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ABSTRACT 

The Faint Object Camera on the Hubble Space Telescope was used to observe the radio galaxy PKS 
0521-36 which hosts a prominent radio jet. Images of the jet show spatial structure comparable to VLA data 
and significantly better than optical ground-based observations. The jet structure is resolved at FOC 
resolution. In addition to the radio knot, well resolved by the FOC, an extension of the jet toward the nucleus 
is apparent. The rest of the jet does not show much dumpiness, implying that the synchrotron electrons must 
be accelerated all along the jet to account for the extent in the optical region. 
Subject headings: galaxies: individual (PKS 0521-36) — galaxies: jets — radio sources: galaxies 

1. INTRODUCTION 

The Faint Object Camera (FOC) is part of the European 
Space Agency’s contribution to the NASA and ESA collabo- 
ration on the Hubble Space Telescope (HST). The FOC was 
designed to take full advantage of the increased spatial 
resolution provided by the HST optics (Macchetto et al. 1980; 
Macchetto 1982; Paresce 1990) particularly in the ultraviolet 
and optical spectral region. The FOC has two independent 
optical relays, at f/96 and f/48, which magnify and refocus the 
incoming light onto separate but identical two-dimensional 
photon counting detectors. Each detector works typically with 
512 x 512 pixels (although other modes can be used), and each 
25 pm pixel covers 0.022 arcsec2 or 0.044 arcsec2 in the sky. 

To determine the effect of the telescope’s spherical aberra- 
tion on the capabilities of HSTs scientific instruments, a short 
program of observations, derived from the approved scientific 
programs of each Investigation Definition Team, was estab- 
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fished and carried out. The results reported in this and the 
other FOC papers in this issue arise from this science assess- 
ment program. 

The study of the optical counterparts of radio jets will be the 
subject of an intensive investigation program with the FOC 
first proposed 10 years ago (Miley 1981; Macchetto 1981). 
Radio jets are observed in hundreds of radio galaxies and 
quasars (e.g., van Breugel & Miley 1977; Miley 1980), and they 
are known to play a fundamental role in the transport of 
energy from the nucleus to the radio-emitting lobes (Rees 
1971). Despite extensive searches, only a very small number of 
radio jets have been detected in the optical region (e.g., 
Butcher, van Breugel, & Miley 1980; Keel 1988). One of the 
most prominent radio and optical jets is that found in the 
elliptical galaxy PKS 0521 — 36, a relatively isolated elliptical 
radio galaxy at a redshift z = 0.055 which also harbors a bright 
F = 16 BL Lac nucleus and extended optical fine emission. 
Detailed spectroscopic and morphological studies have been 
carried out by Danziger et al. (1979, 1983); Cayatte & Sol 
(1987); and Boisson, Cayatte, & Sol (1989). Recently Sparks, 
Miley, & Macchetto (1990) reported optical polarization mea- 
surements of the jet and nucleus, which confirmed the expected 
high polarization if the emission is due to synchroton radi= 
ation. 

High spatial resolution optical observations offer the possi- 
bility, due to the extremely short electron lifetime, of precisely 
determining locations within the jet where particle acceleration 
occurs, and by comparing to radio maps of similar resolution 
of investigating viable confinement mechanisms and diffusion 
processes within the relativistic plasma. The extensive data and 
our expectation of being able to carry out direct comparison of 
the VLA data (Keel 1986), together with the challenge of the 
bright nucleus and intrinsic scientific interest of the target, 
made PKS 0521-36 a good candidate for the FOC science 
assessment observations. 

2. OBSERVATIONS AND REDUCTIONS 

Images of PKS 0521 — 36 were obtained on 1990 August 25 
using the F430W and F320W filters and f/96, 512 x 512 mode 
(Paresce 1990) with a corresponding pixel size approximately 
0"022. Pointing was defined using the radio VLBI positions 
obtained by Morabito et al. (1986). Exposures were made in 
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fine lock, with an expected tracking accuracy of O'.'OO? during 
the exposures. The exposures were of nominal duration of 1500 
s, two in each filter. Approximately 10% of the integration time 
was lost due to loss of fine-lock, caused by spacecraft jitter 
during day/night terminator crossings. 

