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Have you got;

* CASA installed and working
- https://www.jb.man.ac.uk/DARA/ERIS22/index.html

» Data downloaded into an area with 20 G space

- Start with
ERIS22 calibration tutorial.tar.gz



Summary

 Hands-on Introduction to Interferometric Data will cover
iInspecting the data and flagging (removing) bad data

* The first part of this talk summarises the issues affecting the
route from astronomical radio waves to data on your disk:
- What attacks the data
— Calibration before/during observations (‘on-line')
— What’s in your data
* How to recognise bad data v. data which just needs calibrating
* The second part of the talk and set of tutorials Introduction to
Calibration will cover:
— Deriving corrections from astrophysical standards

« Correcting amplitude and phase v. frequency (delay, bandpass)
 Setting the flux scale
 Correcting amplitude and phase v. time (including phase referencing)



core |lobe
-

Close to AGN: Scintillation

Hazards -

. Above the telescope Lobes Faraday rotation

- Mostly high frequency

* Atmosphere: water

vapour laersld other Galactic CO etc.

- Mostly low frequency

* Propagation through
plasma ’

-----F-P'l--'------&l .

lonospheric refraction/Faraday rotation
Tropospheric refraction/absorption




Hazards

* At the telescope and later

Antenna positions
Pointing, Focus
Efficiency (surface)

Timing and frequency information issues

(station clock, local oscillator...) EITOrS

Atmospheric emission noise
System (electronic) noise (Rx etc.)

Insufficient corrections for
delay tracking

_ Bandpass response | |



Atmospheric errors

* Tropospheric errors: «v

- Absorption reduces amps ...
- Emission adds noise |

100

» lonospheric errors « 1/v2 £ )

- Phase errors 10

- Rotation of polarisation

2,76 K COSMIC _
BACKGROUND

» Gain-elevation dependence 1 —##Auk 0 T

FREQUENCY, GHz

» Highest and lowest frequencies worst affected



Phase/refractive errors

* Averaging over phase fluctuations causes
decorrelation of amplitudes

- Visibility V = V e'*
e ¢ IN radians

- Lose 2% amplitude for 10° ¢

* Plus absorption effects

e Precision limit to resolution

— Like optical 'seeing'
- Raw data position jitter

* At <1 GHz or >30 GHz atmospheric_u :

SO
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fluctuation time-scales few sec
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* Intermediate frequencies stable for
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Troposphere variability scales

Width of turbulent
layer, W ~ 800m

>
Wind

75 km/hr

~ 21 m/s

fti Y

* |soplanatic patch > single mm/cm antenna Field of View
- (Long wavelengths: FoV may be anisoplanatic)

* Antennas 1, 2, 3 see slightly different disturbances
* Sky above antenna 4 very different, varies independently




Correlation

* Digitise and combine signals in correlator
— Create spectral channels by adding ~msec time lags

- Make parallel (and cross) polarizations

* (another) FT into frequency domain
- Output averaging determines integration time

 Produces complex visibility data V = Voei¢

- Time series of amplitudes & phases per baseline
_9 * per polarization, per spectral channel
Vi (t)

ViP

_ Digital Correlator
Signal Voltage

from Antenna i

Incoming radio waves

Antenna voltage response :
Downconverted to frequency Multiplier X 4’ Integrator O Cij=TSViD(t+T{;')\{jD(t)

where electronics are best

E Digitised and Quantised

Vj (1) vj°
O >

Baudry ALMA newsletter 7




Data description

Amp:corrected

Amp:corrected vs. Time

0.5
J .‘ - .Oz o : .
MI Scan 0 W: Scan 2
] »* [ v %y ® 2
0.4 *
] Scan: observation between - 0
source (or etc.) change Integration: shortest data
0.3 averaging time
Colours show correlations of
] polarisations. Initially, only use NB all
RR, LL, which make up zero-indexed
] Total Intensity
0.1
e 00988 - : ®
5t e [ a0 1 o8 8.0 3
0 0_’ ..U w.. wihod :;.3:':'...‘?."
20:{]'6:00 | 20:07:00 20:G|B:DG 2{):0:3:0{) | I2G:1|ID:D{] | IZID:lIl:GD | I20:1I2:D{] | | 20:1I3:00 | I2{}:1I!-'I:m] |
Amp:corrected vs. Frequency
E-:}.E.—-— 3..; Spyw y 2 spwl Lo Spw 2 spw 3
* ' .. H * ... L N
0 b . . A *P To
E | ot "".,'é "“":*A,g *;..,d*v}m
H 0.4 - se? b [ * e
a
E SPectral Window (frequency interval separated in correlator)
Here, each spw has 64 channels
0.3 ; ' ; ; | ; ; ' ; | ; ; ; ; | ; ; ; ; | ; ; ; ; | ;
4.|80 4.90 5.00 5.10 5.20 5.30 10
Frequency (GHz) GEO




