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Abstract. We analyze the band luminosities of a sample of galactic long-period \@&a using parallaxes measured
by the Hipparcos mission. The parallaxes are in most casesm@uted from the Hipparcos Intermediate AstrometricaDat
using improved astrometric fits and chromaticity correwioThe/K band magnitudes are taken from the literature and from
measurements by COBE, and are corrected for interstelthciacumstellar extinction.

The sample contains stars of several spectral types: M, £aadd of several variability classes: Mira, semiregulaaSéhd
SRb. We find that the distribution of stars in the period-lnosity plane is independent of circumstellar chemistry, that

the different variability types have different P-L disuitibns. Both the Mira variables and the SRb variables haasamably
well-defined period-luminosity relationships, but withryelifferent slopes. The SRa variables are distributed betwthe two
classes, suggesting that they are a mixture of Miras and Bfer than a separate class of stars. New period-lumynosit
relationships are derived based on our revised Hipparcasdi@ees. The Miras show a similar period-luminosity riglaship

to that found for Large Magellanic Cloud Miras by Feast ¢{EH89).

The maximum absolut&” magnitude of the sample is abouB.2 for both Miras and semi-regular stars, only a little fainter
than the expected AGB limit. We show that the stars with tmgést periods® > 400 d) have high mass loss rates and are
almost all Mira variables.

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

1. Introduction The P-L relationship for LPVs has been investigated us-

. . . . . _ ing the Hipparcos output catalogue (van Leeuwenlet al.|1997)
This paper investigates the period-luminosity (P-L) tiefat for samples of objects at the same distance (in the Large

sr:np, olr relayor:]bshlﬁs, ;or;ocg-ﬁ)erlod \rllgrlal]?le stars\@m Magellanic Cloud |(Glass & Lloyd Evans 1981; Feast ¢t al.
the solar neighborhood. P-L relationships for stars in the {1989; Groenewegen & Whitelack 1996; Cioni efial. 2001), and

stability strips Of. the HR dm_gram have proven to be Of_ fuqh the bulge of the Galaxy (Alard etlal. 2001)). The last twe pa
damental value in using variable stars as secondary dista rs make use of the vast data compilation on variable stars
indicators. Stellar variability is also a powerful tool fetudy- available from microlensing surveys. These papers find 8-L r
ing stellar structure, chemistry and mass loss (e.g. Wogc';lglationships for LMC Miras with both oxygen and carbon chem-
Willsor 2000 Alvarez et al. 2001). The present paper irivesltstry’ and relationships for semi-regular (SR) variablésoh

gates whether one or more P-L relationships exist for LPVs ve the same slope as for Miras but with two sequences sug-

tr;le local region _(t)f(tjhedel?xy, utilnglq_tre-o:erlve;jﬁlg;oppadrﬁns P gested to correspond to the long and short periods which of-
allaxes,i” magnitude data from the literature, anatiux ten coexist in these stark [Cioni el al. (2001); see alsoide d

dpnsitieg andd v’a;igbility data dfq\é%dzfrlgm the StOIBI:EnglsRB ssion by Szatmary etlal. (1995), Bedding etlal. (1998), and
time-series data (Boggess ellal. 1992; Hausen etall 1998). 7ie oo af 12002)]. In the Galactic Bulde., Alard el £1001)

Send offprint requests to: G. R. Knapp find a P-L relationship for Mira variables but no relation 8R
* Based on observations from the Hipparcos astrometriclisatelvariables. Given the potential use of these stars as segonda
operated by the European Space Agency (ESA 1997) distance indicators (their luminosities are high3000L. and

** Research Associate, F.N.R.S., Belgium
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their effective temperatures low, 2500 K, so that the bulk of literature and from the DIRBE data, and discusses the oelati
their flux is emitted at near-infrared wavelengths, wheterin ships among the different types of LPVs. Section 5 discusses
stellar extinction is much lower than at optical wavelesgythMira variables with long periods and large mass loss rates.
the establishment of a well-defined P-L relationship is gf si
nificant interest. Further, the P-L relationship estaldtskthe

. . ; : L .~ 2. Data
mode in which the star is pulsating, and gives information on
the effect of pulsation on mass loss.

