X-ray Polarimetric Observations of
Stellar Mass Black Holes with IXPE and XL-Calibur

Henric Krawczynski, 05/07/2025

Plan of talk:
(1) Two space borne X-ray polarimeter missions: IXPE and XL-Calibur.
(2) IXPE results for Stellar Mass Black Holes & Implications:
(a) Overview.
(b) A deeper look.
(3) Results from the the 2024 XL-Calibur balloon flight.
(4) Summary.
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Why is this difficult?
5% Pol. Degree (99% CL)
requires 40,000 photons.

You shell measure
[, Q Uand V!

Polarizer

Linearly polarized
beam: preferred
E-field directions

Unpolarized beam,
all E-field directions
equally likely.

George Gabriel Stokes(1852)

© 2011 Encyclopaedia Britannica, Inc.



X-ray Polarimetry - Key Technologies
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© Zhang et al., Goddard Space Flight Center

Chandra (Ir-mirror) image of
Tycho’s SNR (0.3-6.1 keV)

(X-ray: NASA/CXC/RIKEN & GSFC/T. Sato et
al; Optical: DSS)

NuSTAR (Si-W) image of Cas
A SNR (67 & 78 keV)

NASA/JPL-Caltech/CXC/SAO

Radioactive Titanium (blue)



X-ray Polarimeters

Drift plane

Photoelectric
effect
polarimeter:

IXPE: 2-8 keV:
minimum detectable
polarizations of a few %
for ~1 mCrab sources.

Launch:
12/9/2021!

Beryllium ]
scattering
rod (8 cm)

Scattering
Polarimeter:

XL-Calibur: 15-80 keV.
minimum detectable
polarizations of ~5% for
500 mCrab sources

Balloon flight:
July 2024




(2) Magnetars/Pulsars:

Primary Science = Neutron star surfaces & magnetospheres.

Objectives
Strong-field QED, i.e. 4U 0142+61 (Lai 2023)

(1) Black Holes:

Stellar Mass Black Holes @ e

Supermassive Black Holes g

Vacuum
Birefringence

(1b) Accreting neutron
stars. (3) Pulsar Wind Nebulae,

Blazars, Supernova-Remnants:

Xie et al.,

Particle i
i Nature (2022)

acceleration



https://www.nature.com/

Black Hole Accretion

NASA/JPL-Caltech/IPAC/Event
Horizon Telescope Collaboration

M87, SGR A*
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Some Terminology

b (
A.S. Eddington
1882 —1944

Max. Luminosity for

non-spinning: max-spinning: spherical accretion:
= = R =r
RH RS 2 I’g W=1, Loy — 4nGMmyc
agT
a=J/Mc

la] =0...1



https://screenrant.com

/hulk-best-worst-mcu-

moments-phase-1-2-p
roblem/

BHXRBSs in
Different
Emission States

BH spins &
inclinations,
strong gravity.

BH accretion.

Soft (Thermal) State Hard State



What polarizes X-rays from mass accreting black holes?

Chandrasekhar:
Incident ray Reflected ray €Mmission from scattering
(unpolarised) (polarised) o
atmosphere: <11.7% PD

Faraday rotation ~ A?
is negligible.

scattering

(or reflection)
polarize light perpendicular .
to Scattering Refracted ray
(reflection) plane. (slightly polarised)

Spacetime curvature
affects PA.



Overview of IXPE Resulte
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IXPE View of BH XRBs during the First 2.5 Years of the Mission
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X-ray Polarization of Accreting Stellar-Mass Black Holes
through Accretion States

by
Nicole Rodriguez Cavero

multistate

single state

Source
Cyg X-1, 21.2 Mo

GX 3394, 5.8-10 MO

Swift J1727.8

4U1630-47

LMC X-1

LMC X-3, 7 Mo

LMC X-1, 11 Me

4U 1957+115, 3-6.2 Mo
Swift J151857.0-572147
IGR J17091-3624

Cyg X-3

IXPE Polarization
Hard: ~3-4%

Soft: >2%

SIMS: 1.3+£0.4%
Soft: <1.4%
Hard: 4.1+0.2%
IMS: ~3%

Soft: <1%

Low hard:

3.1£0.6%

Soft: 8.3%
SPL: 6.8%
Soft: <2.5%
Soft: 3.2+0.5%
Soft: <1.1%
Soft: 1.9+0.4%
Soft: <0.2%
Hard: 8+1%
Hard: 20.6+£0.3%,
21.410.4%

IMS: 10.41£0.3%

Soft: 11.9+£0.3%

Interpretation
Corona & Jet

Outflow, slim disk,
ionization

PD from coronal
emission

Corona & Jet
Soft lags
PD sensitive to state

PD independent of
luminosity

Obscured ULX,
geometry, ionization

Same PA as in the soft
state.

