Astron. Astrophys. 330, 515-520 (1998)

ASTRONOMY
AND
ASTROPHYSICS

The absolute magnitudes of RR Lyraes
from HIPPARCOS parallaxes and proper motions*
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Abstract. We have used HIPPARCOS proper motions and the
method of Statistical Parallax to estimate the absolute magni-
tude of RR Lyrae stars. In addition we used the HIPPARCOS
parallax of RR Lyrae itself to determine it’s absolute magni-
tude. These two results are in excellent agreement with each
other and give a zero-point for the RR Lyrae M,,[Fe/H] relation
of 0.77%0.15 at [Fe/H]=-1.53. This zero-point is in good agree-
ment with that obtained recently by several groups using Baade-
Wesselink methods which, averaged over the results from the
different groups, gives M, =0.73+0.14 at [Fe/H]=-1.53. Taking
the HIPPARCOS based zero-point and a value of 0.18+0.03 for
the slope of the M,,[Fe/H] relation from the literature we find
firstly, the distance modulus of the LMC is 18.26+0.15 and sec-
ondly, the mean age of the Globular Clusters is 17.443.0 GYrs.
These values are compared with recent estimates based on other
”standard candles” that have also been calibrated with HIPPAR-
COS data. It is clear that, in addition to astrophysical problems,
there are also problems in the application of HIPPARCOS data
that are not yet fully understood.

Key words: stars: variables: RR Lyraes — Galaxy: Globular
Clusters — galaxies: Magellanic Clouds

1. Introduction

RR Lyraes are one of the primary distance indicators. Within
the Galaxy they are used to determine the distances to the Glob-
ular Clusters and hence their ages by matching their Colour-
Magnitude diagrams with theoretical isochrones (eg Chaboyer
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et al. 1996). Since the Globular Clusters are amongst the old-
est objects in the Galaxy this sets a lower limit to the age of
the Universe. RR Lyraes are also used to determine distances
to other Local Group galaxies where they serve as a check on
brighter distance indicators, eg Cepheids. They are thus an im-
portant step on the path to determining the Hubble Constant
(eg Freedman et al. 1997). In combination with a Cosmological
Model, the Hubble Constant sets an upper limit to the age of the
Universe and a comparison of this age with that of the Globu-
lar Clusters provides an important check on several key areas
of astronomy and astrophysics (the distance scale, cosmology,
stellar structure and evolution, etc.).

For these reasons there is a considerable body of work in
the literature on the subject of RR Lyrae absolute magnitudes
(see Feast 1997 for areview of this). In the present paper we use
HIPPARCOS trigonometric parallaxes to estimate M, directly
(Sect. 3) and HIPPARCOS proper motions to estimate it using
the method of Statistical Parallax (Sect. 4). Finally the impli-
cations of these results for firstly, the distance to the LMC and
secondly, the ages of the Globular Clusters are discussed (Sect.
5) and summarised (Sect. 6). We begin by presenting the basic
data (Sect. 2).

2. The data

The data are listed in the Table 1 and described in the Notes
thereto. Some further details are given below.

1. V Photometry and Periods. HIPPARCOS obtained BV
photometry on the Tycho system for the brighter stars and
V photometry on the Hipparcos system for all the stars. In
order to keep the photometry homogeneous we have used
only the Hipparcos photometry. This covers the entire pe-
riod of the mission (ie Aug’89 - Aug’93) and typically there
were around 120 points per star. Table 1 lists the intensity
mean V magnitudes on the Johnson system. These have been
derived from the Hipparcos photometry as follows. Firstly
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the photometry was converted into fluxes and phased using
periods from the GCVS (Kholopov et al. 1985). Using the
program PULSAR (Skillen 1985) the period was optimised
and this is the period listed in the Table 1. Secondly, the
re-phased fluxes were fitted to a Fourier Series, again using
the program PULSAR. The order of the fit varied from star
to star depending on the quality of the photometry but was
typically of order 6. The mean flux so found was then con-
verted back into a magnitude. Finally this magnitude was
transformed onto the Johnson system using the relations
given by the HIPPARCOS project as a function of the (V-I)
colour. Specifically we made the correction Vy = Vi - X
where X = 0.09 (RRab Lyraes) and 0.06 (RRc Lyraes). Liu
and Janes (1990a) list intensity mean Vj magnitudes for 11
RRab Lyraes and 2 RRc Lyraes and comparing our values
with theirs shows a mean difference of 0.003 mags with an
rms scatter of 0.007 mags.

