
2008 Senior Review

• Challenging task.  

- Limited funds

- Large and small missions.

• ESA missions can be seen as easy targets :

- Guarantee of continued mission

- Duplication of GOF / data archive
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General Comments



2008 Senior Review

• Unique, but incremental science.

• Potential synergy with GLAST.

• Size of US community small compared to 
other missions that were reviewed.

• ADP seen as a potential funding source.
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INTEGRAL



2010 Senior Review

• Synergy with GLAST and AGILE

• Synergy with TeV?

• Swift and Suzaku are potential competitors.  Need to 
emphasize differences and advantages of INTEGRAL 
(energy range, sensitivity, FoV).

• Emphasize GO funding (maximizes science and 
reduces duplication of effort).

• Support through 2012 will take us to projected end 
of mission.
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INTEGRAL



INTEGRAL Polarimetry
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• SR08 included discussion of the Crab results.

• At that time the Nature paper (Dean et al.) had not 
been released (or not quite yet released).

• GRB results were included in (separate) GRB section.

• GRB results are not entirely convincing.

• INTEGRAL is leading the efforts in this area.



INTEGRAL Polarimetry
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CRAB 

• INTEGRAL / SPI (0.1-1 MeV) Dean et al. (2008)

• INTEGRAL / IBIS (200-800 keV)  Forot et al. (2008)

GRB 041219a 

• INTEGRAL / SPI (100-350 keV) Kalemci et al. (2007)

• INTEGRAL / SPI (0.1-1 MeV) McGlynn et al. (2007)

• INTEGRAL / IBIS (200-800 keV) Götz et al. (2009)

GRB 061122 

• INTEGRAL / SPI (0.1-1 MeV) McGlynn et al. (2009)



INTEGRAL / SPI

Coincidence events between 
adjacent Ge detectors define 

azimuthal distribution.

Lack of spacecraft rotation limits the 
sampling of scatter angles.

The azimuthal angle distribution is 
limited to 6 (center to center) 

angles, if the first interaction site can 
be identified.  (For E < 511 keV, the 

first interaction generally is that 
with the smallest energy loss.)
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896 S. McGlynn et al.: Polarisation measurements of GRB 041219a

Nakar et al. 2003; Waxman 2003; Granot 2003; Lazzati et al.
2004; Dado et al. 2007). The RHESSI results highlighted the
importance of correctly evaluating the systematic e!ects, which
may mimic a polarisation signature. A recent novel attempt
(Willis et al. 2005) involved analysing the Earth’s albedo flux
seen by BATSE for GRB 930131 and GRB 960924, where
the lower limits of polarisation were found to be "s > 35%
and "s > 50% respectively. These figures can only be consid-
ered as lower limits due to systematic e!ects, including natural
anisotropies in the Earth’s albedo flux and possible limitations
in the GEANT 4 code at the time the simulation was run.

The dominant mode of interaction for photons in the energy
range of a few hundred keV is Compton scattering. Linearly po-
larised !-rays preferentially scatter perpendicular to the incident
polarisation vector, resulting in an azimuthal scatter angle dis-
tribution (ASAD) which is modulated relative to the distribu-
tion for unpolarised photons. The sensitivity of an instrument to
polarisation is determined by its e!ective area to scatter events
and the average value of the polarimetric modulation factor, Q,
which is the maximum variation in azimuthal scattering proba-
bility for polarised photons (Lei et al. 1997). The value of Q is
given by

Q =
d"! " d"#
d"! + d"#

(1)

where d"!, d"# are the Klein-Nishina di!erential cross-sections
for Compton scattering perpendicular and parallel to the polari-
sation direction, respectively. Q is a function of incident photon
energy, E, and the Compton scatter angle, #, between the incident
and scattered photon directions. For a source of count rate S and
fractional polarisation "s, the expected ASAD is given by:

$S
$%
=
! S
2&

"#
1 " Q"s cos 2(% " ')$ (2)

where % is the scattering angle, and ' is the polarisation angle
(Lei et al. 1997). This equation yields a 180$ modulated curve
when fit to polarised data, where ' represents the minimum an-
gle of the modulated distribution and gives the direction of the
polarisation vector.

1.1. SPI as a polarimeter

SPI is not optimised to act as a polarimeter, but because of its
detector layout, geometry and thick detector plane, the modu-
lation from a polarised flux can be measured through multiple
scatter events in its detectors. Kalemci et al. (2004) found that it
is possible to measure polarisation in a moderately bright GRB
in the field of view of SPI if the GRB is on-axis. GRB 041219a
had a fluence of 5.7 % 10"4 erg cm"2 and a peak flux of 1.84 %
10"5 erg cm"2 s"1 (20 keV–8 MeV) at an o!-axis angle of 3.2$
and is the most intense burst detected by INTEGRAL, so would
appear to be an ideal candidate (McBreen et al. 2006). Detailed
Monte-Carlo simulations built with the GEANT 4 toolkit can be
used to predict the response of SPI to a polarised flux. A com-
parison of the data and simulations enables a determination of
the polarisation strength and angle.

2. The spectrometer aboard INTEGRAL

The European Space Agency’s International Gamma-Ray
Astrophysics Laboratory, INTEGRAL, was launched on
17 October 2002 (Winkler et al. 2003). It consists of two coded
mask !-ray instruments, the spectrometer (SPI) and the imager
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Fig. 1. The numbering system used for the Germanium SPI detectors.
The 6 directions used in the polarisation analysis are shown along with
the y- and z-coordinate axes of the spacecraft. The x-axis is normal to
the detector plane.

(IBIS). The instruments are coaligned so that data is taken by
all instruments in one pointing.

