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LSST: Science Collaborations 

Solar System 

Stars, Milky Way, Local Volume 

Transients 

Galaxies 

Active Galactic Nuclei 

Informatics and Statistics 

Dark Energy (DESC)

LSST: The Experiment 

Largest planned photometric survey 

Map visible sky every few nights 

(18,000 deg^2, 6 optical bands) 

Survey duration 2022-2032

• DESC Key Projects are detailed in the 
Science Roadmap (DESC-SRM) 

• Multiple working groups 

• This talk closely connected  to work 
within the Theory&Joint Probes WG:  

• Understand limitations from 
systematics (astrophysics) 

• Advise on efficient implementation of 
physics modeling 

• Develop new science ideas for LSST



Dark Energy - Cosmology 

Graph by Zosia Rostomian, Lawrence Berkeley National Laboratory, and Nic Ross, BOSS Lyman-alpha team, Berkeley Lab) 

Since 1930s we know

SN1a (Nobel Prize 2011) and 
BAO have shown

If GR is correct, and we trust the observations, the Universe is 
dominated by an energy density component with negative 
pressure 

Alternative: Modifications to GR (on large scales+late times), 
recover GR high-density environments via screening, use 
combination of lensing and dynamics to test GR 
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The Power of Combining Probes

Best constraints obtained by combining 

cosmological probes 

independent probes: multiply likelihoods 
(if individual results are consistent) 

!
Combining LSS 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:

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

A
cz

H(z)
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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↵
7
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⇢� (24)

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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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
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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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Beyond Expansion History - 
Structure Growth based Cosmology

Where everything is correlated… 



Cosmology through Structure Growth 

    clusters (over densities), 

voids (under densities)

three-point correlations,...

two-point correlations

BAOs

non-lin.	
structure

need redshift, understand galaxy bias

lin. growth

More information compared to expansion history 



Light rays are distorted by dark matter density fiel of the Universe 

Statistical properties of the distortion reflect statistical properties of the density field

Then there is Lensing…

measure shear correlation function/power spectrum  

probes total matter power spectrum (broad projection kernel) 

measure average (tangential) shear around galaxies/clusters 

probes halo mass 
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Working Example: Simulate a 
Multi-Probe Likelihood Analysis 

for LSST

Work from Krause & TE’16



Introducing CosmoLike

Weak Lensing, Galaxy 
Clustering, Clusters, CMB-LSS 

correlations

Multi-Probe 
Covariances

Galaxy bias 
models 

(linear, HOD)

Explore fundamental physics 
(cosmic acceleration, 

neutrinos, tests of gravity)

Systematics 
(photo-z, shape 
uncertainties)

Advanced statistical 
methods 

(ABC, precision matrix 
regularization)

Numerical 
Simulations   

Astrophysics 
(Intrinsic alignment, 

Baryons)

Core Developers: Elisabeth Krause (Stanford/SLAC), TE 
Active projects with Princeton, CMU, UManchester, Ohio State 

Build a consistent, multi-probe likelihood analysis framework including 
• Cross-correlations of observables/systematics 
• Efficient treatment of nuisance parameters



Cosmic shear 

10 tomography bins 

25 l bins, 25 < l < 5000 

Galaxy clustering 

4 redshift bins (0.2-0.4,0.4-0.6,0.6-0.8,0.8-1.0) 

compare two samples: σz <0.04, redMaGiC   

linear + quadratic bias only : l bins restricted to R> 10 Mpc/h 

HOD modeling going to R>0.1 MPC/h 

Galaxy-galaxy lensing 

galaxies from clustering (as lenses) with shear sources 

Clusters - number counts + shear profile 

so far, 8 richness, 4 z-bins (same as clustering) 

tomographic cluster lensing (500 < l < 10000)

Example Data Vector and Systematics

shear calibration, 
photo-z (sources) 

IA, baryons

b1, b2,… 
photo-z (lenses)

N-M relation 
c-M relation 
off-centering



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	
                                 

Cov(l1,l2,zi,zj,zk,zl)

C(l;zi,zj)

3D- Trispectra	
1-H, 2-H, HSV, lin Trispectrum

Projected Trispectra

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

z-distr.	
n(z)

covariances

photo-z	
model

redshift.c

projection 	
functions

Limber 	
approx.

cosmo2d.c

transfer function	
T(k,z)

nuisance.c

- shear calibration	
- photo-z calibration	
- intrinsic alignment	
- baryons	
- bias/HOD

emcee.py

MCMC

log-likelihood

CosmoLike Internals



Multi-Probes Forecasts: Covariance

details: Krause&Eifler ‘16

Cosmic Shear

Galaxy-Galaxy 
Lensing

Galaxy 
Clustering

Cluster 
Lensing

Clusters

7+ million  
elements



The Power of Combining Probes

Details see	
Krause & TE’16

7 cosmological parameters 
49 nuisance parameters

• Shear Calibration,  
• Lens+Source photo-z,  
• Linear galaxy bias

• Cluster Mass 
Calibration 

• Intrinsic Alignments 

6 Krause & Eifler
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Figure 2. Individual vs. multi-probe cosmological constraints. We show projected cosmological constraints for clustering (orange/dot-long dashed), cosmic
shear (red/dashed), cluster number counts (blue/dot-dashed) individually. The 3x2pt multi-probe contours (green/long-dashed) include information from clus-
tering, cosmic shear, and galaxy-galaxy lensing; the black/solid contours add information from cluster number counts and cluster weak lensing to the 3x2pt
data vector, altogether 2413 data points.

examine the impact of the covariances’ input cosmology on likeli-
hood contours in Sect. 4.3.

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (21)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

3.4 Results - baseline scenario

Results of our baseline LSST likelihood analysis simulation are
shown in Fig. 2. All contours include systematic e↵ects that are
associated with the corresponding probe(s). Correspondingly, the
dimensionality of the likelihood analyses di↵ers substantially; it
ranges from 15 for the cluster number count analysis to 45 for the
joint analysis of all 5 probes considered in the data vector.

We find that the galaxy clustering analysis with the imposed
cut-o↵ scale of Rmin = 10.0Mpc/h is strongly a↵ected by system-
atics, most likely our unconstrained galaxy bias. Cosmic shear in
itself has relatively tight constraints, however we see a substan-
tial increase when combining the two aforementioned probes with
galaxy-galaxy lensing (denoted as 3x2pt).

