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Accuracy vs Precision 

Precision Accuracy 



DM Has “Weak-Scale” Interactions 
Weakly-Interacting Massive Particle: 

A WIMP 

Increasing Tension in Ho   
at the University of Chicago  

Wayne Hu, Horace B. Horton Professor 

“… to test the 
cosmological 
hypothesis and 
measure the equation 
of state of dark energy 
at z~0.4-0.5, the best 
complement to current 
and future CMB 
measurements is a 
measurement of the 
Hubble constant that is 
accurate at the few 
percent level.” (Hu 
2005) 



DM Has “Weak-Scale” Interactions 
Weakly-Interacting Massive Particle: 

The Dynamic Duo: Rocky and his side kick 

Ho … 
It’s just a 
nuisance 
parameter . 

Increasing Tension in Ho   
at the University of Chicago  

Precision is 
enough 



Measuring Cosmological Parameters 
 
1) The Current Cosmological  Model 

n  Motivation for higher accuracy 

2) Measurements of the Hubble Constant 
n  History  
n  Progress Since HST Key Project 
n  The Carnegie/Chicago Hubble Project  

(CCHP) 

3) The Future 
                                      



The Issue 

3.4 σ 

W. Hu adaptation of Beaton et al. 2016: arXiv: 1604.01788 
 



Recent Summary of Ho 
Measurements and Model Estimates 

Aubourg et al. 2015, Phys Rev D 

-- Assumes flat universe with a 
   cosmological constant 
	
-- Assumes rd = 147.49±0.59 Mpc 
   based on Planck constraints for 
   a standard radiation background 



Summary of Recent Ho Values 

∧CDM:           67.8 ± 0.9    (1.3%)      [Planck 2015] 
   
Cepheids       74.3 ± 2.1     (2.8%)      [WLF+  2012] 
  + SNIa :        73.02 ± 1.79 (2.4%)     [Riess+ 2016] 
 
 
 

Planck, Cepheid errors both decreasing –  
tension is worsening 



What to Make of the Current 
Tension? 

1.   Cepheid zero point   (3 methods) 

 
Where could potential systematics reside? 



What to Make of the Current 
Tension? 

1.   Cepheid zero point   (3 methods) 

 
Where could potential systematics reside? 

1.  Milky Way parallaxes     (2%)  
2.  LMC                                   (2.5%) 
3.  NGC 4258                         (3%) 



What to Make of the Current 
Tension? 

1.   Cepheid zero point   (3 methods) 
2.   Few independent checks on Cepheid/SN distances 
3.   Small numbers of SNIa calibrators 

 
Where could potential systematics reside? 

Cosmic Microwave Background Anisotropies: 

•  H0 estimate assumes a model 
•  low l /  high l discrepancy 
 



Potential New Physics Beyond 
∧CDM, If Real  

1.   Different equation of state for dark energy 

2.   Another relativistic species (e.g., an additional 
neutrino  or other ‘dark radiation’) 

3.   A decaying relic massive dark matter particle 
 
4.   Non-zero spatial curvature 
 
5.   Modified gravity 

 



CMB Measurements & 
The Current 

Cosmological Model 



CMB Anisotropies 

Ω0  = 1.0 

flat geometry 

T0 = 2.725  ± 0.001K 

 l = 200  , θ = 10    

    ……………………………. Multipole moment   l  

Dl 
[μK2]  

   

900  18o  10      0.20     0.1o      0.07o 



Planck 2015 + ACT + SPT 
Angular Power Spectrum 

E. Calabrese 

A 6-parameter ∧CDM model   
provides an excellent fit to the 
Planck 2015, ACT and SPT data 

Planck lensing – 40σ 

    



Planck LCDM model: 

Baryon density 
 
Cold dark matter density 
 
100 x approx to rs/DA 
 
 
Thomson scattering optical depth 
             to reionization 
 
Scalar spectrum power-law index 
 
Log power of the primordial  
          curvature perturbations 

Ωbh2 
 

Ωch2 
 

100ΘMC 
 
τ 
 
ns 
 
ln(1010As) 

   Fit for 6 CDM parameters: 
Spatially flat, 6-parameter LCDM 
with nearly scale invariant  power-
law spectrum of adiabatic scalar 
perturbations 



Derived Cosmological Parameters 
Planck (2015) 

