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ABSTRACT

We present results on the intrinsic brightness temperature of a sample of compact radio sources
observed at 86 GHz using the Global Millimeter VLBI Array. We use the observed brightness tempera-
tures at 86 GHz and the observed superluminal motions at 15 GHz for the sample in order to constrain
the characteristic intrinsic brightness temperature of the sample. With a statistical method for studying
the intrinsic brightness temperatures of innermost jet cores of compact radio sources, assuming that all
sources have the same intrinsic brightness temperature and the viewing angles of their jets are around
the critical value for the maximal apparent speed, we find that sources in the sample have a charac-
teristic intrinsic brightness temperature, Ty = 4.84_'%2 x 10° K, which is lower than the equipartition
temperature for the condition that the particle energy equals to the magnetic field energy. Our results
suggest that the VLBI cores seen at 86 GHz may be representing a jet region where the magnetic field

energy dominates the total energy in the jet.
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1. INTRODUCTION

Compact radio sources are generally defined as ra-
dio sources whose flux density at an intermediate radio
frequency, e.g., ~ 1 GHz, is dominated by the emission
of a single bright region within ~ 1 kpc in size (Bland-
ford & Konigl 1979). Compact radio sources usually
have flat radio spectra and exhibit pronounced radio
variability. Moreover, due to the lager ratio of opti-
cal to radio flux of the compact radio sources than of
steep-spectrum sources, these objects have been easily
identified.

Radio emission from parsec-scale jets in compact ra-
dio sources consists of optically thin synchrotron emis-
sion, and characterized by their spectral and polariza-
tion properties and significant inverse-Compton emis-
sion (see Marscher 1990; Hughes & Miller 1991). The
flat spectrum of the radio emission is generally in-
terpreted as due to superposition of incoherent syn-
chrotron radiation from a non-thermal distribution of
relativistic electrons located in several distinct com-
ponents (Kellermann & Pauliny-Toth 1969; Marscher
1995). These components form the innermost compact
structure, the compact jet base at sub-parsec scales,
and the bright emission regions at parsec scales of the
jet. The physical processes of the formation of in-
ner jets that connect the nucleus to the observed ra-
dio jet, their acceleration to relativistic speeds, and
strong collimation to large scales (pc to kpc) have
been extensively investigated but remain poorly under-
stood (e.g., Marscher 2006; Lobanov & Zensus 2006;
Lobanov 2007).

Readhead (1994) suggested that parsec-scale jets are
in an equipartition condition that the energy density
in relativistic particles is equal to that in magnetic
fields (Burbidge & Burbidge 1957). He found that the
radio sources may radiate at an equipartition bright-
ness temperature around 5 x 10'° K in most circum-
stances. Recent studies have shown that extended ra-
dio lobes are indeed at equipartition (Croston et al.
2005), and the relativistic jets are at equipartition in
their median-low state (Homan et al. 2006). However
when the relativistic jets are in their maximum state,
the brightness temperatures are a factor of 4 larger,
implying the energy in their radiating particle is > 10°
times larger than the energy in magnetic fields, based
on the relation of the energy and brightness tempera-
ture as proposed in Readhead (1994): n = u,/up =

(Teq/T)~17/2, where up,up are the energy densities of
the radiating particles and the magnetic field, respec-
tively, Teq =~ 5 x 1019 K is the equipartition brightness
temperature, and T}, is the observed brightness tem-
perature. It is very difficult to measure intrinsic prop-
erties of extragalactic compact radio sources because
the jets of compact radio sources are highly relativis-
tic and therefore Doppler boosted (Blandford & Konigl
1979; Lind & Blandford 1985). The physical aspects of
the jet can be parameterized by the Lorentz factor v;,
the intrinsic brightness temperature Ty, and the angle
to the line of sight ¢;. From these intrinsic physical
properties, one can calculate the Doppler factor §, the
apparent jet speed (B.pp, and the observed brightness

—243 —



244 S.-S. LEE

temperature T1,:

1
0= ——12— 1
7;(1 — Beosb;)’ (1)
_ Psinb;
Bapp = 1 — Beosb;’ @
Ty, = Ty, (3)

where 3 = (1 —;72)1/2 is the speed of jet in the rest
frame of the source (units of c).

