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ABSTRACT 
An analytical model for extragalactic radio sources with pressure-confined jets is 
presented. We show that the properties of the bow shock and of the gas surrounding 
these objects force the sources to grow in a self-similar way provided the density in 
the external atmosphere falls less steeply than 1!d2• Results from observations and 
numerical simulations are used to develop a self-consistent model for the large-scale 
structure of FRII objects. The jets in these sources are shown to be stable against 
turbulence for the observed properties of FRIIs and the divide between FRI and 
FRII objects in jet power is reproduced. The overall dynamics of a source are 
derived as a function of time and depend on the external density, the jet power and 
the scaleheight of the external atmosphere. Derived dynamical ages are consistent 
with observed spectral ages. 

Key words: galaxies: active - galaxies: jets. 

1 INTRODUCTION 

The structure of extragalactic classical double radio sources, 
FRIIs, was first observed forty years ago and immediately 
afterwards numerous publications tried to explain these 
objects. Longair, Ryle & Scheuer (1973) showed that a per
manent energy supply to the hotspots was required on ener
getic grounds. Blandford & Rees (1974) and Scheuer (1974) 
formulated such models, in which a jet or beam supplies the 
hotspot; the excess energy is stored in a 'cocoon' which is 
inflated around the jet, driving a bow shock into the sur
rounding gas. These basic ideas have proven extremely 
powerful and form the basis for most current models. Con
siderable observational work (e.g. Muxlow & Garrington 
1991), theoretical work on the jets themselves (e.g. Leahy 
1991) and the advent of numerical simulations (e.g. Burns, 
Norman & Clarke 1991) have provided a wealth of new 
information, but there has been considerably less progress 
in obtaining an analytical model for the basic features and 
evolution of radio sources. Recently FaIle (1991) has 
developed a new model which concerns itself with the whole 
source and also addresses the possibility of self-similar 
growth. 

The idea of self-similarity arose from observations which 
showed that the cocoons of FRII sources of very different 
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physical size had similar axial ratios, Rn defined as the ratio 
of width to length. Leahy & Williams (1984) and Leahy, 
Muxlow & Stephens (1989) find a correlation between the 
radio luminosity of sources with linear sizes of up to 500 kpc 
and Rn but not between the length of the sources and Rp 
However, Black (1992) finds in his sample a tendency for 
short sources to have smaller axial ratios. Recently Sub
rahmanyan, Saripalli & Hunstead (1996) found very similar 
ratios, Rn for sources of linear sizes above 900 kpc strongly 
suggesting that sources indeed grow in a self-similar way. In 
Scheuer's model (1974) a self-similar solution is only pos
sible if the jet is situated in an atmosphere in which the 
density decreases as l/d2, where d is the radial distance from 
the active galactic nucleus (AGN) (Baldwin 1982). FaIle 
(1991) showed that the bow shock should grow in a self
similar way but that for the cocoon this is only the case if the 
surrounding gas decreases as l/d2 or steeper. In this case he 
showed that the jets will be ballistic over their entire length 
and will not look like those observed in FRII sources (Bridle 
& Perley 1984). For atmospheres with a flatter density 
gradient Falle argues that the cocoons are not self-similar 
and the sources will only look like FRIIs for a fraction of 
their lifetime before they get disrupted by turbulence, and 
suggests that these objects will appear as FRI sources. The 
dependence of the external density profile on determining 
whether or not a given central engine will produce an FRI 
or FRII source is hard to reconcile with the luminosity 
dependence of the observed transition and the implication 
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that lower luminosity sources are associated with lower 
power AGN (Rawlings & Saunders 1991). 

The observation of superluminal motion and one-sided
ness in the inner jets of both FRI and FRII sources is often 
taken as an indication of relativistic flow in the jets. The 
one-sidedness of jets in FRIIs at larger scales may then 
imply that the jets in these sources stay relativistic over their 
entire length (Laing 1993). 

