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Cosmic Concordance Planck Collaboration: Cosmological parameters

0.24 0.28 0.32 0.36 0.40

�m

60

64

68

72

76

H
0
[k

m
s�

1
M

p
c�

1
] Riess et al. (2018)

BAO+Pantheon+D/H BBN

BAO+Pantheon+D/H BBN+lensing

BAO+Pantheon+D/H BBN+�MC

Planck TT,TE,EE+lowE

Fig. 17. Inverse distance-ladder constraints on the Hubble pa-
rameter and ⌦m in the base-⇤CDM model, compared to the re-
sult from the full Planck CMB power spectrum data. BAO con-
strains the ratio of the sound horizon at the epoch of baryon
drag and the distances; the sound horizon depends on the
baryon density, which is constrained by the conservative prior
of ⌦bh

2 = 0.0222 ± 0.005, based on the measurement of D/H
by Cooke et al. (2018) and standard BBN with modelling un-
certainties. Adding Planck CMB lensing constrains the matter
density, or adding a conservative Planck CMB “BAO” measure-
ment (100✓MC = 1.0409±0.0006) gives a tight constraint on H0,
comparable to that from the full CMB data set. Grey bands show
the local distance-ladder measurement of R18. Contours contain
68 % and 95 % of the probability. Marginalizing over the neu-
trino masses or allowing dark energy equation of state parame-
ters w0 > �1 would only lower the inverse distance-ladder con-
straints on H0. The dashed contours show the constraints from
the data combination BAO+JLA+D/H BBN.

values as more data are included. The green contours show the
constraints from BAO and the Pantheon SNe data, together with
a BBN constraint on the baryon density (⌦bh

2 = 0.0222±0.005)
based on the primordial deuterium abundance measurements
of Cooke et al. (2018, see Sect. 7.6). The dashed contours in
this figure show how the green contours shift if the Pantheon
SNe data are replaced by the JLA SNe sample. Adding Planck

CMB lensing (grey contours) constrains ⌦mh
2 and shifts H0

further away from the R18 measurement. Using a “conserva-
tive” Planck prior of 100✓MC = 1.0409 ± 0.0006 (which is
consistent with all of the variants of ⇤CDM considered in this
paper to within 1�, see Table 5) gives the red contours, with
H0 = (67.9 ± 0.8) km s�1Mpc�1 and ⌦m = 0.305 ± 0.001,
very close to the result using the full Planck likelihood (blue
contours). Evidently, there is a significant problem in matching
the base-⇤CDM model to the R18 results and this tension is not
confined exclusively to the Planck results.

The question then arises of whether there is a plausible ex-
tension to the base-⇤CDM model that can resolve the discrep-
ancy. Table 5 summarizes the Planck constraints on H0 for vari-
ants of ⇤CDM considered in this paper. H0 remains discrepant
with R18 in all of these cases, with the exception of models in
which we allow the dark energy equation of state to vary. For
models with either a fixed dark energy equation-of-state param-

eter, w0, or time-varying equation of state parameterized by w0
and wa (see Sect. 7.4.1 for definitions and further details), Planck

data alone lead to poor constraints on H0. However, for most
physical dark energy models where pde � �⇢de (so w0 > �1),
and the density is only important after recombination, H0 can
only decrease with respect to ⇤CDM if the measured CMB
acoustic scale is maintained, making the discrepancy with R18
worse. If we allow for w0 < �1, then adding BAO and SNe
data is critical to obtain a useful constraint (as pointed out by
Aubourg et al. 2015), and we find
H0 = (68.35 ± 0.82) km s�1Mpc�1, (w0 varying), (31a)
H0 = (68.34 ± 0.83) km s�1Mpc�1, (w0,wa varying), (31b)
for the parameter combination Planck TT,TE,EE+lowE+lensing
+BAO+Pantheon. Modifying the dark energy sector does not re-
solve the discrepancy with R18.

