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/F . The ratio initially increases from approximately 1% to 10% and
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energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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Figure 1. Examples of time resolved E FE spectra, observed by BATSE, fitted with the two-component model; solid line is the Planck function and the dashed line is
the nonthermal (power-law) model. The small panels beneath each spectrum show the residuals in units of the standard deviation, σ . The spectra are rebinned to have
a signal-to-noise ratio of unity to make the plots clearer. The full resolution is however kept for the residual panels. For every burst, which is identified by its BATSE
trigger number, two time bins are shown in the first two columns. BATSE trigger 1663 has a complex light curve, while the other three bursts consist of a distinct pulse
(see Table 1). These cases illustrate the variation of spectral shapes among bursts, as well as within bursts. In the rightmost column, the temporal variation of the ratio
between the thermal and the total fluxes (in the ∼25–1900 keV band) is shown for the burst whose spectra are presented to the left (time bins marked by large dots).
The thermal flux is calculated by integrating the Planck function, while the nonthermal flux is calculated by integrating over the energy band ∼25–1900 keV.
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without any obvious breaks.

energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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Figure 1. Time-resolved spectrum for the time bin 2.2–2.7 s after the GBM
trigger. The spectrum is best modelled using a blackbody (kT ∼ 100 keV)
and the Band function (Ep ∼ 1 MeV).

and therefore photospheric emission is inevitable. The question is
only how strong it is and if it is detectable. In 1986, both Paczyński
(1986) and Goodman (1986) suggested a strong contribution of
photospheric emission in GRB spectra. But these models were not
appealing since the observed spectra appeared purely non-thermal.
However, later it was envisaged that the photospheric component
can also be accompanied by non-thermal, optically thin emission
(Mészáros et al. 2002). Thus, the Band component in bursts like
GRB 110721A is typically interpreted as being produced by a non-
thermal radiation process taking place in a separate zone in the flow,
typically at large distances from the photosphere (Mészáros et al.
2002; however, see Section 5).

An important consequence of having identified the photosphere
in the burst spectrum is that the properties of the flow at the pho-
tosphere can be determined (Pe’er et al. 2007; Ryde et al. 2010;
Guiriec et al. 2011, 2012; Hascoët, Daigne & Mochkovitch 2013).
As the properties of the flow, e.g. the burst luminosity and baryon
loading, vary during the burst the observed properties of the photo-
sphere will also vary. For instance, a varying Lorentz factor, !, was

observed in GRB 090902B, for which the value of ! initially dou-
bled before decreasing (Ryde et al. 2010). Indeed, many models of
GRBs, such as the internal shock model (Hascoët et al. 2013), and
the magnetar model (Metzger 2010) predict time varying Lorentz
factors.

Likewise, the distance from the central engine to the nozzle of
the jet, r0, can vary (see e.g. Ryde et al. 2010 for GRB 090902B).
The radius r0 represents the position from where the thermalized
fireball starts expanding adiabatically such that the Lorentz factor
of the outflow increases linearly with radius, !(r) ∝ r. Generally, r0

is assumed to have a value between the last stable orbit around the
black hole (e.g. ∼106 cm for a 10 M#; Rees & Mészáros 1994) and
the size of the core of the Wolf–Rayet progenitor star of typically
109–10 cm (Thompson, Mészáros & Rees 2007). Large values of r0

are suggested to be a consequence of shear turbulence and oblique
shocks from the core environment that prevent an adiabatic expan-
sion and acceleration. This in turn also suggests that it is possible
that r0 can vary with time during a burst depending on the nature of
the energy dissipation during the passage of the jet through the star.

In this paper, the temporal study of the flow parameters of
GRB 110721A shows that they vary significantly over the burst
duration. We discuss the basic observational properties in Section 2
and present the model used in Section 3. The calculated properties
are presented and discussed in Section 4. Finally, we comment on
the non-thermal, Band, component in Section 5. Discussion and
conclusions are given in Sections 6 and 7, respectively.

2 BA S I C C O N S I D E R ATI O N S O F T H E
G A M M A - R AY O B S E RVAT I O N S

The Fermi Gamma-ray Space Telescope observations of
GRB 110721A are presented in Axelsson et al. (2012) and in
GCN12187 and GCN12188 (Tierney & von Kienlin 2011; Vasileiou
et al. 2011). The Band component had an initial peak energy of
record breaking 15 ± 2 MeV, and decayed later as a power law. In
contrast to this behaviour the temperature of the blackbody compo-
nent decayed as a broken power law (fig. 3 in Axelsson et al. 2012
and Fig. 2 below).

Figure 2. Left-hand panel: fraction of thermal flux to total flux, FBB/F. The ratio initially increases from approximately 1 to 10 per cent and then decreases.
The grey points correspond to the time resolution used in Axelsson et al. (2012). The solid (open) circles correspond to a significance of the thermal component
of !5σ (3σ ). Right-hand panel: blackbody component: its normalization, R (squares/blue), and its temperature (circles/black). While the temperature decays
as a broken power law, the R parameter increases as a single power law, without any obvious breaks.
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Furthermore, Axelsson et al. (2012) showed that the light curve
which includes photons above ∼100 keV are consistent with a
single pulse. However, if one includes photons with energies be-
low ∼100 keV the light curve has two clear pulses. This shows that
the second pulse in the light curve is dominated by a narrow dis-
tribution of soft photons, which has a different temporal behaviour
compared to the high-energy photons. Such a narrow distribution
of low-energy photons can be interpreted as a separate compo-
nent in addition to the Band function, in the form of a blackbody.
Fig. 1 shows a time-resolved power spectrum (νFν)1 of the time
bin 2.2–2.7 s after the Gamma-ray Bursts Monitor (GBM) trigger.
The spectrum is modelled by a Band function and a blackbody, the
latter giving rise to a shoulder at a few 100 keV. The probability
for the blackbody component to be required in addition to the Band
function reaches !5σ confidence level.

In the present study, we have performed a spectral analysis of
the burst using the same data sets and data selections as presented
in section 2 in Axelsson et al. (2012). We used the Fermi GBM
data and from the Large Area Telescope (LAT) we used the low-
energy events (LLE) and P7V6 transient class (Atwood et al. 2009)
events. For the spectral analysis we used both RMFIT 4.0 package2

and XSPEC package (Arnaud 2010), to ensure consistency of the
results across various fitting tools. For the time-resolved analysis,
we allow for a finer time binning compared to Axelsson et al. (2012),
since time resolution is essential for the study of the evolution of the
spectral parameters. All the results are, however, checked against the
coarser time binning, which provides the advantage that the spectral
components are detected with a larger statistical significance.

The redshift, z, of the burst is not known. A possible optical
counterpart was identified by the Gamma-Ray Burst Optical/Near-
Infrared Detector (GROND) team (GCN12192; Greiner et al.
2011). An X-ray afterglow follow-up observation was performed
by Swift-X-Ray Telescope (XRT) without a positive identifica-
tion (GCN12212; Grupe et al. 2011). Spectroscopy of the coun-
terpart suggested two possible redshifts, z = 0.382 and 3.512
(GCN12193; Berger 2011). However, the Interplanetary Network
(IPN) triangulation (GCN12195; Hurley et al. 2011) and the Swift
[Ultraviolet/Optical Telescope (UVOT) GCN12194; Holland &
Swenson 2011 observations could not confirm this association.

