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In the last few decades X-ray spectroscopy and timing have probed
compact objects where images cannot

Polarimetry adds two additional
observables:

* Polarization degree
* Polarization angle

These give information on:
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* 1971 and 1978: Bragg diffraction The next step is an
detectors on board a rocket and OSO-8  observatory with optics:

IXPE mission
e 2019: Photoelectric detectors on board

the PolarLight cubesat IXPE the day before launch:

All of these missions have no optics, and
have mostly studied only the Crab Nebula:

e P=(19+1)% indicated synchrotron origin
of the X-rays from the pulsar wind nebula

Image credit: NASA M. C. Weisskopf 2018 Hua Feng+ 2019



* First observatory dedicated to

X-ray polarimetry

* Photoelectric polarimeters

_|_
X-ray optics

e Launched December 2021

 Reaches same sensitivity as
OSO0O-8 in 1/100 of the time

e Can study polarimetry of
tens of sources

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

Polarization-sensitive
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0 ) Imaging X-ray Polarimetry Explorer (IXPE)

3 Gas Pixel

Detectors (GPD)

based on the
photoelectric

effect (ASI, INAF,
INFN)

Energy range

2-8 keV

5

Timing 10 ps
Energy <20% at 5.9
resolution keV
Angul_ar <30 arcsec
resolution
Field of view 10 arcmin
Polarization <5.5%
sensitivit (10'erg/s/cm?,
d 10 days)
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Using the Gas Pixel Detectors, PhotoclectronTrack incident Xeray
based on the photoelectric effect

Initial

* The distribution in angle of oot
ejected photoelectrons is peaked
around the polarization’s direction =~ ™"

'Signals

iout {1 rme

z direction Ai Incoming photon

Photon Photon
polarization polarization

Anr?ulgr distribu;tion on
the detector plane
X— /

Distribution in space of K-shell
photoelectrons after the

absorption of a polarized
x direction photon beam

0

Ejected photo-electron

->»
y direction

Costa+ 2001
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&M How IXPE measures polarization

Incident X-ray
Photoelectron Track V,,

Using the Gas Pixel Detectors,
based on the photoelectric effect

Initial

* The incident X-ray extracts a Absorptios
photoelectron that produces a
lonization track in the gas Pixel Anode

'Signals

iout {1 rme

* The track is amplified and read

* A histogram of the directions of all tracks is produced

Unpolarized Radiation Polarized Radiation
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&M How IXPE measures polarization

Incident X-ray

Using the Gas Pixel Detectors,
based on the photoelectric effect

Photoelectron Track V,,

Initial

 For each X-ray it detects Absorption

GEM

Pixel Anode

e Photoelectric track direction
* Energy B

e Position

e Time of arrival

mmmmm



Each detector units contains:
 (Gas Pixel Detector

 Back-End Electronics which power
and control the detectors

e Filter and calibration wheel
e 4 calibration sources

e Gray filter

Image credit: INFN




How do we distinguish if a photon is telling real astrophysical
information or something else (instrumental effects)?

e Crab Nebula, only source with previous
X-ray polarization measurements

Variable over time: cannot be used

|

Thorough ground calibration required

|

In-flight monitoring of this calibration

Flight model of
it




» Ground Calibration of IXPE

Detector Units calibrated Spare detector+ optics . Optics calibrated at
at INAF/IAPS in Italy Tt NASA/MSFC in USA

Integration at Ball Aerospace in USA

Images credit: Ball, NASA



& Flight Calibration of IXPE

Four calibration sources on-board

Response to polarization
depends on energy

'

Accurate polarization calibration
requires accurate energy

calibration T o
¢ / . 3 . CALC
OPEN . :
Energy variations calibrated with W';EEL P
on-board sources PNION MO e

Ferrazzoli+ 2020



Launch of IXPE

IXPE was launched on
December 9, 2021 from
Kennedy Space Center

Image credit: NASA

Image credit: Jordan Sirokie



rwo0:33:42. PDeployment of IXPE

IXPE was deployed successfully
iIn a 600 km equatorial orbit




M Monitoring of instrument performance

The Health of the IXPE instruments is continuously monitored by
the on-board calibration sources

* The detectors are working well, as expected
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@ Monitoring of instrument performance

The Health of the IXPE instruments is continuously monitored by
the on-board calibration sources

* The detectors are working well, as expected
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M Monitoring of instrument performance

The Health of the IXPE instruments is continuously monitored by
the on-board calibration sources

* The detectors are working well, as expected
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@ Pointing Strategy

 The observatory is controlled by Mission Operations Center (MOC) in Boulder,
Colorado

e Simultaneously observe target with the 3 detectors while not in
occultation

* Observations are dithered to average systematics

 The Science Operations Center (SOC) is at NASA/MSFC in Huntsville, Alabama

* Formulates observing plane
* Processes data in the pipeline

 Data is stored and distributed at the
High Energy Astrophysics
Science Archive Research
Center (HEASARC)

Image credit: NASA
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®» Observations