Planck 2015 Cosmology Paper XIII	

 
 H0 	 	67.8 ± 0.9 km/s/Mpc	
 ΩM 	 	0.308 ± 0.012	
 Ω∧ 	 	0.692 ± 0.012	
 w 	 	-1.54** -0.50

+0.62 (** -1.02   Add BAO+SNIa+H0 ) 	
	 		

Based on temp + lensing data 
** For w in addition BAO+SNIa+H0 

Add BAO+SNIa+H0 



Planck Cosmology 2015 

CMB power spectrum 
Nearly exact degeneracies 
Non-uniqueness 
 

 
 
H0 
 
 
 
                 Neff          
 
 
wa 
 
 
 
 
                 w0          

σ8 

H0 

Recall: 
Ωbh2, Ωch2 well measured 



Planck Collaboration: Cosmological parameters
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Planck TT,TE,EE+lowP+BAO.
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H0	

Ωk	

Σmν	
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Yp	
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Planck cosmology 
 paper  2015 

Planck	TT+lowP	(grey)	
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				Ωbh2																	Ωch2	
	



Power spectrum 

Anderson et al. (2014) 
BOSS survey 

Baryon Acoustic Oscillations 

….. 



BAO + Planck 2015: Σmν 

Planck 2015 XIII 

Add BAO 

Add CMB 
      lensing 

TT only 
H0 

Σmν [eV] 

 
•  Σmν  <  0.49 eV 
          [95% CL]  
Planck TT; TE; EE+lowP 
 
•  Σmν  <  0.23 eV 
           [95% CL]  
          Best estimate 
     TT + pol +  lensing  
    + BAO + H0 + SNIa 
 
 

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



Tensions with Planck 2015 High-l 
Data 

Addison et al. 2016,  ApJ 

u Values of Ωcdm, H0 discrepant by >2σ 

Aghanim et al. arXiv:1608.02487 
 Difference between l			<	1000	and	
1000<l			<	2500	comes	mainly	from	l			<	30 



Baryon Acoustic Oscillation 
Constraints 

Aubourg et al. 2015, Phys Rev D 

u Values of Ωcdm, H0 discrepant by >2σ 

Prior on Ωb  
Standard physics for rd 

Assuming w = -1 and Ωk = 0  
Marginalize over tensor-to-scalar  
ratio, r 



Planck: Relaxing  Parameter 
Constraints 

Di Valentino, Melchiorri & Silk 2016, Phys. Let. B 

u  Planck 2015 data 
u  12-parameter fit (including  
      w, Neff, r) 
u  Biggest effects: 

u  Hubble constant  
u   σ8,  r.m.s. amplitude of 

density fluctuations 
u  practically undetermined from 

Planck measurements alone even 
when external datasets such as 
BAO are included 

Planck ∧CDM 

Planck eCDM 



Using Local Ho Measurements to  
Constrain rsh 

Bernal, Verde & Riess 2016, arXiv:1607.05617v2  
  

BAO measurements 
constrain rs h = constant 
 
Planck – assume LCDM 
+ early universe physics 
rs = 147.00 ± 0.34 Mpc 
 
 
Assume Ho = 73  
No early universe  
assumptions 
rs = 136.7 ± 4.1 Mpc 
 
 
 
 
 
 
 
 
 
 



Critical Missing Pieces to the 
Current Standard Model 

n  Cold dark matter dominates the matter density and is 
in an unknown form 

n  The overall mass-energy density is dominated by dark 
energy, for which there is currently no theory 

n   The dynamics of inflation depends on particle physics 
at high energy, and nothing is known of the 
hypothetical scalar field that drives inflation 



Measurement of the Hubble 
Constant 

 
 

•  Historical 
•  State of the Art 
•  Improvements on the Horizon 



    
History of the Hubble Constant  



HST Key Project Cepheid Searches 
  M100  Virgo Cluster   M100  

 NGC 1365 – Fornax cluster  

 N4414  



Hubble Diagram 

Key Project Results 



Final Combined HST Key Project 
Results 

    WLF et al. (2001) 

H0 = 72 ± 3 (stat.) 
              ± 7 (sys.)  
         km s-1 Mpc-1                                                



Current Status 

Cepheids ** 
           + 

Type Ia Supernovae 

1.    The Data 
2.   Systematics 

Ho measurements based on : 

WLF et al. 
Riess et al. 

