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ABSTRACT

We discuss Hubble Space Telescope (HST) WFPC2 observations through the broad red filter F702W
of 30 3CR sources from the Compact Steep Spectrum (CSS) radio source sample, and present 11 new
HST/WFPC2 images through linear ramp filters (LRF), isolating either rest-frame [O II] 3727 A or
[O m] 5007 A radiation. In nearly all the CSS galaxies, we find high surface brightness emission that is
aligned with the radio axis. The strong nuclear PSF prevents us from detecting such aligned light at
similar levels in most of the CSS quasars. However, a comparison between CSS galaxies and quasars
with PSF signatures removed reveals no inconsistency with the viewing angle unification scheme. The
alignment effect in CSS sources is not a strong function of redshift, and is seen over the entire redshift
range of the sample (0.2 < z < 1.5). Our analysis of the LRF images and complementary KPNO spec-
troscopy reveals that the aligned light is predominantly emission-line gas. These observations demon-
strate the existence of dense gas in the host galaxies of CSS sources, strongly interacting with the
expanding radio sources. Assuming such a shock interaction, cooling-time arguments suggest that lobe

expansion speeds of 1000 km s~?

and ambient densities of ~1 cm™3

are consistent with the observed

offset between the leading edge of the radio lobe and the optical line emission.
Subject headings: galaxies: active — galaxies: structure — quasars: emission lines —

radio continuum: galaxies

1. INTRODUCTION

Compact steep-spectrum (CSS) sources form an inter-
esting class of powerful radio sources. These sources, which
are defined to have a maximum projected size?> of sub-
galactic dimension (20 kpc; Fanti et al. 1990), are believed
to form the intermediate stage in radio source evolution. In
this scenario, powerful radio sources are “born” as GHz
peaked-spectrum radio sources (GPS; O’Dea, Baum, &
Stanghellini 1991; O’Dea 1998), with a typical radio source
size <1 kpc; they subsequently expand into galactic-size
structures (the CSS phase), and finally into the large-scale
Fanaroff-Riley class I and II radio sources. Models for this
evolutionary scenario have been put forward by several
authors over the years, e.g., Carvalho (1985), Mutel, Su, &
Song (1990), De Young (1993, 1997), Fanti et al. (1995),
Readhead et al. (1996a, 1996b), Begelman (1996), and
Bicknell, Dopita, & O’Dea (1997, hereafter BDO97). Con-
straints from relative numbers of large and small sources
rule out evolution with both a constant expansion velocity
and constant radio luminosity. Instead, the data are consis-
tent with a scenario in which the sources decrease in radio
luminosity as they expand from GPS to large-scale radio
sources (€.g., O’'Dea & Baum 1997).

In addition to unifying the radio properties, the evolu-
tionary sequence has implications for the underlying host
galaxy. The very different evolutionary timescales for
galaxy populations and radio sources (Gyr versus Myr)
imply that the host galaxy properties should be indepen-
dent of radio source size or, equivalently, age. Indeed, host
galaxy absolute magnitudes and colors have been found to

! Also at Kapteyn Astronomical Institute.
2 Weuse Hy = 75km s~ ! Mpc ™! and g, = 0.5 throughout this paper.
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be similar in the near infrared (de Vries et al. 1998a, 1998b).
Another consequence of the evolutionary scheme is that
effects linked to the radio source expanding in the host ISM
should be present at all stages, albeit perhaps at different
levels. For instance, some large-scale sources are found to
exhibit the alignment effect (optical and radio symmetry
axes have the same position angle), e.g., Chambers, Miley, &
van Breugel (1987) and McCarthy et al. (1987). Therefore
the more compact sources, where the level of interaction
between the radio plasma and the ambient medium is
expected to be higher, should show the alignment effect as
well. BDO97 present a model that attempts to unify the
optical and radio properties of compact radio sources (see
also Begelman 1998 for a similar model).

The BDO97 model makes at least one testable prediction.
The expanding radio source should shock-ionize the
ambient medium, producing copious amounts of line emis-
sion, which is aligned by its very nature. The source class
most suited for testing this prediction is the CSS class. The
GPS radio sources are too small ($0”1) to be successfully
resolved in the optical even by Hubble Space Telescope
(HST). In addition, since the radio is still subkiloparsec in
size, any associated emission lines will be subject to obscur-
ation from dust and gas in the circumnuclear region. On the
other hand, in the FR II sources the radio structure has
expanded beyond the host galaxy; therefore, any observable
interaction by the radio plasma will be with matter outside
the host galaxy (e.g., with satellite galaxies or cluster gas),
something not accounted for in the model.

In a previous paper (de Vries et al. 1997, hereafter Paper
I), we presented HST Planetary Camera 2 (WFPC2) images
of 30 CSS sources, taken in the F702W filter (a broad R
band). Radio structures from the literature were overlaid to
permit radio-optical structural comparisons. In this paper
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we will discuss these results. Furthermore, we present rest-
frame [O m] 5007 A (and in some cases [O m] 3727 A)
emission-line images of some of the sources in order to
investigate the nature of the aligned component.

2. THE F702W HST DATA

An account of the reduction of the data and a discussion
of individual sources can be found in Paper 1. Here we
summarize the selection criteria of the sample of highly
luminous CSS sources. Our sample is drawn from the Fanti
et al. (1990) compilation, defined as having a projected
largest linear size <20 kpc, a flux density at 178 MHz > 10
Jy, a Galactic latitude |b| > 10°, a declination 6 > +10,
and a monochromatic radio power log (P;5) > 26.5 W
Hz ™! (this effectively excludes FR I type radio sources). Our
sample consists of the 3CR sources in the Fanti et al. list
that were observed by the WFPC2 snapshot survey (de Koff
et al. 1996; McCarthy et al. 1997), and consists of 14 gal-
axies (0.16 < z < 1.28) and 16 quasars (0.32 <z < 1.96). A
histogram of the redshift distribution can be found in Paper
I (Fig. 1), while a complete list of the sample sources and the
results from the F702W photometry is given in Table 1.
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Since the compilation of the initial CSS list by Fanti et al.
(1990), evidence belying their CSS nature has been found for
some sources. A few sources have diffuse radio halos that
are larger than the 20 kpc cutoff, e.g., 3C 216 (e.g., Barthel,
Pearson, & Readhead 1988; Taylor, Ge, & O’Dea 1995) and
3C 380 (e.g., Wilkinson 1990; van Breugel et al. 1992). Other
sources may appear small because of an orientation close to
perpendicular to the plane of the sky, e.g., possibly 3C 147
and 3C 346 (Dey & Van Breugel 1994; Cotton et al. 1995).
The source 3C 213.1 has a lobe separation of 26 kpc, and
should be categorized as a small FR II. Finally, the source
3C 299 is found to be part of a large, very asymmetric radio
source, the CSS component being the northeastern lobe (see
Liu & Pooley 1991; van Breugel et al. 1992). In the CSS
source statistics, these sources are treated separately.

