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Figure 3. Internal structure of a θ = 15◦ subluminal shock at ωpit = 2250, zooming in on a region around the shock, as delimited by the vertical dashed red
lines in Figure 2(a). The shock is located at x ∼ 730 c/ωpi. As a function of the longitudinal coordinate x, the following quantities are plotted: particle number density,
in units of the upstream value (2D plot in the xy simulation plane, panel (a); 1D y-averaged profile, panel (b)); magnetic energy fraction ϵb ≡ B2/8πγ0minic

2 (2D
in (c), 1D in (d)); 2D plots of By (e) and Bz (f), normalized to the upstream magnetic field B0; (g) corresponding 1D profiles, for By (solid) and Bz (dashed); (h) 1D
profile of the longitudinal electric field Ex, in units of B0; (i) mean particle x-momentum (red for ions, blue for electrons) for particles in the bulk (i.e., neglecting
accelerated particles), in units of the momentum of injected ions (green line includes also the accelerated ions; the equivalent for electrons overlaps with the blue line);
longitudinal phase space of ions (j) and electrons (k).
(A color version of this figure is available in the online journal.)

equipartition with the upstream kinetic energy (ϵb ∼ 0.5, the
green and red lines in panel (b)).

The increase in the strength of Bell’s waves is driven by the
growth of the population of returning ions. At late times (green
for ωpit = 1687, red for ωpit = 2250), the shock transition
region becomes much wider (panel (a)), due to the increasing
push of the returning ions on the incoming flow. The time-
averaged density profile (see the thin black line in panel (a)
for ωpit = 2250) displays the typical structure of “cosmic-
ray-modified” shocks (e.g., Berezhko & Ellison 1999), with a

smooth density increase (the “cosmic-ray precursor”) ahead of
the main shock (here properly called “subshock”), now located
at x ∼ 730 c/ωpi. The magnetic energy stays large (ϵb ∼ 0.5)
across the whole transition region, with two characteristic peaks,
one at the head of the cosmic-ray precursor, where the incoming
plasma is first decelerated and compressed, and the other at
the subshock, where the flow comes to rest (see the green and
red lines in panel (b)). As clarified by panel (c), most of the
magnetic energy in the region between the peaks results from
the compression of Bell’s waves.

7

• Electromagnetic or fireball ?
• Origin of B field ?
• Electron distribution
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Table 1
Model Parameters

Model No. 1 2 3 4 5 6 1f

∆ρ/⟨ρ⟩0 0.3 0.3 0.1 0.5 0.7 0.8 0.3
Bx,0 (µG) 0.0 3.0 0.0 0.0 0.0 0.0 0.0
By,0 (µG) 3.0 0.0 3.0 3.0 3.0 3.0 3.0
⟨|χz|⟩P<0.3

a 44◦ 24◦ 72◦ 37◦ 39◦ 38◦ 44◦

⟨|χy |⟩P<0.3
b 28◦ 23◦ 36◦ 26◦ 27◦ 27◦ 28◦

⟨P ⟩c 0.26 0.30 0.46 0.22 0.22 0.22 0.25
ltrd (pc) 0.33 N/A N/A 0.26 0.23 0.23 0.32

Notes. The values in footnotes a–d are evaluated at t = 700 yr, except for
Model 1f. Those of Model 1f are evaluated at t = 350 yr, since the shock
velocity is doubled compared to the other models.
a Average polarization angle to the x-axis where P < 0.3 observed along the
z-axis.
b Same as footnote a, but observed along the y-axis.
c Average polarization degree.
d Average distance from the shock front at which polarization angle becomes
|χ | ! 5◦.

We set the mean number density, the initial thermal pressure,
and the initial magnetic field strength to be ⟨n⟩0 = 0.5 cm−3,
p/kB = 4×103 K cm−3, and B0 = 3.0 µG, respectively, which
are the typical values in the diffuse ISM (Myers 1978; Beck
2000). Thus, the initial mean sound speed and Alfvén velocity
are ⟨cs⟩0 = 9.3 km s−1 and ⟨cA⟩0 = 8.2 km s−1, respectively.
The model parameters (the initial degree of the fluctuation and
the initial orientation of the magnetic field) are summarized in
Table 1.

If we suppose the turbulence in the diffuse ISM is driven
by supernovae, the driving scale of the turbulence and the
degree of density fluctuation at the driving scale would be
given as Linj ∼ 100 pc and ∆ρ|Linj/⟨ρ⟩ ∼ 1, respectively
(e.g., de Avillez & Breitschwerdt 2007). In that case, the
degree of small-scale density fluctuations due to cascade of
the turbulence at the scale Lbox = 2 pc is estimated as
∆ρ|Lbox/⟨ρ⟩ ≃ (Lbox/Linj)1/3 ≃ 0.27, where we have used the
relation ∆ρ2|l =

! ∞
1/l

ρ2
k dk3 = l2/3. Hence, we regard Models

1 and 2 as fiducial ISM models.
To induce a blast wave that generates a shocked layer, we set

a hot plasma of ph/kB = 2×108 K cm−3, nh = 0.05 cm−3, and
Bh = 3.0 µG at the x = 0 boundary plane. According to the
solution of the Riemann problem, when the preshock density
takes a uniform value of n = 0.5 cm−3, such a hot gas induces
a shock wave of vsh = 1795 km s−1, indicating that mean shock
velocity induced by the hot gas is ⟨vsh⟩ ≃ 1800 km s−1. We
use the periodic boundary conditions for the x–y and the x–z
boundary planes, and we assume free boundary conditions at
the x = Lbox boundary plane. In young SNRs such as Tycho,
Kepler, and SN1006, the shock speed does not vary substantially,
since the SNRs would be in the late free-expansion phase.
In addition, our numerical domain (Lbox = 2 pc) is smaller
than the curvature of the young SNRs (∼10 pc). Thus, the
dynamical effect of the curvature can be omitted. To study the
effect of the shock strength, we also perform the run named
Model 1f that is similar to Model 1 with twice the shock speed
(⟨vsh⟩ ≃ 3600 km s−1) by enhancing p h by a factor of four.

3. RESULTS OF SIMULATIONS AND
SYNTHETIC OBSERVATIONS

In Figure 1, we show a two-dimensional slice of the magnetic
field strength (upper half) and the number density (lower half)
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Figure 1. Two-dimensional slice of the magnetic field strength (upper half) and
the number density (lower half) of the result of Model 1 at t = 700 yr and
z = 0 pc plane.
(A color version of this figure is available in the online journal.)

of the result of Model 1 at t = 700 yr. Interaction between
the blast wave shock and the density fluctuations results in an
induction of turbulence, where the magnetic field is amplified
beyond the shock compression value of |B| = 12 µG for the
perpendicular shock cases. The top panel of Figure 2 shows
the evolution of the average magnetic field strength ⟨|B|⟩sl

and the dispersion ⟨B2⟩1/2
sl in the shocked layer. Here ⟨· · ·⟩sl

represents the mean value in the shocked region where p/kB >
105 K cm−3 and n > 0.3 cm−3 (the former and latter conditions
exclude the preshock ISM and the hot ejecta component,
respectively). One can find more detailed descriptions about the
RMI-driven turbulence (or the effect of rippled shock in another
expression) and the resulting dynamo effect in many works
in the literature (e.g., Giacalone & Jokipii 2007; Inoue et al.
2012; Fraschetti 2013). The middle panel of Figure 2 shows, for
the perpendicular shock models, the velocity dispersion in the
shocked layer ∆v ≡(

"
i⟨v2

i ⟩sl − ⟨vi⟩2
sl)

1/2 and the dispersion of
the magnetic field strength ∆B at t = 700 yr as functions of the
preshock density dispersion. If we apply the result of a simple
linear analysis by Richtmyer (1960), the velocity dispersion
of shocked density fluctuations that is essentially given by the
growth velocity of the RMI can be written as

∆v ≃ vRMI ≃ A ⟨vsh⟩ (1 − η), (1)

where A ≃ (∆ρ/ρ)/(1 + ∆ρ/ρ) corresponds to the Atwood
number and η is the ellipticity of the fluctuations that is
zero for the isotropic inhomogeneity (see Nishihara et al.
2010, Mikaelian 1996, and Inoue 2012 for more sophisticated
analyses). Equation (1) with ⟨vsh⟩ = 1800 km s−1 and η = 0
is plotted in the middle panel of Figure 2 as a solid line. We
can see good agreement between the theoretical estimation and
simulations, and it is clear that ∆v saturates for large ∆ρ/ρ.

To calculate the polarization degree and angle of synchrotron
emission from the shocked layer, we use the formulae following
Clarke et al. (1989):

i(s) = K(ν) ν−α {|B(s)| sin ψ(s)}1+α, (2)

2
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Frontier of GRB study: polarization

Prompt emission (~100 keV)
GAP PL > 30%, INTEGRAL, POLAR 
(Yonetoku, Murakami, Gunji, Mihara, KT+11;12; 
Gotz+09;13; Zhang, Kole+19)
Optical PL > 8% (Troja+17) PL < 12% (Kopac+15)

Early-time Optical afterglow: Liverpool, Kanata
PL ~ 30% (Mundell+13), PL ~ 10% (Steele+09), 
PL ~ 10% (Uehara, KT, Kawabata+12)
PL < 8% (Mundell+07)

Late-time Optical afterglow
PL ~ 1-3% (Covino+03 and more)
PC ~ 0.6 % (Wiersema, Covino, KT+14)

Late-time Radio afterglow: ALMA 
PL ~ 0.2% (Urata, KT+19) PL ~ 0.9% (Laskar+19)

Relativistic jetBH + accretion flow
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dissipation Forward 

shock
Reverse 
shock

Gamma-ray Afterglow: synchrotron
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distribution in ordered B field

• Linear pol direction is perp. to B & k

• Circular pol suppressed ~ 1/ge



Magnetic field structure in shocked fluids

• Plasma instabilities – random B field on plasma scale
• Hydrodynamic instabilities – random B field on hydrodynamic scale
• For isotropic turbulence PL ~ ⁄70% % : N = number of coherent patches in visible region
• Plus possible ordered B field (jet field for RS; ISM or stellar wind field for FS)
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Table 1
Model Parameters

Model No. 1 2 3 4 5 6 1f

∆ρ/⟨ρ⟩0 0.3 0.3 0.1 0.5 0.7 0.8 0.3
Bx,0 (µG) 0.0 3.0 0.0 0.0 0.0 0.0 0.0
By,0 (µG) 3.0 0.0 3.0 3.0 3.0 3.0 3.0
⟨|χz|⟩P<0.3

a 44◦ 24◦ 72◦ 37◦ 39◦ 38◦ 44◦

⟨|χy |⟩P<0.3
b 28◦ 23◦ 36◦ 26◦ 27◦ 27◦ 28◦

⟨P ⟩c 0.26 0.30 0.46 0.22 0.22 0.22 0.25
ltrd (pc) 0.33 N/A N/A 0.26 0.23 0.23 0.32

Notes. The values in footnotes a–d are evaluated at t = 700 yr, except for
Model 1f. Those of Model 1f are evaluated at t = 350 yr, since the shock
velocity is doubled compared to the other models.
a Average polarization angle to the x-axis where P < 0.3 observed along the
z-axis.
b Same as footnote a, but observed along the y-axis.
c Average polarization degree.
d Average distance from the shock front at which polarization angle becomes
|χ | ! 5◦.

We set the mean number density, the initial thermal pressure,
and the initial magnetic field strength to be ⟨n⟩0 = 0.5 cm−3,
p/kB = 4×103 K cm−3, and B0 = 3.0 µG, respectively, which
are the typical values in the diffuse ISM (Myers 1978; Beck
2000). Thus, the initial mean sound speed and Alfvén velocity
are ⟨cs⟩0 = 9.3 km s−1 and ⟨cA⟩0 = 8.2 km s−1, respectively.
The model parameters (the initial degree of the fluctuation and
the initial orientation of the magnetic field) are summarized in
Table 1.

If we suppose the turbulence in the diffuse ISM is driven
by supernovae, the driving scale of the turbulence and the
degree of density fluctuation at the driving scale would be
given as Linj ∼ 100 pc and ∆ρ|Linj/⟨ρ⟩ ∼ 1, respectively
(e.g., de Avillez & Breitschwerdt 2007). In that case, the
degree of small-scale density fluctuations due to cascade of
the turbulence at the scale Lbox = 2 pc is estimated as
∆ρ|Lbox/⟨ρ⟩ ≃ (Lbox/Linj)1/3 ≃ 0.27, where we have used the
relation ∆ρ2|l =

! ∞
1/l

ρ2
k dk3 = l2/3. Hence, we regard Models

1 and 2 as fiducial ISM models.
To induce a blast wave that generates a shocked layer, we set

a hot plasma of ph/kB = 2×108 K cm−3, nh = 0.05 cm−3, and
Bh = 3.0 µG at the x = 0 boundary plane. According to the
solution of the Riemann problem, when the preshock density
takes a uniform value of n = 0.5 cm−3, such a hot gas induces
a shock wave of vsh = 1795 km s−1, indicating that mean shock
velocity induced by the hot gas is ⟨vsh⟩ ≃ 1800 km s−1. We
use the periodic boundary conditions for the x–y and the x–z
boundary planes, and we assume free boundary conditions at
the x = Lbox boundary plane. In young SNRs such as Tycho,
Kepler, and SN1006, the shock speed does not vary substantially,
since the SNRs would be in the late free-expansion phase.
In addition, our numerical domain (Lbox = 2 pc) is smaller
than the curvature of the young SNRs (∼10 pc). Thus, the
dynamical effect of the curvature can be omitted. To study the
effect of the shock strength, we also perform the run named
Model 1f that is similar to Model 1 with twice the shock speed
(⟨vsh⟩ ≃ 3600 km s−1) by enhancing p h by a factor of four.

3. RESULTS OF SIMULATIONS AND
SYNTHETIC OBSERVATIONS

In Figure 1, we show a two-dimensional slice of the magnetic
field strength (upper half) and the number density (lower half)
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Figure 1. Two-dimensional slice of the magnetic field strength (upper half) and
the number density (lower half) of the result of Model 1 at t = 700 yr and
z = 0 pc plane.
(A color version of this figure is available in the online journal.)

of the result of Model 1 at t = 700 yr. Interaction between
the blast wave shock and the density fluctuations results in an
induction of turbulence, where the magnetic field is amplified
beyond the shock compression value of |B| = 12 µG for the
perpendicular shock cases. The top panel of Figure 2 shows
the evolution of the average magnetic field strength ⟨|B|⟩sl

and the dispersion ⟨B2⟩1/2
sl in the shocked layer. Here ⟨· · ·⟩sl

represents the mean value in the shocked region where p/kB >
105 K cm−3 and n > 0.3 cm−3 (the former and latter conditions
exclude the preshock ISM and the hot ejecta component,
respectively). One can find more detailed descriptions about the
RMI-driven turbulence (or the effect of rippled shock in another
expression) and the resulting dynamo effect in many works
in the literature (e.g., Giacalone & Jokipii 2007; Inoue et al.
2012; Fraschetti 2013). The middle panel of Figure 2 shows, for
the perpendicular shock models, the velocity dispersion in the
shocked layer ∆v ≡(

"
i⟨v2

i ⟩sl − ⟨vi⟩2
sl)

1/2 and the dispersion of
the magnetic field strength ∆B at t = 700 yr as functions of the
preshock density dispersion. If we apply the result of a simple
linear analysis by Richtmyer (1960), the velocity dispersion
of shocked density fluctuations that is essentially given by the
growth velocity of the RMI can be written as

∆v ≃ vRMI ≃ A ⟨vsh⟩ (1 − η), (1)

where A ≃ (∆ρ/ρ)/(1 + ∆ρ/ρ) corresponds to the Atwood
number and η is the ellipticity of the fluctuations that is
zero for the isotropic inhomogeneity (see Nishihara et al.
2010, Mikaelian 1996, and Inoue 2012 for more sophisticated
analyses). Equation (1) with ⟨vsh⟩ = 1800 km s−1 and η = 0
is plotted in the middle panel of Figure 2 as a solid line. We
can see good agreement between the theoretical estimation and
simulations, and it is clear that ∆v saturates for large ∆ρ/ρ.

To calculate the polarization degree and angle of synchrotron
emission from the shocked layer, we use the formulae following
Clarke et al. (1989):

i(s) = K(ν) ν−α {|B(s)| sin ψ(s)}1+α, (2)

2

Plasma simulation Magnetohydrodynamic simulationThe Astrophysical Journal, 726:75 (25pp), 2011 January 10 Sironi & Spitkovsky

Figure 3. Internal structure of a θ = 15◦ subluminal shock at ωpit = 2250, zooming in on a region around the shock, as delimited by the vertical dashed red
lines in Figure 2(a). The shock is located at x ∼ 730 c/ωpi. As a function of the longitudinal coordinate x, the following quantities are plotted: particle number density,
in units of the upstream value (2D plot in the xy simulation plane, panel (a); 1D y-averaged profile, panel (b)); magnetic energy fraction ϵb ≡ B2/8πγ0minic

2 (2D
in (c), 1D in (d)); 2D plots of By (e) and Bz (f), normalized to the upstream magnetic field B0; (g) corresponding 1D profiles, for By (solid) and Bz (dashed); (h) 1D
profile of the longitudinal electric field Ex, in units of B0; (i) mean particle x-momentum (red for ions, blue for electrons) for particles in the bulk (i.e., neglecting
accelerated particles), in units of the momentum of injected ions (green line includes also the accelerated ions; the equivalent for electrons overlaps with the blue line);
longitudinal phase space of ions (j) and electrons (k).
(A color version of this figure is available in the online journal.)

equipartition with the upstream kinetic energy (ϵb ∼ 0.5, the
green and red lines in panel (b)).

The increase in the strength of Bell’s waves is driven by the
growth of the population of returning ions. At late times (green
for ωpit = 1687, red for ωpit = 2250), the shock transition
region becomes much wider (panel (a)), due to the increasing
push of the returning ions on the incoming flow. The time-
averaged density profile (see the thin black line in panel (a)
for ωpit = 2250) displays the typical structure of “cosmic-
ray-modified” shocks (e.g., Berezhko & Ellison 1999), with a

smooth density increase (the “cosmic-ray precursor”) ahead of
the main shock (here properly called “subshock”), now located
at x ∼ 730 c/ωpi. The magnetic energy stays large (ϵb ∼ 0.5)
across the whole transition region, with two characteristic peaks,
one at the head of the cosmic-ray precursor, where the incoming
plasma is first decelerated and compressed, and the other at
the subshock, where the flow comes to rest (see the green and
red lines in panel (b)). As clarified by panel (c), most of the
magnetic energy in the region between the peaks results from
the compression of Bell’s waves.

7
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Figure 2. Cartoon explaining the behaviour of polarization from a shock-
generated magnetic field in a collimated outflow. The grey circle shows the fireball
seen face on. The asterisk in the lower centre of the circle shows the location of
the line of sight. Time runs from left to right and from top to bottom. The coloured
rings with arrows show the location of the photon producing rings. The whole ring
(blue) is initially inside the fireball and no polarization is seen. At later times, the
lower part of the ring is lost and horizontal polarization is detected (red). Finally
(orange ring) only the top part of the ring is seen and vertical polarization is
detected. These two parts are separated by a moment of vanishing polarization
when only half of the ring is visible (magenta).

After the discovery of polarization in GRB990510 [21, 22], polarimetric observations in
search for the position angle rotation have been performed in a number of bursts. Observations of
good quality have been obtained for GRB 021004 [23], GRB 020813 [24] and GRB 030329 [25]
(see Covino et al [26 ] for a complete review of polarization observations in GRB afterglows).
For the case of GRB 021004, it was initially claimed that the 90◦ rotation had been detected.
However, it was subsequently shown that the rotation had been observed at time earlier than
expected [27 ]. The rotation of the position angle is supposed to be roughly coincident with the
time at which the jet geometry produces a steepening in the afterglow light curve [15, 28]. In
the case of GRB 021004 it was observed an order of magnitude earlier in time [27 ]. In addition,
a progressive change was observed rather than a sudden one. A possible explanation for the
strange behaviour of the polarization angle of GRB 021004 is that its fireball was not uniformly
bright. The presence of prominent bumps in its light curve [29] is suggestive of such a case. If the
fireball is not uniformly bright, then the polarization component of the bright spots dominates
over the rest [20, 27 , 30]. The polarization during flares can therefore be larger and show a
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Figure 3. Polarization curves from a top-hat jet with shock-generated magnetic
field. Different colours show polarization for different viewing angles in units of
the jet opening angle. All curves but the one with θo = θj have two polarization
peaks. The polarization angle in the two peaks is rotated by 90◦. The black curve
has only one peak that has the same orientation of the second peak of the other
curves.

random orientation of the position angle. Additional modifications of the polarization curve can
be due to the propagation of the afterglow photons in the interstellar medium (ISM). Dust grains
are dichroic and bi-refringent and induce polarization (and/or rotate the intrinsic one, if any
[27]). Local dust induced polarization is however easy to disentangle from the prompt one with
a suitable set of observations. It has a well-known spectral dependence and is constant in time.
High redshift dust induced polarization is not well known. It is expected that it should be less
severe (for a given amount of dust) since the grains are expected to be smaller (the extinction
curves are often analogous to SMC templates). GRB afterglow spectropolarimetry is a great
tool to study high redshift dust. Unfortunately, so far no induced polarization has been detected,
probably due to the unavoidable bias that associates induced polarization with extinction.

A more fortunate case is that of GRB 020813. This GRB had the smoothest light curve
measured so far, with stringent limits on its variability (on top of the regular broken power-law
behaviour) [31]. Polarization measurements were performed with good signal to noise before
and after the jet break, an ideal sample to check for the presence of the 90◦ rotation of the position
angle. The modelling of the data showed that no rotation was present, ruling out for this event a
simple top-hat jet configuration with shock-generated magnetic field [24]. Either the structure of
the jet or of its magnetic field have to be different than what postulated in the simplest scenario.
Polarization from structured jets (with bright cores and dimmer wings) was computed by
Rossi et al [19]. In this configuration, for a shock generated magnetic field, the polarization
position angle is always towards the brightest part of the jet and therefore no rotation of the
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Figure 13. Polarization curves corresponding to the light curves given in
Fig. 11. The x-axis for each curve is t/[t b(θ o/θ c)], where tb is found by
modelling the corresponding light curve with a SBP. The break times are
given in Table 2 for θ o > θ c. For θ o ! θ c we use: t b(0) = 0.026 d, t b(0.5) =
0.08 d and t b(1) = 1.12 d; these latter break times mark only the beginning
of the second power-law branch, missing the pre-break slope. At θ o = 32 θ c
the flattening in the light curve makes the measurement of the break time
uncertain by more than a factor of 2 (see also discussion on the measurement
of tb in Section 3.2) thus, despite the impression given by the figure, the time
of the polarization peak for θ o/θ c = 32 is consistent with t b (32).

Figure 14. The polarization curves for a structured jet with parameters
given in Fig. 11 that undertakes a SE given by equation (11) with R = 0.1.
The break times are given in Table 2 for θ o > θ c. For θ o ! θ c we use
t b(0) = 0.06 d, t b(0.5) = 0.092 d and t b(1) = 0.3 d; these later break
times mark only the beginning of the second power-law branch, missing
the pre-break slope. In this case the corresponding light curves show a more
pronounced flattening and the determination of the break time becomes more
precise. All the times of the polarization peaks are consistent with the break
times in the light curves, as they are shifted in the figure by less than a factor
of 2 (see discussion on the measurement of tb in Section 3.2).

larger than θ o the degree of asymmetry decreases along with the
polarized flux.

(ii) The polarization angle does not change throughout the after-
glow phase. Because the brightest spot is always at the same angle
from the line of sight, the polarization angle does not change through
the evolution of the jet.

