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' Polarization (1)

Electrons + magnetic field
produce synchrotron  Electro

radiation path |
Unique probe to B (and %

accelerated electrons)
High polarization degree is
expected (M. = o

X-ray polarimetry can probe
B-field configuration around
freshly-accelerated electrons
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Nasa IXPE
. -, Polarization (2)

 Reflected photons are

1- (cose)z)

1+(cos )2

 Unique probe to geometry of
compact objects (light
source and accretion disk)

polarized (Il =

not accessible by imaging e
* Also probes relativistic effect === Q ————

around a black hole (BH) 5
 We can investigate disk &

space-time geometry using s

X-ray polarimetry
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IXPE

© 5" 3C279 (Abdo +10, Nature 463, 919)

«rw—“ Explorer

T

Optical polarization aided with MW oDbs.
revealed (possible) helical magnetic field
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?'XPE Imaging-Spectro-Polarimetry

e Polarization is powerful probe to magnetic
fleld and source geometry
— It Improves our understanding of objects
— Multiwavelength observation is important

e X-ray polarimetry has been unexplored but is
key Iin high-energy astrophysics
— Probes B-field around freshly-accelerated

electrons, geometry (disk & space-time) in the
vicinity of BH

e |[XPE is the first dedicated X-ray imaging-
polarimetry observatory
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nhm IXPE

i, X-rayly-ray Polarimetry

 Only afew measurements in X-ray/y-ray
— Integral (Crab, Cyg X-1) in >100 keV
— PoGO+ (Crab, Cyg X-1) in 20-160 keV
— ASTROSAT (Crab, Cyg X-1) in > 100 keV
— Hitomi SGD (Crab) in >60 keV

* |n soft X-ray (<10 keV), Crab Nebula is first
and only positive detection
e | -f OSO0-8 satellite (1975-)

-» Graphite Bragg crystal
:* Crab nebula (w/o pulsar):
PD =19% + 1%

. w o “ PA = 156 T 2
Weisskopf 18 6/27




<. IXPE Mission

wmxa- Exp o er

 With IXPE, we can study several 10s sources
In soft X-ray polarization

e NASA SMEX mission, launch in late 2021, baseline
duration 2 years

e Japanese group provides key devices of the
Instruments

e Data are made public after validation

/ 2-8 keV
FOV=12.9'x 12.9’, HPD=25"
3x(mirror + detector)

Weisskopf 18 _

5.2-mtotal length deployed

— . 4.0-mfocal length  — 7/27



IXPE

. Imaging
s— X-Ray

Ofl Polarimetry

wmese  Explorer

Team and Mission Description

e Bilateral collaboration between NASA/MSFC
and ltalian Space Agency (ASI)

e Japanese group provides key devices; mirror
electron multiplier

thermal shield and Gas

u‘@'!:f.\ Marshall Space Flight Center

Pl team, project management,
SE and S&MA oversight, mirror
module fabrication, X-ray
calibration, science operations,
and data analysis and archiving

Polarization-sensitive
imaging detector systems

@]‘l:LﬂSP Mission operations

E 9 ) Detector system
q.% funding, ground station

F= ROMA )

Spacecraft, payload
structure, payload,
observatory I&T

T McGill

Co-Investigator
I I I [ § | Ilhsiaaﬂm?e
J] lewweot  Co-Investigator

=0 M+l o SN Ehw-—"T K Science Advisory Team

Pl: Martin Weisskopf
(NASA Marshall Space Flight Center)

Launch on a Falcon 9 from KSC
600-km circular orbit at 0.1 deg
inclination

2 year baseline mission, 1 year
optional extension with GO program
Point-and-state at pre-selected
target

Science Operation Center (SOC) at
MSFC

Mission Operation Center (MOC) at
CU/LASP

« Malindi ground station (Singapore

Backup) 8/27
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“Operation and Data Archive/Release

e 2+1 years mission, point-and-state at pre-
selected target

* Observing plans (OPs) for 1st and 2"d years are
defined by the IXPE team

* If mission is extended, OP will be GO-based
* MOC generates OP every week (TOO possible)

e Data are archived by NASA’s HEASARC and
released with the following timing:

o (First three months) 1 months after completion of
the observation (data for 90% of the scheduled
observing time are received by MOC)

 (After that) 1 week after the completion of the obs. .