** + 1 maser galaxy 
     + a few EB 



1.  The Data 



CHP I : Spitzer as a Tool for 
Testing the Cepheid  Calibration 

 
Advantage of Spitzer for the 

extragalactic distance scale:  
 
At 3.6 µm, Aλ is ~17 times 

smaller than at optical (V-
band) wavelengths. 

Dispersion in Cepheid PL 
relation a factor of two to 
three smaller than in optical. 

Metallicity effects predicted to 
be negligible. 

•  
 
 

Spitzer Infrared Telescope 



The Data: Cepheids 

WLF et al. 2012 

Milky 
Way 

LMC 
•  σ = 0.10 mag  

Spitzer Observations 



The Data: Parallaxes for Milky 
Way Cepheids 

  σ = 0.10 mag  

Published UV/optical 
CCHP IR data 
 
+HST parallaxes 
(Benedict et al. 2007) 



The Data: Near- and Mid-IR LMC 
PL (Leavitt) Relations 

4.5	

3.6	
	

K	

H	

J	
 	

log P	

Persson et al 
(2004)  
Scowcroft et 
al (2011) 
WLF et al 
(2012) 



The Data: Cepheids - NGC 4258 

Riess et al. 2016 

     σ  = 0.36 mag  



The Data: Cepheids in SN hosts 

Riess et al. 2016 

    < σ > ~ 0.4 mag  

  σ  ~ 0.1 mag  

Increase  
 from 8 to 
 19  
calibrators 



The Data: SNe Ia 

 
•  Several ongoing surveys  
     (e.g., CSP, PanStarrs, CfA) 

•  Scolnic supercalibration (2015) 
      SNe :  0.02 < z < 0.15 

•  Multiwavelength 
 
•  σ ~ 0.12 mag  
      
      



Use of SNe Ia to Measure 
Distances 

σ ~ 0.15 mag  

Betoule et al. 2014 

‘Stretch’  
 factor 

As measured 

Corrected 



The Carnegie Supernova Project 
(CSP) 



Carnegie Supernova Project (CSP)  

Swope 1-meter Magellan 6.5-meter Dupont 2.5-meter 

• u’BVg’r’i’YJHK photometry 
•  2.5-meter, 6.5-meter optical spectroscopy 

CSPII: : 

•    BVg’r’i’YJHK photometry 

•  Magellan FIRE 6.5-meter  spectroscopy 

0.03 < z < 0.1 Multi-wavelength 
Light curves 

M. Phillips, PI 



CSP: Dealing With Systematics 

•  Well-sampled: 
•  Photometry  
•  Spectra 

•  Reddening 
•  K-corrections 
•  Evolution 

•  Most extensive data  
    set for dealing with 
    systematics 
 
•  Comparison sample 
     for future space  
     missions 
    (e.g.,  WFIRST) 



Carnegie Supernova Project (CSP) 

CSP data:  
 
First I-band 
Hubble diagram 
at z > 0.07 
 
w0 =  -1.05 ±  0.13 (stat) 
                   ± 0.09 (sys) 
 
WLF et al. (2009) 
Folatelli et al. (2009) 

i ‘- band  



MCMC histogram: CSP I data H0  

H0 = 72.6 ± 2.4 km s -1 Mpc -1 	
 	
 [1 - σ standard deviation 
from MCMC chains] 
 
 
u  MW,  LMC, N4258  zero point 
. 

  	   	

C. Burns, WLF  



1. The Data: Low z Supernova Hubble 
Diagram 



Carnegie Supernova Project (CSP) II 
(low z) 

•  Photometry now 
     complete 

•  Obtaining follow 
     up spectra 

•  WFIRST proposal 
     for high-z  
     observations 

•  S. Perlmutter, PI 
    R. Foley, D. Scolnic 
 

IR photometry  
and spectra 
 
FIRE instrument 
 on Magellan 



2.  Systematics 



Where Are the Challenges? 

