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ABSTRACT

We have applied the infrared surface brightness (ISB) technique to derive distances to 13 Cepheid variables in the
LMC that span a period range from 3 to 42 days. From the absolute magnitudes of the variables calculated from these
distances, we find that the LMC Cepheids define tight period-luminosity (PL) relations in the ¥, 7, W, J, and K bands that
agree exceedingly well with the corresponding Galactic PL relations derived from the same technique and are signif-
icantly steeper than the LMC PL relations in these bands observed by the OGLE-II Project in ¥, 7, and Wand by Persson
and coworkers inJ and K. We find that the LMC Cepheid distance moduli we derive, after correcting them for the tilt of
the LMC bar, depend significantly on the period of the stars, in the sense that the shortest period Cepheids have distance
moduli near 18.3, whereas the longest period Cepheids are found to lie near 18.6. Since such a period dependence of the
tilt-corrected LMC distance moduli should not exist, there must be a systematic, period-dependent error in the ISB
technique not discovered in previous work. We identify as the most likely culprit the p-factor, which is used to convert
the observed Cepheid radial velocities into their pulsational velocities. By demanding (1) a zero slope on the distance
modulus versus period diagram and (2) a zero mean difference between the ISB and ZAMS fitting distance moduli of
a sample of well-established Galactic cluster Cepheids, we find that p = 1.58(40.02) — 0.15(£0.05) log P, with the
p-factor depending more strongly on Cepheid period (and thus luminosity) than indicated by past theoretical calcu-
lations. When we recalculate the distances of the LMC Cepheids with the revised p-factor law suggested by our data, we
not only obtain consistent distance moduli for all stars but also decrease the slopes in the various LMC PL relations (and
particularly in the reddening-independent K and W bands) to values that are consistent with the values observed by
OGLE-II and Persson and coworkers. From our 13 Cepheids, we determine the LMC distance modulus to be 18.56 +
0.04 mag, with an additional estimated systematic uncertainty of ~0.1 mag. Using the same corrected p-factor law to
redetermine the distances of the Galactic Cepheids, the new Galactic PL relations are also found consistent with the
observed optical and near-infrared PL relations in the LMC. Our main conclusion from the ISB analysis of the LMC
Cepheid sample is that, within current uncertainties, there seems to be no significant difference between the slopes of
the PL relations in the Milky Way and LMC. With literature data on more metal-poor systems, it seems now possible
to conclude that the slope of the Cepheid PL relation is independent of metallicity in the broad range in [Fe/H] from
—1.0 dex to solar abundance, within a small uncertainty. The new evidence from the first ISB analysis of a sizable
sample of LMC Cepheids suggests that the previous, steeper Galactic PL relations obtained from this technique were
caused by an underestimation of the period dependence in the model-based p-factor law used in the previous work. We
emphasize, however, that our current results must be substantiated by new theoretical models capable of explaining the
steeper period dependence of the p-factor law, and we will also need data on more LMC field Cepheids to rule out
remaining concerns about the validity of our current interpretation.

Subject headings: Cepheids — distance scale — galaxies: distances and redshifts — Magellanic Clouds —
stars: oscillations
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1. INTRODUCTION

Since the discovery of the Cepheid period-luminosity (PL)
relation almost 100 years ago by Miss H. Leavitt, Cepheid var-
iables have played a key role in the establishment of the extra-
galactic distance scale. With modern telescopes and detectors,
light curves of individual Cepheid variables can be measured
with good accuracy out to distances of about 20 Mpc, as demon-
strated in the Hubble Space Telescope (HST) Key Project on the
Extragalactic Distance Scale (Freedman et al. 2001). Fitting the
observed PL relation in a galaxy to a fiducial relation calibrated
in our own Milky Way, or in the LMC, a robust distance estimate
of the program galaxy can be obtained. The HST Key Project
used such Cepheid-based distances to some 30 nearby galaxies
to calibrate far reaching secondary methods of distance determi-
nation in these galaxies that were then used to provide distance
estimates to more remote galaxies, distant enough for a determi-
nation of the Hubble constant being free of biases due to galaxy
peculiar velocities. An accurate determination of the present-day
expansion rate of the universe is necessary, in turn, to constrain
other cosmological parameters with ever increasing accuracy.
More stringent constraints on H from improved optical/near-IR
work on Cepheids and secondary distance indicators will be an
important complement to constraints coming from WMAP and
the Cosmic Background Imager in the radio part of the electro-
magnetic spectrum.

The fiducial PL relation used in the Cepheid process of dis-
tance determination is obviously of key importance for the final
distance results for the program galaxies. Unfortunately, it has
been notoriously difficult to calibrate the Cepheid PL relation
in the Milky Way. Even using state-of-the-art present-day tele-
scopes and instrumentation, Cepheid variables in the Milky Way,
with the exception of the very nearest ones (e.g., Benedict et al.
2002), are too distant for accurate determinations of their dis-
tances with direct geometrical methods; therefore, one has to
resort to more indirect techniques. Over the past four decades,
the two most important methods to calibrate the PL relation
have been the use of zero-age main-sequence (ZAMS) fitting
distances to Cepheids in open clusters and associations and the
use of Baade-Wesselink—type techniques, which take advan-
tage of the observed variations of a Cepheid in magnitude, color,
and radial velocity to derive its distance and mean radius. While
the cluster method has suffered some degree of complication
after Hipparcos studies revealed that stellar evolution effects on
the location of the ZAMS in the Hertzsprung-Russell diagram of
open clusters are stronger than anticipated (van Leeuwen 1999),
Baade-Wesselink—type techniques have greatly improved in ac-
curacy through the move from the optical to the near-infrared
domain and are now arguably the most accurate tool to measure
the distances to individual Cepheids. In particular, the infrared
surface brightness (ISB) technique, as calibrated by Fouqué &
Gieren (1997, hereafter FG97), has allowed the derivation of dis-
tances to individual Galactic Cepheids with an accuracy of an
estimated 5% (Gieren et al. 1997), and the Galactic Cepheid PL
relation has been calibrated from this technique in optical and
near-infrared bands in Gieren et al. (1998), Fouqué et al. (2003),
and most recently Storm et al. (2004). In this work, it was found
that the slope of the Galactic PL relation appears to be signifi-
cantly steeper, in all photometric bands, than the slope of the
corresponding PL relation in the Magellanic Clouds as estab-
lished by the different microlensing surveys and in particular by
the OGLE-II survey (Udalski et al. 1999; Udalski 2000). The
question is then, is this finding real, reflecting perhaps an effect
of metallicity on the slope of the PL relation, or is there some

hitherto unknown systematic error in the ISB distance results
for the Galactic Cepheids that causes the PL slope as determined
from the ISB distances to be steeper than the one observed in the
Magellanic Clouds, which is extremely well established from
many hundreds of Cepheids in both the LMC and SMC? The
investigation of this question is of the utmost importance for the
use of Cepheids as distance indicators, given that many nearby
spiral galaxies, including a subsample of the galaxy sample used
by the HST Key Project team, are of near-solar or even super-
solar metallicity. Using for these galaxies the LMC OGLE-II PL
relation as the fiducial in the distance determination would lead
to systematic errors in the distance moduli of these metal-rich
galaxies by several tenths of a magnitude, depending on the pe-
riod ranges spanned by the extragalactic Cepheid samples, if the
steeper Galactic slope of the PL relation were indeed true.

One straightforward way to check on the validity of our Ga-
lactic ISB Cepheid distance results is to apply the technique di-
rectly on a number of Cepheids in the LMC and to construct from
these data a PL relation in the LMC, which can be compared to
the Galactic relation. Such a comparison should shed some light
on the question of the universality of the PL relation and is the
purpose of this study. Some time ago, we set out to obtain the
necessary high-quality data for the application of the ISB tech-
nique on a number of Cepheid variables in the LMC. Optical
photometry of a sample of long-period field Cepheids was ob-
tained by Moffett et al. (1998). We also obtained complete data
sets of optical and near-IR (JK) photometry, as well as radial
velocity curves, for a sample of short-period LMC Cepheids in
the rich cluster NGC 1866 (Storm et al. 2005). A preliminary
distance determination for the Cepheid HV 12198 in NGC 1866
was already published by Gieren et al. (2000). For the longer pe-
riod Cepheids studied by Moftett et al. (1998), there are excellent
radial velocity curves in the literature that have been measured
with the CORAVEL instrument at La Silla (Imbert 1987). Very
recently, near-infrared light curves for these stars of excellent
quality have been published by Persson et al. (2004), completing
the data sets necessary to determine ISB distances to these ob-
jects. There are now 13 Cepheids in the LMC with periods from
3 to 42 days with excellent data for the ISB analysis. We derive a
direct distance value for each of these Cepheids in this paper, and
we demonstrate that the PL relation in the LMC obtained from
these data is identical, within small uncertainties, to the Galactic
PL relation obtained from exactly the same technique and pre-
cepts. Since we know the #rue LMC Cepheid PL relation from
the work of the OGLE group on more than 600 stars and from the
recent extensive work of Persson et al. (2004) in near-infrared
bands, we investigate the reason(s) for the discrepancy between
the OGLE-II/Persson and ISB results and identify the p-factor
used to convert the observed radial velocities of Cepheids into
their pulsational velocities as the most likely culprit for a period-
dependent systematic error in the ISB distance results. Recali-
brating the period dependence of the p-factor with our LMC
Cepheid distance data, we show that this leads to a corrected slope
of the Galactic Cepheid PL relation that is in excellent agreement
with the observed OGLE-II PL relation in the LMC and SMC,
suggesting (with data on other galaxies) that in the metallicity
range from —1.0 dex to solar there is no significant variation in
the slope of the Cepheid PL relation in either of the optical or
near-infrared bands. We point out a number of caveats and future
work that has to be done to put this conclusion on a firmer basis.

