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epted |.Abstra
t. We present in this paper a study of the imaging properties of the Large Bino
ular Teles
ope interfer-ometer, fo
using our attention on what we believe to be the most relevant e�e
ts, namely the limited angular
overage and the partial adaptive opti
s (AO) 
orre
tion. For this purpose we make use of the Software Pa
kageAIRY (Astronomi
al Image Restoration in interferometrY), designed for multiple de
onvolution of interferometri
images and presented in our previous paper. We also 
onsider as our testing obje
t a model of young binary star
onsisting of a 
ore binary surrounded by a massive 
ir
umbinary ring seen in s
attered light, similar to that ofGGTau. The e�e
t of angular 
overage, linked to the problem of time-averaging smearing of the interferometri
images, is investigated for a number of 
ases 
orresponding to di�erent de
linations of the observed obje
t. We�nd en
ouraging results showing that a good estimation of the relevant astronomi
al parameters of the obje
t
an be obtained even with an in
omplete angular 
overage. We then study the e�e
t of partial AO-
orre
tion forboth s
hemes of 
lassi
al AO and multi-
onjugate AO. We show that uniformity of the point-spread fun
tion overthe �eld-of-view, rather than absolute global quality, is fundamental for the quality of the restored image.Key words. Instrumentation: interferometers { Instrumentation: adaptive opti
s { Te
hniques: interferometri
 {Te
hniques: image pro
essing { Methods: numeri
al { Stars: imaging1. Introdu
tionIn a previous paper, hereafter referred to as Paper I(Correia et al. 2002), we present the Software Pa
kageAIRY (Astronomi
al Image Restoration in interferome-trY) designed for the simulation and restoration of theimages of LBT (Large Bino
ular Teles
ope) and LBT-like interferometers (as for example the 20/20 teles
opeproje
t). The main pe
uliarity of this kind of interferom-eters is the possibility of getting a good 
overage of theu{v spatial frequen
y plane by means of a few observa-tions at di�erent orientations of the baseline with respe
tto the sky (i.e. di�erent paralla
ti
 angles). Indeed LBT isa two 8.4m pupils interferometer with a 
enter-to-
enterbaseline of 14.4m, both pupils being pla
ed on a 
ommonalt-azimuthal mount.The asso
iated restoration problem is that a uniquehigh-resolution image of the astronomi
al target will haveto be re
overed from a set of interferometri
 observa-tions 
orresponding to di�erent paralla
ti
 angles. Severalrestoration methods 
an be applied to this problem (see,Send o�print requests to: M. Carbillet

for instan
e, Bertero & Bo

a

i 2000b). In the presentpaper we use the iterative method known as OS-EM(Ordered Subsets - Expe
tation Maximization), proposedin Bertero & Bo

a

i (2000a), and implemented withinthe Software Pa
kage AIRY (see Paper I). It is an a
-
elerated version of the EM (Expe
tation Maximization)method (Shepp & Vardi 1982), also known in astronomyas the LR (Lu
y-Ri
hardson) method.The purpose of this paper is to study the pe
uliar in-terferometri
 imaging performan
e of LBT by means ofnumeri
al simulations. In parti
ular, we study what wehave identi�ed to be the most relevant e�e
ts, namelythe limitation in angular 
overage, and the partial AO-
orre
tion.As 
on
erns the angular 
overage, it must be observedthat, due to the alt-azimuthal mount of the teles
ope, thee�e
ts of earth rotation during the night are both a ro-tation of the �eld and a rotation of the proje
tion of thebaseline onto the obje
t. The �rst rotation is 
ompensatedby a hardware devi
e (a �eld de-rotator), while the se
ondone is used to sample the u{v plane. Sin
e the variationof the paralla
ti
 angle with time is a non-uniform fun
-
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ular Teles
opetion of the obje
t de
lination, the impli
ation is twofold.First, the range of paralla
ti
 angles a

essible during thenight 
an be limited (i.e. less than 180Æ), depending onthe obje
t de
lination. The 
onsequen
e is an in
omplete
overage of the u{v plane. Se
ond, and due to the varia-tion of the fringe pattern rotation rate during the night,the variation of paralla
ti
 angle during the integrationtime is not negligible in some 
ir
umstan
es |when theobje
t is 
lose to the zenith for instan
e| so that, for agiven integration time, it 
an indu
e signi�
ant di�eren
esin angular range for di�erent baseline orientations.As 
on
erns partial AO-
orre
tion, we re
all that, inthe 
ase of LBT, a high-level AO system is intended to
orre
t for the atmospheri
 turbulen
e e�e
ts on ea
hpupil, dire
tly on the se
ondary mirror, and to 
ophaseea
h beam before re
ombination. LBT �rst light, in
lud-ing an adaptive opti
s (AO) system based on adaptive se
-ondary mirrors and pyramid wavefront sensors, is plannedfor early 2004. The �nal AO system will also in
lude multi-
onjugate (MC) AO features, intended to a
hieve high-quality 
orre
tion on a wide �eld-of-view (FoV). A broadrange of image quality 
an anyway be a
hieved, mainlydue to variation of the seeing 
onditions, but also to aseries of other fa
tors as the number of photons that areallowed for wavefront sensing and the angular distan
ebetween the AO guide star and the astronomi
al target.Hen
e the study of su
h an e�e
t on the restored imageappears to be a fundamental issue.The above mentioned e�e
ts are investigated by sim-ulating high-resolution LBT interferometri
 observationsof an astronomi
al obje
t of interest, and 
omparing thes
ienti�
 parameters of the restored obje
t with the orig-inal ones. From this point of view the present work is tobe 
onsidered as the 
ontinuation of preliminary studiesalready presented elsewhere (Correia et al. 2000, Carbilletet al. 2000, Correia et al. 2001), as well as in Paper I.All along this study we use as astronomi
al obje
t amodel of young binary star 
onsisting of a 
ore binarysurrounded by a dusty 
ir
umbinary ring. The model isdire
tly inspired by near-infrared observations of the fa-mous T-Tauri binary star of the quadruple system GGTauand their 
onse
utive data interpretation/modelization(Roddier et al. 1996, Wood et al. 1999). We believe thatthis type of obje
t is 
hallenging for any kind of restora-tion method be
ause it 
ombines point-like features (the
ore binary star) and a di�use one (the 
ir
umbinary ring),with a high-dynami
 range between them. For a better un-derstanding of the 
apabilities of the restoration methodas well as of the e�e
ts due to the above mentioned fea-tures, we also treat separately the two 
omponents of theobje
t. We �rst look at the dete
tability of both the 
orebinary star and the 
ir
umbinary ring, and then we quan-tify the quality of the re
onstru
tion: for the 
ore binarystar we 
ompute the error on the re
onstru
tion of its as-trometri
 and photometri
 parameters while, for the 
ir-
umbinary ring we evaluate the error on some suitablemorphologi
al parameters.

