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Overview
• Dark energy with baryon acoustic oscillations (BAOs)


• Measuring BAOs via 21cm intensity mapping 


• The HIRAX telescope 


• HIRAX BAO cosmology forecasts 


• Fast radio burst detection and localisation with HIRAX 
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Cosmic Concordance 
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Cosmic Composition
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The 
cosmological

constant?
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Dark Energy Key Probes
• Type 1a supernovae: measure luminosity 

distance DL(z)


• Cosmic lensing: measure growth factor G(z) 
in combination with angular diameter 
distance DA(z) 


• Galaxy clusters: measure growth factor G(z) 
and comoving volume dV(z) ~ DA2(z)/H(z)


• Baryon acoustic oscillations: measure 
angular diameter distance DA(z) and 
Hubble parameter H(z)

Vikhlinin et al 2009
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Baryon Acoustic Oscillations

8



HIRAX Cosmology FRBs

Kavilan Moodley, UKZN


AfAS Conference

• Galaxy positions trace acoustic 
waves from the early universe: 
sound horizon sets characteristic 
150 Mpc scale - standard ruler


• Measure galaxy positions -> see 
ripples in the power spectrum, peak 
in the correlation function


• DR12 release from SDSS-III shown 
below, redshift range 0.2 < z < 0.75

Dark Energy with BAOs
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Galaxies trace Matter Distribution

Credit: Springel et al 2006 Credit: NASA
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Hydrogen in Galaxies Traces Matter Distribution

NEUTRAL HYDROGEN

TOTAL GAS

Villaescusa Navarro 

et al 2018
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Track Hydrogen 

via the 21cm Line
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Sound wave imprint from recombination has a 
characteristic 150 Mpc scale (1 degree) - large 


Require large volumes (large sky area and z range)


Counting individual galaxies & getting to high 
redshift is challenging

Throw away spatial resolution: use HI intensity mapping to 
measure matter distribution AND obtain redshift information.


Use the BAO peak as a standard ruler for charting the 
expansion history. 

BAOs with 21cm Intensity Mapping
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Designing a 21cm Intensity Mapping 

Dark Energy Telescope

• Maximise sensitivity on scales of interest	 -> Use compact array geometry

• Redshift range: 0.8 < z < 2.5 to capture dark energy domination at z ~ 1 and sufficient volume   

-> Required frequencies: 400 - 800 MHz

• BAO 150 Mpc angular scale: 3 - 1.3 degrees at 0.8 < z < 2.5 -> Required interferometer 

baseline lengths: 15 - 60 metres

• BAO scale along line of sight: 20 - 12 MHz at 0.8 < z < 2.5 -> Required frequency resolution: 

100 channels, more for foregrounds and higher order peaks

• BAO signal level: ~ 0.1 mK -> Low system temperature, large collecting area (lots of elements)

13
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The Hydrogen Intensity mapping and 
Real time Analysis eXperiment (HIRAX)

• A compact array of 1024 six metre dishes operating at 400-800 MHz

• Scalable array built in stages: 2, 8, 128 (funded), 256 to retire key risks at each stage, then 

expand to 1024 dishes and operate full array for 4 years

• Dishes stationary but can tilt for more sky area, fabrication in South Africa

• Back-end: overlap with CHIME - channelize with FPGA ICE boards, correlation with GPUs

14

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)

→0.21
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Collaboration and Funding

• UKZN and South African NRF flagship funding secured for site infrastructure and pathfinder 
array. SARAO providing site, power and data.


• Swiss SNF funding secured for 512 channel X-engine (GPU correlator) and Science Data 
Processing system. McGill funding for F-engine up to 512 channels (ICE boards).


• NRF strategic research equipment (SRE) funding secured to expand pathfinder array.