2. THE INFRARED SURFACE BRIGHTNESS TECHNIQUE

The central idea behind the surface brightness technique is to
calibrate the relation between the stellar surface brightness and
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an appropriate color index. Once such a calibration is at hand,
photometry yields the stellar angular diameter and, in the case
of'a Cepheid variable, the variation of its angular diameter through
its pulsation cycle. The angular diameter curve of a Cepheid mea-
sured this way can then be combined with its linear displacement
curve, which is obtained from an integration of the observed ra-
dial velocity curve of the variable star. A linear regression anal-
ysis of pairs of angular diameters and linear displacements of the
stellar surface observed at the same phases yields both the dis-
tance of the star and its mean radius.

The surface brightness technique was originally introduced
by Barnes & Evans (1976). FG97 provided a recalibration of the
technique providing two major improvements: first, they used
accurate interferometrically determined angular diameters of gi-
ants and supergiants bracketing the Cepheid color range that had
become available at the time, to improve the calibration of the
surface brightness—color relation; and second, in addition to the
visual (V' — R) color index used in previous work, they extended
the calibration to the near-infrared (V' — K') and (J — K) colors.
That such an extension of the technique to the near-infrared would
significantly reduce the random errors in the technique was al-
ready suggested by the previous work of Welch (1994). It was
borne out by the results for the distances and radii of a large sam-
ple of Galactic Cepheid variables measured with the V, ' — K
version of the ISB technique by Gieren et al. (1997, 1998) and
more recently by Fouqué et al. (2003) and Storm et al. (2004). In
these papers, it was demonstrated that the ISB technique seems
able to produce distances and radii of Cepheid variables accurate
to 5% if the data sets used in the analyses are of very high quality.
In particular, it was already shown by Barnes et al. (1977) that the
method is very insensitive to errors in the assumed reddenings
of the Cepheids. This is true for both the /' — R and the near-
infrared V' — K and J — K versions of the technique. In addition,
in their recent paper Storm et al. (2004) were able to demonstrate
that at the present level of accuracy, the technique is also insen-
sitive to both metallicity and gravity variations in the Cepheids.

One of the principal potential systematic uncertainties of
the ISB technique refers to the assumption that the pulsating
Cepheid variables follow the same surface brightness—color re-
lation as stable, nonpulsating giants and supergiants. The inter-
ferometric work on Cepheid variables that has been conducted
in recent years by different groups (e.g., Nordgren et al. 2002;
Kervella et al. 2004a) has impressively shown that this is indeed
the case, to a high degree of accuracy. Nordgren et al. (2002) re-
calibrated the V' — K surface brightness—color relation from the
interferometrically measured mean angular diameters of a num-
ber of nearby Cepheids and found agreement with the FG97 cal-
ibration at the 4% level. With improved data on nine Cepheids
and a total of 145 individual interferometric measurements for
them, the visual surface brightness versus (' — K) relation from
direct interferometric observations of Cepheids is even closer to
the FG97 relation, showing agreement at the 2% level (Kervella
et al. 2004b). Very recently, the pulsations of the nearby Cepheid
1 Car, which due to its proximity and large linear diameter has
the largest angular diameter (3 mas) of all Galactic Cepheids,
were resolved by the ESO VLTI with very high accuracy, and it
was demonstrated in that paper that for 1 Car the angular di-
ameters measured by interferometry agree at the 1% level with
those coming from the FG97 calibration of the ISB technique
(Kervella et al. 2004c¢). As a result of all these recent investi-
gations, it seems now clear that Cepheid angular diameters, as
well as their variations over the pulsation cycles, can be very ac-
curately predicted by the surface brightness—color calibration of
FG97.
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The other possibly serious source of systematic uncertainty
in the ISB technique (and in fact in any Baade-Wesselink—type
technique) refers to the projection or p-factor, which is used to
convert the radial velocities into pulsational velocities of the
stellar surface. Since the p-factor scales the radius variations, it
enters directly into the derived distance of a Cepheid: if p is, say,
overestimated by 5%, the resulting distance is 5% too large as
well. An accurate determination of the p-factor, as well as its
dependence on Cepheid luminosity and hence period, is there-
fore crucial for the method.

The p-factor not only is a geometrical projection factor but
also depends on the structure of the atmosphere and even on the
way radial velocities are measured. First computations of the
p-factor based on line profiles derived from model Cepheid at-
mospheres were performed by Parsons (1972). Depending on
the spectral resolution, he found values ranging between 1.30
and 1.34 as appropriate. Hindsley & Bell (1986) investigated
from a new set of models the value of the p-factor appropriate
if the radial velocities were measured with a Griffin-type photo-
electric radial velocity spectrometer like the CORAVEL instru-
ment (Baranne et al. 1979). From their results, they argued for a
slightly higher value, 1.36, for p than Parsons. Gieren et al. (1993)
noted that the models of Hindsley & Bell (1986) actually pre-
dicted a mild dependence of the p-factor on pulsation period and
determined

p=139-0.03logP

as a reasonable approximation to the results from these models.
In all subsequent work of our group, particularly in the work of
Gieren et al. (1998) and Storm et al. (2004), this slightly period-
dependent p-factor was used in the ISB analyses of Cepheid
variables.

In the most recent and probably so far most sophisticated
approach to the problem, Sabbey et al. (1995) found that the
p-factor may even be variable over the pulsation cycle for one
given Cepheid. This conclusion was derived from non-LTE mod-
els, whereas LTE models gave a constant p-factor for a given
Cepheid, which seems in better agreement with the fact that
for the best-observed Cepheids, the angular diameter and linear
displacement curves agree exceedingly well (e.g., Fig. 2 in Storm
et al. 2004), which should not be the case if the p-factor was
indeed significantly phase dependent. We also believe that this
excellent match between the shapes of angular diameter and
linear displacement curves for the best-observed Cepheids is a
strong indication that the ISB technique is not significantly af-
fected by problems with a changing distance between the atmo-
spheric layers in which the spectral lines and the continuum are
produced. We have, however, found that for a sizable subsample
of the Cepheids we have analyzed with the ISB technique there
is a discrepancy between the shapes of the angular diameter and
linear displacement curves in the phase range near minimum
radius, which could be caused by a significant variation of the
p-factor in this phase range. As discussed in Storm et al. (2004),
our standard procedure to cope with this fact is to exclude points
near minimum radius (in the phase range 0.8—1.0) in the ISB solu-
tions. The work of Sabbey et al. (1995) also suggested that the
way the radial velocity is determined, and therefore the instrument
and reduction procedure employed for the radial velocity deter-
mination, can have an effect on the final result for the p-factor
appropriate for the analysis of a particular set of radial velocity
observations. Storm et al. (2004) were able to perform a high-
precision test on this possibility by comparing very high qual-
ity data sets for the Cepheids U Sgr and X Cyg obtained with
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TABLE 1
ISB DistaNci aND Rapius Sorutions FOR LMC CEPHEIDS
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log P (m—M), T(m—M) Am (m — M)y vc R OR
Cepheid (days) (mag) (mag) (mag) (mag) (Re) Re) Ay
HV 12199 oo 0.421469 18.336 0.094 —0.058 18.394 25.0 1.1 0.025
HV 12203 .o 0.470427 18.481 0.092 —0.059 18.540 28.3 1.2 0.050
HV 12202 ..o 0.491519 18.289 0.072 —0.059 18.348 28.5 1.0 0.025
HV 12197. 0.497456 18.165 0.058 —0.058 18.223 25.9 0.7 —0.020
HV 12204 . 0.536402 18.202 0.044 —0.059 18.261 28.3 0.6 0.010
HV 12198. . 0.546887 18.314 0.028 —0.059 18.373 29.8 0.4 0.015
HV 12816 ...cvoeeeeiiiee 0.959466 18.328 0.087 —0.076 18.404 54.1 2.2 0.035
HV 12815 i 1.416910 18.296 0.028 —0.075 18.371 126.3 1.6 —0.025
HV 899 .o 1.492040 18.769 0.013 0.017 18.752 160.2 0.9 0.030
HV 879 oo 1.566170 18.532 0.040 0.044 18.488 163.3 3.0 0.025
HV 909 ..... 1.574990 18.397 0.029 0.048 18.349 155.1 2.1 —0.055
HV 2257 ... 1.595150 18.788 0.028 0.054 18.734 197.7 2.6 0.010
HV 2338 .o 1.625350 18.663 0.023 0.070 18.593 199.4 2.2 —0.005

