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(Prawie) nic nie jest doskonale...
szczegolnie na dlugich falach

74 MHz Virgo AVLA



LOFAR cookbook
https://www.astron.nl/radio-observatory/lofar/lofar-imaging-cookbook

LOFAR wiki
http://www.lofar.org/wiki/doku.php?id=start

ASTRON website
http://www.astron.nl/radio-observatory/astronomers/technical-information/lofar-

technical-information

LOFAR PL
www.oa.uj.edu.pl/lofar
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Radio interferometry ASTRON

* Interferometric techniques essential for competitive low frequency radio
astronomical observations
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George Heald / LOFAR Data School [Lecture 1]/ 17-11-2014
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Pojedynczy interferometr

Geometric time

delay
Tg — B. sic
\_ - ——
- B
Voltage | P[cos(wz,) +cos(2mot — ot ,)]
v, €08 2v({l —z) | Multiplier | T v, cos 2wt —— \ J
Y
I Unchanging Rapidly varying,
I Integrator I correlator
I |
L1 — 1

vy con 2y, R, = Pcos(ort,)



Schematic AST(RON

= The cosine correlator can be thought of as casting a sinusoidal fringe pattern
on the sky (of angular scale A\/b). The correlator multiplies the source
intensity distribution by this fringe, and integrates the product over the sky.

source fringe
brightness pattern

* The orientation of the
fringe is set by the
baseline geometry

The fringe separation

is set by baseline length,
and the observing
wavelength

George Heald / LOFAR Data School [Lecture 1]/ 17-11-2014




Interferometr z zespolonym
korelatorem

Rc = f B(s) P(s)cos [Znﬁ,{ - §]dQ

Zr

Rs = f B(s) P(s)sin [21'{5,{ - §]dQ

Zespolona funkcja widzialnosci:
V = Rc — iRs = Ae'?

V(3 = f f B(3) P(3)e~2mDa3qQ)

D,-§=ul +vm+nw = ul + vm
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Ant 1 Voltage Waveform

Ant 2 Voltage Waveform

Cosine channel of correlation

hie

Sine channel of correlation




Plaszczyzna UV
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' Correlator
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Viuv) = ff B(l,m)P(l, m)e 2™ +vm) g1 dm



Synteza apertury

Funkcja widzialnosci dla pojedynczego interferometru (okreslone wartosci u,v) ma postac:

Viuv) = ff B(l,m)P(l, m)e2ml+vm) g1 dm

Calkowanie mozna rozciagna¢ na +oo gdyz rozklad zrédla na niebie (B) jest i1 tak skonczony,
zlokalizowany. Traktujac (u.v) jako zmienne widzimy, ze zespolona funkcja widzialnoSci jest
transformata Fouriera jasnosci Zrodla.

Zatem majac zbidr réznych (u,v) czyli réznych pojedynczych radiointerferometréw mozemy dokonaé
odwrotnej transformaty Fouriera funkcji widzialnosci uzyskujac rozklad jasnosci na niebie pomnozony
przez charakterystyke pojedynczej anteny:

+o0
B(l,m)P(l,m) = j j V(u, v) e gy, dy
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e Duzg aperture syntezujemy z mniejszych

e Synteza mozliwa przez przestawianie anten (w dowolnym czasie)

e Rotacja ziemi — supersynteza (synteza rotacyjna)

e Zasady syntezy apertury zostaty sformutowane w 1959 r. przez Martina Ryle’a (Ryle 1960, Ryle i
Hewish 1960), za co uzyskat nagrode Nobla.
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Luki w pokryciu UV
o0
B(l,m)P(l,m) = H V(u,v) e?™+vm) gy dy

Caltkowanie wzoru na B jest niemozliwe gdyz nigdy nie mamy pelnego pokrycia ptaszczyzny UV.

Funkcja wagowa w (w plaszczyznie UV)
e w(u,v)=1 —jest baza interferometru

e Ww(u,v)=0—-nie ma
+oo .
B(L,m)P(l,m) * W(l,m) = ff V(u,v) w(u, v) e2™@H+vm gy gy
gdzie: W(l,m)= TF w(u,v). B

Powyzsza konwolucja odpowiada skanowaniu nieba wigzka anteny majacej charakterystyke W(l,m). Jest to
tzw. zsyntezowana wiazka ukladu anten (Point Spread Function), ,,brudna” wigzka

Dla dyskretnej ilosci danych obserwacyjnych:
W(l, m) — Z Wy 92ni(uk1+vkm)
K

k- jest kolejnym punktem plaszczyzny UV.



Odtwarzanie rozkladow jasnosci metoda bezposrednia - brudna mapa

Brudna mapg nazywamy rozklad jasnosci uzyskany bezposrednio z transformaty Fouriera funkcji
widzialnosci znieksztalcony niepelnym pokryciem plaszczyzny UV:

BP(1,m) = B(,m)P(l,m) x W(l,m) = Z Wi V (1, 1) e 2Pk )
k

k- jest kolejnym punktem ptaszczyzny UV.

Dirty image

We also have the concept of the
“dirty image” (sometime also
“dirty map”) - this is the fourier
inversion of the Visibility function:

Szybka Transformata Fouriera.
e Zbidér punktdw na ptaszczyznie UV nie tworzy regularnej siatki. Dlatego dokonuje sie interpolacji
danych aby uzyskaé dane w oczkach siatki regularnej o rozmiarach réwnych 2" gdzie n dowolne.
e W praktyce najczesciej rozmiary map to 512x512, 1024x1024, 2048x2048.
e Mozemy wtedy zastosowac tzw. szybka transformate Fouriera. Przyspiesza to wielokrotnie rachunki.



Metoda CLEAN

Najczesciej stosowang metoda do uzyskiwania rozktadow jasnosci z danych z systemow interferometrycznych
jest tzw. metoda CLEAN (czyszczenia). Zostala wprowadzona przez Hogbom (1974). Doczekala si¢ tez
réznych modyfikacji.

W oryginalnej metodzie CLEAN rozwiazujemy rownanie na brudng mape zakladajac, ze rozklad jasnosci
mozna przyblizy¢ suma zrédel punktowych o amplitudach A, 1 potozeniu (l;,m;) oraz pewnego
rezidualnego rozktadu (bardzo stabe zrdodta, szumy):

BP(l,m) = ZAk(lk; m)W(l — Iy, m —my) + B.(l,m)
: K
Zrddla punktowe skonwoluowane sa w powyzszym wzorze z brudng wiazka.