Visibility data: Measurement Set format
MAIN Flags

(Edits are
stored here
first; backup
tables can be

DATA

Original

visibilities
made and

used to

modify)

* Instrumental calibration in tables inside MS

 Calibration derived during data reduction stored in
external tables (similar format)

* Apply calibration to Data table to write Corrected

- Corrected and Model can be re-initialised if you mess up!
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Measurement Set visibility data

> tree jupiterallcal.split.ms

* Directory of
Tables

- MAIN Data

* Binary

visibilities
- Observational

properties
- Metadata

 Similar format for

Images

 Easy to access

 http://casa.nrao.edu/
Memos/229.html

Jjupiterallcal ,split. . m=

|—— ANTEMMA
|— table.dat
|— table.f0
|— table,info
"—— table,lock

—— DATA_DESCREIFTIO

I

I

I

I

I

| |— table.dat
I |—— table.fd

| |— table.info
I "— table,lock
|—— FEEI

| |— table.dat
I |—— table,.fO

I |—— table,fii

| |— table.info
I "—— table,lock
|-—— FIELD

| | — table.dat
I |—— table.fd

I |—— table,fii

| |— table.info
I "—— table,lock
|—— FLAG_CHD

| |— table,.dat
I |—— table.fd

| |— table.info
I "— table,lock
| —— HISTORY

| |— table.dat
I |—— table,.fO

| |— table.info
I "—— table,lock

OBSEEVATION
|— table.dat
|— table.fO
|— table.info
"—— table,lock
FPOIMTING

| — table.dat
|— table.fO
|— table,.f0i
|— table.fl
|— table.info
"—— table,lock
POLARIZATION

| — table.dat
|— table.fO
|— table,.f0i
|— table.info
"—— table,lock
FROCESSOR

| — table.dat
|— table.fO
|— table.info
"— table,lock
SOURCE

|— table.dat
|— table.fO
|— table.f0i
|— table.info
"— table,lock

SPECTEAL_WIMDONL
|— table.dat
|— table.f0
|— table.f0i
|— table.,info
"— table,lock
STATE

|— table.dat
|— table.fO
|— table,info
"—— table,lock
table.dat
table,fO
table.fl
table,.f2
table,f2_TSH1
table.f3
table,.fF3_TSHM1
table,f4
table,.fh
table.fE
table,.fE_TSHO
table,.f¥
table,.f¥_T5SHM1
table.fB
table,fF2_TSH1
table,info
table, lock
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Measurement Set MAIN table

- ITable Browser | = O

Eile Edit View Tools Export Help

= Q /T es . .9

3C277.1Cms (%]
E UVW w FLAG WEIGHT ANTENNAL ANTENNAZ EXPOSURE FIELD ID TIME DATA 4
L 53 [-131860,-138051,851809]  [4,1.. [52,5.. 1 5 7.99 0 1995-04-15-17:14:22.00 JENSRRTO
5 | 68 [-131776,-138090, 8524711 [4,1.. [52,5.. 1 5 7.99 0 1995-04-15-17:14.38#0 [4, 1] Complex
@ 83 [-131692,-138129,853133] [4,1.. [52,5.. 1 5 7.99 0
S
z 98 |[-131609, -138168, 85379.5] [4,1.. [52,5.. 1 5 7.99 0 3C277.1Cms[53, 21] =
£ 113 [[-131525,-138207, 854456]  [4,1.. [52,5.. 1 5 7.99 0 Complex Array of size [ 41 .
i
2 128 [-131441,-138246,855117]  [4.1.. [52,5.. 1 5 7.99 0 0
143 [-131357, -138285, 85577.7]  [4.1.. [52,5.. 1 5 7.99 0
w 0:(-0.164379,-2.63613)
'E 160 (T.1=31273 13932723 gRRAZ 71 ra 1 [E7 & 1 Y T oo (il
% Restore Columns ||Resize Headers 1 (0.446854,0.111045)
[il]
PAGE NAVIGATION ~ First e [1/2111] == Last 1 2/(-0.0716612,0.223381)

3 (-2.49088,-0.869153)

* Some of the columns per visibility
- Data: Complex value for each of 4 correlations
(RR RL LR LL) per spectral channel

 Inspect in CASA browsetable or write to file

- Not usually needed in simple calibration! .



