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Abstract: | will summarize current observational constraints in cosmology with emphasis on what we have learned about the properties of the
primordial density perturbations. | will describe future directions including observations of high redshift neutral hydrogen through is 21 cm line.
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A century of progress
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The Era of Precision Cosmology

"Cosmologists are often 1n error. though

rigacespeeo2) doubt.”

-- Lev Landau
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Not everything 1s vet settled:

e Matter budget: Dark matter/Dark energy
e Early universe: How were the initial seeds created??
e Non-linear physics: Galaxy formation and evolution.

retonization. the first stars
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The matter content

The Universe appears to be fiat
with the energy density
dominated by a fluid with
equation of state

w = —1.004 3= 0.089

0705.3325 (Percival et al.) using BAOs

> ; Dark matter 1s required to
explain the shape of the CMB
cgion o et ot by WAAPY (£ dack o) nd WMAP (o peaks as well as LSS.
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widing SDSS LRG information. bresking the degeneracy mainly from the CMB is consistent

by messuring the aconstic peak locations in The galaxy power spec-
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Windows into the inflationary epoch:

We now know for a fact that perturbations had to be created during
inflation. Which properties of the perturbations can be used to test
the model?

1. Departures from scale invariance of the density perturbations
Gravity waves

(R

4. Isocurvature fluctuations
Relics such as cosmic strings

th

e CMB experiments: WMAP, Planck, CMBPOL. SPT. ACT, etc
» Smaller scales from Lyman alpha forest. lensing. SZ, etc.
Push to smaller scales to have more modes and measure polarization

Pirsa: £80400

to look for Gravity Waves
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When were perturbations created?

The data definitively shows that they were created during Inflation
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Power Spectrum
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When were perturbations created?
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The shape of the power spectrum

Standard inflation predicts departures from scale
invariance, although small

ratio of the size of 7 — ]_ ~ I/Nefold ~ 002

fluctuations at two

different scales.
with wave- \ P(kl) kl

numbers k1 and — (_)”_1

k2 P(kg) ko

(4001 ~ 13  (1500)" " ~ 1.4 (109"t ~ 1.6
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When were perturbations created’?’

Sharp acoustic peaks are
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The shape of the power spectrum

Standard inflation predicts departures from scale
invariance, although small

ratio of the size of 1 — ]_ ~ 1/Nef{)ld ~J 002

fluctuations at two

different scales.
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When were perturbations created”?

Sharp acoustic peaks are
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The shape of the power spectrum

Standard inflation predicts departures from scale
invariance, although small

ratio of the size of 7 — 1 ~ I/Nef{)ld ~J 002
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 Departures from scale invariance

after 3 vrs of WMAP
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Tegmark et al astro-ph/0608632
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Several technical issues remain unsolved
that appear to change the sigmificance of
this result (eg. different treatments of
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The future 1s even brighter: Ground base experiments. Planck
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The energy scale of inflation:
gravitational waves

Inflation predicts the presence of a stochastic
Background of Gravitational Waves

H
Mpy

H 5 Comparable to
It . 1 - p
Mpr density perturbations

Directly measure the expansion rate during Inflation.
This measurement has taken a greater significance now that it
e cfypears that GW might not be observable in “string-inflation™ ="

hg.j‘ ~




Current constraints come from

Current constraints from WMAP 3 vrs
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The tuture of GW constraints: Polarization

Density pert. Q>0 U=¢ Q<0 U=¢
& ‘ -
Gravity Waves \ / / \
E<0 E>0

Gravity

Waves N, BN P L
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Power spectra of E & B
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Which experiment will first constrain
Gravity waves using B modes?
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The statistics of the seeds

The simplest inflationary models predict very
small (unobservable) departures from Gaussianity

Secondary anisotropies and residual foregrounds also lead to
departures from Gaussianity.
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The Size of non- There is a direct connection between the
Gaussianities - departures from scale invariance and the
' three point function

. . .. ! — )
_Non-Gaussianities ™ (7 — 1)1U

Maldacena 2002



[evel of non-G 1n standard inflation

(6°)
(52>3/2

 The ultimate level using CMB is around ]_0—4

~(n—1) ~1072 x 107°

Komatsu & Spergel

e Current constraint is around 10_2

WMAP first vear data
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[ evel of non-G 1n standard inflation

() 2. 10-5
(62)372 ~(n—1)0 ~107* x 10

 The ultimate level using CMB is around 10—4
Komatsu & Spergel

e Current constraint is around ]_[)_2

WMAP first vear data
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In models of inflation where the density perturbations we see were
produced by fluctuations in a field other than the inflaton. and get converted
into density fluctuations at reheating or later. non-Gaussianities of the local
form are common.

