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RESUMEN

Hay razonespara sospedar que las masasde las progenitoras de las nebu-
losasplanetarias (PNe) disminuyen con la altura sobre el plano galactico z. Esto
implicar a una disminucion similar en las masasmedias de las estrellas certrales
<M cs>. Reportamos otra manerade determinar estosgradientes. Mostramos que
la distribucion de las temperaturas de brillo en 5 GHz de las PNe depende fuerte-
merte de la latitud galactica b. Esta variacion se debe probablemerte a un canmbio
en la funcion de masade la estrella certral N (Mcs). Las fuentes a alta b parecen
teneruna N (M cs) conmayor pendierte, lo cual implica que existen pocasPNe con
estrellas certrales de masagrande. En cortraste, las fuentes a baja b tienen una
N (Mcs) con pendierte menor, lo cual implica un mayor numero de PNe conM¢s
grandes. Mostramos que estotiene comoconsecuencigjradientes signi cativ osdela
masamedia <M cs> conb. Encontramos qued<M cs>/dibowj' 2.0 10 3 M
deg ! para nebulosascon 1.0 <log(Tg/K) < 3.6, donde jb.ow ] esel | mite infe-
rior de la latitud de las fuentes. Esto corresponde a un gradiente d<cs>/djz.ow]
' 5.6 10 2 kpc ! para nebulosascon jzj>jz o w], adoptando las distancias es-
tad sticas de Phillips (2002).

ABSTRACT

There are various reasonsfor suspecting that the progenitor massesof plan-
etary nebulae (PNe) decline with height z above the Galactic plane. This, if true,
would also imply a similar decreasein mean certral star masses<M cs>. We re-
port here a further way in which suc gradients may be determined. It will be
shown that the distribution of planetary nebulaewith respectto 5 GHz brightness
temperature varies strongly with Galactic latitude. This variation is likely to arise
from a changein the certral star massfunction N (M ¢gs). High latitude sourcesap-
pearto have a steeplyvarying function N (M ¢s), implying the presenceof relatively
few nebulae with high certral star masses. By cortrast, the low latitude sources
have a much gertler fall-o in N(Mcs), implying a larger proportion of high Mcs
nebulae. This is shavn to imply signi cant gradients of mean mass<M cs> with
latitude b. We nd that d<M cs>/djbowj ' 2.0 10 * M deg ! for nebulae
having 1.0 <log(Tg /K) < 3.6, where jb o w | represerts the lower limit latitude of
the sources.This correspndsto a gradient d<M cs>/djzowj' 5.6 10 2 kpc ?!
for nebulaewith heights jzj>jz o w j, and where one adopts the statistical distances
of Phillips (2002).

Key Words: ISM: JETS AND OUTFLO WS | PLANET ARY NEBULAE:

GENERAL | STARS: EV OLUTION
1. INTR ODUCTION pen & Cuisinier (1997), for instance, have found a
gradient in the abundancesof N and He with Galac-
There are various reasonsto suppose that the tic height. Given that that the abundancesof PNe
mean progenitor massesMp g of planetary nebulae arelikely to depend upon progenitor mass(e.g., Ren-
vary with height z above the Galactic plane. Koep- zini & Voli 1981; Marigo, Bressan, & Chiosi 1998,
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van den Hoek & Groenewegen1997), then this may
suggesta corresponding gradient d<M pg>/dz. It
has also been demonstrated that PNe having large
Galactic latitudes jbj tend to have low mean Zanstra
temperatures <T z (He 11)> (Phillips 2003a). This is
likely to re ect a tendency for lower mass stars to
have lower mean e ectiv e temperatures<T, >, and
would be consistert with a vertical gradient in cen-
tral star (and progenitor) masses.

We shall point out in the following that there
is at least one further way in which suc gradients
may be demonstrated. We shall note that the dis-
tribution of PNe with respect to 5 GHz brightness
temperatures varies as a function of lower limit lat-
itude jbhow]j. This can be shown to be consistert
with stellar evolutionary theory providing that there
is a strong latitude variation in N (Mcs), the certral
star massfunction. This, in turn, will be shown to
imply the presenceof gradients d<M cs>/djbow]j
in certral star masses,and will permit us to assign
approximate valuesfor d<M ¢ s>/ djzj.

