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ABSTRACT

Aims. We study the correlations between the VLBA (Very Long Baseline Array) radio emission at 15 GHz, extended emission
at 151 MHz, and optical nuclear emission at 5100 Å for a complete sample of 135 compact jets.
Methods. We use the partial Kendall’s tau correlation analysis to check the link between radio properties of parsec-scale jets and
optical nuclear luminosities of host active galactic nuclei (AGN).
Results. We find a significant positive correlation for 99 quasars between optical nuclear luminosities and total radio (VLBA) lumi-
nosities of unresolved cores at 15 GHz originated at milliarcseconds scales. For 18 BL Lacs, the optical continuum emission correlates
with the radio emission of the jet at 15 GHz. We suggest that the radio and optical emission are beamed and originate in the inner-
most part of the sub-parsec-scale jet in quasars. Analysis of the relation between the apparent speed of the jet and the optical nuclear
luminosity at 5100 Å supports the relativistic beaming model for the optical emission generated in the jet, and allows the peak values
of the intrinsic optical luminosity of the jet and its Lorentz factor to be estimated for the populations of quasars (2 × 1020 W Hz−1

and γ = 52), BL Lacs (9 × 1021 W Hz−1 and γ = 20), and radio galaxies (1.5 × 1021 W Hz−1 and γ = 9). The radio-loudness of
quasars (the ratio of 15 GHz flux density and optical nuclear flux at 5100 Å) is found to increase at high redshifts, which is interpreted
as progressively higher Doppler factors in radio regime compared to those in optical. A strong positive correlation is found between
the intrinsic kinetic power of the jet (measured from the flux density at 151 MHz) and the apparent luminosities of the total and the
unresolved core emission of the jet at 15 GHz. This correlation is interpreted in terms of an intrinsically more luminous parsec-scale
jet producing more luminous extended structure, which is detectable at low radio frequencies, 151 MHz. A possibility that the low
frequency radio emission is relativistically beamed in superluminal sources and therefore correlates with radio luminosity of the jet at
15 GHz cannot be ruled out. Monitoring of superluminal AGN in a wide range of frequencies is required to check the contribution of
each effect.
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1. Introduction

The orientation-based unification schemes of radio-loud active
galactic nuclei (AGN) (Barthel 1989; Urry & Padovani 1995)
suggest that the continuum and broad-line emission from their
central engine are seen directly in powerful FR II (Fanaroff &
Riley 1974) quasars, while in FR II radio galaxies the cen-
tral emission can be partially/completely hidden by obscur-
ing material (“dusty torus”). In this scheme the presence of
relativistic jets implies that radio-loud quasars are the rela-
tivistically beamed counterparts of radio galaxies. The beamed
synchrotron emission from the base of the jet may extend to op-
tical wavelengths in quasars (Impey & Tapia 1990) and even in
the relatively unbeamed radio galaxies (Chiaberge et al. 2002;
Hardcastle & Worrall 2000). We should expect that in quasars

� Table 3 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/520/A62

the emission from both the central engine (thermal?) and the
jet (non-thermal) contribute to the total power, whereas in ra-
dio galaxies the bulk of the optical continuum emission may be
attributed to the relativistic jet rather than the central engine hid-
den by the torus (e.g., Arshakian et al. 2010; León-Tavares et al.
2010).

One approach to investigate the physical processes in active
galactic nuclei (AGN) at scales not reachable by present-day
telescopes is to study the correlations between radiative en-
ergy in different wavebands. There is evidence that the beamed
synchrotron emission from the base of the radio jet extends to
visible wavelengths in BL Lacs and quasars (Wills et al. 1992).
Several authors (Hardcastle & Worrall 2000; Chiaberge et al.
2002; Kharb & Shastri 2004) investigated the correlations be-
tween the radio and optical regimes for radio-loud FRI-FRII
radio galaxies with the sample size <∼65 objects. On the basis
of the correlations between unresolved optical core emission (in
the high-resolution images with the Hubble Space Telescope)
and the VLA (Very Large Array) radio core emission of the jet
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on scales of milliarcseconds (see Hardcastle & Worrall 2000),
and color information, these authors argued that optical nuclei
are due to synchrotron radiation from the jet. The VLBI (Very
Long Baseline Interferometry) imaging of jets at 15 GHz reaches
an unprecedented milliarcsecond resolution (Kellermann et al.
1998; Zensus et al. 2002; Kellermann et al. 2004) and the VLBI
cores are resolved on submilliarcsecond scales (Kovalev et al.
2005). The VLBA provides a high reliability in the results due
to the excellent calibration properties and the repeatability of
observations. Here we investigate the radio-optical correlation
between the VLBA core emission at 15 GHz and the optical
nuclear emission at 5100 Å to test a single production mech-
anism for radio and optical continuum emission on scales of
submilliarcseconds.

The relativistic outflows of plasma material form near the
central nucleus and trace the pc-scale broad-line region and
kpc-scale narrow-line region transporting the kinetic energy pre-
served in the jet to hundreds of kiloparsecs away from the central
engine. To test the link between the properties of the pc-scale jet
and extended radio structure on kiloparsec scales, as well as the
correlation between VLBI radio and optical nuclear luminosi-
ties we use the complete sample of 135 core-dominated AGN
possessing relativistic jets (Lister & Homan 2005).

In Sect. 2 we introduce the radio sample of AGN, and in
Sect. 3 we define the radio parameters of their compact jets. The
optical nuclear luminosities are derived in Sect. 4. Correlations
between radio properties of the jet, and between radio properties
and optical nuclear luminosities are discussed in Sects. 5 and 6
respectively.

Throughout the paper a flat cosmology model is used with
Ωm = 0.3 (ΩΛ + Ωm = 1) and H0 = 70 km s−1 Mpc−1.

