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ABSTRACT

Two dual frequency VLBI surveys of the compact structures in complete high-frequency samples of
radio sources have been carried out. A classification of powerful extragalactic radio sources based on
these surveys has revealed that ~10% of the objects are “compact symmetric objects” (CSOs) of an
overall size <1 kpe, with high-luminosity lobes straddling the center of activity. In many respects these
objects mimic Cygnus A, but are smaller by a factor of 10°~10*. The working surfaces, or “hot spots,” of
the jets in CSOs are much closer to the central engine than in other powerful radio sources, and they
provide both a new laboratory for the study of the physics of relativistic jets and a unique probe of the
interstellar medium in the range 1-500 pc from the central engines of active galaxies.

The properties and statistics of CSOs are presented. The radio galaxy 23524495 is shown to be a
typical member of this class, and its optical and radio properties are discussed in detail. Our analysis of
the hot spots in this object, in 0108+ 388, and in 0710+439 shows that if these are confined by ram
pressure then CSOs have ages <10° yr.

Two models for CSOs are investigated—a “fast” model in which the hot spots are advancing at
~0.02¢ and a “slow” model in which the velocity of advance is ~4 x 10~ 3c. On the “slow” model, the
morphology of these objects would be more spherical than is observed, and there would likely be more
reddening of the narrow emission lines relative to the galactic continuum emission, whereas all of the
observations are consistent with the fast model, in which the speed of advance is comparable to the
speed of advance of the lobes in Cygnus A and the ages of CSOs are in the range 10°-3 x 10* yr. This
has interesting implications for their evolution which are discussed in a separate paper.

Subject headings: galaxies: active — galaxies: compact — galaxies: jets — radio continuum: galaxies —

surveys

1. INTRODUCTION

One of the most significant results to emerge from studies
of the radio morphology of active galactic nuclei, as
revealed by ever more sophisticated observing and image
reconstruction techniques over the last two decades, has
been the near ubiquity of objects exhibiting an asymmetric
one-sided nuclear jet, with no evidence of radio emission
from the side opposite the jet on subkiloparsec scales, and
the rarity of objects in which radio emission is seen on both
sides of the central engine on scales of 1 pc-1 kpc (e.g.,
Readhead 1980; Zensus & Pearson 1987, 1990). In
“compact symmetric objects” (CSOs), however, radio-
emission regions are seen on both sides of the central engine
on scales of 1 pc-1 kpc. We believe that CSOs may provide
the key to the evolution of powerful extragalactic radio
sources. The symmetry and the effects of relativistic
beaming in CSOs have been discussed by Wilkinson et al.
(1994), hereafter Paper 1. The statistics and observed
properties of CSOs are discussed in this paper (Paper II),
and it is shown that, provided they are confined by ram
pressure, these objects have ages <10 yr, and it is argued
that they have ages of 10®-3 x 10* yr. The evolution of
CSOs and of other classes of powerful extragalactic radio
sources is discussed in a third paper (Readhead et al. 1996,
hereafter Paper III).

A number of classes of powerful extragalactic radio
sources have been recognized over the last three decades.
On the large scale (215 kpc), the most basic distinction is
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that between Fanaroff-Riley Class I (FR I) and Fanaroff-
Riley Class II (FR II) objects (Fanaroff & Riley 1974, here-
after FR). On the small scale (<15 kpc), the three major
classes of object are the “compact flat spectrum” (CFS)
objects (e.g., Readhead et al. 1978), the “compact steep
spectrum ” (CSS) objects (Peacock & Wall 1982; Fanti et al.
1990), and the “ gigahertz-peaked spectrum” (GPS) sources
(e.g., O’'Dea, Baum, & Stanghellini 1991).

In order to explore the evolution of powerful extra-
galactic radio sources and to investigate the relationship
between different types of radio-loud objects, we have
undertaken a series of VLBI studies of complete samples to
determine the compact structure. Three samples are being
studied extensively by VLBI snapshot imaging—the sample
of 65 objects with Ssgu, =13 Jy, 6 >35° |b| > 10°
(Pearson & Readhead 1988, hereafter PR); the first Caltech-
Jodrell Bank sample (CJ1) of 135 objects with 1.3 >
S5, = 0.7 Jy, 6 > 35° |b| > 10° (Wilkinson et al. 1993;
Polatidis et al. 1995; Thakkar et al. 1995; Xu et al. 1995);
and the second Caltech-Jodrell Bank sample (CJ2) of 193
flat spectrum (¢ < —0.5) objects with 0.7 > S5 gy, = 0.35
Jy, 6 > 35° | b| > 10° (Taylor et al. 1994; Henstock et al.
1995). All of the objects in these samples accessible to Mark
IT VLBI observations have been imaged with global VLBI
arrays, and the PR and CJ1 samples are now well studied at
both 1.6 and 5 GHz.

In the PR sample, there are a number of symmetric
objects which have overall sizes of less than 1 kpc. They
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appear to be similar in most respects, except size, to the
radio doubles among the CSS objects in the complete low-
frequency—selected sample studied by Fanti et al. (1985,
1990, 1995), which are typically a factor of ~10-100 larger
than our objects. It seems most natural to explain the CSS
radio doubles studied by the Fantis and their collaborators
as the extension to larger physical size of the population of
smaller symmetric objects that we have found in our high-
frequency surveys. The symmetric objects that we have
studied have much higher energy densities and pressures
and much lower total energies than those of the larger CSS
objects, and these characteristics enable us to place more
stringent constraints on some of the alternative models for
these objects.

To clarify the discussion we, in concert with Fanti et al.
(1995), adopt the following terminology: “Compact sym-
metric objects” (CSOs) are those in which the separation
between the symmetric lobes is less than 1 kpc, “medium-
size symmetric objects” (MSOs) are compact steep spec-
trum doubles with lobe separations in the range 1-15 kpc,
and “large symmetric objects ” (LSOs) are objects with lobe
separations greater than 15 kpc. These definitions are fairly
arbitrary—at this point we attribute no physical signifi-
cance to the size limits of the three classes. Throughout this
paper we assume an Einstein—de Sitter universe with a
Hubble constant H, = 100 h’km s ™! Mpc ™ 1.

In this paper we first discuss CSOs and their statistics,
and we show that the radio galaxy 23524495 is a typical
member of this class. We then analyze multifrequency VLBI
observations of this object and determine the physical
properties of the radio-emission regions. We show that it
provides a useful probe of the interstellar medium on scales
of 10-100 pc, and we use centimeter and millimeter radio
observations of this object in conjunction with optical and
X-ray observations to place interesting limits on the tem-
perature and density of the confining medium in this region.
We also discuss the age of CSOs and argue that they are
young objects (~ 10°~10* yr), and are not old objects (~ 10°
yr) in which the expansion speed has been slowed to <0.02¢
by an unusually dense interstellar medium.

2. PROPERTIES AND STATISTICS OF CSOS

2.1. Identification of CSOs

The essential feature of CSOs is the high-luminosity radio
components on both sides of the central engine on sub-
kiloparsec scales. Throughout this paper we use the term
“symmetric” to distinguish these objects from the majority
of powerful extragalactic radio sources that show radio
emission to only one side of the nucleus on subkiloparsec
scales and are therefore “asymmetric.” In Figure 1 we show
images of five CSOs from the PR survey. Phillips & Mutel
(1980, 1982) first drew attention to a class of objects which
they interpreted as symmetric—there can be little doubt
that their “compact double” sources (CDs) and our CSOs
are the same types of object. However, although Phillips &
Mutel interpreted the CDs as symmetric objects, they did
not have compelling evidence of symmetry. The two com-
ponents of CTD 93 are “leading edge ” brightened (Mutel,
Hodges, & Phillips 1985), and therefore this object looks
symmetric and is almost certainly a CSO, but definitive
proof of symmetry among CDs has been remarkably
elusive, and it is now clear from multifrequency observ-
ations that some objects classified in the literature as CDs

are not CSOs (Conway et al. 1994). In order to be sure that
an object is symmetric, it is essential either that the center of
activity be identified within the compact radio structure or
that other compelling morphological evidence of symmetric
structure be found, such as twin jets, twin hot spots, or
relative motions indicative of symmetry (e.g., Taylor et al.
1996).

The demonstration of symmetry in these objects has
proved to be crucial for progress in this field. The first
observations of a CSO in which a component was seen
between the two outer lobes were reported by Readhead,
Pearson, & Unwin (1984), who drew attention to the radio
galaxy 07104439 (z = 0.518) as the most interesting struc-
ture that had been observed in the PR survey. Based on
spectral index information, they correctly identified the
southern end of the middle of the three components with
the center of activity, and they concluded that the two outer
components were regions of enhanced emission in two
oppositely directed jets.

In an attempt to avoid proliferation of classes, Pearson &
Readhead (1988) classified 0710+ 439 as a compact double
object in spite of the fact that it had compact triple mor-
phology, and for over a dozen years after making the first
map of 0710+439, we classified these objects as compact
doubles. However, this led to confusion when it became
clear that there are compact double sources that are not
CSOs (Conway et al. 1994), and we now believe that it is
important to establish a classification that does not include
physically distinct object types and which requires proof of
symmetric ejection from the central engine for inclusion in
the class.

Conway et al. (1992) discovered a second CSO—
23524495 (z = 0.237), the main subject of this paper—in
the PR sample and used multiepoch data of both this object
and 0710+ 439 to show that the flux densities of the middle
components were varying with time, which was taken as
further evidence that the center of activity in these objects is
coincident with the middle component. Our first 1.6 GHz
map of 2352 +495 (Paper I) showed convincingly that the
outer components are indeed lobes, and left no doubt that
the center of activity lies between these components. We are
now convinced, however, that although the center of activ-
ity lies close to the bright middle component, it is located
not in the center but near the southern end of the middle
component (see Fig. 1). In this regard it is remarkably
similar to 0710 +439. Conway et al. (1994) have argued that
the object 0108 + 388 is also a CSO, and this interpretation
has recently been confirmed with new observations at 8
GHz by Xu (1994) and at 15 GHz by Taylor et al. (1996).

Our determination of the location of the central engine in
these three objects is derived from these 8 and 15 GHz
VLBA maps. It is based on morphology, spectral index, and
relative motions of the components in 0108 + 388 ; on mor-
phology and relative motion of the components in
2352 +495; and on morphology and spectral index of the
components in 0710+ 439. A detailed discussion of the loca-
tion of the centers of activity in these three CSOs is given by
Taylor et al. (1996).

The objects 0108 + 388, 0710+439, and 2352 +495 are
our prime examples of the CSO class. They have symmetric
hot spots, symmetric lobes, and a bright one-sided jet com-
ponent, and any radio component coincident with the
central engine is comparatively weak—typically only a few
percent of the total flux density. In these three objects, the
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FiG. 1.—Maps of the five confirmed CSOs from the PR sample. (a) 0108 + 388 from 8.4 GHz observations of Xu (1994). (b) 0404 + 768 from 1.6 GHz
observations of Polatidis et al. (1995). (c) 0710 +439 from 8.4 GHz observations of Xu (1994). (d) 1358 + 624 from 8.4 GHz observations of Taylor et al. (1996).
(€) 23524495 from the full track 1.6 GHz observations reported in this paper. The observations were made with a 12-element global VLBI network over 12
hr. (f) Map of 2352+ 495 at 0.610 GHz made from the full track observations reported in this paper. The observations were made with a 10-element global
VLBI network over 10 hr. The Mk II recording system was used for all observations, and the data were correlated on the JPL/Caltech Block II correlator.
The maps were made with the Caltech “ DIFMAP ” package (Shepherd, Pearson, & Taylor 1994). In each map a cross marks the position of the radio core as
determined from the source morphology, spectral indices, and/or component motions by Taylor et al. (1996). The contour levels, peak flux densities, and
beam sizes are (a) — 1, 1,2, 4, ..., 64% of 215 mJy beam %, 1.05 x 0.58 mas? in position angle (p.a.) — 10°2; (b) — 0.85, 1.7, 3.4, ..., 54% of 311 mJy beam !,
3.45 x 2.85 mas? in p.a. 75%0; (c) — 1, 1, 2, 4, ..., 64% of 160 mJy beam ™!, 1.06 x 0.50 mas? in p.a. — 9.8; (d) — 1, 1, 2, 4, ..., 64% of the peak (60 mJy
beam 1), 1.57 ;< 1.09 mas? in p.a. 33%6; (¢) — 0.15,0.15,0.3,0.6, ..., 77% of 818 mJy beam ™!, 3.00 x 3.00 mas®; (f) — 1, 1,2,4,..., 64% of 0.334 Jy beam ™!,
12.7 x 5.8 mas?.
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bright jet components are asymmetric, but, apart from this,
there is no other asymmetric radio structure. There are four
further possible CSOs in the PR sample—0404 + 768,
10314567, 13584624, and 2342+ 821. Multifrequency
maps of these objects (Dallacasa et al. 1995; Pearson, Fass-
nacht, & Readhead 1996; Polatidis et al. 1995; Xu et al.
1995) show that 0404 + 768 and 1358 + 624 have symmetric
lobes and asymmetric jets, but no clear hot spots. We clas-
sify them as CSOs because they have high-luminosity sym-
metric lobes—bringing the total of confirmed CSOs in the
PR sample to five. It is possible that the radiation from the
jets in these five objects is beamed. The case for including
10314567 or 2342+ 821 in the CSO category is weaker
than for the other candidates because we do not yet have
the necessary high-quality images at enough frequencies to
be sure that they are symmetric objects (Xu 1994), so we
exclude them from the present discussion. Thus, there are
five confirmed CSO and two candidates CSOs in the PR
sample. In Table 1 we show the redshifts, luminosities, and
lobe separations of the five confirmed CSOs in the PR
sample.

