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Introduction
Cosmological Surveys and Challenges

I The study of cosmology has experienced a rapid progress in the last few
decades.

I Thanks to surveys such as WMAP (Hinshaw et al., 2013) & PLANCK
(Planck Collaboration et al., 2016), the energy content of the Universe at
the present epoch has been well characterized as:

I dark energy (∼ 70%)
I dark matter (∼ 25%)
I baryonic matter (∼ 5%)

I The modern approach relies on the use of large surveys using statistical
quantities.

I Galaxy clusters are the largest structures in the Universe. The abundance
is extremely sensitive to expansion and to growth of perturbations.
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Introduction
Basics of Cosmology

Einstein Equation

Gµν − Λgµν = 8πG Tµν

FRW Metric

ds2 = dt2 − a2 (t)
[
dχ2 + f 2(χ)dα2]

Friedmann’s equations

H2(a) =
8πG

3
ρ̄(a)

ä
a

= −4πG
3

[
ρ̄(a) + 3P̄(a)

]
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Introduction
Basics of Cosmology

Hubble Factor

H(z) = H0

√
ΩΛ + Ωk (1 + z)2 + Ωm(1 + z)3 + Ωr (1 + z)4
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Introduction
Galaxy Clusters

I Dark Matter Halos
I Galaxy Agglomeration
I Several Observational probes (Optical, X-Ray, SZ)

MACS J0717.5+3745 IDCS J1426 ESO 1514a
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Halo Abundance Formalism
Halo Mass-function

Fraction of Matter in Halos

F (M) =
1√

2πσ(M)

∫ ∞

δc

dδ exp
[
− δ2

2σ2(M)

]
=

1
2

erfc
[

δ2c√
2σ(M)

]

Press and Schechter (1974)

The differential comoving mean halo number density

dn̄
d ln M

= − ρ̄m

M
dF

d ln M
=
ρ̄m

M
d lnσ−1

d ln M

√
2
π

δc

σ
exp

[
− δ2

c

2σ2

]

dn̄(z,M)

d ln M
=
ρ̄m

M
d lnσ−1

d ln M
f (σ)
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Halo Abundance Formalism
Halo Mass-function

Mass-functions:
I Press and Schechter

(1974)
(Sphericall)

I Sheth et al. (2001)
(Ellipsoidal)

I Jenkins et al. (2001)
(Simulation)

I Tinker et al. (2008)
(Simulation)
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Observations of Galaxy Clusters

Techniques for Detecting Clusters
I X - ray Observations (Evrard et al., 1996; Vikhlinin et al., 2006; Clerc

et al., 2016)
I Sunyaev-Zel’dovich Effect (Carlstrom et al., 2002)
I Cluster Lensing (Dietrich and Hartlap, 2010; Marian et al., 2012;

Kacprzak et al., 2016; Peel et al., 2017)
I Optical Clusters

Observational Effects
I Mass-Observable Relation (Lima and Hu, 2007)
I Completeness and Purity (Aguena and Lima, 2016)

dn̄
d ln X

(Θcl ) =

∫
dVΘh

dn̄
d ln M

(Θh) W[cl,h]
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Observations of Galaxy Clusters
Object Finder

I Halo Finders
I Cluster Finders

Approaches of Finders
I Friends of Friends
I Spherical Overdensity

Optical Cluster Finders
I MaxBCG
I Farrens et al. (2011)
I VT3D (Abdalla et al. - in dev.)

I redMaPPer
I VT
I WaZp
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Observations of Galaxy Clusters
Observational Effects

Photometric Redshifts

P(zphot) =

∫ ∞

0
dz P(z)P(zphot|z)

Mass-Observable Relation
dn̄

dMobs =

∫ ∞

0
dM

dn̄
dM

P(Mobs|M)

Selection Function
Completeness c(M, z) and Purity p(Mobs, zphot)

Corrected Prediction

m̄α,i ≡ ∆Ω

∫ zphot
i+1

zphot
i

dzphot
∫

dz
DA(z)2

H(z)
P(zphot|z)

∫ Mobs
α+1

Mobs
α

dMobs
∫

dM
M

dn̄
d ln M

P(Mobs|M)
c (M, z)

p(Mobs, zphot)
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Statistical Methods
Likelihood

Posterior

P(Θ|OOO) ∝ L(OOO|Θ) Π(Θ)

Gaussian Likelihood

L =
1√

2π det (CCC)
exp


∑

ij

(Ni − m̄i ) C−1
ij (Nj − m̄j )

