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( L O W  M A S S )  X - R AY  B I N A R I E S 

A C C R E T I O N  A N D  F E E D B A C K



• Nearby laboratories of 
extreme physics - ultra-dense 
matter, strong gravity, super-
energetic particle 
acceleration


• Basic principles of accretion 
and feedback scale with 
mass (same principles in X-ray binaries, 

AGN, kilo-novae, TDEs…) 
Binaries are nearby, always 
there, and vary fast! 
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L O W - M A S S  X - R AY  B I N A R I E S :  

T R A N S I E N T  A N D  VA R I A B L E

Dunn et al. 2010

X-ray light curves from black hole transients
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68 R. J. H. Dunn et al.

Figure 4. Top: the HLD for all observations of all the objects. Each object
has a different symbol. Bottom: legend for the different symbols used for
the plots showing different objects.

The two objects which have observations at higher X-ray colours
(!1) than most others in the sample are 4U 1630−47 and SAX
J1819.3−2525. SAX J1819.3−2525 is known to be a peculiar
source with strong and rapid variability with a possible shroud-
ing of the black hole (Maitra & Bailyn 2006). 4U 1630−47 has
a high NH, which is a possible cause for its ‘shift’ of the canon-
ical track through the HLD to harder values. In Appendix A, the
individual HLDs and curves show that almost all of the individual
outbursts are shifted towards harder X-ray colours. However, both
GRS J1737−31 and XTE J1748−288 also have high NH values
but neither has the equivalent extreme shift in X-ray colours. XTE
J1748−288 shows a slight hardening compared to the rest of the
binaries on its return to the hard state. There are only a few observa-
tions of GRS J1737−37, but these are also fractionally harder than
the norm. This effect of the values of NH is discussed below.

There are two main problems with the HLD as it has been used
in Fig. 4. One problem is that as the distances of the BHXRBs are
uncertain to probably a factor of 2, the relative luminosities are
not that well constrained. Secondly, as we are using the 3–10 keV
luminosities in the construction of the HLD, the effects of Galactic
absorption are different for each object and affect the values of the
measured luminosities.

The HLD does well when studying outbursts of individual ob-
jects, especially when in combination with X-ray timing and vari-
ability information, to determine the state of the XRB. However,
with the use of the X-ray colour, the inability to accurately deter-
mine both the disc emission and the effect of any absorption from the
spectrum alone limits the usability of the HLD to compare quickly
and easily between sources. We therefore turn to another diagnostic
diagram for the study of the evolution of the outbursts of XRBs.

We do note, however, that when using a wide band luminosity
(e.g. 0.1–100 keV) rather than just 3–10 keV, there is better agree-
ment between the soft states of the binaries as this is a more accurate
measure of the total luminosity of the source. However, this cannot
account for the effects of absorption on the X-ray colour.

5.2 Disc fraction luminosity diagram

The HLD compares the soft X-ray luminosity to the hard X-ray
luminosity to give a rough characteristic of the spectral state. The
soft X-ray band is dominated by the disc when in the soft state,
and the hard X-ray band comes mainly from the non-thermal X-ray
emission which has been suggested to come from a corona. The
X-ray colour is therefore a proxy for the extent to which the
thermal component is dominating the X-ray emission from the
binary.

We therefore construct a diagram to compare the relative
strengths of the disc and the power-law components. Previous stud-
ies which have used the relative strengths of the disc and power-
law components to study the outburst properties include Kalemci
(2002), Kalemci et al. (2004, 2006), Tomsick et al. (2005), Körding
et al. (2006) and Dunn et al. (2008). Körding et al. (2006) for-
mulated the ‘disc fraction luminosity diagram’ (DFLD) for AGN,
as an HLD from the X-ray spectrum alone does not work as the
disc emission peaks in the UV. The soft X-rays give information
on warm absorbers rather than the accretion disc. They therefore
calculated the disc and power-law luminosities and combined them
in such a way as to emulate the HLD:

Power-law fraction = PLF = L1−100 keV, PL

L0.001−100 keV, Disc + L1−100 keV, PL

Disc fraction = DF = L0.001−100 keV, Disc

L0.001−100 keV, Disc + L1−100 keV, PL
.

