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Planck Collaboration: Cosmological parameters

Fig. 16. Comparison of H0 measurements, with estimates of
±1� errors, from a number of techniques (see text for details).
These are compared with the spatially-flat ⇤CDM model con-
straints from Planck and WMAP-9.

excellent agreement with the base ⇤CDM model evident in Fig.
15, we can infer that the combination of Planck and BAO mea-
surements will lead to tight constraints favouring ⌦K = 0 (Sect.
6.2) and a dark energy equation-of-state parameter, w = �1
(Sect. 6.5). Since the BAO measurements are primarily geomet-
rical, they are used in preference to more complex astrophysical
datasets to break CMB parameter degeneracies in this paper.

Finally, we note that we choose to use the
6dF+SDSS(R)+BOSS data combination in the likelihood
analysis of Sect. 6. This choice includes the two most accu-
rate BAO measurements and, since the e↵ective redshifts of
these samples are widely separated, it should be a very good
approximation to neglect correlations between the surveys.

5.3. The Hubble constant

A striking result from the fits of the base⇤CDM model to Planck
power spectra is the low value of the Hubble constant, which is
tightly constrained by CMB data alone in this model. From the
Planck+WP+highL analysis we find

H0 = (67.3±1.2) km s�1 Mpc�1 (68%; Planck+WP+highL).(51)

A low value of H0 has been found in other CMB experi-
ments, most notably from the recent WMAP-9 analysis. Fitting
the base ⇤CDM model, Hinshaw et al. (2012) find24

H0 = (70.0 ± 2.2) km s�1 Mpc�1 (68%; WMAP-9), (52)

consistent with Eq. (51) to within 1�. We emphasize here that
the CMB estimates are highly model dependent. It is important
therefore to compare with astrophysical measurements of H0,
since any discrepancies could be a pointer to new physics.

24The quoted WMAP-9 result does not include the 0.06 eV neutrino
mass of our base ⇤CDM model. Including this mass, we find H0 =
(69.7 ± 2.2) km s�1 Mpc�1 from the WMAP-9 likelihood.

There have been remarkable improvements in the preci-
sion of the cosmic distance scale in the last decade or so.
The final results of the Hubble Space Telescope (HST) Key
Project (Freedman et al. 2001), which used Cepheid calibrations
of secondary distance indicators, resulted in a Hubble constant
of H0 = (72 ± 8) km s�1 Mpc�1 (where the error includes esti-
mates of both 1� random and systematic errors). This estimate
has been used widely in combination with CMB observations
and other cosmological data sets to constrain cosmological pa-
rameters (e.g., Spergel et al. 2003, 2007). It has also been recog-
nized that an accurate measurement of H0 with around 1% pre-
cision, when combined with CMB and other cosmological data,
has the potential to reveal exotic new physics, for example, a
time-varying dark energy equation of state, additional relativistic
particles, or neutrino masses (see e.g., Suyu et al. 2012, and ref-
erences therein). Establishing a more accurate cosmic distance
scale is, of course, an important problem in its own right. The
possibility of uncovering new fundamental physics provides an
additional incentive.

Two recent analyses have greatly improved the precision of
the cosmic distance scale. Riess et al. (2011) use HST observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their “best
estimate” of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation, is

H0 = (73.8 ± 2.4) km s�1 Mpc�1 (Cepheids+SNe Ia), (53)

where the error is 1� and includes known sources of systematic
errors. At face value, this measurement is discrepant with the
Planck estimate in Eq. (51) at about the 2.5� level.

Freedman et al. (2012), as part of the Carnegie Hubble
Program, use Spitzer Space Telescope mid-infrared observations
to recalibrate secondary distance methods used in the HST Key
Project. These authors find

H0 = [74.3 ± 1.5 (statistical) ± 2.1 (systematic)] km s�1 Mpc�1

(Carnegie HP). (54)

We have added the two sources of error in quadrature in the
error range shown in Fig. 16. This estimate agrees well with
Eq. (53) and is also discordant with the Planck value (Eq. 16)
at about the 2.5� level. The error analysis in Eq. (54) does not
include a number of known sources of systematic error and is
very likely an underestimate. For this reason, and because of the
relatively good agreement between Eqs. (53) and (54), we do not
use the estimate in Eq. (54) in the likelihood analyses described
in Sect. 6.

The dominant source of error in the estimate in Eq. (53)
comes from the first rung in the distance ladder. Using the
megamaser-based distance to NGC4258, Riess et al. (2011) find
(74.8±3.1) km s�1 Mpc�1.25 Using parallax measurements for 10
Milky Way Cepheids, they find (75.7 ± 2.6) km s�1 Mpc�1, and
using Cepheid observations and a revised distance to the Large
Magellanic Cloud, they find (71.3 ± 3.8) km s�1 Mpc�1. These
estimates are consistent with each other, and the combined esti-
mate in Eq. (53) uses all three calibrations. The fact that the er-
ror budget of measurement (53) is dominated by the “first-rung”
calibrators is a point of concern. A mild underestimate of the

25 As noted in Sect. 1, after the submission of this paper
Humphreys et al. (2013) reported a new geometric maser distance
to NGC4258 that leads to a reduction of the Riess et al. (2011)
NGC4258 value of H0 from (74.8 ± 3.1) km s�1 Mpc�1 to H0 = (72.0 ±
3.0) km s�1 Mpc�1.
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Fig. 16. Comparison of H0 measurements, with estimates of
±1� errors, from a number of techniques (see text for details).
These are compared with the spatially-flat ⇤CDM model con-
straints from Planck and WMAP-9.
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6.2) and a dark energy equation-of-state parameter, w = �1
(Sect. 6.5). Since the BAO measurements are primarily geomet-
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ror budget of measurement (53) is dominated by the “first-rung”
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