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Outline: i
== Improving Calibration, Especially at
Higher Frequencies

* The Troposphere
* Mean effect
* Correcting for atmospheric noise and attenuation

* Phase Fluctuations / Decorrelation

* Phase Correction Techniques
* Fast Switching
* Water Vapor Radiometers

e Self-calibration
 Absolute Flux Calibration
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Constituents of Atmospheric Opacity

Troposphere h < 10 km Column Density as a Function of Altitude
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Optical Depth as a Function of Frequency

VLA with 4mm PWV
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Tropospherlc Opamty Depends on Altitude:

Altltude 2150 m
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Atmospheric Opacity at ALMA

(PWYV = PreC|p|tabIeWaterVapor)
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Sensitivity: System noise temperature

TCMB - T*Src Tews = 3K

Teomg€™ + T%€7

TCMBe-T + T*srce_r + Tatm (]_ — e—T) emission from atmosphere
T2 T T (L-e 9+ T, St

Signal = T*, e~ Noise = T, (1 —€e™)+ T,
S/N = T decreases
Tatm(eT —1) + T.rxeT exponentially with t
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Impact of Atmospheric Noise

Assuming T, = 300 K, elevation=40 degrees, ignoring antenna efficiencies
= ity at
Tsys ~ Tatm(et_l) + Trxer {=— tzenilh ; Z‘g)ser?/?:gl T
sin(elevation) elevation of 40
JVLA Qband (43 GHz) degrees

e typical winter PWWV =5 mm = 71
e typical Trx=35 K

e Tsys=76K

ALMA Band 6 (230 GHz)

* typical PWV =18 mm = 1,..,=0.096 = 1,,= 0.149
e typical Trx=50 K

e Tsys= 106 K

ALMA Band 9 (690 GHz)

e typical PWWV =0.7 mm = 1,.,.,=0.87 = 1,,= |1.35

e typical Trx= 150 K

* Tsys= 1435 K

=0.074 > T,,= 0.115

zenith
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Measurement of T in the Sub(millimeter)

° Tsys = Tatm(e‘C _l) + T,.Xe17 measure Tatm and t?

« The “chopper wheel” method: putting an ambient temperature load (T,,,,4) in front of
the receiver and measuring the resulting power compared to power when
observing sky T, (Penzias & Burrus 1973).

Load in Vin = G Tin - G [Trx + Tload]
Load Vout =G Tout =G [Trx + Tatm(l_e—r) +

out

assume Tatm = Tload

Vin - Vout Tload

T

Comparing
in and out N,

out sys

« ALMA : two temperature load system:
 independent measure of T,, and T,
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ALMA Spectral Tsys: 4 Antennas Band 6 (230 GHZz)
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Colors show changes with time (and sometimes source)
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Tsys (K)

ALMA System Temperature: Example-|
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ALMA Band 9 Test Data on
the quasar NRAOS530

Notice:

* Inverse relationship
between elevation and

Tsys

* Large variation of Tsys
among the antennas

VisibilityWeight |1

L, ()T, ()




ALMA System Temperature: Example-2

Raw Amplitude vs.Time Tsys vs. Time (all antennas)
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Tsys in practice at ALMA

Measurement set: uid__ A002_X9f54f7_X183.ms - Start time:2015-04-27T721:12:40 End time:2015-04-27T21:49:41
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JVLA Atmospheric Correction

* At higher frequencies still need to account for atmospheric opacity and
antenna gain variations with elevation (i.e. antenna gain curves)
plotweather task available in CASA t
sl } t — zenith
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JVLA Switched Power |VisibilityWeight p

1
T,,()T,,(j)
Alternative to a mechanical load system is a switched “calibration diode”

» Broad band, stable noise (Tcal~3K) is injected into receiver at ~20 Hz
« Svnchronous detector downstream of gives sum & difference powers

Correlator

3-bit or Station
. Board
8-bit :> c;)I:ZI:te Digitally :
signal R per :’; Requantize :> Correlation
to 4-bit
4 ; second
2(P,-P,)
R = Oﬂ T — T;al
P Poﬁ S

Advantages

« Removes gain variations due to electronics
between the diode and correlator on 1 second
timescales

» Puts data on absolute temperature scale

Caveats:

» Does not account for opacity effects

 Does not account for antenna gain curve —

12~ dyntnesis imaging vvorkshop 15



JVLA Switched Power Example

Antenna Gain as a functlon of tlme
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calibration; all the sources are strong
calibrators
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This is what you get if you apply
switched power first, large variations
with time are removed

takes out electronic but not ionospheric or tropospheric gain variations.
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Mean Effect of Atmosphere on Phase

* refractive index n#1 -> phase shift
« for distance traveled D,

b = (21/A) * n x D

For water vapor no w w=precipitable water vapor (PWV) column

DT
atm T..m = Temperature of atmosphere

SO ¢o~12.6n*xw forT,, =270K 1mm water ~ ‘
A 7mm of delay /’ ﬁ}>
/

- Delay (time of arrival) off-sets /

- Pointing off-sets, A8 = 2.5x10 x tan(i) (radians) ’
@ elevation 45° typical offset~1’

= These “mean” errors are generally removed by the online system

| 5% Synthesis Imaging Workshop 4



Atmospheric phase fluctuations

* Variations in precipitable water vapor (PWV) cause phase fluctuations,
worse at higher frequencies, resulting in:

— Low coherence (loss of sensitivity)
— Radio “seeing”, typically 0.1-1" at | mm - o=

— Anomalous pointing offsets
— Anomalous delay offsets

‘1

11 __[_I_
=1
-q-l

i
e

-_r'l..._d.-' I_:__ -
NI
=

]In"lr

You can observe in apparently excellent
submm weather (in terms of

transparency, i.e. low PWYV) and still have -

terrible “seeing” i.e. phase stability.

