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Science goal:  Baryon Acoustic Oscillations 
(BAO)

• Sound waves in the photon-
baryon plasma in the early 
universe propagate from 
density perturbations;  

• Waves freeze out when 
universe transited from 
radiation to matter 
domination (recombination).

•  Thus they have a 
characteristic scale of 109 
h-1Mpc (~150 Mpc), 
corresponding to the sound 
horizon at recombination at 
z~1100.

Courtesy of D. Eisenstein
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The oscillation peaks and troughs on the CMB 
power spectrum are obvious
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The oscillation features on the large-scale matter 
power spectrum have also been measured

SDSS III BOSS 

14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc−1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

√
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc−1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ×Bm(k/α), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter α as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc−1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
�

n

W (ki, kn)P (kn)m −W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
∆k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB − 1)e−k2Σ2
nl/2 + 1, (34)

where the damping scale Σnl is a fitted parameter. We assume
a Gaussian prior on Σnl with width ±2h−1 Mpc, centred on
8.24h−1 Mpc for pre-reconstruction fits and 4.47h−1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33

Anderson+12
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BAO detected in multiple surveys 

BAO now detected in multiple large-scale structure surveys.!

107 h-1 Mpc = 148 Mpc!
     h = 0.72!
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BAO: 
great tool for precision cosmology

PLANCK+ 13

• CMB-like acoustic oscillations: imprinted standard ruler, 150 Mpc.
• Present in current matter distribution that can be traced by galaxies and HI
• Efforts:  e.g., WiggleZ, BOSS, PFS, HETDEX,DESI, Euclid, LSST, WFIRST

Planck Collaboration: Cosmological parameters
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Red: 
Planck alone

Blue: 
Planck + BAO 

Planck Collaboration: Cosmological parameters
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CAN WE USE HI INTENSITY MAPPING ?

as a tracer of Large-scale Structure

• Different bias compared to other optical tracers 
• good for e.g. RSD measurements (Buetler+12)
• useful for multi-tracer technique to get rid of 
cosmic variance (Seljack & McDonald 09)

• Different systematics
• In principle economical and efficient
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Intensity Mapping

•Due to small emissivity, HI in emission is 
difficult to detect. 

• Previously, HI direct detection at z~0.2 
(Verheijen et al 2010), stacking at z~0.37 
(Lah et al. 2007); both on galaxy scales.

WiggleZ
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Intensity Mapping
•“Intensity Mapping” (Wyithe & Loeb 2008, 
Chang et al 2008):

• instead of HI associated with galaxies, 
interested in HI associated with large-scale 
structure  

• measure the collective HI emission from 
a large region, more massive and 
luminous, without spatially resolving down 
to galaxy scales.

• Measurement of spatially diffused spectral 
line, in the confusion-limited regime, but 
redshift information is retained.

• Brightness temperature fluctuations on the 
sky:  just like CMB temperature field, but in 
3D   

• Low-angular resolution redshift surveys:  
LSS science, economical 

WiggleZ
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• HI Intensity Mapping Experiment:  economical and competitive 
to DETF stage III experiment (BOSS, DES, PFS) for dark energy 
constraints with 10,000 m2 of collecting area.                                          

21cm Intensity Mapping for 
Dark Energy Constraints 

Chang et al. 2008

Tuesday, September 24, 2013



 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.
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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
 Observational Challenges:  

•RFI, Galactic Synchrotron foregrounds > 103 signal
•HI content, distribution at high-z uncertain

Haslam Map at 
408 MHz
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T = 280± 80 µK

ΩHI ∼ (9.3± 2.7)× 10−4

GBT radio 
continuum sources 

+ HI

GBT HI 

DEEP2 density 

HI Intensity Mapping Current Status
Pilot Program at Green Bank Telescope  

• HI:  0.58 < z < 1.0          900 MHz > frequency > 700 MHz 

•GBT Beam FWHM ~ 15‘        9 h-1Mpc at z~0.8  Ideal for large-scale structure studies

• Spectral resolution ~ 24 kHz, rebinned to ~500 kHz       2 h-1Mpc Ideal for large-scale 
structure studies

Chang+ 2010
Tuesday, September 24, 2013



HI Intensity Mapping Current Status

Current limits on 21cm auto power spectrum and measurements 
on ΩHI bHI  at z=0.8 using the GBT by our GBT-HIM science team.

