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Fig. 3. Radio/X-ray correlation for XRBs with our AGN sample. We
only extrapolate the optical measurements of some AGN (FR I radio
galaxies) to a corresponding monochromatic X-ray luminosity with-
out a mass correction. For Sgr A* we show the quiescent and the
flare spectrum. The solid line is the analytically predicted non-linear
radio/X-ray correlation from the jet model, normalized for GX 339-4.
The supermassive black holes fall below the extrapolation from the
X-ray binaries.
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Fig. 4. The same as Fig. 3 but for an equivalent X-ray luminosity, L′X,
which has been individually corrected for the mass factor and scaled
to the value the X-ray luminosity would have for a central black hole
of only 6 M", as in GX 339-4 (see Eq. (7)). Corrections for Doppler
factors have not been applied.

the right amount to fall more or less on the predicted scaling
with power from the XRBs with a relatively low scatter. This
means that in the parameter space of X-ray luminosity, radio lu-
minosity, and black hole mass, sub-Eddington black holes form
a fundamental plane. It also suggests that the theoretically mo-
tivated and predicted scaling seems to hold for stellar mass as
well as for supermassive black holes. We point out that two
of the outliers (NGC 6500 and NGC 1275) are known from
high-resolution VLBI observations to have radio cores that are
significantly affected by extended emission (Falcke et al. 2000;
Walker et al. 2000) and hence appear too bright in the radio.
The same may be true to some degree for FR Is in general, but
should be negligible for BL Lacs.

Figure 5 demonstrates the effect of a Doppler factor cor-
rection. As discussed in the previous section, the X-ray/radio-
ratio is rather insensitive to the Doppler factor and sources will
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Fig. 5. The same as Fig. 4 but the radio and X-ray luminosities of
BL Lac objects have been corrected for Doppler boosting. As dis-
cussed in the text, this mainly moves BL Lacs along the correlation
and they now occupy the same region as FR Is – their parent popula-
tion within the inclination-based unified scheme.
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Fig. 6. Radio/X-ray correlation for XRBs and AGN, where the X-ray
flux of all AGN has been increased by a constant value of 107, corre-
sponding to an average AGN mass of 3 × 109 M".

mainly move along the correlation. In our case the BL Lacs are
pushed from the upper end of the correlation into the regime
where FR I radio galaxies lie. Given that BL Lacs are supposed
to be the beamed population of FR I radio galaxies within the
inclination-based unified scheme, this seems to be an appropri-
ate correction and provides further support for that scheme.

Finally, in Fig. 6 we show the radio and X-ray luminosi-
ties, where the X-ray flux has been corrected by a constant
factor 107, thus ignoring the individual mass estimates. With
this factor the radio/X-ray correlation can also be continued to
AGN. Scaling by 107 is identical to assuming a constant black
hole mass of $3 × 109 M" for all objects. The black hole mass
of FR I Radio Galaxies and BL Lac objects scatter around this
value. LLAGN have an average mass of somewhat less than
109 M", thus in comparison with Fig. 5, the LLAGN have
higher X-ray fluxes. The Galactic black hole (Sgr A∗) has a
mass of only 3×106 M" so the X-ray flux is increased too much
and the X-ray flare state – which may in fact contain the here
crucial non-thermal power law – lies above the extrapolation.
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pushed from the upper end of the correlation into the regime
where FR I radio galaxies lie. Given that BL Lacs are supposed
to be the beamed population of FR I radio galaxies within the
inclination-based unified scheme, this seems to be an appropri-
ate correction and provides further support for that scheme.

Finally, in Fig. 6 we show the radio and X-ray luminosi-
ties, where the X-ray flux has been corrected by a constant
factor 107, thus ignoring the individual mass estimates. With
this factor the radio/X-ray correlation can also be continued to
AGN. Scaling by 107 is identical to assuming a constant black
hole mass of $3 × 109 M" for all objects. The black hole mass
of FR I Radio Galaxies and BL Lac objects scatter around this
value. LLAGN have an average mass of somewhat less than
109 M", thus in comparison with Fig. 5, the LLAGN have
higher X-ray fluxes. The Galactic black hole (Sgr A∗) has a
mass of only 3×106 M" so the X-ray flux is increased too much
and the X-ray flare state – which may in fact contain the here
crucial non-thermal power law – lies above the extrapolation.
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Fundamental Plane as a Tool to Diagnose 
X-ray Radiative Processes/Geometries