Numerical simulations have been used to investigate the 
confinement ofthe jet within the cocoon. Some of the simu
lations have employed strong magnetic fields with helical 
structures to keep the jet from widening (Clarke, Norman & 
Burns 1986; Lind et al. 1989). However, these sources 
develop 'nose cones' in front of the jet shock and have, at 
best, very narrow cocoons. They resemble only the nar
rowest observed sources and even in these cases the 'nose 
cones' appear to be considerably more pointed than the 
structures observed (Burns et al. 1991). Other simulations 
follow the development of magnetic fields which are 
dynamically unimportant in the sense that they contribute 
to the overall pressure in the cocoon but do not exert non
isotropic stress. Cioffi & Blondin (1992), following a model 
by Begelman & Cioffi (1989), carried out simulations for 
sources in which the jet is confined by the pressure in the 
cocoon, demonstrating that this pressure is indeed sufficient 
to confine the jet. 

In this paper we show that, by considering the properties 
of the bow shock and the gas which surrounds the source, 
not only the bow shock itself but also the cocoon are self
similar for all external atmospheres decreasing less steeply 
than 1/d2• The resulting model predicts stable laminar jets 
for the observed properties of FRIIs and the gas in atmo
spheres of galaxies. The point at which jets of lower power 
disrupt and turn into FRI-type sources can be estimated and 
is in good agreement with observations. We also calculate 
the dynamical ages of sources predicted by our model and 
find these comparable with observed spectral ages. 

In Section 2 we present the assumptions implicit in the 
model. Section 3 is divided into three parts: in the first we 
consider the properties of the bow shock and the working 
surface; the second presents the development of the model, 
and finally we consider the stability of the laminar jet. In 
Section 4, we calculate various results predicted by the 
model and consider their implications. 

reconfinement 

, e -._,,-.?f-_S_hO_C_k_ 
..... ~ ...... ) 

2 PRELIMINARY CONSIDERATIONS 

In this section we outline the observational and theoretical 
aspects which are central to the development of a model for 
the large-scale structure of extragalactic radio sources. The 
following conventions are adopted for indices: 0 for all 
characteristic quantities; x for all quantities related to the 
surrounding gas except those which define characteristic 
quantities; b for the parameters of the bow shock; s for the 
gas between bow shock and contact discontinuity close to 
the hotspot; h for the material inside the cocoon at the 
hotspot; c for the quantities describing the material in the 
cocoon further away from the hotspot, and j for those of the 
jet except the jet power, Qo, and the rate of rest mass trans
port, Mo, (Fig. 1). 

First we consider the nature of the material in the cocoon. 
As Scheuer (1974) showed, even a very small magnetic field 
is sufficient to tie the charged particles in the cocoon 
together in such a way that they can be treated as a fluid. 
The synchrotron emission from the cocoon demonstrates 
the presence of such a magnetic field. The sound speed in 
the cocoon is very high. For a jet with a bulk velocity Vj with 
a strong shock at the end we get for the sound speed, c" just 
after the shock: 

(1) 

where r e is the ratio of specific heats for the material in the 
cocoon. Thus Cs is about 0.4 x Vj for relativistic particles 
(re=4/3) in the cocoon and slightly higher for mainly non
relativistic particles (re=5/3). The sound speed in the 
cocoon, Ce, will be somewhat less than this value, but we will 
see later that equation (1) gives us a good estimate to better 
than an order of magnitude. If we take the Lorentz factor of 
the bulk motion in the jet, Yj' to be about 2 and the length of 
the cocoon to be roughly 100 kpc, we get a sound crossing 
time from one end of the cocoon to the other of about 
106 yr. Spectral ages for such FRII sources are typically of 
the order of 107 yr (e.g. Alexander & Leahy 1987). We can 
therefore assume that differences in the pressure within the 
cocoon are smoothed out and only the region close to the 
working surface at the end of the jet will have a different 
pressure from the rest of the cocoon. 

shock (b) 

jet shock 

~~. -"---, -J-·et-U-)-
cocoon material (c) _--------

.--------------

AGN 
shocked IGM (s) 

'--Zj-

hot spot 
region (h) 

external medium (IGM, x) 

Figure 1. Basic elements of a radio source. The letters in brackets are the indices used for quantities in the indicated regions. 
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In Fig. 1 we show the basic elements of a fluid model. A 
relativistic fluid jet emerges ballistically from the region 
surrounding the AGN with a constant opening angle, e. As 
Falle (1991) pointed out a reconfinement shock will form 
further down the jet and after this shock we assume the jet 
to be confined solely by the pressure in the cocoon,pc. After 
the reconfinement shock the jet radius will therefore be 
constant. Close to the end of the jet at the working surface, 
or hotspot, the assumption that Pc is constant will no longer 
be valid and it will increase towards a higher pressure, Ph. 
The material here, which has been injected into the hotspot 
only recently, is flowing from the hotspot into the cocoon 
and has not had enough time to 'communicate' with the rest 
of the cocoon. 

