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X-RAY POLARIMETRY WITH IXPE
FROM DETECTOR DESIGN TO SCIENTIFIC DISCOVERIES
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University of Torino and INFN
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¢ X-ray polarimetry and astrophysical context

¢ IXPE

€ Gas Pixel Detector (GPD)
€ Track reconstruction algorithm

Q Scientific results

¢ X-ray Calibration Facility (XCF) for R&D of future X-ray detectors
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¢ Information on celestial sources are mostly provided by electromagnetic radiation
¢ X-rays provide info about the high-energy universe

¢ X-rays are produced in:
€ events like explosions and high-speed collisions

€ by the most extreme and mysterious objects: supernova remnants, supermassive black
holes at the center of galaxies, pulsars...




X
X-RAY POLARIMETRY 5) o

Explorer

llllllllllllllllll

¢ Four basic observables to study properties of astrophysical sources:

Time

{1

t

Variability



X
X-RAY POLARIMETRY 5) o

Explorer

llllllllllllllllllll

¢ Four basic observables to study properties of astrophysical sources:

Time Image
Y
N y|
t — ] >
Variability Topology
Sky map
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¢ Four basic observables to study properties of astrophysical sources:

Time Image Energy
S
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Variability Topology Energy Spectrum
Sky map
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¢ Four basic observables to study properties of astrophysical sources:

Time Image Energy Polarization

A .

P .’
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—> >
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Variabili Toool S Adds 2 parameters to the
ariability opofogy Energy Spectrum phase space: polarization
Sky map

degree and angle
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€ Four basic observables to study properties of astrophysical sources:

Time Image Energy Polarization

A .

P .’

“ S 0

y| N
—> >
t X E >
iabili Topol S Adds 2 parameters to the
Variability opofogy Energy Spectrum phase space: polarization
Sky map

degree and angle

& Significant linear polarization expected in a variety of astrophysical X-ray sources

Non-Thermal emission processes:
e.g. synchrotron

Polarization
arises when
there is a
preferred
direction

Geometrical Asymmetries
e.g. accretion disk, jets, columns, blobs, etc...

Radiative transfer in strong
gravitational /| magnetic field

Credit to R. Ferrazzoli
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X-RAY POLARIMETRY HISTORY
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Before 2000: X-ray polarimetry was still undeveloped

(
~

~
<4

Only I significant measurement in 1978:

200 measurement of Crab Nebula from a Bragg polarimeter on-board
OSO-8 = P =(19.2 = 1.0)%, phase=(156.4 £ 1.4)° [Weisskopf et al. | 978]

Since 2000s: new detector concept allowed us to improve polarization
sensitivity by 2 orders of magnitude wrt OSO-8 polarimeter

letters to nature
I

instrument that makes X-ray polarimetry possible. The factor of
100 improvement in sensitivity that we have achieved will allow
direct exploration of the most dramatic objects of the X-ray sky.

An efficient photoelectric X-ray

mhdm for the stnvo' The main advantage of the proposed polarimeter is its capability
of investigating active galactic nuclei (quasars, blazars and bqfnl
black holes and neutron stars galaxics) for which pol havebb

Enrico Costa®, Paclo Soffitta’, Ronaldo Bellazzini',
Alossandro Brez Id-uu—nmm'

o di Astrofisica Spaziale del CNR, Via Fosso del Cavaliere 100, 1-00133,
ane. Am,‘
t Istitum Nanonate di Fisica Nudeare-Senone di Pisa, Via Lvomese 1291,
1-56010 Sam Piero @ Gradda, Pisa, Italy

crucial to under: nandlhcgmmmvmdphyﬂqot mitting regions.
We can separate synchrotron X-rays from jets™** from the emission
scattered by the disk corona or by a thick torus. The effects of
relativistic motions and of the glvuuaml field of a central black
hole have probably been detected by iron line spectroscopy on the
Scyfcrl 1 gdhx) MOG-6-30- l) (ref. 15) but this feature is not

ubiquitous in active galactic
continuum pmv-du 4 mora grneral tool to explore the structure
ol emitting regions'*”, to track instabilitics .md to derive direct

