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ABSTRACT

We present the results of an HST and ground-based imaging study of a
complete 3C sample of z ~ 1 sources, comprising 5 quasars and 5 radio galaxies.
We have observed all of the sample in essentially line-free bands at rest-frame
0.33 um with WFPC2 and in rest-frame 1 pm images from the ground; we have
also observed most of the sample in narrow-band filters centered on [O II]. We
resolve continuum structure around all of our quasars in the high-resolution
WFPC2 images, and in four of the five ground-based K’ images. All of the
quasars have some optical continuum structure that is aligned with the radio
axis. In at least 3 of these cases, some of this optical structure is directly
coincident with a portion of the radio structure, including optical counterparts
to radio jets in 3C 212 and 3C 245 and an optical counterpart to a radio lobe in
3C2. These are most likely due to optical synchrotron radiation, and the radio
and optical spectral indices in the northern lobe of 3C2 are consistent with this
interpretation.

The fact that we see a beamed optical synchrotron component in the quasars
but not in the radio galaxies complicates both the magnitude and the alignment
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comparisons. Nonetheless, the total optical and K’ flux densities of the quasar
hosts are consistent with those of the radio galaxies within the observed
dispersion in our sample. The distributions of K’ flux densities of both radio
galaxies and quasar hosts exhibit similar mean and dispersion to that found
for other radio galaxies at this redshift, and the average host galaxy luminosity
is equivalent to, or a little fainter than, L*. The formal determination of the
alignment in the optical and infrared in the two subsamples yields no significant
difference between the radio galaxy and quasar subsamples, and the quasars
3C 196 and 3C 336 have aligned continuum and emission-line structure that is
probably not due to beamed optical synchrotron emission.

Very blue and/or edge-brightened structures are present in some objects
within the probable quasar opening angle; these are possibly the result of
illumination effects from the active nucleus, t.e., scattered quasar light or
photoionization. In 3C212, we see an optical object that lies 3" beyond the radio
lobe, but which looks morphologically quite similar to the radio lobe itself. This
object is bright in the infrared and has a steep spectral gradient along its length.
A striking, semi-circular arc seen associated with 3C 280 may possibly be a tidal
tail from a companion, enhanced in brightness by scattering or photoionization.

In the near-infrared, most of the radio galaxies have elliptical morphologies
with profiles that are well-fit by de Vaucouleurs ri-laws and colors that are
consistent with an old stellar population. All components around the quasars
have optical-infrared colors that are redder than or similar to the colors of their
respective nuclei; this is more consistent with a stellar origin for the emission
than with a dominant scattering contribution.

From the correspondence between the total magnitudes in the galaxies and
quasars and the detection of aligned components in the quasars, we conclude
that this study provides general support for the unification of FR II radio
galaxies and quasars. Some of the objects in the sample (e.g, 3C212) have
properties that may be difficult to explain with our current understanding of
the nature of FR II radio sources and the alignment effect.

1. Introduction

Powerful radio sources, and the objects associated with them, provide probes of
the Universe from z ~ 1 up to the highest redshifts at which discrete objects have been
detected. Over the past decade, observations of radio sources at high redshift have focussed
primarily on the galaxies, since the extended hosts of quasars at those redshifts are much
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more difficult to observe. We will present here the results of a systematic imaging survey
of a complete sample of z ~ 1 radio galaxies and quasars; first we will briefly review the
background and motivation for this work.

1.1. High Redshift Radio Galaxies

Observations of high-z radio galaxies have been reviewed by McCarthy (1993); here
we summarize and update the aspects most relevant to our investigation. Radio galaxies
at z > 0.8 often have both distorted, multi-component optical continuum structures and
associated emission-line regions extending many tens of kpc. Both the emission-line and
the continuum shapes tend to be elongated along the direction of the radio axis (Chambers,
Miley, & van Breugel 1987; McCarthy et al. 1987), whereas similar alignments have been
observed only rarely in the lower-redshift (z < 0.6) 3C sample (Baum & Heckman 1989;
McCarthy & van Breugel 1989).

This “alignment effect” also seems to be a function of wavelength; near-infrared
morphologies of z ~ 1 radio galaxies are rounder and the strength of the aligned component
is generally less, though in many cases still significant (Rigler et al. 1992; Dunlop & Peacock
1993). It cannot be assumed, of course, that the differences between the high and low
redshift galaxies arise solely from evolutionary effects. Optical imaging of high redshift
galaxies corresponds to the rest-frame ultraviolet, which is observable only with great
difficulty from the ground for their low-z counterparts. Another difference between the
high-z and low-z samples is that the radio power of the low-redshift sources in a flux-limited
sample is systematically lower than that of the high-z objects. Observations of morphologies
of samples of low radio power galaxies at high redshift have found no evidence for significant
alignment, indicating a radio power dependence to the alignment effect (Dunlop & Peacock
1993; Eales et al. 1997).

A simple explanation for this correlation of optical and infrared morphologies with
the radio axis remains elusive, and observations probably rule out any single cause. Early
attempts were made to interpret the morphologies of high-redshift radio galaxies in terms
of interactions (e.g., Djorgovski et al. 1987), which seemed an attractive and natural way to
explain the observed distorted morphologies and close companions. Such explanations were
largely abandoned with the discovery of the alignment effect, because it seemed unlikely
that the interaction axis and the radio axis would be naturally correlated with each other

(but see West 1994).

