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ABSTRACT
We have calculated Doppler boosting factors, for a sample of active galactic nuclei (AGNs) usingDvar,total Ñux density variation monitoring data at 22 and 37 GHz. We argue that this method is more

accurate than the other commonly used methods based on the synchrotron self-Compton X-ray Ñux or
equipartition of energy. We compare our Doppler factors with other results and conclude that even if
the average for a class of sources is very similar to all others, the variability Doppler factors forDvarindividual objects are more accurate and reliable. An important application of precise Doppler factors is
presented, namely, calculating the Lorentz factors, !, and the viewing angles, h, of relativistic outÑows in
AGNs. We Ðnd that high-polarization quasars have the greatest Doppler boosting, while low-polarization
quasars and BL Lac objects are less boosted. The two groups of quasars show di†erent characteristics
because of di†erent combinations of the Lorentz factor and viewing angle, rather than either a di†erent
! or h alone.
Subject headings : galaxies : active È quasars : general È radiation mechanisms : nonthermal

1. INTRODUCTION

A reliable determination of the Doppler boosting factor,
D, is a key step in studying the origins of the physical pro-
cesses in the compact emission regions of active galactic
nuclei (AGNs). A typical AGN, in the simplest case, can be
modeled by a central black hole, an accretion disk around
it, and two relativistic jets emanating from the core. The
relativistic outÑow in an AGN of this kind can be deÐned
by just two intrinsic parameters. These are the speed of the
jet Ñow, or the Lorentz factor !, and the viewing angle h
(the angle between the line of sight and the outÑow axis).
These can be calculated if the apparent superluminal speed

and the Doppler factor of the jet are measured. It isbapppossible to derive directly from VLBI monitoring. D,bapphowever, can be determined in various ways, with varying
accuracy.

The usual way of estimating D is from synchrotron self-
Compton X-ray Ñux, by comparing the observed and pre-
dicted Ñuxes. The observed X-ray Ñux is assumed to be
caused by inverse Compton scattering of synchrotron
photons o† the radiating particles. The prediction of the
amount of X-rays is made on the basis of VLBI data. An
excess of predicted X-rays as compared to the actual
observed X-rays is taken as a sign of Doppler boosting,
relativistically enhancing the observed radio Ñux. The rela-
tion of the two X-ray values gives the synchrotron self-
Compton Doppler factor, The most severe limitationDSSC.of the SSC-method is the assumption that the observed
VLBI frequencies, Ñuxes, and sizes correspond to the turn-
over values. strongly depends on the turnover values,DSSCso any error in them is greatly enlarged. In addition, the
VLBI and X-ray observations are taken at di†erent times,
sometimes even years apart, so it is usually impossible to
identify the speciÐc component where the X-ray emission
originates. In addition, the VLBI properties are strongly

variable in time and thus do not give reliable information
on the characteristic long-term properties of the sources.
The largest collection of SSC Doppler factors (for 105DSSCsources with available VLBI data) has been calculated by
Ghisellini et al. (1993).

Another way of estimating the Doppler factor is to
assume equipartition of energy between the radiating par-
ticles and the magnetic Ðeld. Readhead (1994) suggests that
the maximum intrinsic brightness temperature, forT

b,int,powerful synchrotron radio sources is the equipartition
brightness temperature, K, rather than theTeq\ 5 ] 1010
usual value of 1012 K based on the inverse-Compton catas-
trophe theory. This result has been conÐrmed by

Valtaoja, & Wiik (1999, hereafter Paper II),La� hteenma� ki,
who estimated a value of ¹1011 K for the maximum bright-
ness temperature. An observed VLBI brightness tem-
perature, in excess of therefore indicatesT

b,VLBI, TeqDoppler boosting, with the equipartition Doppler factor
deÐned as (here, as everywhere in thisDeq\ T

b,VLBI/Teqpaper, the brightness temperatures are given in the source
frame). This can be estimated from single-epoch radio
observations, which is a considerable advantage, and it
depends only weakly on the observed values. However, the
values needed for the calculations should again be obtained
at the turnover frequency. & Daly (1996 ; hereafterGu� ijosa
G&D) calculated for the Ghisellini et al. (1993) sampleDeqand compared them with They found that the twoDSSC.estimates of the Doppler factor correlate, but that this could
have been due to their similar dependence on the observed
VLBI quantities, namely the Ñux, size, and frequency, and
concluded that the matter required further investigation.
This was accomplished by Guerra & Daly (1997), who also
further calculated the Lorentz factors and the viewing
angles of outÑows from AGN cores using updated values of

and The results from both G&D and Guerra &Deq DSSC.
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Daly (1997) will be discussed and compared with our results
in °° 3 and 4.

In this paper we present a third way of estimating the
Doppler factors, which we argue to be more accurate and
reliable than the above-mentioned methods. Ours is an
improvement of a previous study made by &Tera� sranta
Valtaoja (1994). We have used new data, a larger sample,
and a more accurate way of estimating the variability
parameters. We estimate the Doppler factors from total Ñux
density (TFD) Ñares associated with new VLBI components
emerging from the AGN core (Valtaoja et al. 1999, hereafter
Paper I). The TFD monitoring data used here cover nearly
20 yr of variations, and an accurate estimate of is easilyDvarobtained from careful model Ðts by determining the associ-
ated variability brightness temperature, A compari-T

b,var.son of with gives the amount of boosting in aT
b,var Teqsource. The idea is basically identical to that of Readhead

(1994), but instead of we use The dependenceT
b,VLBI T

b,var.of on the observed brightness temperature is muchDvarweaker than for or (third root as compared to ÐrstDSSC Deqpower). TFD data at a single frequency are also easily gath-
ered, in contrast to simultaneous VLBI and X-ray data.
VLBI observations give only single-epoch information on
the brightness temperature, while being practicallyT

b,var,constant during a high-frequency Ñare as well as from one
outburst to another, gives a better controlled estimate of
the characteristic brightness temperatures of the new
components.

