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Abstract. We have recently put forward a ‘unified’ semi-empirical model for the coupling between
accretion and jet production in galactic black hole X-ray binaries. In this paper, we summarise this
model and briefly discuss relevant considerations that have arisen since its publication.

Keywords: accretion, black hole physics, ISM: jets and outflows

1. Introduction

Relativistic jets are a fundamental aspect of accretion onto black holes on all scales.
They can carry away a large fraction of the available accretion power in collimated
flows which later energise particles in the ambient medium. The removal of this
accretion power and angular momentum must have a dramatic effect on the overall
process of accretion. In their most spectacular form they are associated with super-
massive black holes in active galactic nuclei (AGN), and with gamma-ray bursts
(GRBs), the most powerful and explosive engines in the Universe, respectively.
However, parallel processes, observable on humanly accessible timescales, are oc-
curring in the accretion onto black holes and neutron stars in binary systems within
our own galaxy.

We (Fender et al., 2004; hereafter FBG04) have recently published a ‘unified’
model for the ‘disc–jet’ coupling in galactic black hole binaries. In the next few
pages we shall quickly summarise this model.

2. The Model

In our model, we attempt to pin down as accurately as possible the moment at which
the major radio outburst occurred and relate this to the X-ray state at the time.
We subsequently compare this with the X-ray state corresponding to the lower-
luminosity steady jets, to the evolution of transient outbursts, and to the velocity
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2 R. FENDER ET AL.

and power associated with each ‘type’ of jet, in order to draw up a framework for
a unified model of black hole X-ray binary jet production.

Several black hole systems are investigated in this paper, and in addition we com-
pare these with the neutron star systems Cir X-1 and Sco X-1. The data relating to
the radio flares, jet Lorentz factors (if measured), corresponding X-ray luminosities,
estimated distances and masses, are summarised in Table I of FBG04. In FBG04,
we focus in particular on the spectral evolution of four black hole binaries, GRS
1915+105, GX 339-4, XTE J1859+226 and XTE J1550-564. Precise details of the
X-ray data analysis are presented in FBG04. Figure 1 presents the X-ray (flux and
hardness) and radio flux of these four systems around periods of state transitions.
Several key features are apparent from careful inspection of this figure, in particular,
the optically thin radio outbursts occur around the transition from ‘hard VHS (very
high state)/IS (intermediate state)’ to ‘soft VHS/IS’ states, and not at the transitions
to or from the canonical low/hard or high/soft states.

3. Jets as a Function of X-Ray State: New Perspectives

Based upon the investigation we have performed, we are better able to associate the
characteristics of the radio emission as a function of X-ray state, and therefore to
probe the details of the jet–disc coupling. While the previously established pattern
of

• LS (low state): steady jet
• HS (high state): no jet

remains valid, additional information has clearly come to light about the details of
jet formation in the VHS/IS during transient outbursts.

3 .1 . BEHAVI OUR OF THE JET IN THE ‘HARD VHS/IS’

It was previously established that the canonical low/hard state was associated with
a steady jet, the emission from which followed a ‘universal’ correlation in the
LX:L radio plane (e.g. Fender, 2001; Corbel et al., 2003; Gallo et al., 2003). Further-
more the canonical ‘high/soft’ state was associated with a dramatic reduction in
the radio emission (Tanabaum et al., 1972; Fender et al., 1999; Gallo et al., 2003).
The study presented in FBG04 has further revealed that almost until the point of
the major ejection, after the spectrum has started softening (in the ‘hard VHS/IS’
state) the steady radio jet stays ‘on’.

However, following the persistence of the steady LS-like radio emission into the
hard VHS/IS, the data do indicate that a change in the radio emission does occur
prior to the radio flare. In brief, it appears that the radio emission starts to become
more variable, with a peaked or (more) optically thin spectrum shortly before the
radio flare. At present we do not have a clear picture of what is going on during this
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Figure 1. Radio and X-ray light curves, X-ray colours and X-ray state classifications during periods
around transient jet formation, for four black hole (candidate) X-ray binaries. In GRS 1915+105 the
canonical LS or HS are never reached; in GX 339-4, XTE J1859+226 and XTE J1550-564 the delay
between the canonical LS peak and subsequent VHS/IS peak ranges from a few days to 2 weeks.
Nevertheless, in all four cases the radio flare occurs at the time of the VHS peak, indicating a clear
association between this, and not the previous LS, and the major ejection. The units of the X-ray flux
are erg s−1 cm−2.
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Figure 2. Combined X-ray hardness–luminosity diagram for GX 339-4, XTE J1859+226 and XTE
J1550-564. The X-ray fluxes plotted in Figure 1b–1d have been scaled to Eddington-ratioed lumi-
nosities; all the sources move approximately anti-clockwise in the diagram. Note that ejections in GX
339-4 and XTE J1859+226 occur at almost exactly the same colour and X-ray luminosity. Most of
the data points correspond to varying degrees of the VHS/IS, and not the canonical LS (to the right)
or HS (to the left).

phase, but it hints that the major ejection episode is already inevitable some days
in advance of its observational signature. See FBG04 for more details.

3 .2 . ASSOCI ATION OF THE OUTBURST WITH THE SOFT VHS/IS PEAK

The clearest observational fact to be gleaned from Figure 1 is that the major opti-
cally thin radio outbursts occur in a transition from the ‘soft VHS/IS’ to the ‘hard
VHS/IS’. Figure 2 indicates the point of radio outburst in hardness–luminosity
plane. This aspect is discussed in considerably more detail in FBG04 but it suf-
fices to note here that to our knowledge there are no exceptions to this pattern of
behaviour in any black hole X-ray binary. It is important to note that very similar
conclusions about the behaviour of the radio emission in the VHS/IS were drawn
by Corbel et al. (2004).

4. Increasing Jet Velocity in Outburst?

In Figure 3, we plot estimated limits on the Lorentz factors of jets from a handful
of X-ray binary systems as a function of X-ray luminosity at the point of the jet
launch. It is important to realise that the lower-left point is an upper limit on the mean
Lorentz factor of jets in the low/hard state (Gallo et al., 2003; but see also Heinz
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Figure 3. Limits on jet Lorentz factors as a function of the estimated bolometric X-ray luminosity at
the time of jet launch. The arrows in the lower left of the figure indicate the condition that jets in the
general LS state have v ≤ 0.8c. The rest of the symbols are lower limits only to the Lorentz factors
from individual black hole (filled symbols) and neutron star (open symbols) X-ray binaries; the data
are listed in Table I.

and Merloni, 2004), and that all the other point are lower limits. The key point is
that we have seen highly relativistic motions from the transient jets associated with
outbursts, but not with the steady low/hard state jets. Thus, the data seem to support
the idea that the powerful jets produced at the transition from the ‘hard VHS/IS’ to
the ‘soft VHS/IS’ are at a higher velocity than those which preceded them. This leads
naturally to the likelihood of internal shocks in the jet, as we shall discuss below.

5. Radio Emission and Jet Power

It is also crucial to estimate the jet power as a function of X-ray luminosity/state.
In the following we present simplified expressions for the power in both optically
thick and optically thin jets, in Eddington units, as a function of observable radio
and X-ray emission.

5.1. THE LOW/HARD STATE OPTICALLY THICK JET

In Fender et al. (2003), it was argued that the total jet power LJ, in the absence of
significant advection, was related to the accretion luminosity LX as follows:

LJ = AsteadyL0.5
X
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where Asteady ≥ 6 × 10−3 (the normalisation is referred to simply as A in Fender
et al., 2003).

Studies of the rapid variability from the ‘hard’ transient XTE J1118+480, which
remained in the LS throughout its outburst, have supported the idea that the optical
emission may originate in an outflow and not reprocessed emission from the disc
(Merloni et al., 2000; Kanbach et al., 2001; Spruit and Kanbach, 2002; Malzac
et al., 2003). Detailed modelling of the correlated variability by Malzac et al.
(2004) has resulted in a normalisation of the jet/outflow power which corresponds
to Asteady ∼ 0.3 in the above formalisation, which would imply that all LS sources
are jet-dominated. For now we shall take this as the largest likely value of Asteady

(see also Yuan et al., 2005 who estimate a value for the radiative efficiency for the
jet in XTE J1118+480 which lies between the lower limit of Fender et al., 2003
and the estimate of Malzac et al., 2004).

5 .2 . THE OP TI CALLY THIN JETS

The power associated with the production of optically thin jets can be calculated
from the peak luminosity and rise time of the event, adapting the minimum energy
arguments of Burbidge (1959). We furthermore argue that an additional correction
factor of 50 is applicable to compensate for bulk relativistic motion (see FBG04
for details).

A best-fit power-law to the data for the transient events is of the form

L jet = AtransL0.5±0.2
X

where the fitted value is Atrans = (0.4 ± 0.1), within uncertainties the same index
as inferred for the steady jets. Note that since for the transient jets LX ∼ 1 (in
Eddington units) this indicates near equipartition of LX and LJ around the time of
such events.

6. Internal Shocks

The arguments given above clearly indicate that as the X-ray luminosity of the ac-
creting source increases, then so does the velocity of the outflow (although whether
this is in the form of a step, or other functional form, is as yet unclear). Since most,
probably all, outbursting sources have followed a path in which they have become
monotonically brighter in a hard state before making a transition to a soft state,
this tells us that a shock should form in the previously generated ‘steady’ jet as the
faster-moving VHS/IS jet catches up and interacts with it. This internal shock is
therefore a natural origin for the optically thin events observed at the beginning of
X-ray transient outbursts. Internal shocks have previously been proposed for AGN
(e.g. Rees, 1978; Marscher and Gear, 1985; Ghisellini, 1999; Spada et al., 2001)
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and gamma-ray bursts (e.g. Rees and Meszaros, 1994; van Paradijs et al., 2000
and references therein). Indeed in the context of X-ray binaries an internal-shock
scenario has already been discussed previously for GRS 1915+105 by Kaiser et al.
(2000), Vadawale et al. (2003) and Turler et al. (2004), and their ideas have signifi-
cantly inspired this work. In the context of the changes in Lorentz factor estimated
here, internal-shock efficiencies as high as 30% may be possible, although lower
efficiencies seem more likely.

Internal shocks at relatively large distances from the base of the jet are a natural
explanation for why the emission in such outburst is optically thin, unlike the steady
self-absorbed jet which preceded it. Also, as discussed in Vadawale et al. (2003) the
strength of the shock is likely to be related to the amount of material lying in the path
of the faster ‘VHS/IS’ jet. They discussed this in the context of GRS 1915+105,
where the strength of ‘post-plateau jets’ (Klein-Wolt et al., 2002) is shown to
be correlated with the total X-ray fluence of the preceding ‘plateau’ (which was
presumably a phase of slower jet production). Generalising this phenomenon to
other X-ray transients, it provides a natural explanation for why, although there are
often multiple radio-flaring events, the first is invariably the strongest.

7. Towards a Unified Model

Based upon the key generic observational details assembled above, we have at-
tempted to construct a unified, semi-quantitative, model for the disc–jet coupling
in black hole X-ray binaries. A simplified version of the model specific to GRS
1915+105 has been presented in Fender and Belloni (2004). The model is sum-
marised in Figure 4, which we describe in detail below. The diagram consists of
a schematic X-ray hardness–intensity diagram above a schematic indicating the
bulk Lorentz factor of the jet and inner accretion disc radius as a function of X-ray
hardness. The four sketches around the outside of the schematics indicate our sug-
gestions as to the state of the source at the various phases i–iv. The path of a typical
X-ray transient is as indicated by the solid arrows.

• Phase i: Sources are in the low-luminosity LS, producing a steady jet whose
power correlates as L jet ∝ L0.5

X (ignoring any mass term). This phase probably
extends down to very low luminosities (‘quiescence’).

• Phase ii: The motion in the HID, for a typical outburst, has been nearly vertical.
There is a peak in the LS after which the motion in the HID becomes more
horizontal (to the left) and the source moves into the ‘hard’ VHS/IS. Despite
this softening of the X-ray spectrum the steady jet persists, with a very similar
coupling, quantitatively, to that seen in the LS.

• Phase iii: The source approaches the ‘jet line’ (the solid vertical line in the
schematic HID) in the HID between jet-producing and jet-free states. As the
boundary is approached the jet properties change, most notably its velocity. The
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Figure 4. A schematic of our simplified model for the jet–disc coupling in black hole binaries.
The central box panel represents an X-ray hardness–intensity diagram (HID); ‘HS’ indicates the
‘high/soft state’, ‘VHS/IS’ indicates the ‘very high/intermediate state’ and ‘LS’ the ‘low/hard state’.
In this diagram, X-ray hardness increases to the right and intensity upwards. The lower panel indicates
the variation of the bulk Lorentz factor of the outflow with hardness—in the LS and hard-VHS/IS
the jet is steady with an almost constant bulk Lorentz factor � < 2, progressing from state i to state
ii as the luminosity increases. At some point—usually corresponding to the peak of the VHS/IS—�

increases rapidly producing an internal shock in the outflow (iii) followed in general by cessation of
jet production in a disc-dominated HS (iv). At this stage fading optically thin radio emission is only
associated with a jet/shock which is now physically decoupled from the central engine. As a result
the solid arrows indicate the track of a simple X-ray transient outburst with a single optically thin
jet production episode. The dashed loop and dotted track indicate the paths that GRS 1915+105 and
some other transients take in repeatedly hardening and then crossing zone iii—the ‘jet line’—from
left to right, producing further optically thin radio outbursts. Sketches around the outside illustrate
our concept of the relative contributions of jet (blue), ‘corona’ (yellow) and accretion disc (red) at
these different stages.

final, most powerful, jet, has the highest Lorentz factor, causing the propagation
of an internal shock through the slower-moving outflow in front of it.

• Phase iv: The source is in the ‘soft’ VHS/IS or the canonical HS, and no jet
is produced. For a while following the peak of phase iii fading optically thin
emission is observed from the optically thin shock.

Following phase iv, most sources drop in intensity in the canonical HS until
a (horizontal) transition back, via the VHS/IS, to the LS. Some sources will



A UNIFIED MODEL FOR BLACK HOLE X-RAY BINARY JETS 9

make repeated excursions, such as the loops and branches indicated with dashed
lines in Figure 4, back across the jet line, However, with the exception of GRS
1915+105, the number of such excursions is generally ≤10. When crossing the
jet line from right to left, the jet is re-activated but there is (generally) no slower-
moving jet in front of it for a shock to be formed; only motion from left to right
produces an optically thin flare (this is a prediction). Subsequently, the motion
back towards quiescence is almost vertically downwards in the HID.

The model as outlined above has many similarities with the scenarios described
by Meier (1999, 2001, 2003) who has approached the problem from a more theoret-
ical point of view. Meier (2001) has suggested that in low-luminosity states the jet
is powered by a modification of the Blandford and Payne (‘BP’) (1982) mechanism
taking into account frame-dragging near a rotating black hole (Punsly and Coroniti,
1990). This ‘BP/PC mechanism’ can extract black hole spin by the coupling of mag-
netic field lines extending from within the ergosphere to outside of it. Meier (2001)
further suggests that during phases of very high accretion the Blandford and Znajek
(‘BZ’) (1977) mechanism may work briefly. This may be associated with a ‘spine
jet’ which is considerably more relativistic than the ‘sheath jet’ produced by the
BP/PC mechanism. Note that the power of the jets as given in Meier (2001, 2003)
is about linearly proportional to the accretion rate; in the formulation of Fender
et al. (2003) this corresponds to the ‘jet-dominated state’ (see also Falcke et al.,
2004).

We can revisit the scenarios of Meier in the light of our compilation of ob-
servational results and steps toward a unified model. In the faint LS (phase i in
Figure 4) is the jet formed by the BP or BP/PC mechanisms ? Given that the jet
may be formed at relatively large distances from the black hole in such states, there
may not be any significant influence of the black hole spin on the jet-formation
process. However, it is also likely that in such states the jet-formation process is
not occurring within thin discs, as is the basis of the BP mechanism, but rather in
a geometrically thick flow (see also e.g. Blandford and Begelman, 1999; Meier,
2001; Merloni and Fabian, 2002).

As the accretion rate increases the power of this disc–jet will increase and the
geometrically thin accretion disc will propagate inwards. During this phase the jet-
formation process may migrate from BP→BP/PC. However, the suggestion that
the most relativistic jets are formed by the BZ process seems at odds with the
observation of significantly relativistic outflows from two neutron stars systems
(Fomalont et al., 2001a,b; Fender et al., 2004). In a related work, the results of
Yu et al. (2004) indicate that the subsequent evolution of X-ray transient outbursts
is approximately determined before the soft VHS/IS peak, in both neutron star
and black hole systems. This suggests that already by the time of the LS peak
we can estimate the size of the ejection even which is to follow, and is a further
indication that the study of neutron stars will shed important light on the physics
of jet formation in black hole systems.
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8. Summary of the Model

We have examined the observational properties of the jets associated with black
hole X-ray binary systems. The key observations can be summarised as

1. The radio:X-ray coupling: We have established that the steady radio emission
associated with the canonical LS persists beyond the softening of the X-ray
spectrum in the ‘hard’ VHS/IS. At the end of the transtion from ‘hard’ to ‘soft’
VHS/IS, usually associated with a local maximum in the X-ray light curve, a
transient radio outburst occurs. The radio emission is subsequently suppressed
until the source X-ray spectrum hardens once more. Some source may repeatedly
make the transition from ‘hard’ to ‘soft’ VHS/IS and back again, undergoing
repeated episodes of steady and transient jet formation.

2. Jet velocities: We have argued that the measured velocities for the transient jets,
being relativistic with � ≥ 2 are significantly larger than those of the steady jets
in the LS, which probably have � ≤ 1.4.

3. Jet power: We have furthermore established that our best estimates of the power
associated with the transient jets are compatible with extrapolations of the
functions used to estimate the power in the LS (albeit with a relatively large
normalisation).

Essentially equivalent conclusions about the radio:X-ray coupling have been
drawn by Corbel et al. (2004). Putting these observational aspects together we have
arrived at a semi-quantitative model for jet production in black hole XRBs. We
argue that for X-ray spectra harder than some value (which may be universal or
vary slightly from source to source) a steady jet is produced. The power of this
jet correlates in a non-linear way (approximately given as LJ ∝ L0.5

X ) with the
X-ray luminosity. As the X-ray luminosity increases above ∼1% of the Eddington
rate the X-ray spectrum begins to soften. Physically this probably corresponds to
the heating of the inner edge of the accretion disc as it propagates inwards with
increasing accretion rate. Initially the jet production is not affected. As the disc
progresses inwards the jet velocity increases. As it moves through the last few
gravitational radii before the ISCO, the Lorentz factor of the jet rises sharply,
before the jet is suppressed in a soft disc-dominated state. The rapid increase in jet
velocity in the final moments of its existence results in a powerful, optically thin,
internal shock in the previously existing slower-moving outflow.

The inner disc may subsequently recede, in which case a steady jet is reformed,
but with decreasing velocity and therefore no internal shocks. If the disc once more
moves inwards and reaches the ‘fast jet’ zone, then once more an internal shock is
formed. In fact while jets are generally considered as ‘symptoms’ of the underlying
accretion flow, we consider it possible that the reverse may be true. For example,
it may be the ‘growth’ of the steady jet (via e.g. build up of magnetic field near the
ISCO/black hole) which results in the hardening of the X-ray spectrum, perhaps via
pressure it exerts on the disc to push it back, or simply via Comptonisation of the
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inner disc as it spreads (for further discussions see e.g. Nandi et al., 2001; Tagger
et al., 2004).

In the context of the nature and classification of black hole ‘states’, these states,
whether ‘classical’ or as redefined by McClintock and Remillard (2004) do not have
a one-to-one relation with the radio properties of the source. It seems that as far as
the jet is concerned, it is ‘on’—albeit with a varying velocity—if the disc does not
reach ‘all the way in’, which probably means as far as the ISCO. The dividing ‘jet
line’ (Figure 4) HID, may also correspond, at least approximately, to a singular
switch in X-ray timing properties (Belloni, 2004; Belloni et al., 2005; Homan and
Belloni, 2004; see also the discussion in McClintock and Remillard, 2004) and may
be the single most important transition in the accretion process. Further study of
the uniqueness of the spectral and variability properties of sources at this transition
point should be undertaken to test and refine our model.

Finally, given that Merloni et al. (2003) and Falcke et al. (2004) (see also Heinz
and Sunyaev, 2003; Maccarone et al., 2003) have recently demonstrated quanti-
tatively the scaling of radio:X-ray coupling across a range of ≥107 in black hole
mass, it is obviously of great interest to see if the model we are working towards
for the coupling of accretion and jet formation in black hole binaries may also be
applied to AGN. In addition, detailed modelling of the internal-shock scenario is
required to see if the coupling, as outlined above, really could allow us to predict
radio light curves from X-ray, and vice versa. These two areas should be the next
steps forward.

9. And Afterwards . . .

The model outlined above was published in December 2004, 5 months ago at the
time of writing. Since this time we have not discovered, or been made aware of, any
major flaws. There is of course still plenty of time, and exceptions to the patterns
discussed will certainly be found (and we encourage people to be critical!).

In particular Homan and Belloni (2005, these proceedings) have demonstrated
very clearly that the neat shape sketched out for the evolution of black hole outbursts
in the HID varies from source to source, and indeed between outbursts for the same
source. Clearly the sketch should be considered as an idealisation; nevertheless the
overall properties of the pattern in the HID are consistent with our simple sketch.

Furthermore, both Homan and Belloni and Remillard (2005) have noted that the
X-ray variability behaviour of the black holes, in particular of different types of
QPOs, may fit empirically into the model. This is clearly an exciting next step.

Both of these points indicate ways in which the model can be significantly
refined, especially in the context of adding the timing properties.

Finally, several people have discussed with us possible applications of the model
to AGN. In particular we would like to note the implication, first spotted by Chris
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Simpson, that if AGN follow the same patterns of outburst there should be some
sources with radio-quiet cores and yet ‘relic’ radio lobes.
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Abstract. The scale invariance model (Heinz, S. and Sunyaev, R.A.: 2003, MNRAS 343, L59) can be
used to derive robust scaling relations between the radio luminosity from accreting black holes and the
black hole mass and accretion rate. These relations agree well with the recently found “fundamental
plane” of black hole activity (Merloni, A., Heinz, S. and Di Matteo, T.: 2003, MNRAS 345, 1057).
This relation provides a new, powerful tool for the comparison of jets from black holes of different
masses and accretion rates. The regression coefficients of this relation contain information about the
nature of the X-ray emission mechanism driving the correlation. We argue that X-ray synchrotron
emission from the base of the jets is unlikely to be the dominant contribution to the X-ray spectrum
in most of the sources.

Keywords: radiation mechanisms, non-thermal: galaxies, active: galaxies, jets: x-rays, binaries: radio

continuum, general

1. Introduction

Jets are a tell-tale sign of accretion onto a central, massive object. They occur on
different mass scales (from stellar mass central objects to supermassive black holes,
spanning 8 orders of magnitude in mass), different accretion rates (e.g., for very
low accretion rates in objects like Sgr A* and low-luminosity X-ray binaries and
active galactic nuclei (AGNs), to far super-Eddington accretion rates in gamma-
ray bursts), and for different classes of central objects (young stars, white dwarfs,
neutron stars, and black holes).

Jets play an important role in regulating and facilitating black hole growth.
Firstly, they energize and transform the surrounding medium and are one of the
primary candidates for large-scale feedback in structure formation. Some modes
of accretion onto black holes seem to not only facilitate jet formation, but actually
require it (Blandford and Begelman, 1999) and there is mounting evidence from
the X-ray binary community that steady jets are universally present in objects that
are in the so-called low/hard state. This necessity might arise from the fact that
jets can carry away mass, energy, and angular momentum from the accretion flow.
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Furthermore, jets offer a direct probe of the innermost regions around black holes
where they are formed, and are thus important probes of strong gravity.

Despite the seeming importance of jets for the study of black hole growth,
feedback in structure formation, and as test beds of relativity, we still lack
some of the most fundamental information about the nature of jets. Their par-
ticle and magnetic field content is still not known definitively, as are the pro-
cesses that collimate and accelerate them and the actual bulk velocities of the jet
plasma.

Based on morphological and spectral similarities between X-ray binary jets
and AGN jets, and starting from the assumption that gravity, which governs the
dynamics of the inner accretion disk, is scale invariant, we will argue that jets from
black holes of different masses should be fundamentally similar in their properties
in the sense that their dynamical properties are invariant under changes in black hole
mass. Building on this premise, we will show that one can understand the radiative
properties of jets in terms of very robust, general relations and we will present
evidence that these relations can be observed in the form of a correlation between
black hole mass, radio luminosity, and X-ray luminosity in AGNs and XRBs (Sec-
tion 2). We will argue further that we can use this relation to constraint the emission
process that is responsible for the X-rays from these black holes (Section 3).

2. A New Diagnostic Tool for Accreting Black Holes

The recent discovery of a fundamental relation between the radio emission from
jets in X-ray binaries (XRBs) and the X-ray luminosity in these objects (Corbel
et al., 2003; Gallo et al., 2003) has inspired a new approach to study the nature
of jets, which tries to determine important jet properties without the necessity to
understand every complex detail of jet structure and evolution in detail. We will lay
out later how this method can be used to study jets and accretion flows.

In Heinz and Sunyaev (2003), we presented the scale invariance model, which
builds the basis of the following arguments. The main idea of the model is that
only very few parameters govern the physics of the inner accretion disk, namely
the black hole mass M , the accretion rate ṁ, and possibly black hole spin (which
we will neglect in the following).

The only relevant scale imposed by these parameters is assumed to be the grav-
itational radius rg and we will assume that all relevant jet physics is invariant under
changes of this scale. In other words, a jet from a black hole of mass M1 will have
the same proportions and spatial evolution of dynamical variables as a jet from a
black hole of mass M2, but its spatial scales will be different by a factor of M1/M2.
Mathematically, this means that any quantity f relevant to jet dynamics can be
expressed in the form

f (r, M, ṁ, a) = � f (M, ṁ, a)� f (r/rg, a) (1)
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(Heinz and Sunyaev, 2003). � f are functions describing the normalization of vari-
able f at the base of the jet, and they are typically provided by accretion disk theory.
We will take �B = √

ṁ/M as our fiducial expression for how the magnetic field
strength at the base of the jet varies with M and ṁ. The functions � f are structure
functions that describe the spatial variation of f , i.e., collimation, acceleration, etc.
They are currently not well known. We will further assume that the electrons re-
sponsible for the synchrotron emission to follow a powerlaw distribution in energy:
f (γ ) = Cγ −p, with �C = �2

B , with a fiducial value of p = 2. Finally, by dimen-
sional analysis we will assume that the kinetic jet power follows the proportionality
Lkin ∝ B2 M2 ∝ Mṁ.

By inserting Eq. (1) into the expressions for the synchrotron radio luminosity of
the jet, it is straightforward to show that the radio luminosity from the jet follows
the relation (for p = 2, see (Heinz and Sunyaev, 2003) for the general expression)

L r ∝ M17/12−αr/3ṁ17/12+2αr/3 ∝ L1.42+2αr/3
kin M−αr (2)

(Heinz and Sunyaev, 2003; see also Falcke and Biermann, 1995) where αr is the
radio spectral index. The functions � f determine the powerlaw index, while the
unknown functions � f are subsumed into αr, which is an observable. Typically,
αr ∼ 0 for the optically thick, flat spectrum cores of jets we are interested in here,
so L r ∝ M1.42ṁ1.42 ∝ L1.42

kin .
This relation is robust and model independent, since the functions � f drop out.

It is valid both for optically thick radiation with αr ∼ 0 and optically thin radiation
at higher frequencies with α = (p − 1)/2 ∼ 0.5. As recently shown by Heinz
(2004), it is possible to extend this analysis to include synchrotron losses of the
radiating electrons. This allows us to treat synchrotron X-rays from the jet and
derive the scaling relations governing them. In this case (again for p = 2),

Lx ∝ M (3αx )/2ṁ(5−3αx)/2 ∝ L (5−3αx )/2
kin Mαx−1 (3)

To test these relations observationally, we must make a connection between the
accretion rate ṁ and an observable. Since we are particularly interested in low-
luminosity objects, we will consider the hard (2–10 keV) X-ray luminosity as a
proxy of the accretion activity, because it is not affected significantly by absorption,
and because it is known to correlate with the radio emission in XRBs.

In order to look for evidence of any relation between L r, M , and ṁ, we collected a
large sample of black holes with measured masses and radio and X-ray luminosities.
The sample contains 99 AGNs and 8 XRBs at 50 different epochs for a total of 149
data points. The details of this sample can be found in Merloni et al. (2003). We
do want to point out, though, that the sample was selected with the goal to avoid
selection effects induced by relativistic beaming (Blazars and BL Lac objects were
excluded, and the only powerful quasar included is 3C273; most objects are at low
luminosities).
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Partial correlation tests show that there is strong evidence that L r correlates with
both M and Lx . Thus, a multivariate correlation analysis is necessary to find the
dependence of L r on M and Lx . Looking for a correlation between, say, L r and M
is not sufficient and will not yield meaningful results. We have performed such an
analysis (Merloni et al., 2003), and found the following relation:

log L r = 0.78 log M + 0.6 log Lx + 7.33 (4)

with a scatter of σ ∼ 1. In the following we will refer to this relation as the
“fundamental plane” of black hole activity (FP for short).

It is worth noting that the dependence of L r on M is well constrained to be
L r ∝ M1.4 (note that Lx depends on M , presumably through Lx ∝ M , thus Eq. (4)
is consistent with this statement), which confirms the predictions from Eq. (2) very
nicely.

Finally, we can attempt to make a connection between Lx and the accretion rate.
For different emission mechanisms and accretion disk scenarios, the dependence
of Lx on ṁ will differ. For example, inefficient accretion flows tend to have steep
dependences of the form Lx ∼ ṁ2, X-ray synchrotron emission from the jet follows
Eq. (3), while for efficient accretion disks, Lx ∼ ṁ. Fitting the predicted scaling
relations from Eqs. (2) and (3) leads to the following results: inefficient flows with
steep Lx -ṁ dependences (such as ADAFs) can reproduce the FP relation from Eq.
(4) very well. X-ray synchrotron radiation is marginally consistent with this relation
(see Section 3). Finally, efficient accretion is ruled out completely.

3. Constraints on the X-Ray Emission Mechanism

We can go further in testing the origin of the X-rays in the sources that contribute
to the correlation in Eq. (4). For a synchrotron origin in the jet, we expect spectral
signatures of radiative losses to appear at high enough frequencies, simply because
the cooling time is proportional to ν−1/2. Given Eq. (3), we can test the consistency
of the FP correlation with a synchrotron origin of the X-rays.

For a number of AGNs in our sample, spectral index information is available
in the literature. Figure 1 shows the measured spectral indices for these sources.
The canonical range of synchrotron spectra produced in strong shocks by Fermi
acceleration ranges from αx ∼ 0.5 to ∼0.65, which is in line with observed optically
thin radio synchrotron spectra from AGN jets. For spectra steeper than this, one
can say with some confidence that, if produced by synchrotron radiation, they are
probably affected by radiative losses.

As can be seen from the figure, a large number of sources satisfy this criterion,
and we can assume that, if synchrotron radiation is the source of the X-rays in
these sources, they will have been affected by cooling. Thus, Eq. 3 is necessary
and sufficient to derive the scaling relations between the radio luminosity, the
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Figure 1. Plot of the measured radio–X-ray spectral index αrx against the measured X-ray spectral
index αx for the AGNs in the “fundamental plane” sample where this information is available. Left of
black line: X-ray spectrum flatter than radio-to-X-ray spectrum, αx < αrx , difficult to reconcile with
global synchrotron spectrum. Light grey area: X-ray spectral indices from best fit to “fundamental
plane” correlation (see Figure 2). Dashed and dotted grey lines: cooling or steep injection spectrum
necessary to the right of and above these lines. Filled dots: sources with X-ray luminosity Lx >

10−3 LEdd. Empty dots: sources with Lx < 10−3 LEdd.

synchrotron X-ray luminosity, and the black hole mass. While the RXTE-ASM
data products for the XRBs used in the FP sample are not sufficient to measure the
X-ray spectral index, it is well known that the sources display X-ray spectral indices
of αx ∼ 0.7 in the low–hard state. Again, this is on the steep side for standard shock
acceleration models, so we feel confident that radiative cooling is probably involved
in shaping the observed X-ray spectra, if they are indeed of synchrotron origin.

Furthermore, the global, radio–X-ray spectral index of a large fraction of the
source in the sample is steeper than the canonical range produced in strong shocks,
which again argues for the presence of radiative cooling if the X-rays are syn-
chrotron radiation.

Similar to the procedure used in Merloni et al. (2003), we can fit the FP data set
with the predicted scaling relations from Eqs. (2) and (3) for different parameters
p and αx . Taking the fiducial value of αr ≈ 0, combining these two equations gives
the radio–X-ray–mass relation for synchrotron X-rays (Heinz, 2004):

L r ∝ L
2p+13

(p+4)(2p+1−3αx)
x M

(2p+13)(p−1−αx)
(p+4)(2p+1−3αx ) (5)

The scatter in the FP relation is much larger than the typical measurement error, so
we isotropize the uncertainty estimate and use the same orthogonal bisector error
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Figure 2. Chi-square map of the particle spectral index p and synchrotron cooling break �αc, derived
by fitting the “fundamental plane” radio–X-ray–mass correlation with cooled synchrotron emission
as the source of the X-rays and a flat, optically thick radio synchrotron spectrum with index αr = 0.
Overplotted are the 1-, 2-, and 3-sigma contours (thick black lines), the best fit (black dot), and the
canonical cooling break of �αc = 1/2 (white dashed line). A reasonable fit requires an unbroken,
i.e. uncooled global spectrum that is steeper than ∼3. Also shown are the same 1-, 2-, and 3-sigma
contours and the best fit obtained by fitting only low X-ray luminosity sources with Lx ≤ 10−3 LEdd

(white contours and white dot).

estimate used in Merloni et al. (2003). The result of this fit is shown in Figure 2 in
the form of confidence contours on the parameters p and �αx ≡ αx − (p − 1)/2,
where (p − 1)/2 is the optically thin synchrotron spectral index for a population of
electrons with powerlaw index p (thus, �αx measures the spectral break introduced
by cooling, and for the simplest model of continuous injection of fresh particles,
we expect �αx = 1/2).

As can be seen from this plot, the FP relation requires very steep electron spectra:
p ∼ 3.4+0.3

−0.3 that are unbroken: �αx ∼ 0. In other words, the FP relation is best fit
by a very steep, uncooled global electron spectrum. Both of these requirements are
at odds with what we know about the nature of particle acceleration and the typical
amount of cooling expected in highly magnetized environment such as the base of
jets. Furthermore, the actually observed X-ray spectral indices shown in Figure 1
are not nearly this steep: most points in Figure 2 fall to the left of the range in αx

allowed by Figure 1 (shown as the grey vertical bar between 0.95 < αx < 1.5.
Thus, we have conflicting information from the spectral information and the FP
correlation.

There are two ways to resolve this conflict: Either (1) some aspect of the scale
invariance model presented earlier that works so well in predicting the mass de-
pendence of the core radio luminosity fails, in which case the bulk of the X-ray
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emission could well be synchrotron. Or (2), the bulk of the emission from most of
the sources is not of synchrotron origin. Instead, the X-rays might originate in a
radiatively inefficient accretion flow or wind, or as inverse Compton emission in
the jet. However, while synchrotron emission is probably not the dominant source
of the X-rays, there is little doubt that it does contribute to the spectrum at some
level and might be responsible for most of the X-rays in a smaller sub-sample of
the sources considered in the FP sample.

4. Conclusions

We argued that the assumption of scale invariance of jets from black holes can be
used to derive robust, model independent scaling relations between the jet radio
luminosity and the black hole mass and accretion rate. The recently found “fun-
damental plane” relation between radio luminosity, black hole mass, and X-ray
luminosity confirms the predictions from the scale invariance hypothesis.

Including spectral information into the analysis of the radio–X-ray–mass corre-
lation provides further evidence that synchrotron X-rays are likely not the dominate
source of the X-rays that drive the correlation.
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Abstract. This contribution focuses on the evidence for a bimodality in the luminosity believed to
be associated with the accretion process in AGN. In particular, it will be stressed that this behavior
does seem to be present in an analogous way both in radio-loud and radio-quiet AGN, as inferred
from samples selected in an independent way. The found bimodality can be naturally – although not
uniquely – interpreted in the frame of the ADIOS solution for radiative inefficient accretion flows.
The (so far) qualitative analogy with the behavior of XRB provides an interesting perspective to find
a unique framework for the accretion and jet production in accreting black hole systems.
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1. Introduction

The issue of the presence of supermassive black holes radiating well below the
limits predicted within the standard solutions for gas accretion – for the inferred
accretion rate – has been present for about 20 years (Rees et al., 1982). The last
10 years have seen a renewed focus on the problem due to more robust observational
constraints, the evidence of the presence of supermassive black holes in basically
all nearby spheroidal galaxies and the theoretical development of the early models
(Fabian and Rees, 1995; Kormendy and Richstone, 1995; Narayan and Yi, 1995).

Within this frame, the aspect discussed here concerns the transition between
AGN with relatively high accretion levels, with evidence of radiatively efficient
flows, and the so-called low-luminosity AGN-inactive galaxies, in terms of the
modality of the underlying transition. Clearly, several physical parameters are in-
volved in determining such transition: the mass of the black hole (BH), the accretion
rate and its time history, the angular momentum of the material accreting onto it
– tied to the physical processes and structure of the accretion disc and possibly
to the existence and nature of jets, the magnetic field configuration etc. Here we
summarize the results of a phenomenological study of such aspect, which considers
both the radio-loud and radio-quiet AGN populations: the analysis of both classes
provides the opportunity of adopting different selection criteria and understand-
ing whether/how the transition might be associated to the presence of collimated
outflows, the BH mass, the host morphology.
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2. Radio-Loud AGN

Several observational indicators point to extremely low accretion luminosities in
low power radio galaxies (RG) and BL Lac objects compared to powerful RG and
radio-loud quasars (e.g. Urry and Padovani, 1995 for a review, Celotti et al., 1998;
O’Dowd et al., 2002). The radiated output in some RG is orders of magnitude lower
than that corresponding to the (Bondi) accretion rate of the detected hot gas at the
accretion radius, for a 10% radiative efficiency (Fabian and Rees, 1995; Pellegrini
et al., 2003): in M87, the limit from X-rays corresponds to ∼10−7 LEdd, and ∼10−4

of the Bondi luminosity (Di Matteo et al., 2003).
In order to explore the transition to these levels of activity, Marchesini et al.

(2004) considered a sample unbiased with respect to the nuclear emission. The
extended, low frequency radio emission is considered to be an isotropic parame-
ter. We thus selected a sample of sources selected on its basis, comprising low-
power (FRI, Fanaroff and Riley, 1974) and high-power (FRII) RG and radio-
loud quasars, where the former ones constitute a complete subsample (3C RG at
z < 0.3).

The BH masses of these objects – estimated from the found correlation with the
host bulge B-magnitude (Merritt and Ferrarese, 2001; Gebhardt et al., 2003; Häring
and Rix, 2004) – span a relatively large range, but clustered around 108–109 M
. No
systematic differences in their values are found between FRI, FRII RG and quasars.
However, in terms of nuclear optical (HST) and bolometric luminosity Marchesini
et al. (2004) not only find full agreement with the indications of low accretion levels
in the low-power systems (see also Chiaberge et al., 2002), but its distribution appear
to be bimodal. Even more so the distribution in the corresponding mass accretion
rate in Eddington units ṁ ≡ L/εLEdd (where ε = L/Ṁc2 is the radiative efficiency)
which shows two peaks around ṁ ∼ 10−3 and ∼1 (for ε = 0.1). Such bimodality
is present also within the complete subsample of RG.

While the two peaks broadly comprise the FRI and FRII+quasar populations,
respectively, the behavior of FRII narrow line RG reflects their spectroscopic (nu-
clear line) properties, in the sense that low excitation line RG behave as FRI, while
high excitation FRII galaxies likely have obscured nuclei (as already proposed,
e.g., by Laing et al., 1994; Jackson and Wall, 1999; Chiaberge et al., 2002, see also
Marchesini et al., 2005). If the obscuration of the high excitation RG is taken into
account, the distribution in ṁ reveals a region between the two peaks, extending for
about two orders of magnitude, few 10−3 ≤ ṁ ≤ few 10−1, which is characterized
by a marked deficiency of sources (see Figure 1).

We refer to Marchesini et al. (2004) for a complete description of the assumptions
and tests against significant biases and calibration uncertainties. In particular, the
robustness of the results has been examined in relation to the adopted bolometric
correction via the use of different theoretical spectral energy distributions and the
comparison with the photoioinizing luminosity required by the detected narrow
emission lines. Here we stress that these checks turned out to be satisfactory (and
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Figure 1. Distribution of ṁ (for ε = 1) for the radio-loud population (Marchesini et al., 2004). The
objects are divided according to their nuclear line classification: horizontal shaded and vertical shaded
areas represent FRI and radio-loud quasars, respectively and the thick line the FRII RG. Among the
latter ones, absorbed sources (HEG) populate the region between the two peaks.

consistent with the adopted values) and possible observational biases turned out
not be responsible for the deduced bimodality.

3. Radio-Quiet AGN

In the light of the earlier results and in order to further explore this issue it has
been mandatory to examine what happens in other classes of AGN, to understand
whether the shape of the distribution and the values at which a transition might occur
depend on, e.g. the presence of powerful jets, the black hole mass, the morphology
of the host, the adopted selection criteria.

Ballo and Celotti (2005) have thus considered the nuclear emission properties
of a sample of radio-quiet sources,1 with the main requirement of having some
information on and covering the widest possible range of nuclear luminosity.

As a nuclear luminosity estimator we used narrow emission lines, as relatively
unaffected by obscuration, and in particular lines of high ionization, which are
believed to be tied to the nuclear radiative output and thus unbiased with respect to
the contrast with the host galaxy emission.

1The most striking case of low luminosity galactic nucleus in a radio-quiet system is that of Sgr A∗,
for which the observational limits indicate nuclear levels corresponding to a few 10−9 LEdd of the
associated black hole (e.g. Yuan et al., 2003).
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The two main suitable samples with large enough statistics are the LINERs
and Seyfert galaxies in the CfA Redshift Survey (Huchra and Burg, 1992), and
the emission-line nuclei in the Palomar Survey (Ho et al., 1997). As individually
these samples do not span a wide enough range in luminosity we combined the
two catalogs, despite of the consequent loss in completeness (see e.g. Ho and Peng,
2001). Indeed, the (lack of) completeness of the sample has been a major issue in
interpreting the rubustness of the results. In order to assess its role on our findings
we:

(a) considered the effect of the selection criteria of the two samples on the nuclear
properties – in particular, the host galaxy magnitude ranges of the two samples
largely overlap and do not correlate with the observed L [O III];

(b) examined and compared the results for these two samples with the proper-
ties of other smaller, uncomplete samples, but selected on the basis of com-
pletely different criteria and in different spectral bands (Maiolino and Rieke,
1995; Maiolino et al., 1997; Risaliti et al., 1999; Whittle, 1992; Mulchaey
et al., 1996; Grupe et al., 2004; Rush et al., 1993). The properties of these
various sources do follow the same behavior found for the CfA + Palomar
sample.

As mentioned, in order to minimize the effect of absorption (and also adopt
a nuclear indicator different from that used for the radio population) the nuclear
luminosity has been estimated – via rather conventional assumptions – as that
responsible for photoionizing the narrow line emitting gas, typically the [O III]
emission.2

From the optical bulge luminosity we inferred the BH masses, which clearly span
a range lower than that of the radio-loud population, with a distribution peaking
around 108 solar masses (the masses for the CfA and Palomar samples span a similar
interval). A caveat worth reminding is that the correlations found between BH mass
and properties of the bulge of the host galaxy (Merritt and Ferrarese, 2001; Gebhardt
et al., 2000; Kormendy and Richstone, 1995) are mostly calibrated on spheroidal
galaxies, while comparatively less is known about (lower mass) spiral bulges. For
this reason and in order to look for a possible dependence on morphology, we
examined the results also separately for late and early type hosts: the obtained
distributions of L [O III] and ṁ are similar for the two morphological classes (within
the low statistics).

In Figure 2 we show the L [O III] distribution for the sample, with sources divided
according to their spectral type (type 1, 2, intermediate nuclei). This is bimodal,
with LINERs and Seyfert located in different regions. Notably, the distribution of
Seyfert 2 extends to values of L [O III] lower than that of Seyfert 1, and odds with

2Although the relation adopted to estimate the bolometric luminosity from L [O III] has been assessed
only for Seyfert galaxies, the luminosities we find for LINERs well overlap with the values obtained
from direct HST observations of nuclear emission of a few LINERs (Chiaberge et al., 2004).
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Figure 2. Distribution of L [O III] for the sample of radio-quiet AGN (Ballo and Celotti, 2005). The
objects are divided according to their nuclear spectral classification.

the zero-order unification scenario (as L [O III] should be an isotropic indicator). The
extension of such distribution (and the corresponding one in ṁ) for Seyfert 2 is
confirmed by the type 2 sources in the Sloan Digital Sky Survey,3 although with
a smaller fraction of sources at low values. The presence of type 2 Seyfert with
typical luminosities lower than the type 1 population has been widely discussed in
the literature. Among the proposed interpretations, a fraction of classified Seyfert
2 could be affected by absorption due to large scale, galactic dust (i.e. not nuclear)
or orientation effects with respect to the nuclear dusty structure could play a role
(e.g. Gu et al., 2001). We also note that six of the low luminosity Seyfert 2 in our
sample have been studied by Panessa et al. (2004) in the X-ray band: on the basis
of the low X-ray luminosity observed and using typical diagnostic diagrams, these
authors suggest that they are misclassified LINERs.

Finally, in order to compare the results for radio-quiet and radio-loud objects,
we estimated the values of ṁ. The corresponding distribution, clearly (statisti-
cally) bimodal (see Figure 3) presents a ‘minimum’ at an accretion rate fully
consistent to that found for the radio-loud sources, even though not so sharp.
If the Seyfert 2 sample were indeed contaminated by sources affected by large-
scale dust and/or orientation effects, the minimum would be however expected to
deepen.

3http://www.mpa-garching.mpg.de/SDSS/.
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Figure 3. Distribution of ṁ (ε = 0.1) for the sample of radio-quiet AGN (Ballo and Celotti, 2005).
The objects are divided according to the nuclear line classification.

Figure 4. Schematic diagram (from Begelman and Celotti, 2004), showing the accretion rate as a
function of radius, according to the ADIOS scenario. The solid curve shows the maximum accretion
rate, ṁcrit, for which a two-temperature hot flow is possible. A flow with ṁ > ṁcrit,max (dotted
line) exhibits a thin, radiative disk at all radii, and conserves mass. It is conjectured that flows with
ṁ < ṁcrit,max (dashed line) become hot within r ∼ 103 and lose most of their mass before reaching
the black hole.

4. Conclusions

There is evidence for a bimodal behavior in the nuclear emission in radio-loud
and radio-quiet nearby sources, for samples selected on independent criteria.
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The bimodality in the ṁ distributions appear intriguingly similar, with a mini-
mum/transition at ṁ ∼ 10−2 (for ε = 0.1). The low ṁ ‘peak’ comprises low
excitation narrow line RG, LINERs and some low ionization Seyfert 2. The simi-
larity found between the behavior of radio-loud and radio-quiet sources, spanning
a different range of BH masses and having different host galaxies, thus suggests
that such bimodal transition might indeed occur in all accreting systems.

As briefly discussed in Marchesini et al. (2004) and Ballo and Celotti (2005),
one can envisage different processes leading to such a distribution and in particular
to a transition and a gap in the luminosity/inferred accretion rate. A relatively rapid
transition in the accretion rate between the high and low ṁ regimes or the presence
of an unstable disc configuration at intermediate ṁ are possibilities. An ineffi-
cient jet formation process at intermediate ṁ (e.g. Meier, 2001) appears disfavored
by the presence of a dichotomy also in radio-quiet systems. Clearly, a further
physical reason for such results can be the transition of the flow to a radiatively in-
efficient regime at accretion rates similar to what estimated. Indeed, Begelman and
Celotti (2004) argued that a bimodal luminosity distribution with a significant gap
of sources at intermediate regimes – as clear in the case of radio-loud sources – is a
natural consequence of the adiabatic inflow–outflow (ADIOS) scenario (Blandford
and Begelman, 1999, 2004). The uncertainties on the determination of ṁ and the
incompleteness of the radio-quiet sample do not allow (so far) to set more ro-
bust/quantitative constraints on the physics of such flows or their accretion history.

Within the spirit and aims of the conference, such results qualitatively invoke
the analogy with XRB systems, and their corresponding state transitions. An even
deeper similarity might be possible, including not only the accretion disc regime
but also its link with the presence and nature of jets.
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Abstract. We interpret the rapid correlated UV/optical/X-ray variability of XTE J1118+480 as a
signature of the coupling between the X-ray corona and a jet emitting synchrotron radiation in the
optical band. We propose a scenario in which the jet and the X-ray corona are fed by the same energy
reservoir where large amounts of accretion power are stored before being channelled into either the
jet or the high energy radiation. This time-dependent model reproduces the main features of the rapid
multi-wavelength variability of XTE J1118+480. A strong requirement of the model is that the total
jet power should be at least a few times larger than the observed X-ray luminosity, implying a radiative
efficiency for the jet εj3 × 10−3. This would be consistent with the overall low radiative efficiency of
the source. We present independent arguments showing that the jet probably dominates the energetic
output of all accreting black holes in the low-hard state.

Keywords: accretion, black-hole physics, star: XTE J1118+480, X-rays: binaries

1. Introduction

The X-ray nova XTE J1118+480, was discovered by the Rossi X-Ray Timing
Explorer (RXTE) All-Sky Monitor (ASM) on 2000 March 29 (Remillard et al.,
2000). The optical spectrophotometry proved a low-mass X-ray binary system
containing a black hole of at least six solar masses (McClintock et al., 2001a;
Wagner et al., 2001). The interstellar extinction towards the source is exceptionally
low (Garcia et al., 2000). This fact allowed an unprecedented wavelength coverage
(Mauche et al., 2000; Hynes et al., 2000; McClintock et al., 2001b; Hynes et al.,
2003; Chaty et al., 2003 and references therein). In the radio to optical bands, a
strong non-thermal component was associated with synchrotron emission from a
powerful jet or outflow (Fender et al., 2001). In the optical to EUV bands the spectral
energy distribution is dominated by a thermal component from the accretion disc.
The X-ray emission consists of a typical powerlaw spectrum with photon index
� ∼ 1.8. Such a spectrum is generally associated with Comptonisation in the hot
inner part of the disc or corona. During the whole outburst duration, the X-ray

∗Partially supported by PPARC.
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properties of the source, as well as the presence of strong radio emission, were
typical of black-hole binaries in the hard state.

2. Optical X-ray Correlations

Interestingly, fast optical and UV photometry allowed by the weak extinction, re-
vealed a rapid optical/UV flickering presenting complex correlations with the X-ray
variability (Kanbach et al., 2001; Hynes et al., 2003, hereafter K01 and H03, respec-
tively). This correlated variability cannot be caused by reprocessing of the X-rays
in the external parts of the disc. Indeed, the optical flickering occurs on average on
shorter time-scales than the X-ray one (K01), and reprocessing models fail to fit the
complicated shape of the X-ray/optical cross correlation function (H03). Spectrally,
the jet emission seems to extend at least up to the optical band (McClintock et al.,
2001b; Chaty et al., 2003, hereafter C03), although the external parts of the disc
may provide an important contribution to the observed flux at such wavelengths.
The jet activity is thus the most likely explanation for the rapid observed optical
flickering. For this reason, the properties of the optical/X-ray correlation in XTE
J1118+480 might be of primary importance for the understanding of the jet-corona
coupling and the ejection process.

The simultaneous optical/X-ray observations are described at length in a number
of papers (K01; Spruit and Kanbach, 2001; H03; Malzac et al., 2003, hereafter M03).
As discussed in these works, the observations are very challenging for any accretion
model. The most puzzling pieces of evidence are the following: (a) the optical/X-ray
Cross-Correlation Function (CCF) shows the optical band lagging the X-ray by
0.5 s, but with a dip 2–5 s in advance of the X-rays (K01); (b) the correlation between
X-ray and optical light curves appears to have time scale-invariant properties: the
X-ray/optical CCF maintains a similar, but rescaled, shape on time scales ranging
at least from 0.1 s to few tens of seconds (M03); (c) the correlation does not appear
to be triggered by a single type of event (dip or flare) in the light curves; instead,
as was shown by M03, optical and X-ray fluctuations of very different shapes,
amplitudes and time scales are correlated in a similar way, such that the optical
light curve is related to the time derivative of the X-ray one. Indeed, in the range of
time scales where the coherence is maximum, the optical/X-ray phase lag are close
to π/2, indicating that the two lightcurves are related trough a differential relation.
Namely, if the optical variability is representative of fluctuations in the jet power
output Pj, the data suggest that the jet power scales roughly like Pj ∝ − dPx

dt , where
Px is the X-ray power.

3. The Energy Reservoir Model

Malzac et al. (2004, hereafter MMF04) have shown that the complex X-ray/optical
correlations could be understood in terms of an energy reservoir model. In this
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picture, it is assumed that large amounts of accretion power are stored in the ac-
cretion flow before being channelled either into the jet (responsible for the variable
optical emission) or into particle acceleration/heating in the Comptonising region
responsible for the X-rays. MMF04 have developed a time-dependent model which
is complicated in operation and behaviour. However, its essence can be understood
using a simple analogue: Consider a tall water tank with an input pipe and two
output pipes, one of which is much smaller than the other. The larger output pipe
has a tap on it. The flow in the input pipe represents the power injected in the
reservoir Pi, that in the small output pipe the X-ray power Px and in the large
output pipe the jet power Pj. If the system is left alone the water level rises until
the pressure causes Pi = Pj + Px. Now consider what happens when the tap is
opened more, causing Pj to rise. The water level and pressure (proportional to E)
drop causing Px to reduce. If the tap is then partly closed, the water level rises,
Pj decreases and Px increases. The rate Px depends upon the past history, or in-
tegral of Pj. Identifying the optical flux as a marker of Pj and the X-ray flux as a
marker of Px we obtain the basic behaviour seen in XTE J1118+480. In the real
situation, we envisage that the variations in the tap are stochastically controlled by
a shot noise process. There are also stochastically controlled taps on the input and
other output pipes as well. The overall behaviour is therefore complex. The model
shows however that the observed complex behaviour of XTE J1118+480 can be
explained by a relatively simple basic model involving several energy flows and an
energy reservoir. This simple model is largely independent of the physical nature
of the energy reservoir. In a real accretion flow, the reservoir could take the form
of either electromagnetic energy stored in the X-ray emitting region, or thermal
(hot protons) or turbulent motions. The material in the disc could also constitute
a reservoir of gravitational or rotational energy behaving as described above. In a
stationary flow, the extracted power Pj + Px would be perfectly balanced by the
power injected, which is, in the most general case, given by the difference between
the accretion power and the power advected into the hole and/or stored in convec-
tive motions: Pi � Ṁc2 − Padv,conv. However, observations of strong variability
on short time scale clearly indicate that the heating and cooling of the X-ray (and
optical) emitting plasma are highly transient phenomena, and the corona is unlikely
to be in complete energy balance on short time scales. We therefore introduce a
time-dependent equation governing the evolution of its total energy E :

Ė = Pi − Pj − Px, (1)

and we assume that all the three terms on the right-hand side are time-dependent.
The optical variability is produced mainly from synchrotron emission in the inner
part of the jet at distances of a few thousands gravitational radii from the hole. We
assume that at any time the optical flux Opt (resp. X-ray flux) scales like the jet
power Pj ( plasma heating power Px). We introduce the instantaneous dissipation
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rates Kj and Kx :

Pj(t) = Kj(t)E(t), Px(t) = Kx(t)E(t), (2)

For a specific set of parameters we generate random independent fluctuations (time
series) for Kx, Kj and Pi, solve the time evolution of the energy reservoir E and
then use the solution to derive the the resulting optical and X-ray light curves (see
MMF04 for details).

Combining Eqs. (1) and (2) we obtain the following relation for the total instan-
taneous jet power:

Pj = Pi −
(

1 + K̇ x

K 2
x

)
Px − Ṗx/Kx. (3)

We can see from this equation that the differential scaling Pj ∝ −Ṗx, observed in
XTE J1118+480, will be rigorously reproduced provided that: (1) Kx is a constant;
(2) Pi−Px is a constant. It is physically unlikely that those conditions will be exactly
verified. In particular, Px is observed to have a large RMS amplitude of variability
of about 30%. However, the observed differential relation holds only roughly and
only for fluctuations within a relatively narrow range of time-scales 1 − −10 s.
Therefore, the above conditions need only to be fulfilled approximatively and for
low frequency fluctuations (>1 s). In practice, the following requirements will be
enough to make sure that the low frequency fluctuations of the right-hand side of
Eq. (3) are dominated by Ṗx:

• Px  Pi, implying that the jet power, on average, dominates over the X-ray
luminosity;

• the amplitude of variability of Kx and Pi in the 1–10 s range is low compared to
that of Pj. In other words the 1–10 s fluctuations of the system are mainly driven
by the jet activity, implying that the mechanisms for dissipation in the jet and the
corona occur on quite different time scales.

Figure 1 shows the results of a simulation matching the main timing properties
of XTE J1118+480. In this simulation jet power was set to be 10 times larger than
the X-ray power. The model produces an X-ray power spectrum with a plateau up
to ∼0.1 Hz and a power-law component with slope ∼1.4 above that frequency, with
most of the X-ray variability occurring around 0.1 Hz. The optical PDS power-law
has a flatter slope (∼1) up to 1 Hz and then softens to a slope similar to that of
the X-ray PDS. The resulting optical ACF is significantly narrower than the X-ray
one. The full-width-at-half-maximum (FWHM) of the two ACFs differs by a factor
>2. The overall coherence is low (<0.4): reaching a maximum in the 0.1–1 Hz
range and decreasing rapidly both at lower and higher frequency. The phase-lags
are close to π/2 in the 0.1–1 Hz range and increase from 0 at low frequencies up to
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Figure 1. Sample input time series (panel a) and power spectra (panel b) of Pi, K j, Kx, resulting X-ray
and optical fluxes light curves (panel c), X-ray/optical autocorrelation and cross-correlation functions
(panel d), power spectra, coherence and phase-lags (panel e).

π at around 6 Hz. At higher frequencies the phase lags spectrum is characterized
by large oscillations. Finally the resulting CCF rises very quickly at positive optical
lags, peaks around 0.5 s (this is the post-peak) and then declines slowly at larger
lags. The two bands appear to be anti-correlated at negative optical lags indicating
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a systematic optical dip 1–2 s before the X-rays reach their maximum (pre-dip).
All these characteristics are observed in XTE J1118+480.

4. Jet Dominance in XTE J1118+480 and Other Low-Luminosity Sources

The total mass accretion rate onto the black hole can be estimated from the observed
luminosity of the cold disc component which in the case of XTE J1118+480 can be
estimated from fits to the optical, UV and EUV spectra (see e.g. Chaty et al., 2003).
The result depends on several assumptions regarding the geometry and the physical
mechanisms for energy dissipation in the disc and the hot comptonising medium.
However, for reasonable parameters, the estimated accretion rate is much larger
than the observed bolometric luminosity (by at least a factor of 10). The important
issue, however, would be to determine whether the missing accretion power escapes
the system in the (low radiative efficiency) jet or in other forms of non-radiative
losses, such as a slow wind, or large-scale convective motions, or advection into the
black hole. The answer to this question resides in the exact determination of the jet
kinetic power. Unfortunately, there are major uncertainties in this determination,
mainly because the jet radiative efficiency is not known. The jet is expected to be
a poor radiator because most of the energy is lost in adiabatic expansion. Thus,
although the radiation from the jet represents a small fraction of the bolometric
luminosity the jet could dominate the energetics. For the case of XTE J1118+480,
typical efficiency εj ∼ 0.01 would already imply that the total jet power dominates
over the X-ray luminosity. As discussed above, the analysis of our time-dependent
modeling strongly requires fx � 0.1, corresponding to a jet efficiency εj � 3×10−3.

There are additional independent arguments in favour of jet dominance in
low/hard state sources and in XTE J1118+480 in particular. Based on the observed
radio flux (LR) and X-ray correlation observed in hard states sources (Falcke and
Biermann, 1996; Gallo et al., 2003), as well as on standard synchrotron formulae
(Heinz and Sunyaev, 2003), Fender et al. (2003, hereafter FGP03) have shown that,
provided that advection into the black-hole horizon and/or convective motions do
not store a large fraction of the accretion power, there should exist a critical accretion
rate, ṁcr, below which an accreting black hole is jet-dominated. The exact value for
the critical accretion rate could be inferred from the observations, if we knew the
total jet power at a certain X-ray luminosity, and is given by ṁcr = 2P2

j /Lx, corre-
sponding to a critical X-ray luminosity Lx,cr = ṁcr/2. Fender et al. (2001) derived
a lower limit for the jet to X-ray power ratio in XTE J1118+480: Pj/Lx = 0.2,
and FGJ03 used this conservative estimates to determine the value of the critical
rate ṁcr � 7 × 10−5. However, such a low value of the critical luminosity leads to
several problems.

First, as shown in FGJ03, during the transition from a disc to a jet-dominated
state, the dependence of the X-ray luminosity on the accretion rate changes from
being Lx ∝ ṁ2, the right scaling for radiatively inefficient flows, to Lx ∝ ṁ, the
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scaling for radiatively efficient flows (see Figure 1 of FGJ03). This would imply
that with Lx ∼ 10−3, XTE J1118+480 should be a radiatively efficient system. As
discussed above, there is however strong observational evidence of the contrary.