. Reddenings. Using the Galactic latitudes and longitudes

listed in the GCVSS (Kholopov et al. 1985) we estimated E(B-
V) values from the Burstein and Heiles (1982) maps. For the
low latitude stars not covered by these maps the reddening
was estimated by combining the (V-K) colour and [Fe/H]
values (from the Table 1) with the intrinsic Period-(V-K)-
[Fe/H] relations from Fernley (1993a) and the ratio E(B-V)
= 0.35E(V-K) from the same source. Finally, to determine
A, we took a value of R = A,/E(B-V) =3.1.

. Mode Discrimination. Simon and Teays (1982) noted

that the Fourier component R;; clearly discriminates be-
tween RRab (fundamental mode) and RRc (overtone mode)
Lyraes. As a by-product of the Fourier fitting required to de-
termine the intensity mean magnitudes (Sect. 2.1) we were
thus able to separate the RRab and RRc Lyraes. In addition
several stars gave a low value for Ry, similar to an RRc
Lyrae, but their periods were more than 0.50 day, like an
RRab type. These stars were V363 Cas, XZ Cet and AR Ser.
Simon and Teays similarly found XZ Cet to be unusual and
from a more detailed study of it’s photometric and spectro-
scopic parameters suggested it was an Anomalous Cepheid.
Since Anomalous Cepheids could be significantly brighter
than RR Lyraes we have excluded all three stars from the
analysis.

. Binaries. Many of the RR Lyraes now have several esti-

mates of their systemic velocities. Some stars showed more
scatter than attributable purely to observational error and
probably they are binaries. The stars are: CI And, TY Aps,
TV Boo, RU Cet, XZ Cyg, BK Dra, ST Leo, BX Leo RW Tra
and TU UMa. Only TU UMa has previously been reported
as a binary (Saha and White 1990). Since any companion
is likely to be either a low-mass main sequence star or an
evolved star the photometric effect will be small and we
have retained these stars in the analysis.

. Rejected Stars. Of the 180 stars listed in the HIPPARCOS

Input Catalogue as RR Lyraes we have rejected 36 and these
are listed and briefy discussed in the Table 1. The remaining
144 stars were used in the analyses described in the follow-
ing two sections.

3. Trigonometric parallaxes

One star, RR Lyrae itself, has a reasonably well determined
parallax, 7=4.3840.59 mas which is equivalent to o,/7=0.13.
The remaining stars are at least a magnitude fainter with cor-
respondingly smaller parallaxes and larger errors and values of
o-/m > 0.30. These stars are clearly close to the measurement
limit of the satellite and van Leeuwen and Evans (1997) have
shown that in this case better solutions can be made using the
Intermediate Astrometric Data, i.e. the individual position mea-
surements. However, for our dataset no solution was possible
(van Leeuwen 1997, Priv.Comm.). It should be noted that the
solution for My (RR) quoted in van Leeuwen and Evans (1997) is
based on a dataset that is different from the present one in several
respects. Firstly, their data are raw HIPPARCOS photometry, the
magnitudes have not been either dereddened or transformed to
the Johnson system. Secondly, they include many stars which
we have rejected (see details in the Table 1) and in particular
several of these stars are relatively bright, e.g. XZ Cet, V1719
Cyg and NSV5394.