During the maximum phase of a shock componentÏs
development, typically occurring between 10 and 100 GHz
(e.g., Valtaoja et al. 1988), all strong shocks seem to reach
the maximum, (Paper II), and can therefore beT

b,int\Teqused to estimate or but only during this time andDeq Dvar,at these frequencies. If a long time, typically 1 yr or more,
has elapsed since the latest shock event, the ejected VLBI
component is already an old, adiabatically expanding
remnant with a brightness temperature below the maximum
possible and can no longer be used to estimateT

b,int Deq.The total Ñux density has also returned to close to the
quiescent level, with an estimated smaller than theT

b,varmaximum possible Similarly, most VLBI data areT
b,int.taken at centimeter wavelengths, and relate to the shock

remnants that have already dropped well below the
maximum Observations at high radio frequenciesT

b,int.(º22 GHz) are essential for estimating both andDeq Dvar.is also a totally independent estimate of DopplerDvarboosting in a source, and can be used to test the reliability
of the other methods. The variability Doppler factor will be
further used in the calculation of the intrinsic Lorentz factor
and the viewing angle of the outÑow for each source in
order to demonstrate the power of reliable and accurate D.

2. OUR SAMPLE

We have used the multifrequency continuum monitoring
data from the Radio Observatory to model theMetsa� hovi
Ñux variations. The data have been gathered during almost
20 yr of continuum monitoring of extragalactic radio
sources at 22 and 37 GHz, totalling over 30,000 TFD mea-
surements of D130 objects et al. 1992, 1998).(Tera� sranta
We decomposed each Ñux curve into exponential Ñares,
obtaining the necessary variability parameters for determin-
ing in particular the associated brightness temperatureDvar,of each Ñare, The details of this procedure areT

b,var.described in Papers I and II. The observed variability

brightness temperature (in the source proper frame) is

T
b,var\ 5.87] 1021 h~2 j2Smax

qobs2 (J1 ] z[ 1)2 , (1)

where j is the observed wavelength in meters, z is the red-
shift, is the maximum amplitude of the outburst inSmaxjanskys, and is the observed variabilityqobs\ dt/d(ln S)
timescale in days (cf. Paper I). The numerical factor in equa-
tion (1) corresponds to using h km s~1 Mpc~1H0 \ 100
and and to assuming that the source is a homoge-q0\ 0.5
neous sphere. The variability Doppler factors could be esti-
mated for a total of 81 sources using the familiar equation

Dvar \
AT

b,var
T
b,int

B1@3
. (2)

For we used the equipartition value of 5 ] 1010 KT
b,int,suggested by Readhead (1994). (In Paper II we demon-

strated that during Ñares, independent of theT
b,int^ Teqamount of Doppler boosting.) Twenty-seven of these

sources were high-polarization quasars (HPQs, optical
polarization [3%), 26 were low-polarization quasars
(LPQs, optical polarization \3%), 20 were BL Lac objects
(BLOs), and eight were radio galaxies (GALs). There are 48
sources in common between our sample and the G&D DSSCand sample. We then calculated the intrinsic LorentzDeqfactors and viewing angles for 45 sources with available
VLBI expansion speeds. The Lorentz factor is given by

!var \
bapp2 ]Dvar2 ] 1

2Dvar
(3)

and the viewing angle by

hvar \ arctan
2bapp

bapp2 ]Dvar2 [ 1
. (4)

In this set of sources, there are 19 HPQs, 12 LPQs, nine
BLOs, and Ðve GALs. There are 19 sources in common
between our sample and the Guerra & Daly (1997) sample
of SSC and equipartition Lorentz factors and viewing
angles. Our basic sample includes B80 brightest Ñat-
spectrum northern and equatorial AGNs, and it also
includes the complete Ñux-limited 2 Jy sample deÐned by
Valtaoja, & (1992), with theLa� hteenma� ki, Tera� sranta
exception of 0716]714.

3. THE VARIABILITY DOPPLER FACTORS

3.1. T he V ariability Doppler Factor Distributions
The Doppler factors calculated from TFD variationsDvarare presented in Table 1. Also given are the source classi-

Ðcation ; the redshift, z ; the frequency, l ; from G&D;DSSCthe variability brightness temperature, the appar-log T
b,var ;ent superluminal speed, when available, and itsbapp\ v/c,

reference ; the Lorentz factor, and the viewing angle,!var ;The classiÐcation of sources follows the guidelines ofhvar.our previous work, e.g., & Valtaoja (1994). SomeTera� sranta
of the sources are borderline cases or otherwise ill-deÐned,
and may have been classiÐed di†erently by various authors.
Compared to the sample of Guerra & Daly (1996), there are
four out of 19 common sources with a di†erent classi-
Ðcation (in the G&D sample, Ðve out of the 48 common
sources). These small di†erences in classiÐcation are not
signiÐcant to our overall conclusions. We have collected the
VLBI expansion speeds mainly from Vermeulen & Cohen
(1994), but we have updated these values and gathered new



