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Polarization: New Window

• In addition to spectroscopy, imaging, and timing information, 
polarization will be the fourth probe of X-ray and gamma-ray 
observations.!

• Polarization provides us with information on radiation mechanisms, 
orientation and uniformity of magnetic field, and structure of 
emitting objects.!

• INTEGRAL has reported polarized emissions from relativistic 
outflows: the Crab nebula and Cygnus X-1 (jet?)!

• We need to more precise measurements of X-ray & gamma-ray 
polarization.



ASTRO-H

HXI (Hard X-ray Imager)

SGD (Soft 
Gamma-ray 

Detector)

SXS  (Micro Calorimeter)
SXI  (X-ray CCD)

ASTRO-H is an international X-ray observatory, which is the 6th 
Japanese X-ray satellite scheduled for launch in 2015 (FY of Japan) 
from Tanegashima Space Center, Kagoshima, Japan. Takahashi+10!

Takahashi+12

0.3-600 keV

high-E resolution!
ΔE = 7 eV at 6 keV



Soft Gamma-ray Detector (SGD)

- a narrow field-of-view Compton 
telescope!

- 50 keV up to 600 keV!
- 10 times better sensitivity 

than Suzaku-HXD

cos ✓ = 1� mec2

E2
+

mec2

E1 + E2

The SGD is also designed for a high-precision polarimeter using 
the azimuth distribution of Compton scattering.

Compton 
scattering

Photo- 
absorption

�

Compton 
scattering

Photo-absorption

Tajima+10, Watanabe+12



Soft Gamma-ray Detector (SGD)

8T. Mizuno et al.

Hardware Development: SGD-S FM 
1st Integration Test (2014 Mar. to May)

• 2 FM Compton Camera + 1 EM Compton Camera

• 25 BGO + 11 APD

• End-to-end test using FM and pre-FM electronics (CSA, HV, AE, 
DPU, DE)

All BGO+APD (11 of 25) 
are working well

(Murakami, Kawano, Ohno)

-- 2014/May/23 Func-D @EIC
-- 2014/May/14 SGD test @ EIC
-- 2014/Mar/27 SGD subsystem test

Figure 2 shows a 3D model of the Compton camera structure.
This arrangement allows a placement of the CdTe sensor on the
side very close to the stacked Si and CdTe sensors, maximizing
the coverage of the photons scattered by the Si sensors. In ad-
dition to sensor modules, the Compton camera holds an ASIC
controller board (ACB) and four ASIC driver boards (ADBs).
The ACB holds a field programmable gate array (FPGA) that
controls the ASICs. The ADB bu↵ers control signals from the
ACB, sends control signals to 52 ASICs, and also provides a
current limiter to power the ASICs.

The mechanical structure of the Compton camera needs
to hold all components described above within a volume of
12 ⇥ 12 ⇥ 12 cm3. Another important requirement for the me-
chanical structure is sensor cooling. All sensors need to have a
temperature that is within 5�C of the cold plate interface at the
bottom of the Compton camera.

Figure 2 (a) shows the mechanical support structure of the
Compton camera. The Compton Camera consists of a stack of
Si and CdTe sensor trays as shown in Figure 2 (b). In addi-
tion to the stack, one ”side CdTe sensor module” is installed on
each side as shown in Figure 2 (c). Each ADB is attached to
the side CdTe sensor module and an ACB is attached to the bot-
tom frame. The material of the sensor tray structure employs
polymide.

4.2. Readout ASIC for Si and CdTe sensors

The main performance requirements for an ASIC are low
noise and low power. In order to satisfy these main re-
quirements, the ASIC was developed based on the VIKING
architecture[29, 30] which is known for good noise per-
formance and has been in various space experiments like
Swift[31], PAMELA[32] and AGILE[33].

Figure 3 shows the circuit diagram for the ASIC developed
for the SGD (and HXI) of ASTRO-H. Each channel consists of
charge sensitive amplifier followed by two shapers. One shaper
with a short shaping time is followed by a discriminator to form
a trigger signal. The other shaper with a long shaping time is
followed by a sample and hold circuit to hold the pulse height
at the timing specified by an external hold signal.