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, !HIbHI. In addi-
tion, we have also measured the cross-correlation with the Wig-
gleZ Galaxy Survey (Masui et al. 2013). This finds !HIbHIr =
[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 !HIbHI. 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 !HIbHI.

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

p(dk|!k) = 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 !k =
{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 !HIbHIr 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(!k|dk) #
p(dk|!k)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(!HIbHI) # !HIbHI. 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 !HIbHI. 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 !HIbHI = [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 !HIbHI 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 !HIbHI 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 !HIbHIr (Masui et al. 2013)
to a determination of !HIbHI. 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 !HI, and complement challenging HST
measurements of!HI (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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BAO with HI IM

• Signals are on large-scales (150 
Mpc comoving)

• HI signals are weak, ~100 microK
(z)

• Need high-surface brightness 
sensitivity at core, similar to EoR 
requirements (~100-300m 
baselines depending on redshifts)

• Errors on BAO distance scales 
prop to (core filling factor)-1. 

• SKA1-mid, f~0.03 (<400m)

• SKA1-sur, f~0.003 (<400m)

• SKA1-low, f~0.91 (<220m)

erasure kernels of [13] (all the linear power is included
though, not BAO only), so nonlinearity should not be a
significant issue at the level of precision discussed here.
This treatment of the nonlinearity cutoff is also motivated
by the propagator work of [14–16].

III. BARYON ACOUSTIC OSCILLATIONS

Acoustic oscillations in the primordial photon-baryon
plasma have ubiquitously left a distinctive imprint in the
distribution of matter in the Universe today. This process is
understood from first principles and gives a clean length
scale in the Universe’s large scale structure, largely free of
systematic uncertainties, and calibrations. This can be used
to measure the global cosmological expansion history
through the angular diameter distance vs redshift relation.
The detailed expansion will differ between a pure cosmo-
logical constant and the various other cosmological
models.

We use essentially the method of [13] for estimating
distance errors obtainable from a BAO measurement, in-
cluding 50% reconstruction of nonlinear degradation of the
BAO feature (although this is unimportant since experi-
ments considered here have low resolution). The BAO
feature is isolated by dividing the total power spectrum
[17] by the wiggle-free power spectrum and subtracting
unity, as illustrated in Fig. 1. The wiggles are then parame-
trized by an overall amplitude, and a length scale dilation
(here Aw and D, respectively), which control the vertical
and horizontal stretches of the theoretical curve shown in
Fig. 1. Our errors on Aw come from a straightforward
extension of the [13] method for estimating BAO errors.
In addition to the BAO distance scale as a free parameter in

our Fisher matrix, we include Aw as a free parameter. This
is similar to what one sometimes tries to do by including
the baryon/dark matter density ratio as a parameter, but is
more straightforward to interpret.
The ability to measure Aw (which is zero in the absence

of the BAO) represents the ability to detect the presence of
these wiggles. A measurement ofD allows one to associate
a comoving distance with length scales on the sky. This
gives a measurement of the angular diameter distance (dA)
for detections in the transverse direction, and the Hubble
parameter (H) if the wiggles are detected in the longitudi-
nal direction.

