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ABSTRACT Observations of complete flux density lim-
ited samples of powerful extragalactic radio sources by very-
long-baseline interferometry enable us to study the evolution
of these objects over the range of linear scales from 1 parsec
to 15 kiloparsecs (1 parsec = 3.09 x 1018 cm). The observa-
tions are consistent with the unifying hypothesis that compact
symmetric objects evolve into compact steep-spectrum dou-
bles, which in turn evolve into large-scale Fanaroff-Riley class
II objects. It is suggested that this is the primary evolutionary
track of powerful extragalactic radio sources. In this case
there must be significant luminosity evolution in these objects,
but little velocity evolution, as they expand from 1 parsec to
several hundred kiloparsecs in overall size.

1. Introduction

The evolution of powerful extragalactic radio sources has been
a fundamental question in the study of active galaxies for over
40 years. The rapid progress of the first 20 years culminated in
the landmark paper by Hargrave & Ryle (1) in which they
showed that the synchrotron loss time scales in the outer
hotspots of Cygnus A are significantly less than the light travel
times from the center of activity to the hotspots and thus
demonstrated convincingly that the energy supply to the hot
spots is continuous. At about the same time, early theoretical
models which assumed that these objects were powered by a
single burst of activity (2) were superseded by models in which
the energy supply was continuous (3-5).
These important observational and theoretical develop-

ments were succeeded by the discovery of the "jets," along
which the energy and momentum are supplied, in a number of
objects (6-10). However, over the last 20 years, in spite of the
many important advances in our understanding of the astro-
physics of powerful extragalactic radio sources, and in spite of
the impressive developments in simulations of astrophysical
jets (11), little progress has been made in understanding the
evolution of these objects.
The advent of large-scale very-long-baseline interferometry

(VLBI) surveys, which have become much more tractable with
the completion of the Very Long Baseline Array, has opened
the way to statistical studies of powerful extragalactic radio
sources over the range of sizes from 1 parsec to 15 kiloparsecs
(1 parsec = 3.09 x 1018 cm). VLBI surveys are reviewed by
Wilkinson in these proceedings. In this paper we will concen-
trate on the VLBI surveys carried out by Fanti et al. (12-14),
by Pearson and Readhead (15), and by the Caltech-Jodrell
Bank collaboration (16-20).
The most interesting result of these surveys has been the

realization that there is a significant population of double-
lobed objects in which the lobes have separations of <15
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kiloparsecs (14), and in some cases as small as 10 parsecs (21).
It has long been known that compact steep-spectrum (CSS)
sources comprise a significant fraction of objects in high-
frequency surveys (22), but many of them have complex
morphologies. The VLBI observations have now revealed that
the majority of these objects, be they quasars or radio galaxies,
are double (14, 21). A fine example of a CSS double is the
quasar 3C 186 shown in the map of Fig. 1A (23). Likewise,
although Phillips and Mutel (24) discovered compact doubles
in 1982, the relative numbers of these objects in complete
surveys have been determined only recently (21). For a number
of reasons we prefer the designation "compact symmetric
objects" (CSOs) to compact doubles (21, 25). The radio galaxy
2352+495 is an archetypal CSO (21); a map of this object is
shown in Fig. 1B.
For the purposes of this discussion we will consider only

objects in which two lobes of emission straddling the center of
activity are clearly visible. To clarify the discussion, we divide
these objects into three classes-those with lobe separations
<1 kiloparsec are placed in the class of CSOs, those with
separations in the range 1-15 kiloparsecs in the class of
medium-size symmetric objects (MSOs), and those with sep-
arations > 15 kiloparsecs in the class of large symmetric objects
(LSOs). These divisions are arbitrary-no physical signifi-
cance should be attached to the classes thus defined.
We propose the hypothesis that CSOs evolve first into MSOs

and then into LSOs. The relative numbers of objects in the
three classes provide useful constraints on the evolution of
these objects in both size and luminosity. These relative
numbers can be determined from observations of complete
flux density limited samples selected at high frequencies. The
frequency of selection is important because CSOs and MSOs
are underrepresented in low-frequency samples due to syn-
chrotron self-absorption. Fanti et al. (14) have studied the
relative numbers of MSOs and LSOs in samples selected at
both 178 MHz and 2.7 GHz and have used the higher-
frequency sample to correct for the number of MSOs missed
in the 178-MHz sample. Hence, they have shown that MSOs
comprise '20% of double radio sources in a complete sample
which has been corrected for synchrotron self-absorption. We
have shown (21) that -10% of objects in a high-frequency
selected complete sample are CSOs. We use these fractions in
Sections 3 and 4 to determine the evolution in luminosity of
these objects.
The fractions of CSOs and MSOs in complete flux density

limited samples are surprisingly high if these objects evolve into
LSOs, since the fraction of the overall size range covered by the
MSOs and (especially) the CSOs is so small. Nevertheless the
similarities in radio morphology and host galaxies of objects in