The only quasar identified as a possible CSO in the PR
survey is 2342 + 821. It is interesting that all five confirmed
CSOs in the PR sample are galaxies, although we do have
some CSO candidates that are quasars. It is clearly impor-
tant to determine whether CSOs are predominantly gal-
axies. The galaxies that CSOs have been identified with are
all elliptical galaxies, so that this raises, once again, the
interesting question of why powerful radio sources are
almost invariably associated with elliptical galaxies: what is
it about elliptical galaxies that causes the central com-
ponent to produce a radio source?

2.2. Physical Properties of CSOs

By definiton, CSOs have high-luminosity radio-emission
regions on scales of 1 pc—1 kpc on both sides of the central
engine, in contrast to one-sided core-jet objects in which
radio emission is seen only on one side of the central engine
on these scales. We do not require that CSOs are symmetric
in all morphological features.

The five CSOs in the PR sample exhibit some or all of the
following characteristics:

1. All of the CSOs that we have identified are high-
luminosity objects. The monochromatic luminosity of
23524495 is the lowest of the CSOs in the PR sample (see
Table 1). By comparison, the boundary line in luminosity
between FR I and FR II objects at 5 GHz, assuming a
spectral index of —0.75, is more than a factor of 20 lower
than the luminosity of 2352+495. Thus, by analogy with
the large-scale counterparts, we designate the CSOs as
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“high-luminosity ” objects, and for the purposes of this dis-
cussion we consider FR T objects to be “low-luminosity ”
objects.

2. The hot spots show no evidence of superluminal
motion (0108 + 388, 0710+439, and 2352 +495—Conway
et al. 1992, 1994).

3. The jets are much brighter than the counterjets (all
objects). The asymmetric jets seen in all five CSOs might be
evidence for bulk relativistic motion.

4. The mean ratio of the two arm lengths for the PR
CSOs is 1.2 + 0.07, which gives a 3 ¢ upper limit of 0.3¢ on
the velocity of advance of the jets.

5. The high-frequency spectra of CSOs are steep, with no
hint of flattening with increasing frequency.

6. The parent objects are all elliptical galaxies—they all
exhibit strong narrow emission lines in their spectra, but the
continua are characteristic of an old stellar population. The
luminosity is in the range (0.3 — 1)L*.

7. In the case of 2352 +495, the isophotes are distorted,
and there are nearby objects which might possibly be
members of a cluster or evidence for interaction (O’Dea,
Baum, & Morris 1990).

8. They exhibit weak radio variability—up to about 10%
over periods of a few years (all objects), see PR.

9. They have low radio polarization—less than 0.5% at
frequencies up to 5 GHz (all objects), see PR.

10. They have either no extended radio emission (all
objects except 0108+ 388) or have very weak emission
(0108 + 388).

11. They have very low core luminosities—typically less
than a few percent of the total luminosity. This is the reason
that CSOs have been so difficult to identify, and that the
central components in CDs have been so elusive.

12. In a significant fraction of cases, they exhibit S-
symmetry about the center of activity (0108 + 388,
0710+ 439, and 2352+ 495).

2.3. Statistics of CSOs

There are five CSOs and two CSO candidates in the PR
survey out of a total of 65 objects. In the CJ1 survey there
are 10 CSO candidates out of a total of 135, and in the CJ2
survey there are 22 candidates out of a total of 193. Thus,
assuming a greater than 50% success rate in confirming
CSOs, 5%-10% of the objects in complete flux density
limited samples selected at 5 GHz are CSOs with separa-
tions less than 1 kpc. The numbers of CSOs, and of FR 1,
FR II, and D2 objects (Miley 1971), in the PR and CJ1
samples are given in Table 2.

It is important to consider whether we might have missed
any CSOs in these surveys due to observational selection
effects. We see from Table 2 that in the PR sample there are

TABLE 1
CSOs IN THE PR SAMPLE

Radio Luminosity® Lobe Separation

Name Redshift my? (h"2W Hz™Y) (h™ ! po)
0108+388...... 0.699 22 9 x 102¢ 25
0404+768...... 0.5985 22 1.2 x 10?7 450
0710+439...... 0.518 20.7 5 x 10%¢ 100
1358+624...... 0.431 20.9 4 x 102° 120
2352+495...... 0.237 20.1 10%¢ 120

* All objects are elliptical galaxies.

® Evaluated at S GHz in the emitted frame.
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616 READHEAD ET AL. Vol. 460
TABLE 2
STATISTICS OF OBJECTS IN THE PR AND CJ1 SAMPLES
Core jet or
Optical CSO Candidate Complex FR 1 FR1I D2 Unclassified
Sample Identification (<1 kpe) (<1 kpe) (>1 kpc) (>1 kpc) (>1 kpc) (>1 kpc) Total
PR ...... BL Lacs 0 1 0 1 S 2 9
Galaxies 5 2 3 16 1 0 27
Quasars 1 2 0 14 10 2 29
Total 6 5 3 31 16* 4 65
Cll...... BL Lacs 0 1 0 2 4 2 9
Galaxies 3 0 4 38 1 5 51
Quasars S 10 0 29 23 1 68
Uncertain 2 1 0 2 2 0 7
Total 10 12 4 71 30 8 135

2 Includes 0108 + 388, which is a CSO with very faint extended structure.

seven galaxies with overall sizes less than 1 kpc, and five of
these are CSOs or CSO candidates. The remaining two
galaxies are M82 and 20214614 (Conway et al. 1992).
Thus, we have not missed any CSO galaxies in the PR
sample—all galaxies with overall size less than 1 kpc are
accounted for. The other PR CSO identified with a galaxy
(0108 + 388) has faint extended structure and is therefore
included under the D2 column in Table 2. There are 16
galaxies with overall sizes greater than 1 kpc in the PR
sample.

In the CJ1 sample there are five galaxies and 15 quasars
with overall sizes less than 1 kpc. Four of the galaxies and
two of the quasars are CSO candidates. Thus, as in the case
of the PR sample, almost all of the galaxies with overall
sizes less than 1 kpc are CSOs or CSO candidates. The
remaining objects in the CJ1 sample are all complex or
core-jet objects. There are 37 FR II galaxies with overall
sizes greater than 1 kpc in the CJ1 sample. Thus CSOs
comprise = 50% of the galaxies with overall extent less than
1 kpc in the PR and CJ1 surveys, and FR II galaxies out-
number CSOs by less than a factor of 10 in the PR and CJ1
surveys.

We conclude this section with a few comments on the
surface brightness sensitivity of our 1.6 GHz observations.
The relevant size range of extended jet/lobe components in
a CSO at a typical moderate redshift is ~ 10—~ 100 mas.
Our simulations to test our surface brightness limits
(Polatidis et al. 1995) show that with >12 antennas we
would always detect 100 mas components with flux den-
sities >300 mJy, and we would detect 10 mas components
with flux densities >30 mJy. Thus we would detect CSO-
size emission in a PR source as long as it contained more
than 15% of the total flux density at 1.6 GHz at the upper
end of the size range and more than 1.5% at the lower end
of the size range. Our results show that we have detected
extended emission on the 100 mas scale in a number of
objects in the PR and CJ1 surveys, and the fact that we have
not missed any CSOs due to surface brightness emission is
borne out by the statistics of our complete samples, as
shown at the beginning of this section.

In summary, we believe that we have detected all of the
~ 100 mas diffuse components in the complete CJ1 sample
and in those PR objects which we have mapped at 1.6 GHz.
There are 14 PR objects which we have not mapped at 1.6
GHz, but for these there are good quality maps in the liter-
ature. In a few of these cases, the maps do not rule out
components of ~ 100 mas and more than 15% of the total

flux density. We emphasize again, however, that these
objects will not be galaxies with overall sizes less than 1 kpc,
since all of these have been accounted for, as shown above.

3. RADIO PROPERTIES OF 23524495

In view of the fact that 23524495 exhibits all of the
properties 1-12 of § 2.2, it is reasonable to consider this
object as an archetype of the CSO class. The properties of
23524495 which we deduce in the following sections are
typical of CSOs in the PR sample.

We have made VLBI observations of 23524495 at 610
MHz and 1.66 GHz. The maps from these observations are
shown in Figures le and 1f. The 1.66 GHz image shows the
structure most clearly and leaves no doubt that this is
indeed a “symmetric” object. Previous observations at 5
and 10.7 GHz have been reported by Conway et al. (1992),
and first-epoch (snapshot) observations at 1.66 GHz have
been described in Paper I. We have combined the 5 and 10.7
GHz observations with the observations at 610 MHz and
1.66 GHz to identify the principal components of the object
and to determine the angular sizes and the flux densities of
these components.

Our new observations at 1.66 GHz (Fig. le) are more
sensitive than our previous snapshot observations (Paper I),
and they show clearly that 2352+ 495 has twin jets. Given
the location of the center of activity, marked with a cross in
Figure le, we see that there is a bright feature in the north-
ern jet, which we refer to as the “bright jet feature.” Note
that the primary (northern) jet is considerably brighter than
the counterjet. The combination of these observations and
those at 610 MHz and 5 GHz shows that we are seeing
symmetric hot spots and outer lobes. It is clear, therefore,
that CSOs are morphologically very similar to larger scale
objects classified as FR II objects. The arguments are com-
pelling that the lobe and hot spot emission in CSOs is fairly
isotropic (Paper I), which is important for determining the
physical properties in these radio-emission regions.

3.1. Flux Densities, Spectra, and Angular Sizes
of Radio Components

We have identified the major features of 23524495 as

* follows—the 5 and 10.7 GHz maps of Conway et al. (1992)

are most useful in delineating high surface brightness flatter
spectrum components. These indicate clearly the bright jet
component and two “hot spots” which straddle the center
of activity. From the 1.66 GHz image of Figure le, we see
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FiG. 2—Radio spectrum of 2352 +495. The upper curve shows the total spectrum of 2352 +495. Also shown are the spectra of the northern and southern

lobes and the spectrum of the bright jet feature.

that the hot spots are embedded in lower surface brightness
features, which we identify with “lobes.” The jets are most
clearly visible in this figure, as are the higher surface bright-
ness portions of the lobes, but the full extent of the lobes is
most clearly visible in the 610 MHz image shown in Figure
If.

The total spectrum and the spectra of the individual com-
ponents are shown in Figure 2. The flux densities, spectral
indices, and angular sizes of the various components are
given in Tables 3, 4, and 5. Wherever possible, we use flux
densities and angular sizes derived from least-squares fitting
of Gaussian components to the visibility data, since these
are more accurate than flux densities measured directly
from maps.

All angular sizes measured from maps or derived from

models are FWHM. The angular sizes of the components of
2352+ 495 (Table 5) are derived from a combination of the
images shown in Figures le and 1f, and of models of the
major components. The bright jet component (B, and B,)
and hot-spot angular sizes we adopt are taken directly from
the model fits given in Table 5 of Conway et al. (1992). We
have increased these by a factor of 1.8 in order to allow for
the fact that these are FWHM of Gaussian distributions,
whereas our calculations use the diameter of a uniform
spherical source.

