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Cosmology

Cosmological parameters & large-scale structure surveys

Reionization probes

Two fun sciences/experiments with radio cosmology
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Cosmology post Planck

Is it still interesting? Do we need even smaller error bars?

Not end of story - we still don’t know the initial conditions, dark 
matter, and dark energy.  

Need to nail parameters with LSS surveys

Dark energy (for wCDM, best probe at z<2).

Curvature (LSS geometry probes): dOmega_k < 10-3?

Sum of neutrino mass (damping of p(k)):  dE < 0.01eV   

Non-gaussianity (scale-dependent bias): dfnl < 1?
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Large-scale structure probes
Besides (next generation) CMB polarization, actions are here.

CMB: ~2D information, mode # ∝ (l_max)2

LSS redshift surveys:  3D information, mode # ∝ (k_max)3 

shot noise dominates p(k) at high wavenumber k 

shot noise ~ 1/n_gal

 n_gal = 10-4 h3 Mpc-3 (SDSS, WiggleZ)

 n_gal = (3-5) x 10-4 h3 Mpc-3 (BOSS, HETDEX, HSC, PFS)

 n_gal = 10-3 h3 Mpc-3 (Euclid, LSST)
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What can (low-freq) radio do?
Emission v.s. absorption (21-cm forest; difficult)

Continuum emissions (see Matt Jarvis’ talk)

“thresholded”: radio continuum sources (e.g., FIRST, NVSS, 
EMU, LADUMA surveys. Owen & Morrison 08, Condon+ 12)

“non-thresholded”: radio background intensity and fluctuations 
(e.g. ARCADE-2, Fixsen+ 09)

Line emissions (in particular, HI 21cm)

“thresholded”: “SKA: billions of HI galaxies at z>1” (e.g., 
Verheijen+ 10, Fernandez+ 13). MeerkAT and ASKAP surveys. 
Gas and galaxy evolution.

“non-thresholded”: 21cm Intensity Mapping (e.g., Chang+ 08, 
10, Masui+ 13, Switzer+ 13) for LSS; Reionization probes.
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21cm Intensity Mapping
Measure HI associated with large-scale structure instead of 
with galaxies (Wyithe & Loeb 08, Chang+08, Seo+10).

CMB-like, but measure 3D temperature fluctuations.

Low angular resolution, high spectral/redshift resolution - 
tangential to photometric redshift surveys.

Provides a broad redshift window (0< z < 25) and offers an 
economical way for a powerful LSS survey.

Confusion limited.  Observational challenges:  Foreground/
signal > 103. RFI.

Initial results are promising (Chang+10, Masui+13, Switzer+13) 
but needs to be further verified.
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21cm Intensity Mapping
Current limits on 21cm auto power spectrum and 
measurements on ΩHI bHI  at z=0.8 using the GBT.

4 E. R. Switzer, K. W. Masui, et al.

Figure 1. Temperature scales in our 21 cm intensity mapping survey. The
top curve is the power spectrum of the input deep field with no cleaning ap-
plied (the wide field is similar). Throughout, the deep field results are green
and the wide field results are blue. The dotted and dash-dotted lines show
thermal noise in the maps. The power spectra avoid noise bias by crossing
two maps made with separate datasets. Nevertheless, thermal noise limits
the fidelity with which the foreground modes can be estimated and removed.
The points below show the power spectrum of the deep and wide fields af-
ter the foreground cleaning described in Sec. 2.1. Negative values are shown
with thin lines and hollow markers. Any residual foregrounds will additively
bias the auto-power. The red dashed line shows the 21 cm signal expected
from the amplitude of the cross-power with the WiggleZ survey (for r = 1)
and based on simulations processed by the same pipeline.

3 RESULTS

The auto-power spectra presented in Figure 1 will be biased by
an unknown positive amplitude from residual foreground contam-
ination. These data can then be interpreted as an upper bound
on the neutral hydrogen fluctuation amplitude, ΩHIbHI. In addi-
tion, we have also measured the cross-correlation with the Wig-
gleZ Galaxy Survey (Masui et al. 2013). This finds ΩHIbHIr =
[0.43 ± 0.07(stat.) ± 0.04(sys.)] × 10−3, where r is the Wig-
gleZ galaxy-neutral hydrogen cross-correlation coefficient (taken
here to be independent of scale). Since |r| < 1 by definition and is
measured to be positive, the cross-correlation can be interpreted as
a lower bound on ΩHIbHI. In this section, we will develop a pos-
terior distribution for the 21 cm signal auto-power between these
two bounds, as a function of k. We will then combine these into a
posterior distribution on ΩHIbHI.