Observed brightness temperatures (7}) of compact
radio jets can be used to study the intrinsic physi-
cal properties of the relativistic jets. Omne applica-
tion is to test accelerating and decelerating jet mod-
els (Marscher 1995) by investigating the change in the
observed brightness temperatures measured at various
radio frequencies (e.g., 2 — 86 GHz). Under equiparti-
tion conditions between jet particle and magnetic field
energy densities, the position shift of the brightest jet
components of VLBI images (VLBI cores) between two
frequencies can be predicted (Lobanov 1998). The
brightness temperatures in the rest frame of the sources
and the predicted core shift should be able to test the
inner jet models.

Another application is to obtain the intrinsic bright-
ness temperatures of VLBI cores by using the observed
brightness temperature 7}, and the maximum apparent
jet speed Bapp. A method developed by Homan et al.
(2006) was applied to the 2 cm survey data (Kellermann
et al. 2004) in order to determine the intrinsic physi-
cal properties of prominent AGN (Cohen et al. 2007).
They found that VLBI cores observed at 15 GHz are
near equipartition in their median—low state, resulting
in intrinsic brightness temperatures of Ty = 3 x 1019 K.

The method can be applied to VLBI survey data
at different frequencies, with the maximum apparent
jet speeds taken from Kellermann et al. (2004), in or-
der to constrain the intrinsic brightness temperature
at these frequencies. In this paper, we combine the
observed brightness temperature data from a global
86 GHz VLBI imaging survey (Lee et al. 2008) and
proper-motion data from the 2 cm VLBA survey. In
Section 2, the theory and its application to the 2 cm
VLBA survey are reviewed. In Section 3, we present
our results using the 86 GHz VLBI survey. In Section 4,
we discuss the interpretation of the intrinsic brightness
temperatures at various frequencies.

2. INTRINSIC BRIGHTNESS TEMPERA-
TURE AT 15 GHz

2.1 Methodology

Following Homan et al. (2006), we assume that a
compact radio source contains an ideal relativistic jet,
which is narrow and straight with no bends between
the VLBI core and the jet components. Of course,
some jets are not straight and 6; is not the same in
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Fig. 1.— Plot of the apparent jet speed [app with the
observed brightness temperature T} for a single intrinsic
brightness temperature of Ty = 1x 10'° K and several values
of Lorentz factors ; = 15,20,35. The dashed line repre-
sents where sources observed at the critical angle would lie
on this plot. The solid line represents the possible apparent
speeds of a «j source with intrinsic brightness temperature
given by Tp.

the core and in the moving jet components. The cel-
ebrated example and evidence of the jet bending are
found in 3C 279 (Homan et al. 2003; Abdo et al. 2010).
However, as long as superluminal motion is observed,
the motion must be close to the line of sight, and an-
gular changes of the motion could be highly magnified
due to projection effect. A jet with an intrinsic bend of
only a few degrees could be observed as a right-anlge
bending jet (Cohen et al. 2007).

In this case, we can also assume that the maximum
speed of the jet component is the same as the speed
of the jet flow through the jet core. The flow speed
of the jet is usually different from the pattern speed
of the jet in some low-luminosity sources. However, in
those sources which are bright and straight, the pattern
speeds are the same as the flow speeds. For simplicity,
we make two further assumptions:

1. The intrinsic brightness temperature T of all jets
are the same, and

2. The viewing angels of their jets are around the
critical value 6. = arccosf for the maximal ap-
parent speed at a given (3.

Under the assumptions above, one can relate the ob-
served brightness temperature to the maximum jet
speed:
0 = Bapp (4)
and
Tb =~ ﬁappTO- (5)

This resultant simple relation between the observed
brightness temperature and the apparent maximum jet
speed is illustrated in Fig. 1. From Eqgs. 1 and 2,
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one can also relate the apparent jet speed B,pp to the
Doppler factor 4 and the Lorentz factor ;:

Bapp = 1/ (698)2 — (57 — 1)2. (6)

This relation is illustrated as three solid lines in Fig-
ure 1, for the maximum and minimum possible Doppler
factors dmax = 1/7j and dmin = 1/(v; — /72 — 1). The
lines show actually the apparent speeds as functions
of Ti, for jets with Lorentz factors of 7; =15, 20, and
25. Homan et al. (2006) found that from the simulation
of a relativistically beamed population of 1000 fictional
compact radio sources with given Ty and +;, the dashed
line divided the 1000 compact radio sources into two
groups: one group of about 750 sources in the right
and below, and another group of about 250 sources in
the left and above. The viewing angles of 750 sources
in the right and below are smaller than the critical an-
gle, and their Doppler factors are large. Their proper
motions are small due to their viewing angle.

