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subm
m

 interferom
etry....

~ 80-900 G
H

z
~ 3-0.3 m

m
 



 
 

M
otivation: angular resolution of observations 

A
ngular resolution of diffraction-lim

ited telescope is 

w
here D

 is the diam
eter of the telescope and λ is the w

avelength of observations

For exam
ple, H

ubble S
pace Telescope

●
λ~1µm

  and D
 of 2.4 m

 →
 ϴ

 ~ 0.13 arcsec

To reach that angular resolution for λ=1 m
m

 observations
→

 it is necessary a 2 km
-diam

eter dish!

Instead, w
e use arrays of sm

aller dishes to achieve the sam
e angular resolution at

radiofrequencies synthesizing a large aperture by com
bining signals collected by

separated sm
all apertures

This is interferom
etry 

ϴ
~λ/D radians



Interferom
etry: the basics

The basic interferom
eter is a pair of

radio telescopes w
hose voltage

outputs are correlated (m
ultiplied and

averaged).

quasi-m
onochrom

atic interferom
eter centered

at narrow
 frequency range ν=ω

/2π







 
 

Visibility and Sky B
rightness 

The Fourier Theory (FT) states that any w
ell behaved signal (including im

aging) can be
expressed as sum

 of sinusoids.

The FT relates the m
easured interference pattern to the source brightness:

●
V = A

 e
-iϕ

  w
here A

 is am
plitude and ϕ is the phase

●
For sm

all fields of view
, the com

plex visibility V(u,v) is the 2D
 Fourier Transform

 of the 
brightness on the sky (T(x,y))
   

●
u,v (w

avelengths) are spatial frequencies in E
-W

 and N
-S

, 
i.e the E

-W
 and N

-S
 com

ponent of the projected baselines

●
x,y (rad) are angles in tangent plane related to a reference 
position in the E

-W
 and N

-S
 directions
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A
LM

A
 has a quasi instantaneous (u,v) coverage 

PSF shape vs N
 ants, tim

e



 
 

V(u,v) and baseline

Long (u,v) distance:
 long baseline, 

        m
easure m

ore com
pact em

ission 

Θ
 res ~ λ / B

m
ax

w
here B

m
ax  is the m

axim
un baseline

(uv distance)

S
m

all (u,v) distance: 
short baseline, 

       m
easure m

ore extended em
ission v(k λ)

u(k λ)



 
 

V(u,v) and baseline

Long (u,v) distance:
 long baseline, 

        m
easure m

ore com
pact em

ission 

Θ
 res ~ λ / B

m
ax

w
here B

m
ax  is the m

axim
un baseline

(uv distance)

S
m

all (u,v) distance: 
short baseline, 

       m
easure m

ore extended em
ission 

Zero spacing: 
m

issing 
lim

it on observable largest scale
       

Θ
 M

R
S ~ λ / B

m
in

v(k λ)

u(k λ)







 
 

Interferom
etry sensitivity

S
ensitivity can be im

proved: 
●

getting low
er T

sys  (= low
ering instrum

ental noise or atm
ospheric noise)

●
increasing the collecting area and/or # of antennas

●
increasing the bandw

idth and the observing tim
e

T
sys                    is the system

 tem
perature (=T

atm
 + T

rx ) 



 
 

Ionosphere + troposhere
(low

 freq ---------high freq)

N
on identical 

electronics/gains

B
ad positions &

w
idth bandw

idths

P
hase error

D
elay error (δφ/δν)

A
m

plitude error 

C
alibration in interferom

etry: w
hy ?



 
 

C
alibration in interferom

etry: w
hat and how

?

V
ij  obs  = G

ij V
ij  true

●
C

alibration of am
plitude and phase V

ij = V
ij   (A

,φ) vs tim
e and frequency

●
A

ntenna-based effect G
ij =G

i  G
j

●
D

ifferent calibration term
s are indipendent G

i = K
i  B

i  J
i  D

i  E
i  P

i  T
i  F

i
●

Tem
poral dependence and frequency dependence are only lightly coupled so their variations can

be determ
ined independently or at least iteratively  G

i (v,t) = B
i (v)J

i (t)
●

O
bservations of sources w

hich visibilites V
 true, know

n are know
n (calibrators)