The study of ical objects using el gnetic radia-
tion invalves four basic observational approaches: imaging, spec

troscopy, phaomdry (accurate cuunun; oflhe pllolan received)

and of the
observed pho(ml) In contrast to ob:rvman at other wave-
lengths, a lack of has d X-ra from

making use of polarimetry. Yet such a l(d:mqne could provide a
direct picture of the state of matter in extreme magnetic and
gravitational fields' *, and has the potential to resolve the internal
structures of compact sources that would otherwise remain
inaccessible, even to X-ray interferometry’. In binary pulsars,
for example, we could directly ‘se¢’ the rotation of the magnetic
field and determine if the emission is in the form of a ‘fan’ or a
‘pencil’ beam'. Also, observation of the characteristic twisting of
the polarization angle in other compact sources would reveal the
presence of a black hole® . Here we report the development of an

o mass and angular momentum* of supermassive
black hales.

In spite of this wealth of expectations, the important but only
positive result until now is the measurement, by the Bragg techni-

que, of the polarization of the Crab nebula™”, The Stellar X-ray SR

Polarimeter™ (SXRP) represents the state of the art for conventional
methods based on Bragg diffraction and Thomson scattering.
However, Bragg polarimetry” is dispersive (one angle at one
time) and very narrow-band. Thomson polarimetry” is non

imaging and band-limited (>5keV). This limits the sensitivity of
SXRP to a few bright, galactic sources only.

The photoelectric effect is very sensitive to polarization. The | SUSIIEESIS)
clectron is gjected from an inner shell with a kinetic energy which is  SOCSUINIININ

the difference between the photon energy and the hinding energy.
The direction of emission is not uniform but is peaked around that
of the electric field of the photons (see Fig. 1a). This photoclectron

udlei. Polarimetry of the X-ray

028 02 oM 0o °
a b 0
o8

Track charge densty (1C mmY)

Augor olectron
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PhotoslscTon

track

/////mm\\\\\\\
Pixel precision for gas detectors

A glitch in time
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Nature 2001 - TRL 4 (functional verification) Nature Astronomy 2020 - TRL 9 (flight proven)
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THE X-RAY POLARIMETRY EXPLORER (IXPE) MISSION 5 522,

¢ NASA SMEX (SMall EXplorer) mission
¢ Goal: X-ray imaging and polarimetry (2—8 keV)

¢ Mission characteristics:

€ Launched on Dec.9,2021 on a SpaceX Falcon 9
rocket from NASA’s Kennedy Space Center

€ 2-year mission (baseline) + GO phase beyond

e Equatorial circular orbit at ~600 km altitude

*INAF )
@ Marshall Space Flight Center <%apg . STSUTL% nazionale | NEN
rrrrrrrrrrrrrrr L/
Pl team, project management, Polarization- sen5|t|ve
SE and S&MA oversight, mirror imaging detector systems

module fabrication, X-ray i
calibration, science operations, @]‘l\-LﬂSP Mission operations
and data analysis and archiving

ROMA /=
) Stanford gjentific theory

CY| Detector system =A°TRE \/ University
wmzee  fUNding, ground station o Scienceerting
< McGill .
Spacecraft, payload Group Co-Chair
W structure, payload, III-- Massachusetts )
- observatory I&T msiweol — Co-Investigator

A12567_151

LR+l 0 1™ o amE -



https://www.youtube.com/watch?v=JGij0x0PA_Q
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: Boom w/ thermal
M Module Assembl
HITOT WIOCUIC ASSE Y Sock deployed 4 Detector Unit\

(x3)

(x3) (Wolter I)

nnnnn

lllll
»

Forward star v
tracker \ ¥
X-ray Shields

(x3) deployed Solar array
<« 5.2-m total length deployed >

-« 4.0-m focal length >

¢ 3 identical telescopes — redundancy, mitigation of systematics, larger acceptance
& Conventional Wolter Type | grazing—incidence optics
& Extensible boom to save space during launch

& New imaging and polarization-sensitive detector: Gas Pixel Detector .