2.2 Application to 15 GHz Data

By combining the 2 cm VLBA survey data and
the proper motion data of AGN jets, Homan et al.
(2006) found an intrinsic brightness temperature of
To ~ 3x10'° K of the sources in their sample when the
sources are in their median-low (25%-median) bright-
ness temperature state, that is for median brightness
temperatures of a lower half sample of observed bright-
ness temperaturs obtained from multi-epoch observa-
tions of individual AGN. This value for T} is close to
the equipartition temperature under the condition that
the particle energy equals to the magnetic field energy.
However, for maximum observed brightness tempera-
tures, they also found a characteristic intrinsic bright-
ness temperature of 2 x 10! K of their sample, which is
brighter than the equipartition temperature by a fac-
tor of 4. This implies that, in the maximum brightness
state, the energy in radiating particles exceeds the en-
ergy in the magnetic field by a factor of ~ 10°. They
suggest that at the innermost regions of the jet, in-
jection or acceleration of particles should maintain the
energy in the radiating particles dominant over the en-
ergy in the magnetic field.

3. INTRINSIC BRIGHTNESS TEMPERA-
TURE AT 86 GHz

3.1 A Global 86 GHz VLBI Survey Data

In an attempt to investigate intrinsic brightness tem-
perature for sources observed at 86 GHz, we used the
observed brightness temperatures of VLBI cores at
86 GHz from a large global 86 GHz VLBI survey of
compact radio sources (Lee et al. 2008). The survey
data consist of total intensity images with a typical
image FWHM restoring beam of approximately 40 pas.
This corresponds to a scale of < 0.1 parsecs at typical

redshifts z=1 for our sample AGNs. We used Gaussian
fit to the VLBI core component of each jet to deter-
mine a rest-frame core brightness temperature T3, for
each jet according to

T, = 1.22 x 10*2 5;;; (1+2) K, (7)
where Siot is the fitted core flux density in Janskys at
v=86 GHz, d is the FWHM dimensions of the fitted
circular core components in milliarcseconds. In deter-
mining the FWHM d of a core component, the resolu-
tion limit of the determination was taken into account.
So, the minimum resolvable size of a component in an
image is given by

21 +0/2 SNR 1'?

mabln21n m 5 (8)

dmin =

where a and b are the axes of the restoring beam, SNR
is the signal-to-noise ratio, and [ is a weighting func-
tion, which is 0 for natural weighting or 2 for uniform
weighting. When d < di,, the uncertainties should be
estimated with d = dpin. If d < dmin, then the lower
limit of T3, is obtained with d = dpyin.

3.2 VLBA Data

Since there are no reliable measurements of the ap-
parent jet speeds at 86 GHz, we used the apparent
jet speeds from the 2cm survey and the MOJAVE sur-
vey (Kellermann et al. 2004; Lister et al. 2009, 2013),
thereby assuming that the apparent jet speeds at 15
and 86 GHz are similar each other. We selected the
fastest proper motions for each source from the MO-
JAVE survey (Lister et al. 2009, 2013), assuming that
the speeds are maximum values of individual sources.
For some sources whose proper motions are not avail-
able in the MOJAVE survey, we used the apparent
speeds from the 2cm survey (Kellermann et al. 2004),
and we only considered those speeds that are ranked
as “excellent” (E) or “good” (G) by their criteria. We
found that apparent jet speeds at 15 GHz are available
for 98 of the sources in the 86 GHz survey,

In order to constrain the characteristic intrinsic
brightness temperature at 15 GHz for our sample,
we obtained the maximum observed brightness tem-

peratures (Tp°"*™%) and the 25%-median bright-

ness temperatures (7}, 5GHz,25%med) .11 Kovalev et al.