The paper is organized as follows. In Se
. 2 we des
ribein detail the model of astronomi
al obje
t 
onsidered forour study, as well as the general features of the sets ofPSFs used and the asso
iated imaging pro
ess. In Se
. 3we des
ribe our simulation of observations 
orrespondingto di�erent de
linations of the astronomi
al obje
t (andthen to di�erent amounts of angular 
overage), and givethe results obtained by applying the restoration methodto the various sets of observations. The relevant s
ien-ti�
 parameters are plotted as fun
tions of the numberof OS-EM iterations and the features of the restorationsare dis
ussed. The e�e
t of the quality of the attained AO
orre
tion is studied in Se
. 4, for both 
ases of 
lassi
alAO and MCAO. In Se
. 5 we summarize the results of thepaper and give our 
on
lusions.2. The simulated data2.1. The astronomi
al obje
t: a model of young binarystarWe assume as our astronomi
al obje
t a young binary starwith s
attered light emission 
oming from the presen
e ofa dusty 
ir
umbinary ring. The model is produ
ed usingobservational parameters for the ring emission taken fromobservations of the 
lose binary of the quadruple GGTausystem obtained in the near-infrared by Roddier et al.(1996), and reprodu
ed afterwards in modelizations byWood et al. (1999). A

ording to the latter we assumethat:1. the light s
attered by the 
ir
umbinary ring is mainly
ontained within two 
on
entri
 ellipses with the sameaxial ratio b=a=0.82 and with semi-major axes of, re-spe
tively, �10 and �20 times the binary angular sep-aration �;2. the ratio between s
attered and dire
t light in K-bandis 0:57 � 10�2 (
orresponding to a di�eren
e of inte-grated magnitude between the 
ore binary star and the
ir
umbinary ring of �5.64mag);3. the ratio of s
attered light between the near side andthe far side of the ring is �2.In addition, the ring in
lination angle is set to 35Æ andlumpy features are in
luded. As 
on
erns the binary starlying in the 
ore of the dynami
ally 
leared region, we as-sume an angular separation � twi
e the angular resolutionlimit of LBT in K-band (i.e. �40mas), and a positionangle pa 
hosen in su
h a way that the position of the
ompanion star does not 
oin
ide with a given pixel. Wealso assume a main 
omponent K-magnitude m=10 anda di�eren
e of magnitude �m=1. We point out that thebrightness of the 
entral binary we 
onsider here is suf-�
iently realisti
 for this type of obje
t (see for instan
eGhez et al. 1997) and leads to a ring integrated magni-tude of �15.25 (i.e. 15.48mag/ar
se
2). This model 
ouldrepresent a young binary obje
t lo
ated at a distan
e ofabout 2.5 times that of the Taurus-Auriga Complex.
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model log-cut along binary axis radial profile

azimuthal profileFig. 1. The model of young binary star surrounded by its 
ir
umbinary ring used for our study. Left: 
ontour plot of the model.The seven level lines 
orrespond respe
tively to 0.1, 0.2, 0.3, 0.5, 0.7, 0.8 and 0.9 of the maximum value of the 
ir
umbinaryring (i.e. respe
tively 2.6�10�7 , 5.3�10�7, 8.0�10�7, 1.3�10�6, 1.8�10�6, 2.1�10�6, and 2.4�10�6 of the maximum valueof the whole obje
t). Center: logarithmi
 plot of the 
ut along the binary axis. Up right: radial intensity pro�le I�(r) of the
ir
umbinary ring. Bottom right: azimuthal intensity pro�le Ir(�) of the 
ir
umbinary ring.Figure 1 shows di�erent representations of our model.In order to 
hara
terize in detail the 
ir
umbinary ring wehave plotted both its radial intensity pro�le I�(r), de�nedas the integration over the polar angle � of the intensitymap I(�; r), and its azimuthal intensity pro�le Ir(�), de-�ned as the integration over the radius r of I(�; r).Let us point out that this 
ombination of point-like anddi�use stru
tures with a very high dynami
 range betweenthem is a severe test for imaging sin
e, as a 
onsequen
eof their vi
inity, there will be a strong intera
tion betweenthe image of the 
ore binary star image and that of the
ir
umbinary ring.2.2. Interferometri
 PSFsThe spatial sampling adopted for all the interferometri
PSFs used in this paper is 3 pixels per Full-Width at Half-Maximum (FWHM) of the fringes, where the FWHM isequal to �=L, with L the total baseline length (22.65m =8.25m e�e
tive diameter of ea
h pupil + 14.4m baselineseparation), and � the �lter 
entral wavelength (2.2�m allalong this paper).Sin
e we intend to study separately the e�e
ts of par-tial angular 
overage and partial AO-
orre
tion, we will
onsider di�erent sets of PSFs for ea
h 
ase. When dealingwith the angular 
overage e�e
t, we will assume perfe
tly
oheren
ed and 
ophased PSFs (no opti
al aberration),while when dealing with the AO-
orre
tion e�e
t, we willassume a good angular 
overage. We refer to the 
orre-sponding se
tions for further details.2.3. Image formation pro
essSets of interferometri
 images are formed by 
onvolvingthe model with the PSFs of a given set (ea
h PSF 
or-

