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Abstract. The extraction of the Point Spread Function (PSF) from astronomical data is an important issue
for data reduction packages for stellar photometry that use PSF fitting. High resolution Adaptive Optics images
are characterized by a highly structured PSF that cannot be represented by any simple analytical model. Even a
numerical PSF extracted from the frame can be affected by the field crowding effects. In this paper we use blind
deconvolution in order to find an approximation of both the unknown object and the unknown PSF. In particular
we adopt an iterative inexact alternating minimization method where each iteration (that we call outer iteration)
consists in alternating an update of the object and of the PSF by means of fixed numbers of (inner) iterations of the
Scaled Gradient Projection (SGP) method. The use of SGP allows the introduction of different constraints on the
object and on the PSF. In particular, we introduce a constraint on the PSF which is an upper bound derived from
the Strehl ratio (SR), to be provided together with the input data. In this contribution we show the photometric
error dependence on the crowding, having simulated images generated with synthetic PSFs available from the
Phase-A study of the E-ELT MCAO system (MAORY) and different crowding conditions.

1 Introduction
Adaptive Optics (AO) has become a key technology for all the main existing telescopes (VLT, Keck,
Gemini, Subaru, LBT) and is considered a kind of enabling technology for future giant telescopes
as the European Extremely Large Telescope (E-ELT) [1] . To obtain high-precision quantitative information and improve the scientific exploitation of AO data, several efforts in a robust Point Spread
Function (PSF) extraction method in a code for image analysis are needed.
Several photometric packages are available and commonly used by the scientific community: Romafot [2], DAOPHOT [3], DoPHOT [4], HSTPhot [5], Sextractor [6]. While they provided excellent
results in the analysis of both ground based and HST data, none of them is specifically designed for AO
systems: some of them rely on simple analytic PSF models that are not suited to AO. The first attempt
to solve the problem of obtaining accurate photometry and astrometry from small field AO images
has been made with the StarFinder code [7]. This code employs a constant and highly structured PSF
which is calculated numerically from the brightest stars in the science field. We present in this paper
the photometric analysis of an interesting science case using the blind deconvolution as a method for
the reconstruction of the PSF. The extracted PSF and the background frame are supplied to StarFinder
for the photometric and astrometric analysis.
We tested the blind deconvolution method in extreme conditions of crowding and Signal-to-Noise
Ratio (SNR), measuring the photometric accuracy in two locations within a Giant Elliptical Galaxy in
the Virgo Cluster (distance ≈ 18 Mpc), that represents an interesting and challenging science case [8]
for the future high angular resolution camera MICADO@E-ELT [9], coupled with the Multi Conjugate
Adaptive Optics module MAORY [10].
The images have been simulated using the MAORY PSFs in J and K s bands available in the website
(http://www.bo.astro.it/maory/Maory/Welcome.html). These PSFs have been computed by
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Fig. 1. Simulated images of a 1′′ × 1′′ stellar field in J band with two different crowding conditions.
(Left): extremely high crowding condition (≈ 126000 stars/arcsec2 ). (Right): low crowding condition (≈ 1000
stars/arcsec2 ). These levels of crowding are typical at 0.1 and 2 effective radii respectively of an Elliptical galaxy
in Virgo Cluster. The total integration time = 2 hours. The simulated images include stars with 24 ≤ K s ≤ 31
and 25.3 ≤ J ≤ 31.7.

the MAORY consortium evaluating the MCAO performance during the phase A of the instrument.
The MAORY PSF (zoomed J band central part in Figure 3, first panel) presents a really complicated
shape, where the central component has the typical shape of the Airy disk, and the secondary structures
can be attributed to the MCAO system properties, like the constellation of the 6 Laser Guide Stars (the
secondary peaks arranged in the hexagonal configuration), and the residual light due to the non-perfect
correction of the turbulence (external halo).