(2005). Table 1 lists the observed brightness tem-
peratures at 15 and 86 GHz for the selected target
sources, with the optical class and redshift obtained
from Véron-Cetty & Véron (2006). The final sample
contains 98 sources, consisting of 7 galaxies, 20 BL Lac
objects, 70 quasars, and one unidentified source accord-
ing to the optical class.
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Table 1.
Observed brightness temperatures

6app TlSGHz,max T15GHZ,25%med TSGGHZ
Name Type z [] K] K] K]
0003—066 B 0.347 8.39 £+ 0.39 >4.60e+11 8.07e4+10 >2.60e+10
0007+106 G 0.089 1.20 £+ 0.07 9.05e+11 1.82e+11 >1.20e+10
0016+731 Q 1.781 8.23 + 0.34 >7.24e+12 1.14e4+11 >1.80e+11
0048—-097 B 0.00 & 0.00 >7.31e+12 >2.44e+11 2.50e+10
0106+013 Q 2.107 24.40 &£ 3.90 >3.87e+12 8.83e+11 1.70e+11
0119+041 Q 0.637  0.50 = 1.60 >1.86e+11 1.04e4+11  >1.40e+10
0119+115 Q 0.570 18.58 4+ 0.82 3.37e+11 1.50e+11  >5.90e+10
0133+476 Q 0.859 15.40 + 1.20 >1.91e+13 7.14e+11 2.40e+11
01494218 Q 1.32  18.40 £ 1.90 >1.40e+12 5.80e+11 5.10e+10
0202+149 Q 0.405 15.88 + 0.75  >1.53e+12 1.82e4+11 >4.80e+10
0202+319 Q 1.466 10.10 £ 1.00 >2.67e+12 1.10e+12 7.90e+10
02124735 Q 2.367  6.58 £ 0.18 1.08e+12 2.00e+11  >2.70e+09
0224+671 Q 0.523 13.69 £ 0.56 >3.94e+11 >3.94e+11 >6.60e+10
02344285 Q 1.207 22.00 £ 1.10 >3.83e+12 >4.51le+11 2.40e+11
0238—084 G 0.005 0.39 £+ 0.02 >3.83e+12 >4.51le+11 >2.20e+10
0300+470 B 0.00 + 0.00  >8.46e+11 >8.46e+11 2.90e+10
0316+413 G 0.017  0.29 4+ 0.02 1.45e+11 1.45e+11 4.70e+10
0333+321 Q 1.263 13.05 £ 0.16 >bH.11e+12 2.64e+11 1.40e+11
0336—019 Q 0.852 24.40 + 1.60 >3.24e+12 4.51e+11 5.60e+10
03554508 Q 1.52 1.90 + 1.60 >9.77e+11 >6.59%e+11 1.20e+11
0415+379 G 0.049 8.14 + 0.31 >7.63e+11 1.56e+11 4.10e+10
04204022 Q 2.277 8.51 + 0.98 5.62e+11 3.02e+11 6.70e+10
0420—-014 Q 0.915 5.76 & 0.59  >b5.18e+13 >2.12e+12 1.90e+11
04224004 B 0.310 0.39 +£ 0.19  >1.38e+12 >1.36e+12 >5.60e+10
04304052 G 0.033 6.43 + 0.24 >9.19e+11 >1.04e+11 9.80e+10
0440—003 Q 0.844 0.59 £ 0.15 2.31le+11 6.87e4+10 >5.20e+10
0458—020 Q 2.291 13.56 £ 0.82 1.82e+12 8.17e+11 1.20e+11
0528+134 Q 2.07 1733 £ 0.55  >2.06e+13 1.11e4+12  >2.50e+11
05294075 Q 1.254 18.00 £ 1.10 >1.91e+410 >1.48¢+10 >1.30e+11
0552+398 Q 2.363 1.63 £ 0.10 1.16e+12 6.0le+11 2.20e+11
0607—157 Q 0.324 1.20 + 0.83 >1.08e+13 1.49e+12 2.90e+10
06424449 Q 3.408 8.52 + 0.41 >2.84e+13 4.32e+12 1.60e+11
0707+476 Q 1.292 -2.80 £ 1.70 5.33e+11 2.67e+11 7.10e+10
0716+714 B 0.00 + 0.00  >1.85e+13 >3.60e+11 3.60e+11
0727—115 Q 1.591 31.20 £ 0.60 >9.93e+12 >9.61le+11 1.40e+10
0735+178 B 0.424 5.05 4+ 0.61 >6.99e+11 >1.34e+11 2.40e+10
0736+017 Q 0.191 13.79 + 0.20 >2.51e+12 5.09e+11 1.00e+11
0738+313 Q 0.630 10.70 + 1.20 >6.54e+11 >7.37e+10 3.60e+10
0748+126 Q 0.889 14.57 + 0.56 >2.66e+12 9.06e+11 1.60e+11
0804+499 Q 1.432 1.17 £ 0.23 >2.94e+412 1.04e+12 6.20e+10
08144425 B 0.530 0.00 & 0.00  >1.40e+12 >1.09e+11 2.30e+10
0823+033 B 0.506 12.88 + 0.49  >3.0le+12 >5.29e+11 5.00e+10
0827+243 Q 0.941 19.80 + 1.30 1.93e+12 6.23e+11 >2.10e+11
0836+710 Q 2.218 21.10 £ 0.77 6.18e+12 2.97e+11 >1.70e+11
08504581 Q 1.322  12.70 £ 4.10 >1.09e+11 >5.30e+10 3.20e+10
0851+202 B 0.306 15.13 + 0.43  >4.80e+12 5.08e+11 2.00e+11
0906+015 Q 1.018 22.08 £ 0.47 6.20e+12 6.43e+11 >1.40e+11
