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ABSTRACT

We have used VLBI Space Observatory Programme (VSOP) observations to measure the brightness
temperature distribution of a well-defined subset of the Pearson-Readhead sample of extragalactic radio
sources. VLBI, which is restricted to Earth-diameter baselines, is nhot generally sensitive to emitting regions
with brightness temperatures greater than approximately 10*? K, coincidentally close to theoretical estimates
of brightness temperature limits, 10*-10* K. We find that a significant proportion of our sample have
brightness temperatures greater than 10* K; many have unresolved components on the longest baselines,
and some remain completely unresolved. These observations begin to bridge the gap between the extended
jets seen with ground-based VLBI and the microarcsecond structures inferred from intraday variability,
evidenced here by the discovery of arelationship between intraday variability and V SOP-measured brightness
temperature, likely due to the effects of relativistic beaming. Also, lower limits on jet Lorentz factors,
estimated from space VLBI observations, are starting to challenge numerical simulations that predict low
Lorentz factor jets.

Subject headings. galaxies: active— galaxies: jets— quasars. general — radiation mechanisms: nonthermal —

radio continuum: galaxies— techniques: interferometric

1. INTRODUCTION

Ground-based very long baseline interferometry (VLBI) sur-
veys based on well-defined samples of extragalactic radio
sources have been of critical importance in determining the
general morphological and dynamical properties of the radio-
bright jets originating in the nuclear regions of active galaxies
(Pearson & Readhead 1988; Taylor et a. 1994; Moellenbrock
et a. 1996; Kellermann et al. 1998) and have been essential
in providing constraints and insights for theoretical models of
nuclear jets and their environments. Studies of individual
sources alone may provide a biased view of nuclear activity.

The logical extension to thiswork is space-based VLBI sur-
veys, which allow higher resolution images to be achieved at
agiven observing frequency. In addition, the ability to measure
brightness temperatures higher than possible from the ground,
for a statistically useful number of sources, is one of the major
justifications for extending the VLBI technique to space.
Brightness temperatures measured with space VLBI can pro-
vide interesting constraints on jet formation models and the
theory of relativistic beaming, based on comparisons of ob-
served brightness temperatures with theoretical estimates of the
intrinsic brightness temperature upper limit. If the jets in these
sources are relativistic and somewhat aligned with our line of
sight, the radiation from the jet can be apparently amplified,
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or Doppler boosted, causing the measured brightness temper-
ature to be apparently in excess of the theoretical upper limit,
yielding a lower limit on the jet Doppler factor.

We identify three theoretical estimates of theintrinsic bright-
ness temperature upper limit, with which we will compare our
observational datain subsequent sections: the inverse Compton
limit of Kellermann & Pauliny-Toth (1969), 10™ K; the equi-
partition brightness temperature of Readhead (1994), 10" K;
and the induced Compton scattering limit of Sincell & Krolik
(1994), 2 x 10" K.

The first attempt to observe radio-loud active galactic nuclei
(AGNSs) using space VLBI techniques was made by Levy et
a. (1986) using a Tracking and Data Relay Satellite System
(TDRSS) satellite in conjunction with ground-based antennas.
Linfield et al. (1989, 1990) describe measurements of bright-
ness temperatures from these observations. The TDRSS ob-
servations demonstrated that space VLBI techniques were fea-
sible, but the limited number of ground-based antennas meant
that imaging was not possible.

We have conducted a space VLBI imaging survey using the
facilities of the VLBI Space Observatory Programme (V SOP;
Hirabayashi et al. 1998, 2000b), drawing our sample from the
well-studied Pearson-Readhead survey of extragalactic radio
sources (Pearson & Readhead 1981, 1988). Our survey has
taken advantage of long space VLBI baselines and large arrays
of ground antennas, such as the Very Long Baseline Array
(VLBA) and European VLBI Network (EVN), to achieve high-
resolution images of 27 AGNs and to measure the core bright-
ness temperatures of these sources more accurately than is pos-
sible from the ground. This work complements the VSOP
full-sky survey, which will observe most AGNs brighter than
1 Jy using a very limited set of ground-based antennas (Hir-
abayashi et a. 2000a).

The Pearson-Readhead sample contains 65 northern radio
sources with 5 GHz flux densities greater than 1.3 Jy. Pearson
& Readhead (1988) undertook global 5 GHz VLBI observa-
tions of this complete sample, detecting 46 sources in total.
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Fic. 1.—Top panels: Plots of comoving frame, optically thick brightness
temperatures for the cores of Pearson-Readhead AGNs, grouped by IDV class.
Sources indicated with dashed lines have not yet been observed with VSOP.
Bottom panel: Histograms of best-fit core brightness temperature for the entire
sample (unshaded) and only those sources with measured lower and upper
limits on brightness temperature (shaded).

