
 

GRB 160821A: observations and physical modelling

By 
Dr. Shabnam Iyyani 

Inter-university Centre for Astronomy & Astrophysics (IUCAA)
Pune, India

30th Oct 2019 Yamada Conference LXXI: Gamma-ray Bursts in the Gravitational Wave Era 2019

(Sharma, Iyyani et al. 2019; Iyyani et al. in preparation)

Co-authors: Vidushi Sharma, Asaf Pe’er, Felix Ryde, Dipankar Bhattacharya 



Prompt gamma ray emission First emission episode

0 50 100 150 200Time (s)

C
ou

nt
s/

se
c

- Emission in 8 KeV - 10 MeV (Gamma ray Burst Monitor GBM)
- Duration ~ 112 s

- Non-thermal spectrum 
- Power law with cutoff
- Fluence ~ 10-5 erg/cm2

4 Iyyani et al.

Precursor

Figure 1. a) The light curve of the first emission episode as observed by instruments Swift BAT (bottom panel) and Fermi
GBM (BGO - upper panel, NaI - second panel) are shown. For comparison with BAT light curve which is background subtracted,
the GBM (BGO and NaI) light curves shown here are also background subtracted. b) Cuto↵pl: Upper panel shows the time
evolution of low energy power law index, ↵pre. Lower panel shows the time evolution of the cuto↵ energy, Ec,pre. The green
and red dashed lines mark the photon index of �1.5 and �0.67 corresponding to the fast cooling and slow cooling synchrotron
emission respectively.

Figure 2. The flux decay of the extended LAT emission (black circles) starting from 153 s and the optical emission (blue
squares) starting half an hour later from GBM trigger time are shown. The upper limits of the possible radio emission are
shown in green diamonds.

An optical transient was observed half an hour after the GRB trigger, which peaked at tp = 2124 s and later decayed
as t�0.6. Radio observations were also attempted for 10 days post GRB trigger starting from T0 + 6840 s, however, no
detection could be made (Figure 2, also see Table 1). In addition, the extended emission of LAT (> 100 MeV) is also
found to be a part of the afterglow emission, see below.

3.1. Analysis of LAT emission
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Prompt gamma ray emission Main emission episode
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- 100 x brighter
- Emission in 8 keV - 500 MeV (GBM + Large Area Telescope LAT)
- Duration ~ 88 s

- Dominantly Non-thermal spectrum 
- Blackbody + Band x HighEcut
- Fluence ~ 10-3 erg/cm2
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Figure 4. a) Figure shows the ⌫F⌫ plot of the best fit model, Band ⇥ Highecut (black solid line) + blackbody (black dash dot
line), fitted to the brightest time interval, i.e 134.59 � 135.71 s. b) Upper panel shows the time evolution of ↵ (black squares)
and � (blue circles) of the Band function. The green and red horizontal lines in the upper panel mark the photon index of
↵ = �1.5 and ↵ = �0.67 corresponding to the fast and slow cooling synchrotron emissions respectively. In the lower panel, the
time evolution of the Band Ep (black squares), the high energy cuto↵ Ec (blue circles) and the temperature of the blackbody
component kT (green triangles) are shown. The three time intervals of polarization study are shown in black dotted vertical
lines across the two panels.
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Prompt gamma ray emission
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AstroSat CZTI: Polarisation measurement in 100-400 keV

- Non-zero & high Polarisation 
fraction. 

- Swing in Polarisation angle by 90°
- Coincident with change in high 
energy spectrum. 

Main emission episode

Ec

Sharma et al. 2019
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Interstellar medium

- Extra power law component in LAT emission after 153 s. 
- Optical emission after half an hour. 
- Optical flux peaks at ~ 2124 s.
- A jet break possibly exists between day 1 and 4.
- No Radio detection.  

Afterglow 

Optical/UV

Gamma rays

4 Iyyani et al.

Precursor

Figure 1. a) The light curve of the first emission episode as observed by instruments Swift BAT (bottom panel) and Fermi
GBM (BGO - upper panel, NaI - second panel) are shown. For comparison with BAT light curve which is background subtracted,
the GBM (BGO and NaI) light curves shown here are also background subtracted. b) Cuto↵pl: Upper panel shows the time
evolution of low energy power law index, ↵pre. Lower panel shows the time evolution of the cuto↵ energy, Ec,pre. The green
and red dashed lines mark the photon index of �1.5 and �0.67 corresponding to the fast cooling and slow cooling synchrotron
emission respectively.
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Figure 2. The flux decay of the extended LAT emission (black circles) starting from 153 s and the optical emission (blue
squares) starting half an hour later from GBM trigger time are shown. The upper limits of the possible radio emission are
shown in green diamonds.

An optical transient was observed half an hour after the GRB trigger, which peaked at tp = 2124 s and later decayed
as t�0.6. Radio observations were also attempted for 10 days post GRB trigger starting from T0 + 6840 s, however, no
detection could be made (Figure 2, also see Table 1). In addition, the extended emission of LAT (> 100 MeV) is also
found to be a part of the afterglow emission, see below.

3.1. Analysis of LAT emission

Iyyani et al. in prep
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Precursor

Figure 1. a) The light curve of the first emission episode as observed by instruments Swift BAT (bottom panel) and Fermi
GBM (BGO - upper panel, NaI - second panel) are shown. For comparison with BAT light curve which is background subtracted,
the GBM (BGO and NaI) light curves shown here are also background subtracted. b) Cuto↵pl: Upper panel shows the time
evolution of low energy power law index, ↵pre. Lower panel shows the time evolution of the cuto↵ energy, Ec,pre. The green
and red dashed lines mark the photon index of �1.5 and �0.67 corresponding to the fast cooling and slow cooling synchrotron
emission respectively.
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Figure 2. The flux decay of the extended LAT emission (black circles) starting from 153 s and the optical emission (blue
squares) starting half an hour later from GBM trigger time are shown. The upper limits of the possible radio emission are
shown in green diamonds.

An optical transient was observed half an hour after the GRB trigger, which peaked at tp = 2124 s and later decayed
as t�0.6. Radio observations were also attempted for 10 days post GRB trigger starting from T0 + 6840 s, however, no
detection could be made (Figure 2, also see Table 1). In addition, the extended emission of LAT (> 100 MeV) is also
found to be a part of the afterglow emission, see below.

3.1. Analysis of LAT emission

Afterglow 

- Kinetic energy: 6 x 1053 (5 x 1054) erg
- Radiative efficiency: 0.52 (0.87)
- Jet opening angle: 5 - 8 (2.5 -4)  degrees
- Lorentz factor: Γ ~ 130 (260)

For redshift, z = 0.4 (2) Iyyani et al. in prep



Challenges

Any physical model should be able to account the following:

(i) High energetics, 
(ii) High radiation efficiency (> 50%), 
(iii) Non-zero and high polarisation fraction (> 30%),
(iv)Swing in polarisation angle on timescales of ~ 10 s,
(v) Coincident change in high energy spectrum,
(vi) Weak preceding emission of ~ 100 s. 



• Photospheric emissionStandard models:

Can explain 
• High radiation efficiency

• Spectrum with multiple breaks:  subphotospheric dissipation/ off-axis view of structured jet. 
Pe’er & Waxman 2004, 2005, Beloborodov 2010, Lundman et al. 2013

Problems!
•  High energetics & High polarisation fraction: 

- On axis view - high flux - low PF. 
- Off-axis view- low flux - high PF. 

• Change in polarisation angle 

• High polarisation fraction: - ~ 40% is expected when narrow jet is viewed off axis - symmetry across line of sight is broken.
Lundman et al. 2014

3298 C. Lundman, A. Pe’er and F. Ryde

parameter formalism for single photons, which was originally de-
fined using the intensities of incoherent photon beams, we allow
for the polarization degree of each photon to vary between zero and
unity. Therefore, after a scattering event, the outgoing photon car-
ries the polarization properties that a beam of photons would have
after scattering into the current direction, instead of being fully
polarized at an angle which is drawn from the appropriate proba-
bility distribution. This treatment effectively removes a source of
statistical uncertainty from the simulated scattering process. Since
each photon in our simulation carries the same statistical weight, all
Stokes parameters are normalized (divided by i) before being added
together to form the Stokes parameters of the observed emission,
S = (I,Q,U ,V). This method is similar to the methods used by
Bai & Ramaty (1978) and Jeffrey & Kontar (2011) in the context
of solar flares, and Krawczynski (2012) in the context of blazars.

There are three reference frames of importance to scattering prob-
lems: the lab frame, the local comoving frame and the electron rest
frame. We define the lab frame as the reference frame in which
the central engine of the outflow is stationary. The local comoving
frame is the frame which is instantaneously comoving with the bulk
outflow at a given location, which changes between scatterings. The
electron rest frame is the frame which is stationary with respect to
the specific electron on which the photon scatters, and is also dif-
ferent for each scattering event.6 Between consequent scatterings
a photon propagates along a straight line in the lab frame, which
makes it the frame of choice for the propagation part of the code.
The photon energy, direction and polarization properties after scat-
tering are most easily obtained in the electron rest frame. Therefore,
the code consists of an iterative process of propagating each photon
a distance in the lab frame, followed by Lorentz transformations
of the photon properties to the electron rest frame, via the local
comoving frame. The scattering process is then performed, and the
photon properties are transformed back to the lab frame to continue
the propagation.

During a scattering process, the photon four-momentum and
Stokes vector are transformed to the local comoving frame by con-
sideration of the local velocity field at the scattering position. The
electron distribution is assumed to be isotropic in the local comoving
frame, with a Maxwellian energy distribution of the local comoving
temperature given by equation (4). The propagation direction and
Lorentz factor of the scattering electron is drawn, after which the
photon properties are transformed to the electron rest frame. The
photon scattering direction is found, with a probability density dis-
tribution given by the polarization-dependent Klein–Nishina cross-
section. After the scattered photon energy and polarization proper-
ties are computed, the photon four-momentum and Stokes vector
are transformed back to the lab frame.

Between consecutive scattering events, the photon propagates
freely along a straight line in the lab frame. In order to find the
distance to the next scattering event, first the corresponding optical
depth is drawn in the following way: the probability for a photon to
scatter before propagating an optical depth τ is P(τ ) = 1 − exp (−τ ).
Since P(τ ) is a cumulative distribution, the corresponding proba-
bility density distribution from which we wish to draw the optical
depth value is obtained by f(τ ) = dP(τ )/dτ = exp (−τ ). We define
u ≡ P(τ ) and solve for τ = τ (u), which gives τ (u) = −log (1 − u).
By drawing values of u from a uniform distribution in the range

6 Note that the electrons have a random Lorentz factor associated with the
comoving temperature of the plasma, and therefore the electron rest frame
differs from the local comoving frame.