Fig. 2. SNR vs. integration time for the dete
tion of the 
ir-
umbinary ring.responding to a given paralla
ti
 angle). Sky ba
kgroundemission is added to the results whi
h are eventually 
or-rupted with Poisson and dete
tor noise realizations. Thefollowing parameters are used all along this study: a totaleÆ
ien
y (mirror+opti
s+dete
tor) of 25%, a sky ba
k-ground brightness of 12.5mag/ar
se
2, and a read-outnoise (RON) 
orresponding to the s
ienti�
 imaging de-vi
e of 2 e� rms.From the above parameters and the 
hara
teristi
s ofthe 
ir
umbinary ring it is straightforward to 
ompute theexpe
ted average SNR of the ring emission as a fun
tion ofthe integration time. Su
h a fun
tion is plotted in Figure 2.We 
an in parti
ular observe that 1min integration time,the shortest exposure-time we are 
onsidering, leads to anaverage SNR of �2.5, while 20min, the longest exposuretime, leads to an average SNR of �10.
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wide narrow zenith zenith/5 baselines

Fig. 3. The four 
ases of angular 
overage 
onsidered. First row: plots of the paralla
ti
 angle q as a fun
tion of the hour angle Hfor an obje
t of de
lination Æ, from left to right: +80Æ (\wide" 
ase), -20Æ (\narrow" 
ase), +30Æ with 3 baselines (\zenith" 
ase),and +30Æ with 5 baselines (\zenith/5 baselines" 
ase). The �lled regions, a

essible only at airmass > 2, are not 
onsidered inthe present study. The intervals de�ned by the verti
al dashed lines represent the variation of the paralla
ti
 angle during the
onsidered integration time: 20min in all 
ases, but 1min only for the three 
entral intervals of the \zenith/5 baselines" 
ase.Se
ond row: the 
orresponding angular 
overages in the spatial frequen
y spa
e represented by means of level lines of the sumof the power spe
tra of the 
orresponding PSFs. Ten levels (from 0.01 to 0.1 of the maximum value) are shown.3. Angular 
overage e�e
ts3.1. The 
ases 
onsideredThe paralla
ti
 angle q is de�ned as:q = ar
tan� tan� 
os Æ � sin Æ 
osHsinH � ; (1)where � is the latitude of the observatory (+32.667Æ in the
ase of LBT), Æ the de
lination of the obje
t, and H thehour angle. Four di�erent 
ases of variation of the paral-la
ti
 angle q versus the hour angle H are shown in Fig. 3,ea
h representative of a relevant situation in terms of a
-
essible range of paralla
ti
 angle and �eld-rotation ve-lo
ity. The �rst 
ase (the \wide" 
ase { left-part of Fig. 3)gives the largest range of paralla
ti
 angle (�200Æ); it 
or-responds to an obje
t with a de
lination of +80Æ. These
ond 
ase (the \narrow" 
ase) gives the smallest rangeof paralla
ti
 angle (�60Æ); it 
orresponds to the angu-lar 
overage of an obje
t with a de
lination of �20Æ. Inthe two other 
ases (the \zenith" 
ase and the \zenith/5baselines" 
ase) the range of paralla
ti
 angle (�135Æ) isintermediate when 
ompared with the previous ones, butthe 
orresponding �eld-rotation velo
ity around H=0 ismu
h higher, due to the fa
t that the obje
t is mu
h 
loserto the zenith (Æ=+30Æ).

In order to sample the 
overed regions of the u{v planein a way whi
h is approximately uniform for the four
ases, we 
onsider six equispa
ed paralla
ti
 angles for the\wide" 
ase, three for the \narrow" 
ase and the \zenith"
ase, and �ve for the \zenith/5baselines" 
ase, as repre-sented in Fig. 3. This 
orresponds to an angular samplingof roughly one baseline ea
h 30Æ of paralla
ti
 angle.We 
onsider an integration time of 20min for ea
h ob-servation (ea
h observation 
orresponding to one range ofparalla
ti
 angle) of the �rst three 
ases. This 
orrespondsto a variation of paralla
ti
 angle of�5Æ during ea
h obser-vation of the \wide" 
ase and the \narrow" 
ase (low �eld-rotation velo
ity). In the \zenith" 
ase (fast �eld-rotationvelo
ity) the integration time 
orresponds to a variation of�1.5Æ for the two extreme paralla
ti
 angles, and of �76Æfor the middle one. Therefore in the \zenith/5baselines"
ase we split the latter wide angular-spanning observationinto three angularly equispa
ed short exposures, ea
h oneof 1min integration time (
orresponding to a variation ofparalla
ti
 angle of �5Æ). In su
h a way we aim to 
om-pare the e�e
t of �eld-rotation averaging, typi
al of a longexposure, with the e�e
t of noise in
rease, arising from thefa
t that the long exposure is splitted into three shorterones.
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ope 5In our simulations the e�e
t of the rotation of thebaseline during the integration time (\time-averaging") istaken into a