TABLE 1

DOPPLER BOOSTING FACTORS FOR ALL SOURCES

Source z Type l log T
b,var Dvar DSSC bapp Reference !var hvar

0003[06 . . . . . . . 0.347 BLO 37 11.24 1.52 . . . . . . . . . . . . . . .
0007]106 . . . . . . 0.089 GAL 37 11.84 2.41 . . . . . . . . . . . . . . .
0016]731 . . . . . . 1.781 LPQ 22 14.49 18.37 7.9 8.35 8 11.11 2.35
0106]013 . . . . . . 2.107 HPQ 22 13.51 8.62 15 8.2 8 8.27 6.65
0133]476 . . . . . . 0.86 HPQ 22 13.25 7.09 13 . . . . . . . . . . . .
0149]218 . . . . . . 1.32 LPQ 37 12.72 4.72 . . . . . . . . . . . . . . .
0202]149 . . . . . . 0.833 HPQ 37 13.02 5.93 . . . 0.4 7 3.06 1.34
0212]735 . . . . . . 2.367 HPQ 37 12.56 4.16 7.1 3.88 8 4.01 13.89
0219]428 . . . . . . 0.444 BLO 22 11.60 1.99 0.077 14.89 6 56.97 7.55
0234]285 . . . . . . 1.207 HPQ 22 13.29 7.29 13 9.29 8 9.63 7.64
0235]164 . . . . . . 0.94 BLO 22 14.34 16.32 5 7.1 7 9.74 2.57
0248]430 . . . . . . 1.311 LPQ 22 11.34 1.64 . . . . . . . . . . . . . . .
0306]102 . . . . . . 0.863 BLO 22 13.70 10.04 1.6 . . . . . . . . . . . .
0316]413 . . . . . . 0.017 GAL 37 9.24 0.33 1.2 0.43 8 1.97 50.54
0333]321 . . . . . . 1.259 LPQ 37 13.13 6.48 13 4.77 8 5.07 8.51
0336[01 . . . . . . . 0.852 HPQ 22 14.54 19.01 12 8.9 7 11.61 2.32
0415]379 . . . . . . 0.049 GAL 22 11.80 2.33 . . . 3.42 8 3.89 22.96
0420[014 . . . . . . 0.915 HPQ 22 13.91 11.72 13 4.8 4 6.89 3.45
0422]004 . . . . . . 0.31 BLO 37 11.39 1.70 . . . . . . . . . . . . . . .
0430]052 . . . . . . 0.033 GAL 22 10.67 0.98 4.1 3.53 8 7.39 29.63
0440[00 . . . . . . . 0.844 HPQ 22 13.88 11.46 . . . 6.1 6 7.40 4.17
0446]11 . . . . . . . 1.207 GAL 22 12.77 4.90 . . . . . . . . . . . . . . .
0454]039 . . . . . . 1.343 LPQ 22 11.60 1.99 . . . . . . . . . . . . . . .
0458[020 . . . . . . 2.286 HPQ 22 14.45 17.80 . . . 4.09 6 9.40 1.41
0528]134 . . . . . . 2.07 LPQ 37 14.16 14.22 2 5.15 4 8.08 2.59
0552]398 . . . . . . 2.365 LPQ 22 14.16 14.20 2.2 1.72 8 7.24 0.97
0605[08 . . . . . . . 0.872 HPQ 37 12.67 4.53 . . . 4.4 3 4.51 12.75
0642]449 . . . . . . 3.406 LPQ 37 14.38 16.91 . . . . . . . . . . . . . . .
0723[008 . . . . . . 0.127 GAL 22 11.89 2.50 1.3 . . . . . . . . . . . .
0735]178 . . . . . . 0.424 BLO 22 12.20 3.17 5.6 5.84 8 7.12 15.15
0736]017 . . . . . . 0.191 HPQ 22 12.17 3.08 . . . . . . . . . . . . . . .
0754]100 . . . . . . 0.66 BLO 22 12.92 5.52 0.85 . . . . . . . . . . . .
0804]499 . . . . . . 1.43 HPQ 22 14.95 26.21 16 . . . . . . . . . . . .
0814]425 . . . . . . 0.258 BLO 22 13.00 5.84 . . . . . . . . . . . . . . .
0827]243 . . . . . . 2.046 LPQ 22 14.27 15.46 . . . 12.08 6 12.48 3.60
0836]710 . . . . . . 2.17 HPQ 37 13.78 10.67 6.7 7.69 8 8.15 5.11
0846]513 . . . . . . 1.86 BLO 37 13.12 6.40 . . . . . . . . . . . . . . .
0851]202 . . . . . . 0.306 BLO 37 14.47 18.03 6.8 2.79 8 9.26 0.96
0923]392 . . . . . . 0.699 LPQ 22 11.75 2.25 8.9 3.97 8 4.85 21.83
0945]40 . . . . . . . 1.252 LPQ 22 13.71 10.10 . . . . . . . . . . . . . . .
0953]254 . . . . . . 0.712 LPQ 22 12.75 4.83 . . . . . . . . . . . . . . .
0954]55 . . . . . . . 0.901 HPQ 22 12.69 4.63 . . . . . . . . . . . . . . .
0954]658 . . . . . . 0.367 BLO 22 13.16 6.62 3.8 5.7 5 5.84 8.61
1055]018 . . . . . . 0.888 HPQ 22 13.37 7.78 . . . 2.3 3 4.29 4.06
1156]295 . . . . . . 0.729 HPQ 22 13.62 9.42 4.9 5.2 7 6.20 5.17
1219]285 . . . . . . 0.102 BLO 37 11.28 1.56 0.15 2 5 2.38 36.41
1222]216 . . . . . . 0.435 LPQ 22 13.43 8.16 1 1.41 8 4.26 2.39
1226]023 . . . . . . 0.158 LPQ 22 12.97 5.71 4.6 6.1 8 6.20 10.06
1253[055 . . . . . . 0.538 HPQ 37 14.37 16.77 14 4.87 1 9.12 1.83
1308]326 . . . . . . 0.992 HPQ 22 13.87 11.38 5.2 10.8 8 10.86 5.03
1406[076 . . . . . . 1.494 LPQ 37 13.45 8.26 . . . . . . . . . . . . . . .
1413]135 . . . . . . 0.247 BLO 37 13.29 7.33 . . . . . . . . . . . . . . .
1418]546 . . . . . . 0.152 BLO 37 12.02 2.76 . . . . . . . . . . . . . . .
1502]106 . . . . . . 1.833 HPQ 22 13.84 11.13 . . . . . . . . . . . . . . .
1510[089 . . . . . . 0.361 HPQ 37 14.06 13.18 11 3.77 6 7.17 2.31
1538]149 . . . . . . 0.605 BLO 37 12.15 3.04 1 . . . . . . . . . . . .
1606]106 . . . . . . 1.226 LPQ 22 13.61 9.32 . . . 2.9 7 5.16 3.52
1611]343 . . . . . . 1.401 LPQ 22 12.81 5.04 . . . 11.4 7 15.52 8.40
1633]382 . . . . . . 1.814 LPQ 22 13.54 8.83 2.2 4.8 9 5.78 5.48
1637]574 . . . . . . 0.745 LPQ 22 13.30 7.35 . . . . . . . . . . . . . . .
1641]399 . . . . . . 0.595 HPQ 22 13.32 7.45 4.1 6.32 3,8 6.47 7.63
1725]044 . . . . . . 0.2968 LPQ 22 11.87 2.46 . . . . . . . . . . . . . . .
1739]522 . . . . . . 1.379 HPQ 22 13.95 12.12 5.6 . . . . . . . . . . . .
1741[03 . . . . . . . 1.054 HPQ 22 13.55 8.92 3.3 . . . . . . . . . . . .
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TABLE 1ÈContinued