1  Reddening 
2   Metallicity 
3  Crowding 
4   Zero-Point Calibration of Cepheids 
5   “Hubble bubble” 
6  Small numbers of SN calibrators 

Systematic Effects: 



Addressing Systematics 

1  Reddening 
2  Metallicity 

1  Reddening 2     Metallicity 

New python plot] 

NGC 6822 

AB ~1 mag	

A4.5 ~ 0.01 mag	

Madore et al (2009) 

NGC 6822 

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

3.
6

µ
m

P
L

re
si

d
u
al

s

LMC Milky Way

LMC and Milky Way Data

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

H
P

L
re

si
d
u
al

s

�0.6 �0.4 �0.2 0.0 0.2

[Fe/H]

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

W
P

L
re

si
d
u
al

s

6 

Romaniello et al. 2008; Genovali et al (2014);  
WLF et al. 2012, 2016 
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Systematics (3): Cepheids 

MW, LMC 

3   Crowding 

 N4258 

NGC 4424 

LMC 

6 o 

NGC 4258  

1 o 

NGC 4424  

1 o 

MW LMC 

50 kpc 

7 Mpc 

16 Mpc Riess et al. 
(2016) 



Systematics (4): Cepheids  
Parallax: The Next Generation 

 µas  -- A very small angle! 

  Hipparcos     Gaia   

Nearby Cepheids: 2-3±0.2-0.3 mas 
RR Lyrae stars: σπ / π > 0.18 
TRGB:   <σπ / π> ~ 0.3 

Nearby Cepheids: ~20-30 µas 
RR Lyrae stars: ≤ 10 µas;  σπ / π < 0.1 
TRGB:   <σπ / π> < 0.03 
 

4   Cepheid Zero Point  



Gaia – Data Release 1 

•  September 14, 2016 
•  Positions and G magnitude for 
      ~1 billion stars, 1 year of data 
•  Stars in common with Tycho2  
      catalog from Hipparcos 
      (TGAS) 
 
•  300 µas typical accuracy 

When complete (2022): 
 
•   σπ / π < 1% out to several kiloparsecs 

•   Cepheids, RR Lyrae, red giants in Milky Way to <<1% 

•  Distance to LMC to 1-2% 



Status: Parallaxes for Milky Way 
Cepheids 

CCHP data + 
Gaia parallaxes 

HST 

N = 10 stars  
 σ = 0.10 mag   N = 9 stars 

CCHP data + 
HST parallaxes 

Gaia – DR1 -CCHP  

N = 14 - 38 stars  

CCHP data + 
Gaia parallaxes 

Gaia – DR1 (σπ / π < 0.5)  

N = 10 stars  
   

R. Beaton 



Systematics (5) : SNe Ia 

Riess et al. (2016) 

Zmin :0.02 to 0.25 
 
Zmax :0.15 to 0.40 
 

Difference between 
local and global Ho 
of even 1% very 
unlikely. 
 

Primary fit: 
0.0233 < z < 0.15 
 

5   Constraints on Local Bubble 



Systematics (6): Numbers of SNe Ia 
Calibrators 

There are 19 galaxies with SNeIa calibrated 
with Cepheids. 
 
       0.12  /      19 (8)  = 0.03  (0.04) mag 

 
1.5% uncertainty 

 
 

 

6   Small number of SN Ia calibrators 

Riess et al. (2016) 



Where Are the Challenges? 

1  Reddening 
2   Metallicity  [TRGB independent check] 
3  Crowding    [TRGB independent check] 
4   Zero-Point Calibration of Cepheids [Gaia] 
5   “Hubble bubble” 
6  Small numbers of SN calibrators [JWST] 

Systematic Effects:    Getting to <1% 

þ 

þ 



The Future: Decreasing the 
Systematics in Ho 

1  Gaia parallaxes 
2  Independent tests of the Cepheid zero point  
3  Increase number of SN calibrators (JWST) 
4  Minimize known systematics - e.g., crowding (JWST) 



The Carnegie Hubble Project 
(CCHP) : Summary 

1. Cepheids            Magellan, HST, Spitzer, Gaia 
2. RR Lyrae      TMMT, HST,  Spitzer, Gaia 
3. TRGB       TMMT, Magellan, Gaia, JWST                        
4. Supernovae     LCO (CSP) 

Consistent optical, near-infrared  mid-infrared photometric  
zero points: from Milky Way through Local Group to Hubble flow. 
Minimize / eliminate current systematics. 

