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Closing Comments

• A big thank you (again!) to the Local Organizing Committee for making 

the meeting work so well!

– Elisa Chisari, David Alonso, Ian Shipsey, Jo Dunkley, Aprajita Verma, 
Phil Marshall, Joe Zuntz, Matt Jarvis, Pedro Ferreira, Chris Linttot, 
Erminia Calabrese and Leanne O'Donnell.

• Thank you everyone for your participation in the meeting!

– Lots of energy and enthusiasm and great interactions in the sessions 

– Lots of cross-WG discussions and Task Force hacks

– Junior involvement in talks and discussion

• Three new milestones!

– First meeting outside the UK

– Largest DE School attendance to date

– First collaboration photo
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Our Simple Universe

On large scales, the Universe can be modeled with remarkably few parameters 

‣ age of the Universe 

‣ geometry of space 

‣ density of atoms 

‣ density of matter 

‣ amplitude of fluctuations 

‣ scale dependence of fluctuations 

[of course, details are not quite as simple]



credit: NASA/WMAP
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‣ accelerates the expansion

‣ dominates the total energy density

‣ acceleration first measured by SN 1998



Vanilla Cosmology

“Dark Energy”

‣ accelerates the expansion

‣ dominates the total energy density

‣ acceleration first measured by SN 1998

next frontier: understand
‣ cosmological constant Λ:  w ≡P/ϱ=-1?

‣ size of Λ difficult to explain

‣ dynamic scalar field, w(a)? 

‣ breakdown of GR?
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Vanilla Cosmology

Does the dark energy  
equation of state 

change as space expands? 

Ordinary Matter “Dark Energy”

‣ accelerates the expansion

‣ dominates the total energy density

‣ acceleration first measured by SN 1998

next frontier: understand
‣ cosmological constant Λ:  w ≡P/ϱ=-1?

‣ size of Λ difficult to explain

‣ dynamic scalar field, w(a)? 

‣ breakdown of GR?


5%

25%

70%

“Dark Matter”

Are data from 
early Universe 

and late Universe 
fit by the same parameters?

Do measurements of 
expansion history and 

growth of structure 
agree?

What for? What point would I make on that slide?



comparison of distance and redshift

Standard candle: brightness of source with know luminosity

Standard ruler: angle subtended by known scale

Measurements of Expansion History



comparison of distance and redshift

Standard candle: brightness of source 
with know luminosity
- SNe: luminosity can be determined from 

duration/color

Standard ruler: angle subtended by 
known scale
- CMB: sound horizon in early Universe (380,000 

years)

- BAO: same scale, but evolved for billions of years

These measurements are 
consistent with the CMB in LCDM, 
tightly constrain flatness, matter 
density

Testing dark energy 
and gravity

• Λ size difficult to explain


• Important to test GR over 
cosmological scales


• Expansion history 

• From supernovae, BAOs, 
CMB peaks position


• Agreement with LCDM


• Not so much information on 
DE/Gravity: at most w0, wa

Planck Collaboration: Cosmological parameters
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Fig. 27. Samples from the distribution of the dark energy pa-
rameters w0 and wa using Planck TT+lowP+BAO+JLA data,
colour-coded by the value of the Hubble parameter H0. Contours
show the corresponding 68 % and 95 % limits. Dashed grey lines
intersect at the point in parameter space corresponding to a cos-
mological constant.

This constraint is unchanged at the quoted precision if we add
the JLA supernovae data and the H0 prior of Eq. (30).

Figure 26 illustrates these results in the ⌦m–⌦⇤ plane. We
adopt Eq. (50) as our most reliable constraint on spatial curva-
ture. Our Universe appears to be spatially flat to an accuracy of
0.5%.

6.3. Dark energy

The physical explanation for the observed accelerated expansion
of the Universe is currently not known. In standard ⇤CDM the
acceleration is provided by a cosmological constant satisfying an
equation of state w ⌘ pDE/⇢DE = �1. However, there are many
possible alternatives, typically described either in terms of extra
degrees of freedom associated with scalar fields or modifications
of general relativity on cosmological scales (for reviews see e.g.,
Copeland et al. 2006; Tsujikawa 2010). A detailed study of these
models and the constraints imposed by Planck and other data is
presented in a separate paper, Planck Collaboration XIV (2015).

Here we will limit ourselves to the most basic extensions
of ⇤CDM, which can be phenomenologically described in
terms of the equation of state parameter w alone. Specifically
we will use the camb implementation of the “parameterized
post-Friedmann” (PPF) framework of Hu & Sawicki (2007) and
Fang et al. (2008) to test whether there is any evidence that w
varies with time. This framework aims to recover the behaviour
of canonical (i.e., those with a standard kinetic term) scalar field
cosmologies minimally coupled to gravity when w � �1, and
accurately approximates them for values w ⇡ �1. In these mod-
els the speed of sound is equal to the speed of light so that the
clustering of the dark energy inside the horizon is strongly sup-
pressed. The advantage of using the PPF formalism is that it is
possible to study the “phantom domain”, w < �1, including tran-
sitions across the “phantom barrier”, w = �1, which is not pos-
sible for canonical scalar fields.

The CMB temperature data alone does not strongly constrain
w, because of a strong geometrical degeneracy even for spatially-
flat models. From Planck we find

w = �1.54+0.62
�0.50 (95%,Planck TT+lowP), (51)

i.e., almost a 2� shift into the phantom domain. This is partly,
but not entirely, a parameter volume e↵ect, with the average ef-
fective �2 improving by h��2

i ⇡ 2 compared to base ⇤CDM.
This is consistent with the preference for a higher lensing am-
plitude discussed in Sect. 5.1.2, improving the fit in the w < �1
region, where the lensing smoothing amplitude becomes slightly
larger. However, the lower limit in Eq. (51) is largely determined
by the (arbitrary) prior H0 < 100 km s�1Mpc�1, chosen for the
Hubble parameter. Much of the posterior volume in the phan-
tom region is associated with extreme values for cosmological
parameters,which are excluded by other astrophysical data. The
mild tension with base ⇤CDM disappears as we add more data
that break the geometrical degeneracy. Adding Planck lensing
and BAO, JLA and H0 (“ext”) gives the 95 % constraints:

w = �1.023+0.091
�0.096 Planck TT+lowP+ext ; (52a)

w = �1.006+0.085
�0.091 Planck TT+lowP+lensing+ext ; (52b)

w = �1.019+0.075
�0.080 Planck TT,TE,EE+lowP+lensing+ext .