                             G
ij =V

ij  true,know
n / V

ij  obs

→
 C

alibrator is usually point source at the phase center (am
plitude constant and zero phase )

→
 closure phases and am

plitudes

V
ij  obs (A

,φ) = G
i  G

j V
ij  true(A

,φ)
G

i = K
i  B

i  J
i  D

i  E
i  P

i  T
i  F

i
w

here K
 = geom

etric com
pensation, B

 = B
andpass response, J= electronic gains, D

=polarization
leakage, E

= antenna voltage pattern, P
= parallactic angle,T= troposphere effects,F=ionospheric

faraday rotation
G

i (v,t) = B
i (v)J

i (t)



 
 

C
alibration in interferom

etry: observational strategy in the m
m

 A
, Φ

 vs ν

 Φ
 vs t: Troposphere 

 %
 corr →

 K
: Tsys

K
→

 Jy

 Φ
 vs t: Troposphere

●
N

o external hum
an interferences in the data

●
N

o ionospheric effect
 

●
Troposphere and Tsys are the peculiarities at m

m
 

●
(am

plitude calibration w
as for the lack of good calibrators)

W
e need to calibrate A

, Φ
 vs t, ν of V

isibilities 

P
eculiarities 

in the m
m



 
 

The role of the troposphere  
C

olum
n density as function of altitude 

C
alibration in interferom

etry:
Troposphere @

 m
m



 
 

O
ptical depth as function of frequency



 
 

Tropospheric opacity depends on altitude 

V
LA

 bands

A
tm

ospheric 
transm

ission
not a problem
@

 λ > cm
 



 
 

Tropospheric opacity depends on altitude
 →

 im
portance of dry site 

A
LM

A
 bands

D
ifference due

to the scale
height of w

ater
vapor

P
W

V
precipitable
w

ater vapor



 
 

P
W

V
= P

recipitable W
ater V

apour
→

 w
eather conditions dependence

→
 dynam

ic schedule im
portant at high frequencies



 
 

C
alibration in interferom

etry:
Troposphere @

 m
m

W
ater Vapor

PW
V

corrected thanks 
W

VR
 calibration

D
ry com

ponents
S

uch as O
2 , O

3 , C
O

2

C
orrected through

Phase referencing

E
ffects m

ainly on Φ
 vs t

due to tw
o troposphere

com
ponents

 

N
ot relevant at the cm



 
 

C
alibration in interferom

etry:
D

ry com
ponents @

 m
m

C
alibrator + target + calibrator

sw
itching cycle?

A
ngular distance calibrator – target?

C
alibrator flux?

C
alibrator positional accuracy?

D
epend on array site, N

 antennas,
b(m

ax), frequency
→

 telescope com
m

issioning activity

Phase
referencing



 
 

W
V

R
 correction

E
ach A

LM
A

 12 m
 antenna has a w

ater vapour
radiom

eter

Four “channels” flanking the peak of the 183 G
H

z 
w

ater line

D
ata taken every second

C
onvert 183 G

H
Z brightness to P

W
V

 (w
vrgcal):

m
odel P

W
V

, tem
perature and pressure

com
pare to the observed “spectrum

”
com

pute the correction

P
W

V
 from

 0.6 to 1.3 m
m

Tem
perature 230-300 K

P
ressure 400-750 m

B
ar

C
alibration in interferom

etry:
 PW

V  @
 m

m



 
 

C
alibration in interferom

etry:
troposphere @

 m
m

P
W

V
 and dry com

ponents produce
tw

o types of effects on Φ
 due to their

S
hort tim

e variations 
(< m

inute)
Long tim

e variations 
( m

in - hour)

P
atches of air w

ith different pw
v and dry com

ponents  affect the incom
ing w

ave front differently.

