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Radio Interferometers
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Why Interferometry?

¢ Resolution and collecting area

Telescope size, surface accuracy, and pointing are jointly limited
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Why Interferometry?

¢ Resolution and collecting area

Telescope size, surface accuracy, and pointing are jointly limited

e Interferometers can provide:
e highest resolution (EHT: A/D >10GA!)

e |argest collecting area

® large number of resolution elements
large field of view with high sensitivity

e highest astrometric precision
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ERA 3.2.3

Antenna lllumination and Beam

Ao Distanl poinl source

Consider a 1-D antenna of length D transmitting at frequency v (A = ¢/v)

Calculate field at point A at large distance R

Z
Consider small segment dx at position x, with field g(x).
Electric field contribution at point A is
. 9lx) N
dE x ( exp(—i2nr(x)/A) dx {
) R>>D r

.~
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ERA 3.2.3

Antenna lllumination and Beam

AQ Distant poinl source

Consider a 1-D antenna of length D transmitting at frequency v (A = ¢/v)

Calculate field at point A at large distance R

Z
Consider small segment dx at position x, with field g(x).
Electric field contribution at point A is
. g(x) . g \

dE x T(‘Xp(—l.’,ﬂ’l'(.l )/A) dx | |

r(x) R>>D\ I
In coefficient: 1/r(x) ~1/R

In exponent: r(x) = R+ xsin@ =~ R + xl (for small #, and | = sin#) | ~a

dE x 2%1 exp(—i2nR/\) exp(—i2nxl/\) dx

.

D/2 D/2



ERA 3.2.3

Antenna lllumination and Beam

A,' Distanl point source

Consider a 1-D antenna of length D transmitting at frequency v (A = ¢/v)

Calculate field at point A at large distance R

z
Consider small segment dx at position x, with field g(x). T
Electric field contribution at point A is
., _ 9(x) - N
dE x = ) exp(—i2ar(x)/A) dx \ |
r(a R>>D\ r
In coefficient: 1/r(x) ~1/R
In exponent: r(x) = R+ xsin@ =~ R + xl (for small #, and | = sin#) - 0
v 9®) o 5 o .
dE x R exp(—i2anR/\) exp(—i2nxl/\) dx \
\ _ \ o
Now, define u = x/A, absorb constants into g, and integrate to get E(A) "\ /';p
! - > X

e ./.‘l(u) e~ 2mulgy b/2 b/2




ERA 3.2.3

Antenna lllumination and Beam

Ao Distant poinl source

Consider a 1-D antenna of length D transmitting at frequency v (A = ¢/v)

Calculate field at point A at large distance R

Z
Consider small segment dx at position x, with field g(x). |
Electric field contribution at point A is
. 9(x) »
dE x ) exp(—i2nr(x)/A) dx .
a5 R>>D r
In coefficient: 1/r(x) ~1/R
In exponent: r(x) = R+ xsinf =~ R + xl (for small #, and | = sin6) 8
L -‘l(‘r) ] / N3 . .
dE R exp(—i2nR/\) exp(—i2nxl/\) dx
N
. \ B
Now, define u = x /A, absorb constants into g, and integrate to get E(A) “\@ /f;,

.~

E= /g(u) e~ 2mul gy b/z /2

e Antenna beam is Fourier Transform of antenna illumination pattern g(x)!