• First phase with additional funding from the Simons Foundation to build up to 128 dishes.

https://hirax.ukzn.ac.za/
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HIRAX Science Goals
• Measure BAOs with 21cm intensity mapping: 

characterise dark energy 


• Cross-correlation with other cosmological surveys 


• Radio transient searches, slow and fast 


• Fast radio bursts (FRBs) 


• Pulsar searches: 15 uJy/scan - search in each of 
10-20 beams, galactic centre searches


• Neutral hydrogen absorbers: upres frequency in 
beam-formed data (FFTs on GPUs)


• Diffuse galactic polarization 

Fast	Radio	Burst	found	using	GBT

Credit: Jingchuan Yu

Credit: NRAO
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HIRAX Design Plan
• Goal of 1024 close-packed 6m 

dishes. Fibre-glass fabrication in 
South Africa by AFF, design from 
NRC (Canada).


• Cloverleaf dual-pol feed, RF over 
fibre


• Operate between 400-800 MHz, 
1000 channels


• Channelizing on FPGA ICE boards


• Correlation on GPUs

17
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Location, Location, Location …

• SKA South Africa Karoo site, MoA in 
place 


• Existing infrastructure (roads, power, 
data)


• Low levels of RFI - site protected


• Access to southern skies
!

!
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

!
!
!
!
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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AIDS HELPLINE: 0800-123-22 Prevention is the cure 

RFI at HIRAX site
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HIRAX Progress
• Site: Civil, foundations, and electrical work completed. Fibre to be installed by May. 

Containers installed and RFI shielding verified; Cooling system by April. 

• Dishes: 19 TMAs installed at the main site, producing 8 per month.

• Signal Chain: Developed and qualified new feed. Deploying two element array at main site.

• Back-end Hardware: X-engine (correlator) installed in container. F-engine (digitiser, 

channeliser) currently being shipped. Commissioning back-ends by June.

19
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Upcoming HIRAX Schedule
• Site:


• Develop HIRAX Karoo Swartfontein main site (Q2 2026)

• Instrument (staged to mitigate risks):


• Prototyping on 2-element array at Swartfontein site (Q2 2026): qualify signal 
chain, verify dish precision, measure telescope beams


• Commission 8-element prototype at Swartfontein site (Q3 2026): verify RF 
performance and stability, preliminary study of redundancy & chromaticity 


• Commission 32-element prototype at Swartfontein site (Q4 2026-Q1 2027): 
verify RF performance and stability, detailed study of redundancy & 
chromaticity 


• Commission 128-element pathfinder array at Swartfontein site (Q2-3 2027): 
verify redundant calibration approach, constrain chromaticity 

20
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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 k

min

? , 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 ' r

2(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 kmax

kmin

d
3
k

(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

*✓
�Pa

Pa

◆2
+

=


1

2

Z

Vn

d
3
k

(2⇡)3
Ve↵(k)

��1

, (10)

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

✓
�Pa

Pa

◆2

=

"
1

2
Ubin

Z

Vn

d
2
q dy

(2⇡)3

✓
C

S(q, y)

CT (q, y)

◆2
#�1

(11)

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

e↵ , and a pseudo number density, n̄IM
P (k) ⌘

C
S
/C

N , such that

n̄
IM(z,k) =

✓
Tb

Tsys

◆2
ttot�⌫

Ubin
B

2
?BkI

�1
. (12)

Bull et al (1405.1452)• Wide redshift coverage:  z ~ 0.8 - 2.5

• Survey area: ~15,000 deg2


• Angular coverage:  l ~ 40 - 2000 gives kperp ~ 

[10-2, 1] h Mpc-1  at z~1 ; limited by primary 
beam and maximum baseline.


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


• Sensitivity: 15 uJy/beam daily,1 uJy/beam full 
survey

Cosmology with HIRAX

21
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HIRAX BAO & Distance Scale Forecasts

• HIRAX will make a precise measurement of the matter power spectrum in the BAO regime in 
a number of redshift bins from z = 0.775 to 2.55


• Convert power spectrum BAO constraints into constraints on DV in each redshift bin => 
constrain the BAO scale at the percent level out to high redshift with HIRAX-1024

22

In Fig. 5(a), we show forecasts for the measurement of the BAO signal in the power spectrum,
demonstrating that HIRAX should resolve this feature with high significance. This in turn leads to
percent level constraints on the volume-averaged distance measure,DVðzÞ ¼ ½czD2

