StarFinder: code description and operation

1 Purpose

SarFinder isan IDL program for sellar fields anaysis. It is able to deted stars and determine their position and
relative flux. It has been designed basicdly for Adaptive Optics (AO) data, kegping in mind the following as-
peds:
e atypical AO observation is characterized by a 'complex' PSE with a sharp peak, one ore more fragmented
diffraction rings and an extended halo;
* AO observations are well-sampled, i.e. there ae at least two resolution e ements (pixels) in the PSF RVHM.
The complexity of the PSFmight lead to false detedions and affect the photometry of faint objects. On the other
hand the good sampling of atypical AO observation is an important advantage that should be exploited.
The approach implemented in SarFinder is to analyze the stellar field with a digital image of the PSE without
any analytic approximation: in practicethe PSFis used as a template, which can be scaled and trandated by sub-
pixel offsets. Accurate positioning o the PSFonto a given star is accomplished by means of interpolation tech-
niques, different methods have been tested, but the most promising seems to be the so called cubic convolution
interpolation (Park and Schowengerdt, 1983, 'Image Renstruction by Parametric Cubic Convolution', Com-
puter Vison, Graphics & Image Processng 23, 256), which approaches very closdly the optima sinc interpola-
tion for well -sampled data.
SarFinder isnot a general purpose algorithm for objects reaognition, like SExtractor: it should be intended as a
tod to obtain high predsion astrometry and photometry of point sources in adequately sampled high-resolution
images of crowded fields, i.e. targets containing stars superposed on a smoath background, originated by unre-
solved sources, nebulosity, etc. In practiceit can be applied not only to high-Strehl AO observations, but also to
low-Strehl images (with or without AO) and HST fields, provided the sampling is satisfactory. We ae also
evaluating the photometric acauracy on undersampled data.
An important topic in AO observations is represented by the anisoplanatic dfeds arising in wide-field imaging:
different strategies are under development to handle this problem, related to stellar fields photometry. The aur-
rent release of the wde assumes a constant PSF

2 General description

The basic analysis procedure mnsists of 3 phases:

1. detedion of presumed gtars above a pre-fixed threshold in the background-removed image;

2. chedk and analysis of presumed stars, sorted by decreasing intensity;

3. refitting of deteded stars.

The procedure above may be iterated: the previoudy deteded stars are temporarily removed from the image to

search for lost objects. Then the analysis proceeals on the original frame. This iteration is very useful to deted

close hinaries and components of crowded groups, down to separations comparable to the PSF FVHM. At the

end of the last iteration, a de-blending strategy may be applied gptionally: if the extension of a given deteded

star results to be significantly larger than the PSFarea, the object is assuumed to be a blend and de-blending is

attempted by iteratively searching for statisticdly significant residual s and subsequent fitting. One may state that

the iteration of the basic analysis procedure (steps 1-2-3) is to deted isolated sources and 'resolved’ stars,

whereas the final de-blending procedure is to deted even closer components, at separations mewhat smaller

than the PSF RVHM. As a rule of thumb, two iterations of the basic analysis procedure with no final de-

blending are sufficient to analyze aowded fields, like the simulated image included in this package.

The analysis of a given ohjed (step 2 above) includes the following gperations:

* re-identification, after subtraction of already known stars, to rejed spurious detedions associated to PSF
features of brighter sources

e correlaion ched, to measure the similarity of the object with the PSF a arrelation threshold is fixed to
distinguish between stellar-like objeds and spurious detedions (e.g. noise spikes)

« fitting, to determine positi on and flux, taking into acoount the cntribution of neighbaring brighter stars and
of thelocal background, approximated with a danting plane

e updating o a stellar field model, which contains a replica of the PSFfor each deteded star; it is basically
used to keep track of the cntribution of bright sources when analyzing fainter ones.



3 Codeimplementation

SarFinder has been provided with a @lledion of auxiliary routines for PSFextraction, noise estimation, basic
image processng, in order to be able to fully analyze a stellar field and produce an outpuit list of stars. The input
image is supposed to be just correded for instrumental effeds and calibrated.

