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2 Whitelock et al.

F igur e 1. The PL(K ) relation for Mira variables in the LMC. Solid and open symbols are O- and C-rich respectively. The dashed line
is the fit to the O-rich stars from Table 2 assuming a distance modulus for the LMC of 18.39 mag, while the dotted line is the relation
for C-stars.

2 T H E L M C PL (K) R EL AT I ON

Table 1 lists the data for the LMC stars, with periods less
than 420 d, which we use here to establish the PL(K) re-
lat ion. The start ing point is the material from Feast et al.
(1989) for large amplitude variables with mult iple observa-
t ions. This is modiÞed in light of Glass & Lloyd Evans (2003)
who used MACHO data to reÞne the periods for the same
group of stars and to eliminate three of them (W19, W30,
W46) as semi-regular (SR), rather than Mira, variables. To
this is added the observat ions from Whitelock et al. (2003)
for three new O-rich and four C-rich Miras within our pe-
riod range, as well as addit ional material for two O-rich stars
(R105, 0517Ð6551) already in the sample. The changes in-
t roduced by the two 2003 papers are minor and this data-set
is only marginally di! erent from that used by Feast et al.
(1989).

Twenty nine M-type Miras together with one S-type
and one K-type Mira are analysed together as O-rich stars.
An interstellar ext inct ion correct ion of AK = 0.02 mag
(Feast et al. 1989) was applied to the data in Table 1. The
PL(K) relat ion is Þt ted in the form:

MK = ρ[log P − 2.38] + δ. (1)

Where MK is the absolute K mag, P the pulsat ion period of
the Mira and δ the zero-point of the PL(K) relat ion, which
has a slope ρ. In previous work, by ourselves and others,
zero-points have been derived at log P = 0, far outside the
range of Mira periods. The distance modulus of the LMC is
taken to be (m − M )LMC = 18.39 ± 0.05 (van Leeuwen et
al. 2007)

Table 2 lists the values of the slope and zero-point found
by least squares Þt t ing separately to the O-rich stars and
to the C-rich stars as well as to both groups together; σ
is the standard deveat ion of the best Þt . The results are
illust rated in Fig. 1. There is no signiÞcant di! erence in the
slope determined for the O- and C-rich Miras. I f we use the
slope found for the O-rich sample and apply it to the C-
rich sample we Þnd a zero point of δ + (m − M )LMC =
11.148 ± 0.032. Thus the di! erence between the zero-points
for the C- and O-rich Miras is 0.093 ± 0.041.

The slope determined above for the LMC O-rich Miras,

i.e. ρ = −3.51 ± 0.20 can be compared with the value of
−3.59 ± 0.06 obtained by Ita et al. (2004) for LMC stars
close to PL(K) sequence C and selected by colour to be O-
rich. While the error shows this number is well deÞned, I ta
et al. include some low amplitude, i.e. non-Mira, variables in
the Þt . Furthermore, it seems tautological to deÞne the PL
relat ion in terms of stars that were selected because they fell
on sequence C. Rejkuba (2004) found a very similar slope,
−3.37±0.11, for colour selected Miras in Cen A, support ing
the assumpt ion that this PL(K) relat ion is universal.

3 T H E R EV I SED HIPPARCOS SA M PL E A N D
A SSOCI AT ED D ATA

Of the sample selected in Paper I there are ast romet ric data
in the revised Hipparcos catalogue (van Leeuwen 2007) for
184 O-rich Miras, 15 O-rich semi-regulars and 40 C-rich vari-
ables.

In Paper I a number of non-Mira variables were in-
cluded in the select ion on the basis of their spect ra, which
were Mira-like in that they showed the emission lines that
are characterist ic of the shock waves associated with pul-
sat ions in Miras. For the O-rich stars 4 of the 15 semi-
regular variables included in the sample have large ampli-
tudes (" Hp > 1.5 mag, where Hp is the broadband visual
mag measured by Hipparcos) and it is probably only these 4,
T Ari, T Cen, W Hya and TV And, that we should include
with the Miras in the parallax analysis. For the C-rich stars
it is actually very di# cult to dist inguish between Miras and
non Miras (see also Whitelock et al. 2006).

The infrared and associated data used in the following
analysis are listed in the Appendix (Table A3), which also
includes all details which di! er from Paper I .

3.1 T he SP-r ed and SP-blue st ar s

Whitelock et al. (2000) divided the stars with periods be-
low 225 d into two groups on the basis of their Hp − K
colour, and called them the short period red (SP-red) and
short period blue (SP-blue) groups. The analysis of Paper I

c© 0000 RAS, MNRAS 000, 000–000
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6 Whitelock et al.