ount by adding snapshot PSFs of di�erentorientations with a temporal step of 1min. In addition tothis, we also in
lude the width of the K broad-band �lter(��=400nm), by adding four mono
hromati
 PSFs 
orre-sponding to wavelengths within the band. However it hasto be noted that in our tests we do not �nd a signi�
ante�e
t of this kind of further re�nement.We also note that in the \zenith/5 baselines" 
ase the
uxes of the images with di�erent integration times arenormalized in su
h a way that they have the same inte-grated value, as required by our image restoration algo-rithm (Bertero & Bo

a

i 2000a).We obviously expe
t the best re
onstru
tion in the �rst
ase, sin
e the angular 
overage is 
omplete (greater than180Æ) and there is no dramati
 variation of the paralla
-ti
 angle during the integration time. At the opposite, these
ond 
ase 
orresponds to a limited range of spatial fre-quen
ies \seen" during the observations. The third 
ase is
hara
terized by a wide angular averaging due to the fast�eld-rotation when passing through the zero-hour angle.This phenomenon is redu
ed in the fourth 
ase, but at the
ost of a noise in
rease.3.2. Re
onstru
tion of the whole obje
t and estimationof the parameters of the binary starFigure 4 shows the restorations of the whole obje
t ob-tained for the four 
ases of angular 
overage we are 
on-sidering.Elongation of the small s
ale features, i.e. the lumpyfeatures and the binary star 
omponents, are 
learly vis-ible, espe
ially in the \narrow" 
ase and in the \zenith"
ase. This is due to the in
omplete 
overage whi
h im-plies orientations with di�erent resolutions and thereforeelongated shapes of the point-sour
e obje
ts. This elonga-tion is, in the \narrow" 
ase, in the dire
tion where theparalla
ti
 angles are not sampled and, in the \zenith"
ase, in the dire
tion where these angles are smeared. Thenoise ampli�
ation due to the three low-SNR baselines ofthe \zenith/5baselines" 
ase is also evident in the restoredring. We will return on this phenomenon when treating therestoration of the ring alone. However we observe that, inthe \zenith/5baselines" 
ase, the binary is less elongatedthan in the \zenith" 
ase. It is also better resolved, asit 
an be seen from the 
uts of the restorations along theaxis of the re
onstru
ted 
ore binary star. It is to be notedanyway that in all 
ases both the 
ore binary star and the
ir
umbinary ring are 
learly dete
ted.Let us now investigate quantitatively the e�e
t of thedi�erent angular 
overages on the restoration of the pa-rameters of the 
ore binary star. In Fig. 5 the errors onthese parameters are plotted as fun
tions of the numberof OS-EM iterations. We point out that in all 
ases theparameters 
onverge to the 
orre
t values when the num-ber of iterations in
reases, although in the \wide" 
ase
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Fig. 4. Restoration of the model of young binary star for thefour 
ases of angular 
overage. The re
onstru
ted images arerepresented with the same levels as in Fig. 1. The logarithmi
plots of the 
uts along the axis of the re
onstru
ted binary starare also shown.the 
onvergen
e is globally faster than in the other ones.In addition the a

ura
y in the retrieval both of the as-trometri
 parameters (� and pa) and of the photometri
parameter �m is de�nitely better when the 
overage is
omplete (\wide" 
ase), or almost 
omplete without widetime-averaging (\zenith/5 baselines" 
ase). We also ob-
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Fig. 5. Restoration of the parameters of the binary star: plotsof the errors as fun
tions of the number of OS-EM iterationsfor the restoration of the angular separation �, the positionangle pa and the di�eren
e in magnitude �m, and for the four
ases of angular 
overage.serve that the dire
tion of the axis of the binary star fallsin the \well-s
anned" angular se
tor of the �rst two 
aseswhile it is within the angular smeared region of the third
ase. As a 
onsequen
e in the \zenith" 
ase the retrievedseparation is smaller than the 
orre
t one (the elongationlies in the dire
tion of separation).Note that from the point of view of (relative) astrom-etry and photometry the absolute errors are remarkablysmall (error on � <� 0:05mas, error on �m <� 0:005mag).

3.3. Cir
umbinary ring restorationFor the evaluation of the restoration of the 
ir
umbinaryring, we adopt the following approa
h: a masking of the
entral 
ore is performed on the di�erent re
onstru
tedimages so that the radial pro�le I�(r) and the azimuthalpro�le Ir(�) 
an be easily 
omputed; then, if we denoteby I the ve
tor formed by the samples of the radial orazimuthal pro�le of the original model and by I(k) the
orresponding ve
tor obtained from the result of the k�thiteration, the a

ura
y of the restoration provided by su
han iteration is measured by 
omputing the following rela-tive distan
e:R(k)I = kI(k) � IkkIk ; (2)where the norm is the Eu
lidean one, i.e. the square rootof the sum of the squares of the sample values. Besidesthe re
onstru
tion of the whole model, we also 
onsider ase
ond approa
h whi
h 
onsists in applying the restora-tion method to data obtained after subtra
tion of the bi-nary star 
ontribution. A possible pro
edure 
ould be thefollowing: �rst perform a de
onvolution of the 
ompletedata to estimate the binary parameters (as performed inSe
. 3.2); next subtra
t from the original data the binaryimages obtained by 
onvolving the estimated binary withthe PSFs; �nally perform a se
ond de
onvolution of the
ir
umbinary data alone. Even if this kind of pro
edure isroutinely applied with su