(iii) The maximum of polarization decreases with E iso. The larger
θ o, the larger is the visible area when θ o = 1/" and the observer

Figure 15. Light curves (upper panel) and polarization curves (lower panel)
for a structured NSE jet seen at θ o = 3θ c in three different frequency ranges:
ν a < νo < νm (dot–dashed line) νm < νo < ν c (solid line) and ν c < νo
(dashed line). All the other parameters are given in Fig. 11. t b ≃ 1 d.

sees simultaneously the bright spine and the very dim wings so that
the asymmetry is more noticeable.

4.2.1 Multiwaveband polarization

In Fig. 15 we compare polarization curves (lower panel) for the same
jet configuration (the light curves are shown in the upper panel) ob-
served at θ o = 3 θ c in different spectral ranges: ν a < ν o < νm,
νm < ν o < ν c and ν c < ν o. In the following we refer to them as
defined in Section 3.3.4 The polarization in the radio branch is sig-
nificantly smaller than in the optical and X-ray bands for most of
the time. As for the HJ (see discussion in Section 3.3.4), the peak
frequency will eventually cross the radio band and the polarization
will increase and shift on top of the curve corresponding to νm < ν o

< ν c, while the light curve will decrease following the optical light
curve slope. Different from the HJ, the optical flux has an higher
degree of polarization than the X-ray flux for most of the jet evolu-
tion. We conclude that polarization curves depend on the spectrum,
and in particular in the radio band where two peaks are generally
present and the degree of polarization is significantly smaller than
in higher frequency bands.

5 G AU S S I A N J E T

We end our investigation of GRB jet luminosity structures with a
brief discussion of the GJ curves, which present features of both the
HJ and the SJ (see also Salmonson et al. 2003).

5.1 Presentation and dynamics

Perhaps a more realistic version of the standard ‘top hat’ model is a
jet whose emission does not drop sharply to zero outside the char-
acteristic angular size (θ c). Such a configuration can be described

C⃝ 2004 RAS, MNRAS 354, 86–100

• Plasma scale random B field perfectly parallel to the shock plane
• Symmetry of pol directions around sight line becomes broken at t ~ tj. Observed net pol 

direction flips by 90 degree
• This is not the case for different B field structure and for structured jets
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Late-time optical afterglow

• PL ~ 1-3 % for typical GRBs
• Pol angle flips were observed in some GRBs 

while not in other GRBs (GRB 020813 with 
smooth light curve)

4 Covino et al.

Figure 2. Top panel: Polarization degree and position angle for all
the positive detections, i.e. upper limits are excluded. Bottom panel:
Q and U Stokes’ parameters for all the available data, i.e. including
upper limits.

GRB 121024A, GRB 091018
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Figure 4. The light curve, linear polarization and position angle of GRB 030329.
The top panel shows the R-band light curve [32] of GRB 030329 after the
subtraction of a power-law model. This emphasizes the presence of bumps and
wiggles on top of the regular power-law decay. The central panel shows the linear
polarization data and the bottom panel shows the relative position angle [25].
Grey shadowed regions are overlaid to emphasize the connection between the
light curve bumps and the time at which polarimetry was performed.

position angle is expected. In addition, differently from what is expected in top-hat jets, the
polarization has a maximum at the jet break time rather than a minimum. Alternatively, it can be
assumed that the magnetic field has some degree of order, and is not entirely shock generated.
In this case the orientation of the magnetic field dominates the position angle behaviour that is,
again, constant. However (see also below for the case of the prompt polarization) if the magnetic
field is ordered, a large polarization at early times is expected, contrary to any model in which the
field is shock-generated [20, 24]. The data of GRB 020813 are consistent with either scenario.
In no case the polarization has been observed at times early enough to allow us to disentangle
the effect of the jet structure from the effect of the field orientation.

The afterglow with the best polarimetric sampling is, beyond any reasonable doubt, that of
GRB 030329 [25]. Linear polarimetry (and even spectro-polarimetry) were performed at many
times (see figure 4). Unfortunately, the light curve of GRB 030329 is one of the least smooth,

New Journal of Physics 8 (2006) 131 (http://www.njp.org/)
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Early-time optical forward shock
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Figure 1. Sample image obtained by HOWPol in one-shot polarimetry mode
for GRB 091208B. Each object produces four images by linearly polarized rays
at the 0◦, 90◦, 45◦, and 135◦ position angles, respectively, on the projected sky.
C1–C3 are comparison stars for magnitude reference. The vertical gap around
the center (∼ 40′′ width) is due to the mechanical gap between the two CCDs.
(A color version of this figure is available in the online journal.)

Kawabata et al. 2008) attached to the Nasmyth focus on the
1.5 m Kanata telescope at Higashi-Hiroshima Observatory,
Japan. Since HOWPol uses a wedged double Wollaston prism
(Oliva 1997) at the pupil image position after the collimator
lens, four images by linearly polarized rays at 0◦, 90◦, 45◦, and
135◦ position angles (P.A.s), respectively, are recorded on two
2k4k HPK CCDs simultaneously. This enables us to obtain all
three Stokes parameters for linear polarization, i.e., I, Q, U ,
from only a single exposure. Our observation started at 2009
December 8.41142 UT, t = 149 s, which was automatically
processed after receiving the Swift/BAT Notice via GCN. This
is one of the earliest polarimetry to date, as far as we know. We
took ten 30 s exposures and then nine 60 s exposures through
a 15′φ aperture mask and an R-band filter. The observation
finished at December 8.42458, t = 1286 s. Figure 1 shows a
sample image of GRB 091208B obtained with HOWPol.

The raw data were reduced in a standard way for CCD
aperture photometry. For the photometric calibration, we used
R2 magnitudes of three nearby stars (C1–C3: USNO B 1068-
0020023, 1068-0020019, and 1069-0020340). The optical light
curve can be described with a single power-law form (decay
index αO = − 0.75 ± 0.02), as shown in Figure 2. For
polarimetry, we could not use the sixth exposure (centered at
t= 376 s) and all exposures after the 13th (t= 791 s) because
one out of four polarization images of the GRB falls into the
gap of the two CCDs due to slight telescope guiding error. It
reduces the number of available frames for polarimetry to 11. As
for polarimetric calibration, we corrected for the instrumental
polarization of Pinstr ≃ 3.9%, predominantly caused by the 45◦

incidence reflection on the tertiary mirror of the telescope. The
instrumental polarization has been modeled with an accuracy
of ∆Pinstr ! 0.5% as a function of the hour angle and the
declination (and also of the position taken in the field of
view) of the object by systematic observations of unpolarized
standard stars, and then checked by observations of strongly
polarized standard stars. In the case of GRB 091208B, it changed
gradually with time from Qinstr = − 3.65% to − 3.70% and

Figure 2. Optical and X-ray light curves of GRB 091208B. Our optical and
Swift/XRT data are indicated by the filled squares and crosses, respectively.
Open squares are the optical data reported in GCN. The solid lines are the
best-fitted power-law models for the optical light curve (with the decay index
of αO = − 0.75 ± 0.02). The thick horizontal bar at the left bottom part shows
the period of our polarimetry. The derived polarization degree is also indicated.
(A color version of this figure is available in the online journal.)

–10 0 10
Stokes Q (%)

–10

0

10

St
ok

es
 U

 (
%

)

 GRB afterglow (t=149–706s average)

 Other nearby stars (t=149–706s average)
 Nearby star C3 (each frame)

Figure 3. QU diagram of the GRB afterglow and nearby stars. For the bright
comparison star C3, we demonstrate the frame-to-frame variation of Q and U,
which suggests that the residual systematic is negligible (!1%). For other stars
we show time-averaged polarization at t= 149–706 s.
(A color version of this figure is available in the online journal.)

Uinstr = − 1.05% to − 0.88% over the 11 exposures. The detailed
procedure and reliability of this “one-shot polarimetry” will
appear in a forthcoming paper (K. S. Kawabata et al. 2012, in
preparation).

Since the signal-to-noise (S/N) ratio of each single exposure
is not sufficient for polarimetry (∆P " 5 %), we combined all
11 Q and U parameters to enhance the reliability. We performed
a traditional, statistic correction for the polarization bias in
cases of low S/N as Preal =

!
P 2 − (σP )2 (Serkowski 1958;

see also Patat & Romaniello 2006). The derived polarization
is Q = − 10.3% ± 2.5% and U = − 0.7% ± 2.2% (i.e.,
P = 10.4% ± 2.5% and P.A. = 92◦ ± 6◦). The Galactic
interstellar extinction indicates that the interstellar polarization
toward this GRB is negligibly small (PISP # 9EB− V = 0.5%;
Serkowski et al. 1975; Schlegel et al. 1998). To check the
consistency, we obtained the polarization of nearby stars (#4′)
brighter or comparably fainter than the GRB afterglow taken
in the same frames and plot them in QU diagram (Figure 3).
Assuming that they are mostly Galactic normal stars having
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• Early high PL – large scale B
• Contribution of RS emission? 

• Early low PL – plasma scale B ???

Uehara, KT, Kawabata+ 2012; see also Steele+17

GRB 091208B (T90 ~ 15 sec)

GRB 180720B
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Kawabata+ in prep.

a = -0.75



Circular polarization detection

• One of the two observed bursts has PC ~ 0.6% !
• Dust effect during propagation seems weak

• Extremely anisotropic momentum distribution of electrons is needed

KT, Ioka & Nakamura 08; Wiersema, Covino, KT+14; Nava, Nakar & Piran 16
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Fig. 1.—Polarization spectrum of a late-time GRB afterglow, at day,t p 1
inferred from the standard external shock model in which all the electrons are
accelerated, i.e., . The degrees of linear polarization (thin solid line)f p 1 PL

and circular polarization (thick solid line) are shown. The degrees arePC

calculated as times those for completely ordered magnetic field,!1.5!1/ N ∼ 10
i.e., they are calibrated by detected optical linear polarization (Covino et al.
2004). Typical values of parameters are used: ergs, ,52 !3E p 10 n p 1 cm

, , and .!2 !1e p 10 e p 10 p p 2.2B e

handed system of coordinates with the wavevector k along axis
3 and the magnetic field B on plane 2-3 is adopted. Here

are polarization-dependent emissivity, and ( ) are∗h k kI,Q,V I,Q,V Q,V

the transfer coefficients related to the anti-Hermitian (Hermi-
tian) part of the dielectric tensor, describing polarization-de-
pendent absorption (the polarization of the normal modes of
the plasma). If , the normal modes are circularly∗ ∗Fk F k Fk FV Q

polarized, and the transfer equation (1) indicates that the con-
version of Q and U occurs. This is the well-known Faraday
rotation. If , the normal modes are linearly polar-∗ ∗Fk F k Fk FQ V

ized and the conversion of U and V occurs. This is called
Faraday conversion.

We define the optical depth , the rotation deptht p k sI

, and the conversion depth . The prop-∗ ∗t p Fk Fs t p Fk FsV V Q Q

erties of the solution of the transfer equation (1) are as follows.
First, suppose that the absorption effect is not significant, i.e.,

. In this case equation (1) may be integrated easily (Mel-t K 1
rose 1980b; Jones & O’Dell 1977). For , we obtain∗ ∗Fk F k Fk FV Q

the linear polarization

2 2 1/2(Q " U ) h sin (t /2)Q VP p " , (2)L F FI h t /2I V

and the circular polarization is given by the intrinsic one,
. For , the linear polarizationP p FVF/I p Fh /h F t k 1C V I V

damps. This results from the fact that the emission from dif-
ferent points through the source have its polarization plane
rotated at different angles. Analogously, for and∗ ∗Fk F k Fk FQ V

, the damping of occurs while remains intrinsic.t k 1 P PQ C L

Second, in the case in which the absorption effect is signif-
icant, i.e., , we can obtain the polarization degrees ap-t k 1
proximately by eliminating the differential term from equation
(1). As an example, if the Faraday effects are weaker than the
absorption effect, i.e., and ,2 ∗2 2 ∗2k k k k k kI V I Q

h /h ! k /kQ I Q IP " (3)L F F1 ! (h /h )(k /k )Q I Q I

is obtained to the leading order. The circular polarization is
similarly given by ." Fh /h ! k /kFV I V I

In the following sections, we apply this formulation to the

late-time GRB afterglows. The anisotropic part of the dielectric
tensor is tens of magnitudes smaller than unity for the shocked
plasma of a typical GRB afterglow. We assume that (1) the
pitch-angle distribution of electrons is isotropic for simplicity;
(2) the shocked plasma is spatially homogeneous; 3 (3) the
shocked plasma consists of a number of random cells within
each of which magnetic field is ordered. With the third as-
sumption, we obtain the observed linear and circular polari-
zations by times those for completely ordered magnetic!1/ N
field, where N is the number of the random cells in the visible
region (Jones & O’Dell 1977; Gruzinov & Waxman 1999). To
reproduce the optical detection at the level of ∼1%–3% (Covino
et al. 2004), N would be ∼103.

3. POLARIZATION OF LATE-TIME GRB AFTERGLOWS

In this section, we derive the polarization spectrum of the
late-time afterglow, based on the standard external shock model
in which all the electrons are accelerated, i.e., (see § 1).f p 1
The energy distribution of the electrons is assumed to be

for . The transfer coefficients for such!pdn/dg ∝ g g ≥ge e e m

electron plasma are summarized for frequency region byn 1 nm

Jones & O’Dell (1977) and for by Matsumiya &n K n K nB m

Ioka (2003),4 where is the characteristic synchrotron fre-nm

quency corresponding to and is the nonrelativistic electrong nm B

Larmor frequency.
The radius of the shock and the Lorentz factor of the shocked

fluid evolve as and1/4R " (17Et/4pm cn) G "p

, respectively, where t is the observer5 3 1/8(17E/1024pm c nt )p

time (Sari et al. 1998). The comoving width of the shocked
plasma shell can be estimated by , which we use as theR/4G
path length of the transfer equation (1). The magnetic field
strength, the minimum Lorentz factor, and the number density
of the accelerated electrons are written as B p

, , and , respec-2 1/2(32pm c e n) G g p e (m /m )G n p 4Gnp B m e p e acc

tively. Then we obtain Hz and6 1/4 1/4 1/2 !3/4n " 4 # 10 E n e tB 52 0 B,!2 d

Hz, respectively. Here (and12 1/2 1/2 2 !3/2n " 6 # 10 E e e tm 52 B,!2 e,!1 d

hereafter) we have adopted the notation in cgsxQ p Q/10x

units and day.t p t/1d

Figure 1 illustrates the polarization spectrum of the late-time
GRB afterglow. The frequencies at which and equalt, t , tV Q

unity are given by Hz,9 1/5 3/5 1/5 !1n " 3 # 10 E n e e n "a 52 0 B,!2 e,!1 V

Hz, and Hz,9 3/16 9/16 1/4 !1 !1/16 9 1/5 3/5 1/5 !110 E n e e t n " 10 E n e e52 0 B,!2 e,!1 d Q 52 0 B,!2 e,!1

where has been used as a fiducial value. Sincep p 2.2 n 1a

, so that no plasma effects are significant in the opticallyn " nQ V

thin regime and the intrinsic degree of polarization isn 1 na

obtained, andP p h /h p 0.5 P p Fh /hF "L Q I C V I

for . For ,!1 !1/3g (n/n ) n K n n 1 n P p (p " 1)/[p "m m m m L

and . In the optically thick re-!1 !1/2(7/3)] " 0.7 P " g (n/n )C m m

gime , , and are satisfied, and the linear2 2 2 2n ! n t k t t k ta V Q

polarization is given by equation (3). Because h /h pQ I

for , the intrinsic linear polarization vanishesk /k p 0.5 n K nQ I m

and is only produced by the conversion of the circularPL

polarization. The transfer equation (1) indicates that P ≈L

and∗ !2(k /k )(h /h ! k /k ) ≈2 # 10 Fh /h F P ≈h /h !Q I V I V I V I C V I

. All the characteristic frequencies!2k /k ≈6 # 10 Fh /hF n ,V I V I a

, and are weakly dependent on time, so that the polarizationn nQ V

spectrum does not evolve significantly. The suppression of
due to absorption effects has not been pointed out in thePC

3 Electron cooling makes the electron energy distribution inhomogeneous,
but it can be neglected in the late phase of the afterglow (Sari et al. 1998).

4 We adopt a value of different from that shown in∗Qk p [a " (3/2)]/2a

Jones & O’Dell (1977), and the sign of should be changed in MatsumiyakV

& Ioka (2003).

See Wiersema’s talk



Electron acceleration efficiency

• Total energy is 1/f times larger than 
the estimate with f = 1

• Reduce g-ray efficiency

is consistent with the theoretical value of p derived for test-
particle acceleration in relativistic shocks via the first-order
Fermimechanism, assuming isotropic diffusion of particles inmo-
mentum space, p¼ 2:22 " 0:02 obtained in numerical calcu-
lations (Bednarz &Ostrowski 1998; Kirk et al. 2000; Achterberg
et al. 2001), and p¼ 20/9 obtained by a more recent analytic
analysis (Keshet & Waxman 2005). This value of pis not con-
sistent with test-particle results for large-angle scattering in rel-
ativistic shocks, which produce very hard spectra. It is, however,
consistent with the value expected in the 100MeV–10GeVrange
by nonlinear theory for cosmic-ray–mediated shock (Ellison &
Eichler 1985; Ellison & Double 2002). Despite the agreement
of the observed and theoretically derived values of p, assuming
isotropic diffusion, it should be kept in mind that questions re-
main about diffusive shock acceleration, particularly with regard
to relativistic generalization and electron injection, and that there
are alternative acceleration processes (e.g., Arons & Tavani 1994;
Nishikawa et al. 2005; Hededal et al. 2004).

It is natural to hope that the values of !B and !e are univer-
sal, since they are determined by the microphysics of the col-
lisionless shock. The constancy of pand of !e among different
bursts is strongly supported by observations. Universal values
of pand !e, p# 2 and !e # 0:1, typically inferred from most
optical afterglows, are also inferred from the clustering of ex-
plosion energies (Frail et al. 2001) and from X-ray afterglow
luminosity (Freedman & Waxman 2001; Berger et al. 2003).3

The value of !B is less well constrained by observations. How-
ever, in cases where !B can be reliably constrained by multi-
waveband spectra, values close to equipartition are inferred (e.g.,
Frail et al. 2000). Such high values for !B and !e are remarkable
and beg for an explanation. The magnetic field required for al-
lowing electron acceleration and emission of synchrotron radi-
ation may conceivably be produced in the collisionless shock
driven by the GRB explosion by Weibel instabilities or the like
(see, e.g., Blandford & Eichler 1987; Gruzinov &Waxman 1999;
Medvedev & Loeb 1999), or it may be that the accelerated par-
ticles mix with the magnetic field of the fireball itself.

No less surprising is the conclusion byWaxman (1997b) that
"e0 is close to "mpc

2 and that the low-frequency radio spectra
imply that there are relatively few electrons in the decade or two
just below "e0. Had the electrons been picked up by shock ac-
celeration at some energy much lower than "mpc

2, the power-
law spectrum imparted by the shock acceleration would have
extended down to much lower energies, and only a small mi-
nority of them would have made it to "mpc 2 or higher. In the
case of the Crab Nebula, for example, which contains perhaps
the best-studied relativistic shock wave, this is indeed the case:
most of the electrons in the nebula emit in the radio and prob-
ably have Lorentz factors of order 102, which is many orders
of magnitude lower than "mpc 2 and even about a factor of 102

below "mec
2. More is said about this below. While this paper

does not aim to explain this gaping difference between after-
glows and the Crab Nebula, it motivates us to check the as-
sumption that f ¼ 1 in the case of the former.

In any case, we are unable to determine from basic principles
the efficiency of electron ‘‘injection’’ to beyond some threshold
energy well beyond "mec

2. Even when the number of electrons
beyond some injection threshold "e0 is known, we are unable to

determine theoretically the fraction f of total electrons that these
high-energy electrons represent. It is conceivable that a large
fraction, 1$ f % 1, of the electron population does not par-
ticipate in the acceleration process and remains well below "e0.
This is discussed in x 2. In x 3 we discuss observational sig-
natures of the existence of such noninjected thermal electrons in
GRB-induced blast waves. Our main results and their implica-
tions are summarized in x 4. We discuss both the implications to
GRB phenomenology and the implications for the theory of col-
lisionless shock acceleration, in particular in the context of con-
straints imposed by observations on astrophysical systems other
than GRBs.

2. MODEL PREDICTION DEGENERACY

To clarify the issues involved in the electron injection prob-
lem let us consider the situation illustrated in Figure 1, which
may arise for a relativistic shock propagating with Lorentz factor
"31 (or subrelativistic shock propagating with velocity vTc)
into a cold plasma of protons and electrons (as may be the case
for a shock driven by a GRB explosion into the interstellar me-
dium [ISM]). In the shock frame, a cold stream of protons and
electrons approaches the shock with Lorentz factor " (velocity v).
The particles are being scattered at the shock front, resulting in
a velocity distribution that is close to isotropic behind the shock,
thus converting a large fraction of the kinetic energy of the in-
coming flow to thermal energy. Isotropization of the electron and
proton incoming flow would lead to a postshock proton ‘‘tem-
perature’’ Tp% "mpc

2 (or Tp% mpv 2) and to a postshock elec-
tron ‘‘temperature’’ Te % "mec

2TTp (or Te % mev 2). In order
for the electrons to gain a significant fraction of the postshock
thermal energy, some process must couple them to the protons
and accelerate them to energy3Te . This process is yet unknown,
andwe cannot determine based on theoretical considerationswhat
fraction of the electrons are being accelerated. Thus, in addition

3 Apparently deviant values ofp(Chevalier & Li 1999; Panaitescu&Kumar
2002) are inferred based on light curves, rather than spectra, and are sensitive to
model assumptions (e.g., they depend on the assumed radial dependence of the
ambient medium density).

Fig. 1.—Schematic representation of the postshock electron distribution, for
a relativistic shock of Lorentz factor " (or subrelativistic shock of velocity v).
Scattering of electrons streaming toward the shock with Lorentz factor " (or
velocity v) results in postshock ‘‘thermal’’ energy of %"mec

2 (or %mev 2). A
fraction f of the electrons is assumed to be injected into the acceleration process,
which significantly increases the average energy of these electrons, to%"e 0, and
produces a power-law distribution at "e > "e0. As we show here, afterglow
observations imply "e0 % "mpc

2 in the relativistic phase and "e0 % mpv 2 in the
subrelativistic phase but do not allow us to determine f. Afterglow observations
also require an electron number density that increases with energy sufficiently
fast, q& d ln ne /d ln "e > 0, over %1.5 decades of energy below "e 0 (Waxman
1997b).
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Radio polarization detection

• ALMA detection P = 0.27% ± 0.04%
• Lower than typical Poptical : Suggests Faraday 

depolarization

• Optical/Radio simultaneous polarimetry needed

4 Urata, Toma et al.
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Figure 3. Spectral flux distributions and total linear polarization spectrum of the GRB 171205A afterglow. a, Spectral flux
distribution at 4.1 days (blue circles and model dashed line) and 5.2 days (red squared points and model dashed line) after
burst. The grey dotted lines indicate the simple power-law functions with index of 1.457 and -0.430. b, Total linear polarization
spectrum with the ALMA measurement 5.2 days after the burst. Dashed lines indicate the Faraday depolarized spectrum by
assuming P0 of 1% (green) and 0.5% (magenta). The dotted lines indicate the polarization spectrum without the Faraday
depolarization effect (i.e. all electrons are energized by the relativistic shock) by assuming P0 of 1% (green), 0.5% (magenta),
and 0.33% (grey).

the polarimetry, at 5.2 days, measured the spectral slope
of β = −0.40± 0.01 in the 90−100 GHz (i.e. Band 3).
These measurements indicate that the spectral peak was
located at ∼ 30 GHz (below ∼ 90 GHz).