2. The sample of compact AGN

To analyze the correlations between optical continuum emis-
sion and the characteristics of radio jets on sub-parsec scales
we use the complete statistical sample of compact AGN sources
(Lister & Homan 2005) and the sample of 250 compact extra-
galactic radio sources at 15 GHz compiled by Kovalev et al.
(2005). The samples consist of compact AGN from the MOJAVE
(Monitoring of Jets in AGN with VLBA Experiments) program
and the VLBA 15 GHz monitoring survey. The MOJAVE-1 sam-
ple is a flux-density limited complete sample of 135 AGN with
redshifts reaching up to 3.4. Most of the MOJAVE-1 AGN have
flat spectra and their total flux density at 15 GHz is greater
than 1.5 Jy for sources in the Northern hemisphere (δ > 0◦)
and >2 Jy in the Southern hemisphere (−20◦ < δ < 0◦). Of
the 135 radio-loud AGN in the MOJAVE-1 sample there are 101
quasars, 22 BL Lacs, 8 galaxies, and 3 unidentified objects (clas-
sification of AGN is adopted from Véron-Cetty & Véron 2003).
Based on the extended emission at 1.4 GHz, Kharb et al. (2010)
showed that the radio luminosities of a substantial fraction of
the MOJAVE quasars fall in the intermediate power range char-
acteristic for FR I and FR II radio structures. Radio luminosities
and morphologies of BL Lacs at 1.4 GHz are consistent with the
FR II morphology and radio power of quasars.

This complete sample is used to infer relationships between
optical luminosity and properties of compact jet. These relations
are also checked for the full sample of 250 AGN, which includes
additional compact AGN of special interest that did not meet the
criteria of the complete sample. The full sample of 250 AGN in-
cludes 188 quasars, 36 BL Lacs, 20 radio galaxies, and 6 sources
with no optical identification.

Biases of the sample. According to the relativistic beaming
model, the intrinsic flux density of the relativistic jet is enhanced
toward the jet direction by relativistic Doppler beaming effect.
The beamed emission appears to be stronger at small viewing
angles of the jet (Pearson & Zensus 1987; Cohen et al. 2007).
Compact jets with high intrinsic radio luminosities can be seen at
larger viewing angles, while the intrinsically faint jets fade away
at larger viewing angles and are not included in the sample. In
combination with the jet speed, this effect introduces a bias to-
wards fast and bright jets to be oriented near to the line of sight.
At small angles we should have a wider range of Lorentz factors
and intrinsic radio luminosities, while at large angles only slow
and intrinsically bright jets are included. Low-redshift, bright
sources can also have large viewing angles evidenced by two-
sided compact jets.

The sample of compact radio jets compiled by a flux limit
has various selection effects, which arise from a combination
of intrinsic luminosity, luminosity distance, and Doppler fac-
tor. Monte Carlo simulations of flux-limited, beamed samples
suggest that the mean Doppler factor does not generally in-
crease with redshift (Lister & Marscher 1997). For low redshifts
(z < 0.6), there is a deficit of high-Doppler factor, low viewing
angle sources since they are rare in the population; the volume
element at low-z is small, and these sources are close enough
that they do not need to be as beamed to be in included the flux-
limited sample. Basically beaming is not as important a factor at
lower redshifts in determining the makeup of a flux-limited sam-
ple as at high redshifts, z > 0.6, according to Lister & Marscher
(1997). These authors showed that the viewing angle of the jet
has a wide range at low redshifts, while at z > 0.6 the mean
viewing angle is pretty much constant, as was shown by simula-
tions. Essentially, there is enough range in the intrinsic luminos-
ity function, and the volume is large enough, so that at z > 0.6, a
combination of slightly less aligned sources with higher intrinsic
powers, and vice versa, are included in the flux-limited sample.

The variability Doppler factors (measured from the variabil-
ity timescales of radio flares at different frequencies; see Hovatta
et al. 2009) of about 50% of the MOJAVE blazars were es-
timated with the total flux density observations obtained with
the Metsähovi single-dish 14-meter telescope at 22 GHz and
37 GHz. These observations allow the measurements of variabil-
ity Doppler factors for all flaring jets to be made, while for jets
too compact to be observed with the VLBA at 15 GHz, the ap-
parent speed cannot be measured due to the absence of moving
jet components. Around 50% of the MOJAVE-1 core-dominated
compact jets have no measurements of Doppler factors (Hovatta
et al. 2009), because 53 sources were not monitored or analyzed,
and 12 AGN had no detection of moving components (6 BL Lacs
and 6 quasars). The jets of later sources are believed to have very
small viewing angles. The selection of AGN with known appar-
ent speeds thus should introduce a bias towards larger viewing
angles, which can be significant for the sample of 16 BL Lacs
with known apparent speeds.

Another issue is the accurate division between BL Lacs
and quasars. Kharb et al. (2010) showed that the division of
blazars into two subclasses by an emission-line equivalent width
of 5 Å is arbitrary in terms of radio jet properties of AGN form-
ing the MOJAVE sample. Some correlation tests for BL Lacs
and quasars differ significantly when two subclasses are con-
sidered separately, indicating that it is likely that the popula-
tion of BL Lacs is inhomogeneous and consists of blazars with
both FR I and FR II morphological types, while the population
of quasars includes only FR II radio galaxies. Other problems re-
lating to the precise delineation between BL Lacs and quasars is
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discussed in Kovalev et al. (2005). Because we aim to study the
radio-optical correlations for a relatively small MOJAVE-1 sam-
ple of 135 AGN, and find significant correlations for BL Lacs,
quasars and radio galaxies, we adopt the original classification
of blazars provided by Véron-Cetty & Véron (2003) to keep the
subsamples under investigation large enough to find significant
correlations.

3. Parameters of the jet

The relativistic plasma outflows oriented near to the line of sight
are observed as one-sided radio core-jet structures (as seen on
VLBA images) due to relativistic brightening of the radio emis-
sion from the approaching jet, while outflows oriented at large
angles present a two-sided jet structure. The apparent speed of
the fastest jet component is assumed to be equal to the speed
of the jet flow. Kovalev et al. (2005) studied the central regions
of 250 compact AGN at 15 GHz. They derived the total flux
densities from each VLBA image (S VLBA) and the flux densi-
ties from unresolved, most compact regions of the VLBA cores
(S un). The most compact structures extend at sub-milliarcsecond
scales (0.02−0.06 mas). The uncertainty in S VLBA and S un is
about 5%. The flux density from the extended jet was defined
as S jet = S VLBA − S core, where S core is the VLBA resolved core
flux (Kovalev et al. 2005). The luminosity of the VLBA compo-
nent, unresolved core, and jet components are

L = 4πS d2
L(1 + z)−(1+α), (1)

where S is the flux density of the specified component, dL is
the luminosity distance at the redshift z, and α is the spectral in-
dex assumed to be α ≡ α1 = 0 for total VLBA and unresolved
core components, and α2 = −0.7 for the jet (S ν ∼ να; Lister
& Homan 2005). The rest-frame ratios of CVLBA = S VLBA/S tot
(where S tot is the flux density at 15 GHz determined from obser-
vations of single dish antennas) and Cun = S un/S VLBA define the
source compactness on arcsecond scales and sub-milliarcsecond
scales respectively (Kovalev et al. 2005). The radio-loudness pa-
rameter is defined as the ratio of the total VLBA flux density
at 15 GHz and the nuclear optical flux measured in the B band
(see Eq. (10)), R = S VLBA(1+ z)−α1+α3/FB,nuclear, where α3 is the
optical spectral index adopted to be −0.5 (see Sect. 4).

