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ABSTRACT

Context. Images from adaptive optics systems are generdlgcted by significant distortions of the point spread function (PSF)
across the field of view, depending on the position of natural and arti§joide stars. Image reduction techniques circumventing or
mitigating these fects are important tools to take full advantage of the scientific informatioodsa in AO images.

Aims. The aim of this paper is to propose a method for the deblurring of the astioal image, given a set of samples of the
space-variant PSF.

Methods. The method is based on a partitioning of the image domain into regions ofmsaisia and on applying suitable deconvo-
lution methods with boundanyfects correction to each region.

Results. The dfectiveness of the boundaryfects correction is proved. Moreover, the criterion for extending theidisections

to partially overlapping sections is validated. The method is applied to simulatgesnof a stellar system characterized by a
spatially variable PSF. We obtain good photometric quality, and theref@e gience quality, by performing aperture photometry
on the deblurred images. The proposed method is implemented in IDL inatieaBe Package “Patch”, which is available on
http://www.airyproject.eu.

Key words. methods: numerical — methods: data analysis — techniques: imagesgirace

1. Introduction the elongation pattern is approximately radially symneetrith

The problem of image deblurring in the case of anisoplanrr;ltisreSpeCt to the guide star direction (Schreiber et al. 2011).
of the imaging system is an important problem in several d(ﬁ_l More complex adaptive optics techniques have been pro-

mains of applied science. In this paper, we focus on the dase 6sgd and Qemonstrated to impr(_)ve PSF uniform'ity. across
telescope equipped with an _adaptive optics (AO) system skbz_;\ MeCflAe(I)(i (szZ'CeIXVé rgolrglgg_ta&(;?&:gltjtli“éctogfu%%tgfﬁgg\ﬁG:tj al
AO system (Beckers 1993) includes a deformable mirror, whi ! i f X

: ; . 012) is based on the use of multiple deformable mirrors fol-
compensates for the time-evolvinffects of the atmospheric tur-;" " " )
bulence and other disturbances distorting the optical fiart lowing the stratified structure of the atmospheric turboteand

on the use of multiple guide stars to reconstruct a kind aehr

of the observed science target. The compensation is ctddula;. : : . .
by a real-time control system on the basis of measurement‘;}jbmens'onaI mapping of the turbulence itself. Despite the r

the disturbances performed on a guide source, for instanc narkable performance uniformity with respect to SCAO sys-
natural star P 9 k (?ems, even in MCAO some residual PSF variation in the field

. of view (FoV) is possible, partly correlated with the paoiti
. The 90?" of an AO System \.N'th these fea_ltures, also known_gfsthe guide stars and thus following a non-radially syminetr
single-conjugate adaptive optics (SCAQ), is to make thel@ui, iavion pattern. In summary, depending on the AO flavoar an
star wavefront flat. The science target is usually not cot w0 hocessary degree of PSF stability imposed by science r
with the guide star: the light beams from the science target B%uirements, space variation of the PSF in AO observationklco
n

from the guide star cross fitrent volumes of atmosphere angho o e cial issue to be addressed by image processing rsethod
therefore areféected by diferent wavefront aberrations because : X . )
The case of a space-variant PSF, varying from pixel to pixel

of the stratified structure of the atmospheric turbulendere- fthe i q L " tationally tractabl
fore even a perfect instantaneous correction on the guate & image domain, is not computationally tractable. Hesve
it the PSF is not too rapidly varying, it is possible to decom-

wavefront is not perfect for the science target. As a consecg! S
of this mismatchpthe point spread functiong(PSF) in theation  POS€ the domain into patches where the PSF can be assumed to
! be approximately space invariant so that the imaging opeist

of the science target is degraded and typically elongatedrids : .
the guide star PSF. The PSF elongation across the field of vi'é\ﬁally described by a convolution product.

increases with the angular distance from the guide staf isd In this case, it has been proposed to separately deconvolve
the diferent patches (Trussel & Hunt 1978a,b) and to reassem-

Send gprint requests to Andrea La Camera, e-mail: ble the results to obtain the final reconstructed image. The d
andrea.lacamera@unige.it ficulty of this approach, which we call the sectioning appiga
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is mainly due to boundary artifacts at the boundaries of tfie dtraction and modelling is not trivial and is beyond the scope
ferent patches and discontinuities because of the usdtefeht this paper. A brief discussion is reported in Sect. 6.
PSFs. To circumvent this filiculty, the use of partially overlap-
ping patches has been proposed (Boden et al. 1996; Aubajll
et al. 2007). However, another approach, which we call the ify
terpolation approach, is intended to suppreBscts because of For simplicity, we consider the case in which the centrahfmi
the discontinuity of the PSF from patch to patch by a suitabig the PSF samples form a uniform grid, symmetric with respec
interpolation of the available samples of space-invarR8Fs. to the centre of the image. If the image sidgis not divisible
Two different kinds of interpolation have been proposed: the fitg} K, then we extend the image by zero padding to an image
is based on the interpolation of the results obtained by@oenv N x N such than = N/Kq is an integer number. In this way, the
ing the original object with the PSF samples (Nagy & O’Learynage has been sectionedKa x Ko non-overlapping patches
1998), and the second is obtained by directly interpolath®y (sections), each one with sime< n. The PSF centred in one sec-
PSF samples (Hirsch et al. 2010). Both are considered inl@&ila tion is associated with that section and assumed spaceanvar
von Hardenberg (2006), while in Denis et al. (2011) the atgthmcross it.
show that the second kind of interpolation provides moiialé Besides the problem of boundarffect corrections, which
results. A similar approach based on the Richardson-Luty (Rs treated in the next sub-section, an additional problegeis
Richardson (1972); Lucy (1974)) is proposed in Lauer (2002rated by the fact that fierent PSFs are associated with adja-
In all approaches, fast deblurring is obtained by applyiast f cent sections; therefore even if we consider a case of slowly
Fourier transform (FFT) to space-invariant sub-problems.  varying PSFs, the deconvolution of disjoint domains calyai