A
ntenna 1, 2, 3  see slightly different disturbances

S
ky above antenna 4 varies independently 



 
 

C
alibration in interferom

etry:
troposphere @

 m
m

M
ainly effect on phase 

S
hort tim

e variations 
(< m

inute)

log(RMS Phase
Variations)

Increasing B
aseline Length

Pow
er law

a

B
reak

P
hase noise 

b=baseline length (km
)

a = 1/3 to 5/6 (thin or thick atm
osphere)

λ = w
avelength (m

m
)

K
 constant (~100 for A

LM
A

)

The break is typically @
 baseline

lengths  few
 hundred m

eters to few
 km

 
(scale of the turbulent layers) 

B
reak and m

axim
um

 are w
eather 

and w
avelength dependent

K
olm

ogorov
turbulence 
theory

S
patial structure function



C
alibration in interferom

etry:
troposphere @

 m
m

M
ainly effect on phase, but also am

plitude 

S
hort tim

e variations 
(< m

inute)
D

ecorrelation issue: w
e lose integrated flux 

because visibility vectors  partly cancel out



 
 

C
alibration in interferom

etry:
troposphere @

 m
m

M
ainly effect on phase 

Long tim
e variations 

( m
in - hour)

O
nly W

V
R

 calibration

W
V

R
 + phase ref calibration

D
elay vs sin(elevation)



 
 

T
sys

A
t low

er frequencies T
rx  is dom

inant

atm  is

C
alibration in interferom

etry:
Tsys @

 m
m

S
ystem

 noise tem
perature

A
LM

A
 front end are equipped w

ith an A
m

plitude C
alibration D

evice (A
C

D
) to

m
easure T

sys  

E
very scan could have a Tsys m

easurem
ent, but  <400 G

H
z relatively constant ~10m

in.
Tsys spectra are applied off-line to the correlated data. 

A
ssum

ing correlated data in units of %
 correlation m

ultiplication by 
Tsys w

ill change the unit to K
elvin



 
 

S
pectral Tsys 

band 3 (~100 G
H

z)

B
efore

A
fter

Tsys calibration
corrects for atm

osphere opacity
(and fake line absorption in spectra) 



 
 

N
eptune

690 G
H

z
E

xtended
config

 Q
uasars are strongly tim

e-variable 
and good m

odels did not exist at high
frequencies

 S
olar S

ystem
 bodies are used as 

prim
ary flux calibrators (N

eptune, 
Jovian m

oons, Titan, C
eres) but 

w
ith m

any challenges:
- all are resolved on long baselines 
- brightness varies w

ith distance from
 Sun and Earth

- line em
ission present →

 need m
odels

O
ther possibilities: asteroids, 

red giant stars...
M

onitoring of point-like quasars done! 

C
alibration in interferom

etry:
Flux calibrators @

 m
m

Tsys changes the unit to K
elvin, the flux calibration w

ill change K
elvin to Jy

In early A
LM

A
 cycles



 
 

Flux calibrators

M
odel spectral lines:  C

O
 in Titan



 

S
 (u,v) is the sam

pling
function: 
●

S
= 1 at points

w
here V

(u,v) are
m

easured, 
●

S
 = 0 elsew

here

B
ut: w

e actually sam
ple the Fourier dom

ain (u,v) at discrete points resulting in an im
perfect im

age

D
econvolution

process

N
yquist sam

ple:
Im

age size:  2 FO
V

Im
age pixel size:

usually 1/4 or 1/5  of the
synthesized beam

FT
-1(S

)= B
dirty  (x,y)

is the D
irty B

eam

O
bserved V

cal (u,v)       sam
pling function S

(u,v)        R
eal V

true (u,v)

=
XX

FT
 -1 V

cal (u,v)                     FT
-1 S

(u,v)                           FT
-1V

true (u,v)

(u,v) sam
pling vs im

age fidelity



 
 

deconvolution →
 sidelobes rem

oval, e.g. in the clean process
H

ogbom
 1974, C

lark 1980, C
otton-S

chw
ab 1984

Im
perfect reconstruction of the sky

 Incom
plete sam

pling of uv plane →
 sidelobes 

C
entral m

axim
um

 has w
idth

    1/(u
m

ax ) in x and 1/(v
m

ax ) in y

H
as ripples (sidelobes) due to gaps in 

uv coverage

B
dirty ( x, y)



 
 