3. INTERPRETATION OF THE BROADBAND F702W DATA

3.1. Alignment Classification

Based on the overlay between the HST optical images
and the radio structures (Paper I), we classify the optical-
radio alignment in three ways: (1) detailed correspondence,
(2) global correspondence, and (3) undefined. The first class

TABLE 1
F702W OBSERVATIONAL RESULTS

Af
3CR Designation Typea z mlotb mcorec F core/ F lolald mexte (deg)
3C43....ie Q 1.459 20.59 + 0.01 20.88 0.77 + 0.05 23.39
3C49........... G 0.621 20.70 + 0.03 22.60 0.17 + 0.01 20.91 —10
3C67.cccuennnnnn. G 0.310 18.77 + 0.01 19.35 0.59 + 0.04 19.73 -5
3C931........... G 0.243 19.11 + 0.01 20.17 0.38 + 0.02 19.62
3C119 ........... G 1.023 20.20 + 0.01 20.43 0.81 + 0.05 22.00
3C138 ........... Q 0.759 18.48 + 0.01 18.70 0.82 + 0.05 22.26 —23
3C 1478 .......... Q 0.545 17.21 + 0.01 17.45 0.80 + 0.05 20.24
3C186 ........... Q 1.063 17.49 + 0.01 17.69 0.83 + 0.05 23.54
3C190 ........... Q 1.195 18.92 + 0.01 19.13 0.82 + 0.05 23.78
3C191 ........... Q 1.956 17.80 + 0.01 18.00 0.83 + 0.05 22.73
3C 2131 ......... G 0.194 17.75 + 0.01 19.15 0.28 + 0.02 18.10 33
3C 2168 .......... Q 0.670 18.80 + 0.01 19.14 0.73 £+ 0.05 20.23 —4
3C237 ........... G 0.877 21.08 + 0.03 22.12 0.45 + 0.03 21.73 0
3C258 ........... G 0.165 19.61 + 0.02 20.89 0.31 + 0.02 20.01
3C 266 ........... G 1.275 21.25 + 0.1 23.76 0.10 + 0.01 21.36 —13
3C 2683 ......... G 0.371 20.19 + 0.02 21.55 0.29 + 0.02 20.56 8
3C 2771 ......... Q 0.321 17.66 + 0.01 18.02 0.72 + 0.05 19.03 0
3C286 ........... Q 0.849 17.45 + 0.01 17.80 0.72 + 0.05 18.85
3C287 ........... Q 1.055 17.47 + 0.01 17.69 0.82 + 0.05 21.61
3C298 ........... Q 1.436 16.45 + 0.01 16.70 0.79 + 0.05 19.74
3C 2998 .......... G 0.367 19.64 + 0.1 21.80 0.14 + 0.02 19.80 8
3C 303.1 ......... G 0.267 18.73 + 0.01 20.20 0.26 + 0.02 19.05 —10
3C 3051 ......... G 1.132 21.18 + 0.05 23.56 0.12 + 0.01 21.31 —12
3C309.1 ......... Q 0.905 17.06 + 0.01 17.30 0.80 + 0.05 20.48
3C343 ........... Q 0.988 20.04 + 0.02 21.62 0.23 + 0.02 20.33
3C 3431 ......... G 0.750 20.93 + 0.03 22.67 0.20 + 0.01 21.17 9
3C 3468 .......... G 0.161 18.37 + 0.03 18.78 0.69 + 0.04 19.63 0
3C 3808 .......... Q 0.692 16.86 + 0.01 17.10 0.80 + 0.05 20.07 0
3C454 ........... Q 1.757 18.42 + 0.01 18.71 0.77 + 0.05 21.08
3C455 ........... Q? 0.543 19.91 + 0.02 20.83 0.43 + 0.03 20.52 11

Note.—The quasar 3C 455 should possibly be reclassified as a galaxy because of its narrow permitted
lines (GW94) and the very weak radio core (Bogers et al. 1994).

2 Q: quasar; G: galaxy.

b HST F702W magnitude, with formal fitting error.

© Magnitude inside a 1 kpc radius (H, = 75kms~* Mpc~1, g, = 0.5).

4 Fraction of total flux inside a 1 kpc radius.
¢ Calculated magnitude outside the 1 kpc radius.

f Alignment angle, with a typical uncertainty of 5°.

& Source is larger than the 20 kpc cutoff for CSS sources.
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contains sources with a one-to-one relation between their
optical and radio structures, possibly due to optical syn-
chrotron emission from radio hot spots and jets. This is
found in the sources 3C 213.1, 3C 346, and 3C 380. Detailed
correspondence does not imply, however, that globally the
angle between radio and optical emission is small (see 3C
213.1). Therefore, without the detection of optical hot spot
emission, these sources would be characterized as rather
poorly aligned or even misaligned. In addition, it should be
noted that all sources in this class are probably not true
CSS sources, each one of them being larger than the 20 kpc
cutoff size. The present shallow observations do not permit
us to determine whether optical synchrotron emission is
present in true CSS sources.

We find a group of sources displaying global alignment,
in which the optical and radio symmetry axes are aligned
within ~15°. No detailed correspondence between radio
and optical emission structures is present. In most of our
images, the aligned light lies within the radio source extent.
However, we find two sources, 3C 343.1 and possibly 3C
237, in which the aligned light extends beyond the radio
source (Axon et al. 1999 find four more). For sources in the
“undefined ” category, no alignment angle measurement is
possible. This is the case for the heavily PSF-dominated
sources (almost all quasars, and 3C 119, reclassified as a
galaxy by Eracleous & Halpern 1994). Subtraction of model
PSFs yielded little or no extended emission, so we were
unable to measure an alignment angle in these cases.

