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Abstract We describe a flagging and calibration pipeline intended for making
quick look images from GMRT data. The package identifies and flags cor-
rupted visibilities, computes calibration solutions and interpolates these onto
the target source. These flagged calibrated visibilities can be directly imaged
using any standard imaging package. The pipeline is written in “C” with the
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Source Peeling and Atmospheric Modeling

oA\
SPAM s a Python-based extension to & AIPS (& Greisen 2003), aimed at reducing high-resolution, low-frequency radio S‘, l
interferometric observations in a very efficient, systematic and reprcducible way. Special features in SPAM, like direction- \"

SPAM s a Python module, including some C-code optimalizations, that uses the Python-to-AIPS interface % ParselTongue (% Kettenis et al.
2006), which itself is based on & ObitTalk (&s Cotlon 2008). ParselTongue provides access to AIPS tasks, data files (images & visibilities) and
tables. SPAM also uses several standard Python libraries like scipy, pylab, matplotlib, and numpy. Data reductions are captured in well-tested
Python scripts that executes AIPS tasks directly (mostly during initial data reduction steps), calls high-level functions that make multiple AIPS or
ParselTongue calls, and require few manual operations. SPAM now also includes a fully automated pipeline for reducing legacy GMRT

Download and install SFAM on your Linux 64-hit system
Starting up SPAM
Running the SPAM pipeline

Frequently asked questions on SFAM

News
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Talk(s) by Janhavi B. / Ruta K.
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[Submitted on 1 Oct 2020]

CAPTURE: A continuum imaging pipeline for the uGMRT

Ruta Kale (1), Ishwara-Chandra C. H. (1), ((1) National Centre for Radio Astrophysics, Tata Institute of Fundamental Research,
Pune)

We present the first fully eutomated pipeline for making images from the interferometric data obtained from the upgraded Giant Metrewave
Radio Telescope (UCMRT) called CAsa Pipeline-cum-Toolkit for Upgraded Ciant Metrewave Radic Telescope data REduction - CAPTURE. It is
a python program that uses tasks from the NRAO Common Astronomy Software Appl cations (CASA) to perform the steps of flagging of bad
data, calibration, imaging and self-calibration. The salient features of the pipeline are: i) a fully automatic mode to go from the raw data to
a self-calibrated continuum image, ii) specialized flagging strategies for short and long kbaselines that ensure minimal loss of extended
structure, iii) flagging of persistent narrow band radio frequency interference (RFI}, iv] flexibility for the user to configure the pipeline for
step-by-stzp analysis or special cases and v) analysis of data from the legacy GMRT. CAPTURE is available publicly on github (this https
URL, re ease v1.0.0). The primary bezm correction for the uCMRT images produced with CAPTURE is made separately available at this https
URL. We show examples of using CAPTURE on uGMRT and legacy CMRT data. In principle, CAPTLRE can be tailored for use with radio
interferometric data from other telescopes.

Comments: 15 pages, 5 figures, 3 tzbles, Accepted fcr publication in Experimental Astronomy

Subjects: Instrumentaticn and Mcthods for Astrophysics (astro-ph.IM); Cosmology and Nongalactic Astrophysics (astro ph.CD); Astrophysics of Calaxies (astro
ph.GA)
Citz as: arXiv:2010.00196 [astro-ph.IM]
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TYPICAL GMRT OBSERVATION
Flux density calibrator scans phase calibrator scans
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WHAT IS DELIVERED BY, SAY, GMRT’

—_— ——p—— ———— T ————————

An enormous Ilst of complex V|S|b|I|t|es'
at each time-stamp,
435 baselines
for each baseline, upto 16k spectral channels

for each channel, 2 or 4 complex correlations
(polarisations)

RR, RL, LR and LL
Additional info:
antenna configuration, frequency label info
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WHAT lS CALIBRATION’

’ Aompanson of measurment values dellvered by a
device under test with those ot a calibration standard of
Known accuracy.

