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ABSTRACT

Observations of galaxies showing signatures of recently finished

nuclear activity are reviewed, and it is shown that the available

evidence supports the hypothesis that nuclear activity in massive

galaxies is a recurrent phenomenon. This fact can be rather simply

understood on a model in which stellar mass loss from the inner bulge

components of galaxies (r ^ 1 kpc, say) flows inwards to form a dense

large-scale nuclear disc, whose evolution then leads to periodic

phases of nuclear activity. The structure and evolution of the disc

are considered, and it is shown that the temperature is determined

mainly by the heating effect of infalling matter. Even if this gas

should be hot (T ~ 2 x 10^ K, say), the disc density is sufficiently

high that its equilibrium temperature remains quite low. Close to

the centre most of the gas is probably in molecular form.

The disc grows slowly in mass until the onset of a star-forming

gravitational instability. At this point, strong turbulence driven

by massive early-type stars leads to a rapid inward (viscous) trans¬

port of matter, which in turn leads to the formation of an active

nucleus. In the first instance the disc forms a low-mass (M 10^ M0)

low-entropy spinar, and the evolution of this object might iri principle

explain even the most luminous quasars. The late evolution of the

system depends crucially on the late evolution of the spinar, and

the two possibilities (1) that the spinar undergoes gravitational

collapse, and (2) that the spinar undergoes a disruptive nuclear

explosion can not yet be distinguished theoretically.

The theory is based on parameters appropriate to our own Galaxy,

and observations of our Galactic Centre indicate that it is in a post-

active state. The apparent absence of a supermassive black hole
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(M 5 x 10^ MQ) argues against the black hole hypothesis, and it
is tentatively" concluded that the spinar's late evolution results

either in a disruptive nuclear explosion, or in disruption from a

state more tightly bound than E ( ~ 0»7 % Mc ) by processes
nuc

involving still undiscovered physical laws. The detailed evolution

of low-mass spinars in normal galactic nuclei is thus an important

theoretical problem for future investigation.
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I INTRODUCTION

In recent years it has become apparent that agreat many extras-

galactic objects exhibit, to various degrees, some form of violent,

energetic activity associated with the galactic nucleus. The lum-

36
inosities of some of these objects, lying in the broad range ~10 W

A 1

for an intrinsically faint Seyfert galaxy, up to ~10 W for the

most luminous examples of quasars and BL Lac objects (e.g. Weedman,

1976a, Rieke et al, 1976), are so large that in many cases they

completely outshine the light of the galaxy in which they are embedded.

The associated energies are no less difficult to grasp - often exceed¬

ing by orders of magnitude the total rotational energy of an ordinary
53

galaxy like our own - and range from ~ 3 x 10 J for the typical
q'

Seyfert phenomenon (assuming a total lifetime of order 10 y and a

typical luminsoity — 10^ W, e.g. Weedman, 1976a), up to ~ 10^ J

for the more energetic examples of radio galaxies (e.g. Burbidge,

1971} de Young, 1976). These peak observed energies and luminos-
»7 2 -j J

ities (corresponding to —- 5 x 10 M0c and ^2 x 10 L0 respect¬

ively) are so large,that when quantities of these sizes were first

indicated by observations, astronomers' initial reactions were to

seek some unusual or exotic explanation for the data. A literature

survey, covering the history of the first twenty-five years or so

of the radio-galaxy/quasar/Seyfert-phenomenon, shows that a very wide

range of hypotheses have been advanced, including, for example, coll¬

iding galaxies (Baade & Minkowski, 1954); collisions of matter with

anti-matter (Burbidge, 1956); collisions of galaxies with extra-

galactic material (e.g. Shklovsky, 1962); delayed expansions, creation

of matter and 'new physics' (e.g. Novikov, 1964; Ne'eman, 1965;

McCrea, 1964; Ambartsuinian, 1971); newly-formed, or young, galaxies
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(e.g. Field, 19&4); an<l processes associated with superdense star

clusters (e.g. Spitzer & Sa3law, 1966; Sanders, 1970; Arons et al,

1975)« However the accumulation of more and better observational

material has in recent years led slowly to a growing consensus

amongst most astronomers that all forms of extreme activity shown

by galaxies can be understood most simply as different manifestations

of the same basic phenomenon which occurs, perhaps under different

circumstances in different galaxies, in the nuclei of ordinary gal¬

axies (e.g. Ozernoy, 1974; Rees, 1974; Rowan-Robinson, 1977;

Weedman, I976a,b). Quite apart from the merit of tying together

(qualitatively) a large volume of diverse observational material,

adoption of such a view, since it is implied that nuclear activity

is a phenomenon connected in some way with the evolution of normal

galaxies, has the advantage that theories of nuclear activity are

forced to consider the whole range of new constraints imposed by

observations of non-active galaxies. Within this framework, which

is the one under-lying the arguments of the present thesis, theory

must successfully answer two important interrelated questions:

First, observed nuclear activity ought to be understandable in terms

of a detailed physical model explaining luminosities, timescales,

sizes and energetics; and secondly, it must be shown how this model

fits into the overall scheme of normal galactic evolution. In

particular (with reference to the Seyfert phenomenon), if nuclear

activity occurs just once during a galaxy's evolution, theory ought
Q

to explain how activity can last as long as ~10 years, and - of

equal importance - what switches it on (after a quiescent period of
10 '

order 10 y) and off again. On the other hand, if an individual

Seyfert event should last for a much shorter time (10^ - 10^ y, say)

then it is equally important to understand how different Seyfert
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events can occur sufficiently frequently that the cumulative duration

8
of the phenomenon is still ~ 10 years.

The main emphasis of the present thesis is on the second question,

namely how to explain the formation of an active nucleus as due to

inevitable evolutionary processes occurring in normal galactic nuclei.

However, because any theory which adequately explains the evolution

up to an active state must place tight constraints on the sort of

object likely to form at the centre of a galaxy, the arguments given

here also have important implications for detailed models of the

nature of nuclear activity. In the next chapters it is shown (1)

that nuclear activity in typical massive galaxies like our own is

probably a recurrent phenomenon, and (2) that this can be under¬

stood rather simply on a model in which stellar mass loss from the

galaxy's bulge-component stars flows inwards to form a dense cold

nuclear disc. Evolution of the disc leads naturally to the form¬

ation of a rapidly rotating low-entropy spinar of mass M ^10^ M0,

and it is possible that most observed nuclear activity might be

explained by the evolution of such an object. The apparent absence

of a massive black hole in our Galaxy argues against the black hole

theory.

The thesis divides broadly into three parts. The first, Chapters

I - IV, consists of the present Introduction, a review of the obs¬

ervational evidence favouring recurrence (Chapter II), and a review

of earlier theoretical attempts to understand the formation of active

nuclei (Chapter III). Chapter IV summarises the arguments for

favouring stellar mass loss as a source of nuclear fuel, and in part¬

icular shows that out-flowing supernova-driven galactic winds (Mathews

& Baker, 197^) do not occur. The second part (chapter V) consists

of a detailed study of the structure of the diBC prior to the form-



ation of an active nucleus. This study shows that before the onset

of gravitational instability, the dominant energy source in the disc
7

is heating by infalling material. Even if this gas is hot ( ~ 2 x 10

say) cooling in the dense disc is sufficiently strong that its temp¬

erature can remain low, and it seems likely that most of the gas -

especially that close to the centre - will be in molecular form. The

third part (Chapters VI and VII) presents preliminary results of an

initial investigation into the evolution of the disc, and arguments

given there support the adoption of a spinar-like model for the source

of energetic nuclear activity. Observations of the central region

of our Galaxy can be easily understood in terms of the present theory,

and in particular provide evidence that our Galaxy is in a post-active

state. The thesis finishes with a short conclusion (Chapter VIIl).
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ii observational evidence bearing on recurrence in spiral and

elliptical galaxies

It is possible, by comparing the relative numbers of active and

non-active galaxies in a given class and assuming that nuclear activity

is a phenomenon that occurs at some time or other in most normal

galaxies, to estimate the cumulative duration of the active phase

in that class of galaxy. For example de Vaucouleurs & de Vaucouleurs

(1968) found that about 1 % of spiral galaxies showed Seyfert char¬

acteristics, implying a timescale for the Seyfert phase of order
8 10

10 years (assuming that spiral galaxies have ages y). In

the case of the radio-galaxy phenomenon it has been shown that bet¬

ween ~10 and 20 % of elliptical galaxies show detectable radio em¬

ission, and that this proportion and the mean radio luminosity both

increase with the elliptical's absolute magnitude (e.g. Colla et al,

1975). The cumulative duration of the radio-galaxy phenomenon is

thus of order 10^ y, with the suggestion that some giant ellipticals

may produce radio emission for a large proportion ( 50 %, say) of

their lives. It should be emphasised that these arguments, depending

as they do on the relative numbers of active and non-active galaxies,

can not be used to distinguish directly the hypotheses (a) that

nuclear activity occurs just once during a galactic lifetime, and

(b) that nuclear activity occurs as a number of distinct fevents. The

latter phenomenon will be referred to as 'recurrence'.

The work of many investigators (e.g. Spitzer & Saslaw, 1966;

Ozernoy &. Usov, 19T3» Hills, 1975) has usually been based simply on

an assumption as to which hypothesis is correct. However the exist¬

ence or otherwise of recurrence places strong restrictions on a great

many detailed theories of the origin of nuclear activity. Ibr example,
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0
a single extended period of activity lasting —'10 y would be hard

to understand on the supermassive star concept (e.g. Fricke, 1973t

1974); equally, widely-spaced shorter-lasting periods of activity

might be difficult to explain by a model involving the dynamical

evolution of the nuclear star cluster (e.g. Sanders, 1970)* For

this reason a decision between the two possibilities (A) and (B)

is of great importance, and in this chapter an attempt is made to

compare their relative merits from an observational standpoint.

If nuclear activity ia a transient phase through which most

galaxies pass at one or more stages of their evolution, it is important

to determine firstly what indications of recently finished activity

might be shown by apparently normal galaxies, and secondly whether

non-active galaxies showing the expected 'signatures* of previous

activity have been observed. Provided that signatures of this kind

can be identified reliably, an estimate of the number of active periods

undergone by a particular class of galaxy can be obtained. This

is done by comparing the estimated timescale for observability of a

particular characteristic with the cumulative duration of the phen¬

omenon as indicated by the fraction of galaxies showing the observ¬

ational signature. Although it is not difficult to identify relevant

observations, their correct interpretation requires some care, and

for this reason the arguments of this chapter are set out in some

detail. As will become clear, there are large uncertainties - both

statistical and interpretive - and, as is often the case in astronomy,

it is not possible to arrive at definite conclusions. However the

present weight of evidence does seem to be in favour of recurrent

nuclear activity, and the phenomenon of recurrence is therefore a

possibility which merits serious theoretical investigation.



II—1 Evidence for recurrence in spiral galaxies

The Seyfert phenomenon, which is associated predominantly with

the nuclei of spiral galaxies (e.g. Adams, 1977), is characterised

by the following important features: (1) a compact highly luminous

central object; (2) hot gas, with a large velocity dispersion; (3)

outwardly moving gas clouds; and (4) strong radio emission from an

extended central 'core' source. In addition, the Class 2 phenomenon

i3 associated with the presence of large quantities of gas and dust

(some of the gas being in molecular form, e.g. Rickard et al, 19775

Thompson et al, 1978); and a poorly-known fraction (between 10 and

60 %, Khachikian & Weedman, 1974; Adams, 1977) of Seyferts show

indications of jets and filaments. It Is interesting to note that

the observation of jets associated with some non-active galaxies

(e.g. NGC 1097; Wolstencroft & Zealey, 1975) might be indicative

of recently finished activity; but the sample is small, and is not

used here as evidence for recurrence.

The principal characteristic features of the spiral-Seyfert

phenomenon listed above have led to various suggestions as to the

most likely observable indications of recently finished nuclear activity

(e.g. Lynden-Bell, 1969; Ozernoy, 1968; Yan den Bergh, 1975; Van

der Kruit, 1971; Lang & Terzian, 1969; Sanders & Bania, 1976).

Following these authors it will be assumed here that past' activity

in a normal galaxy will manifest itself in one or more of the foll¬

owing ways:

(a) The existence of a massive non-stellar remnant.

(B) A burst of star formation in the nucleus.

(C) Non-circular velocities.

(D) Characteristic radio spectra and structure.

These possible indicators will now be discussed.



II-1A passive non-stellar remnants

The interpretation of the evidence relating to this question

depends to a great extent on the nature of the object that is thought

to cause nuclear activity. For example, well-known arguments (e.g.

Lynden-Bell, 1969; Rees, 1977) based on the possible collapse of

massive evolved bodies into black holes have led to a growing body

of opinion in which quasars and other active nuclei are phenomena

caused by periods of rapid accretion onto massive black holes. This

view implies that post-active galaxies ought to contain massive coll¬

apsed objects in their nuclei, and a number of suggestions have been

made of ways to check this prediction (e.g. Wolfe & Burbidge, 1970).