3.1.1. The Lobes

The surface brightness of the lobes is too low to measure
their flux densities at 5 and 10.65 GHz. However, it is pos-
sible to make a reasonable estimate as follows: The ratio of

TABLE 3
Frux DENSITIES OF COMPONENTS OF 2352 +495 (Jy)

Component 610 MHz* 1.66 GHz* 5 GHz 10.65 GHz

Northern hot Spot..............c.ccevvinninnn. 0.17 0.18 0.08° 0.03¢
Southern hot spot ..............oooiiiiiiiit 0.15 0.14 0.04° 0.02¢
Northern jet.........oooviiiiiiiiiiiiiin... 0.13 0.033

Southern jet ..........coooviiiiiiiiiiiiii 0.02 0.03 .. ..

Northern lobe ..., 0.59 043 0.26" 0.11%
Southern 10be ........ooviviviiiiniiiiaennane. 093 0.52 0.32! 0.13!
Bright jet component .......................... 0.42 1.15 0914 0.76°
Combined lobes (northern & southern)...... 1.52 0.95 0.58f 0.24f
COCOOM ..ottt 0.20

Total flux density...........c..ooeeiiiiiiiae.. 2.61 2.50 1.608 1.058

* Images shown in Figures le and 1f.
® Table 5, Conway et al. 1992.
¢ Table 6, Conway et al. 1992.

4 Table 5, Conway et al. 1992, components B, + B,.
¢ Table 5, Conway et al. 1992, components B, + B,z + B,.
f Total flux density minus northern and southern hot spots and bright jet component.

& Data used in Fig. 3 of Conway et al. 1992.
" 0.45 times combined lobes, see text.
' 0.55 times combined lobes, see text.
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SPECTRAL INDICES OF COMPONENTS OF 2352+ 495

Component 610 MHz-1.66 GHz 1.66 -5 GHz 5-10.65 GHz
Northern lobe ........... —0.30 —0.5 —1.1
Southern lobe ........... —0.50 —0.5 —1.1
Middle component...... +1.0 —0.25 —-025
Cocoon®.........cceveeen -1.0 —-1.0 —-1.0

* We assume a spectral index of — 1.0 for the cocoon, see text.

the flux densities of the northern to southern lobe is 0.64 at
610 MHz and 0.82 at 1.66 GHz. It appears that both lobes
are synchrotron self-absorbed at low frequencies (see § 3.2).
We therefore ascribe the change in the flux-density ratio of
these two components between 1.66 GHz and 610 MHz to
synchrotron self-absorption and take the value at 1.66 GHz
to be the true optically thin flux-density ratio of these two
regions (0.82). We then assume that the ratio of the northern
to southern component flux densities is 0.82 at both 5 and
10.65 GHz. We estimate the flux density in the two lobes
combined by subtracting the flux densities of the bright jet
components and the hot spots from the total flux density.
Note that the flux densities of the hot spots are much
smaller than those of the lobes, so that any uncertainties in
the flux density of the hot spots do not greatly affect this
result.

We are confident of the derived spectral indices for the
lobes, because these features contribute a large fraction of
the total flux density at all frequencies we have observed.

3.1.2. The Cocoon

The total flux density of 2352 +495 is well accounted for
in our images. At 610 MHz, ~0.2 Jy is seen in diffuse emis-
sion around the lobes. We ascribe this emission to a cocoon.
We have made a spectral index map (not shown) between
610 MHz and 1.66 GHz, which shows that the cocoon has a
steep spectrum, with ad-€$, ~ —1. Apart from the cocoon,
there is no evidence for any halo or larger radio structure.
We have made observations with MERLIN at 408 MHz
that enable us to place a limit of 50 mJy on any structure on
scales of 071-4". The angular size of the cocoon has been
determined from the overall extent of the source, which is
~90 x 25 mas. We assume that the cocoon is a prolate
spheroid, and therefore we use an angular size of
(90 x 25 x 25)!/3 mas, i.e., 35 mas, to characterize the size
of the cocoon.

3.2. Interpretation of the Radio Spectra

We now discuss the main features of the total spectrum
and of the spectra of the lobes of 23524495 shown in
Figure 2. An obvious feature in the total spectrum is the
low-frequency cutoff, which is almost certainly due to syn-
chrotron self-absorption. But we do have to consider the
alternative explanation of free-free absorption, which has
been suggested as an explanation for the cutoff in GPS and
many CSS objects (van Breugel 1984; O’Dea et al. 1991).

3.2.1. Free-Free Absorption

The total spectrum between 2.7 and 15 GHz is well fitted
by a power law with slope « = —0.50. Extrapolating this
spectrum down to 151 MHz yields a flux density at this
frequency of 9 Jy, whereas the observed flux density at 151
MHzis 1.0 + 0.4 Jy. If the low-frequency cutoff were due to
free-free absorption, the optical depth at 151 MHz would be
1.8 < 75.45; < 2.7, and that at 610 MHz would be 74 10 =
0.6. These values are inconsistent with the expected behav-
ior 7 oc v~ 2! for free-free absorption. As discussed in the
following section, unless the lobes are extremely far from
equipartition, they must be synchrotron self-absorbed at
frequencies below ~ 500 MHz. We therefore conclude that
the low-frequency cutoff is due not to free-free absorption
but to synchrotron self-absorption. We have fitted synchro-
tron self-absorption spectra for a homogeneous source to
the component spectra (see Fig. 2), and hence we derive a
more stringent upper limit on the optical depth at 151 MHz
due to free-free absorption of 74 y5; < 1.

3.2.2. Synchrotron Self-Absorption

Synchrotron self-absorption may be discussed in terms of
the “equipartition brightness temperature” (Readhead
1994). From Figure 2 we see that the northern and southern
lobes have peak flux densities of 0.6 Jy at 600 MHz and 1.0
Jy at 400 MHz. For a spectral index in the optically thin

TABLE 5
ANGULAR S1ZES® OF COMPONENTS OF 2352+ 495

Major Axis Minor Axis
(Gaussian Model)  (Gaussian Model) Size®
Component (FWHM) (FWHM) (Spherical Model)

Northern hot spot .......... 0.81 0.46 1.1
Southern hot spot .......... 1.51 1.35 2.6
Northern lobe ............... 10
Southern lobe ............... 15
Middle component B, ...... 1.15 1.02 1.95
Middle component B, ...... 1.07 0.46 1.25
Cocoon® .......coevivninnnn. 35

2 All values are milliarcseconds.
b See text.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996ApJ...460..612R&amp;db_key=AST

T, 7 14607 612K

BAD

rt

No. 2, 1996

regime in the range —0.5 to —0.75, this yields equipartition
brightness temperatures for both lobes of ~7 x 10'° K.
The equipartition brightness temperature is weakly depen-
dent on observable quantities (Readhead 1994). The
observed peak brightness temperatures are 3 x 10'° K and
5 x 10'° K for the northern and southern lobes, respec-
tively. Given the uncertainties in the observations, the
observed peak brightness temperatures are consistent with
the equipartition values. Note that the “equipartition
Doppler factor” (Readhead 1994) is in the range 0.5-1 in
both lobes—in agreement with the conclusion of Paper I
that relativistic beaming effects are small in the lobes.

The fact that the spectrum of the higher surface bright-
ness lobe cuts off at a higher frequency and that synchro-
tron self-absorption must occur in these components at
close to the observed turnover frequencies unless they are
extremely far from equipartition (Readhead 1994) leads us
to conclude that the low-frequency turnover is due to syn-
chrotron self-absorption not to free-free absorption.

Between 1.66 and 5 GHz, the spectra of the lobes should
be free of any effects due to synchrotron self-absorption. We
have already ruled out the possibility of free-free absorption
above 1 GHz, therefore we conclude that the spectrum of
the lobes between 1.66 and 5 GHz is the undistorted opti-
cally thin spectrum. The optically thin spectral index in
these components is therefore « = —0.5 (see Table 4). We
use this value for the remainder of the discussion.

3.2.3. The High-Frequency Break in the Lobe Spectra

It can be seen in Figure 2 and in Table 4 that there is a
break in the spectrum of the lobes at high frequencies—
from af 46 = —0.5 to a1%°5 = —1.1. Note that the results
for the northern and southern lobes are not independent,
because of our assumption that the flux-density ratio in
these two components is constant in the optically thin
regime (see § 3.1). There is a clear break in the spectrum at
~5 GHz, with Aa~ —0.5. We therefore attribute the
change in spectral index at 5 GHz to synchrotron losses
(e.g., Leahy 1991).

3.3. Physical Properties of the Radio Components

The linear sizes, brightness temperatures (7;), equi-
partition magnetic fields (B.,), minimum energies, bolo-
metric luminosities (L), and synchrotron lifetimes of the
different components we have identified in 2352 +495 are
given in Table 6. In all of our calculations we assume an
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electron-positron plasma (k =0), a “tangled” magnetic
field, and equipartition between the magnetic field and the
particles, i.e., ug = u,;. For the case of an electron-proton
plasma with equal energy densities in protons and electrons
(k = 1), the protons are not relativistic and up,oon = Uyers
equipartition gives ug =2 X u,,, and, assuming pressure
p =(2 X u, + ug)/3, densities and masses based on ram
pressure will be a factor of 2 greater than those given below.

We also assume an optically thin spectral index of —0.5
for all components except the cocoon (x = —1.0), and we
assume lower and upper cutoffs of the electron energy dis-
tribution corresponding to radiation at 107 and 10'! Hz in
the emission rest frame, respectively. For a ~ —0.5, a
change in the upper or lower cutoff by a factor of 10 causes
a change of ~15% in the calculated minimum energy, while
changes in the upper cutoff by an order of magnitude cause
changes of a factor ~3 in the bolometric luminosities, and
changes in the lower cutoff by an order of magnitude cause
<2% changes in these luminosities. These effects should be
borne in mind in the discussions of §§ 5-9.

4. OBSERVATIONS OF 2352+495 IN OTHER WAVE BANDS

4.1. Infrared Observations

The 60 um IRAS flux density of 2352 +495 is less than 90
mly (3 o upper limit), and, similarly, in the other PR CSOs
the infrared luminosity is below the IRAS sensitivity limit.
There is no evidence, therefore, of infrared emission from
CSOs. The limit on the infrared luminosity in 2352 + 495 at
60 um is a factor of 6 below that of Arp 220 (at the relevant
frequency). It is clear that CSOs are significantly less lumi-
nous than hyperluminous infrared galaxies (e.g., Cutri et al.
1994).

4.2. Optical Observations

High-quality 200 inch telescope optical spectra have been
obtained for all the objects in the PR sample (Lawrence et
al. 1996). These show that the spectra of the PR CSOs are
all rather similar, and that the spectrum of 2352+495,
shown in Figure 3, displays properties seen in the spectra of
most other members of this class—one object (0404 + 768)
shows considerably more reddening in the narrow lines.
The host galaxy of 2352 +495 has z = 0.237 and has the
following characteristics (see Fig. 3 and Table 7):

1. It has a fairly red continuum spectrum with overall
shape typical of an old stellar population, with molecular

TABLE 6
PHYSICAL PARAMETERS® OF COMPONENTS OF 2352 +495

Size Tbb Beq uminc Uminc L ngnch
Component (h™ ! pc) (K) (h*" G) (h*" ergsem™3) (k' ergs) (h Zergss™') (A7 yr)

Northern hot spot ............. 3 5 x 101 3x 1072 6x 1073 1.5 x 1032 2 x 10*? 100
Southern hot spot ............. 6 3 x 101 1072 1073 3 x 1032 10*2 500
Northern lobe.................. 25 3 x 10'° 6x 1073 3x107¢ 5 x 1033 8 x 1042 1200
Southern lobe .................. 35 7 x 10° 4x 1073 1.5x107¢ 10%4 1043 1800
Bright jet component B, ...... 5 2 x 10'° 3x 1072 7 x 1073 10°3 2 x 1043 100
Bright jet component B, ...... 3 2 x 10" 4 x 1072 1074 4 x 102 1043 80
COCOOM ..vvvveiiinieiaaannans 85 3 x 10'° 1.5x 1073 2x1077 2 x 1054 1042 7500

2 For Hy =100 hkms™! Mpc~™!,and ¢q, = 1/2.

® T, is at 2 and 1 GHz for the northern and southern hot spots, respectively; at 0.3 and 0.55 GHz for the northern and southern lobes,
respectively; at 3 and 2 GHz for B, and B,, respectively; and at 151 MHz for the cocoon.
¢ The minimum energy density given above is u;, = u,, + ug. Likewise, the minimum energy is U,;, = U, + Uy. The pressure in an

electron-positron plasma is assumed to be p = u,;,/3.

