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"All the world loves a lover, but hates a theoretician."

— Saul Bellow ("Sono and Moso")



CHAPTER I: GENERAL INTRODUCTION

Motivation

Compared with the easily-observed and relatively tame character of the

solar neighborhood, the center of our Galaxy — or, for that matter, almost

any other galaxy — is a strange and wondrous place. Its nature is of key

importance to problems of the Galaxy's formation, composition, evolution, and

energetics, and yet even as fundamental a quantity as the total mass of the

bulge is still not known with great certainty. Some other important unknowns

are:

1. the mass distribution: how steep is the density gradient, and where are its

inner and outer cutoffs?

2. the dynamics: what is the velocity dispersion? Does the disk rotation blend

smoothly with that of the bulge?

3. the stellar composition: giant or dwarf stars, and with what metal abundance?

There are several observational approaches to the study of the mass distribution

and dynamics of inner Galaxy. The principal ones, with their relative (dis)

advantages, follow.

Optical'. Visual extinction in the plane can reach 30 in some directions

near the galactic center (Rieke and Low 1973), so work is restricted to higher

latitudes. Optical data gives some information on the size and shape of the

bulge, but is useful primarily for deriving velocity dispersions and spectral

types. Very little information on the total mass can be extracted, because of

the poorly-known mass-to-light (M/L) ratio; population synthesis techniques

are sensitive to the assumed fraction of dwarf stars and so give ambiguous re-

sults. For the bulge of M 31, for example, values of M/L from 1.6 (Pritchett

1978) to 46 (Williams 1976) have been mooted.

Infrared: Work at near-IR wavelengths suffers the same shortcomings as

optical work, and infrared emission at A £ 3.5 ym is dominated by gas and dust

(Becklin and Neugebauer 1969), which represent only a small fraction of the

total mass. At about 2 um however, absorption is not too severe and stellar
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radiation preponderates. Maps made at 2.2 ym and 2.4 ym have clearly shown the

extent and axial ratio of the bulge in our Galaxy (Ito et al. 1977; Okuda et

al. 1977; Maihara et al. 1978) and in M 3! as well (Sandage et al. 1969). The

absolute IR luminosity is also an important constraint on the stellar compo-

sition, although, as in optical studies, the unknown M/L ratio is a hindrance.

21-am Rotation Curves: The orbital velocities defined by the Doppler-

shifted H I emission are in principle meaningful only if the orbital inclina-

tions and eccentricities are known. For purposes of deriving the galactic

center mass distribution, these have in the past both been taken to be zero.

Unfortunately, considerable evidence has accumulated in the past five years

that orbits within ^ 2 kpc of the galactic center are neither circular nor

entirely in the plane (Burton and Liszt 1978; Liszt and Burton 1979; Cohen and

Davies 1976). Possible recurrent explosive phenomena in the bulge (van der

Kruit 1971; Sanders and Prendergast 1974; Sanders and Bania 1976) can give rise

to bulk radial motions that further undermine the assumption of circular or-

bits. Faber and Gallagher (1976) have argued that such explosive events are

required to account for the gas depletion in the bulges of spirals; if so,

mass models derived from H I velocities become suspect.

Population II Tracers: Objects such as globular clusters and planetary

nebulae appear to form a relaxed, isothermal population; by "isothermal" 1

jiean a population characterized by a homogeneous, isotropic, Maxwellian velo- ,•

city distribution, with no systematic orbital motion. If this is true, then :

the galactic gravitational field, and hence the mass distribution, can be i.ead

from the tracer distribution in a simple way provided that the velocity dis-

persion a is known. Globular clusters have been used in this way to study the

structure of M 31 (Tremr.ine et al. 1975) as well as our own Galaxy (Oort 1977).

They are, however, useful only far from the galactic center, since their gra-

vitational cross section is large enough for dynamical friction to be important

in an environment with high stellar density (Oort 1977).

Planetary nebulae and OH/IR stars escape this last difficulty, and the

problem reduces to finding a sufficient number of the tracer in question. Baud

(1978) has extensively studied the distribution of OH/IR stars in the galactic '(

disk, which work has recently been extended to a deep survey of the bulge IA

(Olnon et al. 1980). The use of OH/IR stars to.study the dynamics of the inner fi

Galaxy is facilitated by their discoverability at radio wavelengths and the $

fact that their radio spectral emission gives velocity as well as positional §_

information. •'.-



The present work will be concerned primarily with planetary nebulae, which

were first shown by Minkowski (1946, 1947, 1948) and Minkowski and Mayall (un-

published) to share Population II dynamics in the galactic bulge. Planetaries have

both advantages and disadvantages over OH/IR stars. There are two advantages:

1) they are, at least above \b\ - 2 , discoverable via optical spectral lines

as well as radio emission, and their distribution can be traced over a much

greater range of latitude. 2) They are stronger radio continuum emitters than

OH/IR stars, so that spectral absorption in molecular clouds close to the plane

is not a problem.

Within 2 of the center, where optical observations are no longer useful,

planetaries suffer a single tremendous disadvantage: their lack of radio

spectral emission makes them very difficult to distinguish from background

sources and, in particular, compact H II regions. For that reason, much of the

effort in this work must be directed towards extracting the true distribution

of planetaries from the observed distribution of all radio sources in the sur-

vey.

History of the Survey

The first Westerbork efforts toward a planetary nebula survey near the

galactic center were made in early 1974 under a proposal by J. Oort, R. Ekers,

M. Goss, H. Habing, G. Miley, and J. Borgman. These consisted of seven 6-cm

fields within about 20' of the center. Several point sources were found, but

confusion and dynamic range problems caused by the proximity of Sgr A limited

the usefulness of the observations.

Oort, Ekers, and Habing proposed four 21-cm fields at somewhat greater

distances from the galactic center in September of 1974. The fields were chosen

to contain a large number (18) of optical planetaries from the Perek and Ko-

houtek (1967) catalogue. Seven of the 18 nebulae were detected in the 21 cm

continuum, which results were encouraging enough to justify the observation

of two more 21-cm fields, plus some additional observations of the original

fields, in mid-1975. The six fields were spaced roughly along a line running

through the galactic center, from (ü11, b11) = (4°, -4.5°) to (357°, 4°)

as seen in fig. 1.1.

The most fruitful field (field "PNEB 6") was, not surprisingly, the one

closest to the galactic center. Field 6 contains Sgr A at about the 0.1 power

point, which is quite sufficient for the grating ring response from such a

strong source to be an annoyance. For this reason, A. de Bruyn, Ekers, Habing,

sä??
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Fig. 1.1 21-cm fields in the Westerbork galaotia center planetary nebula

survey. Circles show half-power primary beam width.

Oort, W. Shane, and J. Wouterloot proposed in December 1975 that an additional

4 x 4 be observed in field 6 to push the first grating lobe response out to

80' from the source.

Once these observations were done, Wouterloot analyzed the entire data

set in detail (Wouterloot and Dekker 1979). What stands out in his results is

that in only two of the fields (3 and 6) is the detected number of 2I-cm

sources significantly greater than what would be expected from the extra-

galactic background. The field centers of PNEB 3 and 6 are, respectively,

1.46° and 0.61° from the galactic center, so it was clear that future obser-

vations should be in fields within a degree or two of Sgr A.

Fields 7, 8 and 9 were proposed in May 1977 by myself, E. Dekker, Habing,

Oort, Shane, and Wouterloot. These three fields, plus further analysis of

fields 3 and 6 form the 21-cm data base for this thesis. Several 6-cm fields

scattered among the 21-cm fields have also been observed since, as will be
if



seen, spectral index data is crucial for distinguishing planetaries from back-

ground sources.

Content of this Thesis

Because the galactic center is a hostile environment, and because plane-

taries are weak radio emitters, it is not clear a priori that one expects to

detect any planetary nebulae at all in the nuclear region of the Galaxy. Chap-

ter II therefore deals with the expected lifetime and flux density distribution

of galactic center nebulae.

Chapter III gives the principal observational results from the Westerbork

data. Also included are the results of some pilot observations with the Very

Large Array, which were intended to distinguish planetaries from other radio

sources on an individual basis.

Chapter IV corrects the observed source distribution for selection effects

by employing the flux density model from Chapter II. Optical nebula counts are

used to extend the distribution to higher latitudes.

Chapter V tests mass models of the galactic Dulge against the corrected

planetary nebula distribution derived in Chapter IV.

Chapter VI deals, not with planetary nebulae, but with OH/IR stars. The

mass models applied in Chapter V are useful only at angular radii greater than

^0.4 from the galactic center, so we require some other tracer for the region

closer to the center. The deep OH/IR star survey within 1 of the galactic nu-

cleus fulfills this purpose.

Chapter VII uses the detection probability techniques derived in IV to

correct the distribution of optical nebulae in M 31. The mass models of Chap-

ters V and VI are then applied to compare the structure of the bulge of M 31

to that of the Galaxy.

Chapter VIII summarizes the results of the previous chapters and suggests

some future work that would strengthen the present results.

In summary, we will be seeking to answer the questions:

1) What is the expected lifetime of planetary nebulae near the galactic center?

2) What is the intrinsic radio flux distribution of planetaries there and in

the solar neighborhood? Are they optically thick or thin to ionizing ra-

diation?

3) What is the distribution of planetaries in the galactic bulge? What does

this imply about the number of planetaries in the Galaxy and the structure

of the bulge?



4) Is the distribution of OH/IR stars in the bulge consistent with that of

planetary nebulae?

5) How does the structure of the bulge of II 31 compare with that of the Milky

Way?
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CHAPTER II: DETECTION PROBABILITY CONSIDERATIONS

r
Introduction

In interpreting the results of this planetary nebulae (PN) survey, two

important questions must be asked, namely (1) how complete a sample can one

expect to detect near the galactic center, and (2) are the radio characteris-

tics of the sample comparable to those of PN in the solar neighborhood? Ques-

tion (1) is strongly related to the expected lifetime of planetaries in the

galactic center, where the density of the ISM is greater than in the solar

neighbornood and the velocity dispersion of the planetary nebula population

higher. Ram pressure effects can therefore be considerable, so we must develop

some means of predicting PN lifetimes.

Question (2) arises since surveys by Webster (1975), Vorontsov-Velyaminov

et al. (1975) and Kostyakova (1977) have suggested that PN seen in the direc-

tion of the galactic bulge are younger and of a lower excitation class than

nearby PN. Recent high-resolution Nell observations by Lacy et al. (1979) have

also revealed several galactic-center compact sources whose intensities, velo-

city widths and emission measures are characteristic of low-excitation PN.

Moreover, Zuckerman et al. (1978) have proposed on the basis of evolutionary

considerations that galactic center PN should be oxygen-rich and of lower mass

than local objects. (Webster (1976), however, has analyzed optical line strengths

and finds no such oxygen abundance anomaly).

A reasonable model of the structure and continuum radio evolution of pla-

netaries allows both questions to be approached. First, we will calculate the

expected lifetimes in the galactic center, then use this result in predicting

a flux-density distribution. We can use the flux distribution of solar neigh-

borhood PN as a check on the "unperturbed" flux distribution, i.e. without the

ram pressure effects. '::



Previous Ram Pressure Work

Smith (1976) has considered the braking of planetary nebulae by their mo-

tion through the interstellar medium (ISM) by modifying the momentum-conserving

"snowplough" model of Oort (1951). Adopting an interstellar mass density of
-25 -3 < -3

10 g cm (<̂  0.1 atom cm ) and a nebular velocity with respect to the ISM

of 60 km/s, he found that the characteristic time scale required to flatten

the leading half of the shell was in general very much greater than the ob-

servable lifetime of the nebula. He did not include the effects of mass loss

from the central star, as we shall do.

Several other authors have done numerical studies of planetary nebula ex-

pansion, including Hunter and Sofia (1971), who also neglected a possible

stellar wind and Mathews (1966), who found that such a wind was required to

maintain the characteristic central hole in the nebula. Neither of these works,

however, took motion through the ISM into account. That such motion can have

observable effects is exemplified by NGC 6543, which shows a bright "pole" in

forbidden line maps as well as a radio "tail" on the opposite side of the ne-

bula (Philips et al. 1977); these criteria have been proposed by Gurzadyan

(1969) as indicative of compression and shear by the ISM. (But see Millikan,

1974, who observes a symmetric low-density halo which surrounds the supposed

tail of NGC 6543). Smith measured the position offsets of several local pla- f

netaries1 central stars — presumably arising from differential deceleration of |

the nebula by the ISM — but found a null result.

Equations of Motion

If a "snowplough" model is to obtain, we must first establish that inter-

stellar gas, which will shock-heat the nebula, will be accreted at all. Follo-

wing the treatment of Savedoff et al. (1967), we find that an impacting gas

speed of 120 km/sec yields a shock temperature of a. 2 x 10 K and a density

enhancement of a factor "u 5. (See Table 2 of Savedoff et al.).

Savedoff et al. computed the cooling time for shocked gas at various tern- '*'j

peratures from radiation losses in heavy ions. For gas at 2 x 10 K, the den- *f
4 3 - 3 %

sity-dependent cooling time to 2 x 10 K is ̂  5 x 10 yr cm . Additional |f
cooling down to typical planetary nebula temperatures of 1.2 x 10 K should jif

-3 $
take no more than an additional 2000 yr cm (see their Table 4), for a total %

3 -3 -3 '•?
of ^ 7 x 10 yr cm . For an unshocked ISM density of 1 atom cm , the cooling £
time is therefore ^ 1400 yr. In that time, the gas travels only 'v» 0.06 pc along '•';

8 '



the surface of the nebula before cooling and being accreted. The small fraction

of the gas that impacts far from the planetary's leading edge will escape by

blowing around the sides- Since so much of the shocked gasses1 initial kinetic

energy goes into ionization and radiation losses, we can conclude that sub-

stantial accretion will take place, and that the snowplough model is relevant.

The nature of the momentum coupling between the central star and the ne-

bula is also an important question. Although Mathews (1966) suggested that a

stellar wind created planetaries' characteristic central holes, calculations

by Ferc.h and Salpeter (1975) showed that dust, radiatively accelerated by the

star and electromagnetically coupled to the gas, could be responsible. They

showed, however, that the effects of the dust on the gas were most pronounced

when the nebula was optically thick. This will occur at an early stage in the

expansion, when dynamical effects of accretion from the ISM are unimportant.

Two other factors in Ferch and Salpeter's results suggest that a gaseous stel-

lar wind is more important for present purposes than radiation-driven dust.

-4

(1) When x < 1, only a fraction a» 10 of the energy radiated by the star

is converted via the dust into kinetic energy of the nebular gas.

(2) The outward motion of the dust grains relative to the gas is small,

and observational evidence in NGC 7027 (Becklin et al. 1973) suggests that the

dust is well mixed with the gas. The dust probably contributes, therefore,

only a small fraction of the nebula's expansion momentum at late stages. Den-

sity clumping and filamentary structure probably have more important dynamical

effects.

We will therefore employ a simple dynamical model in which an expanding

shell accretes mass from a stellar wind and from the ISM. A similar structure

will be used later to predict the radio emission.

The geometry of the problem, in the reference frame of the central star,

is shown in fig. 2.1. For a differential section of the leading edge of the

nebula (position angle 0 = 0 ) , having surface area dA and subtending a solid

angle du at the central star, the equation of motion is

(2.1)
dt2 T-7 «If - v 2 <£«If v

where p is the mass density of the ISM, VTC;M the speed of the nebula through

the medium, ft the mass loss rate via the stellar wind from the central star,

V„ the stellar wind velocity, and dm the mass of the differential leading

section. dm/dA is thus the leading surface density. The mass of the section



.

4

• • •

•

*

* * *

•

ig1. 2.1 The geometry of the problem. Velocities are measured in the refe-
rence frame of the central star. The initial shell expansion velo-
city is V .

increases with time due to accretion from the ISM and the stellar wind, as

follows:

(2.2) dtn(t) = m dfl
drN dA dt'

where m is the initial mass of the nebula shell. The differential area dA is
o

also a function of time through its dependence on r:

(2.3) dA =

where £ is a geometrical factor (£, > 1) accounting for the flattening of the

shell. The trailing part of the nebula (-^ < 0 < -s-), with radius r , t%dll
z. — — z t

maintain a spherical shape, insulated from accretion from the ISM as long as

VT_M > dr /dt. For high velocity nebulae this will in general be true, so that

the equations of motion for r will be equations (2.1) and (2.2) with p = 0 and

equation (2.3) with E, = 1. We assume that the leading part of the shell will

be flattened into an approximate oblate spheroid with minor radius r and major

radius r , so that the factor E, represents the ratio of surface areas of the

spheroid to a sphere with the same minor radius.

30



Thus,

(2.4) £ = j

2 2 2
where e = 1 - r /r .

By assigning values for p, V_SM, V , and ft and initial values for r,

dr/dt, and m, equations (2.1) - (2.4) can be easily evaluated numerically. It

is clear that, initially, r = r . Mathews (1966) has proposed that ft may de-

crease with time, on the basis of Harmon and Seaton's (1964) determination that

the radius of the central star shrinks from 1 R to 0.03 R during the life-
® a

time of the nebula, increasing in escape velocity and thus inhibiting mass

loss. We will not take this into account, assuming ft to be constant over the

planetary's life.

Oort (1977) has determined a velocity dispersion of 134 km/sec for 64

nebulae with known radial velocities and within 700 pc of the galactic center,

while Baud (1978) found a dispersion of 130 ± 20 km/sec for the radial velo-

city distribution of Type II OH masers, which probably belong to the same dy-

namical population as planetaries. We will adopt a value of 120 kin/sec for

V _M. For the moment, all calculations will be scaled to an ISM gas density
-3 4

of 1 atom cm ; assuming that the gas consists of 90% Hi and 10% He by num-
-24 -3

ber, this represents a mass density of 2.18 x 10 g cm

We must also define a scale time characterizing disruption of the nebula

by the ISM. Smith (1976) used the criterion r = 0, that is, the time that the

unbraked central star penetrates the decelerated leading edge of the nebula,

and did not consider the change in curvature of the nebula itself. This implies

a certain optimism about the durability of the shell, since both its flattening

and expansion accelerate the mass accretion rate from the ISM, hastening the

onset of a Rayleigh-Taylor instability. Gurzadyan (1969) has shown that the

instability will set in when the nebula has accumulated an amount of material

on the order of its initial mass. This time scale for mass accretion is also

comparable to the time scale for deceleration in Oort's (1951) snowplough

model.

There is, moreover, shear on the nebula as a consequence of the largely-

undamped tnotion in the direction perpendicular to V T„ M, and of the unequal

accretion of mass from the ISM as a function of position angle 0. Equations

(2.1) - (2.3) can be written in vectorial form and broken down into x and y-

components (parallel and perpendicular to V.__M, respectively) and then solved

for any value of 0. Figure 2.2 illustrates the solutions for the x- and y-

11



20° «f 6(r 80°
Position angle 9

Fig. 2.2 x- and y-aornponents of the leading shell velocity as a funetion of
position angle 0 at (dotted line) 5000 and (solid line) 15.000 years
after the shell ejection.

components of the shell velocity (with respect to the star) as a function of

0 at two stages in the planetary1s lifetime for a typical set of parameters.

At T = 5000 yrs, the nebula is still approximately spherical and the velocity

components vary sinusoidally with 0 as expected. At T = 15.000 yrs, however,

the y-motion has been accelerated due to the stellar wind, while the x-motion

has been largely damped out by the ISM. The latter no longer varies as cos 0

due to the variation of surface density with Q; furthermore, the material at

0 - 60 has begun to move backwards (as seen by the central star) even through

the leading edge is still moving forward at 3.6 km/sec. The nebula is thus

starting to tear apart, demonstrating that the time scale for its destruction

by shearing is the same as that for its deceleration. We will therefore charac-

terize the interaction between the shell and the ISM by the time T necessary

to bring the leading edge to a stop with respect to the central star. Note

that in Oort's snowplough model this never occurs, since there is no motion

against the ISM. T is therefore not necessarily the scale time for a Rayleigh-
s

Taylor instability.

)i

I
1
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P/V Lifetimes

We have calculated ehe stopping time T for a large number of models,
s

taking as free parameters the stellar mass loss rate ft, stellar wind velocity

V , initial shell mass (including any neutral component) m , and initial shell

expansion velocity V .

As stated earlier, we will consider planetaries moving at 120 km/sec
_3

through an ISM with a mean density of 1 atom cm . Virtually all observed

planetary nebulae have expansion velocities within a factor of two of 25 km/

sec, so we will investigate those having initial expansion V of 10, 25 and

50 km/sec. (Figs. 2.3, 2.4 and 2.5 respectively).

The masses of planetary nebulae are very poorly known, due partly to

the lack of a reliable luminosity function or distance indicator. The so-

called "constant mass" method developed by Shklovsky (1956) provides a distance

determination based on a nebula's Hß intensity on the assumption that all

planetaries have about the same ionized mass. Observations of nebulae at a

known distance, in the Magellanic Clouds, have suggested an ionized component

of i' 0.2 M . Cahn and Kaler (1971) compiled a distance scale on this basis,
® , 5/2

which Weidemann (1977) has argued is 30% too low. From the (distance) mass

dependence of the Shklovsky method, this would increase the mean ionized mass

of planetaries to - 0.4 M .

Wood and Cahn (1977), however, have proposed on theoretical grounds that

Mira variables engender planetary nebulae with a bimodel mass distribution

peaking at 0.01 and 0.8 M_. Zuckerman et al. (1978) have also argued that

galactic-center planetaries tend to be smaller and much less massive than

those in the solar neighborhood, and Peimbert (1973) has suggested that K648,

a planetary nebula in M 15, is only 0.018 M_. In order to encompass a reason-

able range of initial masses, Figs. 2.3 - 2.5 each show T for m = 0.01, 0.15,
s o

and 0.6 M .
®

Characteristics of the mass loss from the central stars of planetary ne-

bulae are also somewhat uncertain. Typical loss rates for M giants - possible

precursors of planetaries - range up to 10 M yr at 'o 1000 km/sec, though
0 -4 -1

Philips and Reay (1977) propose a short-term rate of 10 M yr to form the
©

nebula itself. V 1016 Cygni is apparantly a late M-type star that underwent a

sudden transition into the planetary nebula stage in 1965 and is now losing
mass at 10~ - 10~ M yr~ at 105 km/sec (Fitzgerald and Pilavaki 1974; Kwok

0 - 5 - 1
1977; Ahem et al. 1977). We will consider ft up to 10 M yr at velocities

&
Vw of 75, 150, and 300 km/sec.
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Figs. 2.3-2.5 "Stopping time" T for leading edge. Shell is presumed to move
at 120 km/sea through an ISM of 1 atom em~3. Initial shell
masses mo are (1) 0.01, (2), 0.15, (3) 0.6 Me. Stellar wind
velocities Vw are (solid line) 75, (dotted line) 150, and
(dashed line) 300 hn/sea. Initial shell expansion velocity V
is (fig. 2.3) 10, (fig. 2.4) 25, (fig. 2.5) 50 hn/sec. e
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Fig. 2.6 The radius in the forward direction at the time that point is brought
to a halt (R - r (Q = 0, T = Ts))3 as a function of stellar mass
loss rate and wind velocity, for Ve = 25 km/sec. The ISM parameters
are the same as in Figs. 2.3-2.5. The initial nebula mass for each
set of curves is (1) m0 - 0.01 MQ , (2) 0.15 Mo } (3) 0.6 ~M&.
Stellar wind velocities are (sol%d line) 75 ten/sea, (dotted line)
150 ten/sec, and (dashed line) ZOO ten/sea.

The results of the calculations are summarized in Figs. 2.3-2.5, which

display the stopping time T for the leading point of the shell as a function
s

of the stellar mass loss rate, for three values each of the stellar wind velo-

city and initial shell mass and expansion rate. Moving from figure 2.3 to 2.5,

corresponding to increasing the initial expansion velocity V , one notices

that the effect of changing V w decreases. This reflects the decreased fraction

of the shell's momentum contributed by the stellar wind if the shell is given

a high initial expansion velocity.

