
The Carnegie Supernova Project

The Hubble Constant 
and Planck: New Physics 

or Old Systematics?
Chris Burns

Observatories of the Carnegie Institution for Science

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

The Hubble Constant 
and Planck: New Physics 

or Old Systematics?
Chris Burns

Observatories of the Carnegie Institution for Science

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Distance Ladder

Credit: Robin Ciardullo

Eclipsing 
Binaries

Parallax 
Cepheids

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Distance Ladder

Credit: Robin Ciardullo

Eclipsing 
Binaries

Parallax 
Cepheids

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Key Project

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Key Project
Hubble F

low

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Cepheid photometry is hard

Riess et al. (2009)

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Mitchell Retreat, Oct. 2013

SNe can get you 
farther:
• Higher 

Luminosity
• Transient
• Photometry is 

much cleaner.
But:
• Rarer
• No direct 

distances to 
SNIa
•Must calibrate 

with Cepheids

SN Photometry is Easy(er)

Saturday, October 5, 13



The Carnegie Supernova Project

Galaxies with Ia’s and Cepheids

SN1981B (NGC 4536) SN1990N (NGC 4639) SN1994ae (NGC 3370) SN1995al (NGC 3021)

SN1998aq (NGC 3982) SN2002fk (NGC 1309) SN2007af (NGC 5584) SN2007sr (NGC 4038)

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Galaxies with Ia’s and Cepheids

SN1981B (NGC 4536) SN1990N (NGC 4639) SN1994ae (NGC 3370) SN1995al (NGC 3021)

SN1998aq (NGC 3982) SN2002fk (NGC 1309) SN2007af (NGC 5584) SN2007sr (NGC 4038)SN2011fe (M101)

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Soon:  SN2012fr!

Saturday, October 5, 13



The Carnegie Supernova Project

Saturday, October 5, 13



The Carnegie Supernova Project

Calibrating the Ia’s with Cepheid distances

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Calibrating the Ia’s with Cepheid distances

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Calibrating the Ia’s with Cepheid distances

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Calibrating the Ia’s with Cepheid distances

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Calibrating the Ia’s with Cepheid distances

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Calibrating the Ia’s with Cepheid distances

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Phillips Relation

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Phillips Relation

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Color correction

Rv = 3.1

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Ho = 72.7 ± 2.4 km/s/Mpc

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Ho = 72.7 ± 2.4 km/s/Mpc

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Ho = 74.5 ± 3.8 km/s/Mpc

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Ho = 74.5 ± 3.8 km/s/Mpc

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Ade et al. (2013)

Mitchell Retreat, Oct. 2013

Saturday, October 5, 13



The Carnegie Supernova Project

Ade et al. (2013)

Planck Collaboration: Cosmological parameters

0.26 0.30 0.34 0.38

�m

64

66

68

70

72

H
0

0.936

0.944

0.952

0.960

0.968

0.976

0.984

0.992
n
s

Fig. 3. Constraints in the ⇥m–H0 plane. Points show samples
from the Planck-only posterior, coloured by the corresponding
value of the spectral index ns. The contours (68% and 95%)
show the improved constraint from Planck+lensing+WP. The
degeneracy direction is significantly shortened by including WP,
but the well-constrained direction of constant ⇥mh3 (set by the
acoustic scale), is determined almost equally accurately from
Planck alone.

Adding WMAP polarization information shrinks the errors by
only 10%.

The dark matter density is slightly less accurately measured
at around 3%:

⇥ch2 = 0.1196 ± 0.0031 (68%; Planck). (18)

