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We have found empirically that the radio loudness of AGN can be understood as function of both
the X-ray and optical luminosity. This way of considering the radio loudness was inspired by
the hardness-intensity diagrams for X-ray binaries, in which objects follow a definite track with
changes to their radio properties occurring in certain regions. We generalize the hardness-intensity
diagram to a disk-fraction luminosity diagram, which can be used to classify the accretion states
both of X-ray binaries and of AGN. Using a sample of nearly 5000 SDSS quasars with ROSAT
matches, we show that an AGN is more likely to have a high radio:optical flux ratio when it has a
high total luminosity or a large contribution from X-rays. Thus, it is necessary to take into account
both the optical and the X-ray properties of quasars in order to understand their radio loudness.
The success of categorizing quasars in the same way as X-ray binaries is further evidence for the
unification of accretion onto stellar-mass and supermassive compact objects.
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Figure 1: Sketch of the path traced by X-ray binaries in the hardness-intensity diagram (HID) during an
outburst cycle. The sketch shows the correlation between location of the object in the diagram and the jet
properties (adapted from Fig. 7 in [4]).

1. Introduction

The discovery of a common scaling relationship between radio luminosity, X-ray luminosity
and black-hole mass for Active Galactic Nuclei (AGN) and Black-hole X-ray binaries (BHXRB)
binaries [21, 3] is a strong hint that accretion proceeds in a similar way both for stellar-mass and
supermassive black holes (see also [22, 11] and the contributions by Körding & Fender and Fender
et al. in these proceedings). A number of authors have presented evidence that the accretion states
that are observed in BHXRB (see [23] for a review) can also be observed in AGN (for examples,
see [14, 21, 3, 7, 10, 5]). Others have searched for further scaling relationships and commonalities
between BHXRB and AGN, in particular with respect to timing properties [25, 16], resulting in the
recent discovery of a fundamental timing plane shared by BHXRB and AGN [17].

Recently, it has become clear that during an outburst cycle, BHXRBs trace a characteristic path
in a plot of X-ray hardness against intensity (hardness-intensity diagram, HID) and that different
regions of the HID are associated with different radio properties [4, 2]. Figure 1 gives a sketch
of the outburst cycle (sometimes called a “turtlehead diagram” because of its characteristic shape
resembling the animal, which has been called mystic [13]): the lowest-luminosity (low/hard) state
is associated with a continuous radio jet, which persists as the luminosity increases and the object
enters a hard intermediate state (hard IMS). At roughly constant luminosity, the object’s spectrum
then softens to a soft IMS and radio observations show “rapid ejections” of material, probably
indicating a transient but more highly relativistic jet. The spectrum then becomes entirely thermally
dominated (soft state) and simultaneously the radio emission is quenched. At lower accretion rates,
the spectrum hardens again and the jet radio emission reappears.

It has already been suggested that AGN with different radio properties (radio-“loud” vs. radio-
“quiet”) correspond to BHXRB with different accretion states [14, 3, 10, 5]. Here, we aim to put
this analogy on a firm footing by constructing an equivalent of HIDs that is physically meaningful
for both BHXRB and AGN, the disk-fraction luminosity diagram (DFLD). The DFLD plots the
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total luminosity (the sum of the thermal contribution from the accretion disc, traced by the optical
luminosity, and of non-thermal emission, traced by the X-ray luminosity) against the fractional
contribution of non-thermal emission to the total. We find that in the DFLD, AGN segregate by
radio loudness, in a manner analogous to that of BHXRBs in HIDs. Thus, we find further evidence
for the unification of accretion in BHXRBs and AGN, and provide a framework to understand the
physical origin of radio loudness and quietness in AGN, which has been a long-standing puzzle.
Full details of this work are published in [12], so this contribution will only highlight the salient
features of our approach and findings.

2. Generalizing hardness-intensity to disk-fraction luminosity diagrams (DFLD)

In X-ray binaries, both the thermal emission from the accretion disc and the non-thermal
(power-law) X-ray emission (probably arising from the disc’s corona) are observed in the X-rays, as
soft (peak at photon energies Epeak ≤ 2.5 keV) and hard (Epeak ≥ 50keV ) X-rays, respectively. The
X-ray hardness ratio measures the relative strength of the disc and power-law emission, while the
total intensity measures the total accretion rate (although not necessarily in a linear way). Because
of the scaling of disc temperature with black hole mass, T ∝ M−1/4 [24], the disc emission in AGN
is now seen in the optical/UV wavelength region, while the power-law emission is still seen in
X-rays. Therefore, a pure X-ray hardness ratio misses the disc emission in AGN and does not carry
the same information as it does in X-ray binaries.

