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§2
~ Polarimetry is a powerful diagnostic tools for the physics of celestial objects

~ Can reveal the geometry of sources and fields even when internal structures

are unresolved

K

With Polarizer

. L

Wnut F’nlarizer

~ Unfortunately, no polarized filter exists for X-rays: polarimetry is challenging

> For over 40 years significant detection for a single source in the soft X-ray
band — the Crab Nebula by OSO-8 (Weisskopf, 1978)

» X-ray emission highly non-thermal: significant polarization signal expected

from many different sources!
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K-shell photo-electron emission IncidentR-ray 79

Photoelectron Track Vv

100% modulated for linearly
polarized radiation:

Initial
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> NASA-ASI SMall EXplorer mission i
Detector > 3 identical telescopes: X-ray optics + Mirror Module
polarization sensitive detectors Assembly

Mirror Module Assembly (3x)
(§F.3.2)

4m focal length

Thermal Sock

Tip/Tilt/Rotate Deployable Shield
Mechanism (3x)(5F.3.3)
(§F.3.3)

Deployable Boom
(§F.3.4)

Detector Assembly (3x)
(§F.3.5, 8F.3.6)

Energy range: 2—8 keV

> Polarimetry: MDP>5.5% in 10 days for 10—11 cgs
Imaging (< 30 arcsec)

Timing (~ 10ps)

Spectroscopy (<20% at 5.9 keV)

A\

A\

A\
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Orbit 36
> LEO 600 km circular orbit
> 96.6-minute period
> ~13% SAA downtime

Observing strategy
> Point-and-stare at known targets (~13’ FOV)
> Typical observation time 100 - 1000 ks
> TOO available with a few days notice

(https://ixpe.msfc.nasa.gov/for_ scientists/too.html)

Data processing
> Science Operation Center at MSFC, Alabama
> Data publicly available on HEASARC one week after the end of an
observation

» Analysis tools available through HEASoft or ixpeobssim (Baldini, 2022)


https://ixpe.msfc.nasa.gov/for_scientists/too.html
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§7
PWN and radio pulsars

SNR

Accreting stellar-mass BH

Accreting WD and NS

Magnetars 75°
Radio-quiet AGN and Sgr A* 60° /
Blazars and radiogalaxies

45°

Her'.}(-l IC 4%2%.
[=]
L MCG-5-23-16
L ]
GX2+9 Vel x.1
_ . : %
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qu :j'_;z+¢,'_' . GRS 19154105 @lRX5]170849.0 =~ @ ol
e GS 1826-238 Circinus galaxy Vela Pulsar

® []
Cyg X-2 4U 1626-67

X _Persei
-15° o

-15° LTP updated on January 22, 2022
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Galactic accelerators,
through DSA
> Requires turbulent

magnetic field

Radio observations
> Mature SNRs (=2500 yr):
B-field tangentially oriented
» Shock compression Dubner&Giacani (2015)
> Young SNRs (<2500 yr):
radially oriented B-fields, low pol. degree
> Mechanism unclear IXPE observed SNRs

X-ray emission > Cas A (confirmed detection!)
> Thermal lines > SN 1006

~ Synchrotron from 10 - 100 TeV > Tycho
electrons: probe 10'cm scale
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Cas A
Young (350 yr) Core-collapse SNR
Synchrotron in front shock filaments

A\

A\

> Reverse shock also present
> Synchrotron emission dominant
between 4 and 6 keV

ACIS—=S3 spectrum of Cas A

™ - 1 arcmin
% 1pc/3.3 1
3| _:_.%u: N, pe y
= 5 g 3
EEE L N AW
- o9 0 i .
ol . z 335 "8 & S ~ First IXPE target, 890 ks
- : FT Tynd .
e "3 % \ observation
i i . .
-l S > Net overall X-ray polarization
2 compatible with zero
|
=L . > However, source is spatially resolved:
L
S . N S — allows testing different sub-regions
0.5 1 2 5

channel energy (keV)
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IXPE view of Cas A

Vink, 2022

» I1 = 1.8 £+ 0.3% in [3-6] keV band,

tangentially oriented
> ~59% in the forward shock

> Magnetic field is radial already 10'" cm

from the shock
» Il = than radio
> High level of MF turbulence
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Accreting neutron stars

Weakly magnetized: An accretion disk is able

to form

IXPE targets

> Cyg X-2

> GS 1826-238
> GX 301-2

Strongly magnetized: Magnetic field drives
the accretion flow

IXPE targets

> Cen X-3 (confirmed detection!)