SPI consists of 19 hexagonal germanium (Ge) detectors
(Vedrenne et al. 2003), arranged to minimise the volume of
the array and the space between each detector (Fig. 1). The
detectors cover the energy range 20 keV–8 MeV with an en-
ergy resolution of 2.5 keV at 1.3 MeV. Each detector is 6.9 cm
in height, with a centre to centre distance of &6 cm between
adjacent crystals. A coded mask is located 1.71 m above the
detector plane for imaging purposes, giving a 16$ corner-to-
corner field of view. The sensitivity of SPI (&5 % 10"6 pho-
tons cm"2 s"1 keV"1) is limited by the instrumental background,
which consists mainly of cosmic rays impinging on the detec-
tors and the secondary particles created by their interaction (Jean
et al. 2003; Weidenspointner et al. 2003). The background can be
determined by averaging the count rate over a long period of time
during the science window, and subtracting this average from the
raw count rate. The background is significantly reduced by the
presence of an anti-coincidence shield made from BGO crystals
surrounding the Ge detectors.

The operating mode of SPI is based on the detection of
events from the Ge detectors which are not accompanied by
a corresponding detection in the anti-coincidence shield. The
events are separated into single events (SE) where a photon de-
posits energy in one detector, and multiple events (ME) where
the photon deposits energy in two or more detectors. All events
are processed by the Digital Front End Electronics (DFEE),
which provides event timing and classification. SPI operates
in photon-by-photon mode, which produces photon packets
(80 packets/8 s) containing all of the non-vetoed events and sci-
entific housekeeping packets (5 packets/8 s) including the event
counters which are used to generate lightcurves.

Detectors 2 and 17 ceased to function on December 6, 2003,
and July 17, 2004 respectively. The failure of these detectors
results in a decrease of the e!ective area of the instrument to
about 90% of the original area for SEs. It is reduced to &75% for
MEs, because the number of pseudo detectors (i.e. the adjacent
detector pairs used to measure multiple events) drops from 84
to 64.

18 Ge detectors
20 keV - 8 MeV

16° FC-FoV, 34° PC-FoV



INTEGRAL / IBIS
Lei et al., Proc. 2nd INTEGRAL Workshop, ESA SP-382, p. 643 (1997)

Stephen et al., GAMMA 2001 , AIP Conf. Proc. 587, 816 (2001)

IBIS Compton mode  

 Events scatter from CdTe to CsI.

 Only single interactions in CsI.

FoV ≈ 9° x 9°

CdTe
(ISGRI)

CsI
(PICSIT)

(12 cm)

PICsIT  = PIxelllated CsI Telescope

ISGRI  = Integral Soft Gamma Ray Imager
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Second, as discussed in x 2.5, as the total energy increases, the
number of events with incorrect azimuthal scattering angles in-
creases. To obtain maximum allowed total energy we considered
the signal/noise ratio of MEs for different energies, their respec-
tive modulation factors, and finally the fraction of the incorrectly
tagged events. And finally, we cut all MEs with total energies be-
tween 184 and 201 keV to remove a significant number of back-
ground photons in the prominent Ge line at 198 keV.

We then defined two pseudodetectors (PDs) for each detector
pair (i.e., events that scatter from detector 0 to detector 1 is PD1,
and events that scatter from detector 1 to detector 0 is PD2; there-
fore, it is different than the pseudodetector definition of ISDC).
We only used the nearest neighbors. Even though it is possible to
increase the number of angles by using non-neighbor detectors,
the number of these events are too low to include in the analysis.
There are 64 PDs after the failures of detector 2 and 17.

We separated the light curve into three regions.Region 1 is from
the beginning of the burst to the time that the packet-loss problems
began. Region 2 and region 3 are determined using the source and
background rates to maximize the source-to-background ratio.
These regions are denoted as R1, R2, and R3 in Figure 3. The
analysis is relatively straightforward forR1. For each PD, the back-
ground is determined exactly as determined for singles: using the
first 1000 s of the pointing. The rate is again corrected for dead time
and evolution. The total-background counts are histogrammed into
6 azimuthal scattering angles. The total number of source counts
is 545, and the total number of background counts is 171.

The simulated, nonpolarized events are corrected for mass
and dead time. The dead time for a pair is calculated using both
the dead time due to ACS vetos and the detector electronics. We
multiplied the number of events in PDs with m1! m2" #/2mavg,
where m1 and m2 are masses of the detectors that form the PDs
andmavg is the average mass of all detectors. After these correc-
tions, we histogrammed the simulated data exactly as we his-
togrammed the real data. To obtain the polarization fraction, we
followed the method described in Lei et al. (1997) and also dis-
cussed in x 2.3. The resultant distribution and the cos 2(!$ ")
fit are shown in Figure 10. The best-fit modulation amplitude
is Q!s % 21:3%& 7:6%, corresponding to a polarization angle
" % 48:3' & 3:8'. The #2 for this best fit is 2.69 for 3 degrees of
freedom (dof). For comparison, the #2 for the best fit assuming
no polarization (flat distribution) is 11.00 for 5 dof. For polar-

ization angles " ( 45', we calculate the polarimetric modulation
factor as Q % 21:2 (Fig. 8). Correcting the best-fit modulation
amplitude for this factor yields a best-fit polarization amplitude
of !s % 100%& 36%, providing no upper bound.

We tried to obtain better constraints by combining regions 1,
2, and 3. For regions 2 and 3, we determined the additional dead
time due to the missing packets and corrected the background
according to this dead time. The remainder of the analysis is the
same as region 1. For the combined case (R1! R2! R3), the
source counts and background counts are 839 and 389, respec-
tively. Because of the evolution of the GRB spectra, the com-
bined spectrum is slightly softer than the spectrum of R1. We
determined that a Band function with $ % 1:15, % % 2:4, and
Ebr % 180 fits the overall spectrum well.