09174624 Q 1.446 12.10 £ 1.20 2.74e+11 9.44e+10 4.00e+10
0945+408 Q 1.252  20.21 + 0.95 >3.07e+12 1.67e+11 5.00e+10
09544658 B 0.367 12.74 + 0.83 >9.06e+11 >9.06e+11 >9.50e+10
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Table 1.
(Continued)
ﬁapp T15 GHz,max T15 GHz,25%med Tgﬁ GHz
Name Type z [] K] K] K]
10124-232 Q 0.565  9.00 £ 0.60 >2.48e+12 4.13e+11 3.90e+-10
1101+384 B 0.031  0.28 &£ 0.05 2.19e+11 6.14e+10 2.10e+-10
11284-385 Q 1.733  1.10 £ 0.50 >4.94e+12 5.30e+11 8.10e+10
1150+497 Q 0.334 17.50 + 2.00 >4.94e+12 5.30e+11 1.40e+11
11564295 Q 0.729  24.60 + 1.90 4.95e+12 2.60e+11 2.60e+11
12194-285 B 0.102  9.12 + 0.79 >1.43e+11 >7.39e+10 1.60e+10
1226+023 Q 0.158 14.86 £+ 0.17 >5.60e+12 >4.73e+11 8.50e+-10
1228+126 G 0.004  0.03 £ 0.00 >4.52e+11 7.68e+-10 1.80e+10
1253—-055 Q 0.538 20.57 £ 0.79 >2.42e+13 5.53e+12  >8.90e+11
1308+326 Q 0.997 27.50 £ 1.20 >2.93e+12 2.26e+11 1.80e+11
1502+106 Q 1.833 17.55 £ 0.90 >3.22e+12 >1.32e+12  >2.70e+11
1508—-055 Q 1.191  6.20 &+ 1.20 >7.84e+11 3.76e+11 4.60e+10
1510—-089 Q 0.360 28.00 + 0.60 >5.60e+12 3.20e+11  >7.00e+10
15464027 Q 0.412 12.10 £ 1.20 >2.76e+12 2.83e+11 >2.10e+10
1548+056 Q 1.422  11.60 £ 1.70 >1.03e+12 3.13e+11  >1.00e+11
1606+106 Q 1.226  19.08 £ 0.86 >2.65e+12 2.26e+11 >1.50e+11
1637+574 Q 0.751 13.61 + 0.89 >1.33e+12 8.54e+11 3.20e+11
1642+690 Q 0.751 14.53 + 0.26 >3.19e+12 >3.18e+11 1.60e+11
16524398 B 0.033  0.87 £ 0.21 6.81e+10 5.22e+10 1.40e+09
16554077 Q 0.621 14.80 £ 1.10 >T7.37Te+11 1.42e+11 1.00e+11
17394522 Q 1.379  9.08 £ 4.64 3.77e+12 1.61le+11 3.90e+11
1741-038 Q 1.057 6.64£1.74 >2.03e+13 1.35e+12 1.90e+11
1749+096 B 0.320 7.90 £ 0.75 >1.85e+13 >1.74e+12 6.10e+11
1800+440 Q 0.663 15.49 + 0.32 >9.35e+12 7.02e+11 1.70e+11
1803+784 B 0.680 10.80 + 1.20 2.71e+12 6.00e+11 8.00e+-10
18074698 B 0.050  0.09 £ 0.01 >3.92e+11 1.18e+11 >1.00e+11
1823+568 B 0.663 26.20 + 2.60 >5.34e+12 >7.04e+11 1.40e+11
18284487 Q 0.692 13.06 + 0.14 >2.78e+12 2.55e+11 2.60e+10
1901+319 Q 0.635  0.90 £ 0.70 7.34e+11 >3.21e+11 3.20e+10
1921-293 Q 0.352  4.20 £ 1.30 2.75e+-12 4.49e+11 3.90e+-10
1923+210 U 0.00 £ 0.00 2.75e+-12 4.49e+11 5.60e+-10
19284738 Q 0.303  8.16 = 0.21 2.37e+12 3.19e+11 4.70e+10
19574405 G 0.056  0.27 £ 0.04 2.37e+12 3.19e+11 2.80e+10
20074777 B 0.342  0.30 £ 0.10 >1.06e+12 >1.8le+11 >3.70e+11
20134370 B 12.53 £ 0.34 >1.06e+12 >1.81e+11 1.80e+11
20374511 Q 1.687  3.78 £ 0.53 8.33e+11 6.07e+11 4.20e+11
21214053 Q 1.941 11.64 £ 0.74 >1.24e+13 2.63e+12 8.70e+-10
2128-123 Q 0.501  6.00 &+ 0.62 >3.37Te+11 >1.29e+11 2.30e+09
21344004 Q 1932  5.07 £ 0.32 >1.31e+12 1.97e+11 >4.60e+10
2155—152 Q 0.672 18.10 + 1.80 >8.77e+11 >6.53e+11 2.00e+10
22004420 B 0.069  9.95 + 0.72 2.26e+12 >5.8le+11  >5.50e+12
22014315 Q 0.298  8.28 + 0.10 >2.7Te+12 >1.06e+11 5.00e+-10
2216—038 Q 0.901  6.75 £ 0.70 7.04e+11 >1.05e+11 5.80e+4-09
2223-052 Q 1.404 20.33 £+ 0.65 >6.53e+12 >1.42e+12 7.30e+-10
22344282 Q 0.795  5.10 + 2.20 >5.13e+11 4.20e+10 4.40e+10
22514158 Q 0.859 13.79 £ 0.49 >3.3Te+12 4.20e+11  >1.30e+11
2255—-282 Q 0.927  6.00 £ 0.95 >2.24e+13 4.93e+12 2.00e+10
2345-167 Q 0.576 11.46 + 0.76 >1.39e+12 2.80e+11 1.10e+-09
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3.3 Constraining Intrinsic Brightness Temper-
ature