We measure the intrinsic luminosity of the jet for 68 AGN
(51 quasars and 12 BL Lacs) using the relation Lint = D−(p−α)

var L,
where p = 2 for a steady-state jet, appropriate for a core region,
and p = 3 for a discrete optically thin source (Lind & Blandford
1985), and α ≡ α1 = 0 for LVLBA, Lun, and α ≡ α2 = −0.7
for Ljet.

The apparent speed of the jet (βa in units of the speed of
the light) is measured for 118 AGN (Lister et al. 2009b, and
MOJAVE website1; see Table 3). We use the variability Doppler
factor of the jet (Dvar; Hovatta et al. 2009) to derive the Lorentz
factor (γ = 1/

√
1 − β2, where β is the speed of the jet in units of

the speed of the light),

γ =
β2

a + D2
var + 1

2Dvar
, (2)

and the viewing angle of the jet

θ = arctan

(
2βa

β2
a + D2

var − 1

)
(3)

1 http://www.physics.purdue.edu/MOJAVE/

for 63 AGN from the MOJAVE-1 sample. Note that this value
represents the 49% of the total of AGN. We cannot estimate the
exact errors of the Lorentz factor and the jet viewing angle, be-
cause it is difficult to determine the error estimates of Dvar for
each source. Hovatta et al. (2009) used a sample of 45 AGN
with well-defined radio flares to determine the median standard
deviation of the sample to be ∼27%, which is assumed to be an
upper limit for the error estimate of Dvar. Adopting this value
we calculate the upper limit of the error imposed on the median
value of Dvar for the MOJAVE-1 sample, Dvar,med = 12.2± 3.31.
Using the later and the median apparent speed and the median
error of the sample, βa,med = 10.24± 0.81, we determine the up-
per limits of the error estimates for γ and θ to be ∼8% and ∼32%,
respectively, using the formula for error propagation of two un-
correlated variables, βa,med and Dvar,med.

To measure the power transported by the radio jet to kilo-
parsec scales, we used the analytical formula derived by Punsly
(2005),

Qj = 5.7 × 1044(1 + z)1+αZ2S 151 erg s−1, (4)

where S 151 is the flux density at 151 MHz detected from the ex-
tended radio structure (see Table 3), α = 1 is the spectral index
at 151 MHz, and Z is a function of the redshift. The flux den-
sities at 151 MHz are estimated for 135 AGN from the interpo-
lation between flux densities measured at frequencies between
80 MHz to 1 GHz using data available from the CATS database
– Astrophysical CATalogs support System (Trushkin et al. 2000;
Verkhodanov et al. 1997, 2000, 2005, 2009). The contribution
of the VLBI core to the flux density at 151 MHz should be small
or negligible for the majority of compact AGN because the core
emission should be synchrotron self-absorbed and/or suffer free-
free absorption at low frequencies (Lobanov 1998). Moreover,
we used flux-density measurements of single-dish telescopes
which, at low radio frequencies, pick up predominantly emis-
sion from the extended kpc-scale structure. The radio luminos-
ity at 151 MHz (L151) is calculated from Eq. (1) for the value
of α = −1.

4. Optical nuclear luminosities of compact AGN

We estimate the optical luminosities of compact radio sources
at 5100 Å (L5100) using the B band in the standard Johnson’s
photometric system (BJ). The absolute luminosity at 5100 Å is
estimated with the following expression (e.g., Marziani et al.
2003a):

λL5100 = 3.137 × 1035−0.4(MB−AB) erg s−1, (5)

where AB is the galactic extinction in the B-band taken from the
NASA Extragalactic Database and MB is the absolute magnitude
given by Schmidt & Green (1983):

MB = BJ − 5 log A(z) + 2.5 (1 + α) log (1 + z)

+5 log (h) − 42.386, (6)

where h = H0/100 km s−1 Mpc−1 = 0.7, α ≡ α3 = −0.5 is
the spectral index found for radio-loud objects (S ν ∝ να; see
Brotherton et al. 2001 Table 2), z is the redshift and A(z) is the
bolometric luminosity distance for the flat cosmology model,

A(z) = (1 + z)

[
η(1,Ωm) − η

(
1

1 + z
,Ωm

)]
, (7)

where Ωm = 0.3 and η is a function of z and Ωm (see Pen 1999).
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Fig. 1. Left panel: linear transformation between O MAPS and BJ. Right
panel: linear transformation between B USNO and BJ.

We have searched for the apparent magnitudes for 250 com-
pact AGN in two catalogs: the Minnesota Automated Plate
Scanner Catalog of the Palomar Observatory Sky Survey
(POSS I), hereafter the MAPS Catalog (Cabanela et al. 2003)
and the US Naval Observatory USNO-B catalog (Monet et al.
2003). The apparent magnitudes in the MAPS catalog are given
as photographic O magnitudes, while the USNO catalog mea-
sures B magnitudes. To convert the O magnitude from MAPS
and the B USNO to the standard BJ magnitude in Johnson’s sys-
tem we used the linear correlations that we found using the BVR
photoelectric photometry for 426 stars in 49 Palomar Sky Survey
fields (Humphreys et al. 1991). The following expressions are
used to transform the apparent magnitude to the BJ magnitude:

BJ = (0.264 ± 0.038) + (0.973 ± 0.002)OMAPS, (8)

and,

BJ = (0.08 ± 0.46) + (1.01 ± 0.03)BUSNO. (9)

From Fig. 1 we can see that the O MAPS magnitude presents
less dispersion than B USNO magnitude with respect to the BJ.
Out of 250 sources, we identified 163 AGN in the MAPS cat-
alog, the other 79 remaining sources were found in the USNO
catalog, and eight objects have no optical counterparts. Out of
135 sources from the MOJAVE-1 sample, nine sources have no
optical counterparts: two quasars, four BL Lacs, and three un-
classified objects (see Table 3).

