Cosmology With Optically
Selected Galaxy Clusters:
Looking Forward to DES

Eli Rykoff S~
Lawrence Berkeley National Lab rr/r}‘ ""
~In Collaboration with:

Lawrence Berkeley National Laboratory
: B 3 e ) ‘.' |, » % ! .l' '-? ‘. ‘Ii e sal L > : A o - — LA > l‘..'
\

DARK ENERGY
’ 4

'}J?-‘l\ k"lu! 1l ( ub

ICIJLCI ] '.‘--v
-t = o s



Qutline

® Galaxy Clusters as Cosmological Probes
® Optical Cluster Cosmology at z<0.3

® Cross-Correlation and the power of

stacks (SDSS + ROSAT)

® Higher redshifts with DES

® Dealing with systematics: cluster richness
~ estimation & centering ;
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In the beginning...
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13.7 billion years

Cluster Search (SCP)

Miknaitis et al. (2007)
Astier et al. (2006)
Knop et al. (2003) (SCP)

Amanullah et al. (2008) (SCP)
Barris et al. (2004)
Perlmutter et al. (1999) (SCP)

Holtzman et al. |

Suzuki+| |
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® |nitial fluctuations detected
in the cosmic microwave
background

® Growth of structure

determined by

cosmological parameters

Qm and Qa (in ACDM)

Predictions for the dark

- _matter distribution ar
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Dark Matter Halos

® Dark matter halos are large peaks in the
matter density
® Find the peaks on a
chosen scale
® )00, Fadius of a
sphere with mean
density 200prit(z)

AN ‘J = R " > o N
J\VVE (O ._‘\' N 0 (2N K2y ™ Pz

it up
DY luminous baryons
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Halo Mass Function

® Number of halos as a function of mass and
redshift: n(M,z)
® Predicted with simulations (e.g. Tinker+08)
® Shape and normalization

sensitive to cosmology

® M>o0: mass within a sphere
of radius roo

® Mass function depends on
cosmological parameters S
including Qm, (A, and O, the |§ }
normalization of the power [
spectrum on an 8 Mpc scale Ei
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Halo Mass Function

® Number of halos as a function of mass and
redshift: n(M,z)
® Predicted with simulations (e.g. Tinker+08)
® Shape and normalization
sensitive to cosmology

QM =0.25, QA =075, h=072 - I QM =0.25, Qp =0, ~=0.72
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But...we have halos in
the simulations, but
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Abell 1914: Four Views

. Abell 1914

X-Rays w/ Chandra

of » g ' (~2% of mass)

Ball of
Hot Gas

(~15% of mass)  Jelcema+05

WwWw.sdss.org s

| A1914 2z=0.17

Dark Matter
_ Content
li § (~85% of mass)

14%26™15°  26™0°
Dahle+02 Carlstrom+02
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http://www.sdss.org
http://www.sdss.org

Abell 1914: Four Views

—— Abell 1914 - I

X-Rays w/ Chandra

(~2% of mass)

Ball of
Hot Gas

(~ | 5% of mass = Jeltema+05

| A1914 2=0.17

il § (~85% of mass)

Dahle+02 Carlstrom+02
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Selection Functions

® X-ray selection: minimal projection; flux limits

® S/ selection: ~redshift independent; high mass

® Optical selection: volume limited; lower mass
threshold; projection effects
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Cosmological Constraints

® Using ~100 X-ray clusters, Mantz et al.
measure the evolution of the X-ray
luminosity function (see also Vikhlinin et al.)

® Combine with WMAPS5 for constraints on

0-8’ WO’ Wa

0.6 0.7 0.8 0.9 1.0 1.1 —-2.0 —1.5 —-1.0 —-0.5 0.0
Wo

Mantz+10
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General Relativity

® Given the constraints from other
cosmological probes, we can predict LSS
growth

® Any deviations from
this would point to
modified gravity

v (growth history)

|
-1.1 -1 -0.9 -0.8 -0.7
w (expansion history)

Rapetti+ 10

Friday, September 16, 2011



Cross-Correlation: The
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maxBCG Catalog Properties

® Photometric cluster catalog from SDSS DR5
(Koester+07a, 07b)

® A maximum-likelihood algorithm that assumes
each cluster has a Brightest Cluster Galaxy
(BCG) and a red sequence

