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Bottom line:

‣ The emission mechanisms for GRBs are still unclear, but 
Fermi observations show that the photosphere plays an 
important role.

‣ The inclusion of the thermal component is the first step 
towards an understanding the physical origin of the 
prompt emission.

‣ Fermi provides evidence of subphotospheric 
heating (Photosphere       Planck function)

We need time resolved spectroscopy!



GRBs: general properties

• Transient

• Very bright sources

• Observe ~1 per day

• Isotropically distributed on sky

• Cosmological distance (highest z~9)



Two phases: 
• The PROMPT phase: lasting ~ 100s 
mainly in the kev-MeV band;
• The AFTERGLOW phase lasting 
>3000s;
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...but spectra quite similar.



or

Gravitational potential energy → “Fireball”

(Mészáros 2006)

Γ ≈ few x 100
(Γ ≡ [1 – β2]-1/2, β ≡ v/c)



Thermal emission from the fireball

Paczyński 1986,  
ApJL,  308,  47

Broadening due to geometrical effects

Black body

Strong thermal component 
expected ~1 MeV and at 
1012	
  cm

1986:
Should there be thermal emission in GRBs?

Variability	
  >~10	
  ms
Cosmological	
  distances
Observed	
  Flux:	
  ~10-­‐7	
  -­‐	
  10-­‐4	
  erg	
  cm-­‐2	
  s-­‐1

Typical	
  observed	
  energy:	
  <~	
  MeV

Goodman (1986), Paczyński (1986), Thomson (1994) etc.

Fireball model, 
high optical depths
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The emission from the photosphere 
is not Planckian

- Subphotospheric dissipation (Rees 
& Mészáros 2005, Pe’er et al 2006 
Daigne & Mochkovitch (2002), 
Giannios (2007) and Lazzati (2009), 
Beloborodov 2011)

- Geometrical effects (Pe’er 2008, 
Lundman et al. 2012)

because of entrainment, or because of the oblique shocks that
occur when the jet is initially poorly collimated (as exemplified
in numerical calculations of collapsar models, such as in Zhang
&Woosley [2004], where in effect r0k108 cm). The initial ref-
erence temperature T0 is correspondingly lower. (Another effect
that could change the reference temperature is if the inner jet is
Poynting dominated, so that only a small fraction of the flux is in
the radiation. In this case, pairs can be even more dominant inside
rs. There could be modifications to the outflow dynamics if the
field were tangled and did not obey the straightforward Bernoulli
equation for a relativistic gas [cf. Heinz & Begelman 2000].)

Dissipation need not necessarily lead to pair formation. For
example, in a ‘‘slow heating’’ scenario (such as that in Ghisellini
& Celotti 1999), the accelerated particles, and the photons as-
sociated with them, could all have energies substantially below
!0.5MeV. Dissipation would then not enhance the photospheric
radius, but, even so, as indicated above, the characteristic pho-
ton energies and photospheric luminosity could be substantially
boosted over what their adiabatic values would have been.

An important feature of the model is that millisecond varia-
tions, either at the photosphere or due to internal shocks farther
out, may still be traced back to irregularities in the jet boundary
at r0, since the characteristic timescale for a nozzle of opening
half-angle !j is tvar ! r0!j/c, rather than r0 /c itself, which can be
less than 1 ms even if r0 is of the order 10

8 cm. If internal shocks
are to develop, they must be induced by unsteady conditions
near the base of the jet (resulting in changes in " and the sat-
uration Lorentz factor). While for the usual minimum variabil-
ity timescale tvar ! r0 /c shocks would develop above the line
marked rsh in Figure 1, for tvar ! r0!/c the shocks can form at
radii rsh, j , a factor !j smaller than that for the spherical case; see
Figure 1. Dissipation at such or smaller radii is also possible,
e.g., in the case of oblique shocks induced by irregularities in
the walls of the jet, during the collimation of an initially poorly
collimated jet, or in the case of dissipation due to magnetic
reconnection.

Note also that any variability at r0 would alter the conditions
at the photosphere (and the value of the photospheric radius).
Moreover, the photospheric changes can be rapid. Obviously
this is true if the photosphere lies below the saturation radius;
however, this condition is not necessary, and provided that the
photospheric radius is within " 2r0, there is no smearing of var-
iability on any timescale down to r0 /c. We would therefore, ge-
nerically, expect an internal shock to be slightly preceded by a
change in the luminosity of the thermal component (and in Epk).
Indeed, one is led to conjecture that rapid variations in the
photosphere could be at least as important as the associated
internal shocks in causing rapid variability in GRBs. In contrast
to shocks, variations in the photospheric emission could as read-
ily account for a short dip as for a short peak. Detailed evidence
of spectral softening during both the rise and fall of individual
subpulses (cf. Ryde 2004) could clarify the relative contributions
of these effects.

4. SPECTRUM FORMATION

When dissipation occurs, one expects the photospheric spec-
trum to be ‘‘gray’’ rather than an accurate blackbody, because
there would not (except near the base of the jet) be processes
capable of producing the new photons appropriate to a black-
body with the enhanced energy density. All photons emerging
from the photosphere, however, will have undergone multiple
scatterings. In the case of shock dissipation, a power-law rela-
tivistic electron energy distributionmay be formed, whichwould
upscatter the thermal photons into a power-law photon distri-

bution whose index is similar to that of synchrotron radiation,
with pair formation being possible at comoving energieskmec

2.
At the pair photosphere the comoving inverse Compton cooling
time is t 0IC ! 4 ; 10"3L51#2d;"1$

"2%"1
e;3 s, while the dynamic time

is t 0dyn ! 3 ; 101L51#d;"1$"1""4
2 s. The interplay between the

electron and photon distributions requires a detailed analysis and
is discussed in A. Pe’er et al. (2005, in preparation). For a slow
heating scenario, such as that of Ghisellini & Celotti (1999) but
with the added feature of dissipation (e.g., from magnetic recon-
nection or from multiple shocks and/or magnetohydrodynamic
[MHD] turbulence behind them), one expects the electrons to be
heated tomoremodest values, say%e P few, but the electronsmight
get reheated every Compton cooling time. In this case pair for-
mation is at best modest (A. Pe’er et al. 2005, in preparation), so
the effects outside the baryonic photosphere are not significant.
If slow dissipation occurs at or below the baryonic photosphere,
where pair formation is suppressed, the inverse Compton (IC)
cooling time is t 0IC! 10"4L51$

"1%"1
e;0:5""4

2 s, while the dynamic
time is t 0dyn! 2 ; 10"1L51$"1""4

2 s. The dissipative baryonic pho-
tosphere thermal peak is at 3kT%;b! 20L"1=2

51 #1=4d;"1$
1=2"2

2 keV,
which (depending on %e) may get upscattered by factors!1–10.
The schematic shape of the spectrum is given in Figure 3 (cf.
Pe’er et al. 2005; A. Pe’er et al. 2005, in preparation), showing
the original quasi-thermalWien component, the upscattered photo-
spheric component resulting from subphotospheric dissipation
and Comptonization, and a possible additional synchrotron com-
ponent from shocks outside the photosphere. The peak frequency
scales with the amount of dissipation according to a power law
that depends on howmany new photons are produced. (The pho-
ton production depends on the radial dependence of the dissi-
pation and on the detailed dissipation mechanism.)
The dependence of the spectral peak energy on the burst pa-

rameters, as observed in a given energy range by a given instru-
ment, depends on the specific mechanism responsible for the
spectrum in that energy range. In the Burst and Transient Source
Experiment (BATSE) and BeppoSAX energy range (roughly
20 keV to 0.5 MeV), there is a quantitative relationship ob-
served between the spectral peak energy Epk and the isotropic-
equivalent luminosity of the burst in that energy range, Liso
(which requires a knowledge of the redshift of the burst). This

Fig. 3.—Schematic comoving frame spectrum showing the photospheric
(thermal) spectrum and its Comptonized component, as well as a shock syn-
chrotron component (assumed to arise farther out). This is the generic spectrum
characterizing a slow dissipation model (see text). Shocks with pair formation
could lead to an additional component at higher energies.
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Spectra from temporally resolved pulses observed by BATSE over the energy range 20-2000 keV.
Spectral fit: Black body combined with a power law:

– 5 –

the same time, and the elucidation of the radiation process has not yet given a convincing

answer. The best data for these investigations is still the BATSE sample from the Compton
Gamma-Ray Observatory, which allows the analysis of spectra on short time scales over a
spectral range of two order of magnitude above ∼ 25 keV. Here, we focus on the study of

individual pulse structures within a GRB light curves, since these are the basic constituents
of GRB light curve (Band et al. 1993). We select our sample from bursts in the Kaneko

spectral catalogue (Kaneko et al. 2006). In order for a burst to be selected into our sample
it is required to have a single or a couple of distinct pulses, which do not overlap each other

significantly. Furthermore, we use a signal-to-noise ratio of more than 25 for the spectral
analysis, which consequently determines the number and width of the individual time bins
that are analyzed. The pulses are then required to have enough time bins for our temporal

analysis to be meaningful, implying more than six time bins over the analyzed duration. We
also focus here only on the category of long bursts, longer than 2 seconds (Kouveliotou et al.