Lx-ray ~ (Lradio)1.76 M-1.56

X-rays from Radiatively 
Inefficient Accretion Flow:

Optically Thin Jet Synchrotron X-rays:

Lx-ray ~ (Lradio)1.38 M-0.81



Finding the best-fit slope 
is a non-trivial statistical problem
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“KFC Sample” of sub-Eddington BHs
(Körding et al. 2006)
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The Massive End Poses a Challenge:
Synchrotron Cooling (Heinz 2004*)
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“KFC Sample” of sub-Eddington BHs
(Körding et al. 2006)
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For the Most Massive 
Black Holes

*Also see Merloni et al. 2003;
Falcke et al. 2004; Körding et al. 2006



Explore the Massive End with BL Lacs: 
Uncontroversially Jet Dominated AGN

JET

~25∘

Urry & Padovani (1995)



SDSS Spectrum SED

55 BL Lacs from the SDSS with Black Hole 
Mass Measurements 

(Plotkin et al. 2010; 2011)

Testing the Blazar Sequence and Black Hole Mass Scaling: 
Applications of a Large Uniform Sample of BL Lac Objects  
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Abstract 
Jets observed from accreting black holes appear remarkably similar over eight orders of magnitude in black hole mass, with more massive black holes generally launching more powerful jets.  For 
example, there is an observed correlation, termed the fundamental plane of black hole accretion, between black hole mass, radio luminosity, and X-ray luminosity.  Here, we probe the high-mass tail (108 – 
109 MSun) of the accreting black hole distribution with BL Lac objects - a rare class of radio-loud AGN viewed nearly along the axis of a relativistic jet.  We start with the largest uniform sample of BL 
Lacs yet assembled, and we build their SEDs using large multiwavelength surveys.  We use these SEDs to test the blazar sequence, a proposed anti-correlation between jet power and SED peak frequency.   
Finally, we show our BL Lac objects fit on the fundamental plane, supporting the non-linear scaling of jet radiation with black hole mass. 
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439  Massaro et al. 2004, A&A, 413, 489  Merloni et al. 2003, MNRAS, 345, 1057  Nieppola et al. 2008, A&A, 488, 867  Padovani 2007, Ap&SS, 309, 63  Plotkin et al. 2010a, 139, 390  Plotkin et al. 2010b, MNRAS, subm. 

I.  BL Lac Objects: Probes of Jets Emanating from 
the Most Massive Accreting Black Holes 

 The spectral energy distributions (SEDs) of BL Lac 
objects (i.e., low-luminosity blazars) are dominated by 
beamed jet emission from the radio to the gamma-ray, 
yielding the following characteristics: 

•  featureless optical spectra (Figure 1, left);  

•  a hump from synchrotron radiation at low 
frequencies, peaking anywhere from the near-
infared to soft X-ray (Figure 1, right); 

•  inverse Compton emission at higher frequencies. 

 Since radiation from BL Lacs is dominated by the jet, 
they make excellent probes of jet physics.    Here, we 
use BL Lacs to shed light on two properties of 
relativistic jets.  First, we investigate if the shape of jet 
SEDs depends on luminosity (Section III); second, we 
test the scaling of jet radiation with black hole mass 
(Section IV).   

III. The Blazar Sequence 

Fossati et al. (1998) found an anti-correlation, termed the blazar sequence, between jet 
luminosity and SED peak frequency [in log (!L!) - log !]; their study included ~60 BL Lacs.  
The blazar sequence has so far been supported by the Fermi Gamma-Ray Observatory (see, 
e.g., Ghisellini et al. 2009).  However, the best explanation is still controversial, as it could 
depend on fundamental AGN parameters like black hole mass and accretion rate (Ghisellini 
& Tavecchio 2008), it could be an orientation effect (Nieppola et al. 2008), or, it could 
rather be a selection effect (e.g., Padovani 2007).   

SED Fits: Each SED is fit with a parabola (see Massaro et al. 2004): 

log (!L!) = A [log(!)]2 + B log(!) + C. 

We visually examine each fit to assess its quality and determine if the X-rays are most likely 
emitted by synchrotron or inverse Compton processes. We retain 409 SEDs with good 
quality fits, that have radio detections at 1.4 GHz, and are radio loud .  

