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ABSTRACT

We use the Wide Field Camera 3 (WFC3) on the Hubble Space Telescope (HST) to determine the Hubble constant
from optical and infrared observations of over 600 Cepheid variables in the host galaxies of eight recent Type Ia
supernovae (SNe Ia), providing the calibration for a magnitude–redshift relation based on 253 SNe Ia. Increased
precision over past measurements of the Hubble constant comes from five improvements: (1) more than doubling
the number of infrared observations of Cepheids in the nearby SN hosts; (2) increasing the sample size of ideal
SN Ia calibrators from six to eight; (3) increasing by 20% the number of Cepheids with infrared observations in the
megamaser host NGC 4258; (4) reducing the difference in the mean metallicity of the Cepheid comparison samples
between NGC 4258 and the SN hosts from ∆log [O/H] = 0.08 to 0.05; and (5) calibrating all optical Cepheid
colors with a single camera, WFC3, to remove cross-instrument zero-point errors. The result is a reduction in the
uncertainty in H0 due to steps beyond the first rung of the distance ladder from 3.5% to 2.3%. The measurement
of H0 via the geometric distance to NGC 4258 is 74.8 ± 3.1 km s−1 Mpc−1, a 4.1% measurement including
systematic uncertainties. Better precision independent of the distance to NGC 4258 comes from the use of two
alternative Cepheid absolute calibrations: (1) 13 Milky Way Cepheids with trigonometric parallaxes measured with
HST/fine guidance sensor and Hipparcos and (2) 92 Cepheids in the Large Magellanic Cloud for which multiple
accurate and precise eclipsing binary distances are available, yielding 74.4±2.5 km s−1 Mpc−1, a 3.4% uncertainty
including systematics. Our best estimate uses all three calibrations but a larger uncertainty afforded from any two:
H0 = 73.8 ± 2.4 km s−1 Mpc−1 including systematic errors, corresponding to a 3.3% uncertainty. The improved
measurement of H0, when combined with the Wilkinson Microwave Anisotropy Probe (WMAP) 7 year data, results
in a tighter constraint on the equation-of-state parameter of dark energy of w = −1.08 ± 0.10. It also rules out
the best-fitting gigaparsec-scale void models, posited as an alternative to dark energy. The combined H0 + WMAP
results yield Neff = 4.2 ± 0.7 for the number of relativistic particle species in the early universe, a low-significance
excess for the value expected from the three known neutrino flavors.
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1. INTRODUCTION

Measurements of the expansion history, H (z), from Type Ia
supernovae (SNe Ia) provide crucial, empirical constraints to
help guide the emerging cosmological model. While high-
redshift SNe Ia reveal that the universe is now accelerating
(Riess et al. 1998; Perlmutter et al. 1999), nearby ones pro-
vide the most precise measurements of the present expansion
rate, H0.

Recently, high-redshift measurements from the cosmic
microwave background radiation (CMB), baryon acoustic os-
cillations (BAOs), and SNe Ia have been used to derive a cos-
mological model-dependent prediction of the value of H0 (e.g.,
Komatsu et al. 2011). They are not, however, a substitute for its
measurement in the local universe. Such forecasts of H0 from
∗ Based on observations with the NASA/ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by
AURA, Inc., under NASA contract NAS 5-26555.

the high-redshift universe also make specific assumptions about
unsettled questions: the nature of dark energy, the global ge-
ometry of space, and the basic properties of neutrinos (number
and mass). Instead, we can gain insights into these unknowns
from a precise, local measurement of H0. The most precise mea-
surements of H0 have come from distance ladders which cali-
brate the luminosities of nearby SNe Ia through Hubble Space
Telescope (HST) observations of Cepheids in their host galaxies
(see Freedman & Madore 2010 for a review).