3.2. Polarization

Figure 1a shows the Stokes I,Q, and U maps obtained
using the entire ALMA Band 3 frequency range taken
5.2 days after the GRB. Detections with a confidence
level of 5σ or better on the Q and U maps yield a po-
larization degree of 0.27 ± 0.04% (including systematic
error). Our measured value describes the intrinsic origin
because depolarization between the source and observ-
ing site is negligible for the point source (i.e. GRB af-
terglows) in this millimeter band (Brentjens & de Bruyn
2005). Although we could not find any detection in the

Stokes Q and U maps at 11.2 days, we measured the
corresponding deep upper limit of the polarization de-
gree (< 0.27%, 3σ significance), which was consistent
with that at 5.2 days within the error margin.
The apparent brightness of 31.94±0.44 mJy observed

5.2 days after the burst using the entire ALMA Band
3 frequency range enabled more detailed polarimetric
analysis using four individual spectral windows (SPW)
of Band 3 (Figure 1 b, c, d, and e). The measurments are
summarized in Table 1. Other than the Stokes U map
at 92.5 GHz, there were significant detections at a 3.0σ
confidence level or better. In the Stokes U map at 92.5
GHz, there was no significant flux, and the range of the
P.A. was constrained. Although the polarization degrees
in each SPW were consistent with the value measured
using the entire Band 3 frequency, the P.A. significantly

First Detection of Radio Linear Polarization in a Gamma Ray Burst Afterglow 3

tion. The polarization calibration was performed by
observations of J1256-0547. The raw data were re-
duced at the East Asian ALMA Regional Center (EA-
ARC) using CASA (version 5.1.1). We further per-
formed interative CLEAN deconvolution imaging with
self-calibration both amplitude and phase with infinite
and then 30s solution intervals). The Stokes I,Q, and
U maps were CLEANed up to 15000 of CLEAN itera-
tions with threshold of 0.02 mJy after the final round
of self-calibration (Figure 1a). The off-source rms lev-
els in I, Q, and U are consistent with the expectations
for thermal noise alone. Since the detections with high
signal to noise ratio were made on the Stokes Q and U
maps generated using the entire Band 3 dataset from 10
December 2017, we generated additional Stokes maps
using the individual SPWs (Figure 1b,c,d,e). The quan-
tities that can be derived from the polarization maps
are the polarized intensity (

!

Q2 + U2), polarization de-
gree (100

!

Q2 + U2/I%), and polarization position an-
gle (1/2arctan(U/Q), P.A.). The atan2 function in the
python math module which returns a numeric value be-
tween −π and π, was used to calculate the polarization
position angle. By applying the polarization calibration
to the phase calibrator J1130-1449 and creating Stokes
maps for 6, 9, and 18 epochs during the 3hr of observing
period, we confirm that the stability of linear polariza-
tion degree is < 0.02%, which is consistent with the
systematic linear polarization calibration uncertainty of
0.033% for compact sources2. We also find that the sta-
bility of P.A. is < 0◦.6, which is slightly larger than the
absolute accuracy of 0.3◦(Nagai et al. 2016). The non-
detection (both positive and negative) with S/N of 3 on
the 92.5-GHz U map taken on 10 December 2017 yielded
polarization position angle ranges of P.A. > +78◦ and
P.A. < −78◦.
The Atacama Compact Array (ACA) observations

were executed on 10, 12, and 16 December 2017 at
345 GHz (Band 7) with the single continuum observing
mode. Two of the ACA total flux measurments were
conducted during polarimetry using ALMA. The data
were flagged, calibrated and imaged with standard pro-
cedures with CASA (version 5.1.1).

2.3. VLA

The Very Large Array (VLA) made total flux mea-
surements for the afterglow on 9 December 2017 at
central frequencies of 6 GHz (C-band), 10 GHz (X-
band), and 15 GHz (U-band), as one of the observatory-
sponsored observations (Laskar et al. 2017). The phase

2 ALMA technical handbook;https://almascience.nrao.edu/documents-
and-tools/cycle7/alma-technical-handbook/
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Figure 2. Radio afterglow light curves. Solid lines indi-
cate the model light curves at 97.5 GHz (green), 230 GHz
(blue), and 345 GHz (magenta) based on the standard for-
ward shock model. Dark grey dotted lines show the simple
power-law fittings for 230 GHz data before and 4 days after
the burst. Light grey dotted lines show the simple power-
law functions for 97.5 GHz with α = −0.9 and 345 GHz with
α = −1.2. Thin black dashed lines indicate the epochs of
ALMA polarimetry.

and flux were calibrated using observations of J1130-
1449 and 3C286. The data were calibrated using stan-
dard tools in CASA (VLA pipeline version 5.0.0). Af-
ter checking the quality of the pipeline output, we per-
formed imaging using CLEAN task without additional
data flagging. The source was significantly (more than
50σ) detected in all three bands. To describe the spec-
tral energy distribution, six images at the central fre-
quencies of 5 GHz, 7 GHz, 8.5 GHz, 11 GHz, 13.5 GHz,
and 16 GHz were generated with the CLEAN task. The
afterglow was detected with >20σ significance in each
image and the resulting total flux densities are summa-
rized in Table 1.

3. RESULTS

3.1. Lightcurve and SED

The temporal evolution of the afterglow flux at 230
GHz is described by broken power-law decays (Fν ∝
tα) with α = −0.30 ± 0.07 for t ! 4 days and α =
−1.34 ± 0.06 for t " 4 days, as show in Figure 2. The
light curve at 345 GHz for t " 4 is also described by
a simple power-law with α = −1.2 ± 0.2. The spectral
slope (Fν ∝ νβ) is also described as β = 1.457±0.028 at
4.3 days in the centimeter range (5−16 GHz; Figure 3a)
and β = −0.430±0.004 at 5.2 days in the submillimeter
and millimeter range (90.5−345 GHz; Figure 3a). High-
quality photometry (S/N ∼ 72−89) using ALMA during

Urata, KT et al. 2019; Urata’s poster
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The theoretical maximum degree of linear polarization of synchro-
tron radiation emitted by electrons in a perfectly homogeneous mag-
netic field is P < 70%; the difference between the measured and the
theoretical maximum can therefore provide further constraints on the

physical properties of the emitting source. The measured net polariza-
tion can be less than the theoretical maximum because of (1) the dilu-
tion of polarized reverse-shock emission by unpolarized forward-shock
emission, (2) the combination of ordered magnetic fields from the central
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Figure 2 | Evolution of optical polarization and
brightness in GRB 120308A. a, b, Evolution of
polarization degree P (a) and position angle h
(b; degrees east of north) for GRB 120308A.
Individual 0.125-s RINGO2 exposures at the eight
Polaroid angles are co-added over a desired time
interval into eight images, on which absolute
aperture photometry is performed and
P and h derived. Owing to the low read noise of the
system, data from each rotation angle can be
stacked into temporal bins after data acquisition to
optimize signal-to-noise ratio versus time
resolution. Here the data were subdivided into four
bins of duration ,84 s and one bin of ,252 s giving
roughly equal signal-to-noise ratio. The observed
polarization properties are robust to alternative
choices of temporal binning (see Supplementary
Information and Extended Data Figs 7, 8, 9). Error
bars, 61s, as described in Fig. 1b. c, Light curve of
GRB 120308A in red (555–690 nm) light using
RINGO2 and RATCam. Data have been cross-
calibrated to the SDSS r9 system via five objects in
common, with a possible systematic error of up to
,6% between the two instruments due to colour
effects. Model fits using one peak (blue solid line)
or two peaks (broken grey line for each component;
resultant combined light curve in solid grey) are
shown with an additional point26 constraining late
time behaviour (see Supplementary Information).
The two-peak model is statistically slightly
preferred. Error bars, 61s.
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Figure 1 | Time-integrated optical properties of the GRB 120308A field.
a, RINGO2 total intensity image of 49 3 49 field containing GRB 120308A, with
total exposure time 588 s. The GRB (boxed) and seven comparison objects
(numbered) are indicated; the directions of north and east are shown. RINGO2
combines a Polaroid polarizer rotating at ,1 revolution s21 with a fast readout
electron multiplying CCD camera that is triggered eight times per revolution.
Summing data from each rotation angle allows derivation of the total intensity
for each source in the image, while analysis of their relative intensities allows
calculation of their Stokes parameters25. Measurements are not affected by
variations in source brightness or observing conditions on timescales .1 s
owing to the rapid rotation of the polaroid. There is no significant variation in
atmospheric transparency or seeing (image point-spread function) over the
588-s exposure. b, Measured time-averaged polarization P of all objects versus

apparent magnitude. As P is a one-sided (always positive) quantity, noise in the
Stokes q and u parameters translates into a rising P with large uncertainty for
the faintest objects, even though their actual polarization is likely to be small.
The strong time-averaged polarization of the GRB (red symbol) of 20%
compared to sources of similar brightness is obvious. Error bars (61s) were
calculated using a Monte Carlo simulation (N 5 10,000). This used a range of
input q and u values with an error distribution calculated from the combination
of photon counting statistics with the uncertainty in instrumental calibration to
calculate 1s ranges of P and position angle (h) for each object. All quoted
measurements in this Letter use this Monte Carlo estimator, although because
polarization in GRB 120308A is significantly non-zero, the derived errors
(within ,1% absolute error) are comparable to standard error analyses for that
object (see Supplementary Information and Extended Data Figs 1, 2, 3, 4, 5, 6).
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Figure 2. Light curve of the afterglow of GRB 090102 in X-ray, g′, R, i′, z′, J, H and K bands from Tables 1 and 2. For clarity, upper limits have been omitted.
When not plotted, the error bars have the size of the symbols or smaller. These light curves have been corrected for the galactic extinction/absorption due to
the Milky Way. The X-ray light curve is extracted in the 0.5- to 10.0-keV band. The dotted line is the best-fitting decay law (see text for details). The left axis
applies to optical/IR data, the right axis to X-ray data.

find any evidence for spectral variation during the whole follow-up
of the afterglow. The spectrum is well modelled (χ 2

ν = 0.92, 102
d.o.f.) by a single power law with spectral index βX = 0.83 ± 0.09
absorbed in our own galaxy and by extragalactic absorbers (NH =
8.8+2.7

− 2.5 × 1021 cm− 2 when located within the host galaxy).
The light curve was extracted within the 0.5–10.0 keV band and

rebinned in order to obtain at least 25 counts per bin. All decay index
indicated below are derived from fits using the χ 2 statistic. We did
not observe strong flares (see Fig. 2). A single moderate flare can
be seen in the unbinned light curve during orbit 2 (corresponding
to the period ∼2000–4000 s after the trigger), which has been
excluded from the temporal analysis. The complete light curve can
be adequately fit (χ 2

ν = 1.18, 65 d.o.f.) using a single power law
with a decay index αX = 1.34 ± 0.02. A broken power law can
also represent the data (χ 2

ν = 0.99, 63 d.o.f.) with α1,X = 1.29 ±
0.03, α2,X = 1.48 ± 0.10, and a break time tb = 18 700+14 500

− 8000 s. With
the observed steepening, %α = 0.19 ± 0.11, this break could be
interpreted as the cooling frequency passing through the observation
band. However, this should be associated with a spectral break not
supported by the data. An F-test check on the break existence gives
a probability of 0.26, i.e. a value not conclusive. One may note
however that in this special case (large error on tb that make it
compatible with 0 within 3σ ), the probability derived from the

F-test should not be considered as valid (see Protassov et al. 2002).
As a matter of consequence, in the following we will consider both
hypotheses (single power law or broken power law), and report
early and late X-ray data as data taken before and after the temporal
break, respectively.

3.2 Optical data

At the position of the afterglow, the Galactic extinction is E(B −
V) = 0.047 according to Schlegel, Finkbeiner & Davis (1998). We
corrected all magnitudes using this estimation. Assuming Rv = 3.1,
this gives in particular AR = 0.14 (Pei 1992). The specific data
processing relative to all instruments is indicated in the following
subsections. We completed this sample by using reported obser-
vations by Cenko et al. (2009); de Ugarte Postigo et al. (2009a);
Malesani et al. (2009). This extended sample of data taken in the R
band is listed in Table 1.

3.2.1 TAROT data

We used data from TAROT Calern (Klotz, Boër & Eysseric 2009d)
that started an exposure of the field of GRB 090102 at T0 + 40.8 s
(duration 60 s) with the tracking speed adapted to obtain a small

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 405, 2372–2380

GRB 090102

PL=10 ± 1%

T90=27s T90=61s

PL~30 % !!

Early optical reverse shock

Steele+09; Gendre+10; Mundell+13; Lan, Wu & Dai 16; Steele+17  

 

• But see ALMA polarimetry of reverse shock 
emission (Laskar’s talk)



Issues on relativistic jets

• Energy source
• Acceleration mechanism
• Dissipation
• Stability
• Particle source

• Electromagnetic model or 
Fireball model ??Blandford & Znajek 1977; Koide et al. 2000; Komissarov 2001; 

McKinney & Gammie 2004; Barkov & Komissarov 2008; 
Tchekhovskoy et al. 2011; Ruiz et al. 2012; Contopoulos et al. 2013; 
Bromberg & Tchekhovskoy 2016; KT & Takahara 2014; 2016

Black Hole Shadow in M87 7

50 µas

Figure 3. Top: EHT image of M87* from observations on
April 11, 2017 as a representative example of the images col-
lected in the 2017 campaign. The image is the average of
three di↵erent imaging methods after convolving each with
a circular Gaussian kernel to give matched resolutions. The
largest of the three kernels (20µas FWHM) is shown in the
lower right. The image is shown in units of brightness tem-
perature, Tb = S�2/2kB⌦, where S is the flux density, �
is the observing wavelength, kB is the Boltzmann constant,
and ⌦ is the solid angle of the resolution element. Bottom:
Similar images taken over di↵erent days showing the stabil-
ity of the basic image structure and the equivalence among
di↵erent days. North is up, East to the left.

Gammie 2018; Bronzwaer et al. 2018; Younsi et al.
2019). We limit ourselves to providing here a brief de-
scription of the initial setups and the physical scenar-
ios explored in the simulations; see Paper V for details
on both the GRMHD and GRRT codes, which have
been cross-validated for accuracy and consistency (Porth
et al. 2019; Gold et al. 2019).
A typical GRMHD simulation in the library is char-

acterized by two parameters: the dimensionless spin
a⇤ ⌘ Jc/GM2, where J and M are the spin angular mo-
mentum and mass of the black hole, respectively, and the
net dimensionless magnetic flux over the event horizon
� ⌘ �/(ṀR2

g)
1/2, where � and Ṁ are the magnetic flux

and mass flux (or accretion rate) across the horizon, re-
spectively. Since the GRMHD simulations scale with the
black-hole mass, M is set only at the time of producing
the synthetic images with the GRRT codes. The mag-
netic flux is generally non-zero because magnetic field
is trapped in the black hole by the accretion flow and
sustained by currents in the surrounding plasma.
These two parameters allow us to describe accretion

disks that are either prograde (a⇤ � 0) or retrograde
(a⇤ < 0) with respect to the black hole spin axis, and
whose accretion flows are either “SANE” (from “Stan-
dard and Normal Evolution”, Narayan et al. 2012) with
� ⇠ 1, or “MAD” (from “Magnetically Arrested Disk”,
Narayan et al. 2003) with � ⇠ 15. 2 In essence, SANE
accretion flows are characterized by moderate dimen-
sionless magnetic flux and result from initial magnetic
fields that are smaller than those in MAD flows. Fur-
thermore, the opening angles of the magnetic funnel in
SANE flows are generically smaller than those in MAD
flows. Varying a⇤ and �, we have performed 43 high-
resolution, three-dimensional and long-term simulations
covering well the physical properties of magnetized ac-
cretion flows onto Kerr black holes.
All GRMHD simulations are initialized with a weakly

magnetized torus orbiting around the black hole and
driven into a turbulent state by instabilities, includ-
ing the magnetorotational instability (Balbus & Hawley
1991), rapidly reaching a quasi-stationary state. Once
a simulation is completed, the relevant flow properties
at di↵erent times are collected to be employed for the
further post-processing of the GRRT codes. The gener-
ation of synthetic images requires, besides the proper-
ties of the fluid (magnetic field, velocity field, rest-mass
density), also the emission and absorption coe�cients,
the inclination i (the angle between the accretion flow
angular-momentum vector and the line of sight), the po-
sition angle PA (the angle East of North, i.e., counter-
clockwise on our images, of the projection on the sky of
the accretion-flow angular momentum), the black hole
mass M and distance D to the observer.
Because the photons at 1.3mm wavelength observed

by the EHT are believed to be produced by synchrotron
emission, whose absorption and emission coe�cients de-
pend on the electron distribution function, we consider
the plasma to be composed of electrons and ions that
have the same temperature in the magnetically dom-
inated regions of the flow (funnel), but a substantially
di↵erent temperature in the gas dominated regions (disk
midplane). In particular, we consider the plasma to be

2
We here use Heaviside units, where a factor of

p
4⇡ is absorbed

into the definition of the magnetic field.

In Fig. 3 the upstream end of the jet corresponding to the dashed line
in Fig. 2 is overlaid on the 43-GHz intensity image as the shaded area. By
specifying the position angle of the M87 jet, we can also evaluate the
amount of the core shift in declination. On the basis of the 43-GHz image
of M87 in previous work that discusses the large direction uncertainty of
the inner jet region3, we set the allowed range of the jet position angle
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Figure 3 | VLBA image of M87 at 43 GHz
superimposed on the measured core-shift
positions. a, Global view of the radio jet on a
subparsec scale. b, Close-up view of the region
enclosed by the rectangle in a. The synthesized beam
of the VLBA is 0.22 mas3 0.46 mas at 25u (bottom
right in the upper image). The peak brightness and
1s noise level are 724 mJy and 1.1 mJy per beam,
respectively. Contours are (21, 1, 2, 2.8 and
4)3 3.3 mJy per beam and thereafter increase by
factors of 21/2. Two broken red lines represent the
maximum possible range of the inner jet direction
centred on the 43.2-GHz core. A solid red arrow
represents the larger-scale jet direction. Red circles
indicate the core positions at 2.3, 5.0, 8.4, 15.2, 23.8
and 43.2 GHz relative to the 43.2-GHz core (the
higher the frequency of the core, the closer it
approaches the central engine). Core positions at
each frequency are averaged over two epochs. We
assume that the core shift occurs along the larger-
scale jet direction. The positional uncertainties in
declination are due to uncertainties in the direction
of the inner jet, which are shown by the vertical
broken arrows threading each core position. The
shaded area at the east of the 43.2-GHz core
represents the upstream end of the jet derived from
the core-shift measurements. This area is enclosed
by the 1s error in the core-shift value in RA, and the
direction of the inner jet defines uncertainties in
declination. A black circle (top left in b) shows the
diameter 6Rs of the innermost stable orbit around a
non-rotating black hole. Inset in a, a 15-GHz Very-
Large-Array image showing kiloparsec-scale
structure. (Copyright National Radio Astronomy
Observatory/Associated Universities, Inc./National
Science Foundation).

Figure 2 | Plot of the core-shift measurements in right ascension for M87 as
a function of observing frequency. The data sets of filled and open circles are
results for 8 and 18 April, respectively. Both observations were made at 2.3, 5.0,
8.4, 15.4, 23.8 and 43.2 GHz. The origin of the vertical axis is referenced to the
weighted-mean position of the 43.2-GHz core over the two epochs. This plot
shows that the measured core positions for the two epochs are consistent within
1s error bars, indicating that the systematic errors are effectively cancelled out
through the quasi-simultaneous multifrequency observations (see also
Supplementary Information for details of the data analysis and error
estimations). The solid curve represents the best-fit solution, with rRA(n) 5
A2a 1 B (a 5 0.94 6 0.09, A 5 1.40 6 0.16 and B 5 20.041 6 0.012), which is
derived from the weighted least-square method to the entire data set. The dashed
horizontal line represents the asymptotic line of the solid curve, which is located
at 41mas eastwards from the 43.2-GHz core in RA. At the distance of M87 of
16.7 Mpc and the mass of the black hole of 6.0 3 109 solar masses, 1 mas
corresponds to a length of 0.08 pc or 140Rs projected on the plane of the sky.
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Figure 8. A snapshot of the central region in our fiducial 3D model M3 at
t = 4400RL/c ∼ 1.5 s, when the jet head is at z = 800RL ∼ 8 × 109 cm,
or about 10 per cent of the stellar radius. The colour scheme in the left-hand
panel shows the log10(∇ × B), which is a tracer of conduction currents, and
the right-hand panel shows the log10(σ ), which is a tracer of magnetization.
The solid lines show the field lines of b, the magnetic field as measured in the
fluid frame and traced out in the lab frame. The degree of their twist reflects
the degree to which the toroidal magnetic field component dominates in
the fluid frame. The jet is initially freely expanding sideways out to |z| ≃
30RL ≈ 3 × 108 cm where it recollimates due to the confining pressure
of the cocoon. The free expansion region is characterized by a low current
density (green colour) and a high σ (red colour; see the colour bar). Above
this region, σ approaches unity (green colour) and the field lines become
less toroidally twisted. Both of these reflect the dissipation of the toroidal
magnetic field into heat above the collimation point. There the magnetic
field lines converge to the axis and become unstable to the internal kink
mode, which seen as a helical pattern in the jet (see Section 6.1).

two conditions are met along field lines with an opening angle
satisfying

θ < θk =

⎧
⎪⎨

⎪⎩

√
RL
zcoll

, zcoll < RLσ
2/3
0 ,

RL
zcoll

σ
1/3
0 , zcoll ≥ RLσ

2/3
0 ,

(16)

and render the field lines kink unstable below the recollimation
nozzle.

To study this effect in more detail and to better capture the small-
scale structure of the dissipation region, we reran our fiducial 3D
model M3 at twice the resolution in each dimension. We refer
to this high-resolution simulation as model M3HR (see Table 1).
Figs 9 and 10, show the longitudinal cross-sections of the jet along
the y − z plane (left-hand panel) and the x − z plane (right-hand
panel) in this high-resolution model. The jet propagates along the
z-axis. The colour schemes are the same as in the corresponding
3D jets in Fig. 8. Regions where magnetic energy is dissipated are
identified by a decrease in the σ parameter accompanied by the high

Figure 9. Meridional slices of log10(σ ) through the x − z (left) and y
− z (right) planes, in a 3D jet at time t = 2984RL/c ≈ 1 s in our high-
resolution 3D simulation, model M3HR. Note that the horizontal axis scale
has been stretched by approximately an order of magnitude to clearly
show the jet structure. The jets start out highly magnetized, with σ 0 ≃
25. They recollimate at zcoll ≃ 17RL ≈ 1.7 × 108 cm, converge on to the
axis, and develop an internal kink instability, which is seen as small-scale
yellow–red wiggles in the jets. The decrease of the magnetization (seen as
the transition in colour from red to yellow) at the wiggles reflects mag-
netic energy dissipation via the internal kink instability. Some field lines,
which have small enough opening angles to maintain strong causal con-
tact across the jets, become unstable earlier and dissipate their energy at
lower altitudes. These lines form a ‘wedge’ of lower σ that extends down to
|z| ≃ 10RL ≈ 108 cm.

Figure 10. Same as Fig. 9 but for meridional slices of the conduction
current J ∝ log10(|∇ × B|). High (red) values of J indicate regions with
particularly strong magnetic field twist and particularly strong dissipation.

conduction current. Below the nozzle there is a cone of an opening
angle 0.1 ! θ ! 0.17, which is kink unstable all the way down to the
source. The jet becomes collimated at zcoll ≃ 17 (see Fig. 10), the
opening angle of the unstable cone is in agreement with equation
(16) for our choice of the initial jet magnetization of σ 0 = 25 (see
Section 2).

