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We discuss the systematic time-resolved analysis of the brightest gamma-ray bursts observed by

the Gamma ray Burst Monitor (GBM) onFermiup to September 2011, where the prompt spectra

show evidence for photospheric emission. These burst spectra can be fit with a combination of

the Band function and a blackbody component, with the blackbody component being observed

below the peak energy of the Band function. GRB 110920 displays the clearest signature of two

separate emission components in the sample and is discussedin detail. Assuming a redshift of

z= 2, GRB 110920 has a bulk Lorentz factor ofΓ∼ 440 and a photospheric radius of 6×1011 cm,

in agreement with previously published estimates.
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1. Introduction

Since the launch of theFermiGamma-ray Space Telescope in 2008, deviations from the canon-
ical Band function [1] at both low and high energies have been observed in gamma ray burst spectra
(e.g.[2],[3],[4]). [5] suggested that GRB spectra are a superpositionof two spectral components:
photospheric blackbody emission and an accompanying nonthermal component. A fraction of the
emission comes from the photosphere and another fraction is from dissipation in the optically thin
region of the flow. According to the classical fireball model of GRBs (e.g.[6]), the relativistic
outflow produced by the collapse of a massive star is initially radiation-dominated and accelerates
from an initial radiusr0. Assuming that no dissipation takes place in the flow, the plasma expands
adiabatically with a Lorentz factorη(r) ∝ r up to the saturation radius,rs. At this point the outflow
becomes matter-dominated and coasts with a constant Lorentz factor,η . The photons are decou-
pled from the plasma at the edge of the photosphere,rphb, where the plasma becomes optically
thin.

The energy that is dissipated in subphotospheric shocks will partly thermalise again to an
extent that depends on the conditions at the dissipation site. [7] showed that the Planck function
injected into the dissipation region is modified to a varying extent depending on the dissipation
fractions and the optical depth. In the case of low dissipation, the Planck spectrum can retain
its original shape. Regardless of the exact nature of the dissipation process, the electrons are
expected to cool rapidly on a time-scale much shorter than the dynamical time, provided that (i)
the dissipation occurs below or not too high above the photosphere and (ii)that the energy that
is being dissipated is not much larger than the energy density in the photosphere. Simulations
of subphotospheric shocks and their effect on the emitted photospheric photon energies [8] show
that dissipation occurring at a low optical depth only marginally affects the emitted photospheric
emission.

From the observed physical quantities such as thermal flux,FBB, temperatureTob, normalisa-
tion of the thermal component,R, ratio between total fireball energy and the energy emitted in
gamma rays,Y0, the dynamics of the flow, such as the bulk Lorentz factor,η , the photospheric
radius,rphb, and the initial radius of the fireball,r0 can be derived under certain assumptions [9].

2. Sample

We studied the sample of bright and hard GRBs presented in [10] and updated the sample to
all bright and hard long GRBs observed to the end of September 2011. Allof the bursts in the
sample are observed by at least one BGO detector. This resulted in 64 bursts whose spectra were
split into time-resolved bins by ensuring a minimum signal to noise ratio of 15 in the detector with
the smallest off-axis angle relative to the burst location. A further 26 wereexcluded due to a low
number of time-resolved bins, where the evolution of the spectrum could notbe examined. Of the
remaining 38, 19 bursts can be fit with a combination of a Band and blackbody(BB) function.
We therefore interpret the combination of the two functions as two separate components, where
the blackbody corresponds to the photosphere, visible due to low dissipation in the outflow. In
this work we discuss in particular the properties of GRB 110920, which displays both components
throughout the time-resolved spectra [11].
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Figure 1: Lightcurve of GRB 110920. Top panel: NaI (8–20 keV). Second panel: NaI (20–250 keV). Bottom
panel: BGO 0 (200 keV–40 MeV).The vertical lines indicate the time interval used in the spectral analysis
(T0+0.0−T0+52.7 s).