It is also clear from the figures that mass loss from the central star

only affects the stopping time significantly when M \ 10 M_ yr . For the

two more massive nebulae indicated, the effect never exceeds a 25% change in
T even when M = 10 M yr and Vr. = 300 km/sec. It is also of note that,s , a. to

above M 'v 2 x 10 M yr , increasing the stellar wind velocity causes T

to decrease, contrary to what might be expected. A similar effect holds for

the initial expansion velocity, V ; in both cases, the phenomenon arises be-

cause the nebula more quickly reaches a large radius at which the decelerating

force of the ISM (which is proportional to the shell surface area) becomes

important. This can be seen in Fig. 2.6, which shows the dependence on M of R ,

the distance from the central star to the leading edge at the stopping time

T . R varies much more regularly than T with M, and in the "correct" manner;
s s s

that is, the maximum radius in the leading direction increases with both the

mass loss rate and stellar wind velocity, so that the average shell velocity

(with respect to the star) over the lifetime of the nebula increases as ex-

pected. Only the case V = 25 km/sec is shown.
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As the mass loss rate goes to zero, we approach fie case considered by

Smith (1976), who found that the time required for the central star to catch

up to the decelerated leading edge is

e e e

where m is in M , V in km/sec, and n is the number density of atoms in theo „ & e
ISM in cm , assuming a 10% He fraction by number. The stopping time T will

s

be proportional to T _ in the limiting case of a high-velocity nebula in

which V T„ M >> V . For the general case of an ISM with mass (not number) den-

sity p, we have

(2.6) T = K( ~ ) 1 / 3

where K is the proportionality constant as M •*• 0. Inspection of Figs. 2.3-2.5

shows that (2.6) is a good approximation when K = 1.9 x 10 yr when p =
-24 -3

2.18 x 10 g cm This value can also be obtained rigorously from Smith's

(1976) results in the limit VT„„ » V .
ISM e

In the solar neighborhood, the stopping time T is, for reasonable values
of m , V , and V , much larger than the observed lifetime of PN regardless

o e 1 oiM

of the stellar mass loss rate M. This result agrees with the conclusion of

Smith (1976) for M = 0.

The situation is different in the galactic center, where p may be as high
-3

as ^ 1 M pc due to gas in- the form of molecules (Bania 1977). For m =© o
0.2 M , V = 2 5 km/s, V = 125 km/s, equation (2.6) gives

(2.7) T * 5000 p~ I / 3 yr
s

-3
for p in M pc .It therefore seems that the lifetime of galactic center PN

is only ^ 5000 yr.

The final radius R „ will scale with T : R a V T from dimensional -
stop s stop e s ,1

arguments. For the same "typical" nebula parameters, fig. 2.6 therefore implies ';i

a radius -|

I

for moderate values of the stellar mass loss rate. Galactic center planetaries |f

will thus be destroyed shortly after reaching a radius of % 0.13 pc. This cut- •••'
•}
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off will be useful in predicting the nebulaes1 radio flux distribution.

Radio Evolution and Deteetability

We can determine the completeness of the radio sample of galactic bulge

PN by calculating the fraction of a nebula's radio-emitting lifetime during

which it is brighter than some detection threshold. If the expected radio

emission is weaker than the detection threshold only at times greater than the

expected lifetime (eqn. (2.7)), then the detected sample is, in principle,

. fairly complete.

For thermal emission from a uniform disk, the continuum optical depth of

the nebula obeys the well-known relationship

3.01 x 10~2 E , _
(2.9) T = „/? ? In (4.95 x 10~z T J / z v )

c T Hi. ^ e

where T is the electron temperature, V the frequence in GHz, and

E = / N ds is the continuum emission measure in cm pc. To evaluate E ,
c o e r c

we will assume an average atomic weight of 1.3 and a shell thickness of 0.3r,

where r is the radius of the nebula. Other authors (e.g. Kwok et al. 1978)

have adopted a similar shell thickness; observations certainly allow some va-

riation in this, but it will be kept constant here in order to limit the num-

ber of free parameters. Milne and Aller (1975, hereafter MA) adopted a PN

shell mass M = 0.16 M , which we will use as a starting point. Except at the
s ®

edges of the shell, we can approximate the emission as coming from two parallel

disks, so the emission measure as a function of radius becomes

(2.10) E =112.5 R~5 M? cm"6 pc
c ion

where R is the average shell radius in parsecs and M. is the mass of ionized

material (in M ), which will be less than or equal to the shell mass M while
® s

the nebula is optically thick in the Lyman continuum. Equation (2.10) also in-

cludes a shell filling factor (due to dumpiness) of 0.6 (MA). We will substi-

tute (2.10) into (2.9) and (2.9) into the standard expression for the flux
3

density, taking a constant electron temperature, T = 1 2 x 1 0 K. Although

the temperature of the central star changes during the life of the nebula,

Hummer and Seaton (1964) have shown that T stays roughly constant through 1

nebula due to the moderating influence of collisionally excited heavy ions.

17



The continuum flux density of the nebula proper thus becomes

(2.11) S p N = 1.16 x 10
6 (^ f (l-exp(-Tc)) mJy

where D is the distance of the nebula from the Sun in kpc and v is the fre-

quency in GHz.

To calculate T , we must know how much of the shell is ionized while it

is optically thick. Given the radius-dependent density of the nebula, the

available stellar UV photons can ionize a mass (Strömgren 1939)

(2.12) M. = 2.3 x 10 R ' N 2 M
ion c ©

where the temperature-dependent recombination coefficient has been absorbed

into the constant, and N is the rate in sec at which the central star emits

Lyman continuum photons. Once M. equals the shell mass, UV photons become

available to ionize the surrounding interstellar gas. If they are available

in significant numbers, there will thus be a Strömgren sphere associated with

the central star from which additional free-free emission will be detected.

(We assume that there will not be significant shielding of the ISM by dust in

or around the nebula). If the nebula absorbs a fraction r\ of the stellar ul-

traviolet photons, and if the interstellar medium is ionization bounded and

optically thin in the radio continuum (the latter two conditions generally ob- )|

taining for Strömgren spheres), then the continuum flux density of the ionized .'

region surrounding the PN is (Mezger 1972)

Nc ° 4 5

(2.13) S = 5—n-r-
I S M 4.76 x 1051 D2 V0*1

where T is the electron temperature of the interstellar medium and a is a

slowly-varying function of order unity. We will adopt a = 1, T_„M = T .

Assuming the star to radiate as a blackbody, its temperature T and luminosity

L yield N via the Planck integral.

To obtain a (nebular) radius-dependent expression for S analogous to

equation (2.11), we require radius-dependent evolutionary tracks o(R), T (R),

and L (R). Seaton (1966) has calculated all three (his figures 5, 6 and 8 for

T (R), L (R), and n(R), respectively). Polynomial approximations to each are

listed in Appendix IIA. More recent observations, however, suggest that Seaton

drastically overestimated the temperatures and luminosities of PN central

stars; evolutionary curves by Pottasch et al. (1978) fall about a factor of 10

18
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Fig. 2.7 0.10 M^ planetary nebula 21 cm conti-
nuum ' flux density vs. radius at
1 kpc distance. Solid line: nebula
observed with 15' beam, using Seaton
model for central star evolution and
nebula optical depth. Dashed line:
optically thick nebula with Pottasch
central star model.

lower in luminsity and a factor of 2 lower in temperature. We will apply both

models for comparison.

Although distant PN generally appear as radio point sources (as do most

local PN to single-dish telescopes), the Strömgren sphere is an extended ob-

ject with low surface brightness. Its contribution to the total detected flux

of the nebula will therefore not be S T m, but some fraction u)ST̂ ,,, where co de-
ISM ISM

pends on the size of the emission region and the beam solid angle. The radius

of the Strömgren sphere in pc is (Strömgren 1939)

(2.14) R = 2.01 x 10~19 n~2/3 a(T M ) ~ 1 / 3 {(l-n)N } 1 / 3

where n is the electron density of the ISM (in cm ) in the vicinity of the

nebula, and a(T ) is the H I recombination coefficient in cgs units, a(TT„.) =

4.1 x 10 1-TQM ' (Mezger 1972). We assume that we will detect emission from

a region centered on the nebula, with a solid angle equal to two beam areas.

This represents a fraction

0.64 Q D 2 R ~ 2 R /D

< 2 1 5> w S S S S

iI

1 R /D <

ss 2

of the Strömgren sphere emission. Q is the beam solid angle. Note that when

the extended emission exceeds the beam size, the total detected flux from the
-2

Strömgren sphere and the nebula, S = S + wS , will not scale as D

If Pottasch's model for the central star obtains, there are not enough

ultraviolet photons left over from ionizing the nebula to allow a significant

Strömgren sphere to form. The different X21 cm flux histories associated with

the Seaton and Pottasch central star evolutionary curves are shown in fig.2.7

for a 0.16 M nebula at a distance of 1 kpc, viewed with a 15' beam. The den-
® . . -3 .

sity of the interstellar medium is taken to be 1 cm . It is clear that
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Seaton's model leads to (a) a much higher peak flux density, and (b) a much

greater radio lifetime due to the contribution of the Strömgren sphere to the

integrated flux. Indeed, with the beam size shown, the ISM contribution domi-

nates the total 21 cm flux for nebulae greater than ^ 0.2 pc in radius. The

apparent radio lifetime in these circumstances therefore can depend strongly

on the detection threshold.

The average uncertainty of the 21 cm fluxes in Higgs1 (1971) catalog is

'V' 100 mJy for % 100 local PN observed by various authors (e.g. Kaftan-Kassim

1965; Thomasson and Davies 1970, Slee and Orchistron 1965). Taking this as a

detection limit, and assuming an average expansion velocity of 25 km/sec,

leads to a radio lifetime of 9700 y at 1 kpc, the last 2500 y of which is do-

minated by the Strömgren sphere. (Those observations, though, form a very in-

homogeneous set of beam sizes and shapes). Using Pottasch's model, the 21 cm

lifetime at that distance is 6400 y, regardless of the beam size as long as

it is larger than the nebula.

At higher frequencies, the Strömgren sphere (if one exists) gives a much

less significant contribution to the total flux due to the smaller beam size

and the low continuum optical depth of the ISM. Using aperture synthesis,

Terzian et al. (1974) did not detect any extended radio emission from 15 bright '

nearby PN at 2.7 and 8.1 GHz.

Application of the Flux Model to Local Nebulae )

Flux evolution curves analogous to Figure 2.7 allow several characteris-

tics of the local and galactic center PN populations to be calculated if the

radio detectability limit of a homogeneous sample is known. For these purpo-

ses we will use the 6-cm survey of southern PN by MA. Their HPBW was 415, and

their average peak-to-peak noise was 15 mJy, from which we can estimate a

detection threshold of 30 mJy (This is not a measure of the completeness of

the solar neighborhood PN as it is for the galactic center since local plane-

taries are usually discovered optically). ::

If PN expansion velocities remain constant over their lifetimes, then the f

flux density distribution of detected nebulae follows directly from the flux |j

evolution curve and some distance distribution. The small range of expansion »

if
Longer integration times - and hence a lower detection threshold - were used «

for the weakest nebulae in the survey. These were excluded from the present %L

calculations. £>
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velocities among all PN suggests that this is a reasonable approach. Let R(S)

be the nebula radius associated with a given flux density S , which itself

depends on the distance of the nebula from the sun. If the flux detection

threshold is S, , then, of the detected nebulae which lie at a distance D,

the fraction seen emitting in the flux range S to S + AS is

dS (D) ~! _ dS (D) "'

(2.16) 4>D (D,S) AS = j^f \ ^ I AS,
D R2(Sdet} RI(SdetJ

where the subscripts 1 and 2 represent values before and after the peak flux,

respectively. The flux distribution of all local nebulae is then the mean of

<)) (D,S)AS weighted by the fraction of nebulae in each distance interval,

e(D)AD. The observed distribution thus becomes

/ <}) (D,S) e(D) dD

(2.17) 4,(8) AS= ; e ( D ) d D •

<j)(S) AS is model-dependent in its reliance on both a flux evolution curve

(as in fig. 2.7) and a distance scale. MA derived distances using the radio

analogue of the method of Shklovsky (1956), which assumes that most PN are op-

tically thin in the Lyman continuum. If the assumption is correct, then that

distance scale enjoys the advantage of depending only weakly on the (poorly

known) average nebula mass. Although it has been taken to be true in the past,

recent work based on ANS observations suggests that most nebulae are in fact

optically thick (Pottasch et al. 1978; Natta et al. 1980), so that distances

obtained by the Shklovsky method will be overestimated. Comparison of the

model and observed flux distributions can therefore serve as a test of that

hypothesis.

Equation (2.17) was first evaluated for nearby PN by using MA's distance

distribution e(D) AD characterizing the 84 PN with D < 3.5 kpc with distance

bins AD = 500 pc. <j>(S,)AS is shown as the dashed line in fig. 2.8a, using

logarithmic flux intervals Alog S, = 0.159 and a detection threshold of 30 mJy.

The flux distribution of the local planetaries themselves is shown as the solid

line, and clearly agrees reasonably well with the model, although the latter

shows an unobserved high-intensity tail. The apparent departure of the theo-

retical curve from the actual distribution at high flux densities is exagge-

rated by the logarithmic scale of the plot and the small number of sources in-

volved; between 2446 and 3989 mJy, for example, one nebula is observed whereas

"1.9" is expected.
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Fig. 2.8 Logarithmic 6-cm flux density distribution of local nebulae. Solid
line: observed, dashed lines: Seaton model with (a) M = 0.16 M
(b) 0.1 M . Dotted line (b): M = 0.3 M . &

e &

We can iterate on M to find the mass which best describes the flux den-
s

sity distribution on the assumption that the nebulae are optically thin. Flux

evolution curves for several values of M were calculated and the distances of

MA were scaled by (Mg/0.16) * , which is the mass dependence of the Shklovsky

distance method that they used. The new distances formed a new e(D)AD, which

combined with the evolution curve to make a new flux distribution. This can be

compared with the observations, and the value of M can thus be adjusted to re-

peat the process until the best agreement is reached. Figure 2.8b compares the

observed distribution with model distributions derived from M =0.1 and 0.3 M .
s @

The higher mass seems to demand the presence of more bright nebulae than

are known to exist. The lower mass appears to fit the observations better than

0.16 M@, but, again, this is an artifact of the logarithmic scale of the plot,

which masks the discrepancy at the low flux end. In fact, the RMS deviation of

the 0.16 M^ flux distribution (fig. 2.8a) from the observations is about 5%

better than either 0.1 or 0.3 M_ (fig. 2.8b). .
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Fig. 2.9 Solid line: observed logarithmic 6 am flux density distribution for
local nebulae using Acker distance soale. Dashed line: model distri-
bution for optically thick 0.21 M nebulae using Pottasah central
star parameters.

To test the flux distribution of the optically thick model PN with dimmer

central stars we cannot use the optically thin MA distances. Pottasch et al.

(1978) prefered the synthetic scale derived by Acker (1978), which uses opti-

cal depth information. The new observed 6 cm flux density distribution for lo-

cal nebulae is shown as the solid line in fig. 2.9; it differs from the observed

distribution in fig. 2.8 and because the new distance scale brings wore nebulae

(96) within the 3.5 kpc distance cut-off than before (84). This is a consequence

of the ionized mass being much less than the shell mass M among many optically

thick PN.

Iterating to find the most appropriate mass for the new model yields a

best-fit value of M = 0.21 + 0.03 M , shown as the dotted line in fig. 2.9.

(The "error bars" in this case are defined as the bracketing values at which

the RMS deviation of the model distribution from the observations increases

by 10%). The agreement is clearly much better than the optically-thin case

with high central-star luminosities; in fact, the RMS deviation is better than

twice as good (0.0115 for the optically-thick model vs. 0.024 earlier). In

particular, the high-intensity tail has been eliminated from the model without

incurring a severe excess in the expected number of low-intensity sources.

The flux evolution curve suggests another test of Pottasch's model. By

calculating a flux evolution curve for the average distance of the nebulae in

each distance bin, we can immediately read off the expected maximum radius

associated with the detection limit in each case. Table 2.1 lists the number
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Distance

(kpc)

< 0.5

0.5 - 1.0

1.0 - 1.5

1.5 - 2.0

2.0 - 2.5

2.5 - 3.0

3.0 - 3.5

Table 2.1

Nebulae Obs.

6

14

20

18

13

13

12

Predicted maximum radius is the
of a nebula at a given distance

Tiax. radius

(pc)

.310

.339

.288

.157

.188

.145

.123

PN radius at
falls below

Predicted max. radius

(pc)

.479

.337

.274

.238

.202

.176

.158

whioh the 6-am flux density
the detection threshold.

and average distance of the PN in each bin, and the expected and actual maxi-

mum radius that occurs. The agreement is reasonable, although the test is

rather crude since, as O'Dell (1962) has shown, the radius of optically thick

nebulae will generally be overestimated.

The close agreement of the predictions of the optically-thick model with

the observations suggests that the nebula and central properties deduced by

Pottasch et al. (1978) are correct. We will therefore apply them, with a total I

shell mass of 0.21 M , to the galactic center. It should be borne in mind that,

amount real nebulae, variation in, say, composition and shell thickness cause

the true uncertainty in the mass to be greater than the formal error of 0.03 M
@

mentioned above.

Flux Distribution of Galactic Center Nebulae

If we survey a region lying within some small angular distance 6 from the i

galactic center, the number of nebulae in the associated solid angle, lying be- -:

tween a distance D and D + AD along the line of sight from the sun is approxi- ~|*

mately ^
(2.18) N(D)AD = 2TT AD / D S l n 9v(d) z dz, §

° %I
where v(d) is the space density of PN at a distance d from the galactic center

and z is the perpendicular distance from the galactic plane. The exact form of

24
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Fig. 2.10 Flux evolution of optically thick (solid line) and optically thin
(broken line) galactic center planetary nebula. Horizontal dotted
line represents 21 cm detection threshold of 5 mJy.

the space density v(d) is not crucial, since the nebulaewill be strongly con-

centrated to the galactic center.

We now calculate a 21-cm flux evolution curve for the galactic center

analogous to fig. 2.7, using the properties of the Westerbork synthesized beam.

The resultant curves for the optically thick and thin cases with M , ,, =
shell

Q.21 M are shown in fig. 2.10, along with the detection threshold,

S, = 5 mJy at the field centers.

It is clear by a comparison of figs. 2.7 and 2.10 that our galactic center

survey would only be seeing the high-intensity tail of the solar neighborhood

PN ensemble if the latter were moved to a distance of 9 kpc. In equation (2.8),

however, it was shown that galactic center planetaries rarely get much larger

than R = 0.13 pc; only young, bright nebulae survive the ram pressure effects

there, and these are the very nebulae that our survey could in principle pick

up. It therefore appears that the planetaries which are too weak to be found

have been destroyed by ram pressure anyway. This argument weighs a much deeper

radio survey. Even if ram pressure effects were not seriously limiting the

average nebula lifetime, the curves in fig. 2.10 by themselves militate against

a moderately deeper survey, for their steepness causes a moderate increase in

sensitivity to yield only a marginal increase in the fraction of a nebula's

lifetime during which it is visible.
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Fig. 2.11 Normalized model 21—am flux distributions for (solid line) optically
thick and (dotted line) optically thin galactic center PN.

Optically thick and thin flux density distributions can be calculated from

fig. 2.10 using equation (2.17). However, because this is an aperture synthesis

survey, the detection threshold S, is not constant throughout the field but

increases in proportion to the primary beam attenuation factor. This correction,

detailed in Appendix IIB, is our principal source of incompleteness.

The resultant predicted flux distributions are shown in fig. 2.11. The

sharp cutoff at the high-flux end of the optically thick (}>(S) is an artifact

of the single mass and electron temperature that went into equations 2.10 and

2.11. Kaler (1970), for example, finds that the mean [0 III] electron tempera-
3

ture for nebulae that show He II lines is 14 x 10 K (as compared with

12 x 10 K adopted here), and there will always be PN that are more massive

than the average. Both effects would populate the high-flux end of i£(S) more

heavily. Weidemann (1977) has suggested that the mean PN mass should be in-

creased to 0.4 M , but the flux distributions derived above argue against such
®

a substantial change. Nebulae farther than a few hundred pc from the galactic L

center towards the sun will also appear brighter. 3

Some linear combination of the two distributions shown in fig. 2.11 should

account for the PN flux distribution at the galactic center; if the results

from the solar neighborhood are any indication, we can expect the optically

thick case to dominate, so that we can expect few galactic center planetaries

brigher than % 30 mjy at A21 cm.

%

1
&

-i
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Ram pressure effects of the interstellar medium on high-velocity planetary

nebulae do not significantly affect their lifetimes in the solar neighborhood.

In the galactic center region, however, large amounts of gas in the form of

molecular clouds restrict the lifetime of PN to about 5000 yrs (versus about

five times that amount near the Sun). Including the effects of mass loss from

the central star, we expect the maximm radius of galactic center planetaries

to be about 0.13 pc. The expected radio flux from nebulae of this size is com-

parable to our detection level, so ram pressure is not the primary cause of

incompleteness of the survey.

The radio emission model takes into account the evolution of the central

star and the ionization of the interstellar medium and can reproduce the radius

and 6 cm flux distributions of solar neighborhood PN. This supports the con-

clusion of Pottasch et al. (1978) that, contrary to earlier expectations, most

PN are optically thick in the Lyman continuum. The average shell (not ionized)

mass of local planetaries seems to be about 0.2 M , in agreement with the

usually-adopted value. Red-giant evolutionary studies by Wood and Cahn (1977),

on the other hand, predict a nebula mass of 0.8 M , which is inconsistent with

the radio data unless a large neutral component is always present, as in the

model of Kwok et al (1978).

If planetaries are optically thick to hydrogen ionizing radiation then

they are not a significant source of ultraviolet pho_ons in the interstellar

medium. Even if they are optically thin, the central star luminosities implied

by ANS observations yield a total flux of ^ 5 x 10 UV photons s from all

PN. This is more than a factor of 100 smaller than earlier estimates (e.g.

Terzian 1974) that assumed a large number of PN in the Galaxy ( ^ 4 x 1 0 ) and

the high stellar luminosities of Seaton (1966).

Applying the model to galactic center nebulae yields a flux distribution

that peaks at about 30 or 65 mjy, depending on whether they are also optically

thick. Combined with the PN lifetimes derived from the ram pressure arguments,

it appears that there will be few galactic center nebulae weaker than about

5 mJy at 21 cm, except for very young objects.

r
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Appendix HA

The characteristics of Seaton's (1966) model for the evolution of PN

central stars (T , L ) and the fraction n of Lyman continuum photons absorbed

in the nebula can be approximated as follows:

(AI) T

3.5! x 105 R°- 6 4 0

1.20 x 105

6.35x10* if0'583

R < 0.188

0.188 < R < 0.334

0.334 < R < 0.6

(A2) log ( —• ) = -4.684 (log R ) 2 - 9.811 log R - 0.745
Li

I
(A3) log n =

-7.624 (log R ) 3 - 15 (log R ) 2

-9.413 log R - 2.719 0.06 < R < 0.161

2
|-1.673 (log R ) J - 0.293 (log R)

[+2.683 log R + 0.592 0.161 < R < 0.6

where R is the radius of the nebula in pc, as before, ri = 1 outside the range

0.06 < R < 0.6, so no ultraviolet photons escape the nebula to ionize the ISM.

Pottasch et al. (1978) concluded on the basis of ANS observations that

L should be decreased by a factor of 10 from Seaton's model, and T by a fac-

tor of 2. In that case, there are few UV photons left over after ionizing the

nebula, so t) ^ 1 at all R.

Appendix IIB

The 21-cm Westerbork primary beam is approximately Gaussian, and the de-

tection threshold in this survey is ^ 5 mJy at the field center. This there-

fore varies over the beam as

(Bl) Sdet
, 7.2956 Ef T5e mJy,

where £ is the angular distance from the field center in degrees. Taking this

attenuation and the circular geometry of the primary beam into account, the

21 cm continuum flux density distribution of detected PN becomes
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H(S, S (Q)
(B2) ^ (S) AS = - 2 ; ^™* AS

/. C /«. , n *(S) dS dC
0 bdet {U

where H is a filter that "sees" only values of S greater than the threshold

at each point in the field, i.e. H(S, S (£)) = K 1 + sgn (S - S t<5))).

Substituting the "intrinsic" c)>(S) AS into equation (B2) yields the observed

distributions shown in fig. 2.10. It is clear that very few nebulae will be

detected close to the detection threshold near the field center. This suggests

that the best strategy for searches of this sort is to survey many fields with

moderate sensitivity rather than to spend time doing a deep search in a small

number of fields. This condition is easily understood: improving one's sensi-

tivity by a few tens of percent still leaves the detection threshold on the

steep part of the flux evolution curve of fig. 2.7.
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CHAPTER III: SURVEY DATA

Introduction

Three groups of radio observations comprise the survey data: A 21 cm

observations from Westerbork (fields 3, 6, 7, 8, and 9 from Chapter I), and

A 6 cm observations at both Westerbork and the NRAO Very Large Array. In

addition, we have a modest amount of optical information: Dr. A.G. de Bruyn

has taken Ha plates of fields 3 and 6 with the 48" Palomar Schmidt telescope,

as well as an optical spectrum of one object.

The two sets of Westerbork observations yielded all of the initial source

detections and almost all of the radio spectral index information; the VLA and

optical observations were therefore "secondary" to the extent that (1) these

provided information about a very small fraction of the data set, and (2) were

made more as feasibility tests than primary surveys.

For these reasons, the Westerbork results on the one hand, and the VLA

and optical results on the other, will be presented and discussed separately

in this chapter. The motivation for the Westerbork continuum search was dis-

cussed in Chapter I; the other observations were done to make some progress

in distinguishing planetary nebulae (PN) from contaminating classes of objects.