Calibration is the effort to
measure and remove the
time-dependent and
frequency-dependent
atmospheric and instrumental
variations.
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CALIBRATION FORMALISM

’ Aompansen of measurement values dellvered by a
device under test with those of a calibration standard of

known accuracy. V/(u, V) — S(l/l, V)V(I/l, V)
Calibration is the effort to x
measure and remove the

time-dependent and sampled visibility [ visibility
frequency-dependent

atmospheric and instrumental _sampling function
variations. 2

S(u, v)—Z o — u;, v —v;)

where, M = 0.5 X Ny (Nyy — 1) X N, X Ny
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CALIBRATION FORMALISM

Aopansen of measurement values dellvered by a
device under test with those of a calibration standard of

known accuracy. V/(u, V) — S(l/l, V)V(I/t, V)
Calibration is the effort to x
measure and remove the

time-dependent and sampled visibility '} * . o Visibility
frequency-dependent

atmospheric and instrumental sampling function
variations.

recover “true’ value
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VlSlBlLlTY' TRUE VS OBSERVED

Aoparlson of measurement values dellvered by a
device under test with those of a calibration standard of

known accuracy. Vi, v) = S(u, v)V(u, v)
Calibration is the effort to x
measure and remove the

time-dependent and sampled visibility true visibility
frequency-dependent

atmospheric and instrumental sampling function
variations.

recover “true’ value

Mu,v)S(u,v) L

Visibility Sampling Function Sampled Visibility
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VlSlBlLlTY' TRUE VS OBSERVED

A comparison of measurment value dellvered by a
device under test with those of a calibration standard of

known accuracy. V/(u, V) — S(l/l, V)V(I/t, V)
Calibratio g - “
measure & ’ I(1.my*B(d.m)  ©
time-depe ’

frequency
atmosphe
variations.

recover “ Dirty Map

(u,v)S(u,v) ¥

Visibility Sampling Function Sampled Visibility
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CALIBRATION METHODS

———— —

Cahbratlon SOUrCeSs in the skv An mterferometer
measures phase differences, so there is no absolute
phase reference. To determine antenna phase-offsets
observations of a sky calibrator are required.

Further the array Is not completely phase- or gain-
stable, periodic observations of calibrators are used
to monitor these changes.

Next, the atmosphere will cause time-variable phase
changes to occur in the data (mimicking the effect
of unstable electronics), and observations of a
calibrator sources are often made Iin an attempt to
remove this effect.
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CALIBRATION METHODS

Callbratlon sources in the skv An mterferometer
measures phase differences, so there is no absolute
phase reterence. To determine antenna phase-offsets
observations of a sky calibrator are required.

~ Further the array Is not completely phase- or gain-
stable, periodic observations of calibrators are used
to monitor these changes.

- Next, the atmosphere will cause time-variable phase
changes to occur in the data (mimicking the ettect
of unstable electronics), and observations of a
calibrator sources are often made Iin an attempt to
remove this effect.

- Self-calibration: The source being observed can be
used as a test signal to calibrate the instrument.

Talk by K.S. Dwarakanath
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VISIBILITY: TRUE VS. OBSERVED PLUS “2?”

Aompanson of easurement values dellvered by a
device under test with those of a calibration standard of

known accuracy. V/(u, V) — S(l/l, V)V(I/l, V)
Calibration is the effort to x
measure and remove the

time-dependent and sampled visibility [ visibility
frequency-dependent

atmospheric and instrumental _sampling function
variations. 2

recover “true’ value

S(u, v)—Z o —u,v—1V)

where, M = 0.5 X Ny (Nyy — 1) X N, X Ny
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VISIBILITY: TRUE VS. OBSERVED PLUS “2?”

Aompanson of easurement values dellvered by a
device under test with those of a calibration standard of

known accuracy. V/(u, V) — S(l/l, V)V(I/l, V)
Calibration is the effort to x
measure and remove the

time-dependent and sampled visibility '} * . o Visibility
frequency-dependent

atmospheric and instrumental sampling function
variations.

baseline based
recover “true” value  baseline based complex offset
complex gain complex

noise \’7

V.(0) = GOV + e (0) + ny(0)

where G(t) = g{1)g" (1)
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CALIBRATION SOU RCE PROPE RTIES

Calibration sources in the sky
The true visibility iIs known for these sources, hence the

various calibration Gain terms can be determined from
the observed visibility

are there any limitations”

baseline based

baseline based complex offset
complex gain N\ complex

noise \'7

V.(0) = GOV + e (0) + ny(0)

where G(t) = g{1)g" (1)
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MEASUREMENT EQUAT[ON(S)

sampled V|S|b|I|ty ¢> V’(u V) — S(u V)V(u V)

