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Outline

• GRB models - [radiation mechanisms for GRBs]

• Polarization - [history of prompt polarization ]

• LEAP [proposed polarimeter for ISS]

• Consequences for TPC-HARPO [&MeV range, Compton models]
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Gamma-ray Bursts - Overview

• Random directions on the sky
(∼ few per week)

• Short/long divide in duration

• Broad non-thermal spectrum
emerging complex picture

• Afterglow visible for ∼ week(s)

• Prompt: keV to . MeV,
AG: radio to .TeV

• Deduce: compact object,
Γ > 100, θjet ≈few ◦,
Eiso = 1051 − 1055 erg

128-channel CSPEC or TTE data, are more reliable for such
weak events.

5. DISCUSSION

Figure 4 shows the sky distribution of GBM-triggered GRBs
in Galactic coordinates. Crosses indicate long GRBs
(T90>2 s) and asterisks indicate short GRBs. Both the long
and short GRB locations do not show any obvious anisotropy,
which is consistent with an isotropic distribution of GRB
arrival directions. Also shown are the locations of GRBs that
triggered Swift-BAT in coincidence with GBM. Many of these
Swift coincident GRBs also have redshifts estimated by
detecting the optical afterglows with ground-based telescopes.

The histograms of the logarithms of GBM-triggered GRB
durations (T50 and T90) are shown in Figure 5. Using the

conventional division between the short and long GRB classes
(T90�2 s and T90>2 s, respectively), we find that during the
first 6 years there were 229 short GRBs and 1175 long GRBs.
The short and long GRBs, as defined by their T90 in
50–300 keV, may belong to two different classes (Kouveliotou
et al. 1993). However, from the T90 distribution shown in
Figure 5, the distinction seems to be less than obvious. There
are also several claims in the literature concerning the existence
of three types of GRBs based on multiple GRB parameters like
duration, fluence, spectrum, spectral lag, peak-count rate, etc.,
from the BATSE sample (Mukherjee et al. 1998; Horváth
et al. 2006), Swift sample (Veres et al. 2010), and RHESSI
sample (R̆ipa et al. 2012). The three groups are the familiar
short-hard GRBs, long-soft GRBs, and soft-intermediate
duration GRBs bridging the other two groups. Hence, we
decided to independently assess the number of groups in the

Table 8
GRB Fluence and Peak Flux (50–300 keV)

Trigger Fluence PF64 PF256 PF1024
ID (erg cm−2) (ph cm−2 s−1) (ph cm−2 s−1) (ph cm−2 s−1)

bn080714086 3.54E-07±1.73E-08 1.52±0.74 0.91±0.36 0.43±0.18
bn080714425 9.79E-07±1.36E-08 1.03±0.45 0.71±0.19 0.46±0.08
bn080714745 3.26E-06±6.03E-08 4.41±1.66 3.27±0.71 2.82±0.36
bn080715950 2.54E-06±3.52E-08 10.70±0.95 6.61±0.45 3.83±0.22
bn080717543 2.37E-06±4.51E-08 2.14±1.03 1.30±0.47 1.05±0.23
bn080719529 3.88E-07±1.47E-08 0.59±0.18 0.32±0.08 0.23±0.04
bn080720316 3.88E-07±1.47E-08 0.59±0.18 0.32±0.08 0.23±0.04
bn080723557 3.92E-05±1.15E-07 21.19±1.79 19.81±1.09 15.14±0.48
bn080723913 7.45E-08±5.19E-09 2.62±0.66 2.14±0.32 0.69±0.13
bn080723985 1.57E-05±1.07E-07 5.92±1.23 5.17±0.54 4.85±0.28

(This table is available in its entirety in machine-readable form.)

Figure 4. Sky distribution of GBM-triggered GRBs in celestial coordinates. Crosses indicate long GRBs (T90>2 s) and asterisks indicate short GRBs. Also shown
are the GBM GRBs simultaneously detected by Swift (red squares).
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The Astrophysical Journal Supplement Series, 223:28 (18pp), 2016 April Bhat et al.