The results of this classification are listed in Table 2,
while the alignment angles are given in Table 1. The distinc-
tion between the galaxies, which are on average (globally)
aligned, and the quasars, for which alignment cannot be
measured, is readily apparent.

We see no significant variation in alignment angle with
redshift in the CSS sources (Fig. 1 and Table 1). Ignoring
the detailed correspondence sources (the triangles in the
plot), which are too large to be true CSS sources, the align-
ment is within 20° at all redshifts. This is comparable to the
alignment of large-scale FR II sources, provided that the
alignment is detected using narrowband filters centered on
rest-frame emission lines (McCarthy & van Breugel 1989;
McCarthy, Spinrad, & van Breugel 1995). Continuum radi-
ation alignment is rarely seen at redshifts below ~ 0.6, as is
clearly demonstrated in Figure 2 (middle histogram). This is
a first indication that the alignment in CSS sources is
mainly due to line-emitting gas (cf. § 6). In contrast to the
[O 1] emission-line data (Fig. 2, top histogram), which are
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F1G. 1.—Radio-optical alignment angle vs. redshift. The filled squares
represent the quasars and the crosses the galaxies. The detailed correspon-
dence sources (3C 346, 3C 213.1, and 3C 380, left to right) are indicated by
the open triangles, since their radio sizes exceed the CSS limit.
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F1G. 2—Histogram of the alignment angle distribution for 3CR sources
at redshifts larger than 0.5 (top), 3CR sources at redshifts lower than 0.5
(middle), and the CSS sources in our sample (bottom). The high-redshift
3CR data are based on ground-based [O 1] imaging (McCarthy et al.
1995), whereas both the low-z 3CR and the CSS histograms are based on
HST broadband imaging (3CR data taken from de Koff et al. 1996). The
three detailed correspondence sources are not included in the CSS sample.

TABLE 2

ALIGNMENT CLASSIFICATION

Category Total Quasars Galaxies
Detailed correspondence®...... 3 3C 380 3C 213.1, 3C 346
Global alignment............... 13 3C 138, 3C 216, 3C 2717.1, 3C 49, 3C 67, 3C 237,
3C 455 3C 266, 3C 268.3, 3C 299,
3C 303.1, 3C 305.1, 3C 343.1
Undetermined .................. 14 3C 43, 3C 147, 3C 186, 3C 93.1, 3C 119, 3C 258

3C 190, 3C 191, 3C 286,
3C 287, 3C 298, 3C 309.1,
3C 343, 3C 454

2 All sources in the detailed correspondence category are larger than the 20 kpc upper limit to the CSS

size.
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from ground-based observations (McCarthy et al. 1995), the
low-redshift FR II data are also taken with WFPC2 (de
Koff et al. 1996), eliminating possible resolution effects.

Figure 3 shows the emission lines as a function of redshift
that are present in the broadband F702W filter. Because of
the wide bandwidth of the filter, significant amounts of line
emission may be present in many of the source images. This
uncertainty about whether the emission in the images is due
to stellar continuum, line emission, or a combination of
both makes it impossible to tell from these images alone
what the origin of the aligned component is. A small and
incomplete list of the possible mechanisms includes (1)
nuclear light, unobscured along the radio axis, scattered
into the line of sight (e.g., Fabian 1989; di Serego Alighieri
et al. 1989; Dey et al. 1996); (2) gas photoionized by the
nucleus in an “ionization cone ” aligned with the radio axis
(e.g., Neeser, Meisenheimer, & Hippelein 1997); (3) jet-
induced star formation (e.g., McCarthy et al. 1987; Rees
1989), in which shocks due to jet-ambient medium inter-
actions trigger star formation, thus delineating the radio
structure; or (4) emission-line gas, shock ionized by the
radio jets (e.g., Begelman 1998, hereafter BDO97). The
fourth mechanism is the only one with a short timescale; in
other words, shock-induced line emission indicates ongoing
interaction between the radio and the ambient gaseous
medium. In the other three scenarios, the radio structure
may long since have expanded beyond the optically aligned
structure. In this sense, shock-induced line emission is not
the preferred alignment mechanism in the large-scale FR 11
sources, in which the radio structure has expanded well into
the intergalactic medium. This is not to say that gas may
not continue to interact with the radio structure in these
sources, however.

These scenarios make different and testable predictions.
A young stellar population should be observable if jet-
induced star formation is present. Scattered nuclear light
will exhibit a continuum spectral shape, possibly with sig-
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F1G. 3.—Possible emission lines in the WFPC2 F702W passband as a
function of redshift. The hatched areas denote the wings of the passband.
The relative importance of individual lines may vary strongly between
sources.
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nificant polarization. Finally, strong emission lines will be
the signature of shock-powered line emission. We discuss
spectroscopic constraints on the nature of the aligned light.
First we examine results of KPNO? long-slit spectroscopy
by Gelderman & Whittle (1994, hereafter GW94), and next
we discuss constraints from the Linear Ramp Filter obser-
vations.

3.2. Ground-based Spectral Information

We estimate the fraction of the light in the F702W filter
that is due to emission lines (f18¢, ), using spectroscopic
data where available. Since there is no spatial information
in the available ground-based data, we cannot reliably
quantify the origin of the aligned component, but a large
fline ,w would be consistent with line-emitting gas produc-
ing the alignment effect. On the other hand, a particularly
low fraction would argue against a line-emission scenario.
The emission-line data are taken from GW94, who
obtained spectra for 14 CSS sources in our sample. As a
first-order approximation, we assume the continuum to be
constant across the F702W passband. This way, the equiva-
lent widths of the various lines can be directly added to
yield a total equivalent line width within the F702W pass-
band. For almost all the sources considered, this assump-
tion is reasonable (cf. Table 5 in GW94 for continuum
fluxes). The calculated equivalent width of the F702W pass-
band, convolved with the system response, is ~1650 A.
Therefore, the line emission fraction, f12¢,., in the pass-
band is given by the sum of the equivalent widths of the
emission lines, divided by 1650 A. The data are presented in
Table 3, columns (4) to (7). Quoting a 1 ¢ error on {13, is
rather difficult, due to the many uncertainties that enter into
the calculation. The approximate uncertainties given for the
input equivalent widths are on the order of 25% (from
GW94), so the resulting uncertainties in the fraction (listed
in col. [7]) should be at least as large, and may be signifi-
cantly larger.