We propose an improvement to the sectioning approadhitroduces discontinuities at the common boundaries. &fbe
First, we introduce a criterion for extending each one of thee extend the disjoint sections to partially overlappingtisas.
non-overlapping sections, corresponding t&fatent PSFs, to The choice of this overlap value is an important parametdr an
a suitable broader section with the same PSF. Second, depends above all on the extent of the PSFs. To compute it auto
apply a deconvolution method with boundarffeets correc- matically, we define the following positive quantities:
tion proposed in Bertero & Boccacci (2005); Anconelli et al. . .
(2006) to each one of the new overlapping sections. This Ne is the size of the PSF array;
method is implemented both in RL and in a fast deconvolu= Nee is the size of the sub-array (henoge < np) that con-
tion method, called scaled gradient projection (SGP; Boriet  tains the enclosed energy (EE), computed by considering the
et al. (2009)). All the methods we propose are implemented in Sum of the PSF values inside a squared domain containing
IDL in a dedicated software package called “Patch”, describ ~ 95% of the total energy;
in Ciliegi et al. (2014) and freely downloadable from the web — Anis the largest betweem — n andngg™.
sitehttp://www.airyproject.eu. hu

. . T
The paper is organized as follows. In Sect. 2 we descrige, o\ erlapping sections and the resulting total size ofttege
the adopted deconvolution approach referring to the sectiq, e processed is therefdd = N+An. In the software package

ing of the image domain (Sect. 2.1). Then, we illustrate thgich» 4 arger user-definesh s also allowed if one must take
specific deconvolution algorithms with boundarffeets cor- ¢

; : . ecific features of the image into account.
rection (Sect. 2.2). The performance achievable with our arP g
proach is illustrated through the SGP-based deconvolufon
anHubble Space Telescope (HST) pre-COSTAR simulated in&2. Deconvolution method

age (Sect. 2.3). In Sect. 3 we describe the simulation ofla s . . .
lar AO field both inJ and K bands. Details on frames generﬁ?we deconvolve the previously defined sections by means of a

: g : ; FT-based method, we may obtain boundary artifacts in ttme fo
ation, specifying the science case and the adopted msmumgf Gibbs oscillations, because, as a consequence of thedjeri

are given in Appendix A, while the PSF model is given in Ape ntinuation implicit in the FFT algorithm, disconting$ are

pendix B. In Sect. 4 we show how the synthetic images wef .
: oduced at the boundaries. Moreover, thanks to the PSF ex
deconvolved (again by means of SGP) and analyzed. In SeCkgnt, the images of stars close to the boundary are not coehple

we report our results: the analysis of the reconstructedy@sa - . ; . . ; :
(Sect.ps.l) and the dependencgof the photometric andcgm-rorﬁomamed in the image domain or this domain may contain part

ric measurements quality on the spatial knowledge of the ng:the images of stars 0u§5|de the boundary. In the case .Of it-
(Sect. 5.2) also showing the derived colour-magnituderdiag erative methods these artifacts can propagate inside thgeim

(CMD). The comparison of the CMDs obtained by dividing thgoma_in V\.’ith increasing ”“”_‘bef of iterations so that the meco
FoV in an increasing number of sub-domains with one Obtainggugithocr;I?/vceomfc)elitc?li/ouErs%“aatr):eéccelerated version of the RL
by performing a single deconvolution, clearly illustrates im-

; . : method, we first consider a simple modification of this method
FS)L?%/renn;ﬁ;‘éS oIS r @gﬁgggﬁé ?nuglgé{t“feged by our method. We proposed in Bertero & Boccacci (2005), which compensata, in

simple way, for the boundanyftects.

If we denote the section domain &s we then introduce a
‘reconstruction domainR, broader thars and containing all the
2. Method stars, which, in principle, contribute to the imag&ias an &ect

The starting point, as in most papers on space-variant gy ©f the PSF extent. o
is to assume we haué, x Ko samples of the PSF, with centres V& assum& is the space-invariant PSF (extendedtby
in pointsny, N, ..., Nz of the image domain. We assume that th&ero padding if required) and is the matrix defined bAf =

size of the image i®o x No. Th_e PSF samples can be obtained | order to keep our method (and therefore our software) more gen-
from a model of the space-variant PSF or extracted from the @gal as possible, we chooaa even if we know that, very often in AO

tected image, whenever this is possible. The problem of RSF eases, the overlap choice will be driventng.

%. Sectioning of the image domain

s, we enlarge each section by taking- n+An as the size of
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K « f. Moreover, we assumg is the image defined o8 and
extended tR by zero padding; we denote 84 the ‘mask’ of

Sin R, i.e. the function which is 1 08 and 0 elsewhere. Finally
we assume that the image iexted by a backgroury which is
assumed to be known. Then the modified RL algorithm proposed
in Bertero & Boccacci (2005) is as follows:

— define the function

a(n)= ) K -n)=(ATMs)(n) . neR; (1)

n’eS

— given a threshold set

1 _
w(n) = — if a(n) > ;0 elsewhere iR ; )

a(n)

— givenf©@ >0, fork=0, 1, .... compute

g Fig. 1. Simulation of an observation of a star cluster through HST before
fl) —wo Mo [AT—2— ] | (3) COSTAR correction.
Af® +b
until a stopping rule is satisfied. The previous algorithms are based on the assumption that

In the previous equations the symbadienotes point-wise prod- data are fiected by Poisson noise, while it is know that they are

uct of arrays and similarly the quotient symbol denotes tpoirf/SC dfected by read-out noise (RON), which is described by
wise quotient of two arrays. an additive Gaussian process with zero mean and variafce

; e : ; hown in Snyder et al. (1995) it is possible to approximate
Since we are considering mainly star systems, the algorlt);l'mS . .
can be pushed to convergence (Bertero et al. 2009), the lithg, RON by a Poisson process by addingyto both the data

being a minimizer of the negative logarithm of the likelilioo 2Nd the background. With this simple modification, the presi
function for Poisson data, given by deconvolution methods can also compensate for the Rdte

Finally the global reconstructed image is obtained as a mo-
Sq) — N _ ofn’ / saic of the non-overlapping sub-sections cropped fromrreco
(59 Z (AT D)) = gm)in[(AT+D)(T} - @ structed sub-sections. The correctness of photometriasind-
metric data in points close to the boundaries, as demoedtist
Iterations are stopped when the relative variation of thjective the analysis of our reconstructed images, is due to the tobss
function is smaller than a given threshold. of RL-like methods with respect to (small) errors in the PSF.
Since the RL algorithm is too slow, a faster convergence is
obtained by applying the so-called scaled gradient prigject
(SGP) method (Bonettini et al. 2009), which is a scaled gradi-3- A tést example
ent method as RL since the gradient of the objective fun¢d9n as an example of the results achievable with the previous ap-
is given by proach, we consider the reconstruction of a simulated inséige
g HST before COSTAR correctidrisee Fig. 1), which has already
Af+b (5) been used to illustrate the performance of space-variardrde
volution methods (see, for instance, Denis et al. 2011; Nagy
The SGP version including boundarffext correction is given O’Leary 1998). The simulated image contains 470 stars on a
in Prato et al. (2012) and therefore, for details, we refahte range of 6 magnitudes with luminosity function and spatiat d
paper. Here we only recall that, if we introduce the follogvintribution typical of a globular cluster; each of the stars baen

n’eS

VI(fig)=a—-AT

scaling matrix at iteratiok convolved with a dferent PSF. A set of PSF images computed
_ _ ) on a 5x 5 grid is also included in the data set.
Dy = diagmin[Lp, max{Ly, wo f®}]) (6) We evaluated the goodness of our reconstruction by com-