If the di↵erence between base ⇤CDM and the R18 mea-
surement of H0 is caused by new physics, then it is unlikely to
be through some change to the late-time distance-redshift rela-
tionship. Another possibility is a change in the sound horizon
scale. If we use the R18 measurement of H0, combined with
Pantheon supernovae and BAO, the acoustic scale is rdrag =
(136.4 ± 3.5) Mpc. The di�culty is to find a model that can
give this much smaller value of the sound horizon (compared
to rdrag = (147.05 ± 0.3) Mpc from Planck TT,TE,EE+lowE in
⇤CDM), while preserving a good fit to the CMB power spec-
tra and a baryon density consistent with BBN. We discuss some
extensions to ⇤CDM in Sect. 7.1 that allow larger H0 values
(e.g., Ne↵ > 3.046); however, these models are not preferred
by the Planck data, and tend to introduce other tensions, such
as a higher value of �8. 20 This emphasizes the need for in-
dependent methods of measuring the distance scale, for exam-
ple, gravitational-lensing time delays (Suyu et al. 2013), distant
megamasers (Gao et al. 2016, and references therein) and in the
future from gravitational-wave standard sirens (Holz & Hughes
2005; Abbott et al. 2017; Chen et al. 2017; Feeney et al. 2018b).

5.5. Weak gravitational lensing of galaxies

The distortion of the shapes of distant galaxies by lensing due to
large-scale structure along the line of sight is known as galaxy
lensing or cosmic shear (see e.g., Bartelmann & Schneider 2001,
for a review). It constrains the gravitational potentials at lower
redshift than CMB lensing, with tomographic information and
completely di↵erent systematics, so the measurements are com-
plementary. Since the source galaxy shapes and orientations are
in general unknown, the lensing signal is a small e↵ect that can
only be detected statistically. If it can be measured robustly it
is a relatively clean way of measuring the Weyl potential (and
hence, in GR, the total matter fluctuations); however, the bulk
of the statistical power comes from scales where the signal is
significantly nonlinear, complicating the cosmological interpre-
tation. The measurement is also complicated by several other
issues. Intrinsic alignment between the shape of lensed galaxies
and their surrounding potentials means that the galaxy shape cor-
relation functions actually measure a combination of lensing and

20To obtain simultaneously higher values of H0, lower values of
�8, and consistent values of ⌦m it is necessary to invoke less com-
mon extensions of the ⇤CDM model, such as models featuring non-
standard interactions in the neutrino, dark-matter, and/or dark-radiation
sector (see e.g., Lesgourgues et al. 2016; Archidiacono et al. 2016;
Lancaster et al. 2017; Oldengott et al. 2017; Di Valentino et al. 2018;
Buen-Abad et al. 2018). Such models are likely to be highly constrained
by the Planck, BAO, and supernova data used in this paper.
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Type 1a Supernovae
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What is 
the Dark 
Energy?



Steven Weinberg:
``Right now, not only for cosmology but for elementary particle 
theory, this is the bone in our throat”

Frank Wilczek:
``... maybe the most fundamentally mysterious thing in all of basic 
science”

Ed Witten:
``... would be the number 1 on my list of things to figure out”

Michael Turner:
“... the biggest embarrassment in theoretical physics”



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



Baryon acoustic oscillations (BAOs)
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• Galaxy positions trace acoustic 
waves from the early universe: 
sound horizon sets characteristic 
150 Mpc scale 

• 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



Credit: NASA

Galaxies trace dark matter



Villaescusa Navarro et al 2018

Hydrogen in galaxies traces matter distribution

TOTAL GASNEUTRAL HYDROGEN
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BAOs with 21cm intensity mapping

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. 
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BAOs with 21cm intensity mapping

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

21cm intensity 
detected 

in cross-correlation

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. 
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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)
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Traditional Radio Interferometers
• Long baselines for resolution 
• Layout optimised to sample uv plane: better imaging 
• Trace structure on different scales

MeerKAT

Bullet cluster
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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: 128 (2020), 256 (2021) and 1024 elements and operate full array 

for 3-4 years 
• Dishes stationary but can tilt for more sky area, fabrication in South Africa 
• Back-end: working closely with CHIME - channelize with FPGA ICE boards, correlation with GPUs

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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Collaboration and funding

• Multi-institutional global collaboration  

• 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-element (512 channels) X-engine (GPU correlator). 