F igur e 2. T he PL(K) relat ion for AGB variables with good individual distances. T he closed and open symbols represent M iras and SR
variables respect ively; the points without error bars are for the globular cluster M iras, the circles with errors bars represent the Hipparcos
data with high S/ N (Table 4) and the t r iangles represent VLBI parallaxes (Table 5). T he line is for MK = −3.51[log P − 2.38] − 7.25.

not therefore easily be presented in a PL(K) relat ion. Their
posit ion in a PL(Mbol) relat ion was discussed by White-
lock, Feast & Catchpole (1991 their Þg. 10) from which they
appear to be consistent with the PL(Mbol) relat ion ext rap-
olated from shorter periods. Phase-lag distances might st ill
prove useful for the longest period objects although it will be
di! cult to bring the errors down so that they can compete
with VLBI parallaxes.

5.1.2 Mira with H2O parallax

Kurayama, Sasao & Kobayashi (2005) published an accurate
H2O maser parallax for UX Cyg which is given in Table 5
and illust rated in Fig. 2. I t lies dist inct ly above the Mira
PL(K) relat ion. This may indicate that it is an overtone
pulsator and that it therefore lies on one of the other period-
luminosity relat ions discussed by Wood (2000), although it
has a longer period than any of the LMC stars on those se-
quences. The stars that deÞne the other PL(K) relat ions are
low amplitude semi-regular variables, and it would be sur-
prising to Þnd a star like UX Cyg in this posit ion. However,
the PL(K) sequences were deÞned for stars in the Magel-
lanic Clouds, all of which are at the same distance, and very
lit t le is actually know about the distances of stars with peri-
ods signiÞcant ly longer than 400 days in the Galaxy (except
close the the Galact ic Cent re, where interstellar ext inct ion
is very high and patchy). Note that solut ion 12 (Table 3) for
the 21 Hipparcos stars with P ! 400 days gives a zero-point
completely consistent with them lying on the same PL(K)
relat ion as the shorter period objects.

The alternat ive explanat ion is that UX Cyg is more lu-
minous than those on the PL(K) relat ion as a result of hot
bot tom burning (HBB), and is therefore akin to the lumi-
nous Magellanic Cloud Miras discussed by Whitelock et al.
(2003). This could be conÞrmed by the detect ion of abun-
dance anomalies associate with HBB, which include a mea-

surable lithium content . Note that the long period O-rich
LMC Miras that Whitelock et al. (2003) thought lay close
to the ext rapolated bolometric PL relat ion, would actually
lie below a PL(K) relat ion because the signiÞcant circum-
stellar reddening would e" ect their apparent K luminosit ies.

UX Cyg is not included in evaluat ing the mean PL(K)
relat ion zero-point below.

5.2 G lobular C lust er s

Feast et al. (2002) discussed the PL relat ion for globular
cluster Miras, using a distance scale based on Hipparcos
parallaxes for subdwarfs (from Carret ta et al. (2000) who
est imate the total uncertainty at ± 0.12 mag). Re-analysing
those data using equat ion 1 with ! = ! 3.51 ± 0.20 we Þnd
a PL(K) relat ion zero-point of " = ! 7.34 ± 0.04 (internal
error), or " = ! 7.34 ± 0.13 allowing for the uncertainty in
the cluster scale. The points for the individual Miras are
illust rated in Fig. 2.

5.3 T he G alact ic B ulge

Glass et al. (1995) discussed long period variables in theSgr I
window of the Galact ic Bulge and derived a similar slope for
the PL(K) relat ion to the one found here (sect ion 2) for the
LMC. Re-analysing these, as above, gives " + (m ! M )GC =
7.40± 0.05. Using the Eisenhauer et al. (2005) distance to the
cent re, with the relat ivist ic correct ion suggested by Zucker
et al. (2006), gives (m ! M )GC = 14.44± 0.09, and provides
a zero-point of " = ! 7.04 ± 0.11 for these Galact ic Bulge
Miras. The similarity of this to the other values found here
suggests that any abundance e" ects on the PL(K) relat ion
zero-point must be small.