The hypothesis that a black hole represents the ultimate result (or

cause) of a period of nuclear activity does however depend not only

on the assumption that gravitational collapse occurs, but also that

the collapse is correctly described by General Relativity. In general,

since relativity theory has only been tested experimentally in the

weak field limit, it is conceivable that' a different sort of inert

body might form (e.g. Opher, 1974)» and it is even possible that an

entirely different theory (e.g. Hoyle, 1971) might be the correct

one to use. On the other hand, it has been shown by a number of

investigators (e.g. Fricke, 1974> and references therein) that super-

massive stairs in a wide mass range may end their lives in" disruptive

nuclear explosions; and spinars too may have similar evolutionary

end-points, or evolve otherwise so as not to leave a massive remnant

(e.g. Flasar & Morrison, 1976). The nature and even existence of

a remnant thus depends crucially on the theory of nuclear activity

that is invoked, and consequently only model-dependent conclusions

regarding recurrence can be obtained from this indicator. Unfort-



unately, because a remnant such as a black hole would normally be
"10

expected to survive for 10 y with little essential change,

even if a massive collapsed body was left behind after a period of

nuclear activity, its detection in a normal galactic nucleus (for

example by radiation from accreting gas) would not necessarily be

directly relevant to the present question of distinguishing single

activity from recurrence. The existence of such an object in a

normal galaxy would imply simply that this galaxy had undergone at

least one period of activity, with the precise number of active phases

remaining undetermined. For this reason, although VLBI observations

of many spiral galaxies do show evidence of the existence of mysterious

objects in galactic nuclei (e.g. Kellermann et al, 1976, 1977), this

possible indicator of recurrent nuclear activity is not conclusive.

Another kind of remnant, this time associated particularly with

the evolution of a spinar-like object, might be the occurrence in a

galactic nucleus of a dense cloud of cool gas (e.g. Ozernoy, 1968).

However,• although detection or otherwise of molecular clouds in normal

galactic nuclei might be a good test of this kind of theory, it is

arguable that such gas might have nothing at all to do with nuclear

activity. Because of this, this indicator too is unsuitable for

use in a general discussion of recurrence.

In conclusion, although the detection or otherwise of massive

non-stellar remnants in the nuclei of normal galaxies is' a useful

means of checking the predictions of specific theories, the conclusions

regarding recurrence from this indicator are not definitive.



II-1B Burst of star formation

This section divides broadly into three parts. First the

theoretical argument for expecting a burst of star formation to

accompany nuclear activity is summarised. Thi3 is followed by two

estimates of the likely timescale for which such an event might

remain observable; and lastly the available observational material

is used to draw conclusions regarding the number of separate periods

of nuclear activity.

A basic difficulty encountered in any discussion involving star

formation is that the subject itself - although one of the most imp¬

ortant in astrophysics - is still only poorly understood. However

the problem of how to form stars out of an initially dispersed gaseous

medium may be divided conveniently into two parts. First how to

form, from the general interstellar medium, the clouds and cloud

complexes which eventually produce stars; and secondly, how to under¬

stand fragmentation and the subsequent condensation of stellar-mass

lumps within the major clouds. Here, although there are a number

of theoretical difficulties -such a3 fragmentation, and how to rid

the collapsing body of excess angular momentum - it is unlikely that

star formation involves a significant fraction of the original cloud

material; if this were not the case it would be difficult to explain

the large amounts of gas remaining in our Galaxy at the present time.

Returning to the problem of cloud formation, it has been noted (e.g.

Tayler, 1976) that in the outer regions of galaxies the process of

gravitational instability is likely in practice to be augmented by

a number of potentially more rapid cloud-forming processes, such as

thermal and hydromagnetic instabilities, and shocks caused by spiral

arras, E II regions and supernovae. However in galactic nuclei in
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which star formation is not already occurring, not only are strong

shocks likely to be virtually absent, but also the high star density

in the nucleus inhibits gravitational instabilities until substantial

masses of gas have accumulated. In the detailed theory presented

in Chapters V ana VI it is shown that the onset of gravitational

instability and the subsequent generation of large mass motions driven

by massive star formation in the nucleus leads naturally to central

flows of matter high enough to explain a period of nuclear activity.

It is concluded - on this theory at least - that star formation does

accompany nuclear activity. If during its evolution the active

nucleus ejects material and produces large non-circular motions (as

are often observed in Seyfert galaxies) the associated shocks will

very likely lead to further star formation in the surrounding disc,

and consequently a post-active galaxy will be expected to show evidence

of recent nuclear star formation. Observational support for the

view that post-active galaxies are probable sites for bursts of star

formation has been discussed for example by Van den Bergh (e.g. "1975»

• -1976).

In order to use the frequency of galaxies showing evidence of

recent nuclear star formation as an argument for single or recurrent

nuclear activity, it is necessary first to estimate the timescale

for which such an event might remain observable. In the last part

of this section reference will be made to observations of. spiral

galaxies with bright nuclear H II regions, and since these are

emission nebulae excited by stars of speotral class earlier than B1

(Allen, 1973; p.259)» the nuclear H II region phenomenon may well
7

be observable for at least 10 y. If nuclear activity should

trigger star formation simultaneously throughout the nuclear region
7

of the galaxy, a lower limit of order 10 y for the duration of the
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phenomenon is indicated, hut since it is probably more realistic to

suppose that an initial burst of star formation near the nucleus would

lead to secondary star formation further out as shocks due to expanding

H II regions and supernovae ejecta propagate into the more distant

neutral material, it is possible that the observable phenomenon might

last somewhat longer. It is important to obtain an accurate upper

limit to the duration of such an event, but without a detailed under¬

standing of the full complexity of such a system (cf. Elmegreen &

Lada, 1977)» order of magnitude estimates will have to suffice.

One way to obtain such an estimate is to note that star formation

is observed to occur in spiral arms. On the density-wave theory
Q

these are encountered at intervals on the order of 10 y in the

outer parts of galaxies, and since the arms (as defined by H II

regions and sites of star formation) are observed to be distinct

fx-om one another, it may be concluded that star formation in the outer

regions of galaxies does not continue for times longer than a

few x 10' y. If this is the case in the outer regions, then it

might also be true in the nucleus. This view is strengthened - at

least in our Galaxy - by observations (see, for example, Eoorwood,

1974) which indicate that conditions near the Galactic Centre are

comparable to those in giant H II regions in spiral arms. A second

estimate may be obtained from the requirement that an H II region,

expanding at a few km s and triggering star formation in any

sufficiently dense material it happens to encounter, has time to

expand beyond the immediate vicinity of the nucleus. Ey adopting

an expansion velocity of order 5 km s and assuming that the central

region of the galaxy has a radius of ~250 pc, a characteristic
7

timescale of order 5 x 10 y is obtained. It is thus concluded

that the observable duration of the nuclear II II region phenomenon
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T 8lies in the approximate range 10 - 10 years.

The proportion of spirals showing evidence of bright nuclear

H II regions is very difficult to obtain accurately, since a complete

sample of galaxies has not yet been surveyed with this statistic in

mind. Narkarian (19&9) states that in a literature search of 600

galaxies brighter than the thirteenth magnitude more than 100 were

found to have anomalies in their nuclear colour or spectral charact¬

eristics, but unfortunately he neither lists the galaxies in his

sample nor describes in detail the nature of their anomalies. If

the anomalies are interpreted as due to a recent burst of nuclear

star formation, and if it is assumed that this followed a period of

nuclear activity, then it may be concluded that —15 9^ of galaxies

brighter than thirteenth magnitude show evidence for recently active

nuclei. Markarian states that in his sample the majority of anom¬

alous galaxies were spirals, so it may be concluded that at least

15 % of spirals show evidence of this kind of Seyfert indicator.

An alternative procedure is to consider the galaxies in Markarian's

lists which show narrow nuclear emission lines. This method too is

subject to uncertainty (due mainly to the incompleteness of Markarian's

lists and to the lack of detailed morphological data concerning

Markarian galaxies), but since there is good evidence that galaxies

showing narrow nuclear emission lines are indeed undergoing a burst

of nuclear star formation (e.g. Pastoriza, 1975)» this particular

link in the argument is more secure.

Discussions of the statistical properties of Markarian galaxies

have been given by Sargent (1972), Pluchra & Sargent (1973) and Huchra

(1977), who have shown that these galaxies comprise ~10 % of all

galaxies fainter than = -22. About 85 °o of the sample show

narrow nuclear emission lines ( ^11 % are Seyferts). Since Markarian
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galaxies are selected by the observational criterion of an ultraviolet

continuum, this implies that ~ 8 % of all galaxies show evidence

for recent star formation and an ultraviolet continuum. The dist¬

ribution of morphological types amongst Markarian galaxies is generally

similar to that of field galaxies (Huchra, 1977)» so at least 8 %

of normal spirals show evidence for a recent burst of nuclear star

formation.

These two estimates of the fraction of narrow-line spiral galaxies

imply that ~10 % of spirals, with a realistic uncertainty that is

probably less than a factor of two, show signs of a recent burst of

nuclear star formation. The cumulative duration of the nuclear H II

region phenomenon is thus ~10^ (i 2) years, which exceeds the duration

of an individual burst estimated above by a factor of order 10.

This is regarded as good evidence that spiral galaxies typically

undergo many such periods of activity during their evolution.

Because it has also been argued that star formation is a probable

indicator of recently finished nuclear activity, it is concluded

that Seyfert activity in spirals is a recurrent phenomenon.
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II—1C Non-circular motions

It has long been known that Seyfert galaxies are often associated

with the presence of massive outwardly moving clouds of gas (e.g.

Walker, 1968). One of the most direct consequences of the mixing

of ejected material with pre-existing gas moving in presumably near-

circular orbits is that the resultant gas motions are likely to contain

large non-circular velocities. Noting that this characteristic is

indeed observed in the inner regions of a number of nearby spiral

galaxies (including our own), a number of astronomers have argued

that this ii3 evidence of previous nuclear activity and have attempted

to infer from the observations the kind of activity that must have

occurred (e.g. Van der Kruit, 1971; Sanders & Prendergast, 1974)•

Unfortunately, because non-circular velocities might in principle

have a number of separate causes (such as tidal interaction with a

neighbouring galaxy or companion, motion in the gravitational field

of a hypothetical bar, or motion near the inner Lindblad resonance

in the density-wave theory of spiral arms), a unique connection

between non-circular motions and nuclear activity is difficult to

prove. Thus, although it seems inescapable that observed nuclear

activity would give rise to non-circular motions, the conclusions

of this section are inevitably weakened by the various alternative

explanations for this signature that have been suggested.'

Accepting that non-circular motions are indeed caused predomin¬

antly by nuclear activity, in order to use observations of such

velocity fields in normal galaxies to distinguish single from recurrent

activity, it is necessary firstly to estimate the timescale for which

observable motions might persist. Sanders & Prendergast (1974)

found that oscillatory motions of the swept-up material might continue
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for a very long time after the initial expulsion of matter, and it

was argued, that non-circular motions might remain observable for
V Q
-^■10 years. An accurate estimate of the decay timescale of such

motions is very difficult to obtain, since it depends sensitively

on the detailed nature of the interstellar medium. Here it will

Q
be assumed that y represents a reasonable upper limit to the

observable duration of the phenomenon (cf. Sanders & Prendergast, 1974)-

The fraction of spirals showing evidence of non-circular velocities

is also very difficult to estimate, as again a complete sample of

galaxies has not been observed with this question in mind. However

about half of the ordinary spirals (i.e. excluding barred spiralB

and Seyferts) discussed by Burbidge (1970) have non-circular motions

in their nuclei, and - if he is correct in stating that this iB a

pseudo-random sample, not selected with nuclear activity specifically

in mind - such a signature must be an extremely common characteristic
q

of normal spirals, with a cumulative duration of order 5 x 10 y.

If Seyfert activity is the dominant cause of such velocity fields it

may be concluded that recurrence is again more strongly indicated

than single activity.

In this context attention should be drawn to the recent discussion

of non-circular motions in our own Galaxy by Clube (1978), in which

it is shown that a wide range of observational data is consistent

with a general expansion of the whole system. According to Clube,

the very presence of spiral structure is an indication of previous

activity, and since material arms have a characteristic timescale
Q

only of order 10 y, the conclusion that nuclear activity is recurrent

is very strong. The argument rests, however, on a rather specific '

model of the active nucleus, and is therefore not suitable for use

in the present general discussion.



To conclude this section, the evidence of non-circular motions

is in favour of recurrent nuclear activity provided that they are

indeed indicative of previous activity. However "because there are

several alternative explanations of a non-circular velocity field,

the conclusion must remain tentative. Further improvement of the

argument requires more detailed investigation, both theoretical and

observational, aimed at distinguishing the various possibilities.
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II-1D Characteristic radio structure

The radio properties of Seyfert galaxies have been discussed by

a number of authors (e.g. Van der Kruit, 1975? Ekers, 19755 Van der

Kruit & Allen, 1976; de Bruyn & Wilson, 1978)» who have found that

although their luminosities and radio structures do not usually compare

with those of powerful radio galaxies, they do radiate 10 - 1000

times as much radio power as ordinary spiral galaxies. It is natural

to assume that this difference in radio properties is a consequence of

the observed nuclear activity, and because relativistic electrons

radiating at radio wavelengths have synchrotron half-lives ^10 y

(depending on their energies and the magnetic field), it might be

possible to use radio observations of galaxies as a means of distinguishing

single from recurrent activity (e.g. Lang & Terzian, 1969? Van der

Laan & Perola, 1969)- Unfortunately, firm predictions regarding

the time evolution of the radio luminosity and spectrum of a post-

active galaxy are very model-dependent, being sensitive to details

such as the time-dependence of the injection spectrum, diffusion

losses, and the assumed magnetic field. It is not, therefore, possible

to come to definite conclusions concerning recurrence based only on

the radio properties of galaxies. Van der Kruit (1973) however has

noted that the available evidence does seem to indicate that nuclear

8 9
activity in spirals is a phenomenon which is recurrent on a 10 - 10' y

timescale.

