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A Brief History of Ho

Hubble, E. (1929), PNAS

deSitter’s solution (like Einstein’s) was a 
static, empty space-time with positive 
curvature. The Hubble law in such a 
universe would look linear at small 
distances, but was in fact quadratic.
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Cepheids are Difficult at Large Distances
Not just dimmer, but fields are more crowded.

Riess et al. (2016)



SNe Ia to the Rescue!

Phillips et al. (1999)



Pros: Bright, and Unlike Cepheids, SNe Ia Fade



Con: Another Rung in Distance 
Ladder
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Fig. 10.— Complete distance ladder. The simultaneous agreement of pairs of geometric and

Cepheid-based distances (lower left), Cepheid and SN Ia-based distances (middle panel) and SN

and redshift-based distances provides the measurement of the Hubble constant. For each step,

geometric or calibrated distances on the X-axis serve to calibrate a relative distance indicator on

the Y-axis through the determination of M or H0. Results shown are an approximation to the

global fit as discussed in the text.

Riess et al. (2016)
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The Carnegie Supernova Project I (CSP-I)



Major goals of CSP: 

• Well-defined photometric 
system


• Leverage the NIR to 
characterize/reduce dust 
systematics


• NIR Hubble-Lemaître 
diagram


• Measure Hubble constant


Three corrections 

• Faster-Fainter

• Redder-Fainter

• Host Mass/Metallicity/SFR


Folatelli et al. (2010)
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A New Shape Parameter

Burns et al. (2018)



Using Fitzpatrick (1999) reddening law

Extinction



• A new light-curve shape (sBV) that is 
more robust for NIR and fast-
decliners.


• Extinction from observed colors 
using extinction law (Fitzpatrick 
’99)


• RV is not a constant: drawn from a 
distribution.

CSP-I Phillips Relation



CSP-I Hubble Diagram

H0 = 73.2 ± 2.3 km/s/Mpc

H0 = 72.7 ± 2.1 km/s/Mpc
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Host Mass Effect



Planck Collaboration, 2018
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Planck Collaboration, 2018

More Drama



CMB Can also Measure Ho

rs

DA (z = 1100,H0, Ωm, ΩΛ)



Resolving the Tension

• Problem with the Planck data? Not likely.


• Problem with the SN Ia data? Not likely.


• Living in a local bubble?


• Problem with LCDM?


• Problem with the Cepheid calibration?


• New Physics?



Living in a Bubble?

Wu &  Huterer, 2017



Living in a Bubble?

Wu &  Huterer, 2017
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Could LCDM be the Problem?

SDSS-BOSS:  

qs(a=0.64) = (4.19 +/- .07) deg

Image credit:  Eric Huff (BOSS, SPT)

Planck:  

qs(a=9.166 x 10-4) = (0.59672 +/- 0.00035) deg

(Scale factor, a, is equal to 1 today) 

Figure 13. Marginalized constraints in the H0-rs plane (68% and 95% regions) for the cases discussed in the text.
Planck data includes high ` polarization in the left panel and does not in the right one. Color-coded are the corresponding
values of Ne↵ in the case of ⇤CDM+Ne↵ .

log T Odds Je↵rey’s modified scale Gaussian tension

Planck ⇤CDM (T+P) 4.75 0.0086 (1:116) strong 3.7

Planck ⇤CDM (TT) 4.31 0.013 (1:76) strong 3.5

Planck ⇤CDM+Ne↵ (T+P) 3.55 0.029 (1:34) strong 3.1

Planck ⇤CDM+Ne↵ (TT) 2.02 0.13 (1:8) positive 2.1

WMAP ⇤CDM 3.59 0.027 (1:37) strong 3.1

Table 5. Two dimensional tension between the low redshift joint constraints on H0 � rs and a set of CMB-
derived constraints. See section 3 for details.

only temperature power spectrum and lowP (right) for a ⇤CDM model (red) and a model which varies
Ne↵ (green); and of WMAP9 for a ⇤CDM model (analysed in the same way as Planck, purple). It is
possible to appreciate how, as CMB experiments derive constraints assuming a model, the correlation
is di↵erent and it depends strongly on the adopted model (i.e ⇤CDM vs. ⇤CDM+Ne↵).

