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ABSTRACT

The Hipparcos I-band calibration of horizontal-branch red clump giants as standard candles has lead to contro-
versial results for the distance to the Large Magellanic Cloud (LMC). In an attempt to properly ascertain the
corrections for interstellar extinction and clump age and metallicity, we analyze new multiwavelength luminosity
functions of the LMC red clump. Our photometry data set inkheand was obtained with the Son of Isaac infrared
imager at the European Southern Observatory’s New Technology TelescopeMiatidd passbands, we employ
data from the Wide Field Planetary Camera 2 on boardHiigble Space Telescope. The LMC red clump is first
identified in aK, (V—K) color-magnitude diagram. Our luminosity functions yield apparent magnitud&s-oef
16.974 1 = 18.206 andV = 19.233 (= 0.009+ 0.02; random and systematic errors, respectively). Compared
directly to theHipparcos red clump calibration (without a correction for age and metallicity), the LMC clump
measurements imply a negative interstellar reddening correction. This unphysical result indicates a population
difference between clumps. A modified calibration based on theoretical modeling yields an average reddening
correction ofE(B—V) = 0.089+ 0.015 and a true LMC distance modulus gf = 18.493+ 0.033 = 0.03
We reconcile our result with the short distance previously derived from OGLE Il red clump data.

Subject headings: distance scale — galaxies: distances and redshifts —
galaxies: individual (Large Magellanic Cloud) — Hertzsprung-Russell diagram —

stars: horizontal-branch

1. INTRODUCTION

The Hipparcos satellite mission yielded parallax measure-

ments for hundreds of nearby red clump stars, and these ar

collectively the best-calibrated standard candle (Paslay&
Stanek 1998; Paczghki 2001). However, attempts to use the
Hipparcos I-band red clump calibration to determine the dis-
tance to the Large Magellanic Cloud (LMC) have lead to
controversial results. Udalski et al. (1998) obtainggl=
18.08 + 0.03 = 0.12, (random and systematic errors, respec-
tively), which was subsequently revised upward pg =
18.24+ 0.08 (Udalski 2000). Stanek, Zaritsky, & Harris
(2998) foundu, = 18.07+ 0.03 + 0.09, . However, Zaritsky

(_ghotometry of open clusters. They concluded thit

studied population effects on the red clumis$and absolute
magnitude by compiling Two Micron All Sky Survey (2MASS)
is, in

eneral, also less sensitive to population effects lan . The
red clump models of Girardi & Salaris (2001) were also shown
to be in fair agreement with thi§-band open cluster data. In
this Letter we present a ded¢fpband luminosity function for
red clump stars in the LMC bar and inner disk. We also con-
struct aK, (V—K) color-magnitude diagram (CMD) and com-
plementaryV andl luminosity functions. This is a first recon-
naissance of optical and near-infrared photometry of the LMC
red clump.

(1999) showed that the reddening correction used by Stanek

et al. (1998) was overestimated. Romaniello et al. (2000) found

uo = 18.59+ 0.04 + 0.08, by analyzing theHubble Space
Telescope (HST) photometry of the LMC red clump. Girardi

2. DATA

The six lines of sight studied in this Letter are centered on
the source stars of LMC microlensing events discovered by the

& Salaris (2001) review these measurements and apply newMACHO Project (events 4, 7, 9, 12, 14, and 18; Alcock et al.

model corrections for population effects (i.e., age and metal-

licity). They find a population correction in the band of

2001). For our purposes, the lines of sight were selected at
random by the natural occurrence of microlensirihe six-

0.2 mag. Consequently, they revise the Udalski (2000) resultfield average line of sight intersects the LMC disk cat=

top, = 18.37 £ 0.07and the Zaritsky (1999) and Romaniello
et al. (2000) result ta, = 18.55+ 0.05 .