We use the unabsorbed power-law luminosity, but only determine
the flux down to 1 keV to prevent the low-energy end from being
overly dominant. We are unable to determine both the absorption
and the low-energy cut-off of the power law from the RXTE data,
and so use a fixed value of NH for the fitting and a standard low-
energy bound to the power-law flux for all objects. Although this
may introduce excess power-law luminosity into our calculations,
it is standard across all objects, as the true low-energy behaviour of
the power law cannot be determined from the RXTE spectra. The
disc luminosity is also the unabsorbed luminosity to fully capture
the radiative output of the disc. The energy range used is purpose-
fully large to ensure that we cover as much of the disc emission
as possible. This diagnostic diagram is therefore less sensitive to
the effects of NH, as in the outbursts, the low-energy emission is
dominated by the unabsorbed disc emission.

We show in Fig. 5 the relation between the disc fraction and the
X-ray colour of the observation. The arrangement of the points
shows that the calculated disc fractions are well determined. In fact,
for many objects there is a constant relation between the two diag-
nostic values when the disc fraction is not zero. The approximate
relation is quadratic, where the power-law fraction is proportional
to the square of the hardness ratio. There are some which do not
appear to lie on the relation. The clearest are 4U 1630−47 and
LMC X3. 4U 1630−47 has a large value for NH, which hardens
the spectrum, thus moving the soft state to harder X-ray colours.
The same can be said, to varying degrees, of H1743−322 and XTE
J1748−288. In LMC X3, there is very little variation in the X-ray
colour for a large range in disc fraction. In this source, the power
law is not always well determined underneath a very dominant disc,
likely to result from the distance of the source.

GRO J1655−40 and XTE J1550−564 also appear at harder
X-ray colours than the majority of the other sources at the same disc
fractions. The NHs for these two sources are not particularly high,
so this is unlikely to be the reason for their offset. They do both have
atypical outbursts, with XTE J1550−564 performing a complete

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 403, 61–82
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24 black hole transients

L O W - M A S S  X - R AY  B I N A R I E S :  

T R A N S I E N T  A N D  VA R I A B L E
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S TAT E S ,  T R A N S I T I O N S 

A N D  O U T F L O W S

• States are largely defined based on 
X-ray properties 
(e.g., Belloni & Motta 2016; Kalemci et al. 2022; De 
Marco, Motta, Belloni 2022)


• States and transitions are connected 
to different modes of outflows  
(e.g., Fender et al. 2004, 2009; Ponti et al. 2012…)


• Two jet modes: steady & compact 
and transient and extended
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C O M PA C T  J E T S  I N  T H E  H A R D  S TAT E S 

C O M PA C T  A N D  S T E A D Y  C O R E  J E T S
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• Long-lived, mildly relativistic, continuous jets


• Typically not resolved with VLBI, but 2 
sources show resolved core jets


• Transport a large amount of kinetic energy

GRS 1915+105
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C O M PA C T  J E T S  I N  T H E  H A R D  S TAT E S 

D A R K  J E T S  B L O W I N G  B U B B L E S
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MeerKAT data
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C O M PA C T  J E T S  I N  T H E  H A R D  S TAT E S 

D A R K  J E T S  B L O W I N G  B U B B L E S

GRS 1915+105

Motta et al. in prep

GRS 1915+105

MeerKAT data

5 mas

GRS 1915+105


Bow shock

IRAS 19132+1035

16 arcmin (~25 pc)
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See also Corbel et al. 2013, Gallo et al. 2014, Gallo et al. 2018, Motta et al. 2018, Gültekin et al. 2019, 
Plotkin et al. 2021, Carotenuto et al. 2021, Bariuan et al. 2022, and many others.

