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ABSTRACT

We present new absolute trigonometric parallaxes and relative proper motions for nine Galactic Cepheid variable
stars: ¢ Car, ¢ Gem, (3 Dor, W Sgr, X Sgr, Y Sgr, FF Aql, T Vul, and RT Aur. We obtain these results with astrometric
data from Fine Guidance Sensor 11, a white-light interferometer on the Hubble Space Telescope. We find absolute par-
allaxes in milliarcseconds: ¢ Car, 2.01 4 0.20 mas; { Gem, 2.78 + 0.18 mas; 5 Dor, 3.14 & 0.16 mas; W Sgr, 2.28 +
0.20 mas; X Sgr, 3.00 £+ 0.18 mas; Y Sgr, 2.13 £ 0.29 mas; FF Aql, 2.81 £ 0.18 mas; T Vul, 1.90 £ 0.23 mas; and
RT Aur, 2.40 £ 0.19 mas; average o/m = 8%. Two stars (FF Aql and W Sgr) required the inclusion of binary astro-
metric perturbations, providing Cepheid mass estimates. With these parallaxes we compute absolute magnitudes in V;
I, K, and Wesenheit W, bandpasses, corrected for interstellar extinction and Lutz-Kelker-Hanson bias. Adding our
previous absolute magnitude determination for 6 Cep, we construct period-luminosity relations (PLRs) for 10 Ga-
lactic Cepheids. We compare our new PLRs with those adopted by several recent investigations, including the Freedman
and Sandage H,, projects. Adopting our PLR would tend to increase the Sandage H, value, but leave the Freedman H,
unchanged. Comparing our Galactic Cepheid PLR with those derived from LMC Cepheids, we find the slopes for K
and Wy, to be identical in the two galaxies within their respective errors. Our data lead to a W, distance modulus for
the LMC m — M = 18.50 = 0.03, uncorrected for any metallicity effects. Applying recently derived metallicity
corrections yields a corrected LMC distance modulus of (m — M), = 18.40 &= 0.05. Comparing our PLR to solar-
metallicity Cepheids in NGC 4258 results in a distance modulus 29.28 4 0.08 that agrees with one derived from
maser studies.
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1. INTRODUCTION

Many of the methods used to determine the distances to re-
mote galaxies and, ultimately, the size, age, and shape of the uni-
verse itself depend on our knowledge of the distances to local
objects. Among the most important of these are the Cepheid
variable stars. The Cepheid period-luminosity relation (PLR) was
first identified by Leavitt (Leavitt & Pickering 1912). This has led
to considerable effort to determine the absolute magnitudes M)
ofthese objects, as summarized in the comprehensive reviews by
Madore & Freedman (1992), Feast (1999), and Macri (2005).

As summarized by Freedman et al. (2001), Cepheids are
among the brightest stellar distance indicators and a critical ini-
tial step on the “cosmic distance ladder.” These “standard candles”
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are relatively young stars, found in abundance in spiral galaxies.
For extragalactic distance determinations many independent ob-
jects can be observed in a single galaxy, affording a reduction in
distance modulus error. Their large amplitudes and characteristic
(sawtooth) light-curve shapes facilitate their discovery and iden-
tification. Finally, the Cepheid PLR has a small scatter. In the
I band, the dispersion amounts to only ~0.1 mag (Udalski et al.
1999).

Given that the distances of all local Cepheids, except Polaris,
are in excess of 250 pc, most of the past absolute magnitude
determinations have used indirect approaches, for example,
Groenewegen & Oudmaijer (2000), Lanoix et al. (1999), Feast
(1997, 1999), Feast & Catchpole (1997), and Feast et al. (1998).
Various authors, e.g., Gieren et al. (1993), used Cepheid surface
brightness to estimate distances and absolute magnitudes. For
Cepheid variables, these determinations are complicated by the
dependence of the absolute magnitudes on color index and pos-
sibly metallicity. Only recently have relatively high precision
trigonometric parallaxes (o,/7 < 10%) been available for a very
few Cepheids (the prototype § Cep and Polaris) from Hipparcos
(Perryman et al. 1997). More recently, we have determined the
parallax of 6 Cep with Fine Guidance Sensor 3 (FGS 3) on the Hubble
Space Telescope (HST) with 0./ ~ 5% precision (Benedict et al.
2002b). Long-baseline ground-based interferometry has recently
provided radii and, through various surface brightness methods,
distances (Nordgren et al. 2002; Kervella et al. 2004; Kervella
2006).

Our immediate goal is to determine trigonometric parallaxes
for an additional nine nearby fundamental-mode Galactic Cepheid
variable stars. Our target selection consisted of choosing the near-
est Cepheids (using Hipparcos parallaxes), covering as wide a
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period range as possible. These stars are in fact the brightest
known Cepheids at their respective periods. Our new parallaxes
provide distances and, ultimately, absolute magnitudes M in sev-
eral bandpasses. In addition, our investigation of the astrometric
reference stars provides an independent estimation of the line-
of-sight extinction to each of these stars, a contributor to the un-
certainty in the absolute magnitudes of our prime targets. These
Cepheids, all with near-solar metallicity, should be unafflicted
by potential variations in absolute magnitude due to metallicity
variations (e.g., Groenewegen et al. 2004; Macri et al. 2006).
Adding our previously determined absolute magnitude for 6 Cep
(Benedict et al. 2002b), we establish ¥, 1, K, and Wj; PLRs using
10 Galactic Cepheids with average metallicity, ([Fe/H]) = 0.02,
a calibration that can be directly applied to external galaxies whose
Cepheids exhibit solar metallicity.

We describe our astrometry using one of our targets, ¢ Car, as
an example throughout. This longest period member of our sam-
ple provides marginal evidence for any possible PLR V-band
nonlinearity and, if included, anchors our PLR slopes. In addi-
tion, it is the only one of our sample in the period range typically
used to establish extragalactic distance moduli. Hence, its paral-
lax value deserves as much external scrutiny as possible. We dis-
cuss data acquisition and analysis (§ 2); present the results of
spectrophotometry of the astrometric reference stars required
to correct our relative parallax to absolute parallax (§ 3); derive
absolute parallaxes for these 10 Cepheid variable stars (§ 4);
derive Cepheid absolute magnitudes (§ 5); and, finally, in § 6
we determine a number of PLRs, briefly discuss the possibility
of nonlinearity in the galactic V~-band PLR, discuss the distance-
scale ramifications of our results, and apply our PLR to two in-
teresting cases, the Large Magellanic Cloud (LMC) and NGC
4258. We summarize in § 7.

2. OBSERVATIONS AND DATA REDUCTION

Nelan et al. (2003) provide an overview of the FGS instru-
ment, and Benedict et al. (2002b) describe the fringe tracking
(POS) mode astrometric capabilities of the FGS, along with the
data acquisition and reduction strategies also used in the pres-
ent study. We time-tag our data with a modified Julian Date,
MID = JD — 2,400,000.5.

Eleven sets of astrometric data were acquired with HST FGS
Ir for each of our nine new science targets. For details on our
10th, previously analyzed Cepheid, 6 Cep, see Benedict et al.
(2002b). We obtained most of these 11 sets in pairs at maximum
parallax factor, typically separated by a week, a strategy designed
to protect against unanticipated HST equipment problems. We
encountered none, obtaining 110 orbits without the slightest dif-
ficulty. A few single data sets were acquired at various minimum
parallax factors to aid in separating parallax and proper motion.
Each complete data aggregate spans 1.49—1.95 yr. Table 1
contains the epochs of observation, pulsational phase, and esti-
mated B — V color index (required for the lateral color correction
discussed in § 4.1) for each Cepheid. The B — V colors are in-
ferred from color curves constructed from the Cepheid photo-
metric database'® cited by Berdnikov et al. (2000). In the case of
RT Aur, we supplemented the few data in that source with B —
values from Moffett & Barnes (1984), Barnes et al. (1997), and
Kiss (1998). We adopted the periods and epochs listed by Szabados
(1989, 1991) for these Cepheids, except for £ Car. Because the
period of ¢ Car changes unpredictably with time (Szabados 1989),
we derived a new period based on the more recent V" data in the

10 See http://ftp.sai.msu.su/groups /cluster/CEP/ PHE.

Berdnikov et al. database. The Cepheids 1 Aql, ¢ Gem, and X Sgr
also have variable periods, but they vary quadratically and pre-
dictably. We took these variations into account when computing
the phases.

Each individual data set required approximately 33 minutes of
spacecraft time. The data were reduced and calibrated as detailed
in McArthur et al. (2001), Benedict et al. (2002a, 2002b), and
Soderblom et al. (2005). At each epoch we measured reference
stars and the target multiple times to correct for intraorbit drift of
the type seen in the cross-filter calibration data shown in Figure 1
of Benedict et al. (2002a). A typical distribution of reference stars
on a second-generation Digital Sky Survey R image near one of
our science targets (¢ Car) is shown in Figure 1. The somewhat
elongated distribution of reference stars is forced by the shape
of the FGS field of view and the overlap area. The orientation
of each successive observation at near-maximum parallax fac-
tor changes by 180°, mandated by HST solar panel illumination
constraints.

Data are downloaded from the HST archive and passed through
a pipeline processing system. This pipeline extracts the astrometry
measurements (typically 1—-2 minutes of fringe position infor-
mation acquired at a 40 Hz rate, which yields several thousand
discrete measurements), extracts the median (which we have
found to be the optimum estimator), corrects for the optical field
angle distortion (McArthur et al. 2002), and attaches all required
time tags and parallax factors.

Table 2 collects measured properties for our target Cepheids,
including pulsational period, the logarithm of that period, (V),
(I), (K),(B—V), E(B—V), Ay, and Ak. Photometry is from
Groenewegen (1999) and Berdnikov et al. (1996). The (K') val-
ues for 6 Cep and T Vul were corrected following L. N. Berdnikov
(2006, private communication). Cepheid (K') is in the California
Institute of Technology (CIT) system. The (/) is in the Cousins
system. All reddening values are either derived from our reference-
star photometry or adopted from those listed in the David Dunlap
Observatory (DDO) Cepheid database (Fernie et al. 1995). Our
reddening selection criterion is discussed in § 5.

