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What is "visibility"

Practical application of the Van-Cittert / Zernike theorem:

The VCZ theorem links the intensity

y
2 distribution of an object in the plane of the
V(‘IL, ‘U) . p e sky .(%n the far field) to the complex
s - Al > visibility measured in the array plane.
s | —2imw(au+Lv)
T | V(u,v) f‘[ I(a, f) exp™>™ dadp
B o® u | | I(e, B)dedp

This relation is a normalized Fourier transform (i.e. total flux does not matter).

Spatial frequency coordinates u=B_/ A, V=By/ A
where B_and B, stand for projected baselines coordinates on the X and y axes of telescope
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Imaging and visibility

Example : resolved binary star observed at the

Special Astronomical Observatory (Zelentchouk)
Im

V {m)
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R(u,v), I(u,v) & cut-off frequency at D/A

_40 —20
o (as)

I(x,y)=0*PSF
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Introduction to visibilities, 3



Imaging and visibility

Example : resolved binary star observed at the

Special Astronomical Observatory (Zelentchouk)
RAACA
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Image : I(x,y)=0O*PSF IV(u,v)l, ¢(u,v) & cut-off frequency at D/A
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Imaging and visibility

Example : resolved binary star observed at the
Special Astronomical Observatory (Zelentchouk)

TF

_40 —20 0 20 40
o (as)

=
-10 -“..... ........

0
U (m)

Image : I(x,y)=0*PSF IV (u,v)l, 0(u,v) @off frequency at@
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Long-baseline optical/IR
interferometry

1975
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Single-dish telescope :0 <F,<aD/A oa-~1

« 2T Interferometer F,=0and B/

=> Only one (or very few) spatial frequency is
scanned at once by an interferometer
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Cophasing
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Cophasing
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What visibility with
interferometry ?

Example : resolved binary star at Special Astronomical

Observatory (Zelentchouk)
Vi)l
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ncy at D/A
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I(x,y)=0*PSF
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IV(u,v)l, 0(u,v) & cut-off freque

Image :
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What visibility with
interferometry ?

Example : resolved binary star at Special Astronomical

Observatory (Zelentchouk)
Vi)l

IR

V {m)
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TF : ,
> = IR
ECa
_10 e Lo L
4 0 5 10 i i

o (as) :
-10 07T T T TS B o)

J 25 0 5
U (m)

Image : I(x,y)=0O*PSF IV(u,v)l, ¢ta;vr & cut-off frequency at D/A
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What visibility with
interferometry ?

Example : resolved binary star at Special Astronomical
Observatory (Zelentchouk)

TF
* Phase closure
L _ * Phase referencing
~40 20 o 20 40 « Differential phase
a (as)
Image : I(x,y)=O*PSF IV (u,v)l, 96w & cut-off frequency at D/A
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This session

is about what you can do with that ...
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Simple first step : parametric analysis using basic visibility functions.
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Model fitting

Basic issues of interpreting visibilities directly

Model fitting in the Fourier
plane domain is attractive:

« Domain where interferometric TENTATIVE OUTLINE

measurements are made
=> errors easier to take into

account (ex: Gaussian noise) * Modeling visibilities:

principles.
« When (U,V) plane sampling is - Some useful basic functions.
poor (almost always the case) . Practical issues.

- Is better when no imaging is * Conclusion

possible (ex: variable source)

 Realistic in the VLTI AMBER and
MIDI contexts
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Ad-hoc modeling

Allows you to get a first idea of what you have observed!

« Use Fourier transform properties « Important first step

. : e . t d dell th
 Use basic intensity distribution functions °,.V;2'[ pshg]s?caﬁ ::gdvg;s

Fourier transform properties:

. Addition FT{f(z.y) + g(z,y)} = F(u,v) + G(u,v)

« Convolution FT{f(z.y) x g(z,y)} = F(u,v).G(u,v)

. Shift FT{f(zx — zo,y — JD) F(u,v) exp[2mi(uzy + vyp)]
 Similarity FT{f(az,by)} = —F(u/a,v/a)
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Point source function

Use: Multiple stars

A
Centered source
(0,0 I(z,y) = 6(z,y) ‘1.,-’(_{_{_! ) =1
S A
> 1
5
0
S
>
0 Baseline
A

Off-axis source

> [(x,y) = 0(x — 20)0(y — yo) ‘ V(u,v) = exp|—2im(xou + yov)]