We have selected 31 of these on the basis of long Earth baseline
5 GHz flux density, less than 0.4 Jy, as likely space VLBI
detections above the 7 o level between a VLBA antenna and
the orbiting antenna.

2. OBSERVATIONS AND DATA ANALYSIS

Observations using the Highly Advanced Laboratory for
Communications and Astronomy (HALCA) orbiting antenna
were conducted over the period 1997 August to 1999 April at
a frequency of 5 GHz, in conjunction with either the VLBA,
EVN, or, in some cases, tel escopes from both arrays. Typically
HALCA was tracked between 4 and 5 hr per observation, pro-
ducing u-v coverages with a maximum baseline of nearly
500 M), or 30,000 km. Full details of these data, the fringe
fitting, calibration, and imaging will be given in Lister et a.
(20018).

The final clean images and the corresponding self-calibrated
data sets were the basis for model-fitting analyses. The set of
point-source clean components describing each core were re-
moved from the clean component model and replaced with a
single elliptical Gaussian, described by six free parameters,
which were fitted to the u-v plane data using the MODELFIT
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task in DIFMAP (Shepherd, Pearson, & Taylor 1994). The
visibility weights, derived from the scatter in the visibilities,
used in this least-squares fit were adjusted for the space base-
lines so that the sum of the weights on the space baselines
equaled the sum of the weights on the ground baselines. In
this manner, the ground antennas and the space antenna con-
tributed equally to the reduced x* statistic. The adjustment of
weights on the space baselines is essential. Without adjustment
the high signal-to-noise ratio ground visibilities would domi-
nate the model fit. By increasing the weights on the space
baselines, we ensure that we include long-baseline information
in our Gaussian core models. Runs of MODELFIT were in-
terspersed with phase self-calibration, to ensure that the reduced
x> was minimized to find the best-fit models.

Errors on the parameters of the best-fit models were deter-
mined using the DIFWRAP package (Lovell 2000). We
searched afour-dimensional parameter space in component ma-
jor axis, axial ratio, position angle, and flux density for each
source to determine which parameter ranges fit the u-v data.
The sizesand flux densities of the model-fitted core components
and the errors on these quantities were used to calculate limits
on the observed brightness temperatures, assuming a Gaussian
surface brightness profile for the core. We convert the Gaussian
brightness temperatures to optically thick sphere brightness
temperatures by multiplying the Gaussian brightness temper-
atures by afactor of 0.56.° The observed frame, optically thick
sphere brightness temperatures derived from our data are tab-
ulated elsewhere (Lister et a. 2001a).

To estimate lower limits on the Doppler factor, we calculate
Opmin ~ Tons(1 + 2T, Where 6,;,, is the minimum Doppler fac-
tor, T, iS the observed brightness temperature, T, is the in-
trinsic brightness temperature, and z is the source redshift. We
discuss these lower limits in § 3.1. To estimate limits on the
brightness temperatures at a fixed frequency in the comoving
frame, so that we can meaningfully compare all the sources,
we caculate T, = T, (1 + 2)**, where « is the observed
spectral index (S,,s o< »5,) and T, isthe comoving framebright-
ness temperature (Readhead 1994). In the discussion of the
comoving frame brightness temperaturesin § 3.2, we adopt the
optically thick case, « = 2.5, to correspond to the physics
embodied in the derivation of the theoretical brightness tem-
perature limits. Support for considering the optically thick case
as a reasonable approximation for the observed sources comes
from those VSOP observations for which we have ground-
based images at a similar epoch and resolution but higher fre-
guency, from which we estimate core spectral indices. For this
small number of sources the core spectral indices are substan-
tialy inverted.

Figure 1 showsthe resulting distribution of best-fit brightness
temperatures in the comoving frame, for optically thick sphere
profiles and at a fixed frequency in the comoving frame. For
many sources the data provided only lower limitsto the bright-
ness temperature. The data for these sources are generally con-
sistent with azero axial ratio (i.e., one-dimensional) component
with position angle equal to the position angle of the parsec-
scale jet. Thisis possibly due to the presence of two or more
closely spaced jet components in the core region that cannot
be resolved individually. Data for 10% of the sources in our