Therefore, if we want to assess whether AGN behave in the same way as BHXRB in terms of
the HID, we need to generalize the HID in a physically meaningful way. As hardness equivalent,
we use the non-thermal fraction LPL/(LD +LPL), with the useful property of being finite both for 0
and 100% contribution from either component, and set LD = LOptical and LPL = LX−rays for quasars
(see [12] for details on the computation of LOptical and LX−rays from observed fluxes). As intensity
equivalent, we use the total luminosity LD +LPL. The advantage of our new definition is that it can
be used both for BHXRB and AGN.

3. Constructing a DFLD for a sample of AGN

It was the aim of our work to consider whether AGN show the same separation of accretion
state and jet (radio) properties in DFLDs as AGN. In the case of X-ray binaries, individual objects
can be followed as they trace out their path in an DFLD during their outburst cycles, which last
of order days to months. Since black-hole timescales are expected to scale roughly linearly with
mass, this is not possible for AGN (although objects such as 3C 120 [15] might be making small
motions in the diagram, such as GRS1915+105 [4]). Hence, we tackle our question in a statistical
way, by considering the average radio loudness of AGN as function of their location in the DFLD.

We use two AGN samples, beginning with objects from the 5th data release (DR5) of the Sloan
Digital Sky Survey (SDSS [1]) that are identified as quasar by the spectroscopic pipeline, a redshift
in the range 0.2 ≤ z ≤ 2.5, and that have matches in the ROSAT All-Sky Survey (RASS). Radio
fluxes for this sample are obtained from matches in the Faint Images of the Radio Sky at Twenty
centimeters (FIRST) survey. Both RASS and FIRST matches were taken as provided in the SDSS
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Figure 2. Left: DFLD of 4963 SDSS quasars with ROSAT detections in the redshift range 0.2 ! z ! 2.5, showing the lower limit to the
average radio loudness R as calculated from FIRST data. The contour levels are separated by 0.5 dex in R. Right: Upper limit to the
average R. The contour levels are the same as for the lower limit.

be 0 at z = 2. The continuum K-correction is easy to com-
pute since the SDSS magnitude system is (nearly2) an AB
system (defined as mag = −2.5 log(fν/3631 Jy) for a source
with constant fν Oke & Gunn 1983; Abazajian et al. 2003);
the correction is given by K(z) = −2.5(1 + α) log(1+ z) for
fν ∝ να. We convert the K-correction to Mi(z = 2) back to
the conventional Mi(z = 0) by adding the offset 0.596 ap-
propriate for an object at redshift z = 2 with the assumed
power-law spectrum with α = −0.5 (see Richards et al.
2006, eqn. [1]). We then transform to the B-band using
B−i = 0.3 as appropriate for the same power-law spectrum.
Thus, the B-band magnitude is obtained from the SDSS i-
band PSF magnitude, galactic extinction Ai as given in the
SDSS database, and the combined emission-line and contin-
uum K-correction Kopt as

B = i + 0.3 − Ai − Kopt + 0.596. (1)

However, we do not apply any correction for contributions
from host galaxy starlight. This correction is most important
for the lowest quasar luminosities and for the lowest-redshift
objects. We discuss the impact of this simplification in §4.3.

For the K-correction of the radio fluxes we assume op-
tically thin spectra with a spectral shape fν ∝ ν−0.5, i.e.,
we assume the same spectral shape for the radio and opti-
cal continua. For the X-ray data, we assume a photon in-
dex Γ = 2, i.e., a spectral shape fν ∝ ν−1 (found to be
appropriate for both radio-loud and radio-quiet quasars by
Galbiati et al. 2005) which has 0 K-correction because the
effects of bandwidth narrowing and observing a steep spec-
trum at lower rest-frame frequencies cancel.

As the SDSS quasar sample includes objects with a large
range of black-hole masses, it is in principle necessary to ap-
ply a mass correction to the observed luminosities. Accreting
black holes that are observed as a quasar all have similar Ed-
dington ratios, in the range 0.05–1 (e.g., Jester 2005). Hence,
to zeroth order, the luminosity of a quasar is expected to
scale as the Eddington luminosity, i.e., linearly with black

2 See the discussion at http://www.sdss.org/dr5/algorithms/fluxcal.html

hole mass. However, the black hole masses computed for
12245 quasars from SDSS DR1 by McLure & Dunlop (2004)
have a mean of (4.75 ± 0.44) × 108 M$, i.e., the intrinsic
scatter in the black hole mass of quasars accessible to the
SDSS spectroscopic survey is comparable to the scatter in
the black-hole mass determination (estimated to be as large
as 0.5–0.6 dex by Vestergaard 2004). Hence, the black-hole
masses of all SDSS quasars are consistent with being equal
to the mean and we apply no mass scaling. This needs to be
borne in mind when comparing this quasar sample to AGN
samples with substantially different black hole masses.

