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Photospheric (thermal) emission is inherent to the gamagdsurst (GRB) "fireball" model. In-
clusion of this component in the analysis of the GRB prompission explains some of the
prompt GRB spectra seen by thermi satellite over its entire energy band. The sub-MeV peak
corresponds to multi-color black body emission, and thé kigergy tail results from similar con-
tributions of synchrotron emission, synchrotron self CtongSSC) and Comptonization of the
thermal photons by energetic electrons originating aftssipation of the kinetic energy above
the photosphere. We study the connection between the thans@on-thermal parts of the spec-
trum, and deduce the values of the free model parameterstfrerdata. We demonstrate our
analysis method on GRB 090902B.
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1. Introduction

The bright, long GRB 090902z & 1.822) was detected by both instruments on bdaaraini
and was one of the brightest observed to date by the LargeTeieacope (LAT; [1]). The prompt
spectrum of GRB 090902B over the energy range 8keV-10GeWshaoclear deviation from the
generally expected Band function [2].

It has been suggested [10] that GRB spectra are a supegposftiwo spectral components:
photospheric blackbody emission and an accompanying lmenmtal component. We investigated
the peaked component of the spectrum, i.e. the Band compatemhigher time resolution than
in previous works [1]. These time bins were chosen such thedisonable signal to noise ratio was
obtained for each GBM detector.

2. Fitting

The blackbody temperature is generally expected to vari leiitude angle. The optical
depth is also angle dependent, resulting in the photosphadius increasing with angle. Angle
dependent density profiles of the outflow will have a simiféed. It is therefore plausible that the
photospheric component is better represented by a mutibtdckbody instead of a single Planck
function. We therefore fit the photospheric component withudticolor blackbody (mBB), which
is given by:

Tmex JA(T) E3
Tin dT expl[E/KT]—1

FMBB(E, Thay) O dT (2.1)

The spectral shape consists of a superposition of Planakifuns in the temperature range
Tmin — Trmax Where Tk is a free parameter anfln is not determined in the fit. The total flux is
determined to be

F(T) = Finax (TT

max

)q OAT)TA (2.2)

The fit for one time intervalt(= 11.008— 11.392 s) is shown in Figure 1. The inclusion of
the thermal emission in the prompt emission spectra pradaacmmplete, self consistent physical
model of the prompt emission spectrum seen over the entimiFenergy range [7]. This is in
contrast to the Band function fits, which do not provide anysital interpretation and require
extra models to be able to fit the spectrum at high energiesthidory behind multicolor blackbody
emission is explained in more detail elsewhere [8].

When observing the photosphere we see a superpositioncfapéth different temperatures
as measured in the observer frame. Several effects wilkecdngslow energy slope to differ from
that of a simple black body:

1. The observed temperature is a function of angle with dpehe line-of-sight. Integrating
the emitting surface over angle will produce a multicoladi body spectrum. At late times,
high latitude effects produce a spectrum with= —1 [11].
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Figure 1. Time-resolved/F, spectrum for the interval= 11.008— 11.392s over the GBM+LAT energy
ranges, fit with a mBB-+power-law model. Different datasetsrapresented as in the legend (top right).

2. Depending on how the comoving outflow density scales veithius, the probability density
function for a photon to make its last scattering at radiusefore reaching the observer
does not have to be extremely sharply peaked aro(née- 1) [6]. If the comoving outflow
temperature or Lorentz factor varies on distance scaldwofidth of the probability density
profile peak, integrating over the radius is necessary tthgevbserved spectrum.

3. The outflow properties around the photosphere are exgpémteary on a time-scale shorter
than the most highly time-resolved spectra [9]. Thus, theeoled spectra are most likely
to be the result of an integration over time, which can predacoft low energy slope for
reasonable scalings of the emitting surface and temperaiitin time [3].