• NRF strategic research equipment funding application in July 2019 to expand pathfinder array.

https://hirax.ukzn.ac.za/
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Location, location, location …

• SKA South Africa Karoo site, MoA 
signed  

• Existing infrastructure (roads, power, 
data) 

• Low levels of RFI (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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Other HIRAXers

• A

Rock hyrax (dassie)  
resident in the Karoo Thrash metal band
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Design plan
• 1024 close-packed 6m dishes. 

Fibre-glass and metal prototypes 
fabrication in South Africa. 

• Cloverleaf dual-pol feed, RF over 
fibre 

• Operate between 400-800 MHz, 
1000 channels 

• Channelizing on FPGA ICE boards 

• Correlation on GPUs



Dark energy with HIRAX 
Kavilan Moodley, UKZN 
Future of Science, Kigali

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

f/0.25 
dish

F-engine (CHIME)

X-engine (CHIME)

Metal

Composite
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Complementarity with CHIME
• HIRAX dishes || CHIME cylinders - 

different systematics, larger collecting 
area 

• Lower RFI at SKA SA Karoo site 
• CHIME sees whole (accessible) sky 

each day || HIRAX can integrate deep 
on narrow strips 

• HIRAX observes southern sky 
• optical surveys: cross-correlation 

science and foreground mitigation 
• more pulsars in south
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• 8-element prototype at Hartebeeshoek Radio Observatory (outside Johannesburg) 
informing design, analysis and systematics  

• Eight “off-the-shelf” f/0.38 dishes fully instrumented with fully functional scaled-down 
digital backend with single ICE board and GPU correlator  

• Metal and fibreglass f/0.25 dishes to be installed in July 2019, currently preparing site 

• Adding and testing RFoF system

HartRAO 8-element prototype
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HartRAO prototype commissioning

• Currently characterising instrumental properties from the data  
• Poor RFI environment at HartRAO limits high-precision characterisation 
• We see fringes. Can fit basic beam and gain models. 
• Instrument characterisation on DRAO 3m dishes and shift to (low RFI) Karoo site in early 

2020 with selected 6m dishes

0

20

Se
pa

ra
tio

n
[d

eg
]

Fornax A

0

100000

496.9 GHz

�25000

0

25000

644.9 GHz

23:00:00
23:30:00

00:00:00
00:30:00

01:00:00
01:30:00

02:00:00

UTC

�10000
0

10000
702.0 GHz

Credit: D Crichton
500600700

Frequency [GHz]

23:00:00

23:30:00

00:00:00

00:30:00

01:00:00

01:30:00

U
TC

2017-10-15

0 20
Separation

[deg]

Fornax A

Credit: D Crichton



Dark energy with HIRAX 
Kavilan Moodley, UKZN 
Future of Science, Kigali

Calibration Challenges

• Galactic signal is a few orders of magnitude larger than the 21cm intensity mapping signal - 
need to precisely characterise gains, phases, beams … 

• Non-idealities in array: quasi-redundant calibration developed for HIRAX (Sievers, arXiv: 
1701.01860), studying using end-to-end simulations pipeline 

• Beams calibration using drone calibrator mapping: first mapping tests will start soon with 
HartRAO prototype, characterising using full electromagnetic simulations
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Upcoming schedule

• Inform instrument design and layout through cosmology/electromagmetic sims in Q2/Q3 2019 
• HartRAO programme in Q3/Q4 2019: 

• Test f/0.25 fibreglass and metal dishes, finalise dish requirements, dish tender by Q4 2019 
• Test RFoF and feeds on f/0.25 dishes 
• Develop drone beam calibration system 

• Develop HIRAX Karoo site by Q1 2020  
• 8-element prototype at HIRAX Karoo site by Q2 2020 
• 128-element pathfinder at HIRAX Karoo site by Q3 2020

!
!
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
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Dark Energy with HIRAX

• HIRAX will make a precise measurement of the matter power spectrum in the BAO 
regime.  