2.1 Flux ratio: adiabatic loss

In the classical fireball model, a hot plasma of baryonic matter is
accelerated due to its own thermal pressure. The thermal part of
the outflow energy is transferred into the kinetic energy part of the
flow. During the coasting phase the ratio of these parts depends
mainly on the amount of adiabatic cooling that takes place below
the photosphere. As these parts radiate they give rise to the observed
thermal and the non-thermal spectral components. Therefore, in the
absence of any time dependence of the adiabatic cooling, the thermal
and the non-thermal light curves are expected to track each other
and follow the variations in the fireball luminosity. The time lag
will be ∼rNT/2c#2, where rNT is the non-thermal emission radius.
However, in GRB 110721A the non-thermal and the thermal pulses
clearly have different peaks and the non-thermal emission even
peaks earlier. A possibility is that the amount of adiabatic losses

1 Note that the crosses in the figure are derived data points and are model
dependent.
2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/

varies with time, thereby changing the ratio between the thermal
and the non-thermal fluxes. The adiabatic parameter is given by

εad =
(

rph

rs

)−2/3

= FBB

FNT
, (1)

where rs is the saturation radius after which the # of the flow coasts
with a constant value, FBB is the blackbody energy flux and FNT is
the non-thermal kinetic energy flux (Ryde et al. 2006). An estima-
tion of the adiabatic parameter (equation 1) is given by the ratio of
the blackbody flux, FBB, to the γ -ray flux in the observed energy
band, F. This is a good estimation as long as the efficiency of the
radiative process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these requirements are
met, see further equation (6) and discussion in Section 4.4.1.

The observed ratio of FBB/F is shown in the left-hand panel in
Fig. 2.3 The thermal flux initially is about 1 per cent of the total flux
and it peaks to about 10 per cent. The best fit to a broken power-law
model gives the power-law indices 2.0 ± 0.4 and −2.0 ± 0.3 before
and after the break, which occurs at t = 2.3 ± 0.1 s. The adiabatic
parameter does indeed vary significantly. We also note that since
(FBB/F)−3/2 is larger than unity in GRB 110721A, the photospheric
radius rph lies above rs.

We note that the peak in the adiabatic parameter is coincident
with the break in temperature (t = 2.3 ± 0.2 s; right-hand panel in
Fig. 2). Moreover, the peak in the adiabatic parameter also coincides
with the second peak in the Na I count light curve, but is different
from the peak in the pulse which occurs at 0.4 s relative to the GBM
trigger, see fig. 1 in Axelsson et al. (2012). It is thus apparent that
the behaviour of the thermal emission component is partly due to
the variation in adiabatic losses.

Ryde & Pe’er (2009) found recurring trends for the black-
body component observed in 49 smooth pulses using the Compton
Gamma-ray Observatory (CGRO) Burst and Transient Spectrom-
eter Experiment (BATSE) instrument. Among other results they
found that the parameter εad in most cases only varied moderately,
however, both increasing and decreasing trends were observed.4

The significant change in εad observed for GRB 110721A suggests
that its behaviour is particular.

3 PRO P E RTI E S O F TH E O U T F L OW AT TH E
P H OTO S P H E R E

We imagine that the flow is advected through the photosphere. As
the properties of the flow vary the observed properties of the pho-
tosphere will also vary. The properties will depend on the initial
conditions at the central engine, e.g. burst luminosity, L0(t), dimen-
sionless entropy, η(t) ≡ L0/Ṁc2, and nozzle radius, r0(t). Here Ṁ

is the baryon loading. Furthermore, we assume the dynamics to be
dominantly adiabatic, following the classical fireball evolution.

The shortest variability time in the light curve is expected to
be the dynamical time. This is the time for a section of the flow
to reach the distance rph at which it emits the observed radiation.
This is given in the lab frame by rph/c, which corresponds to an
observer frame time tobs = rph/(2c#2) ∼ 0.2 ms, for typical values of
rph = 1012 cm and # = 300. In GRB 110721A the observed variation

3 The error bars on all figures presented in the paper represent 1σ .
4 Note that over the CGRO BATSE energy range the ratio FBB/F was found
to be a few 10 s per cent (Ryde & Pe’er 2009). This is an upper limit, since
the actual value of F is larger than what was measured over the limited
energy range available.
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Assumptions

•   The shortest observable variability time is given by rph/2Γc2 ∼ 0.2 ms  
(rph = 1012 cm & Γ= 300).  But, the observed variation timescale is much longer 
than the time bins ( 0.1 s) used in spectral analysis. Light curve traces the activity 
of the central engine. In each time bin, the flow is assumed to be quasi- static. 

•   Flow is thermally and adiabatically accelerated beyond r0: rph > rs
 
•   What we see is the baryonic photosphere (no subphotospheric dissipation, and 
no photon starvation). 

•   Emission is dominanted by the line-of-sight emission.

•   Observed part of the flow is approximately spherical. 
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Using BB: Outflow parameters calculations 
Translation of the observables to jet quantities
Pe’er, Ryde et al. (2007)

F
FBB

T


rph

ro  (rs)

See also e.g.
Fan et al.  (2011)
Guiriec et al. (2012)
Hascoet et al. (2013)

Daigne’s talk(Unknowns efficiencies, magnetisation, distance)

Wednesday, 24 April 13

F = total observed flux
FBB = BB flux

T = temperature

Y = inverse of the fraction of the total energy of the burst 
in observed γ- rays. 
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Figure 3. Schematic figure illustrating the distances referred to in the text.

time-scale is much longer than the dynamical time indicating that
the central engine varies on a longer time-scale. In addition, the time
bins used in the spectral analysis are around 0.1 s, which also are
shorter than the variations in the light curve. We therefore conclude
that, for each time bin used in the analysis, we can assume the flow
to be quasi-static. This simplifies the calculations of the outflow
parameters (see Fig. 3).

3.1 Calculations of the outflow parameters

The blackbody has two free parameters: the temperature, T = T(t),
and the normalization, A(t), of the photon flux:

NE(E, t) = A(t)
E2

exp[E/kT (t)] − 1
, (2)

where E is the photon energy and k is the Boltzmann constant. In
the discussion below we represent the normalization, A(t), by the
parameter

R ≡
(

FBB

σSBT 4

)1/2

, (3)

where σ SB is the Stefan–Boltzmann constant. Therefore,
R = 2π c !3/2 A(t)1/2, where ! is the reduced Planck constant.

In the right-hand panel in Fig. 2 the observed normalization of the
blackbody is plotted on top of the temperature evolution. The figure
shows that normalization varies independently of temperature and
increases monotonically with time as R ∝ tρ , with ρ = 1.14 ±
0.15. Both the broken power law of the temperature decay and the
increase in R are similar to the results found for CGRO BATSE
bursts in Ryde (2004, 2005). The rise in R, given by the power-
law index ρ, was found in Ryde & Pe’er (2009) to have a very
large spread, centred around an averaged value of 0.51 and having
a standard deviation of 0.25. The value found for GRB 110721A is
thus among the steepest rises observed.

The measured parameter R can be found to be (for rph > rs)

R ∼=
(1 + z)2

dL

rph

#
(4)

with a numerical coefficient of the order of unity, under the as-
sumption of spherical symmetry (Pe’er et al. 2007); where z is the
redshift and dL is the luminosity distance. Equation (4) represents

the effective transverse size of the emitter if # % 1/θj, where θj is
the jet opening angle.

The opacity is typically assumed to be due to electrons associated
with the baryons in the outflow and since the optical depth of the
flow is unity at rph, we get

rph = L0σT

8π#3mpc3
, (5)

where σ T is the Thompson cross-section. L0 is the luminosity of
the burst given by L0 = 4πd2

LYF , where F is the total observed
γ -ray flux and Y is the ratio of total fireball energy and the energy
emitted in gamma rays (see Section 4.4 for a discussion on possible
magnetization of the flow).

Equations (4) and (5) thus show that R ∝ Y F/#4 and # is
thereby fully determined by the observables F, R, Y and redshift
z: # ∝ (F/R)1/4 Y 1/4. An estimate of rph now follows giving rph ∝
F 1/4 R3/4 Y 1/4.