Many important functionalities are integrated in the ASIC
for the SGD in order to minimize additional components re-
quired to read out the signal, as shown in the circuit diagram
with a blue background region. The signals in all channels are
converted to digital values concurrently with Wilkinson-type
analog-to-digital converters (ADCs). The conversion time is
less than 100 µs. In order to minimize the readout time, the
only channels that are read out are those above a data threshold
that can be digitally set for each channel independently from
the trigger threshold. We usually observe common mode noise
from this type of ASIC at the level of ⇠1 keV. Common mode
noise has to be subtracted to accurately apply the threshold for
the zero suppression. The common mode noise level of each
event is detected by taking an ADC value of the 32nd [a half
of total number of channels] pulse height, corresponding to a
median value of all ADC values. With zero suppression, the
readout time is 0.5 µs per ASIC when no data is readout and
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Figure 2: (a) 3D model of Compton camera structure. (b) Si and CdTe stack
only. (c) One side CdTe tray module is installed in the stack.
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the bu↵ered event data in the SDRAM are pulled by a data ac-
quisition computer via the Space Wire network.

The dead-time associated with the event data acquisition is
not short (100 µs – several 100 µs). There are two functions for
more e↵ective event data acquisitions. One is ”Trigger pattern
judging”. The trigger patterns of 28 daisy chains are catego-
rized into 16 groups. For each group, we can select whether
the trigger is sent to the MIO or not. By using this function,
we can ignore the charged particle events resulting in no related
dead-time. The other function is FastBGO cancel. FastBGO
is the BGO scintillator signal processed with a relatively short
time interval (⇠ 5 µs) and corresponds to the relatively large en-
ergy deposit in one of the BGO shields. With this function, we
can cancel the event data acquisition before AD conversion by
FastBGO signals, and can reduce the dead-time.

It is very important for astronomical observations to measure
the dead-time accurately. To estimate the dead-time, the SGD
Compton camera has a “pseudo trigger” function. This func-
tion has been successfully introduced in the HXD onboard the
Suzaku satellite[36]. In the SGD Compton camera system, the
pseudo triggers are generated by the ACB FPGAs internally
and are then processed in the same manner as usual triggers.
Since the pseudo events are discarded if the pseudo trigger is
generated while a “real event” is inhibiting other triggers, the
dead-time fraction can be estimated by counting a number of
pseudo events, output to the telemetry, and comparing with
the expected counts during the same exposure. Although peri-
odic pseudo triggers were used in the HXD system, the random
pseudo trigger function is developed for the SGD system. A
random pseudo trigger function is based on the pseudorandom
numbers calculated in the FPGA and the expected count rate
can be set up to 422 Hz. Random pseudo trigger function en-
able us to estimate the dead-time due to the telemetry saturation
in the back-end network, which can occur periodically.

5. Performance evaluation with the final prototype

5.1. Final prototype
Prior to the production of the flight model, we have fabri-

cated the final prototype of the SGD Compton camera. Fig-
ure 11 shows a picture of the prototype. The prototype has all
the components installed in the same manner as the flight model
except for some space-qualified electronic parts.

5.2. Spectral Performance
In order to evaluate the spectral performance of the proto-

type, we performed gamma-ray measurement tests using var-
ious radio isotopes. In the measurement tests, the prototype
was operated in the temperature of about �10�C. The prototype
camera was cooled in a portable freezer and was irradiated with
gamma rays by radio isotopes outside of the freezer.

133Ba and 137Cs gamma-ray spectra obtained with the proto-
type are shown in Figure 12. The dotted line spectra are made
from the event data that can be used to reconstruct the incident
gamma-ray information using Compton kinematics. The ob-
tained FWHM energy resolution is 6.3 keV and 10.5 keV for

Figure 11: Picture of the final prototype of the SGD Compton camera.

gamma rays of 356 keV and 662 keV, respectively. These spec-
tral characteristics satisfy the requirement for the SGD Comp-
ton camera, better than 2%(FWHM).