(52c)

The addition of Planck lensing, or using the full Planck tem-
perature+polarization likelihood together with the BAO, JLA,
and H0 data does not substantially improve the constraint of
Eq. (52a). All of these data set combinations are compatible with
the base ⇤CDM value of w = �1. In PCP13, we conservatively
quoted w = �1.13+0.24

�0.25, based on combining Planck with BAO,
as our most reliable limit on w. The errors in Eqs. (52a)–(52c) are
substantially smaller, mainly because of the addition of the JLA
SNe data, which o↵er a sensitive probe of the dark energy equa-
tion of state at z <⇠ 1. In PCP13, the addition of the SNLS SNe
data pulled w into the phantom domain at the 2� level, reflecting
the tension between the SNLS sample and the Planck 2013 base
⇤CDM parameters. As noted in Sect. 5.3, this discrepancy is no
longer present, following improved photometric calibrations of
the SNe data in the JLA sample. One consequence of this is the
tightening of the errors in Eqs. (52a)–(52c) around the ⇤CDM
value w = �1 when we combine the JLA sample with Planck.

If w di↵ers from �1, it is likely to change with time. We
consider here the case of a Taylor expansion of w at first order in
the scale factor, parameterized by

w = w0 + (1 � a)wa. (53)

More complex models of dynamical dark energy are discussed
in Planck Collaboration XIV (2015). Figure 27 shows the 2D
marginalized posterior distribution for w0 and wa for the com-
bination Planck+BAO+JLA. The JLA SNe data are again cru-
cial in breaking the geometrical degeneracy at low redshift and
with these data we find no evidence for a departure from the
base ⇤CDM cosmology. The points in Fig. 27 show samples
from these chains colour-coded by the value of H0. From these
MCMC chains, we find H0 = (68.2 ± 1.1) km s�1Mpc�1. Much
higher values of H0 would favour the phantom regime, w < �1.

As pointed out in Sects. 5.5.2 and 5.6 the CFHTLenS weak
lensing data are in tension with the Planck base ⇤CDM parame-
ters. Examples of this tension can be seen in investigations of
dark energy and modified gravity, since some of these mod-
els can modify the growth rate of fluctuations from the base

39
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Planck Collaboration: Cosmological parameters

Fig. 14. Acoustic-scale distance ratio DV(z)/rdrag in the base
⇤CDM model divided by the mean distance ratio from Planck
TT+lowP+lensing. The points with 1� errors are as follows:
green star (6dFGS, Beutler et al. 2011); square (SDSS MGS,
Ross et al. 2014); red triangle and large circle (BOSS “LOWZ”
and CMASS surveys, Anderson et al. 2014); and small blue cir-
cles (WiggleZ, as analysed by Kazin et al. 2014). The grey bands
show the 68 % and 95 % confidence ranges allowed by Planck
TT+lowP+lensing.

The changes to the data points compared to figure 15 of
PCP13 are as follows. We have replaced the SDSS DR7 mea-
surements of Percival et al. (2010) with the recent analysis of
the SDSS Main Galaxy Sample (MGS) of Ross et al. (2014) at
ze↵ = 0.15, and by the Anderson et al. (2014) analysis of the
Baryon Oscillation Spectroscopic Survey (BOSS) ‘LOWZ’ sam-
ple at ze↵ = 0.32. Both of these analyses use peculiar veloc-
ity field reconstructions to sharpen the BAO feature and reduce
the errors on DV/rdrag. The blue points in Fig. 14 show a re-
analysis of the WiggleZ redshift survey by Kazin et al. (2014)
applying peculiar velocity reconstructions. The reconstructions
causes small shifts in DV/rdrag compared to the unreconstructed
WiggleZ results of Blake et al. (2011) and lead to reductions
in the errors on the distance measurements at ze↵ = 0.44 and
ze↵ = 0.73. The point labelled BOSS CMASS at ze↵ = 0.57
shows DV/rdrag from the analysis of Anderson et al. (2014), up-
dating the BOSS-DR9 analysis of Anderson et al. (2012) used in
PCP13.

In fact, the Anderson et al. (2014) analysis solves jointly for
the positions of the BAO feature in both the line-of-sight and
transverse directions (the distortion in the transverse direction
caused by the background cosmology is sometimes called the
Alcock-Paczynski e↵ect, Alcock & Paczynski 1979), leading to
joint constraints on the angular diameter distance DA(ze↵) and
the Hubble parameter H(ze↵). These constraints, using the tabu-
lated likelihood included in the CosmoMC module16, are plotted
in Fig. 15. Samples from the Planck TT+lowP+lensing chains
are plotted coloured by the value of ⌦ch2 for comparison. The
length of the degeneracy line is set by the allowed variation in H0
(or equivalently⌦mh2). In the Planck TT+lowP+lensing⇤CDM
analysis the line is defined approximately by

DA(0.57)/rdrag

9.384

 
H(0.57)rdrag/c

0.4582

!1.7

= 1 ± 0.0004, (26)

16
http://www.sdss3.org/science/boss_publications.php

Fig. 15. 68 % and 95 % constraints on the angular diameter dis-
tance DA(z = 0.57) and Hubble parameter H(z = 0.57) from
the Anderson et al. (2014) analysis of the BOSS CMASS-DR11
sample. The fiducial sound horizon adopted by Anderson et al.
(2014) is rfid

drag = 149.28 Mpc. Samples from the Planck
TT+lowP+lensing chains are plotted coloured by their value of
⌦ch2, showing consistency of the data, but also that the BAO
measurement can tighten the Planck constraints on the matter
density.

which just grazes the BOSS CMASS 68 % error ellipse plotted
in Fig. 15. Evidently, the Planck base ⇤CDM parameters are
in good agreement with both the isotropized DV BAO measure-
ments plotted in Fig. 14, and with the anisotropic constraints
plotted in Fig. 15.