The probability of our measurements given the 21 cm signal
auto-power and foreground model parameters is

p(dk|θk) = p(dc|sk, r)p(ddeepk |sk, fdeep
k )p(dwide

k |sk, fwide
k ). (2)

Here, dk = {dc, ddeepk , dwide
k } contains our cross-power and

deep and wide field auto-power measurements, while θk =
{sk, r, fdeep

k , fwide
k } contains the 21 cm signal auto-power, cross-

correlation coefficient, and deep and wide field foreground con-
tamination powers, respectively. The cross-power variable dc rep-
resents the constraint on ΩHIbHIr from both fields and the range of
wavenumbers used in Masui et al. (2013). The band-powers ddeepk

and dwide
k are independently distributed following decorrelation of

finite-survey effects. We assume that the foregrounds are uncorre-

Figure 2. Comparison with the thermal noise limit. The dark and light
shaded regions are the 68% and 95% confidence intervals of the measured
21 cm fluctuation power. The dashed line shows the expected 21 cm signal
implied by the WiggleZ cross-correlation if r = 1. The solid line represents
the best upper 95% confidence level we could achieve given our error bars,
in the absence of foreground contamination. Note that the auto-correlation
measurements, which constrain the signal from above, are uncorrelated be-
tween k bins, while a single global fit to the cross-power (in Masui et al.
(2013)) is used to constrain the signal from below. Confidence intervals
do not include the systematic calibration uncertainty, which is 18% in this
space.

lated between k bins and fields, also. This is conservative because
knowledge of foreground correlations would yield a tighter con-
straint. We take p(dc|sk, r) to be normally distributed with mean
proportional to r√sk, and p(ddeepk |sk, fdeep

k ) to be normally dis-
tributed with mean sk + fdeep

k and errors determined in Sec 2.3
(and analogously for the wide field). Only the statistical uncertainty
is included in the width of the distributions, as the systematic cali-
bration uncertainty is perfectly correlated between cross- and auto-
power measurements and can be applied at the end of the analysis.

We apply Bayes’ Theorem to obtain the pos-
terior distribution for the parameters, p(θk|dk) ∝
p(dk|θk)p(sk)p(r)p(f

deep
k )p(fwide

k ). For the nuisance pa-
rameters, we adopt conservative priors. p(fdeep

k ) and p(fwide
k )

are taken to be flat over the range 0 < fk < ∞. Likewise, we
take p(r) to be constant over the range 0 < r < 1, which is
conservative given the theoretical bias toward r ≈ 1. Our goal is
to marginalize over these nuisance parameters to determine sk. We
choose the prior on sk, p(sk), to be flat, which translates into a
prior p(ΩHIbHI) ∝ ΩHIbHI. The data likelihood adds significant
information, so the outcome is robust to choices for the signal
prior. The signal posterior is

p(sk|dk) =

∫

p(sk, r, f
deep
k , fwide

k |dk) dr df
deep
k dfwide

k . (3)

This involves integrals of the form
∫ 1

0
p(dc|s, r)p(r) dr which,

given the flat priors that we have adopted, can generally be writ-
ten in terms of the cumulative distribution function of p(dc|s, r).
Figure 2 shows the allowed signal in each spectral k-bin.

Taking the analysis further, we combine band-powers into a
single constraint on ΩHIbHI. Following Masui et al. (2013), we
consider a conservative k range where errors are better estimated
(k > 0.12 h/Mpc, to avoid edge effects in the decorrelation op-
eration) and before uncertainties in nonlinear structure formation
become significant (k < 0.3 h/Mpc). Figure 3 shows the resulting
posterior distribution.

Our analysis yields ΩHIbHI = [0.62+0.23
−0.15 ] × 10−3 at 68%

confidence with 9% systematic calibration uncertainty. Note that

c© 2013 RAS, MNRAS 000, 1–??