3. SPECTROPHOTOMETRIC PARALLAXES
OF THE ASTROMETRIC REFERENCE STARS

The following review of our astrometric and spectrophoto-
metric techniques uses the ¢ Car field as an example. Given that
¢ Car has the longest period in our sample, it may have a sig-
nificant effect on the slopes of the PLR we eventually construct.
It also has a period most like that of the extragalactic Cepheids
used in distance determination. Because the parallaxes determined
for the Cepheids will be measured with respect to reference-frame
stars that have their own parallaxes, we must either apply a sta-
tistically derived correction from relative to absolute parallax (Van
Altena et al. 1995, hereafter YPC95) or estimate the absolute
parallaxes of the reference-frame stars listed in Table 3. In prin-
ciple, the colors, spectral type, and luminosity class of a star can
be used to estimate the absolute magnitude M) and V-band ab-
sorption 4y . The absolute parallax is then simply

Trabs = 107(V7MV+57AV)/5' (1)

The luminosity class is generally more difficult to estimate
than the spectral type (temperature class). However, the derived
absolute magnitudes are critically dependent on the luminos-
ity class. As a consequence, we use as much additional in-
formation as possible in an attempt to confirm the luminosity
classes. Specifically, we obtain The Two Micron All Sky Survey
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TABLE 1

Set MJD Phase B-r* Set MJD Phase B-r*
{ Car ¢ Gem
52,816.56612 0.845 1.29 52,917.92253 0.709 0.77
52,968.8092 0.128 1.14 52,923.85887 0.294 0.95
52,969.81053 0.156 1.17 53,023.39599 0.098 0.81
53,100.66518 0.837 1.30 53,097.58775 0.407 0.96
53,161.31783 0.544 1.47 53,099.25408 0.571 0.89
53,162.38365 0.574 1.47 53,136.11753 0.202 0.90
53,334.73308 0.422 1.42 53,283.55272 0.724 0.76
53,335.79732 0.452 1.44 53,288.02009 0.165 0.87
53,465.02929 0.087 1.09 53,390.30801 0.240 0.92
53,525.78567 0.796 1.35 53,460.40544 0.145 0.85
53,527.31753 0.839 1.30 53,464.40293 0.539 0.91
(3 Dor W Sgr
52,897.7079 0.494 0.97 52,823.5874 0.185 0.66
52,897.7742 0.501 0.97 52,905.61983 0.986 0.50
52,953.3841 0.151 0.75 52,910.28674 0.600 0.94
53,077.2435 0.735 0.82 52,940.08889 0.524 0.91
53,080.1724 0.033 0.67 53,081.02535 0.081 0.59
53,127.1734 0.808 0.75 53,086.62384 0.818 0.86
53,259.8937 0.293 0.89 53,272.31547 0.268 0.73
53,263.1581 0.624 0.92 53,276.11681 0.768 0.91
53,316.8711 0.082 0.69 53,306.17434 0.726 0.94
53,439.2811 0.519 0.97 53,447.3796 0.318 0.77
53,445.1417 0.114 0.72 53,451.77831 0.897 0.74
X Sgr Y Sgr
52,905.686 0.576 0.90 52,907.28649 0.700 1.02
52,910.34909 0.241 0.76 52,913.28455 0.739 1.01
52,937.01735 0.044 0.64 53,052.09011 0.781 0.97
53,080.08851 0.444 0.89 53,087.62197 0.935 0.75
53,084.95383 0.137 0.68 53,093.88707 0.021 0.68
53,170.0758 0.274 0.79 53,157.27431 0.600 0.62
53,272.24833 0.843 0.70 53,273.45131 0.123 0.76
53,275.1117 0.251 0.77 53,279.2493 0.127 0.76
D e 53,305.23779 0.547 0.91 D e 53,416.92419 0.973 0.66
10 53,445.70857 0.576 0.90 10, 53,453.84083 0.368 0.94
Tl 53,449.77493 0.155 0.69 Tl 53,458.17128 0.118 0.76
FF Aql T Vul
52,826.66128 0.433 0.85 52,895.35431 0.018 0.46
52,919.09143 0.107 0.74 52,956.16164 0.727 0.77
52,924.35973 0.285 0.81 52,960.16233 0.629 0.80
53,047.03016 0.723 0.81 53,080.96436 0.865 0.64
53,102.0262 0.023 0.70 53,137.95919 0.715 0.77
53,106.02418 0.918 0.73 53,143.82222 0.037 0.48
53,285.31579 0.019 0.70 53,322.17372 0.247 0.66
8 e 53,290.24664 0.122 0.75 53,326.3049 0.178 0.61
D 53,416.9962 0.472 0.85 53,444.84837 0.905 0.58
10 53,469.90158 0.305 0.82 53,502.01713 0.794 0.72
|5 DO 53,471.56806 0.678 0.82 53,507.07994 0.935 0.53
RT Aur
52,910.45334 0.719 0.78
52,915.98709 0.203 0.55
52,996.65789 0.841 0.70
53,081.79189 0.676 0.79
53,085.45754 0.660 0.79
53,129.1859 0.389 0.68
53,278.95104 0.560 0.77
53,281.95338 0.365 0.66
53,371.84211 0.475 0.73
53,446.5509 0.514 0.75
53,453.41092 0.354 0.66

? B — V estimated from phased light curve.
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FiG. 1.—/ Car field with astrometric reference stars marked. The box is 15 across.

(2MASS)"! photometry and UCAC2 proper motions ( Zacharias
et al. 2004) for a field centered on each science target, and iter-
atively employ the technique of reduced proper motion ( Yong &
Lambert 2003; Gould & Morgan 2003; D. Ciardi 2004, private
communication) to confirm our giant/dwarf classifications.

3.1. Reference-Star Photometry

Our bandpasses for reference-star photometry include BVI
(from recent measurements with the New Mexico State Univer-
sity 1 m telescope for the northern Cepheids, and from the South
African Astronomical Observatory [SAAO] 1 m telescope for
the southern Cepheids) and JHK (from 2MASS). For reference-
star spectrophotometric parallaxes only, the 2MASS JHK have
been transformed to the Bessell & Brett (1988) system using
the transformations provided in Carpenter (2001). Table 4 lists

" The Two Micron All Sky Survey is a joint project of the University of
Massachusetts and the Infrared Processing and Analysis Center/California Insti-
tute of Technology.

TABLE 3
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¢ CAR AND REFERENCE-STAR RELATIVE POSITIONS

FGS ID 14 IS n
£ CA e, 372 51.0107 £ 0.0005  29.4377 + 0.0003
Do 1432 204338 £0.0006  133.6164 % 0.0005
B, 1353 —61.6015 + 0.0007  64.6358 + 0.0007
1323 262.9969 + 0.0008  57.4027 + 0.0006
10.77  199.6315 + 0.0006  36.9602 & 0.0004
13.49 0.0000 + 0.0006 0.0000 + 0.0005
13.01  161.3411 + 0.0006  —31.8256 + 0.0005

Note.—Epoch 2004.431.
* Here ¢ and 7 are relative positions in arcseconds.
® R.A. = 09"45™M07.445, decl. = —62°30'57.9" (J2000.0), epoch 2004.431.

BVIJHK photometry for targets and reference stars bright enough
to have 2MASS measurements. In addition, Washington-DDO
photometry (Paltoglou & Bell 1994; Majewski et al. 2000) was
used to confirm the luminosity classifications for the later spec-
tral type reference stars.

3.2. Reference-Star Spectroscopy

The spectra from which we estimated the ¢ Car reference star
spectral type and luminosity class come from the SAAO 1.9 m
telescope. Spectral classifications for the 8 Dor and X, Y, and
W Sgr fields were also provided by the SAAO. The SAAO res-
olution was 3.5 A FWHM ™!, with wavelength coverage in the
range 3750 A < /. < 5500 A. Spectroscopic classification of the
reference stars in the fields of RT Aur and ( Gem was accom-
plished using data obtained with the Double Imaging Spectro-
graph on the Apache Point Observatory 3.5 m telescope.'” We
used the high-resolution gratings, delivering a dispersion of
0.62 A pixel ™! and covering the wavelength range 3864 A <
/. < 5158 A. Spectroscopy of the reference stars in the fields
of Y Sgr, FF Aql, n Aql, and T Vul was obtained using the R-C
Spectrograph on the Kitt Peak National Observatory 4 m tele-
scope. The “t2kb” detector with grating 47 was used to deliver
a dispersion of 0.72 A pixel ™!, covering the wavelength range
3633 A < ) < 5713 A. Classifications used a combination of
template matching and line ratios. Spectral types for the stars are
generally better than + 2 subclasses.

12 The Apache Point Observatory 3.5 m telescope is owned and operated by
the Astrophysical Research Consortium.

TABLE 2
TARGET CEPHEID APPARENT PROPERTIES

P
D (days) log P ) Iy (K)® (B—7) EB-V) Ay Ak
35.551341 1.5509 3.732 2.557 1.071 1.299 0.17 0.52 0.06
10.15073 1.0065 3911 3.085 2.097 0.798 0.018 0.06 0.01
9.842425 0.9931 3751 2.943 1.944 0.807 0.044 0.25 0.03
7.594904 0.8805 4.667 3.862 2.796 0.746 0.111 0.37 0.04
7.012877 0.8459 4.556 3.661 2.557 0.739 0.197 0.58 0.07
5.77338 0.7614 5.743 4.814 3.582 0.856 0.205 0.67 0.07
536627 0.7297 3.960 3.204 2310 0.657 0.092 0.23 0.03
4.470916 0.6504 5372 4510 3.465 0.756 0.224 0.64 0.08
4.435462 0.6469 5.752 5.052 4.187 0.635 0.064 0.34 0.02
3.72819 0.5715 5.464 4.778 3.925 0.595 0.051 0.20 0.02

# Cousins 1.
° CIT K.
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TABLE 4
¢ CAR REFERENCE STARS: VISIBLE AND NEAR-IR PHOTOMETRY

D FGS ID 14 BV U-B V-1 K° J-K* V—K*°
4273957° 2 14.32 0.71 0.30 0.89 12.52 0.30 1.80
4273905° 4 13.53 0.95 0.63 1.13 11.20 0.62 2.33
)Y 5 13.23 1.18 1.08 133 10.29 0.78 2.95
4066585° 8 10.77 1.58 1.95 1.87 6.56 1.10 422
4066439° 9 13.49 0.57 0.08 0.72 . . .
4066556" 10 13.01 0.60 —0.04 0.80 11.48 0.34 1.53

# Cousins 7, Bessell/Brett JHK.
° ID from UCAC2 catalog.
° ID = 09454541 — 6230004 from 2MASS catalog.

3.3. Interstellar Extinction

To determine interstellar extinction, we first plot the reference
stars on a J — K versus V' — K color-color diagram. A compari-
son of the relationships between spectral type and intrinsic color
against those we measured provides an estimate of reddening.
Figure 2 contains the ¢ Car J — K versus V' — K color-color dia-
gram and reddening vector for Ay = 1.0. Also plotted are map-
pings between spectral type and luminosity class V and III from
Bessell & Brett (1988) and Cox (2000). Along with the estimated
spectral types, Figure 2 provides an indication of the reddening
for each reference star.