Our assessment of whether emission lines are likely to
contribute significantly to the aligned light is given in
column (8) of Table 3. The sources with good global align-
ment between the radio and optical tend to also have sig-
nificant amounts of line emission (e.g., 3C 67, 3C 93.1, 3C
268.3, 3C 277.1, 3C 303.1, and 3C 455). On the other hand,
the sources that do not show evidence for significant line
emission tend to be those that are too large to be true CSS
sources (see § 2) and/or those that have a detailed optical-
radio correspondence (e.g., 3C 213.1, 3C 216, 3C 346, and
3C 380). This strengthens the hypothesis that the alignment
effect in the true CSS sources is mostly due to line emission.
These results are discussed further in the context of our
Linear Ramp Filter observations (§ 5.1).

3.3. Differences Between CSS Quasars and Galaxies

The low fraction of quasars with a classifiable alignment
(see Table 2), in contrast to the easily categorized galaxies, is
illustrative of the problems faced in decomposing the
heavily PSF-dominated images into a nuclear and non-
nuclear component. Unless we are comparing apples and
oranges, the high level of alignment in CSS galaxies should
also be present in the CSS quasars. With the exception of
3C 277.1, the F702W quasar images do not show any emis-
sion clearly not belonging to the nuclear PSF structure.

3 Kitt Peak National Observatory, NOAO.
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TABLE 3
INFERRED LINE EmissiON IN F702W IMAGES OF CSS SOURCES

EW(O m 5007)® F702W* Total®
3CR Designation Type® z A) (%) Other Lines? (%) LEf
(1) (¥)] 3 (C)] ()] (6) (7 ®

3C67.cccennnn.... G 0.310 390 23.6 8.2 O m 4959

5.5 Hp 4861 7+9  yes
3C93.1............ G 0.243 175 10.6 3.2 O m 4959

1.2 Hp 4861

2.5 016300

~5 Ha 6563 23+ 6 yes
3C138 ............ Q 0.759 205 ... ... ... ?
3C147 ............ Q 0.545 115 6.9 1.7 Hp 4861 9 +2 ?
3C213.1 .......... G 0.194 31 1.3 no
3C216 ............ Q 0.670 <9 ... ... no
3C2683 .......... G 0.371 130 7.8 1.5 Hp 4861

2.9 O m 4959 12 + 3 yes
3C277.1 ... Q 0.321 205 12.4 7.5 HP 4861

4.0 O m 4959 24 + 6 yes
3C286 ............ Q 0.849 100 0.6 O m 3727

0.6 Ne 1 3869

0.7 other 2+1 ?
3C303.1 .......... G 0.267 416 25.2 3.5 HB 4861

8.8 O m 4959 38 + 10 yes
3C343.1 .......... G 0.750 71 ?
3C346 ............ G 0.161 16 ... no
3C380 ............ Q 0.692 65 0.7 O i 3727

0.9 Ne m 3869 2+ 05 no
3C455 ............ Q? 0.543 400 24.2 4.8 Hp 4861

4.8 O m 4959 34 +9 yes

? Q: quasar; G: galaxy.

® Observed equivalent width (+25%); KPNO data are taken from GW94.
¢ Fractional contribution of O m 5007 A to F702W passband, provided that the line is redshifted into the

passband.
4 Other lines contributing to F702W passband.

¢ Total fractional contribution of lines inside the F702W passband. Errors are estimates.

f Alignment possibly due to line-emitting gas.

Using sophisticated PSF modeling software, developed by
McLure et al. (1998), on the lowest-z quasar of our sample
(3C 147) did show some faint residual structures resembling
the ones found in the deep narrowband image of Axon et al.
(1999). For the more distant quasars, with their even fainter
underlying hosts, identifying real features in the residuals
without the help of a deep narrowband image of the same
field is impossible. Our efforts to recover any information
about nonnuclear quasar emission and to test whether these
can be compared to the (aligned) extranuclear emission of
the galaxies are described in de Vries (1999, p. 79).

The main results from this comparison are that the
underlying host galaxies of CSS galaxies and quasars are of
similar brightness and seem to follow the same redshift-
luminosity relation. This is consistent with the standard
quasar-galaxy viewing angle unification scheme. Any defi-
nite statements about whether CSS quasars typically have
aligned components will have to be deferred until higher
quality imaging data are available.

4. LINEAR RAMP FILTER DATA

Here we present the rest-frame [O 1] or [O 1] emission-
line imaging. The Linear Ramp Filter (LRF), in com-
bination with the WFPC2 instrument, provides a tunable
narrowband imaging option well suited for our purposes. A
detailed description of LRFs can be found in the WFPC2
instrument handbook (Biretta et al. 1996a).

All observations were carried out as part of the 3CR
radio galaxy snapshot program (PI: W. B. Sparks) during
cycle 5 (e.g., de Koff et al. 1996; McCarthy et al. 1997). In
this specific part of the program (HST proposal 05957), the
sources were observed between 1995 August and 1996 April
with the WFPC2 and one of the LRFs, depending on the
redshift of the source. Each source was exposed for 2 x 300
s to make cosmic ray rejection a straightforward process.
We list the observed sources and the redshifted emission
lines in Table 4.

The LRFs contain four strips per CCD chip, along which
the central wavelength varies linearly along the chip with a
passband FWHM of ~ 1.3%. When a source with a specific
redshift is to be imaged in rest-frame [O m] line-emission
light, the proper LRF and position on either one of the
WPFPC2 chips is determined. For our subsample, we used
the LRFs FR533N, FR680N, and FR868N; in some cases
with an additional partial rotation (see also col. [2] of Table
4). As a consequence of the position-wavelength dependence
of the setup, all our sources were imaged in one of the Wide
Field chips, with their 070996 pixel ~! scale.