Hands-on

Now go to

Introduction to Interferometric Data
steps 1A,B, 2A

https://www.jb.man.ac.uk/DARA/ERIS22/intro data.html
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System temperature T

* Final amplitudes made up of source, atmosphere &
Instrumental contributions

( 1— e'catm/cosz)

_ T,/ COS Z
Tsky_ Tsourcee + Tatm
1

Tsys: —Tym TRX+T]A Tsky+(1_nA)Tamb

Na€
Ty Incoming signal at antenna Z zenith distance
T . .. above atmosphere n, antenna efficiency
T, atmospheric opacity T, noise of receiver & signal path
T atmospheric temperature I, @mbient (or cal device) temp

« Measure Ty using a standard signal ('cal device')

* Long wavelengths: fire a noise diode
* (sub-)mm: use a warm (thermal) 'load' (e.g. ALMA ACD)
- Most used in VLBI and high-frequency interferometry

15



I, contributions

atm [ TRx + T'|A ( Tsource etatm/COSZ T Tatm ( 1 o eratmlcosz) ) t ( 1 o nA) Tamb

3
source

T above atmosphere

Tsys: l—T
Nyt

source :
T__atmospheric opacity py. £ ALMA
T atmospheric temperature \_ am} antenna
z  zenith distance ' "

n, antenna efficiency

T, Receiver/signal path
noise

Sy 1

T . ambient (or cal device) L

am

temperature




System temperature measurement

« Typical Tsys 10 - 100 K @ 1 to ~200 GHz

- Few 100 K at lower/higher frequencies
* Bright (Jy) sources can raise Tsys significantly
* Noise is increased for observing at low elevation (large z)

« Can provide time- and freg-dependent amp corrections
for atmosphere, gain-el, bright souces

- Use to estimate System Equivalent Flux Density
- SEFD (Jy) = Tsys/K
 where K = np Aefr/2 kg (Kelvin per Jy)
— Can be used to scale correlator units to Jy
» NB this sort of Tsys measurement not always needed

— Can estimate SEFD ‘backwards’ from observed noise in images
17



More instrumental calibration

* Usually applied by observatory - can go wrong
* Bulk delay tracking

- Calculated from elevation and atmospheric model
- Phase tones (cm) can be used to align antenna signals

 Antennas: receiver/subreflector

- Focus

- Pointing and tracking
* Error: 'scalloped' amps
- Antenna position errors

Tracking errors

* Direction-dependent delay errors . ..— =

Time (from 2016/04/2

0) (hh:mm:ss)

* Cannot transfer phase-ref corrections accurately to target
— Can update positions in early processing stages

- Mitigated near field centre by self-cal
18



Calibration using astrophysical sources

» A typical observation includes at least the following:

— Science target source(s)

— Bandpass calibration source
« Strong enough to be seen in a single channel

— Phase reference calibrator close on sky to target
 Bright enough to give good S/N in each scan

— Flux scale calibrator of known flux density

* A calibrator: may be used in more than one role

- Needs accurate position, compact structure (or good model).

« Calibration software compares the visibilities for a
source with a model and calculates corrections to
bring the observed visibilities closer to the model

19



Primary beam -

el e dn m|n/30 s short/long B & IoW/hlg

~+ Apply same corrections to target

Phase referencmg

Phase ref e Observe phase- ref source cIose to target

G '_ ShosTEee L PhintLlike ol with a good modeI
ﬁ"_ o Ly | - CIose enough to see same atmosphere |
' Target Fe DNt 0 16 degrees (rsoplﬁanatlc patch) -

1 _';-'(!':" o
r-l‘i'e_-l -

'- / "Brlght enough to get good NR qurcker A
than atmosphenc timescalet

= Nod on surtable timescale e.g. 5: 0.5 min Sk¥ a"T;OSt
ERERI R B not quite
~+ Derive time- dependent corrections to . JEETNNPNNN

make phase-ref data match model

- Correct amplitudes similarly

Self- callbratron uses srmllar prlnC|pIes Beveen sources.. 24
| ’-;—- R . 20




Response to point source

(l) o PO i nt S O u rC e at e Amp:corrected vs. Time Baseline: Mk2@Mk2 & Pi@Pi_11237m
/ phase Centre, nO os]—Amplitudes. scale ‘:

Cr s il

errors.

- Amplitudes
constant with time ™

at source flux

grees)

de nsity e e e oe | i e e
- Phases consta nt, O° Single (short) baseline

° R eal ra W da ta : Amp vs. Time Baseline: Mk2@Mk2 & Pi@Pi_11237m

) i - Amplitudes scaled
/ )\ in correlator counts "
EI{BL____ and corrupted by [ e Mg

Tlb [T atmosphere & I e
electronics

-150

S

6:00: 19:00:00 12'00 00 15:00:00 18:00:00
Average Time (from 2019/08/02) (hh:mm:ss)

c - Phases also
£l3 corrupted

* NB Assumptions: single v, some basic instrumental calibration applied.




