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What causes cosmic acceleration?

We need measurements other than the expansion rate.

Is it dark energy?

General relativity 
needs extension!

no

Is it a cosmological constant?

yes

Is it dynamic dark energy?

no

Why is it so small?

yes

What is it?

no

What is the time evolution?

yes
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Dark energy slows down the growth of 
large-scale structure

Counting the density peaks as a function of time can help 
us constrain dark energy parameters.

Sims: Jenkins et al. (1998)

100% dark matter

30% dark matter;
70% dark energy slower evolution

faster evolution

�3



Galaxies

2%

Dark matter halo

88%

Hot gas

10%

Galaxy clusters: the highest density peaks

Mass ~ 1014 to 1015 M⊙ 
 Size ~ a few million parsecs (Mpc)

Richness ~ number of galaxies in a cluster
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Measuring dark energy using the number 
counts of galaxy clusters
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dependence

We need to infer cluster mass from observable properties. 
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Impact of scatter

True mass

True 
counts

Scatter between mass 
and observable

True mass

Richness

Richness

Inferred 
counts

Scatter can mimic 
the effect of low 

dark energy!
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Example from SDSS

Costanzi et al. (2019)

Bands: observation. Points: best-fitting model

Richness

N
um

be
r o

f c
lu

st
er

s

M
ea

n 
m

as
s o

f c
lu

st
er

s

Richness

DES results will be published in a few weeks!
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Mean mass comes from stacked lensing.



Inferring cluster mass from weak lensing
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More massive

Less massive

Lensing signal: tangential shear (γt)
∝ excess surface mass density (∆Σ)
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Stacking the weak lensing effect

Combining the weak 
lensing signal of clusters 
of similar “richness” (# 
of galaxies)
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Stacking the weak lensing effect

Combining the weak 
lensing signal of clusters 
of similar “richness” (# 
of galaxies)
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Stacking the weak lensing effect
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Deriving the mean mass of  
clusters in a richness bin 
from the stacked lensing

= + + + …

higher galaxy #:
more massive

lower galaxy #: 
less massive

!11



How do we calculate the error bars if we 
stack all clusters in our survey? 

Ideally, we simulate many realizations of our survey (number of 
realizations >> number of data points) and calculate the covariance among 
realizations.  It’s incorrect to use halo-to-halo covariance.
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Simulations vs. Analytical Calculations

• Analytical calculations: inaccurate at medium/small scales
• Ray-tracing sims: limited to > 1 Mpc, expensive to run
• We combine high-resolution N-body sims with analytical 

calculations, cross-checking with ray-tracing sims.
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Three major components of cluster lensing 
covariance matrices

1.  Shape noise (~1/Ngal)
2.  Large-scale structure (analytical calculations)
3.  Intrinsic variation of halo density profile 

(small-scale, N-body sims)
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Shape noise due to intrinsic galaxy ellipticities

• ∝ 1/Ngal

• Dominating most of 
current surveys 
(nsrc~10 gal/
arcmin2)

• Mostly diagonal
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 Noise from Large-Scale Structure

• It dominates large-scale lensing error (where cluster 
signal is low and shape noise is also low).

• It can be calculated analytically assuming Gaussian 
random field.

Figure from Millennium Simulation !16



Noise from Intrinsic Variation of Halo 
Density Profiles

•Halos have diverse 
projected density 
profiles due to 
different concentration, 
triaxial shape, 
substructure, etc.

Abacus simulations
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Combining N-body simulations and analytical 
calculations
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Wu et al. (1907.06611)!18



Analytical part: Gaussian random fields

Wu et al. (1907.06611)

LSS 

clustering 
of  clusters

Noise of 
cluster counts

Noise of 
shear

cross term 
(cluster profile)

cluster shot 
noise

shape noise

replaced by 
simulations

Both the cross term and the 
non-Gaussian contribution 
are calculated with N-body 
simulations.
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Diagonal vs. off-diagonal elements

Off-diagonal elements decrease rapidly, especially at large-
scales.

Wu et al. (1907.06611)!22



Importance of diagonal elements

101 102

nsrc [arcmin�2]

10�3

10�2
s f

15 bins; solid: full matrix, dash: diag

M � 1e+14 [M�/h]

M � 4e+14 [M�/h]

Higher mass:
full matrix

Lower mass: 
full matrix

Lower mass: 
diag only

Higher mass:
diag only

co
ns

tr
ai

nt
 o

n 
a 

m
ul

tip
lic

at
iv

e 
pa

ra
m

et
er

 o
f l

en
si

ng
 si

gn
al

lower shape noise Wu et al. (1907.06611)!23



0 2 4 6 8
off-diagonal lines used

0.4

0.5

0.6

0.7

0.8

0.9

1.0

s f
(p

ar
tia

lc
ov

)/
s f

(f
ul

lc
ov

)

zh = 0.5,zs = 1.25, M � 1e+14, 15 bins

10 arcmin�2

20 arcmin�2

60 arcmin�2

no shape noise

Importance of diagonal elements

only 3 lines near the 
diagonal (0.6 dex separation 
in radius) are needed to 
avoid under estimation
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Cross-mass bin covariance
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In the absence of shape noise, the cross-mass covariance is 
negligible. Wu et al. (1907.06611)!25



Can we do cluster cosmology 
using only correlation functions 

(without number counts)? 
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Cluster lensing

Cluster galaxy 
cross correlation

Galaxy 
auto correlation

Correlations between clusters, galaxies, and 
dark matter

3 unknowns, 3 observables
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Cluster lensing

Cluster galaxy 
cross correlation

Galaxy 
auto correlation

observable-mass relation

galaxy-halo connection

Constraining nuisance parameters

both
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Andres Salcedo
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Summary

• The number vs. mass of galaxy clusters is a sensitive 
probe of growth of structure and cosmic acceleration.  

• Current surveys like DES are limited by shape noise.  
For future surveys like LSST and WFIRST, the noise will 
be dominated by large-scale structure and halo profile 
variance.  We combine simulations and analytical 
calculations to achieve the required precision.

• Cross-correlation functions of clusters, galaxies, and 
lensing provide a promising method for constraining 
scatter and cosmology simultaneously.
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