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Review of fundamentals of accretion onto black holes 
 
 
 
Ultra-luminous X-ray sources 
 
 
 
The state of the art 

§1 

§2 

§3 



Black holes have no hair theorem 
1. Mass (& charge?) 

2. Spin a


 = cJ/GMBH
2   -1 < a


 <1 

 

Inner edge for stable orbit (ISCO) set by GR 
Rg = GM/c2  

 6Rg for a = 0 
              1.25 Rg for a = 0.998 

§1 



 
 

Light cannot escape so can only detect 
presence based on effect on space 
time 
 
At large distances from the BH we may 
be able to detect orbital effect on a 
nearby stellar body.  
 
Gravitational light-bending of distant 
bright objects 
 
Is there a more direct method? 

Searching for black holes §1 



 

 
 
 

§1 Stellar evolution  
Most stars in binaries and can form BHs with masses 3-80 M


   



 

 
 
 

§1 If the BH and secondary stay bound following 
supernova the orbit will shrink (semi-detached) 
and the companion will eventually feed the black 
hole when it evolves to fill its Roche Lobe. 



 

Material forms a thin disc H/R <<1  
Angular momentum must be conserved 

Requirement for infall: angular momentum must be transported out 
As the material is ‘viscous’, it heats up and emits as a black-body 

 
 
 
 
 
 
 
 
 
 
Extends down to the innermost stable circular orbit, the ISCO. 
 

 L(R)  = GMṁdR/2R2  = 4RdRT4 

    L ∝(ṁMBH)1/3  
T∝R-3/4 

Tin∝ MBH
-1/4 

 

 Disc emission should be peak in the X-rays for accretion onto stellar mass BHs 

§1 
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§1 

Some of the Galactic sources are accretion 
onto BHs, some NS, SNRs etc. 



 

~20 BH binaries: a small number are associated with high mass optical counterparts 
HMXBs,      these appear persistent 
 
most are LMXBs,       i.e. have captured and accrete from a low mass companion star 
– induces transient outbursts. 

§1 



 

§1 

Bradt et al. 2000 

Lets look at LMXBs in a little more detail 

Transitions from low to high fluxes. 
 
To compare between objects need to 
remove effect of mass. Parameterise the 
accretion rate in terms of the classical 
Eddington limit: 
 
 Ledd = 4GmpMBHc/  
 
At high rates (3-100%) the emission looks 
like it comes out in a disc 
 
At lower rates some most of the 
emission comes out in a highly variable  
corona of thermal electrons. 



 

Hardness – Intensity Diagram (HID) §1 



 

§1 
X-ray emission is only half the story 

 
At low Eddington rates (disc is weak) we see compact jets in the form 
of a Synchrotron power-law spectrum S∝ , resulting from 
relativistic particles being accelerated and interacting with a strong 
magnetic field, peaking at c (relates to  and B) 

Corbel et al. 2000 Gandhi et al. 2011 



 

§1 
Seem to be ubiquitous and so are easy to study. 

 

‘Persistent jets’ have low , optically thick 
 
 

X-ray/radio luminosity correlated with mass in ‘Fundamental Plane’  
 
 

AGN jets and BHXRB jets appear to behave in a similar way! 
 

Jet turns off ‘quenched’ on decay 

Plotkin et al. 2012 



§1 Compact ‘ballistic’ jet emission  seen at high mass accretion rates close to 
Eddington limit. 

Mirabel & Rodriguez 1994 

Higher   ‘flares’  ( decays to < 0) followed by rapid flaring close to and above Eddington 
 
Much brighter than ‘persistent’ low Eddington jet. Can we understand these? 

Fender, Belloni & Gallo 2004 



 

§1 

Pooley & Fender 1997 

Can’t build an understanding 
on one object! 

Large initial flare 
occurring on state 
transition 

Fender et al.1999 

Rapid post flaring, 
source remains soft. 

The most famous microquasar: GRS 1915+105 



 

How many LMXBs go this bright? 
 

