
Chapter 2
An introductionto optical/IR
interferometry

In this chapterwe wish to provide thereaderwith somebasicnotionson optical/IRinterfer-
ometry. Thesewill beusedextensively in thefollowing chaptersof this thesis.We focuson
thevery basics(thevanCittert-Zernike theorem)andtheir applicationto thestellarsources
studiedin thisthesis.Thetechnicalinformationrequiredto dotheactualobservationsandthe
datareductionis veryinstrumentspeci�c andthereforebeyondthescopeof this introduction.

This chapteris mainly basedon two schoolproceedings:“Observingwith the VLT Inter-
ferometer”(Perrin& Malbet2003) and“Principlesof LongBaselineStellarInterferometry”
(Lawson2000) andonthebook“Sciencewith theVLT interferometer”(Paresce1997). These
areanidealstartingpoint for anyonenew to optical/IRinterferometry.

We endthis introductionwith anoverview of themostfamousinterferometers,anddescribe
in moredetailthoseusedin this thesis.

2.1 Moti vation

If we neglectoptical imperfectionsandatmosphericturbulence,thenbiggertelescopesgive
betterspatialresolution,i.e. allow usto seesmallerdetails,following therelation1

� = 1:22
�
D

(2.1)

with � the angularresolution(in radians),� the observingwavelengthandD the diameter
of the telescope.This meansthat the resolutionof a 10-meterclasstelescoperangesfrom

1Thediffractionlimit is de�ned asthereciprocalof theopticaltransferfunctioncut-off frequency. Equation2.1
is thesolutionfor acircularaperture.
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Figure 2.1— Covering the Paranalmountaintop with one super-UT or a VLT-Interferometer:an
expensive vs. a reasonableway of obtaininghighangularresolution.(Figurecourtesyof T. Bedding)

20milli-arcseconds(mas)in thevisible to 400masin theMid-IR, if theimageis diffraction
limited2. While sucha largetelescopewill allow theobservationof very faint extra-galactic
sources,it is still too small to spatiallyresolve starsin thesolarneighbourhood,which are
typically a few milli-arcsecondslarge.

Optical/IRinterferometersaretheidealtoolsto studytheshapeandsizeof objectswhichare
bright but small andthusrequireonly a limited light collectingsurface,but a high angular
resolution.Ratherthanbuilding anenormoussingle-dishtelescopeandthrowing away most
of thelight (to avoid saturationof thedetector),it is economicallymoresaneto useonly afew
small telescopesandcombinethe light in sucha way asto obtaina high angularresolution
(Fig.2.1). Whenwecombinethelight of severalsmallapertures,theoutputis aninterference
pattern: the so-calledfringes. It is the amplitudeandphase(the locationof thesefringes
w.r.t. aphasereference)thatcontaintheinformationon theobservedsource:thevanCittert-
Zernike theoremstatesthat this complex quantity(comprisingphaseandamplitude),called
thecomplex visibility , is theFourier Transform(FT) of thesourceintensitydistribution on
thesky (Sect.2.2.3). Theoriginal sourceimagecanbereconstructedonly if we havea good
samplingof theFT, i.e. if we havea largenumberof visibility measurements.

2For a10metertelescopein thevisibleandnear-IR, thiswill requireAdaptiveOpticsto correctfor theturbulence
inducedwavefrontcorrugations.
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Anotherargumentin favourof anarrayof smalltelescopesasopposedto asinglelargedish,
is the dif�culty of obtainingdiffraction limited imagesthroughthe turbulent atmosphere.
The size of the turbulent cells in the atmospheredeterminesthe spatialcoherenceof the
wavefront, i.e. the size of the patchover which the wavefront can be considered�at . If
we samplethe wavefront over a larger surfacethan the coherentpart, we seea multitude
of speckles, moving aroundrandomlyon the detector. After integrationover time, we end
up with oneblurredimage,thespatialresolutionof which is thereforeseeing-limited. This
spatialcoherencedependson turbulencestrength,zenithangleandwavelength. It is quan-
ti�ed by the Fried parameter, r 0, which is typically about20 cm in the visible at a good,
high-altitudeobservingsiteandcorrespondsto animageFWHM of 600mas.Theresolution
of seeing-limitedimagesobtainedthroughanatmospherewith turbulencecharacterizedby a
Fried3 parameterr 0 is thesameastheresolutionof diffraction-limitedimagestakenwith a
telescopeof diameterr 0. Becauser 0 scaleswith � 6=5, a 10 meter-classtelescopewill give
diffraction-limitedimagesonly at wavelengthsbeyond10micron.Clearlyit makesnosense
to build ahugetelescopeif wedonotsolvethisproblemof atmosphericturbulence.Thereare
3 solutionsgenerallyusedtoday: (1) Speckleinterferometry, a techniquein which a multi-
tudeof snapshots,still showing individualspeckles,is combinedinto onediffraction-limited
image,(2) with AdaptiveOptics(AO), onecorrectsthewavefrontin real-timeby deforming
the mirror at a scaleof r 0 or (3) oneusesApertureMasking. In aperturemasking,a large
aperture(e.g. a Kecktelescope)is coveredwith a maskwhich containsa multitudeof small
openings.Theresultinglight beamscanbeinterfered,yielding amplitudesandphases.The
atmosphericturbulenceis now presentin thephasesof eachfringepattern,but canbe�ltered
outby addingthephasesof differentfringepatternstriangle-wise(seeSect.2.5.1). After that,
thesourceimagecanbereconstructedwith aninverseFourierTransform,following thevan
Cittert-Zernike theorem,yielding animagewith anangularresolutioncorrespondingto that
of a diffraction-limitedimage.

