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Summary ofClass1and2
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Pictorial principle of interterometry
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(Cassegrain) reflector telescope

Replace with

Combination (to form
the image at the focus) is
done electronically
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Fundamental results from Class 1 & 2

function

V(u,v) = JII([, m)e‘zni(“H"m)dldm Complex visibility

distribution

[(I,m) = ”' V(u V)eZﬂi(lu+mv)dudv Sky brightness

+ CLEAN deconvolution




Part 4: Calibration |
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Instrumental and atmospheric effects...

distant cosmic b
point source in obs _ _ \/true
direction s, ‘/z,] Gl,]‘/z,j
S, S

Calibration term called the “gain”.
Black box including all kinds of effects

G=B.G.D.E.X.P.T.F

‘\\ lonosphere
telescope 1 7% P
< 0
\ i oonl
EEEEEEEE S /llllllllllllllll Bandpass Troposphere
ground
Vi = Eycoslo(t + 7,)] V, = E,cos(wt)
Electronic gains Parallactic angle
Multiplied and
averaged .
= Polz leakages Linear polz angle

dldm
V1-12—m?

Gain curve

V(u, V) — UI(Z’ m)e—Zni(ul+vm)



Typical interferometric observation

(Maybe) some initial setup strong source (anywhere in the sky)
Bandpass calibrator (anywhere in the sky)

Flux calibrator (anywhere in the sky)

(Maybe) a polarization calibrator (anywhere in the sky)

Gain calibrator (close to the target)

Target

Gain Calibrator (close to the target)

Target



Example of atmospheric gain calibration

distant cosmic
point source in
direction s,
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Vi = Eycoslo(t + 7,)] V, = E,cos(wt)
Multiplied and
averaged

dldm
V1-12—m?

V(”a V) = “J I(l’ m)e_zﬂ'i(ul'i'vm)

obs __ true
‘/i,j o Gl’]‘/lz]

G=B.G.D.E.X.P.T.F

lonosphere
Bandpass Troposphere
Electronic gains Parallactic angle
Polz leakages Linear polz angle

Gain curve



Example of atmospheric gain calibration

distant cosmic

point source in obs __ _ \/true
‘/i,j o Gl’]‘/iaj

direction s,

G=B.G.D.E.X.P.T.F

Troposphere

Vi = Eycoslo(t + 7,)] V, = E,cos(wt)
Multiplied and
averaged

dldm

V(”a V) = JJ I(l’ m)e_zﬂ'i(ul-i'vm)

V1-12—m?



Calibration i1s assumed to be antenna-based

V.Ojl?sz(;.jv?'}uez(;.(;#vﬁ}ue G=B.G.D.E.X.P.T.F
l, ] 1, Ay R A

@® \Visibilities are complex quantities, so also are gains:

obs __ _ obs : cobs true __ . true - Strue
Vi,j =a;;" exp (zéi,j > Vl] =a; ;" exp <15i,j )

Gi = g;exp (l¢z) G]* =g exp (—l¢]>

obs __ true
Gij T Eibjij

—

b
3= =y 1



Calibration scan

® Calibrator source is a point source vii¢=constant (€R)=a Vi,

» al.")]’.’s = g8 Vi, j 55}1?8 = ¢, — ¢j +0 Vi, j

® Here,aisassumed known (or taken to some arbitrary value) while al.ojbs and 5?11.”

are observed (i.e. also known). On the other hand, g;, g;, ¢; and ¢; are unknowns.

® Assume we have 30 antennas. Then, we have 30 unknowns (the g’s) for amplitude
gains and 30 unknowns (the ¢;’s) for the phase gains.

30 X 29

But we have = 435 equations for each of the amplitude and phase gains.

® By solvingthis 435 system of equation with 30 unknowns, we can measure the
values of the g’s and ¢.’s.



