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Abstract

In the course of the last decade significant advances have been made in
the observations of Cepheid variables and in their successful application to the
extragalactic distance scale. Much of this progress has come about as a result
of new CCD and near-infrared photometryf These recent improvements are
discussed, and a comparison is given of Population I Cepheids and Population
II distances. The correspondence is good, with the zero points agreeing at
a level of better than 15% in distance. At this same level of significance, a
systematic difference between these distances scales may exist, in the sense that
the RR Lyrae distances appear to be smaller than the Cepheid distances (if it
is assumed, as has generally been done for extragalactic studies of RR Lyraes,
that My (RR) = 0.77 mag, independent of [Fe/H]). However, several recently-
published calibrations of My (RR) significantly reduce this discrepancy. Finally,
new Cepheid data for the nearby galaxy M81 are presented based on recent
Hubble Space Telescope observations.

1. Introduction

Recent refinements to the extragalactic distance scale pale in comparison to the ac-
tual discovery of the statistical relation between period and luminosity for Cepheid
variables. In the 1920’s, refining the Cepheid PL zero point was important, but it
was a minor detail in comparison to defining what the basic scale size of the Universe
was.

A significant advance came when Baade discovered the (factor of two) distinction
between the brightness of Classical Cepheids (which were being observed in external
galaxies) and their fainter Population II counterparts, the W Virginis stars (which
were acting as the calibrators in our Galaxy). In the 1950’s, Arp, Sandage, Irwin,
Kraft and others (see Fernie 1969 for a comprehensive historical review) began investi-
gating Cepheids in Galactic clusters as a means of independently setting the Cepheid
zero point, this time using Population I main sequence fitting. As photometric er-
rors were decreased, the observed statistical relations among the apparent properties
of the Cepheid samples (built up from observations of Cepheids in our Galaxy, the
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Large and Small Magellanic Clouds and several other more distant members of the
Local Group) were found to be systematically different in many of their properties;
for example, (1) The number distributions of amplitude over period were found to
be dramatically different. (2) The observed colors at fixed period were observed to
differ from galaxy to galaxy. (3) The period-luminosity relations were all found to
have a measurably large and what was shown to be intrinsic scatter. And, (4) some
extragalactic samples even suggested that the assumption of a universal slope to the
Cepheid PL relation might be erroneous. Some of these observed properties (1,2,3)
have stood the test of time, whereas photometric scale errors were largely respon-
sible for (4). And while (1) and (3) appear to be reflecting intrinsic properties of
the Cepheids themselves, differing amounts of internal extinction affecting the ex-
tragalactic Cepheid samples appear to be responsible for most of property (2). In
some cases in fact, the extinction corrections are so large as to rival the factors of
two found so long ago by Baade. , '

A recent review of the Cepheid distance scale has been presented in Madore and
Freedman (1991), and the details will not be repeated here. In that review, the basic
physics underlying the Cepheid period-luminosity (PL) and period-luminosity-color
(PLC) relations was discussed; observational issues such as the effects of reddening,
metallicity and photometric errors were presented in the context of the Cepheid
distance scale; the distances to individual galaxies were tabulated; and finally a
consistent set of data was used to provide PL relations at 7 wavelengths: BVRIJHK.
Other recent reviews of the Cepheid distance scale include those of Madore (1986),
Feast and Walker (1987), Freedman (1988a), and Jacoby et al. (1992).

The most serious systematic error embedded in the Cepheid distance scale con-
cerned the assumption that the Cepheids in external galaxies suffered no absorption
internal to the parent galaxies in which the Cepheids were being studied. This as-
sumption was eventually shown to be false, largely as a result of the availability of
new detectors over the past decade (CCDs, IR photometers and arrays). Identifying
the problem and finding a solution has been one of the many important aspects of
extragalactic Cepheid research undertaken in the last decade.