Unfortunately, for these3 techniquesto becapableof resolvingastellardiameter, they would
requireatotalaperturemuchlargerthanthosecurrentlyavailable,andparticularlyAO would
atthatscaleturnunrealisticallyexpensive.Furthermore,suchaset-upwouldbeunnecessarily
sensitive andgeneratea lot of redundantinformationwhenstudyingobjectswith relatively
simplemorphologies.It is thusnaturalto interferethe light of a few individual telescopes,
eachwith a sizenot greaterthanr 0, but separatedby many tensto hundredsof metersto
obtainhigh angularresolution.

2.2 Principles of interfer ometry

In this section,we presentin anintuitiveway thefundamentalsof optical/IRinterferometry:
we start from an observed interferencepatternandwork our way to imagereconstruction.
Thestartingpointof it all is the2-slit experimentdesignedby ThomasYoung(1807)to show
thewave-characterof light.

3Anotherway of quantifyingtheextent to which the imageis diffraction limited, is theStrehlratio S, which is
de�nedasthepeakintensityin theactualimageof apointsourcedividedby thepeakintensityin adiffraction-limited
imagetakenthroughthesameaperture.
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Figure 2.2— Young's 2 slit experimentwith a monochromaticpoint source. A planewavefront,
emittedby a sourceat a largedistance,falls upona screenwith 2 in®nitesimallysmallapertures.Each
apertureproducesa semi-sphericalwavefront andan interferencepatternis observed on thedetector.
(After a ®gureby C. Haniff)

2.2.1 Young's slit experiment: point source

In Fig. 2.2, we show thebasicsetup:a sourceat largedistanceemitselectromagneticwaves,
which eventuallyarrive as �at wavefrontsat a screenwith 2 small apertures4. From each
aperture,semi-sphericalwavefrontsemerge,propagatingtowardsthedetector. These2 light
beamsnow interfereeitherconstructively or destructively on the focal plane,dependingon
thepath-lengthdifference.If our instrumentis pointedaccuratelyat thesource,thenwe see
constructive interferenceon theopticalaxis.Thepower (P) we detecton thescreenis given
by

P = 2AF (1 + cosk� ) (2.2)

whereP is the total detectedpower, A is the light collectingaperture,F is the �ux of the
source,k thewavenumberof thecollectedlight and� is therelative delay(phase)w.r.t. the
opticalaxis.Thisdelaypointseitherto anotherlocationon thedetector, anoff-axissourceor
acombinationof both.

4Theimaginaryline connectingthe2 aperturesis calledtheªbaselineº
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Figure 2.3— Young's 2 slit experimentwith anextended,monochromaticsource.In this case,every
ªpointºof thesourcegeneratesoneinterferencepattern,slightly offset to thatof anotherpoint on the
source. The total interferencepattern,which is the sumof the individual fringe patterns,haslower
contrastor visibility amplitude.

2.2.2 Young's slit experiment: extendedsource

If, insteadof interferingthelight of asinglepointsource,we do thesamefor a largenumber
of point sourcesthatmake up an extendedsource,thenwe superposeinterferencepatterns,
eachonecorrespondingto onepoint of the source. Dependingon how far a certainpoint
is from theopticalaxis, the interferencepatternwill beshiftedin locationw.r.t. thatof one
on the optical axis. Whensummingover all pointsof the source,this reducesthe contrast
of the total interferenceor fringe pattern.This reductionin contrastdependson thesizeof
thesourceandthe fringe spacing.Theshift in delayof anoff-axis point correspondsto the
projectionof thebaseline,i.e. the line connectingthe2 apertures,on thedirectiontowards
this off-axis point. If we de�ne s to be a unit vectorpointing at the sourceandB as the
baseline-vector, thenthisdelay/phase-shiftis equalto s � B . Sincethefringespacingdepends
on wavelength,it is easyto seethat the relationbetweenfringe contrastandextensionof
the sourcedependson both wavelengthandbaseline. Intuitively, we would expect fringe
contrastto decreasewith increasingbaseline(relative delaybetweenthe2 beamsincreases)
and increasewith increasingwavelength(a given phaseshift will have lesseffect on the
contrastfor largerfringespacings,i.e. longerwavelengths).
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A contrastof 1 only putsan upperlimit on theextensionof thesource:thesourceremains
unresolved,while a contrastof 0 givesonly a lower limit: thesourceis totally resolved. If
we wantto determinethesizeof theobject,we shouldcreatea fringe patternwith suf�cient
but not too muchcontrast.In Sect.2.2.3, we will seethat theexact relationbetweenfringe
contrastand baseline/wavelengthdependson the sourcemorphology. Therefore,a single
fringecontrastmeasurementis mostofteninsuf�cient.

2.2.3 van Cittert-Zer nike theorem

Therelationshipbetweentheobservedcontrastandphaseof an interferencepatternandthe
sourceintensitydistributionon thesky is known asthevanCittert-Zernike theorem.It states
thatthecontrastandphase(location)of theinterferencepattern(thefringes),i.e. thecomplex
visibility, correspondsto the Fourier Transform(FT) of the sourceintensitydistribution on
thesky at thespatialfrequencies(theconjugatesof the2 spatialcoordinates)corresponding
to thebaselineprojectedon thesky.

