
General Remarks:	

•  A 6-parameter model provides an exquisite fit to the Planck data 	

•  The value of H0 can be derived assuming this model (Ωbh2, Ωch2)	

•  Direct measurements of H0 are required to test the model	

•  The key element is understanding the systematics affecting the accuracy 

of these measurements 	

•  Given that Planck is measuring the universe at early times, and the 

direct H0 measurements are being made at z~0 with completely 
independent techniques, underlying physics, etc. , the 2-2.5-σ agreement 
is rather remarkable	


•  Pre-HST 30 < H0 < 110 km/sec/Mpc **	

•  2-2.5-σ discrepancies are not interesting for	

     claiming new physics	

•  There are many upcoming improvements to the 	

     direct measurements 	
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What did you do wrong?... 	

… The SN Ωm people already 
adjusted their results. What’s 
taking you so long?	


Planck Collaboration: Cosmological parameters

Table 8. Approximate constraints with 68% errors on ⌦m and
H0 (in units of km s�1 Mpc�1) from BAO, with !m and !b fixed
to the best-fit Planck+WP+highL values for the base ⇤CDM
cosmology.

Sample ⌦m H0

6dF . . . . . . . . . . . . . . . . . . . . . . . . . 0.305+0.032
�0.026 68.3+3.2

�3.2
SDSS . . . . . . . . . . . . . . . . . . . . . . . 0.295+0.019

�0.017 69.5+2.2
�2.1

SDSS(R) . . . . . . . . . . . . . . . . . . . . . 0.293+0.015
�0.013 69.6+1.7

�1.5
WiggleZ . . . . . . . . . . . . . . . . . . . . . 0.309+0.041

�0.035 67.8+4.1
�2.8

BOSS . . . . . . . . . . . . . . . . . . . . . . . 0.315+0.015
�0.015 67.2+1.6

�1.5
6dF+SDSS+BOSS+WiggleZ . . . . . . 0.307+0.010

�0.011 68.1+1.1
�1.1

6dF+SDSS(R)+BOSS . . . . . . . . . . . 0.305+0.009
�0.010 68.4+1.0

�1.0
6dF+SDSS(R)+BOSS+WiggleZ . . . . 0.305+0.009

�0.008 68.4+1.0
�1.0

surements constrain parameters in the base ⇤CDM model, we
form �2,

�2
BAO = (x � x

⇤CDM)T C�1
BAO(x � x

⇤CDM), (50)

where x is the data vector, x

⇤CDM denotes the theoretical pre-
diction for the ⇤CDM model and C�1

BAO is the inverse covari-
ance matrix for the data vector x. The data vector is as fol-
lows: DV(0.106) = (457 ± 27) Mpc (6dF); rs/DV(0.20) =
0.1905 ± 0.0061, rs/DV(0.35) = 0.1097 ± 0.0036 (SDSS);
A(0.44) = 0.474 ± 0.034, A(0.60) = 0.442 ± 0.020, A(0.73) =
0.424±0.021 (WiggleZ); DV(0.35)/rs = 8.88±0.17 (SDSS(R));
and DV(0.57)/rs = 13.67±0.22, (BOSS). The o↵-diagonal com-
ponents of C�1

BAO for the SDSS and WiggleZ results are given
in Percival et al. (2010) and Blake et al. (2011). We ignore any
covariances between surveys. Since the SDSS and SDSS(R) re-
sults are based on the same survey, we include either one set of
results or the other in the analysis described below, but not both
together.

The Eisenstein-Hu values of rs for the Planck and WMAP-9
base ⇤CDM parameters di↵er by only 0.9%, significantly
smaller than the errors in the BAO measurements. We can obtain
an approximate idea of the complementary information provided
by BAO measurements by minimizing Eq. (50) with respect to
either ⌦m or H0, fixing !m and !b to the CMB best-fit parame-
ters. (We use the Planck+WP+highL parameters from Table 5.)
The results are listed in Table 819.

As can be seen, the results are very stable from survey to
survey and are in excellent agreement with the base ⇤CDM
parameters listed in Tables 2 and 5. The values of �2

BAO are
also reasonable. For example, for the six data points of the
6dF+SDSS(R)+BOSS+WiggleZ combination, we find �2

BAO =
4.3, evaluated for the Planck+WP+highL best-fit⇤CDM param-
eters.

The high value of ⌦m is consistent with the parameter anal-
ysis described by Blake et al. (2011) and with the “tension” dis-
cussed by Anderson et al. (2013) between BAO distance mea-
surements and direct determinations of H0 (Riess et al. 2011;
Freedman et al. 2012). Furthermore, if the errors on the BAO
measurements are accurate, the constraints on ⌦m and H0 (for
fixed !m and !b) are of comparable accuracy to those from
Planck.