Arrays o,
Orbit Deploy

<t E e Insertion
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Data

Commands/TeIememUEvent Logs/Parameter
Uploads = = "%

_ SEn:
Launch
(late 2021)

Singapore

S-band Downlink . Ground Station
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"-.. x;
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Ops
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L5 IXPE Observatory (Deployed)

¢ CY| PolcrmeTry
wmese  Explorer

e 2-8 keV, 3 Detector Units (DUs) and Mirror
Module Assemblies (MMAS)

e Japanese group provides key devices (GEM
for DU and thermal shield for MMA)

Project Status:

2017/1 accepted for NASA SMEX
2020/3E production of TS completed,
. shipped to US

. §54.2020/3-5, NASA/MSFC almost
shutdown due to COVID-19

D20/6 env. test of MMA completed
021/E launch

X-ray
Shield

MMA DU
(1 0of 3) (1 of 3)

Deployed Boom

Spacecraft

Forward
(bus)

Star Tracker

5.2-m total length
4.0-m focal length 11/27



&Y IXPE
o, Detector Instrument

 Three Detector Units (DUs) and single
Detector Service Unit (on underside of deck)
constitute the instrument

FOV=12.9’' x 12.9’ (10’ overlapping)

Detector Units
(rotated by 120 deg
with each other)
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@ IXPE

.../ Imogmg

(Y| ) PolcrlmeTry
ammpe Explorer

Pol. Measurement Principle

e Direction of photoelectron is parallel (on
average) to incident X-ray polarization

do

(sin O cos ¢@)?

.(loc(l—ﬁcosH)4

pol. direction
A /
01 Reconstructed /’/’/ Incident X-ray
- absorption point
F \./%“ . Photoelectron Track ) Vi
- * L
i v
= e " Window
E a0k ¥
L ®
o - Reconstructed ,‘ ‘e N
£ . 5F intialtrack /@ .g .y
E 0'35 direclion/ . ; ﬁnb:'.rl::rtlz::ll'ﬂn _‘.‘-‘_-'_'_.'- :
o 04 e // . .‘,._.-—End of track ] REooe = TR
Y . GEM
g / He20%-DMES0% RI KEN)
i/ 5.9 keV
K Pixel Anode
_0-?H=||b||||||||.|||-|1l|1||f1|||||||||||||||1r1
-04 -03 -02 -01 0 01 02 03 04
X coordinate (mm) ”100 ~ O_ 5 ADC

Electron track image

achieved

Gas pixel detector (GPD}

A12567_035
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NASA IXPE

f’“;;rf':;::i:szas Electron Multiplier (GEM)

ammpe Explorer

induction gap

460-480 V
Amplified by 300-500

Screening and test at RIKEN 14/27




& IXPE

i, EM X-ray Polarimeter

wmese  Explorer

Acquisition on 8
October

1yr

o

a

Sep'17  MNov'l?  Jan'18  Mar'l8  May'l8  Jul'18 Sep ‘18
Date
50 -
3 3 ‘ ! - 25 -
5000 - . WW@W P -
0 5000 10000 15000 20000 25000 30000 35000
e e nol floaan Hu—fn—m”wu—u—w - Lrﬂ“‘l_L TR RS Pulse Invariant [norm. ADC counts]
4000 1
Long term stability and uniformity
3000 ~ ~ ~

Entries/bin

: checked with Fe-55 source
o] UnpPolarized source @5.9 keV Energy resolution <17%, integrated
over the entire detector surface (after
Fit model: ixpeConstant galn equallzatlon)

Chisquare: 104.8 / 99
Constant: 4377.6 + 6.6

1000 1

~150 -100  -50 0 50 100 150
TRK_PHI2 [deg]
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|XPE
@ % Mirror Module Assembly

..M,,,_.,. Exp o er

Mirror shells (24)

~

Housing PN
Front Spider

Pre-Detector Effective area (3 modules)

I 3 MMAs, 210 cm?
1 (2.3 keV) each

=N W s N @
- & 8 8 8 8 8 8 =8

« 3modules, each uséé as'ingle "rigid'
spider to support 24 shells
* light weight housing for thermal control

16/27



= Mirror Thermal Shield

e Exp orer

polyimide film

¥
Al frame *

: Sy
stainless mesh

e 1.4 um Polyimide film, coated with 50 nm alminium

e Supported on 97.5% transparent stainless-steel mesh (on
Al frame)

 Transmission factor 90% at 2 keV

e Similar to shields flown on Hitomi

17/27



?'XPE IXPE Scientific Capability

wmese  Explorer

Time to reach minimum detectable polarization
(MDP) ~100 times shorter than that of OSO-8

. Varlous classes of sources acceSS|bIe

177 LMXBs 155 LMXBs 1 18 LMXBs 59 LMXBs 18 LMXBs
L 110 HMXBs :QEHMXBS |44HMXB5 :IGHMXBS :ZHMXBS .
3800 AGN | . .
Targets under discussion
o (a few 10s pre-selected
<ol targets + transients)
-"E‘“ | _
% i
g Employ stoke_s-param.
o PWNetPSR | ed analysis
m SNR
1ok * Ml m,tu
L A
T meu \MGJ}’ :
o ’é"iﬂ‘iuﬂféﬁ?'c.’é“?“é‘?
05r @ AGN i
| iMDPg = 10%
(]I.l II ; II” IHI(] — III(]{} — 10{}0