Measurements of the P-L relationship in the LMC and thgypie 1 stars for which a new solution based on the Hipparcos
Galactic Bulge provide the slopeof the relationship: observations was derivedz and ¢(w) are the parallax and
its error in masw — wyrp IS the difference between the re-
vised parallax and the published oy is the total interstellar

and the zero-poink (using the known distances to the LMCand circumstellar extinc.tion in t.hK band (seg textie i,s th,e.
and the bulge). However, models (el.g. Wbod 1990, 2000) sh \'/g'”m gppqremK magnitude P "T’ the p?.”Od in days, var'is
that the zero-point absolute luminosity is metallicity dap the Va”ab'“ty type from CGVS, "Chem’ is the carbon/oxygen
dent. Comparisons of the P-L relationship derived for nyearﬁhem'Stry of the atmosphere

galactic LPVs, whose absolute distances are known from paiscevs o e
allax measurements and for which there is much more infor=

mation available on metallicity and mass loss, are thustwort

investigating. The sample of objects discussed herein was basically de-
Establishment of P-L relationships for nearby LPVs is difined by the available data: we need parallax&smagni-
ficult, however. Even after Hipparcos_(ESA _1997) there atades, periods and variability types. Secondary inforameith-
relatively few well determined parallaxes for these rangil  cludes the position (which together with the parallax aiow
nous stars, and their use requires attention to statidiiaabs the calculation of interstellar extinction); the /h2 flux den-
(cf. lArenou & L uri|1999). Several studies have assumed trgity (Beichman et al. 1988) which, together with then2 flux
the P-L relationship for nearby Miras has the same slope dnsity, gives an estimate for the circumstellar extimgtand
found for the LMC Miras [(Groenewegen & Whitelock 1996the circumstellar chemistry, since the dust opacity atri2s
Bedding & Ziilstral 1998| Whitelock et al. 2000; Bergeat €t aktrongly dependent on its composition.
2001) and have used this relationship to calculate the zsdp ~ The data are given in Tabl& 1 aldd 2, where we list: the
for galactic populations. Barthes ef al. (1999), howeusing Hipparcos catalogue number; the variable star name; tta-par
both direct and statistical parallaxes for a sample of Miiiag lax o in milliarcseconds (mas); the parallax eregto) in mas;
a different slope than that seen in the LMC, while Alvarezlist ahe total (interstellar and circumstelldk) band extinction: the
(1997) identify two groups of Miras with different zero ptsn K magnitude; the period in days; the variability type; and the
(cf. alsolJura & Kleinmanh 19092). chemistry (O = “oxygen-rich”, i.en(O)> n(C); C = carbon
Hipparcos provided the first parallaxes for most LPVs fatar and S = S star). The sources of these various quantiéies a
which this information is now available. However, most of thdiscussed below.
parallaxes available even from Hipparcos are measureavat lo
confidence. Added to this are reduction problems associaan_ Parallaxes
with the very red colors and extreme variability of these ob-""
jects. These factors make the evaluation of absolute matpgst The sample of LPVs analyzed in this work was selected from
for these objects quite uncertain. stars observed by Hipparcds (ESA_1997). This mission pro-
We have recently undertaken a re-analysis of the Hipparogded accurate astrometric measurements for a sample & som
astrometric data for red giant stars with the aim of improw-20 000 stars which is approximately complete to a brightnes
ing the accuracy of the parallax information for these dtgjeclimit of V' ~ 8 but also contains many fainter stars. Included
The re-reduction scheme is described in detall by Platai# etin the Hipparcos input catalogue were several hundred edolv
(2003) and Pourbaix etlal. (2003). The present paper uses duel giant stars, and Hipparcos provided the first measuaed p
proved parallax information from these studies, plus sora#laxes for almost all of these. However, because of thér re
Hipparcos catalogue parallaxes, to re-examine the alesoltinely large distances, variability, red colors and, fomsostars,
magnitudes of variable AGB stars. We work entirely i their faint apparent magnitudes, the parallax errors fes¢h
magnitudes, using magnitude data from the literature and fr stars are often larger than the nominal Hipparcesdcuracy
COBE-DIRBE data. We also incorporate corrections for inteof 1 mas. We have therefore undertaken a re-analysis of the
stellar and circumstellar extinction, and use the DIRBEadaltlipparcos Intermediate Astrometric Data (IAD) for these ob
to examine theK band variability of the stars. The assemjects. The re-processing scheme contains two componesnts: d
bly of the data set is described in the next Section. Sectiowing epochV” — I photometry for each IAD using the method
3 discusses the distribution of LPVs in the P-L plane and idescribed by Platais etlal. (2003), and then reprocessiag th
vestigates their P-L relationships. We also examine thei-mabAD to derive parallaxes using epoch chromaticity coriutsi.
mum AGB luminosity for both carbon- and oxygen-rich starg his accounts for the color dependence of the Hipparcosdete
Section 4 briefly discusses data on period variability, ftben tor, a particularly important aspect of the data procesging

Mg = alog P(days) + b Q)

w—wuap Ax K P var. Chem
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Table 2. Same as Tabld 1 but for SRb variables for which the
Hipparcos data have not been reprocessed.

