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Abstract: We have only scratched the surface of the potential for using large-scale structure (LSS) as a probe of fundamental physics/cos
i.e., quantitatively, we have only measured a small fraction of a percent of the accessible LSS information. Future measurements will prol
energy, inflation, dark matter properties, neutrino masses, modifications of gravity, etc. with unprecedented precision. | will discuss three prc
LSS: the traditional galaxy redshift survey, the Lyman-alpha forest (LyaF), and the new idea of 21 cm intensity mapping; and two f
experiments that cover these probes: SDSS-1lI/BOSS (galaxies and LyaF) and the proposed CHIME (21 cm). | will discuss

theoretical/phenomenological developments that promise to greatly enhance the power of LSS surveys, related to the connection betwe
redshift-space distortions, and non-Gaussianity.
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Basic picture of LSS

Infiation (or whatever) predicts a
random ficld of small iniual
density perturbations.

* W measure these while they are
still small using the cosmic
microwave background (CMB).

e The fluctuations continue to grow ¥
due to gravity oot

- On small m:;ics they hcumm_: Ejﬁ% :
laree (non-lincar). ealaxies torm. HE el
ete, ==

- On large scales. fluctuations are
still small (close to linear). and
we measure them by observing
the density of galaxies (or other
things) which trace mass.

Credit NASA / WMAP Science Team
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WMAP CMB / SDSS galaxies & quasars

COSMUS group: http://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html
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Pirsa: 09020037 Page 4/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: http://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

irsa: 09020037 Page 5/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: htep://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

Pirsa: 09020037 Page 6/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: htep://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

Pirsa: 09020037 Page 7/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: htep://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

irsa: 09020037 Page 8/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: htep://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

Pirsa: 09020037 Page 9/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: http://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

irsa: 09020037 Page 10/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: htep://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

Pirsa: 09020037 Page 11/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: htetp://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

irsa: 09020037 Page 12/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: htep://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

Pirsa: 09020037 Page 13/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: http://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

irsa: 09020037 Page 14/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: htep://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

Pirsa: 09020037 Page 15/123



WMAP CMB / SDSS galaxies & quasars

COSMUS group: htep://astro.uchicago.edu/cosmus/projects/sloangalaxies/animations.html

Pirsa: 09020037 Page 16/123



WMAP CMB / SDSS galaxies & quasars
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Basic goals 1n studying LSS

e Learn about the early Universe (1.e.. inflation)
by determining the statistics of the initial
perturbations.

e Learn about the basic contents of the Universe
and physical laws by studying the background
evolution of the Universe and growth of
perturbations (e.g., dark energy, modified
gravity. neutrino masses, etc.)
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Practical definition of LSS

e The key physical scale defining ““large™ in LSS
1s the scale of non-linear gravitational collapse
—Above this scale. fluctuations are still small. closely

related to the initial fluctuations. and coupled to the
background evolution.

—Below this scale. the formation of dark matter halos
has scrambled the 1nitial conditions. and decoupled
the evolution from the background.

irsa: 09020037 . Page 19/123



Outline

® How LSS studies are still in their infancy (at 30+).

® New theoretical development: how to use multiple types of galaxies to
break the cosmic variance limit for redshift-space distortions (probing
dynamics, dark energy, etc.) (possibly also an update on the application of
this approach to non-Gaussianity)

® Two surveys covering three probes of LSS:
-  SDSS-|II/BOSS (galaxies and Lyman-alpha forest)

= CHIME (proposed, 21 c¢m intensity mapping)
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LSS playing field:
Statistics of the density perturbations

WALAP CMB map (anisotropies mn the 2.7 K cosiic microwave backeround.
® Pretty well mapping the density Huctuations at z- [ 100 - the pesr cosmological probes
measured on
large scales by
the WMAP
satellite (CMB
limited by being
2D).

® |nitial
perturbations 2
still small - linear
theory works.

® Shows that
fluctuations are
nearly Gaussian. I/(1+z) = Expansion factor
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Standard LSS statistic: the
power spectrum

CMB temperature power spectrum

2 ].I.'l: K:' |.l'.-l'
04 6, =
) 8000 -
f MAR Syr
. 23\ - Achar
A }} i = -.\I Sl — - e
= — ( = el
/ 24000 - :
® Thereis a good reason why we &
—" 3040
always talk about the power =
spectrum: a2 Gaussian random 2000
field is completely specified by its=
oeg — S :
power spectrum. >4
:I o — -
® Linear evolution preserves Multipole moment !