Most of the magnetic energy dissipation occurs at the collimation
nozzle and above it. In this region magnetic field lines with different
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Figure 15. The morphology of jets with different powers. The left-hand
panel shows a low-power jet in model M3LP at t = 10995RL/c ∼ 3.7 s. The
right-hand panel shows a high-power jet in model M3 at t = 4084RL/c ∼
1.36 s. The high-power jet is 10 times more powerful than the low-power jet.
It propagates approximately 2.7 times faster, and reaches the same distance
as the low-power jet, z ≃ 600RL = 6 × 109 cm, in a shorter time. The large-
scale bends of the jets are characteristic of the external kink instability. The
low-power jet is thinner and becomes external-kink unstable at a smaller
distance. As a result, kink modes grow to a larger amplitude and deform it
more strongly than the high-power jet.

wave to travel around the jet perimeter. Typically it takes ∼5–10
growth times for the global kink modes to grow substantially, and
this is why most of the deformation occurs at the top, ‘older’ parts
of the jet, mainly near the jet head where the kink instability has
the longest time to evolve. The helical motions of the kink-unstable
head increase the effective cross-section of the jet and reduce its
propagation velocity. If the external kink grows to a high enough
amplitude, it can even disrupt the jet and cause it to stall.

6.3 Dissipation rates and convergence tests

One of the important results of this work is the efficient dissipation
of the magnetic field at and above the recollimation nozzle. This
reduces the strength of the toroidal magnetic field component and
leads to equipartition between thermal and magnetic energies. A
similar transition in the magnetic field configuration was seen in the
simulations of twisted magnetic flux tubes that underwent dissipa-
tion via the internal kink (e.g. Hood, Browning & van der Linden
2009; Gordovskyy & Browning 2011; Pinto, Vilmer & Brun 2015).
Once started, the dissipation in our simulation occurs over a length
scale of ! 10Rj, which is consistent with the expected growth time
of the kink instability across the entire jet (see e.g. Fig. 9). This rate
is also consistent with the dissipation rate found in other simulations
(e.g. Mizuno et al. 2012; Porth & Komissarov 2015).

Figure 16. The thermal energy flux (solid lines) and the Poynting flux
(dashed lines), as a function of z. We show the fiducial model, M3, at t =
1885RL/c ∼ 0.6 s (thick blue lines) and a high resolution model, M3HR, at
t = 2515RL/c ∼ 0.8 s (thin green lines). Both jets extend to the same distance,
zh ≃ 150RL ≃ 1.5 × 109 cm, and have the same width, though the high-
resolution jet propagates at a velocity slower by 25 per cent due to somewhat
increased wobbling motions of the head. Even though the jets show some
differences at their heads, the dissipation rates at their recollimation points
are essentially the same. This indicates that the dissipation could be driven
by a large-scale instability and not affected by the microphysics.

To test the effect of the grid resolution on the dissipation rate,
we reran our fiducial simulation, M3, with twice the resolution in
each direction. We refer to this high-resolution simulation as model
M3HR (see Table 1). Fig. 16 shows the electromagnetic energy
flux (dashed lines) and the thermal energy flux (solid lines) in the
fiducial model M3 (blue) and its high-resolution version, model
M3HR (green). For a proper comparison, the jets are taken to have
the same zh. Because in the high-resolution simulation the jets
propagate at a velocity that is somewhat slower (by ∼25 per cent)
than in our fiducial resolution simulation, the snapshots are taken at
slightly different times. Even though the propagation velocities are
different, the dissipation rates are similar. Moreover, the jet width
in both cases is Rj ≃ 10RL ≃ 108 cm and the dissipation occurs
over a range !z ! 100RL ≃ 109 cm that agrees with the expected
kink growth time-scale at this distance. We have not tested how the
dissipation rate depends on the Riemann solvers used in the code
(see e.g. O’Neill, Beckwith & Begelman 2012); this will be studied
elsewhere.

The ∼25 per cent difference in the head velocity comes from
the fact that the high-resolution jet is somewhat less stable to the
external kink than the lower resolution jet, and the wobbling motions
of the head have a somewhat larger radius. As we show in Section 7,
the head velocity is inverse proportional to the head radius. Thus the
wobbling motions increase the effective jet radius by ∼25 per cent.
Our simulations are therefore not fully converged in the context of
the external kink and the head velocity, and it is desirable to make
a proper convergence test. Such a test, however, is hard to carry
out in global simulations like ours, due to the large computational
resources required. An alternative is to perform a convergence test
for the amplitude of the external kink instability in a small periodic
box. Mizuno et al. (2009) conducted such a test and concluded that
when the jet is resolved by more than 20 cells across, the amplitude
of the external kink is not sensitive to the resolution. In our case the
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Figure 10. GRB 980425. Symbols are the same as in Fig. 7. In this case, we
also show the two data points of the GRBM instrument onboard BeppoSAX
covering the 40–700 keV energy range.

We thus use this blackbody+cut-off power-law (BBCPL) model:

N (E) = A
E2

exp(E/kT ) − 1
+ BEα exp

!
− E

E0

"
, (8)

where kT, i.e. the blackbody characteristic temperature, is fixed so
that 3.9kT = Epeak (as found from the fit of the CPL model to each
time-resolved spectrum). This model has the same number of free
parameters of the BBPL and B model (the two normalizations, E0

and α).
In Fig. 13, we compare the photon index found with a simple

CPL model and the α of the BBCPL model described above. In the
BBCPL model, the photon index of the CPL component can fit the
WFC data and indeed we found it to be consistent with the values
found by the fit of a simple CPL model. Instead, the blackbody
component is negligible in all these fits.

For each time-resolved spectrum fitted with the BBCPL model,
we can compute the fraction of the rest-frame bolometric flux con-
tributed by the blackbody component. Summing up these contribu-

Figure 11. GRB 990123. Symbols are the same as in Fig. 7.

tions for the entire duration of each burst, we derive the contribution
of the blackbody to the time-integrated flux. The values are reported
in Table 2 (last column): for all the bursts this contribution is small.

We can then conclude that if a blackbody is present, with a tem-
perature consistent with the peak of the spectrum (found by fitting
the CPL model), then its flux is not relevant. Consider also that this
spectral model is not required by the data, which are instead well
described by the simpler CPL (or B) model. In this sense, what we
found is an upper limit to the possible contribution of a blackbody
to the total flux.

5 S U M M A RY O F R E S U LT S

We have analysed the spectra of seven GRBs detected by BATSE
with measured redshift and for which also the BeppoSAX WFC spec-
trum has been published (Amati et al. 2002). We analysed both the
time-resolved and the time-integrated spectrum with three models:
the B model, a CPL model and a BBPL model. For a further test
of the importance of a possible blackbody component, we have also
used the sum of a BBCPL model. The comparison of the spectral
parameters and the analysis of the spectral evolution have shown
that:

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 379, 73–85
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Figure 1. Synchrotron spectra from an optically thin spheri-
cal shell with three electron distributions: mono-energetic (dotted
line), Maxwellian (short-dashed line), and fast-cooling Maxwellian
(long-dashed line). For comparison the Band fit of GRB 990123 is
shown by the red thick curve.

been proposed over the years (Thompson 1994;
Eichler & Levinson 2000; Mészáros & Rees 2000;
Giannios & Spruit 2007; Beloborodov 2010, hereafter
B10; Levinson 2012; Thompson & Gill 2014). All share
a key feature: the jet is dissipative, i.e. significantly
heated as it propagates away from the central engine.
This heating modifies the emitted photospheric radi-
ation from simple blackbody emission. The resulting
spectrum was shown to have a nonthermal shape that
closely resembles the phenomenological Band function
(Pe’er et al. 2006; Giannios 2008; B10; Vurm et al. 2011,
hereafter V11). It was proposed that the dissipative
photosphere model provides a good description to the
observed spectra (Ryde et al. 2011) and needs to be
carefully tested against observations.

1.2. Internal dissipation

Four dissipation mechanisms have been proposed
as sources of GRB emission: collisionless shocks
(Rees & Meszaros 1994), damping of Alfvén wave
turbulence (Thompson 1994), magnetic reconnection
(Drenkhahn & Spruit 2002), and neutron collisions
(B10). Magnetic field and internal bulk motions provide
the energy reservoirs available for dissipation.
The presence of strong internal motions in the jet is

suggested by the observed variability of GRB radiation.
The central engine of the explosion is likely unsteady,
and additional variability is induced as the jet burrows its
way through the progenitor star and the cocoon produced
by the jet-star interaction (Lazzati et al. 2009). This
leads to multiple internal and recollimation shocks, which
keep the jet hot and relatively slow when it emerges from
the stellar progenitor. Thus, shock heating is expected
to occur in an extended range of radii and in an extended
range of timescales, which is consistent with the observed
broad power spectrum of variability (Beloborodov et al.
2000).
Additional evidence for dissipation at small radii is pro-

vided by the observed photon number emitted in GRBs.

In many GRBs, the central engine is unable to pro-
vide the observed photons, so additional photons must
be produced in the expanding jet. Photon production
is a direct consequence of dissipation at large optical
depths (B13; Vurm et al. 2013, hereafter V13; see also
Eichler & Levinson 2000; Thompson et al. 2007). Ob-
servations also require that dissipation continues at least
to the photospheric radius, so that the released spec-
trum has a nonthermal shape. Therefore, in this paper
we consider outflows which remain dissipative across a
broad range of distances from the central engine, start-
ing from the region inside the progenitor and extending
to the jet photosphere and beyond.
Baryons dominate the plasma inertia, so dissipation

of internal motions may be expected to heat ions (and
neutrons) in the first place. Efficient dissipation should
give a typical energy of ∼ 1 GeV per nucleon (its rest
mass) in a relativistic jet. Baryons themselves do not
emit significant radiation, because of their large mass-to-
charge ratio, however they pass their energy to electrons
in two ways (B10):

1. Coulomb collisions pass energy from the hot ions
to the thermalized electron/positron population
(which is kept much colder by efficient radiative
cooling).

2. Inelastic (pion-producing) nuclear collisions gener-
ate a non-thermal e± population with Lorentz fac-
tor γinj ∼ mπ/me ∼ 300.

These well-understood collisional processes provide a ro-
bust mechanism for transferring the baryon energy to
leptons and then to radiation. Collisional heating is a
major dissipative process in sub-photospheric internal
shocks (Beloborodov 2015, in preparation), in contrast to
collisionless shocks above the photosphere. The resulting
Coulomb heating and pion production give a well-defined
model for electron heating in GRB jets.
Electrons can also be directly heated by magnetic re-

connection, which is harder to model from first prin-
ciples. Collisionless shocks are also known to directly
heat electrons (e.g. Sironi & Spitkovsky 2011), however
such shocks cannot form deep below the photosphere
(Levinson 2012; Beloborodov 2015).

1.3. Evolution of radiation in the expanding jet

The energized electrons rapidly lose their energy to ra-
diation via inverse Compton (IC) scattering, synchrotron
emission, and (at extremely high optical depths) through
double Compton scattering and bremsstrahlung. The
produced photons are redistributed in energy by Comp-
ton scattering and form the spectrum that eventually
escapes at the Thomson photosphere R⋆ where the scat-
tering optical depth τT drops below unity.
Three relevant regions in the jet were described in B13:

1. The Planck zone (r ! 1010 cm, τT " 105): the
density of the jet is sufficiently high to maintain
blackbody radiation in detailed equilibrium with
the thermalized plasma.

2. The Wien zone (τT " 102): the dissipated heat is
thermalized into a Bose-Einstein photon distribu-
tion with a finite chemical potential. The number
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Figure 2. Light curve of GRB 090902B for energies 0.1–300 GeV from
unbinned likelihood fits to the LAT data. After the prompt phase, extended
or afterglow emission consistent with a temporal profile ∝ t−1.5 (dashed line)
lasts until ∼T0 + 1000 s. The upper limit at times > T0 + 3600 s was derived
from the data collected after the source emerged from occultation by the Earth.

is similarly hard in interval f, after which the Band function
component is no longer detected. The hardening of β is ac-
companied by an apparent hardening of the power-law index, Γ,
which until interval e does not exhibit much variation. However,
this is not definitive since the flux is too low to constrain Γ in
intervals e and f separately. A spectral fit of the sum of these
two intervals confirms the presence of both a harder β and a
harder Γ, with a clear statistical preference for the inclusion of
the power-law component. An equally good fit is obtained in
the combined e + f interval if this power law has an exponential
cutoff at high energies, with the preferred cutoff energy lying
above 2 GeV. Finally, we note that in interval b, a marginally
better fit is achieved using a model with the additional power-
law component having an exponential cutoff at high energies.
The improvement is at the ∼3σ level and indicates weak ev-
idence for a cutoff in the second component, placing a lower
limit on the cutoff energy in this interval of about 1 GeV.

5. DISCUSSION AND INTERPRETATION

The Fermi data for GRB 090902B show for the first time clear
evidence of excess emission both at low energies (! 50 keV)
and at high energies (>100 MeV), while the Band function alone
fits data at intermediate energies adequately. These excesses
are well fitted by a single power-law component suggesting
a common origin. This power-law component accounts for
≈24% of the total fluence in the 10 keV–10 GeV range,
and its photon index is hard, with a value ∼−1.9 throughout
most of the prompt phase. Such a hard component producing
the observed excess at low energies is difficult to explain in
the context of leptonic models by the usual synchrotron self-
Compton (SSC) mechanisms. In the simplest versions of these
models, the peak of the SSC emission is expected to have a
much higher energy than the synchrotron peak at MeV energies,
and the SSC component has a soft tail that is well below the
synchrotron flux at lower energies and so would not produce
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Figure 3. Joint fit of GBM and LAT data to interval b, (T0 +4.6, T0 +9.6 s). Top:
counts spectrum; separate model components are plotted, Band (dashed), power
law (solid). Bottom: unfolded νFν spectrum. The extension of the >100 MeV
power-law component to the lowest energies (< 50 keV) is shown.

excess emission below ∼50 keV. Hadronic models, either in
the form of proton synchrotron radiation (Razzaque et al. 2009)
or photohadronic interactions (Asano et al. 2009), can produce
a hard component with a similar low energy excess via direct
and cascade radiation (e.g., synchrotron emission by secondary
pairs at low energies). However, the total energy release in
hadronic models would exceed the observed gamma-ray energy
of Eiso = 3.63×1054 erg significantly and may pose a challenge
for the total energy budget. Collimation into a narrow jet may
alleviate the energy requirements, since the actual energy release
from GRB 090902B can be smaller by a jet beaming factor
> 1/Γ2

0 from the apparent isotropic value, where Γ0 is the bulk
Lorentz factor of the fireball.

From the observation of a 11.16+1.48
−0.58 GeV photon in interval

c, the highest energy during the prompt phase and thus the
most constraining, we derive a minimum value of the bulk

090902B
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Uniform jet model

• Most of GRBs have high PL in SO model
• Only off-axis events have high PL in SR/Ph models
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Figure 1: Left: Polarization degrees as functions of q = θv/θj in the SO model, where
θv is the viewing angle of the line of sight and θj is the jet opening angle. yj ≡ (Γθj)2,
where Γ is the bulk Lorentz factor of the jet. Typical parameters are adopted for the
emission spectrum (see [4] for details). Right: Schematic picture of the jet with the
toroidal component of the magnetic fields (thin lines). Only a fraction of the emitting
shell, θ < Γ−1 around the line of sight is bright because of the relativistic beaming
effect.

uniform over the shell, but consists of multiple patches with characteristic angular
size much smaller than jet opening angle, θp ≪ θj [6] (see Figure 2). In the case of
Γ−1 ∼ θj , it is natural that one sees multiple patches with different magnetic field
directions, and observes significant PA changes. On the other hand, if Γ−1 ≪ θj , one
only sees a limited range of the curved magnetic fields, which leads to no significant PA
change even if the emission is patchy. In such a scenario, GRB 100826A corresponds
to the case of Γ−1 ∼ θj , while the other two bursts with no PA change correspond to
the case of Γ−1 ≪ θj .

We may consider an alternative scenario in which the initially ordered helical
fields get distorted during the energy dissipation phase, making different field direc-
tions within the bright region of θ < Γ−1 [22]. The PA changes can naturally occur
in this scenario, but when the emission duration is short, the PA change does not
necessarily occur. Another scenario is that the GRB jets consist of multiple shells
which have globally ordered transverse (not helical or toroidal) magnetic fields with
a different direction for each shell. It has been recently claimed that such impul-
sive shells can be accelerated to relativistic speeds [23]. In this scenario also, the PA
changes naturally occur for long duration bursts with large number of emitting shells,
but do not necessarily occur for short duration bursts with small number of emitting
shells.
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Figure 3: Left: Polarization degrees as functions of q = θv/θj in the SR model (see
[4] for details). Right: Schematic picture of the jet. The net polarization property is
determined by the bright emission from the points with θ ∼ Γ−1 around the line of
sight, whose polarization vectors (represented by the thick arrows) are axisymmetric.

patches observed with θvp <
∼ θp decrease the net Π. On the other hand, the bursts we

observed are all very bright, which implies that some patches are seen with θvp <
∼ θp.

Therefore, the SR model is not favored to explain the observed Π >
∼ 30%.

3.1.3 SH model

The internal shocks may also produce strong magnetic fields with random directions
on hydrodynamic scales, much larger than the plasma skin depth scales, through e.g.,
the Richtmyer-Meshkov instability [28, 25]. We call this the “SH model” (synchrotron
model with random fields on hydrodynamic scales). If the field directions are isotrop-
ically random, the net polarization degree is Π ∼ Πsyn

max/
√
N , where N is the number

of independent patches with coherent field in the bright region with θ ∼ Γ−1 around
the line of sight, and the PA change can be naturally realized. Unlike the SR model,
the emission from patches seen with small θvp can have high Π, so that this model is
in agreement with the high brightness of the bursts.

By utilizing the MHD simulations of internal shocks with initial density fluctua-
tions, Inoue et al. (2011) [28] deduced N ∼ 103 from the typical scale of the coherent
magnetic fields, which did not appear to be consistent with the observed Π >

∼ 30%.
However, the recent detailed analysis of the numerical simulation suggests that the
magnetic fields perpendicular to the shock front are selectively amplified, which might
increase the net Π [29]. The aim of this recent simulation is to explain the radially
aligned fields observed in some young supernova remnants, e.g., [30], in which the
shock velocity is non-relativistic, although probably the properties of the amplified
fields may not be different in the mildly-relativistic case like the internal shocks of
jets (T. Inoue, private communication).

6

Synchrotron with Ordered (helical) B field Synchrotron with plasma scale Random 
(transverse) B field
Photospheric emission has the similar properties

Granot 2003; Lyutikov 2003; Nakar+ 2003; KT 2013



Monte Carlo simulation in a uniform jet model

KT, Sakamoto, Zhang et al. 2009; Gill, Granot & Kumar 2018

• We create 10,000 jets with random qj and fixed G = 100, and then 
calculate fluxes for random viewing angles, and polarization degrees for 
detectable events

• Ps are clustered ~40% for SO model while ~0% for SR/CD models. CD 
model can have events P > 70%
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Figure 5. Ep,obs − F diagram calculated in our Monte Carlo simulation. The
simulated events that can be detected by WXM on HETE-2 are represented by
dots. They are compared with the HETE-2 data (points with errorbars; Sakamoto
et al. 2005).

among GRBs and X-ray flashes in several models of geomet-
rical structure of GRB jets (Zhang et al. 2004; Yamazaki et al.
2004; Dai & Zhang 2005; Toma et al. 2005; Donaghy 2006). We
generated 10,000 GRB jets with Lorentz factor, γ , and opening
angle, θj , and a random viewing angle for each jet according
to the probability distribution of sin θvdθvdφ with θv < 0.22
rad.12 For each burst generated we calculate the νIν spectrum to
obtain the spectral peak energy, Ep,obs, and the fluence, I, in the
2–400 keV range by using Equation (4). Since Ep,obs’s and Is
calculated for each q = θv/θj in the three models are different
only by factors less than 2, Ep,obs’s and Is of the simulated bursts
may be calculated using just one model, for which we chose the
CD model.

The distributions of γ and θj for GRB jets are highly
uncertain. We make a simple assumption for the distribution
and in Section 4.3 we perform some simulations for different
assumptions. We fix γ = 100. We assume the distribution of θj

as

f (θj )dθj ∝
!
θ

q1
j dθj , for 0.001 ! θj ! 0.02,

θ
q2
j dθj , for 0.02 ! θj ! 0.2,

(18)

where q1 = 0.5 and q2 = −2.0. The value of q2 = −2 is
inferred from the observations of the steepening breaks (i.e., jet
breaks) of some optical afterglows (Frail et al. 2001; Zeh et al.
2006) and from analysis of BATSE data using some empirical
relations (Yonetoku et al. 2005). There are several suggestions
of events with very small θj (e.g., Schady et al. 2007; Racusin
et al. 2008), although the value of q 1 is highly uncertain. The
spectral parameters r2

0 A0, γ ν ′
0,α, and β are assumed as follows.

The first two parameters are given so that the rest-frame spectral
peak energies and isotropic γ -ray energies calculated for a jet
viewed with θv = 0 are consistent with those of typical GRBs.
Such an on-axis emission has approximately Ep = 2γ ν ′

0 and
Eiso = 16π2r2

0 A0γ ν ′
0. The parameters r2

0 A0 and γ ν ′
0 are given

through the empirical relations Eisoθ
2
j /2 = 1051ξ1 erg and

Ep = 80ξ2(Eiso/1052 erg)1/2 keV (e.g., Frail et al. 2001; Amati

12 We confirmed that the bursts with θv ! 0.22 rad in our simulation are not
detected by HETE-2 or POET with the parameters we adopt in this paper. We
can, therefore, discuss the distribution of several quantities of the detectable
bursts and the event rate ratio of bursts for which polarizations can be measured
to the detectable bursts without considering the bursts with θv ! 0.22 rad.
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Figure 6. Ep,obs − Π diagrams for the simulated events that can be detected by
GRAPE in the SO (red open circles), SR (green filled circles), and CD (blue plus
signs) models. The adopted parameters are as follows. The fixed parameters
are γ = 100, q1 = 0.5, q2 = −2.0,α = −0.2,β = 1.2, and T = 20 s.
The distribution of the source redshift z is assumed to be in proportion to the
cosmic star formation rate. The parameters r2

0 A0 and γ ν′
0 are distributed so

that the simulated Ep,obs − F diagram is consistent with the observed data (see
Figure 5). See text for the cases of the spectral indices distributed realistically,
for −0.5 < α < 0.4 and 0.9 < β < 1.8.
(A color version of this figure is available in the online journal.)

et al. 2002). We assume that the coefficients ξ1 and ξ2 obey the
lognormal distribution (Ioka & Nakamura 2002) with averages
of 1 and logarithmic variances of 0.3 and 0.15, respectively. The
last two parameters are fixed by α = −0.2 and β = 1.2, which
are typical values for GRB prompt emission (Preece et al. 2000;
Sakamoto et al. 2005). The distribution of the source redshift, z,
is assumed to be in proportion to the cosmic star-formation rate.
We adopt the model SF2 in Porciani & Madau (2001), i.e., the
comoving GRB rate density is assumed to be proportional to

R(z) = exp(3.4z)
exp(3.4z) + 22

"
ΩM (1 + z)3 + ΩΛ

(1 + z)3/2
. (19)

We take the standard cosmological parameters of H0 =
70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.