HIP GCVS w ¢e(w) Ak K P  Chem. Rl 7
13064 ZEri 407 0.9 0.010.32 80 L ]
13384 RREri 296 1.04 0.01 0.52 97
19116 CYEri 287 1. 0.01 1.96 25
21046 RvVCam 3.01 0.97 0.06 0.52 101
23680 W Ori 466 1.44 0.07 -0.25 212
24169 RXLep 7.3 0.71 0.01 -1.40 60
28558 DP Ori 534 1.73 0.01 1.05 90
28874 SlLep 3.63 0.78 0.02 -0.46 89
34922 LZPup 16.46 1.27 0.02 -2.49 140.6
38406 BCCMi 7.77 0.99 0.00 0.83 35
41664 RTHya 3.68 1.02 0.01 0.09 290
42502 AKHya 5.12 0.92 0.02 -0.61 75
44050 RTCnc 294 1.11 0.01 0.20 60
55639 T Crt 5.04 1.06 0.01 1.20 70
61022 BKVir 568 1.12 0.01 -0.88 150
62611 SVCrv 272 097 0.01 1.07 70
63642 RT Vir 7.25 1.1 0.01 -1.12 155
64569 SW Vir 7 1.2 0.01 -1.87 150
66666 V744 Cen 6 0.76 0.02 -0.72 90
71644 RVBoo 254 0.98 0.00 -0.01 137
73213 FYLib 297 1.19 0.03 0.12 120
78574 X Her 7.26 0.7 0.01 0.67 95
81188 TXDra 3.52 0.56 0.01 1.38 78
82249 AHDra 3.39 0.7 0.01 057 158 O
87850 OP Her 3.26 0.54 0.02 0.05 1205 O
89669 IQHer 3.82 0.87 0.04004 75 O
91781 V3879 Sgr 2.67 1.01 0.05-04250 O

92862 R Lyr 9.33 052 001-21046 O The monumental Combined General Catalogue of Variable
96204 VA50Aql 3.8 0.9 0.04-0.08 64.2 O Stars (CGCVS,_Kholopov et l. 1998) contains data for many
97151 V9r3Cyg 3.6 057 002149 40 O types of variable stars, including amplitudes at visual evav

100935 T Mic 344 119 0.01 -159 347 O . e o .
106642 WCyg 528 063 0.02 -1.48 131.1 O lengths, periods, and classification. LPVs are classifi¢d in

0.1 —

N/N,

0.05 [ i

0 200 400 600 800 1000
Period (days)

Fig. 1. Frequency of periods from the CGCVS. Heavy solid
line: Mira. Light solid line: SRa. Heavy dotted line: SRbghit
dotted line: SR.
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2.2. Periods and Variability Types

107487 AGCap 2.64 0.85 0.01 1.20 25 O several subtypes: Mirawvith long, well-established, repeat-
110099 UW Peg 3.38 1.57 0.01 2.27 106 O able periods (typically 300 d or longer) and large amplitude
118249 S Phe 393 087 003156 141 O (AV > 2.5 magnitudes): semiregular variabledth shorter,

less repeatable periods and smaller amplitudes, whichuare s
classified into types SRa and SRb: and irreguéaiables, type
Lb, which show no well-defined period (in fact, periods have
been measured for a few of these, and their variability behav
the very red, and highly variable, LPVs. For the presentystudor is indistinguishable from that of SRb;_Kerschbaum ét al.
we used three data sets based on these new reductions: cc200). Many semiregular variables show two or more periods,
stars - the requirement of a measured period removes the magH some switch between two or more periods. We discuss
less luminous R type stars from the sample (cf._Knapplet #iese variability types further in Section 5.
2001), leaving the cooler, more luminous, variable N-tyge ¢ Figure 1 shows the period distribution for LPVs from the
bon stars; Variability-Induced Movers (VIM5;_Pourbaix &t aCGCVS. Many of the semiregular variables are classified only
2003); and oxygen-rich Miras. The parallaxes and theirrerraas SR. The period distributions for all types cover a similar
are given in TablEl1. Note that in many cases the parallaxtis R@nge, and there are few stars of any type with periods longer
significant. than 400 days (we discuss this further in Section 5). The me-
The samples of carbon stars, VIMs and oxygen-rich Mirgan period of the Miras is more than twice that of the SRb.
defined above are complete in the sense that they comprisel i stars classified only as SR have a period distributiosr clo
such objects observed by Hipparcos except for the small nugst to the SRb. The SRa distribution is intermediate between
ber without measured periods Brmagnitudes. The Hipparcosthe Miras and SRb. In this paper, we will use three classes:
carbon star and VIM samples contribute a fair number of J#ira, SRa and SRb, combining the last with the SR and the
variables: to round out the data sets, we extracted from tfRry small number of stars classified as Lb for which a period
Hipparcos catalogue data for the remaining oxygen-rich SRBS been found.
observed by Hipparcos. The data for this sample, with theesam The periods and variability types in Tadlgé 1 were taken
information as in TablEl1, are given in Table 2. from the CGCVS and the Hipparcos variability annex. Periods
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Fig. 2. K magnitude from DIRBE 2.2:m flux densities vsK g i R
magnitude from the literature. The dashed line shows etyuali *’ L o ©
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measured by Hipparcos agree well with the CGCVS perIOdSI'Hi1g. 3. Ratio of maximum and minimum 2 2m flux densities
almost all cases.