® ~|7,000 Clusters in 0.5 Gpc3,0.1 <z<0.3

® Cluster photo-z accuracy: 0; ~ 0.01

® Richness: N2oo = 9 (O > 450 km/s)
® Number of red galaxies
brighter than 0.4 L.

in scaled aperture (r200)
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X-Ray Stacking

® Stacking clusters allows deeper X-Ray images

® See, eg, Dai, et al, 2006 for X-ray stacking of
2MASS clusters
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X-Ray Stacking

® Stacking clusters allows deeper X-Ray images

® See, eg, Dai, et al, 2006 for X-ray stacking of
2MASS clusters

SDSS
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X-Ray Stacking

® Stacking clusters allows deeper X-Ray images

® See, eg, Dai, et al, 2006 for X-ray stacking of
2MASS clusters
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X-Ray Stacking

® Stacking clusters allows deeper X-Ray images

® See, eg, Dai, et al, 2006 for X-ray stacking of
2MASS clusters
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Stacking Method

® Bin according to richness: Noo
® Roughly equal signal-to-noise

® Use BCG as center of each cluster

® Create an image map with photons weighted
to median redshift z=0.23

® Calculate Luminosity in scaled ra00 aperture

009-011 012- 017 018-020 021-025 026 032

‘! #r i #

7580 CI ster 5405 Cluster 1099 Clusters 1060 Cluster 633 Clusters
033 040 041 -050 051-070 071-220

tt

339 Cluster 201 CIusters 140 Clusters

Rykoff+08a
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Stacking Method

® Bin according to richness: N2oo
® Roughly equal signal-to-noise
® Use BCG as center of each cluster
® Create an image map with photons weighted

erture

Rykoff+08a



Cluster-Mass Correlation

® Ve model the shear

signal with...
® Halo (NFW)

contribution
® contribution
® term

® Miscentering
® Centering remains
a limiting systematic
® Also: photometric
redshift distribution

of background gals Sheldon+07, Johnston+07
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Cluster-Mass Correlation

® Ve model the shear

signal with... 2 G Nuo [12-17]
® Halo (NFW)
contribution
o contribution [ Ny, Zhaloterm
® term

® Miscentering
® Centering remains
a limiting systematic
® Also: photometric
redshift distribution

of background gals Sheldon+07, Johnston+07
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L x-M200

® Optically selected clusters look like X-ray
clusters (on average)
el ® Need to worry
-~ e  Bornge 202 o about the effects
> of covariance of
N2oo, Lx at fixed
mass

Rykoff+08b
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L x-M200

Optically selected clusters look like X-ray

clusters (on average)

® Need to worry
about the effects
of covariance of
N2oo, Lx at fixed
mass

© Hoekstra et al. 2007, CFH12k

X Bardeau et al. 2007, CFH12k

+ Rykoff et al. 2008, SDSS, z=0.25

A Rykoff et al. 2008 boosted values

% Berge et al. 2008, z=0.14 to z=0.5
B COSMOS, this work, z=0.2 to z=0.9

100 1000
- ) _ -
Loi24kev - E(2) br1o® h,, ? erg s ]

Rykoff+08b Leauthaud+2010
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maxBCG Cosmology

® Use cluster number counts, stacked WL
masses, plus constraints on scatter/
covariance (see Rozo, Rykoff+09a) (plus

WMAP)

® Competitive | ——— maxBCG
constraints on COsg, | m= Combinec
O,

Rozo,Wechsler,Rykoff+09b



maxBCG Cosmology

® Use cluster number counts, stacked VWL
masses, plus constraints on scatter/
covariance (see Rozo, Rykoff+09a) (plus
WMAP) |

o Competiive NI
constraints on Osg, |

O

Rozo et al. 2010

Rozo+| |



maxBCG + Planck

® VWe have a consistent picture of N2oo + WL + Lx
® But...
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Towards Higher
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Dark Energy Survey

e DECam on the Blanco 4m telescope

® 570 megapixel, 2.2° FOV
® 525 nights dedicated to DES
® 5000 sq. deg.

® Cosmology using...

