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Cosmological Parameters 
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Planck lensing – 40σ! 
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Planck Cosmological  
Parameters (2015) 
 
 H0 = 67.8 ± 0.9 km/s/Mpc••	

 ΩM =  0.308 ± 0.012••	

 Ω∧ =  0.692 ± 0.012••	

 ns =  0.9677 ± 0.0060	

 w = -1.54-0.50

+0.62•• (-1.02         ) 	

	
 	
           ** model-dependent 	


Planck 2015 temp + lensing 
(except for w) ; 

The Astrophysical Journal, 743:28 (17pp), 2011 December 10 Keisler et al.

Figure 5. SPT bandpowers, WMAP bandpowers, and best-fit ΛCDM theory
spectrum shown with dashed (CMB) and solid (CMB+foregrounds) lines. The
bandpower errors do not include beam or calibration uncertainties.
(A color version of this figure is available in the online journal.)

(PTE = 0.82) if the six cosmological parameters are considered
to be essentially fixed by the WMAP data.

The marginalized likelihood distributions for the six cosmo-
logical parameters are shown in Figure 6. The addition of the
SPT data improves the constraints on Ωbh

2 and ns by ∼25% and
the constraint on θs by nearly a factor of two. The parameter
constraints for the baseline model are summarized in Table 3,
and constraints on this model using SPT+WMAP+H0+BAO are
given in Table 4.

The scalar spectral index ns is less than one in simple models
of inflation (Linde 2008). Recent measurements of ns come
from WMAP7, ns = 0.967 ± 0.014 (Komatsu et al. 2011);
ACBAR+QUaD+WMAP7, ns = 0.966+0.014

−0.013 (Komatsu et al.
2011); and ACT+WMAP7, ns = 0.962 ± 0.013 (Dunkley et al.

2010). The SPT+WMAP constraint is

ns = 0.9663 ± 0.0112 . (21)

This is a 3.0σ preference for ns < 1 over the
Harrison–Zel’dovich–Peebles index, ns = 1. This constraint
is not significantly altered if we double the width of the priors
on the foreground terms, in which case ns = 0.9666 ± 0.0112.
The constraint is also robust to doubling our uncertainties on
the SPT beam functions or SPT calibration, in which cases
ns = 0.9671 ± 0.0113 and ns = 0.9661 ± 0.0111, respec-
tively. When the H0 and BAO data are included, the constraint
is ns = 0.9668 ± 0.0093, a 3.6σ preference for ns < 1.

4.2. Model Extensions

In this section we consider extensions to our baseline model.
These models continue to use a spatially flat, ΛCDM cosmologi-
cal model, but allow a previously fixed parameter—the strength
of gravitational lensing, the amplitude of tensor fluctuations,
the running of the spectral index, the primordial helium abun-
dance, or the number of relativistic species—to vary freely. The
structure of this section closely follows the clear presentation
and discussion of the ACT+WMAP constraints on parameter
extensions by Dunkley et al. (2010), and therefore allows a
straightforward comparison of these similar data sets. We sum-
marize constraints on these extension parameters using recent
CMB data sets in Table 5.

We note that we have also considered extensions with a free
dark energy equation of state w or with massive neutrinos, and
found that the addition of SPT data did not significantly improve
upon the constraints on these models from WMAP alone.

4.2.1. Gravitational Lensing

The paths of CMB photons are distorted by the gravity of
intervening matter as they travel from the surface of last scat-
tering to us, a process referred to as gravitational lensing. The
typical deflection angle is a few arcminutes, and the deflections
are coherent over degree scales. Lensing encodes information

Figure 6. One-dimensional marginalized constraints on the six cosmological parameters in the baseline model. The constraints from SPT+WMAP are shown by the
blue solid lines, while the constraints from WMAP alone are shown by the orange dashed lines.
(A color version of this figure is available in the online journal.)
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Planck Cosmological  
Parameters (2013) 
 
 H0 = 67.3 ± 1.2 km/s/Mpc••	

 ΩM =  0.315 ± 0.017••	

 Ω∧ =  0.686 ± 0.020••	

 ns =  0.9603 ± 0.0074	

 w = -1.13-0.10

+0.13••	

	
 	