These are:

(a) supernova remnants and radio stars

(b) extragalactic background sources

(c) compact H II regions

in increasing order of annoyance.

Supernova remnants do not represent a serious problem because they will

very rarely be young enough to appear as point sources to the 22" Westerbork

(A 21 cm) synthesized beam, as will PN. Given the size of the survey region

(o< 4 sq. degrees) and the frequency of Supernovae in the disk (y 0.02 yr ) ,

The National Radio Astronomy Observatory is operated by Associated Universi-

ties, Inc., under contract with the U.S. National Science Foundation.
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it is easy to calculate that along the whole line of sight only ^0.4 supernova

remnants are expected to be young enough to subtend less than half a beam.

Moreover, SNRs have steep spectral indices and so are distinguished by 6 cm

observations.

Radio stars stronger than a few mJy (at A21 cm or X6 cm) are for the most

part also nonthermal; steady thermal emitters like Wolf-Rayet stars will rarely

be strong enough to show up in the data set (Dickel et al. 1980). Unlike super-

novae, nonthermal radio stars will always appear as point sources and so in

principal could contaminate source counts at one frequency (otherwise, they are

of course distinguished from planetaries by their spectral indices). There are

five categories (Hjellming 1976): UV Ceti flare stars, variable M supergiants,

"normal" radio binaries, radio X-ray stars, and pulsars.

UV Ceti stars and pulsars are low-frequency (few hundred MHz), steep-

spectrum objects and need not be considered further.

There are only a few dozen examples known of the other three classes of

radio stars, so it seems unlikely that enough fall in the survey region to in-

fluence the statistics. Moreover, all three classes show variability on a time

scale of hours or days: because all fields in the survey were observed at least

twice a few days apart, any source variability should be visible as a set of

non-cancelling grating ellipses. This is not observed in any source. h
i;

Extragalactic sources are more difficult to contend with since these j

occupy a wide range of fluxes, sizes, and spectral indices. However, the 21-cm •'

flux distribution is known (Willis et al. 1977), as, to a lesser extent, is the

21 cm - 6 cm spectral index distribution (Willis and Miley 1979), so that these

can be used to make statistical arguments to derive the number of galactic

thermal sources in the survey sample.

Among the thermal sources, though, will be both PN and compact H II regions

These are not to be distinguished by their radio continuum spectra, and can

even be confused when optical data are present (Cohen and Barlow, 1975). In-

deed, Allen (1975) has argued that NGC 7027, certainly one of the best-studied

thermal objects, is not a planetary nebula et all. •
J

Infrared detectors now under development may, through the detection of ä

high-excitation spectral lines such as {SIV} , be able to distinguish PN from Ü

H II regions at galactic center distances, but for the time being we are con- %

fined to radio observations. Since the radio spectrum is not a useful means of %

distinguishing PN, we must turn to the radio structure. This is in principle a %

powerful method, since the shell structure of planetaries usually gives rise to S

a characteristic double radio structure that distinguishes PN from more .;
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uniformly-filled objects like H II regions. Numerous examples of this structure

were observed by Terzian et al. (1974).

The radio evolution of planetaries causes the Westerbork galactic center

survey to select in favor of PN of 'o 0.1 pc radius because at that time they

are expected to be brightest at A 21 cm (Chapter II). Therefore the expected

separation of the double radio peaks is % 1 arcsec. For this reason, three ob-

jects which had been detected as point sources at Westerbork at both 21 cm and

6 cm wavelengths were reobserved at 6 cm with the Very Large Array in an attempt

to discern structure that could identify them as planetaries. One of the three

is also visible in the Palomar Sky Survey, and is the object for which we have

an optical spectrum.

Observations

Westerbork 21-cm fields

The Westerbork Synthesis Radio Telescope (WSRT) and its operation has been

described by Baars and Hooghoudt (1974); Högbom and Brouw (1974); Casse and

Müller (1974); and van Someren Greve (1974). Because of the southerly declina-

tion of the galactic center (6 = -29 ) and the elevation limits of the tele-

scope, hour-angle tracking is restricted to ± 2 from transit. This incomplete

uv-coverage gives rise to an elongated beam with radial sidelobes, shown in

fig. 3.1. The half-power beam-width is about 22" x 120" (a x 6). A description

of all five 21 cm fields is given in table 3.1, which is organized as follows:

column (1) field number; (2) date of observation; (3), (4) a and 6(1950.0) of

the field center; (5), (6) galactic coordinates of the field center; (7) inter-

ferometer spacings: 90 (72) 1458 means spacings from 90 m to 1458 m in incre-

ments of 72 m; (8) number of 4 observations x number of interferometers avail-

able; (9) rms noise (mJy) for a point source at the field center. The noise

was calculated by making a histogram of the intensities of all the points

(y 10 ) in each map; since most of the area of a map is empty of sources and

grating responses, this yields an accurate determination.

Because the observations were all at low (< 12 ) elevation, atmosphere

effects contributed significantly to the noise. Typical phase errors after ca-

libration were 2 , and amplitude errors were 2%. The sources 3C 147, 3C 48,

3C 286, 3C 309.1, and NRAO 530 were used as calibrators.
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Grating rings from Sgr A were strong in fields 6, 7 and 8. These were

dealt with in field 6 by observing at closely-spaced (9 m) baseline increments, 'i

and in fields 7 and 8 by subtracting the response of a slightly-extended source

at the position of Sgr A from the UV data before forming the map.

Sources were identified by using the "SEARCH" reduction program written

by Hoekema (1976), in which a synthesized antenna pattern is fit to candidate ;

maxima in the map. For this initial search, a map made only from baselines

longer than 100 m was used in order to minimize the effect of extended back-

ground emission. Baselines were also weighted with a gaussian taper (falling <

to 0.25 of the central value of the edge of the array) to ameliorate the deep i

sidelobes. Each source thus found was checked on a contour plot to verify that 4

it was real, and not a spurious fit to another source's grating ring.

After all sources above a level of 6 mjy (uncorrected for primary beam

attenuation) were found, they were subtracted in the UV domain, a new map was

made, and the search procedure repeated; Strong, extended sources that could

not be removed by subtraction were "cleaned" by the method of Högbom (1974).

In this way, a. 20 sources that had previously been swamped by the response to

a nearby strong source could be found.
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This search-subtract procedure was repeated — usually two or three times

per field — until all sources stronger than five times the rms noise had been

found. Finally, contour maps of the (in principle) empty fields were inspected

to see if any likely source had been missed. Candidates were tested (using the

SEARCH computer program) to see if they fit a synthesized beam pattern at an

acceptable confidence level. Only a few sources were found this way.

After no more sources could be found, all source parameters were refined

by finding them on a second map in which all baselines were used with no taper.

This allowed flux on angular scales 51 < 8 < 14' to be recovered, and the

slightly narrower synthesized beam reduced the position uncertainties by ^ 15%,

to roughly 1" x 5" (a x 6).

A significant difference between the flux obtained from the tapered and
2 .

untapered maps, or between the valus of X i-n tne two fits, implies that a

source has a significant extended component, ot and 6 crosscuts were made through

any extended source and the beam size was subtracted quadratically to gain an

estimate of its size. The minimum size that could be practically distinguished

this way was 0.2' - 0.3'. Larger sources were cleaned and restored with a

gaussian beam equal in half-power extent to the observing beam.

Westerbork 6-cm fields j

Spectral index information is required to distinguish planetary nebulae

from steep-spectrum nonthermal objects, so nine areas within the 21-cm fields

were observed in the 4995 MHz continuum, with a synthesized HPBW of 6" x 38".

Parameters of the 6-cm fields are given in the lower part of table 3.1. Be-

cause these were confirmation observations — the soirees' positions being

known from the 21-cm data — shorter integration times were used, and a 3cr

signal-to-noise ratio accepted as a detection.

The six-cm primary beam of the WSRT has a HPBW of only 10.5', so only a !

third of the 21-cm sources were observed at the shorter wavelength. The field '.

centers were chosen to catch as many 21-cm sources as possible — typically f<

about five — within the smaller field, a choice that may tend to select in .S

Si
favor of compact H II regions since these tend to be clustered (Israel 1976). M

A search-subtract procedure similar to that used at 21 cm was applied, 'M

with the search restricted to the 21-cm positions. Detected sources were sub- §

tracted, and then the map searched again for the undetected sources. Upper !§

limits to the 6-cm fluxes of ultimately undetected sources were estimated by ^

multiplying the nominal 30 detection threshold by the 6-cm primary beam '•
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attenuation factor at the source position.

VLA 6-cm fields

The maximum expected 21-cm flux density for a galactic center planetary

is ̂  25 mJy or "u 60 mJy depending on whether PN are optically thick or thin,

respectively, in the Lyman continuum (Chapter II). Nebulae selected for VLA

observation therefore had to be consistent with those fluxes, plus two other

criteria:

(1) point sources to the Westerbork beams

(2) 6 cm - 21 cm spectral index consistent with thermal radiation

One of the sources — 19W32 — had not been observed at 6 cm at Westerbork but

shows extended emission on an Ha plate and so is almost certainly thermal.

A summary of the VLA observations is given in Table 3.2. The galactic

center source 1748-253 was used as a flux and phase calibrator. The 6-cm flux

density was taken to be 0.8 Jy, though this is not accurately known and was

"bootstrapped" by demanding that source flux values agree with Westerbork 6-cm

fluxes. The polarization properties of neither the calibrator nor the sources

were checked.

Typical system noise was ^0.4 mJy for one hour of integration, and phase

closure errors during the calibration stage were nearly always less than 10 .

Each day's run was divided into 15-minute scans consisting of 4 min. on the

calibrator and 11 min. on the source (antenna slewing time was small due to

the proximity of the calibrator to the sources). Scans on the two sources ob-

served on the second day were interleaved so as to maximize hour angle coverage

for each source. (The low declination of the galactic center does not allow

much more than about 6 hr coverage per source with the VLA).

Optical continuum identifications

Ha plates of fields 3 and 6 were taken by A.G. de Bruyn with the 48-inch

Schmidt telescope at Mt. Palomar in 1978. These are discussed in detail later

in this chapter. Because only two sources showed strong Ha emission, it was

not expected that a search of a continuum plate would be very informative.

However, for completeness, the Palomar Sky Survey red plate was searched for

optical counterparts to all of the radio sources. A source was taken to be

identified optically if the position difference between the radio and optical

objects was less than twice the rms uncertainty in the radio position. Optical
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Table 3.2: VIA Observations

00

OBJECT

ct(1950.0)

6(1950.0)

S21(mJy)

S6 (mJy)

Date of observation

Integration time (hr)

RMS noise (mJy)

Frequency (GHz)

HA Coverage (hr)

Bandwidth (MHz)

Antenna Pos'ns: N arm

E arm

W arm

Synthesized HPBW size

Beam Pos'n Angle (Clockwise from N)

19W109

17h45m34.83 s

-29 06 '45.4"

45+_1.4

52+5

16 Sept. 1979

1.3

0.4

19W43

17h37m24.94 s

-28°40'07.4"

17.3+J.6

30+5

16 Sept. 1979

3.3

0.3

19W32

17h35m52.36 s

-28 54'59.3"

14.4+0.8

20+JO

15 Sept. 1979

4.6

0.3

4.885

-3.8 to +3.4

50

0.27 km

0 . 0 4 0 . 0 9 0 . 1 5 0 . 9 7 1 .59 1 .95 3 . 1 9 km

0 . 4 8 1 .59 3 . 1 9 5 . 2 2 7 . 6 6 1 3 . 6 4 1 7 . 1 6 km

0 . 6 " x 1 . 9 "

19°



positions could be measured to an accuracy of about 0.5".

The high star density in the direction of the galactic center causes many

identifications made this way to be spurious. Table 3.3 lists (1) the average

star density in each field on the Palomar plate, (2) the expected number of

false identifications (star density x number of sources x average area of

source error box), and (3) the actual number of identifications. It is pro-

bable that a few of the identifications are real. The patchiness of the ex-

tinction in the galactic center direction makes it reasonable to suppose that

one or two of the optical objects are actually near the galactic center. How-

ever, without spectral data, these identifications should probably not be

taken too seriously.

Field

3

6

7

8

9

Star

2.0

6.5

5.1

5.7

8.2

Table

density

. -2
arcmm

3.3: Optical Identifications

Expected coincidences

0.9

3.1

2.0

3.0

2.5

Identifications

3

8

4

2

1

Results; Source Parameters, Flux and Spectral Index Distributions

Table of Sources

All source parameters are listed in order of right ascension in table 3.4.

The data are organized as follows:

Column 1: Source name, according to the new WSRT nomenclature. Prelimi-

nary 21-cm data on 19W sources was also given by Wouterloot and Dekker (1979).

Columns 2 and 3: 1950.0 Right ascension and uncertainty, the latter in

seconds of time. Position uncertainties are determined by the fit in the SEARCH

program, and depend principally on the noise and the beam size. The 13 sources

seen in two fields serve as a check, from which it was verified that position

accuracies were about 1" in right ascension.
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Table 3.4: Souvce Pavamczevs

IaW31
19W34
J9K15

3 5W4
3SK5
)<)W4]

19W4 2

19K4 3

35W19
15W2Ö

j
3 5W2 2
3 5W23

35W25

35W28

35'

J9W2 3 17 34
19W3 4 P 3*

17.41 ( . IP ) 2P ^3 2 C 1 ( P . ? ) 16 2
P . 57 (,(19) -29 6 12 1 ( 6 .4) 57.fi
5S.BH M 2 ) • 2P 49 1P.3 ( 3 ,8) 5.B

59. IB I .09) 2R 37 41.P I 8 .2) P.1
5. 12 f.flfi) • 78 50 5 2 . 7 ( 1 . R.) ? P . 1

9K29 P 35 46 .43
9K1(t 17 35 49 .04
9W">] P 35 5 ? . 2 6

17 Ifi
17 3f
P 3f
17 36 1
17 36 2

17 36 7 7 . 8 7
P 36. U . 3 2
P If- 51 .80

17 37 fl.Rfi

P 31 1.5*
P 37 4 Ofi
P 17 4 . 14
17 17 22.54
P 37 22 .55

• 28 3(1 I S . 2 ( 1 0 . 8 )

. 121
, P 9 )
. 1 1 )

•2fl 45 2 5 . 5 I 1 .4)
-2R 21 5 2 . 3 ( 1 1 . 7 1
• 2 8 46 fl.5 1 7 , 1 )
• 2B 4 3 9 . 1 (10.R>
• 28 42 3.9 I 4 .7 )

- Zff 3? 1 1 . 1 ( ».«>
• 29 4fi 2 2 . 2 (1(1.4)

98,9
9.(1
7, 1

61.(1
13 .9

.08)

. i d )

. 1 3)

.12)

.09)

ft!

( ,P2)
f. 11)

28 .5 I 9 .9 )
2 9 . I ( fi.2)
34.9 [ 6 .7)
31. (1 { 6 . 4 ]

4 . 1 | ( 1 . 5 )
8 . 5 | 6 . 7 )

8 .8
11 .3

P.J
2 0 . 9
[ 5 . 7

P . 3

17 17 44 .S3
17 1ft (1.9(1
P 3R 2.SH
P 3« 14. 1?

( . 11 )
f . 0 5 t
1 . 1 1 )

- 27 33
•2 f i 12
• 29 52

24 .0
2 4 . 2
4P.P

4 8
10 .4

35W14 P 3P 2 2 . 9 4 ( . 1 6 ) - 2 9 10 1 .6

7 . 2 )
8.(1}

.7)

( 4 .1 )

•29 9 ? 9 . f

P 39
P 39

f.04)
(.09)
/.fl3j

- 29 12
• 27 37
• 2 9 11

3 P ( )
U . P ( 6.(1)
34.6 ( 3.R)

5 . 5
9 . 0

4 4 . 4
P.I
25.4

26.fi
65 3

' 9 3 8 . 7 7 ( . 03 ) - 2« fl 4 1 . 1 { 3 . 7 |

P 39 29.41 M M

P 10 3«.'fiZ f.'ffflt

•2P 40 28.-" 113.M

• 2fl 24 4 8 | 4 . 'S)

5.P

24. 1

• 2fl 19 2.2 ( l f l .9 )

4)

( l .M

0 . 5 )
( 1 . 7 )

(1 .3 1 . 3

• 1 . 6 5 . 5 PK i ^ o - l . 1

4 3 [VLM - ( " . 7 2 . 0 H A , O I 1 1 ; F 7 < I "

1.4)
1.21
O.fi)
5.(11

4 .3»

1.1)
2 .4)
1.2»
1.9)
1.4)

1.6)
0 .9)

4.0
29.4

I 2 .0)
( 5.0)

4 2 . ( t
' 15

1.(1)
2 . 2 )
3 . 1 )
1.4)
1.0)

3 - 4 }
1 . * )

1.9)
2.7J
4.3)

15.9

41.2

lflifi

3 7 D f . 7 " (VLA)

12.5 [ 1.0) 89

( 2 . 1 )

I 3 . 3 )
( 4 . 2)
( 2 . 3 )

( 4 . 0 )

( 2 . I I

- 1 . 3 - 1 . 8
1 . 3 8 -7

35W15
? 5W16
15W37

15W39

15W41
3 *wa 2
3 5W4 3

1 W 4 4
35W45
15VJ46

15W49
35W5O

">5W52
3 5W53

15W54
15W55

3^7

35W59
3 5 WP 0

9W92
19W93

7
1
7
7

7

7

7

7

7

7

1

10
iff
4(1

m
afl
41
aj

1

1
1
1

2
7 42

7
7

2
2

7 42
7 4?
7 2

7 43
7 43
7 43
7 43

19W94 3 7 43

I9W95

19W97
19W9ft
19W99

7 A3

7 j

7 44
7 44

1 1 . H
15.59
1R . (11
? 3 . 7 5

M . 5 D
54.80

5.76
1 1.4-
19. M!

?.f IP
jfl.es
14 . DO

2«! 3(1

31 9"!
15 HR

"«5.63
41 .28
42,fifi

11.14
17.62
20.53
39 9 3
42.HI

4 4 . 1 1

1. 34
7 . 2 6
8. 12

( - P 9 )
( . 1 7 )
1.09)
( .(IP)

1 27 )
( . 0 5 )
t . i e i
( . 0 4 )
[. 1 2 )

( . 0 9 )

*. n>

( . 1 2 )
f J ?\

\.\2\
( 14)

( .10)
( .23)
1.08)

(.(IB)
( .09)
f.flß)
( .0? )
1.09)

i.13>

(.08)
1.07)
(.08)

28
• 29
• 29

2H

•>8

28
• ?B

• 28

28
- 28
• 2 8

?R
• 2«

2«
- 28

- 28

-2B

• 28
- 28
-29
-29
• 2R

• 2 9

29
• 29
•2.9

12

17

3?
14
17
14
23

56
18

•11

47
15

5
9

19

22
35

7
21
59

26

28
26
10

2\ . 5
4 5 . B
?fi. 5
? 4 . 4

ri6 4

4 . <
1-f

31.3

13.4
38,5
(1.0

21.8

?5.1
12!?

18. 6
' 1 . 3
1B.1

19.2
5.6

37.7
27.5
52.3

52.8

18.1
37 • 1
4B.8

f

2

1

1

4 . 4 )
c . 3 )
4 . 8 )

s . 1 )
n . 0 )
7 . 5 1
3 . 5)
9 M

5.51
0.P)

4 cj

«t.flj
9. 7)

9 .2>
2 . 3 )

7 . 1 )
2 1 . 4 )

4 . 9 )

3 . 6 }
6 . 0 )
5 . 3 )
5 . ?-)
7 . 1 )

7 . B )

3.ft)
3 . fi)
5 .0)

P. 1
19.4
? 6 . ?
12 .4

2 4 . 9

7. 4
5 1 . 4

5 . 4

128.0
13.6

312.1
2fl.5

6(1.2
14fl.fi

120.B
P . 4

14.1
1 5. ft
38.1

340.B
255.9

24.4
15.5
76.5

36.1
143.B

35.2
62.5
12.4

I 1.2
1 4.9
1 1.1
( 1 I

r 7 5

(ill
( 1 ,2
( 1 .6
[ 1.0

15.fi)
( 1.9
60.0)

1.2)
1 .2)

8.5)
30.0:

15.(1
3.2)

3.B)
4.1)
5.«)

32.9)
25.9)

2.0)
1.0)
2.1)

3.91
IS.5)

1.7)
3.3)
0 . 7 )

6 . 9

B . 6

I 2 . 1 )

( 2 . 9 )

E 0 . 7 '
D 1 0 " ?

ftL,T . 0 6 0 * . 0 1 4

y ALT .521*.17B

ALT .544+.?f i l

^ M.T .521 + .178

0 . 3 ' J

f

- 2 . 2 4 . 4
0 . 9 - 3 . 7 HA

- « . 7 3 . 3
- 1 . 1 - 1 . 5

(continues on next page)

40



1 2.

' ' I ' V 1 ' ~

' « h l p r " 1

I<1U-1 I ! 1~ 4
^ ! i ; \~ A

: ° K ; I I i " 4

<n< 114 i " .1

•>u i : - ] " j
"K I 1 ft ' -> A
n fc l 1 n ! " ^
1W 11 ̂  1 l J
r'K 1 1 1 P 4

n v . ' ro i~ j
OW ' 2 1 I "• 4
O K : ; . 1 p 4

OK l i M P 4
7 1

I'H

. C'!

. fl7

. P*

'no

in i"
a " ' ! . ""

e 4» [1

0 ?1 4f<
p C l 1»
o " J a A

' P

• i , -*

.• "•

A. i

1 . ft
' . (•

i . i
"-. i1
5 . P

f-.f

i . ?
fi, i1

1 -•-

1 ?~ .

I'^i'l',
r.
-\'-.
if',

?R.

] n .

1

c.

i|./r
rmw

WMF

PK-

: DOWNED,P.

NFVEP THFRF

OTHFR

,ET A L ,

r« AN

RAD!'"! «I

i PI'PPI 1

F -.-I

PTK- HTI PEHinN
HA. H- A IPHA ?y r ^ IHN
r i l l - ^tie.T NV OXYGFN LINF E"T?c!nN

Columns 4 and 5: 1950.0 Declination, with uncertainty in arcsec.

Columns 6 and 7: 21-cm flux density and uncertainty in mjy, corrected for

( primary beam attenuation.

Columns 8 and 9: 6-cm flux density (when observed) and uncertainty in mJy,

corrected for primary beam attenuation. No uncertainty is listed when only an

upper limit to the 6-cm flux is known.

Column 10: The 21-cm field number(s) in which the source was found.

Column 11: Comments on the radio structure, or a reference to another ra-

dio survey (Kesteven 1968; Altenhoff et al. 1978; Downes et al. 1978; Beard et

al. 1969) in which the source was found. "E" means an extended source, followed

by the approximate deconvolved half-power extent and the position angle, when

measured. "D" means a double source, followed by the deconvolved component se-

paration and position angle. "VLA" means that the source was also observed at

, A 6 cm at the NRAO Very Large Array, as discussed below.

Column 12: The right ascension and declination offsets, in arcsec, from

; an optical candidate (radio position - optical position), when present.

: Column 13: Optical line detections, or the name of a previously known op-

tical source. A PK number means that the object is cataloged by Perch and
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Fig. 3.3 6-cm cleaned map of 35W1. Contour levels: 3.5, 5.9, 8.8, 11.7, 17.6,
29. 3 mJy per beam. Half-power clean beam at lower right.

19W32; This object is a new planetary nebula, detected in [0 III] by de

Bruyn, and described in detail below. Though its [0 III] line emission yields

a velocity of about 100 km/sec, its extended size on an Ha plate suggests a

distance of only ^ 5 kpc from the sun.

35W1; This nonthermal source (spectral index = -0.61) is unresolved at

A 21 cm but appears as a double at X 6 cm. Though one of the stronger sources

in this survey, it has not been detected in other surveys, implying that there

is very little "missing" flux in any extended components. A cleaned A 6 cm con-

tour map is shown in fig. 3.3. The source is not seen in the Palomar survey and

so is probably not a foreground supernova remnant. It is therefore either extra-

galactic or a distant SNR; the latter is a good possibility since a supernova-

like shell structure would appear as a double source after convolution with the

elongated beam. The surface brightness-diameter relation would then require it

to be a very young remnant on the far side, of the Galaxy.

19W40; Kesteven (1968) found an extended (3.6') source with a 408 MHz flux

density of 9 Jy less than 2' from 19W40. The 21 cm - 6 cm spectral index from

the present survey is very flat (a = -0.10), but at a flux level that is a fac-

tor 50 smaller than the 408 MHz value. It therefore appears that almost all of

the flux from this object is on a large angular scale.
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Leoe.ls: 17, '^3, 47, 72, 106, 2£.V mJy per beam. !iilf-powei> clean beam
at lowov piyht.

19W43: This source, also observed with the Very Large Array, has some of

the radio characteristics of a galactic center planetary nebula, but may also

be an H II region. It is described in detail below.