In this paper, we use the 6dFGS, SDSS-MGS and BOSS-
LOWZ BAO measurements of DV/rdrag (Beutler et al. 2011;
Ross et al. 2014; Anderson et al. 2014) and the CMASS-DR11
anisotropic BAO measurements of Anderson et al. (2014). Since
the WiggleZ volume partially overlaps that of the BOSS-
CMASS sample, and the correlations have not been quantified,
we do not use the WiggleZ results in this paper. It is clear from
Fig. 14 that the combined BAO likelihood is dominated by the
two BOSS measurements.

In the base ⇤CDM model, the Planck data constrain the
Hubble constant H0 and matter density ⌦m to high precision:

H0 = (67.3 ± 1.0) km s�1Mpc�1

⌦m = 0.315 ± 0.013

)
Planck TT+lowP. (27)

With the addition of the BAO measurements, these constraints
are strengthened significantly to

H0 = (67.6 ± 0.6) km s�1Mpc�1

⌦m = 0.310 ± 0.008

)
Planck TT+lowP+BAO.

(28)
These numbers are consistent with the Planck+lensing con-
straints of Eq. (21). Section 5.4 discusses the consistency of
these estimates of H0 with direct measurements.

Although low redshift BAO measurements are in good agree-
ment with Planck for the base ⇤CDM cosmology, this may not
be true at high redshifts. Recently, BAO features have been mea-
sured in the flux-correlation function of the Ly↵ forest of BOSS
quasars (Delubac et al. 2014) and in the cross-correlation of the

25
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M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia
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Fig. 7. Values of �coh determined for seven subsamples of the Hubble
residuals: low-z z < 0.03 and z > 0.03 (blue), SDSS z < 0.2 and z > 0.2
(green), SNLS z < 0.5 and z > 0.5 (orange), and HST (red).

Table 9. Values of �coh used in the cosmological fits.

Sample �coh

low-z 0.134
SDSS-II 0.108
SNLS 0.080
HST 0.100

Notes. Those values correspond to the weighted mean per survey of the
values shown in Fig. 7, except for HST sample for which we use the
average value of all samples. They do not depend on a specific choice
of cosmological model (see the discussion in Sect. 5.5).

6. ⇤CDM constraints from SNe Ia alone

The SN Ia sample presented in this paper covers the redshift
range 0.01 < z < 1.2. This lever-arm is su�cient to provide
a stringent constraint on a single parameter driving the evolu-
tion of the expansion rate. In particular, in a flat universe with
a cosmological constant (hereafter ⇤CDM), SNe Ia alone pro-
vide an accurate measurement of the reduced matter density⌦m.
However, SNe alone can only measure ratios of distances, which
are independent of the value of the Hubble constant today (H0 =
100 h km s�1 Mpc�1). In this section we discuss ⇤CDM param-
eter constraints from SNe Ia alone. We also detail the relative in-
fluence of each incremental change relative to the C11 analysis.

6.1. ⇤CDM fit of the Hubble diagram

Using the distance estimator given in Eq. (4), we fit a ⇤CDM
cosmology to supernovae measurements by minimizing the fol-
lowing function:

�2 = (µ̂ � µ⇤CDM(z;⌦m))†C�1(µ̂ � µ⇤CDM(z;⌦m)) (15)

with C the covariance matrix of µ̂ described in Sect. 5.5 and
µ⇤CDM(z;⌦m) = 5 log10(dL(z;⌦m)/10 pc) computed for a fixed
fiducial value13 of H0 = 70 km s�1 Mpc�1, assuming an unper-
turbed Friedmann-Lematre-Robertson-Walker geometry, which
is an acceptable approximation (Ben-Dayan et al. 2013). The

13 This value is assumed purely for convenience and using another
value would not a↵ect the cosmological fit (beyond changing accord-
ingly the recovered value of M1

B).
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Fig. 8. Top: Hubble diagram of the combined sample. The distance
modulus redshift relation of the best-fit ⇤CDM cosmology for a fixed
H0 = 70 km s�1 Mpc�1 is shown as the black line. Bottom: residu-
als from the best-fit ⇤CDM cosmology as a function of redshift. The
weighted average of the residuals in logarithmic redshift bins of width
�z/z ⇠ 0.24 are shown as black dots.
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Fig. 9. 68% and 95% confidence contours for the ⇤CDM fit parame-
ters. Filled gray contours result from the fit of the full JLA sample; red
dashed contours from the fit of a subsample excluding SDSS-II data
(lowz+SNLS).

free parameters in the fit are ⌦m and the four nuisance param-
eters ↵, �, M1

B and �M from Eq. (4). The Hubble diagram for
the JLA sample and the ⇤CDM fit are shown in Fig. 8. We find
a best fit value for ⌦m of 0.295 ± 0.034. The fit parameters are
given in the first row of Table 10.

For consistency checks, we fit our full sample excluding sys-
tematic uncertainties and we fit subsamples labeled according to
the data included: SDSS+SNLS, lowz+SDSS and lowz+SNLS.
Confidence contours for ⌦m and the nuisance parameters ↵, �
and �M are given in Fig. 9 for the JLA and the lowz+SNLS
sample fits. The correlation between ⌦m and any of the nuisance
parameters is less than 10% for the JLA sample.

