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Galileo Galile

e 400 years ago Galileo used new technology (the telescope)
to open a new window onto the heavens
» Resolved Milky Way into stars
= Lunar features
= New moons of Jupiter

e 21 cm interferometers very much driven by

new computing power and hope to open

new window of sensitivity in an old wavelength band
- Important to know where to look
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Overview

What is the Reionization Era?

A Schematic Outline of the Cosmic History
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| - inflation
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S.G. Djorgovski et al. & Digital Media Center, Caltech

The Solar System forms
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21 cm basics

eHI hyperfine structure eUse CMB backlight to probe 21cm transition

1181/2 nl T T
l A=21cm

o fy

1081/ 2

n,/N,=3 exp(-hv,; /KT z=13

f.=1.4GHz  Tops=100 MHz
3D mapping of HI possible - angles + frequency

«21 cm brightness temperature

Ts — 1T, |
Ty = 27zu1(1 + op) ( STg ﬁ) (%) mK

21 cm spin temperature Coupling mechanisms:

—1 o —1 o —1 Radiative transitions (CMB)
TW + 'LO‘TOé + 'LCTK Collisions

1 + Ty + Tp Wouthuysen-Field
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=200 \Nouthysen-Field effect

Hyperfine structure of HI

Lo X Jq

Effective for J,>10-%'erg/s/cm?/Hz/sr

TS~Ta~Tk

W-F recoils

Field 1959

NeL; Lyman o

Selection rules:
AF= 0,1 (Not F=0->F=0)

NS,
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Thermal history
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=200 Measuring the global signal

e |sotropic signal means single dipole experiment possible
e Integration times ~100 days for z<20
e Longer for weak dark ages signal
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Jester & Falcke 2008
e Foregrounds and systematics are the problem...
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Foregrounds

e Many foregrounds
= Galactic synchrotron
» Terrestrial RFI
» Radio recombination lines
= Radio point sources

e Foregrounds dwarf signal:

Foreground+noise [K]

foregrounds —~1000s K vs
10s mK signal

Strong frequency
dependence T oxv2°

Recovered signal and Residual [K] Total signal [K]

Foreground removal
exploits smoothness in nu

) Wang, Tegmark, Santos, Knox 2005
- signal needs features
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Expected region

Residuals

* looking for reionization at z,=8

150 160
Frequency [MHz]

Bowman, Rogers, & Hewitt 2008
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=20 OQther sharp global features?

eEnd of reionization

eEnd of dark ages / onset of Lya pumping

e X-ray heating by stellar remnants

e Rapid heating from exotic processes during dark ages?
- decaying dark matter

- evaporating primordial black holes
e 777
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21 cm fluctuations

Brightness Baryon Neutral Gas W-F Velocity
temperature  Density  fraction Temperature Coupling gradient

6Tb — /65b+ /651352131_[1 =+ /BTéTk =+ /601505 B 58’0

AN
Y e

Amount of Spin Velocity
neutral hydrogen temperature ERS
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==z Temporal separation?

Brightness Baryon Neutral Gas W-F Velocity
temperature  Density  fraction Temperature Coupling gradient

6Tb — ﬁéb_l_ ﬁa:(sazHI =+ /6T5Tk =+ /801505 B 58’0

Dark Ages Twilight i
R

Z. Z, I
Z~200 Z~30 * |
Collisionally No 21 cm <’ q

O\

coupled regime signal

Density Tl

’ Lyo X-ray v
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Temporal evolution

Reionization
4+—>

L 1"1‘.'1'*11 e b £

o 10 50 100

Pritchard
& Loeb 2008
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21 cm experiments

Current
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Experimental design

SKA FFTT

XX XX X XXX
XX XX X XXX
XX XX X XXX
XX XX X XXX

Group dipoles into tiles Regular grid of dipoles
Reduce computational cost FFTT to correlate
Lose number of UV baselines Greater sensitivity

N <<|\Idipole

tile
3 Tegmark &
Dryax Tsys Zaldarriaga

e D s 008

TrMSs =
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Pixel Scales

MWA g

v~160 MHz

?

Av~0.01 MHz
AR~(.2Mpc

A4’

RO~12Mpc

rAn Ly

eBetter frequency resolution than angular resolution
eBandwidth limited by cosmic evolution
oFT data cube to get 3D power spectrum

Az~0.5
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Experimental sensitivity
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=200 COmMparison with galaxy surveys

e Galaxies good on large scales
e 21 cm could extend to small
scales
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Nonlinear growth
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== Cosmological parameters

Neutral Gas W-F Velocity
fraction Temperature Coupling  gradient

Density

5Tb — ﬁéb_l_ ﬁ?’(}cxH[ _|_ ﬁTJTk —|_ /801501 I 58’0

Pr,(k,p) = (14 p?)*Ty Ps(k)




Massive neutrinos

Massive neutrinos reduce density fluc. on small scales
- Matter-radiation equality delayed (relative to Mnu=0)

- Free-streaming neutrinos don’t clump
Precision measurements of P(k) at k>0.01 h Mpc! -> Mnu

Pk

ol
&
s
0.

