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ABSTRACT 
The radio source 4C 39.25 has been shown by Shaffer et al to contain both superluminally moving and 

stationary components. We present the results of VLBI observations of 4C 39.25 at 1.35 cm at epoch 1983.77. 
Comparison with the 2.8 cm maps of Shaffer et al indicates that none of the components possesses the 
characteristics normally associated with the compact core of a superluminal source. When combined with the 
steep spectrum at frequencies above 10 GHz and the two-sided arcsecond-scale jet, we infer from the lack of a 
well-defined core that 4C 39.25 represents a source intermediate between more typical superluminal sources and 
symmetric extended radio sources with weak cores. A relativistic jet model is possible only if the jet bends by 
over 50° or decelerates as it moves outward, or both. 

Subject headings: galaxies: jets — interferometry — quasars — relativity 

I. INTRODUCTION 

The quasar 4C 39.25 (z = 0.699; see Hewitt and Burbidge 
1980) has been shown by Shaffer et al (1987) to contain two 
components which remain stationary relative to each other on 
either side of a third component which is moving superlumi- 
nally relative to the other two. The source had previously 
been reported to be a double with no relative motion (e.g., 
Shaffer et al 1977; Bâàth et al 1980; Pauhny-Toth étal 
1981) , thus providing a counterexample to the superluminal 
sources which are more common among strong compact radio 
sources. One possible explanation for the lack of relative 
motion is that the components are in fact separating super- 
luminally with identical velocities from a core which could 
not be detected at a wavelength of 2.8 cm owing to self- 
absorption. In order to test this possibility, the authors ob- 
served 4C 39.25 at 1.35 cm using very long basehne inter- 
ferometry (VLBI). As is discussed below, the resultant map, 
when compared with maps at longer wavelengths, reveals that 
none of the three compact components possesses the spec- 
trum and/or compactness typical of the compact cores found 
in other superluminal radio sources, nor is any other corelike 
structure apparent. In addition, the overall spectrum and 
arcsecond-scale morphology of 4C 39.25 differ from those of 
most other superluminal sources. We place these results in the 
context of the general classification of radio sources, and find 
that 4C 39.25 possesses the properties of more than one class. 
It therefore may be an important link which connects the 

superluminal sources with the extended sources containing 
weak cores. 

II. OBSERVATIONS 

4C 39.25 was observed on 1983 October 8 between 0600 
and 2000 UT at a wavelength of 1.35 cm using a VLBI array 
consisting of the 20 m antenna at Onsala Space Observatory; 
the Max-Planck-Institut fur Radioastronomie 100 m antenna 
at Effelsberg, West Germany; the Haystack Observatory 37 m 
antenna at Westford, Massachusetts; the 26 m antenna oper- 
ated by the Naval Research Laboratory at Maryland Point, 
Maryland; the National Radio Astronomy Observatory 
(NRAO) 43 m antenna at Green Bank, West Virginia; one of 
the 25 m antennas of NRAO’s Very Large Array (VLA) near 
Socorro, New Mexico; and the Owens Valley Radio Observa- 
tory 40 m antenna at Big Pine, California. A receiver failure 
at the VLA limited the useful data from that station to about 
4 hr. The experiment recorded a 1.8 MHz wide band, centered 
on 22,231 MHz and sensitive to left circular polarization, with 
the Mark II VLBI system (Clark 1973). The data were 
processed on the JPL-CIT correlator at Caltech. The post- 
processing, editing, calibration, and mapping were performed 
on the Boston University Astronomy VAX 11/750 computer 
system using a combination of the AIPS software written by 
the NRAO staff and the Caltech VLBI software written by 
Caltech and JPL staff, most notably T. J. Pearson. 
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The nominal calibration parameters as supplied by the 
individual stations were applied to the data. Crossovers in the 
u-v tracks were then used to adjust the gains at each telescope 
by constant factors to achieve consistency. The signal-to-noise 
ratio was low on most baselines for at least some fraction of 
the time. The resultant map (not shown here) is therefore of 
relatively low dynamic range, approximately 15:1 as judged 
by the highest level of negative contours. Also, variable atmo- 
spheric opacity and receiver instability are more pronounced 
at 1.35 cm than at longer wavelengths. Hence, it is difficult to 
determine the absolute flux densities of features appearing in 
the map. 