Thiscomplex visibility is afunctionof thespatialfrequencies,just liketheFT of atimeseries
is a functionof time� 1, or temporalfrequency. Thesespatialfrequenciesareusuallyde�ned
in termsof B =� , andmostoftenexpressedin arcseconds� 1 or cycles/arcsecond:

u =
Bx

�
and v =

By

�
: (2.3)

If � and� arethespatialcoordinateson thesky, A theapertureandF thesourceintensity
distributionon thesky, thecomplex visibility canbewrittenas:

V(u; v) =

R
d� d� A(�; � )F (�; � ) e� 2� i ( �u + � v)

R
d� d� A(�; � )F (�; � )

(2.4)

Thevisibility 5 or fringe contrastis thenjV j andthephaseor fringe locationis arg(V), i.e. �
in

V = jV j (cos� + i sin � ): (2.5)

Theamplitudeof thedenominatorin Equation2.4 quanti�es theamountof correlated�ux ,
i.e. the amountof �ux which is coherentand thereforeproducesan interferencepattern.
Thus,thevisibility expresseswhich fractionof thetotal �ux is correlated.

If eventuallywe wish to do imagingwith interferometricobservations,we'll have to do an
inverseFT of a largenumberof measurementsof thefringecontrastandphase.Thequestof
every interferometristis thereforeto �nd a way of maximisingthe informationgainedwith
aninventivesetupof thetelescopesandacleverway of combiningthedifferentlight beams.

5By visibility, we oftendenotethe fringe contrast,i.e. jV j, insteadof the complex visibility. Moreover, in the
caseof a centro-symmetricobject,by pointingthe interferometerto thephotocenterof theobject,thephaseof the
visibility is zeroandthecomplex visibility reducesto its amplitude,i.e. thefringe contrast.
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Propertiesof the FT Somebasicpropertiesof theFT whichcanbeusedto computevisi-
bilities for complex intensitydistributions,arelistedbelow:

FT f I1(�; � ) + I2(�; � )g = V1(u; v) + V2(u; v) (2.6)

FT f I(a�; b� )g =
1

jabj
V (u=a;v=b) (2.7)

FT f I( � � � 0; � � � 0)g = V (u; v)e2� i (u� 0 + v� 0 ) (2.8)

FT f I1(�; � ) � I2(�; � )g = V1(u; v) � V2(u; v) (2.9)

2.3 Commonsourcemorphologies

While thevanCittert-Zernike theoremcanbeusedon any sourceintensitydistribution, typ-
ical astrophysicalobjectsoften allow for a muchsimpler formalism. In the following, we
presenta few commonsourcemorphologiesandthecorrespondingvisibilities6.

2.3.1 A point source

The mostbasicof all intensitypro�les is that of a Dirac function, i.e. a point source.Let
(� 0; � 0) bethepointingposition.Thebrightnessdistribution is then:

I (�; � ) = � (� � � 0; � � � 0): (2.10)

It is thenstraightforwardto demonstratethatthevisibility is

V (u; v) = e� 2� i (u� 0 + v� 0 ) : (2.11)

Theamplitudeof thevisibility is oneandif thetelescopesarepointedexactly at thesource,
thephaseis zero.In theremainderof this section,we will assumea correctpointing. Under
thisassumption,thecomplex visibilities reduceto their realpart,theabsolutevalueof which
is in this casethefringecontrast.

2.3.2 Cir cularly symmetric sources

If theobjecthascircularsymmetry, thereis no needfor 2 spatialcoordinatesandwe prefer
insteadto work with thedistanceto theopticalaxis,i.e.

� =
p

� 2 + � 2; (2.12)

6Becausemostinterferometersactuallymeasuredthesquaredvisibility, V 2 , this quantityif oftencomparedto
themodels.In thepolychromaticcase,normalizationshouldbedoneafterconvolution with thespectralbandpass.
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andits conjugatecoordinate
r =

p
u2 + v2: (2.13)

Equation(2.4) now simpli�es to7:

� (r ) = 2�
Z 1

0
I (� )J0(2� �r )�d� ; (2.14)

whichcanbenormalizedby dividing by thetotal �ux:

V (r ) =

R1
0 I (� )J0(2� �r )�d�

R1
0 I (� )�d�

; (2.15)

with � and V the correlated�ux and visibility respectively, r and � as de�ned in Equa-
tion (2.12) and(2.13), I (� ) the1-D intensitypro�le from thecenterof theobjectout to its
edgeandJ0 thezeroth-orderBesselfunctionof the�rst kind. TherelationbetweenI (� ) and
� (r ) asde�nedby Equation(2.14) is calledaHankel transform,andcanbeunderstoodasthe
integralof awholesetof circular, in�nitesimally thin ringseachwith a visibility of

V (r ) = J0(2� � 0r ); (2.16)

with � 0 theradiusof thering.

Whendealingwith intensitypro�les which are the resultof radiative transfercalculations
(e.g.stellaratmospheremodels,dustshellmodels),it is customaryto usethevariable

� =

s

1 �
�

�
� max

� 2

(2.17)

with � max theoutermostemittingpoint of the intensitypro�le, insteadof � . � is thenalso
thecosineof theviewing angle,with � = 1 correspondingto a line-of-sightwhich is perpen-
dicularto thesurfaceof theobject.Equation(2.15) thenbecomes:

V (r ) =

R1
0 I (� )J0(� r �

p
1 � � 2)�d�

R1
0 I (� )�d�

; (2.18)

with � theangulardiameterof theobject.