Source z Type l log T
b,var Dvar DSSC bapp Reference !var hvar

1749]096 . . . . . . 0.32 BLO 22 14.30 15.85 11 . . . . . . . . . . . .
1803]784 . . . . . . 0.684 BLO 37 13.13 6.45 6.6 1.8 5,8 3.55 4.70
1807]698 . . . . . . 0.051 BLO 22 11.47 1.80 0.54 . . . . . . . . . . . .
1845]797 . . . . . . 0.0546 GAL 22 10.89 1.16 0.38 1.82 2 2.44 44.83
1928]738 . . . . . . 0.303 LPQ 22 12.41 3.71 3.4 4.97 8 5.32 14.85
2005]40 . . . . . . . 1.736 LPQ 37 13.51 8.63 . . . . . . . . . . . . . . .
2007]776 . . . . . . 0.342 BLO 22 12.83 5.13 3.6 2.33 8 3.19 8.62
2021]614 . . . . . . 0.227 GAL 37 11.30 1.59 1.1 0.2 8 1.12 14.42
2134]004 . . . . . . 1.936 LPQ 22 13.88 11.49 27 . . . . . . . . . . . .
2144]092 . . . . . . 1.113 LPQ 22 13.02 5.96 . . . . . . . . . . . . . . .
2145]067 . . . . . . 0.99 LPQ 37 13.38 7.81 21 . . . . . . . . . . . .
2200]420 . . . . . . 0.07 BLO 22 12.47 3.91 3.4 3.28 5,8 3.46 14.68
2201]315 . . . . . . 0.298 LPQ 22 11.60 2.00 . . . . . . . . . . . . . . .
2223[052 . . . . . . 1.404 HPQ 37 13.87 11.38 16 0 8 5.73 0
2227[08 . . . . . . . 1.562 HPQ 22 13.98 12.42 . . . . . . . . . . . . . . .
2230]114 . . . . . . 1.037 HPQ 22 14.16 14.23 1.5 8.86 9 9.91 3.62
2251]158 . . . . . . 0.859 HPQ 37 14.72 21.84 4.6 7.19 6 12.12 1.56

REFERENCES.È(1) Abraham, Carrara, & Zensus 1998 ; (2) Alef et al. 1996 ; (3) Bondi et al. 1996 ; (4) Britzen et al. 1998 ; (5)
Gabuzda et al. 1994 ; (6) Marchenko et al. 1998 ; (7) Piner 1998 ; (8) Vermeulen & Cohen 1994 ; (9) Xu, Wehrle, & Marscher
1998.

ones from the latest relevant papers and proceedings. The
list of references is given in Table 1. In cases where several
reliable values are given for one source (multiple ejections),
we have taken the mean value for We also preferbapp.values obtained at high frequencies, matching our variabil-
ity data, for the reasons mentioned in ° 1.

