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1. Introduction

The classes of radio-loud AGN known as Gigahertz-peak spectrum (GPS), com-
pact steep spectrum (CSS), and compact symmetric objects (CSO) represent
an important sub-class of AGN, constituting, for example, 24% of the Baker,
Hunstead, & Brinkmann (1995) sample. Table 1 summarizes some of their key

properties.
Table 1. Properties of GPS, CSS, and CSO Sources
Source Characteristics General Properties
GPS Peak in radio spectrum < Psguz >~ 1027 WHz—?
at GHz frequencies RM = 0-1000rad m—2
< Size >= 350pc
< Pressure >= 108 dyncm™—2
Css Steep spectrum at GHz frequencies Strong forbidden line
Spectral peak at ~ 100 MHz spectrum
< Size > 10kpc Forbidden-line widths
< Pressure >~ 10~% dynem™2 ~ 500-1000kms—?!
CsSo Compact, symmetric

FR II-like morphology

1t is now clear (e.g., Stanghellini et al. 1996) that GPS and CSS sources
differ only in the location of the peak frequency. Moreover, every CSO is a
GPS source, and while the reverse is not strictly true, there is certainly a large
overlap between GPS sources and C50s and we assume that the interaction of
the respective jets with the ISM in these classes is similar. For some time, it has
been debated whether such sources are young or confined. Begelman (1996) pro-
posed an elegant solution to this problem by constructing a model involving the
interaction of young radio lobes with a dense power-law atmosphere. In Begel-
man’s view, the sources are relatively young (~ 108 yrs) compared to FR II radio
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galaxies, and his model provides a satisfactory explanation for the luminosity—
size relation. We have developed this model for the purpose of explaining the
correlation between emission-line luminosity and radio power (Gelderman &
Whittle 1996) and peak turnover frequency and size (Stanghellini et al. 1996),
thereby unifying the radio and optical properties of these objects.

2. Begelman’s Dynamical Model for Compact Symmetric Objects

Begelman’s (1996) model for ‘baby Cygnus As’ {modified to allow for adia-
batic losses in the expanding cocoon) provides the basis for our modeling of the
emission-line luminosity and peak-frequency-size relation. The averaged pres-
sure at the head of the lobe is assumed to be a constant factor { times the average
pressure in the rest of the lobe. Taking the ambient density, pa = po(z/z0)~?,
where pg and z¢ are fiducial values and the jet energy flux to be Fg, this model
implies for the distance zx(t) of the hotspot from the core and for the average
cocoon pressure Fe(t)

Th = Zg 61/(5—6) and P.=PF 5(2_5)/(5—5) (1)

where

_(5—5)342 F t3 _ 9 Tg 2
$= 183 =0) (p()Ez(s)) and - Po(t) = r gy o (T) - @

For the above-quoted average size and pressure for a GPS source, the jet energy
flux and ambient density are ~ 5x 104415 ergs s~! and 1002 cm™~3, respectively.
Energy fluxes ~ 10% ergs s~! are consistent with an age ~ 5 x 10° yr and a ratio
ks of monochromatic power at 5 GHz to jet energy flux ~ 10711-10-19% a factor
of a few higher than is normally assumed for FR II sources, but consistent with
the luminosity-size evolution suggested by Begelman (1996).

The lateral expansion velocity of the cocoon as a function of distance is

given by
NG
Ve=W (g) (3)
where Vs
6 \/° Fg s
Vo = 1500 (—) L e 4
o150 (g25) " e |TEE ] s @

1045FE,45 ergs s~ is the energy flux, and nH,o is the Hydrogen number density
at zg = 1kpc. For Fg45/nuo & 0.1, the expansion velocity is of order the line
widths observed by Gelderman & Whittle (1996).