A uniform disk Let us startwith the intensitypro�le of a uniform disk (hereafterUD).
Although the sciencetarget is only rarely UD-like, �tting a UD visibility curve yields an
apparentsize in the sensethat the object is comparedto a templateof uniform brightness
with circular symmetry. Especiallyin the �rst lobe of the visibility curve (seeFig. 2.4),
differencesbetweenvariouspointsymmetricmorphologiesarefairly small.Thevisibility of
aUD with diameter� is:

7For a transparentderivationof this formula,we referthereaderto Perrin& Malbet(2003).
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V (r ) = 2
J1(� � r )

� � r
; (2.19)

with J1 the�rst-order Besselfunctionof the�rst kind.

A limb-dark eneddisk StarshaveaUD intensitypro�le only in a�rst-order approximation.
In general,thereis a slight decreaseof intensitywith distancefrom the center: whennot
looking perpendicularto the stellar surface,the betterpart of the light comesfrom more
super�cial layersasthepath-lengthandthereforealsotheopacityincreasemorerapidlywith
depththan for a perpendicularline-of-sight. The consequenceis that we seea layer with
in generala lower temperatureand thereforemeasurea lower intensity. The visibility of
sucha limb-darkened(hereafterLD) disk canbecomputedwith theHankel transformasin
Equation(2.14).

Limb-darkeningin�uencesthevisibility curvesigni�cantly only closeto andbeyondthe�rst
null, ascanbeseenin Fig.2.4. Themaximumheightof thesecondlobeof thevisibility curve
is a goodmeasurefor theamountof limb-darkening.Whenno theoreticalintensitypro�les
(including limb-darkening)areavailable,it is possibleto �t an analyticalapproximationof
thecenter-to-limb variationto thedataset.Theseusuallylook like thefollowing:

I (� ) = 1 � B (1 � � ) or (2.20)

I (� ) = � � ; (2.21)

whereI is theintensity, � is de�ned by Equation(2.17) andB and� aretheLD parameters
which can be determinedfrom a �t to the observationsor from a comparisonwith inten-
sity pro�les from radiative transfercalculations.See(e.g.Claret2000) for a tabulation of
syntheticLD parametersfor a largesetof modelatmospheres.

A Gaussiandisk A Gaussiandisk is oftena goodrepresentationof a circumstellarenve-
lope,wheretheintensitydoesnotdropsharplyatacertaindistancefrom thecenter, but rather
fadesbecauseof a temperatureanddensitydecreasetowardstheouteredge.

Assuminganintensitypro�le with thefollowing Gaussianshape:

I (� ) =
1

p
� =4 ln 2�

exp
�

� 4 ln 2� 2

� 2

�
; (2.22)

whichhasa FWHM of � , thevisibility is:

V (r ) = exp
�

� (� � r )2

4 ln2

�
: (2.23)
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Figure 2.4— Intensity pro®lesand correspondingvisibilities for 3 typical point symmetricsource
morphologies:a uniform disk (solid line), a limb-darkeneddisk (dotted line) and a Gaussiandisk
(dashedline). DiametersandFWHM werechosensuchthatthetotal ¯ux is thesamefor all 3 objects.
Thelowerpanelshowsfringecontrast,or jV j, whichis positive for all spatialfrequencies.< (V ) would
benegative in theevenlobesbecauseof a 180� phasejump at eachnull. Thesecondlobedecreasesin
heightwith increasinglimb-darkening,ultimatelydisappearingfor a Gaussianintensitypro®le.

2.3.3 Inclined structures

When dealingwith circumstellardisks, the inclination of the object removes the circular
symmetryandwe need2 spatialcoordinates.Let usconsideran in�nitesimally thin ring of
intensity, which is inclined in sucha way thatwe seean elliptic ring with a andb assemi-
majorandsemi-minoraxisrespectively, i.e. b = a cosi . If wetakeacoordinatesystemwhich
is alignedwith theaxesof theobject,wecanrescaletheobjectplanecoordinatesto � 0 = �=a
and� 0 = � =b. In this new coordinatesystem,theellipseis reducedto a circle, thevisibility
of whichcanbecomputedasfor thecircularlysymmetricsources,with r =

p
a2u2 + b2v2:

V (u; v) = J0

�
2� � 0

p
a2u2 + b2v2

�
: (2.24)

Summingoverall ellipsesmakingup thesource,wearriveagainata Hankel transform.
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2.3.4 Multiple components

Theadditionpropertyof theFT (Equation2.6) statesthat thecomplex visibility of a system
of multiplecomponentsis thenormalizedsumof thecoherent�ux esof eachcomponent.

Without phaseoffset Whenall componentsareconcentric,this reducesto a summingof
the amplitudes.A typical exampleis that of a starembeddedin a (detached)circumstellar
dustshell, observedat a wavelengthwhereboth the starandthe envelopeshow signi�cant
emission. Figure2.5 shows the intensitypro�le of sucha situationandthe corresponding
visibility curve. In the latter, we can distinguishclearly the contribution of the strongly
resolveddustshellandthatof thealmostunresolvedcentralstar.

When this resolved componentis not of interest,it is customaryto renormalizevisibility
measurementsat higher spatialfrequency using the �ux ratio betweenresolved andunre-
solvedcomponent.Thehigherspatialfrequency datacanthenbeexaminedasif no resolved
componentwaspresent,e.g.by �tting aLD visibility curve.