Amplitude =1, linear dependence for the phase
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Binary star

Use: ... binary stars

Ab(x,y) + Bé(x — sx,y — sy) with s = \/S;I:Q + 572

A
, 1472, +2r,; cos 2w Ly, &/ A
KI.- (11.‘1{) — J b ]j’ /] > h fll
(s.,s.) ; +Tﬂ|’.‘|
’ withry, = A/B
<> (0.0) with L, = DBaseline vector
A .
\\// 1.0 LI L L] | LI L L) I | L | | L L L
2051 5
= E Zl
00 [N N N N T A N T N N N 11

0 50 100 150 200

Baseline (m)
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Binary star

Projection of baseline in the plane The visibility amplitude squared Squared visibility curves for three baselines
in (uv) plane as a function of baseline length

of sky
200
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Binary star (exemple 1)

Binary star visibility curve as a function of spatial
frequency
(red = model, black = AMBER/VLTI observation)
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- ]: Typical visibility error bar
0.0 : : ! '

0 2 4 s
10+7
spatial frequency
Valat et al., in prep.
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Binary star (exemple 2)

Rotation of stars along

projected baseline N { FOE e
makes the changes in \ t%/& ""‘liu;f‘rﬁ \ \
visibilities and closure \\ »»/ il \
phase :

(IOTA observations, Segransan \i /r_ i, J,-“’j
2006, Goutelas summer \ alllia =
school) 1\/ \ /ff Il
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Normalized spectrum

Differential phase

Binary star (exemple 3)
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v? Vel, Millour et al. 2007
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Gaussian brightness

distribution.

Use: Estimate for angular sizes of envelopes, disks, etc.

1.0_! T T
08l _ N Iy A1 2 [ 2
- . I(r) = exp(—41In2r</a”)
2 /7 /41n2a
206 E
E » 4 >\ Where a = FWHM intensity, |, = Peak intensity
0.4 g and
0.2—””“'”‘””'”"—: r=/x?+ y?
-10 -5 0 5 10
Distance on sky (mas)
1.0 e
Tost : V(p) = exp[—(map)*/(41n2)]
o i Where
: 3 p=Vu2+v?
00 =50 00 150 200

Baseline (m)
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Elliptical Gaussian FWHM angular diameter (mas)

Gaussmn (example)

l L] L] 'I L I L
16 | AMBER MlDl/ 179
14 |- : } - 63
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Minor axis 2b
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Dominiciano da Souza et al A&A 2007
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Uniform disk

Use: aproximation for brightness distribution of photospheric disk.

0.003_1---...r.;........._
I(r) = 4/(wa?),ifr = /x2+y2<a/f2 0.002f ]
I[(r) = 0 otherwise g
= a
0.001 * > =)
0000l by,
-10 -5 0 5 10
Diameter (mas)
Ji(map) . — ) ——
F(p) = withp = Vvu?2 +v : :
nap L\ B=122Ma |
a = diameter 205 :
Sophistication of the model = f
|I=f(r), limb darkening 1
Cf Hankel transformation 0.0f — ——

T Y P B B |

0 50 100 150 200

Projected Baseline (m)
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Uniform disk

Use: aproximation for brightness distribution of photospheric disk.

1.0-IIII|IIII!IIII|IIII-

L\ B=1.22A/a :
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Visibili
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28/05/2007 : Introduction to visibilities, 24



Uniform disk (example 1)

1.0

1 e Determination of
I uniform disk

1 diameter of v Phe

08+

| with VLTIVINC)
B | »Second lobe points

—

are the most

H\ | constraining

Nz

|'|I|:| [ s 1 | & 'R T 1 [
L] il 101 150 2 2a0 3H
Visibility Curve for Psi Phoenicis
(VLTI + VINCI)
ES0 PR Phodtor WOl 15 Nerromober 20015 & Europssn Soathirn Dhserinon, ﬁ
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Uniform disk (example 2)

Nort  Determination of
uniform diameter of
Archenar
(VLTI/VINCI)

- Different positions
angles shows
evidence for
flattening due to to
; . fast rotation

The Shape of Achernar

(VLTI + VINCI) 5+
500 PR Photo 150703 11 June 2060 : . aEurn ":::ll'-.|'|'ZII:-.|\:.|--:"