35W46: This source is one of the strongest and most extended in the pre-

sent survey. A cleaned 21-cm contour map is shown in fig. 3.4. The compact

double structure appears to be embedded in a low-brightness "halo" 3*-4f across

reminiscent of — though much smaller than — the arc of sources between £ =

0.0 and 0.2 discussed by several authors (Downes et al. 1978; Pauls et al.

1976; Gardner and Whiteoak 1977). In the present case only X21 cm observations

exist, so it is not known if the source is thermal. As in the_case of the "arc"

compact H II regions embedded in a diffuse plasma seems a reasonable explanation;

this could be established by the detection of recombination lines.

The integrated flux of the source was obtained by planimetering a contour

map and correcting for the beam area.

35W49-52: This cluster of sources falls within a 6' extended feature de-

tected by Altenhoff et al. (1978) at 4875 MHz. The total flux of these compact

sources—one of which is somewhat extended and another of which may be double —

is about 0.65 Jy, only 5% of the integrated flux measured by Altenhoff et al.

(1978). Since the group falls on the northwestern ridge of the Bonn "arc", it

is likely that they are compact H II regions associated with the larger fea-
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Fig. S. 7 Flux distribution of 21-om sources (solid line) compared with expec-
ted 21-cm baakground (broken line). The last bin includes all sour-
ces stronger than S^ = 75 mJy.

ture. A cleaned map of the cluster is shown in fig. 3.5.

35W58-59: This pair of sources coincides with the 3.4' feature GO.521+

0.178 of the survey by Altenhoff et al. (1978). The stronger of the two is

either double or has an extension to the south (see fig. 3.6).

19W109: Although 19W109 has a very flat spectrum, it is unresolved by VLA

observations (see below) and so is probably extragalactic. It is too bright to

be a distant planetary nebula, and a very compact H II region would not have a

turnover frequency below 1415 MHz.

19W122: Wouterloot and frekker (1979) catalogued the first radio detection

of this planetary nebula (PK0-1.1). It has an optical size of 4" and a radial

velocity of +20 km/sec and so may not be all the way at the galactic center.

Because it falls at the edge of the 6-cm field it remains undetected at that

wavelength, and the upper limit to the 6-cm flux is greater than expected for

an object that is optically thin in the continuum at X 21 cm.

21-cm flux density distribution

4
The 21-cm flux density distribution of the Westerbork sources, compared

with the expected extragalactic background, is shown in fig. 3.7. There are
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119 sources in the sample stronger than the nominal average detection limit

of 5 mJy. From the source counts of Willis et al. (1977), we expect only 72

extragalactic background sources above that flux limit after correction for

the effects of overlap among the five fields and — more importantly — the

effects of primary beam attenuation. It therefore seems that roughly a third

of our sources ( i< 40) are galactic. Most of the "excess" sources are weak

(a. 50 mJy) and so are probably compact H II regions or planetary nebulae.

There are 35 sources weaker than 50 mJy, compared to 59 expected background

sources.

In chapter II it was proposed that an ensemble of optically thick plane-

taries at the galactic center would show a strong concentration at low fluxes

with cut-off at 25 - 30 mJy if the average shell mass is 0.2 M . Nebulae with
©

the same mass that are optically thin to Lyman continuum radiation are expec-

ted to show a fairly flat flux distribution that cuts off at about 65 mJy.

Most of the excess seen in fig. 3.7 can be accounted for by a combination of

these two cases, suggesting that a large fraction of the excess sources are

PN. The large excess of strong (̂  75 mJy) sources is probably composed of fore-

ground objects such as radio stars, disk PN and compact H II regions, and the

Bonn arc of bright H II regions near the galactic equator at 0.2 > £ > 0.

6-cm flux density distribution

Thirty-nine of the 119 21-cm sources fall within the 6-cm fields, though

sometimes at the edge of a field where primary beam attenuation is severe.

21 of the 39 were detected, one very marginally; the nominal detection limit

at the field centers is about 6 mJy. The undetected sources still provide some

information by virtue of the upper limits on their fluxes, derived by the method

mentioned on page 36; this is particularly useful when the upper limit to the

6 cm flux is below the 21-cm flux, so that the source can be ruled out as

thermal.

The 6-cm flux distribution of the detected sources is shown as the open

area in fig. 3.8. The crosshatched area represents rough estimates of the

fluxes of the undetected sources, which were adopted to be 0.4 times the upper

limit. This is a reasonable choice insofar as the resultant values are likely to

be within a factor of two of being correct; fluxes much lower than 0.2 times

* the upper limit tend to give unrealistic steep spectral indices.

j: Wall and Cooke (1975) did 6-cm deflection counts on the weak unresolved

;; background, from which they were able to estimate a source count down to

i
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mJy. between 3 and 80 mJy their integral counts are we]1-fit by the

law

(3.1) N(S6) = 131 degree

where N(S,) = the number of sources stronger than flux S,, measured in mJy.

Correcting this relation for primary beam effects yields the expected number

of background sources in an average 6-cm field as observed with the WSKT. An

additional factor of two must be applied to account for the fact that the 6-cm

fields were deliberately placed in source-rich areas of the 21-cm fields. The

average 21-cm source density within the 6-crn is about twice the average densi-

ty over the whole survey region to within a few tens of percent, and it is

presumed that the 6-cm source density will scale the same way.

n
36 60 >66

Fig. '6. 8 Flux histogram of 6-cm sources (solid line)3 compared with expec-
ted background (broken line). Crosshafiched area represents 0.4 x
upper limit for undetected sources. Fluxes are in mjy.
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The resultant background 6-cin £lux distribution expected in our data is

shown as the dotted line in fig. 3.8. (No background is shown for the lowest

bin since the density diverges at zero flux). Slightly more than eight back-

ground sources stronger than 6 mJy are expected, compared with the 20 observed.

This implies that 60% of the high frequency sources are galactic, as opposed

to 35% of the 21-cm sources. The difference may represent the natural uncer-

tainty in the relatively small number of 6-cm detections, and in the scaling

factor mentioned above, or may reflect a selection effect in favour of galac-

tic sources in rich fields, such as clustering of compact H II regions.

Spectral index distribution

Figure 3.9 shows the spectral index distribution (S a v ) of the detected

(open) and undetected (crosshatched) 6-cm sources. Fluxes of the undetected

sources were taken to be 0.4 times the upper limit, i.e. 1.2a, as in fig. 3.8;

the resultant uncertainty in the spectral index of a given undetected source

is therefore large (a. 0.6), but is still useful statistically. The average in-

dex for all 39 sources (detected and undetected at 6 cm) is <ot> = -0.56, some

15% flatter than surveys by Davies (1977), Katgert et al. (1977) and Willis

and Miley (1979), and with a somewhat broader distribution (c.f. fig. 2 of

Willis and Miley (1979)).

The relationship between 21-cm flux and spectral index is shown in fig.

3.10; a trend towards flat or positive spectral indices with decreasing flux

is clear for the detected (at 6 cm) sources (filled circles). Part of this

trend — the lack of steep spectra among weak 21-cm sources — is a selection

effect, since those sources will tend to be undetected at the higher frequency.

The inclusion of the spectral index estimates of the 6-cm undetected sources

(open circles) illustrates this as they partially fill the lower left-hand

corner of the distribution. We must therefore include these sources if selec-

tion effects are not to bias the flux and spectral index averages. The lack

of strong, flat spectrum sources in the galactic center, however, is real. It

therefore seems that we are seeing the contribution of galactic thermal sources,

unless the suggestion by Wall (1978) and Davis and Taubes (1974) holds, i.e.

that a new class of flat-spectrum objects contributes strongly at 6-cm flux

levels below 20 mJy. Davis (1977) later repudiated this, however, and claimed

that <a> is independent of flux below 500 mJy. Willis and Miley (1979) also

found no evidence for such a class of objects. Compact H II regions and PN

therefore account more convincingly for the preponderance of flat-spectrum
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Fig. 3.9 Spectral index distribution (S ̂  v ) for sources observed at 6 am.
Crosshatched area represents estimates (± 0. 6) for sources observed
but undetected at 6 am.
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Fig. 3.10 Speatral index vs. 21 am flux. Filled circles are detected at both
21 cm and 6 am. Open cirales weve observed but not detected at
6 cm and carry an uncertainty of ±0.6 in a. Dotted line indicates
S6 = 10 mJy.
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sources in the present survey.

H II regions occupy a broad range of ionized masses and emission measures

(Israel 1976; Habing and Israel 1979) and can thus be either bright or dim in

the radio continuum, whereas the ionized masses of planetaries seem limited to

a few tenths of a solar mass (Pottasch 1980) and should consequently rarely be

brighter than several tens of mJy at the galactic center. A strong tendency for

the flat-spectrum sources to be weak should therefore imply that the planeta-

ries dominate the distribution. This seems to be the case: the mean 21-cm flux

among flat-spectrum (a > -0.2) sources is 29 mJy, while among steep-spectrum

sources it is 41 mJy. Excluding the brightest and dimmest objects in each spec-

tral index group, we also find "^S^i^i = 1 6 mJy, while <S„• > t = 3 5 mJy.

The converse is also true, that is the spectral index depends on the flux.

The median 21-cm flux among the sources observed (but not necessarily detected)

at 6 cm is 17.5 mJy. Taking this as the cut-off, we find that <(^>s > 17 5
 = "0-76

while <a>c |7 _ = -0.34! Therefore: a source tends to have a flat spectrum

if and only if it is weak. Excluding a special class of extragalactic objects,

this confirms that we are seeing a class of thermal objects in the direction

of the galactic center, and strongly suggests that a large fraction of these

are planetary nebulae.

Models of Three Sources

Further details on three of the 19W sources are based on the VLA and op-

tical observations.

19W109: This source has a X 2i-cm flux of 45 + 1.4 mJy, and a X 6-cm flux

of 52 ± 5 mJy. Galactic center PN would not be expected to be this bright. In

fact, it is a point source even to the VLA, which rules it out as a planetary

nebula altogether: as a PN, its brightness would demand that it be too close

to be unresolved. It is therefore more probably a flat-spectrum extragalactic

source, or a compact H II region on the far side of the Galaxy.

19W43: Westerbork observations of 3 9W43 gave fluxes 17 ± 2 mJy (21 cm)

and 42 ± 5 mJy (6 cm). Virtually no background sources have such a steep posi-

tive spectral index (Willis and Miley 1979), so the source is almost certainly

thermal.

The "dirty" VLA map is shown in fig. 3.11a. It appears that a double struc-

ture is being resolved along the minor axis (0.6" FWHM) of the beam; the beam

itself is shown for comparison in fig. 3.11b. In order to try and bring out

this structure, we have cleaned the map (Högbom 1974) in two ways. The first,
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Fig. 3.11 (a) Unaleaned map of 19W4S. Contour' levels: 2.4, 4.8, 7.2, 10.2 mJy.
(b) Corresponding "divby" beam. Contour levels:-0.15, O.O, 0.15,

0.25, 0.50, "o.8O.
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3.12 Cleaned maps of 19W43. Contour levels 0.20, 0.40, 0.60, 0.80 of
peak, (a) Cleaned with 0.6" x 1.9" beam, (b) cleaned with
0.3" x 1.0" beam.

shown in fig. 3.12a, uses'a gaussian restoring beam that is as large as the

original dirty beam but without negative sidelobes; that is, with half-power

axes of 0.6" x 1.9" at a position angle of 19°. Most of the structure is then

lost, except in the outermost contours. If, on the other hand, we "overclean"

with a smaller restoring beam, the structure is emphasized. Figure 3.12b

illustrates the result of restoring with a beam that is only half the size of

the original beam. This should not be taken too seriously as a morphological

model since we do not, of course, really have this much resolution. Rather,
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Lhu result of the overc.Leaning is to show that tin- source is best described

by more, than one component.

We have chosen instead to model the visibility function of the observa-

tions, rather than the map, as it is numerical1\ much simpler and avoids some

of the peculiarities of the Fourier transform, such as aliasing. The disad-

vantage of this approach is that present VLA software allows averaging of visi-

bility amplitudes only over scans and not over a whole observation, so that

the signal-to-noise ratio of the visibility function is worse than that of the

map.

A uniform-density shell model characterized by inner and outer angular

radii 0 and 0„ respectively, was adopted to fit the visibility amplitudes.

This parameterization accomodates PN as well as uniform-density compact H II

regions because when Q. = C the shell becomes a sphere. Except for extremely

young, dense objects, most planetaries and H II regions are optically thin at

A 6 cm, so the surface brightness is proportional to the emission measure. The

unnormalized visibility amplitude then becomes

(3.2) V(q) = |H(0,) - H(62)

2 o 1
where q = (u4" + v ~ ) 2 is the radial distance in the UV plane and H(0) is the

Hankel transform of the brightness distribution of one of the spherical com-

ponents,

(3.3) H(0) = fQ cf> /62 - (J)2 J (2TT(jiq) di|> .

J is the zeroth-order Bessel function and follows from the adoption of a cir-

cularly-symmetric model.

The best fit to the observed visibilities is given by 8. = O.V, <?._, = 0.7",

and is compared to the observations in fig. 3.13. Unfortunately, UV distances
4 4

between 16.5 x 10 and 19.5 x 10 wavelengths are poorly sampled in the ob-

servations, so that the closest approach to zero amplitude is obscured.

Single-component (0. = 0) models give in general a worse fit, with very

little power at q X, 20 x 10 A, supporting the notion that the object is in

fact a shell source and thus a planetary nebula and not a compact H II region.

The ratio of the inner and outer shell radii in the best-fit model is typical

of the shell thickness seen in local PN.

An outer radius of 0.7" corresponds to 0.03 pc at the distance of the

galactic center. Planetaries this young are taken to be optically thick to
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Fig. 3.13 Jagged line: observed visibility function of 19W43. Dotted region
indicates sparse uv-•sampling. Solid line: model visibility function
for uniform-density spherical shell with inner radius 0.4"s outer
radius 0. 7".

ionizing radiation in most models (e.g. Seaton 1966), so it is difficult to

account for the observed flux unless at least one of the following conditions

holds:

(1) The nebula is rather more massive than the "standard" value of 0.2 M
a

(Milne and Aller 1975; chapter II).

(2) The nebula is "leaky", so that part of the surrounding interstellar medium

is contributing to the integrated flux. Modeling then becomes more difficult

since the interstellar gas will contribute to the observed morphology.

(3) The central star temperature and luminosity are high, i.e. more in line

with Seaton1s (1966) evolutionary curve than with the cooler, ANS-based results

of Pottasch et al. (1978). In chapter II it was pointed out that Pottasch et

al.'s values did a better job on average of accounting for the flux density

distribution of solar-neighborhood nebulae, but there may be wide variation

within the population.

(4) The object is not in fact at the galactic center but is a few kpc closer.

Without optical data — for which there is little or no prospect — there

may be no way to distinguish among these possibilities.

19W32: First detected as a point source at Westerbork (S_. = 14.4 ± 0.8
2. \

mJy), 19W32 was later found to have extended Ha emission consisting of a cen-

tral star and two oppositely-directed lobes (fig. 3.14). Its appearance is

reminiscent of the planetaries M2-9 and NGC 2346, perhaps classifying it as

one of Greig's (1971) "class B" ("binebulous") PN. Total size of the object

is about 20" and each lobe is roughly 4" x 7". Both lobes are much brighter
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on an Ha plate taken with an 80 8 filter than on a red continuum plate (both

taken by A.G. de Bruyn with the 48" Palomar Schmidt telescope). The red mag-

nitude of the central star is 16 ± 0.5 on the Palomar Sky Survey print, and

it is invisible on the blue print, implying B-V <£ 2.5. Colors of PN central

stars are usually comparable to O-type stars (B-V = -0.5), so the color ex-

cess in this case is £ 3m. The visual extinction is therefore ̂  9m.

Dr. de Bruyn has also taken a spectrum of this object with 3 A resolu-

tion. The only visible feature is the [0 III] doublet 4959+5007 8, with an
-14 - 2 - 1

intensity of 1.0 ± 0.5 x 10 erg cm s after accounting for the fact

that only one lobe was observed. (The uncertainty follows from the rough ca-

libration and possible errors in the positioning of the 8" diaphragm). The

radial velocity is 'v 100 km/sec. I

We adopt an [0 III] to H3 ratio of 10*'° (Aller 1956) and then use Milne- ••

and Aller's (1975) relationships among extinction, H3 , and radio continuum

flux to derive the extinction in an independent way. The flux at \ 6 cm (dis-

cussed below), where the object is almost certainly optically thin, is

S, = 20 ± 6 mJy. Applying Milne and Aller's method then yields an extinction

of 9 ± 1 magnitudes, in agreement with the optical continuum result. Milne

and Aller (1975) further observe an average extinction in the direction of .,

Fig. 3.14 Ha plate of 19W32. Scale is 4.3 areseo per mm. North is up3
east to left
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Fig. 3.15 Unaleaned low-resolution map of 19W32. Cross marks position of
central star. Contour levels 2.3, 3.5, 5.0, 7.53 9.0 mJy per beam.

the galactic center of 1.8 ± 0.7 magnitudes per kpc, implying a distance of

5_2 kpc.

Taking their expression for the volume emissivity, we can use the dis-

tance and H|3 flux to derive an electron density of % 2500 cm in the lobes.

This and the size of the object are both consistent with it being an old

(r ̂  0.5 pc) planetary nebula.

Because the lobes subtend nearly 60 beam areas at A 6 cm at the VLA, they

are largely resolved away on the full-resolution map. Theretore, a low-resolu-

tion map was made, using a gaussian taper with a half-width to half power of

1.0 km, leading to a HPBW of 6.2". The lobes show up clearly on the resultant

(uncleaned) map shown in fig. 3.15. Their size and orientation agree with the

Ha image, and the integrated 6-cm flux is 20+6 mJy. From this figure, we derive I

an electron density of % 1700 cm , in agreement with the optical result given

the large uncertainties in the distance and in the Ha flux. (For both, we

assumed an electron temperature of 12000 K.)

On the full-resolution map on which the lobes are resolved away, we also

detect a 2.0 ± 0.4 mJy point source at the position of the central star, shown

as a cross in fig. 3.15. PN central stars are often of the WR or Of type (Lutz

1977, Hummer 1977), so a stellar wind and radio emission are to be expected.

Mathews (1966) found that a stellar wind was required to maintain the shape of

shell PN. Using the mass outflow relation found by Panagia and Felli (1975),
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we f ind

(3.4) ft = 1.1 x 10 v d ' M yr
exp © }

where v is the stellar wind velocity in km/sec and d is the distance to the

nebula in kpc. The uncertainty in d makes ft uncertain within a factor of ^ 2,

and estimates of v range from ^ 100 km/sec for the young nebula VI016 Cygni
GXp

(Fitzgerald and Pilavaki 1974) to % 1000 km/sec. Taking 300 km/sec as a repre-

sentative value, we find ft 'v 4 x 10 M yr , with an uncertainty of about a
©

factor of 7 either way. The lower end of the range is more consistent with

mass-loss rates of other stars (Abbott et al 1979; Dickel et al. 19 80). Since

the cloud is not spherical, we expect that anisotropy in the flow would re-

duce the calculated value.

Inferences from the Basic Observations

The exigencies of aperture synthesis and the undistinguished radio pro-

perties of very distant planetary nebulae conspire to make a radio search for

galactic center PN a difficult observational problem. It is therefore useful

to separate the hard observational conclusions from the astrophysical infe-

rences we draw from them in the following chapters. In the first category, we

can state that:

1. A 21-cm survey of the galactic center region for weak, compact sources

shows roughly one-third more objects than would be expected from the background

alone.

2. The number of these sources seen at 6 cm, as well as their spectral

index distribution, implies that virtually all of the excess is galactic and

thermal, consisting of planetary nebulae and compact H II regions.

3. There is a deficiency of flat-spectrum sources with a 21-cm flux

greater than % 45 mJy. Because many compact H II regions should be found in

that regime, we conclude that the population of thermal sources near the ga-

lactic center is dominated by planetary nebulae.

4. Of the three would-be PN found at Westerbork and reobserved at VLA

only one — 19W32 — can be said with reasonable certainty to be a planetary.

It is not, however, at the galactic center. The double structure of 19W43 is

very suggestive of a PN, and the size and intensity are consistent with it

being near the galactic center, but without either higher-resolution or infra-

red observations the possibility of it being an H II region will remain.
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Since most of the VLA telescopes were along the east and west arras for these

observations, it may be worthwhile to reobserve the object in a year or two

when full north-south resolution will be available.

The best possibility of distinguishing optically-obscured PN from com-

pact H II regions probably lies with infrared spectroscopy. Detectors now un-

der development may be able to measure relative [ S IV] and [Ne III line

strenghts in faint galactic-center objects and so identify radio sources as

planetaries on the basis of their degrees of excitation.
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CHAPTER IV: THE SPATIAL DISTRIBUTION OF PN

Introduction: The Principal Correction*

Information about the galactic gravitational field is contained, of

course, in the true spatial distribution of planetary nebulae and only very

incompletely in the selected distribution that we observe at radio wavelengths.

There are three modifications of the raw data that will aid in extracting the

true from the observed distributions:

1) the subtraction of foreground objects;

2) the inclusion of optical data, corrected for optical selection effects;

3) the correction of the radio data for primary beam attenuation and

brightness selection effects.

Step (1) can be applied easily, if inexactly; the contribution of disk objects

can be calculated by extrapolating local PN counts to the whole disk with

appropriate radial and vertical (z) scale lengths. Cahn and Wyatt (1976) de-
_3

rived a local PN density and scale height of "v 50 kpc and 115 pc, respec-

tively, and later (Cahn and Wyatt 1977) found a galactocentric scale length of

'v 4 kpc, in agreement with many galactic mass models. Integrating along the

line of sight, we therefore find that disk PN, including those far out of the

plane, will contribute a surface density at latitude b of

= °-015

| t 1This turns out to be ^ 10% of the corrected surface densities at |2> | t> 1

and is negligible above \b | ̂  5 .

Steps (2) and (3) are more indirect, and both require some model-making

in order to recover a number of "lost" objects: optical planetaries lost to

extiuction, and radio objects lost to primary beam attenuation. We will treat

these in detail in this chapter.
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Correction of the Surface Density of Optical PN

,11
Because the radio survey is concentrated near £ ^ = 0, we have counted

the optical planetary nebulae in the Perek and Kohoutek (1967) catalog in a

double wedge of opening angle 60 about the galactic center. Some updated ca-

talogs (Acker and Marcout 1977; Weinberger J977) were also checked, but these

yielded no new nebulae in the region of interest. The uncorrected counts,

binned into galactocentric rings of 2 width, are given in column 2 of Table

4.1.

2°

4°

6°

8°

Table

Ring

- 4°

- 6°

- 8°

- 10°

4.1: Optical PN Surface

N
opt pn

36

36

20

8

Edisk
_2

0.9 degree

0.2

0.06

0.02

Density

10

6

2

0

Jbulge

7 degree

8

71

84

Planetaries ±n this obscured region are often found initially through

their Ha emission, so we will estimate the number lost to extinction in this

wavelength region. The approach will be to relate the specific extinction to

the column density of H I. We choose to use H I instead of H„ as the tracer of

dust because the former will dominate along the lines of sight of interest. On

the basis of CO measurements (Gordon and Burton 1976), molecular hydrogen seems

to concentrate between galactocentric radii of 4 and 8 kpc, so that lines of

sight at \b 3 pass more than a scale height above it.
-21Ultraviolet observations give an extinction E(B-V) - 0.17 mag x 10

2
cm per atom (Spitzer and Jenkins 1975; Knapp and Kerr 1974). We relate this

to Ha by A 3.3 E(B-V) and A6?()0 = 0.74 (Allen 1976).

The hydrogen column density was obtained by integrating the galactic cen-

ter H I spectra of Burton et al. (1977). It was found that the integrals of

the spectra changed very slowly with position in the region of interest, and

so a single average of ^ 10 positions was taken to represent the whole area.

(This can be taken as indicative of the degree of approximation involved,

since the optical extinction is noticeably patchier than the radio line emis-

sion).
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The column density was derived from the integrals by Roberts' (1966) rela-
18 —2.

tion, n = 1.83 x 10 / T dV atoms cm , where the integral is the bright-

ness temperature integrated over all velocities. This assumes that the H I is

optically thin,- probably a good approximation out of the galactic plane (Bur-

ton 1976).

After converting antenna temperatures to brightness temperatures, the

average integral over the region was found to be / T, dV = 1310 K km sec ,
21 -2

from which the column density is rL,_ = 2.4 x 10 cm and the specific ex-

tinction is A,7_n = 1.0 magnitude. This rather low figure is a consequence of

the fact that we are looking out of the plane; at b = 3 , for example, the

line of sight passes 470 pc above the plane at the distance of the galactic

center. Most of the absorption is therefore local.