For RR Lyrae itself, using the intensity mean Johnson mag-
nitude, the reddening and the parallax listed in the Table 1 we
obtain M,=0.78+0.29. RR Lyrae has [Fe/H]=-1.39. The ques-
tion arises as to whether we need to make Lutz-Kelker correc-
tions to this magnitude (Lutz and Kelker 1973, Hanson 1979).
This correction arises when stars are selected according to par-
allax and compensates for a systematic bias in the sense of the
observed parallaxes being overestimated. However our selec-
tion of RR Lyrae is not on the basis of its parallax (there are 13
other stars with parallaxes greater than that of RR Lyrae) but on
the standard error of the parallax (RR Lyrae has 0,=0.59 mas
whereas all the other stars have o, > 0.9 mas). Thus no L-K
correction is required. In passing we note that given the value
of o,/m for RR Lyrae and given that our sample of stars has
an N~2 proper motion distribution then from Hanson (1979)
the correction would have been only 0.07 mags, in the sense of
making M, brighter.

4. Statistical parallax

Using the data listed in Table 1 (proper motions, V magnitudes,
reddenings and radial velocities) and the program described by
Hawley et al. (1986) we obtained the solutions shown in Table
2. It is important in the Statistical Parallax method to isolate a
dynamically homogeneous sample of stars. In the present con-
text this means separating the Halo and Old Disk components
and we have done this by making a cut in metallicity. Based
on previous work (eg Layden et al. 1996, Fig 4) it is clear that
below [Fe/H] = -1.3 the stars are almost entirely Halo and above
[Fe/H] = -0.8 they are almost entirely Old Disk. Unfortunately
there are insufficient stars with [Fe/H]>-0.8 to obtain a useful
solution and so we have run instead a metal-rich solution which
contains all stars with [Fe/H] > -1.3. This sample is therefore
not dynamically homogeneous in that it contains a mixture of
both Old Disk and Halo stars. Similarly the first sample in Table
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Table 2. Absolute magnitudes from statistical parallaxes

Sample No Stars  [Fe/H] M,

All RR Lyraes 144 -132 076 +0.13
Halo RR Lyraes 84 -1.66 0.77+0.17
Metal-Rich RR Lyraes 60 -0.85 0.69 +0.21

2, all RR Lyraes, and hence our preferred solution is that for the
Halo RR Lyraes.

These results are very close to those from previous studies
which used ground based proper motions (Hawley et al. 1986,
Layden et al. 1996, Strugnell et al. 1986). We show in Fig.1 a
comparison of the HIPPARCOS and ground-based proper mo-
tions, where the latter are taken from the paper by Layden et al.
(1996) and are primarily from the Lick Northern Proper Motion
Survey (Klemola et al. 1987). Whilst the HIPPARCOS errors
are smaller, typically 2.2 mas/yr as compared to 5.6 mas/yr for
the ground-based data, it can be seen that the overall agreement
is good.

5. The M,, [Fe/H] calibration and implications for the dis-
tance scale

Combining the results from Section 3 (the trigonometric paral-
lax of RR Lyrae, which gives M, =0.78+0.29 at [Fe/H]=-1.39)
and Section 4 (the Statistical Parallax solution for 84 Halo RR
Lyraes, which gives M,=0.77£0.17 at [Fe/H]=-1.66) we obtain
M,=0.77+0.15 at [Fe/H]=-1.53. These results give no informa-
tion about the slope of the M,,[Fe/H] relation, however this has
recently been discussed by Fernley et al. (1997) who estimate a
value of 0.18+0.03. Thus we obtain

M, =0.18 + 0.03((Fe/H] + 1.53) + 0.77 £ 0.15 (1)

5.1. Distance to the LMC

We show in Table 3 some recent determinations of the distance
modulus of the LMC, both using RR Lyraes and other distance
indicators.

Below are some comments on the entries on Table 3.

RR Lyraes. There are observations of RR Lyraes in 5 LMC
Clusters (Walker 1992, Reid and Freedman 1994) and combin-
ing the data from the clusters gives a mean dereddened magni-
tude m, of 18.98 and a mean [Fe/H] of -1.8. From Eq. (1) we
obtain a distance modulus (m-M) of 18.2640.15.