Assuming an R = 3.1 Galactic reddening law (Savage & Mathis
1979), we derive Ay values by comparing the measured colors
(Table 4) with intrinsic (V' — K ), (B — V )g, (U — B)gy, (J — K)o,
and (V — I'), colors from Bessell & Brett (1988) and Cox (2000).
We estimate 4y from

Ay = 11E(V —K) = 5.8E(J — K) = 2.77E(U — B)
=3.1E(B—V)=226EWV —1I),

0.2 - -
3 [ref-11] FW =

3 -refl o
043 /@‘@ A=10 F

= ref s m \\ F

3 Kby o

3 GNII E
0.6—: E_—mi =
VI 3
— - \ E
0.8 3 /i =

- ~ MOV -

] 12‘51}1 -
1.0—: ML =

E o F

] ref-8 R =
12 3 il
II||||||||||||||||||II|||||||||||||||||||||||||||||

0 1 2 3 4 5

V-K

Fig. 2—The J — K vs. V' — K color-color diagram for ¢ Car and reference
stars. The dashed line shows the locus of dwarf (luminosity class V') stars of
various spectral types; the dot-dashed line is for giants (luminosity class IIT). The
reddening vector indicates Ay = 1.0 for the plotted color systems. For this low
Galactic latitude field (4y) = 0.52 £ 0.06 mag (Table 5). [See the electronic
edition of the Journal for a color version of this figure.]

where the ratios of total to selective extinction were derived from
the Savage & Mathis (1979) reddening law and a reddening es-
timate in the direction of / Car from Schlegel et al. (1998) via the
NASA/IPAC Extragalactic Database.'® All resulting 4y values
are collected in Table 5. We then calculate a field-wide average
Ay to be used in equation (1). For the £ Car field (4y) = 0.52 +
0.06 mag. In this case our independent determination is in good
agreement with the DDO online Galactic Cepheid database,'*
which averages seven measurements of color excess to obtain
(E(B—V)) =0.163 £0.017, or (4y) = 0.51 £+ 0.05.

Using the ¢ Car field as an example, we find that the technique
of reduced proper motions can provide a possible confirmation
of reference-star estimated luminosity classes. The precision of
existing proper motions for all the reference stars was ~5 mas yr—!,
only suggesting discrimination between giants and dwarfs. Typi-
cal errors on Hg, a parameter equivalent to absolute magnitude
My, were about 1 mag. Nonetheless, a reduced proper motion
diagram did suggest that reference stars 4, 5, and 8 are not dwarf
stars. They are considerably redder in J — K than the other stars
in the present program classified as dwarfs. Giants are typically
redderin J — K than dwarfs for a given spectral type (Cox 2000).
Our luminosity class uncertainty is reflected in the input spec-
trophotometric parallax errors (Table 6). We revisit this addi-
tional test in § 4.1, once we have higher precision proper motions
obtained from our modeling.

3.4. Estimated Reference Frame Absolute Parallaxes

We derive absolute parallaxes for each reference star using My
values from Cox (2000) and the (4 ) derived from the photom-
etry. Our adopted errors for (m — M), are 0.5 mag for all refer-
ence stars. This error includes uncertainties in (A4 ) and the spectral
types used to estimate M. Our reference-star parallax estima-
tions from equation (1) are listed in Table 6. For the ¢ Car field
individually, no reference-star absolute parallax is better deter-
mined than o,/m = 23%. The average absolute parallax for the
reference frame is (m,ps) = 0.85 mas. We compare this to the cor-
rection to absolute parallax discussed and presented in YPC95
(their § 3.2 and Fig. 2). With the £ Car Galactic latitude / = —7°
and average magnitude for the reference frame (V) = 13.0, we
obtain from Figure 2 of YPCO95 a correction to absolute of 1 mas.
This gives us confidence in our spectrophotometric determination
of the correction to absolute parallax. As in past investigations,
we prefer to introduce into our reduction model our spectro-
photmetrically estimated reference-star parallaxes as observations
with error. The use of spectrophotometric parallaxes offers a more

'3 NASA/IPAC Extragalactic Database.
14 See http://www.astro.utoronto.ca/ DDO/research /cepheids /cepheids.html.
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TABLE 5
¢ CaR FIELD Ay FROM REFERENCE-STAR SPECTROPHOTOMETRY

1D Ay(B-=71) Ay (V =1) Ay(V —K) Ay(J —K) Ay(U — B) (4y) Spectral Type

0.4 0.6 0.4 —-0.3 0.6 0.33 £ 0.19 GOV

0.0 0.5 0.2 0.2 —-0.2 0.14 + 0.13 GS8 11T

0.5 0.8 0.7 0.9 0.7 0.72 £+ 0.07 KO 11

0.6 1.1 1.0 1.3 1.2 1.02 + 0.14 K4 111

0.5 0.6 0.0 0.0 0.2 0.45 £ 0.12 F3V

0.6 0.8 0.5 0.5 -0.2 0.46 £ 0.18 F4V

(A ) v 0.45 £+ 0.10 0.73 £+ 0.09 0.55 £ 0.15 0.52 £+ 0.31 0.38 +£ 0.24 0.52 + 0.06%

* Final adopted (Ay).

direct (less Galaxy model—dependent) way of determining the
reference-star absolute parallaxes.

4. ABSOLUTE PARALLAXES OF GALACTIC CEPHEIDS
4.1. The Astrometric Model

With the positions measured by FGS 1r we determine the
scale, rotation, and offset “plate constants” relative to an arbi-
trarily adopted constraint epoch (the so-called master plate) for
each observation set (the multiple observations of reference stars
and Cepheid targets acquired at each epoch listed in Table 1).
The rotation to the sky of the master plate is initially set at a value
provided by the HST ground system. The MJD of each observa-
tion set is listed in Table 1, along with a Cepheid B — V" estimated
from a phased light curve. Our £ Car reference frame contains six
stars. All the Cepheid primary science targets, including £ Car, are
bright enough to require the use of the FGS neutral-density filter.
Hence, we use the modeling approach outlined in Benedict et al.
(2002b), with corrections for both cross-filter and lateral color
positional shifts, using values specific to FGS 1r determined from
previous calibration observations with that FGS.

We employ GaussFit (Jefferys et al. 1988) to minimize 2, our
model goodness-of-fit metric. GaussFit has a number of features,
including a complete programming language designed especially
to formulate estimation problems, a built-in compiler and inter-
preter to support the programming language, and a built-in alge-
braic manipulator for calculating the required partial derivatives
analytically. The program and sample models are freely available.'®

The solved equations of condition for the ¢ Car field are

x =x+Ilc(B—V)— AXFx, (2)
V' =y+Ie(B—V)— AXFy, (3)
€ =Ax 4+ By +C — At — Py, (4)
n=Dx+E +F— p, At — Py, (5)

15 See http://clyde.as.utexas.edu/Software.html.

TABLE 6
£ CAR ASTROMETRIC REFERENCE-STAR SPECTROPHOTOMETRIC PARALLAXES

Trabs

ID Vv Spectral Type My Ay m—M (mas)
14.32 GOV 44 033 989+05 12+03
13.53 G8 III 09 0.14 12.63£0.7 03=£0.1
13.23 KO 111 0.7 072 1248 +£0.5 04 +0.1
10.77 K4 111 —-0.1 1.02 1072 £0.5 1.1 £03
13.49 F3V 32 045 1024 +05 1.1 +03
13.01 F4V 33 046 9.67+£05 14+03

where x and y are the measured coordinates from HST; lc, and Ic,
are the lateral color corrections; A XFx and A XFy are the cross-
filter corrections in x and y, applied only to the observations of
each Cepheid; and B — V isthe B — V' color of each star. Here A,
B, D, and E are scale and rotation plate constants, and C and F are
offsets; 4, and p,, are proper motions; At is the epoch difference
from the mean epoch; P, and Ps are parallax factors; 7, and 7,
are the parallaxes in x and y; x" and ' are FGS positions corrected
for lateral color and cross-filter shifts; and & and 7 are relative
positions in arcseconds. We obtain the parallax factors from a
JPL Earth-orbit predictor (Standish 1990), upgraded to version
DEA405.

There are additional equations of condition relating an initial
value (an observation with associated error) and final parame-
ter value. There is one such equation in the model for each pa-
rameter of interest: reference-star and target color index, proper
motion, and (excepting the Cepheid target) spectrophotometric
parallax. Through these additional equations of condition the 2
minimization process is allowed to adjust parameter values by
amounts constrained by the input errors. We also similarly adjust
the lateral color parameters, master plate roll, and cross-filter pa-
rameters. The end results are the final values of the parameters
of interest. In this quasi-Bayesian approach prior knowledge is
input as an observation with associated error, not as a hardwired
quantity known to infinite precision.

