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Low-mass X-ray 
binaries (LMXBs)

High-mass X-ray 
binaries (HMXBs)



Stellar-Mass Black Holes

Low-mass X-ray binaries (LMXBs) High-mass X-ray binaries (HMXBs)

ÅDonor star - ρ ςὓἄ
ÅK or M-type stars, sub giants, red giants
ÅRoche lobe overflow mass transfer

ÅDonor star - ρπὓἄ
ÅO or B-type massive stars, supergiants 
ÅStellar wind accretion



Stellar-Mass Black Holes

Disk:
ÅShakura-Sunyaev thin disk at ὓ ὓ
Å Inner temperatures of ρπ ὑ
ÅThermal-viscous instabilities

Jet:
ÅCollimated ionized plasma outflows
ÅAssociated with BH spin-axis

Corona:
ÅGeometrically thick, optically thin
Åυπρππ ËÅ6, πȢρ † ρ
Å Inverse Compton scattering processes



Lamp-post Geometry Sandwiching 
Slab Geometry

Spherical Geometry

Nampalliwar & Bambi (2018)

Truncated Diskτ
Hot Inner Flow Geometry

Corona Geometries

Outflowing corona

Poutanen et. al (2023)

Caballero-Garcia et. al (2017)

Marinucci et. al (2018)



BH X-Ray Energy Spectra
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Soft State

ÅDominated by thermal disk emission
ÅNon-thermal tail extending beyond 

500 keV
ÅPhoton index of ɜͯ ς ςȢς
ÅPolarization constrains BH spin and 

inclination

Hard State

ÅDominated by Comptonized and 
reflected emission
ÅPower law exhibits a cutoff at ͯρππ keV
ÅPhoton index between ρȢυ ɜ ςȢπ
ÅConstrains location and properties of 

the corona and the inner accretion disk

Emission directly from the 
thermal disk

Returning radiation 
scattered once off the disk

Radiation scattered multiple 
times in the corona

Schinttman & Krolik (2009)

Polarization in Spectral States

Schinttman & Krolik (2009)

IXPE
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Image credit: M. Dovļiak

Black HolesObservedwith IXPE



LMC X-1

4U 1957+115

LMC X-3

Cygnus X-1

Cygnus X-3

Swift
J1727.8

4U 1630-47

Disclaimer: Luminosity and hardness not drawn to scale Fender et al. (2004)
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Cygnus X-1: Hard State

Krawczynski+2022For the ς ψ ὯὩὠ IXPE band ( Ɑ:
 PD= Ȣ Ȣ Ϸ, PA= ЈȢ ЈȢ

ςͯτς Ὧί



Krawczynski+2022

Cygnus X-1: Hard State

For the ς ψ ὯὩὠ IXPE band ( Ɑ:
 PD= Ȣ Ȣ Ϸ, PA= ЈȢ ЈȢ

ςͯτς Ὧί



Thermal disk 
emission

Coronal 
power law

Cross-calibration 
model

ωͯπϷ of the 
ς ψ ὯὩὠ flux 

πͯȢφϷ of the 
ς ψ ὯὩὠ flux 

Reflected coronal 
emission

πͯȢυϷ and ͯ ρπϷ 
of the ς ψ ὯὩὠ 

flux 

ὖὈ σȢφσ πȢςφϷ
ὖὃ ςπЈȢυ ςЈȢρ
ϳ… ὨέὪςσψπȢτ ςτρυ

Krawczynski+2022

Cygnus X-1: Hard State



Miller-Jones, et al. (2021)

Radio jet imaged with 
the VLBA

ρπὯά

Krawczynski et. al (2022)

Cygnus X-1: Hard State

Krawczynski+2022



E
Lamppost

Sandwich

Hot inner
flowτ

truncated disk

Cygnus X-1: Hard State

Krawczynski+2022



West+2023

ÅInner Disk Inclination: ÅOutflowing Corona: 

Poutanen+2023

Cygnus X-1: Hard State

Higher than expected PD degree can be explained by:



Steiner+2024For the ς ψ ὯὩὠ IXPE band ( Ɑ:
 PD= Ȣ Ȣ Ϸ, PA= ЈȢ ЈȢ

Cygnus X-1: Soft State

ρͯτπ Ὧί

Cyg X-1



Steiner+2024

Cygnus X-1: Soft State

Retuning emission but no corona (no Comptonized reflection)
Only thermal, Removing both the coronal and returning emission

a* = 0.998 

Reflection



VAs the PD decreases, so does 
the corresponding Ⱳ╒ 

Steiner+2024

Cygnus X-1: Hard and Soft States

Hard state: † πͯȢσυ
Soft state: † πͯȢππχ
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Soft-Intermediate state:
Å PD < 1.1% in 2-8 keV
Å PD = 1.3 ± 0.3 % in 3-8 keV

Soft state:
Å PD < 1.2% in 2-8 keV

GX 339-4 Observations

Mastroserio+2025



ω ATCA radio observations of discrete 
jet ejection
֙ At -69.5° on the plane of the sky
֙ Consistent with the indicated PA! 

