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Overview
• Multi-institutional international 

collaboration  

• Current flagship project funding (~$1.5M) 
from UKZN and South African NRF/DST -
(more than) sufficient for 128 elements 

• Applying for further NRF funding to build 
up to 512 elements 

• Goal: build 1024 6m dishes operating at 
400-800 MHz, nominal 4 year survey 

• To be sited in the Karoo Radio Astronomy 
Reserve in SA
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• Karoo astronomy reserve protected by Astronomy Geographic Advantage Act.  

• Investment in site infrastructure for MeerKAT and SKA - roads, power, data line.
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Site

!
!
Proposed!HIRAX!site!is!about!12!miles!east!of!the!SKA!processor!building.!!The!site!
is!on!the!main!paved!road!in!to!SKA!which!is!paralleled!by!the!~10KV!power!line.!
!
The!site!is!surrounded!by!slightly!higher!terrain.!
!
Light!brown!are!annual!flood!(standing!water)!areas.!!Olive!gets!flowing!water!
several!times!a!year.!!Dark!brown!is!higher!terrain.!

HIRAX

!
!
There!is!a!farm!complex!nearby.!!Is!SKA!buying!this?!If!so!could!live!there.!
!
The!creek!bed!to!the!SW!shows!an!exposed!grey!shale!layer!that!lies!2P3!m!below!
the!site.!!Above!that!is!clay!with!bits!of!shale.!!Very!nice!material!for!our!footings.!

HIRAX

Farm house

!
!
!
!
The!nearest!hotel,!and!food!store!is!over!an!hour!form!the!proposed!site.!
!
It!took!us!about!11!hours!driving!from!HartRao.!!!
!
Once!in!operation!we!should!stage!vehicles!on!site!and!fly!in!on!the!twin!engine!
charter!flight!from!capetown.!

HIRAX
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Site RFI
Jeff Peterson at HIRAX site in Karoo.  Conditions look 

spectacular! (Inset - interference at HartRAO) 
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Telescope

spillover to the ground (< 10K).

Frequency Range 400–800MHz

Frequency Resolution 390 kHz, 1024 channels

Dish size 6m diameter, f/D=0.25

Interferometric layout 32⇥32 square grid, 7m spacing

Field of View 15 deg2–56 deg2

Resolution ⇠5’–10’

Beam Crossing Time 17–32 minutes

System Temperature 50K

Table 1: Table of instrumental parameters for HIRAX.

Figure 3: Shown is the signal chain for a single HIRAX
dish. The signal is focused onto the dual-polarization an-
tenna at the focus, and each linear polarization is ampli-
fied, transformed into an optical signal, carried on opti-
cal fiber, transformed back to RF, filtered, and amplified
again before digitization.

Dishes – The dishes will be six meter diameter parabolic reflectors with f/D = 0.25. The small focal ratio
will help reduce crosstalk between neighboring antennas. Because we image the sky in strips by changing the
center declination, the dishes must be able to tilt on one axis. We have initial dish designs for the HIRAX-8
prototype array, and two dishes have been built o↵-site to vet the design and assembly (see Figure 4a). We are
in the process of optimizing the dishes and their mounting and rotation scheme based on experiences in the field
and with the vendor. Any design must be cost e�cient, easy to assemble, have a repeatable surface shape, and
respect the tolerance for reflector surface imperfections ( �

50 = 7mm35). The dishes should also be rigid enough
that the beam full-width-half-maximum does not change by more than 0.1%6 upon tilting up to 25� to avoid
calibrating the beams for every tilt. We would also like to minimize the reflections o↵ of the support struts above
the frame, for example by using a radio-transparent support. To further reduce ground spillover and cross-talk,
we are considering adding reflective collars to the dishes.

Feeds – The HIRAX feed will be based on the feed used for CHIME,36 a dual-polarized clover-leaf shaped
dipole antenna that was in turn based on a four-square antenna developed for Molonglo.37 The CHIME feed
has low-loss and small reflectivity characteristics across a wide band and is composed of: (i) a FR4-dielectric
printed circuit board (PCB) which has four metalized curved petals to act as a wide-band dipole antenna, (ii)
a low-loss teflon material ¶ balun for impedance matching, and (iii) a teflon support board. The signal current
distribution, design parameters, and beam characteristics are described in detail in Refs.12,36 here we note that
the shape of the petals provides sensitivity to a wide bandwidth and there is one output signal for each linear
polarization.