Black hole mass distribution peaks at 7.8 ± 1.2 (Ozel et al. 2010)  
 

Eddington limit generally met for > 1x1039 erg/s. Assuming LMXB L function (Grimm, 
Gilfanov & Sunyaev 2002), very few should reach Eddington – only 4 in the MW – they all 

show these flares. 

§1 



 

Difficult to study what happens at high mass accretion rates as: 
1. Very few objects 
2. Unlike low accretion rate jet, disc is important yet obscured by large columns of 

photo-electric absorbing material. 

§1 

Zimmerman et al. 2001 



 

A model for ‘ballistic’ jets and Eddington accretion will help us to understand 
how high redshift  QSOs grew and how powerful jets interacted with host galaxy 
growth – can’t study these directly! 

§1 

Fan et al. 2003 Magorrian relation 

If its so difficult to study, why bother? 



 

What about outside of our galaxy – the Universe is rich in X-ray sources! 

§1 

AGN vary too slowly to compare to cosmological growth (timescales ∝ Mass) 
Disc is important yet these locally peak in UV so heavily attenuated 



 

Ultraluminous X-ray sources – a primer 
What historically defines a ULX? 
 

1. L > 1039 erg s-1 
2. Distinct from centre of galaxy 
3.   Not coincident with background AGN or QSOs 

 

        Too distant and often found in star-forming regions (Gao et al. 2003) so not 
possible to obtain direct ‘dynamical’ mass measurement. 

What historically defines a ULX?

§2 



 

§2 Two direct solutions: 
 

1. Eddington/super-Eddington accretion onto stellar mass BHs 
2. Sub-Eddington accretion onto Intermediate mass BHs: 102-5M


 

Miller, Fabian & Miller 2004 

So simple prediction: 
 
If IMBH, accretion should look sub-Eddington and at 
low rates there should be a jet. 



Gladstone Roberts & Done (2009) 

Although the lower 
luminosity ULXs  
look like high state 
BHXRBs the brighter 
ones look utterly 
dissimilar. 
 
But is this because 
we don’t know what 
Galactic BHXRBs 
look like when bright 
(as we can’t see the 
disc)? 

§2 



 

§2 Strategy: term ULX is unphysical and covers a wide luminosity range , lets break 
this up into distinct categories 

Hyper luminous X-ray sources: HLXs > 1x1041 erg s-1 

 
• Very few detected 
 
• Difficult to have something that bright with a stellar mass BH without 
invoking both large amounts of beaming and super Eddington accretion. 
 
• Much more likely to be IMBHs - captured dwarf AGN? 
         - black hole merger?   

ESO 243-49 HLX-1:  
Farrell et al. Nature (2009) 

 
L > 1 x 1042 erg/s 



§2 

~370 d? ~370 d ~370 d ~370 d~370 d~370 d ~370 d 

Periodic variability could be explained through tidal stripping  
of companion star in orbit around IMBH (Lasota et al. 2011)  



§2 

Servillat et al. 2011 Spectral modelling M > 6000 M


 
Davis et al. 2011 



§2 

Two epoch 5- and 9-GHz combined radio observations by ATCA. 

No spectral index but brightness would be consistent with flare at 
state change. 

Webb et al. Science 2012 



 

§2 “Real” ULXs 
  1039 erg/s < L < 1041 erg/s 
 
Far more of these than HLXs 
Appear to always be ‘on’, i.e. persistent 

Strohmayer & Mushotzky 2009 

Timing arguments based on ‘characteristic 
timescales’ used to infer IMBHs. 

 

X-ray spectra disagree! 
 

= BIG argument in community. 

NGC 5408 X-1 



 

§2 
These are extremely contentious yet could have far reaching 
implications if we associate them with either solution 
 
1. Lots of IMBHs. How did these form? – if we understand 

how they form can it tell us about how SMBHs grew from 
these seeds? 

 
2.  Large number of apparently super-Eddington accreting 

sMBHs – large sample from which to develop models. 



Strategy: 
 

Too few HLXs to scale down! 
 