Figure 2: Time-integratedνFν spectra of GRB 110920 fit by the Band function (left) and Band+BB function
(right).

3. GRB 110920

On September 20th 2011 at 13:05:43.8 (UT), GRB 110920 triggered the GBMinstrument on
boardFermi. The best location from GBM was at RA = 13h59m16.8s, Dec =−27◦33′36”, at an off-
axis angle from the LAT zenith of 16◦. The lightcurve of GRB 110920 is shown in Fig. 1 as seen
by NaI detectors 0, 1 and 3 and BGO detector 0. The burst clearly showsa fast rise, exponential
decay (FRED) structure with a T90 duration [12] of 170±17 seconds. The bulk of the emission
occurs in the 20-250 keV energy range.

The best fit Band parameters for the time interval [T0+0.003,T0+52.737] wereα =−0.20±
0.02, β = −2.65+0.07

−0.09, Epeak= 334±5 keV with C-stat = 3206.5 (485 d.o.f.), as shown in Fig. 2
(left). However, when a blackbody component was included in the fit, the C-stat is reduced to
2848.3 (483 d.o.f.) which is a difference of 358.2. The peak energy of the Band component is
shifted up toEpeak= 978+154

−121keV and the temperature of the blackbody iskT = 61.3+0.7
−0.6 keV as

shown in Fig. 2 (right). The low energy indexα becomes shallower (α =−1.05±0.04).
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The burst spectrum was then split into approximately 25 time bins fromT0 + 0.003−T0 +

52.737 s. These bins were determined by dividing the data observed in NaI 0 into time intervals
with a minimum signal-to-noise ratio of 30 counts per bin. There was a marked improvement in the
C-stat parameter (∆C-stat > 10) when a blackbody component is added to the Band fit in 19 of the
25 bins. The blackbody flux is between 20%-40% of the total flux throughout the burst in the 10–
10000 keV energy range. The blackbody temperature decreases as apower-law from∼ 100 keV to
∼ 40 keV as shown in Fig. 3 (left).

4. Interpretation

GRB 110920 follows the general trend throughout the burst sample discussed above, where
the peak energy of the Band functionEpeak is shifted to higher values due to the presence of the
blackbody, creating a double-peaked spectral effect, and whereα shifts fromα ∼ 0 to α ∼ −1,
becoming more consistent with synchrotron emission models.

Since there is no redshift estimate available for GRB 110920, the outflow parameters are cal-
culated for the time resolved analysis, assuming a redshiftz= 2 (average value forFermi GRBs),
and luminosity distance,dL = 4.9×1028 cm. The normalisation of the thermal component, which
is shown in Fig. 3 (right) can be parametrized by

R ≡

(

FBB

σT4
ob

)1/2

= ξ
(1+z)2

dL

Rph

Γ

which is proportional to the transverse size,rphb/η , where the baryonic photospheric radius is
given by

rphb= (L0σT)/(8πη3mpc3)

The values of the Lorentz factorη , radius of the fireball and saturation radiusrs can thus
calculated. Onceη is known, the photospheric radiusrphb can also be determined, ifrphb> rs.

The evolution of the Lorentz factorη is shown in Fig. 4 and decreases with time from 588 to
280, but the baryonic photosphererphb remains constant at∼ 6×1011 cm throughout the burst. The

average parameter values arerphb= 5.9×1011Y1/4
0 cm; η = 442Y1/4

0 ; r0 = 2×108Y−3/2
0 cm and

rs = 8.6×1010Y−5/4
0 cm; whereY0 is the ratio of the total fireball energy to the gamma ray energy,

and is close to unity [9]. These values are close to previous estimates of the outflow parameters
(e.g. [13] [4]).
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Figure 3: Evolution of the temperature (left) and normalisation parameterR (right).
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Figure 4: Evolution ofΓ throughout GRB 110920 at varying redshift.
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