An alternative means of investigating the question of single or

recurrent activity is to consider the evidence provided by anomalous

radio structures found in some spiral galaxies (e.g. Oort, 1974b;

Sanders & Bania, 1976). de Bruyn (1977) has recently investigated

the frequency of occurrence of anomalous radio 'arms* amongst spirals,



and from an estimate of their likely observable timescale and the

assumption that they are related in some way to nuclear activity,

has concluded, albeit with large uncertainty, that the evidence is

in favour of recurrence.
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II-2 Evidence for recurrence in elliptical galaxies

Firm evidence for recurrent nuclear activity in elliptical gal¬

axies is more difficult to obtain than for the case of spirals, mainly

because the apparent lack of a significant interstellar medium in these

galaxies means that the indicators of recent nuclear star formation

and non-circular velocities can not be used. Van den Bergh (1975»

1976) has discussed observational evidence bearing on the association

of star formation with possibly recurrent nuclear outbursts in elliptical

galaxies, and it has long been known (Van der Laan & Perola, 19^9) that

the long radio lifetimes of elliptical galaxies ( ~10^ y) compared to

the much shorter radiative lifetime of the relativistic electrons

means that nuclear activity in these galaxy types must either be

recurrent or must occur continuously or quasi-continuously for a period
9

of order 10 years. Evidence for repeated outbursts in elliptical

galaxies is provided by observations of aligned structures on several

widely different scales (e.g. Iieadhead et al, 1978), but whether the

proper interpretation of such data should be in terms of recurrence

or simply as quasi-continuou3 activity remains uncertain. Such ex¬

amples can not easily be used as evidence in support of one particular

view, and since it is conceivable that the observable effects of

nuclear outbursts in elliptical galaxies might overlap, it is not even

clear that the hypotheses of recurrence and quasi-continuous activity

should be confronted at all. Observations relating to single or

recurrent nuclear activity in ellipticals can only be definitive in

the context of detailed models explaining the particular observed

phenomenon, and can not be used generally as support for either

hypothesis. It should be emphasised however that the available data

are not inconsistent with recurrence.



II-5 Conclusions

This chapter has discussed the observational evidence bearing

on the question of single or recurrent nuclear activity, and has shown

that the most important evidence for recurrence in spiral galaxies

is provided by (1) bursts of nuclear star formation, and (2) non-

circular velocities. Interpretive difficulties do not allow definite

conclusions to be drawn from the evidence of radio emission ( though

this was weakly in favour of recurrence), and unless a particular

model of the nature of nuclear activity is assumed, arguments based on

the existence or otherwise of massive non-stellar remnants are

inconclusive. An important point to emphasise is that spiral

galaxies showing one indicator very often show one or more of the

other8 (e.g. our own Galaxy), indicating that their respective causes

are in some way connected. Taken as a whole, the evidence with

regard to spiral galaxies points more strongly towards hypothesis

(b) - recurrence - than (A), and it is concluded that theories of

the origin of the Seyfert phenomenon ought in principle to be able

to account for the possibility of repeated nuclear outbursts. The

position with regard to ellipticals is less clear, and it is conc¬

eivable that the observations might be understood in terms of a theory

based on a single extended period of activity lasting typically
q1CK years. However it should be emphasised that the evidence is

equally consistent with recurrence, and - especially if nuclear act¬

ivity in ellipticals has fundamentally the same nature as that in

spirals - theories of the origin of the radio-galaxy phenomenon

ought also to be capable of explaining possibly recurrent nuclear

activity.



Ill REVIEW OF POSSIBLE NUCLEUS-BUILDING MECHANISMS

This chapter divides broadly into two parts, depending on whether

the theories under discussion are (1) those in which nuclear activity

is regarded as essential to the very existence of galaxies ('nuclei

build galaxies'), or (2) of the more conventional kind in which

nuclei grow due to inevitable evolutionary processes which occur in

galaxies. It is shown that no currently viable theory exists in

the first catagoryj for this reason - and also because such theories

require 'new physics' for their success - it is argued that theoret¬

ical attention should concentrate initially on the second type of

theory, namely that in which galaxies build nuclei. In this class

of theories, those which depend on the dynamical evolution of the

stellar component are placed in severe difficulty by the observational

possibility that nuclear activity is a recurrent phenomenon in the

evolution of most normal galaxies. It is concluded that any theory

capable of easily explaining this observation must be based on the

assumption that nuclei form by the evolution of the gaseous component

of the galaxy.



III-1 Nuclei, build galaxies

A great weakness of theories of this type is that the observations

are not really fully explained (in the same sense for example as the

theory of stellar evolution can be said to explain the observations

of stars). Instead the theories are usually of a descriptive nature;

the observed phenomena being used both as evidence for the break-down

of conventional physical laws and as data with which to restrict the

•new physics' that follows. However if this objection is overlooked,

the theories have great strength as a class in that they might in

principle overcome at a stroke a large number of still unsolved

astrophysical problems. As McCrea once pointed out, the problem

of how to form a galaxy out of a tenuous intergalactic medium may

only be a problem because nature does not do it that way I

The first suggestion that galactic nuclei are regions where the

operation of unknown physical laws can be observed seems to have been

that of Jeans (1928). He argued that the explanations of spiral
I

structure then prevalent were themselves so implausible that it was

almost inescapable to invoke 'new physics*. He went on to propose

that the centres of spiral nebulae were of the nature of singular

points out of which matter was poured into our universe.

Before thirty years had elapsed, another astronomer found himself

forced by the nature of the observations into arguing tha't galactic

nuclei were regions of unknown physics. Motivated primarily by the

'missing mass' problem in clusters of galaxies, Ambartsumian (e.g.

1950> 1961, 1965, 1971) suggested that these systems had positive

energy and were in the process of flying apart. In his later work

he has concentrated more on the relation of nuclear activity to the

expanding systems, and concludes that the evidence for nuclei having



having the ability to eject large quantities of matter is now ind¬

isputable. The ejected matter is seen in a variety of forms, both

relativistic and non-relativistic, and it was argued that masses

ranging from the relatively small amounts seen in jets, to masses

of galactic size could be involved.

Neither Jeans nor Ambartsumian attempted to give a deeper explan¬

ation of the phenomenon; the latter even arguing that to do so would

be premature, since a thorough understanding of the observational

data should always precede theoretical modelling (Ambartsumian, 19^5)•

However, in the absence of a deeper explanation such theories become

vulnerable to the charge that they are purely descriptive, lacking

in any real predictive power and therefore not amenable to 'disproof'.

Such criticism does not of course prove the theory groundless, but

it does indicate that further development is necessary. Such devel¬

opments were proposed independently by McCrea (1964)* Novikov (1964)

and Ne'eman (1965)> who each brought cosmological concepts to bear

on the problem.

McCrea suggested a modification of the Steady-State hypothesis,

and argued that the available observations indicated that if matter

was created anywhere then it was in the nuclei of galaxies. On this

scheme continual creation led simply to the growth of galaxies, although

the occasional system was able to eject a fragment of itself, which

then became the 'embryo' for a new galaxy. In this way new galaxies

could fill the gaps left by the old ones as the universe expanded.

Novikov and Be'eman both considered modifications of the Big-

Bang cosmology, and suggested that quasars should be identified with

delayed cores or 'white holes'. On this scheme, quasars and active

nuclei are the results of unknown initial conditions in the early

universe which caused some parts to start their expansion after others.
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A third proposal along these lines was made by Stothers (1966),

who used concepts from both the Steady-State and Big-Bang cosmologies.

He suggested that creation in the Steady-State theory occurred only

where matter was lacking (the opposite of McCrea's suggestion), and

proposed that quasars were the manifestation of such creation, occ¬

urring in massive bursts analagous to 'little bangs'. In the light

of present evidence linking quasars to events in galactic nuclei (e.g.

Veedman, 1976b), it would appear that this hypothesis is no longer

tenable.

Other suggestions that ought to be mentioned at this point

include the possibilities that growth of matter in Hoyle & Narlikar's

C-field ('creation') cosmology might be an unstable process that

could lead to bright point-like objects resembling quasars in appear¬

ance (see Hoyle & Narlikar, 1966a,b,c), and that a collapsing body

in another universe might reappear in our own (e.g. Ejellming, 1971).

There is now a great deal of evidence indicating that conditions

at large redshifts are very different from those nearby, showing that

the simplest versions of the Steady-State hypothesis are no longer

tenable. Theories involving 'white holes' have recently come under

strong attack by Eardley (1974), who showed that they could only

exist in the present universe if their masses were enormous - far

outside the normal range of galactic masses that had been proposed

for them. For these reasons (and also for the more basic reason

noted at the beginning of this section) it is concluded that no

persuasive or convincing theory currently exists in this catagory.

!



III-2 Galaxies build nuclei

Theories in this catagory are to be preferred, as a class, to

those just discussed, because they rely on known physical laws and

the long-term operation of processes that are inferred, or observed,

to occur in galaxies. In addition, observations in principle place

tight constraints on theory, which is very helpful in deciding which

among many is most likely to work out successfully. The work of

a number of observers (e.g. Morgan et al, 1971) has shown that

Seyfert galaxies can usually be classified on existing morphological

schemes, devised initially for so-called normal galaxies, and that

the majority seem to be spiral or lenticular galaxies (e.g. Adams,

1977)* Whenever their nuclear masses have been estimated (e.g.

Richstone & Morton, 1975) they are found to be very similar to those

that are observed in other galaxies, and Seyferts of both classes

seem to be quite normal in dynamics and gas content outside their

disturbed' nuclear regions (e.g. Lewis, 1972). It is therefore

difficult to maintain that Seyferts are 'monsters' amongst galaxies

(to use Ozernoy's (1974) phrase), and it is far more reasonable to

assume that a Seyfert galaxy is simply a 'normal' galaxy that happens

to be undergoing a period of intense nuclear activity. This, as

was noted in the Introduction, is the stance that has been adopted

in the present thesis, and theories of nuclear activity are placed

under tight constraints by the requix-ement that they be workable under

quite ordinary conditions in normal galactic nuclei. In spite of

these restrictions, however, it is still not possible to limit the

various nucleus-building mechanisms to one kind, and the present-

discussion is accordingly divided into two further subdivisions,

depending on whether or not formation of an active nucleus takes place

solely due to the dynamical evolution of the galaxy's stellar comporent.
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III-2A Theories relying on stellar dynamical processes

A large number of theories of the central source of activity

in galactic nuclei postulate that the activity is caused by processes

such as stellar collisions which might occur in extremely dense star

systems. Eowever, because observations of normal galactic nuclei

do not in general indicate sufficiently high densities, the presence

of the required conditions must be either assumed, or shown to be a

necessary consequence of the evolution of galaxies as they are now

observed. In the former case the problem reduces essentially to

the demonstration that, from a theory of the origin of galaxies, it

is reasonable that a few galaxies should be formed initially with

very dense nuclei; in the latter case a mechanism must be found by

which the timescale for growth of a dense stellar core can be reduced
10

to a vaTue ^10 y. The observational evidence that active galaxies

differ insignificantly from normal galaxies, except in respect of

their activity, is a major difficulty for any theory advocating a

'primordial' origin for the required nuclear conditions, and if

recurrence is accepted, the problem of finding a fast-acting process

by which to change stellar orbits is made even more difficult.

The timescale on which the evolution of stellar orbits takes

place may be written (e.g. Spitzer & Schwarzschild, 1950 *n the form:

Th ~ I 3i ^ /C cvf « )
where vg is the r.m.s. velocity dispersion, N is the total
number of stars, rn their mass, and n their space density. Spitzer

& Saslaw (1966) showed that this could be x*e-written (for polytropes

with indices in the x*ange 0 to 4) in terms of the r.m.s. radiu3
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P. of the system as

y-v -v*
-f „ h (o
raj- rv/v (loy tO - 0'3^ ^

where E is measured in pc and m is in solar units.

Dynamical evolution of this kind leads inexorably to the growth

of a dense stellar core, and numerical calculations reported by

Spitzer & Thuan (1972) indicated that in a one-component system the

inner 10 % of the mass would collapse towards the centre in about

20 reference times. The evolution of systems containing stars of

vax-ious masses is more complicated, owing to a tendency towards

equipartition of energy. However it has been shown (e.g. Spitzer,

1969; Saslaw & de Young,. 1971) that in realistic situations equi¬

partition is not possible, and the heavy stars tend to fall towards

the centre where they form a dense self-gravitating system with a

large velocity dispersion. The timescale for the formation of a

dense core by this process can be shorter than the corresponding

timescale in a one-component system, and for a two-component cluster

containing stars of masses m^ and m^ (m^ < nig) it was shown to
be smaller than the reference time by a factor of order m^/nig
(Spitzer & Hart, 1971)• Under normal conditions it is likely that

/ra2 ^ 0 ♦1, so it may be concluded that dense stellar cores can
probably not develop on tiraescale3 ^0»1 reference times. The

10
reference time for a 'typical' galactic nucleus, containing ~10

solar-type stars within a radius ~1 kpc (cf. our own Galaxy), can

be estimated from the formulae above to be — 3 x 10 ^ y, so evolution

by distant star-star 'collisions' is unlikely to be an important

effect leading to the formation of a massive central object. The



reference times for star systems with length scales much less than

a kiloparsec aire of course much reduced, but nuclear star clusters

with densities in the ranges indicated by observation still either

have very long relaxation times, or do not contain significant

amounts of mass (see for example infrared observations of our own

Galactic Centre).