Currently, two processes are generally considered as the most probable causes of the
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alignment effect: jet-induced star formation, and the scattering of light from an obscured
quasar. High polarizations (~ 10%) have been confirmed in 3C 277.3, 3C 324, 3C 256,

3C 265 and in a number of other radio galaxies (Cimatti et al. 1993, 1996; Dey et al. 1996).
Direct detections of broad Mg II lines in polarized light from the aligned continuum in 3
high-z radio galaxies (di Serego Alighieri et al. 1994), and detection of broad components
to Mg II A2798 and C III] A1909 in deep spectra of 3C 324 (Dickinson, Dey & Spinrad 1995)
make it very likely that scattered quasar radiation is a significant component of the aligned
optical light in at least these galaxies (Fabian 1989; Cimatti et al. 1993; di Serego Alighieri
et al. 1994).

However, high-resolution HST WFPC2 imaging of z ~ 1 radio galaxies generally has
not revealed a “scattering cone” morphology as is seen in low redshift AGN such as NGC
1068; the alignment comes in many cases from discrete lumps that are closely confined
to the track of the radio jet (Longair et al. 1995; Dickinson et al. 1995; Best, Longair
& Rottgering 1996). This morphological evidence tends to favor the suggestion that the
aligned emission is dominated by star formation induced by the radio jet (Chambers et al.
1987; Begelman & Cioffi 1989; de Young 1989; Rees 1989; Daly 1990). Longair et al. (1995)
and Best et al. (1996) find a variety of morphologies in their sample of 8 z ~ 1 galaxies,
and, though most exhibit some degree of alignment, the nature of the correspondence with
the radio structure varies from source to source. The smaller scale radio sources such as
3C 324 and 3C368 have structures aligned close to the radio axis, while the larger scale
radio sources tend to have material that appears more relaxed, exhibiting less alignment.
Best et al. speculate that this is an age effect: if the very closely aligned structures seen
in the smaller, younger radio sources are the result of radio-jet-induced star formation,
this activity would cease after the radio lobes have passed outside of the host galaxy,
allowing the stars formed to relax into the compact morphologies observed in the larger,
and presumably older radio sources.

There is so far no conclusive evidence for a case in which stellar emission in likely
to dominate an aligned component, in spite of the early claim of Chambers & McCarthy
(1990) for possible stellar absorption features in summed spectra of aligned regions in two
different radio galaxies. The best example of an object believed to be dominated by stars
formed by a radio jet is Minkowski’s Object, a blue clump of line-emitting material in
the path of the jet from a z ~ 0.018 radio galaxy. Its broad-band colors, line ratios and
emission-line morphology make jet-induced star formation the most likely interpretation
(Brodie, Bowyer, & McCarthy 1985; van Breugel et al. 1985; Hansen, Ngrgaard-Nielsen, &
Jergensen 1987) but even in this low-redshift case it is difficult to get conclusive proof of
the existence of a young stellar population.
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Other possible contributors to the aligned UV continuum in these galaxies are thermal
emission from a hot plasma, optical synchrotron radiation, and inverse Compton scattering
of microwave background photons by relativistic electrons (Chambers et al. 1988; Daly
1992a,b). Some of these mechanisms require that the optical morphology directly trace
the radio structure: such a correspondence may be present in some smaller scale radio
objects such as 4C 41.17 (Miley et al. 1992), but these mechanisms cannot account for
the many cases in which there is no strong correlation between the radio and optical
morphologies. The aligned components of the blue, closely aligned z ~ 1 galaxy 3C 368,
originally thought to be dominated by scattered quasar light, seem low in polarization in
recent imaging polarimetry and spectropolarimetry (Dey et al. 1997). These components
have Balmer-line-to—continuum ratios that indicate the thermal nebular continuum from
the ionized gas actually dominates the near-UV aligned continuum radiation (Dickson et al.
1995; Stockton, Ridgway & Kellogg 1996).

1.2. QSO Host Galaxies

Far less is known about the hosts of high redshift quasars than about radio galaxies.
Until recently, studies of QSO host galaxies have concentrated primarily on the low redshift
range. Evidence has accumulated that QSO activity might be triggered by interactions or
mergers: the extensive ground-based work on these z < 1 QSOs has shown a significant
fraction of them to have asymmetries, distortions, tidal features, and a tendency to have
close companions. Their host galaxies have colors bluer than do normal ellipticals; such
colors would be consistent with interaction-triggered star formation (Heckman 1990;
Stockton 1990 and references therein). In the past few years, several groups have studied
radio-loud and radio-quiet QSOs at z = 2 to 3 (Heckman et al. 1991; Lehnert et al. 1992;
Hutchings et al. 1994b; Lowenthal et al. 1995; Arextaga et al. 1995). They have been able
to resolve extensions around a reasonable percentage of the high-z QSOs they have studied
in optical and/or the near-infrared (~ 50%); these groups find similar results in that the
extended portion contributes ~ 20% of the total quasar flux at observed optical wavelengths.
Lehnert et al. (1992) found the extended quasar light to have redder optical-infrared colors
than the quasar itself. This result is more consistent with the extensions coming from
a stellar host galaxy than from scattered nuclear emission. They also found that the 5
quasars in their sample have total host K magnitudes significantly brighter than those of
radio galaxies in a comparable redshift range. In the optical studies of the same sample,
Heckman et al. (1991) saw no evidence for alignment of the quasar extensions with the
radio axis. These two results seem to pose difficulties for theories in which radio galaxies
and quasars differ solely in orientation (Barthel 1989); radio galaxies at these redshifts are
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quite aligned in the UV. Recently, however, Bremer (1997) has found that the z = 0.734
quasar 3C 254 has continuum and emission-line morphologies that are well aligned with the
radio structure.