Whereas cluster number counts alone gives the weakest con-
straints overall, it is extremely promising when combining it with
the 3x2pt scenario and adding cluster weak lensing to calibrate
cluster masses. The information gain from 3x2pt to the scenario
where all probes are included is remarkable. One reason is the fact
that clusters contribute small scale clustering information from the
1H-term, which is not present in the clustering or galaxy-galaxy
lensing data (also see Sect. 4.2). Another reason to caution against
overestimating the e↵ect of clusters is the fact that we have not
yet considered galaxy cluster mis-centering, assembly bias and
stochasticity as additional uncertainties.
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Figure 2. Individual vs. multi-probe cosmological constraints. We show projected cosmological constraints for clustering (orange/dot-long dashed), cosmic
shear (red/dashed), cluster number counts (blue/dot-dashed) individually. The 3x2pt multi-probe contours (green/long-dashed) include information from clus-
tering, cosmic shear, and galaxy-galaxy lensing; the black/solid contours add information from cluster number counts and cluster weak lensing to the 3x2pt
data vector, altogether 2413 data points.

examine the impact of the covariances’ input cosmology on likeli-
hood contours in Sect. 4.3.

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (21)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

3.4 Results - baseline scenario

Results of our baseline LSST likelihood analysis simulation are
shown in Fig. 2. All contours include systematic e↵ects that are
associated with the corresponding probe(s). Correspondingly, the
dimensionality of the likelihood analyses di↵ers substantially; it
ranges from 15 for the cluster number count analysis to 45 for the
joint analysis of all 5 probes considered in the data vector.

We find that the galaxy clustering analysis with the imposed
cut-o↵ scale of Rmin = 10.0Mpc/h is strongly a↵ected by system-
atics, most likely our unconstrained galaxy bias. Cosmic shear in
itself has relatively tight constraints, however we see a substan-
tial increase when combining the two aforementioned probes with
galaxy-galaxy lensing (denoted as 3x2pt).

Whereas cluster number counts alone gives the weakest con-
straints overall, it is extremely promising when combining it with
the 3x2pt scenario and adding cluster weak lensing to calibrate
cluster masses. The information gain from 3x2pt to the scenario
where all probes are included is remarkable. One reason is the fact
that clusters contribute small scale clustering information from the
1H-term, which is not present in the clustering or galaxy-galaxy
lensing data (also see Sect. 4.2). Another reason to caution against
overestimating the e↵ect of clusters is the fact that we have not
yet considered galaxy cluster mis-centering, assembly bias and
stochasticity as additional uncertainties.
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Figure 2. Individual vs. multi-probe cosmological constraints. We show projected cosmological constraints for clustering (orange/dot-long dashed), cosmic
shear (red/dashed), cluster number counts (blue/dot-dashed) individually. The 3x2pt multi-probe contours (green/long-dashed) include information from clus-
tering, cosmic shear, and galaxy-galaxy lensing; the black/solid contours add information from cluster number counts and cluster weak lensing to the 3x2pt
data vector, altogether 2413 data points.

examine the impact of the covariances’ input cosmology on likeli-
hood contours in Sect. 4.3.

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (21)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

3.4 Results - baseline scenario

Results of our baseline LSST likelihood analysis simulation are
shown in Fig. 2. All contours include systematic e↵ects that are
associated with the corresponding probe(s). Correspondingly, the
dimensionality of the likelihood analyses di↵ers substantially; it
ranges from 15 for the cluster number count analysis to 45 for the
joint analysis of all 5 probes considered in the data vector.

We find that the galaxy clustering analysis with the imposed
cut-o↵ scale of Rmin = 10.0Mpc/h is strongly a↵ected by system-
atics, most likely our unconstrained galaxy bias. Cosmic shear in
itself has relatively tight constraints, however we see a substan-
tial increase when combining the two aforementioned probes with
galaxy-galaxy lensing (denoted as 3x2pt).

Whereas cluster number counts alone gives the weakest con-
straints overall, it is extremely promising when combining it with
the 3x2pt scenario and adding cluster weak lensing to calibrate
cluster masses. The information gain from 3x2pt to the scenario
where all probes are included is remarkable. One reason is the fact
that clusters contribute small scale clustering information from the
1H-term, which is not present in the clustering or galaxy-galaxy
lensing data (also see Sect. 4.2). Another reason to caution against
overestimating the e↵ect of clusters is the fact that we have not
yet considered galaxy cluster mis-centering, assembly bias and
stochasticity as additional uncertainties.
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Figure 4. Left: Varying the minimum scale included in galaxy clustering and galaxy galaxy lensing measurements. We show the baseline 3x2pt functions,
which assumes Rmin = 10Mpc/h (black/solid), and corresponding constraints when using Rmin = 20Mpc/h (red/dashed), Rmin = 50Mpc/h (blue/dot-dashed),
Rmin = 0.1Mpc/h (green/long-dashed) instead. For the latter we switch from linear galaxy bias modeling to our HOD implementation. Right: Information gain
when using HOD instead of linear galaxy bias for 3x2pt (black solid vs dashed contours) in comparison to corresponding information gain when including
cluster number counts and cluster weak lensing in the data vector (violett/dot-dashed vs long-dashed).
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Figure 5. Change in cosmological constraints when varying the underlying
cosmological model in the covariance matrix. We show three scenarios: 1)
the fiducial cosmology (black/solid), 2) fiducial cosmology but a 10% lower
value in �8 and ⌦m (red/dashed), and 3) fiducial cosmology but changes in
the dark energy parameters, i.e. w0 =�1.3 and wa =�0.5 (blue/dot-dashed).
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g(z) fred(z,mlim)P�I(l/�,z,mlim) ,

(26)

with z= z(�). The j dependent term is the normalized distribution of
source galaxies in redshift bin j, fred is the fraction of red galaxies
which is evaluated as a function of limiting magnitude mlim = 27,
and P�I the cross power spectrum between intrinsic galaxy orienta-
tion and matter density contrast.

The IA contamination of our data vector assumes a DEEP2
luminosity function (Faber et al. 2007) and the tidal alignment sce-
nario described in Blazek et al. (2015); Krause et al. (2016). The

tidal alignment scenario is in good agreement with observations;
using the DEEP2 luminosity function should be considered as an
upper limit of the strength of IA contaminations.

In Fig. 6 we compare the baseline analysis for cosmic shear
and 3x2pt (no IA contamination) to the case where IA contami-
nates the data vectors. In the latter case we marginalize over 10
nuisance parameters (4 for IA and 6 for luminosity function uncer-
tainties, see Krause et al. 2016, for details) to account for the IA
contamination. Although we assume the tidal alignment scenario
as a contaminant, we choose a di↵erent IA model for the marginal-
ization (non-linear alignment with the Halofit fitting formula) to
mimic a realistic analysis.

