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Abstract. We analyze th& band luminosities of a sample of galactic long-period variables using parallaxes measured by the
Hipparcos mission. The parallaxes are in most cases re-computed from the Hipparcos Intermediate Astrometric Data using
improved astrometric fits and chromaticity corrections. KHeand magnitudes are taken from the literature and from measure-
ments by COBE, and are corrected for interstellar and circumstellar extinction.

The sample contains stars of several spectral types: M, S and C, and of several variability classes: Mira, semiregular SRa, and
SRb. We find that the distribution of stars in the period—luminosity plane is independent of circumstellar chemistry, but that
the diferent variability types have filerent P—L distributions. Both the Mira variables and the SRb variables have reasonably
well-defined period—luminosity relationships, but with verffelient slopes. The SRa variables are distributed between the two
classes, suggesting that they are a mixture of Miras and SRb, rather than a separate class of stars. New period—luminosity re-
lationships are derived based on our revised Hipparcos parallaxes. The Miras show a similar period—luminosity relationship to
that found for Large Magellanic Cloud Miras by Feast et al. (1989).

The maximum absolut& magnitude of the sample is abou8.2 for both Miras and semi-regular stars, only slightly fainter

than the expected AGB limit. We show that the stars with the longest pefds400 d) have high mass loss rates and are
almost all Mira variables.

Key words. stars: carbon — stars: AGB and post-AGB — stars: oscillations

1. Introduction investigates whether one or more P—L relationships exist for
_ ) _ . o . LPVs in the local region of the Galaxy, using re-derived

Th.|s paper investigates the perlod—_lumlnoglty (P-L) relat'opﬁpparcos parallaxed{ magnitude data from the literature,

ship, or relationships, for long-period variable stars (LP\Qnqk -hand flux densities and variability data derived from the

in the solar neighborhood. P-L relationships for stars in theggE DIRBE time-series data (Boggess et al. 1992; Hauser
instability strips of the HR diagram have proven to be qf; 5. 1998).

fundamental value in using variable stars as secondary dis- ) ] ) . )
tance indicators. Stellar variability is also a powerful tool for The P—L relationship for LPVs has been investigated using

studying stellar structure, chemistry and mass loss (e.g. WJdB§ Hipparcos Catalogue (van Leeuwen et al. 1997; Whitelock

1990; Willson 2000; Alvarez et al. 2001). The present pap&Féast 2000) and for samples of objects at the same dis-
tance — in the Large Magellanic Cloud (Glass & Lloyd Evans

Send giprint requests toG. R. Knapp 1981; Feast et al. 1989; Groenewegen & Whitelock 1996; Cioni
. T ’ et al. 2001), and in the bulge of the Galaxy (Alard et al. 2001).
e-mail:gk@astro.princeton.edu .

* Based on observations from the Hipparcos astrometric sateII?EQF_" last two papers make use _Of the V?‘St data compilation on
operated by the European Space Agency (ESA 1997). varlab_le stars ava|I_abIe f_rom mlcrolens_lng surveys. These pa-
** Table 1 is only available in electronic form at the CDS vi@ers find P-L relationships for LMC Miras with both oxygen
anonymous ftp tadsarc.u-strasbg.fr (130.79.128.5) orvia and carbon chemistry, and relationships for semi-regular (SR)
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?1/A+A/483/993 Vvariables which have the same slope as for Miras but with
*** Research Associate, FNRS, Belgium. two sequences suggested to correspond to the long and short
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periods which often coexist in these stars (Cioni et al. 200Table 1. Stars for which a new solution based on the Hipparcos obser-
see also the discussion by Szatmary et al. 1996; Bedding etvalions was deriveds ands(w) are the parallax and its error in mas.
1998; Zijlstra et al. 2002). In the galactic bulge, Alard et af@ = = is the diference between the revised parallax and the
(2001) find a P—L relationship for Mira variables but no republished one reckoned in units of the standard error in the Hipparcos
lation for SR variables. Given the potential use of these st@agallax,Ax is the total interstellar and circumstellar extinction in the
as secondary distance indicators (their luminosities are highbPand (see text)K is the 2.2um apparentK magnitude.P is the -
>3000 L, and their &ective temperatures lovg2500 K, so period in days, “var” is t_he variability type from CGCVS, “Chem” is
that the bulk of their flux is emitted at near-infrared wavethe carbofoxygen chemistry of the atmosphere.
lengths, where interstellar extinction is much lower than at
optical wavelengths), the establishment of a well-defined P
L relationship is of a significant interest. Further, the P—L re-
lationship establishes the mode in which the star is pulsating,
and gives information on thefect of pulsation on mass loss.

