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Abstract: The atomic hydrogen gas left over from the Big Bang was affected by processes ranging from guantum fluctuations during the early epoch
of inflation to irradiation by the first galaxies at late times. Mapping this gas through its resonant 21cm line serves a dual role as a powerful probe of
both fundamental physics and astrophysics. Current cosmological data sets (such as galaxy surveys or the microwave background) cover only 0.1%
of the comoving volume of the observable Universe. 21cm observations hold the potential of mapping matter through most of the remaining
volume. Radio observatories are currently being designed and constructed with this goal in mind. The three-dimensiona 21cm maps could
potentially set unprecedented statistical constraints on the power spectrum of cosmic density fluctuations and its gravitational growth with cosmic
time. The reduced uncertainties could allow for precise measurements of fundamental parameters, such as the mass of the neutrino or the equation of
state of the dark energy (from acoustic oscillations in the 21cm power spectrum), and will test generic predictions of cosmic inflation for deviations
of the density fluctuations from scale invariance and gaussianity. The measured gravitational growth of the fluctuations with cosmic time would
constrain the nature of the dark matter or alternative theories of gravity.
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The initial conditions
of the Universe can be
summarized on a
single sheet of paper,

yet thousands of books

cannot fully describe

the complex structures
we see today ...




THE DARK A of the Universe

Astronomers are trying to fiill in
the blank pages in our photo album
of the infant universe
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On small scales the universe is clumpy
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Evidence that Most Matter is EM Dark




Evidence that Most Matter is EM Dark

Diffusion dampmg of small-scale fluctuations m the baryon-
photon fluid prior to cosmic recombimnation mplies that galaxies
could not have formed in our Universe without dark matter:




The First Dwarf Galaxies Form at 7~30




The First Dwarf Galaxies Form at z~30

The distribution of matter can be
mapped through:

(1) Surveys of galaxies

(i) Surveys of the diffuse. .

(intergalactic) gas




Hubble Ultra Deep Field (HUDF)




Hubble Ultra Deep Field (HUDF)
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Hubble Ultra Deep Field (HUDF)
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A three-dimansional view of the Hubbis Ultra Desp Fald Each plane is [abelad with
the age of the unrvarsa at the time whan the light we now see left the galaxmes.
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Searching for the First Galaxaes:

James Webb Space Telescope

2 | —\

Launch dafe: 2013
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« GMT=Seven mirrors, each 8.4m in diameter
« TMT. EELT — seemented 20-40m aperture
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lapping the Cosmic Distribution of
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21cm Mapping of Cosmic History

GHTING UP THE COSMOS

the beginning of the Dark Ages, siectricaliy neutral
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21cm Tomography of Ionized Bubbles During Reionization is like
Slicing Swiss Cheese

>

Observed wavelength < distance
2lcm x (1 + 2)




Counting Modes in Cosmological Surveys
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Separating the Physics from the Astrophysics

Physics: initial conditions from inflation;
nature of dark matter and dark energy

Astrophysics: consequences of star formation
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Separating the Physics from the Astrophysics

Physics: initial conditions from inflation;
nature of dark matter and dark energy

Astrophysics: consequences of star formation

Three epochs:
mapping of densit
fluctuations through 2 1cm absorption

anisotropy of the 21cm powe
spectrum due to peculiar velocities

dense pockets of residual
hydrogen (DLAs) trace large scale structure
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21 cm Absorption During the Dark Ages
Tb — 28mK (li!(_]:) 1/2 (TST&;T"-)

1z 7 (TST?)

1+=z
Loeb & Zaldarriaga, Phys Rev. Lett, 2004
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21 cm Absorption During the Dark Ages
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21 cm Absorption During the Dark Ages
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Wireless networks detected
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Line-of-Sight Anisotropy of 21cm Flux Fluctuation

i T, T,
Tb = ( 1+z )

Barkana & Loeb 2004; see aiso Bharadway & Al 2004



Line-of-Sight Anisotropy of 21cm Flux Fluctuation

TS_T ~—
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nHI ~ i
. . < b
Peculiar velocity changes T X dv,/dr / Uy

Barkana & Loeb 2004; see aiso Bharadwaj & Al 2004



Line-of-Sight Anisotropy of 21cm Flux Fluctuation
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Peculiar velocity changes T X dv,/dr / Uy

Barkana & Loeb 2004; see aiso Bharadwaj & Al 2004



Line-of-Sight Anisotropy of 21cm Flux Fluctuation

7 g v i
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'K_\\
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Peculiar velocity changes T X m . f_I(l " %5) / T'U,r

Barkana & Loeb 2004; see aiso Bharadwaj & Al 2004



Line-of-Sight Anisotropy of 21cm Flux Fluctuation
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Barkana & Loeb 2004; see aiso Bharadwaj & Al 2004



Line-of-Sight Anisotropy of 21cm Flux Fluctuation

Tb —— (TSTT) iy

14z

. . ng  =n(l+9) - ~
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— Power specfrum is not isotfropic (“Kaiser effect”)

observer

Barkana & Loeb 2004; see ailso Bharadwaj & Al 2004



Line-of-Sight Anisotropy of 21cm Flux Fluctuation
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Line-of-Sight Anisotropy of 21cm Flux Fluctuation
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Barkana & Loeb 2004; see aiso Bharadwaj & Al 2004



Line-of-Sight Anisotropy of 21cm Flux Fluctuation
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Barkana & Loeb 2004; see aiso Bharadwaj & Al 2004



Line-of-Sight Anisotropy of 21cm Flux Fluctuation
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Barkana & Loeb 2004; see aiso Bharadwaj & Al 2004



Line-of-Sight Anisotropy of 21cm Flux Fluctuation
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Barkana & Loeb 2004; see also Bharadwaj & Al 2004



Line-of-Sight Anisotropy of 21cm Flux Fluctuation
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Barkana & Loeb 2004; see also Bharadwaj & Al 2004



Experiments

*MWA (Murchison Wide-Field Array)
MIT/U Melbourne ATNF ANU/CfA/Raman L.