The data were processed by correcting for electron-optically 
induced distortion using a grid of regularly spaced reseau 
marks on the faceplate of the detector, giving a final pixel scale 
of «0"022 pixel”Internal flat-field LED exposures were pro- 
cessed in the same way, and the data frames were divided by 
normalized geometrically corrected flat-field frames. This pro- 
cedure is flux-conserving. 

The galaxy has a very bright, V « 16, BL Lac nucleus which 
severely tests the ability of HST and the FOC to detect faint 
structure in the vicinity of bright objects. Accurate knowledge 
of the point-spread function appropriate to the data is essential 
to remove the halo around the nucleus which arises from the 
presence of spherical aberration in the HST primary mirror. 

Various techniques were tried to remove the effects of the 
nucleus, from straightforward subtraction of a scaled point- 
spread function (PSF), direct Fourier deconvolution, 
maximum entropy deconvolution, and Lucy’s (1974) iterative 
deconvolution technique. A combination of point source sub- 
traction and Lucy’s method gave the best results. Specific PSF 
observations were obtained of the star BPM 16274, a UV flux 
standard (Bohlin et al. 1990; Turnshek et al. 1990); however, 
these data were only obtained some weeks after the original 
observations of PKS 0521 — 36. Potential mismatches between 
the data and stellar PSF also arise because of the large color 
difference between these objects. A second PSF was therefore 
derived from observations of the BL Lac object AP Lib that 
had been observed the day preceding the observations of PKS 
0521 — 36 and which provides a much better color match. This 
was constructed from two images which combined the unsatu- 
rated core of one with the higher signal-to-noise ratio wings of 
the other. Although there is clearly some contamination of that 
PSF due to the host galaxy of AP Lib, it is small compared 
with the point source itself. Only the F430W filter was used in 
common to both of these sets of data. 

An example of the resultant deconvolutions is shown in 
Figure 1 (Plate LI6). This uses Lucy’s (1974) iterative deconvo- 
lution technique which constrains the result to be positive. To 
obtain better convergence and discrimination of the nucleus, a 
point source of luminosity equal to 75% of the nuclear lumin- 
osity was first subtracted. Convergence, defined by a reduced 
chi-squared value between the data and model of less than or 
equal to 1, was achieved fairly quickly, in about 10 iterations. 
The resultant resolution is a function of the signal-to-noise 
ratio—in the nucleus we resolve structure on scales 0"1, while 
in the jet 0"2-0'.'3 is a realistic estimate of the resolution. A 
model of the underlying galaxy has also been subtracted in 
Figure 1, in order to show the jet more clearly. The BL Lac 
nucleus is extremely bright compared with the rest of the 
image, and the residual structure within »2" is contaminated 
by the imperfectly removed halo around the point source. 

3. RESULTS 

The VLA contour data as published by Keel (1986) is shown 
superposed on the FOC data in Figure 2 (Plate L17). It is 
immediately obvious that the FOC data has a resolution very 
similar to that of the VLA data but shows considerably more 
morphological information than the ground-based optical 

Vol. 369 

data (see, e.g.. Sparks et al. 1990 for a high spatial resolution 
ground-based image). 

The FOC image shows a bright knot located æl"8 to the 
NE and clearly resolved as in the VLA data. The width of the 
knot is «0"8. Beyond this bright knot, the jet has approx- 
imately constant surface brightness and a morphology similar 
to the VLA image with a total length of 6'.'5. The jet is also 
resolved in width, 0"6 wide in the fainter regions of the jet, with 
little or no evidence of structure on a scale of <0'T. The FOC 
data appears to show more flux than the VLA data in the 
region at slightly larger radius from the nucleus but close to the 
southern tip of the knot. The signal-to-noise ratio is very low, 
however, and this requires confirmation. Note that the data in 
Keel’s (1986) Figure 6 does show some low-level emission in 
this region. 

There is a second component seen in the deconvolution at 
0"36 from the nucleus, Figure 2. It is visible in the raw data, 
although by no means as clearly as in the deconvolved image. 
Such a source would be completely within the core of the 
highest resolution VLA contour map published by Keel. A 
potential concern is that this second component is an artifact 
of deconvolution close to the saturated nucleus. We do not 
expect saturation effects to propagate as far as 0"36, but to test 
this possibility, a saturated image of AP Lib was reduced in 
similar fashion. No corresponding secondary component was 
seen. Our tentative conclusion therefore is that we have 
detected a previously unseen inner jet structure at a distance 
corresponding to 300 pc, H0 = ISkms-1 Mpc” ^ 

In the acquisition image, namely the image used to define 
the pointing of the HST, we can just detect the “red tip,” 
namely a distinct knot off the jet tip at a distance of some 2". It 
appears as a diffuse faint object. Since it does not have a VLA 
counterpart, it is unclear whether it is associated with the jet or 
is a chance spatial coincidence with a foreground or back- 
ground object. Near-infrared measurements are needed to 
clarify this point. 

