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X-ray Polarimetry

 Information on celestial (extra-solar) sources can be obtained by studying the spatial,
spectral, timing and polarization properties of the observed radiation.

» Polarization properties give us information on geometry (the emitting matter, magnetic
fields, etc.).

* The polarization degree depends on the level and type of symmetry of the system, the
polarization angle indicates its orientation.

» Our knowledge of the emission from a celestial source in any energy band is therefore
iIncomplete without polarimetry.

* However, polarimetric information were basically missing in
the X-ray band before IXPE!
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X-ray Polarimetry

» Main processes for producing polarization (scattering and synchrotron) — measures
geometry (of the emitting matter, the radiation field, the magnetic field, the scattering
screen,...)

EVPA perpendicular to EVPA perpendicular to
scattering plane magnetic field lines

EVPA = electric vector position angle
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X-ray Polarimetry

» Before IXPE, only one positive measurement (Crab Nebula: 19%) in the classic X-ray
band, dating back to the 70s (OSO-8)

* No X-ray polarimeters onboard X-ray satellites after OSO-8, due to lack of sensitive
enough detectors

* Now such detectors do exist, based on the photoelectric effect

* The Imaging X-ray Polarimetry Explorer (IXPE) was selected by NASA in 2017 in the
framework of the SMEX program, and launched in December 2021

 IXPE is providing a wealth of diverse and often surprising results
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IXPE: The Mission: The Imaging X-ray Polarization Explorer
A NASA/ASI mission within the NASA's Small Explorer Program (SMEX)

* Launched December 9, 2021 on a Falcon 9 from Kenedy Space Center

* 600-km circular orbit at a nominal 0° inclination

» 2-year baseline mission, now extended with General Observer program
* Point and stare (with dither) at pre-selected targets

» Malindi ground station - primary (Singapore - secondary)

* Mission Operations Center (MOC) at the University of Colorado, Laboratory for
Atmospheric and Space Physics (LASP)

» Sciences Operations Center (SOC) at Marshall Space Flight Center

» Data archiving at NASA's HEASARC — No proprietary data rights, neither in the
baseline phase nor in the present GO phase
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IXPE: The Project and the Science Advisory Team
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IXPE: The Spanish Contribution

» Participation in SAT ¢ Blazar MWL observations
» Science planning ¢ IRAM 30m + CAHA + OSN
» Blazar science exploitation
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IXPE in a Nutshell

* Energy range: 2-8 keV

» Spatial resolution:
30" (FWHM)

+ FOV=13’

* Energy resolution: 0.57
keV @ 2 keV (FWHM)

Forward Star
Tracker

5.2 m total length
4.0 m focal length
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IXPE: The Gas Pixel Detector

The detection principle is based
In the photoelectric effect
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IXPE: The Observing Program

* The IXPE baseline mission was funded for two years, and finished on January 31, 2024.
Observation program defined by the IXPE Science Team

* A “bridge” extension till September 2025 granted by NASA, waiting for the standard call
for mission extensions in 2025

* A General Observer Program issued in 2023. GO1 started February 1, 2024.
Oversubscription larger than 6

» Deadline for GO2 proposals: August 29, 2024. Joint programs with NICER, NuSTAR and
Swift

SEA Science Meeting 2024-07-17. Granada, Spain, lvan Agudo 10



IXPE: The Observing Program: Baseline Phase

5 PWNe and isolated pulsars  Crab PWN, Vela PWN, MSH 15-52, PSR B0540-69, G21.5

6 SNR Cas A, Tycho’s, NE SN 1006, RCW 86, RX J1713.7-3946, Vela Jr.

11 Accreting stellar-BH Cyg X-1, 4U 1630-472, Cyg X-3, LMC X-1, 4U 1957-115, SS 433 Lobes, LMC X-3, SWIFT J1727.8-1613, 4U 1957+115, Swift
J0243.6+6124, Swift J1727.8-1613

19 Accreting NS Cen X-3, Her X-1, GS1826-67, Vela X-1, Cyg X-2, GX 301-2, X Persei, GX 9-9, 4U 1820, GRO J1008-57, XTE 1701-46, EXO
2030+375, LS V+44 17, GX 5-1, 4U 1624-49, Sco X-1, Cir X-1, GX13+1, SMC X-1