We find that in the presence of multiple probes, photo-z, shear
calibration and galaxy bias uncertainties, the assumption of an im-
perfect IA model in the marginalization is negligible. As expected
when including 10 more dimensions in the analysis the constraints
weaken but again the e↵ect is not severe. Note that the 3x2pt data
vector only includes galaxy-galaxy lensing tomography bins for
which the photometric source redshifts are behind the lens galaxy
redshift bin. Hence only a small fraction of source galaxies in
the low-z tail of the redshift distribution contribute an IA signal
to galaxy-galaxy lensing. As a consequence the 3x2pt data vector
contains only marginally more information on IA, and improve-
ments in the self-calibration of IA parameters is largely due to the
enhanced constraining power on parameters which are degenerate
with IA.

5 Discussion

The first step in designing a multi-probe likelihood analysis is to
specify the exact details of the data vector. This is far from trivial;
the optimal data vector is subject to various considerations.

• Science case This paper focusses on time-dependent dark en-
ergy as a science case with the fiducial model being ⇤CDM. If
there was indication for time-dependence, the data vector can be
optimized (tomography bins, galaxy samples, scales) such that it is
most sensitive to these signatures. The same holds when extending
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Figure 3. Impact of galaxy samples and associate systematics on cosmolog-
ical information. We show the systematics free 3x2pt function case (black,
solid) in comparison to our baseline model (red/dashed). The (blue, dot-
dashed) contours show the information gain when including all blended ob-
jects in the analysis, i.e. increasing n̄source from 26 to 37 galaxies/arcmin2;
green/long-dashed constraints are obtained when including a lens galaxy
sample that is by a factor of 20 larger than our baseline (red sequence) sam-
ple, but has worse photo-z accuracy.

Combining multiple probes has a highly non-linear e↵ect on
cosmological constraining power. It should be an important aspect
of future work to explore optimal multi-probe data vectors for the
various science cases (beyond cosmic acceleration).

4 Scenarios beyond the baseline analysis

In this section we illustrate some of the CosmoLike capabilities to
forecast and optimize the LSST survey. Starting out from the base-
line model we vary the galaxy lens and source samples as well as
associated systematics. We also examine constraints when includ-
ing highly non-linear scales in the lens sample, which requires us to
replace the linear galaxy bias computation with CosmoLike’s HOD
module. We also vary the input cosmology of the computed covari-
ance matrix as a first step to quantify the impact of this choice on
cosmological constraints. Lastly, we consider the impact of galaxy
intrinsic alignment for the multi-probe case and in the presence of
multiple systematics.

4.1 Varying galaxy samples: systematics vs. statistics

Statistical power of photometric surveys comes from covered area,
to reduce cosmic variance, and from the number density of galax-
ies, to reduce noise contributions when estimating summary statis-
tics. Maximizing the number density of galaxies requires the inclu-
sion of faint, small, and poorly understood galaxies, which give rise
to additional systematics. The trade-o↵ between statistical power
and systematics needs to be simulated carefully to select optimal
galaxy samples and to focus future research on the most limiting
factors of an analysis.

Figure 3 illustrates the di↵erence in cosmological information
when comparing a systematics-free 3x2pt analysis (black/solid) to
our baseline scenario (red/dashed) that includes uncertainties from
photo-z’s, shear calibration, and galaxy bias (see Table 1).

Table 2. Parameters, flat priors (min, max), and Gaussian priors (µ, �) for
non-baseline scenarios considered in Sect. 4

Parameter Fid Prior

High density lens sample considered in Fig. 3
�i

z,lens 0.0 Gauss (0.0, 0.001)

�z,lens 0.04 Gauss (0.04, 0.002)

HOD implementation in Fig. 4
Mmin 12.1 flat (10,15)

M01 13.65 flat (10,15)

M0 12.2 flat (10,15)

�lnM 0.4 flat (0.1,1.0)

↵sat 1.0 flat (0.5,1.5)

fc 0.25 flat (0.1,1.0)

Covariance cosmology changes in Fig. 5, model1
⌦m 0.284 no prior - fixed value

�8 0.748 no prior - fixed value

Covariance cosmology changes in Fig. 5, model2
w0 -1.3 no prior - fixed value

wa -0.5 no prior - fixed value

The main contributors in reducing source galaxies for LSST
are masking and atmospheric blending (Chang et al. 2013; Daw-
son et al. 2016). For example, (Chang et al. 2013) find that these
e↵ects shrink the number density of source galaxies from 37 to 26
galaxies/arcmin2. The (blue/dot-dashed) contours show results of
a simulated analysis assuming 37 galaxies/arcmin2. Since we do
not assume an increase in photo-z and shear calibration uncertain-
ties, these contours correspond to an upper limit in information gain
when solving the problem of blending for LSST.

The (green/dashed) contours illustrate results when consider-
ing a lens galaxy sample that has a factor of 20 higher number den-
sity of galaxies compared to our baseline scenario, but degraded
photo-z accuracy (compare Tables 1 and 2).

We find very limited gain in information when increasing the
number density of either source or lens galaxies, which we explain
as follows: First, our error budget is systematics dominated (in-
dicated by black/solid vs red/dashed contours). Second, the Non-
Gaussian cosmic variance terms in our covariance matrix likely
dominate the noise contributions; increasing the number density of
galaxies and hence decreasing the noise has no e↵ect. An increase
in survey area (e.g., towards the equator, which would also allow
for increased overlap with the Dark Energy Spectroscopic Instru-
ment survey) would be a more promising approach.

4.2 Varying Rmin: linear galaxy bias vs. HOD model

In this subsection we address the change of information content as
a function of scale to which galaxy biasing can be modeled accu-
rately. Our baseline scenario includes cosmic shear up to lmax =
5000, however it imposes an Rmin = 10Mpc/h cut-o↵ for clustering
and galaxy-galaxy lensing. Perturbative models for galaxy biasing
in the quasi-linear regime is an active area of research (e.g. McDon-
ald & Roy 2009; Senatore 2015; Angulo et al. 2015), and the model
for galaxy clustering and galaxy-galaxy lensing in Eq. (9) needs to
be updated for analyses of galaxy clustering measurements from
future surveys. However, in the context of this forecast study, we
are primarily interested in cosmological information content as a
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Figure 4. Left: Varying the minimum scale included in galaxy clustering and galaxy galaxy lensing measurements. We show the baseline 3x2pt functions,
which assumes Rmin = 10Mpc/h (black/solid), and corresponding constraints when using Rmin = 20Mpc/h (red/dashed), Rmin = 50Mpc/h (blue/dot-dashed),
Rmin = 0.1Mpc/h (green/long-dashed) instead. For the latter we switch from linear galaxy bias modeling to our HOD implementation. Right: Information gain
when using HOD instead of linear galaxy bias for 3x2pt (black solid vs dashed contours) in comparison to corresponding information gain when including
cluster number counts and cluster weak lensing in the data vector (violett/dot-dashed vs long-dashed).
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Figure 5. Change in cosmological constraints when varying the underlying
cosmological model in the covariance matrix. We show three scenarios: 1)
the fiducial cosmology (black/solid), 2) fiducial cosmology but a 10% lower
value in �8 and ⌦m (red/dashed), and 3) fiducial cosmology but changes in
the dark energy parameters, i.e. w0 =�1.3 and wa =�0.5 (blue/dot-dashed).
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with z= z(�). The j dependent term is the normalized distribution of
source galaxies in redshift bin j, fred is the fraction of red galaxies
which is evaluated as a function of limiting magnitude mlim = 27,
and P�I the cross power spectrum between intrinsic galaxy orienta-
tion and matter density contrast.