Vij(t) — Gij(t) ij(t) sz(t) 771:]'( ) saméling - t_rye
k k function visibility

*
(t) - gl(t)g] (1) baseline based S°MPplex
complex offset hoise

baseline based
complex gain
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MEASUREMENT EQUAT[ON(S)

~ sampled V|S|b|I|ty e~ V’(u V) _ S(u V)V(u V)

Vij(t) — Gij(t) ij(t) sz(t) 771:]'( ) saméling - t_rye
k k function visibility

(t) - gl(t)gj*( ) baseline based S°MPplex

complex offset noise
baseline based time variable

complex gain % continuum gain

G(v,1) = G(DB,(v, 1)

B.(v,1) = b(v, t)b]*(u, 1)

frequency dependent
part of the gain
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GAIN TIME AND FREQUENCY

sampled V|S|b|I|ty :> V’(u V) — S(u v)V(u V)

Vij(t) — Gij(t) ij(t) €zj(t) 771:]'( ) Samgling - t_rye
k k function visibility

*
noise

total gain complex offset

baSeIine based
on baseline i-j

complex gain %
G,(v, 1) = Gi(NB (v, 1)

R frequency dependent
sz(”a ) X bi(y, t)bj"((y, t) part of the gain

(split)ting the time and frequency dependence of the
gain
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GAIN TIME AND FREQUENCY

Sphttlng the T|me and FregL
for large no. of antennas t

ency dependence of the Galn
NS ImMproves the accuracy of

the complex Gains consic
0.5 X N, (N,

ant

erably, as one uses

— 1) baselines to derive N complex Gains.

time variable based
% continuum gain

G(v.1) = G{(1)By(v, 1)

x frequency dependent
Bij(ya 1) = byv, t)b*(l/ !) complex gain
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CALIBRATING GAIN: TIME

~ sampled V|S|b|I|ty — V’(u V) _ S(u V)V(u V)

V(1) = GLOViD) + €,(6) + (0 samé\,mg true
k k function visibility

*
(t) - gl(t)g] (7) baseline based S°MPplex
complex offset hoise

baseline based
complex gain

G(1) = g{Dg* (1) = aft)a)e’ Y=
x y antenna based

* phase correction
%B (D 1) = b, t)b (v, 1) antenna based

V4 amplitude correction
frequency dependent

complex gain
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CALIBRATING GAIN: TIME

sampled V|S|b|I|ty :> V’(u V) — S(u v)V(u V)

Vi) = Gy(1) ij(t) €;(1) + 1;(1) samp"ng ViSibtiI;::s

function

_ _ (1) —;(1))
G(t) = g(Dg” (1) = a(nafne

N\

baseline based "antenna based
complex gain antenna based phase correction

amplitude correction

G;(t) = Azj(t)ei(b"f(t)

Calibrating time dependence of Gain
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CALIBRATING GA[N TIME

——— —— p— — ——————

_The estimation of the Gam s the observed complex
visibility of the calibrator, divided by its flux density.

assuming offset term / noise are negligible

Gj(1) = g(Dg (1) = afDa(n)e" PO~
Gij(t) — Aij(t)eicpij(t)
A () = aft)a(t)

(Dzj(t) = (1) — ij(t)

these terms can be easily solved for all N antennas!



GAIN TIME AND FREQUENCY

Spllttmg the T|me and FI’GQL
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ency depndence of the Gam

for large no. of antennas t
the complex Gains consic

0.5 X N,(N,

ant

NS IMproves the accuracy of
erably, as one uses

— 1) baselines to derive N complex Gains.

time variable based
% continuum gain

G(v.1) = G{(1)By(v, 1)

R frequency dependent
(V 1) ~ b(v, t)b*(l/ ) complex gain
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TYPICAL GMRT OBSERVATION
Flux density calibrator scans phase calibrator scans
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CAL[BRAT]NG GAIN FREQUENCY

Bandpass cahbrato as a functlon of frequency/channel

Bandpass table # 1

200

49

3.0

2.0

Bandpass table # 1

_zfyfff/f/////////f/f/fﬁ#/#////f//f%f/ﬁ )

S02:21 s02:21

0 2000 4000 6000 80000 2000 4000

6000 8000 0 2000 4000 6000 80000 2000
Channels

Channels Channels

4000 6000 8000
Channels



CALIBRATION (RECAPITULATE)
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V’(u v) — S(u v)V(u v)
Vi) = GO V(D) + €,(1) + n; (1)

G (1) = g(g" ()

G(v,1) = G(DB,(v, 1)

B(v,1) = bv, t)b]*(y, 1)



RAS-2023, 13-24 Mar 2023

PHASE REFE RENC]NG

e e

So the |dea S to take the telescope eorreehons
(amplitude and phase) determined from calibrating the
bright calibrator, and apply them to the faint target.

