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3D MAPS & POWER SPECTRA
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THINKING IN POWER SPECTRUM SPACE
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THINKING IN POWER SPECTRUM SPACE
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THINKING IN POWER SPECTRUM SPACE
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THINKING IN POWER SPECTRUM SPACE
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SPECIFIC CHALLENGES



1 — RFI & MISSING DATA



HERA Collaboration,
2025 (in prep)

RFI IN HERA DATA

New Flags
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EFFECT OF RFI

Residual Data Gaps from
Unflagged RFI RFI Excision

RFI “floor” proportional to
RFI strength

RFI “floor” proportional to
FG Strength
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AVERAGING THEN IN-PAINTING
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AVERAGING THEN IN-PAINTING
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AVERAGING THEN IN-PAINTING

Pre-LSTCal, LST 2.908 hr
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PER-NIGHT IN-PAINTING

“IN-PAINTING" INSERTS A VALUE INTO THE GAP ONLY TO MAINTAIN SMOOTHNESS
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PER-NIGHT IN-PAINTING

... BUTIT'S EASY TO GET IT VERY WRONG...
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See Khandakar's talk later today!




2: MUTUAL COUPLING



WHAT IS MUTUAL COUPLING<

WHEN SKY SIGNAL ENTERS ONE
ANTENNA/FEED & RE-RADIATES
INTO OTHER ANTENNAS.
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WHAT IS MUTUAL COUPLING?

Foregrounds Coupled
- 21-cm - = Filtered

Rath, Pascua+2025 (incl. SGM)



FIRST-ORDER SEMI-ANALYTIC MODEL DEVELOPED BY:

KERN+2019
JOSAITIS+2021
RATH+2024

(65, 66) during LST Range 2.4 - 4.9 hr
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MODELING MUTUAL COUPLING

“Virtual” baselines formed
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MITIGATING MUTUAL COUPLING

“Virtfual"” baselines formed
with each antenna
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FRINGE-RATE FILTERING DEVELOPED BY:
PARSONS+2016

PASCUA+2025 (SIGNAL LOSS)



MITIGATING MUTUAL COUPLING

“Virtfual"” baselines formed

with each antenna
MORE DIRECT INVERSION REQUIRES DETERMINING X

FROM DATA.

SOME DIFFERENT APPROACHES:

e MODEL X BASED ON GEOMETRY + SMOOTH
PARAMETRIC MODEL OF HORIZON-SENSITIVITY. FIT TO
DATA UNDER ASSUMPTIONS ABOUT UNCOUPLED
POWER AT HIGH FRINGE RATE AND/OR DELAY.
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3: PROPAGATING SYSTEMATICS TO PARAMETER
INFERENCE




NO ESCAPE FROM UPPER LIMITS

NO DETECTION CAN BE MADE UNLESS WE CAN AGREE THAT RESIDUAL
SYSTEMATICS ARE SUB-DOMINANT.

THIS REQUIRES A CONSISTENT MODEL OF RESIDUAL SYSTEMATICS
PROPAGATED THROUGH TO THE POWER SPECTRUM.



PROPAGATING SYSTEMATICS:
BAYESIAN FORWARD MODELS

I [ orward
1. Forward model the 2. Integrate the RIME to get 4. Compare against raw data
* FULL FORWARD MODELS ARE HARD. sky and instrument the model visibilities and compute the posterior

* SOME INITIAL EFFORTS THAT CONDITION ON m(0,t,v,b) d(t,v,b)

CERTAIN COMPONENTS: y ° L
diffuse — = il

* BAYESEOR: (SIMS+2019, BURBA+2023)
9)()int—’ . . — —
« GIBBS SAMPLING: (KENNEDY+2023, ‘ - U47r AKBCZQ] G ; | L(d|m,0) P(6]d)

GLASSCOCK+2024, WILENSKY+2024) e — P _ ]
* NEW 'FULL" END-TO-END HIGH-DIMENSIONAL O,
fringe />

FRAMEWORK FROM KERN 2019.

ega.in : . g
‘ 3. Apply instrument calibration

e AUTO-DIFFERENTIABLE

* NO SUPPORT FOR MUTUAL COUPLING (YET!) Croise —
5. Compute derivatives 0P /06, update parameters, and repeat

Backward

Kern+2025



4: DETAILED SIMULATIONS FOR VALIDATION



NEW INSTRUMENT SIMULATORS

(Kittiwisit, murray+2025)

NEW INSTRUMENT SIMULATORS ARE
ABUNDANT, FROM SLOW-AND-ACCURATE, TO
FAST-AND-BESPOKE:

* PYUVSIM (LANMAN+2019)
 WODEN (LINE+2022)

FFTVIS (4 cores) —O— FFTVIS (single-core) MATVIS (4 cores) —0— Gridded FFTVIS (4 cores)

« OskAR S | R

—
e
(M

Execute Time (s)

*  MATVIS (KITTIWISIT, MURRAY+2025)
« FFTVIS (COX, MURRAY+2025)

Runtime Ratio
(MATVIS/FFTVIS)

10t 102 103
Umax ( A)

(Cox, Murray+2025)




END-TO-END VALIDATION SIMULAITONS

ENABLE DETAILED VALIDATION TESTS OF
ANALYSIS PIPELINES

BECOMING MORE ACHIEVABLE WITH FASTER
SIMULATORS

LATEST HERA ANALYSIS SUPPORTED BY HUGE
MULTI-TB MOCK DATA SIM.