3rd GBM GRB catalog Bhat+16
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Gamma-ray Bursts - Overview

• Random directions on the sky
(∼ few per week)

• Short/long divide in duration

• Broad non-thermal spectrum
emerging complex picture

• Afterglow visible for ∼ week(s)
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AG: radio to .TeV
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Péter Veres (UAH) GRB polarization Paris 2017 April 12 3 / 16

http://arxiv.org/abs/1603.07612


Gamma-ray Bursts - Overview

• Random directions on the sky
(∼ few per week)

• Short/long divide in duration

• Broad non-thermal spectrum
emerging complex picture

• Afterglow visible for ∼ week(s)

• Prompt: keV to . MeV,
AG: radio to .TeV

• Deduce: compact object,
Γ > 100, θjet ≈few ◦,
Eiso = 1051 − 1055 erg

100 101 102 103 104 105 106 107 108

E [keV]
ν

F ν
[a

rb
itr

ar
y

un
its

]

Comptonized
Band
Power law
Blackbody
HARPO - Xe 100 kg
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Gamma-ray Bursts - Overview

• Random directions on the sky
(∼ few per week)

• Short/long divide in duration

• Broad non-thermal spectrum
emerging complex picture

• Afterglow visible for ∼ week(s)

• Prompt: keV to . MeV,
AG: radio to .TeV

• Deduce: compact object,
Γ > 100, θjet ≈few ◦,
Eiso = 1051 − 1055 erg

credit: NASA/Swift/deWilde
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Scenarios for GRB prompt emission

• Photospheric models (dissipative/non-dissipative)
• Blackbody / shocks + synchrotron / geometry / τ � 1 dissipation

• Internal shocks
• Shocks + Synchrotron / Self-Compton / magnetic fields

• External shock (?)
• Synchrotron / Self-Compton
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Motivation for polarimetric observations

• What carries the energy in GRB jets?
→Baryons
→Magnetic fields

• Polarized emission → magnetic fields
• Advected from central engine, B⊥ ∝ R−1, B‖ ∝ R−2.
• BUT: geometry (mostly viewing angle) can also increase pol. degree
→ Jet is viewed at the edge to within ∼ 1/Γ
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Prompt polarization history

Table: GRB Polarization Measurements (from McConnell 2016)

Pub Energy
Date GRB Instrument (keV) Π Refs
2004 GRB 021206 RHESSI 150 – 2000 80% ± 20% Coburn & Boggs 2003
2004 GRB 021206 RHESSI 150 – 2000 < 4.1% Rutlege & Fox 2003

2004 GRB 021206 RHESSI 150 – 2000 41+57
−44% Wigger+04

2005 GRB 930131 CGRO/BATSE 20 – 1000 (35–100%) Willis+05
2005 GRB 960924 CGRO/BATSE 20 – 1000 (50–100%) Willis+05
2007 GRB 041219a INTEGRAL/SPI 100 – 350 98% ± 33% Kalemci+07
2007 GRB 041219a INTEGRAL/SPI 100 – 350 96% ± 40% McGlynn+07
2009 GRB 041219a INTEGRAL/IBIS 200 – 800 43% ± 25% Götz+09
2009 GRB 061122 INTEGRAL/SPI 100 – 1000 < 60% McGlynn+09
2011 GRB 100826a IKAROS/GAP 70 – 300 27% ± 11% Yonetoku+11
2012 GRB 110301a IKAROS/GAP 70 – 300 70% ± 22% Yonetoku+11
2012 GRB 110721a IKAROS/GAP 70 – 300 80% ± 22% Yonetoku+11
2013 GRB 061122 INTEGRAL/IBIS 250 – 800 > 60% Götz+13
2014 GRB 140206a INTEGRAL/IBIS 200 – 800 > 48% Götz+13
2016 GRB 151006a Astrosat/CZTI 100 – 300 – Rao+16

GRB prompt emission likely polarized

• Outstanding issues:
→ PA change
→ Explain high Π

• Need: high confidence (low MDP) measurements
Péter Veres (UAH) GRB polarization Paris 2017 April 12 6 / 16
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How to calculate polarization from a relativistic source?

• Synchrotron Π0 = p+1
p+7/3 = α+1

α+5/3 . 0.8

N(γe) ∝ γ−pe or Fν ∝ ν−α
• Compton scattering Π0 = 1−cos2 θ′

1+cos2 θ′
. 1

θ′ - scattering angle
• For optically thin sources e.g. Toma+09:
• Iν = 1+z

D2
L

∫
dφ
∫
dµδ2

D j
′(ν ′)

•
{Qν
Uν

}
= 1+z

D2
L

∫
dφ
∫
dµδ2

D j
′(ν ′)Π0

{cos(2χ)
sin(2χ)

}
→ j ′(ν ′) - spectral emissivity - carries the spectral shape
→ Π0 - local pol. degree, χ - local pol. angle

• Integrate for jet surface

• Jitter radiation (Mao+13)
• Dissipative photospheres
→ detailed radiative transfer (e.g. Lundman+16)
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Models