MðzÞ∕HðzÞ%1∕3,
in several redshift bins as shown in Fig. 5(b). Also shown in Fig. 5(b) is a compilation of recent
BAO constraints from SDSS galaxy, quasar, and Lyman-α surveys.1,56–63

We explore cosmological parameter constraints for three different cosmological models,
ΛCDM, wCDM, and w0waCDM. Here wCDM allows for variation in a fixed dark energy
equation-of-state parameter w, whereas w0waCDM fits for an evolving equation-of-state
wðaÞ ¼ w0 þ ð1 − aÞwa, as in Ref. 52. Marginalized constraints on a subset of the full parameter
set are shown in Table 3 for the HIRAX 256-element and 1024-element arrays including priors
based on constraints from the Planck Satellite.55 These are compared to current state-of-the-art
constraints from the eBOSS cosmology analysis,2 which are combined with constraints from
Planck, Pantheon SNe Ia,64 and DES Y1.65

In Figs. 5(c) and 5(d), we show marginalized parameter contours for the dark energy equa-
tion-of-state parameters as well as large-scale structure parameters ΩM and σ8, respectively, for
both the HIRAX 256-element and 1024-element arrays with Planck priors. The computed dark
energy figures of merit (FoM52), corresponding to the inverse of the area enclosed by the 68%
confidence contours in the marginalized w0 − wa constraints, are 60 for HIRAX-256 and 360 for
HIRAX-1024. This is competitive with other planned dark energy experiments.9 We note that the

(a) (b)

(c) (d)

Fig. 5 Forecast constraints on (a) the BAO feature of the matter power spectrum; (b) distance
scale, DV evolution; (c) dark energy equation of state parameters w0 and wa; and (d) large-scale
structure parameters σ8 andΩM , for HIRAX-256 and HIRAX-1024. The parameter contours shown
represent 68% and 95% confidence intervals (shaded and lightly shaded regions, respectively). A
prior based on Planck55 results has been added. We note that the change in degeneracy direction
for the ΩM and σ8 contours between HIRAX-256 and HIRAX-1024 is due to the different relative
contributions of the Planck prior to the combined constraints.

Crichton et al.: Hydrogen Intensity and Real-Time Analysis Experiment. . .

J. Astron. Telesc. Instrum. Syst. 011019-10 Jan–Mar 2022 • Vol. 8(1)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Astronomical-Telescopes,-Instruments,-and-Systems on 19 Jan 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

DESI 

 YR 1



HIRAX Cosmology FRBs

Kavilan Moodley, UKZN


AfAS Conference

model/dataset ⌦m

H0
103⌦K w or w0 wa

[ km s�1 Mpc�1]