1993; Horváth et al. 2006). Our sample then consists of 49 pulses in 48 bursts (2 pulses are
analyzed in BATSE trigger 2083). In addition to the complete sample of individual pulses,
in order to demonstrate the robustness of our analysis method, we added to our sample eight

bright bursts which have complex light curves with several heavily overlapping pulses. These
are presented to illustrate the temporal behavior of the thermal component over the whole

burst rather than only over a single pulse. The only requirement for these additional bursts
is their brightness. The sample here is used for demonstration purposes, and a full sample

of such bursts will be published elsewhere. In total we thus present the analysis of 56 long
bursts, for which good time resolved spectra exist. The full sample is presented in Table 1.

In the investigation below we follow the analysis by Ryde (2004, 2005) in which the
background-subtracted photon spectra, NE(E, t), are fitted by a Planck function combined

with a power-law:

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

exp[E/kT (t)] − 1
+ B(t) Es = A(t) [kT ]2

x2

(ex − 1)
+ B(t) Es, (1)

where x ≡ E/kT , kT is the color temperature of the blackbody, and k is Boltzmann’s
constant. The fitted parameters are thus the blackbody normalization A(t), temperature

T (t), power-law index, s(t) and its normalization, B(t). The quality of the fit is given by a
reduced χ2

ν-value. In this paper, we restrict our study to the thermal component, since it
is the best constrained component and has a direct physical meaning (see §4 below). The

non-thermal component is approximated by a single power-law over the analyzed energy
range (25 -1900 keV). This assumption is, of course, too simplified. Nontheless it can be

justified over the limited BATSE energy band. We further discuss this assumption in §4.5
below; however a full, comprehensive study of the non-thermal component will be presented

in a future paper.

in time. The nonthermal emission component, which is parameter-
ized by a power-law photon index s ! d logNE/d log E, where
NE is the photon flux, exhibits a typical decrease in s from ap-
proximately "1.5 to approximately "2. Other behaviors do oc-
casionally exist (see F. Ryde et al. 2006, in preparation). These
results also hold for bursts that are consistent with optically thin
synchrotron emission, in the sense that spectral fits with a broken-
power-law function give a low-energy power law photon index
that is smaller (softer) than ! ¼ "2/3.

Such thermal-nonthermal hybrid emission is indeed common
in astrophysical sources and is a natural consequence of heating
of a background plasma and acceleration of particles. This is, for
instance, typical for solar flares, accretion disks, and clusters of
galaxies (see, e.g., Petrosian & Liu 2004). In the case of GRBs,
the thermal component is thought to stem from the fireball pho-
tosphere, while the nonthermal component stems from acceler-
ated electrons beyond the photospheric radius, in the optically
thin region. We denote this model as the photosphere model since
the main feature of it, its energy flux peak, and its spectral evolu-
tion are given by the thermal component. This certainly emanates
from the photosphere,where the optical depth is unity, even though
the finally observed emission can be altered due to scattering and
diffusion effects.

If we are indeed observing photospheric, thermal emission,
as suggested by the analyses above, this simplifies the physical
interpretation since we are detecting the fireball and its evolution
directly. This is in contrast to the internal shocks that give us
indirect information through the dissipation processes, randomly
distributed throughout the fireball wind, which by necessity com-
plicates the interpretation. However, the origin of the thermal
component and its observed evolution are not obvious. Strong
photospheric components were predicted in the spectra of GRBs,
in kinetic models by Mészáros, & Rees (2000), Mészáros et al.
(2002), Daigne &Mochkovitch (2002), and Ryde (2004), and in
Poynting-flux-dominated models by, e.g., Drenkhahn & Spruit
(2002). More recently, discussions on various scenarios and
theoretical aspects have been given by, e.g., Rees & Mészáros
(2005), Thompson (2006), Thompson et al. (2006), and A. Pe’er
et al. (2006, in preparation). In this paper we assume that the ther-
mal component is predominantly from close to the photosphere
and that the evolution we detect is mainly due to changes in the

properties of the photosphere. First, we discuss the observational
and statistical significance of the thermal fits in x 2. We then dis-
cuss some basic properties of the fireball evolution that we can
learn from the observed "-ray behavior in x 3 and derive several
of the correlations that have been observed for bursts.We discuss
our results in x 4 and comment on alternative models.

2. OBSERVATIONAL MOTIVATION FOR THE
PHOTOSPHERE MODEL

The photosphere model, which combines a Planck spectrum
(see Appendix A) with a power law, NE / Es, is an alternative
way offitting the observed GRB spectra, as compared to the com-
monly used Band et al. (1993) function. The latter function con-
sists of two power laws, exponentially connected at the break
energy. These two models therefore have the same number of pa-
rameters: temperature, power-law slope and two normalizations
compared to two power-law slopes, a peak energy, and a nor-
malization. The two alternative fitting functions often give simi-
larly good fits to the data. However, the use of the photosphere
model will lead to several important changes in the interpretation
of the spectra and their evolution. First we discuss the signifi-
cance of the fits and later discuss the change in interpretation.

2.1. Significance of the Hard Spectral Slopes

Since synchrotron emission is a very efficient radiation mech-
anism and is successful in describing the afterglows of GRBs
(e.g., Piran 2000), it has often been assumed that it can exclu-
sively describe the prompt phase aswell (Katz 1994; Tavani 1996).
The main observational question is therefore whether the hard,
subpeak slopes that have been detected are statistically incom-
patible with such an interpretation. An optically thin synchrotron
model with the electrons having an isotropic distribution of pitch
angles yields a subpeak power law with index ! < "2/3 in the
slow-cooling regime and"3/2 in the fast-cooling regime. To an-
swer this question, we revisit the burst of GRB 930214 (BATSE
trigger 2193), which was thermal throughout its duration (Ryde
2004). Time-resolved spectra from two different times are shown
in Figure 1, where the spectra are plotted in EFE ! E 2NE, with
FE being the energy flux. The best fit is foundwith a Planck func-
tion. The averaged, reduced #2 value for all 40 time-resolved

Fig. 1.—Spectra with hard subpeak slopes. Shown are two time-resolved spectra fromGRB 930214 (BATSE trigger 2193) from 6 and 40 s after the trigger (subsecond
integration time). Note that the spectra are fittedwell with a Planck function, both in the Rayleigh-Jeans portion of the spectrumwith! ¼ þ1 and in theWien portionwith a
fast voidance offlux. The temperature has changed between themeasurements (see alsoRyde 2004). The spectral data points have been rebinned to a higher S/N to increase
clarity. The original energy resolution is kept in the fitting and in the residual plots.
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spectra fitted with the Planck function, which varies in temper-
ature and amplitude, is h!2

"i ¼ 0:998 for 4687 degrees of freedom
(dof ), leading to a statistical probability value ( p-value) of 0.53.
The spectrum in the left-hand panel in Figure 1 is shown as a typ-
ical example and has !2

"(dof ) ¼ 0:857(109) with p ¼ 0:86. Fit-
ting this spectrum with a synchrotron spectrum with a subpeak
slope of # ¼ "2/3 (one additional parameter) yields !2

"(dof ) ¼
1:29(108) with p ¼ 0:02. These p-values show unequivocally
that the Planck function gives a significantly better fit, even in
spite of the fact that it has one parameter less.

Because the optically thin synchrotron value of # ¼ "2/3 is
the asymptotic value of the power-law slope, the finite energy
range of the observations could have an effect. Another way of
quantifying the hardness of the subpeak emission is therefore to
measure the tangential slope at the lowest possible energy to
place a lower limit on the asymptotes. Since the # -index of the
Band et al. (1993) function is determined at E ¼ 0 (the asymp-
tote), the actual low-energy power law indices represented by
data with a finite energy range will always be softer (smaller) than
the # determined from the fit. Therefore, the actual low-energy
spectral behavior of the data can bemore accurately described by
an ‘‘effective’’ # (# eA) (Preece et al. 1998; Kaneko et al. 2006).