In order to estimate how many nebulae would be lost by the extinction,

we constructed a crude absolute Ha luminosity distribution from the Ha survey

of % 100 nebulae by Vorontsov-Vel'yaminov et al. (I965, 1966, 1967, 1969). The

distance scale of Acker (1978) was used for absolute scaling, and only nebulae

within 2 kpc of the sun were used, in order to minimize brightness selection

effects and extinction. Forty nebulae fell within this distance, ranging in
-12 -2

apparent Va brightness from the survey detection limit of 'v 1 x 10 erg cm
-1 -9 -2 -1

sec to 2.1 x 10 erg cm sec

After scaling with Acker's (1978) distances, the Ha luminosity of the

sample ranged from 6 x 10 to 2 x 10 ergs sec . With 1.0 mag of extinction,

a nebula at the galactic center would have to have an Ha luminosity of
34 -1

2.5 - 5 x 10 ergs sec in order to have an apparent brightness greater than
-12 -2 -1

a threshold of 1 - 2 x 10 erg cm sec
-12 -2 -1

The lower detection limit (1 x 10 erg cm sec ) would allow 13 of the
original 40 nebulae (1/3.1) to be seen if they were to be moved to the galac-

-12 -2 -3
tic center, while the upper limit ( 2 x 1 0 erg cm sec ) would allow only

6 of the 40 (1/6.6) to be detected. Averaging these harmonically, we therefore

estimate that to observations lose on average a factor of about 4.2 °. of

galactic center PN.

For comparison with the radio data, we have simply taken this factor of

4.2, with an uncertainty of 50%. Columns 3 and 4 of Table 4.1 list, respecti-

vely, the contribution of foreground objects and the resultant corrected opti-

cal surface densities of PN. This correction is obviously crude, but the adop-

ted 50% error bars encompass most reasonable possibilities.

.'ft
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Correction of the Surface Density of Radio PN

The primary beam attenuation at the edge of the nominal 21 cm search

areas determine the flux level to which the survey is complete, in this case

about 45 mJy. The apparent distribution of strong sources therefore represents

their true distribution on the sky, while weak sources will be selectively dis-

covered near the field centers, as is clear from fig. 3.2. We would like to

recover the true distribution of the latter group, since that is where almost

all of the planetaries will be found.

Katgert et al. (1973) used an "area normalization" procedure to obtain

the flux distribution of extragalactic sources, given their known (isotropic)

spatial distribution. We would like to invert this procedure for planetaries;

that is, given the intrinsic flux distribution of survey objects, we wish to

find the "true" spatial distribution that gives rise to the observed surface

density. On the basis of the discussion in chapter III, we know that about

two-thirds of our sources are extragalactic and so have a 21-cm flux distri-

bution like that given by Willis et al. (1977). The remaining sources are ga-

lactic thermal objects, whose flux distribution must be modelled. Nonthermal

galactic sources will be too small a part of the sample to contribute signi-

ficantly to the flux distribution, as pointed out in chapter III.

The thermal sources will be planetaries and H II regions, dominated by

the former (see previous chapter). In turn, the planetaries will be divided

into optically thick (low flux) and optically thin (bright) classes whose re-

lative number must be determined. From the simple model presented in chapter

II, we expect optically thick PN with an average shell mass of 0.2 M to have

a peak 21 cm flux of about 30 mJy at the galactic center, and optically thin

nebulae to peak at about 65 mJy. The relative number of each sort therefore

affects the average fraction of all nebulae that are detected in the survey.

This detection percentage is constrained by the surface density of optically

known nebulae, corrected for extinction effects as above. Our surface density

correction procedure will be based on this detection probability, which we now

calculate.

The probability that a radio source with flux S will be detected in a

given field can be written as

S2

(4.2) Pd(S) = | erfc (
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where erfc is the complement of the error function, 0 is the rms noise in the

field, and S, is the detection threshold, which can be taken to be some ar-

bitrary multiple of the noise but is also affected by dynamic range effects and

the like. We have adopted a post hoc value of S, by taking it to be 0.9 times

the flux of the weakest source in a given field. This equation (Helstrom 1960)

is closely related to the one used by Johansson et al. (1977), Bowers (1978)

and Baud (1978) for correcting the surface density of OH/IR stars at low galac-

tic latitudes.

If we observe an ensemble with an intrinsic flux distribution <J>(S)dS, then

the average probability that any member of the ensemble will be detected in

the jth field becomes

(4.3) <Pd>j = j£° Pd(S) <j>(S)dS

if /(j)(S)dS = 1.

Sources which fall in a region of overlap among n fields will in general

be detected with different probabilities in each field. The joint probability

that a source will be detected at all is then

n
(4.4) <P,> = 1 - n (1 - <P,>.) .

d j = ] d j

Once an intrinsic flux distribution 4>(S) has been adopted, equation (4.4)

can be evaluated for every point in the survey region. We have taken the pri-
2

mary beam into account as an attenuation factor A = exp (-7.296 6 ), where 9

is the distance from the field center in degrees. This relation is an accurate

approximation to the more exact determination by Katgert et al. (1973) down to

about the 0.1 power point. The attenuation factor causes the source flux S to

enter eqn. (4.2) as SA.

The survey region has been gridded into 0.1 x 0.1 cells and <P,> cal-

culated for each cell, using the flux distribution

(4.5) t(S) = |^G(S) + I fpN W k (S) + I (1 - fpN) Kh.n (S)

where (J> „ is the normalized flux distribution of extragalactic 21 cm sources

from Willis et al. (1977), 0th- k is the distribution of optically thick PN

from the model in chapter II, and <p , . is the distribution of optically thin

; PN, plus a high-intensity tail to account for compact H II regions. The factor

i
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!/3 is actually latitude-dependent and is an average value for the whole sur-

vey. f_N is the fraction of optically thick PN among the galactic objects and

is the free parameter used to bring the radio data into agreement with the op-

tical counts. The procedure for correcting the observed surface density of

sources then goes as follows:

(1) Bin the observed sources into the O.I x 0.1 grid cells

(2) Smear the grid with a convolving function

(3) Choose f and compute <P,> for each cell

(4) Divide the convolved source count by <P,> in each cell

(5) Subtract off the expected isotropic background (30 sources per de-
2

gree stronger than 5 mJy)

(6) See if resultant source density at low galactic latitudes joins

smoothly with optical PN counts at higher \b \ . If not, choose new

f N and return to step (3)

(7) Subtract off the contribution of foreground and background (disk)

planetaries.

The convolution in step (2) is necessary to offset the discretizing na-

ture of the grid; if, for example, a cell with two sources was adjacent to an

empty cell, then after correction the first cell would have 2/<P > objects

while the second would still be empty, regardless of how small <?-,> was. One

is then faced with the problem of finding a convolving function which is broad

enough to avoid this unrealistic outcome but narrow enough to preserve the

position information contained in the observed source distribution. Some ex-

perimentation showed a gaussian function with a half width of 0.12 to be a

satisfactory compromise.

The entire correction procedure (1) - (7) was tested on some 21-cm "con-

trol" fields at a galactic latitude of 5 using only the $„„ flux distribution.

We were able to reproduce the correct isotropic surface density of extragalac-

tic sources.

Combining the Correated Radio and Optical Distributions

The initial guess for fpN, the fraction of optically thick nebulae, was

taken to be 0.26, as derived by Acker (1978) on the basis of a compilation of

results found throughout the literature. It was (correctly) expected that this

figure would prove to be too low, for two reasons: first, Ackers's (1978) re-

sult was based primarily on large bright nebulae, which will tend to be past

their optically thick stage. Second, the radio flux distribution of local
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nebulae is best fit by an optically thick model (ch. II), a conclusion supported

by Pottasch's (1980) derivation of PN ionized masses from their Hß fluxes.

At least some nebulae, however, must be optically thin, since very deep

photographs of NGC 6543, 6853, and 6826 show extended circumnebular filamentary

structure (Terzian, private communication). We find that our corrected galactic

center surface densities join up smoothly with counts of optical nebulae when

f = 0.75. Since the optical depths of local nebula are so hard to determine,

it is difficult to say whether this implies a higher average optical depth for

galactic center PN than for local objects, as proposed by Webster (1975) and

Zuckerman (1978).

The corrected radio surface density as function of galactocentric dis-

tance was obtained by dividing the survey region into four rings with radii

< 0.72°, 0.72° - 1.10°, 1.10° - 1.60°, and > 1.60°, chosen so as to divide

the region into approximately equal areas. The surface density in each ring

is taken as the average of the cells, using only those cells associated with

an average detection probability greater than 0.125. (The statistics of areas

with <P.> < 0.125 are too poor to be trustworthy.) Figure 4.1 shows the dis-

tribution of cells of a given surface density in each ring; the increase in

source density towards the galactic center can be clearly seen, despite the

width of each distribution. (We will adopt 50% as the uncertainty in the mean).

Table 4.2 lists the average radius in each ring, the disk contribution to the

surface density from equation (4.1), and the corrected bulge PN surface den-

sities.

0.

1.

Ring

<0.

72°- 1.

10°- 1.

».

Table

72°

10°

60°

60°

4. 2: Radio

Radius

0.51°

0.89°

1.32°

1.66°

PN Surface

disk

9.6 degree

6.6

4.2

2.9

Density

bulge

-2 -2
52.0 degree

46.0

15.2

11.7

The corrected radio source density is combined with the corrected counts
2

of optical nebulae in fig. 4.2. The isotropic background (30 sources per deg )

has been subtracted off the radio data and the result multiplied by a (rea-

sonable, if somewhat arbitrary) factor of 0.9 to account for contamination by

H II regions. Since almost all of the optically thick objects (0.75 of the
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Fig. 4.1 Histogram of corrected excess source densities (sources per degree )
in 0.1° x 0.1° cells in concentric rings about the galactic center.
Only cells with average detection probability greater than 0.125
are included.

thermal sources) and some of the optically thin objects will be planetaries,

the factor of 0.9 is unlikely to be very far off. Values of f below about

0.6 cause a steepening of the latitude dependence of radio objects, so that

the radio count at h = 1.72° becomes less than the optical count at b = 3°.

The results for fpN =0.90 are not very different from those shown

(fpN= 0.75).
-13

The best-fit power law, 0 , is shown as the dotted line in fig. 4.2.

This is considerably flatter than the surface density of globular clusters,
-2.5

which falls off at about 9 at large distances from the galactic center

(Harris 1976) and flattens to 6~ within 3 kpc (20°) from the center.
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Fig. 4.2 Corrected radio (filled circles) and optical (open circles) surface
density of galactic center planetary nebulae as function of galac-
tic latitude. Dotted line is best-fit power law T.(b) ̂ b~^^.
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A surface density of 0 " implies a spatial density of r , not very

far from an isothermal system. Indeed, if we drop the optical points at lati-

tudes \b | > 5 so as to minimize the effects of the graviational potential

of the disk, we are left with a best-fit surface density of 9 " within the

bulge, which is exactly isothermal. This is not surprising in light of the

high peculiar velocities of planetaries and their apparent lack of systematic

rotation in the bulge (Oort 1977), and may mirror a nearly-isothermal mass

distribution. Tremain et al. (1975) have modeled the bulge of M 31 as an iso-

thermal spheroid, and Sanders and Lowinger's (1972) interpretation of infra-

red maps of the center of our own Galaxy yield a similar mass density. However,

any isothermal model must be reconciled with the recent observations of velo-

city dispersions in the bulges of spirals, which suggest some rotational sup-

port (Whitmore et al. 1979). The implications of the planetary nebula distri-

bution for mass models of our Galaxy will be considered in the next chapter.

\\

I
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The Number of Planetaries in the Galaxy

The average corrected source density in the radio survey (within 2 of

the galactic center) leads to a PN surface density of 23.9 deg . Within 2°

(314 pc) of the center, we therefore expect about 300 nebulae. Mass models of

the galactic center (e.g. Sanders and Lowinger 1972) predict masses of
9 -7 -1

^ 2 x 10 M in this region, giving a relative number of 1.5 x 10 M
© &

If, because of ram pressure in molecular clouds, galactic center planetaries

live only ^ 5000 yr (compared to <\» 25000 yr in the disk), then the correspon-

ding birthrate is 3 x 10 M yr . The lifetime was discussed in chapter
S 11

II. For a galactic mass of 1.4 x 10 M and a local mass density of

0.13 M pc" (Allen 1976), these figures imply a total of % 21000 PN through-

out the Galaxy, and a local birthrate of 3.9 x 10~ kpc yr , comparable to j

white dwarf birth rates in the solar neighborhood (Weidemann 1968). Recently-

derived values of the galactic mass in excess of 3 x 10 M (e.g. Blitz 1979)

include large amounts of nonluminous matter far outside the solar circle,

where very few optical PN are observed. It is therefore unlikely that this re-

gion contributes significantly to the galactic PN population. A total of 21000

is in excellent agreement with most recent estimates (Alloin et al. 1976, Cahn

and Wyatt 1976; Acker 1978). On the other hand, the very high PN birthrate

(8.5 x 10 M yr ) proposed by Smith (1976) for the solar neighborhood is
0

strongly ruled out for the galactic center simply on the basis of the number

of sources that we detect.

Estimates of the galactic PN population based on the densities in the

solar neighborhood are dependent on a distance scale, a difficulty which the

present estimate partly avoids ("partly", because the detection probability

correction to the observed surface density involved a flux model, which was

tried to the flux distribution of local nebulae for consistency). lf_ the PN

birthrate per unit mass is about the same as in the solar neighborhood then

the population estimate derived from the present results could in principle

tell us something about which distance scale is more appropriate. Estimates

using the "short" Seaton (1968) distance scale tend to give PN populations of

£ 20000, while those using a "long" scale, such as that of Cudworth (1974),

yield smaller numbers, unfortunately, our results falls in the middle ground, \

so we are unable to decide on a distance scale on this basis. -'.•
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Summary

Because the primary beam attenuation causes the weak sources to appear to

concentrate near the field centers, we must apply a model-dependent detection

probability correction to extract the intrinsic spatial distribution. The model

dependence is not severe as long as the combined flux distribution of plane-

tar ies and H II regions falls off monotonically with increasing background. The

principal uncertainty is the fraction of optically thin objects, since these

provide the high-flux tail that raises the expected detection probability. This

fraction was treated as a parameter that was adjusted to satisfy the demand for

consistency with counts of optical objects. We then infer these conclusions:

1. Most (y 0.75) of the galactic center planetaries must be optically

thick in the Lyman continuum in order for their surface density at low (< 2 )

galactic latitudes to join up smoothly with optical counts at higher \b \.

2. The surface densitv of PN in the inner 300 pc of the Galaxy falls off

in roughly inverse propor .ion to galactic latitude.

3. There are ^ 300 planetaries within 300 pc of the galactic center. If

this is typical of the entire Galaxy, then there are ^ 21000 PN throughout the

Galaxy, with a birthrate not very different from that of white dwarfs.
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CHAPTER V: MASS DISTRIBUTION OF THE GALACTIC BULGE

Introduction

The previous chapters described the observational results of the Wester-

bork search for galactic center planetary nebulae (PN). Having corrected the

observations for various selection effects and included optical nebula counts,

we are in a position to use the dynamics of PN as a probe of the mass distri-

bution in the inner Galaxy.

Although planetaries seem to belong to an intermediate population, their

average radial velocity in the bulge is very small, and their distribution is

rather less flattened than the stellar distribution (fig. 5.1). This suggests

4

2

0
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-I?
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Fig. 5.1 Positions (in galactic coordinates) of galactic center optical plane-
tary nebulae in the catalogue of Perek and Kohoutek (1967).
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that they share two important properties that allow one to read the galactic

gravitational field from their distribution in a simple way. The first of these

is that the dynamical population of PN progenitors be relaxed. Although the

relaxation time due to two-body encounters of the present stellar distribution
12

is ^ 10 yr (Chandrasekhar 1942) there is observational (King 1966) and theo-

retical (Lynden-Bell 1967) evidence that relaxation can be forced on the time

scale of a stellar orbit during the epoch of galaxy formation. Indeed, Sandage

et al. (1970) have argued that the spheroidal components of spiral galaxies

have undergone just such a violent relaxation.

The second property widely ascribed to bulge PN is that their dynamics

are isothermal, that is, that their velocity dispersion is homogeneous and iso-

tropic. For present purposes we will expand this definition to exclude syste-

matic orbital motion. Certainly the angular momentum coupling of PN with the

rest of the bulge is weak, as evidence by their large peculiar velocities and

the existence of many optical PN at galactic latitudes above 5 (fig. 5.1).

There is some evidence (Minkowski 1965) that the average radial velocity of

planetaries near I = 0 is not quite zero, but the discrepancy is very small.

We will assume that both the isothermal and relaxed conditions hold, so that

the simple formalism detailed in the next section can be used. To simplify mat-

ters further, we will consider only axisymmetric mass distributions.

Formalism of the Planetary Nebula Distribution

There is evidence that an axisymmetric stellar mass distribution implies

three integrals of motion for individual stellar orbits (J. Meys, in prepara-

tion), but it is not clear how strong a role the third integral plays. We will

therefore adopt PN and bulge mass distributions that are each characterized by

only two integrals, so that the phase space distribution of each population can

be written

(5.1) f(E,J) = Pc(2mT)
 J /^ exp(-E/O g(J)

where p is the central density of the population, a the velocity dispersion,
c

g(J) the angular momentum distribution, and E the energy. We assume that plane-

taries do not show any systematic rotation, so that g(J) = 1 everywhere in the

bulge. PN energies are then characterized entirely by the gravitational poten-

tial $ of the stellar mass distribution, and their relative spatial density
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becomes

(5.2) p(ü),z)
p PN = exp

- $(0,0)

where w and z are respectively the radial and "vertical" distances in a cylin-

drical coordinate system.

At a given galactic coordinate (Z- ,b ) we of course observe only the

apparent surface density £pN(£ ,b ):

(5.3) du

i.e., the spatial density integral along the line of sight vector u. If the

bulge has an inclination angle i to the line of sight (where the bulge is face-

on when i = 90 ) and a position angle 0 on the sky, then the line of sight vec-

tor must be transformed into the axisymmetric coordinate system. The transfor-

mation is given by Burton and Liszt (1978). As a starting point we will of

course investigate the most obvious case, i=0=0. There is, however, evidence

— principally from H I (Burton and Liszt 1978; Kerr and Sinclair 1966) and in-

frared maps (Becklin and Neugebauer 1978) — that the central mass distribution

is tilted with respect to the galactic equator. A similar phenomenon is seen

in the innermost few arcsec of M31 (Light et al. 1974). We will therefore also

test the various mass models against the data for the case i = 12 , 9 = 22 ,

a tilt that accounts for many of the "forbidden velocity" H I features (Burton

and Liszt 1978).

Two remarks regarding the integral (eqn. 5.3) are in order. First, we

note that the assumption of a constant velocity dispersion — i.e. an isother-

mal PN distribution — simplifies the integration considerably. Observations

of the bulge of M31 by Simien et al. (1979) show that the stellar velocity

dispersion varies little throughout the innermost kiloparsec, and we will as-

sume that this holds for the PN velocity dispersion as well.

A second point is that, for single-component dynamical systems, the gra-

vitational potential $ is proportional to some characteristic total mass M, so
2 2

that on]y the ratio M/a , and not M and O individually, can be determined. If,

on the other hand, the dynamical effects of a stellar disk (whose properties

are taken to be known) can be separated from those of the bulge, then the ef-
2

fects of varying both the bulge mass M and a can in principle be distin-
B

guished.
When this distinction is not possible — which, as will be seen, is almost.

«si-
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always — we will adopt a velocity dispersion and treat M as the principal un-

known. Radial velocity data on galactic center optical PN give O = 134 km/sec

(Oort 1976), which is consistent with dispersions of Mira variables (Feast et

al. 1980) and galactic center OH/IR stars (Baud 1978). We will therefore adopt

that value.

Description of the Mass Models

Power Law

Probably the most straightforward mass model of any significance for the

bulge is a spheroidal system with a power-law density profile. In a completely

isothermal spherical system with no gravitational contribution from a disk com-
-2

ponent we expect a density-radial distance relation of the form p(r) <= r

More generally, a power law in a spheroid with axial ratio e becomes

2

(5.4) p(w,z) - (Lü
2 + £ I ) "

a / 2

where a is the slope of the density profile. To simplify this we can define a
2 2 ? 2 -a.

spheroidal coordinate r| = oi + z'/e , so that p(n) a n . The distance compo-

nent parallel to the major axis is w.

The axial ratio e of the Milky Way bulge is known, albeit imprecisely, to

be 0.4 on the basis of infrared maps (e.g. Becklin et al. 1977, Okuda et al.

1977, Ito et al. 1977). Using that value, Sanders and Lowinger (1972) were able

to interpret infrared data in terms of a power-law spheroid with a = 1.8, which

would not be far from the isothermal case were the system spherical. Ruiz

(1976) modeled the brightness distribution of the bulge of M31 with a two-com-

ponent system whose combined density profile is not very different from a power

law with an average slope of about 2.2.

A power law requires a cut-off at some inner radius in order to avoid a

central singularity. The brightness distribution of M31 flattens out within a

few tens of parsecs from the center (Light et al. 1974); we have adopted an

inner cut-off of 5 pc for the Milky Way. Infrared observations close to the

center (Wollman et al. 1976; 1977; Bailey 1980) indicate that the density may

actually continue rising at n < 0.1 pc; but for the present purposes the dif-

ference is unimportant since the fraction of the bulge mass contained within

a few parsecs of the center is small.
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A more significant problem is the requirement for an outer cut-off for

power laws with a < 2. Asking where the cut-off should occur is equivalent to

asking where the bulge "stops" and the disk (in the plane) or corona (out of

the plane) begins, which comes down to the problem of the degree to which the

bulge is dynamically distinct from the rest of the Galaxy. Recent results by

Kormendy and Illingworth (1980) have tended to blur the dynamical distinction

between the bulges and disks in spirals, so we will take an empirical approach

to choosing the outer cut-off.

First, we note that the infrared map of Ito et al. (1977) shows the con-

tribution of the disk dominating the overall IR brightness distribution out-

side of galactic longitudes of about 5° - 7°, corresponding to about a kilo-

parsec from the center. Secondly, the surface density of OH/IR stars similarly

shows a bulge population that falls to a minimum at |I \ - 7 before rising

again to form a disk population (Olnon et al. 1980). Thirdly, the inner regions

of spirals often show a distinct region of H 1 depletion with a characteristic

radius of 1 - 2 kpc, as seen in e.g. M81 (Rots and Shane 1975). Finally,

Sanders and Lowinger (1972) found that the infrared observations could be fit

by a spheroidal bulge cut off at a semimajor axis of 800 pc. These four con-

siderations suggest that an outer cat-off of r = ) kpc is quite reasonable.

The gravitational potential of an oblate spheroid of uniform density p

has been given by Schmidt (1956). For semimajor axis s and eccentricity e this

is

(5.5) *(p , in, z) =
S

+ zK )
CO 2

where K and K are, respectively, the force components in the w and z direc-

tions. These are

(5.6)

K = 2irGe~3 A - e p io(ß - sin ß cos ß)
UJ S

K = 4irGe~3 / l - e2p z(tan ß - ß)z s

where

(5.7) 3 = sin"'
2 2 r/ 2 2 2.2
s e -[(r + s e ) -

2-2 2
) s e

for points within the spheroid and (3 = sin e otherwise. Total distance from j?
O O O •'**'

the center of the spheroid is r = u> + z . %

We can approximate the potential of a nonuniform spheroid by simply super- v
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posing the contributions of a large number of uniform spheroids of differing

sizes and densities. For the present model we superpose 20 spheroids of axial

ratio e = 0.4 whose semimajor axes increase geometrically from 5 to 1000 pc.

Their relative densities are set such that their summed density steps from one

spheroid boundary to the next according to a power law. The total mass of the

system is then set by scaling the density.

The data in fig. 4.2 extend up to \b \ - 10 . At this distance above the

bulge the nebulae will feel a significant gravitational potential from the

galactic disk as well as from the bulge, so the former must also be modelled.

In practice — as will be seen below — the disk affects only the integrated

surface density of nebulae above \b \ - 5°, corresponding to z = 800 pc at

the galactic center. This is ^ 6 PN scale heights (Cahn and Kaler 1971), so

we can safely use a thin disk characterized by only a radial surface density

gradient. For a uniform thin disk of surface density E n and radius wn, the po-

tential at a point r
2 2 .
Z + 0) IS

0

(5.8)

V
U)_ 5
0

where P is the nth LegendE polynominal. The effect of a radial density gra-

dient can be established by superposition of uniform disks just as was done

for the spheroids of the bulge. Some experimentation showed that, for present

purposes, we need consider only the inner part of the whole galactic disk, and

so we take CJ < 4 kpc. We use the surface density gradient proposed by Innanen

(1973), derived from the distribution of M stars. Within to = 4 kpc the disk

mass is M = 2.2 x 10 M , which mass (and gradient) agrees fairly well with

another galactic mass model derived by Ostriker and Caldwell (1978). In fact

our results depend only very weakly on the characteristics of the disk. Conse-

quently, we cannot effectively use the difference between the presence and ab-
2

sence of the disk to separate IL from a , as mentioned above.