           ** model-dependent 	


Planck 2013 Cosmology Paper XVI	
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Planck Cosmology 2015 
The nearly exact degeneracy -- i.e., 
nearly the same  CMB anisotropies in 
models with  different geometries but 
the same matter content – 
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data alone 
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Fig. 20. 68 % and 95 % confidence regions on 1-parameter extensions of the base ⇤CDM model for Planck TT+lowP (grey),
Planck TT,TE,EE+lowP (red), and Planck TT,TE,EE+lowP+BAO (blue). Horizontal dashed lines correspond to the parameter
values assumed in the base ⇤CDM cosmology, while vertical dashed lines show the mean posterior values in the base model for
Planck TT,TE,EE+lowP+BAO.
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Fig. 20. 68 % and 95 % confidence regions on 1-parameter extensions of the base ⇤CDM model for Planck TT+lowP (grey),
Planck TT,TE,EE+lowP (red), and Planck TT,TE,EE+lowP+BAO (blue). Horizontal dashed lines correspond to the parameter
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Fig. 20. 68 % and 95 % confidence regions on 1-parameter extensions of the base ⇤CDM model for Planck TT+lowP (grey),
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Big Bang Nucleosynthesis 

Cyburt et al. 2015    1505.01076 

He abundance 
•  Planck 2015 contours 
•  Fixed N = 3 (points) 

•  BBN relation for Yp 
•  Includes 3-σ nuclear  
     rate uncertainties 
 
Completely independent 
test of standard BBN 
CMB data only 

Yp 

                           η……………     



Baryon Acoustic Oscillations 

…………………… 

Eisenstein, Seo & White (2007) 

Correlation function  

Power spectrum 



Baryon Acoustic 
Oscillations 

Aubourg et al. 2015 

“Inverse Distance Ladder” 
•  BAO, SNIa distances 
•  Planck CMB calibrates 
    sound horizon scale, rd 
•  BAO points normalized 
    with rd = 147.49 Mpc 
•  Dv is converted to DM  
    assuming ∧CDM. 
 
•  The SNIa points are  
    shifted vertically  to  
   match the BAO data  

DM 



BAO + Planck 2015 

Planck 2015 XIII 

DV 



BAO + Planck 2015 

Samples from Planck  
TT+lowP chains in the  
Neff–H0 plane, color-coded  
by σ8. 
 
Add BAO 
Solid contours: 
Planck TT,TE,EE+lowP+BAO. 

Add BAO 

Planck 2015 XIII 



BAO + Planck 2015 

Add BAO 

Planck 2015 XIII 

LCDM model 
 
Planck 2015 TT+lowP 
 
H0 = 67.3 ±  1.0 km/s/Mpc 
Ωm = 0.315 ± 0.013 
 
 
Planck 2015 TT+lowP + BAO 
 
H0 = 67.6 ±  0.6 km/s/Mpc 
Ωm = 0.310 ± 0.008 
 



BAO + Planck 2015 

Planck 2015 XIII 

Add BAO 

Add CMB 
      lensing 

TT only 
H0 

Σmν [eV] 

•  TT + pol +  lensing  
    + BAO + H0 + SNIa 

•  Σmν  <  0.23 eV 
      [95% CL]  
“Best estimate” 
 
 
•  Σmν  <  0.49 eV 
      [95% CL]  
Planck TT; TE; EE+lowP 
 

This limit also has Efstahiou’s 
H0 + Joint light analysis 
SNIa…!  



Type Ia Supernovae 
Betoule et al. 2014 
Joint Light-Curve Analysis 
 
Ωm = 0.295  ± 0.034 
 
w = -1.018 ± 0.057 with  
       Planck13 +  flat universe 
w = -1.027 ± 0.055 with  
       Planck13 +  flat universe 
        + BAO 
 
H0 = 68.5 ± 1.27  km/s/Mpc     
      including BAO 



Type Ia Supernovae 
Planck 2015 XIII 
Betoule et al. 2014 SNe 
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Type Ia Supernovae 

From Planck alone: 
TT + low P  (95%CL) 

Add in Planck lensing 
+ BAO + SNIa + H0 

Planck 2015 XIII 



Combining Constraints 

Betoule et al. 2014 
Combining CMB, SN,  BAO, WL, Clusters 

M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
 
(1 + z)2D2

A
cz

H(z)

!1/3

(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
8

 
4

11

!4/3

⇢� (24)

with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate

Fig. 15. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.