The ⇤CDM model is already well constrained by the SNLS
and low-z data thanks to their large redshift lever-arm. However,
the addition of the numerous and well-calibrated SDSS-II data

A22, page 15 of 32
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Fig. 27. Samples from the distribution of the dark energy pa-
rameters w0 and wa using Planck TT+lowP+BAO+JLA data,
colour-coded by the value of the Hubble parameter H0. Contours
show the corresponding 68 % and 95 % limits. Dashed grey lines
intersect at the point in parameter space corresponding to a cos-
mological constant.

This constraint is unchanged at the quoted precision if we add
the JLA supernovae data and the H0 prior of Eq. (30).

Figure 26 illustrates these results in the ⌦m–⌦⇤ plane. We
adopt Eq. (50) as our most reliable constraint on spatial curva-
ture. Our Universe appears to be spatially flat to an accuracy of
0.5%.

6.3. Dark energy

The physical explanation for the observed accelerated expansion
of the Universe is currently not known. In standard ⇤CDM the
acceleration is provided by a cosmological constant satisfying an
equation of state w ⌘ pDE/⇢DE = �1. However, there are many
possible alternatives, typically described either in terms of extra
degrees of freedom associated with scalar fields or modifications
of general relativity on cosmological scales (for reviews see e.g.,
Copeland et al. 2006; Tsujikawa 2010). A detailed study of these
models and the constraints imposed by Planck and other data is
presented in a separate paper, Planck Collaboration XIV (2015).

Here we will limit ourselves to the most basic extensions
of ⇤CDM, which can be phenomenologically described in
terms of the equation of state parameter w alone. Specifically
we will use the camb implementation of the “parameterized
post-Friedmann” (PPF) framework of Hu & Sawicki (2007) and
Fang et al. (2008) to test whether there is any evidence that w
varies with time. This framework aims to recover the behaviour
of canonical (i.e., those with a standard kinetic term) scalar field
cosmologies minimally coupled to gravity when w � �1, and
accurately approximates them for values w ⇡ �1. In these mod-
els the speed of sound is equal to the speed of light so that the
clustering of the dark energy inside the horizon is strongly sup-
pressed. The advantage of using the PPF formalism is that it is
possible to study the “phantom domain”, w < �1, including tran-
sitions across the “phantom barrier”, w = �1, which is not pos-
sible for canonical scalar fields.

The CMB temperature data alone does not strongly constrain
w, because of a strong geometrical degeneracy even for spatially-
flat models. From Planck we find

w = �1.54+0.62
�0.50 (95%,Planck TT+lowP), (51)

i.e., almost a 2� shift into the phantom domain. This is partly,
but not entirely, a parameter volume e↵ect, with the average ef-
fective �2 improving by h��2

i ⇡ 2 compared to base ⇤CDM.
This is consistent with the preference for a higher lensing am-
plitude discussed in Sect. 5.1.2, improving the fit in the w < �1
region, where the lensing smoothing amplitude becomes slightly
larger. However, the lower limit in Eq. (51) is largely determined
by the (arbitrary) prior H0 < 100 km s�1Mpc�1, chosen for the
Hubble parameter. Much of the posterior volume in the phan-
tom region is associated with extreme values for cosmological
parameters,which are excluded by other astrophysical data. The
mild tension with base ⇤CDM disappears as we add more data
that break the geometrical degeneracy. Adding Planck lensing
and BAO, JLA and H0 (“ext”) gives the 95 % constraints:

w = �1.023+0.091
�0.096 Planck TT+lowP+ext ; (52a)

w = �1.006+0.085
�0.091 Planck TT+lowP+lensing+ext ; (52b)

w = �1.019+0.075
�0.080 Planck TT,TE,EE+lowP+lensing+ext .

(52c)

The addition of Planck lensing, or using the full Planck tem-
perature+polarization likelihood together with the BAO, JLA,
and H0 data does not substantially improve the constraint of
Eq. (52a). All of these data set combinations are compatible with
the base ⇤CDM value of w = �1. In PCP13, we conservatively
quoted w = �1.13+0.24

�0.25, based on combining Planck with BAO,
as our most reliable limit on w. The errors in Eqs. (52a)–(52c) are
substantially smaller, mainly because of the addition of the JLA
SNe data, which o↵er a sensitive probe of the dark energy equa-
tion of state at z <⇠ 1. In PCP13, the addition of the SNLS SNe
data pulled w into the phantom domain at the 2� level, reflecting
the tension between the SNLS sample and the Planck 2013 base
⇤CDM parameters. As noted in Sect. 5.3, this discrepancy is no
longer present, following improved photometric calibrations of
the SNe data in the JLA sample. One consequence of this is the
tightening of the errors in Eqs. (52a)–(52c) around the ⇤CDM
value w = �1 when we combine the JLA sample with Planck.

If w di↵ers from �1, it is likely to change with time. We
consider here the case of a Taylor expansion of w at first order in
the scale factor, parameterized by

w = w0 + (1 � a)wa. (53)

More complex models of dynamical dark energy are discussed
in Planck Collaboration XIV (2015). Figure 27 shows the 2D
marginalized posterior distribution for w0 and wa for the com-
bination Planck+BAO+JLA. The JLA SNe data are again cru-
cial in breaking the geometrical degeneracy at low redshift and
with these data we find no evidence for a departure from the
base ⇤CDM cosmology. The points in Fig. 27 show samples
from these chains colour-coded by the value of H0. From these
MCMC chains, we find H0 = (68.2 ± 1.1) km s�1Mpc�1. Much
higher values of H0 would favour the phantom regime, w < �1.

As pointed out in Sects. 5.5.2 and 5.6 the CFHTLenS weak
lensing data are in tension with the Planck base ⇤CDM parame-
ters. Examples of this tension can be seen in investigations of
dark energy and modified gravity, since some of these mod-
els can modify the growth rate of fluctuations from the base
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Fig. 14. Acoustic-scale distance ratio DV(z)/rdrag in the base
⇤CDM model divided by the mean distance ratio from Planck
TT+lowP+lensing. The points with 1� errors are as follows:
green star (6dFGS, Beutler et al. 2011); square (SDSS MGS,
Ross et al. 2014); red triangle and large circle (BOSS “LOWZ”
and CMASS surveys, Anderson et al. 2014); and small blue cir-
cles (WiggleZ, as analysed by Kazin et al. 2014). The grey bands
show the 68 % and 95 % confidence ranges allowed by Planck
TT+lowP+lensing.