"Thickened Disk"

Toomre (1963) derived a serios of thin disk-like mass models designed to

apply to highly flattened collisionless stellar systems rotating in a steady
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State. These were later generalized by Miyamoto and Nagai (1975) and Nagai and

Miyamoto (1976) by "thickening" the models to accomodate three-dimensional

systems. Their intention was to create a family of lens-shaped mass distribu-

tions which resemble highly-flattened axisymmetric galaxies, which require only

two integrals of motion, and from which the velocity distribution can be in-

ferred self-consistently. Using positive scale lengths a and b in the w and z

directions respectively, they derived for a system of total mass M a family

of nth-order potentials

GM n , ., k , - ^
(5.9) $n(üü,z) = ( 2 n-l)"

 E n-k {oi + |(z +b ) 2+a] ̂ } Z Pfc(x)

where P^(x) is the kth Legendre polynomial with argument

(5.10) x = —y—^~—j-i—-—=-,

{u>2+[(* + b V + a]2}5

The corresponding nth order mass density distribution is

(5.1.) p ( « o . « ) - - M n - ° C2n-k):(k+l)a
k _ b 2 _

p ( O J , Z ) = ,•(•- , , , ,
n 4ir(2n-l)..

(k+2)

x {<A[(z2
+bV+a]2} 2 Pk+1(x)

The lowest-order case (n=0) was originally investigated by Kuzmin (1956) and

has been applied to the 2.4 y brightness distribution of the galactic bulge by

Matsumoto (1977). At large distances from the center pn(co,z) is proportional
-3 -5

to u z , which is rather steep.

Mass models of this sort are attractive insofar as they subsume bulge and

part of the disk in a single analytical expression and have no central singu-

larity. For a given order n, there are apparently three parameters — M , af

b — instead of two as for the power-law model, but the ratio b/a determines

the degree of flattening of the system, which is constrained by observations.

The ratio b/a = 0.88 was found by Matsumoto (1977) to approximate the shape of

the bulge fairly well. Note that b/a does not scale linearly with the axial

ratio e because b combines quadratically with z.

I
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In order to see the effect of the order of the mass distribution on the

planetary nebula surface density, we will test mass models with n = 0 and

n = 2, the latter chosen arbitrarily.

Results of the Fits

Power law

2

Figure 5.2 shows contour values of x for the fit of the theoretical pla-

netary nebula distribution to the data of fig. 4.2, for a grid of values of

bulge mass (within n = 1 kpc) MD and power law index a. Since the surface den-

sity integral eqn. (5.3) gives only relative numbers, the theoretical curve is

scaled to the data by a value that gives the best fit. The case shown in fig.
5.2 is for i = 0, with disk mass M Q = 2.2 x 1010 M

,10Sanders and Lowinger (1972) found a = 1.8, M = 1.1 x 10 M , which point

is seen to lie not far from the present best fit at a = 1.7, M_, = 0.9 x 10 M .
B ©

Two features of fig. 5.2 stand out. First, it is clear that we are consi-

derably less sensitive to ot than to the mass; indeed, for a given a (and a)

the standard deviation in M is only ^ 20%, which is a large improvement over

most previous determinations. The low values of X , however, suggest that the

fit is overspecified, a point to which we will return below.

0.5
Bulge Mass HCf Mo)

13

2
Fig. 5.2 Contours of normalised x in (M ,a) parameter space for spheroidal

power-law mass models with disk. Cross indicates Sanders and Lowinger
(1972) result
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Distance from Galactic Center

Fig. 5.3 Observed and theoretical planetary nebula surface densities vs.
|£> | at is--*- - 0. Filled circles: radio survey results. Open circles:
corrected optical PN counts. Lines are theoretical projected surface
densities arising from best-fit mass distributions: power law with
(solid line) and without (dotted line) disk; n = 0 "thickened disk"
(dashed line); n = 2 "thickened disk" (dash-dot)

The other significant feature of fig. 5.2 is that the best-fit 1* decrea-
B

ses slowly with increasing a. This has a simple physical explanation: a steeper

a implies a greater concentration of the bulge mass towards its center, where

the planetaries also tend to congregate. The gravitational field therefore acts

more efficiently on a large fraction of the nebulae, so less mass is required

to cause a given steepness in the spatial distribution of PN.The best-fit theoretical curve, corresponding to the parameter pair a =

1.7, M
B

0.9 x 10 1 0 M (with adopted values O = 134 km/sec, M = 2.2 x 1010M )
s D ©

is plotted against the data as the solid line in fig. 5.3. The fit is clearly

good. If we neglect the gravitational field of the thin disk then the theore-

tical distribution behaves as shown by the dotted "tail" that separates from

the solid line at about b = 4 . It is thereby clear, ex post facto, that our

assumption of a thin disk was a good one, since a scale height of 150 pc cor-

responds to b = 1 at the galactic center. It is also apparent that the disk is

an ineffective means of separating the contributions of the bulge mass and the
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PN velocity dispersion to the planetaries' spatial distribution, since only

two of the eight data points are affected by removal of the disk.

A significant disk potential should cause the best fit M to depart from
D

a quadratic dependence on O. In the parameter region of interest it does not

do so: for dispersions smaller than 134 km/sec the dependence is very closely

quadratic. For larger a the nebulae more easily escape to high galactic lati-

tudes where the disk is relatively more important, and so the dependence of ftL

is slightly stronger than 0 . In the range 120-150 km/sec the effect is negli-

gible, confirming that our results are largely independent of the disk model,

but also preventing us from determining 0 and R_ separately.
D

Applying Burton and Liszt's (1978) tilt to the bulge and inner disk does

not change the best-fit value of MD but pushes the solution for a up to 1.9.

We can summarize the two cases by saying that, for a PN velocity disper-

sion of 134 km/sec and a reasonable small bulge inclination angle (i <• 15 ),

an isothermal PN distribution is best accounted for by a stellar mass distri-

bution

a = 1.8 ± 0.3

M = (0.9 ± 0.2) x 10 1 0 M
B ©

for a spheroidal bulge with axial ratio e = 0.4. The uncertainty in M given

above does not include errors in the adopted velocity dispersion; changes in

a of 10 km/sec, for example, cause the value of the best-fit bulge mass to

shift by 15%.

These results are in essentially exact agreement with those of Sanders

and Lowinger (1972). For comparison with other results it is important to bear

in mind that Mo represents the mass within a spheroidal volume with r) < 1 kpc.

For a = 1.8 and £ = 0.4 the corresponding mass within a spherical volume with

the same mass distribution is 1.2 x 10 M . (The correction from a spheroidal
®

to a spherical volume depends on both a and e.)

Thickened Disks

2
Figures 5.4 and 5.5 show contours of x in the (M , a) parameter space for

the families of thickened disks with n = 0 and n = 2. We use b/a = 0.88 and

O = 134 km/sec in all cases. (Since these are single-component systems we can,
2

even in principle, solve only for M /c .) As for the power-law mass models,

the parameter solutions are obviously correlated, rather severely for the zero-
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order disks. The explanation is the same as for the power laws: a smaller scale

length means that mass is more centrally concentrated, and so brakes the radial

motion of the bulk of the planetaries more effectively. For n = 0 the scale

lengths and mass within the best-fit "valley" are related by

(5.12) M
0 175 pc

,0 1 0M
s

Matsumoto (1977) fit an n = 0 model to 2.4 ym balloon observations of the bulge

(Ito et al. 1977; Okuda et al. 1977) and found M = 2.8 x 1010 M , a = 380 ±

20 pc, which falls just off the line described by eqn. (5.12).

Parameter pairs consistent with the best M from power-law models fall
10

near the lower-left corner of the best-fit valley at M = 1.25 x 10 M ,3 o ©'

a = 200 pc. This mass is more than a factor of two away from Matsumoto's (1977)

value. The theoretical planetary nebula surface density associated with this

group of parameters is shown as the dashed line in fig. 5.3, and is seen to be

very similar to the one generated by power-law models.
2

The x contours for the second-order thickened disk (fig. 5.5) show the

same general behavior as those of the zeroth order, although the best-fit mass

M is now less steeply correlated with the scale length. The parameter pair

(M2 = 1.0 x 10
10 Mp, a = 300 pc) falls in the best-fit valley. This n = 2 dis-

tribution is shown as the dash-dot line in fig. 5.3, and is seen to differ

from the n = 0 case by only ^ 10% despite the fact that the mass distributions

themselves differ by substantially more than that. This point will be discussed

in the next section.

Applying the tilt i = 12°, 9 = 22° to the thickened disk distributions
2

results in virtually no change in the x contours. This - and the small change

arising from the tilt in the power-law distribution - is largely a consequence

of the fact that our PN counts are oriented along I = 0, i.e. along the minor

axis of the mass distribution. Small changes in the inclination angle do not

change the z-component of the potential gradient very noticeably.

Ambiguity, Rotation Curves> and Stability of the Models

Ambiguity

Because we are sampling only a single strip perpendicular to the galactic

plane, the amount of information lost due to projection effects is considera-

ble. For this reason, and because the error bars on the data points are large,
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the models tend to be overspecified. In the various fits, much of the contri-
2

bution to x comes from one or two data points; in the power laws with a disk,
2 p\ C° J -7°

= 5 and 7 .
Re-

7° is

for example, x is determined largely by the points at

moving the disk does not change x very much since the point at \b

"restored" at the expense of the one at 9 . This lack of "resolution" in para-
2

meter space is one of the reasons that we have no global minimum in the X

plots. It is nonetheless encouraging that a bulge mass of 1 x 10 M leads
©

to good fits in all three groups of mass models tested. The ambiguity that

arises by integrating along the line of sight is easily seen by comparing figs.

5.3 and 5.6, the latter of which shows the density distribution of the princi-

pal mass models in to and z. Although the two thickened disk models do not

strongly resemble power laws (except asymptotically), all three engender near-

ly identical projected PN surface densities.

The very flat behavior of the thickened disks on scales much shorter than

the scale lengths probably renders them unphysical as descriptions of the in-
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Figure 5.7 Circular velocity in the galaotio plane for (solid line) best-fit
pouier law with disk and (dashed line) best-fit thickened disks

nermost part of the bulge, despite the good fit to the planetary nebula dis-

tribution. Certainly they cannot be reconciled with 2.2 ym maps of the center

(Becklin and Neugebauer 1968) unless there is a strong decrease in M/L in the

inner bulge.

Rotation Curves

The thickened disk and power law mass models also give rise to very dif-

ferent rotation curves in the plane. Fig. 5.7 compares the circular velocities

9c = (<o -gj^)
2 of the two families (the n = 0 and n = 2 thickened disks give al-

most identical curves) for the best-fit parameters. As a consequence of their

flat density distributions within 0) = 100 pc, these Toomre-type models predict

velocities drastically lower than those seen in H I observations (e.g. Kerr,

1969; Westerhout, 1969).

The form of the a = 1.7 rotation curve agrees reasonably well with the

model curve derived by Simonson and Mader (1973) and of course with the rota-

tion curve of Sanders and Lowinger (1972) since their mass distribution is

similar to ours. What is striking, however, is the low velocity (9 Ri 205

, km/sec) at which the present curve levels out, at about CJ = 1 kpc. Sanders and

• Lowinger's (1972) curve lies somewhat higher since their mass is concentrated
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into an 800 pc (as opposed to 1 kpc) spheroid. H I velocities are on the order

of 250 km/sec in this region, but because these are probably not circular ve-

locities (Cohen and Davies 1976) there is no real discrepancy. As an extreme

example, gas moving along randomly-directed parabolic orbits would give peak

H I velocities that are /2 higher than G • Our model rotation curve is only

20% below the observed values.

If, on the other hand, the departures from circular rotation are not large

enough to account for the discrepancy, there are still two possible hiding

places for a substantial amount of "missing mass":

The inner_disk. This is the most attractive explanation, since, as shown

earlier, our z-oriented PN distribution is very insensitive to the mass of the

disk. The variation among the surface densities in different disk models (e.g.

Innanen 1973; Ostriker and Caldwell 1978) so close to the galactic center is

^ 50%, which is comparable to the extra mass needed to account for the discre-

pancy,if any, in 6 .

The bulge. Additional mass in the bulge could take the form of either a

scaling of the derived a = 1.7 density distribution, or the presence of a se-

parate mass component for which we have not accounted. Sinha (1978), for exam-

ple, has proposed that in addition to a spheroidal nuclear bulge, a spherical
-3

component with an r density law must be superposed in order to account for

the distribution of RR Lyrae stars (Oort and Plaut 1975) and globular clusters

(Harris 1976).

In either case, increasing the mass of the bulge implies increasing the

mass-to-light (M/L) ratio there as well. The present model implies M/L - 3,

which agrees with the basic assumption in Sanders and Lowinger's (1972) ap-

proach. The extra mass required for agreement with the H I data - if these are

interpreted as circular velocities - brings this up to M/L - 4.5. Both values

fall towards the low end of recent determinations of M/L in the bulge of M 31,

where Lawrie (1978) found M/L = 10 and Pritchett (1978) found M/L =1.6 via a

population synthesis technique. These values of M/L all argue against the ex-

istence of an unobserved dwarf population in the bulges of spirals, a conclu-

sion supported by the result in chapter IV that the PN birthrate per unit mass

in the bulge is not very different from the disk. One possibility is a giant-

enriched version of Faber's (1972) population model for the bulge of M 31, in

which most of the mass is in main sequence GKM stars and the light comes from

super-metal-rich giants and subgiants.

These populations, however, have not had time to generate the PN distri-

bution that we see now. The lack of flattening or rotation of the PN distribu-
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ion in the bulge implies an extreme Population II origin, while the birthrate

of disk planetaries demands younger progenitors of 1-1.5 M (Salpeter 1971).

This supports Greig's (1972) classification of planetaries into two dynamical

populations.

The problem with requiring that the "missing mass" be in the bulge is

that the predicted planetary nebula surface density distribution becomes cor-

respondingly steeper. A velocity dispersion of o= 165 km/sec cancels out the

effect, but the radial velocities of neither OH/IR stars nor galactic center

PN support such a high value. However, it will be seen in the next chapter

that the distribution of OH/IR stars is consistent with the "low mass" model

just derived. In other words,we need not resort to a higher velocity disper-

sion or any "missing mass"; the difference between the model rotation curve

and the H I velocities must be due primarily to noncircular motion of the gas.

r

Stability

Ruiz and Schwarzschild (1976) find on the basis of numerical models by

Ostriker and Peebles (1973) that the bulge will be stable against certain bar-
2 2

forming instabilities when <v> /a < 1.2, where <v> is the average rotational

velocity (not the circular velocity 0 ) and 0 the velocity dispersion of the

bulge stars. This relationship is approximate and ignores the stabilizing in-

fluence of a massive halo.

By averaging over the plane (z = 0, where the rotational velocities are

highest) of an n = 0 thickened disk, it is possible to show that the mean ro-

tational velocity in the inner kiloparsec is approximately

3

(5.13) <v>"
GMa

c

1 kpc po(iü, 0)

+ (b+a)2}3
do)

where p is the central density, a and b the w and z scale lengths, and p

(u),0) the n = 0 density distribution evaluated at z = 0, as given by eqn.

(5.11). Evaluating eqn. (5.13) gives <v> - 105 km/sec for the best-fit values

of M and a, assuming b/a = 0.88. It therefore appears that the thickened disk

is stable if the velocity dispersion of the stars is comparable to that of the

planetaries and OH/IR stars.

Estimating the stability of the power-law mass models is rather more ar-

bitrary, since the odd component of the angular momentum distribution of the

stars is not implicit in the density distribution. Ruiz and Schwarzschild

(1976) have tested two extreme cases of this component: one in which there are
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Figure 5.8 Relative theoretical surface densities in galactic coordinates,
arising from the best-fit spheroidal power law, with a thin disk
but with no tilt. Extinction and foreground objects are not taken
into account, (a) Isothermal planetary nebula distribution, (b)
Star distribution of the bulge. Contour values: 0.35, 0.5, 1.0,
2.5, 6.0 percent of central surface density. "Steps" in outer con-
tours are artifacts of contour algorithm

as many prograde as retrograde orbits, so that there is no net angular momen-

tum, and another in which all orbits are prograde, contingent on the distribu-

tion of the azimuthal velocity component having only a single maximum. The ro-

tational velocity associated with the average of the two cases is roughly one-

third of the circular velocity 8 . If this is applicable to the present power

l?.w model (which resembles Ruiz and Schwarzschild's (1976) distribution fairly

closely) then <v> < 80 km/sec even with the "missing mass" in the bulge, and

the system is stable.

These stability calculations assume that the bulge is acted upon only by

the gravitational field of an (axisymmetric) disk. If the bulge is strongly

tilted with respect to the disk, however, it may be disrupted by differential

precession on the time scale of only a few orbits.

Finally, it is worth noting that these results are consistent with the

assumption that the planetary nebula population has little or no net angular

momentum. Figs. 5.8 a and b show, respectively, the theoretical isothermal PN

surface density and the projected stellar surface density for the power law

as
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mass model a = 1.7, M (n < 1 kpc) = 0 . 9 x 1 0 M , M r i ( w < 4 kpc) = 2.2 x
10 B - & U

10 M . The planetary nebula distribution is, of course, less flattened and

also less compact than the bulge, and resembles the observed distribution of

optical nebulae (fig. 5.1) fairly well. Fig. 5.8 does not take into account

either absorption or the contribution of foreground objects.

A power law near a = 2 is normally associated with an isothermal stellar

mass distribution, though this need not be the case. Ruiz and Schwarzschild's

(1976) mass model has some net rotation, and yet also has a density distribu-
_2

tion not far from n . There is therefore not necessarily a contradiction
with observations of rotation in the bulges of spirals (Richstone 1980).

Conclusions

Insofar as planetary nebulae share Population II dynamics, they are a pow-

erful probe of the gravitational field of the inner Galaxy. The principal draw-

bacics of the radio PN survey described in the last five chapters are (i) that

planetaries are difficult to identify by other than optical means, and (ii)

that sampling only a strip of constant galactic longitude causes us to be sen-

sitive to only the z-component of the force field. But planetaries are weak

radio emitters which can therefore be found only in sufficient numbers very

close to the galactic plane; attempts to see the w-component of the bulge gra-

vitational field in the plane run up against the significant contribution of

foreground (disk) PN.

Despite these difficulties, the three groups of bulge mass models inves-

tigated (power law density distribution, thickened Toomre (1963) disks of or-

der 0 and 2) give consistent results for the mass of the bulge: (1.1 ± 0.2) x

10 M for the inner kiloparsec, assuming a PN velocity dispersion of 134

km/sec. The power law models suggest a density exponent in the range 1.8 + 0.3,

depending somewhat on the inclination and position angles of the mass distri-

bution. This exponent agrees quite well with the density law derived from the

infrared brightness distribution, assuming a low mass-to-light ratio (Sanders

and Lowinger 1972). The adopted mass of the galactic disk influences these re-

sults negligibly since the gravitational field of the bulge is strongly domi-

nant in the survey region.

Rotation curves derived from the best-fit mass models tend to give circu-

lar velocities that are lower than observed H I velocities. If the H I profiles

represent circular velocities - and this is dubious - then our models suffer a

substantial amount of "missing mass", possibly in the inner part of the disk.
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Observations do not rule this out, and a more massive disk does not affect the

observed bulge PN distribution.

The hunt for the "missing mass" will be described in the next chapter, in

which the distribution of galactic center OH/IR stars will be investigated.
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CHAPTER VI: MASS MODELS DERIVED FROM THE OH/IR STAR DISTRIBUTION

Why OH/IR Stars?

As mentioned in chapter I, OH/IR stars form an alternative to planetary

nebulae as an ensemble of Population II tracers of the gravitational field

near the galactic center. OH/IR stars, like planetaries, show signs of being

divided into two populations — "bulge" and "disk" — the former being

dominated by older objects and showing little evidence of galactic rotation

(Olnon et al. 1980). Moreover, the stars themselves are Mira variables and M

supergiants (Wilson and Barrett 1972); since Miras are likely progenitors of

planetary nebulae (PN), it is not surprising that PN and OH/IR stars have

similar dynamical properties. OH/IR stars may be the more massive PN

progenitors.

Searches for OH/IR stars are facilitated by the characteristic double

peak of their maser line emission, which feature of course provides radial

velocity information at the instant of discovery. In this sense, OH/IR stars

are superior to planetaries as dynamical "test particles." Unfortunately, they

are also considerably scarcer than PN. Various 1612 MHz surveys in the galactic

plane have yielded a few hundred sources (Johansson et al. 1977; Caswell and

Haynes 1975; Bowers 1978; Baud 1978), but a recent deep survey of the bulge

(Olnon et al. 1980) revealed only 32 masers within 1 of the galactic center.

We will test mass models against this sample.

Our main purpose purpose in this chapter will be to check the results

obtained from the planetary nebula distribution and to extend them towards the

galactic center. The lowest-latitude data point from the PN survey (figs. 5.3

and 4.2, and table 4.2), obtained after averaging over sections of rings about

the galactic center, is \b | = 0.51 . The deep OH survey therefore fills in

information on the mass distribution at very low galactic latitudes.
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Formalism and Corrections

We will follow the formalism of chapter V and assume that, similarly to

PN, the distribution of OH/IR stars can be described without systematic

rotation, and with a uniform velocity dispersion. The velocities of the deep

survey OH stars do show some correlation with galactic longitude, but only

after selectively dropping 10 - 20% of the highest-velocity objects (H.J.

Habing, private communication). We will ignore this effect. In doing so, we

are making no assertions about OH/IR stars qua PN progenitors, but insist

only that random motions dominate any systematic orbital motion in both cases.

Unlike the planetary nebula data, which extends up to \b | - 10 , the

OH/IR deep survey is so close to the galactic center that we can ignore the

contribution of the galactic disk to the bulge gravitational potential. This

simplifies the mass model, but also eliminates the possibility of separately

determining the bulge mass M and the OH/IR star velocity dispersion a ; we

can deduce only the ratio M_/a£TT (see page 74). Unfortunately, a is not very
o Un Uli

accurately known, since some low-velocity objects are lost to absorption in

molecular clouds, as discussed below. If the uncertainty in a is Aa , then
UH Un

we can of course only determine the bulge mass M to within

"OH A°0H
°0H °0H

There are three principal selection effects for which the raw galactic

center OH/IR star distribution must be corrected before it can be modelled.

Foreground objects: Because we are interested in the gradient of the

galactic center OH/IR star surface density (see chapter V ) , we must know

the latitude gradient of foreground masers. (The longitude gradient is

negligible within a degree of I = 0 .) We must also know the relative

number of foreground objects brighter than our detection limit.

The z-gradient was found by Baud (J978) and Bowers (1978) to be consist-

ent with a gaussian with a dispersion of 110 pc. Taking 9 kpc as the distance

to the galactic center, the surface density of foreground OH/IR stars is then
2

proportional to exp (-0.26 b ). The proportionality constant is the surface

density in the plane at I - 0 , which, in the absence of a luminosity

function for weak OH sources, is unknown. Instead, we will assume that the

relative contribution of foreground objects to the bulge surface density is
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comparable to that of PN, i.e. about 20% in the direction of the galactic

center from eqn. (4.1). Note that, for \b | £ 1°, the z-gradient in the

fraction of foreground sources is small: if it is 20% of the total surface

density at b11 = 0°, it is 20 exp (-0.26) = 15% at b11 = 1°.

Absorption (optical depth): OH molecular clouds are concentrated into

the galactic plane at \b | ̂  0.5 and vary in optical depth on an angular

scale of a few tenths of a degree (Cohen and Few 1976). If the optical depth

x is sufficiently great then a significant number of sources could be attenu-

ated to below the detection limit L of the deep survey. For sources distrib-

uted with an intrinsic luminosity function N(L)dL <* L, dL, the detectable

fraction of sources f is proportional to

(6.2) f = . /" N(L)dL = exp {(1 - ß)r}.
1 Ldet e X p T

If 3 = 1 then the detection probability is insensitive to optical depth

variations. However, Baud (1978) found 3= 1.65 ± 0.1, so that f_ * exp(-0.65x). .
T

The optical depth of the molecular clouds in the 1612 MHz spectral line is not

known, but is only T £ 0.2 in the 1667 MHz line. If a comparable (or smaller)

optical depth obtains in the satellite lines then the variation in f with

position becomes negligible. We will assume that this is the case, so that \

this effect can be ignored. "^

Absorption (baseline effect): Apart from attenuating the emission from

OH/IR stars, absorption in molecular clouds engenders a baseline "depression"

in antenna temperature, on which the stellar maser emission is superposed. The

effect arises because the clouds absorb the background continuum over a range

of velocities |v| £ 100 km/sec that is much broader than a maser spectral

line but narrower than the total receiver bandpass. In practice, maser lines

are lost in velocity channels in which the absorption is deeper than 0.5 K in

antenna temperature (H.J. Habing, private communication)

We can correct for the number of lost sources brighter than L, if the

intrinsic source velocity distribution is known. This will be taken to be _i

Maxwellian with zero average velocity and dispersion a . If, at a given J
II II S

position (X ,b ), the absorption is deeper than .0.5 K in the velocity J|
interval(s) (v., v.) then the corrected number of sources there is simply i|:

V. V • r̂'

(6.3) N ' a 1 1 , b11) = N a 1 1 , 2?11) {1 -.1. (erf - J - - erf — ) } " ' %
1 > J °0H CT0H £
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where erf is the error function, N(Z , b ) is the observed number of sources

at (Z- , b ), and the summation is over all velocity channels with absorption

deeper than 0.5 K at that position. Note that N1 is only the number of sources

that we would see above the existing detection threshold L if there were no

absorption. Since we are interested only in the gradient of the source surface

density, we do not need to know (and, indeed, cannot recover) the absolute

number down to arbitrarily low luminosity.