Le & £

Patches of air with different water vapor
content (and hence index of refraction)
affect the incoming wave front differently.
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Atmospheric phase fluctuations, continued...

Phase noise as function of baseline length - “Root phase structure function”

0 | (Butler & Desai 1999)

9 e ]

% N Power law o __ _ 4% 1 « break @ baseline length = thickness
[ Z A

> V | of turbulent layer

)

(qy) - |

e .

ol \ \ | + Break & maximum are weather and

S | Break typically afew |  wavelength dependent

3 : J/ hundred meterstoa |

% y few kilometers

- /

Increasing Baseline Length

RMS phase of fluctuations given by Kolmogorov turbulence theory
d)rms = Kb/ [deg]
b = baseline length (km)
o = 1/3 to 5/6 (thin atmosphere vs. thick atmosphere)
A= wavelength (mm)
K = constant (~100 for ALMA, 300 for JVLA)
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Atmospheric phase fluctuations

Taylor 1938 hypothesis:

Turbulence is stationary & homogeneous,
so can be considered “frozen delay
screen” blowing over the array

Astronomical beam
WYVE Beam

Zo_v.". - .
Turbulent layer b

STt e — - W = m .
BOF wL

"H
il o
20

h=T750m

T”i“ﬁ"" Nikolic ALMA memo 573

W////M casa simulator can corrupt

with such a screen

Figure 5. Ilustration of the geometry of the turbulent layer and the astro-
nomical and WYE beams.
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Residual Phase and Decorrelation

Q-band (7mm) VLA C-config. “good” day
3C286

; Short baselines

+++-I.+++ ++++--|++++++'++++__++'

-
50 - 3R VLA: ED2

or prtarttrapattae,

=20

L +* 4

7 Coherence =

| | 1 | 1 !
50 - 5A VLA: NOG6

*+
PR SR L

(vector ave./true visibility amp.) = (V)/ V,

o~ hads ‘4+++'++4++++a++4+ .
LR --l-++++++
-50 - . .
o .l : .l : .l : = e /2 (Gaussian phase fluctuations
50 - 14R VLA: W02 i
Eﬁ 0 +* ++++++++*+++‘++++'++‘++++r+'+++++++*+++++*T'++;+++¢ T (erWS)
8 -50 ! | ! 1 | | 1 J
09 37 38 39 40 a1 42 43
_ Long baselines O,ms = 1 radian : (V) =0.60V,
. = T I T T T
50 -13R VLA: W18 +++_++++++++++++++++++
U I~ + '++*+ +++ .
50 | +E T E et +++4 e .
pTeerer’ , , << this data, 5-20deg ¢,,s : 7% amp err.
50 - 25R VLA:N18-+*" "+
.
0r +++++t*"++ +1+++*‘+++++++++‘+++*++++ 7
=50 — gt —
| | | |
| | | |
S 50-28RVLA:E18 _ . .
E 0+~ ++++++++¢-+ + . . ++++++;+++*++.++,++‘+++ ]
bt FryE |
Q -50 - | ! | | |
0937 38 39 40 a1 42 43

(minutes)

= Longer BL: larger phase variation
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22 GHz VLA observations of the calibrator 2007+404

resolution of 0.1" (Max baseline 30 km)
one-minute snapshots at t = 0 and t = 59 minutes

Position offsets
due to large scale
structures that are

correlated =
phase gradient
across array

All data: Reduction in
peak flux
(decorrelation) and
smearing due to
phase fluctuations
over 60 min

40 2102.00

01.95

01.90

DECLINATION (B1950)
2
3

2005 5957

59.56 59.55
RIGHT ASCENSION (B1950)

Cont peak flux = 1.4564E+00 JY/BEAM

Corrections 30min:

402102.00 —

01.95 -

01.90 (—
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01.70

01.85

01.80

01.75

T

T

01.65 —

T T

i
20 0559.57

59.56 59.55
- ~.. BIGHT ASCENSION (B1950)

5954

DECLINATION (81950)

DECLINATION (B81950)

40 21 02.00

4021 02.00

01.95

01.90

o1.88

01.80

.75

o170

01.65

01.60

20 05 59.57 59.56 59.56
RIGHT ASCENSION (B1950)
Cont peak flux = 1.3854E+00 JY/BEAM

Corrections 30sec:

i | i

1
20 0559.57 59.56 59.55
RIGHT ASCENSION (B1950)

Sidelobe pattern
shows signature
of antenna
based phase
errors = small
scale variations
that are
uncorrelated

No sign of phase
fluctuations with
timescale ~ 30 s

= Uncorrelated phase variations degrades and decorrelates image

= Correlated phase offsets = position shift

I 54 dyntnesis Imaging vvorkshop
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Phase Correction Techniques

| 5% Synthesis Imaging Workshop
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Phase fluctuation correction methods

« Fast switching: EVLA high frequencies, ALMA long BL.
Choose cycle time, t ., short enough to reduce ®,,; Calibrate in the

normal way.
Self-calibration: Good for bright sources that can be detected in a few

Radiometer: Monitor phase (via path length) with special dedicated receivers

Phase transfer: simultaneously observe low and high frequencies, and
transfer scaled phase solutions from low to high

Paired array calibration: divide array into two separate arrays, one for
observing the source, and another for observing a nearby calibrator.