. aring the reconstructed image with the so-called grouumith,tr
whereL,, L, are given lower and upper bounds, then the descxg{pgo available from the ftp, i.e. the true object that is teéad
direction is given by function source model with no noise. Each source is repteden

9 — ) _ ®-q)) — 0 by a pixel having a value equal to the source counts. Theistars
d™ =P.(1 nDV I g) - 17, (7) the true object are positioned at integer pixel coordinates

whereP, is the projection on the non-negative orthant ard To distinguish between artifacts and stars, we built a thres
is a suitable step length, selected according to rulesithescin - 0ld map computed by dividing the noise map of the simulated
Prato et al. (2012). Finally, the iteratidi#*? is obtained by a image by the maximum of the local normalized PSF. We ob-

line search, based on Armijo rule, along the descent daecti tained the noise map by taking both the photon noise due to
the sources and the background and the Gaussian noise due to

flD = £00 4 3 d® (8) instrumental #ects into account (i.e. RON). We estimated the
noise map by means of the XNoise widget procedure included in
As shown in Prato et al. (2012) this algorithm provides a dpee
up between 10 and 20 with respect to the RL method. In “Patch”obtained via anonymous ftp frofitp.stsci.edu in the directory
both algorithms are implemented. /software/tables/testdata/restore/sims/starcluster/
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Table 1. Detectability of the sources in the reconstructed image. The
total number of sources in the true image is 470.

Threshold Lost False
level stars  detections
1orec 2.5% 33.4%
20 rec 9.1% 2.6%
30rec 20.6% < 1%

mag rec — mag true

theStarFinder program (Diolaiti et al. 2000) for astronomical
data reduction. The threshold map can therefore be builbby p EP S 5 1 5 3
tioning the noise map using the samg 5 PSF grid mentioned mag true

above and by dividing each obtained region by the maximum of
the associated PSF. This threshold map can be considered as a
sort of noise map in the space of the reconstructed image) (

It represents, point by point, the value of the reconstaliitex

of the sources at the detection limit in the image space. Dhe n
zero pixels in the reconstructed image having a value lolsan t

this threshold map could have been easily generated by noise
spikes. They are therefore classified as artifacts. Beaafutbés
criterion, all those stars in the reconstructed image thaela

value lower than the threshold are non-detectable, evereif t
have counterparts in the true image. We considered thfes-di

ent thresholds (1, 2 and 3 times the noise map), and we aruhblyze
three main quantities:

mag rec — mag true

mag true

— the number of lost stars defined as the number of pixels in the ) _
reconstructed image with a value smaller than the thresh&fd- 2- Comparison of the true and reconstructed magnitudeper
and corresponding to pixels of the true image with a Va|LEélneI:computed in correspondence of the true stars coordinate pixels.
greater than the threshold: ower panel:aperture photometry performed in a small region around

. . the source coordinates. The red solid lines show the median error (bin
— the number of false detections defined as the number of p Aplitude= 0.5 mag).
els in the reconstructed image with a value greater than the

threshold and corresponding to pixels in the true image with

a value equal to zero; of the magnitude dierences shows an evident positively biased
— the error in the reconstructed flux, expressed in magnitudggymmetrical trend more prominent in the fainter regionhef t
evaluated comparing the true magnitudes of the input cafot. This trend simply means that the reconstructed flusef t
alogue used to generate the true image with those deritgpht sources is spread on a small region of pixels rather dindy
from the counts in the corresponding pixels of the recogne, consequently leading to a small source location easird-
structed image. metric error). To compute more precisely the reconstrufited
nd so the photometric error, it is necessary to estimatethea

. L ) um of the detected photons within an aperture of pre-fixed ra
tections computed by considering the threfetient thresholds ;¢ This procedure Fr)1as, the drawback ofpnot beingFi)ndepEnde

indicated above. We computed the percentage of lost Stars ¢o, 1, the sources crowding, which is rather severe in the-clus
sidering only the pixels of the true image having a value ®fa. v The crowding causes the attribution of photonsitgm
:.han thde :rr]]reshold. In this Cag?- V\{het[]e v(\gecperfc;rmetg.n%ug(tatﬁgm stars closer than the aperture radius to the wrong sourc
lon and there IS severe crowding in the centre, this h8Iose stars are not clearly distinguishable and the siggiahly-
can cause an overestimation of the false detections. Intfast ing to many stars can be attributed to the brighter one, ihegir
light spreading on the adjacent pixels due to a small shiftén o4 atively biased asymmetrical distribution of the exrdhis
centroid of the reconstructed object can originate a smally oot is called blendingféect. To reduce the blendingfect, we

of false detections around the maxima, representing teestar. adopted apertures withfirent sizes, depending on the distance

To avoid th!z over—etst_|mat|or1, we_l:c,r?ould clgrﬂpare the d“iat'{rom the GC core, and hence, on the crowding. We used aper-
maxima inside a certain aperture. 11is would NOWEVEr CASe {5 from 7 down to 3 pixels in diameter in the external part

blending of sources in the GC centre. We computed the percelity,o G while we only considered a one-pixel aperture @ th
age of false detections considering all the pixels of themec . ,tor core. The median value of the photometric errordegi

structed image having a value greater than the threshoid. | : N
apparent that by fixing a reasonable threshold level esteddi iﬂéheentt)i?g?n”;gﬁ?f (IjgfrZIr% eZ (red line) is now close to zermglo

by the noise statistic of the image, the number of artifacés t
could be confused for stellar sources is quite restrained.