Figure 3. The polarization properties (solid black line) and luminosity
(dashed red line, normalized to the luminosity at θv = 0) of the observed
emission as functions of the observer viewing angle, for a narrow jet
(θ j#0 = 1) with p = 4. The grey dotted line indicates Q/I = 0 for ref-
erence. The polarization and luminosity are calculated using photons with
E/mec2 > 10−4. To avoid fluctuations due to low photon statistics, the po-
larization is only shown for viewing angle bins including more than 200
simulated photons.

0 < u < 1, values of τ are returned which conforms to the prob-
ability density distribution. The drawn optical depth is compared
to the numerically integrated optical depth at a position infinitely
far away in the photon propagation direction. If the drawn opti-
cal depth is larger, the photon is assumed to escape the outflow.
Otherwise, the distance corresponding to the drawn optical depth
is obtained. Since the outflow properties vary with angle to the jet
axis, the optical depth between two points in space is obtained by
numerical integration. A minimizing routine compares the numer-
ically integrated optical depth with the drawn optical depth in an
iterative process, where the end point of the numerical integration is
modified until the acceptable tolerance is reached (the square of the
optical depth difference is less than 10−6). After the corresponding
distance is found, the photon location is updated to the new position
and a scattering occurs. We consider the Thomson cross-section in
the optical depth calculation, because of the low photon energies
involved.

In the present simulation, unpolarized photons (s = (1, 0, 0, 0))
are injected deep down in the outflow (τ = 20 in the radial direction),
where the comoving intensity can be considered isotropic. As the
luminosity of the central engine is assumed to be isotropic, the
initial photon position is chosen in an isotropic way. The comoving
photon energy is drawn from a blackbody of the comoving outflow
temperature at the injection point. The initial lab frame photon
propagation direction is chosen such that the comoving intensity
at the injection point is isotropic. The photon then propagates and
scatters until it escapes the outflow. After the simulation process,
the photons are binned in viewing angle, and the Stokes vectors are
added to form the Stokes vector of the observed emission at any
given viewing angle.

5 SIMULATION R ESULTS

In Figs 3–7 we present the results obtained from simulating the
radiative transfer in the structured jets described in Section 2. Typ-
ical central engine parameters characterizing GRBs were used:
L = 1052 erg s−1 and r0 = 108 cm. The same parameter space as

MNRAS 440, 3292–3308 (2014)
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Figure 4. Observed spectra from a narrow jet (θ j"0 = 1) with a narrow
shear layer (p = 4) observed at different viewing angles. The polarization
degree of emission viewed at θv/θ j = 0 and θv/θ j = 1 is approximately
zero, while the polarization degree at θv/θ j = 2 is # ≈ 20 per cent and
θv/θ j = 3 is # ≈ 40 per cent.

explored in Lundman et al. (2013) has been considered: all combi-
nations of the parameters θ j"0 = {1, 3, 10} and p = {1, 2, 4}. As
shown in Lundman et al. (2013), increasing "0 increases the peak
of the observed spectrum while keeping the spectral shape intact,
as long as all other characteristic angles are decreased to keep the
ratio with 1/"0 constant (i.e. all characteristic angles are rescaled).
Numerically, it is more expensive to consider large Lorentz factors.
While jets with different values of "0 have been simulated, a value
of "0 = 100 was used for producing the figures presented here. In
presenting the results, a typical width of a viewing angle bin was
chosen to be ∼θ j/10.

A top-hat jet is only visible up to viewing angles θv ≈ θ j + 1/"0.
Assuming θ j > 1/"0 and that all jets point in random directions
with respect to the observer, the expectation value of the viewing
angle is ∼(2/3)θ j. However, because of photons emitted from the
shear layer, some of the jets considered here are still luminous at
angles several times θ j. Depending on the jet properties, the most
probable viewing angle can be significantly increased so that most
jets are observed at θv ! θ j. We therefore present the simulated
results in the range 0 ≤ θv/θ j ≤ 5.

The thermal peak of the spectrum of photons emitted from these
types of jets may correspond to the peak energy observed in the
prompt emission of GRBs. Usually, the observed spectrum extends a
few order of magnitude above and below the peak energy. We chose
to present the results in a similarly defined energy range. For the
chosen outflow parameters, we keep photons with E/mec2 > 10−4,
where E is the observed photon energy. After applying the energy
and viewing angle cuts, the simulation that Figs 3, 4 and 8 are pro-
duced from had 6 × 105 photons remaining. For Figs 5 and 6 the
corresponding number is 106 photons, for Fig. 7 it is 4.5 × 105 pho-
tons and for Fig. 9 it is 5.2 × 105 photons.

We plot the Stokes parameter ratio Q/I in the figures. This
ratio fully characterizes the polarization signal, since U = V = 0
(see Section 2.2). The polarization degree of the emission is # =√
Q2 + U2 + V2/I = |Q|/I. A positive value of Q corresponds

to emission polarized perpendicular to the observer plane, while a
negative value ofQ indicates emission polarized within the observer
plane.

Figure 5. The polarization properties (solid black line) and luminosity
(dashed red line, normalized to the luminosity at θv = 0) of the ob-
served emission as functions of the observer viewing angle, for a wide
jet (θ j"0 = 10) with p = 4. The grey dotted line indicates Q/I = 0 for ref-
erence. The polarization and luminosity are calculated using photons with
E/mec2 > 10−4. The polarization is only shown for viewing angle bins
including more than 200 photons.

Figure 6. Observed spectra from a wide jet (θ j"0 = 10) with p = 4 observed
at different viewing angles. The polarization degree of emission viewed at
θv/θ j = 0 is zero, while the polarization degree of emission viewed at
θv/θ j = 1 is # ≈ 3 per cent and θv/θ j = 2 is # ≈ 10 per cent.

One of our major findings is that emission from the photosphere
can be highly polarized. Fig. 3 shows the viewing angle dependence
of Q/I and the observed luminosity of emission from a narrow jet
(θ j"0 = 1) with a narrow shear layer (p = 4). As seen in Fig. 3, the
polarization degree reaches # ≈ 20 per cent at θv/θ j = 2, # ≈ 30
per cent at θv/θ j = 3 and # ≈ 40 per cent at θv/θ j ! 4. This
is because of the large asymmetry of the emitting region achieved
by considering both a narrow jet and a narrow shear layer. The
observed luminosity at θv/θ j = 3 is approximately 2.5 orders of
magnitude less than at θv/θ j = 0. This implies that for plausible
GRB parameters, the outflow is expected to be observed at these
angles. The polarization degree calculated using the approximate
analytical expression in Section 3 fits very well with the numerical
results for θv/θ j " 2.

By assuming that all GRBs are produced by narrow jets with
narrow shear layers, that the jets are observable above some

MNRAS 440, 3292–3308 (2014)
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High flux - the jet is viewed on -axis or within the θj + 1/Γ

Synchrotron emission in ordered magnetic fields (within 1/Γ) is possible. 

Synchrotron in random magnetic fields and inverse Compton scattering are ruled out. 

Standard models:

8 Iyyani et al.
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Figure 5. The polarization fraction (PF) expected for di↵erent emission processes like synchrotron emission in a toroidal
magnetic field (StO, purple), synchrotron emission in random magnetic fields (SR, black) and Compton drag (CD, green) with
respect to q = ✓v/✓j for yj = 10 (solid line) and 1 (dotted and shaded line) are shown. The upper and lower bounds of the
magenta shaded region represents the polarization fraction expected from the fast and slow cooling synchrotron emission in a
toroidal magnetic field for yj = 10. These bounds are also consistent with the lowest and highest ↵ observed during the main
episode.

vector orientation becomes perpendicular with respect to the observer plane, the polarization fraction values are low,
< 10% and < 1% respectively. This means, in this case had the PA changed due to change in the width of the jet
then at least in one of the time bins, the PF should have been very low, which however, is not observed. Thus, we
conclude that the observed change in PA is not due to the change in width of the jet.

If we consider the observed change in PA is arbitrarily by any value, then the above emission models become a
possibility, if the emission observed in the di↵erent intervals are coming from (i) di↵erent patches of the emitting

region: even in the scenario of patchy emission, both SR or CD models require the criteria of o↵-axis viewing of the
jet to be able to account for high polarization fraction. The polarization angle would be an averaged out value which
can be random in di↵erent patches. Emission spectra from these di↵erent patches are also likely to be di↵erent as
the microphysical parameters like magnetic field strength, its net orientation, amount of energy in the accelerated
electrons etc may di↵er. Subsequently, the variation in these parameters can result in di↵erent ↵ and Ep of the
resultant spectrum; (ii) di↵erent emission processes: changes in the strength of magnetic field with time can lead
to change in emission process such as from synchrotron to inverse Compton scattering or vice versa. Such a change
would be reflected in the observed spectrum where ↵ can show either a steeping or softening trend with time, and also
an increasing Ep can be expected in case of optically thin inverse Compton scattering. However, these scenarios are
highly unlikely as we do not observe any change in the low energy spectrum with time.

In addition to all the above arguments, we also note that the high isotropic energy observed during the second
emission episode of the burst strongly suggests that the jet is pointing towards the observer and therefore, the line of
sight of the observer lies within the jet cone. In this scenario, SR and CD models can only result in PF < 20 % which is
in contradiction to the observations. Thus, axisymmetric emission models such as synchrotron emission from random
magnetic fields and Compton Drag are completely ruled out. Synchrotron emission from toroidal magnetic fields, on
the other hand, can account for the high PF values and can have alternative possibilities to explain the observed
change in PA which is discussed in section 5.4. The low energy spectral index, ↵ is also found to be consistent with
slow cooling synchrotron emission. Thus, we arrive at the inference that the observed radiation is synchrotron emission
produced in magnetic fields which are highly ordered on the scale equivalent to or larger than the visible part of the
emitting region.

4.2. Poynting dominated hybrid outflow

Calculated using the methodology in Toma et al. 2009 

Top hat jet model
Iyyani et al. in prep

High polarisation fraction



High radiation efficiency (> 50%)

(i) Active Poynting flux scenario

Standard models:

Mochkovitch et al. 1995, Kobayashi et al. 1997a, Daigne & Mochkovitch 1998
- low dissipation efficiency (10%)Baryon dominated outflow       - Internal shocks

Poynting flux dominated outflow - Magnetic reconnections  (3-50%)
Giannios 2006, Drenkhahn & Spruit 2002, Zhang & Yan 2011

• Synchrotron emission in ordered magnetic fields
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(ii) Passive Poynting flux scenario
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Standard models:

Γ= η ~300 

• Synchrotron emission in ordered magnetic fields

• Lorentz factor at rd  is not consistent with ΓAG (afterglow)
• Requires some internal shocks

•  Turbulence leading to magnetic reconnections - not clear yet
• At reconnection site - ordered magnetic fields? 

- randomised - change in PA would be random.

Problems!



(ii) Passive Poynting flux scenario

Standard models:

Γ= η ~300 

• Synchrotron emission in ordered magnetic fields

Problems!
• Lorentz factor at rd  is not consistent with ΓAG (afterglow)

• Requires some internal shocks
•  Turbulence leading to magnetic reconnections - not clear yet

• At reconnection site - ordered magnetic fields? 
- randomised - change in PA would be random.

