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1. BLACK HOLE X-RAY BINARIES AND THE

LOW/HARD STATE

Black hole X-ray binaries (BH XRBs) are systems

with a stellar mass black hole accreting material from

a companion star. XRBs can be classified as either

low-mass or high-mass systems based on the mass of

the companion star, with the boundary being around

1M�. BH XRBs can be classified by their X-ray spec-

tral states. The two most significant spectral classifica-

tions are the thermal state (formerly referred to as the

high/soft state) and the hard state (formerly referred to

as the low/hard state). In the thermal state, the X-ray

emission is dominated by a thermal spectrum, thought

to originate in the accretion disk of the black hole. In the

hard state, the X-ray emission is dominated by a power

law spectrum with a high photon index of 1.4 < Γ < 2.1.

It is accompanied by nearly flat spectrum radio emission

thought to originate from a compact jet. XRBs can also

be observed in a quiescent state, characterized by a much

lower luminosity than either hard or thermal outbursts

but with a spectral similarity to the hard state. Remil-

lard & Mcclintock (2006) provides a detailed review on

this topic. Here, we focus on the correlation between

radio and X-ray emission of BH XRBs and how the cor-

relation changes with spectral state.

2. PROPERTIES OF THE RADIO/X-RAY

FUNDAMENTAL PLANE

Some correlation between the radio and X-ray flux

in the hard states of BH XRBs was first observed

to exist in superluminal sources GRS 1915+105 and

GRO J1655−40, though it was not studied in depth.

Quantitative evidence for a correlation was first pre-

sented by Hannikainen et al. (1998) for low-mass XRB

GX 339−4 and was succeeded by studies of similar cor-

relation in high-mass XRB Cygnus X−1. These results

motivated Gallo et al. (2003) to conduct a comprehen-

sive study of the correlation between radio and X-ray

emission in the hard state as a general characteristic of

BH XRBs. In this study, all known archival data of si-

multaneous radio and X-ray observations of BH XRBs

were used to calculation the correlation. The radio ob-

servations range from 4.9 to 15 GHz and the authors as-

sume a flat spectral index for these sources. The X-ray

observations are scaled into the 2-11 keV band. Fig-

ure 1 shows a plot of these scaled observations. Along

the top of the plot is an axis representing the luminos-

ity in units of Eddington luminosity assuming all of the

black holes in question are 10M�. With these data,

Gallo et al. (2003) find that Sradio = kS+0.7
X , where k

is a constant that is source-dependent. As more data

became available for more galactic sources and these re-

sults were analyzed in conjunction with high mass black

holes (Merloni et al. 2003), this relationship was up-

dated to Lradio = kL+0.6±0.11
X . This is still within 1σ of

the results of Gallo et al. (2003).

2.1. Turnover in Trend

From Figure 1, it can be seen that both GX 339−4 and

Cygnus X−1 show a turnover in the correlation, though

GX 339−4 appears to turn over at a lower X-ray lumi-

nosity than Cygnus X−1. Taking into account that the

black hole in GX 339−4 is actually lighter than 10M�,

Gallo et al. (2003) infer that this turnover might be tak-

ing place at a constant fraction of the Eddington lumi-

nosity, presumably near ∼ 1%. This is thought to occur

as the source transitions from the hard state to the ther-

mal state, evidenced by observations of Cygnus X−1. In

the thermal state, some mechanism ”quenches” the com-

pact jet and thus causes the radio luminosity to decline.

2.2. Correlation in Quiescence: The Case of A0620-00

Until publication of work by Gallo et al. (2006) on low-
mass XRB A0620-00, the place of quiescent sources in

relation to the fundamental plane was unknown. How-

ever, showing that a quiescent source emitting X-rays

at merely 10−8.5Ledd still fell on the fundamental plane

provided compelling evidence sources in quiescence be-

have similarly to sources in the hard state. This implies

that quiescent sources still produce radio-emitting out-

flows.

3. PROSPECTS FOR FUTURE OBSERVATIONS

Placing observations of both previously known and

newly discovered XRBs on the fundamental plane re-

quires frequent monitoring of these systems simultane-

ously in X-ray and radio bands. Given frequent ob-

servations of XRBs with a wide-field X-ray instrument

such as eROSITA coupled with upcoming wide-field ra-

dio surveys such as the SKA or DSA-2000, it should be
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Figure 1.

possible to study the correlation of many more sources.

Increasing the population of sources along the funda-

mental plane is important for more making a more pre-

cise estimate of the correlation between radio and X-ray

emission, increasing the population of known quiescent

sources along the fundamental plane, and perhaps devel-

oping a correlation between X-ray turnover luminosity

and black hole mass.
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