THE IXPE SATELLITE

Stray-X-ray
Collimator

Filter and Calibration
Wheel (FCW)

Detector Housing
Gas Pixel
Detector (GPD)

Back-End Electronics
(BEE)

IXPE

rs i e IMAQING

. X-Ray
@ Polarimetry
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Detector
Unit
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¢ IXPE

€ Gas Pixel Detector (GPD)



GAS PIXEL DETECTOR (GPD)

Incident X-ray
Photoelectron Track Vv

Window

Initial
Absorption

GEM

Pivel Anode DME/He Fill Gas

1Signals
1 Out

ADC

¢ Exploits photo-electric effect

€ X-ray absorption in a gas gap + photoelectron emission
¢ Signal amplification via a Gas Electron Multiplier (GEM)
¢ Finely pixelized ASIC as readout anode

¢ Full two-dimensional imaging and spectroscopy

@ IXPE

et cee IMAGING

N X-Ray
@ Polarimetry
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Ti Window Fram

““Filing tube

“Be Window

S\piift Spacer

T GEM

“GEM Support
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GAS PIXEL DETECTOR (GPD)

DRIFT PLANE

Dymethyl-ether

DME (CHs),0

ASIC

15



MEASUREMENT PRINCIPLE

z direction Ai Incoming photon

Photon Photon
polarization polarization

Ejected photo-electron

Angular distribution on
the detector plane
X— =

- >
y direction

Distribution in space of K-shell
photoelectrons after the
absorption of a polarized

X direction photon beam

& The photo-electron (phe) is ejected in a direction, which preferably lies on the oscillation plane
of the X-ray electric field (i.e. the polarization direction).

& Polarization recovered on a statistical basis, from azimuthal distrib. of phe emission directions

& Distribution of the emission directions of a K-shell phe 100% linearly polarized radiation:

K ‘2 2
do¢ o 75E—5 SN 6 cos” ¢
dQ (1 + B cos 6)4

16



MEASUREMENT PRINCIPLE

z direction Ai Incoming photon

Photon Photon

polarization polarization
b\

Ejected photo-electron

Angular distribution on
the detector plane
X— =

->»
y direction

Distribution in space of K-shell
photoelectrons after the
absorption of a polarized

x direction photon beam

& The photo-electron (phe) is ejected in a direction, which preferably lies on the oscillation plane
of the X-ray electric field (i.e. the polarization direction).

& Polarization recovered on a statistical basis, from azimuthal distrib. of phe emission directions

& Distribution of the emission directions of a K-shell phe 100% linearly polarized radiation:

1400 &

doX _7 sin g z}
C - ZS ‘h’*m . !

adQ (1 + B cos )4

400

72 / ndf 161.4 7197
Flat term 582945
200 Modulated term 798587 1 7
Angle 0.02941+0.00544

073 2 ] 0 1 2

3
Phi (rad)
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¢ IXPE

€ Gas Pixel Detector (GPD)

€ Track reconstruction algorithm
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¢ GOAL: accurately reconstruct the direction of emission of the phe

¢ Accurate sampling of the phe track requires adequate detector granularity;
typical track lengths at keV energy are:
¢ afew um in a solid

¢ afew hundreds um in a gas — gas is preferred

Principal axis}

¢ Challenging reconstruction because of:

‘N

¢ Electron scattering at large angle can smear out
the emission direction information

©

Highest ionization density at the end of the track
(Bragg peak) — feature used in track reconstruction

0.0 0.1 0.2 0.3 0.4 05 . 0.6 0.7

——{Baricenter}

fConversion point] 19
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¢ Current algorithm used for track reconstruction is analytic:

¢ it is based on the calculation of the momenta of the charge distribution.