The changes to the data points compared to figure 15 of
PCP13 are as follows. We have replaced the SDSS DR7 mea-
surements of Percival et al. (2010) with the recent analysis of
the SDSS Main Galaxy Sample (MGS) of Ross et al. (2014) at
ze↵ = 0.15, and by the Anderson et al. (2014) analysis of the
Baryon Oscillation Spectroscopic Survey (BOSS) ‘LOWZ’ sam-
ple at ze↵ = 0.32. Both of these analyses use peculiar veloc-
ity field reconstructions to sharpen the BAO feature and reduce
the errors on DV/rdrag. The blue points in Fig. 14 show a re-
analysis of the WiggleZ redshift survey by Kazin et al. (2014)
applying peculiar velocity reconstructions. The reconstructions
causes small shifts in DV/rdrag compared to the unreconstructed
WiggleZ results of Blake et al. (2011) and lead to reductions
in the errors on the distance measurements at ze↵ = 0.44 and
ze↵ = 0.73. The point labelled BOSS CMASS at ze↵ = 0.57
shows DV/rdrag from the analysis of Anderson et al. (2014), up-
dating the BOSS-DR9 analysis of Anderson et al. (2012) used in
PCP13.

In fact, the Anderson et al. (2014) analysis solves jointly for
the positions of the BAO feature in both the line-of-sight and
transverse directions (the distortion in the transverse direction
caused by the background cosmology is sometimes called the
Alcock-Paczynski e↵ect, Alcock & Paczynski 1979), leading to
joint constraints on the angular diameter distance DA(ze↵) and
the Hubble parameter H(ze↵). These constraints, using the tabu-
lated likelihood included in the CosmoMC module16, are plotted
in Fig. 15. Samples from the Planck TT+lowP+lensing chains
are plotted coloured by the value of ⌦ch2 for comparison. The
length of the degeneracy line is set by the allowed variation in H0
(or equivalently⌦mh2). In the Planck TT+lowP+lensing⇤CDM
analysis the line is defined approximately by

DA(0.57)/rdrag

9.384

 
H(0.57)rdrag/c

0.4582

!1.7

= 1 ± 0.0004, (26)

16
http://www.sdss3.org/science/boss_publications.php

Fig. 15. 68 % and 95 % constraints on the angular diameter dis-
tance DA(z = 0.57) and Hubble parameter H(z = 0.57) from
the Anderson et al. (2014) analysis of the BOSS CMASS-DR11
sample. The fiducial sound horizon adopted by Anderson et al.
(2014) is rfid

drag = 149.28 Mpc. Samples from the Planck
TT+lowP+lensing chains are plotted coloured by their value of
⌦ch2, showing consistency of the data, but also that the BAO
measurement can tighten the Planck constraints on the matter
density.

which just grazes the BOSS CMASS 68 % error ellipse plotted
in Fig. 15. Evidently, the Planck base ⇤CDM parameters are
in good agreement with both the isotropized DV BAO measure-
ments plotted in Fig. 14, and with the anisotropic constraints
plotted in Fig. 15.

In this paper, we use the 6dFGS, SDSS-MGS and BOSS-
LOWZ BAO measurements of DV/rdrag (Beutler et al. 2011;
Ross et al. 2014; Anderson et al. 2014) and the CMASS-DR11
anisotropic BAO measurements of Anderson et al. (2014). Since
the WiggleZ volume partially overlaps that of the BOSS-
CMASS sample, and the correlations have not been quantified,
we do not use the WiggleZ results in this paper. It is clear from
Fig. 14 that the combined BAO likelihood is dominated by the
two BOSS measurements.

In the base ⇤CDM model, the Planck data constrain the
Hubble constant H0 and matter density ⌦m to high precision:

H0 = (67.3 ± 1.0) km s�1Mpc�1

⌦m = 0.315 ± 0.013

)
Planck TT+lowP. (27)

With the addition of the BAO measurements, these constraints
are strengthened significantly to

H0 = (67.6 ± 0.6) km s�1Mpc�1

⌦m = 0.310 ± 0.008

)
Planck TT+lowP+BAO.

(28)
These numbers are consistent with the Planck+lensing con-
straints of Eq. (21). Section 5.4 discusses the consistency of
these estimates of H0 with direct measurements.

Although low redshift BAO measurements are in good agree-
ment with Planck for the base ⇤CDM cosmology, this may not
be true at high redshifts. Recently, BAO features have been mea-
sured in the flux-correlation function of the Ly↵ forest of BOSS
quasars (Delubac et al. 2014) and in the cross-correlation of the
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Fig. 7. Values of �coh determined for seven subsamples of the Hubble
residuals: low-z z < 0.03 and z > 0.03 (blue), SDSS z < 0.2 and z > 0.2
(green), SNLS z < 0.5 and z > 0.5 (orange), and HST (red).

Table 9. Values of �coh used in the cosmological fits.

Sample �coh

low-z 0.134
SDSS-II 0.108
SNLS 0.080
HST 0.100

Notes. Those values correspond to the weighted mean per survey of the
values shown in Fig. 7, except for HST sample for which we use the
average value of all samples. They do not depend on a specific choice
of cosmological model (see the discussion in Sect. 5.5).