Bk’

k (hMpc)

Lesgourgues
& Pastor 2006
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Neutrino mass

Present bounds

CMB only

+ 2dF/SD55-gal

+ bias and/or Ly-o and/or SDSS-BAO

|  }MwA”
VY

+SKA

+FFTT

0.01 0.1
lightest m,, (eV)

M™n(TH) = 0.1eV
M™"(NH) = 0.05eV

Fiducial
Planck
+SDSS

+G3
+MWA
+SKA
+FFTT

Pritchard & Pierpaoli 2008
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Total mass constraints

Am?, =2.6x10°eV? (bestfit)

e SKA 4+ PLANCK
----FFTT + PLANCK
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Mass hierarchy

e Small signature from mass hierarchy
& individual nu masses
e Requires v. high precision to detect

0.99 IR ETTT B AR ETTT N SR T V1| MW W7 W T

0.0001 0.001 0.01 0.1 1 10
k [h Mpct]

adapted from
Lesgourgues, Pastor & Perotto (2004)
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Individual masses

mp;  mg my +mz ma M
Fiducial
Planck 0.922 0.950 0.552| 0.633 0.550
+G3 0.654 0.78 0.295| 0.296 0.265
+SKA 0.645 0.631 0.405| 0.41 0.405
+FFTT 0.037 0.03 0.03| 0.03 0.029(0.0076
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Inflation - lever arm

e CMB probes k—~0.002-0.2 h Mpc-1

e Adding in galaxies, Lya forest, 21 cm extends lever arm

e With long lever arm assumption of slow roll tightens
constraints over spectral parametrization

relatim FoM

|

1 1 | 1 J
500

1000 1500
multipole

1 1 I 1 |
2000

Adshead & Easther 2008




GGl

Jan 2009 Tilt and running

-0.005
-0.010

-0.015
0940 0945 0950 0955 0960 0.965

ng

SKA-+Planck ons = 0.0031, oa = 0.0032 Mao+ 2008

Barger, Gao, Mao

FETT+Planck}(0ns =6 x 107%, da = 2.7 x 10™*) EAEICERI:

Start to get down to (n-1)? level=constrain 3rd slow roll param
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Potential reconstruction

e Tight constraints on running aid slow roll potential
reconstruction

2¢(A1 —€),

[(n — 1)1 — nel Ap + An+1

e—folds prior: 30<N<500 e—folds prior: 30<N<500

High €. | pai Q High €, 1 pai
Hieh « pal Hieh 2 pai
Hioh Dal i§'|‘

Low €, 3 par. Low €, 3 par.

SKA+Planck
0.0
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Barger, Gao, Mao & Marfatia 2008




Challenges

6T, (mK) z = 20.60

6T, (mK) z = 15.24
10 50
0 0
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0
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oT, ( z = 10.00
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0

JRP, Trac, Cen,
 (pe/h) Cooray 2008

y (Mpc/h)

y (Mpe/h)

X (Mpc/h)




GGl

Relonization

e |lonized bubbles modify P21 on large scales

Furlanetto,
Zaldarriaga,
Hernquist
2004

= b2, [1+ 0ue(k Rez) + (kRaz)?] ™ 2 Pis,
= b25 exp [—ags(k Rys) — (k Rys)?] Pss
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non-Gaussianity

 lonization fluctuations are not small 6X,~1

e Higher order (in X) terms modify P21 on small scales
e non-G from bubbles poorly understood - may be useful

Py (k) = T? [fé1Ps.s(k) + P, 2, (k) — 2furPe, s(k)
+2P,.5.2,(k) — 2fe1 Pr,5.5(k) + Po,s.2.5(K)]
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i Lidz+ 2007
Santos+ 2008
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Jan 2009 You can't always get what you want...

S Ideally would run to higher z
where ionization small, but
gas already heated and coupled

e Can minimise, but not evade
astrophysics. Overlap between
lonization/temp/Lya fluctuations

Pritchard
& Loeb 2008
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Angular separation

Baryon Neutral Gas W-F Velocity
Density fraction Temperature Coupling gradient

0T, = B0,+ BaOzy; + OT0T, + Bada (080

eIn linear theory, peculiar velocities correlate with overdensities

N 2
Od, v, (k) = —p~0 Bharadwaj & Ali 2004
eAnisotropy of velocity gradient term allows angular separation

Pr,(k) = p*P,a+ p*P,2 + P Barkana & Loeb 2005

e 14 term just depends on density
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Jan 2009 AnQUIar Separathn
MWA

I 1 I LI | ]
k=0.1 Mpc-!

e Works best when isotropic
component small - tends to
be when density already
significant

e Some regions where might
be useful

)
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s
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=2 [ |

Pritchard
& Loeb 2008
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=200 yOU get what you need?

