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H I RAX W ,‘ §i Credit : Myself

Hydrogen Intensity and Real-time Analysis eXperiment -

in development and deployment phase in Karoo desert.
1024 element compact radio interferometer telescope.
6m Diameter dish with f=0.21

400 - 800 MHz : 0.775<2<2.55:37.5-75cm

Covers ~15000 sqg.degrees of Southern sky and scans for

17500 hrs.

Find more Devin and Jenifer’s Talk.

Credit : HIRAX wiki
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HIRAX - What it’s going to look for?

Our experiment aim to detect Baryon Acoustic Oscillation
signatures - remnant ripples in galaxy distribution
imprinted by primordial sound waves.

The fixed length scale of ripples serves as a standard ruler
to chart the expansion history of the universe and thereby
shedding light on the mystery of dark energy.

SDSS confirmed that this sound horizon is ~150 Mpc in
2005.

Credit : Cynthia Chiang
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Foregrounds and Systematics

* The large contrast in 21cm signal amplitude relative to the
foregrounds, combined with the chromaticity of the
instrument makes disentangling BAO signal from
foregrounds a challenging data analysis problem.

Although foregrounds are found to be confined within the
wedge, the primary beam can attenuate them to higher
k_par modes.

One can adapt foreground avoidance, but the 21cm peak at
large scales which is within the wedge (mostly) -
foreground cleaning is needed.
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Credit : J. C. Pober et al 2016
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CST Simulated beam
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CST simulation parameters

Configuration
Dish diameter
Focal ratio
Bandwidth
Nchannels
Spectral resolution

dish and feed only
6 m
£/0.21
400 - 800 MH=z
81
5 MHz

0.0 degrees along Y
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Main lobe chromaticity

Amplitude [a

Elliptical gaussian fitted to the CST beam.
= Along ¢ =0°

« Along ¢ =90°

Gives us an idea of main-lobe chromaticity. -=- Theoretical value

The calculated beamwidth by fitting Gaussian for all the
channels varies heavily from the theoretical beamwidth,
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This ripple corresponds to an average length scale of 2.5m,
approximately twice the focal length (1.26m).

A/D coefficient [no unit]

Frequency v [MHz]
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Full beam - Analytical basis

Zernike polynomials - used in adaptive optics.

Shown to be useful in quantifying dish surface errors and
aberration on EM performance (Xiang et al.2019). They are
orthogonal on unit disk.

So, the Fourier Transform of these polynomials should be useful
for modelling the primary beam in sky coordinates.

Thus, form a good basis function for modelling HIRAX primary
beam.

Closed form solution for Fourier Transform of Zernike
Polynomials:

zm G (_1)(n—m)/2 Jn+1(0/00)

& 2mrim

0/09
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Property of chosen basis

RippledGaussian
ZTNmax = 40)
ZTNmax = 60)
ZTNmax = 80)
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Power [a.u]
107 1074 1073 1072 107t 10°

400MHz 600MHz 800MHz
90° 90° 90°

Fitting results

Basis reduced to remove degeneracy:

etlmlé (—1)"4! In+1(0/60)
omilml (6/60)

X7(0,6) = Req A,

The beam can now be expressed as

B(0,¢) =Y _ o X7(0,9)

CST Beam

With new basis, we calculate the reduced chi-square to
obtain best fit -

t =
0'2 0 20 40 60 0 20 40 60 [ 20 40 60
1 Radius [Degrees] Radius [Degrees] Radius [Degrees]
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Chromaticity through
Coefficients

Gaussian scaling parameter is similar to the
Zernike Transforms scaling parameter 90
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The coefficients are calculated by solving,

IS
o
=}
1
o
o

a=(xT x)! xT B.

N
o
o

Higher order modes gives us an idea of the
sidelobe structures as a function of frequency.
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The m=0 modes are symmetric modes so they
capture the symmetric sidelobes.

ZT Basis Coefficient [a.u]

—— n=4 —— n=6 —— n=8 —— n=10 —— n=12

The non-zero m-modes are asymmetric modes
so they capture the asymmetric sidelobes.