With phaseoffset Whendifferentcomponentshave differentphasecenters,a modulating
term containingthe phasedifferencesentersthe equation. Let V1 be the visibility of the
primary, andV2 thatof thecompanionin abinarysystem.They havea �ux ratio f = F2=F1

andaseparationvector� . Thevisibility canthenbewrittenas:

V (u; v) =
V 2

1 + f 2V 2
2 + 2f jV1jjV2 j cos2� =� B � �

(1 + f )2 ; (2.25)

whereB �� is thebaselineprojectedontotheseparationvector. Figure2.6showsthesquared
visibility in the (u,v) plane,anda 1-D cut, for a binary with a separationof 8 masanda
positionangleof 35� Northof East.Thelargescalecircularstructureis theAiry pattern(the
UD visibility curve)of a singlestar. Theªripplesºtraversingthesinglestarvisibility aredue
to thephasedifferencebetweenthe2 superimposedAiry patterns(onefor eachcomponentof
thebinary). They areorientedperpendicularto theseparationvector. Thewavelengthof the
binarysignaturein a1-D visibility curvewill thusdependonthealignmentbetweenbaseline
andseparationvector. Theamplitudeof thismodulationdependsonthe�ux ratiof , ascanbe
seenon theright handsideof Fig. 2.6. Remarkthe–possiblyconfusing–similarity between
thecombinationof visibilities discussedhere,andthecombinationof imagesgiving rise to
theinterferencepatternin the�rst place.

2.4 Interfer ometric FOV and wide-bandvisibilities

Sofar, we have discussedonly interferometryin a monochromaticsetting.In real life how-
ever, oneobservesat a certainspectralresolutionandthat introducesa few extra complica-
tions.The�rst of theseis thelimited �eld-of-view (FOV) of aninterferometer, thesecondis
themeasurementof wide-bandvisibilities.
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Figure 2.5— Intensitypro®le andcorrespondingvisibility for a 2-componentmodel: a centralstar
whichis almostunresolvedandastronglyresolveddustshell.Thevisibility of thefull objectis thesum
of thatof the individual components:the dustshell emission(black) is stronglyresolved andcreates
therapiddecreaseof visibility at low spatialfrequency. Thecentralstaremission(hatched)is limited to
a muchsmallerregion andthereforecreatesthebroadUD visibility curve. The¯ux ratio F dust =Fstar

determinestherelative contributionsto thetotal visibility (in this caseFdust =Fstar = 0:55).

Interfer ometric FOV Let usreturnto Young'sslit experimentin thecaseof apointsource
(Sect.2.2.1), but insteadof observingat onespeci�c wavelength/frequency, we observe in a
photometricband. Eachwavelengthwithin this photometricbandwill contributeoneinter-
ferencepatternto the total observedintensity. However, thewavelengthof this interference
patterndependson thatof the light which is interfering. By observinga photometricband,
weactuallymeasureasuperpositionof amultitudeof interferencepatterns,eachwith its own
wavelength,but all centeredat thesamelocationon thescreen.At that location,we have a
constructivesuperpositionof thedifferentinterferencepatterns.Slightly off-axis though,the
superpositionis no longerperfectlyphased,andthefringesgetblurred.At acertainlocation,
there's no contrastleft: theinterferencepatternsinterferedestructively. This is illustratedin
Fig. 2.7. Clearly, thewider thephotometricband,thesmallerthefringe packet. If onegoes
throughthemathematics,it becomesclearthat thefringe packet is actuallyanin�nite inter-
ferencepattern,convolvedwith theFT of thebandpass.If thebandpassis a regulartop-hat
function,thenthecoherenceenvelope, i.e. thevariationof fringe amplitudewith opticalde-
lay, or locationonthescreenin thisexample,hastheshapeof asincfunction.Let usconsider
a relatively narrow, ideal top-hat�lter suchthat transmissionis 100% within the �lter and
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Figure 2.6— Squaredvisibility for a binarysystemwith a positionangle(PA) of 35� North of East
andaseparationof 8 mas.Theleft handsideshowsthesquaredvisibility in the(u,v)planefor acontrast
ratioof 1. Theright handsideis a1-D cutfrom theleft handside,following thewhiteline. It alsoshows
thesquaredvisibility for similarsystemswith lowercontrastratios.Theenvelopewhichdeterminesthe
maximaof thevisibility curvescorrespondsto thevisibility of anindividual star. Theamplitudeof the
modulationdependson thecontrastratio andits wavelengthdependson theseparationprojectedonto
thebaseline.As canbeseenfrom theleft handside,a baselineorientedperpendicularto theseparation
vectorwould show nomodulation,justa singlestarsignature.Figurecourtesyof J.-P. Berger.

thesourcespectrumcanbeconsideredconstantover thebandpass.If againA is theaperture,
F thesourcespectrum,� the�lter transmissionpro�le andD thedelayw.r.t. theopticalaxis,
thenwe �nd that

P =
Z

d� 2AF � (� )[1 + cos(kD)] (2.26)

= 2AF
Z � 0 +� � =2

� 0 � � � =2
d� (1 + cos(2� � � )) (2.27)

= 2AF � �
�
1 +

sin � D=� coh

� D=� coh
cosk0D

�
; (2.28)

where� � D=cand

� coh �
� 2

0

� �
(2.29)

� coh is calledthecoherencelengthandis inverselyproportionalto thewidth of thebandpass.
FromEquation(2.28), we seethat thecoherenceenvelopehasits �rst zeroat a delayequal
to the coherencelength. Consequently, the sourcehasto be signi�cantly smallerthanthe



24 Chapter2. An introductionto optical/IRinterferometry

Figure 2.7— Young's 2 slit experimentwith a polychromaticpoint source.Every wavelengthwithin
thebandpasscontributesoneinterferencepatternto thetotalintensity, centeredontheopticalaxis.Since
different wavelengthscomewith different fringe spacings,the fringes lose contrastwith increasing
phasedifferencewith theopticalaxis.

coherenceenvelope:e.g. a companionwith a phaseoffset largerthanthecoherencelength8

will not generatean interferencepatternoverlappingthat of the primary. It will therefore
not enterthevisibility of theprimaryandprobablywill not evenbeobserved(usuallyonly
fringeswell within the coherenceenvelopearescannedandrecorded). Wide binariesare
thereforebestobservedathighspectralresolution,soasto maximizethesizeof thecoherence
envelope,althoughthisdoescomewith a strongreductionin sensitivity.

