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Motivation:

Galaxy Clusters probe cosmology:

Number counts with
redshift

2-point correlation function

Mass profiles &
Substructure




Finding Clusters: Optical & IR

Most straightforward method: search for groups
of galaxies (e.g. SDSS, 2MASS)

Problem: how well do optical/IR sources trace
the mass distribution?

Perseus Cluster: 2MASS | Coma Cluster: SDSS



Finding Clusters: X-ray

Look for X-ray signatures of Intracluster gas

Problem: uncertain conversions from X-ray flux
to gas density to dark matter density

‘

Hydra A / Arches Cluster: Chandra




Finding Clusters: SZ

Sunyaev and Zeldovich's bright idea: look for
scattering of CMB off hot gas!

Problem: gas density to mass conversion

10
| L

Wavelength (mm)

5 P 1 0.5

o
o

(=]

.

=
AL, (MJy sr™ ")

-0.5 “—
20

Erik Reese

R S T T A A | 1 1 P T
50 100 200 500

Frequency (GHz)

1000

L |

Planck & ROSAT. Coma Cluster



Finding Clusters: Weak Lensing

Look for gravitational distortion of background
galaxies: towards a robust mass-selected
cluster catalog?

Ray tracing: S. Colombi, CFHT Bullet Cluster: Clowe et al.



Finding Clusters in 3D

Parametric methods: | |
e.g. Wittman et al. 2001 Fit SIS and NFW profiles

e e at different redshifts
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Finding Clusters in 3D

Nonparametric methods:

“2%2 Dimensional” approach:
Massey 2007 (COSMOQOS)
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Toward a full 3D reconstruction
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Toward a full 3D reconstruction:
Vanderplas et al 2011: SVD filtering
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K= ;0 : operates in each line-of-sight

X a(X)

Final Result: =——p 5/=M5 Hu&Keeton 2002

Simon et al 2009




3D Lensing is simply
a linear inversion:

(Hu & Keeton 2002) 0 0.5 , 1 g L5




Tracing the source
of the problem:

Singular Value Decomposition (SVD)
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Aitken estimator becomes:
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Singular Value Profile:
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Singular Value Profile:

10° 7 B :
- Solution: cut out
modes associated with
10 small singular values
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Testing SVD
reconstruction:

SVD filter
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3D non-parametric weak lensing:
Fundamentally Limited?

Noise In mode n
scales as ~n?

Typical surveys
can constrain
first ~ few modes

n; oc1.0
Ny x3.9

N3 X38.8

n, x15.7

Redshift

Vanderplas et al. 2011
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Cluster Mass Calibration

Difficulty with WL~ =" 77 T

mass calibration !
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Problem:

Weak lensing yields projected mass,
Theory gives 3D mass.

Solution:

Rather than force-fitting data
to theory, let's work toward a
theory that naturally fits the
data.




Shear Peak Statistics

Pioneering Work: Marian et al. 2009, Wang et al. 2009

Marian et al:

How do projected
mass peaks scale
with cosmology?

Slab Thickness: 50Mpc
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results extended to
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Shear Peak Statistics

What information is in the correlated
projections?

Dietrich & Hartlap 2010: i

Test cosmological information w1} - - -

content of shear peaks N
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Cosmology Constraints

Cumulative distribution of peak

heights can be used to constrain
cosmology _
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Shear Peak Statistics

Peak functions probe nonlinear structure:
higher-order information!