For 123 AGN from the full sample, we have measure-
ments of monochromatic spectral fluxes at 5100 Å, 3000 Å,
and 1350 Å. The spectroscopic observations were carried out at
2.1-m class telescopes OAN-SPM2, GHAO3 complemented with
intermediate and high-resolution spectra found in SDSS/HST-
FOS archives, Marziani et al. (2003b), and Lawrence et al.
(1996). The spectral atlas and the details of the observations
will be published in a forthcoming paper (Torrealba et al., in
preparation).

We scaled the 3000 Å and 1350 Å fluxes to 5100 Å F5100,sp
assuming the spectral index α = − 0.5. Contribution of optical
nuclear emission is dominant for quasars and BL Lacs, while
for radio galaxies the optical emission of the stellar component
can be significant. Figure 2 (left panel) shows that the photomet-
ric fluxes (F5100) are on average higher than the spectral fluxes
(F5100,sp), because the contribution of the host galaxy is larger in

2 Observatorio Astronómico Nacional at San Pedro Mártir, Baja
California, México.
3 Observatorio Astrofísico Guillermo Haro at Cananea, Sonora,
México.

photometric fluxes. To correct the photometric fluxes for a stel-
lar emission, we used the relation between F5100 and F5100,sp for
123 AGN, excluding the radio galaxies and eight highly vari-
able AGN:

FB, nuclear ≡ FB, corr = 0.14 (FB)0.871±0.072. (10)

Corrected photometric fluxes, measured and estimated spectral
fluxes at 5100 Å are presented in Fig. 2 (right panel). Outliers
from the equality line are radio galaxies and few quasars. The
corrected fluxes of the former are contaminated by the host
galaxy emission, while a strong variability of some quasars
causes large deviations expected from the equality line.

The corrected optical fluxes and corrected luminosities (or
nuclear optical luminosities, hereafter, L5100) are presented in
Table 3. The distribution of nuclear optical luminosities of 123
AGN from the MOJAVE-1 sample ranges between 1020 W Hz−1

and 1025.5 W Hz−1 with the maximum at 1024 W Hz−1 (Fig. 3).
Optical luminosities of quasars are higher than those of BL Lacs,
and the luminosities of the latter are higher than those for radio
galaxies. While the optical luminosities are weaker than the total
radio luminosities by a three orders of magnitudes, the shapes of
distributions of L5100 for quasars, BL Lacs and galaxies are sim-
ilar to the distributions of total radio luminosities of the compact
jets at 15 GHz (Lister & Homan 2005; Kovalev et al. 2005).

5. Correlations between radio properties of the jet

Correlations are considered significant for the samples of all
135 sources and 95 quasars if the confidence level P > 98%,
while for the sample of 18 BL Lacs the correlations with a con-
fidence level high than 95% are considered. Partial Kendall’s tau
correlation (Akritas & Siebert 1996) showed that the VLBA lu-
minosities of MOJAVE-1 AGN and the luminosities of their un-
resolved core and the jet at 15 GHz are correlated at the high
confidence level,>99.99%. These correlations were expected for
all types of AGN such as quasars, BL Lacs and radio galaxies,
because the emission from both unresolved core and jet are ex-
pected to be Doppler-boosted.

In the relativistic brightening model the observed radio emis-
sion of the jet is boosted by relativistic Doppler effect, which de-
pends on the viewing angle (θ) and the Lorentz factor (γ) of the
jet. Strong negative correlation between LVLBA, Lun, Ljet and θ for
48 quasars (Table 1) and for the sample of 63 AGN (Fig. 4) con-
firms that the radio emission from all AGN types suffers from
relativistic beaming. The missing population of compact (core
only) jets without viewing angle (θ) measurements are those
aligned to the line-of-sight and should have populated the right
bottom quadrant in Fig. 4. The ordinary linear-squares method
is used to fit this relation for 62 AGN, excluding three outliers
(two quasars and one BL Lac),

log θ = (7.92 ± 0.78) + (−0.26 ± 0.03) log LVLBA. (11)

This relation can be used as an independent method for esti-
mating the jet viewing angle from radio luminosity of the jet
at 15 GHz.

No correlation is found between jet luminosities and jet
speed separately for quasars, BL Lacs and radio galaxies. The
average Lorentz factors of quasars and BL Lacs (17.1 ± 10.9
and 8.2± 5.5) are larger than those for radio galaxies (3.6± 2.9).
This produces a positive correlation (95%) in the LVLBA − γ
plane, which appears to be stronger between Ljet and γ (98.4%;
Table 2).
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Fig. 3. Distribution of corrected photometric optical luminosities at
5100 Å for the sample of 125 AGN for MOJAVE-1 sample (top panel),
99 quasars, 18 BL Lacs and 8 radio galaxies.

The distribution of the jet kinetic power (Qj estimated from
Eq. (4)) is significantly different for quasars, radio galaxies, and
BL Lacs (Fig. 5). We should not expect a difference between
quasars and radio galaxies as they are according to the unifi-
cation scheme the same objects oriented differently to the line-
of-sight. In the MOJAVE sample, the kinetic power of the jets
are found to be higher in quasars than in radio galaxies. This

can be understood as a bias resulting from the flux limit of the
sample: only nearby radio galaxies (z < 0.2) are included in
the MOJAVE sample because they are fainter at 15 GHz, while
quasars are more luminous and can be detected up to z ≈ 2.5.

The negative correlation, at 99.7% confidence level found for
all types reflects the fact that BL Lacs and radio galaxies have on
the average smaller kinetic powers and larger jet viewing angles
than those for the quasars.

