Chapter

An introductionto optical/IR
Interferometry

In this chaptemwe wish to provide thereademwith somebasicnotionson optical/IR interfer
ometry Thesewill beusedextensively in the following chaptersof this thesis.We focuson
the very basics(the van Cittert-Zernile theorem)andtheir applicationto the stellarsources
studiedn thisthesis.Thetechnicalinformationrequiredto dotheactualobsenationsandthe
datareductionis veryinstrumentpeci ¢ andthereforebeyondthescopeof thisintroduction.

This chapteris mainly basedon two schoolproceedingsObservingwith the VLT Inter-
ferometer’(Perrin& Malbet2003 and “Principlesof Long BaselineStellarinterferometry”
(Lawson2000 andonthebook“Sciencewith the VLT interferometer(Parescel997). These
areanidealstartingpointfor anyonenew to optical/IRinterferometry

We endthis introductionwith anoverview of the mostfamousinterferometersanddescribe
in moredetailthoseusedin this thesis.

2.1 Motivation

If we neglectopticalimperfectionsandatmospherid¢urbulence thenbiggertelescopegive
betterspatialresolution,i.e. allow usto seesmallerdetails,following therelation

= 122 — 2.1
5 @)

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

IThediffractionlimit is de ned asthereciprocalof the opticaltransferfunction cut-of frequeng. Equation2.1
is the solutionfor a circularaperture.
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Figure 2.1— Covering the Paranalmountaintop with one supefUT or a VLT-Interferometer:an
expensve vs. areasonablevay of obtaininghigh angularresolution.(Figurecourtesyof T. Bedding)

20 milli-arcsecondgmas)in thevisible to 400 masin the Mid-IR, if theimageis diffraction
limited®. While sucha largetelescopewill allow the obsenationof very faint extra-galactic
sourcesit is still too smallto spatiallyresohe starsin the solarneighbourhoodwhich are
typically afew milli-arcseconddarge.

Optical/IRinterferometeraretheidealtoolsto studythe shapeandsizeof objectswhichare
bright but small andthusrequireonly a limited light collectingsurface,but a high angular
resolution.Ratherthanbuilding anenormoussingle-dishtelescopeandthrowing away most
of thelight (to avoid saturatiorof thedetector)ijt is economicallynoresandgo useonly afew

smalltelescopesndcombinethe light in sucha way asto obtaina high angularresolution
(Fig. 2.1). Whenwe combinethelight of severalsmallaperturesthe outputis aninterference
pattern: the so-calledfringes It is the amplitudeand phase(the location of thesefringes
w.r.t. aphasereference}hatcontaintheinformationon the obseredsource:thevanCittert-

Zernike theoremstateghat this complex quantity (comprisingphaseandamplitude),called

the complex visibility , is the Fourier Transform(FT) of the sourceintensitydistribution on

thesky (Sect.2.2.3. Theoriginal sourceimagecanbereconstructednly if we have agood
samplingof the FT, i.e. if we have alargenumberof visibility measurements.

2For a10metertelescopén thevisible andnearIR, thiswill requireAdaptive Opticsto correctfor theturbulence
inducedwavefrontcorrugations.
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Anotherargumentin favour of anarrayof smalltelescopessopposedo asinglelargedish,
is the dif culty of obtainingdiffraction limited imagesthroughthe turbulent atmosphere.
The size of the turbulent cells in the atmospheradetermineshe spatial coherenceof the
wavefront, i.e. the size of the patchover which the wavefront can be consideredat. If
we samplethe wavefront over a larger surfacethanthe coherentpart, we seea multitude
of specklesmoving aroundrandomlyon the detector After integrationover time, we end
up with oneblurredimage,the spatialresolutionof which is thereforeseeing-limited This
spatialcoherencelepend®n turbulencestrength,zenithangleandwavelength. It is quan-
tied by the Fried parameterr, which is typically about20 cm in the visible at a good,
high-altitudeobservingsite andcorrespondso animageFWHM of 600mas.Theresolution
of seeing-limitedmagesobtainedthroughanatmospherevith turbulencecharacterizedy a
Fried® parameter is the sameasthe resolutionof diffraction-limitedimagestakenwith a
telescopeof diameterro. Because scaleswith ©=°, a 10 meterclasstelescopewill give
diffraction-limitedimagesonly at wavelengthsbeyond 10 micron. Clearlyit makesno sense
to build ahugetelescopéf we do notsolve this problemof atmospheri¢urbulence.Thereare
3 solutionsgenerallyusedtoday: (1) Speckleinterferometry a techniquein which a multi-
tudeof snapshotsstill shaving individual specklesis combinednto onediffraction-limited
image,(2) with Adaptive Optics(AO), onecorrectsthe wavefrontin real-timeby deforming
the mirror at a scaleof ry or (3) oneusesApertureMasking In aperturemasking,a large
aperturge.g. a Kecktelescope)s coveredwith a maskwhich containsa multitudeof small
openings.Theresultinglight beamscanbe interfered,yielding amplitudesandphasesThe
atmospherit¢urbulenceis now presenin the phase®f eachfringe pattern but canbe ltered
outby addingthephase®f differentfringe patterngrianglewise(seeSect.2.5.7). After that,
the sourceimagecanbe reconstructedvith aninverseFourier Transform following the van
Cittert-Zernilke theoremyielding animagewith anangularresolutioncorrespondingdo that
of adiffraction-limitedimage.