versus (a) time between maximum and minimum 2a2light,
as measured by DIRBE (upper panel) and (b) period from the
2.3. K magnitudes CGCVS (lower panel). Filled circles: Mira variables. Opémn ¢

. . . cles: SRb and SR variables. Crosses: SRa variables.
We analyzed the P-L relation for LPVs usidg magnitudes, var var

which are available for almost all bright LPVs from the lit-
erature. The variation of Miras between maximum and min-
imum light can exceed 10 magnitudes at visual wavelengtidd, September 1990). The gaps in the data and the short du-
since the visual luminosity is a highly non-linear functioh ration of the COBE mission relative to the typical period of
photospheric temperature because of molecule formatipm(f an LPV limit the usefulness of COBE for measuring periods
recent discussion sée_Reid & Gold$fon 2002); while the vaffee e.gL.Smith et al. 2002). Because of the large DIRBE beam
ability amplitude is much smaller (about 0.5 magnitudesyat (40') the data are useful only for the brightest point sources,
(e.g. [\Whitelock & Feallt 20D0). Th luminosity is also less those brighter than about 0-1 magnitudes.
affected by chemical composition (Wobd 2000) and is near the The DIRBE 2.Zum light curves were extracted for
peak of the stellar spectral energy distribution. the brightest objects in Tabl&l 1 (approximatelly mag

K magnitudes were taken from the literature, inclucdnd brighter atK) in the present sample using software
ing the IRC (Neugebauer & Leighton_1969), the compilawritten by N. Odegard and D. Leisawitz and available at
tion bylGezari et al.[(1999), Kerschbaum & Hron (11994) arfetp://cobe.gsfc.nasa.gov/cio/browser.html
Whitelock & Feastl(2000). Except for the last reference ahi The light curves of some of these stars will be dlscussed in

gives K magnitudes averaged over the light curve, these #section 4. Figure 2 shows the DIRBE magnitudes versus
single-epoch observations. those from the literature. The DIRBE Zi magnitudes

To study the variance of thé& magnitudes caused bywere calculated from the observed flux densities assuming a
variability, we extracted 2,2m light curves from the data value for the flux density of & mag star of 654 Jy [using the
from the Diffuse Infrared Background Explorer (DIRBE -<calibrations of .03 mag star by Bessell & Brett (1988)].
Hauser et al. 1998) on the Cosmic Background Explorer COBE The DIRBE time series data were used to calculate an aver-
(Boggess et al. 1992). DIRBE provides well-sampled partiagie flux density for the entire data set plus the mean demwiatio
light curves (sometimes with several observations per ftay) from that average. In most cases most of the deviation isdfoun
bright point sources at wavelengths from Ju2bto 24Q:m to be due to stellar variability rather than noise. The rarige
over a time interval of almost 300 days (11 December 1989nmagnitudes for the COBE data are also shown in Figure 2.
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In general the agreement between the data from the lit6600 L, for which the intrinsic ratio is512 /S22 = 0.18. For
ature and from DIRBE is excellent. The mean internal deviw optical depths
tion from the COBE data is 0.2-0.4 magnitudes for Mira vari- g
ables and about 0.02 - 0.1 mag for SR and SRb variables.Ag_ ~ 0.07 <£ - 0.18> (2
almost all cases the difference between the DIRBE and the lit S2.2
erature magnitude is within these deviations, which theeeef for silicate envelopes, and
dominate the measurement noise. The data for a few stars show
larger discrepancies, and may be due to longer-term vamgti 4, ~ 1.1 <& — 0.18) (3)
in these stars. ‘ S2.2

