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Summary

1. Introduction on the principles

2. Back to the Object -Image relationship
3. Thereality of Interferometry

4. The practice of interferometry

5. The instruments in operation

6. The future?
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Introduction

Usual stellar physics
astrometry photometry
spectroscopy polarimetry

$

Star are (almost) always considered as point -like source

$

No information on the brightness distribution

$

Scientific niche for the High Angular Resolution

EES 2017 HAR Imaging 28 Sep 2017 The interferometric instruments and their specificities  D.

Mourard




Imaging; stellar- surfaces-and-environnements

High resolution
Aspatial
Atemporal
Aspectral

Needs for
Afield of view
Atransfer function
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Astrophysics sources and High

Angular Resolution
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Distributionn of stellardiameters
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How toomeasurea so-small-angular' diameter?

Star at infinity 5
Angular diameteq Angular diameteg C solid angleN=p ( 9 /

O

Radius rC Surface Spr2

Etendueof the beam
e SW=pa?g/2)?

Definition of coherence (Goodman)

Screen of radius r e < |

N.A.:gq = m@s| =ym C r=13m
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Coherence & Van - Cittert+~ Zernike-Theorem

Star at infinity
Angular diameteq

O

Screen of radius r

The coherence of the electromagnetic wave could be
determined by the computation of the complex degree
of mutual coherence between points 1 & 2 of the

collecting area:
yw;

R

‘6(%)
V-CZC G, ="—
°0

Uniform Disk: G, =‘231(/7 B//)
p 8l

Note: The definition of, (Goodman) corresponds at B wh&ez0.5
l.e.p q/Bl =@ r~=B=21 p qC e =2I
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How toomeasurea so-small-angular diameter: (2)?

I bijz N.A:g = in@s,] =g ¢ r=13m
% \/Jy Py, DI =um@ndiDi=1 ¢ t=3.10%s

With largerl and fast detectors, it is possible to record the electromagnetic wave at two differer
locations and correlate them in a computer:

C Radio Interferometry (mm, cm wavelengths)
C \ery Long Baseline Interferometry

With intermediatd smallD | and fasidetectors, one can create beating waves, record them and
correlate them in a computer:

C Heterodyne Interferometry
Ot her cases: direct 1 nterferometry because

It could also be shown that the coherence between the two waves leads to a correlation betwe
fluctuation of intensities: DI DI,
G = L
1'2

C Narrabrilntensity Interferometer but strong limitation in magnitude
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The ideal interferometer
Young experimentwith a star

Star at infinity
Angular diameteq | :‘Yl +Y, €9

O

‘ 2

| =|Y. [ +|Y,[ +2Y,Y cos@)

QO: OO

a )
2./1,1
= () e R "iY2 s cosg)
G |

L+l \/|Y1|2|Y2 ’

2,11,

Photometd term: - 3B
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: A G2 = ‘ 12 2‘ 2 ~(;/ :
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EES 2017 HAR Imaging 28 Sep 2017 The interferometric instruments and their specificities  D. Mourard 11




Where-are we?

A Notions
d Coherence of a stellar wavefront
d Fourier transform of the brightness distribution
d Spatial frequencies of the source

A Method

0 Complex degree of mutual coherence

AThis is really complicated?é

A An other point of view: object -image relationship
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Object-Image relationship

-

Brightness distribution in the image | (b) —
~

Spatial frequencies spectrum of the image | ( f ) —

Modulation Transfer Function (MTF)

H(f)] = AC[P(/ )]
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Telescope

10.0C0C

Pupil Point Spread Function
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Interferometer

A5

Pupill
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PSF: Importance of the combining scheme

ES ARITTE 7SS e

4 UTs + 4 ATs Fizeau 4 UTs + 4 ATs densified
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The (u,v) plane

H ()= AC[P(/)]

AThe support of the MTF in the frequency plane is calleduhg plane.
Arhis is a function of
Athe input baseline
Athe latitude of the observatory
Athe target coordinates
Athe wavelength
Athe time

Some examples with a simulation tool: ASPRO2
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télescope de Foucault de I'observatoire de Marseille

ecran lunulaire

Stephan, Michelson, Labeyrie
1874

L=65cm i

1919

1974
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Where-are we:(2) ?

Conceptually speaking, Interferometry Is
really simple 1 n fac
technique!

And yes, direct imaging Is possible!
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F. Patru, PhD

Pupil- Image: relation

Pupil |l e d6enm o= ™ ] —
ﬂ' Télescope Interférometre
Fonction dOoOEt al g n rbonolithique Fizeau

de Point (FEP)

N.=1 N =2 N =3 N =8
Pupille
@

W
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pupll

Geometry: of theanput
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Direct’ imaging exemples
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Quality., criteria

In the-Point

Spread Function
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do

Quality, versus number of sub--pupils
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Where-are we:(3) ?

Ok Interferometry is, conceptually speaking, not different as
any I maging telescope but é

Why has it been so difficult to get first images? And why do
we continue to speak of fringes and visibilities?