These estimations are robust and depend only on the assump-
tions (i) that the flow is baryonic dominated (rph is the baryon
photosphere), (ii) rph > rs, (iii) that the observed part of the flow
is approximately spherical, (iv) that the emission is dominated by
line-of-sight emission and (v) that the outflow is thermally and
adiabatically accelerated beyond r0 (there is no internal energy dis-
sipation; classical fireball model).

Furthermore, the nozzle radius r0 can be determined. We assume
that a fraction εBB of the fireball luminosity, Lb, which is equal
to the burst luminosity, L0, in the case of a non-magnetized jet, is
thermalized at r0. Therefore, from equation (1) we have that

εad = FBB

εBBYF − FBB
≈ FBB

F
(εBBY )−1, (6)

where F is the total flux and the last step is valid if εad ' 1, which
is the case in GRB 110721A. Furthermore, εBB Y ≥ 1. Combining
equations (1), (4) and (6) with the fact that rs = (#/#0) r0 results
in

r0

#0

∼=
dL

(1 + z)2
R ε

3/2
ad (7)

with a numerical coefficient of the order of unity (Pe’er et al. 2007).
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On the other hand, Uhm & Zhang (2013) show that taking the
effect of adiabatic expansion of the magnetic field B into consid-
eration the expected photon index for the fast cooling regime is
no longer α = −1.5, but rather a harder value, such as α ∼ −0.8.
Therefore, the observed spectrum can be consistent with fast cool-
ing synchrotron. On the other hand, Uhm & Zhang (2013) also note
that the spectrum should be softer during the early phase of the
pulse, while the observed value of −0.81 is from the first bin.

Moreover, continuous energy injection can also alleviate the re-
strictions on synchrotron emission. For instance, Zhang & Yan
(2011) discussed the possibility that the Band function in the
Band+blackbody fits may be produced by the internal collision-
induced magnetic reconnection and turbulence (ICMART) events
(see also e.g. Waxman 1995). According to the ICMART model,
the Band component could be formed at radii much above the
photospheric radius, at typical 1015–1016 cm. Here electrons are ac-
celerated by a runaway release of magnetic energy due to magnetic
reconnections which are initially produced by internal shocks occur-
ring at lower radii. The electrons are thus continuously accelerated
through second-order turbulences. The resulting synchrotron spec-
trum can therefore be consistent with the observed spectral shape
(see also Burgess et al., in preparation). During an ICMART event
the magnetization σ decreases rapidly. The efficiency can be high
and depends on (1 + σ end)−1, where σ end is the magnetization after
the event.

6 D ISCUSSION

The temporally resolved spectra of GRB 110721A exhibit two
peaks. The low-energy peak is interpreted as the thermal peak, given
by the blackbody component. For GRB pulses two recurring trends
of the thermal peak have been identified: first, the temperature de-
cays as a broken power law, and second, R increases monotonically
with time, independent of the temperature decay (Ryde 2004, 2005;
Ryde & Pe’er 2009; Axelsson et al. 2012).

The increase in R ∝ rph/# is mainly a consequence of the de-
crease in Lorentz factor. This causes the effective emitting surface
∼R2 to increase since the relativistic aberration of the emitted light
becomes weaker. The increase observed in rph for GRB 110721A
also strengthens the increase of R. However, in most bursts the
variations in rph are typically smaller than in r0 and # (Ryde et al.
2010; Guiriec et al. 2011).

The observed temperature is given by T ∝ (L0 εad)1/4 R−1/2.
Since R is a monotonic function without any breaks, the break
in temperature must be due to the break in the thermal flux (L0 εad).
Such a break can be dominantly caused by the peak in L0, like in
cases with εad ∼ constant (Ryde & Pe’er 2009), or by a break in
εad, like in the case of GRB 110721A.

Furthermore, the temperature is observed to be approximately
constant, or decaying weakly, before the break (Ryde 2004). This
is due to the emitting surface ∼R2 increasing in parallel with the
thermal flux (L0 εad) which causes the temperature to only vary
moderately.

Equation (7) gives that εad ∝ (R/r0)−2/3. Therefore, a conse-
quence of R not having any breaks is that the breaks in r0 and in
εad must be related to each other. Note that εad can maximally reach
unity (when the saturation radius approaches the photosphere). Fur-
thermore, in order to keep εad close to constant the flow must have
R ∝ r0. Likewise, for a rising εad, r0(t) must instead evolve faster
than R(t). Assuming a moderate variation in rph, the former case
corresponds to r0 ∝ R ∝ #−1. This relation suggests that a small
outflow velocity (small #) must facilitate the formation of shear

turbulence and oblique shocks which yield the larger values of r0.
Similarly, a large flow velocity must prevent the formation of such
shocks in order to keep r0 small. This could, for instance, be the
situation in jets with a narrow opening angle, which would cause
the shear turbulence and oblique shocks to more easily arise. This is
consistent with the assumption that the opening angle is smaller for
more luminous bursts (Ghirlanda et al. 2013), since GRB 110721A
is a very luminous burst.

Finally, we note that the εad(t) behaviour is distinctly different
from the evolutions of F and #, which are monotonic functions of
time. Since rph ∝ F/#3, the photospheric radius should be largely
independent of the evolution in εad.

6.1 Expected deviations

In the above discussions we have made some assumptions, below
we list them and the possible deviations from them.

(i) On axis emission: all the above calculations are based
on the assumption that the central engine of the burst remains
active throughout the burst. Thereby, we neglect any emission from
the high latitudes and consider the observed emission to be along
the radial direction towards the observer. However, high-latitude
emission becomes significant in the scenario discussed in Pe’er
(2008), see also Ruffini, Siutsou & Vereshchagin (2011).

(ii) Efficiency parameters: the temporal variations in the effi-
ciency parameters (Y and εBB) are neglected. Considering the sce-
nario where r0 remains a constant, one can study the variations
possible in εBBY. However, we find that only for assuming Y = 1
and a varying εBB can reproduce the observed behaviour of T.

(iii) Adiabatic expansion: we assume that the fireball expands
adiabatically from r0 such that # ∝ r. However, if there is contin-
uous dissipation of the kinetic energy of the flow throughout the
acceleration phase or if the flow is magnetized, then the estimation
of rs becomes different depending on the mechanism of dissipation.

(iv) Pair photosphere: the calculations presented in the paper
are also based on the assumption that we observe the baryonic
photosphere as we neglect any subphotospheric dissipation. How-
ever, if there is considerable subphotospheric dissipation or dis-
sipation above (but close to) the baryonic photosphere, such that
a fraction of the kinetic energy dissipated resulting in pairs is
greater than me/mp, then a pair photosphere would be formed.
It would lie above the baryonic photosphere, rph (Rees & Mészáros
2005). Further details of such a case are studied in Iyyani et al. (in
preparation).

7 C O N C L U S I O N

Using Fermi Gamma-ray Space Telescope observations, we find
that the outflow dynamics in GRB 110721A exhibit a strong but
smooth evolution: the Lorentz factor, #, of the outflow decreases
monotonically with time. In contrast, both internal shock models
and the isolated magnetar model predict increasing Lorentz factors.
We also find that the nozzle radius, r0, of the jet initially increases
by more than two orders of magnitude and then breaks and becomes
relatively constant. Assuming a moderately magnetized jet we find
that r0 evolves from near to the central engine, 106 cm, to 109 cm,
which we suggest is the size of the envelope of the core of the
progenitor star.