Unfortunatelyfor these3 techniqueso be capableof resolvinga stellardiameteythey would
requireatotal aperturenuchlargerthanthosecurrentlyavailable,andparticularlyAO would
atthatscaleturnunrealisticallyexpensve. Furthermoresuchaset-upwould beunnecessarily
sensitve andgenerate lot of redundaninformationwhen studyingobjectswith relatively
simplemorphologies.lt is thusnaturalto interferethe light of a few individual telescopes,
eachwith a size not greaterthanr, but separatedy mary tensto hundredsof metersto
obtainhigh angulamresolution.

2.2 Principles of interfer ometry

In this sectionwe presenin anintuitive way the fundamental®f optical/IR interferometry:
we startfrom an obsened interferencepatternand work our way to imagereconstruction.
Thestartingpointof it all is the 2-slit experimentdesignedy ThomasYoung(1807)to shov
thewave-characteof light.

3Anotherway of quantifyingthe extentto which theimageis diffraction limited, is the Strehlratio S, which is
de ned asthepeakintensityin theactualimageof apointsourcedividedby thepeakintensityin adiffraction-limited
imagetakenthroughthe sameaperture.
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Figure 2.2— Youngs 2 slit experimentwith a monochromatigoint source. A plane wavefront,

emittedby a sourceat a large distancefalls upona screerwith 2 in®nitesimallysmallaperturesEach
apertureproducesa semi-sphericalvavefront and an interferencepatternis obsered on the detector

(After a®gureby C. Haniff)

2.2.1 Young'sslit experiment: point source

In Fig. 2.2, we shav the basicsetup:a sourceatlarge distanceemitselectromagnetigvaves,
which eventuallyarrive as at wavefrontsat a screenwith 2 small aperture$. From each
aperturesemi-sphericalvavefrontsemege, propagatingowardsthe detector These2 light
beamsnow interfereeitherconstructvely or destructvely on the focal plane,dependingon
the path-lengthdifference.If ourinstruments pointedaccuratelyatthe source thenwe see
constructve interferenceon the opticalaxis. The power (P) we detecton the screeris given

by
P = 2AF (1 + cosk ) (2.2)

whereP is the total detectedpower, A is thelight collectingapertureF is the ux of the
sourcek thewavenumberof the collectedlight and is therelative delay(phase)w.r.t. the
opticalaxis. Thisdelaypointseitherto anothedocationon the detectoyan off-axis sourceor
acombinationof both.

4Theimaginaryline connectinghe 2 aperturess calledthe2baseline®
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Figure 2.3— Youngs 2 slit experimentwith anextended monochromatisource.In this case gvery
apointeof the sourcegenerate®neinterferencepattern,slightly offsetto that of anothemoint on the
source. The total interferencepattern,which is the sumof the individual fringe patterns,haslower
contrasbor visibility amplitude

2.2.2 Young'sslit experiment: extendedsource

If, insteadof interferingthelight of a singlepoint source we do the samefor alargenumber
of point sourceghat make up an extendedsource thenwe superposénterferencepatterns,
eachone correspondingo one point of the source. Dependingon how far a certainpoint
is from the optical axis, the interferencepatternwill be shiftedin locationw.r.t. thatof one
on the optical axis. Whensummingover all pointsof the source this reduceghe contrast
of the total interferenceor fringe pattern. This reductionin contrastdependon the size of
the sourceandthe fringe spacing.The shift in delayof an off-axis point correspondso the
projectionof the baselinej.e. theline connectinghe 2 aperturespn the directiontowards
this off-axis point. If we de ne sto be a unit vector pointing at the sourceand B asthe
baseline-ector thenthis delay/phase-shifs equalto s B. Sincethefringe spacingdepends
on wavelength,it is easyto seethat the relation betweenfringe contrastand extensionof
the sourcedependson both wavelengthand baseline. Intuitively, we would expectfringe
contrastto decreaseavith increasingbaseling(relative delaybetweerthe 2 beamsncreases)
andincreasewith increasingwavelength(a given phaseshift will have lesseffect on the
contrastfor largerfringe spacingsi.e. longerwavelengths).
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A contrastof 1 only putsan upperlimit on the extensionof the source:the sourceremains
unresohed, while a contrastof O givesonly a lower limit: the sourceis totally resohed. If
we wantto determinethe sizeof the object,we shouldcreatea fringe patternwith sufcient
but nottoo muchcontrast.In Sect.2.2.3 we will seethatthe exactrelationbetweerfringe
contrastand baseline/avelengthdependson the sourcemorphology Therefore,a single
fringe contrastmeasuremens mostofteninsuf cient.

2.2.3 van Cittert-Zer nike theorem

Therelationshipbetweerthe obsened contrastandphaseof aninterferencepatternandthe
sourcentensitydistribution onthe sky is known asthevanCittert-Zernike theorem It states
thatthecontrasandphasglocation)of theinterferencepattern(thefringes),i.e. thecomplex
visibility, correspondso the Fourier Transform(FT) of the sourceintensity distribution on
the sky atthe spatialfrequenciegthe conjugatef the 2 spatialcoordinatesgorresponding
to the baselingorojectedon the sky.

