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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 not quite as simple - or we wouldn’t be here]



Our Puzzling Universe

Ordinary Matter

5%

25%

70%

“Dark Matter”

“Dark Energy”

accelerates the expansion
dominates the total energy density
smoothly distributed

acceleration first measured by SN 1998

next frontier: understand 
 



CMB + supernovae + large-scale structure:

     homogeneity, isotropy, flatness + acceleration 
     impossible with GR + matter only

observations require a repulsive force

cosmological constant Λ: w =p/ϱ=-1?

dynamic scalar field, w(a)? 

breakdown of GR? 

dominates dynamics of late-time Universe

Cosmic Acceleration

Gµ⌫ = 8⇡G (Tµ⌫ � ⇢̄DEgµ⌫)

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) 

CMB angular diameter!
distance measurement!
 and perturbations

BAO angular !
diameter distance!
measurement!

Combination

Matter Density

Cosmological !
Constant, !
i.e. Dark Energy



Many new DE/modified gravity theories developed over last decade

Most can be categorized based on how they break GR:

The only local, second-order gravitational field equations that can be derived 
from a four-dimensional action that is constructed solely from the metric 
tensor, and admitting Bianchi identities, are GR + Λ.

Lovelock’s theorem (1969)

Subject to viability conditions: ghosts? instabilities?

Theory Space: Breaking GR



Many new DE/modified gravity theories developed over last decade

Most can be categorized based on how they break GR:

The only local, second-order gravitational field equations that can be derived 
from a four-dimensional action that is constructed solely from the metric 
tensor, and admit Bianchi identities, are GR + Λ.

Lovelock’s theorem (1969)

Subject to viability conditions: ghosts? instabilities?

  

Theory Space: Breaking GR

No favored alternative theory, theory space hard to summarize succinctly

Need unifying frameworks + phenomenology to compare to data



size of Λ difficult to explain

important to test GR over 
cosmological scales

Expansion history 

determines distances

measured through supernovae, 
CMB peaks + baryonic acoustic 
oscillations (BAO)

agreement with ΛCDM 

not much information on dark 
energy/gravity: at most w0, wa

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��2i ⇡ 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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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)

16http://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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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
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Type Ia SN state of the art

BAO state of the art

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��2i ⇡ 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)

16http://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
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BAO state of the art

Type IA SN state of the artTesting Cosmic 
Acceleration 



gravity drives formation of cosmic structure

much more information than expansion rate

linear level: perturbed Einstein equation

non-linear evolution: numerical simulations

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

Cosmic Structure Formation

Springel+, 2006

time



How to compare with data?

Springel+, 2006

Springel+, 2006

physics 
+ model parameters dark matter

galaxies, light

generate initial 
conditions, evolve

galaxy formation models 

?

?



What to look for in the galaxy 
distribution?

    clusters (over densities), 

voids (under densities)

three-point correlations,...

two-point correlations

BAOs

non-lin.
structure

need redshift, understand galaxy bias

lin. growth



Galaxy Clustering

measure BAOs + shape of 
correlation function
→ growth of structure, expansion 
history
Key systematic: galaxy bias

Anderson et al. ’12 (BOSS)

LSS Probes of Dark Energy



Galaxy Clusters
measure number counts 

→ distribution of peaks, 
growth of structure, 
expansion history

but need to identify clusters + 
member galaxies, infer masses!

N(M̂, z,�z) =
dn

dMdz
�V (z,�z)

LSS Probes of Dark Energy

credit: DES



LSS Probes of Dark Energy

credit: ESA

Weak Gravitational Lensing



light deflected by tidal field of LSS
coherent distortion of galaxy shapes 
“shear”

shear related to projected matter 
distribution
key systematics

shape measurements
assume random intrinsic orientation, 
average over many galaxies