0.15 0.20 0.25 0.30 0.35 0.40 0.45

⌦m

�2.0

�1.8

�1.6

�1.4

�1.2

�1.0

�0.8

�0.6

�0.4

w

JLA
C11
Planck+WP

WMAP9
Planck+WP+JLA
Planck+WP+BAO

Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-
stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
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M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

Table 13. Best fit parameters for the o-⇤CDM cosmological model.

⌦m ⌦k H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck+WP+BAO+JLA 0.305 ± 0.010 0.002 ± 0.003 68.34 ± 1.03 0.0221 ± 0.0003 0.141 ± 0.006 3.099 ± 0.074 �19.10 ± 0.03 �0.070 ± 0.023 684.1/738
Planck+WP+BAO 0.306 ± 0.010 0.002 ± 0.003 68.25 ± 1.06 0.0221 ± 0.0003
Planck+WP+SDSS 0.397 ± 0.108 �0.019 ± 0.026 59.93 ± 8.17 0.0221 ± 0.0003 0.145 ± 0.008 3.115 ± 0.108 �19.34 ± 0.27 �0.091 ± 0.031 350.7/369
Planck+WP+SDSS+SNLS 0.309 ± 0.046 0.001 ± 0.011 67.94 ± 5.15 0.0221 ± 0.0003 0.140 ± 0.007 3.141 ± 0.082 �19.10 ± 0.15 �0.072 ± 0.025 577.9/608
Planck+WP+JLA 0.292 ± 0.037 0.005 ± 0.009 69.85 ± 4.44 0.0221 ± 0.0003 0.141 ± 0.006 3.102 ± 0.075 �19.05 ± 0.12 �0.070 ± 0.023 682.9/735
Planck+WP+C11 0.244 ± 0.047 0.015 ± 0.010 76.48 ± 7.36 0.0221 ± 0.0003 1.708 ± 0.156 3.306 ± 0.109 �18.96 ± 0.19 �0.045 ± 0.024 395.1/468

Table 14. Best fit parameters for the flat w-CDM cosmological model.

⌦m w H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck+WP+BAO+JLA 0.303 ± 0.012 �1.027 ± 0.055 68.50 ± 1.27 0.0221 ± 0.0003 0.141 ± 0.006 3.102 ± 0.075 �19.10 ± 0.03 �0.070 ± 0.023 684.1/738
Planck+WP+BAO 0.295 ± 0.020 �1.075 ± 0.109 69.57 ± 2.54 0.0220 ± 0.0003
Planck+WP+SDSS 0.341 ± 0.039 �0.906 ± 0.123 64.68 ± 3.56 0.0221 ± 0.0003 0.145 ± 0.008 3.116 ± 0.108 �19.17 ± 0.10 �0.091 ± 0.031 350.7/369
Planck+WP+SDSS+SNLS 0.314 ± 0.020 �0.994 ± 0.069 67.32 ± 1.98 0.0221 ± 0.0003 0.140 ± 0.007 3.139 ± 0.082 �19.12 ± 0.05 �0.072 ± 0.025 577.9/608
Planck+WP+JLA 0.307 ± 0.017 �1.018 ± 0.057 68.07 ± 1.63 0.0221 ± 0.0003 0.141 ± 0.006 3.100 ± 0.075 �19.11 ± 0.04 �0.070 ± 0.023 683.0/735
WMAP9+JLA+BAO 0.296 ± 0.012 �0.979 ± 0.063 68.19 ± 1.33 0.0224 ± 0.0005 0.141 ± 0.006 3.099 ± 0.075 �19.10 ± 0.03 �0.070 ± 0.023 684.4/738
Planck+WP+C11 0.288 ± 0.021 �1.093 ± 0.078 70.33 ± 2.34 0.0221 ± 0.0003 1.707 ± 0.156 3.306 ± 0.109 �19.15 ± 0.05 �0.043 ± 0.024 395.4/468

Table 15. Best fit parameters for the flat wz-CDM cosmological model. The point (w0,wa) = (�1, 0) corresponds to the cosmological
constant hypothesis.