The IA contamination of our data vector assumes a DEEP2
luminosity function (Faber et al. 2007) and the tidal alignment sce-
nario described in Blazek et al. (2015); Krause et al. (2016). The

tidal alignment scenario is in good agreement with observations;
using the DEEP2 luminosity function should be considered as an
upper limit of the strength of IA contaminations.

In Fig. 6 we compare the baseline analysis for cosmic shear
and 3x2pt (no IA contamination) to the case where IA contami-
nates the data vectors. In the latter case we marginalize over 10
nuisance parameters (4 for IA and 6 for luminosity function uncer-
tainties, see Krause et al. 2016, for details) to account for the IA
contamination. Although we assume the tidal alignment scenario
as a contaminant, we choose a di↵erent IA model for the marginal-
ization (non-linear alignment with the Halofit fitting formula) to
mimic a realistic analysis.

We find that in the presence of multiple probes, photo-z, shear
calibration and galaxy bias uncertainties, the assumption of an im-
perfect IA model in the marginalization is negligible. As expected
when including 10 more dimensions in the analysis the constraints
weaken but again the e↵ect is not severe. Note that the 3x2pt data
vector only includes galaxy-galaxy lensing tomography bins for
which the photometric source redshifts are behind the lens galaxy
redshift bin. Hence only a small fraction of source galaxies in
the low-z tail of the redshift distribution contribute an IA signal
to galaxy-galaxy lensing. As a consequence the 3x2pt data vector
contains only marginally more information on IA, and improve-
ments in the self-calibration of IA parameters is largely due to the
enhanced constraining power on parameters which are degenerate
with IA.

5 Discussion

The first step in designing a multi-probe likelihood analysis is to
specify the exact details of the data vector. This is far from trivial;
the optimal data vector is subject to various considerations.

• Science case This paper focusses on time-dependent dark en-
ergy as a science case with the fiducial model being ⇤CDM. If
there was indication for time-dependence, the data vector can be
optimized (tomography bins, galaxy samples, scales) such that it is
most sensitive to these signatures. The same holds when extending
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Figure 6. We extend the baseline analysis of cosmic shear and 3x2pt (violet/dot-dashed and black/solid) to IA mitigation scenarios (violet/long-dashed and
black/dashed).

focuses

the science case to e.g., neutrino physics and cosmological tests of
gravity (Joyce et al. 2015; Bull et al. 2015).

• Prior information Prior information (from external data sets)
should only be included if individual analysis of these data sets
yield compatible results. Tension between data sets indicates new
physics or insu�cient modeling of systematics and needs to be re-
solved before pursuing a joint analysis. It must also be considered
whether the external data set is independent or correlated; the latter
case requires a joint analysis, whereas in the former case is it per-
mitted to multiply the individual posterior probabilities. We note
that in the era of precision cosmology prior information from the
CMB can longer be assumed to be independent of low-z probes.
Even correlations between SN1a and the probes considered in this
paper should be examined, since both a↵ected by magnification ef-
fects and o↵sets in the photometric calibration.

• Probes In terms of basic signal-to-noise considerations, it may
seem highly desirable to include as many probes as possible into
the data vector. However, every probe is associated with systematic
uncertainties and while some of these uncertainties (e.g., instru-
mental) can be modeled similarly across all probes, the modeling
accuracy of astrophysical uncertainties may vastly di↵er. Adding
probes with weakly/unconstrained astrophysical uncertainties, that
translate into additional model parameters with weak/non-existing
priors, is penalized in model comparison, e.g. when computing the
Bayes factor. In such cases it can be favorable to exclude the corre-
sponding probe.

• Summary statistics N-point functions in Fourier and Real
space are an established way to quantifying the information content
of probes that trace the density field. Models for Fourier space sum-
mary statistics, such as power-, bi-, tri-spectra, are faster to evaluate
as a function of cosmology and systematics. A direct reconstruction
of the E-mode shear spectra in Fourier however su↵ers from leak-
age (mixing) of E- and B-modes due to finite survey size, masking,
pixelization and binning (Smith 2006; Becker 2013).

Real space measurements of e.g., two-, three-, four-point func-
tions are much less sensitive to masking e↵ects and can cleanly
separate E- and B-modes in case of cosmic shear (Schneider et al.
2010; Eifler 2011; Becker 2013). However, these methods are
slower and require a precise computational implementation when

Fourier-transforming the modeled spectra and, in particular, when
Fourier-transforming corresponding covariances.
• Minimum and maximum angular scales The small-scale

(high-l) limit of the data vector is largely determined by our abil-
ity to model baryonic e↵ects, non-linear evolution of the matter
density field and galaxy biasing. It is hence directly related to res-
olution and physics modeling requirements of numerical simula-
tions and their post-processing. On large scales instrumental e↵ects
(camera field of view, chip gaps) can play an important role. It is
critical to carefully weigh the gain in information compared to the
required systematics modeling when pushing either of these bound-
aries.
• Number of redshift bins Decision drivers are the accuracy of

photometric redshifts, astrophysical systematics that vary strongly
with redshift (e.g., galaxy bias for a galaxy sample with a compli-
cated selection function, and galaxy intrinsic alignment), and the
redshift sensitivity of the science case. Strong redshift dependence
of systematics favors multiple narrow tomographic bins for self-
calibration concepts; the same is true for dark energy models that
vary strongly as a functions of redshift.
• Number of angular bins Similar to the number of redshift

bins one needs to determine the threshold when information satu-
rates for a given range in scales. This is of particular importance
since recent studies find strong correlation across bins, even in
Fourier space, (e.g., Sato et al. 2009). The number of total bins
in the joint data vector can also be limited by the number of in-
dependent realizations that can be generated for covariance esti-
mation (Dodelson & Schneider 2013; Taylor et al. 2013; Hartlap
et al. 2007). We recommend exploring methods for multi-probe
data compression (e.g., Eifler et al. 2014) and advanced estimation
concepts for covariances (Pope & Szapudi 2008).