Recently several groups have worked on Baade-Wesselink
analyses of RR Lyrae stars (Liu and Janes 1990a, Jones et al.
1992, Cacciari et al. 1992, Skillen et al. 1993 and Fernley 1994)
and results of the different groups are reasonably consistent.
Taking a simple mean gives

M, =020+0.04[Fe/H]+1.03 £0.14 2)

where the error on the zero-point comes from both the ran-
dom error, +0.06, and the estimated systematic errors in the
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Baade-Wesselink method, -0.12. At [Fe/H]=-1.53 Eq. (2) pre-
dicts M,=0.73+0.14 which is in good agreement with the zero-
point derived from the HIPPARCOS data in Eq. (1), which is
itself based on two independent methods. In our opinion this
agreement in the zero-point between three completely indepen-
dent methods of analysis is the main result of this paper.

Nonetheless it is clear from Table 3 that the resulting LMC
distance moduli from the RR Lyraes are in general lower than
those from other distance indicators. Are there other factors
which could be affecting the distance estimate ? One possibility
is depth effects in the LMC. The observed diameter of the LMC
is 7°.7 and if the depth is comparable to the width this would
be equivalent to & 0.14 in (m-M). However, this is unlikely to
be significant in the present case since the mean m, for the RR
Lyraes is based on observations of RR Lyraes in 5 clusters which
are spread evenly across the face of the LMC (Walker 1992).

Another possibility is that, for some reason, RR Lyraes in
clusters are not the same as RR Lyraes in the field. Liu and Janes
(1990b) did Baade-Wesselink analyses of 4 RR Lyraes in the
Globular Cluster M4 ([Fe/H]~-1.4) and Storm et al. (1994) did
Baade-Wesselink analyses of 2 RR Lyraes in M5 ([Fe/H]~-1.5)
and 2 in M92 ([Fe/H]~-2.1). For the intermediate metallicity
clusters M4 and M5 the absolute magnitudes derived by these
authors were in the mean 0.03 mags fainter (M4) and 0.06 mags
brighter (M5) than predicted by Eq. (2), which is the Baade-
Wesselink relation for field stars. For the metal-poor cluster M92
the derived absolute magnitudes were 0.14 mags brighter than
predicted by Eq. (2). Because of the difficulty of doing Baade-
Wesselink analyses of such relatively faint stars the quoted error
on these absolute magnitudes was +0.20 mags. Certainly for the
intermediate metallicity clusters the level of agreement between
the field and cluster RR Lyraes is very good. For M92 the agree-
ment is less good and we note here the discussion by Storm et
al. concerning the relative fractions of “normal” and “evolved”
RR Lyraes in the RR Lyrae Instability Strip as a function of
metallicity. In intermediate metallicity clusters it is expected
that the majority of RR Lyraes are “normal”, i.e. stars on the
zero-age Horizontal Branch. In more metal-poor clusters it is
expected that there will be an increasing number of “evolved”
RR Lyraes, i.e. stars with zero-age Horizontal Branch positions
to the blue of the Instability Strip and which are now crossing
the Instability Strip during their redward evolution towards the
Asymptotic Giant Branch. In general the “evolved” RR Lyraes
will be brighter than “normal” RR Lyraes. If this argument is
correct then RR Lyraes in more metal-poor clusters will, in the
mean, be brighter than predicted by Egs. (1) and (2). A similar
result was obtained by Lee et al. (1990) who constructed syn-
thetic Horizontal Branches from grids of evolutionary tracks.
These showed that, for more metal-poor clusters, the mean level
of the Horizontal Branch was ~0.1 brighter than the zero-age
level, this being due to the mixing of “normal” and “evolved”
RR Lyraes. In the present context, any brightening of the mean
level of the Horizontal Branch due to the presence of signifi-
cant numbers of evolved” stars, will increase the derived LMC
distance.
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Fig. 1. A comparison between the HIPPARCOS and ground-based proper motions. The solid line has slope unity.