Furthermore, black holes in the hard state should show some kind of spectral
transition in the X-ray band at the critical luminosity Lx,cr ∼ 3 × 10−5, due to the
drastic changes in emission mechanisms that are needed to account for the different
scalings of Lx with the accretion rate. The observations of low/hard-state sources
at such low luminosities are few and hard to perform, however no indication of any
dramatic spectral change in any hard state source down to quiescent level has ever
been reported (Kong et al., 2002; Hameury et al., 2003). In fact, the only physical
transition that we do actually observe is the transition between the hard and the soft
state that occurs at luminosities of at least a few percent of Eddington luminosity
(Maccarone 2003). We believe that, if the above-mentioned difficulties are to be
solved, then ṁcr has to correspond to luminosities that are comparable to, or larger
than, hard-to-soft state transition luminosities. For the case of XTE J1118+480,
instead of using the lower limit for the jet to X-ray power (Pj/Lx = 0.2), we
can adopt the much larger value Pj/Lx ∼ 10 required by our variability model.
Then we find ṁcr ∼ 0.2, involving a transition at Lx,cr = ṁcr/2 ∼ 0.1. This is in
agreement with the idea that the transition from jet dominated to X-ray dominated
states occurs at luminosities similar or slightly higher than the hard to soft state
transition. Thus, if the arguments of FGJ03 are correct, an important consequence of
the jet dominance in XTE J1118+480 is that all hard state sources are jet-dominated
(in the sense that the jet power dominates over the X-ray power). This jet dominance
also implies that all hard state sources should be radiatively inefficient. The reason
for this inefficiency could be advection into the jet as well as advection into the
black hole.

5. Conclusions

The puzzling optical/X-ray correlations of XTE J1118+480, can be understood in
terms of a common energy reservoir for both the jet and the Comptonizing electrons.
Any energy reservoir model for XTE J1118+480 requires that the total jet power
dominates over the X-ray luminosity. Following the same line of arguments as
FGJ03, we showed that this situation is likely and probably represents a common
feature of all black holes in the low-hard state.
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Abstract. The appearance of superluminal radio knots follows drops in the X-ray flux in the FR1
radio galaxy 3C 120 and possibly the FR2 source 3C 111. This corresponds in a very general way to
the behavior of the X-ray binary GRS 1915 + 105, but the light curves of the microquasar are much
richer in detail. Starting in 2003.7, the character of the radio and X-ray light curves of 3C 120 changed,
perhaps signaling a new stage of activity. I discuss here what one might expect when a microquasar
is scaled up to AGN dimensions, and compare this with what we see in 3C 120. There is a mismatch
between expectations and observations.
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1. Introduction

The discovery that some black-hole binary systems have relativistic jets has led
to their nickname “microquasars” as well as to the hope that we might test our
models for radio-loud active galactic nuclei (AGNs) by observing these nearby
cousins (Mirabel and Rodrı́guez, 1994). Comparisons are hampered, though, by
the utter dominance of the jet emission in blazars and the wimpiness of the jets
in Seyfert galaxies, the AGNs that most resemble black-hole binaries at X-ray
energies. Fortunately, there are a few broad-line radio galaxies whose jets lie at
somewhat wider angles to our line-of-sight than is the case for blazars. These have
optical and X-ray properties similar to Seyfert galaxies and microquasars, as well
as prominent radio jets that display strong variability and superluminal apparent
motions.

Along with a team of collaborators, I have been studying the FR1 radio galaxy
3C 120 extensively since 1997 in order to determine whether its behavior bears any
resemblance to that of microquasars. Since March 2004 we have been observing the
FR2 radio galaxy 3C 111 as well. The availability of two superb instruments—the
Rossi X-ray Timing Explorer (RXTE) and the Very Long Baseline Array (VLBA)—
makes it possible to engage in long-term monitoring programs with outstanding
time coverage. The resulting X-ray light curves are exquisitely detailed, as are the
ever-changing images at high radio frequencies.
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As I describe below, there is an association of short-term low-hard X-ray states
with injections of energy into the jet in 3C 120—and possibly in 3C 111 as well—
that is reminiscent of the X-ray binary GRS 1915 + 105. The scaling of time scales
with black-hole mass is not linear, however, and the rich detail of the X-ray light
curves of the microquasar is either masked or absent in the radio galaxies. In other
words, we still have a lot to learn before we can relate the phenomena at opposite
ends of the luminosity, mass, and size scale.

2. The Long-Term Behavior of 3C 120

Early results (Marscher et al., 2002) demonstrated that each appearance of a su-
perluminal knot in the radio jet of 3C 120 is preceded by a significant dip in the
2–20 keV X-ray flux. Under the premise that the X-rays are predominantly from
the accretion disk or its immediate environs (e.g., a corona, a hot wind, or the base
of the jet), some disturbance in the central engine seems literally to send a shock
wave down the jet. This is the same scenario as that imagined to explain similar
connections between transitions to low-hard X-ray states and energization of the
jet in the microquasar GRS 1915 + 105 (Mirabel and Rodrı́guez, 1998, and papers
by Fender and others in these proceedings).

Figure 1 displays the X-ray light curve we have accumulated since resuming
our monitoring program in 2002. The date of each superluminal “ejection”—the
time of coincidence of the centroid of a moving knot with the position of the core
as determined from a linear fit to a plot of core-knot separation versus time—is
marked. There were two periods of low X-ray flux between 2002.15 and 2003.7:
a long dip in early 2002 and a double-dip in summer 2003. The X-ray spectrum
was flatter during the dips than during most high-flux states. The onset of the first
dip preceded the appearance of a bright superluminal radio knot with a delay of
0.1 ± 0.03 yr. The pair of dips in 2003 were followed by the ejection in rapid
succession (1.5-month interval) of two bright superluminal knots. The apparent
velocities of the knots are 4.7c (for a Hubble constant of 70 km s−1 Mpc−1), similar
to those measured during the period 1997–1999 (Gómez et al., 2001; Marscher
et al., 2002). The 37-GHz flux rose dramatically from 2003.65 to 2003.7 (Ogle
et al., 2004) to herald the ejection of the first knot after the double dip, and then
maintained a high level well into 2004. The delay of 0.04 year between the start of
the 37-GHz flare and the coincidence of the knot with the core probably corresponds
to either (1) half the light-travel time across the knot, (2) the time it takes for the
knot to become energized (or optically thin) as it enters the core region, or (3) the
bulk acceleration time of the knot. For any of these, the time interval measured in
the observer’s frame must be corrected for the Doppler effect.

I associate the start of the 37-GHz flare at 2003.65 with the edge of the highly
energized jet flow created by an event in or near the accretion disk that caused the
X-ray dip starting at 2003.50. We can then infer a travel time of 0.15 year between
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Figure 1. X-ray light curve and energy spectral index versus time of 3C 120. Note the tendency for
the spectrum to be flatter during periods of lower flux. The extrapolated times when the positions of
superluminal radio knots coincided with the core are marked by vertical arrows, with horizontal bars
giving the uncertainty in the time of coincidence.

the disk and the position of the 43-GHz compact radio core as measured in our
frame. This is 1.5 times longer than the value derived in Marscher et al. (2002) from
the minima of the X-ray dips. The new determination should be more appropriate.
We therefore raise the estimate of the displacement between the central engine and
the ∼40-GHz core to >0.6 pc. This corresponds to the distance traveled down the
jet in 0.15 year: 4.7×0.15× (sin θ )−1 lt-year, where the angle between the velocity
vector and the line-of-sight θ ≤ 20◦ (Gómez et al., 2001; Jorstad et al., 2005). If the
jet accelerates or if the viewing angle <20◦, the core must be farther downstream
from the black hole. Ogle et al. (2005) report that the flux density at 250 GHz was
very high before the onset of the 37-GHz flare, hence the “true” core—where the
jet plasma is energetically excited or where it reaches its asymptotic flow velocity
(Marscher, 1995), as opposed to the boundary where the optical depth ∼1 at the
frequency of observation—is probably closer to the black hole.

From the appearance of the first superluminal knot in 2003.7 until 2004.3, the
X-ray flux varied more smoothly than seen previously. This conclusion is supported
by a change in the break in the structure function, which occurs at 13 days during
most of the observations but lengthens to 37 days during the above interval. Fur-
thermore, the X-ray flux is moderately correlated (with a coefficient ∼0.5) with the
37-GHz radio flux (Ogle et al., 2005) over the same time range, with zero lag. This
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Figure 2. X-ray light curve and energy spectral index versus time of 3C 111. The extrapolated time
when the positions of a superluminal radio knot coincided with the core is marked by a vertical arrow,
with horizontal bars giving the uncertainty in the time of coincidence.

implies that a substantial fraction of the X-rays observed during this period may
have been emitted by the jet near the radio core region, perhaps via inverse Compton
scattering. In this case, the iron line equivalent width should have been lower, a
possibility that we are currently checking by re-examining our RXTE database. The
X-ray continuum has been flatter since early 2002 (α mostly in the range of 0.6–0.8)
than in 1997 and 1999 (energy spectral index αE from 0.8 to 1.0; Marscher et al.,
2002) despite similar flux levels. This could be a sign of either a stronger jet-to-disk
emission ratio or a physical change in the primary X-ray emission region.

3. The FR2 Radio Galaxy 3C 111

Figure 2 presents the X-ray light curve we have obtained thus far for 3C 111. After
an initial decline by a factor ∼2, the flux has risen almost linearly by a factor
∼4 over 6 months up to the time of writing. A bright superluminal knot with flux
density at 43 GHz comparable to that of the core emerged in July 2004, with a
“birth” date 0.3 year after the minimum in the X-ray light curve. The continuation
of our monitoring program will determine whether this is an X-ray dip/superluminal
ejection episode similar to those in 3C 120 but on a larger size scale, or an outburst
of X-rays associated with the new knot. In support of the dip interpretation is the
essentially linear relation between X-ray spectral index and flux. This is similar to,
but even more pronounced than, the spectral flattening observed during the X-ray
dips in 3C 120 (see earlier section).

4. Discussion and Conclusions

Our observations have established an association between low X-ray states and
enhanced flow of energy into the relativistic jet in at least one radio galaxy, 3C 120.
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Although this is to zeroth order what is seen in the microquasar GRS 1915 + 105
(e.g., Mirabel and Rodrı́guez, 1998), the details are quite different. The intensity of
the jet in 3C 120 fluctuates with position but never drops to zero, while the micro-
quasar jet flows seem to be more episodic. The X-ray light curves of microquasars
involve more pronounced, distinct phases than seen in 3C 120: prolonged low-hard
states rather than ragged dips, quasi-periodic oscillations, high-soft states, etc. It
therefore appears that the systems do not scale completely as one goes from a 10–20
M
 to a (5.5 ± 3) × 107 M
 black hole (mass estimates by Peterson et al. (2004),
and Marshall et al. (2004)).

Although the Marscher et al. (2002) paper appeals to chunks of disk material
plunging into the black hole as a possible mechanism for the X-ray dips, there is
little evidence in the X-ray spectrum for this interpretation. No low-energy wing
has ever been observed in the spectrum of 3C 120, a point emphasized by A. Fabian
(these proceedings). Another scenario that seems more appealing is a change in the
magnetic field structure in and above the disk. As discussed by Livio et al. (2003 and
these proceedings), a turbulent magnetic field, which presumably provides the main
source of viscosity in the disk, can spontaneously align in the poloidal direction.
This would reduce the viscosity at the same time as it directs flow of energy into
the jet. The lower viscosity would decrease the dissipation of energy and therefore
suppress the optical, ultraviolet, and X-ray flux. We hope to obtain more optical
observations in the future to test this.

Since our original goal was to apply what we can learn from microquasars to
AGNs, we need to consider how one might expect black-hole accretion systems
to scale as the mass is increased from MBH = 10 − 20 M
 to MBH ≥ 107 M
.
Unfortunately, this involves too much guesswork to be accurate, but we can at
least do some crude approximations. The size of the inner accretion disk should
scale directly as MBH, and we imagine that the dimensions of other structures near
the black hole (e.g., the base of the jet) should scale in the same manner. The
cooling time of electrons owing to thermal bremsstrahlung, on the other hand, is
approximately proportional to the square-root of the temperature divided by the
square of the density. If we imagine the latter to be roughly independent of MBH,
then the ratio of the cooling to the dynamical time scale decreases with mass,
leading to cooler disks around more massive black holes, a well-known result. If
the magnetic field plays an important role in controlling outflow from the disk, then
we should note that the Alfvén speed varies as the field strength divided by the
square-root of the density, and probably does not depend strongly on black-hole
mass. This means that the system should be slower to respond to re-configurations
of the magnetic field in the AGNs. One might then expect transition times to be
roughly proportional to MBH.

In 3C 120, the recovery from X-ray dips occurs over 105–106 s, while in
GRS 1915 + 105 the duration of transitions between states ranges from about
10 s to several minutes. The ratio of black-hole masses, on the other hand, is 2–
4 × 106. This means that 3C 120 actually varies faster than one would anticipate
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by scaling up a microquasar. So, the duration of a long dip in 3C 120, 3 × 106 s,
would correspond to a drop in flux lasting only ∼1 s in GRS 1915 + 105. That is,
the dip/ejection events observed in 3C 120 might be seen as some relatively unim-
portant, rapid “blip” in a microquasar, while the counterparts to the 5–10 minute
low-hard states of X-ray binaries would last for decades in an FR1 source like
3C 120 and even longer in higher luminosity AGNs.

However, at this point we should admit to ourselves that our knowledge of
accretion-disk/jet systems is not yet sophisticated enough to bridge the gap between
systems containing stellar-mass and supermassive black holes. Rather, we need to
continue to develop our understanding of both microquasars and AGNs separately
while keeping in mind the observed similarities and differences between the two
classes.
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Abstract. We examine the disc-jet connection in stellar mass and supermassive black holes by in-
vestigating the properties of their compact emission in the hard X-ray and radio bands. We compile
a sample of ∼100 active galactic nuclei with measured mass, 5 GHz core emission, and 2–10 keV
luminosity, together with eight galactic black holes with a total of ∼50 simultaneous observations
in the radio and X-ray bands. Using this sample, we study the correlations between the radio (LR)
and the X-ray (LX) luminosity and the black hole mass (M). We find that the radio luminosity is
correlated with both M and LX, at a highly significant level. We show how this result can be used to
extend the standard unification by orientation scheme to encompass unification by mass and accretion
rate.

Keywords: black holes, accretion disks, jets, active galactic nuclei, X-ray binaries

1. Introduction: Unified Pictures

Some galaxies are known to emit radiation with extremely high luminosities in
the γ -ray, X-ray, UV and radio continuum from a very concentrated volume in the
nuclear region. Such active cores are the so-called active galactic nuclei (AGN) and
their radiation is believed to be produced by accretion onto a supermassive black
hole.

The intrinsically complex nature of such systems and the differences in the
terminology among different scientific communities (radio, optical, and X-ray as-
tronomers) has led to an extremely complicated nomenclature for the AGN zoo.
As the wealth of observations piled up, and with them the number of different
AGN types, the opposite enterprise of finding unification schemes has progres-
sively gained support. The basic idea behind the standard unification scheme is that
AGN are asymmetric and anisotropic systems. This is natural, as all rotating sys-
tems necessarily single out a preferential axis in space and break the full spherical
symmetry of non-rotating bodies. Therefore, the orientation of the AGN rotation
axis with respect to our line of sight becomes another important parameter that
can cause apparent observational differences in two sources that are intrinsically
identical (unification by orientation).
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According to the current widely accepted paradigm (Urry and Padovani, 1995),
there are two principal causes of anisotropic radiation: obscuration and relativistic
beaming. The former is usually associated with a torus of gas and dust obscuring
the optical, UV and (sometimes) soft X-ray radiation along some line of sights, the
latter with outflows of energetic particles (jets) along the symmetry axis: the high
velocity plasma in the jet beams radiation relativistically in the forward direction.
The powerful source of radiation and the launching site of the collimated jet lies in
the center of the system.

Observationally, jet morphologies and spectral properties of both radio and
X-ray cores are remarkably similar in the case of black holes of stellar mass
(Galactic black holes, hereafter GBH) and of their supermassive counterparts in
the nuclei of galaxies (hereafter SMBH). If jets are launched in the innermost parts
of the accretion flows, as commonly assumed, then these similarities suggest that
it should be possible to extend the unification scheme further and to understand
the physics of both black hole accretion and jet production by studying all those
systems as a single class (unification by mass). Furthermore, the recent discovery
that SMBH lie at the center of the majority (possibly all) galactic nuclei, even in
apparently inactive ones (Kormendy and Richstone, 1995; Magorrian et al., 1998),
naturally leads to the idea that a grand unification is possible by taking into account
the differences in fueling rates among different objects (unification by accretion
rate).

In the following, we will show how to proceed quantitatively towards a grand
unification of active black holes by studying the multivariate correlation among
masses, radio luminosities and hard X-ray luminosities of objects traditionally
classified in the more diverse ways. The underlying theoretical assumption is
that both accretion and jet production are fundamental manifestation of black
hole activity, and are somehow physically connected (Begelman et al., 1984;
Rawlings and Saunders, 1991; Falcke and Biermann, 1995; Heinz and Sunyaev,
2003).

2. Unification by Mass and Accretion Rate

Here we briefly describe the main results of the correlation analysis carried on
in Merloni, Heinz and Di Matteo (2003, hereafter MHD03). A more detailed de-
scription of the sample used, of the selection effects and of the statistical analysis
can be found there, together with a comprehensive list of references to the obser-
vational data. For future reference, we define the dimensionless black hole mass
M = MBH/M
 and accretion rate ṁ ≡ (Lbol/ε)/LEdd = Ṁc2/LEdd ∝ Ṁ/M ,
where ε is the accretion efficiency.

We have selected from the existing literature a sample of black hole-powered
systems with measured masses, the nuclei of which have been observed both at
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5 GHz (mostly with arcsecond resolution with the VLA) and in the 2–10 keV band.
The main obvious advantage of this choice lies in the fact that obscuration is
unimportant, or easily accounted for, in these spectral bands.

We first considered the full sample of ∼40 nearby inactive, or weakly active
galaxies with existing nuclear black hole mass measurements from observations
of spatially resolved kinematics. To these we have added a comparable number of
bright AGNs (and QSOs) with nuclear black hole mass measured from reverberation
mapping of their broad line region. From this sample we selected all objects which
have been observed in both the radio and X-ray bands. In order to obtain a more
statistically representative sample, we also searched the existing literature for both
nearby low-luminosity galactic nuclei and for relatively bright Seyfert nuclei (either
type 1, type 2 or Narrow Line Seyfert 1) and radio galaxies with available radio
and X-ray flux measurements. We assign black hole masses to these systems using
the observed correlation between black hole masses and stellar velocity dispersion
(Gebhardt et al., 2000; Ferrarese and Merritt, 2000).

Relativistically beamed sources (i.e. those whose jet axis points towards our line
of sight) are dominated by the boosted jet emission, and cannot be used to test the
disc-jet coupling. We therefore excluded from our sample BL Lac objects. Among
the Quasars in our sample, only 3C 273, which has an extremely high radio loudness
and a blazar-like spectrum, is likely to suffer from strong Doppler boosting of the
radio jet. On the other hand, according to the unification scheme, Seyfert 2 nuclei
should not be preferentially viewed pole on, while for all the other sources (mainly
low-luminosity AGN and Seyfert 1), for which the nature of the (relatively faint)
radio emission is not well established, we have assumed that the orientation of their
jets with respect to line of sight is randomly distributed.

The Galactic X-ray binaries included in our sample have been selected to have
(a) simultaneous X-ray and radio observations, or RXTE All-Sky-Monitor (ASM)
X-ray data in conjunction with radio fluxes available from the literature, and
(b) publicly available RXTE-ASM X-ray and Green-Bank Interferometer (GBI)
radio lightcurves (from which we estimated the 5 GHz fluxes by interpolating
between the 2.25 GHz and the 8.3 GHz channels).

The final sample consists of ∼100 active galactic nuclei with measured mass,
5 GHz core emission, and 2–10 keV luminosity, together with eight galactic black
holes with a total of ∼50 simultaneous observations in the radio and X-ray bands
(see MHD03 for a full list of the sample sources).

In Figure 1, we show the radio core luminosity versus the black hole mass for
objects of different spectral classes. We concentrate on the SMBH only in order
to show how, at a fixed black hole mass, sources which are classically regarded
as powerful accretors (QSOs, Narrow Line Seyfert 1, Seyfert 1) tend to lie above
the so-called Low-Luminosity AGN (here represented by LINERs), with Seyfert
2 galaxies spanning a large area in the vertical direction. Figure 2 shows instead
the core radio luminosity versus the ratio of the X-ray nuclear luminosity to the
Eddington luminosity (probably a good estimator of ṁ, see below). We represent
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Figure 1. Radio core luminosity at 5 GHz versus black hole mass of SMBH only. Upper limits are
marked with arrows, different symbols indicate objects belonging to different spectral classes. The
dot-dashed line gives the regression fit proposed by Franceschini et al. (1998), the dashed line that
proposed by Nagar et al. (2002), both obtained using different samples of SMBH only. The thick solid
upper line gives the maximum core radio power as calculated by Ho (2002) for sources accreting at
the Eddington rate.

Figure 2. Radio core luminosity at 5 GHz vs. the ratio LX/LEdd of X-ray to Eddington luminosity.
Upper limits are marked with arrows, different symbols indicate objects belonging to different spectral
classes and different colors objects in different mass bins. The color-coding of the different mass bins
makes the mass segregation more evident.
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objects in different mass bins with different colors. It is clear that, when the data
points are grouped into mass bins, objects in different bins tend to lie on parallel
tracks. The presence of a mass segregation suggests that the radio luminosity of an
object likely depends both on its accretion rate and on its mass.

We can proceed to quantify the degree of correlation between our three ob-
servables (radio luminosity at 5 GHz, LR, X-ray luminosity in the 2–10 keV
band, LX and black hole mass). We fit the data with the function log LR =
ξRX log LX + ξRM log M + bR, and obtain well constrained values for the corre-
lation coefficients, meaning that, if we define the instantaneous state of activity
of a black hole of mass M , by the radio and hard X-ray luminosity of its com-
pact core, and represent such an object as a point in the three-dimensional space
(log LR, log LX, and log M), all black holes (either of stellar mass or supermassive)
will lie preferentially on a plane (the ‘fundamental plane’ of black hole activity, see
Figure 3), described by the following equation:

log LR = (
0.60+0.11

−0.11

)
log LX + (

0.78+0.11
−0.09

)
log M + 7.33+4.05

−4.07. (1)

with a dispersion σR = 0.88 (see Figure 3).
The value we obtain for the ξRX correlation coefficient is consistent, within the

errors, with that found in low/hard state GBH (ξRX ≈ 0.7) by Gallo et al. (2003).
This also means that individual GBH sources for which the correlation between
radio and X-ray luminosities is well established (GX 339-4 and V404 Cyg) do
indeed follow the same global trend defined by black holes of all masses included
in our sample.

3. Scale Invariance and Jet Dominance in Black Hole Accretors

In a recent paper, Heinz and Sunyaev (2003) have demonstrated that, under the gen-
eral assumption that the jet formation process is not qualitatively different among
SMBH of different mass or between SMBH and GBH, it is in fact possible to
derive a universal scaling between the jet (radio) luminosity at a given frequency
and both mass and accretion rate. The derived relation is independent of the jet
model and has scaling indices that depend only on the (observable) spectral slope
of the synchrotron emission in the radio band (αr), and on the accretion model.
In particular, it was shown that, if the magnetic field B0 at the base of the jet
is in equipartition with the particles pressure and the total jet power scales as
Wjet ∝ B2

0 M2 ∝ Ṁ (see also Falcke and Biermann, 1995; Heinz et al., this pro-
ceedings), and under the standard assumption that the electrons responsible for
the jet synchrotron emission follow a power-law distribution in energy, with index
p = 2, then LR ∝ M17/12−αr/3ṁ17/12+2αr/3. For the optically thick, flat spectrum
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Figure 3. The edge-on view of the ‘fundamental plane of black hole activity’. The solid line shows
the best fitting function (1).

cores we are mostly interested in (αr � 0), then:

LR ∝ (Mṁ)1.42. (2)

To compare this prediction with the observed fundamental plane correlation, one
needs to explicate the dependence of the hard X-ray luminosity on the accretion
rate, LX ∝ ṁq . In MHD03 it was shown how indeed the prediction of standard
synchrotron theory for the radio-X-ray-mass correlation of Heinz and Sunyaev
(2003) are verified if, and only if, q ≈ 2, i.e. if the accretion process is radiatively
inefficient. Detailed models for the X-ray emission from such flows do indeed
show that q = 2.3 (MHD03), and in this case LR,q=2.3 ∝ ṁ1.38 M1.38 = Ṁ1.38, i.e.
LR scales with the physical accretion rate only. This is tantalizingly close to the
predicted dependence of Eq. (2), and such a result can be interpreted in the following
way: (1) the scale invariance hypothesis at the heart of the Heinz and Sunyaev (2003)
calculations is correct, and black holes can indeed be further unified by considering
their masses and accretion rates, and (2) the largest area of the fundamental plane
is covered by radiatively inefficient sources.

The total power released by the accretion/jet system may be written as Wtot �
Ṁc2 = Lbol + Wjet + Wadv,conv, where the first term on the right hand side is the
total radiated luminosity and the last one include contributions from the energy
advected and/or stored in the convective motions. Our results suggest that the flow
must be radiatively inefficient, therefore, for small enough accretion rates we have
Lbol � Ṁṁc2  Ṁc2 ∼ Wjet + Wadv,conv. On the other hand, Wjet ∝ Wadv,conv ∝
Ṁc2. Therefore, the issue of what the relative fraction of the total accretion energy
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dissipated into the jet is (or, alternatively, of when a source is ‘jet dominated’;
Fender et al., 2003; Falcke et al., 2004) reduces to the determination of the value
of the constant Wjet/Wadv,conv. This requires the specification of a jet model or the
direct measure of the total kinetic power carried by the jet (see, e.g. Heinz et al.
2004), together with a dynamical model for the disc-jet coupling.

4. Accretion Mode Changes

It is well accepted, both from theory and observations, that accretion can proceed in
different modes (or states), with different radiative efficiencies and spectral prop-
erties. By fitting the whole dataset at our disposal with a single linear relationship
(1), we have implicitly neglected the possibility of a global accretion mode change.
This is clearly implausible, as the QSOs and the bright Seyferts in our sample,
which occupy the region of high accretion rates, are independently known to have
spectral characteristics inconsistent with models of low radiative efficiency. They
should therefore depart from the observed correlations. For GBHs, it has indeed
been shown that the correlation between radio and X-ray luminosity breaks down
as the sources switch to their high states (Maccarone, 2003; Gallo et al., 2003).
However, because both such modes of accretion are expected to occur only above
accretion rates about a few percent of Eddington, and because another advective
accretion mode is expected to ensue at around the Eddington limit (due to effi-
cient radiation trapping, see e.g. Abramowicz et al., 1995), we would expect the
log M − log LR − log LX correlation to break down only in a limited range of ṁ.
In other words, independently on the actual number of radiatively efficient sources,
the area of the fundamental plane covered by them will always be limited, and the
overall orientation of the plane will always be dominated by the radiatively inef-
ficient ones. This also means that any (statistically significant) departure from the
fundamental plane relation could be used to identify different modes of accretion.
In fact, Maccarone et al. (2003) have already shown how is possible to use the
fundamental plane relation as a baseline against which identify AGN in a high/soft
state (HSS) analogous to that of X-ray binaries.

The analogy with GBH can indeed be very useful to classify and understand the
properties of bright AGN. Let us consider, for example, a recent paper by Fender
et al. (2004), where it was shown that the intermittent, powerful radio flares from
the so-called microquasars, associated with the rapid variability in the very high
state (VHS), seem to follow a similar radio-X-ray correlation as the low/hard state
sources, albeit with a much larger scatter. Can we extend this result to the larger
family of radio loud AGN?

In Figure 4 we plot, as a function of the ratio LX/LEdd, the radio luminosity
divided by M1.38 of all the sources in our sample. As expected, by rescaling the
radio luminosity in such a way all the different tracks corresponding to different
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Figure 4. The radio luminosity log LR, divided by M1.38 as a function of the ratio LX/LEdd. Upper
limits are marked with arrows, different symbols indicate objects belonging to different spectral
classes and different colors objects in different mass bins. Two vertical lines mark the boundary of the
region where we expect the critical luminosity for the mode change between radiatively inefficient
and efficient accretion. To the left of these lines, GBH are in the low/hard state and SMBH are mostly
FR I. To the right, GBH are in the very high state (VHS) and SMBH are mostly FR II. In between,
possibly the restricted region of the parameter space where pure discs accretion is allowed (high/soft
state, HSS).

mass bins in Fig. 2 collapse into a single one, with some residual scatter. The region
between the two vertical lines corresponds to the theoretically expected values of
LX/LEdd above which a change of accretion mode, from radiatively inefficient to
standard radiatively efficient is expected to occur. To the left of these lines, GBH
are in the low/hard state and SMBH are mostly FR I, or low-luminosity, radio loud
AGN. To the right, GBH are in the very high state (VHS) and SMBH are mostly
FR II. In between, possibly lies the restricted region of the parameter space where
pure discs accretion is allowed (HSS). Interestingly, it appears as if both low and
high luminosity sources at the two sides of the HSS region obey a similar scaling
Wjet ∝ Ṁc2.

We may thus speculate that the famous (and still much debated) radio loud/radio
quiet dichotomy of quasars will appear only at the highest values of ṁ, and be caused
mainly by a switch of accretion mode analogous to the high/very high transition in
GBH. At low accretion rates, black holes seem to follow the more regular behavior
circumscribed by the fundamental plane of Eq. (1). Such sources not only tend
to be radio loud (Ho and Peng, 2001; Ho, 2002), but also their radio loudness
parameter, RX (here defined as the ratio of radio to X-ray luminosity), obeys the
following scaling: RX ≡ LR/LX ∝ L−2/5

X M4/5. Therefore, the smaller the X-ray
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luminosity, the more radio loud these sources are. In this regime, no dichotomy
need be expected, as already suggested by Nagar et al. (2002).

5. Conclusions

We have argued that the fundamental plane analysis presented here is a powerful
tool to extend the unified scheme of accreting black holes. Such a relation between
mass, radio and hard X-ray luminosity is affected very little by obscuration and
beaming, provided that sources whose relativistic jets are in our line of sight can be
effectively identified and excluded. Thus, the fundamental plane relation does not
depend on orientation, and as such is complementary to the standard unification
scheme. Moreover, the relation itself is perfectly consistent with the scaling relations
predicted by standard synchrotron theory under a scale invariance assumption. The
main scaling parameters are the mass of the black hole and its accretion rate.
Finally, we have shown how the observed correlation can be effectively used to
classify objects on the basis of their mode of accretion (and/or accretion/ejection
coupling) rather than just on specific observational characteristics, as in the true
spirit of unification models.
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Abstract. In this paper I propose that the inner part of a black hole accretion inflow (<100 rg) may
enter a magnetically dominated, magnetosphere-like phase in which the strong, well-ordered fields
play a more important role than weak, turbulent fields. In the low/hard state this flow is interior to
the standard ADAF usually invoked to explain the observed hot, optically thin emission. Preliminary
solutions for these new MDAFs are presented.

Time-dependent X-ray and radio observations give considerable insight into these processes, and
a new interpretation of the X-ray power spectrum (as arising from many disk radii) may be in order.
While an evaporative ADAF model explains the noise power above 0.01 Hz, an inner MDAF is needed
to explain the high-frequency cutoff near 1 Hz, the presence of a QPO, and the production of a jet.
The MDAF scenario also is consistent with the phenomonological models presented at this meeting
by several authors.

Keywords: black holes, accretion, magnetic fields, jets

1. Introduction: The ‘Black Hole Problem’

A generic, robust electrodynamic model for producing most astrophysical jets is
now well understood. It has two basic requirements:

• A strong magnetic field (V A ≡ B/(4πρ)1/2 � CS ≡ (�p/ρ)1/2, where V A is
the Alfven speed and CS is the sound speed) that rotates fairly rapidly (� � �K,
where �K is the Keplerian angular velocity).

• Some means of loading this rotating magnetic field with plasma at fairly high
elevations (Z ∼ R in a cylindrical [R, Z , θ ] coordinate system). Early models
accomplished this loading by centrifugal action from a thin disk, but more recent
studies suggest that the primary means is thermal, (heating the plasma to roughly
the virial temperature; Meier, 2001).

The means by which this configuration produces a jet was first proposed by
Blandford (1976) and Lovelace (1976) and has been reviewed recently by the
author (Meier et al., 2001; Meier, 2004). The rotation of the magnetic field lines is
retarded by the inertia of the plasma load, creating a rotating helical field configu-
ration. Lorentz forces simultaneously push plasma up and out of the system along
the rotation axis and collimate the flow with magnetic hoop stress by squeezing
it toward the rotation axis, converting rotational energy of the central engine into
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directed kinetic outflow energy along the rotation axis. The jet is accelerated to
the local Alfven speed by the rotational Alfven wave and beyond that to the local
magnetosonic speed by the toroidal magnetic pressure gradient. The terminal ve-
locity of the jet is approximately equal to the escape speed at the footpoint of the
magnetic field in the rotating central engine.

1.1. SP ECI FI C M ODELS FOR STELLAR JETS

While this model gives a general description of how astrophysical jets form, it
does not answer the question of how each source produces the above two main
ingredients—the global rotating magnetic field and the plasma loading. For stellar
sources the first requirement is straightforward: the global magnetic field is that
produced by the star’s magnetosphere itself. The discovery of strong magnetic
fields in pulsars and protostar systems is considered confirmation of the MHD jet
production model.

The plasma loading is more problematical. In pulsars it has been shown that pair
production can occur in ‘spark gaps’ in the very strong magnetic field (1011–13 G),
producing the needed plasma inside the magnetosphere itself (Goldreich and Julian,
1969; Ruderman and Sutherland, 1975). In protostar systems, however, the field is
not nearly as strong, so pair production cannot operate. Instead, the protoplanetary
accretion disk is used to pinch the field near the equator, creating an “X-point” (Shu
et al., 1994), where plasma is allowed to flow freely from the disk onto the rotating
stellar field.

Finally, for jets produced in collapsing supernova cores (Wheeler et al, 2002), the
plasma comes pre-loaded, since the magnetic field of the collapsing core has become
threaded into the progenitor mantle during the late stages of stellar evolution. It is
the rapid rotation of the core that is suddenly and rapidly generated, by the collapse
of that iron core to protoneutron star densities.

1 .2 . THE BLACK HOLE PROBLEM

While it is clear that black hole systems often produce fast and powerful jets, they
present a serious challenge to the electromagnetic theory of jet production. The
plasma loading itself is a relatively easy problem to solve. The fact that black hole
systems that produce jets are associated with hot accretion flows (Fender et al., 1999)
indicates that the plasma must be loaded onto the field lines from the accretion flow
by some thermal means.

However, by themselves, black holes cannot support a magnetic field.1 They
can have such a field only if there is an external supply of plasma in which cur-

1It is true that a charged, rotating black hole has a dipole magnetic moment (Misner et al., 1973).
However, a strongly charged black hole will induce charge separation in any surrounding plasma,
accreting charges opposite in sign to that on the hole and expelling those of like sign. This will
effectively discharge the hole in a few light-crossing times.
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rents generate magnetic flux that can then thread the black hole. In the absence
of a significant amount of external plasma, a black hole loses its field in a few
light-crossing times (Thorne et al., 1986). The field, therefore, must be supported
by currents in the black hole accretion flow. This conclusion itself presents a prob-
lem, however. Accretion disks are believed to be weakly magnetized plasmas in
highly turbulent, orbital flow about the black hole (Balbus and Hawley, 1998).
How does a global, well-ordered rotating magnetosphere develop naturally from a
turbulent accretion disk?

In addition, even if a global magnetosphere can be constructed, there is a question
as to how that magnetosphere can couple to black hole rotation to produce a strong
jet. While the accretion disk itself can produce rotation of the magnetic field, it
cannot be the main source of jet power in many jet-producing supermassive black
hole systems. Radio galaxies and quasars that have similar optical properties, and
therefore similar accretion disks, can differ in their radio jet luminosities by factors
of 105–6. This is most easily explained by tying jet production to rotation of the
central object, just as it is done in stellar jet-producing systems. In addition, black
hole systems are known to produce jets ∼30 times stronger than those from neutron
stars with similar accretion rates (Migliari et al., 2003). While this comparison may
be complicated by effects of the neutron stars’ magnetic field, a strong coupling of
jet production to the black hole spin also may be at work.

To solve this problem we will assume here that the “magnetic Penrose” mech-
anism of extracting rotational energy is at work (Koide et al., 2002): if plasma
threaded with a magnetic field enters the ergosphere, then that plasma can be ac-
celerated in a direction opposite to the black hole’s spin, acquiring negative energy
and angular momentum in the process. Positive energy and angular momentum
then is transferred to the rotating magnetic field, which uses that to accelerate and
collimate the jet.

The purpose of this paper is to explore answers to the two remaining questions:
(1) how does a turbulent, magnetized disk create a global, well-ordered magnetic
field that can couple to the black hole rotation and (2) how does the accretion disk
load the field lines with plasma?

2. Basics of Magnetically Dominated Accretion Flows

2.1. WHAT I S AN MDAF?

An MDAF is an accretion flow in which the magnetic forces dominate over the
thermal and radiation forces. In a normal accretion disk model, the weak magnetic
field creates a “magnetorotational instability” (MRI) (Balbus and Hawley, 1998) in
which turbulence dominates the angular momentum transport and the eddy turnover
time τturb is shorter than the inflow time τinflow ≡ R/V R. A steady disk structure
develops in which magnetic field components BR ∼ Bφ ∝ R−5/4 and pressure
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scales as p ∝ R−3/2. The ratio of magnetic to thermal forces α ∝ BR Bφ/p
remains constant at ∼0.01–1.0.

We recognize two types of magnetically dominated accretion flows. The first is
still turbulent, but now the ratio of the time scales is reversed: τinflow < τturb. Small
eddies continue to transport angular momentum, but the larger ones are stretched out
in the R direction before they have a chance to turn over. In this case, BR ∝ R−5/2

and Bφ ∝ R−1/2 decouple and p ∝ R−3/2, so that magnetic stresses increase as R
decreases: α ∝ R−3/2. We call this type of flow “transitional”, because it connects
a turbulent flow with α < 1 to one with α > 1 and the MRI turned off. If α0 is the
value at R0, and R1 is the radius where α attains unit value, then

R1/R0 = α0
−2/3 (1)

If α0 ∼ 0.3, as is expected in advection-dominated accretion flows (Narayan et al.,
1998), then R1/R0 ∼ 0.5. So, if the interior of an ADAF becomes magnetically
dominated, the transition region will be rather narrow in radius.

In the second type of MDAF, which is a solution to “Gammie flow” (Gammie,
1999), MRI turbulence has ceased and the inflow is laminar along strong magnetic
field lines. BR ∝ R−3/2 and Bφ ∝ R−1 are still decoupled. The thermal pressure
scaling depends critically on the energy balance in the gas now, but simple models
indicate p ∝ R−1/2. So α ∝ R−2 continues to increase inward, and the flow
continues to become more magnetically dominated as it approaches the black hole.
Figure 1 shows a schematic of our low-state model and will be discussed more fully
below.

MDAF-type solutions are seen in MRI simulations only in the plunging re-
gion very near the black hole, not out to distances as large as ∼ 100rg. Why?
The reason may be the assumption implicit in the simulations that the flow is ra-
diatively inefficient. This may be the case for R � 100 rg (where rg ≡ G M/c2);
in this case the temperature remains T � 5 × 109 K. However, inside this radius
electrons radiate copiously by synchrotron, pair production, and other relativistic
processes. While ADAF models assume that the ion temperature can remain hot
(Ti ∼ 1012K(R/rg)−1), if there is strong coupling between ions and electrons, the
ions will cool to the �109 K temperature as well. It is often assumed that such cool-
ing would lead once again to a geometrically thin, optically thick disk. However,
these models show that there is another solution: cool, but still optically thin flow
along strong magnetic field lines. It, therefore, is extremely important to begin per-
forming MRI simulations with a real energy equation, including separate evolution
of the ions and electrons.

2.2. WHAT ARE THE PROPERTIES OF MDAFS?

The inner MDAF is an extraordinarily inefficient flow. It is a nearly radial in-spiral,
geometrically thick because of magnetic pressure support (Meier, 2004). Virtually



MAGNETICALLY DOMINATED ACCRETION flOWS 59

Figure 1. Schematic diagram of the MDAF model for GRS 1915+105. Power spectrum data are
taken from Morgan et al. (1997). A cool disk fits the power spectrum in the high state (left) when no
jet is produced. In the hard state (right) we not only need an ADAF (extended corona) but also an
MDAF (inward-facing magnetosphere) to produce the few Hz cutoff and QPO, and an outward-facing
magnetosphere to produce the jet. The jet will be launched from the transition radius near ∼100 rg.
The input and output powers Pi, j correspond to those in the Malzac et al. model. An MDAF is also
expected in some intermediate accretion states when the cool disk is still truncated at a radius >rg.

all orbital angular momentum is transferred out to R1 along the strong field lines. The
plasma experiences only compressional heating and radiative cooling by electrons
and could remain quite cool; the majority of the gravitational energy released is
converted into radial infall kinetic energy, not heat.

Because the magnetic radial channels are potentially distinct, the flow may break
up into inhomogeneous “spokes”. A signature of an MDAF may be a quasi-periodic
oscillation at one or more of two transition radius frequencies: (1) the orbital/Alfven
frequency

νA = V A/2π R1 = 1.1 Hz(M•/10 M
)−1 (2)

and (2) the MHD slow mode (“organ pipe”) frequency

νS = V S/2π R1 ≈ CS/2π R1 = 0.02 − 0.13 νA (3)

or ∼20–140 mHz for a 10 M
 black hole, depending on the azimuthal length of
the resonating magnetic tubes. Because νS is excited acoustically near R1 along the
length of these tubes, it may be characterized by multiple harmonics, whereas the
orbital/Alfven mode should be rather pure.
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The magnetic field lines extending inward toward the black hole may tap the
hole’s rotational energy if they penetrate the ergosphere. However, in general the
hole rotation rate will not match the, usually slower, νA. One therefore might expect
an episodic interaction, where the field enters the ergosphere, is wound up rapidly,
reconnects in a series of rapid flares separated by the ergosphere rotation time, and
finally pulls back from the hole for a secular time. The behavior of SgrA at the
Galactic center (Genzel et al., 2003) is very similar to what might be expected from
a rotating black hole/MDAF interaction.

In addition to an inner magnetosphere of closed field lines reaching toward the
black hole, there also may be open field lines extending from R1 to infinity (see
Fig. 1 and Meier, 2004). The transition radius, therefore, has all the properties
necessary to launch a jet: the base of large-scale, open, rotating magnetic field lines
being loaded with hot ADAF material. Excess angular momentum is deposited at
R1 by the radial field lines that connect periodically to the black hole ergosphere.
An outflowing MHD wind/jet would be a good candidate for carrying off this excess
angular momentum.

3. Discussion

3.1. MDAFS AND THE LOW/HARD (PLATEAU) STATE OF XRBS

When the transient X-ray binary (XRB) source GRS 1915+105 is in the soft state
and not producing a jet, its photon spectrum is dominated by a cool thermal spec-
trum, and its power spectrum is a rather featureless power law of dP/dν ∝ ν−4/3.
When the source begins to produce a steady jet, it enters a low/hard state in which
the photon emission is dominated by a non-thermal spectrum. And the power spec-
trum develops bandwidth-limited noise (a flat (dP/dν ∝ ν0 shoulder with a steep
cutoff above ∼3 Hz) and a QPO at 1–3 Hz. It is natural to associate the non-thermal
photon spectrum and bandwidth-limited noise with the optically thin, turbulent
ADAF that has formed in the center of the disk. But what produces the QPO, and
why would the ADAF be bandwidth-limited? Why does its turbulence not extend
all the way to the natural frequencies near the black hole (∼100Hz)?

The inner MDAF model provides natural answers to these questions. While the
thin accretion disk is truncated by the ADAF at, perhaps, ∼1000 rg, the ADAF
itself is truncated at R1 ∼ 100 rg by the MDAF, cutting off the ADAF turbulence
above a few Hz. The slope of this cutoff may represent the high frequency tail of the
turbulence spectrum near R1. The QPO is produced by the magnetic flux tubes that
stretch toward the black hole and rotate at roughly the orbital R1 frequency—again
a few Hz.

The power spectrum at each disk radius should be dominated by a rather narrowly
peaked local spectrum (Maron and Blackman, 2002). We therefore can approximate
the total disk power spectrum by assuming the local spectrum to be a delta function
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and simply plotting the variation of the turbulence strength with radius against the
variation of the principal local (orbital) frequency with radius:

P[r (ν)] = (2π �R δH ) ρ Vturb(R)2 (4)

where �R ∼ R is the annulus over which ρ and Vturb remain roughly constant, and
δH is the skin depth over which the turbulent eddies can be seen by the observer
(roughly the optical depth). For an α-disk (Shakura and Sunyaev, 1973), we find
P(r ) ∝ R1/2 ∝ ν−1/3, or dP/dν ∝ ν−4/3, in agreement with GRS 1915+105 in
the high state. However, in the low state, for a simple evaporative ADAF model
(Ṁ ∝ R−1) (Esin et al., 1997), we find that dP/dν ∝ ν−2/3, which is not flat. In
order to obtain dP/dν ∝ ν0, we need to assume a steeper rate of evaporation of the
thin disk into the ADAF: Ṁ ∝ R−2. Detailed modeling of the power spectrum as
disk turbulence at different radii may, therefore, become an important diagnostic
of conditions in the optically thin portion of the accretion flow, ADAF and MDAF
alike.

Figure 1 shows a schematic picture of GRS 1915+105 in the soft and hard
states, the corresponding power spectra, and energy inputs to and outputs from the
transition region.

3.2. RELATI ON TO PRESENTATIONS ON XRBS AT THIS MEETING

Fender et al. (2004) have proposed a phenomenological model for jet production
in which the jet speed increases as the inner disk radius decreases. This model
explains why strong jet outbursts are seen when the disk transitions to the high/soft
state and not when it transitions to the low/hard state: the jet speed decreases with
time in the latter case, resulting in no formation of a shock.

This model fits well with the MDAF scenario. We identify the low/hard state
as one in which the cool accretion disk completely evaporates before the ADAF
transitions into an MDAF, i.e. for R > R1. In this case, near the central engine, the
jet speed is simply the escape speed from the transition radius, or

Vjet ∼ 2GM/R1 (5)

which gives a non-relativistic jet of Vjet ∼ 0.1 c. Eventually, as the accretion rate
is increased, the cool disk begins to extend inside ∼100 rg, and the ADAF changes
from an accretion flow in its own right to simply a corona above a dense cool disk.
The ADAF no longer extends inside the truncated cool disk; that region is filled with
the MDAF only, extending from the ADAF corona inward. This begins the move
toward the high state along the upper horizontal branch in the intensity/hardness
plane: the hard ADAF emission begins to be suppressed, the thermal emission
from the cool disk gains in strength, the radius R1 where the transition to MDAF
occurs now follows the cool disk truncation radius. The jet velocity from equation
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(5) increases as the disk truncation radius decreases. Eventually R1 reaches all the
way to the black hole horizon, and the MDAF is swallowed. This turns off the jet,
but not before its velocity reaches close to c as R1 → rH, the horizon radius. It is
this fast jet that creates the shock and outburst that we observe.

Malzac et al. (2004) also have interpreted the variability of XTE J1118+480
as coupling between the corona and the jet through a common reservoir where
large amounts of accretion power are stored. In the MDAF model we identify
the transition region at R1 as this reservoir. Energy and angular momentum in-
put into this region comes from two sources: the accretion flow from outside
and the magnetic coupling to the black hole from inside R1. The output power
is the jet production that occurs at this radius. It is important to note that the pre-
dicted temperature at this transition region is of order a few ×109 K, and it lies
at ∼100 rg in the low state, but can move inward as the accretion rate increases
(see above).

3 .3 . MDAFS AND LOW-LUMINOSITY AGN

Black hole accretion in active galactic nuclei (AGN) is expected to act similarly to
that in XRB systems: bright Seyfert and quasar objects are believed to be in a soft
state while those AGN without strong optical line emission (low-luminosity AGN
[LLAGN], FR I radio galaxies, Sgr A) are believed to be in a low/hard state. While
there is some timing data available on these latter objectes, a detailed comparison
with the MDAF model is not possible at this time as a QPO-producing plateau state
has not yet been identified. Our discussion of MDAFs in AGN therefore will be
more speculative.

LLAGN do indeed show bandwidth-limited noise, and the cutoff/break at
high frequency sometimes is used as an indicator of black hole mass, with
τbr ≈ 7.7 d (M•/107 M
), where τbr is the time scale, in days, where the break oc-
curs in the AGN X-ray power fluctuation spectrum (Papadakis, 2004). The MDAF
model provides a physical reason why this ad hoc scaling of the break in dif-
ferent systems is a reasonable black hole mass indicator. In the model the fre-
quency of this break will be equal to, or slightly greater than, νA (equation 2), so
τbr = 1/νA ≈ 10d (M•/107 M
).

AGN also display another property similar to that shown by X-ray binaries, and
the MDAF model provides the same explanation there as well. Jets produced by
quasars and many Seyferts tend to be quite relativistic, even within only a parsec
from the black hole core. They therefore may be launched and accelerated rather
close to the central black hole. This suggestion is supported by semi-analytic jet
acceleration models, which suggest a magnetic foot point only a few gravitational
radii from the hole for 3C 345 (Vlahakis and Konigl, 2004). However, jets produced
by LLAGN and FR Is (and their counterparts, the BL Lacertae objects) are either
less relativistic or show no motion at all. A similar model for acceleration of the
NGC 6251 jet yields an inner foot-point of ∼34 rg for a 6 × 108 M
 black hole
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(Vlahakis and Konigl, 2004). Furthermore, M87 shows significant collimation on
scales of 60–200 rg (Biretta et al., 2002), and its jet speed at a distance of 0.16 pc
from the core is only 0.1 c. Yet, at kiloparsec distances, M87 shows superluminal
motions up to 6 c. Jets in AGN systems identified with the low/hard state appear to
be launched with smaller velocities and at larger distances from the central black
hole.

It appears possible, then, that the jet-production region in LLAGN and FR I
objects also may look like that in Figure 1, with the launch point lying many tens
of gravitational radii from the black hole. Only through continual, and persistent
acceleration by the black hole over large vertical distances (many parsecs to kilo-
parsecs) do jets in low/hard state AGN achieve the relativistic speeds observed very
far downstream of the accretion disk.

4. Conclusions

Interpretation of the photon and power spectra of black hole systems like GRS
1915+105 leads to a new magnetically dominated accretion flow (MDAF) model
for the low/hard state with three distinct disk regions:

1. As in previous models, the outer region of the disk is a geometrically thin,
optically thick, and cool turbulent disk, driven by the MRI.

2. Likewise, at intermediate radii (∼100–1000 rg) there is a one-temperature,
advection-dominated, turbulent accretion flow (ADAF) disk/corona that is ge-
ometrically thick, optically thin, and hot. An evaporation rate into this corona
that scales as Ṁ ∝ R−2 is more consistent with the power spectrum than other
models.

3. The structure inside ∼100 rg distinguishes this model from others: at the radius
where cooling by relativistic electrons becomes important, the ADAF transitions
to an MDAF with α � 1. The inflow is extremely inefficient, non-turbulent and
nearly radial along strong magnetic field lines—essentially an inward-facing
magnetosphere. The narrow annulus where the flow transitions from ADAF to
MDAF is an ideal site for open field lines and the launching an MHD-powered
jet.

We identify the bandwidth-limited noise that appears in the low/hard state as the
ADAF’s MRI turbulence viewed through the optically thin flow. The MDAF model
predicts the observed truncation of that noise at a few Hz and the appearance of a
strong QPO at the same place, as well as the very low frequency QPOs at 0.01–
0.1 Hz. Finally, the MDAF model is consistent with the pheomenological models
of Fender et al. (2004) and Malzac et al. (2004) and provides a physical connection
between them and black hole accretion theory. In particular, extension of this model
to include an MDAF inside all truncated disks naturally predicts the variation in jet
speed with inner radius deduced by Fender et al. (2004).
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The model suggests a new interpretation of the power spectrum of black hole
candidates: like the photon spectrum, each small range in frequency �ν is con-
tributed by a given annulus �R in the accretion disk, with the central frequency
corresponding to the Keplerian frequency at that radius. The spectral slopes are due
not to the physics of the turbulence itself but rather to variations in disk structure
with radius. Only the cutoff at a few Hz is indicative of the (high frequency end of
the) local power spectrum there.

Acknowledgements

The author is especially grateful to T. Macarone and R. Fender for organizing this
conference on black hole accretion on all mass scales. Emphasizing the similarities
and scaling of black hole systems contributes greatly to their overall understanding.
The author is supported, in part, by a NASA Astrophysics Theory Program grant.
This research was performed at the Jet Propulsion Laboratory, California Institute
of Technology, under contract to NASA.

References

Balbus, S.A. and Hawley, J.F.: 1998, Rev. Mod. Phys. 70, 1–53.
Biretta, J.A., et al.: 1999, ApJ 520, 621–626.
Biretta, J.A., et al.: 2002, New Astron. Rev. 46, 239–245.
Blandford, R.D.: 1976, MNRAS 176, 465.
Esin, A.A., et al.: 1997, ApJ 489, 865.
Fender, R.P., et al.: 1999, ApJ 519, L165.
Fender, R.P., et al.: 2004, MNRAS 355, 1105–1118.
Gammie, C.F.: 1999, ApJ 522, L57–L60.
Genzel, R., et al.: 2003, Nature 425, 934–937.
Goldreich, P. and Julian, W.H.: 1969, ApJ 157, 869–880.
Koide, S., et al.: 2002, Science 295, 1688.
Lovelace, R.: 1976, Nature 262, 649.
Malzac, J., et al.: 2004, MNRAS 351, 253.
Maron, J. and Blackman, E.G.: 2002, ApJ 566, L41–L44.
Meier, D.L.: 2001, ApJ 548, L9–L12.
Meier, D.L.: 2004, Proceedings of the X-ray Timing Meeting: Rossi & Beyond, in: P. Kaaret, F. Lamb

and J. Swank (eds.), 135–142.
Meier, D.L., Koide, S. and Uchida, Y.: Science 291, 84–92.
Migliari, S., et al.: 2003, MNRAS 342, L67.
Misner, C., Thorne, K.S. and Wheeler, J.A.: 1973, Gravitation, Freeman.
Morgan, E.H., et al.: 1997, ApJ 482, 993–1010.
Narayan, R., Mahadevan, R. and Quataert, E.: 1998, The Theory of black hole Accretion Disks, in:

M. Abramowicz, G. Bjornsson and J. Pringle (eds.), Cambridge University Press, Cambridge.
Papadakis, I.E.: 2004, MNRAS 348, 207.
Ruderman, M.A. and Sutherland, P.G.: 1975, ApJ 196, 51–72.



MAGNETICALLY DOMINATED ACCRETION flOWS 65

Shu, F., et al.: 1994, ApJ 429, 781–796.
Shakura, N.I. and Sunyaev, R.A.: 1973, A&A 24, 337–355.
Thorne, K.S., Price, R. and MacDonald, D.A.: 1986, Black Holes: The Membrane Paradigm, Yale

University Press, New Haven.
Vlahakis, N. and Konigl, A.: 2004, ApJ 605, 656–661.
Wheeler, J.C., Meier, D.L. and Wilson, J.: 2002, ApJ 568, 807–819.



BLACK HOLE SYSTEMS SEEN AT HIGH SPECTRAL RESOLUTION:
INFLOW AND OUTFLOW

JULIA C. LEE

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, MS-6, Cambridge, MA 02138,
USA; E-mail: jclee@cfa.harvard.edu

(Received 14 December 2004; accepted 1 June 2005)

Abstract. High-resolution Chandra and XMM-Newton X-ray spectroscopic studies of stellar and
supermassive black holes have revealed that these phenomenologically different systems share many
common physical characteristics. The observed outflows in the micro-quasar GRS 1915+105, the
Seyfert 1 galaxy MCG–6-30-15 and the Seyfert 2 galaxy IRAS 18325-5926 are the focus of this
proceeding.
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1. Introduction

Despite major advances in our understanding of black hole systems over the past
several decades, many questions relating to the structure and dynamics of accre-
tion onto black holes remain unanswered. Taking advantage of the high-resolution
spectroscopic capabilities of Chandra and XMM-Newton, we can improve our un-
derstanding through plasma diagnostics of the observed absorption and emission
lines. In particular, it has been found that black hole types differing by six to seven
orders of magnitude in mass scale, from the stellar to supermassive black holes, dis-
play many similar phenomena. Of these, one of the more interesting commonalities
are the photoionized outflow seen in many of these systems – this is the primary
focus of this proceeding. References will be limited.

2. Common X-ray Spectral Signatures in Stellar
and Supermassive Black Holes

The ultimate goal for studying both Galactic (∼10 M
) and extragalactic (106–
108 M
) black hole systems is to understand the scaling of the physics over mag-
nitude differences in mass scales, and through this, a deeper comprehension of the
generic physics which govern all accretion systems. One way to do so is to assess
the similar phenomena governing these systems.
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TABLE I

Phenomenologically different systems with many common characteristics

GRS 1915+105 MCG−6-30-15 IRAS 18325-5926
Classification micro-quasar Seyfert 1 Seyfert 2

Lbol (erg s−1)a ∼1037–1039 ∼1044 ∼4×1044 (IR)

Mblack hole (M
)b 14† 106–108 106–108

vflow (km s−1)c ∼100 ∼2000‡ ∼3 × 104

Maccretion (η ∼ 0.1)d ≤10−7 M
 yr−1 ≤2 × 10−2 ≤7 × 10−2

Mflow (�/4π ) (M
 yr−1)e ∼2 × 10−7 ∼ 7 × 10−1 ∼2–9

Photoionized gas
√ √ √

Neutral material
√ √ √

Winds/outflows
√ √ √

Broad disk emission lines
√ √ √

aBolometric luminosity.
bBlack hole mass.
cVelocity of flow based on observed blueshift of ionized absorption lines.
dMass accretion rate assuming 10% efficiency.
eSpherical mass outflow rate modulo covering factor (�/4π ).
†Greiner et al. (2001).
‡Lee et al. (2002b). Also reported by Sako et al. (2003) and Turner et al. (2003) based on two
different XMM-Newton RGS pointings, respectively, 120 and 320 ks (see footnote 1).

Here, I concentrate on three phenomenologically different systems which share
many common physical characteristics. For these systems, the relevant comparisons
of their properties are listed in Table I.

2 .1 . OUTF LOWS

Narrow absorption and emission lines are fairly ubiquitous in the astrophysical
sources we see at high spectral resolution, and give important information about
the state of the plasma, be it X-ray hot or X-ray cold. For the sources of inter-
est in this article, the plasma is photoionized due to its proximity to the black
hole. Of particular interest are the blue-shifted absorption features, indicating
outflow (i.e. winds or jets), which have been seen in many different forms in
Chandra and XMM-Newton spectra. Key spectroscopic signatures include: (1)
Doppler-shifted absorption and/or emission lines which provide information on
the kinematics and geometry of the outflow; flows ranging from hundreds of
km s−1 (e.g. GRS 1915 + 105: Lee et al., 2002a) to thousands of km s−1 (MCG−6-
30-15: Lee et al., 2002b; Sako et al., 2003; Turner et al., 2004) to near rela-
tivistic speeds (see “Section 3” below) have been reported; (2) P-Cygni profiles
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(red-shifted/rest-frame emission from material out of the line-of-sight, accompa-
nied by blue-shifted absorption lines from the foreground, line-of-sight part of
the wind) as seen in both X-ray binaries (e.g. Circinus X-1: Brandt and Schulz,
2000; Schulz and Brandt, 2002) and AGN (e.g. Kaspi et al., 2001, 2002); and (3)
more subtle variability effects (e.g. the micro-quasar GRS 1915+105: Lee et al.,
2002a). Of these, the most remarkable are those which show relativistic veloci-
ties, e.g. the GBHC SS 433 where vjet ∼ 0.27c, (Marshall et al., 2002; Lopez et
al. 2004), and more recently also seen in a handful of QSOs with known high-
velocity UV outflows (Chartas et al., 2002, 2003; Hasinger et al., 2002) and some
narrow-line Seyfert galaxies (Pounds et al., 2003a,b; Reeves et al., 2003)1; the first
Seyfert 2 showing such a large outflow is presented (in Table I) and in Lee et al.
(in preparation).

From the X-ray measurements of these lines and shifts, a great deal can be learned
about the X-ray portion of the flow. For example, based on the line broadening,
information about the flow opening angle can be deduced while density diagnostics
using observed He-like lines can provide important limits on the mass flow rate. One
surprising thing which has emerged from some of these studies is the remarkable
amount of material that is being ejected, modulo a covering factor, compared to
the mass accretion rate. As can be seen in Table I, our calculations, assuming a
spherical wind, imply that the flow rate in these sources is either larger than or
comparable to the accretion rate, or that the covering factor is small. This is a topic
worthy of further investigation.

3. The Role of High-Resolution X-ray Spectroscopy for Building the
Phenomenology Towards Self-Consistent Physical Models of Black Hole

Systems

The high-resolution spectral capabilities of the Chandra and XMM-Newton grating
spectrometers will help in answering some of the outstanding questions relating to
energetic accretion systems by allowing us to apply atomic physics techniques to
the study of astrophysical plasma. A clear understanding of the line diagnostics will
allow an accurate assessment of the physics, environment, and geometry governing
the regions from nearest to the black hole to those which are the most distant. By
studying the smaller GBHCs to compare with the black holes in AGNs, we can
work towards finding answers to outstanding questions relating to the ionization
structure, geometry and dynamics of the individual systems, and extend these find-
ings to explain the mechanism required for expelling large amounts of mass, as
well as the relationship between inflow and outflow. Ultimately, this might help us

1It should be noted that the high-velocity blueshifts observed in some of these sources (Section 2.1)
appear to be coincident with the redshift of the source. As such, the apparent high-velocity flows
reported in the literature for the Seyfert galaxies PG 1211+143, PG 0844+349 and MCG−6-30-15
may in actuality be an ionized layer in our own Galaxy instead.
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to assess whether black hole winds contribute significantly to enriching the IGM,
and possibly the details governing the inter-relation between black hole growth and
galaxy formation.
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Abstract. We discuss constraints on black hole spin and spin-related astrophysics as derived from
X-ray spectroscopy. After a brief discussion about the robustness with which X-ray spectroscopy can
be used to probe strong gravity, we summarize how these techniques can constrain black hole spin.
In particular, we highlight XMM-Newton studies of the Seyfert galaxy MCG-6-30-15 and the stellar-
mass black hole GX 339-4. The broad X-ray iron line profile, together with reasonable and general
astrophysical assumptions, allow a non-rotating black hole to be rejected in both of these sources. If
we make the stronger assertion of no emission from within the innermost stable circular orbit, the
MCG-6-30-15 data constrain the dimensionless spin parameter to be a > 0.93. Furthermore, these
XMM-Newton data are already providing evidence for exotic spin-related astrophysics in the central
regions of this object. We conclude with a discussion of the impact that Constellation-X will have on
the study of strong gravity and black hole spin.

