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Basic framework: the fireball model
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Paczyński 1986,  ApJL,  308,  47

Broadening due to geometrical effects

Blackbody

Paczyński 1986:
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 Single Planck function bursts

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

phase of burst 

Spectra from temporally resolved pulses observed 
by BATSE over the energy range 20-2000 keV.
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 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
out of 2200

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

Void of photons 

Rayleigh Jeans’ slope
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GRB100507

Ghirlanda et al. 2013

Fermi Gamma Ray Space Telescope
 Single Planck function bursts
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Void of photons 

Fermi Gamma Ray Space Telescope
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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)
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The narrowness of GRB spectra are equally as important as the hard  values 
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What do these bursts tell us?

1. Jet photosphere is detected! Photosphere has an 
effect on the formation of the GRB spectra.

2. Some spectra are pure blackbodies -> strong 
theoretical implications!

3. Some spectra are slightly broader than a BB,
but still optically thick -> broadening mechanisms 

4. Typical spectra are not this kind: Theoretical 
explanation.
  
5. Motivation to search for blackbodies in the data
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Multi component bursts
Band only               BB+pl

20 keV               1 MeV
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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 1990‘ies

Examples of multi-peaked spectra observed previous to Fermi:

Barat et al. 2000
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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
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Paradigm shift
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Interpretation
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Interpretation

1. Multi-zone emission: initially passive jets, 
Shocks, ICMART, synchrotron emission

2. Photospheric emission: including heated jets 
and geometrical effects
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Interpretation 1: Multiple Emission Zones
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Thermal Photophere, T 

Shock Synchrotron, S 

Photospheric Comptonization, PHC 

Shock pair-dominated Comptonization, C 

.  2 

BATSE 

GLAST 

=L/Mc 

Basic framework: the fireball model

Mészáros et al. (2000)
Guiriec+, Daigne+, Ryde+, Zhang+,  Axelsson+, 

Burgess+, McGlynn+, etc.

Need high time resolution, strong bursts, broad energy range

FERMI
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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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Two Emission zone - model 

Photosphere

Non-thermal emission

Photosphere
(Passive jet)  Thermal component - (quasi) Planck function (BB)

Above photosphere
(Optically thin) 

Non-thermal component - Band function 
                                        synchrotron, ICMART...

2 zone emission, various realisations
If below the saturation radius - strong black body
If above saturation radius - adiabatic cooling

Variable jet in GRB 110721A 2741

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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Magnetisation of the jet allows the ratio to vary (Daigne+ 2013, Zhang+ 2013)

Axelsson+12
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Interpretation 2: Photospheric emission
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Modification of Planck spectrum 

• Internal shocks
(Peer, Meszaros, Rees 06, Ryde+10, Toma+10, Ioka10) 

• Magnetic reconnection 
(Giannions 06, 08)

• Weak / oblique shocks
 (Lazzati, Morsonoi & Begelman 11, Ryde & Peer 11) 

• Collisional dissipation 
(Beloborodov 10,  Vurm, Beloborodov & Poutanen 11) 

Hea$ng	
  mechanism	
  below	
  the	
  photosphere	
  modifies	
  
the	
  Planck	
  spectrum

Emission from the photosphere is NOT seen as Planck !
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Pe’er 2008; Pe’er & Ryde 2011 Lundman,	
  Peer,	
  Ryde	
  2012

‘Limb darkening’ in relativistically expanding plasma;
Emission from the photosphere is NOT seen as Planck !

Modification of Planck spectrum 
Geometrical broadening: ‘photosphere’ is NOT a single radius, 

but is 3-dimensional
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Observed spectral width & Evolution
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Dissipation at optical depth  = 10

Planck function

Emerging photon 
spectrum

Synchrotron emission

Comptonization

Modelling of GRB090902B with 
subphpotospheric dissipation Ryde+10
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Another interesting example: GRB110920A

Band function fits

Iyyani & Ryde (in prep.)
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Band function fits

Spectral Width

Blackbody
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Another interesting example: GRB110920A

Band function fits

Iyyani & Ryde (in prep.)
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GRB110920

McGlynn et al. 2012

Two component fit 

Burgess et al. 2013

Band + BB Synchrotron + BB
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GRB110920

McGlynn et al. 2012

Two component fit 

Burgess et al. 2013

Band + BB Synchrotron + BB

Best fit: Thermal Comptonization from a localised dissipation at 
~10 occurring close to the saturation radius Iyyani & Ryde (in prep.)

Single component fit 

Monday, 22 September 14



GRB110920

McGlynn et al. 2012

Two component fit 

Burgess et al. 2013

Band + BB Synchrotron + BB

Favours pure photospheric emission - 
including dissipation

Best fit: Thermal Comptonization from a localised dissipation at 
~10 occurring close to the saturation radius Iyyani & Ryde (in prep.)

Single component fit 
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2 zone emission Photosphere

GRB110920
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2 zone emission Photosphere

GRB110920
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2 zone emission Photosphere

GRB110920
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2 zone emission Photosphere

GRB110920

Depending on the dissipation many spectral shapes can be produced 
including double breaks and pure Band functions
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Observable to discriminate between 
interpretations:
Polarisation

Synchrotron emission 
easily polarised
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Observable to discriminate between 
interpretations:
Polarisation

Synchrotron emission 
easily polarised

Is the photosphere polarised?

•Opacity dominated by scattering
•Photon field in the local comoving 
frame is anisotriopic
•Symmetry must be broken
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Synchrotron emission 
easily polarised

Is the photosphere polarised?

•Opacity dominated by scattering
•Photon field in the local comoving 
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Natural way to break symmetry: 
Jet structure

Lundman, Pe’er, & Ryde 2014

1/
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Natural way to break symmetry: 
Jet structure

Lundman, Pe’er, & Ryde 2014

1/

 decreases
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Solving the polarised radiative transfer
Lundman, Pe’er & Ryde 2014
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Polarisation from the photosphere

Lundman, Pe’er, & Ryde 2014
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Sphinx small satellite proposal
Sweden Japan

Effective area ~95 cm2, ~ 100 GRBs per year
Field-of-view (~120°)
Energy range ~50 keV – ~300 keV
detect GRB polarisation ~25 GRBs per year

Localisation accuracy of 1 - 4°. 

Plastic scintillator of hexagonal (Eljen Technologies EJ-204)
BGO scintillator slabs
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Specifications
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Specifications
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Conclusions

The jet photosphere is important for the understanding of 
GRB emission

It dominates many bursts, maybe all!

Interpretations -multi zone emission -pure photospheric 
emission

Polarisations measurements are important!
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