Gaussianity.
WMAPS and others, Nolta et al (2008)
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Standard LSS statistic: the
power spectrum

CMB temperature power spectrum

- PLX) —p
o(x) —
) 6000
Jrl . ' __1'1:_ -
g b k R \ 5000 — : s R
i = 44000 ;
® Thereis a good reason why we &
= 000
always talk about the power o
spectrum: 2 Gaussian random = 2000
field is completely specified by its=
1000 — “
power spectrum. .
® [inear evolution preserves Multipole moment {

Gaussianity.
WMAPS and others, Nolta et al (2008)
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Most standard LSS probe:
galaxy redshitt surveys.

CfA2 galaxy redshift survey (Geller & Huchra 1989), to z~0.05
13 12t n AN Xz H

CIAZ2 First 8 Slices
8.5 = 4« 425
€™y ib.b

BAQO scale of 100 Mpc/h

I Mpc = 3 million light vears
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® Black: main S

e Red:LRG

SDSS (North)
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=
w !

e

.
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SDSS-I/II galaxies

Pirsa: 09020037

SDSS main galaxy survey
~| million galaxies

Too little volume to be good for LSS

o S SRR T v .
parse sampled at ~ 107 galaxies/Mpc
80.000 galaxies by 2008

=~ o ¥ o L= d s -~
2000 Jeg= (] shed in 2008)

SDSS photo-z galaxies

(SDSS-11I/BOSS will take spectra)
10.000 deg?

5x sample density (shot noise)
2x volume
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LLSS: how much there 1s to do!

1 N ——
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cumulative volume [(Gpe/h)?3]

s
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* Very little of the
volume has been
mapped. because there
1s very little volume at
low redshift.

* Current LyaF too

sparse to call a 3D
map.
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LSS: how much there is to do!

® The non-linear scale =
was smaller at higher :
Z, so there are more g
g 107 &
useful modes per A
volume. = &
u 108 JI"! i
ap —1/2 3 : / ]
" J= — ~'"modes 2 /
® New ideas suggest that there is e ]
much more to be gained from = p——
much higher S/N (galaxy density) o x;;ggégﬁﬁ;es
than we thought before. e = . 2 | é | 4 5
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Future Surveys

BOSS galaxies, z<0.7

g
CHIME 21 cm 0.8<z<2.5:z
BOSS LyaF 2<z<3 2
Current SDSS-LRGs are roughly ~
the low-z tail of BOSS
European EUCLID satellite

similar to ADEPT. ~ 100 cubic
Gpc/h

100

10

- CHIME, 2013
BOSS(LyaF), 2014
.n'
= BOSZ. 2014 (or LAMOST)
i
I f 3
r _WPMOS. 2015°
£ ../_,-"'
_II

[

|'- WFMOS, 20|57

"- I 1 | L L | ]
0 1 2 3

redshift, =z
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Physics we can probe

I ic???
® Dark Energy,i.e., why is the What is this??’

expansion of the Universe
accelerating?

What is this?

® |nflation predictions for the

primordial perturbations - power 74% Dark Energy
spectrum and Gaussianity.

® Dark matter properties!’
® Neutrino masses’

® Modified gravity?
— 4% Atoms

Contents of the Universe

Pirsa: 09020037 Credicc NASA /WMAP Science Team Page 30/123
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Linear theory mass power spectrum

10
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0.1

H. sgumiity

0.001 0.01
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k [h/Mpc]

BAQ
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\
.\1
x‘x
k -3
ikl .
0.1

Basic ways to use LSS
to study physics:

e Reconstruct the 1nitial

conditions that led to
observed structure.

Use features 1n the
structure as rulers to
measure the geometry of
the Universe.

Measure the dynamics of
the growth of structure.,
1.€., the rate of growth of
density and velocity
perturbations.
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Scales of different probes

Wavelength A [h~' Mpe]
104 1000 100
—- - "'51*!_ i
= s 1“1* .
C La ]
o
L o
: -,
-t
E m Cosmic Microwave Background b
i a = I
# Cluster abundance

¢ Lyman Alpha Forest ]
0.001 001 0.1 10

Wavenumber k [h Mpe]

(figure by
Max Tegmark)
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Illustrative example of parameter

dependence of P(k)
e Effect of

1.2 rrv
: T massive
! N neutrinos (linear
0sf o ] power)
S0 - e Current
o e b syl . constraint
el ] including the
oz [ ] LyaF: sum m_nu
! | < 0.2eV (Seljak
R T T S T R et. al. 2006)
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Recently, LSS surveys have been advertised almost
exclusively as Baryonic Acoustic Oscillation (BAO)
surveys.