By using the information gained from Compton scattering,
we can obtain a constraint of the incident angle and can select
event data from gamma rays that enter the camera directly from
the radio isotope. The solid line spectra in Figure 12 are made
from the event data after incident direction selection. This se-
lection is performed by using the angular resolution measure
(ARM) as �✓ = |✓energy � ✓geom|. Here, ✓energy is the Compton-
scattering angle calculated from the detected energy informa-
tion, and ✓geom is that determined from the detected position
information. The selection criteria for 133Ba and 137Cs are
�✓ < 8.4� and �✓ < 6.1�, respectively. The spectral compo-
nents besides emission lines are compressed with the selection,
because these components are mainly generated by the gamma
rays scattered by the materials around the camera and the ra-
dio isotope. These results provide partial confirmation about
background rejection capabilities of SGD and SGD Compton
camera.

The ⇠ 100 hours long measurement tests have been per-
formed. During the tests, we have confirmed that there is no sig-
nificant variation in performance. Moreover, a thermal vacuum
test simulating the environment in space has been performed.
The final prototype Compton camera was put into a thermal
vacuum chamber with a vacuum pressure of ⇠ 2 ⇥ 10�3 Pa and
a temperature of �15�C – �25�C, and, the stable operation in
this environment was confirmed.

8

Production and function/performance 
check are on going toward the final 
integration check of the spacecraft.

Watanabe+12



Experimental Verification

Polarization fraction = 0.91 ± 0.01(stat.)!
Polarization angle = 0.2˚ ± 0.4˚(stat.)

Al scatterer

collimator

Compton 
camera

synchrotron 
photon beam!

250 keV!
100% polarized

scattered photon!
170 keV!

degree of pol.
92.6%

SPring-8, JAPAN

rotation

Takeda+10

We performed an experimental test using an early prototype of 
the SGD at a synchrotron photon factory SPring-8 (Hyogo, Japan), 
and demonstrated high-precision polarimetry for 170 keV gamma 
rays.

our detector system was 1.8!105 photons/s. As shown in this
schematic view, the Compton camera is shielded by Pb so that the
detector can only view photons with a scattering angle of
9071.51. The circular region with a diameter of 30 mm on the
DSSD surface was illuminated by the polarized beam. The
resulting energy was 16871.4 keV, with a 92.570.3% degree of
polarization in the incoming photons.

In order to study systematic effects associated with the
direction of the polarization vector, the data was taken at various
incident polarization vector angles by rotating the Compton
camera itself. As shown in Fig. 5, we rotated the Compton camera
for seven polarization vector angles at 01, 151, 22.51, 301, 451, 901
and 1801 relative to the Compton camera coordinates and with
rotation angle accuracy of about 0.2–0.31.

6. Analysis and results

We used the coincidence events recorded in the DSSD and
CdTe side detectors. Fig. 6(a) shows the 2-dimensional scatter plot
of energy deposited in the DSSD and CdTe side detectors. The peak
around the Si energy deposit of about 40 keV and CdTe energy
deposit of about 130 keV should correspond to events where
incident 168 keV g-rays are scattered in the DSSD in the
horizontal direction, and then fully absorbed in the CdTe side

detectors. We selected events that satisfy 165 keVoESiþECdTe

o175 keV and 35 keVoESio50 keV (i.e., region enclosed by
straight lines in the scatter plot of Fig. 6(a)). Fig. 6(b) shows the
ARM distributions; the dotted line indicates that of all events,
with the solid line indicating that of events selected in the scatter
plot of Fig. 6(a). This selection drastically suppressed the events
with Compton cones set apart from the beam direction.