Rdwnanie to nie da si¢ rozwiazac analitycznie 1 rozwigzujemy je iteracyjnie:

1. Wyznaczy¢ brudng mape 1 brudng wiazke za pomoca inwersji fourierowskiej

2. Znalez¢ miejsce (punkt) na brudnej mapie w ktorym jasnosc¢ jest najwigksza

3. Odja¢ z brudnej mapy brudng wiazk¢ w znalezionym miejscu (odjgcie zrodta punktowego), o jasnosci
bedacej ulamkiem 0<q<1 (z reguly ok. 0.8-0.9) jasnosci zroédla w tym punkcie. Zapisaé pozycje 1
amplitude odjetego zZrddia (tzw. CLEAN component)

4. Powrdcic¢ do punktu 2 z wynikowa brudng mapa (nowy rozklad jasnosci) albo zakonczy¢ iteracje jesli:
znajdowany kolejny punkt o najwigkszej jasnosci jest mniejszy od zadanej wartosci (np. 3xszumy na
mapie); badz przekroczylismy zadang liczbe¢ krokow (np 1000); badz rozklad jasnosci przestaje si¢
zmieniac.

5. Doda¢ do brudnej mapy z ostatniego kroku (mapy rezidualnej B,) odjete zrodta - CLEAN components -
ale z tzw. czysta wiazka (zastapt W powyzszym rownaniu). Czysta wiazke uzyskuje sie jako wiazke
gaussowska najlepiej dopasowang do centralnej czgsci brudnej wiazki. Otrzymamy w ten sposob czysta
(wWyczyszczona) mapg.






Rozpoznawanie i usuwanie btedéw obrazow.

S, = reference
direction
S = general
direction

«—— An antenna

V =V, cosla(t—1,)] V =V, cos|a(t—1,)]

(cos[a)(rg —7,) | +cos[2ar — a7, — 2‘0)])/ 2

£ cos|a(7, —7,) | = I"'lj’z cos[27zvb-(s—s,)/c]

Pa— —

Przesunigcia w fazie rOwnowazne sg opdznieniom czasowym, a te z kolei zwigzane sa z potozeniem obiektu na
niebie.
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Fringes projected on to the sky for a short VLA baseline
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EXAMPLE 2
Short burst of bad data

Typical effect from one bad u-v points: Data or weight

10 deg phase error for 20% amplitude error for

one antenna at one time one antenna at 1 time
rms 0.49 mJy rms 0.56 mJy (self-cal)

anti-symmetric ridges symmetric ridges

LOFAR - krotkie piki z powodu jonosfery i RFI




Kalibracja

Kalibracja - proces wyznaczania zespolonego zysku (gain G)
pozwalajgcego wtasciwie wyskalowac obserwowang funkcje
widzialnosci: y/obs true

VP =GV,
Osiggane przez minimalizacje roznic z modelowga widzialnoscia
dla znanego zrédta (kalibratora):

VijObS G V mod

o)

Musimy zatem zaobserwowac znane zrodto (kalibrator, o znanej
strukturze, najlepiej punktowej)



The Measurement Equation il i ASTRON

groningen

e RIME: The radio interferometer measurement equation, as used by CASA etc. for
the calibration,

Gain amplitude Errors due to
Baseline based, and phase elevation Opacity and path
non closing errors iati

length variation

Observed visibility obs trie true visibility for
for ant. j and j V%j - Mij Bij Gij DijEijPijTij Vz’j ant. i and j
Bandpass Change in
response Instrumental paralactic angle

polarisation

e Calibration involves solving this inverse problem to determine what set of
parameters are needed to minimise the difference between the observed
visibilities and the model visibilities (our best guess at the frue visibilities).




Black Board Self-calibration (BBS) is a software package that is designed for
the calibration and simulation of LOFAR data

Example parset file ‘% univrsityof AST(Q ON

Strategy.ChunkSize = 0
Strategy.Steps = [solve,correct]

Step.solve.Operation = SOLVE
Step.solve.Model.Sources = [3c48]
Step.solve.Model.Gain.Enable = T
Step.solve.Model.Beam.Enable = T
Step.solve.Solve.Parms = ["Gain:0:0:*","Gain:1:1:*"]
Step.solve.Solve.CellSize.Freq = 0
Step.solve.Solve.CellSize.Time = 1
Step.solve.Solve.CellChunkSize = 10

Step.solve.Solve.Options.MaxIter = 50
Step.solve.Solve.Options.EpsValue = 1e-9
Step.solve.Solve.Options.EpsDerivative = 1e-9
Step.solve.Solve.Options.ColFactor = 1e-9
Step.solve.Solve.Options.LMFactor = 1.0
Step.solve.Solve.Options.BalancedEqgs = F
Step.solve.Solve.Options.UseSVD =T

Step.correct.Operation = CORRECT
Step.correct.Model.Gain.Enable = T
Step.correct.Model.Beam.Enable = T
Step.correct.Model.Sources = [3c48]
Step.correct.Output.Column = CORRECTED_DATA

> calibrate-stand-alone -f <MS> <parset> <source catalog>




LOFAR - Station beam forming




THE LOFAR SYSTEM: DATA FLOW
ASTRON

Products sent
to the long-

Station signals toim arch e

collected in the Signal sent to
station cabinets COBALT for

correlation CEP3

Data sent to CEP2 for
initial RO processing —
products might get copied
o' CEF>S

» Entire process is overseen by Operators, Science Support and Software Support groups




Visibilities, output of the correlator

Correlator outputs a measurement set (MS) per subband,
containing visibilities: a complex number for each

e Timeslot

 Baseline (combination of two antennas)

e Channel

e Correlation (XX, XY, YX, YY)






Correlator — Storage Format

ASTRON



bk whE

Cechy szczegolne obserwacji na niskich
czestotliwosciach

Wiazka LOFAR-a

RFI

Jonosfera

Kalibracja zalezna od czestotliwosci

Polaryzacja - RM Synthesis (wyktad Roberta Drzazgi)



Wiazki LOFAR-a

Znajomos$¢ ograniczona




The beam model %/ wieninot AST(RON

e Unlike typical dish-based interferometers (e.g. JVLA, WSRT) the gain (amplitude)
of the visibilities are not constant.

e This is due to the source moving through the beam (+atmosphere+ionosphere),
effectively the change in the projected area of the station. Need beam correction

in the calibration.