The basic assumption is that for sources (both calibrator
and target) located in roughly the same region of sky,
corrections for one (calibrator) source, also apply to the
other (target) source.

The telescope corrections are interpolated into the
periods where the faint target was being observed.
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PHASE REFERENCING: ST e e
The telescope corrections determined A oo
for the bright calibrator are applied to
the target source data. e
Phase reference observations T T
specify a “cycle time” (= time on
target + time on calibrator). P
Cycle times ~30-8 mins to ~4-1.5 /o
are common at m-cm wavelengths, /|
but at much higher frequencies /o
cycle times of 0.5 mins are e
sometime employed. ¥
For short cycle times, the I R
telescopes must be fast movers.
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PHASE REFE RENC]NG

e e

So the |dea S to take the telescope eorreehons
(amplitude and phase) determined from calibrating the
bright calibrator, and apply them to the faint target.

The basic assumption is that for sources (both calibrator
and target) located in roughly the same region of sky,
corrections for one (calibrator) source, also apply to the
other (target) source.

The telescope corrections are interpolated into the
periods where the faint target was being observed.




PHASE REFERE ’

So the idea is to tak i
(amplitude and pha g
bright calibrator, an (=g

2006

The basic assumptigee
and target) located
corrections for one 1-= .
other (target) sourcds

29

The telescope corrcis raifit Grget
periods where the {38 source -note 4

Ho that the data .
looks like pure
noise!

wmmaomg
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TYPICAL GMRT OBSERVATION
Flux density calibrator scans phase calibrator scans
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FLUX DENSITY AND PHASE CALIBRATION

Calibrator source(s) as a function of UV-distance
flux density / phase calibrators
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CLOSURE QUANT[T[ES PHASES

The formulatlon of addlng the observed V|S|b|I|ty phases
together of any 3 telescopes is known as forming a
“closure triangle”.

—or a given array of N telescopes, there are,
0.5 X (N, — DV, — 2) independent closure phases

e.qg. for N = 4, there are, 3 independent closure
relations.
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CLOSURE QUANT[T[ES PHASES

4512 = ¢ + ¢1 Cbz

Py3 = @3+ Py — @3 Y

P31 = @31+ @3 — P, )

P12+ a3 + B3 —
=@+ @3+ @3+ (D — @) + (¢2 ¢3) + (3 — Py)
— P12 T Pr3 T P31

closure phase!
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CLOSURE QUANT[T[ES' PHASES

FLOT FILE vEREIO a RERTED Z1-MuR-200% 11 36: 35 .
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electronic etc.

Closure phase: tells us
something about the
source visibility alone!
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CLOSURE QUANTITIES PHASES / AMPLITUDES

= ¢ +€b1 Cbz

Pz = @23+ Py — P3 o
P31 = @31+ P53 — P, v
P12+ a3 + P34 —
= @1+ @3+ @31+ (P — Py) + (¢z ¢3) + (3 — @)
PR T aselines:
closure phase!
Aobs Aobs Atrue Atrue Vl-(])-b >/ \ Vobs
Aobs Aobs Atrue A]true ; VObS— N—p
closure amphtude! \ =" y2bs
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CALIBRATION (RECAPITULATE)

V’(u v) — S(u v)V(u v)
(t) — Gz](t) (t) €zj(t) ﬂzj(t)
Gl-j(v, 1) = Gl-’j(t)Bl-j(u, t)

B(v,1) = bv, t)bj*(y, 1)

Phase reterencing
Closure phase / amplitude
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How TO EDlT CALIBRATION’

Obwous outller data (u v) pomts

e.g. a 5% antenna gain calibration error is difficult to
see in (u, v) data, but will produce a 1% effect in
image with specific characteristics.

