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ABSTRACT

The Blandford and Rees 1974 fluid twin-exhaust model for jet formation is thoroughly investi-
gated. We perform detailed analytic calculations of all aspects of the cavity-nozzle structures for the
nonrelativistic case: the preshock flow, the central shock, cavity flow, and the nozzle. Our analytic
results are in excellent agreement with recent sophisticated numerical calculations, We find that for a
given central confining gas cloud, only a finite range of jet powers is possible. The sound speed ratio
between cavity and cloud must be less than 30. Central masses of ~ 10° M, within 1 pc are necessary
for high-powered (104 ergs s~ ') extragalactic jets.

For a fixed confining cloud sound speed C,, there are three regimes determined by the central
engine’s luminosity. For low luminosity, a stream of bubbles emerges; for a middle range of
luminosities? a jet forms; for too high a luminosity, large clouds are emitted. In the jet regime we find
that L - CO .

Thej critical dependence of jet power on confining cloud sound speed enables a schematic picture
for active galactic nuclei to be proposed. Seyfert galaxies and quasars are placed in the bubble
regime. Variable compact radio sources reach the cloud regime. Evolutionary paths are suggested and
may provide an indirect test for this picture.

Subject headings: galaxies: nuclei — particle acceleration

I. INTRODUCTION

Various attempts have been made to simulate active
galactic nuclei and extended radio sources by studying
the motions of high energy gas produced from a point
source. The conclusions are rather disjoint owing to the
numerous possible effects and assumptions that can be
considered or ignored in modeling three-dimensional gas
flows. For instance, Gull and Northover (1973) con-
cluded that the energy is released through bubbles of hot
gas that rise out of the nucleus along the axis of rota-
tion. However, their analysis only considered the large
scale instabilities when confining a growing central cav-
ity of hot gas by a denser external medium. Blandford
and Rees (1974) proposed that the energy is released
continuously through “twin exhausts,” although the
question of instabilities was left open. Numerical in-
tegrations (“13” dimensional) by Wiita (1978b) appear
to tie these two conflicting hypotheses together. He
found a critical source luminosity that separates bubble
and jet formation. This work took into rough considera-
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tion the Rayleigh-Taylor instability of the central cavity
and ignored the Kelvin-Helmholtz instability between
the jet flow and the nuclear gas cloud. Wiita (19784)
refined the Blandford and Rees model by taking a more
compact central cloud, while keeping the one-dimen-
sional flow approximation. Rayburn (1977) made some
coarse grid two-dimensional hydrodynamic calculations
on the early stages of jet formation. '

The above investigations assumed that hot gas is
continuously injected into a central cavity within a
relatively cool, dense central cloud. Explosions in galactic
nuclei were considered by Sanders (1976). A simple
analysis demonstrated that axisymmetric flow or central
blast waves can occur, dependent on the mass released
in the explosion. Relativistic blast waves have been
considered by Blandford and McKee (1977) and Shapiro
(1979), while axisymmetric flow was discussed by
Christiansen and Scott (1977). Observations of active
galactic nuclei indicate that both steady activity and
explosions occur.
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We shall look to the nonrelativistic fluid flow version
of the Blandford and Rees twin-exhaust model to pro-
duce steady flows. Sophisticated two-dimensional
numerical simulations (Norman etal. 1981) have re-
vealed a number of flow characteristics that were not
previously taken into account. The instabilities and the
initial approach to a steady flow (where it exists) can
result in fast changes of the central structure. In this
manner, the study is atuned to both rapid variability
and steady flows.

Our analysis will be presented in the following order.
The initial turn-on of the hot gas and the expanding
“cavity” of hot gas are discusssed in § II. We determine
the escape route of this buoyant gas. In § III the
stability of the escape routes—the nozzles—is analyzed.
In § IV we investigate the stability of the cavity. These
results are fully described in § V. In § VI various
applications are considered, and we introduce a sche-
matic picture based on the three gas escape mecha-
nisms—small bubbles, jets, and large clouds. In §§ VII
and VIII, the properties of the bubbles and clouds are
calculated, and their effect on the schematic picture is
elaborated. Section IX contains a summary of our re-
sults.

II. STEADY EXPANSION

We begin by setting up the necessary formalism and
discuss the approach to the basic flow pattern as shown
in Figure 1.

A nuclear gas cloud with pressure p,, (R, Z) decreas-
ing with increasing R and Z, the coordinates of a
cylindrical coordinate system, is presumed. The nucleus
will also contain a distribution of stars or other dense
massive objects that contribute only to the gravitational
potential. The nucleus will be more clearly specified in
following sections.

A high pressure, p,, extremely hot (nonrelativistic) gas
is “turned on” and is then steadily produced from a
“central engine” of small dimension, r,. This gas will be
treated as an adiabatic, inviscid fluid except at shocks.
The hot gas drives out the surrounding dense cloud, and
an expanding cavity of hot gas results. The initial
evacuation, described in detail by Wiita (1978b), is very
rapid due to the high pressure gradients, and the flow
quickly becomes supersonic. Once the external gas is
driven out, the radial expansion close to the engine will
approach spherical symmetry. Consequently a steady
supersonic outflow is attained and will continue out to a
radius at which the pressure of the hot gas has fallen to
the same magnitude as the general gas pressure. We first
discuss this central expansion.

a) Preshock Flow

The gas becomes supersonic when its pressure has
decreased to ~ P, /2, and it becomes highly supersonic

M>1

M=1 fn

Co

F1G. 1.—The key features of the flows we find in a cavity-
nozzle structure. Definitions of the quantities are given in the text.

within a few r,. The equations then describing steady
nonrelativistic expansion of an adiabatic gas can be
integrated to give Bernoulli’s equation, mass conserva-
tion, and an adiabatic law:

V2+——72_l %=U2 (1)
M

V=1, @

P=Kp, ()

where V, p, and p are the velocity, density, and pressure

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



L4328

264,

1983ApJ. .

434 SMITH, SMARR, NORMAN, AND WILSON

in the hot gas, y is the specific heat ratio, and U, M, and
K are constants. This set of equations is equivalent to
the one-dimensional flow of a fluid in a jet of radius r
(Smith and Norman 1981), although here ¥V is parallel to
r. At large enough r (> r,), p < p,, we have the ap-
proximate solutions

par?,  por? and y2aPe (4)

-4

Thus, the pressure of the hot gas falls off with increasing
radius out to a radius at which approximate pressure
balance with the external cloud is attained.