A widget-based Graphicd User Interface has been creaed, which allows one to use SarFinder without knowing
IDL. Themain widget appeaing on the screen (cdled XSarFinder) isnothing more than an interfaceto call dif-
ferent widget-based applications, in order to perform various operations on the stellar field image. The main
widget defines amemory areato store some globel variables, whose name and meaningislisted below:

image: stellar field;

PSF: image of the Point Spread Function;

noise: array of noise standard deviation for each image pixel;

background: array containing an estimate of the background emisson;

detected star s: synthetic image, containing one replicaof the PS-for each deteded star in field;

synthetic field: sum of background and detected stars.

The global variables are maintained and modified in the murse of the arrrent sesson. As one of these variables
is processed by some applicdion, its previous value is overwritten: if the user wishes to keep track of the values
asumed by the variable in the @urse of the sesson, he/she should save the variable or the entire sesson when-
ever necessry.

All the global data ae basicdly divided into two groups: those assciated to the image and those associated to
the PSE Whenever the user loads a new image, for ingance, the data associated to it are erased.

Every secondary widget application has a set of default parameters, which can be modified interactively. The
user-defined values become the new default values of the widget, until the user quits XSarFinder without saving
the aurrent sesson. This behavior may be helpful when analyzing two images of the same field: it will be easier
to analyze the two frames in the same way. Of course if the images have been taken at different wavelengths, all
the ‘structural’ parameters (e.g. those related to the PSF RVHM, as the bax size for PSFextraction) wil | have to
be scaled properly in the second run.

The secondary widgets call ed by XStarFinder prevent accessto both the IDL command line and to all the other
open widgets, until they are dismissed. The arrangement and layering o the widgets on the computer screen de-
pends on the platform being wsed. On some systems (e.g. Windows) the active widget floats on top of all the
others, which cannot be ather moved or highlighted. On other systems it is posgble to move or highlight non-
active widgets: to restore the original arrangement and layering, the user may try to iconize the XSarFinder
widget and then restore it again.

IDL users might wish to run the SarFinder routines diredly from the IDL command line. Complete documenta-
tion on each module can be retrieved with the IDL procedure doc library: to dsplay the documentation about
the module stack_median, for instance enter the foll owing command at the IDL prompt:

IDL> doc_library,' stack_nedian'"

A lig of routinesin the SarFinder library is contained inthe ASCII file' list_of modules.txt' .

The more interesting programsto analyze a stellar field are:

circ_mask: apply acircular mask to a 2D array, for instancethe PSF

click_on_max: seled local maxima by mouse dick

compare_lists: find coincidences between two sets of pointson aplane

crosses. mark interesting pointsin an image with crosses

display_image: display an image according to a set of options

fitstars: multi-component PSKfitting of one or more gars

fwhm: compute the FAVHM of a peak or stell ar image

gauss noise std: compute the standard deviation of normally distributed noise

halo_smooth: smoath the halo of the PSFby means of a variable box size median filtering technique
image_background: estimate the background emisson

image_core: extract the aomponent conneded to a spedfied starting positi on and above a pre-fixed threshold
image_model: creae asynthetic image given by a sum of shifted scaled replicas of the PSF

match_coord: given two sets of coordinates on a plane, representing the same points in redprocally trandated
and rotated reference frames, map ane of them onto the other

psf_extract: estimate the PSFby combination of a set of stars

read_float data: read an ASCII file ontaining a set of data on columns made of a known number of elements
repair_saturated: repair saturated stars

replace pix: replace known bad pixels by local median

search_objects: seach sgnificant intensity enhancements

starfinder: stars detedion, astrometry and photometry



4 |nstallation

SarFinder neals no particular installation procedure. If you have receved the code as a compressd archive, de-
compressit and put its content in anew diredory call ed 'starfinder’; if you have receved the cdein a CD-ROM,
just copy the 'starfinder' direcory from the CD to yoaur computer. The semnd (and last) step isto tell IDL where
the new 'starfinder’ diredory is located modifying the IDL system variable !Path. This can be done very easily
within the IDL Development Environment, by means of the 'Preferences sub-menu in the 'Fil € menu. Otherwise
the path can be modified from the IDL command line: the way to do it is described in the IDL Online Help, un-
der the topic !Path. Oncethe IDL sesson is open and the path is s, it is sufficient to enter the foll owing com-
mand at the IDL prompt:

| DL> xstarfinder

The XSarFinder widget will appea on the screen.