Cluster counts

Weak Lensing

Baryon Acoustic Oscillations

.a
=
B
A

BA R i = .A vt
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DES Constraints

® DES cluster counts + VWL + Planck: FOM~30

1 ® Can double this with BAO from
] BOSS (complementary)
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Non-Gaussianity

® Single-field slow-roll inflation predicts
Gaussian spatial distribution of structures

® Bias of DM halos has strong scale
dependence on fnL (e.g. Dalal+08)

® Use cluster counts, scatter,
covariance to constrain faL

® Requires low-scatter and
unbiased photozs
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Goals For Precision

Cosmology

® High purity/completeness
® | ow scatter & unbiased photometric redshift
estimation for clusters

® Require dz<0.003, 0, < 0.03 (Lima & Hu 02;
Cunha+10)
® Reduce scatter in the mass-richness relation
(e.2.Wu+08, Rozo,Rykoff+1 |)
® \Well controlled and well understood

centering
® Richness without unintended evolution
® Smooth filter transitions




Improving our Richness
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The Matched Filter

® Three filters: color (Gaussian); luminosity
(Schechter function); radlal (NFWV)

LS EL IS BIveT A-2 for a maxBCG cluster
a probability that it is

a cluster member
® Assume radius scales
with richness:

Rc(X) = Ro(A/100)”
Rozo, Rykoff+09b




Using RASS: Lx scatter

® Use Lx as our mass proxy
® (Goal: minimize the scatter Ojn ) for the
2000 richest clusters
e Optimize radial scaling:  JIHCYESNIICYAUNE
® Fach Ro, B combination
yields a new
richness estimate minimum 5
® Scatter is reduced

' I scatter
from 86% (N2oo) to |

62% (\)
® (Gaussian color filter
+ radial optimization

Rozo, Rykoff+09, Rykoff+1 |

Friday, September 16, 2011



How Deep!

® Original N2oo used a limit of 0.4L*
® Excellent photometry in SDSS at z~0.3
® But we still can go deeper: limiting mag
corresponds to <0.IL* at z=0.3
® O\ decreases to
0.2 then plateau
® Going down to
limiting magnitude
is not optimal

0.2 0.3

RYI(Off+ I I | Luminosity cut (L*)
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A Bit of Background...

® What is the origin of the radial scaling &
depth optimizations!
® What is the local background around
maxBCG clusters!?
® Variance is significantly larger than
Poisson
® Some fraction
of clusters have
significantly
boosted background
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Projection Effects

® Some fraction of clusters will have
projection effects
® Using the local cluster background, we

simulate galaxy catalogs to measure A

® ~5-10% of
clusters have
boosted richness
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® See also
Cohn+07/ using
simulations
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Robust To Filter Changes
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Robust To Filter Changes
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Robust To Filter Changes

maxBCG Catalog
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Comparing A

® How does (improved) A compare to other

richness estimators!?

® photo-z based estimates A
(e.g. NwHL, Wen et al. N200
2009) can be noisy

® Weighting A by galaxy o
luminosity increases

scatter Bec

® \We think A is the best NwHL

/\Postman
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Mass Scatter in A

® Use abundance matching to get mass scale
® |nfer mass scatter from LX scatter,
depends on covariance
® [est with clusters with X-ray masses

A Zhang, Y. et al. (2008, 2010)
m Mantz et al. (2010)
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redMaPPer Cluster
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redMaPPer

o sequence [Matched-filter Probabilistic
colation algorithm and catalogs
® Based on the A richness (Rozo+09;
Rykoff+1 |) optimized to minimize scatter
in Lx-richness
® Centering Algorithm is independent
module
® Have run on DRS8; Stripe 82; Stripe 82
mocks & DES mocks (Wechsler, Busha)
® ~36 CPU hours for 200 deg? of DES depth




redMaPPer Calibration

® Data-driven red sequence calibration
® Photometric redshift “zred”
® Works for red galaxies; crap for others
® Models red sequence in N colors (e.g. u-
g, g-1, r-i, i-z) with linear model with tilt +
full covariance
® Can select purity or
completeness threshold
red galaxy samples
® Compared to SDSS

spectra, works ~better
than SDSS photoz

Friday, September 16, 2011



Photometric Redshifts

® For cluster galaxies, . SDSS DR8
traditional photozs G
can break down
® Faint red galaxies
not well-
represented in
training samples
® Using clusters we
can greatly improve
the training/redshift
estimation for
cluster galaxies

