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Multiplier T

Integrator | Correlator

Output

D: baseline length

0: angle of the pointing direction from
the zenith, changing with earth rotation.

741 geometrical delay= £ sin ¢

The wavefront from the source in direction

0 is essentiallyplanarbecause of great distance
traveled, and it reaches the right-hand antenna
at a timer, before it reaches the left-hand one:

Right: E cos(2nv(t — 74)) Left: E cos(2mvt)

The projected length of the baseline
on the sky,D cos 6, changes as the earth rotates.
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T4. Geometrical time delay

7;+ Instrumental time delay

X: Bandpass amplifiers.
Correlator: Multiplier+ Integrator

Output: Fringe Visibility

Multiplier:
Multiply the signals from the two antennas.
X \ X/ = Signals are combined by pairs!
L Multiplier | T, Integrator:
| | ! ' Time Averaging Circuit, e.g., 30 sec integration
| {Integrator | Correlator time for each scan in a SMA observation.
| — — |
Output
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Radio Interferometer In reality

Consider an interferometer tracking a source with the pantenter as,.

Heresy ands are unit vectors witls = sp + o andD, = D/A. The geometrical delay is

__D:s_Dy-s_Dy-(n+o)
g C v v

whereD,, - sis the baseline length projected onto #direction andv = ¢/ .
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The output from the interferometer is (see last lecture)

R(Dy),s0) = AI/L A(o)B(o) cos[2mv(1g — 73)]|d2

Here, A is the primary beam (i.e., the field of view) of a single ante is the source brightness
distribution, and cosine term is the output from the cotoelaNith

then

Dy - (S + o)
1%

Tg:

R(Dy, %) = Au/ A(o)B(o) cos[2nDy - (s + o) — 27wv1;]dS2

47

= Al// A(o)B(o) cos[(2nDy - Sop — 2mvT;) + 27Dy - o|dS2
4

T

= Avcos(2nDy - so — 2mvT;) | A(o)B(o)cos(2nDy - o)dS2
4

—Avsin(27Dy - s — 27wvT;) / A(o)B(o)sin(2nDy, - o)d2
47

Complex Visibility, with cosine and sine components? Do wedhthe two components?
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To retrieve the sine term, we can add additional correlatthr additional time delay of41—V
(corresponding to a phase delay®j so thatr; = 75 + ﬁ before the multiplier.

Inputs for amplified

signals from two > > o cosine
antennas N > Multiplier > Integrator _)part (VR )
7 Y
Quadrature | - sine
phase—shift Multiplier > Integrator —> L (V
network > part ( I)

This complex correlator, with two correlators, can meafnth components. Here, Quadrature means
A s
2 or 5. As aresult,
R(D),s0) / A(o)B(o) cos(2nDy - 0)d2 — z/ A(o)B(o)sin(27Dy, - o)d2
4 4

7T T

— / A(o)B(o)e ™2 740 = V(D)) 1)
47

==> the output isa complex visibility)V, as a Fourier Transform oA (o) B(o), with cosine and sine
components being the real and imaginary components
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Radio Interferometer

The correlator can be thought of "casting" two sinusoidalgie patterns of angular sca]I¢D§
radians, onto the Sij];Z projected baseline. The correlator multiplies the sobriaghtness by these
wave patterns, and integrates the result over the primasnbe

Sin Fringe Sign - + - + - + - +
/! ro / )
/1
/1 /o /
i X
// // /
//
/ P
“.’
//
//
// /o // //
/1 .o s /1
-+ - + - + — + Cos Fringe Sign

Fringe separation (angular scale)l;/éDI; radian, withD% \ = D cos 6
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Choosing appropriate Coor. System

To solve the visibility function, choose an appropriate @mate Systenu, v, w) v.s. (&, 1, ¢)

V(D) 2[1 A(e)B(o)e™2™Px 9 4Q

s = (&mn,¢)
so = (0,0,1)
GZS_SO:(&%C_D
do — K
S

Herew — s,, i.e. pointing center.
and(u, v, w) rotates as the earth rotates.
&, n, ¢: direction cosines of onu, v andw.

E24+n2+¢=1(=+1-6 —n?

Introduction to Interferometrv— Part Il - = p. 8/21 —



Radio Interferometer

With the chosen coordinate system, the plane of the sky s the

Sin Fringe Sign - + - + - + - +

/! / rot / /

/ ! /] /1 /)
/) /o .

/1 h I/ . North
/1 /

/1 [ P
S / 1/Dy v
/1
/! East
/1 U, §
/1 /
/1 /) /1 D,
/1 / /1
/1 ;) I /o
/1 / I /1
/1 .o /] /o
- + - 4+ - + — + Cos Fringe Sign
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Visibility function from 3D to 2D

With the coordinate system, we have

Vo) = [ B / T A& ) B(E ) exp{—i2nlué + vn + w(v/1—E —nF — )]}

dedn
Vi-e -

Now sinceA drops rapidly wherg? + n? > 12, wherel is the full width of the primary beam of the
antennaandl? < 1, we only need to consider smdllandn. In that case,

whﬂ—fl—ﬁ—ﬂ)ﬁ—%@l+fﬁv

l.e, higher order of andn can be neglected. Then

V(u, v, w) (u,v) / / A&, m) B(&,m) e~ 2m(uE+vn) gedn
aavi—fl—n

Thus,V is approximately independent af, and can be considered to be on the #latfplane. This is
because the field of view is so small that each small part ohargpcan be considered as a flat plane.
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Mapping: Inverse Fourier Trans.

