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Dark Energy Surveys

e current and future surveys:
Baryonic Oscillation Spectroscopic Survey
Dark Energy Survey
Panoramic Survey Telescope & Rapid Response System
Hobby-Eberly Telescope Dark Energy Experiment

Wide Field Multi-Object Spectroscoph
Large Synoptic Survey Telescope

e future space missions:
e EUCLID, Supernova Acceleration Probe

e Cosmic Inflation Probe

¢ Wide-Field Infrared Survey Telescope
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Legend of Galaxies

e current and future dark energy surveys:

e galaxies as cosmological probes:
e BAO signature: Dy, (2,/Q,,, k~0.06 h/Mpc
e galaxy power spectrum: ng, i, {2,,/1, k~0.01 h/Mpc

e primordial non-Gaussianity: fn1, ns, k~0.001 h/Mpc

a “clean” cosmological probe 1n linear regime
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Cosmological Probe

e galaxies trace underlying matter

e biased tracer: 0g =b 0o

. . 14+ 20V
e z-space distortion: 0g = b Om = —— >~

e gravitational lensing: ,=106, + (5p—2) «

e contributions are added in manner!

or

we need
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Relativistic Perspective

e theoretical inconsistency in galaxy clustering

1420V
H Or
e synchronous gauge (e.g., CMBFAST, CAMB)

e standard description: s, =5, —

o free falling frame ¢ =1V =0

e Poisson equation V2 ~ 8y ~0 ?
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Gauge Issues

e theoretical predictions in cosmology
e compute perturbations such as o, ¥, Pn(k),
e compare to observable quantities

e perturbations are

e observable quantities

e gauge-invariance is a necessary condition




General Relativistic Description — New Perspective




Il. LARGE-SCALE STRUCTURE: Relativistic Description — New Perspective

Cosmology

e modern cosmology: general theory of relativity
e cosmological framework:

e described by Einstein equations

e homogeneous & isotropic FLRW universe

e inflation, big bang nucleosynthesis, CMB

Newtonian, no GR description

automatic disqualification?
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Galaxies in General Relativity

geodesic equations of photons from galaxies
time component: Sachs-Wolfe effect
e observed redshift

Lt 2o = (149) |14+ V() = V(O) = 02 +000) — [ ar' (=)

0

spatial component: gravitational lensing effect
e observed position 7 = (0,¢)
e lensing displacement (ir, §6, i¢)

e magnification p~1+ 2k




Il. LARGE-SCALE STRUCTURE: Relativistic Description — New Perspective

Effects on Galaxies

e construct a galaxy fluctuation field:

e total number of observed galaxies A

e observed volume dV,¢ given (zyps, 1)

e fluctuation field 5, — —°> _1

<nobs>

e relation to number density:

e number conservation Niot = Ntrue AVirue = Mobs AVobs

T2(Zobs)
d obs on S
H(Zobs) “ob b

® note z,, # Zobs thrue # dQObS

¢ volume element dV,s =
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Unified Treatment

Observable: Ntot = NMtrue d%rue — Mobs dvobs

volume effects: 9: 1420V

e redshift-space distortion: 9., . — O or

e lensing magnification: o of 1 1 — 4 k
0Qobs afObS B :u2 N

source effects:

e magnification bias: ﬁobs(fobs) ~ T_L( fobs / ,u)
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Subtle Issues

13 b3 and

what are
true number density: 7true = Mphy
e number density in local inertial frame

7% (Ztrue)
s d rue dQ rue ?
H(Ztrue) < ‘

® %rue 4 S in FLRW universe

true volume: JV;, . =

e at what coordinate system (
e.g8., Ztrue = 2(t) y  Pm = Pm(?)
fully relativistic theory:
e quest for true volume

e better understanding of gauge issues
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Correspondence

e cosmological perturbations:
e inhomogeneous physical spacetime

e homogeneous background
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Gauge Freedom

e general covariance in GR:
e free to choose a coordinate system

e change in to background
v “““:A

Physical density
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Gauge Issues

e gauge-dependent quantities

e change its value depending on coordinates

e theoretical descriptions of observables

e should be gauge-invariant

¢ Newtonian limit

e unambiguous hypersurface of simultaneity
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More Subtle Issues

e observed mean vs ensemble average
e observed mean is

e ensemble average is

e spatial gauge transformation (

e mapping is invariant, time is fixed

e observer position

e also gauge-dependent
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Complications

e perturbations along photon geodesic:
e observed angle and redshift
7%(A)
Zobs(A) = Zsre = Zh
z4(A) = z%(\) + oz ()
Zobs(A) # Zsre 7 2