The CHIME feed beam shape is broad and elliptical for each polarization, with an impedance chosen to
minimize the noise of the low-noise amplifier at the feed output and is optimized for placement in a compact
line-feed array. For HIRAX, we would like circular beams with good impedance matching to the dish and so
are designing a new candidate feed which maintains the nice broad-band characteristics of the CHIME feed but
is better matched to the HIRAX dishes. To circularize the beam and aid in reducing cross-talk and ground
spillover, we will be adding a ring choke (in the form of a metallic can) that the feed will reside inside, which will

¶

Rogers Arlon Diclad 880, dielectric constant of ✏r = 2.17

Newburgh et al (1607.02059)
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Design Plan
• 1024 close-packed 6m dishes. 

• Operate between 400-800 MHz, 1000 channels 

• Channelizing on FPGA ICE boards (Matt Dobbs, 
McGill) 

• Correlation on GPUs (Keith Vanderlinde, Toronto). 

• Dishes tilt N/S:  when “deep enough” on a strip, tilt 
over to increase fsky. Get to fsky ~ 0.35 in 4 years.  

• Beamform in correlator for FRBs; small subset of 
beams (~20) to external processing for pulsar 
search + monitoring, HI absorbers…
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Instrumentation

(a)

(b)

Figure 4: (a) The first 6m prototype dish for HIRAX was assembled on a rooftop at Durban University of
Technology in Durban, SA. (b) We are investigating the possibility of amplifying directly on the antenna balun
to reduce system noise. This is a prototype with amplifier shown on the stem of the antenna. The amplification
circuitry is protected from feed-back and oscillations with a small metal cover.

also help us weather-proof the instrumentation at the focus. Various choke ring geometries are being simulated
to optimize gain, reduce spillover, and reduce polarization artifacts. Optimization also includes choke size: while
wider chokes are more e↵ective at reducing spillover, they also increase the blockage of the center of the dish
and reduce overall sensitivity.

2.2 Amplification

To achieve fast integrated mapping speeds, we are targeting a system noise of 50K. In addition to minimizing
losses in the optical chain as described above, this requires amplifying the signal either on or directly behind the
feed with low noise amplifiers (LNAs). The gain specification is set by the required input level to the ADC: the
averaged sky signal from all synchrotron emission is ⇠35K and we need to digitize that signal such that its level
on the input to the digitizer is -21 dBm across the 400MHz bandwidth. The total input power from the average
35K sky and 50K system temperature would be -93 dBm across the entire band, leading us to require ⇠70 dB of
total gain. As noted below, 50 dB of that gain must come before the Radio-Frequency over Fiber (RFoF) system
for the system noise to be dominated by the LNA noise figure. We are investigating two alternatives for the
amplification: including the amplification circuitry directly on the balun and backboard (a prototype of the feed
with the active balun is shown in Figure 4b), and placing amplifiers at the SMA-connectorized outputs of the
feeds. The primary benefit of amplifying directly on the feed is a reduction in system noise. Even with a low-loss
material for the balun, the loss is ⇠0.03 dB/inch, leading to an extra contribution of ⇠12K to the system noise
temperature, and so placing the LNA within the balun reduces the total noise temperature substantially. We
are currently planning to use an Avago MGA-16116 GaAs MMIC LNA because it meets our noise specification.
A 400-800MHz prototype LNA built with the device produced a gain of ⇠18 dB and a noise figure of ⇠0.4 dB
(28K) while significantly reducing the expense of circuit board parts.

Feed

design based on experiences in the field and with the vendor. Because it is a transit in-
strument, we do not need active control platforms.

Feeds: Each dish has a dual-polarization active-balun feed, which outputs two RF
polarization signals. The HIRAX feed is based on the highly successful cloverleaf feed
used for CHIME [12]. To reduce system noise and cost, we have begun to develop and
test amplifiers directly on the balun, to form an active balun feed (Figure 3b). The feed
also has a cylindrical reflector behind the cloverleaf antenna to reduce polarization squint
and spillover.