H0 to 1.5% (statistical +systematic) 





Stellar Astrophysics: 
Using Stars as Probes of Distance 

Hertsprung – Russell Diagram	

•  Limitation: Observable only in nearest galaxies	
•  But completely independent calibration of the distance scale	
•  Found in halos: low reddening	

          Temperature    
   

   
   

   
   

   
 L

um
in

os
it

y 

Cepheids 

RR Lyrae stars 

Tip of the Red Giant Branch 
(TRGB) 



Tip of the Red Giant Branch 
(TRGB) as a Distance Indicator 

Lee, Freedman & Madore (1993) 
  Application of Sobel edge detector 
Madore & Freedman (1997) 



The Tip of the Red Giant Branch 

Mager, Madore & WLF  (2008) 

  

NGC 4258 



Tip of the Red Giant Branch (TRGB) 
as a Distance Indicator 

M33	

N1313	

N5128	

N300	 N4258	

N4605	

Rizzi et al. 2007	

N1365	

Jang et al. 2016, Hatt et al. 2016; 
Jacobs et al. (2009) 

IC1613	

N4163	

N4662	IC1613	



Finding Edges: The Sobel Filter 

X- direction 

Y- direction 

kernel =    
-1   0  +1 
-2   0  +2 
-1   0  +1  

kernel =    
-1   -2  -1 
  0    0   0 
+1 +2  +1  

Giant Branch  
Luminosity  
Function 

Log N 

Sobel Filter Output 

kernel =    -1  0  + 1 

-1  -2  0 +2 + 1 OR 



Tip of the Red Giant Branch 
Distances 

TRGB: Rizzi et al. (2008); Jang et al. (2015, 2016) 



CCHP II : TMMT*** 

*** Three hundred Millimeter Telescope at Las Campanas 



Anticipating Gaia: The Carnegie –
Chicago Hubble Program (CCHP) 

Goal:  Ho
 to 2% based on fundamental parallaxes (<1%) 

 
0.  Cepheids                                         [59 stars; 10 bands] 
1.   RR Lyrae stars                              [55 stars; 10 bands] 
2.   Tip of the Red Giant Branch   [1000 stars; VI] 

Multiwavelength (Hubble, Spitzer, TMMT, Magellan )  
    observations for robust calibration of Ho  



Parallaxes for Milky Way RR 
Lyrae Stars 

CCHP data + 
Gaia parallaxes 

HST Gaia – DR1 

CCHP data + 
HST parallaxes 

 N = 5 stars  
 σ = 0.11 mag  

N = 40 stars    
 σ ~ 0.35 mag  

R. Beaton 



First Gaia + CCHP Results: TRGB 

Hipparcos		vs	Gaia	TRGB	
(σπ	/	π		Comparison	568	stars)	
	

Gaia	mas	Parallaxes		
	(σπ	/	π	<	0.25)	

Hipparcos 

Gaia 

σπ / π  
0.0         0.5          1.0         1.5    2.0                            



How To Break the Impasse 

1.  Gaia:  Geometric Parallaxes 
2.  JWST : TRGB / Cepheids / SNe Ia 



TRGB Future Observations 
 

Measurement of Ho based on IR TRGB + SNeIa  
   

H0 to 1% feasible 

HST    

 
JWST : 15x the volume accessible 



Advantage of JWST and H-band: 
TRGB, Cepheids, SNeIa 

•  3x resolution of HST 
•  ~30x volume can survey 
•  RGB stars 2.5 mag 

brighter at H than I 10-day 
 Cepheid 
 and  I-band 
(TRGB 

10-day Cepheid 
        H-band 
(TRGB brighter) 



Comparison of HST Key Project 
and CHP/CCHP H0 Error Budgets 

Freedman 
& Madore 
2010 
Annual Review 
of Astronomy  
& Astrophysics 

Gaia/JWST  .. 

±0.04 mag.. 

±0.03 mag.. 

±0.06 mag.. 

±3% .. 

±0.015 mag**.. 

±0.015 mag.. 

±0.03 mag.. 

±1.5% .. 

**.+ TRGB + RRL. 

SNe + other……  .. 

Parallax+SNe .. HST, Spitzer 
  
(2011 / 2012)  .. 



Summary 

1.  H0 = 73 ± 3% 
2.  Discrepancy with CMB/Planck model ~ 3-σ 
3.  Gaia + JWST 

n     double number of high-quality calibrators 
n     tests of systematics (Ceph+TRGB+RRL) 
n     remove zero-point uncertainties (<<1%) 
n     infrared (minimize reddening, metallicity) 
n     IR Cepheid + SNeIa observations 

4.  DES (gravitational lensing) + LIGO sirens 
5.  Ho to ~1% is feasible 