D)

¢ first it detects the impact point, then the emission angle

1. Barycenter and second moment 2. Identification of the initial part 3. Reconstruction of the impact 4. Reconstruction of the emission
of the charge distribution of the track point direction

-
it
Tu
-

- -
- - ’
- -

.
ol

b
i
-

20
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FRUM AN ANALYTIC TU A MACHINE LEARNING APPRUACM“

¢ The reconstruction of the emission angle depends on the quality of the impact point
reconstruction

True emission
. direction

Reconstructed

/ emission direction

¢ The analytic method works but with some limitations — the potential of ML techniques,

in particular Convolutional Neural Networks CNN, has been explored (Kitaguchi et al. 2019,
Moriakov et al. 2020, Peirson et al. 202 1)

21
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Shift columns, apply next - n =

neighbour hexagonal kernel

Valid hexagonal

o convolution

15

16

DenseNet-121 standard structure

DenseBlock _,ﬁ_, DenseBlock _,ﬁ_, DenseBlock _,ﬁ DenseBlock . , (X,y)

Transition Block Transition Block Transition Block

PHE track image

o,

First convolutional block, it includes
the hexagonal convolution

Fully connected layer

3. Reconstruction of the impact
point .

.ﬁ/New CNN-predicted
¢ . impact point %
(] N

N. Cibrario et al ,A&A 674,A107 (2023) 22
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Shift columns, apply next - n

neighbour hexagonal kernel

Valid hexagonal
convolution

PHE track image

DenseNet-121 standard structure
' '_,ﬁ BN DenseBlock ' .' DenseBlock '

Rl DenseBlock _,ﬁ BN DenseBlock -

Transition Block Transition Block Transition Block
First convolutional block, it includes

the hexagonal convolution

.