Thiscomple visibility is afunctionof thespatialfrequenciesjustliketheFT of atime series
is afunctionof time !, or temporalfrequeng. Thesespatialfrequenciesareusuallyde ned
in termsof B= , andmostoftenexpressedn arcseconds? or cycles/arcsecond:

u= iandv= i: (2.3)

If and arethespatialcoordinateson the sky, A the apertureandF the sourceintensity
distribution on the sky, the complex visibility canbewritten as:

R .
d doAG JF(; )e2iur v

Y= TR AG OFG )

(2.4)

The visibility® or fringe contrasis thenjVj andthe phaseor fringe locationis arg(V), i.e.
in

V = jVj(cos +isin ): (2.5)

The amplitudeof the denominatoin Equation2.4 quanti es theamountof correlatedux ,
i.e. the amountof ux which is coherentand thereforeproducesan interferencepattern.
Thus,thevisibility expressesvhich fractionof thetotal ux is correlated.

If eventuallywe wish to do imagingwith interferometricobsenations,we'll have to do an
inverseFT of alargenumberof measurementsf thefringe contrastandphase.The questof
every interferometrisis thereforeto nd away of maximisingthe informationgainedwith
aninventive setupof thetelescopesnda clever way of combiningthe differentlight beams.

5By visibility, we often denotethe fringe contrast,.e. jV j, insteadof the complex visibility. Moreover, in the
caseof a centro-symmetriobject,by pointing the interferometeto the photocenteof the object,the phaseof the
visibility is zeroandthe complex visibility reducego its amplitude,i.e. thefringe contrast.
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Propertiesof the FT  Somebasicpropertiesof the FT which canbe usedto computevisi-
bilities for comple< intensitydistributions,arelistedbelow:

FTfl.(; )+ 12(; )g = Vi(u;v) + Va(u;v) (2.6)
. — 1 —_— —

FTfl(a; b )g = ja—uV(u-a,v-@ (2.7)

FTTI( 0; 0)g = V(ujv)e? U otV o) (2.8)

FTfl.(; ) 12(; )g = Vi(u;v) Va(u;v) (2.9)

2.3 Commonsourcemorphologies

While the van Cittert-Zernike theoremcanbe usedon ary sourceintensitydistribution, typ-
ical astrophysicabbjectsoften allow for a much simplerformalism. In the following, we
presentfew commonsourcemorphologiesindthe correspondingisibilities®.

2.3.1 A point source

The mostbasicof all intensitypro les is thatof a Dirac function,i.e. a point source. Let
( o; o) bethepointingposition. Thebrightnesglistributionis then:

L )= ( 0 0): (2.10)

It is thenstraightforvardto demonstratéhatthe visibility is

V(uv)= e 21U otV o). (2.11)

The amplitudeof the visibility is oneandif thetelescopesare pointedexactly atthe source,
thephaseis zero. In the remainderof this sectionwe will assumea correctpointing. Under
thisassumptionthecomplex visibilities reduceto their real part, the absolutevalueof which
is in this casethefringe contrast.

2.3.2 Circularly symmetric sources

If the objecthascircularsymmetry thereis no needfor 2 spatialcoordinatesandwe prefer
insteadto work with the distanceto the optical axis,i.e.

p
= 2+ 7 (2.12)

6Becausamostinterferometersctuallymeasuredhe squaredvisibility, V 2, this quantityif oftencomparedo
themodels.In the polychromaticcase normalizationshouldbe doneafter convolution with the spectrabandpass.
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andits conjugatecoordinate P
r= u2+vZ (2.13)

Equation(2.4) now simpli es to”:

z 1
(=2 1()do(2 r)d ; (2.14)
0

which canbe normalizedby dividing by thetotal ux:

R 1 )02 r)d
V()= 2RC : (2.15)
T 1()d

with andV the correlated ux and visibility respectiely, r and asde ned in Equa-
tion (2.12 and(2.13, 1 ( ) the 1-D intensitypro le from the centerof the objectoutto its
edgeandJ, thezeroth-ordeBessefunctionof the rst kind. Therelationbetween ( ) and

(r) asde ned by Equation(2.14 is calleda Hankel transform,andcanbeunderstoodsthe
integral of awhole setof circular, in nitesimally thin ringseachwith a visibility of

V(r) = Jo(2 or); (2.16)

with ¢ theradiusof thering.

Whendealingwith intensity pro les which are the result of radiative transfercalculations
(e.g.stellaratmospherenodels,dustshellmodels),it is customaryto usethevariable

S
2
= 1 (2.17)
max
with nax the outermostemitting point of the intensitypro le, insteadof . isthenalso
thecosineof theviewing angle,with = 1 correspondingo aline-of-sightwhichis perpen-
dicularto the surfaceof the object. Equation(2.15 thenbecomes:
R, p —
I()Jo(r 1 ) d
V()= 2 ()3 ) (2.18)

() d

with theangulardiameterof the object.

A uniform disk Let us startwith the intensity pro le of a uniform disk (hereafteruD).

Although the sciencetargetis only rarely UD-like, tting a UD visibility curve yields an

apparensizein the sensethat the objectis comparedo a templateof uniform brightness
with circular symmetry Especiallyin the rst lobe of the visibility curve (seeFig. 2.4),

differencesdetweenvariouspoint symmetricmorphologiesarefairly small. Thevisibility of

aUD with diameter is:

“For atransparentlerivation of this formula, we referthereaderto Perrin& Malbet(2003.
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V(r) = ZM; (2.19)

with J4 the rst-order Bessefunctionof the rst kind.