— Will not remove fluctuations caused by electronic phase noise

— Can only work for arrays with large numbers of antennas (e.g., CARMA, JVLA,
ALMA)

| 5% Synthesis Imaging Workshop 25



Fast Switching (an observing strategy)

Medium configuration, 15s cycle (http://www.mrac.cam.ac.uk/-bn204/alma/)

S

3
g
C i i
() -
3=
C
< |
o |
1
{1 ]
T
=
L5
1
o |
O {Iniegretaon &)
B. Nikolic (Univarsity of Cambridga) Phasa calibration for ALMA Decamber 2008 14 /27
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Fast Switching (an observing strategy)

stops tropospheric phase fluctuations on baselines longer than

Vt
b — _aorc
2000

b« effective baseline [km]
V,: wind velocity (=10 m/s at JVLA)

teyc: Cycle time in seconds (~120 sec)

Carilli++ chapter,
1999 SISS book

Root Phase Structure Function -- Jan. 27, 1997, 13mm

T T T T T T
5400sec " . i
. .
J00sec
o 20
hale]
4™ o e 0 gy o ] a
o o go 0 [} o @ a a
a ouo Uﬂ a%o 04 Dmauoaa & °°o a o & oo & ]
- e ¥ e @ o 9
k= o
. 4
"
-
° 20sac
5 *-
- o * #* -
o et on o, BOTs apTo. LI o "t e * w e " T e o, P
L L n ! 1 L L L 1 L L L L i ! L .
a 5000 104 1.6x10% 2x10¢
Baseline {m)

28-11. The solid squares are the same as for Figure 28-10, but now on a
scale. These show the nominal root phase structure function from observations
Gz with the VLA, as derived from 5 90 min phase time series on the celestial
itor 07484240, The open circles show the residual rms phase variations vs.
e length after self-calibrating the data with an averaging time of 300 seconds.
arg show the residual rms phase variations vs. baseline length after calibrating
"cycle time of 20 seconds.
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Fast Switching (an observing strategy)

Simulated
point source
sensitivity,
medium ALMA
config

1 —

05

uncorrected

0.2 % |
‘\I'.I
\
\
)
[].1 I | L L L L -1 il L L L ]
0.05 0.1 0.2z 0.4 1 2 i1
1
0.5 t
= fast switching
0.2
0.1 - S S EE S
0.1 0.2 0.5 1 2 5 10

Prms (rad)
phase rms on 300m baseline

thanks B. Nikolic
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Radiometry: 100% duty cycle correction

fast switching limited by observing efficiency, leaves residual delay
Medium configuration, 15s cycle (http://www.mrac.cam.ac.uk/-bn204/alma/)

time {Lniegreron &)
B. Mikolic (Univarsity of Cambridge) Phase calibration for ALMA Decamber 2008 14/ 27
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ALMA’s particular need for WVR correction:

* median path fluctuation ~200 microns on 300 m baselines

at 300 microns, path error of 25 microns > phase errors of 30 degrees.

fluctiations increase with baseline length. ALMA maximum baseline is 15 km!

Changes on timescales of Antenna diameter/wind speed are possible = | sec

>> decrease atmospheric phase delays by 10x on Is timescales.....

—
| 5% Synthesis Imaging Workshop



Radiometers (an observing strategy):

* Radiometry: measure fluctuations in T 2™
* derive changes in PWV
¢, = 12.6mt * PWV

4F ! ! =

A E F L TR | A -

> F ! | [l 1 ! | ]

=3 | I | II | | | II -

I o (- e :

s F ' ' [ ' ]

3 N N N

b . I . ; '

0 AR A | | ||

« [ | - I

2 ’ ‘ IN

¢ 22 GHz I

" |

)
r -
B
k-

(Bremer et al. 1997)

Monitor: 22 GHz H,0 line (CARMA, VLA)

183 GHz H,0 line (CSO-JCMT, SMA, ALMA)
total power (IRAM)
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Thi{K)

25

2l

13

1Kl

3l

ALMA’s WVRs

4 “channels” flanking the peak of the
183 GHz water line

Installed on all the 12m
antennas

183 GHz H,O line and psuedo-
continuum
A .
o L ‘
'5 177.5 18 LH2.5 153 187 14

Data taken every second

Matching data from opposite sides are
averaged

The four channels allow flexibility for
avoiding saturation

| 5% Synthesis Imaging Workshop
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Modeling the Path Change - |

Challenge: Convert 183 GHz brightness to PWV

Ts(K)

100 -

Implementation offline: wvrgcal ol
* 3 unknowns: PWYV, temperature, pressure (in water ]
. . ] 175 1775 180 1825 185 187.5 190
vapor layer) in a simple plane parallel, thin layer vea

PWYV from 0.6 to |.3mm

* Radiative transfer: line shape, opacity and Tg(H20O)(V)

Tp(K)

* Compare to observed “spectrum”

* After dropping smaller terms: ws s w0 ms  ms ws  w
A(path) = A(PWYV) * 1741/T(H20O layer) Temperature from 230 to 300 K

150

Ty(K)