Radio Frequency over Fiber (RFoF): We will use optical fiber to carry signals from
the dishes to the correlator across the ⇠165 m⇥172 m HIRAX footprint. Fiber does not
have the steep frequency-dependent loss of coaxial cable. To use fiber, we must transmit
radio frequency signals across optical fiber links using RFoF modules developed for radio
telescopes. Each transmitter has 16 inputs and serves 8 dishes. Equal-length optical fibers,
buried in trenches, carry the analog signal to the digitizer hut, where the RFoF signal
is received, filtered, and amplified before being digitized and correlated. This system
has been developed, tested in the lab, and a prototype set was deployed and tested on
CHIME [24].

To preserve instrument sensitivity, we must have low loss in the feed and low spillover
to the ground (contributing less than 10K to the system noise). All designs must be cost
effective and easily scaled.

Figure 2: HIRAX system schematic. The primary focus of this proposal is the development of the
FPGA F-engine and the GPU X-engine.

8

HIRAX System 
SchematicFigure 3: (a) ICE motherboard shown with two FMC daughterboards. Each input is sampled

with 8 bits at up to 1.25 GSPS. (b) Embedded LNA in a cloverleaf feed balun (c) ICE crate shown
populated with 16 ICEboards. This particular system is under test as part of the CHIME correlator.

C.2 Digitizer/ICEboards
The digitizer will be based on an ICE-System design [2]. Co-I Bandura was a lead member
of the ICE development team, has worked with it extensively for the CHIME experiment,
and is completely familiar with the end-to-end system. The overall system architecture
is comprised of 64 ICE-motherboards in four ICE-crates each with a full-mesh backplane.
Each motherboard has ADC daughter-boards, processing 16 analog inputs each for a to-
tal of 1024 inputs. The system is designed to flexibly scale up to 2048 inputs without
requiring additional networking hardware.

The digitizers are based around EV8AQ160 ADCs. Each sample 4 inputs at 8 bits at
800 MSPS and sample in the second Nyquist zone from 400-800 MHz. The ADCs are able
to provide a spur-free dynamic range of 52 dBc, and 7.5 effective bits.

Each ICE motherboard has 16 analog inputs (see Figure 3a). The digitized signal
is then channelized into 1024 frequencies using a poly-phase filter bank FFT from the
CASPER library 3.

The data is then processed through the ICE-system custom-backplane corner-turn net-
work [3], such that each motherboard has the information from 512 inputs for 32 fre-
quency channels. See Figure 4a for a schematic of the system, and Figure 3c for an assem-
bled single crate to be used in the CHIME correlator.

3https://casper.berkeley.edu

9

ICE board
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Cosmological Modes
8
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Interferometer

Single Dish

Fig. 1.— Schematic illustration of the ranges of radial and trans-
verse wavenumbers that the two types of experiment are sensitive
to. The dotted lines show the ranges in absolute wavenumber |k|;
single-dish experiments are sensitive to smaller |k| due to their
lower kmin

? , while interferometers can see larger |k| on account of
their high angular resolution. The two types of experiment are
complementary in terms of their angular sensitivity, but are sub-
ject to the same constraints in frequency space.

sures that most e↵ectively probe dark energy. It also
yields information about the shape and normalisation
of the matter power spectrum, the matter content at
z ' 1090, and the physical scale of the BAO.
We use the DETF Planck prior from Albrecht et al.

(2009), which assumes temperature and E-mode polari-
sation data over 70% of the sky for the 70, 100, and 143
GHz channels out to ` = 2000. We rescale the Fisher ma-
trix to reflect our di↵erent fiducial cosmology, and then
project it out to the following variables (fixing all others):

{h,⌦bh
2,⌦DE,⌦K , w0, wa, ns,�8}.

Note that the optical depth to last scattering, ⌧ , which
depends on the cosmic reionisation history, has been
marginalised over in the original DETF Fisher matrix.
We ignore constraints from CMB lensing, high-` CMB
experiments and B-mode polarisation, although in prin-
ciple these would provide additional information on h,
�8, ns, and the e↵ective number of neutrino species.

