
The correlated variation of the GRB intensity  
and the spectral shape 

Felix Ryde & Hoi-Fung Yu 
KTH Stockholm



Correlations between spectral parameters during 
the prompt phase: 9 years of GBM observations  

•  Time-resolved spectral analysis 

•  Individual pulses with > 5 high SNR bins 

•  Bayesian analysis

Clue for the physics of the emission mechanism



Correlations between spectral parameters during 
the prompt phase: 9 years of GBM observations  

Clue for the physics of the emission mechanism

9 years of GBM 
observations yielded   
38 single pulses with 
577 spectra

Analysis performed with  
3ML (Vianello+15)

Band function and a  
cutoff power law were  
used
See David Yu’s poster! 
Yu et al., online soon 



<α> = 

Results and comparison to the GBM catalogue (Yu et al. 2016)

See poster:  
Yu, Dereli & Ryde

 1. α-distribution
(Yu et al. 2016) This work

Time resolved analysis of individual pulses

Fully Bayesian, spectral evolution analysis

All pulses observed by GBM with more than 5 time bins with SNR >20

<α> = 

2. Cutoff power law the “best” model
Consistent with Yu et al. (2016)

68% of pulses  
have αmax > -0.67 

Distribution of αmax

Ghirlanda+02 found 44%



(Yu et al. 2016) This work

β is softer for the pulses in out sample 

See poster:  
Yu, Dereli & Ryde

Time resolved analysis of individual pulses

Fully Bayesian, spectral evolution analysis

All pulses observed by GBM with more than 5 time bins with SNR >20

Results and comparison to the GBM catalogue (Yu et al. 2016)

3. β-distribution



Spectral correlations over individual pulses



 Correlation between energy flux and α

Ghirlanda+02Crider+97 Lloyd-Ronning+02



Posterior distribution of fits
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Typical value

The correlation is similar in most bursts 

First data point
Flux peak

Tail of the pulse

While and show a variety of behaviours

The data points move  
along a single track in  
the          plane 



Qualitative explanation: Emission from the photosphere

Intensity and shape of the spectrum depends on  
•  the heating  
•  photon production efficiency

Beloborodov13

Dissipation by oblique shocks (Meszaros&Rees05) 
turbulence (Zrake+18) 

 B-fields (Giannios+04)

<<

Epk established 
Saturated Comptonisation 
(photon production rate)

sub-peak slope develops (𝛼) 
Unsaturated Comptonisation 

 

Wien radius

Photosphere



Fireball model: 
Lorentz factor =

Acceleration Coasting

Position of the saturation radius



Acceleration Coasting

Thermal pressure dominates 
EK << Erad 

1. Luminous 
2. Thermal spectra 
(Small dissipation  
compared to Erad) 

EK << Erad 
1. Weak emission 

2. Spectral broadening 
(Dissipation of EK can  

easily modify spectrum)
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

c⃝ 0000 RAS, MNRAS 000, 000–000

Ahlgren+15
Rees & Meszaros05; Pe’er+06; Giannios06, 08; Ioka+07;  

Beloborodov10; Lazzati+11; Vurm+13, Vianello+17



Acceleration Coasting

Coasting phase: 
- broader spectra 
- weaker emission

Acceleration phase: 
- narrow spectra 
- bright emission

Variation in 

Summary photospheric scenario
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𝜂 =

Lopez-Camara+14

Acceleration Coasting



Spectral correlations over individual pulses

Wien zone



Conclusions:
• Time resolved pulses in GBM:  67% have           > -0.67  

        common correlation
αmax

• Subphotospheric emission, with dissipation and a varying entropy.

Intense, narrow spectra 

weak, broad spectra 

• Physical models should be used in spectral analyses 
e.g., Baring+95, Ghirlanda+02, Ahlgren+15, Vianello+18, Burgess+18