If p,, @ r~™ where m> 2y, then obviously pressure
balance is never reached—the expansion remains un-
impeded and simply drives out the cloud. Here, we are
not interested in this extreme case and shall confine
ourselves to the more probable case, m < 2y. Then, at
some radius, p approaches p,,, and the continuous flow
solution will break down. A stationary shock is set up.

b) The Central Shock

For a nonradiative strong shock, the pressure ratio
across the shock is [2/(y + 1)}(pV?/p). Hence, given
the external pressure distribution, p,,, and the central
engine parameters p,, p,, and 7,, it is possible to de-
termine the radius of the shock, r,. Here, we wish to
determine the parameters of the subsonic, aftershock
fluid, since it is this slow moving fluid that corresponds
to the “stationary” power source of the radio source
model as described by Blandford and Rees (1974).
At r; this gas has radial outflow velocity V,=[(y —
1)/2y)"/2C,, where C, is the sound speed of the shocked
gas (C{ =yp,/p,). Fory=5/3, ¥, =045 C,.

To determine if the shock and preshock flow is indeed
spherically symmetric, we suppose the external gas pres-
sure to be of the form p, «a;R™™ +a,Z™ ", with a,,
a,, and m given constants. Since p & r~ 2" for the pre-

" shock flow and the pressure ratio across the shock is

p1/p«r®¥~ Y we can calculate the distance in each
direction at which pressure balance of the shocked and
external gas is achieved. Consequently, we find a mea-
sure of the departure from sphericity as the shock axial
ratio:

" a, 1/(2=m)
r - ( a, ) ‘ )

Now, at the center of a potential well of a flat-bot-
tomed potential, m will be close to zero, and so an axial
pressure ratio in the surrounding cloud of R,/Z, [ie.,
Pm(r=R;,Z=0)=p,(R=0,Z=2Z,)], results in a
shock axial ratio of r,/r,=(Z,/R))™* ™ ~1. In a
gas cloud supported gravitationally by an extended mass
distribution, such as proposed by Blandford and Rees
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(1974), such flat-bottomed potentials are obtained. In
this case the shock wave can be taken as spherically
symmetric. This is in agreement with the computational
results of Norman et al. (1981). Obviously, through these
calculations we can only estimate the nature of the flow.
We have implicitly assumed that a steady flow exists
and that there is an outlet for the hot gas. Norman ez al.
(1981) have demonstrated that quasi-steady flows exist
and the hot gas is removed from the central cavity
through jets or fluid dynamic instabilities. (Here, we
have assumed a steady flow out to a stationary shock
front and then attempt to calculate the fate of the
shocked gas. In reality the flow near r, is highly variable.
These variations are assumed to be smoothed out by
r=r,)

We can now see that in some circumstances the
scenario presented above will be invalid. If we consider
a rotationally flattened gas cloud supported thermally
against the gravitational field of a point mass at its
center, then the initial expansion is nonspherical since m
is large. Furthermore, if we consider the gas cloud to be
adiabatic such that p, « p” throughout, then p,, & r™"
where m=vy/(y—1). Then for y<2, m>2, and a
stationary shock cannot form. This is caused by the
dynamic pressure of the supersonic gas, pv? &« r~2, not
being able to come into equilibrium with the gas cloud
at any radius. Many possible contributing processes
arise when we attempt to apply the model to galactic
nuclei, e.g. radiation pressure. Thus, we are not propos-
ing to abandon the point-mass potential since some of
these processes may significantly modify the pressure
distribution in the gas cloud. Blandford and Rees (1974)
noted that the cavity is also more likely to be stable to
homologous perturbations for n < 2.

¢) Postshock Flow

The rate of mass and energy flow from the shock
front surface of radius r, are

M =anripV,, (6)
(y+1)°
L= Lo, ™)

where V?=[(y—1)/2]p,/p,. This subsonic hot gas
inflates a cavity within the denser gas cloud. The inter-
face is (Rayleigh-Taylor) unstable since gravity acts to
push the denser gas into the cavity.

When is the Rayleigh-Taylor instability capable of
removing the cavity gas? If the gas cloud were spherical,
then the cavity of hot gas would grow in size until the
instability is sufficient to remove hot gas from the cavity
at the rate at which it is being injected. The structural
effect of this instability is clearly shown in numerical
simulations—the heavy fluid displaces the light fluid by
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cutting under the wall and so releasing a bubble of light
fluid. Although segments of light fluid are chopped off,
the heavy fluid remains intact. The fragmentation time
calculated by Blake (1972) is tgr ~ (2d/1,)"/*(r./C,),
where d is the size of the fragment, r, is the cavity radius,
and C, is the sound speed in the gas cloud. This leads us
to a maximum rate at which mass can be released in the
form of bubbles, My ~ m/6r2p,C,. By comparison with
equation (6), we obtain an average radius for the quasi-
steady flow of r.~3.3 r,(C,/C,)'/?, where C, is the
sound speed in the hot gas (y = 5/3). If the cavity were
smaller, then the mass injection would be greater than
the mass ejection and the radius would increase, and
vice versa. From this we also calculate the time a fluid
element will spend in the cavity to be 7, ~ r’/3r}V,.

A second gas escape route can be found if the cloud is
not spherical. The numerical simulations (Norman et al.
1981) have shown that a 2:1 axial pressure ratio results
in the fluid being accelerated out along the axis of
greatest pressure gradient, before it can be consumed by
the Rayleigh-Taylor instability. Nonsphericity intro-
duces two effects on the hot gas—nonspherical accelera-
tion and a change in the cavity shape. First, consider a
gas cloud with a small eccentricity, e.g., /, = n/;, where
Pn(1,0)=p,(0,1,) and n <. If p,xr ™, then we
have introduced a pressure gradient along the interface
of ~m(1—n)p,/!,. This leads to an acceleration time
scale, 7,, given by

1B

P SR S 8
«“m(i-n) 2 ®
and so
2
i - 1 P1
fa) Zpp-2——_P1 9
()~ iy o ©)

Taking 7 =0.9, p, = 0.1 p,, then ¢, < ¢, for m > 0.01.
Hence, even for small eccentricities in the surrounding
cloud, it would appear that in most circumstances the
flow will be accelerated out in the direction of
the greatest pressure gradient (taken to be the z-axis).
The above analysis is a rough indication of the effect,
since /, is in reality determined by the smaller of the two
time scales.

d) The Nozzle

The stability of the cavity will be further discussed in
§ IV. We conclude that the hot gas will flow out along
the positive and negative z-axis rather than escape
through the cavity walls. The exact steady light fluid-gas
cloud configuration is then the “twin exhaust” picture,
described in its one-dimensional form by Blandford and
Rees (1974); the hot gas is forced through two nozzles
before expanding out of the central region in the form
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of two jets. This steady flow is only one possible result-
ing flow and is shown in Figure 1.