Flat ⇤CDM

DESI 0.295 ± 0.015 — — — —

DESI+BBN 0.295 ± 0.015 68.53 ± 0.80 — — —

DESI+BBN+✓⇤ 0.2948 ± 0.0074 68.52 ± 0.62 — — —

DESI+CMB 0.3069 ± 0.0050 67.97 ± 0.38 — — –

⇤CDM+⌦K

DESI 0.284 ± 0.020 — 65+68

�78
— —

DESI+BBN+✓⇤ 0.296 ± 0.014 68.52 ± 0.69 0.3+4.8
�5.4 — —

DESI+CMB 0.3049 ± 0.0051 68.51 ± 0.52 2.4 ± 1.6 — —

wCDM

DESI 0.293 ± 0.015 — — �0.99+0.15
�0.13 —

DESI+BBN+✓⇤ 0.295 ± 0.014 68.6+1.8
�2.1 — �1.002+0.091

�0.080 —

DESI+CMB 0.281 ± 0.013 71.3+1.5
�1.8 — �1.122+0.062

�0.054 —

DESI+CMB+Panth. 0.3095 ± 0.0069 67.74 ± 0.71 — �0.997 ± 0.025 —

DESI+CMB+Union3 0.3095 ± 0.0083 67.76 ± 0.90 — �0.997 ± 0.032 —

DESI+CMB+DESY5 0.3169 ± 0.0065 66.92 ± 0.64 — �0.967 ± 0.024 —

w0waCDM

DESI 0.344+0.047
�0.026 — — �0.55+0.39

�0.21 < �1.32

DESI+BBN+✓⇤ 0.338+0.039
�0.029 65.0+2.3

�3.6 — �0.53+0.42
�0.22 < �1.08

DESI+CMB 0.344+0.032
�0.027 64.7+2.2

�3.3 — �0.45+0.34
�0.21 �1.79+0.48

�1.0

DESI+CMB+Panth. 0.3085 ± 0.0068 68.03 ± 0.72 — �0.827 ± 0.063 �0.75+0.29
�0.25

DESI+CMB+Union3 0.3230 ± 0.0095 66.53 ± 0.94 — �0.65 ± 0.10 �1.27+0.40
�0.34

DESI+CMB+DESY5 0.3160 ± 0.0065 67.24 ± 0.66 — �0.727 ± 0.067 �1.05+0.31
�0.27

w0waCDM+⌦K

DESI 0.313 ± 0.049 — 87+100

�85
�0.70+0.49

�0.25 < �1.21

DESI+BBN+✓⇤ 0.346+0.042
�0.024 65.8+2.6

�3.5 5.9+9.1
�6.9 �0.52+0.38

�0.19 < �1.44

DESI+CMB 0.347+0.031
�0.025 64.3+2.0

�3.2 �0.9 ± 2 �0.41+0.33
�0.18 < �1.61

DESI+CMB+Panth. 0.3084 ± 0.0067 68.06 ± 0.74 0.3 ± 1.8 �0.831 ± 0.066 �0.73+0.32
�0.28

DESI+CMB+Union3 0.3233+0.0089
�0.010 66.45 ± 0.98 �0.4 ± 1.9 �0.64 ± 0.11 �1.30+0.45

�0.39

DESI+CMB+DESY5 0.3163 ± 0.0065 67.19 ± 0.69 �0.2 ± 1.9 �0.725 ± 0.071 �1.06+0.35
�0.31

Table 3. Cosmological parameter results from DESI DR1 BAO data in combination with external
datasets and priors, in the baseline flat ⇤CDM model and extensions including spatial curvature
and two parametrizations of the dark energy equation of state, as listed. Results are quoted for the
marginalized means and 68% credible intervals in each case. Note that DESI data alone measures
rdh and not H0, but for reasons of space this result is omitted from the table and provided in the
text instead. In this and other tables, the shorthand notation “CMB” is used to denote the addition
of temperature and polarisation data from Planck and CMB lensing data from the combination of
Planck and ACT.
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HIRAX Cosmology Forecasts 

• HIRAX measurements of DV will provide tight constraints on cosmological parameters in 
combination with CMB data
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Credit: D Crichton
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of-state parameters as well as large-scale structure parameters ⌦M and �8, respectively, for both
the HIRAX 256-element and 1024-element arrays with Planck priors. The computed dark energy
figures of merit (FoM50), corresponding to the inverse of the area enclosed by the 68% confidence
contours in the marginalized w0�wa constraints, are 60 for HIRAX-256 and 360 for HIRAX-1024.
This is competitive with other planned dark energy experiments.9 We note that the Planck prior
dominates the ⌦M constraint but that the HIRAX 1024-element array, in particular, can further
constrain ⌦M and �8.

HIRAX-256 + Planck �8 ⌦⇤ w0 wa

⇤CDM 0.0044 0.0039 - -
wCDM 0.0047 0.0042 0.0739 -

w0waCDM 0.0053 0.0043 0.1223 0.4332
HIRAX-1024 + Planck

⇤CDM 0.0027 0.0034 - -
wCDM 0.0028 0.0036 0.0316 -

w0waCDM 0.0038 0.0037 0.0506 0.1965
eBOSS + Planck + SNe Ia + Lens.