The jet ends in a jet shock and its thrust, i.e. the ram 
pressure of the jet material, is distributed over the working 
surface which is larger than the jet shock. The same 
approach was also taken by Begelman & Cioffi (1989). The 
size of the working surface will depend on the detailed fluid 
dynamics of the jet, on how the post-jet shock material flows 
into the cocoon and also on how the direction of the jet 
changes with time (the 'dentist drill model', Scheuer 1982). 
The pressure exerted at the working surface, Ph' is balanced 
by the pressure of the shocked intragalactic matter (IGM) 
which surrounds the hotspot. We assume the rate of energy 
input into the cocoon is constant and that it is characterized 
by the power of the jet Qo. We also assume that the rate of 
rest-mass transport along the jet, Mo> is constant and if 
Qo is supplied by the bulk kinetic energy of the jet, Mo = Qo / 
[(Yj -1)c2], then the Lorentz factor of the bulk motion 
within the jet, Yj' and, of course, the corresponding velocity, 
Vj' are also constant. 

The source expands into an atmosphere in which the 
density, Px, decreases away from the central AGN. We 
model this by a simple power-law, 

(2) 

where d is the radial distance from the core of the source, ao 

is a scalelength, and Po a constant density. Equation (2) 
represents a simplified King (1972) model, and for a radio 
source at the centre of a galaxy cluster ao is equal to the core 
radius of the cluster while Po is the central density. Because 
of the form of equation (2) ao and Po are not independent 
and only their combination as poa~ is a characteristic quan
tity. Within the bow shock, which is driven by the jet 
momentum flux, we assume that a contact discontinuity 
exists which delineates the extent of the cocoon and hence 
of the source itself. 

3 DEVELOPMENT OF THE MODEL 

3.1 The bow shock and working surface 

Given the above assumptions the characteristic quantities 
are QO'Mo and poa~. They form a characteristic length scale 
(FaIle 1991) 

(3) 
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For a tyipcal galaxy environment, Po = 1.7 X 10-22 kg m- 3, 

and a jet with Qo = 1038 Wand Yj = 2 we find Lo = 4.8 pc for 
f3 = O. This is much shorter than most observed extragalactic 
jets. Lo will be even shorter for 0 < f3 < 2 and the expression 
of the bow shock on the scales we are interested in will be 
completely dominated by the mass of the shocked IGM and 
must be self-similar (FaIle 1991). It follows from dimen
sional arguments that the length of the jet, L j , can be written 
as 

(4) 

where 

(5) 

is a convenient time-scale and C1 a dimensionless constant. 
FaIle (1991) has shown that for f3 > 2 a jet shock will not 
form and the jet will be free; in this regime the dynamics will 
be dominated by the mass transport in the jet. In this paper 
we restrict our attention to the case f3 < 2 when a jet shock 
is likely to form and hence lead to an FRII source. For f3 = 2 
there is no characteristic length Lo and the solution is self
similar on all length scales. 