Again a coherence probl eme
but also a budget issue!
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r =

C

Coherence inreality

/
p(2)

yw,
N

N.A.:gq = in@s| =pgm C r=13m
DI =mahdt D=1 C t=3.10%s
lc=c.tcH 2/D =R\ C I=1pdn

First difficulty: equalizing the optical paths

% “X/2 "

Delay lines

L2
| =]Y, +Y,€"
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Exemples of delay lines

VLTI (Chili)

Lem iy
' —— Periscopes

.-/

=" SEss

Mell‘ology
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Second main difficulty:ithe atmaspheric turbulence

A After passing through the turbulent atmosphere, the
coherence is reduced:

0 Spatially: r,=10cm

0 Temporarily t,=5ms

d Spectrally D I =30nm in the visible
A Note

d hypervolumeof coherence & (turbulence)

A Solutions
d Space
d Cophasing devices
d Correct sampling of the corrugated  wavefront
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Cophasing devices (1)

L= (1 +1,)*

2\/ I1I 2 % YlY; * COS@)
SR |Y1|2|Y2|2

- Q0: OO

LA

But g contains a modulation term + a random atmospheric term

0.5

0.0

Phase Peaks

Group Delay Peak|
+ T
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http://www.youtube.com/watch?v=6V5LUbqVaAQ
http://www.youtube.com/watch?v=6V5LUbqVaAQ

Cophasing devices, dispersed fringes (2)

spectrometer slit
Ay  (zeroorder) o

b

¢ dispersed image (first order)
on the field of the detector

/_,/’ o it

Combined focus slit

ispersed Speckle

Grating

3
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Cophasing: does-it'\work?

A Yes of course C GRAVITY is able to make long integrations
of the fringe signal. But this is very recent and for the
moment quite exceptional

C Short _exposures are mandatory otherwise the high spatial
frequency Information is blurred and the image quality is
lost

e atelescope without AO but in speckle interferometry
mode

C Strong limitations in sensitivity, signal to noise ratio.
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Interferometer=telescope? Not exactly in fact

A The pupil plane is made of
independent subpupils
0 Control of the position of the  subpupils

/ 0 Control of the tip/tilt of the subpupils
,’/ 0 Control of the piston between the  subpupils
/’ C AO for an interferometer
Tl
7/
A A The pupil plane is not perpendicular to
the direction of pointing
0 Delay

0 Atmospheric dispersion
0 Fresnel diffraction

C Complex optical interfaces between
B the collection of the waves and the
interferometric focus.
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Nasmyh ows
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Encoding of fringes

Coaxial

Temporal sampling

L2
| =]Y, +Y €7

Multi-axial
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Measuring the fringe contrast

* 5

| =(1, +1 ) f20l s YiYe s ose)© with g(t) org(x)
2 > 2 Q
ERAEIINARS 9

9

Contrast of the interference figure (wit}l,)

C — max mln —_

mac L Jw v

But this is practically not possible because of the fast turbulence motion

C is measured through the Fourier Transform of the image
‘i

More details irRoddier& Léng 1994, Journal of Optics

2 2
C
=1+ I d(° 1), f beingthefrequencyof themodulation
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A <'sshort<<di gressionée

|I=1+Vcos(wt+f)

— Imax- Imin — (1+V)' (1' V) _ Y -\

ot e AFV)+(1-V) 2

ma

n

|, =1(0-p/2),l;=1(/2-p),l.=1(p-3p/2),l,=1(3p/2- 2p)

VUi —Ic)? + (Ip — Ip)?

I
—
1'2 .-'r|_._-.|_

V =

Both methods are equivalent to a Fourier transform in fact!
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Measuring the phase

* 0 Yy*
| =(1,+1,) §+2 12* YiYe _wcosg)9=(1,+1,)* §+2 MAF *cosg+£)S
2 VSvLf 8 T
1) Differential phase:
o L
- 5/1a§ s 5Cox 4 2Co
/ / CY —g& et Arg%g,la %- Arg%g,za %zf&,z-f&h
/ o,zaa ¢ & - ¢ ¢
¢

2) Phaseclosure:

Baselind2: Y, ,=F ,+/,-/,
Baseline23: Y _,=F ,,+/,-/ .
Baseline81: Y_,=F ,,+/ .-/,

withF ; = Arggé?)g&j/ / 88andj . theturbulentphasen pupili
¢ G —+

Closurephase equation: ' ,,+' _;+' 3, =" .+ L3+ 3,
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Interferometric  data

2
~OB~
o O% 3
Visibility v2=| ¢/ =
o(0)
Differential  ph & ABO0 A~ ABOO
lfTerentia phase Arg ~ ~ Arg ~
DEL AD.ER

Phaseclosure Yo+Y s+Y,,=F ,+F +F
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Number-of ohservables

2 telescopes interferometer
1

S 2
e

3 telescopes interferometer

—

2

OB,/ /)

2

O(B,/ /)

O(B,//)

O(B,/ /)

Arg(é(Blz/ /)+ Arg(f)(stl /)+ Arg(é(Bsd /)

—
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Generalization

An interferometer with n telescopes produces
d n(n-1)/2 bases, so [n(n -1)/2] complex quantities, so n(n- 1) unknowns
d n(n- 1)/2 modulus measurements
d (n-1)(n-2)/2 closure phase measurements

Number

500

450

400

300

250

200

150

100

50

100%;

/ B0%

—— Qg%

A 70%

A

/.

a——

0%

| Inknowns
—odulus
Closure

Total

—
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But do-nhot rememberthat an interferometer

IS avdirect-imaging telescope!

