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 b
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T
h
e
 B
a
sic I

d
e
a

A
ngular resolution

D λ
θ

2
2

.
1

=

D
 = D

tel
D
 = d

b
aseline +D

tel

A
ngular resolution is d

eterm
ined

 b
y interference;  interference d

oes 
not need

 a continuous aperture (see Y
oung’s d

oub
le slit ex

perim
ent)!

�
H
ippolyte

Fizeau
(18

6
8
): basic concept of stellar interferom

etry

T
h
e
 C
onse

que
nce

Interferom
etry

is like m
asking a giant telescope:



The Basic Principle – OpticalThe Basic Principle 



M
a
in C

om
pone

nts:  1
) T

e
le
scope

s
A
n optical interferom

eter typically consists of n telescopes of sim
ilar 

type and
 ch

aracteristics

K
eck interferom

eter (H
aw
aii) ↑↑↑ ↑


V
LT

I  (Paranal)

M
a
in C

om
pone

nts:  2
) D

e
la
y
 L
ine

s
D
elay lines are need

ed
 to com

pensate th
e optical path

 d
ifference 

b
etw

een th
e various telescopes (d

epend
s on ob

ject location on th
e sky)

C
h
allenge: travel over tens of m

eters, 
positioning to fractions of m

icrom
eters 

�
d
ynam

ic range of > 10
9
 !



T
w
o m

ain types:

•
m
ulti-ax

ial (im
age plane): b

eam
s are place 

ad
jacent to each

 oth
er and

 form
 a fringe 

pattern in space.

M
a
in C

om
pone

nts:  3
) B

e
a
m
 C
om

b
ine

r

•
co-ax

ial (pupil plane): b
eam

s are ad
d
ed
 on 

top of each
 oth

er e.g. via a b
eam

 splitter.

•
b
ut also single-m

od
e fib

ers
and

 integrated
 

optics. 

A
d
aptive optics (or for telescopes w

ith
 D
 < r

0
tip-tilt correction) is 

essential to correct w
avefront

ab
errations

for good
 interference.

T
h
e am

plitud
e of th

e fluctuations
is:

H
ence, for a b

aseline B
 = 10

0
m
 and

 a seeing of 1” th
is am

ounts to 7
0
µm

! 

M
a
in C

om
pone

nts:  4
) A

d
a
ptive

 O
ptics

R
M

S
 

ra
d
s

  
8
8
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6
/
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  
  

=
r B

σT
he M

A
CA

O
 (M

ulti A
pplication Curvature 

A
daptive O

ptics) system
 on a 8

m
 V
LT

.  Can 
be used w

ith natural guide stars w
ith 1 < V

 < 
17
, seeing < 1.5

", τ
0
> 1.5

m
s and airm

ass
< 2

. 



F
ringe

 V
isib

ility
 –

D
e
fintion

T
h
e visib

ility
is d

efined
 as

It is th
e F

ourier transform
 of th

e ob
ject’s b

righ
tness d

istrib
ution.

If th
e d

ark regions in th
e fringe pattern go to zero V

 = 1 �
ob
ject 

is unresolved
.

If V
 = 0

 th
en th

ere are no fringes �
ob
ject is com

pletely resolved
.

m
in

m
a
x

m
in

m
a
x

I
I

I
I

V
+ −

=

If V
 = 0

 th
en th

ere are no fringes �
ob
ject is com

pletely resolved
.



F
ringe

 V
isib

ility
 –

B
a
se
line

T
h
e ob

served
 pattern from

 a single star at th
e focal plane clearly 

ch
anges as th

e d
istance b

etw
een th

e tw
o telescopes is grad

ually 
increased

.  T
h
e "fringes" d

isappear com
pletely w

h
en th

e star is resolved
.

F
ringe

 V
isib

ility
 a
nd

 Pow
e
r S

pe
ctrum



F
ringe

 T
ra
cking (C

o-
Ph

a
sing)

T
h
e w

h
ite-ligh

t fringe h
as to 

b
e actively tracked

, w
h
ich

 
requires tracking 
fluctuations w

ith
in a sm

all 
fraction of w

avelength
 in 

real-tim
e.

A
t g

o
o
d
 s

ite
s
 s

u
c
h
 a

s
 M

a
u
n
a
 K

e
a
 in

 

H
a
w

a
ii,  r

0
a
t 0

.5
 m

ic
ro

n
 is

 1
0
 -

3
0
 c

m
. 