We followed the LRF reduction procedure given by
Biretta, Baggett, & Noll (1996b). There are no flat-field ref-
erence files for the LRFs, so we flat-fielded the LRF images
with flats created for the narrowband filters closest in wave-
length (F588N, F673N, and F791N, respectively). The two
exposures for each source were combined using the IRAF/
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TABLE 4
LINEAR RAMP FILTER RESULTS

Total Error Line Error Line GB Line
Source LRF Line*  Factor®  Flux® (%) Flux¢ (%) Model® Fluxf LE . Flux® Reference

1) 2 (3 (C)] (6] (6) (7 ®) ()] (10) (11) (12) (13)
3C49 ......... fr680n On 0.029 0.47 12 0.34 20 0.262 23 4+ 0.5 42.3 3.5 2
3C931........ fr680n O m 0.043 2.11 2.5 1.09 5.7 0.367 72 + 04 42.0 9.0 1
3C 213.1%...... fr533n Om 0.019 0.91 8 0.10 109 0.182 1.3+ 14 41.0 9.0 1
3C 266 ........ fr868n On 0.032 0.58 15 0.51 12 0.222 42 + 0.5 433
3C 2683 ...... fr680n18 Om 0.043 213 5.0 1.41 4.7 0.385 88 + 04 424 5.7, 6.6 1,3
3C 2771 ...... fr680n O m 0.050 9.04 1.0 4.61 1.7 0.403 27.6 + 0.5 42.8 34.2 1
3C 299%........ fr680n18 Om 0.043 5.50 2.0 3.16 2.8 0.392 194 + 0.5 42.8 10.1 3
3C 303.1 ...... fr680n O m 0.044 4.74 1.3 3.08 2.1 0.402 185 + 04 425 31.5,29.5 1,3
3C 3051 ...... fr868n33 On 0.040 0.51 12 0.37 19 0.288 23 + 04 429 4.8 3
3C 3431 ...... fr680n On 0.051 0.56 10 0.21 32 0.448 0.8 + 0.3 421 1.1 1
3C 380'........ fr680n On 0.044 5.86 1.1 0.59 12 0.389 27 + 03 425 2.7,3.3,19 1,2, 4

Note.—Some loss of signal in the short LRF exposures is to be expected, so on average the LRF values should be (and are) lower than the spectral values.
The source 3C 93.1 was imaged in a vignetted area, with up to 10% additional light loss, so the listed value is likely to be an underestimate. The only source
with a significant disagreement between the two flux values is 3C 213.1. If the ground-based [O m] flux of 9 x 107 1% ergs s~ cm ™2 (GW94) were
concentrated around the nucleus of the host galaxy, the LRF filter image would have been adequately exposed to show this. In this case, the line-emitting gas
is most probably distributed rather evenly over the host galaxy, causing the surface brightness to drop below the detection limit in these shallow (600 s)
images.

As a consistency check on our results, we calculate the fractional contribution of line emission to the LRF fluxes in the following way. The line emission
fraction (LEF) is: LEF = CRy;,./CR,,;, where CR is the count rate for the line and total fluxes (cols. [7] and [5] respectively). For the GW94 data, the
fractional contribution of emission lines to the LRF fluxes are given by LEF o, = EW,;,./(EW,;,, + EWygg), where EW is the equivalent width. The
uncertainty is again taken to be on the order of 25%. The fractional contributions are shown in Fig. 5. Again, the GW94 spectroscopy and the LRF results
are in agreement (within the large errors), showing that aligned component is most likely due to line emission.

2 Rest-frame emission line (either O m 5007 A or O 11 3727 A) in which the source is imaged.

b Conversion factor to normalize the counts pixel ! s~ of the F702W image to the LRF counts pixel ~! s, after matching the F702W and LRF pixel
scales.

¢ LRF continuum + lines flux of source (in counts s~ 1).

4 Line flux (in counts s 1), as measured from the lines-only image, constructed from the LRF and the normalized F702W image (applying col. [4]).

¢ SYNPHOT model line flux (counts s ') for [O mx] doublet emission of 2.412.41 x 10~ !5 ergs s~ cm ™2, or [O 1] emission of 1.81 x 10715 ergs s~ !
cm 2, whichever applies to the source.

f Line flux (10" *5 ergs s~ cm ™ 2).

& Logarithm of the line luminosity in ergs s . Uncertainties are comparable to fractional errors in col. (7).

» Ground-based line flux (in units of 10~ *5 ergs s~ ! cm~2).

! Source is larger than the 20 kpc cutoff for CSS sources.

REFERENCES.—(1) Gelderman & Whittle 1994; (2) Jackson & Browne 1991; (3) McCarthy et al. 1995; (4) Lawrence et al. 1996.

STSDAS task CRREJ in order to remove cosmic rays. We SYNPHOT to calculate the expected count rates (i.e., the
calibrated the system throughput using the IRAF normalization factor) given the source spectrum and
SYNPHOT package. Preliminary on-orbit calibration of WFPC2 sensitivity. Ground-based data (GW94) show most
the LRFs by the STScI WFPC2 group suggests that of the CSS spectra to be reasonably flat [in (4, F;) plots]
SYNPHOT provides photometry good to about 8% (C. P. over the F702W passband, so we applied the parameters

O’Dea, M. McMaster, & J. Biretta, in preparation). listed in Table 5, redshifted to the appropriate source value.
Significant continuum emission can be present in the The CALCPHOT factors obtained in this way are listed in
LRF images, making continuum subtraction necessary. column (4) of Table 4, along with other derived quantities.
Thus, we removed the continuum emission from the Constructing line emission and continuum-only images
WF/LRF images using scaled PC/F702W images (from from the F702W and the LRF image is straightforward. In
Paper I). First, we rebinned the PC data onto the larger WF equation form, the line emission—only image is given by
pixels. Next, we normalized the LRF and F702W images to Line = Itgr — Frorm IF702w> and the continuum-only image

the same sensitivity. We used the CALCPHOT task in bY Iiont = Frorm Ir702w — Line- AS @ consequence, I;,. and
I, are correlated. Changing the correction factor F,,,,
will give more (or less) line emission and less (or more) of a
continuum. This factor can change significantly (~25%) if,
instead of a continuum-plus-line model input spectrum, a
pure continuum spectrum is used. Such a model underesti-