Her X-1 (confirmed detection!)

41U 1626-67 (marginal detection)

X Persei | =

L

\4

\4

\4

Accreion dinc Inmet hot fow

Low-Mass X-ray binary: accretion
through Roche-lobe overflow

Accretion. X-ray heating

dr.sc \
Hot sp

|
W

/ - .. Accretion
Disc wind = stream

Companion
star

7/ Magnetc field
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O mode: E lays in the B - k plane e | . )—»?
X mode: E orthogonal to that plane x
B-k plane- . &k
QJ_ =|
Plasma effects : | 5
X-mode and O-mode cross-section :
¢

drastically different different below

cyclotron frequency

10 T T TTTTT T T TTTTTT —

QED effects: Vacuum Birefringence

X-mode

O-mode

QOED B 2
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> Persistent, bright accretion powered pulsars

> d = 7 kpc, spin period = ~1.24 s
> B3 ~2.2 solar mass donor star eclipsing the X-ray source every ~1.7 d
> CRSF detected, allows magnetic field measure:

» B=45 X 10* G

> 35 d cycle not completely understood 1259

—— MDPyg

10.0 =

PD (%)

> High X-ray polarization predicted
before launch (due to plasma effects)

> IXPE observation of 150 ks in 'main
on' phase (mostly unobscured
emission from the pulsar)

> Average measured polarization is
low: IT = 8.6 £ 0.5%, PA ~60°

~ Polarization nearly constant in

PA (deg)

Energy, keV

energy
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PD (%)

Phase resolved polarimetry: s - M% 4

> complex PD behavior '”'m ﬁ—#

> PA well described by a simple RVM '
model Poutanen, 2020 “00 035 050 o015 100 125 1% 195 200

> QED effect in play? S| == B
play /_1_

> Allow resolving the pulsar geometry!

PA (deg)

> Pulsar position angle lays on PA axis
(if O mode) or orthogonal to it (if X
mode)

> Magnetic colatitude 6 = 12°.5 £ 5°.7

> Pulsar spin axis can be constrained
using optical polarization data: Yorb =
28°9 £ 5°.9

> Pulsar and orbital angular momentum
misaligned!
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Magnetars are isolated
neutron stars powered by
huge magnetic fields

(B =10™ - 10'* G).

Anomalous X-ray Pulsars
(AXP) and Soft Gamma-ray
Repeaters (SGR) belong to
this class.

> Intense X-ray activity (bursts, flares) — rapid magnetic field reconfiguration.
> Highly twisted, non dipolar magnetic field
> Laboratory for testing QED effects

IXPE observed mangetars
> 4U 0142+61 (polarization detection!)
> 1RXS J170849 (ongoing)
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516
- P=869s, PP=2x10"g7!
» Spin-down magnetic field: B ~ 1.3 X 10* G N

IXPE 1Ms observation
> Spectrum: BB + PL tail
> Overall polarization:
II=(~12=x 1%,
PA = 48° + 3°

> Polarization vector variation

with energy, angle swing . , -
by 90° between 4 - 5 keV & wooom 3 w5

Polarization degree [%]

> Resonant Compton Scattering: high-energy photons polarized in the X-mode,
with a polarization degree of ~ 30%, almost independently on the production

> Small O-mode polarization at low energy: condensed surface emission?
gaseous layer with an “inverted” temperature?
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Magnetar 4U 0142+61

Taverna, 2022
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§17

Pulse profile is double-peaked

Double-peaked profile for PD as well
(min and max almost in phase)

PA profile essentially one-peaked
(maximum in phase with the main
maximum of the flux)

PA well fitted by RVM.:

QED effects?