Fourier Fourier
Transform Vdiff Transform

V2

E—
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Visibility of & solar type star (1 RU) at 10 pc ?

sun at 10 pe [arcsec]

0.001 0.0001 107° 1Q7° 1077 1

O_E
1 E |IIIIII LI |IIIIII LI |IIIIII I I |IIIIII I I |IIII T I E
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2 001 ) ~
2 - ~ E
&L 0001 = HHEHHER T =
E E CHETH E
:;“' 0.0001 ¢ —
:'é -5 - -
u 10 E_ small—=acale magn. fielda _E
10°% g prTETEETE T =
J-G_'? B I I IIIIII| I I IIIIII| I I IIIIII| ' 1 I IIIIIIII'I I [ Illllili.“;iigl L1 IlllT

0.1 1 10 100 1000 1g* 10%

Frequency [stellar radii ~']

EES 2017 HAR Imaging 28 Sep 2017 The interferometric instruments and their specificities  D. Mourard

44




And a:Kgiant:© (25 R ) att 10 pc?

K giant at 10 pc [arcsec]
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0—’?
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e - ]
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0.1 1 10 100 1000 g% 10°

Frequency [stellar radii _1]
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Example of /differential phase measurements

S

0,54

or|20 km/s

0,52

> 0,50

0,48

0,46 T

0,10

RORE Re

Déplacement du photocentre

-40 -20

Vitesse (km/s)

-0,10

20 40 -40 -20

0 20 40
Vitesse (km/s)
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Differentwaysof consideringnterferometricobservations

Everything is in %

P Spatialfrequencysamplingbase wavelength
P Spectrakampling

P Fieldsampling

P Timesampling

P Polarisatiorsampling

C Complementary data are usually considered
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Some exemples of preparation;tools

JMMC NexSCl

ASPRO2 VMT

Publications and science databaBdMC-BIBDB
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http://jmmc.fr/bibdb/
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Stellarstructure detection
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COAST (Cambridge, MRAQO)

Copalk (Ot 1967, 23236 THI)
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Samplingthe @,v) plane

S8 1 2 3 Al Bl AN CA

. T ;IJ | B— Lo L I T —_
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: 2
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Supersynthesis-effect
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Variation of the angular diameter of R Leo as afunction of time IOTA/FLUOR

Time sampling

FLUOR/IOTA observations of R Leo
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Cepheids stars

Ajustement Ordre

=z

3-4 T T T T T T T

3.2

3.0

2.8

Diométre Angulaire (mas)

z2.6

IIIIIIIIIIIIIIIIIIIIIII

lllllllllll

lllllllllll

0.8

-
Q

EES 2017 HAR Imaging

28 Sep 2017

The interferometric instruments and their specificities

D.

Mourard

55




Calibrationrof . the measurements

A On a point-like source, V2=1 in theory, much less in actual
conditions

A 1/2 to 2/3 of the observing time is spent on calibrators.

Vn?,cal :\/tﬁ,calx-r2
Vzca
- = j‘/tﬁ,target :an,targetxﬁzca:
Vn?,target :\/tﬁ,targetXTZ
A What is a good calibrator? sV.2 andsV?
SearchCal getCal
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../outils/SearchCal-5.0.1.jar
http://nexsciweb.ipac.caltech.edu/gcWeb/gcWeb.jsp

Starting the interpretation

A Calibrated visibilities and limited ( u,v) coverage.

A Interferometric  measurements are usually stored in
OIFITS file (international norm for data exchange).

Model fitting Is a first step solution
LITPRO (JMMC)

More elaborated models are usually necessary
Image reconstruction
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../outils/LITpro-1.0.16.jar

Now the-reality

ESO/VLTI

ESO VLTI School 6/3/2017

CHARA Beam
Synthesis Facility
Engineering Shop

CHARA Array of Georgia State University
0 CHARA facilities are indicated with a bold outline

TAE Photographic
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vlti.pdf
vlti.pdf
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NPOI: The Basics

NPOI Array Center

A NPOI = Navy Precision A NPOI is collaboration

Optical Interferometer between US Naval

& Major funding by Observatory (USNO),
Oceanographer of the Naval Research Lab (NRL)
Navy and Office of Naval & Lowell Observatory
Research A Lowell is both a science

d Additional instrument partner, and a contractor
funding from National to USNO (infrastructure
Science Foundation & ops) & NRL (site

60 projects)
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