The rate at which kinetic energy flows into the bow shock, 
Pb, is given by 

(6) 

where Ab is the surface area of the bow shock and Vb is its 
velocity perpendicular to this surface. Taking the bow shock 
to be axisymmetric its shape can be described by a function 
Rb(z, t) which gives the radius of the shock measured from 
the axis of symmetry, the jet axis, as a function of z measured 
along this axis. Defining the dimensionless coordinate l =z/ 
L j and since the bow shock is growing self-similarly we can 
set Rb = gel) L j • From equation (2) we get, for the density of 
the IGM at the surface of the bow shock, 

(7) 

The surface element dAb and velocity normal to the 
shock, Vb' follow from geometrical considerations (see 
Appendix) and upon inserting the expression for the radius 
of the shock we obtain 

{ [ 
dg(l) 12 }1/2 

dAb = 2ng(l) aoLj dz + 1 dl, 

[gel) - dg(l) II 
dL dl 

J 
Vb =-d-t ~========= 

[
dg(l) 12 -- +1 

dl 

(8) 

(9) 
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Equation (6) can now be evaluated giving 

(10) 

The total work done by the bow shock on the IGM during 
the lifetime of the source, t, is therefore Pbt. This must be 
proportional to the work done by the cocoon during its 
expansion and this implies PcVc ex. t, where Pc is the pressure 
in the cocoon and Vc its volume. We will use this result in the 
next section where we show that the cocoon must also be 
self-similar. 

To complete the treatment of the bow shock we now 
derive an expression for the pressure at the working surface, 
Ph' Scheuer (1974) assumed the bow shock to be close to the 
contact discontinuity for the whole source. Although this is 
almost certainly not the case well away from the hotspot, it 
is still a good approximation close to the hotspot itself. We 
assume therefore that the pressure of the shocked IGM just 
behind the bow shock, P., is equal to the pressure at the 
contact discontinuity, and equal to that in the cocoon at the 
working surface, Ph' The jump conditions for a strong shock 
then give 

2rx W. 2 (dLj)2 
Ph=Ps=rx +lPx b=rx +l Px dt ' (11) 

where Px is the pressure in the unshocked IGM with adia
batic index r x> and Mb is the Mach number of the bow shock. 
Substituting from equations (4) and (7) gives 

(12) 

3.2 Jet, cocoon and self similarity 

The jet emerges from the core ballistically with a constant 
opening angle, (J and its density, Pj' at distance z is therefore 
given by 

Mo Qo 
p.=--= , 

J n(J2vjz2 n(J2vj (Yj -1) C2Z 2 
(13) 

where Yj is the Lorentz factor of the bulk flow in the jet. As 
Falle (1991) showed, a reconfinement shock will form to 
allow the jet to change from the ballistic regime into pres
sure equilibrium with its cocoon, and for small opening 
angles this shock is almost parallel to the jet flow. We can 
therefore take the non-relativistic jump conditions across 
this shock and following Falle we find that the reconfine
ment shock will reach the z-axis at 

2 2 QoVj 
Zl=-- , 

rj + In(Yj -1) C2]! 

and after this shock the density of the jet, P j, will be 

r.+l 
P j = r~ _ 1 Pj (Zl)' 

J 

(14) 

(15) 

The assumption that the jet is pressure confined by the 
cocoon implies that the post-reconfinement shock jet pres-

sure must be Pc, and that the radius of the jet, and hence its 
density, do not change further until the jet material passes 
through the jet shock. In order to relate the jet thrust to the 
dynamics of the cocoon we must obtain an expression for 
the pressure at the working surface or hotspot, Ph, from the 
properties of the post-jet shock material. We expect the 
pressure to vary at all points around the working surface 
away from the symmetry axis in such a way as to determine 
the shape of the source at the head of the jet. The compli
cated flow in this region is not amenable to analytical study, 
however, we can obtain an expression for the pressure on 
the symmetry axis at the contact surface since there will be 
a stagnation point in the rest frame of this surface. Along 
the streamline from the jet shock to this stagnation point we 
expect wjS + 1!2vf.=wh where W is the heat function of the 
material (e.g. Landau & Lifshitz 1959) and suffixes js indi
cate post-shock material. We can use the non-relativistic 
case here since the error involved in doing so is of order 
vf.lc2 and for the jet parameters we will be using in the 
discussion in Section 5, we find from Heavens & Drury 
(1988) vjs ::;; 0.3 c. This implies a maximal error of 9 per cent. 
Assuming adiabatic flow and making the approximation 
Vj »tc we obtain 

2(rj-l) ,2 

Ph=C2 (rj +lY pjvj> 
(16) 

where we have used non-relativistic jump conditions at the 
jet shock and C2 is a function of the adiabatic indices rj and 
rc only; 

c2 = +1 --. [
(rc -1)(rj -1) ]rJ(rC_l) rj + 1 

4rc rj-l 
(17) 