TABLE 2

InpiviDuaL RapiaL VELociTy OBSERVATIONS OF HV 12816

the CORAVEL and CfA spectrometers, finding that there is no
measurable velocity difference between the two different high-
resolution cross-correlation based systems and that at a high
level of confidence the p-factor to be used for both sets of veloc-
ity data should be the same. Therefore, the combination of stars

HJID 2,400,000 Vr ove
in a sample whose radial velocity curves have all been measured
SL163.699..c.mr s 270.88 0.30 by cross-correlation with a high-resolution spectrometer, as is the
gi’igg‘gﬁ """""""""""""""""""""" ;Zéié ggg case for the LMC. Cepheids. §tudied in thig paper, shoulfi not
51:1 67:719 """""""""""""""""""" 279: 12 0:3 0 1ntr0dpce any mgmﬁcant additional systemgtlc upcertqmty in the
51.168.699.. 286.94 030 ISB distance solqtloqs. Howev.er, Fhe preceding (ﬁscusswn clearly
51169566 293.09 030 shows that there is still some significant uncertainty as to the cor-
51,170.586ccvveeeeeeeeeeeeeeeeeeee oo 294.08 0.30 rect value of the p-factor to be used in Baade-Wesselink—type
S1,171.590.ccccrieeieerieeeneiieneons 282.75 0.30 analyses of Cepheids, including its correct dependence on the
S1,172.703 oo 270.87 0.30 stellar luminosity and thus period. We come back to this problem
STITAS98 e 275.52 0.30 in § 4 in the light of our distance results for the LMC Cepheids
51,175.844 275.69 0.30 analyzed in this paper.
51,176.582.. 278.32 0.30
51,178.836.. 293.81 0.30
51.179.832.. 294.01 0.30 3. NEW DISTANCE SOLUTIONS FOR LMC CEPHEIDS
51,181.633 27119 0.30 In our ISB solutions for long-period LMC Cepheids reported
51,182.555 271.41 0.30 in this section, we have used exactly the same code and precepts
31,193.762 275.97 0.30 as employed by Storm et al. (2004) in their analysis of a sample
51,545.797 271.72 0.27 . . . . .
51.546.785.. 27147 0.13 of 34 Galactic Cephqlds an'd five SMC C@phelds and in their re-
51.547.746. 273.84 0.09 cent work on Cepheid varlablqs in the rich LMC cluster NGC
51,548.773.. 277.06 0.17 1866 (Storm et al. 2005). In particular, we have allowed for small
51,548.781 276.33 0.14
51,549.770 276.36 0.07
51,550703 282.53 0.08 300 4} T T T T ‘ T T T T T T T T T T T T —]
51,551.770 290.72 0.08 i 1
51,552.754.. 294.74 0.17 —_— . S
51,564.738.. 270.77 0.14 r . .
51,565.602.. 27242 0.10 290 . o]
51,566.703 276.93 0.09 L N N _
51,567.672 275.20 0.08 . - . E
51,568.594 280.05 0.08 = r . ) . ) 7
51,560.641 287.95 0.08 ) : g 7
51,570.707.. 294.64 0.14 - . KN o . KN o —
51,571.664.. 293.19 0.21 r . . m
51,854.660.. 284.18 0.38 70 s and h
51,909.762 276.43 0.41 L a
52,264.832movvvooeeeeeeeeeseeeeeeeeeeeee 279.61 0.27 I
52,270. 7461 286.08 0.24 0 5 1 15 2
52,595.801 276.83 0.12
52,601.699.. 282.88 0.34 phase
52,601.758.. 281.23 0.30
52,603.758 271.32 0.22 Fic. 1.—Radial velocity curve for the LMC Cepheid HV 12816 from our

new measurements in Table 2.
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Fic. 2.—Infrared surface brightness distance solution for the LMC Cepheid
HV 2257. The symbols represent the photometrically determined angular diam-
eters, and the line in () shows the bisector fit to the filled symbols. The line in
(b) delineates the angular diameter curve obtained from integrating the radial
velocity curve of the star at the derived distance. Crosses in the 0.8—1.0 phase
interval were eliminated from the fit.

phase shifts to optimize the agreement between the observed an-
gular diameter and linear displacement curves of the Cepheids.
In all of our solutions, and in a consistent way with the Galactic
Cepheid analyses, we have only used data in the 0.0—0.8 phase
ranges, omitting the data near minimum radius for which there is
evidence that they could be affected by systematic problems that
are not present in the 0.0-0.8 phase interval. We also remark
here that a recent determination of the distances to the 34 Galac-
tic Cepheids analyzed by Storm et al. (2004) with the Bayesian
statistical analysis code of Barnes et al. (2003) (as opposed to the
maximum likelihood technique used in our analysis) has provided
agreement of the two sets of distances to better than 1% (Barnes
et al. 2005), which is a strong confirmation of the statistical val-
idity of our code used for the surface brightness distance and ra-
dius determinations.

Table 1 lists the 13 LMC Cepheids for which data sets exist to
carry out an ISB solution on them. The six short-period stars are
members in the rich cluster NGC 1866 and have already been
analyzed in Storm et al. (2005). All Cepheids lie in the period
range of 3—50 days for which the ISB method has been cali-
brated in our previous work. Newly determined periods for the
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Fic. 3.—Absolute V-band magnitudes derived from the ISB distances of 38
Milky Way, 13 LMC, and 5 SMC Cepheids. The canonical p-factor relation was
used for the calculation of the ISB distances of all stars. The solid line is the best
fit to the Galactic data. The dashed line is the V-band PL relation in the LMC
from the OGLE-II project, for an assumed LMC distance modulus of 18.50. The
ISB-based PL relation defined by the LMC Cepheids agrees exceedingly well
with the Milky Way ISB-based relation; both are significantly steeper than the
observed OGLE-II relation.

stars were derived by minimizing the scatter in their light curves.
The reddenings for the long-period stars were adopted from
Persson et al. (2004). The optical light-curve data for the long-
period variables were taken from Moffett et al. (1998) and sup-
plemented with data from Caldwell & Coulson (1986) for HV
12815, Martin & Warren (1979) for HV 879, and Madore (1975)
for HV 2257. Their infrared light curves in J and K were taken
from Persson et al. (2004) and supplemented with data from
Laney & Stobie (1986) for HV 879. Radial velocity curves for
the long-period Cepheids in our sample have been measured
with the CORAVEL instrument by Imbert (1987) for HV 879,
HV 899, HV 909, HV 2257, and HV 2338. For HV 12815, we
have adopted the radial velocity curve obtained by Caldwell &
Coulson (1986). For HV 12816, we present in Table 2 a new and
accurate series of radial velocity measurements obtained with
the FEROS and CORALIE high-resolution spectrographs at
La Silla (F. Kienzle et al. 2005, in preparation). The resulting
radial velocity curve of HV 12816 is shown in Figure 1. This
9.1 day Cepheid is important in our current analysis since it fills

TABLE 3
ABSOLUTE MAGNITUDES OF LMC CEPHEIDS

log P (My) (M) (M) (M) (M) EB-T) [Fe/H]

Cepheid (days) (mag) (mag) (mag) (mag) (mag) (mag) (dex)

HV 12199 o 0.421469 —2.269 —2.870 —3.075 —3.672 —3.777 0.060 —0.50

HV 12203 .... 0.470427 —2.552 —3.153 —3.562 —3.930 —4.060 0.060 —0.50

HV 12202 0.491519 —2.425 —3.050 —3.553 —3.922 —3.992 0.060 —0.50

HV 12197 0.497456 —2.273 —-2.918 —3.338 —3.728 —3.891 0.060 —0.50

HV 12204 .... 0.536402 —2.702 —3.239 —3.626 —3.981 —4.050 0.060 —0.50

HV 12198 .... 0.546887 —2.565 —3.202 —3.675 —4.030 —4.165 0.060 —0.50
HV 12816 .... 0.959466 —4.044 —4.630 —5.028 —5.366 —5.514 0.070
1.416910 —5.044 —5.899 —6.500 —6.988 —7.190 0.070

1.492040 —5.734 —6.543 —7.097 —7.541 —7.763 0.110 .