If you experience any trouble with color images, remember to set up your monitor in 256 color mode.

The ode uses the routines included in the standard IDL distribution and some modules of the 'astron’ library,
which can be retrieved from the WEB site 'http://idlastro.gsfc.nasa.gov/homepage.html’. You can aso find the
required 'astron’ routines in the 'astron_for_starfinder' archive included in the 'starfinder’ diredory. The "astron’
library has been recently updated, though the November 1998 version has been used here.

5 Howtoanalyze a stellar field

5.1 Introduction

This sedion isakind o tutorial and describes how to analyze the smulated stell ar field included in the released
package. Compl ete documentation on supported facili ties and gperations can be found in the on-line help pages.
The simulated image (Fig. 1 left) contains 1000 stars at random positi ons, with magnitudes extracted from a re-
aligtic luminosity function with arange of 8 magnitudes. Each star is represented by a shifted scaled replicaof a
typical high-Strehl Adaptive Optics PSF (Fig. 1 center). The field has been contaminated with background
nebulosity (Fig. 1 right), having a total flux equal to the total flux of the stellar sources, and additional noise,
given by the embination of gausgan and photon noise.

The data mncerning the synthetic field are mntained in the foll owing files included in the package: 'synfield.fits
(stellar field), 'psf.fits (PSH, 'backgroundfits (background nebulosity), 'noisefits (array of noise standard de-
viation for each pixed in theimage), 'sars.txt’ (ASCII fil e including positi ons and fluxes of the point souces) and
'‘psfstarsitxt’ (ASCII file including positions of the stars for PSFestimation).

Figure 1. Left: simulated stellar field (square roat display). Center: PSFused to generate the field (square roat
display). Right: background nebulosity added to the field (linea display).

5.2 Image loading and visualization

After starting XStarFinder (Sed. 4), click on the 'Image pull-down menu, seled the 'Load’ sub-menu and
choase the 'Image’ option (this sequence of operations will be referred smply as 'Image/Load/Image). Seled a
valid file name in the dialog window (in this case seach for the 'sarfinder’ diredory and seled the file 'syn-
field.fits). The loaded image is automatically displayed in the graphic aea of the XSarFinder widget. You
might wish to change the display options: seled 'Display/Options and modify the visualization parameters of the
currently displayed image by means of the XDisplayOpt widget application. We suggest to choose a minimum
and maximum intensity of 250and 1€5 respedively (this choicewill only affea the display, of course!), a square
roat stretch and the STERN SFECIAL Color table. After entering these parameters click on 'Apply options.
DismissXDisplayOpt pushing the 'Exit" button.



5.3 Bad pixelsrepair

The simulated field you have just loaded has no bed pixels, even though your actual data might have some. Bad
pixels (either ‘dead’ or 'hot") should always be repaired becuse they might leal to false detedions (espedally
under poor sampling condition), loss of significant sources, degradation of astrometric and photometric accu-
racy. Bad pixels at known positions may be crreded with the 'Image/Bad Pixels task which invokes the XRe-
place Pix widget. First of all you have to read the bad pixels positions, which must be stored in a FITS-format
file as abinary mask defined as foll ows:
b, y)= 1, i_f pi_xel (x,y) i_s‘good'

, if pixel (x, y) is'bad'
Read the bad pixels mask with the 'Read bad pixels button; then click on 'Replace. A didog appeas asking yau
to enter the box size for the local median computation (the bad pixel will be replaced with this median): try with
the default bax size first. After replacing the known bad pixels, the program displays automaticdly the repaired
image with the arrent display options.