A limb-dark eneddisk StarshaveaUD intensitypro le onlyin a rst-order approximation.
In generalthereis a slight decreasef intensity with distancefrom the center: when not

looking perpendiculato the stellar surface, the betterpart of the light comesfrom more
super cial layersasthe path-lengttandthereforealsothe opacityincreasemorerapidly with

depththanfor a perpendiculatine-of-sight. The consequencés that we seea layer with

in generala lower temperatureand thereforemeasurea lower intensity The visibility of

suchalimb-darkened(hereaftelLD) disk canbe computedwith the Hanlkel transformasin

Equation(2.14).

Limb-darkeningin uencesthevisibility curve signi cantly only closeto andbeyondthe rst
null, ascanbeseenn Fig. 2.4. Themaximumheightof thesecondobeof thevisibility curve
is a goodmeasurdor the amountof limb-darkening. Whenno theoreticalintensitypro les
(including limb-darkening)are available, it is possibleto t ananalyticalapproximationof
the centerto-limb variationto the datasetTheseusuallylook lik e thefollowing:

I()=1 B@ )or (2.20)

wherel istheintensity is de ned by Equation(2.17) andB and arethelLD parameters
which canbe determinedfrom a t to the obsenationsor from a comparisonwith inten-
sity pro les from radiative transfercalculations. See(e.g. Claret 2000 for a takulation of
syntheticLD parameter$or alargesetof modelatmospheres.

A Gaussiandisk A Gaussiardisk is oftena goodrepresentationf a circumstellarerve-
lope,wheretheintensitydoesnotdropsharplyatacertaindistancerom thecenterbut rather
fadeshecausef atemperatureanddensitydecreaséowardsthe outeredge.

Assuminganintensitypro le with thefollowing Gaussiarshape:
1 4In2 ?

| = p————eX ; 2.22
O=r =41In 2 P 2 ( )

whichhasa FWHM of , thevisibility is:

2
V(r) = exp % : (2.23)
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Figure 2.4— Intensity pro®lesand correspondingisibilities for 3 typical point symmetricsource
morphologies:a uniform disk (solid line), a limb-darlkeneddisk (dottedline) and a Gaussiandisk
(dashedine). DiametersandFWHM werechosersuchthatthetotal ux is the samefor all 3 objects.
Thelower panelshavs fringe contrastpr jV j, whichis positive for all spatialfrequencies< (V) would
be nggative in theevenlobeshecaus®f a180 phasgump at eachnull. The secondobedecreasem
heightwith increasindimb-darkening,ultimately disappearindor a Gaussiarintensitypro®le.

2.3.3 Inclined structures

When dealingwith circumstellardisks, the inclination of the objectremovesthe circular
symmetryandwe need2 spatialcoordinatesLet us consideranin nitesimally thin ring of
intensity which is inclined in sucha way thatwe seean elliptic ring with a andb assemi-
majorandsemi-minoraxisrespectiely,i.e. b= acosi. If wetakeacoordinatesystemwhich
is alignedwith theaxesof theobject,we canrescaleheobjectplanecoordinateso °= =a

and °= =h In this new coordinatesystemtheellipseis reducedo acircbe,thevisibility

of which canbe computedasfor thecircularly symmetricsourceswith r = = aZu? + b?v2:
P

V(u;v)=Jg 2 o a2u?+ k?v2 (2.24)

Summingover all ellipsesmakingup the source we arrive againata Hankel transform.
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2.3.4 Multiple components

Theadditionpropertyof the FT (Equation2.6) stateghatthe complex visibility of a system
of multiple componentss the normalizedsumof the coherentux esof eachcomponent.

Without phaseoffset Whenall componentsreconcentric this reduced¢o a summingof
the amplitudes.A typical exampleis that of a starembeddedn a (detachedkircumstellar
dustshell, obsened at a wavelengthwhereboth the starandthe envelopeshaw signi cant
emission. Figure 2.5 shows the intensity pro le of sucha situationandthe corresponding
visibility curve. In the latter, we can distinguishclearly the contritution of the strongly
resoheddustshellandthatof the almostunresohedcentralstar

When this resohed components not of interest,it is customaryto renormalizevisibility
measurementat higher spatialfrequeny usingthe ux ratio betweenresohed and unre-
solvedcomponentThe higherspatialfrequeng datacanthenbe examinedasif no resohed
componentvaspresente.g.by tting aLD visibility curve.

With phaseoffset Whendifferentcomponentfiave differentphasecentersa modulating
term containingthe phasedifferencesentersthe equation. Let V; be the visibility of the
primary, andV, thatof thecompaniorin abinarysystem.They havea ux ratiof = Fy=F;
andaseparatiorvector . Thevisibility canthenbewritten as:

VZ + f2V2 + 2f jVijj\hjcos2 = B
@a+f)? '

V(u;v) = (2.25)
whereB s thebaselingprojectedontothe separatiorvector Figure2.6 shavs the squared
visibility in the (u,v) plane,anda 1-D cut, for a binary with a separatiorof 8 masanda
positionangleof 35 North of East.Thelargescalecircularstructureis the Airy pattern(the
UD visibility curve) of asinglestar The?ripples®raversingthe singlestarvisibility aredue
to thephasdifferencebetweerthe 2 superimposediry patterngonefor eachcomponenof
thebinary). They areorientedperpendiculato the separatiorvector The wavelengthof the
binarysignaturen a1-D visibility curvewill thusdependnthealignmentbetweerbaseline
andseparatiowector Theamplitudeof thismodulationdepend®nthe ux ratiof , ascanbe
seenon theright handsideof Fig. 2.6. Remarkthe—possiblyconfusing-similarity between
the combinationof visibilities discussedhere,andthe combinationof imagesgiving riseto
theinterferencepatternin the rst place.