Complex source
(1) (2)

Amp:co : ted vs. Time Baseline: Mk2@Mk2 & Pi @P 11237m _
- # 3 nc—f
- ® - ! F ]
ore lobe oo -‘ -
g P~ 3 g
g E' 1
§ 0. T 0
i 2
5 50 -
0. 2 ]
00
71505
r ]
1 ¥ _
1 I 09:00:00 12:00:00 15:00:00 18:00:
1 ] A age Time (from 2019/08/02) (hh:mm:ss)
1 I
- § e e agey s
- : Corrected visibilities, complex source
1
1 r ~
] ( “' \ Amp vs. Time Baseline: Mk2@Mk2 & Pi@Pi_11237m
- ~
' \
- __—_1““'“-& « 3 g
1
[
0

\ \) fﬁ" ,ﬁ&

c c Uncorrected V|S|b|I|t|es
U k'3

Extended source: emission from different parts arrives with
different phases; correlated signal is sum of all. 22

77777




Phase correction

Raw visibilities Corrected visibilities

=1 Phase calibrator .. corrections 2s{—Amplitudes scale

Amp
=

Amp vs. Time Baseline: Mk2@Mk2 & Pi@Pi_11237m | Amp:corrected vs. Time Baseline: Mk2@Mk2 & Pi@Pi_11237m

= Derive

- .| to make m m R m

. i i
¢ .. phase 5
. aes 0 " g ; . 9 r
T m i . calibrator ;
h . ] - - age, = 0.
ol peall | - visibilities
=, match point- |* |
L — gource N
D?A?’i?_oage T??n?(ofolom 21(2).28?(;)8[02)15(.|(:$|.:0|(:|m:551;3.00.00 AL 00:00:00 03:00:00 05;)‘;);0:;ge T(;:;Og{)::]f{)mm zlé::g}i)c(:sjoz)llﬁ;‘ﬂr(::(:f‘m:551)8:00:00 21:00:00

model

Amp vs. Time Baseline: Mk2@Mk2 & Pi@Pi_11237m Amp corrected vs. Time Baseline: Mk2@Mk2 & Pl@Pl 11237m

= Apply

= corrections \ f
Al | i~ totarget o g
\ ;“ L. visibilities o

Ph (degrees)

-150

06:00:00 99100:00 12:00:00 15:00:00 18:00:00 21:00: 00:00:00 03:00:00 06:00:00 09:00:00 12:00:00 15:00:00 18:00:00
Average Time (from 2019/08/02) (hh:mm:ss) Average Time (from 2019/08/02) (hh:mm:ss)

Raw visibility phases look similar - high phase rate
Correct those, and true, distinct structures emerge

23



lobe

-

(2)

Aperture synthesis

(3)

Uunit vector In

B

direction of
source

& cT=8§b
&\ geometric

. delay

 Earth rotation

samples target at
different projections

But signal path
length also changes

- “delayed” by <
over extra path
length 6 = ct

Must be corrected
so phase is retained
as if signals arrive
“In time” at all
telescopes

24



Quality of visibilities on long baseline

Amp vs. Time Baseline: Mk2Z@Mk2 & Cm@Cm_197828m ° TWO d O u btfu | re g i O n S
* A a few bad integrations

e W, . - Still there after calibration

-100

Phase calibrator — raw amps

fffff B Noisy phase, very low amps

e P tgn v o Seibons om0 — But well corrected!?!
o [ "’"‘f) -~ Target similar

50‘: Amp vs. Time Baseline: Mk2Z@Mk2 & Cm@Cm_197828m
00 —
" ]
! -150 |
Bl B
6:00:00 09:00:00 12:0000  15:00:00 18:00:00 21:00:00 Irar g n
Average Time (from 2019/08/02) (hh:mm:ss) 1 g
4 o
<! Target i
— @
Amp:corrected vs. Time Baseline: Mk2@Mk2 & Cm@Cm_197828n Amp:corrected vs. Time arge raW g
Phase calibrator — correcte LA
. P Ty . M ; m -150
S i S ] R, i
§ & :00:! :00: :00: :00:! 12:00:00 15:00:00 I 15:0‘0:00 I 21 ‘
= S Average Time (from 2019/08/02) (hh:mm:ss)
D 1}

i T g Resolved target
B £ g, M arget — correcte Higher phase rate

-150

M% mﬁMm’ NM lower amps on

long baseline -

Of :00:00 12:00:00 15:00:00 18:00: :00: . 18:00:
rage Time (from 2019/08/02) (hh:mm:ss) Time ( rom 2 ) ( mm.ss)



:00:00

200

150 o

=
=1
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S
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Frequency (GHz) GEO
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Delay errors

* Phase ref. plot phase against time, average every 3 hr
* Regular slopes, one chunk very high delay rate
- Averaging channels decorrelates amplitudes

Average Time (from 2019/08/02) (hh:mm:ss)

03:00:00

/

06:00:00 09:00:00

],
[/

/
/

/

/

Frequency (GHz) GEO

12:°°:°°_Delay Jun.].a:OO:OO )

.

