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AbStraCt: Low-frequency radio obsbtioﬁ of neutral
% hydrogen during and before the epoch of cosmic reionization will g
provide ~ 1000 quasi-independent source planes, each of
precisely known redshift, if a resolution of ~1 ageminutes or better '
can be att@ined. These planes can be used to reconstruct the -
projected mass distribution of foreground mate,‘lal Structure in
these source planes is linearand gaussian at high redshift )
(30<z<300) but is nonlinear and nongaussian during reionization. .
At both epochs, significant power is expéeted down to sub- '
arcsecond scales. We demonstrate that this structure can, in »
principle, be used to make mass images with a formal signal-to-
noise per pixel exce@ding 10, even far pixels as small as an arc- -
second. Wit an ideal telescope, both resolution and signal-to-
noise can exceed those of even the most optimistic idealized
mass maps from;alaxy lensing by more than an order of g
magnitude. Individual dark halos similar in mass to that of the
y  Milky Way could be imaged with high signal-to-noise out to z~10.
Even with a much less ambitious telescope, a wide-area survey
of 21 cm lensing would provide very sensitive constraints on \ . ’ : .
cosmological parameters, in particular on dark energy. Theseare ' .
up .20 times tighter than the constraints obtainable from clusters would have higher fidelity down to smaller scales. It has
comparably sized, very deep surveys of galaxy lensing although been assumed for figure 1 that the universe very'rapidly reionized
the best constraints come from combining data of the two typ®s. at z=7 and that the frequency range of the observations goes
Any radio telescope capable of mapping the 21cm brightness w.down to ~0.1 GHz or z=13. Reionization coul@increase the sighal
temperature with good frequency resolution (~ 0.05 MHz)@ver a or deerease it depending on how and when it occurs.
r band of width > 10 MHz should be gble to make mass m:)afs of
high quality. The planned Square Kilomeéter Array (SKA) may be #
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.- ‘ ‘: Mcreasing the collecting area of the telescope by a factor of two
would reduce the noisegto close to the irreducible limit. Increasing

capable of mapping the mass with a resolution of a few - th ut £ thastel d reduce the ireducibl ;
arcminutes dependihg on the reromzatldfhlstory of the universe. = B A T LU e OL!C FEdUOT TS TTOERICETS 1S

both because of the number of statistically independent redshift
and our success in subtracting foreground sources. ’

slices increases a,nd becalse the number of independent patches
. ' . #* on the sky mcl!ease?a re@elution of ~6 arcsec (fwhm) could be
Imaging Dark Matter " \#8  achieved, every haloore masive than the Milky Way's wouldbe

clearly visible back toged0.

A small section of a simulated convergence map made by ray-shooting through the Millennium Simulation (Springle et al. 2005). The resolution is 1°.
added. The whole poster is 5 degrees across. The map has very high fidelity at thismallest resolved scales meaning that almost every feature represents real structures.
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Noise at the irreducible level has been

0 ~ 0.003(0.0006) 0w~ 0. 04(0.03)
O, = 0.02 T, =~ 0.09
o4~ 0.014 o4~ 0.06A4

0, ~ 0.001 o, ~0.01

21%m lensing + galaxy lensing survey galaxy survey alone

Table of estimated constraints on s‘ cosmological parameters, The
parameters are in order: the matter density, the present density of
dark energy, the density of baryons, the equq;mn of state parameter

at z=5 (pressupe/enerqy density), The ivative of the Er;u.u%E
state parameter with respect to the hsion parameter, T
logarithmic slope of the

normalization of the power spectrum
nave been rrurgin-:ﬂ‘d over the

‘ willinot reach the irreducible behaviorat redshifts above 1 as'Well as substantially constrictin
noise limit because of noise and the constraints on it below z=1. ‘
» foréground subtractien. Figure 1

'shows the¥estimated Silnal- ta\

inoise

3

primordial power spectrum “All Ermi
other parameters in this set. The g@exy survey has 35 galaxies per

arc minute andgovers the whole sky. Tomographic information has been "
used. No phot@®Z errors are included. The 21 cm servey is for two

redshift slices centered ongg=10 ang@15. All errofis scale as the one

over the square root of theractigior the sky covered. The errors in

.
When low-frequency radio telescopes become sufficiently powerful to . - »

map the signal from high-redshift 21 cm emission/absorption within 21 cmilensing survgySDould be cross-corrélated with any other
~10 or more statisticallydndependent bands, the data will necessarily o sureyef foreground objects including galaxy lensing surveys to

be gqﬂd enough to M&pTthe foregroundimass distribution. The get graphicinformation. Images of the mass distribution parentheses are for the case of constant w (w_=0).
background of this poster shows what s@h a map would look like * - ?rough nearly thé'entire depth of the observable universéfwould - .
with"@resolution similarito that of SKA. Obijects as small as 2x1018 e of enormous value for the study of cosmology and ga

noise is below the expected signal the sample variance

er. : :
will dorﬁmate.\e power spectrum measurement. The

M, would be clearlyvisible. This noise level is called the irreducible

.formatmn and a very direct test for the existence of dark
level because it is limited®only by#he number.of statistically