⌦m w0 wa H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck +WP + BAO + JLA 0.304 ± 0.012 �0.957 ± 0.124 �0.336 ± 0.552 68.59 ± 1.27 0.0220 ± 0.0003 0.141 ± 0.006 3.099 ± 0.075 �19.09 ± 0.04 �0.070 ± 0.023 683.7/737
Planck +WP + BAO 0.291 ± 0.042 �1.134 ± 0.490 0.167 ± 1.318 70.09 ± 5.05 0.0221 ± 0.0003
Planck +WP + BAO + SDSS 0.315 ± 0.019 �0.848 ± 0.200 �0.582 ± 0.702 67.31 ± 2.04 0.0220 ± 0.0003 0.145 ± 0.008 3.126 ± 0.108 �19.09 ± 0.05 �0.091 ± 0.031 352.0/371
Planck +WP + JLA 0.296 ± 0.022 �0.886 ± 0.206 �0.698 ± 1.090 69.36 ± 2.40 0.0221 ± 0.0003 0.141 ± 0.006 3.099 ± 0.075 �19.06 ± 0.08 �0.070 ± 0.023 682.6/734
Planck +WP + BAO + C11 0.293 ± 0.014 �1.073 ± 0.146 �0.066 ± 0.563 69.90 ± 1.64 0.0220 ± 0.0003 1.706 ± 0.156 3.307 ± 0.109 �19.15 ± 0.04 �0.044 ± 0.025 396.4/470
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Fig. 17. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 14).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
Planck+WP+C11 (w = �1.093 ± 0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
recalibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11

calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-
spite the absence of the low-z SNe Ia. This measurement is ex-
pected to be robust since the dominant systematic uncertainty
(photometric calibration error) was the subject of careful review
in the joint analysis of the SDSS-II and SNLS surveys. This
subsample is also likely to be less sensitive to errors in the en-
vironmental dependence of the SN Ia luminosity as the distri-
bution of SNLS and SDSS host properties are closer than are
the distribution of SNLS and low-z surveys. As an illustration,
fitting the w-CDM model to the CMB+SNLS+SDSS data, and
imposing �M = 0, provides w =�0.996 ± 0.069, a small shift
(�w < 0.003) with respect to the value reported for the same
sample and �M = �0.070 ± 0.023 in Table 14.

Combined with CMB and BAO, SNe Ia yields a 5.4% mea-
surement of w which represents significantly tighter constraint
than what can be obtained from CMB and BAO alone (11.0%).
The combination of CMB, BAO and SNe Ia constrains mod-
els with a varying equation of state w =�0.957 ± 0.124 and
wa =�0.336 ± 0.552 (see Table 15), yielding a figure of merit
as defined by the dark energy task force (DETF; Albrecht et al.
2006) of 31.3. This is a factor 2 improvement in the FoM with
respect to the C11+DR7+WMAP7 combination considered in
Sullivan et al. (2011). This gain is attributable, for roughly equal
parts, to our improvement in SN measurements and to the im-
provement in CMB and BAO external constraints.

Finally, the combination of CMB, BAO and SN Ia data con-
strains the value of the Hubble parameter H0 at better than 2%
even in generic dark energy models. Our result, H0 =68.50±1.27
km s�1 Mpc�1, is slightly lower (1.9�) than the direct measure-
ment of H0 = 73.8 ± 2.4km s�1 Mpc�1 given in Riess et al.
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Improvements to H0 



Recent Direct Measurements of H0 

•  Carnegie Hubble Project:   	

    Ho = 74.3 ± 1.5 [stat] ± 2.1 [sys] km s-1 Mpc-1 	


    (WLF et al. 2012)    	


•  SH0ES (Riess et al. 2011) :  	