We use a cosmology with ΩM = 0.3, ΩΛ = 0.7, H0 =
71 kms−1 Mpc−1.

2.2.2 Low-luminosity sample

While our main results will be based on the SDSS quasars,
we construct a low-luminosity sample based on the sample
of Ho et al. (1997) as a comparison. We have obtained X-ray
fluxes for this sample from Terashima & Wilson (2003) and
the following surveys in order of preference: The Chandra
v3 pipeline (Ptak & Griffiths 20033), the XMM serendipi-
tous X-ray survey (Barcons et al. 2002), and the ROSAT
HRI pointed catalog (ROSAT Scientific Team 2000). Ra-
dio fluxes for the sample have been taken from Nagar et al.
(2005). For low-luminosity AGN, the optical emission is of-
ten dominated by galaxy light. Therefore, we use a corre-
lation between Hβ and the B-band magnitude (Ho & Peng
2001):

log LHβ = −0.34MB + 35.1 (2)

to compute the optical absolute magnitude. This correlation
seems to hold for quasars as well as Seyfert galaxies. We use
the correlation also for our low-ionization nuclear emission
region (LINER) objects even though the correlation has only
been shown to hold for Seyfert objects and PG quasars.

3 http://www.xassist.org
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Figure 2: Disc-fraction luminosity diagram (DFLD) showing average radio loudness of 4963 RASS-
detected SDSS quasars. The contours give the average radio loudness R = f (FIRST)/ f (B) of the quasars
in 10×10 bins of total luminosity LD + LPL and non-thermal fraction LPL/(LD + LPL), with contour levels
increasing by 0.5 dex. The regions in which X-ray binaries have detectable radio emission from jets are also
indicated.
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Figure 2. Left: DFLD of 4963 SDSS quasars with ROSAT detections in the redshift range 0.2 ! z ! 2.5, showing the lower limit to the
average radio loudness R as calculated from FIRST data. The contour levels are separated by 0.5 dex in R. Right: Upper limit to the
average R. The contour levels are the same as for the lower limit.
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Figure 5. Limits to average radio loudness and percentage of radio-loud sources (R > 10) as function of disc luminosity. Left: all 64248
SDSS quasars in the redshift range 0.2 ! z ! 2.5. Right: only the 4963 X-ray detected sources. The error bars give the uncertainty of
the mean in each of the bins.

Figure 3. Modified DFLD showing the average radio-loudness.
The y-axis gives the optical disc luminosity LD instead of the
sum of the disc and the power law luminosity in the previous
maps. The most radio-loud sources are those with a large power
law component in the spectrum.

the radio loudness, we plot the average radio loudness as a
function of the disc luminosity (i.e., the optical luminosity)
in the left-hand panel of Fig. 5, for all 64248 SDSS objects,
independently of their X-ray detection. The average R has
been estimated independently in 20 logarithmic luminosity
bins. This plot of the radio loudness as a function of lumi-
nosity can be compared to the right-hand panel of the same
figure, where we show the dependence of the radio loudness
on the disc luminosity for the 4963 X-ray detected sources
only. While there is the clear trend visible in the X-ray de-
tected quasars that brighter objects are more radio-loud,
only marginal effects can be seen in the full sample. We
show the upper and lower limit to the radio loudness as well
as the fraction of radio-loud objects as defined by R > 10.
The trend can be seen in all three quantities. We can also
find a clear trend in the radio-loudness if we project the

Figure 4. Log N-log R diagram for two rectangular areas in the
DFLD diagram. The position and extent of the upper and lower
box is given in the text. For both areas we first find all objects
with a position on the DFLD in that area and construct log N-log
R diagrams for both areas individually. Solid lines indicate upper
limits to the average R while dashed lines represent its lower limit.

DFLD onto an axis roughly corresponding to the diagonal.
In Fig. 6 we show such a projection for the SDSS sample
(compare Shen et al. 2006, Fig. 11).