At points on the contact surface away from the symmetry 
axis, the pressure will vary; however, observations (e.g. 
Muxlow & Garrington 1991) show that the ends of radio 
sources are not particularly pointed, suggesting that the 
variation in pressure at the contact surface is a reasonably 
slowly varying function of distance away from the symmetry 
axis. It seems reasonable therefore to take Ph as given by 
equation (16) to be the pressure which is driving the overall 
expansion of the cocoon at the working surface (equation 
12). This leads to the following expression for the post
shock density: 

(18) 

The jet pressure, and hence the pressure in the cocoon, 
follows from the jump conditions at the reconfinement 
shock. From equations (13) and (14), 

2 
P --- V2 (J2p (z)· 

c - (rj + 1) j j 1, 

then, substituting for plZl), 

Pc -- (J Po - - • 
18 ci-,8 2 (ao )2(t )(_4-,8)/(5-,8) 

(rx+ 1)(5 - P)2 C2 or or 

(19) 

(20) 
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The time dependence of Pc is the same as for Ph and 
pj. The jet is therefore isothermal after the reconfinement 
shock. The productpcVc, as we have already shown, must be 
proportional to t. This implies 

(21) 

or 

(22) 

The cocoon must therefore expand self-similarly behind the 
self-similar expansion of the bow shock. 

We can find the constant C1 from the equation of energy 
conservation for the cocoon 

1 
dUc=-- (Vcdpc+PcdVc) 

rc- 1 

~ Qo dt -Pc d Vc - Ph d Vh, (23) 

where Ph d Vh is the expansion work done by the hotspot. 
Here we have neglected the energy stored in the hotspot 
since this will be small compared to the energy stored in the 
cocoon. If we assume a perfectly cylindrical cocoon with 
radius r and with its expansion driven by Ph along the jet axis 
and by Pc perpendicular to it, we find 

PcdVc 482 Ljdr 482 

--=---=- (24) 
PhdVh c2 rdLj C2 

where we have used equations (12) and (20), and the second 
equality follows from the condition of self-similarity for the 
cocoon. Equation (23) now yields 

[ 
C2 (rx + 1) (rc -1) (5 _ P)3 ]l!(S-fJ) 

c,~ c,9' 1,9[ro+(To-l);' ]-4-P! . 
(25) 

Finally we calculate the point at which the reconfinement 
shock reaches the z-axis from equation (15), 

Z~ 

4(rx+l){9[rc(rc-l) :;2]-4- P r 
-------------c2c; 

91t3(rc -; 1)2(rj + 1)3 
1 QoVj LfJ+ 4 

X . 
(Yj _1)3 82poa!c6 J 

3.3 Stability of the jet 

(26) 

After passing through the reconfinement shock, the Mach 
number of the jet, Mj, will be much reduced, thus making 
the jet susceptible to turbulent disruption. In order to deter
mine the stability of the jet to disruption by a turbulent 
shear layer between the jet and the cocoon, we use the 
approach described by Canto & Raga (1991) adapted to 
relativistic velocities. A similar method was used by FaIle 
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(1991). Canto & Raga use a simple momentum balance 
argument to show that the maximal length of a laminar jet, 
Zt, i.e. the point where the turbulent shear layer reaches the 
z-axis, from the point where turbulence sets in, in our case 
Zl' is equal to: 

z1 8vjYj pj 

2e CePe 
(27) 

where rj (Zl) is the radius of the jet at Zl> Cc is the sound speed 
of the cocoon and Pc its density. e is a measure of the 
entrainment efficiency of material from the cocoon into the 
jet. We have assumed here that there are no relativistic bulk 
motions in the cocoon or in the shear layer between jet and 
cocoon. 

To permit an estimate of the stability to be made, we 
make the further assumption that the density in the cocoon, 
Pc, is uniform throughout and given by: 

Mot Qot 
Pc=-V 2 ' 

c (Yj-l) cVc 

(28) 

(29) 

which is indeed of the same order of magnitude as our initial 
estimate of Cc (see equation 1). 