Fr 5 (107" ergem™s7) 'T'Crab Nebula
18/27



@ IXPE (event-by event) Stokes Param. based

. Imaging
X-Ray

o g Analysis

el 3pace Mg Con

(Slide by S. Gunji for JPS meeting 2019/Mar)

- ~nal( 90 .) - f i{").. e ———
q; = cos(20;) ; Dy p
1 U,

1 '\-_ . ot an( 2T
M 6, = — arctan(—)
Ur = 2 Ui 2 (' Qr’

HFED;L-E’.LEN% ~ i 1 . .
pr : polarization degree

0 : polarization angle

¢ ¢ modulation factor

. .:g:é_frnn of track { [ ; p— Hi Il t::’—)Hf- )

= FFETE FETEE FETET FETE FTTRI FTETE FEETE FRUTE FUTet
04 -03 -02 -01 1] 01 02 03 04
X coordinate (mmj)

This method is a little difficult to understand.
Intuitively, the counts of each bin are vectorized and the vectors are summed.

The length and the angle of the summed black vector correspond to the
degree and the angle of polarization, respectively.

Stokes parameter is additive => flexible binning in sky coordinate
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IXPE

@ 5" Case 1: Cen A

aempes  Explorer

e X-ray imaging polarimetry for the first time

* Investigate B-field configuration of jet for Cen A

— Axial vs. transverse, how B-field orientation evolves
along the jet

— ULX contamination excluded

B

-42°58'00.0" &g

G | % Core <7.0%
59'00.0" B | P RN P ool VRSt | 40
- 30 Jet 10.9%
2 -43°00'00.0" M 20 E Knot A+B 17.6%
8 K 5
3 . Knot C 16.5%
8 , " B 4 10 [3
T Knot F 23.5%
- HPD L/ ,‘ ot - Y Knot G 30.9%
O i | Fithon ULX 14.8%
TR NI S e R TR [ D e T 1o i e
42.00s  36.00s  30.00s 13h25m24.00s Includes effects of dilution by

RA ()2000)

unpolarized diffuse emission 20/27



| IXPE
? - Case 2: Crab Nebula

e X-ray iImaging polarimetry for the first time

 Crab Nebula: past measurements (integrated)
— 0OSO0-8: 2.6&5.2 keV, PD=19%, PA=156 deg (Weisscopf +78)
— PoGO+: >20 keV, PD=19%, PA=124 deg (chauvin +17)

« We want to distinguish (possibly) different
polarization in inner/outer nebulae by IXPE

Input polarization model:
PD=19% (uniform)
PA=124 deg (inner), 156 deg (outer)

30 ks obs, apply phase-cut (60% remained)
to eliminate pulsar contribution

21/27



@l Fo I rme

- Case 2: Crab Nebula (Contd.)

Can distinguish inner- and outer-nebula
polarizations with imaging capability of IXPE

« By applying phase-cut, we can recover the
change of PD/PA

ation Degree of 2.00~2.83 keV

20
POI degree % \TVitE F!ulsar
8 (2_2 . 8 keV) “® Phase-cut under counts 4000
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g
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by R. Yamamoto (Hiroshima)

Polarization Angle of 2.00~2.83 keV
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 Turbulent B filed expected at SNR shock. Evolution
of B turbulence is under debate

 Radio observation generally reveals radial/tangential

field for young/old SNRs

« X-ray probes thin layer immediately behind the

shock

Expected pol. directions for

(A) anisotropic turbulence
produced by shock compression
(B) turbulence produced by
anisotropic cascade

(Bykov +20)
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® = Case 3: Tycho SNR (Contd.)

e Explorer

« X-ray probes B-filed configuration behind the shock

Tycho SNR, pol properties by numerical simulation,
1 MS obs. with IXPE

(A) anisotropic turbulence by shock compression
(B) turbulence produced by anisotropic cascade
Can distinguish A (top) and B (bottom

I 3
ation degree (%)

ngle (rad)

n
Polarization al

24/27



-, Case 4: GRS 1915+105

o Spectro-polarimetry probes space-time in the
vicinity of BH
— Photon scat. produces polarization; PD and PA
depend on disk inclination and optical depth

— In general, relativistic effect results in energy-
dependent depolarization and change of PA

inclination
8, = 30°
0, = 60°
0, = 85°

k O _
N '
\ ]

optical depth
T=1.0
T=20

Dovtiak et al (2008)
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wavaspmremrease |MATING

s, X-Ray

CY| PolcrmeTry
Taempee Explorer

Linear polarization fraction

® ¥ Case 4: GRS 1915+105 (Contd.) Mg

o Spectro-polarimetry probes space-time in the

0.08 T

0.07K.