• StO  - axisymmetric - change in jet width does not work 
- how to produce the swing in polarisation angle ?

θv θj1/Γθv θj1/Γ

PV = (i) yj  > 1,  parallel PV = (ii) yj  < 1,  perpendicular

θv θj1/Γ

PV = (iii) yj  << 1,

Polarisation fraction decreases 
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(iii) Double jet scenario
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Emission comes from two different regions. 

Emission from one region becomes dominant over time - leading to polarisation angle change.

Standard models: • Synchrotron emission in ordered magnetic fields

Problems!
- alpha and Epeak does not change during the different emission episodes.

- How come only high energy cutoff changes?  
- How can it account for the polarisation change in the energy range 100-400 keV?



GRB 160821A

- Highly constraining observations. 
- Significant detection of non-zero and high polarisation fraction. 
- Swing in polarisation angle consistent with the change in high energy spectrum. 

Work in progress….  Ideas are welcome! 

Standard models of Poynting flux or Baryonic dominated outflows do not work.
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a) b)

c)

Figure 1. a) A composite 1 s binned light curve of the burst is shown for Fermi detectors: LAT, LAT-LLE, BGO and NaI,
AstroSat/ CZTI and Swift/ BAT. The red vertical dashed line (at T0 = 0 s) corresponds to the trigger time of Fermi and the red
solid vertical lines mark the beginning and end of the main episode of the burst. The Fermi/LAT photons whose probability of
association with the same GRB is greater than 90%, are shown as red points in the upper panel with energy information scaling
on the right side of y-axis. The time intervals studied in polarization analysis are shown in shaded red regions. b) On the left,
the azimuthal distribution and the best fit modulation (dashed line) obtained for the entire main episode of the burst are shown.
Modulation fits obtained for 1000 runs out of the 1.1 ⇥ 107 simulation datasets are shown in the shaded black colour. On the
right, the 2D histogram plot of the obtained PF and PA values along with the contours corresponding to confidence levels of
68%, 90%, 99% are shown in darker to lighter colors of black which are over plotted on the scatter plot of PF and PA. The
average value of PF and PA are marked by the violet star. c) Uppermost and second top panels show the hardness ratio (HR) of
the counts LLE to sum of the counts in NaI 6 and BGO 1 (black), and ratio of the counts in BGO 1 to that of NaI 6 respectively.
In the third panel, the 1s binned CZTI Compton events (green) light curve is shown. The time intervals (black vertical dash
dot lines) for which the temporal polarization study is done, are shown. Fourth and fifth panels show the polarization fraction
(PF, black circles) and corresponding polarization angle (PA, black squares) obtained for these time intervals. Also, PF and PA
values obtained in the fine time resolved analysis are shown in the background in shaded green circles and squares respectively.

with zero, then its PA has no physical meaning. A change in PA was observed to occur twice as the burst transited
from its rise to peak and later to its decay phases while PF was greater than zero.

We note that during the times when the PA angle makes a change, a decrease in PF is expected. Thus, based
on the clear change in PA where we could constrain the polarization at a higher significance (i.e the lower limit of
99% confidence interval of two parameters of interest of PF lie greater than zero) and the observed change in HR at
high energies, we performed a relatively coarser time-resolved polarization analysis of the GRB by dividing the main
episode into three non-overlapping time intervals: 115-129 s, 131 -139 s and 142 -155 s, which correspond to the rise,
peak and decay phase of the burst respectively.

2.1. Results

During the first time interval, the burst emission has a polarization fraction of 71+29

�41
% and a polarization angle of

110+14 �
�15

. In the second interval, a PF = 58+29

�30
% with a corresponding PA = 31+12 �

�10
and in the third interval, a PF

Light curve in different energy bands/ detectors
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Polarisation angle change coincident with the change in hardness ratio (> 30 MeV/ < 30 MeV) 
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Figure 2. In the left top corner, for the first interval, the best fit modulation curve obtained is shown in blue dashed line.
Modulation fits obtained for 1000 out of ⇠ 107 simulated data sets are shown here in shaded black color. In the left bottom
corner the 2D histogram plot of the obtained PF and PA values, along with the contours corresponding to confidence levels of
68%, 90%, 99% and 99.9% are shown in terms of darker to lighter color shades of blue which are over-plotted on the scatter
plot of PF and PA. Similar corresponding plots for the interval 2 are shown in the top middle and bottom middle (green colour).
For this time interval, an additional contour of confidence level 99.99% is shown in the 2D histogram plot. For interval 3,
corresponding plots are shown in the right top corner and right bottom corner (red colour). The average values of PF and PA
obtained in the intervals 1,2,3 are marked by the blue circle, green triangle and red square respectively on their 2D histograms
and they are marked by solid lines on their respective posterior distribution plots as well.

In a classical fireball model (Mészáros 2006; Pe’er 2015; Iyyani 2018), where the outflow is non-magnetized, the
non-thermal emission is generally expected to be produced in shocks created in the optically thin region above the
photosphere from where the thermal emission is expected. Energetic electrons produced in the shocks then cool by
processes like synchrotron emission in random magnetic fields generated in the shocks (Ghisellini & Lazzati 1999),
or inverse Compton scattering (Lazzati et al. 2004), both being inherently locally axisymmetric around the outflow’s
velocity vector. For a fixed viewing angle4, ✓v > 0, in an axially symmetric jet, the polarization vector integrated over
the spatially unresolved emitting region, should point either perpendicular to or in the plane containing the axis of
the jet and the line of sight of the observer. Thus, the PA is expected to change by 90� when the width of the jet
parameterized by � ✓j changes. In such a case, when the orientation of the polarization vector becomes perpendicular
to the observer plane, the polarization fraction is expected to be low, < 10% (Toma et al. 2009; Granot 2003; Ghisellini
& Lazzati 1999). However, here we observe that during the entire burst, the PF values are > 15 %. Thus, a change in
width of the visible portion of the jet cannot account for the observed change in PA. Inherently axisymmetric emission
models referred to above are ruled out.

The total radiative energy5 released in the prompt emission of GRB 160821A is estimated to be E�,iso = 6.9 ⇥
1053 (3.6 ⇥ 1055) erg, for a redshift, z = 0.4 (2), if the radiation were isotropic. These are among the highest known
values for long GRBs (Racusin et al. 2011). Such a high E�,iso suggests that the emission is strongly collimated, with
the jet pointing towards the observer such that the line of sight lies within the jet cone or just outside the edge of the
jet (✓j + 1/�). In the above scenario, the strong observed polarization can be explained only by synchrotron emission
produced in magnetic fields that are highly ordered within the viewing cone of 1/�.

4
✓v is the angle between the line of sight of the observer and the jet axis.

5 We find a fluence of 1.3± 0.03⇥ 10�3 erg/cm2 in 10 keV - 5 GeV. Fluence is the energy flux integrated over the duration of the burst.
We assume a flat Universe (⌦� = 0.73 and H0 = 71 km s�1 Mpc�1).
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% with a corresponding PA = 110+25 �

�26
, are determined (Figure 1c). By performing Monte Carlo simulations

(Appendix B) of the dataset of each interval, the posterior distributions of PF and PA of these intervals were also
obtained. Intervals 1, 2 and 3 were found to be polarized at confidence levels of 99.8 % (3.5 �), 99.97 % (4�) and
99.1 % (3.1 �) respectively for two parameters of interest (Figure 2). As the burst transits from its rise to the peak
phase and then into its decay phase, the PA shifts by 81� ± 13� and 80� ± 19� respectively (Figure 1c). The statistical
significance of the change in polarization angles, � PA1 and � PA2 are determined at 3.5 � and 3.1 � respectively,
which are the minimum of the obtained statistical significance of the two intervals to be polarized. Other cases of
varying polarization that were reported earlier were GRB 041219A (Götz et al. 2009), GRB 100826A (Yonetoku et al.
2011) and GRB 170114A (Zhang et al. 2019) observed by INTEGRAL, GAP and POLAR respectively. The low PF,
thus, found across the burst can now be understood as an artefact of the temporal change of PA occurring within the
burst. The results of the polarization analysis of the three time intervals are listed in Table 1.

In order to estimate the average PF across the burst: (a) the first and the third intervals were combined since they
had nearly same polarization angles (fourth panel of Figure 1 c); (b) Monte Carlo simulations involving combined
fits of this new interval and the second interval with the cosine function were performed. The polarization fraction
related parameters A and B of the cosine functions were linked across the intervals, while the polarization angles were
kept free. Thus, we found the average polarization fraction and the polarization angles for the new interval and the
second interval. In Figure 3, the posterior distributions of the average PF across the burst and the corresponding
change in polarization angle estimated by taking the di↵erence of the PAs of the new interval and interval 2 are
shown. The average polarization fraction across the burst is estimated to be 66+26

�27
% at 99.99992% (5.3 �) confidence

for two parameters of interest as shown in Figure 3. Also, we note that the change in polarization angle estimate
(80+17 �

�18
) is consistent with the average of the change in polarization angles that were found occurring within the burst.

Previously, such a high statistically significant polarization was reported for the burst GRB 021206 by Coburn & Boggs
(2003), however, the claim was contested by the analyses done by Rutledge & Fox (2004) and Wigger et al. (2004)
subsequently. Recently, POLAR found that the time integrated emission of 5 bright GRBs observed by them, possess
the most probable polarization fraction between 4% and 11% at a confidence level of 99.9 % (Zhang et al. 2019). Till
date no other polarization measurement of GRBs reported by BATSE, INTEGRAL, GAP, AstroSat and POLAR have
obtained a statistical significance greater than ⇠ 99.9 % (Zhang et al. 2019; Covino & Gotz 2016; McConnell 2017).

3. SPECTRAL ANALYSIS

Traditionally, the GRB prompt emission spectrum is modelled using the phenomenological Band function2 (Band
et al. 1993). The time resolved spectral analysis of the main episode of the burst, however, shows significant deviations
from the pure Band function in the brightest bins (Preece et al. 2014; Vianello et al. 2018). The deviation in lower
energies is modelled by adding a blackbody (BB) function at kT ⇠ 30 keV and that at higher energies by adding a
cuto↵ at Ec ⇠ 2� 50 MeV (Appendix C). Thus, the spectrum is best modelled using a blackbody + Band ⇥ Highecut
(Figure 4a), where the blackbody can be related to the thermal emission, a relic of the dense fireball formed at the
central engine after the explosion, and the rest to the non-thermal emission coming from the optically thin region
of the outflow (Guiriec et al. 2011; Axelsson et al. 2012; Iyyani et al. 2013; Burgess et al. 2014; Iyyani et al. 2016;
Vianello et al. 2018). The evolution of the spectral fit parameters are shown in Figure 4b. We note that the low energy
part of the spectrum characterized by the low energy power law index, ↵ and the spectral peak, Ep are nearly steady
throughout at ⇠ �0.97 and 800 keV respectively. However, the high energy part of the spectrum characterized by the
high energy power law index, � and cuto↵, Ec vary significantly such that � decreases, whereas Ec increases with time
and after T0 + 140 s, these trends are reversed. This spectral behaviour is consistent with the trend observed in HR
reported above.