Next, | am going to argue that this is grossly under-

selling these surveys, but it is important to know
what BAQO are.
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Baryonic acoustic oscillations

Angular Scale

o500 —— = » Standard ruler used
i _ WMAP :' \ Spscti ﬁ to Sﬂld_\j dark
= 4000 _ * : _ CHnergy and
s / 1 * . curvature
N 3000 £ 4 3
= i N o A - » Observable in
e * A :  principle in any
1600 _ \w,rt" _f. i — tracer of LSS

" ‘3 e See Daniel Eisenstein’s
? webpage for basic
explanation and movies
(or Martin White).
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Detected 1n large-scale correlations of SDSS

luminous red galaxies (LRGs)
(Eisenstein et al. 2005)

4 1| A bump in a correlation
.. 93 © | function (real space)
S B\ appears as wiggles in a
- & T W 11 -
) E e | power spectrum (Fourter
) \ | e - 11 space)
5 A ] S —Sound horizon at
. Nuaatr S w3 recombination ~100
] Mpc/h
N
==t
S R =SS = — NS A W A
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So we have this standard ruler.
what do we do with 1t?

vo(a) = H(a)s a

Observer
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Linear power

B ﬁH. sguBiity il
10 &= =
- BAQ .
= Vi 5 :
= \
8wl N\ |
= - \ ]
.
- \\"-.,\
0.1 \x £
2 =
¥ k=% \]
i I i Al A | | 1 i | [ | I i 1 I|-"\|k
0.001 0.01 0.1 1
k [h/Mpc]
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The BAO-only approach
assumes everything here
except the small wiggles
is effectively noise.

There 1s no compelling
reason for this, since we
understand the ~BAO
scale and larger scales
theoretically at least as
well as we understand
other DE probes like SN
or clusters.
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Galaxy “bias ', 1.e.. the fact that galaxies don't pertectly
trace mass. 1s not quite the intractable monster it 1s often
made out to be - we just haven't thought about 1t carefully
enough (I argue in McDonald astro-ph/0609413. McDonald & Roy 0902.0991).

 Key physical principle: complexities of galaxy
formation are local. or at least short-range. relative to
the scale of LSS observations (partially by
construction).

e As often happens in physics. from a large-scale point
of view the small-scale complexities can be bundled
Into a tew free parameters - bias parameters.
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Bias: the relation between ~galaxy and
mass density - linear on large scales.

()qi — bé O T+ €5 T ... .
J ] ~ Quite generally
justifiable as a

bias tactor noise ,

1 . Taylor series
galaxy density mass density (McDonald 2006.
perturbation perturbation MeDemaid o Roy=009)

Galaxy power spectrum:

P,(k)y=b" P, (k) + N+ ...

N W . _ _
Noise power -\ = 11, approximately set by the number
density of galaxies (works well in simulations)
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Redshift-space distortions

cAN
A

® Peculiar velocities, i.e.. deviation
of local velocities from the

Hubble flow, make redshift an
imperfect measure of distance.

= H(LAI|| + AUH

® Measured correlation function
appears to be anisotropic.

® This is an opportunity to learn

about velocity field. i.e.. dynamics
of LSS.

Ross et al. (2007)
2dF-SDSS LRG 2-point correlation function
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Bias: the relation between ~galaxy and
mass density - linear on large scales.

r;z_b m+€ g il

_ Quite generally
Justlhable as a

bias tactor noise |

1 , Taylor series
galaxy density mass density (MeDonald 2006
perturbation perturbation NMelionaid & Rey 2039)

Galaxy power spectrum:

P,(k)=b" P, (k)+ N+ ...

. - S L . .
Noise power N = 71~ approximately set by the number
density of galaxies (works well in simulations)
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Galaxy “bias ', 1.e., the fact that galaxies don't pertectly
trace mass, 1$ not quite the intractable monster it 1s often
made out to be - we just haven't thought about 1t carefully
enough (I argue in McDonald astro-ph/0609413. McDonald & Rov 09020991 ).

 Key physical principle: complexities of galaxy
formation are local. or at least short-range. relative to
the scale of LSS observations (partially by
construction).

e As often happens in physics. from a large-scale point
of view the small-scale complexities can be bundled
into a tew free parameters - bias parameters.
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Bias: the relation between ~galaxy and
mass density - linear on large scales.

r;z__b m_+_F - ;

_ Quite generally
Jlibtlhdble as a

bias tactor . noise ,

1 . Taylor series
cgalaxy density mass density (McDonald 2006.
perturbation perturbation ~elianald &-Ray 2009)

Galaxy power spectrum:
P,(k)y=b" P, (k)+ N+ ...

