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Murchison Widefield Array

Observing since August, 2013. ~ 30 PB of data!

Versatile observing, including voltage capture

> "m

= = pd Lot ,'; E| [ L o ?
"l’cl e SgiINZARN ¥ ki'-*.? ) \
) 1t b PO R \
. ' ! 3
] P TEEN B \
) }

Photo Credit: Peter Wheeler. ICRAR



MWA Phase | Layout
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MWA Phase | EoR Results
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MWA Phase | EoR Results
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Barry et al, 2019 Data quality cuts



EOR Best Limits

Fiducial 21cmFAST model
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MWA Upgrades: Pnase ||

* New antennas
 Compact & Extended configurations
* Digital back-ends

* Rapid-response Iriggering



Compact & Extended




Wayth et al, 2018; Beardsley et al, 2019



urpose-driven experiment S
outh African Karoo Desert
350 14m dishes by 2020




Highly Redundant

(Aouepunpay snosuejnwis) rsor

0o 200
Baseline (m)

—200

400

200

_ e _
o o o o
o o o
< o <

A w v oul|laseyg _ I
T T J T T
® °
°
® ® ® ®
®
2. gitas

o seses

® ® 02020 o ®
o2 0202020% 020
i 030206202030 % 03030
<L $36ssesteseatiniasss
03030 030203020
03030 930303030

R 0398 988232898 o
° LL Coegsseses sesensses”

®
. .

_ _ ¢ _ _
o o o o o
(@) o (@] o
< N N A__.

|

(W) uoIsod

400

0 200 400
Position (m)

—200

—400



Under Construction




First Season - reuse PAPER




First Season - reuse PAPER




Imaging with HERA - Year 1
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110-130MHz
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Year 1 “Analysis”
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Year 1 “Analysis”
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Year 1 “Analysis”
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Systematics Removal
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HERA Upgrades

Observed Frequency (MHz)
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Fiducial Heating
Scenario
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Redshift

e Snaps — More bandwidth (Cosmic Dawn + FGS)

5.0

 RFoF — Mitigate reflections

e Switchable noise sources — Improved calibration

* Baseline dependent averaging = Compress C
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Delay Specirum (dB]

Beam Characterization

Measurements Simulations

Fagnoni, in review

Nunhokee, in prep
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Simulations
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Validation Philosophy

The validation group seeks to...

e validate the HERA data pipeline software and
algorithms by testing the specitic software against
simulations where the expected output is well
understood theoretically.

e develop and define Inc
simulations on which to bul
validation of the

reasingly sophisticated
d an end-to-end test and

HERA pipeline.

*HERA Validation mission statement



Plpeline Lessons



MWA pipeline(s)

Jacobs, 2016

Parallel pipelines
with exchangeable data products



MWA pipeline

2 mm fhd_core/fhd_struct_init_antenna.pro View (4
+
2=
;NOTE: Eq2Hor REQUIRES Jdate to have the same number of elements as RA and Dec for precession!!

;3NOTE: The NEW Eg2Hor REQUIRES Jdate to be a scalar! They created a new bug when they fixed the old one

-Eq2Hor,ra_use,dec_use,Jdate,alt_arrl,az_arrl,lat=obs.lat,lon=obs.lon,alt=obs.alt,precess=1

+Eq2Hor,ra_use,dec_use,Jdate,alt_arrl,az_arrl,lat=obs.lat,lon=obs.lon,alt=obs.alt,precess=1, /nutate
za_arr=fltarr(psf_image_dim,psf_image_dim)+90. & za_arr[valid_i]=9@.-alt_arrl

az_arr=fltarr(psf_image_dim,psf_image_dim) & az_arr[valid_i]=az_arrl

Regular integration tests

k, (h Mpc”)

End-to-end simulations



HERA Pipeline

HERA Memo #69

4-pol Raw Data List of Bad Antennas
zen.{JD}.HH.uvh5 bad_ants/{JD}.txt

Extract Autocorrelations:
extract_autos.py
Extract autos and write to disk.

A4

Raw 2-pol Autocorrelations
zen.{JD}.HH.autos.uvh5

\4

From Commissioning Team

RTP Antenna Metrics
zen.{JD}.HH.uv.ant_metrics.json

Redcal:
redcal_run.py
— Cuts times based on solar altitude and edge channels
— Finds delays (firstcal)
— Performs redundant calibration per-time and per-
channel (omnical)
— Removes antennas with high chi*2 and recalibrates if

FirstCal Calibration Solutions
zen.{JD}.HH.first.calfits

-
I
I
I

J

necessary.

Omnical Visibility Solutions

Omnical Calibration Solutions
zen.{JD}).HH.omni_vis.uvh5 zen.{JD}.HH.omni.calfits

Run FirstCal Metrics:
firstcal_metrics_run.py
Assess FirstCal solutions.