5.4 Noise estimation

An estimate of the noise standard deviation is useful to define the detedion threshold (Sed. 2) and to compute
formal errors on the estimated photometry and astrometry.
In principleit is possble to derive the @rred noise statistic knowing the photon and detedor noise standard de-
viations. If you have done this and yau have aeaed a FITS file amntaining an array of noise standard deviation
with the same size as the science image, then you can load it with the 'Image/Noise/Load' task. In this tutorial
you can try this options |oading the noise aray in the 'noisefits fil e released with the code.
Another posshility isto estimate the noise with the 'Image/Noise/Compute' task, which invokes the XNoise wid-
get. Thiswidget application can be esentially used in one of two ways:
1. edtimate the corred noise statistic based on the knowledge of parameters like read-out-noise, dark current
level, detedor gain, etc.;
2. estimate the mean noise level associated to the diffuse nebulosity present in the data, which should be the
major noise sourcefor all but the brightest sources.
The firg drategy requires the knowledge of additional parameters which are not always available; in practice
you have to enter the parameters related to the normally distributed noise (seethe online help for more detail )
and to the photon noise, then click on the'Compute' button.
In this tutorial we will apply the second strategy, which is the default. Leaving the default options unchanged,
just click on the '‘Compute' button; a dialog message will appea, to inform you that another widget, called
XNoise SDev, is being cdled to estimate the noise (by means of an histogram fitting technique). A complete
description of the parameters of XNoise SDev may be found in the online help; for the moment, we use the de-
fault values. Click on the 'Processng..." button and after a whil e a dialog message should appea, giving yau the
result (mode and haf-width of the histogram, the latter value representing the noise standard deviation). Of
course you need not remember these numbers, because everything is retained in memory by the program. If you
wish to chedk the quality of the fit to the histogram, click on the 'Plot histogram' button to invoke the XPlot wid-
get. In the third square from the top, called 'Type, seled the 'Steps options under the column ‘Main plot’, then
click on the 'Plot' button. The histogram will be plotted as a @mntinuous gep-like line ad the best fit model,
given by a gaussan + constant term in this case, will be over-plotted as a dashed line. As you see, the plot has
been done on the graphic window of the main widget, which might be hidden by the secondary widget applica-
tions (XNoise, XNoise_SDev and XPlot). On some platforms it is possble to move the widgets away from the
graphic aeg in other cases, unfortunately, the only solution is to close all the widgets, returning back to the
XSarFinder level, run again the XNoise task, positioning it out of the graphic window area and then call the
other applications in sequence After examining the plot, you may notice that the fit can be improved. For this
purpose it XPlot, seled the option 'gausdan + quadratic' in the 'Histogram fitting' square of the XNoise SDev
widget and hit again the 'Processng..." button. Then reped the plot: as you see now, the fit has dightly im-
proved. With some additional effort, you can improve also the asped of the plot itself, save it on a GIF file and
obtain something like Fig. 2.
Now you can dismissall the invoked widgets and return back to the XSarFinder level. The required noise in-
formation isautomaticdly retained in the memory area asciated to theimage data (Sed. 3). If you have plotted
the histogram, you might wish to restore the image display in the graphic window: you can do it with 'Dis-
play/Sdlect data/lmage'.
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Figure 2. Plot of data histogram (steps) and best fit model (dashed line), given by a gausdan on a quadratic term.

5.5 PSF extraction

If you have an acaurate estimate of the PSFon a FITS file, you can load it with the 'PSHLoad...' task. In this
tutorial we want to extract the PSFfrom the image. We do it with the 'PSHExtract from image' task, which in-
vokes the XPsf_Extract widget. The PSFis formed esentially as the median of a set of stars you are requested
to sded.

The only parameter you have to set for the moment in XPsf_Extract isthe size of the aray where the PSFwill be
stored: in this case seled 128. Then click on the'Procesdng..." button. A dialog message invites you to select the
starsto be extracted and superposed to form the PSFestimate; these stars must be seleded with a dick of the left
button of your mouse (if you are left-handed please replace the word 'left’ in the message with 'right’). We sug-
gest to seled the four brightest starsin theimage (Fig. 3).

Figure 3. The crosss indicae the sarsfor PSFextraction.