2. The Significance of Recent Changes Due to New Detector Technology

The opinion that advancements in detector technology have significantly improved
the precision of the Cepheid distance scale is not universally shared however. Specif-
ically, Tammann (1992) states that “despite the considerable progress in Cepheid
research, concerning for instance the use of infrared magnitudes (which address the
problem of intrinsic absorption and metallicity differences) the resulting distances
have changed very little between 1974 and 1991 ([his] Table 1). On the whole the
galazies with known Cephéids have witnessed a distance increase by only 0.05 mag
(2.5 percent!)”. In another context, Sandage et al. (1992) reiterate the similarity
of the same two calibrations. The first two columns of our Table 1 (below) list the
Sandage and Tammann (1974) [hereafter ST 1974] and the Madore and Freedman
(1991) [MF 1991] calibrations as tabulated by Tammann (1992).
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The agreement between the ST 1974 and the MF 1991 calibrations is certainly
remarkable; and we remark upon it below, because it is almost entirely fortuitous, and
as such, it is extremely misleading. Furthermore, while the question repeatedly arises
concerning the differences between the Sandage and Tammann calibrations and the
more modern determinations, the answers are often not known to those other than
distance scale afficionados. '

First, as extensively documented in Freedman (1988b), Freedman, Wilson and
Madore (1990), Christian and Schommer (1987), Capaccioli et al. (1992) there are
enormous scale errors in the photographic photometry on which the ST 1974 calibra-
tion was based. At B = 22 mag such errors fypically reach about 0.5 mag.

Table 1. Distances to Local Calibrators

Galaxy H#ST1974 Mo MF1991 [LST1984

LMC 18.59 18.50 18.95
SMC 19.27 18.87 -
NGC 6822 23.95 23.59 -
IC 1613 24.43 24.42 -
M31 24.12 24.44 24.19
M33 24.56 24.63 25.23
NGC 2403  27.56 27.51 27.66
Ms1 27.56 27.59 28.73
M101 29.3 29.38 -

Second, the ST 1974 calibration is based almost exclusively on apparent B band
photometry (which is all that was readily available before the advent of red-sensitive
CCDs and IR detectors). Consequently the ST 1974 calibration provides apparent
(not true or internal-reddening-corrected) moduli; they have been corrected only for
modest amounts of foreground absorption. As clearly shown in numerous studies
over the past decade (e.g., Freedman 1986, 1988a,b; Freedman, Wilson, and Madore
1991; Madore 1985; Freedman and Madore 1991) the apparent distance moduli, when
measured at different wavelengths systematically decrease in a manner that is well
fit by a standard interstellar extinction law. It is necessary to correct any apparent
modulus for the effects of total (foreground plus internal) extinction; if the extinction
is appreciable (as it is for many late-type spirals), then neglecting this term always
leads to systematic overestimates of the distance.

A few examples will show the significance of these effects: (a) In Baade and
Swope’s Field III in M31 the apparent (CCD) B modulus is 25.36 mag (Freedman
and Madore 1991). The true distance modulus, based on BV RI photometry is 24.44
mag, as entered in Table 1, Column 2, in such apparently good agreement with ST
1974. The BV RI CCD apparent moduli are shown in Figure 1 as a function of in-
verse wavelength. The B band apparent modulus is the relevant modulus to compare
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directly with the ST 1974 calibration which is also based on B (photographic) pho-
tometry. The apparent B moduli differ by 1.24 mag (!). (b) The apparent B band
CCD modulus of M33 is 25.04 mag (Freedman, Wilson and Madore 1991). The two
B moduli for M33 differ by 0.48 mag.

Third, the distances presented by MF 1991 are all computed relative to an LMC
modulus of 18.50 magnitudes. On the other hand, the LMC modulus in the ST 1974
calibration is 18.59 mag. Comparing the two Cepheid calibrations at least requires
the zero points to be consistent, while neglecting it introduces a small (but again
systematic) difference in zero point of 0.14 mag (as opposed to the 0.05 mag offset
quoted by Tammann 1991 above).

In later studies Sandage (1983) and then Sandage and Carlson (1983a) based their
zero point for their distance modulus to M33 on an apparent blue LMC modulus of
18.95 mag. This LMC modulus leads to an apparent blue modulus for M33 of 25.35
mag. [That is, Sandage and Carlson (1983 - their Figure 3) found a difference in
apparent B moduli between M33 and the LMC of 6.4 mag . The value of 25.35 (=
18.95 + 6.4) thus includes a component due to the known LMC foreground redden-
ing.] However, incorporating the increased distances, Sandage and Tammann (1984)
tabulated their then current values for the local calibrator distances useful for the
Tully-Fisher relation. These distances are given in Column 4 of Table 1. In that
compilation the adopted zero point again corresponds to the apparent B modulus
to the LMC of 18.95 mag. Yet these apparent moduli are equated with the true
moduli in the application of the Tully-Fisher calibration. And they are increased by
almost half a magnitude due purely to LMC foreground extinction, and ignore any
contribution from extinction internal to either the LMC or M33.