The # eA is the logarithmic tangential slope of the fitted Band
function at 25 keV, which is the lower energy bound of the
BATSE Large Area Detectors (LADs). Because # eA < # for
most# -values, if# eA significantly exceeds the synchrotron value,
the asymptotic low-energy power law (outside the data energy
range) will most likely have an index that also violates the syn-
chrotron limit. Moreover, as an alternative to the Band et al.
(1993) function, a smoothly broken power law (SBPL) model
has been successfully used to fit GRB spectra (Preece et al. 1994;
Ryde 1999). This model consists of two power laws joined at a
certain energy, and a break scale (i.e., a curvature) is determined
at the break energy. Thus, unlike the # of the Band function, the
low-energy power law index (k1) of this model characterizes the
power law represented by the data, unless the break scale is un-
reasonably large and/or the break energy is very close to the lower
energy bound. When LAD data are analyzed with both models,
the # eA of the Band function and the k1 of the SBPL model are
found to be consistent, if both fits are reasonably good (Kaneko
et al. 2006). Therefore, by using either the# eA or k1 values, lower
limits on the asymptotic power laws can be imposed. Taking the
above-mentioned burst, GRB 930214 (trigger 2193), again as an
example, all time-resolved spectra within the burst resulted in

Fig. 2.—Four time-resolved spectra of GRB 970111 (trigger 5773) during the first 5 s of the burst. The numbers in the upper right-hand corner refer to the sequel
number of time bin used (see Fig. 13 in Ryde 2004). Note that the ordinate is given by E2/3NE, which for instance has the consequence that optically thin synchrotron
emission (# ¼ "2/3) will appear as a horizontal line in the plot. The low-energy slopes of these spectra are clearly significantly harder than this, which is also seen from the
analysis in the text.
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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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CGRO BATSE ERA (1994-2000)
Photospheric emission in BATSE bursts

Ryde 2004
(see also Ghirlanda et al. 2003)

Ryde 2005



The spectral peak is due to a peaked thermal component.

Temperature Evolution kT

Behavior of the thermal component:

Evolution of the normalization, A(t)

CGRO BATSE ERA (1994-2000)

Ryde & Pe’er 2009



The spectral peak is due to a peaked thermal component.

Temperature Evolution kT

Behavior of the thermal component:

Evolution of the normalization, A(t)

Distinct recurring behavior

CGRO BATSE ERA (1994-2000)

Ryde & Pe’er 2009



Predictions for Fermi based on BATSE results
Simulations using prelaunch models of the response: gtobsim

Battelino, Ryde, Omodei, & Longo (2007)
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Predictions for Fermi based on BATSE results
Simulations using prelaunch models of the response: gtobsim

Battelino, Ryde, Omodei, & Longo (2007)

BATSE 
energy range

NaI + BGO

BB+Band

Two components needed; a Band function 
and a BB Guiriec et al. 2010

GRB100724B

also seen in e.g. GRB090820A 
(Burgess et al. 2011)



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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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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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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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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fitting is made on the count data and is independent of this effect.
GRB 960530 is further discussed in the following section.
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distinctly different interpretations of the cause of the apparent, ob-
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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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Time resolved spectrum:

Time resolved spectra consist of two peaks, one at 30 keV and one at ~ MeV

Best fit model: Band function + Planck function

GRB 120323A

(Guiriec et al. 2012)
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Time resolved spectrum:

Time resolved spectra consist of two peaks,
one at 100 keV and one at ~ MeV

Best fit model:
Band function + 
Planck function

GRB 110721A

FRONT+

(Axelsson et al. 2012)
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GRB 110721A

cf. Lloyd & Petrosian (1998)

Peak energy evolution as a function of time

Exceptionally high peak energy 15 MeV
during initial time bin [-0.32: 0 s]

Importance of BGO and LLE data!



 Evolution different from Ep and normalization!

GRB 110721A
Significant temperature evolution 

Filled points: >5 detection of 
an extra (blackbody) 
component

Open points: ~3 detection of 
an extra (blackbody) 
component

Grey points: higher time 
resolution gives lower significance 
in each bin. However the 
characteristic trend is confirmed.



 

Temperature Normalization

Comparison to BATSE analysis:

Fermi: 

CGRO BATSE:

GRB110721
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Observables give physical parameters of outflow
Blackbody normalisation

Rapidly decelerating jet in GRB110721A 5

where σ is the Stefan-Boltzmann constant. Therefore, R =
2π c h̄

3/2
A(t)1/2, where h̄ is the Planck constant.

In Fig. 2 the observed normalisation of the blackbody
is plotted ontop of the temperature evolution (the shaded
curve) for GRB110721A. The figure shows that normali-
sation varies independently of temperature and increases
monotonically with time as R ∝ t

p, with p = 1±. This is
similar to the results found for BATSE bursts in Ryde (2004,
2005) and in Ryde & Pe’er (2009), where p was found to be
x± x.

The measured parameter R can be found to be

R = ξ
(1 + z)2

dL

rph

Γ
(4)

with an numerical coefficient, ξ of the order of unity, under
the assumption 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, assuming Γ >> 1/θj where θj is the jet opening
angle.

To interpret the meaning of R, we need an additional
relation between rph and Γ which is given by the fact that
optical depth of the flow, τhor equals unity at rph. The opac-
ity is typically assumed to be due to electrons associated
with the baryons in the outflow. Thus, the optical depth
due to electron scattering, is given by

τhor = σTn
�
l
�
hor, (5)

where σT is the Thompson optical depth and l
�
hor is the

horizontal length, that is, the distance travelled by a
photon within a shell of the flow during the dynamical
timescale and n

� is the electron number density given by
L0 Y /8πr2mpc

3Γ2
, where mp is the mass of the proton and

and L0 is the luminosity of the burst given by L0 = 4πd2LY F

where F is the total observed γ-ray flux and Y is given by
the ratio of total fireball energy and the energy emitted in
gamma rays, Pe’er et al. (2007). Therefore

rph =
L0σT

8πΓ3mpc
3

(6)

Equations (4, 6) show that R ∝ F/Γ4 and thus, Γ is
fully determined by the observables, F and R. An estimate
of rph then follows from equation (4).

These determinations are robust and depend only on
the assumptions that (i) rph is a baryonic photosphere and
(ii) the observed part of the flow is approximately spherical,
as well as on the factors Y and �BB. Unless Y and �BB are
varying significantly, the derived time variations of the flow
properties are thus:

Γ ∝
�
F

R

�1/4

Y
1/4 (7)

rph ∝
�
F

Γ3

�
Y (8)

Furthermore, the size of the base of the flow, the nozzle
radius r0, can be determined. Combining eqs. (4) and (1)
with the fact that rs = (Γ/Γ0) r0 then

r0

Γ0
∝ dL

(1 + z)2
R �

3/2
ad (�BB Y )−3/2 (9)

These calculations are valid only if rph > rs, which is
verified by following the check provided in Pe’er et al. (2007).

Ryde & Pe’er (2009) found reoccurring trends for the
blackbody component observed in xx smooth pulses using
the CGRO BATSE instrument. Among other results they
found that the parameter R in general increases as a power
law with index, while the parameter �ad remained approxi-
mately constant. Applying equation (9) to these trends (as-
suming that �−1

BB Y
−1 only varies moderately over the pulse)

implies that r0 should in general increase in all these bursts.
We conclude that an increase in r0 should be a general type
of behaviour for pulses in GRBs.

4 PROPERTIES OF THE PHOTOSPHERE IN
GRB110721A

For each time bin, we use the observables Tob, the fluxes,
FBB, F and R, to calculate the flow parameters Γ, rph and
r0 as well as rs. Since the redshift of the burst was not
measured, the outflow parameters are calculated for a time
resolved analysis of the spectrum of the burst for redshifts
z = 2, an average value for GRBs, and z = 0.382 and 3.512
assuming the association of the optical counterpart with the
GRB is true, and also by considering a flat universe (ΩΛ =
0.73, H0 = 71). The results are shown in Figure 3.

Y from Cenko?