Weak Gravitational Lensing

LSS Probes of Dark Energy

measure shear correlation function/power spectrum 
probes total matter power spectrum (w/ broad projection kernel)

measure average (tangential) shear around galaxies/clusters
probes halo mass

credit: IAP



Weak Lensing
galaxy positions, shapes, 
types, redshifts

Supernovae
light curve, redshift

~Optical Dark Energy Surveys

Galaxy Clustering
galaxy positions, types, redshifts

Galaxy Clusters
cluster centers, redshifts, 
member galaxies

Spectroscopic galaxy surveys 
determine redshifts of select galaxies



the early days: SDSS, 2-degree Field survey(2dF):            

                              low-z galaxies

Spectroscopic Dark Energy Surveys

credit: 2dF collaboration

O(105 � 106)



the present: BOSS, WiggleZ, …

  intermediate-z galaxies 

Spectroscopic Dark Energy Surveys

Cosmological Analysis of BOSS galaxies 25
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Figure 14. The “Hubble diagram” from the world collection of spectroscopic BAO detections. Blue, red, and green points show BAO measurements of DV /rd,
DM/rd, and DH/rd, respectively, from the sources indicated in the legend. These can be compared to the correspondingly coloured lines, which represents
predictions of the fiducial Planck ⇤CDM model (with ⌦m = 0.3156, h = 0.6727). The scaling by

p

z is arbitrary, chosen to compress the dynamic range
sufficiently to make error bars visible on the plot. For visual clarity, the Ly↵ cross-correlation points have been shifted slightly in redshift; auto-correlation
points are plotted at the correct effective redshift. Measurements shown by open points are not incorporated in our cosmological parameter analysis because
they are not independent of the BOSS measurements.

presented in Table 9 and denoted as G-M et al. (2016 a+b+c). The
combination of these three sets of results is presented at the end
of Gil-Marı́n et al. (2016c). As before, this case is compared to
our full-shape column of Table 7, approximating LOWZ to our low
redshift bin and CMASS to our high redshift bin, where the vol-
ume difference factor has been taken into account. Our DM mea-
surement of 1.7% in the low redshift bin and 1.8% in the high red-
shift bin compares to 1.5% and 1.1%, respectively, in Gil-Marı́n
2016 a+b+c. Regarding H(z), our measurement of 2.8% in both
the low and high redshift bins compares to 2.5% and 1.8% in Gil-
Marı́n 2016 a+b+c. Finally our f�8 constraint of 9.5% and 8.9% in
the low and high redshift bin compares to the LOWZ and CMASS
measurements of 9.2% and 6.0% by Gil-Marin 2016a+b+c. One
can attribute the improvement in Gil-Marı́n 2016a+b+c when com-
pared to our measurement to the use of the bispectrum, which has
not been used in our analysis.

c
� 2016 RAS, MNRAS 000, 1–38

Alam+ 2016credit: SDSSIII

credit: 2dF collaboration

O(106)



Spectroscopic Dark Energy Surveys

DESI Hubble Diagram:  
•  Estimated Errors after 5 year survey 

8 
Dark Energy Spectroscopic Instrument 
U.S. Department of Energy Office of Science 
Lawrence Berkeley National Laboratory

May	2016	DOE	CD-3	Review

R.	Wechsler	-	P7

DESI Hubble Diagram
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DESI	predictions

Current	Data
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DESI Survey: ~ 34M Galaxies, 14K deg2 

•  10 million Bright Galaxies 0.0<z<0.4 
•  4 million Luminous Red Galaxies (LRGs) 0.4<z<1 
•  17.1 million Emission Line Galaxies (ELGs) 0.6<z<1.6 
•  1.7 million Tracer Quasars (QSOs) 1<z<2.1 
•  0.7 million High redshift Quasars probe IGM (Lyman-alpha forest) (z>2.1) 

5 
Dark Energy Spectroscopic Instrument 
U.S. Department of Energy Office of Science 
Lawrence Berkeley National Laboratory

May	2016	DOE	CD-3	Review

R.	Wechsler	-	P7

Five	target	classes	spanning	redshifts	z=0	➔ 3.5.	
~34	million	redshifts	over	14,000	sq.	degrees	(baseline	survey).

