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GENERAL PROPERTIES



DEFINITION
Ultraluminous	X-ray	sources	are	off-

nuclear,	point-like	X-ray	sources	exceeding	
the	(isotropic)	Eddington	limit	for	a	
stellar-mass	Black	Hole	(StBH)	

LULX	>	3x1039	erg/s
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Image from 
Zolotukhin et al. ApJ 817, 88, 2016.



ROSAT -  
Liu & Bregman, ApJ, 642 171–187, 2006.

EINSTEIN -  
Fabbiano, ApJ, 325, 544–562, 1988.





Gladstone et al., MNRAS, 
397, 1836–1851, 2009.

Curvature above ~10 
keV? 



MB et al. ApJ, 778,163, 2013.



MB et al. ApJ, 778,163, 2013.

NuSTAR: above 10 
keV, ULX spectra are 

curved 
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MB et al. ApJ, 778,163, 2013.

MB+ ApJ 778, 163 (2013). 
Walton+ ApJ 779, 148 (2013). 
Walton+ ApJ 793, 21 (2014).  
Rana+ ApJ 799, 121 (2015). 
Walton+ApJ 799, 122 (2015). 
Walton+ ApJ 806, 65 (2015) 

(…) 

NuSTAR: above 10 
keV, ULX spectra are 

curved 



Kaaret, Feng, & Roberts,  
ARA&A 55, 303 (2017)



Kaaret, Feng, & Roberts,  
ARA&A 55, 303 (2017)



Toy scenario: 
Soft excess: outflow 

Hard thermal component: inner 
disk

Variability imprinted by outflow

SO
FT

HARD

HA
RD

SO
FT

HUL and BD spectra: face-on 
SUL spectra: inclined

HUL SUL



SUL

HUL

Gúrpide+2021 A&A, 649,104



APERIODIC VARIABILITY

Atapin+19, MNRAS 486, 2766



APERIODIC VARIABILITY

Atapin+19, MNRAS 486, 2766



MIGHTY MICE



MB+2014, Nature:  
An ultraluminous X-ray source powered by an accreting neutron star

NuSTAR PSF

M82 X-1
M82 X-2

5”



PULX COMPARISON
Source Pspin LX,peak  

(1039 erg/s)
Discovery 

Reference(s)

NGC5907 ULX1 1.1 100 Israel+17b

M82 X-2 1.4 20 Bachetti+14

NGC7793 P13 0.4 15 Furst+16, Israel+17a

NGC1313 X-2 1.5 10 Sathyaprakash+19

M51 ULX-7 2.8 10 Rodriguez-Castillo+21

NGC300 ULX1 126—20 4 Carpano+18

Swift J0243.6+6124 9.8 2 Kennea+17



PULX COMPARISON
P.F.  
(%)

f  
(Hz)

ḟ 
(10-10 Hz/s)

Porb  
(d) Donor Notes

NGC 5907 ULX1 ~15 0.7 – 0.9 -20 — +60 5?

M82 X-2 >20 0.7 -0.5 — +1 2.52 O/B? >5 Mo

NGC 7793 P13 ~20 2.4 ~2 64 BSG?

NGC 1313 X-2 5 0.68 6—20? ? Only detected in  
<30 ks

M51 ULX-7 5-20 0.36 0.2 — 1.2 2 MS?

NGC 300 ULX ~90 0.008—0.05 9 many? RSG?
Swift J0243.6+6124 50 0.1 27 Be

SMC X-1 1.4 0.23 3.9 B0 ~17 Mo

LMC X-4 0.07 ~1 1.4 O8 ~16 Mo



M82 X-2
NGC 5907 ULX1

NGC 7793 P13

NGC 300 ULX

Swift J02243.6+6124



Pintore+17, ApJ 836, 113

Walton+18, ApJ 856, 128



CYCLOTRON-LIKE FEATURES

Brightman+18 Nat. Ast. 2, 312 Walton+18 ApJL 857, L3 Kong+22, ApJL 933, 3

M51 ULX8 (proton line?) NGC 300 ULX1 Swift J0243.6+6124



SUPER-ORBITAL PERIODS
Townsend & Charles 2020



(SUPER-ORBITAL?) BI-MODAL 
LUMINOSITY AS SIGN OF PROPELLER?