3.4. Optical depth

Small-scale fluctuations in the CMB are damped by Thomson
scattering from free electrons produced at reionization. This
scattering suppresses the amplitude of the acoustic peaks by e�2⇥

on scales that correspond to perturbation modes with wavelength
smaller than the Hubble radius at reionization. Planck measures
the small-scale power spectrum with high precision, and hence
accurately constrains the damped amplitude e�2⇥As. With only
unlensed temperature power spectrum data, there is a large de-
generacy between ⇥ and As, which is weakly broken only by the
power in large-scale modes that were still super-Hubble scale
at reionization. However, lensing depends on the actual ampli-
tude of the matter fluctuations along the line of sight. Planck
accurately measures many acoustic peaks in the lensed tempera-
ture power spectrum, where the amount of lensing smoothing de-
pends on the fluctuation amplitude. Furthermore Planck’s lens-
ing potential reconstruction provides a more direct measurement
of the amplitude, independently of the optical depth. The combi-
nation of the temperature data and Planck’s lensing reconstruc-
tion can therefore determine the optical depth ⇥ relatively well.
The combination gives

⇥ = 0.089 ± 0.032 (68%; Planck+lensing). (19)

As shown in Fig. 4 this provides marginal confirmation (just un-
der 2�) that the total optical depth is significantly higher than
would be obtained from sudden reionization at z ⇤ 6, and is con-
sistent with the WMAP-9 constraint, ⇥ = 0.089 ± 0.014, from

large-scale polarization (Bennett et al. 2012). The large-scale E-
mode polarization measurement is very challenging because it
is a small signal relative to polarized Galactic emission on large
scales, so this Planck polarization-free result is a valuable cross-
check. The posterior for the Planck temperature power spectrum
measurement alone also consistently peaks at ⇥ ⇤ 0.1, where the
constraint on the optical depth is coming from the amplitude of
the lensing smoothing e⇤ect and (to a lesser extent) the relative
power between small and large scales.

Since lensing constrains the underlying fluctuation ampli-
tude, the matter density perturbation power is also well deter-
mined:

�8 = 0.823 ± 0.018 (68%; Planck+lensing). (20)

Much of the residual uncertainty is caused by the degeneracy
with the optical depth. Since the small-scale temperature power
spectrum more directly fixes �8e�⇥, this combination is tightly
constrained:

�8e�⇥ = 0.753 ± 0.011 (68%; Planck+lensing). (21)

The estimate of �8 is significantly improved to �8 = 0.829 ±
0.012 by using the WMAP polarization data to constrain the op-
tical depth, and is not strongly degenerate with ⇥m. (We shall
see in Sect. 5.5 that the Planck results are discrepant with re-
cent estimates of combinations of �8 and ⇥m from cosmic shear
measurements and counts of rich clusters of galaxies.)

3.5. Spectral index

The scalar spectral index defined in Eq. (2) is measured by
Planck data alone to 1% accuracy:

ns = 0.9616 ± 0.0094 (68%; Planck). (22)

Since the optical depth ⇥ a⇤ects the relative power between large
scales (that are una⇤ected by scattering at reionization) and in-
termediate and small scales (that have their power suppressed
by e�2⇥), there is a partial degeneracy with ns. Breaking the de-
generacy between ⇥ and ns using WMAP polarization leads to a
small improvement in the constraint:

ns = 0.9603 ± 0.0073 (68%; Planck+WP). (23)

Comparing Eqs. (22) and (23), it is evident that the Planck tem-
perature spectrum spans a wide enough range of multipoles to
give a highly significant detection of a deviation of the scalar
spectral index from exact scale invariance (at least in the base
�CDM cosmology) independent of WMAP polarization infor-
mation.

One might worry that the spectral index parameter is degen-
erate with foreground parameters, since these act to increase
smoothly the amplitudes of the temperature power spectra at
high multipoles. The spectral index is therefore liable to po-
tential systematic errors if the foreground model is poorly con-
strained. Figure 4 shows the marginalized constraints on the
�CDM parameters for various combinations of data, includ-
ing adding high-resolution CMB measurements. As will be dis-
cussed in Sect. 4, the use of high-resolution CMB provides
tighter constraints on the foreground parameters (particularly
“minor” foreground components) than from Planck data alone.
However, the small shifts in the means and widths of the distri-
butions shown in Fig. 4 indicate that, for the base �CDM cos-
mology, the errors on the cosmological parameters are not lim-
ited by foreground uncertainties when considering Planck alone.
The e⇤ects of foreground modelling assumptions and likelihood
choices on constraints on ns are discussed in Appendix B.
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Fig. 3. Constraints in the ⇥m–H0 plane. Points show samples
from the Planck-only posterior, coloured by the corresponding
value of the spectral index ns. The contours (68% and 95%)
show the improved constraint from Planck+lensing+WP. The
degeneracy direction is significantly shortened by including WP,
but the well-constrained direction of constant ⇥mh3 (set by the
acoustic scale), is determined almost equally accurately from
Planck alone.