4. DISCUSSION AND SUMMARY

GRBs with long durations, > 2 s, are associated with the death of massive stars. A highly collimated outflow (jet)
of opening angle ✓j , moving at a relativistic speed (parameterized by Lorentz factor3, �) is produced after the core of
the massive star collapses to a black hole (or a magnetar) and begins to accrete the surrounding stellar matter. The
radiation emitted from this relativistic outflow is beamed towards the observer within a cone of 1/� which is thus, the
visible region around the line of sight. This is referred to as the relativistic aberration/ beaming.

2 Band function is an empirical function consisting of two power laws smoothly joined at a peak.
3 � = 1/

p
1 � (v/c)2 where v is the velocity of the outflow and c is the speed of light.
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2011) and GRB 170114A (Zhang et al. 2019) observed by INTEGRAL, GAP and POLAR respectively. The low PF,
thus, found across the burst can now be understood as an artefact of the temporal change of PA occurring within the
burst. The results of the polarization analysis of the three time intervals are listed in Table 1.

In order to estimate the average PF across the burst: (a) the first and the third intervals were combined since they
had nearly same polarization angles (fourth panel of Figure 1 c); (b) Monte Carlo simulations involving combined
fits of this new interval and the second interval with the cosine function were performed. The polarization fraction
related parameters A and B of the cosine functions were linked across the intervals, while the polarization angles were
kept free. Thus, we found the average polarization fraction and the polarization angles for the new interval and the
second interval. In Figure 3, the posterior distributions of the average PF across the burst and the corresponding
change in polarization angle estimated by taking the di↵erence of the PAs of the new interval and interval 2 are
shown. The average polarization fraction across the burst is estimated to be 66+26

�27
% at 99.99992% (5.3 �) confidence

for two parameters of interest as shown in Figure 3. Also, we note that the change in polarization angle estimate
(80+17 �

�18
) is consistent with the average of the change in polarization angles that were found occurring within the burst.

Previously, such a high statistically significant polarization was reported for the burst GRB 021206 by Coburn & Boggs
(2003), however, the claim was contested by the analyses done by Rutledge & Fox (2004) and Wigger et al. (2004)
subsequently. Recently, POLAR found that the time integrated emission of 5 bright GRBs observed by them, possess
the most probable polarization fraction between 4% and 11% at a confidence level of 99.9 % (Zhang et al. 2019). Till
date no other polarization measurement of GRBs reported by BATSE, INTEGRAL, GAP, AstroSat and POLAR have
obtained a statistical significance greater than ⇠ 99.9 % (Zhang et al. 2019; Covino & Gotz 2016; McConnell 2017).

3. SPECTRAL ANALYSIS

Traditionally, the GRB prompt emission spectrum is modelled using the phenomenological Band function2 (Band
et al. 1993). The time resolved spectral analysis of the main episode of the burst, however, shows significant deviations
from the pure Band function in the brightest bins (Preece et al. 2014; Vianello et al. 2018). The deviation in lower
energies is modelled by adding a blackbody (BB) function at kT ⇠ 30 keV and that at higher energies by adding a
cuto↵ at Ec ⇠ 2� 50 MeV (Appendix C). Thus, the spectrum is best modelled using a blackbody + Band ⇥ Highecut
(Figure 4a), where the blackbody can be related to the thermal emission, a relic of the dense fireball formed at the
central engine after the explosion, and the rest to the non-thermal emission coming from the optically thin region
of the outflow (Guiriec et al. 2011; Axelsson et al. 2012; Iyyani et al. 2013; Burgess et al. 2014; Iyyani et al. 2016;
Vianello et al. 2018). The evolution of the spectral fit parameters are shown in Figure 4b. We note that the low energy
part of the spectrum characterized by the low energy power law index, ↵ and the spectral peak, Ep are nearly steady
throughout at ⇠ �0.97 and 800 keV respectively. However, the high energy part of the spectrum characterized by the
high energy power law index, � and cuto↵, Ec vary significantly such that � decreases, whereas Ec increases with time
and after T0 + 140 s, these trends are reversed. This spectral behaviour is consistent with the trend observed in HR
reported above.

4. DISCUSSION AND SUMMARY

GRBs with long durations, > 2 s, are associated with the death of massive stars. A highly collimated outflow (jet)
of opening angle ✓j , moving at a relativistic speed (parameterized by Lorentz factor3, �) is produced after the core of
the massive star collapses to a black hole (or a magnetar) and begins to accrete the surrounding stellar matter. The
radiation emitted from this relativistic outflow is beamed towards the observer within a cone of 1/� which is thus, the
visible region around the line of sight. This is referred to as the relativistic aberration/ beaming.

2 Band function is an empirical function consisting of two power laws smoothly joined at a peak.
3 � = 1/

p
1 � (v/c)2 where v is the velocity of the outflow and c is the speed of light.



Average polarisation across the burst: accounting for the change in polarisation angle 
Synchrotron emission from ordered magnetic fields. 7

Figure 3. Above a 2D histogram plot of the average PF and correspondingly obtained average change in polarization angle,
across the burst is shown. Contours corresponding to confidence levels 68%, 90%, 99.7%, 99.99%, 99.99992% (5.3�) and
99.99995% (5.4�) are shown. The average values of PF and change in PA are marked on their respective posterior distributions
by a black solid line.
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= 61+39

�46
% with a corresponding PA = 110+25 �

�26
, are determined (Figure 1c). By performing Monte Carlo simulations

(Appendix B) of the dataset of each interval, the posterior distributions of PF and PA of these intervals were also
obtained. Intervals 1, 2 and 3 were found to be polarized at confidence levels of 99.8 % (3.5 �), 99.97 % (4�) and
99.1 % (3.1 �) respectively for two parameters of interest (Figure 2). As the burst transits from its rise to the peak
phase and then into its decay phase, the PA shifts by 81� ± 13� and 80� ± 19� respectively (Figure 1c). The statistical
significance of the change in polarization angles, � PA1 and � PA2 are determined at 3.5 � and 3.1 � respectively,
which are the minimum of the obtained statistical significance of the two intervals to be polarized. Other cases of
varying polarization that were reported earlier were GRB 041219A (Götz et al. 2009), GRB 100826A (Yonetoku et al.
2011) and GRB 170114A (Zhang et al. 2019) observed by INTEGRAL, GAP and POLAR respectively. The low PF,
thus, found across the burst can now be understood as an artefact of the temporal change of PA occurring within the
burst. The results of the polarization analysis of the three time intervals are listed in Table 1.

In order to estimate the average PF across the burst: (a) the first and the third intervals were combined since they
had nearly same polarization angles (fourth panel of Figure 1 c); (b) Monte Carlo simulations involving combined
fits of this new interval and the second interval with the cosine function were performed. The polarization fraction
related parameters A and B of the cosine functions were linked across the intervals, while the polarization angles were
kept free. Thus, we found the average polarization fraction and the polarization angles for the new interval and the
second interval. In Figure 3, the posterior distributions of the average PF across the burst and the corresponding
change in polarization angle estimated by taking the di↵erence of the PAs of the new interval and interval 2 are
shown. The average polarization fraction across the burst is estimated to be 66+26

�27
% at 99.99992% (5.3 �) confidence

for two parameters of interest as shown in Figure 3. Also, we note that the change in polarization angle estimate
(80+17 �

�18
) is consistent with the average of the change in polarization angles that were found occurring within the burst.

Previously, such a high statistically significant polarization was reported for the burst GRB 021206 by Coburn & Boggs
(2003), however, the claim was contested by the analyses done by Rutledge & Fox (2004) and Wigger et al. (2004)
subsequently. Recently, POLAR found that the time integrated emission of 5 bright GRBs observed by them, possess
the most probable polarization fraction between 4% and 11% at a confidence level of 99.9 % (Zhang et al. 2019). Till
date no other polarization measurement of GRBs reported by BATSE, INTEGRAL, GAP, AstroSat and POLAR have
obtained a statistical significance greater than ⇠ 99.9 % (Zhang et al. 2019; Covino & Gotz 2016; McConnell 2017).

3. SPECTRAL ANALYSIS

Traditionally, the GRB prompt emission spectrum is modelled using the phenomenological Band function2 (Band
et al. 1993). The time resolved spectral analysis of the main episode of the burst, however, shows significant deviations
from the pure Band function in the brightest bins (Preece et al. 2014; Vianello et al. 2018). The deviation in lower
energies is modelled by adding a blackbody (BB) function at kT ⇠ 30 keV and that at higher energies by adding a
cuto↵ at Ec ⇠ 2� 50 MeV (Appendix C). Thus, the spectrum is best modelled using a blackbody + Band ⇥ Highecut
(Figure 4a), where the blackbody can be related to the thermal emission, a relic of the dense fireball formed at the
central engine after the explosion, and the rest to the non-thermal emission coming from the optically thin region
of the outflow (Guiriec et al. 2011; Axelsson et al. 2012; Iyyani et al. 2013; Burgess et al. 2014; Iyyani et al. 2016;
Vianello et al. 2018). The evolution of the spectral fit parameters are shown in Figure 4b. We note that the low energy
part of the spectrum characterized by the low energy power law index, ↵ and the spectral peak, Ep are nearly steady
throughout at ⇠ �0.97 and 800 keV respectively. However, the high energy part of the spectrum characterized by the
high energy power law index, � and cuto↵, Ec vary significantly such that � decreases, whereas Ec increases with time
and after T0 + 140 s, these trends are reversed. This spectral behaviour is consistent with the trend observed in HR
reported above.

4. DISCUSSION AND SUMMARY

GRBs with long durations, > 2 s, are associated with the death of massive stars. A highly collimated outflow (jet)
of opening angle ✓j , moving at a relativistic speed (parameterized by Lorentz factor3, �) is produced after the core of
the massive star collapses to a black hole (or a magnetar) and begins to accrete the surrounding stellar matter. The
radiation emitted from this relativistic outflow is beamed towards the observer within a cone of 1/� which is thus, the
visible region around the line of sight. This is referred to as the relativistic aberration/ beaming.

2 Band function is an empirical function consisting of two power laws smoothly joined at a peak.
3 � = 1/

p
1 � (v/c)2 where v is the velocity of the outflow and c is the speed of light.

PF =
confidence level
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Table1. Results of the temporal polarization analysis.
⇤ The average values of µ, PF and PA from the posterior distribution are reported.