Of even more concern is the question of uniqueness of the 
map. Given the low signal-to-noise ratio of many of the data, 
the standard self-calibration-hybrid mapping procedure 
(Cornwell and Wilkinson 1981) is poorly constrained. Unfor- 
tunately, some form of self-calibration is necessary at 1.35 cm 
owing to the calibration uncertainties. In order to limit the 
number of free parameters, and thereby restrict the freedom 
of the self-calibration routines, the hybrid maps were used 
only to determine the number and placements of the major 
components of the source. The 2.8 cm maps (suitably inter- 
polated in time) were also used for the same purpose. A 
first-order model was thus produced to serve as the starting 
point in the model fitting routine. This model contained four 
elliptical Gaussian components (cf. the 1984 August map of 
Fig. 1). The model fitting produced a best-fit model, which 
was then used in the self-calibration routine AMPHI (from 
the Caltech VLBI software package) to adjust the telescope 
gains by constant factors. Another round of model fitting to 
the data thus adjusted produced a final model. The data were 
then once again adjusted for gain errors on a 2 hr time scale 
by AMPHI for the purpose of determining whether the model 
is capable of producing an acceptable fit to these “corrected” 
data. The fit thus produced has a reduced x2 of 0.88, with no 
significant systematic deviations from the data. The model 
consists of 20 parameters which are allowed to vary, in 
contrast with the > 100 parameters typically involved in 
hybrid mapping. Within the context of this procedure, the 
overall model, i.e., a point source in between two more diffuse 
components, is insensitive to the starting model. For example, 
the same basic structure is obtained if one uses a single point 
source in the first iteration. 

III. RESULTS 

The 1.35 cm model of 4C 39.25 is shown in Figure 1, along 
with the 2.8 cm maps of Shaffer et al. (1987). The model 
clearly shows a strong, unresolved component which lies 
between two weaker, partially resolved components. (The 
fourth component in the model contains an insignificant 
fraction of the total flux density.) While the model is certainly 
not unique, the presence of these three main components is 
clearly required by the data. We identify the strong, compact 
component in the middle with the superluminal component 
(“b”) of Shaffer et al and Marcaide et al (1985). The outer 
two components are more poorly defined, since they are 
heavily resolved by our array. Still, the emission appears in 
the approximate locations of components designated “a” and 
“c” by the above authors. 
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Fig. 1.—VLBI maps (2.8 cm) and model (1.3 cm of 4C 39.25 at the 
given wavelengths and epochs. Restoration beam is a circular Gaussian of 
FWHM = 0.4 mas, which corresponds to the resolution along the source 
axis. East is to the left, and north is up. Tick marks are 0.5 mas apart. 
The component designations are given in the bottom panel. Maps are 
registered such that components a and c are roughly stationary. Contour 
levels are 3,5,10,20,..., 90% of peak brightness temperature of (a) 
3.35 X 1011 K, (b) 7.0 X 109 K, and (c) 6.0 X 1010 K. 

Because of variable atmospheric absorption and the lack of 
known 1.35 cm VLBI calibrators in 1983 (a limited number of 
such calibrators are now known), the overall flux density 
calibration is uncertain. Nevertheless, since fringes disappear 
when the BONN-HSTK and BONN-NRAO correlated flux 
densities dip below the expected limit of about 0.3 Jy, it is 
unlikely that the flux densities are off by more than about 
30%. 

Owing to the heavily resolved structures of components a 
and c, we cannot determine their flux densities at 1.35 cm. 
(The same problem might also exist at 3.8 and 2.8 cm, since 
Shaffer et al. 1987 report that a significant fraction of the 
total flux density is resolved out by the VLBI arrays at these 
wavelengths.) Component b, however, is unresolved at 1.35 
cm. This limits its extent to <0.1 mas along the narrow axis 
of the beam (position angle 78°) and to < 0.25 mas along the 
long axis of the beam. The flux density of component b is 
0.45 ± 0.15 Jy, with the major source of uncertainty being the 
flux density calibration of the experiment. This flux density 
lies well below the values observed at earlier and later epochs 
at longer wavelengths: 1.2 Jy at 2.8 cm in 1982 June; 1.2 Jy at 
3.8 cm in 1984 July; and 1.3 Jy at 2.8 cm in 1984 August 
(Shaffer et al. 1987). Since the total flux density of 4C 39.25 at 
centimetric wavelengths monotonically decreased by less than 
about 0.3 Jy during this period (Aller et al. 1985), it is very 
unlikely that the 2.8 cm flux density of component b de- 
creased to a value much less than 1.2 Jy at the epoch of our 
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1.35 cm observations. Using 1.2 Jy as the 2.8 cm flux density, 
we obtain a two-frequency spectral index of a = -1.3 + 0.3 
between 10.65 GHz (2.8 cm) and 22.23 GHz (1.35 cm). (The 
spectral index a is defined here such that, for a power-law 
dependence of flux density Sp, Sv oc Va.) 