Measurements of the P—L relationship in the LMC and tHiata to examine th band variability of the stars. The assem-

HIP CGCVS w ¢(w) Aw Ac K P var Chem

galactic bulge provide the sloeof the relationship: bly of the data set is described in the next Section. Section 3
discusses the distribution of LPVs in the P—L plane and in-
Mk = alog P(days)+ b (1) vestigates their P-L relationships. We also examine the max-

imum AGB luminosity for both carbon- and oxygen-rich stars.
and the zero-poinb (using the known distances to the LMCsection 4 briefly discusses data on period variability, from the
and the bulge). However, models (e.g. Wood 1990, 2000) sh@i#rature and from the DIRBE data, and discusses the relation-
that the zero-point absolute luminosity is metallicity depehips among the fferent types of LPVs. Section 5 discusses
dent. Comparisons of the P-L relationship derived for nearira variables with long periods and large mass loss rates.
galactic LPVs, whose absolute distances are known from par-
allax measurements and for which there is much more infqr-
mation available on metallicity and mass loss, are thus wofth Data
investigating. The sample of objects discussed herein was basically defined
Establishment of P—L relationships for nearby LPVs is diby the available data: parallaxd§, magnitudes, periods and
ficult, however. Even after Hipparcos (ESA 1997) there are refriability types. Secondary information includes the position
atively few well determined parallaxes for these rare, luminog@ghich together with the parallax allows the calculation of in-
stars, and their use requires attention to statistical biases {gfstellar extinction); the 12m flux density (Beichman et al.
Arenou & Luri 1999). Several studies have assumed that th@88) which, together with the @2m flux density, gives an es-
P-L relationship for nearby Miras has the same slope as fouirdate for the circumstellar extinction, and the circumstellar
for the LMC Miras (Groenewegen & Whitelock 1996; Beddinghemistry, since the dust opacity at A& is strongly depen-
& Zijlstra 1998; Whitelock & Feast 2000; Bergeat et al. 2001dent on its composition.
and have used this relationship to calculate the zero point for The data are given in Tables 1 and 2, where we list: the
galactic populations. Baréis et al. (1999), however, using bottHipparcos catalogue number; the variable star name; the par-
direct and statistical parallaxes for a sample of Miras, findaflax = in milliarcseconds (mas); the parallax eregiz) in
different slope than that seen in the LMC, while Alvarez et ahas; the total (interstellar and circumstellgrpand extinction
(1997) identify two groups of Miras with fierent zero points Ay ; the K magnitude; the period in days; the variability type;
(cf. also Jura & Kleinmann 1992). and the chemistry (& “oxygen-rich”, i.e.n(0)> n(C); C =
Hipparcos provided the first parallaxes for most LPVs fararbon star and S zirconium-enhanced star). The sources of
which this information is now available. However, most of ththese various quantities are discussed below.
parallaxes available even from Hipparcos are measured at low
confidence. Added to this are reduction problems associa?t_;i Parallaxes
with the very red colors and extreme variability of these ob-~"
jects. These factors make the evaluation of absolute magnituttae sample of LPVs analyzed in this work was selected from
for these objects quite uncertain. stars observed by Hipparcos (ESA 1997). This mission pro-
We have recently undertaken a re-analysis of the Hipparadgded accurate astrometric measurements for a sample of some
astrometric data for red giant stars with the aim of improv-20 000 stars which is approximately complete to a brightness
ing the accuracy of the parallax information for these oltimit of V ~ 8 but also contains many fainter stars. Included in
jects. The re-reduction scheme is described in detail by Platthie Hipparcos input catalogue were several hundred evolved
et al. (2003) and Pourbaix et al. (2003). The present papeol giant stars, and Hipparcos provided the first measured
uses improved parallax information from these studies, plparallaxes for almost all of these. However, because of their
some Hipparcos catalogue parallaxes, to re-examine the abystatively large distances, variability, red colors and, for some
lute magnitudes of variable AGB stars. We work entirely istars, their faint apparent magnitudes, the parallax errors for
K magnitudes, using magnitude data from the literature atitese stars are often larger than the nominal Hipparcoact
from the COBE-DIRBE data. We also incorporate correctiortsiracy of 1 mas. We have therefore undertaken a re-analysis of
for interstellar and circumstellar extinction, and use the DIRBtBe Hipparcos Intermediate Astrometric Data (IAD) for these
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Table 2. Same as Table 1 but for SRb variables for which the
Hipparcos data have not been reprocessed.