Keywords: accretion disks, black hole physics

1. Introduction

With searches for evidence of the existence of black holes and the dynamical
measurements of their masses becoming almost passé, an increasing focus is being
placed on detecting the effects of black hole spin. Spin truly is a creature of the
relativistic Universe, and the observational investigation of spin puts us one step
closer to being able to genuinely test strong-field General Relativity (GR). Even
if GR passes all of these tests (which, of course, would be the most “boring”
possibility), black hole spin gives us crucial insight into how black holes of all
masses are born, and may well be an important ingredient in powering some of the
most energetic sources in the Universe.

At the current time, the best evidence for the effects of black hole spin come from
X-ray observations, both timing and spectroscopy. X-ray variability studies, particu-
larly investigations of quasi-periodic oscillations (QPOs) have produced tantalizing
hints that we might be witnessing the effects of black hole spin (Stella et al., 1999;
Strohmayer, 2001). However, the lack of any agreed upon theoretical framework
for the high-frequency QPOs prevents us from drawing robust conclusions at this
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time. For this reason, the most compelling studies of black hole spin have originated
from X-ray spectroscopy.

In this contribution, we describe constraints on black hole spin from X-ray
spectroscopy. We will align our discussion around three questions; “Have we seen
the effects of strong gravity at all?”, “Have we seen the effects of black hole
spin?”, and “Can we probe the exotic astrophysics associated with spinning black
holes?” For the impatient reader, the answers to these questions are “Yes!”, “Very
probably”, and “We’re maybe just starting to. . .”. We conclude by discussing future
prospects for probing black hole spin and testing strong-field GR with both X-rays
and gravitational waves.

2. Strong Gravitational Effects in X-ray Spectra

The principal spectroscopic tool used to date to study strong gravity is the charac-
terization of the broad iron-Kα fluorescent emission line (see reviews by Fabian
et al. (2000) and Reynolds and Nowak (2003)). The essential physics underlying
this phenomenon is straightforward. Moderate-to-high luminosity black hole sys-
tems accrete via a radiatively-efficient disk. Even in the region close to the black
hole, such a disk will (apart from a hot and tenuous X-ray emitting corona) remain
optically-thick, geometrically-thin, almost Keplerian, and rather cold (T < 107 K).
X-ray irradiation of the surface layers of the disk by the corona will excite observ-
able fluorescence lines, with iron-Kα being most prominent due to the combination
of its astrophysical abundance and fluorescent yield. This emission line is then
subject to extreme broadening and skewing due to the both the normal and trans-
verse Doppler effect (associated with the orbital velocity of the disk) as well as the
gravitational redshift of the black hole (see Figure 1).

So, have we seen these effects in the X-ray spectra of real accreting black holes?
Broad emission features that can be modelled as iron emission lines from the central
regions of a Keplerian accretion disk are present in the XMM-Newton data for over
half of the moderate-to-high luminosity Seyfert galaxies, as well as many Galactic
Black Hole Candidates (GBHCs) in their intermediate and high state. Given the
breadth of these features, it is valid to ask whether continuum curvature and/or
unmodelled complex absorption might be mimicking a broad emission line. In
some cases, detailed scrutiny of high signal-to-noise XMM-Newton data allows
one to reject these alternatives, further validating the relativistic line interpretation
(e.g. MCG-6-30-15 (Vaughan and Fabian, 2004; Reynolds et al., 2004; also see
Fabian et al., 1995), GX 339-4; Miller et al., 2004). In other cases, absorption
by large columns of photoionized material appears to be important. In the case of
NGC 4151, for example, much of the broad iron line reported by Wang et al. (1999)
was probably an artifact of not modelling the complex absorber later identified by
Schurch and Warwick (2002) and Schurch et al. (2003). In many other cases,
the role that complex absorption has on the presence of a broad iron line remains
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Figure 1. Theoretical lines profiles from a Keplerian accretion disk around a Kerr black hole. We
assume an observed inclination angle of i = 40◦ and a line emissivity that falls of as r−3 between the
ISCO and rout = 50 GM/c2.

uncertain. It is important to stress, however, that the role of photoionized absorption
in masking or mimicking broad iron lines is knowable, and will be elucidated by
the high-resolution and high count-rate spectra that Astro-E2 will be obtaining on
a regular basis starting in early 2005.

To summarize this section, there are robust examples of broad iron emission lines
that are giving us a clean probe of the strong gravity region around both stellar and
supermassive black holes. However, while broad iron lines are not rare, the precise
fraction of objects in the various classes of accreting black holes that display these
features is still uncertain. In addition to obtaining new high-resolution and high
count-rate spectra with Astro-E2, significant progress is possible in this field via a
large and unbiased survey of current XMM-Newton data.

3. Constraining Black Hole Spin with X-ray Spectroscopy

Having established that at least some accreting black holes display broad iron lines
that cleanly probe the strong gravity region, we now ask whether we can constrain
the black hole spin using these features. To sharpen the discussion, we will address
whether one can rule out a Schwarzschild metric (i.e., non-spinning black hole) for
any given black hole system.

Even with XMM-Newton, we cannot probe the iron line on the dynamical
timescale of the very centralmost regions of the accretion disk where spin effects
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are dominant. We are driven to study line profiles that have been time-averaged over
several dynamical timescales – hence, our primary information on black hole spin at
the current time will originate from the breadth and redshift of these time-averaged
line profiles.

There is a common misconception that rapidly spinning black holes invariably
produce broader and more highly redshifted emission lines than slowly spinning
black holes. This stems from the fact that the innermost stable circular orbit (ISCO;
6G M/c2 for a non-rotating black hole) for a prograde accretion disk pulls in towards
the horizon as the spin parameter of the black hole is increased. Hence, the line
broadening will increase with black hole spin if the line emission is always truncated
at the ISCO. But it is important to realize that we can produce arbitrarily redshifted
and broadened emission lines from around even a non-rotating black hole if nature
had the freedom to produce line emission from any radius beyond the horizon
(Reynolds and Begelman, 1997). This discouraging fact has led some authors to
conclude that current iron line profiles contain essentially no information on the
black hole spin (Dovciak et al., 2004).

This would be an overly bleak assessment of our ability to constrain black
hole spin. Even the application of some rather weak (i.e., general) astrophysical
constraints can impose an inner limit on the radii at which spectral features can be
produced. In order to produce any significant iron emission line from the region
within the ISCO (which we shall refer to as the plunging region), the disk in this
region must be optically thick, not too highly ionized (i.e., a significant fraction
of the iron cannot be fully ionized), and illuminated by the hard X-ray continuum.
While much work remains to be done on the physical state of matter in the plunging
region, it is challenging to construct a model for a non-rotating black hole in which
there are appreciable spectral features produced by matter inside of 4–5 GM/c2

(Reynolds and Begelman, 1997). If we require an emitting radius less than this
when fitting a non-rotating black hole model to a particular dataset, we can claim
to have found good evidence for a spinning black hole.

This is exactly the situation we find when attempting to fit the XMM-Newton
data for the Seyfert-1 galaxy MCG-6-30-15. The June 2000 observation of this
source (reported by Wilms et al. (2000) and Reynolds et al. (2004)) caught it in
its enigmatic “Deep Minimum State” first identified with ASCA data by Iwasawa
et al. (1996) during which the iron line is known to be particularly broadened
and redshifted. Fitting the Reynolds and Begelman (1997), Schwarzschild iron
line model, which includes emission from within the plunging region, results in
essentially all of the emission being placed at 3 GM/c2. It is extremely hard to un-
derstand how this could be a physical result – the relativistic inflow at this location
demands (through mass continuity) that the density be low and, hence, that this ma-
terial be completely photoionized if it were to experience the irradiation suggested
by this fit. Thus, the extreme parameters derived from a fit to a Schwarzschild-
based model leads to the conclusion that we are seeing the effects of black hole
spin.
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Given an observation of a very broad iron line such as that detected in the Seyfert-
1 galaxy MCG-6-30-15 or the GBHC GX 339-4 (Miller et al., 2004), we can place
constraints on the black hole spin given certain astrophysical assumptions. The
systematic exploration of these constraints has only just begun and is still a work
in progress. To facilitate this work, we have constructed a new iron line profile
code kerr (that employs the Kerr metric ray-tracing code of Speith et al., 1995)
which treats the black hole spin as a free parameter. This code also takes advantage
of modern computing speeds and performs the necessary calculations in real time
as the spectrum is being fit with XSPEC. The user may therefore tune the spectral
resolution and numerical accuracy of the model to suit the data at hand, a feature
that is not available in the tabular models such as laor that have been extensively
employed to date.

Preliminary fitting of kerr to the highest signal-to-noise data for MCG-6-30-15
(from the June 2001 observation) demonstrates that the black hole must possess a
dimensionless spin parameter of a > 0.93 (Brenneman and Reynolds, in prepara-
tion) if we impose the condition that no spectral features are produced from within
the ISCO. See Figure 1 for examples of line profiles calculated under this assump-
tion. Current work is focused on obtaining spin constraints once that assumption is
relaxed. Note that these fits assume a broken power-law form for the line emissivity
as a function of radius. Hence, our limit of a > 0.93 is a stronger constraint than
a > 0.94 deduced by Dabrowski et al. (1997) from ASCA data who assumed the
line emissivity tracks the radial dissipation profile of a “standard” (Novikov and
Thorne, 1974; Page and Thorne, 1974) accretion disk. As will be discussed later,
the XMM-Newton data are of sufficient quality to actually falsify the Dabrowski
et al., assumption.

4. The Exotic Astrophysics of Spinning Black Holes

Rapidly spinning black holes are undoubtedly amongst the most exotic objects
in the current-day universe. In this section, we focus on one particular facet of
their behaviour – the magnetic interactions between the spinning black hole and
surrounding matter including the accretion disk. We argue that XMM-Newton data
are already hinting at evidence for the magnetic extraction of spin energy from the
black hole in MCG-6-30-15.

Analytic (Krolik, 1999; Gammie, 1999) and numerical (Hawley and Krolik,
2001; Reynolds and Armitage, 2002) studies have shown that magnetic forces
can couple material within the plunging region to the body of the accretion disk,
thereby extracting energy and angular momentum from that region. In an extreme
limit, a Penrose process1 might be realized in which the innermost regions of the

1We note that Williams (2003) has also argued for the importance of a non-magnetic, particle–particle
and particle–photon scattering mediated Penrose process.
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accretion flow are placed on negative energy orbits by these magnetic torques (Agol
and Krolik, 2000). Together with any Blandford–Znajek process (Blandford and
Znajek, 1977) that might result from field lines directly connecting to the (stretched)
horizon, these magnetic torques can in principal extract a black hole’s spin energy,
depositing it either in the body of the disk or in the form of an outflow of mass
and/or Poynting flux. Note that all of this behaviour is in stark contrast to standard
black hole disk models (Shakura and Sunyaev, 1973; Novikov and Thorne, 1974;
Page and Thorne, 1974) in which material follows conservative orbits once inside
the ISCO.

Can we see evidence for any of these processes in the current data? Again,
we return to the Deep Minimum State of MCG-6-30-15 which displays one of the
broadest and most highly redshifted iron lines known. This immediately tells us that
the X-ray reflection features are originating from a region that is extremely centrally
concentrated in the accretion disk. For the moment, we assume that the primary
continuum X-ray source is located a small distance above the disk surface (the “local
corona approximation”) and radiates a fixed fraction of the energy dissipated in the
underlying disk. Then, even assuming a near-maximal rotating black hole (with
a = 0.998), these data cannot be adequately described with a model consisting of
a standard Novikov and Thorne (1974) accretion disk – the model simply cannot
reproduce the centrally concentrated emission pattern inferred from these data
(Figure 2a). One can attempt to rescue the standard disk model by supposing that a
larger portion of the total dissipation in the disk is channeled into the X-ray emitting
corona as one moves to smaller radii. However, since 30–50% of the bolometric
power of MCG-6-30-15 seems to emerge through the X-ray emitting corona, one
cannot decouple it entirely from the dissipation distribution. In the most extreme
model (which provides an adequate but not the best fit to the data), all of the

Figure 2. Broad iron line fit assuming that the line emission tracks the underlying disk dissipation of
(a) a standard (Novikov and Thorne, 1974) accretion disk and, (b) an Agol and Krolik (2000) torqued
accretion disk. Modified from Reynolds et al. (2004).
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dissipated energy is channeled into the X-ray emitting corona within the central
5 GM/c2, while the X-ray production efficiency is zero beyond that radius.

Our best-fitting model consists of a strongly torqued accretion disk in which the
extreme central concentration originates from a magnetic torque by the plunging
region or the rotating black hole (Reynolds et al., 2004; Figure 2b) – the work
done by the torque is dissipated in the main body of the accretion disk and, with
some efficiency, energizes the inner regions of the X-ray emitting corona. If this is
really the correct description of the physics at play, the data argue that the accretion
disk is in an extreme torque-dominated state, i.e., the disk is predominately shining
through the release of black hole spin energy.

MHD simulations suggest that magnetic connections between the plunging re-
gion and the body of an accretion disk tend to be rather sporadic. It is then tempting
to identify MCG-6-30-15’s transition into the Deep Minimum State as the (tem-
porary) onset of a significant inner torque. The fact that the overall luminosity of
a disk necessarily increases when an inner torque is applied (due to the dissipa-
tion of the extra work done by the inner torque), in contrast to X-ray flux drop
observed during the Deep Minimum State, may be a problem for this model. How-
ever, the enhanced returning radiation associated with the torque-induced emission
will strongly Compton cool the X-ray corona leading to a steepening of the X-ray
continuum and (possibly) a large-scale condensation-driven collapse of the corona.
Such effects may be responsible for the X-ray flux decrease (Garofalo and Reynolds,
2005).

It is also possible that the local-corona approximation is not valid. If the X-
ray emitting source is a significant height above the optically thick part of the
accretion disk, the hard X-ray continuum photons will be gravitationally focused
into the central regions of the accretion disk (see Andy Fabian’s contribution in
these proceedings). Aspects of this scenario have been explored by many authors
including Martocchia and Matt (1996), Reynolds and Begelman (1997) and Miniutti
and Fabian (2004). This suggests an alternative picture in which the Deep Minimum
State is produced when the X-ray source is located at mid/high latitudes very close
to the black hole. The centrally concentrated X-ray reflection results from the
gravitational focusing, and the decrease in the observed continuum X-ray flux is a
natural consequence of the fact that the continuum photons are focused away from
the observer (Reynolds and Begelman, 1997; Miniutti and Fabian, 2004). We note
that this scenario does not diminish the need for exotic spin-related astrophysics
– the base of a spin-driven magnetic jet is an obvious candidate for this elevated
continuum X-ray source.

5. Conclusion and the Future of Black Hole Studies

Current data are already allowing us to probe black hole physics within a few grav-
itational radii of the event horizon, and may well be giving us the first observational
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glimpses of physics within the ergosphere. But this is just the beginning of X-ray
astronomy’s exploration of strong gravity, not the end of the road. The enormous
throughput of Constellation-X will allow us to probe detailed time variability of
the iron line. Dynamical timescale line variability, an easy goal for Constellation-
X, will allow us to follow non-axisymmetric structures in the disk as they orbit
(Armitage and Reynolds, 2003; also see Iwasawa et al. (2003) for the first hint of
such structure in XMM-Newton data). This gives us a direct probe of an almost
Keplerian orbit close into a black hole. Furthermore, line variability on the light
crossing time will allow us to probe relativistic reverberation signatures (Reynolds
et al., 1999; Young and Reynolds, 2000), essentially giving us a direct probe of the
null geodesics in the spacetime. Together, these variability signatures will allow
true tests of strong-field GR.

There is no compelling reason to believe that GR fails on the macroscopic scales
probed by either X-ray or gravitational wave studies of astrophysical black holes.
In the event that GR is verified, both X-ray and gravitational wave observations will
allow unambiguous measurements of black hole spins. Gravitational wave obser-
vations with LISA of a stellar mass black hole spiraling into a 106 M
 black hole (a
so-called Extreme Mass Ratio Inspiral; EMRI) will allow precision measurement
of the supermassive black hole’s spin as well as tests of the no-hair theorem and the
Kerr metric. The event rates of such sources is quite uncertain, however, partially
due to the recent evidence for “anti-hierarchical” black hole growth (e.g., Marconi
et al., 2004) and its implications for the number density of 106 M
 black holes in
the cosmic past. X-ray spectroscopy with Constellation-X provides a crucial paral-
lel track of study in which we can obtain measurements of black hole spin across
the whole mass range of astrophysical black holes (i.e., stellar, intermediate, and
supermassive) using spectral features that are already known to exist. Only then can
the demographics and astrophysical relevance of black hole spin truly be gauged.
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Abstract. We examine the XMM X-ray spectrum of the low-ionisation nuclear emission-line region
(LINER)-AGN NGC 7213, which is best fit with a power law, Kα emission lines from Fe I, Fe XXV

and Fe XXVI and a soft X-ray collisionally ionised thermal plasma with kT = 0.18+0.03
−0.01 keV. We find a

luminosity of 7×10−4 LEdd, and a lack of soft X-ray excess emission, suggesting a truncated accretion
disc. NGC 7213 has intermediate X-ray spectral properties, between those of the weak AGN found
in the LINER M 81 and higher luminosity Seyfert galaxies. This supports the notion of a continuous
sequence of X-ray properties from the Galactic Centre through LINER galaxies to Seyferts, likely
determined by the amount of material available for accretion in the central regions.

Keywords: X-rays: galaxies, galaxies: active, galaxies: Seyfert, galaxies: individual, NGC 7213

1. Introduction

Low-ionisation nuclear emission-line region (LINER) galaxies are characterised
by optical emission-line ratios which indicate a low level of ionisation (Heckman,
1980). The origin of these emission lines is still the subject of debate: the lines are
attributed either to shock heating (Baldwin et al., 1981) or to photoionisation by a
central AGN (Ferland and Netzer, 1983; Halpern and Steiner, 1983). NGC 7213 is
a nearby (z = 0.006) S0 galaxy with AGN and LINER characteristics. It is clear
that there is an AGN in this source, classified as a Seyfert 1 (Phillips, 1979). Optical
emission lines are observed from this galaxy with velocities ranging from 200 to
2000 km s−1 FWHM (Filippenko and Halpern 1984, hereafter FH84). FH84 argue
that this emission comes from photoionisation by the AGN of clouds spanning a
range of densities and velocities.

Since its discovery as a low luminosity X-ray source (Marshall et al., 1978)
NGC 7213 has been observed with several X-ray missions, showing a power law
shaped spectrum with an Fe I Kα line. Excess emission has been detected at higher

∗This work is based on observations obtained with XMM-Newton, an ESA science mission with
instruments and contributions directly funded by ESA Member States and the USA (NASA).
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energies, best explained as weak narrow emission lines from highly ionised iron.
The same data have no significant reflection hump, suggesting that the Fe I Kα line
originates in Compton-thin material (Bianchi et al., 2003, hereafter B03, BeppoSAX
PDS+XMM pn). The presence of a soft X-ray excess in NGC 7213 was also inferred
by those observations and EXOSAT results (Turner and Pounds, 1989).

Here we present the full XMM observation of NGC 7213 including high-
resolution spectra from the RGS instruments. Identifying the physical mechanisms
producing the X-ray emission may help to reveal the origin of the optical emission
lines where at present neither shock heating nor photoionisation by the AGN can be
ruled out. We also discuss the relationship between Seyfert galaxies and LINERs.

2. XMM Observations and Spectral Fitting

NGC 7213 was observed on 28/29 May 2001 with XMM in the RGS GT Programme.
The exposure times are 46 448 s for MOS1, 42 201 s for pn and 46 716 s for each
RGS instrument. The source is piled up in MOS2. The MOS1 and pn spectra were
combined using the method of Page et al. (2003). The data were processed with
XMM SAS versions 5.2 and 5.4, and analysed using XSPEC v11.2. The Galactic
column used in all fits is NH = 2.04 × 1020 cm−2 (Dickey and Lockman, 1990),
errors are 90% confidence for one interesting parameter and line energies are rest
frame values.

RGS: The RGS spectrum of NGC 7213 is dominated by continuum emission,
but emission lines are present, particularly from O VII and O VIII. No significant
absorption lines or broad absorption features are observed. The features at 13.08 and
16.43 Å are low signal to noise data points coinciding with chip-gaps in the first
order spectra. To model the RGS spectrum we began with a power law, which is
rejected at >99.5% confidence. To improve the fit, we added a MEKAL thermal
plasma component, and obtain an acceptable fit with a best fit plasma temperature
of kT = 0.18+0.02

−0.01 keV and χ2/ν = 554/496. Addition of a second thermal plasma
component improves the fit only slightly. The O VII lines are reproduced well by
the 0.18 keV thermal plasma component, but there appears to be some emission
adjacent to O VIII Lyα in excess of the model prediction, perhaps indicating that
the higher temperature component is broadened by Doppler motions. There is no
significant blackbody-like soft-excess emission above the power law. The model
and data are shown in Figure 1.

The ‘G’ ratio of the intercombination (x + y) and forbidden (z) line strengths to
the resonance (w) line strength in the He-like triplet of O VII allows us to discrim-
inate collisionally ionised and photoionised emission (Porquet and Dubau, 2003).
We obtained the G ratio by fitting the 21–23 Å region with a power law and three
emission lines (Figure 2). Collisionally ionised plasmas have G ≈ 1, consistent
with that observed in NGC 7213, while photoionisation-dominated plasmas have
G ≥ 4, which is excluded at >95% confidence. A photoionised plasma that does
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Figure 1. The RGS spectrum of NGC 7213 with the best fitting model overplotted in grey. Prominent
emission lines and the O I K edge from the Galactic ISM are labelled.
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Figure 2. Upper panel: Close up of the He-like O VII triplet with best fitting power law plus
3-Gaussian model. Wavelength in Å. Lower panel: Confidence contours for the strengths of the for-
bidden and intercombination lines (x + y +z) and the resonance line (w). The solid, dashed and dotted
contour lines correspond to 68, 90 and 95% respectively for two interesting parameters. G = 1 is ex-
pected for a collisionally ionised plasma; a photoionised plasma should lie to the left of the G = 4 line.
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not lie along the line of sight could have G < 4 if the resonance line is enhanced
by photoexcitation (Coupé et al., 2004). But the 3d–2p lines of Fe XVII at ∼15 Å
should then also be enhanced relative to the 3s–2p lines at ∼17 Å, as is observed
in NGC 1068 (Kinkhabwala et al., 2002). This is not the case in NGC 7213, and so
we conclude that the emission lines in the RGS spectrum are predominantly from
collisionally ionised gas.

EPIC: A power law is clearly a poor fit to the 2–10 keV EPIC data. The presence
of reflection has been ruled out in B03, and these authors conclude that the excess
emission is explained with three Fe emission lines. Combination of the EPIC pn
and MOS1 data provides better statistics than pn alone. We fit a power law plus
three Gaussian lines of fixed narrow width (σ = 1 eV) to the 2–10 keV combined
pn–MOS1 spectrum. The best fit (χ2/ν = 212/169) has a power law photon index
of � = 1.73 ± 0.01, consistent with that found in the RGS soft X-ray data. The
centroid energies of the emission lines in the fit to the combined EPIC data are
indeed consistent with iron fluorescence in low ionisation material, Fe XXV and Fe
XXVI. We find equivalent widths of Fe I (which will include a small contribution
from Fe II to Fe XVII), Fe XXV and Fe XXVI Kα emission lines of 82+10

−13, 24+9
−11

and 24+10
−13 eV, respectively.

3. Discussion

NGC 7213 resembles a typical Seyfert galaxy, in that its 2–10 keV spectrum is
dominated by a �∼1.7 power law and a 6.4 keV Fe Kα emission line. Significant
emission from Fe XXV and Fe XXVI is also present, which are not normally
observed in the classical luminous Seyfert galaxies (e.g. NGC 5548, Pounds et al.,
2003; NGC 7469, Blustin et al., 2003), but appear to dominate the Fe Kα emission
in the nearby LINER M 81 (Page et al., 2004). The Fe XXV and Fe XXVI lines may
be produced by photoionisation of Compton-thin material by the nuclear X-ray
source (Bianchi et al., 2004), or may be collisionally ionised like the soft X-ray
thermal plasma. The soft X-ray emitting gas in Seyfert galaxies is usually found
to be photoionised (eg. IRAS 13349+2438, Sako et al., 2001), but unlike typical
Seyferts, the soft X-ray spectrum of NGC 7213 is more consistent with the emission
from a collisionally ionised plasma.

Many Seyfert galaxies show compelling evidence for an accretion disc surround-
ing the black hole in their X-ray spectra. The main indicators are a soft excess,
reflection, and broad Fe Kα line emission, all of which originate from the inner
parts of the accretion disc. None of these indicators are present in the XMM spectra
of NGC 7213. There is no evidence for an optical/UV bump and consequently the
AGN bolometric luminosity does not appear to be dominated by emission from an
optically thick, geometrically thin accretion disc. From combining our Lbol estimate
from the XMM+archival data SED with the mass estimate of MBH = 108.0 M

(Nelson and Whittle, 1995), we find that the luminosity of NGC 7213 is low, at
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approximately 7×10−4 LEdd. Therefore, it is likely that if there is an accretion disc
in NGC 7213, its inner edge is truncated at a larger radius than is typical in Seyfert
galaxies. This could be via an ADAF-type flow (Narayan and Yi, 1995), or the disc
may be in a ‘low state’ (Siemiginowska et al., 1996).

The lack of reflection (B03) implies the Fe I Kα line arises in Compton-thin
material. Thus, the central region of NGC 7213 appears to be deficient in the dense,
cool material. That LINERs have gas-poor central regions relative to Seyferts has
also been proposed by Ho et al. (2003) on the basis of their optical emission line
properties. It appears then that the low luminosities and therefore accretion rates of
LINER-AGN are a consequence of a shortage of material in their central regions.
In this case, LINERs are just fuel-starved AGN.

If we compare the XMM X-ray spectra of NGC 7213 and the nearest LINER
galaxy, M 81 (Page et al., 2003, 2004), the broad-band X-ray spectra of these two
galaxies look remarkably similar. Whilst the continua are comparable, we find
substantial differences in the emission line parameters. The X-ray spectrum of
NGC 7213 is much more Seyfert-like than that of M 81, owing to the stronger Fe
I Kα line and weaker soft X-ray lines. Therefore, NGC 7213 appears to bridge the
gap between ‘normal’ Seyfert galaxies and LINER galaxies such as M 81.

It appears that there is likely a continuous distribution of galaxy nuclei between
the LINERs and ‘normal’ Seyfert nuclei, over which the X-ray spectral features
characteristic of Seyferts such as the neutral Fe Kα line, become successively more
prominent, while characteristic LINER features such as soft X-ray emission lines
diminish in significance. Accretion rate onto the black hole with respect to the Ed-
dington rate is likely to be the overriding factor, with LINER galaxies accreting at
much lower rates than Seyfert galaxies (Ho et al., 2003) and containing truncated
discs. In fact, if we look at the observational properties of the Galactic Centre we see
that it may also fit into this continuous distribution since it contains a low-mass black
hole with an extremely low accretion rate: the emission from this region comes pre-
dominantly from thermal plasmas with strong soft X-ray emission (Baganoff et al.,
2003), and the strongest Fe Kα emission is observed at 6.7 keV (Tanaka et al., 2000).
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Abstract. The current paradigm of high energy spectroscopy tells us that light emitted from a wide
variety of objects has its origin close to the black hole event horizon. As such, these photons are subject
to general relativistic effects such as light-bending, gravitational lensing and redshift, time-dilation,
etc. These gravitational effects are well-understood from a theoretical standpoint and therefore, provide
a natural mechanism to test the properties of strong gravitational fields. To this end, we have developed
a new (semi-analytic) strong gravity code, capable of describing the contribution of photons that
perform multiple orbits of the hole. We apply this code to a simple Keplerian accretion disk in order
to understand the role played by the angular emissivity, black hole spin and higher order images in
forming the line profile.
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1. Introduction

Black holes are the ultimate test of strong gravity, spacetime so warped that not
even light can escape. By definition they have no emission (apart from Hawking
radiation), yet their immense gravitational potential energy can be tapped by any
infalling material. This can power a luminous accretion flow where the emission
has its origin close to the black hole event horizon, as is seen in many objects
including Active Galactic Nuclei, Galactic black hole binaries, Ultra-Luminous X-
ray Sources and Gamma Ray Bursts. Photons emitted in this region are subjected to
general relativistic effects such as light-bending, gravitational lensing and redshift,
as well as special relativistic effects as the emitting material will be moving rapidly
(e.g. Fabian et al., 2000). These are well-understood from a theoretical standpoint,
so accreting objects provide a natural laboratory to test the properties of strong
gravitational fields.

Calculations of the relativistic corrections to photon properties have been ongo-
ing for nearly three decades, starting with the classic work of Cunningham (1975)
who calculated the distortions expected on the spectrum of a geometrically thin,
optically thick, Keplerian accretion disc orbiting a Kerr black hole. Interest in these
calculations dramatically increased with the realisation that the accretion disc could
emit line as well as continuum radiation. Iron Kα fluorescence resulting from X-ray
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irradiation of the accretion disc can give a narrow feature, on which the relativistic
distortions are much more easily measured than on the broad accretion disc con-
tinuum (Fabian et al., 1989). Since then, several groups have developed numerical
codes that are capable of determining these effects both for standard discs (Dovciak
et al., 2004) and alternative emission geometries (Bursa et al., 2004).

Observationally, evidence for a relativistically smeared iron line first came from
the ASCA observation of the active galactic nuclei (AGN) MCG-6-30-15 (Tanaka
et al., 1995). Further observations showed evidence for the line profile being so
broad as to require a maximally spinning black hole (Iwasawa et al., 1996). More
recent data from XMM are interpreted as showing that the line is even wider than
expected from an extreme Kerr disk, requiring direct extraction of the spin energy
from the central black hole as well as the immense gravitational potential (Wilms
et al., 2001).

Such results are incredibly exciting, but X-ray spectral fitting is not entirely
unambiguous. There is a complex reflected continuum as well as the line (Nayakshin
et al., 2000; Ballantyne et al., 2001). For an ionised disk (as inferred for MCG-
6-30-15) the current models in general use (pexriv in the XSPEC spectral fitting
package) are probably highly incomplete (Ross et al., 1999). Complex ionised
absorption also affects AGN spectra (e.g. Kaspi et al., 2002) and the illuminating
continuum itself can have complex curvature rather than being a simple power
law.

However, in MCG-6-30-15 these issues have been examined in detail, and the
results on the dramatic line width appear robust (Fabian and Vaughan, 2003 ;
Reynolds et al., 2004). Thus, there is a clear requirement that the extreme rel-
ativistic effects are well modelled. There are two models which are currently
widely available to the observational community, within the XSPEC spectral fit-
ting package, diskline (based on Fabian et al., 1989) and laor (Laor, 1991). The
analytic diskline code models the line profile from an accretion disc around a
Schwarzschild black hole (so of course cannot be used to describe the effects in
a Kerr geometry). Also, it does not include the effects of light-bending (although
Fabian et al. (1989) outline a scheme for incorporating this) and hence does not
accurately calculate all the relativistic effects for r < 20rg (where rg = GM/c2).
By contrast, the laor model numerically calculates the line profile including light-
bending for an extreme Kerr black hole, but uses a rather small set of tabulated
transfer functions which limit its resolution and accuracy (Beckwith and Done,
2004).

In response to these limitations, we have developed a fast, semi-analytic code to
calculate relativistic corrections to photons properties in the gravitational field of
the Kerr black hole (Beckwith and Done, 2004, 2005). Here, we briefly introduce
the method implemented by the code to perform these calculations and apply this
technique to a simple Keplerian accretion disk in order to understand the role played
by the angular emissivity, black hole spin and higher order images in forming the
line profile.
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2. Calculating Relativistic Line Profiles

Line emission from a patch of disc with rest energy Eint subtends a solid angle
d� = r−2

o dα dβ on the observers sky at an energy Eo. This observer then measures
the amount of flux at the energy Eo to be:

Fo(Eo) = r−2
o

∫ ∫
g4ε(re, µe)δ(Eo − gEint) dα dβ (1)

where g = Eo/Eint is the redshift factor and dα dβ is the solid angle subtended by
each small patch of the disc in the observers frame of reference. The total amount
of flux at an energy Eo is then found by summing all dα dβ that fall within some
d E of Eo and the overall line profile is then generated by scanning over all possible
Eo.

An additional complication to this calculation is due to the dependence of the
observed radiation pattern on the emissivity law ε(xi ) (i = 1, . . . , n). Here, we
choose the emissivity law to have a two-parameter dependence, (i) the radial co-
ordinate from which the photon is emitted, re and (ii) the initial direction of the
photon with respect to the z-axis of the local disc frame, µe (see Figure 1). We
assume that the dependence of the emissivity law is separable, that is, we can write
ε (re, µe) = ε(re) f (µe). We choose ε(re) ∝ r−q

e and take q = 3, consistent with
gravitational energy release within the disc (Zycki et al., 1999). The choice of the
angular dependence is far more complex however, as it depends on the (poorly un-
derstood) vertical structure of the accretion disc, in particular, the ionisation state
of the material and so the choice of this dependence is not unique.

Figure 1. (Left panel) The coordinate system used for the disc. The emission is defined in the rest
frame of the disc material. The polar and azimuthal emission angles �, � are obtained by taking the
dot products of the photon four-momentum with the basis vectors of this frame, where µe = cos �.
This disc frame can be connected to the frame which co-rotates with the black hole spacetime via
a simple boost which depends on the velocity. (Right panel) Diagram showing the link between the
observers frame of reference and the global coodinate system defined by the black hole. Photons that
are emitted from the disc at some distance re from the hole are seen at coordinates α and β on the
image of the disc at the observer.
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Figure 2. Comparison of the relativistic line profiles generated for a maximal Kerr black hole (a =
0.998) viewed at an inclination θo = 30◦ with the inner edge of the disc located at rms = 1.235rg. The
line profiles here all implement the standard radial emissivity law of r−3

e and we show the line profiles
generated by three different angular emissivities, (i) f (µe) = 1 (solid lines); (ii) f (µe) ∝ (1+2.06µe)
(long dashed lines); (iii) f (µe) ∝ µ−1

e (short dashed lines). In the left-hand panel, the outer edge
of the disc is located at 20rg and there is a ∼35% difference in the height of the blue peak. In the
centre panel, the outer edge of the disc is located at 400rg, which reduces the difference in the height
of the blue peak to ∼25%. Finally, in the right-hand panel, the outer edge of the disc is located at 6rg,
(the formal best fit to the MCG-6-30-15 data set), resulting in a difference in the height of the blue
beak of ∼40%. For comparison we also show a limb darkened profile obtained from a very different
radial emissivity of r−4.5

e (dotted line), which is very similar in characteristic to the r−3
e optically thin,

limb-brightened case (short dashed line).

3. The Role of Angular Emissivity and Black Hole Spin

Different angular emissivity laws can have striking effects on the form of the rela-
tivistic line profile, which we illustrate in Figure 2 for a maximal Kerr black hole
(a = 0.998) viewed at an inclination θo = 30◦. The line profiles here all implement
the standard radial emissivity law of r−3

e and we show the line profiles generated by
three different angular emissivities, (i) f (µe) = 1 (solid lines), corresponding to an
optically thick disk; (ii) f (µe) ∝ (1 + 2.06µe) (long dashed lines) corresponding
to an optically thick, limb-darkened disk (Laor, 1991); (iii) f (µe) ∝ µ−1

e (short
dashed lines) corresponding to an optically thin, limb-brightened disk (the limiting
case of ionised material). In the left-hand panel of the figure, the disc extends from
the marginally stable orbit, rms = 1.235rg to rout = 20rg. There is ∼35% differ-
ence in the height of the blue peak depending of the form of the angular emissivity
used.

However, such a limited range of radii is probably not very realistic. The disc
should extend out to much greater distances from the black hole, where the relativis-
tic effects (including light-bending) are less extreme. However, realistic emissivities
strongly weight the contribution from the innermost regions, so the effective dilu-
tion of the relativistic effects by including the outer disc is not overwhelming. The
centre panel of Figure 2 shows the line profiles generated using the same angular
emissivity laws for a disc extending from 1.235 to 400rg, again with θo = 30◦.
There are still significant differences in the line profiles, with ∼25% difference in
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the height of the blue peak while the red wing slope changes from Fo(Eo) ∝ E3.5
o

(limb darkened) to ∝ E2.5
o (limb brightened).

Despite the expectation of an extended disc, some recent observational studies
(e.g. Reynolds et al., 2004) have tentatively suggested that the disc is very small,
from ∼1.235 to 6rg. This enhances the importance of light-bending. The right-
hand panel of Figure 2 shows the line profiles for a disc extending from 1.235
to 6rg. The blue peak height differences are ∼40%, and the red wing slopes are
different. For comparison we also show a limb darkened profile obtained from
a very different radial emissivity of r−4.5

e (dotted line). This is very similar to the
extreme limb brightened profile obtained from the r−3

e radial weighting. We caution
that uncertainties in the angular distribution of the line emissivity can change the
expected line profile due to light-bending effects even at low/moderate inclinations,
and that this can affect the derived radial emissivity.

Currently, the only available models in XSPEC have either zero or maximal spin. A
zeroth-order approximation to spacetimes with different spins is to use the maximal
Kerr results but with a disc with inner radius given by the minimum stable orbit
for the required value of a (e.g. Laor, 1991). We test this for the most extreme
case of a = 0 modelled by a maximal Kerr spacetime with rmin = 6rg. Figure 3
(left-hand panel) compares this with a true Schwarzschild calculation for a disc
extending from 6 to 400rg with θo = 30◦ for a range of angular emissivities. The
differences between the spacetimes (for a given angular emissivity) are at most
∼5%. This is roughly on the same order as the effect of changing the angular
emissivity, which is much reduced here compared to Figure 2 due to the larger

Figure 3. As in Figure 2 for maximal Kerr (a = 0.998, black lines) and Schwarzschild (a = 0,
grey lines) black holes. Here, the disc extends from the minimum stable orbit for the Schwarzschild
black hole, rms = 6–400rg (left-hand panel) and 20rg (right-hand panel). For the extended disc, the
differences between the line profiles produced for the same sized disc in different assumed spacetimes
is of order ∼5% for a given angular emissivity. Reducing the radial extent of the disc enhances these
differences to ∼15% (left-hand panel).
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rmin. Assumptions about both spin and angular emissivity become somewhat more
important for smaller outer disc radii. Figure 3 (right-hand panel) shows this for a
disc between 6 and 20rg.

4. The Contribution of Higher Order Images

The contribution of higher order images to the observed flux is dependent both on
the location of the observer and the angular momentum of the hole itself, together
with the assumed geometry and emissivity of the accretion flow. For an optically
thick accretion disc then any photons which re-intersect the disc after emission
will be either absorbed (and then re-emitted) or reflected by the material. Figure 4
shows the contributions of both the direct (N = 0) and higher order (N = 1 and 2)

Figure 4. The contribution of orbiting photons (higher order images) to a distant observers image
of a geometrically thin, optically thick, Keplerian accretion disc around Schwazschild (top row)
and extreme Kerr (bottom row) black holes. In both cases the observer is located at radial infinity
with θo = 85◦, the disc extends from the marginally stable orbit (6rg for Schwarzschild, 1rg for
extreme Kerr) to 20rg and the images are coloured by the associated value of the redshift parameter,
g = Eo/Ee. From left to right, the panels show the contributions from (i) the direct (N = 0) image,
(ii) the first-order (N = 1) image and (iii) the second-order (N = 2) image.
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Figure 5. Relativistic line profiles generated from the images shown in Figure 4 using the emissivity
laws described in Figure 2. As in Figure 4, lines generated by the Schwarzschild black hole are shown
on the top row, extreme Kerr on the bottom and from left to right the panels show the contributions
from the N = 0, . . . , 2 images. Line profiles generated by the zeroth-order photons have the standard
skewed, double peaked structure. Those generated by the first-order photons have a similar structure,
whilst those from the second-order photons are far more complex.

images of a geometrically thin disc extending from rms to 20rg, viewed at θo = 85◦

for both Schwarzschild and maximal Kerr black holes. The principle effect of black
hole spin for the accretion disk dynamics is to move the location of the marginally
stable orbit, rms and hence the location of the inner edge of the accretion disc. In
the case of the Schwarzschild hole, the inner edge of the accretion disc is located
at 6rg, above the radius of the unstable photon orbits (3rg) so higher order image
photons which cross the equatorial plane below 6rg are not absorbed by the disc
and may be able to freely propagate to the observer. This contrasts with the extreme
Kerr hole behaviour, where the accretion disc extends down to 1rg, intersecting the
allowed radial range of the unstable photon orbits (1rg ≤ rc ≤ 4rg) and hence a
large fraction of these orbiting photons return to the disc in the case of a rotating
black hole.

To understand how the astrophysical properties of the accretion flow couple to
the gravitational field of the black hole, we generate relativistically smeared line
profiles, applying the same emissivity laws that were described in the preceding
section (Figure 5). The top and bottom rows of the figure again correspond to the
Schwarzschild and extreme Kerr cases, respectively, with the image order running
from N = 0 to 2, left to right.

Turning our attention to the Schwarzschild case, we see that, for the direct image,
limb darkening boosts the effects of gravitational lensing, enhancing the flux from
the far side of the hole. This is because these photons are strongly bent, i.e. are
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emitted from a lower inclination angle than that at which they are observed, so a
limb darkening law means that the flux here is higher (Beckwith and Done, 2004).
The Doppler shifts are rather small for this material, so this lensing enhances the
flux in the middle of the line. Since the line profiles are normalised to unity, this
means that the blue wing is less dominant.

The first-order spectra retains the characteristic double peaked and skewed
shape, and again the principle effect of the different angular emissivities is to alter
the balance between the blue wing and lensed middle of the line. However, there is
some new behaviour for the limb brightened emissivity. This has the largest change
in emissivity with angle, and this combined with the exquisite sensitivity of lensed
paths means that this picks out only a small area on the disc, leading to a discrete
feature in the spectrum. The profile also shows enhancement of the extreme red
wing of the line, as the photons which orbit generally are emitted from the very
innermost radii of the disc.

The discrete features are completely dominant for all emissivities at second-
order. These are images of the top of the disc where the photons have orbited the
black hole, so the paths are even more sensitive to small changes than first-order.
Thus the profiles are significantly more complex in structure, being dominanted by
lensing. There are blue and red features at the extreme ends of the line profile which
are picking out the maximum projected velocity of the innermost radii of the disc.
These have the standard blue peak enhancement. However, the two strong features
redward of this are a pair of lensed features, from the near and far side of the disc.

For the direct image of the extreme Kerr hole, the line exhibits the characteristic
triangular shape previously reported by (Laor, 1991), with the variation in angular
emissivity acting to alter the balance between the different regions of the line on
a ∼5% level. The line associated with the first-order image exhibits a marked
difference in comparison to those associated with the Schwarzschild black hole,
being both broader and resembling a skewed Gaussian combined with a narrow line
(due to caustic formation) at g ≈ 1.0. Here the principle effect of changes in the
angular emissivity is to alter the height of the blue wing, relative to the rest of the
line. Again, the line profile associated with the second-order image are completely
dominated by discrete features, as in the Schwarzschild case.

5. Conclusion

Recent observational studies have provided evidence for highly broadened fluores-
cent iron Kα lines. While there are a variety of line profiles seen (e.g. Lubinski and
Zdziarski, 2001), there are some objects where the line implies that there is material
down to the last stable orbit in a maximally spinning Kerr spacetime (most notably
MCG-6-30-15: Wilms et al., 2001). However, the strong gravity codes generally
used to model these effects are now over a decade old. Increased computer power
means that it is now possible to improve on these models. We describe our new code
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to calculate these effects, which uses fully adaptive gridding to map the image of
the disc at the observer using the analytic solutions of the light travel paths. This is
a very general approach, so the code can easily be modified to incorporate different
emission geometries.

Relativstically smeared line profiles are generated by convolving the observed
area of the disc (at a given energy) with an emissivity law describing energy release
in the rest frame of the emitter. This emissvity law is not only dependent on the
location of the emitter within the disc, but also the initial direction that a photon is
emitted in. Light-bending means that a range of initial photon directions contribute
to the observed radiation spectrum at a given inclination. As such, the emissivity
law convolves together the effects of strong gravity and the astrophysics of the
accretion flow, which in the most extreme case can play a ∼40% role in shaping
the internal structure of the line profile. By contrast, black hole spin plays at most
a ∼15% role in shaping the internal structure (keeping the inner edge of the disc
fixed).

Our code is capable of calculating both the imaging and spectral contributions of
higher order images to the standard picture of relativstically smeared line profiles.
As has long been known, the major amplification effects of gravitational lensing
are for the first-order paths from the far side of the underneath of the disc viewed at
high inclination, i.e. photons initially emitted downwards on the far side of the black
hole, which are bent by gravity up above the disc plane. For a disc viewed edge-on,
the spectral signature of these first-order photons retains the characteristic skewed,
double-peaked shape in the Schwarzschild case, whilst in the extreme Kerr case,
the line resembles a skewed Gaussian. By contrast, the spectra of the second-order
image is dominated by discrete spectral features in both cases.
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Abstract. Several AGN and black hole X-ray binaries show a clear very broad iron line, which is
strong evidence that the black holes are rapidly spinning. Detailed analysis of these objects shows
that the emission line is not significantly affected by absorption and that the source variability is
principally due to variation in amplitude of a power-law. Underlying this is a much less variable,
relativistically-smeared, reflection-dominated, component which carries the imprint of strong gravity
at a few gravitational radii. The strong gravitational light bending in these regions then explains the
power-law variability as due to changes in height of the primary X-ray source above the disc. The
reflection component, in particular its variability and the profile of the iron line, enables us to study
the innermost regions around an accreting, spinning, black hole.

Keywords: accretion, accretion disks, black hole physics, x-rays: galaxies

1. Introduction

Radiatively-efficient accreting black holes are expected to be surrounded by a dense
disc radiating quasi-blackbody thermal EUV and soft X-ray emission. Hard X-ray
emission originates via Comptonization of that soft radiation in a corona above the
disc, fed by magnetic fields from the body of the disc. Irradiation of the dense disc
material by hard X-rays then gives rise to a characteristic ‘reflection’ spectrum,
computed examples of which are shown in Figure 1 (from Ross and Fabian, 2004).

Most of the power is radiated from close to the smallest disc radii which for a
non-spinning black hole is 6rg, where rg = G M/c2. For a spinning (Kerr) black hole
it reduces as the spin increases (Bardeen et al., 1972) to 1.23rg for what is assume
to be maximal spin (Thorne, 1974). Relativistic effects then affect the appearance
of the reflection spectrum through Doppler, aberration, gravitational redshift and
light bending effects (Fabian et al., 1989; Laor, 1991). The dominant feature in the
spectrum seen by a distant observer is an iron line with a broad skewed profile.

Broad iron lines seen in the spectrum of several active galaxies and galactic black
hole binaries are reviewed here. The cases for relativistic lines in the Seyfert galaxy
MCG-6-30-15 and the X-ray binary GX 339-4 are very strong, indicating that those
black holes are rapidly spinning. The puzzling spectral variability of such sources
is now beginning to be understood within the context of emission from the strong
gravity regime (Miniutti and Fabian, 2004). Some active galactic nuclei (AGN)
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Figure 1. Computed reflection spectrum as a function of ξ = F/n, where n is the density of the
surface (Ross and Fabian, 2004).

and X-ray black hole binaries show either no line or only a narrow one. This is
discussed within the context of state changes and jetted emission observed in the
galactic black holes.

2. MCG-6-30-15

The X-ray spectrum of the bright Seyfert 1 galaxy MCG-6-30-15 (z = 0.00775)
has a broad emission feature stretching from below 4 keV to about 7 keV. The shape
of this feature, first clearly resolved with ASCA by Tanaka et al. (1995), is skewed
and peaks at about 6.4 keV. This profile is consistent with that predicted from iron
fluorescence from an accretion disc inclined at 30◦ extending down to within about
six gravitational radii (6rg = 6G M/c2) of a black hole (Fabian et al., 1989; Laor,
1991). In part of the ASCA observation the line extended below 4 keV (Iwasawa
et al., 1996) which means that the emission originates at radii much less than 6rg,
probably due to the black hole spinning. XMM-Newton has observed MCG-6-30-15
twice (in 2000, Wilms et al., 2001 and 2001; Fabian et al., 2002a) and in both cases
the line extended down to about 3 keV (Figure 2a), implying the spin parameter
a > 0.93 (Dabrowski et al., 1997; Reynolds et al., 2004). This raises the exciting
possibility that the spin energy of the hole is being tapped (Wilms et al., 2001).

The X-ray continuum emission of MCG-6-30-15 is highly variable (see Vaughan
et al., 2003, Vaughan and Fabian, 2004 and Reynolds et al., 2004 for recent analy-
ses). If the observed continuum drives the iron fluorescence then the line flux should
respond to variations in the incident continuum on time-scales comparable to the
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Figure 2. Left panel: The broad iron line in MCG-6-30-15 from 2001 (Fabian et al., 2002). Right
panel: The light curve in 2001.

Figure 3. Left panel: Line profile variations in MCG-6-30-15 seen with ASCA in 1994 (left) and
1996 (right). Centre panel: Iron line variability in the last orbit of 2001 (from Iwasawa et al., 2004).
Right panel EPIC difference spectrum between the brighter and dimmer parts of the long XMM
observation, presented as a ratio to a power-law model fitted over the 3–10 keV band, with similar
spectra for RGS1 and 2 below (from Turner et al., 2004).

light-crossing, or hydrodynamical time of the inner accretion disc (Fabian et al.,
1989; Stella, 1990; Matt and Perola, 1992; Reynolds et al., 1999). This timescale
(∼100 M6 s for reflection from within 10rg around a black hole of mass 106 M6 M
)
is short enough that a single, long observation spans many light-crossing times. This
has motivated observational efforts to find variations in the line flux (e.g. Iwasawa
et al., 1996, 1999; Reynolds, 2000; Vaughan and Edelson, 2001; Shih et al., 2002).
These analyses indicated that the iron line in MCG-6-30-15 is indeed variable on
time-scales of ∼104 s (e.g. Figure 3), but that the general amplitude of the variations
was considerably less than expected and not directly correlated with the observed
continuum.

The long XMM-Newton observation (Fabian et al., 2002) showed that a sim-
ple two-component model (Shih et al., 2002) is sufficient to explain the observed
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Figure 4. Left panel: The two component model in which the PLC (solid line) varies considerably in
amplitude while the RDC (dashed line) varies little. Centre panel (top): Photon index � of the PLC
plotted against its normalization, (bottom): RDC normalization plotted against PLC normalization for
2001. Right panel: RDC vs. PLC normalizations for 2000.

spectral variability (Figure 1; Fabian and Vaughan, 2003; Taylor et al., 2003). The
model consists of a highly variable power-law component (PLC) plus a much less
variable harder component carrying the iron line (RDC, Figure 2a). It gives an ex-
cellent fit to the data, with the harder, line-carrying component dominating lowest
flux states of the observation (Fabian and Vaughan, 2003). That the variation is
driven by a power-law is evident from the difference spectra made by subtracting
the spectra of fainter parts of the lightcurve from those of brighter parts and fit-
ting the resulting ‘difference spectrum’. It is a power-law from 3 to 10 keV with
no iron-K features. On the assumption that this power-law continues to lower en-
ergies, where attenuation at low energies due to both galactic absorption and the
warm absorber in MCG-6-30-15 is seen. This demonstrates that there is no subtle
additional absorption influencing the shape of the extensive low-energy “red” wing
to the iron line. Small variations in the amplitide of the RDC are seen.

A detailed analysis of the XMM-Newton 2001 data by Turner et al. (2003, 2004)
shows, from a curve of growth analysis of the absorption lines and difference spectra,
that the warm absorber accounts for most of the soft X-ray spectral features and
that any distinct relativistically-broadened CNO lines (Branduardi-Raymont et al.,
2001; Sako et al., 2003) are weak.

2.1. INTERP RETATION

Explaining the relatively small variability of the RDC, compared with that of the
PLC, provides a significant challenge. It appears to be mostly due to reflection but it
is not simple reflection of the observed power-law component since that repeatedly
varies by factors of two or more on short time-scales; the RDC and PLC appear
partially disconnected. Since however, both show the effects of the warm absorber
they must originate in a similar location. As the extensive red wing of the iron line
in the RDC indicates emission peaking at only a few gravitational radii (G M/c2)
we assume that this is indeed where that component originates. In such extreme
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Figure 5. Left panel: Variation in amplitude of the RDC with height (knots at 1, 5, 10, and 20
gravitational radii) of the PLC. Right panel: Line profile changes with PLC height (Miniutti and
Fabian, 2004).

gravity the general relativistic bending of light is very large, boosting the strength
of reflection (Martocchia et al., 2000, 2002a,b; Dabrowski and Lasenby, 2001)
and can account for the behaviour of the components (Fabian and Vaughan, 2003;
Miniutti et al., 2003, 2004). How bright the PLC appears depends strongly on its
height above the disc. Much of the radiation is bent down to the disc and black hole
when the PLC is at a height of a few rg but less so above 20rg (Figure 5a).

Part of the source variability can thus be explained by an intrinsically constant
PLC changing height above the disc. Intrinsic variability of the PLC might also be
present. The RDC is expected to change little during PLC variations due to source
position but will change with intrinsic variability. Line profile changes with source
height is a discriminant (Figure 5b).

Tapping of black holes spin by magnetic fields in the disc is a strong possibility
to account for the peaking of the power so close to the hole (Wilms et al., 2001;
Reynolds et al., 2004).

3. Galactic Black Hole Binaries and NLS1

Broad iron lines have been found in several galactic black hole binaries (or black
hole candidates, BHC). The lines in GX 339-4 (Figure 6a, Miller et al., 2004a,b)
and XTE J1650-500 (Figure 6b, Miller et al., 2002a,b,c; Miniutti et al., 2004) are
among the best examples (see also Miller et al., 2002a,b,c, 2003; Martocchia et al.,
2002a,b). That in GX 339-4 shows a very broad red wing indicating that the black
hole is rapidly spinning. Changes in the strength of the iron line as the power-law
continuum varied during the outburst of XTE J1650-500 (Rossi et al., 2003) follow
the sense of the variation expected from the light-bending model (Figure 5a).

Narrow Line Seyfert 1 galaxies tend to show steep soft X-ray spectra and some-
times broad iron emission features. One extreme such object is 1H 0707-495 which
has a marked drop in its spectrum above 7 keV. This is either an absorption edge
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Figure 6. Left panel: The line in the BHC GX 339-4 (Miller et al., 2004a,b). Right panel: The broad
iron line in XTE J1650-500 (Miniutti et al., 2004).

Figure 7. Left panel: Ratio of the spectrum of the NLS1 1H0707 to a power-law fitted between 2 and
3 keV and above 7.5 keV. Right panel: Spectral decomposition of 1 H0707-495 in terms of a variable
power-law (dashed) and a blurred reflection component (dot-dashed) (from Fabian et al., 2004).

showing partial-covering in the source (Boller et al., 2002, 2004) or the blue wing
of a massive, very broad, iron line (Figure 7a, Fabian et al., 2002, 2004). A two
component, relativistically-blurred reflection plus power-law, model explains all
the complex spectrum, including its soft excess and broad line, together with its
rapid spectral variability. 1H 0707-495 is therefore an extreme Kerr hole.

4. Broad-Line-Free Sources

Some objects show no evidence for a broad line. Good examples from long XMM-
Newton exposures are Akn 120, which has no warm absorber (Vaughan et al., 2004),
and the broad line radio galaxy 3C 120 (Ballantyne et al., 2004).
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Various possibilities for the lack of any line have been proposed by the authors
of those papers including: (a) the central part of the disc is missing; (b) the disc
surface is fully ionized (i.e. the iron is); (c) the coronal emissivity function is flat,
which could be due to (d) the primary X-ray sources being elevated well above the
disc at say 100rg.

There are also intermediate sources where the data are either poor or there are
complex absorption components so that one cannot argue conclusively that there is
a relativistic line present. Some narrow line components are expected from outflow,
warm absorbers and distant matter in the source. One common approach in complex
cases, which is not recommended, is to continue adding absorption and emission
components to the spectral model until the reduced χ2 of the fit is acceptable, and
then claim that model as the solution. Very broad lines are difficult to establish
conclusively unless there is something such as clear spectral variability indicating
that the power-law is free of Fe-K features, as found for MCG-6-30-15, or for
GX 339-4 where the complexities of an AGN are not expected.

5. Generalization of the Light-Bending Model

Our interpretation of the spectral behaviour of MCG-6-30-15 and some other
sources means that we are observing the effects of very strong gravitational light
bending within a few gravitational radii of a rapidly spinning black hole. The short
term (10–300 ks) behaviour is explained, without large intrinsic luminosity vari-
ability, through small variations in the position of the emitting region in a region
where spacetime is strongly curved.

This implies that some of the rapid variability is due to changes in the source
position. Now BHC in the (intermediate) high/soft state have high frequency breaks
at higher frequency, for the same source, than when in the low/hard state (cf. Cyg
X-1, Uttley and McHardy, 2004). This additional variability when in the soft state
is identified with relativistic light-bending effects on the power-law continuum.

This picture suggests a possible generalization of the light-bending model to
unify the AGN and BHC in their different states. Note the work of Fender et al.
(2004) which emphasises that jetted emission occurs commonly in the hard state
of BHC. The key parameter may be the height of the main coronal activity above
the black hole. Assume that much of the power of the inner disc passes into the
corona (Merloni and Fabian, 2002) and that the coronal activity is magnetically
focussed close to the central axis. Then at low Eddington ratio the coronal height
is large (say 100rg or more), the corona is radiatively inefficient and most of the
energy passes into an outflow; basically the power flows into a jet. Reflection is
then appropriate for Euclidean geometry and a flat disc and there is only modest
broadening to the lines. If the X-ray emission from the (relativistic) jet dominates
then X-ray reflection is small (see e.g. Beloborodov, 1999). The high frequency
break to the power spectrum is low (∼0.001c/rg).
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When the Eddington fraction rises above say 10%, the height of the activity
drops below ∼20rg, the corona is more radiatively efficient and more high frequency
variability occurs due to light bending and the turnover of the power spectrum rises
above 0.01c/rg. The X-ray spectrum is dominated at low heights by reflection,
including reflection-boosted thermal disk emission, and a broad iron line is seen.
Any jet is weak.

The objects with the highest spin and highest accretion rate give the most extreme
behaviour. Observations suggest that these include NLS1 and some very high state,
and intermediate state, BHC. Some broad-line-free sources do not however, fit this
model, so more work is required.

6. Summary

A relativistically-broadened iron line is unambiguous in the spectra and behaviour
of a few objects. The strength and breadth of reflection features is strong evidence for
gravitational light bending and redshifts from a few rg. They indicate that a dense
disc extends close to the black hole, which must therefore, be rapidly spinning
(a/m > 0.8).

The potential for understanding the accretion flow close to a black hole is enor-
mous. Current observations are at the limit of XMM-Newton’s powers, which nev-
ertheless has enabled a breakthrough in understanding the spectral behaviour of
MCG-6-30-15 and similar objects. Similarities in the spectral and timing proper-
ties of AGN and BHC is enabling further progress to be made. Studies in the near
future with ASTRO-E2 followed by XEUS and Constellation-X in the next decade
will continue to open up the immediate environment of accreting black holes, within
just a few gravitational radii, to detailed study.

Acknowledgements

Thanks to G. Miniutti, S. Vaughan, K. Iwasawa and J. Miller for collaboration and
many discussions. The generalization of the light bending modelling was developed
with them and A. Merloni. The Royal Society is thanked for support.

References

Ballantyne, D., Fabian, A.C. and Iwasawa, K.: 2004, MNRAS 354, 839.
Bardeen, J.M., Press, W.H. and Teukolsky, S.A.: 1972, ApJ 178, 347.
Beloborodov, A.: 1999, ApJ 510, L123.
Boller, T., Fabian, A.C., Sunyaev, R.A. et al.: 2002, MNRAS 329, L1.
Branduardi-Raymont, G., et al.: 2001, A&A 365, L140.



BROAD IRON LINES IN AGN AND X-RAY BINARIES 105

Dabrowski, Y., Fabian, A.C., Iwasaka, K. et al.: 1997, MNRAS 288, L11.
Dabrowski, Y. and Lasenby, A.N.: 2001, MNRAS 321, 605.
Fabian, A.C. and Vaughan, S.: 2003, MNRAS 340, L28.
Fabian, A.C., Rees, M.J., Stella, L. et al.: 1989, MNRAS 238, 729.
Fabian, A.C., Vaughan, S.A., Nandra, K. et al.: 2002a, MNRAS 335, L1.
Fabian, A.C., Ballantyne, D.R., Merloni, A. et al.: 2002b, MNRAS 331, L35.
Fabian, A.C., Miniutti, G., Gallo, L. et al.: 2004, MNRAS 353, 1071.
Fender, R., Belloni, T.M. and Gallo E.: 2004, astro-ph/0409360.
Gallo, L. et al.: 2004, MNRAS 353, 1064.
Iwasawa, K. et al.: 1996, MNRAS 282, 1038.
Iwasawa, K. et al.: 1999, MNRAS 306, L19.
Laor, A.: 1991, ApJ 376, 90.
Martocchia, A., Matt G. and Karas, V.: 2000, A&A 312, 817.
Martocchia, A., Matt, G. and Karas, V.: 2002a, A&A 383, L23.
Martocchia, A., Matt, G. and Karas, V.: 2002b, A&A 387, 215.
Matt, G. and Perola G.C.: 1992, MNRAS 259, 433.
Merloni, A. and Fabian, A.C.: 2002, MNRAS 332, 165.
Miller, J.M. et al.: 2002a, ApJ 570, L69.
Miller, J.M. et al.: 2002b, ApJ 577, L15.
Miller, J.M. et al.: 2002c, ApJ 578, 348.
Miller, J.M. et al.: 2003, ApJ 338, 7.
Miller, J.M. et al.: 2004a, ApJ 601, 450.
Miller, J.M. et al.: 2004b, ApJ 606, L131.
Miniutti, G. and Fabian, A.C.: 2004, MNRAS 349, 1435.
Miniutti, G., Fabian, A.C. and Miller, J.M.: 2004, MNRAS 351, 466.
Miniutti, G. et al.: 2003, MNRAS 344, L22.
Reynolds, C.S. et al.: 2000, ApJ 533, 811.
Reynolds, C.S.: 2004a, MNRAS 349, 1153.
Reynolds, C.S.: 2004b, astro-ph/0410116.
Reynolds, C.S. et al.: 1999, ApJ 521, 99.
Ross, R.R. and Fabian, A.C.: 2004, MNRAS, submitted.
Rossi, S. et al.: 2003, astro-ph/0309129.
Sako, M. et al.: 2003, ApJ 596, 114.
Shih, D.C., Iwasawa, K. and Fabian, A.C.: 2002, MNRAS 333, 687.
Stella, L.: 1990, Nature 344, 747.
Tanaka, Y. et al.: 1995, Nature 375, 659.
Taylor, R., Uttley, P. and McHardy, I.: 2003, MNRAS 342, L31.
Thorne, K.S.: 1974, ApJ 191, 507.
Turner, A., Fabian, A. et al.: 2003, MNRAS 346, 833.
Turner, A., Fabian, A. et al.: 2004, MNRAS 353, 319.
Vaughan, S. and Edelson, R.: 2001, ApJ 548, 694.
Vaughan, S. and Fabian, A.: 2004, MNRAS 348, 141.
Vaughan, S., Fabian, A. and Nandra, K.: 2003, MNRAS 339, 1237.
Vaughan, S. et al.: 2004, MNRAS 351, 193.
Uttley, P. and McHardy, I.M.: 2004, astro-ph/0402407.
Wilms, J. et al.: 2001, MNRAS 328, L27.