Antenna lllumination anad
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ERA 3.2.4

Beam

e | arger aperture in A/D
— smaller beam on sky

(FT similarity theorem)
e Actual antennas usually “taper” g(u)

e Blockage, surface errors, etc., can be
included in beam pattern via FT



Antenna lllumination anad
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Beam

e Two small apertures -> plane wave
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Antenna lllumination anad
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Beam

¢ \Wider separation
-> higher spatial frequency
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™S 2.1,2.2

Two-Element Analysis

Assumptions:

e Distant point source
(— plane wave)

e Monochromatic

Antenna 1

Vi

v
2N
/ N

Vi =V cos2mv(t — 1)
_ Dsinb
¢

Tg

Vo =V cos2mivt



™S 2.1,2.2

Two-Element Analysis

Assumptions:

e Distant point source
(— plane wave)

e Monochromatic

4
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I / S o Deost
e / = N
lg 7 / Dsin6 S5
1 =
/ ~N
Il [ ~a
\ X \f
\/ Yaae.
Antenna 1 f— Antenna 2 A~
Vi =V cos2mv(t — 14) T T T T T prm o7 7 Va2 =V cos 2nvt
D sin 6
Tg = a Q » ’
\|/ Correlator”:
| Multiply and Average
F=WW = <\-"2('().5' wt cosw(t — T, q)> ¢
V2 ;
= o (cos wTg + "‘"""('—]w“'_w‘ﬁ” F

—0 when averaging over t >>1/(2w)



Two-Element Analysis

Assumptions:

e Distant point source
(— plane wave)
e Monochromatic

F = (")

Antenna 1

Vi =V cos2mv(t — 74)
_ Dsinb
o

Tg

= <‘,-"~’(‘().s wt cos w(t — 7'_r1)>

V2

™S 2.1,2.2
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D pr=====- > Vo =V cos2muvt
“Correlator”:

Multiply and Average

-6

Periodic oscillation, as D sin © changes by A



Two-Element Analysis

N < Dcos#é
~
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Two-Element Analysis

F = (1)

™S 2.1,2.2

/ ~N
l ¥ ( ;
Antenna 1 \)é/’/ Antenna2 K~
Vi =V cos2mv(t — 74) N e B b======" M Vo =V cos 2mvt

D sin 6

¢ \[/ “Correlator”:

Multiply and Average

= (V2coswtcosw(t — T
< ( y)>

e v

- 7 COSWTy F

= Kcos (‘27r—si.n 9)
2 A Complex correlator:

F" provides missing fringe information



™S 2.1,2.2

Two-Element Analysis
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Two-Element Analysis

What if signal is not monochromatic?

Assume bandwidth Av around vq
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™S 2.1,2.2

Vi

Same fringe, with sinc (=sin(x)/(nx) ) envelope



Fringe Amplitude

Monochromatic, 30 \ BL

Fringe Amplitude
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™S 2.1,2.2

Two-Element Analysis

What if signal is not monochromatic?

Vi

Assume bandwidth Av around vq

v
F
/ N
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““«/ , Dsin 8 py
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e A Bandwidth restriction is extremely stringent for useful baseline lengths
F = Fy, sinc|T4Av)

Av « 1[4 1km baseline implies 4v « 300kHz

Interferometers designed for imaging small scales must remove g4

This is “Delay tracking”



TMS 15.1

Interferometric Measurement

¢ |dealized interferometer
e Two antennas, A1 at (x,y) and Az at (0,0) for simplicity
e Source in direction r emitting electric field E(x’,y’)

e Simplifying assumptions (can be relaxed)

e Source is very distant

))
(

e Monochromatic source v

. : o
® |gnore polarization M

e Source is spatially incoherent Ao

>y
e Nothing between antennas and source




TMS 15.1

Interferometric Measurement

e \What do we measure when we multiply E fields at two antennas?

e Field received at Antenna 1 (similar for Az): —
E@ .y, t—r/e) _om S S dxd’; 1\
Ey(7,yf t) = =2 ——1— e 2miv(t-n/e] X’ 8x.y)
¢ Define the spatial correlation function between L
fields measured at positions of A1 and Az Z
'
2 -
Rya(2', 4, r1,73) = (E\E})
Ao
l YN / el N 4 ! 2wiviry —=ra)/e / ! >y
= < (&(z", vy, t)E%(z',y , 1)) ™ T % dy

L . . A
e Note: this is time-averaged source intensity I(x’, y’) 1

(::g‘.‘(.r'. y. e (2. . t) ) = I(z'.y)

* Assumed sampled bandwidth small compared to frequency so that field is similar across propagation time difference to drop r from €



T™S 15.1

Interferometric Measurement

¢ \What do we measure when we multiply E fields at two antennas”?
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Interferometric Measurement

¢ \What do we measure when we multiply E fields at two antennas”?
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Interferometric Measurement

¢ \What do we measure when we multiply E fields at two antennas”?