Typical interferometric observation

Target

‘ (Maybe) some initial setup strong source (anywhere in the sky)

l Bandpass calibrator (anywhere in the sky)

l Flux calibrator (anywhere in the sky)

l (Maybe) a polarization calibrator (anywhere in the sky)

l Gain calibrator (close to the target) Gain measurements at the time 1,
l Target

+ Gain Calibrator (close to the target) Gain measurements at the time 7,
|



Typical phase gain curves

Gain Phase (degrees)

Gain Phase (degrees)
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Interpolation
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Interpolation
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Interpolation
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Interpolation
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Interpolation
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Typical amplitude gain curves

1

Some bad points
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Typical amplitude gain curves

Vs, Iime nna:

Kn

General rules:

Phase varies faster and more erratically than
amplitude

gDQS
Enso
f
00:00.00 00,00
8>
..
I T T T T T
£0:00:00 000000 03.00:00 060000 2000 20000 50000 0000 0000 00,00
Time (from 201908402) (hh:mm 5s)

» o *””

MurpHY'S [AW

NOTHING IS AS EASY AS IT LOOKS *
EVERYTHING TAKES LONGER THAN YOU EXPECT

[F ANYTHING CAN GO WRONG /1

[T WILL GO WRONG £

AND AT THE WORST POSSIBLE MOMENT, %6




Effect of phase and amplitude errors

Phase of dog and Phase of cat and
amplitude of cat amplitude of dog

General rule:

For imaging, phases are more important than
amplitudes




Parts: A few. spemal t
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Calibration errors

(Maybe) some initial setup strong source (anywhere in the sky)
Bandpass calibrator (anywhere in the sky)

Flux calibrator (anywhere in the sky)

(Maybe) a polarization calibrator (anywhere in the sky)

Target s

Calibrator S(’)

Gain calibrator (close to the target)
Target

Gain Calibrator (close to the target)

baseline B

telescope 1 \
"7 L

---------------------------------------------------------

Target

Multiplied and
averaged




Calibration errors

(Maybe) some initial setup strong source (anywhere in the sky)
Bandpass calibrator (anywhere in the sky)

Flux calibrator (anywhere in the sky)

(Maybe) a polarization calibrator (anywhere in the sky)

Target s

Calibrator s(’)

Gain calibrator (close to the target)
Target

Gain Calibrator (close to the target)

Target

V) = Eycoslo(t + 7))

Multiplied and
averaged

V, = E,cos(wt)




Calibration errors

There are always residual calibrator errors after initial calibration.
The effects may not be obvious.

Often seen a higher than expected noise in final image.




Self-calibration to the rescue

If you thought CLEAN was black magic, wait until you see this...



Calibration scan

® Calibrator source is a point source vii¢=constant (€R)=a Vi,

» al.")]’.’s = g8 Vi, j 55}1?8 = ¢, — ¢j +0 Vi, j

® Here,aisassumed known (or taken to some arbitrary value) while al.ojbs and 5?11.”

are observed (i.e. also known). On the other hand, g;, g;, ¢; and ¢; are unknowns.

® Assume we have 30 antennas. Then, we have 30 unknowns (the g’s) for amplitude
gains and 30 unknowns (the ¢;’s) for the phase gains.

30 X 29

But we have = 435 equations for each of the amplitude and phase gains.

® By solvingthis 435 system of equation with 30 unknowns, we can measure the
values of the g’s and ¢.’s.



Target scan

® Assume the first image is “the truth” V¢ = TF(initial image) Vi, j

obs __ true . obs __ true .
» a; ;" = 884 ; Vi, 51.,]. = ¢; — qu + 51.’]. Vi, j

® Here,a" and 6""¢ are known while al.OJI?S and 51.0]“ are observed (i.e. also known).

On the other hand, g, g, ¢; and ¢, are unknowns.

® Assume we have 30 antennas. Then, we have 30 unknowns (the g’s) for amplitude
gains and 30 unknowns (the ¢;’s) for the phase gains.

30 X 29

But we have = 435 equations for each of the amplitude and phase gains.

® By solvingthis 435 system of equation with 30 unknowns, we can measure the
values of the g’s and ¢.’s.



Self-calibration to the rescue

If you thought CLEAN was black magic, wait until you see this...
Only works if (i) you have enough redundancy (baselines) and (ii) sufficient SNR

Iterative process: in the second iteration, take image from first iteration as
model (but always go back to initial visibilities...)

In"iti;al

1st |t¢ration .