For example, input proper-motion values have typical errors
of 4—6 mas yr~! for each coordinate. Final proper-motion values
and errors obtained from our modeling of HST data for the ¢ Car
field are listed in Table 7. Adjustments to the proper-motion es-
timates required to minimize x? averaged 3 mas yr~'. For com-
pleteness, transverse velocities, given our final parallaxes, are
listed in Table 8. As a final test of the quality of our prior knowl-
edge of reference-star luminosity class listed in Table 6, we em-
ploy the technique of reduced proper motions. We obtain proper
motion and J, K photometry from UCAC2 and 2MASS for a

1 ° x 1 ° field centered on ¢ Car. Figure 3 shows Hx = K + 5 log ()

TABLE 7
¢ CAR AND REFERENCE-STAR RELATIVE PROPER MOTIONS

ID 1y 1y

—0.0126 £ 0.0003
—0.0098 £ 0.0010
—0.0009 £ 0.0012
—0.0073 £ 0.0017
—0.0056 £ 0.0012
—0.0106 £ 0.0009
—0.0066 £ 0.0010

0.0085 £ 0.0004
0.0094 + 0.0011
0.0096 £ 0.0013
0.0068 £ 0.0016
0.0040 + 0.0011
0.0064 £ 0.0008
0.0055 £ 0.0011

 Here p, and p, are relative motions in arcsec yr—'.
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TABLE 8
¢ CAR AND REFERENCE-STAR PARALLAXES AND TRANSVERSE VELOCITIES

/l/a.b 7Tabsb V,C

ID (mas yr~) (mas) (km s™1)
LCar e, 15.2 2.01 4+ 0.20 36 + 4
2 e 13.5 1.33 £ 0.14 48 +6
4. 9.6 0.32 + 0.04 144 + 75
LT 10.0 0.45 =+ 0.05 105 + 14
S 6.8 1.19 £ 0.10 27 + 4
D e 12.4 0.73 £ 0.22 80 & 25
10u e 8.6 1.45 + 0.11 28 +3

= (pk+ /1,}?)]/2 from Table 7.

® Final from modeling with egs. (2)—(5).

SV, =474/ Taps.

9 Modeled with eqs. (2)—(5), constraining D = —B and E = A.

plotted against J — K color index for 436 stars. If all stars had the
same transverse velocities, Figure 3 would be equivalent to an
HR diagram. ¢ Car and reference stars are plotted as ID numbers
from Table 7. ¢ Car is shown by “1”” in Figure 3. With our precise
proper motions ( Table 7), errors in Hg are now ~0.3 mag. Ref-
erence stars 4, 5, and 8 remain clearly separated from the others,
supporting their classification as giants.

We stress that for no Cepheid in our program was a previously
measured parallax used as prior knowledge and entered as an
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Fic. 3.—Reduced proper motion diagram for 430 stars in a 310 field centered on
{ Car. Star identifications are shown for ¢ Car (‘‘1’) and our astrometric reference
stars. The Hy for these stars is calculated using our final proper motions ( Table 7).
For a given spectral type, giants and subgiants have more negative Hy values and
are redder than dwarfs in J — K. Reference stars 4, 5, and 8 are confirmed to be
giant stars. The cross in the lower left corner indicates representative errors along
each axis.

Vol. 133

40 [RRRTA ARRRARRRNE IRRRURRRRIRRRRUARER] AARRANRERU AT
] X Residuals -
3 o =13 mas - -
1 N=208 -
30 4 —
20 3 N L =
10 3 =
0 _|||'|"|m|'"|"|.|||||||||||| TITT[ 1111 |||||||||||||||"|m|"||_

40 [ERRTA ARRRARRENE IRRRURRRRA ARRRU AR AARRARRRRANRAE
3 Y Residuals _ c
4 o=1.0mas E
B N =208 =
30 3 A1 -
g 3 M- g
E 20 —
=) ] -
z . T =
0 _|||||||||'|N"|..||| TITT [T T TTT T TTT] |||.|..|.i||||||||_

4 2 0 2 4

Residual (mas)

Fic. 4—Histograms of x and y residuals obtained from modeling ¢ Car
and astrometric reference stars with egs. (4) and (5), constraining D = —B and
E = A. Distributions are fitted with Gaussians whose 1 ¢ dispersions are noted
in the plots.

observation with error. Only reference-star prior knowledge was
so employed. Our Cepheid parallax results are blind to previous
parallax measures from Hipparcos and/or parallaxes from sur-
face brightness estimates.

4.2. Assessing Reference-Frame Residuals

The optical field angle distortion calibration (McArthur et al.
2002) reduces the as-built HST telescope and FGS 1r distortions
with amplitude ~1” to below 2 mas over much of the FGS 1r
field of regard. From histograms of the ¢ Car field astrometric
residuals (Fig. 4) we conclude that we have obtained satisfactory
correction. The resulting reference-frame “catalog™ in £ and 7
standard coordinates (Table 3) was determined with average
position errors (o¢) = 0.50 and (o,) = 0.62 mas.

To determine whether there might be unmodeled—but possi-
bly correctable—systematic effects at the 1 mas level, we plotted
reference frame X and Y residuals against a number of spacecraft,
instrumental, and astronomical parameters. These included X,
Yposition within our total field of view; radial distance from the
field-of-view center; reference-star /" magnitude and B — V color;
and epoch of observation. We saw no obvious trends.
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4.3. Absolute Parallaxes of the Cepheids

For the £ Carand Y Sgr fields we reduced the number of mod-
eling coefficients in equations (3) and (4) to four, as done for our
previous work on the Pleiades (Soderblom et al. 2005). We con-
strained the fit to have a single-scale term by imposing D = —B
and £ = A. Final model selection for all fields was based on
reference-star placement relative to the target, total number of
reference stars, reduced x 2 (x >/dof, where dof = degrees of free-
dom), and parallax error. Absolute parallaxes, relative proper mo-
tions, and transverse velocities for ¢ Car and associated reference
stars are collected in Tables 7 and 8. Parallaxes for all Cepheids
are collected in Table 11.

All our Cepheid parallaxes directly rely on the estimates of
reference-star parallaxes. Should anyone wish to independently
verify our results, the reference stars used in this study are all
identified in archival material'® held at the Space Telescope Sci-
ence Institute. Adopted reference-star spectral types and the par-
allaxes resulting from our modeling are listed in Table 9. Similar
data for the 6 Cep reference stars can be found in Benedict et al.
(2002b).

4.4. HST Parallax Accuracy

Our parallax precision, an indication of our internal, random
error, is ~0.2 mas. To assess our accuracy, or external error, we
have compared (Benedict et al. 2002b; Soderblom et al. 2005)
our parallaxes with results from independent measurements from
Hipparcos (Perryman et al. 1997). Other than for the Pleiades
(Soderblom et al. 2005), we have no large systematic differences
with Hipparcos for any objects with o./7 < 10%. The next sig-
nificant improvement in geometrical parallaxes for Cepheids will
come from the space-based, all-sky astrometry missions Gaia
(Mignard 2005) and Space Interferometry Mission PlanetQuest
(Unwin 2005) with ~10 pas precision parallaxes. Final results
are expected by the end of the next decade.

4.5. The Binary Cepheids

Many of our target Cepheids have companions discovered
spectroscopically with /UE (cf. Evans 1995). Two of these,
W Sgr (Petterson et al. 2004) and FF Aql (Evans etal. 1990), have
published spectroscopic orbital elements. For these two targets we
introduced the known orbital elements as observations with
error and solve for inclination and perturbation size as outlined
in Benedict et al. (2002b) using equations (6) and (7) from that
paper.

Our results for W Sgr and FF Aql are summarized in Table 10.
With the perturbation orbit semimajor axis «, the measured incli-
nation #, and an estimate of the secondary mass, we can estimate
the mass of each Cepheid. The secondary mass is estimated from
the spectral type and a recent mass-luminosity relationship (Henry
2004). An improvement in the W Sgr mass is expected shortly,
once the secondary spectral type is more tightly constrained
(Evans & Massa 2007). The major contributor to the FF Aql
mass error is the parallax error.

One of our original targets, 17 Aql, is thought to be a binary
from /UE spectra (B9.8 companion; Evans 1991). As shown in
Table 10, we have successfully included perturbation orbits for
two other Cepheids, FF Aql, and W Sgr, simultaneously solving
for parallax, proper motion, inclination, and perturbation orbit semi-
major axis. However, spectroscopic orbital parameters are fairly
well known for those stars, which is definitely not the case for

16 See http://www.stsci.edu/observing /phase2-public /9879.pro.
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TABLE 9
ASTROMETRIC REFERENCE-STAR FINAL PARALLAXES
Trabs
ID* 14 Spectral Type (mas)

14.29 GOV 1.3+ 0.1
13.53 G8 III 0.3 + 0.1
13.18 KO 111 0.4 + 0.1
10.62 K4 111 1.2 + 0.1
13.44 F3V 0.7 +£ 0.2
12.97 F4V 1.5 £ 0.1
13.78 G8 III 0.3 + 0.1
11.47 F35V 2.2+ 0.1
12.36 F6 V 1.9 + 0.1
7.55 G3V 272 +£0.2
14.25 F5V 0.8 + 0.1
12.56 KO 111 0.5 + 0.1
15.84 A0 TIT 0.1 + 0.1
13.26 F5V 1.3+ 0.1
15.79 G3V 0.6 + 0.1
14.70 G9V 1.7 £ 0.1
15.28 KO 11 0.1 + 0.1
15.29 G5V 0.9 + 0.1
16.42 KO V? 0.7 + 0.1
11.25 F1V 2.5+ 0.1
13.25 KO 111 0.9 + 0.2
12.8 KO 111 0.6 + 0.1
14.17 F8 V 1.5 £ 0.1
13.7 MO III 0.3 + 0.1
14.1 F2 11 0.3 + 0.1
14.00 KO 111 0.5 + 0.1
13.10 B7V 0.5 + 0.1
13.62 Al 1T 0.5 + 0.1
12.56 KO IIT 0.9 + 0.1
13.04 F5V 1.9 + 0.1
12.56 F3V 1.9 £ 0.1
13.98 AlV 0.7 + 0.1
10.37 A5V 22403
12.41 A5V 1.0 + 0.1
13.36 KO IV 1.6 +£ 0.2
11.18 FOV 22+ 02
14.92 K7V 49 £ 0.5
12.83 G9 1T 0.5 + 0.1
14.17 K2 111 0.3 + 0.1
14.16 K3V 3.6 +02
13.68 K3V 40+02
14.93 G7V 1.6 + 0.1
15.1 F2V 0.6 + 0.1
15.29 K2 111 0.2 + 0.1
13.79 KO 11T 0.4 + 0.1
13.31 G3V 2.1+02
14.29 K11V 0.7 + 0.1
13.26 GOV 1.5+ 0.2
11.69 K1.5 111 0.8 + 0.1
14.48 KO IV 0.6 + 0.1
12.60 K3 111 0.6 + 0.1
13.87 K2V 2.7+ 02
13.26 KO 111 0.4 + 0.1
11.37 G2V 3.0+ 03
11.47 F3V 24+ 0.2
13.90 F3V 0.9 + 0.1
14.93 G5 III 0.2 + 0.1