Noise power -\ = 11~ approximately set by the number

density of galaxies (works well in simulations)
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Redshift-space distortions

e/NA
A

® Peculiar velocities, i.e., deviation
of local velocities from the

Hubble flow, make redshift an
imperfect measure of distance.

— H&-AIM + AUH

® Measured correlation function
appears to be anisotropic.

® This is an opportunity to learn

about velocity field. i.e.. dynamics
of LSS.

Ross et al. (2007)
2dF-SDSS LRG 2-point correlation function
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How to use multiple tracers ot density with
different bias (e.g., galaxy types) to beat the
cosmic variance limit on redshift-space
distortions.

McDonald & Seljak (0810.0323).

* Bottom line: order of magnitude improvements in
measurements of the rate of growth of structure

d D /da(z). with similar improvement in dark energy
constraints... and more. ( d0(a) = D(a)dg )
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Bias: the relation between ~galaxy and
mass density - linear on large scales.

(5' 49 - {) ‘ (5 + 6 . —1_ ...
[} L I L ! T?m z.._ . Quite generally
| justifiable as a

bias factor noise |

1 _ Taylor series
galaxy density mass density (MeDonald 2006.
perturbation perturbation McDonald & Roy 2009)

Galaxy power spectrum:
P,(k)=b P, (k) + N+ ...

Noise power -\ = 711~ approximately set by the number

density of galaxies (works well in simulations)
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Galaxy “bias ', 1.e.. the tact that galaxies don't pertectly
trace mass. 1s not quite the intractable monster it 1s often
made out to be - we just haven't thought about it carefully
enough (I argue in McDonald astro-ph/0609413. McDonald & Roy 0902.0991).

 Key physical principle: complexities of galaxy
formation are local, or at least short-range, relative to
the scale of LSS observations (partially by
construction).

* As often happens in physics. from a large-scale point
of view the small-scale complexities can be bundled
into a tew free parameters - bias parameters.
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Bias: the relation between ~galaxy and
_mass density - linear on large scales.
r;z = b Om + € + ..

~ Quite generally
justifiable as a

bias tactor | noise ,

1 . Taylor series
galaxy density mass density (MeDonald 2006.
perturbation perturbation MeDonald & Roy 2009)

Galaxy power spectrum:

P,(k)y=b" P, (k) + N+ ...

N e e K oy 51 - _ _
Noise power -\ = 11~ approximately set by the number
density of galaxies (works well in simulations)
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Redshift-space distortions

e/
A

® Peculiar velocities, i.e., deviation
of local velocities from the

Hubble flow, make redshift an
imperfect measure of distance.

— HaAJ_‘H + Av

® Measured correlation function
appears to be anisotropic.

® This is an opportunity to learn

about velocity field. i.e., dynamics
of LSS.

Ross et al. (2007)
2dF-SDSS LRG 2-point correlation function
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How to use multiple tracers ot density with
different bias (e.g., galaxy types) to beat the
cosmic variance limit on redshift-space
distortions.

* McDonald & Seljak (0810.0323).

* Bottom line: order of magnitude improvements in
measurements ot the rate of growth of structure

dD/da(z).with similar improvement in dark energy
constraints... and more. ( 0(a) = D(a)oy )

irsa: 09020037 Page 51/123



Peculiar velocities in LSS

Mass density Fourier mode

-

i Associated peculiar velocity mode.
Vk = — 1 H a }‘ A__){-)k Fh?:' into density maxima. out of
L VOl1ds.
Fla)= gn.l = (IU-0(5)
dIna :
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Redshift-space distortions
As| = Ar; + (HuJ_1 A

1 A

de =bo— (Ha) —
| | el _ \
(b=2.f=2/3)

fjk : )

\D ;k_. | Osk = ( fﬂ ()k |

b+ f)o\ po=Fky /K
Kaiser (1987)
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Redshift-space distortions
As = Ar| + (Ha)™" Ay,

= - | E)F'i
ds=bo—(Ha)
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Redshift-space distortions

g = INFy 4 (Hu]_1 Af’|

=1 [:.)i"

de =bo— (Ha)

clr

(h=2.1=2/5)
Ok = (b+ fp=)ok
Kaiser (1987)
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Traditional approach to
exploiting redshift-space
distortions:

® Redshift-space galaxy power spectrum is
this: P, (k1) = @&+ Fu)y Pulk)

® Marginalize over bias to determine velocity
divergence power spectrum [~P,, (k) x Pys(k)
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Cosmic/sample
variance limit

® General error on the power spectrum
from a single noise-free Fourier mode:
op

P-
® Error on Py = (522)" P, per redshift-

d1ln a

space mode (angle averaged).

o5 5(3%+23+2)
A

® This is remarkably bad!