THE EVOLUTION OF BLACK HOLE STATES

JEROEN HOMAN1 and TOMASO BELLONI2

1MIT Center for Space Research, 70 Vassar Street, Cambridge, MA 02139, USA
2INAF/Osservatorio astronomico di Brera, Via E. Bianchi 46, 23807, Merate (LC), Italy;

E-mails: jeroen@space.mit.edu, belloni@merate.mi.astro.it

(Received 2 December 2004; accepted 4 January 2005)

Abstract. We discuss the evolution of black hole transients on the basis of a few systems that were
intensively observed with the Rossi X-ray Timing Explorer (rxte). We focus on the global evolution
and the observed state transitions. Rather than giving a numerical recipe for classifying observations,
we try to identify times during outbursts at which clear changes occur in the X-ray variability, X-ray
spectral, or multi-wavelength properties.

Keywords: accretion, accretion disks, black hole physics, X-rays: stars, X-rays: binaries

1. Introduction

Since the launch of the Rossi X-ray Timing Explorer (RXTE) about ∼20 black hole
X-ray transients have been observed with enough coverage to study their global
evolution. These observations have provided a wealth of information and have
already led to a considerable increase in our understanding of these systems. In a
recent review by McClintock and Remillard (2004) a new classification scheme was
proposed for the spectral and variability states as observed in black hole transients.
McClintock and Remillard (2004) approached the states issue by identifying three
‘stable’ states in black hole transients. In this paper we approach the issue from an
other angle, focusing on the observed transitions, the overall evolution during an
outburst, and how X-ray changes relate to changes at other wavelengths.

2. State Definitions

Until the late 1990s it was generally assumed that the state of a black hole system
was determined by the instantaneous mass accretion rate, Ṁ . It was believed that as
the mass accretion rate increased, a source went through the following states (see
e.g. Esin et al., 1997): quiescence → low/hard → intermediate → high/soft → very
high. Observations with RXTE of sources like XTE J1550–564 have shown that such
a simple Ṁ-driven picture, with transitions only being triggered by changes in Ṁ , is
probably not able to explain the observed transition between the states. Homan et al.
(2001) suggested that an additional parameter may play a role in those transitions.
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They also suggested that the very-high state and the intermediate state(s) are one
and the same state and represent transitions between the low/hard and high/soft
states at different luminosities. The fact that most of the states were observed over
wide and overlapping ranges in luminosity also meant that attributes like ‘low’,
‘high’ and ‘very high’ had lost most of their significance.

McClintock and Remillard (2004) introduced a new classification scheme that
is partly based on the old five-state scheme, but no longer uses luminosity as a
selection criterion since it appeared that any of the active states may occur at any
luminosity. They still recognize a quiescent state, hard state, soft state (renaming
the latter the ‘thermal dominant state’), and very-high state (renaming it the steep
power-law state), but drop the intermediate state as a bona fide state. The three
active states are defined on the basis of the fractional contribution of the disk-flux
(or power-law flux) to the 2–20 keV spectrum, spectral power-law index, and the
strength of the power spectral continuum. All observations that cannot be classified
according to their state definitions, are combined into an intermediate state, in which
observations can show properties of any of the three main states.

Some of the state transitions discussed in this paper involve (and are defined
on the basis of) sudden changes in the properties of the quasi-periodic oscillations
(QPOs) in the ∼1–10 Hz range. Currently three types of these low-frequency QPOs
are recognized in black hole binaries, called type A, B and C (Wijnands et al., 1999;
Remillard et al., 2002). The three types can be distinguished on the basis of strength,
coherence, phase lags, energy dependence, harmonic content, and frequency sta-
bility on a time scale of days. Type C QPOs are the most common ones; they are
observed in the spectrally hard states over a wide range in frequency (∼0.1–10 Hz),
and are stronger and more coherent than the other two types. Type A and B QPOs
have only been observed in a few sources; they are only seen in the very-high/steep
power-law state, in a narrow frequency range (∼4–8 Hz). Recent observations of
H1743–322 (Homan et al., 2005b) suggest that these two types might be more
intimately related than was previously believed. Transitions from one type of QPO
to another always seem to involve type B (Casella et al., 2004), with transitions
between type C and B resulting in a clear change in the shape and strength of noise
continuum. The main reason for including QPO type in our discussion of black
hole states is that they provide an additional indication for changes in the accretion
flow that may not always show up as strong spectral transitions.

3. Global Evolution

Hardness–intensity diagrams (HIDs), in which the X-ray count rate is plotted versus
an X-ray color, provide a quick way to study the global evolution of black hole
transients during outburst. In Figure 1 we plot the light curves and HIDs of four
transients that were observed with RXTE between 1999 and 2003. It should be
noted that constant count rate levels in these HIDs correspond to substantially
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Figure 1. Light curves and hardness–intensity diagrams of four recent transients observed with the
RXTE/PCA. Count rates are in the ∼3–21 keV band and hardness is defined as the ratio of count rates
in the ∼6–19 and ∼3–6 keV bands. For GX 339–4, XTE J1859+226, and H1743–322, the outbursts
were observed to start in the upper-right corner, with the sources moving through the diagram in a
counter-clockwise direction. For XTE J1650–500 the initial rise was not observed with the PCA, but
ASM observations suggest it started in the upper-right corner as well, following a vertical path to the
lower-right corner, where the PCA coverage started.
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higher luminosities at hardness values close to 1 than at values of 0.001–0.01. The
HIDs are similar to each other in that all four sources seem to trace out (part of)
a counter-clockwise q-shaped track. Below a certain count rate the spectrum is
always very hard (i.e. in the hard state) and above the spectrum is either very hard
or very soft, except for two transitional phases (the ‘horizontal’ branches in the
HID). This means, as was noted by other authors as well (see e.g. Maccarone and
Coppi, 2003), that within a single outburst the hard → soft transition occurs at a
flux that is about a factor of 10–100 higher than the soft → hard transition. Note
that in GX 339–4 and XTE J1650–500 the hard → soft transition was rather fast,
while in XTE J1859+226 and H1743–322 the source lingered for a longer time at
intermediate colors.

While the sources shown in Figure 1 show a smooth overall movement through
their HID, the fast time variability and multi-wavelength properties allow one to
define a few rather sharp boundaries corresponding to state transitions. In the fol-
lowing, we will base our discussion of states mostly on the 2002/2003 outburst of
GX 339–4, the results of which will presented in Belloni et al. (2005b) and Homan
et al. (in preparation). Complete references for our discussion can be found in those
works.

4. A Detailed Look at the States

4.1. THE HARD STATE—RISE AND DECAY

Since pointed observations of a transient in outburst often start only when the
source already has a luminosity that is a factor of more than 104–105 above the
quiescent level, not much is known about the early evolution of outbursts. Thanks
to a monitoring campaign set up by David Smith and co-workers, the 2002/2003
outburst of of GX 339–4 was the first whose evolution could be followed from a
flux level that was only a factor of 10 above its 2000 quiescent level (Corbel et al.,
2003). In Figure 2 we show the early evolution of GX 339–4. From this figure it is
clear that before the first ASM detection the source luminosity had been increasing
for at least 40 days, initially slowly and later more rapidly.

Throughout these early stages of the outburst, until it had reached its peak 3–100
keV flux, the source was in the hard state: the strength of the broad-band variability
decreased from 45 to 30% rms and the energy spectrum was dominated by a power
law component, with the index slowly increasing from 1.3 to 1.4. During the rise the
frequencies of the noise components and the occasional QPO increased gradually.
An example of a power-density spectrum from this state in GX 339–4 is shown in
Figure 3.

Just after reaching its peak flux, increases in the power-law index and noise/QPO
frequencies accelerated. Also, a strong increase of the spectrally soft disk compo-
nent and a substantial decrease in the optical/IR flux (see Figure 4) were observed
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Figure 2. An RXTE light curve of the rise of the 2002/2003 outburst of GX 339–4. The times of the
first significant PCA and ASM detections are indicated, as are the pre-outburst and quiescence levels.
The two gray lines show the presence of two different time scales during the early rise.

at that time, with the latter probably being the result of the jet switching off (or
starting to, Homan et al., 2005a). At this point the source entered an intermediate
state (see Section 4.2), with the transition from the hard state being visible as an
almost 90◦ turn to the left in the HID. Note that in the definition of McClintock
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Figure 3. Examples of power-density spectra of GX 339–4 from the four states discussed in the text.
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Figure 4. Left panel: X-ray/IR correlation for the first part of the 2002/2003 outburst of GX 339–4
(Homan et al., 2005a). The different behavior for the different states is evident. Right panel: HID of
the two most recent outbursts of GX 339–4: 2002/2003 (gray) and 2004 (black).

and Remillard (2004) sources stay in the hard state until the power-law steepens
beyond an index of 2.1. In our view the hard state is limited to only the hardest
power-law dominated spectra with indices around 1.3–1.5, as many changes occur
(simultaneously) when the power-law becomes steeper.

At the end of the 2002/2003 outburst GX 339–4 returned to the hard state, similar
to what is observed in most, if not all, black hole transients. In the HID this can be
nicely seen as the lower horizontal branch bending down to start running parallel to,
and in fact nearly on top of, the hard state branch that was traced out during the rise.
Such ‘saturation’ of the spectral hardness was also observed in XTE J1650–500
(Rossi et al., 2003, see also Figure 1). It is interesting to note that once GX 339–4
reached the hardness at which it originally left the hard state branch, the optical/IR
showed a strong increase (see light curves in Bailyn and Ferrara, 2004), indicating
that the jet does not become visible in the optical/IR (or switch on) until the hard
state branch is reached (as was already suggested by Kalemci et al. (2005) based
on observations 4U 1543–47). The spectral hardening towards the hard state is not
necessarily a monotonic process, as can be seen in the HID of GX 339–4 and XTE
J1859+226.

Observations of hard state branches extending over many orders of magnitude in
GX 339–4 and XTE 1650–500 indicate that the hard state accretion flow geometry
(which likely gives rise to strong outflows) can exist over a wide range in mass
accretion rate.

4 .2 . THE HARD-STATE ↔ SOFT-STATE TRANSITIONS

Immediately after leaving and before returning to the hard state, black hole transients
are observed in an intermediate state, with spectral power-law indices between
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roughly 1.5–2.5. We are not aware of any exception to this. This state is different
from the hard state in several aspects. Depending on whether the intermediate
state is observed during the hard→soft or soft→hard transition, sources show a
clear steepening/flattening of the spectral power law component, a strong increase/
decrease in the noise and QPO frequencies, and an increasing/decreasing fractional
disk flux, compared to the hard state. All these properties evolve smoothly from and
to the hard state. In fact, without the HID and optical/IR information (see Figure 4)
it would be difficult to exactly pin-point the transition between these two states.
In the case of the hard→soft transition the movement to the left in the HID is due
to the combination of increased disk flux and steepening of the power law. In the
timing domain, the broad-band variability components seen in the power-density
spectrum increase their characteristic frequencies, showing an evolution that clearly
links them to the corresponding components in the hard state. A clear type C QPO
appears, also with a characteristic frequency increasing with time and decreasing
hardness (see Belloni et al., 2005). A typical power-density spectrum from the
intermediate state is shown in Figure 3.

It is important to note that the hard→intermediate state transition does not
always occur at the same flux level, as can be seen from Figure 4. During the 2004
outburst of GX 339–4 this transition occurred at a flux level that was about a factor
of 4 lower than in 2002. The transition in 2004 was preceded by a small hard state
outburst, which suggests that the flux level at which the transition occurs depends
on the recent accretion history. After passing through the intermediate GX 339–4
continued to brighten in the soft sate during its 2004 outburst.

Another important point to note is the fact that the occurrence of the intermediate
state does not seem to depend on the time derivative of Ṁ . In XTE J1650–500 it
occurred during the decay, but in GX 339–4 while Ṁ was apparently still increasing,
as witnessed by the second (soft) maximum in the light curve. However, in both
cases the transition resulted in a (temporary) drop in the count rate by a factor of ∼2.

Taking once more the 2002/2003 outburst of GX 339–4 as a template, we see
that when the hardness goes below a well-defined threshold, the timing properties
change sharply: a clear type B QPO appears in the power density spectrum (Figure 3,
see also Casella et al., 2004 for similar behavior in XTE J1859+226). In most
sources the change from type C to type B QPOs seems to take place when the
power-law index has a value around 2.5–3.0. In fact, power-laws with such indices
are accompanied by a great variety of timing properties: not only type A, B or C
QPOs, but also very weak variability like that seen in the soft state.

We will refer to the part of the transition during which the power-law index
changes between ∼1.5 and 2.5 and which shows type C QPOs and strong band-
limited noise as the hard intermediate state. The part of the transition where the
power-law index is relatively constant around a value of 2.5–3.0 and during which
the source occasionally shows type A and B QPOs on top of weaker red noise
will be referred to as the soft intermediate state. Note that in GX 339–4 the soft
intermediate state also showed observations with weak band limited noise and/or
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QPOs that we were not able to classify. It is therefore more a collection of different
types of behavior, between which the source could switch on a time scale of a day,
rather than a well-defined state.

It is important to note that the change from the hard intermediate to the soft
intermediate state was repeated again in the 2004 outburst at the same spectral
hardness. During the 2002/2003 outburst a huge radio flare/ejection event was
observed around the time of the change from the hard intermediate to the soft
intermediate state (Gallo et al., 2004; Fender et al., 2004). Although it is tempting
to associate such a flare with this transition, it should be mentioned that similar
radio events are also observed in GRS 1915+105 (Belloni et al., 2000), a source
for which characteristic type A and B QPOs were not observed to date. However,
given the fast time scales of transitions in this system, it is possible that such QPOs
appear for intervals shorter than for other sources, which would make them difficult
to observe.

It is during the soft intermediate state that most high-frequency QPOs have
been detected, indicating that there might be a relation between those and type
A/B QPOs; indeed, the frequencies of both features are not observed to vary by a
large amount between different observations. It is possible however that the high
frequency QPOs in soft intermediate state evolve from broader features in the hard
intermediate state, as is suggested by observations of XTE J1650–500 (Homan
et al., 2003). Notice that while the soft intermediate state is often observed at high
flux between the hard intermediate and the soft states, the same timing properties
are not observed at low flux, when the reverse transition takes place. Moreover,
in XTE J1550–564 (Homan et al., 2001) type A and B QPOs appeared at several
well separated luminosity levels, strongly suggesting they are not strictly related
to hard↔soft transitions. In GX 339–4 a strong 1-Hz QPO with some properties
similar to those of the type B QPOs is observed at low flux, indicating that it is
possible that a similar state exist also at much lower accretion rate, although with
different characteristic frequencies (Belloni et al., 2005).

4 .3 . THE S OF T STATE

During the soft state, which in GX 339–4 took place after the soft intermediate state,
the spectral and timing properties are rather well defined, although a single clear
transition from the soft intermediate state is hard to identify. The energy spectrum
of the soft state is dominated by a strong thermal component, with the presence of a
weak steep power-law component, which was not observed to show a high-energy
cutoff (see Grove et al., 1998). Variability in the soft state is weak compared to
the other states, with typical rms amplitudes of at most a few percent root mean
square. Unfortunately, by the time most transients reach the soft state they are
usually in the decay phase and observations have become shorter and less frequent,
so detailed studies of its variability properties are rare. Nevertheless, a few weak
QPOs have been detected in the soft states of GRO J1655–40, XTE J1550–564
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and H1743–322. These QPOs all had frequencies that were higher than the other
low frequency QPOs detected in those sources and the noise continua could all
be fitted with broken power law. Surprisingly, the QPO and break frequencies of
these power spectra fall on top of the Wijnands–van der Klis relation (Wijnands
and van der Klis 1999) for black holes in the hard and hard intermediate states.
This suggests not only that these might be type C QPOs, but more importantly, that
variability properties that once were thought to be characteristic of the hard and
hard intermediate states are still present in the soft state, although in a much weaker
form.

5. Discussion

Although the picture presented here is somewhat simplified, as additional com-
plications have been observed, we can sketch the states by using once more GX
339–4 as a template (see Figure 5 and Fender et al., 2004). As shown above, the
hard intermediate and soft intermediate states are kept separate, as both spectral
and timing evolution show marked differences.

The hard state and the hard intermediate states have much in common. Spectrally,
they are dominated by a hard component for which a high-energy cutoff is observed
(Grove et al., 1998). In the timing domain, the components observed in the power-
density spectrum in these two states are clearly related, as can be seen from the
evolution of their characteristic frequencies (Belloni et al., 2005). Nevertheless,
something happens to the accretion flow as the source moves from the low/hard
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Figure 5. The HID of the 2002/2003 outburst of GX 339–4. Clear transitions are marked by gray
segments. The branches corresponding to the four basic states in the q-track are labeled (Belloni et al.,
2005).
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state to the intermediate state, as can be seen from multi-wavelength studies (Homan
et al., 2005a). This is likely to be related to changes in the jet, which could be
responsible for part of the observed X-ray flux (Fender et al., 2004) as is also
indicated by the fact that radio emission is always observed in these states.

The soft state and soft intermediate state are spectrally somewhat related. The
energy spectrum is dominated by the thermal disk component, with a steep hard
component with no evidence of a high-energy cutoff. The power density spectrum
lacks band-limited components and shows only QPOs superimposed on a power-law
component. No radio emission is observed (i.e. only upper limits on the emission
from the compact source), indicating that the production of a jet is terminated at the
transition to soft intermediate state (Fender et al., 2004) and maybe even before.
During these states, the accretion flow is clearly different from the other two. In
terms of variability however, the soft state shares some properties with the hard
state and hard intermediate state, with the typical variability time scales following
the same relation as seen in those states. If the hard-state variability properties are
linked to jet production, the presence of related (but much weaker) variability in
the soft state could indicate a very weak (i.e. below current detection limits) jet in
that state as well.

In addition to these general properties, there is a number of important topics
whose detailed discussion is beyond the scope of the present paper. Most notably,
the fast transitions observed between different states (never involving the hard
state, which is only reserved for the beginning and the end of an outburst) need
to be studied in detail, as they probably hold the key for a deeper understanding
of the physics of the states and their association to the jet. Also, some sources
can have bright outbursts without ever leaving the hard state, indicating that once
again the instantaneous mass accretion rate is not what determines the transitions.
However, the recent history of the mass accretion rate may play an important role
(this can also be seen in Figure 4, as GX 339–4 was observed to leave the hard
state are very different flux levels). A secondary accretion flow (Smith et al., 2002;
Yu et al., 2004) or changes in the Compton cooling/heating in the accretion disk
corona (Meyer-Hofmeister et al., 2005) seem to be promising to explain some of
these issues. For example, delays between a fast (i.e. in terms of propagation speed)
secondary flow and a slower disk flow could account for the observed hysteresis.

In conclusion, the hysteresis behavior that can be seen from the HIDs in Figure 1,
put forward for the first time by Miyamoto et al. (1995), was found with RXTE to
be a characteristic pattern for black hole transients. Despite many complexities,
general features have been shown to relate to the ejection of powerful relativistic
jets, which can lead to a deeper understanding of the physical properties of the
accretion flow. The picture presented here, scaled to longer time scales, should also
be valid for AGNs. In these sources, there is no contribution of the optically thick
accretion disk in the X-ray band, but the path shown in Figure 5 is qualitatively
similar if the disk contribution is removed. Recently, Cui (2004) presented a very
similar diagram for the RXTE observations of the highly variable AGN Mkn 421,
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showing that indeed the scheme of accretion states could apply to systems over a
large scales of masses.
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Abstract. The rapid and seemingly random fluctuations in X-ray luminosity of Seyfert galaxies
provided early support for the standard model in which Seyferts are powered by a supermassive black
hole fed from an accretion disc. However, since EXOSAT there has been little opportunity to advance
our understanding of the most rapid X-ray variability. Observations with XMM-Newton have changed
this.

We discuss some recent results obtained from XMM-Newton observations of Seyfert 1 galaxies.
Particular attention will be given to the remarkable similarity found between the timing properties of
Seyferts and black hole X-ray binaries, including the power spectrum and the cross spectrum (time
delays and coherence), and their implications for the physical processes at work in Seyferts.

Keywords: X-rays, variability, active galaxies

1. Introduction

X-ray variability appears to be ubiquitous in active galactic nuclei (AGN). The rapid
and seemingly random fluctuations in the X-ray luminosity of Seyfert galaxies
provided early support for the standard black hole/accretion disc model (Rees,
1984) by implying compact emission regions and high luminosity densities (Bar
and Mushotzky, 1986).

2. The EXOSAT Era

EXOSAT (1983–1986) was the first mission to provide long (∼3 day), uninterrupted
X-ray observations of Seyfert galaxies. From these observations the X-ray power
spectra (see van der Klis, 1989) of Seyfert galaxies were measured for the first time
(Lawrence et al., 1987; Green et al., 1993; Lawrence and Papadakis, 1993). The
EXOSAT observations showed that the power spectra of Seyferts above ∼10−5 Hz
could be approximated by a power-law: P( f ) ∝ f −α where P( f ) is the power
at frequency f and α is the power spectrum slope. The measured slopes from the
EXOSAT observations were typically α ≈ 1.5. Processes such as these, which have
broad-band power spectra with more power at lower frequencies, are called “red
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noise” (see Press, 1978). It was noted early on (Lawrence et al., 1987) that this
red noise variability of Seyferts is similar to that observed in Galactic Black Hole
Candidates (GBHCs; Belloni and Hasinger, 1990; Nowak et al., 1999; McClintock
and Remillard, 2004), perhaps suggesting that the same physical processes operate
in these sources that differ in black hole mass by factors of �105.

3. Low Frequency Power Spectra from RXTE

The steep slopes found in the EXOSAT power spectra required there to be a flatten-
ing at even lower frequencies (so that the integrated power remains finite). In recent
years long RXTE monitoring observations have detected these breaks (e.g. Uttley
et al., 2002; Markowitz et al., 2003; see also the article by Ian McHardy in these
proceedings). Below the break the slope is typically αlo ≈ 1 and at frequencies
above the break the slope is αhi ≈ 2. (The EXOSAT power spectra spanned inter-
mediate frequencies and often measured an intermediate slope over the break.) The
breaks represent “characteristic time scales” in the aperiodic variability of Seyferts
and, significantly, appear to scale linearly with the mass of the central black hole:
fbreak ∝ 1/MBH.

4. XMM-Newton Results: High Frequency Power Spectra

Until the launch of XMM-Newton (Jansen et al., 2001) high frequency timing studies
of Seyferts were not able to substantially improve on the EXOSAT results. XMM-
Newton’s success is due to a combination of high throughput, broad energy bandpass
and long (∼ 2 day) orbit. Figure 1 shows an example of a broad-band (0.2–10 keV)
light curve from a single orbit observation.

Several Seyfert 1 galaxies have been studied with long XMM-Newton observa-
tions and yielded interesting power spectra. These include: NGC 4051 (McHardy
et al., 2004), Mrk 766 (Vaughan and Fabian, 2003), MCG – 6-30-15 (Vaughan et al.,
2003), NGC 4395 (Vaughan et al., 2004) (and also Ark 564; Vignali et al., 2004).
Figure 2 shows the power spectra for three of these. The XMM-Newton results
clearly reveal similar high frequency breaks in the power spectra (also measured

Figure 1. XMM-Newton light curve of Mrk 766 binned to 100 sec resolution.
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Figure 2. XMM-Newton power spectra of three Seyfert 1 galaxies. Shown are the binned data (his-
tograms) unfolded using the best-fitting broken power law continuum model (solid line). Note that
the ordinate is in f × P( f ) units (a slope of α = 1 would appear flat). Note that the figure shows
unfolded data, meaning the data/model residuals multiplied by the best-fitting model. This is neces-
sarily a model-dependent procedure and is not advisable if sharp features are present in the spectrum.
However, for these rather broad, smooth spectra unfolding does provide a clear, if slightly crude,
impression of the shape of the underlying spectrum free from sampling effects.

by RXTE in some cases) but clearly show a substantial object-to-object differences
in the normalisation of the power spectrum (which describes the overall variability
amplitude).

These XMM-Newton observations have also demonstrated the energy depen-
dence of the power spectrum. Above the break frequency the slope αhi tends to
be steeper at lower energies. This is clearly observed in MCG−6-30-15 (Vaughan
et al., 2003) and NGC 4051 (McHardy et al., 2004) but is not constrained by the
other observations. This energy dependence was also measured in NGC 7469 using
an intensive RXTE monitoring campaign (Nandra and Papadakis, 2001).

5. XMM-Newton Results: High Frequency Cross Spectrum

In addition to the energy dependence of the power spectrum, the excellent qual-
ity XMM-Newton light curves have allowed the cross spectrum to be investigated
in several Seyfert 1s for the first time. Prior to XMM-Newton only Papadakis
et al. (2001) had measured the cross spectrum for a Seyfert (NGC 7469 using
RXTE).

The cross spectrum compares the variations in one band with those in another as
a function of frequency. The amplitude of the cross spectrum gives the coherence
(Vaughan and Nowak, 1997) while the argument gives the phase lag (time delay;
Nowak et al., 1999). The coherence quantifies any (linear) correlation between the
variations in the two bands, irrespective of any time delays. The observations typ-
ically show high coherence at the lowest frequencies (i.e. strong correlation) with
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a decrease at higher frequencies which implies there are independent variations
between the two bands occurring on short time scales (Vaughan et al., 2003;
McHardy et al., 2004; Vaughan et al., 2004). At low frequencies, where the co-
herence is high, the data also exhibit small time delays, with the soft leading the
hard variations (Vaughan et al., 2003; McHardy et al., 2004). The magnitude of the
time delay decreases with increasing frequency (although the functional form of
the relation is poorly constrained).

6. Summary of Results

XMM-Newton has already made significant progress towards improving our under-
standing of the high frequency variability of Seyfert galaxies. The timing studies
have revealed:

– Similar broken power spectra in Seyferts but object-to-object differences in nor-
malisation (variability amplitude) and high frequency slope.

– Energy-dependent high frequency power spectrum slope (steeper at lower ener-
gies).

– High coherence at low frequencies, falling off at high frequencies.
– Small (�T ∼ 0.01/ f ) soft-to-hard time delays.

7. Comparison with GBHCs

The frequencies of the breaks in the power spectra are broadly consistent with the
long-held notion that the characteristic frequencies should scale as ∝ 1/MBH right
down to stellar mass black holes. Figure 3 shows the available data for 11 Seyferts.
Although the uncertainties are rather large, the data seem consistent with an ex-
trapolation of the fbr ∝ 1/MBH relation from the well-studied GBHC Cygnus X-1
(Belloni and Hasinger, 1990; Cui et al., 1996; Nowak et al., 1999; McClintock and
Remillard, 2004). Note that the break frequency measurements come from a combi-
nation of XMM-Newton and RXTE observations. Long XMM-Newton observations
are sensitive to breaks in the range ∼10−4–10−2 Hz while the RXTE monitoring
campaigns are sensitive to breaks at lower frequencies.

The connection between Seyferts and GBHCs is reinforced by the similarity
between their cross spectra. It is well known that GBHCs show highly coherent
variations at low frequencies with the coherence fading away at the highest fre-
quencies plus frequency dependent time lags similar to those measured in Seyferts
(Nowak et al., 1999; McClintock and Remillard, 2004). These all argue for mech-
anism responsible for producing the X-ray variability in GBHCs.

One may ask what advantage is gained by studying Seyferts in X-rays if GB-
HCs operate with the same physics but provide much higher quality data? One
answer is that Seyferts can in fact provide data that are in some senses better than
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Figure 3. The MBH − fbr relation for 11 Seyfert galaxies. The masses are from reverberation mapping
experiments except for the four objects marked using dotted error bars. Also shown are typical break
frequencies for Cyg X-1 in both its low/hard (H) and high/soft (S) states. The dotted lines show
example MBH ∝ 1/ fbr relations consistent with the Cyg X-1 points.

that from GBHCs for studying the highest frequencies. For example, comparing
MCG – 6-30-15 and Cygnus X-1 we see the time scales are longer by ∼105 in the
Seyfert, but the X-ray flux is smaller by ∼103. This means that per characteristic
time scale the Seyfert provides ∼102 more photons! Of course, GBHC enthusiasts
can argue that GBHCs reclaim much of their advantage even here because one can
always observe many (∼105) more samples of a given time scale in a fixed amount
of observing time, even if many less photons are recorded per time scale. Even so
the power spectrum of MCG−6-30-15 could be measured up to ∼ 5 × 10−3 Hz
using the XMM-Newton data. This is equivalent to probing ∼ 500 Hz in Cygnus
X-1, a challenge for even the best RXTE observations (Revnivtsev et al., 2000).

8. Implications for the Emission Processes

The X-ray emission mechanism operating in Seyfert galaxies (and GBHCs) is
usually thought to be inverse-Compton scattering. In the simplest models harder
photons are expected to lag behind the softer photons due to the larger number of
scatterings required to produce harder photons; the delay should be of order the
light-crossing time of the corona. The direction and magnitude of the observed time
lags in Seyfert 1s are consistent with an origin in a Comptonising corona. However,
if the lags are frequency dependent (as expected by analogy with Cygnus X-1)
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the lags at lower temporal frequencies would become much longer than expected
for a compact corona (see discussion in Nowak et al., 1999). In addition, some
models of Compton scattering coronae predict the high frequency PSD should be
steeper for higher energy photons, due to the high frequency fluctuations being
washed out by multiple scatterings (Nowak and Vaughan, 1996), contrary to the
observations. Alternatively, the time delay between soft and hard bands could be due
to the spectral evolution of individual X-ray events (Poutanen and Fabian, 1999) or
propagation of accretion rate variations through a extended emission region (Kotov
et al., 2001).
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Abstract. We present and discuss a short and simple derivation of orbital epicyclic frequencies for
circular geodesic orbits in stationary and axially symmetric spacetimes. Such spacetimes include
as special cases analytically known black hole Kerr and Schwarzschild spacetimes, as well as the
analytic Hartle-Thorne spacetime and all numerically constructed spacetimes relevant for rotating
neutron stars. Our derivation follows directly from energy and angular momentum conservation and
it uses the concept of the effective potential. It has never been published, except for a few special
cases, but it has already become a part of the common knowledge in the field.

Keywords: black holes, neutron stars, orbital motion, epicyclic frequencies

1. Introduction

Properties of congruences of nearly circular geodesic orbits in stationary and axially
symmetric spacetimes are studied because of their fundamental role in the theory of
accretion disks around compact objects with strong gravity. The Keplerian angular
frequency�K , the radial epicyclic frequencyωR and the vertical epicyclic frequency
ωV are the most important characteristics of these orbits. Analytic formulae for the
three frequencies in Schwarzschild, Kerr and Hartle-Thorne metrics have been
published many times by several authors (see e.g. Wald, 1984; Okazaki et al.,
1987; Perez et al., 1997; Nowak and Lehr, 1999; Marković, 2000; Abramowicz
et al., 2003) and are well known.

Here, we recall our unpublished (Abramowicz and Kluźniak, 2000) derivation
of the epicyclic frequencies in the general case. This fully relativistic derivation is
remarkably simple: just four short lines of very transparent, easy to check algebra.
It uses only invariantly defined quantities that have obvious physical meaning, and
it closely follows the standard Newtonian derivation that is equally short and based
on the concept of the effective potential.1

1The same simple method was used in the textbook by Wald (1984) in the special case of a static,
spherically symmetric metric.
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The standard Newtonian derivation of epicyclic frequencies is briefly recalled
in Section 2, where we also make a few comments on these properties of the orbital
frequencies that are not commonly appreciated. In Section 3, for the completeness
of presentation, we review some basic facts concerning relativistic formalism that
are directly relevant to the derivation of the orbital frequencies in Einstein’s theory.
The reader who is interested only in our four-line derivation may skip the next two
sections and start reading from Section 4.

2. Nearly Circular Geodesic Motion: Newton’s Theory

In Newton’s theory, circular geodesic orbits (i.e., Keplerian circular orbits of free
particles) occur at locations r = r0, θ = θ0, where the effective potential Ueff has
an extremum with respect to both radial r and polar-angle θ coordinates,2

(
∂Ueff

∂r

)
= 0 =

(
∂Ueff

∂θ

)
, Ueff ≡ �(r, θ ) + L2

2r2 sin2 θ
. (1)

The derivatives are taken at a constant angular momentum L . The gravitational
potential �(r, θ ) is assumed to be stationary – ∂�/∂t = 0; axially symmetric
– ∂�/∂φ = 0; and to have the equatorial symmetry plane at θ = π/2. From the
last assumption it follows that one can take θ0 = π/2, i.e., that there are circular
orbits located in the equatorial plane.

Note, that from the solution L = L K (r ) of Eq. (1) it follows immediately that
in the equatorial plane the radial distributions of Keplerian angular momentum L K

and Keplerian angular velocity �K are given by,3

L K = ±
(

r3 ∂�

∂r

)1/2

, �K = L K

r2
= ±

(
r−1 ∂�

∂r

)1/2

. (2)

Here, the derivatives are taken at the equatorial plane, θ = π/2.
In the linear regime, we can consider separately the case of purely radial, δr =

r − r0, δθ = 0, and purely vertical, δθ = θ − θ0, δr = 0, epicyclic oscillations
about circular orbits in the equatorial plane. Take a “perturbed” Keplerian orbit
which may be slightly non-circular, or slightly off the equatorial plane, and which
has the same angular momentum as the original circular orbit L = L0, but with a
slightly larger energy E = E0 + δE . Because circular orbits occur at extrema of
the effective potential, the Taylor expansion of Ueff near a circular orbit starts from

2We use the standard spherical coordinates [t, r, θ, φ].
3Obviously, Keplerian orbits are impossible in the region where (∂�/∂r ) < 0.
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the second-order term:

δUeff = 1

2

(
∂2Ueff

∂r2

)
δr2, δUeff = 1

2

(
∂2Ueff

∂θ2

)
δθ2. (3)

A small change in the orbital energy δE may be therefore expressed as:

δE = 1

2

(
∂2Ueff

∂r2

)
δr2 + 1

2
(δṙ )2, δE = 1

2

(
∂2Ueff

∂θ2

)
δθ2 + 1

2
r2 (δθ̇ )2. (4)

The energy of the perturbed orbit is obviously a constant of motion, and thus
δ Ė = 0, from which it follows that,

0 = δṙ

[(
∂2Ueff

∂r2

)
δr + δr̈

]
, 0 = δθ̇

[(
∂2Ueff

∂θ2

)
δθ + r2 δθ̈

]
. (5)

We are interested in a non-trivial solution δṙ �= 0 �= δθ̇ , for which the last two
equations take the well-known form of a simple harmonic oscillator,

0 = ω2
Rδr + δr̈ , 0 = ω2

V δθ + δθ̈ (6)

with the squared eigenfrequencies being the second derivatives of the effective
potential with respect to proper geodesic distances in radial R and vertical V direc-
tions. The radial and vertical directions are defined in a coordinate-independent way
that for the particular case of spherical coordinates yields d R = dr , dV = rdθ .
Thus, one may write,

ω2
R ≡

(
∂2Ueff

∂ R2

)
=

(
∂2Ueff

∂r2

)
, ω2

V ≡
(

∂2Ueff

∂V 2

)
= 1

r2

(
∂2Ueff

∂θ2

)
. (7)

From Eq. (7), and Eqs. (1) and (2) it follows that,

ω2
R = �2

K

(
d ln L2

K

d ln r

)
, ω2

V = �2
K + 1

r2

(
∂2�

∂θ2

)
. (8)

Several important deductions could be made from (8). Firstly, it is obvious that
ωR = �K everywhere if and only if L2

K ∝ r , and this together with Eq. (2) implies
� ∝ 1/r . Secondly, ωV = �K if (but not only if) the gravitational potential is
spherically symmetric. Therefore, one concludes that in the special but important
case of the � = −G M/r potential, all three characteristic orbital frequencies are
equal and their squares are positive,

ω2
R = ω2

V = �2
K = G M

r3
> 0. (9)
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Here M is the mass of the gravity source. The equality of the three frequencies
means that the orbits in the � = −G M/r potential are periodic and closed (a
fact known already to Kepler, who discovered that they are ellipses). The positive
squares imply stability of both radial and vertical oscillations, i.e., the dynamical
stability of circular orbits in the � = −G M/r potential.

The third important deduction from (8) is that in the general case, with a potential
�(r, θ ) �= −G M/r , the radial epicyclic oscillations around Keplerian circular
orbits are stable (i.e., ω2

R > 0) if and only if the Keplerian angular momentum,
|L K (r )|, is an increasing function of the radius r of these orbits. This statement, of
course, is just a special case of the well-known Rayleigh stability criterion.

The last deduction concerns the stability of the vertical epicyclic oscillations.
If a non-spherical gravitational potential �(r, θ ) has a positive second derivative
with respect to θ at the equatorial symmetry plane, the vertical oscillations are
stable. Only if the second derivative is negative and sufficiently large may these
oscillations be unstable.

Let us illustrate the general discussion given earlier in terms of a specific ex-
ample. The gravitational potential expansion in terms of spherical harmonics (with
m = 0 because of the axial symmetry) yields:

�(r, θ ) = −G M

r
− G Q P2(cos θ )

r3
+ · · · , P2(cos θ ) ≡ 1

2
(3 cos2 θ − 1). (10)

The higher order terms are O(1/r5) because of the equatorial plane symmetry. The
quadrupole moment Q is negative for an oblate mass distribution, and because
rotation typically produces a bulge at the equator, Q ≤ 0 is the realistic case to
consider. Assuming this, and neglecting higher multipoles, we deduce from (10)
that:

1

r2

(
∂2�

∂θ2

)
= −3G Q

r5
≥ 0, (11)

L2
K = G Mr − 3

2

G Q

r
> 0,

(
d ln L2

K

d ln r

)
= 2Mr2 + 3Q

2Mr2 − 3Q
(12)

We see from (11) that a negative quadrupole moment never destabilizes vertical
oscillations. Equation (12) seems to indicate that a negative quadrupole moment
destabilizes radial oscillations at small enough radii:4

r < rQ ≡
√

3|Q|
2M

. (13)

4If the quadrupole is positive, then for r < rQ no circular orbits are possible. This provides an example
to a situation mentioned in footnote 3.
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However, let us write |Q| = q M R2
∗, with R∗ being the equatorial radius of the star

and q being a dimensionless parameter. A body with fixed M and R∗ will have the
maximal quadrupole if the whole mass is placed in an infinitesimally thin ring of
matter located at r = R∗, θ = π/2. It is trivial to calculate the quadrupole moment
in this case:

Q ≡
∫ M

0
r2 P2(cos θ ) d M (14a)

= [r2 P2(cos θ )]r=R∗,θ=π/2

∫ M

0
d M = −1

2
R2

∗ M. (14b)

The aforementioned formula proves that the destabilization condition (13) is im-
possible to fulfill outside the star, because it implies r < (

√
3/2)R∗ < R∗.

One concludes that according to Newton’s theory, the quadrupole moment can-
not destabilize circular orbits (in the equatorial plane) of particles orbiting a body.
In the consciousness of many astrophysicists, this conclusion constitutes a “proof”
that circular orbits around Newtonian bodies are always stable. Thus, the recent
finding of Amsterdamski et al. (2002) that near very rapidly rotating Newtonian
Maclaurin spheroids there are unstable orbits (with ω2

R < 0) came as a surprise.
Kluźniak et al. (2001) found that radial epicyclic oscillations are destabilized by
octupole and higher moments in the harmonic expansion of the potentials.

3. Stationary, Axially Symmetric Spacetimes

We assume5 that spacetimes considered here are stationary and axially symmetric,
which means that they admit two Killing vectors ηi and ξ i , which obey:

∇(iηk) = 0, ∇(iξk) = 0, ξ k∇kηi = ηk∇kξi . (15)

Here ∇i denotes the covariant derivative, and round brackets denote symmetrization
with respect to indices they embrace. All formulae that we use in this contribution
are coordinate independent. However, for intuitive illustrations, it is convenient to
introduce special coordinates that follow the time and axial symmetries and closely
resemble the Newtonian spherical coordinates [t, r, φ, θ ] used in the previous sec-
tion. These coordinates are such that:

ηi = δi
t ξ i = δi

φ, (16)

δi
k being the Kronecker delta, and the metric takes the form:

ds2 = (ηη) dt2 + 2(ηξ ) dtdφ + (ξξ ) dφ2 + grr dr2 + gθθ dθ2, (17)

5We use everywhere the (+ − − −) signature and, occasionally, c = 1 = G units.
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with a notation convention xi yk gik ≡ (xy). The metric does not depend on t and φ,
and we assume that it has an equatorial symmetry “plane,” θ = π/2. The geodesic
circular motion is characterized by the four-velocity, ui = dxi/ds that obeys:

uk∇kui = 0, ui = A(ηi + �ξ i ), ui uk gik = 1. (18)

Here � is the angular velocity, and A−2 = (ηη) + 2� (ηξ ) + �2 (ξξ ) > 0. From
(15) and (18) it follows that the energy defined by E = (ηu) = ut , and the angular
momentum defined by L = −(ξu) = −uφ , are constant of motion, because they
obey:

uk∇kE = 0, uk∇kL = 0. (19)

Obviously, the specific angular momentum defined by � = L/E , is also a constant
of motion. The angular velocity � and the specific angular momentum � are related
by:

� = − (ηη)� + (ηξ )

(ηξ )� + (ξξ )
, � = − (ξξ )� + (ηξ )

(ηξ )� + (ηη)
. (20)

The standard definition of the effective potential is:

Ueff = −1

2
ln(gtt − 2�gtφ + �2gφφ). (21)

This, together with the identity 1 = gikui uk yields:

1 = E2 e−2Ueff, or 0 = ln E − Ueff. (22)

The three metric components that appear in the effective potential formula (21)
may be invariantly defined in terms of the Killing vectors ηi and ξ i , and expressed
by three scalar functions: �̃ being the gravitational potential, ω̃ being the angular
velocity of frame-dragging, and r̃ being the circumferential axial radius:

gtt = e−2 �̃ ≡ (ξξ )

(ηη)(ξξ ) − (ηξ )2
, (23a)

gtφ = e−2 �̃ω̃ ≡ −(ηξ )

(ηη)(ξξ ) − (ηξ )2
, (23b)

−gφφ = e−2 �̃ 1

r̃2
≡ −(ηη)

(ηη)(ξξ ) − (ηξ )2
. (23c)
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From these definitions one easily recovers the explicit expressions for the three
scalars:

ω̃ = − (ηξ )

(ξξ )
, r̃2 = − (ξξ )

(ηη)
> 0, e2 �̃ = (ηη) + ω̃(ηξ ) > 0, (24)

which show that their Newtonian limits are, as they should be, �̃ → �, ω̃ → 0,
r̃ → r sin θ . From these limits, from (21), (23), (24), and from � → L , �2/r̃2  1,
one concludes that in the Newtonian limit, the relativistic effective potential goes
to the Newtonian effective potential,

Ueff = �̃ − 1

2
ln

(
1 − 2ω̃� − �2

r̃2

)
→ Ueff. (25)

Because E → 1 + E , and E  1, one sees that Eq. (22) has the correct Newtonian
limit {0 = ln E − Ueff} → {E = Ueff}.

4. The Four Easy Pieces

We now derive simple and practical formulae for both radial and vertical orbital
epicyclic frequencies in four lines of easy, fully transparent, algebra. The dot denotes
derivative with respect to the proper time s, and x denotes either radial r or polar
angle θ coordinate. We use the standard definitions for energy, specific angular
momentum and effective potential, E = ut , � = −uφ/ut , Ueff = −(1/2) ln(gtt −
2�gtφ + �2gφφ). They have been recalled and explained in the previous section. As
in the Newtonian derivation described in Section 2, we consider small oscillations
with δ� ≡ 0, δE �= 0, δĖ = 0, that occur either in r or in θ direction, x(s)−x0 = δx ,
ux ≡ dx/ds = δ ẋ . The first r and θ derivatives of the effective potential are zero,
which corresponds to an unperturbed circular orbit at the equatorial plane. The
Taylor expansion starts from the second term, δx2, and also ends there in the lowest
order. Our four easy pieces consist of:

1 = ut ut g
tt + 2ut uφgtφ + uφuφgφφ + ux ux gxx , (26a)

E−2 = e−2Ueff + gxx

E2
(δ ẋ)2 , (26b)

−2
δE
E3

0

= 1

2

(
∂2

∂x2
e−2Ueff

)
(δx)2 + gxx

E2
0

(δ ẋ)2, (26c)

−2
δĖ
E3

0

= (δ ẋ)

[(
∂2

∂x2
e−2Ueff

)
δx + 2

gxx

E2
0

δ ẍ

]
. (26d)

The last line, with δĖ = 0, δ ẋ �= 0, has obviously the form of a simple harmonic
oscillator equation, 0 = ω2

xδx + δ ẍ and, with the zeroth-order version of Eq. (26b),
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this yields the final result:

ω2
x =

(
∂2Ueff

∂ X2

)
, (27)

with d X2 = −gxx dx2 > 0 being the proper length in the x direction.
We see that exactly as in Newton’s theory, both radial and vertical epicyclic

frequencies (squared) are equal to second derivatives of the invariantly defined
effective potential, with respect to the invariantly defined coordinates in radial and
vertical directions.

5. Practical Calculations

We gave a simple derivation of general, physically clear, formulae (27) for the
two epicyclic oscillation frequencies. In this section, we show that they are also
simple to use in practical calculations, in particular when the metric is numerically
constructed. Indeed, in order to solve second-order Einstein’s field equations and to
construct a spacetime numerically (e.g., outside a rotating neutron star), one must
calculate the metric, and its first and second derivatives. Thus, one stores during
the calculations:

gtt , gtφ, gφφ, grr , gθθ , (28a)

gtt
[r ], gtφ

[r ], gφφ

[r ] , gtt
[θ ], gtφ

[θ ], gφφ

[θ ] , (28b)

gtt
[rr ], gtφ

[rr ], gφφ

[rr ], gtt
[θθ ], gtφ

[θθ ], gφφ

[θθ ], (28c)

where derivatives of a quantity Y are indicated by indices in square brackets,
∂Y/∂x ≡ Y[x], ∂2Y/∂x2 ≡ Y[xx]. Let us now restrict to the equatorial symme-
try plane, where all ∂gik/∂θ ≡ gik

[θ ] = 0. The condition for the circular orbit,
∂Ueff/∂x = 0 is thus trivially fulfilled for x = θ , and for x = r it gives the equation
for the Keplerian angular momentum for circular orbits:

gtt
[r ] − 2 � gtφ

[r ] + �2 gφφ

[r ] = 0 (29)

which has the solution:

�K = gtφ
[r ] ± [(

gtφ
[r ]

)2 − gφφ

[r ] gtt
[r ]

]1/2

gφφ

[r ]

, (30)

with the plus sign before the square bracket holding for �K > 0 and the minus sign
for �K < 0.
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We use Eq. (20), and the radial derivative of Eq. (26a) for circular orbits, to
give two expressions for the orbital Keplerian angular velocity in terms of the first
derivatives of the metric:

�K = − gtt�K + gtφ

gtφ�K + gφφ

= −(gtφ)[r ] ± [
(gtφ)2

[r ] − (gφφ)[r ] (gtt )[r ]
]1/2

(gφφ)[r ]
. (31)

Our general result (27), explicitly expressed in terms of the metric and its first
and second derivatives, takes the form:

ω2
r = + 1

2grr

gtt
[rr ] − 2�K gtφ

[rr ] + �2
K gφφ

[rr ]

gtt − 2�K gtφ + �2
K gφφ

, (32a)

ω2
θ = + 1

2gθθ

gtt
[θθ ] − 2�K gtφ

[θθ ] + �2
K gφφ

[θθ ]

gtt − 2�K gtφ + �2
K gφφ

. (32b)

These frequencies ωr , ωθ are measured with respect to the proper time of
a comoving observer. After dividing by the squared redshift factor (ut )2 =
e2Ueff

(
gtt + �K gtφ

)−2
, one gets the “observed” frequencies at “infinity”, i.e., those

measured with respect to the time t of an astronomer at rest very far from the source:

�2
r = (gtt + �K gtφ)2

2grr

[
gtt

[rr ] − 2�K gtφ
[rr ] + �2

K gφφ

[rr ]

]
, (33a)

�2
θ = (gtt + �K gtφ)2

2gθθ

[
gtt

[θθ ] − 2�K gtφ
[θθ ] + �2

K gφφ

[θθ ]

]
. (33b)

For an application of these formulae to realistic models of rotating neutron stars,
see e.g., Kluźniak et al. (2004).

By expanding ( gtt
[r ] − 2�K gtφ

[r ] + �2
K gφφ

[r ] )[r ] = 0, one finds:

�2
r = ±A

(
d�K

dr

) [
(gtφ

[r ])
2 − gφφ

[r ] gtt
[r ]

]1/2
, A ≡ (gtt + �K gtφ)2

(−grr )
> 0. (34)

Because by construction (30), ± �K [(gtφ
[r ])

2 − gφφ

[r ] gtt
[r ]]

1/2 > 0, one concludes that
�2

r > 0 if and only if d|�K |/dr > 0.
Thus, the relativistic Rayleigh criterion for circular Keplerian orbits is the same

as the Newtonian criterion [cf. Eq. (8)]: for stability, the absolute value of specific
angular momentum should be an increasing function of the orbital radius. And, just
as in Newtonian theory, the epicyclic frequencies can be derived from the second
derivatives of an effective potential [see Eq. (27)].
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Abstract. Significant (marginal) detections of periodic signals have been recently reported in 3
(4) Active Galactic Nuclei. Three of the detections were obtained from long EUVE light curves
of moderate-luminosity Seyfert galaxies; the fourth was discovered in Chandra data from the low-
luminosity Seyfert 1 galaxy NGC 4395. When compared with Cyg X-1, I find that the period is related
to the luminosity as P ∝ L2/3 rather than the expected one-to-one relationship. This result might be
explained if the QPO is associated with the inner edge of the optically thick accretion disk, and the
inner-edge radius depends on the source luminosity (or black hole mass). A discussion of uncertainties
in the period detection methodology is also discussed.

Keywords: X-ray variability, NGC 4395, Ton S180, RX J0437.1−4711, 1H 0419−577

1. Introduction

Quasiperiodic oscillations are a characteristic feature of solar-mass black hole
X-ray variability, especially when the objects are in the very high (or transition)
state. Active Galactic Nuclei are similar to stellar-mass black holes in that they are
both powered by accretion onto a central black hole. Therefore, it seems plausible,
or at least possible, that quasiperiodic oscillations should be observed in active
galaxies as well.

The search for periodic signals in AGN light curves has a long and checkered
history, however. A number of claims of periodicity have been put forward, only to
later be proven faulty. The problems fall into three categories. The first and most
common problem involves claims in which the confidence level of the detection is
overestimated. An example is the recent claim of a periodic signal with frequency of
2.4×10−4 Hz in XMM–Newton data from Mrk 766 (Boller et al., 2001). It was later
shown by Benlloch et al. (2001) that the simulated light curves used to establish the
significance of the detection were not properly randomized. The second problem
involves detector artifacts. An example of this problem was the apparent discovery
of a decreasing period in RXTE data from IRAS 18325−5926 that was eventually
demonstrated to be due to detector background (Fabian et al., 1998a,b). A final
problem that this author has personal experience with is that of source confusion.
EXOSAT and Ginga data revealed a 12,000 s periodicity in the Seyfert 1 galaxy
NGC 6814 (e.g., Leighly et al., 1994). Imaging observations later showed that

Astrophysics and Space Science 300: 137–142, 2005.
DOI: 10.1007/s10509-005-1189-4 C© Springer 2005
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the signal was dominated by a cataclysmic variable star only 40 arcminutes away
(Madejski et al., 1993).

These misadventures do not, however, preclude the possibility that periodicity
or quasiperiodicity could be present in AGN light curves. It may be that we simply
are not looking in the right place, or that we don’t have the right data. In this
contribution, I discuss the significant (marginal) detection of periodicity X-ray data
from three (four) Seyfert 1 galaxies.

2. Methodology

A standard Monte-Carlo procedure was used to detect periodicity in the AGN light
curves, with small differences between the procedure used in Halpern et al. (2003),
which discusses analysis and results of the EUVE light curves, and in Moran et al.,
2005, which discusses the Chandra result. First, the slope and normalization of
the assumed underlying power-law continuum were determined. In Halpern et al.
(2003), 100 long light curves were generated, using the method of Timmer and
König (1995), for each point on a grid of trial power–law slopes and normalizations.
These long light curves were resampled and rebinned in the same way as the
real light curves, appropriate Poisson noise was added, and the periodogram was
computed and rebinned. The average and standard deviation periodogram from the
situations at each point in the grid was then compared with that of the real data using
Chi square. The minimum Chi square was assumed to locate the best-fitting values of
the slope and normalization of the continuum. The procedure used for the analysis
of the Chandra data from NGC 4395 differed in one respect. Light curves were
produced for a range of slopes, but only one normalization. Following Vaughan
et al. (2003), the result was scaled to different normalizations, and appropriate
Poisson noise computed and added.

Knowing the shape of the power spectrum continuum, 10,000 suitably rebinned
and sampled light curves were generated using the method of Timmer and König
(1995). The power spectra from these were used to assessed the local confidence
level of the detection, first by counting the number of incidents in which the power of
the simulations exceeded the power of the real data, and second by comparing with
a χ2

2 distribution (e.g., Leahy et al., 1983). As discussed in Benlloch et al. (2001),
one must account for the number of independent frequencies searched to obtain
an estimate of the global significance by multiplying the single-trial confidence by
that number.

3. Results and Discussion

Halpern et al. (2003) present an atlas of EUVE light curves from Seyfert galaxies.
Three objects had exceptionally long light curves: 33 days for Ton S180, 26 days
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Figure 1. Log of the period as a function of the log of the 2–10 keV luminosity for 4 AGN and Cyg
X-1. The dotted and dashed lines have slopes of 1 and 2/3, respectively.

for 1H 0419−577, and 20 days for RX J0437.1−4711. Periodicity analysis as
outlined above revealed evidence for a 2.08-day signal in Ton S180 with global
confidence level of 98%, a 0.908-day signal in RX J0437.4−4711, and a 5.8-day
signal in 1H 0419−577 with a global confidence level of only 64%. Interestingly,
the periodic signal in RX J0437.1−4711 appears to be transient; periodicity analysis
of the first and second halves of the light curve show no detectable signal, and a
signal at 0.89-day with global confidence of 96%, respectively.

Moran et al. (2005) present analysis of the Chandra data from the low-luminosity
Seyfert 1 galaxy NGC 4395. A period of 396 s was found in the light curve with
estimated global significance of 97.6%. In this case, we again found evidence that
the signal is transient; no signal appears in the first half of the observation, but in
the second half a strong signal appears with estimated global confidence of 99.95%
at a period of 396 s.

It is interesting to note that the presence of a QPO does not appear to depend on
Seyfert type. Ton S180 is a narrow-line Seyfert 1 galaxy, 1H 0419−577 is a Seyfert
1.5, and both NGC 4395 and RX J0437.1−4711 are both classified as ordinary
Seyfert 1 galaxies.

As noted in Halpern et al. (2003), there is a correspondence between the X-ray
luminosity and the period such that more luminous objects have longer periods.
This correspondence is expected if the luminosity and characteristic time scales
both scale with the black hole mass. Things get interesting when I compare the
period and luminosity of NGC 4395 and Cyg X-1 in the hard state, as shown
in Figure 1. For Cyg X-1, we use the pre-RXTE period of 5.6 s (e.g., Tanaka,
1995), but note that using the RXTE values of 0.5–1 s (e.g., Gilfanov et al., 2000)
would not change this figure much because it is logarithmic. Remarkably, the linear
relationship between the log of the period and luminosity is maintained over the
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eight decades of luminosity between Cyg X-1 and 1H 0419−577. However, the
slope of the relationship is 2/3, rather than 1, as would be expected for fixed L/LEdd

and emission R/RS. One possibility is that the QPO is associated with the truncation
radius of the optically thick, geometrically thin accretion disk, and the dependence
on luminosity is a secondary effect, in that the Seyferts are radiating closer to
L/LEdd than does Cyg X-1 in the hard state, in which L/LEdd = 0.02. If that were
the case, and if R = 3RS for Ton S180, we infer that R = 23RS for NGC 4395, and
R = 95RS for Cyg X-1. Interestingly, R ≈ 100RG is approximately the inferred
radius of the inner edge of the optically thick accretion disk when Cyg X-1 is in
the hard state (e.g., Gilfanov et al., 2000).

4. Caveats and Cautions

What do these results say about the incidence of periodicity in X-ray light curves
from AGN? There are thousands of X-ray light curves that have not been tested
for periodicity, so one might argue that these are isolated incidents and not rep-
resentative. However, as discussed in Halpern et al. (2003), if the characteristic
period of Seyfert 1 galaxies is 1 day or longer, most of those thousands of light
curves will be not suitable for periodicity searches. The EUVE light curves were
exceptionally long, and thus the fact that some evidence for periodicity was found
in the three longest ones suggests perhaps that periodicity is common in AGN.
Then what about NGC 4395? It is notable for being the lowest luminosity Seyfert
1, with a 2–10 keV luminosity of only 8 × 1039 erg s−1 (Moran et al., 2005), much
lower than a typical Seyfert 1 galaxy. The fact that we observe the period to scale
with the luminosity in the EUVE sample suggests that NGC 4395 should have an
exceptionally short period; therefore, since it is unique, luminosity-wise, it makes
sense that it is unique, period-wise.

On the other hand, we observe that the periodicity appears to be transient in
both NGC 4395 and RX J0437.1−4711 in that in both cases it is detected only in
the second halves of the light curves. This suggests that even if periodicity were
common in AGN, it may be difficult to observe even in much better data than
currently available, simply because too few cycles will be present to detect.

It has been suggested by Vaughan (2005) that the global confidence of the de-
tections claimed in Halpern et al. (2003) and in Moran et al. (2005) have been
overestimated for two reasons. The first reason is that we oversample the peri-
odogram; this was done to improve the sensitivity to frequencies other than the
usual Fourier frequencies. This is potentially a problem because oversampling the
periodogram will produce more higher peaks, and thus comparison of the real data,
with spurious high peaks, with the simulated data will result in overly high single-
trial probabilities, or false detections. We investigate this problem in Figure 2, for
the NGC 4395 data. We find almost the same values for the global significance for
the total light curve, possibly because the peak for the oversampled power spectrum
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Figure 2. Power spectra for the NGC 4395 Chandra observation (Moran et al., 2005). In each plot,
the lower three light-grey lines show the 68, 95 and 99% single-trial significance levels from the
simulated data, while the upper two dark-grey dashed lines show the 95 and 99% global significance
levels computed assuming Poisson noise continuum.

is only 20% from one of the Fourier frequencies. For the second half of the light
curve, where the periodicity appears stronger, the significance of the oversampled
peak is much higher than for the Fourier peak. Perhaps this is because that peak
lies almost exactly in between Fourier frequencies.

The second criticism raised by Vaughan (2005) is that the standard analysis does
not take into account the uncertainty in the shape of the underlying continuum. That
is, we assume that once we measure the underlying power-law spectral continuum,
it is fixed, whereas in reality there is uncertainty in the slope, normalization, and
even the Poisson noise level. This criticism appears to be well founded, and will no
doubt lower the global confidence level of the periodicity detections. Quantifying
the new global confidence levels is somewhat difficult, though; there is no direct
way to do this.
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Abstract. High-frequency quasi-periodic variations (HF QPOs) in the X-ray light curves of black
hole X-ray novae can be understood as oscillations of the accretion disk in a nonlinear 3:2 resonance.
An m = 0 vertical oscillation near a black hole modulates the X-ray emission through gravitational
lensing (light-bending) at the source. Certain oscillations of the accretion disk will also modulate
the mass accretion rate, and in neutron-star systems this would lead to nearly periodic variations in
brightness of the luminous boundary layer on the stellar surface – the amplitude of the neutron-star
HF QPOs would be thus increased relative to the black hole systems.

Keywords: black holes, neutron stars, X-rays, accretion

1. Introduction

A complete theory of the twin high-frequency quasi-periodic variations (HF QPOs)
of the X-ray light curve observed in many low-mass X-ray binary (LMXB) systems
containing neutron stars or black holes must provide answers to four questions:

1. What is the origin of the observed (∼ kHz) frequencies?
2. What is the physical excitation mechanism?
3. What limits the coherence of the phenomenon?
4. What is the mechanism of X-ray modulation?