Consistent with low
inclination

Consistent with low spin

Consistent with low
inclination, spin
constraints

Constrain on spin and
returning radiation

Consistent with low
inclination

Implications for Cyg X-1
and Swift J1727

Publications
Krawczynski+2022

Steiner+2024

Mastroserio+2024

Veledina+2023
Ingram+2023
Svoboda+2024

Ratheesh+2024
Rodriguez

Cavero+2023
Podgorny+2023
Svoboda+2024
Podgorny+2023
Marra+2024
Ling+2024

Parra+2025,
Debnath+2025

Veledina+2024, 2025

Mikusincova+2024

Rodriguez
Cavero+2025



Cygnus X-1 in the Hard State (“1% L

Mgy= 21.242.2 M,,
M,=40.6%77 M,

P=5.6 days
d= 2.22%318 kpc

Orbital inclination:
i=27.51"%8.

Miller-Jones et al. 2021

Hard state: emission is dominated
by hot coronal plasma.

Edd)

5/15-5/22, 2022,

242 kSEC
North
Poy,
° qry
8 a2 -16° M2at

t/o

n

20°  9ngyq
24°

s,
-40° ¢

6.0-8.0 keV

4.0-6.0 keV

0 HK+, Science, 2022



Dec Offset (mas)
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10 billion km

IXPE emission
probes 70 r,~

l 2,000 km @ region!



Dec Offset (mas)
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flow



Swift J1727.8-1613. GX 339-4

Re47R (V! s
18°4713.0 —0.00035
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= SMA (Sop 03) [XPE (Sep 16/17) Polarization is parallel to jet.
mmm SMA (Sep 04) IXPE (Sep 27/28) : : .
mEN ATCA (Sep 28) IXPE (Oct 04) Corona is perpendlcular to jet.

IXPE (Sep 07/08) IXPE (Oct 10)



Orientation of X-ray Polarization (and the corona) in Radio Quiet AGNs

= 3.0 X
IC 4329A 1490 MH2z 3.5-5 keV 14
T T T - 5.8 keV 12
10 T T T
5.0 - 4 60° .
” 2.5 3 D
F 0 @9,¢ ) .
108 ! ] 1 | i, ] 4
120° 0 RIZZI:I5T7ASCENSION ?jéso?)O) ¥
28.2 27.8 204
162°
Ingram+2023 Unger+ 1987 Gianolli+2023 Ulvestad+1998

Polarization is parallel to jet; Corona is perpendicular to jet.



Polarization of Thermal Thin Disk Emission

Schnittman & Krolik 2009 Schnittman & Krolik 2009
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(i) highest energies from small r.
(i) high a = strong gravitational lensing
= more returning emission reflected

Polarimetry gives new constraints on
BH spins.



LMC X-3

D = 49.59+0.09+0.54 kpc (Pietrzynski et al. 2019)

My, = 6.98 £ 0.56Mo,
M__ =3.63 £ 0.57Me,

star

i =69.2° (Orosz et al. 2014)
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Black hole
accretes
matter M, B

What do we learn from these measurements?

diff. rotation of
magnetized
plasmain
Kerr spacetime

turbulence
B- f|eId

Ang. momentum
and mass

transport
(2tGRRMHD)

2

Electrons
and ions.

Turbulence,

shocks,

reconnection.