6 Conclusions

The joint and consistent modeling of cosmological probes includ-
ing their correlated signals and systematics is one of the main
challenges for ongoing and (even more) for future surveys. In this
paper we present simulated likelihood analyses for an LSST like
data set that include cosmological information from cosmic shear,
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Figure 1. The assumed redshift distribution with 5 tomography bins for
DES (top) and LSST/Euclid (bottom).

dom realizations with di↵erent values for the DC mode (Gnedin,
Kravtsov & Rudd 2011) of a 200h�1 comoving Mpc box with 5123

dark matter particles and a factor of several larger number of adap-
tively refined cells (which are dynamically created and destroyed
in the course of the simulation to maintain required spatial resolu-
tion). Spatial resolution (the size of the most refined cells) of all
simulations is set to 3h�1 comoving kpc. The first set of simula-
tions is dissipationless and treats dark matter only. The second set
(AD) includes only ”adiabatic” (i.e. non-radiative) hydrodynamic
processes. The third set (CW) includes radiative cooling (but no
radiative heating) with primordial abundances of hydrogen and he-
lium. The fourth set (CX) includes radiative cooling with the cool-
ing function that corresponds to solar-metallicity gas; that cooling
function is applied to all gas in the simulation, even to the deep-
est voids, and, hence, is physically unrealistic. The CX set should,
therefore, be considered as an extreme limit of gas cooling.

3.2 Projected shear power spectra from the baryonic
scenarios

The three sets of simulations described in Sect. 3.1 have di↵erent
input cosmologies. In order to create a coherent set of baryonic sce-
narios we assume that the cosmology dependence enters through
the dark matter power spectrum only and “re-normalize” the 3D
density power spectra for each baryonic scenario via

Pbary,theory
� (k, z) =

Pbary,sim
� (k, z)

PDM,sim
� (k, z)

PDM,theory
� (k, z) (9)

where Pbary,sim
� (k, z) denotes the joint dark+baryonic power spec-

trum from a given simulation, PDM,sim is the corresponding dark
matter only power spectrum, and PDM,theory

� is the dark matter power
spectrum calculated from CosmoLike (see Sect. 4.1 for details) as-
suming a Planck+WMAP polarization best-fit cosmology.

In each case, the simulations treat finite volumes and have lim-
ited resolutions, so the simulated spectra alone do not su�ce to
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Figure 2. The shear tomography power spectra for the five auto z-bins com-
puted at the fiducial cosmological model. The black line corresponds to the
dark matter scenario, the shaded area spans the range of uncertainty from
baryonic physics.
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Figure 3. The ratio of shear tomography power spectra of di↵erent baryonic
scenarios with respect to the dark matter only scenario for the lowest auto-
correlation tomography bin.

cover the entire range of wave numbers needed. As such, it is nec-
essary to extrapolate simulation results using a particular theoreti-
cal model. The Rudd et al. (2008) simulations pose the most strin-
gent constraints on the range of k and z, i.e. matter power spectra
are accurate over a range of k 2 [0.3; 10]h/Mpc, where the lower
k-limit is a consequence of simulation size, and over a range of
z 2 [0.0; 2.0]. Outside the k-ranges we extrapolate P� with a theo-
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dom realizations with di↵erent values for the DC mode (Gnedin,
Kravtsov & Rudd 2011) of a 200h�1 comoving Mpc box with 5123

dark matter particles and a factor of several larger number of adap-
tively refined cells (which are dynamically created and destroyed
in the course of the simulation to maintain required spatial resolu-
tion). Spatial resolution (the size of the most refined cells) of all
simulations is set to 3h�1 comoving kpc. The first set of simula-
tions is dissipationless and treats dark matter only. The second set
(AD) includes only ”adiabatic” (i.e. non-radiative) hydrodynamic
processes. The third set (CW) includes radiative cooling (but no
radiative heating) with primordial abundances of hydrogen and he-
lium. The fourth set (CX) includes radiative cooling with the cool-
ing function that corresponds to solar-metallicity gas; that cooling
function is applied to all gas in the simulation, even to the deep-
est voids, and, hence, is physically unrealistic. The CX set should,
therefore, be considered as an extreme limit of gas cooling.

3.2 Projected shear power spectra from the baryonic
scenarios

The three sets of simulations described in Sect. 3.1 have di↵erent
input cosmologies. In order to create a coherent set of baryonic sce-
narios we assume that the cosmology dependence enters through
the dark matter power spectrum only and “re-normalize” the 3D
density power spectra for each baryonic scenario via

Pbary,theory
� (k, z) =

Pbary,sim
� (k, z)

PDM,sim
� (k, z)

PDM,theory
� (k, z) (9)

where Pbary,sim
� (k, z) denotes the joint dark+baryonic power spec-

trum from a given simulation, PDM,sim is the corresponding dark
matter only power spectrum, and PDM,theory

� is the dark matter power
spectrum calculated from CosmoLike (see Sect. 4.1 for details) as-
suming a Planck+WMAP polarization best-fit cosmology.

In each case, the simulations treat finite volumes and have lim-
ited resolutions, so the simulated spectra alone do not su�ce to
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Figure 2. The shear tomography power spectra for the five auto z-bins com-
puted at the fiducial cosmological model. The black line corresponds to the
dark matter scenario, the shaded area spans the range of uncertainty from
baryonic physics.
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Figure 3. The ratio of shear tomography power spectra of di↵erent baryonic
scenarios with respect to the dark matter only scenario for the lowest auto-
correlation tomography bin.

cover the entire range of wave numbers needed. As such, it is nec-
essary to extrapolate simulation results using a particular theoreti-
cal model. The Rudd et al. (2008) simulations pose the most strin-
gent constraints on the range of k and z, i.e. matter power spectra
are accurate over a range of k 2 [0.3; 10]h/Mpc, where the lower
k-limit is a consequence of simulation size, and over a range of
z 2 [0.0; 2.0]. Outside the k-ranges we extrapolate P� with a theo-
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1) Compute shear tomography power spectra from 14 numerical simulations with 
different baryonic physics

Work from TE, Krause, Dodelson et al ‘15
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Figure 5. Cosmological constraints for a LSST/Euclid survey assuming di↵erent underlying baryonic scenarios for our Universe, i.e. pure dark matter
(black/solid), strong AGN feedback (red/dashed), extreme cooling (blue/dot-dashed), and moderate cooling (green/long-dashed), which are unaccounted for
in the likelihood analysis. The scenarios are detailed in Sect. 3.1.

can be described by the dark matter distribution within halos on
small scales, and is dominated by the clustering properties of halos
and their abundance on large scales. In this model, the trispectrum
splits into five terms describing the 4-point correlation within one
halo (the one-halo term T 1h), between 2 to 4 halos (two-, three-,
four-halo term), and a so-called halo sample variance term THSV,
caused by fluctuations in the number of massive halos within the
survey area,

T = T0 + THSV = [T1h + T2h + T3h + T4h] + THSV . (17)

The two-halo term is split into two parts, representing correlations
between two or three points in the first halo and two or one point in
the second halo. As halos are the building blocks of the density field
in the halo approach, we need to choose models for their internal
structure, abundance and clustering in order to build a model for
the trispectrum.