TABLE 5
CALCPHOT INPUT SPECTRAL PARAMETERS

Parameter Value . .
mates the flux in the ue to the lines, and as a result,
tes the fl the LRF due to the 1 d It
Line fluxes: . the lower F,,,., yields an I;;,, image with less flux. Since
Om3727........... 7.5 x 10~ iz ergs S:i ij 1}:1 there is clearly line emission left, an iterative modification of
Omd4959.......... 25107 “ergs s em A the input model spectrum converges to an optimal solution.
. O m 5_0?7_ """"" 75 x 10" P ergs s~ em~* A For some of the fainter sources, however, the images (and
e;‘;fglﬁ)s' 181 x 10-15 orgs s~ om~2 the derived fluxes) are not well determined.
ZPOm)........... 2.41° x 10715 ergs s™! cm ™2 5. NARROWBAND IMAGES AND SOURCE DESCRIPTIONS
Line FWHM......... 17 A . . .
Continuum flus. .. 50 x 1016 ergs 5! em~? A1 The images presented in Figures 4a—4k are constructed as

described in § 4. For each source, the left panel shows the
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F16. 4—Source images. F702W image is to the left, continuum-only image to the right. [O 1] or [O mr] line emission is in the middle. The orientation of
the radio structure is indicated in the middle panel by the solid bars. The bar length indicates how well the radio orientation is defined. (a) 3C 49, imaged in
[O]. (b) 3C 93.1, imaged in [O m1]. (¢) 3C 213.1, imaged in [O m1]. (d) 3C 266, imaged in [O 11]. (e) 3C 268.3, imaged in [O m]. (f) 3C 277.1, imaged in [O m1].
(9) 3C 299, imaged in [O m1]. (k) 3C 303.1, imaged in [O m1]. (i) 3C 305.1, imaged in [O 1]. (j) 3C 343.1, imaged in [O 1]. (k) 3C 380, imaged in [O 1].

F702W image, rescaled to the lower Wide Field resolution,
the middle image shows I};,., and therefore presumably line
emission only, and the right image shows I,,, continuum
only. Because of the similar exposure times, the F702W
image, with its broader passband, has a higher signal-to-

noise ratio, and usually more contours, than the middle
image. The contour spacing differs between the F702W and
the line emission images. However, the F702W and the
continuum-only images do have the same spacing. The
orientation of the radio structure is indicated in the middle
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panel, with the length of the pointer bars as an indication of
how well this direction is defined.

3C 49—[O 1], z = 0.621. Very faint, diffuse [O 1] emis-
sion is present in the [;;,. image.

3C 93.1—O m], z = 0.243. The line emission seems to
extend perpendicular to the galaxy’s major axis, consistent
with the radio image (Paper I).

3C 213.1.—0O ], z = 0.194. KPNO spectra indicate the
presence of line-emitting gas (GW94), but this is apparently
of low surface brightness, so that it does not show up in
these shallow images. Both optical hot spots (2”5 south-
southeast and 4” north-northwest relative to the core; cf.
radio-optical image in Paper I) are not detected in Iy,
suggesting that the F702W emission is due to optical con-
tinuum.
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3C 266—[O 1], z = 1.275. This high-redshift galaxy is
only marginally detected in [O m]. The faintness of the
source, coupled with the decrease in detector sensitivity
toward 1 um, makes deeper exposures a necessity.

3C 268.3—[O m1], z = 0.371. A clear aligned component
can be seen in the I, image. The decomposition into
line and continuum images makes it clear in this case
that the aligned component is dominated by line emission,
since the continuum emission is confined to the nuclear
region.

3C 277.1—[O ma], z=0.321. This is one of the few
quasars in our sample with obvious extended emission
(Paper I), which is aligned with the radio structure. The
continuum image is almost indistinguishable from a pure
PSF, implying that the non-PSF emission is due to line
emission. These results are consistent with the deeper
images in Axon et al. (1999).

3C 299—[O m1], z = 0.367. This source has a very asym-
metric radio structure, with lobe-nucleus separations of 276
and 13", respectively (Liu & Pooley 1991; van Breugel et al.
1992). Thus, 3C 299 is not a true CSS source. These images
show the closer lobe, in which prominent line emission is
detected. The filamentary or shell-like structures to the

northeast are due to line emission, whereas most of the
underlying host galaxy is continuum emission (I,,,,).
Because of problems with precise image alignment,
however, some of the filamentary structure is still present in
the continuum image.

3C 303.1.—[O m], z = 0.267. The line emission is aligned
with the radio structure, unlike the underlying host galaxy
(Paper I). Thanks to the high signal-to-noise ratio in the
LRF and F702W images, we were able to (almost) com-
pletely remove the aligned signature from the continuum
image. The galaxy seen in I ,, is much closer to a regular
elliptical than seen in the original F702W image. The deeper
images of Axon et al. (1999) show that the faint southern
extension is real, indicating that the emission-line gas
extends beyond the radio source.

3C 305.1—[O 1u], z=1.132. This source is slightly
brighter in [O 1] than 3C 266, which has a similar redshift.
Continuum and line-emission symmetry axes have the same
position angle, and are both aligned with the radio struc-
ture (Paper I).

3C 343.1.—[0O 1], z = 0.750. The emission is very strong-
ly centrally concentrated (unlike some of the other sources
imaged in [O 1], notably 3C 266 and 3C 305.1). However,
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the continuum is elongated in the same sense as the radio
structure.

3C 380—[O 1], z = 0.692. This quasar is classified in the
“detailed correspondence” category because of the precise
match of the nucleus and both hot spots in the radio and
optical images. The lack of line emission suggests that the
optical emission is pure continuum. O’Dea et al. (1999a)
suggest that the optical hot spots are most likely due to
synchrotron radiation from the same population of elec-
trons that produces the strong radio hot spots.

5.1. Line Fluxes and Luminosities

We converted the line fluxes in our pure emission line
images to customary units with the IRAF task CALCP-
HOT. Instead of using a continuum-plus-lines model input
spectrum, as we did in § 4, we use a model spectrum consist-
ing of just the [O 1] 3727 or the [O mr] doublet line contri-
bution. The same 17 A FWHM and the same peak fluxes
(Table 5) are assumed. With the measured count rate
(CRyine)s the model count rate (CR,,.q., calculated with
CALCPHOT and the input spectra, listed in col. [9] of
Table 4), and these zero points, the line flux is given by
Fline = CRline/CRmodeIZP([O III] or [O H])

Measured fluxes (in counts s~ '), with their appropriate
errors, are listed in Table 4, columns (5)—(8). The line flux in
conventional units is listed in column (10), which can be
directly compared to existing ground-based data (col. 12).
These values are based on long-slit spectra, typically well
exposed and with a slit wide enough to accommodate most
of the source (GW94). The line fluxes estimated from the
WFPC2/LRF images are generally in good agreement with
those estimated from the GW94 spectroscopy (cf. Fig. 5 and
the notes to Table 4).