0.08 N\ S

vicinity of BH

— Photon scat. produces polarization; PD and PA
depend on disk inclination and optical depth

— In general, relativistic effect results in energy-
dependent depolarization and change of PA

GRS 1915+105 in soft state, IXPE 500 ks (Dovciak +08)

...........

Energy (keV)

Polarization angle rotation (deg)

~10f
~15}
—20f

-2510

gcan discuss BH

Energy (keV)

=1spin w/ IXPE
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& IXPE
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Summary

e Polarization is powerful probe to magnetic
fleld and source geometry

e IXPE will be launched In late 2021 and make

the spectro-imaging-polarimetry in

— Japanese consortium contributes the mission in
hardware and science

— A few 10s sources are accessible for the first time
(AGN, PWN, SNR, BHB, etc.)

— Coordinated (polarimetric) obs. would provide
vital information

Thank you for your Attention

27127
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IXPE
? a2 Minimum Detectable Polarization

ammpe  Expl o er

 Modulation factor uqgp is relative amplitude of
modulation curve for 100% polarized signal

 Minimum detectable polarization (MDPgy) is the
minimum source polarization statistically
distinguishable from 0% polarization

o — Nimax+ Nwin 0, 429 | 1 Rs+Rp
= 99 =
100 Nmax — Nmin H100 RST RS
| Nmax |
Novick 75 -

yloo—() 2-0. 65 foriIXPE
(Welsskopf 18)

Modulation foctor (%)
'y
o

/ (Bragg crystal)

A I i H i PR i i i TR R T T

//—-4
S~
=<

. min
0 180 270 Ener keV
AAAAAAAAAAAA - 9y (keV) 30/27




O IXPE
o, Stokes Parameter based Analysis

« We employ a Stokes Parameter based
analysis to fully utilize imaging capability (cf.
Kislat +15, Vink +18)

 Unlike PD/PA, Stokes parameters are additive
and allow flexible binning in sky coordinate

Stokes Q (or U) Average of

of each pixel 4 pixel
piX pixels .



-@ e Stokes Param. based Analysis (Contd.)

".@ﬁl PI mTy

=ae= Explo

 Event-by-event Stokes parameters: gzﬁgﬂwgmf;@\ :
i, =1,q, = 2c0s20,,u;, =2sin26, rd
« Stokes params. of entire data: g
I= Z ir=N,Q = z qr,U = Z T
« Normalized parameters, PD and PA:
_ _ 1 [ - 1
Q=0/1,U=U/I p,=——_Q%+1U%60=-tan"1(Q/0)
H100 2
e Errors:

v (Qerr)’

|

(Qerr)z — Z qk2 = Z(Z Cos Zek)z ) Qerr =

32/27
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- Polarization (1)

Electrons + magnetic field

produce synchrotron  Electron | []|

radiation path

Unique probe to B (and
accelerated electrons)

High polarization degree is
expected (MM, = -

Stokes parameters:
V@2 +U%+V? 1

' Magnetic
field line (B)

...........
e
G
.

/] photon

polarization vector L B direction
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Japanese Contribution to IXPE

Hardware contribution

v' Mirror thermal shield (Nagoya Univ.)

v' Gas electron multiplier (RIKEN)

Partially supported by JAXA’s small project
program

Japanese contributors

T. Tamagawa, T. Kitaguchi, T. Enoto (RIKEN),

|. Mitsuishi, Y. Tawara (Nagoya Univ.),

S. Gunji (Yamagata Univ.), T. Mizuno, Y. Fukazawa,

H. Takahashi (Hiroshima Univ.), K. Hayashida
(Osaka Univ.), W. lwakiri (Chuo Univ.) and students.

Names underlined are assigned as science collaborators.
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e 20174 1A NASA SMEX iR

e 201846 A25-28H mission PDR (AR EE) @B

20184 11H1H KDP-C @&i&

e 201946 H24-28H mission CDR (G£HlizRXstELE) @A

« 2020F3A R FM RIALETDRIEHERTE T . 1 2 ) 7 o RKEANEHIE

e 2020F3RAKRFM H—T Lo — )L FRERT. KEH M

e 202045H Online Science Collaborator Meeting B

» NASA/MSFC [¥3-5 A Dffl. K¥DEERIFLE

« 2020%F6R Zi=sBEFFHER@MSFC5ET

« FM ZEiREE. FMIRALET BE D) FIE D integration & test @Ball
Aerospace

« FM E=EFE+FMIRIET (15 %) end-to-end FXER@MSFC

o 2021FBFITBET e e o0 352135
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