⇤CDM 0.0056 0.0047 - -
wCDM 0.0092 0.0066 0.027 -

w0waCDM 0.0093 0.0069 0.073 0.5200
Table 3 Marginalized 68% cosmological parameter forecast constraints for the HIRAX experiment compared to
current eBOSS2 results for ⇤CDM, wCDM and w0waCDM cosmologies.

3.1.2 Cosmological Analysis Pipeline Status

We can obtain more realistic forecasts for HIRAX 21 cm power spectrum constraints using detailed
telescope simulations. We adopt the m-mode approach,64–66 which is appropriate for a drift-scan
instrument such as HIRAX. Decomposing daily scans into m-modes along the sidereal time direc-
tion allows us to decouple these modes and analyse them independently, which makes the analysis
of large arrays computationally tractable. The simulated visibility, v = Ba+n, can be written, for
all baselines and frequencies, as a sum of the sky signal, a, processed by the instrument response
or so-called beam transfer matrix, B, and instrument noise, n. The beam transfer matrix encodes
information about the telescope beam and pointing, the baseline layout, and the instrument noise.
Here, we consider a Gaussian primary beam but directivities estimated from electromagnetic sim-
ulations of the HIRAX antenna39 can also be used in the simulation pipeline. The input sky model
comprises simulated 21cm fluctuations with Gaussian statistics and simulated Galactic and extra-
galactic foregrounds. Currently, these are generated using Gaussian random field realisations of
an input 21 cm power spectrum as well as a Galactic foreground model based on that of Ref. 67
with the large-scale spatial distribution of the signal constrained to be similar to that of the Haslam
408 MHz map.68 Future efforts include making use of a more sophisticated signal model based
on an empirical HI halo model applied to n-body simulations. Given an instrument model and
survey specification, the beam transfer matrix can be computed and is used to generate synthetic
visibility data. In the results shown here, we use a compact grid of 7⇥7 dishes (covering the most
cosmologically relevant angular scales) and assume a survey conducted over declinations from
�40� to �20� through 7 repointings of the array. The noise is scaled such that the redundancy of
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model/dataset ⌦m

H0
103⌦K w or w0 wa

[ km s�1 Mpc�1]