Peaks Only

g
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1.0 |

09

081

0.7

06

05

0.4
0.1

|
0.2

I |
0.3 0.4

2k

10

09 r

08

07 r

ne6 I

05

' Peaks +

Power Spectrum|

04
0.1

I
0.2

I
0.4



Shear Peaks: Higher order information

Using a “wavelet transform”
filter gives similar
discriminatory power

Pires et al. 2009 400 500 600 700 800 900



Shear Peak Statistics

Summary:

Shear peak counts scale with cosmology in
predictable ways (Marian 2009,2010)

Projected structure encodes cosmological
information (Wang 2009, Kratochvil 2010)

Peak distributions contain complementary

iInformation to 2-point analyses
(Dietrich 2010, Pires 2009. See also Maturi 2011)

Methodology is in its infancy: the ideal filtering and

peak-finding method needs to be explored
(but see Pires 2009, Schmidt & Rozo 2010)
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The Problem

Shear Peaks

Shear surveys are
subject to masking

effects: what sort of

[utwoae]

I?

bias will this create”

[arcmin]

Hikage et al. 2010,
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Our Solution

Use the theoretical 2-point correlation function

to reconstruct the missing information
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IS

KL analys

Our Solution

Use the theoretical 2-point correlation function

to reconstruct the missing information
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1. Pixelize the shear

(uiwnae) H3g

e e I __........__L..Il....l.uu_fffr_._F [P R N YN =
e [~ LR R N 2N Y ANV SN NN
—A—=N =7 N = e A N R N L e N L
\.‘_rf.#_._h___f RN e N R M ] [ o, ST Y
\\Fufr-r,.v_______.rr..- .11.....-..Jrf|...._.1._....1r.rr.l|!fr____.__.._.pr‘.-lnu..rr-.-.-ll_f-ll
NN TN P V==~ N= =\ =\
B e el A B [ el il Pt e 0 WL B W e Al M W I T
./,....,I-I_.‘\//Ir.... rfl.ll..\l.i.lf/f;/.\!.—l;lrtnﬁ.f/;_/
RS A AR R O L B e (N s i I I I B W
s—— [l S - __.._________1,__.___‘______x___\rrrrrd_.....r.f..
u._\.l._lrr__..l___.____ T A e T R e
NS —_—————r—e | — e =]
T B i BN o e e = Py e | | e e T ) e [
.lllulw\._\\. ..../........Irrr\\‘_rrnf.\.\.rl...\... BN V. W V. N
_\xr.!nﬁ_ i ]af\./rf.\frm_____'\h!.rrfrafJ\:f
I — NN = s e NN
-.\L......._____\..I-l....._. lillj//;ﬂfrlr.__”rrfff__u—rfr__—m‘_.\.._rzz/_f—/li
| N = = T A R e s e N
R I PR R TN S A W L u/frufﬂ_r\h“__‘_h_f
LA - YIS e I WA G | Y
[ /[ s 7 AN L AN S~V
PV A =SSN N AV N A= —
LI 4 ,fm/fﬁf,r N ANV EENA /20N

I -~ i - Vo e
ot TR VA NN BT SN SAS E4 2418

SEOIISD, AR IS SN
,”.T,,,f: \.}_,,m:T".,_;H\_.,‘:ﬂ.wiﬂﬂ
7 =N AN AN LA VT = r—= =Y
AN EARR = ST ISR R
(I R e A=A\ e s s
SRR SN P24 d SV BN A B AN
—NNSN=NN \fx\x_::.,__xx RSN
o IR NN PP Av ARy VAW ESSINS
s LM o Tg} ]

~ — —

28



Our Solution: KL analysis

Use the theoretical 2-point correlation function
to reconstruct the missing information

1. Pixelize the shear

2. Compute the
correlation of the

i A = kb v I L [~ =11\
shear between = M e
pixels, using the A
expected nonlinear TN
matter power O L
10 I =1 v I.".-»"'1; e e M A —
spectrum. S I 4 s Al G A 3 DA

(We use Smith et al
2003)

0 5 10 15 20 25
RA (arcmin)
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KL Decomposition:

Now that we have the theoretical correlation
matrix , we can compute the KL basis via an

eigenvalue decomposition: n
J P ¢ — WA

These eigenvectors ¥ are an orthogonal
basis, and give the optimal low-rank
reconstruction of a shear vector.