2 Simulated Data
With the exquisite resolving power of an ELT working at diffraction limit, thanks to Multi Conjugate
Adaptive Optics capabilities, it will be possible to study down to the inner and crowded regions of
galaxies beyond the Centaurus group, and in particular in the Virgo Cluster. In order to perform high
precision astrometry and photometry exploiting the full potential of Adaptive Optics technique, the
PSF extraction algorithm robustness and reliability are really important aspects that need to be taken
into account.
In order to evaluate the effect of crowding and low SNR on the blind deconvolution PSF reconstruction, we simulated two stellar fields with levels of crowding typical at 0.1 and 2 effective radii
respectively of an Elliptical galaxy in Virgo Cluster [8]. The available PSFs were computed for a reference “median seeing” atmospheric condition (seeing FWHM = 0.8′′ at 0.5µm wavelength and at
zenith pointing) and for a “good seeing” condition (seeing FWHM = 0.6′′ ). We assumed the “good
seeing” PSFs computed in the center of the MICADO FoV at the wavelengths K s and J. Since the
variation across the whole MICADO FoV is very low, we assumed a fixed PSF for each simulated
frame.
For the considered science case, the input stellar lists, used to generate the frames, contain ≈
126000/arcsec2 stars brighter than K s = 31 in the most crowded case, and ≈ 1000/arcsec2 in the
other case. Synthetic frames are generated from these lists in the corresponding bands, positioning the
properly re-sampled MAORY PSF in the stars coordinates, scaling it to the correct flux considering 2
hours exposure time, adding the background due to the sky and the photon and the Read Out Noise
(properly scaled for the number of exposures).
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3 The blind deconvolution method
A classical way to restore the stellar object and the PSF is the minimization of a cost function depending on the statistical properties of the noise affecting the data. As concerns the RON, it is a realization
of a Gaussian additive random variable with a known variance σ2 . According to [11], it can be approximated by a Poisson process with mean and variance being the same as σ2 if the constant term
σ2 is added to the observed image g. If we add σ2 also to the background b, then we can assume that
the noise on g is purely Poissonian, thus leading to the minimization of the so-called Kullback-Leibler
(KL) divergence (also known as Csiszár I-divergence [12]).
In order to improve the PSF reconstruction (necessary for an accurate detection in a crowded
field) we use a novel method of blind deconvolution [13] based on an inexact alternating minimization
method applied to the minimization of the KL divergence. The implemented algorithm is iterative and
each iteration k consists of alternating an update of the object f (k) and the PSF h(k) by means of fixed
numbers of iterations of the scaled gradient projection (SGP) method [14]. A scheme of the blind
deconvolution is shown in Figure 2.
Among all the alternating minimization schemes proposed in the literature for blind deconvolution
problems, the one we adopted has several advantages that makes it suitable for our application. First of
all, it is a convergent scheme, in the sense that any limit point of the sequence (f (k) , h(k) ) generated by
the algorithm is a stationary point for the minimization problem [15]. Second, the alternating strategy
allows to consider different constraints for each inner sub-problem. In our case, we can impose nonnegativity on the image and an upper bound (based on the Strehl ratio value, supposed known) plus a
normalization on the PSF. Third, the use of SGP allows an inexact minimization of each sub-problem,
since the only requirement for the scheme to converge is the presence of an arbitrary upper bound on
the inner iterations. Finally, the huge amounts of tests made on SGP in several applications (e.g., [16–
18]) has led to an optimization of all the parameters defining the method, which allows the user to
have at his disposal a fast and robust approach without the need for any problem-dependent parameter
tuning.
Inputs:
image, PSFdiff.lim. , bkg, SR

Initialize:
object f (0) and PSF h(0)
set k=0

Apply nh SGP
iterations to
the PSF h(k) ,
given the object f (k+1)

Apply n f SGP
iterations to
the object f (k) ,
given the PSF h(k)

OBJECT BOX

PSF BOX

k =k+1

Outputs:
Reconstructed object and PSF.
Fig. 2. Graphical representation of the alternating minimization scheme.
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4 Results
We applied the blind deconvolution method described in the previous section to the input images. The
initial guess of the algorithm is the auto-correlation of the diffraction limited instrument PSF, which
satisfies the SR constraint. We chose a fixed pair (n f = 50, nh = 2) for the inner iterations (see Figure
2) and a variable number of outer iterations (that depends on the input image).
We tested the reconstructed PSFs by performing the photometric analysis on the input images using
the StarFinder code. The package itself is able to estimate the background and extract a numerical PSF
template from the frame, but it can also accomplish the analysis using a PSF and a background frame
supplied by the user.
We checked the performance of the blind algorithm in two different cases: when the background is
perfectly known and when it has been estimated from the data. In the latter case, the PSF estimation requires two steps: (1) a first background estimation and an extraction of the PSF; (2) after a preliminary
photometric analysis, most of the stars can be subtracted and the background refined by smoothing the
residual image. The new background frame can be used for the final PSF estimation.

4.1 Analysis of the reconstructed PSFs

In the case of background estimated from the data, we first reconstructed the preliminary PSF starting
from the estimated background frame with a median value of 37841.0 counts (the background added to
the input images is a constant value equal to 37661 counts). Two different numbers of outer iterations
have been chosen, namely 200 and 500 iterations, giving an “early stopped” and a “late stopped”
reconstruction, respectively.
By using these PSFs, two different backgrounds have been estimated from the input image. In the
first case (early stop background) the frame has a median value of 37812.4 counts. In the second case
(late stop background) we have a similar value: 37821.6 counts. Both values are slightly close to the
true value with respect to the preliminary value.
According to the previous description, we completed the estimation of the PSF with the second
step. Again, after 200 and 500 iterations we obtained the final “early stopped” PSF and the “late
stopped” PSF, respectively. The true PSF, the initial PSF of the blind algorithm, the two final (blind)
PSFs, and the numerical (StarFinder) PSF are shown in Figure 3.
Moreover, an horizontal cut of the central core of the five PSFs shown in Figure 3 is given in Figure
4.