The azimuth scattering angle was derived from energy deposit
positions in the DSSD and CdTe detectors. The top panel of Fig. 7
shows the azimuth scattering angle distribution – NobsðfÞ –
without any correction of detector response for the polarization
angle fpol ¼ 03 (see Fig. 5). The experimental data (in the
histogram) are compared with the simulation results (open
square) for incident g-rays with energy of 170 keV and 92.5%
polarization. The counts around &901 and +901 are much higher
than those around 01 and 1801 due to the polarization of incident
g rays. The simulation reproduced features of the experimental
data very well, including about 10% difference in counts between
&901 and +901 resulting from the asymmetry of passive materials
around the DSSD.

In order to make correction for detector response in the
experimental results, we simulated NisoðfÞ – the azimuth
scattering angle distribution for non-polarized g-rays – with
energy of 170 keV, and compared with experimental data as
shown in the bottom panel of Fig. 7. Note that, in the beam line
setup, we could not obtain experimental data for non-polarized
g-rays directly. Instead, we obtained the response for non-
polarized g-rays by combining the data for the polarized vector
of 01 and 901. The polarization is cancelled by this procedure. In
the simulation, we irradiated the DSSD with a non-polarized

Fig. 7. Comparison of azimuth angle distribution between the experiment and
simulation: (a) for polarized g-rays and (b) for non-polarized g rays. The simulated
plot is normalized by the total integration of experimental counts.

Fig. 8. (Top) NobsðfÞ distribution (same as shown in Fig. 7), (middle) NisoðfÞ
distribution obtained by MC simulation, and (bottom) NcorðfÞ with best fitted
theoretical function.

S. Takeda et al. / Nuclear Instruments and Methods in Physics Research A 622 (2010) 619–627624



Monte Carlo Simulations
It is essential to understand the detector response to the polarized 
emission and effects of background. We have developed a full Monte 
Carlo simulation (Geant4) to generate the response, to study data 
analysis procedure and systematic uncertainties, and to make 
observation plans. Odaka+10



Crab Pulsar & Nebula

• The Crab nebula is the most feasible target of the SGD polarimetry.!
• Spin-phase resolved polarimetry will distinguish emissions from the 
nebula component and the pulsar component.

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 Γ = 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 computer model 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 index p=2Γ – 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. Hester et 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)]

29 AUGUST 2008 VOL 321 SCIENCE www.sciencemag.org1184
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Dean+08

INTEGRAL reported linearly polarized 
emission aligned to the pulsar spin 
axis.!
• 0.1-1 MeV!
• Polarization angle = 123˚±11˚!
• Polarization fraction = 46±10%



Crab Pulsar & Nebula

Fit values of the simulation data!
Polarization fraction = 48 ± 1% (stat.)!
Polarization angle = 0.1˚ ± 0.5˚ (stat.)

Assumption for simulation!
Polarization fraction = 50%!
Polarization angle = 0˚
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100 ks, 60-100 keV
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Crab Pulsar & Nebula

The SGD will be able to measure polarization of Crab in an energy 
range between 50 keV and 500 keV with high precision!

Fit values of the simulation data!
Polarization fraction = 48 ± 3% (stat.)!
Polarization angle = 2.7˚ ± 1.6˚ (stat.)

Assumption for simulation!
Polarization fraction = 50%!
Polarization angle = 0˚

100 ks, 180-330 keV
simulation



Microquasar: Cygnus X-1

gamma-ray pol. (>230keV)!
Laurent+11, Jourdain+12!

PA: 42 deg.

• The brightest galactic black hole with a radio jet.!
• INTEGRAL reported polarization associated with nonthermal jet (?) 

emission.

Radio Jet!
Stirling+01!
-22 deg.

hard component: 70% polarized!
(synchrotron)

Assumed Model

soft component: unpolarized!
(thermal Comptonization)

Polarization fraction: solid line!
MDP (99% confidence): points



Microquasar: Cygnus X-1

higher energies => to confirm the INTEGRAL results about the jet radiation!
lower energies => precise measurement of coronal emission & disk reflection

100 ks, 60-100 keV 100 ks, 330-600 keV

modulation: 10.58 ± 0.60%!
angle error: ±1.6˚

modulation: 14.4 ± 4.0%!
angle error: ±8.2˚

Background level

simulation simulation

Mizuno
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AGN gets: Blazars

Polarization fraction = 35.1 ± 3.7% (stat.)!
Polarization angle = -0.4˚ ± 2.9˚ (stat.)