30



KL Decomposition:

We can use the unmasked region to constrain
the coefficients

These coefficients can then be used to
estimate the masked-out shear, and
additionally filter noise from the entire field

31



KL Eigenmodes
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KL Eigenmodes

Similar to
Fourier modes
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KL Eigenmodes

Eigenvalues
encode
Signal-to-Noise
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KL Eigenmodes

=1

Eigenvalues
encode
Signal-to-Noise
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KL Eigenmodes

Eigenvalues
encode
Signal-to-Noise
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1 square degree, 64x64 pixels

Noiseless

BN s A N —2n e A -=" 1/ —] 1~ - FINT AT Lo [ f—r [ rrrik
SISIETAS iy T,:; ;_\H\;w QQ:‘?\Q\\\\ ﬂ/ﬂ.m.//.,,_,.,
R e T N R BT AT A N 74 —u“ 11 7 / N
I eyt G Byt (o _..____..H 7\:.: : 17 \\x\tryﬂ// WY
st 2 | e e e ) _\ S0 =i~ FE e “\.\lz/ f
L RPN Ia//nv\u___ A ..-\._\_.\Va.\_u_____uh ~ A\r v J___
=k KO =070 v_,ﬁ d fﬂ )
e A NN ; | -ﬁ\ ﬁ...::.\\_. ..___ ' w M WAt R \Q\.{.\
u..........llfﬁxlf.,.f,.\ VA F Aliirives Av Nz AaN NN Y /fﬂlﬂ.&\&
A A AR T ey I .J\\\;_,..f...,.. AL __f/__./z.._/ A .,.z.//// —~——
e N, e e — S~ _\q_.\_,.\.__q.\.wn.... ANASANNN /:f// sy \\
SN NN = fmm s T ] :_x._..\: /NN TS ANAANNN NSNS/
e e N L e I I A R S I | _v::.?_..w R R B e 4
VIS V== o AN\~ S| TS\A / J//z;ﬁ/;/f!f,.ﬁllldx\nuu\f
url.l_/__ﬂ.“\._’#J W= et Y e o | xq\ - /ﬁ////./f..rr}ff.f o .\.._._......”.....\\
e | |t e N mm =NV S S qh... o~ [ H/—.../f/!:ﬁlu_lrrr_al-.llufl.\
i e T e R T e L A L N I N Y \»...r“. ___w—..._r/__/,.f..ff..f o S
R T T N L 1 T T e e I R A__.\ ~NS AR et o
A R R B N A I;///f____.ﬂf____w.. ~e=S NN _____Jufx;;.....lli_____f...\lr\....\\\__m._
= =y | — [ r—ns A v~ Tru:..Auf. R B e R
L e i et Tt ¥ A T T T et T T I N R R B B T e I e B W
N e R e B B T I T R e T T R i T R P ]
e e R N I e T T L rf...r _..#I.I../;f;__fl!..\.l}rx\q\fl}.ff/{llﬁ\\\\ F=f
el T T A | R T R e e R N T R N el e M B N -._.-\.;
e == NN TN r.f\lu_\.:.....rl..rf;.?.f...l...f...:n.u._.f_...._l_....,- R e A W