One theory of a similar phenomenon in accreting white dwarfs discussed (1)
the orbital motion of inhomogeneities in the accretion disk, or “blobs,” (2) their
turbulent formation, (3) the destruction of blobs by shear, and (4) the modulation
of luminosity by the orbiting blobs; see (Pringle, 1981), for a review. No model of
the kHz QPOs in neutron stars and black holes has as yet provided a comparably
satisfactory answer to all four questions. Disko-seismology (Wagoner, 1999; Kato,

∗The “kHz QPOs” in black holes are in the hecto-Hz range.
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C© Springer 2005DOI: 10.1007/s10509-005-1194-7
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2001) came close for black holes, but failed to predict the observed 3:2 ratio of
frequencies. For a review of kHz QPOs see van der Klis (2004).

Here, we discuss the nonlinear resonant oscillation model of HF QPOs, where
a quantitative answer can already be provided to questions (1) and (4), but only
qualitative results are as yet available in addressing questions (2) and (3). A poor
understanding of the physics of accretion disks hampers progress.

In a nutshell, we think that one observes the frequencies of two modes of oscil-
lation of accretion disk, that the two modes are in internal resonance in black hole
systems, and may be excited by periodic perturbations (at the spin frequency) in
neutron-star systems. In this contribution, we focus on the modulation mechanisms.

2. Oscillations of Accretion Disks and Resonance

Much detailed work has been carried out on the theory of disk oscillations in general
relativity, and in particular of modes which are trapped in relativistic disks, but not
in Newtonian gravity. This was possible after the significance of the presence of a
maximum in the radial epicyclic frequency had been appreciated (Okazaki et al.,
1987). Several modes have been identified as promising in the context of QPOs, in
terms of their (fixed) frequency, coherence, and potential for modulating the light
curve (non-axisymmetry, m �= 0). For black holes, the frequency of each mode of
a thin disk is a function of the black hole mass and spin. The frequency ratio of two
modes is a function of the spin alone. For a review see Wagoner (1999), Nowak
and Lehr (1999), or Kato (2001).

When twin HF QPOs were discovered (Strohmayer, 2001), we noticed that
their frequencies were in the ratio of 3:2 (Abramowicz and Kluźniak, 2001). Four
such systems are now known (McClintock and Remillard, 2003). This ratio is
surprising in the context of linear disko-seismology, as it would imply a definite,
and identical, spin of the four black holes. However, such a ratio of small integers
had been anticipated on the theory that the twin kHz QPOs were a manifestation
of a nonlinear resonance (Kluźniak and Abramowicz, 2000, 2001). This gave an
impulse to further studies of the resonance model of QPOs. The 3:2 ratio (as opposed
to, e.g., 2:1) can be understood as internal resonance between two disk modes of
eigenfrequencies close to the vertical and radial epicyclic frequency (Kluźniak and
Abramowicz, 2002, 2003, 2004; Abramowicz and Kluźniak, 2004).

3. Neutron-Star kHz QPOs

If the two modes are slightly off-resonance (by a prescribed amount), the ratio of
the two frequencies may vary with the QPO frequency, as observed in Sco X-1
(Abramowicz et al., 2003a,b; Rebusco, 2004). This condition may hold in neutron
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stars, where the disk may be excited “externally” by the spinning magnetic dipole
in its center. When this external disturbance is sufficiently strong, the separation of
the two QPOs may be equal to either the spin frequency or half that value (Kluźniak
et al., 2004; Lee et al., 2004).

Some aspects of the rich phenomenology of QPOs in general may also be under-
stood in terms of a nonlinear coupling of two high-frequency modes in resonance.
For example, a low-frequency modulation of the high-frequency oscillations is quite
natural (Horák et al., 2004).

4. Mechanisms of Modulation of the Light Curve

The simplest vertical oscillation mode of a fluid body in orbit, such as a torus
of modest radial extent, is a quasi-rigid, axisymmetric, up and down harmonic
displacement (up and down with respect to the equatorial plane). One puzzle was
how such a volume-preserving, m = 0 mode could modulate the luminosity. Two
solutions have been found.

One is light bending (Figure 1). The rays of radiation from a disk or torus around
a black hole propagate along trajectories which depend on the position of the torus.
As the torus moves with respect to the black hole, this gravitational lensing “at the
source” leads to variations in the flux detected by a distant observer (Bursa et al.,
2004).

The other, relevant to accreting neutron stars, is modulation of the mass accretion
rate. It has been suggested that in LMXBs, where no evidence of coherent pulsation
was present, the magnetic dipole was sufficiently low for the disk to extend to the
marginally stable orbit (ISCO), and for the freely-falling matter within that orbit to
heat up the equatorial accretion belt (Kluźniak and Wagoner, 1985; Sunyaev and
Shakura, 1986; Kluźniak et al., 1990; Kluźniak and Wilson, 1991).

Because of pressure support, thin accretion disks have their inner edges not
exactly at ISCO, but (slightly) closer to the central compact object (Abramowicz
et al., 1978). At the inner edge location, one of the equipotential surfaces, called
the Roche lobe, self-crosses, forming a potential nozzle, as shown in Figure 2. If
the disk overflows its Roche lobe, a dynamical mass loss must occur through the
nozzle, rather like in the familiar case of the Roche lobe overflow in close binaries.
The mass loss stabilizes the inner part of the disk against local thermal and viscous
instabilities (Abramowicz, 1981), as well as against the global Papaloizou and
Pringle (1984) dynamical instability (Blaes, 1985).

In this context, Paczyński (1987) pointed out that if the mass accretion rate were
slightly modulated close to the nozzle, this would hardly affect the luminosity of
the accretion disk itself, but would lead to strong modulation of radiation coming
from the accretion belt on the surface of the neutron star. Note that this modulation
mechanism can only work if the neutron star radius is smaller than the ISCO
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Figure 1. Modulation by light bending (reproduced from Bursa et al., 2004). A snapshot of an
oscillating torus, the light curve, and the power spectrum for three different disk inclinations (45◦,
65◦, 85◦).

Figure 2. Potential nozzle and the Roche lobe overflow at the inner edge of an accretion disk.
Equipotential surfaces are shown by heavy lines, the accretion disks by a shadow. The location
where one of the equipotential surfaces crosses itself is always within the innermost circular stable
orbit (ISCO). An accreting black hole is shown in the figure, a neutron star would be correspondingly
larger.
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radius, which means that the mass of the neutron star cannot be too small, and the
equation of state of matter at supranuclear densities cannot be too stiff (Kluźniak
and Wagoner, 1985).

The accretion rate induced by the mass loss is a very sensitive function of
conditions at the nozzle, in particular of the potential difference through the nozzle,
�W . For a polytropic equation of state, P = K ρ1+1/n it equals (Kozlowski et al.,
1978; Abramowicz, 1985),

Ṁ = A(n)K −n Rin

�K (Rin)
|�W |n+1, (1)

with an analytic expression for A(n) explicitly known in terms of the Euler
gamma function, �(n). This simple analytic formula is in excellent agreement
with state-of-the-art, time-dependent, 3-D numerical simulations of accretion flows
(Igumenshchev et al., 2004).

Using (1), we find that if the (axisymmetric) nozzle moves up and down (i.e.,
parallel to the disk axis) the resulting relative variation in the mass accretion rate
is given by the simple formula:

�Ṁ/Ṁ ∝ −(�z/H )2, (2)

where �z is the amplitude of motion, and H is a characteristic inner-disk height. A
similar relation also holds, under certain conditions, if it is the disk that undergoes
vertical oscillations, while the nozzle itself does not move relative to the equatorial
plane. Thus, in a neutron star, an axisymmetric vertical oscillation excited in the
inner accretion flow may lead to a large, periodic, luminosity variation.
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Kluźniak, W. and Abramowicz, M.A.: 2002, A&A, submitted for publication,

astro-ph/0203314.
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Abstract. There are remarkable similarities between the rapid X-ray variability of low-magnetic field
neutron stars in low mass X-ray binaries, and that of black holes. In particular at frequencies <100 Hz,
their power spectra can be strikingly similar. The highest frequency phenomena (kilohertz QPOs, black
hole high-frequency QPOs and neutron star hectohertz QPOs) are the ones that show most differences,
perhaps because they originate closest to the compact object. Most variability components vary in
frequency in correlation with one another, and the correlations once again are very similar across
neutron stars and black holes – some extend even to white dwarfs. Although this does not strictly
require that all phenomena whose frequencies are involved are caused by the same physics in all three
source types, this does indicate that basic properties of the accretion flow which are the same in all
three source types play an important role in generating at least some of the frequencies.

Keywords: X-rays, neutron stars, black holes, rapid variability, QPO

1. Introduction

A neutron star is expected to be only about three times as large as its Schwarzschild
radius, so the process of accretion onto low-magnetic field neutron stars and black
holes can be expected to show many similarities. Since at least the time of the
Ginga satellite it has become clear that in low-mass X-ray binaries such similarities
between neutron stars and black holes, as diagnosed by similarities in the rapid X-ray
variability, are indeed common (e.g., van der Klis, 1994). As the rapid variability
originates in the inner regions of the accretion disk, where strong field gravity
effects are expected to dominate the dynamics, the constraints put on the nature of
the variability by the fact that it occurs in both source types are of particular interest.
If a physical phenomenon occurs in both neutron stars and black holes then we may
conclude that it does not require any property that is unique to either neutron stars
or black holes. This means that the presence of an event horizon, a solid surface,
a non-spin-aligned magnetic field and near-extremal Kerr frame dragging are all
excluded as ingredients in the explanation of the phenomenon.

In this talk, I examine these similarities in rapid X-ray variability and their impli-
cations for the phenomena involved and consider the possibility of unique variability
phenomena, which, by the same reasoning, would be suggestive of models that do
require such a unique neutron star or black hole property.

Astrophysics and Space Science 300: 149–157, 2005.
DOI: 10.1007/s10509-005-1179-6 C© Springer 2005
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2. High-Frequency Phenomena

The highest-frequency variability phenomena seen in low-mass X-ray binaries are
the 500–1300 Hz neutron star kilohertz QPOs, the 100–450 Hz black hole high-
frequency QPOs and the 100–200 Hz neutron star hectohertz QPOs (Figure 1; see
van der Klis, 2000, in press; McClintock and Remillard, in press, for reviews).
These high-frequency QPOs are the variability components that seem to differ
most between neutron stars and black holes.

The kilohertz quasi-periodic oscillations (kHz QPOs) in neutron stars are the
fastest phenomenon seen in X-ray binaries. They were discovered with RXTE in
1996 and occur in a wide variety of low-magnetic-field neutron star systems. The
phenomenon has been seen in more than 20 systems and does not occur in black hole
candidates – it is sufficiently characteristic to be considered a neutron star signature.
Two QPO peaks (the ‘twin peaks’) usually occur in the power spectrum of the X-ray
flux variations. They move up and down in frequency together in correlation with
source state and often, luminosity. The higher-frequency one of these two peaks
is called the ‘upper kHz QPO’, with a frequency νu , the lower-frequency one the
‘lower kHz QPO’ with frequency ν�.

The typically 300-Hz peak separation �ν ≡ νu − ν� usually decreases by a
few tens of hertz when both peaks move up by hundreds of hertz (Figure 2a). The
spin frequency νspin of the neutron star and �ν are commensurate (Figure 2b):
�ν is approximately equal to νspin (in current data, when νspin < 400 Hz) or
approximately equal to νspin/2 (when νspin ≥ 400 Hz). These commensurabilities
strongly suggest some kind of beat frequency interaction where the spin, by beating
against one QPO frequency, produces a second QPO, but a simple spin-orbit
beat frequency model such as proposed for kHz QPOs by Miller et al. (1998) is
incompatible with �ν ≈ νspin/2. Models that seek to resolve this make use of
resonances of the spin frequency with orbital or relativistic epicyclic frequencies
in the accretion disk (see Section 4). Weak sidebands to the lower kHz QPO occur
in a number of sources (Jonker et al., 2000, 2005).

Figure 1. (a) Twin kHz QPOs in Sco X-1 (van der Klis et al., 1997), (b) hectohertz QPO in 4U 0614+09
(van der Klis, in press), (c) HF QPOs in GRO J1655–40 (Strohmayer, 2001).
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Figure 2. (a) The variation in kHz QPO peak separation as a function of the lower kHz QPO frequency
in Sco X-1, after Méndez and van der Klis (1999); (b) �ν/νspin vs. νspin, after van der Klis (in press).
Vertical bars indicate the range of variation in �ν.

The fastest black hole phenomenon are the high frequency (HF) QPOs. Frequen-
cies range from 100 to 450 Hz (the relation to QPOs in the 27–67 Hz range is not
entirely clear). These QPOs are reported to usually occur at fixed values different
in each source, possibly related to black hole mass. In a few cases harmonically
related (2:3) frequencies have been seen. The phenomenon is weak and transient
so that observations are difficult.

The hectohertz (hHz) QPO is a low-magnetic field neutron star phenomenon that
usually shows up as a broad bump in the power spectra (but which is sometimes
coherent enough to be called a QPO) with a frequency in the 100–200 Hz range.
It stands out from all other neutron star components by its approximately constant
frequency which is quite similar across sources, perhaps because its frequency
derives from compact object properties and the neutron stars in these systems are
all similar. The phenomenon is seen simultaneously with kHz QPOs so it clearly is
something else than that.

So, the black hole HF QPOs have reportedly constant frequency but high har-
monic content, whereas the kHz QPOs have variable frequencies, very weak har-
monics (none reported so far) and two peaks with frequencies that are related via
the spin frequency. Hectohertz QPOs have constant frequencies like the HF QPOs
but, again, no detected harmonics. These differences may indicate different physi-
cal mechanisms. It is also possible that some of the basic mechanisms are the same
and that the observable differences are due to the different ways these mechanisms
work out in the context of neutron star and black hole accretion, respectively. For
example, the variable frequency of the kHz QPOs in neutron stars may occur be-
cause the phenomenon occurs at a variable (e.g., inner disk) radius set by interaction
of the disk flow with either a magnetic field or radiation from the stellar surface;
in black holes, in the absence of these influences, the same phenomenon might
occur at an approximately constant radius (perhaps, the ISCO); the second kHz
QPO may occur only in neutron stars because it is due to the interaction between
the disk flow and a magnetic or radiative pattern spinning with the star, which
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in view of the no-hair theorem does not occur in black holes; the high harmonic
content exclusively seen in black hole QPOs may be due to relativistic effects on
the flow (and its emission) that become important only near the ISCO (e.g., ex-
treme Doppler boosting leading to non-sinusoidal light curves caused by orbiting
clumps).

Relativistic resonance models have been proposed (Abramowicz and Kluzniak,
2001) for the black hole high-frequency QPOs in which general relativity picks
out particular radii in the disk as preferred radii, because only at these radii a pair
of general relativistic orbital and epicyclic frequencies have a small integer ratio
(e.g., νr/νθ = 2:3), so that a resonant oscillation occurs in the flow at that radius.
The periodic forcing of the disk by the neutron star spin by means of magnetic or
radiative stresses creates the potential for additional resonances in the flow, and
several proposals have been made attempting to explain the neutron star kHz QPO
frequency commensurabilities with neutron star spin in terms of such resonances
(Wijnands et al., 2003; Kluzniak et al., 2004; Lamb and Miller, 2003).

3. Low-Frequency Phenomena

In the 0.01–100 Hz range a set of usually two to five band-limited noise, peaked-
noise and QPO components are observed in both neutron stars and black holes
whose frequencies all correlate. This low-frequency complex (cf. van der Klis,
in press) is often dominated by strong (tens of % rms), flat-topped band-limited
noise with a break in the ∼0.01–50 Hz range and a broad hump at frequency νh

roughly a factor 5 above the break. Both components sometimes feature QPOs
located at or around the characteristic frequencies of the broader components.
The QPO associated with the hump may show several harmonics and is often
called the low-frequency QPO. Both in neutron stars and in black holes differences
are sometimes seen between the characteristics (time lags, coherence) of these
QPOs that systematically differ between odd and even harmonics. Together, all
these components produce power spectra that can be remarkably similar between
neutron stars and black holes, particularly in their hard spectral states (which are
most common at low luminosity and are known in black holes as the low hard state
and in neutron stars as the island state). In these states another band-limited noise
component is often present above the frequency of the low-frequency hump and
associated QPO. The combination of these three noise components leads to the
characteristic power-spectral shapes displayed in Figure 3.

It has been suggested that this third component can be identified with the lower
kHz QPO, but at frequencies as low as ∼10 Hz, and much broader (Psaltis et al.,
1999). In neutron stars a fourth band-limited noise component occurs at a higher,
>100 Hz, frequency which connects smoothly with that of the upper kHz QPO and
has likewise been suggested to be associated with that high frequency component
(van Straaten et al., 2002).
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Figure 3. The broad-band power spectra of neutron stars (left: 1E 1724–3045) and black holes (right:
GRO J0422+32) in the low state can be strikingly similar. After Olive et al. (1998).

The <100 Hz variability of black holes and neutron stars in their hard states
are very similar and there is little doubt that they are physically related. There also
obviously are close relations with, and between, the power spectra of black holes
and neutron stars in other states, but the exact nature of these relations is not yet
fully established. An important clue is provided by the correlations between the
component frequencies (and strengths) which helps to identify components across
sources. These are discussed next.

4. Frequency–Frequency Correlations

Similar frequency correlations are seen between phenomena covering a wide range
in coherence and frequency in both neutron stars and black holes. Wijnands and
van der Klis (1999) noted that in atoll sources (including weak LMXBs) and in
black holes, the characteristic frequency of the band-limited noise (νbreak) and of
the hump or the associated low-frequency QPO (νLF) often found above this break
are correlated over 3 orders of magnitude (WK correlation, Figure 4). Psaltis et al.
(1999) were able to select a set of higher-frequency variability components from
neutron stars and black holes that seem to follow a common frequency correlation
with νLF that spans nearly three decades in frequency, with the luminous neutron star
sources populating the high-frequency range and the weak neutron stars and black
holes in the low hard state the low-frequency one, and Cir X-1 filling in the gap in
between (Figure 4). This PBK correlation combines features from different sources
with very different Q values (in particular, it makes the identification of lower kHz
QPO with the third broad component in the low-frequency complex mentioned in
the previous section; this is called ν1 in Figure 4). Further work has produced many
further examples of power spectra whose components fit these relations.

The relations of Figure 4 suggest that physically similar phenomena cause the
frequencies plotted there. If so, then these phenomena are extremely tunable, in
some cases over nearly three orders of magnitude in frequency, and occur in neutron
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Figure 4. Left: WK correlation; Right: PBK relation; see text. Filled circles represent black
hole candidates, open circles Z sources, crosses atoll sources, triangles the millisecond pulsar
SAX J1808.4−3658, pluses faint burst sources and squares Cir X-1.

stars as well as black holes, which probably means they arise in the disk. The so-
called relativistic precession models (Stella and Vietri, 1998, 1999) provide one
possible way to do this. In these models, the observed frequencies are directly iden-
tified with general relativistic orbital and epicyclic frequencies arising at a common
radius. It should be noted, however, that to match the observed frequencies for rea-
sonable compact object parameters seems difficult with these models in their initial
form. A particularly interesting case is that of the correlation between the upper
kHz QPO frequency and the low-frequency QPO in neutron stars. This correlation
is often seen to follow a power law with index 2, sometimes remarkably closely,
which is exactly as predicted for the relation between the Lense-Thirring preces-
sion frequency and the orbital frequency in neutron stars. However, the relation
seems to be the same for neutron stars with very different spin frequency, whereas
the relativistic precession model predicts them to all have different normalizations
(Figure 5). Disk oscillation mechanisms may exist that are able to produce fre-
quencies similar to the free-particle orbital and epicyclic frequencies used in the
original relativistic precession models (e.g., Wagoner, 1999; Psaltis and Norman,
2000), perhaps with hydrodynamic corrections and additional frequencies due to
coupling between modes.

A further problem to models of this type would seem to be the fact that these
correlations may even extend to accreting white dwarfs (in cataclysmic variables),
as proposed by Warner and Woudt (2002). If so, then by similar reasoning as above
this would seem to exclude large amplitude general relativistic effects as a viable
mechanism for the timing phenomena involved in the correlations (even then, orbital
motion in the strong-field regime would still be implied in the neutron star and black
hole cases). It is important to note, however, that even if the observation that the
black holes, neutron stars, and white dwarfs all produce frequencies that follow the
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Figure 5. The relation between upper kHz QPO frequency and, νh in 3 different atoll sources. Line
is power law with index 2.01 (van Straaten et al., 2003).

same correlations means that the same physics underlies the correlations, this does
not strictly require that all frequencies participating in the correlations have similar
physical origins in all three types of compact object. An alternative possibility is for
example that it is a property of accretion disks to, given one oscillation frequency,
produce a second one matching the correlation. A physical phenomenon that occurs
in all compact object types (the common frequency – frequency correlation) would
then derive from this accretion-disk property, which is not unique to any compact
object type, while unique compact object properties (e.g., strong-field gravity effects
in neutron stars and black holes) might well be involved in generating the original
disk oscillation in the first place. This possibility was alluded to by Abramowicz
et al. (2004) using the example of the ’ninth wave’ phenomenon.

Detailed studies of the properties of these phenomena are needed to be able
to confirm or deny that they can in fact be attributed to similar physical effects.
For neutron stars, van Straaten et al. (2002, 2003, 2005) demonstrated the exis-
tence of a number of very similar variability components that follow a universal
scheme of correlations for neutron stars distributed over a wide range of lumi-
nosities (Figure 6). Accreting millisecond pulsars were shown to follow the same
scheme, but some pulsars show a systematic offset by a factor ∼1.5 in kHz QPO
frequencies. A first study of this kind comparing neutron stars and black holes was
performed by Klein-Wolt (2004), who demonstrates that the similarity between
neutron stars and black holes in the low-hard/extreme-island states can be used as
a starting point to identify further correspondence between neutron star and black
hole in other states, and that further matches between neutron stars and black holes
frequency – frequency correlations can be found based on these correspondences.
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Figure 6. Frequency correlations in a wide variety of low magnetic field neutron stars. Left: including
all accreting millisecond pulsars as measured. Right: same, but millisecond pulsars SAX J1808.4–
3658 and XTE J0929–314 shifted up by a factor 1.5 in kHz QPO frequencies only.
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Abstract. Previous work by Motch et al. [1985, Space Sci. Rev. 40, 219] suggested that in the low/hard
state of GX 339-4, the soft X-ray power-law extrapolated backward in energy agrees with the IR flux
level. Corbel and Fender [2002, ApJ 573, L35–L39] later showed that the typical hard state radio
power-law extrapolated forward in energy meets the backward extrapolated X-ray power-law at an
IR spectral break, which was explicitly observed twice in GX 339-4. This has been cited as further
evidence that jet synchrotron radiation might make a significant contribution to the observed X-
rays in the hard state. We explore this hypothesis with a series of simultaneous radio/X-ray hard
state observations of GX 339-4. We fit these spectra with a simple, but remarkably successful, doubly
broken power-law model that indeed requires a spectral break in the IR. For most of these observations,
the break position as a function of X-ray flux agrees with the jet model predictions. We then examine
the radio flux/X-ray flux correlation in Cyg X-1 through the use of 15 GHz radio data, obtained with
the Ryle radio telescope, and Rossi X-ray Timing Explorer data, from the All Sky Monitor and pointed
observations. We find evidence of ‘parallel tracks’ in the radio/X-ray correlation which are associated
with ‘failed transitions’ to, or the beginning of a transition to, the soft state. We also find that for
Cyg X-1 the radio flux is more fundamentally correlated with the hard, rather than the soft, X-ray
flux.

Keywords: accretion, accretion disks, black hole physics

1. Introduction

Both Cyg X-1 and GX 339-4 in their spectrally hard, radio-loud states have served
as canonical examples of the so-called ‘low state’ (or ‘hard state’) of galactic black
hole candidates (Pottschmidt et al., 2003; Nowak et al., 2002). In this state the
X-ray spectrum is reasonably well-approximated by a power-law with photon spec-
tral index of � ≈ 1.7, with the power-law being exponentially cutoff at high energies
(≈100 keV). Such spectra have been attributed to Comptonization of soft photons
from an accretion disk by a hot corona; however, it recently has been hypothesized
that the X-ray spectra of hard state sources might instead be due to synchrotron and
synchrotron self-Compton (SSC) radiation from a mildly relativistic jet (Markoff
et al., 2001, 2003). Jet models have been prompted in part by multiwavelength
(radio, optical, X-ray) observations of hard state systems.

Astrophysics and Space Science 300: 159–166, 2005.
DOI: 10.1007/s10509-005-1180-0 C© Springer 2005
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In hard states of GX 339-4, the 3–9 keV X-ray flux (in units of
10−10 erg cm−2 s−1) is related to the 8.6 GHz radio flux (in mJy) by Fx ≈ 0.46F1.42

r
(Corbel et al., 2003). This correlation was seen to hold over several decades in X-ray
flux, and also to hold for two hard state epochs that were separated by a prolonged,
intervening soft state outburst. It further has been suggested that the Fx ∝ F1.4

r cor-
relation is a universal property of the low/hard state of black hole binaries (Gallo
et al., 2003). This specific power-law dependence of the radio flux upon the X-ray
flux naturally arises in synchrotron jet models (Falcke and Biermann, 1995; Corbel
et al., 2003; Markoff et al., 2003; Heinz and Sunyaev, 2003), where the optically
thin synchrotron spectrum, occurring above an IR spectral break, is presumed to
continue all the way through the X-ray.

Interestingly, nearly 20 years ago Motch et al. (1985) noted that for a set of
simultaneous IR, optical, and X-ray observations of the GX 339-4 hard state, the
extrapolation of the X-ray power-law to low energy agreed with the overall flux
level of the optical/IR data. Corbel and Fender (2002) reanalyzed these observations
(which did not include simultaneous radio data), as well as a set of (not strictly
simultaneous) radio/IR/X-ray observations from the 1997 GX 339-4 hard state.
They showed that the low energy extrapolation of the X-ray power-laws, and the
high energy extrapolation of the radio power-law, coincided with a spectral break
in the IR.

2. Observations of GX 339-4

We consider a set of 10 simultaneous radio/X-ray observations of GX 339-4, eight
of which come from the 1997 or 1999 hard state (Wilms et al., 1999; Nowak et al.,
2002) and and two of which come from the 2002 hard state (Homan et al., 2004). All
X-ray observations were performed with the Rossi X-ray Timing Explorer (RXTE).
Note that five of these observations are further labeled A–E, as we single these
out for special discussion. A and B occurred immediately after the 1999 soft-to-
hard state transition (Nowak et al., 2002) and have optically thin radio spectra
(αr < 0). C has a very ‘inverted’ radio spectrum (see below). D has only a single
radio point, and hence we cannot extrapolate its radio power-law without making
further assumptions. E has the brightest X-ray flux in our sample, and is one of the
brightest hard X-ray states observed in GX 339-4 to date.

To analyze the X-ray spectra of these observations, RXTE response matrices
were created using the software tools available in HEASOFT 5.3, which we find
yield extremely good agreement between the Proportional Counter Array (PCA)
and High Energy X-ray Timing Explorer (HEXTE) when fitting power-law models to
the Crab pulsar plus nebula system. This is true for both the power-law normalization
and slope, both of which must be determined very accurately when extrapolating
over large energy ranges.
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Soft–to–Hard
X–ray Break

Obs. E (40031–03–01)

Figure 1. Unfolded spectra of an X-ray spectrum of GX 339-4 fit with an absorbed, exponentially
cutoff, broken power-law and a gaussian line. Residuals are from the proper forward folded model fit.

The radio data for observation E were obtained with the Australia Telescope
Compact Array (ATCA) at 4.8 GHz and 8.6 GHz. The radio data for observation D
were also obtained with ATCA, but only at 5 GHz. All other radio data can be found
in Nowak et al. (2002).

3. A Rant on the Nature of Evil

The observations were analyzed with the Interactive Spectral Interpretation System
(ISIS) (Houck and Denicola, 2000). For our purposes, there are several major
reasons for our use of ISIS. Data input without a response matrix (i.e., the radio
data) are automatically presumed to have an associated diagonal response with
1 cm2 effective area and 1 s integration time. We convert the radio data from mJy
to photon rate in narrow bands around the observation frequencies, and use this as
input for the simultaneous radio/X-ray fits.

The other major reason for using ISIS is that it treats ‘unfolded spectra’ (shown in
Figure 1) in a model-independent manner. The unfolded spectrum in an energy bin
denoted by h is defined by: Funfold(h) = ([C(h)− B(h)]/�t)/(

∫
R(h, E)A(E)d E),

where C(h) is the total detected counts, B(h) is the background counts, �t is
the integrated observation time, R(h, E) is the unit normalized response matrix
describing the probability that a photon of energy E is detected in bin h, and A(E)
is the detector effective area at energy E . Contrary to unfolded spectra produced
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X–ray Break
Radio–to–Soft

Obs. E (40031–03–01)
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Figure 2. Left: An unfolded, simultaneous radio/X-ray observation of GX 339-4, fit with an absorbed,
exponentially cutoff, doubly broken power-law and a gaussian line. Right: Results of broken power-
law fits to GX 339-4, showing the location of the break between the radio and soft X-ray power-law as
a function of X-ray flux. Dashed lines show the approximate integrated X-ray flux and approximate
IR spectral break energy previously observed in GX 339-4 (Corbel and Fender, 2002). Dotted lines
are Eb−r ∝ Fx

0.38, Eb−r ∝ Fx
0.74.

by XSPEC, this definition produces a spectrum that is independent of the fitted
model. Any unfolded spectrum should be considered something of a sin; however,
ISIS unfolded spectra are only venial sins, whereas XSPEC unfolded spectra should
rightly be classified as cardinal sins (dictum vel factum vel concupitum contra legem
aeternam). In Figure 1, however, the plotted residuals are those obtained from a
proper forward-folded fit.

4. Radio-to-X-Ray Break Energy Correlations

We obtain surprisingly good fits for nine of the 10 radio/X-ray spectra using the
following simple model (using the ISIS/XSPEC model definitions): absorption (the
phabs model, with NH fixed to 6 × 1021 cm2) and a high energy, exponential cutoff
(the highecut model) multiplying a doubly broken power-law (the bkn2pow model,
with the first break being in the far IR to optical regime, and the second break
being constrained to the 9–12 keV regime) plus a gaussian line (with energy fixed
at 6.4 keV). When considering just the X-ray spectra, a singly broken power-law
fits all 10 spectra, with better results than any of the Comptonization models that
we have tried.

In Figure 2 we show the fitted radio-to-X-ray break location as a function of
3–9 keV integrated flux. We also show in this figure the approximate integrated
3–9 keV flux and the IR break location for the 1997 observation discussed by
Corbel and Fender (2002). For our GX 339-4 observations of comparable 3–9 keV
flux, the doubly broken power-law models do indeed produce a break in the IR.
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The model fits presented here have predicted radio-to-X-ray breaks ranging all the
way from the far IR to the blue end of the optical (and into the X-ray, if one also
considers observation B, which has an ‘optically thin’ radio spectrum).

The data point labeled C1, with a break in the far IR, has an extremely ‘inverted’
radio spectrum (αr = 0.58). This drives the fitted break to low energies, and hence
leads to deviations from the overall observed trends shown in Figure 2. Such an
inverted spectrum is very unlikely to be intrinsic to the radio jet, and is most likely
a signature of free-free absorption at low frequencies (Fender, 2001). If we instead
consider only the highest observed radio frequency (8.6 GHz, which is likely less
affected by free–free absorption), and fix the radio spectral slope at this point to
αr = 0.1, similar to the other observations, we obtain an IR break frequency (labeled
C2) that is consistent with the other inferred breaks.

To assess the correlation of radio-to-X-ray break energy with integrated X-ray
flux, we exclude the data points from observation C (likely free–free absorbed),
observation B (which has an optically thin radio spectrum), and observation D
(which is consistent with the trends if we assume a radio slope of αr = 0.1). A
regression fit to the remaining six data points suggests that the radio-to-X-ray break
energy, in eV, scales with the 3–9 keV integrated flux as 0.95Fx

0.74±0.05.
Using the scale invariance Ansatz to describe the jet physics (Heinz and

Sunyaev, 2003; Heinz, 2004), we show elsewhere (Nowak et al., 2004) that the
predicted scaling between the integrated X-ray synchrotron flux and the radio-to-
X-ray break frequency where the jet becomes optically thin to synchrotron self-
absorption scales as νb ∝ Fx

2(p+6)/(p+4)/(p+5), where p is the power-law index of
the electron spectrum, and we have used for the X-ray spectral slope αx = (1− p)/2
from standard synchrotron theory. For the usual range of −0.65 < αx < −0.5 of
synchrotron spectra, we obtain νb ∝ F0.36

x to νb ∝ F0.38
x . This prediction is flat-

ter than the observed dependence of extrapolated break frequency upon X-ray flux.
However, if one also excludes the highest flux point, then the scaling becomes more
consistent with the jet synchrotron prediction, i.e., νb ∝ Fx

0.38±0.16 (Figure 2).

5. Radio/X-Ray Correlations in Cyg X-1

We now turn to radio/X-ray observations of Cyg X-1 (Pottschmidt et al., 2003;
Gallo et al., 2003). The radio data are 15 GHz observations performed at the Ryle
Telescope, Cambridge (UK) (Pottschmidt et al., 2003). (These are single-channel
observations, so a radio spectral slope cannot be determined.) Most of these observa-
tions have occurred simultaneously with pointed RXTE observations (Pottschmidt
et al., 2003), and nearly all have very good contemporaneous coverage by the RXTE
All Sky Monitor (ASM).

In Figure 3 we plot the daily average ASM count rate vs. the daily average 15 GHz
flux. Ranging from approximately 10–50 cps in the ASM there is a clear log-linear
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Figure 3. Left: 15 GHz Ryle radio flux (mJy) vs. Cyg X-1 daily mean ASM count rate. Right:
20–200 keV flux (units of 10−9 ergs cm s−1) vs. the daily average 15 GHz Ryle radio flux (mJy)
for pointed observations of Cyg X-1.

correlation between the radio flux and the ASM count rate. As for GX 339-4, the
radio flux rises more slowly than the ASM count rate (Fr scales approximately as
the 0.8 power of the ASM count rate). Cyg X-1, however, shows much more scatter
in the amplitude of the correlation than does GX 339-4.

As noted elsewhere (Gallo et al., 2003), there is a sharp roll-over for higher ASM
count rates. However, one can clearly discern on the shoulder of this roll-over (i.e.,
the upper right corner of Figure 3) four ‘spokes’, consisting of 2–5 data points each.
In these spokes, the radio/X-ray correlation appears to hold to high count rates. We
have confirmed Nowak et al. (2004) that each of these times are associated with
‘failed transitions’ to the soft state (Pottschmidt et al., 2003), except for the lowest
amplitude of these spokes, which occurs immediately preceding a prolonged soft
state outburst.

In Figure 3 we also plot the daily average ASM count rate vs. the 20–200 keV flux
from our pointed RXTE observations taken during the same 24 h period (Pottschmidt
et al., 2003). We see that hard X-ray/ASM correlation traces a similar pattern to the
radio/ASM correlation. Indeed, when we plot the hard X-ray flux vs. the daily
average radio flux we obtain a log-linear relationship, as shown in Figure 3. In
Cyg X-1, the radio flux density appears fundamentally to be tied to the hard X-ray
emission.

6. Summary

We have considered 10 simultaneous RXTE/radio hard state observations of
GX 339-4, and over 100 RXTE/radio observations of Cyg X-1. We have fit the
former spectra with a very simple, but remarkably successful, phenomenological
model consisting of a doubly broken power-law with an exponential roll-over plus a
gaussian line. For GX 339-4, the break between the radio and soft X-ray power-law
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occurs in the IR to optical range, in agreement with prior work (Motch et al., 1985;
Corbel and Fender, 2002). In contrast to prior works, we have fit the X-ray data in
‘detector space’ and provided a quantitative assessment of the extrapolated break
location.

The scaling of the radio-to-X-ray break location with integrated X-ray flux agrees
reasonably well with predictions of jet models wherein a large fraction of the soft
X-ray flux is due to synchrotron emission from the jet. At least some fraction of the
observed soft X-rays may be attributable to emission from the jet, as opposed to disk
or corona. On the other hand, we have evidence in the Cyg X-1 failed state transitions
and soft state transition, that the correlation between radio flux and integrated X-ray
flux can take on different amplitudes during different hard state episodes. There is
also evidence in Cyg X-1 that the radio/X-ray correlation is more fundamental to the
hard X-ray band. In jet models, this band, which essentially encompasses the third,
highest energy, power-law component in our model fits (and also encompasses the
exponential cutoff), is possibly attributable to the synchrotron self-Compton (SSC)
emission from the base of the jet (Markoff et al., 2003; Markoff and Nowak, 2004). It
is therefore quite reasonable to expect a strong coupling between the radio and hard
X-ray flux; however, these models are more complex than simple pure synchrotron
models, and are only now beginning to be explored quantitatively (Markoff et al.,
2003; Markoff and Nowak, 2004).

The results presented here suggest, at the very least, some obvious observational
strategies. Given the break energy correlations, it would be extremely useful to
have not only a radio amplitude for each X-ray observation, but also a radio slope.
Furthermore, the predicted break for the brightest observation of GX 339-4, E,
occurs in the blue end of the optical. Thus, ideally multiwavelength observations
would consist of radio, broadband X-ray, and IR through optical coverage. This is an
admittedly difficult task, but BHC are demonstrating via spectral correlations that all
these energy regimes are fundamentally related to activity near the central engine.

Finally, it is important to obtain multiwavelength observations of multiple
episodes of each of the spectral states. For example, if there are indeed ‘parallel
tracks’ in the radio/X-ray correlations, it would be interesting to determine whether
the amplitude of the radio/X-ray correlation is related to the flux at which the out-
bursting source transits from the low/hard to high/soft state. If such observations
can be made with more quantitative detail, we will have vital clues to determining
the relative contributions of coronae and jets, and the coupling between these two
components, for black hole binary systems.
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Abstract. The galactic black hole binary systems give an observational template showing how the
accretion flow changes as a function of increasing mass accretion rate, or L/LEdd. These data can
be synthesised with theoretical models of the accretion flow to give a coherent picture of accretion
in strong gravity, in which the major hard-soft spectral transition is triggered by a change in the
nature and geometry of the inner accretion flow from a hot, optically thin plasma to a cool, optically
thick accretion disc. However, a straightforward application of these models to AGN gives clear
discrepancies in overall spectral shape. Either the underlying accretion model is wrong, despite its
success in describing the Galactic systems and/or there is additional physics which breaks the simple
scaling from stellar to supermassive black holes.

Keywords: black holes, accretion flows

1. Introduction

The famous quote by John Wheeler that “Black holes have no hair” refers to their
amazing simplicity. Theoretically they can be completely described by mass, spin
and charge, while in any realistic astrophysical situation this reduces to simply mass
and spin. However, black holes are most easily studied if they accrete, where the in-
falling material converts some of its immense gravitational potential energy to high
energy radiation before disappearing forever below the event horizon. Thus there
is another parameter which describes the appearance of the most easily observed
black holes, namely their mass accretion rate.

This theoretical simplicity is at first glance wildly at odds with the observed
complexity of emission from accreting black holes. This is especially evident in the
stellar mass black holes in our galaxy (GBHC), where there is now a huge amount
of high signal-to-noise data covering a large range of different mass accretion rates.
However, recent progress has shown that these data can all be fit together into a co-
herent phenomenological framework, and that this can plausibly relate to physically
based models of the accretion flow (Done and Gierliński, 2003, hereafter DG03).
The general picture emerging from the data is that the major hard-soft transition
seen in the GBHC is consistent with being triggered by a change in the nature and
geometry of the inner accretion flow from a hot, optically thin, geometrically thick
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plasma to a cool, optically thick, geometrically thin disc (Poutanen et al., 1997;
Esin et al., 1997).

Here we try to scale up the physical models of accretion, which are so successful
in describing the data from the galactic black holes to the accreting supermassive
black holes which power active galactic nuclei (AGN) and quasars. The goal is
synthesise both theory and observations, to build a physically based model which
can explain the data from accretion flows onto all masses of black hole.

2. Galactic Black Hole Binary Systems

The GBHC all have fairly similar mass, but show a wide variety of mass ac-
cretion rates due to the disc instability (King and Ritter, 1998). These data give
a observational template showing how the accretion flow varies as a function
of (predominantly) mass accretion rate, i.e. L/LEdd. The standard disc mod-
els predict a very robust quasi-blackbody spectrum, with temperature kTdisc

∼1(M/M
)−1/4(L/LEdd)1/4 keV, i.e. ∼1 keV for a 10M
 GBHC accreting at the
Eddington limit. Such spectra are seen, but are generally accompanied by a weak
(ultrasoft state: US), moderate (high state: HS) or strong (very high state: VHS)
X-ray tail to higher energies. Together these form the soft states, which are seen at
high L/LEdd. However, at low L/LEdd these objects can also show spectra which
look entirely unlike a disk, peaking instead at ∼100 keV (low/hard states: LS).
Figure 1a shows representative spectra from all these GBH states (e.g. the review
by Tanaka and Lewin, 1995).

To produce any emission at energies substantially higher than that of the disk
requires that some fraction of the gravitational energy is dissipated in regions

Figure 1. The left panel shows RXTE PCA and HEXTE data from XTE J1550-564 to illustrate the
range of spectral shapes seen from the GBH. The middle panel compresses all the spectral information
into colours, with soft and hard colours roughly related to the inverse of the mean spectral slope
between 3 and 6 keV and 6 and 16 keV, respectively. All the black holes are consistent with the same
behaviour. The right panel shows that this behavior can be reproduced using comptonisation models
constrained by the sketched geometries shown in Figure 2.
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which are optically thin, so that a few electrons gain a large fraction of the en-
ergy. These energetic electrons can produce hard X-rays by Compton upscattering
lower energy photons, and the shape of this spectrum is determined by the ra-
tio of power in the hot electrons to that in the seed photons illuminating them,
Lh/Ls.

While such comptonization models can explain the broad band spectral shapes,
they do not address the underlying problem of the physical origin of the hot elec-
trons, or indeed the range Lh/Ls required to produce the very different spectra
shown in Figure 1a. We can get some insight into these more fundamental issues
from recent advances in understanding the physical nature of the accretion disc vis-
cosity as a magnetic dynamo (Balbus and Hawley, 1991). Numerical simulations
show that any seed magnetic field can be continuously amplified by the differential
rotation of the disc material, and dissipated through reconnection events. Including
radiative cooling gives an accretion disc structure which bears some resemblance
to the standard accretion disc models, but with some of the magnetic reconnec-
tion occurring above the disc as magnetic field loops buoyantly rise to the surface,
reconnecting above the bulk of the material in an optically thin environment (e.g.
Turner, 2004).

However, these physical viscosity simulations also show that an alternative,
non-disc solution can exist, where the whole accretion flow is optically thin, so
cannot efficiently cool. The accretion flow forms a hot, geometrically thick struc-
ture, qualitatively similar to the Advection Dominated Accretion Flows (Narayan
and Yi, 1995), but considerably more complex in detail, with convection (e.g.
Igumenshchev et al., 2003) and outflows (Blandford and Begelman, 1999) as well
as advection (Hawley and Balbus, 2002).

The existence of two very different accretion flow structures gives a very natural
explanation for the two very different types of spectra (hard and soft) seen from the
GBH. At low L/LEdd the inner optically thick disk is replaced by an optically thin
flow. There are few photons from the disk which illuminate the flow, so Lh/Ls � 1
and the comptonised spectra are hard. When the mass accretion rate increases, the
flow becomes optically thick, and collapses into an SS disk. The dramatic increase
in disk flux drives the hard-soft state transition (Esin et al., 1997). A weak tail on
the dominant disk emission can be produced by occasional magnetic field loops
buoyantly rising to the surface, reconnecting above the bulk of the material in an
optically thin environment (US). Increasing the ratio of power dissipated above
the surface to that in the disk increases Lh/Ls, increasing the importance of the
hard X-ray tail. However, the geometry of the soft states sets a limit to Lh/Ls.
Flares above a disk illuminate the disk surface, where some fraction are absorbed
and thermalised. This adds to the intrinsic disk emission, fixing Lh/Ls � 1 in the
limit where the flares cover most of the disk surface (Haardt and Maraschi, 1993),
which always results in a soft comptonised spectrum, forming a power law with
energy index α � 1 (VHS). Figure 2 illustrates the geometries inferred for each
state.
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Figure 2. Sketched geometries corresponding to the spectral states, together with the EQPAIR spectra
for GBH (higher disc temperature) and AGN (lower disc temperature). The dashed and dotted vertical
lines on the spectral panels show the energy ranges for RXTE and XMM-Newton, respectively.

3. Quantitative Models of the X-ray Spectra of GBH

The picture developed above for the geometry of the accretion flow puts constraints
on the expected emission. The energetic electrons in the optically thin regions can
produce hard X-rays by Compton-upscattering lower energy photons, and the shape
of this spectrum is broadly determined by the ratio of power in the electrons to that
in the seed photons illuminating them, Lh/Ls. However, the spectral shape of the
comptonised emission also depends to some lesser extent on the details of the
electron distribution (its optical depth and whether it is thermal, non-thermal, or
has some more complex shape) and seed photons (temperature and spectrum).

Detailed modelling of individual spectra from GBH show that the X-ray emission
in the low/hard state it is fairly well modeled by thermal Comptonisation of accretion
disc photons by hot, thermal (∼100 keV) electrons (e.g. Gierliński et al., 1997),
although there may be some evidence for non-thermal electrons also being present
(McConnell et al., 2002). However, in the soft states the spectral curvature in
the tail is clearly best described by a combination of low temperature thermal
(∼10 keV) and non-thermal electrons (Gierliński et al., 1999; Zdziarski et al., 2001;
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Frontera et al., 2001; McConnell et al., 2002; Gierliński and Done, 2003; Kubota
and Done, 2004). These could be two physically (and perhaps spatially) distinct
populations, or a single ‘hybrid’ plasma. The latter idea comes from the fact that
even a purely non-thermal acceleration process cannot give rise to a completely
power law electron distribution as electron-electron collisions will always give rise
to some thermalisation at the lowest energies (Coppi, 1999). Alternatively, even
assuming that the energy injection to the electrons is purely thermal leads to a non-
thermal tail from stochastic scattering (second order Fermi processes) on magnetic
field inhomogeneities (Dermer et al., 1996; Liu et al., 2004). Thus it seems very
likely that the electron distribution is indeed complex, even if we are dealing with
a single acceleration region.

Thus the simplest model for the emission is one where there is a single acceler-
ation process for the magnetic reconnection irrespective of its spatial location (hot
inner flow or flares above a disc). We use the sophisticated comptonization code,
EQPAIR (Coppi, 1999) to translate this schematic picture into a quantitative model.
The key advantage of this code is that it does not assume a steady state electron
distribution, rather it calculates it by balancing heating (injection of power Lh into
thermal and/or non-thermal electrons) and cooling processes (Compton cooling,
which depends on Ls, Coulomb collisions, photon–photon collisions leading to
e+/− pair production and annihilation). The resulting spectrum depends primarily
on Lh/Ls, i.e. on the geometry, and on the form of the electron injection. Guided
by the results from detailed fits to individual spectra, we choose a constant electron
injection spectrum which has optical depth of unity, with the power split equally
between non-thermal (power law of �inj = 2.5 up to maximum Lorentz factor of
103) and thermal components.

Figure 1c shows a grid of colours resulting from the EQPAIR code for Lh/Ls

changing from 30 (top right of the diagonal branch) to 0.01 (softest hard colours),
assuming seed photons from the disc at 0.3–1.2 keV as expected for the observed
range in L/LEdd for a standard disc. Changing only these two physical parameters
can describe all the colour evolution seen from the GBH. These model spectra for
each state are shown in the right-hand panel of Figure 2 darker line, with higher
disc temperature), with the dotted lines showing the energy range of the PCA data
over which the colours are measured (DG03). These same models for the accretion
flow (both qualitative and quantitative) can also explain the very different colours
seen from the disc accreting neutron star systems. These have similar gravitational
fields, so should have similar accretion flows, but with the addition of a boundary
layer between the flow and the solid surface (DG03).

4. Application to Supermassive Black Holes

AGN accretion flows should be similar to those in GBH at the same L/LEdd, except
that the much larger mass black hole leads to a lower accretion disk temperature
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(Shakura and Sunyaev, 1973). However, studying the AGN accretion flows is diffi-
cult as the black hole mass is much harder to determine, so giving large uncertainties
on L/LEdd. This problem can now be addressed using the recently discovered cor-
relations of central black hole mass with the luminosity/velocity dispersion of the
bulge, or the line width of the narrow line region, or reverberation mapping (e.g.
Woo and Urry, 2002). The other problem is signal-to-noise, with only the ∼ 10
brightest AGN having adequate spectra in RXTE. Again, this is now changing
due to the unprecedented sensitivity of the EPIC camera (0.2–10 keV) on ESA’s
XMM-Newton satellite

If the models which describe the GBH spectra really do work then we can use
the same code to predict what we should see from AGN, assuming that the only
change in the accretion flow structure is due to the mass of the black hole changing
the temperature of the disk. Since kTdisk ∝ M−1/4 for a given L/LEdd then the GBH
temperature range of 0.3–1.2 keV observed in the 10M
 stellar black holes scales
to 5–20 eV for a 108 M
 AGN. The grey lines in the spectral panels of Figure 2
show the effect of this seed photon temperature change on the EQPAIR Comptonised
spectra assuming the same geometries as used for the GBH.

The vertical lines on these spectra show the relevant bandpasses of the RXTE
PCA (GBHC: dashed line) and XMM-Newton EPIC instruments (AGN: dotted),
respectively. Plainly these models predict that the analogue of the soft states in AGN
will have no direct disk emission in the XMM-Newton bandpass. The predicted
spectra are approximately power laws, and soft excesses should be weak and rare.
For all the states, the lower seed photon temperature means that the comptonised
spectra extend to lower energies and are slightly softer. Thus the soft state spectra
always have comptonised emission with α > 1, and even the hard state spectra
have α > 0.8.

The bright quasar sample are objects selected by their strong blue/UV continuum
flux, i.e. have a strong accretion disc component so should correspond to the soft
state. This is confirmed by their estimated L/LEdd, with the majority spanning
the range between 0.1 < L/LEdd < 1. We selected all the publicly available
(as of September 2003) X-ray spectra from XMM-Newton archive. We fit these
26 objects with a continuum model consisting of two Comptonized components.
The hot component produces the power-law spectrum, while the cool one gives
freedom to model any soft X-ray excess. Contrary to expectations, all the objects
require a soft excess component. Figure 3a shows the characteristics of the soft
excess for each object, plotting temperature against strength of the soft excess, Rexc,
measured by the ratio of unabsorbed 0.3–2 keV flux in the cool and hot components.
The most striking property of the soft excess is its constancy in temperature. It is
distributed in a very narrow range of values between 0.1 and 0.2 keV, and does
not correlate in any way with the expected disc temperature estimated from black
hole mass and L/LEdd. Equally contrary to expectation is the spectral index of the
hot comptonisation componet. Figure 3b shows this plotted against the estimated
L/LEdd for each object. While there is the same general trend as in the GBHC
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Figure 3.

for high L/LEdd objects to be steeper, there are several AGN which are at high
Eddington fractions which have α = �−1 < 1, and that many of these have strong
soft X-ray excesses (R > 0.5), denoted by filled symbols (Gierliński and Done,
2004).

PG 1211+143 is the most extreme example of this in our sample. It has α ∼ 0.8
for the intrinsic (reflection and ionised absorption corrected) continuum, and also
has a strong soft X-ray excess. Similar objects are also seen in the literature, with
the strongest soft excesses often seen in Narrow Line Seyfert 1’s (e.g. 1H 0419-577:
Page et al., 2002; 1H 0707-495: Fabian et al., 2002). Plainly there are problems in a
simple application of the GBH spectral models to AGN. Either the GBH models are
wrong, or there are additional physical processes which break the scaling between
AGN and GBH.

5. Additional Complexity in AGN Spectra?

One obvious candidate for additional complexity in the AGN spectra is the generic
presence of partially ionised absorption. The environment around an AGN is often
gas-rich, and X-ray illumination of distant material such as the molecular torus
can form a partially ionised wind (Krolik and Kriss, 2001). However, changes in
this absorption on fairly short timescales suggest that at least some component of
this is directly associated with the disk (e.g. Pounds et al., 2003). The low disk
temperature in AGN means that most of the disk material has substantial opacity
from all elements except H and He. There are multiple line transitions from these
elements in the UV band, where the disk spectra peak, so these can result in a strong
line-driven wind from the disk. By contrast, the higher disk temperature in GBH
means the disk has much lower opacity, predicting a much weaker wind (Proga and
Kallman, 2002).

The gratings on XMM-Newton and Chandra have shown the ionised absorption
in AGN in unprecedented detail. In general, multiple absorption components are
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seen, with different outflow velocities, columns and ionisation states (e.g. Blustin
et al., 2002). However, these absorbers are included in the fits to PG 1211+143,
and make no substantial difference to the size of soft excess or hardness of the
2–10 keV spectrum. However, these absorption components are identified by their
narrow atomic features, impling that the dispersion in velocity along the line of sight
is rather small. This is not what is expected from the disc wind described above.
Instead this should be differentially rotating, and outflowing, so has a very complex
velocity structure which gives substantial broadening (Murray and Chiang, 1997).

We re-fit the data with a model in which there is only one Comptonised compo-
nent, i.e. no additional soft excess, together with a simple model of the absorption
expected from a discwind (an ionised absorber convolved with a Gaussian velocity
dispersion). Figure 3c shows the new distribution of spectral indices with L/LEdd.
All the AGN now have intrinsically steep spectra (α > 1) as expected for the
supermassive analogues of the soft state GBHC. The typical velocity dispersions
are ∼0.1 − 0.3c, as expected if the wind is launched from close to the last stable
orbit of the disc, and the columns required are ∼1021−23 cm−2 (Gierliński and Done,
2004). Such absorption models models can fit the data from individual bright ob-
jects as well as a separate soft excess component or ionised reflection (Sobolewska
and Done, 2004).

6. Conclusions

All the data from the galactic black hole binaries are consistent with showing the
same spectral evolution as a function of increasing L/LEdd. This evolution can
be qualitatively modeled by a change in the nature and geometry of the accretion
flow, from a hot, geometrically thick plasma to a cool, geometrically thin disc. The
implications of this on the emitted spectrum can be quantified using sophisticated
comptonisation codes, and these can match the observed data. These models, with
the addition of a boundary layer, can also explain the rather different spectral
evolution seen from the disc accretion neutron star binary systems.

The comptonisation models can easily be scaled up to predict the spectra from
AGN and quasars, assuming that the physics of the accretion flow is the same.
However, these predictions conflict with the observed spectra of the PG quasar
sample. These all have high L/LEdd so should be soft state analogues of the GBHC,
but several have rather hard 2–10 keV spectra, and all require an additional soft X-
ray component which has no obvious counterpart in the GBHC. Instead we suggest
that these spectra are as predicted by the models, but that our view of them is
distorted by complex, partially ionised absorption from an accretion disc wind.
The large velocity shifts in the wind smear the intrinsically narrow absorption
features so that the material gives no clearly identifiable signal in high resolution
grating data. The difference between the GBHC and AGN is then that the AGN
have strong absorption from a discwind, while the GBHC do not. This can easily
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be explained by the much lower disc temperature expected in supermassive black
holes. Firstly this means that the disc itself retains substantial opacity, so there is
much more line driving force for launching the wind, and secondly, heavy elements
in the wind are less likely to be completely ionised, so have more effect on the X-
ray spectrum. While such models are speculative, the alternative is that we missing
some substantial piece of accretion physics in the galactic black hole models.
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Abstract. At luminosities below a few percent of Eddington, accreting black holes switch to a hard
spectral state which is very different from the soft blackbody-like spectral state that is found at higher
luminosities. The hard state is well-described by a two-temperature, optically thin, geometrically
thick, advection-dominated accretion flow (ADAF) in which the ions are extremely hot (up to 1012 K
near the black hole), the electrons are also hot (∼109−10.5 K), and thermal Comptonization dominates
the X-ray emission. The radiative efficiency of an ADAF decreases rapidly with decreasing mass
accretion rate, becoming extremely low when a source reaches quiescence. ADAFs are expected
to have strong outflows, which may explain why relativistic jets are often inferred from the radio
emission of these sources. It has been suggested that most of the X-ray emission also comes from a
jet, but this is less well established.

Keywords: accretion, accretion disks, active galactic nuclei, black hole physics, radiation mecha-
nisms, X-rays: binaries

1. Introduction

The well-known thin accretion disk model has been a staple of accretion theory for
more than 30 years (Shakura and Sunyaev, 1973; Novikov and Thorne, 1973). It
provides a good description of the soft X-ray spectra of luminous black hole X-ray
binaries (XRBs) in the high soft state (see McClintock and Remillard, 2004) and the
big blue bump in the optical/UV spectra of bright quasars and active galactic nuclei
(AGN; Malkan, 1983; but see Koratkar and Blaes, 1999). However, even from the
earliest days (Tananbaum et al., 1972) it was realized that XRBs sometimes switch
to a hard spectral state which requires the accreting gas to be hot and optically thin,
quite different from the gas in a thin disk which is relatively cool and optically
thick.

Observations of a number of XRBs have shown that, at luminosities below a
few percent of Eddington, the sources enter the classic low hard state, and at much
lower luminosities the quiescent state (McClintock and Remillard, 2004). Both
states are characterized by very high temperatures ∼100 keV or more, optically
thin emission, and weak or absent soft X-ray emission. In the case of supermassive
black holes, low-luminosity AGN (LLAGN) are noted for the absence of a big blue
bump and the presence of substantial hard X-ray and radio emission (Ho, 1999;
Quataert et al., 1999; Nagar et al., 2000). This again indicates that a standard thin
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accretion disk is either absent or is energetically unimportant, and that a hot flow,
similar to those seen in low-luminosity XRBs, is probably present.

In an important paper, Shapiro et al. (1976) introduced the idea of a two-
temperature plasma and used it to develop a new hot accretion solution which
is distinct from the standard thin disk. However, the solution turned out to be ther-
mally unstable (Pringle, 1976). Fortunately, there is a second hot two-temperature
solution called an advection-dominated accretion flow (ADAF; Narayan and Yi,
1994, 1995b; Abramowicz et al., 1995; see Narayan et al., 1988; Kato et al., 1998
for reviews). This solution, which is also referred to as a radiatively inefficient
accretion flow (RIAF), was originally discussed in a forgotten paper by Ichimaru
(1977; see also Rees et al., 1982). It has been shown to be effectively stable (Kato
et al., 1997; Wu, 1997), and it is now recognized to be relevant for understanding
low-luminosity accretion flows around black holes.

2. Advection-Dominated Accretion Flow

2.1. BAS I C P ROPERTIES

The energy equation of gas in a time-steady accretion disk may be written schemat-
ically as

qadv ≡ ρv
T ds

d R
= q+ − q−, (1)

where qadv is the rate of advection of energy per unit volume, ρ is the density, v is
the radial velocity, T is the temperature, s is the specific entropy, R is the radius,
q+ is the viscous heating rate per unit volume, and q− is the radiative cooling
rate. A thin accretion disk is characterized by the condition q+ ∼ q− � qadv, i.e.,
viscous heating is balanced by radiative cooling. In contrast, an ADAF satisfies
q+ ∼ qadv � q−, i.e., most of the viscous heat remains trapped in the gas (because
the gas is radiatively inefficient), and the energy is advected in toward the BH.
Technically, since the plasma is two-temperature, it is necessary to write separate
energy equations for the ions and the electrons and to model the energy transfer
between the two species by Coulomb collisions (Narayan and Yi, 1995b; Nakamura
et al., 1997). We do not go into the details here and refer the reader to the review
by Narayan et al. (1998).

The ADAF solution has a number of interesting properties:

(i) The ion temperature varies roughly as Ti ∼ 1012 K/r , where r = R/RS is the
radius in Schwarzschild units. The electron temperature, however, saturates at
Te ∼ 109–1010.5 K for r � 102–103.

(ii) The large ion temperature implies that the flow is geometrically thick. In fact,
an ADAF might be viewed as the viscous rotating analog of spherical Bondi
accretion.



LOW-LUMINOSITY ACCRETION IN BLACK HOLE X-RAY BINARIES 179

(iii) The gas in an ADAF is optically thin; therefore, the radiation from the hot elec-
trons (which dominate the emission) is primarily by thermal Comptonization.
Because Comptonization acts as a natural thermostat, the electron temperature
is typically ∼100 to a few 100 keV and varies by only a factor of a few over a
wide range of Eddington-scaled accretion rate ṁ = Ṁ/ṀEdd (e.g., Esin et al.,
1997, 1998; Zdziarski et al., 2003).

(iv) The ADAF solution exists only for accretion rates ṁ below a certain critical rate
ṁcrit, whose value depends on the viscosity parameter α. For α ∼ 0.1–0.25,
ṁcrit ∼ 0.01–0.1.

2.2. APPLI CATION OF THE ADAF SOLUTION TO XRBS AND AGN

Rather miraculously, the properties of the ADAF solution are exactly what are
needed to understand XRBs at low luminosities. The radiation in an ADAF is
dominated by thermal Comptonization, in agreement with observations of XRBs
in the low hard state. The electron temperature is about 100 keV, exactly what is
needed to explain X-ray spectra in the low state (e.g., see the ADAF model of GRO
J0422+32 shown in Figure 1). Finally, the critical ṁcrit ∼ 0.01–0.1 above which
the ADAF solution ceases to exist is consistent with the luminosity at which the
transition from the low hard state to the high soft state occurs in XRBs.

Figure 1. Combined TTM (2–20 keV), HEXE (20–200 keV), and OSSE (50–600 keV) spectrum of
GRO J0422+32 in the low hard state. The solid line shows an ADAF fit to the spectrum. (From Esin
et al., 1998)
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By combining the thin accretion disk model and the ADAF model, Narayan
(1996) and Esin et al. (1997) showed that it is possible to understand qualitatively
the various spectral states of XRBs. According to their proposal (Figure 2), for
ṁ > ṁcrit, the accretion occurs primarily via a thin disk with a corona on top.
This corresponds to the high soft state, with the disk providing the bulk of the
radiation via a multicolor blackbody component and the corona contributing hard
X-rays through Compton scattering (Haardt and Maraschi, 1991). Once ṁ falls
below ṁcrit, a hole opens up at the center of the disk and the hole is filled with a
hot ADAF. For ṁ � ṁcrit, the hole is relatively small and both the thin disk and the
ADAF contribute roughly equally. This corresponds to the intermediate state. With
decreasing ṁ, the transition radius rtr between the two zones becomes larger and
the ADAF dominates the energetics. At very low ṁ, i.e., in the quiescent state, rtr

is very large (>1000, e.g., Narayan et al., 1996); in objects such as Sgr A∗ (Yuan
et al., 2003), the outer thin disk may even disappear altogether.