Of course, the study of QSO host-galaxy properties is complicated by the bright
nucleus which contaminates or swamps any extended component that underlies the seeing
disk. For this reason, the Hubble Space Telescope (HST) is well-suited to the study of QSO
host galaxies, and even more so for these high redshift objects in which (at z=1) ~ 6 kpc
of physical scale® would be hidden under a typical 1”-diameter groundbased seeing disk. A
number of recent WFPC2 imaging studies of QSO host galaxies at low redshift have been
made. These include the major GTO survey of z ~ 0.2 QSOs of Bahcall et al. (1994, 1995a,
19956, 1996, 1997), a survey of 4 QSOs by Disney et al. (1995), and several low-z QSOs
studied by Hutchings et al. (1994a). Early claims of discrepancies in host-galaxy magnitudes
between the results of previous ground-based imaging and the HST images (Bahcall et al.
1994, 1995a) now seem to have been resolved (McLeod & Rieke 1995; Bahcall et al. 1997),
and the higher resolution of the HST images allows details of the galaxy morphology to be
determined. QSOs in general are found to have a fairly wide range of host galaxies, ranging
from apparently normal ellipticals and spirals, to obviously interacting systems. Radio-loud
quasars are, as expected, usually found in elliptical host galaxies, but (contrary to general
expectation) radio-quiet QSOs seem also to be predominantly in elliptical host galaxies.

1.3. Unified Models

The optical spectra and extended radio properties of radio galaxies and quasars have
many similarities, inspiring attempts to explain the differences between the two classes as
due primarily to orientation (Scheuer 1987; Barthel 1989). In this view, FR II radio galaxies
and quasars are drawn from the same population; the non-thermal optical continuum and
broad spectral features seen in the quasars are obscured in the radio galaxies by a dusty
torus oriented perpendicularly to the radio jet. That radio sources have strongly beamed,
relativistic jets is well-established from the observed jet asymmetries, apparent superluminal
motion, and depolarization aymmetries between the jet and counter-jet-side radio lobes of
quasars (Laing 1988; Garrington et al. 1988; Ghisellini et al. 1993). Orientation must play
a part in how we view and classify such beamed objects.

Unified hypotheses of AGNs in general have been reviewed recently by Antonucci (1993)
and of radio-loud AGNs in particular by Urry & Padovani (1995). Spectrophotometric

"Ho = 75 km sec™! Mpc~!,q, = Y/, throughout this paper.
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studies of 3C 234 and seven other radio galaxies revealed obscured broad-line regions
(Antonucci & Barvainis 1990; see review by Antonucci 1993). These studies, the recent
probable discovery of broad Mg II in emission in the very nearby powerful FR II galaxy
Cygnus A (Antonucci et al. 1994), and detections of broad Pa-a from some narrow-line
radio galaxies (Hill et al. 1996), provide direct support for this unification of radio galaxies
and quasars. Another way to test the unification hypothesis for quasars and narrow-line
radio galaxies is to compare properties that should be isotropic in matched, complete,
and unbiased samples of radio galaxies and quasars selected on the basis of some other
supposedly isotropic property, such as extended radio emission. As summarized by Urry &
Padovani (1995), a number of such tests can and have been made, with results that either
favor some form of unified model or at least do not strongly contradict such models.

However, although it is certain that viewing angle has affected our classification of
radio galaxies and quasars, precise and unambiguous tests of the hypothesis that all objects
in these separate apparent classes belong to the same intrinsic population are difficult.
The total sample of objects cannot be wholly homogeneous, and the objects must have a
certain dispersion in physical properties such as opening angle; in addition, various insidious
selection effects from the beamed properties of the objects may bias samples chosen to

measure isotropic properties.

Recent successes at resolving quasars at z > 1 have prompted us to undertake a project
to image a complete sample of 15 quasars at z ~ 1 in order to address the issues of the
relationship between radio galaxies and quasars and, possibly, of the alignment effect in
high redshift radio sources. We seek to minimize the bias in our samples by selecting on
radio-lobe properties alone. We have taken deep WFPC2 imaging of a small but complete
subset of these quasars and the matched complete sample of radio galaxies in the hope
that the higher resolution of HST will enable us to make our comparison of radio galaxy
and quasar host properties less hindered by systematic effects than previous ground-based
studies. We present here the results of the WFPC2 and groundbased imaging of this HST
subsample; the remainder of the larger sample will be discussed elsewhere.