Our implementation of the one-, two- and four-halo term con-
tributions to the matter trispectrum follows Cooray & Hu (2001),
and we neglect the three-halo term as it is subdominant com-
pared to the other terms at the scales of interest for this analy-
sis. Specifically, we assume NFW halo profiles (Navarro, Frenk &
White 1997) with the Bhattacharya et al. (2011) fitting formula for
the halo mass–concentration relation c(M, z), and the Tinker et al.
(2010) fit functions for the halo mass function dn

dM and linear halo
bias b(M) (all evaluated at � = 200), neglecting terms involving
higher order halo biasing.

Within the halo model framework, the halo sample variance
term is described by the change of the number of massive halos
within the survey area due to survey-scale density modes; following
Sato et al. (2009) it is calculated as

c
� 0000 RAS, MNRAS 000, 000–000

Not accounting for baryons - LSST like survey

Black x: true underlying cosmology for all sims 
Black: DM sim analyzed with DM code 
Red: AGN sim analyzed with DM code 
Blue: CX sim analyzed with DM code 
Green: CW sim analyzed with DM code

Survey parameters 
- LSST scenario  
  (18000 deg^2, 26 gal/arcm^2 ) 
- 7 cosmological parameters



PCA-marginalization/Mode removal 

1) At each point in cosmology define set

2) Calculate differences to DM → create matrix

 3) SVD on difference matrix → cols of U contain PCs

 4) Perform likelihood calculation in PC space

   5) Project out the baryon sensitive PCs
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Figure 6. This plot shows the uncertainty range spanned by the baryonic scenarios, centralized around the DM scenario, when excluding one (second panel) two
(third panel), and four (fourth panel) PCs comapred to the original uncertainty range (left panel). The three panel rows show three tomographic autocorrelation
power spectra for LSST/Euclid.

Table 4. Projection angle of the di↵erence vectors (Ci j
bary(l) � Ci j

DM(l)) onto the PCs (see Eq. 20) and fraction of this di↵erence vector that is captured by the
PC subspace (see Eq. 21).

DES LSST
Baryonic Scenario | cos ✓1 | V1 | cos ✓2 | V2 | cos ✓3 | V3 | cos ✓4 | V4 | cos ✓1 | V1 | cos ✓2 | V2 | cos ✓3 | V3 | cos ✓4 | V4
AGN 0.98 0.98 0.17 1 0.002 1 0.0097 1 0.95 0.95 0.31 1 0.026 1 0.00056 1
NOSN 0.87 0.87 0.47 0.99 0.11 1 0.047 1 0.97 0.97 0.1 0.98 0.052 0.98 0.21 1
NOSN NOZCOOL 0.88 0.88 0.46 1 0.087 1 0.04 1 0.96 0.96 0.18 0.98 0.06 0.98 0.18 1
NOZCOOL 0.43 0.43 0.86 0.96 0.001 0.96 0.27 1 0.99 0.99 0.085 0.99 0.078 1 0.051 1
REF 0.63 0.63 0.77 1 0.09 1 0.03 1 0.99 0.99 0.097 1 0.05 1 0.048 1
WDENS 0.99 0.99 0.12 1 0.018 1 0.024 1 0.88 0.88 0.44 0.99 0.14 1 0.0074 1
DBLIMFV1618 0.99 0.99 0.13 1 0.003 1 0.0065 1 0.95 0.95 0.31 1 0.031 1 0.0058 1
WML4 0.61 0.61 0.78 0.99 0.05 0.99 0.14 1 0.99 0.99 0.069 1 0.06 1 0.037 1
WML1V848 0.98 0.98 0.21 1 0.012 1 0.025 1 0.97 0.97 0.26 1 0.025 1 0.005 1
AD 0.98 0.98 0.21 1 0.056 1 0.013 1 0.3 0.3 0.95 0.99 0.002 0.99 0.086 1
CX 0.76 0.76 0.64 1 0.015 1 0.00035 1 0.99 0.99 0.16 1 0.0015 1 0.00077 1
CW 0.97 0.97 0.23 1 0.014 1 0.0078 1 0.87 0.87 0.49 1 0.03 1 0.031 1
A 1 1 0.079 1 0.036 1 0.026 1 – – – – – – – –
CSF 0.98 0.98 0.2 1 0.032 1 0.006 1 – – – – – – – –

In addition to the analysis in Fig. 6 we determine the number
of PCs by examining the projections of di↵erence vectors �↵ onto
the PC subspaces. Recall that for each baryonic scenario ↵ we cal-
culate a di↵erence vector �↵. We can project each of these vectors
onto the subspace spanned by the PC modes that are removed. In
particular we compute the absolute value of the cosine of the pro-
jection angle

cos ✓↵i =
�↵ · PCi

|�↵||PCi|
, (20)

between the ↵-th di↵erence vector and i-th PC. The corresponding
PC captures all baryonic uncertainty of scenario ↵ if | cos ✓↵i | = 1
and none if | cos ✓↵i | = 0. When removing n PCs we can define the
fraction of the di↵erence vector that falls into the space spanned by

the PCs as

Vn =

vt
nX

i

cos2 ✓↵i . (21)

Table 4 show ✓↵i and Vn for all the simulations. Even removing two
modes seems su�cient to remove the di↵erences caused by bary-
onic e↵ects. This analysis shows impressively that the baryonic
scenarios for both DES and LSST/Euclid are almost completely
captured within PCA subspaces of relatively low dimensionality;
when using a four-dimensional PC space the worst scenarios is still
to 99.5% per cent within the PCA-volume.
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PCA-marginalization/Mode removal 

2) Transform C(l) to PC space -> remove contaminated modes -> transform back to C(l)
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Figure 9. Cosmological constraints for a LSST/Euclid survey when using the PCA mitigation technique. The results shown assume that the baryonic physics
of the Universe follows the AGN scenario (i.e. the most extreme baryonic scenario). We remove three and four PC modes (blue/dashed and green/long-dashed,
respectively) and compare the results to the untreated AGN scenario (red/dashed) and to a pure DM scenario (black/solid).

(pbest fit
� pfid)2/�2. Under the assumption that this ��2 is drawn

from a chi squared distribution, a value larger than one would indi-
cate a problem at 68%; larger than 4 at 95%; and larger than 9 at
99.7%.