The azimuthal scattering angle distribution for the combined
case is shown in Figure 11. The fit shown yields a modulation
amplitude of Q!s % 20:2%& 6:7% with a minimum at 45:4'&
5:2'. The modulation factor at this angle is 20.4%, correspond-
ing to !s % 99%& 33%. The #2 for the cos 2(!$ ") fit is 4.68
for 3 dof, whereas the #2 for the flat distribution is 15.10 for
5 dof. Neither of these fits represent the data well, as seen in
Figure 11, and as also inferred from the #2 values. Given our
measurement uncertainties, and assuming an unpolarized (flat)
distribution, a simpleMonte Carlo simulation yields the chance
probability of fitting a modulation of this amplitude as 1.01%.
The best-fit polarization yields a lower reduced #2 over the fit
assuming no polarization, with an F-test (Bevington & Robinson
1992) value of 3.34 with 17.3% chance probability (over a flat
distribution).

4. DISCUSSION

We have demonstrated techniques to measure polarization
of the prompt &-ray emission of a GRB in the field of view of
SPI on INTEGRAL. However, for GRB 041219a, we have not
strongly constrained models for the emission mechanism nor
for the central engine. The ME count rate is not high enough
for statistically significant measurements. For comparison, the
RHESSI solar flare polarization measurements use approximately
6500 counts and 16,000 counts for two flares (Boggs et al. 2006),
and we use only 839 source counts for GRB 041219a.

Another problem is the dependence of the polarization frac-
tion on energy cuts. The quoted numbers in this work are for the

Fig. 10.—Azimuthal scattering angle distribution of events in region 1 and
a cos 2(!$ ") fit to the data. The solid line shows the average (no polarization),
and the dashed lines show the maximum and the minimum modulation for a
100% polarization fraction.

Fig. 11.—Azimuthal scattering angle distribution of events in regions 1, 2, and
3 and a cos 2(!$ ") fit to the data. The solid line shows the average (no polari-
zation), and the dashed lines show themaximumand theminimummodulation for a
100% polarization fraction.
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100 ! 350 keV, 12 s
Best Fit Probability = 87.2% (5 DoF)

(a) (b)100 ! 500 keV, 12 s
Best Fit Probability = 93.4% (5 DoF)

Fig. 9. Contour plots of the percentage polarisation as a function of the polarisation angle for the six scatter directions (0!"360!) in the 12 s
interval, showing the 68%, 95% and 99.7% probability contours. The plots indicate a non-zero value for the level of polarisation. a) refers to the
energy range 100–350 keV and b) refers to the energy range 100–500 keV.

no major variation in polarisation during the intense 66 s pulse.
It is unlikely that a burst brighter than GRB 041219a will be
detected by INTEGRAL. A GRB of similar fluence but over
a shorter time interval may produce better statistics. Another
possibility is a spectrally harder burst, similar to GRB 941017
(González et al. 2003), which would produce more multiple
events in the MeV energy range and thus create a strong po-
larisation signature.

Kalemci et al. (2006) have independently analysed the
SPI data for GRB 041219a, with simulations performed us-
ing the MGEANT code rather than the GEANT 4 code used
here. By fitting the azimuthal scatter angle distribution of the
observed data over the 6 directions, we obtain results consis-
tent with Kalemci et al. (2006) in both magnitude and direction,
within the limits given by the large error bars. However, the more
complete analysis presented here compares the observed data to
various combinations of the simulated polarised and unpolarised
data (Figs. 9 and 10, Table 2). We agree with the conclusions of
Kalemci et al. (2006) that there is a possibility that instrumental
systematics may dominate the measured e!ect.

There are a number of di!erent methods of measuring
polarisation using the INTEGRAL instruments. For example,
Marcinkowski et al. (2006) described a new method of using
the IBIS instrument in Compton mode to detect and analyse an
intense burst that was outside the coded and partially coded field
of view of IBIS. GRB 030406 was well detected through the
shield using this method. Since IBIS consists of two layers of
detector arrays (Ubertini et al. 2003), Compton scattering can be
used to detect the events which interact in one layer and scatter
into the second layer. The Compton mode determines the energy
deposit and position of the event in each array. Therefore, it may
be possible to extend this technique to measure the polarisation
fraction of a spectrally hard GRB as well as the spectral and
temporal parameters. Finger (2006) is also investigating the pos-
sibility of using the IBIS Compton mode to search for GRB po-
larisation. Hajdas (2006) is using the RHESSI spectrometer to
set instrumental limits on the minimum detectable polarisation
for several sources, including GRBs. It should be noted that the
BAT detector on SWIFT (Gehrels et al. 2004) is not configured
for polarisation measurements of GRBs. However, a number of
missions have been proposed specifically to measure GRB po-
larisation e.g. PoGOLite (Kanai et al. 2007), POLAR (Produit
et al. 2005), MEGA (Bloser et al. 2002), and XPOL (Costa et al.
2006).

The spectra of GRB 041219a have been well fit by both the
Band model and a combination of a black body plus power law
model (McBreen et al. 2006). Recently Ryde (2005) studied
the prompt emission from 25 bright GRBs and found that the
time resolved spectra could be equally well fit by the black
body plus power law model and with the Band model. Rees
& Mészáros (2005) suggested that the Epeak in the !-ray spec-
trum is due to a Comptonised thermal component from the
photosphere, where the comoving optical depth falls to unity.
The thermal emission from a laminar jet when viewed head-on
would give rise to a thermal spectrum peaking in the X-ray or
!-ray band. The resulting spectrum would be the superposition
of the Comptonised thermal component and the power law from
synchrotron emission. Unfortunately, the polarisation measure-
ments of GRB 041219a are not sensitive enough to detect the
change in polarisation that might result from the combination of
the Compton and synchrotron processes.