• Polarization affected by
→ Geometric
→ Intrinsic effects

• Ordered B field (SO)
(Granot+03)

• Random B field (SR) (Sari99)

• Compton upscatter (CD)
(Lazzati+04)
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Péter Veres (UAH) GRB polarization Paris 2017 April 12 8 / 16

https://arxiv.org/abs/astro-ph/0304286
https://arxiv.org/pdf/astro-ph/9906503.pdf
https://arxiv.org/pdf/astro-ph/0309038.pdf


Models

• Polarization affected by
→ Geometric
→ Intrinsic effects

• Ordered B field (SO)
(Granot+03)

• Random B field (SR) (Sari99)

• Compton upscatter (CD)
(Lazzati+04)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
q= θv/θj

0.00

0.05

0.10

0.15

0.20

0.25

Π

60-500 keV

60-150 keV

150-500 keV
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Future - LEAP

• LargE Area gamma-ray burst
Polarimeter (LEAP)

• Proposed mission to ISS

• Polarimetry: 30-500 keV

• 30-40 GRB per year,
MDP . 30%

  i

LEAP
LARGE AREA BURST POLARIMETER

LEAP
Submitted in response to

NASA AO NNH12ZDA006O 

December 15, 2016

Adding a New Dimension 
to our Understanding of 

Astrophysical Jets

®

Yamagata University

Authorizing Officer

Louise Griffin
Senior Director of UNH Research and 
Sponsored Programs Administration

Principal Investigator

Dr. Mark L. McConnell, UNH

credit: LEAP team
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LEAP capabilities

• Consider a bright GRB

• Time-resolved polarization
(ICMART, Deng+16)

• Band → synchrotron origin

• Synchrotron or
Synchrotron + blackbody

• LEAP - can distinguish between
the two cases

LEAP

  D-6

the ability to measure time dependence of the polar-
ization is driven largely by statistics rather than instru-
mental time resolution. Therefore, only a relatively 
modest time resolution (~0.1 s) is required for polar-
ization measurements. 

The statistical studies discussed in §D.1 require 
a minimum sample of 60 GRBs measured with an 

Figure D-6.  Observations of GRB 100826A by 
IKAROS-GAP indicate variability in the intensity 
(top) and the polarization angle (middle – dashed 

error bars), but not in the polarization fraction 
(bottom – dashed error bars). LEAP detects varia-
tions (solid error bars) in the polarization fraction 

predicted by ICMART (pink crosses).
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MDP of 30% or better. The number of measured 
GRBs is a complicated function of several differ-
ent instrumental parameters, including the energy-
dependent background, and the energy- and 
angle-dependent response (effective area and modu-
lation factor), along with the mission lifetime. For 
a given instrument design, the number of bursts 
expected at a given MDP can be determined using 
the fluence and duration values from the complete 
Burst and Transient Source Experiment (BATSE) 
GRB Spectroscopy Catalog (Goldstein et al. 2013). 
For the design discussed in §E.1.1, and a mission 
duration of 2 years, the results are shown in FO1-D. 
The LEAP design can meet the requirement of measur-
ing 60 GRBs with an MDP of 30% or better in a two-
year mission. 

In addition to a statistical study, energy-dependent 
and time-dependent studies can be effectively under-
taken for the brighter GRBs with MDP values of 5% 
or less. Predictions for LEAP (FO1-D) indicate that 
~5 GRBs are expected in a two-year mission for which 
this is possible. An example of how LEAP uses polar-
ization to distinguish two emission models in the 
energy domain is shown in Figure D-4, in which 
this level of polarization sensitivity unambiguously 
distinguishes the presence of a blackbody component. 
The value of time-dependent polarization measure-
ments is illustrated in Figure D-6, which shows the 
polarization angle and fraction for two time intervals 
from GRB100826A as observed by the GAP instru-
ment (Yonetoku et al. 2011), along with theoretical 
estimates of the polarization based on the ICMART 
model (Deng et al. 2016). Simulated LEAP measure-
ments for a burst of this intensity (Fig. D-6) show the 
capability to discern variations in both polarization 
angle and fraction. 

D.3 Threshold Investigation 
The threshold science mission requires LEAP to distin-
guish between intrinsic and geometric models at the 
95% confidence level, with no requirement to distin-
guish between the two geometric models (SR, CD). For 
this threshold investigation, 15 GRBs are required to 
be measured with an MDP of 30% or better (FO1-
C). Additionally, measuring one GRB with an 
MDP of 5% or better constrains the energy- and/
or time-dependence of the polarization. The thresh-
old investigation is achieved after six months of 
on-orbit operations. All descope options listed in 
§G.3.2 (Table G-4) meet the threshold investiga-
tion requirements with a two-year mission. 
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LEAP capabilities

• Consider a bright GRB
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(ICMART, Deng+16)
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LEAP capabilities 2.