Quiescent State

Low State

Intermediate State

High State

Very High State

.
m

0.5

0.09

0.08

0.01

Figure 2. Configuration of the accretion flow around a black hole in different spectral states, shown
schematically as a function of the Eddington-scaled mass accretion rate ṁ. The ADAF and the corona
are indicated by dots and the thin disk by the shaded horizontal bars. (From Esin et al., 1997)
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In the intermediate state and at the high end of the low state, the ADAF is only
mildly advection-dominated, so the radiative efficiency is fairly large. However,
with decreasing ṁ, the efficiency drops rapidly. Quiescent systems are, therefore,
radiatively very inefficient; Sgr A∗, for instance, has a luminosity that is only about
10−5–10−6 of the rate at which rest mass energy accretes from its surroundings
(Yuan et al., 2003).

An ADAF has two sources of soft photons for Comptonization, and both are
included in models (Narayan et al., 1997): (i) thermal synchrotron photons from
the hot electrons in the ADAF (ii) thermal blackbody photons from the outer thin
disk. The former dominates at low ṁ (quiescent state and lower end of low state)
and the latter at higher ṁ (upper end of low state and intermediate state).

The above paradigm, which is based on the ADAF model or its variants (ADIOS,
Blandford and Begelman, 1999; LHAF, Yuan, 2001; Yuan and Zdziarski, 2004;
CDAF, Narayan et al., 2000; Quataert and Gruzinov, 2000), explains qualitatively
many observations of XRBs (Esin et al., 1997, 1998, 2001; see Narayan et al., 1998
for other applications). Very recently, Meyer-Hofmeister et al. (2005) have sug-
gested an interesting mechanism involving an interplay between Compton cooling
and disk evaporation to explain the hysteresis phenomenon that has been iden-
tified in the high-to-low transition of black hole and neutron star X-ray binaries
(Miyamoto et al., 1995; Nowak et al., 2002; Maccarone and Coppi, 2003; Zdziarski
et al., 2004).

The ADAF model also explains a variety of observations of LLAGN: Sgr A∗

(Narayan et al., 1995; Yuan et al., 2003), LLAGN in giant ellipticals (Fabian and
Rees, 1995; Reynolds et al., 1996; Di Matteo et al., 2003), and LINERs (Lasota
et al., 1996; Quataert et al., 1999). In addition, it appears that ADAFs may be present
in BL Lac objects (Maraschi and Tavecchio, 2003), FR I sources (Reynolds et al.,
1996; Begelman and Celotti, 2004), XBONGs (Yuan and Narayan, 2004), and even
some Seyferts (Chiang and Blaes, 2003). Overall, the model has turned out to be
quite useful for providing a qualitative understanding of a variety of phenomena in
low-luminosity accreting black holes (Quataert, 2001; Narayan, 2002).

2 .3 . TRANSI TI ON RADIUS

A key element of the model shown in Figure 2 is that the transition radius rtr

between the outer thin disk and the inner ADAF varies with ṁ. But how exactly
does it vary? To calculate this from first principles, one needs a physical theory of
what causes the transition between the two kinds of flow. A number of ideas have
been discussed in the literature and many efforts have been devoted to estimating
rtr(ṁ) theoretically (Meyer and Meyer-Hofmeister, 1994; Dullemond and Turolla,
1998; Liu et al., 1999; Rozanska and Czerny, 2000; Spruit and Deufel, 2002), but
no model is presently able to provide robust predictions.

An alternative approach is to use the observations themselves to determine rtr(ṁ).
For a number of sources, by fitting observations one is able to obtain estimates of
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Figure 3. Bolometric luminosity in Eddington units (ordinate) vs. the transition radius in
Schwarzschild units (abscissa) for different observed systems. (See Yuan and Narayan, 2004 for
details)

the Eddington-scaled luminosity and mass accretion rate, as well as the transition
radius. Although there are large uncertainties in some of these quantities, nev-
ertheless the results are interesting when plotted, as discussed in Narayan et al.
(1998) and Yuan and Narayan (2004). Figure 3 from the latter paper supports the
basic features of the Esin et al. (1997) proposal; specifically, the transition radius
rtr seems to increase monotonically with decreasing luminosity, as postulated in
the model. Interestingly, both XRBs and LLAGN are included in the plot, and the
two classes of sources seem to follow more or less the same trend even though
their masses are very different. This confirms that the physics of ADAFs is largely
mass-independent (Narayan and Yi, 1995b), once all quantities are scaled suitably
in terms of Eddington and Schwarzschild units.

3. Role of Jets

3.1. ADAFS, CONVECTION, OUTFLOWS, AND JETS

One of the interesting properties of ADAFs, highlighted already in the first papers
(Narayan and Yi, 1994, 1995a), is that the accreting gas has a positive Bernoulli
parameter, i.e., the gas is technically not bound to the BH. One expects, therefore,
strong winds and outflows from an ADAF (Narayan and Yi, 1994, 1995a). Another
property of ADAFs is that they have unstable entropy gradients and are hence
violently unstable to convection (Begelman and Meier, 1982; Narayan and Yi,
1994, 1995a). Both effects have been seen in hydrodynamic and MHD simulations
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of ADAFs (Stone et al., 1999; Igumenshchev and Abramowicz, 2000; Narayan
et al., 2000; Stone and Pringle, 2001; Hawley and Balbus, 2002; Igumenshchev
et al., 2003).

An important consequence of the above effects is that the mass that accretes onto
the BH via an ADAF is much less than the mass supplied at the outer edge of the
accretion flow. Blandford and Begelman (1999) suggested that the mass accretion
rate may scale with radius as ṁ ∼ (r/rout)s . This scaling has been widely used in
ADAF models (e.g., Quataert and Narayan, 1999). One problem is that the value
of s cannot be estimated from first principles, though one may be able, in favorable
cases, to fit s by comparison to observations. Yuan et al. (2003) estimated s ∼ 0.3
for the accretion flow in Sgr A∗. For this choice of s, the unusually low luminosity
of the source is explained partly by the reduced mass accreting on the black hole
(∼10−2 of the mass available at the Bondi radius) and partly by the low radiative
efficiency of the accreting gas (∼10−3).

Once we recognize that ADAFs have powerful outflows, it is natural to think that
these flows would have relativistic jets (Meier, 2001). Indeed, such a connection
has been established fairly convincingly. XRBs in the low state generally have
measurable radio emission, whereas sources in the high state do not. The radio
emission has been resolved into a jet in Cyg X–1, and jets are inferred in other
sources because of their large brightness temperatures (Fender, 2004). In the case
of supermassive BHs again, it is found that LLAGN are in general radio loud with
high brightness temperatures (Nagar et al., 2000; Falcke et al., 2000). Also, BL
Lacs, which have been associated with ADAFs (Maraschi and Tavecchio, 2003),
are known to have strong jets. Apart from these experimental indications, there is
also a strong theoretical argument for jets, viz., an ADAF simply cannot produce
the large radio fluxes that are observed. The radio emission has to come from a
volume much larger than the ADAF, which suggests that it must originate in a
jet.

3 .2 . DOES THE JET DOMINATE THE HIGH ENERGY EMISSION

I N ADAFS?

While the argument for the radio emission originating in a jet is clear, what about
the X-ray emission? The ADAF model is quite successful in explaining the X-
ray fluxes and spectra of low-luminosity black holes without invoking a jet (e.g.,
Figure 1). One source of particular interest is XTE J1118+480, for which a nearly
complete spectrum has been measured in the low state (McClintock et al., 2001).
Esin et al. (2001) proposed a model for this source in which (as in Figure 2) a thin
disk is present outside a transition radius rtr ∼ 50 and an ADAF is present inside
this radius. The model fits the spectral data in the optical, UV, and X-rays quite well.

Soon after this work, Markoff et al. (2001) proposed an alternative model in
which they explained the entire spectrum of XTE J1118+480 from radio to X-rays
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by means of synchrotron emission from a jet. (They invoked a standard disk for
the optical and UV.) As described earlier, a jet is certainly expected in an ADAF
system and it is quite natural for the jet to dominate in radio and perhaps infrared.
What was surprising was that the Markoff et al. model was able to explain the X-ray
emission with the same jet.

The case for a jet became stronger when Corbel et al. (2003) showed that there
is a strong correlation between the radio and X-ray emission in the black hole XRB
GX 339-4 in the low state and quiescent state. They suggested that a significant
fraction of the X-ray emission may originate in a jet. Interestingly, both Markoff
et al. and Corbel et al. require a radiatively inefficient ADAF to be present since a
radiatively efficient disk would swamp the jet emission in their model. However,
the ADAF is postulated to be virtually silent even in the X-ray band, and it is the
jet that produces most of the observed radiation.

Heinz and Sunyaev (2003) studied the jet model and worked out a scaling re-
lation between the synchrotron flux at a given frequency, the mass of the black
hole, and the mass accretion rate. Their model is applicable to jets anchored in
either an ADAF or a standard disk. Merloni et al. (2003) extended this work
and showed that accreting black holes follow quite well a “fundamental plane”
in the three-dimensional parameter space of radio luminosity, X-ray luminosity,
and black hole mass. However, they came down in favor of the ADAF rather
than the jet as the source of the X-ray emission in the low hard state. Falcke
et al. (2004) argued instead that synchrotron emission from the jet is the source
of the X-rays. In a recent paper, Heinz (2004) has presented additional arguments
why a synchrotron jet is unlikely to explain the X-ray emission in low hard state
binaries.

Apart from the above contradictory arguments, Zdziarski et al. (2003) have pre-
sented possible additional difficulties with a jet interpretation of the X-ray emission
in the low state. They claim that synchrotron emission cannot produce as sharp a
cutoff at high energies as observed (e.g., see the spectrum shown in Figure 1). Also,
the predicted spectrum is not as hard as the spectra observed in some low state
XRBs. Finally, the fact that the cutoff occurs near 100 or a few 100 keV in several
sources (in fact, all sources in which a cutoff has been seen) does not find a natural
explanation in the jet model; it requires a degree of fine-tuning of the power-law en-
ergy distribution of the radiating electrons. In the ADAF model, on the other hand,
thermal Comptonization acts as a thermostat that naturally produces a temperature
of the order of 100 keV.

Recently, Yuan et al. (2005) and Malzac et al. (2004) have come up with a jet-
ADAF model of J1118+480 in which a jet produces most of the radio and infrared
emission, the ADAF produces the X-ray emission, and the outer thin disk produces
the optical and UV emission. The model fits the spectral data satisfactorily and
also explains the timing and variability data qualitatively. By combining the best
features of the ADAF model and the jet model, this work appears to represent an
interesting compromise between the two models.
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Figure 4. Upper panel: X-ray luminosities of quiescent black hole XRBs in units of 1031 erg/s plotted
against the cosine of the inclination angle i . The curves indicate the expected variation according to
a jet model for different choices of the jet Lorentz factor: γ = 1.0 (horizontal line), 1.2, 1.4,. . . , 2.6.
Lower panel: The same data grouped into bins of width 0.2 in cos i . (From Narayan and McClintock,
2005)

3.3. IS THE X-RAY EMISSION BEAM ED?

The most obvious feature of a jet is that it involves outward motion of gas at rela-
tivistic speeds. It is therefore natural to expect evidence in the data for relativistic
beaming. Observations, however, generally indicate that beaming is not very pro-
nounced. Gallo et al. (2003) and Fender et al. (2004) estimated an upper limit of
γ ∼ 2 for the Lorentz factor of the radio-emitting material, while Maccarone (2003)
deduced γ ≤ 1.4 for the X-ray-emitting gas in GRO J1655-40.

Figure 4 shows analogous results for the quiescent state of XRBs. Assuming the
X-ray emission is from a jet, the different curves show the expected variation of the
observed flux as a function of the binary inclination i for different choices of the
jet Lorentz factor γ . The calculations assume that the jet is oriented perpendicular
to the binary orbit, and the curves have been normalized so as to have the same
flux density for cos i = 0.5. Overplotted on the curves are the quiescent X-ray
luminosities of a number of black hole XRBs. We see that there is no hint in the data
for any increase in the observed luminosity of low-inclination systems (cos i → 1).
In fact, the most pole-on system in the sample, 4U1543-47, with i ≈ 21◦, has a
95% confidence upper limit on its quiescent luminosity that is below the predicted
luminosity for all reasonable values of γ . By visual inspection we conclude that,
if the X-ray emission is from a jet, then the Lorentz factor is limited to γ � 1.2.
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A likely explanation for the data is that the X-ray emission is not primarily from
an outflowing jet but from an orbiting ADAF. Note, however, that the argument
assumes the jet to be oriented perpendicular to the accretion disk which is not
supported by the limited data available (see Narayan and McClintock, 2005).

Jet models generally have radio emission coming from farther out in the jet and
X-ray emission from closer to the center. In fact, often the X-rays are postulated to
be emitted from the “base of the jet.” In this context, we should note that the base
of the jet is probably right inside the ADAF. It then becomes a matter of semantics
whether this gas should be called the jet or the ADAF. If the gas were moving
rapidly away from the accreting gas and we could see clear evidence for beaming,
then we could of course confidently claim that it is a jet. However, as mentioned
above, there is no evidence yet for relativistic beaming in either the low state or the
quiescent state.

The other distinguishing feature of the jet model is that it invokes synchrotron
radiation from nonthermal electrons to explain the X-ray emission. The ADAF
model, in contrast, makes use of thermal Comptonization. As mentioned above,
the synchrotron model has some difficulty explaining certain aspects of the X-ray
spectrum. Nevertheless, the arguments are probably not insurmountable, so the
model must be considered viable. If, however, it turns out that the synchrotron idea
cannot be made to work for the X-ray emission, and if one needs to invoke something
like thermal Comptonization in the jet to explain the data, then the argument for
the jet would be significantly weakened. Why refer to it as a jet if the gas is located
inside the ADAF, is not moving rapidly, and has all the characteristics of the hot
gas in an ADAF? For all practical purposes, such a model would be identical to the
jet-ADAF model of Yuan et al. (2005) and Malzac et al. (2004) in which the low-
energy radio (and infrared) emission comes from a bona fide jet, but the high energy
X-ray emission comes from an ADAF. (Malzac et al. also discuss the possibility
that the X-rays may come from a patchy corona rather than a standard ADAF.)

One issue still remains to be addressed, viz., the Corbel et al. (2003) correlation
between the radio and X-ray emission. This correlation finds a natural explanation
in the jet model, but is not so obvious if the X-rays originate in an ADAF. If the
jet is part of the general outflow from the ADAF as we have suggested above, then
it is conceivable that there would be a correlation between the properties of the jet
and those of the ADAF. In this case, even though the radio and the X-rays come
from different parts of the system (jet and ADAF, respectively), there might still be
a strong correlation between the two. This possibility is discussed in Meier (2001)
and needs to be investigated quantitatively.
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Abstract. Astrophysical jets seem to gain strength disproportionate to the power of their associ-
ated accretion flow, making low-luminosity sources ideal targets for studies of the role of outflows.
Radio/X-ray correlations have supported the case for a strong relationship between the jets and the
hard X-ray emitting regions, and here we explore the strongest scenario where the base of the jets
subsumes the role of the corona. The properties of coronae, as inferred from spectral models, are
very similar to what is empirically required at jet bases assuming conservation laws hold. We present
a few preliminary fits to simultaneous radio and X-ray datasets from our GX 339−4 and Cyg X-1
campaigns. The fits are performed in detector space, and include a jet plus thermal disk continuum
model, with added Gaussian line and non-relativistic reflection features similar to the approach of
other X-ray models. We find that we can fit the entire radio through X-ray spectrum quite well, with
any deviation occurring in the line/reflection region. The results suggest that a jet/corona unification
can provide a reasonable description of the data. Future work will benefit from a more complex
approach to the disk feedback features.

Keywords: X-rays: binaries, black hole physics, radiation mechanisms: non-thermal, accretion,

accretion disks, X-rays: general

1. Introduction

Relativistic outflows have been considered part of the big picture for active galactic
nuclei (AGN) almost since their discovery, simply because their scales are so large
compared to the host galaxy in radio frequencies. The confirmation that jets also
exist in smaller accreting compact objects, such as X-ray binaries (XRBs), was not
fully established until the late 1970s (SS433; Spencer, 1979). However, XRB jets
continued to be treated as distinct components until fairly recently, when correla-
tions between the radio and X-ray luminosities were discovered in the hard state of
GX 339−4 (Hannikainen et al., 1998; Corbel et al., 2000, 2003). This correlation is
now thought to be fundamental to accreting black holes (Gallo et al., 2003; Merloni
et al., 2003; Falcke et al., 2004). The realization that the correlation scales with
mass has provided a new method of comparison between AGN and XRBs, and for
the exploration of the spectral roles of the individual components.
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Despite this progress, the details of the inflow/outflow interface are still a matter
of significant debate. The nature of the connection is important for models of jet
formation, and in general our understanding of the effects of strong gravitational
fields on magneto-hydrodynamical plasmas. An important way to approach this
problem is to create physical models which consider the system holistically, by
both predicting the broadband spectra at the same time as addressing fine features
specific to the X-ray band. Since the radio emission in these sources is accepted to
come from jets we have a solid anchor for models which probe how jets relate to
the X-ray emission.

Low disk luminosity systems are characterized by their sub-Eddington accre-
tion rates and steady compact jets. They are advantageous sources for this study
because one can avoid the complications of high accretion rates as seen in, e.g.,
AGN, especially near the base of the jets where the physics is most in question.
Furthermore, because the evidence is increasing that jets dominate the power at low
luminosities (e.g., Fender et al., 2003; Malzac et al., 2004) we can better hope to
isolate the roles of jets in these sources.

2. Model Background

2.1. JET MODEL DEVELOPMENT

We first explored scaling jet models for Sgr A*, whose quiescent and flared emission
can be explained via synchrotron radiation in the radio frequencies, and synchrotron
and/or synchrotron self-Compton (SSC) in the X-ray band (Falcke and Markoff,
2000; Markoff et al., 2001b). This model scales with the central mass and accretion
power, and thus in principle can be applied to XRBs as well. XTE J1118 + 480
was the ideal test source, with its unprecedented high-quality broadband, quasi-
simultaneous data (Hynes et al., 2000; McClintock et al., 2001, and references
therein). We had originally set out to model the radio spectrum via synchrotron
emission, but it was immediately apparent that the scaling resulted in the optically
thick-to-thin break occurring in the infrared/optical bands. More importantly, we
found that if a power law distribution of energetic particles exists further out in the
jet, it is in fact quite difficult to suppress the optically thin synchrotron radiation
from extending out into the X-ray band (Markoff et al., 2001). An accelerated power
law distribution of particles is motivated by observations of optically thin emis-
sion during radio outbursts in XRBs (e.g., Fender and Kuulkers, 2001) and AGN
(e.g., Marscher and Gear, 1985). The jet synchrotron-dominated model presented
in Markoff et al. (2001) gives a good description of the broad spectral features of
XTE J1118+480, with the ∼100 keV cutoff following from acceleration saturated
by synchrotron cooling. Thermal emission from the inner edge of an accretion disk
was included in the calculation both as a weak direct component and as seed photons
for inverse Compton scattering, but was not the dominant emission component.
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We next considered this model for 13 (quasi)-simultaneous radio/X-ray (and
sometimes IR) datasets for GX 339−4 (Corbel et al., 2003). We found again that jet
synchrotron could explain the broadband continuum spectra of all the observations,
mainly by just varying the power input into the jet (Markoff et al., 2003). We showed
in this paper that jet synchrotron emission analytically predicts the slope of the
radio/X-ray correlation as a consequence of its scaling with power.

In summary, these simple synchrotron-dominated jet models significantly de-
veloped our understanding of the radio/X-ray correlations and scaling. However,
they did not attempt to address the fine features in the X-ray spectrum, which are
harbingers of interactions with cooler accretion disk material.

2 .2 . JET/CORONA RELATIONSHIP

Accounting for the hard state X-ray power law spectrum, in combination with
the line emission/reflection features attributed to interaction with the accretion
disk, led to the development of the corona/disk model (e.g., Haardt and Maraschi,
1991; George and Fabian, 1991). The corona is inferred from X-ray signatures
to have several properties, such as quasi-thermal electrons in a reasonably com-
pact geometry. The fraction of reflected hard X-ray emission is often low in the
hard state, and this fact is sometimes problematic for corona models (Dove et al.,
1997). Various mechanisms have been proposed to decrease the fraction of reflected
X-rays, including patchy coronae (Stern et al., 1995), high disk ionization (Ross
et al., 1999; Nayakshin, 2000; Ballantyne et al., 2001) and beaming of the coronae
away from the disk with mildly relativistic velocities (Beloborodov, 1999; Malzac
et al., 2001). This latter approach seems extremely close in principle to the charac-
teristics of the base of a jet.

Unlike coronae jets are observed explicitly: the synchrotron emission tells us
that there is a population of accelerated leptons quite far out in the jet. If one
believes that there is rough conservation of properties along the jet, then tracing
back to the base requires hotter leptons in even denser populations threaded by even
stronger magnetic fields. At the same time, magnetohydrodynamical simulations
of the inner disk region do not show anything like a stable sphere/disk geometry,
but rather a region threaded with fields which naturally leads to outflowing plasma
(corona) (e.g., Stone and Pringle, 2001). This beaming will reduce the relevance
of the already weak thermal disk photons with respect to locally created photons
and lead to an altogether different picture than the static case. We think it is worth
exploring the most extreme, and thus easiest to test, case scenario: whether the base
of the jets can “subsume” the role of the corona. This is a critical step in the process
of disentangling their actual relationship, since if the approach fails, where and how
it fails will provide clues as to the nature of the corona as a distinct component.
If it does not fail, it may help point the way towards a better understanding of jet
formation.
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2.3. MODEL BACKGROUND

A more detailed explanation can be found in other papers (Markoff et al., 2001;
Markoff et al., 2003; Markoff, Nowak and Wilms, 2005) but the basic model is a
freely expanding jet which has a velocity gradient due to acceleration along its axis.
Plasma enters the jet at the base, and the radiation is dominated by quasi-thermal
leptons which cool radiatively and adiabatically as the jet expands. Further out in the
jet the particles encounter an acceleration region where some of them are accelerated
into a power law tail. The particles radiate along the entire jet via synchrotron,
synchrotron self-Compton (SSC) and external Compton (EC) radiation. The EC
only contributes very close to the base of the jet, where it can be comparable to
the SSC, both of which contribute to the hard X-rays. Synchrotron emission from
∼100 rg dominates in the radio/IR bands, turning over to contribute in the X-ray
band.

Our currently favored model is a direct result of our work in (Markoff and
Nowak, 2004), where we calculated the reflection from typical jet models based
on GX 339−4 spectra. We found this a very useful probe of the geometry of jet
emitting regions, which helped define our latest models. If the acceleration region
really exists further out in the jet, as we have found for several fits, then the weakly
beamed synchrotron radiation cannot result in more than a few percent reflection
(assuming perpendicular geometry and a flat disk). SSC near the base of the jets,
however, can easily give �20% in the simplest case.

In order to address the fine features of the X-ray spectrum in a statistical man-
ner, we needed to import this model into X-ray data analysis software. Currently
it is running in XSPEC and ISIS, and the figures here were made with the latter
program. In comparison to models which focus exclusively on the X-ray frequen-
cies, however, we are also importing and fitting the simultaneous radio data with
our model. Within the program, we added a single Gaussian line to our continuum
model, and allowed it to vary between 6–7 keV. We then convolved the entire spec-
trum with a non-relativistic reflection model derived from the Greens functions of
(Magdziarz and Zdziarski, 1995). Because of the complexities of directly calculat-
ing the interaction of jet photons with the accretion disk (see Markoff and Nowak,
2004), we could not self-consistently include these features but include the strength
of the reflection hump as a free parameter. This is similar to the general approach
chosen by pure Comptonization models (e.g., Coppi, 1992a; Poutanen, 1998). The
full calculation of these features requires a Monte Carlo approach, which we will
consider elsewhere.

3. Results

Here, we present the best and worst fits so far from three data sets of Cyg X-1
which span its typical range in hard-state spectral characteristics (Figures 1 and 2,
respectively). GX 339−4 varies mainly in luminosity rather than spectral shape,
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Figure 1. The best fit so far of our three Cyg X-1 simultaneous radio/X-ray observations which
span its typical spectral variations in the hard state, χ2 = 208.4/183 = 1.14. The figures show the
unfolded fit plus residuals with an absorbed jet model (including a thermal accretion disk component)
plus Gaussian line, convolved with non-relativistic reflection. (a) The entire broadband fit, including
the radio data point, (b) close-up on the X-ray bands. X-ray data are from RXTE PCA and HEXTE,
radio from the Ryle Telescope.

Figure 2. The worst fit so far of our three Cyg X-1 simultaneous radio/X-ray observations which
span its typical spectral variations in the hard state, χ2 = 278/162 = 1.72. Otherwise same format
as Figure 1.

and so we present just one typical fit in Figure 3. The data come from the Rossi
X-ray Timing Explorer (RXTE), using both the Proportional Counter Array (PCA)
and the High Energy X-ray Timing Experiment (HEXTE; Rothschild et al., 1998),
extracted with the newest release of the RXTE software, HEASOFT 5.3.1. The
radio data come from the ATCA (GX 339−4) and Ryle (Cyg X-1) instruments.

4. Discussion

The fits presented here are comparable to fits of the X-ray data alone made with
broken power law models (Nowak, this volume), and thermal Comptonization
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Figure 3. Typical fit from three simultaneous radio/X-ray observations of GX 339−4 which span its
luminosity variations in the hard state, χ2 = 138.3/96 = 1.44. Otherwise same format as Figures 1
and 2.

models (e.g. EQPAIR, Coppi, 1999b). Unfortunately, the multicomponent jet model
currently runs significantly slower than single-component corona models, which
means we are not able to explore the same amount of parameter space in a rea-
sonable amount of time (yet). However, it is important to realize that since we are
including the radio self-consistently, we have a more holistic approach to a system
we know is coupled. The main thing to note is that the cutoff region is not where
the fit has its limitations, but rather in the line/reflection regime. This is most likely
due to the lack of time for finding slightly better parameters, as well as the use of
simple, non-relativistic, non-ionized models for the disk component. Secondly, the
reflection fractions required for these fits are lower than those inferred for thermal
Comptonization models (∼5–10% compared to 15–20%). This is mainly due to
differences in the shape of the continuum for the two types of models, because in
the jet model the SSC component already lends its curvature to the hard X-rays,
reducing the need for strong reflection. At the same time, these lower reflection
fractions are entirely consistent with our estimations of reflection from jet models,
and thus demonstrates that the phenomenology of reflection is very dependent on
assumptions of the impinging continuum.

So far it seems a model where the jet takes over the role of the corona, or
includes it, is statistically feasible. The next step is to consider tighter constraints
on the shape of the spectrum at the highest energies near the cutoff, which may
break some of the degeneracy. The upcoming mission ASTRO-E2 will hopefully
provide useful data for these tests. Similarly, timing studies will be valuable for
further constraining the location of the emitting regions.
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to thank Heino Falcke, Stéphane Corbel and Rob Fender for their collaboration
in the earlier development of this work, as well as Guy Pooley for his persistent
monitoring of Cyg X-1. Support for this work was provided by an NSF Astronomy
& Astrophysics postdoctoral fellowship under NSF Award AST-0201597, as well
as NSF grant INT-0233441.

References

Ballantyne, D.R., Iwasawa, K. and Fabian, A.C.: 2001, MNRAS 323, 506.
Beloborodov, A.M.: 1999, ApJ 510, L123.
Coppi, P.S.: 1992a, MNRAS 258, 657.
Coppi, P.: 1999b, PASP Conf. Ser. 161, 375.
Corbel, S., Fender, R.P., Tzioumis, A.K., Nowak, M., McIntyre, V., Durouchoux, P. and Sood, R.:

2000, A&A 359, 251.
Corbel, S., Nowak, M., Fender, R.P., Tzioumis, A.K. and Markoff, S.: 2003, A&A 400, 1007.
Dove, J.B., Wilms, J., Maisack, M.G. and Begelman, M.C.: 1997, ApJ 487, 759.
Falcke, H., Körding, E. and Markoff, S.: 2004, A&A 414, 895.
Falcke, H. and Markoff, S.: 2000, A&A 362, 113.
Fender, R.P., Gallo, E. and Jonker, P.G.: 2003, MNRAS 343, L99.
Fender, R.P. and Kuulkers, E.: 2001, MNRAS 324, 923.
Gallo, E., Fender, R.P. and Pooley, G.G.: 2003, MNRAS 344, 60.
George, I.M. and Fabian, A.C.: 1991, MNRAS 249, 352.
Haardt, F. and Maraschi, L.: 1991, ApJ 380, L51.
Hannikainen, D.C., Hunstead, R.W., Campbell-Wilson, D. and Sood, R.K.: 1998, A&A 337, 460.
Hynes, R.I., Mauche, C.W., Haswell, C.A., Shrader, C.R., Cui, W. and Chaty, S.: 2000, ApJ 539, L37.
Magdziarz, P. and Zdziarski, A.A.: 1995, MNRAS 273, 837.
Malzac, J., Beloborodov, A.M. and Poutanen, J.: 2001, MNRAS 326, 417.
Malzac, J., Merloni, A. and Fabian, A.C.: 2004, MNRAS 351, 253.
Markoff, S., Falcke, H. and Fender, R.: 2001, A&A 372, L25.
Markoff, S., Falcke, H., Yuan, F. and Biermann, P.L.: 2001b, A&A 379, L13.
Markoff, S., Nowak, M., Corbel, S., Fender, R. and Falcke, H.: 2003, A&A 397, 645.
Markoff, S. and Nowak, M.A.: 2004, ApJ 609, 972.
Markoff, S., Nowak, M.A. and Wilms, J.: 2005, ApJ, in press.
Marscher, A.P. and Gear, W.K.: 1985, ApJ 298, 114.
McClintock, J.E., Haswell, C.A., Garcia, M.R., Drake, J.J., Hynes, R.I., Marshall, H.L., Muno, M.P.,

Chaty, S., Garnavich, P.M., Groot, P.J., Lewin, W.H.G., Mauche, C.W., Miller, J.M., Pooley, G.G.,
Shrader, C.R. and Vrtilek, S.D.: 2001, ApJ 555, 477.

Merloni, A., Heinz, S. and di Matteo, T.: 2003, MNRAS 345, 1057.
Nayakshin, S.: 2000, ApJ 534, 718.
Poutanen, J.: 1998, Theory of Black Hole Accretion Disks, Cambridge University Press, Cambridge,

100.
Ross, R.R., Fabian, A.C. and Young, A.: 1999, MNRAS 306, 462.
Rothschild, R.E., Blanco, P.R., Gruber, D.E., Heindl, W.A., MacDonald, D.R., Marsden, D.C., Pelling,

M.R., Wayne, L.R. and Hink, P.L.: 1998, ApJ 496, 538.
Spencer, R.E.: 1979, Nature 282, 483.
Stern, B.E., Poutanen, J., Svensson, R., Sikora, M. and Begelman, M.C.: 1995, ApJ L13.
Stone, J.M. and Pringle, J.E.: 2001, MNRAS 322, 461.



WHAT CAN WE LEARN FROM NEUTRON STAR X-RAY BINARIES’
JETS?

SIMONE MIGLIARI1 and ROB FENDER1,2

1University of Amsterdam, Amsterdam, The Netherlands; E-mail: migliari@science.uva.nl
2University of Southampton, Southampton, United Kingdom; E-mail: rpf@phys.soton.ac.uk

(Received 8 April 2005; accepted 1 June 2005)

Abstract. We review our current knowledge of the disk-jet coupling in neutron star X-ray binaries.
We compare neutron star and black hole X-ray binaries, by means of radio and X-ray observations,
in order to understand the role played in the production of the jet, by characteristics proper of the
accreting compact object involved: the existence of a solid surface, the presence of an ergosphere/event
horizon, the strength of the magnetic field, the spin of the compact object.

Keywords: binaries, close, stars, jets and outflows, radio continuum

1. Introduction

Multiwavelength studies of X-ray binaries (XRBs), especially in the past decade,
have shown that a significant fraction of the dissipated accretion power may be
released in the form of radiatively inefficient collimated outflows, or jets. In general,
relativistic jets are very common features associated to accretion onto relativistic
compact objects on all mass scales, from neutron stars (NSs) and stellar-mass
black holes (BHs) in XRB systems to supermassive BHs in active galactic nuclei
(AGN), and thought to be at the origin of γ -ray bursts, the most powerful transient
phenomena in the universe. The advantage of studying relativistic jets in XRBs is
mainly that they vary on much faster (humanly-accessible) timescales, allowing us
to observe and follow significant evolutions of the systems, and to investigate the
link between the jet production and the different accretion regimes. Most of what
we know about jets in XRBs come from studies of black hole candidates. This is
mainly because, with the exception of the so-called Z-type NSs, BH XRBs are more
radio loud than NSs, and hence easier to detect.

1 .1 . BLACK HOLE X-RAY BINARIES

A nonlinear correlation has been found, linking the radio to the X-ray luminosities
in BH XRB systems over more than three orders of magnitude in X-rays, when
the BHs are in the hard state (LR ∝ L0.7

X where LR and LX are the radio and X-
ray luminosities; Corbel et al., 2003; Gallo et al., 2003). In hard state (i.e., below

Astrophysics and Space Science 300: 197–209, 2005.
DOI: 10.1007/s10509-005-1182-y C© Springer 2005



198 S. MIGLIARI AND R. FENDER

a few percent the Eddington luminosity), the radio emission is observed to be
optically thick, with a flat or slightly inverted spectrum, and although a jet has
been spatially resolved only in two sources so far (Cyg X-1: Stirling et al., 2001;
GRS 1915+105: Dhawa et al., 2000), indirect evidence indicates that this is the
signature of a continuously replenished steady jet, the so-called ‘compact jet’ (see
Fender, 2005 for a review).

In BH XRBs (but maybe also in AGN, see Maccarone et al., 2003) there is
evidence for a quenching of radio emission when the source is steadily in the soft
state, probably due to a physical suppression of the jet (Fender et al., 1999; Gallo
et al., 2003). The rapid X-ray transition from hard to soft states (i.e., very-high state:
VHS) is associated with radio flares which show optically thin spectra. These radio
flares are signatures of powerful ejection events, spatially resolved as large-scale
(of the order of arcsec) extended jets (e.g., Corbel et al., 2001; Gallo et al., 2004).
A unified semiquantitative model for the disk-jet coupling in BH XRBs has been
presented by Fender et al. (2004).

Extending the correlation found for BH XRBs in hard state also to supermassive
BHs, and with the addition of the mass parameter, there is evidence for a ‘funda-
mental plane of BH activity’ in which a single power-law function can fit all the
BH data (XRBs and AGN) for a given X-ray luminosity, radio luminosity and mass
of the compact object [LR ∝ L0.6

X M0.8 where M is the mass of the compact object
(Merloni et al., 2003; Falcke et al., 2004)]. The existence of this relation connecting
BH XRBs and AGN points toward the same physical processes as drivers of the
disk-jet coupling, regardless of the mass of the BH involved. The radio:X-ray lumi-
nosity power-law correlation previously found studying only BH XRBs has, within
errors, the same slope found in the correlation of the ‘fundamental plane’ with BH
XRBs and AGN. This evidence, further indicates that the study of XRBs can be
fundamental for our understanding of the physical properties of disks and jets in
compact objects in general, stellar-mass in binary systems, as well as supermassive
in the center of far galaxies.

1 .2 . NEUTRON STAR X-RAY BINARIES

Low-magnetic field NS XRBs have been classified based on their X-ray spectral
and timing properties, in two distinct classes whose names derive from the shape
they trace in the X-ray color–color diagram (CD): Z-type and atoll-type NSs (see
Hasinger and van der Klis, 1989).

Z-type NS XRBs represent a class of six low-mass XRBs (plus Cir X-1 which
is considered as a ‘peculiar’ Z source; Shirey et al., 1999) accreting near or at the
Eddington rate, and are the most luminous NS XRBs in our Galaxy. The name of
this class of sources derives from the typical ‘Z’ track traced by their CD. The three
branches which form the Z-shaped CD are called Horizontal (HB), Normal (NB),
and Flaring (FB), top-left to bottom-right, and define three distinct spectral states
of the systems. Z sources are rapidly variable in X-rays and can trace the whole
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CD, transiting in the different states, in hours to days. This variability is thought to
be physically related to changes in the mass accretion rate, which should increase
along the Z-track from HB to FB (Hasinger and van der Klis, 1989). In the radio
band, we also observe large and rapid variability, optically thick and optically thin
emission. All the Z-type NS sources have been detected in radio. Looking in detail
at the radio behavior of Z sources as a function of X-rays, Penninx et al. (1988)
first found in GX 17+2 a qualitative relation between disk and jet properties: the
radio emission varies as a function of the position in the X-ray CD, decreasing with
increasing (inferred) mass accretion rate from HB (strongest radio emission) to FB
(weakest radio emission). A behavior consistent with GX 17+2 has been found
also in Cyg X-2 (Hjellming et al., 1990a) and Sco X-1 (Hjellming et al., 1990b).
An exception is GX 5-1, which showed a low and steady radio flux when the source
was in the HB, then inceasing when in the NB (Tan et al., 1991). Extended radio jets
have been spatially resolved for two Z sources: Sco X-1 (Fomalont et al., 2001a)
and Cir X-1 (Fender et al., 1998). In these two sources there is also evidence,
like in BHs, for an association between radio flares and powerful (ultrarelativistic)
ejections from the system (Fender et al., 2004; Fomalont et al., 2001b).

Atoll-type NS XRBs share many X-ray spectral and timing properties with BH
XRBs and show two distinct (hard and soft) X-ray states, defined by the position
in the CD, that can be directly compared to the hard and soft state of BH XRBs:
the hardest X-ray state is called ‘island’ and the softest ‘banana’. Although atolls
represent the largest class of known X-ray binaries, only a few are detected in the
radio band because of their lower radio luminosity (∼30 times less ‘radio loud’ than
BH and Z-type NS XRBs: Fender and Kuulkers, 2001; Migliari et al., 2003). To date,
five atoll sources have been detected in the radio band during simultaneous radio/X-
ray observations: 4U 1728-34, 4U 1820-30, Ser X-1, Aql X-1, and MXB 1730-335
(Migliari et al., 2003, 2004; Rupen et al., 2004; Reynolds et al., 1998). In particular,
4U 1728-34, which is to date the only atoll source detected in radio when steady in
its hard state, shows a positive correlation between radio and X-ray fluxes, similar
to that observed in BHCs (Migliari et al., 2003). Homan et al. (2004) have also
investigated the ‘peculiar’ atoll source GX 13+1 which is persistently at a very
high X-ray luminosity of a few tens percent Eddington, showing that its radio
behavior is much more similar to Z sources.

Two accreting ms X-ray pulsars, SAX J1808.4-3658 (Gaensler et al., 1999)
and IGR J00291+5934 (Pooley, 2004), have shown transient radio emissions in
correspondence of a soft X-ray outburst. These radio emissions may be signatures
of transient relativistic outflows from the system as observed in BH XRBs and Z
sources.

None of the high-magnetic field X-ray pulsars has ever been convincingly de-
tected as a synchrotron radio source (e.g., Fender and Hendry, 2000 and references
therein); this has been explained by the fact that high-magnetic field might disrupt
the inner regions of the accretion disk around the NS (e.g., White et al., 1995;
Bildsen et al., 1997), thought to be strictly coupled to the jet production.



200 S. MIGLIARI AND R. FENDER

2. The Sample

In Table I we list the names, X-ray states, fluxes, and estimated distances of all
the NS XRBs in our sample. See Migliari and Fender (2005) for details on the
observations.

2.1. CONVERS I ON FROM 2–10 KEV L UMINOSITIES TO EDDINGTON

UNI TS

In order to extrapolate the bolometric flux of the XRBs, and then to convert their
X-ray luminosities in Eddington units, we have divided the XRBs in five main
groups: BHs in hard state, BHs during X-ray outbursts, atoll sources in hard state,
atoll sources in soft state, and Z sources. We assumed that each group has the same
fraction of bolometric luminosity in the 2–10 keV band. For each group we used the
best-fit model parameters for the PCA-HEXTE energy spectra to create a simulated
spectrum with xspec. We used PCA and HEXTE responce matrices and ancillary
files to calculate the flux in the range 3–200 keV, and a Chandra HETGS (MEG)
response matrix and ancillary file to extend the range below 3 keV, down to 0.5 keV,
especially important for soft X-ray states. The 0.5–200 keV has been taken as a good
approximation of the bolometric flux of the sources. The conversion to Eddington
units is given dividing the bolometric luminosity by 1.3 × 1038 × (M/M
) erg/s,
where M = 1.4 M
 for all the NSs, while for the BHs we used the masses listed in
Table I of Fender et al. (2004). The bolometric flux will be F2–10 = Fbol × ξ where
we used ξ = 0.2 for BHs in hard state, ξ = 0.8 for BHs during X-ray outbusts,
ξ = 0.4 for atoll sources in hard state, ξ = 0.7 for atoll sources in soft state, and
ξ = 0.8 for Z sources.

3. Results

3.1. X-RAY/RADIO LUMINOSITIES IN NS XRBS

In Figure 1 we show the radio/X-ray luminosity plane with all the NS XRBs in
our sample. Four groups of sources are plotted: Z-sources, atoll sources in hard
state, atoll sources steadily in soft state, and sources in soft outbursts (i.e., the rapid
burster and the two accreting ms X-ray pulsars). There is an overall positive ranking
correlation between radio and X-ray luminosities, at a significance level of >99%.
The fit with a power-law Z- and atoll-type NS XRBs gives a slope of � ∼ 1.

The Z-sources (triangles) lie on the top-right part of the plot, with higher X-
ray and radio luminosities than atolls. We have plotted the mean of the radio and
X-ray luminosities: their radio luminosities are the superposition of optically thick
emission and optically thin flaring activity, while the X-ray luminosities are the av-
erage of the luminosities in their three possible X-ray states. There is only marginal
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TABLE I

Name of the source of our sample, X-ray state

Source X-ray state F2–10 (×10−9 erg cm−2 s−1) F8.5 (mJy) D (kpc)

Atoll-type NSs

4U 1728-34 LB 1.03 ± 0.05 0.5 ± 0.08 5.3

IS 2.25 ± 0.15 0.6 ± 0.2

LB 1.54 ± 0.10 0.33 ± 0.15

IS 1.81 ± 0.11 0.62 ± 0.1

IS 2.42 ± 0.16 0.11 ± 0.02

IS 0.60 ± 0.07 0.09 ± 0.02

IS 0.61 ± 0.06 0.11 ± 0.02

IS 0.62 ± 0.06 0.15 ± 0.02

IS 0.69 ± 0.12 0.16 ± 0.02

IS 0.70 ± 0.05 0.09 ± 0.02

4U 1820-30 MB 8.7 0.10 ± 0.02 7.1

Ser X-1 MB 4.4 0.08 ± 0.02 11.1

Aql X-1 H-OUTB 0.79 0.210 ± 0.050 5.2

H-OUTB 1.00 0.214 ± 0.035

4U 1608-52 IS? 0.93 <0.19 3.3

4U 0614-09 IS 0.78 <0.09 <3

MXB 1730-335 S-OUTB 2.92 0.370 ± 0.030 8.6

S-OUTB 3.06 0.290 ± 0.030

S-OUTB 5.34 0.330 ± 0.050

Low-magnetic field accreting ms X-ray pulsar

SAX J1808.4-3658 S-OUTB 0.14 0.8 ± 0.18 2.5

IGR J00291+5934 S-OUTB 0.62 1.1 ± 0.3 <3?

Z-type NSs

Sco X-1 ASM mean 253.80 10 ± 3 2.8

GX 17+2 ASM mean 12.90 1.0 ± 0.3 14

GX 349+2 ASM mean 14.39 0.6 ± 0.3 5

Cyg X-2 ASM mean 10.75 0.6 ± 0.2 13.3

GX 5-1 ASM mean 20.36 1.3 ± 0.3 9.2

GX 340+0 ASM mean 8.54 0.6 ± 0.3 11

GX 13+1 PCA mean 18 1.8 ± 0.3 7

High-magnetic field accreting X-ray pulsars

X Per ? 0.46 <0.08 1

4U 2206+54 ? 0.26 <0.039 3

(Continued on next page)
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TABLE I

(Continued)

Note. LB: lower banana; IS: island; MB: middle-banana; H-OUTB: hard outburst; S-OUTB: soft
outburst; ASM/PCA mean: the mean over more than one X-ray state. X-ray flux in the range 2–
10 keV, radio flux density at 8.5 GHz, distance to the source in kpc. See Migliari et al., 2003, 2004;
Jonker and Nelemans, 2004; Heasley et al., 2000; Vacca et al., 1986; Rupen et al., 2004; Migliari
and Fender, 2005; Brandt et al., 1992; Rutledge et al., 1998; Moore et al., 2000; Frogel et al., 1995;
Gaensler et al., 1999; in ’t Zand et al., 2001; Galloway et al., 2005; Pooley, 2004; Fender and Hendry,
2000; Penninx, 1989; Crampton et al., 1976; Bradshaw et al., 1997; Penninx et al., 1988, 1993; Cooke
and Ponman, 1991; Christian and Swank, 1997; Hjellming et al., 1990; Cowley et al., 1979; Homan
et al., 2004; Delgado-Martı́ et al., 2001; Blay et al., 2005; Negueruela and Reig, 2001. See Migliari
and Fender (2005), for associations of particular references with particular data points.

Figure 1. Radio (8.5 GHz) luminosity as a function of X-ray (2–10 keV) luminosity of NS XRBs:
atoll sources in hard state (4U 1728-34: open circles; Aql X-1: open stars; 4U 1608-52 and 4U
0614-09: filled circles with radio upper limits), atoll sources steadily in soft state (4U 1820-30 and
Ser X-1: filled stars), ‘atoll’ sources in soft X-ray outbursts (MXB 1730-335: filled squares), accreting
ms X-ray pulsars in soft X-ray outbursts (SAX J1808.4-3658 and IGR J00291+5934: asterixes), the
high-magnetic field XRBs (open diamonds with radio upper limits), and Z sources (filled triangles).

evidence for a positive ranking correlation between radio and X-ray luminosities
in the Z sources (∼96% significance level).

Atoll sources in hard X-ray state (4U 1728-34: open circles; Aql X-1: open
stars) show a positive correlation between radio and X-ray luminosities on one
order of magnitude in X-rays (with the exception of the point with the highest X-
ray luminosity: see discussion in Migliari et al., 2003): a rank-correlation test gives
a significance of >99%. In order to compare the luminosities correlations in NSs
with those in BHs (see also below), we fitted the correlation with a power-law model
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(i.e., LR ∝ L�
X): 4U 1728-34 gives � = 1.40 ± 0.25, considering also Aql X-1 the

fit gives � = 1.38 ± 0.23. The NS observations, though, span on a range of about
one order of magnitude in X-ray luminosity, to be compared with the three orders
of magnitude of the BH XRBs. However, we can give constraints to the slope of
the power-law on a larger range of luminosities, if we consider also the radio upper
limits of 4U 0614+09 at low X-ray luminosities. We obtain a lower limit on the
slope of the power-law of � > 1.60 ± 0.27, clearly indicating that the radio/X-ray
luminosity correlation in NSs is steeper than the one in BHs.

Atoll sources steadily in soft state (filled stars) have been detected in radio. This
is contrary to what was found in BHs, where there is a quenching of radio emission
in the soft state. This finding indicates that NSs may not suppress completely the
(compact?) jet in the soft state.

The rapid burster (filled squares) show radio flaring emission associated with
soft X-ray outbursts. It has X-ray luminosities consistent with atoll sources in the
soft state. There is a significant (99%) positive ranking correlation between radio
and X-ray luminosities in atoll sources plus the rapid burster, suggesting that it lies
on a sort of natural extension of atolls in hard state (as in persistent and transient
BHs; see Fender et al., 2004).

The radio peak of IGR J00291+5934 is consistent with the rapid burster radio
peak and with the highest radio emission from 4U 1728-34 (maybe also in a radio
flaring emission state; see Migliari et al. 2003). SAX J1808.4-3658 has been de-
tected in radio a few days after the peak of the outburst in 1998, when the X-ray
and radio emissions already faded, so that the radio and X-ray luminosities may be
considered as lower limits (but see Gaensler et al., 1999).

The high-magnetic field NSs (X Per and 4U 2206+54) have not been detected
in the radio band. Their radio upper limits are still consistent with the radio/X-ray
luminosity expected extrapolating the correlation for atoll sources to lower X-ray
luminosities.

3 .2 . NEUTRON STARS VS. BLACK HOLES

Is the ‘fundamental plane of BH activity’ also a fundamental plane for NSs? Put in
another way, do the features proper of the compact object in the system play a role
in the production of the jet?

Observationally, there is a clear parallel in the disk-jet coupling between the two
systems: below a certain X-ray luminosity, in hard state (i.e., LX < 0.1 × LEdd),
both classes of objects seem to make steady, self-absorbed jets (at least consistent
with this picture in the case of NSs), while at higher X-ray luminosities, close
to the Eddington limit, bright, optically thin, transient events occur (specifically
associated with rapid state changes). In the hard X-ray states, correlations between
radio and X-ray emission have been found in both BHs and NSs. This indicates
that the link between the power of the jet and the innermost regions of the accretion
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BHs

NSs

(soft state)

flaring extended jets
    very–high state

steady compact jets
hard state

Figure 2. Radio (8.5 GHz) luminosity as a function of X-ray (2–10 keV) luminosity for NS and BH
XRBs: GX 339-4 in hard state (open circles), transient BHs (open squares), atoll sources steady in a
hard or soft state (filled circles), MXB 1730-335 during a soft ouburst (filled squares), and Z sources
(filled triangles).

disk does not depend (at least entirely) on the nature of the compact object, but it
is related to the fundamental processes of accretion in strong gravity.

Differences between BHs and NSs, however, led to the evidence that, at least
partially, characteristics proper of the compact object involved might play a role
in the production of the jet: (i) at a given X-ray luminosity (Figure 2), and at a
given fraction of Eddington luminosity (i.e., fraction of Eddington accretion rate;
Figure 3) the BHs produce more powerful jets than NSs. The difference in radio
power is ∼>30, which can be reduced to ∼>7 if we consider possible mass corrections
as derived from the black holes’ fundamental plane (e.g., Merloni et al., 2003) or to
a factor of ∼>5 if we consider the mass correction coming from the conversion of the
2–10 keV luminosities in Eddington units; (ii) the slope of the power-law correlation
in the hard state of BHs is 0.7, while for NSs seems to be steeper (possibly ∼1.4;
see above); (iii) contrary to BHs, atoll-type NSs have been detected in radio when
steadily in soft X-ray states (stars in Figure 1).

4. Discussion

In the following we will briefly discuss some possible implications deriving from
the comparison between disk-jet coupling in BHs and NS systems (see Migliari
and Fender, 2005, for a broader discussion).
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Figure 3. Same as Figure 2, but in Eddington units (see Section 2.1).

4 .1 . THE ROLE OF THE EVENT HORIZON

Observations of the ultrarelativistic radio jets in the NS XRB Cir X-1 (i.e., with a
bulk Lorentz factor >15; Fender et al., 2004) have already shown that the (often
accepted) ‘escape velocity’ principle, which states that the jets’ velocity should be
about the escape velocity of the compact object involved, is no longer valid. Their
observations also indicate that properties unique to BHs are not necessary for the
production of relativistic jets. However, characteristics proper of the compact object
seem to play, at least partially, a role in the jet production.

Do current models have clear predictions on what are the differences we should
observe in NSs and BHs disk-jet coupling, depending on some fundamental property
of the compact object involved, like the existence of the event horizon? To address
this question, we will consider two frameworks: (i) the advection-dominated accre-
tion flow model (ADAF; e.g., Narayan and Yi, 1994, 1995; Narayan et al., 1997),
a radiatively inefficient disk model which assumes that a fraction of the accreting
matter onto a BH is actually advected through the event horizon. The advection
would explain the difference in X-ray luminosity in quiescent BH and NS XRBs;
(ii) the existence of jet-dominated states (Fender et al., 2004), which might ex-
plain the brightness difference between NS and BH XRB in quiescence, without
necessarily requiring the assumption of advection.

We will assume that in hard X-ray states, the radio/X-ray luminosity correlations
have power-law slopes of 0.7(±0.2) in BHs (Gallo et al., 2003) and 1.4(±0.2) in NSs
(Migliari et al., 2003; Migliari and Fender, 2005). In hard state the radio emission
can be explained as emission from a steady compact jet. All the models of such
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compact jets predict that the total jet power LJ and the power irradiated in radio LR

are related as LR ∝ L1.4
J (e.g., Blandford and Konigl, 1979; Falcke and Biermann,

1996; Falcke et al., 2001).
In the ADAF model the X-ray luminosity relates to the mass accretion rate Ṁ

(in Eddington units) in two different ways, depending on the accreting compact
object involved: LX ∝ Ṁ for NSs and LX ∝ Ṁ2 for BHs. With these scalings,
the ADAF can, therefore, naturally explain the observed radio/X-ray luminosity
correlations, and the different slopes, if LJ ∝ Ṁ . In fact, for NSs from LR ∝ L1.4

X
we have: L1.4

J ∝ Ṁ1.4 and, within errors, we obtain LJ ∝ Ṁ .
In the jet-dominated state framework, the nonlinearity of the radio/X-ray lu-

minosity correlation in BHs leads to the possible existence of a luminosity below
which the dominant power output channel is the jet instead of the X-ray emis-
sion from the disk. BH XRBs might enter a jet-dominated state already below a
luminosity of a few percent the Eddington limit, i.e., for the largest part of the
hard state (e.g., Fender et al., 2004; Malzac et al., 2004; Gallo et al., 2005). The
transition from a disk-dominated to a jet-dominated state is a transition from a
regime where LX ∝ Ṁ to a regime where LX ∝ Ṁ2. If also in NS XRBs the slope
in the radio/X-ray luminosity correlation would be less than 1.4 (as discussed in
Fender et al. (2004) for � = 0.7), since NSs show a radio luminosity which is
a factor of 30 less than BHs, the X-ray luminosity limit below which the sources
enter the jet-dominated state is lower than for BHs. This would explain the fact
that in quiescence (or better, in the X-ray luminosity windows where NSs and BHs
in quiescent have been observed), NSs have higher X-ray luminosities than BHs,
without the need for advection onto the BH. An X-ray/radio luminosity correlation
with a slope of � = 1.5 (in general � = 1.4) in NSs implies that NSs never enter
the jet-dominated state (see Figure 4). In this framework, i.e., with no requirement
for advection, below a certain luminosity – may be the entire hard state – it holds
LX ∝ Ṁ for NSs and LX ∝ Ṁ2 for BHs, precisely as in the ADAF model. There-
fore, again, the slope differences between the luminosities correlation in NSs and
BHs can be explained if LJ ∝ Ṁ .

Both frameworks, starting from an opposite assumption on the presence of
advection, seem to point to the same relations: LX ∝ Ṁ2 for BHs, LX ∝ Ṁ for
NSs, and from these, to a relation that link linearly the total power of the jet and the
mass accretion rate, LJ ∝ Ṁ . A direct strong relation between the jet power and
the mass accretion rate is also supported by the correlations found in NSs between
radio luminosity and X-ray timing features (Migliari et al., 2003, 2005) possibly
directly related to the local mass accretion rate in the inner regions of the disk (see
van der Klis, 2005 for a review).

4.2. THE ROLE OF THE MAGNETIC FIELD

It is a general accepted idea that very high-magnetic fields at the surface of the
NSs inhibit the production of steady jets (while a large amount of energy can be
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Figure 4. Total (X-ray and jet) luminosity as a function of mass accretion rate in the jet-dominated
states framework (Fender et al., 2004) for black holes (top panel) and neutron stars (lower panel). Two
regimes exist for black holes: jet-dominated below a certain luminosity (indicated with the vertical
solid line) and X-ray dominated above it. In contrast, neutron stars never enter a jet-dominated state.

extracted from magnetic fields to power extremely energetic transient jets: as, e.g.,
in the case of the magnetar SGR 1806-20). However, besides theoretical arguments,
actual observational proofs are missing. The upper limits on previous observations,
although significantly lower than radio detections of BH XRBs, are not at all strin-
gent if compared with other NS sources detected in radio, and actually higher than
the radio detection levels of atoll sources at the same accretion rate (as traced by the
X-ray luminosity). Chakrabarty (2005) suggested that accreting ms X-ray pulsars
have a slightly higher magnetic field than other atoll sources. This would suggest
that we should see a decreasing radio luminosity (for a given mass accretion rate)
from atoll sources to accreting ms X-ray pulsars to high-magnetic field X-ray pul-
sars. Upcoming radio observations of high-magnetic field and accreting ms X-ray
pulsars will give us the opportunity to test these ideas, and in general the role of
the magnetic field in the jets production.
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Abstract. In recent years, significant evidence for the similar nature of active galactic nuclei (AGN)
and X-ray binaries (XRBs) has been gathered. We describe a unification scheme for accreting black
holes following the idea that weakly accreting systems may be jet dominated. This is tested with the
radio/X-ray correlation of XRBs and AGN. The established correlation is further used to diagnose
ultra-luminous X-ray sources. For higher accretion rates, we explore high-power jets and the effect
of Compton cooling of the jet by the accretion disk.

Keywords: X-rays: binaries, radiation mechanisms: non-thermal, stars: winds, outflows, black hole

physics, accretion, accretion disks

1. Introduction

It is generally assumed that active galactic nuclei (AGN) and black hole X-ray
binaries (XRBs) have a similar central engine, namely the central black hole, the
accretion flow and a relativistic jet (see e.g., Sunyaev and Trümper, 1979; Mirabel
and Rodrı́guez, 1999; Falcke and Biermann, 1996). In recent years, this general
idea has been tested with a number of empirical connections (Merloni et al., 2003;
Falcke et al., 2004; Abramowicz et al., 2004).

XRBs are often observed in two distinct state: the low/hard (LH) state and
the high soft (HS) state (see e.g., McClintock, 2003). When an object is found in
its LH state, it usually also shows a jet visible in the radio regime (e.g., Fender,
2001). It is accretion flow is probably radiatively inefficient up to a transition radius
where the accretion disk turns into a standard thin disk (Esin et al., 1997). The
spectrum in the X-rays is dominated by a hard power law, which is usually explained
by Comptonization (cf., McClintock, 2003). However, one can also describe the
spectrum with a coupled disk/jet model. Here the X-ray and the radio emission
originates mainly from the relativistic jet, while the disk is only visible in the
optical to UV, if at all (Markoff et al., 2001).

We follow the idea that XRBs in their LH state may be jet dominated and explore
the unification scheme described in Falcke et al. (2004). We discuss the response of
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a jet to higher accretion rates and illumination by a radiatively efficient accretion
flow as found in HS state objects.

2. Low Power Unification

The two main components of an accreting system (the relativistic jet and the ac-
cretion flow with its corona) have anisotropic emission patterns. This is due to
obscuration and – for the jet – due to relativistic beaming. The orientation depen-
dence of the jet and the accretion flow of AGN have been utilized in the successful
unification schemes of AGN (cf., Antonucci, 1993). In light of the two accretion
states of black hole XRBs, the HS and the LH state, one can also classify the
different classes of AGN into these two states. This classification can be done by
looking for features of the standard disk or an inefficient accretion flow like an
advection-dominated accretion flow. One classification in the parameter-space of
the accretion rate and the central black hole is shown in Figure 1.

The aforementioned unification scheme can be tested for the non-thermally
dominated sources (Falcke et al., 2004). As discussed earlier, the radio and the
X-ray emission may originate from synchrotron emission of the relativistic jet in
these sources. According to this idea, the radio and X-ray emission of AGN and
XRBs are created with the same mechanism and should therefore be correlated.
Using scaling laws for jets, where their geometry is scale invariant (e.g., Falcke and

Figure 1. The proposed unification scheme of Falcke et al. (2004) for accreting black holes in the
mass and accretion rate plane. The X -axis denotes the black hole mass and the Y -axis the accretion
power. For stellar black holes it coincides with the two normal black hole states. For the AGN zoo we
include low-luminosity AGN (LLAGN), radio galaxies (RG), low ionization emission region sources
(LINER), Seyferts, and quasars.
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Figure 2. Radio/equivalent X-ray luminosity correlation for a sample of jet-dominated AGN and
XRBs. The X-ray flux has been adjusted to correspond to a black hole mass of 6 M
. The term
equivalent X-ray flux denotes that this luminosity is extrapolated from the optical fluxes for some
AGN sources (FR-I and Bl Lac objects). This extrapolation is motivated by the idea that one has to
compare synchrotron emission.

Biermann, 1995; Heinz and Sunyaev, 2003; Körding, 2004) one can show that the
X-ray luminosity LX and the radio luminosity LR(=FRνR) obey:

LX ∝ L1.38
R M0.81. (1)

Using mass estimates for AGN, e.g., by the black hole mass/velocity dispersion
relation, one can test this scaling law as shown in Figure 2. The correlation of
radio and X-rays continues up to the critical accretion rate, where the sources get
thermally dominated (Corbel et al., 2000, 2003; Gallo et al., 2003). This can be
seen as a hint that the emission in both frequencies, radio and X-rays, originates
from the same component of the system.

In case that the X-ray emission originates from synchrotron-self-Compton (SSC)
emission of the relativistic jet, the power law of the radio luminosity index in Eq. (1)
would be larger (>2) than the measured value (Koerding, 2004). This is due to
the fact that the density of the synchrotron seed photons for the Comptonization
already scales with roughly the accretion rate squared. Thus, as the density of
the Comptonizing electrons also scales with jet power, one gets larger power law
indices than for pure synchrotron emission.

3. Radio/X-ray Correlation Used to Diagnose Black Holes

In the previous section, we have established a radio/X-ray correlation for stellar and
supermassive black holes. This correlation can be used to study the properties of
unknown black holes like those suspected in ultra-luminous X-ray sources (ULXs).
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Figure 3. Radio X-ray correlation used to diagnose ULXs. Unlike Figure 2, we do not scale the point
for the different black hole masses. The lines denote the scaling of the jet model for 6, 600, 106, and
109 M
. Besides the upper limits of Körding et al. (2004) we also include the two published radio
detections. The star further to the right side is the ULX in NGC 5408, while the other is the flare in
M82 found by Kronberg and Sramek (1985).