0.15 = =
HIP CGCVS w g(w) Ak K P Chem.
13064 ZEri 407 090 001032 80 O
13384 RREf 296 104 001052 97 O
19116 CYEri 287 100 001196 25 O |
21046 RVCam 3.01 097 0.06 052 101 O U ]
23680 WOri 466 144 007025212 C g

24169 RXLep 7.30 0.71 0.0£1.40 60 O

28558 DPOri 534 173 001105 90 O L] ]
28874 Slep  3.63 0.78 0.020.46 89 O oos|- i | il §
34922 LZPup 16.46 1.27 0.022.49 140.6 O 3 iy
38406 BCCMi 7.77 0.99 0.00 0.83 35 O
41664 RTHya 3.68 1.02 0.01 0.09 290 O
42502 AKHya 5.12 0.92 0.020.6175 O

i L P R 1 ‘:7'{';—~—‘—3' I W LU S o SOUROt I T
44050 RT Cnc 2.94 1.11 0.01 0.20 60 (@] % 200 400 600 800 1000
55639 TCrt 504 1.06 0.011.20 70 O Period (doys)
61022 BKVir 568 1.12 0.0:-0.88 150 O Fig. 1. Frequency of periods from the CGCVS. Heavy solid line: Mira.
62611 SV Crv 272 0.97 0.01 1.07 70 o Light solid line: SRa. Heavy dotted line: SRb. Light dotted line: SR.

63642 RT Vir 7.25 1.10 0.0x1.12 155 O
64569 SWVir 7.00 1.20 0.0%1.87 150 O

The samples of carbon stars, VIMs and oxygen-rich Miras
66666 V744 Cen 6.00 0.76 0.020.72 90 O

defined above are complete in the sense that they comprise all

71644 RVBoo 254 0.98 0.080.01 137 O such objects observed by Hipparcos except for the small num-
73213 FYLib 297 119 003012 120 O ber without measured periods iirmagnitudes. The Hipparcos
78574 X Her 7.26 0.70 0.01 067 95 O carbon star and VIM samples contribute a fair number of
81188 TXDra 3.52 0.56 0.01 1.38 78 O SR variables: to round out the data sets, we extracted from the
82249 AHDra 3.39 070 0.01 0.57 158 O Hipparcos catalogue data for the remaining oxygen-rich SRb
87850 OP Her 3.26 054 002 0.05 1205 O observed by Hipparcos. The data for this sample, with the same
89669 IQHer 3.82 0.87 0.04004 75 O information as in Table 1, are given in Table 2. Two stars with

the DMSA/X solution, namely HIP 40977 and 87820, were
02862 R L 933 052 0.0L210 46 O ignored in this investigation because of the low reliability of
yr ’ : ) ) their IAD. However, HIP 91389, also a DM3X entry, was

96204 V450 Agql 3.80 0.90 0.040.08 64.2 O included because it is successfully processed with the VIM
97151 V973Cyg 3.60 0.57 0.02 149 40 O model (Pourbaix et al. 2003).

100935 T Mic 3.44 1.19 0.0£159 347 O
106642 W Cyg 5.28 0.63 0.021.48 131.1 O
107487 AGCap 2.64 0.85 0.01 120 25 O

110099 UWPeg 3.38 157 0.01 227 106 O The monumental combined general catalogue of variable stars
118249 S Phe 3.93 0.87 0.03156 141 O (CGCVS, Kholopov et al. 1998) contains data for many types
of variable stars, including amplitudes at visual wavelengths,
objects. The re-processing scheme contains two componepégiods, and classification. LPVs are classified into several
deriving epochV -1 photometry for each IAD using the methodsubtypesMiras, with long, well-established, repeatable peri-
described by Platais et al. (2003), and then reprocessing dals (typically 300 d or longer) and large amplitudes/( >

IAD to derive parallaxes using epoch chromaticity correction2.5 mag):semiregular variablesvith shorter, less repeatable
This accounts for the color dependence of the Hipparcos detperiods and smaller amplitudes, which are subclassified into
tor, a particularly important aspect of the data processing fiypes SRa and SRb: andegular variables type Lb, which

the very red, and highly variable, LPVs. For the present stugyjow no well-defined period (in fact, periods have been mea-
we used three data sets based on these new reductions: casbogd for a few of these, and their variability behavior is in-
stars —the requirement of a measured period removes the mdistinguishable from that of SRb; Kerschbaum et al. 2001).
less luminous R type stars from the sample (cf. Knapp et Many semiregular variables show two or more periods, and
2001), leaving the cooler, more luminous, variable N-type cagome switch between two or more periods. We discuss these
bon stars; Variability-Induced Movers (VIMs; Pourbaix et alvariability types further in Sect. 5.