Adding WMAP polarization information shrinks the errors by
only 10%.

The dark matter density is slightly less accurately measured
at around 3%:

⇥ch2 = 0.1196 ± 0.0031 (68%; Planck). (18)

3.4. Optical depth

Small-scale fluctuations in the CMB are damped by Thomson
scattering from free electrons produced at reionization. This
scattering suppresses the amplitude of the acoustic peaks by e�2⇥

on scales that correspond to perturbation modes with wavelength
smaller than the Hubble radius at reionization. Planck measures
the small-scale power spectrum with high precision, and hence
accurately constrains the damped amplitude e�2⇥As. With only
unlensed temperature power spectrum data, there is a large de-
generacy between ⇥ and As, which is weakly broken only by the
power in large-scale modes that were still super-Hubble scale
at reionization. However, lensing depends on the actual ampli-
tude of the matter fluctuations along the line of sight. Planck
accurately measures many acoustic peaks in the lensed tempera-
ture power spectrum, where the amount of lensing smoothing de-
pends on the fluctuation amplitude. Furthermore Planck’s lens-
ing potential reconstruction provides a more direct measurement
of the amplitude, independently of the optical depth. The combi-
nation of the temperature data and Planck’s lensing reconstruc-
tion can therefore determine the optical depth ⇥ relatively well.
The combination gives

⇥ = 0.089 ± 0.032 (68%; Planck+lensing). (19)

As shown in Fig. 4 this provides marginal confirmation (just un-
der 2�) that the total optical depth is significantly higher than
would be obtained from sudden reionization at z ⇤ 6, and is con-
sistent with the WMAP-9 constraint, ⇥ = 0.089 ± 0.014, from

large-scale polarization (Bennett et al. 2012). The large-scale E-
mode polarization measurement is very challenging because it
is a small signal relative to polarized Galactic emission on large
scales, so this Planck polarization-free result is a valuable cross-
check. The posterior for the Planck temperature power spectrum
measurement alone also consistently peaks at ⇥ ⇤ 0.1, where the
constraint on the optical depth is coming from the amplitude of
the lensing smoothing e⇤ect and (to a lesser extent) the relative
power between small and large scales.

Since lensing constrains the underlying fluctuation ampli-
tude, the matter density perturbation power is also well deter-
mined:

�8 = 0.823 ± 0.018 (68%; Planck+lensing). (20)

Much of the residual uncertainty is caused by the degeneracy
with the optical depth. Since the small-scale temperature power
spectrum more directly fixes �8e�⇥, this combination is tightly
constrained:

�8e�⇥ = 0.753 ± 0.011 (68%; Planck+lensing). (21)

The estimate of �8 is significantly improved to �8 = 0.829 ±
0.012 by using the WMAP polarization data to constrain the op-
tical depth, and is not strongly degenerate with ⇥m. (We shall
see in Sect. 5.5 that the Planck results are discrepant with re-
cent estimates of combinations of �8 and ⇥m from cosmic shear
measurements and counts of rich clusters of galaxies.)

3.5. Spectral index

The scalar spectral index defined in Eq. (2) is measured by
Planck data alone to 1% accuracy:

ns = 0.9616 ± 0.0094 (68%; Planck). (22)

Since the optical depth ⇥ a⇤ects the relative power between large
scales (that are una⇤ected by scattering at reionization) and in-
termediate and small scales (that have their power suppressed
by e�2⇥), there is a partial degeneracy with ns. Breaking the de-
generacy between ⇥ and ns using WMAP polarization leads to a
small improvement in the constraint:

ns = 0.9603 ± 0.0073 (68%; Planck+WP). (23)

Comparing Eqs. (22) and (23), it is evident that the Planck tem-
perature spectrum spans a wide enough range of multipoles to
give a highly significant detection of a deviation of the scalar
spectral index from exact scale invariance (at least in the base
�CDM cosmology) independent of WMAP polarization infor-
mation.