6. THE NATURE OF THE ALIGNED COMPONENT

Our results are summarized in Table 6. Sources with a
detailed, one-to-one optical-radio correspondence also have
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TABLE 6
CLASSIFICATION OF ALIGNED LIGHT BASED ON LRF RESULTS

Flux
Alignment Fraction®

Source Classification ~ Proposed Mechanism (%)
3C49.......... global line emission 70
3C931........ global line emission 50
3C 266......... global line emission 90
3C2683....... global line emission 65
3C2771....... global line emission 50
3C299......... global line emission 60
3C 303.1....... global line emission 65
3C 305.1....... global line emission 70
3C 343.1....... global line emission 40

3C 213.1°...... detailed optical synchrotron <10

3C 380°........ detailed optical synchrotron <10

2 Approximate fraction of line emission in LRF image.
b Source is larger than the 20 kpc cutoff for CSS sources.

very little line emission in the aligned component, indicat-
ing that the alignment is due to continuum emission. In
these sources, we suggest that the optical hot spots are due
to optical synchrotron emission. Support for this picture
has been given for 3C 380 (O’Dea et al. 1999a) and 3C 346
(Dey & van Breugel 1994). In addition, these sources have
larger radio structures (>20 kpc) and are not true sub-
galactic—scale CSS sources.

The “global ” alignment CSS sources are consistent with
most of the aligned light being line emission. The generally
cospatial optical and radio emission suggests that the inter-
action of the radio source with the ambient gas is
responsible for the morphology and possibly the energetics
of the emission-line gas.

A natural consequence of the shock-induced line emis-
sion scenario is that the radio and line-emission structures
should have similar morphologies. In order to quantify
source asymmetry, we constructed mean line-emission pro-
files in Figure 6 both parallel and perpendicular to the
source axis for the four sources with bright emission in the
LRF and a well-defined core position. The difference
between these profiles constrains asymmetric structure and
its associated line flux. An almost symmetric source like 3C
93.1 yields a difference curve with no signal in it, while the
very elongated structure of 3C 303.1 shows up as two dis-
tinct line-emission peaks in the profile. The largest angular
extent of the radio structure is indicated in Figure 6 by the
filled squares, whose size can be interpreted as the estimated
uncertainty in the angular size determination, since some
radio images may not represent the total extent of the
source (cf. Paper I). These profiles, plus the overlays in
Paper I, show that the radio sources seem to straddle the
emission-line structure. However, Axon et al. (1999) present
deep LRF images of five CSS sources and find that in four
of the five, very faint emission line gas extends beyond the
observed radio source.

6.1. The Source of Ionization

Since these radio sources are sub-galactic in size, they will
naturally interact with dense gas as they propagate through
the host galaxy. The gas will be compressed and swept up
by the radio source and photoionized by the nuclear contin-
uum. There may also be a contribution by in situ ionization
from shocks driven by the radio source (BDO97). The rela-
tively high line-emission luminosities and the broad and
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complex [O m] profiles in CSS objects (GW94) argue in
favor of strong radio-ISM interactions.

If the sources are ionized by a powerful central source, a
strong ionizing continuum must be incident on the clouds
close to the radio structure. We might expect that some
fraction of the ionizing continuum will scatter off the
clouds, producing a polarized UV continuum. A typical
value of polarization for some aligned 3C sources with scat-
tered nuclear light is ~10% around 3000 A (e.g., Cimatti et
al. 1997), a value that is rarely attained in GPS and CSS
sources (cf. Table 7 of O’Dea 1998). However, the relative
geometry in CSS sources may be less favorable for scat-
tering toward us compared to the large-scale sources, being
so much more compact. These geometric factors may influ-
ence the amount of detectable polarization, even if the
amount of scattering is comparable. We furthermore note
that analysis of ROSAT and ASCA observations of the
GPS galaxy 23524495 suggests that there may not be
enough nuclear ionizing photons to power the emission-line
nebula (O’Dea et al. 1999b). Axon et al. (1999) find that the
observed ionizing continuum in two of their CSS galaxies is
probably not sufficient to power the observed emission
lines. They argue that this is evidence that the ionizing con-
tinuum is anisotropic; i.e., the line-emitting nebula sees a
stronger continuum than we do. A likely scenario is that the
faint emission extending beyond the radio source is pho-
toionized by the active galactic nucleus (AGN), while the
brighter line emission within the radio structure has also
been energized by shocks.

High-resolution spectroscopy observations with STIS, to
determine whether the aligned emission lines are dominated
by nuclear or in situ ionization, are in progress.

6.2. Cooling Length

Based on Figure 6 and the LRF images, we can conclude
that (1) there is a gap between the radio hot spot and the
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onset of line emission, which implies the absence of a lumi-
nous bow shock, and (2) the line emission fills in the area
internal to the radio structure and is not confined close to
the bow shock. In this section we attempt to explain both
points in terms of gas cooling times as a function of local
density and shock velocity.

The size differences between the radio and the line-
emission structures, as shown in Figure 6, can be inter-
preted as the time needed for the shocked gas to cool down
to the ~10* K temperatures needed for efficient line emis-
sion. Substantial work has been done on modeling bow
shocks in Seyfert galaxies (e.g., Pedlar, Dyson, & Unger
1985, hereafter PDUS8S; Wilson & Ulvestad 1987; Taylor,
Dyson, & Axon 1992, hereafter TDA92). Applying these
models directly to the CSS sources requires some caution,
however. The Seyfert galaxies are generally well resolved (a
few tens pc resolution) at their low redshifts (z < 0.05), com-
pared to the few 100 pc resolution we obtain for the CSS
sources. Model details, such as bow shock size and shape,
are difficult to constrain at these resolutions. Furthermore,
CSS sources are orders of magnitude more radio luminous
and exhibit lobe expansion speeds on the order of a few
percent of the speed of light (e.g., Readhead et al. 1996b;
Owsianik & Conway 1998), a factor of several higher than
modeled for Seyfert sources (a few 100 km s~ 1),