The adiabatic losses that the thermal component suffers also vary
though out the burst. The adiabatic loss parameter, εad (equation 1),
reaches a maximum at ∼2.5 s which causes the peak in the thermal
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Figure 3. Schematic figure illustrating the distances referred to in the text.

time-scale is much longer than the dynamical time indicating that
the central engine varies on a longer time-scale. In addition, the time
bins used in the spectral analysis are around 0.1 s, which also are
shorter than the variations in the light curve. We therefore conclude
that, for each time bin used in the analysis, we can assume the flow
to be quasi-static. This simplifies the calculations of the outflow
parameters (see Fig. 3).

3.1 Calculations of the outflow parameters

The blackbody has two free parameters: the temperature, T = T(t),
and the normalization, A(t), of the photon flux:

NE(E, t) = A(t)
E2

exp[E/kT (t)] − 1
, (2)

where E is the photon energy and k is the Boltzmann constant. In
the discussion below we represent the normalization, A(t), by the
parameter

R ≡
(

FBB

σSBT 4

)1/2

, (3)

where σ SB is the Stefan–Boltzmann constant. Therefore,
R = 2π c !3/2 A(t)1/2, where ! is the reduced Planck constant.

In the right-hand panel in Fig. 2 the observed normalization of the
blackbody is plotted on top of the temperature evolution. The figure
shows that normalization varies independently of temperature and
increases monotonically with time as R ∝ tρ , with ρ = 1.14 ±
0.15. Both the broken power law of the temperature decay and the
increase in R are similar to the results found for CGRO BATSE
bursts in Ryde (2004, 2005). The rise in R, given by the power-
law index ρ, was found in Ryde & Pe’er (2009) to have a very
large spread, centred around an averaged value of 0.51 and having
a standard deviation of 0.25. The value found for GRB 110721A is
thus among the steepest rises observed.

The measured parameter R can be found to be (for rph > rs)

R ∼=
(1 + z)2

dL

rph

#
(4)

with a numerical coefficient of the order of unity, under the as-
sumption of spherical symmetry (Pe’er et al. 2007); where z is the
redshift and dL is the luminosity distance. Equation (4) represents

the effective transverse size of the emitter if # % 1/θj, where θj is
the jet opening angle.

The opacity is typically assumed to be due to electrons associated
with the baryons in the outflow and since the optical depth of the
flow is unity at rph, we get

rph = L0σT

8π#3mpc3
, (5)

where σ T is the Thompson cross-section. L0 is the luminosity of
the burst given by L0 = 4πd2

LYF , where F is the total observed
γ -ray flux and Y is the ratio of total fireball energy and the energy
emitted in gamma rays (see Section 4.4 for a discussion on possible
magnetization of the flow).

Equations (4) and (5) thus show that R ∝ Y F/#4 and # is
thereby fully determined by the observables F, R, Y and redshift
z: # ∝ (F/R)1/4 Y 1/4. An estimate of rph now follows giving rph ∝
F 1/4 R3/4 Y 1/4.

These estimations are robust and depend only on the assump-
tions (i) that the flow is baryonic dominated (rph is the baryon
photosphere), (ii) rph > rs, (iii) that the observed part of the flow
is approximately spherical, (iv) that the emission is dominated by
line-of-sight emission and (v) that the outflow is thermally and
adiabatically accelerated beyond r0 (there is no internal energy dis-
sipation; classical fireball model).

Furthermore, the nozzle radius r0 can be determined. We assume
that a fraction εBB of the fireball luminosity, Lb, which is equal
to the burst luminosity, L0, in the case of a non-magnetized jet, is
thermalized at r0. Therefore, from equation (1) we have that

εad = FBB

εBBYF − FBB
≈ FBB

F
(εBBY )−1, (6)

where F is the total flux and the last step is valid if εad ' 1, which
is the case in GRB 110721A. Furthermore, εBB Y ≥ 1. Combining
equations (1), (4) and (6) with the fact that rs = (#/#0) r0 results
in

r0

#0

∼=
dL

(1 + z)2
R ε

3/2
ad (7)

with a numerical coefficient of the order of unity (Pe’er et al. 2007).
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The observed ratio of F
BB

/F is shown in the left-hand
panel in Figure3 2. The thermal flux initially is about 1% of
the total flux and it peaks to about 10%. The best fit to a
broken power law model gives the power law indices 2.0±0.4
and �2.0 ± 0.3 before and after the break, which occurs at
t = 2.3 ± 0.1 s. The adiabatic parameter does indeed vary
significantly. We also note that since (F

BB

/F )�3/2 is larger
than unity in GRB110721A, the photospheric radius r

ph

lies
above r

s

.
We note that the peak in the adiabatic parameter is

coincident with the break in temperature (t = 2.3 ± 0.2 s;
right-hand panel in Fig. 2). Moreover, the peak in the adi-
abatic parameter also coincides with the second peak in
the NaI count light curve, but is di↵erent from the peak
in the pulse which occurs at 0.4 s relative to the GBM trig-
ger see Fig. 1 in (Axelsson et al. 2012). It is thus apparent
that the behaviour of the thermal emission component is
partly due to the variation in adiabatic losses. Ryde & Pe’er
(2009) found recurring trends for the blackbody component
observed in 49 smooth pulses using the Compton Gamma-
Ray Observatory BATSE instrument. Among other results
they found that the parameter ✏

ad

in most cases only varied
moderately, however, both increasing and decreasing trends
were observed4. The significant change in ✏

ad

observed for
GRB110721A suggests that its behaviour is particular.

3 PROPERTIES OF THE OUTFLOW AT THE
PHOTOSPHERE

We imagine that the flow is advected through the photo-
sphere. As the properties of the flow vary the observed
properties of the photosphere will also vary. The proper-
ties will depend on the initial conditions at the central
engine, e.g. burst luminosity, L

0

(t), dimensionless entropy,
⌘(t) ⌘ L

0

/Ṁc2, and nozzle radius r
0

(t). Here Ṁ is the
baryon loading. Furthermore, we assume the dynamics to
be dominantly adiabatic, following the classical fireball evo-
lution.

The shortest variability time in the light curve is ex-
pected to be the dynamical time. This is the time for a
section of the flow to reach the distance r

ph

at which it
emits the observed radiation. This is given in the lab frame
by r

ph

/c, which corresponds to an observer frame time
t
obs

= r
ph

/(2c�2) ⇠ 0.2 ms, for typical values of r
ph

= 1012

cm and � = 300. In GRB110721A the observed variation
timescale is much longer than the dynamical time indicating
that the central engine varies on a longer time scale. In ad-
dition, the time bins used in the spectral analysis are around
0.1 s, which also are shorter than the variations in the light
curve. We therefore conclude that, for each time bin used in
the analysis, we can assume the flow to be quasi-static. This
simplifies the calculations of the outflow parameters.

3

The error bars on all figures presented in the paper represent

1�.
4

Note that over the Compton Gamma-ray Observatory BATSE

energy range the ratio F
BB

/F was found to be a few 10’s % (Ryde

& Pe’er 2009). This is an upper limit, since the actual value of F
is larger than what was measured over the limited energy range

available.

3.1 Calculations of the outflow parameters

The blackbody has two free parameters: the temperature,
T = T (t), and the normalisation, A(t), of the photon flux:

N
E

(E, t) = A(t)
E2

exp[E/kT (t)]� 1
, (2)

where E is the photon energy and k is the Boltzmann con-
stant. In the discussion below we represent the normalisa-
tion, A(t), by the parameter

R ⌘

⇣
F
BB

�
SB

T 4

⌘
1/2

, (3)

where �
SB

is the Stefan-Boltzmann constant. Therefore,
R = 2⇡ c h̄3/2 A(t)1/2, where h̄ is the reduced Planck con-
stant.