> PD profile depends on emission
region

> PA profile depends on magnetic
field geometry far from the source
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Pulsar Wind Nebulae

IXPE observed PWN
> Crab (polarization detection!)
> Vela (polarization detection!)
> MSH 15-52 (analysis ongoing)

» Hot bubbles of relativistic particlgs18
and magnetic field: interaction of
the magnetized pulsar wind with the
expanding SNR (or with the ISM)

» Purely non-thermal spectrum: PWN
are extremely efficient accelerators

» MHD models reasonably predict

intensity, but magnetic field
turbulence is unknown

10% g T T

4 Saoft X
107 : i

%y (ergs™)

.."'_l_ql__-iEGRET |
]

10 1 1 1 | 1 | | | | | | 1 1 1
12 14 15 16 17 18 19 20 21 22 23 24 25
log v Hz"

300 GeV 10 TeW 100 TeW 3= 10° TeV
Electrons responsible for the radiation
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5h34m36° 33
Right Ascension (J2000)

INTENSITY AS A FUNCTION OF TIME

Imaging

Polarimetry

Explorer

CRAB

OPTICAL

L .

X-AAY

GAMMA-RAY

P~ 33 mSEC

Crab complex

30% 27%

PSR B1508-58 VELA PSR B1T06-44 PSR B19851+32

J
Ak
|

P~150 mSEC P~89 mSEC P~102 mSEC P~ 38 mSEC

Outer ring

GEMINGA PSR B1055-52

!
o [k

P~ 237 mSEC P ~ 187 mSEC

TIME IN FRACTIONS OF A PULSE PERIOD

§19
Complex structures

visible in X-rays
Phase behavior uniquely
stable in energy

Only source with a
significant polarization
measure in soft X-ray:
PD ~19%

PA ~155°

PolarLight detected a
polarization change
after a glitch in 2019
(Feng, 2020)
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220 608 Crab Integrated FoV Polarimetry
, CJ 20%
0.08{ T3 18%
22% |
0.07 4 —— PWN + PSR [2-8]keV |
' t— PWN + PSR [2-4]keV
—— PWN + PSR [4-8]keV
- 0.06 1 _|_
4 = Off-Pulse (PWN) [2-8]keV
-40° % O
0.05 1
0.04 1
0.03 1
—— IXPE 2.4-2.8keV . L ; N ' ¥ ' ' y
e ey 18§ -0.22 -0.21 -0.20  -0.19 -0.18 -0.17 -0.16  -0.15
- 0S08 2.6keV 2 ui
------ 0S08 5.2keV

16

A\

Light)

\4

A\

Modest energy dependence

v

Average polarization fraction 20% (compatible with OSO 8 and Polar
Polarization angle slightly different from OSO 8

Off Pulse polarization is higher (Nebula more polarized than the Pulsar)
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§21
22°03" 10°
Crab IXPE PF MAGNETIC FIELD DIRECTION
02’
F 101
O .
3 10—2
oo*
5"34"36° 32° 28* 245 r 10-7
5|34r“363 323 283

Right Ascension (J2000)

Right Ascension (J2000)

-~ Magnetic field mostly toroidal, in agreement with models
> Polarization reaches 40-50%, high level of MF coherence

» Polarization fraction not symmetric w.r.t. nebular axis, indicates complex
turbulence structures
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§22

- Normalized Stoke Q/| a5 _ Normalized _Stoke U/l

0.151

0.101

0.05 1

5 000
-0.051
-0.101

=0.151

-0.20

\4

Pulsed emission almost unpolarized
Marginal detection in P1: IT = 15.4% + 2.5% and PA = 105° + 18°

In contrast with optical and hard-X observations

\4

\4

A4

Not easily explained by current models
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Active Galactic Nuclei

Radio koud
QsO

Radio Quiet
QsoO

§23

Narrow Line Region (NLR)

BT

e <~

< SMBH W
" Broad \/ BLR
Line Region
(BLR) Accretion
disk
L | 1 |
) 10-100 !
Few parsecs light days

IXPE observed (non blazar) AGNs
> Cen A (upper limit)

> MCG-5-23-16 (upper limit)

» Circinus galaxy
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Blazars are AGN with the A
Jet directed towards us =

£

Emission in IXPE energy ; -
band can be either % E E 2
Synchrotron dominated s 3 ; 3
(HSP) or inverse Compton E /S g E} g
dominated (LSP/FSRQ) or % §§‘ © B 3
in between (ISP)

|
IXPE observations: Energy
LSP Blazars ISP Blazars HSP Blazars
> 3C 454.3 > S5 0716471 > Mrk 501 (polarization detection!)
> 3C 273 > Mrk 421 (polarization detection!)