Figure 5 shows the results of Ep,obs and time-averaged flux,
F. The time-averaged flux is calculated by F = I/T , where T is
the duration of a burst. We fix T = 20 s, which is a typical value
for long GRBs (e.g., Sakamoto et al. 2005). We show only the
simulated bursts that have fluxes above the detectable limit of
the HETE-2 satellite. They are consistent with the data obtained
by HETE-2 (Sakamoto et al. 2005). The scatter of the simulated
bursts is due to both the scatter of the assumed jet parameters
and the viewing angle effect (Yamazaki et al. 2004; Donaghy
2006).13

4.2. Properties of Polarization Distribution

We calculated the linear polarization, Π, by using Equations
(11), (16), and (17) to obtain the polarization distribution of
the simulated bursts that can be detected by GRAPE and LEP.
The detection limits of GRAPE and LEP are set to be the MDP
contours of 1.0 (see Figure 1).14 Figures 6 and 7 show the

13 Yamazaki et al. (2004) showed a deviation from the Amati relation
(Ep ∝ E

1/2
iso ) for Ep < 10 keV in the uniform jet model, but the Ep,obs − F

diagram we derive is still consistent with the observed data set.
14 The detection limits of GRAPE and LEP for signal-to-noise ratio > 5 are
similar but not identical to the MDP contours of 1.0. Thus, our setting for the
detection limits is just for simplicity.
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Figure 5. Ep,obs − F diagram calculated in our Monte Carlo simulation. The
simulated events that can be detected by WXM on HETE-2 are represented by
dots. They are compared with the HETE-2 data (points with errorbars; Sakamoto
et al. 2005).

among GRBs and X-ray flashes in several models of geomet-
rical structure of GRB jets (Zhang et al. 2004; Yamazaki et al.
2004; Dai & Zhang 2005; Toma et al. 2005; Donaghy 2006). We
generated 10,000 GRB jets with Lorentz factor, γ , and opening
angle, θj , and a random viewing angle for each jet according
to the probability distribution of sin θvdθvdφ with θv < 0.22
rad.12 For each burst generated we calculate the νIν spectrum to
obtain the spectral peak energy, Ep,obs, and the fluence, I, in the
2–400 keV range by using Equation (4). Since Ep,obs’s and Is
calculated for each q = θv/θj in the three models are different
only by factors less than 2, Ep,obs’s and Is of the simulated bursts
may be calculated using just one model, for which we chose the
CD model.

The distributions of γ and θj for GRB jets are highly
uncertain. We make a simple assumption for the distribution
and in Section 4.3 we perform some simulations for different
assumptions. We fix γ = 100. We assume the distribution of θj

as

f (θj )dθj ∝
!
θ

q1
j dθj , for 0.001 ! θj ! 0.02,

θ
q2
j dθj , for 0.02 ! θj ! 0.2,

(18)

where q1 = 0.5 and q2 = −2.0. The value of q2 = −2 is
inferred from the observations of the steepening breaks (i.e., jet
breaks) of some optical afterglows (Frail et al. 2001; Zeh et al.
2006) and from analysis of BATSE data using some empirical
relations (Yonetoku et al. 2005). There are several suggestions
of events with very small θj (e.g., Schady et al. 2007; Racusin
et al. 2008), although the value of q 1 is highly uncertain. The
spectral parameters r2

0 A0, γ ν ′
0,α, and β are assumed as follows.

The first two parameters are given so that the rest-frame spectral
peak energies and isotropic γ -ray energies calculated for a jet
viewed with θv = 0 are consistent with those of typical GRBs.
Such an on-axis emission has approximately Ep = 2γ ν ′

0 and
Eiso = 16π2r2

0 A0γ ν ′
0. The parameters r2

0 A0 and γ ν ′
0 are given

through the empirical relations Eisoθ
2
j /2 = 1051ξ1 erg and

Ep = 80ξ2(Eiso/1052 erg)1/2 keV (e.g., Frail et al. 2001; Amati

12 We confirmed that the bursts with θv ! 0.22 rad in our simulation are not
detected by HETE-2 or POET with the parameters we adopt in this paper. We
can, therefore, discuss the distribution of several quantities of the detectable
bursts and the event rate ratio of bursts for which polarizations can be measured
to the detectable bursts without considering the bursts with θv ! 0.22 rad.
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Figure 6. Ep,obs − Π diagrams for the simulated events that can be detected by
GRAPE in the SO (red open circles), SR (green filled circles), and CD (blue plus
signs) models. The adopted parameters are as follows. The fixed parameters
are γ = 100, q1 = 0.5, q2 = −2.0,α = −0.2,β = 1.2, and T = 20 s.
The distribution of the source redshift z is assumed to be in proportion to the
cosmic star formation rate. The parameters r2

0 A0 and γ ν′
0 are distributed so

that the simulated Ep,obs − F diagram is consistent with the observed data (see
Figure 5). See text for the cases of the spectral indices distributed realistically,
for −0.5 < α < 0.4 and 0.9 < β < 1.8.
(A color version of this figure is available in the online journal.)

et al. 2002). We assume that the coefficients ξ1 and ξ2 obey the
lognormal distribution (Ioka & Nakamura 2002) with averages
of 1 and logarithmic variances of 0.3 and 0.15, respectively. The
last two parameters are fixed by α = −0.2 and β = 1.2, which
are typical values for GRB prompt emission (Preece et al. 2000;
Sakamoto et al. 2005). The distribution of the source redshift, z,
is assumed to be in proportion to the cosmic star-formation rate.
We adopt the model SF2 in Porciani & Madau (2001), i.e., the
comoving GRB rate density is assumed to be proportional to

R(z) = exp(3.4z)
exp(3.4z) + 22

"
ΩM (1 + z)3 + ΩΛ

(1 + z)3/2
. (19)

We take the standard cosmological parameters of H0 =
70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.

Figure 5 shows the results of Ep,obs and time-averaged flux,
F. The time-averaged flux is calculated by F = I/T , where T is
the duration of a burst. We fix T = 20 s, which is a typical value
for long GRBs (e.g., Sakamoto et al. 2005). We show only the
simulated bursts that have fluxes above the detectable limit of
the HETE-2 satellite. They are consistent with the data obtained
by HETE-2 (Sakamoto et al. 2005). The scatter of the simulated
bursts is due to both the scatter of the assumed jet parameters
and the viewing angle effect (Yamazaki et al. 2004; Donaghy
2006).13

4.2. Properties of Polarization Distribution

We calculated the linear polarization, Π, by using Equations
(11), (16), and (17) to obtain the polarization distribution of
the simulated bursts that can be detected by GRAPE and LEP.
The detection limits of GRAPE and LEP are set to be the MDP
contours of 1.0 (see Figure 1).14 Figures 6 and 7 show the

13 Yamazaki et al. (2004) showed a deviation from the Amati relation
(Ep ∝ E

1/2
iso ) for Ep < 10 keV in the uniform jet model, but the Ep,obs − F

diagram we derive is still consistent with the observed data set.
14 The detection limits of GRAPE and LEP for signal-to-noise ratio > 5 are
similar but not identical to the MDP contours of 1.0. Thus, our setting for the
detection limits is just for simplicity.
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Figure 1: Left: Polarization degrees as functions of q = θv/θj in the SO model, where
θv is the viewing angle of the line of sight and θj is the jet opening angle. yj ≡ (Γθj)2,
where Γ is the bulk Lorentz factor of the jet. Typical parameters are adopted for the
emission spectrum (see [4] for details). Right: Schematic picture of the jet with the
toroidal component of the magnetic fields (thin lines). Only a fraction of the emitting
shell, θ < Γ−1 around the line of sight is bright because of the relativistic beaming
effect.

uniform over the shell, but consists of multiple patches with characteristic angular
size much smaller than jet opening angle, θp ≪ θj [6] (see Figure 2). In the case of
Γ−1 ∼ θj , it is natural that one sees multiple patches with different magnetic field
directions, and observes significant PA changes. On the other hand, if Γ−1 ≪ θj , one
only sees a limited range of the curved magnetic fields, which leads to no significant PA
change even if the emission is patchy. In such a scenario, GRB 100826A corresponds
to the case of Γ−1 ∼ θj , while the other two bursts with no PA change correspond to
the case of Γ−1 ≪ θj .

We may consider an alternative scenario in which the initially ordered helical
fields get distorted during the energy dissipation phase, making different field direc-
tions within the bright region of θ < Γ−1 [22]. The PA changes can naturally occur
in this scenario, but when the emission duration is short, the PA change does not
necessarily occur. Another scenario is that the GRB jets consist of multiple shells
which have globally ordered transverse (not helical or toroidal) magnetic fields with
a different direction for each shell. It has been recently claimed that such impul-
sive shells can be accelerated to relativistic speeds [23]. In this scenario also, the PA
changes naturally occur for long duration bursts with large number of emitting shells,
but do not necessarily occur for short duration bursts with small number of emitting
shells.
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patches observed with θvp <
∼ θp decrease the net Π. On the other hand, the bursts we

observed are all very bright, which implies that some patches are seen with θvp <
∼ θp.

Therefore, the SR model is not favored to explain the observed Π >
∼ 30%.

3.1.3 SH model

The internal shocks may also produce strong magnetic fields with random directions
on hydrodynamic scales, much larger than the plasma skin depth scales, through e.g.,
the Richtmyer-Meshkov instability [28, 25]. We call this the “SH model” (synchrotron
model with random fields on hydrodynamic scales). If the field directions are isotrop-
ically random, the net polarization degree is Π ∼ Πsyn

max/
√
N , where N is the number

of independent patches with coherent field in the bright region with θ ∼ Γ−1 around
the line of sight, and the PA change can be naturally realized. Unlike the SR model,
the emission from patches seen with small θvp can have high Π, so that this model is
in agreement with the high brightness of the bursts.

By utilizing the MHD simulations of internal shocks with initial density fluctua-
tions, Inoue et al. (2011) [28] deduced N ∼ 103 from the typical scale of the coherent
magnetic fields, which did not appear to be consistent with the observed Π >

∼ 30%.
However, the recent detailed analysis of the numerical simulation suggests that the
magnetic fields perpendicular to the shock front are selectively amplified, which might
increase the net Π [29]. The aim of this recent simulation is to explain the radially
aligned fields observed in some young supernova remnants, e.g., [30], in which the
shock velocity is non-relativistic, although probably the properties of the amplified
fields may not be different in the mildly-relativistic case like the internal shocks of
jets (T. Inoue, private communication).
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GAP data

Event name Π 2σ limit Detection significance PA change
GRB 100826A 27± 11% > 6% 2.9σ yes
GRB 110301A 70± 22% > 31% 3.7σ no
GRB 110721A 84+16

−28% > 35% 3.3σ no

Table 1: Polarimetric data of the three GRBs obtained with GAP. The Polarization
degrees Π are shown with 1σ error. The ‘2σ limit’ means the lower limit on Π at the
2σ statistical significance level. The ‘detection significance’ means the significance
levels for Π > 0%.

Event name T90 [s] fluence [erg cm−2] Ep [keV]
GRB 100826A ≃ 150 (3.0± 0.3)× 10−4 606+134

−109

GRB 110301A ≃ 5 (3.65± 0.03)× 10−5 106.8+1.85
−1.75

GRB 110721A ≃ 24 (3.52± 0.03)× 10−5 393+199
−104

Table 2: Light-curve and spectral data of the three GRBs taken from the GCN
circulars. Ep is the photon energy of the time-averaged νFν spectrum.

high axial symmetry in shape and high gain uniformity are keys for reliable measure-
ment of polarization and avoiding fake modulation due to background gamma-rays.
These realized the quite small systematic uncertainty of ≃ 1.8% level [16].

The GAP detected the linear polarization of the prompt emission of GRB 100826A,
GRB 110301A, and GRB 110721A. The polarimetric data as well as the light-curve
and spectral data of these three bursts are summarized in Table 1 and 2. The polar-
ization degrees Π > 0% at ∼ 3σ confidence level, and these are the most convincing
detections of polarization of GRB prompt emission so far. See Yonetoku et al. (2011;
2012) and Toma et al. (2012) [6, 7, 8] for more details on the data analysis.

We see that there are cases with and without a significant change of the polar-
ization angle (PA). GRB 100826A, with long duration T90 ∼ 100 s, shows a PA
change, while GRB 110301A and 110721A, with short duration T90 ∼ 10 s, shows
no PA change. On the other hand, the polarization is detected both for the GAP
observed energy range < Ep (GRB 100826A and GRB 110721A) and for > Ep (GRB
110301A). The time-averaged fluxes (the fluences divided by T90) of the three bursts
are all ∼ 3 × 10−6 erg cm−2 s−1, which is very high. We note that no spectroscopic
redshifts were determined for these three bursts.

The polarimetric data of GRB 041219A as well as the recent report on GRB 061122
with IBIS onboard INTEGRAL appear consistent with the GAP results listed above.
GRB 041219A shows PA changes, and GRB 061122 has Π >

∼ 30% at 2σ significance
level [14, 17].
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Figure 1. Light curve of the prompt γ -ray emission of GRB100826A detected by the GAP. We divide the data into Interval-1 and -2 for the polarization analysis.

authors themselves pointed out in their reports, these results are
with low statistics of ∼2σ level and may be strongly affected
by the instrumental systematics uncertainties (Kalemci et al.
2007; McGlynn et al. 2007; Götz et al. 2009). These contro-
versies and conflicts indicate difficulties in detecting the γ -ray
polarization.

In this Letter, we report the detection of γ -ray polarization and
also the change of PA for the extremely bright GRB 100826A
using the newly developed GRB polarimeter. Our polarimeter
is completely designed for the polarization measurement of
prompt GRBs and well calibrated during the developing phase
before launch. Specifically, using a detector of proto-flight
model, we experimentally and numerically understand the
response for polarized γ -ray with low systematic uncertainties.
In the following sections, we show the observation (Section 2),
data analysis (Section 3), and discussion of the emission
mechanism of prompt GRBs (Section 4).

2. OBSERVATIONS

The Interplanetary Kite-craft Accelerated by Radiation Of
the Sun (IKAROS; Kawaguchi et al. 2008; Mori et al. 2009)
is a small solar-power-sail demonstrator that was successfully
launched on 2010 May 21. IKAROS has a large polyimide mem-
brane 20 m in diameter, which translates the solar radiation pres-
sure into the thrust of the spacecraft. Since the deployment of the
sail on 2010 June 9, IKAROS has started solar-sailing toward
Venus.

The Gamma-Ray Burst Polarimeter (GAP; Yonetoku et al.
2006, 2011; Murakami et al. 2010) on board IKAROS is fully
designed to measure the degree of linear polarization in the
prompt emission of GRBs in the energy range of 70–300 keV.
The detection principle is the anisotropy of Compton scattered
photons. If the incident γ -rays are linearly polarized, the
distribution of scattered photons is due to the Klein–Nishina
effect which approximately shows sin2 φ curves, where φ is the
scattering angle.

The GAP consists of a central plastic scatterer 17 cm in
diameter and 6 cm in thickness, and the surrounding 12 CsI(Tl)
scintillators 5 mm in thickness. The coincidence events within a

gate time of 5µs between the signal from any CsI and that from
the plastic are accepted for polarization analysis. The GAP’s
high axial symmetry in shape and the high gain uniformity are
key to reliable measurement of polarizations, and to avoid a fake
modulation due to background γ -rays. There are no external
parts of the spacecraft inside the GAP field of view. Moreover,
the detector cases (chassis), except for the detector top, are
covered by thin lead sheets with 0.5 mm thickness. Therefore,
the effects of background γ -rays scattered by the spacecraft
body are negligible.

The GAP detected GRB 100826A on 2010 August 26 at
22:57:20.8 (UT) on the way to Venus at about 0.21 AU away
from the Earth. The light curve of the prompt emission is shown
in Figure 1. This burst was also detected by several satellites
and was localized by an interplanetary network (IPN; Hurley
et al. 2010). Combining the GAP data with the published
IPN information, the direction of this burst is derived as
(α, δ) = (279.6 ± 0.2,−22.3 ± 0.5), which corresponds to
20.0 deg off-axis from the center of the GAP field of view.
An energy fluence of this burst is (3.0 ± 0.3) × 10−4 erg cm−2

in the 20 keV–10 MeV band by KONUS (Golenetskii et al.
2010), which is the top 1% of the brightest events listed in the
BATSE catalog. The low- and high-energy photon indices are
reported as αB = −1.31+0.06

−0.05 and βB = −2.1+0.1
−0.2, respectively,

and the νFν peak energy as Ep = 606+134
−109 keV (Golenetskii

et al. 2010). An optical afterglow of this GRB was not reported,
so its redshift is unknown.

3. DATA ANALYSIS

We divided the entire data into two time intervals, labeled
Interval-1 and -2 in the light curve in Figure 1. The total numbers
of γ -ray photons after subtracting the background are 32,924
and 19,007 photons for each interval, respectively. The first part
of this burst shows a large flare lasting 47 s since the trigger,
and the following 53 s consists of multiple spikes. Although
Interval-2 has several spikes, we combined all of them to keep
photon statistics.

We used the background modulation curve obtained by the
36.7 hr integration just before and after the GRB trigger time.
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Figure 1. Light curves of the prompt gamma-ray emission of GRB 110301A
(top) and GRB 110721A (bottom) detected by GAP. The vertical dashed lines
indicate the time interval of polarization analyses for each burst.

the burst and exhibits a hard-to-soft trend from 110 keV to
26 keV. Therefore, GAP mainly observed the energy range of
E > Ep. The energy fluence in 10–1000 keV is (3.65±0.03)×
10−5 erg cm−2 (Foley 2011).

GRB 110721A was detected on 2011 July 21 at 04:47:38.9
(UT) at 0.699 AU from the Earth. Figure 1 (bottom) shows the
light curve of GRB 110721A. This burst was first discovered by
Fermi-GBM and -LAT (Tierney & von Kienlin 2011; Vasileiou
et al. 2011). The coordinate is measured to be (α, δ) =
(333.4,−39.0), which corresponds to 30 deg off-axis. After that,
Swift-XRT performed the follow-up observation of its X-ray
afterglow candidate (Greiner et al. 2011; Grupe et al. 2011).
The optical counterpart was also detected by GROND (Greiner
et al. 2011) and its redshift was measured to be z = 0.382 from
two absorption lines of Ca II with Gemini-South (Berger 2011).
However, the X-ray and optical counterparts lie just outside the
IPN error box (Hurley et al. 2011), so they may not be due to
GRB 110721A.

The spectral parameters, especially the Ep values, dramat-
ically change during the burst (Tierney & von Kienlin 2011;
Golenetskii et al. 2011; Lu et al. 2012). The Ep around the max-
imum intensity is about Ep = 1130+550

−490 keV, and the one of the
time integrated spectrum is Ep = 393+199

−104 keV. GAP mainly
observed in the energy range E < Ep. The energy fluence in
10–1000 keV is (3.52 ± 0.03) × 10−5 erg cm−2 (Tierney & von
Kienlin 2011), which is very similar to GRB 110301A.

3. DATA ANALYSES

3.1. Average Properties of Polarization

We analyzed polarization data during the time intervals be-
tween the two dashed lines shown in Figure 1 for GRB 110301A
and GRB 110721A. GAP obtained the polarization data be-
tween −16 s and 176 s since the GRB trigger. Since the time
durations of these GRBs are relatively short, we used the back-
ground obtained in the same data. The net background rate

for the polarization data is 60.0 counts s−1 for GRB 110301A
and 51.6 counts s−1 for GRB 110721A. The total numbers of
gamma-ray photons after subtracting the background are 1820
and 1092 photons for each burst, respectively.

To estimate the systematic uncertainty, we first consider
the spin rate of the IKAROS spacecraft. The rotation of the
instrument generally reduces the systematic uncertainty because
the differences of each sensor and the geometrical skewness are
averaged. However, in these case, the time durations of the
bursts are smaller than the period of rotation of the IKAROS
spacecraft. The spin rate is 1.61 rpm and 0.22 rpm for the
epoch of GRB 110301A and GRB 110721A, respectively. Using
the background interval of the data, we created the history of
background modulation curves with the same time interval we
analyzed, and confirmed that each modulation was consistent
with being constant within the statistical error. We confirmed
that the systematic error due to the data analysis of short time
duration is about σsys,1 = 1.0% of the total polarization signals
for each bin of both GRBs.

Next, we estimated the systematic uncertainty between the
detector response calculated by the Geant4 simulator and the
experimental data, which is mainly due to the off-axis direction
of the incident gamma rays. We performed several ground
experiments described in Yonetoku et al. (2011a) with the proto-
flight model of GAP. We estimated the systematic uncertainty
to be σsys,2 = 1.9% of the total polarization signals for each bin.

In Figure 2, we show the modulation curve (polarization
signals) after subtraction of the background. The error bars
accompanying the data (filled circles) includes not only the
statistical error (σstat) but also the systematic uncertainties
described above. The total errors are calculated as σ 2

total =
σ 2

stat + σ 2
sys,1 + σ 2

sys,2 for each bin of polarization data.
The model functions (detector responses) were calculated

with the Geant4 simulator considering the spectral evolutions
reported by Lu et al. (2012), who performed spectral analyses for
20 and 14 time intervals of GRB 110301A and GRB 110721A,
respectively. Using their spectral parameters, we simulated the
model functions for each time interval, and also combined them
into one with the appropriate weighting factor estimated with
the brightness histories.

In these analyses, the free parameters are the polarization
degrees (Π) and angles (φp). We simulated the model function
with step resolutions of 5% for polarization degree and 5 deg for
phase angles. In Figure 2, we show the best-fit model with solid
black lines, and also superposed the non-polarization model as
the dashed lines on the same panel for easy comparison. The
best-fit parameters are Π = 70±22% and φp = 73±11 deg with
χ2 = 14.0 for 10 degrees of freedom (dof) for GRB 110301A,
and Π = 84+16

−28% and φp = 160 ± 11 deg with χ2 = 7.3 for
10 dof for GRB 110721A. Here, the quoted errors are at 1σ
confidence for the two parameters of interest (Π and φp), and
φp is measured counterclockwise from the celestial north.

We show the ∆χ2 maps in the (Π,φp) plane in Figure 3. The
white dots are the best-fit results, and we calculate the ∆χ2 val-
ues relative to these points. The 1σ , 2σ , and 3σ confidence con-
tours for the two parameters of interest are shown in the same fig-
ures. The null hypothesis (zero polarization degree) can be ruled
out with 3.7σ confidence level (99.98%) for GRB 110301A,
and 3.3σ (99.91%) confidence level for GRB 110721A. Al-
though these results have relatively large errors compared with
the previous GAP result for GRB 100826A (Π = 27% ± 11%,
2.9σ significance level), the polarization degree of these two
GRBs may be larger than that of GRB 100826A. From these
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Figure 1. Light curves of the prompt gamma-ray emission of GRB 110301A
(top) and GRB 110721A (bottom) detected by GAP. The vertical dashed lines
indicate the time interval of polarization analyses for each burst.
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and 51.6 counts s−1 for GRB 110721A. The total numbers of
gamma-ray photons after subtracting the background are 1820
and 1092 photons for each burst, respectively.

To estimate the systematic uncertainty, we first consider
the spin rate of the IKAROS spacecraft. The rotation of the
instrument generally reduces the systematic uncertainty because
the differences of each sensor and the geometrical skewness are
averaged. However, in these case, the time durations of the
bursts are smaller than the period of rotation of the IKAROS
spacecraft. The spin rate is 1.61 rpm and 0.22 rpm for the
epoch of GRB 110301A and GRB 110721A, respectively. Using
the background interval of the data, we created the history of
background modulation curves with the same time interval we
analyzed, and confirmed that each modulation was consistent
with being constant within the statistical error. We confirmed
that the systematic error due to the data analysis of short time
duration is about σsys,1 = 1.0% of the total polarization signals
for each bin of both GRBs.
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detector response calculated by the Geant4 simulator and the
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of the incident gamma rays. We performed several ground
experiments described in Yonetoku et al. (2011a) with the proto-
flight model of GAP. We estimated the systematic uncertainty
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signals) after subtraction of the background. The error bars
accompanying the data (filled circles) includes not only the
statistical error (σstat) but also the systematic uncertainties
described above. The total errors are calculated as σ 2
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20 and 14 time intervals of GRB 110301A and GRB 110721A,
respectively. Using their spectral parameters, we simulated the
model functions for each time interval, and also combined them
into one with the appropriate weighting factor estimated with
the brightness histories.