The distributions of the variability brightness tem-
peratures and the corresponding Doppler factors for each
class of AGN are shown in Figures 1 and 2. It is interesting
to note that all quasars and BL Lac objects are Doppler
boosted K). Very high values dominate the(T

b,var [ 1011

FIG. 1.ÈDistribution of T
b,var

Doppler factor histogram for HPQs, as expected, and the
peak of the distribution is The peak is lower forDvar B 11.
LPQs, around For BLOs, the Doppler factor dis-Dvar B 8.
tribution strongly concentrates around the lower values,
peaking at The distribution is fairly smooth, sug-Dvar B 5.
gesting that high values are not preferred, contradicting the
belief that BLOs are rapidly variable sources. Radio gal-
axies, in turn, dominate the lower end of the distribution.
The median and lower and upper quartile values for both

and for each class of AGN are presented in TableT
b,var Dvar2. Looking at the median values of the HPQs areDvar,

FIG. 2.ÈDistribution of Dvar
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TABLE 2

MEDIAN VALUES OF ANDlog T
b,var Dvar

log T
b,var Dvar

Lower Upper Lower Upper
TYPE N Median Quartile Quartile Median Quartile Quartile

HPQ . . . . . . 27 13.84 13.29 14.06 11.13 7.29 13.18
LPQ . . . . . . 26 13.34 12.72 13.71 7.58 4.72 10.10
BLO . . . . . . 20 12.88 11.81 13.23 5.32 2.38 6.97
GAL . . . . . . 8 11.55 10.78 11.87 1.96 1.07 2.45
ALL . . . . . . 81 13.25 12.20 13.87 7.09 3.17 11.38

clearly the most strongly Doppler boosted objects, and the
radio galaxies are the least boosted objects. There is a con-
siderable di†erence between the Doppler factors of HPQs
and LPQs, but the di†erence between LPQs and BLOs is
much smaller.

To Ðnd out whether two (or more) classes of AGNs are
drawn from the same or distribution, we per-T

b,var Dvarformed the Kruskal-Wallis one-way analysis of variance on
the observed variability brightness temperatures (or
Doppler factors). The probabilities are shown in Table 3. It
is evident that all quasars and BLOs di†er from radio gal-
axies. The HPQs are not likely to be from the same distribu-
tion as either LPQs or BLOs. There is a fairly strong
similarity between LPQs and BLOs, suggesting that the
sources in these two classes may share the same parent
population, at least partially, or that the Doppler boosting
distributions of the parent populations are similar.

3.2. A Comparison between andDvar, DSSC, Deq
G&D state that the distributions of and areDSSC Deqsimilar and that the mean ratio is on the order ofDeq/DSSCunity. However, this does not establish the correctness of

or since the two values are strongly correlated ifDSSC Deq,the same radio data are used. This, and the e†ect of the time
dependence of VLBI observations, are best noted if we write

and in terms of the observed VLBI brightnessDSSC Deqtemperature, For a \ [0.75 (with S P la),T
b,VLBI P S/h2l2.

DSSCP T
b,VLBI h0.37l0.68SX~0.18lX~0.14 . (5)

For we have the relationDeq,

DeqP T
b,VLBI S0.10h~0.34l~0.31 . (6)

The values of D depend almost totally on the observed
VLBI brightness temperature, which is a highly variable

TABLE 3

KRUSKAL-WALLIS ANALYSIS OF

VARIANCE

Type P

HPQ/LPQ/BLO/GAL . . . . . . 0.0000
HPQ/LPQ . . . . . . . . . . . . . . . . . . . 0.0342
HPQ/BLO . . . . . . . . . . . . . . . . . . . 0.0009
HPQ/GAL . . . . . . . . . . . . . . . . . . . 0.0000
LPQ/BLO . . . . . . . . . . . . . . . . . . . . 0.1235
LPQ/GAL . . . . . . . . . . . . . . . . . . . 0.0007
BLO/GAL . . . . . . . . . . . . . . . . . . . 0.0060

quantity from one observation to another because of the
strong temporal variations in both the structure and the
Ñux density of compact radio sources. Through theT

b,VLBI,D values are also critically dependent on the VLBI observ-
ing frequency (cf. ° 1). In addition, the two estimates of D are
not independent, but rather as a result of aDSSCD Deqsimilar dependence on T

b,VLBI.We can test the quality of our variability Doppler factors
only in an indirect way, since the true values of D for any
AGN are unknown. When calculating (or anyDeq DSSC),available sample of VLBI observations (S, h, l) is in prin-
ciple equally suitable, since there are no turnover frequency
measurements, the values change with time, and the X-ray
data are not simultaneous in the case of We can there-DSSC.fore derive the equipartition Doppler factors by using di†er-
ent VLBI samples, and compare them with each other or
with If (or is a good estimate of the trueDvar. Deq DSSC)amount of Doppler boosting present in a source, the values
derived from di†erent data sets should be comparable. For
this purpose, we calculated for a large and uniformDeqsample of VLBI measurements at 22 GHz, namely the
VSOP Pre-Launch Survey (PLS; Moellenbrock et al. 1996),
and compared the results with those of G&D and our own

Figure 3a shows a comparison between andDvar. Deq(PLS)
The points are scattered, and it is obvious thatDeq(G&D).

they do not correlate very well. The plot of andDvaris shown in Figure 3b. The correlation is slightlyDeq(G&D)
better, but it is undoubtedly best for the last pair, andDvarshown in Figure 3c. The two independentDeq(PLS),
““ traditional ÏÏ Doppler factors are less correlated with each
other than with the variability Doppler factor. Using the
Spearman rank correlation, we conÐrm that andDeq(PLS)

hardly correlate at all. For the 41 sources inDeq(G&D)
common, we get A much better correlation isP

S
\ 0.090.

found between the variability Doppler factors and the two
equipartition boosting factors. For and theDvar Deq(G&D),
correlation is (48 sources), and for andP

S
\ 0.002 Dvar(60 sources). The correspondingDeq(PLS) P

S
\ 0.0002

medians of the di†erence, calculated as Â log D1[ log D2 Â ,
are 0.44, 0.31, and 0.28, respectively. (These results for Deqgenerally apply for as well.) The median di†erenceDSSCbetween the variability and the two equipartition factors is

times smaller than between the two independentDJ2
equipartition factors. A natural conclusion is that essen-
tially all scatter in the plots is caused by the errors in or,Deqat any rate, that the errors in must be signiÐcantlyDeqlarger than in This leads us to conclude that is aDvar. Dvarmuch better estimate of the true Doppler factor.