* LC-2, { Car, reference star 2; ZG, ¢ Gem; BD, 3 Dor; WS, W Sgr; XS, X Sgr;

YS, Y Sgr; FF, FF Aql; TV, T Vul; RT, RT Aur.
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TABLE 10
Binary CEPHEID ORBITS AND MASSES

Parameter W Sgr FF Aql
2.67 £0.2 336 £ 04
1582 +£3 1434 + 1
433 £0.01 3.93 £ 0.01
2004.16 £ 0.01 2003.29 £ 0.04
0.41 £ 0.02 0.09 £ 0.01
7.0 £ 0.8 33+£5
68.4 £ 4.0 613 +9
3280+ 1.3 327+ 4
Secondary spectral type..... A5 V-F5V? F1V®
Secondary mass (My)........ 2.0-14 1.6
@ (IMAS) .o 129 £ 0.3 12.8 £ 0.9
a (AU) e 5.67 £ 0.13 454 £0.14
S 0.207 £ 0.017 0.263 + 0.031
Cepheid mass (Mg) ........... 6.5+2 45+ 1

# Range from N. Evans (2006, private communication).
® Evans et al. (1990).

1 Aql. With no period, eccentricity, or periastron timing con-
straints from previous radial velocity observations, and effectively
only five distinct epochs of astrometry, we cannot determine a
perturbation orbit. Our astrometry is clearly affected by an as
yet unmodelable motion. Therefore, n Aql cannot be included
in this analysis. Ultimately, additional HST observations may
serve to characterize the (likely face-on) perturbation orbit, re-
sulting in a usable parallax.

5. THE ABSOLUTE MAGNITUDES OF THE CEPHEIDS

When using a trigonometric parallax to estimate the absolute
magnitude of a star, a correction should be made for the Lutz-
Kelker bias (Lutz & Kelker 1973) as modified by Hanson (1979).
We justify the application of Lutz-Kelker-Hanson (LKH) with
an appeal to Bayes’s theorem. See Barnes et al. (2003, § 4) for an
accessible introduction to Bayes’s theorem as applied to astron-
omy. Invoking Bayes’s theorem to assist with generating absolute
magnitudes from our Cepheid parallaxes, one would say, “what is
the probability that a star from this population with this position
would have parallax 7 (as a function of 7), given that we have not
yet measured 7?” In practice, one would use the space distri-
bution of the population to which the star presumably belongs.
This space distribution is built into the prior p(7) for 7, and is
used to determine

p(ﬂ—‘ﬂobs & K) Np(ﬂ—obs|77 & K)P(W|K)> (6)

where K represents prior knowledge about the space distribution
of the class of stars in question and “&” is an “and” operator.
The function p(mops|m & K) is the standard likelihood function,
usually a Gaussian normal with variance o, The “standard”
L — K correction has p(r|K ) ~ 7. Looking at a star in a disk
population close to the Galactic plane requires 73 (ignoring
spiral structure), which is the prior we use. The LKH bias is pro-
portional to (o/m)*. Presuming that all Cepheids in Table 2 be-
long to the same class of object (evolved main-sequence stars), we
scale the LKH correction determined in Benedict et al. (2002b)
for 6 Cep and obtain the LKH bias corrections listed in Table 11.
For ¢ Car we find LKH = —0.08 mag. The average LKH bias cor-
rection for all Cepheids in this study was —0.06 mag. We identify
the choice of prior for this bias correction as a possible contributor

to systematic errors in the zero points of our PLR, at the 0.01 mag
level.

With (V') = 3.724 (Table 2) and given the absolute parallax
2.01 £ 0.20 mas from § 4.3, we determine a distance modulus
for £ Car. From Table 5 (§ 3.3) we obtain a derived field-average
absorption, (4y) = 0.52. With this (4y), the measured distance
to ¢ Car, and the LKH correction we obtain My = —5.35 £ 0.22
and a corrected true distance modulus (m — M), = 8.56. The
My error has increased slightly by combining the (4y) error and
the raw distance modulus error in quadrature. The M values in
Table 11 have slightly lower errors because the (4x) values are
lower, with correspondingly lower errors to add in quadrature.
The Wesenheit magnitude #;, listed in Table 11 is the prescrip-
tion of Freedman etal. (2001) Wy; = V —[Ay/E(V — D|(V = I).
For the reddening law adopted by them, Wy; = V — 2.45(V — I).

Results, including all proper motions and absorption-corrected
and LKH bias—corrected absolute magnitudes, for the Cepheids
in our program (except 17 Aql) are collected in Table 11. In halfthe
cases the reddening values we derived from our reference-star
photometry agreed with that listed in the DDO Cepheid database.
For 6 Cep and X Sgr we adopted a reddening derived as described
in § 3.3 because the photometry showed very consistent star-to-
star reddening. For 3 Dor, Y Sgr, and FF Aql we adopted the DDO
color excess and an absorption 4y = 3.1E(B — V') because the
star-to-star reddening indicated extremely patchy absorption.
Adopted absorption in the V'and K bands is listed in Table 2.

6. PERIOD-LUMINOSITY RELATIONS, DISTANCE
SCALE IMPLICATIONS, AND APPLICATIONS

6.1. Period-Luminosity Relations from HST Parallaxes

Plotting the absorption and LKH bias—corrected V, I, K, and
Wesenheit absolute magnitudes My, M;, Mk, and My from
Table 11 against the logarithm of the period (log P; Table 2), we
obtain the PLRs contained in Figure 5. We parameterize all PLR
as My = a+ b(log P — 1). Hence, the zero points are for a
Cepheid with log P = 1. Our intercepts and slopes (B07) with
1 o errors are collected in Table 12, along with other recent de-
terminations; Freedman et al. (2001), Sandage et al. (2004), and
Barnes et al. (2003). Note that the Sandage My ;) was derived
from their Vand / PLRs (Sandage et al. 2004, egs. [17] and [18]),
using Wy; = V — 2.52(V — I). Adopting the Freedman redden-
ing coefficient (2.45) would change the slope of the Sandage Wy,
PLR only by +0.02 mag.

The standard deviation of our residuals (Fig. 5) are 0.10 mag
for My and M;, and 0.09 mag for My and My (). In each case
the largest residual is that of W Sgr. Note that the determination
of the W Sgr parallax was complicated by the inclusion of a bi-
nary perturbation orbit. However, excluding W Sgr from the fit
of, for example, Mg, changes the slope and intercept by less than
0.01 mag.

Given the diversity of opinion regarding the applicability of
LKH bias corrections (e.g., Smith 2003), even among the present
author list, one of us (M. F.) suggested the following. The abso-
lute magnitude error depends on the fractional parallax error,
o /7. When forming the PLR in Figure 5, a star that has by chance
an overestimated parallax, will have greater weight in the solution
than the same star with an underestimated parallax. Feast (1998,
Table 1) presents an extreme example of this. A correction based
on o, /m seems required. We first fit a PLR with absolute magni-
tudes uncorrected for LKH bias and weight the stars by (7r/0)2.
From the deviations of each star from this PLR we deduce the par-
allax (7) that each star would have to have to fall on the PLR. We
then redo the PLR, weighting the uncorrected absolute magnitudes



TABLE 11
CEPHEID PARALLAXES, PROPER MOTIONS, AND ABSOLUTE MAGNITUDES

CEPHEID
PARAMETER ¢ Car ¢ Gem 5 Dor W Sgr X Sgr Y Sgr 6 Cep FF Aql T Vul RT Aur
Duration (yr).....ccoeeeeerecereuenennns 1.95 1.50 1.50 1.71 1.49 1.51 2.44 1.77 1.67 1.49
No. reference stars... 6 6 5 6 7 6 5 6 6 5
Reference (V) .......... 13.00 12.03 14.95 13.04 13.28 12.51 12.06 14.48 13.39 13.02
Reference (B — V) cevececrreevnennee 0.92 0.69 0.77 1.35 0.98 0.98 1.30 1.16 1.12 0.80
Tabs (INAS) w.eviiiiiccrciciceieienens 2.01 £0.20 278 £0.18 3.14 £0.16 2.28 £0.20 3.00 £ 0.18 2.13 £0.29 3.66 £ 0.15 2.81 £0.18 1.90 £ 0.23 2.40 £+ 0.19
152 £ 0.5 62+ 0.5 12.7 £ 0.8 6.6 + 0.4 10.0 £ 1.2 7.0 £ 0.8 174 £ 0.7 79+ 0.8 7.1+03 150 £ 04
304 £ 2 272 £ 5 10.4 £ 0.6 134 + 8 193 +3 204 +£5 —-73+£3 144 + 11 141 £ 6 179 £3
0.52 + 0.06 0.06 + 0.03 0.25 £ 0.05 0.37 £ 0.03 0.58 £ 0.1 0.67 £ 0.04 0.23 +£0.03 0.64 £ 0.06 0.34 £ 0.06 0.20 + 0.08
—0.08 —0.03 —0.02 —0.06 —0.03 —0.15 —0.01 —0.03 —0.12 —0.05
8.56 7.81 7.50 8.31 7.64 8.51 7.19 7.79 8.73 8.15
—535+022 —4.04 £0.15 —4.03 £ 0.11 —3.97 £ 020  —3.68 £ 0.17 —342 £030 347 £ 0.11 —3.05 £ 0.15 —3.27 £0.28 —2.89 £ 0.18
My oot —6.31 £0.22 —4.81 £0.15 —4.74 £ 0.11 —4.62 £ 020 —432+0.17 —4.08 £ 0.30 —4.12 £ 0.11 —3.65 £ 0.27 —3.85 £0.28 —3.49 £0.18
ME et —7.55 +£0.21 —5.73 £ 014  —5.62 £ 0.11 —551+£019 —5.15+0.13 —5.00 £ 030 —4.91 £+ 0.09 —4.39 £ 0.14 —4.57 £024  —425+0.17

My v =7.71 £0.21 —-592+£0.14 -5.76 £ 0.11 —5.58 £0.19 —528 £0.13 —5.04 £030  —5.09 £0.10 —4.53 £0.13 —4.69 £0.27 —437£0.17
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Fic. 5—PLRs for ¥, I, K, and Wesenheit Wy;, where Wy; = (V') — 2.45((V') — (I)). Coeflicients are for M = a + b(log P — 1). Errors are 1 . [See the electronic

edition of the Journal for a color version of this figure.]

by (7 Jo)?. Changes in the PLR slope and intercept are less than
0.005 within three iterations. Table 12 lists PLR slopes and in-
tercepts obtained with this particular weighting scheme as BO7f.
We note that the BO7f slopes and intercepts agree within their re-
spective errors with those obtained employing LKH bias correc-
tions (B07).