2003); and oxygen-rich Miras. The parallaxes and their errors Figure 1 shows the period distribution for LPVs from the
are given in Table 1. Note that in many cases the parallax is @BCVS. Many of the semiregular variables are classified only
significant. as SR. The period distributions for all types cover a similar

91781 V3879 Sgr 2.67 1.01 0.050.4250 O

2.2. Periods and variability types
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range, and there are few stars of any type with periods longer T - T T

than 400 days (we discuss this further in Sect. 5). The median ,

period of the Miras is more than twice that of the SRb. The stars - 7 ]

classified only as SR have a period distribution closest to the | % i

SRb. The SRa distribution is intermediate between the Miras | 1%

and SRb. In this paper, we will use three classes: Mira, SRa {

and SRb, combining the last with the SR and the very small ~2[ }‘F 7

number of stars classified as Lb for which a period has been. A

found. 2| }% }
The periods and variability types in Table 1 were taken> | Fii' i

from the CGCVS and the Hipparcos variability annex. Periods oL &

measured by Hipparcos agree well with the CGCVS periods in _}g%

(DIR

almost all cases.

2.3. K magnitudes 7 f |

We analyzed the P-L relation for LPVs usiKgmagnitudes, e

which are available for almost all bright LPVs from the litera- K

tyre. The variation of Miras t?et""ee” maximum a.nd m'”'m!“ﬂg. 2. K magnitude from DIRBE 2.2m flux densities vsK magni-

I'ghF can e).(ceed. 10 mag aF visual Wayelengths, since the V'SHﬁlle from the literature. Equal magnitudes are indicated by the dashed
luminosity is a highly non-linear function of photospheric temine, The bars on the DIRBE magnitudes show the observed range of
perature because of molecule formation (for a recent discussifdynitude variation over the time span of the COBE observations.
see Reid & Goldston 2002); while the variability amplitude is

much smaller (about 0.5 mag)kt(e.g. Whitelock et al. 2000).

The K-band luminosity is also lessfacted by chemical com- density of a 0 mag star of 654 Jy (using the calibrations of

position (Wood 2000) and is near the peak of the stellar spec@d}03 mag star by Bessell & Brett 1988).
energy distribution. The DIRBE time series data were used to calculate an aver-

e flux density for the entire data set plus the mean deviation

K magnitudes were taken from the literature, including t that | i t of the deviation is found
IRC (Neugebauer & Leighton 1969), the compilation byGezalrlom ataverage. in most cases most orthe deviation 1s foun
be due to stellar variability rather than noise. The ranges in

et al. (1999), Kerschbaum & Hron (1994) and Whitelock et ati(.) _ -
(2000). Except for the last reference, which gitesnagni- magnitudes for the COBE data are also shown in Fig. 2.

tudes averaged over the light curve, these are single-epochIn general the agrgement between the d"?‘ta from the_llt_era-
observations. ture and from DIRBE is excellent. The mean internal deviation

) ) from the COBE data is 0.2—0.4 magnitudes for Mira variables

To study the variance of th& magnitudes caused byand about0.02-0.1 mag for SR and SRb variables. In almost all
variability, we extracted 2.2im light curves from the data cases the dierence between the DIRBE and the literature mag-
from the difuse infrared background explorer (DIRBE -jtyde is within these deviations, which therefore dominate the
Hauser et al. 1998) on the cosmic background explorer COREeasurement noise. The data for a few stars show larger dis-
(Boggess et al. 1992). DIRBE provides well-sampled partiglepancies, and may be due to longer-term variations in these
light curves (sometimes with several observations per day) fggs.
bright point sources at wavelengths from 1,28 to 240um Figure 3 shows the ratio of the maximum to minimupa
over a time interval of almost 300 days (11 December 1988y gensity for stars for which a fiicient portion of the light
to 21 September 1990). The gaps in the data and the short /e is observed by DIRBE to observe at least one maximum
ration of the COBE mission relative to the typical period of 28,4 one minimum (only a minority of the stars in Table 1).
LPV limit the usefulness of COBE for measuring periods (sqf;gure 3a shows this ratio versus the tim&eafience between
e.g. Smith et al. 2002). Because of the large DIRBE bear) (4the minimum and maximum, or vice-versa — not necessarily
the data are useful only for the brightest point sources, thqggt the period, since the light curves for LPVs are often asym-
brighter than about 0-1 mag. metric. Figure 3b shows the ratio versus the period from the