Wide-bandvisibilities Anotherconsequenceof observingwith a�nite bandpass,is thatthe
projectedbaselinecorrespondsto a differentspatialfrequency (u = B =� ) for every wave-
lengthwithin the bandpass.The consequencesfor a wavelength-independentUD intensity
distribution in theK bandareshown in Fig. 2.8.

Nevertheless,we associatetheobservedfringecontrastwith a certainspatialfrequency, usu-
ally that correspondingto the effective or centralwavelengthof the �lter bandpass.When
computingsyntheticwide-bandvisibilities, we mustthereforetake this effect into account.
Sincethequantitymeasuredis usuallythesquaredvisibility, wide-bandvisibilities shouldbe

8This is easilycalculatedby expressingboththephaseoffsetandthecoherencelengthin numberof fringes
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Figure 2.8— Wide-bandvisibilities for a non-wavelength-dependentuniform-disksourcein the K
band.Thespatialfrequenciescorrespondto thecentralwavelengthof theK bandpass.For otherwave-
lengthsin thebandpass,thesespatialfrequenciescorrespondto otherbaselinesandthereforeanother
degreeof resolutionof thesource(thegrey curves).Thisgeneratesavisibility band,theaverage(black)
of whichshouldbecomparedto theobservations(in fact,if squaredvisibilities areobserved,oneshould
averagesquaredvisibilities).

calculatedby averagingproperlyweighted(by sourcespectrumandbeamcombinercharac-
teristics)squaredvisibilities.

2.5 Phases

In the above, we have focusedmainly on the visibility amplitude,i.e. the fringe contrast,
but not its phase,i.e. the fringe location. The reasonis not that the amplitudeis a more
interestingquantity, but thatthephaseis muchharderto measure.Interestingly, for complex,
non-point-symmetricsourceintensitydistribution, the phaseactually containsmostof the
information.

Unfortunately, the atmosphericturbulenceintroducesrandomphaseshifts above eachtele-
scopeandthereforemakesthe fringesmove randomly, asif the sourceitself is moving ar-
bitrarily in all directions.In a monochromatic2-telescopesetting,thereis no way of recon-
structingtheoriginal phaseof the source,it is lost. With 3 or moretelescopesand/orwith
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Figure2.9— An atmosphericphaseshift of � � aboveonetelescopewill shift thefringesby thesame
amount.Whenaddingtogetherphasesof 3 telescopesforming a triangle,thetotal quantity, calledthe
closurephase,is free from atmosphericcorruption. (Figure taken from J. Monnierscontribution to
Perrin& Malbet(2003), afterReadheadetal. (1988))

spectrallydispersedfringes,somephaseinformationcanberestored.

2.5.1 Closurephase

In the monochromaticcase,a way of recoveringsomephaseinformationis by using3 (or
more) telescopesand addingthe measuredphasesof eachtelescopepair in the resulting
triangle(Fig. 2.9). The total phase,alsocalledclosurephase,no longercontainsthephase
shift dueto theatmosphericturbulence(andpossiblepointingerrors). This restoresa third
of thephaseinformation. If onewishesto recover 90 percentof thephaseinformation,21
telescopesarerequired.Note thatonly oneclosurephasemeasurementscanalreadyreveal
thepresenceof deviationsfrom point symmetryin thesourceintensitydistribution.

2.5.2 Differential phase

While polychromaticobservationsmake life a little morecomplicated,asdiscussedin the
previoussection,observingatmultiplewavelengths(simultaneously)doesallow usto recon-
structsomeof the sourcephaseinformation,even with only 2 telescopes.The assumption
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is that the phaseoffset introducedby the atmospherevariesonly linearly with wavelength.
Higherordervariationsof phasewith wavelengthcanthereforeberecoveredfrom theobser-
vations.In practice,thismeansthatonecanobserveasuddenshift of photocenterwhengoing
from onewavelengthto another. This doesnot meanthatevery observeddifferentialphase
jump indicatesa movementof thephotocenter:e.g. thereis alsoa phaseshift (of � radians)
betweenonelobeandanadjacentlobe in a UD or LD visibility curve. A largewavelength
coverageyieldsa largerangein spatialfrequenciesandthusthepossibility to go from �rst
to secondlobewithin thebandpass.If only partof thesource�ux comesfrom this resolved
component,theactualobservedphasejumpmight notamountto thefull � radians.

2.6 Facilities

We end this introductionwith an overview of interferometerscurrently operationalwith
signi�cant scienti�c merit (seeTable 2.1). Only the VLT-I is meantto be 100 percent
community-offered,with no time spentonexperimentalinstruments.

In thefollowing, webrie�y presentthefacilitiesusedin thesis:FLUORandTISISon IOTA,
MIDI on theVLT-I andtheISI.

Table2.1— Overview of themostproductive interferometersoperationalat this timeandtheircharac-
teristics.Thefacilitiesusedin this thesisarelistedin red. After a tableby H. A. McAlister in Lawson
(2000).