Fig. 2 shows plots of the apparent speed Bapp versus
the observed brightness temperature T3, for our sample.
The top panel is a plot of Bapp versus the maximum
observed brightness temperatures at 15 GHz for each
source in our sample. The dashed line indicates sources
at the critical angle which have Ty = 1.2 x 1011 K, and
the solid grey line was calculated using the same value
for Ty. The value of Ty was chosen to have about 75%
of the sources in the right of and below the dashed
line, which is the same criterion for choosing the value
of Ty as in Homan et al. (2006). The middle panel
is for sources in their median-low (25% median) state.
This is the median of the lowest half of the brightness
temperature observations for a given source as defined
in Homan et al. (2006). The 25% median determined
in this critera represents a typical low brightness state
for each source at 15 GHz. We found a characteristic
intrinsic brightness temperature of Ty = 2.0 x 10'° K
for the 25% median state. The intrinsic temperatures
chosen at 15 GHz for our sample (98 sources) are very
close to those for the sample (106 sources) of Homan
et al. (2006). This implies that two samples are sta-
tistically similar and hence suitable for applying this
method.

The bottom panel of Fig. 2 is a similar plot for the
observed brightness temperatures at 86 GHz for each
source in our sample. The value of Ty = 4.8 x 10° K was
chosen to have about 75% of the sources in the right of
and below the dashed line. Since other choices for the
simulation parameters described in Homan et al. (2006)
give a very similar distribution of B.pp vs 11, and have
fractions between 60% and 80% of sources with their
viewing angles smaller than the critical angle, we take
the corresponding values of Ty = 3.3 x 10°K for a 80%
fraction and Ty = 7.4 x 109 K for a 60% fraction as the
range of uncertainty for Tj.

Fig. 3 shows plots similar to Fig. 2 with sources
divided into three groups: quasars, BL Lac objects,
and galaxies. Galaxies have lower apparent jet speeds,
whereas quasars and BL: Lac objects are widely spread
in speed.