Turbulence only sets in after the reconfinement shock at 
Zl; the total length of a stable jet, Ze' is therefore the sum of 
Zl and Z,. Substituting explicit expressions into equation (27) 
we obtain 

Ze = [ (rj + ~2 Cc Yj + 1] c4L ffJ- 2)/6. 

L j 4rc(rj 1) e8vj 
(30) 

Note that this ratio is a constant in time for P = 2 and 
decreasing for P < 2. 

4 SUMMARY 

We now summarize the most important results from the 
preceding considerations. 

The length of the jet, L j, grows with time as: 

Lj=ClaO(~ rS
-

fJ ) (31) 

where 
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The volume of the cocoon will be 

(33) 

and its pressure, which is constant throughout except near 
the hotspot, is 

Pc -0 Po - - . 
18 ci-P 2 (ao )2(t)<-4-P)/<S-P) 

(r. + 1)(5 - P)2 c2 '! '! 
(34) 

This is also the pressure of the jet. The density of the jet 
material after the reconfinement shock is 

The pressure at the hotspot, Ph' is given by: 

(36) 

5 DISCUSSION 

A simple check of the model is to note that for a uniform 
environment of the source (P = 0) we have Lj oc t3/S which is 
the solution for a spherically symmetric wind with constant 
energy input (Dyson et al. 1980). 

A main consideration is whether the jet is stable. In his 
original paper FaIle (1991) comes to the conclusion, using 
methods similar to those employed by us, that jets in atmo
spheres with P < 2 are only stable for part of their lifetime 
and are then destroyed by turbulence because of the 
decreasing ratio between Ze and Lj regardless of their jet 
power. However, numerical simulations presented in Falle 
(1994) predict more stable jets. To get an estimate for the 
ratio of Ze and Lj we now assume that the cocoon has a 
cylindrical shape, and this allows us to set 

1t 
C3=-, 

4R~ 
(37) 

where RT is the axial ratio. The sideways expansion of the 
cocoon is driven by the cocoon pressure Pc therefore 

Ph_ C2 ~4R2 
- ~ T 

Pc (p 
(38) 

which constrains the opening angle of the jet, 0. 
With these assumptions we can express the constants C1 

and C4 in terms of observable quantities. For the parameters 
of the external atmosphere we use Po= 1.7 x 10- 22 kg m-3 

and ao = 2 kpc which are typical values for the atmospheres 
of galaxies (Canizares, Fabbiano & Trinchieri 1987). The 
bulk velocity in the jet, Vj' is almost certainly relativistic but 
a reliable estimate is not available in the literature. Follow
ing Leahy (1991) we use Yj:::::: 2 (vj :::::: 0.87c). 

For a simple estimate of the jet power, Qo, we follow 
Rawlings & Saunders (1991). They use minimum energy 
arguments to calculate the total stored energy in the cocoon 
from the radio power emitted by the source and then divide 
this energy by the spectral age to get Qo. We will see later 

that our model predicts lifetimes comparable to the spectral 
ages. With this method Rawlings & Saunders (1991) find jet 
powers between 1037 and 1Q39 W for FRII sources; to 
examine the limiting case for stable jets we use the lower 
end of this range. Leahy & Williams (1984) and Leahy et al. 
(1989) find axial ratios, Rn between 1.3 and 6. We take the 
smaller value for the critical-stability case. 

The adiabatic index of the external gas, r", is certainly 
equal to 5 /3 since this material is at rest in the source frame. 
The effective temperature, Tefl as defined by Konigl (1980), 
of the particles of mass m in the jet is 

kTj Pc 2(rj + 1)02 

T ----
eff-mc2 - pjc2 (rj + 1Y , (39) 

where Tj is the temperature of the jet material. Using equa
tions (17) and (38) we find that Tefl:::;; 0.07 for all combina
tions of possible values for r j, r c and RT and we can 
therefore set rj = 5/3. For the material in the cocoon we use 
an expression similar to (39) but with pj replaced by Pc from 
equation (28) and find Teff :::::: 0.3. From Heavens & Drury 
(1988) we note that there is a considerable change of the 
adiabatic index of a pair plasma from the non-relativistic to 
the relativistic case as Tefl changes from 0.1 to 10. Since we 
find Tefl =O.3 for the cocoon, which is to the lower end of 
this range, we shall take r c=5/3, but we also calculate the 
case for rc=4/3. For an axial ratio ofRT =1.3 the jet open
ing angle is then equal to 47.8° for both cases. Note that this 
is very close to the postulated opening angle of a torus 
needed for unified schemes (Barthel 1989). 