GX 339-4 Observations

Mastroserio+2025



Cyg X-1

Cyg X-3

4U 1630

Swift 
1727.8

Swift 
J1518LMC X-3

4U 1957

LMC X-1

GX 339-4

B
la

ck
 H

o
le

 O
b
se

rv
a
ti
o
n

s



LMC X-1

V Disk polarization upper limits: ȢϷ, ȢϷ, ȢϷ **
**assuming the orientation of the thermal emission

For the ς ψ ὯὩὠ IXPE band:
ÅMinimumDetectablePolarizationҒ ȢϷ
ÅCoronaPD: Upper limit of ȢϷ (σ„) with PA: ЈȢ ЈȢ

Podgorný+2023



Marra+2024

4U 1957+115: Soft State

For the ς ψ ὯὩὠ IXPE band ( Ɑ:
 PD= Ȣ Ȣ Ϸ, PA= ЈȢ ЈȢ

υͯχρ Ὧί



Marra+2024

V Polarimetric suggest a significant contribution of returning radiation

For the ς ψ ὯὩὠ IXPE band:
ÅEVPD: Ȣ Ȣ Ϸ 
ÅEVPA: ЈȢ ЈȢ

ὥ πȢχυ, Ὥ χυЈ ὥ πȢωφ, Ὥ χυЈ ὥ πȢωωψ, Ὥ χυЈ ὥ πȢωωψ, Ὥ υπЈ

4U 1957+115: Soft State



BH spin from the spectral 
fitting:

Svoboda+2024a

LMC X-3: Soft State

For the ς ψ ὯὩὠ IXPE band ( Ɑ:
 PD= Ȣ Ȣ Ϸ, PA= Ј Ј

υͯφς Ὧί



Svoboda+2024a

LMC X-3: Soft State

For the ς ψ ὯὩὠ IXPE band ( Ɑ:
 PD= Ȣ Ȣ Ϸ, PA= Ј Ј

υͯφς Ὧί

Spin constraints from polarization alone:
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4U 1630-47 Soft State

ÅAugust-September 2022 IXPE observation
ÅSoft state: Thermal disk emission dominates

For the ς ψ ὯὩὠ IXPE band:
ÅEVPD: Ȣ Ȣ Ϸ 
ÅEVPA: ЈȢ ЈȢ

Ratheesh+2024



Artist rendition

PD for pure electron scattering atmosphere (B) 
and partial ionization of matter (R).

Sobolev  (1949), Chandrasekhar (1960)

Partially ionized slabs
ÅPD increases with inclination and optical depth of the 

slab
ÅBest fits for optically thick slabs with vertical outflow 

velocity

Predictions

VModel successfully fits the data for: 
ὥ πȢυ, ὭͯχυЈ, †ͯχ, ὺͯ πȢυὧ

4U 1630-47 Soft State
Ratheesh+2024



ÅHigh accretion rates: Slim or thick disks
Å Used model in West & Krawczynski 2023

ÅPD increases with scale height, spin, and inclinationὭ χυЈ
H/R = 0.5

Ὥ ψυЈ
H/R = 0.3

4U 1630-47 Soft State

Ratheesh et. al (2024)



Steep Power Law 
State

(or Very High State)

ÅCompeting thermal 
and power-law 
components
Åɜ ςȢτ
ÅExhibits QPOs

(High) Soft State

ÅDominated by 
thermal disk emission
ÅNon-thermal tail 

extending beyond 
500 keV
ÅPhoton index of 
ɜͯ ς ςȢς

(Low) Hard State

ÅDominated by 
Comptonized and 
reflected emission
ÅPower law exhibits a 

cutoff at ͯ ρππ keV
ÅρȢυ ɜ ςȢπ

Spectral States



4U 1630-47 SPL State
4U 1630-47 Rodriguez Cavero+2023



4U 1630-47 SPL State

SPL observation in the ς ψ ὯὩὠ IXPE band:
ÅEVPD: Ȣ ȢϷ 
ÅEVPA: ЈȢ ЈȢ

üPA should change significantly
ōǳǘ ƛǘ ŘƻŜǎƴΩǘ
so both thermal and 
coronal components must 
be polarized in the same 
direction

Rodriguez Cavero+2023



üPA should change significantly
ōǳǘ ƛǘ ŘƻŜǎƴΩǘ
so both thermal and 
coronal components must 
be polarized in the same 
direction

Both states must employ similar 
emission processes with different 

scattering mechanisms

From primarily elastic to inelastic scattering

4U 1630-47 SPL State

Ionized plasma atmosphere

Rodriguez Cavero+2023
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Main observation ͯ υσψ ὯίὩὧ):
Å October 2023

ToO ρͯωω ὯίὩὧ):
Å December 2023

For the ς ψ ὯὩὠ IXPE band:
Å EVPD: Ȣ Ȣ Ϸ (Main), Ȣ Ȣ Ϸ (ToO)
Å EVPA: ЈȢ ЈȢ (Main)

Veledina+2024a

Cyg X-3: Hard and Intermediate State

Nicole Rodriguez Cavero Accreting Stellar-Mass Black Hole Observations with IXPE Slide 15/27



Veledina+2024a

Cyg X-3: Hard and Intermediate State

For the ς ψ ὯὩὠ IXPE band:
Hard state: PD= Ȣ Ȣ Ϸ, PA= ЈȢ ЈȢ ( Ɑ

Intermediate state: PD= Ȣ Ȣ Ϸ ( Ɑ



VReflected emission from a very narrow ‌ ρυЈ funnel 

Cyg X-3: Obscured source & reflected light

Veledina+2024a



Luminosity:

           Ὂ ρȢυσρπ ὩὶὫί ὧά ί

Å See Equations A3-A8 in Veledina, Muleri, Poutanen et. al (2023)

ÅApparent luminosity for an observer viewing down 
the funnel: , υȢπ ρπ ὩὶὫί ί  (2-8 keV)

Cyg X-3: Hidden ULX source

VAppear as a ULX to an extragalactic observer along the axis of the funnel