4 Synchrotron-loss timescales are given for a spectral break at 5 GHz for the lobes and 15 GHz for the bright jet components (see text).
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F1G. 3.—Optical spectrum of 2352 +495. This spectrum from the Palomar 200 inch telescope shows many features which are typical of active elliptical
galaxies and of CSOs. It has been fitted with a template spectrum constructed from local elliptical galaxies which has been dereddened by E;_,, = 0.13 (see
text). The upper plot shows the calibrated spectrum with elliptical galaxy template superposed. In the lower plot, the template has been subtracted from the
spectrum to show the fitted emission lines (Lawrence et al. 1996). We see a strong 4000 A break, molecular absorption bands, and a fairly red continuum—all
of which indicate an old stellar population. The Balmer decrement indicates modest reddening of the lines E,_, = 0.30, i.., significantly greater than the

reddening of the continuum.

absorption lines which are seen in old stars. The continuum
is well fitted by a template spectrum made up from spectra
of low-redshift elliptical galaxies (Lawrence et al. 1995) and
with reddening E;_, = 0.13. We note that the spectrum of
2352+ 495 is very difficult from the spectra of typical star-
burst galaxies (e.g., Osterbrock 1987), since it does not show
a strong blue continuum or Balmer absorption lines.

2. The spectrum displays narrow permitted and for-
bidden lines. The relative line strengths are typical of radio
galaxies. For comparison, these are also given for Cygnus A
(Osterbrock 1989). Both objects satisfy the LINER require-
ments suggested by Osterbrock (1989), except in the
[O ur]/Hp ratio.

3. It shows a 4000 A break, which is typical of galaxies
dominated by an old stellar population, and is not seen in
starburst galaxies (although this break is seen in post-
starburst galaxies).

The galaxy has m, = 20.1 (Fanaroff & Blake 1972), thus,
after correcting for reddening and applying the K-
correction for an object at a redshift of 0.237, we find M, =
—19.8. From our spectrum we see that 23524495 is 1.3
mag fainter in the B band, and hence Mz = —18.6—where
we have also corrected for the small difference in reddening
between the B and V bands. We compare this with the value
obtained by Efstathiou, Ellis, & Peterson (1988) of My, =
—19.7, and hence we find that the optical luminosity of

TABLE 7
EMISSION-LINE STRENGTHS AND WIDTHS IN 23524495

Line Width Cygnus A
Line Strength? (FWHM) Line Strength Line Strength
Line (ergs s~ 1) A) Relative to Hf Relative to HB®
[O m]3726,3729...... 1.88E +41 9.4 4.46 5.00
[Ne m]3868.76 ...... 2.72E+40 6.3 0.65 1.23
Hp4861.............. 421E+40 16.7 1.00 1.00
[Om]4959.......... 1.40E +41 215 332 3.88
[O m] 5007 .......... 3.94E +41 20.1 9.35 12.30
[O1]6300........... 7.24E+40 17.3 1.72 1.10
[O1] 6364 ........... 1.70E +40 11.2 0.40 0.35
[N1]6548........... 1.06E +41 26.1 2.52 1.90
Ha 6563 .............. 1.31E+41 20.7 3.10 3.08
[N ] 6583........... 3.10E+41 26.2 7.36 6.15
[Snu] 6716 ........... 6.41E+40 229 1.52 1.66
[Su] 6731 ........... S98E+40 23.0 1.42 1.51

* All line strengths have been corrected for reddening assuming case B recombination and a
Balmer decrement of 3.1, which yields (E;_,, ~ 0.30).

> From Osterbrock 1987.
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2352+495is ~0.35L,. For comparison, typical large FR 11
objects are associated with elliptical galaxies with L ~ L,
(Owen & White 1991).

The relative line strengths are rather similar to those in
Cygnus A, which we regard as good evidence that the exci-
tation mechanism is photoionization (e.g., Osterbrock
1987). We assume case B recombination with a Balmer dec-
rement of 3.1 and, hence, derive extinction of Eg_, = 0.30.
With this reddening, we derive the dereddened line
strengths given in Table 7. The total narrow line luminosity
0f2352+495is 1.1 x 10*2 h~2ergss™!.

We assume that the temperature of the narrow emission-
line regions is in the range 10* to 2 x 10* K. The ratio of
the [S 1] 4146716, 6731 lines then implies that N, ~ 600
ecm ™3 for T ~ 10* K and N, ~ 850 cm 3 for T ~ 2 x 10*
K, so that the pressure in the narrow emission-line regions
is 1-2 x 107? dyn cm ™%, i.e., much lower than the pressures
in the hot spots, lobes, or even the cocoon of the radio
source. A typical velocity dispersion is that of the [O 1]
144959, 5507 lines, which both have FWHM = 700 km s~ 1.

We estimate the mass of the narrow emission-line regions
from the (corrected) HB line luminosity to be (2-4)
x 108N * M, for T ~ (1-2) x 10* K. If this material were
uniformly distributed in a spherical cloud, the radius of the
cloud would be ~ 13 pc. However, if the narrow emission-
line clouds in 23524495 are like those in other radio gal-
axies, then they are spread out over a region a few hundred
parsecs in radius. In this case the filling factor is only
~1075, so that the material responsible for the narrow line
emission is very clumpy.

Stanghellini et al. (1993) have made r — i observations of
a number of galaxies. Eight of these have known redshifts
and are discussed by O’Dea et al. (1994a, see also O’Dea et
al. 1992). They find five galaxies with r — i colors which are
typical of elliptical galaxies. However, three objects have
r — i colors 1-2 mag larger than typical elliptical galaxies.
These three objects are 0108 +388, 0404+768, and
07104439, i.e., they are all CSOs. Thus, there is some evi-
dence for a significant difference in color between some
CSOs and typical elliptical galaxies. One CSO observed by
Stanghellini et al. (1993)—1358 + 624—has typical elliptical
galaxy r — i color. In addition, one of us (G. B. T.) has
measured the r — i color of 07104439 to be 0.76 + 0.05,
which is 1.1 mag lower than the value reported by Stanghel-
lini et al. (1993), i.e,, it too has typical elliptical galaxy r — i
color. Except for 0404 + 768, the extinctions in the narrow
emission-line regions are small. It is possible that the very
red r — i colors in 0108 + 388 and 0404 + 768 are due to the
presence of a very red compact nuclear source. Evidence
that 0108 + 388 has a very red nuclear source is presented
by O’Dea et al. (1992). This interpretation is consistent with
our finding above for 23524495 that the narrow line emis-
sion is significantly more reddened than the stellar emission.

4.3. X-Ray Observations

O'Dea et al. (1994b) made ROSAT observations of
23524495 to look for evidence of a cluster. They did not
detect the object and placed a 3 o upper limit on the X-ray
luminosity in the 0.2-2.0 keV band of less than 1.7 x 10*?
h~2 ergs s~ ! for both a point source and an extended (200
kpc radius) source. O’Dea et al. (1995) corrected this for
absorption in our Galaxy, and they derive a maximum per-
mitted luminosity at the 3 ¢ level of less than 3.4 x 10** h~2
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ergs s 1. If 23524495 is typical of CSOs in X-ray emission
(as it is in most other properties observed thus far), then
these objects are not strong X-ray emitters, and they reside
in poor clusters or in small groups of galaxies. The X-ray
luminosity limit is low for an average FR II object but
consistent with the level of X-ray emission seen in FR I
objects (Fabbiano et al. 1984).

We have calculated the expected X-ray luminosities of the
bright jet components due to inverse Compton scattering.
We find that the luminosity for the component which has its
peak flux density at 2 GHz, whether it be B1 or B2, is just
consistent with the upper limit measured by O’Dea et al.
(1995), while that for the other component is well below this
limit. Thus, more sensitive X-ray observations might well
provide a measure of the Doppler boosting (if any) in one of
the bright jet components.

5. THE JETS IN 23524495

We now consider the physical properties of the jets in
2352 +495. We have seen in § 4.2 that the pressure in the
optical emission-line regions is 4 orders of magnitude lower
than the pressure in the hot spots. Therefore, if the pressure
in the interstellar medium between the narrow line clouds is
comparable to the pressure in the clouds, then either the hot
spots must be confined by ram pressure interaction with the
interstellar medium or they must be magnetically confined.
We assume that they are confined by ram pressure.

5.1. Bulk Velocity and Power

In the nonrelativistic case, and assuming steady flow, the
jetpoweris Q; = p;v; 4 J(%vf + w;), and the momentum flux,
i.e., the thrust or force of the jet, is F; = A{p; v? + p;), where
pj v, Aj, pj, and w; are, respectively, the density, velocity,
cross-sectional area, pressure, and enthalpy of the jet
(Landau & Lifshitz 1959). For the case of a highly rela-
tivistic jet, with equation of state p oc p*3, the jet power and
thrust are given by Q;=4p;y}v;4; and F;= (4} p;
+ 1)p; A;, where y; is the jet Lorentz factor and B; = v;/c
(Landau & Lifshitz 1959; Blandford 1990). Hence we may
express the relationship between the jet power and the jet
thrust in the form

Q;=®v;F;, M

J

where ® = (5.#4* + 15)/(10.#? + 6) for a supersonic, non-
relativistic jet with specific-heat ratio 5/3, .# being the
Mach number; and @ = 4/(1 + 3?) for a highly relativistic
jet.

We consider the situation in a steady jet, which we
assume to be supersonic (e.g., Blandford & Rees 1974) and
in which the hot spot is moving forward at a steady velocity
of advance, v,. We assume pressure p in the hot spot, and we
consider the forces at two interfaces—first, the interface
between the hot spot and the jet and, second, the interface
between the hot spot and the shocked interstellar medium.
In practice, these are complex interfaces (e.g., Lind et al.
1989), but these details do not affect the following simple
calculations. At the first interface the hot spot pressure
forces must balance the thrust of the jet, since the hot spot is
not accelerating, i.e., F; = pA, where A is the cross-sectional
area of the hot spot. Thus we have from equation (1),

Q; = nripdu; , 2

where r is the radius of the hot spot, here assumed equal to
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the radius of the jet. The input jet power is equal to the sum
of the power expended against the external medium in
advancing the hot spot (Q,), the bolometric radio lumi-
nosity of the hot spot (L,), and the power injected into
relativistic particles and magnetic field in the lobes (Q;) and
cocoon (Q./2):

Qi=0,+Li+ Qi+ Q2. ©)

In the case of a nonrelativistic supersonic jet, the range of
M (M =1- > 1)yields $ < ® < 3. A lower limit on the
jet power is given by the bolometric radio luminosities of
the hot spot, lobe, and cocoon, since Q; > L, + L, + L./2.
Hence, using the upper limit on ® and applying equation
(2), we have

1
v; 2 <7tr—2p_5/_4>(Lh +L,+LJ2). 4)

Thus, using the values of these parameters given in Table 6,
and excluding the bright jet component, since this may be
relativistically beamed, we determine the lower limits on jet
velocities given in Table 8. We see that the jet velocities in
23524495 are =0.3c. This is the first instance in which it
has been possible to use hot spots to determine a lower limit
on the jet velocity of a parsec-scale jet. Note that y; ~ 1.05
for v;~0.3c, so that the nonrelativistic formulation is
appropriate in determining this lower limit.