500 1000 1500 2000

Phase (rad)

1.0
0.5
0.0
0.5
-1.0
-1.5
-2.0
-2.5

0

500 1000 1500 2000 2500
Time (sample)

13



RFI — duze m.in. DAB
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Frequency allocations, interfering signals ASTRON

50 MHz

't L -&»é&@&

500 MHz

broadcast aviation
LOFAR HBA

LOFAR LBA

Source: frequentiespectrumkaart 2005

Most RFI near LOFAR is narrowband and/or short duration.



Correcting for the beam ASTRON

Variable beams as a function of time mean that the contribution from each source
will vary over time to the visibilities (must convolve sky model with beam model).

Vi (u,v) = //Ay(lgm)Iy(l,m)eQWi(ulﬂm)dzczm

More sophisticated calibration that includes the beam (a-projection is being
implemented in CASA for the JVLA).

Issues:

1) How well do we know the beam? Recall, the beam is the FT of the
aperture. What happens if a dipole stops working?

2) The beam changes as a function of frequency (FWHM ~ A/ D).

An error in your model
can be absorbed in the
calibration

John McKean - ERIS 2015 - Low Frequency Interferometry 32



The ionosphere

000 ecccccccccapeccncccnccccccead

Topside O*H*
O feccecccnccacncacaaonnan Yo -
max
E
<
8 F2 Layer
&
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&
= F Region
< 0*
F1 Layer
E1UN A~
E Region 0;* NO*
Wleeocoooeosertonsccscsssncnsee
D Region
Density: 10 10° 106
Electrons/cm’

John McKean - ERIS 2015 - Low Frequency Interferometry

ASTRON

The ionosphere is a reflecting (to long wavelengths)
layer of the atmosphere at ~ 125 km.

Structure and electron density changes with altitude.

Effects radio waves through:
1) Reflection (transparency)
2) Scintillation (continuum imaging)
3) Faraday rotation (polarisation)

34




Direction independent effects — DIE

o G; (1)
Direction dependent effects - DDE

G (t,«,0)

» Regimes 1 & 2
lonospheric phase
error has no FoV
variation — self cal OK

» Regimes 3 & 4 have 1
varying phase over
FoV — need direction
dependent algorithms

Significant effort
underway: field-based,
source peeling, global
model, multiple scale
heiht models, ...
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Jonosfera

Konieczne zawansowane techniki flagowania danych
Pomoc: dane satelitarne GPS — modelowanie phase

screens w czasie rzeczywistym

Clock-TEC separation

AQ = 21 f At + 8.44797245 x 10°ATEC/ f + Aby

<+ BBS
» Josotto - PREFACTOR

Korekta na jonosferyczng
rotacje Faradaya (Rotation
measure) (LBA — efekty

wyzszych rzedow)

DDE uwzgledni¢ np. podczas
obrazowania

Dee (J2000)

+38°f

+36° -

+35° -

+34°

+33°

+32° -

+317

222°  221°  220° 219° 218° 217°  216° 215° 214° 213
RA (J2000)



Ionospheric calibration methods

Sterrewacht
» Calibration schemes including ionosphere models are rare o
* Field-based calibration (Cotton+ 2004),

- Tracks apparent movement of multiple radio sources, fits de-distorting Zernike screen
» SPAM method (Intema+ 2009)

- Multi-directional phase calibration, fits turbulent multi-layer phase screen
« Other DD calibration schemes exist, but without constraint on the ionosphere

- E.g., facet-calibration (van Weeren+ 2015), SAGECal (Yattawata+ 2008, arXiv:0810.5751)

field-based calibration o T A ~1 o]
(Cotton+ 2004) |

Ionospheric Calibration — H.T. Intema — LOFAR Ionospheric Workshop, Warsaw, June 2, 2016




Facet calibration

i
-0.0025 -0.0013 -7.3e-06 0.0013 0.0025 0.0038 0.005 0.0062 0.0075 0.0088 0.01

Demonstrating direction dependent calibration (van Weeren R. J., et al.,
2016, ApJS, 223, 2)



lonosphere: SPAM

» Source Peeling and lonospheric Modeling: SPAM (python + AIPS)

» Constrain ionospheric phase model based on calibration phases from
‘peeling’ (sequential self-calibration) of bright sources

» Fit a phase screen to pierce point solutions and apply to imaging
Intema et al. (2009)

0 000S 001 0015 002 0025 003 0035 004 0045

0 0.005 0.01 0.015 0.02 06:25 003 0035 004 0045
Self-calibration SPAM calibration




Multi-Frequency Synthesis (MFS) ASTRON

We can represent the sky in emission interms of a Taylor expansion about some
reference frequency (see Rau & Cornwell 2011).

Taylor co-efficient images

MS model image /
Ni—1

t
Build /(v) model: \ I = Z W I where w! = (V VO)

t=0

A power-law model is used to describe the spectral dependence of the sky
emission.

y I;kyH‘Eky log(%)
Parameterise: ) If,'gy(_)
Yo
Isky ( Isky _ 1)
: m ky . ym _ pskygsky . ogm _ k k
Skyimages:  Ij =I¥ : I'=IPLY 1y ( e =D g

John McKean - ERIS 2015 - Low Frequency Interferometry



Direction dependent calibration ASTRON

The solution to these issues is to calibrate the gains, not in a single position, but
over several positions (10s to 100s) across the sky.

V.. =S J, ,VIDEAL
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Computationally expensive and the robustness is a matter of (current) debate.

John McKean - ERIS 2015 - Low Frequency Interferometry



Direction dependent calibration

ASTRON

The solution to these issues is to calibrate the gains, not in a single position, but
over several positions (10s to 100s) across the sky.
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Computationally expensive and the robustness is a matter of (current) debate.