6. ⇤CDM constraints from SNe Ia alone

The SN Ia sample presented in this paper covers the redshift
range 0.01 < z < 1.2. This lever-arm is su�cient to provide
a stringent constraint on a single parameter driving the evolu-
tion of the expansion rate. In particular, in a flat universe with
a cosmological constant (hereafter ⇤CDM), SNe Ia alone pro-
vide an accurate measurement of the reduced matter density⌦m.
However, SNe alone can only measure ratios of distances, which
are independent of the value of the Hubble constant today (H0 =
100 h km s�1 Mpc�1). In this section we discuss ⇤CDM param-
eter constraints from SNe Ia alone. We also detail the relative in-
fluence of each incremental change relative to the C11 analysis.

6.1. ⇤CDM fit of the Hubble diagram

Using the distance estimator given in Eq. (4), we fit a ⇤CDM
cosmology to supernovae measurements by minimizing the fol-
lowing function:

�2 = (µ̂ � µ⇤CDM(z;⌦m))†C�1(µ̂ � µ⇤CDM(z;⌦m)) (15)

with C the covariance matrix of µ̂ described in Sect. 5.5 and
µ⇤CDM(z;⌦m) = 5 log10(dL(z;⌦m)/10 pc) computed for a fixed
fiducial value13 of H0 = 70 km s�1 Mpc�1, assuming an unper-
turbed Friedmann-Lematre-Robertson-Walker geometry, which
is an acceptable approximation (Ben-Dayan et al. 2013). The

13 This value is assumed purely for convenience and using another
value would not a↵ect the cosmological fit (beyond changing accord-
ingly the recovered value of M1

B).
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Fig. 8. Top: Hubble diagram of the combined sample. The distance
modulus redshift relation of the best-fit ⇤CDM cosmology for a fixed
H0 = 70 km s�1 Mpc�1 is shown as the black line. Bottom: residu-
als from the best-fit ⇤CDM cosmology as a function of redshift. The
weighted average of the residuals in logarithmic redshift bins of width
�z/z ⇠ 0.24 are shown as black dots.
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Fig. 9. 68% and 95% confidence contours for the ⇤CDM fit parame-
ters. Filled gray contours result from the fit of the full JLA sample; red
dashed contours from the fit of a subsample excluding SDSS-II data
(lowz+SNLS).

free parameters in the fit are ⌦m and the four nuisance param-
eters ↵, �, M1

B and �M from Eq. (4). The Hubble diagram for
the JLA sample and the ⇤CDM fit are shown in Fig. 8. We find
a best fit value for ⌦m of 0.295 ± 0.034. The fit parameters are
given in the first row of Table 10.

For consistency checks, we fit our full sample excluding sys-
tematic uncertainties and we fit subsamples labeled according to
the data included: SDSS+SNLS, lowz+SDSS and lowz+SNLS.
Confidence contours for ⌦m and the nuisance parameters ↵, �
and �M are given in Fig. 9 for the JLA and the lowz+SNLS
sample fits. The correlation between ⌦m and any of the nuisance
parameters is less than 10% for the JLA sample.

The ⇤CDM model is already well constrained by the SNLS
and low-z data thanks to their large redshift lever-arm. However,
the addition of the numerous and well-calibrated SDSS-II data
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Type Ia SN state of the art

BAO state of the art

Planck XIII, 2015

JLA, Betoule+ 2014

BAO state of the art

Type IA SN state of the artMeasurements of 
Expansion History



Expansion History Measurements: 

▸ Cosmic Microwave Background 
(CMB) angular scale of sound 
horizon in the early Universe  

▸ Baryonic Acoustic Oscillations 
(BAO) angular scale of sound 
horizon imprinted in late-time 
galaxy distribution 

▸ Supernovae (SNe) apparent 
brightness of exploding white 
dwarfs with ~known intrinsic 
luminosity

Early 2000s: Concordance Cosmology

Olivier Doré AAS, WFIRST Science, Kissimmee, January 5th 2016

The Observational Foundations of Dark Energy

• Weak-Lensing not presented is also complementary.
2

SNe luminosity !
distance measurement (Nobel 2011) 
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The Distance Ladder



2020s: Concordance Cosmology? 

Hubble Parameter - expansion rate

Verde+2019

significant tension between  
early and late Universe physics!
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“expansion history”

“late-time structure”

✓

Q: Do all these 
measurements agree 
with predictions in 
the same, fiducial 
ΛCDM model?  

2020s: Concordance Cosmology? 



2020s: Concordance Cosmology? 

Hubble Parameter - expansion rate

Verde+2019

A&A proofs: manuscript no. KiDS1000_cosmic_shear
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Fig. 10. Comparison between KiDS-1000 and other surveys in the S 8 � ⌦m plane. The fiducial KiDS-1000 results which use COSEBIs (orange)
and the Planck primary anisotropy constraints (red) are shown in both panels. The DES-Y1 results of Troxel et al. (2018b, purple) and HSC-Y1
results of Hikage et al. (2019, grey) are shown in the left panel, while the KV450 constraints of Wright et al. (2020b, green) and the joint KV450
and DES-Y1 results of Asgari et al. (2020, blue) are shown in the right panel. A summary of these constraints in S 8 can be found in Fig. 9.

KiDS-1000 mock catalogues. The key cosmological quan-
tity constrained by cosmic shear, the parameter S 8 =
�8(⌦m/0.3)0.5, is now used as a sampling parameter in evalu-
ating the posterior, enabling us to impose a wide top-hat prior
that is more conservative than previous analyses relying on
the primordial power spectrum amplitude, As, or a function
thereof.

• The analysis was conducted independently with three cosmic
shear two-point statistics: the angular shear correlation func-
tions ⇠±, Complete Orthogonal Sets of E/B-Integrals (COSE-
BIs), and angular band powers. The latter two are con-
structed as linear combinations of ⇠± that o↵er a clean sepa-
ration into cosmological E-modes and systematics-driven B-
modes (exact for COSEBIs and approximate for band pow-
ers), as well as additional data compression (the COSEBIs
and band powers data vectors are 66 % and 46 % smaller than
the 2PCFs data vector). Both derived statistics inherit the
beneficial lack of sensitivity to the survey mask and galaxy
ellipticity noise from the correlation functions, but avoid the
very broad responses of ⇠± to Fourier modes, which lead to
increased non-Gaussianity in the likelihood due to small `-
modes and increased sensitivity to small-scale features in the
modelling (large `-modes), such as baryon feedback.