In table 5, we report the tension in the H0-rs plane between our measurement and CMB exper-
iments for di↵erent models (computed as explained in section 3), expressed as log T , the odds of full
consistency and the tensions in terms of number of � (computed assuming gaussianity). Only for a
model with extra dark radiation and discarding Planck’s high ` polarisation data the two constraints
are in acceptable agreement (i.e., the tension is not considered strong). From Fig. 13 it is possible to
appreciate that within ⇤CDM, excluding polarisation data makes the CMB–derived H0 value more
consistent with the local H0, but mainly because of an increase of the error bars; however including
or excluding polarisation data does not alter significantly the rs determination. To make the local
H0 determination, the low-redshift estimate of the combination rsh and the CMB rs determination
fully consistent with each other, rs should be significantly lowered. Among the ⇤CDM extensions we
explored, the only one that achieves this is allowing Ne↵ ⇠ 3.4.

Finally, we also explore the case where the curvature of the Universe is not fixed to ⌦k = 0.In this
case, ⌦k remains largely unconstrained, and still broadly consistent with zero. There is no significant
shift in the rest of parameters, but the error bars are larger. The constraints are summarized in the
bottom rows of table 4. Given the freedom of our expansion history reconstruction, to obtain useful
constraints on ⌦k more data would be needed (see for example, [30, 31] where curvature constraints
are reported). In the near future, anisotropic measurements of the BAO feature from on-going and
forthcoming surveys could also be used.
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Use DA(z) directly measured by SNe Ia 
to turn θs → rs.

Bernal, Verde, and Riess 2016



Could LCDM be the Problem?

SDSS-BOSS:  

qs(a=0.64) = (4.19 +/- .07) deg

Image credit:  Eric Huff (BOSS, SPT)

Planck:  

qs(a=9.166 x 10-4) = (0.59672 +/- 0.00035) deg

(Scale factor, a, is equal to 1 today) 

Figure 13. Marginalized constraints in the H0-rs plane (68% and 95% regions) for the cases discussed in the text.
Planck data includes high ` polarization in the left panel and does not in the right one. Color-coded are the corresponding
values of Ne↵ in the case of ⇤CDM+Ne↵ .

log T Odds Je↵rey’s modified scale Gaussian tension

Planck ⇤CDM (T+P) 4.75 0.0086 (1:116) strong 3.7

Planck ⇤CDM (TT) 4.31 0.013 (1:76) strong 3.5

Planck ⇤CDM+Ne↵ (T+P) 3.55 0.029 (1:34) strong 3.1

Planck ⇤CDM+Ne↵ (TT) 2.02 0.13 (1:8) positive 2.1

WMAP ⇤CDM 3.59 0.027 (1:37) strong 3.1

Table 5. Two dimensional tension between the low redshift joint constraints on H0 � rs and a set of CMB-
derived constraints. See section 3 for details.

only temperature power spectrum and lowP (right) for a ⇤CDM model (red) and a model which varies
Ne↵ (green); and of WMAP9 for a ⇤CDM model (analysed in the same way as Planck, purple). It is
possible to appreciate how, as CMB experiments derive constraints assuming a model, the correlation
is di↵erent and it depends strongly on the adopted model (i.e ⇤CDM vs. ⇤CDM+Ne↵).

In table 5, we report the tension in the H0-rs plane between our measurement and CMB exper-
iments for di↵erent models (computed as explained in section 3), expressed as log T , the odds of full
consistency and the tensions in terms of number of � (computed assuming gaussianity). Only for a
model with extra dark radiation and discarding Planck’s high ` polarisation data the two constraints
are in acceptable agreement (i.e., the tension is not considered strong). From Fig. 13 it is possible to
appreciate that within ⇤CDM, excluding polarisation data makes the CMB–derived H0 value more
consistent with the local H0, but mainly because of an increase of the error bars; however including
or excluding polarisation data does not alter significantly the rs determination. To make the local
H0 determination, the low-redshift estimate of the combination rsh and the CMB rs determination
fully consistent with each other, rs should be significantly lowered. Among the ⇤CDM extensions we
explored, the only one that achieves this is allowing Ne↵ ⇠ 3.4.

Finally, we also explore the case where the curvature of the Universe is not fixed to ⌦k = 0.In this
case, ⌦k remains largely unconstrained, and still broadly consistent with zero. There is no significant
shift in the rest of parameters, but the error bars are larger. The constraints are summarized in the
bottom rows of table 4. Given the freedom of our expansion history reconstruction, to obtain useful
constraints on ⌦k more data would be needed (see for example, [30, 31] where curvature constraints
are reported). In the near future, anisotropic measurements of the BAO feature from on-going and
forthcoming surveys could also be used.

