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34CEA Saclay, 91191 Gif sur Yvette, France
35European Space Research and Technology Center, Keplerlaan 1 2201 AZ Noordwijk, The Netherlands
36Department of Physics and Astronomy, Aichi University of Education, 1 Hirosawa, Igaya-cho, Kariya,

Aichi 448-8543, Japan
37Department of Physics, Tokyo University of Science, 2641 Yamazaki, Noda, Chiba 278-8510, Japan
38Department of Physics, University of Maryland Baltimore County, 1000 Hilltop Circle, Baltimore,

MD 21250, USA
39Department of Applied Physics and Electronic Engineering, University of Miyazaki, 1-1 Gakuen

Kibanadai-Nishi, Miyazaki, Miyazaki 889-2192, Japan
40Department of Physics, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8602, Japan
41Department of Earth and Space Science, Osaka University, 1-1 Machikaneyama-cho, Toyonaka, Osaka

560-0043, Japan
42Department of Physics, Kwansei Gakuin University, 2-1 Gakuen, Sanda, Hyogo 669-1337, Japan
43Department of Physics, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima-ku, Tokyo 171-8501, Japan
44Department of Physics and Astronomy, Rutgers University, 136 Frelinghuysen Road, Piscataway,

NJ 08854, USA
45Meisei University, 2-1-1 Hodokubo, Hino, Tokyo 191-8506, Japan
46Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands
47Research Institute for Science and Engineering, Waseda University, 3-4-1 Ohkubo, Shinjuku, Tokyo

169-8555, Japan
48Department of Physics, Chuo University, 1-13-27 Kasuga, Bunkyo, Tokyo 112-8551, Japan
49Department of Physics, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8550,

Japan
50Department of Physics, Toho University, 2-2-1 Miyama, Funabashi, Chiba 274-8510, Japan
51Department of Physics, Kyoto University, Kitashirakawa-Oiwake-Cho, Sakyo, Kyoto, Kyoto 606-8502,

Japan
52European Space Astronomy Center, Camino Bajo del Castillo, s/n., 28692 Villanueva de la Cañada,
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Abstract

We present the results from the Hitomi Soft Gamma-ray Detector (SGD) observation
of the Crab nebula. The main part of SGD is a Compton camera, which in addition to
being a spectrometer, is capable of measuring polarization of gamma-ray photons. The
Crab nebula is one of the brightest X-ray/gamma-ray sources on the sky, and the only
source from which polarized X-ray photons have been detected. SGD observed the Crab
nebula during the initial test observation phase of Hitomi. We performed data analysis
of the SGD observation, SGD background estimation, and SGD Monte Carlo simulations,
and successfully detected polarized gamma-ray emission from the Crab nebula with only
about 5 ks exposure time. The obtained polarization fraction of the phase-integrated Crab
emission (sum of pulsar and nebula emissions) is (22.1% ± 10.6%), and the polarization
angle is 110.◦7 +13.◦2/−13.◦0 in the energy range of 60–160 keV (the errors correspond
to the 1 σ deviation). The confidence level of the polarization detection was 99.3%. The
polarization angle measured by SGD is about one sigma deviation with the projected
spin axis of the pulsar, 124.◦0 ± 0.◦1.

Key words: instrumentation: polarimeters — polarization — X-rays: individual (Crab)

1 Introduction

In addition to spectral, temporal, and imaging information
gleaned from observations of any astrophysical sources,
polarization of electromagnetic emission from those sources
provides the fourth handle on understanding the radia-
tive processes involved. Historically, measurement of high
radio polarization from celestial sources implicated syn-
chrotron radiation as such a process, first suggested by
Shklovsky (1970). Measurement of radio or optical polar-
ization is relatively straightforward: first, it can be done
from the Earth’s surface, and second, the instruments are
relatively simple. Measurements in the X-ray band are
more complicated: these have to be conducted from space,
which constrains the instrument size, and, unlike, e.g., radio
waves, X-rays are usually detected as particles and require
large statistics to measure the polarization.

One of the brightest X-ray sources on the sky, with
appreciable polarization measured in the radio and optical
bands, is the Crab nebula. It has been detected by (prob-
ably) every orbiting X-ray astronomy mission (for a recent
summary, see Hester 2008). It was thus expected that X-
ray polarization should be detected as well, and in fact the
first instrument sensitive to X-ray polarization, the OSO-
8 mission, observed the Crab nebula and detected X-ray
polarization (Weisskopf et al. 1978). The measurement,
performed at 2.6 keV, measured polarization at roughly
∼20 ± 1% level. It was some 30 years later that the INTE-
GRAL mission observed the Crab nebula and detected sig-
nificant polarization of its hard X-ray / soft γ -ray emis-
sion (Forot et al. 2008; Chauvin et al. 2013). Moreover,
INTEGRAL teams reported gamma-ray polarization mea-
surements from the black hole binary system Cygnus X-1

(Laurent at al. 2011; Jourdain et al. 2012; Rodriguez et al.
2015). However, interpretation of the measurements with
INTEGRAL are not straightforward, because its instru-
ments were not designed or calibrated for polarization mea-
surements.