Start by looking at low end of population: ‘Low luminosity’ ULXs: LLULXs < 1x1040 
erg s-1  
 
 

These look similar to high state BHXRBs so  
might bean extension of binary behaviour we 
observe in our own Galaxy (GRS 1915+105 
would look like one of these to an  
extragalactic observer: King 2002). 
 
 
Lots of them, in fact they dominate the  
source population (Walton et al. 2011) 
 
 
If we can solve for their behaviour we  
might be able to extrapolate to higher 
luminosities . But they’re faint….. 

§2 



§3 
Study of LLULXs: The state of the art 

To study low L ULXs we need to look at nearby, massive galaxies 
 
The idea is that more massive galaxies can host larger populations of 
XRBs. 

 
M31  D = 0.8 Mpc 
M33  D = 0.8 Mpc 
NGC 2403 D = 3.3 Mpc 
M81  D = 3.6 Mpc 

 

M31: Andromeda 
Nearest neighbour galaxy at 0.78 Mpc 
Very similar populations to the Milky 
Way (Peitsch et al.) 
Well studied and monitored – want to 
look for transient ULXs to compare to 
BHXRBs 



Discovered in 2010 outburst at  5 x 1039 erg s-1 

CXOM31 J004253.1+411422: M31 ULX-1  
Middleton et al. 2012, Kaur et al. 2012 

§3 

e-fold time ~20-40 days, consistent with decay of LMXBs (Shahbaz et al. 1998) 

Optical counterpart discovered when source in outburst (m: 23.8). Not 
there in follow-up observations (limited to m ≥26): not a giant 
counterpart   LMXB 



0 

Potentially just disc spectrum?  
 
NO. No advection nor GR distorted 
emission (spin) can describe the 
spectrum well. 
 
Requires very small column (no 
intrinsic absorption). Leaves residuals 
that may indicate extraction of 
energy from within optically thin 
plunging region? 
 
Maybe we don’t understand disc 
accretion all that well! 

§3 



 

Dotan & Shaviv 2011 

Local instability at Eddington drives the disc to expand – leads to optically 
thick, two component emission. 

§3 
Model for accretion close to Eddington: 

 
Originally developed by Shakura & Sunyaev (1973) – everything was! 



§3 

Nice phenomenological view of ULX evolution but difficult to link unambiguously to the 
behaviour of Galactic BHXRBs – partially due to Galactic absorption obscuring view of disc.  
 
So we have to ask, what characteristic of BHXRBs can we look for in ULXs if Eddington? 
 
How about radio emission – if these things are up at Eddington? BIG result if we see jets. 

R1 R2 

IS
CO

 



Not a new idea: people have looked for radio counterparts to ULXs before: 
 
Körding, Colbert & Falcke (2005) preformed a VLA monitoring campaign of 9 nearest ULXs.  
 
Cseh et al. (2012) find optically thin radio nebulae (using ATCA, VLA and VLBA)  associated 
with persistent sources – extended regions powered by the accretion flow. 

ULXs do not appear to be 
associated with compact 
radio emission. 
 
But is this because they are 
persistent? – the radio 
emission we might expect 
to see is on the rise to 
Eddington and just post 
state change 
 
Need to look at transient 
ULXs. 

Not a new idea: people have looked for radio counterparts to ULXs before:
§3 



XMMU J004243.6+412519: M31 ULX-2 
Henze et al. 2012, Atels # 3921,3937,3959 & 4125 

Middleton et al. Nature 2012 

§3 



Transitions from ‘low-
hard’ state to VHS/ULS – 
not seen before in a 
LLULX. 

§3 



 

§3 
Pooley & Fender 1997 

Large initial flare 
occurring on state 
transition 

Fender et al.1999 

Rapid post flaring, 
source remains soft. 

State transition may have been accompanied 
by large flare – can we catch the rapid post 
flaring? 
 