4.1 Lorentz factor, Γ, of the outflow

The Lorentz factor is observed to decay monotonically with
time from an initial value of 1000 Y1/4 down to a few
100 Y1/4as depicted in Fig. 3a, where a redshift of z = 2
is assumed. Assuming a redshift of z = 0.382, instead, de-
creases the estimate value, e.g. Γmax,z=0.382 = 460 Y1/4

while a redshift of z = 3.152 increases the value, e.g.,
Γmax,z=3.152 = 1700 Y1/4.

A weak curvature in the power law fit exists, however
it is not very pronounced. A fit of a broken power law
yields The best fit is .

The decrease of the values of Γ = Γ(t) is not surprising
by realising the fact that R depends only on two parameters
burst luminosity and Lorentz factor throughR ∼ L0/Γ

4 and
the fact that R typically is observed to increase over a pulse.
For instance, Ryde & Pe’er (2009) showed that for most of
the bursts where a thermal component could be detected,
the normalisation of the blackbody component, R increases
as a power law, without a break at the pulse peak. Thus, for
R to steadily increase, even as the L0 decreases during the
decay phase of the pulse, the only option is that the Lorentz
factor of the outflow decreases with time, which is indeed
observed in GRB110721A. Such a decrease in Γ must there-
fore be a common over individual pulse structures, thereby
giving rise to the observed behaviours of R.

The decreasing Lorentz factor has a number of imme-
diate implications:

- 1: In the internal shock model, the need of increasing ef-
ficiency of radiation of GRB prompt emission, requires the
Lorentz factor distribution of the shells to be such that the
difference in Γ is systematically increased. This asks for the
Lorentz factor of the outflow on average to increase with
time. It has also been shown in Hascoët et al. (2013) that
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Figure 4. left The mass ejection rate, Ṁ/M⊙ given by L0/Γ, decreases gradually with time. right Isotropic equivalent burst luminosity,
L0, assuming a redshift, z = 2, decreases monotonously with time with no breaks.

the break in the evolution of r0, when it reaches the envelope
of the collaping star, gives rise to the break in the evolution
of kTob. This break is also reflected in the adiabatic loss
function, �ad. Thus, under the above discussed behaviours
of L0 and Γ in a flow, different behaviours of r0 can give rise
to different spectral behaviours in the evolution of kTob. If
r0 increases monotonously such that �ad is a constant, which
is mostly observed in BATSE bursts (Ryde & Pe’er (2009)),
would result in no breaks in kTob if only the decaying phase
of the pulse is considered. If the whole pulse is considered
then the break in kTob would be most likely due to the peak
in the total flux, F , see section 6.1.

The calculated value of r0 increases with redshift up to
z = 1, where it reaches a peak value and then the value of
r0 decreases very gradually with radius, see figure 5 where
the variation of the r0 value for the first bin is plotted for
different values of redshift.

4.4 Parameters: Y , �BB and Γ0

The calculations of the outflow parameters depend on cer-
tain unknown parameters such as Y , �BB and Γ0. However
these cannot be measured in the same way as the adiabatic
losses. The parameter, Y = E/L where E = Total energy
of the source per sec and L = 4πd2LF , observed energy in
gamma rays per sec, Pe’er et al. (2007). So, when we say
Y = 1, Cenko et al. (2010), it means the total energy of the
source is observed in gamma rays which in turn means the
kinetic energy of the outflow and the energy in magnetic
fields if any, is fully dissipated. The parameter Y can be
associated to the efficiency, fNT, of non-thermal dissipation
mechanism which in the paper is assumed to give rise to the
Band component detected in the spectrum, as follows

Y = (1− �ad)
1

fNT
(12)

The true value of the nozzle radius, R0, Guireic et al 2012,
is as follows

R0

Γ0
=

r0

Γ0
(1− �ad)

−3/2
�
fNT

�BB

�3/2
(13)

In section 4.3, it was shown that the nozzle radius, r0,
calculated assuming fNT/�BB = 1 shows a distinct evolu-
tion with time. The value of r0 in the first time bin, where
a blackbody component is detected, is nearly 6 × 105 cm,
which is a very low value. Assuming that this low value of
r0 suggests that we are looking deep in the flow, and thereby
associating this r0 to the Schwarzchild radius of the black
hole (BH) formed, we get the value of the mass of the black
hole formed to be 2M⊙ with an upper limit on the error to
be 5M⊙. Now, in the literature the mass of the stellar mass
black hole formed after collapse of a massive star is generally
assumed to be 5−10 M⊙, Paczyński (1998). Thus, assuming
the upper limit value of 5M⊙ to be the mass of the black
hole formed, we know its last stable orbit is 4.4 × 106 cm
which is much above than what we have in the first time
bin. So, by assuming the r0 to be initially this typical value,
we try to put an estimate on the parameters, Y and �BB.

By putting �BB = 1 and assuming the true value of the
fireball, R0, in the first bin to be 4.4 × 106 cm gives values
of fNT > 1, which is not possible. This suggests that to get
some realistic values of fNT, we need to have �BB < 1. For
R0 = 4.4× 106 cm and fNT = 1, we have �BB = 0.2. So any
value of �BB < 0.2 would give realistic values of fNT. For
example, when �BB = 0.1, fNT = 42%.

Thus, the requirements that fNT � 1 and R0 � 4.4×106

cm, tells that �BB should be less than or equal to 0.2 which
means that the entire energy released by the source initially
is not in the thermal form completely.

Following this analysis, if we consider �BB = 0.1 and
fNT = 42% giving Y = 2.4 throughout the burst, we get the
true fireball radius, R0 ∼ 9 × r0 which would then trans-
late the peak value of the nozzle radius to nearly 109 cm
which is generally the expected radius of the envelope of the
progenitor star.

5 BAND COMPONENT

The evolution of the power law indices of the Band function,
α and β, found from the fits of BB + Band show no dramatic
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and at the photospheric radius, rph the optical depth of the
flow becomes unity and the photons escape the plasma. The
observed temperature at the photosphere drops due to the
adiabatic losses. Thus, the key parameters of the outflow of
GRBs, in the fireball model, are the nozzle radius r0, satu-
ration radius, rs, photospheric radius, rph and the Lorentz
factor, Γ.

The emission from the photosphere contributing to the
over all spectrum is modelled with by a blackbody, which
has two free parameters: the temperature, T = T (t), of the
blackbody in keV and the normalisation, A(t) of the photon
flux:

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

2

exp[E/kT (t)]− 1
, (2)

where E is the photon energy and k is the Boltzmann con-
stant (8.617×10−8 keV/K). In the discussion below we rep-
resent the normalisation, A(t), by the parameter

R ≡
�

FBB

σSBT
4
ob

�1/2

, (3)

where σSB is the Stefan-Boltzmann constant. Therefore,
R = 2π c h̄

3/2
A(t)1/2, where h̄ is the Planck constant.

In Fig. 2 the observed normalisation of the blackbody
is plotted ontop of the temperature evolution (the shaded
curve) for GRB110721A. The figure shows that normali-
sation varies independently of temperature and increases
monotonically with time as R ∝ t

p, with p = 1.14 ± 0.15.
This is similar to the results found for BATSE bursts in
Ryde (2004, 2005) and in Ryde & Pe’er (2009), where p was
found to be x± x.

The measured parameter R can be found to be

R = ξ
(1 + z)2

dL

rph

Γ
(4)

with an numerical coefficient, ξ of the order of unity, under
the assumption 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, assuming Γ >> 1/θj where θj is the jet opening
angle.

To interpret the meaning of R, we need an additional
relation between rph and Γ which is given by the fact that
optical depth of the flow, τhor equals unity at rph. The opac-
ity is typically assumed to be due to electrons associated
with the baryons in the outflow. Thus, the optical depth
due to electron scattering, is given by

τhor = σTn
�
l
�
hor, (5)

where σT is the Thompson optical depth and l
�
hor is the hor-

izontal length, that is, the distance travelled by a photon
within a shell of the flow during the dynamical timescale and
n
� is the electron number density given by L0/8πr

2
mpc

3Γ2
,

where mp is the mass of the proton and and L0 is the lumi-
nosity of the burst given by L0 = 4πd2LY F where F is the
total observed γ-ray flux and Y is given by the ratio of total
fireball energy and the energy emitted in gamma rays, Pe’er
et al. (2007). Therefore

rph =
L0σT

8πΓ3mpc
3

(6)

Equations (4, 6) show that R ∝ F/Γ4 and thus, Γ is

fully determined by the observables, F , R, and distance. An
estimate of rph also follows from these equations.