An alternative way by which a nucleus might be formed has been

proposed by Tremaine et al (1975)» who have argued that the effects

of dynamical friction on globular clusters (due to their motions

through a galaxy of much lighter stars) would cause them to gradually
10

spiral into the centre on a timescale on the order of 10 years.

However although this is a plausible way by which to increase the

number of stars in the central regions of a galaxy, it does not seem

that the process could lead, to a significant reduction in the time-

scale for growth of a dense stellar core.

Two main conclusions are drawn from this work. First, dynamical

evolution by distant two-body gravitational encounters does lead to

the growth of a dense stellar core. However for typical observed

nuclei, the growth timescale is always much longer than the currently
10

estimated ages ( ~10 y) of galaxies, so in the absence of a detailed

theory of the origin of galaxies explaining the exceptional •initial

conditions' required to lower these timescales significantly, the

process does not seem to be capable of easily explaining the under¬

lying normality shown by active galaxies. The second general

conclusion is that all theories of nuclear- activity which are based

on a process involving only the dynamical evolution of the stellar

component of a galaxy lead most naturally to one period of nuclear

activity. The constraint of recurrence therefore virtually eliminates

such hypotheses.
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III-2B Theories relying on gas dynamical processes

One of the first to emphasise the important role that gas might

play in explaining nuclear activity was Shklovsky (i960). He argued

that an extremely high supernova rate might he expected during the

earliest phases of galactic evolution, when star formation had only

recently been initiated, and therefore identified radio galaxies

with the early stages of the evolution of giant galaxies. Ginzburg

(1960), in a similar- study, pointed out that even the gravitational

energy that was released when a massive cloud fragmented into proto-

stars was sufficient to explain the energies of radio sources.

Another who explicitly related quasars to the early stages of galactic

evolution was Field (1964)1 who included not only supernovae, but

also the luminosity due to the large numbers of massive main-sequence

stars that were presumed to have been formed; and a number of other

authors have related qiiasars to processes which might occur specifically

at a very early stage of galactic evolution (e.g. Hoyle, 1961; layzer,

1965; Piddington, 1964, 19^6; Gturrock, 1966). An alternative

model relating the formation of a nucleus to the earliest stages of

a galaxy's evolution was proposed by Lynden-Hell (e.g. 1971), who

argued that viscous evolution of a massive gaseous disc would lead

inevitably to the formation of a massive black hole. With the

exception of this more recent suggestion, all the above theories

have severe difficulty in explaining continuing activity (i.e. nuclear

activity associated with demonstrably old galaxies), and are clearly

unable to explain recurrence.

Influenced by the difficulty of understanding continuing activity

(in particular the association of many radio sources with elliptical

galaxies composed of old stars), some astronomers considered alternative



ways by which the gaseous component of a galaxy could give rise to

observed activity. Cameron (1962), for example, discussed the

problem of star formation in an elliptical galaxy, and concluded

(if turbulence could be neglected) that gas in such a galaxy could
£

not fragment into stars until its mass exceeded x 10 M0. In
this way it was suggested that bursts of star formation could be

associated with quite old galaxies, and the high supernova rate cons¬

equent upon such an event was put forward as an explanation of nuclear

activity. Shklovsky (1962) extended his 1960 argument, and proposed

that activity might be expected in otherwise very old galaxies if

extragalactic material occasionally fell into the centres of elliptical

galaxies.

An obvious source of material from which to build an active

nucleus is the gas lost from evolving stars in the spheroidal comp¬

onent of the galaxy. Spitzer (e.g. 1971) considered this source

in the context of the dense star cluster model of nuclear activity,

and argued that the gas lost from stars in a spherical system would

most likely collapse towards the centre and fragment into new stars,

thereby forming a dense subsystem. This process could be repeated,

and eventually a sufficiently dense stellar core would be created

in which dynamical relaxation could take over, and lead in less than
10

10 years to the formation of a core dominated by stellar collisions.

Shklovsky (1971) also considered stellar mass loss as a possible

source of material, but thought that instead of forming stars, the

gas was most likely to form a supermassive magnetoid, or spinar.

About this time an important v/ork was published by Mathews &

Baker (1971), whose calculations showed, subject to a number of

assumptions, that the gas lost from stars in a typical elliptical

galaxy was most likely to be blown out of the system as a supernova-



driven galactic wind. It was thus difficult to see how stellar mass

loss could ever lead to nuclear activity. However if the supernova

rate was too low, or the central gas density too high, cooling pro¬

cesses could dominate heating, and the wind was found to develop a

thermally unstable core which eventually collapsed into the galactic

centre. Mathews (1972) showed that this collapsing gas was unlikely

to form stars, and argued instead that it would probably form a single

coherent object which might then be the cause of a period of nuclear

activity.

To conclude this chapter, the main difficulty with the hypothesis

that the growth of an active nucleus is due to the dynamical evolution

of the stellar component, is that stars move on orbits of nearly

constant energy and the timescales required for change from observed

states to ones sufficiently dense to give rise to a period of activity

are prohibitively long. In contrast, gas motions are generally very

dissipative, and for this reason gas might be expected to collapse

into the nucleus on a relatively short timescale. The gaseous

component as a source of fuel for nuclear activity thus has the great

advantage that continuing and even recurrent nuclear activity might

be readily explained. For these reasons it is concluded that the

active nuclei of galaxies are probably caused primarily by evolution

of the galaxy's gas.



IV REASONS FOR PREFERRING STELLAR MASS LOSS AS A SOURCR OF FUEL

FOR LTJCLEAR ACTIVITY

In the previous chapter it was noted that the hypothesis of

recurrence places tight constraints on theories which explain the

generation of a period of nuclear activity by normal processes of

galactic evolution, and it was concluded that formation of an active

nucleus is probably due to the evolution of the gaseous component

of the galaxy. The gas out of which the nucleus is formed could

conceivably originate in sources outside the main body of the galaxy

(e.g. Shklovsky, 1962), but since very little is currently known

even regarding such basic questions as the numbers, sizes and masses

of intergalactic gas clouds, it is important first to consider the

possibility that the galaxy itself is the primary source of its nuclear

material. In this case there are two possible sources of gas: (1)

gas left over from the epoch of galaxy formation, and (2) gas lost

by stars undergoing normal stellar evolution. The first of these,

because it is not directly observable, is the more uncertain, and

estimates of the mass, density distribution and angular momentum of

this gas as a function of time must rely on a detailed theoretical

model of galaxy formation. Some of these models (e.g. Gott & Thuan,

1976) predict that gas is unlikely to survive for very long after*

the epoch of initial collapse in elliptical galaxies and the central

regions of spirals, but because of unavoidably large uncertainties

in input physics and astronomy the reliability of the calculations

is difficult to assess. However in view of this result, and also

because of the possibility that an early 'quasar' phase of galactic '

evolution might sweep primordial gas completely out of the nuclear

regions (Wolfe, 1974), it is assumed here that by the time the galaxy



formation process has been completed the central regions of a galaxy

may be treated as essentially devoid of gas. In this way any theory

that is developed is made relatively free of unknown initial conditions

and the discussion is restricted - at least initially - to a seemingly

inevitable source of gas: material lost by stars undergoing normal

evolution.

The problem of showing that stellar mass loss can lead to obs¬

erved nuclear activity divides broadly into three main parts. First,

it must be shown that the mass loss rate is sufficient not only to

give rise to activity on a timescale shorter than 10^ years, but

also to account for the energy requirements of a typical active nucleus

Secondly, it must be shown that the gas can lose energy and collapse

towards the galactic centre; and lastly, it must be shown that the

final collapse can occur at a sufficiently fast rate that a period

of nuclear activity can be explained, either by formation of a massive

object such as a spinar or by a period of rapid accretion onto a

black hole. In practice this last condition requires inward flows
-1

at a rate in excess of ~ 0-1 M0 y , and the difficulty of creating

such large central flows of matter is one of the major problems that

any theory of nuclear activity must overcome. This chapter deals

with the first two aspects of the problem; the treatment of the

structure and evolution of the disc formed by infalling gas is

reserved for Chapters V and VI.

In order for galactic material to give rise to nuclear activity,

it is necessary that it loses both energy and angular momentum.

However, although the strong dissipation usually associated with the

dynamics of interstellar gas clouds is itself a good reason for cons¬

idering a gaseous source of material, it is not easy - even for gas -

to lose angular momentum efficiently on a galactic scale. Indeed
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Lynden-Bell & Fringle (1974) have shown that angular momentum transport

in a gaseous disc with viscosity roughly equal to that expected for

a cloudy interstellar medium is only important on timescales less
10

than 10 y for radii R 4 6 kpc. Since a major aim of the present

work is to investigate a theory capable of explaining recurrent nuclear

activity, the timescales of interest are ^101^ y, and the conclusion

- that viscous evolution can affect significantly only the inner

regions of a galaxy - applies in even stronger form. A recurrently

active nucleus is thus only likely to form from low angular momentum

gas residing in the inner few kiloparsecs of the galaxy. If the

source of nuclear material is stellar mass loss, attention must

therefore concentrate on the behaviour of the gas lost from the

relatively 'low angular momentum stars comprising the bulge component
of a galaxy.
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IV-1 Calculation of the stellar mas3 loss rate

This section presents a calculation of the rate of stellar

mass loss from a nuclear star cluster, and shows that the specific

mass loss rate (mass loss rate per unit mass of stars) is given to

within a factor of order 2 by

- i o t 3 ( 11 )o yj

where t is measured in years. The cumulative fractional mass

loss in 10^ y is ~16 %, of which just over half occurs at epochs
8

later than t ~10 y. The section concludes with a short discussion

of the uncertainties underlying these estimates.

It is assumed that star formation occurs simultaneously throughout

the bulge-component of a galaxy at t = 0, and that the initial mass

function (IMF) has the Salpeter (1955) form, defined by

pit*) — fe. (Y) (Y)l 4 <v\ < ^ '

where [*) is defined to be the fraction by number of stars with
masses in the interval (m,m+dm). Normalisation implies

^ 01*) (A- ~ I

•=±> =- 9c/( (v,"X_ (Z)
i

The mass lost by one star during its evolution is defined to be L(rn),
and it is assumed that the bulk of this occurs instantaneously at the



at the end of a star's evolutionary lifetime of length ~C (^) .

L(m) is taken to "be the same as that used by Tinsley (1976):

LM =

0>&if on — I ^ ^ ^ 6

_ I ■ U (V) > ^

(M

V

Here both L and m are measured in solar units; and Larson's (1974a)

analytic approximation to TLLd) (based on the compilation of evolutionary

lifetimes constructed by Tinsley (1972)) is also used:

T-

lo^ (tm) — / 0 '02. - /o^ M 0'90(/o^ (^)
In this formula 77 and m are measured in years and solar masses

respectively. (5) implies
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If the total number of stars formed initially is N, the number with

masses between m and xn+dm is N dm. Each of these injects

a mass L(m) into the interstellar medium at t = 7YM) » so the mass

loss rate at time t is given by

^0 - (|\) $(<*) cltv\ .

di ZM - Z"<W<h)
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where m is given as a function of t=7T by (5).



The initial stellar mass is
ro.

IfiY)^ — (0 j m </[<*>) J-

50. f\) h.
(St - o

l-X I-X
M _ (V)
L u )

so the specific mass loss rate , defined by
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where k is a function (defined in (3)) depending only on the

assumed initial mass function, and G(x,t), defined below, has only

a weak time-dependence.

I
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(m is related to t = 71 by (5)).

Further progress requires an assumption to be made as to the

initial mass function. For definiteness it will be assumed here
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that the H'P has x = 1*55 (e.g. Salpeter, 1955) that the

upper limit to its range is given by = 50. The choice of the

lower limit, rm , is less easy, as not only is this difficult to

determine observationally, but also compelling evidence for extending

a mass function of the assumed form towards the lower mass range

( ^1 N0) does not exist. This problem may be avoided, following
Talbot & Arnett (1973)» by "the introduction of the parameter

defined to be the fraction of mass in the IKF which consists of

stars more massive than the sun. It may be shown that m^ , m^,
x and ~1 are connected by the relation:

i = o- / ^r)
'Talbot & Arnett (1973) argue that a reasonable estimate of this

quantity is ^ ~ 0»25 (so that 5/4 of the mass is composed of
stars with rn 1), Adopting this value here implies

X-*

(4-3 mj X) 0')
which, assuming m,T = 50 aa4 x = 1 • 35» gives mj ~ 0»055
k(m^,nijj,x-1) ~0«12.