4. DISCUSSION 
FOC observations of the nucleus of PKS 0521 — 36 seem to 

have resolved it into a bright nucleus and a inner jet extension. 
Presumably the optical polarization measured by Sparks et al. 
(1990) comes from both these components. The fact that the 
nuclear polarization is large and perpendicular to the jet direc- 
tion (Sparks et al. 1990; Angel & Stockman 1980; Bailey, 
Hough, & Axon 1983; Bridle et al. 1986) is consistent with 
what has been observed in other quiescent blazars and quasars. 
The second component close to the nucleus may be an inner 
extension of the jet since it lies on the geometrical projection of 
the jet toward the nucleus. However, since this extension falls 
entirely within the VLA radio core, there is no independent 
way of confirming its existence. If real, it could be a site of 
electron acceleration along the jet due to transverse shocks 
(Drury 1983; Blandford & Eichler 1987). 

The large bright knot further along the jet is a clear counter- 
part to the radio knot. The radio and optical polarization 
position angles (Keel 1986; Sparks et al. 1990) suggest a mag- 
netic field aligned along the jet direction. This knot is unre- 
solved in the optical polarimetric measurements, but the 
general sense of the magnetic field is still along the jet direction 
at that position. The bright knot is clearly an important site 
where particle acceleration is occurring. 

The general optical morphology of the jet does not exhibit 
any significant degree of dumpiness even at FOC resolution. 

MACCHETTO ET AL. 
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PLATE L16 

Fig. 1.—The jet in PKS 0521-36 as observed by the Faint Object Camera. An elliptical model of the galaxy has been subtracted. The jet is approximately 6?5 
long. 

Macchetto et al. (see 369, L56) 
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PLATE L17 

Fig. 2.—The VLA contour data of Keel (1986) is shown superposed on the FOC data. Note the excellent agreement of the two data sets. 

Macchetto et al. (see 369, L56) 
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Using the standard formula of Rybicki & Lightman (1979), we 
derive a mean lifetime for the electrons : 

hi2 = 16-4 ^ yr , 

where B is the magnetic field in Gauss and y is the Lorentz 
factor. The mean distance for electron diffusion is 

where ü = 120£y2/10~4 is the cut-off frequency. With typical 
value B « 10“4, the electron diffusion distance is D « 200 pc in 
the optical and D « 100 kpc in the radio region. The corre- 
sponding lifetime for the optical electrons is i1/2 « 600 yr. This 
implies that there must be continuous acceleration along the 
jet of the electrons responsible for the optical emission, since 
electron diffusion from the bright knot could not account for 
the observed optical extent. These results are comparable to 
values derived for the optical jet in M87 (Fraix-Burnet et al. 
1989). 

We clearly need higher signal-to-noise ratio observations of 
this and other optical jets to answer some of the key questions 

associated with the optical counterparts to radio jets. What is 
the role of beaming and orientation in determining the appear- 
ance of an optical jet? Is a higher level of nuclear activity at 
present correlated with the optical jet appearance? What are 
the electron acceleration and transport mechanisms in these 
jets? HST in fact offers the possibility of having images with 
higher spatial resolution than the VLA and allowing therefore 
an excellent probe of physical conditions at particle acceler- 
ation sites and of electron diffusion length scales. 

The Faint Object Camera is the result of many years of hard 
work and important contributions by a number of highly dedi- 
cated individuals. In particular, we wish to thank ESA HST 
Project Manager Robin Laurance, the ESA/HST Project 
Team and the European contractors for building an outstand- 
ing scientific instrument. The FOC IDT Support Team, D. 
Baxter, P. Greenfield, R. Jedrzejewski, and W. B. Sparks, 
acknowledge support from ESA through contract 6500/85/ 
NL/SK. P. Crane and I. R. King acknowledge support from 
NASA through contracts NAS5-27760 and NAS5-28086. The 
radio VLA data used in Figure 2 were kindly made available to 
us by Bill Keel. 
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