One might worry that the spectral index parameter is degen-
erate with foreground parameters, since these act to increase
smoothly the amplitudes of the temperature power spectra at
high multipoles. The spectral index is therefore liable to po-
tential systematic errors if the foreground model is poorly con-
strained. Figure 4 shows the marginalized constraints on the
�CDM parameters for various combinations of data, includ-
ing adding high-resolution CMB measurements. As will be dis-
cussed in Sect. 4, the use of high-resolution CMB provides
tighter constraints on the foreground parameters (particularly
“minor” foreground components) than from Planck data alone.
However, the small shifts in the means and widths of the distri-
butions shown in Fig. 4 indicate that, for the base �CDM cos-
mology, the errors on the cosmological parameters are not lim-
ited by foreground uncertainties when considering Planck alone.
The e⇤ects of foreground modelling assumptions and likelihood
choices on constraints on ns are discussed in Appendix B.
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Fig. 3. Constraints in the ⇥m–H0 plane. Points show samples
from the Planck-only posterior, coloured by the corresponding
value of the spectral index ns. The contours (68% and 95%)
show the improved constraint from Planck+lensing+WP. The
degeneracy direction is significantly shortened by including WP,
but the well-constrained direction of constant ⇥mh3 (set by the
acoustic scale), is determined almost equally accurately from
Planck alone.

Adding WMAP polarization information shrinks the errors by
only 10%.

The dark matter density is slightly less accurately measured
at around 3%:

⇥ch2 = 0.1196 ± 0.0031 (68%; Planck). (18)

3.4. Optical depth

Small-scale fluctuations in the CMB are damped by Thomson
scattering from free electrons produced at reionization. This
scattering suppresses the amplitude of the acoustic peaks by e�2⇥

on scales that correspond to perturbation modes with wavelength
smaller than the Hubble radius at reionization. Planck measures
the small-scale power spectrum with high precision, and hence
accurately constrains the damped amplitude e�2⇥As. With only
unlensed temperature power spectrum data, there is a large de-
generacy between ⇥ and As, which is weakly broken only by the
power in large-scale modes that were still super-Hubble scale
at reionization. However, lensing depends on the actual ampli-
tude of the matter fluctuations along the line of sight. Planck
accurately measures many acoustic peaks in the lensed tempera-
ture power spectrum, where the amount of lensing smoothing de-
pends on the fluctuation amplitude. Furthermore Planck’s lens-
ing potential reconstruction provides a more direct measurement
of the amplitude, independently of the optical depth. The combi-
nation of the temperature data and Planck’s lensing reconstruc-
tion can therefore determine the optical depth ⇥ relatively well.
The combination gives

⇥ = 0.089 ± 0.032 (68%; Planck+lensing). (19)

As shown in Fig. 4 this provides marginal confirmation (just un-
der 2�) that the total optical depth is significantly higher than
would be obtained from sudden reionization at z ⇤ 6, and is con-
sistent with the WMAP-9 constraint, ⇥ = 0.089 ± 0.014, from

large-scale polarization (Bennett et al. 2012). The large-scale E-
mode polarization measurement is very challenging because it
is a small signal relative to polarized Galactic emission on large
scales, so this Planck polarization-free result is a valuable cross-
check. The posterior for the Planck temperature power spectrum
measurement alone also consistently peaks at ⇥ ⇤ 0.1, where the
constraint on the optical depth is coming from the amplitude of
the lensing smoothing e⇤ect and (to a lesser extent) the relative
power between small and large scales.