Figure 3 shows the ratio of the maximum to minimupm2 for carbonaceous dust. The large difference between théstwo
flux density for stars for which a sufficient portion of thelilg because of the strong contribution of the silicate@a7emis-
curve is observed by DIRBE to observe at least one maximen feature in the IRAS }2n band. A very small number of
and one minimum (only a minority of the stars in TaBle 1ptars have no IRAS observations: we assume a circumstellar
Figure 3a shows this ratio versus the time difference batweextinction of 0 mag for these stars.
the minimum and maximum, or vice-versa - not necessarily The total (interstellar + circumstellar) extinctionftband
half the period, since the light curves for LPVs are oftemasy is listed in Table§ll arfd 2. The uncertainties in both thea-inte
metric. Figure 3b shows the ratio versus the period from tiéellar and circumstellar extinction are large, but thetdba-
CGCVS. Figure 3 shows that Miras are far more readily di§on of these errors to the errors in the computed absdlite
tinguished from SRb by amplitude than by period (cf. als@agnitude are dwarfed by those in the parallax and by stellar
Cioni et al.[20001), although stars witlt,,.x — tmin) Shorter variability, and thus will be neglected in the remaindertoét
than about 70 days are always SRb. The SRa variables oveRaper.
both the Miras and SRb and are therefore likely to be a mixture

of the two types (cf. Figure 1). 3. The Period-Luminosity relationship

In the next section, then, we discuss only two samples; . .
Miras and SR/SRb. We do not include the SRa in the analy(;-r'rs].e stars listed in Tablés 1 alii 2 often have poorly measured

We assume that the error in the COBE mediammagnitude parallaxes. FigurEl4 shows the distribution in the perdgd-

is 0.1 mag for SR and).3 mag for Miras,in both cases dom_plane of stars with reliabler, defined by:

inated by variability; these are the median values founthfro _ propapility thats > 0 at the 95% confidence level. The
the COBE light curves. mean Hipparcos parallax erroris1 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 lumi-
nous, so many observed by Hipparcos may be at distances
> 1 kpc. The probability that the parallax is detected is de-
termined by including/not including the parallax in the as-
trometric solution, and defining the probability that the-pa
allax is detected using the F-test (cf._Pourbaix ét al. 2003)
- w/e(w) > 2

2.4. Extinction

The extinction towards the stars has two components, inter-
stellar and circumstellar. We used the model_of Hakkila ket al
(1997) to calculatedy, the total interstellar extinction iy,
from the position of each star and its distance, estimatad fr
w~!. The K band extinction is then found fromly, = >0

0.114 Ay (Cardelli et all 1989). — e(w) < 2 mas. As discussed hy Platais et al. (2003) the er-
Many of the stars in Tablg 1 are losing mass and surrounded rors on the Hipparcos parallaxes for some relatively bright

by dusty circumstellar envelopés. Ivezic & Elitzur (198Rpw red giant stars are anomalously large, and measurements

that the resulting spectral energy distribution is a functdf with large errors often produce inaccurate parallaxes.

the dust composition and the optical depth. The circunastell

extinctions for the stars discussed in this paper are ngelar  The distance is calculated from = 1000/ and the ab-

by the standards of mass-losing AGB stars (they are allleisit$olute magnitude/ from this distance and the observad

objects) and the optical depth can be estimated from the rdfiagnitude, corrected for circumstellar and interstelidine-

of the 12um flux density (emitted almost entirely by the dustgion. The errors onM/ are assumed to be due to the errors

envelope) to the 2m flux density (mostly emitted by the pho-(0r rather range of photometric variation) i and the paral-

tosphere). The relationship between thet2,m flux ratio 1ax error. In[3, the stars are coded by variability type (Mira

and the extinction ak” was estimated using a spherically symSR/SRb and SRa) and by circumstellar chemistry (combin-

metric dusty envelope modél(Knapp eflal. 1993) using séicdnd the oxygen and S stars). Also shown in Figliie 4 is the

grains for oxygen and S stars (¢f._Jorissen & Kiapp 1998) ag@riod-luminosity relationship for LMC Miras by Feast et al

carbonaceous grains for carbon stars. The model assumed £889) with the zero point as determined for galactic Mirgs b

densation temperatures of 800 K and 1000 K for silicate a¥¥hitelock & Feasti(2000):

carbonaceous grains respectively (cf. lvezi€ & Elitzu®7pto _ )

define the radius of the inner edge of the model envelope. The' —3.47log P(days) +0.85 @

model’s central star is a blackbody wiihy = 2500 K, L, = Figureld shows several features:
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8. Both the Mira and SR variables have a maximum luminos-

i ] ity at K of Mg = —8.2 + 0.2. The maximum luminosity
-10 B also holds for both oxygen and carbon stars, and is in agree-
i 7 ment with the value found for LMC stars.
78 - —
el R 3.1. The Period-Luminosity relationship
i ] We now use the data presented in Fidlre 4 to calculate the mean
-4 N P-L relation. We discuss the Mira and SRb samples separately
i ] and do not include the SRa.
-2 b Many of the objects do not have significant parallaxes, even
i ] after reprocessing the Hipparcos data, and absolute nuaigsit
0 derived from the subset of objects in Tablgs 1 Bhd 2 and de-
picted in Figurd¥ which are selected by parallax (and/or by
1ol ] w/e(w)) will be biasedl(Lutz & Kelke:r 1973). The correct es-
i B timation of mean absolute magnitudes is then analogous to
gL ] weighting the “detections” of parallax by the upper limits o
i ] the parallax on the assumption that the stars with detectéd a
. -6F ] non-detected parallaxes are drawn from the same population
i ] While the Hipparcos catalogue is magnitude limited andeher
al ] fore absolute magnitudes are also subject to Malmquist bias
L ] the parallax for an LPV may become undetectable with respect
oL N to stars of similar brightness before the star does - a stér wi
i i Mg = —8atD = 1kpc hasV ~ 8 - and errors on the paral-
ol ] laxes are therefore the major source of uncertainty.