In the early Cycles of HST, the SN Ia HST Calibration
Program (Sandage et al. 2006, hereafter SST) and the HST Key
Project (Freedman et al. 2001, hereafter KP) each calibrated
H0 via Cepheids and SNe Ia using the Wide Field Planetary
Camera 2 (WFPC2) and the Large Magellanic Cloud (LMC)
as the first rung on their distance ladder. Unfortunately, the
LMC was not an ideal anchor for the cosmic ladder because
its distance was constrained to only 5% to 10% (Gibson 2000);
its Cepheids (observed from the ground) are of shorter mean
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Table 5
H0 Error Budget for Cepheid and SN Ia Distance Laddersa

Term Description Previous R09 Here Here
LMC N4258 N4258 All Threeb

σanchor Anchor distance 5% 3% 3% 1.3%
σanchor−PL Mean of P–L in anchor 2.5% 1.5% 1.4% 0.7%c

σhost−PL/
√

n Mean of P–L values in SN hosts 1.5% 1.5% 0.6 % 0.6%
σSN/

√
n Mean of SN Ia calibrators 2.5% 2.5% 1.9% 1.9%

σm−z SN Ia m–z relation 1% 0.5% 0.5% 0.5%
Rσλ,1,2 Cepheid reddening, zero points, anchor-to-hosts 4.5% 0.3% 0.0% 1.4%
σZ Cepheid metallicity, anchor-to-hosts 3% 1.1% 0.6 % 1.0%
σPL P–L slope, ∆log P, anchor-to-hosts 4% 0.5% 0.4% 0.6%
σWFPC2 WFPC2 CTE, long-short 3% 0% 0% 0%

Subtotal, σH0 10% 4.7 % 4.0% 2.9%

Analysis systematics NA 1.3% 1.0% 1.0%

Total, σH0 10% 4.8 % 4.1% 3.1%

Notes.
a Derived from diagonal elements of the covariance matrix propagated via the error matrices associated with
Equations (1), (3), (7), and (8).
b Using the combination of all three calibrations of the Cepheid distance scale, LMC, MW parallaxes, and
NGC 4258.
c For MW parallax, this term is already included with the term above.

Figure 9. Uncertainties in the determination of the Hubble constant. Uncertain-
ties are squared to show their contribution to the quadrature sum. These terms
are given in Table 5.

of the NGC 4258 Cepheid sample on the ZKH abundance scale
was 12 + log [O/H] = 8.91, nearly the same as the present mean
of 8.90. However, the mean metallicity of the Cepheid sample
in the SN hosts has risen from 8.81 to 8.85. Some of this change
can be attributed to the inclusion of Cepheids closer to the nu-
clei of the hosts and some to the inclusion of two new hosts,
NGC 5584 and NGC 4038/9, with higher-than-average metallic-
ities. The reduction in the mean abundance difference between
NGC 4258 and the SN Ia hosts from 0.077 to 0.045 dex results

in a decrease of the error propagated into H0 from 1.1% to 0.6%.
A similar reduction is seen with the use of MW Cepheids whose
mean metallicity of 8.9 is closer to the mean of the new Cepheid
sample in the SN hosts. We consider an alternative calibration
of abundances from Bresolin (2011) in Section 4.1.

3.1. Buttressing the First Rung

In our present determination of H0, the 3% uncertainty in
the distance to NGC 4258 claimed by Greenhill (2009) is now
greater than all other sources combined (in quadrature). The
next largest term, the uncertainty in mean magnitude of the
eight nearby SNe Ia, is 1.9%. To significantly improve upon our
determination of H0, we would need an independent calibration
of the first rung of the distance ladder as good as or better
than the megamaser-based measurement to NGC 4258 in terms
of precision and reliability. Independent calibration of the first
rung is also valuable as an alternative to NGC 4258, should
future analyses reveal previously unidentified systematic errors
affecting its distance measurement.

A powerful alternative has recently become available through
high signal-to-noise ratio measurements of the trigonometric
parallaxes of MW Cepheids using the fine guidance sensor
(FGS) on HST. Benedict et al. (2007) reported parallax mea-
surements for 10 Cepheids, with mean individual precision of
8% and an error in the mean of the sample of 2.5%. These
were used in R09 as a test of the distance scale provided by
NGC 4258, but the improvement in precision beyond the first
rung in the previous section suggests greater value in their use
to enhance the calibration of the first rung.

van Leeuwen et al. (2007) reanalyzed Hipparcos observa-
tions and determined independent parallax measurements for
the same 10 Cepheids (albeit with half the precision of HST/
FGS) and for three additional Cepheids (excluding Polaris
which is an overtone pulsator and whose estimated funda-
mental period is an outlier among the Cepheids pulsing in
the fundamental mode). The resulting sample can be con-
sidered an independent anchor with a mean, nominal uncer-
tainty of just 1.7%. We use the combined parallaxes tabulated
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