0525"55:2, 6 = —70°20'24" (32000.0). This is B9 from the
center of the LMC, nearly perpendicular to the line of nodes,

Alves (2000) demonstrated the use of the red clump as aand on the far side of the inclined disk (van der Marel et al.

standard candle at longer wavelengths; he calibratediipe
parcosred clump absolute magnitude in tkdoand and applied

2002). The geometric correction is small, about 0.6% in dis-
tance (0.013 mag), and in the sense that our clump giants are

the calibration to the Galactic bulge red clump. One advantagefarther away than those at the LMC center.

of working in this~2 um passband is the particularly small
effect of extinction by interstellar dust (e.g., Schlegel, Fink-
beiner, & Davis 1998). Grocholski & Sarajedini (2002) recently
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The K-band data set analyzed here was obtained with the
Son of Isaac (SOFI) infrared imager at the European Southern
Observatory’s New Technology Telescope; it is a 1024
1024 array with a pixel size of 92. The total field of view
of our trimmed (equal exposure) images after co-adding in-
dividual dithered frames is about 140 arcfiifihe photometry
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with observations of six standard stars (Persson et al. 1998).

5 Actually, event 12 may be a supernova in a galaxy behind the LMC, but

this distinction does not affect the current work.
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Conditions were photometric (Rejkuba et al. 2001). The 1

standard deviation of the calibration solution is 0.028 mag. . e R
Over 98% of the stars in the red clump (or bright€r< 18 ) 5 - oo A Lo B oo |
were detected with a signal-to-noise ratitNS/ 10  , and thus | ) SRR S S
our SOFI red clump data are nearly complete. ®he  mag- L ° A IR TR

nitude system employed K short”) is the same as 2MASS. L
In order to check our standardized zero point, we matched a L
subset of the SOFI data with 2MASS second incremental re- 16 |-
lease photometryy A comparison shows no zero-point differ- -
ence to within 0.02 mag (for stars with colors like the red -
clump). However, all of the stars in the comparison are actually =< e
redder and brighter than the clump, and thus the agreement i
found lends only weak support to the accuracy of our data. 17 =
Finally, K, magnitudes are related to tikeband red clump
data compiled by Alves (2000) b = K.+ 0.044 (Gro-
cholski & Sarajedini 2002; their eq. [2]). We transfoity  to
K accordingly. 18
Our data set iV and | was obtained with the Wide Field i
Planetary Camera 2 (WFPC2) on bo&t8T (PI: K. H. Cook). :

We exclude the PC2 images from our analysis. This guarantees LT | .

a homogeneoug and| photometry data set and represents only 3

a small loss in imaged area. The three WF observations are (V—K)

800 x 800 pixeP arrays with a pixel size of’Q. The resulting

total field of view is approximately 32 arcnfinThe HST/WF Fic. 1.—K, (V—K) CMD of the LMC red clump (2353 stars). The red clump
instrumental F555W and F814W magnitudes were derived with appears aK ~ 17 and lies mostly blueward of the giant branch. Error bars on
DAOPHOT Il and calibrated to Landolty and| with an ac- the individual data points are about the size of the symbols plotipeh(

curacy of 0.02—0.03 mag following the usual procedures (Alcock "€ at the brightness of the red clump.

et al. 2001). Nearly all of the LMC clump giants were detected
with a very high signal-to-noise ratio. In order to check dur K~ 18.5t0 (V-K )~ 3.1atK ~ 14.5. It has a width of about
and| zero points, we cross-correlated a subset of our data with0.2 mag in ¥—K) color, and no distinct component branches
OGLE Il ground-based photometryUdalski et al. 2000). A are evident. Some of these stars are second-ascent asymptotic
comparison reveals zero-point differencesf = 0.11 mag giant branch (AGB) stars. The distinction between an RGB and
andAl = 0.02 mag in the sense that OGLE Il is brighter. Alcock AGB star is not necessarily clear in a CMD of mixed age field
et al. (1999) compared MACHO ground-based photometry with populations like this one. The sought-after horizontal-branch
an early reduction of these same standardid&#l/WF data (a red clump is the most prominent feature in Figure 1. It appears
different subset) and found that MACHO was brighter by at K~ 17 and lies mostly blueward of the giant branch, i.e.,
AV = 0.06 mag andAR = 0.00 mag. We speculate that the (V—K) =< 2.4 The detailed structure of the clump seen here
aperture corrections applied to the OGLE Il and MACHO is well understood in the context of stellar evolution theory
ground-based’ data may be affected at the 5%—10% level by (Girardi & Salaris 2001). The overdensity of stars wikh~
crowding errors. For example, it is possible that¥Heand “sky” 17 and colors that associate them with the giant branch (i.e.,
around bright stars used to determine the aperture correctiond/—K ~ 2.4-2.5) may be the first detection of the “RGB bump”
was on average underestimated because nearby neighbor stafer LMC field stars (see Fig. 19 of Girardi & Salaris 2001).
were oversubtracted (Alcock et al. 1999; Udalski et al. 2000). The RGB bump is an evolutionary pause as the hydrogen-
We tentatively adopt a formal systematic calibration error of burning shell crosses a chemical composition discontin-
0.02 mag inV and| based on the stated accuracyHST/WF uity. The loose clustering of stars seen on the giant branch at
calibrations. (V=K) ~ 2.8andK ~ 15.5 may be the “AGB bump,” an evo-
lutionary pause at the onset of helium shell burning (see, e.g.,
Alves & Sarajedini 1999).