More recently, the Crab nebula was observed by the
balloon-borne missions PoGOLite Pathfinder (Chauvin
et al. 2016) and PoGO+ (Chauvin et al. 2017, 2018),
with clear detection of soft γ -ray polarization in the ∼18–
160 keV band, thus expanding the X-ray band where the
Crab nebula emission shows polarization. PoGO+ is an
instrument employing a plastic scintillator, with an effec-
tive area of 378 cm2 and optimized for polarization mea-
surements of Compton scattering perpendicular to the inci-
dent direction, where the modulation factor of the azimuth
scattering angle is high; the PoGO+ team reported a polar-
ization of the phase-integrated Crab emission of 20.9%
± 5.0% with a polarization angle of 131.◦3 ± 6.◦8, while in
the off-pulse phase, it is 17.4+8.6

−9.3% with a polarization angle
of 137◦ ± 15◦.

The Japanese mission Hitomi (Takahashi et al. 2018),
launched in 2016, included the Soft Gamma-ray Detector
(SGD), an instrument sensitive in the 60–600 keV range, but
also capable of measuring polarization (see Tajima et al.
2018) since it employs a Compton camera as a gamma-
ray detector. The SGD was primarily designed as a spec-
trometer, but it was also optimized for polarization mea-
surements (see, e.g., Tajima et al. 2010). For example,
the Compton camera of the SGD is highly efficient for
Compton scattering perpendicular to the incident photon
direction and is symmetric with 90◦ rotation. Calibration
and performance verification as a polarimeter had already
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been performed by using a polarized soft gamma-ray beam
at SPring-8 (Katsuta et al. 2016). Hitomi observed the
Crab nebula in the early phase of the mission. Since the
goal of the observation reported here was to verify
the performance of Hitomi’s instruments rather than to
perform detailed scientific studies of the Crab nebula, the
observation time was short. Even though this observation
was conducted during orbits where the satellite passed
through high-background orbital regions, including orbits
crossing the South Atlantic Anomaly, the Crab nebula
was still readily detected, as we report in subsequent sec-
tions. We discuss the data reduction and analysis in sec-
tions 2 and 3, the measurement of Crab’s polarization in
section 4, compare our measurement to previous measure-
ments in section 5, where we also discuss the implications
on the modeling of the Crab nebula. We note that the Crab
nebula observations with Hitomi’s Soft X-ray Spectrometer
were published recently (Hitomi Collaboration 2018a), and
observations with the Hard X-ray Imager are in prepara-
tion. Moreover, the data analysis of the Crab pulsar with
Hitomi’s instruments have also been published (Hitomi
Collaboration 2018b).

2 Crab observation with SGD

2.1 Instrument and data selection

The SGD was one of the instruments deployed on the
Hitomi satellite (see Takahashi et al. 2018 for a detailed
description of the Hitomi mission). The instrument was a
collimated Si/CdTe Compton camera with a field of view
of 0.◦6 × 0.◦6, sensitive in the 60–600 keV band; for details
of the SGD, see Tajima et al. (2018). The SGD Compton
camera consisted of 32 layers of Si pixel sensors, where
Compton scatterings take place primarily. Each layer of the
Si sensor had a 16 × 16 array of 3.2 × 3.2 mm2 pixels with
a thickness of 0.6 mm. In order to efficiently detect photons
scattered in the Si sensor stack, it was surrounded on five
sides by 0.75 mm-thick CdTe pixel sensors, where photo-
absorptions take place primarily. In the forward direction,
eight layers of CdTe sensors with a 16 × 16 array of 3.2
× 3.2 mm2 pixels were placed, while two layers of CdTe
sensors with a 16 × 24 array of 3.2 × 3.2 mm2 pixels were
placed on four sides of the Si sensor stack. For details of
SGD Compton camera, see Watanabe et al. (2014). The
SGD consisted of two detector units, SGD1 and SGD2,
each containing three Compton cameras, named CC1, CC2,
and CC3, respectively. These detectors were surrounded
on five sides by an anti-coincidence detector containing
a BGO scintillator. The observation of the Crab nebula
with Hitomi was performed from 12:35 to 18:01 UT on
2016 March 25. This observation followed the start-up