In these analyses, the free parameters are the polarization
degrees (Π) and angles (φp). We simulated the model function
with step resolutions of 5% for polarization degree and 5 deg for
phase angles. In Figure 2, we show the best-fit model with solid
black lines, and also superposed the non-polarization model as
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white dots are the best-fit results, and we calculate the ∆χ2 val-
ues relative to these points. The 1σ , 2σ , and 3σ confidence con-
tours for the two parameters of interest are shown in the same fig-
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Fig. 8. Posterior polarization results. The radial coordinate represents polarization degree and the angular coordinate the polarization angle. The
polarization angle here is transformed to equatorial coordinates. The contours are for the 30th, 60th, and 90th percentiles of the credible regions.
The plots are reflected about the periodic boundary of 180� for visual clarity. For the last three time intervals, we do not display contours and
instead show the posterior samples as the parameters are poorly identified. The arrows that point from the last to the current position are meant as
visual guides only.

5. Discussion

For the first time, the polarization and spectrum of GRB prompt
�-ray emission has been fitted simultaneously. Furthermore, the
spectral data have been described with a physical synchrotron
model consistent with the spectral data of two very distinct
spectrometers. We argue that it is unlikely for the spectral and
polarization data to conspire to point toward an optically thin
synchrotron origin of the emission. However, the current predic-
tive power of GRB prompt emission polarization theory is not

developed enough for our measurements to definitively select
synchrotron over other emission mechanisms. Therefore, we
speculatively leverage previous spectral results that show that
synchrotron emission is dominant mechanism in single-pulse
GRBs.

Burgess et al. (2018a) argue that the observation of syn-
chrotron emission in GRBs invalidates the standard fireball
model (Eichler & Levinson 2000). Similar predictions were made
before they were supported by data (e.g., Zhang & Pe’er 2009).
These results allude to a magnetically dominated jet acceleration
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referred to as the modulation curve. The relative amplitude, the
amplitude divided by the mean, of this is linearly proportional
to the polarization degree through µ = µ100 P. Here µ is
the relative amplitude extracted from the modulation curve,
P is the polarization degree of the measured photon flux and
µ100 is the relative amplitude for a 100% polarized beam.
The µ100 parameter is an energy dependent instrument specific
value which needs to be acquired through calibration with a
polarized beam or through detailed Monte Carlo simulations.

The POLAR detector [6] is designed to measure the Comp-
ton scattering angle of incoming photons using a low-Z target
of 1600 plastic scintillator bars, divided into 25 modular units.
Each module is read out by a Hamamatsu H8500, a flat-panel
64 channel multi-anode photomultiplier (MAPMT). Due the
fine segmentation of the scintillator target the Compton scat-
tering angle can be measured with a relatively high precision,
resulting in a µ100 of around 40% at 140 keV which translates
into a high sensitivity to polarization. The use of a full plastic
array results in a high Compton scattering cross section for
photons in the 10’s of keV energy range, thereby making
the instrument sensitive to the lower energy component of
the GRB gamma-ray emission. Lastly the uniformity of the
detection surface results in a relatively large effective area and
a large field of view which covers approximately 1/3 of the sky,
making the instrument optimal for performing polarimetric
measurements on transient events such as GRBs [9].

The scintillator bars used in POLAR have a surface area
of 6 by 6 mm and a length of 176 mm. Optical cross talk
between the scintillators is reduced both by placing a reflective
vikuiti foil [7] between the bars and by shaping the top and
bottom of the scintillator into a conical shape in which the
surface is reduced to 5 by 5 mm. The scintillators are coupled
to the MAPMT using an optically transparent pad consisting
of Mapsil QS1123 [8]. This material provides a good optical
coupling to the MAPMT and absorbs vibrations and shocks
which could cause damage to the PMT window. For further
shock protection a 3 mm thick layer of rubber is placed at
the top of the scintillators. The 64 bars which make up a
module are surrounded by a 1 mm thick layer of carbon fiber
for mechanical support. Each MAPMT is read out using its
own front-end electronics (FEEs), the 25 FEEs are read out by
3 central FPGAs. The full effective area of the instrument is
covered by a 1 mm thick layer of carbon fiber for mechanical
stability. The outside layer is placed for mechanical support
while also serving as a passive shield for low energy charged
particles. Additionally the full instrument is covered by a
multi-layer insulator (MLI) for thermal stability. A schematic
overview of a single module together with the full instrument
can be seen in figure 1. The full flight ready detector, without
the MLI cover, can be seen in figure 2.

The measurement of the Compton scattering angle requires
the detection of two interactions of each photon inside the
scintillator array. The instrument therefore triggers on events
consisting of a minimum of 2 channels being above an
adjustable threshold level. Each FEE counts the number of
triggering channels within the module and communicates this
with the central FPGAs. All 64 channels in the module are read
out in case this module has more than 2 triggering channels,

Fig. 1. Schematic overview of one single POLAR module together with the
full 5x5 module instrument [9].

Fig. 2. The full flight ready POLAR instrument.

or if the module has 1 triggering channel and at least one other
module has a coincident triggering channel. Modules without
triggering channels are not read out to reduce the data size of
each event. The timing precision of trigger event is of the µs
level.

In order to reduce the background from charged cosmic
rays, which typically leave a track consisting of many triggered
channels in the instrument, a veto is issued in case the number
of triggering channels inside a module exceeds a set limit. As
photon-induced high energy depositions in one channel can
induce triggers in neighboring channels through cross-talk the
maximum multiplicity is conservatively set to 10 channels. A
second veto against cosmic rays is based on the total energy
deposition within the module as charged cosmic rays typically
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Figure 2: Schematic picture of the patchy emission in the SO model. The left and
right ones correspond to the cases of Γ−1 ∼ θj and Γ−1 ≪ θj , respectively. The thick
arrows represent the polarization vectors.

3.1.2 SR model

The collisionless shocks formed in the jet may produce sizable magnetic fields with
random directions on plasma skin depth scales through e.g., the Weibel instability
[24, 25]. Synchrotron emission from such fields can have high Π, provided that the
field directions are not isotropically random, reflecting the direction of the shock
propagation direction. In many studies, the extreme case is assumed, i.e., the field
directions are confined in the plane parallel to the shock front [21, 26, 4]. We call this
the “SR model” (synchrotron, random-field model).

In this model, the radiation propagating in the direction parallel to the shock front
is maximally polarized in the comoving frame of the emitting fluid. Such radiation is
observed as that from the points with θ = Γ−1 around the line of sight. As a result,
the local polarization vectors are axisymmetric around the line of sight (see Figure 3
right). If the jet is observed from an off-axis angle, θv >

∼ θj , all the polarization
vectors are not canceled and the net polarization remains. Figure 3 (left) shows Π
calculated in this model as a function of the viewing angle θv in respect of the jet axis
for different values of yj ≡ (Γθj)2. In this model with the uniform emissivity over the
shell, a high Π can be obtained only when θv ∼ θj + Γ−1. For this configuration, one
cannot have the PA change even for a fixed θv but different Γ. For θv < θj , one can
have the PA change with varying Γ, but Π is very low.

The observed PA change with high Π may suggest the patchy emission structure
in this model [6]. If the emission is patchy, Π can be high even for θv < θj , and one
can have the PA changes (see also [27]). The characteristic angular size of the patches
may be hydrodynamically constrained to be θp >

∼ Γ−1. In this model, however, one
requires fine tuning that the observed patches should be dominated by those with
θvp ∼ θp + Γ−1 to have Π >

∼ 30%, where θvp is the viewing angle of the patch. The
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Prompt optical polarization

• GRB 160625B
• PL > 8%
• Consistent with synchrotron emission 

of fast-cooling electrons
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prompt γ -ray radiation (G3), starting at T0 +  337 seconds and ending 
at T0 +  630 seconds.

In the standard GRB model15,16, after a jet is launched, dissipation 
processes within the ultra-relativistic flow produce a prompt flash 
of radiation, mostly visible as γ -rays. Later, the jet’s outermost  layers 
 interact with the surrounding medium and two shocks develop, one 
propagating outwards into the external medium (the forward shock) 
and the other one travelling backwards into the jet (the reverse 
shock). These shocks heat up the ambient electrons, which emit, 
via synchrotron emission, a broadband afterglow radiation. At an  
early time (around T0 +  10 seconds), the observed optical flux from 
GRB 160625B is orders of magnitude brighter than the extrapolated 
prompt  emission component (Fig. 3), suggesting that optical and  
γ -ray emissions  originate from different physical locations in the flow. 
A plausible interpretation is that the early (around T0 +  10 seconds) 
optical emission arises from a strong reverse shock, although internal 
dissipation processes are also possible (see Methods).

A general prediction of the reverse-shock model17 is that, after 
 reaching its peak, the optical flash should decay as a smooth power 
law with slope of −  2. However, in our case, the optical light curve is 
more complex: its temporal decay is described by a series of  power-law  
segments with slopes of between −  0.3 and −  1.8. The shallower 
decay could be explained in part by the ejection of a range of Lorentz 
 factors, as the blastwave is refreshed by the arrival of the more slowly 
 moving ejecta18. But this would require ad hoc choices of the Lorentz-
factor distribution in order to explain each different power-law 
 segment, and does not account for the observed temporal evolution 
of the  polarization. Our observations are more naturally explained by 
 including a second component of emission in the optical range, a com-
ponent that dominates at times later than T0 +  300 seconds. Our broad-
band spectral analysis (see Methods) rules out a large contribution from 
the forward shock, whose emission is negligible at this time (less than 
1 mJy). Instead, the prompt optical component makes a substantial 
contribution (more than 40%) to the observed optical light (Fig. 3).

The only other known time-resolved polarimetric study3 showed 
that the properties of the reverse shock remain roughly constant over 

time. Our measurements hint at a different temporal trend. The frac-
tional polarization seems to be stable over the first three exposures, and 
changes with high significance (about 99.9996%) in the last temporal 
bin (Fig. 2). On the basis of our broadband dataset, we can confidently 
rule out geometric effects as the cause of the observed change: if the 
observer’s line of sight were to intercept the jet edges, then a steeper 
decay of the optical flux would be seen, and this would not also be 
consistent with the achromatic jet-break detected at much later times 
(Extended Data Fig. 1). The temporal correlation between the γ -ray flux 
and the fractional polarization (Fig. 2), as well as the substantial contri-
bution of the prompt component to the optical emission (Fig. 3), sug-
gests that the γ -ray and optical photons are located together, and that 
the observed variation in ΠL,min is connected to the renewed jet activity. 
Thus our last observation detected the linear optical polarization of 
the prompt emission, directly probing the jet properties at the smaller 
radius from which prompt optical and γ -ray emissions originate.

Three main emission mechanisms are commonly invoked to explain 
the prompt GRB phase, and all three of them can in principle lead to a 
substantial level of polarization. However, inverse Compton scattering 
and photospheric emission could lead to non-zero polarization only 
if the spherical symmetry of the emitting patch were broken by the jet 
edges. But, as explained above, an off-axis model is not consistent with 
our dataset. Furthermore, an inverse Compton origin of the observed 
prompt phase would imply a prominent high-energy (above 1 GeV) 
component, in contrast with observations19. The most plausible source 
of the observed photons is synchrotron radiation from a population 
of fast-cooling electrons moving in strong magnetic fields. This could 
account for the low-energy spectral slope α (about −  1.5; see Methods) 
and the high degree of polarization. An analogous conclusion, based 
on different observational evidence, was reached by an independent 
study of this burst19.

If the magnetic field were to be produced by local instabilities in the 
shock front, then the polarized radiation would come from several 
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Figure 2 | Temporal evolution of the optical polarization measured for 
GRB 160625B. The minimum polarization (ΠL,min), measured in four 
different temporal bins (red squares), remains fairly constant over the 
first three exposures, then increases by 60% during the fourth (and last) 
observation. At the same time, an evident increase in the γ -ray count rates 
(grey shaded area; 5-second time bins) marks the onset of the third episode 
of prompt emission (G3 in Fig. 1). The spectral shape and fast temporal 
variability observed during G3 are typical of a GRB’s prompt emission. For 
comparison, we also show simultaneous polarimetric measurements of the 
three brightest stars in the MASTER-IAC field of view. Error bars represent 1σ.
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Figure 3 | Broadband spectra of the prompt phase in GRB 160625B. 
Spectra are shown for the two main episodes of prompt emission,  
G2 and G3. Error bars represent 1σ. The γ -ray spectra were modelled 
with a smoothly broken power law (solid lines). The 1σ uncertainty in the 
best-fit model is shown by the shaded area. The diamonds indicate the 
average optical flux (corrected for galactic extinction) observed during the 
same time intervals. The extrapolated contribution of the prompt γ -ray 
component to the optical band is non-negligible during episode G3, and 
constitutes more than 40% of the observed emission.
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Extended Data Figure 1 | Multiwavelength light curves for 
GRB 160625B and its afterglow. Different emission components shape 
the temporal evolution of GRB 160625B. On timescales of seconds to 
minutes after the explosion, we observe bright prompt (solid lines) and 
reverse-shock (dotted lines) components. On timescales of hours to weeks 
after the burst, emission from the forward shock (dashed lines) becomes 
the dominant component from X-rays down to radio energies. After 
about 14 days, the afterglow emission falls off at all wavelengths. This 
phenomenon, known as jet-break, is caused by the beamed geometry of 
the outflow. Error bars denote 1σ limits; upper limits are 3σ. Times are 
given with reference to the LAT trigger time T0. FS, forward shock;  
RS, reverse shock; a subscript ‘v’ refers to frequency; u, V, r, i, z, y, J and H 
denote specific optical filters.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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It has been suggested by studying X-ray flares that those can
originate due to dissipation within the internal shock region
(e.g., Burrows et al. 2005; Zhang et al. 2006; Chincarini
et al. 2007; Troja et al. 2015), similarly to gamma-ray emission
(Rees & Mészáros 1992). A recent statistical study of the
waiting time distribution between gamma-ray pulses and X-ray
flares showed that both phenomena are linked and likely
produced by the same mechanism (Guidorzi et al. 2015b).
Especially short variability timescales ( t tD ) and large
amplitude variability ( F FD ) disfavor the origin of X-ray
flares from the afterglow region due to density fluctuations,
refreshed shocks, or patchy shells (Ioka et al. 2005). Values of

t tD and F FD for early X-ray flares (Table 1) fall outside of
kinematically allowed regions for afterglow variability (Ioka
et al. 2005).

The study by Kopac ̌ et al. (2013) showed that optical
emission at early times, especially when showing sharp
and steep peaks in LCs, can also originate from dissipation
within internal shocks. Based on a simple two-shell internal
shock collision model, the distribution of the flux ratio
between high-energy and optical emission can span from

F F 1OPT( ) ( ) 2n nn
g

n to F F 10 ,OPT 5( ) ( ) 1n nn
g

n depending on
various parameters like the bulk Lorentz factor of the ejected
shell, energy density of electrons, energy density of magnetic
fields, etc. The temporal delay of peaks at different energies can
be due to different radii of shell collisions, depending on the
initial separation between shells and the distribution of Lorentz
factors. The flux ratio between X-ray and R-band for GRB
140430A is F F 1.5 10X R 4( ) ( )n n = ´n n for the first optical
flare, and F F 2 10X R 3( ) ( )n n = ´n n for the second optical
flare, indicating that the amount of energy emitted in optical
bands is relatively small. Such flux ratio values are consistent
with the values from the sample study of Kopac ̌ et al. (2013),
and are comparable to, for example, GRB 080928 (Rossi
et al. 2011) and GRB 110205A (Gendre et al. 2012; Zheng
et al. 2012). Similarly to other GRBs that show prompt optical
flares, values of t tD (Table 2) are below 1, and even below
0.2 for the second optical flare.

Strong spectral evolution is commonly observed in time-
resolved spectra of prompt gamma-ray emission (e.g., Lu
et al. 2012) and X-ray flares (e.g., Butler & Kocevski 2007;
Zhang et al. 2007). The variability timescale of spectral
behavior is short, similar to the corresponding LC behavior,
and different from that typically observed in the afterglow

regime, where variations are usually smooth and the spectral
slope stays constant or changes at breaks according to standard
afterglow theory (Sari et al. 1998). The X-ray spectral index
( Xb ) shows high variability during the prompt phase, and a
hard-to-soft spectral evolution that tracks the flares (see
Figure 5), pointing toward an internal shock origin. Variability
in the optical spectral index ( OPTb ) at early times is also
suggested by the data but large uncertainties (Figure 5, olive
points) prevent confirmation at a statistically significant level
(see Section 3.3). In contrast, the spectral index of the
broadband optical to X-ray SED ( R Xb - ) changes much more
smoothly, with a gradual softening of the emission with time.
This is likely due to the fact that early flares, which are much
more powerful in the X-ray part of the spectrum, can mask the
underlying synchrotron component from the afterglow emis-
sion, which is more prominent in the optical regime.
Based on the discussion of a strong optical flare from GRB

080129 (Greiner et al. 2009), likely causes for optical flares at
early times could also be residual collisions (Li & Wax-
man 2008), which predict variability on a timescale of the same
order as the delay between gamma-ray and optical emission, or
Poynting flux dissipation (Giannios 2006; Lyutikov 2006),
which, in the case of GRB 140430A, is unlikely due to the lack
of very high polarization.

4.1.2. Afterglow Origin

An alternative scenario for the first optical flare is emission
from an external shock, possibly reverse-shock emission.
Examining the temporal behavior and following Japelj et al.
(2014), we neglected the second optical flare, normalized the
optical LCs to a common band using normalization parameters
from Table 2, and modeled the resultant data set with a set of
reverse- plus forward-shock LCs, assuming a thin- or thick-
shell limit and interstellar medium (ISM) environment of
constant density (Kobayashi 2000; Zhang et al. 2003; Japelj
et al. 2014; Figure 8). The values emerging from the best model
are t 444 s,peak,FS » t 162 s,peak,RS » R 2.5,B B,r B,f� �º »
p 2.3,» 0.2,e� » 40,0G ~ however, the modeling cannot
sufficiently explain the data set, as indicated by the resultant
residuals that suggest the presence of an additional emission
component during the first optical peak. Another contradiction
comes from the fact that the initial steep rise 5a ~ can only be
explained by the thin-shell case, but the fact that the duration of
the burst (T 174 s90 ~ ) is larger than the peak time of the
optical emission strongly suggests the thick-shell case (Zhang
et al. 2003). Furthermore, the initial rise is too steep to be
explained by the reverse-shock from the wind-type environ-
ment (Kobayashi & Zhang 2003).
A complementary test of external shock emission is that of

color evolution. In the context of reverse shock emission, no
color evolution is expected because the reverse shock peak is
typically attributed to the change in dynamics of the ejecta,
rather than due to the passage of the spectral break, unless these
two events coincide. However, the combination of two peaks as
presented in Figure 8 indicates that the forward shock peak
should be due to the typical synchrotron passage, and a change
in spectral index from 1 3b = - to p 1 2( )b = - is
expected (Sari et al. 1998). Using the three-band optical data
for GRB 140430A, we searched for color evolution around the
optical peak times. As can be seen in Figure 5, no such color
evolution as predicted by the theory is observed during the
apparent forward shock peak.

Table 3
GRB 140430A Optical Polarization Results

Interval (s) V-eq. Band R-eq. Band I-eq. Band

124–185 19%< 19%< 14%<
185–244 20%< 16%< 16%<
244–304 22%< 12%*< 22%<
304–364 23%< 17%<
364–424 17%< 20%< 10%<

124–244* 12%< 16%< 12%<
3 22%s < 3 30%s < 3 26%s <

Note. 1s (unless stated otherwise) upper limits on early time optical
polarization degree P from three RINGO3 cameras, in various time intervals.
* indicates that data have been coadded in two time intervals, to obtain a better
S/N.
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the LC (Figures 1 and 3). At the end of the steep X-ray decay
phase at 500 s,~ the X-ray data gap occurs due to Earth
occultation and lasts until 4000 s. During this time, the X-ray
LC indicates the likely presence of the canonical X-ray
afterglow plateau phase (Nousek et al. 2006). From 4000 s to

1.3 10 s5~ ´ , the decay is best described by a broken
power law with a poorly constraint break time t 9700 s,b ~
and with decay indices 0.51 0.321a = pre-break and

0.85 0.062a = post-break ( 0.99red
2c = ). The X-ray upper

limit obtained at 4.6 10 s5´ is not consistent with a simple
extrapolation of the late time decay, indicating the possible
occurrence of a jet break after 10 s.5

The time-averaged spectrum formed from the early time data
(Windowed Timing—WT mode, see Figure 1) can be well
fitted with the absorbed power-law. Fixing the Galactic
absorption column to N 2.13 10 cmHI

Gal. 21 2= ´ - (Willingale
et al. 2013), the resulting intrinsic absorption at z = 1.6 is
N 3.4 1.4 10 cm ,HI

Host 21 2( )= ´ - and the power-law photon
index of the spectrum is 1 2.10 0.04bG = + = (Evans
et al. 2009). All values are consistent with the late time data
(Photon Counting—PC mode, see Figure 1).

To discuss the early time X-ray emission properties, we
modeled the early X-ray LC with a combination of an
underlying power-law decay and three superimposed bumps
described by the Norris profile (Norris et al. 2005):
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where F0 is the power-law normalization factor and deca is the
overall power-law decay index, Fi is a normalization constant

of superimposed bumps, τ1,i and τ2,i are factors determining
the shape of each bump, and t̃ is the time measured from the
start of each bump as determined from LC. From parameters
of Norris profiles for each bump, it is possible to obtain
peak times as t i i ipeak, 1, 2,t t= and peak durations as

t 1 4i i i i2, 1, 2,t t tD = + (Norris et al. 2005). The results
of fitting this model (Equation (1)) to early X-ray LC are
presented in Table 1. We note that the second X-ray bump is
poorly fitted with the Norris profile because the height of
the peak is significantly above the fitted function (see Figure 1),
but the obtained peak time and width are nevertheless
reasonable.
Short variability timescales (Δt/t) and large amplitude

variability (ΔF/F) of early time X-ray flares, as presented in
Table 1, are commonly observed in early X-ray LCs for both
long and short duration GRBs (Chincarini et al. 2010; Margutti
et al. 2010, 2011; Bernardini et al. 2011).

3.2. Optical LC

Figure 3 shows the calibrated optical LC of GRB 140430A,
which is complex and could not be described by a simple
power-law behavior. Overall, the LC is qualitatively described
by at least two long-lasting emission episodes joined by a
plateau phase at 2000 s.~ The excellent temporal sampling at
early time, however, reveals additional components.
We fitted optical LCs with phenomenological models as

typically used in the literature for optical afterglows. Possible
theoretical models will be discussed in Section 4. We used a
combination of two Beuermann profiles (B), i.e., smoothly
connected broken power-laws (Beuermann et al. 1999; Gui-
dorzi et al. 2015a), for broad components, and (following
Krühler et al. 2009) two Gaussian profiles (G) corresponding to

Figure 3. GRB 140430A multi-wavelength light curves in gamma-ray, X-ray, and optical bands. Optical data are best modeled (solid lines) using the sum of 2
Beuermann (dash–dotted lines) profiles to describe broad underlying components and 2 Gaussian (dashed lines) profiles to describe early time flares (Section 3.2).
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Summary

• Various new discoveries in gamma-ray/optical/radio polarimetries !