A side-by-side comparison of red clump luminosity functions

We detected approximately 36,000 stars<irand 109,000  (LFs) is presented in Figure 2. The LMC clump is shown on
stars inV and |. Of these, approximately 27,000 hate< the left. TheHipparcos clump is shown on the right (data from
20 and 7000 hav&/ < 21 . Cross-correlating these latter sourceAlves 2000). The LFs iiK, |, andV are each plotted in separate
lists yields 4745 stars witk, |, andV magnitudes. Figure 1  panels {op to bottom). LMC bin size is 0.05 magtiipparcos
shows the resulting, (V—K) CMD in the region around the  bin size is 0.10 mag; each panel is 1.5 mag wide. The adopted
red clump. Only 2353 stars appear within the limits of Fig- model LFs (Fig. 2solid lines) are a superposition of a linear
ure 1, and we restrict our subsequent analyses to these star®ackground and a Gaussian of variable width, amplitude, and
As discussed by Alves (2000 and references therein), not alllocation. The backgrounds are fitted in restrlcted magnitude
of the stars appearing in Figure 1 are bona fide red clumpranges that exclude the clump. The best-fit model parameters
giants. The first-ascent red giant branch (RGB) is identified asand x* (per degrees of freedom, or dof) are provided in
the rough|y vertical sequence running froM—(K) ~ 2.2 at Table 1. The LMC red clump in Figure 2 totals about 2000 stars.

For comparison, there are 2B88pparcos red clump stars with
s See http://www.ipac.caltech.edu/2mass. K, I, andV data (Alves 2000). This distinction reflects in the
7 See http://sirius.astrouw.edu.pl/ogle. formal statistical errors for the peak clump brightnesses given

3. ANALYSIS AND RESULTS
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) TABLE 1
LMC Hipparcos RED CLUMP DATA
40 F
sl K Quantity K | \%
g Mmoo 0.48 1.24 1.81
20 AJE(B-V)*...... 0.35 1.96 3.24
10 B mP . 16.974+ 0.009 18.206+ 0.009 19.233+ 0.009
E Oy e 0.155 0.182 0.180
ol v v v bl b L i X 22 21 1.6
16.5 17 175 < -5 -1 M i, -1.60+ 0.03 —0.26+ 0.03 0.73+ 0.03
n 150 40 F Gy e 0.28 0.21 0.21
& C I g I S GRTTTTI 1.4 0.9 1.7
S ok (M=M), ...conne. 18.57 18.47 18.50
n F AME —-0.03 0.20 0.30
- 5oL My oo —1.57+ 0.03 —0.46 + 0.03 0.43+ 0.03
g E g (m—M), .......... 18.54+ 0.03 18.67+ 0.03 18.80+ 0.03
01;5 = ‘1‘8‘ ‘ 18‘5 = 0T 7(‘)5 — (‘) E— 2 Adopted reddening law from Schlegel et al. 1998, which refers to the
i i i effective wavelength of each passband.
150 |- e ® Peak brightness and width of the LMC clump, followed¥y /dof of the
r Vv 30 E \Y best-fit model LF.
100 | ¢ Peak brightness and width of thiépparcos clump (data from Alves 2000),
E 20 | followed byx? /dof of the best-fit model LF. The LMC apparent distance moduli
50 ok based on this calibration are given on the next line (see text).
E E 9 The population correction for the LMC red clump absolute magnitude
ol o Lo b oI N calculated from theoretical models (Girardi & Salaris 2001). The modified
18.5 19 19.5 0 05 1 Hipparcos calibration is given on the next line, followed by the resulting LMC
Mag apparent distance moduli.
Fic. 2.—K, |, andV LFs for the LMC red clump are shown in the left panels _(m__M)o = 18.562x 0.033, Wh!Ch is ShOW_n as the dOtte_d line
(bin size 0.05 mag). In the right panels, tgl, andV LFs for theHipparcos in Figure 2. A negative reddening correction is unphysical and