100 -

a0

ALMA Memo 587 um I 1?I?.5 I lalm I mlz.s I 1;5 I lsl.?.s I 1;0

___ Pressure from 400 to 750 mBar

| 5% Synthesis Imaging Workshop 34



ALMA WVR Correction - Examples

Band 7 (340 GHz) Extended config

Band 6 (230 GHz) Compact config

WVR DA43 WVR DVO1 WVR DVO3 WVR DVO5 WVR DA41 WVR DA43 WVR DA44 WVR DVO03
=, -\..‘ha':-s'o-‘."la b o N i, Y \*-‘”V-"‘ AN N \-A.&\f-\'é ivﬂ'ziqr'q.
;,.q--s'fi--.i..r- ot ¥ “.s'.'.._ P 5&,'.. ;,.:.. b vy L ¥4 L # a‘f
o F I ¢ TYET TR o, O oy P o, N gy b, o y 4
WVRDVOG WVYRDVIO WVRDVIT WVR DVO5 WVR DVO7 WVR DVO9 WVR DVIO
e L Lo e, e e P g g Lq‘,i\. SUPP LR hﬁ--:yv?ﬁ\- pAr 447 ey, (e 2N L R “ﬁud v\»& J \ - " N
“ N %'. -~ .: * . - ..: ‘. “ a . “ J‘ 4
f.-... . * . ..'. o, . o.'l ”~ J“ " f' \“ ’ + .
e g s:."l' ..‘t"l 0. . .: \'i “» T % A o quf M, P \lu*
WVR DVI2 WVR DVI3 WVR DV14 WVR PMOT WVRDVII WVRDVIZ .W VR'DVI3
e an AT Pt nl o 0 E o ot e e Rl o R o La-‘t!l:‘* . v 5 te a e
L 00,1.‘. y — e \ .;RJ::!;‘,
~.$ . ..‘: . - e [ aflp, - * :. .
~ Y BN I TR w7 N . e o % e = v
WVR PMU2 WVR PMU3 WW‘R‘PMUﬂj WVR DV16 WVR DVL/ WVR DVIS
atanante B e Sttt Cot B NS N P : L’dl"'"“"‘“ P wt vt ome Y eSS e
. e .o~ N, ot iy 9P Pog > F. % 4
. SFan e . - M*\ My N’ P, vy k!
l:".'..-'.~ ’..." »"\:. ."1.".1 e h~”»u ) v . J . e v s o g, 5
Raw phase & WVR corrected phase
| 5% Synthesis Imaging Workshop 35



Self-Calibration: Motiyatign B

40

20

0

ric Phase

sphe!

fast switching limited by observing efficiency,

40

Atmo:

errors between calibrator observations

al Phase

—20

Residu

water vapor radiometry limited by imperfect

atmos. model and dry delay

2

v VA,

-

Fad

i
o

l-.

v o

N

| 5% Synthesis Imaging Workshop

20 F

Phase calibrator
observation

AN E
b caL \ A ‘# 4
s \,/\ Vo T——— A I,-'A'-.\ / ]
A II(\/' 1
- CAL
A
g MAA i
L ! N R L
0 5 10 15 20
Time [s]
T — ] I .-’I‘ — T
- 3
: \ YA ]
L YR ]
\ |
L \\ —’/..I\ |II ]
o T f\, —_
\/’\‘ 1
L [ |\/1\’ ! !
0 5 10 1 20
Time [s]
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Self-Calibration: Motivation

ALMA, JVLA very sensitive:
* almost always limited by calibration residuals

* many science sources strong enough calibrate themselves

NOT magic, or making up information (not any more than standard
deconvolution anyway)

More constraints than degrees of freedom: improve calibration AND source
brightness model

Your most powerful tool to (sometimes vastly) improve on pipeline products

| 5% Synthesis Imaging Workshop 37



Data Corruption Types

The true visibility is corrupted by many effects:
— Atmospheric attenuation

— Radio “seeing”
— Variable pointing offsets
— Variable delay offsets

— Electronic gain changes

Paseg-euUIUY

[l

(WS
NS
)
SR
o
g

— Electronic delay changes
— Electronic phase changes

_Rad - —  FAOT 7
Radiometer noise - P T e

— Correlator mal-functions g Aa A

— Most Interference signals @

| 5% Synthesis Imaging Workshop
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Antenna-based Calibration

observed visibility true visibility  noise

e

Vis(t) = g:(6)g3 (£)Vis () + 35 (0)

[(N-1)*N]/2 visibilities, N gains - other information describes the source

“standard” calibration: phase calibrator is point source (Amp=const,
phase=0) or known model — use extra DOF to measure gains well.

Chi-squared minimization

7]
Sk=> > wij lgit)g; (t)Vi(t) — Myt
k1

| 5% Synthesis Imaging Workshop
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Antenna-based Self Calibration

>> determine initial source model M, solve for better gains, and iterate.

Chi-squared minimization

7]
Sk=> > wij lgi(tn)g; (t)Vi(t) — Myt
k1

Averaging solution interval (solint) limited by S/N

| 5% Synthesis Imaging Workshop
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Sensitivities for Self-Cal; N antennas

* phase only self-cal (always start here — much more stable):
S/N¢ s per antenna > 3. For 25 antennas, S/Ng,s > 3 will lead to < 15
deg error.
» Image noise ~ 1/sqrt(# baselines) ~ 1/sqrt(N*(N-1))
* noise per antenna ~ 1/sqrt(# BL to that antenna) ~ 1/sqrt(N-1)

« Start with conservatively cleaned image
* 'MSantenna = Ifmsimage X Sqrt(N'3)
* IMS.r = I'MS,enna X SArt(total time/solint)
* If image peak/rms.; >3, try phase only self-cal

« CAVEAT: If dominated by extended emission, estimate flux on the longer
baselines by plotting the uv-data instead of from the image

« If the majority of the baselines in the array cannot "see" the majority of

emission in the target field (i.e. emission is resolved out) at a S/N of
about 3, the self-cal will fail in extreme cases (though bootstrapping
from short to longer baselines is possible, it can be tricky).

| 5% Synthesis Imaging Workshop



Sensitivities for Self-Calibration-ll

« amplitude self-cal: S/N > 10

antenna

* more subject to deficiencies in the model image, check results carefully!