A significant level of polarisation can be produced in GRBs
by either synchrotron emission or by inverse Compton scatter-
ing. The fractional polarisation produced by synchrotron emis-
sion in a perfectly aligned magnetic field can be as high as
"s = (p + 1)/(p + 7/3) where p is the power law index of the
electron distribution. Typical values of p = 2"3 correspond to
a polarisation of 70–75%. An ordered magnetic field of this type
would not be produced in shocks but could be advected from the
central engine (Granot & Königl 2003; Granot 2003; Lyutikov
et al. 2003).

Another asymmetry capable of producing polarisation, com-
parable to an ordered magnetic field, involves a jet with a small
opening angle that is viewed slightly o!-axis (Waxman 2003).
A range of magnetic field configurations have been considered
(Sari 1999; Ghisellini & Lazzati 1999; Granot 2003; Nakar et al.
2003; Fan et al. 2005). The intensity distribution and maximum
polarisation of the jet are modified if the pitch angle distribu-
tion of the electrons is not isotropic, but biased towards the or-
thogonal direction (Lazzati 2006). The more anisotropic distri-
bution produces larger net polarisation. For broader jets, only
a small fraction of random observers would detect a high level
of polarisation.

Shaviv & Dar (1995) and Dar & de Rújula (2004) have
pointed out that polarisation is a characteristic signature of the
inverse Compton process. This mechanism was also considered
in the framework of an ensheathed fireball (Eichler & Levinson
2003). Compton Drag (CD) emission is produced when an

McGlynn et al., A&A, 466, 895 (2007)

Kalemci et al., ApJ, 169, 75 (2007)

GRB 041219a

100 - 350 keV
Π = 96% ± 40%

Instrumental systematics may 
dominate the measured effect.

100 - 350 keV
Π = 98% ± 33%

Count rate was not high enough for 
statistically significant measurement.
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Figure 1. Compton light curve of GRB 041219A. Bin size is 5 s. The two insets
show a magnified view of the two peaks, binned at 1 s. The analyzed intervals
are shown with dashed lines. P8 is omitted for clarity.

Compton scattering:

d!

d!
= r2
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E!

E0

"2 !
E!

E0
+

E0

E! " 2 sin2 " cos2 #

"
, (1)

where r2
0 is the classical electron radius, E0 is the energy

of the incident photon, E! is the energy of the scattered
photon, " is the scattering angle, and # is the azimuthal angle
relative to the polarization direction. Linearly polarized photons
scatter preferentially perpendicularly to the incident polarization
vector. Hence, by examining the scatter angle distribution of the
detected photons

N (#) = S[1 + a0 cos 2(# " #0)], (2)

one can derive the polarization angle, P.A. = #0 " $/2 + n$ ,
and the polarization fraction " = a0/a100, where a100 is the
amplitude expected for a 100% polarized source derived by
Monte Carlo simulations (see Forot et al. 2008).

IBIS is a coded mask telescope with a 29# $ 29# field of
view at zero sensitivity, and a 8.#5 $ 8.#5 central region where
the sensitivity is maximal and uniform. GRB 041219A was
detected at %3.#15 off-axis. Here, we consider the events which
interacted once in the upper layer, ISGRI, and once in the lower
layer, PICsIT, and whose reconstructed energy lies in the 200–
800 keV range. These events are automatically selected on board
through a time coincidence algorithm, whose maximal allowed
time window was 3.8 µs during our observation. A light curve
of the Compton events is reported in Figure 1.

As can be seen, the GRB is clearly detected, but due to its
brightness, the available IBIS telemetry share was saturated, and
hence not all the events could be sent to the ground. Images based
on Compton events selected in the first and second peak show
the bursting source respectively at a 32! level and 20! level.
An image made on the whole GRB is shown in Figure 2, and
the position derived (%J2000 = 00h24m24s, &J2000 = +62#49!44!!

with an uncertainty of 1! at 90% c.l.) is consistent with the one
derived from simultaneous optical data (Vestrand et al. 2005).

To measure the polarization, we followed the same procedure
described in Forot et al. (2008) that allowed to successfully
detect a polarized signal from the Crab nebula. To derive the
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Figure 2. 200–800 keV Compton significance image of GRB 041219A. The
source is detected at 37! level. The white cross indicates the position of the
optical counterpart (Vestrand et al. 2005), and gray contours are traced at equal
significance starting from 3 in steps of 6.

source flux as a function of #, the Compton photons were
divided in six bins of 30# as a function of the azimuthal scattering
angle. To improve the signal-to-noise ratio in each bin, we took
advantage of the $ -symmetry of the differential cross section
(see Equation (1)), i.e., the first bin contains the photons with
0# < # < 30# and 180# < # < 210#, etc. Then the chance
coincidences (i.e., photons interacting in both detectors, but not
related to a Compton event), have been subtracted from each
detector image following the procedure described in Forot et al.
(2008). The derived detector images were then deconvolved to
obtain sky images, where the flux of the source in each bin
is measured by fitting the instrumental point-spread function
(PSF) to the source peak. We finally fitted using a least-squares
technique the polarigrams (see Figure 3) with Equation (2) to
derive a0 and #0, and the errors on the parameters are dominated
by the statistics of the data points. To evaluate the goodness of
our fits, we computed the chance probability (see Equation (2) in
Forot et al. 2008) that our polarigrams are due to an unpolarized
signal, and reported these values in Figure 3.