1.566170 —5.365 —6.320 —6.989 —7.521 —7.763 0.060 —0.55

1.574990 —5.835 —6.597 —7.107 —7.524 —7.747 0.058 —0.27

1.595150 —5.961 —6.860 —7.475 —7.959 —8.216 0.060 —0.36

1.625350 —6.040 —6.922 —7.514 —7.981 —8.254 0.040 —0.37
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Fic. 4—Same as Fig. 3, but for the absolute magnitudes in the 7 band.

the gap between the short-period NGC 1866 Cepheids, whose pe-
riods cluster around 3 days, and the longer period stars of our cur-
rent LMC Cepheid sample with periods between 26 and 42 days.
All photometric data sets available for our LMC Cepheid sample
are of excellent quality, comparable to the typical quality of the
data sets for the Galactic stars analyzed in Storm et al. (2004).
The radial velocity curves are of excellent quality too except the
data set for HV 12815, which is somewhat noisier than the data
for the other Cepheids.

In Table 1, we present the distance and radius results from
our ISB solutions on the 13 LMC Cepheids together with their
respective uncertainties. Table 1 also lists the phase shifts be-
tween angular diameter and linear displacement curves that were
adopted for the various Cepheids (last column). While a part of
these observed shifts may be due to intrinsic (unknown) causes,
another part is likely due to the fact that the radial velocity and
photometric data sets for the Cepheids were not obtained con-
temporaneously, which can introduce some additional small
misalignments between the angular diameter and linear displace-
ment curves due to imperfectly known pulsation periods (Gieren
et al. 1997). For all variables, the shifts are satisfactorily small,
indicating that the periods are quite well determined in all cases.
If we adopted zero phase shifts for all stars, we would slightly
increase the random uncertainties on the individual distances
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Fic. 5.—Same as Fig. 3, but for the absolute reddening-free W-band magnitudes.
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Fic. 6.—Same as Fig. 3, but for the absolute magnitudes in the J band. The
dashed line is the J-band PL relation in the LMC measured by Persson et al.
(2004), for an assumed LMC distance modulus of 18.50.

and radii, but the conclusions of this paper would not be changed.
Our discussion in this paper is concerned with the distance re-
sults; the radii of the variables will be discussed in a forthcoming
paper.

In Figure 2 we show, as a typical example, the ISB solution
on the Cepheid HV 2257 in order to demonstrate that the quality
of the LMC Cepheid ISB solutions is as good as the average
quality of our Galactic Cepheid distance solutions reported in
Storm et al. (2004). In Table 3 we present the absolute magni-
tudes of the LMC Cepheids in the VIJK photometric bands that
were calculated from the distances of Table 1 and from the inten-
sity mean apparent magnitudes for the Cepheids in these bands
that were determined from the data sets listed above. Table 3 also
displays the reddening-free (V' — I') absolute Wesenheit magni-
tudes of the Cepheids [with the Wesenheit magnitudes being
definedas W =V — 2.51((V') — (I))] and the adopted color ex-
cesses from which the absorption corrections were calculated,
using the mean ratios of total to selective absorption as given in
Fouqué et al. (2003). In the last column, the spectroscopic metal-
licities of the Cepheids are given as determined in the high-
resolution studies of Luck et al. (1998) for the Cepheids HV 879,
HV 909, HV 2257, and HV 2338 and by Hill et al. (2000) for
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Fic. 7.—Same as Fig. 6, but for the absolute magnitudes in the K band.
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TABLE 4
SLoPES OF THE PERIOD-LUMINOSITY RELATION FROM THE ISB TECHNIQUE AsSUMING THE CANONICAL p-FAcTOR Law

LMC
Band LMC o Milky Way o (OGLE-II/Persson) o
—3.048 0.093 —3.082 0.133 —2.775 0.031
—3.289 0.079 -3.312 0.109 -2.977 0.021
—3.650 0.074 —3.660 0.100 —3.300 0.011
—3.476 0.078 -3.510 0.095 —3.153 0.051
—3.540 0.072 —3.639 0.097 —3.261 0.042

three red giants in NGC 1866 (we assume that the metallicity of
the red giants in NGC 1866 is representative for its Cepheids).

4. THE LMC CEPHEID PERIOD-LUMINOSITY
RELATION FROM THE ISB TECHNIQUE

In Figures 3—7 we show the LMC Cepheid PL relations in
the different photometric bands as defined from our data. Over-
plotted are the absolute magnitudes of 34 Galactic Cepheids de-
termined from the ISB technique in Storm et al. (2004) and those
of an additional two Galactic Cepheids analyzed in this paper.
We also show the data for the five SMC Cepheids that were an-
alyzed in Storm et al. (2004) to determine the effect of metal-
licity on the zero point of the PL relation. Since the five SMC
Cepheids span a very narrow range in period, however, they are
not useful for constraining the slope of the PL relation in the
SMC. Figures 3—7 demonstrate that in @/l bands, the absolute
magnitudes of the 13 LMC Cepheids we have studied fit the
corresponding Galactic PL relation exceedingly well and are in
significant disagreement with the PL relations in the LMC as
observed by the OGLE-II project in VIW and by Persson et al.
(2004) in JK. The fits to the Cepheid absolute magnitudes in both
the LMC and Milky Way bear this out. The slopes of the cor-
responding PL relations in the Milky Way and the LMC, as given
in Table 4, are nearly identical and agree to a small fraction of
their respective uncertainties, whereas the ISB-determined PL
slopes in the LMC disagree by 4—5 o with the slopes observed in
VIWJK by OGLE-II and Persson et al. (2004), which is clearly
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Fic. 8.—Same as Fig. 7. The triangles are the absolute magnitudes of seven
Milky Way Cepheids whose angular diameter curves have been measured with
the ESO VLTI by Kervella et al. (2004b). Within the error bars, there is very
good agreement with the absolute magnitudes of the Milky Way Cepheids whose
angular diameters have been determined with our adopted calibration of the sur-
face brightness—color relation.

significant. It should be stressed that the slopes of the LMC PL
relations are rather precisely determined from the ISB distances
of the present 13 LMC Cepheids, in spite of the relatively small
number of stars available for our analysis, because the period
distribution of the stars is favorable for this purpose and the ran-
dom uncertainties on the absolute magnitudes are small, par-
ticularly for the longest period LMC Cepheids.

In Figure 8 we show the K-band absolute magnitudes of the
Galactic, LMC, and SMC Cepheids together with the absolute
magnitudes of seven Galactic Cepheids whose angular diam-
eter curves were measured at the ESO VLTI by Kervella et al.
(2004Db). Although some of these absolute magnitudes based on
interferometry have rather large uncertainties, the data fit very
nicely on the Galactic PL relation from the ISB technique and
demonstrate the excellent agreement of the interferometrically
determined angular diameters with those from our adopted sur-
face brightness—color relation.

The conclusion from the existing data is then that the LMC
Cepheid PL relation, as determined from the ISB technique, turns
out to be identical to the corresponding Galactic relation, within
a reasonably small uncertainty, and is significantly at odds with
the directly observed and extremely well established PL relations
in the LMC from the OGLE-II project in the optical bands and
from the work of Persson et al. (2004) in the near-infrared J and
K bands.