M81 presents a unique case. The ST 1974 calibration lists NGC 2403 and M81
as having similar distance moduli of 27.6 mag. Given that only 2 Cepheids in M81
were known to Sandage, he did not attempt to derive a direct Cepheid distance to
MS81; rather the galaxies were assumed to be at the same distance on the basis of
group membership as defined by Holmberg. Then, much later, Sandage (1984 ; i.e.,
in the interval between 1974 and 1992) noted that the brightest long-period Cepheids
in M81 (for which he did have periods) are fainter than the brightest long-period
Cepheids in NGC 2403; on the basis of this comparison he placed M81 at a distance
modulus of 28.8 mag, over a full magnitude more distant than NGC 2403. (Given the
existence of the PL relation however, the higher luminosities of the longest-period
Cepheids in NGC 2403 are of course to be expected since they have periods of 67
days, more than a factor of two larger than those in M81 which have periods of only
30 days). Subsequent I-band photometry of the two known (30 day) Cepheids in
MS81 showed them to have magnitudes very similar to their 30-day counterparts in
NGC 2403, and thereby ruled out the larger distance for M81.

The truly significant changes that did occur in the distances to many important
calibrating galaxies in the period between 1974 and 1992 led at least some authors
at that time (e.g. Aaronson 1985) to conclude that any value of the Hubble constant
between 50 and 100 km/sec/Mpc could be obtained depending on the specific choice
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of calibrators. Fortunately, the recent convergence of the distances to nearby galaxies
based on new Cepheid, RR Lyrae and other indicators, (discussed below) has largely
removed this freedom of choice.
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Figure 1. Apparent BVRI distance moduli versus inverse wavelength for Cepheids in M31,
Baade and Swope’s Field III.

To summarize, the apparent excellent agreement between the Sandage and Tam-
mann (1974) and the Madore and Freedman (1991) calibrations is misleading. The
ST 1974 calibration is based on apparent B band distance moduli, uncorrected for
the effects of internal interstellar extinction; it is based on photographic photometry
demonstrated as having significant scale errors, and finally, the MF 1991 calibration
has a different zero point. The remarkable aspect of Tammann’s Table 1 may not be
the good agreement of those two particular calibrations, but rather that despite the
fact that the distances to some calibrators individually changed by almost a factor of
two in the interval between 1974 and 1992, the value of the Hubble constant derived
by him and his collaborators showed very little change within the same period of
time.

3. A Comparison of Cepheid Distances with Other Methods

Table 2 presents a comparison of recent distance modulus determinations to the
galaxies M31, M33, the LMC and IC 1613. Included are distances obtained using new
CCD or infrared photometry for Cepheids, RR Lyraes, and the tip of the red giant
branch (TRGB). And finally the Type II supernova expansion parallax measurement
of the distance to the LMC is shown for comparison. The RR Lyrae distances listed
in Table 2 are based on assuming My(RR) = +0.77 mag.
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Table 2. Recent Distance Determinations to M31, M33, LMC and IC 1613

Method M31 M33 LMC 1IC 1613
Cepheids 24441 24637 18503 244214
18.52 ©
RR Lyraes 24.33¢ 24457 18.22% 24.10°
Giant Branch 24.401° 2481 24.2112
24,2713
SN II 18.50 14

References to Table 2: 1. Freedman and Madore (1990); 2. Freedman, Wilson and Madore
(1990); 3. Welch et al. 1987; 4. Freedman (1988a); 5. Feast (1988); 6. Pritchet and van den
Bergh (1987); 7. Pritchet (1988); 8. Walker (1992); 9. Saha et al. (1992); 10. Mould and
Kristian (1986); 11. Mould and Kristian (1986); 12. Freedman (1988b); 13. Lee, Freedman
and Madore (1992) 14. Panagia et al. (1991)