• Polarimetry of blazar flares will provide us with information on 
magnetic field uniformity, structure & variability of the jets.

quiescence

flare
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Wide-band X-ray spectra of bright HBLs

Odaka & Stawarz



Astrophysical Modeling

In addition to polarization measurements, astrophysical 
modeling of X-ray polarization is also difficult. It is 
necessary to calculate polarized radiation accurately.

!
Synchrotron radiation is relatively straightforward if the 
electron energy and magnetic field distributions are 
determined. (but this is not easy…)

!
Scattering (or reflection) is very complicated since the 
emission is a result of multiple scatterings in complicated 
geometry. →Monte Carlo approach



Monte Carlo Simulation

(E1,Ω1, t1,x1)

(E0,Ω0, t0,x0)

X-ray source
initial condition

emission
the last interaction

to an observer
(escaping)

cloud

The simulation tracks photons by calculating their propagation 
and interactions based on Monte Carlo method.

Process of one event!
1) generate a photon, record 
initial conditions!
2) calculate the next interaction 
point!
3) invoke the interaction, 
reprocess photons!
4) repeat 2-3!
5) record the last interaction 
information if a photon escapes 
from the system.

A MC simulation generates a list of events which have information 
on a response of the system to the photon irradiation.



The MONACO Framework

We have developed a new multi-purpose 
calculation framework of X-ray radiation 
based on Monte Carlo Simulations for 
observational study.

MONACO:  
Monte Carlo simulation for 
Astrophysics and Cosmology

Alphonse Mucha (1897)

Odaka et al. 2011



The MONACO Framework

• Initial conditions of photons 
(Source function)!

•Observer’s direction!

•Time of observation!

•Distance of the source

MC Simulation!
Geometry building (Geant4)!
Particle tracking (Geant4)!

Physical processes (original)

Analysis!
Observation (Imaging/spectroscopy)

Output event list

Observed spectra/Images

• Initial conditions of photons 
for simulation

•Geometry!

•Physical conditions of matter

• Building geometry and tracking particles: Geant4 toolkit library 
←Sophisticated treatment of complicated geometry (e.g. radiation detector simulation)!

• Physical processes: original implementation. 
←Existing codes have been inadequate to treat binding effects of atoms and gas 
motion (Doppler effect of thermal/bulk/micro-turbulent motions). 
We also extend the Geant4 geometry builder for astrophysical objects.



Physical Processes
MONACO has extensible structure. You can add new physical processes. 
We have implemented:

State of matter Processes Applications

Hot plasma (Inverse) Compton scattering
Accretion flows!

Hot coronae!
around compact objects

Photoionized 
plasma

Photoionization!
Photoexciation

Stellar winds in X-ray binaries!
AGN outflows

Neutral matter Photoabsorption!
Scattering by bound electrons

X-ray reflection nebulae 
(molecular clouds)!

AGN tori



Comptonization in Accretion Flow

Lab 
frame

Bulk motion’s!
frame

Target electron’s 
frame

•determine the 
next interaction 
point!

•see the bulk 
motion

•select the target 
electron!

•see the thermal 
motion

Lorentz 
transformation

•calculate scattering 
by a rest electron

pµ

Using Lorentz transformation (Odaka et al. 2014)

p�µ p��µ

p��µ
1p�µ

1pµ
1

Lorentz 
transformation

supersonic!
flow

subsonic!
flow

neutron star magnetic pole

X-ray
X-ray

Thermal & bulk Comptonization!
Becker & Wolff (2007)

Optically thick Analytical/numerical methods are effective.

Not optically thick!
Complicated geometry!

High energy band
The process is essentially discrete. 
→Monte Carlo approach is suitable.