In the right-hand panel in Figure 2 the observed nor-
malisation of the blackbody is plotted on top of the temper-
ature evolution. The figure shows that normalisation varies
independently of temperature and increases monotonically
with time as R / t⇢, with ⇢ = 1.14± 0.15. Both the broken
power-law of the temperature decay and the increase in R

are similar to the results found for CGRO BATSE bursts in
Ryde (2004, 2005). The rise in R, given by the power law
index ⇢, was found in Ryde & Pe’er (2009) to have a very
large spread, centred around an averaged value of 0.51 and
having a standard deviation of 0.25. The value found for
GRB110721A is thus among the steepest rises observed.

The measured parameter R can be found to be (for
r
ph

> r
s

)

R

⇠=
(1 + z)2

dL

r
ph

�
(4)

with a numerical coe�cient of the order of unity, under the
assumption of spherical symmetry (Pe’er et al. 2007); where
z is the redshift and d

L

is the luminosity distance. Equation
(4) represents the e↵ective transverse size of the emitter if
� >> 1/✓j , where ✓j is the jet opening angle.

The opacity is typically assumed to be due to electrons
associated with the baryons in the outflow and since the
optical depth of the flow is unity at r

ph

, we get

r
ph

=
L

0

�T

8⇡�3mpc3
(5)

where �
T

is the Thompson cross section. L
0

is the luminos-
ity of the burst given by L

0

= 4⇡d2
L

Y F where F is the total
observed �-ray flux and Y is the ratio of total fireball en-
ergy and the energy emitted in gamma rays (see §4.4 for a
discussion on possible magnetisation of the flow).

Equations (4) and (5) thus show that R / Y F/�4 and
� is thereby fully determined by the observables F , R, Y ,
and redshift z: � / (F/R)1/4 Y 1/4. An estimate of r

ph

now
follows giving: r

ph

/ F 1/4
R

3/4 Y 1/4.
These estimations are robust and depend only on the

assumptions (i) that the flow is baryonic dominated (r
ph

is
the baryon photosphere), (ii) r

ph

> r
s

, (iii) that the observed
part of the flow is approximately spherical, and (iv) that the
emission is dominated by line-of-sight emission, (v) that the
outflow is thermally and adiabatically accelerated beyond
r
0

(there is no internal energy dissipation; classical fireball
model).

Furthermore the nozzle radius r
0

, can be determined.
We assume that a fraction ✏

BB

of the fireball luminosity,

c� 2013 RAS, MNRAS 000, 1–??Γ decreases monotonously with time
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Figure 3. Schematic figure illustrating the distances referred to in the text.

time-scale is much longer than the dynamical time indicating that
the central engine varies on a longer time-scale. In addition, the time
bins used in the spectral analysis are around 0.1 s, which also are
shorter than the variations in the light curve. We therefore conclude
that, for each time bin used in the analysis, we can assume the flow
to be quasi-static. This simplifies the calculations of the outflow
parameters (see Fig. 3).

3.1 Calculations of the outflow parameters

The blackbody has two free parameters: the temperature, T = T(t),
and the normalization, A(t), of the photon flux:

NE(E, t) = A(t)
E2

exp[E/kT (t)] − 1
, (2)

where E is the photon energy and k is the Boltzmann constant. In
the discussion below we represent the normalization, A(t), by the
parameter

R ≡
(

FBB

σSBT 4

)1/2

, (3)

where σ SB is the Stefan–Boltzmann constant. Therefore,
R = 2π c !3/2 A(t)1/2, where ! is the reduced Planck constant.

In the right-hand panel in Fig. 2 the observed normalization of the
blackbody is plotted on top of the temperature evolution. The figure
shows that normalization varies independently of temperature and
increases monotonically with time as R ∝ tρ , with ρ = 1.14 ±
0.15. Both the broken power law of the temperature decay and the
increase in R are similar to the results found for CGRO BATSE
bursts in Ryde (2004, 2005). The rise in R, given by the power-
law index ρ, was found in Ryde & Pe’er (2009) to have a very
large spread, centred around an averaged value of 0.51 and having
a standard deviation of 0.25. The value found for GRB 110721A is
thus among the steepest rises observed.

The measured parameter R can be found to be (for rph > rs)

R ∼=
(1 + z)2

dL

rph

#
(4)

with a numerical coefficient of the order of unity, under the as-
sumption of spherical symmetry (Pe’er et al. 2007); where z is the
redshift and dL is the luminosity distance. Equation (4) represents

the effective transverse size of the emitter if # % 1/θj, where θj is
the jet opening angle.

The opacity is typically assumed to be due to electrons associated
with the baryons in the outflow and since the optical depth of the
flow is unity at rph, we get

rph = L0σT

8π#3mpc3
, (5)

where σ T is the Thompson cross-section. L0 is the luminosity of
the burst given by L0 = 4πd2

LYF , where F is the total observed
γ -ray flux and Y is the ratio of total fireball energy and the energy
emitted in gamma rays (see Section 4.4 for a discussion on possible
magnetization of the flow).

Equations (4) and (5) thus show that R ∝ Y F/#4 and # is
thereby fully determined by the observables F, R, Y and redshift
z: # ∝ (F/R)1/4 Y 1/4. An estimate of rph now follows giving rph ∝
F 1/4 R3/4 Y 1/4.

These estimations are robust and depend only on the assump-
tions (i) that the flow is baryonic dominated (rph is the baryon
photosphere), (ii) rph > rs, (iii) that the observed part of the flow
is approximately spherical, (iv) that the emission is dominated by
line-of-sight emission and (v) that the outflow is thermally and
adiabatically accelerated beyond r0 (there is no internal energy dis-
sipation; classical fireball model).

Furthermore, the nozzle radius r0 can be determined. We assume
that a fraction εBB of the fireball luminosity, Lb, which is equal
to the burst luminosity, L0, in the case of a non-magnetized jet, is
thermalized at r0. Therefore, from equation (1) we have that

εad = FBB

εBBYF − FBB
≈ FBB

F
(εBBY )−1, (6)

where F is the total flux and the last step is valid if εad ' 1, which
is the case in GRB 110721A. Furthermore, εBB Y ≥ 1. Combining
equations (1), (4) and (6) with the fact that rs = (#/#0) r0 results
in

r0

#0

∼=
dL

(1 + z)2
R ε

3/2
ad (7)

with a numerical coefficient of the order of unity (Pe’er et al. 2007).

 at B
IB

SA
M

 on Septem
ber 9, 2013

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

Wednesday, 13 November 13



• Photospheric radius, rph

1 10

1012

1013

 

 

 r ph
 Y

-1
/4

 (c
m

)

Time (s)

rph increases with time but moderate variation in comparison 
to other parameters

                   

2742 S. Iyyani et al.

Figure 3. Schematic figure illustrating the distances referred to in the text.

time-scale is much longer than the dynamical time indicating that
the central engine varies on a longer time-scale. In addition, the time
bins used in the spectral analysis are around 0.1 s, which also are
shorter than the variations in the light curve. We therefore conclude
that, for each time bin used in the analysis, we can assume the flow
to be quasi-static. This simplifies the calculations of the outflow
parameters (see Fig. 3).

3.1 Calculations of the outflow parameters

The blackbody has two free parameters: the temperature, T = T(t),
and the normalization, A(t), of the photon flux:

NE(E, t) = A(t)
E2

exp[E/kT (t)] − 1
, (2)

where E is the photon energy and k is the Boltzmann constant. In
the discussion below we represent the normalization, A(t), by the
parameter

R ≡
(

FBB

σSBT 4

)1/2

, (3)

where σ SB is the Stefan–Boltzmann constant. Therefore,
R = 2π c !3/2 A(t)1/2, where ! is the reduced Planck constant.