After seledingthe PSFstars, click anywhere in the graphic areawith the right button (left if you are | eft-handed)

to exit the seledion procedure. What happens now? All the previoudy selected stars are displayed one by one
and you are requested to confirm your previous slection (in genera you might have seleded an undesired can-

didate source a binary for instance). After examining the stars, the program asks you if you wish to sdled the
most contaminating sources around the PSFstars, in order to subtract them. This gep might be useful when the
PSFstars are only few and the median superposition isnot able to get rid of the secondary sources. To seehow it

works, answer 'Y es to the previous question: the PSFgars are displayed again one by one and you have to click

on the secondary sources with the left button of your mouse, pushing the right button to examine the next PS-
star. The seaondary sources to be selected in this case aeindicaed in Fig. 4. In general only the most contami-

nating sources (i.e. quite bright and quite dose to the centra star) should be seleded. The secndary sources can

be reaognized by the presence of the diffraction ring. If you think this operation is too boring a too dangerous,

you can skip it, even though the final PSFestimate might be dightly worse, espedally if there ae not many PSF
stars to superpose.



Figure 4. Seoondary sources to be seleded and subtracted around the candidate PSFstars.

After sdleding all the semndary sources, the program starts estimating the PSFand awards you with another
dialog message when the computation is done. Now click on the 'Display PSF button in the XPsf_Extract widget
to display the retrieved PSE Y ou can modify the display options with the 'Display Options task, which invokes
the XDisplayOpt widget you have already seen in Sed. 5.2. We suggest to enter a minimum and maximum in-
tensity value of 0 and 1respedivey, square roa stretch and STERN SFECIAL color table. Notice that the PSF
estimate is still contaminated by residua features. After dismissng XDisplayOpt, exit XPsf_Extract. You arere-
quested to save the mardinates of the PSFstars: these aordinates might be useful when comparing lists of stars
(Sed. 5.8). In this case you may find the mardinates of the PSFgarsin the fil e 'psfstars.txt’ included in the re-
leased package. However, if you wish to save your own PSFstars, answer 'Yes to the previous question and
provide afile name (e.g. 'psf_stars) without any extension (the extension '.txt' will be automatically appended to
the fil e name).

Display now the extracted PS- in the XSarFinder graphic aeawith 'Display/Select data/PSF. How can we dis-
card theresidual features in the PSFarray? First of al run the 'PSHPost procesgSupport' task, invoking the XI-
mage Support widget, which all ows you to gperate on the support of the retrieved PSE Seled 'Yes in the 'Prin-
cipal component extraction' square, leaving the default value of O in the 'Threshold for principal component ex-
traction' field and click on the 'Processng..." button: you may notice that some of the stuff at the frame elge has
disappeaed. You can try different thresholds, because the original PSFarray is left unchanged until you exit XI-
mage Support: as arule of thumb yau should choose the lowest threshold in order to avoid cutting the PSFhalo.
You can also apply a circular mask to the retrieved PSE seled 'Yes' in the 'Circular mask' square, enter a value
of 40in the 'Circular mask radius field and hit again the'Processang..." button, to apply both the options together
(masking and principal component extraction). Then exit XImage Support.

The last step is PSFnormalization. Actually the PSFretrieved with XPsf_Extract was normalized to a total flux
of 1, but the post-processng operations might have dtered the normalization. To restoreit, use'PSFNormalize'.
Onelast comment on PSFextraction. XPsf_Extract is able to repair the wre of saturated stars, provided the satu-
ration isrestricted to the central spike of the PSF(of course you have not to worry about saturation effeds now,
because all the gtars are unsaturated in this smulated field). In practice the procedure works as foll ows: when
you seled the candidate stars for PSFestimation, you have to seled bath the saturated stars you wish to repair
and a suitable number of unsaturated sources. The latter will be used to form a preliminary estimate of the PSK
then the core of the seleded saturated stars will be repaired and finally a new PSFestimate will be formed, in-
cluding the unsaturated stars and the halo o the repaired anes (notice that the core of the repaired saturated
sources is not used to form the PSH. More detail s can be found in the online help and in a forthcoming paper
(Sed. 7).