In the conclusion below we do not average this Bulge
distance along with theother values to get a mean zero-point
for the Galaxy. I f we did so the agreement of the Galact ic

c© 0000 RAS, M NRAS 000, 000Ð000
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AGB Variables and the Mira Period-Luminosity Relation 3

Table 2. Solut ions of Equat ion 1

typ No. ! " # + (m ! M )L M C #

O- 31 0.14 ! 3.51 ± 0.20 11.241 ± 0.026 ! 7.15 ± 0.06
C- 22 0.15 ! 3.52 ± 0.36 11.149 ± 0.047 ! 7.24 ± 0.07
all 53 0.15 ! 3.69 ± 0.16 11.206 ± 0.020 ! 7.18 ± 0.05

suggested that the SP-reds were more luminous, at a given
period, than the SP-blues. Most critically a kinematic anal-
ysis (Feast & Whitelock 2000) indicated that the SP-reds
were younger than the SP-blues which were more akin to
the Globular Cluster Miras and a natural extrapolation of
the Miras with P > 225 d to shorter periods.

4 A N A LY SI S OF HIPPARCOS D ATA

We follow the same procedure as in Paper I and the details
are not repeated here, but it is useful to give the formulae
which differ slightly due to the reformulation of the PL(K )
relation described in section 2. We assume throughout that
the the slope derived above from the O-rich LMC Miras
will be the same for the Galaxy. Thus equation 1 with, ! =
−3.51 ± 0.20, is solved for " , as previously, in the form:

100.2δ = 0.01#100.2(3.51[log P ! 2.38]+K 0), (2)

where # is the parallax in milliarcsec (mas) and K 0 is the
mean K mag corrected for interstellar extinction (see Ap-
pendix). The right hand side of equation 2 is weighted by
the following expression:

weight = 1/ [$100.2(K 0+3.51[log P ! 2.38])! 2.0]2, (3)

where

$2 = $2
π + (0.4605)2#2

P L (K )[$
2
K + $2

P L (K )], (4)

with $π the error on the parallax as quoted in the revised
Hipparcos catalogue, #P L (K ) the photometric parallax de-
rived from the PL(K ) relation, $P L (K ) the standard devi-
ation from the PL(K ) relation (0.14 and 0.15 for the O-
and C-rich stars respectively, see Table 2), and $K is the
uncertainty associated with individual K 0 mags. The latter
term is evaluated as follows: $K = 0.3∆K /

√
N (where N

observations were used to derive the mean K 0). For further
details refer to Paper I.

Due to uncertainties in the adopted slope, the error in
a predicted absolute magnitude at any log P is, in the case
of the O-Mira solution of Table 2:
!

([(log P − 2.38)0.20]2 + [0.06]2), (5)

and similar relations apply in other cases.
R Leo has a parallax measured by the Allegheny Ob-

servatory at # = 8.3 ± 1.0 mas (Gatewood 1992). For
the analysis this is combined with the Hipparcos value,
# = 14.03 ± 2.65, to give # = 9.01 ± 1.42.

4.1 Zer o-point fr om t he Hipparcos par al laxes

4.1.1 O-r ich stars

The first part of Table 3 lists various values of " , from equa-
tion (2) [weighted according to equations (3) and (4)], de-

rived from different subgroups of the Hipparcos data. In ex-
amining these results it is crucial to remember that most of
the weight resides with a small number of stars.

Solution 1 shows the result of using all of the O-rich
stars for completeness and comparison with Paper I, al-
though it is quite clear that this is not a useful solution as
there are stars included in the full group that are not large
amplitude variables and which certainly lie on one of the
PL(K )s relations above the one for Miras (see also Glass &
van Leeuwen 2007). W Cyg is the most obvious example and
solution 2 shows the effect of leaving it out. In fact solution
2 is very close to the best solution we obtain.

Solutions 3 and 4 are for large amplitude variables and
Mira variables respectively; the results are very similar as
might be expected.

Solutions 5 to 8 show the results of separating out the
SP-red and SP-blue stars (see Section 3.1). In fact there
is no evidence here for a significant difference between the
groups, provided that W Cyg is omitted, with the revised
Hipparcos data.

Solution 9 omits the small amplitude variables and the
SP-red stars and can be compared with %= 0.84± 0.14 (" ∼
−7.51 for a slightly different slope for the PL(K ) relation),
the solution of choice from Paper I. Solution 10 rejects the
low amplitude non-Miras and takes only the 42 stars with
weight > 1.3 × 103. If we were to decide that the SP-reds
should be included, despite their kinematic differences from
the SP-blues, then this solution, with its marginally smaller
error, might be preferred, but it makes very little practical
difference.

Solutions 11 and 12 show that much the same value of "
is derived from the longer period stars alone. It is important
to note there is thus no reason to suspect that they are
brighter or fainter than their short period counterparts (see
also sections 5.1.1 and 5.1.2).

Solution 13 was derived in a different way and is dis-
cussed below (section 4.1.3).