See Shabbir’'s talk later today!
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SUMMARY

o 21CM DATA ANALYSIS CHALLENGES FOCUSED
ON PRESERVING SPECTRAL SMOOTHNESS AT ALL
COSTS.

A LA CARTE MENU OF SPECIFIC CHALLENGES:
* RFI AND MISSING DATA
*  MUTUAL COUPLING
 PROPAGATION OF SYSTEMATICS

e INSTRUMENT SIMULATION



BONUS: HERA SNEAK-PEEK

PHASE Il INSTRUMENT COVERS BROADER FREQUENCY
RANGE (REDSHIFTS ~5.6 — 25)

>300 NIGHTS OF DATA TAKEN. 14 NIGHTS IN
UPCOMING LIMITS.

~140 ANTENNAS (COMPARED TO ~30 IN PHASE )
REDUNDANT AVERAGING (ENHANCED SNR)

SIMILAR SENSITIVITY TO PREVIOUS RELEASE WITH 14
NIGHTS INSTEAD OF 100.

NOISE-LIMITED AT K>~0.6 H/MPC.

MUTUAL COUPLING-DOMINATED FROM K=0.3-0.6
H/MPC

HERA Collaboration 2025
(in prep) PRELIMINARY
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NEXT-GEN VALIDATION SIMULATIONS: MATVIS

Per-baseline ‘fringe’ term

CENT - . sk ) . kT |

VE (vay ) = )" AP (v, 07 (1)) - 49" (v, 0,7 (1))

!_II 4 F, & &
nkk'

RE ) (va H r:_q‘ 'rnr }

MATVIS USES A ‘TRICK’ TO TURN THE VISIBILITY Per-antenna ‘fringe’ terms
INTEGRAL INTO A SINGLE MATRIX-MATRIX _
PRODUCT. 1-*;3‘*:»,.-1.” =)

l 4‘,; FinMkrnMp g i AS ke
THIS IS FAST ON BOTH CPU AND GPU. o

FAST MATRIX MULTIPLY
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NEXT-GEN VALIDATION SIMULATIONS: MATVIS

COORDINATE TRANSFORMATIONS BETWEEN RA/DEC AND ALT/AZ ARE NOT A BOTTLENECK ON
THE CPU

-E-F- (i) Coordinate Transform —&— (iii) Per-antenna Phase —A— (v) Per-Baseline Visibility —=— total
—&=— (ii) Beam Interpolation —— (iv) Per-Antenna Visibility
Nside
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M 101 A
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NEXT-GEN VALIDATION SIMULATIONS: MATVIS

BUT WHEN THE MATRIX-MULTIPLY IS DONE ON GPU, THEY BECOME NON-NEGLIGIBLE

— Astropy —L— (ii) Beam Interpolation —+— (iv) Per-Antenna Visibility —o— total
=w=p= (i) Coordinate Transform —&— (iii) Per-antenna Phase —A— (v) Per-Baseline Visibility
NSidE
MWA  HERA SKA-LOW 128 256

10* 7
U 10°
)
W,
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10°

T T T T T
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NEXT-GEN VALIDATION SIMULATIONS: MATVIS

SO | RE-WROTE THE GUTS OF THE ASTROPY COORDINATE TRANSFORM ON THE GPU:

=sie= (i) Coordinate Transform —&— (iii) Per-antenna Phase —#— (v) Per-Baseline Visibility -e- total
—+~— (ii) Beam Interpolation - (iv) Per-Antenna Visibility
NSidE NSidE
128 256 128 256
i ERFA (GPU)

14
"1  ASTROPY (CPU)

109 1

Time [sec]

_1 a
10 ] L

L 1 T T T T T T L |
10 10% 10 10°




BUT EVEN THIS IS NOT FAST ENOUGH...



NEXT-GEN VALIDATION SIMULATIONS: FFTVIS

WE'VE DEVELOPED A NEW SIMULATOR THAT IS 3X AS FAST ON THE CPU AS MATVIS ON THE GPU.
IT UTILIZES NON-UNIFORM FFT'S USING FINUFFT (FLAT-IRON NON-UNIFORM FFT).
IT HAS THE LIMITATION THAT ALL BEAMS MUST BE IDENTICAL.

WE NEED 43K CPU-HOURS PER SIMULATION!
GPU VERSION IS COMING... Cox, SGM+2024 (in prep)

[0 README B2 MIT license 7 =

fftvis: A Non-Uniform Fast Fourier Transform-based
Visibility Simulator

() Run Tests m codecov - code style black

fftvis is a fast Python package designed for simulating interferometric visibilities using the Non-Uniform Fast

Fourier Transform (NUFFT). It provides a convenient and efficient way to generate simulated visibilities.