Abbreviations: CSS, compact steep-spectrum; CSO, compact symmet-
ric object; MSO, medium-size symmetric object; LSO, large symmetric
object; VLBI, very-long-baseline interferometry; LRL, Laing, Riley,
and Longair.
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FIG. 1. (A) Map of the MSO 3C 186 at 1.67 GHz. Contour levels: 2, 3, 6, 10, 14, 18, 24, 30, 40, 50, 60, 80, 100, 140, and 180 millijanskys per

beam (1 jansky = 10-26 Wm-2-Hz- 1). The beam is a circular Gaussian of 84 milliarcseconds full-width at half-maximum. Adapted with permission
from ref. 23. (B) Map of the CSO 2352+495 at 1.67 GHz. Contour levels: -0.2, 0.2, 0.4, 0.8, ... 51.20% of the peak (0.733 millijanskys per beam).
The beam is a circular Gaussian of 2.5 milliarcseconds full-width at half maximum. pc, Parsecs.

the three classes provide a strong motivation for exploring the
consequences of our unifying hypothesis.

This paper shows that the observational evidence is entirely
consistent with this hypothesis, although it does not prove it
definitively. It is shown that under this hypothesis powerful
extragalactic radio sources must undergo significant luminosity
evolution but little, if any, velocity evolution as they expand
from 1 parsec to a few hundred kiloparsecs in overall size.

2. Possible Forms of Evolution

The ranges of hotspot and lobe pressures, and thrust and power
of the jets, found in CSOs, MSOs, and LSOs are shown in Table
1. These have been derived from the samples studied by
Readhead et al. (21), by Fanti et al. (14), and by Laing et al.
(26). We see that the geometric means of both the hotspot
pressures and the lobe pressures of CSOs, MSOs, and LSOs
scale approximately as 1.6 x 104:45:1.
We assume that the hotspots at the head of the jets are

confined by ram pressure interaction with the external me-

dium. Thus, the velocity of advance of the jet, va, is related to
the pressure in the hotspot, p, and the density in the external
medium, Pext, by

p =Pex [2
P PextVa-

We consider three possible forms of evolution: (i) pure
luminosity evolution, in which the velocity of advance of the
lobes is constant; (ii) pure velocity evolution, in which the
luminosity is constant; and (iii) a combination of luminosity
and velocity evolution. We assume throughout this discussion
that the velocity of advance of LSOs is -0.02 c (c = 3 x 1010
cm/s) (27).
We consider first the case of pure luminosity evolution. The

integrated number-flux density counts at these flux density
levels has a slope of -1.5 (28). By combining this slope with
the relative numbers of objects in each class, we derive the
luminosity evolution shown in Table 2. We see that the
luminosity of a typical CSO would have to drop by a factor
4 by the time it became an MSO, which in turn would drop in
luminosity by a factor 2 as it became an LSO. The velocity

may be combined with the relative pressures to determine the
relative external densities, which are shown in Table 2. The
external density in LSOs varies strongly from object to object.
We adopt a value of Pext(LSO) - 3 x 10-4 atom per cm3. We

see that the required external density in CSOs is then -5 atoms
per cm3.

In the case of pure velocity evolution, in which CSOs evolve
first into MSOs and then into LSOs with no change in
luminosity, we may again determine the required evolution
from the slope of the number-flux density counts and the
relative numbers in each class. The required velocity evolution

Table 1. Range of parameters for three classes of object

CSOs MSOs LSOs

Size range, kiloparsec(s) 0.01 to 1 1 to 15 15 to 200
Hotspot pressure, dynes cm-2 3 x 10-6 to 10-4 10-9 to 3 x 10-6 10-1° to 7 x 10-9
Lobe pressure, dynes cm-2 5 x 10-7 to 3 x 10-6 2 x 10-1° to 5 x 10-8 10-11 to 10-9
Hotspot thrust, dynes 8 x 1032 to 6 x 1033 4 X 1033 to 5 x 1034 4 x 1032 to 2 x 1035
Jet power, ergs s-1 2 x 1043 to 2 x 10" 1044 to 1045 1043 to 6 x 1045
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Table 2. Comparison of simple evolutionary models