A hint to the solution of this problem comes from a com-
parison of the true distance moduli of the 13 LMC Cepheids in
Table 1, which show an unexpected large and systematic devia-
tion in the sense that the long-period Cepheids are found on
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Fic. 9.—ISB-determined true distance moduli for LMC Cepheids, calculated
with the canonical p-factor law, plotted against their period. The distance moduli
have been corrected for the tilt of the LMC plane with respect to the line of sight
with the model of van der Marel & Cioni (2001). There is a significant trend of
the distance moduli with period.
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TABLE 5
Garactic CLusTER CEPHEID ZAMS FiTTING AND ISB DistaNcE MobuLl, FOR CANONICAL AND REVISED p-FacTor Laws

Cepheid log P (m — M)y zams g A(m = M), g1 g A(m = M)y pew g
0.730685 11.21 0.04 —0.21 0.05 —0.05 0.05
0.739882 9.17 0.04 0.01 0.07 0.16 0.07
0.771201 12.59 0.14 —0.17 0.15 —0.02 0.15
0.828997 9.05 0.10 —0.21 0.10 —-0.07 0.10
0.989194 9.84 0.04 0.07 0.05 0.18 0.05
1.052579 11.19 0.11 —0.04 0.21 0.06 0.21
1.214482 10.30 0.05 0.12 0.05 0.19 0.05
1.276818 11.62 0.09 —0.12 0.09 —0.06 0.09
1.309564 11.23 0.30 —0.21 0.30 —0.16 0.30
1.339443 11.27 0.04 0.02 0.06 0.06 0.06
1.370016 12.06 0.05 —0.07 0.06 —0.02 0.06
1.431915 11.10 0.14 —-0.29 0.15 —-0.26 0.15

average more distant than the short-period ones. Since all the
stars are relatively far away from the LMC bar, corrections of
their distance moduli for the tilt of the LMC plane with respect
to the line of sight are clearly important. We calculated these cor-
rections from the geometrical model of the LMC of van der Marel
& Cioni (2001); the values for the individual LMC Cepheids
are given in the fifth column of Table 1. While the tilt correc-
tions do alleviate the discrepancy between the distance moduli
of the short- and long-period Cepheids, a significant slope on the
distance moduli versus period plot remains. This is shown in
Figure 9. The observed period dependence of the tilt-corrected
LMC Cepheid distance moduli is clearly unphysical. While there
is some scatter of the moduli to be expected for different reasons
(see next section), there should clearly not exist a significant sys-
tematic trend with period. Figure 9 then suggests that there is a
systematic problem with the ISB technique that introduces this
observed period dependence. From all the sources of systematic
and random uncertainty on the ISB distances that were discussed
in detail in Gieren et al. (1997), there are only two sources of sys-
tematic error that can introduce such a period-dependent sys-
tematic effect on the distances calculated with the technique. These
are (1) a wrong surface brightness—color relation and (2) a wrong
conversion of radial velocity measurements to photospheric pul-
sational velocities.

In the discussion in the previous section, arguments were al-
ready given that the surface brightness—color relation in V' — K
is now very accurately determined. The recent interferometric
work on Cepheids has confirmed the FG97 relation at the 2%
level. To see the effect of this small difference in the adopted
surface brightness—color relation, we recalculated the distances
of'the 13 LMC Cepheids with the Kervella et al. (2004b) relation

F,=—0.1336 £+ 0.0008(V — K), + 3.9530 £ 0.0006,

replacing the FG97 relation [F, = —0.131(V — K), + 3.947].
The result is that the LMC PL relation becomes very slightly
steeper by this modification, increasing the discrepancy to the
observed OGLE-II/Persson PL relations in the LMC even more
and increasing the period dependence in the distance moduli
seen in Figure 9. Adoption of the Kervella et al. (2004b) surface
brightness—color relation therefore does not alleviate the pe-
riod dependence in Figure 9 but rather works in the opposite
direction. We therefore conclude that a wrong calibration of the
Cepheid surface brightness—color relation can be excluded as
the cause for the observed period dependence of the LMC dis-
tance moduli, at a very high level of confidence. We are then left

with the p-factor. We therefore investigate a recalibration of the
relation between p-factor and period sufficient to reconcile the
short- and long-period Cepheid distances. We do this by (1) de-
manding that the period dependence of the distance moduli in
Figure 9 disappears and (2) demanding that the mean difference
between the observed ISB distances and ZAMS fitting distances
to Galactic cluster Cepheids becomes zero, at the same time. The
use of Galactic cluster Cepheids seems to be the most reason-
able approach to fix the zero point of the p-factor law in a solid
empirical way. To this end, we first have to select a sample of
Galactic cluster Cepheids with both types of distance determi-
nation. After inspecting our Galactic Cepheid database in Storm
etal. (2004), we found 12 cluster Cepheids having ISB distances,
a high probability for cluster membership (e.g., Gieren & Fouqué
1993; Feast 1999; Turner & Burke 2002), and reasonably well
determined ZAMS fitting distances. The ZAMS fitting distances
to these 12 stars are given in Table 5 and were adopted from
Sandage et al. (2004, hereafter STR04). They are based on a
Pleiades distance modulus of 5.61, which is in excellent agree-
ment with the recent results of Soderblom et al. (2005) based on
HST astrometry of three Pleiades member stars (5.63 £ 0.02)
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Fic. 10.—ISB and ZAMS fitting distance modulus difference, in the sense
ISB — ZAMS, for the 12 open cluster Cepheids in Table 5, plotted against their
period. Open circles: ISB distances have been calculated with the canonical
p-factor law. Filled circles: ISB distances have been calculated with the revised
p-factor law of this paper. Error bars have been plotted for the filled circles only
and are the same for the open circles. Using the canonical p-factor law, the mean
difference ISB — ZAMS is —0.09 mag. Using the revised p-factor law, the mean
difference is zero.
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TABLE 6
ISB LMC CEepHEID DisTANCE MobuULI ASSUMING THE REVISED p-FacTor Law

Cepheid log P (m — M), o(m — M) Am (m — M) e
HV 12199 oo 0.421469 18.545 0.094 —0.058 18.603
HV 12203 0.470427 18.683 0.092 ~0.059 18.742
HV 12202 oo 0.491519 18.486 0.072 —0.059 18.545
HV 12197 oo 0.497456 18.362 0.058 ~0.058 18.420
HV 12204 0.536402 18.392 0.044 ~0.059 18.451
HV 12198 0.546887 18.502 0.028 ~0.059 18.561
HV 12816 0.959466 18.444 0.087 —0.076 18.520
HV 12815 1.416910 18.328 0.028 ~0.075 18.403
HV 899 ...... 1.492040 18.786 0.013 0.017 18.769
HV 879 ...... 1.566170 18.535 0.040 0.044 18.491
HV 909 ...... 1.574990 18.398 0.029 0.048 18.350
HV 2257 oo 1.595150 18.786 0.028 0.054 18.732
SNV KT S 1.625350 18.654 0.023 0.070 18.584

and of Percival et al. (2005) based on main-sequence fitting in
the near-infrared (5.63 + 0.05) and also consistent with the re-
sult of Southworth et al. (2005) from an analysis of the eclipsing
binary HD 23642 in the Pleiades (5.72 £ 0.05). Since the STR04
paper does not state the uncertainties of the Cepheid ZAMS fit-
ting distances, we adopted them from Turner & Burke (2002). The
fifth column of Table 5 gives the differences of the ISB and ZAMS
fitting moduli, in the sense ISB — ZAMS, while the sixth column
gives the uncertainties of these differences, derived from a qua-
dratic addition of the ISB and ZAMS fitting error bars. The mean
difference between the ISB and ZAMS moduli is —0.09 mag.
This is demonstrated in Figure 10, where we plot the distance
modulus differences against the period of the Cepheids. The error
bars in this diagram are dominated by the uncertainties of the
ZAMS fitting distances.

While the period dependence of the p-factor law is basically
determined by the observed trend in Figure 9 and its zero point
by the mean deviation of the cluster Cepheid ZAMS fitting dis-
tances from their ISB distances, the determination of both con-
stants in the p-factor law is not orthogonal. After several iterations,
we determined as our best revised p-factor law from our adopted
approach the following relation:

p = 1.58(£0.02) — 0.15(£0.05) log P,

where the uncertainties of the coefficients were derived from
the observed scatter in Figures 9 and 10. Recalculating the ISB
distances of the cluster Cepheids in Table 5 with this revised
p-factor law, the average difference of (ISB — ZAMS) moduli
now becomes zero (seventh column of Table 5); this is demon-
strated in Figure 10 ( filled circles). It is also evident from this
figure that the modification of the p-factor law has not intro-
duced any significant trend of the (ISB — ZAMS) modulus dif-
ferences with period, which would hint at a problem with the
newly determined period dependence in this relation. In Table 6
we present the revised distance moduli for the 13 LMC Cepheids
calculated with the new p-factor law. Correcting them for the
tilt of the LMC bar, we obtain the values in the last column of
this table. Plotting the distance moduli against the pulsation
period in Figure 11 demonstrates that the adoption of the re-
vised p-factor law in the calculation of the ISB distances has
effectively removed any dependence of the LMC Cepheid tilt-
corrected true distance moduli on period, confirming that the
revised p-factor law both eliminates the period dependence of
the ISB-calculated LMC Cepheid distance moduli and at the

same time produces full consistency between the set of ISB and
ZAMS fitting distances to the Galactic cluster Cepheids, with-
out introducing any significant trend of the distance differences
in Figure 10 with period.

