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1. Surveys for long-period variables in the Magellanic Clouds

Until recently, surveys for variable stars in the Magellanic Clouds were carried out in
blue and visual passbands, but these passbands are not ideal for finding very cool stars
such as long-period variables (LPVs). Consequently, the early surveys generally found
only the brightest LPVs in the Magellanic Clouds. The most extensive surveys were the
Harvard surveys whose results are summarized by Payne-Gaposhkin and Gaposhkin
1966 (SMC) and Payne-Gaposhkin 1971 (LMC), with some supplementary data in
Hodge and Wright (1969) and Wright and Hodge (1971). LPVs were also found during
other smaller surveys such as those of Dessy (1959), Butler (1972, 1978) and Lloyd
Evans (1971, see also Glass and Lloyd Evans 1981, Lloyd Evans 1978, 1985 and Lloyd
Evans et al. 1988).

The surveys by Lloyd Evans were actually aimed at finding LPVs and, because of the
very red nature of the LPVs, Lloyd Evans used I as well as V plates in his searches.
Recently, extensive surveys for LPVs in the Magellanic Clouds using I plates from the
UK Schmidt telescope have now been carried out; these surveys were initiated by Dr.
B.L. Turtle. Results obtained from these surveys in the LMC have been published by
Wood et al. (1985), Glass and Reid (1985), Reid er al. (1988) and Hughes (1989); results
for the SMC have been obtained by Moore (1990).

With the advent of the JRAS satellite, many point sources were found in the
Magellanic Clouds. Some of the most luminous optically visible LPVs (including objects
found on I plates) were detected by IRAS, but many of the JRAS point sources have no
optical counterparts. The colours of some of these /RAS sources indicate that they may be
variable OH/IR stars, and a number of them have been monitored in the near infrared
(JHK); some variable sources have been found by Whitelock et al. (1989) in the SMC and
by Wood ez al. (1990) in the LMC and SMC.

2. Infrared photometry

To derive useful quantities such as My, and Tegp (estimates), infrared JHK
photometry is required for the LPVs. Such photometry can be found in papers by Glass
(1979), Feast et al. (1980), Catchpole and Feast (1981), Glass and Feast (1982b), Wood
et al. (1983), Frogel (1983), Wood et al. (1985), Glass and Reid (1985), Elias et al.
(1985), Wood and Bessell (1985), Bessell et al. 1986), Lloyd Evans et al. (1988), Reid et
al.(1988), Whitelock et al. (1989), Feast et al. (1989) and Hughes and Wood (1990).
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3. Physical properties of LPVs

In Figl, a large sample LMC LPVs with spectral types of M or MS and with
well-determined periods and JHK(L') photometry (for determining My is plotted.
Means of the photometry are used for stars with multiple observations. As shown by
Wood et al. (1983), the LPVs can be divided into two distinct groups - the core helium
burning supergiants, which have small pulsation amplitudes (0.2-0.3 mag.), and the AGB
stars which have larger amplitudes (typically 0.7 mag.) and which frequently exhibit signs
of c(}jrcdgc-up at helium shell flashes (i.e. spectra of type MS or C) as expected for evolved
AGB stars.
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Figure 1. A sample of oxygen-rich LPVs in the LMC which have well-determined periods and
JHK(L") photometry. Open circles are supergiants, filled triangles are JRAS sources (all but one are
OH/IR stars), and open diamonds are AGB stars. The lines of constant pulsation mass are derived from
the formulae of Wood (1989) with a metal abundance Z=Zq/2 for M 2 2.5Mq and Z=Z/4 for M < 1.0M,,.

The new feature shown in Fig 1 is the group of IRAS sources, all but one of which
are OH/IR stars (i.e. they have 1612 MHz maser emission). There is one OH/IR star
whose luminosity (Mpo) < -9) means that it is clearly a supergiant; its K amplitude is also
small (~0.2 mag.) as expected for a supergiant. The other five JRAS sources shown are
almost certainly AGB stars; the pulsational amplitudes at K (typically 2 mag. for this
group) are large, as found for other AGB pulsators, and the bolometric luminosities put
them below the AGB limit of My = -7.1.