2. THE OBSERVED VARIATION IN N[log(Ts)]

We have employed the large sampleof brightness
temperatureslisted by Zhang (1995) to evaluate the
trend N[log(Tg)] for Galactic PNe. These values,
corresponding to some 484 nebulae, are limited to
sourceshaving Galactic longitudes 10 <l <350 . It
follows that most of these PNe are likely to repre-
sert Galactic disk sources,and that the proportion
of Galactic bulge nebulae will be relatively small.
The distribution of the sourcesis illustrated in Fig-
ure 1 for various lower limit latitudes jbiow j. The
lowest curve correspondsto jbow j = 0, and repre-
sens the distribution N [log(Tg)] for the erntire data
sample.

Sud trends are open to a variety of biases, of
which the most prominent are the following:

1. Most of the PNe are located at small Galactic
latitudes b, where levels of interstellar extinction are
also appreciable. This extinction will causea reduc-
tion in sourcedetectability where visual (and radio)
surface brightnessesare low, and leadsto a decline
in N[log(Tg)] as Tg becomessmall. Such an e ect
is likely to be strongly dependent upon Galactic lat-
itude.

2. As visual surface brightnessesdecrease then
it becomesdncreasinglydi cult to detectthe sources
against badkground sky noise,and asa result of lim-
ited instrumental sensitivities. It is dicult to quan-
tify thesee ects precisely although trendsin H sur-
facebrightnesssuggestreducedlevels of samplecom-
pletenesswhere log(S(H )lerg cm ? s 1 arcsec ?)
< 15, corresponding to temperatureslog(Tg) < O.
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Fig. 1. The variation of observed source numbers as a
function of log(Tg ), and lower limit latitude jbow j. The
various curves correspond (bottom to top) to jbow ] =
0,25,5,75,10, 125, and 15 . They have been
normalized and vertically displaced for greater clarity.
It will be noted that there is a strong variation in the
pro les, such that low latitude sourcesextend over the
full observedrangein Tg, whilst high latitude sourcesare
concertrated about log(Tg) ' 1.75. Finally, it should be
noted that we have only illustrated the rangelog(Tg)> 1,
sinceit is likely that lower Tg sourcesare open to strong
(and latitude dependert) biases.

3. Finally, we note that radio detection lim-
its occur closeto Tg(LIM) ' 3 (Tg) ' 0.04 K
(e.g., Milne 1979; Milne & Aller 1975, 1982), im-
plying a rapid fall-o in sample completenessvhere
log(Tg) < 1:4.

These various biaseswill aect low brightness
temperature sourcesin particular. We have there-
foreillustrated trends for higher brightnesstempera-
ture sourcesalone (i.e., those having log(Tg) > 1:0).
These represen 61% of the complete data set. We
shall also restrict our analysis of functions N(Mcs)
to sourceslying in the range1.0<log(Tg) < 3:6 (see
X 4).
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Even the higher brightness temperature sources
are not ertirely free from biases,however. Sources
having large valuesof Tg will tend to be obsenable
(and detectable) to larger distancesthan for other
PNe. This will likely result in the relative popu-
lations of these sourcesbeing over-represeited, all
other factors remaining equal. On the other hand,
it is also likely that high Tg sourcesare assaiated
with larger mean progenitor masses(see x 3), and
this would imply lower mean latitudes, higher lev-
els of extinction, and lower probabilities of source
detection. The trends for high Tg sourcesare there-
fore subject to conicting biases,and it is unclear
whether they are over- or under-represemed in the
samplesof Zhang (1995) and others (seee.g., Phillips
[2002]and Zijlstra, Pottasch, & Bignell [989]).

The trends in N [log(Tg ] are alsobasedupon ob-
senations taken with interferometric and single dish
surveys, and these have their own biasesin terms
of radio uxes and brightnesstemperatures. Single
dish obsenations (such asthose of Milne [1979]and
Milne & Aller [1975;1982]) tend to measurenebu-
lae brighter than 20 mJy, whilst interferometric
measures(such as those of Zijlstra et al. [1989]) are
biassedtowards younger and more compact sources.
These various surveys appear to have little overlap
in terms of the areasof sky measured.

The sourcesin the presert sample are therefore
by no meanscompletein the usual senseof this word;
they are not balanced according to nebular size or
type. This suggeststhat the massfunctions to be
determined later will not be represertative of the
generality of PNe. On the other hand, such biases
as do exist are unlikely to be appreciably latitude
dependert, and the variation of N [log(Tg )] with bis
probably indicativ e of real trends in latitude.