T™S 15.1

Interferometric Measurement

¢ \What do we measure when we multiply E fields at two antennas”?

e Now, define “visibility” as integral of R2 over sky:

V(u,v) = // I(l.m) e 2™ (Wxvm) gy i | It's a Fourier Transform!

One spatial frequency
(u,v) measured per baseline




Fourier Sampling

e Of course, interferometers only sample some uv spacings

1000

P Ca3-6 .
) . ‘ Example: ALMA
500 ° .. ° .
® e ..3'0.‘ @
< *Ness
g ® o o
;g_' -500! [ ] ®
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Fourier Sampling

e Of course, interferometers only sample some uv spacings

¢ | argest uv distances determine resolution

e Inner uv hole = Missing large-scale emission (sky is high-pass filtered)

V Imeter)

2N

150/ " = rotation
 ——

100}

fO'

0.

-50 |

«100/

-130}

2055 1% =100 50 0 %0 100 150

U (meter)

With Earth’




TMS 4.1

—ourier Sampling

e Baseline coordinates (u, v, w) are projection of telescope separation
iInto plane perpendicular to source direction (u, v) and toward source (w)

e Baseline coordinates: X, Y, Z

e For VLBI, XY defined using
Greenwich meridian

Celestial N Pole
Z

}

(6 = 90°)

(H=0,6 =0)
Local South X =€ Farth’s center

Local East



TMS 4.1

—ourier Sampling

e Baseline coordinates (u, v, w) are projection of telescope separation
iInto plane perpendicular to source direction (u, v) and toward source (w)

u sin H cos H 0 X
v | =|—sindcosH sindsinH cosd Y,
W cosd cosH —cosdsinH sind Z)
Celestial N Pole
H = Hour Angle Local meridian

6 = Declination

— — i — —
—_— —
—

Source.

4 W

Local South

Celestial
| ocal East equator



TMS 4.1

—ourier Sampling

e Baseline coordinates (u, v, w) are projection of telescope separation
iInto plane perpendicular to source direction (u, v) and toward source (w)

u sin H cos H 0 X
v | =|—sindcosH sindsinH cosd Y,
W cosdcosH —cosdsinH sind Z)

e F-rom above, u, v can be rearranged:

R (U—Z,\COS&) 3‘“‘{3*—’?
u- +

2
) — X,% T Y,% . Z coséoJ

sin § 0

e Offsetinv: Zcos &

e Ellipsoid axis ratio: sin 6 K




Image Synthesis

e Fourier transform of the uv coverage is your “dirty beam”

Example: Fringe pattern with 2 Antennas
(1 baseline)




Image Synthesis

e Fourier transform of the uv coverage is your “dirty beam”

Example: Fringe pattern with 3 Antennas
‘(3 baselines)

nnnnn
'

ul metem



Image Synthesis

e Fourier transform of the uv coverage is your “dirty beam”

Example: Fringe pattern with 4 Antennas
(6 baselines)




Image Synthesis

e Fourier transform of the uv coverage is your “dirty beam”

Example: Fringe pattern with 8 Antennas
~ (28 baselines)
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Image Synthesis

e Fourier transform of the uv coverage is your “dirty beam”