These stars seem to have evolved at a more-or-less constant luminosity from the group
of optically visible upper AGB LPVs with My ~ -6 to -7. This is not surprising as the
mass loss rates for these stars are very large. Using the formula of Jura (1987), which
relates M to the 60pum JRAS flux Fgg, and assuming an LMC distance modulus of 18.5
and a typical value of Fgo/Fys = 0.25, a mass loss rate of ~6x10-5 Mg yr'! can be derived
for the AGB IRAS sources. The lifetimes for such stars must be less than ~105 years (the
envelope masses must be no more than a few solar masses and would be dissipated by the
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large mass loss rates in <105 years). Since AGB stars evolve in luminosity by only 0.1
magnitude in 1035 years, the evolution of the IRAS sources in Fig 1 must be almost
horizontal on the HR diagram. This also implies that there is little chance that these stars
will have sufficient time on the AGB to increase their core masses to the Chandrasekhar
limiting mass (which corresponds to a luminosity My = -7.1) and become supernovae.

A final question that remains to be answered is: why do the periods of the upper AGB
LPVs increase so dramatically from ~600 to ~1500 days? There are two reasons for this.

The period of an LPV pulsating in the fundamental mode is given roughly by P o< R2/M.
The first factor to cause an increase in period is the reduction in mass due to mass loss;
this can be considerable in these relatively massive AGB stars. The second factor is the
decrease in T (increase in radius) that occurs in an AGB star when the (envelope) mass
is reduced, at least until the envelope mass becomes so small that the star begins to shrink
again. The formulae in Wood (1989) give quantitative estimates of these effects. These
formulae can also be used to put lines of constant pulsation mass on the (My,, log P)
plane and such lines are shown in Fig 1.

A notable feature shown in Fig 1 is the gap between the optically visible LPVs with
Myo1 = -6 to -7 and their more evolved counterparts, the JRAS sources. Since the rate of
cvlc)ﬁution should speed up in going from the optically visible stars to the JRAS sources
(due to the ever increasing mass loss rate), and given that there are five IRAS sources, one
would expect the interval between the two groups to be well populated. The absence of
stars in the gap is almost certainly a selection effect. The five AGB /RAS sources have
Fy5 > 0.7 Jy (Fy5 > 0.5 Jy), this being the selection limit of Wood er al.(1990).
However, the three reddest optically visible upper AGB stars in Fig 1 were also detected
by IRAS and they have Fy5 ~0.2 Jy, near the faint flux limit of the /RAS point source
catalog. It is likely that there are other dusty, upper AGB LMC stars yet to be identified in
the JRAS point source catalog. Detailed analyses of JRAS data pertaining to the Magellanic
Clouds have been made by Schwering (1988) and Reid et al. (1990), and these two
studies list further point sources not present in the JRAS point source catalog.

4. Dependence of LPV period on metal abundance

From theoretical considerations, one might expect the period of an LPV to depend on
the metal abundance of the star. Since the giant branch becomes cooler at a given
luminosity as metal abundance is increased, the resulting increase in radius, combined
with the fact that P ~ R2, should cause the period to increase with metallicity. Or, in terms
of period luminosity (PL) relations, the luminosity at a given period should be lower in
objects of higher metallicity (unless there is some counteracting effect due to the
mass-period relation being different in systems of different metallicity). The LPVs in the
LMC and SMC (and Baade's window) provide an opportunity to test these theoretical
expectations observationally .

Fig 2 shows the (Mygy, logP) diagram for AGB stars in the SMC, LMC and Baade's
window, plotted assuming distance modulii of 18.9, 18.5 and 14.65, respectively.
Firstly, we examine the upper AGB stars with My, < -6. The group of SMC LPVs
satisfying this criterion have periods about 0.1 shorter in log P than the corresponding
group of LMC stars. The stars being considered here are the upper AGB stars that have
not yet lost a significant amount of mass, and it will be assumed that the mean mass is
similar in the SMC and LMC. The theoretical relations in Wood (1989) give, for upper
AGB stars, log P(days) = -3.20 + 0.42 log Z/Z,- 1.61 log M/M,, + 1.57 log L/L,, where
Z is the metal abundance. For young stars in the field of the SM% and LMC, Russell and
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Figure 2. Mean values of My, for optically visible LPVs with well-determined periods in the SMC
(filled circles), LMC (open circles) and Baade's window (crosses). Mpq) was calculated from JHK
photometry listed in the text for the SMC and LMC, and from Glass and Feast (1982a), Wood and Bessell
(1983) and Frogel and Whitford (1987) for Baade's window. Many objects have few JHK observations so a
large part of the scatter in My, is due to lack of good mean My, values (see Feast et al. 1989).