TIME

.6BSERVER SPACE Sasaki, MNRAS, 1987
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Observed Redshiit

e observed redshift:

Lt 2o = (19|14 V() = V(O) =002+ 000) — [ ar' (5-6)]

e observer’s point of view:

¢ true redshift - from observed redshift

* new perspective:
e true redshift is

e in another coordinate 2z, V,
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Observed Redshiit

e observed redshift:

Lt 2o = (19|14 V() = V(O) =002+ 000) — [ ar' (5-6)]

0

B i [l a
=(1+z2 )_1—|— 6/0 dr (h+3ha5€ € )] (Synchronous)

e gauge transformation:
e true redshift :z # 2°
e true volume element

e observed redshift is
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Gravitational Lensing

observed position: 7 = (0, ¢)
lensing displacements: (07, 60, 6¢) & o7

true position: §=(0+00, ¢+ 69)
2 N
magnification: | ~ 22”’ — 1492k
S

gauge-dependent quantities: §r, 50, Jp, 5, K
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Magnification

e definition is

e coordinate-independent definition:
¢ luminosity in local inertial frame L
e measure flux & redshift fobs & Zobs

e magnification is

_ f L -
= Jobs \ 4 D2 (Zovs)

e in a homogeneous universe using Zobs, NOt Ztrue

DL(Zobs) — (1 + Zobs) T(Zobs>
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Luminosity Distance

e observed flux and intrinsic luminosity:

e includes Sachs-Wolfe and lensing effects

L
47-‘_fobs

1 [
— DL(Zobs) [1 + 5—)\ — 5/ dT59]
0

T's

Dr(Zobs) = = D1 (%obs)(1 + 6Dy)  Sasaki, MNRAS, 1987

e shift in affine parameter §) ~ §2
e distortion in wave vector expansion §j ~. x

e gauge-invariant jD;
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Luminosity Distance

e relation to magnification:

= Jfobs (MD%L(ZO]DS))l B (giéi:;f

=1—-20D;, ~1+2k

e prevalent gauge issues in cosmology:
e observed magnification is
o usual parametrization is

e source effect 7, = 7n[fos(1+20Dy)]
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Observed Number of Galaxies

° 13 3

e total number of observed galaxies:

e observables N., 7 = (0,¢), zobs

TQ(Zobs)
(1 + Zobs)SH(Zobs)

Ntot :/ dzobsdﬂobs Tobs

— / Nphy @ Vphy

e physical volume: dehy

e occupied by observed galaxies
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Matias’s Magic

e integral of 3-form in 4D spacetime manifold:
e observables Zobs; Oobs; Pobs
e photon geodesic path 2%()\) = z%(\) + dz%()\)
e Sachs-Wolfe and gravitational lensing effects

e distortion in local Lorentz frame

Oxr® Oxb 0Oz¢
aZObS aeobs a¢obs

dzobs deobs d(/bobs

d
Ntot — / V =39 Nphy €abed U

Levi-Civita symbol £,,.¢ , comoving velocity ¢
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Observed Number of Galaxies

o and/or in perturbation expansion!

Oz Oxb Ox°
Ntot — / V. =39 Nphy €abed ud PYP-Y: 8gb

dz do do

r

2 $in 6 5
:/nphy (T " dz df do [1+3D+V+2l

1+ 2)3H

0 0 0 72
+H£ or + (CO’DQ—F%) 59+8_¢ 5¢+r_2 H

r2 sin 0
= obs dz db d
/”b (it ol 0%

e subscript “obs” is omitted!
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Observed Number Density

¢ so far, we have

e volume effects: 71,5 = npny (1 + Z 5u>

U

e source effects: 7obs — Nphy [fobs(1 + 20D )]
dnphy/dL x L7 — fflphy(Lthr)(l — op 5DL)
p=04(s—1)

BUT why do we care about
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Galaxy Bias

e galaxies trace underlying matter!