9§\
Q
(&)
N
O
h—
®)

L
o

photozd1

16 17 18 19 20 0.2 04 06 08 1.0 1.2
imag Normalized Number
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Photometric Redshifts

® For cluster galaxies,
traditional photozs
can break down
® Faint red galaxies
not well-
represented in
training samples
® Using clusters we
can greatly improve
the training/redshift
estimation for
cluster galaxies
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Photometric Redshifts

® For cluster galaxies,
traditional photozs
can break down
® Faint red galaxies
not well-
represented in
training samples
® Using clusters we
can greatly improve
the training/redshift
estimation for
cluster galaxies 9 AN

18.018.519.019.520.020.521.0 0.2 0.4 06 0.8 1.0 1.2
imag Normalized Number
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redMaPPer

® Every galaxy brighter than 0.2L* = = =
at Zred is 2 potential center .o
® Color filter is now a X2filter: =" #& .
how well does each galaxy fit ', = =« .-
color model at cluster redshift? e
® A true 4D color model is not - et
possible because background i S
estimation doesn’t scale | !
® (Galaxies are ranked by
combined likelihood of | '
neighbors and central galaxy
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Runnlng on Stripe 82
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The Cluster Catalog

® Full Stripe 82, 0.1<z<0.6 for lensing analysis
® Use DR8 LRGs for initial training, plus
some extra ‘BCG” spectroscopy

W g 2%
" { i : c..~' ¢ . §
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Cluster Redshifts

® Use mean color of cluster galaxies to
estimate redshift
® Redshifts are precise and robust

Friday, September 16, 2011



Using the Radial Profile

® What is the optimal centering algorithm!?
® Not all clusters have well-defined centers
® Would be nice to quantify substructure
® But we can still quantify “better” for a
large cluster catalog
® Use the lensing profile to compare multiple
centering algorithms
® |arger shear signal near center means
better centering
® Work pioneered by Matt George on
COSMOS data for groups
® BCGs work better than X-ray centers!




CS82

® Deep i-band (i<23.5) imaging of Stripe 82
with CFHT
® Pl: Jean-Paul Knieb
® Alexie Leauthaud leading the work
® -|°<Dec<I|”®
® ~|20 square degrees after masking
® For Stripe 82 lensing studies
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Radial Profiles

® “SkyNet” network-based centering (Nord,
McKay)

SkyMNet Centers N lens: 439

z: 0.39

O _-..-.--__-.--.--_F----_-_F.---.-_-_---.--_F-.-.-_-_F.-.I.-_-_-..-.-._-
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Radial Profiles

z: 0.40

BCG Centh N lens: 443

|
S |

"EE W T ETTETE CH OB T ETETE O O T I ST AT CE W T AU I T TSI ER T U A TEN I -"--
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Radial Profiles

Likelihood Centers N lens: 442
z: 0.39

"HE W T ATTETIE CE B T ETETE I S T T ST AT I W T AU I BT ETTEE I ER T U ETEE TE W -'.--
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Radial Profiles

Mean Centers N lens: 441
z: 0.39

"HE W T ATTETIE CE B T ETTE T S O ETETTE T ST AT I W T U I T ETTEE IS ER T U B TEN I -'.--
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Centering on Mocks

halo-cluster
cluster-halo
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Conclusion

® redMaPPer will build a cluster catalog that
achieves our goals for precision cosmology
® High purity & completeness
® Excellent redshift estimation
® Reduced mass scatter
® Well understood centering

® DES Clusters will constrain growth of
structure with unprecedented precision

® Additional cross-correlation will also help
® SPT & Planck SZ

® cROSITA X-rays




One more thing...

® For you iPhone/iPod touch owning
cosmologists, there is an app for that!

GravLensHD CosmoCalc

a1l ATE&T =< 3:55 PM )7 % [

HO Qm Q/\

70 ‘ 0.26 ‘ 0.72 |

f1 V.L [ V. /O

72 0.28 | 0.74

@255

input z = 1.500

d = 11.01OGpc' dp = 1.762Gpc.

o s dg = 4.404 Gpc| p = 45.21 mag | & e

ook = 932 Gyr| lage =  4.35 Gyr
VR Cy AW Tn oA |G o oS —y T o A
P =4.69-10"29 gcm™3 | 1" =8.541 kpc
— |
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