Time Intervals (s) 115-129 131-139 142-155

Compton events 896 1124 523

Background events
(s�1)

20.7± 4.5 20.7± 4.5 20.7± 4.5

MDP (99%
confidence)

40% 32% 57%

µ⇤ 0.289 0.250 0.243

µ100 0.409 0.435 0.403

PF⇤ 71+29
�41 % 58+29

�30% 61+39
�46 %

PA⇤ 110+14 �
�15 31+12 �

�10 110+25 �
�26

Confidence level 99.8% 99.97% 99.1%

If we assume the observed burst emission is a single emission episode, the observed high polarization along with a
change in polarization angle is challenging to be explained in any known physical model. On the other hand, it can
also be envisaged that the burst emission consists of multiple emission episodes and depending on the dominance of
the synchrotron emissions coming from the di↵erent regions, a change in polarization angle can happen with time (also
see Lazzati & Begelman 2009).

Thus, for the first time a conclusive evidence of high and varying linear polarization is detected in a GRB. The
observations are extremely constraining and challenging for currently proposed physical models for gamma-ray bursts.
This motivates further research into the development of a physical scenario that can explain the observations self
consistently.



Following Jakobsson et al. 2012 survey paper, 
we took the lowest redshift known for 

the faintest host galaxy (R > 24 mag) for GRB

Lower limit Redshift, z =0.4

Possible Redshift range 

Lowest redshifts reported so far for Long GRBs: 

GRB 060218, z = 0.0331, associated with supernova

GRB 980425, z = 0.008, first associated with supernova

In case of GRB160821A, there was no supernova detection. 

There was no host galaxy found at the RA, Dec in optical. 

Searched surveys: For optical- SDSS, Wise, PanStarrs (Vizer website).
Also checked radio catalog - no source seen (including VLA, GMRT survey catalogs). 

Inference made was that in the optical R-band > 24 mag.

188 P. Jakobsson et al.

Figure 1. Left: The R-band host magnitude as a function of redshift for all the bursts in
the TOUGH sample. Upper limits are shown with arrows. Hosts without a reported redshift are
plotted on the left side of the diagram. The dashed curve shows a galaxy with an absolute B-band
magnitude of −21 assuming Fν ∝ ν

−0 .5 . Right: The absolute B-band magnitude (Fν ∝ ν
−0 .5 )

as a function of redshift for all the hosts in the left panel with a reported redshift. The dotted
curve shows a galaxy with an observed magnitude of R = 27.

have a reported reliable redshift (38/69) in the range 0.033 < z < 6.3. This should be
compared to the full Swift sample that only has around 30% redshift completion.

2. Host magnitudes and colours

The first step in the TOUGH program is to obtain sufficiently deep images of the
targets in the R- (typically restframe UV) and K-band (typically restframe visual). The
characteristic magnitude limits of the survey are R ∼ 27 and K ∼ 21.5 (Vega photometric
system). Around 80% (54/69) of the hosts are detected in the R band (Fig. 1), being
mostly subluminous (between 1% and roughly 100% of L∗) as previous findings have
indicated (e.g. Le Floc’h et al. 2003; Fruchter et al. 2006). HST observations have recently
been carried out to search for some of the missing hosts in the sample.

Could a large fraction of faint hosts go undetected in our survey? The probability
for a galaxy to be detected within an afterglow error circle by chance depends on the
magnitude of the galaxy. The number of galaxies per arcmin2 has been well determined
to deep limits in the various Hubble deep fields. To limits of R = 24, 26 and 28 there
are about 2, 6 and 13 galaxies arcmin−2 (e.g. Fynbo et al. 2000). Hence, the probability
to find an R = 24 galaxy by chance in an error circle with a 0′′.5 radius is about 0.4%.
For a R = 28 galaxy the probability is about 8%. If the error circle is defined only by
the X-ray afterglow with a 2′′ radius we expect a random R = 24 and R = 28 galaxy
in 6% and 72% of the error boxes. There are 17 bursts with X-ray positions only in
the TOUGH sample (75% have an OA). Of these the faintest host has R ∼ 26. Hence,
chance projection should hence not be a serious concern and we are confident that the
vast majority of the host candidates are real.

Only 35% of the hosts are detected in the K band. The corresponding R − K color is
shown in Fig. 2 with the hosts predominantly lying in the range 2 < R − K < 5. There
is only a single possible extremely red object (ERO) with R − K = 5.6; this GRB had
no reported OA to a limit of around R > 24 at 1 hour after the burst (Fynbo et al.
2009). Although this might indicate the presence of dust, a chance association cannot be
excluded between the GRB and this galaxy, given that the XRT error circle is among the
largest in the sample. Figure 2 also confirms earlier findings (e.g. Le Floc’h et al. 2003)
that GRB hosts mostly have blue colors (even considering bursts with no reported OA).

Energetics gave the upper limit 

Upper limit Redshift, z = 2 
Eγ,iso = 7 x 1053  - 4 x 1055  erg



Afterglow analysis details
• Additional component in LAT emission (> 100 MeV)

After 153 s, a power law component is needed to model LAT emission.  

Pgstat (BB+ Band x Highecut) - Pgstat (BB + Band x Highecut + power law ) = 806 Iyyani et al.

Figure 3. The temporal evolution of the power law index (black circles) of the power law modelling the LAT emission is shown.
The temporal evolution of the energy flux is shown in green squares.
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Figure 4. The residuals of best fit model fBHec + power law to the last bin (i.e 153 s�198 s) of GBM + LAT analysis is shown.

time bins) which corresponds to the energy spectral index � = 1.71 � 1 = 0.71. We find that the LAT emission
satisfies the closure relation for the case of slow cooling synchrotron emission produced in external shock occuring in
a uniform circumstellar medium. The emission corresponds to the synchrotron spectral regime ⌫m < ⌫ < ⌫c, where
� should be (p � 1)/2, where p is the power law index of the electron distribution, which is found to be 2.42 ± 1.02.
This spectral regime cools adiabatically with time such that F⌫ / t�3(p�1)/4. For the obtained p value, we find the
expected �exp = 1.07± 0.77, which is consistent within errors of the observed temporal evolution, of � = 0.496± 0.127
(see Table 1). Thus, we estimate the kinetic energy of the burst by using the following equation for ⌫F⌫ of slow cooling
synchrotron emission in the case of adiabatic evolution of the shock, given in Zhang et al. (2007) and Racusin et al.
(2011),

Ek,52 =

✓
⌫F⌫

6.5 ⇥ 10�13

◆4/(p+3)

D(8/(p+3)
28 (1+z)�1t3(p�1)/(p+3)

d
f�4/(p+3)
p

✏�(p+1)/(p+3)
B,�2 ✏4(1�p)/(p+3)

e,�1 ⌫2(p�3)/(p+2)
18 n�2/(p+3)

(1)
where ⌫F⌫ at 100 MeV = 3.15 ⇥ 10�9 erg s�1 cm�2, the frequency ⌫100MeV = 2.41 ⇥ 1012 Hz, the fraction of energy

in magnetic fields, ✏B = 10�2, the fraction of energy in electrons, ✏e = 10�1, the ambient number density, n = 1 cm�3,

td = 153 s which is 0.0017 days, D is the luminosity distance and fp = 6.73
⇣

p�2
p�1

⌘(p�1)
(3.3 ⇥ 10�6.0)(p�2.3)/2 The

parameters represented as Xx means those quantities are normalised to the value of 10x.
For redshift z = 0.4 (2) which corresponds to a luminosity distance D = 1.4 ⇥ 1027(4.785 ⇥ 1028) cm we get Ek =

6.4 ⇥ 1053 (5.5 ⇥ 1054) ergs.

3.3. Radiative e�ciency

The radiative e�ciency of the burst is given by,

 =
E�,iso

(E�,iso + Ek)
(2)

Afterglow emission



• Kinetic energy estimate
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Table 3. Analysis of the LAT + LLE data of energy > 80MeV between time bins from 129 s�146 s and extended LAT emission
in the time bins from 146 s� 1800 s. The spectrum was modelled using a power law function only.

Time Intervals (s) -↵ pg-stats(dof)

129.89 - 134.59 2.32+0.01

�0.02
132.59(5)

134.59 - 135.71 2.22+0.01

�0.03
98.13(5)

135.71 - 135.87 2.15+0.02

�0.06
47.93(8)

135.87 - 137.03 2.23+0.01

�0.03
104.76(5)

137.03 - 137.97 2.27+0.01

�0.11
32.86(5)

137.97 - 146.39 2.38+0.01

�0.03
88.67(6)

146.39 - 198.40 1.85+0.30

�0.37
11.34(12)

198.40 - 250.0 1.57+0.42

�0.41
15.72(14)

1380.0 - 1800.0 1.72+0.84

�0.73
19.74(20)

The LAT photons (> 100 MeV) were detected till T0 + 250 s, after which the spacecraft entered into the South
Atlantic Anomaly (SAA) region until T0 + 1380 s. Therefore, in the time intervals T0+250 s and T0+1380�T0+1800
s, ”transient” and ”di↵use” class events were chosen respectively. The spectrum, background and response files were
extracted using the gtburst tool. We analysed the LAT data by dividing them into several time bins such that each
time bin contained at least 5 LAT photons. The extended LAT emission which existed beyond the time period of
the observed GBM emission was also analysed between the times 146 s � 1800 s. The time bins ranging between
129 s � 146 s, where both GBM as well as LLE data were present, were analysed along with the LLE events with
energy > 80 MeV to obtain better constrains on the spectral fits. Throughout the time bins the spectra were analysed
using the power law function alone. The time evolution of the power law index and energy flux obtained is shown
in Figure 3. We find that the power law index during the period of the GBM emission, is clustered around �2.26,
however, during the extended emission period, the power law index becomes more harder ⇠ �1.71. Also, in the last
time bin of GBM + LAT analysis i.e 153 s � 198 s presented in Sharma et al. (2019), we find that an additional power
law component to fBHec is needed which models the LAT emission part of the spectrum, see Figure 4. Addition of
the power law component significantly improves the pgstat by 80. This is considered as the beginning of the extended
LAT emission. Thus, the change in spectral index and the origin of new spectral component with the beginning of
the extended LAT emission, suggests that this emission is likely to be originating from a di↵erent source other than
the one producing the fBHec spectrum. It has been shown by Kumar & Barniol Duran (2010); Kumar et al. (2012)
that emission > 100 MeV and photons with energy  5 GeV can be produced via synchrotron emission process. Here
the highest energy photon detected is only 4.7 GeV which is well within the expected limit. Thus, we associate the
extended LAT emission to the synchrotron emission coming from the external forward shock.

3.2. Estimating kinetic energy

Afterglow data basically includes the extended LAT and the optical emission. In the external shock model, syn-
chrotron emission predicts a relationship between the temporal decay index (�) of the light curve (F⌫) and the energy
spectral index (�), which are called as the closure relations. The convention is as follows f(⌫, t) / ⌫�� t��. The
extended LAT spectrum is best modelled using a power law with photon index, 1.71 ± 0.51 (average value of three

Closure relation is satisfied for the case:
Slow cooling synchrotron emission produced in 

adiabatic evolution of external shocks in uniform circumstellar medium. 