The slowly-varying function G(x,t) is tabulated below , for

x = 1*55 anh 5 x 10 4" t ^ 10 , and by combining these values with

the estimate of k just made, the specific mass loss rate may be shown

to be

o^(fc) - I02- f y' Cl2>
where t is in years. This agrees with the independent estimate of

this quantity made by Gisler (1976).
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t (y) m(r = t) G(1.35, t)

5 x 106 30-9 0.32

107 16-7 0*25

5 x 107 6*6 0-19

108 4*8 0*18

5 x 108 2-6 0*17

109 2-0 0*16

5 X 109 1*2 0*13

1010 1»0 0*11

The cumulative fractional mass loss is given by

J (£") — ' o£ (J:) tOr

Using the results obtained above and taking ~ 5 x 10^ y ii
10

may be shown that f(t = 10 ) ~16 %, of which a little more than
s 8half occurs during times t ^10 y. This result is in good agree¬

ment withthat of Talbot & Arnett (1973), and it is concluded that

stellar mass loss could provide on the order of 10 % of the initial
10

mass of the cluster in ■—' 10 years. In particular, since the mass

10of the bulge component of a galaxy like our own is ~ 10 Ma

(Sanders & Lowinger, 1972), stellar mass loss from this part of a

9
massive spiral galaxy might provide up to ~ 10 M0 as possible fuel

for nuclear activity.
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The principal uncertainty underlying these calculations lies

in the assumptions made as to the initial mass function, where,

because the problem of star formation is not yet understood, the

physical causes of a particular IMF remain obscure. Conseqxiently

it is not known whether the IMF ought to be regarded as a 'universal'

function, essentially independent of time and position within the

galaxy, or as a function whose properties in the distant past might

have been very different from what they are now. There are some

observational indications that the IMF might have been different

in the past (e.g. Limber, i960), but other authors (see Talbot &

Arnett, 1973) have been able to account equally well for the observ¬

ations in terms of a model with an unchanging IMF. The position

regarding the universality or otherwise of the IMF is thus open,

and it is possible that the mass loss rate calculated above might

be subject to a systematic error. At the present time there is no

way to avoid tViiB difficulty, and the approach adopted here - to

assume that the IMF of the bulge-component stars closely resembles

that of stars now in the solar neighbourhood - was thought to be the

best means of progressing. Observations of the local IMF (e.g.

Salpeter, 1955? Talbot & Arnett, 1973) support a power-law approx¬

imation in the high-mass range (M >,1 M0), with x in the range

1*3 - 1*8, but in the low-ma3S range the evidence for such a mass

distribution is not compelling (e.g. Larson, 1973» Tinsley, 1973).

Fortunately, the exact form of the low-mass IMF is not of great

importance in the present problem, since low-mass stars do not
10contribute to the mass loss rate significantly on timescales .^10 y.

Because of this, the present approach, which characterised the low-

mass IMF by the fraction (1 - ^ ) of the mass consisting of stars
with m .< t, is sufficiently accurate for our purpose. Given



1 — 0-25, it may be verified that varying x in the broad range

1*1 £x £1«8 leaves the order of magnitude of (tr) unaltered.

Prom this result it is concluded that the approximation (12) is

probably accurate to within a factor of ~ 2.



IV-2 Discussion of the galactic wind problem

An important objection to the hypothesis that stellar mass loss

fuels nuclear activity is the possibility that gas lost by stars in

elliptical galaxies is driven out of the system as a hot supernova-

heated galactic wind (Mathews & Baker, 1971)« In view of the many

similarities between elliptical galaxies and the bulge components

of spirals, it is likely that a similar conclusion applies to stellar

mass loss in the central regions of these galaxies too (Faber &

Gallagher, 1976), and in this case - however indicative the arguments

given in the previous chapter - stellar mass loss could not be invoked

as the source of material for nuclear activity. It is therefore

important to decide whether or not a galactic wind i£ likely to occur,

and the main aim of this section is to show, by presenting a critical

review of galactic wind theory, that there are several reasons for

believing that galactic winds do not efficiently remove stellar mass

loss from a galaxy.

The properties of steady-state galactic winds have been discussed

by a number of authors, and in particular it has been shown (Johnson

& Axford, 1971) that three basic types of steady flow are possible,

depending on whether or not the system contains a sink. If there

is no sink, steady flows must be entirely outwards; but if a sink

is allowed, the flow can either be wholly inwards or partly inwards

and partly outwards, depending on the sink's strength. Not all

combinations of basic wind parameters however produce suitable cond¬

itions for a steady-state flow (for example the gas might be too cold

to be able to escape from the galaxy), and a solution to the problem

of whether or not steady flows are in fact likely to occur in galaxies

requires a physically realistic treatment of the time-dependent
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problem. One such solution was given by Mathews & Baker (1971)?
who considered the evolution of stellar mass loss in a typical ell¬

iptical galaxy (NGC 3579) taking account of radiative cooling and

heating by hot stars and supernovae. In order to make the problem

tractable a number of physical assumptions and approximations were

made, the most important of which were

(1) At t = 0 the galaxy was assumed to be devoid of gas.

(2) Material and energy were assumed to be deposited into the

interstellar medium smoothly,both in space and time.

(3) No sink was allowed.

(4) Cooling of the hot gas by dust was neglected.

Not surprisingly, in view of assumption (3) above, whenever a steady

wind was favoured it was found to be an outward flow; but the most

important conclusion to be drawn from their work is that for Reasonable*

supernova and gas injection rate3, normal elliptical galaxies could

be expected to lose a non-primordial interstellar medium as an out¬

flowing galactic wind.

It is important to emphasise that this conclusion does not apply

during the early stages of galactic evolution; for example Larson

(1974b) has shown that the much higher stellar mass loss rates during

the first ~10^ years of galactic evolution (cf. Section IV-1) led

to a thermally unsteady flow. During this stage of galactic evol¬

ution stellar mass loss is not removed from the system, and instead

the flow will resemble the thermally unsteady winds computed by

Mathews & Baker (1971). In these cases, although the gas did initially

heat up, its density became large enough for cooling to dominate

heating before a wind could be produced. Once this had happened,

the central regions (where the density was highest) cooled rapidly

and collapsed into the origin, followed closely by the hotter more



rarefied gas from further out which rushed in to take its place.

This gas too became subject to thermal instability, and it was

found that eventually a substantial fraction of the gas lost fi'om

stars was able to fall into the centre during a series of non-linear

cycles.

The galactic wind calculations did not include the effects of

angular momentum. However it is reasonable to suppose that if this

had been taken account, then it would bave been found that the coll¬

apsing gas would have formed a dense rapidly rotating disc. Thus,

during epochs t £ 10^ y (before thermally steady flows are expected

to occur), stellar mass loss will flow inwards and the system will

form a dense nuclear disc. What happens at later times depends

crucially on the effects of the (possibly) hot infalling material

on the disc, and in the next chapter it is shown that any disc that

is likely to be formed will be dense, cold and highly dissipative.

The disc is sufficiently dense to be able to absorb even hot infalling

material without heating up, and it may therefore be concluded that

the appropriate solution to the galactic wind equations at epochs

t 10? y will be one including the presence of a massive disc-like

sink. Provided that no other agency (such as nuclear activity or

sweeping by an intergala-ctic medium) can destroy the disc and comp¬

letely eliminate the gas fx-om the central region of the galaxy, stellar
10

mass loss -even at relatively late epochs (t ^10 y, say) - will
continue to flow inwards.

Should this argument not be accepted, removal of stellar mass

loss by an outflowing galactic wind is still not a necessary conclusion,

and several alternative arguments can be constructed which question

this assumption. First, although there is general agreement that

Type II supernovae have massive progenitors, the evidence relating



to the progenitors of Type I supernovae (which are the ones

supposed to drive a galactic wind) is still ambiguous (Tammann, 1974»

1977). For example Tinsley (1977) has argued that the observations

are quite consistent with the view that all supernovae have massive

progenitors. If this was the case a galactic wind could only be a

transient feature of galactic evolution, since - by removing the

supply of gas from which to form new massive stars - it would be

self-defeating. Secondly, it was assumed that dust cooling of the

hot gas was negligible, but it has since been shown (Burke & Silk,
n

1974) that at typical wind temperatures (T ~10 K) dust cooling

may in fact be dominant. Although the lifetimes of grains in such

a hot environment are probably not long enough to significantly cool

the gas, if evolving stars produce large quantities of dust the

equilibrium dust fraction might still be an important coolant.

Thirdly, in the case of a spiral galaxy, the bulk of the galaxy's

mass lies outside the nuclear region. In this case, although

conditions might be favourable for production of a 'nuclear wind'

from the galaxy's bulge component, it is not certain that the gas

would be removed permanently from the galaxy; it is possible that

a fraction of the wind material might fall back onto the disc in the

form of cool clouds, some of which might return to the nuclear region

itself. An additional difficulty with extending the galactic wind

hypothesis to spirals, as noted by Faber & Gallagher (1976), is that

the existence of the disc greatly complicates the nature of the

problem, and the flow might be altered in ways that can not be easily

foreseen. Lastly, it seems unlikely in practice that supernovae

ejecta would heat all the interstellar medium 'uniformly. If the

gas lost from stars contains density inhomogeneities (as it almost

certainly does; e.g. Capriotti, 1973), and if allowance



is made for the non-uniform way that mass and energy are actually

injected into the interstellar medium (assumption (2)), the physical

state of the interstellar medium will be much more complex than that

assumed in the numerical calculations. In this situation it could

be argued plausibly that supernovae woxild give rise to a wind involving

only a small fraction of the interstellar medium (perhaps £ 50 % "by

volume; Cox & Smith, 1974)* leaving the remainder to cool and fall

back towards the disc.

Thus, although at first sight the galactic wind hypothesis seems

to have strong observational and theoretical support (Faber & Gall¬

agher, 1976), there are several possible ways of avoiding the general

conclusion. Of these the most important is linked to the assumption

implicit in Mathews & Baker's work, that the system contains no sink;

and it has been shown that current understanding of galactic evolution

leads to the prediction that when the flow first becomes steady, the

central regions of a galaxy will contain a massive disc-like sink.

The disc can survive even hot infalling material (Chapter V), so

the flow at later epochs will be one dominated by the presence of

the disc. Although this is regarded as the most compelling argument

against an outflowing wind, the above additional arguments show that

the case for galactic winds still remains to be proven. It is

concluded that stellar mass loss, certainly from stars in the central

regions of galaxies (r 1 kpc, say), probably does flow.inwards,

where it will form a dense gaseous disc in the nuclear regions. The

structure and evolution of the disc are discussed in the next two

chapters; but before turning to these questions it is first necessary

to verify that stellar mass loss is a sufficient fuel for nuclear

activity. This may be done by comparing the total energy requirement
& 2 "10

of the Seyfert phenomenon ( ~2 x 10 Msc in 10 years; see



Chapter i) with the cumulative mass loss "by a typical spiral galaxy.
9

This quantity was shown to he of order ~10 M0 for the bulge comp¬

onent of our Galaxy, so stellar mass loss can indeed fuel observed

Seyfert activity, even if energy is produced only at 'nuclear'

efficiences ( ~ 0«7 %) •
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This chapter deals at an order of magnitude level with the very

complex problem of the structure of the gaseous disc formed by inflowing

material lost from the galaxy's bulge-component stars. The main

aims are two-fold: First, to isolate the most important physical

processes and obtain results that are at least qualitatively correct;

and secondly, to provide convincing theoretical arguments that the

formation of an active nucleus is indeed an almost inevitable process.

The theory, even at this order of magnitude level, becomes quite

involved in some sections (due partly to the number of separate cases

requiring discussion, and partly to the inherent complexity of the

problem), and for this reason, by way of introduction, it was thought

worthwhile to include the following brief summary of the problem.

Whatever the nature of observed nuclear activity, be it due to

a spinar or a black hole, one of the major difficulties that must be

overcome is how to explain inward flows of matter in excess of

~0*1 M y~1. This is the case whichever model is assumed. Foro

example, if nuclear activity is produced by a period of rapid accretion

onto a black hole, the luminosity may be expressed in the form

energy by the accretion process and M
c is the accretion rate.

where is the efficiency with which matter is converted into

For disc accretion, Thorne (1974) has shown that ~*J is unlikely
to much exceed ~ JO %; so we have
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The luminosity of a typical Seyfert galaxy is ^v-10^8 W, so the black

hole model must be able to explain central fluxes of order 0*1 M0 y~1.
If the same process is responsible for the luminous quasar phenomenon

41 1
(with L up to 10 V), fluxes as high as ~50 M0 y must occur.

On the other hand, if nuclear activity is thought to be caused by

the evolution of a massive object such as a spinar (e.g. Ozernoy &.

Usqv, 1971, 1975), it is necessary that the body be formed on a time-

scale less than that on which it evolves. A spinar's expected evol-
— 6

utionary timescale is given approximately by L ^ 10 y

(depending on the detailed model, its mass and luminosity), so prov-

•v 5 ^ -1
ided that M ->,10 M0, central fluxes ^,0*1 MQ y are again indicated.

In the present theory, matter is transported inwards by the

action of viscous friction (Lynden-Bell & Pringle, 1974)» Some

results from viscous disc theory are reviewed in Section V-2, and

it is noted that the expected central flux is proportional to V

where "V is the kinematic viscosity and 3^ the disc's mass.