21 cm auto-power 5

Figure 3. The posterior distribution for the parameter ΩHIbHI coming from
the WiggleZ cross-power spectrum, deep field and wide field auto-powers,
as well as the joint likelihood from all three datasets. The individual distri-
butions from the cross-power and auto-powers are dependent on the prior
on ΩHIbHI while the combined distribution is essentially insensitive. The
distributions do not include the systematic calibration uncertainty of 9%.

we are unable to calculate a goodness-of-fit to our model because
each measurement is associated with a free foreground parameter
which can absorb any anomalies.

4 DISCUSSION AND CONCLUSIONS

Through the measurement of the auto-power, we extend our pre-
vious cross-power measurement of ΩHIbHIr (Masui et al. 2013)
to a determination of ΩHIbHI. This is the first constraint on the
amplitude of 21 cm fluctuations at z ∼ 0.8, and circumvents the
degeneracy with the cross-correlation r. The 21 cm auto-power
yields a true upper bound because it derives from the integral of
the mass function. In the future, redshift distortions (Wyithe 2008;
Masui, McDonald & Pen 2010) can be used to further break the de-
generacy between bHI and ΩHI, and complement challenging HST
measurements ofΩHI (Rao, Turnshek & Nestor 2006). Our present
survey is limited by area and sensitivity, but we have shown that
foregrounds can be suppressed sufficiently, to nearly the level of
the 21 cm signal, using an empirical mode subtraction method. Fu-
ture surveys exploiting the auto-power of 21 cm fluctuations must
develop statistics that are robust to the additive bias of residual
foregrounds, and control instrumental systematics such as polar-
ized beam response and passband stability.
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 CHIME/Tian-Lai/CRT/BAORadio

 FFT/OMNISCOPE Telescope  SKA-low and SKA-mid Telescope BINGO

 BAOBAB
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Figure 1: On the left schematic of the proposed design of the BINGO telescope. There will be an under-illuminated
∼ 40m static parabolic reflector at the bottom of a cliff which is around ∼ 90m high. A boom will be placed at
the top of a cliff on which there is a receiver system of ∼ 50 feed-horns. On the right a block diagram for the
receiver chain for the proposed pseudo-correlation receiver system. The reference beam will point toward one of

the celestial poles.

�

�
�

�

�

�

�
�

�

�
� �

�

0.00 0.05 0.10 0.15 0.200.7

0.8

0.9

1.0

1.1

1.2

1.3

k �Mpc�1�

P
�k,z

c
��P�

k
,z
c
� sm �

�

� �

�

6dFGS

BINGO SDSS-II BOSS
WiggleZ

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

z

�d V�
r s
���d V

�r s� f
id

Figure 2: On the left projected errors on the power spectrum (divided by a smooth power spectrum) expected
for the survey described in the text. We have used ∆k = 0.016Mpc−1. The projected errors would lead to a
measurement of the acoustic scale with a percentage fractional error of 2.4%. On the right, projected constraints
on the residual Hubble diagram for the volume averaged distance, dV(z) from a fiducial model. Included also are
the actual measurements made by 6dF, SDSS-II, BOSS and WiggleZ. The shaded region represents indicates the
range of dV allowed by the 1σ constraint Ωmh2 from WMAP7. The dotted line is the prediction for w = −0.84.
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Figure 2. Top: Leuschner Observatory, with a prototype 2-

element BAOBAB interferometer deployed. This system was devel-

oped and deployed by students as part of a Fundamentals of Radio
Astronomy class at UC Berkeley. Bottom: solar fringes measured

with the BAOBAB-2 prototype at Leuschner.

liminary measurements made by a prototype 2-antenna
BAOBAB interferometer deployed at the Leuschner Ob-
servatory near Berkeley, CA. At this site, only 40 MHz of
a 400–800 MHz operating band show solar fringes uncor-
rupted by RFI, demonstrating the need for the primary
BAOBAB deployment to be located at a quieter site,
such as the NRAO site near Green Bank, WV. Next-
generation activities may take place at the Square Kilo-
meter Array South Africa (SKA-SA) reserve in the Karoo
desert. This site is currently occupied by the PAPER and
MeerKAT arrays, and has been shown to be a pristine
RFI environment (Jacobs et al. 2011).