Fully connected layer

3. Reconstruction of the impact
point .

g:'f/New CNN-predicted

.. : &
6_. impact point
~~~~~ X ---- Standard Mom. Analysis y
¥ 0 ‘3 ---- Hybrid method |
odere e S~ .4 L
ﬁ 'L\\ ““““ ‘
X o T
o - D
L g 50 P

-

40

H [%]

¢ MODULATION FACTOR: the response to a 100% polarized source, | /s
i.e. the fraction of modulation recovered by the algorithm

N. Cibrario et al, A&A 674,A107 (2023) .

5 6 7 8
Energy [keV]
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¢ IXPE
¢ Gas Pixel Detector (GPD)
€ Track reconstruction algorithm

¢ Scientific results
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Sensitivity to polarization MDPy9%< 5.5%,
(Minimum Detectable Polarization) 0.5 mCrab, 10 days
Angular resolution < 30”
Field of view (FOV) 12.8’ x 12.8
Energy resolution ~ 7% @ 5.9 keV
Timing accuracy =~ 20 Ms

€

Unique and powerful X-ray polarization capabilities — crucial insights into our
understanding of X-ray production and the geometry of multiple classes of objects

B Supernova Accreting Black Holes
S remnants b R
Accreting :

Neutron stars '

‘ AGNs and the
! ' . . Galactic center
\4 S Blazars and radiogalaxies

25
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¢ Overall polarization degree (PD) = 1.8%£0.3% (50) in the 3-6 keV energy range, by
summing over a large region and assuming circular symmetry for polarization vectors

bolarization angle corresponds to a radially-oriented magnetic field, similarly to radio obs. results;

polarization degree is lower than in the radio band (~ 5%).

¢ The polarization vectors suggest an overall radial magnetic-field orientation

Vink et al. 2022 Ap| 26
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¢ Unique insights into particle acceleration in AGN
jets = when combined with MWL observations, we can
break degeneracies - impossible without polarization data

¢ ~ 20 blazars and radio galaxies observed with IXPE

Total Exposure Polarizatio
HSP 6 595 Y

Mrk 501
Cen A Radio Gal 1 100 N e ———
I
Mrk 421 HSP 8 893 Y L 109 Vo = 15 | & |
* \# , - X-ray band
BL Lac HSP 4 1222 Y | il L L
3C 273 LSP 1 95 N -
.l
3C 279 LSP I 265 N
3C 4543 LSP 2 99 N g
z
$50716+714 LSP I 359 N ol i 5
= (.
1ES 0229+200 HSP 2 401 Y ' 3
-
PG 1553+113 HSP 2 130 Y o
Tr | .
IES 1959+650 HSP 2 254 Y o
A 1 a A " A 1 A adal 1 A A A A A
PKS 2155-304 HSP I 476 Y 10 15 20 25
log frequency v (Hz)
$4 095465 LSP I 505 N

27



¢ |st observation: PD of 10% and PA in line with the radio jet
axis (Liodakis et al 2022, Nature)

¢ Mostly steady behavior from subsequent observations,
except for a PD of 17% in the 6th observation (Chen et al o0

Polarization degree (%)

12+

101

FIRST BLAZAR RESULT PUBLISHED: MRK 301 g

2024).

From Liodakis et al 2023

+ ‘ A 8-10 March
A A 26-28 March

1 1 1 1 L 1 1 1

11 12 13 14 15 16 17 18

Frequency (log, Hz)

IXPE

Polarimetry
o Explorer

llllllllllllllllllll

-15°

IXPE1
1 IXPE2
[ IXPE3
I IXPE4
B IXPES
I IXPE6

-45°

-60°

-75°

-105°

-135° 30

¢ PD higher in X-ray than in optical and radio

28



FIRST BLAZAR RESULT PUBLISHED: MRK 501 g

€ X-rays are produced by electrons accelerated in ordered B

fields just after the shock,

¢ optical and radio ph are generated further downstream in
regions with more turbulent B fields.

€ pol. degree higher in X-ray than in optical and radio

€ consistent with energy-stratified emission model:

25
¥ Xray

¢ Optical
# IR

+ Radio

201 <ny>~134%
<Mo>~3.9 %
<Mg>~2.8%

15 4

K

Time-averaged polarization degree, 1 (%)

|

t+.
} t :
- - o ™m o
3§ 8 = § 8
¥¥+;+u'-,
= 2 2 23 % =9
S NN
- = o v
U)gwg
23] (3 I W
Ll Ll

IXPE

Explorer
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¢ MWL simultaneous observations: A

light light . light

by Blazar,’ / + s
: ,L\,» Iy 77/ .
8 3 '/
. O L o .

\\;
Sy
IXPE spacecraft = T~

¢ Similar behavior for the majority of HSP’s

29
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¢ PD ~ 10%
400¢ - - — 3
. o o | ¢ IXPE4-6 June
¢ Discovery of PA rotating at rate 80°/day 300} ,;: REETD Uh - /
[ Perkins (H band) °
; — . — ) .. . < 200H IRAM (3.5 mm) Y
No similar rotation at longer A = X-ray emitting site > T K0 %9
not completely overlapped wrt radio, IR and optical one E %’
. . R . R of : ?f?f N T S
¢ Explained with a helical magnetic structure in =l
jet, illuminated by shock propagating along the helix. 4o} +
& 30t
=4
20»- . +¢ + %I
10} '
PR TR
24 .
= <
§ 3t " ® ¥ o
3 2f * © %
3 iy g " ’ 0” ¥ e
= 1; ® o & *° °
0 : o
8_0'2 o J
y -0.3
% " s
-§-0.4
E—os By
X
£ -06
% ot :
L7100 A712x10°  A.713x10°  A.714x10°  1.715x10° 1.716%10
IXPE MET(s)

Di Gesu et al. 2022, ApJL; Di Gesu et al. 2023, Nat. Astr. 30