Since lensing constrains the underlying fluctuation ampli-
tude, the matter density perturbation power is also well deter-
mined:

�8 = 0.823 ± 0.018 (68%; Planck+lensing). (20)

Much of the residual uncertainty is caused by the degeneracy
with the optical depth. Since the small-scale temperature power
spectrum more directly fixes �8e�⇥, this combination is tightly
constrained:

�8e�⇥ = 0.753 ± 0.011 (68%; Planck+lensing). (21)

The estimate of �8 is significantly improved to �8 = 0.829 ±
0.012 by using the WMAP polarization data to constrain the op-
tical depth, and is not strongly degenerate with ⇥m. (We shall
see in Sect. 5.5 that the Planck results are discrepant with re-
cent estimates of combinations of �8 and ⇥m from cosmic shear
measurements and counts of rich clusters of galaxies.)

3.5. Spectral index

The scalar spectral index defined in Eq. (2) is measured by
Planck data alone to 1% accuracy:

ns = 0.9616 ± 0.0094 (68%; Planck). (22)

Since the optical depth ⇥ a⇤ects the relative power between large
scales (that are una⇤ected by scattering at reionization) and in-
termediate and small scales (that have their power suppressed
by e�2⇥), there is a partial degeneracy with ns. Breaking the de-
generacy between ⇥ and ns using WMAP polarization leads to a
small improvement in the constraint:

ns = 0.9603 ± 0.0073 (68%; Planck+WP). (23)

Comparing Eqs. (22) and (23), it is evident that the Planck tem-
perature spectrum spans a wide enough range of multipoles to
give a highly significant detection of a deviation of the scalar
spectral index from exact scale invariance (at least in the base
�CDM cosmology) independent of WMAP polarization infor-
mation.

One might worry that the spectral index parameter is degen-
erate with foreground parameters, since these act to increase
smoothly the amplitudes of the temperature power spectra at
high multipoles. The spectral index is therefore liable to po-
tential systematic errors if the foreground model is poorly con-
strained. Figure 4 shows the marginalized constraints on the
�CDM parameters for various combinations of data, includ-
ing adding high-resolution CMB measurements. As will be dis-
cussed in Sect. 4, the use of high-resolution CMB provides
tighter constraints on the foreground parameters (particularly
“minor” foreground components) than from Planck data alone.
However, the small shifts in the means and widths of the distri-
butions shown in Fig. 4 indicate that, for the base �CDM cos-
mology, the errors on the cosmological parameters are not lim-
ited by foreground uncertainties when considering Planck alone.
The e⇤ects of foreground modelling assumptions and likelihood
choices on constraints on ns are discussed in Appendix B.
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Fig. 3. Constraints in the ⇥m–H0 plane. Points show samples
from the Planck-only posterior, coloured by the corresponding
value of the spectral index ns. The contours (68% and 95%)
show the improved constraint from Planck+lensing+WP. The
degeneracy direction is significantly shortened by including WP,
but the well-constrained direction of constant ⇥mh3 (set by the
acoustic scale), is determined almost equally accurately from
Planck alone.

Adding WMAP polarization information shrinks the errors by
only 10%.

The dark matter density is slightly less accurately measured
at around 3%:

⇥ch2 = 0.1196 ± 0.0031 (68%; Planck). (18)

3.4. Optical depth

Small-scale fluctuations in the CMB are damped by Thomson
scattering from free electrons produced at reionization. This
scattering suppresses the amplitude of the acoustic peaks by e�2⇥

on scales that correspond to perturbation modes with wavelength
smaller than the Hubble radius at reionization. Planck measures
the small-scale power spectrum with high precision, and hence
accurately constrains the damped amplitude e�2⇥As. With only
unlensed temperature power spectrum data, there is a large de-
generacy between ⇥ and As, which is weakly broken only by the
power in large-scale modes that were still super-Hubble scale
at reionization. However, lensing depends on the actual ampli-
tude of the matter fluctuations along the line of sight. Planck
accurately measures many acoustic peaks in the lensed tempera-
ture power spectrum, where the amount of lensing smoothing de-
pends on the fluctuation amplitude. Furthermore Planck’s lens-
ing potential reconstruction provides a more direct measurement
of the amplitude, independently of the optical depth. The combi-
nation of the temperature data and Planck’s lensing reconstruc-
tion can therefore determine the optical depth ⇥ relatively well.
The combination gives