These objects are defined as bright (≥1039 erg/s) off-nucleus X-ray point sources.
If those sources emit isotropically and obey the Eddington limit their central black
hole needs to be of intermediate masses (100–1000 M
). However, these high
luminosities can also be explained by anisotropic emission (see e.g., King et al.,
2001) or by the microblazar phenomenon (Körding et al., 2002).

Körding et al. (2004) monitored a sample of ULXs with the VLA. Their upper
limits and other published radio detections of ULXs are shown in Figure 3. Unlike
Figure 2, we do not scale all objects to the mass of an XRB, but give the model
scaling for different masses. All upper limits are in agreement with the radio/X-ray
correlation, even if all those ULXs indeed have stellar mass black holes. Note,
that the correlation is only valid for LH state objects. In HS state objects the
radio emission is quenched and they leave the correlation towards lower radio
luminosities. Higher radio fluxes can only be obtained by increasing the mass of
the central black hole or by the unavoidable scatter. Also shown in the plot are the
radio detections of an ULX in NGC 5408 by Kaaret et al. (2003). If this detection
is confirmed it would indicate an intermediate mass black hole, as it would be too
radio loud even for a ‘radio loud’ stellar source.

4. Towards the High State

Observations of black hole XRBs in the HS state do not show a detectable jet (see
e.g., Fender et al., 1999 or McClintock, 2003 and references therein). Thus, the jet
is either not launched at all or quenched within a couple of gravitational radii before
it is detectable in the radio. Maccarone et al. (2003) suggested that such an effect
is also found in AGN, e.g., the ‘radio-quiet’ sources. The very high state of XRBs
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shows often a flaring radio jet (see e.g. Fender et al., 2004) and jet in AGN seem to
show similar features (Marscher et al., 2002). Thus, it is interesting to discuss the
scaling of jets, used to unify the weakly accreting black holes, for higher accretion
rates and the effect of the radiatively efficient accretion flow in this state.

Using the idea of scale invariant jets one can establish scaling laws for the total jet
emission from all important emission processes. The total synchrotron luminosity
scales according to

LSync ∼
(

qj Ṁ

ṀEdd

)2

M, (2)

where qj denotes what percentage of the total accretion power is injected into the
magnetic fields in the jet. As these synchrotron photons are the seed photons for
SSC emission, the total power emitted through SSC scales with the third power of
the accretion rate:

LSSC ∼
(

qj Ṁ

ṀEdd

)3

M. (3)

On the other hand, external Compton emission is effectively the same as synchrotron
if one exchanges the energy density of the magnetic field with the energy density
in the external photon field. Thus, the total luminosity scales as:

LEC ∼
(

qj Ṁ

ṀEdd

)2

MUPh. (4)

The scale invariance of the geometry of the jet used here is visible in the linearity
of all luminosities on the black hole mass M . The aforementioned formulae can
be summarized: a relativistic jet gets increasingly efficient in radiating away the
energy contained in relativistic electrons as a function of total jet power. Thus, in
powerful jets cooling will play an important role and the approximation used for the
derivation of the jet emission will break down. However, observations of powerful
jets, e.g., in FR-II radio galaxies, do not show such a cooling dominance. This can
only be obtained by leaving equipartition: more internal energy has to be contained
in the magnetic fields than in the relativistic particles, e.g., jets have to be launched
magnetically.

Besides checking if the jet is cooling dominated one can also calculate, which of
the aforementioned processes is dominating the overall emission. As the SSC emis-
sivity scales with Ṁ3 while the synchrotron emissivity scales only quadratically,
there has to be a accretion rate when SSC dominates over the synchrotron emission.
For a typical parameter set this happens at a few percent of the Eddington accretion
rate. Thus, the jet of an XRB in the LH state will be synchrotron dominated. Very
likely, this change in the jet is not related to the state change of the XRB (LH to HS
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Figure 4. The dominating emission process of a relativistic jet depending on the accretion rate and
the fraction of the isotropic radiation field. The accretion disk is thought to be a radiatively inefficient
flow for low accretion rates and an efficient standard disk above the critical accretion rate.

state), as the latter is probably due to a different accretion flow configuration (Esin
et al., 1997).

External Comptonization from disk photons will not contribute significantly to
the total emission as long as the comptonizing photons originate directly from the
accretion disk. In this case, they are relativistically deboosted as the jet moves away
from the accretion disk. However, if those photons are scattered by surrounding gas
and create an isotropic radiation field, they are relativistically boosted. Compared to
the former case, this yields an additional factor γ 4, which allows that this component
can dominate the overall emission. The qualitative behavior of the dominating
emission process is shown in Figure 4. The upscattered photons would reach very
high energies not observed by the current telescopes.

Unlike synchrotron and SSC cooling, external-Compton cooling acts on the
whole jet, not only on the relativistic particles. Thus, it could, in principle, quench
the whole jet as seen in HS state objects if it is the dominating emission process.

5. Conclusions

The idea of jet domination of weakly accreting systems can be used for a unifi-
cation scheme of black hole XRBs and AGN. This scheme can be tested with the
radio/X-ray correlation for both classes of objects. Even though the correlation has
significant scatter it could be used to diagnose the masses of the black holes in
ULXs. A radio detection like the one of NGC 5408 is a further hint that the central
object might indeed be an intermediate mass black hole.

We have seen that for weakly accreting systems (below a few percent of the
Eddington rate) the jet has the possibility to stay in equipartion without loosing a
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significant fraction of its energy due to radiation. The dominant emission process in
this regime is the synchrotron emission also seen in the radio regime. This simple
picture breaks down if one increases the accretion rate. Above a critical accretion
rate SSC and external Compton emission will play an important role, the jet has to
leave equipartition or the energy loss due to radiation has to be taken into account.
If there is material around the black hole that scatters the photons from the accretion
disk into an isotropic radiation field, external Compton emission could, in principle,
quench the whole jet.
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Mirabel, I.F. and Rodríguez, L.F.: 1999, ARA&A 37, 409.
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Abstract. I summarize the main observational properties of low-luminosity AGNs in nearby galaxies
to argue that they are the high-mass analogs of black hole X-ray binaries in the “low/hard” state.
The principal characteristics of low-state AGNs can be accommodated with a scenario in which the
central engine is comprised of three components: an optically thick, geometrically accretion disk with
a truncated inner radius, a radiatively inefficient flow, and a compact jet.

1. AGNs and Black Hole X-ray Binaries

Stellar-mass black holes in X-ray binaries, in response to changes in the mass
accretion rate, exhibit distinct spectral “states” (McClintock and Remillard, 2005).
Since many aspects of accretion flows are invariant with respect to changes in
black hole mass, it is of interest to ask whether there are extragalactic analogs to
X-ray binary states in massive black holes in the centers of galaxies. Nuclear black
holes outweigh stellar black holes by factors of 105–108, and so their evolutionary
timescales increase in the same proportion. To search for spectral states in massive
black holes, one must consider the demographics of accreting nuclear black holes—
AGNs—spanning a wide range of luminosity.

In recent years, much attention has been devoted to the study of “narrow-line”
Seyfert 1 galaxies, which are widely believed to be the AGN counterparts of X-
ray binaries in the “high/soft” state (e.g., Pounds et al., 1995). Indeed, this class
of AGNs may be even accreting at super-Eddington rates (Collin and Kawaguchi,
2004).

This contribution focuses on AGNs in the opposite extreme, namely those ac-
creting at highly sub-Eddington rates, which I will argue are close analogs to X-ray
binaries in the “low/hard” or “quiescent” states, and which dominate the population
of AGNs at z = 0.

2. Observational Properties of Low-Luminosity AGNs

Although the physical nature of low-luminosity AGNs (LLAGNs) is still not fully
understood, the bulk of the current evidence suggests that a significant fraction of
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them are genuinely accretion-powered sources (for a recent review, see Ho, 2004).
Here I highlight the most important observational properties of these objects, which,
when taken collectively, point to some novel insights on the structure of their central
engines.

– Demography. LLAGNs are very common. According to the Palomar survey (Ho
et al., 1997a), over 40% of nearby galaxies, and an even greater fraction (50–75%)
of bulge-dominated (E–Sbc) systems, contain LLAGNs.

– Low ionization. The dominant population (two-third) of LLAGNs have low-
ionization state spectra (Ho et al., 1997a). They are classified as either low-
ionization nuclear emission-line regions (LINERs) or transition objects, which
are hypothesized to be related to LINERs (Ho et al., 1993; but see complications
discussed in Ho et al., 2003 and Ho, 2004).

– Low accretion power. LLAGNs are intrinsically faint, in most cases orders of
magnitude less powerful than classical Seyferts and quasars. The optical lumi-
nosity function of LLAGNs extends to absolute magnitudes as low as MB ≈ −6
(Ho, 2004). Figure 1a, from Ho (2005), shows the distributions of bolometric
luminosities for ∼250 objects from the Palomar survey. Note that nearly all the
objects have Lbol < 1044 erg s−1, and most significantly less. Seyferts are on
average 10 times more luminous than LINERs or transition objects.

– Sub-Eddington. LLAGNs are highly sub-Eddington systems, as shown in
Figure 1b. Essentially, all objects in the Palomar sample have Lbol/LEdd < 1,
with the majority falling in the region Lbol/LEdd ≈ 10−5 − 10−3. Seyferts have
systematically higher Eddington ratios than LINERs or transition objects, typi-
cally by 1–2 orders of magnitude.

– Radiatively inefficient. Direct measurements of accretion rates are not available,
but rough estimates can be made of the likely minimum rates supplied in situ.

Figure 1. Distribution of (a) nuclear bolometric luminosities and (b) Eddington ratios, Lbol/LEdd. S:
Seyferts, L: LINERs, T: transition objects, and A: absorption-line nuclei. Open histograms denote
upper limits. From Ho (2005).
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Quite apart from any additional fuel furnished by the large-scale disk of the host
galaxy or from external sources triggered by tidal interactions, both of which
are inconsequential for nearby galaxies (Ho et al., 1997b, 2003), galactic centers
contain two reservoirs of fuel that seems inescapable. The first is mass loss from
evolved stars, which is readily available from the dense stellar cusps invariably
observed in the centers of bulges (e.g., Lauer et al., 1995; Ravindranath et al.,
2001). Ho (2005) estimates Ṁ∗ ∼> 10−5–10−3 M
 per year. The other source of
fuel is Bondi accretion of hot gas, which is ubiquitous not only in giant elliptical
galaxies, but apparently also in the bulges of disk galaxies (e.g., Shirey et al.,
2001; Baganoff et al., 2003). The expected contribution from Bondi accretion
turns out to be roughly comparable to Ṁ∗ (Ho, 2005). If this gas were to be
all accreted and radiates with a standard efficiency of η = 10%, the nuclei
should be 1–4 orders of magnitude more luminous than observed. Three possible
explanations come to mind: (1) angular momentum transfer is very inefficient,
even at these small scales, so that only a tiny fraction of the available fuel makes
it to the center; (2) the accretion flow is radiatively inefficient, with η much less
than 10%; (3) most of the gas is blown out of the system by winds or outflows,
which arise naturally in radiatively (e.g., Blandford and Begelman, 1999). (Note
that the third option is not entirely independent from the second.) While it is
difficult to rule out the first explanation, it seems plausible that these systems are
radiatively inefficient.

– Unusual SEDs. With few exceptions, the spectral energy distributions (SEDs) of
LLAGNs lack the optical-UV “big blue bump,” a feature usually attributed to
thermal emission from an optically thick, geometrically thin accretion disk (Ho,
1999, 2002a; Ho et al., 2000). This is illustrated in Figure 2, which compares
the average SED of LLAGNs with the canonical SEDs of radio-loud and radio-
quiet quasars (Elvis et al., 1994). Instead of a blue excess, there is a maximum
peaking somewhere in the mid-IR. (The exact location of the peak is poorly de-
fined because of the current lack of high-resolution IR data.) One consequence
of the deficit of optical-UV omission is that the X-rays become disproportion-
ately important energetically. The standard αox parameter is typically less than
1, whereas in luminous AGNs αox ≈ 1.4. The X-ray spectra can be well de-
scribed by a simple power law, with � ≈ 1.7–1.9, which generally requires only
little or modest intrinsic absorption, with no evidence for a soft excess at low
energies (e.g., Terashima et al., 2002; Terashima and Wilson, 2003; Ptak et al.,
2004).

– Radio jets. Another notable feature of the SEDs of LLAGNs is that they tend
to be generically radio-loud. This is true of most LINERs (Ho, 1999, 2002b;
Ho et al., 2000; Terashima and Wilson, 2003), and, contrary to persistent pop-
ular misconception, is so even in most Seyfert nuclei (Ho and Peng, 2001).
Detailed modeling of the SEDs (e.g., Quataert et al., 1999; Ulvestad and Ho,
2001; Anderson et al., 2004) shows that neither the radio power nor the detailed
radio spectrum agrees with predictions from accretion flow models. Instead, a
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Figure 2. The average SED of low-luminosity AGNs (solid line), adapted from Ho (1999). Overplotted
for comparison are the average SEDs of powerful radio-loud (dotted line) and radio-quiet (dashed
line) AGNs (Elvis et al., 1994). The curves have been arbitrarily normalized to the luminosity at
10 µm.

separate, compact jet component is required. This indicates that compact jets
develop naturally in LLAGNs.

– No broad Fe Kα line. The 6.4 keV Fe Kα line is detected in some LLAGNs,
but it is almost always narrow (Terashima et al., 2002). In well-studied cases
(e.g., Ptak et al., 2004), Fe Kα emission of any breadth can be ruled out to very
high significance. Insofar as the broad iron line is regarded as a signature of a
standard optically thick disk, this suggests that such a disk is generically absent
or truncated in LLAGNs.

– Disk-like Hα profiles. Emission lines with broad, double-peaked profiles, taken
to be the kinematic signature of a relativistically broadened disk, are found quite
often in LLAGNs (Ho et al., 2000, and references therein; Shields et al., 2000;
Barth et al., 2001; Eracleous and Halpern, 2001). When fitted with a disk model,
one infers that the disk has a relatively large inner radius (∼103 RS).

3. A Physical Picture of the Central Engine

I propose that the set of characteristics mentioned earlier, common to most LLAGNs
studied in detail thus far, suggest that nearby galaxy bulges contain central engines as
schematically depicted in Figure 3. Most galaxies with bulges contain active nuclei
because most, if not all, bulges contain massive black holes. This is consistent with
the picture that has emerged from recent kinematical studies of nearby galaxies
(e.g., Richstone, 2004). In the present-day Universe, and especially in the centers
of big bulges, the amount of gas available for accretion is quite small, plausibly
well below the Eddington rate for the associated black hole mass (Ho, 2005).
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Figure 3. A cartoon depicting the structure of the accretion flow surrounding weakly active massive
black holes. An inner low-radiative efficiency accretion flow (LRAF) irradiates an outer, truncated
thin disk. An additional compact jet component is needed.

In such a regime, the low-density, tenuous material is optically thin and cannot
cool efficiently. Rather than settling into a classical optically thick, geometrically
thin disk, the hot accretion flow assumes a quasi-spherical configuration, whose
dynamics may be dominated by advection, convection, or outflows (see Quataert,
2001 and Narayan, these proceedings.) For simplicity, I follow Quataert (2001) and
simply call these low-radiative efficiency accretion flows (LRAFs). The existence of
LRAFs in these systems, or conversely the absence of classical thin disks extending
all the way to small radii (few RS), is suggested by their (1) low luminosities,
(2) low Eddington ratios, (3) low inferred radiative efficiencies, (4) lack of a big
blue bump, and (5) lack of relativistically broadened Fe Kα lines.

Apart from a central LRAF, two additional components generally seem to be
required. First, detailed considerations of the broad-band SED show that the baseline
LRAF spectrum underpredicts the observed radio power (e.g., Quataert et al., 1999;
Ulvestad and Ho, 2001). Most of the radio luminosity, which is substantial because
these objects tend to be “radio-loud,” must come from another component, and the
most likely candidate is a compact jet. Does the puffed-up structure of an LRAF,
or its propensity for outflows, somehow facilitate the generation of relativistic jets?
Second, an outer thin disk, truncated at perhaps ∼100–1000 RS, seems necessary
to explain (1) the existence of the IR excess in the SED (e.g., Quataert et al., 1999)
and (2) the prevalence of double-peaked broad emission lines (Chen et al., 1989;
Ho et al., 2000). A large truncation radius is also qualitatively consistent with the
weakness or absence of broad Fe Kα emission.

Lastly, we note that low-ionization spectra may emerge quite naturally in the
scenario suggested earlier. In the context of AGN photoionization models, it is well
known that LINER-like spectra can be produced largely by lowering the “ionization
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parameter” U , typically by a factor of ∼10 below that in Seyferts (e.g., Halpern and
Steiner, 1983; Ferland and Netzer, 1983). The characteristically low luminosities
of LINERs (Figure 1a), coupled with their low densities (Ho et al., 2003), naturally
lead to low values of U . Two other effects, however, are also important in boosting
the low-ionization lines. All else being equal, hardening the ionizing spectrum (by
removing the big blue bump) in photoionization calculations creates a deeper par-
tially ionized zone from which low-ionization transitions, especially [O I] λλ6300,
6363, are created. Because of the prominence of the radio spectrum, cosmic-ray
heating of the line-emitting gas by the radio-emitting plasma may be nonnegligi-
ble; one consequence of this process is again to enhance the low-ionization lines
(Ferland and Mushotzky, 1984). Both of these effects should be investigated quan-
titatively.
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Abstract. In a number of the most luminous ULXs (those with L X ∼ 1040 erg s−1) in nearby galaxies,
observations with XMM-Newton and Chandra are revealing evidence which suggests that these ULXs
may harbor intermediate-mass black holes (IMBHs). The detection of accretion disk spectral compo-
nents with temperatures 5–10 times lower than the temperatures observed in stellar-mass black hole
binaries near to their Eddington limit may be particularly compelling evidence for IMBH primaries,
since T ∝ M−1/4 for disks around black holes. In some sources, X-ray timing diagnostics also hint at
IMBHs. Evidence for IMBHs in a subset of the most luminous ULXs, a discussion of the robustness
of this evidence and alternatives to the IMBH interpretation, and prospects for better determining the
nature of these sources in the future, are presented in this work.

1. Introduction to ULXs

Ultraluminous X-ray sources (ULXs) are bright, off-nuclear point sources in nearby
normal galaxies, for which the inferred X-ray luminosity exceeds the isotropic
Eddington limit for a 10 M
 black hole (L � 1.3×1039 erg s−1; Frank et al., 2003).
In most ULXs, long-timescale X-ray variability indicates that the ULXs are likely
accreting black hole binaries like those known in the Milky Way. The existence
of ULXs was first revealed with Einstein (Fabbiano, 1989). Chandra and XMM-
Newton have revolutionized the study of these sources by enabling observations
which effectively isolate individual sources and which obtain sensitive spectra and
lightcurves from the brightest nearby examples. For a recent review of ULXs, see,
e.g., Fabbiano and White (2005).

Among the reasons that ULXs are interesting is that they may represent rare
phases of accretion in binary systems, rare X-ray states, and/or rare phases of
binary evolution; however, the most compelling reason to study ULXs is that their
luminosities suggest that they may harbor intermediate mass black holes (IMBHs,
102−5 M
; for a recent review see Miller and Colbert, 2004). It is well-known that
stellar-mass black holes can reach luminosities slightly in excess of their implied
isotropic Eddington limit (see, e.g., McClintock and Remillard, 2005), so ULXs at
the lower end of the luminosity range (indeed, this is the majority of ULXs) are likely
binaries with stellar-mass black hole primaries (or neutron star primaries in rare
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cases). However, those ULXs at the upper-end of the luminosity range (arbitrarily,
L X ≥ 1040 erg s−1) may harbor IMBHs. Recent observations with Chandra and
XMM-Newton (in particular) have revealed cool accretion disk components in the
spectra of the most luminous ULXs (see Miller et al., 2004a) and other X-ray
spectral and timing features which suggest IMBHs. The status of the evidence for
IMBHs in ULXs, arguments against IMBHs, and prospects for better understanding
the IMBH candidates is discussed below.

2. Evidence for IMBHs in ULXs

Spectra of bright ULXs obtained with ASCA were typically described in terms single
flux components, and often in terms of hot accretion disk components (Makishima
et al., 2000), although weak evidence for two-component spectra consisting of cool
accretion disk and hard power-law flux components was also reported (Colbert and
Mushotzky, 1999). Recent observations of the most luminous and proximal ULXs
with XMM-Newton and Chandra appear to have resolved this discrepancy: Miller
et al. (2003) first reported the detection of a cool accretion disk at the 8σ level
of confidence in XMM-Newton spectra of NGC 1313 X-1 (see Figure 1). Other
significant detections of cool disk components have been reported in XMM-Newton
and/or Chandra spectra of NGC 1313 X-2 (Miller et al., 2003), NGC 5408 X-1
(Kaaret et al., 2003), M81 X-9 (Holmberg IX X-1, Miller et al., 2004a), Antennae

cool disk component

Figure 1. The XMM-Newton/EPIC-pn X-ray spectrum of NGC 1313 X-1 is shown above (Miller et
al., 2004b). A disk component is shown in blue, and hard power-law emission is shown in red. In this
source and a growing number of other ULXs, X-ray spectra require a cool disk component, which
may be evidence for an accreting IMBH, e.g., in a binary system.
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X-37 (Miller et al., 2004), Holmberg II X-1 (Dewangan et al., 2004), NGC 4559
X-7 (Cropper et al., 2000), and most recently in a ULX in M101 (Kong et al.,
2004).

In each of these cases, the luminosity of the ULX is near to or above L X �
1040 erg s−1, and the measured disk color temperature is consistent with the kT �
0.1–0.2 keV range. These ULX disk temperatures are much lower than the kT �
1–2 keV disk temperatures commonly measured in ∼10 M
 black hole binaries
in the Milky Way and LMC when they are observed at luminosities near to their
Eddington limit. Indeed, because T ∝ M−1/4 for standard disks around black holes
(Frank et al., 2002), the low disk temperatures measured in these ULXs imply black
holes with masses in the few×102−3 M
 range when scaled to the temperatures seen
in stellar-mass black hole binaries. (The normalizations of these disk components
can also be scaled and generally imply IMBHs; see Miller et al., 2003.) These ULXs
occupy a distinct region of a L X − kT diagram, which is distinct from the L ∝ T 4

trend clearly seen in stellar-mass black holes (see Figure 2; see also Miller et al.,
2004a). The exceptionally high luminosities inferred in these sources, their low disk
temperatures, and their clustering in a L X −kT diagram makes these sources strong
IMBH-candidates.

Figure 2. ULXs with cool accretion disks do not lie on the temperature–luminosity trend observed
in stellar-mass black holes, and form a rather tight group, suggesting a distinct subclass, which may
indeed harbor IMBHs (Miller et al., 2004a).
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M82 X-1 may be the single best IMBH-candidate ULX presently known, in
part due to its exceptionally high luminosity, which approaches L X � 1041 erg s−1.
However, the nature of its low energy spectrum is unknown due to contamination
from a surrounding thermal plasma. Strohmayer and Mushotzky (2003) have re-
ported the detection of a 54 mHz QPO in the X-ray flux of this ULX, based on
observations with XMM-Newton and RXTE. As QPOs are thought to be disk os-
cillations, this feature indicates that the X-ray flux is not beamed, and implies the
observed luminosity is a true isotropic luminosity, greatly reinforcing an IMBH
interpretation when scaling from the Eddington luminosity for a stellar-mass black
hole.

A timing diagnostic has been interpreted as tentative evidence for an IMBH in
at least one other case: Cropper et al. (2004) have reported a break frequency at
28 mHz in the power density spectrum of NGC 4559 X-7. The break could indicate
a mass of 38 M
 or 1300 M
, as there are two breaks commonly observed in the
power spectra of accreting black holes (both in stellar-mass and supermassive black
holes; see, e.g., Uttley et al., 2002). It is very difficult to obtain a mass scaling from
either a single break or a single QPO, and indeed there is still some ambiguity when
two breaks or multiple QPOs are detected since characteristic frequencies drift with
flux.

3. On the Robustness of Evidence for IMBHs in ULXs

3.1. DETAI LS OF THE SPECTRAL MODELING

Evidence for cool accretion disks in sources with luminosities near to 1040 erg s−1

is generally quite robust. The requirement for low disk temperature with normaliza-
tions also suggesting IMBH primaries does not depend on the choice of disk model
(Miller et al., 2004a). Cool disks are required regardless of whether independent
flux components or self-consistent Compton up-scattering models are used to fit
the X-ray spectra (Miller et al., 2003, 2004). An uncertainty in scaling from disks
around stellar-mass black holes to disks around presumed IMBHs exists due to
potential differences between the intrinsic disk spectrum and measured spectrum
(after transfer through a disk atmosphere). However, it has recently been shown
that these effects are remarkably similar in disks around stellar-mass black holes
and IMBHs (Fabian et al., 2004). Finally, low metal abundances in absorbing ma-
terial along the line of sight to these sources does not falsely create a statistical
need for a cool disk component in the most sensitive spectra (Miller et al., 2003,
2004).

In the ASCA era, the spectra of some of the most luminous ULXs could be
described only in terms of a single hot disk component (temperatures approached
2 keV; see Makishima et al., 2000). It is now clear that these sources are gener-
ally better described with a combination of a cool disk and hard power-law. Both
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Chandra and XMM-Newton have much better spatial resolution than ASCA, and
so fold in far less background (both diffuse and point-source in nature). More-
over, the lower energy bounds of Chandra and XMM-Newton are lower than the
effective lower energy bound of ASCA, which gradually increased over the mission
lifetime.

Stobbart et al. (2004) recently fit the spectrum of a dipping ULX in NGC 55
(Lx = 1.6 × 1039 erg s−1) with a model consisting of a hot (kT = 0.8 keV)
disk dominating the high energy spectrum, and a very soft (� = 4) power-law
dominating the low energy spectrum. Some parameters were fixed in fits to the
spectra of this ULX (this is not a standard practice), so it is not clear that a
model consisting of a low temperature disk and hard power-law is inconsistent
with the data (though the spectra of dipping sources can be confusing and non-
standard). Given the peculiarity of the prior spectral fits, and given that the model
is inconsistent with the observed spectra of stellar-mass Galactic black hole bina-
ries and Compton up-scattering models for hard X-ray emission (Stobbart et al.
note these facts), re-analysis of the spectra of the ULX in NGC 55 may be in
order.

Although this model is likely unphysical, it is interesting to test whether or not
it might provide a reasonable alternative (in terms of a goodness-of-fit statistic)
to spectra of IMBH-candidate ULXs which are presently well described in terms
of cool disks and hard power-law components. Let us take NGC 1313 X-1 as an
example. Jointly fitting the XMM-Newton PN, MOS1, and MOS2 spectra of NGC
1313 X-1 (see Miller et al., 2003, 2004) with a simple model consisting of multicolor
disk black body and power-law components (modified by neutral absorption), the
cool disk plus hard power-law model gives a very good fit: χ2/dof = 885.8/870
(kT = 0.18 keV, � = 1.8). Constraining the disk temperature to be kT ≥ 1.0 keV,
the resultant fit is significantly worse statistically: χ2/dof = 965.3/870 (kT =
2.6 keV, � = 4.3).

As stated before, M82 X-1 is unlike other IMBH-candidate ULXs in that it
is embedded in a region of strong diffuse plasma emission, which makes it very
difficult to constrain the nature of its low energy spectrum (see Strohmayer and
Mushotzky, 2003). Although other strong IMBH-candidate ULXs are not located
within or near to clusters of young stars, it is nevertheless important to understand
the extent to which thermal plasmas may contribute to the low-temperature ther-
mal emission. At low temperatures, an O VII or O VIII emission line should be
particularly strong, and there is no evidence for such a line in the X-ray spectra
of IMBH-candidate ULXs (note that careful fitting of the O K-edge is required to
prevent false O VII/VIII line detections; see Miller et al., 2004a). At present, no
soft X-ray (i.e., 0.3–3.0 keV) line has been reported in a ULX which is significant at
or above the 3σ level. Thus, it presently appears that the low-temperature thermal
components detected in some ULXs are due to optically-thick disk components, but
improved spectra are required to put strong constraints on possible contributions
from an optically-thin thermal plasma.
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3.2. RELATIVI STIC BEAMING

Relativistic beaming of source flux has been proposed as a means of explaining
luminosities in apparent excess of the isotropic Eddington limit for a 10 M
 black
hole (Reynolds et al., 1997; Körding et al., 2002). The very low radio to X-ray flux
ratios found in luminous ULXs with cool disks strongly argues against this inter-
pretation, since beaming tends to create flat νFν spectra (e.g., in blazars; see Fossati
et al., 1998 for characteristic blazar spectra; Miller et al., 2003, 2004; Kaaret et al.,
2003 for discussions of the relevance to ULXs). Indeed, the ratios found are below
the maximum ratios observed in stellar mass black holes which are observed edge-
on (see Fender and Kuulkers, 2001), rather than along a line of sight coincident
with a jet axis. Blackbody components imply a minimum physical size, and here
again the cool disks detected argue against relativistic beaming. Finally, it should
be noted that in the special case of M82 X-1, the detection of QPO strongly argues
that the disk is seen clearly, and therefore argues against relativistic beaming as a
viable means of explaining the inferred luminosity (Strohmayer and Mushotzky,
2003).

It is interesting to consider how the broadband properties of IMBH-candidate
ULXs with constraining radio limits or detections compare to stellar-mass and
supermassive black holes. Merloni et al. (2003) examined the properties of a num-
ber of unbeamed black holes, and found a fundamental plane of black hole activity
which relates mass, X-ray luminosity, and radio luminosity. Figure 3 shows the
fundamental plane, with the addition of the IMBH-candidate ULXs NGC 1313
X-1, M81 X-9, NGC 5408 X-1, and M82 X-1. These black holes lie on the fun-
damental plane, or only slightly above the plane (but no farther than the scatter
in the supermassive black holes population). This again implies that these sources
are not beamed, and their position between the stellar-mass black hole popula-
tion and supermassive black holes again suggests that they may indeed harbor
IMBHs.

3.3. DI SK I SSUES: FUNNELS, PHOTON BUBBLES, AND SLIM DISKS

It has been suggested that at very high mass accretion rates, a funnel may form at the
inner disk and boost luminosities by factors of 10–30 along the funnel axis (King
et al., 2001). This model would allow ∼10 M
 black holes to apparently violate the
isotropic Eddington limit, and could explain the high apparent luminosities seen in
some ULXs. The low disk temperatures measured in some IMBH-candidate ULXs
already argue against this model, because disk temperatures in the 0.1–0.2 keV
range would only signal a high mass accretion rate for IMBHs. Observations of
stellar-mass galactic black holes also argue against the formation of such structures:
4U 1543-475 is a Galactic black hole binary viewed at i = 21◦, but it does not
exceed its Eddington limit by more than a factor of a few (Miller et al., 2004b; Park
et al., 2004). Stronger funneling might be required, but radiation will leak out the
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Figure 3. Merloni et al. (2003) found a “fundamental plane” relating black hole mass, X-ray lumi-
nosity, and radio luminosity in unbeamed sources. Bright ULXs with cool disks and good limits on
radio flux (NGC 1313 X-1: Colbert et al., 1995; M81 X-9: F ≤ 60 µJy at 5 GHz, Jimenez-Garate
et al., 2005, in preparation) or radio detections (NGC 5408 X-1: Kaaret et al., 2003), and M82 X-1,
fit between stellar-mass and supermassive black holes on the fundamental plane. For M82 X-1, the
radio limits and lower mass bound are from Kaaret et al. (2001), and the upper mass bound is from
Strohmayer and Mushotzky (2003). For the other sources, solid error bars represent a mass range of
300–3000 M
, a representative range for disk normalization and temperature scaling, respectively,
and the dashed error bars extend down to approximately the mass found from simple Eddington limit
scaling. (The fundamental plane makes use of 2–10 keV luminosity values and flux densities at 5 GHz.
ULX luminosities reported in Miller et al., 2004a were converted to the 2–10 keV band and flat radio
spectra were assumed).

sides of a strong funnel geometry as it becomes ionized and optically-thin, ruining
the funnel effect (King and Pounds, 2003). Finally, in the case of Holmberg II X-1,
optical spectroscopy of a surrounding nebula reveals that the isotropic luminosity
must exceed the Eddington limit for a 10 M
 black hole (Kaaret et al., 2004), and
the morphology of optical nebulae around other ULXs does not strongly suggest
beaming.

It has also been suggested that radiation pressure-dominated disks might be able
to produce super-Eddington fluxes through small-scale photon bubble instabilities
(Begelman, 2002). Slim disk solutions (e.g., Watarai et al., 2001) may also allow
high fluxes. Where IMBH-candidate ULXs are concerned, the difficulty with both
models is that they are expected to hold at very high mass accretion rates – when
disks are expected to be hot. The low disk temperatures observed in some IMBH-
candidate ULXs means that photon-bubble disk and/or slim disks are not required
in these sources.
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3.4. PHOTOSPHERES

It has recently been suggested that the basic disk plus corona geometry inferred
in black hole systems accreting at high rates may be incorrect, and that a better
model may consist of an outflowing photosphere which is optically thick at r ≤
100 RSchw. and external shocks generating hard X-rays (King and Pounds, 2003).
In any case where the flux in the hard spectral component is equal to the flux
in the soft component, the photosphere would have to flow at v = c and the
photospheric radius would have to equal 1 RSchw. to generate the observed hard X-
ray flux, which renders this alternative implausible in most ULXs with cool disks
and luminous quasars. Weak X-ray absorption lines in the spectra of some AGN –
apparently blue-shifted in the frame of the AGN and cited as evidence in favor of
outflowing photospheres – have recently been shown to coincide with the AGN
recession velocity in a number of cases, demanding absorption near to the Milky
Way (McKernan et al., 2004). Thus, both in the case of AGN and ULXs, the data
would seem to argue against this alternative in the majority of cases.

It should be noted that sources like the bright, soft transient in M101 (Kong
et al., 2004), as well as “super-soft” sources and “qausi-soft” sources, do not have
significant hard components and the photosphere model cannot be excluded in these
cases. Apart from the immediate issue of photospheres, the very low flux observed
from super-soft and quasi-soft sources makes it nearly impossible to obtain strong
spectral and timing constraints, and inferences for IMBHs in these sources require
extreme caution as they are necessarily at the level of what the data will allow,
rather than what the data strictly require.

3 .5 . INF ERENCES FROM X-RAY LUMINOSITY FUNCTIONS

It is sometimes argued that X-ray luminosity functions demonstrate that all ULXs
are stellar-mass X-ray binaries, because the highest luminosity sources appear to
extend naturally from the lower-luminosity distribution without a break (see, e.g.,
Swartz et al., 2004). Several assumptions are implicit in such an argument: first,
that IMBHs should have a narrow mass range (a wide range of masses would act to
diminish a break); second, that IMBHs should all be accreting at high fractions of
their Eddington limit (a range of mass accretion rates like that seen in stellar-mass
binaries in the Milky Way and Magellanic Clouds would also act to flatten a break);
and third, that a single observation or a few observations can reliably constrain the
nature of a source population that is likely to be variable.

The high luminosity end of the X-ray luminosity function of a given galaxy
is a regime with very few sources, where strong constraints are not possible. The
statistics do not allow one to strongly require or to exclude a break. Consider how
different the X-ray luminosity functions of galaxies like M101 (Kong et al., 2004)
and NGC 3628 (Strickland et al., 2001) must appear when their transient ULXs
(which reach near to or above L X � 1040 erg s−1) vary by factors of 10 and 1000,
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respectively. Again, as this regime is a low-statistics regime, it is unlikely that one
source or even two sources could require a break, but it illustrates the danger of
drawing conclusions about source populations based on X-ray luminosity func-
tions. In fact, the statistical uncertainty of X-ray luminosity functions is worse than
typically presented: errors on luminosity resulting from uncertainties in the absorb-
ing column and differences between spectral models that cannot be distinguished
in poor quality spectra are not generally considered.

X-ray luminosity functions do indicate that only a small number of IMBHs are
accreting at high fractions of their Eddington limit at any given time in a typical
galaxy. This inference is broadly consistent with the behaviors observed from stellar
mass and supermassive black holes. Moreover, X-ray luminosity functions may
demonstrate that the population of IMBHs which may exist in binaries is likely
small relative to the number of black holes and neutron stars in accreting binaries.
These inferences are limited, but as such they are fair to the limited statistics at the
high luminosity end of X-ray luminosity functions.

4. Future Prospects

It will likely prove to be very difficult to obtain optical/IR radial velocity curves of
ULXs to constrain the mass of the primary. Putting even the brightest stellar-mass
Galactic binaries at distances of a few Mpc makes them very faint indeed. Further
complications arise because most IMBH-candidate ULXs – in contrast to most
stellar-mass Galactic black holes – are persistently active; light from the accretion
disk will make it difficult to identify and trace features from the companion star.
If ULXs are very wide binaries, the long orbital period will make it even harder
to obtain radial velocity curves. The optical nebulae found around some IMBH-
candidate ULXs (Pakull and Mirioni, 2003) may further complicate spectroscopic
studies of the presumed binary system. For the foreseeable future, it is likely that
the nature of IMBH-candidate ULXs will be decided based on a preponderance of
indirect evidence.

From an X-ray point of view, much longer observations of galaxies harbor-
ing IMBH-candidate ULXs are urgently needed. Observations of 300–500 ks (and
longer) have been devoted to the study of relativistic effects in accreting sources
(e.g., 500 ks to study putative absorption lines from the surface of the neutron star
in EXO 0748-676, nearly 400 ks to study the broad Fe Kα emission line in MCG-
6-30-15, and nearly 300 ks to study the broad Fe Kα emission line in GX 339-4).
Establishing the presence or absence of IMBHs – a new class of relativistic objects
– is a goal as deserving of long observations as the study of phenomena in known
classes of relativistic objects.

For ULXs within a few Mpc with L X ≥ 1040 erg s−1, an XMM-Newton observa-
tion of 300–500 ks will achieve the sensitivity required to: (1) detect a broad Fe Kα

emission line from the accretion disk, which would provide independent evidence
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for a standard accretion disk and rule-out relativistic and geometric beaming; (2)
detect breaks in the power-density spectrum and/or QPOs, which will enable inde-
pendent mass estimates based on scaling the characteristic frequencies (indeed, the
relation between QPO frequency and break frequency in Galactic black holes and
neutron stars found by Wijnands and van der Klis, 1999 may provide an additional
pragmatic scaling beyond scalings based only on breaks); and (3) detect any soft
X-ray emission lines, enabling the (likely small) flux of any diffuse optically-thin
plasma to be separated from an underlying optically-thick disk continuum.

Of course, far better radio and optical constraints are also required. Even though
optical/IR radial velocity curves may be difficult to obtain, the value of spectroscopic
studies of the nebulae surrounding some ULXs is clear (see Pakull and Mirioni,
2003; Kaaret et al., 2004). Independent luminosity and beaming constraints can
impact our view of the nature of IMBH-candidate ULXs. Better radio constraints are
needed to rule-out beaming in more sources. Radio detections may not be possible
in some cases, but strong limits allow sources to be placed on the “fundamental
plane” (for instance), and the position of sources on the “fundamental plane” does
reflect their nature (though it does not allow for a precise mass measurement).
Mushotzky (2004) and collaborators have undertaken a radio survey of ULXs, and
in some cases have found broad contours coincident with the X-ray source positions;
the lack of strongly peaked point source emission in most cases may again argue
against beaming.

X-rays probe the regions closest to compact objects, and can be expected to have
the greatest impact on our understanding of ULXs and IMBH-candidate ULXs in
particular. In the long run, planned missions like Constellation-X and XEUS will
revolutionize the study of ULXs. These missions will make it possible to obtain
sensitive spectroscopic and timing constraints on ULXs with short observations.
Relativistic reverberation mapping in AGN may be a primary goal of missions like
Constellation-X and XEUS, but for a variety of possible designs, these missions
will be able to reveal or reject the IMBH hypothesis in a much higher number of
ULXs.

5. Summary

The notorious M82 X-1 and at least six ULXs with luminosities near to or above
L X � 1040 erg s−1 and soft components consistent with optically-thick emission
from cool (kT = 0.1–0.2 keV) accretion disks (Miller et al., 2004b) may be re-
garded as IMBH-candidates. The properties which have been observed to separate
these ULXs from populations of stellar-mass and supermassive black hole appear
to be robust. In the cases where they can be strongly tested, alternative explana-
tions for the high inferred luminosities and the nature of the spectra appear to be
implausible. This proceedings has attempted to take a critical view of the evidence
supporting an IMBH explanation for a subset of very luminous ULXs, but also
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a critical view of the counter-arguments. With regard to the counterarguments, it
must be noted that at present there is no direct evidence for beaming (whether
relativistic or geometric) in any of these IMBH-candidate ULXs, or in any other
ULX. Dramatic strides toward resolving the nature of these sources can be made in
the near future with optical and radio observations, and principally with very long
X-ray observations.
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Abstract. We discuss the prospects for detecting faint intermediate-mass black holes, such as those
predicted to exist in the cores of globular clusters and dwarf spheroidal galaxies. We briefly summarize
the difficulties of stellar dynamical searches, then show that recently discovered relations between
black hole mass, X-ray luminosity and radio luminosity imply that in most cases, these black holes
should be more easily detected in the radio than in the X-rays. Finally, we show upper limits from
some radio observations of globular clusters, and discuss the possibility that the radio source in the
core of the Ursa Minor dwarf spheroidal galaxy might be a ∼10,000–100,000 M
 black hole.

Keywords: accretion, accretion disks, black hole physics, globular clusters: general, globular clusters:

individual: Omega cen, radio continuum: general

1. Introduction

Black holes are generally found to exist in two classes – the stellar mass (i.e. about
10 M
) black holes which are usually found as a result of their being in X-ray
binaries, and the galactic mass (i.e. 106–109 M
) black holes found in the cores of
massive galaxies. Some recent evidence has begun to develop for black holes with
masses just below 106 M
 (e.g. Fillipenko and Ho, 2003; Greene and Ho, 2004),
and some of the ultraluminous X-ray sources show evidence for spectral (e.g. Jon
Miller’s contribution in this volume) and variability (Strohmayer and Mushotzky,
2003) characteristics that would indicate black holes of 100–1000 M
.

Whether globular clusters and dwarf spheroidal galaxies have black holes in their
centers is an especially controversial topic. Some authors have argued that globular
clusters should build up black holes of roughly 0.1% of their total mass through
mergers of stellar mass black holes (Miller and Hamilton 2002); this fraction of
the total mass is roughly the same as the fraction of galactic bulges’ masses locked
up in their central black holes (Magorrian et al., 1998), and there have been some
claims of observational evidence for these intermediate-mass black holes (see e.g.
Gebhardt et al., 2002; Gerssen et al., 2002). On the other hand, it has been argued that
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the central increases in mass-to-light ratio in globular clusters can be equally well
explained by concentrations of white dwarfs (e.g. Baumgardt et al., 2003; Gerssen
et al., 2003; Pasquali et al., 2004), and that black holes should be dynamically
ejected from globular clusters (Portegies Zwart and McMillan, 2000). It has been
suggested (Drukier and Bailyn, 2003) that searches for individual high velocity
stars could be the most effective way to search for dynamical evidence of black
holes in globular clusters, but that there might not be enough stars to sample the
gravitational potentials of globular clusters well enough to make use of this method.

In dwarf spheroidal galaxies, the determination of whether there are
intermediate-mass black holes is at least as wide open. As the escape velocities
of dwarf spheroidal galaxies are typically smaller than those of globular clusters, it
is more likely that the gravitational radiation recoil effect should work to eject black
holes participating in unequal mass mergers from these systems (e.g. Favata et al.,
2004). On the other hand, it has been suggested on theoretical grounds that because
the dwarf galaxies are likely to be the first galaxies formed, they should have the
densest peaks in their early-universe densities, and hence might have formed very
high mass black holes during their Population III phases – black holes with 5–40%
of their stellar mass (Ricotti and Ostriker, 2004). Observational constraints on the
central mass concentrations of dwarf spheroidal galaxies are generally quite poor.

In both the dwarf spheroidal galaxy and globular cluster cases, it seems rea-
sonable to search for new means of finding these black holes. Almost 30 years
ago, it was suggested that the X-ray emission from globular clusters might be
intermediate-mass black holes accreting from the interstellar medium (Bahcall and
Ostriker, 1975). The detection of Type I X-ray bursts from the bright globular
cluster sources has since ruled out this possibility, but much deeper observations
from the Chandra Observatory have placed tight constraints on the X-ray emission
that could be coming from such sources (Grindlay et al., 2001; Ho et al., 2003).
In a few globular clusters (M 15 and 47 Tuc), variations in the pulsar dispersion
measures provide measurements of the density of the interstellar medium (Freire
et al., 2001), and combining these gas-density measurements with the X-ray up-
per limits in these globular clusters still fails to prove that black holes of about
1/1000 of the total mass of the cluster are not present, if one makes reasonable
assumptions about the fraction of the Bondi–Hoyle rate that is typically accreted in
low luminosity systems (see e.g. Bower et al., 2003; Perna et al., 2003) and on the
radiative efficiency of this accreted material (see e.g. Narayan and Yi, 1994; Fender
et al., 2003). In light of the new fundamental plane relations for black hole activity
(Merloni et al., 2003; Falcke et al., 2004), which show that the radio luminosity,
LR and the X-ray luminosity LX of a black hole with mass MBH are related such
that LX ∝ L0.6

R M0.8
BH, it has been shown that the most efficient way to search for

evidence of accretion from low luminosity, high mass black holes such as those
predicted to exist in globular clusters and dwarf spheroidal galaxies is by searching
for radio emission (Maccarone, 2004). For example, a single 12-h observation of
M 15 with the VLA would place a better constraint on the existence of a 1000 M
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black hole than would the entire mission lifetime of the Chandra Observatory. The
prospects for improving the sensitivity limits in the radio in the near future are
excellent; the VLA expansion project will improve its sensitivity by a factor of
about 10, making µJy level observations possible in quite short exposure times; the
High Sensitivity Array is already allowing µJy level VLBI scale interferometry,
and the Square Kilometer Array project provides some hope that these (and better)
sensitivity levels will be reachable from the Southern Hemisphere within the next
20 years.

In this contribution, we will outline the basic method by which we attempt to
predict the radio fluxes from intermediate-mass black holes in globular clusters,
and then we will describe some progress that has been made towards this goal.

2. Methodology

In Maccarone (2004), a methodology for going from a globular cluster’s mass
and distance to its expected radio flux was laid out. In this paper, we will briefly
summarize the assumptions of that work, but we refer the reader to Maccarone
(2004) and to the other cited references for a full justification of each assumption.
Specifically, we assume:

– A black hole mass of 0.1% of the globular cluster’s stellar mass (Miller and
Hamilton, 2002)

– A gas density of 0.15 H cm−3, approximately the value estimated from pulsar
dispersion measures in M 15 and 47 Tuc, and expected from stellar mass loss
(Freire et al., 2001).

– Accretion at 0.1–1% of the Bondi rate, with the sub-Bondi rate due to disk winds
and/or convection as constrained by observations of low luminosity AGN in the
Galactic Center and in elliptical galaxies and the lack of observations of isolated
neutron stars accreting from the interstellar medium (e.g. Bower et al., 2003;
Perna et al., 2003).

– A radiative efficiency in the X-rays of

η = (0.1) ×
(

1 + A2

2L tot
− A

√
A2

4L2
tot

+ 1

L tot

)
, (1)

with A a constant to be fitted from observations (and being larger when the
jet’s kinetic power is a larger fraction of the total accretion power), and L tot the
radiative plus kinetic luminosity of the system in Eddington units, as used by
Fender et al. (2003) to explain the LX − LR correlation observed by Gallo et al.
(2003), with the idea being that enough kinetic power is pumped into a jet to
make the accretion flow radiatively inefficient (see also, e.g. Malzac et al., 2004).
Whether the radiative inefficiency is due to mass and energy loss into a jet or
also partially due to advection into the black hole (e.g. Ichimaru, 1977; Narayan
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and Yi, 1994) is not clearly established by these relations, and does not affect
the results presented here. We have set A = 6 × 10−3 for these calculations,
which is based on a conservative estimate of the jet power. This relation is used
to convert a calculated accretion rate (from the assumed fraction of the Bondi –
Hoyle rate) into a calculated X-ray luminosity.

– The fundamental plane relationship among X-ray luminosity, radio luminosity
and black hole mass of Merloni et al. (2003), parameterized for convenient
applications to Galactic globular clusters:

F5 GHz = 10

(
LX

3 × 1031 ergs/s

)0.6( MBH

100 M


)0.78( d

10 kpc

)−2

µJy. (2)

This relation is used to convert the calculated X-ray luminosity from the previous
step into a radio flux. We note that the relation found by Falcke et al. (2004),
which considered only flat spectrum, low luminosity radio sources like those we
expect to see in the centers of dwarf galaxies or globular clusters, is consistent
with this relation within the uncertainties. Following these assumptions, several
globular clusters should have central radio sources brighter than a few µJy, but
only Omega Cen should have a radio source brighter than 40 µJy, and even Omega
Cen should be that bright only if the accretion rate is closer to 1% of the Bondi–
Hoyle rate than it is to 0.1% of the Bondi–Hoyle rate. Nonetheless, the predicted
X-ray fluxes for the globular clusters are generally well below detectability levels,
even with very long observations by the Chandra Observatory.

3. Applications to Globular Clusters

We have applied this method to two globular clusters so far, and in both cases have
found no evidence for an accreting central black hole. Omega Cen was observed by
us with the Australian Telescope Compact Array (ATCA) simultaneously at 4.8 and
8.6 GHz for 12 h on 8 May 2004, with no detection made at either frequency. The
non-detection yielded a 3σ upper limit on the flux of just under 100 µJy, under the
assumption that the radio spectrum of the source should be flat. Maccarone (2004)
predicted that the flux level should be at least 150 µJy under the most conservative
set of parameter values used in that paper. This would seem to imply that there
cannot be a black hole with 0.1% of the cluster’s mass in Omega Cen, but given
the scatter in the fundamental plane relation, and the fact that the gas density in
Omega Cen has been assumed to be similar to those in M 15 and 47 Tuc, rather
than measured, this upper limit should not be interpreted as such strong evidence
against an intermediate-mass black hole. The upper limit does, however, provide
strong evidence against the combination of 0.1% of the cluster mass being in an
intermediate black hole, with an accretion rate of ∼1% or more of the Bondi rate.

We have also considered previous radio observations of M 15 which were made
with the Very Large Array (VLA) for the purposes of finding radio pulsars (Johnston
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et al., 1991). These data were taken at 1.4 GHz, and reached a noise level of 43 µJy,
with no unidentified sources found within the core of the globular cluster. The upper
limits are thus rather similar to those found for Omega Cen, in terms of flux level.
The constraints on whether there exists a black hole with 1/1000 of the cluster
mass, though, are much weaker, because the cluster is smaller and further away
than Omega Cen. A useful constraint can be made on whether there exists a black
hole substantially more massive than this. In the context of the assumptions listed
above, the 3σ upper limit for the radio flux corresponds to the flux level expected
from a 700 M
 black hole accreting 0.1% of its Bondi rate – therefore, the upper
limit on the radio flux measured in this cluster’s core can be taken as evidence
against the claimed 2500 M
 black hole in M 15 (Gerssen et al., 2002), although
it should be noted that the uncertainty on this mass measurement was rather large,
and the measurement was not inconsistent with a black hole of 700 M
. Proposed
High Sensitivity Array observations could reduce the noise level in the radio data
by a factor of about 10, which could, in turn allow for either a detection of the black
hole or a truly constraining upper limit on its possible mass.

4. Applications to Dwarf Spheroidal Galaxies

We have also searched the NRAO VLA Sky Survey (NVSS) catalog around the
centers of the Milky Way’s Northern Hempisphere dwarf spheroidal galaxies. This
catalog has some sources as faint as 1 mJy, but is complete only at the level of
about 3–4 mJy, and it covers the entire sky north of a declination of −40 degrees
at a frequency of 1.4 GHz (Condon et al., 1998). One source was found within
the 3σ error circle of the center of a dwarf spheroidal galaxy – a 7.1-mJy source
about 20” from the reported center of the Ursa Minor dwarf spheroidal galaxy.
The Ursa Minor galaxy is one of the nearest (d = 66 kpc), most diffuse (the 20′

offset is roughly the 1σ error in the centroid position of the galaxy), and most
massive (M = 2.3 × 107 M
) of the Milky Way’s dwarf spheroidal satellites (see
Mateo, 1998 for a review of the properties of dwarf spheroidal galaxies including
measurements of parameter values). The density of NVSS sources on the sky is
such that there is about a 5% chance of finding a source within the 3σ error box of
the center of the Ursa Minor dwarf spheroidal galaxy. The other dwarf galaxies are
further away and more centrally concentrated, so their centroid positions are more
well established and the chance of a spurious coincidence between a radio source
and their core positions would be quite small. On the other hand, because they are
further away and less massive, their expected radio fluxes would be smaller than
that of the Ursa Minor’s core, if one assumes there should be a linear correlation
between galaxy mass and black hole mass. The measurements of gas contents of
dwarf spheroidal galaxies are mostly upper limits (although see Bouchard et al.,
2003 for one detection), so it is not as straightforward to convert a radio flux into
a black hole mass as it would be in a globular cluster. If we assume that the gas
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density is 1/30 to 1/100 as high in dwarf spheroidal galaxies as in globular clusters
(because the dwarf spheroidals are more diffuse), then we find a black hole mass
of about 1–2 × 105 M
 would be required to produce the observed radio flux. The
expected X-ray luminosity from such an object would be ∼ a few ×1034 ergs/sec,
below the detection limits of past X-ray observations (e.g. Markert and Donahue,
1985; Zang and Meurs, 2001), but easily detectable by Chandra or XMM. Because
the error circle of the NVSS source is about 4′′ in radius, it is not possible to identify
a unique optical counterpart and determine whether this radio source is more likely
to be in the Ursa Minor galaxy or a background AGN. Follow-ups in radio and
X-ray have been proposed, both to obtain a better positional accuracy for the radio
source, and to determine its X-ray to radio flux ratio.

5. Prospects for Future Improvements

One key area for future improvements of this work is to get deeper radio observations
of the globular clusters and dwarf spheroidal galaxies most likely to show radio
sources associated with intermediate-mass black holes. This work is already in
progress, with an application in submission for High Sensitivity Array time to
observe M 15. Unfortunately, most of the best globular cluster candidates are in
the Southern Hemisphere, and with the ATCA data showing only upper limits for
Omega Cen, the prospects of detecting a black hole in any other globular cluster
by using ATCA seem remote.

The other key area that needs more work is in improving our measurements
of the gas densities in these systems, especially in the dwarf spheroidal galaxies.
The methodology for doing so is not as clear. Searches for absorption lines in the
spectra of background AGN seem to be one of the most promising routes (Tinney
et al., 1997), and such AGN should be detected as part of any program searching
for X-ray emission from a central black hole as well.
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Abstract. The evolution of young (�10 Myr) star clusters with a density exceeding about 105 star pc−3

are strongly affected by physical stellar collisions during their early lifetime. In such environments
the same star may participate in several tens to hundreds of collisions ultimately leading to the
collapse of the star to a black hole of intermediate mass. At later time, the black hole may acquire
a companion star by tidal capture or by dynamical – three-body – capture. When the captured star
evolves it starts to fill its Roche-lobe and transfers mass to its accompanying black hole. This then
leads to a bright phase of X-ray emission, which lasts for the remaining main-sequence lifetime of
the donor. If the star captured by the intermediate mass black hole is relatively low mass (�2 M
) the
binary will also be visible as a bright source in gravitational waves. Based on empirical models we
argue that, for as long as the donor remains on the main sequence, the source will be ultraluminous
Lx � 1040erg s−1 for about a week every few month. When the donor star is more massive �15 M

or evolved off the main sequence the bright time is longer, but the total accretion phase lasts much
shorter.

Keywords: black holes, compact objects, simulation, star clusters, X-ray binaries

1. Introduction

There are six star clusters younger than 10 Myr with a density exceeding about 105

stars pc−3 in the Milky Way Galaxy (hereafter named YDC from Young Dense
Clusters), they are: Arches (Figer et al., 2002), IRS13 (Maillard et al., 2004) and
IRS16 (Portegies Zwart et al., 2003; Eckart et al., 2004), NGC3603 (Brandl et al.,
1999), Quintuplet (Figer et al., 1999) and Westerlund 1 (Vrba et al., 2000).

The young age of these clusters guarantees that stars of all masses are still
present, offering critical insights into the stellar initial mass function and cluster
structural properties at formation. The term “dense” means that dynamical evolution
and physical collisional processes can operate fast enough to compete with and
even overwhelm stellar evolutionary timescales; dense stellar systems are places
where wholly new stellar evolution channels can occur, allowing the formation of
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stellar species completely inaccessible by standard stellar and binary evolutionary
pathways.

There are no examples of the older (� 10 Myr) siblings of these clusters in the
Milky Way Galaxy. For the Arches and Quintuplet this may not be so surprising, as
they dissolve in the tidal field of the Galaxy in at most a few tens of million years
(Kim et al., 2000; Portegies Zwart et al., 2002), and even if they survive longer
they will become hard to detect against the dense background stellar population
(Portegies Zwart et al., 2001a,b). For the two rather isolated clusters, NGC 3603
and Westerlund 1, it is rather curious that there are no examples of their 10–100 Myr
decendants in the Milky Way.

The other characteristic of YDCs is the high density. The few clusters near the
Galactic center must have a high density, as otherwise they would be disrupted easily
by the strong tidal field. The clusters further out, however, do not have this constraint
and it is interesting to note that clearly these clusters were born without much
knowledge of the local potential of the Galaxy, i.e., they behave as isolated clusters.

In this paper, we discuss the formation and evolution of X-ray binaries consisting
of an intermediate mass black hole and a Roche-lobe filling companion star. This
study was initiated by the detailed observations of the star cluster MGG11 (McCrady
et al., 2003) at about 200 pc from the nucleus of the starburst galaxy M82 at a
distance of about 3.6 Mpc.

The star cluster MGG11 has an age of about 7–12 Myr (McCrady et al., 2003),
a line-of-sight velocity dispersion of σr = 11.4 ± 0.8 km s−1 and a projected half-
light radii, r = 1.2 pc. The cluster mass then totals ∼3.5 × 105 M
. The cluster
mass function seems to be deficient of stars below about 1 M
, but follow a Salpeter
slope for the higher masses.

One of the most fascinating characteristics of MGG11, however, is arguably the
tentative presence of an ultraluminous X-ray source (ULX) in the cluster center
(Matsumoto et al., 2001; Kaaret et al., 2001).

2. Early Core Collapse and the Growth of an Intermediate
Mass Black Hole

Portegies Zwart (2004) recently performed a large number of detailed N -body
simulations of up to 585 000 stars for this cluster and for its neighbor MGG9. Their
main conclusion are that clusters like MGG11 can produce an intermediate mass
black hole of several hundred M
 by stellar coagulation.

Driven by the massive stars, the cluster experiences an early core collapse (Porte-
gies Zwart et al., 2004; Gürkan, 2004), which leads to subsequent collisions between
massive stars. The result of this is the growth of one of the initially most massive
stars through repeated collisions, to a total mass of about 1000–3000 M
. In the
end, the massive star may collapse to an intermediate mass black hole (Portegies
Zwart et al., 2004). (Several alternative theoretical models exist for producing black
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holes of ∼102–104 M
; Portegies Zwart and McMillian 2002; Miller and Hamilton
2002; Madau and Rees 2001).

Hopman et al. (2004) proposed that an intermediate mass black hole can capture
a companion star in a tight orbit. Further tidal interaction between the black hole and
the captured star then circularize the orbit. They further assume that the captured
star is on the main sequence, but the same argument can be made for evolved
stars. By the time the orbit has been fully circularized the captured star under-fills
its Roche-lobe only slightly. During its remaining main-sequence lifetime the star
grows in size by about a factor of two and gravitational wave radiation reduces
the orbital separation. Ultimately, the star fills its Roche-lobe and starts to transfer
mass to the intermediate mass black hole.

3. The Evolution of the Intermediate Mass Black Hole Binary

After tidal capture we evolve the binaries through various stages using the binary
evolution code of Eggleton (Pols et al., 1995 and references therein), assuming a
population I chemical composition (Y = 0.98, Z = 0.02), mixing-length parameter
of α = 2.0 and with convective overshooting constant δov = 0.12 (Pols et al., 1998).
We adopted black hole masses of 100–2000 M
 and the mass of the donor was
either 2, 5, 10, or 15 M
 with initial orbital periods P such that the donor fills its
Roche-lobe at birth.

Results on such evolution are published by Portegies Zwart et al. (2004). They
calculated the orbital evolution of the binary systems, as they are affected by the
emission of gravitational waves (Landau and Lifshitz, 1958), Roche-lobe overflow
and by mass loss via a wind (Portegies Zwart et al., 2004). During mass transfer
the black hole was assumed to accrete matter up to the Eddington limit (see, e.g.,
King, 2000). The remaining mass is lost from the system with the specific angular
momentum of the black hole.

Binaries which start Roche-lobe contact at the ZAMS undergo case A mass
transfer. This prolongs their main-sequence lifetime considerably. The most pecu-
liar evolution in our sample is arguably that of the 2 M
 donor. After transferring
about 1 M
 the star starts to develop a convective envelope and magnetic braking
sets in. This mechanism ceases when the whole star becomes convective with a
homogeneous composition of X = 0.66. Some time later, the central temperature
drops below the hydrogen burning limit and thermonuclear fusion stops: this hap-
pens at about t = 630 Myr. At that point, the system remains detached for about
8 Myr before it undergoes another phase of mass transfer until about 1.2 Gyr, after
which the donor turns in a mdon � 0.01 M
 brown dwarf. Under the influence of
gravitational-wave radiation, the donor spirals in toward the black hole until they
merge some 74 Myr later.