At the nozzle (minimum jet cross-sectional area) the
flow is transonic (see Courant and Friedrichs 1948 for a
complete discussion). Applying mass and energy con-
servation the nozzle radius, r,, and pressure, p,, are

found to be
, 2y \ VDY 1\ (10)
y+1 y+1

—_—
= s
—
[¥)
I

and

v/ ly=1)
%=(72+71) ' (1)

For y=5/3, r,=1.18 r, and p,, = 0.57 p,. The nozzle
radius is slightly larger than the central shock front
radius as first recognized by R. D. Blandford (private
communication) and Rees (1976). Here we have as-
sumed a constant pressure across the nozzle, corre-
sponding to a one-dimensional flow. A large pressure
gradient across the nozzle can occur (see § III). Further-
more we have assumed the same Bernoulli constant to
apply to each fluid element and the interface between
the fluids to be a sharp boundary across which the
pressure is continuous. These simplifying assumptions
have been corroborated through the numerical work of
Norman et al. (1981).

The nozzle height, /, is approximately given by the
external pressure scale height. To completely specify the
cavity dimensions we proceed to find a relation between
r, and /. The jets’ luminosity can be written

+1

We can also form a quantity with the dimensions of
luminosity from the parameters describing the gas cloud,
L,,= p,C,I*. Then

L y+1(pg\' 1 1\?
1“"1’?7?_1( ] (T)’ (13)

m pﬂ

where p, /p, is the density ratio between the jet and
cloud (for simplicity we take a specific heat ratio ~ 1 for
the cloud). In this terminology, the dimensionless
luminosity is given by the density and r, /1 ratios. These
two ratios will be of great significance in the stability
analysis of the following sections. Since the ratio r, /r| is
specified we are able to estimate the response of the
central source to changes in the environment. Conse-
quently, we hope to determine the range of L;/L,, for
which jets are stable.
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III. NOZZLE STABILITY

It has long been thought that instabilities at the
nozzle have the potential to destroy the jet flow (Scheuer
1974; Turland and Scheuer 1976; Blandford and Pringle
1976; Blandford 1978). This is a consequence of the
one-dimensional approximations made previously, re-
sulting in a long thin nozzle along which instabilities can
be very disruptive. Here we examine the most serious
fluid dynamic instability that acts across on interface
separating fluids in relative motion. This is the Kelvin-
Helmbholtz instability and is here applied to the jet-gas
cloud interface at the nozzle.

First, we shall demonstrate the disruptive ability of
the instability by taking the incompressible fluid phase
speed, V,, and growth rate, T', for a small sinusoidal
disturbance of frequency w and wavenumber k propa-
gating on the interface at an angle ¢ to the flow direc-
tion in the jet (e.g., Blake 1972):

Pn

VP:p s V,cosé, (14)
n T Pg

(papy)"””
r-——rg%ﬂm&}. (15)

The time elapsed, Tyy, before the wave enters the
nonlinear region, with amplitude 1/k, is dependent on
the amplitude of the initial disturbance. Since the growth
rate is exponential, we can take Ty ~ 3/T. Similarly,
the relevant convection scale length is the height through
which the nozzle remains relatively thin, here taken as
~ 1. Using equations (14) and (15) we obtain the ratio

3 (p, 2\
TKH/“'C‘”'z';(p_g) T’ (16)

where 7. = [ /V, is the disturbance convection time, and
wavelength A = 27 /k. Since p, < p,, we have Tgy <1,
and we cannot resort to convection as a stabilizing
influence. For simplicity, the instability rates analyzed
in this section are those occurring on a plane interface
ignoring the cylindrical nature of the problem. These
results are accurate for small wavelength disturbances,
for which the growth rate is largest.

We shall follow the discussion of the nonlinear stage
of the instability given by Blake (1972), i.e. a boundary
layer of increasing thickness moves into the jet with
velocity

(o)

14
Pt pg

V. (17)

The jet will then be cut off in a time estimated to be
r,/V, and a bubble of hot gas is disconnected from the
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central source. In this manner a series of bubbles is
formed. (These are not the bubbles attained by Gull and
Northover 1973 for which buoyant hot gas is chopped
off through long wavelength Rayleigh-Taylor instability
modes in the central cavity.)

In the numerical simulations of Wiita (1978b) and
Norman et al. (1981) the bubbles only result for small
luminosities corresponding to small nozzle radii in the
steady jet solution, equation (13). Hence, we believe the
above analysis to be incomplete and we shall go on to
consider the effects of (1) compressibility, (2) pressure
gradients across the nozzle (§ IV), and (3) the extraction
of momentum from the jet.

We shall now consider the compressible fluid disper-
sion relation and derive relevant growth rates to com-
pare with the incompressible case discussed above. While
the finite sound speed tends to stabilize the jet just after
the nozzle, we shall see that at the nozzle itself growth
rates are enhanced. We again investigate the plane inter-

face problem (cylindrically symmetric jets have been.

investigated by Ferrari, Trussoni, and Zaninetti 1978
and Hardee 1979). The dispersion relation in its simplest
form for compressible fluids is given by Pai (1954):

0 0,

71(1‘012) =_Yz(1_'°22)’ (1)

where the suffixes 1 and 2 are used in this scenario to
refer to the jet and gas cloud, respectively, and

2
0351—("’?;}‘) =1-M2,  (19)
2 w 2__ 2
(1251-' -I-CE; =1—M2. (lgb)

Here, k, = kcos ¢, where ¢ is the angle between k and
V,. Here we shall take both fluids to be nonrelativistic
with y, = v, = 5/3. Unequal ratios of specific heat ratios
have been discussed by Blandford and Pringle (1976) for
certain limiting cases.

From equation (18) we can derive a condition for
stability (Fejer and Miles 1963):

1+ (%)m]w. (20)

Consequently, at the nozzle (V; = C,) the flow is unsta-
ble, although the flow parameters are close to the stabil-
ity regime. We shall look for solutions to equation (18)
at the nozzle to determine how the growth rate and
phase speed are effected.

V,
M cosd = F‘oosq: >
1
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F1G. 2.—The phase speed Re(x) (in units of C,) and the
growth rate Im(x) (in units of kC,) for Kelvin-Helmholtz instabil-
ity at the nozzle are given as a function of density ratio.

Writing x=w/kC,, g=cos¢, and y=p,/p,=
C}/C3, we obtain

x4 —2qx%y + [(q2- 1)y- l]x2+2qx-—q2= 0.
(21)

The root corresponding to the unstable Kelvin-Helm-
holtz mode is easily found after g and y are specified. In
Figure 2 the phase speed (in units of C,) and growth
rate (in units of kC,) is given as a function of the
density ratio. Figure 3 demonstrates the variation in the
growth rate for various values of ¢.

From equation (18) we find that, as p, /p, = o0 and
with ¢ =0,

_‘*’_z2—4x3(1+iﬁ)(ﬁ)l/3(ﬂ)u3 @2)
kC, - Y2 p2)
Hence, the presumption made above of y, = y, provides
a good estimate to the instability at the nozzle.

An interesting example to take is y = 4, correspond-
ing to the density ratio at the nozzle in the hydrody-
namic model (Norman et al. 1981). We note that the
simulations were cylindrically symmetric and so give
modes with ¢ =0, and that they result in toroidal
“blobs” that break off from the interface and are then
accelerated by the jet. Equation (21) has the two com-
plex roots

w .
e, ~0.03£032i. (23)
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Q5

Im(x) , Re(x)

F16. 3.—The same quantities as Fig. 2 plotted vs. the angle ¢
between the flow speed and the wave vector for various values of
density ratio.

This is in reasonable agreement with the initial phase
speed of the blobs in the numerical model of ~1/3C,.
Consequently, the numerically determined instability
appears to closely resemble the nature of a more general
type of disturbance.

We conclude that the growth rates are not signifi-
cantly changed from the incompressible values; how-
ever, some interesting results are apparent. Despite the
proximity to the critical Mach number M, growth rates
are enhanced. Small wavelength modes grow fastest and
become nonlinear in a time ~ 0(1/w) in which the
disturbance has moved a distance ~ 0(q/k) along the
jet, with little dependence on the density ratio. Here we
take the view that the small wavelength perturbations
dominate to the point of saturating the surface and
inhibiting the growth of large scale disturbances (this
will justify the use of the plane flow approximation to
the cylindrical flow). This conforms to the numerical
calculations where it was demonstrated that the surface
at the nozzle becomes ragged and blobs are released on
the minimum scale admitted by the grid size.

The maintenance of the jet will depend on the capa-
bility of the instability to extract momentum therefrom.
If the jet thrust is large enough, then the instability is
unlikely to bring the whole jet to a halt, whereas if the
nozzle region is long and thin, then the vortex boundary
layer can destroy the jet flow. We calculate the effect in
the following simplified manner. A growing disturbance
of wavelength A will extract momentum ~ w/48pglfa?\3
from the jet in a time ~ (3A /2#V,)[1/Im(x)]. Since
there is space for ~ 8r,//m\* such disturbances, the
total momentum absorbed by the gas cloud per unit
time is ~ Re(x)XIm(x)(pg/p, X1l /m)p, V2.
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The momentum flow rate (thrust) of a jetis ~ wrr,fquz.
Comparison of the two forces yields a critical nozzle
radius such that the jet is maintained for

K, F,

As an example we take m = 0.7 and the solution to the
dispersion relation for p, = 4p;. We obtain . =0.18/, a
critical radius that agrees with the numerical simulations
of Norman et al. (1981).

The minimum radius is dependent on the density
ratio and takes on values between 0.07/m and 0.15/m
for density ratios between 1 and 10. For higher density
ratios the nozzle radius becomes comparable with the
nozzle height. That is, higher external densities are more
efficient in nozzle degeneration.

We conclude that long thin nozzles such as previously
proposed (e.g., Blandford and Rees 1974) are, in gen-
eral, unstable. For p; > 0.1p,, we expect to be able to
maintain the jet for » = 0.1/ provided m is not close to
zero. That is, short stubby nozzle geometries are stable.
Substituting equation (24) into equation (13) we obtain
the minimum double jet luminosity, L ;.

S-S G retosamor ()

(25)

L, is dependent upon the parameters describing the
gas cloud and the density ratio across the nozzle. Conse-
quently the form of equation (25) is particularly useful
for applications.

IV. JET CHOKING

a) Rayleigh-Taylor Instability

The remaining stability problem needing attention is
that of the central cavity. Here we have a hot gas in a
cavity, supporting surrounding cooler and denser gas. In
such a situation the cavity walls are unstable with the
gravitational acceleration, g, forcing cool gas into the
cavity. This is the Rayleigh-Taylor instability which can
also be combined with the Kelvin-Helmholtz instability
if there is a relative flow across the cavity wall. The
dispersion relation (Blake 1972) leads to a fragmenta-
tion time

1/2
S 2mp,(py + p2)! / anil
RT
EPI(F'Z_.‘JH)*"‘?C}2
2
(Iﬂ)z~l P (Vlcow) i (26)
) Epi-pi\ G

Vol. 264

Here, we have related g to the gas cloud parameters by
g=C;/1=£(p;C?/p,l). Then, for £ ~ 1, the gas cloud is
thermally supported against gravity (if £ <1 the gas is
not bound to the cavity region unless other physical
processes are effectively containing the gas cloud. If
£>1 then the gas cloud must be supported against
gravity by some further mechanism). Here, g = GM(/)/
12, where M(I) is the total mass (of gas and compact
objects) within a sphere of radius /. We have also taken
¢ = 0, corresponding to gravitational acceleration per-
pendicular to the cavity wall.

From equation (26) we deduce that the Rayleigh-
Taylor instability is dominant for large scale dis-
turbances where V2 < Ck. Thus, large chunks of slow
moving hot gas can be released into the major plane of
the flattened gas cloud before being convected away
from the plane. This is seen in the numerical simulations
of Norman et al. (1981), where we can also see how the
instability proceeds in the nonlinear regime: the heavy
fluid displaces the light fluid by “cutting under” the
wall so as to chop off a cloud of hot gas (see § VI).
Small scale disturbances grow most effectively through
the Kelvin-Helmholtz instability. As these disturbances
grow, they are also convected towards the nozzle. Since
convention has already been shown to be ineffective, the
maximum amount of hot gas that can be released through
the walls by these instabilities is O(p,C,r./) per unit
time, where r, represents an average cavity radius. This
is a fraction O(r.IC,/r}C;) of the mass flow rate. Thus
the efficiency of mass transfer will largely depend on the
cavity radius. The exact cavity shape and the response
of the inner shock front to external disturbances must
be determined for an accurate analysis. The second
factor is complex and will not be considered here, since
no obvious effect of this kind is apparent from the
numerical simulations.

b) Cavity Structure

An average cavity radius, r,, can be obtained if we
simplify the flow within the cavity. While the instability
is not destructive, we shall demonstrate that the overall
flow pattern is not in equilibrium as r, /1 — 0(1).

The cavity volume, ~ 272/, can be divided into two
parts (see Fig. 1), one being the volume, 4 /37r;, within
the central shock. If p is the average density within the
subsonic region, then

,6(2‘3:‘3!—4/371’!‘?) =2arlp,V,t, 27

where the right-hand side is the mass contained in the
subsonic region determined by the average time, 7, a gas
element requires to reach the nozzle from the shock
front. We can take p, ~ 0.9p, r, ~ 1.18r,, and we find

t~ |[{(1—1/2.1~,)2
+|/2[(r3+3/4r12)"’2—r,,]z}mﬂff—', (28)
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where ¥ ~1/2(V,+V,)~ 0.63V,. The first term for ¢
inside the brackets is the average distance traveled along
the z-axis, and the second term is an average distance
traveled perpendicular to the z-axis. This yields 1.7 <
(r./r)*<19for0<r,/I<1,and the mass lost through
the cavity boundary is small. The result obtained here,
that r. is roughly proportional to r;, is in concurrence
with the numerical simulations. Finite speed of sound
effects when r,=0(/) and mass loss through the
Rayleigh-Taylor instability are contributing factors that
have not been taken into account.

The most significant factor to appear here is the
change in the nature of the flow when the cavity-nozzle
structure becomes stumplike. As r, = 0(/) the pressure
difference across the nozzle becomes equal to the pres-
sure difference between the nozzle and central shock.
The flow is then no longer of the de Laval nozzle form
and, as will now be shown, cannot be in equilibrium.
For a stationary flow, the pressure gradient perpendicu-
lar to the symmetry axis must balance the centrifugal
force of the flow through the nozzle. The latter force,
p,V:2/R, is determined by the radius of curvature, R, of
the nozzle walls (in a plane containing the z-axis). Given
the radius r, at a distance 1/2/ from the nozzle, R ~
1/81[1/(r.— r)+1/2(r.—r,). We thus estimate that
for r, ~ 0.7/ the nozzle pressure on the z-axis will be
~ p,, the central shock pressure. Therefore, additional
flow toward the nozzle is stopped, bloating out the
central cavity. Continued outflow through the nozzles
only intensifies the nonequilibrium situation. Finally,
when a nozzle radius small enough to be supported by a
small pressure difference (but high gradient) is reached,
the nozzle is Kelvin-Helmholtz unstable. The conclusion
is that recurrent nozzle choking will take place with
large clouds of slow-moving light gas being ejected along
the symmetry axis between choking. The cavity radius
also oscillates (see § VIII); when the nozzle is choked
and the cavity expands, a number of smaller clouds will
be released in all directions through the Rayleigh-Taylor
instability. From Equation (15), the maximum twin jet
luminosity, corresponding to r, < 0.7/, is

Loy y+1[Pge 72
L,,, ”05ﬁ7ﬁ(p—n) . (29)

The implications of the existence of an upper limit will
be explored in § VL

V. INTERPRETATION

In previous sections we have probed cavity-jet struc-
tures and obtained upper and lower limits on the
power of a central source for which jets can be sus-
tained. Consistency with numerical simulations has been
achieved. The analytical formalism now leads us to a
deeper understanding and detailed interpretation of the
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results. In this section diverse problems that must
precede direct astrophysical applications are discussed.

a) Eccentricity

The eccentricity of the gas cloud leads to a nonspheri-
cal central shock within the cavity of hot gas. In § II we
determined that this is important for high eccentricities
in which the pressure decreases with radius as a power
law with index m > 1. A further complication with such
clouds is the lack of a clearly defined scale height, %, to
which the nozzle height, /, can be related. The nature of
these difficulties is brought out by first considering a
cloud in which thermal pressure supports the gravita-
tional attraction of a uniform stellar distribution. Such
clouds, reviewed by Wiita (1978a), can derive their
eccentricity through either an oblate spheroidal poten-
tial or rotation. Here, a well-defined scale height is given
by h* =kT/nGp,m »» where T is the cloud temperature
and p, is the stellar mass density. This leads to a
flat-bottomed pressure distribution almost indis-
tinguishable within the cavity from that utilized in the
numerical simulations of Norman et al. (1981):

P(R,Z)=pyexp [(— 4,R* - 4,2%) /(2h*)] (30)

with 24, + A; =2, and the cloud eccentricity e?=1—
A,/A,. Using this pressure, simple calculations gives
deviations from spherical symmetry of Z,/r, ~1-1.42
for a cloud with a 2:1 axial pressure ratio. The ratio
increases with cavity size and corresponds closely to that
measured from the numerical simulations 1-1.33. Thus
the approximate sphericity assumed in previous sections
is a reasonable estimate for our purposes.

b) Luminosity Range

Given the cloud, the values of the parameters of the
central engine then characterize the flow completely.
The high pressure gas released from this source may
come into equilibrium with the gas cloud within the
flat-bottomed region of the Gaussian distribution, i.e.,
P~ Po- As the central pressure is increased, however,
this does not remain true, and we must determine the
distance at which pressure balance is achieved. Conse-
quently, the nozzle height / is not fixed. Hence, to
determine a luminosity range, we make use of the fixed
scale height & to define a dimensionless luminosity by
£ = L/(P,Cyh?), where C, is the central gas sound
speed. The nozzle height and L /Lm are related to h and
£ by the cloud eccentricity and cavity size.

As an example, we shall fix the sound speed of gas
ejected from a central engine of fixed radius, i.e., p, /p,
is constant, but allow its power to take all values. It
follows that C, is a constant and the nature of the
flow—either jets, clouds, or bubbles—is determined by
L, C,/C,, and e through equations (25), (29), and (30).
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F1G. 4.—The three regimes of the global hydrodynamic behav-
ior are separated out by plotting the luminosity vs. the sound speed
ratio.

In this manner we have obtained Figure 4 for e = 0.87,
and Figure 5 for C, /C,=10. We have plotted £C, /C,
to provide a simpler visual representation.

Figure 4 demonstrates a remarkable result. If the
sound speed of the hot gas is greater than 30 times the
sound speed of the confining cloud, it is impossible to
form jets! This corresponds to a cloud-to-cavity density
ratio of greater than 10°. Furthermore, for buoyancy
forces to be present, the cloud must be the denser, i.e.
C,> C,. Since the dynamics of the cloud become of
importance for C, < 2C,, we have limited our results to
C, > 2C,. The main conclusion to be drawn from Figure
4 is that jet luminosity ranges of greater than one

12

10

Z/10

F1G. 5.—The luminosity ranges as determined by the eccentric-
ity e of the confining cloud.

Vol. 264

magnitude occur only for C, < 5.5C,, or cloud-to-cavity
density ratios < 30.

Eccentricity has little effect on the luminosity range.
Higher eccentricities lead to lower luminosities, due to
the decrease in the pressure scale height along the jet
axis. As expected, these results are distinct from those
obtained by Wiita (1978b), where a relativistic gas was
considered, and many simplifying assumptions were
made. However, they are in rough agreement with the
more sophisticated numerical results (Norman et al.
1981). Corresponding to p, ~ Sp,, their maximum jet
luminosity is a factor of 2 greater, and the minimum is a
factor of 4 greater. These factors are insignificant, con-
sidering the methods employed, and the limitation to
axisymmetric disturbances in the numerical study.

VI. ASTROPHYSICAL IMPLICATIONS

We shall now convert our results into forms useful for
application to radio galaxies. We will confine ourselves
to nonrelativistic jets formed in a flat-bottomed poten-
tial well. The constraints on quasars and other sources
requiring relativistic motions will be analyzed elsewhere.

a) Mass of Galactic Nucleus

First, we relate the cloud sound speed to the total
mass M, contained within a radius 4 by £ ng =GM,/h.
By also using p, = yp,Cg = (3v/4mh*)M,C;, where M,
is the mass of the gas cloud within a radius A, the jet
luminosity maximum can be written

(romam ) o 52 ) [ 5  r)
10% ergss™! 3G M, 10°kms~' /"’

(31
the jet luminosity minimum is
L. C 1/3 IOTM
— _1=0‘07§(—‘-) £
10 ergs s 3G M,
G\
x(lo“kms")’ (32)

and the cloud radius (presuming an eccentricity e = 0) is

( h )=o‘7s—' M, ( S )_2.
0.01 pc 10°Mg J\ 10* km s™!

(33)

We have used numbers that may correspond to a power-
ful radio galaxy such as Cygnus A. Thus, jet luminosities
are critically dependent on M, /M, and C,, or M, /M,,
M,, and h. For the more typical radio galaxy the central
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cloud may be much more extensive, in which case we
can use

( L ax ) 10&( C,) 10°M,
104 ergs s ™! 3G

M,
( - ) (34)

( logpc ) =0k I( 105:34@ )( 10° ki s )_2'
(35)

Besides observational limits on h, a second cloud
constraint is derived from the free-free electron emission
process in the X-ray range. This was first considered by
Blandford and Rees (1974) in the original relativistic
thin jet model that required /> 2r. > 10r,. For Cygnus
A, a jet luminosity of > 104 ergs s~ ! is required, and an
upper limit to the X-rays is ~2x10* ergs s~'. They
proposed / <100 pe, T, ~3x10% K and M, ~10* M,

3, thus satisfying the further constraint of a stellar
mass <10 M, within this distance of the center of
giant ellipticals. Later, Wiita (1978a) used VLBI results
that indicated a nucleus of at most a few parsecs to
demonstrate that a consistent set of parameters is: A =
0.96 pc, T, ~21x10° K, py~0.16 dyn cm~2, and
masses are M, ~ 5.2X 10° M, and M, ~ 23X 10* Mo,

We can now see the advantages of the cavity and
nozzle structures developed in this paper. Taking these
parameters (£ =1.1) and a cavity sound speed C, ~ 5C,
~ 0.1C (i.e., relativistic corrections can be ignored), a
wide luminosity range is obtained: L, =8.6x10%
ergss 'and L, =1.1x10*7 ergs s~ .

A full interpretation of these results for sources with
jets will be discussed by Smith er al. (1981). Here we
shall concentrate on the optically thin model for Cygnus
A, since this is one of the most powerful and well
observed radio galaxies. A consistent set of parameters
are: M,~10°-10" My, M, ~102-10* My, Cy~ (6X
10%)-10*km s~ ', and (M) ~ 10-30 M, yr~'. This gives
a central pressure of Py~ 1-10 dyn cm~? and indicates
that the thermal gas energetically dominates within 1 pc
(see Kafatos 1978). The latest VLBI maps show that a
jet on this scale exists (Linfield 1981).

b) The Power-Temperature Relation

One of the most interesting results to explore is the
high dependence of the jet power on the temperature of
the central cloud. Although there is great uncertainty in
the mass ratio M, /M,, a dominant relation of the form
L & T%/% may be indirectly observable. This is deduced
from the several orders of magnitude (between 10 and
10*% ergs s~') in radiated power from extended sources.
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Here this range is explained by a relatively small range
in central temperatures of between 10° and 10° K. If
this is so, then we can look for ways in which the
relationship would be observed.

A correlation between monochromatic radio luminos-
ity and the optical magnitude of the underlying galaxy
was found by Auriemma et al. (1977) for radio galaxies.
While the extended radio luminosity will undoubtedly
be related to the jet power, it is difficult to conceive a
relationship between the optical magnitude on the scale
of tens of kiloparsecs and the central cloud temperature
on the scale of less than a parsec. However, the underly-
ing galaxy can influence the central engine if it mediates
in the supply of fuel. This extra factor will be dealt with
in a later paper.

The extended radio power, P,, of radio quasars ap-
pears to be related to the core radio power, P.. The
suggested relation is P, o P? (Miley 1980). A similar
type of relation probably exists for radio galaxies (Miley
1980). The weakness of core components inhibits a more
definite statement, and, moreover, since at least two
types of core exist, the meaning of any relationship is
complex. The above relationships are consistent with the
fluid jet model if the core radio power is positively
correlated with the central cloud temperature as would
indeed be expected. This, of course, assumes that the
extended radio emission is positively correlated with the
power entering the extended lobes through the jets.

c¢) A Schematic Picture

Finally, we shall relate the central sound speed, C,, to
the width of emission lines in the various extragalactic
objects. In the simplest manner, we shall equate C, with
the mean velocity derived by assuming the emission
lines are produced by a large number of filaments. This
would be reasonable for a number of models of nuclei,
such as free fall of filaments close to the central cloud or
constant velocity outflow that was preceded by accelera-
tion within the central cloud to ~ C,. One needs to
ensure that the emission spectra observed are from the
compact component rather than from an extended dis-
tribution of filaments. Thus, it is usually the broad lines
that are relevant since the narrow lines are produced
from a much larger region (Heckman et al. 1981).

In sources with jets or where jets are predicted, fur-
ther information on C, can be deduced. Thus, in a
number of weak radio galaxy jets a velocity of 10°—(3 X
10%) km s~ ' is estimated. Hence we expect C,~ 10°
km s~ !. In quasars with superluminal motions, a relativ-
istic sound speed is necessary in most interpretations. A
schematic picture is outlined in Figure 6. We have taken
¢=1, C,=3C,, and M, =10"°M,, the latter being a
hand-waving assumption. Different values of M,/M,,
however, will push the jet band up or down the Cy-axis
only as (M,/M,)'/*. In the diagram we have tentatively
assigned regions for each type of object. The diagram
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F1G. 6.—A schematic classification of active galactic nuclei suggested by our investigation

was inspired by a need for a new outlook on powerful
galactic nuclei and is based on limited evidence. Notice
that sources with jets overlap the jet band but are not
wholly contained within. We expect nuclei to evolve
across the diagram spending only a small fraction of its
time ejecting material through jets. Consequently, the
absence of observed jets in the majority of sources may
be partially due to this effect.

We have isolated a single parameter—(,. As to
whether a source actually is jetting is dependent on the
fueling and the nature of the central source. Both these
factors may be physically related to C;, making any
simple interpretation impossible.

Is it possible to place other active nuclei on this
diagram? To do so, we must generalize the jet power to
the power ejected from the central engine, L,. Then
presume L, is of the same order of magnitude as the
total power emitted over all energy bands. We note that
these sources lie in the bubble region. For sources lying
close to the jet band, we expect the ejection of large
bubbles of hot gas (see § VII).

No nuclei have been placed in the cloud (Rayleigh-
Taylor unstable) region. We suggest that highly active
central engines are efficient at heating the central cloud,
thus tending to keep them above the jet-band. Source
evolution from the left-hand side to the right-hand side
of the diagram and back again would produce the same
effect: any source in the cloud region would possess
extended components.

We see no objections to this picture that cannot be
overcome through combinations of evolution across the
diagram, changes in M,/M,, etc. We leave the inter-
ested reader to determine the positions of more complex

sources. Seyfert galaxies are very similar to quasars in
emission spectra, and they are very similar to radio
galaxies in power (giving them a unique position in the
figure). It then follows that they lie well away from the
jet band and resolves the fact that they do not have
extended structure. Quasars seem to fall into two classes,
types I and II (Ku, Helfand, and Lucy 1980). Type I
quasars are radio quiet with highly luminous cores, like
Seyferts galaxies, but more powerful. Type II quasars,
only 10% of all quasars, often have extended radio lobes
(Miley and Hartsuijker 1978). Our scheme allows for a
natural separation of these types (see Fig. 6). While this
picture is difficult to test rigourously, no obvious con-
tradiction is apparent when compared to galactic nuclei.

VII. BUBBLES

A lower limit to jet powers was obtained in § III.
Below the limit the nozzle is unstable. We expect a
bubble to be released on the nozzle collapse time scale.
After one collapse, the nozzle quickly reforms, since
cavity gas is continuously accelerated towards the noz-
zle. Thus light gas generated by the central engine is
carried out of the central cloud in a number of bubbles.
Comparison of time scales in § II demonstrated that this
sequence will occur as opposed to the cavity bloating
out when the nozzle escape route is blocked and is
consistent with numerical work done by Wiita (19785)
and Norman et al. (1981). As we shall now see, however,
theoretical considerations lead us to expect vastly differ-
ent emerging structures than obtained through the
numerical simulations.

The disruptive force, F, and the thrust, F, on the
nozzle were derived in § III. For r, < ry;, (or L < L_;),
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F> F;. Replacing //n by the length /' of the growing
nozzle, we then see that Fa/’ and F— F, as I'= 1,
where [ <1 /n if r, < r,,,. Hence the flow is completely
disrupted beyond /. Before the nozzle has developed this
far, the leading edge advances with a speed v, ~
(p,/p,)"?v, along the symmetry axis. By the time the
leading edge reaches 7, the mass 7r2p,v,(I/v,) escapes
into a bubble. A similar excess of light gas around the
symmetry axis during the formation of jets is seen in the
numerical simulations. The leading edge of the bubble
can be moving supersonically as first shown by Wiita
(1978b). However the dense gas rapidly decelerates it to
a subsonic terminal speed ~ (r,g)'/?, where g is the
gravitational acceleration (Gull and Northover 1973).

More large bubbles will not be released because the
nozzle has been evacuated. Cavity gas continues to be
ejected and to be claimed by the Kelvin-Helmholtz
instability at or before /. Small scale bubbles ( < r,,) will
be released. The physical processes are radically differ-
ent from those involved in blowing gas bubbles in
liquids where viscous forces dominate over surface insta-
bilities. Moreover, there is a basic difference between
this result and numerical results that rely upon cylindri-
cal symmetry (Wiita 1978b6; Norman et al. 1981). The
latter leads to the continual release of bubbles of radius
~ r, since only toroidal perturbations on the surface are
allowed. We note that the overall effect of the instability
on a jet is independent of wavelength, and so the
minimum jet luminosity determined in § III was close
to that obtained by sophisticated numerical methods
(Norman ef al. 1981).

VIII. CLOUDS

Above the critical luminosity calculated in § IV, the
cavity bloats out and light gas is released in all direc-
tions through the Rayleigh-Taylor instability. This stage
is reached after the inevitable collapse of the wide nozzle
(Norman et al. 1981, Fig. 5) that leads to the ejection of
a large cloud along the symmetry axis. The mass of the
cloud is estimated to be ~ 1.27r.p,(p,/p,)"/?, occupy-
ing a volume greater than the central dense gas cloud.
Then smaller clouds are released through the cavity
walls. If the mass lost through these lower wavelength
Rayleigh-Taylor modes balances the mass ¢jected from
the central shock, then the nozzle does not reform, i.e.
saturation by these fast growing modes stops the longest
wavelength mode from growing. Nozzle formation takes
place when the longest wavelength mode can grow. By
comparing the time scales derived from these processes
in §§ II and IV, we find that the nozzle will indeed
reform. The mass that can be released through small
clouds is a fraction ~ 0.3(p,/p,)"/® of the total mass
flow rate.

The large clouds released along the symmetry
axis correspond to the clouds proposed by Gull and
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Northover (1973). Instead of leading to extended sources,
we believe the clouds to be related to flux variations in
compact radio sources. Such variations are well ex-
plained by an expanding “plasmon” model (Pacholczyk
1977 and references therein); the “plasmons” are here
interpreted as clouds released from the cavity surround-
ing the central engine. The physical mechanism—an
instability—implies that the clouds are not released
periodically, but on a time scale given only by order of
magnitude. This is consistent with observations. It ap-
pears that, occasionally, a source can release several
plasmons almost simultaneously (Macleod, Andrew, and
Medd 1971). These outbursts could correspond to the
isotropic ejection of smaller clouds, intensified by the
cavity bloating out further than usual. The interpre-
tation of superluminal sources will require a relativistic
version of this model to be developed. The continued
high radio flux that follows the increase in emission and
the ejection of a radio component (Cohen et al. 1977)
calls for such a model. Here, an increase in power of the
central engine can push a quasar into the cloud region
of the L-C, diagram.

The lack of a class of objects permanently in the
cloud region requires explanation. One possibility is that
the increase in luminosity stops the fuel supply to the
central engine. For instance, the small clouds can heat
the central cloud gas, thus inhibiting the infall of dense
filaments toward the engine.