Afterglow emission,

Photon index =  
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Table 3. Analysis of the LAT + LLE data of energy > 80MeV between time bins from 129 s�146 s and extended LAT emission
in the time bins from 146 s� 1800 s. The spectrum was modelled using a power law function only.

Time Intervals (s) -↵ pg-stats(dof)

129.89 - 134.59 2.32+0.01

�0.02
132.59(5)

134.59 - 135.71 2.22+0.01

�0.03
98.13(5)

135.71 - 135.87 2.15+0.02

�0.06
47.93(8)

135.87 - 137.03 2.23+0.01

�0.03
104.76(5)

137.03 - 137.97 2.27+0.01

�0.11
32.86(5)

137.97 - 146.39 2.38+0.01

�0.03
88.67(6)

146.39 - 198.40 1.85+0.30

�0.37
11.34(12)

198.40 - 250.0 1.57+0.42

�0.41
15.72(14)

1380.0 - 1800.0 1.72+0.84

�0.73
19.74(20)

The LAT photons (> 100 MeV) were detected till T0 + 250 s, after which the spacecraft entered into the South
Atlantic Anomaly (SAA) region until T0 + 1380 s. Therefore, in the time intervals T0+250 s and T0+1380�T0+1800
s, ”transient” and ”di↵use” class events were chosen respectively. The spectrum, background and response files were
extracted using the gtburst tool. We analysed the LAT data by dividing them into several time bins such that each
time bin contained at least 5 LAT photons. The extended LAT emission which existed beyond the time period of
the observed GBM emission was also analysed between the times 146 s � 1800 s. The time bins ranging between
129 s � 146 s, where both GBM as well as LLE data were present, were analysed along with the LLE events with
energy > 80 MeV to obtain better constrains on the spectral fits. Throughout the time bins the spectra were analysed
using the power law function alone. The time evolution of the power law index and energy flux obtained is shown
in Figure 3. We find that the power law index during the period of the GBM emission, is clustered around �2.26,
however, during the extended emission period, the power law index becomes more harder ⇠ �1.71. Also, in the last
time bin of GBM + LAT analysis i.e 153 s � 198 s presented in Sharma et al. (2019), we find that an additional power
law component to fBHec is needed which models the LAT emission part of the spectrum, see Figure 4. Addition of
the power law component significantly improves the pgstat by 80. This is considered as the beginning of the extended
LAT emission. Thus, the change in spectral index and the origin of new spectral component with the beginning of
the extended LAT emission, suggests that this emission is likely to be originating from a di↵erent source other than
the one producing the fBHec spectrum. It has been shown by Kumar & Barniol Duran (2010); Kumar et al. (2012)
that emission > 100 MeV and photons with energy  5 GeV can be produced via synchrotron emission process. Here
the highest energy photon detected is only 4.7 GeV which is well within the expected limit. Thus, we associate the
extended LAT emission to the synchrotron emission coming from the external forward shock.

3.2. Estimating kinetic energy

Afterglow data basically includes the extended LAT and the optical emission. In the external shock model, syn-
chrotron emission predicts a relationship between the temporal decay index (�) of the light curve (F⌫) and the energy
spectral index (�), which are called as the closure relations. The convention is as follows f(⌫, t) / ⌫�� t��. The
extended LAT spectrum is best modelled using a power law with photon index, 1.71 ± 0.51 (average value of threeTemporal evolution, 
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Figure 3. The temporal evolution of the power law index (black circles) of the power law modelling the LAT emission is shown.
The temporal evolution of the energy flux is shown in green squares.
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Figure 4. The residuals of best fit model fBHec + power law to the last bin (i.e 153 s�198 s) of GBM + LAT analysis is shown.

time bins) which corresponds to the energy spectral index � = 1.71 � 1 = 0.71. We find that the LAT emission
satisfies the closure relation for the case of slow cooling synchrotron emission produced in external shock occuring in
a uniform circumstellar medium. The emission corresponds to the synchrotron spectral regime ⌫m < ⌫ < ⌫c, where
� should be (p � 1)/2, where p is the power law index of the electron distribution, which is found to be 2.42 ± 1.02.
This spectral regime cools adiabatically with time such that F⌫ / t�3(p�1)/4. For the obtained p value, we find the
expected �exp = 1.07± 0.77, which is consistent within errors of the observed temporal evolution, of � = 0.496± 0.127
(see Table 1). Thus, we estimate the kinetic energy of the burst by using the following equation for ⌫F⌫ of slow cooling
synchrotron emission in the case of adiabatic evolution of the shock, given in Zhang et al. (2007) and Racusin et al.
(2011),

Ek,52 =

✓
⌫F⌫

6.5 ⇥ 10�13
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D(8/(p+3)
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(1)
where ⌫F⌫ at 100 MeV = 3.15 ⇥ 10�9 erg s�1 cm�2, the frequency ⌫100MeV = 2.41 ⇥ 1012 Hz, the fraction of energy

in magnetic fields, ✏B = 10�2, the fraction of energy in electrons, ✏e = 10�1, the ambient number density, n = 1 cm�3,

td = 153 s which is 0.0017 days, D is the luminosity distance and fp = 6.73
⇣

p�2
p�1

⌘(p�1)
(3.3 ⇥ 10�6.0)(p�2.3)/2 The

parameters represented as Xx means those quantities are normalised to the value of 10x.
For redshift z = 0.4 (2) which corresponds to a luminosity distance D = 1.4 ⇥ 1027(4.785 ⇥ 1028) cm we get Ek =

6.4 ⇥ 1053 (5.5 ⇥ 1054) ergs.

3.3. Radiative e�ciency

The radiative e�ciency of the burst is given by,

 =
E�,iso

(E�,iso + Ek)
(2)
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Figure 3. The temporal evolution of the power law index (black circles) of the power law modelling the LAT emission is shown.
The temporal evolution of the energy flux is shown in green squares.
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Figure 4. The residuals of best fit model fBHec + power law to the last bin (i.e 153 s�198 s) of GBM + LAT analysis is shown.

time bins) which corresponds to the energy spectral index � = 1.71 � 1 = 0.71. We find that the LAT emission
satisfies the closure relation for the case of slow cooling synchrotron emission produced in external shock occuring in
a uniform circumstellar medium. The emission corresponds to the synchrotron spectral regime ⌫m < ⌫ < ⌫c, where
� should be (p � 1)/2, where p is the power law index of the electron distribution, which is found to be 2.42 ± 1.02.
This spectral regime cools adiabatically with time such that F⌫ / t�3(p�1)/4. For the obtained p value, we find the
expected �exp = 1.07± 0.77, which is consistent within errors of the observed temporal evolution, of � = 0.496± 0.127
(see Table 1). Thus, we estimate the kinetic energy of the burst by using the following equation for ⌫F⌫ of slow cooling
synchrotron emission in the case of adiabatic evolution of the shock, given in Zhang et al. (2007) and Racusin et al.
(2011),

Ek,52 =
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(1)
where ⌫F⌫ at 100 MeV = 3.15 ⇥ 10�9 erg s�1 cm�2, the frequency ⌫100MeV = 2.41 ⇥ 1012 Hz, the fraction of energy

in magnetic fields, ✏B = 10�2, the fraction of energy in electrons, ✏e = 10�1, the ambient number density, n = 1 cm�3,

td = 153 s which is 0.0017 days, D is the luminosity distance and fp = 6.73
⇣
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parameters represented as Xx means those quantities are normalised to the value of 10x.
For redshift z = 0.4 (2) which corresponds to a luminosity distance D = 1.4 ⇥ 1027(4.785 ⇥ 1028) cm we get Ek =

6.4 ⇥ 1053 (5.5 ⇥ 1054) ergs.

3.3. Radiative e�ciency

The radiative e�ciency of the burst is given by,

 =
E�,iso

(E�,iso + Ek)
(2)
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Figure 3. The temporal evolution of the power law index (black circles) of the power law modelling the LAT emission is shown.
The temporal evolution of the energy flux is shown in green squares.
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Figure 4. The residuals of best fit model fBHec + power law to the last bin (i.e 153 s�198 s) of GBM + LAT analysis is shown.

time bins) which corresponds to the energy spectral index � = 1.71 � 1 = 0.71. We find that the LAT emission
satisfies the closure relation for the case of slow cooling synchrotron emission produced in external shock occuring in
a uniform circumstellar medium. The emission corresponds to the synchrotron spectral regime ⌫m < ⌫ < ⌫c, where
� should be (p � 1)/2, where p is the power law index of the electron distribution, which is found to be 2.42 ± 1.02.
This spectral regime cools adiabatically with time such that F⌫ / t�3(p�1)/4. For the obtained p value, we find the
expected �exp = 1.07± 0.77, which is consistent within errors of the observed temporal evolution, of � = 0.496± 0.127
(see Table 1). Thus, we estimate the kinetic energy of the burst by using the following equation for ⌫F⌫ of slow cooling
synchrotron emission in the case of adiabatic evolution of the shock, given in Zhang et al. (2007) and Racusin et al.
(2011),

Ek,52 =

✓
⌫F⌫

6.5 ⇥ 10�13

◆4/(p+3)

D(8/(p+3)
28 (1+z)�1t3(p�1)/(p+3)

d
f�4/(p+3)
p

✏�(p+1)/(p+3)
B,�2 ✏4(1�p)/(p+3)

e,�1 ⌫2(p�3)/(p+2)
18 n�2/(p+3)

(1)
where ⌫F⌫ at 100 MeV = 3.15 ⇥ 10�9 erg s�1 cm�2, the frequency ⌫100MeV = 2.41 ⇥ 1012 Hz, the fraction of energy

in magnetic fields, ✏B = 10�2, the fraction of energy in electrons, ✏e = 10�1, the ambient number density, n = 1 cm�3,

td = 153 s which is 0.0017 days, D is the luminosity distance and fp = 6.73
⇣

p�2
p�1

⌘(p�1)
(3.3 ⇥ 10�6.0)(p�2.3)/2 The

parameters represented as Xx means those quantities are normalised to the value of 10x.
For redshift z = 0.4 (2) which corresponds to a luminosity distance D = 1.4 ⇥ 1027(4.785 ⇥ 1028) cm we get Ek =

6.4 ⇥ 1053 (5.5 ⇥ 1054) ergs.

3.3. Radiative e�ciency

The radiative e�ciency of the burst is given by,

 =
E�,iso

(E�,iso + Ek)
(2)
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For redshift z= 0.4 (2), the isotropic energy radiated in � -rays during prompt emission E�,iso = 6.9 ⇥ 1053 (3.6 ⇥
1055) erg and thereby we find  = 0.52 (0.87).