5.6 Starsdetection

You are now ready to deted the field stars: click on the 'Astrometry and Photometry' button and the XSar-
Finder_Run widget appeas. Instead of using the default values and perform two iterations of the analysis proce-
dure at the 3-sigma detedion level, we suggest to perform a preliminary run with just one iteration at a higher
detedion level, say 5-sigma: the reason for this choice will be dear in a while. Just enter 5 in the 'Detedion
threshold(s)' field and click on the 'Processng’ button. After a few minutes, a message gives you the number of
deteded stars (it should be about 554, i.e. 55% of the total number of stars in this field). Now exit the XSar-
Finder_Run widget and display the synthetic field (with 'Display/Seled data/Synthetic field'), given by 554 rep-
licas of the PSF, one for each deteded star, superposed on a background estimate. Modify the display options
with the task 'Display/Options, setting the same values you have chosen before for the image data (minimum
and maximum intensity of 250and 1e5 respedively, square roa stretch and STERN SFECIAL color table). You
can compare the image of the stellar field with the synthetic image model creaed by the program.

Why did we suggest you to perform arough analysis and find anly the stars above the 5-sigma level? The reason
isthat we wish to improve the PS- estimate before going ceeper.



5.7 PSF enhancement and re-start

If you run the 'PSHRepeat extraction' task, the PSFextraction procedure will be automatically repeated, with the
same parameters used before (Sed. 5.5), the only difference being that all the aurrently known contaminating
sources around the PSFstars will be automatically removed. When the computation has terminated, you can dis-
play the new PSFestimate with 'Display/Select data/PSF: notice the great improvement. Now you can post-
processthe support of theretrieved PSFas before (with 'PSHPost procesgSupport’), using a drcular mask radius
of 45 pxels and athreshold for principal component extraction of 0 in the XImage Support widget. We suggest
also to smoath alittle bit the halo d the PSFE, by means of the 'PSFPost procesgHalo smoothing' task, invoking
the XPsf_Smooth widget. Just hit the 'Processng..." button with the default values of the parameters, the
smocathed PSFis automatically displayed at the end of the computation, which might take some minutes. If you
are not satisfied with the result, you can modify the parameters and click again on 'Processang..." only the last
result will be saved on exit. When you have finished, dismiss XPsf_Smooth. Finally normalize the PSFarray
with 'PSEFNormalize’.

The PSFestimates retrieved in this sedion and in the last one ae shown in Fig. 5. The PSFyou would obtain
skipping the somewhat tedious gep of secondary stars subtraction (Sed. 5.5) would be quite similar to the one in
Fig. 5, though with a dightly worse recnstruction of the halo. The reason is quite obvious, since repeding
automaticdly the PSFextraction all ows you to subtract the cntaminating sources around the PSFstars, but the
knowledge of these mntaminating sources is mewhat limited by the quality of the firs PSFestimate obtained
with XPsf_Extract.

Figure 5. PSFestimates before (left) and after (right) running the 'PSHRepeat extraction' task.

With this new PSFestimate, run again the stars detedion algorithm with 'Astrometry and Photometry', invoking

XSarFinder_Run. Now you can use amore suitable detedion threshold, namely the default value of 3, 3 (indi-

cating two iterations of the analysis procedure at the 3-sigmaleve). After a few minutes (how many minutes de-

pends on your computer) amessage informs you that the number of deteded starsis around 884, i.e. amost 90%

of thetotal number of sourcesin thisfield. It will be difficult to do better (at least with this program!...): you can

try with the de-blending strategy, even though you should find just ~1% more stars. Before leaving the XStar-

Finder_Run widget, remember to save the parameters (astrometry and photometry) of the deteded stars, even

though you can do it also with the 'Image/Save/List of stars task in the main widget. After closing XSar-

Finder_Run, display again the synthetic field (you need not modify the visualization parameters now) and com-

pareit to theimage.

As you may guess the PSFestimate is extremely important to oldain accurate results, espedally at faint magni-

tudes. Fig. 6 shows an axia plot of thetrue PSF(seealso Fig. 1) compared to the retrieved PSFused here. There

are two important aspeds:

1. Thetwo PSFsare practically coincident until about 7-8 magnitudes below the central peak. Below this level
there ae some discrepancies which might induce photometric erors on a faint star lying at the edge of the
PSFof a 8 magnitudes brighter source Actually the total photometric range of the stellar population in this
field isjust 8 magnitudes, so thiskind o error should be negligible.