John McKean - ERIS 2015 - Low Frequency Interferometry
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Direction dependent calibration ASTRON

Alternatively, calibrate in one direction at a time and remove the troublesome
sources (called peeling)

Tom QOosterloo
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Step.solve.Solve.Parms = ["DirectionalGain:0:0:*" ,"DirectionalGain:1:1:%"]

John McKean - ERIS 2015 - Low Frequency Interferometry 40



Direction dependent calibration ASTRON

Alternatively, calibrate in one direction at a time and remove the troublesome
sources (called peeling)

Wendy Williams

John McKean - ERIS 2015 - Low Frequency Interferometry
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Intensywne prace teoretyczne i modelowe

Szybko rozwijane metody | implementacje

THE ASTROPHYSICAL JOURNAL, 770:91 (9pp). 2013 June 20 doi:10.1088/0004-637X/770/2/91
@ 2013, The American Astronomical Society. All rights reserved. Printed in the U.S.A.

WIDE-FIELD WIDE-BAND INTERFEROMETRIC IMAGING: THE
WB A-PROJECTION AND HYBRID ALGORITHMS

S. BHATNAGAR, U. RAU, AND K. GOLAP
National Radio Astronomy Observatory, Socorro, NM 87801, USA: sbhatnag @ nrao.edu. rurvashi @nrao.edu, kgolap@nrao.edu
Received 2012 August 8; accepted 2013 April 17; published 2013 May 28

ABSTRACT

Variations of the antenna primary beam (PB) pattern as a function of time, frequency, and polarization form one of
the dominant direction-dependent effects at most radio frequency bands. These gains may also vary from antenna
to antenna. The A-Projection algorithm, published earlier, accounts for the effects of the narrow-band antenna
PB in full polarization. In this paper, we present the wide-band A-Projection algorithm (WB A-Projection) to
include the effects of wide bandwidth in the A-term itself and show that the 1e~.1|lt1112 algorithm simultaneously
corrects for the time, frequency, and polarization dependence of the PB. We discuss the combination of the WB
A-Projection and the multi-term multi-frequency synthesis (MT-MES) algorithm for simultaneous mapping of the
sky brightness distribution and the spectral index distribution across a wide field of view. We also discuss the use
of the narrow-band A-Projection algorithm in hybrid imaging schemes that account for the frequency dependence
of the PB in the image domain.

Key words: methods: data analysis — techniques: image processing — techniques: interferometric

Online-only material: color figures




Obecnie najbardziej popularne
podejscie do DDE

« PREFACTOR (DIE)
« FACTOR (DDE)
https://github.com/lofar-astron/factor

New cookbook (v.19)
Next school!



https://github.com/lofar-astron/factor
https://github.com/lofar-astron/factor
https://github.com/lofar-astron/factor

Redukcja danych LOFAR-a

1. Wstepna ocena jakosciowa danych V;
* Przypisanie wag do Vij
» Usuniecie zaburzen Vij - flagowanie
* Demixing
e Sredniowanie

2. Kalibracja i poprawa V;
* Modelowe V;; (kalibrator) => wyznaczenie Gij
* Przeniesienie rozwigzan na zrodto
* Kalibracja zrodia

3. Dekonwolucja i obrazowanie (imaging)
* ln=FFT V; (dirty image)
« Cleaning
» Selfcalibration



3.
4.

1. Wstepna ocena jakosciowa danych Vj;

Utworzenie wag

Inspekcja jakosci danych — casaplotms

Usuniecie (flagging) btednych danych i RFI (radio frequency
interference)

“Demixing” — usuniecie wptywu odlegtych od centrum b.
silnych zrédet (A-team)

Sredniowanie (kompresja) danych w czasie i czestotliwoéci
Automatyzacja zadan (skrypty), dobér parametréow

Compression is critical to decreasing processing time, which is
necessary given the data volumes.

LOFAR Cookbook and DPPP documentation



DPPP — Default Preprocessing Pipeline (also NDPPP)

msin=L123.MS
msout=L123 dppp.MS

Command-line tool, input as a parset,
output as feedback on screen.

> DPPP myreduction.parset steps=[flaggerl, flagger2, demix, flagger3]

flaggerl.type=aoflagger
Overriding some parameters

from the command line: flagger2.type=preflagger

> DPPP myreduction.parset msin=L91.MS flagger2.baseline=*&8& # autocorrelations
. demix.type=demixer

Documentation: P

http://www.lofar.org/operations/doku.php? demix.subractsources=[CygA,CasA]

id=engineering:software:tools:ndppp demix.skymodel=Ateam.sourcedb

flagger3.type=aoflagger

Typical pipeline:

Demix + Processed

data
(less huge)

Raw data Flagger 1 Flagger 2 Flagger 3

(oo average

msin flaggerl flagger2 demix flagger3 msout



Weights, autoweight AST(RON

Associated to each visibility vi,j = Vi, j + n; j (between station i and j )
IS a weight w; ;.

To exploit the data as much as possible, weights should be set such
that noisy visibilities get down-weighted.

N

samples
2 .2
g; O'j

Wf.j =
Variance of noise of one station o; estimated from autocorrelation v; ;.

Weights are computed when DPPP reads raw data and
msin.autoweight=true.

Autoweight should be performed only once on the data.

Weights are stored in the column WEIGHT_SPECTRUM.



Flagging

Some samples affected by radio
frequency interference (RFI).

This makes these samples
unsuitable for further
processing.

We will flag them, and pretend
they were never there.

Data is not deleted, just a check
IS put in FLAG column in MS.
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ASTRON

Amp vs. Time
0.001

5 I

i b}

| | - it

i e

| ?|

0.0008 - - :

] g

i il

) |

0.0006 - ; !
J: B CHE ]| (T R

R 1 j!-.i-'ab il e

14: 01 40 14 03 20 14 05 00 14 06 40 14 08 20 14 10
Time (from 2013/03/29)



Data should be flagged at high resolution ASTRON

Amp vs. Time
0.001 ~ i i i 1' |l I il
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Three methods of flagging ASTRON

1. Manual Flagging 2. Semi-automatic flagging
Inspect data, select visibilities to flag For example:
¢ Flag all autocorrelations
Can be done with casaplotms ¢ Flag all signal stronger that 100 Jy

e Flag the first channel

A e Can be done with DPPP, step preflagger
Plots || Flagging | Tools | Anmotator | 0 || Amp vs. Time
[Amp vs. Time :] 0.1‘-:
é[samoo SBO40_uv_1MS  Browse. l onj:
2 m:aldl 2 0113 - -
- W[— []
s } 3. Automatic flagging
o |l 3 | |
N g | For example using AOFlagger
7 oel = ] :‘
g.,,,,q,,,q 0.04 ‘
— I Channel [_ Ir 7 T 3 . .
rom e 002 ] | Flags based on time-freq statistics (per bl).
%:N.m I PorAntanma o ‘ Performs best on long time ranges!
8 Al Spectral Windows
if‘swar -0.02
S-S L T Mo AR 0% Can be called from DPPP, step aoflagger
I™ force reload Hot I 2013/03/29)
R 5 iTielig 28 el i P@" dl 4 ) » Hidprawing ) . .
Interactive counterpart: rfigui