*LOFAR (Low-frequency Array)
Netherlands

*21CMA (formerly known as PAST)
China

*PAPER
UCB/NRAO

*GMRT (Giant Meterwave Radio Telescope) =

India/CITA/Piftsburg

*SKA (Square Kilometer Array)
International

”~




Murchison Wide-Field Array: mapping
cosmic hydrogen through its 21cm emission

of 16 dipole antennae, 80-300MFHz
500 antenna tiles with total collecting area 8000 sq.m. at
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Murchison Wide-Field Array: mapping
cosmic hydrogen through its 21cm emission

* 4mx4m tiles of 16 dpole antennae, 80—301\/[HZ

* 500 antenna tiles with total collecting area 8000 sq.m. at
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Murchison Wide-Field Array: mapping
cosmic hydrogen through its 21cm emission

* 4mx4m tiles of 16 dpol antennae, 80—301\/IHZ

* 500 antenna tiles with total collecting area 8000 sq.m. at
OMNME M '
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Primary challenge: foreerounds




Primary challenge: foregrounds

» Terrestnal: radio broadcasting
» (Galactic synchrotron emission




Primary challenge: foregerounds

e Terrestnal: radio broadcasting
» (Galactic synchrotron emission
« Extragalactic: radio sources

Although the sky brightness (~10K) is much larger than the 2lcm
signal (<10mK). the foregrounds have a smooth frequency dependen
while the signal fluctuates rapidly across small shifts in frequency
(=redshift). Theoretical estimates mdicate that the 2Icm signal is
detectable with the forthcoming generation of low-frequency arrays
(Zaldarriaga et al. astro-ph 0311514, Morales & Hewitt asiro-ph 0312437)




Power-Spectrum Sensitivity
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2lem Gasmology After (Riomization?

Damped Lya absorbers: Qpr.aA ~ 103
fir = (QprLa/Qp) =~ 3%, at : z < 6

Wyithe & Loeb 2007



2lem Gasmology After (Raiomization?

Damped Lya absorbers:  Qppa ~ 103
for = (QDLA/QI;) ~ 3%,&13 = 2 0
og~ 02,8 4

Wvithe & Loeb 2007



2]em Gasmology After (Raiomization?

Damped Lya absorbers: Qpr.aA ~ 103
fior = (QprLa/Qp) =~ 3%, at : 2 < 6
og~02. at:z~4 > (0T)signal ~ 0.1mK  on 10cMpc

Wyithe & Loeb 2007



2]cm G asmology Afler (Reionization?
Damped Lya absorbers:  Qppa ~ 103
fur = (Qpra/Qp) = 3%, at : z < 6

og~02. at:z~4 > (0T)signai ~ 0.1mK  on 10cMpc
(0T) noise o< (1 + 2)*°

Wvithe & Loeb 2007
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Acoustic Oscillations
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Inflation: =0

Gas is freed fo fail info dark matfer
potential fluctuations at 7—1000

Correlation across the radiation sound horizon, left over from
coupling of gas to CMB at z> 1000.

Standard ruler- semsitive probe to contribution from dark encrgy at
I S



Acoustic Oscillations
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Acoustic Oscillatio ns
z — 150, 100. 30(301;01) 35.
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Acoustic Oscillations
z = 150, 100, 30(solid): 35, 20, 15(dashe

W&
’CFD

Inflation: =0

rllllq T W IIIIﬂ‘ 1'..“'"‘.“1 IIIHI‘ TTTIm

e -

o

III

c
-~
o

Gas is freed to fall info dark matter
potential fluctuations at 7—1000

.| [k9P/2n2]V/¢ [mK]

-
r'll11‘“ | rnnq' LRULLLL r'l.lllq W IIFII‘

5 b
“TTI
1. 3 ﬁ
[} L}
\ !
1 I'.. \

._.
o

o |

O w

o

-

comoving k [1/Mpc]
 (Correlation across the radiation sound horizon, left over from
coupling of gas to CMB at z> 1000.

Siandard ruler- semsitive probe to contribution from dark encrgy at
I S




Acoustic Oscillations




Acoustic Oscillations

. 7o Uy 7
Ey | /i 3
= | by L g -
= | | 4 e -
= ..'\q :. -
B Ny 1
l
1 B b L =
E' \ i/ 3
£ . 3
L 2 | 4
N W 1
.I; !
| k‘wfr
|

Pirsa: 08060032. | *

A

—
.

I’__'. ?" L] j ﬂ.;_____,f:".-' BE |
= \ i TS 3
C ! | ] ]
—_ i. i j -
L) f | j 4
| 2 ) 7 ]
| o n—/ %
1 B3 7y FrTE 73
= { o \ # 2
= | i \ g
Bt 1 94 ] § s 3
B ! ! 4
| i | ]
B’ i | ] 1
'-v ’ 1 f
= 1 i \ _/ -
= | !r_'.r 3
- \'“? W -
L ¥ |

— o —

Page 85/87



Weighting Neutrinos with a 21cm Survey at 7<6

Loeb & Wyithe,
PRL, in press




Highlights

Redshifted 21cm from 0<z<200 can be used to map the
matter distribution throughout most of the comoving
volume of the observable universe

Dark energy can be constrained through baryonic
acoustic oscillations in the 21cm power-spectrum

Neutrino mass can be detected at the level expected from
atmospheric neutrino data (0.05eV).

Alternative models of gravity can be constrained by
measuring the growth of structure at moderate redshifts
that cannot be accessed by other means