2.4 Interfer ometric FOV and wide-band visibilities

Sofar, we have discusseanly interferometryin a monochromaticsetting. In reallife how-
ever, oneobseresat a certainspectralresolutionandthatintroducesa few extra complica-
tions. The rst of thesels thelimited eld-of-view (FOV) of aninterferometerthe seconds
themeasuremenrdf wide-bandvisibilities.
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Figure 2.5— Intensity pro®le and correspondingisibility for a 2-componentmodel: a centralstar
whichis almostunresoledandastronglyresoheddustshell. Thevisibility of thefull objectis thesum
of thatof the individual componentsthe dustshell emission(black) is stronglyresohed and creates
therapiddecreasef visibility atlow spatialfrequeng. Thecentralstaremission(hatchedjs limited to
amuchsmallerregion andthereforecreateghe broadUD visibility curve. The ux ratio F gust =Fstar
determinegherelative contributionsto thetotal visibility (in this caseFgust =Fstar = 0:55).

Interfer ometric FOV  Letusreturnto Young'sslit experimentin the caseof a pointsource
(Sect.2.2.1), but insteadof observingat onespeci ¢ wavelength/frequeng we obserein a
photometrichand. Eachwavelengthwithin this photometrichandwill contribute oneinter-
ferencepatternto the total obsenedintensity However, the wavelengthof this interference
patterndependson that of the light which is interfering. By observinga photometricband,
we actuallymeasure superpositiorof amultitudeof interferencepatternseachwith its own
wavelength,but all centeredat the samelocationon the screen.At thatlocation,we have a
constructve superpositiorof the differentinterferencepatterns Slightly off-axis though,the
superpositions nolongerperfectlyphasedandthefringesgetblurred. At acertainlocation,
theres no contrasteft: theinterferencepatterndnterferedestructvely. Thisis illustratedin
Fig. 2.7. Clearly, the wider the photometrichand,the smallerthe fringe paclet If onegoes
throughthe mathematicsit becomeglearthatthefringe pacletis actuallyanin nite inter
ferencepattern,corvolvedwith the FT of the bandpasslf the bandpasss a regulartop-hat
function,thenthe coherencenvelope i.e. the variationof fringe amplitudewith optical de-
lay, or locationonthescreerin this example hastheshapeof a sincfunction. Let usconsider
arelatively narrow, idealtop-hat Iter suchthattransmissions 100 % within the Iter and
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Figure 2.6— Squaredvisibility for a binary systemwith a positionangle(PA) of 35 North of East
andaseparatiorof 8 mas.Theleft handsideshavsthesquarediisibility in the(u,v) planefor acontrast
ratioof 1. Theright handsideis a1-D cutfrom theleft handside,following thewhiteline. It alsoshavs
thesquaredrisibility for similar systemswith lower contrastatios. Theervelopewhich determineshe
maximaof thevisibility curvescorrespondso thevisibility of anindividual statr The amplitudeof the
modulationdepend®n the contrastratio andits wavelengthdependn the separatiorprojectedonto
thebaseline As canbe seenfrom theleft handside,a baselineorientedperpendiculato the separation
vectorwould shav no modulation justasinglestarsignature Figurecourtesyof J.-P Berger.

thesourcespectruntanbeconsidered¢onstanbverthebandpasslf againA is theaperture,
F thesourcespectrum, the Iter transmissiorpro le andD thedelayw.r.t. theopticalaxis,
thenwe nd that

Z
P = d 2AF ( )[1+ cogkD)] (2.26)
VA o+ =2
= 2AF d (1+coq2 )) (2.27)
0 =2
S|n D: coh
= 2AF 1+ ————coskoD ; (2.28)
D= con
where D=cand
2
coh —= (2.29)

coh IS calledthe coherencéengthandis inverselyproportionako thewidth of thebandpass.
From Equation(2.28, we seethatthe coherenceervelopehasits rst zeroata delayequal
to the coherencdength. Consequentlythe sourcehasto be signi cantly smallerthanthe
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Figure2.7— Youngs 2 slit experimentwith a polychromaticpoint source.Every wavelengthwithin
thebandpassontributesoneinterferencepatternto thetotalintensity centeredntheopticalaxis. Since
differentwavelengthscome with different fringe spacingsthe fringes lose contrastwith increasing
phasddifferencewith the optical axis.

coherencernvelope:e.g. acompaniorwith a phaseoffsetlargerthanthe coherencdengttf
will not generatean interferencepatternoverlappingthat of the primary. It will therefore
not enterthe visibility of the primary and probablywill not evenbe obsened (usuallyonly
fringeswell within the coherenceervelopeare scannedand recorded). Wide binariesare
thereforebestobsenedathighspectratesolution soasto maximizethesizeof thecoherence
ervelope althoughthis doescomewith a strongreductionin sensitvity.

