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As everyone just said: LSS is a great cosmological probe

Past accelerated expansion: Inflation via non-gaussianity/
scale dependent bias



As everyone just said: LSS is a great cosmological probe

Recent accelerated expansion: Dark Energy



As everyone just said: LSS is a great cosmological probe

Lots of interesting ‘side’ science with neutrinos, dark 
matter, modified gravity

﹜



As everyone just said: LSS is a great cosmological 
probe

But, high redshift measurements of galaxies 
are … not easy



The scale of interest is Large…

Sanchez et al, 2012

150 Mpc
radius



So we don’t need to resolve individual galaxies

DO need:
• Traces (dark) 

matter 
distribution

• Redshift 
information 
(time)~(CHIME resolution)

150 Mpc
radius



Hydrogen Intensity Mapping

Same Galaxy — Neutral Hydrogen in un-ionized bubbles, 
supported within galaxies

C
redit: T. O

osterloo

Ionized hydrogen Neutral hydrogen



Why do 21cm intensity mapping?
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cPlanck+current experiments
Planck + current + CHIME (simulations)w(z) = w0 + d

Planck+current experiments
Planck + current + CHIME (simulations)

w(z) = w0 + wa (z/z+1)

wa

w0



‘Future’ Intensity Mapping Surveys

Walking the line between ‘current’ and 
‘Future’ 21cm intensity mapping 

experiments



Current state-of-the-art 21cm measurement
4 Masui, Switzer, et. al.
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Figure 2. Cross-power between the 15 hr and 1 hr GBT fields and WiggleZ.
Negative points are shown with reversed sign and a thin line. The solid line
is the mean of simulations based on the empirical-NL model of Blake et al.
(2011) processed by the same pipeline.

spectrum is then given by PHI,opt(k) = TbbHIboptrPδδ(k)
where Pδδ(k) is the matter power spectrum.
The large-scale matter power spectrum is well-known from

CMB measurements (Komatsu et al. 2011) and the bias of the
optical galaxy population is measured to be b2opt = 1.48 ±

0.08 at the central redshift of our survey (Blake et al. 2011).
Simulations including nonlinear scales (as in Sec. 3.1) are
run through the same pipeline as the data. We fit the un-
known prefactorΩHIbHIr of the theory to the measured cross-
powers shown in Fig. 2, and determine ΩHIbHIr = [0.44 ±

0.10(stat.)± 0.04(sys.)]× 10−3 for the 15 hr field data, and
ΩHIbHIr = [0.41± 0.11(stat.)± 0.04(sys.)]× 10−3 for the
1 hr field data. The systematic term represents the 9% abso-
lute calibration uncertainty from Sec. 3.1. It does not include
current uncertainties in the cosmological parameters or in the
WiggleZ bias, but these are sub-dominant. Combining the two
fields yields ΩHIbHIr = [0.43± 0.07(stat.) ± 0.04(sys.)] ×
10−3. These fits are based on the range 0.075 hMpc−1 <
k < 0.3 hMpc−1 over which we believe that errors are
well-estimated (failing toward larger scales where there are
too few k modes in the volume) and under the assump-
tion that nonlinearities and the beam/pixelization (failing to-
ward smaller scales) are well-understood. A less conserva-
tive approach is to fit for 0.05 hMpc−1 < k < 0.8 hMpc−1

where the beam, model of nonlinearity and error estimates
are less robust, but which shows the full statistical power
of the measurement, at 7.4σ combined. Here, ΩHIbHIr =
[0.40 ± 0.05(stat.) ± 0.04(sys.)] × 10−3 for the combined,
ΩHIbHIr = [0.46 ± 0.08] × 10−3 for the 15 hr field and
ΩHIbHIr = [0.34± 0.07]× 10−3 for the 1 hr field.
To compare to the result in Chang et al. (2010), ΩHIbrelr =

[0.55 ± 0.15(stat.)] × 10−3, we must multiply their rela-
tive bias (between the GBT intensity map and DEEP2) by
the DEEP2 bias b = 1.2 (Coil et al. 2004) to obtain an ex-
pression with respect to bHI. This becomes ΩHIbHIr =
[0.66± 0.18(stat.)]× 10−3, and is consistent with our result.
The absolute abundance and clustering of H I are of great

interest in studies of galaxy and star formation. Our measure-
ment is an integral constraint on the H I luminosity function,
which can be directly compared to simulations. The quantity
ΩHIbHI also determines the amplitude of 21 cm temperature

fluctuations. This is required for forecasts of the sensitivity of
future 21 cm intensity mapping experiments. Since r < 1 we
have put a lower limit on ΩHIbHI.
To determineΩHI alone from our cross-correlation requires