The first point to note about Table 2 is that the distances to individual galaxies
based on both Population I and II indicators have converged to (full range) differences
of less than 0.3 mag (or 15% in distance). The Pop I and II distance scales have been
completely independently calibrated, the former based on main sequence fitting of
Galactic clusters, and the latter based on statistical parallax and Baade-Wesselink
analyses of field RR Lyraes. Furthermore, as discussed below, the calibration of the
RR Lyraes is still a matter of some controversy, and other published calibrations in
fact result in an improvement of the agreement between the Cepheid and RR Lyrae
distance scales. Nevertheless, despite remaining subtle calibration uncertainties, the
good agreement of the distances to nearby galaxies indicates that the remaining
controversy over the Hubble constant is due almost entirely to the uncertainties in
the secondary distance methods.

Furthermore, as illustrated graphically in Figure 2, the good agreement amongst
the various methods also suggests that there are no large systematic errors in the
distance scale still lurking which might be due to the effects of metallicity (say). In
Figure 2, differences in distance moduli are plotted versus estimates of [Fe/H] deter-
mined for the halo populations in each of these galaxies. Shown are the differences
in the Cepheid minus RR Lyrae, Cepheid minus tip of the red giant branch (TRGB),
and RR Lyrae minus TRGB distances. Open circles indicate distances based on the
assumption that My(RR) = 0.77 mag, whereas the dots represent distances based
on a recent calibration by da Costa and Armandroff (1990) where My(RR) = 0.17
[Fe/H] + 0.82. ‘

The second point to note about Table 2 is that although the Cepheid and RR Lyrae
distance estimates agree to within their stated errors, the differences are systematic.
The quoted uncertainties in the RR Lyrae moduli include a component to reflect the
current uncertainty in the RR Lyrae zero point. In both the LMC and IC 1613 the
zero point difference amounts to +0.3 mag (in the sense that the RR Lyrae distances
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are smaller than the Cepheid distances). Unfortunately the RR Lyrae distance for
M33 is a preliminary estimate only, and may not provide additional information
concerning the reality of such a systematic difference. Finally, in M31 the discrepancy
is small (but the sense of the discrepancy is the same). Further work is clearly needed
to establish the magnitude and/or reality of this effect.

As discussed recently by many authors (e.g. Sandage and Cacciari 1990; Carney
et al. 1992; Walker 1992), the dependence of My(RR) on metal abundance is not
well-established. Extragalaclic determinations of distances based on RR Lyraes have
adopted the standard My(RR) = 0.77 mag, a value based on statistical parallax
measurements of a sample of Galactic RR Lyraes, in which there are few metal-poor
stars. Unfortunately, most of the extragalactic RR Lyrae stars known have been
found in the metal-poor halos of the galaxies.
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Figure 2. Differences in distance moduli as a function of halo [Fe/H]. (1) (Cepheid - RR
Lyrae); (2) (Cepheid - TRGB); (3) (RR Lyrae - TRGB).

As seen in Figure 2, agreement between the Cepheid and RR Lyrae distance
scales is improved if, for example, the recent calibration by Da Costa and Armandroff
(1990) is adopted. The slope of the latter calibration agrees well with recent Baade-
Wesselink studies of Galactic RR Lyrae stars (Carney et al.), but the zero point differs
by 0.2 mag, in better agreement with the Cepheid distances. The disadvantage of
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the Da Costa and Armandroff calibration (which is based on the theoretical models
of Lee, Demarque and Zinn 1990), is that it carries with it associated uncertainties in
modelling red giant branch evolution; for example mass loss on the red giant branch is
not well-understood; the calibration is also dependent on horizontal branch evolution,
and is very sensitive to the adopted helium abundance.

Alternatively, is the Cepheid distance scale in error? For example, is the Cepheid
distance modulus to the LMC correct? Or are there systematic effects in the Cepheid
distance scale due to metallicity? The excellent agreement between the Cepheid and
SN 1987A expansion parallax estimates listed in Table 2 suggests that the LMC
Cepheid distance is not seriously in error. As discussed by Saha et al. (1992), a
systematic error in the Cepheid moduli due to metallicity appears unlikely since a
theoretically-predicted metallicity-dependence of the Cepheid distance scale would
actually increase, rather than resolve, the observed discrepancy.