These additions have increased the constraining power of
KiDS with little change in our best-fitting value for S 8. Compar-
ing the similar setups of our correlation function analysis with
the results from Wright et al. (2020b) who worked with KiDS
Data Release 3, we find a decrease in the marginal S 8 errors
by 54 %. The marginal posterior mode of S 8 has increased by
0.05 in KiDS-1000; however, the multivariate maximum poste-
rior agrees to within 3 ⇥ 10�3 for the two analyses, so the shift
in the marginal distribution is solely due to the di↵erent shape
of the posterior distribution. Our results are in good agreement

with those of the DES and HSC surveys, reducing marginal S 8
errors by 14 % with respect to Troxel et al. (2018b) and by 32 %
with respect to Hikage et al. (2019).

From a theoretical point of view we conclude that there is
a strong case for favouring COSEBIs and/or band power statis-
tics over the standard shear correlation functions in the likeli-
hood analysis, with COSEBIs providing the cleanest and most
compact data vector, and band powers o↵ering intuition through
directly tracing the angular power spectra predicted from theory.
Both of these methods allow for an E and B-mode decomposi-
tion, which are mixed with each other in the case of the correla-
tion functions. This will be of particular importance for analysis
of future data with improved constraining power.

Despite these di↵erences, we find the KiDS-1000 S 8 con-
straints derived from the three statistics to be in excellent agree-
ment. Due to the di↵erent scales probed, the analyses trace dif-
ferent sections of the ⌦m–�8 degeneracy line, which causes S 8
to not fully capture the constraining power transverse to the de-
generacy in all cases. Fitting the parameter ⌃8 = �8(⌦m/0.3)↵
to the posterior, we find a best fit of ↵ = 0.51 for ⇠±, i.e. S 8 is
very close to the optimal summary parameter as found in pre-
vious KiDS analyses. For COSEBIs and band powers, ↵ = 0.54
and 0.58, respectively. The constraining power on the optimal ⌃8
is then nearly identical between the three statistics.

Constraining a spatially flat ⇤CDM model, we obtain S 8 =
0.758+0.017

�0.026 (68% CI) for our fiducial setup using COSEBIs. The
quoted values are extracted from the mode and highest posterior
density of the marginal S 8 posterior (denoted by M-HPD). Since
the analysis of mock data shows that the marginal posterior mode
or mean can be shifted significantly from the global best fit, due
to a high-dimensional posterior with complex shape, we addi-
tionally provide the multivariate posterior maximum with an as-
sociated projected credible interval (PJ-HPD), S 8 = 0.759+0.024

�0.021.
For KiDS-1000 cosmic shear the two credible intervals are in
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Asgari+2020

early Universe

S8 - amplitude of structure growth

significant tension between  
early and late Universe physics!

hints at possible tension between  
early and late Universe physics? 
→ let’s shrink these error bars



Photometric LSS Surveys

Survey
Completion

Year
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Cosmic Structure Formation

Springel+, 2006

time

gravity drives cosmic structure formation, dark energy slows it down

growth of structure constraints complementary to expansion rate

~linear (large) scales: perturbation theory

non-linear evolution: numerical simulations

‣ reliably predict dark matter distribution, for wCDM cosmologies (+ individual MG models)



gravity drives cosmic structure formation, dark energy slows it down

growth of structure constraints complementary to expansion rate

~linear (large) scales: perturbation theory

non-linear evolution: numerical simulations

‣ reliably predict dark matter distribution, for wCDM cosmologies (+ individual MG models)

Cosmic Structure Formation

Springel+, 2006

time

n o t  d i r e c t l y  o b s e r v a b l e



cosmological model
+ parameters dark matter

Springel+, 2006

galaxies, light

simulation/
perturbation theory

astrophysics (?)

?

Connecting Theory and Observations

galaxy positions+shapes+colors (DES)

CMB temperature+polarization (Planck)

(+ other tracers of 
structure formation)
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Springel+, 2006

Summary Statistics from the Galaxy 
Distribution

two-point correlations 
    clusters (over densities) 

voids (under densities)

three-point correlations,...



linear
 growthtwo-point correlations 

excess probability of galaxy pairs 
(over random distr.)
as function of separation

Tracer: Galaxy Clustering

BAOs

non-lin.
structure



linear
 growthtwo-point correlations 

excess probability of galaxy pairs 
(over random distr.)
as function of separation

Tracer: Galaxy Clustering
requires ~3D distances (redshift),  
relation between galaxy density  
and dark matter density  
(galaxy bias)

Fourier transform

BAOs

non-lin.
structure



Tracer: Gravitational Lensing

credit: ESA



Tracer: Gravitational Lensing

credit: ESA

credit: ESA/Hubble & NASA



light deflected by tidal field of 
large-scale structure 
‣ coherent distortion of 

galaxy shapes - “shear” 
‣ shear related to (projected) 

matter distribution 

key uncertainties 
shape measurements 
average over many galaxies 
assuming random intrinsic 
orientation 

Tracer: Weak Gravitational 
Lensing of Galaxies



Weak Gravitational Lensing: 
typical DES galaxies



Real World Example: DES-Y1

Survey
Completion

Year

Survey 
Area

[sqr deg]

Observed 
galaxy
density
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DES Y1

26M galaxies Billions of galaxies



DES-Y1 WL x LSS Analysis

galaxies x galaxies: 
angular clustering

lensing x lensing: 
cosmic sheargalaxies x lensing: 

galaxy-galaxy lensing

θ θθ

660K redMaGiC galaxies 
split in 5 redshift bins 

26M source galaxies 
split in 4 redshift bins 



baseline systematics marginalization (20 parameters)
‣ linear bias of lens galaxies, per lens z-bin
‣ lens galaxy photo-zs, per lens z-bin
‣ source galaxy photo-zs, per source z-bin
‣ multiplicative shear calibration, per source z-bin
‣ intrinsic alignments, power-law/free amplitude per per source z-bin

-> this list is known to be incomplete 

how much will known, unaccounted-for systematics bias Y1?