For our seven parameter case, we generalize to

��2 = (pfid
co � pbary,best fit

co )t C�1
pco (pfid

co � pbary,best fit
co ), (22)

where the covariance matrix is determined via

Ci j
pco =

1
N � 1

NX

k=0

⇣
hpi

coi � pik
co

⌘ ⇣
hp j

coi � p jk
co

⌘
(23)

with hpi
coi indicating the mean of the ith cosmological parameter

(i, j 2 [1, 7]), and k 2 [1,N] being the index running over all
steps in the MCMC chain. Again assuming this is distributed in
the seven-dimensional cosmological parameter space as a �2 dis-
tribution with seven degrees of freedom, we find the critical ��2

values that correspond to 68%, 95%, and 99% confidence regions
are 8.14, 14.07, and 18.48, respectively.

In Tables 5 and 6 (also see Figs. 8 and 10 ), we show the best fit
values of all the parameters with the marginalized error bars and the
��2 as defined in Eq. (22). We find severe biases in cosmological

constraints for DES if the extreme baryonic scenarios are analyzed.
For example, when analyzing the AGN feedback scenario the prob-
ability of the fiducial cosmology is outside the ↵ = 99.9999998%
confidence interval. For scenarios that only slightly di↵er from a
pure DM Universe, such as the adiabatic (AD) scenario the bias is
substantially less severe (within the 68% region) but still notewor-
thy.

As expected the impact of baryonic physics is more impor-
tant for LSST. For example, the analysis of the AD scenario for an
LSST/Euclid-like experiment rejects the fiducial cosmology more
strongly (outside the ↵ = 99.9999999% confidence interval) than
the AGN scenario does for DES. When analyzing the AGN sce-
nario for a LSST/Euclid survey, the fiducial cosmology is outside
the ↵ = exp(�5 ⇥ 10�27) (a number that is considered 1 by almost
any calculator) interval.

Focusing on the LSST case, we see that - in accord with the
2D projections shown in the figures - the biases are extremely large
for all baryonic scenarios if no mitigation scheme is used. As more
modes are removed, the fits get significantly better, e.g., ��2 drops
from 55.8 to 1.58 and 2.27 for the AD scenario when removing 3
and 4 PCs, respectively. For the AGN scenario we find a similar be-
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PCA marginalization used in likelihood analysis  
Extreme AGN scenario used as example
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Figure A4. Cosmo-
logical constraints
for a LSST/Euclid
survey assuming
di↵erent underlying
baryonic scenarios
for our Universe,
i.e. pure dark mat-
ter (black, solid),
strong AGN feed-
back (red, dashed),
extreme cooling
(blue, dot-dashed),
and moderate
cooling (green,
long-dashed). The
scenarios are de-
tailed in Sect. 3.1.
Results shown here
include priors front
the Planck mission.
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Figure A5. Cosmo-
logical constraints
for a LSST/Euclid
survey with Planck
priors when using
the PCA mitigation
technique. The re-
sults shown assume
that the baryonic
physics of the Uni-
verse follows the
AGN scenario (i.e.
the most extreme
baryonic scenario).
We remove three
and four PC modes
(blue/dashed and
green/long-dashed,
respectively) and
compare the results
to the untreated
AGN scenario
(red/dashed) and to
a pure DM scenario
(black/solid).
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Same as before but with Planck Priors



Similar Study on Galaxy Intrinsic Alignment 
contaminating LSST WL can be found in  

Krause, TE, Blazek ’16

Moving on to Synergies with External Data 
Sets



Systematics control: External data sets
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!
• Within the Dark Energy Survey, 

dust is one of the main concerns 
for high-precision photometry 

• Use SPHEREx to solve LSST dust 
problems 

• Many other SPHEREx-LSST 
synergies (LSST Y1)



Systematics control: External data sets

• LSST- DESI overlap is highly 
desirable  

• Difficult since Airmass “prohibits” 
U-band (324- 395nm) 
observations in the north

“99#Luftballons”#
Tim#Eifler#(JPL/CalTech)#email:#tim.eifler@jpl.nasa.gov#

#
Discover)how)the)universe)works,)explore)how) it)began)and)evolved# is# one# of#NASA’s#major#
mission#objectives#(NASA#Strategic#Plan#2014).#The#nature#of#cosmic#acceleration,#the#mass#
of# neutrinos,# testing# the# laws# of# gravity# on# very# large# scales,# constraining# inflationary#
scenarios,#and#understanding#the#formation#and#evolution#of#galaxies#and#cosmic#structures#
are#at#the#core#of#several#NASA#missions.#The#James#Webb#Space#Telescope#(JWST),#Euclid,#
and# the# WideRField# Infrared# Survey# Telescope# (WFIRST),# but# also# DOE’s# groundRbased#
Large#Synoptic#Survey#Telescope#(LSST)#focus#on#these#areas#of#astrophysical#research.#
These#missions# are# highly# synergistic: LSST#will# cover# 18,000# deg2# in# 6# optical# bands# to#
~27th#iRband#magnitude#depth;#it’s#image#quality#however#is#limited#by#Earth’s#atmosphere.#
Euclid# will# cover# 15,000# deg2# with# exquisite# image# quality# but# it# is# 2.5# magnitudes#
shallower,# it#only#uses#one#broad#optical#band,#and# it#only#overlaps#with#LSST# for#~6,000#
deg2.#WFIRST#will#be#as#deep#as#LSST#but#will#only#cover#2,100#deg2.#When#combined#and#
carefully#coordinated# these#missions#are#superior# to# the#sum#of# their#parts,#however# they#
fall#short#of#the#“99#Luftballon”#mission#concept.#
This# concept# is# based# on#NASA’s# recently# developed#UltraRLong#Duration#Balloon# (ULDB)#
capability,#which#enables# a# combination#of#diffraction# limited#angular# resolution,# extreme#
stability,#spaceRlike#backgrounds,#and#long#mission#duration#(~100#days).#The#combination#
of#lightweight#mirrors#and#advanced#detector#technology#enables#the#design#of#large#ULDB#
missions# (2+m#mirror#with# Gpix# camera)# that# have# significant# advantages# in#wavelength#
coverage# and# image# quality# compared# to# the# ground# and# significant# cost# advantages#
compared#to#space#missions.##
It# is# only# logical# to# consider# the# science# potential# of# multiple# large# ULDB# missions# that#
follow#a#similar#design;#we#envision#a#wideRfield#camera#similar# to#Euclid#VIS# instrument,#
which# observes# in# 1# broad# optical# band# (550R900nm)# to# maximize# photon# throughput.#
Table#1#shows#our#assumed#mission#parameters#for#a#single#Small#(1.2m#mirror#diameter),#
Medium#(1.8m),#Large#(2.4m)#ULDB#flight.#We#note#that#in#addition#to#the#mirror#size#(Table#
1# actually# specifies# the# mirror# area),# we# increase# the# camera# FieldRofRView# (FoV)# when#
going# from#Small# to#Large,#which# implies#a# significant# increase#of#number#of#pixels#of# the#
detector.#The#last#row#in#Table#1#shows#the#covered#area#of#the#ULDB#mission#compared#to#
the#6Ryear#Euclid#mission.##

