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Basic framework: the fireball model



Paczyński 1986,  ApJL,  308,  47

Broadening due to geometrical effects

Blackbody

Paczyński 1986:
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Line of death of synchrotron emission

Burgess et al. 2014

Line of death is at α = -0.8 
(Burgess et al. 2014)

Synchrotron emission is not well represented by the Band function

Preece et al. 98



Width of GRB spectra
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incompatible with synchrotron emission
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 Single Planck function bursts

 Ryde (2004): Blackbody through out the 
pulse

 Ghirlanda et al. (2003): Blackbody in initial 
phase of burst 

Rayleigh Jeans
GRB930214

Ryde 2004

Compton Gamma-Ray Observatory

20 keV               1 MeV
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 Single Planck function bursts

 Ryde (2004): Blackbody through out the 
pulse

 Ghirlanda et al. (2003): Blackbody in initial 
phase of burst 

CGRO BATSE: 6 observed bursts
out of 2200

Void of photons  

Rayleigh Jeans
GRB930214

Ryde 2004

Compton Gamma-Ray Observatory

20 keV               1 MeV



Fermi Gamma Ray Space Telescope
 Single Planck function bursts

Fermi: 2 pure BB (out of 1400)

Ghirlanda et al. 2013

Rayleigh 
Jeans’ slope 

Void of photons  

Larsson et al. 2014

Rayleigh 
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- 0.3%  are pure blackbodies during the whole burst

- 78% are narrower than the synchrotron function

How can we explain the data?

Problem:



- 0.3%  are pure blackbodies during the whole burst

- 78% are narrower than the synchrotron function

How can we explain the data?

Problem:

The Planck spectrum can be broadened, but the 
synchrotron emission cannot be made narrower.

Planck

Synchrotron
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What%do%these%bursts%tell%us?%%

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

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

%%

3.%Typical%spectra%are%not%this%kind%%

4.%Most%spectra%are%broader%than%a%BB%A>%broadening%
mechanisms%%

5.%Motivation%to%search%for%photospheric%emission



110920

McGlynn et al. 2012

Examples of multi-peaked spectra observed by Fermi:

NaI + BGO
BB+Band

Guiriec et al. 2011

100724B

Axelsson et al. 2012

110721A

Two component spectra: Blackbody component typically 5-10% of total flux. 
       But much higher some cases.

Guiriec et al. 2013

120323A

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



GRB 960530Fermi Fregate CGRO
Two component spectra



GRB 960530Fermi Fregate CGRO
Two component spectra



Axelsson+ 12

Fermi Gamma Ray Space Telescope
 Single Planck function bursts
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Fermi Gamma Ray Space Telescope
 Single Planck function bursts

BATSE



Axelsson+ 12

Fermi Gamma Ray Space Telescope
 Single Planck function bursts

BATSE
BATSE observations

Ryde 2005
Ryde & Pe’er 2009



Guiriec et al. 2013

Changes the 
interpretations!

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

Multiple components in the short burst GRB120323A



Interpretation 1: Multiple Emission Zones



2740 S. Iyyani et al.

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

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

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

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

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

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

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

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

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

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

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

Photosphere

Non-thermal emission

Photosphere 
(No dissipation below)  Thermal component - Planck function (BB)

Above photosphere 
(Optically thin) 

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

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

Variable jet in GRB 110721A 2741

Furthermore, Axelsson et al. (2012) showed that the light curve
which includes photons above ∼100 keV are consistent with a
single pulse. However, if one includes photons with energies be-
low ∼100 keV the light curve has two clear pulses. This shows that
the second pulse in the light curve is dominated by a narrow dis-
tribution of soft photons, which has a different temporal behaviour
compared to the high-energy photons. Such a narrow distribution
of low-energy photons can be interpreted as a separate compo-
nent in addition to the Band function, in the form of a blackbody.
Fig. 1 shows a time-resolved power spectrum (νFν)1 of the time
bin 2.2–2.7 s after the Gamma-ray Bursts Monitor (GBM) trigger.
The spectrum is modelled by a Band function and a blackbody, the
latter giving rise to a shoulder at a few 100 keV. The probability
for the blackbody component to be required in addition to the Band
function reaches !5σ confidence level.