Wide-bandvisibilities Anotherconsequencef observingwith a nite bandpassds thatthe
projectedbaselinecorrespondso a differentspatialfrequeny (u = B=) for every wave-
lengthwithin the bandpass.The consequencef®r a wavelength-independerdD intensity
distributionin theK bandareshovnin Fig. 2.8.

Neverthelessye associatéhe obsenedfringe contraswith a certainspatialfrequeng, usu-
ally that correspondingdo the effective or centralwavelengthof the Iter bandpassWhen
computingsyntheticwide-bandvisibilities, we mustthereforetake this effect into account.
Sincethequantitymeasureds usuallythe squaredsisibility, wide-bandvisibilities shouldbe

8This is easilycalculatecby expressingooththe phaseoffsetandthe coherencéengthin numberof fringes
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Figure 2.8— Wide-bandvisibilities for a non-wavelength-dependentniform-disk sourcein the K

band.Thespatialfrequenciesorrespondo the centralwavelengthof the K bandpasskor otherwave-
lengthsin the bandpassthesespatialfrequenciesorrespondo otherbaselinesandthereforeanother
degreeof resolutionof thesourcethegrey curves). This generateavisibility band theaveragg(black)
of whichshouldbecomparedo theobserations(in fact,if squarediisibilities areobsered,oneshould
averagesquaredisibilities).

calculatedby averagingproperlyweighted(by sourcespectrumandbeamcombinercharac-
teristics)squaredsisibilities.

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
interestingguantity but thatthe phases muchharderto measurelnterestinglyfor comple,
non-point-symmetrisourceintensity distribution, the phaseactually containsmost of the
information.

Unfortunately the atmospherid¢urbulenceintroducesrandomphaseshifts above eachtele-
scopeandthereforemakesthe fringes move randomly asif the sourceitself is moving ar-
bitrarily in all directions.In a monochromati@-telescopesetting,thereis no way of recon-
structingthe original phaseof the source,it is lost. With 3 or moretelescopesnd/orwith
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Point source
at infinity

'lncomlg plane wav

' Aq) Observed Intrinsic Atmosphere
D(1-2) = Py(1-2) + [0(2)-0(1)]
D(2-3) = D(2-3) + [0(3)-0(2)]
D(3-1) = Dy(3-1) + [6(1)-0(3)]

Closure —
Phase - D (1-2)+D(2-3)

(1-2-3)  +P,(3-1)

Figure2.9— An atmospheriphaseshift of above onetelescopavill shiftthefringesby thesame
amount.Whenaddingtogethemhaseof 3 telescope$orming a triangle,thetotal quantity calledthe
closurephase,is free from atmospheriacorruption. (Figure taken from J. Monnierscontritution to
Perrin& Malbet(2003, afterReadhea@tal. (1988)

spectrallydispersedringes,somephasdnformationcanberestored.

2.5.1 Closure phase

In the monochromaticase,a way of recovering somephaseinformationis by using3 (or
more) telescopesand addingthe measuredohasesof eachtelescopepair in the resulting
triangle (Fig. 2.9). Thetotal phase alsocalledclosurephase no longercontainsthe phase
shift dueto the atmospheri¢urbulence(and possiblepointing errors). This restoresa third
of the phaseinformation. If onewishesto recover 90 percentof the phaseinformation,21
telescopesrerequired. Note that only one closurephasemeasurementsanalreadyreveal
thepresencef deviationsfrom point symmetryin the sourceintensitydistribution.

2.5.2 Differential phase

While polychromaticobsenationsmale life a little more complicated as discussedn the
previoussectionobservingat multiple wavelengthgsimultaneouslyjloesallow usto recon-
structsomeof the sourcephaseinformation, evenwith only 2 telescopes.The assumption
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is that the phaseoffsetintroducedby the atmosphereariesonly linearly with wavelength.
Higherordervariationsof phasewith wavelengthcanthereforeberecoveredfrom the obser
vations.In practice thismeandhatonecanobseneasuddershift of photocentewhengoing
from onewavelengthto another This doesnot meanthat every obsened differentialphase
jump indicatesa movementof the photocentere.g. thereis alsoa phaseshift (of radians)
betweeronelobe andan adjacentobein a UD or LD visibility curve. A large wavelength
coverageyields a large rangein spatialfrequenciesandthusthe possibilityto go from rst
to secondobe within the bandpasslf only partof the sourceux comesfrom this resohed
componentthe actualobsenedphasgump might notamountto thefull  radians.

2.6 Facilities

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

In thefollowing, we brie y presenthefacilitiesusedin thesis:FLUOR andTISIS onIOTA,
MIDI ontheVLT-I andthelSl.

Table 2.1— Overview of themostproductie interferometereperationahtthis time andtheir charac-
teristics. The facilitiesusedin this thesisarelistedin red. After atableby H. A. McAlister in Lawson
(2000.