AOFlagger, rfigui ASTRON

AOFlagger (André Offringa) flags data based on statistics:

rfigui x
File View Plot Browse Simulate Data Actions Help
& € 33 - -
Open directory Previous Reload Next Execute strategy  Or flags Alt flags Original  Background Difference

0.000451

0.00041

0.000351

0.0003

0.0001

5e-05

0

14:02 14:03 14:04 14:05 14:06 14:07 14:08

fhome/tammo/Documents/L114221_SAP000_SBO31_uv.MS: LOFAR CSOO1HBAO x LOFAR CSO01HBAL



AOFlagger, rfigui ASTRON

AOFlagger (André Offringa) flags data based on statistics:

rfigui x
File View Plot Browse Simulate Data Actions Help
& g° & 74 3 = L1
Open directory Previous Reload Next Execute strategy  Or flags Alt flags Original  Background Difference

LOFAR CS001HBAO x LOFAR CS001HBA1

L .- lll 1 I. | n | | 2} | _ r r .l .. L T S
134 46 (i b 1 Lt S St g 4 Tat y
||' mig 1 m "SI L T ma .
h' 1" .| . li L e _ 00004‘

134 44 SRR TR S

T
\ 0.00035
134 42 & = 1
0.00031

134.4 3l i
Ml %
134 38§ i N 0.00025
.ll lL I n L} .I
B a4 sl 00002
134.36 FR "o . . :
| l.. » | .
7 = ' o
134.34 15 A . y ) ] : LY 0.00015
i [}
134 32 Sl e 0.0001
o
13434 5e-05

134 .28

14:02 14:03 14:04 14:05 14.06 14:07 14:08

/homeftammo/Documents/L114221_SAPOQ0O_SBO31_uv.MS: LOFAR CSO01HBAO x LOFAR CS001HBA1



AOFlagger, rfigui ASTRON

AOFlagger (André Offringa) flags data based on statistics:

1 Before flagging
- After flagging
= 041
)
z
% 0.01
>
I0.001
SR ——
r - — - - —— - —_— — e - m—
134.3 134.32 134.34 134.36 134.38 134.4 134.42 134.44 134.46
> Frequency (MHz)
10 Before flagging
1 n -~ After flagging

of |

0.011

Eihil NW,JQM&?@@JW

0.0001;

o
o
o
2

—— Visibility

0 50 100 150 200 250 300 350 400
> Time (s)




RFI Flagging: AOFlagger

» ‘SumThreshold’ method to detect series of samples with high values
» lterative analysis for entire obs., per subband and spectral channel
» Used for LOFAR but available as stand-alone package

Time-frequency before flagging Time-frequency after flagging
195,957

155 977
155.9956

155 018

156.03%

156.055

156.074

156.004

156 113

156.133

156,152
8:40:01510 4:52:00.96% 13:03:59.629 12:19.56.688 132757747 14:39:506.807

156,152 . "
84001510  9:52:00.569
0007 0.007

1103:59.629 12:19:58.688  13:27.07.747 1439565

* XX - XX
0.0085 - w o« 0.0085 i
R - AR YYy
0.006 % E 0.006
0.0055 0.0055
£ 0005 £ 0005
- ks 3
S 0045F S 00045
=
0.004 0.004
0.0035 0.0035
0003 0003
00 1000 2000 3000 4000 3000 6000 156 MHz, 00 G 000 2000 300 4000 5000 6000
. e . . -
Amplitude plof Before flagging 1.8% data flagged Amplitude plor after flagging

= Offringa et al. (2010,2012)




Demixing with BBS ASTRON

Sky at low frequencies is dominated by a few sources, together called
A-team sources.

60"
. Cassiopeia A

0° . Cygnus A

@® Taurus A

Dec. (2000.0)

R.A. (2000.0)

If A-team source is affecting signal, its signal needs to be subtracted.
To subtract, the data must be calibrated against a model of the A-team
source.

Time and frequency resolution needs to be such that signal from A-team
sources is not too much affected by time and frequency smearing.



Demixing: is your data affected by A-team? ASTRON

arnay of x-dipoles, calibrated

LBA: yes, your data is affected by CygA and CasA and perhaps more

HBA: your data might be affected by A-team:
e |f target is within 30° separation of A-team source
e |f A-team elevation is high during observation

g0 Erawatln:n
» — Cash (34 deg) 0 .
T53 s - South « m - North
T CygA (42 deg)
60" 4
Poinling
45*
. Amp vs. Time [ Amp vs. Time
i 1 0.16 0.035
15% o 0.144
5 ———————1 HerA (74 deg) ] 0.03
Tauwh ‘?9 dﬂg] 012+ .
o ___________—-———-—-_'_'_-_-_-_-j ] ; 0.025
— 01 B i
15k e —— R — SUN (T8 dag) 0.02
—| vira (74 deg)
008+
a a
.30* . A . s 1 s 0.015
00:30 00:40 00:50 01:00 01:10 01:20 0.06] |
Time 1
0.01
0044
. ] 0.005
Model interferometer
0
r nse and subtract )
esponse and subtrac
212640 225000 241320 253640 270000 282320 20:46:40 21:26:40 22:50:00 24:13:20 25:36:40 27:00:00 28:23:20 29:46:40

or flag affected data Tina (frum 2011/68721) | AR ——



INSPECTION PLOTS: TIME SERIES
LOFAR ASTRON
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INSPECTION PLOTS: VISIBILITY AMPLITUDE
& Lorar ASTRON

DEGOIHBA,

=2000000

CS013HBAD
. C5013MBAL

Reference Station: RSS00MBA

ANSSERARNR A LI A EE L MAnAmNAA-AnSo228853583 3
l;‘ll dRIRIRY ¥ o VU JgouU VUUUU :‘iltl