Table 3. LMC distance moduli

Method

RR Lyraes - HIPPARCOS data (this paper)
RR Lyraes - Baade-Wesselink (see text)

Cepheids - Field Stars HIPPARCOS data (Feast and Catchpole 1997)
Cepheids - Cluster stars HIPPARCOS data (see text)

Cepheids - Baade-Wesselink (Gieren et al. 1993)

Cepheids - Baade-Wesselink (Gieren et al. 1997)

Miras - HIPPARCOS data (van Leewuen et al. 1997)

SN1987A Ring - Gould and Uza (1997)

SN1987A Ring - Sonneborn et al. (1997)
SN1987A Ring - Panagia et al. (1997)

SN1987A Ring - Lundqvist and Sonneborn (1997)

Cepheids. It can be seen from Table 3 that the Cepheids
produce a less consistent set of results. This is particularly
striking in the applications of HIPPARCOS data. Feast and
Catchpole (1997) used HIPPARCOS parallaxes of local field
Cepheids to determine the zero-point of the Cepheid Period-
Luminosity relation and hence derive an LMC distance mod-
ulus of 18.70+0.10. By contrast the Cluster Cepheids give a
distance modulus of 18.33+0.10, based on the work of Feast
(1995) corrected to the HIPPARCOS Pleiades distance modu-
lus of 5.33+0.06 (Mermilliod et al. 1997). The work of Feast
and Catchpole has also been criticised by Szabados (1997), who
argues that the large number of binaries amongst the HIPPAR-
COS Cepheids leads to a systematic under-estimate of paral-
laxes (and hence too bright a zero-point and too large an LMC
distance modulus). It is clear that the results from applying HIP-
PARCOS data to Cepheids are still in their early stages.

A more consistent set of values for the Cepheids comes from
the Baade-Wesselink analyses of Gieren et al. (1993, 1997), the

(m-M)

18.26£0.15
18.31£0.14

18.70£0.10
18.33£0.10
18.65+0.10
18.49£0.05

18.54£0.18

18.37£0.04
18.43£0.10
18.58+0.03
18.67£0.08

former using purely optical data and the latter using both optical
and infrared data.

A simple mean of the 4 Cepheid distance moduli gives a
value of 18.54, which is ~0.25 larger than given by the RR
Lyraes. In this matter we note the recent work of Sekiguchi and
Fukugita (1997) concerning the sensitivity of the zero-point of
the Cepheid P-L relation to metallicity effects. They used the
high quality abundances derived for 23 galactic Cepheids by Fry
and Carney (1997) to show that the residuals from the Cepheid
P-L relation are strongly correlated with metallicity, specifically
AM, = -2.15[Fe/H]. Assuming the Cepheids in the LMC are
slightly metal-poor compared to Galactic Cepheids, ~-0.15 dex
(Feast and Walker 1985), then the relation found by Sekiguchi
and Fukugita would reduce the Cepheid LMC distance modulus
by 0.32.

Miras. van Leewuen et al. (1997) have used HIPPARCOS
parallaxes of nearby Miras to calibrate the Mira P-L relations.
Examination of the resulting plots (their Figs 2 and 3) shows a
relatively poor fit, with 4 out of the 8 high-weight stars lying
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2 or more sigma from the line. It seems clear that there are
systematic effects that have not been completely dealt with in
the analysis, possibly metallicity effects in the stars or biases in
the parallaxes due to surface inhomogeneities on the stars (note
that Miras have angular diameters that are typically an order of
magnitude larger than their parallaxes).

SN1987A. Four papers published this year show a range of
values between 18.37 and 18.67 for the LMC distance modu-
lus derived from SN1987A. It is clear that the early hopes that
SN1987A would give the definitive LMC distance are, as yet,
unfulfilled.