(PIC)

Compton
scattering

j> X-rays




Accretion through capture
from focussed wind

v .=900 km s

cygx1

f =9x107

— -14.0 capt

Mg x.1 =4 X 10" g s
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. BH can capture:
Model f orbi ;
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hardness ratios by Lai+ 2024
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wind
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2-60 keV cts/s

2-60 keV cts/s
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Soft state:
Matter accretes to

Mc?
Efficiency as a function of how close to lo~ 1.2 r, (@=0.998)
@ | the BH the matter sinks | 7~ 30%
& = _ :
— 04 a=1 M~ 3-40% L__ /c?
g Ng | soft hard Ed‘/
‘ 7 03 Hard state:
S compact (i) compact corona,
102 corona |
@ 2 e.g.1.2r .57,
< 0.1 j ~ 230
| = ] s\ Extended corona | 7 23%
grav = 00 . | M ~ 4-50% LEdo/CZ
L+, +] hb | |
rad —jet+wind —othe 1 5 10 N ]50 100 5001000 (i) extended corona,
r ’ e.g.10...130 7,
7 ~4.4%

—_ NA2 .
=7 Mc M ~ 20-250% L, /c?



Following: Galeev+1979, Belodorodov 2017

(i) compact corona,
3 ry radius volume Enel.’g){
u_,= 1012 erg cm carrier.
t.=0.06 R/c B
B=4x10"G,n_,, (r=1)= 1.6 x 107 cm’®
o= (2ugn mpcz) =0.53, o = 980

(2) large corona,
e.g. 10...130 r Energy carrier:
g

u_,=8x10°ergcm? B or hot
t,,=2.65 R/c plasma
u,=10u B=10°G,n_, =4x 10" cm®
B rad ’ e+/-

o =0.01, O i = 30
synchrotron emission
is self-absorbed.
reconnection can

create pairs.



Where is the plasma energized?
(1) Soft State

e e e = = - ——‘ _____

= - Reconnection may occur on
oo 25 the surface of the disk and
N 2 create an e*-e” layer, with
T T—— | B non-thermal tail.
B R
-15 0.5

200 15-10 5 0 5 10 15 20 °
A I Jr,]

HK 2012



Where is the plasma energized?

(2a) Hard State - Compact Corona

log1o(0H) log10(B) log10(/)
TR R 2 -1 0 1 —2 e 0

<t |

0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
x/Rq X/Rg X/Rgq

Beloborodov, 2017: comptonization by plasmons moving
with bulk velocities ~0.5c. Anisotropy impacts PD and PA.

0

log1o(l — 1)
-2 -1 0
-aeessssie——

[p]

068€ = °Y/21

[, 0n>0.158>0.1

5 10 15 20 25 30
X/Rg

rGRMHD,
Sridhar et al. 2025



Radiative Particle-in-Cell Simulations of
Turbulent Comptonization in Magnetized Black-
Hole Coronae

Daniel Gro3elj "2, Hayk Hakobyan (34, Andrei M. Beloborodov *>, Lorenzo Sironi (2,

and Alexander Philippov (9%
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(2b) Hard State - extended corona
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Current sheet?
Cold clumps = Fe K-c..



Unexpected IXPE Findings

(1) Cyg X-1 soft state
(Steiner+2024)

Rather high PD in soft state as well,
and same PA in soft and hard state!
Kun Hu & HK: kerrC explanation.

(2) 4U 1630-47 (Ratheesh+2024,
Rodriguez Cavero+2023 )

—— data — — — j=75° a=0
—— i=70°, a=0 i=75° a=0.5
i=70°, a=0.998 — — — i=75° a=0.7
---- i=85°,a=0 — —— i=75°a=0.9
i=85°, a=0.998 i=75°, a=0.998
15 L 1 = 1 L 1 v 1 . 1
= | T
2 0 - -
5 I -
2 y S
N sk __.__ -
E I
o e e T e e o e o
& ety e e~
r ———————————————————
0 L L L L L
2 3 4 5 6 7 8
E [keV]

Very high PD in soft state!

(3) IGRJ17091-3624
(Parra+2025, Debnath+2025):
PD~8% in hard state.



Explanation #1:
Bulk motion of pair

plasma. pair plasma
with random and

bulk motion

anisotropic disk (1) conversion of internal energy into
emission et e BY

® bulk outflow energy (Compton
® Rocket, O’Dell 1981, Phinney 1981,
Cheng, 1981).
(2) acceleration of “cold” pair plasma
by radiation pressure
(Beloborodov 1998, 1999).

Complex situation:
pair plasma continues to be heated
through reconnection
while accelerating.