Since continuing infall from stellar mass loss leads to a slow increase

in , if was assumed to be actually independent of time

an eventual steady-state would be reached in which the central flux

equalled the net infall rate. However stellar mass loss from a

typical nuclear star cluster of mass M ~ 10^ 8 occurs at present

epochs (i.e. t ~ 10^° y) at a rate only on the order of 10 ^ M0 y \
too small to explain observed activity. Thus, evolution- at constant

V does not explain Seyfert activity, and if stellar mass loss is

the source of fuel for observed activity V must depend rather

sensitively on the disc's mass. In order to achieve high enough

central fluxes for short periods (so that the average central flux

still equals the net infall rate), the form of the mass-dependence

must be such that "V7 is small while ff] then, at
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~ ^ must suddenly increase to a much larger value.

Since "V7 is itself proportional to the square of the mean turbul¬

ent velocity of the gas (Section V-2), an obvious candidate for

causing such a mass-dependence is the possibility of a star-forming

gravitational instability in which a cold dense disc (characterised

by c ~ 1 km s~1) is rapidly converted into a system in which
-1

c ^ 20 km s , representative of the velocity dispersion in newly-

formed H II regions. Such an event would increase the central

flux by more than two orders of magnitude.

A major aim of this chapter is to investigate, by means of a

detailed study of the disc's structure, whether it is indeed possible

for the sequence of events outlined above to occur and lead to a

period of nuclear activity. Because it was impractical, to cons¬

ider a general model capable of extension to a wide variety of diff¬

erent galaxies, it was thought best to base the discussion on a

particular model of the central regions of our own Galaxy. In this

way, although direct extension of the results to elliptical galaxies

and the radio-galaxy phenomenon is not possible, the detailed results

of the theory ought to apply to most typical spiral galaxies.



52

V-1 Formation and surface density of the disc

This section deals briefly with the assumed star distribution

in the nuclear star cluster, and presents a calculation of the

equilibrium surface densities of two representative discs formed by

stellar mass loss within such a cluster. The assumed star distrib¬

ution is based on the model of our Galactic Centre constructed by

Sanders & Lowinger (1972), who found that a wide variety of observ¬

ational data could be fitted by a flattened spheroidal model in which

the star density decreased outwards (from a central core of radius
—1 *8

~ 0*5 pc) as a power-law roughly proportional to r~* , The

total stellar mass contained within a radiu3 R ~ 1 kpc was
n

10
M ~ 10 Kq»n °

In this investigation the star density is approximated by a

spherically symmetric model defined by

p(r)= ^ . .1 0")
U ' r

This distribution has two advantages. First, from an observational

viewpoint it closely approximates the Sanders-Lowinger model of our

Galaxy, which means that results of the present theory ought to

apply in particular to our own Galaxy; and secondly, from a theoret¬
ical viewpoint it has the advantage of resembling at large radii the
mass distribution of an isothermal sphere. However the lack of a

nearly constant density 'core®, and the divergence of (r) at
the origin, means that results referring specifically to small radii

(r ^1 pc, say) are unlikely to have much physical validity.



The projected star distribution is given by

f

cr (&) = 2 f> cky
* \ *

o

which, by use of (14), reduces to

<x~ (e>) =
n, ±
*2IT ft

C oi ) (i^)

where & is the cylindrical radial coordinate, defined by

? 2 2a = r - z i and z is measured perpendicular to the disc.

An important parameter in the theory is the assumed distribution

of angular momentum. In order to model the effects of net angular

momentum in the assumed spherically symmetric cluster, the distribution

(14) is divided into a number of concentric cylindrical shells

(aligned with axes parallel to the z-axis), such that each has a

net rotational velocity )• Observations of the central

region of our Galaxy do not yet allow a choice to be made as to the

most representative functional form of 80 in order to try

and bracket the likely range of possibilities two particular forms

were considered. In the first, (Case 'A') it was assumed that the

net rotation was independent of R) , whereas in the second,

(Case 'B') 2rot was a8Sume<3 to correspond to uniform rotation} i.e.

CASE A. Vrot( » ) . Vn

CASE B:

where is defined to be the net rotational velocity at © = Rn.
In order to calculate "the equilibrium disc surface density, its



formation was approximated "by a two-stage process. First the gas

lost from stars was assumed to flow in towards mid-plane, where it

formed a 'projected disc' with density distribution proportional to

the projected star density; and secondly, this disc was then assumed

to contract to its final form in such a way that each annular element

conserved both mass and angular momentum. The surface density of

the projected disc is

<5- (a) = J_ cos (%„) 00F
8

and if contraction from fa to fa' occurs, conservation of mass

implies

= t< %^(b) (n)
Detailed conservation of angular momentum gives

ft V ot (») = . V (V) (|%)
where V ( ft ) is the circular velocity at radius & • In the

present model the disc mass within is always negligible comp¬

ared to the stellar mass contained with the same radius, so V"c( fa )
is very nearly equal to the circular velocity due to the stars alone.

%
With this approximation (14) implies Vc( &) = (GMn/Rn)~ = VQ, say.
(18) thus reduces to

» VretCe) = co' V,
The disc radius, R^, is defined by

h -

so using equations (16) — (18) the expressions for the final equil—



ibrium surface densities in Cases A and B become:

CT (to)
ft
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a
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V-2 Viscous disc theory

In the theory, matter is stored in a dense gaseous disc, and

then, after the onset of a star-forming gravitational instability,

transported into the origin by the action of viscosity. It is

therefore necessary to discuss some results from viscous disc theory

(Lynden-Bell & Pringle, 1974), and in particular estimate the order

of magnitude of the kinematic viscosity "V . This may be written

(e.g. Lynden-Bell & Pringle, 1974) in the form

where c is the mean random velocity of an 'element' of the disc

(i.e. a cloud, molecule, or turbulent eddy), and 1 is an effective

mean free path. In the case of molecular viscosity, 1 is the

same as the molecular mean free path, but in the case of viscosity

due to cloud-cloud collisions 1 may be substantially different from

the collision mean free path. A realistic determination of *V

during the two principal phases of the disc's evolution is an

extremely difficult and complex problem, as it depends to a great

extent on the detailed physical model of the disc that is assumed.

A discussion of this question is given in the Appendix, and it is

shown that the kinematic viscosity during both phases of the disc's

evolution may be estimated approximately by equating c to the

sound speed and letting 1 equal the mean amplitude of the epicyclic

motions in the plane; i.e.

and

I ~ c/K



where K is the epicyclic frequency defined in terms of the usual
Q.

Oort constants by K = 4B(B—A). The kinematic viscosity is therefore

given approximately by

v ~ ^ 3V ft
where it should be noted (see the Appendix) that the eaxact numerical

coefficient (which depends on the detailed model) is possibly uncertain

by a factor as large as 5. Using the definitions

ft = I(I- £)
and

« _ -1 [ ■£ +
2 \ ® cJL® '

therefore gives

If the disc is in a steady state with no central couple, the

inward flux, F, of matter across any radius & is constant. This

flux is given (Lynden-Bell & Pringle, 1974) By

F = <3 / F
where h is the specific angular momentum at radius © and

I

g is the couple exerted by the material inside on that outside

£v> . Since g ■ 2ir^v.crr2A and h * & Vc( & ), this can
be re-written in the form

F = 2ttvct (l - | %<) (22->



In the present model V = V and \J £) , so the equilibriumG O
-i

surface density is &

An important quantity to establish is the timescale on which

viscous effects might be important. The viscous timescale (defined

here as the time required for material at radius & to reach the

origin in a steady state disc) is given by

~U ~ ^/ UITiCC / ft

where (/t& is the inward drift velocity of material at © ,

related to F by

f = 2tt © w6

Combining these expressions allows the viscous timescale to be

written as

With the assumed star distribution, and adopting Mn 10 M0,
R ~ 1 kpc and V (&) = V 207*4 km s , this reduces to
n c o

r ~ ^ (**)
UUc V' PC/ ^ C '

Inspection of this expression shows that at radii 0 ^ 1 pc
x 9

viscous evolution may be neglected on timescales ^-10 y prov-
_ 1

ided that c is small ( ^ 1 to s" ,say). Close to the centre

( & £ 1 pc) it is possible that viscous evolution might occur even



if c is small; tut because the assumed star distribution is unphys—

ical in this region, an improved calculation of the central disc

density allowing for possible viscous evolution was not thought

worthwhile. In a more realistic model the central star density is

likely to approach a constant value, and in this case (provided that

the nucleus does not already contain a massive collapsed remnant

such as a black hole) the central parts of the disc ( ^ 1 pc) are

likely to be characterised by nearly uniform rotation. Although

deviations from exactly uniform rotation may still occur very close

to the centre ( & 1 pc) where the disc mass within & becomes

comparable with the stellar mass within the same radius, inspection

of (23) shows that the viscous timescale throughout most of this

central region is likely to be much longer than that given by (24).

In the discussion that follows, complications due to possible viscous

evolution in the very central region are ignored, and it is assumed

that viscous evolution prior to the onset of gravitational instability

can be neglected throughout the disc provided that c is sufficiently

small.
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7-5 Critical disc density

The stability of self-gravitating discs has been discussed by

a number of authors, in particular Goldreich & Lynden-Bell (1965a,b),
from whose work most of the results used here will be drawn. They

showed that significant growth of small perturbations would occur

whenever the relation

TT > ] (2S)

(accurate to within a factor of order 2) was satisfied. Here K

is again the epicyclic frequency, and ~p is defined by

e - St (<5>^
Adopting an isothermal approximation to the disc's structure, in

which the r.m.s. velocity dispersion V is assumed to be indep¬

endent of z, and neglecting the gravitational influence of the star

distribution on the disc's z-structure, it may be shown that the

disc density is

P I /cosi? (O ft (20
yi^~) x 1

where the weight factor w (following Goldreich & Lynden-Bell'8

notation) is defined by

? _ (tt &//C(».o) Vs
The disc width, here defined to be

(&,o) (2~^^ O-(B)

is therefore



bl

\a(&) - 2
- 2J(j p[^o)

H(») - 2 v;
3?r Gfcr(&)

(z<£)

^ may "be shown to equal ^ |^ (©»£?) » so (25) reduces to
IT Cr C5~
1F\/

which implies the critical surface density is given by

cr.t „ KVS (2<?)
IT Q

This criterion is identical to that used by Goldreich & Ward (1973)

in their discussion of the fragmentation of a dust disc during an

early stage of solar system evolution.

Inserting this value of CF" into the formula for the central

flux in a steady state viscous disc (equation (22)) allows an est¬

imate of F to be made:

> I



Thus, provided that the disc is gravitationally stable ( C~ ^
and that it can remain siifficiently cool during this phase of its

evolution (c ^1 km s \ say), the inward viscous flux will be very

much less than the stellar mass loss rate and the disc will slowly

grow in mass. Eventually a star-forming gravitational instability

will occur, and c may be expected to increase to a value similar

to that observed in many H II regions (c ^20 km s~\ say). Sub¬

stituting this value into (30) then implies inward transport at

a rate of order 0»05 M0 y-1, which is sufficient to explain typical

Seyfert activity by either accretion onto a massive black hole (cf.

equation (13)) or by the formation and evolution of some other kind

of massive object.
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V-4 Volume density

In order to determine the heating and cooling rates in the disc

(see Sections V-5 and V-6 below), it is necessary first to calculate

the distribution of disc material perpendicular to the plane of symmetry.

Following Spitzer (1968; p.180) the equation of hydrostatic balance

in the z-direction is written in the form

where V is the total r.m.s. gas velocity (including possibles

turbulent motions), so that the gas pressure is

P =
^ 3 I

The effects of cosmic rays and magnetic fields have been ignored in

this preliminary investigation, although their effective pressures

may be represented in any of the following formulae by simply

writing V (1 +(/+ )^ everywhere that Vs occurs. ( and j?> -

assumed independent of z - are the ratios respectively of cosmic

ray pressure and magnetic field pressure to total gas pressure).

Poisson's equation for the disc close to its plane of symmetry

may be approximated by

VV - ~^ ~ k-!\ & P
d i1" '

so in the 'isothermal' approximation (in which V does not depends

on z, and radial pressure gradients are ignored) (31) may be

re-written

I \/" V I - krr&rp ~ (2 2.)
3 T 9 i I 7* J I 9^
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1xh
Although ^-s *n Principle a known function (since it depends

only on the assumed star distribution), the general solution of (32)

is not easily obtained. However limiting solutions may be determined

in two extreme cases: (1) self-gravity negligible; and (2) self-

gravity dominant. In the first of these (32) becomes

2. II if \= - -i- C")
3* lpJ o-;̂

where the dimensionless velocity dispersion v is defined by
s

IT = V£/V„ M
The potential, y (v) , is given for the assumed star distribution (14)

*

by

$ cr) = v rM*o-u
where it has been assumed that (f) (r ^ is given by - V^.(Rn/r).
(35) thus reduces to

- V2 trl

.(^ = (| + «/©-)

Provided that v is small ( £ 0*1,say), this may be closely approx-s

imated for small z by

1

~ (3s;

The disc width, defined by is therefore given

by

(2i)H(») = Jf u; s



In the opposite extreme, that in which self-gravity is dominant, it

may "be shown (e.g. Goldreieh & Lynden-Eell, 1965a) that the solution

is given by (26); i.e.