• B field structures in forward shocked fluids are not clear yet
• Those in reverse shocked fluids seem more ordered
• Early optical & ALMA polarimetries will be more meaningful: 

More data & more theoretical considerations needed
• Mysterious circular polarization

• P > 30% (2s) & PA changes
• The SO model is favored
• The SR and photospheric emission models require fine tunings 
• Timescale of PA changes is different from pulse timescale
• POLAR-2 will be launched in 2024
• Correlation between PL and spectral shape?





1. GRB 110726A: the light curve initially decays with
1.03decaya = , and it shows a rebrightening around

t = 3200 s. The polarization limits were obtained during
the initial PL decay phase. The decay index is consistent
with the forward-shock emission. Except for the
rebrightening, which is possibly due to energy injection
(Nousek et al. 2006; Zhang et al. 2006), this event looks
similar to the PL events shown in Figure 9.

2. GRB 120119A: a broad peak is noticeable in the light
curve. The rise is very slow, the I-band light curve is
almost flat at the beginning. The polarization limit was
obtained during the slow rising phase. This broad peak
can be reasonably explained by forward-shock models
with energy injection or density enhancement in the
ambient medium (Nousek et al. 2006; Zhang et al. 2006).

Figure 12 shows the polarization measurements (detection or
upper limit) of all nine events as a function of the observing time
since the GRB trigger. We note that all polarization detection
cases (GRB101112A, GRB110205A, and GRB120308A) were
achieved at relatively early times t 10 s3< . This reinforces the
point that prompt measurements are essential to characterize the

polarimetric properties of GRB afterglow; the polarization degree
decays very rapidly as the tight upper limits at late times show.
All polarized cases suggest the reverse-shock emission at

early times. Since no new electrons are shocked after the
reverse shock has crossed GRB ejecta, the reverse-shock
emission is short lived, and it decays faster than the emission

Table 4
Light Curve Fitting Results

GRB Modela Fit parameters 2c (d.o.f.)

100805A PL 0.86 0.04decay
PLa = 30.8 (24)

101112A B 4.24 2.95risea = - 19.4 (28)
1.10 0.05decaya =

t 299 6 speak =
n 0.86 0.72=

110205A B 4.63 0.29risea = - 220.5 (84)
1.52 0.02decaya =

t 1027 8 speak =
n 2.18 0.45=

110726A PL + B 1.03 0.05decay
PLa = 32.1 (30)

7.87 21.21risea = -
1.13 0.33decaya =

t 3256 185 speak =
n 0.40 1.23=

120119A PL + B 0.65 0.06decay
PLa = 105.8 (74)

1.06 0.41risea = -
1.68 0.19decaya =

t 822 22 speak =
n 1.05 0.48=

120308A B + Bb 5rise
1a = - 10.7 (17)

2.4 0.6decay
1a =

t 298 16 speak
1 =

n 11 =
0.5rise

2a = -
1.4 0.1decay

2a =

t 730 speak
2

150
190= -

+

n 12 =
120311A PL 1.03 0.06decay

PLa = 12.7 (13)
120326A PL 0.42 0.04decay

PLa = 12.9 (12)
120327A PL 1.22 0.02decay

PLa = 25.2 (50)

Notes.
a PL is a simple power-law model (F tµ a- , while B is a Beuermann model
(smoothly joint broken power-law model, see Beuermann et al. 1999).
b Results from Mundell et al. (2013).

Figure 9. Light curves for GRB 100805A, GRB 120311A, GRB 120326A,
and GRB 120327A, which show a single power-law decay morphology.

Figure 10. GRB 110205A, GRB 110726A, GRB 120119A, and GRB 120308A
for which the light curves show definite structure. The Beuermann and PL
components defined in Table 4 are plotted individually as dotted lines, and the
final r-band model fit (the summation of the multiple components) is plotted as a
solid line. To more easily compare the light-curve shape between filters by eye,
the model is plotted multiple times offset to align with the non-r¢ band filters and
plotted as a dashed line. The steep rise for GRB 110205A and GRB 120308A
indicates the presence of the reverse-shock component in the afterglow.
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Early optical polarization

6. Discussion

We fit the optical light curves of our nine afterglows with a
simple power-law (PL) or/and a smoothly jointed broken PL
function (B) (Beuermann et al. 1999). We followed the fitting
procedure outlined in Kopač et al. (2013) ,where for each GRB
we start by fitting a simple PL, and if the fit is not satisfactory,
we add additional components: first a broken PL (B), then B
plus single PL, and then finally two Beuermann functions. We
always fit the complete optical data set simultaneously (i.e., all
the filters at the same time, but assuming no color evolution,
i.e., only a normalization change for each filter). In the case of
the combined functions, a simple linear addition of the two
components is made, with their relative contributions normal-
ized via the PL fit parameters.

The fitting results (e.g., decay and rising indexes and peak
times) are summarized in Table 4. The light curves of the four
events GRB 100805A, GRB 120311A, GRB 120326A, and
GRB 120327A are well modeled by a simple PL function,
as shown in Figure 9. Although GRB 120326A indicates a
very shallow decay with 0.42decaya ~ (possibly due to
refreshed shocks), the others are consistent with the standard
forward-shock emission 1decaya ~ (Sari et al. 1998). For these
events, the duration T90 of the prompt gamma-rays are 3.5–70 s,
and the optical observations started well after the end of the
prompt gamma-ray emission phases. The observations were not
prompt enough to detect the onset of afterglow, and the optical
emission is dominated by the forward-shock emission in these
observations. Since the forward-shock region is expected to
contain only highly tangled magnetic fields generated around the
shock (Medvedev & Loeb 1999; however, see also Uehara et al.
2012), the non-detection of polarization is consistent with the
forward-shock model. We also plot in Figure 9 the X-ray light
curves (black crosses). They indicate significant multiple flares
in the early phase. These X-ray flares have been reported in
many events, and the rapid variability t tD indicates that these
originate from internal dissipation processes, rather than forward
shock, e.g., Nousek et al. (2006) and Zhang et al. (2006).

The other five events show a more complex behavior in the
early optical afterglow, as shown in Figures 10 and 11. These
light curves indicate a peak or/and rebrightening at later times.
The three events for which we have detected polarization
signals are all in this group:

1. GRB 101112A: we detected ∼6% polarization degree
around the peak and in the decay phase 1.1decaya ~ . If
the peak at t 299 speak ~ is the onset of the afterglow,
considering t T 9.2 speak 90 ~� , this is a thin-shell case
(Sari & Piran 1995; Kobayashi et al. 1999). The expected
rising t3 of the (slow-cooling) forward-shock emission is
slower than the observed rising t4.2~ , and it implies that
the reverse-shock emission contributed around the peak
(Kobayashi 2000). Although the fast-cooling forward-
shock emission can rise as rapidly as t3.7~ , the expected
decay t 1 4- after the peak that is due to the passage of the
cooling frequency is very shallow, and it is not consistent
with our observations.

2. GRB 110205A: the peak at t 1027 speak ~ ( T 24990 =� s)
is considered to be the onset of the afterglow. The rapid rise
t4.6 and decay t 1.5- implies the contribution to the peak
from a reverse shock in the thin-shell regime. A polarization
degree of 13% was detected in the rising phase.

3. GRB 120308A: we detected polarization degrees as high
as 28% for this event. The high polarization was detected
around the peak at t 298 speak = ( T 61.390 =� s), and the
very rapid rise t5 and decay t 2.4- are a clear signature of
the reverse shock. Mundell et al. (2013) demonstrated
that this light curve is best described by the combination
of the two components, one from a reverse and the other
from a forward shock.

We also note that we detected polarization in multiple epochs
for GRB 101112A and GRB120308A, with a constant EVPA
within the error limits in both cases.
Polarization signals were not detected from the remaining

two events, which show peak or/and rebrightening in their
afterglow light curves:

Table 3
Polarization Results

GRB t t s0- ( ) P %( ) EVPA (deg) Rank Afterglow onset t speak ( ) T90 AV
Gal. z

100805A 140–320 14< L 0.377 140.4< 16.7 0.5 1.3»
101112A 176–355 6 2

3
-
+ 71 ± 10 0.978 299.0 ± 6.0 9.2 0.4 3.51

” 715–893 6 3
4

-
+ 76 ± 15 0.934 ” ” ”

110205A 240–840 13 9
13

-
+ 126 ± 26 0.967 1027.0 ± 8.0 249 0.04 2.22

” 3047–3645 5< L 0.883 ” ” ” ”

” 3960–4140 23< L 0.486 ” ” ” ”

110726A 191–783 14< L 0.331 191.2< 5.2 0.21 z1.04 2.7< <
120119A 194–793 8< L 0.713 194.4< 68.0 0.3 1.728
120308A 240–323 28 ± 4 34 ± 4 0.99> 298.0 ± 16.0 61.3 0.11 2.22 0.27

0.25
-
+

” 323–407 23 ± 4 44 ± 6 0.99> ” ” ” ”

” 407–491 17 5
4

-
+ 51 ± 9 0.99> ” ” ” ”

” 491–575 16 7
4

-
+ 40 ± 10 0.99> ” ” ” ”

” 575–827 16 5
4

-
+ 55 ± 9 0.99> ” ” ” ”

120311A 181–779 13< L 0.008 180.6< 3.5 0.37 31
120326A 210–872 14< L 0.139 216.0< 69.5 0.14 1.798
120327A 1664–2263 4< L 0.505 1663.8< 63.5 0.92 2.81
” 2605–2784 7< L 0.823 ” ” ” ”

Note. Columns are the GRB identifier, interval of RINGO2 observations, degree of polarization, measured polarization sky angle (east of north), rank of the
polarization measurement in permutation analysis, optical afterglow peak time, gamma-ray emission duration, Galactic extinction in V band, and redshift.
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1. GRB 110726A: the light curve initially decays with
1.03decaya = , and it shows a rebrightening around

t = 3200 s. The polarization limits were obtained during
the initial PL decay phase. The decay index is consistent
with the forward-shock emission. Except for the
rebrightening, which is possibly due to energy injection
(Nousek et al. 2006; Zhang et al. 2006), this event looks
similar to the PL events shown in Figure 9.

2. GRB 120119A: a broad peak is noticeable in the light
curve. The rise is very slow, the I-band light curve is
almost flat at the beginning. The polarization limit was
obtained during the slow rising phase. This broad peak
can be reasonably explained by forward-shock models
with energy injection or density enhancement in the
ambient medium (Nousek et al. 2006; Zhang et al. 2006).

Figure 12 shows the polarization measurements (detection or
upper limit) of all nine events as a function of the observing time
since the GRB trigger. We note that all polarization detection
cases (GRB101112A, GRB110205A, and GRB120308A) were
achieved at relatively early times t 10 s3< . This reinforces the
point that prompt measurements are essential to characterize the

polarimetric properties of GRB afterglow; the polarization degree
decays very rapidly as the tight upper limits at late times show.
All polarized cases suggest the reverse-shock emission at

early times. Since no new electrons are shocked after the
reverse shock has crossed GRB ejecta, the reverse-shock
emission is short lived, and it decays faster than the emission

Table 4
Light Curve Fitting Results

GRB Modela Fit parameters 2c (d.o.f.)

100805A PL 0.86 0.04decay
PLa = 30.8 (24)

101112A B 4.24 2.95risea = - 19.4 (28)
1.10 0.05decaya =

t 299 6 speak =
n 0.86 0.72=

110205A B 4.63 0.29risea = - 220.5 (84)
1.52 0.02decaya =

t 1027 8 speak =
n 2.18 0.45=

110726A PL + B 1.03 0.05decay
PLa = 32.1 (30)

7.87 21.21risea = -
1.13 0.33decaya =

t 3256 185 speak =
n 0.40 1.23=

120119A PL + B 0.65 0.06decay
PLa = 105.8 (74)

1.06 0.41risea = -
1.68 0.19decaya =

t 822 22 speak =
n 1.05 0.48=

120308A B + Bb 5rise
1a = - 10.7 (17)

2.4 0.6decay
1a =

t 298 16 speak
1 =

n 11 =
0.5rise

2a = -
1.4 0.1decay

2a =

t 730 speak
2

150
190= -

+

n 12 =
120311A PL 1.03 0.06decay

PLa = 12.7 (13)
120326A PL 0.42 0.04decay

PLa = 12.9 (12)
120327A PL 1.22 0.02decay

PLa = 25.2 (50)

Notes.
a PL is a simple power-law model (F tµ a- , while B is a Beuermann model
(smoothly joint broken power-law model, see Beuermann et al. 1999).
b Results from Mundell et al. (2013).

Figure 9. Light curves for GRB 100805A, GRB 120311A, GRB 120326A,
and GRB 120327A, which show a single power-law decay morphology.

Figure 10. GRB 110205A, GRB 110726A, GRB 120119A, and GRB 120308A
for which the light curves show definite structure. The Beuermann and PL
components defined in Table 4 are plotted individually as dotted lines, and the
final r-band model fit (the summation of the multiple components) is plotted as a
solid line. To more easily compare the light-curve shape between filters by eye,
the model is plotted multiple times offset to align with the non-r¢ band filters and
plotted as a dashed line. The steep rise for GRB 110205A and GRB 120308A
indicates the presence of the reverse-shock component in the afterglow.
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from the forward shock, which continuously shocks electrons
in ambient medium. Therefore, a rapid decay, typically t 2- , is
also a signature of the reverse-shock emission (Sari &
Piran 1999; Kobayashi 2000; Zhang et al. 2003; Japelj et al.
2014). We therefore tested the correlation between the
observed decay index and polarization degree. Figure 13
shows that the polarized cases (the green crosses) do indeed
have larger decay indexes. The light curve of GRB120308A
shows a double-peak structure with reverse- and forward-shock
peaks at different times. The polarization degree is much higher
during the clearly separated reverse-shock peak. However, for
GRB 110205A, the polarization P 13%= is detected only in
the rising phase, and we have tight upper limits of P 5%< in
the decay phase ( 1.52decaya = ).

Zheng et al. (2012) showed that the full optical and x-ray
afterglow of GRB 110205A could be interpreted within the

standard reverse-shock plus forward-shock model, and they
proposed two scenarios. Scenario I invokes both the forward
shock and reverse shock to peak at 10 s3~ , while scenario II
invokes the reverse shock only for the peak at 10 s3~ , with the
forward-shock peak later when the typical frequency crosses the
optical band. According to their modeling (see Figure 5 in their
paper), the reverse-shock contribution becomes negligible by our
polarization observations around 3000–3600 s. Our limit P 5%<
is consistent with the dominance of the forward-shock emission in
the optical band. In scenario II, the optical band is still dominated
by the reverse-shock emission in the observation period. Because
of the relativistic beaming effect, we can see only a small portion
of the GRB ejecta just around the line of sight with an angular
scale of 1 4 100

3G ~ ´ - , where 2500G ~ is the initial Lorentz
factor of the ejecta (Zheng et al. 2012). After the reverse-shock
crossing, the ejecta rapidly decelerates as R Rg 2G µ ~- - in
terms of the ejecta radius (Kobayashi & Sari 2000). However, it is
not so rapid in terms of the time t tg g1 2 0.4G µ µ- + -( ) . By
t 3000 s~ , the angular size of the visible region grows only by a
factor of 3 1.60.4~ ~ , compared to the size at the peak time
t 10 s3~ . Although a larger visible region at a later time
potentially reduces the polarization degree if the magnetic fields
have an irregularity in the angular scale of1 0G or a slightly larger
scale, this small change in the size does not explain the drastic
change from P 13%= to P 5%< . Our polarization measure-
ments therefore disfavor scenario II.

7. Conclusion

We have presented the complete RINGO2 catalog of GRB
afterglow observations. We carried out 19 prompt RINGO2
observations between 2010 and 2012. Nine out of the 19 events
were bright enough to perform polarimetric analysis, the
polarization degrees (or limits) and EVPA were measured. We
detected polarization signals in their early optical afterglow for
three events: GRB 101112A, GRB110205A, and GRB120308A.
Using RINGO2 and RATCam data, we constructed the light
curves of the bright events to evaluate the decay indexes of the
afterglow. The combination of our photometric and polarimetric

Figure 11. GRB 101112A light curve. The steep rise indicates the presence of
the reverse-shock component, while the shallow decay indicates that reverse-
shock and forward-shock components peak at similar times.

Figure 12. Polarization degree as a function of time after the burst for all nine
GRBs from the RINGO2 sample. The temporal error bars show the duration of
the exposure.

Figure 13. . PL decay index (α) vs. degree of polarization. The green points in
the plot are measurements, while blue points are upper limits. The relative size
of the point is the T90 value (which shows no correlation with α or and P). For
GRB120308A we plot two epochs: (240–323 s, P = 28%) and
(575–827 s, P = 16%).
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GRB T90 (s) Fluence* PD Prob(PD<2%) PDup(99%) PA(deg.) PA Change

161218A 6.76 1.25⇥ 10
�5

9% 9% 45% 40 No

170101A 2.82 1.27⇥ 10
�5

8% 13% 31% 164 No

170127C 0.21 7.4⇥ 10
�6

11% 5.8% 67% 38 Unknown

170206A 1.2 1.34⇥ 10
�5

10% 12% 31% 106 No

170114A 8.0 1.93⇥ 10
�5

4% 14% 28% 164 Yes

170114Ap1 N/A N/A 15% 8% 43% 122 N/A
170114Ap2 N/A N/A 41% 0.49% 74% 17 N/A

7

• Swiss-China collaboration
• 50-500 keV
• FOV: ~1/3 of the sky
• 55 GRBs detected in ~ 8 months
• Pol analysis for 5 GRBs

referred to as the modulation curve. The relative amplitude, the
amplitude divided by the mean, of this is linearly proportional
to the polarization degree through µ = µ100 P. Here µ is
the relative amplitude extracted from the modulation curve,
P is the polarization degree of the measured photon flux and
µ100 is the relative amplitude for a 100% polarized beam.
The µ100 parameter is an energy dependent instrument specific
value which needs to be acquired through calibration with a
polarized beam or through detailed Monte Carlo simulations.

The POLAR detector [6] is designed to measure the Comp-
ton scattering angle of incoming photons using a low-Z target
of 1600 plastic scintillator bars, divided into 25 modular units.
Each module is read out by a Hamamatsu H8500, a flat-panel
64 channel multi-anode photomultiplier (MAPMT). Due the
fine segmentation of the scintillator target the Compton scat-
tering angle can be measured with a relatively high precision,
resulting in a µ100 of around 40% at 140 keV which translates
into a high sensitivity to polarization. The use of a full plastic
array results in a high Compton scattering cross section for
photons in the 10’s of keV energy range, thereby making
the instrument sensitive to the lower energy component of
the GRB gamma-ray emission. Lastly the uniformity of the
detection surface results in a relatively large effective area and
a large field of view which covers approximately 1/3 of the sky,
making the instrument optimal for performing polarimetric
measurements on transient events such as GRBs [9].

The scintillator bars used in POLAR have a surface area
of 6 by 6 mm and a length of 176 mm. Optical cross talk
between the scintillators is reduced both by placing a reflective
vikuiti foil [7] between the bars and by shaping the top and
bottom of the scintillator into a conical shape in which the
surface is reduced to 5 by 5 mm. The scintillators are coupled
to the MAPMT using an optically transparent pad consisting
of Mapsil QS1123 [8]. This material provides a good optical
coupling to the MAPMT and absorbs vibrations and shocks
which could cause damage to the PMT window. For further
shock protection a 3 mm thick layer of rubber is placed at
the top of the scintillators. The 64 bars which make up a
module are surrounded by a 1 mm thick layer of carbon fiber
for mechanical support. Each MAPMT is read out using its
own front-end electronics (FEEs), the 25 FEEs are read out by
3 central FPGAs. The full effective area of the instrument is
covered by a 1 mm thick layer of carbon fiber for mechanical
stability. The outside layer is placed for mechanical support
while also serving as a passive shield for low energy charged
particles. Additionally the full instrument is covered by a
multi-layer insulator (MLI) for thermal stability. A schematic
overview of a single module together with the full instrument
can be seen in figure 1. The full flight ready detector, without
the MLI cover, can be seen in figure 2.

The measurement of the Compton scattering angle requires
the detection of two interactions of each photon inside the
scintillator array. The instrument therefore triggers on events
consisting of a minimum of 2 channels being above an
adjustable threshold level. Each FEE counts the number of
triggering channels within the module and communicates this
with the central FPGAs. All 64 channels in the module are read
out in case this module has more than 2 triggering channels,

Fig. 1. Schematic overview of one single POLAR module together with the
full 5x5 module instrument [9].

Fig. 2. The full flight ready POLAR instrument.

or if the module has 1 triggering channel and at least one other
module has a coincident triggering channel. Modules without
triggering channels are not read out to reduce the data size of
each event. The timing precision of trigger event is of the µs
level.

In order to reduce the background from charged cosmic
rays, which typically leave a track consisting of many triggered
channels in the instrument, a veto is issued in case the number
of triggering channels inside a module exceeds a set limit. As
photon-induced high energy depositions in one channel can
induce triggers in neighboring channels through cross-talk the
maximum multiplicity is conservatively set to 10 channels. A
second veto against cosmic rays is based on the total energy
deposition within the module as charged cosmic rays typically

Kole et al. 2016, arXiv:1612.04098; Zhang, Kole et al. 2019
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Figure 1. Schematic illustration of our two-component (spine-sheath) jet model.
A fast spine jet (θ ! θ0 − dθB/2) is embedded in a slower sheath outflow
(θ0 + θB/2 ! θ ! θj). The spine and sheath start to accelerate at radius ri.
The acceleration continues up to rs0 and rs1 in the spine and sheath regions,
respectively. Since the dimensionless entropy of the spine η0 is larger than that
of the sheath η1, the saturation radius and the terminal Lorentz factor of the
spine (rs0 = η0ri and Γ0 = η0) are larger than those of the sheath (rs1 = η1ri
and Γ1 = η1). The photospheric radius of the spine rph0 is smaller than that of
the sheath rph1, where the photospheric radius is defined by Equation (4). There
is a transition layer with an angular width dθB between the spine and sheath
(θ0 −θB/2 ! θ ! θ0 +θB/2). The dimensionless entropy and kinetic luminosity
in this region are determined by the interpolations from the two regions. In our
calculation, thermal photons are injected at the saturation radius of the sheath
rinj = rs1, and their transfer is solved up to the radius at which the optical depth
is much lower than unity.

which a stratified structure is present in the lateral (θ ) direction.
We consider two types for the stratification: (1) a two-component
(spine-sheath) jet in which a fast spine jet is embedded in a
slower sheath outflow, and (2) a multicomponent jet that is
composed of multiple outflow layers of finite lateral width. The
schematic picture of the two models is shown in Figures 1 and 2.

In both models, we assume a sharp transition layer between
each component that has lateral width dθB. As for the two-
component jet model, the spine region is defined as a region of
conical outflow with a half-opening angle θ0 −dθB/2, while the
sheath is a region that surrounds the spine and has an angular
extension of θ0 + dθB/2 ! θ ! θj. In the multicomponent jet
model, two components having fixed widths of dθ0−dθB (Com-
ponent 0, hereafter C0) and dθ1 − dθB (Component 1, hereafter
C1) alternately appear in the transverse direction. While the
first component located at the center is a conical outflow with
a half-opening angle (dθ0 − dθB)/2, other components have
sheath structures that have the same central axis. The repeated
pattern of this transverse structure continues until the total an-
gular extension reaches the half-opening angle of the jet, θj.
As described below, the properties of the spine (sheath) in the
two-component jet model are determined in the same manner as
C0 (C1) in the multicomponent jet model. Hereafter, the quan-
tities corresponding to the spine (C0) and sheath (C1) regions
are denoted by subscripts 0 and 1, respectively. The quantities

Figure 2. Schematic illustration of our multicomponent jet model. Two
components having fixed widths of dθ0−dθB (C0) and dθ1−dθB (C1) alternately
appear in the transverse direction within the jet with half-opening angle θj. There
are transition layers with an angular width dθB between the two components.
The radial profiles of C0 and C1 and the transition layer are determined in the
same way as in the two-component jet model.

without the subscript refer to all regions including the boundary
transition layers.