These determinations are robust and depend only on
the assumptions that (i) rph is a baryonic photosphere and
(ii) the observed part of the flow is approximately spherical,
as well as on the factors Y and �BB. Unless Y and �BB are
varying significantly, the derived time variations of the flow
properties are thus:

Γ ∝
�
F

R

�1/4

Y
1/4 (7)

rph ∝
�
F

Γ3

�
Y (8)

Furthermore, the size of the base of the flow, the nozzle
radius r0, can be determined. Combining eqs. (4) and (1)
with the fact that rs = (Γ/Γ0) r0 then

r0

Γ0
∝ dL

(1 + z)2
R �

3/2
ad (�BB Y )−3/2 (9)

These calculations are valid when rph > rs, which is the
case in GRB110721A, see section 2.2.

Ryde & Pe’er (2009) found reoccurring trends for the
blackbody component observed in xx smooth pulses using
the CGRO BATSE instrument. Among other results they
found that the parameter R in general increases as a power
law with index, while the parameter �ad remained approxi-
mately constant. Applying equation (9) to these trends (as-
suming that �−1

BB Y
−1 only varies moderately over the pulse)

implies that r0 should in general increase in all these bursts.
We conclude that an increase in r0 should be a general type
of behaviour for pulses in GRBs.

4 PROPERTIES OF THE PHOTOSPHERE IN
GRB110721A

For each time bin, we use the observables Tob, the fluxes,
FBB, F and R, to calculate the flow parameters Γ, rph and
r0 as well as rs. Since the redshift of the burst was not
measured, the outflow parameters are calculated for a time
resolved analysis of the spectrum of the burst for redshifts
z = 2, an average value for GRBs, and z = 0.382 and 3.512
assuming the association of the optical counterpart with the
GRB is true, and also by considering a flat universe (ΩΛ =
0.73, H0 = 71). The results are shown in Figure 3.

Y from Cenko?

4.1 Lorentz factor, Γ, of the outflow

The Lorentz factor is observed to decay monotonically with
time from an initial value of 1000 Y1/4 down to a few
100 Y1/4as depicted in Fig. 3a, where a redshift of z = 2
is assumed. Assuming a redshift of z = 0.382, instead, de-
creases the estimate value, e.g. Γmax,z=0.382 = 460 Y1/4

while a redshift of z = 3.152 increases the value, e.g.,
Γmax,z=3.152 = 1700 Y1/4.

A weak curvature in the power law fit exists, however it
is not very pronounced. A fit of a broken power law yields.
The best fit is with break at 2.11±0.24 s with higher spectral
slope given by −0.81 ± 0.06 and lower spectral slope given
by −0.41± 0.04.

The decrease of the values of Γ = Γ(t) is not surprising
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and at the photospheric radius, rph the optical depth of the
flow becomes unity and the photons escape the plasma. The
observed temperature at the photosphere drops due to the
adiabatic losses. Thus, the key parameters of the outflow of
GRBs, in the fireball model, are the nozzle radius r0, satu-
ration radius, rs, photospheric radius, rph and the Lorentz
factor, Γ.

The emission from the photosphere contributing to the
over all spectrum is modelled with by a blackbody, which
has two free parameters: the temperature, T = T (t), of the
blackbody in keV and the normalisation, A(t) of the photon
flux:

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

2

exp[E/kT (t)]− 1
, (2)

where E is the photon energy and k is the Boltzmann con-
stant (8.617×10−8 keV/K). In the discussion below we rep-
resent the normalisation, A(t), by the parameter

R ≡
�

FBB

σSBT
4
ob

�1/2

, (3)

where σSB is the Stefan-Boltzmann constant. Therefore,
R = 2π c h̄

3/2
A(t)1/2, where h̄ is the Planck constant.

In Fig. 2 the observed normalisation of the blackbody
is plotted ontop of the temperature evolution (the shaded
curve) for GRB110721A. The figure shows that normali-
sation varies independently of temperature and increases
monotonically with time as R ∝ t

p, with p = 1.14 ± 0.15.
This is similar to the results found for BATSE bursts in
Ryde (2004, 2005) and in Ryde & Pe’er (2009), where p was
found to be x± x.

The measured parameter R can be found to be

R = ξ
(1 + z)2

dL

rph

Γ
(4)

with an numerical coefficient, ξ of the order of unity, under
the assumption 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, assuming Γ >> 1/θj where θj is the jet opening
angle.

To interpret the meaning of R, we need an additional
relation between rph and Γ which is given by the fact that
optical depth of the flow, τhor equals unity at rph. The opac-
ity is typically assumed to be due to electrons associated
with the baryons in the outflow. Thus, the optical depth
due to electron scattering, is given by

τhor = σTn
�
l
�
hor, (5)

where σT is the Thompson optical depth and l
�
hor is the hor-

izontal length, that is, the distance travelled by a photon
within a shell of the flow during the dynamical timescale and
n
� is the electron number density given by L0/8πr

2
mpc

3Γ2
,

where mp is the mass of the proton and and L0 is the lumi-
nosity of the burst given by L0 = 4πd2LY F where F is the
total observed γ-ray flux and Y is given by the ratio of total
fireball energy and the energy emitted in gamma rays, Pe’er
et al. (2007). Therefore

rph =
L0σT

8πΓ3mpc
3

(6)

Equations (4, 6) show that R ∝ F/Γ4 and thus, Γ is

fully determined by the observables, F , R, and distance. An
estimate of rph also follows from these equations.

These determinations are robust and depend only on
the assumptions that (i) rph is a baryonic photosphere and
(ii) the observed part of the flow is approximately spherical,
as well as on the factors Y and �BB. Unless Y and �BB are
varying significantly, the derived time variations of the flow
properties are thus:

Γ ∝
�
F

R

�1/4

Y
1/4 (7)

rph ∝
�
F

Γ3

�
Y (8)

Furthermore, the size of the base of the flow, the nozzle
radius r0, can be determined. Combining eqs. (4) and (1)
with the fact that rs = (Γ/Γ0) r0 then

r0

Γ0
∝ dL

(1 + z)2
R �

3/2
ad (�BB Y )−3/2 (9)

These calculations are valid when rph > rs, which is the
case in GRB110721A, see section 2.2.

Ryde & Pe’er (2009) found reoccurring trends for the
blackbody component observed in xx smooth pulses using
the CGRO BATSE instrument. Among other results they
found that the parameter R in general increases as a power
law with index, while the parameter �ad remained approxi-
mately constant. Applying equation (9) to these trends (as-
suming that �−1

BB Y
−1 only varies moderately over the pulse)

implies that r0 should in general increase in all these bursts.
We conclude that an increase in r0 should be a general type
of behaviour for pulses in GRBs.

4 PROPERTIES OF THE PHOTOSPHERE IN
GRB110721A

For each time bin, we use the observables Tob, the fluxes,
FBB, F and R, to calculate the flow parameters Γ, rph and
r0 as well as rs. Since the redshift of the burst was not
measured, the outflow parameters are calculated for a time
resolved analysis of the spectrum of the burst for redshifts
z = 2, an average value for GRBs, and z = 0.382 and 3.512
assuming the association of the optical counterpart with the
GRB is true, and also by considering a flat universe (ΩΛ =
0.73, H0 = 71). The results are shown in Figure 3.

Y from Cenko?

4.1 Lorentz factor, Γ, of the outflow

The Lorentz factor is observed to decay monotonically with
time from an initial value of 1000 Y1/4 down to a few
100 Y1/4as depicted in Fig. 3a, where a redshift of z = 2
is assumed. Assuming a redshift of z = 0.382, instead, de-
creases the estimate value, e.g. Γmax,z=0.382 = 460 Y1/4

while a redshift of z = 3.152 increases the value, e.g.,
Γmax,z=3.152 = 1700 Y1/4.

A weak curvature in the power law fit exists, however it
is not very pronounced. A fit of a broken power law yields.
The best fit is with break at 2.11±0.24 s with higher spectral
slope given by −0.81 ± 0.06 and lower spectral slope given
by −0.41± 0.04.

The decrease of the values of Γ = Γ(t) is not surprising
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and at the photospheric radius, rph the optical depth of the
flow becomes unity and the photons escape the plasma. The
observed temperature at the photosphere drops due to the
adiabatic losses. Thus, the key parameters of the outflow of
GRBs, in the fireball model, are the nozzle radius r0, satu-
ration radius, rs, photospheric radius, rph and the Lorentz
factor, Γ.