O

o8* os* q04* p2f opf 2% 08 08 a4* p2*  op®

J2000 Right Ascenslon J2000 Right Ascenslon

Dynamic range <100



VLBI at mm wavelengths

Radio Telescope Balloon, Aircraft, Rocket Rocket
Radio Waves | Microwaves Infrared Waves Itraviolet| X-Rays (R38mma
ays
(— lonosphere
-8
E i Radio Region
% -6
o
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= -3 -
o s
°
2 -
= B
0 1 1 1 1 1 | 1 |
10'm m 10m 1cm  imm  100pm 1 0.1um  10°um
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3MHz 30MHz 300MHz 3GHz 30GHz 300GHz 3THz 30THz 3x10" THz 3x10°THz
Free Electrons Molecular Rotation Electronic Motions
—_—— e
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Electronic Precession Molecular Vibration Nuclear Transitions

Calibration becomes harder
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Calibration becomes harder

mmVLBI is really hard




Typical interferometric observation

(Maybe) some initial setup strong source (anywhere in the sky)

Gain Phase vs. Time Antenna: DV04@A004

Bandpass calibrator (anywhere in the sky)

: : <
Flux calibrator (anywhere in the sky) i e &
. . . . g .::.? :l: E:w < : v
(Maybe) a polarization calibrator (anywhere in the sky) I £ ‘38 ; .
o5 ks
@ ¢

Gain calibrator (close to the target)
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1:24:0001:30:0(1:36:0011:42:0011:48:0011:54:001 2:00:
Time (from 2013/08/17) (hh:mm:ss)

Target

we can’t transfer
the phase gains

Gain Calibrator (close to the target)

Target




What do we do?

One option is self-calibration using an a-priori initial model (e.g. a small Gaussian)
Another option is to use closure quantities and forward modeling
And that is not black magic...

b . b
G = bi— ¢+ 8 Vij 675 = 1 — by + 61'5°

8 = = oy + 31

Pockets of

warm air cause
oplical phase
delays

= b=y + 8L

SC
Closure \

Phase
Triangle

Telescope 2




What do we do?

One option is self-calibration using an a-priori initial model (e.g. a small Gaussian)
Another option is to use closure quantities and forward modeling

And that is not black magic...
5 = by — i+ 81 Vi, 8% =y — ¢y + 87'%¢

\@@*’ ObS _ ¢2 ¢3 + 55’:;!@
@ obs _ 5true
=3 — ¢ + 6]

50bs 50bs 50bs _ 5true 5true 5true

Pockets of

warm air cause
oplical phase
delays

Telescope 1

Closure \

Phase
Triangle

Telescope 2

Telescope 3

The sum of the phases on triangles of
antennas are immune to atmospheric errors



Forward modeling

Problem is: you can’t inverse Fourier transform a closure quantities

i o
= =\_/=i

W
<
o I




Forward modeling

Classical optimization problem

J) = Y lapxyd,d)— > BeSr).

data terms regularizers
Objective Comparison Regularizers enforcing some desired properties
function to be between data N o
optimized and model Positiveness of emission
“Likelihood” Continuity from pixel to pixel

Emission within the field
etc.
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The Fourier transform in a nutshell...

Consider a function f(z) of a complex variable z

We define its Fourier transform as

F(u) = J f(2)e ?™dy

The variable u is the Fourier conjugate of 7 (z and u are conjugates of each other)
and the product i . z must be a-dimensional.

The inverse Fourier transform is

f@) = [ Flu)e ™ 2mdy



Selected useful properties of the Fourier Transform

e Perhaps the most common use of the Fourier Transform (TF) is in signal processing.
In this case, the function of interest is usually a function of time, (), and the

Fourier transform is a function of frequency F(w).

e If f(?) is real and even, F(w) is real. If f(?) is real and odd, F(w) is imaginary.

e The TF of the f(¢) = 6(¢) (the delta Dirac function) is constant (and equal to 1).

e Translation property: TF [f(t - to)] = ¢ !ITF [f(f)]

f(delta) = 1

F(t-to) = eMiwt F(1)

Consequence of the Other twoL

f((delta(t-to)) = cos(wt)

Transform of Gaussian air gaussian shuck th:



