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ABSTRACT 

In order to test the hypothesized existence of a powerful, 

thermal wind in active galactic nuclei, the hydrodynamic effects of such 

a wind on a model galactic interstellar medium (ISM) are investigated. 

The properties of several model ISMs are derived from observations of 

the Milky Way's ISM and those of nearby spiral and elliptical galaxies. 

The wind is assumed to be highly supersonic with spherical symmetry and 

constant mechanical luminosity, LW. 

The propagation of the wind into the low density gas component 

of the ISM is studied using the Kompaneets approximation of a strong 

explosion in an exponential atmosphere. Flattened gas distributions are 

shown to experience "blow-out" of wind gas along the symmetry axis. The 

results show that for typical ISM gas pressures ( < 10-11 ergs cm-3), 

the extent of the wind can range from 1 to 10 Kpc for wind luminosities 

of 1042 to 1046 ergs sec-1 in a timescale of less than 107 years. The 

steady state wind flow pattern and an estimate of the timescale required 

to reach a quasi-steady state are also determined. 

Next, the interaction of dense, interstellar clouds with the 

wind is investigated. Th~ stability and mass loss of clouds in the wind 

are studied and it is proposed that clouds survive the encounter with 

the wind over large timescales ( >107 yrs.). The physical structure and 

motion of the clouds are calculated, showing that large clouds ( 103 

solar masses) can be accelerated to velocities in excess of the galactic 

escape velocity. 

x 



xi 

Finally, it is proposed that the Narrow Emission Line Regions 

(NELR) of active galaxies are the result of the interaction of active 

nuclei photons and a thermal wind on large, interstellar clouds. The 

physical state of the NELR is re-examined and shown to be compatible 

with this hypothesis. Arguments are presented to show that the NELR 

clouds must be massive and unable to be accelerated to NELR velocities 

by photon momentum alone. A Monte Carlo-type calculation is made to 

determine Narrow Emission Line profiles from an ensemble,of photo

ionized interstellar clouds in the wind. These theoretical line 

profiles are shown to agree reasonably well with observed line profiles. 



PART I: THE INTERACTION OF LOW DENSITY INTERSTELLAR GAS WITH 
A "QUASAR" WIND 

CHAPTER 1 

INTRODUCTION TO PART I 

Since the discovery of QSOs, a major distinguishing feature of 

these objects has been the presence of Doppler-broadened emission lines 

in their spectra. The similar spectral features in other types of 

objects, notably Seyfert galaxies, have often been cited as a link 

between QSOs and "active galaxies". The importance of understanding the 

emission line spectra of active galaxies and QSOs lies in being able to 

determine some physical properties of the emitting gas and its 

environment as well as the nature of the central "engine" itself. 

The recent advances in understanding the broad emission line 

spectrum (Kwan and Krolik 1981; Canfield and Puetter 1980, and others) 

as well as the physical conditions in the emission line clouds (Krolik, 

McKee, and Tarter 1981) have led to new models of the broad emission 

line region (BELR) of QSOs (Blumenthal and Mathews 1975. 1982; Kwan and 

Carroll 1983; Weymann, Scott, Schiano, and Christiansen 1982). Weymann 

et ale (1982) propose a model which attempts to explain both the 

emission line profiles and the physical conditons in the BELR as due to 

a powerful, thermal wind originating in the BELR. Although the model 

explains reasonably well the emission line profiles, direct detection of 

the wind is a very difficult observational problem. This difficulty 



occurs mainly because the BElR subtends such a small angular size in 

even the nearest Type 1 Seyfert galaxies. However, the possibility 

exists that the wind propagates to a much larger distance than the size 

of the BElR and hence may be directly visible or produce effects in the 

QSO environment which are ob~ervab1e. 

2 

In order to test the proposed existence of the wind as described 

by Weymann et a1. (1982), this dissertation details the approximate 

propagation of the wind in an active galaxy. Part I investigates the 

interaction between the low density, interstellar gas and the wind, 

while Part II examines the wind-interstellar cloud problem. 

We determine the motion of shock fronts produced by th~ wind

interstellar gas interaction by generalizing both stellar wind 

propagation (Weaver, McCray, Castor, Shapiro, and Moore 1977, and 

others) and blast wave motions (see Ze1 100vich and Raizer 1968) to non

spherically symmetric interstellar gas distributions. Tfne Kompaneets 

approximation (Kompaneets 1960) to an explosion in a plane exponential 

atmosphere is modified to include a continuous input of energy (a 

constant power wind) and the mass of the wind gas. The steady state 

flow of the wind into the interstellar gas is also calculated, based on 

models of the interaction between the solar wind and the Earth's 

magnetosphere. Also, the elapsed time to reach this steady state is 

estimated using a one-dimensional shock front motion calculation. 

The gas flow (wind plus shocked interstellar ~as) derived jn 

Part I is then used to calculate the motion and properties of 

interstellar clouds in Part II of this dissertation. The effects of 

shock fronts produced by the wind and ionizing photons from the nucleus 



are also investigated. Fin2lly, Part II shows that the velocity field 

and properties of wind-modified, dense interstellar clouds are 

remarkably similar to Narrow Emission Line clouds. 

3 

The time development of the wind-galaxy interaction is studied 

since the lifetime of the wind (tw)' and for that matter the QSO/Seyfert 

phenomenon, is highly uncertain. Therefore, we must estimate the 

timescale in which a steady-state is set up (tss ) in order to see if 

tw > tss is a reasonable assumption and simplification of the problem. 

In this analysis we concentrate on Seyfert galaxies in which more 

information is available on host galaxy properties than in QSOs. Also, 

the higher spatial resolution obtainable from nearby Seyfert galaxies 

makes comparisons of proposed wind effects and observations more 

definitive. 

Weymann et ale (1982) dealt mostly with winds of high power (Lw 

= 1046 ergs sec-I) in QSOs: in this work we are more interested in the 

wind properties for winds with luminosities more typical of Seyfert 

galaxies (Lw = Lphoton = 1042- 45 ergs sec-I). Also, an adequate 

description of the Seyfert galaxies' extra-nuclear properties (gas 

density, r.lumpiness, etc.) is needed before the propagation of the wind 

into the host galaxy can be calculated. Chapter 2 describes some 

initia,l properties of the wind and host galaxy, as well as stating the 

more important model assumptions. Chapter 3 outlines the wind 

propagation ~nd time evolution of the wind-gas "bubble". Next, Chapter 

4 models the steady state flow of the wind in the galaxy. Lastly, a 

summary of the results of Part I is presented in Chapter 5, along with a 
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brief discussion of the effects of the wind-gas interaction which may be 

observable. 



CHAPTER 2 

INITIAL ASSUMPTIONS AND MODEL PARAMETERS 

In Weymann et al. (1982) the wind is assumed to originate inside 

the BELR and to have a time-independent power comparable to the central 

object's photon luminosity. We adopt this same assumption. The wind is 

also assumed to be spherically symmetric and to reach terminal velocity 

(vw < 0.1 c) in the outer reaches of the BELR. S1nce the wind is highly 

supersonic, it is assumed that the interaction of the wind with the 

surrounding medium does not affect the wind inside the BELR. The 

effects of galactic gravity are also neglected in Part I whenever the 

propagation velocities are significantly greater than the galactic 

escape velocity (given by the galactic rotation curve). Given the above 

assumption, the two wind parameters which affect the wind-gas 

interaction are the wind speed, vw' and the wind power or "mechanical 

1 uminosity", Lw. We assume Vw = 2x109 cm sec-1 and vary Lw from 1042 to 

1046 erg sec-I. The same computer code used in Weymann et al. (1982) to 

model the wind gas flow was used with typical Seyfert galaxy parameters 

to stu~y the wind's properties at much larger radii than those typical 

of the BELR. Figure 1 displays some results of this model. 

Although we assume a spherically symmetric wind, it is app~rent 

that collimated outflows ("jets") of relativistic particles and possibly 

thermal gas are a common feature of active galaxies and QSOs. Given a 

collimated wind jet model (opening angle, wind ram pressure as a 

5 
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function of angle, etc.) we could modify the formalism of Chapters 3 and 

4 to accomodate a non-spherically symmetric wind. However, to inhibit 

the rapid lateral (with repect to the jet axis) spreading of the wind 

due to thermal gas motion requires a source of collimation (of thermal 

gas, not relativistic particles) far from the galactic nucleus for 

highly collimated jets. 

As will be shown in Chapter 3, high power winds in QSOs (whether 

highly collimated or not) are capable of freely-expanding away from 

a host galaxy irrespective of the interstellar gas distribution. 

Conversely, low power winds suitable for Seyfert galaxies do not freely 

flow through a host galaxy but instead produce shock fronts which 

propagate at velocities much less than the wind speed. These shock 

fronts tend to follow the path of least resistance (through the lowest 

density gas) which for the flattened interstellar gas distributions of 

Seyfert galaxies is along the galdctic pole. Therefore, irrespective of 

the angle between the jet axis and the galactic pole, lower power 

thermal gas jets should align themselves with the gas distribution 

symmetry axis if the jet propagates to a distance comparable to the 

galactic scale height. 

Dense interstellar clouds in the jet should be accelerated and 

altered in such a way as to resemble Narrow Emission line Region (NElR) 

clouds (see Chapter 8). However, two observational consequences of such 

a beamed-wind NElR model are not seen: 1) the width of the narrow 

emission lines should be correlated with the galactic axial ratio in 

Seyfert galaxies (Whittle 1982, 1984b); and 2) since a highly collimated 

jet has constant ram pressure as a function of galactic radius, we 
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expect strong excitation and ionization gradients to exist in the NELR 

(Whittle 1982). The absence of these NELR properties along with the 

lack of a simple method for collimating a thermal wind precludes us from 

considering highly collimated thermal gas jets in our model if these 

jets propagate into the NELR~ We therefore assume, at least to first 

order, that the wind is spherically symmetric. 

Modelling the physical state of the gas in the inner reaches of 

Seyfert galaxies is a difficult problem. In fact, even the physical 

conditions and content of the intersteller medium (ISM) near the Sun are 

not completely understood. Furthermore, one needs to know the state of 

the ISM in Seyfert galaxies before the hypothetical wind alters this 

region. Because of these considerations, we have assumed some 

simplifications to the model ISM. We assume that the gas is composed of 

two components: low density gas and high density interstellar clouds. 

The distinctions that we make between gas and clouds are based on the 

low volume filling factor (and hence low cloud covering factor of large 

clouds in the gas), and the effect of cloud density on the subsequent 

behavior in the wind-cloud interaction (see Part II and Sgro 1975 for 

more details). As for the first remark above, since the wind is 

supersonic, a small cloud covering factor to the wind means that a small 

percen'tage of the wind's momentum is lost accelerating and disrupting 

clouds. Most of the wind's momentum is thus left to continue the 

propagation of the wind through the low density component of the rSM. 

Upon encountering a cloud the wind is deflected around the cloud 

in a manner analogous to the flow of the solar wind around the Earth's 

magnetosphere (see part II). This deflection tends to randomize the 
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momentum of the wind and lessens its ability to propagate. As long as 

the cloud covering factor to the wind is much less. than unity, we can 

ignore the effects of the clouds on the winds' propagation and treat the 

wind-gas problem separately from the wind-cloud problem. For typical 

Spiral galaxy large cloud sizes and separations (rcloud = 30-50 pc and 

dsep = 1 Kpc), the cloud covering factor approaches unity on scales of a 

few ki10parsecs. For distances larger than this, the "effective" 

average gas density is the cloud gas density which is many orders of 

magnitude greater than the interc10ud gas density. As will be shown in 

Chapter 3, the gas density greatly affects the winds' propagation speed 

and maximum extent. Thus, the wind is effectively stopped when the 

cloud covering factor approaches unity. 

Although small clouds are more numerous than large clouds, the 

number density distribution of interstellar clouds with size may not 

increase rapidly enough (for clouds larger than a few parsecs; Solomon 

and Edmunds 1979) with decreasing size to compensate for the smaller 

geometrical cross sections of small clouds. The contribution to the 

cloud covering factor for small clouds ( < 5 pcs in size) is probably 

comparable to that from the largest interstellar clouds. Clouds 

substantially smaller than this are usually associated with collapsing 

proto-~tellar nebulae or have very low gas densities. Although we 

acknowledge that the size distribution of interstellar clouds is 

controversial (see Chapter 7), we do not expect our results to vary much 

with cloud size distribution unless the actual distribution is very 

different from Solomon and Edmunds 1979. 

In order to determine the wind propagation, the ISM gas density 
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and pressure distribution must be modelled. Because Seyfert galaxies 

are predominantly spirals, we model the galactic gas and pressure 

distribution as flattened disk systems (for a more thorough discussion 

of this modelling, see Part II). The gas density distribution follows 

either a cylindrically symmetric exponential (exp[-z/a - rib]; where a 

and b are scale heights) or a Gaussian (exp[-(z/a)2 - (r/b)2]) 

distribution. The total pressure is assumed to be proportional to the 

gas density throughout the disk. The net pressure is assumed to be a 

SUln of thermal gas pressure, magnetic field pressure, cosmic ray 

pressure, and turbulent gas motions. 

Although the magnetic field pressure is a significant part of 

the ISM pressure, we assume that the galactic magnetic field is 

sufficiently randomized so that it does not cause a significant 

anisotropy in the wind-gas interaction. This occurs because the wind 

ram pressure is so much greater than any likely magnetic field pressure 

(BNELR must be less than 6 x 10-4 Gauss). Hence, the magnetic field 

probably acts as a tracer of the wind motion and does not affect the gas 

dynamics as much as the wind. 

Finally, it can easily be shown that the effect.of the wind on 

stars is minimal outside of the BELR. For main sequence stars without 

extended envelopes, the wind ram pressure is insufficient to penetrate 

the star's atmosphere. Hence, we will assume that the wind doesn't 

interact with the galactic stellar component. 



CHAPTER 3 

TIME EVOLUTION OF THE WIND-GAS INTERACTION 

The basic problem we investigate in this chapt~r is the time

dependent interaction of a spherically symmetric "quasar" wind with the 

low density gas component of the interstellar medium (ISM) of a host 

galaxy. We analyze the problem in a semi-quanitative manner not 

by focussing on the details of the interaction (best done with a two

dimensional hydrodynamic code e.g. Sanders 1976, etc), but instead by 

determining the large scale features of the propagation of the wind into 

the ISM. 

Many similar problems have been studied before (Ostriker and 

McKee 1983): for example, explosions in homogeneous gas; i.e., the so

called Sedov similarity solutions (see Zel'Dovich and Raizer (1968) for 

a review); explosions in exponential atmospheres (Kompaneets 1960, 

Laumbach and probstein 1969) and related astrophysical applications 

(Sakashita 1971, Sakashita and Morita 1977, Chevalier and Gardner 1974, 

Sanders and Prendergast 1974, Sanders 1976, and Shapiro 1979) (the 

latter includes relativistic effects); and stellar winds in a 

homogeneous gas (Falle 1975, Castor, McCray, and Weaver 1975, and Weaver 

et ale 1977). The methods and results of these papers can be extended 

to model the motion of a powerful, "quasar" wind in the non-homogeneous 

gas distributions that are used to model the galactic ISM. 

11 



12 

To do this, we determine the time evolution of the wind-gas 

interaction by generalizing the previously mentioned stellar wind and 

blast wave results to non-spherically symmetric interstellar gas 

distributions. As described earlier, this is accomplished by modifying 

the Kompaneets approximation'(Kompaneets 1960) to allow for a continuous 

injection of wind kinetic energy and gas. The formalism developed in 

this manner can then be used to model the propagation of a wind into an 

arbitrary interstellar gas distribution. 

We begin by reviewing the results of similar problems with 

spherical symmetry before discussing the Kompaneets (1960) solution to 

an explosion in a plane exponential atmosphere. We will also ~iscuss 

the "blow-out" phenomenon (Section 0 in this chapter) and estimate the 

subsequent gas flow. 

A. Overview of Flow Structure 

The evolution of the wind-gas interaction is very similar to the 

standard picture of supernova remnant evolution and takes place in a 

number of phases (Chevalier 1977). We present a summary of this 

structure as detailed in Weaver et al. (1977). The initial phase of the 

wind-gas interaction occurs when the wind is freely expanding. Because 

the wind is highly supersonic with respect to the ambient ISM gas (T < 

107 oK _ Cs < 500 km sec-I), a strong shock 1s formed at the boundary 

between the undisturbed gas (designated as Zone 0 following the 

nomenclature of Weaver et al. 1977) and the shocked ISM gas (Zone C). 

The shock is essentially adiabatic in nature because of the low density 

(nO = 10-1 to 10-3 cm-3) and hence negligible radiative cooling of the 
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ISM gas (described later in this chapter. Thus, the effect of the 

"outer" shock on the gas is to increase the pressure and temperature of 

the ambient gas while increasing the gas density by a small factor 

(nC/nD = (y+l)/{y-l) = 4 fory= 5/3 where y is the ratio of specific 

heats which for a fully-ionized plasma equals 5/3). A contact 

discontinuity separates the freely flowing wind gas (Zone A) from the 

shocked ISM gas in Zone C. Zone B, a zone of hot shocked wind gas, does 

not develop until the outer shock decelerates to much less than wind 

speed ; i .e. ~ after the free-wi nd phase. 

The outer shock and the shocked ISM gas are moving outward 

from the nucleus at near wind speed. This occurs because the gas mass 

entrained in Zone C is insufficient to substantially affect the dynamics 

of Zone C. The dominant force acting on Zone C is the ram pressure of 

the wind and not the inertial drag of the Zone C gas mass. 

When the swept-up ISM gas mass approaches the mass in the wind 

gas (Zone A), Zone C rapidly decelerates to velocities much less than 

the wind speed. Because the wind is highly supersonic (see Figure 1), a 

new "inner" shock front forms in order to decelerate the wind before it 

encounters the much slower-moving contact discontinuity. A zone of 

shocked wind gas, Zone B, then forms between the inner shock front and 

the co'ntact discontinuity. This marks the end of the "free-wind" or 

"free-expansion" phase. The resulting four-zoned "bubble" structure is 

described in detail in Weaver et ale (1977). To review, the zones'are 

(with increasing radius): Zone A - freely flowing wind gas; Zone B -

shocked wind gas separated from Zone A by an "inner" shock front, Rl; 

Zone C - shocked interstellar gas separated from Zone B by a contact 
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discontinuity (CD); and Zone 0 - undisturbed interstellar gas separated 

from Zone C by an "outer" shock front, R2• A similar scenario occurs 

when a supersonic wind encounters a dense cloud, except that the outer 

shock front travels through the cloud while the inner shock becomes a 

standing bow shock upstream from the cloud. 

B. Duration of Free Expansion Phase 

In their paper on the stellar wind-gas interaction, Weaver et 

ale (1977) concluded that the free expansion phase of the wind is short 

and not observable for stellar winds. They note that as long as the 

mass of shocked gas in Zones Band C is much greater than the mass in 

Zone A, one can neglect the free expansion phase. In the "quasar" wind 

case, we need to determine the effects of the free wind phase since large 

luminosity winds are quite massive and in some scenarios (luminous QSO 

in a gas-poor galaxy) the wind mass may be far greater than the 

entrained gas mass in Zones Band C. 

The duration of the free expansion phase can be estimated by 

determining the elapsed time (t*) required for the shocked gas mass 

(MB,c) to equal the wind gas mass (MA = Mw) (see discussion in Sanders 

1976). Once we determine t* (from MB,C = Mw)' it can be shown that 

MB « ,MC so that we can neglect the mass of shocked wind gas in MB,C and 

use MC which is easier to calculate. Further, we can assume that the 

shape of the outer shock is spherical irrespective of the ISM gas 

distribution. The last assumption can be shown to be reasonable when 

one computes the shape of the surface defined by equating the mass in 

wind with the mass in ISM gas in a differential angle. The shape of 
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this surface is close to spherical except at high wind luminosity where 

"blow-out" occurs before t = t* (the concept of "blow-out" is discussed 

later). 

To determine t*, we compute Me = Iv PD dT where V is a spherical 

volume defined in cylindrical coordinates by z2 + r2 = (R*)2 where 

R* = vwt* and PD is the ambient ISM gas distribution in Zone D. Given 

the functional form of PD we can determine Me(t*). Likewise, we can 

determine Mw since we assume a constant wind mass loss where Mw = Mwt* = 

2Lwt*/(vw)2. Then we can solve for t* (numerically) by setting Me = Mw. 

Using typical background gas densities (n=10-1 to 10-3cm-3) the 

solutions split into two different types depending on luminosity. At 

low luminosity (L < 1045 ergs/sec), t* is short «10~ yrs.) and 

deceleration of Zones Band e begins before we get substantially out of the 

galactic nucleus «1 Kpc) and we begin a Sedov (or Kompaneets-type) 

expansion phase (see Section C). On the other hand, at high L (>1046 

ergs/sec), free expansion may continue till the outer shock travels a 

substantial distance across the host galaxy. If the ambient gas follows 

a flattened distribution the "blow-out" occurs near the poles. We 

define "blow-out" as occurring when a part of the flow accelerates to 

near wind speed and hence escapes the galaxy completely (becomes 

causal1y decoupled from the rest of the flow). We discuss "blow-out" and 

the subsequent behavior of the wind-gas interaction in Section D of this 

chapter. Effectively, the wind never encounters enough background'gas 

in certain directions and continues to expand freely (see the discussion 

in Sanders 1976). As an example, for a one-dimensional exponential 

ambient gas distribution, the dividing line between these two regimes 
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occurs when vwt*=a, where a is the scale heiyht of the exponential • 

The wind luminosity where this occurs is L = 6.2 x 1046 ergs sec-1 

aKPCn_1V9.S3 (aKpc =scale heiyht in Kpc, n_1 = yas density in 10-1 cm-3, 

and V9.5 = wind velocity in 109•5 cm seC1). Hence, there may be a 

substantial difference in low· and hiyh luminosity winds with respect to 

their interactions with an ISM. As an aside, comparing R*=RM(equal 

mass)=vwt* with the wind stand-off distance, REP' (defined by PISM= Pw 

v\} - pressure balance; see Chapter 4), we yet REp/REM"" vw/ cISM \'Ihere 

crSM = the sound speed of the undisturbed ISM gas"" 106- 7 cm sec-1). 

Thus the stand-off distance is always much laryer than the equal mass 

distance. 

c. Blast Wave Development 

Since the distance that a freely-flowing wind can propagate into 

a Seyfert ga'laxy is relatively small « 500 pc) compared to the steady 

state wind stand-off distance (Chapter 4), we must consider the 

development of the "bubble" flow structure described earlier in this 

chapter. In this case, the motion of the "inner" and "outer" shock 

fronts determines the propagation of the wind through the galaxy. In 

order to describe these motions, we first discuss the solution to the 

simple~ problem of an explosion in a homoyeneous gas - the Sedov 

solution. The generalization of the Sedov solution to a plane 

exponential atmosphere - the Kompaneets approximation - is also 

summarized since we will subsequently modify this approximation to 

determine the wind propagation in more complex, non-spherically 

symmetric, interstellar gas distributions. 



Sedov Solution 

The Sedov solution to a point explosion in a homogeneous 

atmosphere has been discussed by several authors (Taylor 1946, 

Zel'Oovich and Raizer 1968). We shall discuss this model here because 

it leads directly to Kompaneet's (1960) work which we will use in 

detail. 

The Sedov solution begins by assuming that all the energy of 

the explosion is released instantaneously and that the mass of the 

explosion is negligible. The Sedov solution also only applies for 

strong shocks and neglects gravity. In this case, the equations of 

hydrodynamics yield a solution which is self-similar. That is, the 

these equations can be analytically separated into two equations: one 

describes the distribution of the hydrodynamic variables (pressure, 

density, etc.) in terms of a new variable ~, while the other equation 

determines ~ as a function of Rand t. One can consider ~ as a scale 

which determines the position of the shock front (Rs) due to the 

explosion. If the energy input is continuous (and has no inherent 

timescale or risetime), then one can also consider a model with a 

continuous deposition of energy, E = E(t) = Lt, and show that 

Rs OC (LI 0)1/5 t 3/5• For a more thorough discussion of the Sedov 

solution, see Zel'Oovich and Raizer (1968). 
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Since this solution is self-similar, it cannot depend on any 

characteristic scale size or timescale. Hence, Sedov-type solutions are 

limited in their applicability to the problems discussed here (see 

Ostriker and McKee (1983) for a discussion of self-similar solutions and 

their limitations). However, properties of the Sedov solution can be 
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used to construct the Kompaneets approximation to an explosion in an 

inhomogeneous atmosphere. Modifications of the Kompaneets approximation 

can then be used to describe the evolution of a wind with various 

distributions of background gas before as well as after "blow-out" 

occurs. Weaver et ale (1977) used self-similar arguments to describe 

the evolution of a stellar-wind with a homogeneous background gas. The 

results are practically unchanged from a Sedov solution except for the 

development of the four-zoned "bubble" structure discussed in Section A. 

Kompaneets Approximation 

Most of the swept-up shocked ambient gas in the Sedov solution 

is near the shock front (Zel'Dovich and Raizer 1968). The pressure in 

the shocked gas is more or less uniform (except near the shock where it 

does increase by a factor of two from the mean value throughout the 

volume). This occurs because the sound speed in all the shocked gas is 

much greater than the shock propagation speed. Hence, the gas behind 

the shock has sufficient time to redistribute its internal energy to a 

nearly isobaric state before the shock front moves an appreciable 

distance. The Kompaneets approximation begins from these observations. 

The assumption of isobaricity behind the shock front is all that 

is req~ired to follow the motion of the shock into the ambient gas. The 

Kompaneets approximation assumes that the gas pressure behind the shock 

is approximately equal toy-l times the total energy released (E) 

divided by the volume defined by the shock front (V). This result is 

confirmed by the Sedov solution. The Kompaneets appproximation further 

assumes that the shock is strong; i.e., pressure behind the shock is 
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much greater than the undisturbed gas pressure. The Hugoniot conditions 

for shocks then determine the velocity of the front at all positions 

along the shock as a function of time. 

The Sedov solution also demonstrates that almost all the swept

up, shocked ambient gas is located in a thin layer just behind the shock 

front and is moving outward at a velocity near vshock' Since it is 

assumed that the gas inside the volume defined by the shock front is 

isobaric and its location and velocity are known, calculating the 

motion of the shock therefore specifies the physical state and motion 

of the gas. 

An alternative approximation to the problem of an explosion in a 

flattened atmosphere is the "quasi-radial" approximation (laumbach and 

Probstein 1969). In contrast to the isobaric gas pressure assumptions 

of the Kompaneets approximation, the gas along anyone radius vector is 

assumed to move independently of the gas along all other radials. 

Interestingly enough, the results of both approximations (Kompaneets and 

"quasi-radial") on the explosion in an exponential atmosphere problem 

are comparable (Sakashita 1971, Sakashita and Morita 1977, Shapiro 

1979). 

The first problem solved using the Kompaneets approximation was 

of a point explosion in an exponential atmosphere (Kompaneets 1960). 

The solution starts by solving the jump conditions at every point on a 

cylindrically symmetric surface using pressure = (y-l)E/V (where y'is 

the polytropic index) and an ambient gas density varying as exp(-z/a) 

(a = scale height). Following Kompaneets (1960), let the equation of 

the surface of the shock front in cylindrical coordinates be 
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f(z,r,t) = O. Then, 

df _ _ (}f 
- = 0 = V· Vf + = 0 Eq. 1 
dt ot 

and use vn = - (df/dt)/fvfl and IVfl = [(or/oz)2 + 1]1/2 • 

Using the Hugoniot relations for a strong shock we get 

vn = [(Y+ 1) P/(2PD)]1/2 

and 
or or E 

( - ) 2 = [( _ ) 2 + 1] _ (y2 - 1) F-1 ( z, r) 
ot oz pDOv 

Eq. 2a 

Eq. 2b 

where Po = PDQ F(z,r) is the distribution of ambient ISM gas. Assuming 

an exponential atmospaere [F = exp(-z/a) ] and transforming time 
Po V{t) 

variables (dt=dy[ ]1/2 ), we can solve the problem 
(y2 _ 1) E 

analytically. After substitution we are left to solve 

or or 
(_)2 = [( __ )2 + 1 ] F-1(z) 
oy oz 

whose solution after separation of variables is 

Eq. 3a 

r(y,z) = Ey + fZ dx (E2 F(x) - 1)1/2 Eq. 3b 
o 

where is an integration constant. We further require that for small 

values of y (or t or V) the shock be spherical. This leads to 

or Z EF{x) dx 

dE = 0, or y = -f 0 (E2F(x) _ 1)1/2 Eq. 3c 

so that a simple substitiution of Eqs. 3c into 3b yields 

e-z/a y2 
r = r(y,z) = 2a cos-1[-----( 1 - --- + e-z/ a)] 

2 4a2 
Eq. 3d 

for F(z)=exp{-z/a). 

For more details of Eqs. 1 to 3d see Kompaneets (1960). Although we are 



mainly interested in the propagation of winds in more complex gas 

distributions, some results of the explosion in an exponential 

atmosphere calculation are common to both problems. Therefore, we 

briefly review some of these results below. 

Given a value of E,pt},y, and a, we get a solution r=r(y,z) 
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where y depends on an integration over time. Choosing a value of y 

determines the shape of the shock [r(z)]. Once the shape is known, the 

volume can be calculated and the elapsed time computed. Figure 2 shows the 

shape of the shock front for various values of y. A few comments about 

this solution: 1) at small "times" (small values of y), we have 

essentially spherical blasts since the explosion hasn't "detected" the 

presence of the density gradient in the z-direction; and 2) as time (y) 

increases the blast gets funneled upwards and essentially "blows-out". 

The solution numerically ends when y approaches 2.0 since the velocity 

along the pole approaches the sound speed and our assumption of the 

internal sound speed being much greater than the propagation speed 

breaks down. 

Possible difficulties with the Kompaneets approximation are: 1) 

shock speed approaches sound speed ("blow-out"; see discussion in 

Section 0 of this chapter); 2) radiation losses become important (only 

if the shocked gas temperature drops to near 105 K - low shock velocity 

less than 100 km sec-I; see discussion in Section C); 3) very clumpy 

background gas (see Part II of this dissertation for a discussion of 

interstellar clouds and their effects on shock front motion); 4) very 

discontinuous energy injection (multiple internal shocks); and 5) the 

presence of gravity. This last possible difficulty can be neglected in 
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The underlined numbers are the values of the time dependent parameter y 
(see text for the relation between y and the elapsed time). a is the 
scale height of the exponential ambient gas distribution (~exp[-z/a]). 



this analysis since gas velocities are always much greater than any 

reasonable gravitational escape velocity. Despite these possible 

difficulties, a comparison of the Kompaneets approximation with a 2-D 

hydro code of Sanders 1976 (the explosion in an atmosphere) shows good 

agreement up until "blow-out" occurs (see also Shapiro 1979 for 

comparisons of Kompaneets approximation with numerical solutions). 

More Complex Gas Oistributions 

Aside from the exponential case, the Kompaneets approximation 
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(and the formalism of Eqs. 1 to 3d) can be used to determine the motion 

of the explosion-produced shock front [r(y,z,t)] in a variety of ambient 

gas distributions. For a cylindrically symmetric gas distribution [F = 

F(r)], Eqs. 3b and 3c reduce to a sinlple polynomial equation. We are 

left to solve 

(r2 + z2) F(r) = y2 Eq. 4 

For F = 1 (homogeneous case), the solution to eq. 4 is a sphere of 

radius y, where solving for y = y(t) yields 

t =f~ 
47T"POO ° ( __ )1/2 y3/2 dy (~)1/2 y5/2 Eq. 5a 
3 E E 

or y "'" R "'" (E/POO)1/5 t 2/5 Eq. 5b 

which is the same result as the Sedov solution within a constant of 

order unity; Zel'Oovich and Railer 1968). 

We have also examined the shock front motion for a King law gas 

distribution suitable for elliptical galaxies. Although most solutions 

discussed so far have decelerating shock front velocities, when the 

density decreases rapidly enough (if F(R)=Rn where n < -1.6) we may 



actually have accelerating (probably non-stable) flows. In a King law 

gas distribution we get such accelerating flows for radii larger than 

the core radius. 

If we use the formalism of Eqs. 1 - 3 to determine the shock 

front motion for more complicated gas distributions than described 

above we soon encounter mathemathical difficulties. We must solve two 

simultaneous integral equations: 

24 

z S dx 
r(s,z) = -f 

o (s2 F - 1)1/2 
Eq. 6a 

z SF dx 
y(~,z) = f 

o (~2 F - 1)112 
Eq. 6b 

where ~ is a parameter which we try to eliminate through substitution 

after performing the integrations. The difficulty in using this 

approach is clear due to the limited number of forms for F which can 

be analytically integrated this way. Further difficulty occurs if F is 

a function of both z and r. Even those forms which are integrable 

require numerical solutions to solve for the elapsed time, velocity of 

shock, etc. The difficulty in pursuing this method is obvious. 

An alternative method of determining a solution to Eq. 2b 

involves determining the motion of a mesh of points on the shock front. 

We sta'rt by assuming a spherical shock moving near wind speed for 

elapsed times less than or equal to the free expansion time (Section A). 

A mesh of points is set up along this surface at regular intervalr (of 

path length along the shock or along arbitrary coordinate systems). 

Given the volume defined by this mesh and the total energy released 

(E=Lt or instantaneously), we then use the Kompaneets approximation to 
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determine the gas pressure behind the shock and hence the shock speed at 

every mesh point. The direction of motion of every point on the shock 

front is the direction normal to the shock surface (determined by 

adjacent points). Each point is then moved a distance in the direction 

appropriate for its velocity and elapsed time interval. The new 

positions of the mesh points are then used to repeat the process. This 

method has the advantage that it can determine the shock front motion of 

very complicated ambient gas distributions which are not simply 

integrable in Eq. 3 or 6. This method of solution is essentially the 

same as the differential equation approach described above. 

D. Modification of Kompaneets Approximation for Winds 

We have assumed since the beginning that the wind exists for at 

least 107 to 108 years with roughly constant mechanical luminosity. 

Since the free expansion lifetime of all but the most powerful winds is 

much less than this, we are forced to consider the subsequent 

propagation of the wind in the "Sedov" or "Kompaneets" phase. It will 

be shown later that these phases are also shortlived and we must further 

consider the wind propagation after "blow-out" occurs (the end of the 

Kompaneets phase). 

We can modify the Kompaneets approximation to include a 

continuous injection of wind energy by replacing E (the energy of the 

explosion) with Lw t (assuming a constant wind power). We assume that 

the wind kinetic energy is rapidly converted to thermal energy 

(thermalized) in the shocked interstellar gas volume. We require that 

the timescale for conversion from kinetic to thermal energy is smaller 
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than the sonic crossing time in the shocked interstellar gas region. If 

this is the case, we can assume that the shocked gas is isobaric and 

still use the Kompaneets approximation. Although assuming E = lwt does 

not change the shape of the shock front, it does change the dependence 

of the shock front liS i ze" (y) wi th time. 

In this section we generalize the Weaver et al. (1977) solution 

to include non-spherically symmetric interstellar gas distributions. 

This is accomplished using Kompaneets-type approximations which will he 

discussed below. Before outlining these modifications, we briefly 

review the results of Weaver et al. (1977). 

Soon after the end of the free expansion phase, a four-zoned 

"bubble" structure develops. A thin shell (Zone C) forms where shocked 

ambient gas begins accumulating. likewise, in Zone B, shocked wind gas 

is also accumulating due to the low velocity of Zone C. Weaver et al. 

(1977) calculate the motion of these two shock fronts (and the contact 

discontinuity between Zones B and C) and the conditions in each zone for 

a homogeneous ambient gas distribution. Both the inner and outer shocks 

are propagating away from the contact discontinuity. Radiation losses 

in both Zones Band C (more important in the latter; see discussion 

below) are shown to be important only when the velocity of the outer 

shock ~rops to below 10 kms sec-I. 

The shocked wind zone (C) is rather large in size and at a 

high temperature (>109 oK due to the thermalizat10n of the wind di~ected 

energy) since Vw » vinner shock. Because the motion of the flow is 

decelerating, we have an effective outwardly directed gravitational 

force acting on the gas in both zones Band C, and hence a 
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stratification of pre~sure. However, the gravity is weak so that the 

zone thickness is less than a scale height and we can still consider 

both zones as isobaric. The similarity solution determined by Weaver et 

ale (1977) shows that the pressure in Zone C varies by only about 20% 

from tho maximum value at the outer shock front. The gas pressure in 

these zones is essentially the wind ram pressure (dropping as R-2) at 

the inner shock, while the adiabatic soundspeeds (and corresponding 

temperatures) are given by the wind speed in Zone B (T > 109 OK) and by 

the outer shock propagation speed (T~108 OK) in Zone C. Weaver et al. 

(1977) (and others) have shown that this flow structure is stable to 

Rayleigh-Taylor instabilities as long as the outer shock front- is 

decelerating. The effects of thermal conduction across zones Band Care 

also calculated in Weaver et ale (1977) and are shown to alter the 

temperature but not the pressure structure of the "bubble". These 

conduction effects are minimal at the temperatures determined here ( > 

108 OK). The appropriately scaled shock velocities are (from Weaver et 

1 1977) -2/5 d = v .... -3/5 where T' a • : Vouter shock = Vw 1" an vinner shock w • 

=t/tex and tex = 104 yrs x (l46n_1-1v9-5)1/2 • 

Radiation losses in stellar wind "bubbles" (in spherically 

symmetric interstellar gas distributions) have been studied by Falle 

(197S)~ Over a large range of post-shock interstellar gas temperatures 

(104 to 108 OK) and densities, the estimated radiative cooling time 

(based on a composite gas cooling curve - see Falle 1975 for detai'ls) 

for Zone C gas is tcool,C ,.., 107 years x l450.32n_lo.68 when scaled to 

winds of Seyfert galaxy power. Since gas in Zone C is near 108 OK 

during most of the "bubble" lifetime, thermal bremstrahlung is the main 



radiative cooling mechanism in Zone C. Due to the higher temperature 

and lower density of gas in Zone B (n~10-2 cm-3 and T > 109 OK) as 

compared to Zone C, radiation losses, also thermal bremssthralung, are 

much less than in Zone C and are assumed negligible (see Chapter 5). 

Also, as discussed in Weymann et ale (1982), the wind itself only 

suffers small radiative losses as compared to the wind power. 

28 

Therefore, the shortest radiative cooling time (for Zone C) of "bubble" 

gas is an order of magnitude greater than the "Kompaneets" lifetime 

(timescale between free expansion and "blow-out" phase - the majority of 

the pre-"blow-out" lifetime) for all but the lowest power winds. 

However. since the dynamical and Zone C cooling times for the -lowest 

luminosity winds are comaparable. a more detailed model of wind 

propagation than presented here should include radiative effects in the 

shock front motion. 

We now generalize the model of Weaver et ale (1977) to include 

non-spherically symmetric interstellar gas distributions. Following 

Weaver et ale (1977). we find that the pressure in both Zones Band C is 

essentially the same as the wind ram pressure at the inner shock. In 

Zone B. the sound speed » propagation speed so that the pressure is the 

same throughout the volume. In this way Zone B "thermalizes" (changes 

wind knetic energy into thermal energy - see above) all the directed 

energy from the central source's wind. Since the sound speed and shock 

propagation speed in Zone C are comparable. the assumption of 

isobaricity that is used in Zone B is not as reliable in Zone C. 

Unfortunately, the calculation of the contact discontinuity location is 

not possible with the Kompaneets approximation. However, the likely 
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mixing of gases across the contact discontinuity makes the distinction 

of using two zones here probably meaningless. We shall assume from this 

point that both Zones Band C have the same gas pressure. This 

assumption lets us use a modified form of the Kompaneets approximation 

to calculate the motion of the "bubble" shock fronts for non-spherically 

symmetric interstellar gas distributions. We also asume that the inner 

shock is spherical since Chevalier and Theys (1975) showed that oblique, 

adiabatic shocks will beconle normal shocks on a timescale equal to the 

shock length scale divided by the shocked gas sound speed. Since the 

sound speed in Zone B is very high (cs"'vw)' this timescale is short 

compared to any shock propagation timescale, and this assumption seems 

reasonable. 

Given that we know the shocked gas (wind and interstellar) 

pressure, PB,C (in Zones B and e) and the wind density, Pw' as a 

function of radius, the Hugoniot relations at the inner shock determine 

the inner shock radius, Rl. In a frame moving with the wind, we have 

y+l PB e 
02 = (-) -' Eq. 7a 

2 Pw 

where 0 is the inwardly directed velocity of the inner shock. Since the 

wind ~s highly supersonic, we also assume that the inner shock is strong 

i.e. PB,e» Pw• In the lab (galactic) frame, the velocity of RI is 

vI = Vw - D. Weaver et ale (1977) show that vI « Vw' so that we have 

approximately vw~ D. Therefore, 

2 
PB e = - Pw(RI) vw

2 
, y+l 

Eq. 7b 



30 

which determines Rl as a function of PB,C(t). The method used here to 

calculate Rl relies on the previous condition of isobaricity (Kompaneets 

approximation) of Zones Band C. Therefore, Eq. 7b no longer applies if 

VI approaches vw• 

Defining a' volume, Vk, which is the volume encompassed by the 

outer shock, we have 

Eq. 8 

where E(t) is the energy deposited into volume VB,C in the time 

interval t-t* (t* '" free wind timescale). Substituting Eq. 8 into Eq. 

7 and using the Kompaneets approximation, we yet 

E(t) 
( y - 1) 

VB,e 

or 

Lw( t - t*) 
= (y- 1) ---

Vk -(41T13)R13 
Eq. 9a 

* 3 (R1)3 + vw(t - t )(R1)2 - - Vk = 0 Eq. 9b 
417' 

As an illustration of this technique, we compute the motion of Rl for a 

unifornl interstellar gas distribution. Substituting Vk for a 

homogeneous ambient gas model (V k = 417' R2
3/3), and neglecting the volume 

of Zone A (small compared to VB,C)' results in Rl~t2/5, which is the 

same result found by Weaver et al. (1977). When the ambient sas is 

spheri'cally symmetric about the source of the wind but not uniform (say 

radial King law), then we can still use Eq. 9b with Vk = (417' 13)(R2)3, 

but the solution for Rl(t) and R2(t) (outer shock) becomes more 

complicated. 

For non-spherically symmetric gas distributions we can use an 

iteration scheme to determine Rl as a function of t-t* and outer shock 
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volume, Vk• As a first test of this formalism, a computer program 

usiny the mesh of points method described in Section C for the impulsive 

biast wave problem was used to determine the motion of the innershock 

(usiny E4. 9b) and the motion and shape of the outer shock for a plane 

exponential gas distribution .. As shown in Figure 3, the positions of 

both the inner shock (R1) and the outer shock in the plane (R2 ") follow 

the analytic solutions of Weaver et al. (1977). They diverge from their 

solution only when the outer shock radius approaches two scale heights, 

and IIblow-outll occurs. Also, notice that the high luminosity winds 

(>1046 erys/sec) do not follow the Weaver et al. (1977) solutions. 

Instead, these high mass winds never encounter their own mass in ambient 

yas durin~ this phase and the Kompaneets approximation fails (see 

Discussion in Section A). The IIKompaneetsll timescale, or elapsed time 

before IIblow-out ll for a plane exponential interstellar yas distribution, 

is approximately 

5 -1/3 1/3 5/3 t Komp ~lU yrs. x l44 n_1 a21 Eq. 1U 

where a21 is the scale height of the ISM gas distribution in 1021 cm. 

E. Bubble Development After IIBlow-out ll 

The next modification to the Kompaneets approximation for 

dealing with wind propagation into a non-spherically symnletric gas 

distribution involves modelling the effects of the "blow-out" on the 

flow structure (post-Kompaneets phase). Since the shocked wind gas in 

Zone B is thermalized, its sound speed is essentially vw' When the 

outer shock in a non-spherically symmetric ambient gas distribution 



7-r.--------~--------~------__, 

/46 
4·'------------~------~----------~ ·2 -I 0 1 -I o 

log R. /0 log R:/o 

Figure 3 

Kompaneets "Bubble" Shock Front Motion 

This figure compares the Weaver et ale (1977) shock front motions (dashed lines) with those determined 
in this dissertation. Rl is the inner shock radius while R211 is the outer shock front radius in the 
galactic plafte. The numbers refer to ire log of the wi~d luminosity. As usual, a is the exponential 
gas distribution scale height (a = 10 cm,"O = 1 cm-). Note that the highest power winds never 
follow the results of Weaver et ale (1977). 

W 
N 



33 

starts to encounter very rarefied gas along the steepest gas denisty 

gradient (the galactic pole for a plane parallel galactic disk), it 

accelerates to near wind speed. The internal energy of the gas in Zone 

B is being transformed back into kinetic energy. Once the outer shock 

begins to accelerate, the bubble structure becomes Rayleigh-Taylor 

unstable at the contact discontinuity (Weaver et ale 1977). Relatively 

dense gas in Zone C begins to lag behind the hot Zone B gas which is 

accelerating to wind speed. A rarefaction wave then travels into Zones 

Band C at their respective sound speeds, entraining more material to 

Ib10w-out". Hence, a lot of very hot gas which was trapped by Zone C is 

now free to expand away from the galaxy at high speed (""vw).· At the 

same time, the inner shock front quickly expands, because the 

backpressure at Rl decreases rapidly. The outer shock continues to 

accelerate arbitrarily high velocities as long as the gas can be 

considered a fluid (relativistic effects also limit the shock speed to a 

fraction of the speed of light - Shapiro 1979). This occurs because a 

roughly constant amount of internal energy is deposited in fewer and 

fewer interstellar gas particles. The temperature, and hence particle 

velocity, of the shocked gas increases as well as the outer shock 

velocity. 

A zeroth-order approximation can be made in order to follow 

the bubble evolution during the blow-out phase. This involves crudely 

estimating the energy lost out the top of Zone S. We approximate the 

wind power (luminosity) lost to blow-out, lblow' as the blow-out gas 

kinetic energy flux multiplied by the surface area over which the blow

out occurs and the gas velocity 
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Eq. lla 

where we assume that the blow-out gas velocity is equal to the wind 

speed. Since the blow-out phenomenon is a transformation of internal 

energy {pressure} to kinetic energy, we assume that we can equate the 

blow-out gas ram pressure to· the pre-blow-out gas pressure, PO,C. The 

surface area over which the blow-out occurs is estimated by determining 

the velocity of the outer shock at all computer program mesh points. 

All points on the shock front with velocities at or greater than the 

wind speed are preumed to be undergoing blow-out. A new effective wind 

luminosity, which continues to drive the shock through the plane of the 

galaxy, is now defined by subtracting the "blow-out power from. the 

original wind luminosity: 

As the bubble expands, we keep track of the outer shock velocity and 

continually adjust Leff with new values of (zm,rm) in Eq. lIb. We then 

use the same reasoning as the Kompaneets approximation to follow the 

evolution of the flow close to the plane of the galaxy. The 

approximation fails when the inner shock overtakes the outer shock in 

the p ranee We have ca leu 1 ated the Kompaneets and post-Kompaneets mot i on 

of the bubble for both 1-0 and 2-D Maxwellian (exp[-(z/a}2] ) and 

exponential (exp[-z/a] ) gas distributions (see Figures 4 and 5).· 

Although this "blow-out" approximation is a crude estimation of 

the "bubble's" post-Kompaneets behavior, a detailed 2-D hydro code of 

Sanders (1976, for a point explosion) agrees in a qualitative sense with 
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Kompaneets Wind "Bubble" Motion in a Gaussian Gas Distribution 

Same as Figure 4 except that we use p = fo exp(-[z/a]2 - [r/b]2) where 
b = 2a and 109 Lw. = 44. Note that the outer shock front reaches wind 
speed before O.lB3 million years. 
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the motion calculated here. The maximum speed attained by the escaping 

Zone B gas is always of order Vw (near soundspeed before blow-out in 

explosion model). Much higher velocities than this can occur for 

shocked ISM gas just behind the equally-fast outer shock front. The 

timescale for the entire blow-out phase is short, since it depends on 

the bubble size divided by the rarefaction wave speed (of order vw). 

Typical timescales are less than 105 years. Hence, the blow-out phase 

should not be directly observable due to its short lifetime. 

A better determination of the details of the blow-out phase 

dynamics would have to use a 2-D hydro code including the presence of 

two shock fronts. This is a very difficult calculation. Although the 

results of such a calculation would be very interesting, it is not part 

of the main goal of this study: i.e., the large scale features (in time 

and space) of the wind-gas interaction and the directly observable 

effects of this interaction. 



CHAPTER 4 

STEADY STATE FLOW PATTERN 

Because of the unknowm 1 ifet i me of the "quasar" wi nd. we 

determined in the previous chapter the approximate development of a 

wi nd- i nterste 11 ar gas "bubble" for non- spheri ca 11 y symmetri c gas 

distributions. However. since both the wind free expansion lifetime and 

the Kompaneets lifetime (Eq. 10) are relatively short « 106 years). we 

must also consider the motion of the "bubble" after blow-out and the 

steady state wind-gas interaction. Before discussing the steady state 

wind flow. we first wish to estimate the post-b10w-out flow in the 

galactic (symmetry) plane. The wind-gas flow along the galactic pole -

the "blow-out" was discussed at the end of the previous chapter. 

A. Post-Blow-out Gas in the Galactic Plane 

When the post-Kompaneets phase ends. we are left with the 

situation described below. Zones Band C are still expanding outward in 

the plane. Also in the plane. the wind ram pressure is still being 

therma1ized in Zone B. but a large fraction of this energy is escaping . 
away from the plane. Although the shocked wind gas is being deflected 

away from the galactic plane by the "blow-out". the momentum of the wind 

still pushes Zone C outward. We assume that a quasi-equilibrium 1's 

reached wherein the same amount of gas and energy entering Zone B from 

the nucleus is leaving Zone B through the top. Since the gas pressure 

in Zone C is still much greater than the interstellar pressure (for lw > 

38 
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1042 ergs sec-1), the strong "outer" shock front continues to propagate 

in the galactic plane. Interstellar gas, passing through the outer 

shock into Zone C, increases the size and mass of Zone C. As opposed to 

Zone B gas, we do not expect much shocked ISM gas (Zone C) to leave the 

galactic disk since the gas thermal velocity (Zone C gas temperature 

107 OK) is comparable to the galactic escape velocity. 

In order to estimate the motion of Zone C, we model Zone C as a 

cylindrically symmetric, thin ring of gas ( R2 - RC « R2 or RC; the 

contact discontinuity, RC' defines the inner edge of the ring while the 

outer shock radius - in the plane - defines the outer edge). We further 

assume that the ring is a few scale heights high and is acted 'upon by: 

a) the wind ram pressure; b) the drag produced by the interstellar gas; 

and c) the increasing mass of Zone C as it accumulates (shocks) 

interstellar gas with its passage through the ISM. A numerical 

integration of the equation of motion of this model shows that the 

velocity of the outer shock is proportional to t-2/3 over a large range 

of wind power. 

We can set a steady state timescale, t ss , using the model 

discussed above, by determining when the outer shock reaches the 

stagnation radius (discussed later). Upon reaching this radius, the 

outer shock front becomes weak due to the small difference between the 

upstream and downstream gas pressures. We then expect the gas in 

Zone C to come quickly into equilibrium with the undisturbed ISM gas. 

As was shown earlier, the motion of the wind gas "bubble" 

in the plane can be described by a power law dependence of outer shock 

radius and velocity as a function of time. The free wind phase can be 
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described by : v2 = vw' R2 = Vw t for t < tex = [3Lw/(2 povw
5)]1/2 

(where tex is the free expansion timescale; see Chapter 3. Section B). 

The motion of the outer shock during the "Kompaneets" phase can then be 

described in terms of tex : R2 = (vw t ex) (t/tex)3/5. Likewise. the 

cylindrical shock model mentioned above can be written as R2 = RKomp 

(t/tKomp)1/3 where RKomp and tKomp are the outer shock radius (a few 

scale heights) and elapsed time (Eq. 10) at the end of the Kompaneets 

phase, respectively. Solving for the elapsed time when R2 = REP' we 

can the define a steady state timescale first in terms of tKomp and then 

in terms of t ex• 

Eq. 12 

where P-11 is the ISM pressure in 10-11 ergs cm-3• Hence, in a typical 

AGN lifetime (108 yrs. 1), we may reach a quasi-equilibrium situation 

in which the wind blows freely until it reaches the stagnation surface. 

At larger distances than the stagnation radius, the wind should 

encounter a standing shock front and mix into the interstellar medium at 

a much reduced velocity as compared with the wind speed. We now proceed 

to describe the steady state wind-gas flow. 

B. Steady state Wind Flow 

The last calculation of the wind-gas interaction is the 

determination of the steady-state gas flow pattern. This problem ~s 

very much analogous to the equilibrium flow of a supersonic wind around 

a blunt object. Similar astrophysical problems which have been studied 

are the solar wind - cometary gas (Biermann, Brosowski, and Schmidt 
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1967) and the solar wind - earth magnetosphere interactions (Spreiter, 

Summers, and A1ksne 1966, and others). Fortunately, numerical 

hydrodynamic calculations have been made previously and yielded results 

which can easily be applied to solve the wind-ISM gas problem. 

The steady-state wind-gas interaction in a flattened gas (and 

pressure) distribution can be divided into three zones (A, B, and 0 

using the nomenclature of Section B, Chapter 2): Zone A, a region of 

free f10win~ wind gas; Zone B, a shocked wind zone bounded upstream by a 

standing (bow) shock front (BS) and downstream by a contact 

discontinuity (CO) separating this region from the undisturbed ISM gas 

in Zone O. Zone B channels the wi nd matter and momentum away from the 

plane of the galaxy. The kinetic energy in Zone A is transformed into 

thermal energy (gas pressure) in Zone B. An estimate of REP (the 

contact discontinuity radius in the plane) can be made by equating the 

wind ram pressure with the Zone 0 gas pressure at REP (Spreiter et ale 

1966) • 

A complication occurs if Zone 0 is homogeneous on size scales 

greater than REp. The bow shock and the contact discontinuity surfaces 

are then spheres and wind gas is not channeled out of the galaxy but 

instead accumulates in Zone B. This causes the pressure in Zone B to 

increase as a function of time unless REP increases also. In effect, 

there is no steady-state solution to the problem. A modification is 

usually made that gas 1n Zone B is removed by some mechanism at a 'rate 

comparable with the wind mass loss rate. In the case of the solar wind, 

the mechanism responsible is the sun1s motion through the Milky Way. A 

cylinder of hot, shocked solar wind is presumed to trail behind the sun. 
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However, for massive winds envisioned in QSO wind models ( » solar mass 

per year), the rate of gas removal needed may be too high. Increased 

star formation in the gas as a possible mass loss mechanism is not 

likely due to the high, temperatures and low densities of the gas. 

In the steady-state solution for a flattened geometry, the wind 

flows unhindered in all di rections where Pwvw2» PISMo Thus if the 

wind is stopped anywhere, it will most likely be along the plane of the 

galaxy. If the wind is powerful enough that a "blow-out" occurs (REP 

along pole> scale height), then the steady state solution includes 

directions in which the wind flows freely along with other directions 

where the wind is stopped. The solution to this problem is then 

directly analogous to the supersonic wind - blunt object problem. 

Spreiter et ale (1966) studied the steady state interaction 

between the solar wind and the earth's magnetosphere. In this problem, 

the magnetic field (which varies with distance from the earth) provides 

a source of back pressure to the solar wind. The ISM pressure (which 

also varies with galactic position) fulfills the same purpose in the 

quasar wind - ISM gas problem. In order that the boundary conditions 

apply at REP' the wind must encounter a shock front before the CD. A 

standing bow shock (BS) thus forms in front of Zone D. Spreiter et al. 

(1966)'have calculated this flow with a detailed 2-D hydrodynamic code 

(see their paper for details). Their complicated analysis has results 

which can be used in a simple manner to calculate the positon and ~hape 

of the CD and the BS position in the plane. Spreiter et ale (1966) and 

Biermann et a1. (1967) show that the shape of the CD can be approximated 

quite accurately by 
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Eq. 13 

where K is a constant of order unity and ~ is the angle between the wind 

direction and the CD surface normal. 

Given a distribution'of interstellar gas pressure and the wind 

ram pressure as a function of radius, we can compute the shape of the 

quasar wind-ISM gas contact discontinuity by using Eq. 13. As mentioned 

earlier, we assume that the ISM pressure follows the 1M gas distribution 

and that the wind is spherically symmetric and at terminal velocity ( 

Pwvw2 '" R-2). Therefore Eq. 13 becomes 

lw 
cos2 ~ = PISM f(z,r) 

277'v w( r2 + z2) 
Eq. 14 

where f(z,r) is the ISM pressure distribution. The angle between the 

wind flow direction (radial) and the CD surface normal can be written in 

terms of rand z and the CD slope at any point, dr/dz. 

As an example of this method, we use Eq. 14 to solve for the 

shape of the CD for a two-dimensional exponential ISM pressure (and gas) 

distribution [PISM exp(-z/a - rIb)]. Transforming variables to x = 

rIa, y = z/a (a=scale height perpendicular from plane of galaxy), and m 

= b/a (b = scale height in plane of galaxy) yields 

where y' = dy/dx and .n 2 = l/(277' PISM vw a2). Solving this quadratic for 
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y' and numerically integrating along the CD completes the solution. 

Figure 6 shows the CD shape as a function of Sl. A free wind covering 

factor, fFW' can be defined as thE' fraction of 47T steradians solid 

angle in which the wind flows freely as seen from the nucleus. Figure 7 

shows that as the wind luminosity increases, the amount of wind flowing 

unimpeded increases. Figure 8 displays the wind propagation in its 

later stages along with the position of the contact discontinuity and 

bow shock for a typical Seyfert galaxy model. 

The parameter that determines the CD shape and extent is Sl • 

The "stagnation" or stand-off point in the plane is REP = a Sl. 

This radius defines the maximum extent of the wind in the galaxy 

Eq. 16 

If the ISM gas pressure in the plane decreases rapidly enough (n < -2 

for rn) with distance, then Sl may be infinite such that the wind may 

never be stopped. This may be the case with massive QSO winds 'in 

elliptical galaxies. However, if the ISM is cloudy enough, the stopping 

distance is the pOint where fcloud approaches unity and not REP (see 

Chapter 2). Hence even the most powerful winds in "cloudy" galaxies 

(spirals 1) might not remove all of the ISM gas from the disk on a short 

timescale «108 years). 

Between the undisturbed gas in Zone 0 and the free flowing wind, 

there is a region of shocked wind gas which flows away from the plane. 

Sprieter et ale (1966) have modelled this flow and show that the gas 

accelerates back to near wind speed away from the plane. Along the CD, 

Rayleigh-Taylor instabilities can occur that corrugate this surface. 
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Shape of Contact Discontinuity as a Function of lw 

The numbers in the figure are the values of log l\1. We assumed that: 
, = Po exp(-z/a);310g a (cm) = 21; log Po = -24; log Vw = 9.3; and 

log PISM (ergs cm- ) = -11. 
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- 8) from the galactic pole. We use? = Po exp(-z~a); log 10 (gm c:m-3) 
= -24; log Vw (em sec-I) = 9.3; log PISM (ergs cm- ) = -11; and log a 
(em) = 21. 
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Elmegreen (1978) estimates the efficiency of entraining Zone 0 gas in 

these corrugation's into the Zone B gas flow. He estimates that the 

surface of maximum pressure balance (PISM = Pwvw2) defines the wind 

corrugations maximum penetration into the undisturbed interstellar 

medium. We have also calculated this surface, and as expected, it 

deviates significantly from the CD only at large altitudes (z). Hence, 

we shall assume that the CD is the maximum extent of the wind. 

The position of the bow shock (BS) is more difficult to 

determine than that of the CD. However, numerical solutions show for 

high wind Mach numbers that the shock is always near the CD (Biermann et 

ale 1967 and Spreiter et ale 1966). We have calculated the bow shock 

distance in the plane, RBS ' but not the shape of the BS. Biermann et 

al. (1967) determined the position of RBS for the case of the solar wind 

interacting with cometary gas. Their method includes the effects of 

neutral gas and ionization in the comet. They solve the hydrodynamic 

equations along the axis of the comet by assuming that the isobaric 

surfaces in Zone B are confocal paraboloids centered on the cometary 

nucleus (see Biermann et ale 1967 for more details). We performed a 

similar analysis neglecting the neutral gas and ionization effects. 

Unfortunately, the boundary conditions and the requirement that the flow 

be subsonic are not met in some places. Apparently the assumption of 

isobaric surface shape is incorrect in this case. 

However, Biermann et ale (1967) and Spreiter et al. (1966) 

quote the "well-known" result of supersonic flow that at RBS we have 
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y+l 1 
Y + 1 [--J y-l [-J 

= (_) y-l y-l (y __ ) l-y 
2 2M2 

Eq.17 

where y = polytropic index of the wind gas (=5/3) and M is the wind Mach 

number. Since we know M as a slow function of R, we have for y = 5/3 

and M2 » 1 

Eq. 18 

Since we also know that Eq. 13 applies at RCD (assume K =1), we can 

solve RBS in terms of RCD by substituting 

Eq. 19 

and Eq. 13 into Eq. 18 (for Z = 0) yields 

RBS(z=O) = 0.939 RCD(z=O) Eq. 20 

(Equation 19 is a result of wind mass conservation and the constant 

wind terminal velocity, vw). Therefore, RBS' like Reo, is only a 

function of !l. Zone B's thickness (RCD-RBS) is small compared with 

RBS [ (RCD - RBS) / RCD « 1 ; (Vol umeCD - Vol umeBS) / Vol umeCD '" 10% J. 
For the high Mach numbers of these winds, the thickness of Zone B is 

always small (see Figure 8). We can therefore neglect the presence of 

Zone B when determining the extent of the wind and instead use the CD 

surface as the wind zone's maximum size. The result of Eq. 20 is also 

found in the Biermann et ale (1967) analysis. 

A schematic of the steady state wind flow is depicted in Figure 

8. This type of flow is typical for winds of Seyfert luminosity ( > 
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1042 ergs sec-I) and galactic ISM pressure ( < 10-11 ergs cm-3). If the 

wind power is substantially less, or the the ISM pressure greater, than 

these values, we expect the CD to be essentially spherical. The steady 

state wind flow is then directly analogous to the steady state solar 

wind flow into the ISM. 

In order to summarize the steady state wind flow pattern, we 

describe the flow as a fucntion of polar angle (angle away from galactic 

pole). As outlined in the last chapter, the wind flows unhindered near 

the galactic pole after the "blow-out" phase. As seen from the galactic 

nucleus, the fraction of the sky, in which the wind flows freely, 

increases as the wind power increases (Figure 7). At some critical 

polar angle, the wind ram pressure becomes comparable to the ISM 

pressure far from the nucleus and above the galactic disk. At larger 

polar angles, the wind encounters a standing bow shock which decelerates 

and deflects the wind gas around a region of undisturbed ISM gas in the 

disk. Finally, the wind attains its smallest propagation distance in 

the plane of the galaxy. The typical galactic plane stagnation distance 

(RCO(z=O)) for a Seyfert galaxy is a few Kpc (Figure 6). Winds of very 

high power (> 1045 ergs sec-I), typical of QSO wind models, flow freely 

away in all directions, except for the galactic plane of spiral host 

galaxies. Although the wind ram pressure of QSO winds is much greater 

than typical ISM pressures, the wind probably does not propagate 

completely through a host spiral galaxy galactic disk due to the cloud 

covering exceeding unity (see Chapter 6). 



CHAPTER 5 

SUMMARY AND OBSERVATIONAL CONSEQUENCES OF WIND-GAS INTERACTION 

Before discussing the observational consequences of the "quasar" 

wind-ISM gas interaction, we would like to review the major results of 

Part I of this dissertation. 

1) The evolution of the wind-ISM gas interaction can be 

divided into a series of phases in analogy with supernova remnant 

evolution (Chevalier 1977). Figures 9 and 10 schematically depict the 

phases of the wind-ISM gas interaction. 

2) The initial freely expanding wind phase is short-lived ( < 

104 years) for low luminosity winds ( < 1045 erg sec-I) with maximum 

extents of less than 100 pc. Higher luminosity winds, appropriate for 

QSO models, might have sufficient mass to travel unimpeded through a 

host galaxy. Only in the plane of a spiral 'galaxy could such powerful 

winds be stopped while in the freely expanding wind phase. 

3) Once the wind encounters a mass of ISM gas comparable to the 

wind gas mass, the wind propagation rapidly decelerates and a Weav~r et 

ale (1976) "bubble" structure develops. The motion of this bubble for 

non-homogeneous ISM gas distribution was developed using the Kompaneets 

(1960) approximation and the Hugoniot shock front conditions at the 
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inner shock front. This result was compared with previous work on 

stellar winds and explosions in exponential atmospheres, and was shown 

to be in good agreement. 

4) For flattened gas distributions typical of spiral galaxies, 

a "blow-out" of shocked gas and wind gas occurs a long the symmetry axi s 

of the distribution (rotation axis) on timescales of less than 106 years 

for Lw = 1042-43 ergs sec-I. At larger luminosities, this timescale is 

substantially shorter. The distance in the plane which the bubble 

reaches at this stage is approximately twice the scale height of the gas 

distribution (IV 1 Kpc '/). 

5) An estimate of the total elapsed time for the gas flow to 

reach a quasi steady-state is of the order of 108 years. At this point, 

the wind is flowing freely out to many Kpc in the plane of the galaxy. 

Due to the high ISM pressure in the plane, the wind is channeled away 

from the plane, although it is not well collimated (cone angles> 450). 

Again, high luminosity winds ( > 1045 ergs sec-I) may flow freely in 

all directions, including the plane, out to large distances (many Kpc). 

However, the presence of enough high density interstellar clouds may 

stop even the most powerful winds from sweeping away all the ISM yas 

from a host galaxy. 

6) Because a Iquasar"/Seyfert wind propagates to many Kpc in a 

galaxy, there may be effects produced by the wind that are directly 

observable. In particular, the Narrow Emission Line Regions (NELRs) in 
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active galaxies are thought to occur well inside a few Kpc from the 

nucleus. Given the high ram pressure of the wind (as compared to the 

ambient ISM pressure), we expect that the wind could dominate the 

physical state and dynamics of the NELR clouds. The second part of this 

dissertation examines this pr.oblem. 

A 1 though the dynami cs of the wi nd-gas "bubb 1 e" can be determi ned 

in an approximate manner, the effects of the interaction are probably 

difficult to observe directly. In fact, the presence and distribution 

of the low density ISM gas which fills most of the interstellar volume 

is difficult to determine within our own galaxy. The main effect of the 

wind is to heat this gas to high temperatures (108 K), which d~es not 

increase the detectability of the gas. In part II of this dissertation, 

we will propose that the wind transforms dense interstellar clouds into 

Narrow Emission line clouds. Althouyh we expect the properties of an 

ensemble of such clouds (emission line profiles, cloud temperatures and 

densities, etc.) to be observable and the best test of the existence of 

the wind, we should briefly discuss the possibility of detecting the 

wind or shocked ISM gas directly. 

The possibility of detecting the wind itself has been discussed 

by Weymann et al. (1982; see also references within). In all cases most 

of the wind's emissivity (mostly in kilovolt x-rays) occurs close to the 

nucleus where the nuclear power law photon source probably dominates the 

emission. 

The relatively high temperatures (lU9 OK) and low densities 

(10-2 cm- 3) of Zone B gas makes its detection very difficult 



since its peak emissivity occurs near 100 KeV where present-day 

detectors are probably not sensitive enough to detect this gas. 
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A third possibility exists that the shocked ISM gas in Zone C 

may be observable.' However, as stated earlier, the effect of the 

strong, adiabatic shocks on the gas merely increases the gas temperature 

without substantially increasing the density. Since thermal 

bremsstrahlung emissivity depends on n2, radiation losses are generally 

small due to the low ISM gas densities. We can estimate the total 

thermal bremsstrahlung x-ray luminosity of the Zone C gas before "blow

out" by assuming that: a) the average gas density (n) is given by the 

adiabatic Hugoniot conditions - ( +0/( -l)nO = 4nO - where nO' is the 

pre-shocked ISM gas density near the galactic disk; and b), the total 

gas mass in Zone C equals the ISM gas mass which was contained in the 

"bubble" volume before the expansion of the wind commenced. This "pre_ 

wind" ISM gas mass for a plane exponential atmosphere model is 

approximately 

Eq. 21a 

where we assume that the radial extent of the "blow-out" is 2a (see 

Chapter 3 - a is the scale height of the gas distribution). The 

emitting gas volume is then 

Vern = MISM(t=O)/(mH 4nO) = 211'a3 Eq. 21b 

Therefore, the total x-ray luminosity for 107-8 oK gas is (n=4nO) 

lcx-ray = 2.5 x 10-38 n2 T1I2 (k/h) 211'a3 ergs sec-1 

~8 x 1040 ergs sec-1 n_12 T7.51/2 aKPC3 
Eq. 22 

Although the emitting volume of Zone C gas increases after "blow-out", 

we do not expect to increase more than an order of magnitude above the 
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value in Eq. 22. T~erefore, due to the strong x-ray luminosities 

(comparable to Lopt or LUV) of non-thermal nuclear photon sources in 

active galaxies, we do not beleive that a thermal component of the x-ray 

flux (with luminosity comparable to that determined in Eq. 22) would be 

discernible in these objects. If observable, it would be seen as a 

narrow, kiloparsec-size, faint ring or shell of x-ray gas. 

It may be possible to detect extended x-ray emission from Zone C 

if our x-ray telescope has great enough angular resolution. Considering 

that the typical wind-gas Ilbubble" size is a few Kpc, we require angular 

resolutions of order 10 to 20 n for the nearest Seyfert galaxies 

(at a distance of ~ 30 Mpc). Since the Einstein telescop~s High 

Resolution Imager (angular resolution ..... 6n) is capable of this 

resolution, we also estimate the extended x-ray flux (Fv~v) for Zone C 

gas. 

This is a factor of 3 lower than the typical flux limits of both the 

HRI and the more sensitive IPC detector aboard the Einstein telescope. 

Therefore, the direct detection of shocked ISM gas is probably just 

beyond' the capabi 11 ties of present-day x- ray telescopes. 

When the shock velocity decreases to near 10 km sec-1 near R = 

REP' the outer shock front should become nearly isothermal due to the 

increased radiation losses of the shocked ISM gas. Under such 

conditions the shocked gas may become much denser and cooler than in the 

adiabatic shock case and hence produce much line and continuum emission 
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in a manner analogous to old supernova remnants (see Chevalier 1977 for 

a review). We would then expect to observe a narrow, kiloparsec-sized. 

ring or shell of shock and photon heated gas with a spectrum similar to 

that of an old supernova remnant. However, this lifetime of the 

"radiative" phase of the "bubble" evolution has not been calculated and 

may prove to be short-lived and unobservable. 

Finally, the absence of a "normal" ISM near the nucleus in 

active galaxies may be observable [as proposed by Wolfe (1974)]. Low 

density « 1 cm-3), neutral gas cannot exist in the wind-gas bubble. 

Strangely enough, high density, cool gas may exist in the wind since 

such gas is found only in large, dense clouds which can effectively 

protect such gas from the wind's heating effects (see Part II). The 

ionization effects of nuclear source photons may also explain the lack 

of neutral gas. In both cases, the low density gas, whether neutral or 

ionized, will probably be driven away from the nucleus by the wind. 

If substantial numbers of large galaxies experience QSO or Seyfert 

phases in their lifetimes, then the effects of such phases may still be 

visible. If such activity includes "quasar"-winds, then regions near 

the nucleus of these galaxies may still show effects of the wind-gas 

interaction as described here. As described in Part II of this 

dissertation, the voids in neutral hydrogen seen in some Sa and Sb 

galaxies (Sanders, Solomon, and Scoville 1983; Mihalas and Binney 1983) 

may be a remnant of a long ago wind. likewise, the 3 Kpc Arm seen- in 

the Mil ky Way could be the maximum extent of a previous phase of "wind

blowing" (Sanders and Prendergast 1974). In fact, Sanders and 

Prendergast (1974) show that long after a strong explosion in the 
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nucleus of a disk galaxy, a ring of shocked ISM gas will persist. Thus, 

we may still observe remnants of a much earlier phase of "wind-blowing" 

ina ga laxy whi ch is not at present an II act ive gal axy". 

From this preliminary work it appears that the best way to 

"detect" the win~s presence is by its effects on interstellar clouds. 

The dynamics and the physical conditions in these clouds are radically 

affected by the wind, and observations of interstellar clouds in Seyfert 

galaxies may reveal whether or not the wind exists. It will be proposed 

in Part II of this dissertation that Narrow Emission Line clouds may be 

normal interstellar clouds under the combined effects of a "quasar" wind 

and ionizing, continuum photons from the nuclear regions of the active 

galaxy. 



PART II: THE INTERACTION OF DENSE, INTERSTELLAR CLOUDS WITH 
A "QUASAR" WIND AND ITS RELATION TO THE NARROW 

EMISSION LINE REGIONS OF SEYFERT GALAXIES 

CHAPTER 6 

INTRODUCTION TO PART II 

Part II of this dissertation investigates the interaction 

between a "quasar" wind, as proposed by Weymann et ale (1982), and 

interstellar clouds in a Seyfert/QSO host galaxy. The propagation of 

the wind into the low density gas component of the interstellar medium 

(ISM) was studied in Part I, and the wind velocity field determined 

there is used to determine the physical structure and motion of 

interstellar clouds. 

We model the cloud component of the ISM of a host galaxy (cloud 

sizes, content, distribution, etc.) by assuming that the host galaxies 

are similar to the Milky Way and other nearby "non-active" galaxies. 

The motion of the clouds is then determined, using the effective wind 

velocity field of Part I and a model galactic gravitational field. 

Finally, we ~se the radiation transfer calculations of Whittle 

(1982)'and a few simplifying assumptions to compute emission line 

profiles of an ensemble of photo-ionized (by the central object) clouds. 

We compare these line profiles and other model spectroscopic properties 

with those of the Narrow Emission Line Region (NELR) in active galaxies, 

mainly Seyfert galaxies. It is hoped that this comparison will 

determine if NELR clouds are interstellar in origin and test the 
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proposed existence of a "quasar" wind in Seyfert galaxies and QSOs. 

As described in Weymann et al. (1982) and Part I of this 

dissertation, the wind is assumed to be spherically symmetric and moving 

at a highly supersonic, terminal velocity of near 0.1 c (given by the 

maximum width of the broad emission lines). We assume that Vw (wind 

speed) = 2 x 109 cm sec-1 and the wind mechanical luminosity is 

comparable to the photon luminosity of the central object (1042- 45 ergs 

sec-1 for Seyferts and 1045-47 erg sec-1 for QSOs). 

Part I of this dissertation determined the propagation of the 

wind into the low density gas of the ISM and showed that on a timescale 

comparable to the NELR cloud crossing time (size of NELR/NELR .cloud 

velocity "-11 Kpc/300 km sec-I"" 106•5 years), all the low density gas is 

removed from the inner regions of a galaxy « 3 Kpc; see Part I for 

details) and replaced with high velocity wind. We therefore assume 

that, for longer timescales than this, interstellar clouds are directly 

immersed in the wind. 

Using the results of Part I, we can compute the ram pressure of 

the wind (= Pwvw2) at any galactic radius and compare this to the ram 

pressure produced by the shocked ISM and wind gases in the wind-gas 

"bubble" structure. Figure 11 compares the two ram pressures and shows 

that the wind ram pressure is much greater than the shocked-gas ram 

pressure. This occurs because the velocity of the shocked-gas is much 

slower than the wind speed. Also the time spent by a cloud in the· 

shocked gas is short compared to the assumed wind lifetime (> 108 

years 1). Hence, we shall assume that the shocked gas doesn't greatly 

affect the cloud dynamics, but in Chapter 8 we will discuss the initial 
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shock front produced in the cloud by the shocked gas. 

The abili.ty to separate the wind-ISM interaction into wind-gas 

and wind-cloud problems occurs because the cloud covering factor (fc) 
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to the nucleus is assumed to be small over the distances considered here 

(few Kpcs). For large interstellar clouds (> 105 Mo', the average cloud 

sizes and separations near the Sun (rcloud = 30 pc, d = 1 Kpc) result in 

fc approaching unity near 5-10 Kpc. This result depends strongly on 

the clumping of large clouds near the galactic nucleus. However, it 

still seems unlikely that fc exceeds unity for distances less than a few 

Kpc. Therefore, we assume that fc is less than one for galactic radii 

less than the typical NELR size (1 Kpc 1). Smaller, less dense clouds, 

which are more numerous than larger molecular clouds, probably 

contribute more to the obscuring of the central source than the rarer, 

large interstellar clouds. However, as will be shown in Chapter 7, the 

wind acts differently on gas than it does on clouds. Below a critical 

cloud density, the wind interacts with low density clouds as if they 

were a form of "dense" gas (Sgro 1975). The main effect of a strong 

shock on either "gas" or "clouds" is to increase initially the 

temperature and pressure of the shocked material. Because low density 

intercloud gas cannot radiatively cool as quickly as high density cloud 

gas, low density gas and clouds remain relatively hot over long 

timescales as compared with dense cloud gas. Therefore. since the ram 

pressure force exerted on a cloud by the wind is inversely proport~onal 

to the cloud gas density (Fram cloud surface area/cloud mass (cloud 

column denity)-l - see Chapter 8), dense clouds are accelerated by the 

wind to a much smaller degree than low density clouds or intercloud gas. 



Hence, we expect low density clouds and gas to be swept away from the 

nuclear regions of a galaxy. 
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Given the properties of the wind and the wind-gas interaction, 

the last major problem is to describe the state of the model 

interstellar medium. We assume that the wind interacts with an ISM 

whose properties are similar to those seen in non-active galaxies. 

Hence, part of this problem consists in determining the global 

properties of the ISM of nearby spiral and elliptical galaxies. A 

complication occurs if most of these galaxies have already undergone 

"active-galaxy" or QSO activity in the past (see Schmidt and Green 1983 

for a discussion of the likelihood of QSO activity in most ga'l axies). 

If such activity has occurred and has affected the ISM (the 3 Kpc arm in 

the Mil ky Way 1), then our choice of what is an "unaffected" (by nuclear 

activity) ISM will be much more difficult to construct. 

Although recent high spatial resolution QSO imaging (Hawkins 

1978; Hutchings, Crampton, Campbell, and Pritchet 1981; Wyckoff, 

Wehinger, and Gehren 1981) and spectroscopic observation of quasar 

"fuzz" (Boroson and Oke 1982; Boroson, Oke, and Green 1982; Boroson and 

Oke 1984) indicate that QSOs can exist in both elliptical and spiral 

galaxies, it is very difficult to determine the morphology or content of 

a QSO host galaxy with any confidence in the result. Conversely, the 

morphology and content of Seyfert galaxies is much easier to observe 

than QSO host galaxies. Enough is known about nearby Seyfert galaxies 

that a model of the host galaxy of these objects can be constructed 

which fits observations reasonably well. The relative nearness of 
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Seyfert galaxies not only lets us model the host galaxy but also allows 

us to observe the possible effects of the wind on the galaxy. 

Therefore, most of this part of the dissertation investigates the wind

cloud interaction in Seyfert galaxies. 



CHAPTER 7 

MODEL INTERSTELLAR MEDIUM 

Before discussing the effects of the wind on interstellar 

clouds, we describe in this chapter the modelli~g of the interstellar 

medium of Seyfert galaxies and QSO host galaxies, particularly the cloud 

component of the ISM. Although we aim this study at Seyfert 

galaxies which are predominantly spirals, we shall also describe model 

ISMs more typical of elliptical and bulge-dominated galaxies. We do this 

since the morphological type of QSO host galaxies is uncertain and also 

as a fiducial to study the effects of flattened cloud dis~ribution 

(typical of spirals) on the cloud ensemble properties and emission line 

profiles. As stated earlier, we assume that the Seyfert/QSO host 

galaxies have ISMs similar to those of non-active galaxies. 

The construction of a model interstellar medium depends almost 

entirely on observations of the Milky Way and a few nearby spiral 

galaxies (e.g. M31). The absence of a nearby large elliptical galaxy 

makes observations of interstellar clouds and gas 1n these objects a 

difficult task. Further difficulty lies 1n our lack of a complete 

theoretical understanding of the physical state of the galactic ISM. 

The mUlti-component nature of the ISM also complicates a simple 

modelling process. 
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A. Distinction Between Clouds and Intercloud Gas 

Some simplification of the ISM modelling process is possible if 

we consider the combined effects of wind and photons on the interstellar 

clouds. Much of the difficulty in describing the cloud component of the 

ISM occurs because of the wide distribution in cloud sizes and 

densities. We will discuss two effects which limit the size of clouds 

and which allow us to use a simple two-component (gas and high density 

cloud) ISM model. 

The first effect occurs when a cloud encounters a strong shock 

front. When the wind and its associated shocked gas encounter a cloud, 

a strong shock forms in the cloud due to the high ram pressure and the 

supersonic velocity of the wind (with respect to the cloud sound speed). 

This strong "transmitted" shock propagates through the cloud, increasing 

the cloud gas pressure until the cloud and wind are nearly in pressure 

equilibrium (Woodward 1976; Krebs and Hillebrandt 1983). Sgro (1975) 

showed that the propagation of this shock and the subsequent cloud 

motion depend greatly on the pre-shock cloud density. Because of the 

strong dependence of photon emissivity on gas density, a shocked low 

density cloud w~ll not radiate away much of the energy of its increased 

gas pressure in the form of photons. Thus, the transmit~ed shock is 

essentially adiabatic and the increase in cloud gas pressure due to the 

shock increases the cloud temperature far more than the density. 

Conversely, a dense cloud will radiate away much of the transmitted 

shock's internal energy due to its higher density. The shock 1s nearly 

isothermal and greatly increases the cloud density. After the passage 

of the shock, dense clouds remain compressed and cool while rarefied 
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clouds are only heated. 

Sgro (1975) showed, using detailed hydrodynamic calculations, 

that the subsequent behavior of the dense and rarefied clouds is very 

different. This occurs because of the strong (n2) dependence of 

radiative gas cooling on gas. density. Since the cloud gas pressure is 

constrained to remain equal to the wind ram pressure, the rapid cooling 

of dense clouds, as compared to rarefied clouds (see below), causes the 

dense cloud temperature to decrease while the cloud gas density 

increases. Conversely, initially rarefied clouds remain hot and 

rarefied for long timescales (see below). Given two clouds of. equal 

mass, the dense cloud. will present a much smaller geometrical .cross 

section to the wind than the rarefied cloud. Since the wind ram 

pressure force on the clouds is proportional to this cross section, 

rarefied clouds will be preferentially removed from the wind region. 

Following Sgro (1975), we can set a cloud gas density criterion 

between "rarefied" and "dense II clouds by determining the radiative 

cooling time for each cloud and comparing it to the cloud crossing time 

of the transmitted shock front. "Dense" clouds are those in which the 

cooling time is much shorter than the crossing time. The opposite 

condition holds for "rarefied" clouds. We determine the ratio of the 

intercloud to cloud gas density at which these two timescales become 

equal. Given the radiative cooling curve, f(Tt ), of Sgro (1975) (Tt is 

the cloud temperature behind the shock), the ratio of cloud cooling to 

transmitted shock cloud crossing time is 

Eq. 23a 



where Vt is the transmitted shock front velocity and d is the cloud 

size. By relating Vt and Tt to the cloud/intercloud gas density 

ratio (nc/n) and the shock front velocity in the intercloud gas. we can 

define a critical value for nc/n when R = 1. 
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Eq. 23b 

where v4 equals the shock front velocity in the intercloud gas in 

104 km sec-I; n_1 is the ISM (intercloud) gas density in 10-1 cm-3; and 

d10pc is the cloud size in 10pc units. For an average ISM gas density 

of 0.1 cm-3• clouds with pre-shock densities < 102 cm-3 are quickly 

swept from the region of freely flowing wind. Therefore, we consider 

only very dense clouds (n > 102 cm-3) in the cloud component of our 

model ISM. less dense clouds are considered part of the low density 

intercloud gas. Also. clouds with gas densities below 100 cm-3 will not 

contribute to the Narrow Emission lines due to their high temperatures. 

although these clouds may be visible in x-rays. 

The second effect which discriminates between gas and clouds in 

the wind-ISM interaction is due to the central objects' ionizing 

photons. Given that the clouds are in pressure equilibrium with the 

wind after the initial shock encounter (see Sgro 1975; Woodward 1976; 

and Krebs and Hillebrandt 1983 for details). it can be shown (see 

Chapter 8 for more details) that a two-phase pressure equilibrium may 

exist for clouds in the NElR and affected by ionizing photons (see' 

Chapter 8). The only two thermally stable steady states are: a) hot, 

rarefied gas or wind (T > 107•5 oK. n < 10-2 cm- 3). and b) cool. dense 

clouds (T ...... 104 oK, n"'104 cm-3). Any clouds of intermediate density are 



thermally unstable in this environment and are heated or cooled until 

they reach one of these two gas phases. 

The two effects described here discriminate against the 

long term presence of low density clouds (n « 102 cm-3) in the wind. 

Thus for the purpose of modelling the ISM for the wind-ISM 

interaction, we need to describe only the average ISM gas (including 

rarefied clouds) and the highest density clouds, the so-called "giant 

molecular clouds". 

B. Milky Way ISM 
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We shall approximate the Milky Way·s ISM as a two-phase gas in 

pressure equilibrium. Although the actual ISM is much more complex than 

this approximation, for the purpose of studying the wind-ISM 

interaction, the assumption is necessary. The density criteria 

described above makes this approximation physically reasonable. 

As decribed by many authors (see Mihalas and Binney 1983) the 

galactic ISM generally consists of a hot, low density medium 

(T > 104 oK, n < 1 cm-3) which occupies most of the volume. 

Embedded in this gas are cool, higher density clouds (T < 100 oK, 

n > 10 cm-3) which contain most of the galactic gas mass but have very 

small volume filling factors « 10-3). The great disparity in density 

between clouds and gas makes the adoption of the aforementioned cloud

gas density criteria meaningful. 

A complete description of gas and cloud components to the ISM 

should include: 1) physical state of the clouds and gas (temperatures, 

densities, equation of state, etc.); 2) galactic gas distribution; 3) 
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size and mass distribution of clouds; 4) number density of clouds or 

mean cloud separation distribution; and 5) distribution of orbital 

elements of clouds and gas. Before modelling only the densest clouds in 

the ISM, let us describe the actual galactic ISM. Below, we list 

properties of the ISM as est1.mated from observations (Miha1as and Binney 

1983) and the types of observations required. Percentages are the 

volume filling factors for each phase. Note should be made that the ISM 

may not be in any sort of steady state. 

Physical State 

a) Gas 

1. Very hot gas (UV observations of nearby stars);' 70% ? 

T > 106 oK, n = 10-3 cm-3 

2. Hot, ionized gas (H II regions) 10% 

T = 104 oK, n = 0.1 to 1.0 cm-3 

3. Hot, neutral gas (gas near H II regions) 

T < 104 oK, n = 0.1 to 1.0 cm-3 

Volume average of gas: T> 104 oK, n = 10-2 to 1.0 cm- 3 

b) Clouds 

1. Cold, neutral clouds (21 cm H I emission) 

T = 100 oK, n = 20 cm-3 

20% 

3% 

2. Cold, molecular clouds (molecular emission lines) < 1% 

T < 100 oK, n > 103 cm-3 

Average cloud properties: T < 100 oK, n > 102 cm-3 
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Gas Distribution 

The distribution of both molecular clouds and H I clouds is well 

known in the Galaxy. However. most of the ISM volume consists of very 

hot gas whose distribution is uncertain. Theoretical considerations 

predict that for a bound gas· (gravitationally and magnetically), the gas 

distribution should be highly flattened with a rapid fall-off away from 

the galactic disk. The scale height of this distribution depends on the 

gravitational field strength, the magnetic field, and the gas 

temperature. Estimated scale heights are less than 500 pc for the 

cooler H I gas seen in the 21 cm data. Near the galactic nucleus the 

gas distribution is probably more spherical due to the dominance of the 

galactic bulge component in the galactic gravitational field. The 

nholen seen in the H I gas near the galactic nucleus (Mihalas and Binney 

1983) may indicate a lack of any gas or simply a lack of neutral gas. 

Outside of about 3 Kpc, the H I gas distribution is approximately 

constant with galactic radius. For lack of better data, we assume that 

the average gas distribution follows the cooler, H I gas. 

Cloud Sizes and Masses 

From this point on we will discuss the properties of the densest 

clouds (giant molecular clouds) only. Observations of CO in the galaxy 

have given a good picture of the local (to the Sun) distribution of 

cloud sizes and masses. As described in Scoville (1984), most of the 

mass in H2 (as derived from CO data) may be contained in a few large 

mass clouds. Typical sizes. densities. and masses are: rcloud = 30 pc, 

ncloud = 103 cm-3• and M = 106 Mo. The cloud size distribution from 
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Solomon and Edmunds (1979) is approximately N « rcl oud-1 (for cloud 

radii in the range 10 to 50 pc). Therefore. assuming all large 

molecular clouds have the same approximate gas density. we have N « 

Mcloud-1 where N is the number density of clouds I Kpc3 I differential 

range of cloud mass (dm). An, opposite viewpoint, presented by Kwan 

(1979) and others, favors a steeper cloud mass distribution function: N« 

Mcl oud-3/2 or Mcl oud-2• Considering the controversial status of these 

results. we will investigate in Chapter 10 the effects of varying the 

initial cloud mass distribution on the emission line profiles. The 

emission line profiles should be affected since the average cloud mass 

in the ensemble varies strongly as a function of the power la~ index 

(Mave ~ maximum cloud mass for Mcl oud-1 while Mave ~minimum cloud mass 

for Mcl oud-2). Henceforth, we shall assume that N «Mcloud-a where 

1 < a < 2. 

Number Density and Distribution of Clouds 

The distribution of cloud number density with galactic radius 

has been determined (Sanders et al. 1983). Assuming the observed CO 

intensity translates directly to cloud number density. we can identify 

two density peaks at about 6 Kpc and near the nucleus. Note that these 

peaks are not seen in the H I data. The distribution away from the 

plane is high,ly flattened with a thickness less than 100 pc. An 

estimate of the mean cloud separation (s) or number density near the Sun 

(R = 8 Kpc) is s = 1 Kpc (n = 1 Kpc- 3) for large clouds (M > 105 s~lar 

masses). The distance over which the cloud covering factor (near the 

Sun) for large clouds approaches unity is R(fc=l) = (n Ucloud)-l 
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< 10 Kpc where C7'c1oud is the average cloud geometrical cross section. 

Cloud Orbits 

We assume that cloud orbits, far from the nucleus, are circular 

with velocities typical of a "standard" spiral rotation curve: 

velocity increasing monotonically to near 250 kms at 3 Kpc (1) and then 

constant velocity at larger radii. Furthermore, the orbits are confined 

to a narrow disk and are all prograde (or retrograde). Nearer the 

galactic nucleus, this may not be a good approximation due to the more 

spherical stellar mass distribution. 

c. External Spiral Galaxies 

The gas and cloud distribution in external spiral galaxies is 

similar to that of the Milky Way's except for a few notable deviations 

(see Morris and Rickard 1982 for a review of molecular gas in galaxies). 

Nearby spirals have .been observed in both 21 cm and CO emission. 

Mihalas and Binney (1983) show the radial HI distribution for selected 

spirals and irregular galaxies. A few galaxies, including the Milky 

Way, have voids or holes in their H I and CO distributions just outside 

of the galactic nucleus. This does not appear to be related to Hubble 

type, although this type of gas distribution does not seem to occur in 

later than Sb Hubble type spiral galaxies. In those galaaxies which 

have been detected in H I and CO, the radial distribution (outside of a 

few Kpc from the nucleus) generally follows an exponential decrease in 

gas density with radius (scale radius 4 Kpc). 

These gas and cloud voids in some early type spirals may be 

related to nuclear activity. Whittle (1982) has found that nuclear 
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activity is correlated with galactic bulge luminosity. Furthermore, 

Whittle has noted that almost all Seyfert galaxies are bright-bulge Sa 

and Sb galaxies. Also, Schmidt and Green (1983) have postulated that 

all large galaxies (Sa's and Sb's among spirals) have undergone QSO-like 

activity in the past. We hope to show that structures such as these 

"holes" could ~e remnants of a hydrodynamic, nucleus-ISM interaction. 

D. Elliptical Galaxies 

We need to model the ISM of elliptical galaxies for three 

reasons: 1) to use as a benchmark to test the effects of a highly 

flattened gas distribution in spirals; 2) the Hubble type of QSO host 

galaxies is not known and may include ellipticals; and 3) radio 

galaxies, which are predominantly ellipticals and N galaxies (Grandi and 

Osterbrock 1978), have narrow emission lines similar to Seyfert galaxies 

and should be explained in any model which seeks to explain NElR 

properties of active galaxies. 

Our knowledge of the ISM of elliptical galaxies is minimal. 

Although a few elliptical galaxies have been detected in H I emission, 

none has been seen in CO. This may be a selection effect due to the 

large distance to the nearest ellipticals (Virgo cluster). In general, 

we can say that ellipticals are gas poor compared with spirals (M(H I) < 

109 Mo ; Knapp, Kerr, and Henderson (1979) and Dressel, Bania, and 

O'Connell (1982), and others). The central gas density, given the total 

gas mass and emitting volume (Knapp et ale 1979), is then approximately 

10-2 to 10-3 cm-3 (similar to the very hot phase gas density in the 

Milky Way). The lack of a young stellar population also suggests the 
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apparent deficiency of star forming regions in these galaxies. The H I 

gas distribution is not well known except that it is probably not 

confined to the central regions. Beyond these observations, there are 

few constraints on the distribution or content of the ISM in 

ell i pt i ca 1s. 

In order to explain the narrow emission line properties of radio 

galaxies using a wind-interstellar cloud model, presumes the presence of 

dense clouds in the ISM of ~ ell iptica1 galaxies. The presence and 

origins of dense gas in active elliptical galaxies poses a difficult 

problem for all models of active galactic nuclei, considering the 

apparent deficiency of dense gas in normal elliptical ga1axie~. Since 

dense clouds (presumably star formation regions) have not been observed 

in nearby elliptica1s, we are postulating either the existence of a new 

type of elliptical galaxy, or that nuclear activity promotes the 

creation of dense interstellar clouds in radio galaxies. The collision 

or absorption of a gas-rich galaxy by an elliptical galaxy may help 

explain both the nuclear activity and the presence of the dense gas in 

the NELR. Another alternative is that the NELR gas is not interstellar 

in origin but is instead "produced" by the nuclear activity. 

E. Summary of Model ISM 

In the previous sections, we proposed simplified models for the 

ISMs of both spiral and elliptical galaxies. Here we summarize the 

properties of three model geometries and their cloud properties. 

Typical cloud sizes and separation are Mc10udmax = 106 Mo and s = 1 Kpc 

at R = 8 Kpc (solar neighborhood). 
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Model A: spherical geometry; homogeneous cloud number density; 

N( Mc loud) ex: Mel oud-a (where 1 < a < 2); 

Rmax = 16 Kpc 

Model B: same as Model A except exponential decrease in cloud 

number density with radius (scale radius = 4 Kpc) 

Model C: disk geometry; disk width = 1 Kpc; exponential 

decrease in cloud number density with cylindrical 

radius (scale height = 4 Kpc); N(Mcl oud) same as 

Model A 

In chapter 10 we will use these ISM cloud models to calculate the 

motion of clouds and the spectroscopic properties (e.g. line profiles) 

of these cloud ensembles. 



CHAPTER 8 

PROPERTIES OF INTERSTELLAR CLOUDS IN A IIQUASAR II WIND 

When an interstellar gas cloud encounters the IIquasarli wind its 

physical state is radically altered. The sudden increase in intercloud 

pressure and the effects of ionizing, nuclear photons, particularly 

kilovolt-energy x-rays, combine to modify the structure and physical 

state of the clouds. These effects of the active nucleus on clouds can 

be divided in~o two stages: 1) the time-dependent propagation of shock 

and ionization fronts in the clouds; and 2) the steady state structure 

of the clouds and intercloud gas. Sections A, B, and C of this chapter 

discuss these two topics while Section 0 describes the subsequent motion 

of massive interstellar clouds in the wind. 

A. Initial Hydrodynamic Shock 

The interaction of a strong shock front (gas pressure upstream 

of the shock much greater than the cloud gas pressure) with an 

interstellar cloud has been discussed by many authors (Sgro 1975; 

Woodward 1976; Krebs and Hillebrandt 1983; Heathcote and Brand 1983). 

Although these authors considered various origins for the shock front 

(supernovas, galactic spiral arm shocks), many of the results of these 

papers are directly applicable to the quasar wind-interstellar cloud 

encounter problem. In this Section we discuss in a qualitative manner 

the initial effects on the cloud of the shock fronts associated with the 

wind propagation through the ISM. 
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As shown in Part I of this dissertation, the propagation of the 

wind into the ISM gas consists of the motion of two shock fronts (and 

the associated shocked gas) away from the nuclear regions of the active 

galaxy (see Figures 9 and 10). A strong shock front is located at the 

outer edge of the "bubble" structure due to the supersonic velocity and 

high pressure (compared to the pre-shocked ISM gas pressure) upstream of 

the shock. Upstream of this "outer" shock is a large zone (Zones Band 

C in Part I) which consists of hot, shocked ISM and wind gas. A second 

shock front (the "i nner" shock) separates the shocked gases from the 

freely flowing wind. 

When the outer shock encounters a cloud, a new "transmitted" 

shock propagates into the cloud while a "reflected" shock front forms in 

the gas upstream of the cloud. After the passage of the transmitted 

shock through the cloud, the cloud gas pressure increases to a value 

comparable with the shocked ISM and wind gas pressure. Since the 

shocked gas upstream of the outer shock is moving outward (from the 

nucleus) subsonically with respect to its internal sound speed, the 

reflected shock propagates upstream into the shocked ISM-wind gas until 

it reaches the inner shock and the freely flowing wind. However, due to 

the highly supersonic nature of the wind, the reflected shock does not 

travel'upstream into the wind but instead becomes a standing bow shock 

in front of the cloud. In a frame moving with the wind, the reflected 

transmitted shock front speed is comparable to the wind speed (see' 

Chapters 3 and 4 for more detai 1 s). 

Sgro (1975) has shown that the propagation of the transmitted 

cloud shock front and the subsequent cloud motion are directly related 
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to the pre-shock cloud density. In Chapter 7 we assumed that because of 

this density criterion. only the densest clouds would not be quickly 

swept from the central regions of the galaxy by the wind. Because of 

the high gas density (and hence. large radiation losses) of these clouds 

the transmitted shock front js nearly isothermal. This directly affects 

the transmitted shock speed. For strong shocks the shock speed is of 

order (Pupstream of shockl Pcloud)1/2. Hence if the cloud is dense. the 

shock travels slowly through the cloud. Since these dense clouds are 

large in size (up tp 1020 cm). the timescale for the shock to traverse 

the cloud (teq ~ rcloud x (Pcloud/Pup)1/2) may be quite large (> 107 

years). On a timescale relevant to the wind lifetime (108 ye~rs 1). an 

ent ire cloud may not "know" that it has encountered a strong shock. In 

effect. the cloud never comes into pressure equilibrium with its 

environment. Fortunately, the effect of nuclear, ionizing photons on 

the cloud will be shown (later in this chapter) to decrease the cloud 

gas density (if the cloud gas pressure is comparable to the wind ram 

pressure) and thereby increase the shock speed and decrease teq. Under 

these conditions, it is reasonable to assume that the cloud comes into 

equilibrium with the wind shortly after encountering the wind shocks. 

One of the major assumptions of this dissertation is that clouds 

survive their encounter with the wind over significant (> 107 years) 

timescales. However, support for this assumption is not conclusive. In 

the most definitve work on this subject. Woodward (1976) investigated 

the interaction of an interstellar cloud with a galactic spiral arm 

shock with special attention given to instabilities that occur along the 

cloud surface. Despite the creation of large scale Rayleigh-Taylor (R-
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T) instabilities at the cloud boundary. a substantial part of the cloud 

mass is compressed into a dense core cloud. Unfortunately, the 

calculation was stopped before the cloud was appreciably accelerated by 

the shocked gas. It is probable that the R-T filaments would be ablated 

from the parent cloud by ram,pressure, as discussed by Weymann. 

Christiansen, and Turnshek (1984) for the Broad Absorption line clouds 

seen in some QSOs (see also Christiansen. Pacho1czyk, and Scott 1977). 

The creation of new R-T ablata and the eventual fate of the core cloud 

are uncertain. The semi-analytic treatment of this problem (for 

supernova shocks) by Heathcote and Brand (1983) came to similar 

conclusions. 

Aside from the instabilities that can occur on the surface of a 

hypothethically smooth cloud, the very irregular shape of dense, 

interstellar clouds also leads to the fragmentation of the cloud in the 

wind. Chevalier and Theys (1975) show that radiative (isothermal) shock 

fronts tend to promote irregularities in the distribution of gas (or 

clouds) that they encounter. This leads to the possible fragmentation 

of the denser parts of interstellar clouds into separate "cloudlets". 

Any initial cloud corrugations should aid in the development of Rayleigh 

-Taylor instabilities like those described by Woodward (1976) • 

. A fact that may inhibit cloud fragmentation and disruption is 

that these clouds are star-forming regions (molecular clouds are 

directly associated with very young stellar objects). As such, these 

clouds are at least gravitationally bound and probably rapidly 

contracting in their cores. The higher gas pressures in the cores of 

these clouds (comaparable to the wind ram pressure = 100 x typical ISM 



pressures> 10-9 ergs cm-3) precludes the transmitted shock from 

propagating into these regions. Therefore, only the outer regions of 

the cloud are affected by the high ram pressure of the wind. 
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The cloud mass loss due to star-formation processes is neglected 

here because of the relatively long star-formation timescale of dense, 

interstellar clouds (» 107 years - Kwan 1979 and Scoville and Hersh 

1979). The increased cloud gas pressure due to the wind may trigger a 

burst of star f~rmation (Krebs and Hi11ebrandt 1983) but should not 

significantly accelerate the star formation rate in the cloud core. 

Moreover, the much higher average cloud temperatures which result from 

x-ray photon heating (see the next Section) should inhibit the 

gravitational contraction process. We therefore assume that there is 

an increased rate of star formation in these clouds but not so much as 

to cause complete cloud destruction on a timescale much less than the 

wind 1 ifetime. 

In summary, the encounter of a strong shock front with an 

interstellar cloud brings the cloud into pressure equilibrium with the 

wind ram pressure. Although the encounter is somewhat disruptive to the 

cloud, we assume that the majority of the preshocked cloud gas remains 

in the cloud. 

B. Effects of Nuclear, Ionizing Photons on Clouds 

Although we do not know if the quasar wind exists, we do know 

that active galaxies and QSOs are powerful sources of ionizing photons. 

If these objects have host galaxies similar to non-active galaxies, then 

these photons must affect interstellar clouds near the galactic nucleus. 
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Unlike most photoionization calculations which are performed for 

blackbody-type spectrum sources such as 0 stars (see Osterbrock 1974 for 

a review). ours must include the effects of a powerlaw spectrum 

extending to kilovolt photon energies. Recent work has shown that there 

are significant spectroscopic and thermal differences between a gas 

ionized by a blackbody spectrum as opposed to a power-law spectrum. 

especially the effects of x-ray photons (Weisheit. Shields. and Tarter 

1981; Kwan and Krolik 1981; Krolik. McKee. and Tarter 1981; Carroll and 

Kwan 1983; Krolik and Vrtilek 1984; Carroll 1984). 

We assume that the photon spectrum incident on the clouds is 

a power-l aw infrequency whi ch extends from EUV (the ground state 

ionization energy of hydrogen) to a few kilovolt energy x-rays. This 

spectrum is very similar to the spectrum used in the previously' 

mentioned power-law photo-ionization calculations. The addition of 

photoionizing starlight from nearby. hot stars is considered negligible 

since it can be shown that within the NELR of an active galaxy (a few 

Kpc at most). the central object provides the majority of ionizing 

photons. This result is supported by observational evidence (Whittle 

1982). 

We can crudely estimate the galactic radius at which the 

ionizing photon fluxes impinging on a cloud from both sources are 

comparable. Since 0 stars have a highly clumped distribution in the 

ISM, we assume that the majority of 0 star ionizing photons encountering 

our clouds are produced by stars close to the cloud (< 10 pc 1). We 

can therefore estimate how far the cloud has to be from the galactic 

nucleus (R*) to produce the same ionizing photon flux as the nearby 0 
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star. Equating the ionizing photon flux from both sources, we have 

lnucleus/(47TR*2 c) = l*/(47TS2 c) 

or R* = (lnucleus/l*)1/2 s = 300 s (l44/l*,39)1/2 
Eq. 24 

where l*,39 is the 0 star ionizing photon luminosity in 1039 erg sec-1 

and s is the average cloud-to-nearest-O-star distance "-110 pc (1). 

Since we will later assume that NElR clouds are large interstellar 

clouds which are associated with 0 stars, we will assume a lower limit 

of 10 pc for s. Therefore, the minimum galactic radius over which the 

central non-thermal source of ionizing photons dominates over the 

ionizing flux of 0 stars is at least 1 Kpc for lUV,nucleus = 1044 

ergs sec-I. 

A complication occurs in this model photon spectrum if we wish 

to consider both Seyfert 1 and Seyfert 2 galaxies. It has been shown by 

many authors (e.g. Kriss and Canizares 1982) that Seyfert 1 galaxies 

have substantially more x-ray emission (in the 1-10 KeV energy range) than 

Seyfert 2 galaxies. Whittle (1982) shows that both types of objects 

have very similar narrow emission line properties. It will be shown 

later that altering the incident photon spectrum, such as removing much 

of the x-ray flux, will greatly affect the cloud temperature and density 

structure. This effect in turn changes the cloud motion and the 

emissfon line properties; namely, the line profiles, and to a lesser 

extent, the line ratios. Thus it is difficult to understand the 

similarity in emission line properties between Seyfert Is and 2s in 

our model if there is a drastic difference between the ionizing photon 

spectra of these two types of Seyfert galaxies. 

The last assumption we make is that the clouds are subjected 
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both to the wind and to nuclear, ionizing photons. We are thus assuming 

that when the host galaxy becomes a Seyfert or QSO, the creation of the 

wind and photons happens more or less concurrently. The most important 

aspect of this assumption is that the clouds are in pressure equilibrium 

with the wind when exposed to the ionizing photons. Pressure balance at 

the front of the cloud results in 

Eq. 25 

This is also the approximate gas pressure calculated for NELR clouds. 

The similarity between this cloud gas pressure and the NELR gas pressure 

allows us to use the NELR cloud calculations (photo-ionization, etc.) of 

other authors in our analysis of interstellar clouds in the wind. 

Although we will propose that dust should exist (at least initially) 

inside clouds, no cloud radiative transfer calculations to date have 

included dust in their analysis. Therefore, we will assume, for 

simplicity, th~t the amount of dust in clouds is small. 

Ionization Front Motion 

The initial effect of ionizing photons on the cloud is to 

produce a high velocity ionization front which travels into the cloud. 

An equilibrium between photons and gas is reached when this front has 

traversed the cloud. The typical ionization front formalism of Spitzer 

(1978) has to be modified in order to treat the deeply penetrating x-ray 

component of the photon spectrum. 

Carroll and Kwan (1983) and Carroll (1984) show that clouds in 

NELR conditions (similar to those for interstellar clouds 1n the wind) 



have a two part ionization structure. A thin « 1017 cm), highly 

ionized region forms at the front of the cloud, due mostly to UV 
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photons, in a manner similar to H II regions around 0 stars. However, 

unlike H II regions, there is also a partially ionized 

(nionized/nneutral < 10%) zone which extends deep into the cloud. This 

zone occurs because of the penetrating power of kilovolt x-rays. Since 

this lIextended ionization zone" makes up the majority of the 

interstellar cloud mass, the propagation of the a "partial" ionization 

front must be followed into the cloud to determine the timescale 

required for the cloud and photons to reach an equilibrium. Because the 

thermal structure (and sound speed) of the cloud is dominated .by the 

effects of ionizing photons, this equilibrium timescale also determines 

how fast the entire cloud comes into equilibrium with the wind. 

The partial ionization front analysis presented below is 

probably valid only for the largest clouds. Given the great penetrating 

power of KeV photons (stopping column density ~ 1022 cm-2), the cloud 

equilibrium timescale for clouds smaller than Nc = 1022 cm-2 is given by 

the photon heating timescale 

theat(Nc < 1022 cm-2) ~ [(1.SnckTc)(47r rc3/3)] I [(1-2 ",(x)) 

x (Lx/47rR2X7T'rc2)] 
Eq. 26a 

where 1.SnckTc is the internal energy of the cloud gas, 1-2'1dx) is the 

heating efficiency of KeV photons = 0.60 for x = 0.1 (Weisheit et -al. 

1981), and Rand rc are the galactic and cloud radii, respectively. 

Substituting the NELR cloud parameters into Eq. 26a yields 
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Eq. 26b 

For clouds larger than Nc = 1022 cm-1 we need to determine the partial 

ionization front motion in order to estimate the cloud equilibrium time. 

The partial ionization front propagation is similar to the fully 

ionized case except that we equate the number of ionized atoms « 10% 

of all H atoms) with the effective number of H ionizations due to a flux 

of kilovolt x-rays. Following Weisheit et al. (1981), each x-ray 

initially ionizes the K or L shell electrons of metal atoms in the 

cloud. This in turn releases on average approximately 1.3 electrons 

which in turn collisionally ionize H atoms. The net effect is to change 

the initial x-ray's energy into many H ionizations. Weisheit et al. 

(1981) estimate that the maximum number of H ionizations per KeV x-ray 

photon is approximately 15 for gas with nion/nneutral = 0.1 (NELR 

ionization state in partially ionized zone). 

The partial ionization front velocity (with respect to the 

cloud) is given by (Harwit 1973) 

Eq. 27 

where Jeff is the "effective" ionizing photon number flux = Lx/(4vR2 

h II x ~x) where EX is the number of H ioni zations per Kev photon (=15). 

Next, we assume that the x-ray photon luminosity, Lx' is comparable to 

the UV lumin~sity, LUV. For nion/nneutral = 0.1 we have 

Eq. 28 
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where cpUVcloud is the so-called "ionization parameter" (see Kwan and 

Krolik 1981 or Krolik et al. 1981): the ratio of ionizing photons to gas 

atoms, and EH is the ground 'state ionization energy of hydrogen (=13.6 

eV). For NELR clouds (and interstellar clouds in the wind), 

cpUV cloud is of order 10-2, making v_106•5 em sec-I. Hence the 

equilibrium timescale for ionization is short (tion ..... Rcloud/v'" 

1020cm/106•5cm sec-1 < 106 years). The development of an "insulating" 

layer, as in O-star ionization (Spitzer 1978), does not occur here 

because the x-rays penetrate deeply into the cloud and do not ,interact 

with the fully ionized zone at the cloud's edge. 

C. Steady State Cloud Structure 

Once the interstellar cloud comes into equilibrium with the 

photons and wind, we can discuss the steady state structure of the 

clouds and any intercloud gas. 

Two Phase Gas Structure in the NElR? 

The similarity between the ionization structure of broad 

(Kwan and Krolik 1981) and narrow emission lines is due to the similar 

ionization parameter in both regions. This parameter is important 

because both the ionization and the thermal equilibrium for a photo

ionized gas depend upon equating electron collisional energy losses 

(proportional 'to ngas
2) with photo-ionization energy gains (proportional 

to ngas x nphoton). Thus the gas ionization state and temperature 

depend (to first order) directly on nphoton/ngas = CP. Collisional 



de-excitation and the lower gas densities in the NELR as compared with 

the BElR (the presence of forbidden lines in the NElR) somewhat 

complicate this simple analysis. 
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Given typical values of the sizes and cloud gas densities in the 

NElR and BElR of Seyfert galaxies, we have similar ionization parameters 

(if there is little photon absorption between both regions) for both 

regions. There is no obvious reason why this should occur unless both 

regions are physically connected in some way other than being affected 

by the same photon source. If both types of clouds are pressure 

confined in a "quasar" wind, then their gas pressures are given by the 

wind ram pressure. Since Pwvw2 - R-2 , we expect nT)c10ud-R':'2 also. 

We also expect nc10ud~R-2 since emission line cooling in both types of 

clouds sets Tcloud = 104 oK in the fully ionized zone (see Kwan and 

Kro1ik 1981). Since the photon flux also drops as R-2 (without 

significant absorption), the ionization parameter (nphoton/ngas) 

throughout both regions should be constant with radius. 

The similarity between NELR and BELR ionization parameters also 

leads to some new insight into the nature of the gas between the NElR 

clouds. Kro1ik, McKee, and Tarter (1981) show that, under BElR 

conditions, only two gas phases are thermally stable. Over a limited 

range in cl> , only cool, dense "c10uds" (n = 109- 10 cm- 3, T = 104 OK) 

and hot interc10ud gas (n < 106 cm-3, T > 108 OK) are thermally stable 

in a steady state. Furthermore, they point out that if only clouds 

exist initially, these clouds would quickly dissipate at their internal 

soundspeeds and form hot, interc10ud gas around any newly created 

clouds. They argued that a two-phase gas in pressure equilibrium was 



90 

inevitable if the gas had time to reach a steady state. 

The direct dependence of the gas thermal structure on ionization 

parameter, and the similar value of q, in the NElR, has led to the 

proposition that the NElR is also in a two-phase pressure equilibrium 

(Krolik and Vrtilek 1984). The same arguments used in Krolik, McKee and 

Tarter (1981) to argue for the existence of a BElR intercloud gas can be 

re-used here to propose the presence of a hot, intercloud gas in the 

NElR. 

However, there is some question as to whether the gas heating 

time to reach this temperature is far longer than the NElR crossing 

time. Krolik and Vrtilek (1984) propose that the intercloud gas does 

not reach the Comptonization equilibrium temperature (108 OK) but, 

instead, is only hotter than the unstable thermal equilibrium 

temperature of 4 x 106 oK. Another possibility is that the pertinent 

timescale to compare with the gas heating time is the NElR or active 

galaxy timescale and not the NElR crossing time. We may be observing 

the NELR (on the average) long after both the clouds (NElR crossing 

time) and the hot gas have reached a steady state. As long as the hot 

gas is not removed from the NElR as fast as it is heated, enough time 

may have elapsed for the gas and clouds to achieve thermal equilibrium. 

The sound speed of the hot, intercloud gas (> 107•5 cm sec-l for 

T = 107 OK) is comparable to or greater than any typical galactic escape 

velocity. Therefore, this gas is probably not static but should be'in 

some form of hydrodynamic motion. It is difficult to envision a steady 

state NElR which does not contain a dynamic, hot, intercloud gas 

possibly in the form of a wind (Krolik and Vrti1ek 1984). 
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Krolik and Vrtilek (1984) pOint out that the usual lack of soft 

x-ray absorption in Seyfert 1 galaxies combined with the recently 

observed extended x-ray component in NGC 4151 (Elvis, Briel, and Henry 

1983) is in accordance with the presence of a mildy hot (T > 2 x 106 

OK), intercloud gas in pressure equilibrium with the NElR clouds. 

However, if a "quasar" wind exists in the NELR, we expect a much lower 

x-ray luminosity from the wind gas than observed due to the lower 

density of the wind as compared to a static gas (see Weymann et ale 

1982). We propose that higher density "cloudlets" evaporated and/or 

ablated from the NElR clouds by the wind (in a manner similar to that 

proposed by Weymann et ale 1984) could account for substantial amounts 

of the extended x-ray emission. 

Thennal Evaporation in the Wind 

As shown by Krolik and Vrtilek (1984), without a confining 

medium around these clouds, we would expect that NElR clouds would 

dissipate rapidly. We propose that the hot, intercloud gas needed for 

the confinement of NElR clouds is shocked, "quasar" wind gas. The 

standing bow shock in front of every interstellar (NElR) cloud shocks 

and decelerates the wind gas before encountering the cloud. This 

shocke~ gas is very hot (Tshocked wind~{mH/k) vw
2 > 109 OK). Thus the 

clouds will be pressure confined by a very hot, rarefied gas. In this 

scenario, the question of heating timescales of the hot gas is no ~onger 

valid since gas is "heated" (the wind is accelerated) in the BELR where 

the heating (acceleration) time is comparable to the BElR crossing time 

(a few years). 
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If the NELR clouds are indeed surrounded by a hot, confining 

gas, then this may limit the possible size of NELR clouds. Despite 

considerable spectroscopic data, the size of NELR clouds is virtually 

unknown (Whittle 1982; Carroll and Kwan 1983; Krolik and Vrtilek 1984). 

setting any strong limits on -cloud size significantly simplifies the 

NELR modelling and enables us to eliminate many possible models. 

Theoretical studies of the thermal evaporation of a cloud into a 

hot medium have'been previously investigated (Cowie and McKee 1977; 

Eilek and Caroff 1979; Krolik et ale 1981; Giuliani 1984). A thermal 

conduction parameter (uo') determines whether thermal conduction at the 

cloud-gas boundary has reached a flux-limited value. This parameter is 

defined by Cowie and McKee (1977) as 

Eq. 29 

where Thot,8 is the hot gas temperature in 108 oK, Tcold,4 is the cloud 

temperature in 104 oK, NC,23 is the cloud column density in 1023 cm-2, 

and Pcold/Phot is the cold cloud to hot gas pressure ratio. For our 

assumed NELR conditions (Thot ,8 > 1, Tcold,4 = 1, Pcold/Phot = 1), uo' 

is much greater than unity if NC < 1024 cm-2• If the NELR clouds are 

much larger than this, then the conduction is not saturated and we 

should' use the classical evaporation rate (Cowie and McKee 1977, Krolik 

and Vrtilek 1984). Since even the largest wind-modified ISM clouds have 

column densities less than 1024 cm-2, we neglect the effects of 

classical thermal evaporation on our clouds. 

The approximate (within an order of magnitude) cloud lifetime 

for saturated thermal evaporation (suitable for NC > 1024 cm-2 
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clouds only) is 

Eq. 30 

where PC.13 is nT)cloud in 1013 cgs units. We can set a lower limit to 

the NELR cloud column density by equating Eq. 30 with the NELR crossing 

time (=RNELR/vNELR = 1 Kpc/300 km sec-1 = 106•5 years). We define a 

critical cloud column density 

Eq. 31 

where PC,-9 is the thermal cloud pressure in units of 10-9 ergs cm-3 (nT 

= 107 cgs). Only clouds with large column densities (NC > 1022 cm-2) 

and hence large sizes and masses (rCloud = NC/nNELR = 1018 cm; Mcloud> 

10 solar masses) can traverse the NELR without evaporating into the hot 

intercloud gas. Therefore. we propose that NELR clouds must be 

relatively massive (> 10 Mo). 

Since large interstellar clouds have masses larger than the 

critical evaporation cloud mass and should be present in the Kpc-sized 

NELR, it is straightforward to propose that NELR clouds are "modified" 

interstellar clouds. The rapid evaporation of low mass clouds in the 

hot shocked wind gas that surrounds them lends more credence to our 

decisibn to study the effects of the wind on large clouds only. Small 

clouds are not only easily disrupted and evaporated but are also quickly 

swept from regions of the galaxy where the wind is blowing. 

The principal finding of this Section is that dense, 

interstellar clouds under the combined effects of a powerful wind and 

nuclear ionizing photons are in a physical state very much like that of 
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NELR clouds. The density, temperature, and ionization state of the 

interstellar clouds are similar to those of NELR clouds. The comparable 

ionization parameter of both the NELR and BELR can be explained if both 

regions are affected by the same wind and photons. 

D. Cloud Motions 

The large amount of momentum transfered to the interstellar 

clouds by the wind causes the clouds to acquire motions not due solely 

to galactic gravity. The narrow emission line profiles of an ensemble 

of photo-ionized clouds depends critically on the typical motions of 

these clouds. 

The previous Sections of this chapter detailed the physical 

state and structure of interstellar clouds in the wind/photon 

environment. It was shown that the clouds come into equilibrium with 

the wind and photons on timescales which are short compared to the 

presumed wind lifetime (108 yrs. 7; see Section C). As the cloud moves 

relative to the wind, it must constantly adjust to its new environment. 

The assumption of cloud-wind-photon equilibrium depends on the cloud's 

"re-equilibrium" time (t re- eq) being smaller than the time required for 

a cloud to traverse a distance large enough for its environment to 

change. substantially. t re- eq is essentially the time req~ired for 

sound waves to traverse the cloud. Since it has been shown previously 

that photons (mainly kilovolt x-rays) cause the average cloud 

temperature to be near 8000 oK (Carroll and Kwan 1983), the cloud's 

adiabatic soundspeed (cs,c"'" [Pel pe]1/2 ..... Te1/2 is of order 10 km seC 1 

and t re- eq is then equal to Ne/(nCCs,c) = 105•5 years for the largest 
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clouds. The timescale for a cloud moving at a typical NELR velocity to 

cross the region is of order 1 Kpc/500 km sec-1 = 106 years. Thus. we 

assume that even the largest clouds constantly re-adjust to their 

surroundings very quickly and always remain in a quasi-equilibrium with 

the wind and photons. 

Motion of Clouds with Zero Initial Angular Momentum 

Before we consider the three dimensional motion of clouds with 

angular momentum. we wish to discuss the simpler case of clouds with no 

angular momentum in order to compare the wind ram pressure force with 

galactic gravity and radiation pressure. In this way we can also 

estimate the velocity field of an ensemble of these clouds. 

The equation of motion for clouds with zero angular momemtum 

(one-dimensional motion) due to a thermal wind. galactic gravity. and 

radiation pressure (assuming optically thick to the Lyman continuum 

clouds) is given by Weymann et al. (1982) as 

where MC = C2 rc3pc and MC' vc. PC' and rC refer to the cloud mass. 

veloci,ty. mass density. and radius. respectively; Pw' vw' and Lw are the 

wind mass density. velocity and luminosity. respectively; LphotUV is the 

UV photon luminosity (comparable to Lw); and MGAL(R) is the galact~c mass 

distribution. As mentioned in Weymann et ale (1982) both C1 and C2 are 

slowily varying functions of the Mach number which can be set to unity. 

We also neglect the confining effects of photons on the cloud shape (see 
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Blumenthal and Mathews 1979 for details). 

As clouds move through the NELR, they continally readjust to 

their changing environments. Since we have shown that the cloud heating 

time (Eq. 26b) for a substantial portion of the cloud mass is very short 

(103 years) compared to the cloud expansion time (-Rc/cs '" 106 years), 

we assume that clouds have the same temperature structure at all times. 

Also, since the wind is highly supersonic, we assume that the cloud does 

not significantly change shape as it moves through the wind; i.e., the 

expansion or contraction of the cloud can be modelled in a homologous 

manner. Therefore the conservation of cloud mass requires that 

nc,I x Cloud Volumel = nc,2 x Cloud Volume2 

Since the clouds are pressure confined by the wind (at terminal 

velocity), this reduces to 

or finally 

Eq. 33 

Eq. 34a 

Eq. 34b 

where we used Pw "'R-2 for a constant luminosity wind at terminal 

velocity. With these simplifications, Eq. 32 becomes 

Vc 
[(1 - -)11 Eq. 35 

Vw 

where we assumed that LphotonUV = Lw = L. the second term in brackets 

on the right hand side of Eq. 35 is due to radiation pressure. Since 

vw/2C = 1/30 « I, we see that radiation pressure is neglible compared 
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with wind ram pressure if Lw = Lphot. 

As a first approximation to the cloud motion, we neglect the 

radiation pressure and galactic gravity terms in Eq. 35. Under these 

assumptions, Eq. 35 is analytically integrable. Substitution of Eq. 34b 

into Eq. 35 yields 

Ve dVe = L (1 _ ve)2/3 R-2/3 Ri-4/3 
dR 27rPe(Ri)re(Ri)vw Vw 

Eq. 36a 

where Pe(Ri) and re(Ri) are the cloud mass density and radius at the 

galactic radii of cloud injection. Defining aO = LI(27rpe(Ri)re(Ri) x 

R.... fve ve 
3aORi [( __ )1/~ - 1] = ve dVe (1 - __ )2/3 

Ri 0 Vw 
Eq. 36b 

which is directly integrable to 

R 
= [kO [(1 - x)4/3 - (1 - x)1/3 + 3/4] + 1]1/3 

Ri 
Eq. 36c 

where kO = vw2/(RiaO) = 27rpe(Ri)re(Ri)vw3Ri. The elapsed time is given 

by 

f
t fve dR(ve) 

t = dt ' = 
o 0 ve 

Eq. 36d 

whose 'solution is a complicated polynomial of (l-ve/vw). Figure 12 

shows the cloud velocity and elapsed time as a function of galactic 

radius for one set of cloud properties. As expected, higher veloc·ities 

are attained at smaller radii with typical cloud velocities of 

103 cm sec-1 for 100 Mo clouds injected into the wind at 300 pc. 

Considering that radiation pressure is vw/2C < 1/30 as much as the wind 
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ram pressure, radiation pressure alone will not accelerate massive 

interstellar clouds to NElR velocities. 
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To include the effects of galactic gravity in the cloud motions, 

we construct a model galactic rotation curve, u(R), and assume than it 

equals (GMGAl(R)/R)1/2. This' curve consists of three parts: a) a large 

point mass (l08 Mo) at the nucleus (u"'R-1/2); b) a linearly increasing 

rotation velocity to 250 km sec- 1 at R = 7 x 1021 cm (u ...... R); and c) a 

constant rotation velocity (at 250 km sec-I) for galactic radii greater 

than 7 x 1021 cm. With this rotation curve (and in effect MGAl(R) ) we 

can compare the wind ram pressure force to galactic gravity. Figure 13 

depicts the cloud mass where both forces are equal. Near the 'galactic 

nucleus (R < 1 Kpc for l < 1044 ergs sec-I), the wind force dominates 

gravity for all but the largest clouds (NC > 1023 cm-2). 

Motion of Clouds with Finite Angular Momentum 

The cloud vector equation of motion (for non-radial velocities 

much less than the wind speed) is 

Eq. 37 

where v, w, and w'" are the radial, 8, and." velocities (w = R de Idt and 

w"'= R cos8d",/dt). We have included the aberation of wind momentum 

as seen by the cloud in the second term in brackets in Eq. 37. However, 

we have not included the aberration of photons in this equation since 

v « c. 
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Critical Cloud Mass: Fgrav = Fwind 

Determination of cloud mass (M~/Mo)' where the galactic gravity equals the wind ram pressure force as 
a function of galactic radius \aasn-dotted line). Solid line depicts a line of constant cloud column 
density set to the ?est fit'\ value to the obsarved emission line ratios (Carroll and Kwan 1983). Log 
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Since we assume all cloud forces are confined to a plane defined 

by the initial cloud velocity and the positions of the cloud and 

nucleus, we can simplify Eq. 37 by performing a rotation of our 

coordinate frame such that w (t=O) = O. Next, for simplicity, we set 

v(t=O) = 0 and assume that al·l initial (before wind turn-on) cloud 

orbits are circular (w = u). Finannly, since w(t=O) = u « Vw for any 

,.~asonable galactic gravitational field, we can approximate the actual 

wind aberration corrections in Eq. 37 by their first order terms. 

Separating Eq. 37 into the two remaining differential equations, we have 

dv u2 cre(R) Pw(R)Vw
2 

= Rw2 - + 
dt R Me 

Eqs. 38 

dw 2wv cre(R)pw( R) Vw 2 w 
= - - - ( 

dt R Me Vw 

where u(R) is the galactic rotation velocity and we use Eq. 34b to 

determinecre(R). We have also neglected the radiation pressure on the 

clouds due to its magnitude as compared to the wind ram pressure form 

(Frad/Fwind = vw/2c). 

We have calculated many cloud orbits by varying the cloud mass, 

initial cloud position and velocity, and wind properties (Lw and vw)' 

Figure 14 shows the effect of varying the cloud initial position on the 

cloud orbit in the wind while assuming initially circular orbits with 

w = u. Varying the cloud mass also changes the cloud orbit in the wind 

as depicted in Figure 15. 

Some general comments about cloud motions in the wind: 
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Cloud Orbits in the Wind: Varying the Initial Radius 
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numbers refer to the radial velocity (in km sec-I) of the cloud at that 
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a) Clouds acquire non-circular velocities irrespective of cloud size or 

position. This oocurs whether the initial cloud orbits are circular or 

elliptical. 

b) Clouds injected near the nucleus have higher velocities regardless 

of cloud parameters. Small clouds near the nucleus acquire velocities 

greater than escape velocity. 

c) "Flower-petal"-like orbits (see Figure 14) are not due primarily to 

clouds' losing angular momentum, but instead occur because the clouds 

gain energy from the wind and the galactic mass distribution is assumed 

to be a function of galactic radius. 

d) Cloud evaporation and ablation may radically affect the cloud 

motions. As shown in the last section of this chapter, only large 

clouds should exist for a region crossing time. Although the loss of 

cloud mass should effectively accelerate a cloud, very strong cloud mass 

loss causes all but the largest clouds to dissipate before attaining 

radial velocities typical of the NElR. 

In summary, interstellar clouds in a "quasar" wind acquire 

substantial amounts of momentum from the wind. The wind may dominate 

the motion of small clouds and significantly alter the orbits of even 

the largest clouds. The net effect of this addition of momentum is to 

give clouds non-circular velocities. Small clouds « 100 Mo) are swept 

from the nuclear regions at high velocities (103 km sec-I) while larger 

clouds acquire "petal" orbits. 

The observational consequence of these cloud motions will become 
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apparent when we calculate emission line profiles for an ensemble of 

these photo-ionized interstellar clouds. The large radial velocities of 

the clouds will broaden the line profile beyond typical galactic 

rotation velocities (250 km sec-I), and line asymmetries may be produced 

if there is a source of obscuration (dust?) in or between clouds 

(Whittle 1982). In Chapter 10 we will determine an effective velocity 

field for an ensemble of interstellar clouds (using Eq. 38) and use this 

field to compare with the NElR velocity field as deduced from NElR line 

profiles. 



CHAPTER 9 

PHYSICAL CONDITIONS AND VELOCITY FIELD IN THE NARROW LINE REGION 

Before we attempt to model the NELR of Seyfert galaxies with an 

ensemble of wind-modified interstellar clouds, we would like to review 

briefly some important properties of the NELR, especially the cloud 

physical conditions and velocity field. If a "quasar" wind exists in 

these objects and our model of the ISM is correct (ISM pressure « 10-9 

ergs cm-3), then a substantial portion of the nuclear regions of these 

galaxies will be affected by such a wind. The estimated size of the 

NELR should be completely contained in this volume. 

A consensus description of the conditions in the NELR has been 

presented by various authors, notably Heckman, Miley, van Breugel, and 

Butcher (1981); Whittle (1982 and 1984a, and b); and Vrtilek (1983). 

Mark Whittle's dissertation (Whittle 1982) seems to be the most 

definitive spectroscopic work on the subject and will be the basis for 

most of this chapter. In the "standard" picture, the NElR has a volume 

of radius 102 to 103 pc (centered on the nucleus) which contains many 

clouds,being photo-ionized by the non-thermal (power-law spectrum), 

nuclear sour~e of photons. The emission lines observed have a wide 

range of ionization state (0 I to Fe XIV), with the most prominent lines 

being Ha, and/3, and [0 III]~5007. The usual spectral diagnostics 

yield densities of 103 to 106 cm-3 and temperatures of 1-2 x 104 K (nT = 

107 to 1010 cgs). The total ionized gas mass is estimated at 105 to 106 

106 
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Mo. Observed line profile widths average over 500 km sec-1 with some 

up to 1000 km sec-I. This is much larger than lines widths attributable 

to galactic rotation (Whittle 1982). 

Active galaxies can be divided into two types: those with broad 

emission line components (Seyfert type 1 and broad line radio galaxies 

[BLRGs]), and those without such features (type 2 Seyferts ana narrow 

line radio galaxies [NLRGs]). Seyferts are almost always early Hubble 

type spirals, whereas radio galaxies are usually ellipticals. 

Osterbrock and Koski (1976) have further subdivided intermediate objects 

into Seyfert type 1.1 to 1.9, depending on the relative dominance of the 

BELR gas in their spectra (see also Cohen [1983]). The NELRs ~f all 

these objects are very similar except for a few differences which we 

will discuss later. 

One of the original reasons for developing the "quasar" wind model 

was to account for the high velocities (104 kms) and physical conditions 

of the broad emission line regions of QSOs and Seyfert 1 galaxies. If 

such a wind exists in the BELR, then it should also exist in the NELR. 

The wind should in fact dictate the physical conditions in the NELR (see 

Chapter 8). Since the NELRs of Seyfert Is and 2s are so similar, we now 

require all objects with NELRs (with similar properties to Seyfert 

NELRs)'to possess "quasar" winds. Thus, the proposed wind does not 

necessarily produce the broad emission line gas. 

Inspection of the narrow line profiles shows that almost all lines 

are bl ue asymmetric, with an extended bl ue wing and a more symmetric 

core. The degree of line asymmetry and line width seems to increase 

with increasing ionization and excitation state (Whittle 1982 and 



108 

1984b). Presumably, high ionization lines are preferentially produced 

nearer the nucleus (where the velocity field is more radial) than lower 

ionization lines. Carroll and Kwan (1983) show that the variation in 

ionization state can be accounted for with a varaiable cloud density (as 

a function of galactic radius) while keeping the ionization parameter 

constant. The line profiles are more sharply peaked than Guassians and 

sometimes show sub-structure. Due to the general similarity of line 

profiles for many objects, a few discrete clouds cannot easily account 

for the profile shapes. Also, narrow emission line profiles are unlike 

broad line profiles and suggest different geometries and velocity fields 

(although the may have the same source of photons). 

Comparisons between line profiles and the physical conditions in 

the NELR (from spectral diagnostics, etc.) can yield useful information 

on the velocity field in the NELR. Some of these results are: 1) the 

mean ionization is not linked to the velocity field; 2) there may 

(Heckman et al. 1981) or may not be (Whittle 1982, 1984b) a correlation 

between Balmer decrement (dust content?) and line asymmetry; and 3) 

there is no correlation between the velocity field and the orientation 

of the parent galaxy (axisymmetric or spherically symmetric cloud 

distribution?). 

Whittle (1982) has also looked at the differences in line 

strengths an~ ratios between objects with and without BELRS. Objects 

with BELRs appear to have slightly higher ionization state NELRs talso 

noted by Osterbrock 1979). likewise, the degree of excitation varies 

monotonically with the relative dominance of the BElR in the spectrum. 

Although there seems to be a higher electron temperature in the NElRs of 
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broad line objects, the gas density seems to be similar in both types of 

objects (Shuder and Osterbrock 1981). 

There are at least three possible scenarios to explain these 

differences (see Whittle 1982): 1) The broad line region influences the 

state of the NElR. The NElR ,gas may have its origin in the BElR 

(Capriotti et al. 1979 and 1981), or radiative transfer through the BElR 

may affect the radiation field in the NElR (Osterbrock 1979). The lower 

NElR equivalent widths (related to the NElR and BElR covering factors) 

in broad line objects is consistent with the latter theory; 2) the 

conditions in the NElR dictate whether the BElR forms or not; and 3) a 

third factor, say the central source luminosity or spectrum, ~ay be 

reponsible for the difference in NElR properties (Shuder and Osterbrock 

1982; Kralik, McKee, and Tarter 1981). Whittle (1982) concludes that 

II it is not possible to account for the systematic differences between 

the spectra of NlGs and BlGs by a single change in either luminosity, 

gas density, or spectral index although all contain aspects of the 

required differences." 

There seems to be no firm observational way to determine the 

physical size or mass of the individual NElR clouds. Models with clouds 

which are optically thin or thick to the lyman continuum have been used, 

more or less successfully, to explain NElR properties. 

Recent NElR cloud radiative transfer calculations show that a 

good fi,t to ~he NElR emission line ratios occurs when the average ~loud 

column density is of order 1022 cm-1 i.e. Mc ~10 Mo for nc = 104 cm-3 

(Carroll and Kwan 1983; Gaskell and Ferland 1984). These calculations 

show that NElR clouds with column densities greater than 1023 cm-2 will 
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produce too much low ionization line emission (in the extended partial 

ionization zone) to match observed line ratios (Carroll 1984) 

If NELR clouds are indeed this large, then we can state the 

following: a) if the velocity fields of the NELR and BELR are both 

radially outflowing, BELR clouds do not become NELR clouds when they 

flow into the NELR. We make this statement because the masses of BELR 

and NELR clouds are so different (MBELR ~ mH (nNELR = 109 cm-3) x 

(rNELR = 1013 cm)3 10-8 Mo ; MNELR > 10 Mo); and b) we can estimate the 

NELR cloud volume filling factor if we know the size of the NELR and the 

NELR cloud covgring factor. The lack of many Seyfert galaxies with 

significant x-ray absorbing column densities (from NELR clouds' 1) and 

the inferred narrow emission line equivalent widths imply that the NELR 

cloud covering factor is small ~ 10-2 (1). Therefore the NElR cloud 

volume filling factor is fNELR,Vol = fNELR,cov x rNElR,c/RNELR ~10-4 

where rNElR,c ~(1019 cm) is the NElR cloud size and we used Nc "'" 

1022 cm-2 and RNELR ...., 300 pc. 

As described in the last chapter, the proposed presence of hot, 

shocked IIquasarli wind gas around NElR clouds al so sets a lower 1 imit to 

the size of NELR clouds. We propose that NElR clouds are large (N > 

1022 cm-2) and probably interstellar in origin. 

, long-slit spectra of a few extended NElRs show that line profile 

peaks are usually blue-shifted relative to the systemic velocity of the 

galaxy (Heckman 1979; Whittle 1982; Alloin. Pelat. Boksenberg. and' 

Sargent 1983). At larger galactic radii. the rotation field of the 

galaxy (H II obs.) smoothly blends into the velocity field of the NElR. 

Also. the ionization state of the gas becomes more typical of galactic 
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H II regions. The line profiles usually have widths more than twice as 

large as the maximum rotation velocities, indicating t~e presence of 

more than one velocity component in the nuclear regions. 

A very important observation is the lack of a strong excitation 

gradient across the NElR. Calculations performed by Whittle (1982) 

using Gary Ferland's photo-ionization codes (Ferland and Truran 1981) 

indicate that under NElR conditions the radiation parameter,qpuv (ratio 

of ionizing photons to gas atoms) usually dictates the ionization and 

excitation state of the gas (see Chapter 10). Since the photon flux 

decreases as R-2, this leads to steep excitation gradients unless nH~ 

R-2 f:Puv = constant). A cloud confined by the ram pressure of. a thermal 

wind, will have its internal pressure and hence density decrease as R-2 

(temperature maintained near 104 K by emission line cooling), since the 

wind ram pressure follows this rule. Because the radiation parameter 

remains more or less constant in such a scenario, there should be only 

mild excitation gradients for wind confined clouds. Furthermore, as 

shown in Figure 11, the total pressure (mostly ram pressure) in the wind 

at 100 to 1000 pc has similar values (nT = 108-10 cgs) to the observed 

thermal pressure in the ionized portions of the NElR clouds. 

Given.the NElR properties outlined in this chapter, it is 

apparent that the general features of the physical state of NELR clouds 

are comparable to those described for the wind-modified interstellar 

clouds of Chapter 8. The small excitation and ionization gradients 

observed in the NElR can also be neatly explained by the wide range of 

interstell ar cloud densities expected in the "quasar" wind. Although we 

have not yet determined a model NELR velocity field, radial acceleration 



112 

of interstellar (NElR 1) clouds by the wind and galactic gravity should 

combine to produce a velocity field with a rotational component 

(symmetric emission line core) and a much higher velocity, outwardly 

directed, radial component (wide, asymmetric emission line wings). 



CHAPTER 10 

NARROW EMISSION LINE PROFILES FOR CLOUD ENSEMBLES IN THE WIND 

As shown in Chapter 8, interstellar clouds affected by both a 

"quasar" wind and ionizing photons from a Seyfert nucleus have emission 

line properties very similar to those of Narrow Emission Line clouds. 

The physical conditions (denSities, temperature, ionization, etc.) in 

the interstellar clouds, as well as the velocities attained by these 

clouds in the wind, agree well with the spectroscopically determined 

properties of NELR clouds. 

An ensemble of interstellar clouds in the wind should produce 

enough line emission to be observable. Since the wind propagates at 

least a few Kpc into a galaxy, we expect that many large interstellar 

clouds will be completely embedded in the wind. If the number of clouds 

is large enough and there is a wide range in cloud velocities, the 

emission line profile of this ensemble will be indicative of the 

ensemble velocity field and not of individual cloud line profiles. In 

this chapter, we shall compute model emission line profiles of such an 

ensembJe. The comparison between these model profiles and observed NELR 

profiles is used to test further the hypothesized existence of the wind • 

. The number of clouds in the ensemble determines the manner, 

in which we calculate the emission line profiles. If the number of 

clouds is very large, then a statistical approach can be taken. Given 

that we know the forces acting on the clouds, it should be possible to 
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determine a cloud number density distribution as a function of location 

and velocity. The emission line profile can be directly calculated from 

this distribution function. 

Conversely, if the number of clouds is relatively small, we can 

compute the emission line profile by keeping track of each cloud in the 

ensemble individually. The time evolution of the cloud ensemble can 

also be used to calculate useful quantities, such as the cloud-nucleus 

covering factor and the ensemble velocity field. Insufficient computing 

time is the limiting factor of this method. 

Given the number density of large, interstellar clouds (Chapter 

7), the total number of clouds in the ensemble varies from a few tens of 

large clouds at low wind luminosity (lw = 1042 ergs sec-1 corresponding 

to a wind stagnation radius, REP' of 900 pc - see Eq. 16) to a maximum 

of a few thousand clouds in the most luminous wind models which 

encompass an entire galaxy. The maximum number of clouds is still small 

enough to allow us to calculate the motion of each cloud in the ensemble 

and then sum their line emissivities to produce a model line profile. 

We assume that there is no NElR emission outside of th2 wind stagnation 

radius. 

The number of clouds in the ensemble and their spatial 

distribution produce two effects which should be discussed. The first 

effect concerns the presence of structure in the emission line profile 

of the ensemble. S~nce the cloud temperature is of order 104 oK, we 

expect a thermal broadening of an individual cloud's line width of about 

10 km sec-I. As a simple rule of thumb, we expect to see structure in 

the line profile at this spectral resolution if the number of clouds in 
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the ensemble is less than the velocity width of the ensemble line 

profile divided by a single cloud line width. Therefore, if the number 

of clouds is much greater ~han 1000 km sec-l/lO km sec- l 100 clouds, 

we should not see significant structure (a few clouds dominating the 

line profile) in the line profile. As the wind luminosity increases, we 

should have more clouds in the ensemble due to the larger extention of 

the wind into the galaxy. We therefore predict that the greatest amount 

of line structure should exist for the lowest luminosity Seyfert 

galaxies. 

The second effect to explore is the eclipsing of one cloud by 

another intervening cloud. The large, dense clouds used in th'is model 

are "optically thick" to ionizing photons and wind momentum. If the 

cloud number density is large enough, then we must consider two 

possibilities: 1) the partial or total eclipse of the central source by 

a foreground cloud (cloud-nucleus covering factor), and 2) an 

intervening cloud along the cloud-observer line-of-sight reducing the 

first cloud's contribution to the emission line profile (cloud-cloud 

covering factor). We explicitly calculate the fraction of each cloud's 

disk illuminated by the central source by summing, over all intervening 

clouds, the amount of the cloud's disk occulted by foreground clouds. 

Using simple geometry, this factor is calculated for each cloud in the 

ensemble (fc,i - for the ith cloud) since we know the positions and 

sizes of each cloud as a function of time. If the average value of this 

factor is much less than unity, most clouds usee" the central source of 

wind and photons unaffected by intervening foreground clouds. 

Conversely, if fC,i is near or greater than unity, a cloud is not 
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illuminated by the central photon source. As discussed in Chapter 2, if 

the cloud-nucleus covering factor for a particular cloud is greater than 

unity, the wind's momentum is greatly reduced ("randomized") by the time 

it encounters this cloud. We therefore assume that if fC,i > 1, a cloud 

is not affected by either wind or photons and does not contribute to the 

emission line profile. 

We can also define a "global" cloud covering factor, fC (see 

Chapter 2) as the average value of fc,i. If all clouds (in a particular 

direction) beyond a certain distance have fC,i > 1 then the wind does 

not propagate farther than this distance irrespective of wind stagnation 

distance (REP; Chapter 4). Although the wind's momentum will continue 

to sweep foreground clouds out to REP' the timescale to reach this 

distance is so large that R(fC > 1) is the effective wind stopping 

distance. Spherically symmetric cloud ensembles (ellipticals and spiral 

galaxy bulges) have low enough cloud number densities (due to relatively 

large ensemble volumes) that cloud-cloud eclipsing is rare. We expect 

that winds in elliptical galaxies and spiral galaxy bulges propagate to 

REp. However, the maximum extent of a powerful ( > 1045 ergs sec-I) 

"quasar" wind J1l the plane of a spiral galaxy is probably set by the 

cloud covering factor at less than 10 Kpc • 

. Although we calculate the cloud-nucleus covering factor, we do 

not determine the cloud-cloud covering factor for intervening clouds. 

This is done mainly to simplify the calculations and minimize limited 

computer time. However, there are good reasons to suspect that the 

cloud-cloud covering factor does not affect the line profiles. With the 

exception of an NELR produced by a powerful wind propagating far into 



the disk of a spiral galaxy, all our NELR models have average cloud

nucleus coveriny factors much less than unity. For a spherically 

symmetric cloud ensemble, the average cloud-nucleus and cloud-cloud 
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covering factors should be comparable since the path lengths through the 

NELR for each factor are also comparable. Conversely, if the cloud 

ensemble geometry is disk-like, then, irrespective of the average value 

of fc i' we expect the cloud-cloud covering factor to be negligible due , 
to the small line-of-sight distance through the galactic disk for all 

but the largest viewiny angles (edge-on). Therefore, we will assume 

that the cloud-cloud covering factor for each cloud is zero. 

A. Cloud Ensemble Properties 

Chapter 7 detailed the properties and distribution of large, 

dense clouds in several types of galaxies and set up three model cloud 

distributions to be used in the emission line profile calculation. 

These models and the steady state cloud conditions in the wind (Chapter 

8) are used to determine the initial cloud ensemble distribution and the 

properties of individual clouds, respectively. 

Since we are computing the emission line profile of a cloud 

ensemble by determining the emissivity and orbits of each cloud, we need 

to kn9w the distribution of clouds in terms of cloud mass, position, and 

velocity. We then use a random number generator and a Monte Carlo-type 

calculation to set a large number of clouds (up to a few thousand) in 

the ensemble following this distribution. 

Cloud Masses 

The mass distribution of large ("giant molecular"), interstellar 
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clouds in the Milky Way is described in Chapter 7. The observed 

distribution can be fit with N(mcloud) (number of clouds per mass 

interval) a mcloud-a (1 < a < 2) for clouds larger than 5-10 pc in size 

(> 10 Mo 1). The number density of smaller clouds may increase faster 

than this with decreasing size due to the difficulty in observing small 

clouds. 

As will be shown in the model line profiles, varying the initial 

cloud mass distribution (changing the value of a ) radically changes the 

ensemble emission line profiles. This occurs because the mass 

distribution is dominated by either the upper end (a=l) or the lower 

end (a=2) of the cloud mass range, depending on the value of a. A 

a=l cloud mass distribution will produce an emission line dominated by 

large, galactically rotating clouds. On the other hand, a a=2 cloud 

mass distribution will be dominated by the smallest clouds. The 

resultant line profile from an a=2 wind-accelerated cloud ensemble will 

be Doppler-broadened (> 300 km sec-I) beyond any reasonable line width 

due to rotational motions alone (see Section D of this chapter). 

The model cloud distribution must extend to small (1 to 100 

Mo) masses in order to explain the NElR line wings (> 300 km sec-I). 

Furthermore, since these "line wing" clouds are rapidly removed (1 Kpc / 

500 km' sec-1~106 years) from this NElR model, we must continually 

resupply (on this timescale) small clouds to the ensemble. This is a 

general problem for all NElR models with radially outflowing clouds. We 

propose that instabilities (probably Rayleigh-Taylor; see Christiansen 

et ale 1977 and 1984) on the wind-cloud interface cause ablation of 

small cloudlets from the larger parent clouds. These cloudlets are 
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responsible for the line wing emission. Some of the model line profiles 

calculated in this chapter will include this production of ablata-born 

cloudlets. Since the mass distribution of these cloudlets is unknown, 

we assume that all ablata-born cloudlets have the same initial mass 

distribution as the larger clouds. A fit to observed line profiles can 

then be made by varying the initial cloud mass distribution function and 

including the effects of cloud thermal evaporation. 

Positions 

The initial geometry of the ensemble is either spherical (Models 

A or B) or cylindrical to approximate an elliptical (or spiral' bulge) or 

spiral galaxy, respectively. The properties of these distributions are 

described in Chapter 7. The differences in these models are used to 

investigate the effects of altering the radial distribution of clouds, 

disk versus bulge component, etc. 

Orbits 

All clouds are assumed to be initially (before the wind blows) 

revolving around the galactic nucleus with circular velocities 

determined by the model galactic rotation curve of Chapter 7. For 

simplicity, we assume that the inital cloud velocity vector, in a 

spherically symmetric cloud ensemble, is a randomly chosen direction in 

the plane tangent to the cloud radius vector. In the cylindrical ~odel, 

we assume that the initial cloud velocity is tangent to the radius 

vector and parallel to the plane of the distribution. 
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A last point to consider is the mass loss which can occur to 

clouds in the wind/photon environment. In Chapter 8 we proposed that 

NElR clouds are massive (> 10 - 100 Mo)' since thermal evaporation of 

the clouds into the hot wind causes smaller clouds to evaporate before 

crossing the NElR. We calculate the evaporation of the clouds as they 

move through the wind using dM/dt = - ETE Mcloud/ TTE where TTE is 

the thermal evaporation time scale (Eq. 30) and ETE is an efficiency 

parameter which we can vary. We do not include other forms of cloud 

mass loss (wind ablation 1) due to our present lack of understanding of 

these mechanisms. 

B. Radiation Transfer 

The next step in the emission line profile calculation involves 

determining line emissivities for single clouds. In his dissertation 

Whittle (1982) computed (with Ferland and Truran's (1981) photo

ionization codes) a set of emission line "grids" for NElR clouds which 

display, as a function of photon flux and cloud density, the emissivity 

of various NElR lines. These grids assumed: 1) clouds optically thick 

to the lyman continuum; 2) a power-law, ionizing photon spectrum (with 

high energy photon cut-offs); and 3) solar abundances in the gas (see 

Whittl~ 1982 for more details). Similar calculations have been done by 

Halpern and Steiner (1983) and Gaskell and Ferland (1984) for the 

permitted lines Ha and H/3 with results comparable to those of Whittle 

(1982) • 

Before discussing these grids, we should discuss the ionization 

and thermal state of the NElR clouds (see Osterbrock 1974 for a review 
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of the physics of photo-ionized gas). Since photo-ionization is the 

main energy source for these clouds, the ionization state of both 

hydrogen and metal ions (C, N, 0, etc.) is determined by equating the 

ionization rate (nneutral x nphUV, where nphUV is the number of ionizing 

photons) with a recombination rate (nenioinzed x < urecv» which is a 

function of the electron temperature. Likewise, the gas heating and 

cooling rates (which are equated to solve for the electron temperature) 

are of the same form. Therefore, for a gas which consists mostly of 

ionized hydrogen, the ionization state (nionized/nneutral) and the 

electron temperature (Te) can be shown to be simple functions of 

nph UV / ngas = <P. 

Given these results, we can now discuss Whittle's (1982) line 

emissivity grids for NERL clouds. Permitted lines (C IV A1550, and He 

II A4686, etc.), with the exception of the recombination lines (Ha and 

H /3 , etc.) are mostly dependent on the "radiation" or "ionization" 

parameter, <1>= [L/(ngasR2)]. Furthermore, all emission lines show some 

degree of this behavior. Since collisional de-excitation is negligible 

for these lines at these densities, the line emissivity is calculated by 

first determining the excitation state of the line (equating the 

spontaneous emission rate with the collisional excitation rate). The 

line emissivity is then proportional to the collisional excitation rate 

which is a function of Te, and in turn, a function of<P. 

Ha and H/3 occur due to the recombination of an el ectron by a 

proton (ioni zed hydrogen atom) and the subsequent "cascade" of thi s 

captured electron down the atomic energy levels of hydrogen. The 

calculation of the steady state level population of hydrogen (the so-
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called "capture-cascade" equations; Osterbrock 1974) then determines the 

H a and H /3 1 i ne fl uxes. The very weak dependence of the recombi nat ion 

11 ne strength on electron temperature (and hence <P) results in H a and 

H/3 emissivity being almost independent of ngas or <P for 102 < ngas < 

106 cm-3 (Whittle 1982; Halpern and Steiner 1983; Gaskell and Ferland 

1984) • 

The forbi dden 1 i ne ( [0 I II] A 5007, [0 II] A 3727, [Ne V] A 3426, 

etc.) grids generally have a more complicated structure than the 

permitted NElR lines and are not simple functions of <P. This occurs 

mainly because of two effects: a) the collisional de-excitation 

"critical density" for these lines becomes comparable to the NElR cloud 

density; and b) the direct dependence of the metal ion ionization state 

on qp. These effects can be best illustrated by comparing the line 

emissivity of two forbidden lines from the same element, say 

[0 III] A5007 and [0 II] A3727. As we increase the gas density, 

collisional de-excitation effects decrease the strength of [0 II] A3727 

as compared with [0 III] A5007 due to the lower critical density of 

[0 II] A3727. Likewise, if we increase the ionization parameter 

(increase the UV flux - increase lUV or decrease the galactic radius of 

the cloud), we increase the [0 III] A5007 emissivity at the expense of 

[0 II]'A5007 since we increasing the population of 0+2 ions as compared 

with 0+ ions. Therefore, the peak emissivity of [0 II] A3727 is seen in 

Whittle's (1982) emissivity grids to be at lower cloud density and' 

ionization parameter than that of [0 III] A5007. This type of behavior 

is also apparent in the other forbidden lines considered by Whittle 

(1982). If we keep the radiation parameter fixed, we see that low 
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ionization lines (e.g. [0 II] A3727, [S II] A6724) have peak 

emissivities at lower densities than high ionization forbidden lines 

([Ne V] A3426). Therefore, clouds confined to the same radiation 

(ionization) parameter by a "quasar" wind are expected to produce 

preferentially high ionization, forbidden line emission nearer the 

nucleus where cloud gas density is high (106 cm-3 1). Whittle (1982) 

has observed that the higher ionization forbidden lines have wider line 

profiles than emission lines of lower ionization. An ensemble of 

"quasar" wind-confined clouds will have constant radiation parameter and 

will reproduce these forbidden line observations (variations in 

forbidden line intensity and line width) if the average cloud velocity 

increases with decreasing galactic radius. Indeed, Figure 14 shows 

that, as expected, the nearer the cloud to the nucleus, the higher the 

cloud velocity. 

Most of the line emissivity occurs in the fully ionized regions 

of a cloud (Carroll and Kwan 1983; Carroll 1984; Gaskell and Ferland 

1984). Only the lowest ionization lines (e.g. [S II] A6724) have 

significant contributions to their emissivities in the extended 

partially ionized zone. A fit to the emission line ratios precludes the 

cloud column density from roughly exceeding 1023 cm-2 (Carroll 

1984) •. This sets a limit to the possible contribution of very large 

clouds to the emission lines. NELR clouds may have column densities 

larger than this limit if there is a mechanism (dust inside the 

clouds 1) which causes the rest of the cloud beyond Nc = 1023 cm-2 

not to contribute to the narrow emission line flux. 

Because of its relative brightness and ubiquity, the best 
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observed narrow emission line is [0 III] A5007. Whittle (1982, 1984a) 

and others have observed this line at spectral resolutions high enough 

to determine detailed line profiles (line asymmetry, structure. etc.). 

Due to the relative richness of data on this line, we concentrate our 

emission line modelling on [0' III] A5007. Given that we have a constant 

radiation parame~er in our model, it is apparent in Whittle's (1982) 

emission grids that, with a few exceptions, all clouds along a line of 

constant radiation parameter have essentially constant line emissivity. 

Therefore, to first order, all narrow emission lines should have similar 

line profiles. As mentioned above, the line profile differences which 

do occur between lines can be accounted for by variations in the cloud 

gas densities (departures from the direct dependence of line emissivity 

on radiation parameter). We therefore assume that [0 III] X5007 line 

emissivity is a constant per incident ionizing photon. Because these 

clouds are also assumed to be optically thick to these photons, we 

assume that the single cloud line emissivity depends only on the cloud 

solid angle as seen from the nucleus. 

C. Dust in the NELR 

We next consider the transfer of emission line photons from 

cloud to observer. The ubiquity of emission line asymmetries (blue 

wings brighter than red) has prompted previous NELR modellers to include 

some form of obscuration and/or scattering along the cloud-observe~ 

line-of-sight. The assumption has al ways been that the "intrinsic", un

obscured emission line profile is symmetric about the line center. Some 

form of obscuration, either internal or external to the clouds, is 
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responsible for the line asymmetries. The need for a radial component 

to the NELR velocity field is apparent due to the inability of a purely 

rotational velocity field to produce line asymmetries. The source of 

this obscuration is thought to be dust. 

The presence of dust ·in the nuclei of many active galaxies is 

well established by the presence of the 3.3 miGron dust emission feature 

(NGC 4151 (Cutri and Rudy 1980); NGC 5506 and IC 4329A (Moorwood and 

Salinari 1981); NGC 7469 (Rudy et ale 1982); and NGC 3227 (Cutri, Rieke, 

and Lebofsky 1983)). The extension of this dust emission feature into 

the NELR has been shown by Cutri et ale (1983). Furthermore, the large 

IR excesses of Seyfert galaxies can be simply explained as due to re

radiated thermal dust emission (Rieke 1978). The average temperature of 

this dust places some of the dust in the NELR (Rudy 1984). 

The optical detection of dust in the NELR of Seyfert galaxies is 

less definitive. Comparisons of NELR Balmer decrements (H,8/Ha), a 

probable measure of the visual extinction due to dust (Gaskell and 

Ferland 1984), with line asymmetry show either a positive correlation 

(Heckman et ale 1981) or a scatter diagram (Whittle 1982, 1984b). Both 

of these studies determined visual extinctions (Av ~ 1 - 2) which 

correspond to dust grain visual optical depths, TOG' of 1 to 3. Some of 

this scatter may be due to dust external to the NELR, but still in the 

host galaxy, thereby adding another variable to the correlation (Whittle 

1982,1984b). 

We propose that dust grains, always associated with interstellar 

(NELR) clouds, are responsible for both internal and external (to the 

cloud) opacity and scattering. Given an average grain size of 0.1 



126 

micron, specific gravity near one, and cloud dust-to-gas mass ratio of 

0.01, we find that clouds larger than 0.1 pc (mass> 1 Mo) are 

internally opaque to visual photons (including forbidden line emission). 

We can also show that the dust grain x-ray optical depth for the largest 

NELR clouds is small (LOG [10 KeV] < 0.1 for Nc = 1023 at nc = 104 

cm-3), except for the lowest energy x-ray photons (- 1 KeV) (Meyerhoff 

1967; Weisheit et al. 1981). Large clouds, which should contain the 

greatest amounts·of dust and therefore be internally opaque, have orbits 

in the wind which are least affected by wind ram pressure. These clouds 

have orbits which are still mainly rotational and should produce line 

profiles that are unaffected by asymmetries despite considerab·le 

internal dust obscuration. 

Internally opaque clouds emit optical line photons 

preferentially toward the source of ionizing photons. We define a 

"phase factor" (Capriotti, Foltz, and Byard 1979 and 1981) which 

approximates the degree to which this occurs. 

Eq. 39 

where 8 i is the angle between the cloud radius vector and the cloud

observer line sight and E ph is a factor which we can adjust for the 

amount'of internal opacity expected. Eph = 1 corresponds to totally 

opaque clouds. Since these clouds are relatively hot (104 OK) 

throughout their volumes, we expect some dust grain evaporation. 

However, the observed presence of dust grains in H II regions probably 

precludes the total destruction of grains in NELR clouds. 

The strong shock front, which propagates through the cloud (the 
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"transmitted shock" of Chapter 8) when it first encounters the wind, 

should cause significant dust grain destruction (mainly through thermal 

sputtering) within the clouds. However, since this shock probably does 

not propagate through the densest part of the interstellar clouds 

(Chapter 8) which contain most of the embedded dust, we cannot say with 

much certainty how much dust will remain in the cloud after passage of 

the shock. Due to the much higher gas temperatures behind this shock 

front as it propagates through the ISM gas (Chapter 3), we do not expect 

thermal sputtering to destroy dust grains located between clouds (see 

below for details). 

If there is no dust evaporation inside clouds, we must· include 

dust in the cloud photo-ionization calculations. In particular, the 

development of the "partial ionization zone" (PIZ) may be affected. 

Since low ionization forbidden lines are preferentially produced in the 

PIZ (Whittle 1982 and Carroll 1984), it seems apparent that in order for 

these lines to be observed, these clouds must not be totally opaque due 

to internal dust. 

Cloud thermal evaporation (and ablation) probably combine to 

produce substantial mass loss from clouds. We propose that dust 

included in this mass loss provides the source of external obscuration 

in the'NELR. Radiation pressure inside the clouds also tends to eject 

dust grains from the clouds. Given an average dust to gas mass ratio 

near 0.01, the amount of dust released in this manner by many large 

clouds is great enough to keep TOG near unity for 108 years (some dust 

is ejected from the NELR by the wind). This scenario is a direct analog 

to cometary behavior in the inner solar system. The combined effects of 
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the solar wind and photons remove both gas and dust from the comet. 

Dust Grain Survivability in the Wind 

The survivability of dust grains in the wind must be addressed. 

The main grain destruction me.chanism in the wind is sputtering by wind 

protons {Draine and Sal peter 1978}. The thermal equilibrium temperature 

for NELR dust grains due to photons ( < 300 OK) is such that dust grain 

evaporation is minimal. The dust grain density required to affect the 

line profiles and not the excitation gradient (Chapter 9) is small 

enough that grain-grain collisions are very rare and can be ignored as a 

mechanism of dust grain destruction. 

Given the high velocity of the wind (2 x 109 cm sec-I), each 

proton possesses an MeV of kinetic energy. At these kinetic energies, 

the Coulomb cross section is small and decreases rapidly with increasing 

particle energy. Consequently, since the sputtering process depends on 

the efficiency of Coulomb interactions, the sputtering dust grain 

"yield" (# of atoms removed from grain per proton collision) for MeV 

protons is low enough (Draine and Salpeter 1978) that dust grains should 

survive (dust lifetime Z 107 years 1) in our NELR wind model. 

Conversely, the lower temperature (< 108 OK) NELR wind model of 

Kro1ik'and Vrtilek (1983) has difficulty with the survivability of dust 

grains in their wind. Since we require that the wind ram pressure is 

always comparable to the NELR cloud gas pressure {nT = 108 cgs}, if we 

decrease the wind velocity (equivalent to decreasing the intercloud gas 

temperature) below 109 cm sec-l , we increase the sputtering yield such 

that the dust sputtering timescale decreases to 104 years for wind 
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speeds of less than 1000 km sec-1 (Krolik and Vrtilek 1983). In the 

context of a wind model for the NELR. we must have high velocity (vw > 

108 cm sec-I) winds in order that the external-to-cloud dust grains. 

needed to produce blue asymmetric line profiles in a radially outflowing 

NELR model. survive. 

The motion of dust grains in the wind has also been 

investigated. Due to the "transparency" of dust grains to wind protons, 

radiation pressure (and galactic gravity) dominates over the ram 

pressure force on dust grains. Grains in the inner NELR (100 pcs) are 

removed from the NELR (in 106 yrs) and attain radial velocities of a few 

hundred km sec-I. Grains in the outer NELR have orbits which ~re 

relatively unaffected by radiation pressure. 

Without a detailed model of the dust release mechanism and the 

subsequent motion of the dust. we cannot construct an accurate 

distribution of dust in the NELR. Instead. as a rough approximation. we 

assume that the dust is: 1) uniformly distributed; or 2) "piled-up" at 

large galactic radius (ndust~R) due to the higher radial velocities of 

dust in the inner NELR. We also neglect the effects of dust (or any 

other source of obscuration or emission) beyond the wind stagnation 

point. 

We vary the amount of dust in the NElR until we produce emission 

line profiles in reasonable agreement with observed lines. We can set 

an upper limit to the maximum visual dust grain opacity (TOG) in the 

NELR by requiring that the ionization parameter not vary by more than an 

order of magnitude ( TOG < 1n [<P(maximum) /<P(minimum)] rv ln (10) ~ 3). 

More than this amount of dust would be detectable as a large range of 
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emission line excitation which is not seen in the NELR (Whittle 1982). 

Finally, a large amount of dust in the NELR may be visible 

because of the scattered, polarized light it would emit. However, due 

to the difficulty in predicting the amount of scattered light produced 

in an NELR model (Whittle 1982), we do not include dust-scattered light 

in our emission line profiles. If our direct emission line profiles 

fail to fit observations reasonably, then we should consider the 

contribution of scattered light to the emission line profiles (see 

Whittle (1982) for a discussion). 

O. Results of Line Profile Modelling 

With a detailed model of each cloud's line emissivity, a cloud 

ensemble distribution (as a function of time), and the calculated 

effects of dust opacity (internal and external to the cloud), we can 

compute a model emission line profile. 

The emission line profile of an ensemble of photo-ionized, 

optically thick clouds can be written as 

F(Xobs,t) = 

NT 
L fem,i(<Pitni,etc.).o.i e- TOG (position; dust dist.) 
. i=1 

Eq. 40 

Vi 
with Xobs,i = Xem,i (- + 1) (vi> 0 corresponds to a redshift and 

c 
vice versa). The terms on the right hand side of the summation are: 1) 

fern i is the line emissivity per ionizing photon which we assume is , 
constant for [0 III] X5007 for each cloud in the ensemble; 2).o.i is the 

cloud solid angle as seen from the nucleus (fem,i.o.i is the total number 
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of emission line photons per cloud; 3) e- TOG is the external to cloud 

dust opacity; 4) (l-fc,i) is the cloud-nucleus covering factor 

correction for cloud i (see Chapter 8); 5) the phase factor (in 

brackets) as described earlier; and 6) ~i(Aem,i) is the single cloud 

line profile which is assumed to be Gaussian. Although we expect the 

thermal emission line width of each cloud to be near 10 km sec-1 (Tc = 
8000 OK), we vary this parameter in order to smooth the ensemble line 

profiles. 

In practice, we compute Eq. 40 by binning the ensemble line 

profile into a finite number of velocity bins (typical velocity width> 

10 km sec-I). The cloud radial velocity, along the observer line-of

sight, determines the position (in velocity space) of an individual 

cloud's contribution to the line profile. A summation over all clouds 

in the ensemble produces the line profile. Since we are interested only 

in the line profile, and not in line ratios, we normalize the profile by 

setting the peak of the profile equal to unity for the initial (t = 0) 

line profile. As the clouds move through the NELR, acted upon by the 

wind and galactic gravity, we continually compute the emission line 

profile as a function of time. 

Depend~nce of Model Line Profiles on Model Properties 

Due to the large volume of parameter space available in this 

NELR model (initial geometry, dust distribution, cloud mass loss, etc.), 

we first explore how these factors affect the emission line profile 

before attempting to match observed profiles. 
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Cloud Mass. Due to our uncertainty about the initial cloud mass 

distribution (and the permitted range of cloud masses), we investigate 

the effects of varying these parameters on the model line profiles. 

Figure 16 shows the effect of varying the exponent (a) in the initial 

cloud mass distribution funct,ion: f(m) = m- a (Chapter 7). As discussed 

in Chapter 7, an ~ =1 cloud ensemble includes relatively more large 

clouds than an ensemble with a steeper (a = 3/2 or 2) cloud mass 

distribution. As expected (Chapter 8), the clouds in a a =1 model line 

profile are not appreciably accelerated by the wind. The maximum 

emission line velocity is therefore comparable to the maximum galactic 

rotation velocity ("'250 km sec-I). Conversely, the a=2 1ine,profi1e 

has a much larger velocity wi dth than the a =1 profile since the average 

cloud mass in the a=2 ensemble is near the smallest cloud mass in the 

ensemb 1 e (,..,.10 Mo). 

From these results, we propose that the largest clouds in the 

cloud distribution preferentially produce emission in the line core 

while the smallest clouds provide the bulk of the line wing (> 250 

km sec-I) emission. As mentioned earlier, we also need to resupply 

these "line wing" clouds on the NELR crossing timescale (> 106 yrsJ. 

The estimated mass loss rate due to these clouds leaving the NELR is 

~0.1 Mo/yr if the NELR covering factor for these 10 Mo clouds is less 

than 10-2• Over an estimated wind lifetime of 108 years, the total NELR 

mass lost through the escape of these line wing clouds is 107 Mo (small 

compared with the total ISM gas mass in the nuclear regions of a spiral 

galaxy) • 

We expect thermal evaporation (and also wind ablation) in the 
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Model Emission Line Profiles: Varying the Initial Cloud Mass Distribution 

The lower curve represents the do = 1 mass di tri but i on; the upper curve 
refer to a ~ = 2 model (where the initial cloud distribution is assumed 
to be f(m) = m-~. As mentioned in the text, the ~= 1 distribution 
includes many more large mass clouds than the~ = 2 distribution. Other 
emission line parameters are: Model B cloud ensemble; log L = 44; 
elapsed time (T) = 5 million years (Myr); and cloud mass range (in Mo) = 
10 to 106• . 

The following parameters are common to all the line profile 
figures (Figs. 16 to 24), unless explicitly noted: number of clouds = 
500; velocity binning size (spectral resolution) = 20 km sec-1; 
log PISM (cgs) = -11; and log Vw (cgs) = 9.3. Lastly, the normalization 
of the relative flux is set such that the peak flux at T = 0 is 1.00. 
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wind to produce significant cloud mass loss (Chapter 8). We propose 

that we can set a lower limit to the minimum NELR cloud mass by equating 

the estimated cloud thermal evaporation time to the NELR crossing time. 

In principal, if we knew the initial cloud mass distribution and the 

"line wing" cloud production rate, we could determine the actual cloud 

thermal evaporation rate by varying the estimated evaporation rate 

efficiency, ETE (see Chapter 8), until we got a good fit to observed 

line profiles. Because the aforementioned quantities are so uncertain, 

we do not wish to attempt this procedure at this time. However, because 

there appears to be a well defined maximum width to the narrow emission 

lines (rv l000 km sec-I), we speculate that this maximum line width is 

due the dissipation of smaller, higher velocity clouds by thermal 

evaporation in the wind. We present in Figure 17 an example of the 

effects of thermal evaporation on model emission line profiles. 

Geometry. The effects of initial cloud geometry on the 

resulting emission line profile are easily seen (Figure 18). Disk 

geometries (Model C; see Chapter 7) at t = 0 produce the characteristic 

steep, square-sided emission line profile (aside from the emission peak 

at line center) seen in H II emission line profiles of disk galaxies 

(galactic rotation dominated systems). These square-sided line profiles 

are due to both the increase in emitting volume with radius and the 

approximately constant galactic rotation velocity in most of the 

emitting volume. At later times when the wind causes small clouds to 

produce emission in the line wings, these same two emission peaks (due 

to galactic rotation in a disk) are still apparent. This type of 
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Model Emission Line Profiles: Varying the Thermal Evaporation Efficiency 

The top and middle line profiles are for this set of model parameters: 
Model B cloud ensemb1~ log L = 44; ~ = 1; T = 10 Myr; and cloud mass 
range (M) = 100 to 10. The top line is forE-TE = 0 while the middle 
line is 90r ~TE = 0.10. As a comparison, we also plot the effects' of 
thermal evaporation on a cloud distribution which contains mostkY 
smaller mass clouds (r"30 Mo;o( = 2; cloud mass range = 10 to 10 Mo; T = 
10 Myr) i 'teo = l.O 
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Model Emission Line Profiles: Cloud Ensemble Geometry 
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We compare in this figure the effects of the initial cloud ensemble 
geometry on the resultant emission line profiles. Model C (top 
profile) assumes a disk-like geometry; A spherical ensemble geometry is 
represented by Model B (see Chapter 7 for more details). Model 
paramters: log L = 44;0(= 1; cloud mass range = 1 to 100 Mo; T = 5 Myr; 
viewing angle for Model C (top curve) is 45 0 (away from the galactic 
pole). 
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emission line structure is not seen in NELR lines. 

Spherically symmetric cloud distributions (Models A and B) do 

not produce these "square-s i ded" em i s si on 11 ne profi 1 es. Instead, the 

line profiles (without any form of obscuration) are, more or less, 

smoothly-decreasing functions of velocity from line center. The lack of 

a correlation between emission line width and galactic inclination 

(Whittle 1982, 1984b) also points to a preference for a spherically 

symmetric NELR. This last comment has important implications for the 

NELRs of the brightest Seyferts and QSOs. If the lower power Seyfert 

galaxy winds affect only the spherically symmetric (?) bulges of spiral 

galaxies (producing a spherically symmetric NELR), then the higher power 

winds of QSOs located in spiral galaxies should propagate much farther 

into the galaxy, and produce narrow emission line profiles more akin to 

Model C line profiles. 

The difference in line profile due to varying the radial 

dependence of the initial cloud distribution is minimal (Figure 19). 

This occurs because the model radial scale height (using an exponential 

radial distribution as seen in some nearby spiral galaxies) is larger (4 

Kpc) than the size of the NELR. Therefore, Model A and B cloud 

ensembles have initial cloud distributions which are essentially 

constant with radius. 

Internal vs. External Dust. The presence of dust in the NELR 

(whether internal or external to clouds) produces strong emission line 

asymmetries if there 1s a strong radial component to the ensemble 

velocity field (Whittle 1982). Figure 20 depicts the effects of 

internal and external dust, for a specific set of model parameters, on a 
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Model Emission Line Profiles: Model A vs. Model B 
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The typical emission line profiles of a spatially homogeneous cloud 
distribution (Model A - solid line) are compared to those of a cloud 
ensemble model (Model B - dotted line), which is has exponentially 
decreasing cloud number density with increasing galactic radius (scale 
~8ight = 4 Kpc; see Chapter 7). The interstellar pressure is set at 10-

ergs cm-3 in order to place the NElR entirely inside a radial scale 
height. Under these conditions, we can check the similarities of both 
model line profiles, since both initial cloud distributions should be 
comparable in this volume. The number at the peak of the Model A 
profile refers to the peak relative flux. Other model parameters: T = 5 
Myr; c(.= 1. 
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Model Emission Line Profiles: Internal vs. External-to-Cloud Dust 

139 

In this figure, we compare two line asymmetry-producing effects: dust 
intern~l to the cloud (top line profile; we set E h = 1 to model a 
totally opaque cloud - see text for more details);Pand dust in the wind 
(bottom line profile). The dust distribution used to create the bottom 
line profile assumes a homogeneous distrbution of dust, with a visual 
dust grain optical depth across the NElR of 3. The center line profile 
was created with the same model parameters as both the bottom and top 
profiles, except that no dust was included either inside or outside of 
the clouds. Note the shifting of both the center of the line profile 
and the line wing asymmetry from the top to bottom line profile. 
Other model parameters: Model 8; log l = 44;0(= 1; and range of cloud 
masses = 1 to 100 Mo; T = 5 Myr. 
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model emission line profile. The phase function (internal dust) 

decreases the emissivity of blue-shifted (near-side) clouds over red

shifted (far-side) clouds. Dust external to clouds produces the 

opposite effect. The large preponderance of blue asymmetries in the 

line wings suggests that external dust effects dominate over internal 

obscuration for small clouds in our NELR model. Since we have 

postulated many mechanisms which tend to destroy dust grains ~ clouds 

as compared with between clouds, we may have a substantially smaller 

amount of dust in these small clouds than expected and effectively no 

"phase factor". The 1 arger clouds produce 11 ne profi 1 es unaffected by 

11 ne asymmetry produci ng mechanisms because they have rotation. domi nated 

orbits. As a final point, to first order, the distribution of external 

dust does not seem to affect significantly the resultant emission line 

profiles. 

In summary, we propose that dust exterior to clouds is 

responsible for the observed line asymmetries seen in the narrow 

emission lines. Given that dust can be desroyed or removed from these 

clouds, we believe that dust inside the relatively small (10 Mo)' "line 

wing" clouds is much depleted as compared with typical dense interstellar 

clouds. Therefore, the effect of the "phase function" on these clouds 

is assumed to be negligible. 

Wind Luminosity. Except for the most powerful winds (> 1045 

ergs sec-I) which penetrate far into the spiral galaxy disk, we do'not 

expect to see substantial differences in the line profiles as a 

function of wind (photon) luminosity. If, as we increase Lw' the ratio 

of wind power to photon luminosity remains constant, the physical state 
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(ionization, density, temperature, etc.) of the NElR clouds will remain 

unchanged, although the size of the NElR increases as lw1/2• There will 

always be ~ interstellar clouds at the correct distance from the 

nucleus to produce NElR type clouds (unless the wind is very weak). The 

contribution to the line emission of near-nucleus, high density clouds 

for high luminosity winds is compensated for by the increased ram 

pressure of these winds and the subsequent lower number density of such 

clouds in these regions. 

Since QSOs are more luminous (in photons and wind energy) than 

Seyfert galaxies, the NElRs of QSOs should be larger in size (a few Kpcs 

to the size of an entire galaxy) than Seyfert galaxy NElRs. The larger 

size of QSO NElRs could cause QSO narrow emission lines to differ from 

lower luminosity emission line profiles. Because it has been shown 

(Whittle 1982) that a rotational component (due to galactic gravity) is 

present in the NElR velocity field, we would expect that, as the 

luminosity increases, this component of the velocity field would vary as 

a function of galactic radius (see Figure 21). However, if most clouds 

have velocities near or greater than the galactic escape velocity, ~ if 

the galactic rotation curve is constant with radius, this effect would 

produce minimal diferences in the emission line profiles (line cores) as 

a function of luminosity. 

A second possible luminosity-related effect to the line profiles 

could occur if a substantial percentage of QSOs exists in disk galaxies 

(see discussion in Chapter 6). If the cloud number density in the plane 

of a disk (spiral) galaxy is large enough, the maximum extent of the 

wind into the galaxy is determined by the cloud-nucleus covering factor. 
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Model Emission Line Profiles: Varying the Wind Luminosity 
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The wind luminosities (power) for each line profile are log L = 46 
(bottom; appropriate for QSOs); = 45 (middle); and 44{top; appropriate 
for higher luminosity Seyfert galaxies). Note that the higher wind 
power wind has much more high-velocity line wing emission than that of 
the lower power wind. This occurs since the ratio of galactic gravity 
to wind ram pressure decreases as a function of galactic radius (if u = 
constant - see text), such that clouds can, on average, attain higher 
velocities in the highest power winds. Model parameters: Model A; ~ =1 
3/2; cloud mass range = 1 to 106 Mo; and velocity binning = 50 km sec
{set high in order compare the large scale line profile features}; T = 
15 Myr. 
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In such a scenario, the mean NElR cloud ionization and density should 

increase with luminosity, although the ionization (radiation) parameter 

would remain constant. Due to the large mean wind ram pressures on 

clouds, we expect most clouds to be quickly swept from the inner NElR 

and pile up near the cloud covering factor distance; i.e., the radius 

where fc > 1 in the galactic plane. This, in turn, should decrease the 

NElR covering factor such that the contribution of the NELR to the QSO 

emission decreases with increasing photon luminosity. As shown above, 

emission line profiles for disk geometries NELRs should be symmetric 

irrespective of internal or external to cloud dust content. As stated 

in Chapter 7, the typical galactic radius in which the average' value of 

fc i aprroaches unity is 5 to 10 Kpc. Using Eq. 16 for the wind , 
stagnation radius, we find that the critical wind luminosity, lcrit' 

where REP = R(fc i = 1) is, within an order of magnitude, 1044 erg , 
sec-I. 

Whittle (1982, 1984b) and others have shown that the narrow 

emission line profile properties do not correlate well with active 

galaxy luminosity. Miley and Heckman (1982) show that the 

[0 III] X 5007 emission lines in low-z « 0.5) QSOs also share this 

behavior. However. there is a dramatic difference in line profile 

asymmetry between Seyfert galaxies and QSOs (the line widths of both 

samples are conparable [Miley and Heckman 1982]). QSO narrow emission 

lines are symmetric about line center, while Seyfert galaxy narrow'lines 

are markedly blue asymmetric. If the line asymmetries in Seyfert 

galaxies are due to dust, we can conclude that either there is less dust 

in the QSO NELRs ~ the geometry of the NElR changes with luminosity. 
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There must be a sudden change in emission line profile at about 1045 erg 

sec-1 luminosity (brightest Seyferts - dimmest QSOs) due to the 

uniformity of line profiles within both samples. If most low-z QSOs are 

in spiral galaxies (although 6 out of 15 objects in the Miley and 

Heckman (1982) sample are collimated double radio sources ; i~., 

elliptica1s 1), this sudden change in line profile could be due to 

Seyfert galaxy NElRs occurring in the bulges of spirals (spherical 

geometry) while QSO NElRs exist in the disks (disk geometry-minimal line 

asymmetry). 

Before comparing these model line profiles with observations, we 

would like to discuss two items: 1) structure in the profiles due to 

individual clouds; and 2) whether the emission line profile changes with 

time. 

structure in the Emission lines. The model line profiles 

determined here contain up to a few thousand clouds. Even though this 

is a large number, we still see structure in the profiles due to a few 

very bright clouds. The effective spectral resolution of these profiles 

is approximately 20 km sec-I. Since most of the spectroscopic work on 

the NElR is at lower resolution than this (40 to 80 km sec-l for Whittle 

1982 and 1984a as an example), we do not expect to see such small 

structure in recent observations. The effects of decreasing spectral 

resolution on line profiles is illustrated in Figure 22. 

The amount of structure in the line profile is directly 

proportional to the number of clouds in the ensemble. Since low power 

winds do not propagate far into a host galaxy, we predict fewer clouds 
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The velocity binning size (spectral resolution) of each line profile is: 
20 km sec-1 for the bottom line; 50 km sec-l for the middle line; and 
100 km sec-l for the top line profile. Model parameters are: Model B: 
log l =44; 0(, = 3/2; and T = o. 
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in the NELRs of these objects and hence more spectral detail at a given 

resolution than for higher power winds. 

Line Profile Time Dependence. The second point to consider 

concserns the time dependence of the emission line profile. Since the 

NELR crossing time for even the fastest clouds is greater than 105 

years, we do not expect to see any changes in a Seyfert galaxy NELR. 

However, over larger timescales, possibly the Seyfert galaxy phenomenon 

timescale, we may expect to see some changes in the emission line 

profiles. This may occur especially if we do not have a continual 

resupply of small clouds or if the cloud evaporation time is short even 

for large clouds. Since this type of line profile behavior could be 

seen only statistically and could always be interpreted in a different 

manner, we do not expect time-dependent line profile changes to be 

observable. 

E. Comparisons with Observed Line Profiles 

Inspection of the model emission line profiles of this Chapter 

shows that various aspects of observed line profiles can be produced by 

a wind-interstellar cloud model of the NELR. In our model, large 

clouds form the symmetric, rotation dominated core of the line profile. 

Smaller clouds, probably wind generated ablata from the larger clouds, 

are responsible for the line wings. The presence of dust external to 

the clouds can cause the blue line asymmetries seen in the line emission 

produced by these small clouds. In order for this to happen, we 

require: a) that we can resupply the small clouds as they are removed 

from the NELR by evaporation or motion (a problem for all NELR models 
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with radially moving clouds); and b) that the internal opacity in these 

small clouds is small compared to external opacity. Given these 

caveats, we are able to produce narrow emission line profiles which are 

relatively good matches to observed [0 III] ).5007 lines (see Figures 23 

and 24). 

Since we can show that the NElR cloud physical conditions are 

similar to wind-confined interstellar clouds (Chapter 8) and that the 

emission line profiles from an ensemble of such clouds is in agreement 

with NElR line profile observations, we are led to propose that NElR 

clouds.!.!:!! interstellar clouds confined and accelerated by a "quasar" 

wind. We propose that all objects with Seyfert-type NElRs also possess 

"quasar" winds. 
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In this figure. we depict three typical model emission line profiles. 
which we added together to form composite model emission line profiles. 
These composite profiles are compared with some observed NELR line. 
profiles (Whittle 1982) in Figure 24. Line Profile A - bottom line 
(small clouds - wind-created ablata ?):~= 2. cloud mass range = 1 to 100 
Mo; Line Profile B - middle line (intermediate mass clouds):o(= 2; cloud 
mass range = 100 to 106 Mo; and Line Profile ~ - top line (large 
c1ouds):~ = 3/2. cloud mass range = 100 to 10 Mo; T = 10 Myr; 
homogeneous dust. 7: DG = 3. 
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Comparison of Observed Narrow Emission Line Profiles with Model Results: Part II 

Modelline profiles (dotted lines) are composites of line profiles described in Figure 23. Observed 
line profiles (solid lines) are from Whittle (1982). Right Side:IC 4329A is compared to themodel 
profile created by averaging Line Profiles A and B ([A + C]/2 - see Figure 23). Left Side: PKS 2152-
69 and (A + 8)/2. The right side model profile has an effect"ive cloud mass distribution which is a 
broken power-law (tA= 1 for the large mass clouds and ""=2 for the smallest mass line-wing clouds). 
The left sid~model profile is more blue asymmetrric than the right hand model profile, since it does 
not include as many large clouds which do not acquire significant radial motions. 



CHAPTER 11 

DISCUSSION AND SUMMARY OF WIND-CLOUD INTERACTION 

In the process of describing the effects of a "quasar" wind on 

interstellar clouds, we have shown that wind (and photon) modified dense 

interstellar clouds have properties very similar to those of Narrow 

Emission line clouds (see Chapter 8). Furthermore, model emission line 

profiles from an ensemble of such clouds are in agreement with observed 

narrow emission line profiles. Due to the dirth of observable effects 

of the wind-interstellar gas interaction (see Chapter 5), it appears 

that the simplest test of the existence of the wind lies in a comparison 

of our NElR model with observations. As such, we wish to compare this 

new model with other NELR models, mainly the recently proposed model of 

Krolik and Vrtilek (1984). Although we have shown that our NELR model 

is consistent with the observed properties of the NELR, we also wish to 

propose several observations (mainly of the NElRs of QSOs) which may 

further test this model's validity and, 1n effect, the presence of a 

"quasar" wind in active galaxies. 

A. Comparison with Krolik and Vrtilek's NElR Model 

As outlined in Chapter 8, Krolik and Vrtilek (1984) have 

proposed a model for the NELR which in some respects resembles the,NELR 

model presented in this dissertation. They propose that a two-phase 

pressure equilibrium between pressure-confined NELR clouds and 

intercloud gas is being developed in the NELR by the heating 
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(Comptonization) effects of high energy photons from the active nucleus. 

However, due to the long heating time as compared with the NELR dynamical 

time, this equilibrium is probably not acheived, although the interc10ud 

gas is heated to greater than 107 oK. Since the gravitational field of 

the galaxy is probably unable.to confine this hot gas, a thermal wind 

slowly develops which in turn accelerates the embedded NELR clouds. 

They calculate model emsission line profiles with the simplifying 

assumption that the velocities of NELR clouds are the same as the wind 

velocity (very small mass clouds - Nc < 1021 cm-2, Mc < 10-2 Mo). Also, 

in order to explain the NELR line profile asymmetries, they propose that 

dust exists in the interc10ud gas. 

Although this dissertation and Kro1ik and Vrti1ek (1984) both 

propose thermal wind models for the NELR, our model differs from theirs 

in several important respects. Our wind originates not in th~ NELR but 

much closer to the nucleus in the Broad Emission line region (BELR). We 

are thus able to explain not only the general properties of the NELR but 

also the BELR (see Weymann et a1. 1982). As a disadvantage of our 

model, we require an additional strong gas heating mechanism (aside from 

Comptonization) in the BELR to produce the high gas temperatures 

(> 109 OK), and hence high wind terminal velocities (> 109 cm sec-I) • 

. The high wind mechanical luminosities and terminal velocities in 

our model produce effects in the NELR which are different from those 

produced from the less powerful and slower wind proposed by Krolik-and 

Vrtilek (1984). Due to their large luminosities, our winds are capable 

of propagating far into the host galaxy (> 1 Kpc; see Part I) and 

accelerating dense interstellar clouds to NELR velocities (see 
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Chapter 8). We also showed in Chapter 8 that the densest, most massive 

interstellar clouds, when modified by our wind and ionizing photons, are 

quite similar (temperature, density, ionization parameter, etc.) to NELR 

clouds. 

Due to the high wind. speed of our wind model, the shocked wind 

gas which surrounds every cloud can cause significant thermal 

evaporation of cloud material into the wind. We estimated that in order 

to cross the NELR before being destroyed by thermal evaporation, NELR 

clouds must have masses greater than apprroximately 10 Mo (see Chapter 

8). The column density of a 10 Mo cloud confined by o~r wind is 

typically 1022 cm-2, consistent with the NELR radiatve transfer 

calculations of Carroll and Kwan (1983). Our wind model has an advantage 

over Krolik and Vrtilek's model in that they do not address the origin 

of their NELR clouds. The large NELR clouds which we require in our 

model are naturally present in the ISM of the host galaxy. Unless there 

is a mechanism for destroying or removing these large, interstellar 

clouds expected to exist in the galactic ISM from their model, Krolik 

and Vrtilek's emission line profiles would have to include substantial 

narrow line emission from these large clouds. 

A more subtle, but nonetheless important point to consider is 

the presence of dust 1n the NELR. As explained before, to produce 

asymmetric emission line profiles in a radially flowing NELR cloud mGdel 

requires a source of obscuration in the NELR. Both this dissertation 

and Krolik and Vrtilek (1984) propose that dust in and between clouds is 

the source of this obscuration. To produce a blue-side asymmetry in the 

line profiles in a radially outflowing NELR model requires the majority 
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of the dust to exist between the emitting clouds. However, in the 

Kro1ik and Vrtilek (1984) wind environment, dust grains are destroyed by 

the sputtering of their lower velocity wind protons on the dust grain 

surface. As Krolik and Vrtilek (1984) show, dust grains do not survive 

long enough in their wind to account for the line asymmetries unless the 

dust is highly clumped. If the intercloud dust is rapidly destroyed, 

the observed line asymmetries would probably be due to dust inside the 

cloud which would preclude all outf10wing NElR models (Whittle 1982). 

Our wind model has the advantage of a higher wind speed which 

translates to a much lower sputtering rate by wind protons. This occurs 

because of the increase in proton penetration distance in dust grains 

with increasing pr~ton kinetic energy (Draine and Sal peter 1979). At 

wind speeds near 109 cm sec-I, dust grains are essentially tranparent to 

wind particles. Therefore we require that, in order not to destroy the 

intercloud dust needed to produce the emission line asymmetries 

observed in the NElR, any thermal wind model of the NElR probably 

needs wind speeds much greater than 108 cm sec-I. In both models, the 

dust inside the clouds is not expected to survive. In our model, we are 

less likely to have dust inside clouds than in Kro1ik and Vrti1ek's 

model because the initial "transmitted" shock (Chapter 8) will probably 

destroy large amounts of dust inside the NElR clouds. This dust may 

then reform and be swept out of the cloud by radiation pressure. 

B. Predictions of "Quasar" Wind NElR Model 

In Chapters 8 and 10 we showed that many of the observed 

properties of NElR clouds are consistent with the "quasar" wind NElR 



154 

model presented in this dissertation. Although we have not yet 

encountered any observational evidence in direct contradiction to this 

model, we can predict some consequences of this NElR model which should 

test its validity, and in turn, the existence of the wind itself. 

Unfortunately, most of these· consequences will be difficult to observe 

with present day telescopes. However, with the advent of better x-ray 

telescopes (able to detect any hot, shocked wind gas; see Part I) and IR 

telescopes (able to observe NELR in intermediate z QSOs), we may be able 

in the near future to test the following predictions based on this NELR 

wind model. 

Emission Line Properties 

There may be some subtle differences in the narrow emission line 

properties of Seyfert galaxies, between galaxies of differing 

characteristics: 

a) We predict a constant ionization parameter across the NELR. 

More long-slit spectra could confirm the results of Whittle (1982) that 

the excitation gradient (and hence the ionization gradient) is nearly 

constant across the NELR. 

b) Emission line structure due to single clouds may be 

detectable in the emission line core of low luminosity Seyfert galaxies. 

The amount of this structure should decrease with increasing luminosity. 

This effect is due to the relatively small number « few thousand) of 

interstellar (NELR) clouds expected in our model. 



c) As long as the NElR exists inside the central bulge of a 

host spiral galaxy (REP < 3 Kpc - l < 1044 ergs sec-1 1). we expect 

little change in line profiles as a function of luminosity. 
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d) There should be some variations of the emission line 

profiles of different lines in the same object. We expect wider lines 

for the higher ionization state lines, which are preferentially produced 

at higher gas density and velocity than low ionization lines (seen by 

Whittle 1982). 

e) The cloud column densities and mass should be a function of 

emission line velocity. Clouds reponsible for the emission in. the line 

core should be larger than line wing clouds. Emission line ratios as a 

function of velocity displacement from the line core could test this 

prediction. In comparison, there is no reason to assume that this 

effect occurs for a gravitational infall model of the NELR since the 

cloud velocity is not a function of cloud size. 

f) The amount and distribution of large quantities of dust 

(e.g., inside and between NELR clouds) is different in various models. 

In particular, we expect most of the dust to be between clouds. This 

could ~ossibly be checked by polarization studies. The calculation of 

the polarization effects should be straightforward, albeit complicated, 

given the distribution of cloud properties and velocities along with the 

dust distribution and motion. 

g) Thermal conduction from the hot, shocked wind gas which 

surrounds the NELR clouds may provide another source of cloud heating. 
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Emission lines (0 VI or x-ray lines 1) produced in the hot cloud-shocked 

wind interface may be observable. 

Differences between QSO and Seyfert Galaxy NElRs 

a) For spiral host galaxies, we expect the NElR geometry to 

become more disk-like with increasing luminosity, J! the wind is 

powerful enough to propagate into the galactic disk (REP> 3 Kpc; lw > 

1044 ergs sec-I). In this scenario, we would expect a correlation 

between galactic axial ratio and NElR line width for the most luminous 

objects. Also, irrespective of the distribution of obscuring dust, we 

would expect little or no emission line asymmetry (except for edge-on 

host galaxies) for high luminosity objects since the dust is confined to 

the thin, galactic plane. This prediction is consistent with Miley and 

Heckman's (1982) NElR observations of low-z, radio-loud QSOs (which, 

however, might be in elliptical host galaxies). 

b) Since the most massive NELR clouds have essentially 

circular orbits in our NElR model, we expect such clouds to produce an 

emission line "spike" at line center for objects with powerful winds 

seen face-on. 

Cloud-~ucleus Covering Factor 

For high luminosity winds (l > lcrit ~ 1044 ergs sec-I; see 

Chapter 10) in spiral galaxies, the maximum size of the NElR (and the 
, 

wind propagation distance) is determined by the cloud-nucleus covering 

factor in the disk of the galaxy (see Chapters 6 and 10). If l > lcrit 

we expect the following: 
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a) The average NELR cloud density should be higher in very 

luminous objects as compared with lower luminosity objects: under these 

conditions, some collisional de-excitation effects may become more 

pronounced. 

b) The NELR covering factor (portion of sky seen at the nucleus 

covered with NELR clouds) and hence the line equivalent width should 

remain constant; this neglects the effects of the BELR covering factor 

on the NELR. 

Cloud Masses 

a) We have proposed that NELR clouds are wind (and photon) 

modified, dense interstellar clouds. Because of the thermal evaporation 

of clouds in the hot, shocked wind gas, we also require that these 

clouds be larger than about 10 Mo (Nc > 1022 cm-2). Given an initial 

distribution of cloud masses, we can set another limit on cloud mass by 

requiring that, since we observe no emission beyond a certain velocity 

limit (,....,1000 km sec-1), thermal evaporation quickly dissipates all 

clouds with masses less than that required to produce the extreme line 

wings. Within an order of magnitude, we get the same minimum NELR cloud 

mass (1 to 10 Mo) using either method (see Chapter 10). 

b) Carroll and Kwan (1983) show that NELR clouds with column 

densities greater than about 1023 cm-2 produce too much low ionization , 

line emission to fit the observed NELR line ratios. Since the largest 

dense interstellar clouds in our model have column densities an order of 

magnitude greater than this, we require that the contribution of these 



clouds to the total line profile be minimal. This in turn requires 

that, if the initial cloud mass distribution is of form f(m) = m- a , 
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a must be greater than one, which is consistent with the work of Kwan 

(1979). Large amounts of dust, which may exist in the "partially 

ionized zone" (see Chapter 10) of these c10uds,wou1d also decrease the 

low ionization line contribution of these clouds to the total line flux. 

C. Summary 

We set out at the beginning of this dissertation to ascertain 

whether or not we could test the hypothesis that "quasar" winds exist in 

Seyfert galaxies. The effect of this wind on the host galaxy was 

believed to produce effects on the interstellar gas and clouds which may 

be observable. The main result of Part I was that (for any reasonable 

interstellar pressures) the wind, in an average Seyfert galaxy, 

propagates far into the host galaxy (a few Kpcs); well into the NELR of 

these objects. On a timescale of order 106•5 years (Chapter 4), a 

steady state wind-ISM flow is established. In the plane of the galaxy, 

the wind flows freely until it reaches the vicinity of the stagnation 

radius (typically 3 Kpc for a 1043 ergs sec-1 wind). Away from the 

galactic disk, the wind flows unhindered into the inter-galactic medium. 

The ti~e evolution of the wind propagation and the subsequent steady 

state flow of the wind are discussed in detail in Part I of this 

dissertation. 

Since the wind propagates sufficiently far into the host galaxy 

to encounter at least a few large, dense interstellar clouds, Part II of 

this dissertation sought to investigate the effects of the wind and 
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nuclear, ionizing photons on interstellar clouds. Assuming we could use 

the properties and distribution of interstellar clouds in "normal" 

galaxies to model the interstellar cloud component of Seyfert galaxies, 

we found that the wind and photons quickly remove or destroy the lowest 

density (nc < 102 cm-3 ; see Chapter 6) and smallest mass (M < 10 Mo' 

corresponding to Nc < 1022 cm-2) clouds. 

The motion of ionization and shock fronts through these massive 

clouds was examined along with the steady state structure of clouds. 

Interstellar clouds situated in the NELR are pressure confined and 

accelerated by the wind. Nuclear, ionizing photons provide the main 

source of steady state cloud heating. The physical conditions. and line 

emissivity of these interstellar clouds was shown to be strikingly 

similar to the properties of NELR clouds. 

Arguments were then presented to show that cloud thermal 

evaporation into a hot, intercloud gas should preclude NELR clouds in 

this model from being less massive than small interstellar clouds (~10 

solar masses 1). NELR photo-ionization models (Whittle 1982, and Carroll 

and Kwan 1984) show that such large clouds (Nc ~1022 to 1023 cm-2, 

corresponding to 101 to 104 Mo) are a reasonable fit to the observed 

NELR 1 i ne rat i os. 

, With a description of cloud structure and motion, we determined 

emission line profiles for an ensemble of interstellar clouds. The line 

profiles produced agree well with obseravtions if we include three' 

assumptions: a) small clouds (Nc ~ 1022 cm-2 - Mc ~ 10 Mo: at the lower 

end of the allowed mass range from photo-ionzation calculations) are 

generated in the NELR, possibly from wind ablation of larger clouds; 
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b) there is a continuous resupply of these small clouds on the NElR 

crossing timescale; and c) due to the abundance of blue asymmetries in 

the line profiles, we also assume that dust is distributed between the 

NElR clouds. This dust can be released from evaporating and ablating 

interstellar clouds. 

The greatest uncertainty in this study is the survivability of 

large, interstellar clouds in the wind and the associated rate at which 

smaller, ablated clouds are created. The numerical work of Woodward 

(1976) shows that under somewhat similar conditions, large cloud 

instabilities, mainly Rayleigh-Taylor, occur on the surface of shocked 

clouds (see also Weymann et al. 1984). A time-dependent calculation, 

detailing these effects for wind confined, photo-ionized clouds would 

probably settle the issue. Without such a study, we must assume, 

without conclusive proof, that some of the initial cloud does indeed 

survive the encounter with the wind over long (>107 years) timesca1es. 

Another uncertainty in our model concerns the creation of the 

wind. As was shown in Weymann et a1. (1982), producing a thermal wind 

in the BElR with terminal velocities of 109 cm sec-1 requires a strong 

gas heating mechanism. Comptonization of high energy photons is 

insufficient to raise the BELR intercloud gas temperature beyond 108 oK. 

Whether or not this additional heating source is the osci1lating-two

stream instability (OTS) of Weymann et a1. (1982),we require a strong 

BELR heating mechanism to exist for a wide range of types of active 

galaxies. 

Our model also requires a fairly delicate balance between having 

clouds whose column densities are sufficiently large enough to produce 
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the extended partial ionization zone lines (e.g., 0 I) on the one hand, 

and at the same time, small enough to produce the cloud velocities 

necessary to account for the emission line widths. Unfortunately, the 

lower limit on the cloud column densities required to match the observed 

emission line ratios is still poorly understood. 

If "quasar" winds are a common factor in all active galaxies and 

QSOs, we may expect to see other effects of these winds on both galactic 

and extra-galactic gas. Weymann et al. (1984) have proposed that broad 

absorption line troughs seen in some QSOs are due to the interaction of 

a "quasar" wind with interstellar clouds seen along a line of sight. 

Also, Christiansen and Williams (1984) have recently used such a wind to 

drive shocks which subsequently produce stellar shells around elliptical 

galaxies. 

To conclude, due to the similarities between wind-modified 

interstellar clouds and NELR clouds, we propose that NELR clouds are, in 

fact, interstellar clouds. The expected structure, physical conditions, 

motion, composition. size, and line emissivity of dense, interstellar 

clouds in the wind is practically indistinguishable from the 

spectroscopically determined properties of NELR clouds. Also, the 

emission line profile of an ensemble of such clouds agrees well with 

observed line profiles. We therefore propose that the Narrow Emission 

1 ine clouds of Seyfert galaxies are in a "quasar" wind. We can then 

explain the motion and properties of both the NELR and the BELR in' one 

model. 

"Draw the curtain, the farce is over." 

- Francois Rabelais, on his deathbed 
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