3. Emission from Radiative Shocks
The bow shock advancing into the ISM is radiative for ambient densities greater

than ~ 10cm™3 and ages < 105~ 7yrs. The total continuum plus emission-
line luminosity Ly and [O111] luminosity L([O111]) from the shocked gas and
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Figure 1.  Left: Predicted [O 111]-luminosity/radio-power relation for
various values of log k1.4 compared to the data for radio-loud AGN.
Filled circles, filled squares, open circles and open squares represent
CSS radio galaxies, CSS quasars, radio galaxies and radio-loud quasars,
respectively, from Gelderman & Whittle (1996); filled hexagons and
open hexagons are unresolved sources and radio galaxies from Tad-
hunter et al. (1993) and Morganti et al. (1993). Right: Turnover-
frequency versus size relation compared to data from Stanghellini et
al. (1996). Jet energy fluxes of 10%°, 10%5> and 10*6 ergs s~! are repre-
sented by solid, dotted, and dashed lines, respectively.

photoionized precursor were calculated for a range of shock velocities using the
MAPPINGS II emission-line code (Sutherland & Dopita 1993) and are given by
(in units of ergs s~1)

Ly =11ngVPAq  L([Om]) = 2.3 x 1072 nyy V3 A, (5)

where Ag, cm? is the shock area. Equating L to the rate of work, 3/(8 — 6)Fg
done by the expanding lobe gives

6 kg \ 7 P, _
L([O11]) = 8.2 x 10*2 (8 — (5) (101_4111> (1027\;]4}1{1) ergss™1  (6)

where k1 4 is the ratio of 1.4 GHz radio power to jet energy flux. A comparison
of this relation with the [O 111] luminosities for radio galaxies and quasars from
Gelderman & Whittle (1996) and radio galaxies from Tadhunter et al. (1993)
and Morganti, Killeen, & Tadhunter (1993), is shown in the left-hand panel of
Fig. 1. Established and candidate GPS, CSS, and CSO sources are indicated
by filled symbols. Good agreement is obtained for k14 &~ 107193, However,
the [0 111] fluxes of GPS sources are substantially reddened (Baker & Hunstead
1996) so that correspondingly smaller values of k14 may be relevant. Similar
good agreement is obtained for the Ha+[N 11} data from Gelderman & Whittle
(1996); see Bicknell, Dopita, & O’Dea (1996).
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4. The Radio Spectra and the Peak-Frequency—Size Relation

Both the anticorrelation between peak frequency and size and the power-law
slope at low frequency can be attributed to free-free absorption by the ionized
shock and precursor regions. The free-free optical depth 7, = avy 21 where
a=1.1x10"% [n2T;1% dl. The contributions to a from uniform shock and
precursor zones are 2.0 x 1073V.23ny and 1.0 x 1073V -®ny respectively, where
ng cm™2 is the pre-shock Hydrogen density and V3 is the shock velocity in units
of a thousand kms~!. A uniform medium surrounding the lobes would give an
exp[—av~%1] cutoff to the spectrum. However, if we assume that a is distributed
as a truncated power-law {probability density function x a? for constant p and
0 < a < ag), then the flux density is

v 2.1{(p+1)~a

R=a(2)

Vo

7(p+ 11(’//’/0)_2.1)’ (7)

where A is a constant, a is the high-frequency spectral index, 12! = ag, and
¥(p+ 1,2) is the incomplete gamma function. This spectrum peaks at v = g
and the low-frequency spectral index is & —2.1{p+1). Evaluating p from the low-
frequency spectral indices estimated by Stanghellini et al. (1996) gives < p >=
—0.2, close to a uniform distribution. It is most likely that any broad distribution
of optical depths will lead to a spectrum of the required form. We take < a >
to be the value predicted by the uniform one-dimensional MAPPINGS models
so that the peak frequency is

N p+2\%* —37,2.3 _3y,1.5]048 o4s [ @ \ 7O
v, 2 1.1 (p—+—1> [20% 1072 VF2 + 1.0 x 1079 V5] nf (1—& .
(8)

This relationship is plotted (for § = 2) and favorably compared to the Stanghel-
lini et al. (1996) data in the right-hand panel of Fig. 1. It can also be shown that
the magnetionic medium surrounding the radio lobes produces substantial Fara-
day depolarization explaining another important characteristic of these sources.
Thus, using quite straightforward physics, we have shown that the radio and
optical properties of this class of AGN can be unified.
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