D
irty beam

C
lean beam

D
econvolution - C

lassic C
LEA

N
H

ogbom
 1974, C

lark 1980, C
otton-S

chw
ab 1984

B
asic assum

ption: each source is a collection of point sources
 ●

Initializes the residual m
ap to the dirty m

ap and the C
lean com

ponent list to an em
pty value

●
Identifies the pixel w

ith the peak of intensity (Im
ax) in the residual m

ap 
and adds to the clean com

ponent list a fraction of Im
ax = g Im

ax
●

M
ultiplies the clean com

ponent by the dirty beam
 and subtract it to

 the residual
●

Iterates until stopping criteria are reached 
IIm

ax| <  m
ultiple  of the rm

s (w
hen rm

s lim
ited),|Im

ax| < fraction of
the brightest source flux (w

hen dynam
ic range lim

ited)
●

M
ultiplies the clean com

ponents by the clean beam
 an elliptical 

gaussian fitting the central region of the dirty beam
      →

 restoring



 
 

The response of the antennas in the array m
ust be corrected for 

during im
aging to get accurate intensities for source outside the core  of the 

beam
.

B
ut

Interferom
eter elem

ents are sensible to direction of arrival of the radiation  
 Prim

ary beam
 effect  →

      T(x,y) =
 A(x,y) T'(x,y)

PB
 corrected im

ages

M
odel of em

ission 
Larger than the P

B
P

B
 sensitivity pattern

P
B

 applied
sensitive to center 
em

ission only 



 
 

B
ut Prim

ary beam
 effect  →

      T(x,y) =
 A(x,y) T'(x,y)

W
e need to

get

T(x,y)
T'(x,y)

rm
s 8e-4

rm
s 3e-3

A
LM

A
 provides im

ages that are prim
ary beam

 corrected!



 B
ut

 
…

. som
e uv ranges are sam

pled m
ore than others

 
 G

ridded visibilities are  →
      V(u,v) =

 W
(u,v) V'(u,v)

Tipically, short spacing 
are sam

pled m
ore than long 

D
ifferent w

eighting W
(u,v) :

●
U

niform
: 

long baseline, < ϑres

●
N

atural:
short baseline, < rm

s

●
B

riggs: interm
ediate

→
 provided in the A

LM
A

archive im
ages

D
ifferent w

eighted im
ages



 
 

W
eighting effects on the im

age 

N
atural

   U
niform

 
res = 0.29'' x 0.23''

    res = 0.24''x0.17''
rm

s = 0.8 m
Jy/beam

           rm
s = 3 m

Jy/beam

N
ote: O

ther different final im
ages are possible (uv tapering, uv range selection, m

ulti-scale,
w

ide field) depending on the science case



 
 

B
right sources in the field of view

 introduce strong sidelobes w
hich affect the rm

s 
in the clean im

age →
 im

ages could be high dynam
ic range lim

ited
 Im

aging D
ynam

ic R
ange (ID

R
)= Peak flux / R

M
S

A
LM

A
 guarantees:

ID
R

 < 100 (1000 for spectral line im
ages)  for B

ands < 9 
ID

R
 < 50 (500 for spectral line im

ages) for B
9 and B

10
→

 H
igher ID

R
 m

ust be justified and require selfcal!

 Selfcal to im
prove high dynam

ic range lim
ited im

ages (but not only):
Selfcal idea:

C
alibration using external calibrators in not perfect

interpolated from
 different tim

e, different sky directions from
 source

B
asic idea of self-calibration: objects w

ith enough S
/N

 can be used 
to calibrate them

selves to obtain a m
ore  accurate im

age.
It w

orks because
at each tim

e the num
ber of baselines is m

uch larger than the num
ber 

of antennas (of com
plex gains)

source structure can be represented by a sm
all num

ber of param
eters

It is dangerous in case of arrays w
ith a sm

all  num
ber of antennas and com

plex sources
R

ule of thum
b: it is w

orth using it if S/N
 > 20  (for an array of 25 antennas)

A
m

plitude self-cal is only effective if >90%
 of the flux density is in the im

age
after phase self-cals

H
igh dynam

ic range vs im
age fidelity



 
 

●
In the m

m
, the troposphere effects on Φ

 (due to P
W

V
 and dry com

ponents) are dom
inant

and increase w
ith ν and b →

 high ν  and long b observations m
ore difficult. 

(A
LM

A
 requires also Tsys calibration, initial problem

s also w
ith flux calibration)

●
Im

age fidelity strongly depends on the (u,v) coverage and source dynam
ic range

→
 best (u,v) coverage, selfcal needed?

●
D

ifferent w
eighted im

ages could be produced depending to the science case