BL Lacs fit on the fundamental plane.  Our regression (LX~Lr
1.40M-0.87, using the Bayesian 

method of Kelly 2007)  agrees with the Merit function regression performed by Körding et 
al. (2006), LX~Lr

1.41M-0.87, and with the theoretical prediction by Falcke et al. (2004), 
LX~Lr

1.38M-0.81.  

•  Our fit disagrees with Merloni et al. (2003), who find LX~Lr
1.64M-1.30.  Merloni et al. 

include more luminous XRBs and AGNs in their sample, where the X-ray emission is 
likely emitted by an X-ray corona instead of a relativistic jet.   

•  The BL Lac scatter about the plane does not appear to be a strong function of peak 
frequency, and our results remain qualitatively similar if our BL Lac objects are 
corrected for relativistic beaming. 

•  Our BL Lacs have indistinguishable black hole masses (MBH~108.5 Msun) and a 
dispersion similar to the measurement uncertainty (±0.4 dex).  There is no dependence 
of black hole mass on peak frequency. 

Figure 2 – Radio Luminosity at rest-frame 5 GHz vs. synchrotron peak frequency.  A Bayesian 
regression is performed with the method of Kelly (2007), which handles censored data.  A 
mildly significant trend confirms the blazar sequence (green line).  When considering only the 
30 brightest X-ray and radio sources (blue and red stars), the anti-correlation becomes 
extremely significant (orange dashed line).  Selection effects may therefore influence the 
blazar sequence. 

log LX-ray = (1.40±0.04) log Lradio - (0.87±0.07) log MBH – (4.89±1.10) 
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Figure 3 –
Fundamental 
Plane of Black 
Hole Accretion: X-
ray luminosity 
(normalized by the 
mass scaling) vs. 
radio luminosity.  
SDSS BL Lacs fit 
on the plane, 
supporting the non-
linear scaling of 
black hole 
accretion with 
black hole mass.   

II. The Sample and Spectral Energy Distributions:  
 We use the large (723 object) uniform SDSS BL Lac sample assembled by Plotkin et al. (2010a, hereafter P10), and we 
correlate to WENSS/GB6/FIRST/NVSS in the radio, 2MASS in the NIR, GALEX in the UV, and RASS/XMM-Newton 
Slew Survey in the X-ray.  This is the largest uniform parent sample yet to be used in blazar sequence and mass scaling 
studies, greatly reducing potential selection effects and biases. 

IV. Black Hole Mass Scaling and the Fundamental Plane 

The fundamental plane - a correlation between MBH, Lradio, and LX-ray - is one of the strongest 
quantitative arguments supporting mass scaling between accreting stellar and supermassive 
black holes (Merloni et al. 2003, Falcke et al. 2004).  We use 58 data points from the KFC 
sample in Körding et al. (2006), including low-hard state XRBs, Sgr A*, LLAGN, and FR I 
radio galaxies, and we use 55 P10 BL Lacs with black hole mass estimates (Plotkin et al. 
2010b).  We estimate LX-ray for BL Lacs by extrapolating the luminosity where their SED 
becomes optically thin. 

Figure 1: 

Left: SDSS images and spectra for 
three sample BL Lac objects.  Host 
galaxy spectral features are labeled 
in the top spectrum and are used to 
measure its central black hole 
mass.  In the bottom two panels, we 
estimate redshift lower limits from 
their lack of host galaxy features. 

Right: Sample SEDs for the same 
BL Lacs as in the left panel.  
Parabolic fits are shown (see 
Section III), and the peak frequency 
is marked.  The peak frequency 
corresponds to the synchrotron 
cutoff. 

Result: We compare log (!L!) at 5 GHz and SED peak frequency, !peak,, including luminosity 
lower limits. There is a weak anti-correlation (p =0.00425, green line).  However, if we 
consider only our 30 brightest radio sources and our 30 brightest X-ray sources, the trend 
becomes quite significant (p<10-5, orange dashed line).  Thus, deep blazar surveys are 
revealing low-luminosity low-energy peaked BL Lacs that make the sequence appear weaker, 
and selection effects may bias the blazar sequence. 
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log LX =  (1.44±0.04) log LR - (0.88±0.06) log MBH - 6.03±1.16
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Summary
1. Bayesian Regression is Very Promising for 

Refining the Fundamental Plane

2.X-rays from the “average” low-accretion rate BH 
are dominated by optically thin jet synchrotron 

3.There are Systematic *Observational* Challenges 
to Including the Most Massive Black Holes

Need to account for how SED “shifts” with 
black hole mass