.\.(.v e e L B A R T T B T e T B R N I T T et S P
_m.f H‘..n.—ftnr-lfrl.tlf[.l.fj\\f}(..fl\.__f___.r..ljl.rr.:._...—.._ff\\_. r\..f...lr.fp/_.-/ L......._—.llll..lull._—__.\l._.\\\
e T Lt A N S R R T W T e e e /
R e T e e B B B R B N Y L b e g
l-l.l.\\_r.r.-........\r-ll._-..lf _.ll..fl.lh.r.._..l..._.._p\/-\zl.#.—j\f};!/l}i}-\\\}i\!}ln\\\\\\\\
i Tt el Y e AR R, | N Ve Y N e N s NS e e =
L A R B R R A e R e R B BT T R O i i e T
e e et Bk s et B T T T e St T T T e e e i Tt e e I sl T il P
et [ v == AV L =0 ) ...rurl._‘__}.../_r._f.ﬂl_.._'__f.__lq.r]flll-llflr!.l]ffll.fq_..\..\\ - -—
==\ A== N—R—r— i [ LIV v — v e L TN sSSP A = S ———— o | | |~
ﬁ\\-..//n.f\l.ll/f/\\ll]l'il/nl.\f P I N . T T N —.\....ffaffrd R R S I R
\JIIIWJ i L A B M W e B LI f/-f}/{iu«...{.r{/ll?-l\ullll—!\\
_\\jl.lf_f h.-.f)fla-.a_\...alifultl.f Yo {\...fp.f.f”!_}fl /ﬁ A A N A T T
LAt | s == = A= A~ = == A V) sSN———re—— e= U Nv e = N
VA== % B Y el Kt 5. Y d/r.rr-:q /I{Lfrr.rfl.lu\\-lff..ll.f.__....fﬂ\\..
B A A ATAN N O SRR N AN R RS fl/\ir:\lf.l:l.z._..___._.\//-.__.ﬁ.aﬂl.a _\
o T el e T AR Ell ot i g Y S N Ry o st ka6
-1/ ;;\\f\lll::}:.?lllu\__ff__l.\\.,_...f.u.z.“.,/,.._.q..\._.ﬁ/\/ au.___...lfl..lﬂ_“.\z“ﬂ.,ﬂh.\v/
- e e — e, Yy, . P e = - e - 1 —_ - et - —
= fi~f - VP am—=r =N ] 2 oA~ = LA SO s =S ee—— e SN = e s =
I et S N I B e B B B e e L A A R A R A I R
bt | [ i o e S [ NN AN ] \...Vf/.lll..f}..zf//l;f!\l{ B e i i g s T it
= | Nt e P e = N \ﬁl e A AR e R e L T N LT B R R
Lr o § 1 f = | AN AN SN LN ﬂv/\___////rr..__/n. e LA R LN R
:x.___.\:\xf....l_\sz.ﬂﬂﬂfx FASYSS—7 1 ] L2 V=SAANANA A ] v-,;{l_.w‘.nq..rni,._fﬂu”
M NN AN S A AR NI EINE
RN A 7=\ _ AREEOSTIA T PA et SR RAE | B b Bl o 17 AN
ST AY A - AN 7 s===N 0 (/7N x_._,.,{{f../f\ﬂfvx?_lff
DR T RN NI S PN NS e T EN
SN L AL AN I OO T ST
\z\x.fxﬁf// 7, .___..._,\:.l..#\v,.:;/l___ff.v R PN SN—f z\__...}.Al\ -l
_:.;,A/ﬁ W N~e—mr /o [ S =3\ .\_..f...._fx;l_: AATAR AV EaI R Y AT W
B R N T N R S N N R S N e
._“r:frf/ff]\l.\\..z\\;lzla—\: ...f.;(..,»:w/l.._..:f =J \.___.T._p VALY,
o o o o o o o
wo [Ta| < [ap] ™~ —
(ulwaae) >3g
Y
@)
>
0n O
- QO n
-n c
© =3
Qo
A_v (&) W
L 2
N 5
(PR