3.2 Hard-state objects: LLAGN

So far, we have only considered the SDSS quasars. All
quasars are thought to be strongly accreting objects with a
standard geometrically thin, optically thick disc. To obtain
information about the shape of the DFLD at lower luminosi-
ties, which may be in a different, radiatively inefficient ac-
cretion mode, we now include the sample of Ho et al. (1997).
Due to the small number of sources we now show every cell
for this sample, even if it includes only one source. Hence,
for the LLAGN, the plotted “mean” R may just be a single

c© 2006 RAS, MNRAS 000, 1–13

Difference 
significant at

99.994% (D = 0.19)

Figure 3: Comparison of the distributions of radio loudness in two areas of the DFLD. A Kolmogorov-
Smirnov test shows that there is a high statistical significance of the difference between the two radio
loudness distributions. This applies both to the radio loudness R calculated by setting R = 0 for sources
undetected in FIRST (lower limit R), and for R calculated by setting R = Rmax (upper limit for R from
FIRST detection limit).
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Figure 4: Limits to average radio loudness and percentage of radio-loud sources (R > 10) as function of
disc luminosity. Left: all 64248 SDSS quasars in the redshift range 0.2 ≤ z ≤ 2.5. Right: only the 4963
X-ray detected sources. The error bars give the uncertainty of the mean in each of the bins. R shows a
strong correlation with optical luminosity when considering only the RASS-detected sources, but not when
considering all quasars independently of their X-ray properties.

Catalog Archive Server database (CAS1). There are a total of 64268 objects classified as quasar
in the DR5, of which 4963 have a RASS counterpart. Figure 2 shows the average radio loudness
of the SDSS quasars in 10×10 bins of non-thermal fraction and total luminosity. Quasars tend
to be more radio-loud on average if they have a large total luminosity, and/or a large non-thermal
fraction. This difference is quantified by the Kolmogorov-Smirnov test shown in Figure 3. Thus,
it is clear that the radio loudness of AGN can only be understood by considering it as a function of
both the optical and X-ray properties. The relative predominance of non-thermal emission reveals
which accretion state the disc is in, and this in turns governs the presence or absence of powerful
jets producing strong radio emission.

Figure 4 gives another demonstration of the interdependence of optical, X-ray and radio emis-
sion: when considering the average radio loudness R as function of the optical luminosity for all
SDSS quasars in our sample, there is no clear correlation with the optical luminosity. However,
when the sample is restricted to only the X-ray detected ones, the average R clearly correlates with
optical luminosity.

Since the SDSS quasar survey is nearly exclusively sensitive to luminous AGN, we now add
a second sample of lower-luminosity AGN. These are taken from [8] with X-ray fluxes taken from
the literature or archival data. In the DFLD, the LLAGN lie in the area occupied by XRBs in the
low/hard state (perhaps as expected from [6]), which show continuous radio jets (see Figure 5).
The LLAGN have much higher average R values than the SDSS quasars, as found by [9].

4. Comparing DFLDs for AGN and XRBs

So far, we have compared the DFLD for AGN and XRBs only qualitatively. We would like to
assess more quantitatively whether the population DFLD for AGN, the only one we can construct

1http://cas.sdss.org/astrodr5/
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Accretion states and radio loudness in AGN 7

Figure 6. Projection parallel to the black lines in the DFLD
shown in the inset (with the chosen scaling of the coordinate axes,
the line onto which objects are projected is not perpendicular to
these lines). We project on to the line defined by λ = (0.93 ex +
0.36 ey). This projection includes only sources with measured X-
ray fluxes.

Figure 7. DFLD showing the average radio loudness for SDSS
quasars and LLAGN from the Ho (1999) sample. Note that the
gap between LLAGN and Quasars is an artefact of our sample
selection.

measurement that could be substantially different from the
true mean R.

In Fig. 7 we show the joint DFLD for the SDSS quasars
and the LLAGN sample. Not surprisingly, the LLAGN lie at
lower luminosities than the SDSS quasars. However, except
for a few outliers they all lie at the right sight of the DFLD.
This is also not surprising, as Ho (1999) already noted that
LLAGN are less optically bright for a given X-ray luminosity
than strongly accreting AGN (Seyfert galaxies and quasars).
Furthermore, the LLAGN in our DFLD seem to be more
radio-loud on average than SDSS quasars. As mentioned, we
have to plot every cell for the LLAGN even if it only contains
one object, so the mean value of R for any given cell may not
be close to the true mean. But already Ho & Peng (2001)

have shown that the average low-luminosity Seyfert galaxy
is more radio-loud than the average “radio-loud” PG quasar
if only the nuclear luminosity is considered (i.e., removing
the contribution of starlight). Thus, we find that LLAGN
populate the bottom right-hand side of the DFLD and are
— on average — more radio-loud than the SDSS quasars.