This would unambiguously link the accretion 
to high Eddington fraction accretion 



EVLA (Karl Jansky Very Large Array) 
Exposure: 1 hour on Feb 26 
Bands: 5.26 and 7.45 GHz 
Fluxes: 338 ± 14 μJy/beam and 371± 8 μJy/beam 
Combined 40 sigma detection 

Variability 
timescale of 30 
minutes implies 
source size of ~5AU 
at the distance of 
M31 => Highly 
compact emission. 
 
High brightness 
temperature 
(7x1010K) implies 
that there may be 
some moderate 
beaming. 

§3 



VLBA 
Exposure: 8 hour track 
Band: 8.4 GHz 
Flux: 218±21 μJy/beam 
 
Unresolved at 11 sigma 
Sets size limit of <1500 AU 
 
Highly accurate position – within 
Chandra error circle. 

§3 



AMI-Large Array 
 
Monitoring at 15 GHz over the 
course of weeks 
 
Long timescale variability 
observed 

§3 



Remains disc-dominated 
down to  7x1037 erg s-1 
 
Based on state transitions 
(Dunn et al. 2010)  
3% of Eddington sets the 
upper limit for the mass 
 
=> MBH < 17 Msolar 

X-ray emission remained soft & stable 

§3 



 

What have we learned from LLULXs?  
 

M31 ULX-2 looks very similar to other LLULXs so its not a huge leap to suggest that they 
also harbour sMBHs. So we can test our understanding and develop towards brighter ULXs. 
 

If we believe the spectral evolution of LLULXs then we have an inner photosphere. 
 

Can we extend this model? 
 
As radiation pressure increases we should be able to launch winds which are not well 
gravitationally bound to the flow from further out (Poutanen et al. 2007). 

IS
CO

 

Increasing  mass  accretion  rate 

M31 ULX
§3 



§3 

Soft component: Optically thick 
photosphere at base of wind (King 
& Pounds 2003) 

Hard component: distorted ‘bare’ 
disc. 

IS
CO

 
Isn’t this just as ambiguous?? 



 

§3 

Ohsuga et al. 2009 

Elegant solution: 
ALL brighter ULXs can be 
explained by geometrical 
beaming – should be 
mass accretion rate 
dependent (King 2009) 
 
Need to search for these 
spectral/timing changes! 

Two tests: 1. variability In Middleton et al. 2011 we show that 
variability is likely caused by 
occultation by blobs of wind material 
 
Can explain majority (~all) of ULX 
variability and spectra. 
 
Predicted by global MHD simulations: 
Ohsuga et al. 2009 

2. Beaming 



 

§3 

Observational: 
 

Show clear evolutionary link to brighter ULXs: 
very difficult – need long, high throughput 
monitoring. 
 
What about LLULXs?  
i) Many of these in local Universe – get large 
sample stats on photosphere spectral 
properties. 
ii) Can tell us about the jet launching – 
addressing original problem! 

What does the future hold?  
 

Theoretical: 
 
GRMHD simulations to explain the wind 
properties and model the instability around 
Eddington. 



 

§3 Disc important component - tapping the ‘spin-energy’ of the BH?  
 

Blandford & Znajek (1977) predict that Pjet ∝ a


2 
 

Caution: 
 

How sure are we of Pjet? 
Also Russell, Gallo & Fender in prep. 

Narayan & McClintock 2012 



§3 Northern Hemisphere: Studying similar events in nearby galaxies: M81 and 
NGC 2403 
 
 Clean view of soft X-ray emission & many sources in a single field of view 
 
Test BZ effect and diagnose the jet 

Southern Hemisphere?  



In summary… 
 
1. Should ULXs be super-Eddington BHXRBs then we need to develop 

testable hypotheses for their MW spectral and timing properties 
 
2.    A robust approach would be to study high Eddington accretion in 

LLULXs as there are many of these and extrapolate our understanding 
 
3. The new source in M31 shows in the most unambiguous manner to 

date that such objects are likely to be associated with sMBHs. 
 
The future…. 
 
4.   As disc emission in extragalactic BHXRBs are often less obscured may 

provide an opportunity to probe disc-jet coupling in ballistic jets in far 
more sources than available in our Galaxy alone. 



 