In the right-hand panel in Fig. 2 the observed normalization of the
blackbody is plotted on top of the temperature evolution. The figure
shows that normalization varies independently of temperature and
increases monotonically with time as R ∝ tρ , with ρ = 1.14 ±
0.15. Both the broken power law of the temperature decay and the
increase in R are similar to the results found for CGRO BATSE
bursts in Ryde (2004, 2005). The rise in R, given by the power-
law index ρ, was found in Ryde & Pe’er (2009) to have a very
large spread, centred around an averaged value of 0.51 and having
a standard deviation of 0.25. The value found for GRB 110721A is
thus among the steepest rises observed.

The measured parameter R can be found to be (for rph > rs)

R ∼=
(1 + z)2

dL

rph

#
(4)

with a numerical coefficient of the order of unity, under the as-
sumption of spherical symmetry (Pe’er et al. 2007); where z is the
redshift and dL is the luminosity distance. Equation (4) represents

the effective transverse size of the emitter if # % 1/θj, where θj is
the jet opening angle.

The opacity is typically assumed to be due to electrons associated
with the baryons in the outflow and since the optical depth of the
flow is unity at rph, we get

rph = L0σT

8π#3mpc3
, (5)

where σ T is the Thompson cross-section. L0 is the luminosity of
the burst given by L0 = 4πd2

LYF , where F is the total observed
γ -ray flux and Y is the ratio of total fireball energy and the energy
emitted in gamma rays (see Section 4.4 for a discussion on possible
magnetization of the flow).

Equations (4) and (5) thus show that R ∝ Y F/#4 and # is
thereby fully determined by the observables F, R, Y and redshift
z: # ∝ (F/R)1/4 Y 1/4. An estimate of rph now follows giving rph ∝
F 1/4 R3/4 Y 1/4.

These estimations are robust and depend only on the assump-
tions (i) that the flow is baryonic dominated (rph is the baryon
photosphere), (ii) rph > rs, (iii) that the observed part of the flow
is approximately spherical, (iv) that the emission is dominated by
line-of-sight emission and (v) that the outflow is thermally and
adiabatically accelerated beyond r0 (there is no internal energy dis-
sipation; classical fireball model).

Furthermore, the nozzle radius r0 can be determined. We assume
that a fraction εBB of the fireball luminosity, Lb, which is equal
to the burst luminosity, L0, in the case of a non-magnetized jet, is
thermalized at r0. Therefore, from equation (1) we have that

εad = FBB

εBBYF − FBB
≈ FBB

F
(εBBY )−1, (6)

where F is the total flux and the last step is valid if εad ' 1, which
is the case in GRB 110721A. Furthermore, εBB Y ≥ 1. Combining
equations (1), (4) and (6) with the fact that rs = (#/#0) r0 results
in

r0

#0

∼=
dL

(1 + z)2
R ε

3/2
ad (7)

with a numerical coefficient of the order of unity (Pe’er et al. 2007).
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Figure 3. Schematic figure illustrating the distances referred to in the text.

time-scale is much longer than the dynamical time indicating that
the central engine varies on a longer time-scale. In addition, the time
bins used in the spectral analysis are around 0.1 s, which also are
shorter than the variations in the light curve. We therefore conclude
that, for each time bin used in the analysis, we can assume the flow
to be quasi-static. This simplifies the calculations of the outflow
parameters (see Fig. 3).

3.1 Calculations of the outflow parameters

The blackbody has two free parameters: the temperature, T = T(t),
and the normalization, A(t), of the photon flux:

NE(E, t) = A(t)
E2

exp[E/kT (t)] − 1
, (2)

where E is the photon energy and k is the Boltzmann constant. In
the discussion below we represent the normalization, A(t), by the
parameter

R ≡
(

FBB

σSBT 4

)1/2

, (3)

where σ SB is the Stefan–Boltzmann constant. Therefore,
R = 2π c !3/2 A(t)1/2, where ! is the reduced Planck constant.

In the right-hand panel in Fig. 2 the observed normalization of the
blackbody is plotted on top of the temperature evolution. The figure
shows that normalization varies independently of temperature and
increases monotonically with time as R ∝ tρ , with ρ = 1.14 ±
0.15. Both the broken power law of the temperature decay and the
increase in R are similar to the results found for CGRO BATSE
bursts in Ryde (2004, 2005). The rise in R, given by the power-
law index ρ, was found in Ryde & Pe’er (2009) to have a very
large spread, centred around an averaged value of 0.51 and having
a standard deviation of 0.25. The value found for GRB 110721A is
thus among the steepest rises observed.

The measured parameter R can be found to be (for rph > rs)

R ∼=
(1 + z)2

dL

rph

#
(4)

with a numerical coefficient of the order of unity, under the as-
sumption of spherical symmetry (Pe’er et al. 2007); where z is the
redshift and dL is the luminosity distance. Equation (4) represents

the effective transverse size of the emitter if # % 1/θj, where θj is
the jet opening angle.

The opacity is typically assumed to be due to electrons associated
with the baryons in the outflow and since the optical depth of the
flow is unity at rph, we get

rph = L0σT

8π#3mpc3
, (5)

where σ T is the Thompson cross-section. L0 is the luminosity of
the burst given by L0 = 4πd2

LYF , where F is the total observed
γ -ray flux and Y is the ratio of total fireball energy and the energy
emitted in gamma rays (see Section 4.4 for a discussion on possible
magnetization of the flow).

Equations (4) and (5) thus show that R ∝ Y F/#4 and # is
thereby fully determined by the observables F, R, Y and redshift
z: # ∝ (F/R)1/4 Y 1/4. An estimate of rph now follows giving rph ∝
F 1/4 R3/4 Y 1/4.

These estimations are robust and depend only on the assump-
tions (i) that the flow is baryonic dominated (rph is the baryon
photosphere), (ii) rph > rs, (iii) that the observed part of the flow
is approximately spherical, (iv) that the emission is dominated by
line-of-sight emission and (v) that the outflow is thermally and
adiabatically accelerated beyond r0 (there is no internal energy dis-
sipation; classical fireball model).

Furthermore, the nozzle radius r0 can be determined. We assume
that a fraction εBB of the fireball luminosity, Lb, which is equal
to the burst luminosity, L0, in the case of a non-magnetized jet, is
thermalized at r0. Therefore, from equation (1) we have that

εad = FBB

εBBYF − FBB
≈ FBB

F
(εBBY )−1, (6)

where F is the total flux and the last step is valid if εad ' 1, which
is the case in GRB 110721A. Furthermore, εBB Y ≥ 1. Combining
equations (1), (4) and (6) with the fact that rs = (#/#0) r0 results
in

r0

#0

∼=
dL

(1 + z)2
R ε

3/2
ad (7)

with a numerical coefficient of the order of unity (Pe’er et al. 2007).
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Figure 4. Evolution of the flow parameters in GRB110721A for redshift z = 2 (diamonds). For comparison the parameters values for
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monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
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pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
0

= 108cm
⇣

R

10�18

⌘ ✓
F
BB

/F

0.07

◆
3/2

(✏
BB

Y )�3/2. (8)

This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
0
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pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
0

= 108cm
⇣

R

10�18

⌘ ✓
F
BB

/F

0.07

◆
3/2

(✏
BB

Y )�3/2. (8)

This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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At  t = 2.6 s  the value 
reaches its peak. 
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Figure 4. Evolution of the flow parameters in GRB110721A for redshift z = 2 (diamonds). For comparison the parameters values for

redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
0

. See the text for estimation of the parameters �
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pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
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= 108cm
⇣
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This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-

c� 2013 RAS, MNRAS 000, 1–??