4 CRITICAL ANALYSIS OF SELECTION

EFFECTS AND ASTROPHYSICAL BIASES

In this section, we consider whether the shape of the distri-
bution of SDSS quasars in the DFLD and their average radio
loudness could be caused entirely due to selection effects, or
underlying correlations between the observables and other
parameters. We consider in detail the selection effects of
flux-limited samples (§4.1), black-hole mass scalings (§4.2),
orientation, beaming and host-galaxy light (§4.3) and the
size-luminosity evolution of radio sources(§4.4). Based on
our analysis, none of these effects can produce the entire
signal we report.

4.1 Selection effects

Our main sample is basically a single quasar survey with
a fairly bright flux limit — most quasars in our sample
are drawn from that part of the quasar sample limited by
i < 19.1. Even though we include several other SDSS tar-
get categories, there is an implicit flux limit i ! 20 imposed
by the signal-to-noise that can be achieved in the exposure
time of the spectroscopic observations in the SDSS. As the
optical luminosity function of quasars is rather steep, this
means that the dominant selection effect is that we only
have a rather restricted dynamic range in quasar luminos-
ity at fixed redshift, of order 10–30 (the SDSS spectroscopic
survey has a bright limit i > 15 and substantial numbers
of objects are only found at i " 16). Thus, only the most
luminous object at any given redshift are found, and the
variation in luminosity is largely due to a variation in red-
shift. Thus, on average there is a clear trend that the redshift
of the lowest luminosity sources is small (z = 0.2) while the
highest luminosities are found at large distances (z = 2.5).

To assess the impact of this well-known degeneracy be-
tween redshift and luminosity in flux-limited surveys, we
have verified that the effect is visible in small redshift slices,
e.g., in the subsample with redshifts between z = 0.3 and
z = 0.4 as shown in Fig. 8. Furthermore, we have verified
that the K-correction is not creating the observed trends in
the DFLD. Even if we assume a flat radio spectrum or do
not K-correct at all, we find the observed effect. The differ-
ence in radio loudness between the average SDSS quasar at
low redshift (z ≈ 0.2 ) and those at large redshifts (z ≈ 2.5)
is 0.6 in log R. This difference is probably mainly due to a
difference in accretion rates. However, even if this is purely
due to evolution, we note that the observed range in R in
the DFLD is around 2.5 dex, so evolution would only be a
minor effect. This suggests that the radio loudness gradient
in the DFLD is not an artifact of redshift evolution, but we
cannot rule out that evolution plays a minor role. It clearly
will be desirable to construct a DFLD with a sample that
is not affected by evolution (i.e., one with a narrow redshift
distribution).

c© 2006 RAS, MNRAS 000, 1–13
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Figure 5: DFLD as in Fig. 2, with the addition of a sample of low-luminosity AGN (LLAGN). The LLAGN
lie in the area occupied by XRBs in the low/hard state, which show continuous jets. They are much more
radio-loud on average than the SDSS quasars.
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Figure 6: Left: DFLD for a simulated population of XRBs. Right: Unified picture of accretion states in
XRBs and AGN.

within human timescales, actually agrees with a population-averaged HID for XRBs. However, the
observations (mostly by the Rossi X-ray Timing Explorer) that could be used to construct such an
observed DFLD for a population of XRBs are not readily accessible to us, and would suffer from
uncertainties in the distance, and hence luminosity, determination. Therefore, we have performed
a Monte-Carlo simulation of a population of X-ray binaries in outburst cycles. The left panel
of Figure 6 shows the resulting averaged DFLD. The strong similarity between the population-
averaged DFLD for XRBs and that for our AGN sample strengthens the conclusion that there is a
universal accretion mechanism acting in discs both around stellar-mass and around supermassive
black holes, with similar disc-jet coupling in both cases. This, like related earlier work [18, 19, 20,
14, 3, 11], suggests the identification of AGN subclasses with XRB states shown in the right-hand
panel of Figure 6.
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5. Outlook

The presented work is only a first step towards establishing firmly that AGN and XRBs have
the same disc-jet coupling. While we considered many possible sources of error and selection
effects, it would be highly desirable to repeat our experiment with a sample that has well-measured
black-hole masses, and ideally with a volume-limited sample, instead of the approximately flux-
limited sample of SDSS quasars used here. In this context, it is a problem that low-luminosity
AGN have only been observed in the nearby Universe, where only very few luminous quasars can
be found. In XRBs, other observable properties vary with HID position, in addition to the presence
or absence of jets: the timing properties [2] and (possibly) the jet Lorentz factor [4]. If the picture
presented here is correct, equivalent correlations should be found in AGN (compare [25]). Finally,
even radio-“quiet” quasars are not completely radio-silent, implying that the jet is quenched but
not turned off completely. The resulting prediction for XRBs is that even objects in the thermally
dominated soft state should show low-level radio emission that could be found in very deep radio
observations of such objects.
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