The photometric error, due to the error in the source flux r
construction, is illustrated in the upper panel of Fig. 2e®r-
ror is computed comparing the counts of the true image andAxd in the previous case, images obtained with SCAO systeens ar
the reconstructed image only in the input stars pixel coargis. characterized by structured PSF, with sharp core and extend
The counts that, for some reason, in the reconstructed ifiaige halo, and by even more significant variations across the BpV.
in the adjacent pixels, get lost. Because of this, the distion to now, none of the available codes for astronomical dataaed

We report in Table 1 the percentage of lost objects and fadse

8. Image simulation
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10 magnitudes. The crowding 6 stars pearcsed) of this field
would be severe in seeing limited conditions, while it beesm
moderate when using an AO system that shrinks part of the star
light in a narrow dffraction limited core. However, the presence
of the residual extended halo, which has a size comparalte wi
the seeing, contributes to polluting the field image, emtaythe
photometric error and making this case interesting to aealy
More details on the GC relevant parameters and on the charac-
teristics of the image simulation are reported in Appendix A

The adopted PSF has been modelled to reproduce the main
features of a typical SCAO residual PSF and its variationsgr
the FoV. We considered a simple pure analytical model giwven b
the combination of two 2D Mffat components: one represent-
ing the sharp diraction limited core and the other the residual
extended seeing halo. The adopted PSF model is described in

" » detail in Appendix B. An example of a simulated frame obtdine
i by this PSF model is depicted in the top panel of Fig. 3. The GS
is situated just outside the FoV (bottom left corner). Thisice
maximizes the PSF variation across a moderate FoV. ThelStreh
ratio (SR) in both bands rapidly decreases across the FoY: ra
ing between 5 and almost zero in thkband and betweenil
and 018 in theKs band. The maximum SR value corresponds to
the GS position, while the minimum value occurs at the oppo-
site image corner. This SR variation indicates a relatigshall
isoplanatic patch size compared to the F@y/~ 30" in Ks band
anddy ~ 15”7 in J band.

[ 5 3
; 3

| Ll i R

4. Data reduction
4.1. Image deconvolution

Starting from the model described in Appendix B, we computed
seven diterent sets of PSFs, namely3 5x5, 7x7, 9x9, 11x11,
13x13, and 1%15. Each PSF has a fixed size of 5542 pixels
, Is positioned on a regular grid across the FoV of the image, a
is centred on the centre of each corresponding sub-domain.

In Fig. 3 we show both the input image (top panel) and the
grid of the PSFs (bottom panel) for thexs case. As mentioned
in Sect. 2.1, the partial overlap of the domains has to beidons
ered. In our simulations we adopt the 95% of the EE of the PSF.
Fig. 3. Top panel: the sectioning of the input image (J band) domaifl the case ofl band, this corresponds to 510 pixels that is al-
into 5x5 overlapping regions; the domain nb 13 is overlaid to showays the largest number with respect to all thiéedlences, —n.
the overlap of the domains. Bottom panel: the55grid of the PSF, In the other caseKs band), the extent of the PSF is 170 pixels,
computed from the model described in Appendix B. which is smaller or equal to theféérences, — n. In Fig. 3 (top

panel) a sub-domain is put in evidence to show this overlap in
the case of J band.

tion has been specifically designed to account forthese R&F ¢~ We deconvolved the simulated images using “Patch” which,
acteristics, which are typical of AO systems. ThearFinder besides the inputimage, the number of sub-domains and the co
code (Diolaiti et al. 2000) was one of the first full attempis tresponding set of PSFs requires the background array (we as-
solve the problem of obtaining accurate photometry andastr sumed a constant background), RON and GAIN values (we as-
etry from narrow field AO images with highly structured, busumed 20 g/pixel and unitary gain, see Table A.2). We selected
spatially constant, PSF. Arffert in this direction has been re-SGP pushed to convergence (iterations are stopped wheb+the o
ported in Schreiber et al. (2012), proposing an upgrade ®f flective function described in Eq. 4 is approximately consta
StarFinder code to provide it with a set of tools to handle spaaccording to a given tolerance, for instance®)0Finally we set
tially variable PSFs. In the literature, other authors ps#the a maximum number of 5000 iterations to avoid a possible loop
space-variant deconvolution as a necessary tool for theiexp of the algorithm.
tion of AO corrected images (i.e. Fusco et al. 2003; Laue2200  |n Fig. 4 we show two sub-domains of th&% case before
In this panorama, AO imagesfer an interesting test bench for(left panels) and after (right panels) deconvolution. Therses
the proposed deconvolution method. in the reconstructed images look like delta-functions otealb

We therefore simulated the observations of an external &ackground. The crowdingffiect due to the PSF extended ha-
gion of a Galactic globular cluster (GC) in tl¥eband (central los has been largely reduced. Some of the reconstructedesour
wavelength= 1.27um) and in theKs band (central wavelengthin the sub-domains morefacted by the elongated PSF shape
= 2.12um) with an 8 m class telescope equipped with a SCA@nd so far from the GS), show up a residual elongated pattern
system. The images contain2800 sources on a range of aboutspecially close to the sub-domain edges. This is due to ithe m
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Table 2. Percentage of lost objects in the image reconstruction process
in the J andKg images.

Number of Lost objects
sub-domains Jband Kgband
1x1 40% 7%
3x3 23% 3.5%
5x5 17% 3%
7x7 16% 3%
9x9 13% 2.5%

11x11 13% 2.5%
13x 13 12% 2.5%
15x 15 12% 2.5%

structed sources is related to the local PSF estimationrogssd
and hence, with the PSF discretization. Enlarging the apert
diameter allows us to include and recover the counts in the ar
tifacts close to the reconstructed sources. The apertaraedi