6.2. Pulsation Modes and Shocks

There is always a possibility that a Cepheid will be pulsating
in an overtone, especially at shorter periods. The ratio of the fun-
damental period Py to the overtone period P; is given by

Pl/P() =0.720 — 0.027 log P() (7)
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TABLE 12
Gavactic CepHEID PLR ZErRO PoINTS AND SLOPES
ZEro Points SLOPES
SOURCE V 1 K WVI V 1 K WVI

—4.05 +0.02 —478+£0.03 —-571+0.03 —586+0.04 —243+0.12 —2.81+0.11 —-332+0.12 -3.34+£0.17
—4.03 + 0.03 —5.67 £0.02 —-5.83+0.03 —244+0.11 —335+0.08 —3.30 & 0.12
—4.22 +0.02 —4.90 £ 0.01 —5.90 £ 0.01 —2.76 £ 0.03 —2.96 £+ 0.02 —3.26 + 0.01
—4.00 £ 0.10 —4.78 £+ 0.01 —5.96 £ 0.04 —3.09 £0.09 —3.35+0.08 —3.75 £ 0.12
—4.16 + 0.22 —2.69 £ 0.17

Notes.—B07, this paper; BO7f, no LKH, this paper; FO1, Freedman et al. (2001); S04, Sandage et al. (2004); B03, Barnes et al. (2003). All PLRs are pa-

rameterized as M = a + b(log P — 1).

(e.g., Alcock et al. 1995). Thus, for the My - log P plot found in
Figure 5 overtones will lie about 0.4 mag above fundamental pul-
sators at a given period. As Figure 5 shows, there is no evidence
that any of the Cepheids in our sample deviate by this amount
from a single relation. This is particularly interesting in the case
of FF Aql. This low-amplitude (AV = 0.33) Cepheid has been
classed as an overtone pulsator on the basis of Fourier analyses of
both the light curve (Antonello et al. 1990) and the velocity curve
(Kienzle etal. 1999). It was nevertheless classed as a fundamental
pulsator by Sachkov (1997) from a Baade-Wesselink-type radius
estimate. None of the other Cepheids in our sample have been
suggested to be overtone pulsators so far as we are aware, al-
though ¢ Gem has a relatively low amplitude (AV = 0.49). As
shown in Table 11, our absolute magnitude for FF Aql (log P =
0.6504)is My = —3.05 + 0.15. This is 0.15 mag fainter than the
mean relation (Fig. 5). If it were an overtone pulsator it would be
0.53 mag fainter than expected. We therefore conclude that it is
not an overtone pulsator. This results suggests that, despite the
rather clear division of light and velocity Fourier coefficients of
Cepheids into two groupings, this may not always correspond to
a division into fundamental and overtone pulsators.

Mathias et al. (2006) find that X Sgr is apparently unusual in
showing evidence of multiple shock waves in its atmosphere. It
is therefore worth noting that this Cepheid appears quite normal
as far as its position in any of our PLRs is concerned.

6.3. Distance Scale Implications

In this section we use two methods to compare our new par-
allaxes and our derived PLR with those from previous inves-
tigations. The first approach is simply to compare the zero points
and slopes of various PLRs. These are flagged as “DC” (direct
comparison). The second approach uses reduced parallaxes (Feast
2002) to solve for independent zero points, which are then com-
pared with our new values listed in Table 12. This approach is
denoted “RP”’ (reduced parallaxes). In the following we carry
out these comparisons with two populations of Cepheids, first
Galactic Cepheids, then Cepheids in the LMC.

6.3.1. Comparison with Other Galactic PLRs

6.3.1.1. Barnes et al. (2003)

Barnes et al. (2003) develop and describe a Bayesian statisti-
cal analysis to solve the surface brightness equations for Cepheid
distances and stellar properties. Their analysis averages over the
probabilities associated with several models rather than attempt-
ing to pick the best model from several possible models. They
obtain a PLR using a sample of 13 Galactic Cepheids.

Before comparing their V-band PLR with ours, we can com-
pare our parallax for T Vul with that determined by Barnes et al.
(2003) using a Bayesian solution in the visual surface brightness

technique. As discussed by Barnes et al., the surface brightness
technique determines a quasi-geometric parallax rather than a dis-
tance. Their Table 7 gives a parallax for T Vul of 1.65 £ 0.11 mas,
compared to our HST parallax of 1.90 £ 0.23 mas.

However, the surface brightness parallax contains an unknown
systematic uncertainty, because it depends on the adopted factor
for conversion from radial velocity to pulsational velocity, nor-
mally denoted p. (The larger the value of p, the smaller the par-
allax computed.) The value adopted by Barnes et al. (2003) for
T Vulis p = 1.37. Recent values in the literature, appropriate for
periods near that of T Vul, range fromp = 1.27 £ 0.06 (Merand
et al. 2005) to p = 1.48 & 0.21 (Gieren et al. 2005). We can use
the HST parallax to infer a quasi-geometrical value of p by de-
manding that the surface brightness parallax match the HST par-
allax. Theresultis p = 1.19 £ 0.16. This value is consistent with
the geometrically determined value of Merand et al., with the canon-
ical value p = 1.36 that is often used for Cepheids, and with the
value p = 1.48 from Gieren et al. (2005) given the mutual uncer-
tainties. Even though the uncertainty is larger than we would like,
our value is only the second geometrically or quasi-geometrically
determined value of p after that of Merand et al. (2005).

DC.—A comparison of the Barnes et al. (2003) PLR in V'
(based on 13 Galactic Cepheids) with that for our 10-Cepheid
solution is quite satisfactory. As shown in Table 12, the zero points
and the slopes both agree within 1 ¢. The agreement would have
been slightly better had the reddening law chosen by Barnes et al.
been the same as that adopted in this work. Their choice of
R ~ 3.35 leads to larger values of 4, than does the law adopted
here. Adjusting the surface brightness M) values to our redden-
ing law would change the slope determined by Barnes et al. to
about 0.5 o closer to the slope determined in the present work.

6.3.1.2. Freedman and Sandage

An ultimate goal of many workers has been to use Cepheids to
establish the Hubble constant Hy. Two major groups have re-
cently been or currently are involved in this effort, and their re-
sults are summarized in Freedman et al. (2001) and Sandage
et al. (2006). Here we investigate how our new parallaxes test
some of their basic assumptions.

Both groups effectively use “reddening free” (Wy;-type) re-
lations. However, they differ, among other things, by the use of
different reddening laws and therefore different color coefficients
in their relations. The relation used by Freedman et al. (2001) is
equation (5) of their § 3.3 and is derived from the OGLE LMC
work on Cepheids (Udalski et al. 1999). With the other equations
in that section it can be written

Mod = V +3.255(log P — 1) — 2.45(V —I)+ F, (8)

where the Freedman zero point F = +5.899 + 4 is based on
an LMC distance modulus of 18.50 and a correction 4 for any
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TABLE 13
REDUCED PARALLAX ZERO-POINT TESTS OF FREEDMAN AND SANDAGE

Source Zero Point
Freedman
F (from eq. [8]) 5.823 £+ 0.036
Freedman............ 5.979
Difference......coveeeeeieienieiecieeeeeee e +0.156
Sandage
S (from €q. [9]) ceveereereeeeeeee e 5.964 £+ 0.042
Sandage.............. 5.959
Difference —0.005

metallicity difference with the LMC. The relation between 4 and
metallicity adopted by Freedman et al. leads to 4 = 4-0.08 in the
case of metal-normal (Galactic) Cepheids.

Sandage et al. (2004) adopt different relations for the LMC
and our Galaxy. For our Galaxy they adopt

Mod = V' +3.746(log P — 1) = 2.523(V =)+ S, (9)

where the Sandage zero point S = +5.959 is based on data from
Baade-Wesselink-type analyses and from Cepheids in Galactic
clusters.