Facility Operating Site No. of Sizeof Maximum Operating Operating
Acronym Institution Location Aper. Aper. [cm] Baseline[m] Wavelength Status
GI2T Obs.Côted'Azur Calern,FR 2 150 70 Vis since1985
ISI UC Berkeley Mt. Wilson,US 3 165 30+ MIR since1990
COAST CambridgeU Cambridge,UK 5 40 22 Vis & NIR since1991
SUSI Sydney U Narrabri,AU 13 14 640 Vis since1991
IOTA CfA/U Mass Mt. Hopkins,US 3 45 38 Vis & NIR since1993
NPOI USNO/NRL AndersonMesa,US 6 60 435 Vis since1995
PTI JPL/Caltech Mt. Palomar, US 2 40 110 NIR since1995
MIRA-I NAO Japan Tokyo, Japan 2 25 4 Vis since1998
CHARA Georgia St. U Mt. Wilson,US 6 100 350 Vis & NIR since1999
KI CARA MaunaKea,US 2(4) 1000(180) 140 NIR & MIR since2001
VLT-I ESO CerroParanal,Chile 4(8) 820(180) 200 NIR & MIR since2002
LBT U Arizona,Italy, etal. Mt. Graham,US 2 840 23 Vis to FIR 2005?

2.6.1 FLUOR and TISIS on the IOTA

In this thesis,we make extensive useof observationsobtainedwith theFLUOR instrument
on the IOTA interferometer(Figure 2.10). Today, FLUOR is no longeron IOTA but has
movedto CHARA (Mt. Wilson, California). Also TISIS, theL-bandinstrumenton IOTA,
observationsareusedin this thesis. IOTA is now exploring 3-telescopeobservations(with
closurephase)in theH-bandwith theIONIC instrument.
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IOTA The Infrared andOptical TelescopeArray (IOTA9) is locatedon Mt. Hopkins in
southernArizona. Originally, in 1988,� ve institutionsparticipated:theSmithsonianAstro-
physicalObservatory, Harvard University, the University of Massachusetts,the University
of Wyoming, and MIT/Lincoln Laboratory. Nowadays,thereare a few more (European)
partners.First fringeswererecordedin December1993.

It operateswith three45 cm collectorsthat canbe locatedat differentstationson eacharm
of an L-shapedarray (15 m � 35 m) and reachesa maximumbaselineof 38 m. Beam
transportationand delaycompensationtakesplacein vacuumtubes,after which the light
entersthe combinationlaboratory. At the time of the observationspresentedin this thesis,
therewerethreecombinationtablesat theIOTA, andall of themimplementedco-axialbeam
combination(temporalscanningof thefringesbychangingthedelay, andthusfringeposition,
with a piezo). In two cases,at visible andnear-IR wavelengths,thecombinationoccurredat
abeamsplitter. Thethird tablehousedtheFLUORexperiment,in whichbeamcombination,
alsoat near-IR wavelengths,occursin single-mode�bres. For near-IR operation,a pair of
dichroicmirrorsat 45� transmitwavelengthslessthan1 micron toward theCCD basedtip-
tilt servo system,andre�ect thenear-IR light towardthebeamcombiningopticsandscience
detector.

FLUOR TheFiberLinkedUnit for RecombinationFLUOR10 allowsa �bered recombina-
tion of two beamsof a stellarinterferometerin the infrared. Therecombinationtakesplace
in the triple couplerfor �bres, developedby thecompany ºLe VerreFluoréº. It wassetup
for the�rst time in 1992,on thesiteof Kitt Peak,in Arizona.

The �bre couplermakesuseof monomode�bres to spatially �lter the wavefront: due to
atmosphericturbulence,thewavefront is no longer�at whenit reachesthe telescope.This
is a major sourceof coherenceand thus fringe-contrastloss, which is highly variable in
time. Monomode�bres only allow thepropagationof �at wavefronts.Theef�ciency of the
injection of light into the �bre dependson how �at the incomingwavefront is and there-
fore variesat a timescalesetby the atmosphericturbulence. However, the couplerusedin
FLUOR keepstrackof this injection(or coupling)ef�ciency throughphotometricchannels:
notall light is interfered,but partof it is sentstraightto thedetectorto monitorthetemporal
changesin couplingef�ciency. Although this techniqueimplies a minor lossin sensitivity
(becauseof differencesbetweenthe Airy �eld and the �bre fundamentalmode),it allows
a very goodcalibrationof the observed fringe contrast. For more information on the ad-
vantagesandcalibrationof monomodeinterferometricobservations,we refer the readerto
CoudeDu Forestoet al. (1997) andPerrinetal. (1998).

TISIS The Thermal Infrared Stellar InterferometricSet-up(TISIS) experimentwas de-
signedby the Observatoirede Paris-Meudonto (1) gain experiencewith the realmof long
baselinedirect interferometricobservationsin thethermalinfrared,characterizingtheinten-
sity andtimeevolutionof thethermalbackgroundand(2) to testsingle-modecomponentsin
thiswavelengthrange,characterizingonthesky their transmission,dispersionand—to some

9http://cfa-www.harvard.edu/IOTA/
10http://www.lesia.obspm.fr/astro/interfero/pages/¯uor english.html
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Figure 2.10— Upperpanel: the InfraredandOpticalTelescopeArray (IOTA) on Mt. Hopkins,Ari-
zona(Figurecourtesyof the IOTA team). Three-beamcombinationis now possiblewith the IONIC
instrument.Lower panel: optical lay-out of the FLUOR instrument.Its heartis the monomode®bre
couplerwhichforcesthewavefrontsto be¯atbeforeinterference.Thecouplingef®ciency into the®bre
is simultaneouslymonitoredthroughthephotometricchannels(Figurecourtesyof theFLUOR team).

extent—polarizationproperties(Mennessonet al. 1999). Theexperimentwassuccessfuland
severalbright late-typestarswereobservedin theL-band.