The emission from the photosphere contributing to the
over all spectrum is modelled with by a blackbody, which
has two free parameters: the temperature, T = T (t), of the
blackbody in keV and the normalisation, A(t) of the photon
flux:

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

2

exp[E/kT (t)]− 1
, (2)

where E is the photon energy and k is the Boltzmann con-
stant (8.617×10−8 keV/K). In the discussion below we rep-
resent the normalisation, A(t), by the parameter

R ≡
�

FBB

σSBT
4
ob

�1/2

, (3)

where σSB is the Stefan-Boltzmann constant. Therefore,
R = 2π c h̄

3/2
A(t)1/2, where h̄ is the Planck constant.

In Fig. 2 the observed normalisation of the blackbody
is plotted ontop of the temperature evolution (the shaded
curve) for GRB110721A. The figure shows that normali-
sation varies independently of temperature and increases
monotonically with time as R ∝ t

p, with p = 1.14 ± 0.15.
This is similar to the results found for BATSE bursts in
Ryde (2004, 2005) and in Ryde & Pe’er (2009), where p was
found to be x± x.

The measured parameter R can be found to be

R = ξ
(1 + z)2

dL

rph

Γ
(4)

with an numerical coefficient, ξ of the order of unity, under
the assumption 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, assuming Γ >> 1/θj where θj is the jet opening
angle.

To interpret the meaning of R, we need an additional
relation between rph and Γ which is given by the fact that
optical depth of the flow, τhor equals unity at rph. The opac-
ity is typically assumed to be due to electrons associated
with the baryons in the outflow. Thus, the optical depth
due to electron scattering, is given by

τhor = σTn
�
l
�
hor, (5)

where σT is the Thompson optical depth and l
�
hor is the hor-

izontal length, that is, the distance travelled by a photon
within a shell of the flow during the dynamical timescale and
n
� is the electron number density given by L0/8πr

2
mpc

3Γ2
,

where mp is the mass of the proton and and L0 is the lumi-
nosity of the burst given by L0 = 4πd2LY F where F is the
total observed γ-ray flux and Y is given by the ratio of total
fireball energy and the energy emitted in gamma rays, Pe’er
et al. (2007). Therefore

rph =
L0σT

8πΓ3mpc
3

(6)

Equations (4, 6) show that R ∝ F/Γ4 and thus, Γ is

fully determined by the observables, F , R, and distance. An
estimate of rph also follows from these equations.

These determinations are robust and depend only on
the assumptions that (i) rph is a baryonic photosphere and
(ii) the observed part of the flow is approximately spherical,
as well as on the factors Y and �BB. Unless Y and �BB are
varying significantly, the derived time variations of the flow
properties are thus:

Γ ∝
�
F

R

�1/4

Y
1/4 (7)

rph ∝
�
F

Γ3

�
Y (8)

Furthermore, the size of the base of the flow, the nozzle
radius r0, can be determined. Combining eqs. (4) and (1)
with the fact that rs = (Γ/Γ0) r0 then

r0

Γ0
∝ dL

(1 + z)2
R �

3/2
ad (�BB Y )−3/2 (9)

These calculations are valid when rph > rs, which is the
case in GRB110721A, see section 2.2.

Ryde & Pe’er (2009) found reoccurring trends for the
blackbody component observed in xx smooth pulses using
the CGRO BATSE instrument. Among other results they
found that the parameter R in general increases as a power
law with index, while the parameter �ad remained approxi-
mately constant. Applying equation (9) to these trends (as-
suming that �−1

BB Y
−1 only varies moderately over the pulse)

implies that r0 should in general increase in all these bursts.
We conclude that an increase in r0 should be a general type
of behaviour for pulses in GRBs.

4 PROPERTIES OF THE PHOTOSPHERE IN
GRB110721A

For each time bin, we use the observables Tob, the fluxes,
FBB, F and R, to calculate the flow parameters Γ, rph and
r0 as well as rs. Since the redshift of the burst was not
measured, the outflow parameters are calculated for a time
resolved analysis of the spectrum of the burst for redshifts
z = 2, an average value for GRBs, and z = 0.382 and 3.512
assuming the association of the optical counterpart with the
GRB is true, and also by considering a flat universe (ΩΛ =
0.73, H0 = 71). The results are shown in Figure 3.

Y from Cenko?

4.1 Lorentz factor, Γ, of the outflow

The Lorentz factor is observed to decay monotonically with
time from an initial value of 1000 Y1/4 down to a few
100 Y1/4as depicted in Fig. 3a, where a redshift of z = 2
is assumed. Assuming a redshift of z = 0.382, instead, de-
creases the estimate value, e.g. Γmax,z=0.382 = 460 Y1/4

while a redshift of z = 3.152 increases the value, e.g.,
Γmax,z=3.152 = 1700 Y1/4.

A weak curvature in the power law fit exists, however it
is not very pronounced. A fit of a broken power law yields.
The best fit is with break at 2.11±0.24 s with higher spectral
slope given by −0.81 ± 0.06 and lower spectral slope given
by −0.41± 0.04.

The decrease of the values of Γ = Γ(t) is not surprising
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where σ is the Stefan-Boltzmann constant. Therefore, R =
2π c h̄

3/2
A(t)1/2, where h̄ is the Planck constant.

In Fig. 2 the observed normalisation of the blackbody
is plotted ontop of the temperature evolution (the shaded
curve) for GRB110721A. The figure shows that normali-
sation varies independently of temperature and increases
monotonically with time as R ∝ t

p, with p = 1±. This is
similar to the results found for BATSE bursts in Ryde (2004,
2005) and in Ryde & Pe’er (2009), where p was found to be
x± x.

The measured parameter R can be found to be

R = ξ
(1 + z)2

dL

rph

Γ
(4)

with an numerical coefficient, ξ of the order of unity, under
the assumption 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, assuming Γ >> 1/θj where θj is the jet opening
angle.

To interpret the meaning of R, we need an additional
relation between rph and Γ which is given by the fact that
optical depth of the flow, τhor equals unity at rph. The opac-
ity is typically assumed to be due to electrons associated
with the baryons in the outflow. Thus, the optical depth
due to electron scattering, is given by

τhor = σTn
�
l
�
hor, (5)

where σT is the Thompson optical depth and l
�
hor is the

horizontal length, that is, the distance travelled by a
photon within a shell of the flow during the dynamical
timescale and n

� is the electron number density given by
L0 Y /8πr2mpc

3Γ2
, where mp is the mass of the proton and

and L0 is the luminosity of the burst given by L0 = 4πd2LY F

where F is the total observed γ-ray flux and Y is given by
the ratio of total fireball energy and the energy emitted in
gamma rays, Pe’er et al. (2007). Therefore

rph =
L0σT

8πΓ3mpc
3

(6)

Equations (4, 6) show that R ∝ F/Γ4 and thus, Γ is
fully determined by the observables, F and R. An estimate
of rph then follows from equation (4).

These determinations are robust and depend only on
the assumptions that (i) rph is a baryonic photosphere and
(ii) the observed part of the flow is approximately spherical,
as well as on the factors Y and �BB. Unless Y and �BB are
varying significantly, the derived time variations of the flow
properties are thus:

Γ ∝
�
F

R

�1/4

Y
1/4 (7)

rph ∝
�
F

Γ3

�
Y (8)

Furthermore, the size of the base of the flow, the nozzle
radius r0, can be determined. Combining eqs. (4) and (1)
with the fact that rs = (Γ/Γ0) r0 then

r0

Γ0
∝ dL

(1 + z)2
R �

3/2
ad (�BB Y )−3/2 (9)

These calculations are valid only if rph > rs, which is
verified by following the check provided in Pe’er et al. (2007).

Ryde & Pe’er (2009) found reoccurring trends for the
blackbody component observed in xx smooth pulses using
the CGRO BATSE instrument. Among other results they
found that the parameter R in general increases as a power
law with index, while the parameter �ad remained approxi-
mately constant. Applying equation (9) to these trends (as-
suming that �−1

BB Y
−1 only varies moderately over the pulse)

implies that r0 should in general increase in all these bursts.
We conclude that an increase in r0 should be a general type
of behaviour for pulses in GRBs.