We find a strong positive correlation between the kinetic
power of the jet and the apparent luminosity of the jet for
101 quasars and 19 BL Lacs (Fig. 6). At first glance it seems to
be a surprising result because Qj is thought to be an orientation-
independent parameter, while LVLBA or Ljet (LVLBA ∝ Ljet) de-
pends on the jet viewing angle (see Table 1). As was discussed
in Sect. 2, more luminous jets are found at high redshifts due
to their rarity. The LVLBA depends on the Doppler factor of the
jet (or its jet viewing angle and Lorentz factor) and the intrin-
sic radio luminosity, Ljet = D2−α

var Ljet, int (for a steady-state jet).
While progressively smaller jet viewing angles are detected at
high redshifts (see Table 1), the average Doppler factor does
not change much (Lister & Marscher 1997; Fig. 13 in Hovatta
et al. 2009). This indicates that the high apparent luminosities
detected at high redshift are mostly due to high intrinsic lumi-
nosities of the jets. Hence, we should expect that Ljet, int corre-
lates with Qj. For a sample of 51 quasars, the intrinsic luminos-
ity of the unresolved core and the jet are found to be correlated
with the kinetic power of the jet at >∼99% confidence level. The
significance is lower than that found in the Qj−Ljet relation plane
(see Table 1) mainly due to about two times smaller sample of
AGN with known Doppler factor values. This positive correla-
tion may reflect that intrinsically much brighter jets on parsec-
scales pump more electrons into the kiloparsec-scale radio lobes,
resulting in a more luminous extended structure. A larger num-
ber of low energy electrons accumulate in the lobes (because the
lifetime of the low energy electrons is much longer) and emits
a low-frequency synchrotron radio emission on scales of hun-
dreds of kiloparsecs. We suggest that a real positive correlation
between the intrinsic luminosity of the parsec-scale jet and the
kinetic jet power (or luminosity of the extended radio structure)
is reflected in the Qj − Ljet relation plane for a given distribution
of Lorentz factors of the jet.

We further investigate correlations between Qj and the in-
trinsic parameters of the jet (θ and γ) measured for ∼50 AGN.
The measured kinetic power should be independent of the jet
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Table 1. Kendall’s τ correlation analysis between parameters of the jet, extended radio structure for all AGN from the MOJAVE-1 sample, quasars
and BL Lacs.

All Quasars BL Lac
A1 A2 A3 N τ P N τ P N τ P

LVLBA Lun z 128 0.763 1.57E-16 101 0.771 9.59E-20 19 0.789 4.50E-02
LVLBA Ljet z 128 0.471 5.02E-11 101 0.466 1.65E-11 19 0.205 2.16E-01
βa LVLBA z 119 0.062 2.24E-01 95 −0.011 8.50E-01 16 0.025 8.37E-01
βa Lun z 119 0.056 2.22E-01 95 −0.004 9.40E-01 16 0.078 5.10E-01
βa Ljet z 119 0.104 6.65E-02 95 0.026 6.96E-01 16 0.165 1.70E-01
βa Cun – 119 0.083 1.81E-01 95 0.055 4.31E-01 16 −0.050 7.87E-01
βa Cjet – 119 −0.068 2.75E-01 95 0.027 6.97E-01 16 −0.050 7.87E-01
βa CVLBA – 119 0.036 5.60E-01 95 −0.024 7.28E-01 16 0.133 4.71E-01
βa S VLBA/FB – 118 0.038 5.44E-01 95 −0.038 5.82E-01 15 −0.295 1.25E-01
θ LVLBA – 65 −0.467 3.74E-08 48 −0.372 1.89E-04 12 −0.212 3.37E-01
θ Lun – 65 −0.451 1.09E-07 48 −0.346 5.28E-04 12 −0.152 4.93E-01
θ Ljet – 65 −0.421 7.07E-07 48 −0.317 1.46E-03 12 −0.030 8.91E-01
θ Cun – 65 0.050 5.56E-01 48 0.089 3.74E-01 12 −0.091 6.81E-01
θ Cjet – 65 0.142 9.38E-02 48 0.064 5.22E-01 12 0.364 9.98E-02
θ CVLBA – 65 −0.170 4.51E-02 48 −0.133 1.82E-01 12 −0.242 2.73E-01
θ S VLBA/FB – 64 −0.276 1.28E-03 48 −0.183 6.71E-02 11 −0.273 2.43E-01
Qj LVLBA z 128 0.354 1.30E-07 101 0.341 4.77E-07 19 0.214 2.16E-01
Qj Lun z 128 0.277 1.08E-06 101 0.264 9.54E-06 19 0.195 1.79E-01
Qj Ljet z 128 0.400 7.61E-10 101 0.414 2.16E-10 19 0.097 4.65E-01
Qj LVLBA,int z 70 0.204 2.87E-03 51 0.205 1.58E-02 14 0.123 4.93E-01
Qj Lun,int z 70 0.236 1.29E-03 51 0.237 8.91E-03 14 0.147 4.17E-01
Qj Ljet,int z 70 0.201 5.12E-03 51 0.244 6.38E-03 14 −0.014 9.48E-01
Qj Cun – 128 −0.174 3.66E-03 101 −0.261 1.13E-04 19 0.333 4.61E-02
Qj Cjet – 128 0.021 7.29E-01 101 0.155 2.14E-02 19 −0.216 1.96E-01
Qj CVLBA – 128 −0.122 4.16E-02 101 −0.229 6.84E-04 19 −0.088 6.00E-01
Qj S VLBA/FB – 125 0.249 3.88E-05 99 0.177 9.24E-03 18 0.320 6.35E-02
Qj βa z 119 0.187 6.92E-04 95 0.181 1.07E-03 16 −0.083 4.25E-01
Qj γ – 65 0.291 6.02E-04 48 0.046 6.44E-01 12 0.333 1.31E-01
Qj θ – 65 −0.312 2.44E-04 48 −0.161 1.06E-01 12 −0.061 7.84E-01
LVLBA,int γ – 65 0.037 6.67E-01 48 −0.190 5.72E-02 12 0.273 2.17E-01
Lun,int γ – 65 0.059 4.90E-01 48 −0.168 9.13E-02 12 0.273 2.17E-01
Ljet,int γ – 65 −0.053 5.33E-01 48 −0.195 5.05E-02 12 −0.061 7.84E-01
Dvar Cun – 72 0.024 7.66E-01 51 0.050 6.03E-01 16 0.042 8.21E-01
Dvar CVLBA – 72 0.178 2.66E-02 51 0.196 4.21E-02 16 0.276 1.36E-01
Dvar Cjet – 72 −0.258 1.37E-03 51 −0.129 1.82E-01 16 −0.460 1.29E-02
Dvar z – 70 0.381 3.13E-06 51 0.163 9.22E-02 14 0.278 1.66E-01
S VLBA/FB z – 125 0.327 6.51E-08 99 0.255 1.82E-04 18 0.242 1.61E-01
γ z – 65 0.189 2.61E-02 48 −0.134 1.79E-01 12 0.364 9.98E-02
θ z – 65 −0.382 6.74E-06 48 −0.244 1.45E-02 12 0.121 5.83E-01