16 Antennas - Compact Configuration

|
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Image Synthesis

e Fourier transform of the uv coverage is your “dirty beam”

|6 Antennas - Extended Configuration

-330 e - e -

&

F I
-100) \———
~300 1% 10 -% N ™
ximl




—ourier Relations in Interferometry

e Some sample visibility functions

e Reminder: Visibility function is complex number

e Complex correlator provides in-phase and quadrature-phase outputs,
giving the real (cosine) and imaginary (sine) components

e Can also be expressed as amplitude and phase

V(u,v)=Vr+1iV; =|V| ¢



DEC offset (arcsec)

100 Jansky point source offset from phase center
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Visibility amplitude for 100 Jy point source

10°

I
]
150

5x10*

Py S
3 —~
gc:o
)
o
X 0
0
|
n
o
';‘ o

10° 5x10* 0 —5x10* —-10°

UuU, W = 0.00000000E+00, © 0000O0COE+CD al pixel (120.00, 129.00)

Spatial region - 1.1 to 256,250
Pixel mop imege: testipt am  Min/max=100/100 Range = 0 W 180 {hn}



(&

« E8

. O O ¢

C un 2 o - 9

cC 0O v wv . C U O

CWIeParS

So 228328

SbC.mpdSDu
0 00T—

00T

F

Visibility phase for offset 100 Jy point source

_,\\\ \\\

0T ;OTXS SOTXG— %T
3 AA



DEC offset (arcsec)

100 Jy gaussian source offset from phase center
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Visibility amplitude for 100 Jy gaussian source
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Deviations

from straight

lines are due

to

computational

rounding

where

g visibility

" amplitude is
very low

100

b |
Iy
.
>
v

Uy, ¥V = 0.00000000E+00, C.00000000E+C0 ab pixel (120.00, 129.00)
Spatial region © 1.1 to 256,256
Pixel map image: testigsus ph Min/max=-180/180 Range -180 to 180 DEGREES (lin)



Visibility phase for offset 100 Jy gaussian source

Deviations
from straight
es are due

the location of the )mputational
unding
em|SS|on|

nere

8 visibility

" amplitude is
very low

VW.(A)

Uuu, vV
Spatial region

0.00000000E+00D, ©.00000000E+CO al pixel {

120.00, 129.00)
1.1 to 256,256
Pixel map image: testigsus ph Min/max=-180/180 Range 180 to 180 DEGREES (lin)



Roomba

Shep

[Shep| * exp(i* ¢

Roomba)

|Roomba] * exp(i*qSShep)




Roomba

Shep

[Shep| * exp(i*g, )

|Roomba| * exp(i* ¢

Shep)




100 Jy elliptical unif. disk and 50 Jy circular unif. disk
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Visibility amplitude for elliptical plus circular disks

Visibility
amplitude at
(U,V)=(0,0) is
total flux from

both sources,
150 Jy.

Sharp edges in
source create
lots of high
spatial
frequency
content (note
log stretch in
color wedge)

Uy, YV = 0.00000000E+00, © 0000O00C0E+00 al pixel (120.00, 129.00)
Spatial region @ 1.1 to 256,256
Pixel map image: tesiZdisk am Min/max=001107/1488 Range = 0 to 150 (log)
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Visibility amplitude for elliptical plus circular disks
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Fourier Relations in Interferometry

e Fourier transform of the uv coverage is your “dirty beam”
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Fourier Relations in Interferometry

e uv coverage (FT of beam) multiplies 2D visibility function (FT of image)
So “dirty beam” is convolved with true image

True Image Dirty Beam




Fourier Relations in Interferometry

e uv coverage (FT of beam) multiplies 2D visibility function (FT of image)
So beam is convolved with true image

e Deconvolution technigques are central to understanding these “images”

True Image Dirty Beam Interferometer Image
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Closing Remarks

e || out the evaluation!
bit.lv/BH Interferometry_Surve

e Future webinars! -,
e March 11: VLBI Data Series: Se
e March 18: VLBI Data Series: Session 2 - Imaging Techniques

n 1 - Handling Data, Managing Errors

e May 5: VLBI Data Series Session 3 - Model Comparison