» Stations with the same characteristics, e.g. all CS » Visibility amplitude 3C196 (resolved at long
should have more or less the same amplitudes; when baselines)
their values differ too much the sensitivity of the
station is not good (in this case RS409) » Different amplitudes values among RS and IS are
due to the fact that some baselines detect and
» It is good to check on a long baseline a frequency resolve source structure and some other do not.
with high S/N which is relatively clean of
interferences (e.g. correlator SB 77 in HBA and 301- » Knowing the layout of the telescope and the
302 in LBA) characteristics of the source are the key to interpret
these plots.
» A way to identify the presence of Solar bursts is to
check if the amplitude visibilities scales of S have_ S tutoriall at Heips wiv.astromnladic
much higher values than the remote station or CS in observatory/observing-capabilities/depth-technical-
quiet conditions. information/data-quality-inspection/data-qu




Po inspekcji jakoSciowej, flagowaniu, demixingu,
sredniujemy dane w czasie i czestotliwosci np.

1s=>4s
64 => 4 ch/sb

Temperature Anomaly (°C)

-0.1
-0.2-

Surface Temperature Record

o
o)

— Monthly Average

0.7 —* Annual Average

o
o

0.5
0.4-
0.3r
0.2

u_

~ — Five Year Average

Pinatubo Volcano
El Nino / La N_ina .

1980

1985

1990

1995 2000 2005

Zautomatyzuj caly proces (ul6z skrypt na wszystkie sbb)

— pipeline



2. Kalibracja G;;, poprawa V;

calibrator
source model

We are at this

step now

e
global
sky model

PYBDSM



1)

2)
3)

4)
5)

Kalibracja

Kalibracja ,,antena gains” (amplituda+faza) z danych
kalibratora — model zrodta znany (np. zrédto punktowe) -
Black Board Self-calibration (BBS)

Ocena rozwigzan — casaplotms

Przeniesienie rozwigzan na target (BBS)

Kalibracja zrodta (faza) — model zrodta np. z Global Sky Model
Ocena rozwigzan — casaplotms

Flagowanie btednych rozwigzan (DPPP)

Automatyzacja zadan, dobor parametrow



Calibration:
Calibrate in amplitude your Target ASTRON

Required:
1 flagged/demixed/averaged subband from Calibrator
1 flagged/demixed/averaged subband from Target
1 parset file
1 Skymodel of the Calibrator

N.B: frequency must be identical, quick check with msoverview

msoverview: Version 20118487GvD

MeasurementSet Name: /data/scratch/mahony/tutorial_t2/cal_averaged.MS MS Version 2

Dbserver: unknown Project: MSSS_HBA_2013
Observation: LOFAR
Antenna-set: HBA_DUAL_INNER

Data records: 10620 Total integration time = 60.0834 seconds
Observed from 29-Mar-2813/13:59:48.0 to 29-Mar-2013/14:00:48.1 (UTC)

Fields: 1
ID Code Name RA Decl Epoch nRows
] BEAM_0 91:37:41.209440 +33.09.35.13240 12000 10620

Spectral Windows: (1 unique spectral windows and 1 unique polariza
SpwID Name #Chans FrameChl(MHz) ChanWid(kHz) TotBwW(kHz) Corrs
(4 SB-31 4 TOPO 134.300 48.828 195.3 134.3735 X XY ¥YX ¥y 20



Calibration:
Write your parset file

solvecal.parset

Strategy.ChunkSize = 0
Strategy.Steps = [solve,correct]

Step.solve.Operation = SOLVE
Step.solve.Model.Sources = [3¢48]
Step.solve.Model.Gain.Enable = T
Step.solve.Model.Beam.Enable = T
Step.solve.Solve.Parms = ["Gain:0:0:*","Gain:1:1:*"]
Step.solve.Solve.CellSize.Freq = 0
Step.solve.Solve.CellSize.Time = 1
Step.solve.Solve.CellChunkSize = 10
Step.solve.Solve.Options.MaxIter = 50
Step.solve.Solve.Options.EpsValue = 1e-9
Step.solve.Solve.Options.EpsDerivative = 1e-9
Step.solve.Solve.Options.ColFactor = 1e-9
Step.solve.Solve.Options.LMFactor = 1.0
Step.solve.Solve.Options.BalancedEqgs = F

Step.solve.Solve.Options.UseSVD = T —

Step.correct.Operation = CORRECT
Step.correct.Model.Gain.Enable = T
Step.correct.Model.Beam.Enable = T
Step.correct.Model.Sources = [3c48]
Step.correct.Output.Column = CORRECTED_DATA

ASTRON

read entire MS into memory (By default BBS reads in the DATA column)

The source you want to solve for

Correct for the beam

Solve for xx,yy (not xy,yx), * means amplitude and phase
Number of channels to solve for (0=all)

Number of timeslots to solve for (1=solve for every timestamp)
Number of solution cells to simultaneously process

These are the default values that determine the stop criteria — see wiki
for details

Apply beam

Zamiast BBS mozliwe tez uzycie DPPP



Calibration:
Run BBS: extract solution from the Calibrator AST({ON

Type:
" calibrate-stand-alone mycalibrator.MS myparset mycalibrator_Skymodel ”

The solution is written in mycalibrator.MS/instrument

It could (must) be visualized and investigating with parmdbplot by typing:
“parmdbplot.py mycalibrator.MS/instrument”

| ® 00 N\ cal_averaged.MS/instrument

Gain:0:0:CS001HBAO -
Gain:0:0:CS001HBA1 :I
Gain:0:0:CS002HBAO
Gain:0:0:CS002HBAL
Gain:0:0:CS003HBAD
Gain:0:0:CS003HBA1

Gain:0:0:CS004HBAO
Gain:0:0:CS004HBAL
Gain:0:0:CS005HBAOD
Gain:0:0:CS005HBA1
Gain:0:0:CS006HBAD

Gain:0:0:CS006HBAL ;I
RainnMrcnnTUDAN
I Use resolution | 1953.125 Hz | 0.601 s

Plot I Close figures | 22




X & Figure 1 <@lce019s [RR ]