red clump are shown (bin size 0.1 mag). Best-fit model functions consisting of jndicates a significant population difference between the LMC
a Gaussian and a linear background are overplotted as solid lines. These modeé : :
e . : ndHipparcosred clumps. In order to account for the population
fits yield the peak brightness of the red clump in each passband. . . . . .
Y P 9 P P difference, we appeal to the theoretical calculations of Girardi
& Salaris (2001). These authors generated artificial LMC and

!n Table 1. Despite the.shortcomings of our model LFs re\{ealed Hipparcos red clumps from a grid of core helium—burning stellar
in Figure 2, the peak brightnesses of the red clumps are evidently

well determined.
The Hipparcos calibration assumes no reddening correction, 18.9 T , ,

as suggested by Stanek & Garnavich (1998). These authors argue

that the average reddening is probaB{B—V) < 0.02 mag. It

should be kept in mind that the LMC distance derived in this 88

work is practically independent of the reddening correction ap-

plied to theHipparcos clump. However, the average LMC red-

dening obtained in comparison may be slightly underestimated.

We note that the Lutz-Kelker correction to the Alves (2000) 18.7

calibration data set is probably also negligible (Udalski 2000). <

The true LMC distance modulus is therefore given by =

to = (M=M), = (M=M), — A, + AM,, ()