ess for probing the 
ir
umstel-lar environment of T-Tauri stars and possibly dete
tingdisks emission (see e.g. Roddier et al. 1996 and Krist etal. 2000), its pra
ti
al implementation and validation arebeyond the s
ope of this paper. Therefore we only 
on-sider a perfe
t subtra
tion of the binary 
ontribution. Inother words we perform the restoration of the 
ir
umbi-nary ring alone and then 
ompute again R(k)I on both theradial and azimuthal pro�les. This last pro
edure has alsothe advantage that it provides further information on thebehavior of our restoration method when applied to faintdi�use obje
ts (see Paper I).Figure 6 shows the results of the restoration of thering alone, while the relative distan
es R(k) for the four
ases of angular 
overage and the two approa
hes 
on-sidered (restoration of the 
omplete obje
t and of thering alone) are shown in Fig. 7. As 
on
erns the mapsof the restored ring, a simple visual analysis and 
om-parison with the model of Fig. 1 makes already evidentthat when the angular 
overage in
reases (from the \nar-row" 
ase to the \wide" 
ase through the \zenith" 
ase),the re
onstru
ted features be
ome sharper. In addition,the \zenith/5 baselines" 
ase 
learly shows the expe
tede�e
t of noise in
rease. This is quantitatively 
on�rmedby Fig. 7, where the 
ommon behavior of the various dis-tan
e 
urves is a minimum around 100{200 iterations.This feature is known in the theory of iterative methodsfor image restoration as semi
onvergen
e (see e.g. Bertero& Bo

a

i 1998, as well as Paper I), and is due to thephenomenon of noise ampli�
ation (see also White 1994).
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zenith/5 baselines

Fig. 6. Restoration of the 
ir
umbinary ring after binary subtra
tion for the four 
ases of angular 
overage. The level lines
orrespond to 0.1, 0.2, 0.3, 0.5, 0.7, 0.8, and 0.9 of the maximum value of the model, and therefore are equivalent to the levellines of Fig. 1.

Fig. 7. Cir
umbinary ring restoration: logarithmi
 plot of the relative errors in the restoration of the azimuthal pro�le Ir(�)(left) and of the radial pro�le I�(r) (right), in the four 
ases of angular 
overage. Continuous line is for the \wide" 
ase, dotted-line for the \narrow" 
ase, dashed line for the \zenith" 
ase , and dashed-dotted line for the \zenith/5 baselines" 
ase. Two setsof results are represented: the upper set 
orresponds to the restoration of the 
omplete obje
t, while the lower set 
orrespondsto the restoration of the ring alone.Moreover, as it is known, this phenomenon is stronger inthe 
ase of noisier data, in the sense that the optimal num-ber of iterations de
reases with in
reasing noise. This lastpoint is evident from Fig. 7 when 
omparing the \zenith"
ase with respe
t to the \zenith/5 baselines" 
ase.3.4. Dis
ussionA �rst result of our analysis is that, as expe
ted, the re-stored image has a higher quality when a broader rangeof paralla
ti
 angles is a

essible. However the in
uen
eon the extended part of our model is not dramati
: reli-able results are obtained even in the 
ase of in
ompleteangular 
overage or smeared baselines. The interpretationof this e�e
t in the u{v plane is as follows: the spe
trumof the extended part is mainly 
on
entrated at low an-gular frequen
ies so that the information provided by asingle mirror is fundamental while that 
oming from thelong baseline provided by the interferen
e between the twomirrors is not very relevant. More 
riti
al is the e�e
t on

small features or on point obje
ts su
h as the stars of thebinary. Indeed their spe
trum extends outside the dis
 inthe u{v plane 
overed by a single mirror so that, in the
ase of in
omplete 
overage, the restorations exhibit elon-gated shapes in the dire
tions not 
overed by the baselines.It is interesting to remark, however, that, as 
on
erns theestimation of the binary parameters the main di�eren
ebetween the di�erent 
ases 
onsists essentially in di�er-ent 
onvergen
e rates. The �nal a

ura
y is always quitegood even if we show that an improvement 
an be obtainedby splitting a too large angular smearing into shorter ex-posures. The last strategy 
an be hardly applied to thefaintest obje
ts due to the need of �nding a 
ompromisebetween integration time and time-smearing. In parti
u-lar we �nd that, if some images have poor SNR values,the result may be 
orrupted by the phenomenon of noiseampli�
ation. In su
h a 
ase the 
hoi
e of the number ofiterations is more 
riti
al and we 
on
lude that the de�-nition of a reliable stopping-rule (see Lanteri et al. 1999a,1999b) will be required when dealing with real data.
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Fig. 8. Two examples of the sets of interferometri
 AO-
orre
ted PSFs used in this study. Ea
h set 
onsists of three PSFs
orresponding to three equispa
ed orientations of the baseline (0Æ, 60Æ, and 120Æ). The average SR of the upper set is 0.94, and0.53 for the bottom set. Level lines 
orrespond to 0.05, 0.1, 0.3, 0.5, 0.7, 0.8, and 0.9 of the maximum value.4. Partial AO-
orre
tion e�e
tsAlthough the goal of AO is to 
orre
t the atmospheri
degradations as perfe
tly as possible, it is obvious thatresiduals will always be present and have a relative de-stru
tive e�e
t on image formation.The e�e
ts of partial 
orre
tion on ea
h single pupilof an interferometer have the global 
onsequen
e that theimage of a point-sour
e is not exa
tly an Airy dis
, but
onsists of a 
entral 
ore surrounded by a halo, wheretypi
ally the �rst Airy ring is visible but broken. The tip-tilt residual 
auses a residual global image motion, whilethe high-orders residuals tend to \spe
kle-ize" the image.In the interferometri
 
ase, the dilution of the pupil im-plies that di�erential e�e
ts must also be 
onsidered. Theresidual of di�erential piston tends to produ
e a motion ofthe fringes pattern along the baseline axis. In addition toit, the di�erential tip-tilt, resulting from both the tip-tiltresiduals of the single pupils, has the e�e
t of a bad su-perimposition of the two single-pupil PSF envelopes: theenvelopes from the two pupils 
ombine in a deformed one.Hen
e the e�e
t on the fringes is similar to that due tothe di�erential piston, but with the main di�eren
e thatthe 
entral fringe remains stati
, while in the 
ase of dif-ferential piston the 
entral fringe is moved.For what 
on
erns the high-orders residuals, and as inthe 
ase of single-pupil astronomy, they 
ause the inter-ferometri
 PSF to be 
omposed of a 
entral fringed 
oretogether with a \spe
kle-ized" halo where ea
h spe
kle-likefeature is fringed as well. In the following of this se
tionwe 
onsider the overall deformation of the PSFs due tothe whole ensemble of perturbations.