What is DESI?

4	million	LRGs

17	million	ELGs

2.4	million	QSOs

10	million	brightest	galaxies

3

Dark Energy  
turns on here 

DESI CDR

DESI CDR

    

credit: SDSSIII

credit: 2dF collaboration

the future: Dark Energy Spectroscopic Instrument (DESI)

              intermediate+high-z galaxies O(107)



Supernovae
light curve, redshift

~Optical Dark Energy Surveys

Weak Lensing
galaxy positions, shapes, 
types, redshifts

Galaxy Clustering
galaxy positions, types, redshifts

Galaxy Clusters
cluster centers, redshifts, 
member galaxies

Spectroscopic galaxy surveys 
determine redshifts of select galaxies

Photometric galaxy surveys 
image all galaxies to lim. brightness, in multiple bands

Time domain surveys 
repeated observations with suitable cadence



Photometric Dark Energy Surveys



Two multiband imaging surveys:
     300 million galaxies over 1/8 sky
     4000 supernovae (time-domain)
 New 570 Megapixel Dark Energy 
    Camera on the Blanco 4-meter 

5 bands (g,r,iz,Y), 10 tilings each
Stage III Survey using 4 complementary 

techniques:
         I. Galaxy Clusters
      II. Weak Gravitational Lensing
      III. Galaxy Clustering
      IV. Supernovae

        

      

Dark Energy Survey

DECam on the Blanco 4m at NOAO Cerro 
Tololo InterAmerican Observatory



DES: Weak Lensing with 
Science Verification Data

Becker+ 2016

galaxy clustering: Crocce+ 2016 

WL 2pt function from DES-SV: 
Measurement and Cosmology  

*The DES collaboration 
(Bridle, McCrann, Zunz et al.)  
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* Becker et al. 
* Jarvis et al. 

2pt  xi (+-) from two shear pipelines  Cosmological parameters   
DES Collaboration+ 2016 

proof of concept - we understand the camera
5 years of data to come!



LSST: Science Collaborations

Solar System
Stars, Milky Way, Local Volume
Transients
Galaxies
Active Galactic Nuclei
Informatics and Statistics
Dark Energy

LSST: The Experiment

largest planned LSS survey
map visible sky every 3 nights

high priority in P5, decadal survey
construction started 2015
commissioning first light 2019
survey duration 2022-2032



Prepare for and carry out cosmology analyses with the LSST survey

five key cosmology probes, organized in Working Groups (WG)
- Galaxy Clustering, Galaxy Clusters, Strong Lensing, Supernovae, Weak Lensing; 

Theory & Joint Probes

“Enabeling Analyses” WGs: understand LSST system + systematics

logo/pics

lots of work until 2019, lots to learn from ongoing surveys!

3LSST DESC Collaboration Meeting July 2016
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• Thank you everyone for your participation in the meeting!
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– 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

The LSST Dark Energy Science Collaboration
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Cosmology from LSST:
The Power of Combining Probes

Krause & Eifler 2016
+ supernovae + strong lensing

clustering
weak lensing

cluster counts
all combined



WFIRST-AFTA 
 

Section 2: WFIRST-AFTA Science 16 

match between the gravitational potential inferred from 
weak lensing (in Figure 2-1, cosmic shear and clusters) 
and the gravitational potential that affects motions of 
non-relativistic tracers, which governs redshift-space 
distortions (RSD) in the galaxy redshift survey.  