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

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

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

2.1 Flux ratio: adiabatic loss

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

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

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

ϵad =
(

rph

rs

)−2/3

= FBB

FNT
, (1)

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

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

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

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

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

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

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

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

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

3 The error bars on all figures presented in the paper represent 1σ .
4 Note that over the CGRO BATSE energy range the ratio FBB/F was found
to be a few 10 s per cent (Ryde & Pe’er 2009). This is an upper limit, since
the actual value of F is larger than what was measured over the limited
energy range available.
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Magnetisation of the jet allows the ratio to vary (Daigne et al. 2013)



Interpretation 2: Photospheric emission





Modification of Planck spectrum 

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

• Magnetic reconnection  
(Giannions 06, 08)

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

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

Heating mechanism below the photosphere modifies 
the Planck spectrum

Emission from the photosphere is NOT seen as Planck ! 



Pe’er 2008; Pe’er & Ryde 2011 Lundman, Peer, Ryde 2012

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

but is 3-dimensional

‘Limb darkening’ in relativistically expanding plasma:
emission from photosphere is NOT seen as Planck!



Pe’er 2008; Pe’er & Ryde 2011 Lundman, Peer, Ryde 2012

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

but is 3-dimensional

But we do see spectra well fit by
a single blackbody!
➝ strong constraints on models

‘Limb darkening’ in relativistically expanding plasma:
emission from photosphere is NOT seen as Planck!
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Dissipation at optical depth τ = 10

Planck function

Emerging photon 
spectrum

Synchrotron emission

Comptonization

Modeling with subphotospheric dissipation



Physical modelling of subphotospheric dissipation

Ahlgren et al. (2015)
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Figure 2. Fit results for GRB 090618 and GRB 100724B at 65.3 − 65.7 s and 25.8 − 33.5 s, respectively. The first column shows
GRB 090618; fitted with the DREAM model above and with the Band function below. Data from NaI 4 and BGO 0 are shown in black
and magenta, respectively. The right column shows fits of GRB 100724B with the DREAM model above and with Band+BB below.
Data from NaI 0,1 and BGO 0 are shown in black, red and magenta respectively. LAT-LLE data are shown in blue. The lower panels in
these plots show the ratio between the model and the data points. Data have been re-binned for visual clarity, to errors of 4 sigma.

in mind the much more essential uncertainties due to as-
sumptions in the model, as noted above. In the case of εd
it reaches its lowest allowed value of our examined param-
eter space in most of the bins for these bursts. Hence, the
corresponding one sided statistical errors, shown in Table 1,
should be seen only as an indication of the fit’s sensitivity to
an increasing εd. In our current configuration we find that
no pairs of parameters are highly degenerate or correlated
around the best-fitting values. Some degeneracies do exist,
however, most notably between τ and L0,52, εd and L0,52 as
well as Γ and τ . The pegged value of εd implies that the value
of L0,52 might in reality be higher in these bursts than what
is found in our fits. However, a significantly lower value of εd
is not expected since that would yield a spectrum close to a
Planck function, see the discussion in section 2. We have ex-
amined progressively lower values of εd for the best-fitting
parameter values of GRB 090618, which indicate that we
should have εd > 0.01, as the observed spectrum is not close
to a Planck function. However, due to the non-linearity of
the problem, it is difficult to give a robust lower limit εd.

When considering the fits in more detail we start by
examining GRB 090618; this burst exhibits a typical Band
function, in the sense that its best-fitting parameter val-

ues lie close to the average values of all GBM GRBs
(Gruber et al. 2014). With α ∼ −0.9 the soft part of the
spectrum is certainly not what would normally be associ-
ated with a BB. This is of particular interest as it is of-
ten assumed that synchrotron emission is needed to obtain
such values of α, whereas our model in its current state has
no synchrotron component. Within the DREAM model the
soft low-energy slope is instead created as a result of Comp-
tonization of the seed BB, c.f. Fig 1. In addition, in the
Band fits the value of α depends on the assumption that
the spectrum has a single peak. If the true spectral shape is
instead weakly double-peaked (as suggested by the fits with
the DREAM model, see Fig. 2) this approximation will push
α towards softer values.