2.6.2 MIDI on the VLT-I

VLT-I The Very LargeTelescopeInterferometer(VLT-I, Figure2.11) is the largestinter-
ferometricfacility everbuilt to date.It is constructedandoperatedby ESO.When�nished, it
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will allow therecombinationof light from 4 stationaryUnit Telescopes(UTs)with adiameter
of 8.2 meterandthat from 4 movableAuxiliary Telescopes(ATs), eachwith a diameterof
1.8 meter. This guaranteesunprecedentedsensitivity, andmilli-arcsecondresolutionin the
nearinfrared. ThecommissioninginstrumentVINCI wasbaseddirectly on theFLUOR in-
strument,but only offered(once)to thegeneralpublic in sharedrisk mode.First instrument
offeredto thecommunityin a traditionalfashionwasMIDI (seebelow). For Period76,also
the near-IR 3-beamcombinerAMBER is available. This instrumentwill eventuallyoffer
high spectralresolution(R� 10000)interferometricobservationsin J, H andK bands,with
thesimultaneouscombinationof 3 beamsanda measurementof theclosurephase.

MIDI MIDI 11 is theVLT-I instrumentfor Mid-IR interferometricobservations. It covers
theN band(8� 13� m) with aspectralresolutionof 30(prism)or 230(grism).Beamcombi-
nationis doneco-axially(temporalscan),andsimultaneousphotometryis now alsopossible
(not trivial becauseof thesynchronisationwith thechopping).Becauseof thethermalradia-
tion from theenvironment,mostof theopticsareenclosedin a cryostatcooledat 40 K. The
arraydetectorof MIDI is cooledat10K. Goldis usedascoatingfor mirrorsof MIDI because
of its high re�ection factorin theinfrared.

Beamoverlapleadingto interferenceis ensuredby theacquisitionprocedure:eachbeam(one
pertelescope)canbeimagedwith aFOV of 2 arcseconds(thesizeof thePSF(�=D ) is about
3 pixels). Pointingis correctedsothattheoverlapis good.MIDI is setupto provide images
from thebeamswith a maximum�eld-of-view of 2 arcsec.To generateinterferograms,the
differenceof opticalpathlengthbetweenthebeamsis time-modulatedby dihedralre�ectors
mountedona piezo.Eachtravel, generatingoneinterferogram,is calleda ºscanº.Typically,
about5 detectorframesaretakenperfringe,andin totalabout8 fringesarerecordedperscan.
Thenumberof scanscanrangefrom about200to 1000. Photometrycanbeobtainedeither
simultaneously(theSCI-PHOT mode)or beforeandaftertheinterferometricobservation(the
HIGH-SENSmode).

2.6.3 ISI

We brie�y presenttheInfraredSpatialInterferometer(ISI12) becausesome(previouslypub-
lished)ISI dataareusedin this thesis.

TheISI Array, currentlylocatedonMt. Wilsonin California,wasbuilt by theSpaceSciences
Laboratoryat the University of California at Berkeley, California andoperatesin the mid-
infraredpartof thespectrum(around11� m). It consistsof threespeciallydesignedmovable
telescopes,eachonehousedin a separatetruck-trailerandwith a 1.65m aperture.Possible
baselinesrangefrom 4 to 70m.

TheISI is verydifferentfrom current-daymid-IR interferometersin thesensethatit worksin
heterodynemode,asopposedto homodyneinterferometerssuchasIOTA andVLT-I. Mid-IR
detectorswerenotyetwell developedat thetimeof thedevelopmentof theISI makingdetec-
tion of thelight problematic.A possiblesolutionis to mix thelight with anotherlight beam

11http://www.eso.org/instruments/midi/
12http://isi.ssl.berkeley.edu/isi.html
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Figure2.11— Upperpanel:TheVLT-I consistsof 4 Unit telescopes(8.2metermirror), andeventually
up to 4 Auxiliary telescopes(not yet in picture,but to belocatedon thedifferentstationsalreadyseen
on the left handside in the picture. Recombinationof the light takes placein the laboratoryin the
middle-left of the picture. To get an idea of the scale: the distancebetweenthe telescopeclosest
to the photographerand that furthestis 130 m! Lower panel: optical lay-out of MIDI, the N-band
interferometricinstrumentfor theVLT-I. (Figuresfrom theESOwebpages)
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Figure 2.12— Upperpanel: The InfraredSpatialInterferometer(ISI) as it looked in 1988. Lower
panel: the Pfund-typetelescopesarehousedin a truck trailer to allow for easymovement. During
observationsthe opticsaremechanicallydecoupledfrom the trailer andrest®rmly on concretepads
buriedin theground.(Figurecourtesyof theISI team.)

of very similar wavelength,soasto causea beatfrequency which is moreeasilyrecorded.
In thecaseof the ISI, the local oscillator, i.e. the light with a well-known frequency which
is addedto thestellarlight, comesfrom a CO2 laser(emittingat a wavelengthof 10.6� m).
The resultingradio signal is theninterferedby the correlatorinto an electricalinterference
pattern, from which thevisibility canbecalculated.This techniqueof heterodynedetection
is omnipresentin radio interferometry, andwe refer the interestedreaderto the extensive
literatureon thattopic (e.g.Thompsonet al. 2001, andreferencestherein).

Weremarkthatasof 2003,theISI alsohas3 telescopesmakingclosurephasemeasurements
possible.