> 3C 279
> BL Lacertae
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20 T T T T T T
----- Jet axis
+ 8-10 March 2022 12+ ]
15F I 4 26-28 March 2022 D
15% A
10f # ' 10} .
10% .~
L ,';f ,"”‘ 0, -1 g
5 5&, s 8 -
= / g
L { H
e 1| : ! 2
s 1, 1100 _
5 N =
5L \ "‘. \;;{‘ | &
—10F / "—+T.— ..... .
£ ~-},jN : 2k 4
-15F L T g +
E L - A 8-10 March
J\? / o 1 A
./ L . A 2628 March
/ i ol . . . ; ; . :
— 1 £ 1 1 i 1 1 1
295% -15 -10 -5 0 5 10 15 20 U " O M e & ¥ B
QI (%)

> 2 IXPE observations, source in average state

» X-ray polarization angle aligned with jet emission
> MW polarimetric campaign: PD increases with energy, PA stays

aligned
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particle acceleration (DSA/magn. reconnection) §26
shock —

B-field compression \
0.5+ d
0.4 | |
/ N % |
2 g 02 1
high-energy e’ = R ]
SmEI" Vﬂll]me = [isusisssunssssinnsinmsississ et issin s s e asissaise neiminainin
= high polarization 0.0 . e e -
————— Single zone model

low-energy e” —0.1} ——- Multizone model - Marscher 2014 i

large volume Multizone model - Peirson et al. 2019

— low polarization X 8-10 March 2022
=0.2r X 26-28 March 2022 i
/ \ l‘l" 1 1 1 1
optical in optical in 8-10 March 26-28 March

HSP blazars LSP blazars

Energy stratified model Marscher, 1985 Tavecchio, 2018

Particles become energized over a limited volume - e.g. at a shock front -
and then advect or diffuse away from that region.

In the process, the electrons lose energy to radiation, and so emit at
progressively decreasing frequencies
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§ 27

| .
£
'
. '
I
jet ;
, .
£
!
. I/
accretion +  COrona

disk o
B
. ‘ =
black /
hole low-mass

donor star

_oplL  — a=05fit
20 L — a=0.9 fit
— a=0.998 fit
+++ models

Polarization angle rotation (deg)

> Miniature version of AGN g

> Hard State: geometry of the corona, role of ° Energy (KeV) ®
the jet

» Soft State: geometry of the accretion disk, spin of the Black Hole
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Cygnus X-1

Krawczynski, 2022

Persistent HMXRB

> MBH = 21.24+2.2 M©®
> M2= 40.6 M©®

» P = 5.6 days

> d = 2.22 kpc

> 1= 27° — low polarization expected

MW observation campaign
> 242 ksec IXPE observation
» X-ray spectroscopy and timing:

NICER, NuSTAR, Swift, ART-XC,

INTEGRAL
> Optical polarimetry: Tohoku,
Skinakas

Detection Rate [counts/sec]

100F|XPE (2-8 keV)
Bin time: 1.025 ks +
| ‘u‘s}’ """‘t ]
W L A o~
40+ “t
20' Il
NICER (02-12 keV) s
3000} *, " . ot e
'.l"'! -~ '. e g - v “". ;“ -‘-
2000k . . U 'm s ‘_-;‘I“ H
o v
- .
1000+ .
: g | } f |'
NUSTAR (3-78 keV) s
800F LA
’.. - ?‘-
700F . “;'.;‘ \
‘-’.g il ¥ €
-t
600 +
25_SWIFT-XF'1T (0.2-10 keV)
L ] .3
. a» 4 ‘?”
200w g o $ o, e
. 0 " [ L]
15 L L
‘o'
10F . .
ART-XC (4-30 keV) .
180F t
. %
160F 1. -
* . * w o %
140F W N o=
120
550LINTEGRAL (30-80 kev) .
LY
200 * ¢
- é g \ '. b‘ .
150_ 1 L 1 * 1 1
59715 59716 59717 59718 59719 56720

Time [M)D]
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Cygnus X-1

Krawczynski, 2022

Dec Offset (mas)

Brightness (mJy beam™)
1 2 4

i
T
—— PD=4.29
[ PD=2.91+0.58* (E-])
2 3 4 =] 6 7
E [keV]