    Ho = 73.9 ± 2.4 km s-1 Mpc-1    	


•  Planck 2015	

    Ho = 67.3 ± 1.3 km s-1 Mpc-1    	


Planck LCDM estimate of H0 



Comparison of Spitzer LMC 
and Milky Way Leavitt Laws 

WLF et al. (2012)             

 80 LMC Cepheids 	

   (Scowcroft et al. 2012)	

Dispersion σ = ±0.100 mag	

	

 10 Milky Way Cepheids	

  with trigonometric 	

  parallaxes from HST	

  (Benedict et al. 2007; 	

   Monson  et al. 2012)	

Dispersion σ = ±0.104 mag	

	

  µLMC = 18.477 ± 0.011 (stat)	

                           ± 0.033 (sys)	


 µLMC = 18.48 ± 0.01 (stat)	

                        ± 0.03( sys)	

  d = 49.6 ± 0.8 kpc	


	

  µLMC = 18.477 ± 0.011 (stat)	

                           ± 0.033 (sys)	


WLF et al. (2015)             

LMC Milky Way 



H0 From Enlarged Sample of 
Type Ia Supernovae 

•  Cepheid calibrators	

•  CSP	

•  CfA	
 Data for H0 analysi:	


•    9 Cepheid SN Ia hosts *	

	

•  61 CSP SNe Ia *	


•  155 CfA + CTIO SNe Ia *	


•  Total: 215 objects with z>0.01	


•  9 Cepheid calibrators (Riess et al.)	

•   (+ including M101 – SN2011fe )	

•  61 CSP SNe Ia (Folatelli et al (2010)	

•  CTIO+CfA1+2+3 (Hamuy; Hicken 	

•     et al (2009); Jha et al (2007)	

•     excluding objects observed	

•     >7 days after max; stretch  < 0.5	


• Total: 215 objects with z>0.01	


• H0 = 72.7 ± 2.0 [stat] ± 0.5 [sys] km s -1 Mpc -1  	

•  	


   Beaton et al. (2015)               

• PRELIMINARY • PRELIMINARY 

H0 = 72.7 ± 2.0 [stat] ± 0.5 [sys] km s -1 Mpc 	




An Independent Route to H0 
(Carnegie Chicago Hubble 

Project: CHP II) 
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Figure 3: Left: An example of the TRGB as observed by ACS in the galaxy NGC300. Note the
obvious and well-defined discontinuity in the red giant branch luminosity function defining the tip
at F814W ∼ 22.5 mag, and the shallow slope of that discontinuity over a range of RGB
metallicities/colors (V-I = 1.5 to 2.5). Middle: TRGB of NGC 4258. Note that the TRGB slope
has been compensated for in this plot, which explicitly takes the metallicity spread into account
as the edge detector is applied. Right: SN Ia Hubble Diagram – The distance modulus versus
redshift plot for Type Ia supernovae in the Carnegie Supernova Program (CSP). Grey symbols are
data from the literature. Red symbols are CSP SNe. Blue symbols are the local SNe calibrators
(showing a larger scatter induced by local large-scale flows). This proposal will double the
number of zero-point calibrators.

Description of the Observations

Local Group
RR Lyrae

TRGB

Galactic
RR Lyraes

NGC 4258
Maser
TRGB

 TRGB
12 SNe Ia H0+

200 SNe Ia
Hubble Flow

1.5% 1.0% 2.5% 0.7% 3%

The CHP-II Path to a 3% Determination of the Hubble Constant

Two recent HST advances have made this proposed program possible: (1) The innovative
application of the HST Fine-Guidance Sensor cameras to the determination of trigonometric
parallaxes of five field RR Lyrae variables by Benedict et al. (2011, AJ, 142, 187), and (2)
the availability of a long-wavelength (F160W filter) imaging channel on WFC3. In addition,
we note that this proposal not only builds on a legacy of HST observations, but also it
minimizes many systematic uncertainties by using the same telescope, filters and detectors.