We must also explain the lack of powerful compact
radio cores within radio sources, associated with ellipti-
cal galaxies. Why are powerful radio sources associated
with giant ellipticals invariably extended? We shall here
attempt to answer this in terms of mass accretion from
the dense central cloud. Mass accretes at the rate
~ M, /1, through cooling in the cloud, where ¢, is the
bremsstrahlung cooling time scale. This gives an infall
speed §C,, say. This accretion rate then is the maximum
mass outflow rate from the central engine. This condi-
tion yields 4(r,/1)*(C,/C,)<¢. Consequently, when
r,~0.7l, ¢>%(C,/C,), requiring high radial infall
speeds. If no quasisteady cavity flows can exist under
such circumstances (we also note that the central cloud
must rapidly replace the infalling gas), then we have an
answer: in ellipticals, gas accretes directly from the
dense cloud, and compact radio components of high
power cannot form because of the high infall speeds
required. In spiral type galaxies, we suggest that the fuel
supply is from very dense and small gas clouds em-
bedded within the central cloud. In this case we have a
powerful energy supply for the compact source. Sup-
porting evidence comes from optical spectra. Grandi
and Osterbrock (1978) have shown that most broad-line
radio galaxies are N galaxies, whereas most narrow-line
radio galaxies are ellipticals. Thus N galaxies contain
very dense clouds with virial speeds that place them
close to the central cloud. In ellipticals, they appear to
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be missing. The final question—why are they
missing?—is beyond the tasks set in this paper. We do,
however, suggest that very dense clouds can survive in
the relatively fast-rotating spirals, where evaporation is
suppressed by the strong magnetic fields generated
through the rotation.

IX. CONCLUSION

Jet formation through the fluid twin-exhaust mecha-
nism has been thoroughly investigated through a
theoretical analysis which supports and generalizes
numerical simulations (Norman et al. 1981). General
flow features were summarized in the latter work. The
results found here include:

1. Cavity-nozzle structures are expected, provided the
confining central cloud is asymmetric and the pressure
decreases slowly with radius (p & r~™, m < 2). The sta-
bility of these structures is primarily dependent on the
central power.

2. The nozzle breaks up through the Kelvin-Helm-
holtz instability when it is thin in comparison to the
central cloud’s pressure scale height (eq. [24]), giving a
minimum jet power (eq. [25]). Below this power, a
turbulent wake of bubbles streams out of the cloud
along the symmetry axis.

3. The cavity-nozzle is Rayleigh-Taylor unstable, lead-
ing to nozzle choking above a maximum jet power given
by equation (20). Above this power, large buoyant clouds
are ejected.

4. Steady jets are formed (for a finite range of powers)
only if the cavity sound speed is less than 30 times the
confining cloud sound speed (Fig. 4). Eccentricity has
little effect on the results (Fig. 5). Suppression of the
Kelvin-Helmholtz instability (e.g., by magnetic fields)
would give a less restrictive result.

5. The radio galaxy Cyngus A requires a central mass
10°-10" M, and a gas mass of ~ 10* M within 1 pc.
Nonrelativistic sound speeds are then acceptable. The
mass flow rate is ~10 M, yr~'. General application to
extended sources is described elsewhere (Smith et al.
1981).

6. The critical dependence on the confining cloud
sound speed enables us to sketch a schematic picture for
active galactic nuclei. Seyfert galaxies and quasars are
placed in the bubble regime as suggested by low radio
powers and broad emission lines (Fig. 6).

7. We propose that the low powered bubbling gives
rise to the observed radio components within a few
kiloparsecs of nuclei of Seyfert galaxies. In general,
sources in this regime have weak radio components.

8. Compact radio sources are interpreted by the high
powered clouds, with particular reference to the expand-
ing cloud model for flux variations in these sources.

9. Limitations on the fuel supply may explain the lack
of powerful compact radio sources in elliptical galaxies.

The lack of broad-line regions in most ellipticals sug-
gests that gas must be directly accreted from the central
cloud, whereas for spiral types (here including quasars),
broad emission lines suggest that condensed gas clouds
are available for accretion.

In this paper we have tackled the nonrelativistic prob-
lem (speeds of 0.1C have been used without relativistic
corrections). If the central engine is producing relativis-
tic gas, we envisage significant changes in the flow
characteristics. Without sophisticated numerical simula-
tions to guide us, we have not as yet attempted this case.
Thus we have been restricted to temperatures < 10'° K;
thermal equilibrium between electrons and protons has
been used throughout this paper—we note that the
electron-proton equilibrium time is shorter than the
cooling time for these temperatures. The possibility of
pair production (Wiita 19784) is a further complication.
If the central cloud is optically thin, as proposed for
Cygnus A, then this is unimportant. Optically thick
models, including supermassive clouds, have been con-
sidered by Smith et al. (1981).

Angular momentum has been ignored in our stability
analysis. This is in keeping with the numerical work
(Norman et al. 1981) where the flattened self-gravitating
cloud was mainly responsible for the 2:1 axial pressure
ratio. In astrophysical situations, the angular momen-
tum may be the dominant factor in cloud flattening.

Magnetic field pressure within the nozzle or cloud
may be an important stabilizing influence. We have here
assumed the field to be too weak to affect the dynamics.
The initial expansion and shock compression will inten-
sify the field component perpendicular to the flow.
Shearing along the cavity and nozzle walls will generate
a parallel field. Hence, the model is capable of produc-
ing the various field structures observed in jets (Miley
1980). Further discussions on the possible origins, result-
ing features, and modifications to hydrodynamic jets are
given by Blandford and Rees (1978) and Rees (1980)
and will not be repeated here.

We have assumed just one property of the central
engine—an ability to produce hot gas. Once turned on,
changes in power are presumed to be small in compari-
son to the flow time scale. Factors that need considera-
tion are (1) rapid power fluctuations and (2) a central
engine displaced from its position at the centroid of
mass. The central engine may also be the source of high
energy photons that photoionize optically thick fila-
ments within the core.

The simplicity of the model—hot gas being ejected
into a dense cloud bounded by a deep gravitational
potential well—has made progress possible. The size of
the central region ( <1 pc) leads to enormous difficulties
in undertaking proposed tests. By considering possible
evolutionary traits of the model developed in this paper,
we hope to initiate indirect tests. We have considered
the power of the central engine to increase from a low
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level. In some nuclei the jet stage is reached. The nucleus
spends, perhaps, 1,/100 of its lifetime at this level before
exhausting the fuel supply or before its efficiency at
converting the fuel into hot gas is reduced. The re-ejec-
tion of mass into the galaxy can increase its lifetime
through recycling. When done efficiently, i.e., through
jets, its continuation is further prolonged. Consequently,
we can expect jet sources to survive until the present age
of the universe. Active nuclei without jets will tend to
evolve much faster down to a lower level of activity.
This prediction of our model is in agreement with our
placement of type I and type II quasars on our sche-
matic diagram (Fig. 6). Ku et al. (1980) find that type I
quasars show strong evolution, while type II quasars do
not.

We conclude that a variety of phenomena observed in
active galactic nuclei are reproducible within the fluid
twin-exhaust framework. A variety of extended jet struc-
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tures has previously been found (Smith and Norman
1981). The severe constraints on jet formation are dis-
cussed in a related paper (Smith et al. 1981). Investiga-
tions into the origin of the dense nuclear gas and the
nature of the central engine are required.
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