° The Gaussian and optically thick sphere profiles are required to have the
50% points of their visibility functions occur at the same projected baseline,
giving the ratio between Gaussian FWHM and optically thick sphere diameter
to be 1.6 (Pearson 1995), resulting in the factor of 0.56 between the corre-
sponding brightness temperatures.
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sample (0814+425, 1624+416, and 1637+574) are consistent
with truly unresolved, point-source cores. Although best-fit
brightness temperatures were obtained with these zero axial
ratio and point-source fits, the data are consistent within the
errors with an infinite brightness temperature, giving only a
lower limit to the brightness temperature. The set of flux versus
u-v distance plots of our data given in Preston et al. (2000)
illustrate this result in a different way, showing that the jets of
many sources are resolved out on baselines just longer than an
Earth diameter, leaving only a marginally resolved or unre-
solved core component on the longest space baselines. For two
sources, 4C 39.25 and 2021+614, the cores were too weak to
constrain the model fitting, and both have unbounded upper
and lower brightness temperature limits.

3. DISCUSSION

3.1. Upper Limits to Brightness Temperature and Lower
Limits to the Doppler Factor

The highest brightness temperature lower limit we have
foundis1.8 x 102K, for 01334476 (in the observer’ sframe),
prompting us to explore the physical mechanisms that can pro-
duce brightness temperatures in excess of theoretical intrinsic
limits. The most popular current model is Doppler beaming,
as discussed in the introduction. In this case our estimates of
flux density are exaggerated, leading us to infer brightness
temperatures higher than in redlity. It is possible for a typical
jet Lorentz factor T' = [1 — (v/c)?] ¥? = 5 to boost the ob-
served brightness temperatures up by a factor of 2I' = 10.

Kellermann & Pauliny-Toth (1969) derived an upper limit
to the intrinsic brightness temperature of approximately
10" K, based on the inverse Compton losses at high photon
energies that occur when a synchrotron plasma approaches
10" K. The brightness temperature lower limits of three of our
sources lie above 10" K, implying the existence of Doppler
boosting even in this extreme theoretical limit.

More recent theoretical work has shown that rather extreme
conditions must be present in order for a synchrotron plasma
to have an intrinsic brightness temperature near the inverse
Compton limit. Readhead (1994) and Begelman, Rees, & Si-
kora (1994) point out that the ratio of energy density in rela
tivistic electrons to the energy density of the magnetic field
must be extremely large (typically ~10") for the inverse Comp-
ton catastrophe to occur. For sources with milder energy density
ratios (including those at equipartition, whereu,, = Ug), Read-
head (1994) has shown that their intrinsic brightness temper-
atures should lie closeto 10" K, which is 1 order of magnitude
less than the inverse Compton limit. Sincell & Krolik (1994)
have also considered the effects of induced Compton scattering
by relativistic electrons in an AGN jet and derive a hard limit
to the brightness temperature of a self-absorbed synchrotron
source to be approximately 2 x 10™ K. Although one cannot
completely rule out the possibility that some AGNs may have
extremely large u,4 to Uy ratios, it seems unlikely that this
scenario is typical of the general AGN population, given the
short lifetimes of sources radiating at the inverse Compton
limit.

For 0133+476, the inverse Compton scenario gives alower
limit to the Doppler factor of approximately 3 and an upper
limit of ~19° on the jet viewing angle. If we adopt a more
likely intrinsic brightness temperature of 10" K, our estimate
of the Doppler factor lower limit increases to ~30. The jet
would have to be aligned to within only 2° of the line of sight
in this case, and the Lorentz factor lower limit would be T" >
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15. As numerical modeling of relativistic jets becomes more
sophisticated, it appears to be difficult to produce jets from the
vicinity of black holes withT' = 3 (Koide et a. 2000), which
corresponds to the escape velocity from the inner edge of an
accretion disk. These values are also much lower than theI”s
of up to ~40 needed to explain superluminal motions (e.g.,
Marscher et al. 2000). High Lorentz factor jets require the rapid
acceleration of very light material outside the disk, such as a
corona (Meier et al. 1997) or particles created near the horizon
(Blandford & Znajek 1977). Even these processes are limited
toI' ~ 10 or so near the black hole by the drag force of photons
emitted from the accretion disk (Levinson & Blandford 1995),
although continued acceleration to higher speeds well beyond
the central black hole is still possible (see, e.g., Heinz & Be-
gelman 2000). Therefore, direct measurements of brightness
temperatures with space VLBI are beginning to challenge some
theoretical models for relativistic jet formation in the inner
regions of AGNs.

