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The Power of Combining Probes

Best constraints obtained by combining 
cosmological probes

independent probes: multiply likelihoods

Combining probes from same survey requires 
more advanced strategies

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

correlated systematic effects

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:
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(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:

⇢⌫ = Ne↵
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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)
SN Ia compilation (C11), the combination of Planck temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
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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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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Joint Analysis Ingredients
Likelihood Function Model Data Vector

Joint Covariance

number counts: Poisson

2PCF: ~ Gaussian (?)

improvements needed for 
stage IV

self-consistent modeling of all observables

including all cosmology + nuisance parameters
 

large and complicated,
non-(block) diagonal matrix
use template + regularization

External Data

Science Case

parameters of interest
which science?

large data vector
which probes + scales?

Priors

Nuisance Parameters

systematic effects

parameterize + prioritize!
|n| � |⇡|

validate

p(⇡|d̂) / p(⇡)

Z
L
⇣
d̂|d(⇡,n), C

⌘
p(n) dnn

Cosmology Priors



Introducing CosmoLike

Likelihood analysis library for combined probes analyses

Observables from three object types, and their cross-correlations

galaxies (positions), clusters (positions, N200), sources (shapes)

separate n(z) + specific nuisance parameters for each object type

Consistent modeling across probes

including systematic effects

Computes non-Gaussian (cross-)covariances

Optimized for high-dimensional likelihood analyses



CosmoLike Data Vector
cosmological
parameters

halo.c

cosmo3d.c
growth factor

D(k,z)

Plin(k,z)

distances Pnl(k,z)

Coyote U.
Emulator

collapse density

𝛿c(z) peak height
𝜈 (M,z)

halo properties
                                 

HOD, bias model

N(Mobs;zi)

CXY(l;zi,zj)

scaling relation
Mobs(M)

cluster
selection fuction

c(M,z) b(M,z) n(M,z)

z-distr.
n(z)

clusters.c

photo-z
model

redshift.c

projection 
functions

Limber 
approx.

cosmo2d.c

transfer function
T(k,z)

nuisance.c

non-linear regime

galaxy formationcluster finding

intrinsic alignments

baryons

non-Gaussian 
photo-zs

shear calibration
...  ....  ....



Joint Analysis Game Plan

Precision Consistency Accuracy

Theory Observations Simulations

Combined Probes
Analysis

Single Probe
 Analyses

Forecasts to Prioritize 
Systematics

Stage IV Parameter Constraints 

BlindingCosmoLike



Systematics Work Plan

Specify probes + scales (data vector)

Identify + prioritize systematic effects

find suitable parameterizations + limits

needs to be consistent accoss probes

Obtain constraints (priors) on nuisance parameters

independent observations

other observables from same data set

split data set

Combine theory, simulation & data to improve priors

Worked example: baryons. See Tim Eifler’s talk for WFIRST WL systematics.



Impact of Baryons on WL
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5-bin WFIRST WL tomography
no baryon mitigation 
uses OWLS simulations 
(Schaye, van Dalen, et al.)
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Mitigation of Baryons in WL

PCA based mitigation 
strategy (Eifler, EK, et al. 14)

Reduce FoM degradation by 
improving priors on range 
of baryonic scenarios

measure stacked halo 
profiles (e.g. SZ, X-ray)

update parameter range 
for hydro sims

feed these into updated 
marginalization scheme



Joint Analysis Game Plan

Precision Consistency Accuracy

Theory Observations Simulations

Combined Probes
Analysis

Single Probe
 Analyses
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