Although the Astrometry Based Luminosity (ABL,
log P (days) Arenou & Luri 11999) is an unbiased estimator of the lu-
minosity, it cannot be used directly to calculate absolute

Fig.4. Distribution of LPVs in theMy — log P plane. (a) magnitu_des which can then be used to derive a period-
Upper panel: stars are sorted by variable type. Filled esrcl luminosity relation: the symmetry of the error bars on ABL
Miras. Open circles: SR/SRb. Crosses: SRa. (b) Lower parfif€S not propagate to the absolute magnitude. Instead of
stars are sorted by chemical type. Filled symbols: cartems st fitting the absolute magnitudes, we work in parallax space,
Open symbols: oxygen stars. The dashed line is the P-L repdere the errors are Gaussian. Therefore, instead of fitting

tionship of Eq.[[%). Eq.@), we fit
10— K+ A

w=P10510— =5 (5)

. To first order, the location of LPVs on the P-L diagram is a . .
scatter plot, as shown also by Bedding & Zijlsfra (1998) fo¥here @, the parallaxin mas, can be used regardless of its
oxygen Miras and bl Bergeat ef 4l (2001) for carbon stafidn: The parameters are fitted by chi-square minimization

. The Miras and SR are partly-separated on this diagram $ing non-linear optimization technique, and their uncer-

also Bedding & Zijlstra 1998). The Miras have longer per ainties are obtained by mean of a standard Monte Carlo
o ) jmulation.

ods (no star with a period shorter than 120 days is a Mirgj, : i ,
Figure[® shows the resulting meadidyx — log P diagram

but both types of variables have similar luminosity ranges. = : X :
Miras. The data in that figure are strongly correlated: th

. The separation is not complete. Several SR are Iocatecmﬁ i R g
the Mira region, and vice versa. linear correlation coefficient is 0.84, givinga 99% chance

. The pulsation characteristics of carbon and 0Xygen_rief.!corre_latlon. The least-squares fit to the P-L relatiopgar
Miras are indistinguishable. Miras gives

. The SR P-L sequence, if there is one, has a different sloppK = —3.22(£0.38) log P(days) + 0.45(£2.40) (6)
from that of the Miras.

. The partial overlapping of the Mira and SRb regions inwhich is very consistent with that found by [Feast et al.
plies that some Miras may switch to SRb and vice-versd.989) and is shown in Figlb.
As we discuss in the next section, there is ample evidence Figurel® also shows P-L data for three nearby OH/IR stars
for mode-switching between Mira-like and SR-like pulsawith reliable phase-lag distances (van Langeveldelet 8019
tion modes, and the incomplete segregationin Figlire 4 magX Psc (IRC+10011), RR Aqgl and R Aql. The last object is
be due to this. nearby enough to be measured by Hipparcos: the phase lag

. The (relatively small) number of SRa stars are spread afistance, 290 pc, is in reasonably good agreement with the
proximately equally between the Mira and SRb regions éfipparcos parallaxs®t—! = 235 4 52 pc). These data also
the diagram. show reasonable correspondence with the derived P-L slope.



Knapp et al.: P-L relationship for LPVs 7

2 ————
I O + S stars 1
X r O 7
—-10 — L ® B
] a0 ° o ]
: QN : OO o N :
_8 | wﬁ 3 i
o % Or “ |
S 0 |
= ‘ l L y i
I |
‘ T
L _ + C stars E
4 ° .
72‘175““‘2““2%““3 %2; © o ° ;
log P (days) 1703
a . ,
éﬂ r o & ¢ o © l
Fig.5.Binned P-L data for Mira variables. The LMC relation- L o °o o ]
ship ofl[Feast et all (1989) is shown by the dotted line, and the ¢ |- ° @; . -
least-squares fit to the data by the solid line. Crosses:enyg 5 0050 1
rich Mira variables with distances from OH phase-lag measur i —l s —— :
0 200 400 600 800 1000

ments (see text). P (days)
ays

The data for the SR variables also show a correlatiopig, 6. Infrared color §12/S2.2) versus period for oxygen stars
though less strongly: the correlation coefficientis 0.688ing  (upper panel) and carbon stars (lower panel). Open symbols:
a>90% chance of correlation. The least-squares fit is: Mira variables. Crosses: SR/SRb variables. The horizdintal

shows thes;5 /S, 5 for a 2500 K black body.
My = —1.34(£0.06) log P(days) — 4.5(-0.35) @ WS theiz/Ss.2 Y