We now estimate the power supplied by the jet by placing
lower and upper limits on it. As we have seen, the lumi-
nosity of the hot spot, lobe, and cocoon provides a firm
lower limit to Q;. The maximum value of the product ®v; is
2¢/312, 50

Q; < nr?p2c/y/3 . (5)

Hence, from equations (4) and (5), and with the values given
in Table 6, we find that

10 h~2ergss ' <Q;<32x 102 h 1% ergss™',

where we have taken the mean of the values for the two jets.
Note that we can determine the jet power to within a factor
of 3. The limits derived for the northern and southern jets
agree to within ~10%, and if the bulk velocity is the same
in the two jets, the jet powers agree equally well. The lower
limit is very conservative, so we will assume that Q; , and
Q, are both ~3 x 10** h~1%7 ergs s™! (we designate the
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northern and southern features by the subscripts n and s).
We note that the uncertainties in the upper and lower
cutoffs in the electron energy distribution (§ 3.3) have little
effect on the upper limit to Q; but have an appreciable effect
on the lower limit—a change of a factor of 10 in the upper
cutoff gives a change of a factor of 3 in the lower limit to Q;.
We assume that the hot spot is confined by ram pressure
with the interstellar medium, so that at the second interface

P=Pext Va » (6)

where p.,, is the density in the interstellar medium and v, is
the velocity of advance of the jet. The thrust, F, of each jet is
also given in Table 8. In the case of equipartition, F oc $*7
r?7, where S is the flux density of the hot spot, so that the
thrust can be determined rather accurately from the observ-
ations. We assume that the uncertainties in the flux density,
angular size, and distance from the core of the hot spot are
10%, 10%, and 5%, respectively, and hence determine the
uncertainties in the thrusts given in Table 8. Notice that the
thrusts of the two jets in 2352 4 495 agree within the (small)
uncertainties.

The work done by the hot spot in advancing through the
interstellar medium a distance d is W, = Fd. We assume
that the thrust is constant so that, since d can be measured
accurately, it is possible to determine W, accurately for an
assumed value of H,. The power required for this advance
is Q, = W,/t;, where 1; is the age of the jet. Hence we derive
the values for W, , and W, , given in Table 8. In Table 8 we
also give the powers consumed in the advance of the two
jets, @, , and Q, , and in supplying the lobe energy, Q, , and
0,5 In calculating Q,, we assume a straight spectrum up to
our upper cutoff of 10'! Hz, since we are interested in the
total power injected into the lobe, i.e., before synchrotron
losses. We see in Table 8 that, if 7; ~ 3000 yr, Q, and Q, are
comparable to L;, whereas, if 7; > 3000 yr, they are negligi-
ble compared with L,.

5.2. “Waste Energy Basket”

Scheuer (1974) showed that the extended powerful extra-
galactic radio sources require a “waste energy basket” to
account for energy that is delivered by the jet to the hot
spots but is not radiated away by the hot spots. We define €
as the fraction of jet power radiated away by the hot spot,
ie., € = L,/Q; (Hargrave & McEllin 1975). The parameter €

TABLE 8
PHYSICAL PROPERTIES OF THE JETS IN 23524495

Symbol Used Ratio
Parameter in Text Northern Jet Southern Jet (north/south)

Bulk velocity (A™7) ....ooiiiiiiiieiin v; 20.28¢ 20.33¢
Energy of advance (h™'77 ergs)* ............... W, 1.2 x 10%3 2.0 x 10%3 0.6 + 0.4°
Energy of advance (h™'77 ergs)®............... W, 1.2 x 10%4 83 x 10%3 1.4 x 0.6°
Power of advance (h %7 ergs s™!)*........... Q. 1.3 x 10%2 (1,/3000 yr)~* 2.1 x 10**(z;/3000 yr)~! 0.6
Power supplied to lobe (h~'%7 ergs s™1)...... Q, 6 x 10*%(z,;/3000 yr)~! 1.1 x 10*3 (z;/3000 yr)~* 0.5
Jet power (h™1%7 ergs s™Y) ..., 0, 3.4 x 1043 3.0 x 10%3 1.1
Jet thrust (A1 dyn)........coooevivninnnnnnn, F 9 x 1032 8 x 102 1.1 +£03°
Radiative efficiency in hot spot (h™*7) ........ € 0.07-0.23 0.04-0.12 0.6-6
Time to supply lobes (A7 yr) ................ Toupply 15006500 2500-7500 0.2-2.6
Synchrotron lifetimes of lobes (k=37 yr) ...... Toynch 1200 1800 0.7

® Assuming no precession.
® With precession (see text).

¢ Assuming uncorrelated errors of 10% in the radii of the hot spots and in the flux densities and 5% in distance of the hot spots from the central

component.
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may be thought of as a measure of the radiative efficiency in
the hot spots. The derived efficiencies for the northern and
southern hot spots are given in Table 8. We see that the
fractions of power radiated away in the hot spots of
2352 +495 are in the range 4%-23%. Thus, a repository of
the “waste ” energy—identified here with the lobes (see eq.
[3])—is needed for the CSOs just as it is for LSOs. Any
evidence of a larger waste energy basket, such as a halo,
would indicate that the activity has been ongoing in this
object over a period much longer than the time required to
provide the lobe energy, which is about 3000 yr (see § 7.2).
We might expect the magnetic field in the halo to be lower
than in the lobes and, thus, that the synchrotron loss time-
scale would be longer. As we saw in § 3.1.2, there is no such
halo. If this object had been active for more than a few
thousand years, as might be the case if it were confined in an
unusually dense interstellar medium, we would expect it to
have a more spherical morphology, as found in the simula-
tions of De Young (1993). However, this is not seen in any
CSO, and we conclude that these objects are unlikely to be
much older than the time required to supply the energy to
the lobes. We note, however, that the absence of a halo is a
necessary—but not a sufficient—condition to prove that
these objects are young.

5.3. Comparison with Large FR 11 Objects

Rawlings & Saunders (1991) have shown that large FR 11
objects have jet powers which range from 10*4-10*7 ergs
s 1 (see Fig. 4). The power deduced for the jets is compara-
ble to the maximum-detected power output over all bands
of radio-loud active galaxies. The jet power therefore pro-
vides a good estimate of the power output of the central
engine. The radio power of the most luminous large FR II
objects is typically a few percent of the jet power. In some
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objects, like Cygnus A, this ratio is as high as 20%, and this
is probably due to the unusually high density of the external
medium around this object.

In 23524495, the ratio of the total power radiated at
radio wavelengths to the combined power of the two jets is
>0.75 h~*". If we exclude the bright jet component and
consider only the radio emission from the hot spots, lobes,
and cocoon, the ratio is >0.33 h~*"—which is a remark-
ably high value. The higher radiative efficiency in CSOs
could be caused by a stronger interaction with the sur-
rounding medium than occurs in most large FR II objects
(see, e.g., Gopal-Krishna & Wiita 1991). This appears likely
since the interstellar medium surrounding the CSOs is
much denser than the extragalactic medium through which
the large FR II jets are propagating.

5.4. “S-shaped” Morphology

The radio structure of 2352+495 has S-symmetry—a
property which this object has in common with 0108 4- 388
and 0710+ 439 and with the CJ2 CSO 1946 + 708 (Taylor,
Vermeulen, & Pearson 1995). This symmetry can be seen
most clearly in the full resolution 1.66 GHz image (Fig. 1e).
It could be due to precession of the central engine. Precess-
ion has previously been invoked to explain symmetries
observed in large-scale radio structure (e.g., Miley 1980;
Ekers 1982; Gower et al. 1982; Hunstead et al. 1984). Since
S-symmetry is seen in four CSOs, while C-symmetry is seen
in none, it is unlikely that the symmetry is due to either the
“fire-hose” instability or the helical Kelvin-Helmholtz
instability, unless these are driven by precession, and we do
not consider these possibilities further.

Precession of the jet axis could be due to a binary black
hole in the nucleus. For example, a binary consisting of a
10% and a 5 x 10° M, black hole with separation of a few

T
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Luminosity in Narrow Line Emission (ergs™)

Fi1G. 4—Jet power and narrow line luminosity. The jet power and the narrow line luminosity of 0108 + 388, 07104439, and 23524495 are shown. The
filled circle is the geometric mean of the three observed points. The range in jet power and narrow line luminosity determined by Rawlings & Saunders (1991)
is shown for a sample of FR I objects (dashed line) and FR II objects (solid line).
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tenths of a parsec would have a precession period of ~ 7000
yr, whereas for two black holes of masses 10° and 10® M,
the precession period is ~2 x 10° yr (Begelman, Blandford,
& Rees 1980). Both systems could survive for a Hubble
time.

If the jets in 2352+49S5 are indeed precessing, the esti-
mates in § 5.1 of the work done by the hot spots in advanc-
ing through the interstellar medium require modification.
The work done by the advancing hot spot must now be
written W, = pA,d, where A, is the total area of the advanc-
ing working surface averaged over the radio source lifetime,
and replaces A4, the working surface area of the hot spot
used previously. We set { = A4,/A4. Then the work done by
the advancing hot spot is simply { times the work done in
the case of no precession, calculated in § 5.1. The maximum
value of A, is obtained if the precession period is short
compared with the age of the radio source. In this case we
find {, = 10 and {; = 4 for the northern and southern jets.
Hence we derive the values given in Table 8. Again, we see
that the ratio of the work done by the two jets against the
interstellar medium is close to unity.

Another feature of 2352+ 495 which merits comment is
that the northern hot spot is not at the end of the lobe.
Projection effects plus variations in the jet axis and in the
density of the interstellar medium could explain this. For
example, the hot spot may act like a “dentist’s drill”
(Scheuer 1982) and drill out a new channel, starting from
further back if the direction of the jet varies.

6. THE DENSITY OF THE EXTERNAL MEDIUM

The working surfaces in CSOs are much closer to the
central engine than those of any other powerful extra-
galactic radio sources. They therefore provide a unique
probe of the interstellar medium in the distance range ~1
pc to ~ 1 kpc from the central engines in active galaxies. In
this section we use the ram pressure confinement of CSOs
to study the interstellar medium of this interesting region.

Our treatment here is based on the assumption of ram
pressure confinement in a uniform medium (eq. [6]). This
assumption merits some discussion. A light (electron-posi-
tron) jet which encounters an increase in the density of the
external medium might be expected to decelerate, at least
initially. It has been suggested that in compact objects the
advance of the jets is slowed significantly by interactions
with dense clouds (O’Dea, Baum, & Stanghellini 1991;
Carvalho 1994). In the PR CSOs we observe two lobes at
comparable distances (~ 50 pc) from the centers of activity
(see Fig. 1). Thus, if dense clouds determine the speed of
advance, then in order to account for the arm length ratios
observed in this sample, the mean free path between the
clouds must be <100 pc. If the clouds are larger than the
hot spots, i.e., 210 pc, the fraction of the volume filled by
clouds is about the ratio of the cloud diameter to the mean
free path between clouds, so that for our objects the fraction
of the volume filled by clouds must be >0.1. Thus, the
assumption of a uniform medium is justified for clouds
larger than the hot spots. It has also been shown in simula-
tions of multiple encounters of light jets with large clouds
(De Young 1991, 1993; 1995, private communication) that
the clouds do not slow the jet for significant periods. If the
clouds are smaller than the hot spots, cloud evaporation
can occur, and this can add significant mass to the jet and
hence slow it down. In this case momentum conservation
leads to equation (6), and it can be shown that for a given
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advance speed of the jet the mean external density is a
minimum in the case of a uniform medium. Thus, the con-
servative approach is to assume a uniform medium. For
these reasons we consider only a uniform medium in the
following discussion.

6.1. Ram Pressure Confinement in a Uniform Medium

We consider two models for 2352+495. In our first
model we assume an advance speed for the hot spots of
0.02¢, and in our second model we assume an advance speed
of 4 x 107 3¢. We refer to these as the fast and slow models.
The average pressure in the two hot spots and the ram
pressure relation of equation (6) shows that the densities in
the external medium on these two models are 10 and 300
cm 3. The values of the relevant parameters for the two
models are given in Table 9. These have been derived as
described below.

