Large scale structure: weak
lensing and galaxy clustering




Overview

Setting the stage: why do we care?

Galaxy-dark matter connection

Shot noise and sampling variance errors
Searching for non-gaussianity in galaxy surveys




Big questions in cosmology today

1) Nature of acceleration of the universe:
dark energy
modification of gravity
something else?




How to answer them?

1) Classical tests: redshift-distance relation
(SN1A, BAO, AP etc)...

2) Growth of structure: CMB, Ly-alpha, weak
lensing, clusters, galaxy clustering




¢ Perturbations can be
measured at different
epochs:

1.CMB z=1000
R+ D Sy 2. 21cm z=10-20 (?)
e W, 3.Ly-alpha forest z=2-4
' 4.Weak lensing z=0.3-2

5.Galaxy clustering,
clusters z=0-2




Scale dependence of cosmological probes

(0(k)o" (k) = P(k)op(k — k')

WMAP z=1088

CBI ACBAR

Lyman alpha forest




Weighing neutrinos

* Neutrino mass is of great importance 1.2 [ S R
in particle physics (are masses -
degenerate? Is mass hierarchy
inverted?): large next generation U§
experiments proposed >
* Neutrino free streaming inhibits
growth of structure on scales smaller

than free streaming distance 10
 If neutrinos have mass they contribute !
to the total matter density, but since -
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m=0.15x3, 0.3x3, 0.6x3, 0.9x1 eV



Weak Gravitational Lensing
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Halo-shear lensing
galaxies/clusters induces

L
»
L
® dark matter around



Galaxy-dark matter correlations: galaxy-galaxy lensing

TN
/ LA . P . ¢-+: Express signal in terms
| lens center

N of projected surface density

— - and transverse separation R:
one projection less than
Y = A 2 (R) shear-shear correlations
R = rr O > erit ¢+: with photozs not

sensitive to intrinsic

AS(R) = %(R) — %(R)
Y(R) = [ p(v/R?+ x?)dx

c? Dg

Ecr*i —
g 4?TG DLDLS




Halo-shear versus shear-shear lensing

shear-shear shear-halo
P ' @ P
o o
4 R
e | -
f p &

Calibration bias:
Intrinsic alignments: - +?
Photoz induced errors:







Power Spectrum

« Galaxy clustering ——
traces dark matter T :
clustering: 3-d
analysis contains a
lot of statistical
information

 Amplitude depends

108

Power spectrum P(k) [(h-'Mpc)?]

k [h Mpc1]

legmark etial (2006)



A look at simulations: halos trace dark
matter, but bias is scale dependent

Halo exTIusion
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Galaxy-dark matter correlation function

« Also scale dependent bias, small scales dark matter profile
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Halo bias: autocorrelation
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Halo bias: cross-correlation

ghm/gmm
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Halo dark matter cross-correlation
coefficient: simulations
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Perturbation theory prediction
P = po + pod + ;puﬁi + ép’”ﬁﬂ + e+ 0O(6%)

ngn(k) = b]PNL(k)—I—bQA(k)?
2

b
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PT vs simulations
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Old and new statistic for halo-shear lensing

* Problem: cross-correlation coefficient does not
follow RPT on small scales (halo exclusion,
nonlinear effects, satellites)

« Shear is sensitive to small scale information

S(R) = ] dOE(VXE + BE)dx

T(R) = AS(R) —

9 R

-7/ R’dR’E(R’) — %(R) + E(RO)R

AX(Ro) 55

2




Cross-correlation coefficient
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Simulations: dark matter reconstruction

Baldauf, Smith, US, Mandelbaum (2009)
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Dark matter clustering reconstruction
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Application to SDSS

* RegLENS lensing code (Hirata and US
2005, Mandelbaum etal 2006) tested on
STEPII and COSMOS

 Lenses: main sample spectroscopic
galaxies (1M), spectroscopic LRGs (100k),
MaxBCG clusters (10k), in the future




v (SDSS)

SDSS data: use space to calibrate
ground based observations

First ellipticity component

" I Faint, large
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¥ (COSMOS)

Our code: REGLENS,
STEP2: bias within 2%

Compare reduced
shear between space
and ground
observations

SDSS: ground based




Calibrating photometric redshifts
with spectroscopic surveys: SDSS

Weak lensing more powerful
with known redshifts of source
galaxies

No need to have high accuracy,
but need to be well calibrated

Use existing redshift surveys to
calibrate photozs (Zebra)
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Application to SDSS data: main sample

first application: preliminary Mandelbaum, US et al., in prep.
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Application to SDSS: LRGs

Probes of large-scale structure measur
from ~70,000 LRGs.

Galaxy-galaxy lensing

Galaxy clustering /

Lines: HOD simulations

AY o (b Mpc—2)

2 4 6 810 20 40

R (h~' Mpc)

R Reyes et al. Nature 464, 256-258 (2010) doi:10.1038/nature08857



A first determination of scale dependence

of bias: SDSS observations
Mandelbaum, US, Slosar etal, in prep
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Primordial non-gaussianity
Local model CI)(x) = (I)G(x) + fNL(I)é(x)

Simple single field slow roll inflation predicts fn<<1
Inflationary models beyond single field slow roll give fn>>1
Ekpyrotic/cyclic models generically give fn>>1

WMAPS5 constraint -9<fn<111 (95% cl, Komatsu etal 2008)

Other models give different angular dependence of bispectrum (e.g.
equilateral in DBl model, Silverstein...)