These effects have the potential of softening the low ensigye from purely thermal emis-
sion as well as producing a somewhat wider peak in the spactr@imulations are needed in
order to determine the relative importance of these effétieed recent simulations from [4] find
thermal emission from a GRB jet with = —0.5, much softer than a black body spectrum with
a=1.
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3. Photospheric Properties

According to the model presented here, the sub-MeV pealtégareted as multi-color black
body emission from the photosphere. The non-thermal, highigy part seen in several bursts
by the LAT is interpreted as combined emission of synchmt®SC and Comptonization of the
thermal photons, following an episode of energy dissipatitat occurs at a large radius above the
photosphere. Observations of high energy photons can lgetossstimate the dissipation radius

ry:
ry = 3x 101°L 2,2 8tsPY/2 %, 14125 fem (3.1)

which is generally above the photospheric radigs where the flow becomes optically thin
[12]:

o [ d>FehoTR® ]1/4< L )1/4 32)
T gtomd] L2 '
Here, the dimensionless paramdgs related to the effective size of the photosphere:
FOb 1/2 2
re (Fh )7 g (127 Ten (3.3)
oTo4 d n
The Lorentz facton can then be determined using the equation:
Febor 1Y%/ L \Y*
= [E(1+2)%d =10 — 3.4
o= e i) () z

4. Discussion

The separation between thermal and non-thermal emissidesriapossible to deduce the
values of the free model parameters. By analysing the ppbési part of the spectrum, the
Lorentz factor and photospheric radius can be determindé. Lbrentz factor was determined to
be in the range 786€ n < 1000, with photospheric radiug, ~ 6.1 — 7.8 x 10t cm.

By analysing the non-thermal part of the spectrum, one castcain the dissipation radius
to be larger than & — 5.0 x 10'° cm. For parameters characterising LAT GRBs, the emission
radius of the non-thermal photons is 3-4 orders of magnihigker than the photospheric radius,
indicating that the observed spectrum must be emitted frioleaat two regions of emission. This
is consistent with the lag of 8 s between the light curve of the thermal emission and tine ¢igrve
of the nonthermal emission [11].

Only the non-thermal part of the spectrum is required toingige from energy dissipation
above the photosphere. This dissipation process is expeztgroduce a power-law distribution
of energetic electrons with indgx> 2.0. Comparison of the cooling time to the dynamical time
scale implies that the electron population is in the fastingaegime. This fast cooling implies
that virtually all of the dissipated energy given to the &lewes is radiated.

The relative contributions of synchrotron emission, SS@ @omptonization of the thermal
photos are expected to be of the same order of magnitude.eHtrecthree emission mechanisms
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have roughly similar contributions to the high energy pduthe spectrum. This makes it difficult
to directly determine the power-law index of the accelatakectrons from measurements of the
high energy spectral slope.

GRB 090902B has a clear separation between the thermal antheonal components and
a pronounced thermal peak: both above and below the pealsptiwral slopes are too steep
to enable fitting the spectrum with any combination of syntimn and SSC emission models.
However, excellent fits are obtained using the thermal +thenmal model. By doing so, we were
able to constrain the hydrodynamic properties of the outihow the physical properties at the
emission site. The high efficiency required may hint towad®oynting dominated outflow, i.e.
the most plausible source of energy may be magnetic [12].

5. Conclusions

GRB 090902B shows a very pronounced peak and clearly sepanagh energy component.
Generally, the observed sub-MeV peak is not as pronounced@RB 090902B: the low and high
energy spectral slopes are not as steep, and a pure singleldwdy spectrum is too narrow to
fit the peak. However, there are two effects which are oftaglented. First, the fits are made to
time integrated spectra. As the properties of the outflovparticular the Lorentz factor, vary on
a very short timescale, the black body spectrum is often srdea\lso, at any given instance, an
observer sees thermal photons emitted simultaneously diifiexrent radii and different angles to
the line of sight. As a result, the expected photosphericsgion is not a pure black body, but a
combination of black body spectra with different amplitsd&hus one expects to see a multi-color
black body, as observed here. An alternative explanation lmeanverse Compton scattering by
electrons which are accelerated close to the photosphdiiehwan also produce several spectra

[5].
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