IV. DISCUSSION 

These 1.35 cm observations show that 4C 39.25 is unusual 
among superluminal radio sources: none of the components 
possesses all three of the basic properties of the compact 
“core” found in VLBI maps of other superluminal sources. 
The “classical” superluminal source contains a component 
which is at most barely resolved, has a flat or inverted 
spectrum, and is situated at one end of the brightness distri- 
bution. The superluminal motion is traditionally measured 
relative to this “core,” an interpretation which is supported 
by the lack of motion (relative to an external reference frame) 
of the core in 3C 345 (Bartel et al. 1986). In the case of 
4C 39.25, component c lies at one end of the brightness 
distribution, and component b’s motion is away from c. It is 
therefore tempting to identify component c as the core. How- 
ever, its spectrum is not flat or inverted, and it is heavily 
resolved by VLBI arrays at centimetric wavelengths. Compo- 
nent b is unresolved at 1.35 cm but does not lie at the end of 
the brightness distribution and also does not have the spec- 
trum expected of a compact radio core. Component a con- 
tains none of the properties of a core: its spectrum is neither 
flat nor inverted above 10 GHz; it is heavily resolved; and, 
despite its location at one end of the VLBI brightness distri- 
bution, the superluminal motion of component b is toward 
rather than away from it. 

4C 39.25 differs from most other known superluminal 
sources in other ways, as well. The arcsecond-scale map of 
Browne et al (1982) reveals a two-sided, although asymmet- 
ric, jet. Most other superluminal sources mapped by Browne 
et al. contain one-sided jets. (Another superluminal source, 
1928 + 738, has been found by Johnston et al. 1987 to also 
contain a two-sided jet.) Furthermore, the spectrum of 
4C 39.25 does not fit the pattern found by Landau et al. 
(1986). Nearly simultaneous multifrequency observations of 
active extragalactic sources by these authors yielded spectra 
whose slopes change smoothly with frequency for the most 
active (i.e., variable) sources. 4C 39.25, in contrast, has a 
spectrum which displays a sharp peak near 10 GHz. This 
object, along with three others with peaked radio spectra, was 
used as part of a control sample by Landau et al. Rudnick 
and Jones (1982) had previously found that sources with 
peaked radio spectra tend to have less pronounced variability 
than do flat-spectrum radio sources. It is interesting that 
another peaked-spectrum source, PKS 2134 + 004, has also 
been found to contain VLBI components whose relative posi- 
tions have remained constant (Pauhny-Toth et al 1984). 

4C 39.25 has not been well monitored for brightness varia- 
tions at optical wavelengths. In the radio, Medd et al (1972), 
Altschuler and Wardle (1976), and Aller et al (1985) have 
found 4C 39.25 to be variable over a time scale of a few years 
in both flux density and polarization, similar to other super- 
luminal radio sources. Hence, 4C 39.25 has some of the 
properties of superluminal radio sources, but differs from the 
others in both structure and spectrum. 
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The two-sidedness of the arcsecond-scale jet implies that 
the outer jet is not strongly beamed. (The intensity ratio of 
the eastern to western side is difficult to determine from the 
map of Browne et al 1982; a rough estimate gives a value 
~ 4, which suggests weak beaming.) In standard relativistic 
jet models (e.g., Blandford and Königl 1979), the superlumi- 
nal motion requires that the jet he within < 21 h degrees of 
the line of sight, where h is Hubble’s constant in units of 100 
km s 1 Mpc-1, and <7o = 0 has been assumed. For a spectral 
index a ~ -1, the flux density of the entire jet is boosted by 
a factor ô3, while the flux density of a feature in the jet is 
enhanced by a factor 84, where 8 is the Doppler factor. The 
weakness of the core and its relatively low turnover frequency 
imply that the emission from the core is not as strongly 
beamed as for other superluminal sources. For /z = 1, for 
example, the observed superluminal motion can be explained 
with a relatively low Doppler boosting by a jet with a flow 
velocity of 0.993 c (Lorentz factor of 8.5) directed at an angle 
25° to the line of sight. The corresponding Doppler factor 
would be 1.2 in this case, compared with a value ~ 5-10 for 
most superluminal sources. The core would then be expected 
to be relatively weak with a lower than normal turnover 
frequency, as observed. It is then, however, difficult to explain 
why 4C 39.25 is such a bright radio source. (Its luminosity 
would need to be much higher than that of other compact 
radio sources, which are typically thought to be highly 
beamed.) The above limit on the angular size of component b, 
combined with the observed turnover frequency and flux 
density, can be used to estimate the expected self-Compton 
X-ray flux density (see, e.g., Marscher 1983). The value thus 
derived, - 9 jit Jy at 1 keV, is roughly 20 times that observed 
(Tananbaum et al 1979). Since the derived X-ray flux de- 
pends on the values of the observed parameters of the radio 
source raised to high powers, the discrepancy is insignificant 
given the uncertainties of our analysis of the radio spectrum. 
Hence, a high degree of relativistic beaming is neither re- 
quired nor ruled out for the core using this method. 