19As an indication of the accuracy of Table 8, the full likelihood
results for the Planck+WP+6dF+SDSS(R)+BOSS BAO data sets give
⌦m = 0.308 ± 0.010 and H0 = 67.8 ± 0.8 km s�1 Mpc�1, for the base
⇤CDM model.

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.

The results of this section show that BAO measurements are
an extremely valuable complementary data set to Planck. The
measurements are basically geometrical and free from complex
systematic e↵ects that plague many other types of astrophysical
measurements. The results are consistent from survey to survey
and are of comparable precision to Planck. In addition, BAO
measurements can be used to break parameter degeneracies that
limit analyses based purely on CMB data. For example, from
the excellent agreement with the base ⇤CDM model evident in
Fig. 15, we can infer that the combination of Planck and BAO
measurements will lead to tight constraints favouring ⌦K = 0
(Sect. 6.2) and a dark energy equation-of-state parameter, w =
�1 (Sect. 6.5).

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) find

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
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Recent improvements in direct measurements of H0 :	

-  mid-IR (Spitzer) independent Cepheid zero point [Milky Way + LMC]	

-  HST parallaxes for Milky Way Cepheids	

-  Improved metallicity constraints for Cepheids [direct [Fe/H] abundances]	

-  HST Cepheid distances to more SNeIa  - H-band  (Riess et al.)	

-  Higher precision observations of nearby SNe (CfA + CSP2 <= NIR )	

-  Gravitational lensing – detailed modeling (Suyu et al.)	

-  H2O megamasers (Braatz et al)	


Recent Direct Measurements of H0 
•  Carnegie Hubble Project:   Ho = 74.3 ± 2.0 [stat] ± 2.1 [sys] km s-1 Mpc-1 	


                                                           ± 2.9 [ 4%]	

•  Carnegie supernovae:         in progress	


•  SH0ES (Riess et al. 2011) :  Ho = 73.9 ± 2.4 km s-1 Mpc-1    [3%]	

•  GL (Suyu et al. 2010) :   Ho = 70.6 ± 3.1 km s-1 Mpc-1    [4%]                  	


3.6 
µm  
4.5 
µm  

Δ[3.6]	

ΔW	


Cepheid calibrators	

CSP	

CfA	


                      WLF et al. 2012, 2013  	




Sources of Systematic Errors in H0 

AA48CH17-Freedman ARI 25 May 2010 11:46

4.1. Systematics on the Hubble constant at the End
of the Key Project and a Decade Later
A primary goal of the HST Key Project was the explicit propagation of statistical errors combined
with the detailed enumeration of and accounting for known and potential systematic errors. In
Table 2, we recall the systematics error budget given in Freedman et al. (2001). The purpose
of the original tabulation was to clearly identify the most influential paths to greater accuracy in
future efforts to refine Ho. Here, we now discuss what progress has been made and what we can
expect in the very near future using primarily space-based facilities utilizing instruments operating
mainly at mid-IR and near-IR wavelengths.

Identified systematic uncertainties in the HST Key Project determination of the extragalactic
distance scale limited its stated accuracy to ± 10%. The dominant systematics were: (a) the zero
point of the Cepheid PL relation, which was tied directly to the (independently adopted) dis-
tance to the LMC; (b) the differential metallicity corrections to the PL zero point in going from
the relatively low-metallicity (LMC) calibration to target galaxies of different (and often larger)
metallicities; (c) reddening corrections that required adopting a wavelength dependence of the
extinction curve that is assumed to be universal; and (d) zero-point drift, offsets, and transforma-
tion uncertainties between various cameras on HST and on the ground. Table 2 compares these
uncertainties to what is now being achieved with HST parallaxes and new HST SNe Ia distances
(see Table 2, Column 3, “Revisions”), and then what is expected to be realized by extending to
a largely space-based near- and mid-IR Cepheid calibration using the combined power of HST,
Spitzer, and eventually the James Webb Space Telescope (JWST) and GAIA. (see Table 2, Column
4, “Anticipated”).

In 2001, the uncertainty on the zero point of the Leavitt Law was the largest on the list of
known systematic uncertainties. Recall that the Key Project zero point was tied directly to an LMC
true distance modulus of 18.50 mag. As we have seen in Section 3.1.4, improvement to the zero
point has come from new HST parallax measurements of Galactic Cepheids, improved distance
measurements to the LMC from near-IR photometry, and measurement of a maser distance to
NGC 4258. We adopt a current zero-point uncertainty of 3%.