2




Poissonian Likelihood

L =
∑

i

Ni !m̄Ni
i

m̄i
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Statistical Methods
Likelihood - Fixing Parameter

L(Θ1,Θ2) ∝ exp
[
−Θ2

1 + Θ2
2 + Θ1Θ2

5

]
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Statistical Methods
Likelihood - Marginalizing over Parameters

L(Θ1,Θ2) ∝ exp
[
− (Θ1 − 3)2 + (Θ2 − 3)2 + (Θ1Θ2 − 9)2

5

]
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Statistical Methods
Fisher Matrix

I Assumes Gaussian distribution of the parameters
I Produces Forecasts
I Much Faster O(Npars) than sampling techniques O(104)

Fαβ = −
〈
∂2 lnL (ΘΘΘ)

∂Θα∂Θβ

〉

Likelihoods

Fαβ = m̄̄m̄m,αSSS−1m̄̄m̄m,β
T +

1
2

Tr
[
SSS−1SSS,αSSS−1SSS,β

]

Fαβ = m̄̄m̄m,αMMM−1m̄̄m̄m,β
T

Fαβ = m̄̄m̄m,αCCC−1m̄̄m̄m,β
T +

1
2

Tr
[
CCC−1SSS,αCCC−1SSS,β

]
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Statistical Methods
MCMC sampling

I Monte Carlo Markov Chain
I Sampling from probability distributions
I Much Faster O(104) than grid O(20Npars )

I Does not assume Gaussianity as FM

1. From a point Θ in parameter space, propose a random step Θs

(a) If P(Θs) > P(Θ): take the step (Θ→ Θs)
(b) Else: Generate a random number R ∈ [0 : 1]

i. If the ratio P(Θs)/P(Θ) > R: take the step (Θ → Θs)
ii. Else: Remain at the original point Θ

2. Repeat step 1 until the distribution of the parameters converge

I Usual formulation is not parallelizable
I Parallel implementation: emcee (Foreman-Mackey et al., 2013)
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Theoretical Results
Optical Effects on Cluster Dark Energy Constraints

How is the cluster cosmology affected by the optical effects?
I Aguena and Lima (2016)

Survey
I flat wCDM with Planck 2015 cosmology (h2Ωm,h2Ωb,w ,As,ns,ΩDE )
I priors of 1% on (h2Ωm,h2Ωb,As,ns)
I area of 5000 deg2, covariance within 500 cells of 10 deg2

I 0.1 ≤ z ≤ 1.0
I 7 Mass bins: Mobs

th = 1013.8M�/h, ∆ log[Mobs/(M�h−1)] = 0.2
I Mass-Observable distribution Gaussian in log space:

P(Mobs|M) =
1√

2πσ2
ln Mobs(M)

exp

[(
ln Mobs − ln M − ln Mobs

bias(M)
)2

2σ2
ln Mobs(M)

]
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Theoretical Results
Optical Effects on Cluster Dark Energy Constraints

Mass-Observable

ln Mobs
bias(z) = Ab + nb ln(1 + z)

σ2
ln Mobs(z,M)

0.22 = 1 + B0 + Bz(1 + z) + BM

(
ln Ms

ln M

)

*Ms = 1014.2M�/h

Completeness and Purity

c(M, z) =
[M/Mc(z)]nc

[M/Mc(z)]nc + 1
,

p(Mobs, z) =
[Mobs/Mobs

p (z)]np

[Mobs/Mobs
p (z)]np + 1
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Theoretical Results
Optical Effects on Cluster Dark Energy Constraints

Possibilities of Completeness and Purity

case (1): nc = 3 , np = 1
case (2): nc = 1 , np = 3

case (0): c(M) = 1 , p(Mobs) = 1
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Theoretical Results
Optical Effects on Cluster Dark Energy Constraints

Finding Bias Limit
I Bias inside the constraint:

b(Θα) ≤ γ
(
F−1)1/2

αα

where γ = 1,2,3 indicate biased
predictions inside the 68,95,99%
confidence levels.
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Theoretical Results
Optical Effects on Cluster Dark Energy Constraints

Improvements by including CP and Lowering Mth
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Theoretical Results
Optical Effects on Cluster Dark Energy Constraints

ΘOM ΘCP σ(ΩDE) σ(w)

fix fix 0.006 0.033
free fix 0.009 0.044
fix free 0.009 0.042

free free 0.010 0.046
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Simulation Results
BCC Dark Matter Halos