E
x
am

ple: E
S
O
’s F

IN
IT

O
scans th

e center of th
e 

fringe packet in H
 b
and

 w
ith

 
h
igh

 speed
 and

 send
s a co-

ph
asing signal to th

e V
LT

I 
d
elay lines.  
F
IN

IT
O
 operates on tw

o 
ch
annels, i.e. tracks th

ree 
b
aselines. 

C
losure

 Ph
a
se
  (1

)

F
ringe visib

ility tells one com
ponent of th

e ob
jects F

ourier 
transform

 = am
plitud

e
of th

e fringes

T
h
e ph

ase
is d

eterm
ined

 b
y th

e position of th
e fringes. 

Prob
lem

: d
ue to atm

osph
eric turb

ulence (w
h
ich

 ch
anges th

e 
optical path

 length
), th

e fringes m
ove constantly forw

ard
 and

 
b
ackw

ard
.

b
ackw

ard
.

Id
ea: use th

ree telescopes �
th
ree sets of fringes: 

(1-2
), (2

-3
), (1-3

)
In all th

ree sets th
e fringes m

ove, b
ut not ind

epend
ently!

�
th
is inform

ation is called
 closure ph

ase (or self-calib
ration

in 
aperture synth

esis im
aging –

th
e stand

ard
 tech

nique in rad
io 

interferom
etry) and

 can b
e used

 to cancel out ph
ase error 

term
s.



C
losure

 Ph
a
se
  (2

)

T
h
e error term

s cancel out!
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H
a
w

a
ii,  r

0
a
t 0

.5
 m

ic
ro

n
 is

 1
0
 -

3
0
 c

m
. 

T
h
e th

ree A
T
s m

ove on rails b
etw

een th
e th

irty ob
serving stations ab

ove th
e 

h
oles th

at provid
e access to th

e und
erlying tunnel system

. T
h
e ligh

t b
eam

s 
from

 th
e ind

ivid
ual telescopes are guid

ed
 tow

ard
s th

e centrally located
, partly 

und
erground

 Interferom
etry

Lab
oratory

B
a
se
line

 C
ove

ra
ge
  (1

)
A
 sm

ooth
 reconstruction of th

e ob
ject’s intensity d

istrib
ution I

requires a good
 coverage of th

e (u,v) plane. 



B
a
se
line

 C
ove

ra
ge
  (2

)
T
h
e E

arth
’s rotation h

elps to fill th
e (u,v) plane.  A

ssum
ed
 is a source 

at 4
5
˚ d

eclination, ob
served

 for 3
 h
r b

oth
 b
efore and

 after transit.



F
ie
ld
 of V

ie
w
  a

nd
  L

im
iting M

a
gnitud

e

T
h
e field

 of view
 is typically lim

ited
 to a few

 arcsecond
s
only 

(ex
cept for F

izeau
intererom

eters):

•
th
e size of th

e com
plex

 transfer optics.  Larger field
 = larger 

optical elem
ents

λ λ
λ

θ
∆

≤
D

m
a
x

•
spatial filters, w

h
ich

 lim
it th

e F
O
V

T
h
e lim

iting m
agnitud

e is given b
y th

e atm
osph

eric turb
ulence, 

w
h
ich

 requires eith
er:

•
to use integration tim

es sh
orter th

an τ
0
or

•
to use an A

O
 system

 (guid
e stars!)

S
e
nsitivity

 of a
n I

nte
rfe

rom
e
te
r

T
h
e signal-to-noise for th

e m
easurem

ent of visib
ility or ph

ase 
w
ith

 an interferom
eter is:

in th
e ph

oton-lim
ited

 regim
e (visib

le):
V

n

n
V

n
V

S
N

R
P

o
is

s
o

n
⋅

∝

+

=

2

21
1

in th
e b

ackground
-lim

ited
 regim

e
(IR

):

w
h
ere n is th

e num
b
er of source ph

otons per coh
erence volum

e 
D
2·τ

0 ,  b
 is th

e num
b
er of b

ackground
 ph

otons per coh
erence 

volum
e, and

 V
 is th

e fringe visib
ility.