external estimates of the H I bias and stochasticity. The linear
bias of H I is expected to be ∼ 0.65 to ∼ 1 at these redshifts
(Marı́n et al. 2010; Khandai et al. 2011). Simulations to inter-
pret Chang et al. (2010) find values for r between 0.9 and 0.95
(Khandai et al. 2011), albeit for a different optical galaxy pop-
ulation. Measurements of the correlation coefficient between
WiggleZ galaxies and the total matter field are consistent with
unity in this k-range (with rm,opt ! 0.8) (Blake et al. 2011).
These suggest that our cross-correlation can be interpreted as
ΩHI between 0.45× 10−3 and 0.75× 10−3.
Measurements with Sloan Digital Sky Survey

(Prochaska and Wolfe 2009) suggest that before z = 2, ΩHI

may have already reached ∼ 0.4 × 10−3. At low redshift,
21 cmmeasurements giveΩHI(z ∼ 0) = (0.43±0.03)×10−3

(Martin et al. 2010). Intermediate redshifts are more dif-
ficult to measure, and estimates based on Mg-II lines
in DLA systems observed with Hubble Space Telescope
find ΩHI(z ∼ 1) ≈ (0.97 ± 0.36) × 10−3 (Rao et al.
2006), in rough agreement with z ≈ 0.2 DLA measure-
ments (Meiring et al. 2011) and 21 cm stacking (Lah et al.
2007). This is in some tension with a model where ΩHI

falls monotonically from the era of maximum star forma-
tion rate (Duffy et al. 2012). Under the assumption that
bHI = 0.8, r = 1, the cross-correlation measurement here
suggests ΩHI ∼ 0.5 × 10−3, in better agreement, but clearly
better measurements of bHI and r are needed. Redshift space
distortions can be exploited to break the degeneracy between
ΩHI and bias to measure these quantities independently of
simulations (Wyithe 2008; Masui et al. 2010). This will be
the subject of future work.
Our measurement is limited by both the number of galaxies

in the WiggleZ fields and by the noise in our radio observa-
tions. Simulations indicate that the variance observed in our
radio maps after foreground subtraction is roughly consistent
with the expected levels from thermal noise. This is perhaps
not surprising, our survey being relatively wide and shallow
compared to an optimal LSS survey, however, this is nonethe-
less encouraging.
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Detected in Cross-Correlation at 
z~0.8

Masui et al 2013



The Canadian Hydrogen Intensity Mapping Experiment 
(CHIME)

• 4 cylinders: 20m x 100m
• 1024 dual-polarization feeds
• 400-800MHz
• Constructed, currently being instrumented
• 5 year survey

Chosen for BAO scales

Redshifts 0.8 — 2.5



The Canadian Hydrogen Intensity Mapping Experiment 
(CHIME)

• 4 cylinders: 20m x 100m
• 1024 dual-polarization feeds
• 400-800MHz
• Constructed, instrumented this year
• 5 year survey

• 2 cylinders: 20m x 37m
• 128 dual-pol’n feeds
• Bandura et al 2014
• 2 year surveyPathfinder

on sky

Full CHIME



Preliminary map

Data

TauA

CygA
CasA

VirA
North Polar Spur

Galaxy

Credit: Richard Shaw(659-659.4 MHz)

x 1024 frequencies x 2 years



More ‘Future’ 21cm Intensity Mapping Surveys

TianLai @ China
700-800 MHz (z~0.8 - 1.03)

Taking data

Taking data

HIRAX-1024 @ South Africa
21cm LSS z~0.8 - 1.03

Prototype stage

SKA  — 
planned for z ~ 0 - 2.8 in 11 bands 

CHIME

Taking data



Other intensity mapping lines 
(currently focused on star formation)

COPSS @ SZA/Ovro
CO (1-0) intensity mapping

27-35 GHz (z~2.3-3.3)
2σ detection (Keating et al 2015)

ARGUS @ GBT
High-redshift CO

85-115 GHz (z~1-3)



Other intensity mapping lines

SphereX satellite mission



Towards ‘all the modes’: higher redshift

﹜



How do we get there with 
21cm?

Towards ‘all the modes’: higher redshift



Noise budget ⁓ dominated by galactic signal

Shaw et al 1401.2095



<1% gain error
<0.1% beam error

Shaw et al 1401.2095

Require:

Also our biggest challenge



Biggest technical challenge 
(that we know about with no detection yet)

Higher redshift ⇔ more modes:
• Longer baselines ⇔ require better technology 

for transmission from dish to correlator (stable, 
not lossy over many km)

• more elements ⇔ analysis will require high 
degree of per-dish repeatability