Simulation Specifications
I Aardvark v1.0 catalogs of the Blind Cosmology Challenge (BCC) - DES
I DM simulation (∼ 10,313 deg2, 0 < z < 2)
I DM halos (Behroozi et al., 2013, 2012) and galaxies
I Complete above ∼ 4.5× 1013M�h−1 (∼ 5× 1012M�h−1)
I ∼ 30 million halos

Theoretical Prediction Comparison
I 5 mass bins
I 20 redshift bins
I Survey was sub-divided into:

I 12 pixels (859 deg2)
I 48 pixels (214 deg2)
I 768 pixels (13 deg2)
I 49152 pixels (0.21 deg2)
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Simulation Results
BCC Dark Matter Halos

Testing Theoretical Abundance Prediction
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Simulation Results
BCC Dark Matter Halos

Testing Theoretical Abundance Prediction
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Simulation Results
BCC Dark Matter Halos

Testing Theoretical Covariance Prediction
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Simulation Results
BCC Dark Matter Halos

Constraining Cosmology

I DM Halos
I Mth = 1013.8M�h−1

(5 bins)
I 0 < z < 2 (20 bins)
I Tinker MF
I 214 deg2

I (h,ns,Ωb) =
(0.72,0.96,0.042)

Lmax mean

Ωm 0.23 0.229+0.014
−0.017

w −0.999 −1.008+0.087
−0.087

σ8 0.831 0.83+0.014
−0.01
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Simulation Results
BCC Dark Matter Halos

Best fit

I DM Halos
I Mth = 1013.8M�h−1

(5 bins)
I 0 < z < 2 (20 bins)
I Tinker MF
I 214 deg2
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Simulation Results
WaZp clusters in BCC

WaZp
I Wavelet z Photometric (WaZp) cluster finder (Dietrich et al., 2014)
I zphot slices with overlaps
I Density in each slice is computed via wavelet transformation
I Cylinders across slices are constructed
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Simulation Results
WaZp clusters in BCC

I Reduced Area (∼ 220 deg2), 0.1 < z < 1.0
I 45,677 Halos with M > 1013M�h−1

I 39,861 Clusters with N > 3

Halos Clusters
Michel Aguena da Silva | LineA Webinar
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Simulation Results
WaZp clusters in BCC

Proximity Match

I Requirements:

{
|zhalo − zcluster | ≤ σz (1 + z) ∗
∆θ ≤ NθR

* Ilbert et al. (2006); Mazure
et al. (2007); Arnouts et al.
(2007); Ilbert et al. (2009)
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Simulation Results
WaZp clusters in BCC

Angular Residuals
∆θ ≤ NθR = 2N arcsin

(
R

2D(zm)

)

Mass/Richness Bins

Michel Aguena da Silva | LineA Webinar



40

Simulation Results
WaZp clusters in BCC

Angular Residuals
∆θ ≤ NθR = 2N arcsin

(
R

2D(zm)

)

Redshift Bins
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Simulation Results
WaZp clusters in BCC

Completeness and Purity - Regions in the Sky

Completeness Purity
I No significant directional effects
I Small edge effects
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Simulation Results
WaZp clusters in BCC

Completeness and Purity - Fit Functional Form

c(z,M) =
[M/Mc(z)]nc

[M/Mc(z)]nc + 1
p(Mobs, zobs) =

[
Mobs/Mobs

p (zobs)
]np

[
Mobs/Mobs

p (zobs)
]np + 1
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Simulation Results
WaZp clusters in BCC

Redshift Relation

I Scatter is very small
I Test showed including

P(zobs|z) had
insignificant effect

I P(zobs|z) will not be
considered
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Simulation Results
WaZp clusters in BCC

Mass Richness Relation

log
[

Mobs(Mcl, z)

M�h−1

]
= A(z) log

[
Mcl]+ B(z)

{
A(z) = A0 + A1 (1 + z)
B(z) = B0 + B1 (1 + z)
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Simulation Results
WaZp clusters in BCC

σln Mcl(M, z) =
σ0(z)

1 +

(
M

Mσ(z)

)nσ(z)





σ0(z) = σ00 + σ01(1 + z)
log Mσ(z) = log Mσ0 + log Mσ1(1 + z)
nσ(z) = nσ0 + nσ1(1 + z)
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Simulation Results
WaZp clusters in BCC

Theoretical Prediction

m̄α,i ≡ ∆Ω

∫ zi+1

zi

dz
DA(z)2

H(z)