4.1. The AO-
orre
ted interferometri
 PSFsWhen dealing with the de
onvolution of post-AO images,an important issue is the good estimation of the PSF thatbest 
orresponds to the observed obje
t. Mainly due tothe anisoplanatism error that a�e
ts the AO 
orre
tion ofan obje
t distant by a 
ertain angle from the guide star(GS), its PSF 
an be very di�erent from the GS one. Byextension the PSF related to the formation of the imageof the observed obje
t (the \obje
t PSF") 
an be verydi�erent from the PSF related to the point-like referen
estar used for de
onvolution (the \referen
e PSF"). Notethat the referen
e point-like star is not a priori the GSused for the AO 
orre
tion (or one of the GS' in the 
aseof MCAO).In the following of this paper we use �ve di�erent setsof PSFs, obtained by simulating the behavior of the LBTAO system in its single-referen
e single-
onjugate mode(i.e. 
lassi
al AO), and using the Software Pa
kage CAOS(Carbillet et al. 2001a). Two typi
al examples of our setsof PSFs are shown in Fig. 8.As in the 
ase reported in details in Carbillet et al.(2000), we simulate our sets of AO-
orre
ted interferomet-ri
 PSFs for three paralla
ti
 angles: 0Æ, 60Æ, and 120Æ.Note that this angular 
overage of the frequen
y plane isgood enough to allow us to fo
us on the AO-
orre
tione�e
ts only. The simulations are performed in 
losed-loopwith an independent realization of the turbulent atmo-sphere for ea
h paralla
ti
 angle. This will be the situationin real life sin
e di�erent paralla
ti
 angles 
orrespond todi�erent instant during the observation night (see Se
. 3).The s
ope of the present se
tion being to study the e�e
tsdue to the di�eren
e between the referen
e PSFs and the
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ope 9obje
t PSFs, we simulate several sets of PSFs by takingpoint-like stars with di�erent o�-axis angles (the GS is
onsidered on-axis), varying from 0 ar
se
 towards the iso-planati
 angle 
orresponding to the simulated atmosphere(depending on the turbulen
e pro�le, the wavefront outer-s
ale, and the speed of ea
h turbulent layer). We then
hara
terize the 
orresponding image quality by means ofthe resulting Strehl ratio (SR), de�ned as the ratio be-tween the intensity of the AO-
ompensated PSF and theintensity of the ideal PSF, measured in the 
entral point ofthe later. The resulting SR are respe
tively: 0.94 (on-axisPSF), 0.93, 0.88, 0.81, and 0.53 (farthest PSF).All along this se
tion we 
hara
terize the quality of the
orre
tion of a given set of PSFs by its SR only. Although afull des
ription of ea
h PSF would require also parameterssu
h as its FWHM and its en
ir
led energy (both relatedto the attained resolution), as well as the main features ofits morphology (mainly for what 
on
erns the halo), weassume here that the SR is suÆ
ient to 
hara
terize thePSFs, and that a di�erent SR implies a di�erent FWHMand a di�erent morphology. This assumption is reasonablealso be
ause we are dealing here with relatively high SR(>50%).Our �rst appli
ation 
on
erns 
lassi
al AO. Thereforewe assume in the following that the referen
e star used forde
onvolution 
orresponds to the AO GS (and hen
e thatthe SR of the referen
e PSFs is 0.94), while we 
onsiderfour 
ases of obje
t PSFs 
orresponding to the SRs from0.93 to 0.53. We have 
onsidered here anisoplanatism only,but other sour
es exists, su
h as anisopistonism (Espositoet al. 2000, Femen��a et al. 2001), but also the geometryand magnitude map of the asterisms of the GSs when 
on-sidering an MCAO s
heme. Therefore we 
all the \generalAO 
ase" this �rst appli
ation, be
ause it also in
ludesMCAO when the 
orre
tion is not perfe
tly uniform.In addition to it, we also 
onsider a se
ond appli
ation
on
erning a uniform MCAO system. Indeed, the mainattra
tive feature of this kind of system is its expe
ted
apability of maintaining the same level of 
orre
tion allover the 
orre
ted FoV. In good 
onditions the PSFs aretypi
ally expe
ted to be stable over a FoV of up �2 ar
min(see e.g. the re
ent results reported in Bello et al. 2001 orCarbillet et al. 2001b). Sin
e the AO-
orre
tion qualitydepends, as in the 
lassi
al 
ase, on the atmospheri
 andsystem status during the single observation, our MCAO
ase study 
on
erns di�erent levels of 
orre
tion over aFoV 
overing both the astronomi
al obje
t and the refer-en
e star. For the sake of simpli
ity we limit our analysisto the best situation (SR=0.94 for both the referen
e PSFsand the obje
t PSFs), and to the worst one (SR=0.53 forboth sets). We 
all this se
ond appli
ation the \uniformMCAO 
ase".4.2. General AO 
aseFour sets of LBT images are generated by 
onvolving themodel of Se
. 2.1 with the four sets of PSFs 
orrespond-
Fig. 9. Restoration of the binary parameters { general AO
ase: error plots for the separation �, position angle pa, andmagnitude di�eren
e �m, as fun
tions of the number of OS-EM iterations for the four SR 
ases. Continuous line is forSR=0.53, dotted line for SR=0.81, dashed line for SR=0.88,and dashed-dotted line for SR=0.93.ing to the four SR values indi
ated before (obje
t PSFs)and by adding to the results sky ba
kground emission andnoises as de�ned in Se
. 2.3. Next the four sets of imagesare de
onvolved using the referen
e PSFs. Figure 9 showsthe results obtained for the binary parameters, in the four
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,Fig. 10. Restoration of the 
ir
umbinary ring parameters { general AO 
ase: logarithmi
 plots of the relative restoration erroron the azimuthal pro�le Ir(�) (left) and on the radial pro�le I�(r) (right), for the four SR 
ases. Continuous line is for SR=0.53,dotted-line for SR=0.81, dashed line for SR=0.88, and dashed-dotted line for SR=0.93. Two sets of results are represented: theupper set 
orresponds to the de
onvolution of the data of the 
omplete obje
t, while the bottom set to the de
onvolution of thering data.