GRB 100724B, in contrast to GRB 090618, is well fitted
by a Band+BB model and thus represents a different cate-
gory of burst. However, when fitted with the DREAM model
both bursts appear slightly double peaked, see Fig. 2. This
seems to suggest that these two bursts may originate from
the same physical processes and should be considered to be-
long to the same category. The reason why adding a BB re-
sults in a greater statistical improvement for GRB 100724B
than for GRB 090628 is likely driven by the distance be-

c⃝ 0000 RAS, MNRAS 000, 000–000

GRB090618 GRB100724B

Fits are of comparable quality to Band fits - 
but fully physical! 



Model spectra

Physically motivated model can produce a variety of spectra!

2 B. Ahlgren et al.

Figure 1. Spectra obtained from the code for different values
of the τ of the dissipation site. The other parameters are Γ =
250, L0,52 = 10, εpl = 0, εb = 10−6, εe = 0.9 and εd = 0.2. In
addition for each spectrum we also show the BB spectrum of
the seed photons, plotted with the same style and colour as the
spectrum, but with thinner lines.

model, see e.g. Mészáros (2006). In our picture a progen-
itor releases a luminosity L0,52 = L010

−52 erg s−1 (not to
be confused with the observed luminosity), in a relativis-
tic, collimated and magnetised jet of electrons, baryons, and
photons. The jet is accelerated up to the saturation radius
rs such that rs ∼ r0η, where the bulk flow Lorentz factor
Γ = η and where η = L0,52/Ṁc2 is the dimensionless en-
tropy and r0 the nozzle radius. We assume dissipation to
occur at a radius rd, defined by the corresponding optical
depth τ . A fraction εdL0,52 of the energy is dissipated by
some, in principle unspecified, process, e.g. internal shocks
(Rees & Mészáros 2005), magnetic reconnection (Thompson
1994; Giannios & Spruit 2005) or hadronic collision shocks
(Beloborodov 2010). Here we assume r0 = rdΓ

−2, thus us-
ing internal shocks for this mechanism (Mészáros & Rees
1999). In practice, the only effect of this assumption is that
it sets the initial photon temperature, T0(r0). The dissipated
energy is divided between magnetic fields, which receive a
fraction εbεdL0,52, and the electrons, receiving εeεdL0,52. A
fraction εpl of the electrons take on a power law distribution
and a fraction (1− εpl) assume a Maxwellian distribution.

Photons and particles interact via Compton and inverse
Compton scattering, pair production/annihilation and syn-
chrotron self-absorption, and the electrons emit synchrotron
radiation. The code follows the spectral evolution of the elec-
trons and photons over one dynamical time, tdyn = rd/c with
a fine time resolution. Although the code does not simulate
the hydrodynamical evolution of the jet, we can evaluate the
time evolution in a GRB by performing time-resolved spec-
troscopy and assuming that the jet properties are driven
by changes of the central engine. From the dissipation ra-
dius to the photospheric radius there should be adiabatic
expansion, effectively cooling the jet, however this effect is
neglected since it is small and comparable to other uncer-
tainties (Pe’er & Waxman 2004).