100 bad points in 100,000 data points gives an
0.1% image error (unless the bad data points are 1
million Jy)

ook at the data to find gross problem in image plane ->
nard!, other than a slight increase in noise

—diting obvious errors in the (u, v) plane




RAS-2023, 13-24 Mar 2023

TYPICAL GMRT OBSERVATION
Flux density calibrator scans phase calibrator scans
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CULPRITS: 1 - RFI

- RFI environment
WOrse on short
baselines

- several types

~ narrow-pand,
- wandering

~ wide-band

I
[
[
=
g~ ¥l
||
j:
;

T
R



RAS-2023, 13-24 Mar 2023

CULPRITS: (2) BAD ANTENNA

nen na-X prle |

' 9137+331

28/18:19:49 Plot amplitude
23-25701

8.17217

Baseline —>
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CULPRITS: (NONE), BUT...

Even if the data are
perfect, image errors and

uncertainties will occur o 5o version 1 crastad 10JUN-2008 20-48.62
because the (u, v) A" Sokes A e 1 Crang1 O O
coverage Is not adequate - |
to map the source o
structure. ol
The extreme rise of ol
visibility at the short ]3]
spacings makes it g -.
Impossible to image =i
the extended structure. « @i
)
06 £ 11 = .-'. . .‘5 - -

Kilo Wavingth
Freq = 1.4549 GMz, Bw = 50.000 MMz
UVrange 0.000E«00 3.000E«04 wavelengths
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CALIBRATED VlSlBlLlTlES

— ——p—— p— ——— o —————

Analyse d|rectly V(u v) samples by model flttmg
— good for simple structures, e.g. point sources,

— sometimes for statistical descriptions of sky
brightness

recover an image from the observed incomplete and
noisy samples of its Fourier transform for analysis

— Fourier transform V(u, v) to get Dirty image
— beyond Dirty image — perform deconvolution
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PRIMARY BEAM CALIBRAT]ON

qu change N the response of the prlmary beam of
antennas in an array can be corrected for, If the shape
of the primary beam is well measured and if the array IS
made up of antennas of the same type/size.

This is called making a primary beam correction.

First null 1.22A/D /D
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CALIBRATION ASSUMPTIONS

——_— p—— ——— ————

" The trackmg of the centre of the PB for aII antennas
must follow the intended sky position

The Gain of an antenna decreases when observations
are made near the horizon - the dependence of Gain
upon zenith angle.

Delay calibration: small, residual delays!
Antenna position(s) - baseline length!
Path length changes in the ionosphere
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HIGH DYNAMIC RANGE lMAGlNG

——_— — ey ————

At ow frequene|es (e g. 1.4 GHZ or below) there are
always bright sources in the field of view of GMRT, and it
s difficult to achieve the noise levels one eXpPects from
thermal noise calculations. Or, the image is "Dynamic
range limited”.

—rrors that limit the dynamic range of an image include

(1) non-closing errors due to baseline based errors,
e.g., changes in passbands due to errors In correlator.

(1) telescope pointing errors,
(1) non-isoplanatic effects.
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HIGH DYNAMIC RANGE lMAGlNG

Telescooe Domtlno errors: Pomtmg
errors are problematic; the effect is not
uniform over FoV., e.g., sources at the
edge of PB (vvhere response of PB is
changing quickly) or there is a large
reduction of telescope response at their
position, this is difficult for the calibration
methods to cope with.
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CALIBRATION (RECAPITULATE)

V’(u v) — S(u v)V(u v)
(t) — Gz](t) (t) €zj(t) ”Iz](t)

G, 1) = G{DB,(v, 1)

B(v,1) = bv, t)bj*(y, 1)

Phase reterencing
Closure phase / amplitude
Bad data editing

(more) Issues
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VlSlBlLlTY' TRUE VS OBSERVED

Aopansen of measurement values dellvered by a
device under test with those of a calibration standard of

known accuracy. V/(u, V) — S(l/l, V)V(I/t, V)
Calibration is the effort to x
measure and remove the

time-dependent and sampled visibility '} * . o Visibility
frequency-dependent

atmospheric and instrumental sampling function
variations.

recover “true’ value
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VlSlBlLlTY' TRUE VS OBSERVED

A comparison of measurment value dellvered by a
device under test with those of a calibration standard of

known accuracy. V/(u, V) — S(l/l, V)V(I/t, V)
Calibratio g - “
measure & ’ I(1.my*B(d.m)  ©
time-depe ’

frequency
atmosphe
variations.

recover “ Dirty Map

(u,v)S(u,v) ¥

Visibility Sampling Function Sampled Visibility
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MORE (SUBSEQUENT LECTU RES’)

Self calibration

Bandwidth averaging/smearing
Time averaging

High dynamic range imaging

Thank you!