For the entrainment efficiency, 8, we can calculate only 
upper limits. Canto & Raga (1991) show that 8 < cc/(3c1), 

where C1 is the sound speed of the mixing layer which is only 
a function of Cc and the speed of sound in the jet. For the 
critical-stability case and P = 2, we get 8 < 0.26 (or 8 < 0.22 
for rc=4/3). 

With these values we calculate the ratio of Ze to Lj from 
equation (30) to be 0.81 (1.0 for rc=4/3), implying that 
such a jet is just stable considering that we have taken an 
upper limit for 8. In a uniform atmosphere (P = 0) in which 
it is most difficult for jets to survive, we can determine the 
maximal length of a jet before it is destroyed and turned into 
an FRI by setting ze/ Lj equal to 1. This yields a stable length 
for one cocoon of 1.3 kpc (2.6 kpc for rc=4/3). We can 
therefore conclude that our model correctly predicts stable 
jets for the observed range of properties of FRII sources 
(for 0:::;;P:::;;2) and is able to reproduce the observed divide 
of FRI and FRII in jet power (Rawlings & Saunders 1991), 
since sources with powers below 1037 W will have ze/ Lj well 
below 1 for P = 2. We also note that jets are less stable in 
'flatter' environments. Indeed, 'average' jets with a power of 
1038 W (Rawlings & Saunders 1991) and an axial ratio of 3 
(Leahy & Williams 1984) could reach a length of only 
23.4kpc (71.1 kpc for rc=4/3) in a uniform environment 
before turning into an FRI source while they are stable for 
P=2 (in this case Ze/Lj = 2.3 or ze/Lj=2.7 for rc=4/3). The 
fact that we do not observe FRIs with such high powers 
agrees well with X-ray observations of the gas distribution in 
the atmospheres of galaxies which indicate 1 < P ~ 2 (Cani
zares et al. 1987). 

Our estimate of the stability of jets in environments with 
0:::;; p:::;; 2 disagrees with the results of FaIle (1991), and we 
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also predict self-similar growth of the cocoon for all values 
of P in this range. These differences are mainly the result of 
the different ways in which the thrust of the jet is balanced 
with the pressure of the shocked surrounding gas. Falle 
balances the ram pressure of the IGM directly with the 
thrust of the jet, while in the current model it is equal to the 
pressure at the stagnation point of the flow behind the jet 
shock at the contact surface. We have presented a simple 
argument for this; however, the actual behaviour of Ph must 
depend on the detailed flow out of the hotspot into the 
cocoon in a realistic (non-axisymmetric) case, and it is 
therefore best to regard equation (16) as a further assump
tion. In this limit the growth of the cocoon is self-similar 
since the behaviour of its volume is governed only by the 
properties of the surroundings and the bow shock and not 
by the jet itself. In fact, by passing through a reconfinement 
shock, the jet accommodates to the pressure in the cocoon 
and is in this way conditioned by the atmosphere it is run
ning into. Our treatment of the thrust of the jet also differs 
from the approach taken in the standard model (Scheuer 
1974). Note also that, in contrast to this model, we do not 
make any assumptions about the confinement of the cocoon 
perpendicular to the jet axis. This allows for the more 
realistic scenario of a bow shock which is detached signifi
cantly from the contact discontinuity away from the working 
surface. 

The analysis of the jet stability requires an estimate for 
the density of the cocoon. We have taken this to be uniform 
throughout the cocoon and for the cocoon to be filled only 
with material which has passed through the jet shock. If 
either of these assumptions is wrong then the jet stability 
will be affected. Important processes may include entrain
ment of the surrounding gas across the contact surface, and 
in old sources as the gas cools we may expect increases in 
the cocoon density towards the centre of the source. Further 
discussion of these effects is beyond the scope of this 
paper. 