[Frequency [~] [0 [5] ®iLegend! [ Polar [ ] Unwrap phase Phase reference

X & parmdbplot.py <@lce019>

— Gain:0:0:CS003HBAL

Gain:0:0:CSO001HBAD
Gain:0:0:CS001HBAL
Gain:0:0:CS002HBAO
Gain:0:0:CS002HBAL
Gain:0:0:CS003HBAD
Gain:0:0:CS003HBAL
Gain:0:0:CS004HBAD
Gain:0:0:CS004HBAL
Gain:0:0:CS005HBAO
Gain:0:0:CS005HBAL1
Gain:0:0:CS006HBAD =
Gain:0:0:CS006HBA1 =
|Zain:n:n.CcEANTUDAN

1953.125000 | Hz | 36.050043 | s

J { Close figures ]

P00+« BAE

X o/ Figure 2 <@lce019s @ oW K o Figure 3 <@lce019= [ORE
[Frequency [~] [0 [2] Silegend! [® Polar (] Unwrap phase [Gain:0:0:CS001HBAD |~| Phase reference [Frequency [~| [0 [2] ® Legend X Polar (] Unwrap phase [Gain:0:0:CS001HBAD | ~| Phase reference

_1 ———
— Gain:0:0:C5302HBAD — Gain:0:0:RS4DEHBA

DO °|,§, 'fl & a ¥=201.395  y=0.0052675 20 °| + ',| &8 ¥=205.256  y=0.0147484

parmdbplot - like uvplot in AIPS



Amplitude solutions — should be ~constant

CSO0THBAD CSOOIHBAL CSOUZHBAD CSOOZHBAL CSMI3HBAD CSOOIHBAL CHOMHBAD

0ol |- i L 1 L 4 L ] L B L B = 4
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Phase solutions
typically worse solutions for remote stations

CSOOTHBAD CSO0IHBA CSO0ZHBAD CSO0ZHBA CSO0IHBAD CSOOIHBAL CSOMHBAD
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Calibration:

Run BBS: Transfert the solution to the Target ASTRON

« We need to make the solutions time-independent to transfer

the gains to the target field. So type:

“Parmexportcal in=mycalibrator.MS/instrument out=mysol”

« Apply gain solutions to target field by doing a correct step in BBS:

“calibrate-stand-alone --parmdb mysol mytarget.MS transfersolns.parset

transfersolns.parset:

Strategy.ChunkSize = 0
Strategy.Steps = [correct]

Step.correct.Operation = CORRECT
Step.correct.Model.Sources = []
Step.correct.Model.Gain.Enable = T
Step.correct.Model.Beam.Enable = F
Step.correct.Output.Column = CORRECTED_AMP

14 4

NOTE: do NOT apply the
beam in this correct step.
We only want to apply the
beam at the last correct step
before imaging!



Calibration:
Run BBS: Phase calibration on the Target ASTRON

Get a skymodel for the target field

Run msoverview to get the co-ordinates of the pointing
centre (RA=01:02:21.73, Dec=+31:27:36.0)

Get the GSM skymodel for this field using gsm.py

> gsm.py -h
> gsm gsm.py targetfield.skymodel 15.59 31.46 3 1
Sky model stored in source table: targetfield.skymodel

> more targetfield.skymodel

mahony@lof@13:/data/scratch/mahony/tutorial_t2$ more targetfield.skymodel
FORMAT = Name, Type, Ra, Dec, I, Q, U, V, ReferenceFrequency='60e6', Spectrallndex='[0.8]', MajorAxis, MinorAxis, Orientation

# the next lines define the sources

0049.0+3220, POINT, 00:49:01.94880000, +32.20.23.20800000, 2.8587, , , , , [-0. 5724 -0.1103]
0050.2+3229, POINT, 00:50:17.520960000, +32.29.14.38800000, 2,.7945, , , , , [-0.657, -0.1036])
2050.9+3050, POINT, 00:50:56.46000000, +30.50.03.58800000, 1.2646, , , , , [-0. 7373 -9.1638]

0053.7+2925, GAUSSIAN, 00:53:44.60880000, +29.25.10.88400000, 5.0451, , , , , [-0.7525, 0.0181], 49.7, 35.0, 165.7
0053.8+3114, GAUSSIAN, 0@:53:49,51920000, +31.14.48,.91200000, 8.7384, , , , , [-0.8641], 43.4, 40.3, 32.8
0054.1+3203, POINT, 00:54:09.52080000, +32.03.43.99200000, 1.3, , , , , [-0.7

]
0054.1+3101, POINT, 00:54:09.95040000, +31.01.59.41200000, 1.2422, , 0.
0054.2+3201, POINT, 00:54:17.53020000, +32.01.06.88800000, 3.4466, , 0.6143])
9054.3+3353, POINT, 00:54:22.03520000, +33.53.36.09600000, 2.0607, , 0.4791, -0.1043]
0054.6+3219, POINT, 00:54:41.88000000, +32.19.04.58400000, 1.1784, , 0.6299, -0.1301]
0057.7+3021, GAUSSIAN, 00:57:46.60080000, +30.21.34.59600000, 4.25, , , , , [-0.7], 105.0, 52.7, 136.7
0058.0+3121, POINT, 00:58:05.69040000, +31.21.13.60800000, 2.8847, , , , , [-0.0435, -0.3402]

5142, -0.2463]

[
[-
[~
-

'
'
'
'



Calibration:

Run BBS: Phase calibration on the Target

solve_phaseonly.parset

Strategy.IngutColumn = CORRECTED_AMP # define input column
Strategy.ChunkSize = 500
Strategy.Steps = [solve, correct]

Step.solve.Operation = SOLVE

Step.solve.Model.Sources = [] #solves for all sources in skymodel
Step.solve.Model.Cache.Enable = T
Step.solve.Model.Phasors.Enable = T

Step.solve.Model.Gain.Enable = T

Step.solve.Model.Beam.Enable = T
Step.solve.Model.Beam.UseChannelFreq = F

Step.solve.Solve.Mode = COMPLEX #use COMPLEX not PHASE
Step.solve.Solve.Parms = ["Gain:0:0:Phase:*", "Gain:1:1:Phase:*"]
Step.solve.Solve.CellSize.Freq = 0

Step.solve.Solve.CellSize.Time = 1

Step.solve.Solve.CellChunkSize = 40
Step.solve.Solve.PropagateSolutions = F  #don't use previous
Step.solve.Solve.Options.MaxIter = 50 solution as starting guess
Step.solve.Solve.Options.EpsValue = 1e-9
Step.solve.Solve.Options.EpsDerivative = 1e-9
Step.solve.Solve.Options.ColFactor = 1e-9
Step.solve.Solve.Options.LMFactor = 1.0
Step.solve.Solve.Options.BalancedEqgs = F
Step.solve.Solve.Options.UseSVD =T

ASTRON

Step.correct.Operation = CORRECT
Step.correct.Model.Sources = []
Step.correct.Model.Phasors.Enable =T
Step.correct.Model.Gain.Enable =T
Step.correct.Model.Beam.Enable =T

Step.correct.Model.Beam.UseChannelFreq = F
Step.correct.Output.Column = CORRECTED_DATA

UseChannelFreq - this option
needs to be set to True when
using datasets where multiple
subbands have been combined.
(this corrects for how the beam
changes with frequency).