Bessell (1989) and Russell and Dopita (1990) give Zj pc = Zo/2 and Zgyyc = Zo/4. With
these metal abundances, the above equations predict that, on the upper A(C_‘vB, ogP>smc
= <logP>y \c - 0.13, in reasonable agreement with the period separation shown in Fig]z.
This result suggests that the periods of LPVs do indeed depend on metallicity.

The evidence for a metal dependence of the PL relation for lower luminosity AGB
LPVs (Mira variables) is much more difficult to find. In the SMC, nearly all the Mira
variables are carbon stars (Lloyd Evans et al. 1988) and it is difficult to find a significant
number of stars to compare with the LMC M-type Miras. In Baade's window, there are
significant depth effects due to stars behind, and in front of, the Galactic centre. In Fig 2,
there is marginal evidence that the few M type SMC Miras lie above the LMC Miras in the
mean, but multiphase observations of these and other SMC stars are required before this
effect can be confirmed. There also seems to be a group of Baade's window objects with
unusually low luminosity, as would be expected if these objects belong to the group of
high metallicity stars near the Galactic centre discussed by Whitford and Rich (1983).
However, an examination of the J-K colours of these LPVs does not indicate that they are
unusually cool, and so the reason for the low apparent luminosity of these stars is
probably that they lie well behind the Galactic centre.

5. The period-luminosity-colour relation and its origin
As mentioned above, one reason that a range of periods can exist for Miras of a given

luminosity on the AGB is that the giant branch Teg varies with metal abundance. Under
these circumstances, one might expect that a period-luminosity-colour (PLC) relation
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would give a better estimate of the period of a Mira variable than would the more simple
PL relation.

By obtaining mean luminosities and colours from multi-phase observations of a group
of LMC Mira variables, Feast et al. (1989) were able to show that these stars do indeed
obey a PLC relation. Feast et al. noted that the Miras obey both an (My,;, log P) relation
and a (J-K, log P) relation and they found that the deviations of individual M-type Miras
from these relations were correlated in the sense that the redder stars were fainter at a
given period. If 8My,,; is the deviation of an individual Mira from the mean LMC (M,
log P) relation and g&l -K) is the corresponding deviation from the (J-K, log P) relation,
then Feast et al. find 8My,; = 2 8(J-K), with OMy,,; values up to 30.3 mag. and 3(J-K)
values up to 10.15 magnitudes.

These results will now be compared with theory. Wood (1989) gives the following
relations for Miras with M < 1.5Mq:

(i) the period-mass-radius relation:

log P =-2.07 + 1.94 log R/Rs - 0.9 log M/M, (1)
(i) the definition of Tegs:
L = 4noR2T g4 @

(iii) the position of the AGB:
My = 15.7(log Tegg + 0.12 log Z/Z, - A) - 2.65 log M/M,- 59.1 . 3)

The quantity A accounts for the fact that, for small envelope masses, the AGB turns back
to higher effective temperatures. In addition to the above equations, a relation between
J-K and Tggs is needed in the present context and for this we use the relation given by
Bessell, Wood and Lloyd Evans (1983). For a typical LMC Mira with J-K = 1.3 (T¢g =~
3240K) this relation gives

log Tegr=3.77-020 J-K) . @
Combining Equations (1), (2) and (3) gives

Mpo1 = -0.36 -1.57 log P + 0.73 log Z/Z, -2.45 log M/M,, - 6.1 A, )
while combining Equations (1), (2), (3) and (4) gives

J-K =0.15 + 0.50 log P + 0.36 log Z/Z, -0.065 log M/M, -3.05 A . (6)

From Equations (5) and (6), it can be seen that the scatter in My, and J-K at a given
period can be due to either a scatter in Z or a scatter in M (A is a function of M and M.
(Another possibility would be variable foreground or circumstellar extinction: this has
been discussed by Feast et al. 1989 and considered unlikely.) It can be seen that a scatter
in Z will give a scatter in My and J-K which obeys the required relation 8(My,)) = 2
3(J-K); the amplitude of the observed scatter (3Mp,) < 0.3) requires a scatter in the
abundance among field Miras in the LMC of 8logZ < 8.41. (We note here that a possible
dependence of the (My,), log P) relation for Miras on metal abundance, as predicted by
Equation (5), has been observed in globular clusters by Menzies & Whitelock (1985),
although the effect is uncertain due to uncertainties in the distances to globular clusters.)
The other possible source of scatter about the (M), log P) and (J-K, log P)
relations is a scatter in mass. If the term in A in Equations (5) and (6) is neglected, it is
clear that a scatter in mass can not account for the observed scatter. This is because J-K is

https://doi.org/10.1017/5S0074180900200557 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900200557