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

• HIRAX measurements of DV will provide tight constraints on dark energy equation of state 

• HIRAX-1024 FoM ~ 300 approaching DETF Stage IV class galaxy surveys ~400

FoM ~ 30         FoM ~ 300 
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HIRAX Cross-Correlation Cosmology
• HIRAX intensity mapping survey will have good 

redshift overlap with other large-area 
cosmological surveys, primarily in the southern 
sky 

✦Photometric: DES, LSST (Swiss) 

✦Spectroscopic: DESI, Euclid (Swiss) and 
WFIRST 

✦CMB: ACT, SPT, Simons Observatory 

• HIRAX has excellent noise over cosmologically 
interesting scales, complementary to MeerKAT 
and SKA 

• Cross-correlations ideal for testing systematics 
and joint science

Alonso et al
1704.01941
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21cm correlation with CMB lensing
• Direct 21cm-CMB lensing correlation vanishes 

because of loss of low kpar 21cm modes in 
foreground subtraction 

• 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.

δL>0

δL<0

Moodley et al, in prep.
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• Independently constrain 
growth function and 
clustering amplitude  

• Improve dark energy 
constraints  

• Provide tight constraints on 
HI bias parameters

Figure 11. 21cm auto and bispectrum forecasts (redshift bin 1.27). From this plot we can see
how the different combination of the parameters, particularly f and �8 can be added to break the
degeneracy which is visible in the individual probes. This shows the bispectrum with 21cm auto probe
can independently constrain f and �8 which would otherwise be degenerate.

Combining 21cm intensity mapping experiments with CMB lensing surveys we can in-
dependently constrain the following set of parameters. In this paper we consider first the
forecasts errors on the set of parameters {Abao,�8, f , b1, b2} from the 21cm autocorrelation,
CMB convergence autocorrelation and 21-21- bispectrum. �8 is the amplitude of the matter
power spectrum and is defined as the normalization

Pm(k) =
�8

�
fid

8

2
Pm(k). (5.2)

The amplitude of the BAO wiggles we follow the details outlined in [1] based on the approach
by [35]. Firstly we define the BAO wiggle function by separating the matter power spectrum
into a smooth part and the oscillatory part

fbao(k) =
P (k)� Psmooth(k)

Psmooth(k)
(5.3)

the define the parameter Abao to quantify the amplitude of fluctuations such that

P (k) = [1 +Abaofbao(k)]Psmooth(k). (5.4)

The other parameters comes primarily from the RSD term in the 21cm fluctuations. In Figure
1 we showed the models used for these functions in the results that follow.

5.2 Cosmlogical Parameter Forecasts

To obtain constraints on the cosmological parameters we have to first introduce constraints
on the distance scales [35]. The angular diameter distance and expansion rate DA(z) and

– 15 –

Moodley et al, in prep.

Figure 13. Forecast constraint errors on cosmological parameters without any priors.

Figure 14. Cosmological parameter forecasts combining all probes with Planck priors.

– 17 –

21cm correlation with CMB lensing
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HIRAX Science Goals
• Measure baryon acoustic oscillations with 21cm 

intensity mapping: characterise dark energy  

• Cross-correlation with other cosmological surveys  

• Radio transient searches, fast (FRBs) and slow 

• 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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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 proposed models

J Hessels



Dark energy with HIRAX 
Kavilan Moodley, UKZN 
Future of Science, Kigali

Localising FRBs with Outrigger Arrays
• 8-element prototype array 

located at HartRAO 

• 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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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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Thank you!