3.4. Lorentz factor, �AG

The optical flux is found to peak at tp = 2124 s (Figure 2). This peak time can be related to the deceleration
timescale where the Lorentz factor of the jet reduces to half its initial value. For a uniform ambient medium, the
initial Lorentz factor of the jet, �AG, as it crashes into the ambient medium (Molinari et al. 2007) is given by,

�AG = 2 ⇥
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3E�,iso(1 + z)3
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(3)

For redshift z = 0.4 (2), we get �AG = 128 (262). The corresponding deceleration radius, rdec = 2 (�AG/2)2 c tp =
5.2 ⇥ 1017 (2.2 ⇥ 1018 cm).

3.5. Jet opening angle

While modelling the temporal evolution of the optical flux, see in Figure 2, one finds that the power law fitting the
shallow decay part of the light curve overfits the last data point (at fourth day) which is an upper limit. This suggests
that a break in the decay of flux between day one and four is possible. Relating this break (which we take as the
mean time between the first and the fourth day) to the jet break, we estimate the opening angle of the GRB jet by
the following equation (Racusin et al. 2009)

✓j = 0.0057 ⇣t3/8
j

(4)

where ⇣ =
⇣

3.5
(1+z)

⌘3/8 �
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E�,iso,53
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where tj is the time relating to the jet break in days, and E�,iso,53 is

normalised to 1053 erg. Thus, for a redshift of z = 0.4 (2), the probable jet opening angle, ✓j is nearly 6.5�(3.2�).

4. PHYSICAL MODEL

In this section, we first discuss the physical interpretations of the key observations which finally lead to the composite
physical picture of the GRB.

4.1. Synchrotron in ordered magnetic fields

The major result of Sharma et al. (2019) was the varying high linear polarisation observed during second emission
episode of the GRB. The polarisation angle changed twice consistently by 90� during the rise and decay phase of
the pulse. Inherently, in axisymmetric emission models such as synchrotron emission from ordered toroidal magnetic
field (StO), synchrotron emission from random magnetic field (SR) and Compton drag (CD), the polarisation vector
integrated across the emitting region with no spatial resolution, is expected to point either in perpendicular to or in the
plane containing the jet axis and the line of sight of the observer. When the polarisation vector orientation becomes
perpendicular with respect to the observer plane, the PF values become negative and vice-versa. For a fixed viewing
angle, the change in PA by 90� occurs when the width of the jet parameterized by yj = � ✓j changes with time, where
✓j is the jet opening angle and � is the Lorentz factor of the outflow.

Below we explore if the observed change in PA can be explained by the change in width of the visible part of the
jet. In Figure 5, the possible variation of PF with respect to q = ✓v/✓j , where ✓v is the angle between the line of
sight (LOS) of the observer and the jet axis, for the di↵erent axisymmetric emission models with a spectral shape of a
power law such that F⌫ / ⌫�(↵�1), with ↵ = 0.97 (the average value of ↵ observed for the burst), in the energy range
100 � 350 keV and yj = 1, 10 are plotted. The methodology to produce these curves were adopted from Toma et al.
(2009).

As one can see, very high values of PF > 62 % cannot be explained by any model. Lets assume yj changes from 10
to 1 or vice versa when the change in PA occurs. The lower limit of the 68% confidence interval of two parameters of
interest of the polarization fraction in the first, second and third time intervals are 30 %, 28 % and 15 % respectively.
If this change in yj is due to change in � such that q remains fixed, then one notes that values of PF consistent with
observations can be obtained in the intervals only in case of StO model for a range of 0.8  q  1. However, in this
case, PF remains positive indicating that the PA has not changed during the change in width of the jet.

On the other hand, if the change in yj is due to change in ✓j , then the value of q can change in the process. However,
in such a case, we note that for the CD, SR model (for yj = 10) and StO model (for yj = 1), when the polarisation

Molinari et al. 2007
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Opening angle 

Jet break is between day 1 and day 4

Current reported values are 6.5 (3.2) deg 
by assuming the jet break is at 2.5 days. 

For day 1: theta_j =  5  (2.5) deg

For day 4: theta_j =  8.4 (4.1) deg

For redshift, z = 0.4 (2)
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Precursor

Figure 1. a) The light curve of the first emission episode as observed by instruments Swift BAT (bottom panel) and Fermi
GBM (BGO - upper panel, NaI - second panel) are shown. For comparison with BAT light curve which is background subtracted,
the GBM (BGO and NaI) light curves shown here are also background subtracted. b) Cuto↵pl: Upper panel shows the time
evolution of low energy power law index, ↵pre. Lower panel shows the time evolution of the cuto↵ energy, Ec,pre. The green
and red dashed lines mark the photon index of �1.5 and �0.67 corresponding to the fast cooling and slow cooling synchrotron
emission respectively.
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Figure 2. The flux decay of the extended LAT emission (black circles) starting from 153 s and the optical emission (blue
squares) starting half an hour later from GBM trigger time are shown. The upper limits of the possible radio emission are
shown in green diamonds.

An optical transient was observed half an hour after the GRB trigger, which peaked at tp = 2124 s and later decayed
as t�0.6. Radio observations were also attempted for 10 days post GRB trigger starting from T0 + 6840 s, however, no
detection could be made (Figure 2, also see Table 1). In addition, the extended emission of LAT (> 100 MeV) is also
found to be a part of the afterglow emission, see below.

3.1. Analysis of LAT emission



• If we assume the observed non-thermal -flux is coming from the Poynting flux, then 
Magnetisation parameter (σ) at the dissipation site is given by 

Poynting flux/kinetic flux of the matter = FNT/Fk ～ 2 (10).  This suggests that the initial magnetisation, σ0 >> 1. 

Magnetised jet
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the radius of the photosphere rph and the Lorentz factor at the
photosphere are given by

rph = 1.05 × 1011 cm ×
!

ϵ−1Ω4

"

1 − µ2

0.5

#$−2/5

L3/5
50 σ

−3/2
0,2 , (41)

Γph ≈ u ph = 119 ×
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. (42)

By equating rph and rsr of (41), (36), we find the value of σ0

where the break in the parameter dependences occurs:

σ0,br = 39 × (ϵ−1Ω4L50)2/15
"

1 − µ2

0.5

#−8/15

· (43)

At this value of the baryon loading, the dissipation of magnetic
energy ceases around the photosphere. For σ0 < σ0,br dissipa-
tion occurs mostly inside the photosphere, and the radiation is
dominated by a black body component.

We note that the analytic expression (41) for rph has been
derived under the assumption that most of the dissipation oc-
curs outside the photosphere. It is still accurate enough, how-
ever, for the estimate (43) that we use to interpret the numerical
results. The asymptotic validity of the analytic value (42) of the
terminal Lorentz factor Γ∞ for large σ0 is shown in Fig. 2b.

4.2. Limits on thermal and non-thermal radiation

The model yields the luminosity per sterad for both the black-
body radiation from the photosphere and the non-thermal ra-
diation. In this section we investigate how these radiation
components behave as function of the model parameters and
what observed temperatures are expected for the black-body
component.

Figure 3b displays the luminosities of the thermal and non-
thermal radiation components Lbb and Lnt as fraction of the to-
tal luminosity L. At very low σ0-values both components are
very small. In that case the energy is released far below the pho-
tosphere and is converted into kinetic energy. The same hap-
pens in “dirty fireball” models where the central engine injects
thermal energy into the matter near the source (Shemi & Piran
1990; Paczyński 1990). This also leads to an almost complete
conversion into kinetic energy.

The black-body radiation shows its maximum if the dissi-
pation ceases right at the photosphere so that rph = rsr. This
corresponds to σ0 = σ0,br from (43). This analytical estimate
for σ0,br might be not coincide exactly with the maximum of
the numerically obtained Lbb/L-curves in Fig. 3b since some
simplifications were used in the derivation of (43). Though, we
take Lbb,max = Lbb(σ0,br) to be the maximal black-body lumi-
nosity to simplify the treatment in the following.

From the graphs in Fig. 3b one might guess that the max-
imal value of Lbb/L does not depend on L. Indeed, it turns
out that the maximal fraction of the black-body luminosity
to the dissipatable luminosity is almost a constant. In the
Poynting flux dominated wind the initial Poynting flux lumi-
nosity is almost equal to the total luminosity Lpf,0 ≈ L. The
fraction of Poynting flux which cannot dissipate by reconnec-
tion was parameterised by µ2 so that dissipatable luminosity is

Fig. 3. Terminal Lorentz factor and radiation flux ratios as function
of the initial Poynting flux ratio σ0 for different values of the total
luminosity per sterad. The values ϵΩ = 10−3 s−1 and µ = 0 where
used. a) Terminal Lorentz factor Γ∞. The dotted line correspond to
the analytical estimates from Paper II where σ0 ≫ 1 and no radiative
losses were assumed. b) Ratio between black-body and total luminos-
ity Lbb/L and ratio between non-thermal and total luminosity Lnt/L.
At the location of the thick dots, the model parameters are such that
the magnetic dissipation ceases to be effective near the photosphere
(cf. (43)).

(1 − µ2)Lpf,0 ≈ (1 − µ2)L. If we plot Lbb,max/[(1 − µ2)L] as a
function of the two other model parameters µ, ϵΩ we see that
its value is around 0.17±0.03 as displayed in Fig. 4a. Thus, the
energy in black-body radiation is always less than 20% of the
total releasable magnetic energy.

Figure 3b shows that the fraction of the total luminosity
emitted as non-thermal radiation has a maximum value for
large σ0 of about 50%, independent of the luminosity itself.
In this limit almost all the dissipation takes place outside the
photosphere and Lbb/L is negligible.

Figure 4b shows that Lnt,max/[(1 − µ2)L] is always very
close to 0.5. The maximal radiation efficiency occurs in the ex-
treme Poynting flux dominated limit. A fast radiation mecha-
nism converts half of the free magnetic energy into non-thermal
radiation.

The dissipatable energy flux (1−µ2)L, not the total Poynting
flux Lpf ≈ L in general, is the energy reservoir from which the
radiation and kinetic energy is fed. Nevertheless, one needs to
know the total Poynting flux in order to determine the absolute
magnetic field strength in the medium to investigate the phys-
ical emission process. Since this is not needed here we could
restrict our study to the case µ = 0 in the largest part of this pa-
per. For any combination of µ, L one finds µ′ = 0, L′ = (1−µ2)L
which yield an outflow of equal dissipatable Poynting flux and
thus equal emission and kinetic energy. Therefore, the setting

Drenkhahn & Spruit 2002

• Following the high burst energetics, low thermal flux (6%), 
high non-thermal flux and high radiation efficiency, 

it is reasonable to assume that σ0 is around a hundred.
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Figure 9. a) On the left side, the magnetisation parameter, �0 (red circles), ⌘ (blue squares), the Lorentz factor of the outflow
at the photosphere, �ph (green triangles) and the Lorentz factor at the dissipation radius (�d) estimated for a redshift z= 0.4
are plotted in the first, second, third and fourth panel from top to bottom respectively. The other limits of the shaded region
in each panel marks the respective parameter values for the redshift z = 2. b) On the right side, nozzle radius, r0 (black stars),
rapid acceleration radius, rra (red squares), photospheric radius, rph (green triangles), dissipation radius, rd (magenta circles)
and coasting radius, rc (blue diamonds) estimated for the redshift, z=0.4 are shown. The other limits of the shaded region of
the respective parameters are the values estimated for the redshift, z=2.