Beloborodov 1998 & 1999:

l—

Hard state (also: Poutanen+2024)
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Soft state
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Soft State - Results from Plain-Parallel Atmosphere MC Rad. Transport

emission= 0.3 keV
T ey = 0:3 keV
i =41°
0 4 -
107 Chandrasekhar .
S 301 — B=0.36,1=0.1 //Je
//’/ B=0.52,T=0.1 t
/ B=0.36,T=3
/ 201 ﬁio.sz,r=3 )
- / ° B=0.36...0.7,T=3
w 101 — B
n 1 —— Chandrasekhar 5
—— B=0.36,T=0.1 10 -
B=0.52,T=0.1
B=0.36,T=3 e et
—— B=0.52,T=3 04 O~ L
B=0.36...0.7, T=3 i\ )
102 . — I—— . I—— ljet
100 10! 10° 101
Energy [keV] Energy [keV]
Passing X-rays through 3~0.5 pairs impacts PD Passing X-rays through ~0.5 pairs has major

and PA - but impact depends on L. impact on PD and PA (impact depends on u).



Soft State - Results from Plain-Parallel Atmosphere MC Rad. Transport

emission

= 0.3 keV
scatter
$=0.36...0.7,7=3

T =0.3 keV
T

100 ]

id 2006,
---id 2006,
- id 2006,
=== jd 2006,
s id 2006,
I

id 2006,

incl 23.6
incl 41.4
incl 54.3
incl 65.4
incl 75.5
incl 85.2

Passing X-rays through 8 ~ 0.5 pairs impacts PD

109

Energy [keV]

and PA - but impact depends on .

35 ) Y
— id 2006, incl 23.6 /\ .
304 ~~ id 2006, incl 41.4 %
- id 2006, incl 54.3
o5 | — id 2006, incl 65.4
s id 2006, incl 75.5
mes id 2006, incl 85.2
20 -
15 -
10 1 — i e
o
0

Passing X-rays through 8 ~ 0.5 pairs has major
impact on PD and PA (impact depends on u).
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Intermediate State - Results from Plain-Parallel Atmosphere MC Rad. Transport

T . =0.3keV
emission
T = 0.3 keV and 50 keV

scatter

p=0.52and 0.36 ... 0.7, =3 and , i=41"

109 1 —
Q. a-1
10
—— 100% 0.3 keV
—— 90% 0.3 keV, 10% 50 keV
T=0...2.5:0.3keV, 7T=2.5...3:50keV
102

10° 10t
Energy [keV]

30 1

20 1

Q/1 [%]

10 -

100% 0.3 keV
—— 90% 0.3 keV, 10% 50 keV // je
7T=0...2.5:0.3keV,T=2.5...3:50keV t
Ljet
10° 101 102

Energy [keV]

Two temperatures can produce high PDs at
high energies.



Intermediate State - Results from Plain-Parallel Atmosphere MC Rad. Transport

T . =0.3keV
emission
T =100 keV
scatter
p=0.52,i=41°
100 N
D aa-1
n 10
T=1
—/T=1/5
T =2
102 R . S
10° 101 102

Energy [keV]

Explanation #2:
Scattering off anisotropic plasmons
from reconnection or turbulence.

PD [%]

N

w

/] je
t
T=1
— T=15
T=2
100 101 102

Energy [keV]

Competition of disk and corona polarization
cancel at low energies.
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CARDS

(WASP/WFF)




213 shells with Pt-C multilayers.
Hitomi (FFAST) Spare Mirror, Awaki
et al. 2014, Awaki et al. 2016, Maeda
et al. 2017, Tamura et al. 2018, Mori

et al. 2018.

X-ray Mirror

(Osaka Univ., ISAS/JAXA)
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Scattering Polarimeter (WashU, NRL),

0.8 mm thick 2x2 cm? CZT detectors
(~100% QE <50 keV, 95% QE @60 keV).



Bearing

assembly

interface
Slots for

: polarimeter

/ 3 Ul cabling 2 3

Tungsten
collimator

Roll motor

Active BGO shield (KTH)
BGO wall thickness: 3cm.



Mirror Truss

Detector Truss

Center Frame

12m Carbon Fiber tube +
Al joint truss (WashU), 322 kg



W i
WASP components
on truss: LN251,

I Flight Electronics,3-
Axis Trim Balance,

. Caging Mechanism

?' ? ¢

i

Yaw Motor

WASP Pointing System (WFF)




|

i

XL-Calibuy Communications
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X-Calibur WebView

Home

View all data runs.