3. RESULTS

We analyzed the different portions of the GRB, focusing
on the brightest parts. First we analyzed the entire first and
second peak, and then we performed a time-resolved analysis:
36 intervals lasting 10 s, each one overlapping for 5 s with
the previous one, have been analyzed over the whole duration
of the GRB starting at 01:46:22 UT until 01:49:22 UT. The
most significant nonoverlapping ones (P6, P8, P28, P30) have
been chosen for the polarization analysis.6 The integration times
and the imaging significance of the chosen time intervals are
reported in Table 1 and Figure 1. The azimuthal distributions
of the GRB flux for the different time intervals are reported in
Figure 3.

As can be seen, no polarization signal could be found
integrating over the whole first peak, and the upper limit is
4%. On the other hand, a modulated signal is seen in the
second peak corresponding to " = 43% ± 25%. Integrating

6 Even if P9 is more significant than P8 (see Table 1), we prefer to discuss P8
because it is simultaneous to the SPI analysis. Anyway, P8 and P9 results are
statistically consistent.
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Figure 3. Polarigrams of the different time intervals that have been analyzed (see Table 1). For comparison purposes, the curves have been normalized to their average
flux level. The crosses represent the data points (replicated once for clarity) and the continuous line the fit done using Equation (2). The chance probability of a
nonpolarized signal is reported in each panel.

Table 1
Polarization Results for the Different Time Intervals

Name Tstart Tstop ! P.A. Image
(UT) (UT) % (deg) (SNR)

First peak 01:46:22 01:47:40 <4 . . . 32.0
Second peak 01:48:12 01:48:52 43 ± 25 38 ± 16 20.0
P6 01:46:47 01:46:57 22 ± 13 121 ± 17 21.5
P8 01:46:57 01:27:07 65 ± 26 88 ± 12 15.9
P9 01:47:02 01:47:12 61 ± 25 105 ± 18 18.2
P28 01:48:37 01:48:47 42 ± 42 106 ± 37 9.9
P30 01:48:47 01:48:57 90 ± 36 54 ± 11 11.8

Notes. Errors are given at 1! c.l. for one parameter of interest.

over smaller portions of the GRB, we measure highly polarized
signals, especially in P8, P9, and P30.

4. DISCUSSION AND CONCLUSIONS

Using SPI data McGlynn et al. (2007) reported high polariza-
tion for GRB 041219A, but they restricted their analysis to the
first peak of the GRB. They analyzed a 66 s interval within the
first peak, and a 12 s interval on the brightest part of it starting
at 01:46:54 UT. The latter corresponds to our P8 interval and
indeed our results are compatible at 1! level, both for the polar-
ization fraction and angle, for which they find ! = 68% ± 29%
and P.A. = 70+14!

"10! (100 keV to 1 MeV). On the other hand,
we cannot confirm their result on the broader 66 s time interval
(! = 26% ± 20% and P.A. = 70+19!

"27! ), starting at 01:46:21 UT,
which corresponds to our first peak analysis, where we do not
detect any polarized signal. By comparing P6 and P8, it seems
that the polarization signal in this time interval results from
the superposition of signals with different polarization angles,
which could give rise to a null signal over a longer time interval.
The shorter duration of the second pulse, where a polarization
signal (P30) is clearly dominant over the others, could, on the

other hand, explain the detection of a polarized signal over the
whole second peak. Similarly, the 12 s peak emission may dom-
inate the SPI data, while in the IBIS data this time period is
heavily affected by telemetry losses, making the flux ratio be-
tween the brightest part (P8) and the rest of the GRB first peak
smaller. In other words, the different polarization phases of the
rest of the peak have a larger weight in our average measure.

The expected level of polarization of the prompt " -ray
emission in GRBs has been estimated by several authors for
different models, or variations within them. In most cases, the
observed " -ray emission is due to the synchrotron radiation
from relativistic electrons in the fast cooling regime. Their
time-averaged distribution is a broken power law, n(" ) # " "p$

with p$ = p + 1 above "m and p$ = 2 below, where "m
is the minimum Lorentz factor of the injected distribution of
electrons, and p % 2–2.5 its slope (Sari et al. 1998). The
intrinsic polarization of the synchrotron radiation, !syn =
(p$ + 1)/(p$ + 7/3) (Ribicky & Lightman 1979) is then of
the order of !syn = (p + 2)/(p + 10/3) % 75% above #m
and !syn = 9/12 % 70% below, where #m, the peak of the
spectrum in #F# , is the synchrotron frequency of electrons at "m.
High polarization levels can also be reached if inverse Compton
scatterings are the dominant radiative process.

Our results show that (1) the polarization level in
GRB04119A is varying on short timescales and can reach high
values that correspond to a sizeable fraction of the intrinsic po-
larization !syn. The polarization angle is varying as well, and
(2) the time-averaged value over longer intervals shows reduced
polarization. We discuss these results in the context of different
scenarios.

1. Synchrotron emission from shock-accelerated electrons in
a relativistic jet with an ordered magnetic field contained
in the plane perpendicular to the jet velocity. This geom-
etry is favored if the field is carried by the outflow from
the central source, as the poloidal component decreases
much faster with radius than the toroidal one. The polar-

GRB 041219a

200-800 keV
Evidence for variable levels of polarization.

GRB 041219a

< 4% 43% ± 25%

22% ± 13% 42% ± 42%

65% ± 26% 90% ± 36%
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Table 5. Table of results from !2 fitting of real and simulated data.