Calibration:
Run BBS: Phase calibration on the Target

Run BBS:

> calibrate-stand-alone -f target_averaged.MS/ solve_phaseonly.parset

targetfield.skymodel > phasecal.log &

Inspect solutions:
> parmdbplot.py target_averaged.MS/instrument/ &

806 |\ target_averaged.MS/instrument: Figure 2

| |Frequency =] [0 = I” Legend ¥ Polar I Unwrap phase [ Block y-axis I Use points I~ Values on x-axis

| Phase reference: m Phase sum: |+Gain:0.0 CS004HBAD j
|
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DATA DISPLAYS(5) — Amplitude vs Phase

Amp vs. Phase Amp vs. Phase Field: J0136+4751

T T T T [ T T T T [ T T T T[T T 17T T T T 7T T T T 7T T T T 7T T
[ I I I [ I I

-40 -30 -20 -10 -150 -100 -50

Po opracowaniu poprawnej strategii kalibracji zautomatyzuj zadania



3. Dekonwolucja i| obrazowanie

calibrator
source model
- R

Done ?mmﬂ

parameters

=
temporary
UV storage

I
:
!
i
Correlator 1 Parmegportcal
B
i
I
I
S

We are at this
step now

lim= FFT V;
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Brudna i czysta mapa — AWIMAGER (obecnie czeSciej wsclean)

Required:
1 subband amplitude and phase calibrated from Target

1 parset like:
ms=mytarget.MS

image=myImage

weight=Dbriggs define the size of the image:
robust=0 in this case FOV=5°
npix=3600

cellsize=5arcsec

data=CORRECTED_DATA

padding=1.18

niter=2000 define cleaning operation
stokes=1I

operation=mfclark

timewindow=300

UVmin=0.1 define used baselines
UVmax=10

wmax=20000

: Robust weighting
fits= 90" restoring beam

4 MHz bandwidth

threshold=0.01]y 20 mly/beam rms




Uzycie ,,maski” — pybdsm-+awimager
(Manipulacje na modelach LSMTool)

Type: pybdsm: the inp process_image

filename .. ' ': Input image file name
adaptive_rms_box ..... False : Use adaptive rms_box when determining rms and mean maps
advanced_opEsS . .i«.«sens False : Show advanced options
QEPOUS A0 Vil s ate siileiols False : Decompose Gaussian residual image into multiple scales
DO s o o tiole ven oo g iein e None : FWHM of restoring beam. Specify as (maj, min, pos ang E of N) in degrees. E.g.,
beam = (0.06, 0.02, 13.3). None => get from header
flagging opts . ...... False : Show options for Gaussian flagging
TPOOUENCY, . vsids oinannia None : Frequency in Hz of input image. E.g., frequency = 74e6. None => get from header.
TnteractiVe) q.ives s s : Use interactive mode
mean_map .......... 'default': Background mean map: 'default' => calc whether to use or not, 'zero' => @, 'const'
=> clipped mean, 'map' => use 2-D map
multichan_opts ....... F Original (ch0) Image Islands (hatched boundaries) and
BRTPUEOpER o A (arbitrary logarithmic scale) Gaussians
polarisation_do ...... F : ] ’
psf_vary_do .......... F 1000 1000
PIS DOX: 3 s s s s in e it ais
E.g., rms_box = (40, 10) ana 00
B INCD;  e etels s el o e r e tabary
calculate inside program _
shapelet_do .....ossshs F ©00 600 g
spectralindex_do ..... F
% g i
detection rate algorithm 400 400
thrashol S1 i an eslah e e
extent of island used fo
200 200

thresh_pix .............
the mean. If false detec

Then GO 0 200 400 600 800 1000 0 200 300 600 800 1000



Flag bad solutions with DPPP

Selfcalibration

How to do:
Define cycle like:
Phase Calibration/flagging
Imaging
Source extraction (sky model generation)

Increasing at each cycle the image resolution

Try different cleaning methods



Results on Perseus cluster:

ASTRON

GSM calibration Self-calibration

FPerseus_40arcsec_lterB.restored.corr

.l (QI'T | ~m

J2000 Right Ascension J2000 Right Ascensicon




How Deep to Clean?

Over-cleaned

»

Residual sidelobes
dominate the noise

Emission from
second source sits
atop a negative "bowl"

Regions within
clean boxes
appear "mottled"

Properlv cleaned

Background is thermal
noise-dominated;
no "bowls" around
sources.




Bad weighting of a few (u,v) points

After a long search through the
data, about 30 points out of
300,000 points were found to
have too high of a weight
by a factor of 100.

Effect is <1% in image.

Cause??

Sometimes in applying calibration
produced an incorrect weight
in the data. Not present in
the original data.

These problems can sneak up
on you. Beware.




v
SNR G55.7+3.4 Algorithm Choices Sy MEileah
1256, 1384, 1648, 1776 MHz




MS-Clean +
W-Projection




MS-MFS +
W-Projection +




Very high DR LOFAR image of 3C196 field Pandey

LOFAR 3C196 4x8h 4x55 MHz 45" PSF Dec 2012
+54° _ o T 'S = —2.00
4x8h nights _
52°
12o9%12° {150
50" PSF
+50°
=
8
80 Jy peak z {1.00
80 uJy noise §
->DR  10%: 1 3
+46°
0.50
Note here how bad o
the off-axis sources
appear due to 0.00
varying station .
beams ghqs™ ghaom gh15m 8h00™ 7hq5m

Right Ascension (J2000)
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