Michael Busha,

30 40 50 60
RA (arcmin)

20

10

Matt Becker and
Joerg Dietrich



Noisy
Shear

Sims: courtesy of
Risa Wechsler,
Michael Busha,
Matt Becker and
Joerg Dietrich
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Convergence Map: 1 square degree, 64x64 pixels
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Sims: courtesy of
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Convergence Map: 1 square degree, 64x64 pixels
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Convergence Map: 1 square degree, 64x64 pixels
900 modes
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Quantitative comparison:
Aperture mass peak distribution

Without KL With KL

— unmasked — KL umasked
—  weighted || — KL masked |]
— unweighted[{ "%
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KL recovers the unmasked peak distribution




Quantitative comparison:
Aperture mass peak distribution

0.015 0.020 0.025 0.030 0.035 0.040
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Addition of noise adds a factor of ~3 more peaks.
KL filtering reduces this number.
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Quantitative comparison:
Aperture mass peak distribution

KL preferentially filters B-modes, leading to a
factor of 3 relative reduction
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B-modes vs noise-only (unmasked)

— no KL (B-mode)
(noise peaks)

—  with KL {(B-mode)
(noise peaks)

0.020 0.025
M,

B-mode peaks match
noise peaks




Conclusions

Using statistics of shear peaks can evade some
pitfalls of cluster cosmology.

The KL method robustly interpolates between
masked regions of the shear field.

The KL method reduces the statistical error in the
peak function: measured by total number of
peaks, and B/E ratio.

This suggests that the KL method could improve
cosmological constraints from shear peaks:
further study is needed to quantify this.
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Very Briefly...
Modified Gravity and Dwarf Galaxies

(preliminary results of work over the
last ~2 weeks with Bhuvnesh Jain)

Many modified gravity theories [e.g. f(R)] involve scalar
fields that provide an attractive, fifth-force

BUT... GR must be restored in the Milky Way - via
“natural” mechanisms that work for massive/dense

objects.
(Khoury & Weltman 2004; Vainshtein 1972)

So small galaxies or the outer regions of big

galaxy/cluster halos may show deviations from GR.
(Kesden & Kamionkowski 2006; Hui et al 2009;
Chang & Hui 2011; Davis et al 2011)
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The Situation: Colliding dwarf galaxies:

Preliminary! B. Jain & JTV, in prep

- Unscreened HI disk tracks dark matter
- Self-screened stellar disk can be offset and distorted
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[° Stellar disk

= 1.5

T 1.0

ody

T 0.5

T 0.0

T-0.5 HI disk

Preliminary! B. Jain & JTV, in prep

- Unscreened HI disk tracks dark matter
- Self-screened stellar disk can be offset and distorted
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Shear Peak Statistics
Followup: Marian et al. 2010 206 Mpeh

“Correlated Projections”
can affect the projected
mass
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Shear Peak Statistics
Followup: Marian et al. 2010 206 Mpeh
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can affect the projected
mass
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Shear Peak Statistics

But cosmological
scaling is
unaffected

slab=512 Mpc/h

Cluster Mass




Shear Peak Statistics

Is there information in these correlated

projections?
ﬁI‘:L,:JEEL]-:.

(w,0,) = (-0.8, 0.75)

———

Relative to (w,04) = (-1.0, 0.80)

Change in
# of Peaks

peak
500} ..{-;fi — }fij;j,._ - 0 \Eg}é
sooff
/ \ -

300
200} . .
160 \, Increasing Peak Height =g

2605 0.05 0.1 0.15 Kratochvil 2010 61



Shear Peak Statistics

Projections boost the signal of small

peaks, and these carry information
i‘NDeak

? 40[ f\ (w,0g) = (-0.8, 0.79)

Large Peaks scale with cosmology

as expected: Relative to (w,0,) = (-1.0, 0.80
More negative w leads to later | (W,0g) = (-1.0, 0.80)

dark energy turn-on, and so more

large peaks \ /\

1

0

-0 .45 / 0.0%

rereasinl) Peak Helght s
0.05 0.1 0.15 Kratochvil 2010 62




Small peaks scale
with cosmology in an
unexpected way: this
Is due to line-of-sight
projections

These LOS projections
dominate the cosmological
information!




Cosmology Constraints
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Cosmology Constraints

Increased normalization + less matter
Decreased normalization + more matter
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Cosmology Constraints

Increased normalization + less matter
Decreased normalization + more matter
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Cosmology Constraints

Increased normalization + less matter
Decreased normalization + more matter

Too many small peaks
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