How to retrieve the source brightness distributiéfd Take the the inverse Fourier transform, we have

\/(1 52 / / V(u,v) ZQW(“£+”")dudv
— — 77

and then

B(&,m) = Vi _(52 T / / V(u, v)e 2™ dudy oc FHV)

However, theuw plane is not fully sampled. The coverage in theplane is sampled by available
baselines. Thus, introducingsampling functionS (u, v), we have ddirty image"

1 — £2 — :
BP(¢,n) = \/ € 77 ZV wk, Vg ) S (ug, vg ) €2 R EFURT) dydy o« FEHVS]

with the sampling function
S(ug,ve) = 0(u — ug,v — vg)
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Dirty image and Deconvolution

So what we have is the "dirty image" obtained viaimrerse Fourier transform

BP(&,mn) o« FHVS]
x FIVeF S
= B(&n) ®b(&,n)

whereb is the dirty beam [point spread function (PSF)] given by

b(&,n) =F LS = Z S(ug, vy )2 (UREFVEN) doydy
k

Thus, what we really have the image brightness convolved with the dirty bedim retrieve the image
brightness, we needkeconvolution by this dirty beam

The main lobe of this dirty beam (PSF) can be fitted by a Gandsmam and is called the synthesized
beam.This synthesized beam determines the angular resolutibit@size depends R/ Dy ax.
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Antenna Spacing Coordinate

Celestial

Local
Meridian

) East viewed
Celestial from S

Equator East

Here(X,Y, Z) is a right-handed Cartesian coordinate system used tofgpleeielative positions of
the antennam the array.X andY are measured in a plane parallel to the earth’s equitam, the
meridian planeY toward the east, and is measured toward the north poldere, celestial pole is just
the earth’s pole extended into space, celestial equatbeisarth’s equator. Sourégrises in the east,
passes through the local meridian and then sets in the wett.thiatu is in the XY plane.H changes
as the earth rotates, producing differéat v, w). When the source at Zenithf = 0, thenu = Dy
andv = —Dx sind + Dz cos §, with (D x, Dy, D) being baseline in unit ok.
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Size: 6 meter; Number of antennas= 10; Number of baselines:(n — 1)/2 = 45.
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Example: BIMA Zenith snapshot

Number of antennast = 10, number of (unique) baselines(n — 1)/2 = 45.
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Each unique baseline supplies simultaneously measursrortivouv points. When the source at
Zenith,H = 0, thenu = Dy andv = —Dx sind + Dz cos?.
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Traditionally,u increases to the right, whilgincreases to the left!
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Dirty Map

V(uv)S(u,v)

Visibility Sampling Function Sampled Visibility
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For one single antenna, the RMS fluctuationiég in antenna temperature (see last lecture of Prof
Chin)

MTgys

VAU

whereM is a factor of order unity used to account for extra noise feasralog to digital conversions,
digital clipping etc. Thus, the fluctuationdisg in flux densityis:

ATy =

2k MTsys

AS, =T 1AT, =
AT LA VA

wherel’ = % (usually with a unit of K Jy 1) is the system sensitivity for one single antenna with the
aperture areal and the aperture efficieney < 1.
For atwo-element system (i.e. interferometdhe fluctuationifoisg becomes:

2k MT,
ASV _ Sys
nA \/2tAv

The extra factor of/2 arises from the use of 2 antennas, and the fact that the atorebf two noisy
signals (samples) leads to an increase in the noise by a fafc{2.
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For an array of: identical telescopes, there ake= n(n — 1)/2 simultaneous pair-wise correlations.
Then the noise in flux density becomes

AS L 2k MTsys L 2k MTsys
Y nAV2NtAv  nA vn(n — DtAv

Thus,the noise is inversely proportional tgn(n — 1) A, which approaches the total collecting area
of the array for larger. Inserting the numbers, we have

MTsys
nAy/n(n — DtAv

AS, = 1.45 Jy)

Heret in hr, Av in kHz, andA in m?. Here Jy=10"23 ergs ! cm—2 Hz~!. Let’s check the
performance of the SMA at 1.3 mm (for 230 GHz) in the continumeasurement and let M=1.

FOrSMA, n = 8, A = 36 m?, n ~ 0.7, 4 hr integration on source withs,s = 250 K at transit and
Av =4 GHz, AS, = 0.48 mJy. In reality, Tsys increases with decreasing elevation. So the noise
could actually be a factor of 2 higher.

How aboutALMA ? In ES, it has 16 antennas each with a diameter of 12 m. How fastér,
assuming the sam&v andn, but with 25% better if¥,¢ at higher altitude at 5000 meter?
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ALMA Spec In ES

= Array: 16 12-m antennas

! Receiver Bandsl115 GHz, 230 GHz, 345 GHz, 690 GHz

" Corresponding Typical line€0O 1-0, CO 2-1, CO 3-2, CO 6-5

™ Primary beam (field of view)45", 22", 15", 7"

" baseline lengtlD: at least 250 m (may reach 1 km).

" Synthesized Beam (Angular Resolutioaj least 2", 1", 0.7", 0.35" (may be 4 times higher)
& Continuum Sensitivity (8 GHz bandwidth in 1 min) (mJ®).3, 0.4, 0.9, 3.1

Note that at 230 GHz, SMA with 4GHz bandwidth will take aboutr4o achieve that sensitivity.
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