operations for the SGD, which were held from March 15
to March 24, and all the cameras of both SGD1 and SGD2
went into the nominal observation mode before the Crab
nebula observation. However, just before the Crab nebula
observation it was found that one channel in the CdTe
detectors of SGD2 CC2 became noisy, and subsequently
we set the voltage value of the high-voltage power supply
for the CdTe sensors of the SGD2 CC2 to 0 V during the
Crab nebula observation. Since CC3 shares the same high-
voltage power supply as CC2, the CdTe sensors in CC3
were also disabled. Therefore, four of the six Compton
cameras (SGD1 CC1, CC2, CC3, and SGD2 CC1) were
operated in the nominal mode, which enabled the Compton
event reconstruction.

Good time intervals (GTI) of the SGD during the Crab
observation are listed in table 1. The intervals during
the Earth occultation and South Atlantic Anomaly (SAA)
passages are excluded. The total on-source duration was
8.6 ks. The exposure times of each Compton camera after
dead-time corrections are listed in table 2. In the SGD1
Compton cameras, the dead-time-corrected exposure time
can be derived from the number of “clean” pseudo events
(Watanabe et al. 2014), which have no FBGO flag and no
HITPATBGO flag. The pseudo events are events triggered by
“pseudo triggers,” which are generated randomly in the
Compton camera FPGA based on pseudorandom numbers
calculated in the FPGA. The count rate of the pseudo trig-
gers was set to be 2 Hz. The FBGO and HITPATBGO flags
indicate the existence of anti-coincidence signals from the
BGO shield. The pseudo events are processed in the same
manner as usual triggers, and are discarded if the pseudo
trigger is generated while a “real event” is inhibiting other
triggers. Therefore, the dead-time fraction can be estimated
by counting the number of pseudo events, and the dead-
time by accidental hits in BGOs can also be estimated
from the pseudo events with FBGO flags and HITPATBGO

flags. However, it was found that there was an error in
the on-board readout logic for adding the HITPAT BGO
flags to pseudo events for the parameter setting of SGD2
CC1. Due to this error, dead-time fractions for accidental
hits in the BGOs cannot be derived from the number of
pseudo events generated from SGD2 CC1. Therefore, for
SGD2 CC1, the dead-time fraction due to accidental hits in
BGOs was calculated from the fraction of “clean” pseudo
events in the SGD2 CC2, allowing the determination of
the dead-time-corrected exposure time. For SGD2 CC2, a
parameter setting to avoid the error has been used. Also, the
dead-time fraction by accidental hits in BGOs must be same
among the Compton cameras in SGD2, because the BGO
signals are common among all three Compton cameras
in SGD2.
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Table 1. Good time intervals of the Crab observation.

TSTART [s]∗ TSTART [UTC] TSTOP [s]∗ TSTOP [UTC] Duration [s]

70374949.000000 2016/03/25 12:35:48 70374979.000000 2016/03/25 12:36:18 30
70375027.000000 2016/03/25 12:37:06 70377352.000000 2016/03/25 13:15:51 2325
70380742.000000 2016/03/25 14:12:21 70383114.000000 2016/03/25 14:51:53 2372
70386733.000000 2016/03/25 15:52:12 70388875.000000 2016/03/25 16:27:54 2142
70392719.000000 2016/03/25 17:31:58 70394479.234375 2016/03/25 18:01:18.234375 1760

∗ TSTART and TSTOP are expressed in AHTIME, defined as the time elapsed since 2014/01/01 00:00:00 in seconds.

Table 2. Exposures of the Crab observation.

Number Number Live time Dead time fraction Live time
of all of “clean” from clean due to BGO for

pseudo psuedo pseudo accidental hits SGD2 CC1

SGD1 CC1 11084 9879 4939.5 s
SGD1 CC2 10624 9478 4739.0 s
SGD1 CC3 11036 9879 4939.5 s
SGD2 CC1 11826 0.1161 5226.29 s
SGD2 CC2 11788 10419 5209.5 s 0.1161∗

∗This value is derived from the number of all pseudo events and the number of “clean” pseudo events
[(11788 − 10419)/11788].

Fig. 1. Satellite position during observations. The black line shows the satellite position during the Crab GTI, and the blue line shows the position
during the epoch one day earlier.