5.2. Ages of the Globular Clusters

Chaboyer et al. (1996) discuss the ages of the Globular Clusters
using the Yale isochrones and Globular Cluster observations
from the literature. They derive ages using several different as-
sumptions about the RR Lyrae M,, [Fe/H] relation. Interpolating
amongst their relations in order to fit our Eq. (1) we obtain a
mean age of 17.44+3.0 GYTrs.

Reid (1997) has recently claimed a mean age of ~ 12 GYrs.
The difference between the two ages is entirely due to the dis-
tance calibration. Reid obtains distances to the Globular Clusters
by fitting their main sequences to local subdwarfs whose abso-
lute magnitudes he determines from their HIPPARCOS trigono-
metric parallaxes. This distance scale is ~0.35 mags longer than
the RR Lyrae distance scale given by Eq. (1). Two other groups
have also analysed the HIPPARCOS trigonometric parallaxes of
local subdwarfs. Fusi Pecci et al. (1997) obtain similar results to
Reid, however Pont et al. (1997) make the subdwarfs fainter by
~0.30 mags, i.e. consistent with the RR Lyraes. At the present
time the situation with the subdwarfs is not clear, in particu-
lar the important question of when to apply bias corrections to
HIPPARCOS parallaxes is not settled.

6. Summary

Using HIPPARCOS data we obtain the following estimates
of the zero-point of the RR Lyrae M,,[Fe/H] relation, firstly,
M,=0.77+0.17 at [Fe/H]=-1.66 using the Method of Statis-
tical Parallax and HIPPARCOS proper motions for 84 Halo
Field RR Lyraes and secondly, M,=0.78+0.29 at [Fe/H]=-1.39
from the HIPPARCOS trigonometric parallax of the single star
RR Lyrae itself. These two estimates are in excellent agree-
ment and give a final value of M,=0.77+£0.15 at [Fe/H]=-1.53.
This in turn is in very good agreement with the zero-point de-
rived recently by several groups using Baade-Wesselink meth-
ods, namely M,=0.7340.14 at [Fe/H]=-1.53. In our opinion
this level of agreement, between three completely independent
methods, as to the value of the zero-point of the RR Lyrae
M, ,[Fe/H] relation is the main result of the paper.

Taking the HIPPARCOS zero-point and a value of
0.184-0.03 for the slope of the relation from the literature we find
firstly, the distance modulus of the LMC is 18.2640.15 and sec-
ondly, the mean age of the Globular Clusters is 17.443.0 GYrs.
Comparing these values with recently published estimates, us-
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ing other “’standard candles” also calibrated with HIPPARCOS
data, shows that there remain unresolved problems, both with
the astrophysics and with the interpretation of HIPPARCOS
data itself.

Interpretation of HIPPARCOS data. Firstly, in what cases
should bias corrections be applied to the parallaxes ? This has
a significant effect on the calibration of the subdwarfs (used
to determine the distance and ages of the Globular Clusters
- see Sect. 5.2). Secondly, for stars that are in binaries, what
is the effect of the orbit on the observed parallax ? This has
implications for the calibration of the zero-point of the Cepheid
P-L relation (and hence the distance to the LMC - Sect. 5.1).
Thirdly, for stars with very large angular diameters, what is the
effect of surface inhomogeneities on the observed parallax ?
This has relevance for the Miras (again Sect. 5.1).

Astrophysical problems. Firstly, what is the sensitivity of
the zero-point of the Cepheid P-L relation to metallicity ? If, as
suggested by recent work, this is significant then the metallicity
differences between Cepheids in the Galaxy and the LMC will
obviously lead to incorrect distance estimates (see discussion
in Sect. 5.1). Secondly, what is the effect of evolution on the
mean magnitude of RR Lyrae stars in metal-poor clusters ? If
this effect is significant then the RR Lyraes in these clusters will
be brighter than predicted, and hence the LMC distance would
be increased and the Globular Cluster ages would be reduced
(again see discussion in Sect. 5.1).
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