Tsygankov+15

Earnshaw+18



Bachetti et al., arXiv:2112.00339

SPIN DOWN

SPIN UP

SECULAR SPIN DOWN

�̇� = 2.0 × 10−9 s/s

�̇� = 1.3 × 10−9 s/s

Fürst+22,  submitted

Flux drop

Spin down

M82 X-2

NGC 5907 ULX1

https://arxiv.org/abs/2112.00339


Bachetti et al., arXiv:2112.00339

SPIN DOWN

SPIN UP

SECULAR SPIN DOWN

Fü

Flux drop

Spin up continues

Fürst+21,  A&A 651, A75

�̇� = 2.0 × 10−9 s/s

�̇� = 1.3 × 10−9 s/s

Fürst+22,  submitted

Flux drop

Spin down

�̇� = 2.0 × 10−9 s/s

�̇� = 1.3 × 10−9 s/s

Vasilopoulos+19,  MNRAS 488, 5225

Flux drop

Spin up continues

M82 X-2

NGC 5907 ULX1

NGC 300 ULX

NGC 7793 P13

https://arxiv.org/abs/2112.00339


TWO SUB-POPULATIONS EMERGE?
1. Long orbit PULXs  

(NGC 300 ULX1, NGC 7793 P13)

• ~tens of days orbits. Supergiant 
companions

• Monotonic Spin up

•  independent of observed flux (including 
flux drops)

• Lower average luminosity?

2. Short orbit PULXs  
(M82 X-2, M51 ULX-7, NGC 5907 X-1?)

• ~few days orbits. (Late) main sequence 
donors? 

• Spin up alternate with spin down (not in 
M51, up to now)

•  changes with observed flux

• Higher average luminosity?

·ν
·ν



HOW DO YOU FEED THEM?

• Simulations with MESA (Fragos+15, Quast+19, Misra+20) seem to 
point at short-lived accretion phases

• (Beaming is often an ad-hoc parameter)



MEASURING (DIPOLAR) B INDIRECTLY?



RM Rco

Rco = ( GMp2

4π2 )
1/3

RM ≈ ξ108 cm ( B
1012G )

4/7

(
·M

·MEdd )
−2/7
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“Slow rotator”



RMRco

Spin down and/or “Propeller regime”
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RM ≈ ξ108 cm ( B
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Rotation Period
Mass accretion rate

Mass B



SLOW ROTATOR

• NGC 300: monotonic spin up

• Compatible with standard NS torque 
formulas far from equilibrium

Vasilopoulos+18, 
A&A 620, L12

Vasilopoulos+19,  MNRAS 488, 5225



SPIN EQUILIBRIUM

• M82 X-2: alternating spin down and 
spin up

• frequency derivative versus luminosity 
incompatible with “slow rotator”

Bachetti et al., arXiv:2112.00339

SPIN DOWN

SPIN UP

SECULAR SPIN DOWN
Bachetti et al., ApJ 2020

https://arxiv.org/abs/2112.00339
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WHAT IS THE MASS ACCRETION RATE?



WHAT IS THE MASS ACCRETION RATE?
Estimates from luminosity:

•  (proportional to luminosity,  for a NS): 
but… highly super Eddington. -> estimated B often incompatible with 
accretion on star (due to propeller)

L ∼ ηc2 ·M η ∼ 0.15



WHAT IS THE MASS ACCRETION RATE?
Estimates from luminosity:

•  (proportional to luminosity,  for a NS): 
but… highly super Eddington. -> estimated B often incompatible with 
accretion on star (due to propeller)