⇥ = 0.089 ± 0.032 (68%; Planck+lensing). (19)

As shown in Fig. 4 this provides marginal confirmation (just un-
der 2�) that the total optical depth is significantly higher than
would be obtained from sudden reionization at z ⇤ 6, and is con-
sistent with the WMAP-9 constraint, ⇥ = 0.089 ± 0.014, from

large-scale polarization (Bennett et al. 2012). The large-scale E-
mode polarization measurement is very challenging because it
is a small signal relative to polarized Galactic emission on large
scales, so this Planck polarization-free result is a valuable cross-
check. The posterior for the Planck temperature power spectrum
measurement alone also consistently peaks at ⇥ ⇤ 0.1, where the
constraint on the optical depth is coming from the amplitude of
the lensing smoothing e⇤ect and (to a lesser extent) the relative
power between small and large scales.

Since lensing constrains the underlying fluctuation ampli-
tude, the matter density perturbation power is also well deter-
mined:

�8 = 0.823 ± 0.018 (68%; Planck+lensing). (20)

Much of the residual uncertainty is caused by the degeneracy
with the optical depth. Since the small-scale temperature power
spectrum more directly fixes �8e�⇥, this combination is tightly
constrained:

�8e�⇥ = 0.753 ± 0.011 (68%; Planck+lensing). (21)

The estimate of �8 is significantly improved to �8 = 0.829 ±
0.012 by using the WMAP polarization data to constrain the op-
tical depth, and is not strongly degenerate with ⇥m. (We shall
see in Sect. 5.5 that the Planck results are discrepant with re-
cent estimates of combinations of �8 and ⇥m from cosmic shear
measurements and counts of rich clusters of galaxies.)

3.5. Spectral index

The scalar spectral index defined in Eq. (2) is measured by
Planck data alone to 1% accuracy:

ns = 0.9616 ± 0.0094 (68%; Planck). (22)

Since the optical depth ⇥ a⇤ects the relative power between large
scales (that are una⇤ected by scattering at reionization) and in-
termediate and small scales (that have their power suppressed
by e�2⇥), there is a partial degeneracy with ns. Breaking the de-
generacy between ⇥ and ns using WMAP polarization leads to a
small improvement in the constraint:

ns = 0.9603 ± 0.0073 (68%; Planck+WP). (23)

Comparing Eqs. (22) and (23), it is evident that the Planck tem-
perature spectrum spans a wide enough range of multipoles to
give a highly significant detection of a deviation of the scalar
spectral index from exact scale invariance (at least in the base
�CDM cosmology) independent of WMAP polarization infor-
mation.

One might worry that the spectral index parameter is degen-
erate with foreground parameters, since these act to increase
smoothly the amplitudes of the temperature power spectra at
high multipoles. The spectral index is therefore liable to po-
tential systematic errors if the foreground model is poorly con-
strained. Figure 4 shows the marginalized constraints on the
�CDM parameters for various combinations of data, includ-
ing adding high-resolution CMB measurements. As will be dis-
cussed in Sect. 4, the use of high-resolution CMB provides
tighter constraints on the foreground parameters (particularly
“minor” foreground components) than from Planck data alone.
However, the small shifts in the means and widths of the distri-
butions shown in Fig. 4 indicate that, for the base �CDM cos-
mology, the errors on the cosmological parameters are not lim-
ited by foreground uncertainties when considering Planck alone.
The e⇤ects of foreground modelling assumptions and likelihood
choices on constraints on ns are discussed in Appendix B.
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Plain Old Systematics?
Local Ho depends on standard 
candle distances

✦ First rung could be wrong(er)

✦ Each rung could be wrong(er)

✦ Inter-stellar extinction could 
be different.

✦ Photometric crowding bias

Planck Ho depends on 
Early Universe physics 
and Cosmology

✦ GR may be wrong

✦ Assumed model (dark 
energy + dark matter) 
could be wrong.

✦ Signs of inconsistencies 
with WMAP?
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