%):gﬂLfNL(QQ—(gQ))JF'”

This is generic to all models where there 1s more than one field (or
clock) so that it makes sense to talk about evolution outside the
horizon (curvaton. multi-field models. variable decay rate).

Pirsa: 08040002 Typlcal expectation 1S f NL ™~ 10 Page 30/71



Expected level

(53> V(S) f can be >> (n-1) however if {
<5Q>3/2 ~ H 1S close to one the higher
derivative operators will
| . o modify the homogeneous
(80) = oH? f5 f O solution
M4  HMH4 M4
M?

For detectable non-G the full function F 1s important
for the dynamics.

Strongly coupled dynamics not traditional slow roll.

Pirsa: 08040002 Page 31/71



There are just two different things to look for. two distinct
shapes of the three point function.

Muluple fields:

evolution outside the Only one clock but strongly
horizon 1s meaningful coupled dynamics
Correlates large Only correlates

and small scales similar scales

In general we expect (= “can manage to get”) departures from

~Lramdssianity that are on the small side for WMAP but could be segn.by
Plan~L-






There are just two different things to look for. two distinct
shapes of the three point function.

Multiple fields:

evolution outside the Only one clock but strongly
horizon is meanineful coupled dynamics
Correlates large Only correlates

and small scales similar scales

In general we expect (= “can manage to get”) departures from

~Lradssianity that are on the small side for WMAP but could be segn.by
Plan~lL-
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Searching tor the signal

The best data set 1s the one with the largest number of high signal to
noise measurements (pixels. Fourier modes). Constraints go as

—1/2
Npix

WMAP and future all sky CMB experiments are the most promising.

Surveys of hydrogen at high redshift using its 21 ¢cm line could
e ptentially do better. page 3671



The basics of CMB Anisotropies

or 0., v, —tx_
— =0T /T — Tight Coupling

iy 1 c /
All 3 effects have the same origin '
P ~ ATV*U
14 Gpe

“Free Streaming

| Observer Today
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Summary so far

Experiments are beginning to constrain the characteristics of the
primordial fluctuations at levels that are interesting for early
universe physics.

* Small departures from scale invariance
* Stochastic background of GW
* Departures from Gaussianity

The best way to characterize the departures from Gaussianity 1s
the three point function.
Departures come in just two types depending on the physical
origin of the effect
The constraining power of a data set is just given by N, -
The data 1s consistent with Gaussianity.

“Upper limits are close to plausible levels.
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21 c¢m fluctuations: a new window for
Cosmology

/

* Epoch of Reionization Science
e Fluctuations on small scales

* Gaussianity ‘\

First Step

Future
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Our observable P = Available to 21 cm
universe - observations
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n=1

21 c¢m transition: a new

window

I
e
,

J Lyman «

Ground state of hy drugcn

Coupling mechanisms

2] cmprocesses T/
e Collisions Ty

e Lyman « Tk
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n _ o T/ TS
no  ga
T. =0.068 K

Before reionization we
can observe hydrogen
using the 21 cm line

Emission
T,_,-. = T(_'_‘LI B

Absorption
I's <Tcus
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a=1

21 cm transition: a new

window

1]
I
P'

Lyvman «
L

Ground state of hy dmg-.:n

Coupling mechanisms

21 cm processes T g
e Collisions Ty

e Lyman « Tk
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M _95 -1T.
n-s g9 -

I, =0.068 k

Betore reionization we
can observe hydrogen
using the 21 cm line

Emission
T5 > T(_"_Ub’