L noise |n the power spegirum estimateyon these scales
Shdependent redshift slices of 21 cm®emission that are mapped. The F q
. _ w : : can only be feduced by Increasing the area of the
21 @m emission is correlated Measu plele Cosmologlcal Pa rameters_ ; Ik T el 2mb by oalaxy fensing

at relevant level of below e
~0.05 MHz on 1 arcmin scales
so decreasing the bandmdth
.-
below this level produces No" 3
Improvement in the Iensmg

survey would reach the samgple variance limit at / of a
few hundid. Lok angdio inerferometer at these
frequenmes the survey gkea depends primarily on

21 cm lensing is capable of measuringthe matter power speetrum

and its evolution. Cross-correlating the convergence maps from . '
21 cm lensing at differentiredshifts and with galaxy lensing surveys . m]%lm Wbrocessing speedWhich shouldmprove
provide information on thggevolution of sﬂjcture formation. Any over tlme I T - oe Bstimlked of the
cosmological parameters that affect the'power spectrum and/or its

iconstiraints that might be possible an@d€ompares them to
evolution can be proled in this way. Dark energy is of particular } 9 P P
-

. . . | . an idealized galaxy lensing survey.
In the near term the telescopes interest and 21 cm lensing would provide a unique probe ofiits o 9 4

Cross-correlating several redshift slices with each other
® and with galaxy lensing surveys over a significant

v ' portion of the sky wluld begin a new era of very high
‘ . . . '
For estimating coShological parameters the requirements on orecision cosmology.

rgsolutmsxand frequencygange are not as demanding asefor
imaging,®ut survey a[ea IS of great importance. At the irreducible
noise level the ‘nce Inties in the cosmological pﬁametev are

noise for an SKA-like tgleScope
after 90 days of observing when
noise is added. Reasonably high
fidelity maps shouldlbe p@ssible
with resolution of a few arc-
minutes. Exceptional regions
such as aroufd large galsny

Figure 1. The signal to noise or fidelity of a convergence

map (0./0ise) @N SKA-like telescope after 90 days of
observations. The horizontal axis is the radius of the
smoothing kernel and theaertical is the bandwidth. The
array diameter Is taken dee 6 km. The solid curve isfora g
collecting area that covers 0.025 of the total array area and
dashed contours are for 0.018. You can see that there is an .
optimal bandwidth. The dotted €ontours are the signal-tos
noise for fluctuations in the 21 cm brightRess temperatures
within one band.
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Conclugions;

dominate variance If 10s of independent redshift slices ®
are used. for SKA sample vanancﬁuould be the Most
Important sou%of error for multipolé n er /(<1000 (/=m0
° =1 iBBx']O“ arcmin / 6). This,can be seen In figure 2. Where the
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WMuch will depend on future iflstrument design and the as
yebkuinknown characterlstl& of the 21 cm absorption and
emission, particularly around the epoch of reionization.
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Age (in years) ~13.7 billion

l
Schematic diagram showing the history of the ur#era. The pregalactic 21 cm radiation
originates from a period when most of the hydrogen in the universe was neutral before
most of the galaxies formed and emitted ionizing radiation. This is often called the dark
ages. At z~1100 cooled to the extent where nearly all of the hydrogen became neutral.

- We know this from the spectrum of the CMB. Some time between z=6.5 and z=30 most of
the hydrogen in the universe reionized. We know this from quasar spectra. The 21 cm
line comes from the hyperfine splitting of the ground state of hyglrogen (coupling between
the spin of the electron and proton). It is redshifted to several meters when it reaches us.

The path length for lensing greatly exceeds that for galaxies making the expected signal
~ 3.3 times larger on 1 acminute scales and because of the many independent regiongg of
21 cm emission the statistical errors can be much smaller then those for galaxy lensing.

Figure 2. The noise in the multipole modes of convergence on the sky. The solid curve
is for 90 days of observation with a 6 km radio array where the collecting area covers
2% of thatyarea (similar to SKA) and the dashed curve is the same for 30 days. The
dash-dotted @rve is for a 6 kmarray with 5% covering fraction. The bandwidth is
0.04 MHz. The dotted curve is the expected convergenge power spectrum

If reionization happens unexpectedly early there may not be

a large enough range of redshift within the, observed .
frequency range. Despite this, the planned spe(:lflcatlons {e]§ b
SKA might enable it to make high fidelity maps ofthe matter
distribution and if en@ugh area can be surveyed ve' good
statistical information might be possible. Realistie @ipgrades
to the collecting area and array size would greatly improve
its sensitivity to lensing.
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