L ∼ ηc2 ·M η ∼ 0.15

• : more comfortable, but very ad-

hoc and does not explain sinusoidal profiles

Lobs = Liso/b, b ∼ 73/ ·m2 → Lobs ∝ (
·M

·MEdd )
2



SO
FT

HARD

HA
RD

SO
FT

HUL and BD spectra: face-on 
SUL spectra: inclined 

Sutton+2013, MNRAS 435,1758 
Gúrpide+2021, arXiv:210605708 

Outflows: 
Pinto+2016, Nat. 533, 64 

HUL
SUL

SUPER-EDDINGTON LUMINOSITY  
AS AN EFFECT OF BEAMING

b ∼
73
·m2

King 2009 MNRAS 320, L45



SUPER-EDDINGTON LUMINOSITY  
FROM HIGH MAGNETIC FIELD

Basko & Sunyaev 1976, MNRAS 175, 395 
Mushtukov+2015, MNRAS, 454, 2539 

High B alters the Thomson cross-section 

Brice+2021, MNRAS 504, 701
multipolar components allow to avoid the 

propeller regime 



AN ONGOING FRIENDLY DEBATE

The signal is beamed High magnetic field

King & Lasota ’16 MNRAS, 458, 10  
King & Lasota ’20 MNRAS, 494, 3611

Eksi+15, MNRAS 448, 40 
Mushtukov+15, MNRAS 454, 2539  
Tsygankov+16, MNRAS 457, 1101 
Dall’Osso+16, MNRAS 457, 3076 

and many others
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ORBITAL DECAY
ORBITAL



POSSIBILITY: MEASURE MASS EXCHANGE

• Implied highly super-Eddington mass transfer 
should produce orbital shrinking 
(assuming Roche Lobe overflow) 
 

 

• For M82 X-2, hundreds of seconds of orbital 
drift over years. MEASURABLE!

·Porb ∼ − 3.5 × 10−8 (
Mp

1.4M⊙ )
−1

( − ·Mc

100 ·MEdd )



MEASURING THE 
ORBITAL DECAY

δTasc(t) =
1
2

·Porb

Porb
(t − t0)2



Using Bayesian method 
by Pletsch & Clark 2015



·Porb = − 5.33(14) ⋅ 10−8 s s−1

·Porb/Porb = − 7.68(20) ⋅ 10−6 yr−1

·M ≳ 4.4 ⋅ 10−6 M⊙ yr−1

Bachetti+2022, ApJ accepted. arXiv:2112.00339



·Porb = − 5.33(14) ⋅ 10−8 s s−1

·Porb/Porb = − 7.68(20) ⋅ 10−6 yr−1

·M ≳ 4.4 ⋅ 10−6 M⊙ yr−1

Bachetti+2022, ApJ accepted. arXiv:2112.00339



MASS TRANSFER?

Spin equilibrium Extreme mass transfer

+ →Bdip ∼ 5 ⋅ 1013 G



OPEN QUESTIONS

• How short-lived is this accretion regime? (e.g. 
Fragos+2015, Quast+2019, Misra+2020)

• What is the mass of the donor star? And the accretor?

• What about magnetic field configuration and decay?

• Can they be progenitors of binary MSP? Binary BHs? 
GW sources? FRBs?? SMBH seed?

• Is the observed orbital decay due to mass transfer?



TAKE - HOME MESSAGE

• (P)ULXs are a gift that keeps on giving

• Extreme luminosity, extreme spin up, 
extreme orbital decay

• BUT a lot still to be learned: binary 
population studies do not seem to like them

• MOAR observations!



HEX-P: 1-slide summary

Resolving populations of nearby galaxies

Galactic Center
a spectacular ULX machine

register at hexp.org



hendrics.readthedocs.io

stingray.readthedocs.io
PINT

https://nanograv-pint.readthedocs.io

https://www.cv.nrao.edu/~sransom/presto/
https://veusz.github.io/

www.astropy.org

psrsoft/tempo2

http://hendrics.readthedocs.io
http://stingray.readthedocs.io
http://www.astropy.org