What is the effect of this recalibration of the p-factor law on
the PL relations obtained from the ISB technique in both the
LMC and the Milky Way? To this end, we recalculated the ISB
distances of all Milky Way and LMC Cepheids with the new
p-factor law, keeping everything else as in the original distance
calculations that produced the PL relations in Figures 3—7. The
revised ISB distances of the Galactic Cepheids and the result-
ing absolute magnitudes in the different photometric bands are
given in Table 7, which also gives the revised radii of the stars
that will be discussed elsewhere. In Table 7 we have added four
Cepheids to the list of Storm et al. (2004); the data sources we
have adopted for these additional objects are given in Table 8.
The modified PL relations now all turn out to be shallower.
While the Milky Way and LMC Cepheid PL relations from the
ISB technique remain nearly identical to each other in all bands,
they are now much closer to the observed OGLE-II/Persson LMC
relations. The slopes of the PL relations in the LMC and Milky
Way obtained with the revised p-factor law are given in Table 9,
and in Figures 12 and 13 we show the modified PL relations in
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Fic. 11.—True distance moduli of the LMC Cepheids from their ISB dis-
tances, now calculated with the revised p-factor law derived in this paper. There
is no trend with period anymore. The LMC barycenter distance from these data
is 18.56 £ 0.04 mag.



TABLE 7
REviseDp GaLactic CePHEID ISB DisTANCES, RADII, AND ABSOLUTE MAGNITUDES ASSUMING THE REVISED p-FacTor Law

Cepheid log P (m — M), m11) R ox My M, M, M, My My My EB-7) Ag
0.289884 8.399 0.070 327 1.0 ~2.960 —3.375 ~3.876 —4.160 —4.347 —4372 —4.632 0.287 0.000
0.490098 11.448 0.105 374 1.8 —3.078 —3.543 —4.177 —4.429 —4.617 —4.640 —5.133 0.679 0.045
0.609329 9.448 0.034 347 0.5 2312 —2.928 ~3.576 —4.021 —4.290 —4359 —4.554 0.247 0.035
0.666501 9.970 0.060 36.3 1.0 —2216 ~2.860 —3.537 —4.055 —4347 —4.428 —4559 0.281 0.000
0.729678 7.242 0.044 45.1 0.9 —3.027 —3.588 —4217 —4.628 —4.909 —4.965 —5.166 0.092 0.000
0.730685 11.159 0.034 43.7 0.7 —2.627 ~3.207 ~3.965 —4434 4718 —4819 ~5.110 0.714 0.015
0.739882 9.330 0.063 45.1 13 —2.869 —3.450 4112 —4.569 —4.849 —4.925 —5.111 0.289 0.000
0.771201 12.567 0.064 413 12 —3.161 —3.661 —4.185 —4539 —4.766 —4.827 4977 0.847 0.000
0.821971 9.660 0.028 532 0.7 —2.958 —3.659 —4.403 —4.865 ~5.170 —5.243 —5.527 0.284 —0.035
0.828997 8.977 0.021 50.8 0.5 —-2.925 —3.617 —4353 —4.808 —5.090 —5.163 —5.463 0.403 0.000
0.855930 7.125 0.045 515 1.1 —3.081 —3.716 —4.406 —4.852 —5.147 ~5.208 —5.448 0.149 0.000
0.923352 9.334 0.035 62.5 1.0 —3.456 —4.136 —4812 —5.276 —5.566 —5.628 —5.834 0.127 0.000
0.989194 10.020 0.032 744 1.1 —3.457 —4213 —4.968 —5.523 —5.846 ~5.930 —6.108 0.189 0.000
1.036854 11.549 0.043 74.8 15 3773 —4.468 —5.205 —5.625 ~-5.939 —6.002 —-6.319 0.404 0.000
1.039548 11216 0.022 72.7 0.8 —3532 —4256 —4.999 —5517 —5.821 —5.904 —6.121 0.260 —0.040
1.052579 11.246 0.185 70.3 6.0 —3.085 3914 —4779 —-5.326 —5.678 —5.770 —6.085 0.315 0.000
1.065819 12.687 0.084 774 3.0 ~3.526 —4256 ~5.022 —5.592 ~5.910 —6.002 —6.178 0.413 —0.005
1.101875 10.806 0.060 79.5 22 —3.804 —4.506 5232 —5735 —-6.018 —6.108 —6.329 0.892 0.000
1.135867 13.035 0.050 86.6 2.0 —3.848 —4.597 —5.353 —5.864 —6.184 —6.266 —6.495 0.438 0.000
1.150646 13.636 0.056 93.6 24 —4.008 —4767 —5515 —6.035 —6.363 —6.439 —6.643 0.478 0.000
1.177138 12.881 0.039 89.8 1.6 —3.224 —4.114 ~5.005 —5.707 —6.099 —6213 —6.351 0.448 0.000
1.214482 10.489 0.018 109.0 0.9 —4.192 —5.060 —5.837 —6.342 —6.684 —6.760 ~7.010 0.288 0.000
1.233609 8.934 0.029 923 1.2 —4215 —4.925 ~5.718 —6.132 —6.394 —6.458 —-6.916 0.655 0.000
1.276818 11.556 0.022 115.8 12 —3.986 —4.903 —5.759 —6.381 —6.736 —6.840 ~7.053 0.243 ~0.020
1.307927 10.567 0.034 1024 1.6 —4.447 —5.113 —5.859 —6.322 —6.593 —6.676 —6.985 0.777 0.000
1.309564 11.073 0.029 117.6 1.6 —4301 —5.093 —5.877 —6.460 —6.787 —6.878 —7.060 0.335 0.000
1.339443 11334 0.047 1244 27 -3.921 —4.848 —5.768 —6.428 —6.812 —6.928 —7.157 0.467 0.000
1361977 12.961 0.066 1143 35 —4.184 —4.960 —5.760 —6.365 —6.704 —6.787 —6.967 0.384 0.000
1.364945 13.122 0.056 98.8 2.6 —4362 —5.050 —5.762 —6.231 —6.533 —6.594 —6.836 0.471 0.000
1.370016 12.036 0.025 119.5 1.4 —4252 —5.060 —5.885 —6.485 —6.827 —6.931 ~7.132 0.349 —0.020
1.431915 10.844 0.055 151.6 3.9 —4.432 —5.401 6276 —6.921 —~7.303 —7.404 ~7.598 0.209 0.000
1.449158 12.045 0.032 1415 2.1 —4719 —5.527 —6.328 —6.911 ~7.209 —7.303 —7.538 0.562 —0.005
1.478624 12.542 0.045 149.2 3.1 —4.669 —5.533 —6.427 —6.969 —7.321 —7.423 -7.778 0.512 —0.055
1.531857 13.134 0.045 186.7 3.9 —5.652 —6.338 —6.985 ~7516 —7.846 —7.946 ~7.962 0.926 0.005
1.550816 8.749 0.022 179.5 1.8 —4.471 —5.581 ~6.530 —7214 —7.631 ~7.721 ~7.963 0.170 —0.040
1.588970 10.909 0.025 157.5 1.9 —4.658 —5.551 —6.416 —7.038 —7.387 —7.488 —7.722 0.283 —0.050
1.617420 11.556 0.064 207.5 6.1 —5.041 —6.009 ~6.956 ~7.594 ~7.962 —8.078 —8.386 0.446 0.000

1.653162 12.088 0.037 222.6 3.8 —5.862 —6.738 —7.553 —7.987 —8.300 —8.359 —8.783 0.570 —0.045
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TABLE 8
REFERENCES TO THE PAPERS CONTAINING THE OBSERVATIONAL DATA FOR
THE FOUR STARS THAT HAVE BEEN ADDED TO THE SAMPLE OF STORM
ET AL. (2004) anp THE NEW RaADIAL VELOCITY DATA FOR 1 CAR

Star Optical Photometry  Infrared Photometry ~ Radial Velocity
CS Vel....... 1 2,3, 4 5,6
S Sge......... 7,8,9 4,8 10
Z Lac......... 7,8 8 11, 12
Y Oph....... 7,13, 14 2,4 10
ICar........ 15

Rererences.— (1) Berdnikov & Turner 1995; (2) Laney & Stobie 1992;
(3) Schechter et al. 1992; (4) Welch et al. 1984; (5) Bersier et al. 1994;
(6) Metzger et al. 1992; (7) Moffet & Barnes 1984; (8) Barnes et al. 1997; (9) Kiss
1998; (10) Gorynya et al. 1998; (11) Sugars & Evans 1996; (12) Imbert 1996;
(13) Pel 1976; (14) Coulson & Caldwell 1985; (15) Taylor et al. 1997.

the K and W bands, respectively, where any remaining effect of
reddening on the absolute magnitudes is basically negligible. It
is seen that the change of the p-factor law not only has reconciled
the distance moduli of the short- and long-period LMC Cepheids
but has at the same time brought about very good agreement of
the ISB PL relation (in all bands) in the LMC with the observed
OGLE-II/Persson relations (at the combined 1 o levels). It is also
seen that the Milky Way PL relation slopes are now in very good
agreement, again at the combined 1 o level, with the slopes of the
PL relations in the LMC, in all bands. As the principal result of
this discussion, we then find that, from the requirement that the
distance moduli of the LMC Cepheids cannot depend in a sys-
tematic way on their periods, we obtain, as a direct consequence,
PL relations for both the LMC and the Milky Way whose slopes
agree very well with those of the directly observed and extremely
well established PL relations in the LMC.