IV. FORECASTS

We present forecasts for the Green Bank Telescope and
prototypes for two classes of telescope: cylindrical tele-
scopes and SKA aperture arrays. The signal available for
21 cm experiments is proportional to the neutral hydrogen
fraction and bias. For estimating telescope sensitivity we
assume that the product of the bias and the neutral hydro-
gen density !HIb ! 0:0004 today [5], and that the neutral
hydrogen fraction and bias do not evolve. These assump-
tions only affect the sensitivity of the telescopes and not the
translation from uncertainty on Ps

HI to the uncertainty on
xHI. Also, as in galaxy surveys, there is expected to be a
stochastic shot noise component, and we assume Poisson
noise with an effective object number density "n ! 0:03 per
cubic h"1 Mpc. Note that stochastic noise at this level is
negligible, as should be the case in practice.
The 21 cm intensity mapping technique is expected to be

complicated by a variety of contaminating effects. These
include diffuse foregrounds (predominantly galactic syn-
chrotron), radio frequency interference, and bright point
sources. The degree to which these contaminants will limit
future surveys has yet to be quantified, and here we simply
ignore them. As such these forecasts are theoretical ideal-
izations. Methods for dealing with these contaminants are
discussed in [5].
The Green Bank Telescope (GBT) is a 100 m diameter

circular telescope with a system temperature of 25 K. It has
interchangeable single pixel receivers at the frequencies of
interest with bandwidths of approximately 200 MHz. For
extended surveys, multiple pixel receivers could be imple-
mented. The construction of a four pixel receiver is within
reason and would reduce the required telescope time by a
factor of 4. In planning a survey on GBT, it is important to
choose an appropriate survey area. As illustrated in Fig. 2,
at fixed observing time, there is a survey area that best
measures the desired parameters. For all results the survey
area has been roughly optimized for the quantity being
measured. The optimized areas are shown in Fig. 3. Results
are essentially insensitive to this area within a factor of 2 of
the optimum.
Prototyping for dedicated cylindrical telescopes is in its

early stages. We present forecasts for a hypothetical not-
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FIG. 1. Baryon acoustic oscillations averaged over all direc-
tions. To show the BAO we plot the ratio of the full matter power
spectrum to the wiggle-free power spectrum of [17]. The error
bars represent projections of the sensitivity possible with
4000 hours observing time on GBT at 0:54< z < 1:09.
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BAO signals (150 Mpc) resolved in 3D
(with a 100m baseline) 

z freq 
(MHz)

dcomoving 
(Mpc)

dz dfreq
(MHz)

0.8 789 10.55 0.0038 1.66

1 710 13.93 0.0056 1.98

2 473 33.04 0.022 3.45

2.5 406 43.46 0.036 4.13

3.5 316 68.72 0.077 5.31

Short baselines (100-500m), low spectral resolution (< 0.1 MHz)
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Other constraints

• Need to subtract foregrounds to high accuracy 
(better than 0.1%)

• requires polarization purity (so polarized 
foregrounds won’t leak into I).

• no bandpass frequency structures > MHz scales 
that may mimic HI signals

• may require large instantaneous FoV, similar to 
EoR concerns

• OH megamaser contamination?
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BAO measurements

Forecasts on Baryon Acoustic Oscillation (BAO) distance scale.

SUBARU	 PFS,	 2019+

LSST,	 2021+

BINGO	 ?

CHIME	 2016+

SKA1-IM,	 2019+?
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BAO measurements with HI IM

Forecasts on Baryon Acoustic Oscillation (BAO) distance scale.

SUBARU	 PFS,	 2019+

LSST,	 2021+

BINGO	 ?

CHIME	 2016+

SKA1-LOW,	 2019+?

z~3.5, 5000hrs, 500 deg2
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Summary
• 21cm Intensity Mapping for BAO measurements is a new 

and promising field

• Dedicated instruments/telescopes (GBT-HIM, CHIME, 
Tian-Lai) are under-construction for this science goal.

• SKA1-mid and -sur may not be competitive for BAO 
measurements at z<3 (*need to be verified). It will be very 
useful if central core (<100m) is packed.

• SKA1-low may have a unique measurement at high-z, 
probing alternative dark energy models and large-scale 
structure (for e.g., Omega_k and neutrino masses), but 
foregrounds will be challenging.
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