18:00:00
A

Vad

A
1
ooooo ] /

¢ . ¢
ooooooo

I ;

T T T T T T T T T T T T T T
3 510 520 530 g 5.00 510 520 530 480 490 500 510 520 530 480 490 500 510 520
Frequency (GHz) G Fr HZ) GEO Frequency (GHz) GEO Frequency (GHz) GEO Frequency (GHz) GEO

21:00:00

T
5.30

Amp vs. Time Baseline: Mkwlg | Amp:corrected vs. Time Baseline: Mk2@Mk2 & Cm@Cm_197828n

=1 Correct delay

w{ Allows . L .

’ (. averaging g WA EIRERY. s -ﬂu
2, HEDWAFS B ¢ .| across g,
H A Wi/ L TN i wf) g _50_; spw without ;fo _ g

w] Supressing Apply delay and bandpass
w .1 amplitudes "1 correction before flagging phase-ref| ...




Hands-on

Now go to

Introduction to Interferometric Data
steps 2B,C,D,E

https://www.jb.man.ac.uk/DARA/ERIS22/intro data.html
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Amp:corrected vs. Time

35 7]
30 —
0319+3130 Bandpass calibrator
25 —
=)
& .
Ob trat
: serving strategy
[ ¥)
g 15 -
£
<
10 - ]
1331+3030 Flux scale calibrator
- - -
5 —]
0 B T T T L S L
21:00:00 24:00:00 27:00; 30:00:00 33:00:00 - 39:00:00 42:00:00 45:00:00 48:00:00
Average Time (from 2019/0
0.6 - ottt .n-.... P ) -.-# - — whoun, I —
i [ ggat e 'l'-I',“- -.-l.. -
- e iy "y o o oy - oo e o o o * o il L L
0 0.4 - )
H
A Target
=]
3 0.2 _
£ Phase calibrator
q -
0.0+, | ' ' | ' ' | ' ' | ' ' | ' ' | ' ' | ' | ' |
29:10:00 29:20:00 29:30:00 29:40:00 29:50:00 30:00:00 30:10:00 30:20:00 30:30:00

Average Time (from 2019/08/01) (hh:mm:ss) 29



Calibration strategy

« Compare observed visibilities with model

— Visibilities are per-baseline but most problems are per-antenna

 Best fit solution derived using least-squares fit for each antenna

- Better S/N as n(solints) are factored over N antennas, not N(N-1)/2
baselines

« Good solutions need Signal to Noise ratio S/N 6.,t/S calsource=3

— per calibration interval &t, per antenna, per frequency interval 6v
(typically spw), per Rx polarization

N(N—-1)/2 |At
Gant<6t’6v) ~ O-array\/ (N—.?)) \/6thprpol

* Ogarray IS NOISE rms estimated from T, or measured from image

- for all N antennas, N, polarizations (e.g. RR+LL, total intensity), N,
spectral windows (also called IFs)

*N-3 because there are 3 degrees of freedom for N antennas (N-1 baselines per
antenna; origin of phase, refant).



Phase
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Calibration averaging

Usually have to average data in time and/or frequency in order
to get enough S/N per solution interval

- Average all channels per spw for time-dependent calibration
- Average all time on bandpass cal for bandpass calibration

But.... averaging over large phase changes decorrelates

— Do not average over interval where phase change d¢ >n/4

- Keep polarizations and spectral windows separate if possible (until
any phase offsets have been removed)

Bandpass first or time-dependent calibration first?

- Delay first! Fitting first derivative to phase v. freq. uses entire spw.
* S0 a short time-average still gives enough S/N

- If not possible, average central ~25% channels

Applying the delay correction allows spw averaging for
subsequent time-dependent calibration
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Delay errors

* Signals from off-centre source reach
telescopes T1, T2 slightly out of phase

- Corrections during signal transport:
* Bulk delay due to atmosphere/elevation
* Geometric delay &

Source

- ~Equal travel-time from T1 and T2 to
correlator preserves astrophysical phase

- 1 wavelength extra effective path length
= 360° (2mr) turn of phase

* Causes of delay error include:
- Generalised atmospheric model
- Signal path/electronics