Dominiciano da Souza et al A&A 2003

dresed

0,001

0.001
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Ring

Use: complex centro-symmetric structure

I(r)=1/(ra)d(r — a/2)

|

Vi(p) = Jo(map)
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Ring (example)

« RS Oph aspherical
Nova explosion

Chesneau et al., A&A 2007
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Circularly symmetric object

e.g: an accretion disk made of a finite sum of annulii with different
effective temperatures

Circularly symmetric component | ( r)
centered at the origin of the (x,y) coordinate system.

y

The relationship between brightness distribution and visibility is a Hankel function
Vip) = 2?7/ .f(?‘).jg(zﬁ?‘ﬂ)?‘d?‘
0

with and

r = 1/ T2 + yE p= w-u__z -+ -;_r;2
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Circularly symmetric objec
example)
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Pixel

Basic brick of an image !

e [(X,y) =1
— if |Xx| <land|y| <L
i +1(x,y) = 0
otherwise
V_Sin(nxl)sin(nyL)
w° XxylL
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Resolved multi-structure

Use: Describing any multicomponent structure.

. ?Eh - IE T 1;12 + 2T:’1h|1'::’1| HM ':.L-(]H(szhg/)i)

S V2 (u,v) = ;
A 9/0 (1+477,)

Where V_and V, are respectively the visibility of
object A and B at baseline (u,v)

Generalization: V(u,v) =
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Resolved bi-structure
(example)

Binary made of two resolved photometric disks: d=3mas, PA: 35deg

Squared visibility as a function of baseline

Visibility i , I
isibility in (u,v) plane for different flux ratios
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28/05/2007 : Introduction to visibilities, 33



The modelling process

Parameters: o, B, v, ... ——P /(X,y,O(,ﬁ,...)

Model

(u,v) / f y) exp(—2mi(xu + yv)))drdy

*

Sparse sampllng Observing model

(o V(u,v), . Yi=1.n p(t,A),¢s(t,A)

Y

Instrument /
atmosphere

Data oV et s
M | N | M |Zat|on = fF(V(ug, ), V' (ug, V), Ef(ﬂ.., v))

find min(x®)

28/05/2007 : Introduction to visibilities, 34



Pushing the limits
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Degeneracy at small
baselines

If the object is barely resolved the exact brightness distribution is not crucial
the dependance is quadratic for all the basic functions: visibility accuracy is
mandatory

1.0

o
(0]
T T T T

- Uniform disk (green) T__|
 Binary (black) 2
« Gaussian disk (blue) z |
 Multiple object (red) @0'4_

o
N
T T T

0 50 100

Base (m)
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A F, (W/m?)

101"t

1072}

Detecting extended

Wavelength (microns)

10

emission

Visibility drops rapidly:

attributed to

extended flux (10% of global emission)

1.0
08F
O
oy
S
2 06f
@
=
o)
R
>
04r
Model F
r Halo E 0.00
Dust F 0.75
02| Ring D ter (mas): 4.12
Halo E 0.00
Dust F 0.85
Ring D r (mas). 3.84
------------ Halo Fraction: 0.10
I B D (iag): 2.85
0.0 L [FEREREA ‘;ll RI L1 m [N [EERENENEE,
0 10 20 30 40
Baseline (m)

(Monnier et al ApJ 2006)

Here a simple
model of
extended (totally
resolved) dust
emission +
Gaussian brings
the best fit
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Small diameter estimation

Model fitting can also be considered as a deconvolution process: sizes
estimates or positional uncertainties can be smaller than the canonical
resolution (the “beam” size”) => super resolution

First measurements of M dwarfs
stars diameters

(Segransan et al,2003) .

~a  Look how large visibilities are (i.e. how small the
source is). No need for zero visibility
measurements to retrieve diameters

0.7_||1111||1J1||||11||||11||Ll'vll
0 50 100 150 200 2560 300

Spatial frequency [arcsec™!]
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Conclusion

v'Visibility study without imaging can be efficient.

v'The (u,v) coverage strategy is different from imaging. Limited
allocated time means (very) limited (u,v) points.

v"Use basic models in order to prepare your observation and
determine what is the more constraining configuration.

v'Visibility space is the natural place to understand the errors of
the final result.

v’ Always start by describing your observations in terms of basic
functions. It brings quantitative information useful for further
more detailed computations.
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