CSOs MSOs LSOs

Relative pressure* 1.6 x 104 45 1
Relative fraction assumedt 0.1 0.2 0.7
Pure luminosity evolution

Relative luminosity 9 2.4 1
Velocity 2 x 10-2c 2 x 10-2c 2 x 10-2c
External density, atoms per cm3 5 0.014 3 x 10-4

Pure velocity evolution
Relative luminosity 1 1 1
Velocity 7 x 10-4c 5 x 10-3c 2 x 10-2c
External density, atoms per cm3 3 x 103 0.2 3 x 10-4

Combined evolution
Relative luminosity 2.3 1 1
Velocity 2.5 X 10-3c 5 x 10-3c 2 x 10-2c
External density, atoms per cm3 300 0.2 3 x 10-4

*Determined from the geometric means of the ranges given in Table 1.
tRelative fraction of objects in each class in a complete high-frequency flux density limited sample (see
text).

is shown in Table 2; we see that in this model CSOs are
expanding -7 times faster than MSOs, which in turn are
expanding -4 times faster than LSOs. Application of Eq. 1
shows that the implied external density in CSOs is 3 x 103
atoms per cm3. Such high external densities are ruled out in the
archetypal CSO 2352+495 by the low optical depths in free-
free absorption, HI absorption, and CO absorption (21).

In the case of combined luminosity and velocity evolution
there are many possibilities. By way of illustration, we assume
an external density of 300 atoms per cm3 in CSOs, and an
external density in MSOs such that no luminosity evolution is
required for these objects as they turn into LSOs. The required
luminosity evolution is then a factor 2.3 between CSOs and
MSOs, whereas the required velocity evolution is a factor 2
between CSOs and MSOs and a factor 4 between MSOs and
LSOs.

3. Evolutionary Models

We will assume throughout this discussion that the speed of
advance of the lobes is not very different (by a factor - 2) from
the instantaneous speed of advance of the hotspots (27). The
evolution of powerful extragalactic radio sources would be well
defined if we could determine a function f such that

Va=(F, Pcxt' Text), [2]

where Text is the temperature of the external medium and F,
the thrust of the jet, is given by

F= Tr 2p, [3]

where r is the radius of the hotspot. For a given set of external
conditions (Pex Text), the functionfwould provide directly the
age of an object as a function of its size and, combined with the
observed distribution of linear sizes, also provide directly the
luminosity evolution. The form of the function f depends on
details of the physical interaction between the jets and the
external medium which are not understood. It is not known, for
example, what role the magnetic field plays in these jets (29).
The ultimate aim of studies of the evolution of powerful

extragalactic radio sources is to derive the luminosity and/or
velocity evolution, and hence the observed distribution of
linear sizes, all from a physical model of the source. Our
approach here is the inverse of this-we use the observations
to place constraints on the possible physical models in the hope
that this will both aid and spur progress in the development of
a satisfactory physical model.
We assume that the function f(F, Pext, Text) of Eq. 2 may be

written in the form

va = KvP4-i, [4]

where KV may depend upon the thrust of the jet. We have used
this form forf together with observations of three CSOs in the
Pearson-Readhead sample (15) to place limits on m by
comparing the pressures in the hotspots in the two oppositely
directed jets, which are assumed to be of equal age and thrust
(21). Our analysis relies upon the correct identification of the
center of activity in these three objects, which is discussed in
detail elsewhere (G. B. Taylor, A.C.S.R., T. S. Pearson, and P.
N. Wilkinson, unpublished work), and on the assumption that
the hotspots in CSOs are stable. We also assume equipartition
of energy densities between the particles and the magnetic
field. We show that m = -0.02 ± 0.02 and thus the observa-
tions are consistent with the following relationships:

[5a]Va = K,
2

p = KvPext

r - (F/r7)1T2K- IP-1/2
S X Kv (F/r) Pext v

[5b]

where S is the flux density of the hotspot.
There are, as yet, no accurate independent estimates of the

external densities in CSOs, and for this discussion we assume
that KV is independent of F.
The small value of m implies that any velocity evolution in