• Consider a set of GRBs with
measured Π

• Measure peak energy

• Monte Carlo - so it matches
observations (e.g. BATSE,
HETE2, GBM fluence)

• LEAP - can distinguish between
the three models
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 CD - Compton Drag  w/Random B-Field

Toma+09, McConnell16
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Find GRB model - probabilistic approach

• Which model is best?

• Observe Π±∆Π, Epeak

• Astrosat GRB 160802A
Π = 0.72± 0.22 (Rao+17, prelim.)
Epeak = 282 keV (GBM)

• Viewing angle, opening angle,
Lorentz factor - unknown/uncertain

• Simulate distr. for 3 models

• Integrate over uncertainties
(red ellipses)

• SO : SR : CD =
0.31 : 0.14 : 0.55
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GRBs above 10 MeV - TPC -HARPO

• Uncharted territory - emergence
of the afterglow?

• Extension of Band PL - does
not continue & GeV. Spectral
cutoff:
→ Pair production
→ Γmec

2/(1 + z) ∼ 100 MeV

• TPC-HARPO is well suited to
observe this spectral regime
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GRBs above 10 MeV - TPC -HARPO 2.

• Emerging new component
→ Synchrotron self-Compton (SSC)
→ External inverse Compton (EIC)
→ something else?

• Transition between Band or
synchrotron and power law or
Compton (Veres+12)

Radiation components

Radiation Sources- Two Zone Model

Prompt component from photosphere (e.g. Beloborodov 2010)
FS/RS synchrotron
Prompt up-scatters on FS/RS electrons (Murase et al., 2011)
FS/RS SSC (Sari & Esin, 2001)
BB, BB+FS, BB+RS (Ryde, 2005; Ando & Mészáros, 2008)
p+ sync., FS+RS, RS+FS (Razzaque et al., 2009, He et al., 2011)
Max synch./KN cutoffs (Guetta & Granot, 2003)

Rph
Rdec

RS FS

RS−EIC
FS−EIC

Péter Veres and Péter Mészáros (PSU) Multicomponent HE spectra GRB conf. 2012, München 6 / 16

The Astrophysical Journal, 755:12 (11pp), 2012 August 10 Veres & Mészáros
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Figure 3. Model with pair formation with Lt = 1053 erg s−1, t = 20 s, ζr = 0.6, ζk = 0.4, n = 10 cm−3, η = 600, ϵB,pr = 1, ϵB,FS = ϵB,RS = 1 × 10−2, ϵe,FS =
ϵe,RS = 1 × 10−2, r0 = 107 cm, z = 1, β = 2.4, and p = 2.4. The black dashed line is the prompt synchrotron emission, the black thin continuous line is the prompt
thermal component (marked BB), the thick black line is the RS-EIC, the gray thick dotted line is the forward shock synchrotron part (FS), the gray dashed line is
the forward shock external inverse Compton, the black dash-dotted line is the FS-SSC component, the gray dash-dotted line is the RS synchrotron component, and
the thick dash-dotted line is the pair synchrotron contribution. The thick gray continuous line is the sum of the components (the upper one is with and the lower one
without the RS contributions).

the RS-EIC component and a break in the spectrum is more
visible. The shape of the high-energy part of the spectrum has
only a weak dependence on the value of ϵB . By decreasing the
prompt magnetic parameter, the peak energy becomes lower and
the external components could become more prominent.

Models with pair formation. A second set of models was cal-
culated assuming that the Band spectrum from the photosphere
extends to sufficiently high energies that pair formation from
γ γ interactions is expected (see Section 3). In these cases the
primary Band component extends up to an energy given by
Equation (9), and there is a secondary synchrotron component
from the γ γ pairs, both the primary and secondary photons
leading to separate SSC and EIC components from upscatter-
ing in the photosphere and in the forward and reverse external
shock, some components being more important than others.

Figure 3 presents one of the cases involving pair production.
The overall behavior is not too different from that of the
models with no pair production: The RS-EIC component is
approximately smoothly joined to the prompt at ∼100 MeV.
The RS-EIC in turn joins smoothly to the other higher energy
components at ∼10 GeV. If an RS does not develop, the only
missing component at high energies will be the RS-EIC (thick
black line) and again we get a bump in the spectra at ∼10 GeV
energies. The optical flux is only about 1.3 mag fainter in the
absence than in the presence of the RS, mR ∼ 9.3 and ∼8 for
the two cases.