Active Sources

Source Rate(mC) Time(UTC)
Cen A 183 2018-12-25 11:44:56
AX J1631.9-4752 213 2018-12-25 11:44:56
Vela X-1 177 2018-12-25 11:44:56
4U 1700-377 0 2018-12-25 11:44:56 ~
GX 301-2 326 2018-12-25 11:44:56 Lastdatajreceived

Gondola CPU 2018-Dec-25 11:58:39 UTC
Truss CPU 2018-Dec-25 11:58:42 UTC

Current pointin
P 9 Polarimeter CPU 2018-Dec-25 11:58:51 UTC

Right ascension: 0h 00’ 03.5”

Dedination: 10 357 14.27 WASP 2018-Dec-25 11:58:57 UTC
Bank: -0.0°

Elevation: 058

Target: - h

Current position
Latitude:  77° 51’ 16.8" S
Longitude: 167° 10’ 59.1" E

Recent messages

[12/25/2018 at 11:59AM] GSE WARNING: (11:59:52) No ping from Gondola CPU since 60 seconds.
[12/25/2018 at 11:59AM] GSE WARNING: (11:59:51) No ping from Polarimeter CPU since 60 seconds.
[12/25/2018 at 11:59AM] GSE WARNING: (11:59:50) No ping from Truss CPU since 60 seconds.

F47/3E/7A10 ~t 14.COAMT AOE CTATIIC. 44.60.E0) Toimn ADI in hanl

Commanding, Telemetry, and
Monitoring software (UNH)
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Truss, mirror,
BGO shield,
polarimeter
successfully
recovered.
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Results - Crab Nebula and Pulsar

(Mozsi Kiss, Ephraim Gau, Kun Hu, Sean Spooner, Jacob Casey,
Shravan Vengalil Menon et al.)



X-rays

Beryllium
scattering
rod (8 cm)

CZTs

Day-by-day D17 for Crab
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Crab Lightcurve (15-60 keV)

Rate [HZz]
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Overall: Polarimeter detected ~60,000 15-60 keV X-rays.



Crab Energy Spectrum
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= Strongly detected from 15-60 keV.
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JOURNAL ARTICLE

XL-Calibur measurements of polarized hard X-ray Zarcmin

emission from the Crab 3

Hisamitsu Awaki , Matthew G Baring , Richard Bose , Dana Braun, Jacob Casey,

Sohee Chun , Pavel Galchenko , Ephraim Gau ™, Kazuho Goya , Tomohiro Hakamata ...
Show more

Monthly Notices of the Royal Astronomical Society: Letters, Volume 540, Issue 1, June 2025,
Pages L34-L40, https://doi.org/10.1093/mnrasl/slaf026
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Results - Cyg X-1
(Mozsi Kiss, Ephraim Gau, Kun Hu, Sean Spooner, Jacob Casey,
Shravan Vengalil Menon et al.)
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Cygnus X-1 Results (15-60 keV)

1"? 3 Ephraim Gau N Ephraim Gau
1.2 F- £ 0o
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0 [
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Overall: Polarimeter detected ~60,000 15-60 keV X-rays.
Photon index from XL-Calibur data: 1.6.



Summary |

IXPE, XL-Calibur, NICER, NuSTAR: are performing tests of inner accretion flow
models = energy flows and plasma physics.

Surprising results: rather high PDs and constant PAs in soft state and hard state:
o compact emission region preferred: higher o, rel. broad. Fe K-a line emission;
o emission may be dominated by fast (~% c) pairs which strongly affect PA & PD.
o Expect more progress from additional observations and theory.
IXPE & XL-Calibur: similar PDs and PA:s.

Upcoming: IXPE, Redsox, XL-Calibur, COSI.



S U m m a ry I I Numerical

Simulations

|

. 2tGRRMHD

Liska, Dexter, ...

\ XL-Calibur

New opportunities to study

' PIC,
NuSTAR effects of extremely curved GRPIC
=l

Sironi+, Werner+,
cos| GroSelj+,
Chen+, Yuan+

spacetime and reveal physics of
BH accretion (incl. Plasma
Physics).