Fig. 11. Restoration of the 
ir
umbinary ring { general AO 
ase. The level lines 
orrespond to 0.1, 0.2, 0.3, 0.5, 0.7, 0.8 and 0.9of the maximum value of the model, and therefore are equivalent to the the level lines of Fig. 1.SR 
ases. The restoration of the binary star is again evalu-ated in terms of the retrieval of its parameters �, pa, and�m, after de
onvolution of the whole obje
t, while therestoration of the 
ir
umbinary ring will be still evaluatedin terms of the retrieval of its azimuthal pro�le Ir(�) andits radial pro�le I�(r).A �rst 
on
lusion whi
h 
an be derived from theseplots is that all parameters are remarkably retrieved, forall 
ases of SR. In parti
ular, if we �rst 
onsider the plotsof the magnitude di�eren
e, we �nd that the di�erent SR
ases lead to di�erent errors, from almost zero (
ase ofSR=0.93) to less than 0.07 mag. (
ase of SR=0.53). Themain di�eren
e between the four 
ases 
onsists in di�er-ent and slightly wrong estimated values of �m rather thanin di�erent 
onvergen
e rates. On the other hand, the paplots show that in the 
ases with SR=0.53, 0.81 and 0.88the results 
onverge toward the same value (with a �nalerror of a few hundredth of degree only) but at very di�er-ent rates. The 
ase SR=0.93 is again almost perfe
t here,
onverging to the right value in less than 100 iterations.Finally the separation plots show the same behavior as

those for �m, but with a di�eren
e between the 
aseswith SR=0.81 and SR=0.88, more similar to the behaviorof the pa plots. Note that the �nal error for � is at most�0.25mas for the worst 
ase s
enario (SR=0.53), whi
h isstill remarkably small.As 
on
erns the evaluation of the restoration of the
ir
umbinary ring, we have adopted again the two di�er-ent approa
hes mentioned in Se
. 3. As it is shown by theupper plots of Fig. 10, the re
onstru
tion of the ring asobtained from the 
omplete obje
t data is not satisfa
-tory, while the re
onstru
tion pro
ess applied to the sub-tra
ted data provides good results. This result underlinesthe fa
t that a good PSF-subtra
tion method will be ne
-essary when dealing with real data of this kind of obje
t.The di�erent values of SR 
learly lead to di�erent levelsof pre
ision in the restoration of the two pro�les, even ifthe di�eren
es are more evident in the 
ase of the radialpro�le I�(r). In this 
ase, indeed, the �nal error rangesfrom �20% for the 
ase of SR=0.53, to less than 1% forthe SR=0.93 
ase. For Ir(�) the range of error is smaller:from 5% to 1.5%. It is also interesting to point out that



Carbillet et al.: Restoration of interferometri
 images: II - The 
ase-study of the Large Bino
ular Teles
ope 11in all 
ases the algorithm 
onverges after about 100-200iterations.The overall good a

ura
y in the re
onstru
tion of thering is 
on�rmed by Fig. 11 where the re
onstru
ted im-ages are given. While in the 
ase of SR=0.53 the prin
ipalfeatures of the ring are already re
overed, in the other
ases it is also possible to re
ognize almost all details ofthe model represented in Fig. 1.4.3. Uniform MCAO 
aseIn this se
ond appli
ation we assume a MCAO systemwhi
h allows an ideal uniformity of the PSFs over thewhole re
onstru
ted FoV. We point out that su
h a sys-tem would not only assure su
h a remarkable similaritybetween the referen
e and obje
t PSFs, but would alsomake easier the sear
h for a suitable referen
e star sin
eany star in the �eld 
an be used. Therefore we simulatesu
h a situation by 
onsidering two of the sets of imagesgenerated in the previous se
tion (and pre
isely those 
or-responding to SR = 0.94 and 0.53), and by de
onvolvingthese sets by means of the same PSFs used for their gen-eration.Figure 12 shows the results obtained for the re
onstru
-tion of the binary parameters in the two MCAO 
ases 
on-sidered. Note that, for an easier 
omparison, these plotshave the same identi
al range as those of Fig. 9.A 
omparison with the results obtained in the generalAO 
ase 
learly shows that the possibility of having refer-en
e PSFs as similar as possible to the obje
t PSFs greatlyimproves the pre
ision of the results. No more signi�
anto�sets are visible in these 
urves that almost perfe
tly 
on-verge toward the 
orre
t solution, in the 
ase of SR=0.94as well as in the 
ase of SR=0.53. Espe
ially in this last
ase, the 
omparison with the plots of Fig. 9 shows thata better pre
ision and a faster 
onvergen
e are obtainedwhen the similarity between the referen
e PSFs and theobje
t PSFs is preferred with respe
t to the 
hoi
e of aset of referen
e PSFs better 
orre
ted, but di�erent fromthe obje
t PSFs. The main di�eren
e due to a di�erentquality of the global AO-
orre
tion 
onsists in a di�erent
onvergen
e rate, whi
h is slower in the 
ase of SR=0.53than in the 
ase of SR=0.94, with a �nal error whi
h inall 
ases 
learly tends to zero.As 
on
erns the restoration of the 
ir
umbinary ring,the error plots of Fig. 13 for the radial and azimuthal pro-�les have approximately the same behavior as those forthe binary parameters. Here again the 
omparison withthe general AO 
ase shows the great advantage of PSFuniformity. Furthermore it is to be noted that even whende
onvolving the whole obje
t, with the already under-lined problem of huge dynami
 range between the ringand the 
ore binary star, the results on the retrieval ofI�(r) and Ir(�) are better than those obtained in the gen-eral AO 
ase, espe
ially for what 
on
erns the azimuthalpro�le.
Fig. 12. Restoration of the binary parameters { uniformMCAO 
ase: error plots for the separation �, position anglepa, and magnitude di�eren
e �m, as fun
tions of the numberof OS-EM iterations for the two SR 
ases. Continuous line isfor SR=0.53, while dashed-dotted line is for SR=0.94.It is interesting to 
ompare also the retrieved parame-ters with those obtained by taking as ring image the in
o-herent sum of the three interferometri
 ring images (ob-tained at the three paralla
ti
 angles). In su
h a way we
an dire
tly evaluate the advantage of using the restora-tion method. The 
omparison is performed by 
omput-
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Fig. 13. Restoration of the 
ir
umbinary ring parameters { uniform MCAO 
ase: logarithmi
 plots of the relative restorationerror on the azimuthal pro�le Ir(�) (left) and on the radial pro�le I�(r) (right), for the two SR 
ases. Continuous line isfor SR=0.53, while dashed-dotted line is for SR=0.94. Two sets of results are represented: the upper set 
orresponds to thede
onvolution of the data of the 
omplete obje
t, while the bottom set 
orresponds to the de
onvolution of the ring data.