Another test of the model is to calculate the ages of FRJI 
sources for given jet length, L j, and to compare this estimate 
with the observed spectral ages of sources. With the simpli
fications and parameters used for the stability estimate we 
derive a lifetime for a source with L j = 100 kpc of 2 x 106 to 
a few x 107 yr for the observed range of RT and Qo and P = 2. 
This is consistent with observed values of spectral ages 
(Alexander & Leahy 1987). The inferred advance speeds of 
the hotspot, which are constant in this case, are O.Ole and 
0.16c. For almost all sources this velocity is below the upper 
limit of 0.15e recently derived by Scheuer (1995) from the 
implications of cocoon asymmetries in FRJI objects. 

A final point to consider is the uniqueness of the solution 
we have obtained. The self-similarity of the bow shock is a 
consequence of the absence of an intrinsic length scale com
parable to the known size of radio sources. The self-simi
larity of the cocoon then follows from the constraints 
imposed by the physical model, especially the behaviour of 
the flow after the jet shock. It is possible that in a given 
object one or the other of these approximations will not be 
valid for some or all of the time over which the source 
expands. In these cases we would expect individual objects 
to show deviations from strictly self-similar expansion, but 
the FRII population as a whole may still evolve in an 
approximately self-similar way. 
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6 CONCLUSIONS 

An analytical model for extragalactic radio sources with 
pressure-confined jets is presented. We show that sources 
expanding into a spherically symmetric atmosphere with a 
density profile falling less steeply than l/d2 grow in a self
similar way determined only by the external density profile 
and jet power. The model presented here also predicts 
stable laminar jets for the observed properties of FRJI 
sources and for jet powers above the FRI/FRII divide. The 
overall dynamics of a source are derived as a function of 
time and depend on the external density, the jet power and 
the scaleheight of the external atmosphere. 

The overall picture that emerges is the following. All jets 
in extragalactic radio sources start out ballistically with pre
sumably relativistic bulk velocities. In environments with a 
density gradient less steep than 1!d2 a reconfinement shock 
forms which decreases the Mach number of the jet. After 
that weaker jets, Qo ~ l(f7 W, will retain a laminar region in 
their centre surrounded by a growing turbulent shear layer 
which slows the jet down further by entraining gas from the 
surroundings, and eventually destroys the laminar structure. 
After that the jet is completely turbulent. Such sources 
should have an appearance of the FRI type. The flow in 
stronger jets, Qo ~ 1037, stays mostly laminar and finally ends 
in a shock. The shocked jet material subsequently inflates a 
cocoon which confines the jet. At intermediate distances 
from the core, before the weaker jets have become entirely 
turbulent, the appearance of both weak and strong jets 
should be similar which is confirmed by observations (Laing 
1993). 
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APPENDIX A: GEOMETRY OF THE BOW 
SHOCK 

The bow shock in our model is axisymmetric around the axis 
defined by the jet. Its shape is therefore fully described by 
the function Rb • A element of the surface of the bow shock 
is defined as 

(AI) 

Because of the axisymmetry we can immediately integrate 
over the angel ¢. This yields 

dAb=2rtRbJ (S~b r + 1 dz. ' (A2) 

For an expansion for the velocity of the bow shock perpen
dicular to the surface, Vb' consider Fig. AI. The velocity of 
the bow shock, V, is at an angle [3 to the normal of the surface 
of the bow shock and can be decomposed into parts parallel 

a 

z 

Figure AI. Propagating surface of the bow shock. 

to the coordinate axes. Using this we get for the velocity 
perpendicular to the bow shock surface 

Vb = V cos([3) =.Jif. + vi cos([3), (A3) 

where 

[3=--IX-cIl=--arctan - +arctan - . 1t 1t (VR) (aRb) 
2 2 Vz az 

For general x and y, 

~ + arctan (x) - arctan(y) =~ + arctan (X -y ) 
2 2 1 +.xy 

( x-y ) 
= arccos .J(x2 + 1 )(y2 + 1) . 

And therefore we find 

aRb 
V --V Razz 

(A4) 

(AS) 

(A6) 
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