10_ T IIII| I:

Scale dependent bias (Dalal etal 2008) ©z=051

b(M)=2.53

Power / 105

0.1k

0.01




Tracers: SDSS photometric QSOs

Peak at
k=0.002h/Mpc

Mean bias 2.75
Mean redshift 1.8

No evidence of

100
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How to improve?

|) Bispectrum analysis
Baldauf, US, Senatore 2010

Peak-background split

B, bl
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Comparison to simulations

fNL=1lJ{) multivariate bias
fNL=1 00 univariate bias
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Signal to noise: bispectrum vs power

S/N for fnl=100

Bispectrum i1s better than single
tracer P(k)

Still to do: multi-tracer power

spectrum
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How to improve these limits?
Il) reduction of sampling variance

US 2008

Effect scales as (b-1), ie no effect for b=1

« On large scales limited by cosmic variance: finite number of large
scale patches (modes), which are gaussian random realizations,

but we need to measure average power

« Two tracers: 51 — (bl + (bl — 1)(}:(16))5
09 = (ba + (b2 — 1)a(k))o




How to improve these limits:

lll) noise reduction

« Uniform weighting 10(™
has large '
stochasticity 8

 Weighting galaxies

“ "o
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-

10



How small can noise get?

;\Uniform
1 weighting

“ (M) [NMpc’]




Uniform vs optimal mass weighted

Hamaus, US, Desjacques 2011
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Optimal analysis of 2-point function
Hamaus, US, Desjacques 2011

T T TTTT
L1 1111

n—co

11111 —8—  one uniform bin
10° et = — © - one weighted bin | =
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Redshift space distortions

In Fourier space: anisotropy in angle

0y = (b+ fu?)6 = b(1+ Bu?)d p =k ik
f=dlnD/dlna ~ Q)> B=f/b

Velocity related to density via continuity equation: time
dependence of growth rate D is given by f

<62 > vs <62 >




How to eliminate cosmic variance in RSD?
McDonald & US 2008

Two tracers, both _ 2
tracing the same structure: 591 - bl(l T 61'“’2)5
| 0g2 = ba(1 + Bop”)o
Take the ratio 9
0g1 1+ afapu b

o , = —
592 1+ 62!’12 b2

Density perturbation drops out, so no cosmic variance
Radial and transverse allow to determine bias ratio alpha and beta

2
2 __ kJ_

— 1.2 2

= f(HD); ki xDy'; kjoxH

7




Understanding RSD: distribution
function approach  US, McDonald
In prep
thy

s =Y & () g

L=0

where Tlf‘(k) is the Fourier transform of Tlf‘ (x).

Tif (k) = | [ d’x T} (x)e™ ™.

TL

i (x) :g fdgq f(x,q)uf = <(1+5(x))uﬁ’(x)>x.




Angular decomposition into helicity
eigenstates

oo m=l

fkq,0,0) =" Y [k q)Yim(8,0),

[=0 m=-—1I

(I=L,L—2,..) m=—I




Power spectra: only equal helicity
states correlate

oo

: L+L’
Pe(k) =) L1!2 (‘E*) Prr(k) +2REZ Z o L” ( ey ) P (k)

L=0 L=0L">L

Prr (k) = Z E E PIIEIL TR P () P (1)

(I=L,L—2,..) ('=L’,L’—2,..) m=0




Simulations

Okumura etal, in prep
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Implications

 Only mass density or number density weighted quantities
enter RSD: momentum density, not velocity, energy
density, not velocity dispersion. This solves the long
standing problem of how to define RSD quantities in
sparse systems like galaxies

« Series convergent on large scales, divergent on small
scales

* Only the lowest orders contribute to low order angular
terms




Combining lensing and redshift space
distortions

« So far cosmological tests have been either based on
background cosmology (eg SN1A, BAO) or on measuring
amplitude of perturbations as a function of redshift and
scale (eg CMB, LSS, WL, Ly-alpha...)

« By combining redshift space distortion measurements ()
of LRGs with weak lensing measurements and galaxy
clustering of the SAME objects we can eliminate the
dependence on the amplitude of fluctuations AND bias

Zhang etal 2007




Comparison of observational constraints with predictions
from general relativity and viable modified theories of gravity.
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R Reyes et al. Nature 464, 256-258 (2010) doi:10.1038/nature08857
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Summary

Galaxy clustering is useful as a tracer of dark matter, but
suffers from scale dependent bias

Weak lensing traces dark matter, but has significant
observational issues/systematics

Combining clustering and galaxy-galaxy lensing gives
dark matter clustering and scale dependent bias: first
results from SDSS

sampling variance reduction techniques and shot noise
suppression techniques

Nongaussianity: bispectrum and power spectrum