Flat ⇤CDM

DESI 0.295 ± 0.015 — — — —

DESI+BBN 0.295 ± 0.015 68.53 ± 0.80 — — —

DESI+BBN+✓⇤ 0.2948 ± 0.0074 68.52 ± 0.62 — — —

DESI+CMB 0.3069 ± 0.0050 67.97 ± 0.38 — — –

⇤CDM+⌦K

DESI 0.284 ± 0.020 — 65+68

�78
— —

DESI+BBN+✓⇤ 0.296 ± 0.014 68.52 ± 0.69 0.3+4.8
�5.4 — —

DESI+CMB 0.3049 ± 0.0051 68.51 ± 0.52 2.4 ± 1.6 — —

wCDM

DESI 0.293 ± 0.015 — — �0.99+0.15
�0.13 —

DESI+BBN+✓⇤ 0.295 ± 0.014 68.6+1.8
�2.1 — �1.002+0.091

�0.080 —

DESI+CMB 0.281 ± 0.013 71.3+1.5
�1.8 — �1.122+0.062

�0.054 —

DESI+CMB+Panth. 0.3095 ± 0.0069 67.74 ± 0.71 — �0.997 ± 0.025 —

DESI+CMB+Union3 0.3095 ± 0.0083 67.76 ± 0.90 — �0.997 ± 0.032 —

DESI+CMB+DESY5 0.3169 ± 0.0065 66.92 ± 0.64 — �0.967 ± 0.024 —

w0waCDM

DESI 0.344+0.047
�0.026 — — �0.55+0.39

�0.21 < �1.32

DESI+BBN+✓⇤ 0.338+0.039
�0.029 65.0+2.3

�3.6 — �0.53+0.42
�0.22 < �1.08

DESI+CMB 0.344+0.032
�0.027 64.7+2.2

�3.3 — �0.45+0.34
�0.21 �1.79+0.48

�1.0

DESI+CMB+Panth. 0.3085 ± 0.0068 68.03 ± 0.72 — �0.827 ± 0.063 �0.75+0.29
�0.25

DESI+CMB+Union3 0.3230 ± 0.0095 66.53 ± 0.94 — �0.65 ± 0.10 �1.27+0.40
�0.34

DESI+CMB+DESY5 0.3160 ± 0.0065 67.24 ± 0.66 — �0.727 ± 0.067 �1.05+0.31
�0.27

w0waCDM+⌦K

DESI 0.313 ± 0.049 — 87+100

�85
�0.70+0.49

�0.25 < �1.21

DESI+BBN+✓⇤ 0.346+0.042
�0.024 65.8+2.6

�3.5 5.9+9.1
�6.9 �0.52+0.38

�0.19 < �1.44

DESI+CMB 0.347+0.031
�0.025 64.3+2.0

�3.2 �0.9 ± 2 �0.41+0.33
�0.18 < �1.61

DESI+CMB+Panth. 0.3084 ± 0.0067 68.06 ± 0.74 0.3 ± 1.8 �0.831 ± 0.066 �0.73+0.32
�0.28

DESI+CMB+Union3 0.3233+0.0089
�0.010 66.45 ± 0.98 �0.4 ± 1.9 �0.64 ± 0.11 �1.30+0.45

�0.39

DESI+CMB+DESY5 0.3163 ± 0.0065 67.19 ± 0.69 �0.2 ± 1.9 �0.725 ± 0.071 �1.06+0.35
�0.31

Table 3. Cosmological parameter results from DESI DR1 BAO data in combination with external
datasets and priors, in the baseline flat ⇤CDM model and extensions including spatial curvature
and two parametrizations of the dark energy equation of state, as listed. Results are quoted for the
marginalized means and 68% credible intervals in each case. Note that DESI data alone measures
rdh and not H0, but for reasons of space this result is omitted from the table and provided in the
text instead. In this and other tables, the shorthand notation “CMB” is used to denote the addition
of temperature and polarisation data from Planck and CMB lensing data from the combination of
Planck and ACT.
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Fast Radio Bursts

FRBs are mysterious 
short duration 

(millisecond), bright (~Jy) 
radio bursts discovered a 
decade ago, and remain 

unexplained. 
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FRB Models
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Localising FRBs with Outrigger Arrays

• Localising FRBS will 
allow us to 
determine where 
they originate and 
shed insight into 
their nature


• If standard objects 
then very useful for 
cosmology! 
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Localising FRBs with HIRAX Outriggers

• Main site hosting the full 
array on the Swartfontein 
farm at the SKA Karoo site. 


• Outrigger arrays in African 
partner countries provide 
very long baselines for FRB 
sub-arcsec localisation

AIMS-Rwanda 
(Outrigger)

(Outrigger)

(Outrigger)

(Outrigger)

(Outrigger)

(Outrigger)
(Primary Array)

(Prototype Array)
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BIUST HIRAX Outrigger Array
• Formal MoA being signed between UKZN, BIUST, AFF and McGill


• Hardware funding from DSTI/SARAO; Site infrastructure funding from Botswana government 


• Site infrastructure: Requirements are set and at design stage; Expect site construction to be 
completed in 2026

Site on BIUST Campus 

RFI Site Scan 
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Figure 8: Proposed Power Line and Optical Fibre Route 

Radio 
Astronomy 

Site 

Proposed Route for 
Power/Fibre to RA Site 

along Access Road 

Incoming Power 
Route from 

Substation to Campus 
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BIUST HIRAX Outrigger Array
• Already built 16 split dishes (32 halves) for HIRAX BIUST outrigger with dish partners AFF and NRC


• Assembled 1 split dish in Cape Town and 2 at Klerefontein site - well within spec (of 10mm)


• Continuing with design and build of (manual) 16 az-el mounts and assembly heights


• Same feeds and receiver as main array and similar but smaller back-end
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Thank you!
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