                                     

6 S. Iyyani et al.

1 10
100

1000

 

 

 Γ
  Y

 -1
/4

 

Time (s)
1 10

1012

1013

 

 

 r ph
 Y

-1
/4

 (c
m

)

Time (s)

0.1 1 10
105

106

107

108

 

 

 r 0 / 
Γ

0   
(Y

 ε
B

B
)3/

2  (c
m

)

Time (s)
0.1 1 10

108

109

1010

1011

 

 

 r s Y
5/

4  ε
BB

3/
2   (

cm
)

Time (s)

Figure 4. Evolution of the flow parameters in GRB110721A for redshift z = 2 (diamonds). For comparison the parameters values for

redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
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pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
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This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
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pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:
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This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
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, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that
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pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:
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This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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reaches its peak. 
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monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10
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cm. The nozzle radius, r
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, initially
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pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
0

= 108cm
⇣

R

10�18

⌘ ✓
F
BB

/F

0.07

◆
3/2

(✏
BB

Y )�3/2. (8)

This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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Figure 4. Evolution of the flow parameters in GRB110721A for redshift z = 2 (diamonds). For comparison the parameters values for

redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
0

. See the text for estimation of the parameters �
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, �, ✏
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, and Y .

pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
0

= 108cm
⇣

R

10�18

⌘ ✓
F
BB

/F

0.07

◆
3/2
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BB

Y )�3/2. (8)

This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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At  t = 2.6 s  the value 
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Considering a moderately magnetised flow, r0  increases from 106 to 109 cm. 
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Figure 4. Evolution of the flow parameters in GRB110721A for redshift z = 2 (diamonds). For comparison the parameters values for

redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
0

. See the text for estimation of the parameters �
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, and Y .

pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
0

= 108cm
⇣

R

10�18

⌘ ✓
F
BB

/F

0.07

◆
3/2
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BB

Y )�3/2. (8)

This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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Figure 4. Evolution of the flow parameters in GRB110721A for redshift z = 2 (diamonds). For comparison the parameters values for

redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
0

. See the text for estimation of the parameters �

0

, �, ✏
BB

, and Y .

pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
0

= 108cm
⇣

R

10�18

⌘ ✓
F
BB

/F

0.07

◆
3/2

(✏
BB

Y )�3/2. (8)

This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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At  t = 2.6 s  the value 
reaches its peak. 

Considering a moderately magnetised flow, r0  increases from 106 to 109 cm. 
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109 cm

The core of 
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(Woosley & Weaver 1995,Thompson et al. 2007).
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Figure 4. Evolution of the flow parameters in GRB110721A for redshift z = 2 (diamonds). For comparison the parameters values for

redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
0

. See the text for estimation of the parameters �

0

, �, ✏
BB

, and Y .

pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
0

= 108cm
⇣

R

10�18

⌘ ✓
F
BB

/F

0.07

◆
3/2
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BB

Y )�3/2. (8)

This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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Figure 4. Evolution of the flow parameters in GRB110721A for redshift z = 2 (diamonds). For comparison the parameters values for

redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
0

. See the text for estimation of the parameters �

0

, �, ✏
BB

, and Y .

pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
0

= 108cm
⇣

R

10�18

⌘ ✓
F
BB

/F

0.07

◆
3/2

(✏
BB

Y )�3/2. (8)

This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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At  t = 2.6 s  the value 
reaches its peak. 

Considering a moderately magnetised flow, r0  increases from 106 to 109 cm. 

106cm

109 cm

The core of 
the Wolf- Rayet progenitor star 

(Woosley & Weaver 1995,Thompson et al. 2007).

As the jet drills through the progenitor star 
oblique shocks prevents it from accelerating 
strongly
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Figure 4. Evolution of the flow parameters in GRB110721A for redshift z = 2 (diamonds). For comparison the parameters values for

redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
0

. See the text for estimation of the parameters �

0

, �, ✏
BB

, and Y .

pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
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⇣
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10�18
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0.07
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This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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Figure 4. Evolution of the flow parameters in GRB110721A for redshift z = 2 (diamonds). For comparison the parameters values for

redshifts z = 0.382 (blue/ star) and z = 3.512 (red/ circle) are indicated for time bin around 2.5 s. (a) The Lorentz factor, �, decreases

monotonously with time. (b). The photospheric radius, r
ph

has a weak increase and lies around 10

12

cm. The nozzle radius, r
0

, initially

increases and reaches a peak at about 2.5 s and then decreases weakly. (d) The evolution of the saturation radius, rs is similar to that

of r
0

. See the text for estimation of the parameters �

0

, �, ✏
BB

, and Y .

pollution as the accretion disk stabilises thereby produces a
stronger neutrino-driven wind which can interact with the
jet to pollute it with baryons.

4.2 Radius of the photosphere, r
ph

The photospheric radius, r
ph

, shows an increase with time,
which is moderate compared to the scale of variation in
the other parameters, �, r

0

and rs; see Fig 4b. The size
of the photospheric radius is of the order of 1012 Y1/4 cm
(for redshift z = 2). Fitting a power law to the data yields
r
ph

/ t0.58±0.06. The moderate variation and the size scale
is similar to the results found by Ryde et al. (2010) and
Guiriec et al. (2012).

4.3 Nozzle radius r
0

Figure 4c shows that r
0

increases by two orders of magnitude
during the first 2 seconds. The best fit of a broken power law

gives the power law indices 3.0± 1.8 and �1.0± 0.9, before
and after the break, which is at t = 2.6 ± 0.7. We note
that after the break the evolution is consistent with r

0

being
constant. The maximal value is⇠ 108cm �

0

(✏
BB

Y )�3/2. We
also note that the time of this break coincides with the break
detected in ✏

ad

(t) / F
BB

/F and in kT (t).
Applying the trends found by Ryde & Pe’er (2009) forR

(increasing) and F
BB

/F (moderate variations) to equation
(7), and further assuming that ✏

BB

Y only varies moderately
over the pulse, implies that r

0

should in general increase in
bursts. This fact suggests that an increase in r

0

is a general
type of behaviour for pulses in GRBs.

For GRB110721A, both R (Fig. 2, left panel) and ✏
ad

(Fig. 2, right panel) vary. At the time of the thermal emission
peak:

r
0

�
0

= 108cm
⇣

R

10�18

⌘ ✓
F
BB

/F

0.07

◆
3/2

(✏
BB

Y )�3/2. (8)

This estimate is similar to the one made by Thompson et al.
(2007) who used the Amati et al. (2002) relation and as-
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Figure 2. Left panel: Fraction of thermal flux to total flux, F
BB

/F . The ratio initially increases from approximately 1% to 10% and

then decreases. The grey points correspond to the time resolution used in (Axelsson et al. 2012). The solid (open) circles correspond to

a significance of the thermal component of

>⇠ 5� (3�). Right panel: Blackbody component: its normalisation, R (squares/ blue), and its

temperature (circles/ black). While the temperature decays as a broken power law, the R parameter increases as a single power law,

without any obvious breaks.

energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ r

NT

/2c�2, where r
NT

is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏
ad

=
⇣
r
ph

r
s

⌘�2/3

=
F
BB

F
NT

(1)

where r
s

is the saturation radius after which the � of the
flow coasts with a constant value, F

BB

is the blackbody en-
ergy flux, and F

NT

is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, F

BB

,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.
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Figure 1. Composite light curve of GRB110721A. (a)–(d) Count light curves from different energy ranges (NaI 6, 7, 9, 11, and BGO 1 detectors). (e) Individual LAT
photons. Time intervals are indicated by green lines; the red line shows the trigger time. Filled circles in (e) indicate >90% probability of association with the GRB.
The time is relative to the GBM trigger.
(A color version of this figure is available in the online journal.)

received. The peak of the energy flux over the energy range
8 keV–1 GeV occurs at 0.3 s relative to the GBM trigger with
(5.7 ± 0.2) × 10−5 erg s−1 cm−2.