4.2 Photometric analysis

We show a comparison among the analysis accomplished by using different PSFs and making different hypothesis on the image background knowledge. The photometric accuracy for each case has been
evaluated matching the input star list with the catalogue of stars found and measured by StarFinder
assuming different PSFs. The considered PSFs are: the true one, used as input for the frames generation, the one extracted by the frame using the blind deconvolution method, and the numerical PSF
extracted by the frame using the StarFinder specific package. For what concern the background, we
considered again the true one, the mean value of which is perfectly know from the image simulation
input data, and an iteratively estimated one. The results using different PSFs have been compared in
the same background knowledge conditions, being the estimation of the PSF and of the background
closely related to each other, especially in presence of very extended PSF halos. We studied the PSF
quality through completeness of the detections and photometric error analysis, that represent the two
most important effects that dominate the ability to carry out an accurate scientific analysis of deep
images of resolved stellar populations. The errors from photometry determine how accurately we are
able to estimate the PSF and the completeness, i.e. the fraction of detected stars of a given magnitude,
determines the achievable star catalogue depth, closely related to the background estimation capability.
4
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Fig. 3. (From left to right and from top to bottom): the true PSF, the initial PSF (h(0) ) of the blind algorithm, the
blind PSF after 200 iterations, the blind PSF after 500 iterations, and the numerical PSF (computed by StarFinder)
in the case of background estimated from the data.

Figure 5 shows the comparison between the analysis carried out using the true PSF and the PSF
extracted with blind deconvolution method supposing to know the true background for both the PSF
estimation and the photometric analysis. The completeness and the photometric errors are comparable.
Figure 6 shows the same analysis considering a background estimated from the data frame and four
different PSFs: the StarFinder numerical PSF, the “early stopped” and “late stopped” blind PSFs (see
previous section) and the true PSF (using however the true background) for comparison with Figure
5. The plots point out that the numerical PSF and the “early stopped” blind PSF give similar results,
while the “late stopped” blind PSF shows an higher photometric error at the brightest magnitudes due
to the error in modelling the PSF core, that contains the majority of the signal. This difference between
the two blind PSFs is not visible in the completeness plot, because completeness depends strongly on
the background estimation goodness, as demonstrated by the comparison with the black curves related
to the true PSF and true background case.
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Fig. 4. The horizontal cuts of the numerical PSF (blue line), of the reconstructed PSFs (after 200 iterations solid
red line and after 500 iterations dotted red line), of the initial PSF (green line), and of the true PSF (black line).

5 Conclusions
In this paper we presented the photometric accuracy and completeness obtained using the blind deconvolution method for the extraction of the PSF from simulated data. The frames have been simulated
using the predicted PSF of MAORY, the future MCAO module of the E-ELT telescope, assuming the
“good seeing” J and KS PSFs available on the MAORY consortium official website. The considered
science case, two stellar fields with levels of crowding typical at 0.1 and 2 effective radii respectively
of an Elliptical galaxy in Virgo Cluster, represents an “extreme” case in terms of crowding conditions
and low SNR and therefore it is an interesting testbench for the blind deconvolution algorithm. We
conclude that:
◦ the blind deconvolution is a valid and robust algorithm for the PSF reconstruction even in extremely
crowded fields and in condition of low SNR;
◦ the blind reconstructed PSF is independent of the selection of the stars, while the numerical PSF
carried out by StarFinder is not;
◦ the estimation of the background is a crucial issue in both numerical and blind approach. An
error in the background estimation strongly affects the limiting magnitude detectable. This is an
important aspect when AO images of crowded fields are involved because of the strong contribution
of the PSF extended halo to the background;
◦ the photometric error obtained using blind PSF gets higher when the number of iterations for
the PSF extraction is not well tuned. In particular, an excessive number of iterations affects the
modeling of the PSF core that contains the majority of the signal, producing an higher photometric
error in the brightest stars magnitude estimation. This parameter (number of iterations) has to be
tuned carefully;
◦ when the number of iterations for the blind PSF estimation is well tuned, the performance of the
algorithm is comparable with other PSF extraction algorithms (i.e. numerical PSF) in spite of the
extremely unfavorable conditions (low SNR and high crowding).
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Fig. 5. (Upper panels): Completeness plots in K s (left) and J (right) bands for the two considered crowding
conditions and using the true PSF (black lines) and the blind deconvolution PSF (red lines) for the data analysis
(2 σ detection threshold). The background for both the blind PSF extraction and the data reduction has been
considered as perfectly known. In each plot the extremely crowded case (dotted-dashed lines) and the less crowded
case (solid lines) are over-plotted. (Lower panels): matching the catalogue of the frame input stars and the result
of the data reduction, we computed the photometric error in K s (left) and J (right) bands as a function of the input
magnitudes. The asymmetrical distribution of the photometric errors is due to blending effects.
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