Notes. A1 and A2 are the independent variables for which the Kendall’s τ correlation analysis is performed, and A3 is the dependent variable (if
exists then the partial Kendall’s τ correlation analysis is applied to A1 and A2), N is the number of sources included in the statistical analysis, τ is
the correlation coefficient, and P is the probability of a chance correlation. The correlations are considered to be significant (marked bold face) for
the samples of all 135 sources and 95 quasars if the significance level P < 2 × 10−2 (or confidence level >98%), and for the sample of 18 BL Lacs
if the significance level P < 5 × 10−2 (>95%).

viewing angle. This is consistent with the lack of correlation
found in the samples of 48 quasars and 12 BL Lacs (Table 1).
This correlation becomes significant for 46 quasars (τ = −0.22,
P = 0.03) if we exclude two quasars with very small view-
ing angles (<0.2 degrees). The lack of large viewing angles in
quasars with low kinetic powers (Fig. 7; bottom panel) can be
explained as a selection imposed by the flux limit: (a) quasars
with large kinetic power can be found at high redshifts due to
their rarity; and (b) at large distances only the most beamed
sources (small viewing angles and intrinsically luminous) can be
included in the sample. These two effects can produce the neg-
ative correlation observed in the Qj − θ relation plane. Another
possibility to explain this relation is that the radio emission at
151 MHz is variable and relativistically beamed. In the minor-
ity of the low-frequency variable sources (LFV), the variability
is correlated with that at high frequencies, with events started

at high frequencies and propagated to low frequencies with de-
creasing amplitude. This is a signature of intrinsic variability
caused by expansion of the emitting region, which has been con-
firmed from a comparison between flux density variability at
408 MHz and structural changes observed with VLBI observa-
tions at 1.67 GHz in several LFV sources (Bondi et al. 1996).
The majority of sources selected on the basis of LFV, however,
showed no correlation between variability at low and high fre-
quencies, which has been interpreted in terms of extrinsic vari-
ability due to refractive interstellar scintillation (e.g., Bondi et al.
1994, and references therein). Since the MOJAVE sources are
selected from high-frequency radio surveys on the basis of their
beamed emission, it is most likely that the low frequency vari-
ability is a result of both beaming and refractive interstellar scin-
tillation, with the former being dominant. Coordinated monitor-
ing of MOJAVE blazars across the wide range of frequencies is

Page 6 of 11



T. G. Arshakian et al.: Correlations between radio-optical properties of compact AGN

10
25

10
26

10
27

10
28

10
29

L
VLBA

  [W Hz
-1

]

0.1

1.0

10.0

100.0

θ 
[d

eg
]

Quasars - 48
BL Lacs - 12
Galaxies - 5
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jet at 15 GHz for 48 quasars, 12 BL Lacs, and 5 radio galaxies.

needed to explore this issue. To fully understand all selection
effects present in the flux-limited MOJAVE-1 sample and their
role in shaping the observed correlations, it would be helpful to
simulate the selection effects and the correlations between radio
parameters.

The Lorentz factors also do not show a significant correlation
with Qj for quasars and BL Lacs when considered separately
(the significant positive correlation present for the joint sample
is a result of jet power and jet speed being on average larger in
BL Lacs than in quasars).

The relationship between intrinsic jet luminosity and ex-
tended lobe power is currently not well-constrained (Lister
& Homan 2005). We report a positive correlation found for
51 quasars (98%) between the intrinsic luminosity of the parsec-
scale jet and the luminosity of the extended radio structure sug-
gesting that intrinsically bright parsec-scale jets produce lumi-
nous radio lobes on scales of hundreds of kiloparsecs.

Because of the tight correlation between L151 and Qj, the
jet kinetic power is also correlated with Ljet, int (99%) and
Lun, int (99%). Positive correlations are found between Qj and
S VLBA/FB, the radio loudness of the jet. This correlation is sig-
nificant for 99 quasars (99.1%) and marginally significant for
18 BL Lacs (94%).

Another significant negative correlation (99.9%) exists for
quasars between the kinetic power of the jet and the compactness
of the core on sub-milliarcseconds scales, while it is positive for
BL Lacs with a confidence level of 95.4%. Larger samples of
BL Lacs are needed to check the later correlation. There is a
strong positive correlation at 99.9% level between Qj and βa for
119 AGN (95 quasars), meaning that the kinetic power is corre-
lated with the speed of the jet, γ. We checked this for 48 quasars:
the correlation coefficient is positive but the correlation is not
significant. A larger sample of quasars with measured Doppler
factors is needed to detect a significance between weakly corre-
lated parameters.

The kinetic power of the jet depends on the Lorentz factor of
the jet and the mass outflow rate, Qj = γṀoutc2, where c is the
speed of the light. This opens a possibility to measure the mass
outflow rate using the independent measurements of Qj and γ
and to use the Ṁout as a measure of the accretion rate in superlu-
minal AGN. We will pursue this study in a separate paper.
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Fig. 5. Distribution of the jet kinetic power for 128 AGN (top panel):
101 quasars, 19 BL Lacs, and 8 radio galaxies.

6. Optical continuum luminosity and properties
of the jet for MOJAVE-1 sources

Compact AGN are strongly variable at 15 GHz and in the op-
tical band (Kovalev et al. 2005; Wold et al. 2007). In our case
of non-simultaneous observations, variability can blur possible
correlations between radio and optical luminosities.

The total radio luminosity of the VLBA jets at 15 GHz
against the optical continuum luminosity at 5100 Å for quasars,
BL Lacs, and radio galaxies are shown in Fig. 8.