In order to be able to fit this model to data we cre-
ate a grid of models by running the code for different in-

put parameters. The grid is then turned into a table model
for XSPEC. We will refer to the model as DREAM (Dissipa-
tion with Radiative Emission as A table Model). This way
we may perform relatively fast fits even though the sim-
ulations are computationally expensive. For this study we
have chosen to confine ourself to a four-dimensional param-
eter space, using the parameters τ,Γ, L0,52, εd, keeping the
other three parameters fixed at εb = 10−6, εe = 0.9 and
εpl = 0. This choice reflects a scenario where the vast major-
ity of the energy goes to the electrons, which take on a com-
pletely Maxwellian distribution as they are heated (Levinson
2012), and where we have weak magnetic fields, yielding
negligible synchrotron radiation. This allows us to address
the question of whether the observed spectra can be ex-
plained without this process. The values for the parameters
used are τ = 1, 5, 10, 20, 35, Γ = 50, 100, 250, 500, L0,52 =
0.1, 1, 10, 100, 300, εd = 0.1, 0.2, 0.3, 0.4, 0.5, yielding a table
model consisting of 500 simulations and spanning a physi-
cally motivated part of the parameter space. In XSPEC the
model obtains two additional parameters; a redshift, z and
an additional normalization which is proportional to the ob-
served photon flux. In order to eliminate degeneracies we
keep these two parameters constant for each burst. Addi-
tionally, to make sure that the resulting fits are not strongly
affected by the step size in the table we also created a much
finer grid spanning a smaller part of the parameter space.
A comparison with the original model showed no significant
differences.

The shape of the resulting spectra for different input
parameters has been discussed by Pe’er, Mészáros & Rees
(2006). Here we summarise the main points relevant in the
context of our spectral fits. Note that the effects described
below are non-linear and that the effect of changing one
parameter partially depends on the values of the other pa-
rameters. The code produces an output spectrum in terms
of photon emissivity against photon energy in the comov-
ing jet frame. In Fig. 1 we have plotted EFE spectra in
observer frame for varying values of τ . We note how the
shape of the spectrum changes with increasing τ , becoming
more thermalized, ultimately approaching a Wien spectrum
for higher values of τ , as expected. Furthermore, we have in
Fig. 1 included the initial BBs, corresponding to each spec-
trum’s thermal seed photons. The figure illustrates that a
low-energy spectral slope softer than Rayleigh-Jeans can be
obtained as the thermal seed-photons are up-scattered. This
effect is stronger for high optical depths.

The luminosity, L0,52, corresponds to the amount
of energy we have in the spectrum as well as the
comoving proton number density, since L0,52 ∝ np

(Pe’er, Mészáros & Rees 2006), and thus a higher L0,52

corresponds to a higher normalisation. Considering rd ∝

L0,52/τΓ
3 (Pe’er, Mészáros & Rees 2006), along with the

photon temperature going as T = T0(rd/rs)
−2/3

(Rees & Mészáros 2005), we note that a higher L0,52 also
moves the initial BB towards lower energies. In contrast,
considering the dependence on Γ in the expression above,
an increase in Γ results in fewer but more energetic photons,
hence shifting the spectrum to higher energies and lowering
the normalization. Another important effect of high Γ is pair
production. When pairs are created in sufficient numbers
they increase the effective optical depth, resulting in a con-
siderably stronger thermalization. Lastly, εd increases the
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Subphotospheric dissipation

Conclusions
• Line of death for synchrotron α=-0.8

• 80% of GRBs are inconsistent with the width of synchrotron

• Varying faces of the jet photosphere:

• The photosphere can produce many types of spectra which 
depend on a varying central engine and a varying dissipation 
pattern.
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Observable to discriminate between 
interpretations:
Polarisation

Synchrotron emission 
easily polarised

Is the photosphere polarised?

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



Polarisation from the photosphere

Lundman, Pe’er, & Ryde 2014



Segmented Polarimeter for High-
eNergy X-rays (SPHiNX)

✤ Proposed mission to measure 
polarisation in GRBs

✤ Science goals are to determine 
jet structure including:

✤ Magnetisation

✤ Structure (axisymmetric, 
fragmented…)

✤ Emission processes

SPHiNX - Opening a new window on the brightest 
explosions in the universe

Principal Investigator: Professor Mark Pearce, KTH, pearce@kth.se, 08-55378183

Co-applicants: Adjunct Professor Christer Fuglesang, KTH; Dr. (h.c.) Sven Grahn, KTH; 
CEO Gierth Olsson, OHB Sweden; Professor Stephan Rosswog, Stockholm University; 