4 Magnetars 4U 0142+61, 1RXS J170849, SGR 1806-20, 1E 2259+586
5 Radio-quiet AGN & 1 Sgr A* MCG 5-23-16, Circinus Galaxy, NGC 4151, IC 4329 A Sgr A* Complex, NGC 1068

15 Blazars & radio galaxies Cen A, S5-0716-714, 1ES 19-59-650, Mrk 421, BL Lac, 3C 454, 3C 273, 3C 279, Mrk 501,1ES 1959-650, BL-Lac, 1ES
0229-200, PG 1553 -113, S4 0954+65, 1E 2259+586,

Some sources revisited: Mrk 421, Mrk 501, BL Lac, Vela X1, Her X-1, MCG 5-23-16, Crab,
MSH 15-52, Cyg X-1, Sgr A (complex), Swift J1727, ...

Positive detection in the majority of sources!
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IXPE: Science: Pulsar Wind Nebulae

IXPE observations of PWN (Crab, Vela) confirmed they are
highly polarized (very high in certain regions, close to the

Crab result consistent with OS0-8, when integrated over the
entire nebula. However, polarization map shows a complex
pattern, not surprisingly given the Chandra image
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A polarized view of the Crab _
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IXPE: Science: Pulsar Wind Nebulae

Average polarization of 45%, larger than 60% is
some, small regions - close to the Synchrotron
limit!

High polarization suggests B less turbulent than
expected.
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Polarization consistent with radio, but X-rays
sample regions closer to the site of acceleration.

Right ascension (J2000)
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IXPE: Science: Supernova Remants

SNR overall less polarized than PWN (not surprisingly, as
emission is mostly thermal).

1006 (Zhou et al. 2023) all show radial magnetic fields near
particle acceleration sites.
Cas A has PD = (4.5+1.0)% near forward shock.

Tycho has PD =(12+2)% in rim. Tycho has factor 2
variations, (23+4)% in the west.

SN 1006 has an average synchrotron PD = (22+4)%

Different level of turbulence! Why?

The magnetic field is, however, tangential in the NW rim of
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IXPE: Science: Sagitarius A”

Galactic Center molecular clouds (MC) are bright X-ray sources.
Their X-ray spectra indicate reflection from external sources

Are they reflecting X-rays from Sgr A* ?

In this case, X-rays should be highly polarized perpendicular to plane of
reflection and indicates the direction back to Sgr A*
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IXPE: Science: Sagitarius A”

2.70 result. Polarization angle

of the illuminating radiation
(Marin et al. 2023)

From the polarization degree, two
solutions for the age of the burst:
~30 or ~200 years ago. Second
solution much more probable.
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IXPE: Science: Radio Quiet AGN

In AGN the primary X-ray emission is due to Comptonization by

-rays

Optical/UV
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IXPE: Science: Radio Quiet AGN

Three unobscured RQ AGN have been observed

so far: — 2.8 keV
w— .35 keV

3.5-5 keV

Positive detection in NGC 4151 (Gianolli et al. m—— 5-8 keV
2023). 2-8 keV PD=4.9+1.1%, aligned with the 60°

radio jet. Coronal polarization in between 4 to 8%,

depending on the (poorly constrained)
polarization of the reflection component.

A marginal (2.970) detection (P=3.3) for IC4329A

(Ingram et al. 2023), only an upper limit
(PD<3.2%) for MCG-5-23-16 (PD <3.2%,
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IXPE: Science: Blazars

High Synchrotron Peaked Blazars are promising sources for X-

; 5 ray polarimetry. High Synchrotron

«— X-rays

et al. 2022) are indeed significantly
polarized. Multifrequency

observations permit to discriminate
among models.

Optical
|IC peak sources are instead much

less polarized (e.g. Cen A, Ehlert et

al. 2022, BL Lac, Middei et al.
2022).
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IXPE: Science: Blazars : Mrk501
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IXPE: Science: Blazars: Mrk 421
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... but in another observation of this source a
continuous rotation of the polarization angle by
more than 360 degrees in 5 days is detected
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Summary and Conclusions

* IXPE has opened a new observing window!

» Significant polarization is common in X-ray sources (expected)

* Most detections related to strong magnetic fields (PWN, SNR, Magnetars, Pulsars, Blazars)
» Scattering polarization is also often detected! (e.g. Sgr A*, coronal emission in AGN, ...)

* Results (even upper limits) discriminate between competing models
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* |JAA and IRAM has participated in Science Team, MWL support and science exploitation

» We are ready for the next: COSI , eXTP?, etc
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