The DIRBE 2.2 um light curves were extracted forCGCVS. Figure 3 shows that Miras are far more readily dis-
the brightest objects in Table 1 (approximately 0 mainguished from SRb by amplitude than by period (cf. also
and brighter atK) in the present sample using softwar€ioni et al. 2001), although stars wittygx — tmin) Shorter than
written by N. Odegard and D. Leisawitz and availablabout 70 days are always SRb. The SRa variables overlap both
athttp://cobe.gsfc.nasa.gov/cio/browser.html. The the Miras and SRb and are therefore likely to be a mixture of
light curves of some of these stars will be discussed in Secttle two types (cf. Fig. 1).
Figure 2 shows the DIRBEK magnitudes versus those from In the next section, then, we discuss only two samples:
the literature. The DIRBE 2.2m magnitudes were calculatedMiras and SRSRb. We do not include the SRa in the analysis.
from the observed flux densities assuming a value for the flue assume that the error in the COBE medikamagnitude
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2.5 s oxygen and S stars (cf. Jorissen & Knapp 1998) and carbona-
| ceous grains for carbon stars. The model assumed condensation
% 1 temperatures of 800 K and 1000 K for silicate and carbona-
(- ceous grains respectively (cf. lvez& Elitzur 1997) to define
. 1 the radius of the inner edge of the model envelope. The model's
central star is a blackbody with, = 2500 K,L, = 5000L,,
. h i for which the intrinsic ratio i512/S, = 0.18. For low optical

.« 1 depths

1.5

Smux/Smin (2 /’Lm)

9go® o o ° ] A, ~ 0.07(E - 0.18) ()
S22

(@]
(@]
(@]
N
o
(@]
W
(@)
(@]

for silicate envelopes, and

| A, ~ 1.1(E - 0.18) 3)
S22

2.5

. | for carbonaceous dust. The largé&elience between the two is
because of the strong contribution of the silicate &1¥ emis-
. 1 sion feature in the IRAS 12m band. A very small nhumber
1 of stars have no IRAS observations: we assume a circumstellar
xe 1 extinction of 0 mag for these stars.
. . | The total (interstellar+ circumstellar) extinction in the
5 o il K band is listed in Tables 1 and 2. The uncertainties in both
g %0 o x 1 the interstellar and circumstellar extinction are large, but the
Ll 1 L Ll L contribution of these errors to the errors in the computed abso-
100 200 300 400 500 lute K magnitude are dwarfed by those in the parallax and by
Period (days) stellar variability, and thus will be neglected in the remainder
of this paper.

1.5

Smox/gmm (2 /u'm)

o

@]

Fig. 3. Ratio of maximum and minimum 2.2m flux densities ver-
sus (a) time between maximum and minimum 22 light, as mea-

sured by DIRBE (upper panel) and (b) period from the CGCVS (lowgy, The period—luminosity relationship
panel). Filled circles: Mira variables. Open circles: SRb and SR vari- ) )
ables. Crosses: SRa variables. The stars listed in Tables 1 and 2 often have poorly measured

parallaxes. Figure 4 shows the distribution in the peribg-
plane of stars with reliabler, defined by:
is 0.1 mag for SR and .@ mag for Miras, in both cases dom-

inated by variability: these are the median values found frorr Probability thatw > 0 at the 95% confidence level. The
the COBE light curves. mean Hipparcos parallax error44 mas with some small

scatter around this value depending on the location of the

star on the sky and on its brightness. LPVs are very lu-
2.4. Extinction minous, so many observed by Hipparcos may be at dis-
tances>1 kpc. The probability that the parallax is detected
is determined by includingot including the parallax in
the astrometric solution, and defining the probability that
the parallax is detected using the F-test (cf. Pourbaix et al.

The extinction towards the stars has two components, inter-
stellar and circumstellar. We used the model of Hakkila et al.
(1997) to calculatedy, the total interstellar extinction iV,

from the position of each star and its distance, estimated

from w1, The K band interstellar extinction is then found _ 20/0?);) S5 2
from Ax, = 0.114 Ay (Cardelli et al. 1989). Z féﬂ '

rounded by clusty Greumetatar ervelopes, 1o Eltaur £ < 2MaS. AS discussed by Platais etal. (2003) the er-
(1997) show that the resulting spectral enérgy distribution is rors on the Hipparcos parallaxes for some relatively bright
. - . red giant stars are anomalously large, and measurements

a function of the dust composition and the optical depth. The _ . .