The velocity dispersion o_H is not accurately known because of the very

phenomenon for which we are trying to compensate, i.e. the loss of low-

velocity objects. It is possible to determine an upper limit of 156 km/sec to

a by fitting a gaussian curve to only the "unabsorbed", high-velocity
OH

(|v| > 100 km/sec) sources. A likelier value should be more consistent with

the dispersion of planetary nebulae; fig. 6.1 shows the observed velocity

distribution of deep OH/IR survey sources, compared with the expected distrib-

ution with a dispersion of 134 km/sec. It is clear that almost all of the

"missing" sources are at velocities of less than 100 km/sec, as expected.

Probably the strongest statement that can be made is that a „ falls in the

range 130 ± 20 km/sec.

Applying the Mass Model

The computer implemetlation of the power-law mass model described in the

last chapter produces a 21 x 21 raster of model surface densities centered on

the galactic center, and normalized to a peak value of 1000. The angular
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spacing of the raster cells is arbitrary and was set in this case to 0.1 to

accomodate the region of the deep OH/IR survey.

If the corrected data are binned onto a similar grid, then the parameter

(6.4)
M

describes in some sense the similarity of the two distributions. 0 and M are,

respectively, the (corrected) observed and model values at the grid points,

after normalizing both distributions to the same peak value (1000). The

summation is over all grid points within 1 of the galactic center. A typical

"good" value for x is 350, with an uncertainty of 25 or 30. (We empirically

define the uncertainty as the smallest change in x associated with a visibly

different model distribution.)

Because we have only 32 OH sources from the deep survey, the data raster

will be very sparse unless some kind of smoothing is applied. The 3 x 3 cell

(0.3° x 0.3°) convolution

1 3 1

3 5 3

1 3 1

-T- 21

was found to make the OH star distribution somewhat smoother while preserving

most of the position information contained in the individual sources.

Power-law spheroidal mass models identical to those used in chapter V

(axial ratio e = 0.4, semimajor axis n = 1 kpc) were tested against a smooth

data set that had been corrected for foreground objects and absorption base-

line effects according to eqn. (6.3). Because of the uncertainty in the

velocity dispersion, absorption-corrected data sets corresponding to a =

112, 134, and 156 km/sec were all investigated. The results, presented as
2

X~contours in (a, M_/a ) parameter space, are shown in fig. 6.2. (a is the

power law exponent of the model bulge density distribution.) It can be seen

that all values of a give about the same results, with the lower values
On

giving slightly deeper minima. The difference, however, is not much greater

than the uncertainty in x-

As in the fits to the planetary nebula data, there is a tendency for

steep density distributions (large a) to be associated with small values of
2

M /a ; this occurs because a centrally-concentrated bulge can efficiently
B On

bind the centrally-concentrated OH star distribution.

\
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Figure 6.2 shows no single global minimum; we can define instead a mini-
2

mum Y "valley" of equally-good (M la , a) pairs. In other words, we cannot

determine M /o and a independently and must adopt a value for one or the other

parameter on the basis of the planetary nebula results. Recall from chapter V

that the difference between the derived bulge rotation curve and observed H I

velocities raised the suspicion that that the PN were not "seeing" all of the

bulge mass. It is therefore of interest to investigate the mass further.

We adopt the density exponent a = 1.8 + 0.3 derived in the last chapter
2 2 +5 8

and read the corresponding values of M„/a from fig. 6.2: H la = 5.2 "_
r *y o Un ti U H —Z. I

x 10 M_ (km/sec) . The uncomfortably large upper error is a consequence of

the shallowness of the x contours at low a. Taking a velocity dispersion of
+ 12 5 9

a = 130 + 20 km/sec results in a bulge mass M„ = 8.8 ' x 10 M , with

the uncertainties defined by eqn. (6.1). As in the last chapter, this is the

mass in an oblate spheroidal volume with half-axes of 1.0 x 0.4 kpc.

Comparison with the PN Distribution

The value of M cited above is in essentially exact agreement with the
D

results from chapter V, but the monumental error bars render this a rather

hollow victory. Two factors account for the rather large uncertainty: the 15%
uncertainty in a , and the strong dependence of M la on a at low ex.

OH B OH

We will see in the next chapter, however, that in other spiral galaxies,

values of a greater than 1.8 occur more frequently than smaller values. If

this applies to the Milky Way as well then we can rule out high values of M.
JO

B
more readily than low ones; for example, a •> 1.8 implies M _ < 1.2 x 10 M .

10 ®
(Most other determinations of M yield values between 1 and 2 x 10 M , e.g.

B ®

Oort 1977 and Sanders and Lowinger 1972.) This argues against the existence

of a substantial amount of "missing mass" to explain the 50 km/sec difference

between the rotation curve derived in chapter V and observed H I peak radial

velocities. It is simpler to assume — and more likely — that the difference

is due to departures of the neutral gas from circular motion. Elliptical

orbits with an eccentricity of 0.5, or a systematic expansion of 150 km/sec

can both account for the discrepancy.

Another contribution to the uncertainty in MD is the small number of

OH/IR stars found near the galactic center. We have, however, assumed the

distribution to have zero inclination and position angles and so for purposes

of comparison with a model we can quadruple the average source density by

folding along the {1 =0, b =0) symmetry axes. Figure 6.3 shows the folded,

|

I
I
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1

Figure 6.3 (a) Convolved, absorption-corrected (a - 134 km/sec) OH star
surface density. (b) Uo_del surface density for a - 1.8, MJo"
= 5.7 x 10 M (km/sec) ". Contour levels (increasing line
thickness): O.Ob, 0.10, 0.18, 0.30, 0.50 of peak value.

smoothed source source distribution (corrected for absorption with a =134
OH

km/sec) next to a model surface density distribution that gives a "good"

(X = 350) fit. There is only a very general similarity between the two maps;

they have about the same average axial ratio, but the "observed" OH star

distribution becomes progressively less flattened with increasing latitude.

We can make the comparison less "noisy" if we reduce the distributions

to one dimension by averaging over rings with the appropriate average axial

ratio. (This is about e = 0.7, i.e. less flattened than the bulge itself, as

is to be expected for a nonrotating population.) The consistency of the model

with the corrected observations can then be clearly seen (fig. 6.4). Moreover,

the average slope of the OH/IR star surface density is Z <* {(b2 + (0.7Z)2) * } " '
OH

in agreement with the distribution of planetary nebulae. This supports the

notion that the two classes of objects belong to similar dynamical populations.

Similarly, the ages of OH/IR stars seem to be at odds with with their apparent

lack of systematic rotation, since one does not expect stars that are only a
9

few times 10 years old to be dynamically distinct from the bulge.

Finally, the apparant increase in flattening of the OH star distribution

with decreasing galactic latitude (fig. 6.3a) is quite unexpected. If the effect

is real, it may be due to an anisotropic velocity distribution arising from

some mass asymmetry in the inner 50 pc of the bulge. The inner bulge of M 31

shows evidence of such a "weak bar" (Matsumoto et al. 1977, Contopoulos 1980),

though in the present case the departure from axial symmetry must be small

99



100

UJ

ai
Q

ai
| 30
o
in

UJ

a.
;io -

1/5

3 -

1

-

i i

\

1 1

-

v
0.1 0.2° 0.4° 0.8°

Figure 6.4 Corrected OH star surface densities, averaged over elliptical
rings with axial ratio 0.7. Dashed line: surface densities
corresponding to best-fit mass model, scaled to data.

enough not to affect the planetary nebula distribution at \b | £ 1 . A

deeper search for galactic center OH/IR stars would more clearly elucidate

their true distribution!
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CHAPTER VII: PLANETARY NEBULAE IN M 31

Introduction

Because of the apparent similarity between the two spiral galaxies, one

can extract information about the Milky Way indirectly by analogy with the

structure of M 31. This was first proposed by Rougoor and Oort in 1960; infra-

red observations since then (Becklin and Neugebauer 1968, Sandage et al. 1969)

have confirmed the similarity of the galaxies' nuclear structures (Oort 1977a).

To date, the only Population II objects used as tracers of the gravitation-

al field of M 31 have been globular clusters at large distances from its

center (Tremaine et al. 1975). Within the nuclear bulge itself, direct optical

and infrared observations of the brightness distribution are possible due to

the advantageous inclination angle (i = 15 ). The same conditions allow

planetary nebulae (PN) to be discovered very close to the core; although the \

background light is strong, PN emit most of their optical energy in a few '~j

narrow spectral lines. It is therefore logical to use planetaries as Population

II tracers in the inner bulge of M 31.

A survey of PN in the [o III} 5007 A line in M 31 has been published by

Ford and Jacoby (1978a, b; hereafter FJ). The motivation for their survey was

more the study of the interstellar medium and planetaries per se than the mass

distribution of M 31, but their data are quite suitable for the latter: of

their 311 nebulae, 191 fall within a 10' x 10' region about the center.

Lawrie (1978) studied the dynamics of 42 of these objects to determine the

velocity dispersion and mass-to-light ratio in the central 200 pc. In this

chapter, we will use the distribution of the innermost 191 PN to confirm

Lawrie1s (1978) velocity dispersion and to derive a mass model of the inner

1200 pc of the bulge. The formalism will be similar to the one used in chapters

V and VI, although now we will include the effects of angular momentum.
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Recapitulation of the Mass Model

As in the last two chapters, a given mass model has associated with it a

theoretical PN distribution which we integrate along the line of sight through

M 31. We consider only axisymmetric models, so that the points along the line

of sight can be transformed into a cylindrical coordinate system (u),z). We

further assume that the bulge of M 31 is not tilted with respect to the disk

— though there is evidence that the innermost portions show a departure from

the overall axial symmetry (Matsumoto et al. 1977) — and so adopt a postion

angle of 38 (de Vaucouleurs 1958) and an inclination angle of 15 (Ruiz 1976).

Our mass model is similar to the one used in the last two chapters: an

inhomogeneous spheroidal system defined by a spheroidal coordinate n and a

power-law density distribution with exponent a (see eqn. 5.4). The density

falls off as p(i"i) <* n .In our own Galaxy, a appears to be about 1.8 (Sanders

and Lowinger 1972), while Ruiz (1976) found that Kinman's (1965) light dist-

ribution of the inner bulge of M 31 could be fit by a mass density distribution

approximating a power law with a - 2. She used a spheroidal bulge with an axial

ratio E = 0.7, which we shall also adopt.

A power-law density requires an inner — and, for a ^ 2, an outer —

cutoff. Observations of the core of H 31 by Light et al. (1974) show the optical

brightness leveling off within a few arcsec of the center, so we shall choose

H = 10 pc as our inner cutoff. Our results are quite insensitive to the exact

value, since only a small fraction of the bulge mass is found in the core, and

because plate saturation prevents optical planetaries from being found in that

region.

We have chosen the outer cutoff principally for convenience: FJ's photo-

graphic coverage of the bulge is complete within about 6' of the center, so we

have modelled only the inner part of the bulge, n - 1200 pc. The complete

bulge appears about 2.5 times larger photographically. The most important

physical constraint on the outer cutoff is that it contain enough mass to

strongly dominate the gravitational field — and hence the PN distribution —

in the region of interest. The results from chapter V show that r) 'v* 1 kpc is

safe in this respect.

In addition to the spheroidal bulge, we also include the effects of a

stellar disk. We have seen that in our own Galaxy, it is possible to show that

the disk affects the distribution of bulge PN only at z £ 700 pc. Since this

is several times the PN scale height, we expect the disk potential to have

only a very small effect on the surf ~ce density of planetaries in the bulge of
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M 31. Some experimentation showed that this was the case, but the disk was left

in for completeness. A thin disk with a radial surface density gradient like

that of Innanen's (1973) mass model was used. The density of the disk was taken

to be 50% greater than in Innanen's (1973) model, since M 31 is generally

believed to be more massive than the Milky Way.

Inclusion of Angular Momentum

As in chapter V, we assume that the planetary nebula population in M 31

is relaxed, and moving in the potential $ of an axisymmetric star distribution.

The PN distribution is therefore also axisymmetric and time-independent: p(w,z),

where w and z are, respectively, the coordinates perpendicular and parallel to

the symmetry axis. If, furthermore, the PN distribution can be characterized

by only two integrals of motion and a constant velocity dispersion a, then the

phase space distribution eqn. (5.1) can be integrated over all velocity

components to give (Ruiz and Schwarzschild 1976):

-v2

(7.1) p(w,z) = p exp
c

~ $(0.0) • r „A; „A „„„ ^_ d v
2a2 — 2 L s<ve">

 ex? 7 T
/2TTO 2a

where p is the theoretical central density of PN. V. is the azimuthal velocity ,j

component, so that J = V„to is the angular momentum, distributed according to ._{

some function g(V„w), which is normalized to unity. Note that eqn. (7.1) is

just eqn. (5.2) multiplied by a factor that accounts for the angular momentum r"

distribution.

The velocity distribution of PN in the inner part of our own Galaxy \

shows little evidence of systematic orbital motion (Minkowski 1975), and the

nebulae themselves seem to be much more spherically distributed than the stars i

of the bulge (Oort 1977b). On this basis, the PN distribution is usually taken !\

to be characterized solely by a constant a and the bulge gravitational field

(g(J) = 1). If, in contrast to the assumptions used in the last two chapters,

there is at least some angular momentum coupling between the PN and the flatterf

stellar dynamical system, then the angular momentum distribution g(J) must be

modelled. It is not uniquely specified by the stellar sensity distribution

p((i),z). (We use a tilde to indicate a stellar, as opposed to planetary nebula,

distribution.) To see this, note that g(J) can be decomposed into symmetric

(g+(J) = g+(-J)) and antisymmetric (g_(J) = -g (-J)) components, the latter

of which affects the mean rotational velocities but vanishes in the integral
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in eqn. (7.1)

To avoid this ambiguity, we define an angular momentum coupling parameter

A that describes the extent to which the stellar orbital motion associated

with a given mass model is shared by the planetary nebulae. We then write

the general form of the PN distribution as

(7.2) ^ ^ = (1 - A) exp H"'Z) ~ H0'0)'< - A P ( ^ l
a2 I p~c

where 0 1 A - 1. The case A = 0 corresponds to eqn. (7.1) with g(V„w) = 1,

so that eqn. (5.2) is recovered. At the other extreme, when A = I the planetar-

ies obey the same arbitrary angular momentum distribution g(J) as the stars,

and so have the same relative spatial distribution. (We assume that PN and

the bulge stars have the same average velocity dispersion.)

In representing the distribution of all bulge planetaries as the sum of

a rotating and a nonrotating population, it is tempting to identify the two

ensembles with Greig's (1971) "Class C" and 'Class B" nebulae. These are

morphological classes with which Greig (1972) attempted to identify dynamical

correlates, the former showing strong departures from circular motion, and the

latter having disk-like, Population I dynamics. These kinematical properties

were later confirmed by Cudworth (1974), and, indeed, the results in chapter

V support such a distinction in the Milky Way. For M 31, however, such a

distinction is premature; there is in any case no possibility of morphological

classification of PN at such a great distance. The two "populations" implied

by eqn. (7.2) are strictly formal.

We will be concentrating initially on the A = 0 (no angular momentum)

case, and fitting for the density parameters a and II (the bulge mass contained

within n = 1200 pc), and the PN velocity dispersion a. It would appear from
2

eqns. (7.1) and (7.2) that, since $ <* MD, only the quantity M„/a can be found
D D

from the PN distribution. In the next section we will discuss a self-consistent

method whereby the effects of the two parameters can be distinguished.

Correction for Luminosity Selection Effect

Before the theoretical PN surface densities derived from the above

formalism can be compared to the observations, the latter must be corrected

for selection effects. The completeness of FJ's nebula counts varies strongly

I throughout the survey region because of two important factors: (a) different
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Figure 7.1 Distribution of Ford and Jaaoby's (1978b) planetary nebulae in

M SI. Cross indicates optical center of M 31, dotted arcs indicate
borders of photographic plates.

areas are covered by different numbers of photographic plates, as seen in

fig. 7.1, and (b) the background continuum "noise" is a function of the stellar

surface density. We do not take absorption into account, although the asymmetry

of the PN distribution with respect to the bulge symmetry axes (see fig. 7.1)

shows that this cannot be altogether correct. However, the 15° inclination

angle shortens the path length through the absorbing dust layer in the disk,

which presumably has a small scale height. Van den Bergh (1975), for example,

found that the dust layer in the center of M 31 was insufficient to obscure a

significant number of globular clusters on the far side of the galaxy. FJ were

able to find nebulae within only a few arcsec of the core of M 31, limited

only by plate saturation, so we believe that absorption is not too severe. We

therefore proceed to correct FJ's nebula distribution using a scheme that

estimates only the fraction of PN lost in the noise.
o o

Let the 5007 A luminosity distribution of PN be N(L ) dL in FJ's 23 A

bandpass. If all the stars in the line of sight through the solid angle of

the nebula contribute an integrated background light L in the same bandpass,

then the probability that a given nebula will be detected is (Helstrom I960):
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(7.3)

We then average over all luminosities and find that the probability that

any nebula in the ensemble will be detected on a single plate is

(7.4) P = ; > ( L p N ) N(LpN) dL p N

which, for a point which is covered by j plates, becomes

(7.5) <P> = 1 - (1 - P)^ .

These are just restatements of eqns. (4.2) - (4.4) with the detection

threshold expressed by the parameter n: when L = nL , P(L ) =0.5. The

equations apply to a linear detector, so we are restricted to unsaturated

regions of the photographic plates.

In order to apply the corrections to the observed PN distribution, we

require the [0 III] luminosity distribution N(L ) dL , the detection

threshold n, and the position-dependent, integrated background light h .

Luminosity distribution; To construct N(LpN) <*L
 w e turned initially

to the 5007 A measurements of Vorontsov-Vel'yaminov et al. (1975), scaled by

the distance determinations of Acker (1978) and corrected for interstellar

absorption (Cahn 1976). In order to minimize the effects of absorption and

form as complete a sample as possible, only nebulae within 2 kpc of the Sun

were used; this restriction, however, eliminated much of Vorontsov-Val'yaminov's

data set. We therefore derived additional [0 III] fluxes from Hß observations

(Cahn 1976) and measured [o IIl]/Hß ratios for individual nebulae (Aller I941,

1951; Minkowski 1942; D'Odorico et al. 1973; Aller and Czyzak 1970; Sabbadin

1976; Kaier et al. 1976). The resultant absolute luminosity distribution

is shown in fig. 7.2. Two other nebulae with L p N > 15 x 10 erg sec are

also taken into account. FJ did not find a large number of nebulae near the

plate limit, and concluded that the luminosity distribution does not rise

steeply at the low end. They estimated that ^ | of all nebulae are within

3 mag of the brightest; this also holds for the distribution of local PN, so

we do not think that we are seriously underestimating the number of dim objects.

Detection threshold: We wish to choose a valiE for n such that the correct-

ed number of PN in the inner bulge of M 31 is consistent with the number

derived by FJ. They constructed a luminosity distribution and a brightness-
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size relation for local nebulae and used these to estimate the fraction of PN

in M 31 which fell below their plate limit. With this approach — similar to
4

ours — they were able to estimate a total of ^ 10 PN in H 31. Since the

inner kiloparsec of the bulge contains about 10% of the mass in our own Galaxy

(Oort 1977a, chapter V), we choose n so as to get a corrected population of
3

^ 10 nebulae. This requires n - 2.5, depending, as explained below, on the

adopted mass-to-luminosity ratio for the bulge.

Background light: The background light L at each point can of course be

measured directly from the original plates. We did not, however, have access

to these, and, even if we did, then the problem of absolute calibration of the

plates would then arise. We have chosen instead to model the background light

by assuming the mass-to-light ratio M/L to be constant throughout the region

of interest. For a distance u from the Sun at sky coordinates (a,6) the

background light is then simply

(7.6) L (a,6) = ( ~- )"' ß f p(u,z) du
A Li O Ul , O

where Q is the projected area of a typical seeing disk at the distance of M 31
2 •>.

(taken to be 20 pc at u = 690 kpc), and p(w,z) is the mass density of the '?

bulge in the axisymmetric coordinate system. The line of sight vector (u, a, 6)}j

must be transformed into the bulge coordinates (w, z). |

We must therefore choose a value of M/L . In practice the choice is not |
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very crucial because the detection probability eqn. (7.3) gives the largest
2 -1

corrections when the first term in its argument — proportional to n (M/L )

— dominates. Errors in M/L are thus cancelled bv the choice of a value of n
v

that maintains consistency with FJ. It is well that this is the case, since

the mass-to-luminosity ratios of galactic bulges are not very accurately known.

Dwarf- or giant-rich population population syntheses never admit unique

solutions and have given results ranging from 46 (Williams 1976) to 1.6

(Pritchett 1978) solar units. Faber (1972), however, derived M/L = 15, which

seems to be in much better agreement with more direct measurements based on

the dynamical behavior in the bulge of M 31(Simien et al.. 1979; Morton and

Thuan 1973; Lawrie 1978). We will therefore adopt that value, so that L =
41 - 1 - 1 o

1.9 x 10 photons sec M in the wavelength range 5010 t 11.5 A corres-
©

ponding to FJ's filter. It is worth noting that this value seems to be

considerably higher than the M/L ratio in the bulge of the Milky Way. Infra-

red data (Sanders and Lowinger 1972) and the planetary nebula distribution

(chapter V) both suggest M/L < 5 in the center of our own Galaxy.

By relating the background light to the mass model (eqn. 7.6), we have

in effect constructed a self-consistent scheme whereby the influences of the
2

bulge mass M_ and the velocity dispersion a" on the PN distribution can be
2

distinguished. The theoretical PN surface density depends on M /o , whereas
o

the corrected observed surface density depends only on M ; comparison of the
B

two therefore removes the ambiguity between the two parameters.

Results

For each mass model, theoretical PN surface densities were calculated

in 0.5 arcmin cells of a 21 x 21 raster centered on the nucleus of M 31. FJ's

nebulae were binned into a similar grid, slightly smoothed to create an even

distribution, and corrected for the background light according to eqns. (7.3)

- (7.5). Typical results for a realistic mass model are shown in fig. 7.3

(top of next page), in which the two distributions have been scaled to the

same central values. (For the "central" value we take the highest-density

point next to the nucleus, since the core tends to be saturated on photo-

graphic plates.)

For comparison of the two distributions, we cannot seek a simple least-

squares difference: the distributions are correlated via the mass model (used

to generate the background light for correcting the observations), so that

Gaussian statistics do not apply. Some experimentation led us to define the
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Right Ascension

Figure 7.3 (a) Theoretical PN surface density for model -parameters a - 1.9,
Mv = 1.6 x JO10 M , o = 155 km/sea.' (b) Observed PN surface
density in M SI, corrected for same mass model. Contours (in order
of increasing line thickness: 0.04, 0.09, 0.18, 0.35, 0.70 of
central value.

parameter:

(7.7)
_ E(0 -

as a basis for comparison. 0 and M are, respectively, the values of the

(corrected) observed and model distributions at the grid points, and the

summation is over the symmetry axes of M 31 in projection. Typical values of

5 ranged from '"w 0.1 to ̂  0.25. The uncertainty in £» A£ = 0.02, was defined

empirically as the smallest A£ associated with an easily-visible improvement

or deterioration of the fit.

The value of E, in various regions of the (M , a) parameter space was

investigated for a range of velocity dispersions 130 - o - 170 km/sec. £,

co-itours for a = 145 km/sec are shown in fig. 7.4a; a minimum of 5 = 0.11 can

be seen at MB = (\.65
+®'\b x 1010 M , a

B -0.J5 ©
1.9__* . The uncertainties are

determined by A£.

Figure 7.4b shows a similar diagram for 0 = 155 km/sec. (The E, = 0.11

"islands"are an artifact of the contour algorithm and should be connected.)