The partial Kendall’s tau correlation analysis is used to in-
vestigate correlations between radio and optical luminosities.
We find a significant positive correlation (>99.99%) between the
nuclear optical luminosity of compact AGN and the radio lumi-
nosities of the total VLBA emission, the unresolved core, and
the jet emission for 99 quasars (Fig. 8; Table 2), while for 18
BL Lacs, the optical luminosity correlates positively only with
the jet luminosity at the confidence level of ∼99.9%. According
to the unification scheme for radio-loud AGN, the jet viewing
angles are smaller in BL Lacs than in quasars and it is larger in
radio galaxies, but this picture is not consistent with the aver-
age angles, θj, estimated for quasars, BL Lacs and radio galaxies
from the MOJAVE sample, (3.7± 2.5) deg, (8.9 ± 11.3) deg and
(23.1±19.9) deg, respectively. This is most likely a selection ef-
fect – BL Lacs viewed at smaller angles are more compact, and
for these we cannot measure jet viewing angles. This introduces
a bias for the sample of BL Lacs towards larger viewing angles.
Ghisellini et al. (2005) suggested that there is a stratification of
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Table 2. Kendall’s τ correlation analysis between radio parameters of the jet and optical nuclear luminosity at 5100 Å.

All Quasars BL Lac
A1 A2 A3 N τ P N τ P N τ P

L5100 LVLBA z 125 0.252 2.05E-07 99 0.260 8.33E-07 18 0.038 7.54E-01
L5100 Lun z 125 0.220 1.73E-06 99 0.217 1.37E-05 18 0.021 8.54E-01
L5100 Ljet z 125 0.285 4.84E-09 99 0.254 7.56E-06 18 0.407 1.30E-03
L5100 βa z 118 0.035 5.28E-01 95 −0.056 3.75E-01 15 0.402 4.20E-02
L5100 γ – 64 0.148 8.43E-02 48 −0.147 1.40E-01 11 0.600 1.02E-02
L5100 θ – 64 −0.350 4.31E-05 48 −0.309 1.98E-03 11 −0.018 9.38E-01
L5100 Qj z 125 0.187 4.39E-05 99 0.179 9.89E-04 18 −0.066 5.80E-01
L5100 Cun – 125 −0.087 1.51E-01 99 −0.177 9.41E-03 18 −0.033 8.50E-01
L5100 Cjet – 125 −0.070 2.46E-01 99 0.025 7.10E-01 18 0.085 6.22E-01
L5100 CVLBA – 125 0.048 4.26E-01 99 0.003 9.61E-01 18 −0.176 3.06E-01
L5100 S VLBA/FB - 125 −0.004 9.52E-01 99 −0.088 1.95E-01 18 −0.359 3.72E-02

velocities in the jet of BL Lacs. The emission of the fast-spine
layer is strongly boosted into a narrow cone and only the outer
lower-speed layers are detected, which are not representative of
the characteristic speed of the jet, and, hence, of the Doppler fac-
tor. This effect, together with possible misclassification of some
BL Lacs and quasars (see Hovatta et al. 2009) may lead to a bias
towards large viewing angles for BL Lacs.

Radio-optical correlations for quasars and BL Lacs can
be understood if both radio and optical synchrotron emission
originate in the relativistic jet and are Doppler-boosted. The dis-
persion of the radio-optical correlation can be caused by non-
simultaneous observations, distributions of intrinsic luminosi-
ties, and Doppler factors. The larger dispersion for BL Lacs
could be a result of stronger variability in the radio and optical
bands as well as a wider range of intrinsic luminosities, while for
radio galaxies the dimming of optical continuum emission by an
obscuring dusty torus can vary significantly.

Arshakian et al. (2010) reported a correlation between the
ejected jet components and the optical continuum flares in the
radio-loud galaxy 3C 390.3. This correlation was confirmed for
another radio galaxy, 3C 120 (León-Tavares et al. 2010), sug-
gesting that this link is common for all radio-loud galaxies and
radio-loud quasars. The link between optical continuum variabil-
ity and kinematics of the parsec-scale jet is interpreted in terms
of optical flares generated at subparsec-scales in the innermost
part of a relativistic jet (Arshakian et al. 2010; León-Tavares
et al. 2010) rather than in the accretion disk. This suggests
that the bulk of optical continuum emission is non-thermal and
Doppler-boosted. It is therefore likely that the optical nuclear
luminosity is intrinsically correlated with the radio luminosity
of the unresolved core of radio galaxies and quasars rather than
with their jet or accretion luminosities. For the BL Lacs, the sig-
nificant correlation found in the L5100 − Ljet relation plane sug-
gests that the optical emission is likely to be generated in the
continuos jet.

Another evidence supporting the synchrotron nature of the
optical emission generated in the relativistic jet is coming from
the apparent speed–optical luminosity diagram (Fig. 9). There is
a lack of blazars with low optical luminosities and high apparent
speeds, similar to the absence of sources in the relation between
apparent transverse speed and apparent radio luminosity of the
MOJAVE sources at 15 GHz (Cohen et al. 2007). This is not
a selection effect due to the observing limit in the MOJAVE-1
sample and it is interpreted in terms of relativistic beaming of
radio jets. The aspect curve, the relation between LVLBA and βa
for a fixed intrinsic radio luminosity and Lorentz factor of the jet,
derived from the relativistic beaming theory were shown to be a

good envelope for the quasars in the LVLBA − βa diagram (Cohen
et al. 2007), suggesting that the relativistic beaming model is
realistic for the MOJAVE blazars.

The good fit of the aspect curve in the L5100 − βa diagram
is shown for the whole population of quasars and 95% of the
population (dotted and full lines in Fig. 9). The good fit of an
aspect curve for all quasars suggests the peak values of the in-
trinsic optical luminosity L5100, int = 2 × 1020 W Hz−1, γ = 52,
and p = 3 in the population (Fig. 9; dotted line). However,
for the majority of quasars (95%), a better fit can be achieved
with the peak values of L5100, int = 4 × 1020 W Hz−1, γ = 33,
and p = 3. The populations of BL Lacs and radio galaxies are
also nicely enveloped under the aspect curve with parameters
L5100, int = 9 × 1021 W Hz−1, γ = 20, and p = 2 (dashed line)
and L5100, int = 1.5 × 1021 W Hz−1, γ = 9, and p = 2 (dot-dashed
line). This is a strong evidence that the optical nuclear emission
of quasars, BL Lacs, and radio galaxies from the MOJAVE sam-
ple is generated by relativistic particles in the jet and is Doppler
boosted. The quasars data are best fitted with p = 3, indicating
that the source of optical emission is likely to be a discrete and
optically thin.