Vanilla Alone
AS Aln(Qmhc) Aln(Q;h<) Ang Aln Ag AT AQ Amy [eV] Ac
Planck 0.0070 0.0081 0.0059 0.0033 0.0088 0.0043 0.025 0.23 0.0026
All OPT 0.0044 0.0052 0.0051 0.0018 0.0087 0.0042 0.0022 0.023 0.00073
+LOFAR All MID 0.0070 0.0081 0.0059 0.0032 0.0088 0.0043 0.018 0.22 0.0026
All PESS 0.0070 0.0081 0.0059 0.0033 0.0088 0.0043 0.025 0.23 0.0026
All OPT 0.0063 0.0074 0.0055 0.0024 0.0087 0.0043 0.0056 0.017 0.00054
+MWA All MID 0.0061 0.0070 0.0056 0.0030 0.0087 0.0043 0.021 0.19 0.0026
All PESS 0.0070 0.0081 0.0059 0.0033 0.0088 0.0043 0.025 0.23 0.0026
All OPT 0.00052 0.0018 0.0040 0.00039 0.0087 0.0042 0.0011 0.010 0.00027
+SKA All MID 0.0036 0.0040 0.0044 0.0025 0.0087 0.0043 0.0039 0.056 0.0022
All PESS 0.0070 0.0081 0.0059 0.0033 0.0088 0.0043 0.025 0.23 0.0026
All OPT 0.00010 0.0010 0.0029 0.000088 0.0086 0.0042 0.00020 0.0018 0.000054
—+—FFTTb All MID 0.00038 0.00034 0.00059 0.00033 0.0086 0.0042 0.00023 0.0066 0.00017
All PESS 0.0070 0.0081 0.0059 0.0033 0.0088 0.0043 0.025 0.14 0.0025

Mao+ 2008

OPT - density only, MID - model ion, PESS - velocity only
MID constraints still interesting

FFTT MID constraints very interesting

So key is ability to model ionization well

(velocities and non-Gaussianity may help constrain models)
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Intensity mapping

Residual HI left in dense clumps (e.g. DLA)

1) Use radio telescope to do galaxy survey
- fully spectroscopic Abdulla &
- SKA could find 10° galaxies out to z=1.5 Rawlings 2004
- measure distances to from BAO

Instead of resolving galaxies just integrate 21 cm intensity
to get a map of the density

- at z=1.5 BAO 3rd peak at 20’ \f\?yai‘t”hgee; ‘E'éezbo%m
resolvable by ~200 m telescope

- smoothing over smaller scale information

- comparable to DETF stage IV mission

21 cm intensity fluctuations found in cross-correlation
between HIPASS and 6dF Pen, Wu, Peterson, Chang 2008




BAO at high z?

Wyithe, Loeb, Geil 2007

What do distance measurements at z>4
tell you?
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Dark Ages

Avoid astrophysics by going to highest redshifts
Pristine power spectrum
Primordial bispectrum

Heating of exotic decays after CMB and before star
formation

Much weaker signal than during reionization

->requires large collecting area (many km?)
- going to small scales for running requires high angular
resolution ->need long baselines + better antennae
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=200 \MNen do dark ages end?

- when Lya flux builds up

e Onset of Lya fluctuations log
parameter dependent

e Hard to make robust predictions
eSomewhere in range z—~22-28

e Earth ionosphere important at
nu<50 MHz (z>26) so hard to get
at dark ages from earth

v[MHz] 500
FTTT |73I T
X.(2)=x,(2) ]
k=0.01 Mpc~! -
——__k=0.1 Mpec-t
— —k=1.0 Mpc~! 7]

1 Illlllll 1 Illlllll | llllllll 1 11

0.01 0.1 10

Pritchard
& Loeb 2008
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Jan 2009 Why go to the m00ﬂ7

Earth lonosphere reflective below 10 MHz
In 10-50 MHz region scattering smears objects
- limited angular resolution

Radio interference (RFI)
LARC - Lunar Array for Radio Cosmology (Pl Hewitt)
DALI - Dark Ages Lunar Interferometer (Pl Lazio)

Mass requirements challenging

- many km of wire = tonnes of masg”
- energy requirement of correlator/ -
- data transmission back to Earth §

Active area of NASA interest
- for the moment...

Plan Is for mission —2020
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Conclusions

Possibility of making very sensitive measurements of P(k)
over wide range of scales and redshifts

- neutrino mass at 0.008 eV level

- running at 0.0003 level

- Can you do anything qualitatively new with this precision?

Largest signal during reionization. Need to...

- find windows where astrophysics least important
- use velocities and non-Gaussianity to understand
- model astro to get cosmology

Intensity mapping good for BAO in 1<z<6 window

Dark Ages requires going to moon...
...and 10s km? collecting area
...and funding... >2020

Large uncertainties in modeling due to ignorance of high
redshift sources