In Figure 1 we also present the light curve of the LAT
Low Energy events (LLE, 30–130 MeV). The LLE data are
produced from a non-standard LAT analysis which for bright
sources provides large effective area at low energies, joining the
LAT and GBM energy ranges (Pelassa 2011). An observation-
specific response matrix is generated for each time range of data
using a Monte Carlo simulation of the LAT, which increases
the spectral capabilities of the Fermi data. We note that the
LLE light curve for this burst is peculiar since it peaks before,
and its duration is significantly shorter than, the GBM light
curve, in contrast to what is typically observed in other bursts
(Fermi LAT Collaboration, in preparation). Finally, in Figure 1
we explicitly show the NaI light curve in the narrow energy
range of 8–100 keV. Interestingly, at these energies the light
curve differs in that a second peak appears at ∼2 s. These facts
will be discussed further in Section 4.

We have performed a standard analysis with the RMfit 4.0
package (Mallozzi et al. 2005) using Time Tagged Event (TTE)
data from the NaI 6, 7, 9, 11, and the BGO 1 detectors. We also
include the LLE and LAT data.

3. SPECTRAL BEHAVIOR

A Band function fits the integrated emission poorly during
the pulse (−0.32 to 8.38 s). The Castor C-statistic (C-stat;
Arnaud et al. 2011) for the fit is 1078 for 618 degrees of freedom

(dof). Based on the earlier detection of a blackbody component
in other Fermi bursts (Ryde et al. 2010; Guiriec et al. 2011;
Burgess et al. 2011), we test whether the fit can be improved
by including a blackbody. The fit improves significantly to
C-stat/dof = 901/616 (corresponding to >5σ significance).
Compared to the Band-only fit, the peak energy of the time-
integrated Band function shifts from Ep = 1120 ± 60 keV to
2400 ± 170 keV. Since the blackbody component is expected
to evolve (see analysis below and Ryde & Pe’er’s 2009) its
time-integrated spectrum is expected to be better characterized
by a multicolor blackbody (mBB; Pe’er & Ryde 2011). Using
such a component instead of the blackbody yields a significant
improvement of the fit C-stat/dof = 871/615. Our preferred fit
for the time-integrated spectrum is thus the Band + mBB model
as shown in Figure 2.

We also analyze the time-resolved spectra using data up to
130 MeV (i.e., the LLE data). In order to study the spectral evo-
lution we need a temporal resolution as high as possible. How-
ever, since the signal-to-noise ratio (S/N) then also decreases,
there is a trade off in our choice of binning. We require an S/N
of 40 in the most strongly illuminated GBM detector (NaI 9)
in the energy range 8.0–100 keV. This ensures that the spectral
fits are well constrained over the energy range where the black-
body component was found in the time-integrated spectrum.
This procedure divides the bursts into eight time bins which are
indicated in Table 1.

As for the time-integrated spectrum, we find that the addition
of a blackbody to the Band component improves the fit. In
the first seven bins the C-stat value decreases by a significant

3
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Jet parameters for BATSE bursts and for GRB 100507

ro generally increases 
and lies in between 
107 and 1010cm

 typically 
decreases

• Alternative interpretations: 
(i) Varying efficiency
(ii) High latitude emission
(iii) Varying photon starvation
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Conlusions

1. Band function is not the universal spectral shape.   
More complex spectra are needed with multiple components: 
photospheric emission, cut offs, and additional power laws

2. Observational appearance of the photosphere:

3. GRB jet properties are variable.  Over individual pulses  
decreases, while r0, and rsat increase. This causes the FBB and 
Ftot to have different temporal profiles

Planck spectrum     -     Broadened functions    -     BB+nonthermal 
2740 S. Iyyani et al.

Figure 1. Time-resolved spectrum for the time bin 2.2–2.7 s after the GBM
trigger. The spectrum is best modelled using a blackbody (kT ∼ 100 keV)
and the Band function (Ep ∼ 1 MeV).

and therefore photospheric emission is inevitable. The question is
only how strong it is and if it is detectable. In 1986, both Paczyński
(1986) and Goodman (1986) suggested a strong contribution of
photospheric emission in GRB spectra. But these models were not
appealing since the observed spectra appeared purely non-thermal.
However, later it was envisaged that the photospheric component
can also be accompanied by non-thermal, optically thin emission
(Mészáros et al. 2002). Thus, the Band component in bursts like
GRB 110721A is typically interpreted as being produced by a non-
thermal radiation process taking place in a separate zone in the flow,
typically at large distances from the photosphere (Mészáros et al.
2002; however, see Section 5).

An important consequence of having identified the photosphere
in the burst spectrum is that the properties of the flow at the pho-
tosphere can be determined (Pe’er et al. 2007; Ryde et al. 2010;
Guiriec et al. 2011, 2012; Hascoët, Daigne & Mochkovitch 2013).
As the properties of the flow, e.g. the burst luminosity and baryon
loading, vary during the burst the observed properties of the photo-
sphere will also vary. For instance, a varying Lorentz factor, !, was

observed in GRB 090902B, for which the value of ! initially dou-
bled before decreasing (Ryde et al. 2010). Indeed, many models of
GRBs, such as the internal shock model (Hascoët et al. 2013), and
the magnetar model (Metzger 2010) predict time varying Lorentz
factors.

Likewise, the distance from the central engine to the nozzle of
the jet, r0, can vary (see e.g. Ryde et al. 2010 for GRB 090902B).
The radius r0 represents the position from where the thermalized
fireball starts expanding adiabatically such that the Lorentz factor
of the outflow increases linearly with radius, !(r) ∝ r. Generally, r0

is assumed to have a value between the last stable orbit around the
black hole (e.g. ∼106 cm for a 10 M#; Rees & Mészáros 1994) and
the size of the core of the Wolf–Rayet progenitor star of typically
109–10 cm (Thompson, Mészáros & Rees 2007). Large values of r0

are suggested to be a consequence of shear turbulence and oblique
shocks from the core environment that prevent an adiabatic expan-
sion and acceleration. This in turn also suggests that it is possible
that r0 can vary with time during a burst depending on the nature of
the energy dissipation during the passage of the jet through the star.

In this paper, the temporal study of the flow parameters of
GRB 110721A shows that they vary significantly over the burst
duration. We discuss the basic observational properties in Section 2
and present the model used in Section 3. The calculated properties
are presented and discussed in Section 4. Finally, we comment on
the non-thermal, Band, component in Section 5. Discussion and
conclusions are given in Sections 6 and 7, respectively.

2 BA S I C C O N S I D E R ATI O N S O F T H E
G A M M A - R AY O B S E RVAT I O N S

The Fermi Gamma-ray Space Telescope observations of
GRB 110721A are presented in Axelsson et al. (2012) and in
GCN12187 and GCN12188 (Tierney & von Kienlin 2011; Vasileiou
et al. 2011). The Band component had an initial peak energy of
record breaking 15 ± 2 MeV, and decayed later as a power law. In
contrast to this behaviour the temperature of the blackbody compo-
nent decayed as a broken power law (fig. 3 in Axelsson et al. 2012
and Fig. 2 below).

Figure 2. Left-hand panel: fraction of thermal flux to total flux, FBB/F. The ratio initially increases from approximately 1 to 10 per cent and then decreases.
The grey points correspond to the time resolution used in Axelsson et al. (2012). The solid (open) circles correspond to a significance of the thermal component
of !5σ (3σ ). Right-hand panel: blackbody component: its normalization, R (squares/blue), and its temperature (circles/black). While the temperature decays
as a broken power law, the R parameter increases as a single power law, without any obvious breaks.
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