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Gamma-Ray	Bursts	

Short	GRBs	
=	Binary		
Mergers?	

Long	GRBs	
=	Stellar	
Collapses	

The	most	luminous	objects	in	the	universe,	
which	are	at	cosmological	distances	

A[erglow	Burst		

•  GravitaFonal	waves	
•  Cosmological	
structure	formaFon	



GRB	PolarizaFon:	another	fronFer	

RelaFvisFc	jet	

BH	
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dissipaFon	
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shock	

Reverse	
shock	

Gamma-ray	

A[erglow	

Recent	reports	of	detecFons	
ΠL	>	30%	at	2σ	(Yonetoku+	
11;12;	KT	13)	

Early-Fme	a[erglow	(t	<	1000	sec)	
ΠL	~	30%	!!	(Mundell+13),	ΠL	~	10%	(Steele+09),	
ΠL	~	10%	(Uehara,	KT,	Kawabata+12)	
ΠL	<	8%	(Mundell+07)	No	radio	detecFon	yet	!!	

AccreFon	disk	

Late-Fme	opFcal	
a[erglow	ΠL	~	1-3%	
(Covino+03),	ΠC	~	0.6	
%	!!(Wiersema,	
Covino,	KT+14)	



Late-Fme	A[erglows	
(Galama et al. 98) 

t~12 days 

RelaFvisFc	shock	-	synchrotron	emission	model	
can	explain	the	late-Fme	a[erglows	

(Panaitescu	&	Kumar	02)	



RelaFvisFc	Shocks	
Forward shock	

Cold ISM	

Synchrotron 
emission	

Shocked, hot ISM	
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(If no e-p interactions) 

As	seen	in	the	rest	frame	of	the	shock…	
Non-relaFvisFc	
bulk	velocity	

RelaFvisFc	
bulk	velocity	

Density	

Energy	per	
proton	

Energy	per	
electron	

Large	internal	energy	+	

•  Most	of	the	energy	is	carried	by	protons	
•  e	&	p	may	not	be	fully	thermalized	

They are collisionless, interacting via electromagnetic fields	



Physics	of	Collisionless	Shocks	
The Astrophysical Journal, 726:75 (25pp), 2011 January 10 Sironi & Spitkovsky

Figure 6. Internal structure of a θ = 75◦ superluminal shock at ωpit = 1350, zooming in on a region around the shock, as delimited by the vertical dashed red lines in
Figure 5(a). See the caption of Figure 3 for details.
(A color version of this figure is available in the online journal.)

of the background E0 (see SS09 for an analogous effect for
positrons in pair shocks).

As explained in Section 1, particles reflected by the shock
can be accelerated by the background motional electric field
E0 while drifting along the shock surface. Here, we do not
differentiate between SDA and SSA, but we generically term this
energization mechanism as “direct acceleration” (as opposed
to “diffusive acceleration”) or “E0-driven acceleration.” We
remind readers that E0 = −β0 × B0 is the motional field at
injection, and it does not include any contribution from self-
generated turbulence.

In Figure 9, we quantify the relative importance of this
E0-driven acceleration mechanism with respect to the DSA
process discussed above. For each of the high-energy ions
extracted from the simulation, we measure the total energy gain

∆γi and the drift ∆xE0 along the upstream field E0. For each bin
in ∆γi , the average value of ∆xE0 is shown as a black dot with
error bars. From ∆xE0, we can compute the expected energy
gain ∆γE0 = (q/mc2) E0 ∆xE0 due to direct acceleration by
the E0 field.13 We see that the resulting ∆γE0 (solid cyan line)
is much lower than the actual energy gain (black dots), which
suggests that DSA in Bell’s waves plays a major role in the
energization of ions. In fact, E0-driven acceleration contributes
at most ∼50% of the total energy gain (see the dashed cyan
line, which is the predicted ∆γE0 if the field E0 were twice as
large).

13 This formula assumes that most of the energy gain occurs in the upstream
medium (where the background field is E0), which is correct since in the
simulation frame no motional electric fields should persist in the downstream
region.
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Figure 13. Downstream particle spectrum at ωpit = 2250 (upper panel for ions, lower panel for electrons) for different magnetic obliquities, from θ = 0◦ (parallel
shock) to θ = 90◦ (perpendicular shock). In subpanels, subluminal and superluminal geometries are separated by a vertical dotted black line, corresponding to the
critical angle θcrit ≃ 34◦. Subpanels: (a) downstream ion (red) and electron (blue) average energy, in units of the bulk energy of injected ions, with the horizontal dashed
blue line showing the value expected for electrons in the absence of any ion-to-electron energy transfer (= me/mi ≃ 0.06); (b) power-law slope of the nonthermal
tail (red for ions, blue for electrons); (c) fraction of ions (red) or electrons (blue) in the nonthermal tail; and (d) fraction of energy in the ion (red) or electron (blue)
nonthermal tail, with respect to the total kinetic energy of that species. In subpanels (b)–(d), the dotted blue lines mark the cases in which a nonthermal power-law tail
is not a physically motivated model for the electron high-energy component (see the text). Crosses for θ = 15◦ (red for ions, blue for electrons) correspond to values
measured at ωpit = 5062 (instead of ωpit = 2250) to show how the nonthermal tail changes in time.
(A color version of this figure is available in the online journal.)

θ = 15◦, where the waves are both powerful and rapidly growing
(compared to advection).