We next turn to the issue of metallicity. As discussed in Section 3.1.3, in the optical, metallicity
corrections remain controversial. However, by shifting the calibration from the low-metallicity
Cepheids in the LMC to the more representative and high-metallicity Milky Way or (alternatively
to) the NGC 4258 Cepheids, the character of the metallicity uncertainty has changed from being
a systematic to a random uncertainty. We conservatively estimate that the systematic component
of the uncertainty on the metallicity calibration should now drop to ± 0.05 mag. Including the

Table 2 Systematics error budget on Ho: past, present, and future

Known Key Project Revisions Anticipated Basis
Systematics (2001) (2007/2009) Spitzer/JWST
(1) Cepheid Zero Point ± 0.12 mag ± 0.06 mag ± 0.03 mag Galactic Parallaxes
(2) Metallicity ± 0.10 mag ± 0.05 mag ± 0.02 mag IR + Models
(3) Reddening ± 0.05 mag ± 0.03 mag ± 0.01 mag IR 20-30x Reduced
(4) Transformations ± 0.05 mag ± 0.03 mag ± 0.02 mag Flight Magnitudes
Final Uncertainty ± 0.20 mag ± 0.09 mag ± 0.04 mag Added in Quadrature
Percentage Error on Ho ± 10% ± 5% ± 2% Distances

Revisions (Column 2) incorporating the recent work of Benedict et al. (2007) and Riess et al. (2009b).
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                                              We are here        	


Improvements to Systematics:	


1. HST parallaxes	

LMC  

NGC 4258  

2. NGC 4258 scatter	
 3. Few SN calib.s	




Decreasing the Uncertainties in H0 
HST Key Project:                              [±10%]	

•  Several methods with independent  checks	

•  5% statistical uncertainties	

•  Robust tests of 10% final uncertainty	


•  Cepheids (RR Lyraes, TRGB, PNLF)	

•  SNeIa, TF, SBF, PNLF, SNII 	


	

Current H0 Measurements:              [±3-4%]	

•  Require additional tests to confirm Cepheid and SNeIa	

    distances at the 3-4% level. 	

•  Not yet available, but in progress.	


Future H0 Measurements:                [±2-3%]	

•  Spitzer RR Lyrae independent distances (2% level)**	

•  Gaia parallaxes (<1%) for Cepheids and RR Lyraes.	

•  IR measurements of SNeIa	

•  Gravitational lensing, masers, Planck SZ clusters	


What is needed for H0 to 1%?	

•  Several independent methods capable of 1%	


Gaia	


Spitzer	


Carnegie RR Lyrae Program Freedman et al. 1

The Carnegie RR Lyrae Program (CRRP)

1 The Mid-IR RR Lyrae Period-Luminosity Relation

In the infrared, RR Lyrae variables provide us with a stellar distance indicator
of unprecedented accuracy and precision. With Spitzer there now exists the unique
opportunity to make a fundamental contribution to the Galactic and Extragalactic distance
scale. Here we are proposing a full calibration and a wide-ranging suite of novel applica-
tions of the RR Lyrae Period-luminosity (PL) relation in the mid-infrared using the unique
instrument and detectors available in the Spitzer Warm mission.

The existence of a bona fide PL relation for the prototype Population II variables, the
RR Lyrae stars, is known to variable star experts, but it is only now becoming known to the
wider community. Over twenty-five years ago Longmore, Fernley & Jameson (1986, MNRAS,
220, 279) demonstrated the existence of a near-infrared PL relation for RR Lyrae stars,
using K-band observations of these stars in Galactic globular clusters. Later, theoretical
models (Catelan, Pritzl & Smith 2004, ApJS, 154, 633) clearly showed that a PL relation
for RR Lyrae stars is to be “expected” in the infrared (but vanishingly so in the optical);
explained primarily by the changing bolometric correction for these stars as a function of
the observed wavelength. Later, Madore & Freedman (2011, ApJ, 744, 132) demonstrated
the inevitability of decreasing intrinsic scatter with increasing wavelength (and slope) of PL
relations both for Cepheids and for RR Lyrae stars.
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Figure 1 Infrared PL relations for RR Lyrae variables. Left Panel: The four Galactic RR Lyrae variables
and the one W Virginis star observed by Benedict et al. (2011, AJ, 142, 1871) using HST to determine
absolute trigonometric parallaxes. The 3.4 - 22µm observations are from WISE. Right Panel: The observed
2.2 µm PL for RR Lyrae in the LMC globular cluster, Reticulum (Dall’Ora et al. 2004, ApJ, 610, 269). Open
circles are overtone (RRc) pulsators, corrected to their fundamental period. Filled circles are fundamental
(RRab) pulsators. At all 5 wavelengths the scatter around the mean relation is only ±0.03 mag (for Cepheids
the scatter about their mid-IR PL relation is ±0.11 mag); and the slopes of the LMC and Galactic samples
in the near-infrared are indistinguishable. Flanking lines are all ±2σ.

σ = 0.03 mag	


þ	


☐	


ý	




Paper XVI	

	

 	

 “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.”	

	

	

	

	