We therefore need to extend the cooling length calcu-
lation of TDA92 to include higher shock velocities and
lower densities. Following TDA92, we assume that (1) the
medium into which the shock will advance is completely
ionized, possibly by radiation from the AGN and the bow
shock itself, and (2) the size evolution is self-similar, i.e., the
lobes can be approximated to first order by an expanding
sphere, analogously to the expanding plasmon model of
PDUBSS. The postshock temperature as a function of expan-
sion velocity (V,,,) is given by

im

L=57 Vs (1

where m, and k are the proton mass and Boltzmann’s con-
stant, respectively. This hot gas will cool both adiabatically
and radiatively. We use the TDA92 approximation to the
Falle (1975) radiative cooling law, and assume a perfect gas.
The overall cooling function (per unit volume) can then be
approximated by

dT 3Vexp
T —aTeP - T, @

where the first term is the radiative cooling and the second
the expansion term. The constants a and b are defined as:
for T >15x105 a=00333n; and b= —0.76; for
T <15x%x105 a=398 x 10" *3n,; and b= 135 con-
verted from the TDA92 values. Here T, is taken as the
temperature immediately after the shock (at ¢t = 0), and ny is
the hydrogen number density, assumed to be equal to the
electron density for a completely ionized medium. With the
expansion, R(t) will increase and therefore reduce the weight
of the adiabatic term. In our calculation, the size of the
initial shocked region, R(0), has been set to 100 pc.

With shock speeds of ~3000 km s~ and densities of 1-5
cm 3, postshock temperatures of a few x 108 K are
attained, which result in a typical cooling time of ~10!2 s
(=~ 30,000 yr). Assuming a constant expansion speed at least
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as large as the shock speed, these timescales result in
cooling lengths of a few 100 pc at least. For the four sources
presented in Figure 6, three of them (3C 93.1, 3C 268.3, and
3C 277.1) have a ~0.2 + 0.2 kpc gap between the radio and
line-emission structures. The source 3C 303.1 has a larger
gap of ~1.4 4+ 0.2 kpc. The lower value of a few 100 pc
seems to be consistent with V., = 1000 km s~ * and ny ~
1-5 cm 3. The source 3C 303.1 may be an example in which
a fast (~0.02¢) shock is moving into a low-density (<0.1
cm ™ 3) medium.

In the case of high radio lobe advance speeds (a few 1000
km s~ 1), the shock front propagates a significant distance in
the time it takes the emission-line gas to cool, thus produc-
ing an emission-line region that is “cospatial ” with a large
fraction of the radio source structure. In the case of very
slow advance speeds (a few 100 km s~ '), the emission-line
gas cools before the radio source has propagated very far,
and the emission-line gas is concentrated near the leading
edge of the radio source. Our LRF images are consistent
with the former case, in which the advance speeds are high.
This propensity for the sources to have reasonably high
Viock and intermediate ny is also consistent with the [O ]
emission profiles calculated in TDA92 (cf. their Fig. 3), in
which the higher V., profiles are spatially more extended
than the lower V., profiles for constant density.

The absence of a luminous bow shock, and the inferred
Voo Of at least 1000 km s~! and density ny ~ 1-5 cm ™3,
do not agree with the BDO97 model, in which low speeds
and high densities are required to maintain a radiative bow
shock. The recent expansion velocity determination of
~0.2¢ in a very compact GPS source (Owsianik & Conway
1998) further weakens the BDO97 case for slow shocks in
this particular object. However, our results do point toward
a shock-ionization origin of the line emission, as proposed
by BDO97.

7. SUMMARY AND CONCLUSIONS

Based on our analysis of the HST/WFPC2 F702W and
LRF data and complementary Kitt Peak spectroscopy
(GW94), we conclude the following.

1. CSS sources display high surface brightness light (in
F702W) that is aligned with the radio source.

2. The alignment can be classified in two ways: either
there is a detailed one-to-one correspondence between
optical and radio structures, or there is a more global align-
ment of both axes. Ground-based spectral information
showed these detailed correspondence sources to have far
less line emission than the global-alignment sources. This
low fraction of line emission, combined with the one-to-one
correspondence between the radio and optical structures, is
consistent with the hypothesis that their aligned emission is
due to optical synchrotron radiation. The high fraction of
line emission in the F702W filter in the sources displaying
global alignment suggests that this aligned component is
due to emission-line gas.
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3. Difficulties with proper PSF subtraction and a lack of
dynamic range in the current detectors limit assessment of
alignment in CSS quasars to a few exceptional cases. Our
analysis of PSF-subtracted images as well as a comparison
of the flux within and external to a 1 kpc aperture is consis-
tent with the presence of extended light similar to that seen
in the radio galaxies. However, we are not able to reliably
determine its morphology or orientation. This result is also
consistent with the viewing-angle-dependent galaxy-quasar
unification scheme.

4. The LRF images presented here show that for the
global alignment sources, there is a strong correlation
between radio and line-emission structures. The radio struc-
ture seems to straddle the bright emission line gas, implying
that most of this emission seems to be radiated in the
“wake” of the radio plasma. In four cases, there are faint
emission lines beyond the radio source. A likely scenario is
that the faint emission extending beyond the radio source is
photoionized by the AGN, while the brighter line emission
within the radio structure has been energized by shocks.

5. Calculation of cooling times based on the observed
gap between the radio hot spots and the onset of aligned
emission yields a typical CSS lobe expansion speed of
21000 km s~ ! (3C 303.1 is most consistent with V... ~
6000 km s~ 1), and an ambient density of 1-5 cm 3 (at the
size of the radio structure). The expansion speed is higher
than predicted by the BDO97 model, but consistent with
multiepoch radio observations.

In summary, we find that CSS galaxies show (red) optical
light aligned with the radio source (Paper I). Ground-based
spectroscopy and LRF observations of either [O 1] 5007 A
or [O ] 3727 A of a subset of these sources suggests this
light is predominantly due to emission lines. Axon et al.
(1999) have reached similar conclusions. Our observations
are consistent with a picture in which the CSS galaxies
interact strongly with the ISM of the host galaxy as they
propagate through it. Further observations are needed to
determine the kinematics and ionization of the aligned
emission-line gas in the radio galaxies, and to search for
such gas in the quasars.
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California Institute of Technology, under contract to the
National Aeronautics and Space Administration; and (2)
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