At later times, the situation may change. The growth of Bell’s
waves for θ = 30◦ will no longer be limited by advection,
and the turbulence will saturate at higher amplitudes than for
θ = 15◦, giving efficient ion acceleration via DSA. Therefore,
the trend in acceleration efficiency observed for subluminal
electron–positron shocks by SS09 may eventually be restored
for ions in electron–ion shocks as well. However, here it will
be driven by the increase with the angle in the self-generated
turbulence that mediates DSA, whereas in electron–positron
flows it follows the amplitude of the background motional
electric field responsible for SDA.

As discussed in Section 4.1, acceleration of electrons in
subluminal shocks is depressed with respect to ions. For
nearly parallel shocks (blue curve for θ = 0◦, green for
θ = 15◦), a minor fraction (∼1%) of the incoming electrons are
accelerated during their passage through the shock, as explained
in Section 4.1.2. In the downstream, they populate a steep

(p ∼ 5) power-law tail which only contains ∼3% of the total
electron energy. The tail may get somewhat flatter with time,
thus accounting for more particles and energy (see blue crosses
in panels (b)-(d), for θ = 15◦), but the acceleration efficiency
for electrons remains smaller than for ions by at least a factor of
three. Close to the critical obliquity θcrit ≃ 34◦ (see θ = 30◦, red
curve), a more pronounced tail appears in the electron spectrum,
populated by particles accelerated at the shock via the SDA
mechanism, in analogy to what happens in electron–positron
flows (SS09). However, despite extending to high energies (up
to γeme/mi ∼ 400 at ωpit = 2250), the electron tail for θ = 30◦

only contains ∼1% of particles and ∼2% of electron energy.
Instead, a prominent high-energy tail is observed in the

electron spectrum of superluminal shocks, beyond the thermal
bump. As the obliquity angle increases from θ = 75◦ (yellow
curve) to θ = 90◦ (purple), the tail stretches to higher Lorentz
factors (maximum γeme/mi from ∼95 to ∼150), and it con-
tributes a larger fraction of electrons (from ∼2% to ∼13%)
and electron energy (from ∼6% to as much as ∼35%). If this
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(Sironi	&	Spitkovsky	2011)	

e-p	interacFon	efficiency	and	B	field	
amplificaFon	are	sFll	maper	of	debate	
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e-p	interacFon	&	B	field	amplificaFon	
All	electrons	energized	by	
interacFons	with	protons	

Synchrotron	
emission	
spectrum	

B	field	amplificaFon	



Late-Fme	A[erglows	
(Galama et al. 98) 

t~12 days 

RelaFvisFc	shock	-	synchrotron	emission	model	
can	explain	the	late-Fme	a[erglows	

(Panaitescu	&	Kumar	02)	
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Linear	PolarizaFon	

(KT,	Ioka	&	Nakamura	2008)	

Synchrotron	self-absorpFon	

Blackbody		

～１－３％	

Consistent with no radio 
polarization detection so far	

Synchrotron	emission	has	linear	polarizaFon	as	high	as	70%	
in	the	case	of	ordered	magneFc	field	

Could	be	for	
magneFc	field	
turbulence	



Efficiency	of	e-p	interacFon	

(Eichler & Waxman 05) 

f 1-f 

Observed	synchrotron	
emission	

Not	all	the	electrons	are	required	to	be	accelerated	

Synchrotron	self-absorbed	
at	late	Fmes	

In	this	case,	GRB	total	energy	is	
1/f	Fmes	larger	!!	
More	massive	progenitor	star?	

0.001 . f  1



Faraday	effects	within	emisng	region	

＋	
＝	

Faraday	rotaFon	

•  Lower-energy	electrons	cause	larger	Faraday	rotaFon	
•  Faraday	rotaFon	is	stronger	in	lower	frequencies	



Faraday	depolarizaFon	

Shocked, hot ISM	 Synchrotron emission	

Optical	

～１－３％	

In	lower	frequencies,	the	emissions	with	different	
polarizaFon	direcFons	are	superposed,	which	lead	to	
low	net	polarizaFon	



Polarimetric	Probe	of	low-energy	e	
Result	of	polarizaFon	transfer	calculaFon	for	typical	a[erglows	
at	D	=	1	Gpc,	t	=	1day	

(KT,	Ioka	&	Nakamura	2008)	

f = 1	model	

This	test	can	be	done	for	
bright	a[erglows	by	SMA.		



B	field	configuraFon	
If	the	B	field	is	ordered	field	+	
random	field	

Hydrodynamic	
scale	
turbulence	

The	difference	of	opFcal	and	radio	polari	degrees	depend	on	B	field	
configuraFon,	which	constrain	the	mechanism	of	B	field	amplificaFon.	



Summary	&	ProposiFon	
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•  No	radio	pol	detecFon	
yet	

•  Radio	polarimetry	has	a	
potenFal	for	solving	
some	big	problems	in	
collisionless	shock	
physics	and	GRB	total	
energy	scale	

•  Faraday	depolarizaFon	
tests	can	be	done	for	
bright	ones	by	SMA		

•  Earlier	observaFons	
may	catch	brighter,	
higher-pol(?)	reverse	
shock	emission	

(Poster	by	Y.	URATA)	





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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(Mundell+13,	Nature)	GRB	120308A	2374 B. Gendre et al.
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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	(Gendre+10)	

ΠL~10%	
(Steele+09,	Nature)	

Reverse	shock	emission?	

T90=27s	

T90=61s	

The Astrophysical Journal Letters, 752:L6 (5pp), 2012 June 10 Uehara et al.

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.)
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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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Forward	shock	emission?	