The discussion in ° 1 makes it clear why the PLS values of
appear to be better than the G&D values. A majorDeq
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FIG. 3a FIG. 3b

FIG. 3c

FIG. 3.ÈComparison of Doppler factors calculated from three samples : (a) vs. (b) vs. and (c) vs.Deq(PLS) Deq(G&D), Dvar Deq(G&D), Dvar Deq(PLS).

fraction of the G&D VLBI data are taken at frequencies of
5 GHz or even lower, and relate to old components with
brightness temperatures below the maximum T

b,int.Looking at the di†erent Doppler factors, we note that the
distribution of is generally very similar to the distribu-Dvar

TABLE 4

MEDIAN VALUES OF ANDDvar DSSC
FOR THE 48 OVERLAPPING SOURCES

Type N Dvar DSSC
HPQ . . . . . . 18 11.38 9.05
LPQ . . . . . . 11 8.16 4.60
BLO . . . . . . 14 5.32 3.50
GAL . . . . . . 5 1.16 1.20
ALL . . . . . . 48 7.98 4.75

tion of (or in the G&D sample. The median valuesDSSC Deq)of are slightly larger for all classes of AGNs. TheDvarmedian for HPQs is compared to forDvar D 11, DSSCD 9 ;
LPQs it is D8 compared to D5, for BLOs D5 compared to
D4, and for GALs D2 compared to D1, respectively. Some
of the variation here may be accounted for by the di†erent
sample selections. In addition, the low-frequency VLBI data
used in G&D generally result in an underestimation of Deq(or The same trends are also present in the compari-DSSC).son of the 48 common sources, shown in Table 4. Even if the
medians of all classes are in approximate agreement, this is
not true for individual objects. For example, for LPQs the
di†erence between and for a source is º5 (and upDvar DSSCto 15) for 75% of the sources. For HPQs the percentage is
60%, and for BLOs it is 35%. It is obviously possible to use
the median values of (or as guidelines in estimat-DSSC Deq)ing the average Doppler boosting in each class of AGNs,
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but one should be cautious when using the individual
source values in any calculations. For that purpose we
suggest using the variability Doppler factor instead.

4. THE LORENTZ FACTORS AND VIEWING ANGLES

The Lorentz factors and viewing angles calculated with
from equations (3) and (4) are shown in Table 1 andDvarFigure 4. Medians for each class of AGNs are presented in

Table 5. Most of the HPQs are concentrated in the area of
small and rather large The di†erence between thehvar !var.HPQs and the LPQs is evident, especially in the Lorentz
factors. In contrast, the LPQs and BLOs have overlapping
distributions with similar but quite di†erent!var hvar.However, there is one BLO with a Lorentz factor of D57.
The apparent expansion speed, for 0219]42 is thebapp,largest in the sample, almost 15 (Marchenko et al. 1998).
Most of the sources in our sample have Lorentz factors of
¹10. The true distribution of ! could be slightly wider, but

FIG. 4.ÈLorentz factors and viewing angles with their depen-!var hvar,dence on the observable quantities and Filled circles, HPQs ;bapp T
b,var.open circles, LPQs ; crosses, BLOs ; Ðlled squares, GALs.

TABLE 5

MEDIAN VALUES OF AND!var hvar
Type N !var hvar

HPQ . . . . . . 19 7.40 4.06
LPQ . . . . . . 12 5.99 4.54
BLO . . . . . . 9 5.84 8.61

8a 4.70 8.61
GAL . . . . . . 5 2.44 29.63
ALL . . . . . . 46 6.47 5.17

a BLOs excluding 0219]42.

still, values such as that of 0219]42 stand out suspiciously.
A value that large might be due to an exceptionally power-
ful jet, at the extreme end of the ! distribution, but it is
more likely that the VLBI expansion speed has been over-
estimated. The variability Doppler boosting factor for
0219]42 is well determined from several Ñares, so an
underestimation of this quantity cannot be the reason for
the large ! value. If we calculate the median for BLOs!varexcluding 0219]42, we get 4.7. This actually makes the
BLOs a quite separate group from LPQs. The Lorentz
factors for GALs are modest, and the viewing angles are
very large compared to the other classes of AGNs.