This flow diagram necessarily simplifies some key 
points, most notably (a) that the SN distance scale is 
calibrated in the local Hubble flow while the BAO dis-
tance scale is calibrated in absolute (H0-independent) 

units, so they provide complementary information even 
when measured at the same redshift, and (b) that cos-
mic shear, cluster abundances, and RSD probe the ex-
pansion history as well as the growth history. The com-
bination of WFIRST-AFTA dark energy probes is far 
more powerful than any one probe would be in isola-
tion, allowing both cross-checks for unrecognized sys-
tematics and rich diagnostics for the origin of cosmic 
acceleration. We discuss the anticipated constraints on 

Figure 2-1: A high-level view of the WFIRST-AFTA dark energy program. The supernova (SN) survey will measure the 
cosmic expansion history through precise spectrophotometric measurements of more than 2700 supernovae out to 
redshift z = 1.7. The high-latitude survey (HLS) will measure redshifts of 18 million emission-line galaxies and shapes 
(in multiple filters) of 380 million galaxies. The former allow measurements of “standard ruler” distances through char-
acteristic scales imprinted in the galaxy clustering pattern, while the latter allow measurements of matter clustering 
through the “cosmic shear” produced by weak gravitational lensing and through the abundance of galaxy clusters with 
masses calibrated by weak lensing. As indicated by crossing arrows, weak lensing measurements also constrain dis-
tances, while the galaxy redshift survey provides an alternative measure of structure growth through the distortion of 
redshift-space clustering induced by galaxy motions. Boxes in the middle layer list the forecast aggregate precision of 
these measurements in different ranges of redshift. These high-precision measurements of multiple cosmological ob-
servables spanning most of the history of the universe lead to stringent tests of theories for the origin of cosmic accel-
eration, through constraints on the dark energy equation-of-state parameter w(z), on deviations ΔG(z) from the growth 
of structure predicted by General Relativity, or on deviations between the gravitational potentials that govern relativ-
istic particles (and thus weak lensing) and non-relativistic tracers (and thus galaxy motions). 
 

High Latitude Survey !
WFIRST-AFTA Dark Energy Roadmap!

Supernova Survey!
wide, medium, & deep imaging !

+!
IFU spectroscopy!

!

2700 type Ia supernovae !
z = 0.1–1.7 !

spectroscopic: galaxy redshifts!
!

16 million Hα galaxies, z = 1–2 !
1.4 million [OIII] galaxies, z = 2–3 !

imaging: weak lensing shapes!
!

380 million lensed galaxies!
40,000 massive clusters!

standard candle distances!
z < 1 to 0.20% and z > 1 to 0.34% !

!
!
!
!
!
!
!

standard ruler !
 distances               expansion rate!

z = 1–2 to 0.5%      z = 1–2 to 0.9% !
z = 2–3 to 1.3%       z = 2–3 to 2.1% !
!
!
!
!
!

dark matter clustering!
z < 1 to 0.21% (WL); 0.24% (CL)!
z > 1 to 0.78% (WL); 0.88% (CL)!

1.1% (RSD)!
!
!
!
!
!
!

    history of dark energy !
                     + !
      deviations from GR!
!

  w(z), ΔG(z), ΦREL/ΦNREL!

(aka spy telescope)

(credit: WFIRST SDT report, Spergel+ ’15)
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Figure 1: CosmoLike forecasts of constraints on the dark energy equation-of-state from combining current
CMB+BAO+SN data with anticipated WFIRST WL, GGL, projected clustering, cluster number counts, and clus-
ter weak lensing measurements. We adopt a flat universe with w(z) = w0 +wa[1� (1 + z)�1], with the x�axis showing
the value of w at z = 0.2 where it is best constrained by this data combination. The left panel shows the improvement
from WFIRST imaging data with statistical errors only. In the middle panel, red contours show the e↵ect of an uncor-
rected shear calibration error of magnitude 0.004, while blue contours show the result with the same calibration error
after marginalizing over five shear calibration nuisance parameters with Gaussian priors of width 0.002. The right panel
shows a similar example for an astrophysical systematic, the presence of galaxy intrinsic alignments (see [32] for details).

e↵ect of observational complications (survey geometry, variable depth and completeness, etc.) on WL
and clustering measurements and to provide realistically clustered inputs for the pixel-level simulations
described earlier.