We find that the radio-loudness increases with increasing
redshift for quasars and radio galaxies (Fig. 10). The significance
of correlation is 99.6% for 95 quasars (Table 1) and is mainly
due to the lack of low radio-loud quasars at high redshifts. In
the MOJAVE-1 sample, the probability to find the intrinsically
luminous jets and jets with larger Lorentz factors is high at high
redshifts, while at redshifts less than �0.6 there is a deficit of
sources with high Doppler factors and small viewing angles, be-
cause they are rare in the population and the volume element is
small at low-z (Lister et al. 2009b). The correlation in the R − z
relation plane is evident at z >∼ 0.6 and can be interpreted as a
tendency for strong AGN to have a high radio-loudness. In high-
redshift superluminal quasars, the beamed optical emission from
the jet dominates over the optical emission from the accretion
disk. In this case, we can interpret the R − z correlation as the
radio-strong quasars to have lower Doppler factors in the opti-
cal regime compared to the ones in radio. Note that in about ten
low-redshift quasars (z <∼ 0.6) with mostly low Doppler factors,
the optical emission from the disk can be comparable/dominant
to that of the jet.

Correlations presented in Table 2 between photometric opti-
cal luminosity and radio luminosity of the compact jet, kinetic
jet power, and radio-loudness hold also for optical spectral lumi-
nosities measured for 61 AGN.
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Fig. 6. Jet kinetic power versus apparent luminosity (top panel) and in-
trinsic luminosity (middle panel) of the jet at 15 GHz, and viewing angle
of the jet (bottom panel). Note that the upper limit of errors associated
with the jet viewing angle is ∼30%.

7. Summary

We used the statistically complete sample of 135 compact radio
sources provided by the MOJAVE program to investigate cor-
relations between the properties of the pc-scale jets at 15 GHz,
the extended radio emission at 151 MHz, and the optical nuclear
emission at 5100 Å. The main results are summarized as follows:

1. We determine the optical nuclei fluxes at 5100 Å for
135 MOJAVE-1 AGN with their photometric optical fluxes
available in the MAPS and USNO-B catalogs. There is a sig-
nificant positive correlation for 99 quasars and 18 BL Lacs
between optical nuclear luminosities and jet luminosities
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Fig. 7. Jet kinetic power versus apparent speed and radio loudness of
the VLBA jet.
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Fig. 8. Total VLBA luminosity at 15 GHz versus optical nuclear lumi-
nosity at 5100 Å for 125 compact AGN.

at 15 GHz originated in the jet at milliarcseconds scales.
For quasars, correlations hold also between optical nu-
clear luminosity and luminosities of the unresolved core
(at sub-milliarcseconds scales) and total radio (VLBA) of
the jet, suggesting that the optical emission is non-thermal
and originates in the innermost part of the jet at sub-parsec
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Fig. 9. Apparent speed of the jet versus optical nuclear luminosity at
5100 Å for 164 AGN from the MOJAVE sample. The sample of AGN
consists of 127 quasars (circles), 21 BL Lacs (open squares), and 16 ra-
dio galaxies (filled triangles). The aspect curve is given for quasars (dot-
ted and full lines which cover all and 95% of quasars, respectively),
BL Lacs (dashed line), and radio galaxies (dot-dashed line).
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Fig. 10. Radio-loudness versus redshift for 125 compact AGN.

scales, while in the BL Lacs it is generated in the parsec-
scale jet.
The generation of the relativistically beamed optical emis-
sion in the MOJAVE blazars is evident from the apparent
speed – optical nuclear luminosity relation plane. In this
diagram, the data of quasars, BL Lacs and radio galax-
ies are fitted by an aspect curve derived from the relativis-
tic beaming theory, suggesting that optical emission from
these sources is relativistically Doppler-boosted. We esti-
mate the peak values of the intrinsic optical luminosity and
the Lorentz factor of the jet for each population of blazars:
L5100, int = 2 × 1020 W Hz−1, γ = 52, and p = 3 for quasars,
L5100, int = 9 × 1021 W Hz−1, γ = 20, and p = 2 for BL Lacs,
and L5100, int = 1.5 × 1021 W Hz−1, γ = 9, and p = 2 for ra-
dio galaxies. About 95% of quasars have the peak values of
L5100, int = 4×1020 W Hz−1, γ = 33, and p = 3. The boosting
factor p = 3 favors the source of optical continuum emission
for quasars to be discrete and optically thin.

2. The kinetic power of 135 compact jets, determined from the
flux density measured at 151 MHz, is on average higher in

quasars than in BL Lacs, and it is lower in radio galaxies.
We find a strong positive correlation between the intrinsic
kinetic power of the jet and the apparent luminosities of the
total and unresolved core emission of the jet at 15 GHz. This
correlation can be a result of the correlation between kinetic
power and intrinsic luminosity of the pc-scale jet, which re-
flects that intrinsically luminous compact jets deliver more
relativistic electrons to kiloparsec-scales. In this way they
accumulate more low-energy electrons in the radio lobes,
which results in powerful extended radio lobes radiating at
low radio frequencies.
Another possibility to interpret the correlation found in the
Qj − Ljet relation plane is that the low-frequency emission at
151 MHz is relativistically beamed and its variability is cor-
related with beamed radio emission at 15 GHz. Correlated
variability at low and high frequencies was found in few su-
perluminal sources. It is most likely that both effects, the
beaming at low frequencies and the intrinsic luminosity of
the jet at 15 GHz in beamed AGN, contribute to the relation
between kinetic power and apparent luminosity of the jet.
Monitoring of the MOJAVE AGN in a wide range of fre-
quencies and over a period of few years is needed to distin-
guish and estimate the contribution of each effect.
The kinetic power of quasars positively correlates with the
radio-loudness, i.e., the ratio of the radio flux density at
15 GHz to the optical flux at 5100 Å, and negatively with the
compactness of the core (the ratio between the unresolved
core and the total VLBA emission).

3. No correlation is found between the intrinsic radio luminos-
ity at 15 GHz and the Lorentz factor of the jet for 48 quasars.
A larger number of the MOJAVE-1 AGN with measured
Doppler factors are needed to confirm this result.

4. We find that the radio-loudness of quasars increases with in-
creasing the redshifts. This positive correlation is due to the
lack of compact AGN with small radio-loudness at high red-
shifts. This effect is interpreted as a tendency for strong AGN
detected at high redshifts to have a high radio-loudness. This
can happen if the Doppler factor of the jet in the radio regime
is higher than that in the optical.
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