600 600
Frequency v [MHz] Frequency v [MHz]
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Chromaticity through Coefficients

400 MHz 600 MHz 800 MHz
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CASA simulation parameters
Sky image GSM

Visibility simulations Nt

Channel width 390.625 kHz
Map size 1501 x 1501 pix
Angular resolution 0.1 deg
Redundant Nantennas 256
averaged

. CASA based
Input image

GSM + HI T
Visibilit Observed
(Ground truth simulatc:/r visibilit Delay spectrum
beam) Y approach

2D and 1D
Power Spectrum

Subtraction

GSM Only o _ep epe
(Beam model) \{ISIb|l|ty
simulator

Model visibility
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Map Inputs

Foreground GSM sky HI signal:

Temperature [K]

103
: e Taken from Chang 2008 and Shaw 2015
3 102 Qm
T =01 77—
b(2) =0 (0.33 X 10—4)
L (Qmt 1+ 2730 T2 142\ -
10! 0.29 2.5 '
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Visibility products from different configurations

e The radio interferometric measurement equation is given by,

Vi’j(l/) _ /BiB;(é,y) I(é, v) exp [—2mi 'u,,-_j.é] dQQ

e By varying the sky and beam terms, we simulate visibilities with different configurations.
Reference vis:
(a) GSM+HI (Best fit beam)
(b) HI-only (Best fit beam)

Recovered vis : Observed - Model

(c) True beam case (Best fit beam)

(d) and (e) Naive and Rippled Gaussian beam cases

(f), (g) and (h) Zernike Transform model with n__=40,60,and 80
(i), (j) and (k) Zernike Transform model with m__=0,2,and 4.
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Power spectrum and Transfer function

By applying FT along the frequency axis (using delay spectrum approach), we can compute the 2D power spectrum,

c(1 + 20)*r?(x(20))

P(kJ_a kH) = V21H(ZO)W

Av?| FRT[¢(v)V5 (v)] 2

And the 1D power spectrum can be computed by masking the wedge region in 2DPS and radially binning in k-space,
1
Pk)= —— Pk, ky;

To quantify the effects, we also compute a naive-transfer function (both in 2D and 1D),

Prec(kﬂa k_L)
Ptrue(k”akl) .

T(ky, kL) =
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(c) (d) (e)
TTrue Beam TNaive Gaussian TRippIed Gaussian

(a)
PGsm + Hi

2D PS and 2D TF

) (k)
72T m—max =4

The the dashed and dotted lines
correspond to horizon wedge
(w =90 deg) and primary field of view :
(9
TZTnfmax=80 7'ZTmfmax:Z

T2T n— max =60

wedge (Y = 10 deg).
) 7'ZTnfr'nax=40

The leakage/error goes down as the
beam model accuracy increases.

1
1
1
1
1
1
1
1
1
1
1
1
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(c) has numerical errors from the

pipeline.
(d) and (i) seems entirely equivalent -
missing asymmetries is almost the same
as assuming a naive Gaussian beam
(atleast outside the wedge).
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We find a characteristic ripple along

k_parallel axis.




1D PS and 1D TF
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These are wedge masked!!

u-__‘_—._.._..‘. oo

e (b) Hl-only
=== (c) True Beam
—— (d) Naive Gaussian

—— —— (e) Rippled Gaussian

e (b) Hl-only
=== (c) True Beam
—— (f) ZTnpmax =40
—— (g) ZTnmax = 60
—— (h) ZTnmax =80

e (b) Hl-only
=== (c) True Beam
(i) ZTm=0
— (j) ZTMmax =2

— (k) ZTmpmax =4
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Ripple in PS

Computed using the pipeline

|

In the limit of uniform sky and zero spacing
antennas (autocorrelation), the original visibility
equation reduces to the solid angle quantity,

T Omaz
U(vi0maz) = [ [ Bi(6,0,0) B;(6,0,0) sint dp s
o 0.31
We calculate the FT of this quantity and map this <"
to k-space,

_ 271'1/21H(Z)

20)2

To visualize this in 2DPS, we simulate sample

visibility with the same instrumental setup but

chose a sky with a single point source at the field
having no spectral structure (or flat in frequency, 0.0
i.e., spectral index = 0)

FFT[¢(v)Qv)].

| 0.0
107510712 101

192 ki [Mpc™]
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Pk, ky) [mK? Mpc3]
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Futu re scope Credit : OpenAl

First of the planned two part paper - next one will deal with actual
beam measurements and mitigation strategies.

This work aims to identify the effects of primary beam chromaticity in
HIRAX beams and to set goals for drone calibration strategies.

The follow-up work will address the issues with real beam-maps
measured through the drone mapping methods and apply this modeli
technique.

We assume noise-free visibilities, perfect redundancy, uniform beam
responses across the array, and no beam squint. Additionally, we do nc
perform calibration or baseline weighting throughout this work.

We used a naive-transfer function, but this has to be repeated for
several FG and Hl realizations to achieve optimal transfer function.

SKACH meeting - 25-27 Aug 2025 - Winterthur




Thank you for listening!!

Credit : OpenAl
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