2. Asaming to normalize the two PSFarrays to the same central value, it isclea that thetotal enclosed light is
dightly different. The estimated fluxes are consequently undetermined by an unknown factor, which results
in a systematic offset in the magnitudes. In practice the relative photometry between any two sources in the
field is preserved, even though this zero-point offset must be taken into acoount, e.g. when combining mag-
nitudes derived from different exposures of the ssmefield.
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Figure 6. Axial plot of true PS- (continuous line) and estimated PSF(dashed ling). The two PSFs are normal-
ized to the same cantral maximum.

5.8 Lists comparison

In stellar population studies one has to analyze images taken at different wavelengths. The retrieved lists of stars
must be ompared by matching the reference frames, here assimed to be redprocally translated and rotated, and
then identifying the mincident sources.

In this tutorial you have analyzed a simulated image and you know the answer, so yau may compare the re-
trieved list of stars with the original one (seethe file 'stars.txt’ included in the released package). Click on the
‘Compare Ligts button to invoke the XCompare _Lists widget. Load the original ligt of stars (‘'stars.txt’) and the
one you have saved before with 'File/Load/List 1' and 'File/Load/List 2' respedively; then load the referencelist
with 'File/Load/Referencelist' (a goad choiceisto load thelist of PSFstars coordinates you have saved in Sed.
5.5 o thefile 'psfstars.txt’ indluded in the released package). The referencelist must contain a subset of the ob-
jectsinlistno. 1 and it is used to find a suitable set of points to match the reference frames corresponding to lists
no. 1 and 2 respedively. Of coursein our case thereis neither rotation nor trandation, but it is interesting to see
how it works. Click on the 'Match coordinates button to invoke the XMatch_Coord widget; spedfy a guess of
the parameters defining the redprocal trandation and rotation of the two frames (in this case use the default val-
ues of 0 of course) and click on the 'Match' button. After a while amessage appeas giving yau the refined esti-
mates of the parameters, which in this case ae very close to 0. The small discrepancy in the x-coordinate (~0.02
pixelsin this case) is dueto the fact that the estimated sub-pixel positions of the stars are referred to the absolute
centering o the retrieved PSE After dismissng the XMatch Coord widget and returning back to XCom-
pare_Lists, the seaond list of stars (the original one in this case) has been transformed automatically to map its
coordinates onto the reference frame of the first list. Now click on 'Find coincident' to establish coincidences
between the garsin the two lists. You are requested to enter a tolerance (in pixels) for matching: a good choice
isthe PS= FWHM, which in this case is about 3.5 pixels. A dialog message appeas with the number of success-
fully matched stars, which amount in this case to 83, i.e. 1 lessthan the total number of deteded stars This
might suggest that thereis one false detedion. Before quitting XCompare_Lists, remember to save the subsets of
common stars out of the two lists, using 'File/Save/List 1' and 'File/Save/List 2'.

Noticethat the XCompare_Lists task allows you to compare just two lists; in principle you could find out ingen-
ious £hemes to compare many liststwo at atime. If you are a expert in the data reduction of stellar fields, you
surely have much more sophigticated tods for li sts comparison than the simple XCompare_Lists task: what you
have to do perhapsiis just to convert the StarFinder output to the proper format required by your own programs
(keeping in mind that SarFinder measures fluxes, not magnitudes).

5.9 Off-line processing

That's all you can do with the widget version of the mde. The released package includes sme useful routines
(seethelist in Sed. 3) which may be run from the IDL command line and may help you in analyzing your data.
Suppose you wish to plot the photometric errors for the deteded stars in the Smulated case presented in this tu-
torial. Assume that in the previous analysis (Sed. 5.8) you have saved the matched lists of 883 objects to the
files'stars true.txt' and 'stars_found.txt'; the procedure to plot the photometric errorsis the foll owing:

IDL> stars_true= read_float_data('stars_true.t xt',7 )

IDL> stars_found= read_float_data(' stars_found.txt',7 )