It will be noted from Fig. 1 that the variation
of N[log(Tg)] with jbow]| is appreciable. Where
jhhow]j = 0, for instance, then the distribution of
sourcesis broad, and extends over the full obsened
range in Tg. As values of jbow | increase, how-
ever, then the distribution N [log(Tg )] becomesvery
much narrower, and a large fraction of sourcesap-
pearto be conned to arange 1.5 <log(Tg) < 2:0.
It is therefore apparert that the proportion of high
Tg sourcesdeclinesasjb. o w j increases.Sincemost
high Tg sourcescorrespond to nebulae having high
certral star masses(see x 3), then the decreasein
the proportion of such nebulaeimplies a variation in
N (Mcs). We shall considervariations in thesemass
functions later in x 4.

LOG (Tx(REL))

Fig. 2. A superposition of trends N[log(Tg);Mcs] for
diering central star massesMcs, arbitrarily shifted
with respect to log(Tg) (grey curves). It will be noted
that the curves have closely similar pro les irrespective
of Mcs. The dark solid curve corresponds to the mean
trend employed in our presert analysis.

3. THE EXPECTED VARIATION OF N[log(Tg)]

Phillips (2003b) has recertly investigated the
variation to be expected in N[log(Tg);Mcs], the
number of sources assaiated with a particular
certral star mass Mcs, and located within unit
logarithmic interval of Tg. Thesefunctions are eval-
uated using the ewlutionary tracks of Schenberner
(1979;1981;1983and Blocker & Schenberner (1990),
and by making reasonableassumptions concerning
shell expansionand optical depths.

Examples of these trends are illustrated in Fig-
ure 2, where we have overlaid the pro les expected
for sewral certral star masses(gray curves). There
are small di erences betweenthe curvesarising from
ewolutionary variations in Q( < 912A), the ux of
H ionizing photons, and di erences in numerical bin-
ning. Apart from this, howewer, it is apparert that
all of the proles are very closelysimilar. We nd a
sharp increaseand peaking in N[log(Tg); Mcs] to-
wards higher values of Tg, arising at the point at
which H ionizing uxes Q( < 912 A) read their
maximum. This is followed by a decline over the
range0 <log(Tg) < 0.7, corresponding to a decrease
in H-burning within the certral star, followed by a
later increaseresulting from optically thin expansion
(log(Tg) < 0). The shapesof the curvesare there-
fore a consequenc®f both certral star evolution and
changesin shell opacity.

The positions of thesepro les vary as a function
of certral star mass. Where MAX Ty is the temper-
ature assaiated with the peakin N[log(Tg);Mcsl,
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for instance, then we nd that
logM”X Tg) = 27:65 log(Mcs) + 7:09; (1)

for 0.25< log(Mcs=M ) < 0.15. It follows
that proles N[log(Tg); Mcs] are shifted to high Tg
wheremassedM ¢ 5 arelarge, and vice versafor lower
valuesof mass.

Finally, it may be noted that the dark solid curve
in Fig. 2 represerts the mean trend in N [log(Tg )],
evaluated on the basisof trends for 6 model certral
star pro les. This represens a reasonableapproxi-
mation for most valuesof M ¢ s, and we shall employ
it to t obsenedtrends in N[log(Tg)] (x 4).

4. MODELLING THE VARIATIONS IN THE
CENTRAL STAR MASS FUNCTION

We have modeled the trends in Fig. 1 using the
mean synthetic function Ngyn [log(Ts); Mcs] illus-
trated in Fig. 2, and taking into accourt increasing
opacities as Tg approacies 10* K. Speci cally, the
obsened function Npgs[log(Tg)] is related to the
synthetic massfunction N (M¢s) through

z Mup
Nogs[log(Ts)ldlogTg = N(Mcs)

Nsyn [l0g(Tg);Mcs]dMcs dlogT, ;. (2)

for any particular value of Tg, where Myp is the
upper limit certral star mass,taken (in the presen
analysis) to equal the Chandrasekhar limit. Mod-
elling of Nog s[log(Tg )] then permits usto ascertain
N (Mcs) to within fairly tight limits.

The ts betweenmodel and obsened trends are
illustrated for two casesin Fig. 2 (joow j = 0 and
jbowj = 5). We have alsoillustrated the t be-
tweenan Mcs = 0.6 M prole, and the obsened
trend for joowj = 15 (seeFigure 3). Two con-
clusionsmay be drawn from this latter comparison.
The rst isthat the sharp peakin N[log(Tg)] is well
represenied in terms of a single massfunction. This
does not imply that all high latitude sourcespos-
sessa singlemass,but it doessuggestthat the range
in massesis narrow, and that the absolute values
of Mcs are low. The comparison between obsened
and theoretical trends appearstolerably good down
to log(Tg) 0, below which there is an increasing
disparity betweenthe curves. It is likely that much
of this latter di erence arisesfrom decreasinglevels
of sourcedetection.