. o . . . with large errors often produce inaccurate parallaxes.
circumstellar extinctions for the stars discussed in this pa-
per are not large by the standards of mass-losing AGB stdifse distance is calculated froB = 1000/ and the absolute
(they are all visible objects) and the optical depth can be esagnitudeMy from this distance and the observiidmagni-
timated from the ratio of the 12m flux density (emitted al- tude, corrected for circumstellar and interstellar extinction. The
most entirely by the dusty envelope) to ther@ flux density errors onMg are assumed to be due to the errors (or rather
(mostly emitted by the photosphere). The relationship betwemmge of photometric variation) i and the parallax error. In
the 12um/2 um flux ratio and theK band circumstellar ex- Fig. 4, the stars are coded by variability type (Mira,/SRb
tinction Ak, was estimated using a spherically symmetric dusgnd SRa) and by circumstellar chemistry (combining the oxy-
envelope model (Knapp et al. 1993) using silicate grains fgen and S stars). Also shown in Fig. 4 is the period—luminosity
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1ok B 7. The (relatively small) number of SRa stars are spread ap-
r ] proximately equally between the Mira and SRb regions of
sl E the diagram.
i 1 8. Both the Mira and SR variables have a maximum luminos-
eh 1 ity of Mk = —-8.2 £ 0.2. The maximum luminosity also
S . holds for both oxygen and carbon stars, and is in agreement
N 1 with the value found for LMC stars.
-2 4 3.1. The period—luminosity relationship
ol 1 Many of the objects do not have significant parallaxes, even
after reprocessing the Hipparcos data, and absolute magnitudes
[ ]  derived from the subset of objects in Tables 1 and 2, limited
-10r 7 to Miras and SRb, and depicted in Fig. 4 which are selected
i 7 by parallax (antbr by @w/(w)) will be biased (Lutz & Kelker
-8 7 1973). While the Hipparcos catalogue is magnitude limited and
i 1 therefore absolute magnitudes are also subject to Malmquist
e -6r 7 bias, the parallax for an LPV may become undetectable with
i 1 respectto stars of similar brightness before the star does — a star
-4 -1 with Mgk = -8 atD = 1 kpc hasV ~ 8 — and errors on the
i 1 parallaxes are therefore the major source of uncertainty.
-2 ] Although the astrometry based luminosity (ABL, Arenou
i 1 &Luri1999) is an unbiased estimator of the inverse of the lu-
0

minosity, it cannot be used directly to calculate absolute mag-
nitudes which can then be used to derive a period—luminosity
relation: the symmetry of the error bars on ABL does not prop-

Fig. 4. Distribution of LPVs in theMk—log P plane. (a) Upper panel: agate to the absolute magnitude. Instead of fitting the absolute
stars are Sorted by Variable type Fl”ed CirCleS: Miras. Open Clrclqﬁagnltudes' we Work |n para”ax Space, Where the errors are

SR/'SRb. Crosses: SRa. (b) Lower panel: stars are sorted by chemisal;ssian. Therefore, instead of fitting Eq. (1), we fit
type. Filled symbols: carbon stars. Open symbols: oxygen stars. The

dashed line is the P—L relationship of Eq. (4).

1.5 2 2.5
log P (days)

0-K+AK

@ = Pi10B10 s " (5)

relationship for LMC Miras by Feast et al. (1989) with the zerawhere @, the parallax in mas, can be used regardless of its
point as determined for galactic Miras by Whitelock & Feastign. The parameters are fitted by chi-square minimization us-
(2000): ing non-linear optimization techniques, and their uncertainties
are obtained by Monte Carlo simulations.
M = -3.47 logP(days)+ 0.85 ) Figure 5 shows the resulting med#fx vs. logP diagram
Figure 4 shows several features: for Miras. The grouping was done by sorting the data by pe-
riod, and making bins which contained at least two stars with
1. Tofirst Order, the location of LPVs on the P—L diagram iS@eral'axeS measured at the— kve| or better_ The mean pe_
scatter plot, as shown also by Bedding & Zijlstra (1998) fq§od was calculated for each bin by simply averaging the peri-
oxygen Miras and by Bergeat et al. (2001) for carbon staggs, while the mean absoluke magnitude was derived from
2. The Miras and SR are partly separated on this diagram (¢fe ABL (Arenou & Luri 1999). The data in that figure are
also Bedding & Zijlstra 1998). The Miras have longer peristrongly correlated: the linear correlation @ogent is 0.84,

ods (no star with a period shorter than 120 days is a Mirgjving a>99% chance of correlation. The least-squares fit to
but both types of variables have similar luminosity rangeghe p—L relationship for Miras gives