We have also compared our variability Lorentz factors
and viewing angles with those calculated from andDSSC Deqin the Guerra & Daly (1997) sample. Again, the general
trends agree, except for LPQs. The median values of !varand (or for HPQs are approximately 7 and 9,!SSC !eq)respectively. For LPQs, we get a median of 6, while Guerra
& Daly get a value slightly higher than that for HPQs. For
BLOs, the estimates are rather similar, around 5, and they
also agree well for GALs. Looking at the individual esti-
mates tells a di†erent story. The range of Lorentz factors for
both the SSC and the equipartition cases is very large, with
values extending up to near 90. Even the general distribu-
tion without the most extreme values is rather large, from
D5 to over 30. The variability estimates occupy a uniform
group with a rather tight peak between 2 and 12 (quasars
and BLOs). Without 0219]42, the maximum is 15.5.!varThe median values for the viewing angles and (orhvar hSSCare both approximately 4¡ for HPQs, 5¡ and 6¡ forheq)LPQs, 9¡ and 14¡ for BLOs, and 30¡ and D100¡ for GALs,
respectively. The ranges of the viewing angles of all esti-
mates agree quite well (usually ¹20¡), except for GALs, for
which we Ðnd a much narrower distribution, with a
maximum value of 50¡. The explanation for the rather small
viewing angles and comparatively large Ñow speeds is that
the few radio galaxies in our sample of compact Ñat-
spectrum sources are not representative of the whole popu-
lation, being more like borderline cases between radio
galaxies and quasars. We also compared the 19 sources in
common between our sample and the Guerra & Daly (1997)
sample. The results are shown in Table 6. The previous
remarks apply here as well. The problematic BL Lac object
0219]42 is not included here, so the variability Lorentz
factor for BLOs is notably lower than for LPQs.

We have generally used the same data as Guerra &bappDaly (1997), collected by Vermeulen & Cohen (1994), with a
few new values, so that the di†erences in ! and h are due to
di†erent estimates of D. The use of inaccurate Doppler
factors is clearly reÑected in the large spreads of and!SSCThe better quality of our variability Doppler factor ishSSC.very well demonstrated in the realistic distributions of !varand hvar.

TABLE 6

MEDIAN VALUES OF ! AND h FOR THE 19 OVERLAPPING SOURCES

Type N !eq heq !SSC hSSC !var hvar
HPQ . . . . . . 5 8 6 8 6 9.9 3.6
LPQ . . . . . . 7 8.9 9 8.6 10 5.3 8.5
BLO . . . . . . 4 4.15 7.5 4.25 11.5 3.5 6.65
GAL . . . . . . 3 1.15 60 1.15 56 2 29.6
ALL . . . . . . 19 6 7 5 10 5.7 5.1
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In the basic uniÐed models, the viewing angle is the deci-
sive parameter in the classiÐcation of AGNs (e.g., Barthel
1989). There is a torus of obscuring material around the
core region of the AGN, and the axis of the relativistic jet is
perpendicular to this disk. At large angles, the observer sees
the AGN and its obscured core as a radio galaxy. Then,
depending on the type of radio galaxy (FR I or FR II), as
the viewing angle decreases, the observer sees Ðrst a low-
polarization quasar and then a high-polarization quasar
(FR II) or a BL Lac object (FR I). This scenario holds nicely
for our variability viewing angles. However, if all classes of
AGNs originate from the same parent population, the
Lorentz factors should be about the same for all of them.
Looking at the values of it is quite clear that all classes!var,form separate groups of their own (BLOs excluding
0219]42), ordered by increasing and decreasinghvar !var.The BLOs and GALs are clearly di†erent from quasars.
Nevertheless, the di†erence in for HPQs and LPQs ishvarnegligible, suggesting that intrinsic di†erences, instead of
the viewing angle, are decisive for the appearance (e.g.,
optical polarization) of these objects. It may also be that the
combination of ! and h produces either a HPQ or a LPQ,
in contrast to the basic uniÐed models. Our sample also
excludes a number of steep-spectrum LPQs. All the BLOs
in our sample are radio selected, and their range is between
0¡ and D30¡. The X-rayÈselected BL Lac objects should
have larger viewing angles than radio-selected BL Lac
objects (Padovani & Urry 1992), but there is no room left in
the range exclusively for them. This indicates that thehvarintrinsic di†erences are more important than the orienta-
tion for BLOs. However, in view of the small number of
sources in each class, these conclusions must be treated with
caution.

5. CONCLUSION

The variability Doppler boosting factors calculated in
this paper have been shown to be as precise and reliable as
currently possible, and hence they should be useful in deter-
mining the Lorentz factors and viewing angles for individ-
ual sources. This opens up a wealth of possibilities in AGN
research. With the aid of individual Lorentz factors and
viewing angles, we can start modeling the source. For
example, we can remove the inÑuence of relativistic boost-
ing on true intrinsic properties, such as the luminosity or
the peak frequency. It will also be possible to hunt down
misclassiÐed and unusual objects (such as microlensed
sources) by looking for deviant source parameters. It is also
possible that the strength of the outÑow ! correlates with
the amount of microvariability or with the gamma-ray
emission. The connection between the radio properties (e.g.,
the outÑow speed) and the gamma-ray properties of AGNs
will be investigated in & Valtaoja (1999b,La� hteenma� ki
Paper IV). Preliminary results have already been presented
in et al. (1997) and & ValtaojaLa� hteenma� ki La� hteenma� ki

1999a). More e†ort is needed in order to produce better and
larger samples of Doppler factors and other source param-
eters. More accurate VLBI measurements with careful esti-
mations of the expansion speed are essential. It would also
be a good idea to obtain simultaneous VLBI and TFD
monitoring data, since the parameters needed (D, !, h)
depend on time. We even lack the redshifts for a few
sources.