5. DISCUSSION

The conclusions in the previous section were based on the
observed period dependence of the tilt-corrected distance mod-
uli of the LMC Cepheids, as shown in Figure 9. Beyond the sig-
nificant systematic trend of the distance moduli with period,
there is some appreciable scatter of the data in this diagram and
in the corrected diagram in Figure 12. Since the ISB distance
moduli are very insensitive to reddening and to metallicity dif-
ferences among the Cepheids (Welch 1994; Gieren et al. 1998;
Storm et al. 2004), slight errors in the reddenings we used, or
the modest differences between the individual metallicities of
the Cepheids (see data in Table 3), are not expected to produce
any significant dispersion in Figures 9 and 11. One of the factors
that can introduce some significant random scatter in the ISB
distance moduli is the size of the amplitudes of the respective
V' — K color curves of the Cepheids (Gieren et al. 1997). The
random spread among the distance moduli of the short-period
Cepheids in our sample, which are all members of the same
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FiG. 12.—Absolute magnitudes in the K band from the ISB distances of Milky
Way, LMC, and SMC Cepheids, all calculated with the revised p-factor law of
this paper. The solid line is the best fit to the Milky Way Cepheid data. The dashed
line is the Persson et al. (2004) K-band PL relation for the LMC, for an assumed
LMC distance modulus of 18.50. The slopes of the PL relations for both the LMC
and Milky Way derived from the ISB technique agree now very well with the
slope of the observed K-band relation in the LMC. The slight mean offset of
the five SMC Cepheids from the Galactic relation has been used by Storm et al.
(2004) to constrain the metallicity effect on the zero point of the PL relation.

cluster and therefore all at the same distance, is probably mainly
a consequence of their relatively small color amplitudes. It is
more difficult to understand the observed spread among the dis-
tance moduli of the long-period stars in our sample. The V' — K
amplitude-related random errors are expected to be quite small
for these stars (with the exception of HV 12816, which has a low
color amplitude, too), as indicated by the error bars in Figures 9
and 11. A depth effect, in the sense that some of these Cepheids
might be significantly closer or more distant than the LMC plane,
could contribute to the observed scatter, but this seems unlikely
given the young age of these stars, which clearly favors their lo-
cation in or very close to the LMC disk. An effect that will con-
tribute to some degree to the random scatter among the distance
moduli of all Cepheids, independent of their periods, is the val-
ues of the adopted phase shifts between the angular and linear
displacement curves in the ISB solutions. In our previous pa-
pers we have shown that the change of the distance modulus of a
given Cepheid for any reasonable variation of its appropriate
phase shift is quite small, if the data sets are of high quality, as is
the case for all of our current stars. For none of the Cepheids in
this study would a maximum change of its adopted phase shift
still compatible with the data alter its distance modulus by more
than ~0.06 mag. It therefore seems difficult to understand the
observed random spread among the long-period Cepheid moduli
without invoking a depth effect to some degree, or some addi-
tional source of random uncertainty we have not identified so far.

TABLE 9
SLoPEs OF THE PERIOD-LUMINOSITY RELATION FROM THE ISB TECHNIQUE ASSUMING THE REVISED p-FAcTOrR Law

LMC
Band LMC o Milky Way o (OGLE-II/Persson) o
—2.867 0.093 —2.898 0.133 —2.775 0.031
—3.108 0.079 —3.129 0.109 —2.977 0.021
—3.469 0.074 —3.477 0.100 —3.300 0.011
—3.295 0.078 —3.328 0.095 —3.153 0.051
—3.359 0.072 —3.456 0.097 —3.261 0.042
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Fic. 13.—Absolute Wesenheit magnitudes, calculated with the revised
p-factor law. The solid line is the best fit to the Milky Way Cepheid data. The
dashed line is the OGLE-II relation observed for the LMC, for an assumed LMC
distance modulus of 18.50. The slopes of the #-band PL relations for both the
LMC and Milky Way from the ISB technique agree now very well with the
observed WW-band relation in the LMC.

A possible weakness in our current interpretation of the LMC
ISB distance data is the fact that all the short-period stars are
situated in the cluster NGC 1866. It is not a priori excluded that
NGC 1866 may lie closer to us than the LMC main body and
that therefore the smaller distance moduli of the NGC 1866
Cepheids in Figure 9 are true and not caused by a wrong p-factor
applied to these stars. Indeed, Walker et al. (2001) found from
ZAMS fitting to the cluster color-magnitude diagram obtained
from HST data a true distance modulus of 18.35 4+ 0.05 mag
and a reddening of 0.06 mag, consistent with the canonical
reddening value for the cluster used in all previous work (see
Storm et al. 2005). This value is in conflict, however, with the
distance derived from red clump stars in a field around the
cluster, which is 18.53 4 0.07 mag (Salaris et al. 2003). More
recently, Groenewegen & Salaris (2003) used the Cepheid pop-
ulation of NGC 1866, including the six Cepheids used in our
present paper, to demonstrate that the reddening-free Wesenheit
magnitudes of the NGC 1866 Cepheids are consistent with a
distance difference of 0.04 + 0.03 mag between the cluster and
the LMC disk, in the sense that the cluster is more distant than
the LMC main body by this amount. The smallness of this
difference supports the idea that NGC 1866 is very close to, or
located in, the LMC main body, in agreement with the result
coming from the surrounding red clump star population. The rel-
atively young age of NGC 1866 of log ¢ ~ 8.0 yr from the the-
oretical pulsational period—age relation applied to its Cepheids
(Bono et al. 2005), consistent with its evolutionary age, would
also make us expect that the cluster is located in the LMC main
body where most of the recent star formation in the LMC has
taken place. In their study, Groenewegen & Salaris (2003) also
found evidence that the reddening of NGC 1866 is actually
somewhat higher [E(B — V') = 0.12 mag] than the canonical
value and show that the ZAMS fitting distance to NGC 1866
can be reconciled with the distance derived from the cluster
Cepheids and surrounding field red clump stars under the as-
sumption that the higher reddening value is correct. Such a
higher reddening of the NGC 1866 stars, if true, would not af-
fect our present ISB distance determination for them in any
significant way, and it would also not significantly affect the

DIRECT DISTANCES TO CEPHEIDS IN LMC 235

LMC PL relations of this paper in the reddening-insensitive W
and K bands and would therefore not alter the principal con-
clusions of our paper. However, it is clear from the previous dis-
cussion that it is very desirable to determine ISB distances for a
number of additional short-period Cepheids in the LMC that
belong to the general field population, and not to just one clus-
ter, in order to make our conclusions invulnerable to the pos-
sibility that the cluster could be located in front of or behind the
LMC plane by a significant amount.

From the tilt-corrected distance moduli of our LMC Cepheid
sample as given in the last column of Table 6, we derive a true
LMC barycenter distance modulus of 18.56 & 0.04 mag. To this
random uncertainty derived just from the scatter of the individual
LMC Cepheid distance moduli, we should add a systematic un-
certainty that will affect the LMC distance result via the depen-
dence of the adopted zero point in the p-factor law on the adopted
ZAMS fitting moduli of the Galactic cluster Cepheids in Table 5.
This systematic uncertainty is difficult to estimate but should not
exceed 0.1 mag, given that the very recent work on the Pleiades
distance cited before has considerably reduced the uncertainty
on this number, to which the adopted ZAMS fitting moduli of
the Cepheids in Table 5 are tied. As a conservative estimate, we
therefore find from this work that (m — M ),(LMC) = 18.56 mag,
with a 0.04 mag random and a ~0.1 mag systematic uncertainty.
This value is in good agreement with the “canonical” LMC dis-
tance value preferred by the HST Key Project on the Extraga-
lactic Distance Scale (Freedman et al. 2001). We expect that
once accurate model results on the p-factor law become avail-
able, we will be able to reduce the current systematic uncertainty
on the LMC distance from the ISB technique by tying our zero
point to the models, rather than to the ZAMS fitting scale, as we
did in our previous surface brightness distance work.