– 16 –

Figure 13. Marginalized constraints in the H0-rs plane (68% and 95% regions) for the cases discussed in the text.
Planck data includes high ` polarization in the left panel and does not in the right one. Color-coded are the corresponding
values of Ne↵ in the case of ⇤CDM+Ne↵ .

log T Odds Je↵rey’s modified scale Gaussian tension

Planck ⇤CDM (T+P) 4.75 0.0086 (1:116) strong 3.7

Planck ⇤CDM (TT) 4.31 0.013 (1:76) strong 3.5

Planck ⇤CDM+Ne↵ (T+P) 3.55 0.029 (1:34) strong 3.1

Planck ⇤CDM+Ne↵ (TT) 2.02 0.13 (1:8) positive 2.1

WMAP ⇤CDM 3.59 0.027 (1:37) strong 3.1

Table 5. Two dimensional tension between the low redshift joint constraints on H0 � rs and a set of CMB-
derived constraints. See section 3 for details.

only temperature power spectrum and lowP (right) for a ⇤CDM model (red) and a model which varies
Ne↵ (green); and of WMAP9 for a ⇤CDM model (analysed in the same way as Planck, purple). It is
possible to appreciate how, as CMB experiments derive constraints assuming a model, the correlation
is di↵erent and it depends strongly on the adopted model (i.e ⇤CDM vs. ⇤CDM+Ne↵).

In table 5, we report the tension in the H0-rs plane between our measurement and CMB exper-
iments for di↵erent models (computed as explained in section 3), expressed as log T , the odds of full
consistency and the tensions in terms of number of � (computed assuming gaussianity). Only for a
model with extra dark radiation and discarding Planck’s high ` polarisation data the two constraints
are in acceptable agreement (i.e., the tension is not considered strong). From Fig. 13 it is possible to
appreciate that within ⇤CDM, excluding polarisation data makes the CMB–derived H0 value more
consistent with the local H0, but mainly because of an increase of the error bars; however including
or excluding polarisation data does not alter significantly the rs determination. To make the local
H0 determination, the low-redshift estimate of the combination rsh and the CMB rs determination
fully consistent with each other, rs should be significantly lowered. Among the ⇤CDM extensions we
explored, the only one that achieves this is allowing Ne↵ ⇠ 3.4.

Finally, we also explore the case where the curvature of the Universe is not fixed to ⌦k = 0.In this
case, ⌦k remains largely unconstrained, and still broadly consistent with zero. There is no significant
shift in the rest of parameters, but the error bars are larger. The constraints are summarized in the
bottom rows of table 4. Given the freedom of our expansion history reconstruction, to obtain useful
constraints on ⌦k more data would be needed (see for example, [30, 31] where curvature constraints
are reported). In the near future, anisotropic measurements of the BAO feature from on-going and
forthcoming surveys could also be used.

– 16 –

Use DA(z) directly measured by SNe Ia 
to turn θs → rs.

NO
PE

Bernal, Verde, and Riess 2016



Cepheid Calibration?



Cepheid Calibration?

Ma
yb

e



Carnegie Hubble Project

The Tip of the Red Giant Branch

Mager, Madore & WLF (2008)

lNNGC 4258

Measure 1st derivative 
of luminosity function

The Tip of the Red Giant Branch

Mager, Madore & WLF (2008)

lNNGC 4258

Measure 1st derivative 
of luminosity function Mager, Madore & Freedman (2008)

Re-calibrate the SN Ia distance 
ladder using TRGB, 

independent of Cepheids.



CSP-II
CSP-II: Near-Infrared Hubble Diagram for SNe Ia to z ⇠ 0.1 17

first imaging observations in the optical and the NIR for the Cosmology subsample

are displayed. As may be seen, optical imaging was obtained for half of the subsample

at �4 days or earlier, and �2 days or earlier in the NIR.
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Figure 2. (Top) Histogram of heliocentric redshifts of the 125 SNe Ia comprising the
Cosmology subsample, and (bottom) the 90 SNe Ia in the Physics subsample. In the top
panel, the median redshift of the CSP-I sample is indicated by an arrow. The middle panel
displays a histogram of the redshifts of the LSQ subsample.

2.2. Physics Subsample

To realize the full potential of SNe Ia as distance indicators at NIR wavelengths, we

must determine accurate K-corrections, which account for the e↵ect of cosmological

expansion upon the measured magnitudes (Oke & Sandage 1968). Poorly understood

K-corrections directly impact the peak magnitudes of the SNe and inflate both statis-

tical and systematic errors. Prior to the CSP-II, NIR spectra had been published for

only 33 SNe Ia, with the total number of useful spectra amounting to 75. Boldt et al.

(2014) used this sample to study the errors inherent in NIR K-corrections. Their main