3.4 Doppler Factor

The narrow range of intrinsic brightness tempera-
tures determined at 15 GHz (median-low state) and
86 GHz enables us to derive Doppler factors for the
sources in our sample according to Eq. 3. Figs. 4a and
4b show the distributions of estimated Doppler factors
for the 15 GHz (25% median) data and the 86 GHz
data. The distributions have the mean values of 31.2
and 24.1 (excluding one value exceeding 1000) with the
medians of 16.1 and 14.6 for each data, respectively.
This implies that Doppler factors derived with the data
at 15 GHz and 86 GHz for our sample of sources are
slightly different from each other. The Doppler fac-
tors of the VLBI core at 86 GHz are lower than those
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Fig. 2.— Plots of apparent jet speed versus observed
brightness temperature for the sources in our sample. (a)
and (b) plots are for the 15 GHz data. (c) plot is for the
86 GHz data. Lower limits of brightness temperatures are
indicated by right triangle, and solid circles represent mea-
surements. The dashed line represents sources observed at
the critical angle that have the intrinsic brightness tem-
perature of Ty = 1.2 x 10" K (a), To = 2.0 x 10'° K (b),
and Ty = 4.8 x 10° K (c). The solid grey line represents
the possible apparent speeds of a v; = 30 source with the
corresponding intrinsic brightness temperatures.



INTRINSIC BRIGHTNESS TEMPERATURE

IR T T T T “"““‘\ T
sof V=0 L@
T,=12x10"K
Max. Observed Tb at 15GHz
2200 -
& o
10f -
. q"# 6
0 ____________________ “"7*?‘6’/. q’j’bo. ¢ o |
. | . m| . | . \\%HH‘ . ol . o
100 100 10° 10" 10% 10® 10"
T, K]
T “ R T T T
307 y]:SO :‘P (b)7
T,=20x10"K
25% Median Observed Th
@20* 3 3 |
g ¢
(<ol
10 ’ .
+ o
s ¢
0 ____________________ °, # 0ot o o |
M| | L ol \%\ sl | N
106 100 10° 10" 10% 10® 10"
T, K]
T T R ' T
30l y;=30 ¢ " (C),
T,=48x10°K
Observed Th at 86GHz %’
2200 ¢ i
o
10f + .
‘
Of- == f % -
. | . m| | L sl . ol . o
100 100 10° 10" 10% 10® 10"
T, K]

Fig. 3.— Similar plots as Fig. 2 except for the symbols:
red open circles represent quasars; blue solid circles repre-
sent BL Lac objects; green triangles represent galaxies; one
orange square represents unidentified source.

at 15 GHz. Fig. 4c shows the distribution of the ra-
tio of Doppler factors at 15 GHz and 86 GHz for all
sources in our sample. The distribution peaks at a
value higher than unity, and has mean and median val-
ues of 3.43 and 1.11, implying that for many sources
the estimated Doppler factors are higher for the 15 GHz
jets than for the 86 GHz VLBI cores. Taking into ac-
count Eq. 4, higher Doppler factors indicate faster ap-

249

20 T T T e
25% Median at 15GHz @

s Mean: 31.2 |
Median: 16.1

Bmf ] ] —
c |

>

z

s i

A i

01 E— ST S HHH:I.‘OOO

Doppler factor 8,

20 T T T T R T
86GHz (b)

- Mean: 24.1 i
Median: 14.6 I

S |
>
pd

s i

L=

PN VN

Doppler factor 8y,

20 T T T
Mean: 3.43 (©
Median: 1.11 [ |

15 —

g

5107 —
>

=2 I

s | i

o [ ]

01 H:‘I. ‘ ‘ HHH:I.‘O ‘ ‘HH:‘LOO

alSGHz / 686GHZ

Fig. 4.— Distributions of Doppler factors at (a) 15 GHz
and (b) 86 GHz, and of (c) their ratio. Mean and median
values of each distribution are shown in each plot.

parent jet speeds for sources whose viewing angles are
close to the critical value 6, for maximal apparent jet
speed.

4. DISCUSSION

It is interesting that the plots B.pp versus Tj, in
Figs. 2b and 2c show similar trends although few
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sources are far beyond the solid curve in Fig. 2c. There
are few sources having low brightness and fast apparent
speeds. As discussed in Cohen et al. (2007), this implies
that for the fastest jet components in many sources, the
pattern speeds are closely related with the flow speeds.
If the pattern and flow speeds were independent, then
it is difficult to imagine such a trend in B,pp, versus Ty,.
If some sources have fast pattern speeds with slow flow
speeds, then they may be placed to the left of the solid
line. This may be the case for the few sources located
in the area of Fig. 2c.