Fig. 4. Two sub-domains of thex& case before (left panels) and aftef€"S We adopted decrease from 13 pixels for the widest P8I gri
(right panels) deconvolution. Referring to Fig. 3 for the sub-domaiféepP (33 case) to 5 pixels for the finest grid steps (from99
numeration, sub-domains number 0 and number 13 are representd® i#5x15 cases). The flux of each source is computed by sim-
the top and bottom panels, respectively. ply integrating the signal falling into the aperture cedtne the
source. The star positions have been computed as the ckentroi
on a smaller aperture ¢33 for all the considered cases) to avoid
match between the local PSF (defined by an analytical contbias due to the presence of artifacts within the aperture.
uous model that depends on the distance from the GS) and the
PSF adopted for the sub-domain deconvolution (defined at the
centre of the sub-domain). Artifacts, such as dottingpstg or 5. Results
ringing, are more concentrated along the sub-domains edgks
around the brightest reconstructed sources. We recallattiat
facts can be caused byfidirent factors, like noise spikes or im-The reconstructed images are analyzed in terms of peraeofag
perfect knowledge of the PSF. As a term of comparison, we alg@t objects and number of artifacts.
performed all the analysis by deconvolving the images willyo 14 quantify the number of non-reconstructed objects, we per
one PSF (corr_espondlng to the PSF at the centre of the"magf“o?}ned aperture photometry in a very small region (3 pixéls d
We refer to this result as the<1 case. It represents our ‘referymeter) around the input source coordinates. If there aphoeo
ence case’, where the proposed method of dividing the imaggis within a given aperture centred in the coordinates @ftan
in sub-domains and deconvolving each sub-domain with a @zt Jisted in the input catalogue (the one used to simulage t
cal PSF is not applied. A crucial improvement of all the tdstqmage), that object is classified as ‘lost’, and so, not datse.
quantities is expected. Table 2 collects the percentages of ‘disappeared’ objectise
reconstructed image with respect to the total number of simu
lated stars. It is apparent that the number of detected bjec
becomes closer to the true number of objects by increasig th
Aperture photometry can be easily performed on the recamsmber of sub-domains, i.e. by reducing thifefience between
structed images using apertures of few pixels. Unlike tlee pithe actual PSF and the one used for the deconvolution ofaicert
cedure described in Sect. 2.3, where no detection has been peb-domain. It is interesting to note that if one considerano
formed in the reconstructed image, we assumed, as in the@tagéan 99 sub-domains, the quality of the reconstructions does
real data, that the positions of the stars in the field aremotk. notimprove.
Because of the absence of background (the median value in theThis is not a general result, but it depends on the adopted PSF
reconstructed images is equal to zero) and the delta-fumctaind on its variation model across the FoV. Our model is charac
shape of the reconstructed sources, the standard softaeke pterized by a strongly varying core component, and also byna co
ages commonly used to perform aperture photometry on asstant halo that contains a high percentage of the star sigsal
nomical images might be inappropriate in this case. We thegecially in theJ band where the SR is lower. The PSF variation,
fore implemented an on-purpose package of IDL routinesglwhihowever, is higher in th&s band (see Figs. B.1 and B.2). This
performs the source finding and the aperture photometry en tthoice allows us to test the boundatyeets correction (thanks
reconstructed image, returning a catalogue of fluxes anatsouo the large, but constant halo), to verify the improvemeithe
coordinates. The objects are identified as relative maximae image quality when approaching the actual PSF (thanks to the
a given threshold. The definition of the detection threshotie narrow and highly variable core), and to test the robustoéss
space of the reconstructed imagg.() is done as described inthe algorithm to the PSF variation. It is also apparent theii
Sect. 2.3. We explored the amount of detected and lost ebjeaaind reconstructed image contains a lower percentagetaitios
with different confidence levels (1, 2 andh3.). We set the aper- jects, probably because of the higher signal-to-noise (&iNR),
ture diameters dierently for each case, being the residual elomlirect consequence of the higher SR.
gation of the sources dependent on the degree of discietizat The overall performance seems to take advantage of a better
of the PSF. Also the number of generated artifacts arourahrecPSF sampling across the FoV. This is also true in terms ofgshot

5.1. Reconstructed image analysis

4.2. Stellar photometry
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Table 3. Percentage of false detected objects in the reconstrdcied

Ks images. The percentage is computed with respect to the number of 1.0 X1
detected stars. 0.5F
Number of False detections oo -
sub-domains  J band K band —0.5}
lorec/ 30rec lovec/ 3orec 1.0
Ix1 60/35%  26/13% 0.5k %3
3x3 52/19% 16/3 % ook
5x5 35/8 % 12/1.6 % '
7x7 34/7 % 11/0.8 % g —0.5¢
9% 9 30/4% 11/0.7 % = 90
11x 11 28/3% 10/0.5% g o5t _
13x 13 28/2% 10/0.4 % E 0.0k i
15x 15 26/2 % 9/0.4 % o A
© —-0.5¢
g 1.0
metric accuracy. The number of artifacts that pollute tleone € o5 | 9X9
structed image also decreases when the number of sub-domain ;5| ... .. ...,
increases. This is an expected result in terms of PSF misimatc ’
but not so obvious in terms of possible unwanted boundary ef- -0.5¢
fects that can rise when one splits the image into a large rumb 1.0
of sub-images. o5 19X1
To quantify the number of generated artifacts, a source de- g} ... .o
tection has to be performed. The total number of detected ob- ]
jects is given by the sum of the real objects and the artifacts :?’8

Since both the reconstructed objects and the artifacts have
delta-function shape, we need to define a method to disshgui
between them. As already mentioned, the real objects are ide
tified as relative maxima above a given threshold. As a conse-

s ; . $59. 5. Comparison of the input and measured magnitudes of the de-
quence, all those ‘objects’ that have the maximum lower thgthieq stars (photometric error) in tAdleft column) and<s (right col-

the considered threshold are classified as ‘artifacts’nk8d0 ymn) bands for some of the analyzed cases. The detection threshold is
this selection, we are able to recognize the majority of e s set to 3. From the top: Ix 1 (reference case), 83, 5x 5, 9x 9,

rious objects, but a residual number of artifacts remaidddn and 15x 15 sub-domains. The blue and red vertical stripes highlight
in the output catalogue, namely those artifacts that areeathe two different bins of magnitudes with amplitude 1 mag (blue stripes)
threshold and have no candidate counterparts within 1 gigel and 0.5 mag (red stripes). The photometric errors relative to the points
tance in the input catalogue. falling in these stripes are reported in Table 4.

Table 3 summarizes the percentages of false detections (or
residual artifacts) with respect to the total number of d&® ., the 3¢3 case to the 99 case, where the gain starts to de-

stars in the two considered filters and for twéelient threshold o456 considerably for both of the considered bands. Ebe-di
values. It is encouraging to observe that the percentageiiof &, ,ion of the magnitude fierences looks nicely symmetrical for
facts becomes very lO\.N for both bande2(% and<1% in thed st of the considered magnitude intervals, and this méwats t
andKs bands, respectively) when ag. threshold is adopted. y,q fyx is preserved. As previously discussed, a flux lossavou
This means that the majority of the spurious objects are re}@ad to a positively biased distribution. The references cas
_tlvely faynt with respect to the “?a' objects. When more thE_le Opears poorly populated as a consequence of the great nuiber o
image in the same filter is available, a match betwediemint |4t ghjects. We computed the photometric error, defineti@s t
catalogues can filter out some of the remaining Spurious&je oot mean square (r.m.s.) of thefdrences between the true and
especially in low crowding conditions where the probapibf ¢ estimated magnitude of the detected stars, in tferet
ambiguous cases is low. Another interesting result is i&ir-  ins  one brighter and one fainter, and reported in Tablehé. T
creasing sectioning of the image does not generate an e&hagg, considered bins are highlighted in Fig. 5 with the cotar
ment of spurious sources. In thexi® case, the sub-domainygticq) stripes. We chose a wider bin (1 magnitude) to campu
size is 69 pixels wide and the adopted PSF (82 pixels) has e photometric error relative to the brighter sources st &