2. Sample Selection

The revised 3C (3CR: Bennett 1962) catalog has long provided the only large sample
of radio sources selected at low frequency for which both optical identifications and
redshifts are now essentially complete (Spinrad et al. 1985). For this reason, we have
concentrated on 3CR objects to form our samples. Our larger complete sample of 3CR
quasars is chosen to match the 3CR galaxy sample of Rigler et al. (1992) in extended
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radio properties and in redshift range. We provisionally included all 3CR quasars in the
range 0.8 < z < 1.25 with steep-spectrum fluxes above the survey limit of 9 Jy at 178
MHz. We define as “steep-spectrum” objects with spectral indices o (computed at 2700
MHz; see note to Table 1) > 0.5, where S, o v~*. Our final sample was limited to those
steep-spectrum quasars whose total flux is not brought above the survey limit by a flat
spectrum compact core, in order to try to ensure that we are selecting on an isotropic
property. The extended, steep-spectrum lobes of FR II radio galaxies are optically thin and
probably mostly unbeamed. While Garrington et al. (1991) found that the spectral index
is flatter on the jet-side, consistent with a beamed contribution to the lobe flux, Blundell
& Alexander (1994) have argued that this spectral index asymmetry may be explainable
simply by projection and light-travel-time effects, in that the radio emission from the more
distant lobe should have age-steepened more than the emission from the nearer lobe. In
any case, the contribution is considered minor (Urry & Padovani 1995), and it is probably
not a significant source of bias in our radio-lobe-luminosity selected sample.

For our HST observations, we have defined a complete subset of the above z ~ 1 3C
sample. We include all 3CR objects that fulfill the radio flux, morphology and spectral
index constraints of the quasar sample, as well as having a redshift within the range
0.87< 2z < 1.05 and a § < 60°. The lower declination limit of the revised 3C survey is —5°;
our sample could equally well have been drawn from the further-restricted sample of Laing,
Riley, & Longair (LRL; 1983), except for our inclusion of 3C2 and 3C 237, which have
declinations below the LRL declination limit of 10°.

The redshift range for our sample was chosen so that the WFPC2 filters F622W and
F675W give passbands centered near rest-frame 3300 A with little or no contamination from
emission lines. After deleting 3C 22 because of high extinction (Ap = 1.09) along the line of
sight, we are left with a sample of 5 radio galaxies and 5 quasars. These are listed in Table
1 along with some information about their optical and radio properties. The 10 sources all
have double-lobed radio structure; eight have largest angular sizes (LAS; from lobe hotspot
to hotspot) > 7”; 3C2 has LAS ~5” and has sometimes been termed a “compact steep
spectrum” (CSS) source (Saikia et al. 1987). 3C 237, with a LAS of ~ 173, is included in
most samples of CSS objects (e.g., Fanti et al. 1990).
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3. Observations and Reduction
3.1. HST WFPC2 Imaging

Table 2 gives the log of HST observations. Total exposure times for each object in
our sample were calculated to give roughly the same signal-to-noise level to a given proper
surface brightness limit; actual total integration for our WFPC2 observations are given
in Table 2. Our general technique was to take two, three, or four separate exposures of
900-1100 seconds at the same pointing to aid in removal of cosmic rays, but to dither the
telescope in a square pattern 10.5 pixels on a side between subsequent sets of exposures
to aid in removal of hot pixels and to improve our sampling of the PSF. The object was
centered on WFC3, giving a scale of 0’1 pixel™! (undersampling the HST point-spread
function). HST points accurately to ~ 3 mas (0.03 pixel), and we found that using the
intended pointings to shift and combine the dithered images gave better final image quality
than re-assessing the offsets by centering on the undersampled stars.

We tried recalibrating the raw data with several different types of STScl-provided
bias—dark combinations and found the best standard deviation in final combined frames
from using the pipeline-supplied biases (averaged from 40 individual bias frames close in
time to the observations) and a super-dark (an average of 100 darks). The recalibration
routine generates bias-subtracted, dark-subtracted, and flattened files, as well as associated
bad pixel masks (data quality or “DQF”) files. We resampled the images by a factor of
two to a size of 1600 x 1600, then aligned by shifting in integer (resampled) pixels. For
combination and cosmic ray removal, we used primarily the STSDAS gcombine routine.
We first rejected all pixels marked as bad or saturated in the DQF files generated by the
recalibration routine. We then rejected pixels that were more than 3¢ from the median,
using the rejection algorithm “rsigclip” to compute a median and sigma that are robust
against unidentified outliers. We then compute each output pixel value from the average
of the remaining unrejected pixels. From all summed frames in which we had unsaturated
stars, we measured an average stellar full width at half maximum (FWHM) of 0/14 with a

1o variation of 0702.