Following# Table# 1# we# find#
that#2#Large#ULDB#missions#
can# cover# as# much# as#
16,000#deg2#at#Euclid#depth#
and# imaging# quality.# An#
increase# of# the# survey#
depth# from#24.5# to#27# (aka#
LSST# or# WFIRST# depth)#
increases# the# required#
survey# time# by# a# factor# of#
~10# (flux# scales# as# 2.5(27R

24.5)),#which#translates#to#approximately#20#Large#ULDB#missions#for#the#16,000#deg2.##
An# improved#version#of# this#mission#concept#would#replace# the#broad#550R900nm#optical#
band#with#narrower#multiRband#photometry.#This#allows#for#obtaining#redshift#information#
of# the# observed# galaxies# and# it# enables# more# precise# modeling# of# the# (wavelength#
dependent)# PSF.# A# first# order# calculation# (assuming# that# signalRtoRnoise# scales# with# the#
width#of#the#filter)#shows#that#99#ULDBs#can#cover#the#16,000#deg2#at#LSST/WFIRST#depth#

• Idea: Use NASA’s newly 
developed Ultra-Long 
Duration Balloon Capability 
to get U-band coverage 

• Test Mission (SuperBIT) 
launches Spring ’17 or ‘18



The LSST Awakens (soon)

statistical uncertainties only

EK & Eifler, in prep.

clustering + lensing

Pre
lim

inary
 

• LSST Y1 will cover 18,000 
deg2 to r-mag ∼ 25.5 AB 

• Realistic Cosmology 
Forecasts (Non-Gaussian 
covs) show that area is 
much more important than 
number density of galaxies 
(Cosmic Variance is more 
important than Noise terms) 

• LSST Dark Energy Prime 
Time will come early (2023) 



Why am I excited about LSST ?

6 Krause & Eifler
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Figure 2. Individual vs. multi-probe cosmological constraints. We show projected cosmological constraints for clustering (orange/dot-long dashed), cosmic
shear (red/dashed), cluster number counts (blue/dot-dashed) individually. The 3x2pt multi-probe contours (green/long-dashed) include information from clus-
tering, cosmic shear, and galaxy-galaxy lensing; the black/solid contours add information from cluster number counts and cluster weak lensing to the 3x2pt
data vector, altogether 2413 data points.

examine the impact of the covariances’ input cosmology on likeli-
hood contours in Sect. 4.3.

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (21)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

3.4 Results - baseline scenario

Results of our baseline LSST likelihood analysis simulation are
shown in Fig. 2. All contours include systematic e↵ects that are
associated with the corresponding probe(s). Correspondingly, the
dimensionality of the likelihood analyses di↵ers substantially; it
ranges from 15 for the cluster number count analysis to 45 for the
joint analysis of all 5 probes considered in the data vector.

We find that the galaxy clustering analysis with the imposed
cut-o↵ scale of Rmin = 10.0Mpc/h is strongly a↵ected by system-
atics, most likely our unconstrained galaxy bias. Cosmic shear in
itself has relatively tight constraints, however we see a substan-
tial increase when combining the two aforementioned probes with
galaxy-galaxy lensing (denoted as 3x2pt).

Whereas cluster number counts alone gives the weakest con-
straints overall, it is extremely promising when combining it with
the 3x2pt scenario and adding cluster weak lensing to calibrate
cluster masses. The information gain from 3x2pt to the scenario
where all probes are included is remarkable. One reason is the fact
that clusters contribute small scale clustering information from the
1H-term, which is not present in the clustering or galaxy-galaxy
lensing data (also see Sect. 4.2). Another reason to caution against
overestimating the e↵ect of clusters is the fact that we have not
yet considered galaxy cluster mis-centering, assembly bias and
stochasticity as additional uncertainties.

MNRAS 000, 1–13 (2014)
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Figure 2. Individual vs. multi-probe cosmological constraints. We show projected cosmological constraints for clustering (orange/dot-long dashed), cosmic
shear (red/dashed), cluster number counts (blue/dot-dashed) individually. The 3x2pt multi-probe contours (green/long-dashed) include information from clus-
tering, cosmic shear, and galaxy-galaxy lensing; the black/solid contours add information from cluster number counts and cluster weak lensing to the 3x2pt
data vector, altogether 2413 data points.

examine the impact of the covariances’ input cosmology on likeli-
hood contours in Sect. 4.3.

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (21)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

3.4 Results - baseline scenario

Results of our baseline LSST likelihood analysis simulation are
shown in Fig. 2. All contours include systematic e↵ects that are
associated with the corresponding probe(s). Correspondingly, the
dimensionality of the likelihood analyses di↵ers substantially; it
ranges from 15 for the cluster number count analysis to 45 for the
joint analysis of all 5 probes considered in the data vector.

We find that the galaxy clustering analysis with the imposed
cut-o↵ scale of Rmin = 10.0Mpc/h is strongly a↵ected by system-
atics, most likely our unconstrained galaxy bias. Cosmic shear in
itself has relatively tight constraints, however we see a substan-
tial increase when combining the two aforementioned probes with
galaxy-galaxy lensing (denoted as 3x2pt).

Whereas cluster number counts alone gives the weakest con-
straints overall, it is extremely promising when combining it with
the 3x2pt scenario and adding cluster weak lensing to calibrate
cluster masses. The information gain from 3x2pt to the scenario
where all probes are included is remarkable. One reason is the fact
that clusters contribute small scale clustering information from the
1H-term, which is not present in the clustering or galaxy-galaxy
lensing data (also see Sect. 4.2). Another reason to caution against
overestimating the e↵ect of clusters is the fact that we have not
yet considered galaxy cluster mis-centering, assembly bias and
stochasticity as additional uncertainties.
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Check single 
Probes for 

Consistency
1. LSST Y1 data 

2. LSST Y1 data + SPHEREx + Planck

3. LSST Y10 data WFIRST + + CMB-S4

Multi-Probe with LSST and Multi-Survey 
around LSST Cosmology

• Learn about systematics (Simulated analyses, DES, HSC) 

• Think about Ultra-Long Duration Balloon Synergies

Until then…