3. COMPARISON WITH GALAXY REDSHIFT
SURVEYS

It is instructive to compare IM surveys of large scale
structure with ‘conventional’ redshift surveys, by which
we mean surveys that catalogue individual galaxies in
angle and redshift. These o↵er some of the most stringent
constraints on cosmological parameters to date, and are
likely to do so for some time as experiments like the Dark
Energy Survey (DES) (Frieman & Dark Energy Survey
Collaboration 2013) and Euclid (Amendola et al. 2013)
come online.
In this section, we will compare IM and galaxy redshift

surveys by looking directly at constraints on the power
spectrum, P (k). To do this we divide up a range of
wavenumbers into bins, �a = [ka, ka+1], and assign a
constant value, Pa to the power spectrum in each bin.
The exercise is then to forecast errors for each Pa.
The main quantities that describe a redshift survey are

the survey area, Sarea, and the number density of sources

Fig. 2.— The normalised e↵ective volume Ve↵(k?, kk)/Vbin at
z ⇡ 1, for SKA1-MID Band 1 in single-dish mode (black contours)
and interferometer mode (shaded blue contours). Foregrounds
have not been included, but the e↵ective minimum kk, given by
kFG ' kBW, is shown as a dashed grey line. The contours are for
values [0.9, 0.5, 0.1, 0.01, 0.001], where 1.0 is the maximum (imply-
ing a cosmic variance-limited measurement). Only the last three
contours (i.e. < 0.5) appear for the interferometer mode due to its
lower sensitivity.

as a function of redshift, n̄(z), which in turn allows us
to define a survey depth. As with the IM survey, we can
define the survey volume, Vbin ' r2(z̄)(dr/dz)�z Sarea
(where z̄ is the mean redshift of the survey). The Fisher
matrix is then (Feldman et al. 1994; Tegmark et al. 1998)

F gal
ij =

1

2

Z k
max

k
min

d3k

(2⇡)3
[@i lnPtot(k)@j lnPtot(k)]Ve↵(k)

Ve↵ =Vbin



n̄(z)Ptot(k)

1 + n̄(z)Ptot(k)

�2

. (9)

Shot noise plays a crucial role, dominating if n̄ is too
small; as does cosmic variance, via the Vbin term. The ef-
fective volume tells us how well di↵erent parts of Fourier
space are sampled. Applying (9) to the binned power
spectrum, we recover the well-known result

*
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◆2
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which has Ve↵ at the heart of the expression. It is only in
regions where n̄P � 1 that the power spectrum can be
measured well. In this regime the fundamental limitation
becomes cosmic variance, which is set by the number of
modes sampled in each bin, Na ⇠ Vbink

2
a�ka/2⇡2, where

�ka is the width of the corresponding bin.
The equivalent expression for an IM survey is

✓
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"

1

2
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(11)

By analogy with (9) and (10), we can define an e↵ective
volume, V IM

e↵ , and a pseudo number density, n̄IMP (k) ⌘
CS/CN , such that

n̄IM(z,k) =

✓

Tb

Tsys

◆2
ttot�⌫

Ubin
B2

?BkI�1. (12)

Bull et al (1405.1452)

• Wide redshift coverage:  z ~ 0.8 : 2.5 

• Survey area: target ~15,000 deg2 

• Angular coverage:  l ~ 40 - 2000 ; 
kperp ~ [10-2, 1] h Mpc-1  at z~1 

• Frequency coverage: y ~ 20 - 20000 ; 
kpar  ~ [10-3, 1] h Mpc-1 ; limited by 
foregrounds and nonlinearities. 

• Sensitivity: 12 uJy/beam daily,  1 uJy/
beam full survey
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BAOs and Cosmology

10,000 hr survey with 
1024 element forecast 
with fsky=0.05. Aim is to 
complete 4 year survey 
with fsky~0.35.

Figure 2: Forecast of cosmological parameter constraints for HIRAX assuming a total sky area of 2,000 square
degrees, 50K system noise, 1024 6m dishes, and 10,000 hours of integrated time, with Planck priors.

probe the relationship between stars and gas in their dark matter halos. We can also use any combination of
optical and neutral hydrogen galaxy distributions to remove cosmic variance, dramatically improving constraints
in the future (See for example Refs. 2526). These cross-correlations, including millimeter experiments like ACT
and SPT, will also help identify and remove systematics between the di↵erent surveys and potentially allow
intensity mapping surveys to better characterize the foregrounds and optimize their removal. Direct correlation
with CMB surveys is challenging because of the loss of long-wavelength line-of-sight modes in the 21cm density
field after foreground removal (see Section 3), however, higher order correlations of the 21cm density field27 or
tidal field reconstruction28 may provide an observable signal, allowing us to constrain the high-redshift matter
power spectrum as well as ⌦HI and bHI independently of the optical galaxy bias.