Absorption
Is <Tcus
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Our observable
universe
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21 ¢m transition: a new window

m_9N -1y
n2 g2 |

| Lyman «
\ J T. = 0.068 K

Ground state of hy dmgcn

=1

Before reionization we
can observe hydrogen

Coupling mechanisms using the 21 cm line

o721 Emission
21 cm processes Ty, 5 I.>TcvmB

e Collisions 1y oo T Absorption

e Lyman « Tk i =S
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Available to 21 cm

Our observable '
observations
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Brightness fluctuations

Fluctuation in the Neutral fraction

" Tq—T(*ng
B ‘1*“( < )
] I'“F ' T-q' ,

g T . Fluctuation in the temperature:
Fluctuation in the density pe

Unimportant for T >>T__. (reionization)
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Our observable
universe
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The epoch of reionization
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The epoch of reionization
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The epoch of reionization
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The epoch of reionization

F
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Neutral
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The epoch of reionization
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The epoch of reionization

F
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The Early window

EOR
- — - — — o w— — — — . ; — —._-L 5
before structure 10 £ i Rt - z:; =2 signal
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FIG. 2. Angular power spectrum of 2lcm anisotropies
on the sky at various redshifts. From top to bottom.
age
z = 55. 40, 80. 30, 120. 25, 170.
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Experimental challenge

CMB: 21 c¢m Fluctuations:
Background: 3K CMB Background: 200 K Galaxy
Temperature Fluctuations: 30 uK (10-5) Temperature Fluctuations: 20 mK (10-)

- Wavelength: 2 meters
E mode polarization: 3 ukK (10-%) - =

Frequency: 140 MHz
B mode polarization: 0.1 uK (3 x 10-%)

[
' Wavelength: 0.3 cm 2
A2T s

Frequency: 100 GHz AT OXC
A\/ Alfto
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LOFAR

5 10* m* collecting area 1n a core with diameter 2 km

|-|-|.-|-l-

leﬁ

21CMA (PAST)

Prototvpe. Ulastai. West China

Lahile |- Specifications of Baseline PAST instrument.
Parameter Guoal (az 100 MHz I

Toral antenmas Wi |
Effective Elesnents It} |

|_—‘—'.-~ LEVR RN 5= |

Element ofectiy eceiver tempeernbare VK
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Mileura Wide-field Array Low Frequency Demonstrator
(MWA-LFD)

EOR Science Collaboration

MIT: Jacqueline Hewitt, Colin Lonsdale, Miguel Morales

Melbourne: Rachel Webster, Stuart Wyithe, David Barnes

CfA: Avi Loeb, Lincoln Greenhill, Lars Hernguist, Matias Zaldarriaga

Other Institutions: Steve Furianetto (UCLA). Chris Carilli (NRAQ), Frank Briggs

(ANU)

Characteristics of the Array

*500 16-element antennas in a compact 1.5 km array

*Wide 80300 MHz frequency range

*Digital recerver & filter chain. 32 MHz at 16 Khz resolution
*Full cross-correlation of all 500 antennas. 20-30° field of view
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Western Australia

Boolardy in the Murchinson area (MWA), 0.01 humans/km*2
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The raw constraining power of 21 cm tomography:

For a 2D survey

9 ~6 {mr} 1 = -
Nop =12, =9 x 10° [ ==
2D mad ( 3“”“ )

In the case of 21 cm. there is extra radial information
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Constraints on departures from scale invariance and on
primordial non Gaussianity scale as

1

vV N obs

For CMB
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\4 *\robs [ maxr

For inflationary models we expect to see (n-1) but not running (n-1)-

0p

p
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NG~ (n—-1)

Too small in simple models



6.2 The Joiim M. Hedeepeth Concepr

Getting away from R
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Summary:

» Upcoming 21 cm observations have the sensitivity to detect fluctuations in
the background which will constrain both cosmological parameters and the
physics of reionization. opening a new window for Cosmology.

* [n principle this technique might unable us to map the largest fraction of
our Hubble volume, resulting in the a huge “number of numbers™ measured.
* Will we ever be able to use a substantial fraction of the information that is
out there in the 21 cm signal? We will have a much better idea of the answer
to this question in a few years when the first observatories come on line.
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