To correlator

- Timing errors }constant

— Antenna position error fin time
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3C295
arcsec

resolution F|UX Scale

Standard' radio galaxies ~constant flux at longer A

— e.g. 3C286 e-MERLIN (cm), 3C295 LOFAR (m)
 Originally defined wrt. Mars, NGC 7027, Cas A

— These extended, stable sources are resolved-out by VLBI
« Compact QSO variable; monitor wrt. standards

— Extended, stable sources too faint at mm wavelengths
« Use well-modelled planets/moons at low resolution
e Monitor mm-bright compact QSO wrt Neptune/Uranus

« Set flux of standard as model.
— Phase-ref has nominal model flux of 1 Jy
« Calibrate raw amps against model
— Use standard scaling factor to derive phase-ref flux density
— Set as model, re-derive amplitude calibration for phase-ref
— This table contains correction to apply to target
« Typical accuracy 5-10%
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Hands-on

(after Introduction to Interferometry - inspection, flagging)
Prepare for calibration:
Set model for flux calibrator
Decide solution (averaging) interval for initial calibration
see web page

Introduction to Calibration

(sections 1, 2A; steps 11,12)
https://www.jb.man.ac.uk/DARA/ERIS22/calibration.html
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Simple calibration with astrophysical sources
Example workflow assuming all calibrators are points

* Delay calibration K to allow channel-averaging of BP cal
0. Usually stable in time, can be extrapolated if necessary

* Bandpass calibration - bright as possible source
1. Time-dependent phase & amp calibration (applying K) G1

2. Apply calibration (K, G1), average all time for freq. dependent
phase and amplitude calibration, i.e. bandpass calibration Bl

- also residual delay correction for all calibrators

* Phase-reference - fairly bright source near target
3. Apply K, B1 in time-dependent phase calibration G2a
averaging all channels, shortest 6t for enough S/N
- Also include flux scale calibrator
- Table G2b is the same but per-scan solint for interpolation
4. Apply K, B1, G2a and perform time-dependent amp. cal. Gflux
— Derive phase ref flux, set and repeat G3

5. Apply K, B1, G2b, G3 to target



Delay calibration

Biggest errors due to instrumental timing errors

— Usually stable for hours or more
— Averaging across phase errors makes amps decorrelate

=] Amp vs. Time Amp vs, Time
O T T O O A | Bfores v
1 . . . - . . % . - - " B . H . m.n1s e e
_ 1 . . . - . - . . . : . . "-"‘ "‘-u'.,_f-r.n.-
g i e - " e R e
é_" 0 . ; M..-I"__:::"".;_:‘. --.-..-n...,.,
] Delay errors (only one polari zation RR, s ssmnm e ocans s o e o e
_1is badly affected: LL has a small slope) One channel All channels
; (noisier but averaged
22.I23 o I2:2.|:232I I I22. |234' I I:22. |23!3I | I:22.I:238I o 22.I24 o I2:2. I:242I I I22. |24¢'|-I | I:22. |24-!3I | St ro n g e r) ( W e a ke r)

Frequency (GHz)

~16 turns of phase in 16 MHz = 2x per MHz

 1/1IMHz = 1lus delay correction needed
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Delay correction

* Phase across 2 GHz undergoes ~3 full turns in 1 GHz

- Delay error 3/10°= 3 ns
Data: delay error on cal-uid __ A002 X1d54al X174 del.K 200

- I I I I I I - =
one antenna % 4 * K calibration table i Ll o
_ . ,: = 150
150 — - 0= o * 7
] & -2 : plonas -
1wo- ¥ a 4L | | | | | | | 100 -| fopmeetiiens * 7
7 1020001040001 060001080001100001 12000
] . Frequency (MHz)
o] cal-uid  A002 X1a343 N der.k
— I I I I
i g [ -3ns corrections for
— =
Z or dodgy antenna
m —2 —
. T 4 [ o LA
-30 ] & | | I | |
0400010600010500011000011L 2000
100 -] P uency (MHz)
107 cal-uid__A002 xldgzlall"xl?ai del.K
] -'G a I I I I I
-150 - & i
- g2 2 Correctlons ~0 for all it
L & L&l [ .
. & -2 | other antennas 1 @R RTES
) T T T q" —lq. — -
I T I I ] I | | I | | 100 102
100 102 Frequency
Frequency 1020001040001 060001080001100001 12000

Two spw. Each baseline is shown in a different colour
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Gain Phase (deg)

180

Data

G1 calibration table

""" ; Bandpass cal. source  [wir
" Preliminary K delay LR
1 wil " calibration applied |. .
1% ’I':! "
IHIIII
A
] l|':'
W AN
3_06:40 If.'lii:ﬁlllll:[)[)I Illfl:1|3:20I I1‘3:1’31|640I I2_r:1:2|CI:DOI 1q8) E
Time .