e standard relation 4, =bJ,, (J,,: perturbation)
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Galaxy Bias

e galaxy formation

e described in a local coordinate (proper time)

Nphy = F[pm] — Nphy — F[/Om, tp] )

e time slicing in observation 1+ zos = (1 +2)(1 +62)
o defines simultaneity
e measured at observed redshift
Nphy = Tophy (Zobs)[1 4+ b 04 — e 2]

B dlnﬁphy
Cdln(1+2)

e 14 zobs = (1 + 2)(1 + 62)
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Cosmological Probe

most cases 0g = b O

1420V
prudent work : R

1+z0V
5
thiswork: §,=9% 5 —e 5200 4 ay +2 @, +V — Cup e’
R %, (dzx

30 pp—— |
O 0%t r 0z \ H

best efforts sofar: 5 -1,

+(Bp—2) Kk

)—5p5DL—2/C,

Yoo, Fitzpatrick, Zaldarriaga, PRD, 2009
Yoo, PRD, 2010
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Scales of Interest

e Synchronous
(CMBFast, CAMB)

Ps (k)

e Newtonian
Ps (k)
Py (k)
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Scales of lnterest
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Hubble Horizon

 horizon scale ~ 3 Gpc/h (today), ~ 3 deg. (recomb.)
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Summary

e standard method:
e galaxy clustering

e gravitational lensing

¢ in Newtonian limit:

e general relativity reduces to Newtonian




Impacts on Current Surveys — Why Bother?




I11.A: Cross-Correlation of CMB Anisotropies with Large-Scale Structure

Systematic Errors

e theoretical predictions:
e new cal. ( )

e standard (

e standard method:
0g =b07"+ (5p — 2) K
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I11.A: Cross-Correlation of CMB Anisotropies with Large-Scale Structure

Systematic Errors

e theoretical predictions:
e new cal. ( )

e standard (

e 3.7-0 detection, but
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I11.A: Cross-Correlation of CMB Anisotropies with Large-Scale Structure

Primordial Gravity Waves

e integrated Sachs-Wolfe effect [0 gravity waves

¢ tensor-to-scalar ratio »=0.1
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111.B: Applications — Observed Galaxy Power Spectrum

Galaxy Power Spectrum

e matter fluctuation: Pm = Pm(8)[1 + 0m] = pm(2obs)[1 + ms]
e gauge-dependent I, 1+ zobs = (1 + 2)(1 4 92)
e gauge-invariant, ms = Om — 3 02

e Bardeen’s gauge-invariant €m, €5 (€, # €5 # M5 )

e time slicing (hypersurface of simultaneity)
e constant coordinate time for 9,,, Pm(?)
e observed redshift Zobs, Pm(Zobs)

e matter rest frame, zero-shear frame

Yoo, PRD, 2010




111.B: Applications — Observed Galaxy Power Spectrum

‘“Real-Space’” Power Spectrum

. , neither P°(k), nor

e real-space matter power spectrum F,,, (k, ur)
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111.B: Applications — Observed Galaxy Power Spectrum

‘“Real-Space’” Power Spectrum

e appear as an underdense region on large scales

o and

z=0.5
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111.B: Applications — Observed Galaxy Power Spectrum

Full Galaxy Power Spectrum

e largely similar to real-space matter power spectrum

e redshift-space distortion boost
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111.B: Applications — Observed Galaxy Power Spectrum

Systematic Errors

e Baryonic Oscillation Spectroscopic Survey (BOSS)
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What do We Learn from This?




IV. SUMMARY AND PROSPECTS

New Perspective on GC

on
galaxy clustering as a cosmological probe
unified treatment:
e redshift-space distortion, magnification bias, ...
subtle gauge issues:
e redshift, magnification, galaxy bias
general relativistic description:
e gauge-invariant formalism

o as well as scalar contributions




IV. SUMMARY AND PROSPECTS

Relativistic Effects

e with optimal weighting and multi-tracer method

GR effect in galaxy clustering

e future work:
e constraints on on horizon scales

complementary to the Solar system constraints

* constraints on models with
superhorizon perturbations




IV. SUMMARY AND PROSPECTS

New Perspective on Cosmology

e galaxy clustering as a worked example

theoretical predictions in cosmology
e gauge-dependent, unobservable

e how to remedy other probes?
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