Polarisationa 6 Directions 3 Directions

100–350 keV 100–500 keV 100–350 keV 100–500 keV 100 keV–1 MeV

Percentage (%) > 31 > 32 11 +48
!11

25 +45
!25

29 +25
!26

Angle > 40 > 90 > 40 100 +65
!66

100 +32
!24

Probability (%) 26.4 28.0 99.8 99.4 97.3

a Errors quoted are 1" for 2 parameters of interest. The columns from left to right list the polarisation percentage, angle and best–fit

probability that the model simulations matched up with the real data, the energy ranges analysed over six directions (columns 2 and 3) and the

energy ranges analysed over three directions (columns 4–6).
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Fig. 2. The #F# SPI spectra over a 12 second interval of

GRB 061122 (a) fit by the Band model, indicating an excess

of counts at the high energy range and (b) fit by a blackbody

and power–law model. The data have been rebinned for clarity

of presentation.

the pseudo-redshift was smaller than a factor of 2. The pseudo–

redshift was calculated for GRB 061122 using the SPI Band

model fits from Table 3 and the online pseudo–redshift calcu-

lator and was found to be pz = 0.95 ± 0.18.

Using this pseudo–redshift and the spectral fluence and

peak flux from §5, the isotropic peak luminosity Liso was es-

timated to be 1.47± 0.05" 1052 ergs s!1 (50–300 keV) and the

isotropic equivalent bolometric energy Eiso = 8.5 ± 3.6" 1052

erg (1–1000 keV).

Fig. 3. The coded mask elements (yellow) overlaying the 19

SPI detectors (blue), as viewed from the direction of the incom-

ing GRB photons generated using the simulations. Detectors

14, 15 and 16 (bottom left) are partially obscured by the anti-

coincidence shield.

Best Fit Probability = 97.3%

(100!1000 keV, 2 DoF)

Fig. 5. Contour plot of the percentage polarisation as a func-

tion of the polarisation angle for the three scatter directions

(0# !180#) of GRB 061122, showing the 68%, 95% and 99.7%

probability contours in the energy ranges 100–1000 keV.

8.2. The Hard Tail Component of GRB 061122

GRB 061122 exhibits a high energy spectral component

throughout the duration of the burst (Fig. 2). The high energy

component does not turn over within the energy range of SPI,

indicating that emission may exist above $ 8 MeV. In addition,

this hard component may persist up to 5 or more seconds af-

McGlynn et al.: Properties of GRB061122 3

Table 2. R–band observations of the optical afterglow of

GRB061122 from the MDM telescope.

Date (UT) Time (UT) T - T0 (s) Rmag

Nov. 23 01:52 17.9 22.61 ± 0.05

Nov. 24 02:26 42.5 23.41 ± 0.15

vations of the error region of GRB061122 were taken on two

consecutive nights using the MDM 2.4m telescope in Arizona

(Halpern 2006). A fading object was discovered within 1” of

the X–ray afterglow candidate. The observations are listed in

Table 2. The magnitudes were not corrected for Galactic ex-

tinction which is estimated to be AR = 0.49 mag.

4. Gamma–ray Spectral and Temporal Analysis

4.1. Lightcurves

The background–subtracted SPI lightcurve of GRB061122 is

presented in Fig. 1 and the lightcurves per SPI detector are

shown in Fig. 4. All lightcurves are in 1 second bins with

the trigger time, T0, at 07:56:45. GRB061122 is composed

of a single relatively symmetric pulse. The KONUS Wind

lightcurve1 also shows a single pulse of approximately the

same duration as INTEGRAL. There are significant telemetry

gaps in the IBIS data (T0+1 – T0+5, T0+6 – T0+9), so a higher

resolution lightcurve could not be generated. SPI was not af-

fected by these telemetry gaps. The burst was observed in all

of the SPI detectors (Fig. 4), making it a possible candidate for

polarisation analysis. The hardness ratio between 25–100keV

and 100–300keV was calculated for each 2 s interval of the

burst using IBIS data because SPI does not have su!cient en-

ergy resolution, and shows initial hard to soft evolution fol-

lowed by hardening after the main emission episode (Fig. 1).

4.2. Spectral Analysis

The spectra were extracted using specific GRB tools

from the Online Software Analysis (Diehl et al. 2003;

Skinner & Connell 2003) version 5.1 available from the

INTEGRAL Science Data Centre. The T90 duration (the time

for 5%–95% of the GRB counts to be recorded) was deter-

mined using the lightcurve generated from the IBIS/ISGRI data

in 1 s bins. The T90 interval was then selected for the spectral

analysis in both instruments. The SPI data was fit over the en-

ergy range 20 keV – 8MeV and the IBIS data from 20 keV –

1MeV. Table 1 lists the details of GRB061122, including the

o"–axis angle, T90, and peak flux obtained with SPI in the 20–

200 keV energy range.

Each spectrum was fit with several spectral models: a

simple power–law (PL), the Band model (GRBM, Band et al.

(1993)), a combination of a blackbody and simple power–law

model (BB+PL, (e.g. Ryde 2005)) and a cuto" power–law

which is a variation of the Band model with ! = ! (Cuto"

PL). The spectra from IBIS and SPI were also fit simultane-

ously (Joint Fit), with the normalisation between the two in-

1 http://www.io"e.rssi.ru/LEA/GRBs/GRB061122 T28608/
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Fig. 1. Background–subtracted SPI lightcurve of GRB 061122

in the energy range 20 keV–8 MeV at 1 s resolution. The hard-

ness ratios between the energy ranges 25–100keV and 100–

300 keV calculated from IBIS data are overlaid (circles). The

hardness ratios are multiplied by 1000 for clarity of presenta-

tion.

struments free to vary. The parameters and fluences from each

fit are listed in Table 3. The burst was divided into 2 second

intervals and spectral analysis was performed with SPI. These

results are listed in Table 4. KONUS–Wind (Golenetskii et al.