« B#R. Average channels,

ol FED compare with point

o %™ model, derive time-

0t dependent

N corrections (per
el % antenna)
=150 mo l | |

06:00:00.0 12:00:00.0 18:00:000 00:00:00.0
Time

— i!!ﬂl""!'liz

. ‘I'El "'
5 ||§Enr. I|=

Al

First time-
dependent
phase
correction

Corrected

Bandpass cal with
first time-dependent

phase corrections lll !i!
G1 applied. {eHig

NB different y-axis
Scale

25:20:00
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Hands-on

(after Introduction to Interferometry, setting flux scale,
Inspection)
Bandpass calibrator pre-calibration
see web-page

Introduction to Calibration

(section 2B; step 13)
https://www.jb.man.ac.uk/DARA/ERIS22/calibration.html
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Hands-on

(after Introduction to Interferometry, setting flux scale,
inspection, BP cal pre-calibration)
Bandpass calibration
Residual delay calibration
Apply to check and decide phase-cal solution interval
see web-page

Introduction to Calibration

(sections 2C, 3A; steps 14,15,16)
https://www.jb.man.ac.uk/DARA/ERIS22/calibration.html

42



0.056 4

l Phase ref. source 'raw’ arr.1ps Ph d Se-ref

{
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0.056 4

" l Phase ref. source ‘'raw' amps Ph d Se-ref
; ill!i Data I,l "i amp & 0, hase
). i' "i calibration
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Ampllltlude

S Apply tables K, B1 1
£ & Average all chans, I |
' i I - i o
% phase comections Go. |/ Aoply BL K G2 and G3 to the
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Source structure in uv plane

12000 Declination
J2A0 Daellinatlan

074

Extended source: more flux on :

i short baselines ..
= T | v
= O s m
H E‘ 0.3
Q0 = 5
(£ Q_ i %3 0.2—: . .
S € | .1 Point source: same flux density
© -+ on all baselines (within errors)

UVDist L

Baseline length in wavelengths (uv distance) 45



Hands-on

(after Introduction to Interferometry, frequency-dependent
calibration including bandpass and delay)
Derive phase calibrator calibration solutions
see web-page

Introduction to Calibration

(sections 4A, B, 5; steps 17,18,19)
https://www.jb.man.ac.uk/DARA/ERIS22/calibration.html
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Short solint phase-ref phase solutions

Gain Phase (deg) Gain Phase (deg) Gain Phase (deg) Gain Phase (deg)

I 1
e i e

i

=

1
[REREY |

=i

=i

[ % L 1 P [ 1
o s T T T T ]

(9 Lo 1 R P [ [
oL [ L
T T T T T

oL Lo

(%) Lome 1 R W s 1)

e o

o o o T T

Wrap Bad - Bad -
OK RXCJ2341.split.pl NOISY 1a='DA45' n0|sy7

o::r.% ;Ebcﬁ 59% %g'q: ﬁ e exactl O

. 8 . '.‘%1“ F%;: ‘pass falled%

20:-32:38.3 20-38:24.0 20:-44:09.5 EI:I 49 55.1 20- 55 4".} 7
Time

_ Steep slope - don’t average too much

%a%"ﬁ%j@@a%”%&&@%ﬂ
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Time
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N 1 I I I I |
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Time

Noise scatter between solutions - could average more —
as)

o B £ m%ﬂu % Re, E’EG

J

1
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Amp solutions

Gain Amplitude  Gain Amplitude  Gain Amplitude

Gain Amplitude

O pgd L B n O g W B 120 = ) bid B

O g W P

Noisy, anomalously high (implies _Missing as
__ data are weak or phase solutions bad) ~ na='DA4Ssolutions
i : a6 failed . :
| 8 o 8n ]
- ° g ®06 8 g °e° " 80 8 -
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i 8
- 2@ =L i.. Bgg 20 I a0 a0 g®l 1
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[ oe o0 a0g g0 ® oo 040 e eg® %0y,
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. o9 oo a0y 200 o0 20 o8 200 efomg
20:31::33.3 ED:3E;:24.L'I 20:44':{:9.5 20:455;:55.1 20:55::4{:.?
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Calibration notes

* Always inspect the calibration solutions

- If they look like random noise they won't do any good!
* Look at the data - try a different averaging interval?

* Have you applied necessary prior calibration?