Professor Felix Ryde, KTH

Executive summary 

Gamma-ray bursts (GRBs) are intense flashes of gamma-rays which occur randomly on the sky several 
times per day. The total energy released during a few seconds is prodigious - in most cases equivalent to 
that generated by the Sun during its 10 billion year lifetime. GRBs are thought to arise during the 
creation of a black hole - formed as result of a special type of supernova or the merger of two neutron 
stars. During both processes, two highly relativistic jets of plasma are emitted along with an associated 
intense flash of gamma-rays. The scientific objective of the SPHiNX (Segmented Polarimeter for 
High eNergy X-rays) space mission is to use novel polarisation measurements to uncover how 
and where the energy is released in gamma-ray bursts. An understanding of the emission 
mechanism holds the key to using GRBs as probes of the early universe and of extreme physical 
processes occurring in the universe. A new observational  window will  be opened on gamma-ray 
bursts through measurements of the polarisation of the emitted radiation. This will  be 
achieved using an innovative satellite-borne instrument which will  be built at KTH and 
mounted on an earth orbiting satellite manufactured by the Swedish space industry OHB 
Sweden.

M. Pearce et al., ‘SPHiNX’ - project proposal, K A Wallenberg Foundation, 2015
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The Segmented Polarimeter for High eNergy X-rays (SPHiNX) satellite for 
gamma-ray burst polarimetry



SPHiNX

✤ Compton scattering polarimeter

✤ Plastic scintillators for 
scattering and inorganic (BGO, 
CsI) scintillators for absorption.

✤ Segmented symmetric design, 
hexagonal elements to 
minimize systematics.

✤ Coincidence and multilayer 
metal shield to reduce 
background

to be significantly reduced. The cosmic X-ray background is managed by covering the circumference of 
the scintillator array in a multilayered metal shield comprising copper, tin and lead foils. An additional 
layer of 3 mm (1 mm) thick carbon fibre reinforced plastic covers the sides (aperture) of polarimeter to 
mitigate backgrounds from low energy protons and electrons trapped by the earth’s magnetic field. The 
satellite mechanics also provides shielding from background sources. Materials used in the construction 
of  the polarimeter and satellite are chosen to reduce intrinsic backgrounds caused by radio-activation. 

Polarimeter performance

A common figure-of-merit for polarimeters is the expected degree of modulation (‘M100’) for a 100% 
polarised photon beam. For SPHiNX, M100≈30% for an on-axis beam, and is >20% for incident angles 
within the polarimeter field-of-view (±60°). Knowledge of the GRB location relative to the polarimeter 
is needed in order to address systematic effects for GRBs which are not observed close to the optical 

axis of the polarimeter. The location 
of GRBs can be determined with a 
precision of ~4° by comparing 
scintillator activity during a GRB. The 
GRB location can also be determined 
independently through observations by 
other satellitesxv. The dependence of 
the Minimum Detectable Polarisation 
on the brightness of the GRB is 
shown in figure 5. 

The response of SPHiNX may change 
in orbit primarily due to temperature 
variations which will affect the light 
yield of inorganic scintillators and the 
avalanche photodiode gain. Smaller 
changes are also possible from 
radiation-induced effects or as a result 
of launch vibrations. Weak 241Am 
radioactive isotopes are embedded in 
t h e s c i n t i l l a t o r a r r a y . T h e 

photoabsorption peak of the resulting ~60 keV photons can be used for calibration. SPHiNX will be 
thoroughly characterised with polarised beams of photons at a synchrotron facility prior to launch. 
During passages through the South Atlantic Anomaly (an area where the inner Van Allen radiation belt 
comes closest to the earth’s surface), SPHiNX will briefly reduce the operating voltage to the 
photomultipliers and photodiodes as a preventative measure against rate-induced damage. 