The 10 M
 donor experiencing case A mass transfer ends as a helium star. This
star experiences helium shell burning, lasting for about 40 000 years, during which
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Figure 1. The X-ray luminosity as a function of time for four initial donor masses which are born in
a semi-detached binary with a 1000 M
 black hole. The initial orbital periods are 0.5, 0.6, 0.8, and
1.2 days for the 2, 5, 10 and 10 M
 donors, respectively. Only the 10 and 15 M
 donors exceed a
luminosity of 1040 erg s−1 for more than a few million years, while the donor is on the main sequence.
On the giant branch even the 5 M
 donor exceeds 1040 erg s−1. The 2 M
 donor never reaches a
luminosity exceeding 1038 erg s−1. Note, however, that these are secular luminosities, derived from
the mean accretion rate over time intervals of 50 000 years.

mass transfer starts again at a rate of ṁ = 3 × 10−6 M
 per year, for black holes
of 100–2000 M
. These phases of mass transfer are shown by the second spikes
in Figure 1 for 5 and 10 M
 donors. Though seemingly unresolved, some of these
spikes last for several million years and are well resolved in our simulations.

For the more massive stars, case A mass transfer is followed by mass transfer
when the star ascends the giant branch during hydrogen shell burning (case AB),
lasting for 8.3 Myr (for mdon = 5 M
), 0.26 Myr (for 10 M
) and 0.05 Myr (for
mdon = 15 M
). The mass transfer rate increases dramatically in this phase to
ṁ = 5.2 × 10−7, 3.7 × 10−5 and 2.3 ×10−4 M
 per year for the mdon = 5, 10, and
15 M
 donor, respectively; as shown by the first spike in the secular evolution of
the X-rays luminosity in Figure 1. These mass transfer rates result in secular X-ray
luminosities in excess of 1041 erg s−1.

Binaries initialized with a larger orbital period experience mass transfer when
the donor is evolved to a giant (case B) or supergiant (case C). The case B systems
remain detached for only 0.29 Myr (5 M
) to 0.05 Myr (10 M
) at mass transfer
rate of ṁ = 2.4 × 10−5 (5 M
) to 7 ×10−4 M
 per year (10 M
).

3 .1 . THE GENER ATION OF X-RAYS

In this section, we apply and discuss an empirical observational model based on
our understanding of low-mass X-ray binaries in the Galaxy, but then applied to
the earlier discussed binary systems. We note that in the interests of keeping this
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Figure 2. (a) Time spend (on average) per duty cycle as a Lx > 1040 erg s−1 X-ray source for a binary
with a 1000 M
 black hole and a mdon = 10 M
 (dotted line), 5 M
 (dashes), and 2 M
 (solid)
donor which starts Roche-lobe overflow at birth. (b) Duty cycle (for L X > 1040 erg s−1) for the three
binaries with starts RLOF at birth with a 2, 5, and 10 M
 donor (the same line styles are adopted). A
duty cycle τduty > 1 indicates that the source is persistent.

paper brief, we have stated some results without justification; we refer the interested
reader to the appendix of (Portegies Zwart et al., 2004) for further details.

The binary evolution simulations provide us with the donor mass (mdon), accretor
mass, orbital period (P) and a secular mass accretion rate (ṁ), all as a function of
time. With these we can calculate the secular X-ray luminosity, as we present in
Figure 1, and with the empirical model we compute the recurrence time and duty
cycle (Portegies Zwart et al., 2004).

The difference between secular accretion rates and instantaneous accretion rates
is very important, considering the rather high accretion rates, which, within the
adopted model, results in long quite times lasting a few months, between relatively
short bright episodes (see Figure 2).

We require that in order to recognize the source as a ULX it has to be brighter
than Lbr, for which we adopt Lbr = 1040 erg s−1. This is done in the following way:
First we calculate the total energy (in erg s−1) with log E = 45 + log(P/10 h),
which is based on a fit to the empirical data. We note that this equation appeared in
our previous paper (Portegies Zwart et al., 2004) without the plus sign, but that the
equation presented here is correct. The recurrence time is subsequently a function
of the total energy E and the rate of mass transfer via, tr = E/(0.1ṁc2). The bright
time is then calculated by integrating the luminosity curve.

The bright time starts with a peak luminosity of Lpeak = 2LEdd × (P/10 h),
which we assume to decay exponentially until it drops below Lbr. The bright time
results then in tbr = td − log(Lbr/2LEdd), where we adopt the factor two in the
denominator. Here the decay time is derived from empirical data, which suggests
also that the light curves for Galactic black hole X-ray transients in the Milky Way
can be approximated by are exponentially decay with decay time scale

td = 6 days × min

(
1,

Porb

10 h

)
. (1)
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Here Porb is the orbital period of the binary system. The duty cycle is subse-
quently determined as τduty = tbr/tr.

In Figure 2, we present the duty cycle τduty and the bright time Tbr for a selection
of binaries with mdon = 2, 5, and 10 M
 donors which start to transfer mass at the
zero-age main sequence (ZAMS) to a 1000 M
 black hole. Binaries which start
at wider orbits and the simulations for �15 M
 donors which starts RLOF at the
ZAMS are persistent X-ray source with luminosities well above Lbr. The binaries
with a relatively wide initial orbit, however, remain bright for only a short while,
which therefore requires a high birthrate for a reasonable probability of observed
any of these systems (Portegies Zwart et al., 2004).

4. Summary

Young and dense star clusters are promising engines for producing intermediate
mass black holes via stellar coagulation. Upon formation the black hole is still
deeply embedded in the potential well of the cluster. The frequent close encounters
between cluster members and the intermediate mass black hole can then lead to
the capture of a main-sequence star in a tight orbit around the black hole. In due
time, this star will start to fill its Roche-lobe, resulting to a phase of mass transfer.
We combine the results of detailed binary evolution calculations with an empirical
model for the generation of X-rays in such a binary.

Our main conclusions are that a massive �15 M
 main-sequence star which fills
its Roche-lobe to an intermediate mass black hole provides a promising explanation
for the bright X-ray source observed in the young and dense star cluster MGG11.
Such high-mass donors in relatively short period binaries provide steady sources
with ultraluminosity X-ray emission.

An interesting possibility is provided by a ∼2 M
 donor which starts to transfer
mass to an intermediate mass black hole at birth. Such a binary is likely to be visible
as a bright transient X-ray source and simultaneously as gravitational wave source
in the LISA band to a distance of several 100 kpc.
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Abstract. The recent detection of TeV gamma-radiation from the direction of the Galactic Center
within several arc-minutes around Sgr A∗ is the first model-independent evidence of existence of
high-energy particle accelerator(s) in the central 10 pc region of our Galaxy. This is an extraordinary
site that harbours many remarkable objects with the compact radio source Sgr A∗ – a hypothetical
super-massive black hole (SMBH) – in the dynamical center of the Galaxy. Here we explore the
possible direct and indirect links of the reported TeV emission to the SMBH. We show that at least
three γ -ray production scenarios that take place close to the event horizon of the SMBH can explain the
reported TeV fluxes. An alternative (or additional) channel of TeV radiation is related to the run-away
protons accelerated in Sgr A∗. Quasi-continuous injection of relativistic protons into the surrounding
dense gas environment initiates detectable high-energy gamma-ray emission. The absolute flux and
the energy spectrum of this radiation component strongly depend on the history of particle injection
and the character of diffusion of protons during the last 105 yr. For a reasonable combination of a few
model parameters, one can explain the detected gamma-ray flux solely by this diffuse component.

Keywords: galactic center, black holes, gamma rays, X-rays

1. Introduction

The recent detection of TeV gamma-ray emission from the direction of the Galactic
Center by three independent groups, CANGAROO (Tsuchiya et al., 2004), Whip-
ple (Kosack et al., 2004) and HESS (Aharonian et al., 2004), is a remarkable result
which will have a strong impact on our understanding of high-energy processes
in the central region of the Galaxy. The localisation of the TeV signal by HESS
within a few angular minutes indicates that the gamma-ray source(s) is (are) lo-
cated in the central ≤ 10 pc region. Among the possible sites of production of TeV
gamma-rays are Sgr A∗, the young supernova remnant Sgr A East, the Dark Matter
Halo, and finally the whole diffuse 10 pc region. It is possible that some of these
potential gamma-ray production sites comparably contribute to the observed TeV
flux. Moreover, the same source could be responsible for two different components
of radiation: (i) the direct gamma-ray component produced inside the particle ac-
celerator, and (ii) the indirect component produced by runaway protons which are
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accelerated in the same source, but later injected into the surrounding dense gas
environment.

Below we discuss these two components of TeV radiation in the context of
acceleration of particles in the proximity of the SMBH and their radiation both
inside and outside of Sgr A∗.

2. Production of High-Energy Gamma-Rays in Sgr A∗

The temporal and spectral features of Sgr A∗ are unusual and, as a whole, different
from other well-studied compact Galactic and extragalactic sources containing
black holes. This concerns, first of all, the extraordinary low luminosity of Sgr A∗.
In addition the other important astrophysical implications, the low luminosity of Sgr
A∗ has a dramatic effect on the visibility of the source in gamma-rays (Aharonian
and Neronov, 2005).

2 .1 . TRANSPARENCY OF SGR A∗ FOR HIGH-ENERGY GAMMA-RAYS

Because of internal photon–photon pair production, the high-energy gamma-ray
emission of these objects (both of stellar mass and super-massive BHs) is gen-
erally suppressed, and consequently the unique information on possible particle
acceleration processes near the event horizon of the BH is essentially lost. But
this is not the case of the super-massive BH located at the dynamical center of
our Galaxy (Sgr A∗), which thanks to its extraordinary low bolometric luminos-
ity (≤10−8LEdd) is transparent for very high-energy gamma-rays. It is seen from
Figure 1 that indeed up to 10 TeV the source is transparent for gamma-rays even if
one assumes that gamma-rays are produced within 2Rg. Note that the decrease of
the γ γ → e+e− cross-section well above the pair production threshold makes the
source again transparent at E ∼ 1018 eV.

High-energy gamma-rays from compact regions close to the event horizon of
the SMBH can be produced in various ways due to acceleration of protons and/or
electrons and their interactions with ambient magnetic and radiation fields, as well
as with the thermal plasma.

2.2. SYNCHROTRON AND CURVATURE RADIATION OF PROTONS

Synchrotron and curvature radiation of protons are important processes in the so-
called extreme accelerators (Aharonian et al., 2002) where particles are accelerated
at the maximum possible rate, Ė = eB. However, even for an “ideal” combination of
parameters allowing the most favourable acceleration/cooling regime, the character-
istic energy of synchrotron radiation is limited by εmax = (9/4)α−1

f mpc2 � 0.3 TeV
(Aharonian, 2000). This implies that the proton-synchrotron radiation cannot
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Figure 1. Attenuation of gamma-rays in Sgr A∗ due to internal photon–photon pair production dom-
inated by interactions of high-energy gamma-rays with radiation of the compact infrared source. Two
solid curves marked “γ ” are calculated assuming that the infrared emission of Sgr A∗ is produced
within 10Rg and 2Rg around the central black hole of mass 3 × 106 M
. The curve marked “n” shows
attenuation of the neutron flux exp (−d/�), where � ≈ 10(E/1018 eV) kpc is the decay mean free
path of a neutron of energy E , and d = 8 kpc is the distance to the Galactic Center.

explain the flux observed from the direction of GC up to several TeV, unless the
radiation takes place in a source moving towards the observer with bulk motion
Lorentz factor � ≥ 10. Another possibility could be if the proton-acceleration and
synchrotron gamma-ray production regions are separated, e.g. when protons are
accelerated in a regular B-field while moving along field lines, and later are injected
into a region of chaotic magnetic field.

In this scenario we should expect γ -rays also from the regular B-field region
– due to the proton curvature radiation. The contribution of the latter in the high-
energy radiation of SMBHs could be quite significant (Levinson, 2000). The cur-
vature radiation of protons can extend to εmax = 3E3

p/2m3 R � 0.2(B/104 )3/4 TeV
(hereafter all estimates correspond to the black-hole mass 3 × 106 M
). Formally,
this equation allows extension of the spectrum to 10 TeV, provided that the mag-
netic field exceeds B � 106 G. However, such a strong field would make the source
opaque for TeV gamma rays (Aharonian and Neronov, 2005).

2.2.1. Photo–Meson Interactions
The protons accelerated in the region close to the event horizon of SMBH to ener-
gies E ∼ 1018 eV, start to interact with soft photons of the compact infrared source
located at ∼ 10Rg. Despite the low luminosity of the source, the density of infrared
photons appears sufficiently high for reasonably effective photo–meson interac-
tions. Indeed, the mean free path of protons through the photon field is estimated
�pγ ∼ (σpγ f nph)−1 � 1015(RIR/1013 cm)2 cm. This means that approximately
R/�pγ (∼0.01) of the energy of protons is converted into secondary particles (neu-
trinos, photons, and electrons).
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Figure 2. Broad-band Spectral Energy Distribution (SED) of gamma-rays (solid lines), neutrons
(dash line) and neutrinos (dots) from Sgr A∗ due to interactions of ultra high-energy protons with
ambient photon and magnetic fields. Protons accelerated to energies 1018 eV in the regular magnetic
field close to the gravitational radius R ∼ Rg, propagate through the infrared emission region of size
R = 10Rg. The calculations correspond to two assumptions for the strength of the magnetic field in
the region of the infrared emission: B = 0.1 G (a) and B = 10 G (b). The experimental points in
X-ray and gamma-ray bands are from the compilation of Aharonian and Neronov (2005).

While neutrinos and neutrons, as well as gamma-rays of energies below 1012 eV
escape freely the emission region, gamma-rays above 1012 as well as secondary
electrons from π±-decays effectively interact with the ambient photon and mag-
netic fields, and thus initiate IC and/or (depending on the strength of the B-field)
synchrotron cascades. The cascade development stops when the typical energy
of γ rays is dragged to 1 TeV. Gamma-rays produced in this way can explain
the observed TeV flux, if the acceleration power of 1018 eV protons is about
1037 erg/s. The energy spectra of gamma-rays produced in this scenario are shown in
Figure 2.

2.2.2. Proton–Proton Scenario
Acceleration of protons to extremely high energies, E ∼ 1018 eV, is a key condition
for effective photo–meson interactions. This model requires existence of strong
magnetic field, B ≥ 104 G, in the compact region limited by a few gravitational
radii. If the field close to the black hole is weaker, the interactions of protons with
the ambient thermal gas become the main source of production of gamma-rays and
electrons of “hadronic” origin.

Protons can also be accelerated to TeV energies in the accretion disk, e.g. through
strong shocks developed in the accretion flow. The efficiency of gamma-ray pro-
duction in this case is determined by the ratio of accretion time R/vr ∼ 103–
104 s (depending on the accretion regime) to the p–p cooling time, tpp � 1.5 ×
107(n/108 cm−3)−1 s. For any reasonable assumption concerning the density of
the ambient thermal plasma and the accretion regime, the acceleration power of
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Figure 3. SED of the broad-band electromagnetic radiation initiated by p–p interactions in the ac-
cretion disk (from Aharonian and Neronov 2005). It is assumed that the accelerated protons with
spectrum E−� exp (−E/Ec) are injected into the thermal plasma of density 108 cm−3, and together
with the accretion flow cross the region of the size R ≈ 10Rg cm and fall under the black hole horizon
after 104 s. The following parameters have been assumed: (1) heavy solid curve: � = 2, high-energy
exponential cut-off at Ec = 100 TeV, total acceleration rate Lp = 5 × 1038 erg/s; (2) thin solid curve:
� = 1, Ec = 1 TeV, Lp = 1040 erg/s; (3) dashed curve: narrow (� = 0, Ec = 5 GeV) distribution of
protons, Lp = 1040 erg/s. For all three cases the magnetic field is assumed to be B = 10 G.

high-energy protons should exceed Lp ≈ 1039 erg/s in order to provide detectable
fluxes of TeV gamma-rays (see Figure 3).

2 .3 . CURVATURE RADIATION–INVERSE COMPTON (CRIC) MODEL

The models of gamma-ray emission associated with accelerated protons provide
rather modest efficiencies of conversion of the energy of accelerated protons to
gamma-rays. The radiative energy loss rate of electrons is much higher, and there-
fore the models associated with accelerated electrons provide more economic ways
to produce high-energy gamma-rays. Obviously, these electrons should be accel-
erated to at least Emax ∼ 10 TeV. This immediately constrains the strength of the
chaotic component of the magnetic field; even under an extreme assumption that
the acceleration proceeds at the maximum possible rate, (d E/dt)acc � eB, one
gets B ≤ 10(Emax/10 TeV)−2 G.

The requirement of particle acceleration at the maximum rate imposes strong
restrictions on the geometry of magnetic field and possible acceleration mecha-
nisms. In this regard, acceleration in ordered electric and magnetic fields, e.g. by
the rotation-induced electric field, provides maximum energy gain. Moreover, in the
ordered field the energy dissipation of electrons is reduced to the curvature radiation
loses; this allows acceleration of electrons up to Ee,max � 1014(B/10G)1/4 eV.

The curvature radiation peaks at εcurv � 2 × 108(Ee/1014 eV)3 eV. The Comp-
ton scattering of same electrons leads to the second peak at much higher energies,
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Figure 4. Broad-band SED of radiation produced by electrons within the CRIC model (from Aharo-
nian and Neronov 2005). Thin solid curve: gamma-ray production spectrum formed as superposition
of the Curvature and inverse Compton emission components which accompany electron acceleration
by the rotation-induced electric field within R = 2Rg; heavy solid curve – the spectrum of gamma-
rays modified after the passage through the infrared source of size R = 10Rg. The strength of the
regular magnetic field in the electron acceleration region is assumed B = 10 G. The strength of the
random magnetic field in the region of infrared emission is assumed B = 30 G.

Eγ ∼ Ee ∼ 1014 eV (because the scattering proceeds in the Klein–Nishina limit).
However, because of interactions with infrared photons, gamma-rays of energy ex-
ceeding 10 TeV can not freely escape the source. Synchrotron radiation and Comp-
ton scattering of the secondary (pair-produced) electrons lead to re-distribution of
the initial gamma-ray spectrum.

We call this scenario of production of Curvature Radiation and IC photons by
electrons accelerated in regular magnetic/electric fields as CRIC model. Quantita-
tive calculations of high-energy radiation within framework of this model require
a “self-consistent” approach which should take into account the radiation reaction
force. An example of such self-consistent computation is shown in Figure 4.

3. Diffuse Gamma Radiation of Runaway Protons

A significant fraction of protons accelerated near the black hole may escape the
source and enter the surrounding dense gas environment. The interactions of these
runaway protons with the interstellar medium lead to production of gamma-rays the
luminosity of which could exceed the gamma-ray luminosity of the central engine.

The flux of this radiation component depends not only on the density of the
ambient gas and the injection rate of protons, but also on the speed of their propa-
gation in the interstellar medium. The TeV radiation detected by HESS is localised
within several angular minutes. This implies that, for the distance to the Galactic
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Center d � 8 kpc, the linear size of production region of gamma-rays can be as
large as 10 pc. The density of the diffuse interstellar gas in this region is very high,
n � 103 cm−3. The lifetime of protons in this dense environment against nuclear
p-p interactions is tpp ≈ 5×104 yr. Thus, in the case of absolute confinement of pro-
tons, the gamma-ray luminosity after ∼ 105 years of continuous injection of protons
achieves its maximum (saturated) level, Lγ = ηẆp, with an efficiency η � 1/3 (the
fraction of energy released in neutral π -mesons). However, the confinement time in
the 10 pc region is rather limited; even in the Bohm diffusion regime the escape time
of protons from this region is tesc ∼ R2/rgc � 3 × 105(E/100 TeV)−1(B/100 µG)
yr. Thus, for any realistic diffusion coefficient D(E), TeV protons leave the region
before they loose their energy in p-p interactions. This not only reduces the gamma
ray production efficiency but also, in the case of energy-dependent diffusion, mod-
ifies the energy distribution of protons established within the 10 pc region.

The impact of the energy-dependent diffusion on the resulting radiation spectra
is demonstrated in Figure 5. It is assumed that during 105 years protons are injected
(quasi)continuously into the interstellar medium of density n = 103 cm−3. The
initial spectrum of protons is assumed in the form of power-law with an exponential
cutoff, Q(E) = Q0 E−α exp (−E/E0). The cutoff energy is fixed at E0 = 1015 eV,
which is an obvious condition for effective production of gamma-rays to at least
10 TeV. The choice of the power-law index depends on the assumed diffusion
coefficient, if one intends to explain the energy spectrum of gamma-rays detected
by HESS, J (E) = (2.5 ± 0.21) × 10−12 E−� ph/cm2 s TeV with � = 2.21 ± 0.09
(Aharonian et al. 2004).

1.  α
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Figure 5. Energy spectra of diffuse gamma rays expected from the central 10 pc region of the Galactic
Center within different assumptions concerning the diffusion coefficient and the proton injection
spectrum (see the text).
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The diffusion coefficient is assumed in the following form: D(E) =
1028(E/1 GeV)βκ cm2/s. The values of κ ∼ 1 and β ∼ 0.5 correspond to the
CR diffusion in the galactic disk. Of course, in the central region of the Galaxy
one may expect significant deviation from the character of particle diffusion in
“ordinary” parts of the galactic disk. In the case of effective confinement of pro-
tons, e.g. with κ = 10−4 and β = 0.5, the escape time of multi-TeV protons is
comparable with the characteristic time of p–p interactions. This prevents strong
modification of the initial proton spectrum. Therefore, the injection spectrum of
protons with power-law index α = 2.2 fits quite well the observed TeV spectrum
(curve 2 of Figure 5). Because of the effective confinement, the required injection
rate of protons is rather modest, Ẇp = 7 × 1036 erg/s.

In the case of faster diffusion, the spectral index of injection is determined as
α � �–β. For example, for κ = 0.15 and β = 0.3 (a diffusion regime which
corresponds to the Kolmogorov type turbulence), the γ -ray observations are well
explained assuming the following parameters α = 1.9 and Ẇp = 7.5 × 1037 erg/s
(curve 1 in Figure 5).

Finally, one should note that the injection spectrum remains unchanged with
very fast escape. For example, for κ = 10−2 and β = 1 (an energy-dependence
close to the one expected in the Bohm diffusion, but with much larger diffusion
coefficient), the particles propagate in the diffusion regime until energies of several
TeV. At higher energies they escape the source almost rectilinearly on timescales
R/c ∼ 30 years. This implies that while at low energies the protons inside the 10 pc
region suffer significant spectral deformation, α′ → α+β, at very high energies the
shape of the initial spectrum is essentially recovered. Such an interesting modulation
of the proton spectrum is reflected in the resulting gamma-ray spectrum (curve 3 in
Figure 5). In this case, the requirement to the injection power of protons is higher
than in the previous cases, Ẇp = 1039 erg/s.

The π0-decay radiation of protons is always accompanied by synchrotron ra-
diation of secondary electrons – the products of charged π -mesons. In the case of
extension of the proton spectrum to 1015 eV, and for the magnetic field exceeding
100 µG, the spectral energy distribution (SED) of synchrotron radiation of sec-
ondary electrons peaks in the X-ray domain. This seems an attractive mechanism
for explanation of the diffuse X-ray emission of the Galactic Center, given the seri-
ous problems of interpretation of this radiation within the “standard” (thermal and
nonthermal) models (Muno et al., 2004). However, for a relatively flat SED of TeV
gamma-rays (like the one observed by HESS) the energy flux of X-rays is always
less, by a factor of 3 to 10, than the energy flux of γ -rays. Therefore for the spectra
shown in Figure 5 only a small fraction (10 pc or so) of the observed X-ray flux
can be contributed by secondary electrons.

Formally, the flux of the secondary-electron-synchrotron component can be sig-
nificantly increased, without getting in conflict with the TeV data, if one assumes
very hard spectrum of protons, e.g. with power-law spectral index α ≤ 1.5. Such
a spectrum cannot explain the TeV data. However, assuming that the spectrum of
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Figure 6. The broad-band spectrum of radiation initiated by interactions of ultrahigh-energy protons
in the central 10 pc region. The injection spectrum is assumed in the form of power-law with α = 1.5
and low and high-energy cutoffs at E1 = 2 × 1014 eV and E1 = 1.5 × 1018 eV. The proton injection
rate is assumed Ḋ = 1.5 × 1038 erg/s to match the reported X-ray (Chandra-Muno et al. 2004,
INTEGRAL-Belanger et al. 2004) and TeV fluxes (Aharonian et al., 2004). The diffusion coefficient
is characterised by β = 0.3 and κ = 10−3. The number density of the gas and magnetic field in the
central 10 pc region are assumed n = 103 cm−3 and B = 1 mG, respectively. The effect of spectral
modulation due interactions with the 2.7 K CMBR is not shown. Note that for the distance to the GC
the absorption becomes noticeable (∼ e−1 ≈ 1/3) only at energies around 1015 eV.

protons extends to E0 ∼ 1018 eV, a new TeV gamma-ray component, due to the
synchrotron radiation of the secondary ultrahigh-energy electrons, could dominate
over the π0-decay component. The possibility of producing high fluxes of X-rays
and gamma rays through the synchrotron radiation of secondary electrons is demon-
strated in Figure 6. Note that although the parent protons interact with the ambient
gas throughout the central 10 pc region of the Galactic Center (thus the radiation
can be dubbed as diffuse), the observer would detect a point-source like TeV signal
centered on Sgr A∗. The reason is that the ultrahigh-energy protons injected into
the surrounding medium propagate radially (like photons) without significant de-
flection in the interstellar magnetic field. Since the characteristic energy of parent
protons, which are responsible for the secondary synchrotron X-rays, is smaller by a
factor of (TeV/keV)1/2 ∼ 104–105, the angular size of X-rays should be larger. This
scenario predicts a tendency of decrease of the angular size of the X-ray signal with
increase of the photon energy. This hypothesis can be inspected also by detection of
direct gamma-rays from photomeson interactions up to ∼ 1017 eV. Above several
TeV this radiation component dominates over the secondary synchrotron radiation.

4. Summary

The origin of TeV radiation detected from the direction of the Galactic Center is not
yet established. The 3-arcmin upper limit on the source size, assuming Gaussian
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distribution of the source brightness (Aharonian et al. 2004), implies that several
objects, in particular the Dark Matter Halo, the young SNR Sgr A East, the central
compact source Sgr A∗, as well as the entire central diffuse region filled by dense
molecular clouds and cosmic rays, are likely candidates for TeV emission within
the central 10 pc region. In fact, each of these sources may contribute significantly
into the observed gamma-ray flux. In this paper we present the results of our study
of several gamma-ray production scenarios with both direct and indirect links to
the massive black hole in the Galactic Center, Sgr A∗.

The results shown in Figures 2–4 demonstrate that at least three gamma-radiation
scenarios, which take place in vicinity of the massive black hole, can explain the
TeV observations without apparent conflicts with observations of Sgr A∗ at lower
frequencies. The hadronic models based on photo–meson or p–p interactions cannot
provide efficiency higher than 0.1%, therefore they require an acceleration rate
of protons of about 1039 erg/s or larger. Although this is larger than the total
electromagnetic luminosity of Sgr A∗, it is still acceptable for a black hole of mass
3 × 106 M
. On the other hand, the electronic model CRIC, based on the curvature
and synchrotron radiation channels, allows an economic way of conversion of
energy of electrons to gamma-rays.

The p–p hadronic model predicts X-ray fluxes comparable with X-ray observa-
tions in high state, but an order of magnitude higher that in the quiescent state. The
photomeson and CRIC models predict an order of magnitude lower X-ray fluxes.
On the other hand, the photomeson model predicts detectable fluxes of ultrahigh-
energy gamma-rays and neutrons. The CRIC model predicts high gamma-ray fluxes
at MeV/GeV energies which should be easily detected by GLAST.

The gamma-radiation in all three models is generally expected to be variable
on timescales as short as 1 h. Therefore the detection of a variable component of
radiation on such short timescales would be a strong argument in favour of gamma-
ray production near the massive black hole. On the other, although the lack of
variations of the TeV flux could be naturally interpreted as gamma-ray production
in extended regions, it cannot be used as a decisive argument against the black-hole
origin of TeV emission.

In addition to the gamma-rays emitted in compact regions in the vicinity of
the massive black hole, one should expect also a diffuse (extended) component of
radiation associated with interactions of the runaway protons with the surrounding
dense interstellar gas. The relative contribution of this component to the total TeV
flux, as well as the spectral and angular characteristics of π0-decay gamma-rays
significantly depend on the rate of injection of protons by Sgr A∗ into the interstellar
medium, as well as on the regime of (energy-dependent) diffusion of protons in the
dense central region. For certain combinations of principal model parameters the
diffuse gamma-rays from p–p interactions can satisfactorily explain both the abso-
lute flux and energy spectrum of TeV radiation reported by HESS. Although this
component can be extended well beyond the Galactic Center region, because of en-
hanced gas density in the central 10 pc region one should expect a bright gamma-ray
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core within several arcminutes around Sgr A∗. In the case of extension of the spec-
trum of protons to E � 1018 eV, one may expect another diffuse component related
to the synchrotron radiation of ultrahigh-energy secondary electrons (from π±-
decays). Since the gyroradius of parent protons is comparable or exceeds 10 pc, the
observer would detect this TeV component as a point-like source.
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Abstract. The extragalactic analogs of the microquasars, the quasars, are strong γ -ray emitters
at GeV energies. It is expected that microquasars are also γ -ray sources, because of the anal-
ogy with quasars and because theoretical models predict the high-energy emission. There are
two microquasars that appear as the possible counterparts for two unidentified high-energy γ -ray
sources.

Keywords: X-rays: binaries, stars: individual: LS 5039, LS I +61 303, gamma-rays: observations

1. Introduction

The microquasar phenomenon has grown in prominence recently, as it has been
found that most X-ray binaries show radio emission, associated with jets-collimated
beams of relativistic plasma. The ejection takes place in a bipolar way perpendicu-
lar to the accretion disk associated with the compact star, a black hole or a neutron
star. The word microquasar itself was chosen by the analogy of these astronomi-
cal objects with quasars and other active galactic nuclei (AGNs) at cosmological
distances (Mirabel and Rodrı́guez, 1999). The analogy quasar–microquasar goes
beyond a simple morphological resemblance. Today, there is growing evidence to
think that the physics involved in both types of objects is the same, or at least very
similar. The key difference would be the distinct order of magnitude of the most
significant parameters, especially the mass of the compact object.

2. AGNs as γ-Ray Sources

AGNs are extragalactic sources whose spectra extend from radio waves to γ -rays.
Thanks to the Compton Gamma Ray Observatory (CGRO) it is now well estab-
lished that AGNs are strong γ -ray emitters. The Energetic Gamma Ray Experiment
(EGRET) on board the CGRO produced the third EGRET catalogue (Hartman
et al., 1999) that contains 271 sources detected at energies >100 MeV. Most of
them (about 168 sources) remain unidentified and 72 of these unidentified sources
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are at absolute Galactic latitudes lower than 10◦. The identified sources are mainly
AGNs (Thomson et al., 1995), and more AGNs are expected to be found among the
still unidentified sources with high Galactic latitude. All of these detected AGNs
are blazars; no radio-quiet AGNs has been identified so far in the EGRET data. In
fact, this is not surprising because blazars are able to generate high-energy particles
that can produce γ -rays via inverse Compton (IC) scattering, as well as present rel-
ativistic beaming, which is important to avoid photon–photon collision and amplify
the flux.

More than two dozen jets have been detected at X-rays in AGNs, with most of
them being radio galaxies (both FRI and FRII). Although synchrotron self Compton
(SSC) models cannot generally explain the level of X-ray emission, those models
based on the IC scattering of seed photons of the nucleus and the CMB radiation by
the relativistic electrons in the jet not only can better explain such X-ray levels but
also can produce efficiently high-energy γ -ray emission (Tavecchio et al., 2000;
Celotti et al., 2001).

3. X-ray Binaries and Microquasars

The most recent catalogue of High Mass X-ray Binaries (HMXBs) contains 131
sources (Liu et al., 2000), while the catalogue of Low Mass X-ray Binaries (LMXBs)
amounts to 149 objects (Liu et al., 2001). Considering both catalogues together,
there are a total of 43 radio emitting sources. Some of these sources, those which
we define as microquasars, show direct evidence for a relativistic radio jet (Ribó,
2002, 2004), while many others show radio emission which is also almost certainly
associated with a jet (Fender, 2005).

At the time of writing, a total of 15 microquasar systems have been identified.
The observational data of these microquasars at energies from soft to very high-
energy γ -rays, are quoted in Table I.

The top part of the table is reserved for HMXBs, while the bottom part contains
those of low mass. In the second column of Table I we list their flux (count/s)
and error or upper limit in the energy range of 40–100 keV obtained with the IBIS
γ -ray imager on board INTEGRAL, covering the first year of data (Bird et al.,
2004).

The Burst and Transient Source Experiment (BATSE), aboard the CGRO, mon-
itored the high-energy sky using the Earth occultation technique (EOT). A com-
pilation of BATSE EOT observations has been published recently (Harmon et al.,
2004). From this catalogue we have selected the data on microquasars in the energy
range 160–430 keV in mCrab units and is listed in the third column.

Among the sources detected by the instrument COMPTEL (Schönfelder et al.,
2000), also aboard the CGRO, there is the microquasar Cygnus X-1, as well as
two sources, GRO J1823−12 and GRO J0241+6119, possibly associated with two
other microquasars. See fourth column in Table I.
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TABLE I

High-energy emission from microquasars

INTEGRALa BATSEb COMPTELc EGRETd

40–100 keV 160–430 keV 1–30 MeV >100 MeV
Name (count/s) (mCrab) (GRO) (3EG) Otherse

High Mass X-ray
Binaries (HMXB)

LS I +61 303 – 5.1 ± 2.1 J0241+6119? J0241+6103?
V4641 Sgr – – – –
LS 5039 – 3.7 ± 1.8 J1823−12? J1824−1514?
SS 433 <1.02 0.0 ± 2.8 – –
Cygnus X-1 66.4 ± 0.1 924.5 ± 2.5 Yes – S
Cygnus X-3 5.7 ± 0.1 15.5 ± 2.1 – – O, T?

Low Mass X-ray
Binaries (LMXB)

Circinus X-1 – 0.3 ± 2.6 – –
XTE J1550−564 0.6 ± 0.07 −2.3 ± 2.5 – –
Scorpius X-1 2.3 ± 0.1 9.9 ± 2.2 – –
GRO J1655−40 – 23.4 ± 3.9 – – O
GX 339−4 0.55 ± 0.03 580 ± 3.5 – – S
1E

1740.7−2942
4.32 ± 0.03 61.2 ± 3.7 – – S

XTE J1748−288 – – – – S
GRS 1758−258 3.92 ± 0.03 38.0 ± 3.0 – – S
GRS 1915+105 8.63 ± 0.13 33.5 ± 2.7 – – S, T?

aThe first IBIS/ISGRI soft gamma-ray galactic plane survey catalog (Bird et al., 2004).
bBATSE Earth occultation catalog, Deep sample results (Harmon et al., 2004).
cThe first COMPTEL source catalogue (Schönfelder et al., 2000).
dThe third EGRET catalog of high-energy γ -ray sources (Hartman et al., 1999).
eS: SIGMA instrument onboard GRANAT satellite; O: OSSE; T: TeV source.

4. Microquasars Associated with EGRET Sources

According to the quasar–microquasar analogy (Mirabel and Rodrı́guez, 1999), one
could also expect the jets in microquasars to be GeV emitters. Several models aimed
to predict the high-energy γ -ray emission from microquasars have been developed
during the last years. A general description of such models can be found in Romero
(2005). Up to now, there are two HMXB microquasars, LS 5039 and LS I +61 303,
that are associated with two EGRET sources.

4 .1 . LS 5039/3EG J1824−1514

The discovery of the microquasar LS 5039, and its possible association with a
high-energy γ -ray source (E > 100 MeV), provides observational evidence that
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Figure 1. Observed spectral energy distribution of LS 5039.

microquasars could also be sources of high-energy γ -rays (Paredes et al., 2000). It
is important to point out that this was the first time that an association between a
microquasar and a high-energy γ -ray source was reported. This finding opened up
the possibility that other unidentified EGRET sources could also be microquasars.
LS 5039 is the only X-ray source from the bright ROSAT catalogue whose position
is consistent with the high-energy γ -ray source 3EG J1824−1514. LS 5039 is
also the only object simultaneously detected in X-rays and radio which displays
bipolar radio jets at sub-arcsecond scales. New observations conducted with the
EVN and MERLIN confirm the presence of an asymmetric two-sided jet reaching
up to ∼1000 AU on the longest jet arm (Paredes et al., 2002; Ribó, 2002).

Recently, Collmar (2003) has reported the detection of an unidentified γ -ray
source, GRO J1823−12, at galactic coordinates (l = 17.5◦, b = −0.5◦) by the
COMPTEL experiment. This source is among the strongest COMPTEL sources.
The source region, detected at a high significance level, contains several possible
counterparts, LS 5039 being one of them. It is also worth noting that BATSE
has detected this source at soft γ -rays (see Table I). Taking into account these
observational evidences, from radio to high-energy γ -rays, LS 5039 appears to be
a very likely counterpart of the EGRET source 3EG J1824−1514. Figure 1 shows
the observed spectral energy distribution of LS 5039.

4.2. LS I +61 303/3EG J0241+6103

After the discovery of relativistic jets in LS I +61 303, this source has been classified
as a new microquasar (Massi et al., 2001, 2004). This object has also been proposed
to be associated with the γ -ray source 2CG 135+01 (=3EG J0241+6103) (Gregory
and Taylor, 1978; Kniffen et al., 1997). Although the broadband 1 keV–100 MeV
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spectrum of LS I +61 303 remains uncertain, because OSSE and COMPTEL obser-
vations were likely dominated by the quasar QSO 0241+622 emission, the EGRET
angular resolution is high enough to exclude this quasar as the source of the high-
energy γ -ray emission (Harrison et al., 2000). BATSE marginally detected the
source, the quasar also being excluded as the origin of this emission (see Table I).

Recently, Massi (2004) has carried out a timing analysis of pointed EGRET
observations (Tavani et al., 1998) suggesting a period of 27.4 ± 7.2 days, in agree-
ment with the orbital period of this binary system, of 26.496 days. This result,
if confirmed, would clearly support the association of LS I +61 303 with 3EG
J0241+6103.

This microquasar also seems to be a fast precessing system. MERLIN images
obtained in two consecutive days show a change in the direction of the jets of about
50◦ that has been interpreted as a fast precession of the system (Massi et al., 2004).
If this is confirmed, it could solve the puzzling VLBI structures observed so far, as
well as the short term variability of the associated γ -ray source 3EG J0241+6103.

Up to now, the only existing radial velocity curve of LS I +61 303 was that
obtained by Hutchings and Crampton (1981). Recently, after a spectroscopic cam-
paign, an improved estimation of the orbital parameters has been obtained (Casares
et al., 2005). Here, we will just mention the new high eccentricity (e = 0.72 ± 0.15)
and the periastron orbital phase at ∼0.2. These values are a key information for any
interpretation of the data obtained at any wavelength.

Hall et al. (2003) gave upper limits on the emission associated to LS I +61
303/3EG J0241+6103 at very high-energy γ -rays from observations performed by
the Cherenkov telescope Whipple. Several models have been proposed to explore
the high-energy emission of this source (e.g. Taylor et al., 1996; Punsly, 1999; Harri-
son et al., 2000; Leahy, 2004). The most recent theoretical work has been presented
by Bosch-Ramon and Paredes (2004), who explore with a detailed numerical model
if this system can both produce the emission and present the variability detected by
EGRET (>100 MeV). Figure 2 shows the observed spectral energy distribution of
the microquasar LS I +61 303.

Bosch-Ramon et al. (2005) developed a detailed numerical model that includes
both external and SSC scattering. The computed spectral energy distribution of
a EGRET source high-mass microquasar is presented in Figure 3. Looking at
Figures 1 and 2, and comparing them with Figure 3, it is seen how the IC jet
scenario reproduces fairly well the data, giving further support to the proposal of
microquasars as γ -ray sources.

5. VHE γ-ray Sources

The very high-energy sky map contains a reduced number of sources. The number
of confirmed and probable catalogued sources presently amounts to 14 (6 AGN,
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Figure 2. Observed spectral energy distribution of LS I +61 303.
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Figure 3. Spectral energy distribution model of a high-mass microquasar (Bosch-Ramon et al., 2005).

3 pulsar wind nebulae, 3 supernova remnants, 1 starburst galaxy, and 1 unknown)
(Ong, 2004). Some microquasars have been observed in the energy range of TeV
γ -rays with the imaging atmospheric Cherenkov telescopes, but none of them has
been detected with high confidence yet. Historically, Cygnus X-3 was widely ob-
served with the first generation of TeV instruments. Some groups claimed that they
had detected Cygnus X-3 (Chadwick et al., 1985), whereas other groups failed to
detect it (O’Flaherty et al., 1992). As the claimed detections have not been con-
firmed, and the instrumentation at this epoch was limited, these results have not been
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considered as positive detections by the astronomical community. The HEGRA ex-
periment detected a flux of the order of 0.25 Crab from GRS 1915+105 during
the period May–July 1996 when the source was in an active state (Aharonian and
Heinzelmann, 1998). This source has also been observed with Whipple, obtaining a
3.1σ significance (Rovero et al., 2002). More recently, an upper limit of 0.35 Crab
above 400 GeV has been quoted for GRS 1915+105 (Horan and Weekes, 2003).
LS I +61 303 was observed too, but was not detected in the TeV energy range (see
Section 4).
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Abstract. Relativistic jets are now believed to be a fairly ubiquitous property of accreting compact
objects, and are intimately coupled with the accretion history. Associated with rapid changes in
the accretion states of the binary systems, ejections of relativistic plasma can be observed at radio
frequencies on timescale of weeks before becoming undetectable. However, recent observations point
to long-term effects of these ejecta on the interstellar medium with the formation of large-scale
relativistic jets around binary systems. In this paper, we review the observations of these large-scale
structures in microquasars, highlighting their contributions at high energies.

Keywords: black hole physics, radio continuum, stars, ISM, jets and outflows

1. Introduction: Relativistic Ejections from X-ray Binaries

During periods of outburst activity in black hole (BH) binaries, strong radio flares
are sometimes observed around the transition from the hard state to the soft state
(more precisely from the intermediate state to the steep power law state; Corbel
et al., 2004). This is usually interpreted as synchrotron emission from relativistic
electrons ejected from the system with large bulk velocities. In a few cases, such jets
have been directly resolved into one-sided (or two-sided) components moving away
from the stationary core with apparent velocities greater than the speed of light.
After ejection, the moving plasma condensations are observed in the radio band for
a few weeks until their emission fades below detection level due to adiabatic expan-
sion. GRS 1915+105 (Mirabel and Rodrı́guez, 1994) and GRO J1655−40 (Tingay
et al., 1995; Hjellming and Rupen, 1995) are the first two so-called superluminal
sources.

Since 1994, the number of BHs displaying apparent superluminal motion
has greatly increased. For example XTE J1550−564 (Hannikainen et al., 2001),
XTE J1748−288 (Rupen et al., 1998), V4641 Sgr (Hjellming et al., 2000; Orosz
et al., 2001) and GX 339-4 (Gallo et al., 2004; Hynes et al., 2004) exhibited such
behaviours and it is reasonable to think that all BHs (and also some neutron stars)
are likely to exhibit highly relativistic jets at some point in their lifetimes. In fact,
in recent years, almost all active BHs have been associated with radio emission.

Astrophysics and Space Science 300: 275–281, 2005.
DOI: 10.1007/s10509-005-1205-8 C© Springer 2005
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Figure 1. Large-scale radio jets (at 4.8 GHz) from 1E1740.7-2942 (Mirabel et al., 1992).

2. The Historical Large Scale Radio Lobes: 1E 1740.7−2942 and
GRS 1758−258

Historically, the “morphological bridge” (and hence the name microquasar) be-
tween the Galactic stellar mass black holes and the supermassive black hole at the
center of Active Galactic Nuclei has been brought to light in 1992 with the discovery
of large-scale radio jets in two Galactic systems. Indeed, the BHs 1E 1740.7−2942
(Figure 1 from Mirabel et al., 1992) and GRS 1758−258 (Martı́ et al., 2002) in
the Galactic Bulge are located at the center of two large (about 3 light years) scale
radio lobes, probably indicating the long-term action of past relativistic ejections
on the surroundings ISM.

3. Large Scale Decelerating X-ray Jets In XTE J1550−564

Recently, X-ray observations (Figure 2) by Chandra have led to the discovery of
extended (up to 30′′) X-ray jet emission from the microquasar XTE J1550−564.
In observations made between June 2000 and January 2003, two sources moving
away from the XTE J1550−564 black hole are detected. The most likely scenario
(Corbel et al., 2002) is that the eastern jet is the approaching jet and the western jet
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Figure 2. Five Chandra 0.3–8 keV images showing the evolution of the eastern and western X-ray
jets from XTE J1550–564, between June 2000 and June 2002. The observations are ordered chrono-
logically from top to bottom, and each image is labeled with the observation date. The dashed lines
mark the positions of XTE J1550-564 and the eastern X-ray jet on September 11, 2000. Adapted from
Corbel et al., 2002; Kaaret et al., 2003; Tomsick et al., 2003.

the receding jet, and that the jet material was ejected from the black hole during a
major radio flare in September, 1998 (Hannikainen et al., 2001). Both the radio and
X-ray emission of the western jet appeared extended towards XTE J1550−564, and
the morphologies associated with each wavelength matched well. The broadband
spectra of the jets are consistent with synchrotron emission from high-energy (up
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to 10 TeV) particles accelerated in shocks formed by the interaction of the jets with
the ISM (Corbel et al., 2002) (i.e. similar to the stationary non-thermal emission
from the large-scale lobes in SS 433 (Seward et al., 1980).

The full set of X-ray and radio observations also provided the first direct evidence
for gradual deceleration of relativistic material in a jet. More details on the X-ray
jets of XTE J1550−564 can be found in Corbel et al. (2002), Tomsick et al. (2003)
and Kaaret et al. (2003). These results indicate that emission due to relativistic
plasma ejected in September, 1998 has been detected for at least 5 years (Corbel
et al., in press) as direct beamed X-ray emission, and demonstrate that Galactic
BHs are able to accelerate particles up to very high energies.

4. A Large Scale Fossil X-ray Jet in 4U 1755−33

Very recently, Angelini and White (2003) reported the XMM-Newton detection
of large-scale (7′) persistent X-ray jets (Figure 3) centered on the position of
4U 1755−33, a black hole candidate. Chandra observations (Park et al., 2004)
confirm that the jet-like feature observed by XMM-Newton is truly diffuse and is
not associated with knots like emission. 4U 1755−33 had been a bright, persistent
source for at least 20 years, until it became X-ray, quiet in 1995. If the jet had a
velocity close to c, then it would have taken about 13 years to expand to its cur-
rently observed length of ≈4 pc (for a distance of 4 kpc). The jet/ISM interaction
in 4U 1755−33 might be similar to that seen in XTE J1550−564, provided the jets
were being ejected quasi-continuously over its 20 years of X-ray activity.

The scale of the moving X-ray and radio lobes (0.5–0.8 pc) in XTE J1550−564
is intermediate in size between the moving “superluminal” ejections very close

Figure 3. XMM-Newton image of 4U 1755−33 (Angelini and White, 2003). The arrow indicates the
position of 4U 1755−33. Figure adapted by Kaaret et al. (2003b).
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(<0.1 pc) to the compact object (like in, e.g. GRS 1915+105) and the stationary
lobes (1–4 pc) such as in 1E 1740.7−2942 or in 4U 1755−33. This suggests a
morphological evolution: The large-scale stationary lobes would be the results of
the long-term action of past relativistic ejections on the local ISM.

5. Further Large Scales Jets in Microquasars

5.1. GX 339−4

GX 339−4 is one of the best-studied black hole binaries, and has been the key
source for unravelling the association of X-ray states and the formation of jets in
accreting black holes (Fender et al., 1999; Corbel et al., 2000, 2003; Gallo et al.,
2004). Following more than 2 years in quiescence, the source re-brightened in early
2002 to its brightest level in a decade. In May 2002, while brightening in X-rays,
GX 339−4 produced an intense and rapid radio flare, further observations with
ATCA have tracked the formation of a well-collimated one-sided jet extending to
about 12′′, implying an apparent velocity greater than 0.9c given the 4 kpc distance
estimate favoured at the time of those observations (Gallo et al., 2004), but more
recent work has placed a lower limit on the distance to GX 339-4 of 6 kpc, making
this jet superluminal (Hynes et al., 2004). This jet is consistent with shocks waves
formed within the jet itself (as several radio flares were observed) and/or by the
action of an underlying highly relativistic outflow on the ISM. The luminosity of
the jets decreased much more rapidly than in the case of XTE J1550−564, by being
undetectable at radio frequencies in less than a year (Gallo et al., 2004). No X-ray
emission has been reported from its large-scale jets.

5 .2 . H 1743−322

In March 2003, INTEGRAL detected new activity from IGR J17464−3213 that was
later found to correspond to the X-ray transient H 1743−322, originally discovered
with Ariel 5 in August, 1977. After its reactivation in 2003, a radio counterpart
was found with the VLA and a bright radio flare (likely associated with a massive
ejection event) was observed on April 8, 2003 (Rupen et al., 2003). Similarly to
XTE J1550−564, this ejection event was observed later to interact with the ISM
with the formation of large-scale lobes at radio and X-ray frequencies (see Figure 4).
For further details, see Corbel et al. (2005).

5 .3 . OTHER BLACK HOLE SYSTEM S

5.3.1. GRS 1915+105
GRS 1915+105 is the first Galactic black hole system displaying relativistic jets
with apparent superluminal motion on arcsecond scales (Mirabel and Rodrı́guez,
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Figure 4. Chandra 0.3–8 keV image of H 1743−322 in 2004 (Corbel et al., 2004). The black hole
(at the center) as well as the two jets are detected.

1994). A tentative association with two apparently symmetric IRAS sources (lo-
cated 17′ from the jet’s core) has been proposed by Chaty et al. (2001). Kaiser et al.
(2004) also suggest that these two IRAS sources may represent the impact site of
the jets of GRS 1915+105 with the ISM.

5.3.2. XTE J1748−288
After ballistic ejections in XTE J1748−288 during its 1998 outburst, the jet was ob-
served to stop (and brighten) over the course of a few weeks, presumably following
a collision with environmental material (Kotani et al., 2000).

5.3.3. Cir X−1 and Sco X−1
Some neutron star systems are also associated with highly relativistic outflows:
Sco X-1 (Fomalont et al., 2001) and Cir X−1 (Fender et al., 2004). In those cases,
the knots moving with mildly relativistic bulk velocity (from 0.01 to 0.5c) are
energized by an unseen beam of particles that could be ultra-relativistic with bulk
Lorentz factor >10 for Cir X−1 (Fender et al., 2004) and >3 for Sco X-1 (Fomalont
et al., 2001). In these cases, the observed synchrotron emission could be powered
locally during the interaction of the unseen beam with the interstellar medium (ISM)
or by moving shocks within the flow itself.

5.3.4. XTE J1650−500
Corbel et al. (2004) reported the detection in 2002 of radio emission from
XTE J1650−500 in a thermal dominant state. This is contrary to what would have
been expected in this state, which has always been associated with quenched radio
emission (e.g. Fender et al., 1999; Corbel et al., 2000). It is possible that the ob-
served radio emission is the result of the interaction of material previously ejected
from the system with the ISM. If this is the case, then these interactions would have
occurred very close to the BH and therefore, cannot be considered a large-scale jet
as in, e.g. XTE J1550−564.
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Abstract. The large mechanical luminosity of the jets of GRS 1915+105 should give rise to luminous
emission regions, similar to those observed in radio galaxies, where the jets interact with the gas
surrounding the source. However, no radio synchrotron emission of the expected morphology has been
found. Here we present the results of a study suggesting that radio bremsstrahlung from the compressed
and heated ISM in front of the jets should be detectable, while the synchrotron lobes may be too faint.
We identify these jet impact sites with two well-known IRAS regions. This identification suggests a
distance of GRS 1915+105 of 6.5 ± 1.6 kpc, significantly closer than the usually assumed distance
of 11–12 kpc. We discuss the implications of this reduced distance estimate. The non-detection of the
synchrotron radio lobes implies a significant fraction of non-radiating particles, possibly protons, in
the jets. The apparent motion of small-scale jet components is not superluminal, so if superluminal
motion is required for an object to be termed a microquasar, GRS 1915+105 actually does not qualify.
The mass of the black hole in the system is increased to 21 ± 9 M
, while the mechanical luminosity
of the jets is reduced to 14% of the Eddington luminosity.

1. A Primer in Large-Scale Radio Structures Caused by Jets

Jets can efficiently carry an enormous amount of energy from the central engine to
sites far removed from their acceleration regions. The dissipation of the jet’s energy
can give rise to spectacular large-scale structures, often observed in the radio. It is
these structures we are trying to identify for the powerful jets of the microquasar
GRS 1915+105.

Jets are usually thought to be ballistic after their initial acceleration. Ballistic
jets are not luminous as they do not dissipate much of their bulk kinetic energy.
However, unless the gas surrounding the jet flow has a very steep negative density
gradient, the jet will eventually have to collimate by developing a reconfinement
shock (Falle, 1991). After passing through this shock, the jet is in pressure equi-
librium with its surroundings and can become susceptible to turbulent disruption.
If the jet flow becomes fully turbulent, its energy is dissipated slowly over a large
volume and therefore the resulting radiation is often not very luminous. For radio
galaxies, such a turbulent jet flow would result in a radio structure of type FR I
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(Fanaroff and Riley, 1974). If the jet stays laminar, it will end in a strong shock
where it impacts on the surrounding gas. This shock or working surface is iden-
tified as the very luminous radio hot-spots of radio galaxies with an FR II-type
morphology. After passing through the hot-spot, the jet material inflates more dif-
fuse, but still luminous radio lobes (Scheuer, 1974). The radio emission of the
hot-spots and the lobes is synchrotron radiation from relativistic electrons accel-
erated by the shock at the end of the jet (Hargrave and Ryle, 1974). Laminar
jets deliver virtually all their energy to the working surface where the energy is
dissipated in a small volume; therefore, they can give rise to much more luminous
large-scale radio structures than their turbulent counterparts. It is not surprising that
the original morphological distinction between FR Is and FR IIs is also reflected
in a sharp division in radio luminosity between the two classes. This distinction
demonstrates that the detection of the large-scale radio structure of any jet source
will be much simplified if the jets of this source stay laminar throughout their
length.

The expansion of the jets and their lobes drives a bow shock into their gaseous
environment. The shock-compressed and heated gas will also emit radiation. The
frequency and spectrum of this radiation depends crucially on the conditions in the
gas. For the hot ( >∼ 107 K) and therefore fully ionised IGM surrounding the large-
scale structures of radio galaxies, the shocked gas will emit thermal bremsstrahlung
at X-ray frequencies (e.g. Smith et al., 2002). The colder ISM surrounding micro-
quasar jets may only be partially ionised by the passage of the bow shock, and
features like recombination lines and emission from heated dust could arise. The
partially ionised ISM can still produce thermal bremsstrahlung, but due to the lower
temperatures this radiation will be emitted at radio wavelengths rather than in X-
rays. Laminar jets typically dissipate about half of their total bulk kinetic energy
in the shock-compressed gas surrounding their lobes (Kaiser and Alexander, 1997)
and so this material may contribute substantially to the overall emission from the
large-scale structure caused by the jets.

In summary, we may expect to detect the following components of the large-scale
structure caused by laminar microquasar jets:

– Compact radio synchrotron emission regions at the shocks at the end of the jets.
– Extended, diffuse radio synchrotron emission lobes.
– Extended radio bremsstrahlung, recombination lines and heated dust emission

surrounding the lobes.

The synchrotron radio lobes of microquasar jets have been detected in sev-
eral sources (SS433, Dubner et al., 1998; 1E1740.7-2942, Mirabel et al., 1993;
Cir X-1, Stewart et al., 1993). However, in the case of GRS 1915+105, searches
have been unsuccessful (Rodrı́guez and Mirabel, 1998). In the following we will
show that some signs of the interaction of the jets of GRS 1915+105 with the
ISM have been observed already, but they do not include the radio synchrotron
lobes.
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2. What Can We Expect in the Case of GRS 1915+105?

As we pointed out in the previous section, our chances for detecting the large-
scale jet structure of GRS 1915+105 are greatly enhanced if its jets stay laminar
after coming into pressure equilibrium with their surroundings. Following a simple
momentum conservation argument (Cantó and Raga, 1991), we show in Kaiser
et al. (2004b) that the jets should stay laminar over a length of at least a few to
several parsec even if they are in direct contact with a very dense (n ∼ 3000 cm−3)
ISM. For an average ISM density of n ∼ 1 cm−3, this estimate increases by a factor
of roughly 50. Also, it is likely that the lobes inflated by the jets extend all the
way back to the acceleration region (Heinz, 2002), thereby creating a protective
environment and greatly extending the range over which the jet flows can remain
laminar.

In Kaiser et al. (2004b) we demonstrate that the impact site of one of these
laminar jets should generate a bremsstrahlung flux of

F1 GHz ∼ 5

(
Q

1037 erg s−1

)(
T

104 K

)−2( x

0.01

)(
D

kpc

)−2

Jy, (1)

where Q is the total energy transport rate of the jet, x the ionisation fraction of
the shocked ISM, and D the distance of GRS 1915+105. Note that this flux does
not depend on the density of the ISM nor on the volume occupied by the emitting
gas. The jet impact sites should therefore be easily detectable in the radio at GHz
frequencies. Furthermore, given the likely temperature of the compressed ISM of
T ∼ 104 K, we expect to detect recombination lines from hydrogen. If the ISM in
front of the jet is multi-phase, then we expect to detect emission lines from various
molecules as well as dust emission.

Estimating the radio synchrotron flux of the lobes is more complicated as this
depends crucially on the physical size of the lobes and the gas density in their
environment. We defer a discussion of this emission to the next section.

3. Identification of the Jet Impact Sites

Given the expected properties of the jet impact sites, they can only be identified
with IRAS 19124+1106 and IRAS 19132+1035 (see Figure 1 and Kaiser et al.
(2004a)). Their flat radio spectra (Rodrı́guez and Mirabel, 1998) and their lumi-
nosities are consistent with radio bremsstrahlung. The detected radio recombination
lines and molecular emission lines (Chaty et al., 2001) support the identification.
The observed IR fluxes are consistent with emission from heated dust (Kaiser et al.,
2004a).

These emission properties are also consistent with an interpretation of the IRAS
objects as star-forming H II regions. However, a chance alignment of two such H II
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Figure 1. Radio map of the surroundings of GRS 1915+105 taken with the VLA at 20 cm with the
postulated large-scale jet structure superimposed. The thick, solid lines show the two jets.

regions along the jets of a microquasar is small (Kaiser et al., 2004b). Furthermore,
the elongated, non-thermal emission feature connected to IRAS 19132+1035 noted
by Rodrı́guez and Mirabel (1998) points back to the position of GRS 1915+105
and may be a transient hot-spot at the end of the southern jet. We believe that these
results lend strong support to our interpretation.

In Kaiser et al. (2004a) we present upper limits for the surface brightness of
potential radio lobes employing the usual minimum energy arguments (e.g. Longair,
1994). We find that these limits lie below the current detection limits of radio maps
of the vicinity of GRS 1915+105 (Rodrı́guez and Mirabel, 1998). However, in
that paper we neglected the fact that most of the ISM compressed by the bow
shock in front of the jets will not be collisionally ionised at the temperature of
T ∼ 1.2 × 104 K, inferred from the width of observed emission lines. Taking into
account the appropriate ionisation fraction of about 2% implies a density of the
unshocked ISM in the vicinity of the jets of n ∼ 3000 cm−3. This new estimate
also changes our upper limit for the surface brightness of the lobes due to radio
synchrotron to

S1 GHz ∼ 100

(
D

kpc

)1/8

(k + 1)−7/4 mJy beam−1, (2)
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where D is the distance of GRS 1915+105 and k the ratio of energy in non-radiating
particles to the sum of the energy stored in the relativistic electrons and the energy
in the magnetic field. For ideal minimum energy conditions we require k = 0.
We assume a beam size of 4′′, appropriate for the observations of Rodrı́guez and
Mirabel (1998).

Clearly, the synchrotron radio lobes of GRS 1915+105 should be detected in
current radio maps which have a limit of 0.2 mJy beam−1, unless k > 34, which is
not unreasonable (e.g. Bell, 1978). Therefore, given the estimate of S1 GHz above,
the non-detection of synchrotron lobes implies a jet composition other than a pure
pair plasma.

4. Implications of Our Identification

If the two IRAS sources are indeed the impact sites of the jets of GRS 1915+105,
then this microquasar must be located at the same distance of 6.5 ± 1.6 kpc (Kaiser
et al., 2004a) as opposed to the traditionally assumed distance of 11–12 kpc. This
revised distance is consistent with all previous distance estimates (Fender et al.,
1999; Dhawan et al., 2000a,b; Chapius and Corbel, 2004) except one (Greiner
et al., 2001) and has some profound implications for the inferred properties of this
system.

The jets of GRS 1915+105 travel with a bulk velocity of 0.66 ± 0.15 c at an
angle of 52.6 ± 7.2◦ to our line of sight. The apparent velocity of the jet ejecta
on the sky is 0.66 ± 0.18 c, which is clearly not superluminal. The luminosity of
any unbeamed emission will be reduced by a factor ∼3 compared to the usually
assumed distance. The lower limit on the power of the jets during the formation
of the moving ejecta observed on small angular scales is reduced by more than
2 orders of magnitude to 2 × 1037 erg s−1. The total, time-averaged mechanical
luminosity of the jets derived from the dynamical model of the jet expansion is
Q ∼ 4 × 1038 erg s−1. Note that this estimate is a factor 50 larger than our original
estimate (Kaiser et al., 2004a) because of the revised density estimate for the ISM
in the vicinity of GRS 1915+105 from taking into account the partial ionisation of
the hydrogen gas (Kaiser et al., 2004b). Finally, the mass of the black hole in the
system is increased to 21 ± 9 M
, resulting in a total mechanical jet luminosity of
14% of the Eddington luminosity.

The question of whether or not GRS 1915+105 is a microquasar hinges mainly
on whether the definition of the term ‘microquasar’ includes the requirement for
superluminal jets. If it does, then the first object with apparently superluminal jets
in the Galaxy is not a microquasar, and it is therefore somewhat different from other
microquasars that clearly show highly relativistic jet flows (e.g. Cir X-1; Fender
et al., 2004). It is also interesting to note that GRS 1915+105 appears to be a binary
system with a far less energetic jet, but a more massive black hole than previously
appreciated.
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