CSOs is insignificant if the jet thrust is constant or if KV iS
independent of F. If this is also true of MSOs and LSOs, then,
under our unifying hypothesis, the evolution must be almost
pure luminosity evolution. Fanti et al. (14) also suggested that
MSOs evolve into LSOs by pure luminosity evolution.
We now assume that Eqs. 5a-5d apply on all size scales, and

use Eq. 5b to estimate the external density in CSOs from that
in LSOs. We again assume a value of pext(LSO) 3 x 10-4
atom per cm3 (see Section 2). Hence we find, from the pressure
ratio of LSOs to CSOs given in Table 2, that pext(CSO) 5
atoms per cm3. This agrees with estimates of external density
in CSOs derived from observations of reddening in the narrow
line region and is consistent with upper limits based on the
absence of free-free absorption, HI absorption, and CO
absorption in 2352+495 (21). The combination of this external
density with the observed pressures in CSO hotspots gives a
velocity of advance similar to that in LSOs and an age for CSOs
of -104 years. We have shown (21) that the energy supply
times of the lobes and synchrotron loss timescales in 2352+495
are in the range 103-104 years. We argue, based on the absence
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of an extended halo in this object, that these provide a good
estimate of the age of the radio source. These arguments
amount to a strong, if not absolutely compelling, case that the
age of CSOs is 104 years and that the velocity of advance in
CSOs and in LSOs is similar. Since the observational evidence
strongly favors pure luminosity evolution, we will assume this
form of evolution for the remainder of this discussion.

3.1 Sample Statistics. Both Fanti et al. (14) and Readhead
et al. (27) have used the observed distribution of linear sizes to
estimate the luminosity evolution between MSOs and LSOs on
the unifying hypothesis. Their conclusions are in good agree-
ment. We use a subsample (27) consisting of the objects from
the Laing, Riley, and Longair (LRL) sample (25) in the
redshift range 0.2 c z c 1, and we use the statistics of the Fanti
et al. sample to correct for MSOs missed due to synchrotron
self-absorption. Consider the evolution in overall size, R, of
objects of flux density Stotal. We assume that the number of
objects, N, within a certain range of overall sizes in a complete
flux density-limited sample is a power-law function of the
overall size-i.e., N(log R) x Rw. It can then be shown that
WLRL = 0.47-385, and hence qLRL =-0.35-0.27, where Stotal x
Rq and we have again assumed that the number-flux density
counts have a slope of -1.5. A similar analysis of the relative
numbers of CSOs and MSOs (see Table 2) yields WCSO/MSO =

0.32+±413, and qcso/Mso = -0.45+012. All limits are 95%
confidence limits.
Thus we see that the luminosity evolution over the whole

range of overall sizes from 1 parsec to 200 kiloparsecs can be
described by a single value of q-i.e., a single power-law
luminosity evolution. A comparison of the pressure in the
hotspots in LSOs to that in CSOs shows that Pext x R- 1'3 over
this range..(27). Application of Eq. 5d then gives S x R -0.33 for
hotspots. Thus the hotspot and total flux densities have similar
scaling with overall size and therefore maintain a roughly
constant ratio as the source expands. This is consistent with the
observations of CSOs, MSOs, and LSOs. In their study of the
possible evolution of MSOs into LSOs, Fanti et al. (14) assume
a model with constant jet opening angle, proposed by Scheuer
(5), and use the statistics of MSOs in the LRL sample and the
Peacock and Wall sample (22) to derive the dependence of
luminosity on overall size. They find that q - 0.5, consistent
with the above values.
We conclude that if the evolutionary sequence CSO-MSO-

LSO is correct, there must be significant luminosity evolution
and little, if any, velocity evolution in these objects.

4. Conclusions

Observations of CSOs and MSOs in large VLBI surveys make
it possible to study the evolution of these objects. It is suggested
that they form an evolutionary sequence with LSOs. If this
unifying hypothesis is correct, then there are far more CSOs
and MSOs than expected in the absence of any luminosity or
velocity evolution. The observations strongly support pure
luminosity evolution and appear to rule out significant velocity
evolution. The observations also suggest that the age of CSOs
is -104 years.

If the unifying hypothesis is correct, then strong luminosity
evolution is responsible for the comparatively large numbers of
CSOs and MSOs. This luminosity evolution makes it possible
to study these early phases in the evolution of powerful
extragalactic radio sources since, were it not for this evolution,
these "mini-Cygnus A" sources would be exceedingly rare.
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