Magnetic field effects can be included.



Comptonization in Accretion Flow

Energy [keV]
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✓ Assuming Vela X-1’s column

✓ Temperature: 6 keV

✓ Seed photons: thermal bremsstrahlung

✓ Column radius: 200 m

✓ Magnetic field effect included approximately

✓ Successfully generated a power law with a quasi-exponential cutoff.

Fitted to the NPEX function

Odaka et al. 2014



Polarization by Comptonization

Odaka, Done et al. in preparation
We use the same framework for a plane-parallel slab geometry.

19
85
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The QPO and its harmonic from Monte-Carlo simulations of the hot inner flow Comptonisation 3

τ

τ

i

Figure 1. Cross section view of a disc geometry (emulating a plane-parallel
slab) for the polarisation code verification. An X-ray emitter is put in the
centre of the disc, and the viewing angle i is defined by the angle be-
tween the disc normal and the photon escaping direction. This setup is
parametrised by the optical depth τ between the emitter and the disc sur-
face.

sured from the initial polarisation vector ê0, respectively. The po-
larisation vector ê1 of the scattered photon is assigned to be

ê1 =
1
A1

k̂1 × (ê0 × k̂1) =
1
A1

(ê0 − (ê0 · k̂1)k̂1), (3)

A1 = |k̂1 × (ê0 × k̂1)| (4)

with a probability equal to the polarisation fraction p; A1 is merely
the size of the calculated vector for normalisation. Otherwise, with
a probability of 1 − p, the photon is depolarised, and therefore
the polarisation vector is assigned to be one that is randomly sam-
pled. This treatment results in unpolarised photons after a number
of Monte Carlo trials.

We demonstrate the code performance by calculating the po-
larisation seen in simple slab geometries with different optical
thicknesses. As shown in Figure 1, we build a geometrically thin
disc in the simulation instead of a slab in order to construct a finite
size geometry with an axial symmetry about the z-axis. An X-ray
emitter that radiates unpolarised X-rays is put at the centre of the
disc. The Thomson optical depth τ is measured from the emitter to
the surface of the disc; the thickness and radius of the disc corre-
spond to 2τ and 200τ , respectively. Since we are interested only
in angular dependence of polarisation, we assume simple settings:
the electron temperature is cold, i.e. kTe = 0.01 keV, and the seed
photon has a monochromatic energy of 1 keV. Monte Carlo calcu-
lations are performed for different optical depths of 0.5, 1.0, 2.0,
3.0, and 4.0. Figure 2 shows the results of the angular dependence
of polarisation, where the degree of polarisation is defined by a ratio
Q/I of the Stokes parameters for a system with azimuthal symme-
try, and the Stokes parameter U must be zero because of the sym-
metry. The sign of the polarisation fraction means the polarisation
orientation, namely horizontal for positive but vertical for negative.
These results obtained with our simulations nicely agree with pre-
vious calculations by Sunyaev & Titarchuk (1985) (see Figure 6a
in this reference).

3 GEOMETRY

We assume the simplest possible truncated disc and hot inner flow
geometry, as shown in Fig. 3. This has a geometrically thin disc
truncated at a radius rout > risco where the accretion flow changes
abruptly into a hot flow. We assume that the flow has constant H/R,
and extends from rout to rin. We also assume that electrons in the
flow have constant temperature kTe, and constant density ne so
that the optical depth to Thomson scattering in the radial direction
is τ = ne(rout − rin)σT.