* e.g., if clean model is missing significant flux compared to uv-data, give
uvrange for amplitude solution that excludes short baselines

Get additional S/N:

Increase solint
Even solint=inf can help for directional errors e.g. antenna positions

gaintype= ‘T’ to average polarizations (if your source is unpolarized)

combine =‘spw’ (assumes prior removal of spw to spw offsets)
(source spectrum must be flat, especially for amplitude selfcal)

combine = ‘fields’ to average fields in a mosaic (use with caution, only fields with
strong signal)

| 5% Synthesis Imaging Workshop
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Self-calibration Example:
ALMA SV Data for IRAS16293 Band 6 (Ia)

|) basic setup:

2) Expected or theoretical rms noise:

Amp vs. Time

2 pointing mosaic
Integration = 6.048 sec

total time + # of antennas + sensitivity calculator.

use actual average weather conditions

0.5+

use bandwidth you plan to make the image from

T T T T T T T T T T T T T T
23:40:00 23:43:20 23:46:40 23:50:00
Time (from 2011/08/16)

54 min per field with |16 antennas and average
Tsys ~ 80 K, 9.67 MHz BW; rms= | m]y/beam

Inner part of mosaic ~|.4 x better due to overlap
of mosaic pointings

| 5% Synthesis Imaging Workshop 45



Self-calibration Example:
ALMA SV Data for IRAS 16293 Band 6 (Ib)

Amp vs. UVdist

3) amplitude vs uv-distance

* large scale structure! i.e. 4
increasing flux on short
baselines.

(=1
* flux density on short E
baselines?

* Keep this 4 Jy peak in mind ]
while cleaning.What is the  1-
total cleaned flux you are ]
achieving?

UvVdist

| 5% Synthesis Imaging Workshop 46



Self-calibration Example:
ALMA SV Data for IRAS16293 Band 6 (ll)

4) S/N in a conservatively cleaned image

AEEEREEERERE

g

J2000 Declination

Ermhe o T =L vy 2 2fs

‘T Residual after 200 iterations

18"32"24"5 23%5 230 225 220 21°5
JHIOO Right Ascanslon
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Gain Phase (deg) Gain Phase (deg) Gain Phase (deg)

Gain Phase (deg)

Self-calibration Example:
ALMA SV Data for IRAS16293 Band 6 (lll)

5) phase-only self-cal

T table: 116293 _corrected.ms.selfcal.pcall

Antenna='DA41'

150
100

o
T T T T T 17

1 1 1 1
00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0
Time
T table: 116293 _corrected.ms.selfcal.pcall

A
04:48:00.0

Antenna='DV02'

=50
—100
—150

I I
23:02:24.0 00:00:00.0 00:57:36.0 01:55:12.0

Time
T table: 116293 _corrected.ms.selfcal.pcall

I
02:52:48.0

Antenna='DV04'

1
01:12:00.0 02:24:00.0 03:36:00.0
Time
T table: 116293 _corrected.ms.selfcal.pcall

00:00:00.0

04:48:00.0

Antenna='DV06&'

T

i - E

_53:000'00 L] oo. P R .

:%gg : 1 1 1 1 :l
00:00:000 01:12:000 02:24:00.0 03:36:000 04:48:00.0

Time

good choice: scan length (5 minutes per field) S/N

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

Gain Phase (deg)

self

Use ‘T’ solution to combine polarizations

T table: 116293 _corrected.ms.selfcal.pcall

~

Antenna='DVO1'

5.5

CASA: solint="inf’ (i.e. infinity) gives | solution per scan unless you explicitly combine

L FALEA AL AR AL SRR AR AR 4 4

150 | T T T T _I
100 | ° 1
50 °® -
l-Feeeeg ® oo s e®e .
-50 ° .
-100 | L] 1
_150 L 1 1 1 1 _I
00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0 04:48:00.0
Time
T table: 116293_corrected.ms.selfcal.pcall  Antenna='DV03'
150 [ T T T T ]
100 | 4
50 .
ore o 88 a8 9 80 a8 e a8 8 8
—50 | -
-100 | 4
_150 L | | | | 1
00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0
Time
T table: 116293_corrected.ms.selfcal.pcall ~ Antenna='DV05'
150 [ T T T T _I
100 | L] .
50 s -
0F-® g g 0® @ LR e oe ® ®
—&0 -
-100 | .
_150 C 1 1 1 1 _I
00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0 04:48:00.0
Time
T table: 116293_corrected.ms.selfcal.pcall  Antenna='DV07
T T T T T
150 | 4
9 .* ]
ol-ee se eee © o®°
=50 |- L] . [ ] 4
-100 | e® 4
_150 L 1 1 1 1 _I
00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0 04:48:00.0
Time
-

What to look for:




Self-calibration Example:
ALMA SV Data for IRAS16293 Band 6 (1V)

6) Apply solutions and re-clean
* Incorporate more emission into clean box if it looks real

* Stop when residuals become noise-like but still be a bit
conservative, ESPECIALLY for weak features that you are

very interested in
* You cannot get rid of real emission by not boxing it

* You can create features by boxing noise

7) Compare original clean image with |t phase-only self-cal
image

e original:
* |5t phase-only:

e Did it improve! If, yes, continue. If no, something has gone
wrong or you need a shorter solint to make a difference,

go back to Step 4 or stop.
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Self-calibration Example:
ALMA SV Data for IRAS16293 Band 6 (V)