IDL> mag_true =2 .5*a loglO(max(stars_true[2,*])/t ranspose(stars_true[2,*]))
IDL> mag_found=2 .5*a loglO(max(stars_found[2,*])/t ranspose(stars_found[2,*]))



IDL>p lot, mag_true, mag found- nmag_true, PS YM1,S YMSI ZE=0.5,Y RANGES[- 1, +1], $
IDL>CHARSI ZE=2, X M N=2, XTI TLE=' Magni tude', YTI TLE=' Photonetrice rror

Notice that when you read the data you have to spedfy the full path of the files 'dars truetxt' and
‘stars found.txt'. Theresult isa plot like the one shown in Fig. 7.
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Figure 7. Plot of photometric errors for the deteded stars.

Anocther interesting test is to display the image and mark with different symbols the true stars (1000) and the
ones you have deteded with the program (884): this alows you to insped the successfully detected stars, the
false detedion cases and the lost sources. Asauming you have saved the full list of deteded stars in the file
'stars_deteded.txt', the procedure is the foll owing:

IDL> fits_read,' synfield.fits', im

IDL>s tars= read_float_data('stars.txt',7 )

IDL> stars_detected= read_float_data('stars_detected.txt',7 )
IDL>window, X Sl ZE=512,Y S| ZE=512

IDL> tvscl, congrid(sqrt(im),5 12,5 12)

IDL>I| oadct, 15

IDL>c rosses, im,/ EX/ s tars[0,*],s tars[1*], $
IDL>X2=stars_detected[0,*],Y 2=stars_detecte d[ 1, *]

As before, remember to spedfy the arred path of the data fil es 'synfield.fits, 'stars.txt’ and 'stars_deteded.txt'.
Y ou should obtain something like Fig. 8, where + symbd s indicate the true stars and x symbols indicae the de-
teded dbjeds; the superposition of a + and a x symbol indicates a successful detedion; a + alone stands for a
lost star and a x alone for afalse detedion.

6 Future developments

Apart from the improvements related to the widget interface and the addition of auxiliary tods which might be
helpful in the analysis of a stellar field, the most important task concerns the development of one or more strate-
gies to hande fields with space-variant PSE Two posshle approaches to the problem, tested on simulated data
and described in Ref. 3 (Sed. 7), are

1. removing the anisoplanatic dfect from theimage, in order to have uniform PSFfor the photometric analysis
2. suppdying a set of local PSFmeasurements and performing a kind o space-variant photometry in which the

code picks up the appropriate PSFfor each gar to be analyzed.

A preliminary implementation of the second strategy above is aready included in the program module for stars
detedion, called starfinder (Sed. 3), though not still accessble from the widget interface This program module
includes another additiona feature not available in the widget version of the code, concerning the de-blending o
crowded groups of stars. This additional strategy, though very powerful on smulated data, has not been suffi-
ciently tested on real images.



Figure 8. Synthetic stellar field; + symbds indicate the true stars (1000); x symbols indicate the ohjeds deteded
in the previous run (884).

7 StarFinder references

Detail s on the StarFinder code may be found in

1. Diolaiti, E., Bendindli, O., Bonacdni, D., Parmeggiani, G., Rigaut, F., Proc. of the ESO/OSA Meding on
Astronomy with Adaptive Optics, D. Bonacdni (ed.), ESO Garching (Germany), p. 175 (199)

2. Diolaiti, E., Bendindli, O., Bonacdni, D., Close L.M., Currie D.G., Parmeggiani, G., in Proc. of ADASS
IX, D. Crabtreg N. Manset and C. Veillet (eds.), ASPConference Series, San Francisco, in press(2000)

3. Diolaiti E., Bendinéli O., Bonacdni D., Close L.M., Currie D.G., Parmeggiani G., SHE Proc. 4007, in
press(2000)

A further more detail ed paper is going to be submitted to A&A Suppl. Ser..

The SarFinder code @n be used fredy. Please just reference SarFinder (e.g. with the most recent paper above)
in any publi cation resulting from its use.

P ease send requests, suggestions, bug reportsto Emiliano Diolaiti (email: diolaiti@bo.astro.it).