STRO04 have recently analyzed Cepheid data in the LMC and
have found marginal evidence for a break in the LMC PL rela-
tion at a period of 10 days, in the sense that Cepheids with P <
10 days define steeper PL relations than those with P > 10 days.
Since the OGLE-II sample contains only very few long-period
Cepheids, STR04 had to enhance the OGLE-II sample with 97
long-period Cepheids whose data were taken from a variety of
sources, in order to obtain acceptable statistics in their fits. This
has made their conclusions vulnerable, however, to all the prob-
lems one can have when combining photometric data sets in
crowded fields from different sources, where differences up to
0.1 mag for the magnitudes of the same stars are no exception.
We therefore believe that the claim of STR04, extremely im-
portant if true, has to be checked with independent high-quality
photometry of Cepheids of all periods in the LMC, up to the
largest observed ones, obtained in a very homogeneous way.
Some of the authors are currently engaged in such a new obser-
vational program that will provide very accurate Cepheid mean
magnitudes in Vand / for many hundreds of variables up to pe-
riods of at least 80 days, which will be discovered in fields in or
close to the LMC bar. This homogeneous and statistically sig-
nificant data set will definitively prove or disprove the claim
about a period break in the LMC PL relation. From the obser-
vational data currently at hand, and in particular from the ex-
tremely homogeneous OGLE-II database alone, the Cepheid
data seem consistent, at a high level of confidence, with no break
ofthe PL slope at 10 days or some other period. However, as said
before, this conclusion must be checked with homogeneous pho-
tometric data on many more long-period Cepheids. Our current
ISB distance determinations of 13 LMC Cepheids are certainly
fully consistent with no period break in the PL relation, but of
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course we would not see such a subtle effect from our current
small sample.

6. CONCLUSIONS

The derivation of direct distances to 13 LMC Cepheids with
the ISB technique has revealed a period-dependent and signifi-
cant discrepancy between the individual distance moduli, while
at the same time the PL relations in the LMC from the ISB tech-
nique agree exceedingly well with the corresponding Milky
Way Cepheid relations found in Storm et al. (2004). Given the
existing very accurate interferometric calibration of the Cepheid
surface brightness—color relation for the ¥, V' — K magnitude/
color combination we are using in our distance analyses and the
resulting accurate determination of the angular diameter curves
of our program Cepheids in the LMC, we identify as the most
likely culprit of the period dependence seen in the (m — M ),—
period diagram a systematic error in the determination of the lin-
ear displacement curves of the Cepheids from their observed
radial velocity curves. The problem is likely due to a flawed cal-
ibration of the period dependence of the p-factor that provides
the transformation of the observed radial velocities to the pul-
sational velocities of the Cepheids. We find that, assuming a
steeper period dependence of the p-factor law, we can reconcile,
within the current uncertainties, the distance moduli of the in-
dividual LMC Cepheids (after correcting them for the tilt of the
LMC plane with respect to the line of sight with the geometrical
model of van der Marel & Cioni 2001) and the slopes of the LMC
period-luminosity relations, which, using the revised p-factor
law we derive in this study, agree to within the combined 1 ¢ un-
certainties with the PL relations observed in the LMC by the
OGLE-II Project and by Persson et al. (2004) in the near-infrared.
When we recalculate the ISB distances of the Milky Way Cepheids
with the revised p-factor relation, we obtain excellent consis-
tency of the slopes of the Galactic Cepheid PL relations in all
optical and near-infrared bands and the corresponding LMC PL
relations derived from the ISB technique, which all agree within
+1 o with the directly observed and extremely well established
LMC PL relations in VIWJK. Tying the zero point of our new
p-factor law calibration to a sample of well-established Galactic
cluster Cepheids, we find from our 13 LMC Cepheid sample a
true distance modulus of the LMC barycenter of 18.56, with an
estimated 0.04 mag random and 0.1 mag systematic uncertainty,
in very good agreement with the “canonical” LMC distance
adopted by the HST Key Project team. We believe that taking
all this information together, there is now strong empirical evi-
dence that our conclusions regarding the need of revision of the
p-factor law are correct. Evidently, we will be able to calibrate
the period dependence of the p-factor more accurately once we
can obtain ISB distance determinations for a larger sample of
LMC Cepheids. A program to obtain the necessary data, partic-
ularly high-quality radial velocity curves of selected Cepheids,
has very recently been started. It should be noted, however, that
the current sample is already providing relatively accurate infor-
mation on the period dependence of the p-factor because of the
concentration of the Cepheids toward short and long periods.
With the extended sample, we will fill in intermediate periods
and at the same time increase the number of Cepheids with very
short and very long periods.

In spite of the evidence for a need of revision of the p-factor
law presented in this paper, there are several aspects that will
need further work, to definitively prove or disprove our con-
clusions. First, there is evidently a need to reproduce the “ob-
served” p-factor law from new and refined models of Cepheid
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atmospheres. Past work, as that of Sabbey et al. (1995), has per-
haps concentrated too much on fixing the zero point of the law
and the possible variation of p during the pulsation cycle of a
Cepheid, and less on establishing its systematic dependence on
the stellar luminosity and effective temperature and thus on the
period. Our group (Gieren et al. 1993) was the first to recognize
that the models of Hindsley & Bell (1986) actually predicted
such a systematic period dependence, and the current results of
this paper at least confirm the sign of this trend (e.g., p becomes
smaller with increasing pulsation period). Given the relatively
small amount of past theoretical work invested in this problem,
it is perhaps not surprising that we find a rather strong dis-
agreement with the observations. We also note that this dis-
covery would not have been possible with the study of Galactic
Cepheids alone: as in the discovery of the PL relation 100 years
ago, we needed to study a sample of Cepheids all lying at the
same distance and still being bright enough for accurate work,
and the LMC remains the ideal place for such a study. Yet, we
cannot be completely sure if our current interpretation of the
data is correct as long as the suggested period dependence of the
p-factor is not physically understood from better models. We
hope that our current results will spur new investigations in this
field. Another point that needs to be improved is the inclusion of
additional short-period LMC Cepheids in our analysis that are
not all members of a given cluster, as the ones we had available
for the current analysis. While we have presented arguments
that in our belief support that these Cepheids and their host clus-
ter are actually located very close to or in the LMC bar, it re-
mains a cause of concern that NGC 1866 could be located in
front of the LMC bar by a significant amount, which would alter
the value of the slope of the p-factor law we derive from the data
in Figure 9 and, consequently, the slopes of the PL relations in
Table 9. The acquisition of new data for the ISB analyses of
such additional short-period LMC field Cepheids is underway
and should help to clarify this question.

With these caveats in mind, our current results support the
evidence that the slope of the Cepheid PL relation, at least in the
optical ¥, I, and W bands, does not vary significantly with met-
allicity between —1.0 dex and solar metallicity. Udalski et al.
(2001) demonstrated that in the metal-poor galaxy IC 1613 the
PL slopes agree very well with the LMC slopes, and the same
group established in the OGLE-II project that there is no mea-
surable difference between the PL relation slopes in the LMC
and SMC (at —0.7 dex) either. Recently, Gieren et al. (2004)
and Pietrzynski et al. (2004) have shown that the observed PL
relations in VIWin NGC 300 and NGC 6822 are also extremely
well fitted by the respective OGLE-II LMC slope, NGC 300
and NGC 6822 having mean metallicities of their young stellar
populations of about —0.3 (Urbaneja et al. 2005) and —0.5 dex
(Venn et al. 2001), respectively. The previous indications that
the slope of the PL relation in the solar-metallicity Milky Way
might be steeper than in the more metal-poor systems were mostly
based on the results of the distance determinations with the ISB
technique. We have shown in this paper that there is a high prob-
ability that these conclusions were flawed, due to the incorrect
theoretical calibration of the canonical p-factor law. If sub-
stantiated by future theoretical and improved empirical work,
this would be obviously very good news for the use of the
Cepheid PL relation as a primary distance indicator and would
eliminate a strong concern that has been with us for a number of
years.

Regarding the slopes of the near-infrared Cepheid PL rela-
tions, particularly the K-band relation, which is potentially the
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most accurate means to determine Cepheid-based distances to
galaxies due to its insensitivity to absorption corrections and its
small intrinsic dispersion as compared to optical PL relations
(as recently impressively demonstrated by the work of Persson
etal. 2004), we can now say that the present study suggests that
the Milky Way relation agrees in slope with the observed LMC
relation to within 1 o, providing evidence for no change of the
slope in the metallicity regime from —0.3 dex to solar either.
Very recent empirical results on the Cepheid K-band PL relation
in NGC 300 (Gieren et al. 2005) also indicate excellent agree-
ment with the LMC PL relation in K of Persson et al. (2004),
strengthening the evidence that the slope of the K-band PL rela-
tion is metallicity independent as well. However, the K-band PL
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relation has yet to be studied for more metal-poor galaxies to
confirm this.
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