4 PROPERTIES OF THE PHOTOSPHERE IN
GRB110721A

For each time bin, we use the observables Tob, the fluxes,
FBB, F and R, to calculate the flow parameters Γ, rph and
r0 as well as rs. Since the redshift of the burst was not
measured, the outflow parameters are calculated for a time
resolved analysis of the spectrum of the burst for redshifts
z = 2, an average value for GRBs, and z = 0.382 and 3.512
assuming the association of the optical counterpart with the
GRB is true, and also by considering a flat universe (ΩΛ =
0.73, H0 = 71). The results are shown in Figure 3.

Y from Cenko?

4.1 Lorentz factor, Γ, of the outflow

The Lorentz factor is observed to decay monotonically with
time from an initial value of 1000 Y1/4 down to a few
100 Y1/4as depicted in Fig. 3a, where a redshift of z = 2
is assumed. Assuming a redshift of z = 0.382, instead, de-
creases the estimate value, e.g. Γmax,z=0.382 = 460 Y1/4

while a redshift of z = 3.152 increases the value, e.g.,
Γmax,z=3.152 = 1700 Y1/4.

A weak curvature in the power law fit exists, however
it is not very pronounced. A fit of a broken power law
yields The best fit is .

The decrease of the values of Γ = Γ(t) is not surprising
by realising the fact that R depends only on two parameters
burst luminosity and Lorentz factor throughR ∼ L0/Γ

4 and
the fact that R typically is observed to increase over a pulse.
For instance, Ryde & Pe’er (2009) showed that for most of
the bursts where a thermal component could be detected,
the normalisation of the blackbody component, R increases
as a power law, without a break at the pulse peak. Thus, for
R to steadily increase, even as the L0 decreases during the
decay phase of the pulse, the only option is that the Lorentz
factor of the outflow decreases with time, which is indeed
observed in GRB110721A. Such a decrease in Γ must there-
fore be a common over individual pulse structures, thereby
giving rise to the observed behaviours of R.

The decreasing Lorentz factor has a number of imme-
diate implications:

- 1: In the internal shock model, the need of increasing ef-
ficiency of radiation of GRB prompt emission, requires the
Lorentz factor distribution of the shells to be such that the
difference in Γ is systematically increased. This asks for the
Lorentz factor of the outflow on average to increase with
time. It has also been shown in Hascoët et al. (2013) that
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Figure 4. left The mass ejection rate, Ṁ/M⊙ given by L0/Γ, decreases gradually with time. right Isotropic equivalent burst luminosity,
L0, assuming a redshift, z = 2, decreases monotonously with time with no breaks.

the break in the evolution of r0, when it reaches the envelope
of the collaping star, gives rise to the break in the evolution
of kTob. This break is also reflected in the adiabatic loss
function, �ad. Thus, under the above discussed behaviours
of L0 and Γ in a flow, different behaviours of r0 can give rise
to different spectral behaviours in the evolution of kTob. If
r0 increases monotonously such that �ad is a constant, which
is mostly observed in BATSE bursts (Ryde & Pe’er (2009)),
would result in no breaks in kTob if only the decaying phase
of the pulse is considered. If the whole pulse is considered
then the break in kTob would be most likely due to the peak
in the total flux, F , see section 6.1.

The calculated value of r0 increases with redshift up to
z = 1, where it reaches a peak value and then the value of
r0 decreases very gradually with radius, see figure 5 where
the variation of the r0 value for the first bin is plotted for
different values of redshift.

4.4 Parameters: Y , �BB and Γ0

The calculations of the outflow parameters depend on cer-
tain unknown parameters such as Y , �BB and Γ0. However
these cannot be measured in the same way as the adiabatic
losses. The parameter, Y = E/L where E = Total energy
of the source per sec and L = 4πd2LF , observed energy in
gamma rays per sec, Pe’er et al. (2007). So, when we say
Y = 1, Cenko et al. (2010), it means the total energy of the
source is observed in gamma rays which in turn means the
kinetic energy of the outflow and the energy in magnetic
fields if any, is fully dissipated. The parameter Y can be
associated to the efficiency, fNT, of non-thermal dissipation
mechanism which in the paper is assumed to give rise to the
Band component detected in the spectrum, as follows

Y = (1− �ad)
1

fNT
(12)

The true value of the nozzle radius, R0, Guireic et al 2012,
is as follows

R0

Γ0
=

r0

Γ0
(1− �ad)

−3/2
�
fNT

�BB

�3/2
(13)

In section 4.3, it was shown that the nozzle radius, r0,
calculated assuming fNT/�BB = 1 shows a distinct evolu-
tion with time. The value of r0 in the first time bin, where
a blackbody component is detected, is nearly 6 × 105 cm,
which is a very low value. Assuming that this low value of
r0 suggests that we are looking deep in the flow, and thereby
associating this r0 to the Schwarzchild radius of the black
hole (BH) formed, we get the value of the mass of the black
hole formed to be 2M⊙ with an upper limit on the error to
be 5M⊙. Now, in the literature the mass of the stellar mass
black hole formed after collapse of a massive star is generally
assumed to be 5−10 M⊙, Paczyński (1998). Thus, assuming
the upper limit value of 5M⊙ to be the mass of the black
hole formed, we know its last stable orbit is 4.4 × 106 cm
which is much above than what we have in the first time
bin. So, by assuming the r0 to be initially this typical value,
we try to put an estimate on the parameters, Y and �BB.

By putting �BB = 1 and assuming the true value of the
fireball, R0, in the first bin to be 4.4 × 106 cm gives values
of fNT > 1, which is not possible. This suggests that to get
some realistic values of fNT, we need to have �BB < 1. For
R0 = 4.4× 106 cm and fNT = 1, we have �BB = 0.2. So any
value of �BB < 0.2 would give realistic values of fNT. For
example, when �BB = 0.1, fNT = 42%.

Thus, the requirements that fNT � 1 and R0 � 4.4×106

cm, tells that �BB should be less than or equal to 0.2 which
means that the entire energy released by the source initially
is not in the thermal form completely.

Following this analysis, if we consider �BB = 0.1 and
fNT = 42% giving Y = 2.4 throughout the burst, we get the
true fireball radius, R0 ∼ 9 × r0 which would then trans-
late the peak value of the nozzle radius to nearly 109 cm
which is generally the expected radius of the envelope of the
progenitor star.

5 BAND COMPONENT

The evolution of the power law indices of the Band function,
α and β, found from the fits of BB + Band show no dramatic
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and at the photospheric radius, rph the optical depth of the
flow becomes unity and the photons escape the plasma. The
observed temperature at the photosphere drops due to the
adiabatic losses. Thus, the key parameters of the outflow of
GRBs, in the fireball model, are the nozzle radius r0, satu-
ration radius, rs, photospheric radius, rph and the Lorentz
factor, Γ.

The emission from the photosphere contributing to the
over all spectrum is modelled with by a blackbody, which
has two free parameters: the temperature, T = T (t), of the
blackbody in keV and the normalisation, A(t) of the photon
flux:

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

2

exp[E/kT (t)]− 1
, (2)

where E is the photon energy and k is the Boltzmann con-
stant (8.617×10−8 keV/K). In the discussion below we rep-
resent the normalisation, A(t), by the parameter

R ≡
�

FBB

σSBT
4
ob

�1/2

, (3)

where σSB is the Stefan-Boltzmann constant. Therefore,
R = 2π c h̄

3/2
A(t)1/2, where h̄ is the Planck constant.

In Fig. 2 the observed normalisation of the blackbody
is plotted ontop of the temperature evolution (the shaded
curve) for GRB110721A. The figure shows that normali-
sation varies independently of temperature and increases
monotonically with time as R ∝ t

p, with p = 1.14 ± 0.15.
This is similar to the results found for BATSE bursts in
Ryde (2004, 2005) and in Ryde & Pe’er (2009), where p was
found to be x± x.

The measured parameter R can be found to be

R = ξ
(1 + z)2

dL

rph

Γ
(4)

with an numerical coefficient, ξ of the order of unity, under
the assumption 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, assuming Γ >> 1/θj where θj is the jet opening
angle.

To interpret the meaning of R, we need an additional
relation between rph and Γ which is given by the fact that
optical depth of the flow, τhor equals unity at rph. The opac-
ity is typically assumed to be due to electrons associated
with the baryons in the outflow. Thus, the optical depth
due to electron scattering, is given by

τhor = σTn
�
l
�
hor, (5)

where σT is the Thompson optical depth and l
�
hor is the hor-

izontal length, that is, the distance travelled by a photon
within a shell of the flow during the dynamical timescale and
n
� is the electron number density given by L0/8πr

2
mpc

3Γ2
,

where mp is the mass of the proton and and L0 is the lumi-
nosity of the burst given by L0 = 4πd2LY F where F is the
total observed γ-ray flux and Y is given by the ratio of total
fireball energy and the energy emitted in gamma rays, Pe’er
et al. (2007). Therefore

rph =
L0σT

8πΓ3mpc
3

(6)

Equations (4, 6) show that R ∝ F/Γ4 and thus, Γ is

fully determined by the observables, F , R, and distance. An
estimate of rph also follows from these equations.

These determinations are robust and depend only on
the assumptions that (i) rph is a baryonic photosphere and
(ii) the observed part of the flow is approximately spherical,
as well as on the factors Y and �BB. Unless Y and �BB are
varying significantly, the derived time variations of the flow
properties are thus:

Γ ∝
�
F

R

�1/4

Y
1/4 (7)

rph ∝
�
F

Γ3

�
Y (8)

Furthermore, the size of the base of the flow, the nozzle
radius r0, can be determined. Combining eqs. (4) and (1)
with the fact that rs = (Γ/Γ0) r0 then

r0

Γ0
∝ dL

(1 + z)2
R �

3/2
ad (�BB Y )−3/2 (9)

These calculations are valid when rph > rs, which is the
case in GRB110721A, see section 2.2.

Ryde & Pe’er (2009) found reoccurring trends for the
blackbody component observed in xx smooth pulses using
the CGRO BATSE instrument. Among other results they
found that the parameter R in general increases as a power
law with index, while the parameter �ad remained approxi-
mately constant. Applying equation (9) to these trends (as-
suming that �−1

BB Y
−1 only varies moderately over the pulse)

implies that r0 should in general increase in all these bursts.
We conclude that an increase in r0 should be a general type
of behaviour for pulses in GRBs.

4 PROPERTIES OF THE PHOTOSPHERE IN
GRB110721A

For each time bin, we use the observables Tob, the fluxes,
FBB, F and R, to calculate the flow parameters Γ, rph and
r0 as well as rs. Since the redshift of the burst was not
measured, the outflow parameters are calculated for a time
resolved analysis of the spectrum of the burst for redshifts
z = 2, an average value for GRBs, and z = 0.382 and 3.512
assuming the association of the optical counterpart with the
GRB is true, and also by considering a flat universe (ΩΛ =
0.73, H0 = 71). The results are shown in Figure 3.

Y from Cenko?

4.1 Lorentz factor, Γ, of the outflow

The Lorentz factor is observed to decay monotonically with
time from an initial value of 1000 Y1/4 down to a few
100 Y1/4as depicted in Fig. 3a, where a redshift of z = 2
is assumed. Assuming a redshift of z = 0.382, instead, de-
creases the estimate value, e.g. Γmax,z=0.382 = 460 Y1/4

while a redshift of z = 3.152 increases the value, e.g.,
Γmax,z=3.152 = 1700 Y1/4.

A weak curvature in the power law fit exists, however it
is not very pronounced. A fit of a broken power law yields.
The best fit is with break at 2.11±0.24 s with higher spectral
slope given by −0.81 ± 0.06 and lower spectral slope given
by −0.41± 0.04.

The decrease of the values of Γ = Γ(t) is not surprising
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and at the photospheric radius, rph the optical depth of the
flow becomes unity and the photons escape the plasma. The
observed temperature at the photosphere drops due to the
adiabatic losses. Thus, the key parameters of the outflow of
GRBs, in the fireball model, are the nozzle radius r0, satu-
ration radius, rs, photospheric radius, rph and the Lorentz
factor, Γ.

The emission from the photosphere contributing to the
over all spectrum is modelled with by a blackbody, which
has two free parameters: the temperature, T = T (t), of the
blackbody in keV and the normalisation, A(t) of the photon
flux:

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

2

exp[E/kT (t)]− 1
, (2)

where E is the photon energy and k is the Boltzmann con-
stant (8.617×10−8 keV/K). In the discussion below we rep-
resent the normalisation, A(t), by the parameter
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4
ob
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, (3)

where σSB is the Stefan-Boltzmann constant. Therefore,
R = 2π c h̄

3/2
A(t)1/2, where h̄ is the Planck constant.

In Fig. 2 the observed normalisation of the blackbody
is plotted ontop of the temperature evolution (the shaded
curve) for GRB110721A. The figure shows that normali-
sation varies independently of temperature and increases
monotonically with time as R ∝ t

p, with p = 1.14 ± 0.15.
This is similar to the results found for BATSE bursts in
Ryde (2004, 2005) and in Ryde & Pe’er (2009), where p was
found to be x± x.

The measured parameter R can be found to be

R = ξ
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dL

rph

Γ
(4)

with an numerical coefficient, ξ of the order of unity, under
the assumption 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, assuming Γ >> 1/θj where θj is the jet opening
angle.

To interpret the meaning of R, we need an additional
relation between rph and Γ which is given by the fact that
optical depth of the flow, τhor equals unity at rph. The opac-
ity is typically assumed to be due to electrons associated
with the baryons in the outflow. Thus, the optical depth
due to electron scattering, is given by

τhor = σTn
�
l
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hor, (5)

where σT is the Thompson optical depth and l
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hor is the hor-

izontal length, that is, the distance travelled by a photon
within a shell of the flow during the dynamical timescale and
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Equations (4, 6) show that R ∝ F/Γ4 and thus, Γ is

fully determined by the observables, F , R, and distance. An
estimate of rph also follows from these equations.

These determinations are robust and depend only on
the assumptions that (i) rph is a baryonic photosphere and
(ii) the observed part of the flow is approximately spherical,
as well as on the factors Y and �BB. Unless Y and �BB are
varying significantly, the derived time variations of the flow
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to describe the observed spectral behaviour of the outflow
of the jet: burst luminosity, L0, the entropy, η, and nozzle
radius of the flow, r0, whose behaviour is reflected in �ad

which is an observable. The first two quantities give rise to
the main pulse structure whereas the minimum in the adi-
abatic losses result in a photospheric pulse. Thus, the key
observables of the time resolved analysis of the burst, giving
BB + Band as the best fit, are blackbody normalisation,
R, burst luminosity, L0, thermal peak, kTob and the adia-
batic loss function, �ad = FBB/F . We also further conclude
that, since the time resolved features of the observables of
GRB110721A are in agreement with what is typically ob-
served except �ad, the evolution observed in Γ, rph and the
increasing nature of r0 can be typical over GRB pulses.

rph =
L0σT

8πΓ3mpc
3

(14)
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Possible explanation 1

• Internal shocks
(Peer, Meszaros, Rees 06,  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) 

Idea:	
  a	
  heaGng	
  mechanism	
  below	
  
the	
  photosphere	
  modifies	
  the	
  Planck	
  spectrum

(Vurm et al. 2011)

Emission from the photosphere is NOT seen as Planck !

Nymark et al. 2011, Pe’er et al. 2006
Lazzati et al. 09 numerical simulation of jet propagation.
See also Mizuta 11, Toma11

Rees	
  &	
  Meszaros	
  2005



Geometrical broadening

Angle dependent photosphere

        → Limb 
darkening

Possible explanation 2



Photosphere in a relativistic explosion



Simulations show: 
 Geometrical effects can produce broadening of the spectrum 

without introducing synchrotron photons

 For narrow jets (Өj ≤ few/Г0) broadening observed at any 
viewing angle

Lundman et al. 2012

 For wider jets, broadening when observed at Өv ≈ Өj



Conclusions

‣The emission mechanisms for GRBs are still unclear, but Fermi observations 
show that the photosphere plays an important role

‣The inclusion of the blackbody is the first step towards an understanding the 
physical origin of the prompt emission: The Band function does not provide it.

‣The addition of a photospheric component improves the fit in many cases, 
and follows well-defined characteristics.

‣ The spectrum emerging from the photosphere does not need to be a 
Planckian. Several broadening mechanisms, e.g. subphotospheric dissipation or 
geometrical.



Thank you!



Analytical and Monte Carlo study of 
geometrical effects (Lundman et al. 2012)

Analytic model
 Considers last scattering positions of photons
 Local emissivity is given by the 'scattering density' attenuated by 

the optical depth

Monte Carlo simulation
 Tracks photon propagation within 

regions of varying electron density 
and Lorentz factor

 Full photon propagation below the 
photosphere, including Comptonization 
of photons