The E, contours are smoother than in the O = 145 km/sec case, but, instead of
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Figure 7.4 Contours of comparison value E, in (Mß, a) parameter space j'or
(a) a = 145 hn/sea, (b) a = 155 km/sea.
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Figure 7.5 Comparison parameter £ vs. velocity dispersion a for several mass
models: (a) a = 1.7, MB - 1.44 x 10

10 M, (b) a - 1.9, MB =
1.65 x io10 M , (a) a - 1.8, MB = 1.6V x 1010 M , (d) a = 2.1,
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there being a minimum point there is a minimum "valley", with smaller bulge

masses associated with steeper density distributions (higher a). The best-fit

(M , a) pair from the lower velocity dispersion falls within the valley.

To find the best velocity dispersion, one could in principle make many

contour plots like those in fig. 7.4, and interpolate among the minima of plots

corresponding to different velocity dispersions. In practice, this requires

an inconvenient amount of computer time, so we have instead solved for a among

a limited number of mass models. Figure 7.5 displays curves of £ against a

for four typical (M , a) pairs; the locus defined by the minima of these curves

then reflects the average behavior of £ vs. the best value of a for a random

mass model. It is clear that models with a = 150 ± 10 km/sec give the best

fits. Figures 7.4 and 7.5 taken together therefore imply that for the inner

1.2 kpc x 0.83 kpc of the bulge of M 31,

M = 1.65 (+0.15, -0.35) x 10

a = 1.9 (+0.1, -0.2)

a = 150 ± 10 km/sec

10
M

given that the planetary population is isothermal.

We have investigated the "isothermal" assumption by testing mass models

with angular momentum coupling A = 1/3 and A = 2/3. Several models were chosen

to sample the region within and on both sides of the best-fit valley in fig.

7.4b (a = 155 km/sec). The results show qualitatively that high-mass models

are worsened and low-mass ones improved by the addition of angular momentum.

This was to be expected: flattened high-mass models yield flattened PN dist-

ributions, which become still further flattened when A > 0. Similarly, low-

mass models give isothermal PN distributions which are too spherical, and which

are improved by flattening.

An interesting tendency, however, is that, with increasing A, the fits

of the high-mass models deteriorate more than the low-mass ones improve. In

other words, the A = 0 case is a significant improvement over high-mass models

with angular momentum, but is only marginally worse (A£ < 0.02) than low-mass

models with A > 0. Though not at all rigorous, this result supports in a

general sense the widely-held belief that bulge planetaries show little

systematic rotation. Direct radial-velocity measurements by Lawrie (1978)

confirm this.
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Comparison with the Milky Way

All of the parameters derived for the inner bulge of M 31 are in

excellent agreement with previous observational results , and are similar to

those found for the Galaxy.

Density distribution (a); We have seen in the last two chapters that a =

1.8 in the central kiloparsec of the Milky Way. It is not surprising that a

comparable relation should obtain for M 31 as well, in light of the similarity

between Becklin and Neugebauer's (1968) map of the Galaxy and the 2.2 Mm

distribution of the central region of Andromeda (Sandage et al. 1969, Oort

1971). More directly, Ruiz's (1976) results for M 31 suggest a = 2, as do the
o

2.2 ym and 7000 - 9000 A brightness maps of Matsumoto et al. (1977).

A slope so close to a = 2 does not necessarily imply an isothermal, non-

rotating stellar distribution (even if the PN show no rotation). Axial ratios

much different than unity require some rotational support unless the velocity

dispersion is very anisotropic, which does not seem to be the case in M 31

more than a few arcsec from the center (Simien et al. 1979). The bulge does,

however, appear to be dynamically distinct from the disk (Whitmore et al. 1979),

with an angular momentum per unit mass comparable to an elliptical galaxy

(Si.mien et al. 1979).

Observations of more distant edge-on spirals suggest a steeper mass

distribution, with a - 3.5 (Spinrad et al. 1978) at z-distances greater than

several kiloparsecs from the center. Such a steepening is required to preserve

a finite mass, and may arise during the epoch of galaxy formation (Gott 1977).

However, at least one spiral — NGC 4565 — flattens to a = 2.3 for z £ 2 kpc

(Kormendy 1979). It is intriguing that at least three spiral bulges show the

density distribution a = 2 in their inner regions, and it would be interesting

to learn whether this holds for many others as well.

Mass M : The inner bulge of M 31 appears to have ^ 30£ more mass than a
1 ~""D

region of comparable size in the Milky Way. This is not surprising in view of

Sandage et al.'s (1969) result that the form of the 2.2 um distribution in the

central region of M 31 is about the same as in the Galaxy, whereas the absolute

brightness is about a magnitude weaker in M 31. The lower luminosity is com-

pensated by the M/L ratio, which is a factor of ^ 3 higher in M 31 than in the

Galaxy, to yield a slightly higher mass.

The large difference in M/L between two otherwise similar galaxies is

somewhat surprising. Elliptical galaxies have raass-to-luminosity ratios that

increase with line strength (Faber and Jackson 1976), a relationship that
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may also hold for the nuclear regions of spirals (McClure et al. 1980). If so,

there may be significant abundance differences between M 3) and the Milky Way.

M 31 shows strong CN lines in its bulge, and appears to have twice the metal

abundance of M 32 (Oke and Schwarzschild 1975), but the comparison with the

Galaxy is less clear. Janes (1977) found that red giants in the Milky Way

bulge had strong metal lines but were weak in CN. FJ found that the number of

planetaries in M 31 is roughly half that in the Galaxy, which could also be

related to a metallicity difference.

Velocity dispersion a: Our value a = 150 ± 10 km/sec is in essentially

exact agreement with several recent results (Lawrie 1978; Pritchett 1978;

Faber and Jackson 1976). Low values of 110 - 125 km/sec (e.g. Morton et al.

J977, Williams 1977) seem to be strongly ruled out, at least if the assumption

of a uniform, Maxwellian velocity distribution is valid. If the similarity of

spiral bulges to elliptical galaxies extends to having a strongly triaxial

velocity distribution (Binney 1978) then most of these results would be called

into question.

Angular momentum (A): The indication that the PN population in M 31 has

little systematic rotation is borne out by direct radial velocity measurements

(Lawrie 1978). While it is reassuring to support the widely-held belief that

bulge planetaries have no angular momentum coupling to the stellar system, the

question of how such a system could arise is a continuing annoyance. A relaxed

PN population could arise during the time of collapse of a galaxy into a disk

(Lynden-Bell 1967), but planetaries do not otherwise seem to be extreme

Population II objects — particularly not if their progenitors are heavier

than a solar mass (Salpeter 1971). Planetaries found in the disk of the Milky

Way show strong departures but not complete decoupling from the stellar orbits.

Bulge planetaries in M 31, however, do not seem to share at all in the inner

bulge rotation of 0.5 km sec" arcsec (Pellet 1976, Peterson 1978), and PN

in the Milky Way bulge also show little or no rotation (Minkowski 1965). It

therefore seems that we are forced to make a dynamical distinction between disk

and bulge planetaries, the former being of an intermediate disk population

(Blaauw 1965) and the latter belonging to Population II. The older objects )

presumably arise from a lighter class of progenitors, and could be expected "?;.

to show abundance differences. Observational distinctions between disk and 3?

bulge PN in the Galaxy have been suggested (Kostyakova 1977, Webster 1976), §

but selection effects and the lack of a good distance scale leave those results At

open to question. ;'
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Summary

The distribution of planetary nebulae in the inner J200 pc of the bulge

of M 31 can be ascribed to isotropic random motions in the gravitational field

of a power-law mass distribution with parameters M = 1.65 x 10 M , a = 1.9.

The uncertainty in each parameter is ̂  10%. The velocity dispersion of the

planetaries is ö = 150 ± 10 km/sec. All of these parameters are in excellent

agreement with previous results and are consistent with the assumption that

M/L 'v» 15 in M 31. Since this is about three times the mass-to-luminosity

ratio in the Milky Way, there may be considerable abundance differences between

the two galaxies.

The power law a = 1.9 is strikingly close to the value in the bulges of

the Milky Way and NGC 4565, leading us to wonder if it is not a property of

spirals in general. It is also curiously close to the value a = 2 for an

isothermal sphere, despite the fact that the flattening of the bulge requires

some rotational support, and that rotation has been observed directly in the

bulges of some spirals (Pellet 1976).

Planetaries, however, do not share the systematic orbital motion of the

stellar bulge. Addition of angular momentum to our model PN distrinutions

tends to worsen the fit to the observations, supporting Lawrie's (1978) obser-

vation of randomly-distributed velocities among PN in the bulge of M 31.

Because planetaries in the disk of the Ililky Way do not depart so completely

from systematic motion, we are led to conclude that bulge and disk planetaries

have different progenitors, the former being older and less massive.

This work could be improved by additional data in four areas: 1) absolute
o

measurement of the 5007 A continuum background in M 31; 2) determination of

the [0 III] luminosity distribution of planetaries; 3) a less ambiguous

value of M/L here and in M 31; 4) and a deeper survey, including more exten-

sive spectra and radial velocities. Population synthesis techniques are

probably of limited use for determining the the mass-to-luminosity ratio,

since it is not at all certain that solar neighborhood stars — particularly

with regard to metallicity — are useful archetypes for the bulge population.

Despite these drawbacks, it is clear that planetary nebulae are useful

probes of galactic structure.
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CHAPTER VIII: OVERVIEW AND CONCLUDING REMARKS

Summary of Results

In the preceding chapters I have brought to bear a rather octopodous

series of models and corrections on the observational data in order to extract

the surface density of galactic center planetary nebulae, and to compare it to

the distribution of galactic OH/IR stars and planetaries in M31. Figure 8.1 is

a flowchart recapitulating the steps by which the observational wheat was

separated from the cliaiY, beginning with a geometrical model of PN, the radio

source parameters, an: the PerekKohoutek optical nebulae (chapters II, III,

and IV, respectively), and n-ding with the (presumably) true PN distribution

within about a kiloparsec fr-n the galactic center.

The geometrical model yiilded several interesting theoretical results in

its own right:

(1) The radio flux distribution of solar neighborhood planetaries can be

accounted for by a shell model of PN that is optically thick in the Lyman

continuum and has an ionized mass of $ 0.2 M . Moved to the galactic center,
o

an ensemble of such nebulae has a maximum 2I-cm flux density of ^ 30 mJy.

(2) Ram-pressure effects on high-velocity nebulae do not significantly

affect their average lifetime in the solar neighborhood, but reduce it from

A/ 25000 yr to ^ 5000 yr near the galactic center, where molecular gas densities

are high.

(3) The combination of the above two results militates against surveys

much deeper than about 5 mJy at A21 cm. Nebulae much weaker than that are not

expected in large numbers, because they would be either very young — and

hence rare — or older than 5000 yr, and hence destroyed by ram pressure.

As seen in fig. 8.1, this model formed the basis for correcting the raw

distribution of radio sources. This is, ultimately, not very satisfying, not

least because planetaries form a more heterogeneous group than is likely to be

subsumed in a single simple model. Moreover, the model utilizes the assumption

that the temperatures and ionized masses of galactic center PN are comparable
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Figure 8.1 Flowchart illustrating the steps whereby the true galactic center
planetary nebula surface density was derived from optical and
radio survey data and a theoretical model.
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to those in the solar neighborhood. Given the uncertainty of the stellar

composition of the bulge, and the lack of a good PN distance scale, it is

impossible to judge the veracity of this. I will return to this point later.

Results derived directly from the radio observations (middle column of

the flowchart) are less controversial. As presented in chapter III, these are:

(4) The 21-cm flux distribution of 19W and 35W sources suggests that, out

of 119 objects, approximately one-third are galactic.

(5) About half of the 39 sources observed at A6 cm were detected. The

spectral index distribution of these, and the properties of galactic wonthermal

sources, suggest that nearly forty of the galactic 21-cm sources are thermal.

(6) The average spectral index of weak sources is flatter than that of

strong sources, reflecting a deficiency of flat-spectrum sources with a 21-cm

flux greater than ^ 45 mJy. Because compact H II regions are ionized by one

or more very luminous stars, they, unlike planetaries, can be very bright at

radio wavelengths. Since almost no bright, thermal sources were detected in

the survey, it appears that almost all of the ^ 40 galactic, thermal sources

are planetary nebulae.

In order to go any further it is necessary to apply the model-dependent

corrections. The credibility of the results depends, of course, on their

sensitivity to the model, and in this I believe that we are fairly well off.

The derivation of the true PN surface density from the observed source distri- ^

bution depends primarily on the intrinsic flux distribution of PN, and the

relative number of PN and background sources. Treating these individually:

Flux distribution: Regardless of the correctness of its details, the

intrinsic flux distribution implied by the PN model reproduces the flux dens-

ities of local objects quite well. We are therefore insensitive to details of

the model as long as the radio characteristics of galactic center PN are

comparable to those of solar neighborhood objects, with fluxes within, say,

a few tens of percent. For example, compositional differences between local

and galactic center PN are important only to the extent that they change the

average electron temperature by X, 3000 K. Similarly, differences in exciting

stellar type are important insofar as they strongly affect the Lyman continuum ;*'

luminosity. The fact that, to date, no clear distinction between local and

bulge PN has been found suggests that whatever differences exist do not affect

the average radio properties too severely.

Relative number: The fraction of galactic objects f (= 1/3) among all

radio sources detected at X21 cm seems reasonably well-established by the

flux and spectral index distributions. Moreover, errors in f propagate very J
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slowly because the model flux distribution <f> is not very different from the

flux distribution <)>_,_ of extragalactic sources. To understand this, recall from

chapter IV that the source detection probability depends on the quantity

W h e n 'EG'
f vanishes.

For these reasons, we can infer the following results involving the

detection probability:

(7) Three-quarters of the galactic center planetaries must be optically

thick in the Lyman continuum in order for the surface densities of radio and

optical objects to be consistent.

(8) The surface density of low-latitude (\b | < 4°) PN falls off with

latitude roughly as b , from 52 per square degree at b = 0.5 to 11 deg at
,-1.3 if one includes optical planetariesb — 4 . The dependence steepens to b

up to |& I X| = 10°.

(9) There are °» 300 PN within 2° of the galactic center, implying a

birthrate of 3 x 10 M yr . If this is typical for the Galaxy, then the
° -3 -3 -1local birthrate should be 4 x 10 kpc yr — comparable to that of white

dwarfs — and the total number of planetaries in the Galaxy about 21000. Note

that the present survey covered only one-third of the sky within 2 of the

galactic center, implying that there are ^ 100 PN in the five survey fields

(plus roughly 20 foreground nebulae). About 40 of the survey objects must be

planetaries, so the average PN detection probability for this survey was about

one-third.

Finally, from the distribution of planetary nebulae in both the Galaxy

and in M31, it becomes possible to make some statements about the structure

of the inner bulges of these two spiral galaxies:

(10) In the Milky Way there is about 1.1 x !010 M of material contained
o

in a 400 x 1000 pc oblate spheroid, implying M/L = 3. The density falls off
— 1 8 + 0 3

as r starting from within a few parsecs of the center. The planetary

nebula population appears to join up smoothly with the distribution of 0H/IR

stars, though the latter becomes increasingly flattened at low latitudes.

(11) A similar density distribution is found in the inner bulge of M31:

r"1"9 and a mass of 1.65 x 10*° M within a 1200 x 830 pc spheroid. M31 is

more than a magnitude dimmer than the Milky Way at A2.4 urn, however, implying

a higher M/L there than in the Galaxy. The velocity dispersion of PN in M31 is

also higher than here: 150 vs. 130 km/sec.

(12) The PN distributions in the bulges of both galaxies show little or

no systematic orbital motion. This implies that PN progenitors are older than

bulge stars, but younger than globular clusters. If so, different classes of

r
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progenitors for bulge and disk planetaries may be required.

Future Work

Very generally speaking, there remain two principal unknowns regarding

planetary nebulae: their origin and their distances.

It is disturbing that, for all of the study that planetaries have under-

gone, it is still not clear where they come from. The fact that the local

birthrate of PN is not too different from that of white dwarfs is encouraging,

since I - 2 M main sequence stars seem the most likely progenitors. However,

stars this massive cannot be old enough to account for the dynamics of planet-

aries in the bulge, nor for th«: moderately large peculiar velocities of disk

PN. It may well be that we are seeing (at least) two dynamical populations of

planetaries; if that is the case, than one is faced with the task of finding

two classes of progenitors. Given the difficulty of finding even one class,

and the fact that there is not yet even a single generally-accepted shell

ejection mechanism for the nebula itself, this is an uncomfortable prospect.

It is difficult to overestimate the importance of the distance scale

for planetary nebulae. It is the key to the absolute luminosity of the

exciting stars, and hence to the question of PN progenitors. A good distance •;

scale would also settle the issue of whether planetaries are optically thick :

or thin in the Lyman continuum, and would allow PN to be used as probes of ;

interstellar extinction and galactic structure. To date however, there is no

reliable method for determining absolute distances.

The present work has not shed much light on this particular issue, since

the derived galactic population of 21000 PN falls in the grey area between

what one would expect from either of the two principal distance scales (see

chapter IV). It is not at all surprising that current distance and population

estimates are so fuzzy at the edges: virtually all treat PN on a statistical

basis as a single class of objects, despite their obvious heterogeneity. From

an observational standpoint, the concept of a "planetary nebula" is rather

poorly defined. -,

With these considerations in mind, it is easy to think of a few ways by --•.

which this survey could be extended and improved. %

Further 21-cm observations: It was shown in chapter II that a deeper >p.

survey in the fields already observed (say, S, £ 3 mJy at A21 cm) is unlikely '**
U6t >

to be very fruitful because very weak nebulae are likely to be young and -i

therefore rare. We have, however, lost many detectable PN to primary beam
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attenuation; rather than recover these with more integration at the same field
1 /2

centers (sensitivity « time ), one would gain more by observing at new field

centers that are offset from the original ones by ^ HPBW/2. The new search

would then have highest sensitivity in the attenuated regions of the old fields,

so that (number of new sources) = time. Some candidates for new field centers

are (I11, &11) = (359.2, 1.0), (359.8, 0.5), (359.8, 1.6), and (0.8, 0.8).

Further 6-cm observations: The spectral index data proved to be crucial

in establishing that most of the "excess" 21-cm sources were thermal, and

probably planetary nebulae. For this reason, more extensive 6-cm observations

of the 19W and 35W sources is highly desirable. To date, 39 sources have been

observed at both wavelengths; a comparable number of additional observations,

distributed among weak and strong sources, would put the conclusions of

chapter III on a firm statistical footing. The Very Large Array may be the best

instrument to use once it is complete. It will then be necessary to sacrifice

bandwidth for field size in order to observe several sources at once, but in

doing so one maintains the high spatial resolution necessary for direct ident-

ification of planetaries.

Infrared spectroscopy: Because optical observations are of limited use

near the galactic center, some combination of radio and infrared properties

holds out the best hope for forming an observational definition of planetary

nebulae. PN tend — not without exception — to be of a higher excitation

class than H II regions, so spectroscopy of high-excitation infrared transi-

tions seems a likely approach. IR spectroscopy has the additional advantage

of providing radial velocity information. In the middle IR, large relative

|s IV(/[Ne II] line strengths may be a PN indicator; in the near IR, some

criterion involving the Brackett y line may be useful. Some IR/radio

identification criteria should be formed on the basis of observations of

known planetaries and compact H II regions, after which it would be useful to

observe the flat-spectrum radio sources from this survey.
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NEDERLANDSE SAMENVATTING

Om de ruimtelijke verdeling te bepalen van de planetaire nevels (PN's) in

het Melkwegcentrum — en daarmee ook de plaatselijke massaverdeling — zijn

vijf velden in Westerbork waargenomen bij een golflengte van 21 cm. In deze

velden, alle binnen twee graden van het galaktisch centrum, werden in totaal

119 radiobronnen gevonden. Tweederde hiervan is extragalaktisch, zodat er een

surplus is van ongeveer 40 bronnen. Het is heel waarschijnlijk dat dit galak-

tische bronnen zijn behorende bij het centrum van de Melkweg. Uit 6-cm waar-

nemingen met de Very Large Array in New Mexico (USA) blijkt dat de meeste

"extra", en toch galaktische, bronnen een thermisch spectr_.m hebben en dat het

hoogstwaarschijnlijk PN's zijn.

Met behulp van een model, dat de radio-eigenschappen verklaart van PN's

in de onmiddellijke zonsomgeving, werd de ware oppervlaktedichtheid van PN's

in het melkwegcentrum afgeleid uit de waargenomen verdeling van alle radio-

bronnen. Het model voorspelt dat, door botsingen met het interstellaire gas in

het galaktisch centrum, PN's slechts expanderen tot een maximale straal van

0.13 pc, hetgeen de verwachte flux-dichtheid verdeling en de detektiewaarschijn-

lijkheid sterk beinvloedt. Na hieruit voortvloeinde korrekties konden de

volgende konklusies worden getrokken:

(1) Ruim 75% van de PN's heeft een grote optische diepte bij UV golflengte.

(2) De oppervlaktedichtheid van PN's is omgekeerd evenredig met de afstand

r tot het centrum. Op grond van het gevonden aantal wordt geschat dat er in

totaal ongeveer 300 PN's binnen 300 pc van het centrum zijn, hetgeen tot een

totaal aantal van 21000 in het Melkwegstelsel leidt. De geboortesnelheid van

PN's komt daarmee overeen met die van witte dwergen.

(3) De massa van de "bulge" van het Mslkwegcentrum kan worden geschat op

1 x 10 M , met een ruimtelijke dichtheidsverdeling die, evenals in M 31,
0 - 1 8

evenredig is met r ' . Door haar kleine infrarood helderheid is de massa/

lichtkracht verhouding (M/L ) van M 31 echter 3 tot 5 maal zo groot.

(4)Afwijkingen van galaktische rotatie zijn veel groter voor PN's in het

galaktisch centrum dan in de verder naar buiten gelegen schijf. Dit wijst op

het bestaan van tenminst twee dynamische populaties van PN's.

Toekomstig onderzoek moet er op worden gericht om verafgelegen PN's van

H II gebieden te onderscheiden. Dit kan o.a. door uitgebreide radiowaarnemingen

met goed ruimtelijk scheidend vermögen, en door het zoeken naar infrarode

spectraallijnen.
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STELLINGEN

behorende bij net proefschrift "A Radio Search

for Planetary Nebulae near the Galactic Center"

1

De planetaire nevel NGC 7027 heeft zoveel unieke eigenschappen dat hij nooit

als voorbeeld kan worden gebruikt van een "typische planetaire nevei."

Artikelen waarvan de titel begint met "Detection of..." worden vaker gelezen

dan die waarvan de titel aanvangt met "A Search for...."

Het onderzoek van de eigenschappen van planetaire neveis wordt ernstig

bemoeilijkt door de alomtegenwoordigheid van slecht-gedefinieerde begrippen,

zoals "galactic bulge", "optically thick", en "planetary nebula."

Vonnegut stelt zeer terecht dat "any scientist that can't explain his work to

an eight year old is a charlatan"; dit kan worden gezien als een commentaar op

de noodzaak van popularisatie van de wetenschap.

K. Vonnegut, "Cat's Cradle"

De kinematica van planetaire neveis wiist er op dat ze behoren tot Populatie II.

Dit is in tegenstelling met de geboortesnelheid, die overeenkomt met die van

sterren - I M

De techniek van radiowaarnemingen van pulsars en de electrodynamische

modellen van deze objecten zijn beide ver ontwikkeld. Er is helaas geen ver-

band tussen deze ontwikkelingen omdat ze niet gericht zijn op beantwoording van

dezelfde vragen.



Het zoeken naar een afstandsschaal voor planetaire nevels wordt gebaseerd op

de onjuiste aannatne dat zij een homogene klasse van objecten vormen.

8

Het gebrek aan geld voor zuiver wetenschappelijk onderzoek wordt mede veroor-

zaakt door een overvloed aan pseudo-wetenschappelijke "theorieen" gekoppeld

aan de bereidheid van de mens om "goedkope" antwoorden te accepteren.

De planetaire nevel verdelingen in ons melkwegcentrum en in het centrum van
_ 1 Q

M 31 wijzen op sterverdelingen die evenredig zijn met (afstand) ; er dient

te worden onderzocht of dit ook het geval is in andere spiraalstelsels.

10

Het bestaan van zwarte gaten blijft onzeker zolang de Algemene Relativiteits-

theorie geen kwantum theorie omvat.

11

Planetaire nevels en OH/IR sterren zijn slechts dan bruikbaar als testdeeltjes

van het zwaartekrachtsveld van het melkwegcentrum als de massaverdeling van de

"bulge" axisymmetrisch is.

12

De itigewikkeldheid van handrekenmachines wordt uiteindelijk bepaald, niet door

de grootte van elektronische componenten, maar door de grootte van de menselijke

vinger.

13

De eisen die men in Leiden stelt aan de Stellingen bij een proefschrift zijn

zodanig dat Maarten Luther's 95 Stellingen er niet aan voldoen.

Anon., "Promotiereglement van de Rijksuniversiteit te Leiden"

R.B. Isaacman Leiden, 9 September 1980