Observations of the southern sky provide access to the Galactic plane, enabling a wide variety of transient
measurements with HIRAX. A new window on the transient sky will be possible in the near future from upcom-
ing wide-field imagers like LSST and gravitational wave detections of coalescing compact objects from LIGO29

and explosions. HIRAX will add radio transient monitoring to this suite of observations, which will open up
the discovery space for transient phenomena and contribute to multi-messenger science, for example following
up nearby explosive events found by LIGO.30 In addition, Fast Radio Bursts (FRBs) are a source of enormous
interest to the radio transient community because of their high dispersion measures and isotropic spatial distri-
butions,31 indicating possible cosmological distances. Their origin is unknown and the subject of ongoing study
(See for example Ref.32). Projecting from current discovery rates of FRBs, HIRAX will find dozens per day (with
significant uncertainty in the estimated number due to limited FRB statistics in the HIRAX band) and be able
to measure properties associated with their spectra, pulse arrival times, and spatial distribution. In addition to
FRBs, HIRAX can be used as a pulsar discovery engine and an e�cient pulsar monitoring telescope. HIRAX
pulsar searches have the potential to discover a few thousand new pulsars, while pulsar monitoring would provide
important inputs to timing arrays used for the detection of long-wavelength gravitational waves, inaccessible to
other probes.33 Finally, up-channelizing the data to a spectral resolution of ⇠3 kHz (1.5 km/s in the center of the
band) will yield a spectral rms of ⇠4.4mJy/beam. This will provide a competitive 21 cm absorption line survey

Figure 1: Expected baryon acoustic oscillations measurements with HIRAX, assuming a total sky area of 2,000
square degrees, 50K system noise, 1024 6m dishes, and 10,000 hours of integrated time, with Planck priors. We
have divided by a fiducial model to make the power spectrum features more apparent. No systematics have been
assumed.

sensitivity on the large scales of interest to trace redshift evolution without resolving individual galaxies.678

Currently, 21 cm intensity mapping has been measured only in the cross-correlation between radio surveys and
galaxy surveys at redshift z ⇠ 0.8: a ⇠4� detection with the DEEP2 galaxy survey,9 and at higher significance
with WiggleZ.10 Only upper bounds have been placed on the BAO contribution to the 21 cm auto-correlation
power spectrum.11

The Hydrogen Intensity and Real-time Analysis eXperiment (HIRAX)⇤ is a radio interferometer being devel-
oped for observations in South Africa operating in the frequency range 400-800MHz. HIRAX will map large-scale
structure in a redshift range of 0.8 < z < 2.5 with 1024 sixmeter dishes. HIRAX will observe ⇠15,000 square
degrees in the Southern Hemisphere, complementing CHIME12 in the Northern Hemisphere. The resulting maps
of large-scale structure will measure the first four peaks in the BAO matter power spectrum, reaching sample
variance limits, as shown in Figure 1, and improve constraints on cosmological parameters relating to structure at
late times (the amplitude of the matter power spectrum, �8; total baryon density, ⌦b; total Dark Energy density
⌦DE ; and the power spectrum spectral index, ns) to less than 1% (Figure 2). Observations from experiments
that span a wide range of redshifts, like HIRAX, allow us to measure both geometry and growth, provide a
probe of dynamical Dark Energy, constrain modified gravity models, measure the isotropy of the Universe, and
improve limits on deviations from Gaussianity of the initial density perturbations (See for example discussion
in Ref.7). Constraints on cosmological parameters require end-to-end simulations linking the underlying dark
matter distribution with HI emission. In addition, these simulations will use combinations of analytical models,
hydrodynamical N-body code (See Ref.13) and treatment of instrumental e↵ects and of polarized foregrounds
(See Ref.14).