8) Try shorter solint for 2"¢ phase-only self-cal

* In this case we’'ll try the subscan length of 30sec

. st . . nd .
* Itis best NOT to apply the I self-cal while solving for the 2" i.e.incremental tables
. . 66 . . [X) . . . .
can be easier to interpret but you can also “build in” errors in first model by doing this
_ Ttable: 116293 corrected ms. selfcal pcal2 Antenna='DA41' _ T table: 116293 corrected ms. selfcal pcal2 Antenna='DV01’
o [=1]
4 150 3 150
= 100 | = 100
g 53 . f ws M g 53 -,. [ o .pd” .
£ b v 2 e~ \ What to look for:
£ -150 . . £ -1so | . .
] 00.00:000 0112000 0224000 0336:000 04.48:000 00:00:000 0112000 0224.00.0 03.36:00.0 0448:00.0
Time Time
_. Ttable: 116293_corrected.ms.selfcal.pcal2 Antenna='DV02' _ T table: 116293_corrected.ms.selfcal.pcal2  Antenna='DV03'
_g‘ 150 _I T I.# T , ] é‘ 150 T T T T
@ [ ] @ WL ]
ﬂ 58 — Mm ' v‘ " - ﬂ 58 | MW W A WO AT T |
= - - = - 4
& —100 - o —100
E -150 L1 | 1 | E -150 | | | |
O 23:02:240  00:00:00.0 00:57:36.0  01:55:12.0  02:52:48.0 ] 00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0
Time Time
_. Ttable: 116293_corrected.ms.selfcal.pcal2 Antenna='DV04' _ T table: 116293 corrected ms. selfcal pcal2  Antenna='DVO05'
9 T T T T T 9
o 150 - . o 150
I : W o | 3% J
w [ i w
I il menms of e v W D o emeee of '“'""""'\
-100 |- . -100
£ -150 . . . . n £ -1s0
] 00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0 04:48:000 O 00.00.00.0 01.12.00.9 02.24.00.0 03.36.00.0 04.43.00.0
Time Time
= T table: 116293 corrected ms. selfcal pcal2  Antenna='DVO06' = T table: 116293 corrected ms. selfcal pcalz  Antenna='DVO07’
+ 150 [ & 150
S gl _,- 3 of f
E —58: ang, ﬁ M E Ot ﬂ.. @&T iy ‘\.m
& —100 o —100
£ -150 £ -1s0
] no.oo.oo.o 01.12.00.9 02.24.00.0 03.36.00.0 04.43.00.0 ] nn.oo.oo.o 01.12.00.0 02.24.00.0 03.36.00.0 04.43.00.0
Time Time
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Self-calibration Example:
ALMA SV Data for IRAS16293 Band 6 (VI)

9) Apply solutions and re-clean
* Incorporate more emission into clean box if it looks real

* Stop when residuals become noise-like but still be a bit
conservative, ESPECIALLY for weak features that you are
very interested in

* You cannot get rid of real emission by not boxing it

|t phase cal

* You can create features by boxing noise

|0) Compare |5t and 2" phase-only self-cal images

* It phase-only:
« 2" phase-only:

* Did it improve! Not much, so going to shorter solint
probably won’t either, so we’ll try an amplitude self-cal
next

| 5% Synthesis Imaging Workshop 5]



Self-calibration Example:
ALMA SV Data for IRAS16293 Band 6 (VII)

| 1) Try amplitude self-cal

Amplitude tends to vary more
slowly than phase. It’s also less
constrained

try every two scans = 23minutes

Essential to apply the best phase
only self-cal before solving for
amplitude.Also a good idea to use
mode="ap’ rather than just‘a’ to
check that residual phase solutions
are close to zero.

Scale +/- 10 degrees

Again make sure mostly good
solutions, and a smoothly varying
pattern.

Scale 0.8 to 1.0

Gain Amplitud:

Gain Amplitud:

Gain Phase (deg}_{ Gain Phase (deg)_i Gain Phase (deg}_‘

Gain Phase (deg}_{

Gain Amplitud

Gain Amplitud

.
table: 116293_corrected.ms.selfcal.ampcal Res I d u aI h ase s.selfcal.ampcal  Antenna='DV0l'
10 F T T T T T
s L 4
ol® e 88 8 8 00 * g8 & 803 2 o|le s 0e 8 ® es * 3t o0 g,
£=
e 4 £ 5| J
s
-10 b 1 L . L ! 5 -lok L . I .
00:00:00.0 01:12.000 02:24:00.0 03.36:00.0 04.48:00.0 V] 00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0 04:46:00.0
Time Time
table: 116293_corrected.ms.selfcal.ampcal ~ Antenna='DV02' _T table: 116293_corrected.ms.selfcal.ampcal ~ Antenna='DV03'
10 F T T T T T 3 H 10 F T T T T 3
o
L 4 < st 4
o8 8 e % e ¢ 2 3 L I 4 0fe® @ ee @ o o @ e a8 o & o]
s b 4 & sl 4
c
-0k i L I I — s -0k L I I I E
23:45:36.0 00:28:48.0 01:12:00.0 01:55:12.0 02:38:24.0 ] 00:00:00.0 01:12.00.0 02:24:00.0 03:36:00.0
Time Time
table: 116293 _corrected.ms.selfcal.ampcal  Antenna='DVv04' _T table: 116293 corrected.ms.selfcal.ampcal  Antenna='DV05'
10 F T T T T e H 10 F T T T T
-
5 - . - s F —
e o0 L [ ] w
o ¥ e sy @ . [ REYE 8 ofe % a8 e 33 e o 03,
-5 | N T 5| B
c
-10 b . L L . e s -10 k L 1 1 .
00:000000 01:12:000 02:24:000 03:36:000 04:48:000 o 00-00:000 01:12:000 02:24:000 03:36:000 04:48:000
Time Time
table: 116293 _corrected.ms.selfcal.ampcal  Antenna='DV06' _T table: 116293 corrected.ms.selfcal.ampcal  Antenna='DV07'
10 F T T T T = T 10F T T T T
o
5 - 4 % 5F E
oL 8 § 8% o ° 0 s og o %3 A ole % e 8% el $8° o 3 0,
=2
e 4 T 5| J
c
-10 kb . . L . B ‘5 -10 k . . . .
00:00:00.0 01:12.00.0 02:24:00.0 033l fmmiladieli: 4 ARG femiinldelilely 02:24:00.0 03:36:00.0 04:46:00.0
Time Nime
.
T table: 116293 _corrected.ms.selfcal.ampcal AI I l P I Itu d e elfcal.ampcal  Antenna='DVO01'
L 12 F T T . . . 3
11 L] b =TT .
. LY g = N e g ?
10 | . ° . P Y ELor LI g 8 gt ) ]
09 H g Pl K- B e o8 .
08 L L ! ! L 2 oosk ! L | ! .
00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0 04:48:00.0 00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0 04:48:00.0
Time Time
T table: 116293_corrected.ms.selfcal.ampcal ~ Antenna='DV02' T table: 116293 _corrected.ms.selfcal.ampcal ~ Antenna='DV03'
L 12w T T T T — L 1zF T T T T =
5
11F e 4 £ 11 4
[] a . [
10 | HE o o o3 . 0 Elofe ® g% 2% o : b s 1
09 4 < ool . . .
08 L L . L L ] Z o8l L L L L B
23.45:36.0 00:28.:48.0 01:12.00.0 01:55:12.0 02:38:24.0 00:00:00.0  0L:12:00.0 02:24:00.0  03:36:00.0
Time Time

T table: 116293 _corrected.ms.selfcal.ampcal
o

T table: 116293 _corrected.ms.selfcal.ampcal
L7

12
11
10

09 -

08

12
11
10
09
08

Antenna='DV04'

* 9 []
22 . ]
H ".. L] B
L

I L L
00:00:00.0 01:12:00.0 02:24:00.0 03:36:00.0 04:48
Time

00.0

Antenna='DV06'
T

.o: :::: HEE :‘:.7
e

L | L L
00:00:000 01:12:000 02:24:000 03:36:000 04:48:000

th H Time
I 5 S)’ntheSIS l|||u5|||6 YoYU nonivp

T table: 116293 _corrected.ms.selfcal.ampcal

Gain Amplitude

T table: 116293_corrected.ms.selfcal.ampcal

Gain Amplitude

12
11
10
09
0.8

12
11
10
09
0.8

Antenna='DV05'

. o
$ o::::.:

I L !
00-00:00.0 01:12:000 02:24:00.0 03:36:00.0 0448
Time

000

Antenna='DV07'
T

3

$

:: L PR

| L | | B
00:00:000 01:12:000 02:24-000 03:36:000 04:48:000

Time 52



Self-calibration Example:

ALMA SV Data for IRAS16293 Band 6 (VIII)

12) Apply solutions

« Apply both 2" phase and amp cal tables

* Inspect uv-plot of corrected data
* Check for any new outliers, if so flag and go back to Step 9.
* Make sure model is good match to data.

* Confirm that flux hasn’t decreased significantly after applying solutions

Original Image Model Amp & Phase applied

Amp vs. Uvdist (total CleanEd fIUX = 3,4 JY) Amp vs. Uvdist

5 5

UVdist UVdist UVdist
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Self-calibration Example:
ALMA SV Data for IRAS16293 Band 6 (IX

|3) Re-clean

* Incorporate more emission into clean box

* Stop when residuals become noise-like — clean
everything you think is real

|4) Compare 2™ phase-only and amp+phase self-cal images
P P y P*P

e 2" phase-only:
* Amp & Phase:

* Did it improve? = Done!

Final: S/IN=283 vs 67!

But not as good as theoretical (>1300):
dynamic range limit

Amp & Phase cal

| 5% Synthesis Imaging Workshop 54



Amp

Self-Calibration example 2: JVLA Water Masers (l)

Amp vs. Velocity uv-spectrum after standard calibrator-based
| calibration for bandpass and antenna gains

350 -
300

1 There are |16 spectral windows, 8 each in two
. basebands (colors in the plot)

150 -

100

Some colors overlap because the basebands
were offset in frequency by 2 the width of an
L | spw in order to get good sensitivity across

50

O ; T T T T T : -

150 100 s o s Wh0|e range-

Velocity

The continuum of this source is weak. How do you self-cal this?

NOTE: In general unless you’ve already run CVEL, DATA CHANNEL NUMBER
# IMAGE CHANNEL NUMBER due to Doppler Shift

* Make an image and clean it conservatively (as described previously)

* If you want to speed things up, limit the velocity to the region with strong
emission in the uv-plot: -20 to 0 km/s in this case in the frame of your choice
(LSRK here).