The most important part in the determination of the indi-
vidual source parameters is played by the method by which
the Doppler factor is estimated. Doppler factors determined
by the traditional method from VLBI and X-ray data, and
also equipartition Doppler factors, since they are closely
related, are rather useless in this sense. Even if they can be
used in statistical studies giving the parameters for various
classes of AGNs, they will not give accurate values for indi-
vidual sources and thus should not be used for the model-
ing. Of course, the determination of the variability Doppler
factor is not without problems. The problems involved in
the modeling of the variability data are presented in Paper
I. Some of the sources are probably still misclassiÐed. For
example, 1308]32 is a source with both quasar and BL
LacÈlike properties. We have chosen to call it a quasar,
while many others regard it as a BLO. The quality of VLBI
expansion speed data is another concern. Any exceed-bapping D10 should be treated with caution. The extreme case
of the BL Lac object 0219]42 is a good example of a bappmost likely overestimated. This is obviously a serious
problem, since in a small sample a single source with an
incorrect expansion speed can change the outlook of a
whole class of AGNs. One should be careful in drawing
conclusions from Ñux-limited samples, since these tend to
pick the most extreme sources of each class, thus bringing
forward selection e†ects. Compensation for selection e†ects
is to some extent possible, but the number of sources we
have in each class at present is too small for any very strong
conclusions.

A typical radio-loud quasar has Doppler and Lorentz
factors of D10 and a viewing angle of \5¡. A typical BL
Lac object has Doppler and Lorentz factors of D5 and a
viewing angle of \10¡. The quasars clearly di†er from BL
Lac objects. The radio galaxies in our sample typically have
Doppler and Lorentz factors of D2 and viewing angles of
\50¡. We Ðnd clearly di†erent Doppler factors for HPQs
and LPQs (11.1 versus 7.6). However, the di†erence between
the two groups of quasars is not very clear when looking at
the Lorentz factors or the viewing angles alone. It seems
that a combination of a more rapid Ñow speed and a smaller
viewing angleÈnot merely the viewing angle, as in basic
uniÐcationÈproduces a HPQ or a LPQ.

This work has been supported by the Academy of
Finland project 37662 and by the Jenny and Antti Wihuri
Foundation.

REFERENCES

Abraham, Z., Carrara, E. A., & Zensus, J. A. 1998, in IAU Colloq. 164,
Radio Emission from Galactic and Extragalactic Compact Sources, ed.
J. A. Zensus, G. B. Taylor, & J. M. Wrobel (San Francisco : ASP), 47

Alef, W., Wu, S. Y., Preuss, E., Kellermann, K. I., & Qiu, Y. H. 1996, A&A,
308, 376

Barthel, P. D. 1989, ApJ, 336, 606
Bondi, M., Padrielli, L., Fanti, R., Ficarra, A., Gregorini, L., Mantovani, F.,

Bartel, N., Romney, J. D., Nicolson, G. D., & Weiler, K. W. 1996, A&A,
308, 415

Britzen, S., Witzel, A., Krichbaum, T. P., Roland, J., & Wagner, S. J. 1998,
in IAU Colloq. 164, Radio Emission from Galactic and Extragalactic
Compact Sources, ed. J. A. Zensus, G. B. Taylor, & J. M. Wrobel (San
Francisco : ASP), 43

Gabuzda, D. C., Mullan, C. M., Cawthorne, T. V., Wardle, J. F. C., &
Roberts, D. H. 1994, ApJ, 435, 160

Ghisellini, G., Padovani, P., Celotti, A., & Maraschi, L. 1993, ApJ, 407, 65
Guerra, E. J., & Daly, R. A. 1997, ApJ, 491, 483

A., & Daly, R. A. 1996, ApJ, 461, 600 (G&D)Gu� ijosa,



No. 2, 1999 FLUX DENSITY IN EXTRAGALACTIC RADIO SOURCES. III. 501

A., H., Wiik, K., & Valtaoja, E. 1997, in 4thLa� hteenma� ki, Tera� sranta,
Compton Symposium on Gamma-Ray Astronomy and Astrophysics,
ed. C. D. Dermer, M. S. Strickman, & J. D. Kurfess (Woodbury : AIP),
1452

A., & Valtaoja, E. 1999a, in BL Lac Phenomenon, ed. L. O.La� hteenma� ki,
Takalo & A. (San Francisco : ASP), 213Sillanpa� a�

ÈÈÈ. 1999b, in preparation (Paper IV)
A., Valtaoja, E., & Wiik, K. 1999, ApJ, 511, 112 (Paper II)La� hteenma� ki,

Marchenko, S. G., Marscher, A. P., Mattox, J. R., Wehrle, A. E., & Xu, W.
1998, in IAU Colloq. 164, Radio Emission from Galactic and Extra-
galactic Compact Sources, ed. J. A. Zensus, G. B. Taylor, & J. M. Wrobel
(San Francisco : ASP), 67

Moellenbrock, G. A., et al. 1996, AJ, 111, 2174
Padovani, P., & Urry, C. M. 1992, ApJ, 387, 449

Piner, B. G. 1998, Ph.D. thesis, Univ. Maryland
Readhead, A. C. S. 1994, ApJ, 426, 51

H., & Valtaoja, E. 1994, A&A, 283, 51Tera� sranta,
H., et al. 1992, A&AS, 94, 121Tera� sranta,

ÈÈÈ. 1998, A&AS, 132, 305
Valtaoja, E., A., & H. 1992, A&AS, 95, 73La� hteenma� ki, Tera� sranta,
Valtaoja, E., A., H., & Lainela, M. 1999, ApJS,La� hteenma� ki, Tera� sranta,

120, 95 (Paper I)
Valtaoja, E., et al. 1988, A&A, 203, 1
Vermeulen, R. C., & Cohen, M. H. 1994, ApJ, 430, 467
Xu, W., Wehrle, A. E., & Marscher, A. P. 1998, in IAU Colloq. 164, Radio

Emission from Galactic and Extragalactic Compact Sources, ed. J. A.
Zensus, G. B. Taylor, & J. M. Wrobel (San Francisco : ASP), 175