Facility Operating Site No.of Sizeof = Maximum Operating Operating
Acrorym Institution Location Aper. Aper. [cm] Baselindm] Wavelength  Status

GI2T Obs.Coted'Azur Calern,FR 2 150 70 Vis since1985
ISI UC Berleley Mt. Wilson,US 3 165 30+ MIR since1990
COAST CambridgeJ Cambridge UK 5 40 22 Vis & NIR since1991
SusI Sydng U Narrabri,AU 13 14 640 Vis sincel991
IOTA CfA/U Mass Mt. Hopkins,US 3 45 38 Vis & NIR since1993
NPOI USNO/NRL AndersorMesa,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 sincel998
CHARA Geopgia St. U Mt. Wilson, US 6 100 350 Vis & NIR sincel999
Kl 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,ltaly, etal. Mt. GrahamUS 2 840 23 VistoFIR  2005?

2.6.1 FLUOR andTISIS onthe IOTA

In this thesis,we malke extensve useof obsenationsobtainedwith the FLUOR instrument
on the IOTA interferometer(Figure 2.10. Today FLUOR is no longeron IOTA but has
movedto CHARA (Mt. Wilson, California). Also TISIS, the L-bandinstrumenton IOTA,
obsenationsareusedin this thesis. IOTA is now exploring 3-telescopebsenations(with
closurephase)n the H-bandwith the IONIC instrument.
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IOTA The Infrared and Optical TelescopeArray (IOTA®) is locatedon Mt. Hopkinsin

southerrArizona. Originally, in 1988, ve institutionsparticipated:the SmithsoniarAstro-

physicalObsenatory, Harvard University, the University of Massachusettghe University
of Wyoming, and MIT/Lincoln Laboratory Nowadays,thereare a few more (European)
partnersFirstfringeswererecordedn Decembef993.

It operateswith three45 cm collectorsthat canbe locatedat differentstationson eacharm

of an L-shapedarray (15 m 35 m) and reachesa maximumbaselineof 38 m. Beam
transportatiorand delay compensatiortakes placein vacuumtubes,after which the light

entersthe combinationlaboratory At thetime of the obsenationspresentedn this thesis,
therewerethreecombinationtablesatthe IOTA, andall of themimplementedto-axialbeam
combinationtemporakcanningf thefringesby changinghedelay andthusfringe position,
with a piezo). In two casesat visible andnearIR wavelengthsthe combinationoccurredat

abeamsplitter Thethird tablehousedhe FLUOR experimentin which beamcombination,
alsoat nearIR wavelengthsoccursin single-modebres. For nearIR operation,a pair of

dichroicmirrorsat45 transmitwavelengthdessthan1 microntowardthe CCD basedip-

tilt seno systemandre ect thenearIR light towardthe beamcombiningopticsandscience
detector

FLUOR TheFiberLinkedUnit for RecombinatiorFLUOR allows a bered recombina-
tion of two beamsof a stellarinterferometein theinfrared. The recombinatiortakesplace
in thetriple couplerfor bres, developedby the compary °Le Verre Fluoré®. It wassetup
for the rst timein 1992,onthesiteof Kitt Peak,in Arizona.

The bre couplermakesuseof monomodebres to spatially Iter the wavefront: dueto

atmospheridurbulence,the wavefrontis no longer at whenit reacheghe telescope.This

is a major sourceof coherenceand thus fringe-contrastoss, which is highly variablein

time. Monomode bres only allow the propagatiorof at wavefronts. The ef ciency of the
injection of light into the bre dependson how at the incoming wavefrontis andthere-
fore variesat a timescalesetby the atmospheric¢urbulence. However, the couplerusedin

FLUOR keepstrack of this injection (or coupling)ef ciency throughphotometricchannels:
notall light is interfered but partof it is sentstraightto the detectorto monitorthetemporal
changesn couplingef ciency. Although this techniqueimplies a minor lossin sensitvity

(becauseof differencesbetweenthe Airy eld andthe bre fundamentaimode),it allows

a very good calibrationof the obsered fringe contrast. For more information on the ad-
vantagesand calibrationof monomodeinterferometricobsenations,we refer the readerto

CoudeDu Forestoetal. (1997 andPerrinetal. (1999.

TISIS The Thermallnfrared Stellar InterferometricSet-up(TISIS) experimentwas de-
signedby the Obsenatoire de Paris-Meudonto (1) gain experiencewith the realmof long
baselinadirectinterferometricobsenationsin thethermalinfrared,characterizingheinten-
sity andtime evolution of thethermalbackgroundand(2) to testsingle-modeomponentin

thiswavelengthrange characterizingnthesky theirtransmissiondispersiorand—to some

http://ch-wwwhanard.eduOTA/
LOhttp://wwwlesia.obspm.fr/astro/ietfero/pages/ wr english.html
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Toward the Star Trackers

E From IOTA telescopes
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Figure 2.10— Upperpanel:the Infraredand Optical TelescopéArray (IOTA) on Mt. Hopkins, Ari-
zona(Figure courtesyof the IOTA team). Three-beantombinationis nowv possiblewith the IONIC
instrument. Lower panel: optical lay-out of the FLUOR instrument. Its heartis the monomode®bre
couplerwhichforcesthewavefrontsto be atbeforeinterferenceThe couplingef®ciengy into the®bre
is simultaneouslynonitoredthroughthe photometriacchannelgFigurecourtesyof the FLUOR team).

extent—polarizationpropertie{Mennessort al. 1999. Theexperimentwassuccessfuhnd
severalbrightlate-typestarswereobsenedin the L-band.
2.6.2 MIDI onthe VLT-I