The attitude of the Hitomi satellite was stable
throughout the Crab GTI. The nominal pointing position
was (RA, Dec) = (83.◦6334, 22.◦0132) and the nominal roll
angle was 267.◦72, measured from the north to the satellite
Y-axis counter-clockwise. The distance from the nominal
pointing position was within 0.′3 for 98.7% of the observa-
tion time. The difference from the nominal roll angle was
within 0.◦05 for 99.6% of the observation time. Therefore,
these offsets from the true direction of Crab are negligible
and we have not considered them in the analysis.

2.2 Background determination

Figure 1 shows the Hitomi satellite position during the Crab
GTI and one day before the Crab GTI, when the satellite
was pointing at RXJ 1856.5−3754, which is a very weak
source in the hard X-ray/soft gamma-ray band; such a “one
day earlier” observation is thus a good proxy to measure
the background. The time interval information for obser-
vations performed one day earlier than the Crab GTI are
listed in table 3. Because the observations started soon after
the SAA passages, the background rate during the Crab
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Table 3. Time intervals of pointings performed one day earlier than the Crab GTI.

TSTART [s]∗ TSTART [UTC] TSTOP [s]∗ TSTOP [UTC] Duration [s]

70288549.000000 2016/03/24 12:35:48 70288579.000000 2016/03/24 12:36:18 30
70288627.000000 2016/03/24 12:37:06 70290952.000000 2016/03/24 13:15:51 2325
70294342.000000 2016/03/24 14:12:21 70296714.000000 2016/03/24 14:51:53 2372
70300333.000000 2016/03/24 15:52:12 70302475.000000 2016/03/24 16:27:54 2142
70306319.000000 2016/03/24 17:31:58 70308079.234375 2016/03/24 18:01:18.234375 1760

∗ TSTART and TSTOP are expressed in AHTIME, defined as the time elapsed since 2014/01/01 00:00:00 in seconds.

Fig. 2. Spectra of CdTe side single-hit events. The red and black points
show the spectra for one day and two days earlier than the Crab GTI,
respectively. The blue spectrum shows the single-hit events of the CdTe
side sensors on an orbit when the satellite did not pass the SAA region.

GTI was higher than the average due to short-lived acti-
vated materials produced in the SAA. Although the Crab
nebula is one of the brightest sources in this energy region,
the background events were not negligible for spectral anal-
ysis and polarization measurements. As shown in figure 1,
the satellite positions and orbit conditions one day earlier
than the Crab GTI were similar to those during the Crab
GTI, which would imply background conditions could be
similar.

In order to confirm that the satellite encountered sim-
ilar background environments during similar orbit condi-
tions, we compare the SGD data between an epoch one
day earlier and also two days earlier than the Crab obser-
vation GTIs. The single-hit spectra obtained by the CdTe
side sensors are shown in figure 2. The CdTe side sensors
are located on the four sides around the stack of Si/CdTe
sensors inside the Compton camera, and are not exposed to
gamma-rays from the field of view. Therefore, the influence
of the background environment should be reflected strongly
in the single-hit events in the CdTe side detectors. The red

Fig. 3. Count rate of the SGD Compton camera as a function of time. The
red and blue points show the count rates during the Crab observation
and one day earlier. The black points show the count rates of the Crab
GTI after subtracting the count rates one day earlier. The regions filled in
green show the Crab GTI. The regions filled in cyan show time intervals
excluded from the GTI due to the SAA passages. In the “white” portions
of the time intervals, the Crab nebula was not able to be observed
because of Earth occultation.

and black points show the spectra for the epochs one day
and two days earlier than the Crab GTI, respectively. These
two spectra have the same spectral shape, including var-
ious emission lines from activated materials. The flux levels
were the same within 3%. On the other hand, the blue spec-
trum shows the single-hit events of CdTe side detectors on
an orbit where the satellite did not pass the SAA region.
Although the background environment varied during one
day, it was found that background estimation becomes pos-
sible by using the data from one day earlier.

In order to further verify the background subtraction
using the data from one day earlier, the count rates as a
function of time during the Crab GTI and one day earlier
are compared in figure 3. The red and blue points show
the count rates during the Crab GTI and one day earlier.
The black points show the count rates of the Crab GTI
after subtracting the count rates one day earlier, which
corresponds to the count rates of the Crab nebula. Since
the black points do not show any visible systematic trend
implying additional backgrounds, it implies that this back-
ground subtraction is appropriate.



https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/hitomi.html
https://heasarc.gsfc.nasa.gov/ftools/caldb/help/sgdevtid.html
https://heasarc.gsfc.nasa.gov/ftools/caldb/help/sgdevtid.html




https://github.com/odakahirokazu/ComptonSoft

