The above results disagree with with those of |yminosities of many of these highly obscured, very long pe-
Barthes eta ._(199_9) who d|V|(_1Ie their data into dlffere_nt riod stars are relatively modest, often10* L.
samples, finding different relatlons for each sample, with The CGCVS contains very few stars with periods longer
slopes shallower than the LMC Mira slope. than 400 days. However, such stars are known, for example the
OH/IR stars! Le Bertrel (1992, 1993) measured near infrared
light curves for several tens of oxygen-rich and carbonsstar
which were first discovered in infrared sky surveys. These ob
Miras with periods as long as nearly 2000 days have beiests are heavily obscured, and almost all of them have ggrio
found. These are all OH/IR stars with large mass loss raténger than 400 days. Almost all of them vary with large am-
As discussed below, mass loss becomes very high for lomdjitudes and are therefore Mira variables. In Figldre 6, fRe |
period variable stars, completely obscuring the star ableis colors of these stars are compared with those from Tabled 1 an
and near-infrared wavelengths. Thus a large part of the@gerR, showing the ratio of the 1an/2.2um flux densities versus
space occupied by LPVs is inaccessible to studies of thed?-L the period (as noted in Section 2, this quantity is a good indi
lationship because parallax values for these stars areumeshscator of mass loss). The objects plotted are those from Sable
at present only at optical wavelengths. However, thererattie i [ and2 for which we have the appropriate measurements, plus
cations that the P-L relationships so far found do not hotd fthe stars for which_Le Berire (1992, 1993) measured periods
very long period Miras. First, if it did, the predicted boletric  (with the exception of the OH/IR stars, which are often ajdar
luminosity for a star with 2000 d period would b& x 10* L, distances and therefore have an unknown amount of intinstel
well in excess of the maximum AGB luminosity bfx 10* L,  extinction), and, to round out the samples, the carbon dfr C
(Paczyhski 1970). Recently, He & Chen (2001) have examinédperiod from Alksnisl(1995)] and the oxygen supergiants VY
the P-L relationship for OH/IR stars with phase-lag or kind&=Ma (Mira) and VX Sgr (SRb).
matic distances; there is a large amount of scatter in the P-L Figure[® shows that copious mass loss turns on more-or-
diagram, and the relationship may be different for objests less abruptly at periods of about 300 - 350 days for both onyge
different IRAS spectral classes. Furthermore, the boldmetand carbon stars. Further, the mass loss rate is much higher f

4. Variability and Mass Loss



8 Knapp et al.: P-L relationship for LPVs

days: T Cep’s period i388 d, S Cep’si&88 d. The partial COBE
light curves are consistent with this period.

Table[3 lists period data from DIRBE, where available,
and from the literature, for stars with multiple periods, al
of which are in the sample analyzed earlier in this paper.
Kerschbaum et all (2001) note that fewer than 50% of the pe-
riods for SRb stars determined from their monitoring obaerv
tions agree with those from the CGCVS: the data in Table 3
support this conclusion.

4000

600 [~
3500 P

3000 1500 |

2500 |

has0

Y0 Yo o J T Y NN /' A Y Y R
D 00

4400 |-
[ Table 3.Periods
4200
2 000k HIP  GCVS var P Ref
i [ 21479 RDor SRb 209 DIRBE
3800 F 175,332 _Bedding & Zijlstra (1998)
[ 1 338 CGCVS
3600 ] 28166 BQOri SRa 127,240 _ Kiss et al. (1999)
3.2x104 [+ 110 CGCVS
36288 Y Lyn SRc 133,205 _Szatmary et al. (1996)
3x10t | 110,1400 _Percy et al. (2001)
o exiosh 110 CGCVS
E 53085 V Hya SRa 530,6000 Knapp etal.(1999)
2.6x104 [ 529 CGCVs
[ 63950 FS Com SRb 55, 600 __ Percy et al. (2001)
2 ax10ty ] 58 CGCVS
ooxqoe bt v v v v g e v J 65835 R Hya M (314) DIRBE
0 100 200 0 100 200 388 CGCVS
Days from 1990.0
67419 WHya SRa 274 DIRBE
382 CGCVS
Fig. 7. Example COBEK band light curves for LPVs. T Cep 68815 6 Aps SRblllzgl CDCI;Fé?/ES
and S Cep are Miras, R UMi is SRa, and the other stakggsg vy cen SRb (338) DIRBE
are SR. A small number of data points with large variance 180 CGCVS
have been remove@oth T cep and S Cep show the bump 80802 R UMi SRa 181 DIRBE
on the rising part of the light curve often seen for Miras 170,325 _Kiss et al. (1999)
(Lockwood & Zwingl1971) 324 CGCVS