We will take advantage of the Southern location to overlap with many surveys at other wavelengths for cross-
correlation science, including both ongoing surveys (ACTPol,15 SPTpol,16 SDSS BOSS,17DES,18 HST19) and
future surveys (Advanced ACT,20 SPT-3G,16DESI,21 LSST,22 Euclid,23 WFIRST24). Cross-correlations with
optical galaxy redshift surveys and cosmic shear surveys will provide measurements of the redshift-dependent
neutral hydrogen fraction (⌦HI) and bias (bHI), both of which are poorly constrained at these redshifts, and

⇤

http://www.acru.ukzn.ac.za/⇠hirax

Newburgh et al (1607.02059)
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Photo-z calibration
• Cross-correlation with LSST 

photometric survey can provide 
photo-z calibration via the 
clustering redshifts method 
(Alonso et al, 1704.01941) and 
improve parameter constraints.

8

FIG. 4. Left panel: forecast 1� constraints on the photo-z scatter �z (solid lines) and bias �z (dashed lines) for the three IM
experiments under consideration: HIRAX (blue), SKA (red) and MeerKAT (yellow). Right panel: comparison of the previous
three intensity mapping experiments, in terms of the forecast constraints on �z, with three future spectroscopic surveys: DESI
(black solid), Euclid (black dashed) and WFIRST (black dot-dashed). In both panels, the thin solid line shows the photo-z
calibration requirement on both �z and �z for LSST, with the corresponding requirement for DES shown as a thin dashed line
in the right panel. The coloured bands in the upper part of all plots show the proposed frequency ranges for the three 21cm
experiments (same color code). We have assumed using the UHF band for SKA and MeerKAT. The L-band would be able to
cover all redshifts below z ⇠ 0.35.

• We will also include two cosmological parameters:
the fractional matter density ⌦

M

and the ampli-
tude of scalar perturbations As, in q

i

in order to
account for the possible cosmology dependence of
the results.

We will change this setup in Section III E, where we
will explore the impact of the achieved constraints on
the photo-z parameters on the final cosmological con-
straints. In this section a will correspond to the 15 pho-
tometric redshift bins for LSST, for both galaxy cluster-
ing and weak lensing (i.e. 30 sets of spherical harmon-
ics). Likewise q

i

will contain the cosmological parameters
(!

c

,!
b

, h, w0, wa

, A
s

, n
s

, ⌧reio) as well as all the baseline
photo-z parameters (�z and �

z

for all redshift bins), with
priors corresponding to the constraints found in the pre-
ceding sections.

A. Baseline forecasts

Using the formalism described above, and in the sim-
plified scenario of Gaussian photo-zs, we present, in the
left panel of Figure 4, the forecast constraints on the
photo-z bias (�z) and variance (�

z

) for the key intensity
mapping experiments introduced in Section IIC. In this
and all subsequent plots, the thin black solid line shows
the LSST requirement of �(�z,�

z

) . 10�3(1+z) [48, 49],
while the thin dashed line corresponds to the nominal re-
quirement for the Dark Energy Survey (2 ⇥ 10�3) [50].
The coloured bars in these and all subsequent plots show

FIG. 5. Forecast constraints on the LSST photo-z scatter �z

for SKA (red) and MeerKAT (yellow) assuming only interfer-
ometric observations (dot-dashed lines), single-dish observa-
tions (dashed lines) and both simultaneously (solid lines).

the redshift ranges corresponding to the proposed fre-
quency bands of the three IM experiments explored here.

Two key features must be noted in this figure: first, the
uncertainties grow steeply at low redshifts. This is due
to the reduced number of modes available in that regime,
associated with the smaller comoving volume and the im-
pact of non-linearities on lower values of k. The latter
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FIG. 11. Constraints on the equation of state of dark energy
and the sum of neutrino masses in the absence of external
photo-z calibration (blue ellipses), with redshift distributions
calibrated through cross-correlation with a HIRAX-like 21cm
experiment (red ellipses) and in the case of perfect calibration
(dashed lines). The constraints also include early-universe
information from a Stage-4 CMB experiment.

on �
z

and �z found using the procedure described in
the previous sections for the di↵erent experiments con-
sidered in this paper. The results of this exercise are
displayed in Figure 11, which shows the constraints on
the most relevant late-universe parameters: the dark en-
ergy equation of state parameters, w0 and w

a

, and the
sum of neutrino masses. The results shown correspond to
the 1� contours in the absence of photo-z uncertainties
(dashed black line), with photo-z systematics constrained
through cross-correlation with a 21cm experiment, in this
case HIRAX (red ellipse) and in the absence of external
data for photo-z calibration (blue ellipse).