During its first year IXPE has observed tens of sources

Almost all classes

Radio-quiet AGN and Sgr A*
Blazars and radiogalaxies

45°

® PWN and radio pulsars .~

® SNR OT A-ray sources
® Accreting stellar-mass BH / observed

® Accreting WD and NS

® Magnetars 75°

o]

&

Cas A® e
® 4U0142+61
30° Mrk 501 31 [ ac
° BLIac

CygX-1 "

] .
Her X-1 Cyg X-2 X Pe‘rsel

15° Crgb

GRS 1915+105 Y

-150° -120° -90° -60° -30° 0° 60° 90°

GX9+9
15 ®s1826-238
) Sgr A cgnﬁlex

IC 4329A

3 IRXS J170849.0

>N 182U 1630-472
LA o

-30° ®
o
Vela Pulsar
MSH15-52
® 43U 1626-67
X301-2 @
lrcinus galaxy

[+]
-45 Cen X-3
&)

-60°

-75°

120°

Vela X-1

150°

MCG-5-23-16
o

LTP updated on January 22, 2022

Luca Baldini / ixpeobssim



Fociokev [€rg cm~' s77]

~ . N
Y 4, W& 2, . 4, @ PWN and radio pulsars
N ~ N
\80 \\Qo \_80 ® SNR
RN K ¥ ® Accreting stellar-mass BH
Y -
N MSH1S-32 o, AN ® Accreting WD and NS
N —_— —_— N —
™ Sor mcomplex U oldzdd1 < ® Magnetars
. -Sgr Acorgplex 14U 014 Jychc Cas A ) ]
“:’70,0 vela @S 1RXS J‘Eposm 0 "o @ ® Radio-quiet AGN and Sgr A*
~ \ 2 2~ ~ A . .
N A M. . . © Blazars and radiogalaxies
. ~ -~ (
101+ Yo
— ‘\;00 S \\\ \\\
n \7 Sa “ -
% ™ N ‘\\ \\\
© o MOG-5-23-16 Yod o8
= N X N N
~
OEJ ) \* O+7 t \\ \\ \\s
. 2
= \\\ @ ‘\\‘ . \\\‘ \\\\ \‘\\
S \\\O,o \\\ AN N N
o & Mk i s X- la X-1 * *
3 RN % M Xly Pl Xul e
> ™ K BO12 | cyg X .
] X H \ X Per¥ed Cyg i1 RN GRS 1915+105 "
A & b M 163667 . X
0 ~ N, S ~ ~
N \\ . \\ \\ \\
(@] N N .. \\ S
Y \\ M AN Ceh A N AN
'4% N ‘\\ ‘\-. O \"\ \\\
@] \\‘ N Cen X-3 4 AN A
@ .~ N N N N
N ~ Y O A A )
Y- ~ . k 4; N N
w \\ '\\ L . \\ \\
\\ . \\. \\ \\
N y 7 N . N
. N . N
. N \\ \\
\'\ RN "\ SN
18,3 R GS 1836-238 Cyg.x-z 9
o\ [ )
100 7 ‘\ S S ~
~ L . X
N N N N
N *a "\ Y
Nl 1959 . S S
S ) 5o \.\ Y
. N LTP updated on January 22, 2022,
\\ ‘\ . "
S Sy \\
1012 10-11 10-10 10~° 10-8 107

Luca Baldini / ixpeobssim



First Scientific Results

PWN and radio pulsars
SNR
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Radio-quiet AGN and Sgr A*
Blazars and radiogalaxies

S5 .0716+714
(=}

45° 1ES l‘f;:r 9+650 Tycho
Cas A® ¢
® 42U 0142+61
Mrk 501 BL Lac
o Cygxl o d :
Her X-1 Cyg X-2 A Parsel .
15° 1ES:0229+200 o
3C 454.3 Tl e ¢
GRS 1915+105 ® 021141051
A s) s
0° e -150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°
3C 279
8]
GX9%+9
S'1826-238
o
-15 Sgr A cgnﬂ)lex
IC 4329A MCG-5-23-16
@ lRXSJ110849.0 Yela X1 [ ]
SN 1008 ela X-
-30° o SN 1902y 1630-472 o
-ereA o o
Vela Pulsar

459 MSng-SZ

- 4U.1626-67
X301:2 @ X2

inus galaxy

-60°

-75° LTP updated on January 22, 2022



&) First Science Target: Cas A

IXPE observed this supernova
remnant in January 2022

e X-ray polarization shows that
the magnetic field is turbulent

Image
credit:
NASA
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Cen A Radio Galaxy

* Upper limit on polarization for the inner region — base of the jet

— 0of 6.5% at 99% c.l.

 Compatible with inverse Compton scattering, whose seed

photons can be

e synchrotron
(synchrotron self Compton)

e external
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* |IXPE was launched in December
2021, opening this X-ray polarimetry
window

e Telescopes are perfectly
cross-calibrated

* Tens of sources have been
observed

 Magnetic fields are the main
players, but scattering is also
present

e |XPE is keeping its promises!

See next talks!