Alternatively, if nonequilibrium conditions exist, then it is
theoretically possibleto exceed 10" K for asynchrotron plasma
(Slysh 1992). To exceed this value for long periods of time,
energy would need to be continuoudly injected into the base
of the jet. Other suggested mechanisms for producing high
brightness temperatures in AGNs include coherent emission
(Benford & Lesch 1998) and conical shocks (Spada, Salvati,
& Pacini 1999).

3.2. Correlations with Other Source Properties

We have gathered a vast amount of supporting data from the
literature on our sample, in order to look for possible corre-
lations between VSOP-measured quantities and other source
properties. A full multidimensional correlation analysis of our
sample will be presented in Lister, Tingay, & Preston (2001b).
Here we discuss our results concerning the V SOP core bright-
ness temperatures.

As many of our brightness temperature measurements in-
volve lower limits, we used a nonparametric Kendall’s 7 test
from the ASURV version 1.2 survival analysis package (Lav-
alley, Isobe, & Feigelson 1992) to establish the statistical like-
lihood of possible correlations. Interestingly, we did not find
any correlations between comoving frame brightness temper-
ature and potential beaming indicators such as core dominance,
jet bending, spectral index, emission-line equivalent width, and
percentage optical polarization. This may be due to the large
number of lower limits in our data set, which hinders the de-
tection of statistically robust correlations.

We have aso performed a series of Gehan's generalized
Wilcoxon two-sample tests (Gehan 1965) on our data, to in-
vestigate whether objects of various AGN classes have different
comoving frame brightness temperatures, at the 95% confi-
dence level. We find no statistically significant differencesin
the distributions of (1) quasars versus BL Lac objects, (2) high
optically polarized quasars (m,, > 3%) versus low optically
polarized quasars, and (3) EGRET-detected versus non—
EGRET-detected sources.

One source property that does appear related to comoving
frame brightness temperature is intraday variability (IDV). This
phenomenon, in which asource displaysvariability ontimescales
of 1 day or less, occurs in roughly 30% of al compact radio
sources (Quirrenbach et a. 1992). The rapid nature of these
fluctuations implies very small source sizes and, in turn, high
brightness temperatures (Dennett-Thorpe & de Bruyn 2000;
Kedziora-Chudczer et a. 1997). Quirrenbach et al. (1992) have
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divided IDV activity into three classes: class |1 consists of rapid
up-and-down flux density fluctuations, class | involves mono-
tonic increases or decreases on short timescales, and class O
indicates no IDV. In Lister et a. (2001a), we list the IDV clas-
sification for the sources in our sample that have been monitored
for IDV. Some sources display different classes of IDV activity
at different times; for these objects we list the maximum class
of IDV published in Quirrenbach et a. (1992, 2000) and Krich-
baum, Quirrenbach, & Witzel (1992). We find that the class Il
sources have higher comoving frame core brightness tempera-
tures than the class 0 and class | sources, at the 98.0% and 97.8%
confidence levels, respectively.

Although this finding appears to imply a close relationship
between the compactness of the core and IDV activity, the
comoving frame brightness temperatures are significantly
smaller than those implied from the IDV timescales (i.e,
10"-10* K), if they are intrinsic to the source. Part of this
difference might be due to the differing effects of Doppler
factor on the brightness temperature estimates. Brightnesstem-
perature estimates from 1DV should be a factor of 6% higher
than from VLBI, since they depend on timescal e measurements
(Terésranta & Valtaoja 1994). Any remaining difference may
be explained if a contribution to the observed IDV is due to
interstellar scintillation (Kedziora-Chudczer et a. 1997).

Quirrenbach et al. (1992) find that virtually all sources with
compact VLBI structures show IDV at alevel greater than 2%
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of total flux, indicating a relationship between IDV and rela
tivistic beaming. We have found further evidence for such a
relationship by using space VLBI to probe these compact struc-
tures, measuring core brightness temperatures, which are di-
rectly related to the Doppler factors of their jets. It seemslikely
that the relationship we find between IDV type and VSOP-
measured brightnesstemperatureispartly dueto Doppler boost-
ing. High Doppler factors will boost brightness temperatures
to high values and will also decrease the timescale of any
intrinsic variations in flux, as seen in the observer's frame; a
timescaleintrinsic to the source of At correspondsto atimescale
in the observer’'s frame of (1 + z)At/s. This could tend to give
highly beamed sources high apparent brightness temperatures
and type |1 IDV, whereas less beamed sources will have lower
apparent brightness temperatures and type 0 or | IDV.