3. The separation is not complete. Several SR are located in
the Mira region, and vice versa. Mk = —3.39(x0.47) logP(days)+ 0.95(+3.01) (6)

4. The pulsation characteristics of carbon and oxygen-rich
Miras are indistinguishable. which is very consistent with that found by Feast et al. (1989)

5. The SR P—-L sequence, if there is one, hadferdint slope and (Whitelock & Feast 2000) as shown in Fig. 5.
from that of the Miras. Figure 5 also shows P—L data for three nearbyI@tstars

6. The partial overlapping of the Mira and SRb regions inwith reliable phase-lag distances (van Langevelde et al. 1990):
plies that some Miras may switch to SRb and vice-versa/X Psc (IRG+10011), RR Agl and R Agl. The last object is
As we discuss in the next section, there is ample evidenoearby enough to be measured by Hipparcos: the phase lag
for mode-switching between Mira-like and SR-like pulsadistance, 290 pc, is in reasonably good agreement with the
tion modes, and the incomplete segregation in Fig. 4 méjpparcos parallaxg— = 235+ 52 pc). These data also show
be due to this. reasonable agreement with the derived P—L slope.
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The data for the SR variables also show a correlation, _
though less strongly: the correlation geient is 0.65, giving Fig. 6. Infrared color 6:2/S;2) versus period for oxygen stars (upper

a>90% chance of correlation. The least-squares fit is: panel) and carbon stars (lower panel). Open symbols: Mira variables.
Crosses: SFBRb variables. The horizontal line shows 8g/S, for
Mk = —1.34(+0.06) logP(days)— 4.5(+0.35). (7) a2500 K black body.

The above results disagree with those of Bastlet al. (1999)
who divide their data into dierent samples, finding @lerent

relations for each sample, with slopes shallower than the LM@ /IR stars. Le Bertre (1992, 1993) measured near infrared
Mira slope. light curves for several tens of oxygen-rich and carbon stars

which were first discovered in infrared sky surveys. These ob-
jects are heavily obscured, and almost all of them have periods
longer than 400 days. Almost all of them vary with large ampli-
Miras with periods as long as nearly 2000 days have begifles and are therefore Mira variables. In Fig. 6, the IR colors
found. These are all O#R stars with large mass loss ratesof these stars are compared with those from Tables 1 and 2,
As discussed below, mass loss becomes very high for LP\ggowing the period versus the ratio of the /2.2 um flux
completely obscuring the star at visible and near-infrared was@ensities (as noted in Sect. 2, this quantity is a good indicator
lengths. Thus a large part of the period space occupied by LPafgnass loss). The objects plotted are those from Tables 1 and 2
is inaccessible to studies of the P—L relationship because paf@il-which we have the appropriate measurements. Also plotted
lax values for these stars are measured at present only at opg¢@lthe stars for which Le Bertre (1992, 1993) measured peri-
wavelengths. However, there are indications that the P—L refls (with the exception of the QIR stars, which are often at
tionships so far found do not hold for very long period Miradarge distances and therefore have an unknown amount of in-
First, if it did, the predicted bolometric luminosity for a staterstellar extinction), and, to round out the samples, the carbon
with a 2000 d period would be ¥ 10* L., well in excess of star CIT 6 (period from Alksnis 1995) and the oxygen super-
the maximum AGB luminosity of % 10* L, (Paczyiski 1970). giants VY CMa (Mira) and VX Sgr (SRb).
Recently, He & Chen (2001) have examined the P—L relation- Figure 6 shows that copious mass loss turns on more-or-less
ship for OHIR stars with phase-lag or kinematic distancesibruptly at periods of about 300—350 days for both oxygen
there is a large amount of scatter in the P—L diagram, and ted carbon stars. Further, the mass loss rate is much higher for
relationship may be dierent for objects in dierent IRAS spec- Miras at a given period than it is for SR variables (the flattening
tral classes. Furthermore, the bolometric luminosities of mamyS;,/S, , for oxygerS stars at long periods is due to the satu-
of these highly obscured, very long period stars are relativetion of the 12:m flux as the 9.7um silicate feature goes into
modest, ofterc10* L. absorption with increasing optical depth). Stars with high mass
The CGCVS contains very few stars with periods longéoss rates are essentially invisible at optical wavelengths. Thus
than 400 days. However, such stars are known, for example the P—L relation is incomplete: stars with periods longer than

4. Variability and mass loss
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i Table 3.1dentified periods of variability.
[ UU Dra