The theoretical mass functions required to
achieve these ts are illustrated in Figures 4 and
5. They are estimated for sourceswithin the range
1.0 <log(TB)< 3.6. It is clear, from these, that

Fig. 3. The variation of N[log(Tg )] for sourceshaving b
> 15 (solid lines). This has been tted with the model
trend for Mcs = 0.6 M (dashed lines). It will be seen
that the t is tolerably good down to log(Tg) O, below
which there is a growing disparity between the respec-
tive trends. It is likely that much (possibly all) of this
disparity arises from the decreasingdetectability of low
Tg sources.

the mass function for all of the sourcescombined
(i.e., jbbowj = 0 ) appearsto be relatively shallow
(Fig. 4). The fall-o of N(Mcs) is much slower
than either the Zhang & Kwok (1993) or Phillips
(2001) mass functions, although it does appear to
be comparable with that of Kaler & Jacohly (1991)
for Magellanic Cloud planetaries. This di erence be-
tweenthe functions is hardly surprising given the bi-
asesnoted in x 2, and the fact that our function ap-
pliesfor higher brightnesstemperature sourcesalone.
What is more critical, from the perspective of our
present analysis,is the way in which N (M¢s) varies
with latitude. This is illustrated in Fig. 5, whence
it is clear that N(Mcs) steepens considerably as
jbLow j approaches7.5 . It is apparert that by the
time jbbow]j 7.5, then most of the higher mass
stars have \fallen out" of the functions, and that
N (Mcs) peaksstrongly about Mcs ' 0.593 M

The typical error in the curvesis probably of order

N(Mcs) N(Mcs) 0.07.

This trend may also be illustrated through the
variation of mean certral star masses<M ¢ s> with
ibbow j (Figure 6). It is apparert, here again, that
there is a marked declinein <M ¢s> asjbow ] in-
creases. Typical gradients appear to be of order
d<Mm cs>/djb|_owj ''20 103 M deg 1

Finally, we note that mean distances of the
sourcesare likely to be of order  2.06 kpc where
one adopts the statistical distances of Phillips
(2002). This would imply an approximate gradient
dMcs/diziow 56 102 M kpc !; where
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Fig. 4. A comparison betweenthe certral star massfunc-
tion N(Mcs) for jbhowj O, with various other func-
tions taken from the published literature. It will be noted
that although our presert function is comparable to that
of Kaler & Jacoby (1991), it falls-o much less steeply
than those of Zhang & Kwok (1993) and Phillips (2001).
All of these functions have been arbitrarily normalized.

jZ.ow ] is the counterpart of jbow j, and corre-
sponds to the lower limit height of nebulae above
the Galactic plane. It should be emphasisedthat
the distancesto PNe are quite uncertain, howewer,
and the latter valueswould be decreasedby factors

2.7 where the distances of Zhang (1995) are
employed.

Note, nally, that the accuracy of our conclu-
sions depends upon the validity of our modeling.
Variations in the commencemeh of shell optical

Fig. 5. Normalized massfunctions for various lower limit
latitudes. It will beseenthat N (Mcs) variesappreciably
asjbow j increases.

Fig. 6. The variation of mean central star mass<M cs>
as a function of lower limit latitude jbowj. The solid
curve represens a secondorder polynomial least squares
t.

thinness, or the velocities of shell expansion may
aect the shape and positioning of our proles
N[log(Tg);Mcs]. To take just a few examples,
acceleration or deceleration of the shellswould lead
to a broadening or narrowing of the proles, as
illustrated in Figure 7. This leadsto a steepening
or reduction of the gradiens dN(Mcs)/ dMcs.
Similarly, a variation in ionization front velocities
V, from the value of 25 km s ! adopted here would
causea bodily shift of the functions along the Tg
axis. A velocity V, = 20km s 1, for instance, would
shift the functions N[log(Tg);Mcs] a distance

log(Tg) '  2log(V,/25 km s 1) ' 0.2to larger
values of Tg, and causeour functions N(Mcs) to
shift Mcs' 0.01 M to larger values of mass.
Finally, we note that the so-calledtransition time,
the period between when certral stars leave the
AGB and nebulae become appreciably ionized, is
of uncertain duration. It may range from a few
hundred to seweral thousandsof years. Such a delay
in the commencemet of fully- edged PNe ewolution
may have the eect of shifting mass functions
N (Mcs) to lower values of Mcs (i.e., towards the
left of the Figs. 5 and 6).