— I / Cos A (o p(E)jOs)'Z) (2-6)
/?(&.<>) ' Ip(Q,0)

where 0S1 = K
In this limit the disc width depends on both V and . and is

Q *s

2-

H(e) = A %. f28)y 3 it Q?r

In general the disc width will be a little smaller than that

given by either (56) or (28), but it may be verified that discs

which are close to instability are well described by the approximation

in which self-gravity is dominant (as it must be for discs which are

gravitationally unstable). When gravitational instability does

occur stars may be expected to form, and if some of these are suff¬

iciently massive to drive strong mass motions ('turbulence•) Vg
may well increase by a large factor. In this event, and also if

0~ <<C t "the disc structure will be better described by the

approximation (35)•

For the purpose of the order of magnitude estimates arrived at

in the next sections it is assumed that the disc can be approximated

by an 'equivalent disc', defined here to be one having the same

surface density as the actual disc, width Il(££>) and constant density

equal to in the z-direction. The density of this disc

(or the mid-plane density of the actual disc) depends not only on the

particular rotation law under discussion (i.e. whether Case A or

Case B), but also on whether or not the disc density is such that
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self-gravity can be ignored. There are therefore four possibilities

to consider:

Case A1 : Vrot = const; self-gravity negligible.
Case A2 : Vrot = const; self-gravity dominant.

Case B1 : ^rot ^ ^ ' self-gravity negligible.
Case B2 : vrot ^ ^ * self-gravity dominant.

Substituting for and H( E)), the mid-plane density for

each possibility becomes

0 (»,o) ~ { A C°r'^)
(2tt) * %>

p(B.) ~ A Ki (rhfi2)(fll ' sn ^ I?; e;

n i \ W* I -7 1 —*A cos C) C31"8')Pa, M ~ (7? (V ^ *

3 Wl _L Jk '
^ sTr «- ^ G,

If random gas velocities are assumed to be on the order of the sound

speed (since supersonic motions are quickly dissipated in a dense



gaseous medium) the r.m.s. gas velocity V is related to the
s

sound speed by the approximate equality V = J2*V ,. To allow
s sound

for the possibility that c will not be exactly equal to V oun(j>

the relation ought properly to be expressed in the form

M - 1 ^
, eo

where ] is a constant of order unity, but in the interests of

clarity this paramater will be ignored.

The sound speed is defined by

V , = (SfeT/si)Strict V

\,/2

and depends not only on the temperature but also on the mean particle

mass m. In the numerical estimates obtained below it is assumed

that in = 1 for an atomic disc, and 2*5 m^. when the disc is
_27

predominantly in molecular form. is taken to be 1 *7 x 10 kg.

With these parameters, and assuming VQ = 207*4 km s ^ (appropriate
for a star cluster with = 10^ M0 and R = 1 kpc), we obtain

-4 'A
(J- . ~ q*"2> x to T

S. CttoMIt

IT , ~ sn *>v 7

(7°)

A useful quantity that i3 required at a later stage of the argument

is the particle number density, n, defined by

n (») t= / (VI
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For the cases under discussion this is

T"Tfr')(?■)'

V • c, (»'«!fSJ T'(a-1)(!?,) «)

where the constants C are given by

(7*25 x 10^ for an atomic disc
CA1 ~ l 9

[ 5*23 x 10 for a molecular disc
10

C^2 = 1 »69 x 10 for both atomic and molecular discs

CB1 =•
I 8•10 x 10^ for an atomic disc

5*85 x 10^ for a molecular disc
10

eg? = 2*10 x 10 for both atomic and molecular discs.
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V-5 Heating processes

Foxvr sources of heat have "been considered as of possible imp¬

ortance to the energetics of the disc, namely

(1) Heating by infailing material, f|
(2) Heating by stellar radiation, C*
(3) Heating by supernovae in the disc,

(4) Heating by stars passing through the disc,

(1) Heating by infalling material

In practice infalling gas may be expected to preferentially

heat the upper layers of the disc, but since both the discussion

leading to the instability criterion (Section V-3) and also that

leading to the equilibrium density distribution has been based on

the 'isothermal' approximation, this complicating factor has been

ignored. In addition, in order to obtain rough estimates of the

heating and cooling rates, the disc's structure is further simplified,

and it is assumed that the actual disc can be represented for these

purposes by an 'equivalent disc', defined to have the same surface

density as the actual disc, but constant density in the z-direction

equal to o). The width of the equivalent disc is H( fe).

In order to calculate the heating effect due to infalling

material, it is assumed that material entering the disc at

deposits its energy uniformly throughout the disc's z-extent. In

this approximation the volumetric heating rate due to infall is

(ft) ~ € (to)



where 6(&> is the energy deposited by unit mass entering the disc

at , and where it is also assumed that material becoming part

of the disc at radii other than & does not contribute signific¬

antly to If changes with time of H(R>) are neglected,

(42) becomes
e(a) ^

I. ^ Ufa) 3/-1 ^ U(&)

and if 0~ is assumed to change only through infall (i.e. viscous

evolution is neglected),

2
3t ~ dAr ^

Thus (43) becomes

P(B) ~ £(*)~±- Sl(?) (44)'> 7 HW ^ v
It is now necessary to estimate £(&>) , the energy deposited by unit

mass entering the disc at radius R . It is convenient to divide

this into two terms: a gravitational term representing the gravit¬

ational energy that is lost by material becoming part of the disc;

and a thermal term representing its ititial thermal energy.

i.e.. £Yk>) -= €

On general grounds it may be expected that the gravitational part of

€ will be of order V^, although the appropriate numerical factor,
being larger for cases in which the contraction of the 'projected

disc' to its final form is largest, is obviously model-dependent.

The thermal part of is more difficult to estimate, as it depends

not only on what fraction of the gas' internal energy is radiated

before entering the disc, but also on how efficiently supernova heat
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the gas in the first place. If supernova heating is very efficient,

as it is in situations leading to thermally steady flows (cf. Mathews

& Baker, 1971), "the temperature of the infalling gas might he as

high as that normally associated with a hot outflowing galactic wind;
7

i.e. T ~ 2 x 10 K. In this case, assuming the gas to be pure

ionised hydrogen, is given by 6^ ~ ^kT/m^. with T ~ 2 x 10^ K.
In order to allow for the possibility that the infalling material

is cold, or has managed to radiate a significant fraction of its

initial thermal energy before entering the disc, is written

here in the form ^ , where the fraction f^ (0 ^f-j ^ 1)
7

remains undetermined. Adopting T ~ 2 x 10 K and taking the prev¬

iously adopted value for V (207*4 km s~^) thus implies

€ (e) = a /e) V; (
where the factor a, expected to lie in the approximate range

1 ^a ^10, is defined by

a (&) ~ (lOf i- €^/vf) faO
is therefore

(7^ p (R>,o)
V0ACK. r

(2) Heating by stag's within the disc

The heating effect due to stellar radiation i3 easily obtained

from the assumed star distribution by multiplying the star density

by a mean mass-luminosity ratio and a small factor f^ to represent
the fraction of the incident stellar radiation that is actually conv-
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erted into random gas motions. The volumetric heating rate due to

stars in the disc is thus

IT ~ f L nJ a -*• *

where n^ is the space density of stars, given by n^ =^( m^..
This implies

where the star distribution (14) has been assumed.

(j) Heating by supernovae within the disc

The calculation of i~^ above allowed for the possibility that

supernovae at large distances from the disc might heat the infalling

material, but it is still of interest to enquire as to the heating

by supernovae located actually within the disc. If supernovae
*

occur in the nuclear star cluster with a mean interval of "7T (e.g.

"JT"" years per mass Mn of stars) the supernova rate per unit vol¬
ume is

$ = (iAvr
111 . -3-1

-— __supernovae m s
«* Z

Thus, assuming that each supernova deposits energy £fS(v into the

disc, the supernova heating rate is

p e -j— j_ _l (49)



(4) Heating by stars passing through the disc

This heating effect is estimated approximately in the following

way. A star passing through the disc gives gas distance b away

an impulse

C.
o tr ~

i'K
In unit time the star travels a distance through the disc, so

if the gas density is ^ the energy deposited per unit time into
a shell of radius b and thickness db is

= lf> O)I

^ cL E = n dlr
V (r

The volumetric heating rate due to stars passing through the disc

is therefore <-*> n*, E
U *

\.t P ~ JL Jn ( (So)4 y ^ '
*

where the relation Yq = GMn/Rn has been used, and ^max an^
are the maximum and minimum impact parameters respectively. Assuming

V„ ~ V and ln( k^,/(r . ) ~10, thus implies
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The total heating rate per unit volume is therefore

4

r= z r
1=1

i.e.

P =, (xVP W1 •* * Pp

-i- f Z J-
1 l m /

+- £ -1 _L Z■** -iirlZ. ^

+• IO C V„ pp (Vz>
£>

It is now shown that the total heating is dominated by infalling

material; i.e.

,2 n{%)r ~ r, -ai/,4 we* * M,t
Substituting n(#5 ) (equations (41)) into the expression for f~^ gives
(for Mr ~ 10^ Ms and Rn ~ 1 kpc):

-11

p 2-ISJ0
I^AIj Oviomic —j.

O- cos '(\)('«.w. \ jSotrc\ 1100.ct / » -f)
•/. W'Hi'A ^ /v R '

p 3-01,10 o. c.7 p)p,P. y.rwyfy ">V\ (J
^ -pa,-'AA»/

(sn-

p P/C?po2 CX ftof '/%.)) / ^ VSV£i>c\/l_00i'\ j 1-J 1
^ A * / (

p 9-79pZ(<P%))/•*.«. yj>& V^rY'o°Z /J -3
M

v/



(The heating rate per unit volume for a molecular disc is slightly-

higher than that for an atomic disc at the same temperature because

the molecular disc has a slightly smaller volume, due to the dependence

of v on m).
s '

We now compare this heat source (infall) with the other three

that have been discussed. First consider (defined by equation
10 — —

(48)). Assuming M = 10 M0, = 1 kpc and (cf.
Sanders & Lowinger, 1972), this becomes

^ vs.io" £ (Jw1 (*0
At first sight it might appear that 1 2 ^ f? , but if this were

the case the factor f^ would have to be of order unity. Even in



H II regions the efficiency of conversion of stellar radiation into

kinetic energy is not high (being typically ^ 1 %; Bohuski, 1973),

and under the circumstances of the present problem (where the disc

is embedded in a cluster of predominantly population II stars) it

is probably substantially less than this value. This conclusion

may be strengthened by noting that starlight is absorbed mainly by

dust, and in order for energy to be transferred from the dust to the

gas it is necessary that T T^us-t* Under normal interstellar
conditions dust temperatures are very low (typically ^ 20 K; Leung,

1975)» so starlight could only be an important heat source if the

gas was extremely cold. However interstellar gases at such low

temperatures radiate energy extremely inefficiently, and in view of

the strong mechanical heating due to infalling gas it is questionable

whether the temperature could ever become low enough for dust heating

to be important. It is shown later,in fact, that in all circumstances

where dust-gas collisions are of importance to the energetics of the

gas, T^iic!+ ^ T, so in the present problem dust always acts as a
coolant rather than as a heat source. It is therefore concluded

that ) , 12 •

The heating effect due to supernovae within the disc is given

by (49)« Adopting Mn ~ 101^ M0, ~ 10^ years per 10^ M0
(Tammann, 1974) and £-riv~ 10^ J (e.g. Mathews & Baker, 1971),
this becomes

7 ~ /0 6 (nfr) u m ^
Thus, provided T £ 10^ K,
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Finally, consider the ratio K/r?
by comparing (51) with (47) and gives

This may be obtained

r'tyA
to & <v\^ Vld
ae V ^ Jr)

O A

- -2 -1 1
Adopting ro# ~ 1 MQ, c<Mn ~ 10 MQ y and Vq - 207 km s ,

we obtain

Vr 'v
2>/0 / ftOOrX/K

(X

JLC
a A/(?n

(s0
'0

so it is concluded that heating by the passage of stars through the

disc is also negligible compared to , except possibly, in the

case of massive discs, very close to the centre.

The most important energy source for the disc is therefore

heating by infalling material, and the total volumetric heating

rate may be estimated from (53)* convenience this is re-written

in the following form:

A lj cvirrAfc
2,/o"coi'(%) /loOfi) y u
—4^ IV) M wT

-2
On

(Sl-Al)

P
fllj flnofeCmIM'

3x/o cos (4^ (L2Rr) J Pk °
—

Zp£ [ ® / Al
'"V

p
bl^aJrOM! c

<-v
V/cP\of' t%j}) f/oo^j jj

~r

p IV

u
_7

/VI

(as"'(%,tj) / ^ /J
~T *

fn

0/
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where the various constants J depend on particular details of
the model and are defined by

I
/oS P?

(X 1 * *

(oHa"
S~00pt\
£d J (jrs-fi))

L = a/P,w-> \ fC^°rV ^ \
16 "P^' / v / \^/o /^/

^7^-A 2)

K
\/7eOrV

HI
a 1 -5. -«

10 <W (V*~ 0/)

5C a \ / 7oOpA /
A'°X

(r«- 82.)
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V-6 Cooling processes

The cooling rate per unit volume may be written under most

circumstances in the form

where n is the particle number density and -/\_ the usual cooling

function. Graphs of appropriate for an atomic gas of normal

cosmic abundances and specified fractional ionisation have been

published by a number of authors (e.g. Dalgarno & McCray, 1972;

Schwarz et al, 1972; Falle, 1975)> and values of -A. (w m^) estimated

from figure 1 of Schwarz et al are tabulated below for two assumed

values of the fractional ionisation x.