It is useful for the following discussion to parameterize
the equations in terms of a value for v, of 0.02¢. The hot-
spot pressure we use is based on the assumption of equi-
partition between particle and magnetic field energy
densities, which are very close to the minimum energies;
hence, it is a lower limit, and, consequently, the densities
and masses derived below are also lower limits. From equa-
tion (6) we calculate the density of the interstellar medium
required to provide the ram pressure braking. The value
that we determine from the mean pressure of the northern
and southern hot spots of 2352+ 495 is

-2
—2x 10723 o) par gem ™3,
pext 0020

i.e., we need a proton density of
v -2
n, = 10(—“ B em ™3 .
c

We show in Paper III that the speed of advance of the hot
spots in these objects is independent of the external density.
Given a constant expansion speed, if the luminosities of
CSOs were independent of their overall size, we would
expect the number of CSOs in a complete flux-density—
limited sample to increase by a factor of 10 for each decade
in overall size. We saw in § 2 and in Table 2 that this is
certainly not the case. Therefore, the luminosity of CSOs
must decrease significantly with increasing size. We will
return to this discussion of the evolution of CSOs in Paper
III. For the present we will adopt a simple model in which
the luminosity of CSOs is assumed constant for hot spot
separations up to R, and then drops precipitously. On
this model, CSOs will be observed on average when their
separation from the core is 0.5R_,,,. In an orientation-
unbiased sample, the actual size is 4/n times the average
projected size. Thus R, = 8/n times the average observed
core-hot spot separation. From the five CSOs in the PR
sample, we find R_,,,, ~ 200 h™! pc. A region of the above
density 200 h~! pc in radius has mass, M., given by

M, ~ 107< Ja

-2
o.ozc) T Mo )

6.2. Observational Limits on the External Density
We have made a number of observations for the purpose
of estimating, or placing limits on, the external gas density.
We consider a confining cloud composed of pure hydrogen
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TABLE 9
JET AND CONFINING MEDIUM ON THE TWO MODELS FOR 23524495

Symbol Used Slow Fast

Parameter in Text Jet Jet
AZE (YT) e oveneiiiiiiee e T 5 x 104 9000
Velocity of advance .................. v, 4 x 1073 0.02¢
Density of ISM (cm™3) .............. n, 300 10
Mass of Confining Cloud(M)...... M, 3 x 108 107
H 1 Column Density (cm~2)*........ i 2 x 1023 8 x 102!
Optical Depthin H1°................ (v) 1 0.05

2 Assuming a neutral cloud of radius 200 pc.

® Assuming év = 700 km s~ ! and spin temperature T, = 100 K.

in thermal equilibrium with the radiation field at tem-
perature T. We use the Saha equation to determine the
loci in the (T, n,)-plane for two levels of ionization—
NMH m)/n, =001 and N(H n)/n,=099, where n,=
N(H 1) + N(H ). The loci corresponding to the 1% and
99% ionization conditions are shown in Figure 5. We first
consider the possibility that the temperature of the confin-
ing cloud is greater than ~4000 K, in which case the
medium is almost fully ionized, and we then consider the
possibility that the confining medium is cooler, and pre-
dominantly neutral, gas.

6.2.1. The Ionized Gas Density

" "We saw, in § 3.2.1, that tfreccfre < 1. This limit in optical
depth at 151 MHz gives a lower limit to the temperature of

the confining cloud if the cloud is ionized. In Figure 5 we
have plotted this limit for an assumed path length of 100 pc
through the ionized medium. We see that on the slow model
the temperature must exceed 4 x 10° K if the medium is
ionized.

The X-ray observations can also be used to place limits
on the temperature and density of the confining medium. A
discussion of the constraints on X-ray luminosity provided
by the X-ray observations is given by O’Dea et al. (1995). If
the temperature of the confining cloud is greater than 4000
K, then it will be ionized and the upper limit in X-ray
luminosity rules out the region of the (T, n,)-plane to the
right of the curve marked “X-ray Limit ” in Figure 5. If the
temperature and pressure of the cloud lay in the portion to
the right of this curve, the X-ray luminosity would exceed

Velocity of Advance/c {v,/c)

0.1
10° ' :
Cloud Radius = 200 pc Fast

10° .o
= 107 e Houmercond s
% ‘\\ \\\\
-g \\\‘ \\\\
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o
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Number Density of Confining Cloud {np} ( em? )

FiG. 5—Temperature-number density plot for the confining cloud in 2352+ 495. The corresponding velocity of advance derived from the mean hot spot
pressure is shown on the top axis. We assume a cloud radius of 200 pc (see text). The upper limit to the optical depth at 151 MHz provides a lower limit to the
temperature for an ionized cloud. The upper limit to the X-ray luminosity excludes the portion of the T-n, plane to the right of the X-ray curve. Also shown
are the densities on the fast and slow models, and the hard and soft limits provided by the H 1 absorption observations and the hard limit provided by CO
absorption observations. The region occupied by the narrow line clouds is shown by the two starred points, which correspond to temperatures of 10,000 K
and 20,000 K. The region occupied by the “hot intercloud medium ” is also indicated. The locus for an external medium in pressure equilibrium with the
narrow line clouds is shown by the line marked “ Pressure Balance with NLC.” The locus for a medium in which the advance speed is twice the external
sound speed is also indicated. The region with horizontal dashes is absolutely excluded, and the region with horizontal dotted lines is excluded for H 1 but not

for H, (see text).
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the maximum permitted luminosity of 3.4 x 10*2 h~2 ergs
s~ ! determined by O’Dea et al. (1995) after taking account
of Galactic absorption. The portion of the (T, n,)-plane that
is excluded by the upper limit in optical depth at 151 MHz
and by the upper limit in X-ray luminosity is indicated by
dashed horizontal hatching in Figure 5. We see that on the
slow model there is only a small range of temperature (from
4 x 103 to 10° K) which does not conflict with either the
X-ray limit or the optical depth limit at 0.151 GHz.
However, a two-phase medium with a hot phase at this
temperature and density cannot be maintained in equi-
librium (e.g., Netzer 1990). So this solution is unphysical.
Thus, on the slow model the medium must be predomi-
nantly neutral, and the contribution of any ionized gas to
hot spot confinement is insignificant. Note that if there is
significant H 1 in the confining cloud, the temperature must
be less than 4000 K and the cloud would absorb X-ray
emission. We discuss the possibility of a neutral confining
cloud in the following section.

The fast model is consistent with a photoionized “Hot
Intercloud Medium” in pressure equilibrium with the
narrow line clouds, as shown in Figure 5, and such a two-
phase medium can be maintained in equilibrium (Netzer
1990). The line marked “Pressure Balance with NLC” in
Figure 5 shows the locus of points in pressure balance with
the narrow line clouds at 2 x 10* K. The densities corre-
sponding to the two points marked “ Narrow Line Clouds”
have been calculated from the ratio of the [S 1] 46716 and
26731 lines for the temperatures 10* and 2 x 10* K (see
§ 4.2).

It is possible that useful limits on the density in ionized
gas might be provided by polarization observations. A
characteristic feature of CSOs, as pointed out in § 2, is their
low radio polarization. Rudnick & Jones (1983) place 2 ¢
upper limits on the integrated polarization in 2352 +495 of
less than 0.12% at 5 GHz and less than 1.1% at 15 GHz. In
addition, observations at 8.4 GHz have detected polariza-
tion at the 0.2% level (I. W. A. Browne 1995, private
communication). Using VLBI techniques, Cawthorne et al.
(1993) found no polarized flux in excess of 3 mJy beam ™ ?,
which corresponds to less than 3% for the bright jet feature
and less than 15% for the northern hot spot.

The very low polarization observed in 2352 + 495 may be
the result of (1) a highly “ tangled ” magnetic field within the
source, (2) depolarization by a dense thermal gas intermixed
with the radio-emitting plasma, or (3) depolarization by an
external Faraday screen. The first possibility is unlikely,
since any shear or compression will strongly polarize the
radio source (Laing 1980). Given the morphology of the
source and its large equipartition pressures, shear and com-
pression are likely to occur. Internal Faraday depolar-
ization requires an intermixed thermal material with
density greater than 0.01 cm ™ 3. Although internal Faraday
rotation has not been detected in larger jets, CSO jets are
propagating through a much denser environment, and they
may interact with their environs more strongly—so this
seems a plausible explanation for the low polarization of
CSOs.

Depolarization by an external Faraday screen of the
signal within the VLBI beam of Cawthorne et al. (~2 mas)
requires rotation measure (RM) gradients greater than 10°
rad m~2 arcsec”!. This is an order of magnitude greater
than the largest RM gradient found in kiloparsec-scale
radio sources (e.g., 3C 295—Perley & Taylor 1991; Hydra
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A—Taylor & Perley 1993). For a uniform magnetic field, B,
and density, n,, in a Faraday screen of depth L, we have

Ln,B > 250 kpc cm ~3uG .

For a path length of 200 pc (see § 6.1) and field strength of
100 uG, the electron density required is 40 cm ™ 3. This is
significantly larger than the density deduced from the
narrow line reddening in the following section. For both
internal and external Faraday depolarization, sensitive
VLBI observations at high frequencies should recover the
intrinsic polarization of the source. Such observations are
being carried out for 2352 + 495 and other CSOs.

6.2.2. Neutral Gas Density

An estimate may be made of the neutral gas density in the
narrow emission-line region from the reddening of the
Balmer lines. The reddening of the narrow emission-line
regions is significantly greater than the reddening of the
underlying continuum of galactic stars (see § 4.2), which
indicates that there is significantly more dust in the narrow
line region than in the surrounding galaxy. The increased
reddening toward the narrow lines implies a gas column
density in the narrow line region of 2 x 10*! cm ™2 for a
medium with the same extinction properties as our Galaxy
and a 47! extinction law (Netzer 1990). For a confining
medium 200 pc in extent (see § 6.1), this implies a density of
~3 c¢m ™3 for the interstellar medium within a few hundred
parsecs of the central engine in 2352 +495.

If the gas-to-dust ratio, or the extinction law, is signifi-
cantly different from that in our Galaxy, it is possible that
the density in neutral gas is significantly greater than ~3
cm 3. In this case, the confining cloud might be maintained
in equilibrium by the same mechanism which obtains in
extremely luminous infrared galaxies such as Arp 220 and
Mrk 231 (Soifer et al. 1984; Scoville et al. 1989; Sanders,
Scoville, & Soifer 1991; Scoville 1994). In these objects there
is evidence of massive neutral clouds which are thought to
be in equilibrium, but in which the mechanism by which
this equilibrium is maintained is not understood.

If CSOs are confined by a neutral gas cloud consisting
primarily of atomic hydrogen, the H 1 should be observable
in absorption against the compact radio continuum source.
We have carried out H 1 observations of 2352 4+ 495 with the
VLBA. Spectra integrated over the northern lobe, over the
bright jet region, and over the southern lobe are shown in
Figure 6b. There is no evidence of absorption, and it is clear
that the optical depth along the lines of sight to all three
components is less than 5%.

If the narrow line region is cospatial with the 200 pc
cloud and has the same kinematics, we may use the optical
line widths to estimate the dispersion in velocity of the H 1.
As can be seen in Table 7, there is a considerable spread in
the narrow line widths. We assume a width of 700 km s~ '—
equal to the FWHM of the [O 1] lines. To estimate the
radiative pumping, we use the mean brightness temperature
of the radiation field at the rest-frame frequency of 1420
MHz, assuming that this is dominated by the hot spots at a
distance of 50 pc. We assume a completely neutral medium
since this gives the most conservative upper limit on n,.
With these assumptions, we have used our upper limit on
the optical depth and the expression given by Field (1958)
for the spin temperature (which takes account of atomic
collisions and radiative pumping) to solve for the spin tem-
perature and the limit on n, as a function of the gas tem-
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left-hand corner, is 7.46 x 4.83 mas? in p.a. of —25°. (b) Spectra at the frequency of the redshifted H 1 line for the three components indicated in (a). The
systemic redshift corresponds to a frequency for H 1 of 1147.9 MHz. The velocity resolution is 33 km s~ *, and the total velocity range covered in the spectra is

1900 kms™1.

perature. The results are shown by the curve labeled
“hard” in Figure 5. Note that at a temperature of the gas of
10 K the upper limit on the density of H 1 in the narrow
line region is ~800 cm ™3 The above values are rather
extreme compared with the situations in those cases where
H 1is observed in absorption near an active galaxy nucleus
(see below). We have therefore also calculated the limiting
density in H 1 for the case of a spin temperature of 1000 K
and a line width of 200 km s~ !, corresponding to the nar-
rowest optical emission line widths. With these values we
derive a soft upper limit on the H 1 column density of
2 x 10?2 cm™2, i.e., a soft upper limit of 30 cm ™3 for the
density of H 1in the narrow line region. The corresponding
limit is shown by the line marked “soft” in Figure 5. We see
that the hard limit does not exclude either of our models,
while the soft limit strongly excludes the slow model but is
consistent with the fast model.