∫ Mobs
α+1

Mobs
α

dMobs

∫
dM
M

dn̄
d ln M
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c (M, z)

p(Mobs, zphot)
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Simulation Results
WaZp clusters in BCC

Theoretical Prediction
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Simulation Results
WaZp clusters in BCC

Theoretical Prediction
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Simulation Results
WaZp clusters in BCC

Theoretical Prediction
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Science Portal

I There are many additional issues for galaxy cluster detection
I Collaboration from researchers of different institutes/locations
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Science Portal

Pipelines
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Science Portal

Product Log - Matching
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Science Portal

Product Log - Matching
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Science Portal

Dashboard
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Conclusions

I Galaxy clusters comprise a powerful tool for constraining cosmology.
I It is extremely important to consider the observational effects.
I The proposed functional form for the corrections on the prediction agrees

with simulation measurements at medium and high richnesses.
I The pipeline for halos was shown to be operating properly.
I The pipeline for clusters will be operating soon.
I We (DES-Brazil) are producing a WaZp catalog for the DES Y1 data in the

portal.
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E., Aleksić, J., Bacon, D., Becker, M. R., Bonnett, C., Bridle, S. L., Chang, C., Eifler, T. F.,
Hartley, W. G., Huff, E. M., Krause, E., MacCrann, N., Melchior, P., Nicola, A., Samuroff, S.,
Sheldon, E., Troxel, M. A., Weller, J., Zuntz, J., Abbott, T. M. C., Abdalla, F. B., Armstrong, R.,
Benoit-Lévy, A., Bernstein, G. M., Bernstein, R. A., Bertin, E., Brooks, D., Burke, D. L.,
Carnero Rosell, A., Carrasco Kind, M., Carretero, J., Castander, F. J., Crocce, M., D’Andrea,
C. B., da Costa, L. N., Desai, S., Diehl, H. T., Evrard, A. E., Neto, A. F., Flaugher, B., Fosalba,
P., Frieman, J., Gerdes, D. W., Goldstein, D. A., Gruen, D., Gruendl, R. A., Gutierrez, G.,
Honscheid, K., Jain, B., James, D. J., Jarvis, M., Kuehn, K., Kuropatkin, N., Lahav, O., Lima,
M., March, M., Marshall, J. L., Martini, P., Miller, C. J., Miquel, R., Mohr, J. J., Nichol, R. C.,
Nord, B., Plazas, A. A., Romer, A. K., Roodman, A., Rykoff, E. S., Sanchez, E., Scarpine, V.,



Schubnell, M., Sevilla-Noarbe, I., Smith, R. C., Soares-Santos, M., Sobreira, F., Swanson,
M. E. C., Tarle, G., Thomas, D., Vikram, V., Walker, A. R., Zhang, Y., and DES Collaboration
(2016). Cosmology constraints from shear peak statistics in Dark Energy Survey Science
Verification data. Monthly Notices of the Royal Astronomical Society, 463:3653–3673.

Kaiser, N. (1984). On the spatial correlations of Abell clusters. Astrophysical Journal Letters,
284:L9–L12.

Lacasa, F., Lima, M., and Aguena, M. (2016). Super-sample covariance approximations and
partial sky coverage. ArXiv e-prints.

Lima, M. and Hu, W. (2007). Photometric redshift requirements for self-calibration of cluster dark
energy studies. Physical Review D, 76(12):123013.

Marian, L., Smith, R. E., Hilbert, S., and Schneider, P. (2012). Optimized detection of shear peaks
in weak lensing maps. Monthly Notices of the Royal Astronomical Society, 423:1711–1725.

Mazure, A., Adami, C., Pierre, M., Le Fèvre, O., Arnouts, S., Duc, P. A., Ilbert, O., Lebrun, V.,
Meneux, B., Pacaud, F., Surdej, J., and Valtchanov, I. (2007). Structure detection in the D1
CFHTLS deep field using accurate photometric redshifts: a benchmark. Astronomy and
Astrophysics, 467:49–62.

Mo, H. J. and White, S. D. M. (1996). An analytic model for the spatial clustering of dark matter
haloes. Monthly Notices of the Royal Astronomical Society, 282:347–361.

Peel, A., Lin, C.-A., Lanusse, F., Leonard, A., Starck, J.-L., and Kilbinger, M. (2017). Cosmological
constraints with weak-lensing peak counts and second-order statistics in a large-field survey. ,
599:A79.