* Are there bad data?
- You can always delete or clear calibration and try again

 Check for source resolution

— Look at visibilities v. uv distance &/or image calibrators if
you are not sure they are point-like

* Build up model by cycles of imaging and calibration if a
calibrator is resolved

* See later tutorials for advanced calibration
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Hands-on

(after Introduction to Interferometry, frequency-dependent
calibration including bandpass and delay, time dependent
calibration of phase calibrator)

Apply calibration solutions
Split out target and inspect data
see web-page

Introduction to Calibration

(section 6; steps 20,21)
https://www.jb.man.ac.uk/DARA/ERIS22/calibration.html
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Accuracy, references etc.

No phase—reference calibration

Anita Richards
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Error recognition from images
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Phase transfer accuracy

* Phase-ref : target anqular
separation

— Calibrator phase change; -
dQstm~T per ~30 min

- d@atm/scan=T1/(30/2.5)

ed (degrees)

Phase:correc

=15° between scans wl

Phase calibrator scans 30s
Fast switching (~2.5 min : 0.5 min)

0000000

13 13:40:00 13:43:20 13:46:40 13:50:00
Tlme (from 2014/10/22) (hh:mm:ss )

* Phase-ref: target separation, say de = 2o 120 arcmin

— Convert 0 in degrees to 'R.A.-like' units of time

e (d6/360°) x cos(Dec.)x 24hr ~7.5min of RA at Dec. 20°
- In 7.5 min, d@atm gives d@atm/ang.sep.=M/(30/7.5) =45° phase change

- Atmospheric error v(d@atm/ang.sep.2 +d®@atmyscan?) ~ 47°
» 25% target decorrelation, low dynamic range

- Also noise, antenna pos. errors

« But mitigated by independent baselines, many scans

— And self-calibration of target
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Astrometry
Measure position of source before any self-calibration
Relative accuracy of point source position fitting

— 0 k6 /(S/N) (k ~0.5 to 1 for sparse - filled arrays)

beam

. Opo ~ 25 mas for 200 source, 1 arcsec heam

S

Position errors usually dominated by uncorrected phase
errors due to phase-ref:target separation

— e.g. phase corrections across target scan ~45°

« Per antenna, so mean effect ~ 45° /(N - 3) ~7°

ant 12-m array

« Position error ~ 6 X 7/180 ~40 mas for 1 arcsec beam

Limited by antenna position errors, residual delay etc.
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Libraries use Measurement Equation

Vi; = MB;GyD;JEP;T;¥;;SL, (x,y) expliZr (uyx+viy)] dxdy +4A;

VECtOrS Starting
Visibility = f(u,v) | point
I mage Goal

Additive baseline error

Scalars

‘o

A
()
~

\

S (mapping

polarization)
X,y Image plane coords
u,v Fourier plane coords
i,j telescope pair

Methods
to observer

Jones Matrices-

Multiplicative baseline
error

Bandpass response

Generalised electronic
gain

Dterm (pol. leakage)

E (antenna voltage
pattern)

Parallactic angle
Tropospheric effects
Faradav rotation 55



Using the Measurement Equation

* Hamaker, Bregman & Sault 1996
- Decompose into relevant calibration components
e.qg.
o 0bs — 1/ ideal
Vo> = ByGyD, P T, KV, e

- Chose one (or a few) at a time

* Usually solve fastest-varying first
- (so averaging over slower-varying)

- Compare data with model or idealisation
* Linearise and solve by y? (or other) minimization
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The method behind solving the ME

Express the correlator output as the coherency
matrix of the signals from each pair of antennas ij.

— Using a circular polarization basis, form outer product:
Ei.:eieT: R’ R%‘é [f‘é R’Ri Rl Li
L LR} LL

J J

| Vi(u,v),= RR RL
* Equivalent to I\ IR LL

Replace signal e from each antenna with corrupted
signal e ,i = Ji €e;

- Jjis a (2 x 2) Jones matrix for antenna-based terms

e.g., for the complex '‘gain' errors affecting amplitude
and phase: 7 |9 O

_OgL

G
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The method behind solving the ME

The corruption of the 'true’ visibilities E;; is written as
E =e e'=JEJ
- Jones matrices known so expression can be inverted:
E=J 'E J '
If polarization is ignored and errors are constant across
the (small) field of view, this can be linearised
V=g g v
— Vmod gre visibilities corrected for the errors represented by

this Jones matrix, solved by to find corrections J;, J; to
apply per antenna by minimising

W= Vg vl w,

- Weights (if any) Wj; = si2 are derived from previous noise
estimates e.g. sample size, scatter in previous solutions
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Target, Phase-ref
Bandpass, Flux cal

A/

-

Set flux model of flux scale source: setjy

time-dependent calibration:gaincal
phase of bandpass cal

frequency-dependent calibration: delay, o
bandpass phase & amp of bandpass cal

per int for cal sources
per scan to transfer to
target

gaincal
phase of calibration sources

setjy set
“phase-ref flux
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