1 Galactic RR Lyrae Zero Point Calibration with WFC3

1.1 HST–FGS Parallax Targets. Five Galactic RR Lyraes with HST-FGS parallaxes
will be observed at F160W (Table 1). We require two phase points for each calibrating star.
Three of these stars already have one phase point obtained in a previous SNAP program.
Therefore, we request 7 orbits to obtain the remaining 7 phase points necessary to complete
this section of the program.

One orbit will obtain up to 45 short observations, made in subarray mode with rapid
readout of the smallest subarray size, resulting in an 0.06 s effective exposure time to prevent
saturation. This will achieve a S/N = 400 per exposure.

8

n  The dispersion in the RR Lyrae period-luminosity 
   relation is <0.05 mag; half that of Cepheids 
n  Measurement of H0 to  3% + Planck 
n  One of most accurate measurements of w 



 An Independent Calibration of H0 
Using RR Lyrae Stars 

There exists a PL relation for RR Lyrae stars in the IR!	

•  (Not in the optical – it is a HORIZONTAL BRANCH)	

•  Extremely small scatter: σ ~ 0.05 mag in the mid-IR	

•  This distance scale is	


•  Independent of the Cepheid scale	

•  And more accurate!	


•  New distances to RR Lyrae stars (with parallaxes)	

•  New distance to the LMC	




Carnegie Chicago  Hubble 
Project (CCHP) II 

u HST Cycle 22: 132 hours prime, 52 parallel H-band 
observations 

u Spitzer Cycle 9 (3.6 µm), Magellan (JHK), TMMT 
(BVI) 

u RR Lyrae and TRGB distances 
u Double the number of SNIa calibrators 
u Goal: H0  to 3% 



 RR Lyrae Parallax 
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Galactic Calibration
Parallax sample - 4 RRabs, 1RRc — removing RRc from fit (consistent with Benedict’s analysis)
Dispersion of 0.06 mag. Approx 0.5 times the dispersion of the Cepheid sample —> 4 times better! (ie would need 4 times as many cepheids to get zero 
point calibration this good)
— templates for each individual star - important for talking about jeffs work

4.5 µm 

3.6 µm 

V. Scowcroft 



Recent RR Lyrae Distances 
(Spitzer, Magellan, TMMT**) 

A. Monson, B. Madore, M. Durbin et al.	


Figure 1: The dramatic change in slope and scatter in the RR Lyrae PL relation is seen in going
from the optical to the infrared as predicted by Catelan, Pritzl & Smith, 2004, ApJS, 154, 633.
Note the inverted PL relation in the B band, none at V and the progressive increase in slope and
decrease in scatter in the near-infrared.

Figure 2: Left: The five Galactic RR Lyrae variables observed by Benedict et al. (2011, AJ, 142,
1871) using HST to determine absolute trigonometric parallaxes, combined with IR data from
Spitzer. Note the appreciable slope and the very small (±0.06 mag) scatter, as predicted by
theory. Dashed lines are ±2σ around the fit. Right: Near-infrared PL relations for 26 RR Lyrae
variables in the LMC globular cluster, Reticulum (lower plot) showing a scatter of only
±0.035 mag, and for 91 of the least crowded RR Lyraes in ω Cen, showing a scatter of only
±0.07 mag. This inter-comparison places an upper limit on metallicity-induced scatter in the PL
zero point.
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Galactic Parallax Sample 
Omega Cen,  
Reticulum  (LMC) 

σ = 0.03 
 mag! 

Figure 1: The dramatic change in slope and scatter in the RR Lyrae PL relation is seen in going
from the optical to the infrared as predicted by Catelan, Pritzl & Smith, 2004, ApJS, 154, 633.
Note the inverted PL relation in the B band, none at V and the progressive increase in slope and
decrease in scatter in the near-infrared.