It is important to stress that the overall constraints
on these parameters forecast here depend heavily on the
survey specifications assumed (e.g. photo-z model and
uncertainties), as well as the scales included in the anal-
ysis, a point where we have tried to be very conserva-
tive. Thus, the results shown in Figure 11 should not
be taken to represent the final constraints achievable by
LSST. The main result shown in this figure is the rela-
tive improvement on the final constraints after photo-z
calibration, which should be more robust to these con-
siderations.

Photo-z calibration improves the constraints on each
of these parametes by a factor ⇠ 1.5 � 2, and the dark
energy figure of merit by a factor & 5. Furthermore, we
find that the level of calibration achievable through cross-
correlations with intensity mapping experiments is nearly

FIG. 12. Forecast constraints on the LSST photo-z bias �z

in the absence of external datasets (green), and adding CMB
lensing data from Stage-3 (purple) and Stage-4 (cyan) CMB
experiments.

equivalent to the case of perfect calibration. Equivalent
results are found for SKA and HIRAX, as well as for the
combination of DESI, Euclid and WFIRST, as could be
expected from the results displayed in the right panel of
Figure 4.

IV. DISCUSSION

In this paper we have shown that intensity maps of
the HI emission can be used to improve the scientific
output of photometric redshift surveys. By exploiting
the cross-correlations between imaging surveys of galax-
ies and HI maps, we find that it is possible to optimally
calibrate the photometric redshift distributions. This is
made clear when assessing improvements in constraints
on cosmological parameters: in Figure 11 we see that the
FoM using this method is e↵ectively as good as having
perfect calibration. This also means that, with the aid of
future IM experiments it should be possible to, for exam-
ple, improve the LSST equation of state figure of merit
by approximately a factor of 5.
This approach is promising, but it is important to

highlight some of the limitations that have to be over-
come if IM is to be used successfully in this context.
For a start, it will be important to be able to deal with
foreground contamination. In essence, as we have dis-
cussed, one can model the e↵ect of foregrounds as a
source of noise that cancels the information contained
in long-wavelength radial modes. This e↵ect is therefore
greatly dependent on how coherent foreground residuals
are in frequency. We can expect foregrounds to be highly
correlated in intensity, with correlation lengths of order
⇠ ⇠ 1 � 10. However, instrumental e↵ects such as po-
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21cm-CMB lensing cross-correlation

• Direct 21cm-CMB lensing correlation 
vanishes because of loss of low kpar 21cm 
modes 

• Construct a bispectrum estimator that uses 
two copies of the 21cm intensity field and 
one copy of the CMB lensing field.   

• Estimator relies on modulation of small-
scale 21cm modes by large-scale (super-
sample) modes to recover the line-of-sight 
long wavelength modes that are required 
for correlation with CMB lensing. 

• Signal to noise is promising - can derive 
useful cosmological constraints (Moodley 
et al in prep). 

δL>0
δL<0
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Top Left: HartRAO technician Andrew Masiteng,  UKZN PhD 
student Onkabetse Sengate and UKZN MSc student Kabelo 
Kesebonye assemble 6m dish 

Top Middle:  Yale student Emily Kuhn and HartRAO technician 
Jacques Grobler Install feeds. 

Top Right: Onkabetse Sengate, Nivek Ghazi and Cynthia Chiang 
work on RFI testing, while Austin Gumba works on RF over fibre. 

Right:  Jon  Sievers, Ben Saliwanchick,Jeff Peterson pose with just-
assembled dish. 

HIRAX Prototype @ HartRAO
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• All eight dishes fully 
instrumented. 

• Six dishes currently 
taking data.

HIRAX Prototype @ HartRAO

Devin Crichton &  
Heiko Heilgendorff
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Prototype Data Analysis
• We see fringes! 

• Currently characterizing instrumental 
properties from the data
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Current Status & Plans
• Funded for 128+ elements. Applying for funding to build 

up to 512 elements then 1024 elements.  

• 8 elements built at HartRAO, with feeds. 

• Core site in Karoo, construction can start Q3 2019 

• In the interim plan to expand HartRAO to 32 dishes and 
build 2-3 outrigger stations. Will use f/D 0.25 dishes -
currently being designed. 

• HartRAO+outriggers should be enough to find ~1 FRB/
month with accurate positions.