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¢ GC hosts a BH of ~ 4 10 Msun, quiescent at present, with a luminosity << ordinary AGN:
€ Local sources fail to explain the bright X-ray emission observed in molecular clouds near GC

¢ Possible explanation: reflection of past hard X-ray flares by dense gas in the GC region
— reflected X-ray emission should be highly polarized and the PA should point back to GC

¢ IXPE observed polarized X-ray emission in the direction of molecular clouds in GC:
¢ PA=-48°1 ||° — consistent with Sgr A*

€ PD=31%=% 11% — 200 years ago Sgr A* briefly had
X-ray luminosity comparable to Seyfert galaxy

| [ 1.00e-0

. Arches cluster
j| | 8.00e-0

S 6.01e-0

I 4.00e-0

= ’ Sgr A* J I 1990
L5 X i

: 266.7 266.6 266.6 266.5 266.4 266.4 266:
| | | | 1 | ‘ | | 1 | I | | | | | | | 1 | ‘ | | 1 | I

180° T T

Marin et al. 2023 Nature 5
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¢ GC hosts a BH of ~ 4 10 Msun, quiescent at present, with a luminosity << ordinary AGN:
€ Local sources fail to explain the bright X-ray emission observed in molecular clouds near GC

¢ Possible explanation: reflection of past hard X-ray flares by dense gas in the GC region
— reflected X-ray emission should be highly polarized and the PA should point back to GC

¢ IXPE observed polarized X-ray emission in the direction of molecular clouds in GC:
¢ PA=-48°t |1° - consistent with Sgr A* T

€ PD=31%=% 11% — 200 years ago Sgr A* briefly had
X-ray luminosity comparable to Seyfert galaxy

1.00e-0¢

. Arches cluster
l| | 8.00e-0

E I 6.01e-0!

B 4.00e-0!

I S A :
= . Sgr A* g 1.99e-0!
L5 X |

: 266.7 266.6 266.6 266.5 266.4 266.4 266;
| I I} | ] 1} I I} 1 | 1} I 1} 1 ] 1} | 1} 1 | | | ] 1 ] 1 |

Marin et al. 2023 Nature

180° PO
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¢ X-ray Calibration Facility (XCF) for R&D of future X-ray detectors

33



4 Physics Department\
Turin (ITA)

4 GPD Spares

X-RAY CALIBRATION FACILITY (XCF) @ UNIV. OF TURIN g
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[Sp ace

GPDs == Only space-qualified detectors currently used

for X-ray polarization )

/Ground

Systematic testing and — Essential in view of future

L monitoring on GPD spares X-ray polarimeters

J
4 We need a facility that provides photon beams with various
spatial and energy configurations and offering both
unpolarized and linearly polarized beams
\ XCF )

34
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X-RAY CALIBRATION FACILITY

35
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XCF: UNPOLARIZED BEAM LINE
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X-ray tube:
radiation source

Unpolarized
beam line

CMOS ~
camera

Handling system

36
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Bragg diffraction: Polarizing crystal |} e Xcray tube:
S B radiation source

hc

Unpolarized

E_

’ incident
2dSlneBragg radiation
Diffracted p© _P lane of
radiation "NCidence

\ S Polarized
- ~ | beam line

¢ Polarization degree is: P = (1 — k)/(1 + k), k is ratio
of the integrated reflectivities of the 2 components
§ Fork=0,i.e.0 = 0g,,,, = 45" = 100% pol. radiation

/// '—m‘\\
CMOS | I/ o e——

Mo La 22932 InSb111 7.481 46.28 99.32% \ Handling system -

1
A

Rh La 2697  Gelll 6.532 44.87 99.28%
Pd La 2839 SN 6.271 44.12 >05.08%
Ti Ka 4.511 Si 220 3.840 45.71 99.51%
Fe Ka 6.404  Si400 27142 455 99.7% ??
Ni ka 7478 Ge 422 2.31 45.86 99.04%

37
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& XCF has been conceived to:

¢ qualify Gas Pixel Detectors developed for astrophysical missions of present (i.e.
IXPE) and future generation

¢ support R&D programs of innovative
position-, energy- and polarization-sensitive
X-ray detectors
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¢ IXPE has produced (and will continue to produce) outstanding science:
€ simultaneous imaging, spectral, timing, and polarization data for 2-8 keV X-rays

€ unique and powerful X-ray polarization capabilities and has been providing crucial insights into
our understanding of X-ray production and the geometry of multiple classes of objects.

¢ Baseline 2-year mission completed, now in General Observer (GO) program phase

©

First 2 calls for GO proposals released in summer 2023 and 2024, pre-proposal workshop in
preparation for the 3rd cycle

€ General Observer Facility at GSFC to administer IXPE GO Program

¢ HEASOFT analysis tools and documentation (including quick start guide) at GSFC GOF
€ IXPE Mission Partners execute and process observations, archive to HEASARC

€ NASA policy: no exclusive-use period (can request 6 months exclusive use)

39


https://heasarc.gsfc.nasa.gov/docs/ixpe/analysis/
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