81747 AX Sco SR (39),(64)_Kerschbaum et al. (2001)

124,128 _Kerschbaum et al. (2001)

Miras at a given period than it is for SR variables (the flatign 138 CGCVS
. . . 1835 SDra SRb 182 DIRBE
in S12/S52. 2 for oxygen/S stars at long periods is due to the sat- 136 CGCVS
uration of the 12m flux as the 9. 7um silicate feature goesinto gg1,53 T Sge SR (112) Kerschbaum et al. (2001)

absorption with increasing optical depth). Stars with higgss 178,316 Kerschbaum et al. (2001)

loss rates are essentially invisible at optical wavelengtius 166 CGCVS
the P-L relation is incomplete: stars with periods longemth 100605 UU Dra SRb 117 DIRBE
about 400 days are absent. This part of period space will only 120 CGCVS
become accessible by astrometry at the few microarcsecori@4451 TCep M 112290 DIRBE
388 CGCVS

level or better at infrared wavelengths.

Several analyses of very long time series data for individ-
ual stars have recently appeared in the literature. Bedstinly
FigurdT illustrates some additional problems with studyire  (1998) find two periods, 175 d and 332 d, for R Dor, with
P-L relation for LPVs. It shows DIRBE.2um light curves for switching between the two periods on a timescale of about
six stars for which almost complete time coverage is avilab1000 days. The DIRBE light curve has an intermediate pe-
two Miras (S Cep and T Cep), one SRa (R UMi) and three SRiod of 209 d, intermediate between the long and short psriod
(¢ Aps, UU Dra and R Dor). The SR variables all have perio®edding et al.[(1998) note that the longer period, plus thesst
short enough that a complete phase information is avaijlabiell-determined absolute magnitude, place it on the LMCaMir
and the SRa, R UMi, is indistinguishable in its variabilityac- P-L relation (note that it also lies on the Mira P-L relationhd
acteristics from the other SR stars. Both Mira variablesehagbove) and suggest that the star switches pulsation modes be
periods that are longer than the COBE time coverage of 3@@en SR and Mira variability, i.e. between third and firstiev

5. Variability modes in LPVs
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tone radial pulsation, with Miras considered to be pulgaim Comparing the P-L relationships for LPVs from the litera-
the first overtone (Wood 1900; Willsan 2000) - although sdare and this paper, it appears that the results are strategly
the discussion by Barthés (1998). pendent on the sample selection. The use of P-L relatioaship

As pointed out byl Lebzelter & Kisg (2001) understande determine distances to LPVs is therefore not likely to be
ing LPVs requires both short- and long-term monitoringiseful in at least the near future. However, the maximkim
Other studies of long time-series for LPVs include that @bsolute magnitude in the nearby (few 100 pc) region of the
Howarth & Greaves (2001) who find two periods for the Mir&alaxy is—8.2 4+ 0.2, in good agreement with observations
variable T Cas, 445 d and 222 d, whose ratio suggests thattfi¢he LMC. This corresponds to a bolometric luminosity of
longer period is the fundamental (cf._Barihés 1998); dwitcabout 5000 - 600Q.,, about the maximum possible luminos-
ing between these two modes takes place on a time scalétypfor AGB stars. This result, in itself, shows the unlikediss
about 3000 d._Szatmary et al. (1996) and Beddinglet al. (1998)a P-L relationship which extends to periods longer thab 40
find that V Boo appears to have changed from a Mira to arb00 days: stars with shorter periods are already closeeto th
SR variablel_Cadmus etlal. (1991) also find evidence of moA&B luminosity limit.
switching for several starSterken et al. [1999) show that the Further progress on studying the P-L characteristics of
period of x Cyg is increasing. One star which does not ap-LPVs would be greatly aided by astrometric measurements at
pear to undergo such behavior is V Hya, for which Knapp let ahe few micro-arcsecond level in near-infrared bands, Wwhic
(1999) find repeatable and well established periods39fd would make possible the analysis of the entire period range.
and 6000 d. Finally,IMarengo et all (2001) examine the struc-
ture of circumstellar shells due to mass loss, in which tineti Acknowledgements. We thank the referee, F. van Leeuwen, and
history of that mass loss may be seen, and suggest that es¥brf-€ast for many valuable comments. We are very grateful to

tially all LPVs undergo mode switching between the Mira an'él’a‘”SA f(t)r g(esrfrqusP;lJOF)g%r;(cgltgifS\g/c())Tlllj/iLa/ sgiganrcNA'?hE?_HO? a
semi-regular phases. well as 1o via e(IC). This reskar
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