a Moffat halo radius of 20 pixels in théband (18 pixels irKs) |east 50 sources would fall in the bin for each considereé.cas
comparable to the sub-domain size. In the same two bins, we computed the astrometric error (@ee T
ble 5), defined as the r.m.s. of théfdrences between input and
recovered x-coordinate of the stars in a certain magnitiude b
Excluding the Ix 1 case, which is reported as a term of compar-
The photometric accuracy is evaluated for each band and i&on, there is no evidence of a strong dependence of the astro
each case by comparing the true magnitude of the detectesd staetric error on the number of sub-domains. To test for pdessib
with that measured from the reconstructed image. Fig. 5 shosrawbacks due to the image sectioning and to our sub-domains
a clear improvement in the reconstruction of the source fluxapproach, we also made the same analysis on a reconstmncted i
if the number of sub-domains is increased so that the siityilarage obtained by dividing the image inX85 sub-domains and
between the actual PSF and the sub-domain central PSF isbip-deconvolving each sub-domain with the same PSF. For this
creased. This improvement seems to be crucial when onespagsepose, we used thexl PSF, replicated one time for each sub-

14 16 18 20 22 241416 18 20 22 24
mag true (J band) mag true (K band)

5.2. Photometric accuracy
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Fig. 6. Output K, J — K) CMDs for the four image division in sub-domains cases depicted in Figh& input CMD is over-plotted in red. The
detection threshold is set ta3 for all cases.

(forth and fifth columns) bands computed considering tvifedent bins
(called ‘bin 1" and ‘bin 2’ in the Table). The bins, highlighted in Fig.
in blue and red, are defined as follows: bin 1: 18.5hag true< 19.5
with amplitude= 1 mag (blue strip); bin 2: 21.& mag true< 22 with

amplitude= 0.5 mag (red strip).

gwmber of sub-domains is well represented by the gradual nar

rowing of all the cluster sequences in the CMD, going from the
left to the right of the Figure. A slight quality improvemeist
also noteworthy between the last two depicted casg8 énhd
15x15), mostly visible in the bright part of the CMD. This be-

Number of Photometric accuracy haviour is confirmed by the photometric errors listed in &ab
sub-domains  J band K band where the values relative to the brighter bins decreaserfasth
binl bin2 binl bin?2 respect to the sources in the fainter bins. The bright ssurce
Ix1 017 023 017 0.19 are reconstructed better than the faint sources. Tiieeteon the
3% 3 014 017 006 0.10 CMD depth is also apparent. The depth (_extends to fainter magn
5% 5 009 013 004 0.08 tudes, as a consequence of the decreasing number of lostxbje
7% 7 006 011 004 0.08 and therefore, of the increasing number of detected obfsets
9% 9 005 010 0.03 0.07 Table 5). The detection threshold for all the depicted CMVi it
11x 11 005 009 003 006 to lorec. To appreciate the improvement of the overall quality of
13% 13 005 008 002 006 the CMDs, it is interesting to focus on some features of parti
15x% 15 004 007 002 006 ular interest in scientific applications, like the Turff@nd the

MS knee. The latter, in particular, is a powerful age diagioos
which has become accessible to observation only with theradv

Table 5. Astrometric error in thel (second and third columns) atkd
(forth and fifth columns) bands computed by considering twiecknt
bins, as in Table 4. The numbers are given in pixels.

of modern AO systems (Bono et al. 2010). The CMD obtained
by deconvolving the image with 335 PSFs looks very narrow
in correspondence of these two features, leading to a mere pr
cise fit of the observed isochrone.

Number of Astrometric accuracy
sub-domains J band Ks band
binl bin2 binl bin2 ;
Ix1 027 028 007 015 6. Conclusions
3x3 0.05 0.14 0.02 0.12 We propose a sectioning method for reconstructing images co
5x5 0.05 0.13 0.01 0.11 rupted by a space-variant PSF. First of all, the input image i
7x7 0.05 0.12 0.01 0.11 sectioned in partially overlapping sub-domains, the disims
9x9 0.03 0.10 0.01 o0.10 of which depend on the number, the extent, and the size of the
11x11 0.03 0.11 0.01 0.10 PSFs. Then, each sub-domain (in which we assume that the PSF
13x13 0.03 0.10 0.01 0.10 is space-invariant) is deconvolved with a suitable methat w
15x 15 0.02 0.12 0.01 0.10 boundary &ects correction.

The dfectiveness of the proposed method is proved by using
two simulated images of stellar fields. The firstimage (S28).

domain. The obtained photometric and astrometric err@smar is an image of HST before COSTAR correction, well known in

a good agreement with thex1 case for both bands, as expectediterature. We provide a deep analysis of the results weiindxda

To better evaluate the quality of the photometry, we congiving statistics and photometric error. The second teshés
bined the output catalogues in the@ndKjs filters for each case. central part of this paper and is a simulation of a globulas<l
Fig. 6 shows a selection of the obtaindd, (J — K) colour- ter in theJ andKs bands, characterized by a highly structured
magnitude diagrams (CMDs) that refer to the same cases shamd variable PSF across the FoV (typical in AO). We simulated
in Fig. 5. The input CMD (see Fig. A.1) is over-plotted in recthe images by employing the continuous model, while we used
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several discrete grids of PSFs (from1lto 15<15) in the data pecially when MCAQ is involved), but it is independent of the
reduction process. In this sense, we also prove that theothéth observed field. Both methods are interesting when coupléd wi
robust with respect to small variations of the PSF. our deconvolution method fi@ring a robust and promising tool

In Sect.5, we describe a method for distinguishing artifadio reduce astronomical data characterized by a variable HfeF
from reconstructed stars, since both have a delta-funstiape. application of our method to real data using an estimatedi®SF
The number of artifacts can be controlled by a suitable thresstill under investigation and will be published in a futuiapgr.
old and, as shown in Table 3, the number of false detections is The IDL code of the method described in this pa-
very small 2% and<1% in theJ andKs bands, respectively) per is available on the software section of the website
if 30rec is chosen. Moreover, the number of artifacts and of lobttp://www.airyproject.eu.
ObJeCtS decrease when the number of sub-domains Incre“aas‘esAcknowledgementsThis work has been partially supported by INAF (National
when the diterence between the true PSF and the PSF used fgfitute for Astrophysics) under the project TECNO-INABID “Exploiting
deconvolving the sub-domain becomes smaller. We also trepbe adaptive power: a dedicated free software to optimizkraaximize the sci-
good photometric and astrometric results, again with sre entific output of images from present and future adaptivecsiiacilities™. L.S.
ing accuracy when the number of sub-domains increases W@ﬁgnowledges Carmelo Arcidiacono and Antonio Sollima forubeful discus-