T (K) A(x=10~5, T) A(x=10_1, T)

10 - to"45 ~10"41
20 - 10-41 6 x 10_4°

30 4 X 10"41 2 x 10-59

40 8 x 10~41 3*5 x 10"59
50 1«2 x 10"4° 5 x 10"59

100
oi

OX 10"58

200 9 x 10"4° 2 x 10"58

300 1»3 x 10~59 2»5 x 10-5®
400 2 x 10-59 3 X 10-5®

1000 3-5 x 10"59 4 x 10-5®

3000 5 x 10"59 4 X 10"5®
5000 6 x 10"59 3 x 10-5®

10000 8 x 10"59 10-57
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Fie. 1.—Cooling of a low-density plasma of cosmic abundance. The power radiated per unit mass is
given by P — n„.\/nni. For T < 10' K, A is given for three values of x — «,/«„. Temperature ranges
favoring thermal condensation (logarithmic slope St < 2,1 are indicated.

Figure 2. The interstellar cooling function A(x, T) for various values of the fractional
ionization x. The labels refer to the values of x.



For convenience, graphs of the cooling function have been reproduced

above, the upper figure taken from Schwarz et al (1972) and the

lower one from Dalgarno & McCray (1972). For x ^10-^, -A is

almost independent of the fractional ionisation, because hydrogen

impact excitations control the cooling, but for x 10~2, -/\-
increases almost linearly with x. Inspection of Dalgarno & McCray's

cooling curve shows that at T 104 K, -A. increases very rapidly

with temperature, and reaches a local maximum of order 2 x lO-^ W m^
at T ~ 2 x 10^ K. The sharp increase in cooling efficiency at this

temperature means that the disc temperature may be expected to be

£ 10^ K. This expectation is confirmed quantitatively in Section V-8.

At low temperatures and normal densities cooling of interstellar

gases is dominated by fine structure transitions of singly-ionised

carbon (C II). If for any reason this should be depleted (for example

by accretion of carbon onto grains or by ionisation to C III) the

cooling function will be modified and may be significantly less than

the values tabulated here (cf. Dalgarno & McCray, 1972; Figure 3)*

On the other hand, in dense regions the radiation which woiild otherwise

ionise carbon might be greatly attenuated, thereby allowing a significant

fractional abundance of neutral carbon to form. Cooling by fine

structure transitions of CI at low temperatures is much more

efficient than cooling by C II (by factors ranging from about 5

at T ^ 20 K, to about 200 at T ~ 10 K; Dalgarno & McCray, 1972,

Table 4)> and consequently the presence of even a small fraction of

neutral carbon might lead to a significant increase in -A. at low

temperatures. An added complication here is that in cold dense

regions the composition of the gas might be altered by the formation

of molecules. For these reasons a realistic determination of the

appropriate cooling function at low temperatures is an extremely
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difficult problem, and it is possible that the temperature estimates

that are made below might be subject to a systematic error.

If the gas does condense into molecular form, cooling at moderate

densities is dominated by radiation from the CO molecule. This

cooling has been calculated by Scoville & Solomon (1974), who obtained

the following analytic approximation to the CO cooling rate per unit

volume: r
^ 10 KIn„Vw"

LcCO
Co H.

23 1

10 T U(*\3 o

fio)

2

If n^^/ng is assumed to be «v10 this becomes
It x , . _3 ?

L -
CO

10 T f) O M" \ £ 10 M
nz

i./o T ^» 10 »

Recent work by Goldsmith & Langer (1978) has to a certain extent

superseded the work by Scoville & Solomon referred to above, and
9—5

although cooling at densities ^ 10 m is still dominated by the
12 9 11 — *5

CO molecule, at higher densities (10 £ n„ 4: 10 m ) rarer
U2

isotopes of CO, and C I and 0^ are found together to contribute
between 50 a*1*! 70 % towards the total cooling. At very high

1 1 —3
densities (n„ few x 10 m~p) cooling is dominated by H90 and

n
2 c

in addition other coolants are found to be comparable in strength to

CO. Although the volumetric heating rate used here (equation (61))
thus probably underestimates the high-density cooling by a factor

possibly as large as 10, inclusion of these more complicated effects

only strengthens the general conclusion (Section V-8) that close to

the centre the disc is very cold.
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At high densities inelastic collisions between gas molecules

and dust grains become an important coolant (for T T^), and it
may be shown (e.g. Spitzer, 1949> Leung, 1975) that the cooling

rate due to this process is

I
, „ IL&T | (sz)L~g-c( £ < \ T fh / * «

Here AT = T - is the difference between gas and dust temperatures,

] is a factor of order unity describing the degree of elasticity

of the collisions, a is the characteristic grain size, and m is

the mean particle mass. m is taken to be 2-5 (appropriate for

a molecular system), and using the same other parameter values as

Leung (1975)5 = 0*5, a = 0*06 jUm, n^/n^ = 2 x 10 (62)
becomes

Lr,~ z-i.io-" \ TK(T-Td) aT3
Further progress requires knowledge of the dust temperature, which

is determined by the balance between the energy absorbed by a grain

and that radiated at far-infrared wavelengths at temperature T^.
An exact solution to this difficult radiative transfer problem is

beyond the scope of the present investigation (see for example

Werner & Salpeter, 1969; Greenberg, 1971; Leung, 1975)* and.

is estimated in the next section by approximate methods.
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V-7 Estimated dust temperature

Dust grains in radiation fields typical of the solar neighbourhood

have temperatures lying in the broad range 10 £ £ 20 K (see the

- references given at the end of Section V-6), depending on the details

of the model calculated. In particular Leung (1975) showed that

the free-space temperature reached by a typical grain mixture model

was Tj ~ 13 K, and his Figure 6 showing this result is reproduced
below.

LEUNG

OPTICAL DEPTH (v)
Tig. 6.—Temperature distribution T(t, r0) for grain mixture model in a typical dark cloud with a centrally condensed density

distribution.

In general, due to the much higher star density there, it might be

expected that free-space dust temperatures in a galactic nucleus

would be somewhat higher than those in the solar neighbourhood, but

because of the strong temperature-dependence of the power radiated

by grains in the far-infrared, typically proportional to where

p ~ 6 t'1 (Werner ft Salpeter, 1969), a large change in the
absorbed energy is required to effect a small change in T^.

In the present model it is assumed that the ambient radiation
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field can be approximated by a dilute blackbody distribution with

temperature T ~ 4000 K (Sanders & Lowinger, 1972) and dilutions

factor VJ . The energy density of such a field is

£ = f 7- f (")

where CT~ is Stefan's constant, and it may be shown by direct integr¬

ation of the assumed star distribution that this is also

£ („) = 1 -f(»)

where f ( R ) is a slowly varying function of order 2 defined by
ik-l

J

f(») = f~ Z(I) (2k-0"
k= t

Equating (64) with (65) and adpoting f ~ 2 thus gives

ta L\ 5 ~ 87rRnecr

which, with ~ 1010 M0, Rn ~ 1 kpc and m^/ L# ~ 3 Mq/L0
(Sanders & Lowinger, 1972), reduces (to

IZ" ~ 10 (%*) M
Interstellar grains absorb energy at visual wavelengths with an

-I

efficiency , which implies that the energy they absorb in the

assumed blackbody radiation field is proportional to (Andriesse,

1974). If "the power radiated by grains is assumed to be typically

proportional to T^ (cf. the range of p mentioned above), equating
absorbed and emitted powers therefore implies



6 —T~

1 \T.

X

X. I.X
I
X

x

(a)
S.o

where the subscripts zero refer to quantities evaluated under standard

solar neighbourhood conditions. The solar neighbourhood radiation

field is closely approximated by a dilute blackbody distribution with

T 10^ K and "*) 10~^ (e.g. Greenberg, 1971)» and usings, o I Sjo

these values and also T ~ 4000 K and T, ~ 13 K, we obtain the
s d, o *

result

I ~ « (Tf * w
This calculation has assumed that the dust is in an unshielded

part of the nucleus. In a region of high optical depth dust temp¬

eratures will be lower, but it is not possible to obtain precise

results without solving the detailed radiative transfer problem that

is involved. However inspection of Figure 6 of Leung (1975)»

reproduced above, shows that the dust temperature at a visual optical

depth of order 10 is about half its free-space value, and for

1 £ 7Tv < 10 Td varies approximately linearly with optical depth.
At very high optical depths (~CV 200) Leung found that grain

temperatures tended towards a. limiting value which depended on the

grain model and the radiation field; for the particular grain

mixture model referred to above this was found to be close to the

temperature of the blackbody distribution with the same energy density



/ 87

as the assumed radiation field. Combining these results, the var¬

iation of dust temperature with visual optical depth is estimated

in our model to be

X fr.)
f -o-i) o £ ry ^

(69)
T|, 7~ > 2 00

V ^
V/

where the limiting temperature is defined by

y*

Since T^("£TV ~ 10) is very close to the limiting temperature, we have
to order of magnitude the result

T (V„,e) % / ,, (71)
10 K ^ ,0

The optical depth of a region of length 1 and number density "n^
of dust particles may be written, assuming that scattering is isotropic,

in the form

77. ~ n /
V

where \ 0 . Tr is the mean extinction cx^oss-section at visualN *ext
—14 2

wavelengths. If this is taken to be ~ 5 x 10 m (cf. Leung,

1975; Table 3) and the dust/gas ratio is assumed to be ~10-^\
the visual optical depth to mid-plane becomes

7 % f?
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where A and B as usual refer to Cases A and B respectively.

7
Representative discs with )>, 10 M0 thus have visual optical
depths 10 at radii 5d ^ 100 pc, and the grain temperatures

in the central regions of such systems will he given approximately

by

T>) * 10 (f ?fK(7^
The dust temperature thex'efore increases inwards close to the centre

of the disc. In regions of low optical depth (near the edges of

the disc, say) the dust temperature also increases inwards (Tj a ,

equation (68)), hut at intermediate radii where the effects of

increasing optical depth dominate over those of increasing star density,

T, will decrease inwards.
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V-8 Temperature distribution of the disc

V-8A Proof that infall does not destroy the disc

The volumetric heating rate was calculated in Section V-5 above
2

(equations (57) and (58)); dividing these expressions by n

gives an estimate of the cooling function required to just offset

this heat source. i.e.

A..r YM (#"•)'V0' /poofc A1001"/ v

a - F»>a T Vi- \7-®-t &-<*)n,M (cA(X)f[i°'^irooJhr) (wJ

>61 V" ^3 As-^rJ V00r/ \ /
COS

.A ~ &ii • •"'
rl/o a

« ITA,

where the constants F are defined by

(4 x 10~45 for an atomic disc
F. 1 ~ j

(JO for a molecular disc

[2 x 10"45 for an atomic disc
F?~<

4 x 10~^ for a molecular disc
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for an atomic disc

for a molecular disc

for an atomic disc

for a molecular disc

The disc temperature may be obtained from these results for any

particular set of the parameters by finding the value of T at

which equals the value of ^A-(x»T) listed earlier (p.79)»

Before tackling this problem however, we first demonstrate that the

disc can absorb the infalling gas without being destroyed.

The condition that infalling gas does not heat the disc to

unacceptably high temperatures is essentially the condition that the

equilibrium temperature obtained by equating -A. with _A-k<j
falls to the left of the maximum in the cooling function which occurs

5 6/
in the temperature range 1Cr - 10 K (see the cooling curve graphed

by Dalgarno & McCray (1972), reproduced here on page 80). If

exceeds this peak value (which is on the order of ~ 5 * 10~^^ W m^)
no low-temperature equilibrium will be possible, and the infalling

gas would cause the disc to heat up, eventually producing a hot

outflowing galactic wind. A rough estimate of the region of para¬

meter space within which infalling material does not destroy the

disc is obtained by setting

_A (io*k) T TV s;/o (J m (?0
r«.A eiax

It is thus concluded that the disc does act as a sink for the infalling

material provided:
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(S. \ f,-,- A|)[/00j,cJ v

yz

( \ \ PF»tt ">*/■*.*. In-hi)(ioYiJ ^ [(••'fy)i-X5'A^-)r"ra
f\2

in\ \ rmtte i(i )U»fe,) e*"}(^J„ * v* - J
^3

I $ \ v f0;i a ios /<■ m. V K\_il/-̂\ (V>-e2)(lox)B2 ^ _(coS-'(i^)J W0"w»f'ArooFVr"/o ^'00p
Throughout the inner regions of the disc ( © £ £ R^, say) the inverse
cosine parts of these formulae are slowly varying and of order unity.

If these terras are set equal to unity, the curves dividing •allowable*

•regions of parameter space from non-allowable parts become straight

lines in the (log - log )-plane, and the four graphs drawn on

the next pages show how the criteria (77) depend on disc mass and

radius. The region of the (log - log & )-plane within which

discs are not destroyed by infailing material (the 'allowable' region)
lies to the left and above the lines drawn, and the boundary has

been drawn in each case for two extreme values of the assumed heating

function. It should be emphasised that because of the neglect of

the inverse cosine variations the actual boundary differs radically

from those drawn for close to R^, but in spite of this it is
possible to conclude that massive discs (M^ ^10^ M0, say) can absorb
even hot infalling material without being heated to an unacceptably

high temperature.

a 10
%
U K

_ o.s"mu) \io flif/v^opt
3?



Loci representing the limit of low-temperature equilibrium at T ~ 10^ K






















































































































































































































































