We have searched the literature for reports of evidence of
H 1absorption in other elliptical galaxies. The most detailed
study carried out thus far is that of van Gorkom et al. (1989,

1990). These authors observed a complete sample of 29
elliptical galaxies with compact radio cores, and they
detected H 1 absorption in four systems—0116+ 319,
10034351 (3C 236), 1146+596 (NGC 3894), and
13534056 (NGC 5367). Their results are summarized in
Table 10. By comparing these results with the model predic-
tions of Table 9, we see that the observed H I clouds in
elliptical galaxies at low redshifts have significantly lower
column densities and optical depths than even the fast
model limit, and differ from the slow model limit by over 2
orders of magnitude. In all four cases, the observed H 1
clouds are redshifted relative to the optical galaxy, so that
they are falling in toward the center of the galaxy and are,
therefore, very likely the source of the fuel for the nuclear
activity. In elliptical radio galaxies with extended contin-
uum emission, the absorption system is seen only against
the compact central component (van der Hulst, Golisch, &
Haschick 1983; Shostak et al. 1983) which shows that the
absorbing clouds are very close to the nucleus. The esti-
mated infall rates are a few hundredths of a solar mass per

TABLE 10

PROPERTIES OF CLOUDS OBSERVED IN ELLIPTICAL GALAXIES®

Velocity Offset

Ny.° Line Width from Galaxy
Object (cm™2) T (kms™?) (km s~ 1)
01164319 .ovvvvviiiiinn 102! 0.04 153 —212
1003+ 351 (3C 236) ........... 8 x 102° 0.03 133 —162
1146 + 596 (NGC 3894) ...... 2 x 10! 0.04 109 —-17
13534055 (NGC 5363)°...... 5 x 1020 0.01 45 —-22
5 x 1020 0.01 49 —-96

2 See van Gorkom et al. 1989, 1990.
® Assuming a spin temperature of T, = 100 K.
¢ This object has two absorption lines.
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year, which is comparable to the accretion rate required to
fuel 2352 +495 (see § 9). Two of the four objects detected in
H 1 absorption by van Gorkom et al. (1989, 1990),
0116+ 319 and 1148 + 596, are CSO candidates (Taylor et
al. 1994; Dallacasa et al. 1995) and a third, 1003 + 351, has a
CSO-like central component, although it does have FR II
structure on much larger scales (Barthel et al. 1985).

It is possible that the confining medium in CSOs is pri-
marily molecular and might not, therefore, be readily
observable in absorption by H 1 or by free-free absorption.
We have made observations of 2352+495 in CO on the
Owens Valley Radio Observatory (OVRO) millimeter
array. Our observations (Fig. 7) show no evidence of
absorption and provide an upper limit on the optical depth
of 1 < 0.1 (3 o). In situations which obtain in normal gal-
axies, this limit on CO absorption optical depth would
provide a stringent limit on the density of H,: For an exci-
tation temperature of 20 K, a line width of 700 km s~ !, and
an H,/CO ratio of 10%, this implies a column density of less
than 2 x 102! cm~?, i.e., an upper limit on the H, density of
3 cm 3. However, as has been pointed out by Maloney,
Begelman, & Rees (1994) and by Barvainis & Antonucci
(1994), it is possible for radiative pumping of the molecular
levels by the millimeter and submillimeter nonthermal radi-
ation in the nuclear regions of an active galaxy to increase
the excitation temperature and hence significantly reduce
the absorption optical depth in CO. This is the same
process as that discussed by Field (1958) for the case of H 1.
We have carried out the calculation for the hot spots in
2352+495. The brightness temperatures of the two hot
spots at an emitted frequency of 115 GHz, assuming that
the high-frequency spectral indices continue as « = —0.5 up
to this frequency, are ~ 10° K, corresponding to an effective
radiation temperature of ~800 K at a distance of 50 pc.

The situation in 2352 + 495 is somewhat different to that
in Cygnus A because the density of the absorbing cloud is

160 T T T T T T T T T

2352+495 CO 1-0

140

120
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00— —

80— ]
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F1G. 7.—Spectrum at the frequency of the redshifted CO J = 1-0 tran-
sition for 23524495 obtained with the OVRO millimeter array from a
12-hr observation in 1995 March. The systemic redshift corresponds to a
frequency for CO 1-0 of 93090 MHz. The velocity resolution is 52 km s~ !,
and the total velocity range covered in the spectrum is 1500 km s ™ 1.
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much lower in 2352 4495, and, consequently, spontaneous
de-excitation is not negligible compared to collisional exci-
tation and de-excitation. We have used the collisional rate
constants determined by Schinke et al. (1985), and taken the
spontaneous emission into account in calculating the upper
limit to the molecular gas density as a function of gas tem-
perature and assuming a line width of 700 km s~ !. The
upper limit is shown by the curve labeled “hard H,” in
Figure 5.

In summary, we can place fairly stringent limits on the
density of the ionized gas (n, < 450 cm™?) in the confining
cloud based on the upper limit of the free-free optical depth
at 151 MHz and the upper limit of the X-ray luminosity,
and we can place fairly stringent limits on the density of the
atomic gas (ny; < 1000 cm ~3) in the confining cloud based
on the lack of H 1 absorption, but we cannot place stringent
limits on the density of the molecular gas in the confining
cloud since, for molecular densities below 105 cm ™3, any
such material would be strongly excited by radiation from
the hot spots.

6.3. Expansion Speeds and Simulations

Lind et al. (1989) have carried out simulations of rela-
tivistic jets which show that the terminal speed of advance is
v, ~ 2v;,, where v is the sound speed in the external
medium. This suggests that v, is independent of p,,, but
depends explicitly on T, the temperature of the external
medium. This would be consistent with the fast model if the
temperature in the external medium of CSOs were the same
as the temperature in the external medium of LSOs. We
have calculated the advance speed of the hot spots of
23524495 on this theory—the relevant relationship is
shown by the line labeled “v, = 2v,” in Figure 5. The
implied temperatures at densities below 10° cm ™3 exceed
10° K, so the medium would be ionized, and the limits
provided by the X-ray and free-free calculations of § 6.2.1
may be applied. We see that the temperature must exceed
10° K—much larger than the temperatures thought to
obtain in the narrow line regions or even in the hottest
known clusters of galaxies. The ram pressure results for
CSOs are therefore not consistent with the results of the
simulations of Lind et al. (1989), since the implied tem-
peratures are much too high, so that these simulations
appear not to provide a good description of the jets in
CSOs.

6.4. External Densities—Conclusion

The constraint on the ionized material provided by the
limit on free-free absorption and X-ray luminosity shows
that n, < 450 cm ™3, while the absorption measurements
provide an upper limit on ny; of 1000 cm 3. Due to the
radiative excitation of CO by the hot spots, the limit on the
density of molecular material is much weaker (nyy < 10°
cm~3). All of these results provide only upper limits on the
density. The only actual value that we have measured, as
opposed to limits, is the additional reddening in the narrow
line clouds, which yields a gas density of 3 cm™3 in
2352+4495. Evidence which is independent of the ionization
state of the external medium may be gained from the ram
pressure arguments of § 6.1. In Paper III we show that,
provided we have identified the centers of activity correctly,
the expansion velocities of CSOs are independent of the
external densities and, hence, that the hot spot pressure is
proportional to the external density. The hot spot pressures
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in CSOs are a factor ~10* greater than the hot spot pres-
sures in LSOs. The typical densities in the external medium
of the LSOs we have studied are ~10~3 (see Paper III).
This provides independent evidence for external densities in
CSOs of ~10cm ™3,

Thus the likeliest scenario is that the external medium is
photoionized and is simply the hot intercloud medium at a
temperature of ~10°-107 K and a density of ~10 ¢cm~3.
We will assume from now on that the fast model applies in
CSOs and, hence, that v, ~ 0.02¢ in these objects and is very
similar to the expansion speeds in LSOs.

7. AGES AND TIMESCALES

The determination of the age of CSOs is essential for
understanding these objects. We therefore now discuss the
age of CSOs and the timescales of various processes which
determine the age. We will show that the ages are certainly
<10° yr and that the observational evidence strongly
favors ages of ~3 x 10°-10* yr, although ages as high as
10% yr cannot be ruled out definitively. In Paper III we
present an argument based on the physics of the two
oppositely directed jets in CSOs which considerably
strengthens the case for ages of ~ 10* yr.

7.1. The Age of CSOs Derived from the Advance Speed

We have carried out an analysis identical to that leading
to equation (7) on the two other PR CSOs which have
clearly identified hot spots in both jets (0108 + 388 and
0710+ 439), and we have derived equivalent relationships
for them. The model leading to equation (7) is a conserva-
tive one in the sense that it assumes equipartition in a light
(electron-positron) jet. If equipartition does not apply, or if
these are heavy (electron-proton) jets, the densities and
masses implied are significantly greater than the values we
have derived. The most important assumptions in our argu-
ment are that the hot spots are confined by ram pressure
and that this sets the advance speed. Our conclusions
regarding ages all depend on these assumptions. We defer a
detailed discussion of these points to Paper III. Based on
these assumptions, the resulting masses rule out large ages
(~10° yr) for CSOs: For an age of 10° yr, when the hot
spots are 50 pc from the central engine, the hot spot pres-
sures give masses within 200 pc radius of 2 x 10'? M, for
0108+ 388, 8 x 10'! M, for 0710+439, and 2 x 10'! M
for 2352 +495. These masses are certainly out of the ques-
tion. Thus, provided these objects are confined by ram pres-
sure, we can be certain that the PR CSOs are much younger
than typical FR II objects.

Even for an age of 103 yr at 50 pc, the masses within a 200
pe radius are 2 x 10'° M, for 0108 + 388, 8 x 10° M, for
07104439, and 2 x 10° M for 2352+495. The mass
inferred for 0108 + 388 is greater than the central mass con-
centrations within 200 pc radius of even the most extreme
hyperluminous starburst galaxies. Thus these masses are
highly implausible given that we see no evidence of hyper-
luminous starburst activity in any of these objects.

Thus the required central masses and lack of any sign of
hyperluminous starburst activity in the PR CSOs point to
ages significantly less than 10° yr for these systems, provid-
ed that they are ram pressure confined and the advance
speed is set by the hot spot pressure. The overall projected
size of the radio source in 2352 +495, as measured on the
610 MHz map, is ~ 170 h~* pc. A firm lower limit to the age
of the radio source can be obtained by making the assump-
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tion v, = ¢, which shows that t,,;, = 275 h~' yr. The time-
scale for the source to reach its present size is

-1
~ 14 x 10% b~} —a .
T,~ 14 x 10* h (0‘026) yr

Conway et al. (1992, 1994) have shown that the advance
speeds of the outer components of 0108 + 388, 0710+ 439,
and 2352 + 495 are subluminal, with the most stringent limit
(v, <0.18 h™'c) on 0108+ 388. If the age of 23524495 is
~10* yr, as inferred in § 6, the hot spot advance speed is
~0.02¢, or ~0.002 mas yr~!. Such a motion should be
measurable in less than 10 yr with the VLBA. Lower red-
shift CSOs may give results sooner.

7.2. Timescale for Supply of Energy to Lobes

We see from equation (3) that the bulk kinetic power
supplied by the jet to the lobes and to advance the jet
through the external medium is given by

(-9

€

Qa+Ql+Qc/2=(1 _G)Qj=Lh

We assume that the time to supply the energy to the lobes
and the cocoon is the same and call this 7. If there is
negligible leakage of particles from the cocoon, 74, = T
so that, for lobe energy U, and cocoon energy U, we have

(WA U+ U2\ e
Tsupply - Lh (1 _ 6) s

which, for the ranges of € determined above, yields ages in
the range 1500-6500 yr for the northern lobe and 2500-
7500 yr for the southern lobe (see Table 8). Thus the lobe
supply timescales agree reasonably well with the expansion
timescale we deduced in the previous section. Note that we
have assumed a steady state for the jet. In reality, the source
luminosity and radiative efficiency probably change with
time. A more detailed model would be needed to take
account of this. However, we believe that it is significant
that the supply times are consistent, within the uncer-
tainties, with the expansion times.

Jj°

7.3. Synchrotron Lifetimes

The only components of 2352 4495 in which we have any
spectral evidence of synchrotron aging are the lobes and the
bright jet component (see Fig. 2 and Table 6). There is a
break in the lobe spectra near 5 GHz and in the bright jet
feature near 15 GHz. The corresponding synchrotron loss
timescales of the northern and southern lobes are 1200 and
1800 yr, respectively. These are somewhat lower than the
lobe energy supply times determined above, which is to be
expected since the synchrotron-loss timescale must be a
lower limit to the age of the source.