264

to M, and a scatter of ~0.15 in J-K, as observed, would require a scatter in log M of ~2.3,
clearly unrealistic. We now examine the effect of A. If the Miras examined by Feast er al.
(1989) have small envelope masses, the A term in Equations (5) and (6) becomes
important. The M stars studied by Feast et al. tend to be mostly of short period and low
luminosity, Myo; = -4.25, log P = 2.4. For A = 0 and Z/Zy= 1/4 (half the metal
abundance of present LMC gas is assumed for these old stars), Equation (5) gives a mass
of 0.74 Ms, while the luminosity-core mass relation for AGB stars (Wood & Zarro 1981)
gives a core mass of 0.56M,; the envelope mass is then 0.18M,,. If mass loss removes
mass from the envelopes of these stars, the star will begin to turn to bluer temperatures
due to lack of envelope mass and the A term will become important. The equation in
Wood (1989) for A shows that halving the envelope mass at constant My, from 0.18M,
to 0.09M,, increases log P by 0.03, so that the star lies fainter than the mean (M, log P)
relation by 8My,; = 0.09 magnitudes. At the same time, the star moves a distance 8(J-K)
= -0.04 mag. bluer than the mean (J-K, log P) relation. Thus 8(Mpg) = -2.25 8(J-K), a
relation very different from the observed one. This is basically because, for these modest
envelope masses, the term in A dominates in Equation (6) while the term in log M/Mo
dominates in Equation (5). As the envelope mass is reduced further, the A term will
dominate in both Equations and the observed relation 3(Myy,)) = 2 8(J-K) will be obtained.
However, for an ensemble of stars with a range of envelope masses, it is very unlikely
that the observed correlation between 6(My,,;) and 8(J-K) would be obtained from
variations in envelope mass. In this situation, the most likely explanation for the scatter of
the Mira-like LPVs about the (My,, logP) and (J-K, logP) relations is a variation in metal
abundance whose size is 8logZ < 0.4; this is approximately a 2-c limit since it represents
the maximum deviation shown by the 29 oxygen-rich Miras studied by Feast et al. (1989).
Whether this abundance variation is due to variations in the chemical content of the stars at
the time of formation or due to variations caused by the first, second and third dredge-up
episodes on the giant branch can not be determined.

6. Period distributions and lifetimes

The reasonably complete surveys that have been done for LPVs in the LMC allow a
comparison of the LMC and Galactic LPV populations. Such a comparison is made by
Hughes & Wood (1990) who show that the LMC period distribution is shifted to shorter
periods than the Galactic distribution. There are also many more carbon stars among the
LMC LPVs, at least for 200 < P(days) < 500. The survey data for the SMC has not yet
been fully analysed, but the results of Lloyd Evans et al. (1988) & Moore (1990) indicate
that the SMC has few Mira-type variables with P < 250 days, that nearly all the Miras with
250 < P(days) < 500 are carbon stars, and that, compared with the LMC, there is a
relatively large number of upper AGB LPVs with P > 500 days and My < -6. The bright
LPVs presumably come from recent (108 years ago) star formation, while the absence of
shorter period LPVs with P < 250 days indicates that the SMC field had [Fe/H] < -1.5
when stars that might have turned into LPVs with P < 250 days formed; the population of
LPVs in globular clusters shows that [Fe/H] > -1.5 is required if a star is to pulsate as a
large-amplitude LPV (Menzies & Whitelock 1985).

The population of LPVs in the LMC allows the determination of the lifetime of
typical Mira variables in the LMC. By comparing the number of Miras with the number of
planetary nebulae and the number of core-helium burning clump stars, Hughes & Wood
(1990) derived a Mira lifetime of ~5x104 years. This is a remarkably short lifetime,
corresponding to an increase in quiescent (inter shell flash) luminosity on the AGB of only
0.05 magnitudes. In fact, the Mira lifetime is very similar to the interval between helium
shell flashes and this near-equality of timescales hints that helium shell flashes may be
closely related to the termination of AGB evolution.
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