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Distance to the Virgo Cluster Galaxy M100 from
Hubble Space Telescope Observations of Cepheids

W. L. Freedman et al.

In astronomy it is essential to know the distance to any object, because only then can the
observed brightness at any wavelength be converted to the true luminosity. Variable stars called
Cepheids are central to working out this “distance ladder”, because their luminosity is closely
related to their period and can thus be determined independently. Here Wendy Freedman and
colleagues use the Hubble Space Telescope to determine the Cepheid distance to the galaxy
M100, and thereby determine an accurate value for the Hubble constant, which measures the
expansion rate of the Universe. This was one of the key design goals for the HST. The initial value

of ~80km s~ Mpc™" was refined over the following decade.

Accurate distances to galaxies are critical for determining the present expansion rate of the
Universe or Hubble constant (/y). An important step in resolving the current uncertainty
in H, is the measurement of the distance to the Virgo cluster of galaxies. New observations
using the Hubble Space Telescope yield a distance of 17.1 +1.8 Mpc to the Virgo cluster
galaxy M100. This distance leads to a value of Hy;=80+17km s' Mpc'. A comparable
value of H, is also derived from the Coma cluster using independent estimates of its distance
ratio relative to the Virgo cluster.

ITHIN the framework of general relativity, the evolution of the Universe can be

specified by the Friedmann equation which relates the expansion rate H, to the mean
mass density p, the curvature k, and a possible additional term, called the cosmological
constant A (identified with the gravitational effects of the vacuum energy density). In a
uniform and isotropic Universe the relative expansion velocity v is proportional to the
relative distance 7 such that v = H Xz Thus a determination of the present-day value of
the Hubble constant H, determines both the expansion timescale and the size scale of
the Universe. The Hubble constant also provides constraints on the density of baryons
produced in the Big Bang, the amount of dark matter, and how structure formed in the
early Universe'”.

Despite 65 years of study, the value of the Hubble constant has remained in dispute.
Although the measurement of relative velocities of galaxies is straightforward, the
measurement of accurate distances has always been more difficult. For distances out to
~5 Mpc, there is now general agreement™ to a level of better than ~ & 10%. However, for
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Distance to the Virgo Cluster Galaxy M100 from Hubble Space Telescope Observations of Cepheids

distances as great as the Virgo cluster there is a significant discrepancy”, with quoted
values ranging from about 15 to 24 Mpc. Not only is there a range of published distances,
but there is a tendency for the values to cluster at the extremes, giving rise to the so-called
“short™ and “long” distance scales.

The most accurate means of measuring the distances to galaxies has proved to be the application
of a relationship between the period and the luminosity for a class of supergiant variable stars
known as classical Cepheids. In fact, Cepheids were used by Edwin Hubble to demonstrate the
extragalactic nature of the spiral nebulae™®. They are relatively young, massive stars with
luminosities ~1,000 to 100,000 times brighter than the Sun (-2 < My < -7 mag). They are
well calibrated; they are easy to identify in external galaxies because of their variability
and brightness; and they have measured dispersions in the V- and /-band period—
luminosity (P-L) relationships amounting to only +0.25 and +0.20 mag, respectively’. In
addition, the underlying physical basis for the Cepheid P-L relation is well understood.

Unfortunately, Cepheids are not luminous enough to be observed out to distances where
galaxies are participating in the free expansion of the Universe. The motions of individual
galaxies can be perturbed by interactions with nearby neighbouring galaxies; in addition,
galaxies can participate in large-scale flows™'"". Hence, to measure the pure Hubble flow,
other (secondary) distance techniques must be used to extend the extragalactic distance
scale beyond the observable range of the Cepheids, to recession velocities of a few
thousand km s where peculiar velocities (which can amount to several hundred km s™')
are small in comparison to the expansion velocity.

The Virgo cluster of galaxies is close enough to be studied in detail; and yet it is far
enough away that it is of cosmological interest. It is rich in both spiral and elliptical
galaxies and therefore it has played a critical role in the extragalactic distance scale and
determination of the Hubble constant. Thus obtaining a Cepheid distance to the Virgo
cluster represents a crucial step in resolving the current uncertainty in Hy and resolving
the dichotomy in distance estimates. A variety of other techniques for measuring distances
have been applied to the Virgo cluster; hence, an accurate direct measure of the distance
to this cluster can be used to calibrate (or set the zero point for) other secondary distance
indicators.

The Key Project

The goal of the Hubble Space Telescope Key Project on the extragalactic distance scale
is to provide a measure of the Hubble constant accurate to 10%. This aim is non-trivial
given that the history of previous attempts to measure the extragalactic distance scale is
replete with examples where large systematic errors were eventually revealed. Hence, the
determination of accurate distances requires careful attention to eliminating potential
sources of systematic error.
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Distance to the Virgo Cluster Galaxy M100 from Hubble Space Telescope Observations of Cepheids

The strategy adopted by the Key Project team on the extragalactic distance scale is
threefold. The first goal is to discover Cepheids, and thereby measure accurate primary
distances to spiral galaxies located in the field and in small groups that are suitable for
the calibration of several independent secondary methods. (These secondary methods

11,12

include: the Tully-Fisher relationship'""?, the surface-brightness fluctuation method", the

planetary nebula luminosity function', the expanding photosphere method applied to type
II supernovae'>'®, and the measurement of the luminosities of type Ia supernovae®’'".) The
second objective is to provide a check on potential systematic errors in the Cepheid distance
scale through independent distance estimates to the nearby galaxies, M31, M33 and the Large
Magellanic Cloud (LMC) and, in addition, to undertake an empirical test of the sensitivity of
the zero point of the Cepheid P-L relationship to heavy-element abundances. The third and
most challenging observational goal is to make Cepheid measurements of distances to

three spiral galaxies in the Virgo cluster and two members of the Fornax cluster.

The Distance to M100

Our first observations aimed at finding Cepheids in a Virgo cluster galaxy were made in a
two-month period beginning in April 1994 with a sequence of 12 1-hour V-band exposures
of a field ~2 arcmin east of the nucleus of M100. The observing strategy was designed
to provide well-sampled light curves for Cepheids having periods ranging from 10 to 60
days. In addition, /-band exposures were taken back-to-back with 4 of the V observations.
We present here sample light curves for the Cepheids discovered, their V-band and /-band
P-L relationships, and a preliminary estimate of the distance to M100. Details of the data
reduction and analysis, tabulation of the photometry, and identification of the variables
will be presented elsewhere (L.F e al., manuscript in preparation; R.H. ef al, manuscript
in preparation). Three independent calibrations of the photometric zero points were made;
the final resulting uncertainties in the V" and / zero points amount to +0.05 and +0.04 mag,
respectively. A description of the sampling strategy used for the optimal discovery of
variables, and of the method used for identification of variables, determination of mean
magnitudes, reddening, and distance have been published elsewhere™.

V-band light curves for twelve M 100 Cepheids are illustrated in Fig. 1. The total sample of
Cepheids has a range of periods from 20 to 65 days, and mean V' magnitudes ranging from
25.0 to 26.5 mag. It is evident from the small scatter in the light curves that the quality
of the photometry being obtained by the Hubble Space Telescope (HST) is excellent.
Internal estimates of the random errors for single data points are found to be +0.14 mag
at V=25mag and £0.17 mag at V=26 mag. The errors in the mean magnitudes for the
12 epochs amount to +0.04 and =+ 0.05 mag at these same magnitude levels.
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