* Then look at the model data column the same way with plotms
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Self-Calibration example 2: JVLA Water Masers (lll)
Need to know the SPWs and the CHANNELs with strong emission in the model:

CASA’s plotms of the MODEL with locate can help

x . -0 x S i e
Fle View Help
[Plots | Flagging | Tools | Annotator | <|» Amp vs. Velocity er: [Time Bl 1T &
Amp vs. Velocit - 600 —
(Amp y [-] ] =
m | X Axis 1 kilobytes.
8 || velocity ~|[]In Cache? ] 993 260.432] :
"/ Attach t/® Bottom O Top 500 45:05.0 BL=ea02&ea28[1&25] Spw=3 Chan=19 Fr
& T : 45:05.0 BL=ea02teal28[1&25] Spw=3 Chan=19 Fr
g =T @ S ] 45:05.0 BL=ea035ea05[264] Spw=3 Chan=16 Fre
— ® -20 to 400_' 45:05.0 BL=eaO03&ea05[2&4] Spw=3 Chan=16 Fre
5 UC} | i 45:05.0 BL=ea03keal07[2&6] Spw=3 Chan=15 Fre
= 1 7 45:05.0 BL=ea03&ea07[2&6] Spw=3 Chan=15 Fre
[ | . a ] H 45:05.0 BL=ea03&eal07[2&6] Spw=3 Chan=19 Fre
| Y Axis ) T d 'H 45:05.0 BL=ea035ea07[256] Spw=3 Chan=19 Fre
Slfamp  [-]Oncacher < 1 | 45:05.0 BL=ea066eal0[569] Spw=3 Chan=12 Fre
— Data Cu\umn: i 45:05.0 BL=eal06teal0[5&9] Spw=3 Chan=12 Fre
= 4 45:05.0 BL=eaO6&eal5[5&14] Spw=3 Chan=12 Fr
™ % - ¥
g|Attach t® Left O Right 200 i 1j I 45:05.0 BL=ea065eal5[5614] Spw=3 Chan=12 Fz
o | Range: ) Automatic ] i .'II I 45:05.0 BL=eal3&eal2l[12&20] Spw=3 Chan=12 F
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Self-Calibration example 2: JVLA Water Masers (lll)

Amp vs. Velocity
500

400

Final self-calibrated spectrum

Peak amplitude increased from 350 Jy/beam to
500 Jy/beam (a 40% increase) due to correction
of decorrelation

300 H

Amp

200 H

100 H

0,

—hr e — e 77—
-150 -100 -50 0 50 100
Velocity

* One remaining trickiness: calibration solutions are only for spw=3 and 12.The
spwmap parameter can be used to map calibration from one spectral window
to another in applycal. There must be an entry for all spws (16 in this case):

spwmap=[3,3,3,3,3,3,3,3,12,12,12,12,12,12,12,12]

In other words apply the spw=3 calibration to the 8 spectral windows in the lower
baseband and the calibration from spw=12 to the 8 spws in the upper baseband

* Beyond this everything is the same as previous example.
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Absolute Flux Calibrators
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Flux calibrators — VLA

3C48 at 37447.0 MHz

0 100 200 300

JVLA Flux Calibrators

3C 48 (0137+331)

3C286 (1331+305) 3309 36.0
3C138 (0521+166)
3C147 (0542+498) =
Stable brightness and
morphology, but are
resolved on long
baselines

and high frequencies.

35.0

DECLINATION (J2000)

34.5

An image model must be
used

01374140 41.38 41.36 4134 41.32 41.30 41.28 41.26 41.24 41.22
RIGHT ASCENSION (J2000)
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Flux calibrators — ALI\/IA

* Quasars are strongly time-variable and
good models do not exist at higher
frequencies

« Solar system bodies are used as
primary flux calibrators (Neptune,
Jovian moons, Titan, Ceres) but with
many challenges:

* All are resolved on long ALMA baselines
* Brightness varies with distance from Sur
and Earth

* Line emission (Neptune, Titan)

Amp

« More asteroids? modeling is needed

because they are not round!
* Red giant stars may be better

* Regular monitoring of a small grid of
point-like quasars as secondary flux
calibrators.

Jy)

\ Ceres e e 690 GHz

%

. 690 GHz

)

., ALMA extended

Uuv distarmloce

Neptune, 690 GHz
ALMA compact config

40 100 120

UV distance
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Next phase - model spectral lines
Example: CO inTitan

Amp vs. Frequency

© Copyright 1998 by
Calvin J. Hamilton
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Summary

Atmospheric emission can dominate the system temperature
— Calibration through T or opacity/gain curves is essential

Tropospheric water vapor causes significant phase fluctuations
— Decorrelation can be severe
— Phase correction techniques are essential: ALMA —WVRs

Self-calibration is not so hard and can make a big difference
— Make sure your model is a good representation of the data
— Make sure the data you put into solver is a good match to the model
— If you are lacking a little in S/N try one of the “S/N increase techniques”
— If you really don’t have enough S/N don’t keep what you try!

It is essential to use models for most currently available absolute flux density calibrators




Extra Slides
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Calibration Sensitivities Effects (N=25)

Amp error Phase error
SN e S/

100% 180d
3 33% 15.0d 0.6 11.0
5 20% 9.7d 1.1 18.4
10 10% 5.7d 2.1 36.9
25 4% 2.3d 5.3 92.3
100 1% 0.6d 21.3 370

d,.. phase error must be smaller than expected instrumental
and tropospheric phase error which is often 10-20 deg

d,.. amp error must be smaller than expected instrumental and

absorption amplitude errors, usually < 5%
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