where \ corresponds td, |, or V and the apparent distance
moduli in each passband am-{M),. The corrections for pop-
ulation effects areAM, = M,(Hipparcos) — M, (LMC), fol-
lowing the convention of Girardi & Salaris (2001). These cor-
rections, the inverse effective wavelengths of each passband 154
(um™), and the adopted reddening lady ( ; Schlegel et al. 1998)
are all summarized in Table 1. The results of this work are
insensitive to small uncertainties in the reddening law or effective
wavelengths employed. Although omitted from equation (1), we Al
also apply a geometric correction to our final distance estimate Fic. 3.—Apparent LMC distance moduli plotted as a function of inverse
(See be_low)' . effective wavelengthim™). Open circles (error bars omitted) are based on
We first compare the LMC aanlppal'OOS red C|UmpS by the Hipparcos calibration without adjustment for population effects. Best fit
assumingAM, = 0 . The resulting apparent distance moduli are for the mean interstellar reddening correction and true LMC distance modulus
plotted as a function of inverse effective wavelength in Fig- & S0t 28 0 S0 e ean poptiation diference i the LVC. -
ure_3 ()pen circles, error. bars Omltted) a”q listed in Table 1. So?irt):i line through these data points showps tphe best-fit mean interstellar red-
A fit for the average interstellar reddening and true LMC gening correction and true LMC distance modul&B—V) = 0.089+
distance modulus yield€E(B—-V) = —0.026+ 0.014 and 0.015 and fn—M), = 18.506+ 0.033.
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models. Each clump refers to specific star formation and chem-suggested that this may be possible. Uncertainties in our red-
ical enrichment histories reported in the literature and is thus dening and geometric corrections contribute negligible system-
constrained at least indirectly by observational data. Possibleatic error to the distance result. The systematic error due to the
systematic errors associated with the zero points of the theoreticapopulation correction is probably also small. The worst case of
models would cancel in the first-order approximation because making no correction at all leads to a change in modulus of less
the population corrections are calculated only in a relative sensethan 6%. However, this also yields a negative reddening cor-
This calculation predictaM, = 0.20 mag (8 1). In a private rection. For realistic reddenings, the population correction to the
communication (L. Girardi & M. Salaris 2002), the same artificial true distance modulus is approximately the same as the correction
clumps yield population corrections oAM, = 0.30 and in theK band (3%). In summary, the systematic errors in our
AM, = —0.03 (Table 1). TheK-band absolute magnitude has K-band red clump distance to the LMC are probably on the order
the smallest correction, in agreement with the trend noted by of 2% (photometric calibration) and 3% (population correction)
Grocholski & Sarajedini (2002). The resulting modified apparent and are thus comparable to the statistical error obtained.
distance moduli are plotted in Figure &l{d circles with error The K-band red clump distance to the LMC is in agreement
bars) and listed in Table 1. Solving for the reddening and with previously reported-band results (8 1). The only serious
true distance modulus yields(B—V) = 0.089+ 0.015 and discrepancy is the short distance result of Udalski (2000) based
(m—M), = 18.506+ 0.033 (Fig. 3, solid line). The excellent  on OGLE Il data. Udalski (2000) finds a mean dereddened red
fit of the red clump data in Figure 3 lends indirect support to clump brightness dof, = 17.944+ 0.014 for nine fields in the
the photometric zero points adopted in this work. Applying a LMC halo. Those fields are on averagd 2 from the center of
small correction for the inclination of the LMC disk and the the LMC, nearly perpendicular to the line of nodes and on the
location of our fields (§ 2), the true LMC distance modulus is near side of the inclined disk (van der Marel et al. 2002). Cor-
(m—M), = 18.493+ 0.033. recting for the 0.02 mag zero-point offset between OGLE Il and
our HST/WF data, and for geometric projection, the Udalski
(2000) red clump brightness beconigs= 18.024  mag (at LMC
center). For comparison, our dereddened red clump brightness
We have presented new multiwavelength LFs of LMC red (Table 1) corrected to the LMC centerljs= 18.019 mag. The
clump stars. Our analysis yields a distance modulug o results of this work, Udalski (2000), and Romaniello et al. (2000)
18.493+ 0.033. TheK-band red clump distance to the LMC therefore all agree, which lends strong support to the accuracy
is 49.96 + 0.77 kpc in good agreement with the average pub- of the K-band red clump distance to the LMC.
lished value (50.1 kpc; Freedman et al. 2001). We have also
derived an average reddening Bf8—V) = 0.089+ 0.015.
For comparison, the Galactic foreground reddening in this di- D. R. A. acknowledges the referee, K. Z. Stanek, for his helpful
rection isE(B—V) = 0.06 = 0.02 (Oestreicher, Gochermann, comments, L. Girardi and M. Salaris for their communications,
& Schmidt-Kaler 1995). Our mean reddening result is consis- and A. Crotts for support (grant AST 00-70882). D. M. is sup-
tent with the foreground reddening, and this is a success of theported by FONDAP Center for Astrophysics and FONDECYT.
Girardi & Salaris (2001) models. This Letter is based on observations made with the NASA/ESA
The statistical error associated with our new distance result isHubble Space Telescope, obtained at STScl, operated by AURA,
due to theHipparcos calibration (3%) and measuring the LMC Inc., under NASA contract NAS 5-26555 (GO proposal 5901
red clump brightnesses (1%). The overall systematic error mayand 7306 to K. H. C.). This work was performed under the
be comparable. Our photometry is standardized with a 2% sys-auspices of the US Department of Energy, National Nuclear
tematic uncertainty. This error is also uncorrelated between Security Administration by UC-LLNL (contract W-7405-Eng-
andV or |I. However, our zero-point checks do not support this 48). Use of 2MASS data, a joint project of the University of
level of photometric accuracy unless ground-based comparisonMassachusetts and IPAC/Caltech funded by NASA and the NSF,
data are in some cases too bright by up to 0.1 mag. We haves acknowledged.

4. CONCLUSION
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