Under the same scenario, the arcsecond-scale jet:counteijet 
ratio of - 4 requires that the jet axis lie at an angle - 77° to 
the line of sight. The observed apparent bending is 17° 
between the milharcsecond-scale and arcsecond-scale jets, 
compared with the required 52°. Since the projection angle is 
unknown, these two values are not inconsistent. The amount 
of bending required would be less if the jet were allowed to 
decelerate between the milharcsecond and arcsecond scales. 

The above model does not explain why component a ap- 
pears stationary relative to component c. Variations of the 
standard relativistic jet model, as discussed by Shaffer et al. 
(1987), are required to accommodate this phenomenon. 

Another possibility is that the jet in 4C 39.25 is only 
sometimes relativistic. Component b would then be a product 
of a recent stage in which the flow was accelerated from 
nonrelativistic to highly relativistic speeds. If this is the case, 
then one would expect component b to be significantly decel- 
erated when it encounters the region now occupied by compo- 
nent a (in the year 1991). 

V. CONCLUSIONS 

The radio spectrum, VLBI structure, and arcsecond-scale 
structure of 4C 39.25 lead to the impression that this source 
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possesses some of the characteristics of each of two distinct 
classes of radio source. One of the compact components is 
moving superluminally, while two others are stationary rela- 
tive to each other. As opposed to other superluminals, the 
arcsecond-scale jet is two-sided. Furthermore, the 1.35 cm 
VLBI observations given here show that source does not 
contain any compact component which has the characteristic 
typical of a compact radio core. 

Taken together, these properties indicate that 4C 39.25 is 
an intermediate class of radio-loud quasar. The two-sidedness 
of the arcsecond-scale jet is consistent with the standard 
relativistic jet model for superluminal motion only if the 
compact jet is more strongly beamed than the more extended 
jet. This could occur if either the speed of the jet flow were to 
decrease with distance from the center of activity, or if the 
apparent bending of the jet of 17° were to correspond to an 
actual bending of at least 50° (or some combination of 
deceleration and bending). The absence of a component with 
the properties typical of a compact core could result from 
weaker beaming of the compact jet compared with other 
superluminal sources. In addition, some variation of the 
standard relativistic jet model must be invoked to account for 
the lack of apparent motion of component a. 

It can be argued that the nonstandard mixture of properties 
in 4C 39.25 is evidence against the relativistic jet model for 
superluminal motion. Indeed, it is only the superluminal 
motion and the one-sidedness of the compact structure which 

suggest that the jet is relativistic. If the jet is allowed to lie 
well outside the line of sight, and the compact jet is assumed 
to be intrinsically one-sided, then alternatives to relativistic 
bulk motion must be found to explain the superluminal 
motion of component b. One possibility is a phase effect, 
which causes a bright spot generated by an upstream dis- 
turbance to appear to move superluminally through the jet 
(Blandford 1987). 

There are other possible explanations for the behavior of 
4C 39.25 (see also Shaffer et al. 1987), but the observations do 
not currently allow a distinct choice to be made among these. 
Continued observations of 4C 39.25 should help to further 
define its characteristics. Of most interest will be the interac- 
tion between components b and c when they “collide” in 
1991. 
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