7.4. Summary of Age and Timescale Determinations

A self-consistent picture has emerged of the age of
2352+ 495. The various age and timescale estimates that we
have made are shown in Table 11. There are three indepen-
dent age arguments: one based on the upper limits on the
mass concentrated in the central 200 pc radius, one based
on the external density and implied expansion speed, and
one based on energy supply times. We have discussed the
limits based on mass estimates thoroughly in § 7.1, so we do
not discuss them further here. We saw in § 6 that the
various estimates of the external density in 23524495 are
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all consistent with ~ 10 cm 3, and thus an advance speed of
~0.02¢ and an age of ~10* yr. The observed limit on H 1
absorption rules out densities =1000 cm ™3 in H 1. The
observed limits on free-free absorption at 151 MHz and
X-ray luminosity also rule out densities significantly
greater than 450 cm ™2 in H 1. Thus, these limits imply ages
less than 10° yr if the confining cloud is either ionized or
atomic. We have not been able to rule out, on the basis of
CO observations, the possibility that the confining medium
is a dense (ny ~ 10° cm ) molecular cloud, since the CO is
very likely radiationally excited by millimeter continuum
radiation from the hot spots. The different reddening
observed in the narrow lines and the galaxy continuum
implies a density corresponding to an age of 7500 yr if the
host galaxy of 2352 + 495 has the same extinction properties
as our Galaxy and a A~ ! extinction law.

The age derivation based on energy supply times is a
strong argument, provided there is not much leakage of
particles from the lobes and cocoon. The absence of a halo
is a necessary, but not sufficient, indication that there is not
much leakage. It is therefore consistent with the interpreta-
tion that the time required to supply the energy to the lobes
provides an estimate of the age of the radio source in
2352+ 495. Further support for this interpretation is pro-
vided by the morphology of CSOs, which is very similar to
that of LSOs, and does not have the more spherical halo
suggested by the simulations of De Young (1993). The
agreement in the ages derived by our three independent
arguments is good, and we believe that there is little doubt
that CSOs are young, with typical ages 3 x 103-10* yr, i.e.,
almost certainly <10° yr, and that the speed of advance of
the jets through the interstellar medium is ~0.02c.

8. IMPLICATIONS OF THE LOW AGE OF CSOs

8.1. The Space Density of CSOs and Their Parent Objects

The five CSOs in the PR sample all liec in the redshift
range 0.2-0.7. The number of confirmed CSOs is too small
to investigate their cosmological evolution at this point,
but it should be possible to do this once the candidate CSOs
from the CJ1 and CJ2 surveys have been confirmed or
rejected. For the present we assume that CSOs are uni-
formly distributed, and we estimate the space density of
CSOs from those in the PR survey, i.e., those with S5 gy, >
1.3 Jy, as

N =2 ()71,
PR
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where the sum extends over the CSOs in the PR survey and
V., is the volume over the area of the PR survey enclosed by
the distance at which the flux density of the CSO would
equal the PR survey limit of 1.3 Jy. Hence, we find N.;3 =
5 x 107° h3 Mpc 3.

The redshift range of the PR CSOs shows that these
objects appeared between 2 x 10° k™' and 5 x 10° h=! yr
ago. Thus, the period of formation of CSOs lasted between
3% 10° h™" and 6 x 10° h™! yr (the age of the universe).
We assume a timespan of tpz for a CSO in the high-
luminosity phase. Thus tpg ~ 10* yr, and the probability
of observing an object in its CSO phase is P, ~ Tpg/
(3x 109 ~3 x 1078,

It is possible that the activity that we see in CSOs is
recurrent. This possibility has been considered for GPS
objects by Baum et al. (1990), O’Dea et al. (1991), and
Stanghellini et al. (1990, 1993). In the case of CSOs, such
recurrences must be separated by a period of time which is
sufficiently long for the previous activity to have ceased—
any channel through the interstellar medium should have
closed, otherwise the period of continuous activity in these
objects would be much longer than 10* yr. If we assume
that a typical CSO passes through # active phases, the space
number density of parent objects for CSOs is N33 =
NL2/MPo) ~ 15 17 1ot h® Mpc 3. Thus, each event will
have sufficient time (~ 10° yr) to die away before the next
one occurs only if n < 3 x 10 Thus we can place an upper
limit on # of 3 x 10% and hence N}3 >2x 1077 h?
Mpc 3.

We saw in § 4.2 that the host galaxy of 2352+ 495 has
luminosity ~0.35 L*. To calculate the space number
density, N, of elliptical galaxies with L > 0.35 L*, we use
the luminosity function of Efstathiou et al. (1988). We
assume that CSO hosts are elliptical galaxies and that one
third of the galaxies with L ~ L* are elliptical galaxies
(Begelman, Blandford, & Rees 1984). Hence we find N ~
4 x 1073 h* Mpc 3. If a fraction ¢ of elliptical galaxies
brighter than 0.35 L* exhibit CSO activity, we have
nétpr ~ 4 x 10* yr. Thus the limits 1 < 7 < 3 x 10* imply
107* < ¢ < 1. If n ~ 1, CSO activity must occur in almost
all elliptical galaxies with L > 0.35 L*, i.e., if CSO activity
occurs typically only once in a galaxy then a large fraction
of bright elliptical galaxies must exhibit this behavior.

8.2. The “ Frustrated Jet” Model
We have shown that CSOs are almost certainly small

TABLE 11
TIMESCALES IN 2352 +495

Age or
Relevant Parameters Used Timescale

Timescale Method in Text (yr)

T, Mass limit dand n, <108 p3/14
TP Advance d and v, <10° B!
T e, Advance + reddening d and v, 7500 h~!
Toupply® ++++++ Energy supply Qj, L, and U (1500-7500) k=37
Toynch «-ve--« Synchrotron loss v, (1200-1800) h=3"7
Tymin +eveeiees Minimum dand ¢ >250 h~!
T, Characteristic U,ia and L 2500 h~3/7

min

® Assumes ram pressure confinement of hot spots.
® Assumes the confining medium is predominantly H 1 or H 1.
¢ Assumes the same extinction properties in 2352 +495 as in our Galaxy and a 1~ !

extinction law.

4 Assumes no leakage of energetic particles from the lobes.
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because they are young and not because they have been
held back by ram pressure braking in an unusually dense
interstellar medium. The “frustrated jet” model has been
suggested as an explanation of CSOs and MSO:s (i.e., CDs,
CSS, and/or GPS sources) by a number of authors (Fanti et
al. 1985; Fanti & Fanti 1987, 1993; Stanghellini et al. 1990,
1993; O’Dea et al. 1991) and has been simulated in some
detail by De Young (1991, 1993). In the frustrated jet model,
it is assumed that the ram pressure confinement due to the
interstellar medium slows down the speed of advance of the
jets to <0.01¢, so that these objects are much older than
10* yr.

It now appears most likely that CSOs are not frustrated
jets, since the expansion speed is most probably comparable
to that in LSOs. We therefore suggest that, apart from a
small subset of MSOs in which there is good evidence of
unusually strong interactions with the external medium—
e.g., 3C 48 (Wilkinson et al. 1991)—the advance speeds in
MSOs are comparable to those in CSOs and LSOs. Thus
we believe that most MSOs are not frustrated jets but are
simply young LSOs. Fanti et al. (1995) have reached a
similar conclusion based on an assumed evolutionary
model. We discuss this in more detail in Paper II1.

Further support for this interpretation comes from the
study by Heckman et al. (1994) in which they compared the
mid- and far-infrared emission of GPS and CSS objects
with larger radio-loud objects and found no difference.
They made this study specifically to look for evidence of an
unusually dense confining medium. Since they found no
such evidence, they concluded that GPS and CSS could well
be young.

9. GENERAL ENERGY AND LUMINOSITY CONSIDERATIONS

The bolometric radio luminosity of 23524495 is L, =
4.8 x 10*3 h~? ergs s~ '-—comparable to large powerful
radio galaxies and quasars. We have shown (Paper I) that
any relativistic beaming in the lobes of CSOs is at most a
small effect, thus the luminosity in these objects is intrinsi-
cally high. Even if the bright jet components are rela-
tivistically beamed, the bolometric luminosity has been
overestimated by at most a factor 3.

The volume emissivity in these objects is ~10° times
greater than in the largest, most luminous classical double-
lobed radio sources. On the other hand, the minimum
energy is 3.7 x 10°* ergs (~2 My ¢*—S5 or 6 orders of
magnitude less than the minimum energies of the most
powerful, large radio galaxies and quasars. The com-
bination of the bolometric radio luminosity and the
minimum energy in relativistic particles and magnetic field
yields a characteristic timescale, 7., of ~2500 yr. In com-
parison, a typical LSO (flux density 1 Jy at 5 GHz, lobe size
10, and redshift 1) has a characteristic timescale of 107 yr,
which is comparable to the timescales derived from syn-
chrotron aging in these objects (Alexander & Leahy 1987).
Thus, the ages which we have derived for CSOs are compa-
rable to their characteristic timescales, as is the case for the
LSOs.

We have seen that the narrow line luminosity of
23524495, after correcting for extinction, is 1.1 x 10*? h~2
ergs s~ ! (see Table 7). We assume that the excitation
mechanism for these lines is photoionization, which sug-
gests the presence of a continuum source of at least this
luminosity in the center of activity. The Eddington limit
therefore implies a mass for the central engine of 2 10* M.
We saw in § 5.1 that the total jet power in 23524495 is
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~6 x 1043 h= 1% ergs s~ ie., 1073 h™ 197 M c? per year.
If we assume 10% efficiency of conversion of fuel into ener-
getic particles and radiation, this implies an accretion rate
of 0.01 M, per year. It is also possible that the narrow line
clouds are photoionized by continuum radiation generated
in shocks associated with the radio jets (Sutherland,
Bicknell, & Dopita 1993).

The energy requirements of CSOs over the high-
luminosity phase of activity are modest for powerful extra-
galactic radio sources. The bolometric radio luminosity
gives an energy requirement over 10* yr of only 3 x 10°°
ergs, i.e, ~20 M c*. Thus, assuming an efficiency of 10%
in converting fuel into radio energy, a few hundred solar
masses of fuel are required during the CSO phase of
activity.

10. CONCLUSIONS

We have shown that Compact Symmetric Objects form a
significant subset of powerful extragalactic radio sources—
constituting ~10% of objects in high-frequency radio
surveys. The bulk velocities in the jets are relativistic, but a
significant fraction (2 33%) of the observed flux density in
these objects is not relativistically beamed. The radio lumi-
nosity of CSOs is a larger fraction of the jet power than in
most LSOs, which is likely a result of the higher external
densities in CSOs.

CSOs provide a unique laboratory for the study of rela-
tivistic jets for two reasons:

1. The working surfaces in CSOs are much closer to the
central engines than they are in other powerful extragalactic
radio sources.

2. The advance speeds in CSOs are almost certainly suffi-
ciently high that it should be possible to measure these
directly over a decade in the most powerful CSOs at red-
shifts up to ~0.5, and in lower power CSOs at redshifts
~0.1. Furthermore, since the bulk motion along the jets is
relativistic, it is possible to measure proper motions within
the jets themselves.

The advance speed of CSOs, on our interpretation, is
comparable to that of LSOs, so that ages of CSOs are ~ 10*
yr. This raises interesting questions concerning the sub-
sequent evolution of CSOs which are discussed in detail in
Paper III. If CSOs evolve into typical large powerful extra-
galactic radio sources, then they represent a very early stage
in the lifetime of objects like Cygnus A. For CSOs of sizes
3 pc-1 kpc, which can readily by studied in detail by VLBI,
this covers the first 1075-3 x 1073 of the evolutionary life-
time of classical double radio sources. If this is evolutionary
sequence is correct, CSOs begin their lives at high lumi-
nosity and evolve to lower luminosities, so that the relative
fraction of powerful extragalactic radio sources observed in
the CSO phase is high.

In conclusion, it is now clear that the class of Compact
Symmetric Objects has an important part to play in our
understanding of the evolution of powerful extragalactic
radio sources and of the central engines that drive them,
whether these objects evolve into large-scale powerful radio
sources or are a separate, short-lived, population of active
galaxies.
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