We gratefully acknowledge the VSOP Project, which is led
by the Japanese Ingtitute of Space and Astronautical Science
in cooperation with many organizations and radio telescopes
around the world. Part of this work was undertaken at the Jet
Propulsion Laboratory, California Institute of Technology, un-
der contract with the National Aeronautics and Space Admin-
istration. S. J. T. acknowledges support through an NRC/
NASA-JPL Research Associateship. Thanks go to Stefan
Wagner for providing updated IDV information for 1823+ 568.

REFERENCES

Begelman, M. C., Rees, M. J,, & Sikora, M. 1994, ApJ, 429, L57

Benford, G., & Lesch, H. 1998, MNRAS, 301, 414

Blandford, R. D., & Zngjek, R. 1977, MNRAS, 179, 433

Dennett-Thorpe, J., & de Bruyn, A. G. 2000, ApJ, 529, L65

Gehan, E. 1965, Biometrika, 52, 203

Heinz, S, & Begelman, M. C. 2000, ApJ, 535, 104

Hirabayashi, H., et a. 2000a, PAS), 52, 997

. 2000b, PASJ, 52, 955

. 1998, Science, 281, 1825

Kedziora-Chudczer, L., et a. 1997, ApJ, 490, L9

Kellermann, K. 1., & Pauliny-Toth, I. I. K. 1969, ApJ, 155, L71

Kellermann, K. I., Vermeulen, R. C., Zensus, J. A., & Cohen, M. H. 1998,
AJ, 115, 1295

Koide, S., Meier, D. L., Shibata, K., & Kudoh, T. 2000, ApJ, 536, 668

Krichbaum, T. P., Quirrenbach, A., & Witzel, A. 1992, in Variability of Blazars,
ed. E. Vataoja & M. Vatonen (Cambridge: Cambridge Univ. Press), 331

Lavalley, M., Isobe, T., & Feigelson, E. 1992, in ASP Conf. Ser. 25, Astro-
nomical Data Analysis Software and Systems |, ed. D. M. Worrall, C. Bie-
mesderfer, & J. Barnes (San Francisco: ASP), 245

Levinson, A., & Blandford, R. 1995, ApJ, 449, 86

Levy, G. S, et a. 1986, Science, 234, 117

Linfield, R. P., et a. 1989, ApJ, 336, 1105

. 1990, ApJ, 358, 350

Lister, M. L., Tingay, S. J., Murphy, D. W., Piner, B. G., Jones, D. L., &
Preston, R. A. 2001a, ApJ, in press

Lister, M. L., Tingay, S. J., & Preston, R. A. 2001b, ApJ, in press

Lovell, J. E. J. 2000, in Astrophysical Phenomena Revealed by Space VLBI,
ed. H. Hirabayashi, P. G. Edwards, & D. W. Murphy (Sagamihara: ISAS),
301

Marscher, A. P., Marchenko-Jorstad, S. G., Mattox, J. R., Wehrle, A. E., &
Aller, M. F. 2000, in Astrophysical Phenomena Revealed by Space VLBI,
ed. H. Hirabayashi, P. G. Edwards, & D. W. Murphy (Sagamihara: ISAS),
39

Meier, D. L., Edgington, S., Godon, P., Payne, D. G., & Lind, K. R. 1997,
Nature, 388, 350

Moellenbrock, G. A., et a. 1996, AJ, 111, 2174

Pearson, T. J. 1995, in ASP Conf. Ser. 82, Very Long Baseline Interferometry
and the VLBA, ed. J. A. Zensus, P. J. Diamond, & P. J. Napier (San
Francisco: ASP), 267

Pearson, T. J., & Readhead, A. C. S. 1981, ApJ, 248, 61

. 1988, ApJ, 328, 114

Preston, R. A., et a. 2000, in Astrophysical Phenomena Revealed by Space
VLBI, ed. H. Hirabayashi, P. G. Edwards, & D. W. Murphy (Sagamihara:
ISAS), 199

Quirrenbach, A., et a. 1992, A&A, 258, 279

. 2000, A&AS, 141, 221

Readhead, A. C. S. 1994, ApJ, 426, 51

Shepherd, M. C., Pearson, T. J, & Taylor, G. B. 1994, BAAS, 26, 987

Sincell, M. W,, & Krolik, J. H. 1994, ApJ, 430, 550

Slysh, V. 1. 1992, ApJ, 391, 453

Spada, M., Salvati, M., & Pacini, F. 1999, ApJ, 511, 136

Taylor, G. B., Vermeulen, R. C., Pearson, T. J., Readhead, A. C. S., Henstock,
D. R, Browne, I. W. A., & Wilkinson, P. N. 1994, ApJS, 95, 345

Terésranta, H., & Valtaoja, E. 1994, A&A, 283, 51