As discussed in Homan et al. (2006), the chosen
value of Ty should be considered as a lower bound
on the characteristic value. This is because there
are more lower limits of observed brightness temper-
atures than measurements in Fig. 2a. For our sample
To > 1.2 x 10! K when sources have their maximum
brightness temperature. Therefore sources should be
well away from equipartition. However, for the median-
low state in Fig. 2b, there are fewer limits of the ob-
served temperatures than measurements. We may con-
sider the chosen value of Ty the characteristic median-
low intrinsic brightness temperature. For our sample
To = 2.0 x 10'° K. This value of Tp is similar to the
brightness temperature under an equipartition condi-
tion.

For the 86 GHz data, there are similar number of
lower limits as the median-low plot, so it seems reason-
able to take the characteristic intrinsic brightness tem-
perature to be Ty = 4.8 x 10? K. This value is lower by
a factor of ~4 than the median-low intrinsic brightness
temperature at 15 GHz. We note that the apparent de-
crease in brightness temperature between the 15 GHz
and 86 GHz cases cannot be attributed to scatter in
the plots, since the real ranges of the intrinsic bright-
ness temperate in both cases are 1.6 x 1019 K < T, <
3.1 x 10K and 3.3 x 10° K < Tj < 7.4 x 10°K for
the 15 GHz and 86 GHz cases, respectively, using the
60%- and 80%-fraction criteria.

This is lower-than-equipartition temperature imply-
ing that the VLBI cores seen at 86 GHz may be rep-
resenting a jet region where the magnetic field energy
dominates the total energy in the jet. Using Eq. 5 of
Readhead (1994), we estimate that the 86 GHz VLBI
core regions have 4.5 x 108 times more energy in mag-
netic fields as in radiating particles. In these circum-
stances we may expect conversion of magnetic field en-
ergy into the kinetic energy of particles in the jet. Since
the 86 GHz VLBI cores should be located the inner re-
gions of the jet in contrast to the 15 GHz cores and jets,
taking into account the opacity effect of a relativistic
jet (Lobanov 2007; Lobanov & Zensus 2006), we may
also expect that the intrinsic brightness temperature
will increase as we go down-stream of the jet. Apply-
ing similar estimates to the 15 GHz data, we found
1/n ~ 2.4 x 103, implying the ratio between the energy
in the magnetic fields and in their radiating particles
may change by an order of 5 as the relativistic jet moves
from the 86 GHz VLBI core regions to the 15 GHz jet

regions.

The increase of the intrinsic brightness temperature
may result in the increase of apparent jet speeds from
the jet core of radio galaxies and BL Lac objects as
reported by Lister et al. (2013). Fig. 13 of Lister
et al. (2013) may imply that the apparent jet speeds
at 15 GHz (in the outer region of the jet) are faster
than those at 86 GHz (in the inner region), which is
consistent with our results of Doppler factor in Sec-
tion 3.4. Although positive correlation of speed with
core distance needs to be confirmed based on a com-
plete AGN sample, we may expect that the relativistic
jets of AGNs may accelerate on moving away from the
central engine with corresponding increase in the in-
trinsic brightness temperature. This also agrees with
the results of Doppler factors. Some observational tests
for the jet acceleration model will be discussed in a sep-
arate paper.

The difference in the intrinsic temperatures Ty de-
duced at 15 GHz and 86 GHz may imply that only a
small number of sources will be suitable for VLBI at
higher frequencies (e.g., > 300 GHz).

5. CONCLUSIONS

e The 86 GHz global VLBI survey has yielded the
observed brightness temperatures for 98 sources
with available apparent jet speeds and observed
brightness temperatures at 15 GHz from the 2 cm
VLBA survey and MOJAVE program. On apply-
ing the Ty-constraining method, we find that the

intrinsic brightness temperature is Ty = 4.81‘%2 X

102 K for the VLBI cores seen at 86 GHz.

e The Doppler factors estimated with the con-
strained intrinsic brightness temperatures tend to
be higher for the jets seen at 15 GHz than for
the VLBI cores seen at 86 GHz. It is likely that
Doppler factor increases down-stream of a rela-
tivistic jet.

e The VLBI cores at 86 GHz in our sample may
be such that the magnetic field energy in the jet
converts into the kinetic energy of particles. Mov-
ing outwards, down stream of the jet, the intrinsic
brightness temperature will increase.
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