The equation A4 is obtained by substituting the expression of �ph (A3) in the equation of photospheric radius (A2),
whereas the equation A5 is obtained from the expression of the observed temperature, T at the photospheric radius.
These coupled equations (A4 and A5) are then solved to obtain the values of ⌘ and nozzle radius of the jet, r0. The
temporal evolution of the outflow parameters in this scenario are shown in Figure 9.
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The equation A4 is obtained by substituting the expression of �ph (A3) in the equation of photospheric radius (A2),
whereas the equation A5 is obtained from the expression of the observed temperature, T at the photospheric radius.
These coupled equations (A4 and A5) are then solved to obtain the values of ⌘ and nozzle radius of the jet, r0. The
temporal evolution of the outflow parameters in this scenario are shown in Figure 9.

Model adopted from Gao & Zhang 2015
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APPENDIX

A. OUTFLOW DYNAMICS IN AN ACTIVE POYNTING FLUX JET

The following model is adopted from Gao & Zhang (2015). Initially, the jet is quickly accelerated to a magneto
sonic point. This point is referred to as the rapid acceleration radius, rra. Here the Lorentz factor of the outflow (�)
becomes equal to the Alfvenic Lorentz factor given by

�ra = [⌘(1 + �0)]
1/3 (A1)

The acceleration during this phase follows such that � / r. After the rapid acceleration point, the outflow further
continues to accelerate, however, slowly such that � / r1/� where 1  �  3. Drenkhahn & Spruit (2002); Granot
et al. (2011) had considered an acceleration such that � / r1/3 and we assume the same here. Since the observed
photospheric component is very weak and the acceleration of the outflow proceeds slowly, it is reasonable to assume
that the photosphere forms in the accelerating phase such that rra < rph < rc, where rc is the radius at which the
outflow reaches its terminal velocity, �c = ⌘(1 + �0) and rph is the photospheric radius.

We estimate the outflow parameters of the jet with the below mentioned factors. The total burst luminosity,
L0 = Lb + Lp where L0 = Y L� , where L� = 4⇡D2Ftot is the observed luminosity, Ftot is the observed total energy
flux, D is the luminosity distance and Y = 1/. The observed thermal component in the spectrum is related to the
photospheric emission and the non-thermal emission to the Poynting flux. The initial total Poynting luminosity of
the jet is Y LNT where LNT is the observed non-thermal luminosity, and the luminosity of the fireball component of
the jet is equivalent to the observed thermal luminosity. We imagine that the GRB outflow is advected through the
photosphere or the dissipation radius with time. As the properties of the outflow changes at the central engine, the
observed properties at the photosphere and the dissipation radius are also expected to vary with time. The observance
of a blackbody component assures that dissipation of the Poynting flux or jet kinetic energy dissipation does not occur
below the photosphere such that there is no increase in the internal energy of the outflow. The expressions of the
outflow parameters are as follows:
a) Photospheric radius,

rph =

✓
Y L��T

8⇡mpc3

◆3/5

[⌘(1 + �0)]
�13/15 r2/50 (A2)

b) Lorentz factor at the photosphere,

�ph = [⌘(1 + �0)]
2/9
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rph
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c) Dimensionless entropy,
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d) Rapid acceleration radius
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e) Coasting radius,
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where �T is the Thompson’s cross section, C2 and C1 are constants of the order of unity, mp is the mass of the proton, c
is the speed of light, r0 is the nozzle radius of the jet, R ⌘ (FBB/(�SBT 4))1/2, where FBB is the observed blackbody flux,
�SB is the Stefan -Boltzmann constant and T is the temperature of the observed blackbody component in the spectrum.

Expressions: Outflow parameters
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Zhang & Pe’er (2009) argued for a Poynting flux dominated outflow in case of GRB 080916C on the basis of non-
detectability of any thermal emission as expected in baryon dominated outflow. Gao & Zhang (2015) predicted di↵erent
kinds of spectra that can be expected from hybrid outflows where the ejecta is a mix of baryon and Poynting flux. In
cases where the Poynting flux is dominant (�0 � 1, where �0 is the ratio of the luminosity related to the Poynting
flux and the fireball components of the jet), the thermal emission is expected to be very weak (Figure 3 in Gao &
Zhang 2015). Here, in GRB 160821A, we find the thermal flux to be < 6% of the total flux (also see section 5.2).
In addition, the estimated high radiation e�ciency of the burst (3.3) cannot be explained by internal shocks which is
currently considered to be the main mechanism of dissipating kinetic energy in baryon dominated outflows.

With the above arguments and the inference of observed emission to be synchrotron radiation produced in ordered
magnetic fields, we find it reasonable to infer that the jet is dominated by Poynting flux which comes from large scale
magnetic fields originating from the central engine. The Poynting flux is generally expected to be dissipated by the
mechanism of magnetic reconnections which can be highly e�cient in dissipating the energy in magnetic fields. At
the same time, the presence of a statistically significant thermal component in the spectrum (Sharma et al. 2019) also
points out that the outflow contains a significant fireball component. Thus, the outflow of GRB 160821A is composed
of fireball and dominant Poynting flux.

4.3. Outflow dynamics

Consider a hybrid outflow with fireball component arising from neutrino heating from the accretion disk or proto-
neutron star, and a magnetic component related to the Poynting flux originating from the central engine. The central
engine can then be parameterized as

µ0 =
Lb + Lp

Ṁc2
= ⌘(1 + �0) (5)

where ⌘ = Lb/Ṁc2, �0 = Lp/Lb, Lb is the luminosity related to the fireball component, Lp is the luminosity related to
the Poynting flux of the jet, Ṁ is the mass ejecta rate and c is the speed of light. Neglecting any leakage of radiation, the
quantity µ(r) at any radius, r, will remain conserved and will be equal to µ0. The total burst luminosity, L0 = Lb +Lp

where L0 = Y L� , where L� = 4⇡D2Ftot is the observed luminosity, Ftot is the observed total energy flux, D is the
luminosity distance and Y = 1/. The observed thermal component in the spectrum is related to the photospheric
emission and the non-thermal emission to the Poynting flux. The initial total Poynting luminosity of the jet is Y LNT

where LNT is the observed non-thermal luminosity, and the luminosity of the fireball component of the jet is equivalent
to the observed thermal luminosity. We imagine that the GRB outflow is advected through the photosphere or the
dissipation radius with time. As the properties of the outflow changes at the central engine, the observed properties
at the photosphere and the dissipation radius are also expected to vary with time. The observance of a blackbody
component assures that dissipation of the Poynting flux or jet kinetic energy dissipation does not occur below the
photosphere such that there is no increase in the internal energy of the outflow. The magnetisation parameter is thus
given by
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Associating the high energy cuto↵ in the observed spectrum to the photon attenuation enables to ascertain the site
at which the non-thermal emission is produced. Here it enables us to diagnose the radius at which the dissipation of
the Poynting flux occurs. In Gupta & Zhang (2008) a general expression for the cuto↵ is provided including both �
and rd,
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where Eth is the threshold energy of photon that annihilates the high

energy photon (Eh ⇠ 500 MeV, the highest energy photon observed during the prompt emission period) is given
by (�me c2/Eh) (1 + z)�2 and N is the normalisation of fBHec function. Here in case of GRB160821A, we find the
Ep < Eth < Ec and thereby the above expression for A(Eth) becomes valid.

There are two possible scenarios of the outflow dynamics in a Poynting flux dominated hybrid jet:(i) the Poynting
flux is active and accelerates the jet and (ii) the Poynting flux remains a passive component and the jet is accelerated
by the fireball component. We initially studied the active Poynting flux scenario and derived the outflow dynamics
following the model adopted in Gao & Zhang (2015) (Appendix A). But we note that Drenkhahn & Spruit (2002);
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Figure 6. a) On the left side, the magnetisation parameter, �0 (red circles), Lorentz factor of the outflow at the photosphere
� ⌘ ⌘ (blue squares) estimated for a z = 0.4 are plotted in the first and second panels respectively. b) On the right side, nozzle
radius, r0 (black stars), coasting radius, rc (blue diamonds), photospheric radius, rph (green triangles) and dissipation radius,
rd (magenta circles) estimated for a z = 0.4 are shown. The other limits of the shaded region of the respective parameters are
the values estimated for z = 2.

Pe’er (2017) have shown that in a Poynting flux driven jet, the non-thermal emission coming from magnetic flux
dissipation cannot exceed the kinetic energy of the outflow inferred from the afterglow observations. In other words,
the radiation e�ciency of the Poynting flux dissipation can at most be only 50%. However, here we find for a redshift
z= 0.4 (2), the radiation e�ciency to be greater than 50 %. In addition to this, from the afterglow observations, the
Lorentz factor of the jet crashing into the inter-stellar medium is inferred to be 128 (262) for a redshift z =0.4 (2) which
is in contradiction to the expected Lorentz factor (which is a few thousands, see Figure 9a) at the dissipation radius.
These discrepancies suggest that there needs to be some non-magnetic dissipation mechanism as well, through which
the kinetic energy of the jet also gets dissipated during the prompt emission. This let us envisaged that internal shocks
can occur at a relatively lower radius than that of the dissipation site of the Poynting flux but above the photospheric
radius. This scenario requires that the dissipation e�ciency of internal shocks is low (< 10%) and that the jet is
reaccelerated by the Poynting flux from the internal shock radius till the region of magnetic recconnection such that
the Lorentz factor at rd becomes nearly ⇠ 128. However, we find these requirements are di�cult to be met. Thus,
we find it reasonable to interpret that the GRB 160821A outflow is dominated by a passive Poynting flux component
with the jet dynamics driven by the fireball component. In this scenario, the jet dynamics would remain the same as
that of the baryon dominated outflow described in Pe’er et al. (2007). Here the total fireball luminosity is equated to
Yb⇥FBB where Yb = Eiso,BB/(Eiso,BB +Ek), Eiso,BB is the isotropic thermal energy and FBB is the observed thermal
luminosity. The temporal evolution of the inferred outflow parameters (coasting Lorentz factor �, photospheric radius
rph, saturation radius rc and nozzle radius r0) are shown in Figure 6. In this case, the Lorentz factor of the coasting
outflow and the Lorentz factor of the jet estimated from the afterglow are nearly consistent within the possibility that
during the magnetic energy dissipation at rd, some of the energy may go into the kinetic energy of the jet as well.
Thus, there exists no discrepancy as in discussed in the scenario of active Poynting flux jet.

4.4. Precessing Poynting jet

5. DISCUSSIONS

5.1. Alternate explanations for first emission episode

σ 
(r

d)

Passive Poynting flux jet scenario

Outflow dynamics  - fireball - Pe’er et al. 2007