V
n

b
V

n

b
V

n
S
N

R
B

L
IP

⋅
∝

+

=

/

1
1

/2
2

2
2
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European VLBI (Very Long Baseline 

Interferometry) Network

European VLBI (Very Long Baseline 

Interferometry) Network

V
e
ry
 L
a
rge

 A
rra

y
 V

L
A

•Y
-shaped array of 2

7
 telescopes m

oved on railroad tracks
•telescope diam

eter 2
5
-m
 each

•located: high Plains of S
an A

ugustin
in N

ew
 M
exico

•“D
", "C", "B

", and "A
" configurations, spanning 1.0

, 3
.4
, 11, and 3

6
 km

, 
respectively



V
e
ry
 L
ong B

a
se
line

 A
rra

y
 V

L
B
A

T
en 2

5
 m
 antennas form

 an array of 8
0
0
0
 km

 in size.

A
ustra

lia
 T

e
le
scope

 C
om

pa
ct A

rra
y
 A

T
C
A

S
ix 2

2
 m
 telescopes on an east-w

est baseline



W
e
ste

rb
ork

•W
esterbork

S
ynthesis R

adio 
T
elescope (W

S
R
T
) 

•14
 telescopes

•2
5
-m
eter each

•E
ast-w

est 
baseline 

•3
 km

 in length

•effective 
collecting area of 
a 9

2
 m
 dish

L
O
F
A
R

2
5
,0
0
0
 antennas for radio frequencies 

below
 2
5
0
 M
H
z.



Pla
te
a
u d

e
 B
ure

Interferom
eter of six 15

 m
 antennas



C
om

b
ine

d
 A

rra
y
 for R

e
se
a
rch

 in M
illim

e
te
r-

w
a
ve
 A

stronom
y
 (C

A
R
M
A
)

CA
R
M
A
 = six 10

-m
eter telescopes from

 Caltech's O
w
ens V

alley R
adio 

O
bservatory + nine 6

-m
eter telescopes from

 the B
erkeley-Illinois-

M
aryland A

ssociation �
Cedar (CA

)

S
ub

-
M
illim

e
te
r A

rra
y
 (S

M
A
)

T
he S

M
A
 consists of eight 6

 m
 antennas on M

auna K
ea (H

I)



A
L
M
A

•
G
iant array of 5

0
 antennas (12

m
 each

) 

•
B
aselines from

 16
0
m
 –
16
 km

.

•
A
d
d
itional com

pact array of tw
elve 7

m
 and

 four 12
m
 antennas

•
Located

 on th
e C

h
ajnantor

plain at 5
0
0
0
m
 altitud

e

•
W
avelength

 range 3
 m
m
 –
4
0
0
 µm

(8
4
 to 7

2
0
 G
H
z)

O
b
serving frequencies: B

and
 3
 (>8

4
 G
H
z) to b

and
 9
 (<7

2
0
 G
H
z). 

F
ield

 of view
~
 size of ind

ivid
ual antennas &

 frequency (b
ut 

ind
epend

ent of array configuration!).  F
W
H
M
 of b

eam
 is 2

1" at 
3
0
0
 G
H
z T
o
.  T

o achieve uniform
 sensitivity over a larger field 

m
osaicking

is required.

S
patial resolution: ~

 frequency &
 m
ax
im
um

 b
aseline.

M
ost ex

tend
ed
 configuration (~

16
 km

): 6
 m
as

at 6
7
5
 G
H
z

S
tructures > 0

.6
»

λ/b
m
in
(b

m
in =shortest baseline) are not w

ell 
S
tructures > 0

.6
»

λ/b
m
in
(b

m
in =shortest baseline) are not w

ell 
reproduced in reconstructed im

ages �
m
easure w

ith the A
LM

A
 

Com
pact A

rray (A
CA

) using the 7
-m
 antennae (com

e closer).

S
pectral resolution: up to 8

19
2
 frequency ch

annels (spectral 
resolution elem

ents). A
t 110

 G
H
z, R

=3
0
,0
0
0
,0
0
0
 or 10

m
/s 

velocity resolution.

S
ensitivity:

use A
LM

A
 S
ensitivity C

alculator to estim
ate noise 

levels or required
 integration tim

es at 
h
t
t
p
:
/
/
a
l
m
a
s
c
i
e
n
c
e
.
e
s
o
.
o
r
g
/
c
a
l
l
-
f
o
r
-
p
r
o
p
o
s
a
l
s
/
s
e
n
s
i
t
i
v
i
t
y
-
c
a
l
c
u
l
a
t
o
r