We have derived the flux density in our images from the calibration information
provided by STScI, i.e., from the PHOTLAM calibration keyword generated by SYNPHOT
in the pipeline calibration. These calibrations are determined from knowledge of the
instrumental sensitivities and filter bandpasses, supplemented by WFPC2 imaging of known
standards. We normally will give our photometric results in terms of flux densities for the
optical images in this paper, since we use non-standard filters.
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3.2. Ground-based Optical Imaging

The ground-based observations are summarized in Table 3. Our non-standard optical
filters are designated by {central wavelength}/{FWHM}, where both quantities are given
in Angstroms. The optical continuum images were taken at the University of Hawaii 2.2-m
telescope with an anti-reflection-coated, thinned Tektronix 2048 x 2048 (Tek2048) CCD.
While we have ground-based images of all of the quasars in our sample obtained with filters
very similar to the WFPC2 filters, we used these images mainly for consistency checks on
the HST calibrations; we will make no further use of them in this paper. For 3C2 we also
obtained an image in a redder passband near Mould I (our 8964/1063 filter).

We also observed 4 quasars and 2 of the radio galaxies in narrow-band [O 11] interference
filters. These filters are high-transmission (~ 90%), square-bandpass filters with widths
~ 30 A, centered at redshifted A3727 A for each of the objects. The narrow-band images
were taken at UH 2.2m with the Tek2048 CCD and at the CFHT with SIS fast guiding and
the Orbitl (Orb2048) CCD; specifics of the seeing conditions (FWHM) and filter positions
can be found in Table 3.

We followed standard CCD data reduction procedures, with a few adjustments for some
of the peculiarities of the detectors. For the continuum images, we made sky flats from the
median average of the dithered, bias-subtracted raw images (while masking objects out of
the median). We compared the results of using sky flats versus dome flats in flattening the
raw frames; in general, the sky flats worked better. In a few cases, bright stars left residuals
that we could not successfully mask out, and in this situation we adopted the dome flats.
Each frame was corrected for atmospheric extinction using mean extinction coefficients.
The narrow-band images were treated similarly, except that, because we needed long
exposures to approach sky-noise-limited statistics in the background, we normally obtained
only 3 dithered frames and could not construct good sky flats; we therefore used dome flats
instead.

To produce our final CCD images, we median-averaged the separate frames after
aligning each to an accuracy of ~0.1 pixel (0702), using the brightest unsaturated stars in
each field. We then flux-calibrated using Kitt Peak spectrophotometric standard stars with
data to 1 um (Massey et al. 1988; Massey & Gronwall 1990). To determine the standard
star flux in our non-standard continuum and narrowband filters, we approximated our
filters as square with width equal to the FWHM of the filter profile, and integrated the
stellar spectral flux within this region.
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3.3. Infrared Imaging

The near-infrared images were taken at the UH 2.2 m, CFH, IRTF, and Keck telescopes.
All objects were observed at Mauna Kea K’ (Wainscoat & Cowie 1992). This filter is
centered at 2.1 pum (shorter than standard K) in order to reduce thermal background. A
few objects were observed at standard H as well, which is centered at 1.65 um. At the UH
2.2 m, we used the NICMOS3 256 x 256 (Nic256) HgCdTe infrared array at f/10, with a
pixel scale of 0”37 pixel™!, and at f/31, with 0712 pixel™'. We also used the 1024 x 1024
QUIRC (Qrc1024) HgCdTe camera, with a scale of 0718 pixel™ at £/10. At the CFHT, we
used the UH NICMOS camera in March 1992, with a scale of 073 pixel~! and the CFHT
Redeye Camera, (also a 256 x 256 NICMOS3 device), in November 1993 with a scale of
072 pixel™!. The IRTF observations were made with NSFCam, a 256 x 256 InSb array.
NSFCam has an adjustable pixel scale; we chose to use 0715 pixel™! and 0”3 pixel™! on
separate occasions. The Keck Near-IR Camera (NIRC) also uses a 256 x 256 InSb device.
Seeing and photometric conditions were variable; best seeing was 05 FWHM and worst
~1"3. We give the specifics of each observation in Table 3. We offset the telescope slightly
between each exposure on a field to facilitate creation of sky flats and removal of bad pixels.
Dome flats were made by subtracting observations of the incandescent-illuminated dome
from observations of the dome with the lights off. Except at Keck, the standard readout
procedure for these devices leaves little or no bias.

We outline our reduction procedure for the UH 2.2m NICMOS3 observations, and
afterwards indicate variations made for other devices. An iterative process was used to
flatten the data and replace the bad pixels. First a bad pixel mask was created from the
dark frames and dome flat field frames. The raw object frames were then normalized by
their median sky value and combined to create a sky frame. (Every calculation of a median
sky value excluded the masked-off regions associated with that frame). This sky frame was
then scaled to each raw frame and subtracted. The subtracted frames were flattened with
the dome flats. These rough flattened images were aligned to the nearest pixel using stars
or the quasar itself and median-averaged to create a rough combined image. A mask was
made from this combined frame of the positions and extents of the objects. The portion
of this object mask that was associated with each individual frame was added to the bad
pixel mask to create a combined mask for that frame. The process was then repeated;
using the object mask to mask objects out of the sky frame, we made superior flattened
frames, recalculated the centering and alignments, and made a better combined image. This
combined image was then used to replace the bad pixels in each flattened frame with the
median of good pixels from the rest of the frames. The bad-pixel-corrected flattened frames
were then interpolated and resampled; since most of our infrared data are undersampled,
the magnification factor was generally in the range 4-8. The centering was recalculated



- 12 -

(bad pixels may badly skew centering), as were the fluxes of a number of photometric
reference objects we had previously specified. Using these photometric fluxes to scale each
frame to the median flux value, we made a final combined frame, using sub-pixel alignment
with an accuracy of ~0.2 pixel (~0707 for the UH NICMOS images). In cases where we
had variable extinction from clouds, we scaled the individual frames to the maximum flux
recorded. This process treats incorrectly any contribution from the dark current, which was
scaled along with the sky, but the effect is negligible as long as the dark contribution is a
small percentage of the total background. For the NICMOS chip, the uncertainty in the
level of dark to subtract is greater than any resulting uncertainty this process may add.

The 1024x1024 QUIRC chip (at the UH 2.2m) has a much stabler dark pattern, and
we generally subtracted a dark frame from the object exposures prior to creation of the sky
flat. With NIRC at Keck, twilight sky flats were used instead of dome flats. A bias must
be subtracted, which we obtained from dark frames taken at the beginning and end of each
night. The scale is 0715 pix~1, resulting in a field of view of 38”. This meant that we were

not able to have a star on the frame in all cases. Otherwise reduction procedures followed
were similar to that for the NICMOS at the UH 2.2m.

We calibrated our near-infrared data with standards from the UKIRT faint standard
list (Casali & Hawarden 1992) and from the Elias et al. (1982) list of moderately bright
standards. We corrected for the color difference between K and K’ as prescribed by
Wainscoat & Cowie (1992); the resulting flux difference was ~ 2-3%, which is generally less
than the error in our absolute calibration. A secondary check on our absolute calibrations
can be made by comparing fluxes of stars from separate observations of the same field.
Since we have Keck observations for all objects except for 3C 2, all other observations are
referenced to our Keck data. The average percentage difference in absolute calibration is
0.4%, with a standard deviation of 5.1%, and a maximum mismatch of 12%; this standard
deviation flux difference corresponds to a magnitude difference of 0.05.

4. Analysis
4.1. Point Spread Function Determination

To determine the morphologies and magnitudes of the extended material underlying
the quasar nuclei, we must remove the contribution of the nuclear component. We describe
here some of the details of how we determine the point spread function (PSF) that we use
to subtract off this nucleus.
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4.1.1. The HST Point Spread Function

For the HST data, we observed a PSF star in association with each of the quasar
observations. We planned the exposures to try to match as closely as possible the
observational procedure for the quasars themselves; e.g., we followed the same dithering
procedure we discuss in §3.1 and calculated the PSF exposure times in order to saturate
the PSF to the same extent that we saturated on the quasars themselves. In Table 4, we
give the PSF star we observed in conjunction with each quasar, the filter in which each
was taken, the integration times, and the greatest extent of saturation in any dimension
for both the QSO and PSF. As can be seen, our predictions of QSO and PSF magnitudes
were not quite perfect, and the saturation diameters range from 0 to 0725. We note
here that these saturation regions are the intersection of whatever pixels were marked as
A-to-D-converter-saturated by the DQF files; we mask out entirely these saturated pixels
and replace those data with other data values from the stack of images if other pixels
are not saturated. Therefore, because we dithered our exposures by half-pixel steps, and
saturation may vary slightly from exposure to exposure, we may end up with a saturated
diameter of 1 resampled pixel (0705), which is equivalent to half an original resolution
element of the WFC.

The PSF varies across the field, so we checked the observed QSO and PSF positions
on the chip. This positioning was very stable: the variation in the distance from the mean
column position for all PSF stars and QSOs was 0¢olumn = 0735, and the maximum deviation
was 07, for the 3C 245 PSF star. The row positioning varied a little more (o,.,=0"6), but
the maximum deviation from the mean position was 172 for the PSF star of 3C 336. As we
have more than one measurement of the PSF in each filter, and our mean positions on the
frame do not vary much, we can now consider averaging the PSFs in each filter to increase
our signal-to-noise. In order to assess how much the PSFs differ from each other, we
determined their relative centers and scalings in annuli outside of their respective saturated
regions and subtracted them. We use the same centering and subtraction techniques
(discussed in §2) that we used for subtracting the PSFs from the quasars, though these
cases are of course not complicated by the existence of extensions. The PSFs in the same
filter subtract well from each other with few systematic residuals. The inner 0/35-0745
radius is very noisy, and we find in the subsequent quasar-minus-PSF subtractions that we
are unable to recover much information from this region, even when it is not saturated.
We note that the diffraction spikes (especially in the region close to the center of the PSF)
may leave some residuals. We show some examples of these PSF-minus-PSF subtractions
in Fig. 1A-C. We then average the 2 F622W PSFs, associated with quasars 3C 196 and
3C 336, and the 3 F675W PSFs, associated with quasars 3C2, 3C 212, 3C 245, using the

normalizations and centers determined from the subtraction technique. We mask out the
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saturated regions in making the combined PSFs, and replace saturated values with values
from unsaturated stars in the average if available.

We display in Fig. 1D the combined PSF for the F622W filter (the average of the
3C196 and 3C 336 PSF stars). We have also checked the residual of the difference between
the two average PSFs. As expected, we find that there are significant differences between
the two filters; we did not, therefore, average all of the PSF's together.

4.1.2.  The Infrared Point Spread Function

The ground-based PSF's are, of course, very dependent on the details of the atmospheric
conditions throughout the observations, and they must be determined from stars taken as
nearly simultaneously as possible. For both the Keck and CFHT images that we present
here, the observational field is small enough that we must usually take exposures of a star
(of comparable brightness to the quasar) interleaved with the object observations in order
to determine the PSF. The one exception in the quasar sample is 3C 212, which has a star
of sufficient brightness within the NIRC field. We also obtained PSF stars for the Keck
observations of the radio galaxies. (For the radio galaxies, the star need not be so bright;
there were therefore unsaturated stars of sufficient brightness on each radio galaxy field
except for 3C 280 and 3C217).

When we must interleave observations of a PSF star with the actual object integrations,
we want to sample as well as possible the seeing conditions and any PSF field variations. We
therefore bracketed the object observations with observations of the PSF, and alternated
between the PSF star and object as often as efficiency considerations allowed (generally
within 15 minutes). We used the same dithering pattern in the two sets of integrations to
make sure that any PSF variations in the field or systematic effects caused by our dithering
and centering technique are similar in the two cases; we also used the same effective
individual integration times where possible. Despite these precautions, natural variations
in the ground-based seeing conditions result in some systematic PSF residuals; these are
generally obvious and confined to the inner region of the seeing disk.

4.2. Point-Spread-Function Subtraction

To determine the morphologies and magnitudes of the extended material underlying the
quasar nuclei, we must remove the contribution of the nuclear component. We will discuss
some of the uncertainties in this process, and some differences between the ground-based
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and HST data. (All of the PSF subtraction was done in the original combined images,
before subsequent rotations and transformations that would smooth the images and affect
their pixel-to-pixel noise characteristics).

Some information is not recoverable from the PSF subtraction process; for example,
a compact peaked host galaxy might be indistinguishable from extra flux in the PSF and
would be subtracted. We can, however, make reasonable assumptions about the probable
behavior of the host galaxy and use these to estimate the total magnitude of the nebulosity.
The simplest technique is to fit the PSF to the quasar nuclear component in a specified
inner region, subtracting the quasar flux in this region to zero.

Subtraction to zero should give a lower limit to the magnitude of the extended material
if any exists but will oversubtract if there is any extended flux in the inner region. Some
simulations of ground-based observations of low-redshift quasars, where the host galaxies
were assumed to be normal spirals and ellipticals, found that subtraction to zero decrease
derived magnitudes by ~ 0.5 mag or more (Abraham et al. 1992). A more realistic criterion
would be to require that the host galaxy increase monotonically or at least remain constant
from the outer regions that are mostly unaffected by the PSF subtraction into the interior
dominated by the PSF. Even this monotonicity criterion is likely to underestimate the
total host galaxy flux, if the galaxy peaks at all in the center, as would a normal spiral or
elliptical. We calculate two subtraction limits for our quasars, both a subtraction-to-zero
lower limit, and a monotonic-across-inner-region best estimate. In those objects in which
we find little or lumpy extended flux, these two cases end up essentially the same.

In the interests of objectivity, we have tried to automate the subtraction process,
though visual inspection of the subtraction residuals remains a useful cross-check on the
process. We have developed IRAF scripts that allow us to center and scale the PSF to the
quasar, display the residuals in a defined annulus, and calculate the reduced x? of the PSF
fit to the quasar. We first estimate the proper centering and scaling by calculating the
fluxes and the z and y first moments of both the PSF and the quasar in an inner defined
annulus, correcting for partial pixels. The annulus used is one of the most subjective parts
of this process: it is chosen to exclude any saturated interior region, to be small enough to
minimize the host galaxy contribution, yet large enough to provide decent statistics. For
the HST data, the inner radius we use varies from 070-0735, and the outer from 072-0"45.
Our HST data are only minimally saturated (several pixels or 0?25 at the most; see Table
4).

We then optimize the centering by calculating the the x* values of the difference in
the defined annulus over a grid of = and y shifts; we reject pixels from the x? sum that
deviate by 3¢ from the mean difference value to reduce the effect of intrinsic PSF/QSO
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shape differences. We fit a quadratic to each of the x2 vs. 6z, by plots, and we take the
minima as the optimum 6z, §y. Though this procedure incorrectly treats the 6z, §y and
the QSO-to-PSF scaling as independent, the centering does not change significantly with
any reasonable scaling. In addition, the centering is well-determined, while the scaling is
a much more arbitrary and subjective quantity. When we center by hand, by inspecting
the residuals, the best center is determined to about 0”01, and it matches the results of
automatic centering to within this tolerance.

To obtain the best scaling, we use a minimization technique similar to that we use for
the centering: we vary the scaling around the initial value, using the already determined
best center, then fit a quadratic. In Fig. 2 we show the determination of the x? minimum
scaling for the HST image of 3C2. The minimum 2 corresponds to the “best fit” between
the QSO and the PSF two-dimensional distributions; as discussed above it is probably
generally an oversubtraction of any extended flux, but provides a lower limit to the host
galaxy flux. Further evidence of this is the fact that the minimum x? is usually reached at
different scalings depending on what annulus is chosen; using annuli including data at a
greater radial distance from the QSO center causes the QSO:PSF scaling ratio to increase,
as may be expected if the QSO is contributing more extended material than the PSF star at
these radii. In part, we have adopted this approach of estimating the x? minimum of the fit
in order to provide a good comparison to the Bahcall et al. (1994,1995a, 5,1996,1997) results,
in which the x? fit is minimized with respect to 3 variables: the z and y shifts between the
quasar and PSF, and the QSO:PSF scaling. These subtractions correspond, therefore, to
“subtraction-to-zero” lower limits; similar conservative limits are used by Heckman et al.
(1992), and Lehnert et al. (1992). We also wish to automate an objective version of the
“monotonicity” constraint; this is similar to the approach used in a variety of studies of
low-z quasars, such as the HST study by Disney et al. (1995) and the groundbased studies
of McLeod & Rieke (1994a,b). To establish the monotonicity of the profile difference
requires averaging the difference profile in annuli with some width; generally this will be
equivalent to requiring our interior annulus to have a mean value equal to the annulus
immediately exterior to it. We therefore define an annulus exterior to our inner annulus,
and record the mean and median of the values in both the inner and outer annuli (after 3o
rejection, to minimize the effects of PSF residuals in skewing the mean and median). We
once again desire to sample as narrow a width as possible of the profile that will still give
signal-to-noise adequate to prevent the scaling being dominated by statistical noise. These
outer annuli had widths from 071-0”2 for the HST images. Any montonicity constraint
applied requires some such assumption; the wider the annular width used, the more host
galaxy is subtracted. We check the average values in the profile difference in annular steps of
this width for monotonic behavior, but it is the inner two areas that set the scaling. In Fig.
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2 we show how we automate this constraint; we plot the decreasing average values in the
two inner annuli and take as the scaling the point at which lines fit to these two basically
linear functions intersect. This gives us a better estimate of the proper subtraction, and
if there is no extension, the x? minimum scaling and the monotonic limit scaling are the
same. In addition, much of the residual structure is lumpy and irregular, and when we
take a radial radially, the mean value in the annulus is much less than the intrinsic surface
brightness of the clumps.

We subtracted all of our ground-based quasar images in an identical fashion, forming
both the x? minimum limit and monotonic limit. As the ground-based observations were
never saturated, we were able to use the very central portion of the profiles, and varied the
annular widths according to the seeing. To give a specific example of radii chosen, for the
CFH K’ observations of 3C2, we used the circular region within 0”4 to calculate the x?
minimum scaling and an annulus with width 0”4 exterior to that to calculate the scaling
which satisfies the monotonicity constraint. We have checked our subtraction techniques by
subtracting PSF stars from each other, as mentioned in §4. We have made other consistency
checks on our PSF subtraction results: for the HST data, we have subtracted each quasar
both with the average PSF for its filter and with the PSF observed close in time, and found
no systematic differences. Detailed discussion of the individual objects will be presented in

§5.

4.3. Magnitudes and Colors

In this section, we outline our general approach for determining magnitudes and colors.
Details of our magnitude and moment analysis are given in Appendix A. Magnitudes and
colors of discrete components in the fields of our sample are discussed under the individual
object descriptions in §5 and in §6.3, and global properties of the extended material are
given in §6.1 and §6.2.

4.3.1. Total and Isophotal Magnitudes

For the WFPC2 imaging, we planned our exposure times to achieve similar detection
limits in all of our 10 images, after normalization for redshift and reddening. In Table 2,
we give the 1 ¢ detection limit we actually achieved in our WFPC2 images for each of our
10 objects, after normalization to z=1 and E(B—V)=0. To correct for Galactic extinction
we obtained E(B—V) values for our sources from Burstein & Heiles (1984) and converted
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these to Galactic extinctions at the appropriate HST filters (F622W and F675W) using
the values given in Table 12A of Holtzmann et al. (1995). For each object, we aligned
all our ground-based images to the HST scale and reference frame, using the IRAF tasks
geomap and register. This reference frame is in general rotated from standard astronomical
position angle.

Since our primary goal is to make an objective comparison between the radio galaxy
and quasar sample properties, ideally we would compare magnitudes and morphologies
at identical isophotal flux limits (after normalization to a common reference redshift). In
practice this procedure is complicated by the very irregular nature of the extended material
we have resolved around the quasars; unresolved or linear features do not lend themselves
so well to isophotal analysis as smoothly varying galaxies. For this reason, we also will
calculate simple aperture and annular magnitudes.

After subtraction of the PSF, we normalize the images to z = 1 and make a series
of masks from the normalized images corresponding to isophotal levels of interest. We
investigate magnitudes and moments in apertures with no flux limit, and in apertures
defined by standardized surface brightness cutoff levels. When we discuss the properties of
a PSF-subtracted quasar, we generally refer to the results from the monotonic-subtraction-
limit; however, we use the x% minimum fit as useful check, both as a means of error
estimation and as an indication of how dependent on our PSF subtraction method our
results may be.

We have also PSF-subtracted the HST r