1998) also triggered on GRB061122 and the spectral results

are listed in Table 3 for comparison.

5. Spectral Results

The spectra were fit with the models described in § 4. The fit

parameters for each model are listed in Table 3. The values of

", the low energy photon index, and !, the high energy photon

index, are consistent with the distribution of values obtained

by Kaneko et al. (2006). The simple power–law model (PL) is

not as good a fit as the models with curvature, since a break

is visible in the spectrum (Fig. 2). There is also evidence for

a high energy excess, which is better fit by the blackbody +

power–law model (BB+PL, Fig. 2 (b)). The IBIS/SPI joint fits

were not as good as the SPI spectrum on its own, since the SPI

spectrum was finely binned and much better fits were obtained

than with IBIS. The spectral results for IBIS are not included in

the table because the gaps in the data interfered with the fitting.

The same e"ect rendered the joint fit poorer than that of the

SPI data. The reduced #2 is close to 1 for the SPI spectral fits

and although the GRBM has a better reduced #2, the BB+PL

model seems to better account for the high energy emission.

The high energy component persists for up to 5 seconds

after the burst. The fluence from 15–20 s after the trigger is

" 8# 10$7 erg cm$2 in the 1–8MeV energy range compared to

" 4.4 # 10$7 erg cm$2 in the 20–200keV energy range.

Vianello et al. (2008) have recently published the IBIS

spectral results of GRB 061122 and also note the presence of

the data gaps. They obtained the best fit to the IBIS data with

a cuto" power–law with parameters " = $1.24 ± 0.16 and

8° off-axis
10 sec duration

Analysis covered 100 keV to 1 MeV
Upper limit on polarizaton of ≈60%.
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Figure 2:  Phase-folding the light curve on the period of the pulsar PSR J0534+2200 enables the 

rejection of events from pulsar and the selection of non-pulsed emission from the nebula.  
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The European Space Agency (ESA) observa-
tory INTEGRAL [International Gamma-Ray Astro-
physics Laboratory (15)] comprises a spectrometer
[spectrometer on INTEGRAL (SPI)] with a res-
olution of 2.5 keVat 1MeVand an imager [imager
on-board the INTEGRAL satellite (IBIS)] with
high angular resolution (12 arc min), in combi-
nation covering the energy range from 15 keV to
8MeV. IBISwas able to locate the centroid of the
Crab flux with an accuracy of 20 arc sec between
18 and 60 keV (16) to a zone encompassing the
pulsar and the surrounding jet/torus structure. The
unpulsed gamma-ray emission is well described
by a power-law spectrum of! = 2.23 ± 0.02 (17).
The spectral index of the gamma-ray flux as mea-
sured by IBIS provides an excellent match to that
observed in x-rays from the central zone, includ-
ing the jet, possible counterjet, and torus, thus
indicating that most of the gamma rays are de-
rived directly from the jet and/or the torus structure.

Another way to pinpoint the site of the high-
energy emission is bymeans of polarization studies,
for which SPI is the most sensitive instrument on
INTEGRAL. Data from over 600 individual ob-
servations of the Crab from February 2003 to
April 2006 have been combined. We selected
events that occur during the off-pulse fraction of
the pulsar cycle (Fig. 1) in the energy range most
suited for Compton scattering, 0.1 to 1MeV. The
polarization of the detected radiation was evalu-
ated by looking for asymmetry in the azimuthal
distribution of thegamma-ray photons thatCompton-
scatter from one detector element to another with-
in the detection plane of SPI. To measure this
asymmetry, we created simulated data sets to com-
pare with the measurements. We have developed
a computer model that exploits the GEANT4 (18)
Monte Carlo simulation code and contains the
physics necessary to track all particle interactions
in SPI. This computermodel was extensively used
and verified throughout the preflight calibration
phase of the INTEGRALproject. The ability of the
GEANT4 software package to provide an accurate
representation of the response to polarized photons
has also been confirmed by comparison with cal-
ibration tests on a custom-built polarimeter (19).

For each individual pointing, simulated pho-
tons from the same direction and spectrum as that
of the Crab were fired into the modeled geom-
etry. Nineteen sets of 50 million test photons were
processed for each pointing: 18 were polarized
beams for each 10° azimuthal step between 0°
and 170°, and one was of an unpolarized flux.
Only the polarization angles between 0° and 170°
need be modeled because of the 180° symmetry
of the Compton scattering process. The total num-
ber of double events in the simulated data was
~6.6 ! 108, more than three orders of magnitude
greater than the ~5 ! 105 double events detected
from the Crab. The scattered events from each
pointing were binned into the scatter directions
defined by the detection plane and then converted
into coordinates on the sky. All the pointings were
summed to produce a percentage of counts scat-
tered into each direction on the sky. The real data,

background-subtracted using SPI flat-field obser-
vations normalized to the same exposure time,were
then compared to the simulated data for each po-
larization angle and percentage using a c2 test.

By minimizing the c2 fit between the real and
simulated observations, we find that the data are
consistent with a linearly polarized beamwith the
electric vector at an angle of 123° ± 11° (mea-
sured from north, anticlockwise on the sky), close-
ly aligned with the pulsar spin orientation angle,
which has been estimated to be 124.0° ± 0.1°
(20). The polarization is 46 ± 10%. The errors are
dominated by nonstatistical effects (see support-
ing online text). A major advantage of the mass
model simulation technique is that the process
automatically compensates for a great many of
the systematic errors. In order to confirm this, we
have taken all of the scattered events and ran-
domly assigned a new detection element as the
site of the second interaction. When the same
analysis was performed, we found no evidence of
significant polarization.