RP—Our first test uses the method of reduced parallaxes
outlined in Feast (2002, egs. [1], [2], and [3]) to estimate the zero
points, F'and S, in equations (8) and (9). The results are shown in
Table 13, together with the values adopted by the two groups. In
our reductions we have assumed that all the uncertainty is in the
parallaxes. The small scatter about the PLR relations discussed in
this paper suggests that other sources of uncertainty are small. This
assumes (eq. [3] of Feast 2002) that the uncertainty in the magnitude
and the intrinsic scatter in the adopted relation are small. If they
were significant, they would decrease the value of the derived con-
stants in the above equations (9) and (10) (decrease the absolute
brightness of the Cepheids) due to a change in the relative weights of
the stars. For example, in the case of S this changes from +5.96 to
+5.93 if each of the above uncertainties were 0.07 mag, and to +5.91
ifthey were both 0.1 mag. The results in Table 13 show that the re-
duced parallax calculation gives a zero point for the Sandage Ga-
lactic relation in agreement with that adopted by them, whereas the
Freedman zero point is 0.16 mag smaller than the one used by them.
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DC.—For our second test we calculate parallaxes for our 10
Cepheids using equations (8) and (9) with the Freedman and
Sandage zero points. These “postdiction” parallaxes are listed in
Table 14. The results in Table 14 confirm the differences found in
the RP test. The small differences between Tables 13 and 14 are
due to the fact that the DC test (Table 14) was carried out using
unweighted quantities

In summary, using RP and our Table 11 parallaxes to derive
the zero points of equations (8) and (9), we find an agreement
with Sandage et al. (2004; eq. [9]) within the errors but a differ-
ence of 0.16 &= 0.04 from Freedman et al. (2001; eq. [8]). How-
ever, most HST-based work on extragalactic Cepheids has been
heavily weighted to the longer periods, which is true of both the
Freedman et al. and Sandage et al. programs. Thus, it is impor-
tant to note ( Table 14) that for our longest period Cepheid, ¢ Car,
the Freedman et al. relation predicts a parallax in better agree-
ment with ours than does that of Sandage et al. This DC result is
shown in a slightly different way in Figure 6, where we plot both
the Freedman et al. and the Sandage et al. Wesenheit My ;)
PLRs, together with those derived from our data. We allow both
the coefficient of (log P — 1) and the zero point to vary, but adopt
the relevant color coefficient. These plots show that at the lon-
ger periods (log P > 1) relevant to much extragalactic work the
Freedman et al. relation lies close to our best estimate and im-
plies little change to their derived H, despite its being inconsis-
tent with our data at shorter periods. On the other hand, using our
My 1y PLR (Fig. 6) would tend to increase the Sandage estimate
of H), at least where it depends on galaxies of near-solar metallic-
ity. This result depends crucially on ¢ Car. It would clearly be
important to strengthen the long-period calibration by obtaining
additional high-precision parallaxes of long-period Cepheids.

6.3.2. Comparison with LMC Cepheid PLR

To carry out direct comparisons of Galactic and LMC PLRs
(DC) itis necessary to compare PLRs with equal slopes, because
the log P = 1 intercept depends on PLR slope. Where necessary
we have refitted our PLR, constraining the slope to those estab-
lished for LMC Cepheids, to redetermine zero points, all un-
corrected for metallicity effects.

6.3.2.1. LMC V-Band PLR Nonlinearity

Ngeow et al. (2005), Ngeow (2006), and Ngeow & Kanbur
(2006) offer further evidence for a possible change of slope of
the V-band PLR at log P ~ 1 for the Cepheids in the LMC first

TABLE 14
CEPHEID PARALLAXES AND POSTDICTIONS

HST maps S06* S06 Difference F01° FO1 Difference
ID (mas) (mas) (mas) (mas) (mas)
2.01 +£0.2 1.74 0.27 1.88 0.13
2.78 £ 0.18 2.73 0.05 2.64 0.14
3.14 £ 0.16 2.94 0.2 2.84 0.3
228 +0.2 2.34 —0.06 2.19 0.09
34+ 0.18 2.9 0.1 2.69 0.31
2.13 £0.29 2.02 0.11 1.84 0.29
3.66 + 0.15 3.96 —0.3 3.6 0.06
2.81 +£0.18 2.68 0.13 2.39 0.42
1.9 £ 0.23 1.88 0.02 1.68 0.22
2.4 4+ 0.19 2.4 0 2.11 0.29
Unweighted mean diff. (10) ................ +0.052 +0.225
Standard error .........ceceeeieveieerieieenn + 0.052 + 0.039
Standard deviation ............ccccevverenennee. 0.155 0.140

# Parallax predicted from eq. (9) and the Sandage zero point.
® Parallax predicted from eq. (8) and the Freedman zero point.
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Fi6. 6.—My(yry PLRs for the present work compared to those adopted by Freedman et al. (2001; /eff) and Sandage et al. (2004; right). For the Freedman comparison
we use 2.45 as our Wy; color coefficient. For the Sandage comparison we recalculate our #y; using a 2.52 coefficient. While the Sandage et al. PLR agrees better with the
bulk of our Cepheids, the Freedman et al. PLR better matches ours for log P > 1. Most H,, Key Project extragalactic Cepheids are long-period. Hence, our new PLR has
minimal impact on the Freedman et al. H, value. If adopted, our PLR would tend to increase the Sandage et al. (2006) H, value. [See the electronic edition of the Journal

for a color version of this figure.]

noted by Sandage et al. (2004). However, they find no such slope
change in any reddening-free Wesenheit magnitude.

DC.—With our small-scatter /-band PLR, do Galactic Cepheids
exhibit a similar nonlinearity? Fitting only those seven Cepheids
in Figure 5 with log P < 1 for the V-band PLR results in a slope
with a significant error. Our fit to that period-restricted subset is
shown in Figure 7, and demonstrates that our sample, containing
only one Cepheid with log P well in excess of unity, is too small
to offer solid evidence for a V-band PLR slope change similar to
that found in the LMC by Ngeow et al. (2005). We note that ¢ Car
lies only ~2 o below the relationship line. We also note that we can
obtain a V-band PLR slope only 1 ¢ different from the full sample
by retaining ¢ Gem and 3 Dor in the sample. Suspected nonlinear-
ity in Vrests entirely on ¢ Car. Because the PLR in Vis a collapsed
period-luminosity-color relation, it has a finite width in V' (e.g.,
Caldwell & Coulson 1986). The location of ¢ Car below the
PLR fitted to shorter period stars could be a result of this finite
width.

6.3.2.2. Gieren et al. (2005)

Gieren et al. (2005) contains absolute magnitude information
for 13 LMC Cepheids derived using surface brightness methods.
In addition to high-precision photometry, 10 of the 13 have met-
allicity measures ({[Fe/H]) = —0.46). Because Gieren etal. (2005)
contained none of the observed intensity-averaged apparent mag-
nitudes, J. Storm, a coauthor on that paper, kindly supplied their
(V), (I), and (K) values for these selected LMC Cepheids. The
(V), (I}, and (K ) values were not corrected for LMC tilt, but are
corrected for absorption [Ay = 3.1E(B — V), Ax = 034E(B - V)
using E(B — V') from Gieren et al. (2005)]. The V'and K PLR,

along with a Wesenheit Wy; PLR [W; = V — 2.45(V — I)], are
shown in Figure 8.

DC.—Comparing the Gieren et al. (2005) LMC PLR (Fig. 8)
PLR with our Galactic PLR in Figure 5, we note satisfactory agree-
ment in the slopes for K and Wj;. The Gieren K data are a se-
lected subset of the Persson et al. (2004) data discussed next. The
disagreement in /" may be attributed to instability width (Caldwell
& Coulson 1986) and the placement of ¢ Car within that strip.

6.3.2.3. Persson et al. (2004) K Band

Persson et al. (2004) present the most extensive K-band in-
frared photometry (CIT system) of LMC Cepheids. An infrared
PLR is of interest because it is less sensitive to uncertainties in
interstellar extinction, and the intrinsic width of the relation is
likely to be small.

DC.—Their PLR can be written

K = -3.261(logP — 1)+ 12.775. (10)
The standard error of the slope is 0.04. This slope is not signif-
icantly different from the one we determine from our Galactic
stars (—3.37 £ 0.09; Table 12). From Table 15 we find a K-band
Galactic Cepheid zero point —5.67 4= 0.03 for a PLR with slope
—3.26. This direct comparison yields a K-band LMC distance
modulus of 18.45 4 0.04, uncorrected for metallicity effects.

RP—Using the method of reduced parallaxes and the Persson
etal. (2004) slope, our parallaxes yield M(K) = —3.261(log P —
1) —5.678 + 0.033. We estimate that the uncertainty in the
Persson et al. LMC zero point (in the shorter period range where
our Galactic stars are) is about 0.03 mag. Combined with our
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Fic. 7.—PLR for My, where we fit the seven Cepheids in our sample with
log P < 1. This fit excludes £ Car, ¢ Gem, and 3 Dor, which has log P = 0.9931.
Coefficients are for M = a + b(log P — 1.0). The slopes differ by ~2 o, com-
paring the log P < 1 slope against the entire range (Fig. 5). Our parallaxes pro-
vide only weak evidence for a break at log P = 1.

K-band PLR and its uncertainty, the Persson et al. relationship
yields an LMC modulus of 18.45 4 0.04 without metallicity
correction. We return to the metallicity issue in § 6.4.1.

6.3.2.4. OGLE (1999) Wy,

OGLE (1999) Wy, has produced the largest amount of LMC
Cepheid photometry. In Figure 9 we plot an apparent #); PLR
for 581 Cepheids in the LMC. These data were carefully preened,
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selecting only Cepheids with normal light curves and amplitudes
(Kanbur et al. 2003). They were kindly communicated by G.
Tammann, and provide the highly precise slope and zero point
listed in Table 15.

DC.—Direct comparison of the Wy; and My (y;) zero points
from Figures 9 and 5 yields an LMC distance modulus of 18.49 +
0.03 with no metallicity corrections. Constraining the slope to the
OGLE value results in the LMC distance modulus 18.51 4 0.04
listed in Table 15.

RP.—These data, when fitted to the relation

W)=V —2450 —1)=b(logP — 1)+ 4, (11)

yield slope b = —3.29 4 0.01, which agrees within the uncer-
tainties with the slope derived from our Galactic stars. For these
we obtained b = —3.37 £ 0.12 and —3.30 £ 0.12 in two slightly
different solutions (see § 6.1 and Table 12). Thus, we find no ev-
idence for a difference in slope for the two galaxies. Nevertheless,
because such a difference has been suggested (Sandage et al.
2004) it is desirable to compare Galactic and LMC Cepheids in the
same period range. In the case of the Galactic stars this omits
£ Car. We therefore solve equation (11) for Cepheids with log P
in the range 0.5—1.1. The OGLE LMC data thenyieldb = —3.31 £+
0.03 and 4 = 12.64 £+ 0.01, not different from the values for
the whole sample. Adopting a slope b = —3.31 we find a =
—5.85 £ 0.04 in the equation

from our Cepheids. This leads to an LMC modulus of 4 —a =
18.50 £ 0.04, uncorrected for metallicity effects in Wy;.