4.1.2 C-r ich stars

Solutions 14 to 24 apply to subsets of the data for C-rich
stars. We note again that it is difficult to distinguish between
Mira and non-Mira C-stars and that the amplitudes of the C-
rich stars are on average distinctly lower than those of their
O-rich counterparts. As in Paper I we note that WZ Cas
and WX Cyg are lithium rich and therefore likely to differ
from other stars in the sample. WZ Cas has a high weight
and is clearly more luminous than the bulk of the sample.
WX Cyg makes little difference, but we leave both stars out
for most of the solutions (17 to 24).

The errors are high and it is difficult to deduce much
about the sub-groupings of C stars. The non-Miras may have
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Fig. 2. Radial velocity versus the heliocentric distance in the direction
of l = 30◦ and b = 0◦.

3.1. BasicIdeaandDerivationof theH I Distribution in the
OuterGalaxy

The distance of the H I gas having a radial velocity Vr can be
calculated as follows. Assuming that the motion of the Galactic
ISM is purely circular and that the gas away from the Galactic
plane rotates at the same speed as the gas in the underlying
disk, the radial velocity Vr of the ISM at Galactic longitude l ,
Galactic latitude b, and Galactocentric distance R is expressed
by

Vr(l , b) =
!

R0

R
V (R) ! V0

"
sin l cosb. (2)

The heliocentric distance r of the ISM at (R, l , b) is obtained
by solving the equation

R2 = r 2 + R2
0 ! 2rR0 cos l . (3)

In the outer part of the solar orbit (R > R0), we have one solu-
tion, r = R0 cos l + (R2 ! R2

0 sin2 l )1/ 2, because the other solution
has a negative value, which is inadequate.

In the inner Galaxy (R < R0) we have two adequate solu-
tions, r = R0 cos l ± (R2 ! R2

0 sin2 l )1/ 2; that is, we have the
two-fold of kinematic distance in the inner Galaxy. However,
at a tangential point where R = R0 sin l , equation (3) has only
one solution despite the inner Galaxy. Hence, we have no am-
biguity of distance at this point, and the kinematic distance is
uniquely determined for a given radial velocity. For example,
we plot the radial velocity against the heliocentric distance (r )
in the case of l = 30! in figure 2. The radial velocity in the
longitude range l < 90! becomes positive in the inner Galaxy,
and increases toward the tangential point where it gets maxi-
mum. Beyond the tangential point it decreases monotonically
and becomes negative in the outer Galaxy. The radial velocity
for the whole Galactic equator is plotted in figure 3.

The H I density can be estimated as follows. If the 21-cm
line is assumed to be optically thin, the H I column density
NH I [cm" 2] is given by integrating the brightness temperature,
Tb [K], over the radial velocity, Vr [kms" 1],

Fig. 3. Radial velocity field of the Galactic plane calculated with the
rotation curve. The solid lines denote positive velocities and the dashed
lines denote negative velocities.

NH I [cm" 2] = 1.82 " 1018
# Vr1 + ! Vr

Vr1

Tb dVr. (4)

In this work, the velocity width, ! Vr, is taken to be 2.06kms" 1

in the case of the Leiden/Dwingeloo survey, 2.00kms" 1 in the
case of the Parkes survey, and 5.5 km s" 1 in the case of the
NRAO survey based on the velocity resolution of the southern
survey.

The average volume density at an individual point is given
by dividing the column density by the path length, ! r , which
contributes emission in the velocity range Vr1 < Vr < Vr1 + ! Vr:

nH I [cm" 3] =
NH I

! r
= 1.82 " 1018Tb

! Vr

! r
. (5)

Thus, we obtain the H I densities, nH I, in the outer Galaxy
from the 21-cm spectra Tb(l , b, Vr). However, the local gas
with a high velocity dispersion contributes to the high-altitude
emissions. Therefore, the obtained H I distribution includes the
local gas in the form of nobserved = nH I + nlocal. In this paper, we
assumed that the local gas can be expressed by a linear func-
tion of the Galactic latitude, b, and subtracted it from nobserved.
Because of this procedure, the diffuse H I gas, which extends
to a high Galactic altitude (Diplas, Savage 1991), is subtracted,
and can not be detected in the maps presented in this paper.

3.2. H I DensityaroundtheTangential Points

At a tangential point r = R0 cos l the kinematic distance
can be uniquely determined even for the inner Galaxy. Since
the H I gas has an intrinsic velocity dispersion, the H I spec-
tra have a higher velocity component than the terminal veloc-
ity, Vt. The velocity dispersion, σ , is assumed to be 10kms" 1;
Malhotra (1995) estimated it to be 9.2 km s" 1 for the first
quadrant (0! < l < 90! ), 9.0 km s" 1 for the fourth quadrant
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