3500 [ 4

HIP CGCVS var P Ref.
2000 & 21479 RDor SRb 209 DIRBE
: 175, 332 Bedding & Zijlstra (1998)
2500 [ 338 CGCVS
j I ] 28166 BQOri SRa 127,240 Kiss et al. (1999)
2000 Lt g 110 CGCVS
wolgaps oo T T 36288 YLlyn SRc 133,205 Szatmary etal. (1996)
F 110, 1400 Percy et al. (2001)
4200 | 110 CGCVS
§4OOO : 53085 V Hya SRa 530,6000 Knapp etal. (1999)
R 529 CGCVS
3800 63950 FS Com SRb 55,600 Percy etal. (2001)
3600 - 58 CGCVs
L 65835 RHya M (314) DIRBE
gax10t e 388 CGCVS
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324 CGCVS

Fig. 7. Example COBEK band light curves for LPVs. T Cep
and S Cep are Miras, R UMi is SRa, and the other stars are SR. A
small number of data points with large variance have been removed.

81747 AX Sco SR (39), (64) Kerschbaum etal. (2001)
124,128 Kerschbaum et al. (2001)

Both T Cep and S Cep show the bump on the rising part of the light 138 CGCVS
curve often seen for Miras (Lockwood & Wing 1971). 81835 SDra SRb 182 DIRBE
136 CGCVS
) ) ) 95173 TSge SR (112) Kerschbaum et al. (2001)
about 400 days are absent. This part of period space will only 178,316 Kerschbaum et al. (2001)
become access@le by astrometry at the few microarcseconds 166 CGCVS
level or better at infrared wavelengths. 100605 UU Dra SRb 117 DIRBE
120 CGCVS
5. Variability modes in LPVs 104451 TCep M 1127290 DIRBE
388 CGCVS

Figure 7 illustrates some additional problems with studying the
P—L relation for LPVs. It shows DIRBE.2um light curves for
six variable stars for which almost complete time coveragees al. (1998) find two periods, 175 d and 332 d, for R Dor,
available: two Miras (S Cep and T Cep), one SRa (R UMi) amwidth switching between the two periods on a timescale of
three SRb { Aps, UU Dra and R Dor). The SR variables alhbout 1000 days. The DIRBE light curve has an intermediate
have periods short enough that a complete phase informatp@miod of 209 d, intermediate between the long and short pe-
is available, and the SRa, R UMi, is indistinguishable in itsods. Bedding et al. (1998) note that the longer period, plus
variability characteristics from the other SR stars. Both Mirde star's well-determined absolute magnitude, place it on the
variables have periods that are longer than the COBE time ctWAC Mira P-L relation (note that it also lies on the Mira
erage of 300 days: T Cep's period is 388 d, S Cep’s 488 d. TReL relation found above) and suggest that the star switches
partial COBE light curves are consistent with this period.  pulsation modes between SR and Mira variability, i.e. between
Table 3 lists period data from DIRBE, where availablehird and first overtone radial pulsation, with Miras consid-
and from the literature, for stars with multiple periods, alred to be pulsating in the first overtone (Wood 1990; Willson
of which are in the sample analyzed earlier in this pap&000) — although see the discussion by Bast(it998).
Kerschbaum et al. (2001) note that fewer than 50% of the pe- As pointed out by Lebzelter & Kiss (2001) understanding
riods for SRb stars determined from their monitoring observePVs requires both short- and long-term monitoring. Other
tions agree with those from the CGCVS: the data in TablesBudies of long time-series for LPVs include that of Howarth
support this conclusion. & Greaves (2001) who find two periods for the Mira variable
Several analyses of very long time series data for indi-Cas, 445 d and 222 d, whose ratio suggests that the longer pe-
vidual stars have recently appeared in the literature. Beddingd is the fundamental (cf. Bartls '1998); switching between
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these two modes takes place on a time scale of about 300@nlikeliness of a P—L relationship which extends to periods
Szatmary et al. (1996) and Bedding et al. (1998) find thiminger than 400-500 days: stars with shorter periods are al-
V Boo appears to have changed from a Mira to an SR variableady close to the AGB luminosity limit.

Cadmus et al. (1991) also find evidence of mode switching for Further progress on studying the P—L characteristics of
several stars. Sterken et al. (1999) show that the perip€gfy LPVs would be greatly aided by astrometric measurements
is increasing. One star which does not appear to undergo satlthe few microarcsecond level in near-infrared bands, which
behavior is V Hya, for which Knapp et al. (1999) find repeawould make possible the analysis of the entire period range.
able and well established periods of 530 d and 6000 d. Finally,
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