It is worth noting however that the implications of such a discrepancy, if confirmed,
may be profound. In particular, if the Cepheid distances are correct, (the point of
view adopted by Walker 1992) it would imply that the absolute magnitudes of RR
Lyraes are brighter than currently believed. And an adjustment to the RR Lyrae
distance scale zero point of 0.3 mag would result in a decrease in the ages of globular
clusters by about 30%. It is interesting to note that while the distances to nearby
galaxies now appear to have converged to a level where they have a small impact
on uncertainty in the Hubble constant, subtle differences of only a few tenths of
a magnitude may still have an impact on cosmology, through the ages determined
from stellar evolution. Although the ages of globular clusters are widely regarded
as theoretically-determined quantities, in the process of determining ages, it is still
necessary to interface theory with observation and transform the apparent magnitudes
of globular cluster stars to bolometric luminosities (via an accurate distance scale).
It is also worth recalling in this context that this dependence of ages on distance is
true for all methods of determining absolute (rather than simply relative) globular
cluster ages (e.g., Renzini 1991).

4. Using HST for the Discovery of Cepheids

The discovery of Cepheids from space offers a powerful advantage over ground-
based searches, even beyond the vital improvement offered in potential resolution.
That is, from space, one has the unprecedented luxury of specifying the timing of
the observations in order to to minimize aliasing problems in the period determina-
tion and maximize phase coverage in the time-averaged magnitude determinations;
furthermore, the spacing is not altered by weather conditions.

In December 1991, the first sequence of HST observations of two fields in the
relatively nearby galaxy M81 were obtained as part of the Key Project on the Extra-
galactic Distance Scale.! Our only constraint was that the roll angle of the spacecraft

!Based on observations with the NASA/ESA Hubble Space Telescope, obtained at the Space
Telescope Science Institute, which is operated by AURA under contract NAS5-26555.
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had to be kept within a narrow range, (consistent with properly illuminating the solar
panels yet still allowing us to point back to the same position unrotated throughout
the observing sequence). Consequently we were restricted to a 50-day initial ob-
serving interval. A power-law spacing algorithm (Madore and Freedman 1993) was
developed to space the observations in such a way as to provide almost uniform phase
coverage for Cepheids with periods in the range 5 to 50 days. To date 12 epochs of
data at V and 4 epochs at I have been obtained for the two fields. Six additional
observations have been scheduled to allow us to improve the periods (particularly im-
portant for the longest-period Cepheids, for which few, if any, complete cycles have
been observed within the 50-day window).

To date the results of the observing strategy and variable star search techniques
have been very encouraging. In total, about two dozen candidate Cepheids have been
discovered thus far in the two fields, increasing by an order of magnitude the num-
ber of Cepheids with known periods in this galaxy. The previously known Cepheid
V30 was recovered and its 30-day period confirmed. The data were reduced using
a new version of DAOPHOT (named ALLFRAME) developed by another member
of the Key Project Team, Peter Stetson. ALLFRAME was designed explicitly for
the purpose of reducing a series of frames all covering the same field, and incorpo-
rates an empirically-generated PSF that varies with position on the chip. Figure 3
presents a light curve of one of the new Cepheid candidates. The light curve is of
excellent quality, indicating that, with care, HST can produce photometry of very
high precision. Moreover, with the success of our M81 effort and the similar work on
IC 4182 (reported by Saha in this volume) HST is now accomplishing one of the tasks
it was originally designed for and intended to do (namely the discovery of Cepheids
in external galaxies, and the determination of the Hubble constant).
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Figure 3. Light curve for one of the new HST Cepheid candidates in M81.
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Obviously, with the HST discovery of Cepheids for a single galaxy in our program,
it is premature to derive a value of the Hubble constant (however, see Sandage et al.
1992).

Encouraged by the quality of the photometry for the M81 Cepheids the HST Key
Project Team is intending to look for Cepheids in 2 fields in M101 during upcoming
cycles. An inner and an outer field in M101 will provide us with an opportunity
to undertake a further test for the metallicity effects in the Cepheid distance scale,
as done previously for Cepheids in M31 (Freedman and Madore 1991). When the
HST optics have been corrected we intend to then pursue our long-term program of
measuring the distances to a statistically significant sample of nearby spirals.
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