The InnoSat satellite platform

Introduction
The SPHiNX polarimeter will be mounted on-board a modified InnoSat satellite platform, provided by 
OHB Sweden, as shown in figure 6. The InnoSat platform provides the polarimeter with power, 
attitude control and communications to ground. The platform is three-axis stabilised which ensures 
that the polarimeter field-of-view is always directed to open space. InnoSat is a general purpose satellite 
platform which has been designed in response to an initiative by the Swedish National Space Board for 
a national programme for small scientific satellites. The baseline InnoSat design foresees a high 
inclination sun-synchronous orbit, which is not well suited to the SPHiNX mission due to passages 
through high background regions, such as the Van Allen belts. For SPHiNX, the InnoSat platform will 
therefore be modified to support a lower inclination orbit with significantly reduced measurement 
backgrounds.

M. Pearce et al., ‘SPHiNX’ - project proposal, K A Wallenberg Foundation, 2015
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Figure 5: The Minimum Detectable Polarisation as simulated for SPHiNX as a 
function of GRB fluxes for different GRB durations and location in the field of 
view. From left to right: 10 s burst on-axis, 10 s burst at 40° off-axis 
(representative of the average location in the 120° field-of-view of SPHiNX), 1 s 
burst on-axis and 1 s burst at 40° off-axis. 

distribution, respectively. The sensitive 
volume of the polarimeter (‘scintillator 
array’)  is divided into seven units 
arranged in a honeycomb structure, each 
comprising a plastic scintillator of 
hexagonal cross-section surrounded by 
inorganic scintillator slabs, as shown in 
figure 4. The favoured scattering 
configuration is from a low atomic 
number material where the cross-section 
for scattering is high (plastic scintillator), 
to a high atomic number material where 
photoabsorption is more likely to occur 
(inorganic scintillator, such as BGO or 
CsI). Energy deposits resulting from 
gamma-ray interactions are converted to 
light in the scintillators which is 
subsequently converted to an electrical 
signal by photomultipliers (for plastic 
scintillators) and avalanche photodiodes 

(for inorganic scintillators). The SPHiNX 
polarimeter has a highly symmetric 
geometry in order to minimise systematic 
e r rors when reconst r uc t ing the 
distribution of scattering angles. The 
inorganic scintillators allow the energy 
s p e c t r u m o f t h e G R B t o b e 
reconstructed with good precision.

Data acquisition
Signals from the scintillator array are fed 
into a radiation tolerant analogue and 
digital electronics systems with space 
heritagexiv. The digital electronics also 
accepts data from sensors, measuring 
quantities such as temperature as 
required for the in-orbit calibration of 
the scintillator array. The digital 
electronics provide an interface to the satellite for data, commands and GPS timing signals (used to 
synchronise sub-millisecond timing of photon interactions to Universal Time). A GRB ‘trigger’ is 
signified by a sudden increase in the scintillator activity compared to a preceding time window. When 
coincidence conditions are fulfilled (e.g. energy deposits in the scintillator array compatible with a 
Compton scattering and photoabsorption), all scintillator energy deposits are stored before and after 
the trigger time, thereby allowing background conditions prevailing when the GRB is registered to be 
determined. SPHiNX is expected to trigger on 100 GRBs per year. 

Background reduction
While in orbit, SPHiNX is subject to extraneous photon and particle fluxes which can lead to energy 
deposits in the sensitive volume of the polarimeter which cannot be distinguished from valid 
polarisation events. The foreseen choice of orbital inclination significantly reduces such effects. These 
‘background’ events arise due to, e.g., the cosmic X-ray background, radiation originating from the 
earth’s atmosphere and particles trapped in the earth’s magnetic field. Requiring nanosecond temporal 
coincidence between photomultiplier signals in potential polarisation events allows these backgrounds 

M. Pearce et al., ‘SPHiNX’ - project proposal, K A Wallenberg Foundation, 2015
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Figure 4: The polarimeter design. Polarised photons from a gamma-ray burst will 
scatter from the plastic to the inorganic scintillator with an angle which depends 
on the polarisation.