It is unlikely for the most part, howewer, that
such changeswill aect our conclusions. Thus we
note that the comparison between our model and
higher latitude results (Fig. 3) suggestghat the syn-
thetic functions are reasonablyreliable |or at least,
they appear to be so over the range for which ob-
sened trends can be trusted. Similarly, there is not
the slightest doubt that actual proles N[log(Tg),
M ¢ s] shift in the way proposedhere;that they move
towards higher Tg where M ¢ is large, and towards
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Fig. 7. The variation of N[log(Tg)] predicted for Mcs
= 06M In this case, the ionization front velocities
V, are taken to vary with shell evolutionary time Tey
asV, / TEvl. The various curves correspond (moving
sequerially from the r.h.s. of the gure) to = 2.0,
1.5,1.25,1.0, 0.75, and 0.5. It is apparent that I-front
acceleration (> 1) leadsto broadening of the principal
peak, whilst deceleration ( < 1) hasthe reversee ect.

lower Tg wherethe reverseis the case. The deduced
variations in N (M¢s) arethereforelikely to be qual-
itativ ely correct, even if the precise forms of these
functions are open to revision.

It therefore seemsthat the obsened variation of
N[log(Tg)] with b is likely to re ect a variation of
Mcs with z. A detailed analysis, of the kind assaed
above, o ers the prospect of placing stronger con-
straints on dM¢ s/ dz that has beenpossiblehereto-
fore. The corversion of Mcs to Mpg, using initial-
nal mass functions such as that of Weidemann
(1987), may also permit usto evaluate Galactic gra-
dients for nebular progenitor masses.

5. CONCLUSIONS

We have analyzed obsened brightness tem-
peratures for some 484 nebulae, and nd that
the distribution function NJlog(Tg)] varies with
Galactic latitude b. Whilst N[log(Tg)] appears to
be broad where latitudes are small, it becomesvery
much more strongly peaked where values of b are
large.

These various curves have been modeled using
synthetic proles N[log(Tg), Mcs], whence we
are able to determine certral star mass functions
N (Mcs).

It seemslikely that the proportion of high M¢s
nebulaedecreasesshincreasesand that this causes
corresponding changesin <M ¢cs>. We nd that
d<M cs>/djbowj "' 2.0 10 2 M deg ?, imply-
ing that d<M CS>/deLOWj ' 56 10 2 M kpC 1
(although this latter value dependsupon which dis-
tance scaleis employed, and may be up to three
times smaller where the distancesof Zhang (1995)
are employed). Since M s is monotonically related
to Mpg, the progenitor mass,then it follows that it
should be possibleto evaluate similar gradients for
progenitor massesas well.

REFERENCES

Blocker, T., & Schenberner, D. 1990, A&A, 240, L11
Kaler, J. B., & Jacohy, G. H. 1991, ApJ, 382,134
Koeppen, J., & Cuisinier, F. 1997, A&A, 319, 98
Marigo, P., Bressan, A., & Chiosi, C. 1998, A&A, 331,
564
Milne, D. K. 1979, A&AS, 36, 227
Milne, D. K., & Aller, L. H. 1975, A&A, 38, 183
. 1982, A&AS, 50, 209
Phillips, J. P. 2001, MNRAS, 326, 1041
. 2002, ApJsS, 139,199
. 2003a, MNRAS, 344,501
. 2003b, A&A, in press
Renzini, A., & Voli, M. 1981, A&A, 94,175
Schenberner, D. 1979, A&A, 79, 108
. 1981, A&A, 103,119
. 1983, ApJ, 272,708
van den Hoek, L. B., & Groenewegen, M. A. T. 1997,
A&AS 123, 305
Weidemann, V. 1987, A&A, 188,74
Zhang, C. Y. 1995, ApJS, 98, 659
Zhang, C. Y., & Kwok, S. 1993, ApJS, 88, 137
Zijlstra, A. A., Pottasch, S. R., & Bignell, C. 1989,
A&AS, 79, 329

John Peter Phillips: Instituto de Astronom ay Meteorologa, Av. Vallarta No. 2602,Col. Arcos Vallarta, 44130

Guadalajara, Jalisco, Mexico. (jpp@cencar.udg.mx).