Figure 2: Left: The five Galactic RR Lyrae variables observed by Benedict et al. (2011, AJ, 142,
1871) using HST to determine absolute trigonometric parallaxes, combined with IR data from
Spitzer. Note the appreciable slope and the very small (±0.06 mag) scatter, as predicted by
theory. Dashed lines are ±2σ around the fit. Right: Near-infrared PL relations for 26 RR Lyrae
variables in the LMC globular cluster, Reticulum (lower plot) showing a scatter of only
±0.035 mag, and for 91 of the least crowded RR Lyraes in ω Cen, showing a scatter of only
±0.07 mag. This inter-comparison places an upper limit on metallicity-induced scatter in the PL
zero point.
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Tip of the Red Giant Branch 
(TRGB) Distances 

NGC 300 NGC 4258 

Mager, Madore & WLF 2008 



Future Parallax Measurements 
ESA’s Global Astrometric Interferometer 

 for Astrophysics (Gaia) 
v A  few microsecond accuracy 
v   Systematic survey of entire sky to 20 mag 
v   σπ / π < 1% out to several kiloparsecs 
v Accurate measurements of many Cepheids and RR 

Lyrae variables (~100’s of Cepheids; 1000’s of RR 
Lyraes)  [~70 observations per object] + Spitzer, HST 

v Distance to LMC to 0.02-0.04 mag (1-2% in distance 

• Expected relative 
accuracy in the distance of 
Galactic Cepheids from 
Gaia.  

• Mignard (2004) 

• -- < 1% 
---- 

• 200 Cepheids 

•  σπ / π  (% ) • N
um

be
r o

f C
ep
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Direct Measurements of H0: 
Decreasing Systematics 

LMC 
Milky Way 
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Galactic Calibration
Parallax sample - 4 RRabs, 1RRc — removing RRc from fit (consistent with Benedict’s analysis)
Dispersion of 0.06 mag. Approx 0.5 times the dispersion of the Cepheid sample —> 4 times better! (ie would need 4 times as many cepheids to get zero 
point calibration this good)
— templates for each individual star - important for talking about jeffs work

WLF et al. 2012; Scowcroft et al. 2012;  Monson et al 2015 WLF et al. (2001) 

Reticulum RR Lyrae PL relations CSP SNIa light curves 



Other Future H0 Measurements: 
Target H0 to 1%: (sys + stat) 

 Overcoming Systematics LIGO  
Gravitational Waves BAO 

Gaia Calibration  
of Cepheid/RRL/SNIae 

Gravitational Lens Time  
Delays 

For robust 
measurement 
at least 3  
independent 
methods with 
uncertainties 
at ~1% level 



Planck: Relaxing  Parameter 
Constraints 

Di Valentino, Melchiorri & Silk 2015 

Planck 2015 data 
6- to 12-parameter fit 
Biggest effects: 
•  Hubble constant  
•   σ8,  r.m.s. amplitude of 

density fluctuations 
practically undetermined from 
Planck measurements alone 
•  even when external datasets 

such as BAO are included 

Planck ∧CDM 

Planck eCDM 



Cosmological Parameters from 12-
parameter Fits to Planck 2015 Data 

Di Valentino,  
Melchiorri &  
Silk 2015 

Σmν 
w 
r 
dns/dlnk 
Alens 
Neff 



Cosmological Parameters from 12-
parameter Fits to Planck 2015 Data 

Di Valentino,  
Melchiorri &  
Silk 2015 

No evidence for 
new physics 
beyond the  
Standard model 



Looking Ahead  
•  Current / Near Term: 

•  DES, PanStarrs, BOSS, HETDEX 
•  Hyper Suprime-Cam (HSC) on Subaru 
•  DESI 
•  SPT, ACT, Planck 

•  Major New Facilities 

•  WFIRST / AFTA; Euclid  ( Dark Energy Missions) 

•  LSST (Large Synoptic Survey Telescope) 

•  GMT,  TMT, E-ELT 

•  JWST 

•  SKA (BAO of HI in galaxies) 

•  eRosita (ESA x-ray telescope – cluster survey) 

 

  

 



Summary 
•  The Planck data, including polarization, are consistent 

with a 6-parameter ∧CDM model 
•  Is there no new physics beyond this current standard 

model? 
•  Planck data alone cannot answer this question 
•  A new generation of experiments (BAO, SNe, H0, WL, 

CMB polarization) are well-poised to address this 
question 

•  Planck has set the bar very high! 

 
Landau – “Cosmologists are often in error but never in doubt” 
 