=1 |

~ 65 (3 =0.5)




How to beat cosmic variance with
multiple tracers (two galaxy types)

For illustration, assume no noise.
The random density field cancels from the ratio of densities
of two types of galaxy.

Og2 (b2 + frm)o o+ 3p°

0q1 (by + fr=)o 1 + -

B b , f 1dlnD
by T T by by dlna

()

With only two modes (e.g.. radial and transverse). we
can measure bias ratio and distortion factor perfectly!
w000 W1th small noise the error scales like N/P. Page 103123



But wait... what good 1s knowing 7 = —
when we don’t know 0| ?

Go back to the equation for the galaxy density:

0,1 = (b1 + fu=)o = (37 +pu=) fo

We have a perfect measurement of [0 X £ the velocity
divergence - use this to measure

| d1n D - |
Jl;r'_lj £ — [ ).f ')
rf hl (.

So we haven't entirely eliminated cosmic variance. but
have eliminated confusion with bias (i.e.. potentially a
factor ~65 improvement).
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) ny trom tull Fisher matrix for finite noise

0.1 ==

I

0.001

e
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* Hypothetically map 30000 sq.
deg.

* Green: single b=1 (bottom) or
2 (top) tracers (note smaller
bias 1s better).

¢ Black: both. S/IN=1.3. 10.30.
100 (at k=0 .4 h/Mpc)

* Red: cosmic variance

= 0Lt [DOOYY =) W/ Mlpe

PLlabs
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Constraints on parameterized Dark Energy

| PDE | | |
e ) = = wy + wy(l — a)

,{)DE

The "Dark Energy Task Force ™ suggested using the inverse of the
area within the 95% confidence contours on a measurement of
w_0 and w_a as a “Figure of Merit” for surveys.

This FoM gives a somewhat arbitrary but usefully standardized
way to quantity the general constraining power of a survey.
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Fyy  from full Fisher matrix for finite noise

_ * Hypothetically map 30000 sq.

deg.
21 £ E * Green: single b=1 (bottom) or

2 (top) tracers (note smaller
bias 1s better).

e Black: both. S/N=1_.3.10. 30.
100 (at k=04 h/Mpc)

* Red: cosmic variance

« = Ll [I(O)/ D(z)] K/ My
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Constraints on parameterized Dark Energy

PDE | .-
= wy + wy(l —a)

wila) =

[.’)DE
The "Dark Energy Task Force ™ suggested using the inverse of the
area within the 95% confidence contours on a measurement of

w_0 and w_a as a “Figure of Merit” for surveys.

This FoM gives a somewhat arbitrary but usefully standardized
way to quantify the general constraining power of a survey.
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Parameter dependence of Pyy(k = 0.1 h/Npc)

irsa:

Error bars show the

Tl m Q L | . . ,
.02 - L. projected eriors 1615/
Hl 7 P LT N=10 (on the BAO
[ | ? ‘:Hf"‘h__h - 2y oy n " N =1 i d W g
o L [} [ Fs+itssseeses Scale), and 5/4 sky.
o \ Fixed «h- . N
L 002 | 4 along with other
! L\ parameters.
_0.04 |- \ L'y ~  Parameters scaled
I “\_/ |1 by typical error
N . - levels (inc. Planck).
h e w - dln D\~
0 1 2 3 4 PHH = ( ) PH
09020037 & f/ 111 {I
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FoM with £y constraints

* Bascline 1s Planck+DETF ~Stage-
[I'" (~presently happening lensing.
SN. clusters)

* Includes BAO trom the same surveyv
(bluec 1s BAO only)

e 5/4skv uptoz_max.

= Green: single b=1 (top) or 2 (bottom)
racers.

= Black: both tracers. S/N=1. 3. 10. 30.
100 (at k=0).4 h/Mpc)

FoM/FoM,

s Red: cosmic variance himit

)(“mn:{ = 0.1 :D[_':]}.’D'i = ]] h :\I[J{

Best case has o, = 0.0023
5/N =10 has ¢, = 0.0074
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