-> remove contaminated data points (i.e., throw out large fraction of S/N)

-> choice of parameterizations ≠ universal truth

are these parameterizations sufficiently flexible for Y1?

DES-Y1 Systematics Modeling + Mitigation

EK+(DES)1706.09359



DES Y1 Results:
LCDM Multi-Probe Constraints

‣ marginalized 4 
cosmology parameters, 
10 clustering nuisance 
parameters, and 10 
lensing nuisance 
parameters

‣ consistent cosmology 
constraints from weak 
lensing and clustering in 
configuration space

(DES Collaboration 18) 
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DES Y1 ↔ Early Universe (Planck)
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(DES Collaboration 18) 

‣ DES-Y1 and Planck 
(TT+lowP, without CMB 
lensing) constrain S8 and 
Ωm with comparable 
strength 

‣ central values differ by 
>1𝜎, in the same direction 
as other lensing analyses 
(CFHTLS, KiDS, HSC)

‣ Future: observe more 
galaxies, combine 
more probes, and 
achieve better 
systematics control!



Beyond DES-Y1 3x2pt:
Cluster Counts x 2PCFs

!! "!!
"!"!

"""!
""!
N

""""

3x2pt:
• Method: Krause&Eifler et al. (2017)
• Simulation: MacCrann&DeRose et al. (2018)
• Results: DES Collaboration (2018)

6x2pt+N:
• Results: This work

4x2pt+N:
• Method: To&Krause et al. (2020a)
• Simulation: To&Krause et al. (2020a)
• Results: This work

‣ joint likelihood analysis 
validated on DES-like 
mock catalogs (Buzzard, 
DeRose+2020) 

‣ MOR calibrated from 
large-scale clustering, 
account for selection bias 

cosmology constraints 
consistent with other 
DES probes 

To, EK+ 2021a,b: cluster cosmology constraints from abundances 
and large-scale two-point statistics 



Beyond DES-Y1 3x2pt:
Cluster Counts x 2PCFs

this analysis unlocks constraining power from number counts 
 substantial gain, iff accurate MOR calibration

Rubin/LSST joint probes forecast
EK & Eifler ‘17



DES-Y1 Systematics Mitigation
Opportunity Space…

(DES Collaboration 18) 

Galaxy lensing + galaxy counts

also depends on galaxy bias parameters

Marginally consistent/small tension with Planck

Some others more significant, but all require complex modelling

e.g. DES Y1

independent 3x2pt analysis by A. Lewis 

potential gain if current systematics model 
constrained from external data

modeling these scales requires  
new systematics parameterizations



Systematics Opportunities and Challenges:
Baryonic Effects in WL Analyses

illustration from OWLS collaboration



DESY1 WL Correlation functions

DES-Y1 baseline: small 
scale correlation function 
measurements excluded 
because of baryonic 
effects 

Huang+2020: reanalyze 
DESY1 including all WL 
measurements down to 
2.5’



Baryonic Effects in WL Analyses



Baryonic Effects in WL Analyses
Cosmology Constraints

‣ DES-Y1 including all 
scales, baryons not 
included in the 
modeling (don’t do 
that!) 

‣ DES-Y1 baseline 
(conservative scale 
cuts) 

‣ DES-Y1 including all 
scales, baryonic effects 
modeled using PCA 
with non-informative 
prior

Huang+ 2020 



‣ DES-Y1 baseline 
(conservative scale 
cuts) 

‣ DES-Y1 including all 
scales, baryonic effects 
modeled using PCA 
with non-informative 
prior 

‣ DES-Y1 including all 
scales, baryonic effects 
modeled using PCA 
with informative prior 

Huang+ 2020 

Baryonic Effects in WL Analyses
Cosmology Constraints



This Thursday: DES-Y3 Cosmology

(DES Collaboration 18) 

Analysis of DES  Year-3 3x2pt: webinar on 5/27, 11:30 am Eastern 

‣ full area (~5000 sqdeg) + increased depth 

‣ algorithmic + modeling improvements in all analysis stages 

σ8

Mock analysis 

Validated shape 
catalogue 

2-point function 
measurements 

Covariance 

Model and method 
choices  

Cosmic shear 
cosmology  Redshift distributions Redshift 

calibration

Image Simulations Calibration priors 

Point Spread Function 
Modelling 

Shear measurement 
& null tests 

Redshift samples

Wide Field Images

Deep Field 
Photometry

DES Year 3 pixels to cosmology: a long road 

Lens clustering sample

Galaxy clustering & 
galaxy-galaxy lensing

‘3x2’
cosmology  

Ωm       

Mitigate experimenter 
bias 
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Conclusions

The simple, 6-parameter LCDM model has been remarkably successful  

‣ describes wide range of cosmological epochs and observables

‣ intriguing tension (H0) and fluctuation (S8) are emerging

‣ (most) cosmological constraints will be systematics limited

‣ require astrophysics, accurate systematics parameterizations+priors

‣ DES-Y3 results coming this week: webinar 5/27, 11:30 am Eastern

‣  https://fnal.zoom.us/j/94822142182?
pwd=UnlPSzg0NXdNdlFzK3R2VWV6aEk1dz09

‣ Precision cosmology requires collaboration across surveys + wavelengths, 
planning for analysis frameworks to combine data from all surveys!

https://fnal.zoom.us/j/94822142182?pwd=UnlPSzg0NXdNdlFzK3R2VWV6aEk1dz09
https://fnal.zoom.us/j/94822142182?pwd=UnlPSzg0NXdNdlFzK3R2VWV6aEk1dz09