) S.
there is no evidence of a dependence of the astrometric error
on the number of sub-domains, the improvement in the recon-
struction of the sources fluxes is crucial starting from tk@ 9
case. Moreover, the CMD (obtained by the combination of tikeferences
_results in the two bands) is gradually narrowing and, esigci anconelii, B., Bertero, M., Boccacci, P., Carbillet, M., &ahtéri, H. 2006, As-
in the 15¢<15 case, the Turn Dand the MS knee are restored tron. Astrophys., 448, 1217
with excellent precision. All the relevant parameters ufed QUbE'"y’ “ﬁ-.hﬁoggggmangys '\é- g-,%SChulzy T-d JV&OfHAp%@P, ‘t&. 60?3
H H H ; eckers, J. M. , 1IN onrerence an Orksnop Fracg@&adNo. ,

the study of the reconStrUCtEd. image quality (lost objeats, . Vol. 2, ESO Conference on Very Large Telescopes and theiuimgntation,
facts and sources reconstruction) seem to agree on theaptim o4 \'-H. Ulrich. 693—703
number of sub-domains to consider. This result, in termsef aeckers, J. M. 1993, Annual Rev. Astron. Astrophys., 31, 13
solute number of sub-domains, depends mainly on the PSF v&eirtero, M. & Boccacci, P. 2005, Astron. Astrophys., 4379 36
ation amount across the FoV. The adopted PSF is highly vaffier: 3. Bocsacch P. Desidera, G., & Vicidomini, G. 20(nverse Prob-
able across the FoV. A softer PSF variation would lead toguerf gogen, A. F., Redding, D. C., Hanisch, R. J., & Mo, J. 1996, t. Soc. Am.,
mance convergence with a smaller number of sub-domains.  A-13, 15337 _

A couple of remarks concludes our paper. The first conce#@gttg'v gétzs%”ne'g‘v;-v \f{; fg:r']‘éeLré 2%052\ '”;’te;fezgiﬁggv 8712002
the deconvolution methods performed in each section. In t@%‘ég’i’ P, La Camera, A., Schreiber. L., et al. 2014, in Resfings of SPIE,
Software Patch both RL and SGP algorithms are implementedvol. 9148, Adaptive Optics Systems IV, ed. Marchetti, E. ards€, L. M.
In our numerical tests we used SGP, which provides a speed upnd Véran, J.-P., 914820-1 .
with respect to RL ranging from 10 to 20 and produces recopenis, L., Thiébaut, E., & Soulez, F. 2011, in Proc. ICIP 2028172820
structions with the same, sometimes better, accuracyeSimc oot E. Bendinelli, O, Bonaccini, D., et al. 2000, A 147, 335

. . . ! ! . Y Dotter, A., Chaboyer, B., Jevrem@yiD., et al. 2008, ApJS, 178, 89

considered point-like sources, we pushed the algorithnmote ¢ Fusco, T., Mugnier, L. M., Conan, J.-M., et al. 2003, in Stcisf Photo-Optical
vergence with a highly demanding stopping criterion and thi Instrumentation Engineers (SPIE) Conference Series, \B894Adaptive
demands time. For example tdeband 5<5 case requires about (1)([)37t|é:al System Technologies Il, ed. P. L. Wizinowich & D. Bagini, 1065—
_5.8 hours (a mean of aboyt 14 minutes per _sub-domam), B2d, E. & von Hardenberg, J. 2006, J. Comp. Phys., 216, 326
ing a personal computer with an INTEL Core i7-3770 CPU &luerra, J. C., Rakich, A., Green, R., McCarthy, D., & Kulé8a2013, PISCES
3.40GHz and 8 GB of RAM. Even iffciency is not an issue Infrared Imager Performance with the Large Binocular Telpscadaptive

we consider here, we indicate a few directions for redudieg t O%ti(c)SbSVStetm' Tech. rep., Large Binocular Telescope Oag®wand Stew-
H : H H : . ar servatory
computational time. First, the processing time can be weyta Hirsch, M., Sra, S., Schélkopf, B., & Hamerling, S. 2010, irElEE Computer

reduced by choosing a weaker stopping criterion. For exampl vision and Pattern Recognition - 2010, 607-614
in the mentioned case, by enlarging the tolerance fron 1@ King, I. R. 1966, Astron. J., 71, 64
1075, the total processing time is reduced to 53 minutes withdkfuer, T. 2002, in Society of Photo-Optical Instrumentatimgineers (SPIE)
changing the quality of the reconstructed image too muah: th g%”fgre“;‘ﬁﬁasgeg'isé;/fi‘?igﬂ'As“°”°m'ca' Data Analysied! J -L. Starck
number of detected objects slightly decreases, while tlaéoph | ycy, L. B. 1974, Astron. J., 79, 745
metric error increases about 2%. Second, the sectioninigadetMarchetti, E., Brast, R., Delabre, B., et al. 2007, The Megse 129, 8
is quite naturally implementable on a multi-processor cotap Nagy, J. G. & O'Leary, D. P. 1998, SIAM J. Sci. Comp., 19, 1063
Moreover, both RL and SGP implementation on GPU has r'zgzml\/IMCZ;)vllgcrz\llgl\?IQZZSar?rﬁ L., Boccacci, P., & BadeM. 2012, Astron.
ready been considered (Prato et al. 2012), showing thatesiispe astrophys., 539, A133
up of at least 10 is achievable with respect to the serialempRichardson, W. H. 1972, J. Opt. Soc. Am., 62, 55 _ _
mentation. Therefore in the case of multi-processors arig-muRigaut ., Neichel, | Biafé’r??ssfau“é')‘ St 2012 1n Socidpooto Ontical -
GPUS_avery S|gn|f|cant SpEEduP can be achieved, of the ofder Qics Systems lIl, e%. B. L. Ellerbroek, E. Marchetti, &’J.-}éhdn, 8[4)1470|—‘i—
100 with 10 GPUs. 844701-15