Polarization measurements of unpulsed emis-
sion taken from approximately the same phase
interval have been reported from the Crab in both
x-ray (21) and optical (22) wavelengths. In the
former, linear polarization at 2.6 and 5.2 keVwas
found at a level of 19.2 and 19.5%, respectively,
with corresponding angles of 156.4° and 152.6°,
whereas in the latter case the polarization found
was 33%, with an angle of around 123°. The op-
tical results come from an area of several arc sec-
onds around the pulsar, but the x-raymeasurements
integrate over a 3° field of view. Because x-rays
are emitted from all of themorphological features
associated with the Crab PWN (12, 13), we might
expect to find a lower degree of linear polarization
in this case. Although the optical polarization an-
gle is well aligned with the gamma-ray angle, the
x-ray vector is rotated further, thus implying that
there is no continuous rotationwith photon energy.

If the gamma-ray photons are created through
the synchrotron process, the parent electrons will
have a power-law distribution of indexp=2! – 1!

Fig. 1. The light curve
of the Crab emission as
seen by SPI nonscattered
events. The 0.1- to 1-MeV
gamma-ray events used
for the polarization anal-
ysis were selected from
within the phase interval
from 0.5 to 0.8 of the pul-
sar period (shaded area).

Fig. 2. The gamma-ray
polarization vector super-
imposed on a composite
image of the Crab from
Chandra (x-ray/blue) and
the Hubble Space Tele-
scope (optical/red). The
vector is drawn so as to
pass through the position
of the pulsar. The limits
on the direction of the
vector are indicated by
the shading. The direc-
tion of the polarization
vector shows a remark-
able alignment with the
inner jet structure. [Image
credits: NASA/CXC/ASU/
J. Hesteret al.,Astrophys. J.
577, L49 (2002) (x-ray
image) and NASA/HST/
ASU/J. Hester et al., Astro-
phys. J. 577, L49 (2002)
(optical image)]
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Polarization of unpulsed emission.
Data from Feb, 2003 to Apr, 2006
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Crab Nebula



INTEGRAL / IBIS

Forot et al., ApJ, 688, L29 (2008)

12

L32 FOROT ET AL. Vol. 688

Fig. 2.—Azimuthal profile, modulation angle, PA, and fraction, PF p
, measured for the Crab data between 200 and 800 keV, in the off-pulsea /a0 100

(top), off-pulse and bridge (middle), and two-peak (bottom) phase intervals.
The error bars for the profile are at 1 j. The 68%, 95%, and 99% confidence
regions are shaded from dark to light gray. The SPI result (Dean et al. 2008)
is indicated in the top figure by a cross.

of the Crab pulsar (Ng & Romani 2004), but the61.3! " 0.1!
predicted angles are at variance with the optical and IBIS data
(20! ! PA ! 40! for the slot gap, and PA " y for the outer
gap). In the striped wind zone, just outside the light cylinder
(Kirk & Lyubarsky 2001; Pétri & Kirk 2005), particle accel-
eration and pulsed high-energy emission occur in a thin layer
along the equatorial plane where the toroidal magnetic field
from the oblique rotator reverses its orientation and dissipates.
Faint DC emission outside the broad peaks is possible with
30%–40% polarization aligned with the rotation axis, in agree-
ment with the optical and IBIS data. The polar jets and inner

equatorial wind are also sources of polarized radiation. The
ratio of pulsar DC emission to wind radiation is unknown. The
central optical measurement includes the bright knot discovered
along the jet axis, 0.65! southeast of the pulsar (Hester et al.
1995). It has been interpreted as Doppler boosted radiation from
the inner part of the arch shock that forms on the upper and
lower sides of the equatorial flow, near the pulsar, well inside
the torus-like termination shock that forms in the equatorial
plane (Komissarov & Lyubarsky 2004). MHD models predict
that polarization is strongest at the pulsar, in the knot, and along
the jets and that it should be mostly parallel to the rotation
axis as in the optical and IBIS data (Del Zanna et al. 2006).
So, the off-pulse polarized emission recorded above 200 keV
can come from the striped wind, jets, and/or the equatorial
wind near the bright knot. Confirming with more statistics the
apparent relation between the optical and hard X-ray polari-
zation, and testing the frequency dependence of the polarization
pattern, will be crucial to probe the complex structure of the
inner wind region.

5. CONCLUSIONS

The Crab Nebula is the brightest persistent source in the sky
above 200 keV. The significant, but modest, detection of po-
larized light from it, in parallel to the SPI detection, opens a
new window for high-energy astrophysics. The measured po-
larization angle, parallel to the pulsar rotation axis and similar
to the optical measured ones, strongly suggest that the hard X-
ray emission is produced well inside the pulsar nebula. No
significant polarized emission was found in the pulsed
emission.

The INTEGRAL/IBIS Compton mode has proven to be a
powerful tool to investigate polarization in astrophysical
sources. Sensitive polarimetry in hard X rays/soft g-ray with
near-future instruments will provide invaluable means to ex-
plore particle acceleration to extreme energies around neutron
stars and black holes.

This Letter is based on observations with INTEGRAL, an
ESA project with instruments and science data center funded
by ESA member states (especially the PI countries: Denmark,
France, Germany, Italy, Spain, and Switzerland), the Czech
Republic, and Poland, with participation of Russia and the
USA.
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two peaks
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