It is noted that the two-component jet model is introduced to
clarify the effects of sharp velocity gradients on the resulting
spectra and the polarization. The main difference between the
present paper and Paper I is that here we include and quantify the
polarization signal. On the other hand, the multicomponent jet
model is introduced in order to explicitly show that the existence
of sharp velocity gradient regions within an angular scale
∼2Γ−1 is essential to reproduce the typical observed spectra
of GRBs and to quantify the polarizations associated with these
emissions. Although the assumed geometry of the employed
models is somewhat artificial, it is stressed that similar results
are expected if sharp velocity shear regions are present in the
transverse structure of the jet and are closely distributed within
a small angular scale ∼2Γ−1. Such a rich internal structure
is indeed inferred from the recent numerical simulations (e.g.,
Matsumoto & Masada 2013a, 2013b). We will mention this
issue later in Sections 3.3 and 4.1.

2.1. Fluid Properties of Stratified Jet

We consider a steady radially expanding axisymmetric out-
flow, and the radial profiles of the fluid properties are de-
scribed by the standard adiabatic fireball model (e.g., Piran
2004; Mészáros 2006, and also see Paper I for a brief review),
which can be determined uniquely by the three independent pa-
rameters: the initial radius, ri, the kinetic luminosity, L, and the
dimensionless entropy (or, equivalently, the terminal Lorentz
factor), η ≡ L/Ṁc2, where Ṁ and c are the mass outflow rate
and the speed of light, respectively. In the present study, we only
consider the case in which the photosphere, rph, the radius where
the fireball becomes optically thin (see Equation (4)), is located
above the saturation radius, rs = ηri, the radius where the bulk
acceleration of the fireball ceases. Hence, the three parameters
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Figure 11. Same as Figure 10, but for lower dimensionless entropies (η0 = 200 and η1 = 50), wider jet (θj = 2◦), and larger initial fireball radius (ri = 109 cm).
While dθ1 = 0.◦4 is employed in all cases, from top to bottom panels, cases for dθ0 = 0.◦6, 0.◦4, 0.◦2, and 0.◦1 are shown.
(A color version of this figure is available in the online journal.)
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Figure 1. An example Lorentz factor profile (equation 5). The Lorentz
factor is approximately constant, ! ≈ !0, in the jet core (θ < θ j), while in
the shear layer (θ > θ j) the Lorentz factor scales approximately as a power
law with angle, ! ∝ θ−p. In our model, !0, θ j and p are free parameters.
For this figure !0 = 300, θ j!0 = 3 and p = 2 were used.

The photon emission rate from the central engine is obtained by
noting that photons dominate the energy density at the jet base,
and the average photon energy is 2.7kT0, where k is the Boltzmann
constant. Therefore, dṄγ /d$ = L/(4π 2.7kT0).

Motivated by the angular Lorentz factor profiles presented by
Zhang et al. (2003), we assume that the angular profile of the baryon
loading leads to a saturated Lorentz factor of the form

!(θ ) = !0!
(θ/θj)2p + 1

, (5)

where !0, θ j and p are free model parameters. As the saturated
Lorentz factor is inversely proportional to the baryon loading (equa-
tion 1), equation (5) together with the assumed outflow luminosity
determines the baryon loading of the outflow. Equation (5) implies
that the Lorentz factor is approximately constant, equal to !0, in
the jet core (θ < θ j) while the shear layer Lorentz factor scales ap-
proximately as a power law of the angle, ! ∝ θ−p (θ > θ j). A larger
value of p increases the steepness of the Lorentz factor gradient in
the shear layer, which also decreases the angular width of the shear
layer. The outer angle of the shear layer can be approximated as
the angle where the Lorentz factor equals a few, θ s ≈ θ j(!0/2)1/p

(where !(θ s) = 2 was used), and the width of the shear layer is
θ s − θ j ≈ θ j[(!0/2)1/p − 1]. The complete set of free model param-
eters is therefore L, r0, !0, θ j and p, as well as the observer viewing
angle θv, which is measured from the jet axis. An example Lorentz
factor profile is shown in Fig. 1.

An observer located at zero viewing angle sees deeper into
the outflow than any other observer. For this observer, the pho-
tospheric radius is at a minimum along the LOS. By integrat-
ing equation (2) from r to infinity along the radial direction at
θ = 0 and equating the resulting optical depth to unity, the ra-
dius of the photosphere along the LOS is found, Rph(θv = 0) =
LσT/(8πmpc

3!3
0), where the Thomson scattering cross-section, σ T,

was used. The comoving temperature at this point in the outflow
is kT ′

ph = 0.36 (!0/300)5/2(L/1052 erg s−1)−5/12(r0/108 cm)1/6 keV
(while the observed temperature is Doppler boosted, kT ob

ph ≈
2!0kT ′

ph for an on-axis observer). For non-zero viewing angles
the photospheric radius is larger, and therefore the comoving tem-
perature at the photosphere is lower. We therefore conclude that

the electrons are cold (kinetic energies much less than mec2, where
me is the electron mass) in all relevant regions of the jet, and the
scattering is in the Thomson regime, justifying the use of σ = σ T.

2.2 Polarization properties of the photospheric emission:
qualitative discussion

Polarization is an inherent feature of the Compton scattering pro-
cess. Thomson scattering of an initially unpolarized photon beam
at an angle of π/2 results in a fully linearly polarized outgoing
beam. The polarization vector of the outgoing beam is orthogonal
to the plane defined by the incoming and outgoing photon directions.
There is therefore an inherent potential for observing linearly polar-
ized emission from environments dominated by scattering, such as
the photosphere. No circular polarization is induced by scatterings
in the Thomson regime, and even if the initial photon field carries
some degree of circular polarization, this polarization component
quickly disappears within a few scatterings. Therefore, we expect
to observe only linear polarization from the photosphere.3

A basic requirement for producing a polarized signal by Comp-
ton scattering is that the comoving photon distribution in the fluid
element where the last scattering occurs is anisotropic. This is be-
cause an isotropic distribution scatters equally into all directions,
and as there is no preferred direction in the scattered photon field,
there is no preferred direction for emission to be polarized in. As a
photon propagates freely along a straight line between successive
scatterings in an expanding outflow, the lab frame angle between the
photon momentum vector and the local velocity direction decreases.
If the lab frame angle decreases, so does the local comoving frame
angle. This provides a source of anisotropy to the photon field.
On the other hand, scattering reduces the comoving anisotropy by
re-randomizing photon propagation directions. Deep down in the
outflow where the optical depth is large and the photon mean free
path is much smaller than the distance to the centre of the out-
flow, the comoving photon angle is changed very little between
scatterings, and the local comoving photon field can be considered
isotropic. However, close to the photosphere the mean free path is
of the order of the photospheric radius, and the change in comoving
angle between scatterings is significant, which results in beaming of
the local comoving photon field in the direction of the local velocity
field. Therefore, the local comoving photon field is anisotropic at
the last scattering position, and the escaping emission is polarized.
For a thorough discussion on the comoving intensity in a spherical
outflow, see Beloborodov (2011).

While an anisotropic local comoving intensity is a necessary
requirement for producing a polarized signal, one additional re-
quirement for spatially unresolved sources is some way of breaking
the rotational symmetry of the emitting region. Consider a simpli-
fied model of a spherical outflow with Lorentz factor !, where all
photons propagate strictly radially (corresponding to maximum co-
moving anisotropy) before making their last scatterings and reach-
ing the observer. Assuming the electrons are cold, the photons that
scatter at a comoving angle of π/2 are fully linearly polarized.
This scattering angle corresponds to an angle 1/! in the lab frame,
and so the emission from a single fluid element located at angle
1/! from the LOS is fully polarized. The polarization vector of
the emission is orthogonal to the plane defined by the local radial
direction and the LOS. In a spherical outflow that is spatially unre-
solved, the distribution of simultaneously observed fluid elements

3 This statement is equivalent to V = 0, where V is the Stokes parameter for
circularly polarized emission.
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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
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Verification of CPT symmetry

• CPT-violating dispersion relation of photons
• Different velocities of right/left circular pol 
• Faraday rotation
• P averaged over 70-300 keV can be cancelled
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Test of fuzzy dark matter

• Pseudo-scalar particle (not QCD axion)
• Some problems in cosmic large-scale structure 

may be resolved by their quantum effects
• Coupling with photons
• Faraday rotation of plotoplanetary disk polarization

The Astrophysical Journal Letters, 729:L17 (6pp), 2011 March 10 Hashimoto et al.
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Figure 3. Polarization vector pattern of AB Aur. Left: polarization vectors superposed on the PI image of AB Aur in the H band. The plotted vectors are based on
6 × 6 pixel binning which corresponds to the spatial resolution and have a polarized intensity larger than 50σ . Not all the vectors are plotted and their lengths are not
to scale for the purposes of presentation. Right: histogram of angles between polarization vectors and lines from the mask center to the vector position. As a result of
Gaussian fitting, the central position and FWHM are 90.◦1± 0.◦2 and 4.◦3± 0.◦4, respectively.
(A color version of this figure is available in the online journal.)

The presence of unseen planets in the disk can also result
in perturbations which extend over the disk scale even in the
absence of GI. A low-mass planet in a disk excites a spiral
density wave that co-rotates with the planet (Goldreich &
Tremaine 1979; Tanaka et al. 2002), while a high-mass planet
opens a gap in addition to the excitation of a spiral (Lin &
Papaloizou 1986), thereby inducing a more significant, globally
extended perturbation in the disk (see Papaloizou et al. 2007,
for the review of disk–planet interaction). The gap opens when
the amplitude of the perturbation caused by the embedded
planet exceeds the order of unity. Since the amplitude of the
perturbation scales with q/h3, where qis the mass ratio between
the planet and the central star and h = H/r is the disk aspect
ratio (Tanaka et al. 2002), a crude estimate of the gap-opening
mass is q > h3. For the disk around AB Aur, the temperature
of the disk at the location of the ring gap (∼ 80 AU) is 20–30 K
(Piétu et al. 2005; Lin et al. 2006), and therefore, the disk aspect
ratio is expected to be ∼ 0.1. Therefore, a planet with a mass of
only ∼ 1 MJ (consistent with the fact that we detected no point
sources) situated in the ring gap in the vicinity of Dip A can
form a gap at these distances. Such a planet cannot be directly
seen if it is embedded in the disk equatorial plane; however,
its perturbation can induce the observed structures such as
the ring gap and the largest Dip A and is seen as “shadows”
(Jang-Condell & Kuchner 2010), while other peaks and small
dips might be due to small perturbations. Furthermore, a warp
in the inner region may be explained by the gravitational
perturbation from unseen planets (Mouillet et al. 1997). It is also
noted that there is a possibility that the inner ring is intrinsically
elliptical due to the influence of an unseen gravitating object,
which could be another indication of the presence of a planet
(Kley & Dirksen 2006). From the present data, it is rather
difficult to distinguish the cause of the elliptical shape of the
inner ring: either a warped circular ring or an intrinsically
elliptical ring. However, we consider that both possibility may
be accounted for by at least one gravitating object embedded in
a disk.

The perturbation caused by an embedded planet generally
tends to co-rotate with the planet, and therefore the deviation
of the pattern speed from the local rotation speed would be
smoking-gun proof of the existence of the planet. The pattern

speed of the spiral structure is given by

ω = 0.78
!

M
2.4 M⊙

" 1
2 # rp

80 AU

$− 3
2
(deg yr−1),

where M is the mass of the central star and rp is the orbital
radius of the planet. Such time variability can be observed for
the next several years. We note that the existence of a planet
in the AB Aur system, whose age is only 3–5 Myr, may pose
a unique constraint on the planet formation timescale because
their formation via gas accretion have been considered to take
about 10 Myr (e.g., Pollack et al. 1996).

Another intriguing explanation for the observed structure is
magneto-rotational instability (MRI; Balbus & Hawley 1998).
Although global numerical simulations of MRI are numerically
challenging, some MRI calculations show that perturbation may
extend over the disk (Steinacker & Papaloizou 2002). It is also
shown that MRI drives the disk wind which causes a significant
perturbation at the disk surface (Suzuki et al. 2010). In this case,
the timescale of variability is on the order of the local rotation
timescale, which is longer than that caused by the inner unseen
planet.

In summary, the fine structures including the double ring
structure with a warp as well as the ring gap detected by our ob-
servations most likely have an origin in planetary perturbation,
but GI or MRI can also be a promising cause of the detailed
structure. A key future investigation would be the detection of
the time variability of the structures, which can provide clues
for understanding the formation mechanisms of the wide-orbit
companions discovered by direct imaging observations around
A stars (Marois et al. 2008; Kalas et al. 2008) and a G star
(Thalmann et al. 2009; Janson et al. 2011) as well as a number
of physical processes ongoing in the active protoplanetary disk.

We are grateful to the anonymous referee for providing many
useful comments leading to an improved paper. This work is
partly supported by a Grant-in-Aid for Science Research in a
Priority Area from MEXT and by the Mitsubishi Foundation.
We also acknowledge support from AST-1008440 (C.A.G.),
AST-1009314 (J.P.W.), and a Chretien International Research
Grant (J.P.W.).
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Fig. 1. (a) Coronagraphic image of the polarization intensity (PI) in H-band around HD 169142 obtained with Subaru/HiCIAO. The white cross is the
stellar position, and the green circle shows the regions affected by the mask, or < 0 .′′2 from the stellar position. (b) PI image convolved with a
Gaussian function whose FWHM is 8 pixels, or 0 .′′072. (c) Same as (a), but in different color code so that asymmetric features are easily identified.
The white broken lines are the contours of 0.5 mJy arcsec−2, corresponding to the 3 σ level (see the text). The solid lines in white and black are the
contours at 1.0 mJy arcsec−2(6 σ ) and 1.5 mJy arcsec−2(9 σ ) levels, respectively. The contours are generated in the convolved image shown in (b).
(d) Same as (b), but in the color code as (c), superposed on the polarization vectors where the PI is detected above the 3 σ level. The polarization
vectors are drawn every 8 pixels.

(iii) the apparent gap between these two ring-like features,
and (iv) the outermost part in which the PI gets gradually
weaker at a larger radius. Note that the PI is significantly
detected in the gap (iii) with at least 9 σ . These axisymmetric
features can be seen even more clearly in the smoothed
image convolved with a Gaussian function (figure 1b). The
inner bright rim at r ≈ 0 .′′2 (Quanz et al. 2013) is only
marginally confirmed because the inner working angle of
our observation is slightly larger than that of VLT/NACO.

To describe the axisymmetric distribution of the PI more
quantitatively, its azimuthally averaged radial profile is pre-
sented in figure 2; the projection on the sky is corrected
under the assumptions that the disk inclination angle is 13◦

and the disk major axis is in PA = 5◦ (Raman et al. 2006).
The radial profile shows a double power-law distribution,
as expressed by

PI(r ) = 20.7
! r

29 au

"−3.0025
[mJy arcsec−2] (1)

in 29 ≤ r ≤ 52.2 au and

PI(r ) = 96.2
! r

29 au

"−3.0037
[mJy arcsec−2] (2)

in 81.2 ≤ r ≤ 145 au, respectively. The formal statistical
uncertainties in the amplitudes are estimated to be ! 10%
for equation (1) and ! 1.3% for equation (2), and those in
the exponents are ! 0.1 dex. These two power-law regions
are connected smoothly with a “transition zone” (here-
inafter denoted by TZ) extending over r = 52–81 au. The
apparent gap located in r ≈ 40–70 au (Quanz et al. 2013;
Osorio et al. 2014) consists of the outer part of the inner
power-law region and TZ, while the bright ring at r ≈ 0 .′′55
in the PI image (figures 1a and 1b) corresponds to the
inner boundary of the outer power-law region. It should
be noted, however, that the surface brightness normalized
by the r−3 power law (figure 2c) changes smoothly even
in TZ. There is no break of the exponent at r = 120 au
claimed by Quanz et al. (2013), though a subtle irreg-
ularity may be identified at r ≈ 100 au. The r−3 depen-
dence was also found in the total intensity distribution at
1.1 µm in r ≥ 80 au with the coronagraphic imaging by
HST/NICMOS (Grady et al. 2007). It is also consistent
with the radial exponent in 116 ≤ r ≤ 174 au derived from
the imagery in H-band with Subaru/CIAO (−3.0 ± 0.2:
Fukagawa et al. 2010), suggesting that there is no significant
radial variation of polarization degree in these regions. The
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FIG. 2: Constraint on the coupling constant gaγ for varying
mass of the axion dark matter m. The black solid line indi-
cates the upper bound derived in eq. (14), whereas the gray
solid line is the conservative upper bound. Blue, green, and
red regions are rejected by the experiment (CAST [14]) and
astronomical observations (SN 1987A [17] and Quasor polar-
ization [18]). Black broken lines are the expected sensitivities
of future projects (ALPS-II [16] and IAXO [15]) and red bro-
ken lines are presumptive lower limits from observations (Soft
X-ray [19] and γ-ray transparency [20]).

angle θ may be seen and it can be a smoking-gun evidence
for the ADM. This property should be useful to distin-
guish the ADM signature from the other potential effects
which also modify the polarization pattern of PPDs. It
should be noted that the distance between source and
earth L = c T varies in time due to the relative motion
and it might distort the predicted oscillatory behavior of
θ. However, we can measure the relative motion through
the Doppler effect and correct its influence.

While the rotation angle of the photon linear polariza-
tion plane highly depends on the photon energy and the
propagation distance for the Faraday effect under magne-
tized plasmas and for the CPT -invariance violation effect
[29, 30], those dependences are quite weak for the ADM
effect as we showed above. Furthermore, the polarization
of purely scattered radiation in PPDs can be observed in
only optical and near-infrared wavebands, and most of
well-observed PPDs are clustered in several star-forming
regions in our Galaxy so that they are at similar dis-
tances. Then in order to put more stringent constraint on
(or detect) the ADM effect with our method, one should
keep increasing the sensitivity of polarimetic measure-
ments of PPDs. In particular, detailed analysis of po-
larization angles considering full error budget is critical,
which is becoming available by the state-of-the-art obser-
vations and data reduction techniques. Even re-analyses
of the current polarization angle data for well observed
PPDs may also be useful.
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Early-time afterglow model

is the canonical degree of polarization (dominated by its linear
component) reached.

The emission from the reverse shock overtakes the forward-
shock emission at frequencies above ! ! 2 ;1010 Hz. We find
that for the reverse shock, the transition from circular to linear
polarization is accompanied by a strong oscillation of the po-
larization position angle as function of frequency. Because of
synchrotron losses, most of the plasma heated by the reverse
shock cools quickly on a dynamic timescale, and consequently
Faraday rotation by the cold plasma strongly affects radiation
emitted from regions closer to the reverse shock front. The
resulting oscillation is a hallmark of reverse-shock emission up
to UV frequencies (1015–1016 Hz), and is characterized by
!!=! ’ 10"1!215 (from eq. [7]), where !15 is the observed
frequency in units of 1015 Hz; Observation of these oscillations
may therefore be limited by instrument resolution in the optical
and particularly the IR bands. Note also that during the tran-
sition to self-similar dynamics, emission is observed from an
area on the sky with a radius comparable to R=" (Waxman
1997b). Hence, radiation at observed frequency ! spans a range
of comoving frequencies !! 0. Since radiation at different co-
moving frequencies is subject to different phase shifts between
normal modes, spectropolarimetric features characterized by
a smaller comoving !! 0 may be washed out altogether. Al-
though an exact, quantitative statement regarding the implica-
tions for the observability of the Faraday oscillations is be-
yond the scope of this paper, we expect that the depolarization

of the linear component, caused by either low spectral reso-
lution or smearing of the signal by the source plasma, is
expected to yield a signal dominated by a circular polarization
#C ! 0:1(!=1013Hz)"1=3, surviving up to UV frequencies.

A superposition of the polarization patterns of the forward
and reverse shocks is shown in Figure 5, for the ISM scenario.
The polarization is dominated by the reverse-shock emission at
frequencies above !2 ;1011 Hz. The analogous superposition
of forward- and reverse-shock polarization for the wind sce-
nario is qualitatively similar.

Remarkably, the main characteristics of the polarization
pattern, including the frequency of transition from circular to
linear polarization, are largely independent of the circumburst
density, and are dictated predominantly by the nature of the
shock (i.e., whether the shock is forward or reverse). This is
particularly intriguing in view of the 3 orders of magnitude
factor separating the densities of ambient gas in the ISM and
wind scenarios, at the onset of fireball deceleration. Consid-
ering the two forward shocks first, it is straightforward to show
that in both cases ! 0

aT! 0
m, where ! 0

a is the (comoving) syn-
chrotron self-absorption frequency. At smaller frequencies,
! 0 < ! 0

a, the effective width W 0
eA(!

0) from which photons are
emitted scales as W 0

eA(!
0) / ½"0(! 0)$"1 / ! 05=3. By virtue of

equations (3) and (5), then, we have at low frequencies
#L(! 0) / W 0

eA!
02 / ! 01=3. On the other hand, the degree of

circular polarization at frequencies ! 0 3 ! 0
B scales as ! 0"1=3.

Denoting the frequency of the transition from circular to linear
polarization by !t , we therefore find ! 0

t / (! 0
B!

0
a)

1=2. Trans-
forming to the observer’s frame, we find for the forward shock
in the ISM, !t / n27=80 ! n1=3. Substituting here the ambient
density for the wind scenario at the transition-phase radius,
which is larger by !3 orders of magnitude, and correcting for
the much narrower slab, which effectively emits photons in this

Fig. 4.—Propagation effects on synchrotron radiation propagating in a
magnetoactive plasma. The plasma conditions are characteristic of reverse
shocks for a fireball expanding into a uniform-density ISM (top) and into wind
(bottom), during the onset of fireball deceleration. The magnetic field is as-
sumed to be uniform and close to equipartition (#B ¼ 10"1). Both figures show
the degrees of linear polarization #L (solid line), circular polarization #C

(dotted line), and the total degree of polarization # (dashed line).

Fig. 5.—Polarization pattern of combined (superposed ) reverse- and for-
ward-shock emission, for a fireball expanding into a uniform-density ISM.
Shown are the degrees of linear polarization #L (solid line), circular polari-
zation #C (dotted line), and the total degree of polarization # (dashed line). At
frequencies ! < 2 ; 1011 Hz, the polarization is determined by forward-shock
emission, whereas above that frequency it is dominated by the emission from
the reverse shock. In the frequency range 3 ; 1013 Hz < !P few ; 1014 Hz
marked by !!T! in the figure, rapid oscillations of the polarization position
angle may not be resolved, thus suppressing linear polarization, rendering
circular polarization dominant. The calculations leading to this result corre-
spond to a typical GRB jet with an opening angle $j 3""1, implying f 3h
(see x 3).
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Synchrotron polarization

• Relativistic electrons with 
isotropic pitch-angle 
distribution

• Ordered B field (on scales 
larger than electrons’ non-
relativistic gyro-radii)

• Linear polarization: 
PL = (p+1)/(p+7/3) ~ 60-75% 
for p~1-3, with direction perp. 
to B & k

• Circular polarization:
PC ~ 1/ge << 1
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