2.2. Analog System

With the drastic reduction in sky noise relative to
EoR frequencies, BAOBAB’s system temperature will
be dominated by the analog electronics. These com-
ponents must therefore be optimized to reduce receiver
noise while maintaining the smooth spatial and spectral
responses that are a hallmark of the PAPER design and
a key component of the delay spectrum foreground isola-
tion approach presented in Parsons et al. (2012b) (here-
after P12b) and discussed in §3.3. The analog system
will include the collecting element (consisting of 4 an-
tennas and reflectors), low-noise amplifier, coaxial cable,
and receiver.
The BAOBAB element will begin with a 1/5-scale PA-

PER antenna (Parsons et al. 2010), as shown in Figure
3. This design is a dual-polarized version of the sleeved
dipole design that uses a twin-resonance structure con-
sisting of a pair of crossed dipoles located between a pair
of thin aluminum disks. The element’s reliability has

Figure 3. Top: A prototype BAOBAB dipole antenna, designed

as a 1/5 scale model of a PAPER dipole. Bottom: BAOBAB tile

design with 4 dipoles and individual ground-screens.

been demonstrated in PAPER arrays over the past sev-
eral years. A trough reflector under each dipole will be
used to increase the directivity toward zenith. The elec-
tromagnetic behavior of the element was modeled ex-
tensively for PAPER using CST Microwave Studio, and
shown to perform as desired through calibration with ce-
lestial sources in Pober et al. (2012). The geometrically
re-tuned prototype shown in the top panel of Figure 3
will be optimized to operate efficiently over the 600–900
MHz band.
Rather than deploy single elements like PAPER,

BAOBAB will use a 2 × 2 tile of dipoles and ground-
screens, as shown in Figure 3. A fixed zenith beam-
former will be used to combine the signals, increasing
the gain by 6 dB and reducing the field-of-view by a fac-
tor of four. Both analog and digital beamformers are
being investigated. A key issue is the mutual coupling,
which should be reduced by the additional groundscreens
between dipoles. The net effect is that for a fixed corre-
lator size, the power-spectrum sensitivity is increased by
a factor of four (see §3.2).
The amplifier designed for PAPER has a measured

noise temperature of 110 K with 30 dB of gain across
the 120-170 MHz band (Parsons et al. 2010). For appli-
cation to BAO at z ∼ 1, we will modify this amplifier
design to operate from 600–900 MHz. Besides re-tuning
the filter and amplifier circuits, however, one of the major
activities in this modification will be to reduce the noise
temperature of the front-end amplifier in order to obtain
a target system temperature of 50 K. This change reflects
one of the key differences between the BAO and EoR
foregrounds. System noise in the EoR band is dominated
by ∼300 K sky noise from galactic synchrotron emission.
In the BAO band, the sky temperature is reduced to ∼10
K, making the front-end amplifier the leading source of
noise. Uncooled commercial UHF-band amplifier tran-
sistors based on GasFET or HEMT technology can re-
liably achieve noise figures of 0.4 dB, corresponding to
a receiver temperature of 30K. A prototype BAOBAB
balun/amplifier using a Hittite HMC617LP3 LNA with

21cm Intensity Mapping current/future 
telescopes
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21cm Intensity Mapping

Forecasts on Baryon Acoustic Oscillation (BAO) distance 
scale.

SUBARU	
 PFS,	
 2019+

LSST,	
 2021+

BINGO	
 ?

CHIME	
 2016+

SKA1-IM,	
 2019+?
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Radio-Optical synergy
Cross-correlating radio continuum sources and LSST samples 
to obtain redshift distribution of radio sources (e.g., Menard+ 
13, Sam Lindsay’s talk).

With dn/dz, besides galaxy-galaxy, galaxy-shear, shear-shear, 
and cosmic shear measurements (Minh Huynh’s talk), one 
can do magnification lensing using radio continuum sources.

Cross-correlating galaxy-scale 21cm emissions with LSST 
sample to help sharpen the photo-z accuracy.

Cross-correlating 21cm intensity maps with LSST samples 
(accurate redshift info v.s. accurate angular info) to extract more 
info?  See talk by Albert Stebbins. 