VLT-1 The Very Large Telescopdnterferomete(VLT-I, Figure 2.17) is the largestinter-
ferometricfacility everbuilt to date.It is constructecndoperatedy ESO.When nished, it
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will allow therecombinatiorof light from 4 stationaryUnit Telescope§UTs)with adiameter
of 8.2 meterandthatfrom 4 movable Auxiliary TelescopegATs), eachwith a diameterof

1.8 meter This guaranteesinprecedentedensitvity, and milli-arcsecondresolutionin the
nearinfrared. The commissioningnstrumentVINCI wasbaseddirectly on the FLUOR in-

strumentput only offered(once)to the generabpublic in sharedrisk mode. Firstinstrument
offeredto the communityin a traditionalfashionwasMIDI (seebelow). For Period76, also
the nearlR 3-beamcombinerAMBER is available. This instrumentwill eventually offer

high spectralresolution(R 10000)interferometricobsenationsin J, H andK bands,with

thesimultaneousombinationof 3 beamsanda measuremeruf the closurephase.

MIDI  MIDI ' is the VLT-I instrumentfor Mid-IR interferometricobsenations. It covers
theN band(8 13 m)with aspectratesolutionof 30 (prism)or 230(grism). Beamcombi-
nationis doneco-axially (temporalscan)andsimultaneouphotometryis now alsopossible
(nottrivial becausef the synchronisationvith the chopping).Becausef thethermalradia-
tion from the ervironment,mostof the opticsareenclosedn a cryostatcooledat 40 K. The
arraydetectorof MIDI is cooledat 10K. Goldis usedascoatingfor mirrorsof MIDI because
of its highre ection factorin theinfrared.

Beamoverlapleadingto interferencés ensuredy theacquisitionprocedureeachbeam(one
pertelescoperanbeimagedwith aFOV of 2 arcsecondéhesizeof thePSF( =D ) is about
3 pixels). Pointingis correctedsothatthe overlapis good. MIDI is setupto provide images
from the beamswith a maximum eld-of-view of 2 arcsec.To generaténterferogramsthe
differenceof optical pathlengthbetweerthe beamss time-modulatedy dihedralre ectors
mountedon a piezo. Eachtravel, generatingoneinterferogramis calleda°scan®Typically,
about5 detectoframesaretakenperfringe, andin totalabout8 fringesarerecordegerscan.
The numberof scanscanrangefrom about200to 1000. Photometrycanbe obtainedeither
simultaneouslythe SCI-PHO mode)or beforeandaftertheinterferometrimbsenation(the
HIGH-SENSmode).

2.6.3 ISl

We brie y presenthe InfraredSpatiallnterferometefISI*?) becausesome(previously pub-
lished)ISI dataareusedin thisthesis.

ThelSI Array, currentlylocatedon Mt. Wilsonin California,washbuilt by the SpaceSciences
Laboratoryat the University of California at Berkeley, California and operatesn the mid-
infraredpartof thespectrum(aroundl1 m). It consistof threespeciallydesignednovable
telescopeseachonehousedn a separataruck-trailerandwith a 1.65m aperture.Possible
baselinesangefrom 4to 70 m.

ThelSl is very differentfrom current-daymid-IR interferometer#n the sensehatit worksin
heterodynenode,asopposedo homodynénterferometersuchaslOTA andVLT-1. Mid-IR
detectorsverenotyetwell developedatthetime of thedevelopmenbf thelSI makingdetec-
tion of thelight problematic.A possiblesolutionis to mix thelight with anothedight beam

Uhttp://wwweso.og/instruments/midi/
L2http://isi.ssl.berkley.eduisi.html
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Figure2.11— Upperpanel:TheVLT-I consistof 4 Unit telescope§8.2metemirror), andeventually
upto 4 Auxiliary telescopegnotyetin picture,but to belocatedon the differentstationsalreadyseen
on the left handsidein the picture. Recombinatiorof the light takes placein the laboratoryin the
middle-left of the picture. To get an idea of the scale: the distancebetweenthe telescopeclosest
to the photographeandthat furthestis 130 m! Lower panel: optical lay-out of MIDI, the N-band
interferometridnstrumentor the VLT-I. (Figuresfrom the ESOwebpages)
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Figure 2.12— Upperpanel: The Infrared Spatial Interferometer(I1SI) asit looked in 1988. Lower
panel: the Pfund-typetelescopesre housedin a truck trailer to allow for easymovement. During
obsenationsthe optics are mechanicallydecoupledrom the trailer andrest®rmly on concretepads
buriedin theground.(Figurecourtesyof thelSI team.)

of very similar wavelength,so asto causea beatfrequeng which is more easilyrecorded.
In the caseof thelSI, thelocal oscillator i.e. the light with a well-known frequeng which
is addedto the stellarlight, comesfrom a CO, laser(emitting at a wavelengthof 10.6 m).
The resultingradio signalis theninterferedby the correlatorinto an electricalinterference
pattern from which the visibility canbe calculated.This techniqueof heterodyneletection
is omnipresenin radio interferometry and we refer the interestedreaderto the extensve
literatureon thattopic (e.g. Thompsoretal. 2001, andreferencesherein).

We remarkthatasof 2003,thelSI alsohas3 telescopesakingclosurephasemeasurements
possible.