To summarize this section our PLR can be used to obtain LMC
distance moduli by comparing (DC) our absolute zero points
with apparent magnitude zero points from OGLE, Persson et al.
(2004), and Gieren et al. (2005). Constraining the slopes of the
PLR in Figure 5 to those determined from the Gieren and OGLE
PLR in Figures 8 and 9 yields the zero points for DC, found in
Table 15. Comparing the zero points for all four PLRs, we find
LMC distance moduli of 18.45 £ 0.04 for the K band, 18.51 &
0.04 for Wy;, 18.52 £ 0.06 for the V' band, and 18.49 & 0.03 for
the OGLE Wy;. RP yields the zero points for RP in Table 15 and
LMC distance moduli 18.50 4= 0.04 for Wy; and 18.42 £+ 0.04
for K. These moduli remain uncorrected for possible metallicity
effects.
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Fic. 8.—PLRs for absorption-corrected ¥, K, and Wy; for 13 LMC Cepheids from Gieren et al. (2005). The K-band magnitudes have been transformed to the CIT
system. Coefficients are for M = a + b(log P — 1.0). The K-band and W; slopes are in better agreement with the Galactic Cepheid results than the /-band slope (Fig. 5).

[See the electronic edition of the Journal for a color version of this figure.]
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TABLE 15
LMC PLR Zgro PoinTs, SLOPES, AND DISTANCE MODULI
Source® Band Zero Point Slope Zero Point (DC)° Zero Point (RP)° DC(m — M)* RP(m — M)*
GO5.eeeeeeee e, vV 14.42 £+ 0.05 —2.78 £ 0.09 —4.10 £ 0.04 18.52 + 0.06
K 12.78 £+ 0.02 —3.26 + 0.03 —5.70 + 0.03 18.48 + 0.04
Wy 12.65 £+ 0.02 —3.37 £ 0.03 —5.86 £ 0.03 18.51 4+ 0.04
Per04 ..o, K 12.78 £+ 0.02 —3.26 + 0.03 —5.70 + 0.04 —5.68 £+ 0.03 18.48 + 0.04 18.45 + 0.04
OGLE....ccoeieieieeenee. Wy 12.65 £+ 0.01 —3.29 £ 0.01 —5.85 £ 0.03 —5.85 £ 0.04 18.49 4+ 0.03 18.50 4+ 0.04

? G035, Gieren et al. (2005); Per04, Persson et al. (2004); OGLE, G. Tammann (2006, private communication). All PLRs are parameterized as M = a + b(log P — 1).
b Zero points obtained by fitting the data plotted in Fig. 5, but with slopes constrained to those from G05, Per04, and OGLE.

¢ Zero points obtained via reduced parallaxes.
4 Distance moduli with no metallicity corrections applied.

6.4. Extragalactic Distances: Applying Our PLR

In this section we apply our PLR to the LMC and NGC 4258,
comparing our derived distances with those from other inves-
tigators. In the case of the LMC we briefly describe our adopted
metallicity corrections.

6.4.1. Metallicity Corrections and LMC Distance Modulus

Note that none of the LMC distance moduli derived above
(Table 15) have metallicity corrections applied. Macri et al. (2006)
demonstrate that a metallicity correction is necessary by compar-
ing metal-rich Cepheids with metal-poor Cepheids in NGC 4258.
With a previously measured [O/H | metallicity gradient (Zaritsky
et al. 1994), Macri et al. find a Cepheid metallicity correction in
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FiG. 9.—Wy; PLR for 581 LMC Cepheids from OGLE. Coefficients are for
M =a+b(logP — 1.0)and Wy; = (V') —2.45((V') — (I)). [See the electronic
edition of the Journal for a color version of this figure.]

Wyr, v = —0.29 + 0.09, &+ 0.05; mag for 1 dex in metallicity,
where r and s subscripts signify random and systematic. This
value is similar to an earlier #}; metallicity correction (Kennicutt
et al. 1998) derived from Cepheids in M101 (—0.24 + 0.16).
Other less direct determinations (based, e.g., on RGB-tip dis-
tances and Baade-Wesselink-type luminosities) are summarized
by Macri et al. and are in agreement with these figures. Taking
the weighted mean of the Kennicutt and Macri values and us-
ing the difference in metallicity of LMC and Galactic Cepheids
(—0.36 dex from means of the data in Groenewegen et al. 2004,
Tables 3 and 4), we find a metallicity correction of —0.10 &
0.03 mag, with the Galactic Cepheids being brighter. The LMC
distance moduli in Table 15 from the Persson et al. (2004) K data
in § 6.3 suggest that the metallicity correction may be smaller for
K than for Wy;.

Returning to the issue of the true distance modulus to the LMC,
our lowest error estimate is derived from the OGLE photometry
(§6.3.2.4; OGLE: m — M = 18.50 £ 0.04). Combined with the
estimated metallicity correction (—0.10 £ 0.03 mag) we obtain
an LMC modulus of 18.40 + 0.05. Benedict et al. (2002a) list 84
determinations complete through 2001, which can be compared
with our new modulus. One recent determination is noteworthy
for its lack of dependence on any metallicity corrections. Fitzpatrick
etal. (2003) derive 18.42 £ 0.04 from eclipsing binaries, a mod-
ulus in excellent agreement with our new value.

6.4.2. NGC 4258 Distance Modulus

Using HST photometry of NGC 4258 Cepheids, Macri et al.
(2006) have determined a distance modulus relative to the LMC.
They find that the difference in distance moduli of the LMC and
NGC 4258 is 10.88 + 0.06 mag. NGC 4258 has an indepen-
dently measured distance obtained by comparing circumnuclear
maser proper motions and radial velocities (Herrnstein et al. 1999).
Macri et al. surveyed two fields in NGC 4258, one near the nu-
cleus, the other in the outer regions of the galaxy. L. M. Macri
(2006, private communication) has applied our #}; PLR (Fig. 5)
directly to N = 85 inner-field, solar-metallicity Cepheids and
finds m — M = 29.21 £ 0.02. The maser distance modulus is
m— M =29.29 £ 0.15. Our adopted LMC modulus m — M =
18.40 + 0.05 and the Macri differential modulus (LMC —
NGC 4258) leads to a modulus of 29.28 £ 0.08 for NGC 4258,
avalue in even closer agreement with the maser-based distance.

7. SUMMARY

1. HST astrometry has now yielded absolute trigonometric
parallaxes for 10 Cepheid variables with an average o, = 0.2 mas,
or o,/m = 8%. These parallaxes, along with precision photometry
culled from the literature, Lutz-Kelker-Hanson bias corrections, and
reddening corrections derived from both the literature and our



1826 BENEDICT ET AL.

ancillary spectrophotometry, provide absolute magnitudes with
which to form PLRs. Atlog P = 1, our zero-point errors are now
at or below 0.03 mag in all bandpasses.

2. Including perturbation orbits in our astrometry for W Sgr
and FF Aql results in Cepheid orbit size and perturbation inclina-
tion. Assuming masses for the secondaries consistent with their
known spectral type yields relatively low precision masses for
these two Cepheids. We find M = 6.5 £2 and 4.5 = 1 M, for
W Sgr and FF Aq]l, respectively. The major contributors to the
mass uncertainty remain the parallax for FF Aql and the second-
ary spectral type for W Sgr.

3. Comparing our parallax of T Vul with a parallax determined
through the surface brightness technique for that Cepheid, we find
agreement at the 1 o level. Alternately, if we demand that the
surface brightness parallax be the same as our HST parallax, we
determine a quasi-geometrical value of the radial velocity p-factor,
p = 1.19 £ 0.16. Our PLR in the " magnitude agrees within 1 o
in slope and zero point with the Galactic PLR relation based on
the Bayesian surface brightness PLR of Barnes et al. (2003).

4. Comparing our Wy zero points with those adopted by the
Freedman and Sandage H), projects, we find better overall zero-
point agreement with Sandage. However, the PLR adopted by
Freedman et al. (1992) agrees with ours at longer periods. Given
that most of the Cepheids observed in external galaxies are long-
period, there may be little effect on the Freedman et al. H; value.
Adopting our PLR would increase the Sandage et al. (2004) H,,
value.

5. Comparing our ¥, K, and Wy; PLR with LMC PLR, we
find slope agreement for K and Wy; within the errors. The dis-
agreement in /' may be attributed to instability width and the
placement of ¢ Car within that strip. Comparing (both direct
comparisons and via reduced parallaxes) zero points yields a
Wy LMC distance modulus. Note that (m — M) = 18.50 + 0.04,
without any metallicity correction. Adopting a metallicity cor-
rection —0.10 £ 0.03 mag between Galactic and LMC Cepheids
(with Galactic being brighter), we find a true LMC distance mod-
ulus (m — M), = 18.40 £ 0.05.

6. Applying our PLR directly to Cepheids in NGC 4258 pro-
vides a distance modulus m — M = 29.21 £ 0.02 in good agree-
ment with the maser distance modulus m — M = 29.29 + 0.15.
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From a metallicity-corrected LMC distance modulus and the
Macri et al. (2006) difference in distance moduli we obtain
m—M =29.28 + 0.08.
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ERRATUM: “HUBBLE SPACE TELESCOPE FINE GUIDANCE SENSOR PARALLAXES OF GALACTIC
CEPHEID VARIABLE STARS: PERIOD-LUMINOSITY RELATIONS™ (AJ, 133, 1810 [2007])

G. Fritz BenepicT, BARBARA E. McARTHUR, MIcHAEL W. FEasT, THoMAS G. BARNES, THoMAS E. HARRISON,
RicHARD J. PATTERSON, JoHN W. MENzIES, JacoB L. BEAN, AND WENDY L. FREEDMAN

Due to an error at the Press, the references of Barnes et al. (2002a, 2002b) in the reference list are incorrect. These should actually be
G. F. Benedict et al. (AJ, 123, 473 [2002a]) and G. F. Benedict et al. (AJ, 124, 1695 [2002b]), respectively (note the change in author
names). The citations of Benedict et al. (2002a) and (2002b) that appear in the body of the paper are correct. The Press sincerely regrets
this error.
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