Cross-correlating for BAO and RSD measurements using multi-
tracer (McDonald & Seljek 08), eliminating cosmic variance.
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Reionization probes
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Reionization probes

Jonathan PritchardITAMP 2011
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Reionization p(k) current limits

GMRT: <256 mK at z=8.6 
Paciga, .. Chang+ 13

PAPER: <52mK at z=7.7 
Parsons+ 13

MWA: <300mK at z=9.5 
Dillon+ 13

GMRT
MWAPAPER
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Radio-optical/IR synergy

CONTENTS 45

that the community has only begun to examine. Because of this variation, the cross-
analysis is potentially a rich source of information on conditions at high redshift.

One area where intensity mapping in lines other than 21 cm would be particularly
interesting is during the epoch of reionization. One of the challenges for understanding
the first galaxies is the difficulty of placing the galaxies seen in the Hubble Ultradeep
Field (HUDF) into a proper context. By focusing on a small patch of sky, the HUDF
sees very faint galaxies, but it is unclear how representative this patch is of the whole
Universe at that time. For comparison, the full HUDF is approximately 3×3 arcmin
in size comparable with the size of an individual ionized bubble, expected to be ∼
ten arcminutes in diameter during the middle stages of reionization. Moreover, it is
apparent that the galaxies seen in the HUDF are the brightest galaxies and that fainter,
as yet unseen, galaxies contribute significantly to star formation and reionization. The
James Webb Space Telescope (JWST) will see even fainter galaxies and transform our
view of the galaxy population at z ∼ 10, but there will still be a substantial level of
star formation that it will not be able to resolve [168].

Combining these galaxy surveys with 21 cm observations and intensity mapping
would allow a powerful synergy between three independent types of observations
directed at understanding the first galaxies and the epoch of reionization (illustrated
in Figure 12). Deep galaxy surveys with HST and JWST would inform us of the
detailed properties of small numbers of galaxies during the EoR. 21 cm tomography
provides information about the neutral hydrogen gas surrounding groups of galaxies.
Intensity mapping fills in the gaps providing information about the total emission and
clustering of the full population of galaxies, even those below the sensitivity threshold
of the JWST. Together these three techniques would provide a highly complete view
of galaxies at high redshift and transform our understanding of the origins of galaxy
formation.

Jonathan PritchardITAMP 2011

The need for different perspectives

21 cm determines properties of gas around galaxies
Intensity mapping tracks collective galaxy properties

Galaxy surveys identify individual galaxies

21cm

IM

JWST

Figure 12. Cartoon of the role intensity mapping would play in understanding

galaxy formation. Deep galaxy surveys with HST and JWST image the properties

of individual galaxies in small fields (blue boxes). 21 cm tomography (red filled

region) provides a “negative space” view of the Universe by determining the

properties of the neutral gas surrounding groups of galaxies. Intensity mapping

(purple filled regions) fills in the gaps providing information about the collective

properties of groups of galaxies. Together the three would give a complete view

of the early generation of galaxies in the infant universe.

Pritchard & Loeb 2012

LSST can find many high-z sources to be followed up by JWST.

with dropout techniques

with galaxy clusters as lenses 

Luminosity function (z), accounting for ionizing photons.

/LSST
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Radio-optical synergy

Ionization 
field

galaxy/halo 
field

CO fieldHI field

Lidz, Furlanetto, Oh, Aguirre, Chang, Dore, Pritchard 2011 

HI-Co anti-correlates on large-scales, constraining size evolution of ionized regions at EoR (Lidz et 
al. 2009)

CO Intensity Mapping may be a viable way of probing reionization (Gong+10, Carilli 10, Lidz+11) 
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Other experiments in radio 
cosmology
Masers (H2O maser at 22GHz)

Megamaser Cosmology Project for direct Ho measurements 
(Braatz, Henkel+12, Kuo+12, Reid+12).

Strong gravitational lenses (ALMA lensing at 345GHz)

Sub-mm bright galaxies by Herschel/SPT tend to be strongly 
lensed (Vieira+ 13, Hezaveh+ 13a).

With velocity information, radio lenses are promising tools for 
halo substructure and small-scale matter power spectrum 
measurements with ALMA (Hezaveh+ 13b), which can’t be 
done in the optical.
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Cosmology

Cosmological parameters & large-scale structure surveys

Intensity Mapping a promising approach for powerful and 
economical LSS probe

Reionization probes

21cm fluctuations probe reionization tomography at                 
6 < z < 20

21cm global temperature probes IGM evolution at 6 < z < 27

Two fun sciences/experiments with radio cosmology
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