Fig. 14. Restoration of the 
ir
umbinary ring { uniform MCAO 
ase. From left to right: the result obtained for SR=0.94 andthe 
orresponding in
oherent sum; the result obtained for SR=0.53 and the 
orresponding in
oherent sum. The level lines
orrespond to 0.1, 0.2, 0.3, 0.5, 0.7, 0.8 and 0.9 of the maximum value of the model, and therefore are equivalent to the levellines of Fig. 1 .Table 1. Relative distan
es between the pro�les of the in
o-herent sums of images and those of the model.Strehl 
ase rel. dist. on I�(r) rel. dist. on Ir(�)0.53 0.33 0.0620.94 0.19 0.034
ing the relative distan
e between the radial and azimuthalpro�les of the in
oherent sums and those of the originalmodel. The results are reported in Table 1 and show thatthe use of the restoration algorithm provides a mu
h betterpre
ision, and that this is already true after a few itera-tions (�20 in all 
ases). A visual 
on�rmation of su
h aresult is shown in Fig. 14, where the re
onstru
ted imagesare represented in both 
ases of MCAO 
orre
tion, to-gether with the 
orresponding in
oherent sums. The greatresolution a
hieved in the re
onstru
ted images is evident.

4.4. Dis
ussionThe results des
ribed in this se
tion show the importan
eof having uniform PSFs over the �eld even with a lowerSR, rather than referen
e PSFs with a high SR but dif-ferent from the PSFs in other domains of the �eld. Inother words, this means that when designing and/or us-ing an MCAO system, the uniformity of the PSF seemsto be more important than its mean value over the 
or-re
ted FoV. We have shown in fa
t that, at least fromthe point of view of our restoration method, and for therange of relatively high SR values we have simulated, itis more 
onvenient to have a SR of �50% stable over theFoV than a SR whose average value is higher but withsigni�
ant variations over the FoV.We should anyway mention that a possible solution toa
hieve the same level of pre
ision and 
onvergen
e ratein the general AO 
ase 
ould be the use of blind de
onvo-lution te
hniques (see e.g. Je�eries & Christou 1993 andFus
o et al. 1999).
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ope 135. Summary and 
on
luding remarksIn this paper we have applied the �rst release of theSoftware Pa
kage AIRY (Astronomi
al Image Restorationin interferometrY) to the 
ase-study of the LBT interfer-ometer.In order to test the interferometri
 imaging 
apabilitiesof LBT we have 
onsidered a realisti
 obje
t: a young bi-nary star surrounded by a faint 
ir
umbinary ring. In su
ha 
ase we have investigated the e�e
t of limited angular
overage and time-averaging smearing on the restored im-age. Next we have 
onsidered the e�e
t of partial AO 
or-re
tion in both 
ases of general AO and uniform MCAO.We have found that the method intrinsi
ally allows forhigh-dynami
 range imaging. The angular 
overage andsmearing seems, at the light of the simulations performed,not to a�e
t signi�
antly the large stru
ture of the imagenor the parameters of the binary, but only the 
onvergen
erate of the iterative method.For what 
on
erns general AO, we identify a possibledire
tion of investigation in order to over
ome the problemof PSF 
alibration, namely the development and testingof blind de
onvolution methods.On the other hand, we have shown that the stability ofthe PSFs is a main issue for this observational te
hnique,even at the 
ost of a lower average SR, at least for the�eld of appli
ation we have 
onsidered.Su
h a 
ondition, whi
h may be satis�ed by a MCAOsystem, is also required by the model of image formationassumed in the de
onvolution method (see Paper I, Eq. 1)and implies that the PSF obtained from a referen
e starprovides a good approximation of the PSF whi
h must beused in the pro
ess of image restoration.In addition our results show that, even in the 
ase ofrelatively low SR, the AO-
orre
ted PSF provides suÆ-
ient information at the higher angular frequen
ies whi
hare a

essible in the u{v plane.A
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