The overall cosmological simulation e↵ort is large, but many ambitious dark energy experiments face a
similar challenge. Our team includes collaborators (Heitmann, Takada, Yoshida) who are leading similar
e↵orts for Subaru HSC and PFS, DES, DESI and LSST. By 2020, advances in computing will make
it possible to run larger numbers of simulations, or explore more parameter space at a given size and
resolution. We will publish papers documenting our methodology development and will simultaneously
release the associated simulations. This growing library of publicly available simulations will encourage
the broader community to develop methods that will ultimately be applied to WFIRST (and other
surveys).

Galaxy-galaxy lensing. The combination of GGL with galaxy clustering is an alternative route
to extracting cosmological constraints from an imaging survey. Systematics are significantly di↵erent
from those a↵ecting cosmic shear analysis, and theoretical studies suggest that the statistical power is
comparable [79]. The need to mitigate systematics favors a joint modeling approach to cosmic shear,
GGL, and galaxy clustering, it requires devising and testing models of non-linear galaxy clustering
and its dependence on redshift, building on studies such as [80, 3, 9, 37, 43, 83] and including the
possible impact of “assembly bias” connected to halo formation histories. We will include GGL in our
cosmological forecasting framework and identify any GGL-specific requirements distinct from those tied
to cosmic shear.

Clusters. Our e↵orts in cluster analysis methodology will parallel those for cosmic shear and GGL,
facing many of the same issues but in the (somewhat simpler) high mass halo regime. Co-I Weinberg will
lead the cluster e↵ort with support from collaborators Rozo and von der Linden. While the WFIRST
data set presents some unique issues, we will draw extensively on the machinery being developed for
DES by Rozo, which follows the broad strategy laid out in chapter 6 of [77], as well as later for LSST,
described in [33].

The first branch of the cluster e↵ort will focus on the identification and characterization of clusters

8

WFIRST HLS SIT

one satellite, three cosmological surveys - launch ca. 2025



Beyond Dark Energy

Imprint of neutrinos  

N. Palanque-Delabrouille  —   October 30, 2015, LBNL INPA seminar 16 
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Ly-α: 
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  (max effect) 
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The Power of Combining Probes

Best constraints obtained by combining 
cosmological probes

independent probes: multiply likelihoods

Combining LSS probes (from same survey) 
requires more advanced strategies

clustering, clusters and WL probe same 
underlying density field, are correlated

correlated systematic effects

requires joint analysis

Betoule et al. 2014

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

7.1.2. Baryon Acoustic Oscillations

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

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

dz =
rs(zdrag)
Dv(z)

(21)

with:

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

A
cz

H(z)

!1/3

(22)

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

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

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

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

diag(4444, 215156, 721487).

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

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

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

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

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:
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with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
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Fig. 15. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
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(Planck+WP), and a combination of measurements of the BAO
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responds to a flat universe.

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

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

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-
stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
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dz =
rs(zdrag)
Dv(z)

(21)

with:

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

A
cz

H(z)

!1/3

(22)

For this work, we follow Planck Collaboration XVI (2013) in
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Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

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

21

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

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

⌦m ⌦k H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

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

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

⌦m w H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

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

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

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

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

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

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

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

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

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

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

can control the instrument/camera, choice of observables

systematics affect different observables differently

understand and calibrate systematics

- compare object-by-object with better data

photo-zs vs. spectroscopy; shear estimate from higher resolution imaging

- statistically through cross-correlation

galaxy shear x CMB lensing -> shear calibration (e.g., Schaan+ 2016); 

positions of spectroscopic galaxies x weak lensing -> galaxy bias

check consistency of results across surveys and observables

combine data for most stringent constraints



Conclusions

Existence of cosmic acceleration requires new fundamental physics

2020s decade of cosmological surveys: CMB-S4, DESI, LSST, WFIRST,…

Cosmological constraints soon to be systematics limited

understand astrophysics 

understand systematics

understand observables (voids, clusters, galaxies, etc…)

Combine observables + surveys to understand/calibrate systematics

Combine different surveys to robustly confirm/rule out ΛCDM

Need collaboration across surveys, plan for analysis frameworks to 

combine observables from all surveys 