Planck Collaboration, Ade, P. A. R., Aghanim, N., Arnaud, M., Ashdown, M., Aumont, J.,
Baccigalupi, C., Banday, A. J., Barreiro, R. B., Bartlett, J. G., and et al. (2016). Planck 2015
results. XIII. Cosmological parameters. , 594:A13.



Press, W. H. and Schechter, P. (1974). Formation of Galaxies and Clusters of Galaxies by
Self-Similar Gravitational Condensation. Astrophysical Journal, 187:425–438.

Saro, A., Bocquet, S., Rozo, E., Benson, B. A., Mohr, J., Rykoff, E. S., Soares-Santos, M., Bleem,
L., Dodelson, S., Melchior, P., Sobreira, F., Upadhyay, V., Weller, J., Abbott, T., Abdalla, F. B.,
Allam, S., Armstrong, R., Banerji, M., Bauer, A. H., Bayliss, M., Benoit-Lévy, A., Bernstein,
G. M., Bertin, E., Brodwin, M., Brooks, D., Buckley-Geer, E., Burke, D. L., Carlstrom, J. E.,
Capasso, R., Capozzi, D., Carnero Rosell, A., Carrasco Kind, M., Chiu, I., Covarrubias, R.,
Crawford, T. M., Crocce, M., D’Andrea, C. B., da Costa, L. N., DePoy, D. L., Desai, S., de
Haan, T., Diehl, H. T., Dietrich, J. P., Doel, P., Cunha, C. E., Eifler, T. F., Evrard, A. E., Fausti
Neto, A., Fernandez, E., Flaugher, B., Fosalba, P., Frieman, J., Gangkofner, C., Gaztanaga,
E., Gerdes, D., Gruen, D., Gruendl, R. A., Gupta, N., Hennig, C., Holzapfel, W. L., Honscheid,
K., Jain, B., James, D., Kuehn, K., Kuropatkin, N., Lahav, O., Li, T. S., Lin, H., Maia, M. A. G.,
March, M., Marshall, J. L., Martini, P., McDonald, M., Miller, C. J., Miquel, R., Nord, B.,
Ogando, R., Plazas, A. A., Reichardt, C. L., Romer, A. K., Roodman, A., Sako, M., Sanchez,
E., Schubnell, M., Sevilla, I., Smith, R. C., Stalder, B., Stark, A. A., Strazzullo, V., Suchyta, E.,
Swanson, M. E. C., Tarle, G., Thaler, J., Thomas, D., Tucker, D., Vikram, V., von der Linden, A.,
Walker, A. R., Wechsler, R. H., Wester, W., Zenteno, A., and Ziegler, K. E. (2015). Constraints
on the richness-mass relation and the optical-SZE positional offset distribution for
SZE-selected clusters. Monthly Notices of the Royal Astronomical Society, 454:2305–2319.

Sheth, R. K., Mo, H. J., and Tormen, G. (2001). Ellipsoidal collapse and an improved model for the
number and spatial distribution of dark matter haloes. Monthly Notices of the Royal
Astronomical Society, 323:1–12.

Sheth, R. K. and Tormen, G. (1999). Large-scale bias and the peak background split. Monthly
Notices of the Royal Astronomical Society, 308:119–126.



Simet, M., McClintock, T., Mandelbaum, R., Rozo, E., Rykoff, E., Sheldon, E., and Wechsler, R. H.
(2017). Weak lensing measurement of the mass-richness relation of SDSS redMaPPer
clusters. Monthly Notices of the Royal Astronomical Society, 466:3103–3118.

Tinker, J., Kravtsov, A. V., Klypin, A., Abazajian, K., Warren, M., Yepes, G., Gottlöber, S., and
Holz, D. E. (2008). Toward a Halo Mass Function for Precision Cosmology: The Limits of
Universality. Astrophysical Journal, 688:709–728.

Tinker, J. L., Robertson, B. E., Kravtsov, A. V., Klypin, A., Warren, M. S., Yepes, G., and Gottlöber,
S. (2010). The Large-scale Bias of Dark Matter Halos: Numerical Calibration and Model Tests.
Astrophysical Journal, 724:878–886.

Vikhlinin, A., Kravtsov, A., Forman, W., Jones, C., Markevitch, M., Murray, S. S., and Van
Speybroeck, L. (2006). Chandra Sample of Nearby Relaxed Galaxy Clusters: Mass, Gas
Fraction, and Mass-Temperature Relation. Astrophysical Journal, 640:691–709.


	Halo Abundance Formalism
	Observations of Galaxy Clusters
	Statistical Methods
	Observational Effects
	Simulation Results
	Science Portal
	Conclusions