Figure 3: The azimuthal scattering angle (Φ) for a beam of photons will 
depend on the polarisation. Photons are more likely to scatter perpendicular to 
the plane of polarisation. In the figure the relative scattering probability (σ) is 
shown for photon energies ranging from 50 keV (green) to 6 MeV (magenta) 
for a specific polar scattering angle of  90°.



SPHiNX

✤ Energy band: 30 - 300 keV

✤ FoV: 120 degrees

✤ Effective area: 95 cm2

✤ Lifetime: 2 years

✤ MDP of 13.5% for the brightest 
GAP burst

✤ Determine polarization degree 
to ~5%, angle to a few degrees

computer simulations of the instrument 
performance over the energy range of 
SPHiNX, the Minimum Detectable Polarisation 
is 13.5 % for the brightest GRB seen by GAP. 
In the brightest bursts the polarisation degree 
will be measured to within ~4.5% and the 
polarisation angle to within few degrees, 
assuming a constant polarisation throughout 
the burst. This is significantly better than the 
performance of GAP. Assuming that the actual 
polarisation of GRBs is 40% the polarisation 
properties of ~30 bursts will be determined 
during two years, as shown in figure 2. This will 
provide a unique sample of bursts with well 
determined polarisation properties. This 
sample will  allow us to distinguish between 
different models for the jet magnetisation 
and the emission (science objectives i and 
iii). Furthermore, the energy range of the 
instrument, 30-300 keV, captures the low 

energy spectral shape of GRBs. This will allow the predicted correlations between polarisation 
degree and spectral shape (science objective iii) to be studied. 

The polarisation degree and angle will also be measured as a function of time and energy for long and 
bright bursts. This will allow us to place strong constraints on the jet structure, and in particular 
address the question of whether the jet is axisymmetric or  composed of many ‘mini 
jets’ (science objective ii). Such time-binned measurements will be possible for several GRBs per 
year.

The SPHiNX mission

The polarisation of gamma-ray burst emissions will be measured using a polarimeter designed and built 
by researchers at KTH. The design builds on heritage from the Swedish-lead PoGOLiteviii  balloon-
borne polarimeter mission and the Japanese-lead GAP and Tsubameix  polarimeter satellite missions. 
The SPHiNX team comprises key members from each of these missions. Since gamma-rays are 
absorbed by the earth’s atmosphere, the polarimeter will be mounted on-board a satellite which will be 
launched into earth orbit. The satellite will be designed and built by OHB Sweden (http://ohb-
sweden.se) a leading Swedish space company.

Polarimeter design

The SPHiNX polarimeter is designed to be highly reliable and robust in a space environment. Prior 
experience, components and techniques with existing space heritage are used, e.g. from the PAMELAx, 
Fermixi, Astro-Hxii, GAP and Tsubame missions - all of which SPHiNX team members have played a 
leading roll in. The SPHiNX polarimeter has dimensions 150 mm (tall) × 300 mm (diameter), a mass of 
15 kg and consumes 20 W of power. The design and performance optimisation for SPHiNX has been 
developed using Geant-4 computer simulationsxiii.

Scintillator array 
The polarisation degree and angle of high energy photons from a gamma-ray burst can be determined 
by reconstructing the azimuthal Compton scattering angle when they enter a detector. The distribution 
of scattering angles will exhibit sinusoidal behaviour if the GRB emission is polarised since gamma-
rays scatter preferentially perpendicular to the plane of polarisation, as shown in figure 3. The 
polarisation degree and fraction are related to the amplitude and phase of the scattering angle 

M. Pearce et al., ‘SPHiNX’ - project proposal, K A Wallenberg Foundation, 2015
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Figure 2: The number of GRBs per year for which SPHiNX is 
expected to constrain the polarisation was estimated  by considering the 
Minimum Detectable Polarisation (MDP, black line), i.e. the lowest 
GRB polarisation degree that  can be detected as non-zero. The blue 
and red lines indicate higher statistical significant determinations.

Yearly detections



Thank you!