Abscal:
omni_abscal_run.py
Use externally calibrated visibilities
to solve for Omnical degneracies.

\ 4

Abscal Calibration Solutions
zen.{JD}.HH.abs.calfits

\4

XRFI
xrfi_run.py
Find and flag RFI based on raw data,
Omnical gains and chi*2, Omnical visibility
solutions, and Abscal gains and chif2.
Condenses flags to a single waterfall.

\4

Flagged Absolute
Calibration Solutions
zen.{JD}.HH.flagged_abs.calfits

Abscal Visibility Model
zen.{JD}.HH.uvRXLS.uvh5

Flagging Metadata
zen.{JD}.HH.init_xrfi_metrics.h5
zen.{JD}.HH.init_flags.h5
zen.{JD}.HH.final_xrfi_metrics.h5
Intermediate data products from XRFI

Final Flags
zen.{JD}.HH.final_flags.h5
Final set of flags from XRFI

v

FirstCal Metrics
zen.

{JD}.HH . first.calfits.firstcal
_metrics.hdf5

Data with
External Origin

LV LRI ] 1T A . A




HERA Pipeline

HERA Memo #69

Reflection Fitter:

Flagged Absolute
Calibration Solutions
zen.{JD}.HH.flagged_abs.calfits

\4

Smoothcal:
smooth_cal_run.py
Smooth calibration solutions on a
desired calibration and frequency scale.
Also selects a reference antenna.

y

Smoothed Absolute
Calibration Solutions
zen.{JD}.HH.smooth_abs.calfits

| I
I All other absolute calibration |

| solutions for the same day. :

reflections_fit.py

Use calibrated autocorrelations to
model per-antenna cable
reflections that can be multiplied by
the final.calfits

Noise Estimation:
noise_from_autos.py

deviations on visibilities.

Use calibrated autocorrelations to
model per-antenna noise standard

CASA Imaging:
sky_image.py
Produce 4pol multi-frequency-
synthesis images of each data file.

Delay Filter:
delay_filter_run.py
Remove power inside the foreground
wedge with a wide-band delay CLEAN.

Y \4

Calibration Solutions of
Just Cable Reflections

zen.{JD}.HH.reflections.calfits zen.{JD}.HH.noise_std.uvh5

y

LST-Binning with Foregrounds
Istbin_run.py
Combine together data from different days
at the same LSTs using MAD clipping.

RN

LST-Binned Data with Foregrounds
zen.grp{N}.of{M}.LSTALST in
radians}.HH.OCRSL.uvh5

Data with Foregrounds
zen.grpfN}.of{M}.STD.{LST in
radians}.HH.OCRSL.uvh5

Per-Antenna Noise Standard
Deviation from Autocorrelations

4-pol MFS Images
??7?

| agiven group of days to LST-bin :

Standard Deviation of LST-Binned LST-Binned, Delay-Filtered Data

zen.grp{N}.off{M}.LSTALST in
radians}.HH.OCRSDL.uvh5

l«— | All other data (and calibrations) from :—>

Calibrated, Flagged, and
Delay-Filtered Residual Data
zen.{JD}.HH.OCRSD.uvh5

—caeie wwaess

External Origin

—
S

Visibility Data
Product
-

hera_cal process

—
S ——

Calibration Data

Product
S

hera_gm process

—
S —

Metrics Data

Product
e =

casa_imaging
process

—
S —

CASA Imaging
Data Product

P e - e - - e - - e - - e e e e e e - - —— - - = = - — = q

LST-Binning Pipeline I

LST-Binning Delay-Filtered Data
Istbin_run.py

Combine together data from different days
at the same LSTs using MAD clipping.

N

Standard Deviation of LST-Binned,
Delay-Filtered Data
zen.grpfN}.of{M}.STD.{LST in
radians}.HH.OCRSDL.uvh5




Software Standards

All “production software” must:

e Use continuous integration (travis, circle-ci)
> 95% code coverage

 Be well documented
* Peer reviewed (every commit to master + design reviews)
e Define interfaces

e pyuvdata!



Radio Astronomy
Software Group (RASG)

github.com/RadioAstronomySoftware Group

* A home for software packages of broad use to the
community (not telescope or analysis specific)
e pyuvdata ® pyuvsim e pygitversion e

 Community driven

* Repository/best practice templates


http://github.com/RadioAstronomySoftwareGroup

. Construction to be completed 2020
- Observing with build-out stages

-+ Systematics are key
- Modeling/removing
- Controlling the analysis

O SSTRIRRCT AR, UL ) &

Adam Beardsley - adam.p.beardsley@gmail.com
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