C O M PA C T  J E T S  I N  T H E  H A R D  S TAT E S 

T H E  F U N D A M E N TA L  P L A N E  O F  B L A C K  H O L E  A C T I V I T Y
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T R A N S I E N T  J E T S  

I N  T H E  I N T E R M E D I AT E  S TAT E S

• Highly relativistic ejections


• Moving radio-bright spots


• “Short-lived”, catching the 
launch is hard and requires 
VLBI, but… Tr
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T H E N  M E E R K AT  A C C I D E N TA L LY  
R E V O L U T I O N I S E D  T H E  F I E L D

• Extended jets in many X-ray 

binaries at L-band (1.2 GHz) 


• Long-lived jets, detected for 

months, some clearly decelerating


• Expansion up to > 0.5 pc from the 

binary

MAXI J1820+070, Bright, et al. 2020

MeerKAT

The ThunderKAT Large Survey Program started observing weekly active X-
ray binaries in 2018
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• Jets moving ~80 mas/day


• MeerKAT followed the jets to 0.005 pc 
from the core


• Hints of deceleration

M
ee

rK
AT

 d
at

a

Es
pi

na
ss

e 
et

 a
l. 

20
20

¢t=99.611 asec

¢t=112.48

¢t=119.44

¢t=129.61

¢t=134.83

¢t=140.39

¢t=148.36

¢t=164.421 asec

¢t=170.42

¢t=175.42

T
im

e

T
im

e



M O R E  E X T E N D E D  J E T S :   
M A X I  J 1 3 4 8 – 6 3 0

• Clear deceleration. Interaction with 
cavity walls?


• Jets moving ~110 mas/day


• Extended up to 0.6 pc from the core
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RELATIVISTIC JETS FROM A GLOBULAR 
CLUSTER X-RAY B INARY: MAXI J1848-015

Relativistically Moving Outflows from a Globular Cluster X-Ray Binary

• Jets moving ~33 mas/day


• Extended up to 0.25 pc from the core


• Clear deceleration
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T H E  M E E R K AT  V I E W  O F  
T R A N S I E N T S  G A L A C T I C  X R B S
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MeerKAT data acquired as part of the ThunderKAT Large Survey Program

ThunderKAT for X-ray binaries is now called X-KAT and will potentially run 
until MeerKAT becomes SKA-MID

Five years of ThunderKAT

Fifteen years of ThunderKAT

X-KAT
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G R S  1 9 1 5 + 1 0 5

IRAS 19132+1035

Motta et al. in prep.

Jet-ISM interaction area

The Mini M
ouse

Motta et al. 2023Pulsar wind nebula & 
 radio pulsations

Heywood et al. 2022

The Mouse
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4 U  1 6 3 0 - 4 7



4 U  1 6 3 0 - 4 7

Carotenuto et al. in prep.



EXO 1846-031

Williams et al. 2022



EXO 1846-031

Williams et al. 2022
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                   C H E E TA R A 

Combined Homogeneous ThunderKAT Analysis and Reduction Architecture

What does Cheetara do

• Connects people and their know-how


• Provides book-keeping and work 
planning


• Provides computational resources, 
scratch space and data storage 
(currently at JBO and Oxford Uni.)

PIs: S. Motta (INAF), D. Williams-Baldwin (JBO)

Where do we stand


• Every MeerKAT field contains 

thousands of sources.  


• Every observing epoch (15 min) 

produced 90GB raw data.


• ThunderKAT produced 20 TB/year 

raw data, X-KAT will produce x2 as 

much. 


• SKA-MID will produce > 300 PB/year 

raw data!

Aims

• Facilitate commensal science and 

data exploitation


• Benchmarking for the SKA

With Ian Heywood, Alex Andersson, Jakob Van den Eijden, Victoria Samboco, Francesco Carotenuto, and members of the X-KAT collaboration
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O P E N  Q U E S T I O N S  

A N D  H O W  T O  A N S W E R  T H E M

• How fast are jets from binaries 
really?


• How many types of transient jets 
exist?


• Do binaries live in ISM cavities? 


• How much energy do these jet 
carry? 


• How much is re-injected into the 
environment?


• … how do we deal with all the 
data?!

SKA will monitor binaries 
jets daily, tracing their 
position, size, velocity, 

deceleration, expansion rate

Long exposures of galactic 
transients will in principle 

happen for free

Requires high 
cadence 

observations

Requires 
deep 

observations

Requires 
~infinite 

resources

Work in progress.

Arriving prepared is key
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