The second remark is about PSF extraction and modelliﬁghreiber, L., Diolaiti, E.‘, BeIIaz_zini, M., et al. 2011, Becond Intern_ational
When handling real astronomical data, the local PSF is generconference on Adaptive Optics for Extremely Large Telessofniine at
ally unknown. Two diferent approaches have been developeghbie - Dioai. £ Solima. A et al. 2012, in Seisi of Photo-Optical
in recent years: the PSF extraction and modelling from tha da |nstrumentation Engineers (SPIE) Conference Series, M@l78Saciety of
themselves (Schreiber et al. 2012, 2013), and the PSF recorrhoto-Optical Instrumentation Engineers (SPIE) Confezederies
struction technique (Veran et al. 1997). The first methodlires Sc?ggitﬁfi}c'j--’A('-)i (E:fpé?ﬁfgésézm'pi%ﬁ feDli?e:?mM Ea Zgé@éq“’;g;gfsngss iOf
only p_ost_—processmg data operations, but it needs saititbts one Esposito and Luca Fini O.n|ine}ﬂtti:)://);04eflt3.SCi'encesco-I.If.
well distributed across the FoV to model the PSF; the second,.g,, id. #78, ed. S. Esposito & L. Fini (Firenze: INAF - OsservitoAs-

one could imply the growth of the AO system complexity (es- trofisico di Arcetri)
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Table A.1. Parameters of the synthetic cluster. The assumed distribu-

tion is based on the King (1996) equilibrium model. HB and IMF mean 10
horizontal branch and initial mass function.
C (W0) 1.9(8.0) 12t .
Core radius 0.75 pc
Tidal radius 60 pc
N(stars) 2 1P 141 1
Stellar theoretical models Dotter et al. (2008)
Total Mass (stars) Bx10° M, sl 1
Age of Stars 12 Gyr
[Fe/H]/[a/F€] —-0.40/0.00 «
IMF N(m) oc m1-35 18+ .
HB: mean mas$omass 0.60/0.04 M,
Binary Fraction 0.0%
Assumed distance 10.0 Kpc 20 7
Assumed reddening E(B-¥D.0
22 b
Snyder, D. L., Helstrom, C. W., Lanterman, A. D., Faisal, M., & ¥&hR. L.
1995, J. Opt. Soc. Am., A-12, 272
Trussel, H. J. & Hunt, B. R. 1978a, IEEE Trans. Acoustics,e8heand Signal 241 ]
Proc., 26, 157 NP IR R R
Trussel, H. J. & Hunt, B. R. 1978b, IEEE Trans. Acoustics,&speand Signal -0.5 0.0 0.5 1.0 1.5
Proc., 26, 608 J—K

Veran, J.-P., Rigaut, F., Maitre, H., & Rouan, D. 1997, Jauof the Optical

Society of America A, 14, 3057 Fig. A.1.The near-IR CMD of the GC stellar population. The total mass

of the stars, formed 12 Gyr ago, is#5 10° M,,. The red dots highlight

. . the sub-sample of the entire population that fall in the FoV considered
Appendix A: Globular cluster image parameters in our simulation.

The simulated GC is located at a distance of 10 kpc and is 12
giga-years old. We selected a region located at the halsmeas Table A.2. Telescoper Camera+ Detector parameters adopted for the
dius of the cluster, at a distance of 128 6.2 pc from the clus- simulation. We assumed the average values of the sky surface brightnes
ter centre. All the relevant parameters of the synthetistelu at Mount Graham (Pedani 2014).

are listed in Table A.1. The magnitudes and colours of the syn

thetic member stars have been drawn from theoretical mpdels Collecting area 50 f

the physical positions from N-body realizations of an dfuil FoV 215" x 215"
rium King (1966) model. The observations were ‘acquiredhwi Detector dimension 1024 1024 px
a fictitious, but realistic, 8.2 meters telescope equippét & Pixel scale 21’
SCAO system+ science camera detector whose main charac- Gain le’/ADU
teristics are reported in Table A.2. These characteriatievery Read-out noise 26
similar to the PISCES Infrared Imager with the Large Binacul QE 60% inJ band
Telescope Adaptive Optics System (Guerra et al. 2013). A set Saturation Level 2 40000 ADU
of J (central wavelengtk 1.27um) andKs (central wavelength Dark current (L e /sec

= 2.12um) band images have been simulated. The fraction of Sky background mag 15.82,13.42
stars falling in the frames+(2800 stars having < 25 mag and (J andK bands)

Ks < 24.2 mag) is highlighted in red in Fig. A.1. To detect stars

up to at least two magnitudes below the main-sequence (MS) . ) ) o )
knee, we fixed the total exposure time for each image to 1 hour Diffraction limited core: Mdat with a radial variation with

for both bands. Therefore we computed the time for the indi- respect to the guide star (GS) direction. The rotation angle
vidual exposures to avoid the saturation of any star. Thand reproduces the typical SCAQ elongation pattern pointing to
image is the result of the sum of 180 exposures of 20 secondsWards the GS. The variation of the two ifiat half-light radii

each, while theks band image is the result of the sum of 240 With respectto the distance fromthe GSis plotted in Fig. B.1
exposures of 15 seconds each. As depicted in Fig. B.1, the half-light radius pointing ireth

direction of the GS (i.e. along the elongated axis) is vagiab
across the FoV and its variation is described by a polynomial
Appendix B: PSF model function of the distance of the PSF location in the image from
the reference position. The half-light radius pointinghog-
At a first approximation, the AO PSFs can be approximated onally towards this direction has been considered constant
by the combination of dierent analytical components, such as and close to the diraction limit.
Moftat, Lorentzian, or Gaussian 2D functions, their parameters Seeing halo: round Mtat (no elongation). The radius of
varying with respect to the position in the FoV (Schreibealet this component (20 pixels id and 18 pixels inKg) has
2011). To simulate images with a continuous space-vari@ft P been set to reproduce a seeing disk~00.6” in J band.
we considered a simple pure analytical model given by the.com The only variable parameter in the FoV is the relative flux
bination of two 2D Mdfat components: FHalo = 1 — Fcores WhereFcqre is the relative flux contained
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Fig. B.1. Variation of the radii of the Mfiat Core components of the
PSFsinJ (black curves) anis (red curves) bands across the FoV with
respect to the GS distance in arcseconds. The continuous lines refer to
the elongated radii of the MEats. The dashed lines refer to the non-
elongated radii of the MBats. The non-elongated radii have been con-
sidered constant in this simplified model.
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Fig. B.2. Variation with respect to the GS distance of the relative flux
contained in each of the two PSF components: core (continuous lines)
+ halo (dashed lines).

in the core component. The halo component contains the sig-
nal due to the residual non-corrected atmospheric abemnsati
and, therefore, its relative flux grows with the GS distance
following a second order polynomial trend. Fig. B.2 reports
the variation of the flux distribution among the two PSF com-
ponents (core and halo) in the two considered baddmg

Ks) with respect to the GS distance.

Article number, page 11 of 11