Figure 2. Degree of polarisation as a function of cosine of the viewing angle
i for different optical depths τ of 0.5 (magenta), 1.0 (black), 2.0 (red), 3.0
(green), and 4.0 (blue). A disc (slab) geometry shown in Figure 1 is assumed
for these simulations. Vertical error bars represent 1σ statistical errors due
to Monte-Carlo random numbers.
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We assume that seed photons are supplied by black body ra-
diation from the accretion disc. The black body temperature Tbb

decreases with the radius as a power law

Tbb(r) = T0

(
r

rout

)α

(α < 0) (5)

where T0 is the temperature at the innermost edge of the disc, which
corresponds to the outer radius of the Comptonising accretion flow.
T0 and α are calculated by fitting to the temperature as a function
of radius from rout to 200Rg (Rg = GMBH/c

2 where G is the
gravitational constant, MBH is the mass of the black hole, and c
is the speed of light). The number of photons generated in an in-
finitesimal annulus is given by dN(r) ∝ T 3(r)rdr = r1+3αdr,
so we generate these photons, each with energy sampled from the
Maxwellian distribution at temperature T (r) and direction which
has a cosine dependence to the disc normal. do you mean isotropic?
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tween the disc normal and the photon escaping direction. This setup is
parametrised by the optical depth τ between the emitter and the disc sur-
face.
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ê1 =
1
A1
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lations are performed for different optical depths of 0.5, 1.0, 2.0,
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of polarisation, where the degree of polarisation is defined by a ratio
Q/I of the Stokes parameters for a system with azimuthal symme-
try, and the Stokes parameter U must be zero because of the sym-
metry. The sign of the polarisation fraction means the polarisation
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These results obtained with our simulations nicely agree with pre-
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truncated at a radius rout > risco where the accretion flow changes
abruptly into a hot flow. We assume that the flow has constant H/R,
and extends from rout to rin. We also assume that electrons in the
flow have constant temperature kTe, and constant density ne so
that the optical depth to Thomson scattering in the radial direction
is τ = ne(rout − rin)σT.
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We assume that seed photons are supplied by black body ra-
diation from the accretion disc. The black body temperature Tbb

decreases with the radius as a power law

Tbb(r) = T0

(
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rout

)α

(α < 0) (5)

where T0 is the temperature at the innermost edge of the disc, which
corresponds to the outer radius of the Comptonising accretion flow.
T0 and α are calculated by fitting to the temperature as a function
of radius from rout to 200Rg (Rg = GMBH/c

2 where G is the
gravitational constant, MBH is the mass of the black hole, and c
is the speed of light). The number of photons generated in an in-
finitesimal annulus is given by dN(r) ∝ T 3(r)rdr = r1+3αdr,
so we generate these photons, each with energy sampled from the
Maxwellian distribution at temperature T (r) and direction which
has a cosine dependence to the disc normal. do you mean isotropic?
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Accretion Flow into Black Holes
We build a truncated disk + a geometrically thick inner flow model with 
MONACO.

blackbody disk

inner flow

spectra QPO (timing) polarization

Odaka, Done et al. in preparation
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Figure 4. The left panel shows photon index Γ of the spectrum in an energy range of 8–30 keV as a function of the radial Thomson thickness τ for the flow
parameters of the hard state (see §4.1). The right panel is the same plot but for the hard intermediate state (see §4.2). The observational value of Γ is indicated
by the horizontal dashed line in each panel.
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Summary
• The SGD onboard ASTRO-H (launch in 2015) is a high-precision 

Compton spectro-polarimeter with a low background level.!
- 1 Crab sources: up to 600 keV 

Crab, Cyg X-1!
- 100 mCrab sources: 60-180 keV  

GRS 1915+105, Cyg X-3, Mrk 421, Mrk 501, Cen A, etc.!
• Statistics (a long observation) is important, and systematic errors 

should be controlled.!
• MONACO provides us with an accurate way to calculate 

reprocessed X-rays (scattering/reflection), which can be 
polarized, in a complicated geometry.



Polarization Sensitivity

• Minimum detectable polarization (MDP) is a useful figure of merit.!
   NOTE: systematic errors due to non x-ray background are not considered here.

Energy [keV]
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MDP for 99% confidence level!
exposure = 100 ks, energy bin width = 0.52E

Crab spectrum!
N(E) = 11.6 (E/1keV)-2.1!

[ph cm-2 s-1 keV-1]!
flux: 1.6x10-8 erg cm-1 s-1!

(in 15-50 keV)