In Figure 4 we show another case where pair formation
occurs, for a different choice of parameters. In this case the
second component bump would be present irrespective of
whether the RS is present or absent, since both shocks result in
a similar bump. The FS synchrotron and the FS-EIC contribute
significant flux to the bump. In this case, the optical flux with
the RS is larger, mR ∼ 5.5, and much fainter in the absence of
the RS, mR ∼ 10.

Low-energy PL extensions. A notable feature of Figures 1
through 4 is that the FS synchrotron radiation extends into the
optical range. In Asano et al. (2010), such a PL extending
into the optical was obtained for a hadronic cascade GRB
model. Here it arises in a purely leptonic mode. For reasonable
parameters this component falls between the cooling and the
characteristic synchrotron frequencies. One sees that, for bright
Fermi LAT bursts, in the absence of pair formation the FS
synchrotron can produce a prompt optical flash of mR ! 11–12,
even in the absence of an RS. This visual flux scales with
the prompt photon luminosity Lr. A conversion of the flux
units to R magnitudes is 10−8 erg cm−2 s−1 → mR ∼ 8.0,
and 10−10 erg cm−2 s−1 → mR ∼ 13.0, with the usual five
magnitudes interval per each factor 100 increase in flux. In
the cases where pair formation occurs, the pairs contribute an
additional synchrotron component, which in the optical range
predicts an even brighter prompt flash. This is seen in Figure 3,
with the source at z = 1. In both types of models (with or
without pair formation), in the cases where an RS is present,
the optical flashes can be significantly brighter, in the range
mR ∼ 6–8 at the same redshift.

6. DISCUSSION

We have addressed the high-energy spectral properties of
the bursts observed with Fermi LAT, using a magnetically
dominated outflow model where the prompt MeV emission
arises in the photosphere, and high-energy components arise
from inverse Compton scattering by both photospheric and
external shock electrons. We have investigated circumstances
under which a single Band function appears to extend to the
highest energies detected by the Fermi LAT, and where a second
high-energy component shows itself above the MeV range Band
spectrum. We have also addressed, in the same context, the
production of prompt optical flashes.

8
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GRBs above 10 MeV - TPC -HARPO 3.

• Polarization signature
→ SSC - low Π - highly geometry
dependent (Chang+14)
→ EIC - moderate Π (Fan09)

• More detailed modeling needed
→ but see talk by Böttcher for
blazars

• TPC - HARPO will be able to
constrain pol. for bright GRBs
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Fig. 2.— The polarization of photons as a function of viewing angles in the case that the magnetic field is

contained in the shock plane. The polarization in four energy bands are showed in different panels.

averaged. As is showed in Fig.2, the polarization of photons in the energy band ε0 = [0.5, 5] MeV is

larger than that in any other bands. This is because the polarization as a function of photon energy

peaks at about ε0 ∼ 1 MeV (Chang et al. 2014a). In the Thomson limit, the maximum polarization

is about 10%. In the energy band ε0 = [0.05, 0.5] MeV, in which most γ-ray polarimeters are active,

the maximum polarization is about twice of that in the Thomson limit. This implies that the Klein-

Nishina effect should be considered in the theoretical calculations of the γ-ray polarization. For

each energy band, the polarization reaches its maximum at ϕ̄obs = π/2, corresponding to the plane

perpendicular to the magnetic field. In this plane, the polarization is independent of θ̄obs. Another

noticeable feature is that, for a fixed azimuthal angle ϕ̄obs, the polarization has a minimum at

θ̄obsΓ ≈ 1. In the jet frame, this angle corresponds to θobs ≈ π/2, i.e., the shock plane (xy plane).

Generally speaking, the observer whose line-of-sight is perpendicular (parallel) to the magnetic field

sees the highest (lowest) polarization.

3.2. Magnetic field perpendicular to the shock plane

This subsection is similar to the last subsection, except that the magnetic field is perpendicular

to the shock plane (see Fig.3). We set a Cartesian coordinate system in the jet comoving frame,

such that the z-axis is in the jet direction, the y-axis is in the plane which contains the directions

of jet and line-of-sight, and x̂ = ŷ × ẑ. In such a coordinate system, the directions of incident and

P
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Wrap up

• Interesting times for GRB polarization

• Upcoming MeV-GeV range prompt data exciting

• MeV-GeV polarimetry even more exciting

Thank you!
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