8

Polarization angle [deg]

-10

-15

-20

-25

-30

-40

§29
Emission dominated by Compton scattering

in the Corona (90% of the flux in 2-8 keV)
Unexpectedly high polarization detected.:

IT = (4.0 = 0.2)%, PA aligned with JET axis
Optical polarization ~1%, still aligned (with
some variability)

Polarization data exclude popular ‘lamp
post’ models, where the corona is e.g. a

plasma column

-35 +

e

> Coronal plasma is laterally
extended in the plane of the

| PA = -I'IE_B- 1_|8* (E-1]||

Hh

PA =-20.7

|
[L accretion disk
> Requires inclination > 45°
> Accretion disk is misaligned

with the orbit plane

2

3

4 E]
E [keV]

6 7 8 > Warped? Precession?
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IXPE has opened a new window in the X-ray sky, observing for the

first time the polarization in the [2-8] keV band of ~30 different
sources (with >10 currently confirmed non-null detections).

IXPE has:

> Unveiled the geometry of binary systems with BH or NS

» Shed light on the emission processes in Blazar jets

> Probed the level of turbulence of the magnetic field in galactic
accelerators (SNR, PWN)

> Questioned current models of pulsar polarization

» Tested physics of light emission and propagation in presence of
extreme magnetic and gravitational fields

Guest Observer program will select future (2024) targets.



@ IXPE
wanaerancens 1MNAGING

—=— X-Ray

=0 ) !
@Vl Polarimetry
wemowane  EXplorer

§31

Backup
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§ 32
Neutron stars (isolated or in binary systems) are one of the most
promising target for IXPE
Magnetic Cataclysmic NSs accreting matter from a Isolated NSs
Variables and Novae companion star (rotation powered pulsars, magnetars)

B-field

|
107+10% G 108+107 G 1012 G 1012+1013 G 1014+10" G
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> Very different polarization patterns predicted by different models

S0/20 4S/u4s 75745 80/4S 80/860

s0/20 4ys5/4s 75/45 60745 B0/E0
N~ DU IAAN _ - g AN AN
T A Pencil Beam an Beam =3 AN\ NINANAN NN,
T Free falling - I PN VANVANVAVVAV VANVAN VAVAVAV
- —— ] plasma I 70 aNVANVANVAVVAV VANVAN VAV.VAV,
o= gt Shock e
: .W_ = AP Radiation \ Slowly sinl @ F 7 s e
=== R R A Y 4 p y lasmz BN e e T s ¥ o I T aR i e
e e TSP W P e Y e A e T S | ——— —— RS ——
I M N o W . i S W A N s N S W m s~ T =+ AN
VIV VIVIVIV VIV _ S AN AR A MY
Ay s A AV AVAY : IR AR A
@ T NN A 4

S ANAN AT Meszaros et al. 1988 " RTINS
gy - AUAAAUA z : [\ i 1 1 '
) = - '—\/H %%%

6. 1. 0. 1. 0 1. 0. 1. Q. 1. — —
PHRSE PHRSE PHRSE PHRSE PHASE 0. t. ©O. 1. 9. 1. 0. 1. 0. 1.
PHASE  PHASE  PHASE  PHASE  PHASE



Entries/bin

@Y IXPE
,..m imaging GPD performances

—=— X-Ray

=0 ) !
@Vl Polarimetry
meazaiie  EXplorer

12000
Gaussian fit
Peak: 17840.8 + 3.1
100004 |FWHM: 17.25 + 0.05 % -
g
]
8000 1 =
UCJ 1000 1
6000 1 5001 Polarized beam 2.7 keV
Modulation 0.2827 + 0.0033
0
4000 1
=
2000 o
<
04+= - ; . . - E
0 5000 10000 15000 20000 25000 w ]
Pulse helght [ADC counts] 500' P0|arized bf—.‘am 6.4 kev
Modulation 0.5379 + 0.0035
0
> 17% FWHM @5.9 keV
6000 1
- L= 0.54 @6.4 keV 5
§ 40001
0.28 ©2.7 keV -
Non Polarized beam 5.9 keV
> £>20% ©2.0 keV Modulation 0.0034 + 0.0019
"0 -100 %0 0 50 100 150
> ~1 ms dead time Phiangle [ded]



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34

